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EMERGING AND RE-EMERGING INFECTIOUS DISEASES: NANOBIOTECHNOLOGY IN DISEASE 

CONTROL 

Basavaraj MADHUSUDHAN, Prof. 

Research Center for Nanoscience and Technology, Department of Studies in Biochemistry,  

Davangere University, (Formerly Post-graduation Centre, Kuvempu University), Shivagangotri,  

DAVANAGERE -577 002, India 

Abstract 

A new political and economic paradigm is emerging with the turn of the century, which is affecting the 

prevention, control, and eradication of animal and zoonotic diseases. Despite remarkable advances in 

medical research and treatments during the 20th century, infectious diseases remain among the leading 

causes of death worldwide for three reasons: (1) emergence of new infectious diseases; (2) re-emergence 

of old infectious diseases; and (3) persistence of intractable infectious diseases. New findings show 

similarities among infectious agents that span different taxa and kingdoms, and this trend is bringing 

together infectious disease specialists who earlier did not consider them to have common interests in 

disease prevention and management. Nanobiotechnologies are clinically applicable and possess the 

potential to be useful in laboratory diagnosis of infections in general and viral infections in particular. 

Nanotechnology is functional in the design of biochips as they enable the diagnosis at the molecule and 

single cell level and hence serve as a great advance in molecular diagnostics. The long-term objective of 

drug delivery systems is the ability to target selected cells and/or receptors within the body. 

Nanotechnology is critical in reaching these goals will be discussed. 

Keywords: nanobiotechnology, infectious deseases, biochips, drug delivery 

1. H1N1 2009 OUTBREAK - DEMANDS PUBLIC HEALTH EMERGENCY 

The 2009 outbreak of a new strain of Influenza A virus subtype H1N1 has created a great concerns. Just 

recently, in Mexico alone more than 80 persons have died and experts were unable to understand why the 

severity of the illness has been greater in Mexican cases. Even, the Director-General of the WHO has 

confirmed recently that the H1N1 strain was indeed a pandemic, having nearly 30,000 confirmed cases 

worldwide. Globalization of H1N1 Outbreak is adding to our concerns, which makes increased surveillance, 

detection, testing and research, especially when it comes to these new viruses and zoonotic diseases. The 

basis for understanding any of the potentially emerging diseases is that a changing environment populated 

by interconnected animals and people creates integrated challenges. Since, theses new and emerging 

diseases are zoonotic in origin that requires the expertise of both physicians and veterinarians to play an 

important role in combating diseases. Even now, there has been a remarkable progress in the prevention, 

control and even eradication of infectious diseases with improved hygiene and development of 

antimicrobials and vaccines. However, infectious diseases still remain a leading cause of global disease 

burden with high morbidity and mortality especially in the developing world. On the other hand, new and 

emerging diseases combined with the rapid spread of pathogens resistant to antibiotics and of disease-

carrying insects resistant to insecticides, are daunting challenges to human health. Increased and 

sometimes imprudent use of antimicrobial drugs and pesticides has led to the development of resistant 

pathogens, allowing many diseases that were formerly treatable with drugs to make a comeback (e.g., 

tuberculosis, malaria, nosocomial, and food-borne infections). Recently, decreased compliance with 



  20. - 22. 10. 2009, Roznov pod Radhostem, Czech Republic, EU 

 
 

PLENARY SESSION  9   

 

vaccination policy has also led to re-emergence of diseases such as measles and pertussis, which were 

previously under control. The new diseases range from AIDS to little-known but equally lethal viral 

infections. In many cases, their source is unknown, as is the reason for their emergence. Antibiotic 

resistance in hospitals worldwide has been rendered impotent in the prevention or treatment of many 

infections. The impact of the emerging and re-emerging diseases in India has been tremendous at 

socioeconomic and public health levels. Their control requires continuing surveillance, research and 

training, better diagnostic facilities and improved public health system. Emerging and reemerging zoonotic 

diseases, foodborne and waterborne diseases and diseases caused by multiresistant organisms constitute 

the major threats in third world countries. The term emerging diseases was used by the Food and 

Agricultural Organization to describe several viral diseases of veterinary importance, such as African swine 

fever, that appeared to have the potential to spread beyond their known geographical boundaries. A new 

political and economic paradigm is emerging with the turn of the century, which is affecting the prevention, 

control, and eradication of animal and zoonotic diseases. Any disease and/or infection that naturally 

transmits from vertebrate animals to man is classified as a zoonosis. Over 200 zoonoses have been 

described and they are known since many centuries. They involve all types of agents: bacteria, parasites, 

viruses and unconventional agents. Despite remarkable advances in medical research and treatments 

during the 20th century, infectious diseases remain among the leading causes of death worldwide for three 

reasons: (1) emergence of new infectious diseases; (2) re-emergence of old infectious diseases; and (3) 

persistence of intractable infectious diseases. Emerging diseases include outbreaks of previously unknown 

diseases or known diseases whose incidence in humans has significantly increased in the past two decades. 

Re-emerging diseases are known diseases that have reappeared after a significant decline in incidence. 

Prevention and control strategies chosen must be in keeping with the characteristics of the virus, its 

transmission patterns and environmental stability, its pathogenesis and threat to animal health, 

productivity and profitability, zoonotic risk, etc. When available and legally permitted, the most valuable 

preventive measure is vaccination, not merely for the protection of the individual animal, but to build up a 

level of population immunity sufficient to break chains of transmission. Hygiene and sanitation measures 

are important methods of controlling fecal-oral infections in kennels and catteries, on farms and in 

commercial aquaculture facilities. Test-and-removal programs continue to be used on regional and country-

wide bases to eradicate several viral diseases of livestock and poultry. The importation of exotic diseases 

into countries or regions is prevented by surveillance and quarantine programs.  

New findings show similarities among infectious agents that span different taxa and kingdoms, and this 

trend is bringing together infectious disease specialists who earlier did not consider them to have common 

interests in disease prevention and management. New infectious diseases continue to evolve and 

"emerge." Changes in human demographics, behavior, land use, etc. are contributing to new disease 

emergence by changing transmission dynamics to bring people into closer and more frequent contact with 

pathogens. This may involve exposure to animal or arthropod carriers of disease. Developing a predictive 

science of the dynamics of these complex interactions among hosts and parasites requires collaboration 

among scientists with diverse expertise including veterinary and medical sciences, biochemistry and 

microbiology, immunology and evolutionary biology, epidemiology of infectious diseases and ecology.  

2. NANOTECHNOLOGY OFFERS A GREAT PROMISE 

Nanotechnology can play a pivotal role in the development of cost-effective therapies for in-situ tissue 

regeneration. This involves not only a deeper understanding of the basic biology of tissue regeneration, but 
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also identifying effective ways to initiate and control the regenerative process. This ‘nanobiomimetic’ 

strategy depends on three basic elements: intelligent biomaterials, bioactive signalling molecules, and cells. 

By ‘tailoring’ resorbable polymers at the molecular level for specific cellular responses, nanotechnology can 

assist in the development of biomimetic, intelligent biomaterials. These biomaterials are designed to react 

positively to changes in the immediate environment, stimulating specific regenerative events at the 

molecular level, directing cell proliferation, cell differentiation, and extracellular matrix production and 

organization. The sequential signalling of bioactive molecules, which triggers regenerative events at the 

cellular level, is necessary for the fabrication and repair of tissues. Nano-assisted technologies should 

enable the sequential delivery of proteins, peptides and genes to mimic nature’s signalling cascade. As a 

result, bioactive materials are produced, which release signalling molecules at controlled rates that in turn 

activate the cells in contact with the stimuli. Finally, a major focus of ongoing and future efforts in 

regenerative medicine will be to effectively exploit the enormous self-repair potential that has been 

observed in adult stem cells. Nano-assisted technologies will aid in achieving two main objectives - to 

identify signalling systems, in order to leverage the self-healing potential of endogenous adult stem cells; 

and to develop efficient targeting systems for stem cell therapies. Of huge impact would also be the ability 

to implant cell-free, intelligent bioactive materials that would effectively provide signalling to stimulate the 

self-healing potential of the patient’s own stem cells.  

Nanobiotechnologies are also clinically applicable and possess the potential to be useful in laboratory 

diagnosis of infections in general and viral infections in particular. Nanotechnology is functional in the 

design of biochips as they enable the diagnosis at the molecule and single cell level and hence serve as a 

great advance in molecular diagnostics. Recently, functionalized NPs covalently linked to biological 

molecules such as antibodies, peptides, proteins, and nucleic acids have been developed as nanoprobes for 

molecular detection. These functionalized NPs can provide a direct rapid method of detection of viruses 

with high sensitivity.  

These technologies include nanoarrays, protein arrays, nanopore technology, nanoparticles (NPs) as a 

contrivance in immunoassays and nanosensors, among others. Gold NPs and quantum dots 

(semiconductors) are the most widely used, but new materials are becoming available as more molecular 

entities are discovered as amenable to nanoscale design and fabrication. Crystal materials like those of 

gallium, phosphate, quartz, and ceramic are chosen for their durability and piezoelectric properties of 

developing and retaining an electric potential (charge) when subjected to mechanical stress. Another area 

of development is nanobiosensors, in which antibody-based piezoelectric nanobiosensors are well 

developed. Molecular technologies will hence advance and be in widespread use within a decade, and the 

maximum impact will be felt in biomarker research, cancer diagnosis, and detection of infectious 

microorganisms. Nanotechnology thus extends the frontiers of molecular diagnostics to the nanoscale. The 

medical advances that may be possible through nanotechnology range from diagnostic to therapeutic, and 

everything in between.  

3. DIAGNOSTICS  

In the past few decades, imaging has become a critical tool in the diagnosis of disease. The advances in the 

form of magnetic resonance and computer tomography are remarkable, but nanotechnology promises 

sensitive and extremely accurate tools for in vitro and in vivo diagnostics far beyond the reach of today’s 

state-of-the-art equipment. As with any advance in diagnostics, the ultimate goal is to enable physicians to 

identify a disease as early as possible. Nanotechnology is expected to make diagnosis possible at the 
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cellular and even the sub-cellular level. Quantum dots in particular have finally taken the step from pure 

demonstration experiments to real applications in imaging. In recent years, scientists have discovered that 

these nanocrystals can enable researchers to study cell processes at the level of a single molecule. This may 

significantly improve the diagnosis and treatment of cancers. Fluorescent semiconductor quantum dots are 

proving to be extremely beneficial for medical applications, such as high-resolution cellular imaging. While 

quantum dots could revolutionize medicine, unfortunately, most are toxic. However, recent studies 

conducted at the University of California, Berkeley, have shown that protective coatings for quantum dots 

may eliminate toxicity.  

Nanotechnology-on-a-chip is one more dimension of microfluidic/lab-on-a-chip technology. The analyte 

detection is quick, sensitive, and has more manipulability when certain NPs are used as tags or labels. 

Magnetic NP on antibody serves as a label for specific antigen detection in magnetic immunoassay 

techniques. Here, the magnetic field generated by the magnetically labelled targets is detected with a 

magnetometer. Gold NP tagged on short segments of DNA (oligos) has been used for detection of genetic 

sequence in a sample. DNA nanomachines have been documented to function as biomolecular detectors 

for homogeneous assays. These assays require no separation steps; pipetting, incubation, and 

measurement steps alone are required. In these homogenous assays, the reaction is in solution format 

without solid phase anchoring, which could interfere with low-affinity interactions. The components of the 

assay are present in a reaction vessel even at the time of readout. 

The technology is an interferometric biosensor immunoassay for direct and label-less detection of viruses. 

Monochromatic light from a laser source is coupled to a channel waveguide and is guided into four parallel 

channels (one reference channel and three measuring channels). This facilitates detection simultaneously 

of three different viruses as the individual channels are coated with specific antibodies. On exiting through 

the channels, the probe light is interfered, generating an interference pattern (phase change) on a monitor 

screen. The interference pattern gives information on concentration of virus particles in the reaction 

channel. The detection of avian influenza virus through whole-virus capture on a planar optical waveguide 

has been described. The assay response is based on the index of refraction changes that occur upon binding 

of virus particles to unique antigen-specific (haemagglutinin) antibodies on the waveguide surface.  

Researchers from the Netherlands have developed a device for fast pathogen detection. It uses a laser 

coupled to a waveguide composed of four parallel optical channels, each coated with antibodies specific to 

a certain protein or virus. The application of the technology was demonstrated for the detection of herpes 

simplex virus type 1 (HSV-1) by coating one of the waveguide channels with the appropriate herpes 

antibodies. The technique detected the virus over a range of concentrations ranging from as low as 103 /mL 

to 107 /mL. Combining the light exiting from the virus-specific channel and that from a reference channel, 

an interference pattern is generated. Virus binding to the antibody-coated waveguide is probed by the 

evanescent field of the guided light modes, causing a phase change and a change in the interference 

pattern, which is recognized by a monitoring device. The technology is claimed to potentially have wide 

application, as any antibody can be used to coat a channel for detection. This sensor can be extended to 

any virus like human immunodeficiency virus (HIV), severe acute respiratory syndrome (SARS) corona virus, 

HBV, HCV, or the avian influenza virus (H5N1), among others.  



  20. - 22. 10. 2009, Roznov pod Radhostem, Czech Republic, EU 

 
 

12   PLENARY SESSION 

 

4. NANOTECHNOLOGY LIKELY TO IMPACT INFECTIOUS DISEASE IN THE NEXT 10-15 YEARS 

While the nanotechnology revolution is still in its infant years, it is likely that scientists will make new 

discoveries in the next 10-15 years that will help detect and prevent infectious disease. Both private 

scientific research facilities and college universities are continuing the quest to combat infectious disease 

with the small, fast, and efficient discoveries that lie behind nanotechnology. 

The relatively new era of nanotechnology provides the potential for a breakthrough in the battle against 

infectious disease. Nanotechnology will provide the opportunity for medical workers to utilize smaller, 

faster, and innovative devices to help track, prevent, and treat infectious disease. In addition, smaller 

nanotechnology devices may become cheaper in the future, allowing poorer countries ample opportunity 

to take part in the fight against infectious disease, and increase the availability of mass shipment plans.  

Currently, researchers are attempting to find a method of speeding up the detection of infectious disease, 

in order to prevent a rapid disease spread. One of the newer nanotechnology discoveries is called BiMAT, a 

project funded by Advance Nanotech, Inc.This invention would allow first responders in the medical field 

“to instantly analyze microscopic amounts biological material for specific diseases on site”, rather than 

send the samples to labs and would, in turn, reduce problems in handling, shipping, storage, and treatment 

delay. Another similar invention, backed by the European Union, includes a method of detecting infectious 

disease in a matter of 15 minutes by producing an optical laboratory on a card, rather than using current 

methods that take anywhere from 6 to 48 hours. 

Beyond the traditional technological research centers, universities across America are becoming 

increasingly involved in the study of nanotechnology and its effect on disease. One example is the 

University of Illinois, who has banded together with 10 other universities across the world to find a way for 

nanotechnology to combat infectious disease. The University of Michigan was one of 14 institutions chosen 

by the National Institute of Allergy and Infectious Disease to research infectious disease, and included in 

this study is the usage of nanotechnology. 

5.  EASY-TO-USE NASAL ANTHRAX VACCINE OFFERS STRONG PROTECTION IN ANIMAL STUDIES 

In novel use of nanotechnology, tiny oil droplets carry disease-alerting protein into immune cells, 

eliminating need for series of painful shots. Just recently, a vaccine against anthrax that is more effective 

and easier to administer than the present vaccine has proved highly effective in tests in mice and guinea 

pigs. The scientists were able to trigger a strong immune response by treating the inside of the animals’ 

noses with a “nanoemulsion” - a suspension of water, soybean oil, alcohol and surfactant emulsified to 

create droplets of only 200 to 300 nanometers in size. The oil particles are small enough to ferry a key 

anthrax protein inside the nasal membranes, allowing immune-system cells to react to the protein and 

initiate a protective immune response. That primes the immune system to promptly fight off infection 

when it encounters the whole microbe. A nanotechnology biosensor for Salmonella detection is showing 

great potential for foodborne pathogenic bacteria detection with high accuracy. Early detection of 

foodborne pathogenic bacteria is critical to prevent disease outbreaks and preserve public health.  Current 

detection techniques such as ISO method 6579, fluorescent-antibody (FA), enzyme-linked immunosorbent 

assay (ELISA), or polymerase chain reaction (PCR) is time-consuming, cumbersome, and have limited 

sensitivity.  This bio-functional hetero-nanorod detection method has great potential in the food safety 

industry as well as in biomedical diagnostics. Department of Infectious Diseases at the University of 

Georgia, fabricated a hetero-structured silicon/gold nanorod array by the glancing angle deposition (or 
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GLAD) thin film method and functionalized it with anti-Salmonella antibodies and organic dye molecules. 

Due to the high aspect ratio nature of the silicon nanorods, dye molecules attached to the silicon nanorods 

produce an enhanced fluorescence upon capture and detection of Salmonella.  

6. DRUG DELIVERY SYSTEMS 

In terms of therapy, the most significant impact of nanomedicine is expected to be realized in drug delivery 

and regenerative medicine. Nanoparticles enable physicians to target drugs at the source of the disease, 

which increases efficiency and minimizes side effects. They also offer new possibilities for the controlled 

release of therapeutic substances. Nanoparticles are also used to stimulate the body’s innate repair 

mechanisms. A major focus of this research is artificial activation and control of adult stem cells. Peptide 

amphiphiles that support cell growth to treat spinal cord injury; magnetic nanoparticles and enzyme-

sensitive nanoparticles coatings that target brain tumors; smart nanoparticles probes for intracellular drug 

delivery and gene expression imaging, and quantum dots that detect and quantify human breast cancer 

biomarkers are just a few of the advances researchers have already made. Interestingly enough, there 

could be massive shifts in economic value among pharmaceutical companies. While the new nanomedicine 

open up enormous market and profit potentials, entire classes of existing pharmaceuticals such as 

chemotherapy agents worth billions of dollars in annual revenue would be displaced.  

The long-term objective of drug delivery systems is the ability to target selected cells and/or receptors 

within the body. At present, the development of new drug delivery techniques is driven by the need on the 

one hand to more effectively target drugs to the site of disease, to increase patient acceptability and 

reduce healthcare costs; and on the other hand, to identify novel ways to deliver new classes of 

pharmaceuticals that cannot be effectively delivered by conventional means. Nanotechnology is critical in 

reaching these goals. Already now nanoparticle formulations make use of the fact that an enlarged 

surface/volume ratio results in enhanced activity. Nanoparticles are also useful as drug carriers for the 

effective transport of poorly soluble therapeutics. When a drug is suitably encapsulated, in nanoparticulate 

form, it can be delivered to the appropriate site, released in a controlled way and protected from 

undergoing premature degradation. This results in higher efficacy and dramatically minimises undesirable 

side effects. Such nanoparticulates delivery systems can be used to more effectively treat cancer and a 

wide range of other diseases, which call for drugs of high potency. Drug-delivering microchip technology, 

resulting from the convergence of controlled release and fabrication technologies evolved for the 

electronics industry, is also benefiting from the application of nanotechnology. Further miniaturization and 

the ability to store and release chemicals on demand offer new treatment options in the fight against 

disease. A future vision is that nanoparticles will carry therapeutic payloads or genetic content into 

diseased cells, minimizing side effects as the nanoparticles will only become active upon reaching their 

ultimate destination. They may even check for over dosage before becoming active, thus preventing drug-

related poisoning. In the past three decades, the number and variety of controlled release systems for drug 

delivery applications has increased dramatically. Many utilize polymers that have particular physical or 

chemical characteristics, such as biodegradability, biocompatibility or responsiveness to pH or temperature 

changes. It is critical for all nanoparticulates that drug safety is considered in parallel with efficacy. The 

focus of regenerative medicine is to work with the body’s own repair mechanisms to prevent and treat 

disabling chronic diseases such as diabetes, osteoarthritis, and degenerative disorders of the cardiovascular 

and central nervous system and to help victims of disabling injuries.  
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7. CONCLUSION 

Thanks to nanotechnology, a cellular and molecular basis has been established for the development of 

innovative disease-modifying therapies for in-situ tissue regeneration and repair, requiring only minimally 

invasive surgery. Rather than targeting the symptoms or attempting to delay the progress of these 

diseases, future therapies will be designed to rectify chronic conditions using the body’s own healing 

mechanisms. To name some examples: facilitating the regeneration of healthy cartilage in an osteoathritic 

joint, re-establishing a physiological release profile in diabetic pancreatic islets, or promoting self-repair 

mechanisms in areas of the central nervous system and of the heart. Nanomedicine, and nanotechnology in 

general, is new and little experimental data about unintended and adverse effects exists. The lack of 

knowledge about how nanoparticles might affect or interfere with the biochemical pathways and processes 

of the human body is particularly troublesome. Scientists are primarily concerned with toxicity, 

characterization and exposure pathways. However, there are toxicological concerns and ethical issues that 

come with nanomedicine and they have to be addressed alongside the benefits. The medical advances that 

may be possible through nanotechnology range from diagnostic to therapeutic, and everything in between. 

This co-evolution will ensure a socially and ethically accepted development of innovative diagnostic and 

therapeutic tools in Nanomedicine. 

COURTESY 

Internet sources 
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Abstract 

The convergence of knowledge from natural sciences, engineering and humanities disciplines should 

characterize the knowledge disseminated in nanoscience and nanotechnology educational programmes. 

The universities have to produce graduates capable of crossing the existing boundaries between physics, 

chemistry, biology, medicine and engineering, the combination of which constitutes the multidisciplinary 

research and development necessary for advancing nanotechnology. 

Keywords: nanoscience, education 

1.  INTRODUCTION 

Nanotechnologies have caught the imagination of scientists worldwide for their mind-bogging potential to 

create a new generation of materials and structures. But lost in the hype surrounding the nanotechnology 

and its market potential is the teaching of nanoscience in universities. However, with a decreasing number 

of people in western countries going into science and engineering and with the rapid progress being made 

in nanosciences and nanotechnology, the problem with a trained work force is expected to be acute. 

Education and training is essential to produce a new generation of scientists, engineers, and skilled workers 

with the flexible R&D approach necessary for rapid progress in nanosciences and nanotechnology. The 

question is being asked: Is the traditional separation of academic disciplines into physics, chemistry, biology 

and various engineering disciplines meaningful at the nano level? Generic skills and entrepreneurship are 

needed to translate scientific knowledge into nanotechnology processes and products. How to increase the 

pool of students interested in science and technology? Also, scientists and engineers in cooperation with 

relevant experts should address the societal, ethical, political and health/safety implications of their work 

for society at large.  

Material unity of nature at the nanoscale and knowledge integration from that scale will provide a new 

foundation for technological integration and innovation [1-3]. The goal is to exploit the new properties, 

phenomena, and processes by gaining control of structures and devices at atomic, molecular, and supra-

molecular levels and to learn to efficiently manufacture and use these structures and devices. Knowledge of 

natural sciences, engineering technologies, and medicine is extremely useful for the efficiently manufacture 

and use the results of nanotechnology. Revolutionary and synergetic advances at the interfaces between 

previously separated fields of science, engineering and areas of relevance are ready to create nano-bio-info 

transforming tools. Interdisciplinary curricula relevant for nanoscience and nanotechnology need to be 

developed. This requires revamping the education, developing new courses and course materials and 

training new instructors. Science needs to be projected as exciting at the high school level. 
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2.  HISTORICAL TRANSFORMATION OF THE WORLD 

People outside of science and engineering sometimes have unreasonable images of what technology can 

accomplish in the near future. Another way of putting this is to say that we may still be only half way 

through the historical transformation of the world that began with the European renaissance. Historians 

today are more likely to start the clock for modern civilization even earlier.  

2.1  Ancient Civilizations 

The natural laws of interdependence were recognized by many ancient civilizations. However, without a 

coherent understanding of connections, the concepts were reflected only philosophically (non-

mathematically). The Greek philosopher Aristotle (384 BC - 322 BC) has developed many theories on the 

nature of physics. These involved what Aristotle described as the five elements Earth, Water, Air, Fire, and 

Aether that formed the basis of our world. He spoke intimately of the relation between these elements, of 

their dynamics, and how they were, in many cases, attracted to each other by unspecified forces. The 

concept of essentially the same five elements was similarly found in ancient India. Similar lists existed in 

ancient China and Japan.  

2.2  Renaissance 

The Renaissance is widely viewed as the greatest explosion of creative genius in history. The Renaissance 

knew human right to the all accessible knowledge and saw “unity of nature”. The High Renaissance is 

generally held to have emerged in the late 1490s, when Leonardo da Vinci executed his Last Supper in 

Fig. 1.  Equilibrium state diagram of carbon with regions of solid (graphite, fullerenes, 

nanotubes,   carbon black etc.), liquid, and vapour 
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Milan. Three of his works, the Mona Lisa, The Last Supper, and the drawing of the Vitruvian Man are 

regarded as cultural icons. However, Leonardo is revered for his technological ingenuity as well. He 

conceptualized a helicopter, a tank, concentrated solar power, a calculator, the double hull and outlined a 

rudimentary theory of plate tectonics.  Relatively few of his designs were constructed or were even feasible 

during his lifetime, but some of his smaller inventions, such as an automated bobbin winder and a machine 

for testing the tensile strength of wire, entered the world of manufacturing unheralded. As a scientist, he 

greatly advanced the state of knowledge in the fields of anatomy, civil engineering, optics, and 

hydrodynamics. 

2.3  Modern science 

The Renaissance saw „unity in nature“, but it was followed by disciplinary specialization because of limited 

integrative knowledge. The five elements Earth, Water, Air, Fire, and Aether described by Aristotle had their 

new reflection in the solid, liquid, gaseous, plasma states, and in the world of elementary particles.  The 

unity in nature has been characterized by units of atoms bonded byvarious kinds of interactions. An 

example of carbon atoms in solid, liquid, and vapour states is demonstrated in Fig. 1 [4]. 

In 1959, physicist and Nobel prize laureate Richard Feynman presents lecture "There's Plenty of Room at 

the Bottom" at a meeting of the American Physical Society and introduces the concept of nanotechnology - 

without naming it as such.  

In fact, the start gun was fired nearly four decades earlier. Born in Latvia, Wilhelm Ostwald (1888 - 1932) 

was a Nobel Laureate credited with numerous discoveries in catalysis and synthetic chemistry. Even while 

steeped in his main scientific activities, he would often reflect on what he termed the “neglected 

dimension”: the colloidal state. Ostwald waxed eloquently in this state that lies somewhere between single 

molecules and bulk matter, with particles of 1 nm to 1 μm dispersed in solution. In this twilight zone, such 

materials display unusual mechanical, electrical, and optical properties. He proposed many interesting 

applications for these colloidal systems ranging from responsive soft materials, flocculants, and dispersants, 

to better pigments and drug-release systems foreshadowing some of the nanotechnology applications 

widely touted today. He did not know “no other branch of the science which touches upon so many 

different spheres of knowledge as does colloidal chemistry…” Anyway, nanoscience seems to be really an 

extension of colloidal chemistry, especially in its ability to straddle various disciplines [5].  

The five elements Earth, Water, Air, Fire, and Aether described by Aristotle have their secondary reflection 

in the system of colloidal particles in solid, liquid and dispersion states. The unity in nature has been 

characterized by units of colloids which consist up to about 104 atoms bonded by various kinds of 

interactions. An example of carbon black colloidal particles in solid, liquid, and vapour states is 

demonstrated in Fig. 2 [6] for two kinds of interactions, van der Waals attractive and electrostatic repulsive 

forces. 

3.  TECHNOLOGICAL CONVERGENCE FROM NANOSCALE 

Nanoscale concepts have been established and rejuvenated by new measurement, control, and 

manipulation tools in the last twenty years. This foundation will lead to the synergistic combination of three 

major provinces of science and technology, each of which is currently progressing at a rapid rate: 

nanoscience and nanotechnology, biotechnology and biomedicine, information technology, including 

computing, telecommunication and cognitive sciences. 
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Nanotechnology may transform the world, but probably not through any single application such as 

nanostructured materials, nanoscale devices, or even the mythical nanobots. Although nanoscience and 

nanotechnology are typically conceptualized as a distinct field, their primary historical significance is likely 

the central role they play in the unification of most branches of science and technology into a single realm, 

united by a shared set of concepts, theories, research tools, and design principles. Already, nanotechnology 

has formed strong partnership with biotechnology and with information technology. 

In the next twenty years, concentrated efforts from a number of disciplines are likely to bring greater unity 

of science - a reflection of the unity of the natural world. With proper attention to ethical issues and 

societal needs, the nano-bio-info technologies could determine a tremendous improvement in human 

abilities, societal outcomes, the nation’s productivity, and the quality of life. Integration of nano-bio-info 

tools is expected to lead to fundamentally new products and services, such as entirely new categories of 

materials, devices, and systems for use in manufacturing, construction, transportation, medicine, emerging 

technologies and scientific research.  

Fundamental research will be at the confluence of physics, chemistry, biology, mathematics, and 

engineering. Nanotechnology, biotechnology and information technology will play an essential role in their 

research, design, and production.  

Industries increasingly will use biological processes in manufacturing using nanomaterials and 

nanotechnology. Examples are pharmaceutical genomics, neuromorphic technology, regenerative 
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medicine, biochips with complex functions, molecular systems with multiscale architectures, electronic 

devices with three-dimensional, hierarchical architectures, software, etc.  

4.  THE CO-EVOLUTION OF NANOTECHNOLOGY AND HUMAN POTENTIAL  

Convergence in science and engineering education will require the development of vast new curriculum 

resources. Up-to-date education and training with mobility across borders and disciplines and between 

academia and industry is recognized as being critical for the success of nanotechnology, and particularly the 

interdisciplinary nature of nanotechnology.  

When developing a new course of study there is always a great deal of soul-searching about what should, 

or should not, be contained in the course. This is especially so in an area of technology that is truly multi-

disciplinary and developing rapidly into new thematic are such as nanotechnology. Many countries and 

universities have started undergraduate educational programmes on nanoscience and nanotechnology. But 

how should be these programmes be designed and for whom? What do industry and society need today, 

and what will we need in five or twenty years? Moreover, nanoscience challenges the division of natural 

science into the classical disciplines like physics, chemistry, biology, materials science, electronics, 

informatics, and medicine. The cross-disciplinary nature of nanoscience and nanotechnology might 

therefore also question the traditional structure of educational programmes when it comes to teaching and 

education in nanoscience and nanotechnology. Anyway, we can summarize the features of responsible 

education in nanotechnology in the next paragraphs. 

a) General courses:  

 mathematics, physics, chemistry, material science and technology, biology, medical anatomy, 

physiology and neurology, informatics, electronics, mechanical, structural, electrical and general 

engineering.  

b) The courses in nanoscience and nanotechnology:  

- nanoscience (nanomaterials, theory of colloids, fractals, quantum physics etc.) 

- nanostructures characterization (HRTEM, SEM, SPM, spectroscopy, etc.) 

- nanostructures and their properties (functional nanomaterials and bio-systems),  

- nanofabrication (synthesis, solidification, top-down and bottom-up processes, selfassembly),  

- application of new nanostructures (material engineering, electronics, medicine etc.),  

- responsible research of nanotechnology (risks for environment, human health and safety, ethical, 

legal and social issues). 

c) Follow-up to courses like PhD study, research, and/or industry:  

Specific tasks should be performed in nano-bio-info cooperation taking in account the general rule in the 

next diagram: 
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University Master of Science Course Title Main discipline 

University of Antwerp, Belgium Nanophysics  Physics  

University Fourier, Grenoble, France Nanosciences and Nanotechnologies  Multidisciplinary  

University Kaiserslautern, Germany Nanobiotechnology  Distance Study Multidisciplinary  

University College Dublin, Ireland Nano-Bio Science  Physics  

Universities Padua, Venice & Verona Nanotechnologies  Multidisciplinary  

University of Twente, Netherland Nanotechnology  Multidisciplinary  

University of Barcelona, Spain Nanoscience and Nanotechnology   Multidisciplinary  

University of Zaragoza, Spain Nanostructured Materials    Multidisciplinary  

Bangor University, UK Nanotechnology and Microfabrication  Engineering  

Cranfield Univesity, UK Microsystems and Nanotechnology  Engineering  

Cranfield University, UK Nanomedicine  Physical Sciences  

Heriot-Watt University, UK Nanotechnology and Microsystems Eng.  Physics  

Lancaster University, UK  Micro+Nanotech & Management & Society  Engineering  

University of  Cambridge, UK Micro and Nanotechnology  Physical Sciences  

University of Leeds or Sheffield, UK Bionanotechnology  Biology  

University of Leeds or Sheffield, UK Nanoelectronics and nanomechanics  Engineering  

University of Leeds or Sheffield, UK Nanoscale Science and Technology  Physical Sciences  

University of Leeds or Sheffield, UK Nanomaterials for Nanoengineering  Engineering  

University of Liverpool, UK Micro and Nano Technology  Engineering  

University of Nottingham, UK Nanoscience  Multidisciplinary  

University of Surrey, UK Nanotechnology & Nanoelectronic Devices  Multidisciplinary  

University of Wales, UK Nanoscience to Nanotechnology   Multidisciplinary  

We can hope that convergence will in fact simplify the fundamental principles over the coming years, even 

as increasingly vast information-technology databases of facts are employed by professional scientists and 

engineers to apply these principles to specific applications. The result of even partial success in convergent 

science education of future generations will produce intellectual leaders capable of transforming culture 

utterly. The vast knowledge area in nanotechnology presents significant challenges in the design, 

development, and delivery of educational programmes both at the bachelor, master, and doctor level. For 

instance, European universities have elected to teach at post-graduate level nanotechnology masters 

qualifications [7-10]:  

Examples of engineering courses from European educational programmes of nanotechnology:  

Advanced Experimental Methods 

Bio-captors and bio-chips, Bio-fluid Mechanics, Biomaterials, Biomimicry, Biomolecular Motors, 

Bionanotechnology, Biophysical Methods For Medicinal Chemistry, Biophysics, Biosensors, 

Chaotic Processes 
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Atomic Force Microscopy, Characterization techniques II (microscopy TEM, SEM, AFM, STM) 

Computational Biophysics, Computational nanophysics, Computer modeling and simulation 

Continuum Physics 

Electronic and Photonic Molecular Materials and Devices 

Fabrication and characterization of nanostructures I 

Frontiers of Nanotechnology 

Functional Materials 

Generic methodologies for bionanotechnology, Generic methodologies for nanotechnology 

Inorganic semiconductor nanostructures 

Lab practise experiments in biology and in near field microscopy 

Macro molecules at interfaces and structured organic films 

Mesoscopic Physics 

Micro fluidics 

Microsystems technology I 

Molecular Electronics 

Molecular engineering of supramolecules, nanomaterials and interfaces 

Nano magnetism and spintronics, Nano structures of semiconductor, Nanobiotechnology, Nano-electronics, 

Nanoelectronics and Devices, Nanofluidics, Nanomanufacturing nanoprocessing: the top down approach, 

Nanomechanics, Nano-optics, Nanooptics and Biophotonics, Nanoparticles as Therapeutic Drug Carriers 

and Diagnostics, Nanoparticulate materials, Nanophotonics, Nanoscale magnetic materials and devices, 

Nanoscale phenomena, Nanoscale Structures and Devices, Nanoscience and Nanomaterials, Nanoscience 

Literature and Communication Skills, Nanotechnologically Modified Biomaterials, Nanotechnology, 

Partial Differential Equations 

Physical Characterisation of Nanostructures, Physical Synthesis of Nanoparticles, Physics of materials, 

Physics of micro and nano electronics, Physics of Nano structures, Physics of Nanomaterials, Physics of 

semiconductor nanodevices, Probing at the Nanoscale, 

Processing & properties of inorganic nanomaterials, Processing Ceramics and Composites and their 

Applications, Processing Coatings and their Applications, 

Computer simulation techniques 

Quantum electronics and quantum optics 

Screening Methods in Biology, Chip Technologies 

Self-assembling nanostructured molecular materials and devices 

Single Molecule Biophysics: Theory and Practice, Single Molecule Optics, 

Soft Nanotechnology. 
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Abstract 

Kelvin Force Microscopy (KFM) is a very powerful tool for mapping of surface charges, surface potentials, 

and doping profiles. This technique is implemented in amplitude modulation and frequency modulation 

Atomic Force Microscopy (AFM) modes. In many applications surface electric properties are measured with 

two-pass technique in which a “spill over” of topographic response to the probe motion is reduced by 

lifting the probe over a sample surface during detection of electric signals. Such approach has also severe 

limitations in sensitivity and lateral resolution due to a remote probe position during the lift scan. A 

separation of topographic and electrostatic responses is also possible by operating topography and electric-

response servo loops at different frequencies that enable single-pass KFM with simultaneous studies of 

sample topography and surface potential. The latter is measured by voltage applied to the probe that 

nullifies its electrostatic interaction with a sample.  

We consider several practical implementations for the electric-response servo loop. In search for one that 

provides best spatial resolution [3] and highest sensitivity. Different inputs and frequencies were applied in 

this search. We have also employed AFM probes with different cantilever geometries (Figure 1, left and 

right) and tip dimensions. The results of this study will be presented and illustrated by KFM images of 

different materials: semiconductor structures with different level of doping, polymer composites, graphite, 

Au (111) and fluoroalkanes. Doped electric passes (Figure 2, right), negatively charged self-assemblies of 

fluoroalkane layer on graphite (Figure 3, right) and contamination patches, which are grown on the 

graphite surface in air are visualized in surface potential images (not shown). It was possible to achieve 

lateral resolution better than 5 nm and sensitivity of few tens of milliVolts.  

Keywords: Atomic Force Microscopy, Kelvin Force Microscopy, Materials Science 

1. INTRODUCTION 

In addition to high-resolution visualization of surface morphology and nanoscale structures, atomic force 

microscopy (AFM)1 has been broadly applied for examination of mechanical, electromagnetic, optical and 

other properties. The core of this technology is the measurement and control of force interactions between 

a minute probe (the AFM tip) and a sample surface. These measurements can be either performed at a 

single location, or can be applied for surface imaging with contact or oscillatory techniques. The techniques 

complement each other yet studies of soft matter are mostly carried out with oscillatory amplitude 

modulation (AM) mode2-3. Despite an expanding penetration of AFM and the related scanning probe 

microscopy methods into academic and industrial research, a critical analysis of the existing capabilities of 

this method reveals a number of undeveloped areas that are essential for further progress of the field. We 

will mention only a few of them. The current efforts towards imaging with true molecular and atomic 
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resolution in different environments benefit from an extension of frequency modulation (FM) mode4 to 

measurements in air and under liquid5. The improvement of noise characteristics of AFM electronics and 

the minimization of thermal drift of the microscopes will undoubtedly assist researchers using extremely 

sharp probes in achieving superior imaging resolution.  

In the probing of local mechanical and electric properties increasing attention is paid to multi-frequency 

measurements that offer new capabilities for quantitative analysis. Studies employing multifrequency 

measurements in the broad frequency range help avoid cross-talk of topography with mechanical and 

electric tip-sample force effects and have other advantages. A successful realization of these possibilities 

simultaneously with improved resolution of imaging and mapping of materials’ properties will open new 

horizons for AFM characterization especially if these applications can be performed in the properly-

controlled environments. In the commercial scanning probe microscopes made by Agilent Technologies the 

first steps towards advanced AFM measurements were undertaken with the introduction of the MACIII 

accessory especially useful for multi-frequency measurements. The MACIII has three dual phase lock-in 

amplifiers (LIA) converting the AC inputs to amplitude and phase. These digitally-controlled analog LIA have 

a broad bandwidth (up to 6MHz) that covers the operation bandwidth of the photodetector employed in 

the microscope. The auxiliary inputs and drive outputs are accessible through the MACIII signal access box. 

The software, which is flexible in routing signals back to the microscope controller, supports two servo 

systems related to these LIA. One LIA is used for AM tracking of sample topography with the probe peak-to-

peak amplitude or its X-, Y- vector components used for feedback. The other servo can be applied to 

electric or mechanical measurements. The third LIA can be used for tuning the operational parameters or 

for recording various signals (lateral response, torsional signal, harmonics, etc) during measurements. 

Voltages up to 20V in DC or in different pulse regimes can be applied to the probe-sample junction as an 

external stimulus for lithography or other applications. 

1.1 Background on Electric Force Microscopy (EFM) and Kelvin Force Microscopy (KFM)  

The use of AFM for examination of local electric properties of surfaces was suggested since the advent of 

this technique. A typical scheme of detection of electrostatic forces includes a conducting probe which is 

biased with respect to a back electrode or substrate carrying a sample on top. In a simplified form the 

contribution of electrostatic force is proportional to Ψ2 and ∂c/∂z, where Ψ - potential difference, C - 

capacitance and Z - the probe-sample separation. 

(1)      Felec (Z) = ½ ∂c/∂z Ψ 2 

When DC (UDC) voltage and AC (UAC) voltage at frequency ω, are applied to the probe then the electrostatic 

force can be expressed as 

(2)      Felec (Z) = ½ ∂z/∂c [(φ -UDC -UAC sin(ωt))]2, 

where φ is the surface potential or contact potential difference (CPD) between the probe and the sample.  

This equation can be separated into three components defining the DC and frequency responses: 

(3)      FDC (Z) = ½ ∂z/∂c (φ-UDC)2 + ½UAC
2 

(4)      Fω (Z) = - ∂z/∂c [(φ-UDC )UAC sin(ωt)] 

(5)      F2ω (Z) = - ¼ ∂z/∂c UAC
2 cos(2ωt) 

This set of equations describes the electrostatic force measurements in the capacitor-like set-up. The idea 

of using two frequencies for simultaneous and independent measurements of surface topography and 
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electrostatic forces was implemented in one of the first AFM applications6. In these non-contact 

experiments, AC voltage was applied to a conducting probe at ωelec and the changes of the probe amplitude 

at this frequency were detected at different probe-sample separations, which were adjusted by changing 

Asp at the frequency of mechanical resonance, ωmech(>ωelec). These measurements showed high sensitivity 

of the applied detection scheme. In the next step, maps of electric properties of a photoresist on a Si 

substrate and of a working p-n junction in a transistor were obtained by recording the amplitude changes at 

ωelec and 2ωelec. 

These pioneering measurements of the AFM probe response to electrostatic forces and mapping it over a 

scanned area defined electric force microscopy (EFM). The extraction of quantitative electric properties 

from surface maps of amplitude changes at ωelec is a challenging task. The quantitative detection of surface 

potential was simplified with a null-force method7. In this procedure, a combination of DC and AC (at ωelec) 

voltages was applied to the probe and the DC level is changed until the AC vibration of the probe (at ωelec) is 

nullified, see equation (4). In first demonstration of the null-force method a voltage map of the precision 

operational amplifier in a functioning state was made. Later, the null-force method was applied to 

detection of local contact potential difference (CPD)8 and this set-up was named Kelvin probe force 

microscopy (KFM). In addition to EFM and KFM, probing of local electrostatic properties in non-contact 

mode has been diversified by using the 2 ωelec response [see equation (5)] for the feedback mechanism. In 

such a way one can get information regarding the local dielectric constant and its high-frequency 

dispersion. Simultaneous measurements of sample topography (ωmech = 70kHz), surface potential (ωelec) and 

dielectric or polarization response (2ωelec) were performed while the probe was scanning ~ 30nm above the 

sample surface. The use of EFM and KFM has increased as they become available in commercial scanning 

probe microscopes. This happened with the introduction of the lift mode9, that makes possible 2-pass EFM 

and KFM measurements at the single frequency (ωmech). The 2-pass method is a simple separation of the 

mechanical and electrostatic interactions by switching between the intermittent contact and the non-

contact operations. In principle, this switching can be realized by changing Asp. Yet due to thermal drift and 

other instrumental imperfections the imaging in the non-contact regime where the probe feels only long-

range forces is not stable. The problem is solved when 

in each scan line the probe is raised above the surface 

only a small height to the non-contact position where 

the electrostatic response is measured separately 

from the topography. The tradeoff is the extra time 

needed for such operation and the remote position of 

the probe sensing electrostatic forces. 

 

Fig 1: Topography (A) and surface potential (B) images of an SRAM chip (30µm xy scan size). 

2 PRACTICAL KFM MEASUREMENTS  

The first two examples are taken from KFM studies of semiconductor samples: SRAM and a SiGe structure. 

The topography and surface potential images of the same sample regions show dissimilar patterns, Figures 

1 and 2. The locations of different doping types and levels as well as few local defects visualized in surface 

potential images are clearly different from topographic features. This is confirmed by the cross-section 

profiles taken in the images along the directions marked with white arrows. Therefore, we conclude that 
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C D 

the cross-talk between the topography and the probe response to the electrostatic forces is negligible. In 

the control experiments we obtained surface potential images of SRAM with different combinations of 

ωmech and ωelec (first flexural resonance/10kHz, first flexural resonance/second flexural resonance; second 

flexural resonance/first flexural resonance). The comparison of the quantitative values in the surface 

potential profiles showed that the variations did not exceed 10%. As regarding the sensitivity of this 

approach, the variations as small as 10mV are distinguished in the surface potential profiles (not shown). It 

is also noticeable that the surface potential is substantially negative in the SRAM locations, and is around 0 

in the SiGe structure. In KFM of semiconductors a correlation between the surface potential as the probe 

location and surface Fermi level is established by a following equation: 

(6)      EFs - Evac - Vprobe - φ p, 

where EFs - the surface Fermi level, Evac - vacuum 

level, Vprobe - surface potential measured by the 

probe, and φp - work function of the probe material. 

Fig 2: Topography  

(A) and surface potential  

(B) images of an SiGe structure (30µm xy scan size). 

Fig 3: Topography  

(A) and surface potential  

(B) images of PMMA layers on Si around the 

locations subjected to tip-voltage pulses. The insert 

in the (B) shows the cross-section profiles along the 

directions indicated with white arrows.  

(C) - (D) The topography and surface potential 

images of normal alkane C60H122 adsorbate on 

graphite around the location subjected to a tip-

voltage pulse. 

Therefore, evaluation of local surface Fermi level is a 

feasible task in KFM of semiconductor samples10, 

after a proper calibration of the probe, an 

appropriate sample preparation and thoroughly 

performed the experiments. These applications are 

beyond the scope of this paper. In further evaluation 

of KFM operation we conducted experiments similar to those described in 11, which are often used for 

surface lithography12. In these experiments, surface charges were deposited by a tip-sample voltage 

discharge on surface of PMMA and normal alkane C60H122 layers on Si and graphite, respectively. The 

charges were deposited above the voltage threshold, which is around 5-10V (depending on a layer 

thickness and annealing state), and a 2ms pulse was used. The first pair of images in Figures 3A-B shows the 

PMMA topography and a circular surface charge pattern with maximum around 1.5V. In this case, there is 

no discernible cross-talk between the charge and topography. The situation is different when a higher 

voltage impulse was applied (not shown). The topography image exhibits a pattern of complex shape with 
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negative and positive levels, thus demonstrating a strong involvement of the electrostatic forces in the 

tracking feedback when the local charge is large. In other words, the large spatial dimensions and high 

intensity of the generated charge makes its compensation by the probe voltage inefficient. AFM studies of 

ultrathin adsorbates of normal alkanes on graphite revealed that the alkanes form lamellar domains in 

which the chains are aligned parallel to the surface. The voltage pulse applied to the C60H122 layer on 

graphite induced a circular damage pattern in the adsorbate and even in graphite substrate visible as a hole 

in the center. The surface potential shows a bright-contrast at the circular pattern, which can be assigned 

to the surface potential of the substrate. In addition, dark patterns surrounding the disk-like region 

represent the generated negative charges on the elevated alkane domains. The negative charges on the 

alkane domains have persisted for several days. Further high-resolution AFM images (not shown here) 

demonstrated that the lamellar order of the domains was destroyed and the material of the domains 

displays a granular morphology. Most likely, the discharge caused a variety of different chemical processes. 

Therefore, this approach can be applied not only for lithography but also for local initiation and monitoring 

of chemical reactions. Self-assembly of F14H20 adsorbates results in nanoscale structures of different 

morphologies (toroids, ribbons, spirals and their intermediates) and various packing motifs13 that make 

them attractive for a demonstration of KFM resolution. A region of F14H20 adsorbate on graphite, which is 

densely populated with deformed toroids and short ribbons, is shown in the topography image in Figure 

4A. The surface potential contrast of this area is not very pronounced, except for the bright spot seen at the 

location, which is closer to the substrate than the rest of the surface, Figure 4B. This is apparently a void in 

the packing of surface structures. The crosssection profile in the insert of the image indicates that the width 

of the void is less than 10nm. This allows us to claim that the spatial resolution of KFM operating in the 

intermittent contact mode is better than 10nm. The variations of the contrast between the different self-

assembled structures (up to 0.2V) are much smaller as compared to the 0.8V average contrast between the 

void’s location and the rest of the image. The fact that the void contrast is approximately that of the 

substrate is confirmed by the images and cross-section profiles shown in Figures 5A-C. The topography 

image in Figure 5A presents a larger area of the F14H20 adsorbate after its central part was removed from 

the substrate by mechanical abrasion (scanning of this location in the contact mode). 

This procedure, which is often applied for the evaluation of thickness of adsorbates on different substrates, 

is also useful in KFM analysis because it provides access to the substrate. The surface potential image in 

Figure 5B clearly demonstrates that the “window” is ~0.7V higher in potential than the rest of the area. The 

images and the cross-section profiles (not shown), which were taken along the directions marked with 

white arrows, show that the adsorbate is ~8nm thick and that mechanical interference of the probe 

induced the formation of large micelles at the “window” edges and several ribbons inside the “window”. 

Both the micelles and the ribbons are discernible in the surface potential image, where they are seen 

respectively darker and brighter than their 

immediate surroundings.  

Fig 4: Topography  

(A) and surface potential  

(B) images ofF14H20 adsorbate on graphite (0.5µm 

xy scan). 
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Fig 5: Topography  

(A) and surface potential  

(B) images of F14H20 adsorbate on graphite in the area 

around the “window” made by the AFM tip scanning 

in the contact mode. 

Up to this point, we have shown that KFM in the 

intermittent contact mode is not subject to noticeable 

cross-talk artifacts and provides sensitive imaging of surface potential with a spatial resolution of 10nm or 

better. In studies of semifluorinated alkane F14H20, KFM distinctively differentiates material’s features and 

ordered self-assemblies with the latter exhibiting negative surface potential. These applications were 

performed using the probe amplitude at elec as a measure of electrostaticallyinduced tip-sample force 

interactions. Following the classification given in 14 we will use AM-AM abbreviation for this mode. This 

abbreviation indicates that AM is used in both feedback loops employed for topography tracking and 

electrostatic measurements. Another approach to KFM measurements and its use in the intermittent 

contact regime are introduced below. 

2.1  KFM in AM-FM operation 

The problem of sensitivity and spatial resolution in the AFM-based electrostatic measurements attracted 

increasing attention for several years. A thorough consideration of the imaging procedures, optimization of 

probe and data interpretation was given in 15. The authors estimated the cantilever, tip cone and tip apex 

contributions to the electrostatic probe-sample force and force gradient and came to the conclusion that 

high spatial resolution can only be achieved when the tip-apex contribution is dominant. This condition can 

be realized by using probes with a special geometry (the probes with long and sharp tips) or by 

employment of force gradient detection. The other possibility - imaging at tip-sample distances smaller 

than 2nm was expected to be difficult in practice. Higher spatial resolution and higher sensitivity in the 

force-gradient based KFM was shown in 16 - the paper, in which electrostatic force measurements in AM 

and FM detection schemes were critically analyzed. Particularly, the surface potential data obtained on a 

KCl submonolayer on Au (111) in FM nicely agree with results of ultraviolet photoelectron spectroscopy. 

Also in contrast to AM detection, the surface potential measured with FM did not vary with probe-sample 

separations in the 30nm range. The state-of-the-art EFM and KFM were presented in 14 where the AM-AM, 

FM-AM and FM-FM combinations used for such measurements were mentioned and briefly described. 

Surprising is the absence of the AM-FM combination despite the above considerations suggesting the high 

value of FM detection of electrostatic forces. We have implemented this capability in the Agilent 5500 

microscope and critically evaluate this mode in studies of a variety of samples in the intermittent contact 

regime.  

The block scheme of the AM-FM mode is presented in Figure 6. The principal difference of this set-up with 

the one used for the AM-AM approach is that the input of LIA-2 is connected to LIA-1 for measuring the 

phase data at ωmech. The phase changes are directly related to changes in the force gradient that defines 

AM-FM type studies. Practically, the AC voltage is applied to the probe at ωmech, which should be within the 

bandwidth of the LIA-1. The probe response, at the mixed frequency, ωmech and ωelec is detected by LIA-2 

and used for KFM feedback. The electrostatic forces between the cantilever and sample cause the 



  20. - 22. 10. 2009, Roznov pod Radhostem, Czech Republic, EU 

 
 

30   S1 - NANOMATERIALS 

 

cantilever to deflect at ωelec, and at twice that 

frequency. The voltage modulation also causes a 

modulation of the force gradient which is greatest 

between the tip and the sample. 

Fig 6: A block-diagram of the implementation of KFM 

in the Agilent 5500 scanning probe microscope using 

the MAC III accessory in AM-FM mode. 

These changing forces gradient causes the resonant 

frequency of the cantilever to shift, giving rise to side 

bands on the mechanical resonance of the cantilever. After demodulation by LIA-1, the output shows 

modulation at ωelec and at twice that frequency. The two forms of KFM are similar in that the DC bias has a 

servo to minimize the ωelec component from the input of LIA-2. The main differences between operation of 

AM-AM and AM-FM modes are related with choice of ωelec, which in case of AM-FM is limited to a low 

frequency (say 5kHz), low feedback gains of the electric servo loop and to lower AC voltages (usually much 

less than 1V). The use of lower voltages is very positive remembering the possible voltage influence on 

sample surface electric properties. 

2.2  KFM with AM-FM operation in intermittent contact: Practical results 

After implementation of AM-FM approach in KFM we have checked the value of the phase- and, 

additionally, Y-component-based operations by comparing these modes and AM-AM approach in the 

intermittent contact imaging of F14H20 adsorbate, Figures 7A-D. The chosen sample of F14H20 adsorbate has 

many of heterogeneities due to partial selfassembly of the material into individual micelles and their 

aggregates. As expected from our AM-AM studies the self-assemblies exhibits strong surface potential 

contrast what indeed is noticed in the images obtained with all three modes, Figures 7B-D. The comparison 

of the images and also the surface potential profiles (not shown) demonstrates the favorability of AM-FM 

approaches in studies of semifluorinated alkanes. The images in Figures 7C-D exhibit higher contrast, and 

therefore resolution than the image in Figure 7B. Particularly, a visualization of the patches in the top right 

parts of the images is the best illustration. 

Fig 7: Topography  

(A) and surface potential  

(B) images of F14H20 adsorbate on graphite obtained in 

the AM-AM operation.  

(C)-(D) Surface potential images of the same location 

as in (A) and (B) obtained in AM-FM operation with the 

phase and the Y-component signals for the electric 

servo loop. 

Cross-section profiles (not shown) also indicate that 

the values of the surface potential are higher in AM-

FM modes compared to the AM-AM. As expected the 

surface potential signal obtained with the phase-based and Y-component-based operations are 
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quantitatively the same but the signal-tonoise ratio is definitely improved in the Y-component-based 

operation. Most likely the values of the surface potential in the 0-1.0V range obtained in the AM-FM 

studies are defining surface charges more precisely than the potential data obtained in the AM-AM 

operation similar to the findings in 16. 

In an attempt to determine the spatial resolution of KFM in the AM-FM operation we further examined 

F14H20 adsorbates at scales of 1 micron and smaller, and the results, which were obtained in the phase-

based AM-FM operation, are collected in Figures 8 and 9. The images in Figures 8A-D show an aggregate of 

self-assembled structures and a single toroid less than 50 nm in diameter. As expected the aggregate, 

which consists of a number of toroids and other elementary self-assemblies exhibits strong negative 

contrast (~-1.0V) even larger than that of the toroid (~-0.8V). Remarkably, the other adsorbate patches 

being of comparable size and height to the self-assembled aggregate do not exhibit any noticeable 

variations of surface potential. The toroid, which is presented in the images in Figures 8C-D, has a height of 

~3.2nm and surface potential of ~0.8V. The latter is consistent with surface potential of a Langmuir-

Blodgett layer of similar compound determined with a macroscopic Kelvin probe17. The toroid is most likely 

formed of extended molecules (contour length 4.6nm) with fluorinated groups pointed away from the 

surface. At the toroid edges, the hydrocarbon 

segments are bending towards the surface to 

compensate the mismatch of electron density in the 

hydrocarbon and fluorinated structures. 

Fig 8: Topography (A,C) and surface potential (B,D) 

images of F14H20 adsorbate on graphite obtained in the 

AM-FM operation. The inserts in (C-D) show the cross-

section profiles taken along the directions indicated 

with white arrows. 

Therefore, the -CF2-CH2- dipole orientation towards the 

substrate is primarily responsible for the surface 

charges observed in KFM. Self-assemblies of F14H20 and other semifluorinated alkanes FnHm have been 

under examination for some time. Despite the fact that a number of techniques (X-ray reflectivity, AFM, 

surface IR techniques and a macroscopic Kevin probe) were applied to examination of molecular 

arrangements in these nanostructures their molecular architecture is still not clarified18-20. In the ongoing 

KFM studies of F14H20 and related compounds we examined their self-assemblies on different substrates 

and in different environments in pursuit of a better understanding of their structures and behavior21. As 

regarding the KFM resolution we point out fine features in the sub-10nm range, which were observed in 

the topography and surface potential images of the F14H20 adsorbate, Figures 9A-C. This area is filled by the 

toroids and self-assembled ribbons. The surface potential of the ribbons is only slightly different from that 

of the toroids, similar to the observations in AM-AM operation (not shown). Nevertheless, there are few 

locations with very pronounced contrast: the voids between the toroids and the slits between the ribbons. 

At these locations the probe “feels” the substrate better than elsewhere. The high-resolution surface 

potential images of the area outlined with a red dotted square is given in Figure 9C. The insert shows the 

profile across one of the slits in the location pointed with a white arrow. The width of the 0.1V peak seen in 

this profile is around 2nm that can be used as a measure of spatial resolution of KFM AM-FM operation in 

the intermittent contact mode. This result suggests that the sensing apex area of the AFM probe, which is 
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much smaller than the tip diameter (~20nm), dominates in the electrostatic measurements. The achieved 

high-resolution is in line with the expectation of 15 

where the forcegradient detection combined with a 

small tip-sample distance was advocated as a way to 

enhance resolution. The use of sharper conducting 

probes might help to increase the resolution further. 

 

Fig 9: Topography (A) and surface potential (B) images of F14H20 on graphite. 

(C) The surface potential image of an area, marked with a white box in (B). 

Insert shows the cross-section at the white arrow in the direction 

perpendicular to the bright strip. 

3. CONCLUSIONS 

This paper describes KFM operations using an Agilent 5500 scanning probe microscope enhanced with a 

MACIII accessory that allows multi-frequency AFM measurements with three dual phase lock-in amplifiers. 

Instrumental set-ups allowing force- and force-gradient-based KFM studies (AM-AM and AM-FM) are 

described and the value of these approaches is verified in studies of the doped areas of semiconductor 

samples, surface charges created on organic layers by voltage discharge, the contamination traces on 

graphite and self-assemblies of semifluorinated alkanes F14H20 on graphite and Si substrates in dry and 

humid air. The novelty of these applications is that they were performed in the intermittent contact regime 

and the AM-FM combination was introduced. The simultaneous and independent measurements of sample 

topography and surface potential (as small as 10mV) were successfully demonstrated in these single-pass 

KFM studies. The comparative studies of F14H20 selfassemblies with AM-AM and AM-FM demonstrated that 

the AM-FM operation provide higher and, likely more accurate values of surface potential of these 

nanostructures. Remarkably, the AM-FM approach in the intermittent contact mode led to high-resolution 

surface potential measurements where the 2-nm wide features were clearly resolved. We undertook only 

the first steps in the practical evaluation of new capabilities offered by KFM studies and there are several 

opened questions to clarify. They include finding of ways of reproducible and precise measurements of 

surface local work functions, development of better probes that are fully conducting with 1nm apex size, 

expanding KFM measurements to different environments and various temperatures and others. 

Furthermore, the discussed results were obtained in the intermittent contact mode at relatively small tip-

sample interactions when phase images do not exhibit the pronounced contrast related to variations of 

local mechanical properties. It might be quite informative to perform KFM imaging at elevated tip-sample 

force, i.e. in the repulsive force regime to get simultaneously topography and maps of local electric and 

mechanical properties as was recently suggested22. The newly developed scanning microwave microscopy 

(SMM) module by Agilent Technologies will push the limits of electrical measurements further, being able 

to probe also structures underneath the sample surface via changes in impedance and capacitance of a 

scanning AFM tip injecting a microwave (and modulated AC) field into the surface. 
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Abstract 

A new nanoparticle sizing and characterization technique is described which allows nanoparticles in a 

suspension to be individually but simultaneously detected and analysed in real time using a laser-based 

microscope system. Nanoparticles of all types and in any solvent can be detected, sized and counted 

through video-based tracking of their Brownian motion when illuminated by a specially configured laser 

beam. Depending on particle type, nanoparticles as small as 10nm can be visualized (though not imaged). 

The technique is robust and low cost representing an attractive alternative or complement to higher cost 

and more complex methods of nanoparticle analysis such as photon correlation spectroscopy (PCS) or 

electron microscopy that are currently employed in a wide range of technical and scientific sectors. 

Advances in the technique will be described which allow each particle to be simultaneously analysed not 

just in terms of its size but also light scattering power (mass/refractive index) and fluorescence from which 

3D plots of size v. light scatter or fluorescence can be produced. 

The technique uniquely allows the user a simple and direct qualitative view of the sample under analysis 

(perhaps to validate data obtained from other techniques such as PCS) and from which an independent 

quantitative estimation of sample size, size distribution and concentration can be immediately obtained. 

Examples of analyses of a wide range of sample types will be shown including nano-emulsions from 

pharmaceutical and clinical applications and metal oxides and nano-ceramics from the chemical, pigments 

and coatings industries. 

Keywords:  nanoparticle, Dynamic Light Scattering (DLS), Photon Correlation Spectroscopy (PCS), 

Nanoparticle Tracking Analysis (NTA) 

1. INTRODUCTION 

In a wide range of industry sectors it is increasingly important to obtain accurate estimates of size, size 

distribution and concentration of nanoscale particles. However, existing techniques for obtaining such 

information (e.g. electron microscopy, light scattering) are time consuming, complex and the results 

difficult to interpret, particularly in samples which are heterogeneous in composition or which contain a 

range of particle sizes, e.g. are polydisperse. 

A newly developed method for the direct and real-time visualisation and analysis of nanoparticles in liquids 

has become available and is called Nanoparticle Tracking Analysis (NTA)1,2. Using a laser-illuminated 

microscopical technique, Brownian motion of nanoparticles is videoed and analysed in real-time by a CCD 

camera, each particle being simultaneously but separately visualised and tracked by a dedicated particle 

tracking image analysis programme. Because each and every particle is visualised and analysed separately, 

the resulting estimate of particle size and particle size distribution does not suffer from the limitation of 

being an intensity weighted, z-average distribution which is the norm in conventional ensemble methods of 

particle sizing in this size regime, e.g. the well established method of Dynamic Light Scattering (DLS) or 
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Photon Correlation Spectroscopy (PCS). In a newly introduced capability, by use of alternative wavelength 

lasers, fluorescently labelled particles can be similarly tracked. The ability of NTA to simultaneously 

measure particle size and particle scattering intensity or fluorescence allows heterogeneous particle 

mixtures to be resolved and, importantly, particle concentration can be estimated directly, the particle size 

distribution profile obtained by NTA being a direct number/frequency distribution3. 

2. METHODOLOGY 

2.1. Operating principle 

A finely focussed, 635nm (or for fluorescent studies 404nm or 523nm) laser beam is passed through a 

prism-edged optical flat, the refractive index of which is such that the beam refracts at the interface 

between the flat and a liquid layer placed above it. Due to the refraction, the beam compresses to a low 

profile, intense illumination region in which nanoparticles present in the liquid film can be easily visualised 

via a long-working distance, x20 magnification microscope objective fitted to an otherwise conventional 

microscope (Fig 1). 

 

 

 

 

 

 

 

 

 

 

Fig 1 Schematic showing the optical path of the laser 

Mounted on a C mount, a CCD camera, operating at 30 frames per second, is used to capture a video with a 

field of view approximately 100um x 80um. Particles in the scattering volume are seen moving rapidly 

under Brownian motion. The NTA programme simultaneously identifies and tracks the centre of each 

particle on a frame-by-frame basis throughout the length of the video (typically 900 frames or 30seconds). 

Figure 2 shows an enlarged image of two such particles and the trajectory they have taken over several 

frames as tracked by the NTA image analysis programme. 

The average distance each particle moves in x and y in the image is automatically calculated. From this 

value, the particle diffusion coefficient, Dt, can be obtained and, knowing the sample temperature T, and 

solvent viscosity η, the particle hydrodynamic diameter d identified. That 3 dimensional Brownian 

movement is tracked only in 2 dimensions (x and y) is accommodated by use of the following variation of 

the Stokes-Einstein equation (Eq 1);    

   

where KB is Boltzmann’s constant. 
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The range of particle sizes which can be analysed by NTA depends on the particle type. The lower size limit 

is defined by the particle size and particle refractive index. For very high Ri particles such as colloidal gold, 

accurate determination of size can be achieved down to 10nm diameter. For lower refractive index 

particles, such as those of biological origin, the smallest 

detectable size might only be between 25-35nm. This 

minimum size limit allows, however, the analysis of most 

types of virus. Upper size limits are approached when the 

Brownian motion of a particle becomes too limited to track 

accurately, typically 1-2µm diameter. To enable a sufficient 

number of particles to be analysed within an acceptable 

time period (e.g. <60seconds) from which a statistically 

meaningful and reproducible particle size distribution profile 

can be obtained, samples should contain between 107 and 

109 particles/ml, dilution of a sample often being required to 

achieve this concentration. 

Fig 2. An enlarged image of typical tracks of particles moving under Brownian. Note: the particles are not 

being imaged, structural information such as shape being below the resolving power of the optical 

microscope 

2.2.  Multi-parameter Measurements  

2.2.1. Size v. Intensity 

The benefit of being able to simultaneously measure two independent parameters such as particle 

scattering intensity and particle diameter (from dynamic behaviour) can prove valuable in resolving 

mixtures of different particle types (e.g. distinguishing between inorganic and polymer particles of the 

same diameter). Similarly, small differences in particle size within a population can be resolved with far 

higher accuracy than would be achieved by other ensemble light scattering techniques. 

Accordingly, by gating on size and light scatter it is possible to obtain reproducible counts and particle size 

for individual populations. In the example shown in Fig 3, measurements were made on a mixture of 200nm 

and 73nm certified polystyrene beads (NanosphereTM Thermo Scientific) of known concentration. 

Imprecision was <8% for particle concentration and <6% for particle size (using 73nm beads). Note that, as 

might be expected for particles of similar composition, particle scattering intensity increases with particle 

size. 

For mixtures of particles of different composition the ability to plot, for each particle, scattered intensity 

against particle diameter allows further information to be gained about the composition of the mixture. In 

Fig 4, a mixture of 50nm gold particles and 100nm polystyrene, it can be seen that the 50nm gold 

nanoparticles scatter light more effectively than the 100nm latex despite the fact they are smaller. This is 

characterised by a negative slope on the size v. intensity graph.  

2.2.2. Size v. Fluorescence 

A more recent development allows the introduction of fluorescence measurement allowing specific 

particle types to be characterised (sized, counted, etc.) in complex mixtures through, for instance, the use of 
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fluorescently labelled antibodies and other probes. In Fig 5, a mixture of fluorescently labelled 50nm beads 

mixed with non-fluorescent 200nm beads can be measured under light scattering mode, in which a) both 

populations are analysed or b) using fluorescent filters, only the fluorescent population are seen. 

 
Fig 3. Resolution of 73nm and 200nm polystyrene beads.  
a) particle size distribution profile of mixture;  
b) three dimensional plot of particle size v. scattering intensity of each particle. The Vertical axis is in 
particle concentration. 

 

 

 

 

 

 

 

 

 

Fig 4.  
a) A particle size distribution profile of a mixture of 50nm Au nanoparticles and 100nm polystyrene.  
b) a 3D plot of size v. intensity v. concentration of the same sample 

3. APPLICATIONS 

The production of nanoparticles by pulsed laser ablation has used NTA (as well as DLS) to determine the 

particle size distribution in a number of studies,4,5. NTA was shown to be better suited to the analysis of 

polydisperse samples. In a study of the growth and aggregation of gold nanoparticles monitored by UV-

visible absorption, TEM, DLS and NTA, data from NTA was found to correlate with that obtained by the 

other techniques6 .Lundahl7 used NTA, AFM and SEM to follow the synthesis of Ag nanoparticles by citrate 

reduction. Changes in the formation, dispersion and stability of polymers and polycomplex nanoparticles in 

both aqueous and solvent system can be followed in real-time using NTA8,9 and results compared to other 

sizing techniques such as turbidimetry, DLS, and TEM. 

In a comparative study using flow cytometry, DLS and NTA, Harrison10 showed that NTA could successfully 

resolve trimodal distributions of calibration particles where DLS data proved sensitive to contaminants and 
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measurement angle. He found that whilst NTA cannot analyse platelets which are too large, it is suitable for 

analyzing chylomicrons and VLDL particles11. 

 
Fig 5.  
a) Measurement of size and number by light scattering was made using the standard red laser.  
b) Using a second laser emitting at a shorter wavelength only light emitted from the fluorescent beads was 
measured. 

In a study of nanoparticle toxicity, NTA has proved useful in being able to determine the degree to which 

nanoparticles are dispersed before studying their effect on biological systems12- 15. Because NTA is capable 

of simultaneously tracking particles on an individual basis, more than one parameter can be measured for 

each particle. While the dynamic, Brownian motion activity is analysed to determine particle size, it is 

possible to simultaneously measure the relative, average intensity of light scattered from each particle. This 

allows similar sized particles of different refractive index particles to be discriminated. Accordingly, NTA’s 

ability to plot particle size as a function of refractive index was used to demonstrate the preparation of 

well-defined metallized tobacco mosaic virus (TMV) nanorods in high yields and with uniform coatings16. 

NTA has been used to in drug delivery and nanoencapsulation studies changes over 1 hour timescales in 

filtered preparations of nanocapsules into which had been incorporated a P-glycoprotein (P-gp) substrate 

drug, tacrolimus, as novel form of a double coated controlled release formulation17. 

It has been shown18 that NTA can distinguish between two types of thiol nanoparticles in a mixture, one of 

which was found to have entrapped β-galactosidase enzymes and was correspondingly much larger in size 

(300nm diameter) than the smaller particles which contained no enzyme (similarly identified as being 

150nm diameter as measured by NTA and Photon Correlation Spectroscopy). The bimodal nature of the 

mixture identified by NTA was confirmed by field emission gun scanning electron microscopy (FEGSEM) and 

allowed the application of a sucrose gradient separation step technique to separate the two particle types. 

Successful separation was confirmed by both NTA and colorimetric assay showing NTA could be used 

directly in optimising the isolation of these complex particle mixtures for subsequent possible application in 

a wide range of processes and devices which require catalytic functionalized surfaces, such as biosensors 

and biocatalytic reactors. 

A comparison of emerging analytical techniques to characterize a 40nm diameter viral vaccine for both 

research and production applications has recently been carried out19 in which NTA was compared with 

more established techniques such as Transmission Electron Microscope, Dynamic Light Scattering, Static 

Light Scattering, Size Exclusion - Multi Angle Light Scattering (SEC-MALS), Asymmetric Flow - Field Flow 

Fractionation in combination with SLS and Analytical Ultra Centrifugation. While each technique was 

considered to have both strengths and weaknesses as analytical methods in this application, only NTA was 
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shown to be accurate at both the reference standard and high concentration sample types giving a primary 

particle diameter of 40nm for each, whereas DLS and SEC-MALS (the only two techniques capable of 

working at both concentrations) gave 42nm and 68nm (SEC-MALS) and 56nm and 66nm (DLS) for the 40nm 

virus particle. 

In the final example shown, Fig 6, a monodisperse virus sample of mean size 45nm was shown to undergo 

significant aggregation on agitation demonstrating the usefulness of the technique for being able to both 

size and count different particle sizes within a mixture. 

 

                       Particle Size t Concentrator! Particle Size / Concentration 

Fig 6. Particle size distribution profile of a virus sample  
a) before and  
b) after shear stress induced aggregation. Note the change in scale of the normalised vertical axis shows a 
drop in the concentration of particles on aggregation (from approximately 80x106 particles/ml to 
approximately 50x106 particles/ml). Such information is unavailable to other ensemble light scattering 
techniques such as DLS. 

4. CONCLUSION 

NTA is a direct and fast technique by which nanoparticles in their natural solvated state in a liquid can be 

rapidly detected, sized and counted. While limited to particles of 10-20nm and above and to concentration 

ranges between 107 - 109 particles per ml, the ability to simultaneously visualise and analyse nanoparticles 

on an individual basis allows for much improved resolution of polydisperse and/or heterogeneous sample 

types. The technique can be used to complement existing techniques for the sizing of nanoparticles (e.g. 

DLS, PCS) allowing data obtained from these methods to be validated by direct microscopical observation 

of the sample19. 
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Abstract 

In a lot of cases of production of semiconductor microchips, nano-components like MEMS, or optical 

lithography, an even more precise length measuring devices are necessary for a reliable fabrication and 

quality inspection. Modern high-resolution laser interferometers are considered in this field as these more 

precise measuring length sensors [1]. They use a wavelength of the laser light like a fundamental length 

unit [2]. Presently, the progress in the nanometrology research is oriented to femtosecond mode-locked 

lasers stabilized by technique of the optical frequency comb. The laser produces a supercontinuum light, 

which is composed of a cluster of coherent frequency components in certain interval of wavelengths. A 

value of the repetition rate of femtosecond pulses determines spacing of these components in the 

frequency domain. 

We put together a new method, which uses a special design of an optical resonator working like a 

measuring device. The measuring probe (one of two mirrors of the cavity) monitors changes of unknown 

distance by piezoelectric transducer (i.e. cantilever of the atomic force microscope). Then the repetition 

frequency of the femtosecond laser is controlled by selected optical modes of the cavity. The down-

conversion of the optical frequency changes of certain mode of the cavity into the radio-frequency domain 

is the main impact of the method. There is exception that the resolution of the method will be in the range 

of the size of atoms. 

Keywords: optival frequency standards, femtosecond, Fabry-Perot cavity, free spectral range 

1. INTRODUCTION 

Presently, the progress in the field of optical frequency standards is oriented to femtosecond mode-lock 

lasers stabilized by a technique of the optical frequency comb [3]. Such a laser produces a supercontinuum 

light, which is composed of a cluster of coherent frequency components in certain interval of wavelengths. 

A value of the repetition rate (frequency) of femtosecond pulses determines (in the frequency domain) 

spacing of these coherent components. If we control the mode-lock laser by means of i.e. atomic clocks we 

ensure frequency of these components very stable. The comb spectrum plays a role as a frequency rule 

which is suitable for the metrology of length in various branches: it can be used as a tool for generation of 

precise distance and at the same time as a length measuring device with the atomic clock as the 

fundamental reference.   

2. FREQUENCY COMB IN DIMENSIONAL METROLOGY 

The optical frequency comb is based on laser source periodically generating a train of femtosecond pulses. 

The train is characterized by the central wavelength, period of pulses, pulse shape and pulse to pulse phase 

shift. The train produces a frequency spectrum of comb lines around the central optical frequency 

(wavelength). The frequency fi of one selected spectral component of the comb is expressed as: 
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repceoi fiff ⋅+=  (1) 

where i is the number of a comb line (typically in the order of 106) and frep and fceo are frequencies typically 

set in RF domain, called repetition and offset frequency, respectively. The repetition frequency frep is 

indirectly proportional to the period of the train pulses and the offset frequency fceo describes phase-shift 

between envelope of pulses and their carrier wave. For free running femtosecond laser both frequencies 

(frep and fceo) are typically stable only up to 10−7. Therefore its better stabilization is necessary to generating 

precise and stable frequency comb spectrum. On basis of Eq. 1. the stability of the repetition frequency frep 

affects stability of i-th component of the comb multiplicatively and the offset frequency fceo additively. The 

repetition frequency is very intensively present in RF spectrum and could be then easily retrieved and 

phase locked to i.e. a division of an atomic clock RF signal (typically 10 MHz) by phase-lock servo-loop [4]. 

The offset frequency is derived by self-referencing method called as the f-to-2f technique. It is based on 

broadening of 100 nm approx. wide spectrum of the femtosecond laser (with central wavelength 

λ = 1541 nm) by means a photonics crystal fibre. In the fibre a four-wave mixing technique produces very 

broad comb spectrum which cover at least one octave of optical frequencies (in our case an interval from 

1000 nm to 2000 nm). Longer wavelengths (frequency fi) are frequency doubled by non-linear crystal to 

shorter wavelengths (frequency 2fi). Doubled longer wavelengths are optically mixed with short 

wavelengths (frequency f2i) and the offset frequency is obtained: 

ceoii fff =− 22  (2) 

This beat-frequency is also phase locked to the atomic clock RF signal by servo-loop. The result of the 

method is the comb frequency spectrum with stability of all of frequency components with degree of 

relative stability of atomic clocks (thus more than 10-14). 

3. FABRY-PEROT CAVITY AS A GENERATOR OF PRECISE LENGTH 

Fabry-Perot cavity (FPC) consists of two mirrors separated by the geometrical distance Lcav. The FPC is an 

instrument which transfers precise frequencies characterized from the optical path to a distance between 

mirrors [5]: 

opdcav L

c

nL

c

22
==ν  (3) 

where ν is the free spectral range (FSR), c is speed of the light, n is the refractive index of the cavity 

environment, and Lopd is the optical path distance between mirrors ( cavopd LnL ⋅= ). A frequency of m-th 

longitudinal mode transmitted through the FPC can be expressed: 

cav

m
nL

mc
f

2
=  (4) 

where fm is optical frequency of m-th mode of the FPC. If the cavity is inserted into the vacuum chamber 

then the refractive index n equals 1.0 and 
cavopd LL =  (geometrical and optical length of the cavity is the 

same). Then for generation of the precise length Lopd is necessary to stabilize only one of frequency modes 

fm of the cavity to a stable optical frequency fi. For this purposes the femtosecond laser deals such a stable 

frequency spectrum. As we express in Chapt. 2, each i-th component of the comb is perfectly stable. If we 
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hold the cavity length Lcav at the “right” position the optical frequency of the i-th component of the comb 

equals to the optical frequency of m-th mode of the FPC. Then: 

cav

repceomi
nL

mc
fifff

2
=⋅+==  (5) 

)(2 repceo

cav
fifn

mc
L

⋅+
=  (6) 

Because i and m are integer constant and c is speed of the light then the stability of the cavity length Lcav is 

determined only by stability of the repetition and offset frequency. 

4. FABRY-PEROT CAVITY AS A MEASURING SENSOR FOR DIMENSIONAL INSPECTION 

The FPC can be used like a distance measuring sensor in cooperation with the femtosecond comb too. If we 

cancel the servo-loop lock of the repetition frequency frep to the atomic clock RF signal the spectrum of the 

comb stays free running. But if we control the repetition frequency for condition that the m-th frequency 

line of the FPC equals to i-th component of the frequency comb, it leads to expression: 

i

f

i

m

nL

c
f ceo

cav

rep −=
2

 (7) 

If we monitor the repetition frequency by a counter which is referenced to RF signal derived from atomic 

clocks then we are able to determine the Lcav very precise on basis of Eq. 6. The optical setup of the novel 

method for dimensional inspection is in Fig. 1. 

Because the character of the comb light is broad optical spectrum with thousands narrow lightwaves 

(supercontinuum) it is impossible to use such a light to direct illumination of the FPC. We have to firstly to 

separate i-th component from the femtosecond comb and to illuminate the FPC by only this component 

with respect to Eq. 5. It can be done i.e. by supporting tunable laser diode (DFB) which is frequency locked 

to i-th component by special servo-loop. But due to poor signal-to-noise ratio of the beat-note we 

proposed and verified other technique which uses a passive filtering of only several components of the 

frequency comb by means of an ultra narrow-band fibre Bragg grating. As is presented in Fig. 1, the output 

of the femtosecond laser is equipped by a fibre circulator which prevents back-reflection from the long 

period fibre Bragg grating and FPC into the laser. 

The group of several components about i-th line of the comb is transmitted to the tap 3 of the circulator. 

This light is sent to the FPC through the fibre expander. The FPC is constructed with a fixed length Lcav = 75 

mm. The body of the FPC is made from low-expansion material (zerodur). 

The position of one of the cavity mirrors (distance measuring probe) is positioned by a piezoelectric 

transducer. It is suitable for the first harmonic detection technique used in the servo-loop lock of the 

repetition frequency of the femtosecond laser to the cavity length of the FPC. The stabilization of the offset 

frequency fceo by means of f-2f technique of the frequency comb is remaining. 



  20. - 22. 10. 2009, Roznov pod Radhostem, Czech Republic, EU 

 
 

44   S1 - NANOMATERIALS 

 

 

Fig. 1. Detailed scheme of the optical setup for dimensional inspection by means of the frequency comb 

technology. 

5. THE EXPERIMENTAL RESULTS 

The locked repetition frequency frep is monitored by a high-resolution frequency counter which has the 

reference signal from atomic clocks. In this setup the repetition frequency express changes of the length of 

the cavity, see Eq. 6. Thanks to performed novel method we inspected the stability of the distance 

determined by the zerodur body of the FPC. This result was done with the pilot experimental setup 

presented in Fig. 1. The standard deviation of the distance calculation on basis of the repetition frequency 

measurement is 0.02 nm for averaging time τ = 1 s. The method will be very promising i.e. for 

measurement of a cantilever movement at scanning probe microscope.  
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Abstract 

Present Contribution is focused on investigations of bulk ultra-fine grained (UFG) cubic metals (Cu, Ni, Fe), 

prepared by severe plastic deformation (high-pressure torsion). Recent results obtained within Prague -

 Dresden - Ufa collaboration are reviewed. Positron annihilation spectroscopy (PAS) was employed as the 

main experimental technique in these studies, including conventional PAS as well as positron beam 

measurements. Defects, induced by deformation, were identified. Their lateral and depth distributions 

were studied. The influence of preparation conditions and ceramic Al2O3 nanoparticles on thermal stability 

of UFG copper was examined.  

Keywords: ultra-fine grained (UFG), Positron annihilation spectroscopy (PAS), severe plastic deformation 

(SPD) 

1. INTRODUCTION 

During the last three decades, it has been well-established that grain refinement of the ordinary 

polycrystalline metals far below 1 µm can lead to a remarkable improvement of their mechanical, electrical 

and thermal properties. Materials characterized by an average grain size of few hundreds of nanometers 

are classified as ultra-fine grained (UFG) ones. Among the techniques of UFG materials production, those 

based on the severe plastic deformation (SPD) are the most promising since they are capable to provide 

macroscopic amounts of material with negligible residual porosity [1]. SPD processing, however, results in 

a highly non-equilibrium state of the material with a huge amount of various kinds of deformation-induced 

microstructural defects, especially vacancies, dislocations, vacancy agglomerates and defects related to 

grain boundaries (GB’s). These defects, in turn, can substantially influence the formation and stability of 

UFG structure and, consequently, macroscopic properties and practical use of the material. Obviously, 

structural studies of the SPD-made UFG materials on an atomic arrangement scale are of a key importance, 

since they assist to understanding the mechanism of the UFG structure formation and behaviour (especially 

its thermal stability). Moreover, such investigations serve as a guide how to optimize production processes. 

Positron annihilation spectroscopy (PAS) is a well-recognized experimental method of investigation of 

small-size open-volume defects. In particular, defect type and concentration can be determined with a high 

sensitivity [2]. Moreover, typical positron diffusion lengths in metals are comparable with the average grain 

size of UFG materials. Hence, positrons can also effectively probe GB’s. Therefore, PAS is an efficient tool of 

microstructural studies of UFG materials. 
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In the present Contribution, a review of recent investigations on UFG cubic metals Cu, Fe, Ni is presented. 

These investigations were conducted within Prague - Dresden - Ufa collaboration and involved materials 

prepared by high-pressure torsion (HPT). PAS was used as the principal experimental technique of probing 

materials studied: (i) the conventional PAS employing directly positrons from 22Na, and (ii) the slow-

positron implantation spectroscopy (SPIS) utilizing a monoenergetic beam of slow positrons. PAS 

investigations were combined with transmission electron microscopy (TEM) observations, X-ray diffraction 

(XRD) and microhardness measurements. First, we will focus on characterization of as-deformed cubic 

metals with UFG structure. The formation of UFG structure and its thermal stability during isochronal 

annealing will be discussed. Finally, the role of metal oxide nanoparticles on thermal stability of UFG 

structure will be illustrated on an example of alumina (Al2O3) nanoparticles embedded in UFG Cu. 

2. EXPERIMENTS 

2.1. Samples 

The high-purity (>99.95 %) Cu, Fe Ni metals and commercial Cu+Al2O3 GlidCop™ nanocomposites (SCM 

Metal Products) with three different contents, x, of Al2O3 (x = 0.3, 0.5 and 1.1 wt.%) were HPT-processed at 

room temperature (RT) using a technique described in Ref. [1]. Torsion was applied up to a true logarithmic 

strain of ε = 7 under a high uniaxial pressure of P = 6 GPa. To elucidate a possible role of pressure, UFG Cu 

specimens HPT-deformed under P = 3 GPa were also prepared. The specimens were disk-shaped with a 

diameter of 10 to 12 mm and a thickness of 0.2 to 0.4 mm.  

2.2. Measurements and data analysis 

Conventional PAS. In conventional PAS, positrons emitted by a proper radioisotope source are directly 

implanted into the material studied. Since such energetic positrons, ranging typically over an interval of 

several hundreds of keV, penetrate to depths of ≈ 0.1 mm in metals, depth profiling of microstructure on 

a micrometer scale is practically impossible in such a case. In our investigations, a carrier free 22Na in 

chloride or carbonate solution (Amersham, iThemba Labs) was utilized as a positron source. A drop of the 
22Na in solution, containing ≈ 1.5 MBq activity, was dried and sealed between 2 µm mylar D foils (DuPont). 

The diameter of the radioactive spot was ≈ 3 mm. The source was sandwiched between two identical 

pieces of material studied. 

Conventional positron lifetime (PL) measurements were performed using a BaF2 lifetime spectrometer 

described in Ref. [3]. The spectrometer exhibited a time resolution of 150 to 170 ps (FWHM) for 22Na and 

a coincidence count rate of ≈ 100 s−1. At least 107 counts were collected in each PL spectrum. 

Decomposition of measured spectra into up to 5 exponential components was performed using 

a maximum-likelihood procedure [3]. The two of these components were always attributed to ≈ 7 % 

contribution arising from positron annihilations in the source.  

Conventional Doppler broadening (DB) measurements were carried out using a standard HPGe γ-

spectrometer showing an energy resolution of 1.2 keV (FWHM) at 511 keV energy. At least 106 counts were 

collected in each annihilation line. The shape of the line was characterized in terms of ordinary sharpness 

(S) and wing (W) parameters. The S-parameter is the relative contribution of the central part to the total 

area of the annihilation line, while the W-parameter is relative contribution of the annihilation line tails. 

Thus the S-parameter expresses a contribution from low-momentum electrons and its greater value may 

indicate an increased role of positron trapping in open-volume defects. On the other hand, the W-
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parameter is a response to high-momentum electrons from inner shells of atoms surrounding the positron 

annihilation site. 

SPIS. Contrary to the conventional PAS, the SPIS technique allows for depth profiling of microstructure on 

a micrometer scale. SPIS experiments of the present work were carried out using the magnetically guided 

positron beam facility “SPONSOR” at FZ Dresden-Rossendorf [4]. The beam diameter at the sample surface 

was ≈ 4 mm. Line shapes of annihilation γ-rays were measured using a HPGe spectrometer having an 

energy resolution of of 1.09 keV (FWHM) at 511 keV energy. Dependences of annihilation line shape 

parameters (S and W) on positron energy were investigated in the interval 30 eV to 35 keV and analyzed by 

means of the VEPFIT code [5]. 

Other techniques. TEM observations were carried out using a JEOL 2000 FX electron microscope operated 

at 2000 kV. XRD measurements were performed by means of a XRD7 and HZG4 powder diffractometers 

(Seifert-FPM). The Cu Kα radiation was employed in the XRD experiments. Microhardness HV was measured 

by means of the Vickers method using a LECO M-400-A hardness tester with a load of 100 g applied for 

10 s. 

3. RESULTS AND DISCUSSION 

The results received in our recent investigations of HPT-deformed UFG Cu, Ni, Fe metals and Cu+Al2O3 

nanocomposites [6-12] are overviewed in this section. 

3.1. Microstructure of as-deformed specimens 

As-deformed UFG materials were first characterized by means of conventional PL spectroscopy and the 

results of these measurements are summarized in Table 1. In all the measured UFG metals, two lifetime 

components (lifetimes τi and relative intensities Ii , i=2,3) could be resolved. The lifetimes τi of Tab. 1 

significantly exceed the single-component values τbulk found in respective well-annealed metals, 114 ps in 

Cu [6], 110 ps in Ni [8] and 108 ps in Fe [3]. This is a strong evidence that all positrons in UFG metals of 

Tab. 1 annihilate from trapped states at defects indicating simultaneously a high defect densities created by 

SPD. The dominating lifetime components (τ2 , I2) exhibit by about 10 ps shorter lifetimes than those 

observed for positrons trapped in monovacancies in respective metals: 168 - 170 ps in Cu, Ni [13], 180 ps in 

Fe [14]. Such behaviour is characteristic for positrons trapped at dislocations [2]. TEM observation of 

microstructure of HPT-made UFG Cu, Ni and Fe were also involved in the present studies. These 

observations revealed a highly fragmented microstructure with a mean grain size of ≈ 110 ÷ 150 nm and 

mostly high-angle type GB’s. Moreover, a high dislocation density is indicated by TEM with a strongly non-

uniform spatial distribution of dislocations inside grains: grain interiors almost free of dislocations are 

surrounded by distorted regions with a high dislocation density, situated along GB’s. Therefore, one can 

conclude that the τ2-components of Tab. 2 originate from positrons trapped at dislocations in the distorted 

regions along GB’s. However, such a non-uniform spatial distributions of dislocations inside grains cannot 

be regarded as a general feature of HPT. It is obviously inherent to the cubic metals and not to the hcp 

structures, as dislocations in HPT-processed UFG Mg alloys were found to be distributed homogeneously 

[15].  

Positron lifetimes iτ  and relative intensities Ii (i = 2,3) observed in as-deformed UFG materials. Errors (the 1 

standard deviation) are given in parentheses in units of the last significant digit. Number of vacancies, nV ,  

in a vacancy cluster equivalent in size to observed microvoids is also shown - see the text for further details. 
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Table 1 

Sample [ps] 2τ  [%] 2I  [ps] 3τ  [%] 3I  Vn  

Cu, HPT (6 GPa) 161(3) 64(4) 249(5) 36(4) 4.8(3) 
Cu, HPT (3 GPa) 164(1) 83(4) 255(4) 17(3) 5.2(3) 
Cu+Al2O3 (x=0.3 wt.%), HPT (6 GPa) 166(1) 80(1) 295(5) 20(1) 7.4(4) 
Cu+Al2O3 (x=0.5 wt.%), HPT (6 GPa) 165(2) 71(1) 301(4) 29(1) 7.9(3) 
Cu+Al2O3 (x=1.1 wt.%), HPT (6 GPa) 166(1) 70(1) 297(3) 30(1) 7.4(3) 
Ni, HPT (6 GPa) 157(1) 88.9(6) 336(8) 11.1(6) 13.1(6) 
Fe, HPT (6 GPa) 150.9(4) 90.6(3) 352(6) 9.5(3) 13.2(5) 

The τ3-components exhibit lifetimes above 240 ps and represent obviously a contribution of positrons 

trapped in microvoids of a size equivalent to a few-vacancy cluster. The number of vacancies, nV, 

constituting such clusters could be estimated from comparison of the observed τ3-values with those 

calculated for the clusters of various size within the density functional theory. Details of these calculations 

were presented elsewhere [6,8,16] and resulting nV-values were shown in the last column of Tab. 1. 

A formation of vacancy clusters seems to be substantiated here since a large number of vacancies are 

created during SPD. These vacancies are mobile at RT [17] and thus they are likely to form small vacancy 

clusters in dislocation-free grain interiors. Microvoids in Cu+Al2O3 nanocomposites are slightly larger (7 to 

8 vacancies) than in pure copper (4 to 5 vacancies). The cluster formation appears to be suppressed in HPT-

deformed Mg-Gd alloys with hcp structure and homogeneous distribution of dislocations acting as an 

obstacle of vacancy movement [15]. The data of Tab. 1 suggest that the size of microvoids is driven by the 

material, probably due to different vacancy mobilities in different metals, and an influence of the 

deformation technique is of less importace. 

3.2. Spatial distribution of defects in UFG pure copper and Cu+0.5wt.%Al2O3 nanocomposite 

Since the torsion deformation-induced strains increase from the centre to the edge of specimen, 

inhomogeneous spatial distribution of defects in HPT-made UFG specimens can be expected. The spatial 

distribution of defects was investigated using an UFG pure Cu and Cu+Al2O3 nanocomposite (x = 0.5 wt.%) 

specimens, HPT-deformed under 6 GPa. SPIS as well as conventional PL and DB experiments were carried 

out and supplemented by TEM, XRD and microhardness measurements [7,12]. In order to enlarge the 

depth scale, probed in SPIS measurements, the pure Cu specimen was subjected to a controlled removal of 

a surface layer by chemical etching [7]. In Figure 1, measured S-parameters are plotted versus positron 

energy E+ for a set of different layers removed by etching. The S-values at E+ > 20 keV, which correspond to 

positron annihilation in the bulk, were found to decrease gradually up to an 18 µm layer removed. It 

indicates a decrease in defect concentration towards the sample interior up to about 18 µm depth. No 

further decrease in the bulk S-values was observed. At larger depths, consequently, defects concentration 

remains unchanged. Combining SPIS results with XRD investigations (see Ref. [7] for details) suggests that 

the observed decrease of the bulk S-values is essentially due to a decrease in concentration of microvoids 

and also a light increase in grain size with increasing depth. 
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Radial changes in defect densities in UFG Cu were examined by means of SPIS, conventional PAS, TEM, XRD 

and microhardness measurements. Microhardness 

results clearly indicate a radial increase of defect 

density from the centre towards the edge of the sample 

[12]. The latter effect is illustrated in Fig. 2a. Moreover, 

PAS results revealed that the concentration ratio of 

microvoids to that of dislocations increases from the 

sample centre towards its margin [12]. 

 

3.3. Thermal stability of UFG pure copper 

Thermal stability of UFG structure is an important property from the point of practical applications of UFG 

materials as well as for understanding physical processes underlying structure formation and stability. In 

our papers [6,10], isochronal annealing curves for HPT-made UFG pure Cu were studied. The two specimens 

deformed under 3 and 6 GPa were compared. The difference in deformation pressure is reflected by 

a difference in the mean grain size observed by TEM: 150 and 105 nm, respectively [10]. Each annealing 

step (30 °C / 30 min) was finished by quenching to water at RT. PL spectra were measured after each 

annealing step. PL data were analyzed in terms of the diffusion trapping model (DTM) developed and 

successfully applied to UFG Cu in Ref. [6]. Independently of applied pressure, the evolution of UFG 

structure proceeds through the two subsequent stages: (i) the abnormal grain growth when isolated 

recrystallized grains appear in essentially unchanged deformed matrix, and (ii) the recrystallization in the 

whole sample volume at higher temperatures. Activation energy of recrystallization, as deduced from 

annealing data on UFG Cu specimens, is in reasonable correspondence with the activation energy of 

migration of the equilibrium grains in the coarse-grained Cu [6]. The recrystallization onset was identified at 

around 300 and 190 °C, respectively, in the HPT-deformed Cu under 3 and 6 GPa. It indicates that finer 

grains lead to a lower thermal stability of UFG structure. 

3.4. Influence of alumina nanoparticles on thermal stability of UFG copper 

An addition of ceramic particles is expected to be a promising way of improving thermal stability of UFG Cu. 

Ceramic particles are stable up to very high temperatures. If finely dispersed, ceramic particles act as 

efficient obstacles of dislocation and GB’s movement, hindering thus grain growth. In this subsection, the 

results of our earlier investigations [7,12] on the HPT-made UFG Cu+Al2O3 composite with different content 

of alumina nanoparticles are overviewed and compared with results obtained for pure UFG Cu. The aim of 

these investigations was to examine the effect of alumina nanoparticles and estimate their optimum 

content. 

Fig. 1. S-parameters as functions of positron energy E+ 

for UFG Cu, HPT-deformed under 6 GPa. Data points: the 

measured values for the specimen subjected to 

a controlled chemical etching. Solid line: the VEPFIT 

fitted curve. E+ [keV]
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Fig. 2. The dependence of Vickers microhardness, HV, on radial distance, r, from sample axis: 

(a) a comparison of the as-deformed UFG pure Cu and Cu+0.5 wt.% Al2O3 ,  

(b) the evolution of microhardness during isochronal annealing of UFG Cu+0.5 wt.% Al2O3 (annealing 

temperatures are shown in the insert). 

Annealing curves for Cu+Al2O3 composites were 

measured by means of conventional PL technique and 

analyzed in a similar manner as described in the 

preceding subsection. The results are collected in Fig. 3. 

For a comparison, relative intensities Ii for the pure UFG 

copper were included, too. It can be seen from Fig. 3a, 

that lifetimes τ2 and τ3 were resolved in all 

nanocomposites and remain almost constant in the 

whole range of annealing temperatures. It is plausible to 

attribute the τ2- and τ3-components to positron trapping 

at dislocations and in microvoids, respectively. At higher 

annealing temperatures, a short lifetime components 

(lifetime τ1 < τbulk ) starts to grow up. It clearly indicates 

the τ1-components as originated from annihilation of 

delocalized positrons. A sharp drop in intensity I2 , 

attributed to positrons trapped at dislocations along 

GB’s, is observed at a certain temperature for each 

composite. It should be regarded as an indication of 

recrystallization. The recrystallization onset 

temperatures of 190, 200, 340 and 340 °C can be read 

from Fig. 3b, for pure Cu, x = 0.3, 0.5 and 1.1 wt.% 

composites, respectively. This allows to conclude that an 

optimum abundance of Al2O3 nanoparticles providing 

a maximum thermal stability of Cu+Al2O3 UFG structure 

amounts approximately 0.5 wt.% and an improvement 

of the recrystallization onset temperature by ≈ 150 °C 

may be attained. 

An evidence of centripetal character of recrystallization in UFG Cu+0.5 wt.% Al2O3 was gained from a series 

of TEM images, taken for different annealing temperatures [12], and microhardness measurements, 

HV [12]. The latter data are plotted in Fig. 2b as functions of radial distance from sample centre. A steep 

drop in HV from values typical for a well developed UFG structure to those characteristic for the 

Fig. 3. he variations of PL parameters during 
isochronal annealing:  
a) positron lifetimes τi ,  
b)  relative intensities Ii , i = 1,2,3; - pure Cu, -
 0.3 wt.% Al2O3 , - 0.5 wt.% Al2O3 , - 1.1 wt.% 
Al2O3 . 

τ i
  

[p
s
]

100

200

300

T [°C]

100 200 300 400 500 600

I i
 [

%
]

20

40

60

80

τ
3

τ
2

τ
1

I
2

I
3

I
1

(a)

(b)



  20. - 22. 10. 2009, Roznov pod Radhostem, Czech Republic, EU 

 
 

S1 - NANOMATERIALS  51   

 

recrystallized one is observed for 370 and 400 °C annealing temperatures. The drop is shifted towards the 

sample centre for the higher annealing temperature. Such a behaviour may be understood as 

a consequence of a greater deformation energy stored at the margin compared to the centre of the 

specimen. Since the deformation energy is a driving force for the recovery of UFG structure, 

recrystallization begins at the edge and progresses towards the centre of the specimen. 

4. CONCLUDING REMARKS 

The HPT-made bulk UFG pure cubic metals (Cu, Ni, Fe) and Cu+Al2O3 nanocomposites with different content 

of alumina nanoparticles were systematically investigated by conventional PAS and SPIS, supplemented by 

TEM, XRD and microhardness measurements. The as-deformed specimens exhibited a highly fragmented 

structure with mainly high-angle GB’s, a mean grain size of 110 ÷ 150 nm and a high dislocation density. 

A high average defect density with strongly inhomogeneous spatial distribution of dislocations over a grain 

was observed and seems to be charaterictic for UFG cubic metals: dislocations are concentrated in the 

distorted regions along GB’s, while grain interiors remain almost free of dislocations. Microvoids equivalent 

in size to clusters of 4 ÷ 5 vacancies in pure Cu, ≈ 13 vacancies in Ni, Fe and 7÷8 vacancies in Cu+Al2O3 were 

observed. Moreover, depth and lateral variations of defect densities were detected. 

The thermal stability of the HPT-made UFG structures in pure Cu and Cu+Al2O3 nanocomposites were 

examined in isochronal annealing experiments. It was demonstrated that a higher deformation pressure 

leads to a smaller grain size but worsens thermal stability. An addition of alumina nanoparticles improves 

significantly thermal stability of UFG structure and an optimum amount of Al2O3 nanoparticles lies around 

0.5 wt.%. 
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Abstract 

Possibilities of powder X-ray diffraction (XRD) for characterisation of nanocrystalline powders and thin 

polycrystalline films are briefly discussed. The method was used for study of crystallization and thermal 

stability of samples of titanium dioxide.  

The most pronounced diffraction effect connected with nanocrystalline materials is huge broadening of 

diffraction peaks. Then the classical evaluation of XRD pattern based on the analysis of individual peaks 

becomes complicated because of severe peak overlapping and must be replaced by the so-called total 

pattern fitting or modelling. The model function should include all the necessary instrumental and physical 

parameters.  A new software MStruct has been developed for the purpose and applied here for different 

samples of titanium dioxide. The model considers instrumental aberrations corresponding to the applied 

diffraction geometries (e.g. absorption, refraction) and mainly physical models of real microstructure such 

as crystallite size and distribution, dislocation densities and correlation, phenomenological microstrain, 

stacking faults, residual stress and preferred grain orientation. Corresponding parameters can be refined by 

optimisation algorithm. 

The application of the method is demonstrated on the analysis of crystallites size distribution in 

nanocrystalline anatase powders and analysis of tensile residual stresses in the series of film samples of 

different thickness. The stresses appeared in the films during the crystallization and increase drastically 

with decreasing film thickness. The values obtained from XRD total patter fitting agree well with the results 

of direct XRD stress measurements.Thin films depth profiling revealed a gradient of phase composition with 

rutile grown on the interface and anatase on the top. 

Keywords: XRD, titanium dioxide, nanocrystalline materials, thin films, size distribution, defects 

1. INTRODUCTION 

X-ray diffraction (XRD) is a widely used method for structural studies of materials on atomic scale up to 

the scale of few micrometres. XRD instrumentation and methods for investigation of size, shape and strain 

in epitaxial nanostructures [2] and polycrystalline bulk materials and thin films are continuously developing. 

Present methods of microstructure analysis by powder XRD, concerning mainly crystallite size distribution 

determination, defects density analysis, depth profiling and stress evaluation, are applied to the 

characterization of TiO2 powders and thin films. This material has several remarkable properties such as 

photoactivity, hydrophilicity [3] and found many applications. 

2. EXPERIMENTAL ARRANGMENTS USED 

Two coplanar diffraction geometrical arrangements are used in X-ray laboratories with conventional X-ray 

sources: (i) the symmetrical Bragg-Brentano geometry (Fig. 1.), 
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   (ii) the parallel beam geometry (Fig. 2.). 

 
 

Fig 1. Bragg-Brentano symmetric focusing 

diffraction geometry. 

Fig 2. Parallel beam geometry with X-ray mirror 

producing X-ray beam with small divergence. 

With the focusing symmetrical Bragg-Brentano geometry (Fig. 1) a position sensitive detector (PSD) can be 

used and hence either measurement time can be reduced by a factor of 10 - 100 or counting statistics can 

be significantly improved which makes detailed XRD line profile analysis possible. Effective diffracting 

sample depth depends on the material chemical composition and used X-ray radiation and usually achieves 

high value as 10 µm and hence the geometry is suitable for bulk solid samples and powders. 
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Fig. 3. Schematic figure of a parallel beam 

experiment. X-ray beam impinges the sample surface 

at low incidence angle ω.. The diffraction vector is 

inclined from the surface normal by angle ψ = Θ  - ω. 

Fig. 4. Penetration depth Tp for TiO2 (ρ = 3.92 

g/cm3) for various incidence angles ω. and the case 

of symmetrical scan in Bragg-Brentano geometry. 

For thin films analysis the parallel beam geometry (Fig. 2.) is preferred in order to suppress substrate signal 

and improve surface sensitivity by increasing a length of X-ray path through the film (Fig. 3.). The 

penetration depth can be varied by changing the incidence angle ω of the X-ray beam to sample surface 

(Fig. 4.). At incidence angles close to the angle of total external reflection (ωc = 0.28° for TiO2) the 

penetration depth decreases by orders of magnitude (Fig. 5.). However, the diffraction signal falls down 

equally and the laboratory measurements below the critical angle are difficult. With small incidence angle 

ω  the sample irradiated area is rather large (Fig. 2), hence bigger samples (>∼ 1 cm length) are required, 

diffracted beam is wide, analyzing optics has to be used and PSD detector cannot be utilized. The resolution 

is usually three times worse than in the case of focusing Bragg-Brentano geometry. The experimental 
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arrangement is suitable for studies of films with thickness of the order 10 - 1000 nm. The effect of 

decreasing the incidence angle  is illustrated on Fig. 6. for a 440 nm magnetron deposited TiO2 sample. 

In recent time also experiments utilizing noncoplanar geometry and both small incidence and exit angles 

appeared [4]. 
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Fig. 5. Dependence of the penetration depth Tp for 

TiO2 anatase 101 reflection on the incidence angle ω 

close to the critical angle of total external reflection 

(0.28°).  

Fig. 6. Details of powder patterns of TiO2 440 nm 

thick film sample for incidence angle (a) ω = 1° and 

(b) ω = 0.5°. Suppresion of background “diffuse” 

scattering from Si substrate with smaller incidence 

angle  is visible. 

3. NANOCRYSTALLINE MATERIALS AND POWDER XRD 

Any deviation of a real crystal from an infinite periodic object represents a defect from diffraction point of 

view. Such defects affect width, shape, position and intensity of diffraction lines. 

3.1 Size and deformation broadening 

Very small crystallites size is an apparent property of the nanocrystalline materials and causes strong 

broadening of diffraction peaks. Small objects in real space have simply large pictures in the reciprocal 

space. This is the idea of the well known Scherrer formula connecting average crystal dimension D and peak 

width FWHM in reciprocal space units (1/d) [1]: 

      
D

dFWHM
94.0

)/1( = .     (1) 

The Scherrer equation (1) is often used to determine crystallites size simply from a measured width of one 

diffraction line. However, such evaluation is completely neglecting the other sources of broadening, mainly 

instrumental effects and presence of defects in the crystal. At least measured peak width should be 

compared with the known or expected instrumental resolution and deconvolution should be applied. It is 

also necessary to investigate widths of multiple diffraction lines in order to reveal the presence of various 

defects in the material. Broadening caused by lattice parameter variation connected with strain fields 

around defects is increasing with the length of the diffraction vector 1/d = 2sin . This is approximately 

expressed by the Williamson-Hall plot [1]: 
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     )sin(
494.0

)/1( θ
λ

e

D
dFWHM += ,     (2) 

where e is so called microstrain, characterizing a mean value of relative lattice parameter variations inside 

crystallites. Such dependence is shown on Fig. 7. for nanocrystalline anatase powder. 

Various defects (dislocations, stacking-faults) have characteristic influence on the width and position of 

different hkl diffraction lines and hence they can be often distinguished. In many cases, these effects are 

well known [5]. Then XRD can be used for determination of the type and density of such defects. 
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Fig. 7. Williamson-Hall plot of two nanocrystalline 

anatase powders. Crystallites size was determined 

to be approximately (a) 16 nm and (b) 8 nm. Width 

of instrumental function is plotted for comparison 

(c). 

Fig. 8. Calculated dependences of 101 anatase 

reflection intensity on the incidence angle  for 

different film thicknesses. 

3.2 Modelling of broadening effects (Total Pattern Fitting - TPF) 

Equations (1) and (2) represent very simple approximations of relations between diffraction lines width and 

parameters characterising material microstructure. Nowadays less approximate methods are preferred [6-

7]. Related effects are usually modelled in the real space and with the aid of the Fourier transform 

diffraction profiles are calculated directly. The simulated or known instrumental function is included 

inherently by convolution with physical profiles. The other effects affecting peaks positions (residual 

stresses, instrumental aberrations) and intensities (texture) are also taken into account. The whole 

diffraction pattern is calculated and compared with measured data. 

The measured powder diffraction pattern is a projection of the Fourier transformation of the object into 

the direction of the diffraction vector. E.g. diffraction profile of a crystallite defined by its shape function 

Ωc(r) (one inside the crystal, zero elsewhere) can be simply calculated as: 

     ∫∫
⋅

⊥ Ω= rq
rqqq

i

c eddI )()( 32

|| ,   (3) 

where q is the diffraction vector deviation from the given diffraction point in the reciprocal space and q|| is 

its projection in the direction of measurement in the reciprocal space. In a similar way also profiles 

corresponding to various defects as dislocations, stacking faults or more simple phenomenological 

microstrain effects can be calculated from appropriate models. The whole powder pattern is calculated and 
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models parameters (crystallite size distribution, dislocation density, stacking faults probabilities etc.) are 

refined from measured data using the least square algorithm. 

For very small crystallites (<∼ 5 nm) the classical crystallographical approach of considering diffraction 

pattern as a sum of diffraction peaks is no more correct. In this case the powder pattern can be calculated 

from the atom positions and their distances rij according to the Debye scattering equation [1, 8]: 

      ∑∑=
m n mn

mn
nm

rk

rk
ffI

)sin(
,    (4) 

where fn are atomic scattering factor at n-atom sites and k = 4π /λ sin Θ. The formula contains a double 

summation over all atoms in the 3D crystal and hence its evaluation is computationally difficult. 

3.3 Other effects (film thickness, depth profiling, residual stress) 

Many other aspects of real materials microstructure do not influence peak width and shape, but affects 

strongly intensities and positions of diffraction peaks. Preferred grain orientation is often the most 

pronounced effect affecting the intensities. In the case of thin films the absorption effect should also be 

accounted. The effective penetration depth is the essential parameter for the absorption correction. As it 

wasshown on Figs. 4,5 the penetration depth can be varied by the incidence angle ω and from such 

a measurement the film thickness can be determined (Fig. 8.). 

The positions of diffraction lines can be affected by the residual stress arising in thin films for example due 

to different thermal expansion coefficients of the film and substrate. Diffraction can study interplanar 

distances of diffracting planes inclined by an asymmetry angle ψ from the sample surface (Fig. 9.). If the 

tensile stress is applied to the sample (Fig. 9.) the interplanar distances of crystallites with diffraction planes 

perpendicular to the surface (parallel to the applied tensile stress) are increasing while the interplanar 

distances of planes parallel to the surface (perpendicular to applied tensile stress) are decreasing. The 

influence of the applied stress on the diffraction lines positions can be well described by material elastic 

constants, grain interaction model and geometrical considerations. The stress-induced shift can be included 

in the microstructure model and values of the stress can be evaluated from the measured data. 

 

Fig. 9. Schematic figure showing the 
principle of residual stress determination 
from diffraction measurements. Stress in 
the film affects diffraction planes 
differently in dependence on their 
orientation relatively to the film surface. 
From difference of the interplanar 
deformations of differently oriented 
grains the residual stress is evaluated. 

4. PREVIEW OF SOME EXPERIMENTAL RESULTS 

The above described effects are illustrated on the TiO2 nanocrystalline powder and thin films samples. 

Measured XRD patterns were fitted by the model function including the effects described above and using 

our own new software MStruct. 
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4.1 Size distribution determination 

XRD powder patterns of nanocrystalline TiO2 powder samples prepared by sol-gel method and annealed at 

different temperatures were measured in the focusing Bragg-Brentano geometry with a PSD detector. 

Crystallites of spherical shape with a log-normal distribution of the crystallites diameter D were assumed. 

In addition phenomenological microstrain effect (e) and known (measured on LaB6 standard) instrumental 

function were included in the model [9]. The median of the size distribution M and the dispersion 

parameter σ were refined for two different samples (Fig. 10.). 

4.2 Depth profiling 

Magnetron sputtered nanocrystalline TiO2 samples on silicon substrates were measured in the parallel 

beam geometry with different angles of incidence ω (Fig. 11.). For lower incidence angles only anatase 

101 reflection could be observed, while for higher angles rutile 110 reflection appeared. This indicates that 

there is only anatase close to vicinity of the sample surface and that there is a mixture of rutile and anatase 

or pure rutile deeper in the film close to the substrate [10]. 
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Fig. 10. (a) Measured powder diffraction patterns of two TiO2 powder samples. One sample was annealed 

at 300 °C, the second at 380 °C. The crystallites size distributions (b) determined by the total pattern 

fitting are different. The refined parameters of the assumed lognormal distribution were: median of 

crystallites diameterd M = 4.2 nm and the σ parameter σ = 0.39 for the sample annealed at 300 °C and M 

= 6.2 nm, σ = 0.43 for the sample annealed at 380 °C. 

4.3 Residual stress determination 

A series of TiO2 thin film samples of different thicknesses (40 - 800 nm) was studied. The samples were 

amorphous as deposited by magnetron sputtering and they were annealed in-situ in the high temperature 

chamber to study the crystallisation process [11]. The films crystallised directly into large grains 

(D >∼ 300 nm) for thicker samples and grains of dimensions comparable with film thickness for thinner 

samples. Therefore, it was shown that unlike powders, it is not possible to prepare nanocrystalline thin 

films in this way. By contrast, as-deposited nanocrystalline films are quite stable with temperature and 

crystallites begin to grow only above about 500 °C [12]. Quite pronounced tensile residual stress evolved 

during the crystallization. The measured powder patterns were analysed by the total pattern fitting as well 
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as direct XRD residual stress measurements were done. The dependence of tensile residual stress on the 

film thickness is depicted on Fig. 12. 
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Fig. 11. Part of powder patterns of nanocrystalline 

magnetron sputtered thin film sample. Two 

reflections are visible: 101 anatase reflection 

(2Θ~25.3°) and rutile 110 reflection (2Θ~27.5°). 

For small incidence angles (ω) negligible rutile 

signal was observed. Penetration depths Tp are 

printed to imagine the depth scale. 

Fig. 12. Results of the residual stress measurements 

in the series of TiO2 films of different thicknesses. 

Films were amorphous after deposition and 

crystallised after annealing. (●) are values obtained 

from direct XRD stress measurements and (▲) are 

values obtained from the total pattern fitting of 

powder patterns measured in the parallel beam 

geometry (Fig. 2.). 

5. SUMMARY 

Possibilities of XRD characterization of nanocrystalline powders and thin films were demonstrated on 

(i) crystallites size distribution determination in nanocrystalline anatase powders, (ii) depth profiling of TiO2 

thin films and (iii) residual stress evaluation in the series of anatase thin films samples. Methods of 

modelling and fitting XRD data in a complex way, such as the total pattering fitting, based on physically 

relevant microstructure models, can improve reliability of determined microstructure parameters, help 

with their interpretation and understanding their relation with other properties of studied material. 
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Abstract 

Phenomena associated with the phase behaviour and self-assembled nanostructures of three block 

copolymer systems have been studied by small-angle X-ray scattering (SAXS), small-angle neutron 

scattering (SANS) and transmision electron microscopy (TEM). 

1)  System A-b-B/A (dPS-b-PMMA/PS homopolymer) were studied as a function of molecular weight and 

concentration of the added homopolymer. The parameter rM = MH / MC (molecular weight of 

homopolymer MH to that of corresponding block copolymer chain MC) was selected to encompass all 

possible types of mutual homopolymer/block copolymer sizes. It has been shown that the 

parameters rM and χ3/2N stipulate the slope of relation D vs concentration of homopolymer in the 

weak and the intermediate segregation regimes. 

2)  System (A-b-B)1 / (A-b-B)2 ( where A is perdeuterated polystyrene (dPS) and B is deuterated or 

hydrogenated poly(methyl methacrylate) (dPMMA or PMMA). The domain spacing D of the blends 

can be scaled with Mn by D ~ Mn
2/3

 as predicted by postulate introduced by Hashimoto at al. [1]. 

(originally suggested and proved for blends of lamellar PS-b-PI copolymers).  

3)  System A-b-B / A-b-C i.e. with one block in common (A = dPS, B = PMMA, C = PI). One copolymer is in 

disordered microdomain state, while the other displays lamellar morphology at ordinary 

temperatures. Phenomena associated with the order-disorder transition (ODT), microdomain 

morphology and phase behaviour were investigated as a function of concentration of the added 

microphase-separated copolymer and temperature. 

Keywords:  homopolymer, Kratky camera, perdeuterated polystyrene (dPS), small-angle X-ray scattering 

(SAXS), small-angle neutron scattering (SANS) and transmision electron microscopy (TEM) 

1. INTRODUCTION 

The phase behaviour of diblock copolymers and their blends, either with homopolymers or other diblock 

copolymers, is of great interest due to the microphase separation. Block copolymers, consisting of 

chemically different parts (blocks) have a fascinating tendency of self-assembling to attain various ordered 

morphologies such as lamellae, cylinders, spheres or more complex architectures depending on the 

parameters of constituents [2,3]. Generally, the mechanisms responsible for molecular self-assembly are 

easily understood while those that determine the geometry of the resulting structures differ somewhat 

from system to system [4,5]. For multicomponent copolymer blends the understanding is rather 

incomplete, indicating a need for further study. The concept of “wet and dry brushes” in block 

copolymer/homopolymer mixtures is an attractive item elaborated by deGennes [6]. The formation of thin 

films by polymer brushes can now be considered a part of the industrial techniques for the formation of 

thin film coatings [7,8]. The properties of brush polymers can be adapted to specific needs; they can be 

hydrophilic, hydrophobic, stiff or flexible, highly polar or nonpolar, degradable or not degradable, 
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switchable on request, etc. The analysis of these polymers from the bulk is a challenge because of their 

larger dimensions and the fact that assumptions based on thin film systems do not hold. 

2. EXPERIMENTAL 

2.1 Preparation of Samples and Experimental Techniques  

All mixtures were prepared by dissolving polymers in a common solvent (toluene) and then casting from 

solution. The solvent was allowed to evaporate over a period of three days and the obtained films were 

then placed in a vacuum oven for 5 days at temperature increasing from the ambient to 75 °C over this 

period. Their further thermal history consisted in heating at 140 °C for 24 h in vacuum. SAXS diffractograms 

were measured using a modified Kratky camera (A. Paar, Austria) with a position-sensitive detector. 1.6-

mm samples were equilibriated for ca. 30 min in the temperature cell and measured for ca. 60 min. The 

scattering curves measured with a Kratky camera were background-corrected and desmeared. Peak 

positions were employed to obtain periodicities D according to Bragg’s law, D = 2π/q; q = (4π/λ)sinθ, where 

λ is the wavelength and 2θ is the scattering angle. All SANS measurements were performed at the Small 

Angle Neutron Scattering beamline of Intense Pulsed Neutron Source, Argonne National Laboratory, USA. 

EM observation was done with a JEM 200CX (Jeol, Japan) TEM operated at 100 kV and in the bright-field 

mode [9-12].  

2.2. Characteristics of Samples 

Copolymer and polystyrene homopolymers characteristics are given in Tab. 1, characteristics of blends is in 

Tab. 2.  

Table 1 Characteristics of polymers and copolymers 

(a)  (b)  χ parameter [16,17] at temperature T (a)  = 200 and T (b)  = 25 °C; (c)  (d)  χ parameter [18] at temperature 

T (c)  = 200 and T (d)  = 25 °C 

The product χNtotal (where χ is the Flory-Huggins parameter, Ntotal is the total number of segments per 

chain) was evaluated at T = 25 °C and 200 °C according to the Leibler [13] and Fredrickson-Helfand 

(fluctuation) theory [14,15] 

3. RESULTS AND DISCUSSION 

3.1 System A-b-B/A 

System A-b-B/A (dPS-b-PMMA/PS homopolymer) were studied as a function of molecular weight and 

concentration of the added homopolymer. The study is focused on investigation of the microphase-

separated morphology and phase behaviour in blends of dPS-block-PI with homopolystyrene in weak 

Polymer/Copolymer Code Mw x103 Mw/ Mn Ntotal=NA+ NB χ Ntotal
 

Polystyrene PS4 4 1.05 - - 
Polystyrene PS8 8 1.05 - - 
Polystyrene PS17 17.5 1.07 - - 
d8PS-block-PI N8 8.3/8.1 1.03  74 + 119 = 193 12(a), 26(b)  
d8PS-block-PMMA N7 7.8/9.1 1.09  70 +  84 = 153 7(c), 11(d) 
d8PS-block-PMMA N15 15.0/15.0 1.09 134 + 150 = 284 14(c), 20(d)  
d8PS-block-PMMA N30 29.5/31.1 1.09 263 + 311 = 574 28(c), 40(d)  
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segregation regime by SAXS and TEM as a function of composition, molecular weights Mw and temperature. 

The parameter rM = MH / MC (molecular weight of homopolymer MH to that of corresponding block 

copolymer chain MC) was selected to encompass all possible types of mutual homopolymer/block 

copolymer sizes (cf.Tab.2).  

In weak segregation regime the PS block chains behave as a “wet brush” for rM < 1 similarly to intermediate 

and strong segregation regimes. At rM > 1 a macroscopic phase separation occurs. The domain spacing D is 

growing systematically in the regime 0 < rM ≤ 1 with increasing concentration of homopolymer wP and 

increasing rM without respect to the implemented specific morphology but the slope of D vs wP relation is 

smaller than in the intermediate and strong segregation regime. The “dry- and wet brush” conditions are 

schematically depicted in Fig. 1.  

Fig.1. Possible organization in a mixture of block 

copolymer with parent homopolymer Top: a single 

lamella of copolymer with periodicity Do; black 

PMMA blocks, dotted curve the dPS-block of d8PS-b-

PMMA copolymer, solid curve PS homopolymer. 

Bottom: “wet brush” (rM < 1), intermediate system 

with periodicity D2 in between (rM ÷ 1) and “dry 

brush”(rM > 1). (Based on ref. [19] ). 

 

To illustrate the impact of homopolymer distribution on copolymer /homopolymer domain spacing D, we 

studied the D/Do ratio (Do is the spacing of the neat copolymer, cf. Fig.1) as function of amount of added 

homopolymer wP and rM parameter. We summarized the dependence D/Do on rM and on state of blend 

segregation and we transformed the normalized D/Do values for both the regimes into a single 

approximation in the form [12] 

(1) D/Do = 1+ a [rM χ3/2N] wP + b [rM χ3/2 N] 2 wP
2  

In Fig.2 we presented the results of calculations based on Eqn (1) for the systems summarized in Tab.2,  

and further for systems studied in ref. [16] and [20]. We used the common coefficients a=0.1 and b=0.01 

for all the systems. It is clearly documented that the D/Do vs wP plot is much steeper for the intermediate 

system (IS) when compared with the weak segregated (WS) system while both have the same rM parameter. 

The curve represents: 1 rM =1 (IS), 2 rM =1 (WS), 3 rM =0.5 (IS), 4 rM =0.5 (WS), 5 rM =0.14 (IS), 6 rM = 0.14 

(WS), where (IS) means intermediate and (WS) weak segregated system. It can be seen in Fig. 2 that curves 

for rM =1 (WS) and rM =0.5(IS) merge. 

The curve represents: 1  rM =1 (IS), 2 rM =1 (WS), 3 rM =0.5 (IS), 4 rM =0.5 (WS), 5 rM =0.14 (IS), 6 rM =0.14 

WS), It can be seen that curves for rM =1 (WS) and rM =0.5 (IS) merge. 

It has been shown that the parameters rM and χ3/2N stipulate the slope of relation D vs concentration of 

homopolymer in the weak and the intermediate segregation regimes [12]. 

3.2 System (A-b-B)1/(A-b-B)2 

System (A-b-B)1 / (A-b-B)2 (where A is perdeuterated polystyrene (dPS) and B is deuterated or hydrogenated 

poly(methyl methacrylate) (dPMMA or PMMA). The domain spacing D of the blends can be scaled with Mn 
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by D ~ Mn
2/3

 as predicted by postulate introduced by Hashimoto at al. (originally suggested and proved for 

blends of lamellar PS-b-PI copolymers) [1].  

Table 2. Characteristics of the blends of block copolymer d8PS-block-PI with polystyrene PS4 (D1a, b,c,d), 

PS8 (Da, b,c,d) and PS17 (D2a, b,c,d) 

Code 
Copolymer/  
Homopolymer 
Blends 

Copolymer  
Fraction 
wC 

rM Solubilization Ordered Phase 

D1a N8+PS4 0.8 0.48    Lamellar 

D1b N8+PS4 0.6 0.48 
“wet brush” 

Bicontinuous 
D1c N8+PS4 0.4 0.48 BCC 
D1d N8+PS4 0.2 0.48   
Da N8+PS8 0.8 0.96  Complex 
Db N8+PS8 0.6 0.96 Close to“dry brush” Complex 
Dc N8+PS8 0.4 0.96  Complex 
Dd N8+PS8 0.2 0.96  - 
D2a N8+PS17 0.8 2.11  MPS(a) 
D2b N8+PS17 0.6 2.11 “dry brush” MPS(a) 
D2c N8+PS17 0.4 2.11  MPS(a) 

D2d N8+PS17 0.2 2.11  MPS(a) 

(a) macro-phase separation 

Fig. 2.  

The dependence D/Do vs wP calculated according to Eqn 

(1), summarizing behaviour in the WS and IS regimes. 

The approximation by Eqn (1) is used with coefficients 

a=0.1 and b=0.01 for both the systems. 

The criterion for “wet and dry brush” morphologies has 

been applied to explain the changes in microdomain 

morphology during the self-assembling process. It has 

been shown that the parameters rM and χ3/2N stipulate 

the slope of D vs wP relation in the weak and 

intermediate segregation regimes. 

The study includes investigation of the microphase-separated morphology of block copolymer blends (A-b-

B)1 / (A-b-B)2 ( where A is perdeuterated polystyrene (dPS) and B is deuterated or hydrogenated 

poly(methyl methacrylate) (dPMMA or PMMA). The microdomain morphology of parents copolymers and 

phase behavior in blends were investigated by SAXS, SANS and TEM [11]. Binary blends of the diblock 

copolymers having different molecular weights and different original micromorphology were prepared by 

solution-cast process. The characteristic of copolymer used in the study are given in Tab.1. 
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One copolymer is in a disordered phase (N7) and the others are in lamellar phase (N15, N30) at 

temperatures used in the study. The criterion for forming a single domain morphology (molecularly mixed 

blend) taking into account different solubilization 

of copolymer blocks [1] has been applied to 

explain the changes in microdomain morphology 

during the self-assembling process. Evidently the 

criterion, suggested originally for blend of 

lamellar block copolymers, can be employed to a 

broader type of block copolymer blends.  

Fig.3.  

(a) Average domain spacing D as a function of 

weight fraction of added disordered copolymer 

wC for blends F and G; experimental values (Fexp, 

Gexp) and calculated values (Fmix, Gmix) according 

the “mixing rule”. (b) Normalized domain spacing 

D/Do for blends D, D1, D2 and Ba (see text). 

Now we can shortly discuss the criterion of 

miscibility mentioned above in terms of changes in domain spacing for neat copolymers N7, N15, N30 and 

copolymer blends G(N7+N30) and F(N7+N15) [11]. 

The dependences of long period D for the above mention systems are summarized in Fig. 3. It is clearly 

documented that the spacing D are evidently regularly mixed for blends G and F according to the parallel 

run of D spacing with the increasing content of the lamellar copolymers. Beside the experimental D values 

(Gexp and Fexp), the calculated mixed values (Gmix and Fmix) are illustrated. The postulate of miscibility for 

system G gives rH =N2/N1 = 3.7 and for F system rH =1.8 fullfiling thus required condition N1 / N2 < 5. Fig.3 

illustrates fits of experimental data with the power law exponents 1/2 and 2/3. It is worth mentioning that 

the exponent 2/3, typical for a strong segregation regime, is more appropriate for blends G, whereas the 

exponents 1/2 typical for a weak segregation better describes blends F in accord with the product χNtotal 

introduced in Tab.1. It might be worthwhile to compare A-b-B/A blends with cognate blends (A-b-B)1 / (A-b-

B)2. Our original presumption of similarity between A-block-B/A blend and (A-block-B)1 / (A-block-B)2 blend, 

when one of the copolymer is in disordered state (and as such being a natural analogue of homopolymer) 

has been reassessed. We see the opposite change of domain spacing D with increasing addition of “ more 

assembled” component into D1 or B (ref.[16]) when compared with F and G blends [11,12]. 

3.3 System A-b-B / A-b-C 

System A-b-B / A-b-C  is system with one block in common (A = dPS, B = PMMA, C = PI). One copolymer is in 

disordered microdomain state, while the other displays lamellar morphology at ordinary temperatures. 

Phenomena associated with the order-disorder transition (ODT), microdomain morphology and phase 

behaviour was investigated as a function of concentration of the added microphase-separated copolymer 

and temperature. 

Phenomena associated with the order-disorder transition (ODT), microdomain morphology and phase 

behaviour of deuterated block copolymer (BCP) blend N7/N8 (where N7 is dPS-b-dPMMA and N8 is dPS-b-
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PI copolymer, Tab.1) were studied by small-angle X-ray scattering (SAXS), small-angle neutron scattering 

(SANS) and transmission electron microscopy (TEM) [10]. 

The studied almost symmetric copolymers differ essentially in microdomain morphology. One of them (N7) 

is in disordered microdomain state, while the other (N8) displays lamellar morphology at ordinary 

temperatures. Self-assembled structures in blends were investigated as a function of concentration of the 

added microphase-separated copolymer and temperature. A overview of the possible ordered structures 

for the binary mixture of block copolymers is given in Fig.4. The ODT positions were located in all blends, 

the position of ODT depending only slightly on the concentration of the ordered copolymer. A systematic 

increase in long period D of the lamellar phase is observed with the growing content of the disordered 

copolymer. The evaluation of TEM shows the 

gradual diminishing of macrophase separated 

regions of disordered copolymer N7 with growing 

content of the lamellar copolymer N8. 

Fig. 4.  

Summary of the possible ordered structures for 

the binary mixture of block copolymers I/II, where 

I = A-b-B, II =A-b-C with volume fractions f I,A = f II,A 

= 0.5.  

(a) I and II mixed in the disordered state;  

(b) macrophase separation into the microdomain 

rich in I and the microdomain rich in II; both 

system lamellar 

(c) microdomain structure in which I and II form a 

single lamellar system (based on ref.[1]). 

The results of TEM presented in Fig.5 show that in 

Ea blend (weight fraction of copolymer N7 is 0.8) components undergo macrophase separation into N7-rich 

disordered phase and N8-rich lamellar phase. The lamellar phase forms globular regions surrounded by 

disordered matrix of N7 copolymer. In Fig. 6 (sample Ed with weight fraction of copolymer N7 = 0.2) the 

lamellar structure fills the entire sample space, indicating that the ordering is almost complete in the bulk 

and schematically correspond to the ordered structure illustrated in Fig. 4(c). 

The ODT positions were located in all blends, the position of ODT depending only slightly on the 

concentration of the ordered copolymer. A systematic increase in long period D of the lamellar phase is 

observed with the growing content of the disordered copolymer. The evaluation of TEM shows the gradual 

diminishing of macrophase separated regions of disordered copolymer N7 with growing content of the 

lamellar copolymer N8 [10]. 
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Fig. 5. TEM micrographs of Ea sample, ultra-thin     Fig. 6. TEM micrographs of Ed sample, ultra-stained 

section stained with the osmium oxide vapour.               thin section stained with the osmium oxide  

4. OUTLOOK 

Owing to the ability to combine structure- and composition-dependent properties, the scope of research in 

polymer nanostructured materials with periodic structure has rapidly expanded. Future advances in this 

area of science and technology will aim at improving the functionality of polymer materials. 

Nanofabrication via self-assembly of hybrid materials into well-defined architecture is essential for the next 

generation of miniaturized devices.Three dimensional block copolymer templating takes advantages of 

phases formed by self-assembly of large macromolecules to direct the formation of inorganic phases over a 

broad range of sizes. Finally, many applications will require scale-up to large volumes of materials and most 

examples of programmed assembly to date have been limited to laboratory scale studies. 
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Abstract 

Novel silica composite membranes from fluoropolymers (PVDF, Teflon-PFA) were developed through 

incorporating nanomaterial and thereby form a network of interconnected pathways within the polymer 

matrix. Fluoropolymer/silica nanostructured composite membranes were prepared by solvent processing 

followed by phase inversion, and by melt processing throughout the torque rheometer. The state of 

adhering of polymer and nanoscopic material was studied while fabricating composite membranes. Several 

characterization methods were employed to provide topographic information about designed membranes 

and to investigate their structural, morphological and transport properties. The wetting behaviour, porosity 

and permeability of prepared composite membranes were also measured. Separation performance of 

fluoropolymer/silica composite membranes was characterized by filtration experiments carried out in 

testing nanofiltration set up for defined nanofiltration range. 

Keywords: nanofiltration, fluoropolymers,  

1. INTRODUCTION 

Development of artificial polymeric membranes was especially in last decade driven by the enormous 

possibility to be used in a wide range of applications: chemical and biopharmaceutical separation 

processes, processing of natural gas and oil resources [1], as well as more efficient desalination of 

seawater [2], [3] environmental processes including wastewater treatment and biotechnology [4], [5], in 

biomedical applications, such as nanofiltration (NF) for virus removal [6], drug-delivery for macro 

encapsulation [7] and tissue engineering [8]. Porous membranes from synthetic polymers having open 

micro- and nano-sized pores, thereby improving permeability, are being applied in selective filtration, 

chemical detectors and molecular electronics, while with closed pores are impermeable and useful for 

thermal insulation. PFA as a one of melt processable fluoropolymers enhances the purity of processing 

streams in chemical, medical, automotive and electronic industries [9]. This material possesses the power 

to draw the interest in aerospace applications [10], [11] and is likely to be an interesting alternative for 

formation of filtration membranes because of its excellent chemical and thermal stability [12], [13]. 

2. CHARACTERISATION METHODS 

2.1 Microscopic observation 

Analysis of silica performed by transmission electron microscope JEOL 2000FX TEM, 200 kV provided 

information about agglomeration of primary spherical particles (particle size ≤ 10 nm), see Fig.1. 

Perceptible parameters such as shape, size morphology, migration and organization were observed.  
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Information about both membranes surface 

topography and cross-sections morphology were 

probed by using scanning electron microscope LEO 

Gemini 1525 FEGSEM. The membrane samples were 

mounted on a specimen stubs and then sputter-coated 

with silver to prevent charging. An accelerating voltage 

of 10 kV was selected to explore a percolated network 

at maximum magnification. Cross-sections of composite 

membranes were prepared by breaking the membrane 

samples exposed to liquid nitrogen.  

Electron micrographs of various membrane slices were 

observed also at spatial resolution of 200 nm (1 pixel = 

4 nm) at 5 kV. Asymmetric porous PVDF/TEOS 

composite membranes were prepared by in situ 

formation of silica nanoparticles with subsequent 

casting the clear solution on a glass sheet and phase 

inversion in water bath. Electron micrograph of 

asymmetric PVDF/TEOS composite membranes, 

prepared by solution casting method, demonstrates 

focus on mainly compact membrane-marrow 

enlargement, see Fig. 2. It is obvious that the structure 

of PVDF/TEOS composite membranes emerges 

reduction in pore size compare to second type of 

membranes prepared by hot compounding in torque 

rheometer.  

Melt mixing and plasticizing method of fabrication was 

chosen for its simplicity and most wide availability in 

fluoropolymers processing. Torque rheometer 

(Plastograph®) was used for blending and plasticizing 

of Teflon-PFA with nano-sized Aerosil filler. Prepared 

silica powder was dosed into torque rheometer and 

compatibilize with a polymer melt. Resulting 

compound was cut into smaller pieces and processed 

in hydraulic press. Flat membrane samples with an 

average thickness of 200 m were prepared simply by 

hot-pressing. Scanning electron micrograph of Teflon-

PFA/Aerosil composite membrane prepared by melt 

processing is shown in Fig. 3. Captured cross-sectional 

view illustrates fibrous membrane structure with 

interconnected spaces created around silica 

agglomerates. Aerosil reinforcement incorporated into 

polymer matrix caused the formation of Fig. 3. Scanning Electron Micrograph
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interconnected spaces towards arrangement of Aerosil spherical agglomerates and thus opened the way 

for fluid transport through newly created composite membranes. The formation of interconnected spaces 

was a key factor for realization of molecular transport through the system of pathways in a subsurface 

structure of Teflon-PFA/Aerosil composite membranes. 

2.2 Filtration performance 

Fluoropolymer/silica nanostructured composite membranes were tested for filtration performance in dead-

end mode using SEPA ST nanofiltration cell. 

Membrane coupon was placed on a sintered 

metal plate and sealed with rubber O-ring to 

prevent the contact of feed solution from the 

permeate side. Nitrogen was used to initiate and 

assure the filtration process at constant pressure. 

A stirrer was added inside the cell to inhibit the 

effect of concentration polarization on the 

membrane surface. The flux was measured at 

laboratory temperature until the steady state 

was established. The flux as a function of time 

was recorded for every 10 ml of filtration permeate collected in a measuring cylinder.  

Flux of a feed solution was defined as a volume permeated per unit time per unit area from the equation: 

Permeation properties of investigated composite membranes with respect to organic 

solvent were determined by the flux and rejection profiles. The rejection curves for 

each tested membrane were obtained using 100 ml of feed solution. The cell was 

loaded with characteristic solutions of PEG 5000 (5000 g mol-1) or homologous series of styrene oligomers 

in defined nanofiltration range (200-1000 g mol−1). The samples for analysis of permeate from the collecting 

cylinder and retentate from inside the cell were taken. High performance liquid chromatography (HPLC) 

unit was used to analyse permeate and retentate samples.  

The experimental rejection of solute i  iR  was calculated from the following equation: 

Where ipermeatec ,  is a concentration of permeate for solute i , iretentatec ,  is a 

concentration of retentate for solute i .  

3. DISCUSION 

Selected results obtained from filtration tests are noted in Table 1. The highest rejection achieved for 

characteristic solution of PEG 5000 was determined to be 89=iR  % compared to Teflon-PFA/Aerosil 

composite membranes coupons prepared by melt processing, where the flux profiles as a function of time 

possessed  values 5.12 =q  Lh-1m-2  in average and the highest rejection was measured to be 88=iR  %. 

PVDF/TEOS composite membranes were also tested by styrene oligomers method determining the flux 

value 291 =q  Lh-1m-2 and the experimental rejection value 49=iR  %.  

Teflon-PFA/Aerosil composite membranes tested for filtration performance carried out by using 

characteristic solution of styrene oligomers resulted in flux 6.11 =q  Lh-1m-2 and rejection 12=iR  %. Entire 
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list of all fabricated fluoropolymer/silica composite membranes tested for filtration performance by using 

PEG 5000 and styrene oligomers characteristic solutions is contained in article that is going to be submitted 

in professional journal shortly. 

4. CONCLUSION 

Various preparation techniques were studied and employed to fabricate fluoropolymer/silica 

nanostructured composite membranes. PVDF/TEOS composite membranes were prepared via solvent 

processing and incorporating nanomaterial into polymer matrix. PVDF/TEOS composite membranes based 

on in situ formation of nanoscopic silica particles by the condensation of TEOS within a casting solution 

were fabricated and tested for filtration 

performance. Membranes’ separation 

properties were evaluated by flux and rejection 

measurement carried out for PEG 5000 and 

styrene oligomers. The system of permeable 

pathways essential for solutes migration was 

developed and pore size controlled through 

the process of TEOS integration. Rejections 

obtained for tested membrane coupons imply 

that PVDF/TEOS composite membranes could 

be further applied as ultrafiltration 

membranes.  

Teflon-PFA and Aerosil were compounded 

through the plasticizing polymer and 

reinforcement by torque rheometer and 

strengthened Teflon-PFA molten was processed into thin porous composite membranes by means of heat 

and pressure in hydraulically actuated press. The transport of organic solutes across newly designed Teflon-

PFA/Aerosil composite membranes was investigated in number of filtration experiments performed by 

using PEG 5000 and styrene oligomers testing solutions. Generally more comprehensive results were 

obtained refer to first mentioned characteristic solution.  
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R1  
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  PEG 5000 
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(L h-1m-2) 
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  PEG 5000 
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processi
ng 
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Abstract 

Silver nanoparticles (NPs) have found their usage in research laboratories and even in everyday practice 

due to their unique optical, catalytic, and biological properties. The preparation of these NPs is most 

frequently based on the reduction of a soluble silver salt by a suitable reducing agent. In the case of the 

modified Tollens process, the silver ammonia complex is reduced by a reducing sugar. Aside from the most 

commonly used glucose, a variety of other reducing sugars, including fructose, lactose or maltose, can be 

used. The presence of the complexing agent enables, side by side with the choice of the reducing sugar and 

pH value of the system, to tailor the diameter of the prepared particles from 25 up to 75 nm. In the 

application part, the as-prepared NPs were tested from the biological and catalytic activity point of view. 

The silver NPs revealed high antibacterial activity and at the same time significantly lower cytotoxicity in 

contrast to ionic form of silver. In the field of catalyses, the silver NPs revealed to be effective especially at 

the catalytic reduction of organic dyes and nitro compounds, i.e. of those substances that exhibit a high 

degree of environmental toxicity. The as-prepared aqueous dispersion of the silver NPs are, however, not 

exactly suitable for this purpose because of its aggregation instability, especially initiated by the addition of 

electrolytes. This stability aspect has been therefore studied and the modification of the primarily prepared 

dispersions of the silver NPs was performed by means of surface active substances (surfactants) and 

polymers. The most promising stabilizer was evaluated to by anionic surfactant sodium dodecylsulfate 

(SDS), from the polymeric substances polyethyleneglycoles (PEGs) and polyvinylpyrrolidones (PVPs). The 

enhanced aggregation stability was additionally at the appropriate concentrations accompanied by the 

enhancement of their biological activity, which only supports the presumption that the nanoparticles were 

protected from the aggregation processes at the biological test.   

Keywords: silver nanoparticles, cytotoxicity, Tollens process, cytochrome, surface enhanced Raman 

scattering (SERS) 

 1.  INTRODUCTION 

The present times of intensive development of nanotechnologies gave birth to innovative materials that 

have been unintentionally used for centuries - to materials, that supported the development of a significant 

branch of physical chemistry - to colloid chemistry. In this field the metal colloids have always played a role 

of a high importance, especially the colloids of gold that were used in the processes of glass and pottery 

dyeing. Michael Faraday intensively studied this colloidal system at the beginning of the second half of the 

19th century and as such established the age of colloid chemistry [1], which brought a massive development 

of photography industry [2] or a certain hope to the fight against microorganisms using silver colloids. The 

last quarter of the 20th century brought also the renaissance of colloidal science and particularly of metal 

colloids. A typical example of this revival could be the invention of surface enhanced Raman scattering 

(SERS) [3], which initiated a quick spread of this highly sensitive spectroscopic method enabling the study of 

just one molecule adsorbed on the silver nanoparticle surface [4]. It is also worth mentioning the renewed 

interest in bactericidal effects of silver NPs in the times when the growing bacterial resintance against 
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antibiotics represents rather serious problem even in the medicinal practice [5]. In the nanotechnological 

applications, which are being under development, the most significant parameter is the particle diameter, 

size distribution, morphology, stability, and surface characteristics (from the physical point of view e.g. 

electric charge and surface modification from the chemical point of view) of the NPs in the system. The 

tailored preparation of the silver NPs, with desired characteristics, has not be completely solved up to 

present days, which is also reflected in the number of the publications on this topic.  

The metal colloids are being prepared via two distinctively different methods - dispersion and condensation 

ones. The later mentioned methods, prevailing because of their simplicity and great reproducibility. They 

are based on the chemical reduction of a soluble silver compounds resulting in the formation of nuclei of 

new phase that can, after the achievement of its critical diameter, further grow into the stable silver NPs. 

Nowadays the extensive development of “solution-methods” of silver NP preparation is connected with the 

already mentioned SERS in 1970s, which is also responsible for the introduction of two conventional 

processes of silver NP preparation. The procedure, according to Creighton, Blatchford, and Albrecht is 

based on the reduction of AgNO3 by a strong reducing agent (NaBH4) in an aqueous media [6]. This method 

enables preparation of several month-stable dispersion of ultrafine NPs (5 - 20 nm), which are 

characteristic by presence of a surface plasmon reflected also in the existence of the absorption maximum 

at the value of approx. 400 nm. Silver NPs prepared via the borohydride method are not suitable for the 

following applications, especially because of the borate anion adsorbed on their surface. This fact was 

revealed in the study of cytochrome P-450, which was a subject of the denaturalization due to the presence 

of the borate ion. [7] In such case the other of the already conventional methods, according to Lee and 

Meisel using cirate ion, seems to be more suitable thanks to the secondary citrate function fulfilling also 

stabilization task. [8] However, following this procedure one can prepare significantly larger and more 

polydisperse silver NPs in contrast to those prepared using the borohydrate method. Their sizes are in the 

range from approx. 30 up to 120 nm, the absorption peak is located at approx. 420 nm, and also the 

stability of these dispersions are lower than in the case of the borohydride method. Nevertheless, 

borohydride or citrates are not the only used reducing agents and the following ones have been already 

successfully applied: hydrogen [8, 9], hydrogen peroxide [10], hydroxylamine [11], hydrazine [9, 12, 13], 

formaldehyde and its derivates [13-15], ascorbic acid [9, 16, 17], EDTA [18, 19], potassium hydrogentartrate 

[20] and also sugars [9, 13]. 

Rather interesting results were obtained by the historically well-established Tollens process of silver mirror 

formation. The modified Tollens process of silver nanoparticle preparation uses reduction of silver 

ammonia complex [Ag(NH3)2]
+ by reducing sugars, e.g. glucose [21]. This method enables tailored “one-pot” 

preparation of the silver NPs realized in the diameter range from 25 up to 400 nm due to the changes in the 

initial concentrations of the reaction components [22]. The aim of this contribution is the analysis of the 

silver NP preparation from its mechanism point of view and possible stabilization point of view because this 

knowledge can be then used in the improvement of the dispersion properties that can also lead to the 

enhancement of its antibacterial activity against common pathogens. 

2.  EXPERIMETAL PART 

2.1  Materials 

The preparation of the silver nanoparticles (NPs) was based on the reduction of silver salt, using ammonia 

as the complexing agent, by reducing sugars. This process is analogous to the already historically well-
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established Tollens process of a silver mirror preparation [23]. The following reducing sugars, considered as 

the most frequently used ones, were selected for the purpose of the reduction: glucose and fructose (as 

the representatives of the monosaccharides) and maltose or lactose (from the disaccharide group). The as-

prepared NPs were subsequently modified by a variety of water soluble surfactants and polymers. Sodium 

dodecylsulfate (SDS) was chosen as the representative from the anionic surfactants and 

polyoxyethylenesorbitane monooleate (Tween 80) from the non-ionic ones. The substances of polymer 

character are in this study represented by the group of polyethylenglycoles (PEG) with a variety of 

molecular weights (from 1 500 up to 35,000) and by polyvinylpyrrolidones (PVP) having the molecular 

weights in the range from 10,000 to 360,000.  

 2.2  Preparation of Silver Nanoparticles 

The synthetic method of the silver NP preparation is based on the reduction of Ag+ solution in a complexing 

media by a reducing sugar. This method of NP preparation enables to tailor the synthesized particles by 

means of variation of the initial parameters, i.e. by the choice of the complexing agent, reducing sugar and 

their concentrations in the reaction system. In the conducted experiments the reduction of the complex 

cation [Ag(NH3)2]
+ (pKdis = 7.03) is reduced by reducing sugars. As the redox potential of the used reducing 

agents is dependent on pH (reduction is performed in the alkali environment, usually at higher pH than 10), 

the adjustment of its value enables controlling the reaction speed (preferably shorter than 5 min.). The 

concentration of the complexing agent was adjusted to the range from 0.005 to 0.2 mol·L-1. The diameter of 

the as-prepared particles was then to certain extend influenced by the initial concentration of the silver 

salt. As this concentration significantly influences the overall reaction rate, it was chosen to be 10-3 mol·L-1 

Ag+ in the reaction system. The concentration of the reducing agent, was because of the simplicity of the 

kinetic experiments, in a high excess, namely at the value of 10-2 mol·L-1. For the purpose of the surface 

modification, resulting in the enhancement of the aggregation stability, there were chosen substances 

commonly used in practice for the stabilization of colloidal dispersions -both ionic and non-ionic surfactants 

(SDS and Tween) and also substances of polymeric character (PEG and PVP). The study of the reduction of 

the complex cation [Ag(NH3)2]
+ by a reducing agent was performed in a specially adjusted titration device 

placed in the spectrophotometer Specol in a cuvette having the volume of 30 ml and stirred with a 

electromagnetic stirrer. The reduction was conducted at the laboratory temperature of approx. 23±2 ºC. 

The course of the reduction was monitored on the basis of the changes in turbidity of the reduced 

dispersion of the NPs using a simple colorimetric adjustment, which is equipped by a photocell with the 

light source having a highly luminous LED diode emitting light in the wavelength of 660 nm and intensity of 

1500 mcd. 

2.3  Characterization of Silver Nanoparticles 

The measurements of the silver NP diameter and polydispersity in their aqueous dispersion was performed 

at Zetasizer Zeta Plus (Brookhaven, USA), using the method of dynamic light scattering (DLS). Therefore all 

of the presented average particle sizes were primarily obtained from these measurements. In several cases, 

that are always explicitly indicated, the average particle diameters were obtained from the manual 

calculations from the transmission electron microscopy (TEM) images. The instrument Zetasizer Zeta Plus 

was also used for the purpose of the zeta potential measurements of the as-prepared silver NPs. This 

parameter is evaluated based on the measurement of the electrophoretic mobility of the silver NPs. 

Subsequently there were obtained “reference” images from TEM that were supposed to confirm the 
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correctness of the results of the previous DLS measurements. The TEM images were obtained at electron 

microscope JEM 2010 (Jeol, Japan). Further verification of the truly nanodimensional character of the as-

prepared particles was performed using UV-vis spectroscopy at Specord S600 (Analytic Jena AG, Germany). 

This method was also used for the monitoring of the aggregation process of the aqueous dispersion of the 

silver NPs in the case of the stabilizing study, where the surfactant or polymer modification was evaluated. 

The reference determination of the silver content in the as-prepared samples of silver NP dispersions was 

carried out using AAS method at Avanta Σ (GBC). 

 2.4  Antibacterial Activity 

The antibacterial activity of the modified and unmodified aqueous silver NP dispersions as well as the 

reference samples involving “pure” solution of ionic silver (AgNO3) and “pure” solutions of the used 

modifiers were tested using a standard dilution micro-method. This method is based on the determination 

of the minimum inhibitory concentration (MIC) leading to inhibition of tested bacterial strains growth. The 

MIC was read after 24 hours of the incubation at 37°C as the concentration of the tested substance that 

inhibited the growth of the bacterial strain. For the purpose of the antibacterial assays the samples were 

consequently diluted, according to the geometric progression from 2 to 128 times with 100 µL of Mueller-

Hinton broth inoculated with the tested bacteria in the concentration of approx. 106 CFU·mL-1. The 

obtained concentrations of silver were in the range from 54 µg·mL-1 to 0.84 µg·mL-1.The silver NP 

dispersions were used in the form in which they had been prepared and modified. The concentration of 

silver in the prepared aqueous dispersion and in the reference sample of ionic silver was 108 µg·mL-1. The 

used reference samples of 1% (w/w) solutions of the modifiers were tested according to the previously 

described dilution micro-method. In all case these determinations were completed by minimal bactericide 

concentrations (MBC), which represents the minimal concentrations of the substances that kills the 

bacterial present in the sample. The following bacterial strains were obtained from Czech Collection of 

Microorganisms, Brno Czech Republic and employed in the study: Staphylococcus aureus CCM 3953, 

Enterococcus faecalis CCM 4224, and Pseudomonas aeruginosa CCM 3955. Subsequently there were tested 

also the bacterial strains isolated from a clinic material Teaching Hospital Olomouc: methicillin-susceptible 

Staphylococcus epidermidis, vancomycin-resistent Enterococcus faecium (VRE), and ESBL-positive Klebsiella 

pneumoniae. The antibacterial assays were performed at the specialized Institute of Microbiology of the 

Faculty of Medicine at Palacky University in Olomouc lead by prof. M. Kolář. 

 2.5  Tests of Environmental Toxicity 

In the course of the primary performed tests of biological activity, the environmental toxicity was also 

tested side by side the antibacterial activity. The toxicity was evaluated on the commonly used organism for 

this purpose - on the organisms of Paramecium caudatum. The tests were performed with the culture 

obtained from Masaryk University in Brno, Czech Republic. The evaluation of the silver NP toxicity was 

realized due to the determination of the value of LT50; i.e. determination of time, when at the tested 

concentration a half of the exposed organism die. 1 mL of the culture of Paramecium caudatum (approx. 

200 - 300 organisms) was added to 1-5mL dispersions of silver NPs at the variety of silver concentrations. 

The volume of the test tube was properly stirred and 200 μL of the sample was transferred on a 

microscopic slide equipped with a grid 1 x 1 cm and the organisms were observed being 40times magnified.  
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3.  RESULTS AND DISCUSSION 

The obtained results of the dependence of the silver NP diameter (measured by means of DLS) on the 

ammonia concentration in the reaction system suggested that it is possible to prepare the silver particles in 

a wide range  of their sizes - from approx. 20 nm up to hundreds of nanometers (see Tab. 1). The 

nanodimensional character of the prepared silver particles was also confirmed the UV-vis absorption 

spectra. In the case of the well-separated particles, there was observed the presence of a characteristic 

absorption peak at the wavelength of approx. 400 - 420 nm, which also gives the dispersion intensive 

honey-like color. This absorption proves the existence of surface plasmon, which is connected with the 

diameter of the metal NPs - with the diameter below 100 nm (fig. 1). The application potential of this 

preparative method can be significantly enhanced by the long-term stabilization of the aqueous dispersion, 

which is in months as a direct consequence of the zeta potential value of approx. -25 mV [22].  

However, the presented method does completely solve the tailored preparation of the silver particles. A 

speed increase in the particle diameter was observed at the ammonia concentration of approx. 0.03 mol·L-1 

when the synthesized particles grow up to hundreds of nanometers. The increase at the ammonia 

concentration of 0.035 mol·L-1 therefore became the subject of the subsequent study of the reaction 

mechanism of the particle formation. For the purpose of this study D-maltose was chosen as the model 

reducing agent and this system was studied in detail in order to reveal the influence of the ammonia 

concentration on the silver particle sizes. Additionally there were performed other studies employing also 

changes in other parameters and their impact on the diameter of the synthesized particles. In the course of 

these subsequent studies and analyses of the obtained results, there was revealed another parameter, 

which represents a crucial condition - pH of the reaction system.   

Fig. 1: UV-vis absorption spectra of the silver NPs prepared via the reduction of Ag+ by glucose (A), fructose 

(B), and maltose (C). The ammonia concentration was a) 0.2; b) 0.1; c) 0.05; d) 0.02; e) 0.01 a f) 0.005 

mol·L1. 

It was proved that at the constant ammonia concentration in the reaction system a steep increase of the 

particle diameter can be also observed at the pH equal to 12.5.  The subsequent microscopy analyses on 

the silver particles synthesized at different conditions - at different ammonia concentrations and different 

pH values - proved the existence of the aggregates that are formed via the aggregation of the primarily 

generated NPs (see fig. 2). This only confirmed the hypothesis considering the increase of the silver particle 

diameter at high pH values due to the aggregation of the primarily generated particles thanks to the 

increase of the concentration of univalent cation Na+. It is supplied into the system in the form of NaOH, 

which was used in the course of the reaction in order to adjust the pH of the system. This study also proved 

the universal validity of the mechanism of rapid coagulation initiated by the addition of electrolytes as 
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described by the DLVO theory; the neutralization mechanism of coagulation - the neutralization of the 

surface charge of the colloid particles due to the increased of the electrolyte concentration.  

 

 

 

 

 

 

Fig.2: TEM images of the silver NPs prepared in ammonia system at pH equal to 12.7. 

Table 1: Dependency of the silver NP diameter on the concentration of ammonia in the reaction system. 

reducing 

sugar 

ammonia concentration [ mol·L-1 ] 

0.005 0.01 0.02 0.035 0.05 0.1 0.2 

d / h.w.* d/ h.w. * d / h.w.* d/ h.w.* d / h.w. * d/ h.w. * d / h.w.* 

glucose 44/13 52/18 52/20 304/140 318/138 394/165 453/246 

fructose 149/37 158/52 182/71 250/93 303/127 363/153 395/187 

maltose 25/8 30/9 32/10 290/95 286/99 213/75 262/91 

lactose 35/11 41/12 41/13 286/96 282/106 168/59 186/63 
* d represents the average diameter of the silver nanoparticles in nm, as determined by DLS; h.w. 

represents half-width of the distribution curve of the particles diameters present in the dispersion - also 

determined by DLS.  

Practical applications of silver NPs demand the usage of highly stable systems with the fundamental particle 

characteristics independent on the environment in which the particles are applied. Although the as-

prepared aqueous dispersion of silver NPs was successfully stabilized, the stability of the particles is not 

ensured at all conditions. The changes in pH, excess of electrolytes or addition of polyelectrolytes lead to 

destabilization of the dispersion and subsequent coagulation of the present silver NPs. This process is in 

practice prevented by a surface modification using such surface modifiers that can enhance the surface 

charge - ionic surfactants - or substances that can enhance the energetic barrier protecting the particles 

from their agglomeration throughout the steric repulsion - non-ionic surfactants or polymers. For the 

purpose of the enahancement of the aggregation stability of the as-prepared aqueous silver NP dispersion, 

the cationic polyelectrolyte poly(diallyldimethylammonium) chlorid (PDDA) was used. This polyelectrolyte 

causes destabilization of the as-prepared dispersion already at rather low concentrations, i.e. at 10-5 % 

(w/w). This revealed effect of the PDDA enabled to perform the destabilization study at the conditions of 

only minor changes in concentration conditions of the prepared aqueous dispersion. The addition of only 

10 μL of 0.01% (w/w) solution of PDDA into 1 mL dispersion resulted in doubled average particle diameter 

and tenfold volume of the used PDDA completely destabilized the dispersion of the silver NPs that were 

then completely aggregated into micrometer objects, which have a strong tendency to sedimentation. The 

determined critical coagulation concentration (CCC) for the unmodified dispersion was 2.4·10-5 % (w/w) of 

the used solution of PDDA. The subsequently conducted experiments tested the aggregation stability of the 

modified silver NP dispersions that contained surfactants and polymers in their final concentration of 1% 
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(w/w). These tests involved silver NPs modified by the following modifiers:  anionic surfactant SDS, non-

ionic surfactant Tween 80 and polymers of PEG and PVP nature of different molecular weights. SDS was 

evaluated as the best stabilizer preventing the aggregation of the silver NPs into large objects initiated by 

the addition of PDDA. The addition of the anionic surfactant into the as-prepared dispersion of the silver 

NPs significantly enhanced the surface charge (up to the value of -50 mV), which resulted into the 

enhancement of the aggregation stability. Even also the maximum addition of the used solution of PDDA 

did not initiate any primary traces of aggregation in this dispersion. The tested non-ionic surfactant Tween 

80 did not prove to have such an extreme stabilizing effect but it significantly retarded the aggregation 

process in contrast to the unmodified dispersion. The modification of the aqueous dispersion by polymers 

of polyethyleneglycol type did not lead to the enhancement of the aggregation stability. Comparable 

results were gained with polymers of PVP type and low molecular weights. Only PVP 360 proved to have 

such stabilizing effects that are comparable with the effects of Tween 80. The primary performed tests of 

biological activity of the aqueous silver NP dispersions were performed using standardized dilution micro-

method. The solution of AgNO3 was used as a reference sample. The results are presented in the following 

Table 2. 

Table 2: Survey of the evaluation of the antibacterial activity of the prepared silver nanoparticles. 

tested bacterial strain 
MIC (mg·L-1 Ag) 

glucose lactose maltose Ag+ 

Enterococcus faecalis CCM 4224 --- 54.0 13.5 6.75 

Staphylococcus aureus CCM 3953 6.75 6.75 6.75 6.75 

Pseudomonas aeruginosa CCM 3955 27.0 13.5 6.75 0.84 

Staphylococcus epidermidis (methicillin-susceptible) 13.5 6.75 1.69 0.84 

Enterococcus faecium (VRE) --- 54.0 13.5 3.38 

Klebsiella pneumoniae (ESBL positive) 27.0 54.0 6.75 3.38 

Subsequently conducted study evaluated the influence of the tested stabilizers on the antibacterial activity 

of the surface modified silver NPs. The modifiers that proved to be premium stabilizers - i.e. anionic SDS, 

non-ionic Tween 80, high-molecular PVP 360, also enhanced the antibacterial activity of the silver NPs (see 

Tab. 3). The positive impact of the surface modification is highlighted by bold in Tab. 3. The anionic 

surfactant, SDS proved to have the greatest impact not only the enhancement of the NP stability but also 

on their antibacterial activity. Although the further two employed stabilizers, Tween 80 and PVP 360, 

significantly influenced aggregation stability of the silver NPs and also their antibacterial activity, the 

enhancement in both cases did not reach such extend as in the case of SDS modification. However, it is of 

utmost importance to highlight that the additional surface modification of the silver NPs did not lead to 

deterioration of the antibacterial character of these particles even though the suggested mechanism of the 

interaction between bacteria and the NP is based on the direct contact between the NP surface and the 

bacterial membrane.  

In the course of the further tests of biological activity of the silver NPs, a study considering potential 

ecotocixity of these NPs against simple microorganism was performed. The goal of this study was to 

confirm the presumption that the growing complexity of the organisms is responsible for the less toxic 

impact of the silver NPs. The protozoon Paramecium caudatum was used in this study especially primarily 

because it is commonly used as a toxicity indicator (especially indicator of heavy metals in the 
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environment) and secondly it can be observed already by an optic microscope using not such a significant 

magnification. [24] The results from these toxicity tests pointed out at the remarkable difference between 

the two forms of silver - ionic silver (Ag+) and NP silver (Ag0). In the case of the silver NPs the acute toxicity 

vanished at the value of approx. 25 mg·L-1, in which the organisms of Paramecium caudatum were able to 

survive for at least 7 days. In contrast to these results, ionic silver caused death of the tested protozoon 

even at the concentrations lower than 1 mg·L-1. For the purpose of the evaluation of the silver NP toxicity, 

the value of “1-hour LC50”, as the unambiguous parameter, was introduced. In the case of the silver NPs the 

“1-hour LC50” value was equal to 39 mg·L-1.  Although the comparison between this parameter and MIC 

against the bacterial strains is not precise, it is possible to state that the toxicity of silver NPs against the 

tested organism of Paramecium caudatum is at least one order lower than against the less complex 

bacterial organism. These results therefore support the commonly accepted opinion that the toxicity of 

silver and its compounds significantly decreases with the growing complexity of the organism. In spite of 

this conclusion it is of a high importance to introduce the silver NPs into practice with respect to the toxicity 

limits that can be in the environment (due to the contamination by different pollutants) significantly 

lowered. This can then lead to a disbalance at the fundamental level, i.e. at the level of the least complex 

organism.   

Table 3: The results of the antibacterial assays of the silver nanoparticles modified by surfactants and polymers. 

tested bacterial strain 

MIC = minimal inhibition concentration (mg·L-1 Ag) 

Ag+ 
unmodified 

nanoparticles 

modified nanoparticles 

SDS Tween 80 PVP 360 

Enterococcus faecalis CCM 4224 1,69 6,75 3,38 6,75 6,75 
Staphylococcus aureus CCM 3953 1,69 3,38 1,69 3,38 3,38 
Pseudomonas aeruginosa CCM 3955 0,84 3,38 1,69 3,38 1,69 

Staphylococcus epidermidis (methicillin-susceptible) 0,84 1,69 0,84 1,69 1,69 

Enterococcus faecium (VRE) 1,69 6,75 3,38 3,38 3,38 

Klebsiella pneumoniae (ESBL positive) 1,69 6,75 6,75 3,38 6,75 
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Abstract 

Nanotechnology is expected to open new avenues to fight and prevent disease using atomic scale tailoring 

of materials. Rapid development of bio-nanotechnology and material research lead to the new way in the 

combating of bacteria and to searching specific properties of nanomaterials. The study of bactericidal 

nanomaterials is particularly timely considering the recent increase of new resistant strains of bacteria to 

the most potent antibiotics. The present work studies the bactericidal effect of silver nanoparticles in the 

range of 10-30 nm on Gram-negative bacteria and Gram-positive bacteria. The colloid silver nanoparticles 

were prepared by the modified Türkewitsch´s method. These colloid particles have the specific properties 

resulting in a bactericidal effect.  

Keywords: silver nanoparticles, bactericidal effect  

1.  INTRODUCTION 

Nanotechnology is expected to open new avenues to fight and prevent diseases using atomic scale tailoring 

of materials. Rapid development of bio-nanotechnology and material research leads to a new way in 

combating bacteria and searching specific properties of nanomaterials. Presently, the increased resistance 

of bacteria against strong antibiotics offers to nanomaterial research a chance to help alleviating this 

problem. 

2.  MATERIALS AND METHODS 

2.1  Materials, chemical method 

Reagents were purchased from Fluka or Penta and used as received. Silver nanoparticles were synthesized 

by modified Türkewitsch´s method [1]. 0,1 mmol solution of AgClO4 was prepared and then heated to 

boiling point during vigorously stirred. To this solution, trisodium citrate (4,5.10-5M) was added drop by 

drop. At the end, silver nanoparticles were reduced by sodium borohydride. Solution was mixed during the 

process. The color of solution has changed to yellow. Subsequently it was removed from the heating 

element and stirred until cooled to the room temperature. 

2.2  Characterization of prepared particles 

Prepared silver nanoparticles were characterized by localized surface plasmon resonance (Fig. 1) and by 

SEM microscope (Fig. 2). Size distribution of silver nanoparticles was calculated from SEM characterization, 

studied particles were distributed in size varying from 10 nm to 30 nm. 
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2.3  Microbiological techniques  

 

To test the bacteric idal activity of Ag nanoparticles, laboratory strain Escherichia coli K12 C 600, Candida 

albicans and Enterococcus faecalis (EFCA) were used in this study [2]. Cells were grown in Lysogeny Broth 

(LB) [3] medium and plated on Luria-agar plates (LA; LB with addition of 15% of agar). The overnight 

cultures were diluted in LB such that the final concentration of cells was (1-3) . 107 cells/mL and used for 

antimicrobial assays.  

Cells from 1 mL of a cell suspension (107 cell/mL) were mixed with 1 mL solution of Ag nanopartiles 

(1011 particles/mL) - the first experimental series with variously cells (graph 1). Second series presented an 

experiment with cells from 1 mL of a cell suspension mixed with 1 mL solution of Ag nanopartiles with 

different concentration (graph 2). The mixtures had been shaken at 37 C for 1 h. Subsequently, the 

samples were serially diluted and plated on LA plates. Third series presented time dependence of bacterial 

efficacy of silver nanoparticles. Cells from 1mL of a cell suspension of Escherichia coli were mixed with 1mL 

solution of Ag nanoparticles and plated on LA plates in different time during shaking (graph 3). 

3.  EXPERIMENTAL RESULTS 

Bactericidal experiments of Ag nanoparticles were performed using the bacteria as described in Section 2.3. 

The overnight cultures, diluted on concentration of cells 107 /mL, were mixed with analyzed Ag 

nanoparticules solutions. After 1 h of shaking at 37 C the mixtures were analyzed for the number of living 

(surviving) cells by plating them on LA plates. 

After overnight cultivation a number of colonies representing the number of living (surviving) cells were 

calculated. The bactericidal efficacy of Ag nanoparticles on bacteria was estimated according to the 

formula I [4] . 

Formula I: 

The results in graph 1 and graph 2 show efficiency of silver nanoparticles in the interaction of different 

bacteria and interaction between different concentration of silver and bacteria, respectively. Graph 3 

present time dependence of bacterial efficacy of silver nanoparticles. The mixture was analyzed after 7 

minutes, 15 minutes, 20 minutes and then every 10 minutes during shaking. 

 

Fig. 2: TEM characterization of silver nanoparticles 
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Fig. 1: Absorption spectra of silver nanoparticles 

 alive number in reference group _ alive number in experiment group 
 bactericidal efficacy (%)= ------------------------------------------------------------------------------------------------- x 100% 

 alive number in reference group 
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Graph 1: Efficiency of silver nanoparticles  Graph 2: Efficiency of  silver nanoparticles,  

        a/ bacteria : silver =107 bac./mL : 1011 particles/mL 
         b/ bacteria : silver =107 bac./mL : 1010 particles/mL 
        c/ bacteria : silver =107 bac./mL : 109 particles/mL  
        d/ bacteria : silver =107 bac./mL : 108  particles/mL 

 
Graph 3: Efficiency of  silver nanoparticles,  
a/ bacteria : silver =107 bac./ mL : 1011 
particles/mL 
b/ bacteria : silver =107 bac./ mL : 109 
particles/m 

4.  CONCLUSIONS 

The colloid silver nanoparticles were 

prepared in the range of 10-30 nm and 

studied their specific properties resulting in 

a bactericidal effect. The results show 

bactericidal effect of silver nanoparticles in 

the interaction with all the used laboratory 

strain. In the experiments, it is possible see the bactericidal effect of silver nanoparticles depending on 

number of particles and time dependence of interaction between silver particles and bacteria.  
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Abstract 

The possibility of iron nanoparticles preparation and production by so called “metallurgical“ way is 

presented in the paper. The method consists in controlled precipitation of particles in the oversaturated 

solid solution and their subsequent electrochemical or chemical isolation. The goal-directed heat treatment 

anticipates the insulation process of the basic material, which usually consists of saturation annealing, 

fixation of the dissolved state by quenching and precipitation annealing. Heat treatment may include the 

hot or cold deformation in order to control the shape of particles. Electrochemical dissolution represents 

the insulation of matrix in the chosen solvent. In the process of dissolution of the matrix nanoparticles 

maintain their stability and remain unfaulted in solution when they are at least ~ 100 mV nobler, and their 

corrosion potential more positive towards the base metal matrix. The paper also mentione the 

characterization of produced Fe nanoparticles. 

Keywords: Fe nano-particles, precipitation, electrochemical and chemical isolation 

1.  INTRODUCTION 

On the present many methods of nanoparticles production is known [1-3]. Each of them has its advantages 

and disadvantages. For the particular requirement of nanoparticles application it is possible to use without 

any problems whichever of the known methods. However, it is true that not all the methods are equally 

demanding in term of initial cost on implementation and operation of production. Another no less 

important requirement is the characteristic of prepared nanoparticles, in particular their morphology, 

dimensional tolerance, surface condition, and not least their physical properties. Just fulfillment of 

mentioned requirement can definitely predetermine the exploitation of nanoparticles for chosen applied 

utilization. 

Our developing method of nanoparticles production has metallurgical origin. It is based on many decades 

well-known possibility of metals hardening by precipitaion from the solid solution. Nevertheless, the 

precipitates size varies in nano-dimensions and therefore we can consider them as nanoparticles. At the 

study of precipitation characteristics by transmission electron microscopy TEM by replication technique 

actually precipitates released from the matrix surface by extraction. This idea can be applied to the whole 

volume of metal matrix and precipitates - nanoparticles should be separated from the matrix by a suitable 

method so as to remain intact and without surface anomalies.  

The method for nanoparticles preparation presented in this work consists of targeted heat treatment of 

basic material in which nanoparticles are formed by controlled precipitation from over-saturated solid 

solution and the production consist in insulation or extraction of nanoparticles by chemical or 

electrochemical way. The size of nanoparticles in the range of 7 to 50 nm is purposefully controlled by 

metallurgical heat treatment of selected alloy by the required procedure. The amount of isolated 

nanoparticles is directly proportional to the time of dissolution and to the potentiostatic mode. According 
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to [4] the quantity of iron nanoparticles separated from the Cu matrix by electrochemical way is 0.024 µg 

from the area 0.5 cm2 during 30 minutes and they are stored in n-hexane.  

Mentioned procedure, of course, allows also the production of nanowires using thermo-mechanical 

processing of spheroidal precipitates in the matrix or the separation of the original rod-like or fiber-like 

precipitates after the discontinuous precipitation or separation eutektoid or eutectic phases with elongated 

morphology. 

Electrochemical insulation consists of matrix dissolution in the selected solvent in which the nanoparticles 

are at least ~ 100 mV more noble, and their corrosion potential is more positive towards the potential of a 

metal matrix. During the process of dissolution the particles retained their stability and consistency in the 

solution. In some alloy systems, it is preferable to use the chemical dissolution of the matrix for the 

successful separation of particles from the matrix.  

The idea, as well as the production process is savekeeping by 2 patents [5,6]. As a very important factor in 

terms of usability of the described method, we consider the high quality of particles in terms of size, shape 

and their homogeneity, but also their structure. At present research is ongoing for medical applications [7]. 

2.  EXPERIMENTAL PROGRAMME 

To experimentally verify the present method of nanoparticles production the model material system Cu - 

Fe was used, which is characterized by a maximum solubility of Fe in solid solution ε at the concentration of 

4% at 1096 °C. With decreasing temperature the solubility of iron decreases and near ambient temperature 

reaches zero.  

Copper wire with a diameter of 10 mm and chemical composition of 1.88% Fe, 0.015% P, 0.08% Zn and 

0.05% B was subjected to the solution annealing at 1000 ° C / 12 h and quenched into cold water. To 

prepare the various particles were made out 3 substructures states:  

1. for precipitation of globular Fe nanoparticles, the samples were annealed at 600 ° C / 30 min, 1, 12 

and 24 hours, 

2. after precipitation annealing, the samples were hot and cold formed in order to change the shape of 

particles in Cu matrix, 

3. after solution annealing the samples were cold drawn at 20% deformation. For the estimated 

discontinuous precipitation of nanowires the samples were annealed at 650 ° C / 30 min  

Morphology, particles distribution, state of substructures, interphase interface and the surface of 

nanoparticles was observed using JEM 2000 FX TEM and SEM with a JSM 35 CF microanalytic unit 860th 

Link. Results of electron-microscopic observations were evaluated using statistical methods. 

3.  RESULTS AND ANALYSIS 

Morphology and distribution of Fe nanoparticles have been studied by TEM using replication technique. 

After the first heat treatment that is to say classical precipitation annealing the fine precipitate consisting of 

globular particles was observed in samples, as seen in the figure. 1. By changing the annealing parameters 

we can achieve different particle size from 7 to 48 nm. The smaller particle size the distribution is narrow, 

the increasing particles size the size distribution spreads. 

Oxide layer α-Fe2O3 and Fe3O4 with a measured thickness of 3.2 nm was identified on the nanoparticles 

surface by selective electron diffraction. Particles have thus core shell structure. In accordance with [8] the 
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passivation layer is suitable for long-term stability of particles in the atmosphere environment and ensures 

biocompatibility for applications in medicine. Up to now there are no data on contamination of particles 

mainly with copper. 

Measurements of magnetic properties of nanoparticles, as measured by magnetometers fy MPMS-5T, 

Quantum Design has shown that nanoparticles with a mean radius up to 10 nm have superparamagnetic 

properties and are suitable for applications that require this phenomenon (medicine: hyperthermia, 

magnetic resonance imaging, media medication). 

The second method of heat treatment was aimed with small cold deformation prior to precipitation 

anealing allow to start discontinuous precipitation. Fig. 1b shows particles with significant slenderness ratio 

1: 200. Unfortunately, except nanowires also the globular particles are present in the substructures, which 

precipitate in the grain volume. Their volume fraction has not been yet measured. Separation of nanowires 

from globular particles is got up to now under control. 

A third way of controlling the morphology of nanoparticles was an attempt to change the shape of the 

finished particles using thermo-mechanical processing by hot and cold rolling. The experiment was realised 

with the most coarse particles. The figure 1c shows the failure of non achieving the uniform deformation of 

particles throughout the volume. In addition to definitely elongated particles we can see slightly elliptical 

particles too, and even particles intact by deformation. We consider the non-homogeneties of plastic 

deformation in the micro volumes caused this unfavourable state. On the present the experiments with 

draught deformation are under way. 

       a)        b)         c) 

Fig.1  

Fe nanoparticles on the carbon 
replica, TEM,  
a) spherical, (600°C/1 hrs)  
b) nanowires prepared by 
discontinued precipitation,  
c) particles prepared by hot and 
cold rolling 

Fig. 2  

Insulated nanoparticles after matrix dissolution, carbon replica, TEM, 

After electrono-microscopical checking the precipitate the samples 

were subjected to electrochemical dissolution of copper matrix and 

insulation of nanoparticles. The resulting globular nanoparticles with 

exceptionally homogeneous distribution we can see in Fig. 2. The size of nanoparticles is in the range of 8 to 

10 nm. Accorging to expectation the extending holding time will cause obvious increase in particle size. 

Particle size after 12 hours reaches 18 to 22 nm. After 24 hours particles rise 26 to 32 nm. In all cases, the 

size distribution of particles was statistically uniform throughout volume of samples and nanoparticles have 

globular shape.Measurement of nanoparticle diameter after isolation indicated high compliance of 

precipitates dimension with diameters of precipitation in annealed copper matrix. This confirms that 

particles are not influenced with environment and are not disolved in the electrolyte. 
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4. CONCLUSIONS  

1.  The work presented the method of nanoparticles preparation, which consists of the alloys heat 

treatment and electrochemical separation of matrix and nanoparticles. The method allows to hold 

the size of the nanoparticles in the narrow range at very low cost input for production. 

2.  After chosen mode of heat treatment, which consists mainly of precipitation annealing at 600 ° C / 

0.5, 1, 12, 24 hours, was achieved statistically uniform distribution of precipitates in the volume of 

samples. Particles had globular morphology whose size was increased with holding time at the 

temperature from 8 to 32 nm. 

 3.  Nanowires with slenderness ratio of 1:200, particles diameter of 20 nm and length ~ 6000 nm were 

produced by discontinuous precipitation. 
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Abstract 

Development of technologies of production of ultra-fine grained (UFG) materials is at present accelerated 

very intensively. Apart from classical ECAP technology (the most used one at present) new technologies for 

sheet metal forming are being developed for industrial use, namely the techies DCAP and CONFORM. The 

paper analyses development of ultra-fine grained structure in a strip of sheet on a similar type of 

equipment called DRECE - Dual Rolling Equal Channel Extrusion. This equipment is at present being 

developed at the working site of Development of new technologies at the Faculty of Mechanical 

Engineering at the Technical University of Mining and Metallurgy in Ostrava (VŠB-TU Ostrava) in 

collaboration with the VÚHŽ Dobrá a.s. The issues related to development of UFG structure in the strip of 

sheet made of 99.5% aluminium with dimensions 60x2x1000 mm is described in greater detail. Moreover 

an analysis of structure and mechanical properties obtained after multiple plastic deformation is made with 

subsequent comparison of the obtained results with the properties of aluminium sheet in initial state. 

Keywords: ultra-fine grained (UFG), ECAP technology, CONFORM (Continuous Extrusion Forming) 

1. INTRODUCTION 

Typical feature of nano-crystalline materials is dependence of yield strength on grain size, which is 

determined by their structural singularities that are characteristic for structures of nano-dimensions with 

extremely high voluminous fraction of grain boundaries. The corresponding theoretical description of 

dependence of grain size on yield strength in nano-crystalline materials on one hand contributes principally 

to understanding of the principles of relations in nano-scale of the solid phase, and on the other hand it 

serves as a basis for development of advanced technologies using the extreme mechanical properties of 

nano-crystalline materials. Theoretical models can be divided into two basic categories: (i) models 

describing nano-crystalline materials as duplex composites. Models of the category (ii) describe yield 

strength Re and other mechanical properties with use of the so called rule of mixture [1]. In this approach 

the yield strength Re of nano-crystalline materials is expressed as a weighted sum of yield strengths 

characterising the phases of the grain inside and its peripheries, which depends heavily on voluminous 

diffraction of the grain boundary phase. Yield strength of the grain boundary phase is assumed to be lower 

than the phase inside the grain. 

The models (ii) described development of defects and structures of grain boundaries with focus on physical 

mechanisms (movement of grid dislocation, shift of grain boundaries, diffusion mechanisms of plasticity) of 

plastic flow in nano-crystalline materials. 
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2. MODELS BASED ON HALL- PETCH RELATION 

Two physical models were analysed, which are currently being intensively developed.  

Model of the authors Konstantinidis and Aifantis was based on the rule of mixture, which is similar to the 

equation (2). The only difference was an assumption that micro-hardness of inter-granular phase complies 

also with the Hall-Petch relation with its effective parameters H0GB and βGB. The authors assumed for 

simplification that H0GB=H0, i.e. friction stress was assumed to be the same both for inter-granular and 

crystalline phase. In this line the βGB was estimated as Hall-Petch β coefficient multiplied by the factor, 

which would take into consideration presence of obstacles for dislocation slide on grain boundaries. Triple 

nodes were assumed as the obstacles, including those, which contain triple linear disclinations (turning) [1].  
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The following relation is then valid for final expression of micro-hardness of nano-crystalline material: 
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Model of the authors Pande and Masumura is oriented on the mechanism of grid dislocation of plastic 

frlow in nano-crystalline materials. The assumption specified in this model is, that the classical Hall-Petch 

model of accumulation of dislocations prevails with one exception only, namely that the must take into 

consideration the fact that number of dislocations in grains in nanometres cannot be too large. Moreover 

at ever decreasing grain sizes this mechanism should stop at the moment, when there are together only 

two dislocations. Pande and Masumura have shown in respect to the Hall-Petch model, that dislocation 

theory for the Hall-Petch effect gives the linear dependence Re on d-1/2 only in the case when material 

contains large number of dislocations together and plasticity is not source limited. In this mode the yield 

strength increases with the decreasing d, because clusters contain less dislocations, concentration of stress 

at the head falls and higher applied stress is required for compensation. When the numer of dislocations 

approaches one, no further increase of yield strength is possible. This is modified expression according to 

Pande and Masumura [1]:  
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where ε is small correction member (ε « 1) and it can be neglected. Pande and Masumura have modified 

the H-P relation fro small grain sizes  
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where s=τ/[mτ*], c1=-0.6881, c2=0.21339 a l=Lmτ*/2A.  

3. INTRODUCTION TO THE ISSUES RELATED TO THE CONFORM METHOD 

CONFORM (Continuous Extrusion Forming) is a method, which was originally developed for continuous 

extrusion, but which was not used due to the problems with abrasion. This method was at present again 

used as a basis and attempts are made to use it repeatedly for achieving a very high degree of deformation. 

Figure 1 shows the principle of the process CONFORM, which is similar to the ECAP process. Material in the 

form of strip of sheet is lead by the "feed roller" with support of "pressure roller" and it is pushed by the 

segment into the "insert of the forming tool". The forming tool is situated in a fixed case [2]. Sever 



  20. - 22. 10. 2009, Roznov pod Radhostem, Czech Republic, EU 

 
 

92   S1 - NANOMATERIALS 

 

deformation of material brings the required grain refinement in the tool insert. Degree of inclination for 

this method is 100° - 130°. During individual passes lesser degree of deformation occurs, which means that 

this method require higher number of passes for obtaining the same structure of refinement than in the 

case of the ECAP process. 
Fig. 1 Principle of CONFORM process 
1. Pressure roller,  
2. Supporting insert,  
3. Feed roller,  
4. Formed material,  
5. Forming tool insert,  
6. Fixation of case 

The forming tool has two channels, the thickness of which differs; 

thickness of the external channel (1.55mm) is slightly bigger than that of the internal channel (1.45mm), as 

it can be seen in Figure 5.2. Angle of the channel formed by an intersection of the external and internal 

channel can be increased from 100° up to 140° with the curvature angle Ψ = 0°. The strip with initial 

thickness of 1.55mm is fed by the feed roller and it is formed to the thickness of 1.45mm. It is then lead 

through the tool towards the forming zone. The strip is afterwards pushed through the main functional part 

with the forming zone, where external and internal channel intersect, and it exits through the external 

channel while its initial thickness (1.55 mm) is maintained [3]. 

Feeding of the sample - by the induced friction force of the friction roller, instead of feeding of the sample 

by extruding punch in the case of hydraulic press, was enabled not only for creation of continuous 

operation, but also for forming of various dimensions of strips of sheet. 

3.1  Proposed simulation of extrusion of Al sheet through the modified tool DRECE 

Another part of research is focused also on development of the tool for forming of strips of sheet. 

Mathematical simulation as such requires a design of the shape and geometry of the new type of the 

DRECE tool. It is also necessary to propose the shape, dimensions and material properties of testing 

samples, as well as to determine experimentally the basic forming parameters for achievement of the 

required structural and mechanical properties. 

Expected outputs of mathematical simulation: 

• Optimisation of number of passes through the tool by modification of the route of deformation, 

variants of profile and dimensions of the forming tool. 

• Influence of the tool geometry, thermal-deformation and technological parameters on final 

properties of tested materials.  

• Comparison with experimental results. 

Fig. 2 New conception of DRECE technology  

Development and subsequent simulation of the process will be effected 

in the programs QForm 3D and newly also in the program 

Simufact.forming, which is an enhanced follow-up of the programs 

SuperForm & SuperForge. The program MarcMentat will be used for 

comparison of the obtained mechanical properties with use of 3D 
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mathematical simulation. Simulation of the process can be, however, very simplified or modified otherwise 

and it will also be influenced by limitations given by the given forming programs. Rotational movement 

tools and linear motion of the sample with friction between material and tool need not be fully adequate to 

the practical task. This results also from complexity of the DRECE process [4]. 

3.2  DRECE tool 

During 2008 a prototype of this equipment was put into trial operation at the working site of the VŠB-TUO. 

Fig. 3 gives an overall view of the prototype of this equipment. It consists of the following main parts: gear 

of the type Nord with electric drive, disc clutch, feed roller and pressure rollers with regulation of thrust, 

forming tool made of the steel grade Dievar. Strip of sheet with dimensions 59x2x1000 mm fed into the 

working space and it is pushed by the feed roller with help of pressure 

rollers through the forming tool without change of its cross section. 

Multiple plastic deformation realised in this manner brings substantial 

refinement of structure. During the trial operation first experiments 

were made followed by their evaluation. On the basis of these works 

some modifications of design were proposed. It is not possible to 

publish more detailed technical data as this equipment is patent 

protected [4].  

Fig. 3 Prototype equipment DRECE for extrusion of strip sheet metal 

4. MATHEMATICAL SIMULATION OF THE DRECE PROCESS 

Initial simulation of 6 passes of the strip of sheet (99.5 Al) through the 

DRECE tool was made, when edge conditions were defined only 

approximately due to the experiments as such. 

At the parameters of the channel angle φ = 120°, angle of external 

rounding ψ = 0°, with radii R1 = 2.4 mm a R2 = 0.2 mm the stress 

intensity achieves the values σi = 301.97 MPa. Deformation intensity 

achieved the maximum values ε i = 2,273  

Fig. 4 Front view of the equipment DRECE 

Table 1 Forming parameters achieved after the first pass through the DRECE tool 

Table 2 Forming parameters achieved after six passes through the DCAP channel for the alloy AlMn1Cu 

Stress intensity 
σmax 

[MPa] 

Deformation 
intensity  
εmax  [-] 

Rate of the vector of 
metal creep  
vmax[mm/s] 

Contact force exerted on tool  
pmax  [MPa] 

194.64 0.4941 0.0017 329.4 

Stress intensity 
σmax [MPa] 

Deformation 
intensity  
εmax [-] 

Rate of the vector of 
metal creep  
vmax [mm/s] 

Contact force exerted on tool  
pmax  [MPa] 

301.97 2.273 0.0018 501.2 
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Fig. 5 Magnitude of deformation intensity after the first pass 

 

 

 

 

 

 

Fig. 6 Magnitude of deformation intensity after six passes 

An unequivocal conclusion results from mathematical simulation that in the case of extrusion of strip of 

sheet it is necessary from the viewpoint of obtaining the sufficient number of shear systems (planes) to 

perform substantially higher number of passes for achievement of the necessary magnitude of deformation 

intensity, which enables obtaining of high grain refinement [4] in respect to the ECAP process - type of 

passes BC, which is the most efficient. It is impossible to realise this in practice type of passes for sheets. 

The results obtained by mathematical simulation will be in future works compared with experimental 

results. 

5.  METALLOGRAPHIC ANALYSIS OF THE SHEET EXTRUDED THROUGH THE DRECE TOOL  

During the first stage of works 

altogether 3 passes through the 

DRECE tool were realised and 

evaluated.  

Fig. 7 Structure of the sample - 

direction parallel with direction rolling 

a) initial state b) 3rd pass 

 a)     b) 

 

 

 

Fig. 8 Structure of the sample - cross 

section of strip sheet a) initial state b) 

3rd pass 

 

 a)      b) 
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Fig. 9 Structure of the sample - 

longitudinal section of strip sheet a) 

initial state b) 3rd pass 

 

 a)      b) 

6.  CONCLUSION 

It follows from the realised metallographic analysis that after individual passes through the DRECE tool 

there occures gradual change (reduction) of average grain size. More detailed analysis will be made after 

future experiments, during which we want to achieve 8 to 10 passes through the DRECE tool. The analysis 

will be made on TEM and by diffraction (SAED). 

From the viewpoint of functionality of the equipment the DRECE is designed at the excellent technical level. 

During future verification works we will investigate the influence of the strain rate on resulting structure, 

optimise frequency of lubrication process, and also verify the influence of the magnitude of force of 

pressure rollers on extrusion process. 

ACKNOWLEDGEMENTS 

The work was created within the frame of solution of the project MPO 2A-1TP1/124. 

LITERATURE LITERATURE 

[1] GUTKIN, M.YU I. - OVID’KO, A. - C.S.PANDE, C., S.  Theoretical Models of Plastic Deformation Processes in 

Nanocrystalline Materials, Rev.Adv.Mater.Sci. Vol. 2 (2001), pp. 80-102 

[2] PENGUYUE, W. - YUCAI, W. - SHUISHENG, X. aj.. Numerical Simulation on Conform Process of Aluminium Alloy 

Rectangular Hollow Conductor, Materials Science Forum, Vol. 546-549 (2006), pp. 735-740 

[3] VALIEV, R. Z .- LANGDON, T. G. Some new trends in SPD processing for fabrication of bulk nanostructured 

materials. Materials Science Forum, Nanomaterials by Severe Plastic Deformation, Vol. 503-504 (2006), Trans 

Tech Publications, pp. 3-10 

[4]  RUSZ, S., MALANÍK, K. Průběžná zpráva projektu MPO č. 2A-1TP1/124  - Trvalá prosperita - Výzkum vlivu 

extrémních podmínek deformace na submikrostrukturu kovů a zkušebních metod pro  diagnostiku jejich 

technologických vlastností [Interim Report of the project MPO no. 2A-1TP1/124  - Permanent prosperity - 

Research of influence of extreme conditions of deformation on sub-microstructure of metals and testing 

methods for diagnostics of their technological properties], September, 2009, pp. 1-15 



  20. - 22. 10. 2009, Roznov pod Radhostem, Czech Republic, EU 

 
 

96   S1 - NANOMATERIALS 

 

ULTRAFINE GRAIN STRUCTURE OF MEDIUM CARBON STEEL PREPARED BY HPT SEVERE PLASTIC 

DEFORMATION METHOD 

Jozef ZRNÍK a,b, Stephan SCHERIAU c, Reinhard PIPPAN c,d 

a COMTES FHT Ltd, Prumyslova 995, 33441 Dobrany, Czech Republic, EU 

b West Bohemian University, Universitni 22, 301 01 Plzen, Czech Republic, EU 
c Erich Schmid Institute of Materials Science, Austrian Academy of Science, Leoben, Austria 

d Christian Doppler Laboratory for Local Analysis Deformation and Fracture, Leoben, Austria 

Abstract 

Using the high pressure torsion (HPT) deformation method the medium carbon steel (AISI 1045) was an 

experimental material to conduct deformation process. The torsion deformation experiment was 

performed at room and increased temperature of 400 °C. The influence of deformation processing 

parameters, resolved shear strain γ (number of turns N = 1- 6) and applied pressure p (constant pressure of 

7 GPa), was evaluated by microstructure analysis and mechanical properties. The strength behaviour was 

assessed by microhardness measurements across the disc to detect the positional hardening, by tensile 

tests and by in-situ measured torque. In-situ measurement of torque during deformation allows 

characterizing the changes in mechanical properties due to the large shear deformation developed across 

the disc. To obtain absolute values of strength the ultimate tensile strength was measured in radial 

direction in respect to the deformed sample. From each deformed disc two sub-sized tensile test specimens 

with gauge length of 2.5 mm were machined. The tensile strength in samples increased markedly with the 

number of turns. The hardness measured at disc edge was gradually increasing as straining increases until it 

saturates after 2-3 turns. However, the hardness values at edge were different from those measured in disc 

center and for applied straining no saturation were reached across the disc.The SEM and TEM 

investigations were carried out to analyze the fine microstructure evolution regarding the strain 

introduced. To follow the difference in strain distribution across the deformed disc the microstructure 

analysis was performed at edge and central site of the disc in order to evaluate the effect of the strain 

distribution. TEM investigation confirmed the increasing misorientation even in very small grains, the 

fragmentation and dissolution of the cementite lamellae, (diffuse cementite/ferrite boundaries), the 

alignment of the fragments to the shear plane with acceding deformation. Indistinctive deformation of 

ferrite at centre of disc and preserved cementite lamellae morphology were found at the centre of the disc. 

Keywords: high pressure torsion (HPT), SEM and TEM investigations,  

1. INTRODUCTION 

During the recent decade, bulk nanostructered materials produced by severe plastic deformation (SPD) 

have been investigated intensively. The production of fine grained materials by SPD, leads to a large 

number of investigations focusing on the substructure development and related mechanical properties. It 

has been already well known that SPD of metallic materials, involving processes such as equal angular 

pressing (ECAP), accumulative roll bonding (ARB) and high pressure torsion (HPT) is capable of producing 

ultrafine grained (UFG) materials with submicrometer or nanometer grain size [1, 2]. The wide range of 

results available for various materials deformed by HPT confirmed saturation in microstructural refinement 

and the strength and hardness as strain increases [3, 4]. The results point out that there are differences in 

the development of the microstructure between the pure and multiphase steels [5, 6 ].In this work two 
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phase medium carbon steel has been deformed at increased temperature of 400 °C by high pressure 

torsion to different strain (executing different numbers of turns) at hydrostatic pressure of 7 GPa. The 

underlying relationship between microstructure and mechanical properties was analyzed with respect to 

the local axial position of analyses on the deformed disc.  

2.  MATERIAL AND EXPERIMENTAL PROCEDURE  

A commercial medium carbon steel (Fe-0.45%C, 0.42%Mn, 0.23%Si 0.18%Cr, 0.043%Al in wt. %) was 

supplied in form of rod with a diameter of 20 mm. Prior HPT deformation the steel was the annealed for 1.5 

h at temperature  of  850°C followed by air cooling in order to obtain uniform normalized structure. The 

mixture of quite coarse ferrite-pearlite structure was obtained as showed in SEM micrograph in Fig. 1. 

Following the annealing treatment, the size of pearlite colonies was of of ~ 30 μm and of ~ 15 μm was size 

of ferrite grains.  

The discs of 8 mm in diameter and ~ 0.95 mm in thickness have been cut off from the rod were deformed 

by torsion up to 6 turns at temperature of 400°C and at a pressure of 7 GPa. The equivalent von Mises 

strain εeq as a function of the number of turns n was calculated according to the relation: n = εeq = 2πnr/t√3. 

The size of effective strain conducting N- 1, 2, 4, and 6 turns was εeq ~ 15, 30, 60 and 90. The changes in 

mechanical properties in dependence on straining (number of turns) were determined by microhardness 

measurement across the deformed disc with a load of 300 g using Vickers 300 g microhardness tester, by 

static tensile test using subsize tensile pieces cut off at discs periphery (in radial direction) and by in-situ 

measurement of the torque. The reliable and accurate 

possibility to measure the torque during deformation allowed 

quickly to determine changes in mechanical strength without 

applying other method afterwards. The transmission electron 

microscopy (TEM) was used to evaluate the microstructural 

evolution with respect to site on disc and the number of turns. 

The TEM micrographs were obtained by using JEOL JEM 

2000FX operating at 200 kV. The purpose of selected 

conditions was to evaluate an effect of difference in strain 

magnitude across the disc (at peripheral and axial position of 

disc) on ultrafine grain microstructure development across 

disc diameter. 

3.  RESULTS AND DISCUSSION  

Investigating material comprised of the coarse ferrite-pearlitic steel AISI 1045, as shown in Fig.1. Using HPT 

method or refining coarse steel structure to nanostructure size needs the application of large strain, usually 

with an equivalent strain εeq more than 10. Electron microscopy analysis of thin foils prepared from 

deformed discs exposed to different strain revealed formation of various structure characteristics in 

dependence of strain applied and localization. 

Fig. 1. SEM micrograph of initial ferrite -  

pearlite structure of AISI 1045 steel. 

 10 µm 



  20. - 22. 10. 2009, Roznov pod Radhostem, Czech Republic, EU 

 
 

98   S1 - NANOMATERIALS 

 

3.1  Microstructure  

In order to compare the size of torsion straining at different position of deformed disc, Fig. 2 

shows the microstructure observed in steel after exposure to the first turn at temperature of 

400°C. Finishing the first turn (εeq ~ 15) the heterogeneity in structure development was still 

evident across the disc. At disc periphery alignment of smeared (partially dissolved) lamellae in 

pearlite next to the area of banded subgrain-like structure is documented in Fig. 2a,b. In the 

centre of the disc the lamellae remained, but some dissolution of the cementite lamellae, can be 

observed with smeared-like features, as presented in Fig. 2c. Conducting 4 and 6 turns (εeq ~ 60 

and ~90), the dual phase structure was significantly modified with respect to analysis site as 

presented in Fig. 3. Regardless the strain size, successfully refined structure with small grains 

(grain size about of ~ 200 nm) having random high angle orientation was found in disc edge area 

as presented in Fig. 3a. Selected area diffraction method (SAED) confirmed high angle 

disorientation of small grains. In the centre of the disc the structure has moderately deformed 

features. In ferrite grains tangled dislocations are present, and pearlite colonies were only slightly 

deformed and/or locally fragmented, Fig. 3b,c. From the TEM micrographs cementite lamellae 

thinning in central disc area is evident in structure. This fact is attributed to partial dissolution of 

cementite during shearing and results in decreasing of the lamellae thickness.   

3.2  Mechanical properties  

In order to characterize the changes in mechanical properties due to the large shear deformation the 

various methods were applied. Local Vicker microhardness and tensile properties were evaluated at room 

temperature. The torque, which was measured contains next to the torque necessary to deform the sample 

solely a contribution from the region of the burr as well [5].  

Microhardness development after different deformation exposure was the quickest and most easily 

available method to estimate the mechanical strength and is often applied in the literature [6, 7]. In present 

work, this experimental method was mainly used to determine the change of the strength across the disc 

(at disc periphery and in the centre) after application of different εeq and compared with hardness of the 

Fig. 2 TEM micrographs of microstructures observed at disc periphery after HPT conducting 1 turn,  
(a & b) and corresponding to the centre of disc  
(c) experienced the εeq ~ 15. 

    200 nm  200 nm  200 nm 

  a)                                             b)                                             c) 
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initial steel. The measured Vickers hardness (HV30) records for different number of turns are stated in 

Tab.1. 

The results show that some  softening  appeared  in  

disc  after  the  fourth turn regardless the position, 

what  can  result  from  ultrafine grained  structure  

dominancy and some dynamic recovery of 

dislocation structure in ferrite grains at disc centre. 

To obtain mechanical strength values, the specimens 

for tensile tests were machined out of HPT samples 

[8]. Two specimens (see in fig. 4) from each 

deformed disc were cut off from the deformed disc. 

Tensile behaviour was evaluated at room 

temperature and results in form of stress and elongation are documented in Fig. 4. The ultimate strength 

was increasing with strain and maximum value obtained was higher than 1700 MPa. The development of 

the ultimate tensile strength is similar to the in-

situ measured torque. The records of in-situ 

measured torque curves for turn’s number of N1 

and N6) are presented in Fig. 5. The possible 

explanation could be that the onset of steady 

state coincidences with saturation in the 

decrease of the grain structure size and tensile 

tests values. The strain necessary to reach this 

state deformation depends on the materials 

structural state. 

4.  DISCUSSION AND CONCLUSIONS 

High pressure torsion method at increased 

temperature of 400°C was applied to refine 

microstructure in AISI 1045 steel. In dependence of strain applied there are markedly differences in the 

development of the microstructure as regards the site of analysis. Grain refinement and cementite lamellae 

dissolution was observed after the first turn (εeq ~ 15) at disc periphery. In disc centre, the deformed 

N turns  edge   centre  edge   

1 530 364 509 

2 524 342 528 

4 467 308 426 

6 536  517 491 

IN*  185  192 182 

* hardness of initial state of steel after annealing   

Table 1. Microhardness as function of εef . 

Fig. 3. TEM micrographs of deformed microstructures conducting 4 turns found at periphery and at the 

centre of disc experienced the εeq ~ 60: a) edge; b, c) centre. 

   
 200 nm 

  a)                                              b)                                           c) 

 200 nm  200 nm 

 

 

Fig. 4 Tensile records of steel after different HPT  

straining εef. 
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structure of ferrite, where dislocation tangles had moderately deformed features, and preserved coarse 

cementite lamellae in pearlite grains were found. At higher strain applied, corresponding to N = 4 and N = 6 

turns, the cementite lamellae are then directionally aligned, thinner and fragmented also in the central 

area of disc in dependence of the strainintroduced. The effective strain increase set probably equilibrium 

between the fragmentation cementite phase and new grains restoration processes and led to saturation of 

the refinement process. Upon tensile properties, the yield strength and ultimate strength were increasing 

with increasing εeq. The hardness measured across the deformed disc has been increasing as well. However, 

a small drop in the hardness across the disc, at all measured positions, was measured after execution of 4 

turns. This decrease may be related to formation of fine grain structure in the disc but more probably due 

to only dislocation structure recovery in disc centre and preservation of initial structure. The further 

increased straining caused the hardness increase across the disc as hardness results showed performing N = 

6 turns. The more advance grain refining strengthening across the disc and cementite desolution (solid 

solution saturation) can be related to this hardness and further tensile strength increase.   

a) N1         b) N6 

 

Fig. 5.  

Comparison of the in-

situ torque curves for  

a) N1 and b) 6 turns. 

 

 

ACKNOWLEDGEMENT 

The support from the Erich-Schmid-Institute of Materials Science of the Academy of Sciences in Leoben, Austria is 

acknowledged and form the Ministry of Education of the Czech Republic (MSM 2621691901) is greatly appreciated. 

LITERATURE  

[1] SEGAL, V.M., REZNIKOV, V.I., DOBRYSHEVSKI, A.E., KOPYLOV, V.A. Russian, Metallography, 1, 1981, 99.   

[2]       VALIEV, R.Z., KORZNIKOV, A.V., MULYUKOV, R.R. Mater. Sci. Eng. A, 168, 1993, 99. 

[3]     WETSCHER, F., WORHAUER, A., STOCK, R. PIPPAN, R.  Mat. Sci. Eng. A, 387-389, 2004, 809. 

[4]       CHINH, N.Q., G. HORVATH, G., HORITA, Y., LANGDON, T.G.  Acta mater., 52, 2004, 3555. 

[5]     WETSCHER, F., Doctoral thesis, Leoben 2006, Austria.  

[6]      RICHERT, M., LIU, Q., HASEN, N. Mater. Sci. Eng. A, 260, 1999, 275. 

[7]      ISLAMGALIEV, R. K., BUCHGRABER, W., KOLOBOV, Y.R., MIRKHANOV, N. M., SERGUEVA, A.V., VANOV, K.V.,    

GRABOVETSKAYA, G.P., Mater. Sci. Eng A, 319-321, 2000, 872.  

[8]      VORHAUER, A., R. PIPAN, R. Scripta Materialia, 51, 2004, 921.  



  20. - 22. 10. 2009, Roznov pod Radhostem, Czech Republic, EU 

 
 

S1 - NANOMATERIALS  101   

 

HIGH TEMPERATURE STABILITY OF SELECTED Al-BASED ALLOYS PRODUCED USING ECAP 

Přemysl MÁLEKa,b, Kryštof TURBAb, Miroslav CIESLARa,b 

a COMTES FHT, s.r.o., Dobřany, Česká republika 

b Charles University Prague, Faculty of Mathematics and Physics, Ke Karlovu 5, 12116 Prague 2, Czech 

Republic, EU, malek@met.mff.cuni.cz 

Abstract 

Sub-microcrystalline metallic materials produced using the method of ECAP (equal-channel angular 

pressing) contains a large amount of stored deformation energy. This stored energy creates a driving force 

for grain coarsening at elevated temperatures and leads to a loss of the sub-microcrystalline structure. 

Grain coarsening has to be avoided in applications where the sub-microcrystalline materials are exposed to 

elevated temperatures, e.g. during superplastic forming occurring usually at temperatures exceeding 0.5 of 

the melting point in K. Experiments performed in a commercial Al-7075-based alloy proved that the 

addition of small amounts of Sc and Zr contributes to the stabilization of the ultrafine-grained structure 

produced by ECAP through the formation of a fine dispersion of Al3(ScxZr1-x) particles. These particles are 

stable up to very high temperatures and create an effective retarding force for grain coarsening. 

Consequently, a significantly better microstructural stability and very good superplastic properties can be 

observed in this material.  

Keywords: Al-alloys, equal-channel angular pressing, superplasticity, microstructural stability   

1. INTRODUCTION 

A fine-grained structure (with the grain size typically bellow 10 µm) is one of the prerequisites for 

superplastic behaviour of metallic materials [1]. The grain size in the vicinity of 10 µm can be formed in the 

Al-7075 alloy using a rather complicated thermomechanical treatment of the cast material (e.g. [2]). 

However, superplastic behaviour of such a material is observed only at very high temperatures (close to 

500 oC) and very low strain rates of the order of 10-4 to 10-3 s-1 [3]. Especially the low rate of superplastic 

forming represents a serious problem for the industrial application of this forming method. The range of 

superplastic behaviour can be displaced to much higher strain rates if the grain size is reduced, e.g. using 

the method of severe plastic deformation. Equal-channel angular pressing ECAP is at present the most 

efficient method for the processing of bulk materials with utrafine-grained structure. Under optimum 

pressing conditions it can be used to prepare Al-based alloys with the grain size between 0.3 and 0.5 µm [4, 

5]. Unfortunately, such a structure is not thermodynamically stable and very rapid grain coarsening occurs 

at elevated temperatures and suppresses the superplastic behaviour. The ultrafine-grained structure of the 

Al-7075 alloy was stabilized by the addition of small amounts of Sc and Zr. These elements form coherent 

particles of the Al3(ScxZr1-x) phase which are resistant to both dissolution and coarsening and retain their 

stabilizing effect up to high temperatures.   

2. EXPERIMENTAL MATERIAL AND PROCEDURE 

The chemical composition of the studied alloys is given in table 1. Both alloys were annealed to reach an 

overaged state in order to decrease their strength and then pressed through a die consisting of 2 channels 

(cross section 10 x 10 mm) intersecting at an angle of 90o. The original length of the pressed samples was 
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.

 log / log εσ ∂∂=m

70 mm. ECAP was performed at the temperature of 170 oC with 6 passes using the Bc rotation between the 

subsequent passes.   

Table 1: Chemical composition of investigated materials in wt. % 

Composition in wt. % Zn Mg Cu Mn Sc Zr Fe+Si 
Alloy Al-7075 5,9 2,5 1,3 0,17 - - 0,7 
Alloy Al-7075 + (Sc, Zr) 5,9 2,5 1,3 0,17 0,2 0,11 0,7 

The microstructure of these alloys was studied using transmission electron microscopy both in the as-

pressed (after ECAP) and in annealed states. Isochronal annealing for 1 hour at different temperatures was 

performed. Structural investigation was carried out on the plane parallel to the ECAP direction. The 

deformation behaviour was studied using tensile tests in the temperature range between 300 and 525 oC. 

Flat samples with the dimensions of 1 x 6 x 17 mm were cut using a diamond saw parallel to the ECAP 

direction. Up to 7 tensile samples were cut from 1 pressed sample. The relatively long gauge length made it 

possible to evaluate the deformation curves with sufficient accuracy. In order to verify the superplastic 

behaviour of materials, the value of the strain rate sensitivity parameter m defined as 

(δ represents the true stress and 
.
ε  the true strain rate) was used. It is well known 

that a high value of the parameter m close to 0.5 is a typical feature of superplastic behaviour and the value 

of m = 0.3 can be considered as a bottom limit of superplasticity [1]. A special tensile test was used for the 

parameter m evaluation - the sample was pre-strained to 10 % of elongation at the strain rate of 10-3 s-1, 

afterwards the strain rate was reduced to 10-5 s-1 and then gradually increased in small steps (the ratio of 

successive strain rates was from 1.4:1 to 1.7:1) up to the value of 10-1 s-1. For each temperature of straining, 

the strain rate dependence of the parameter m over a broad strain rate range was thus obtained from the 

measurement on only one sample. The optimum strain rate and temperature conditions for superplastic 

deformation were evaluated from these tests and used for further tensile tests with a constant crosshead 

velocity in order to determine the values of ductility.  

3. EXPERIMENTAL RESULTS 

Fig. 1 documents the presence of ultrafine grains with the grain sizes mostly below 500 nm, alongside 

strongly deformed regions where the individual grains cannot be identified in the TEM micrographs, in both 

alloys after ECAP. The ratio of high angle boundaries obtained from EBSD orientation maps was estimated 

as ~ 60 % in the Al-7075 + (Sc, Zr) alloy. This value, however, needs to be considered as approximative, 

since it depends on experimental factors, as well as the procedures employed during the evaluation of the 

EBSD data. 

The influence of isochronal annealing on the microstructure of the Al-7075 alloy is documented in fig. 2. 

The annealing at 300 oC results in the recovery of deformed regions and to the formation of high angle 

boundaries. Simultaneously, slight grain coarsening can be seen. Significant grain growth was observed 

after annealing at temperatures above 350 oC. A complete loss of fine-grained microstructure was detected 

at 400 oC. 



  20. - 22. 10. 2009, Roznov pod Radhostem, Czech Republic, EU 

 
 

S1 - NANOMATERIALS  103   

 

 

 

 
Al-7075 Al-7075 + (Sc, Zr) 

Fig. 1: Microstructure after ECAP 

 

 

 

T = 300 oC T = 350 oC 

Fig. 2: Microstructure of the Al-7075 alloy after annealing for 1 hour at different temperatures  

 

 

 

T = 300 oC T = 450 oC 

Fig. 3: Microstructure of the Al-7075 + (Sc, Zr) alloy after annealing for 1 hour at various temperatures 

Fig. 3 shows the influence of isochronal annealing on the microstructure of the Al-7075 + (Sc, Zr) alloy. 

Similarly to the Al-7075 alloy, the recovery of the deformed structure occurs at elevated temperatures. The 

process of grain coarsening is significantly slower and grain sizes below 1 m are completely retained at 

300 oC. Even the structure of the sample annealed at 450 oC contains mostly grains with sizes in the vicinity 
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of 1 µm and only scarcely coarser grains with the size not exceeding 5 µm. The estimate of the ratio of high 

angle boundaries reveals its decrease to the value below 50 % in the sample annealed at 450 oC. 

The special type of tensile test used makes it possible to obtain the strain rate dependence of the stress 

from the measurement on one sample. These tests were performed in the temperature ranges from 300 to 

400 oC for the Al-7075 alloy and from 350 to 500 oC for the Al-7075 + (Sc, Zr) alloy. These temperature 

ranges were selected on the basis of microstructural investigations so that they would cover both the 

region of microstructural stability and the region of the grain coarsening onset. The experimental results 

are given in fig. 4 and document significant differences between both materials.  

The Sc+Zr modified alloy exhibits a sigmoidal character of the log  vs. log ε curves, which is typical for 

superplastic deformation. The stress decreases monotonously with increasing temperature of straining up 

to 450 oC. By contrast, the Al-7075 alloy exhibits a non-monotonous temperature dependence of the stress 

already at temperatures between 350 a 400 oC. The stress values measured in both materials are 

comparable at 350 oC, however, the deformation behaviour differs significantly at higher temperatures.   

The parameter m values were evaluated directly from the strain rate steps. Fig. 5 shows the strain rate 

dependence of the parameter m for both alloys and for various temperatures. Considering the value of m = 

0.3 as a bottom limit of superplastic behaviour, it can be concluded that the Sc+Zr modified alloy exhibits 

superplastic behaviour in the entire temperature range used. The maximum m values increase with 

increasing temperature of straining. The maximum of the parameter m was observed at remarkably high 

strain rates (10-2 to 10-1 s-1) for the temperatures of 400 and 450 oC.  

A completely different behaviour was observed in the Al-7075 alloy. The bottom limit of superplastic 

behaviour of m = 0.3 was reached only at 350 oC, any further temperature increase resulted in a significant 

decrease of the parameter m to values close to 0.15 and, thus, in a complete loss of superplastic properties. 

The tensile tests to rupture at a constant crosshead velocity were performed in both materials under 

conditions corresponding to the maximum values of the parameter m. The ductility values are summarized 

in table 2 and correspond well to the values of parameter m. The Al-7075 alloy exhibits a maximum ductility 

close to 200 %, i.e. at the bottom limit of superplastic behaviour. By contrast, the Sc+Zr modified alloy 

reaches superplastic ductility values at 450 oC and very high strain rates.  

 

 

 

Fig. 4: Strain rate dependence of the flow stress of both alloys at various straining temperatures 
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Fig. 5: Strain rate dependence of the parameter m of both alloys at various straining temperatures 

Table 2: The ductility values corresponding to optimum superplastic conditions 

Material Temperature in oC Strain rate in s-1 Ductility in % 
Alloy Al-7075 300 10-3 200 
Alloy Al-7075 350 10-3 240 

Alloy Al-7075 + (Sc, Zr) 450 6,4x10-2 610 
Alloy Al-7075 + (Sc, Zr) 450 1x10-1 410 

4. DISCUSSION 

The experimental results confirmed our expectation that an ultrafine-grained structure can be prepared 

using ECAP in Al-7075-based alloys. The microstructure resulting from 6 ECAP passes at 170 oC does not 

seem to be influenced by the presence of Sc and Zr additions. The main effect of these additions can be 

found in the stability of the ultrafine-grained structure at elevated temperatures. The Al-7075 alloy starts to 

coarsen already at temperatures slightly above 300 oC, while the Al-7075 + (Sc, Zr) alloy retains its fine-

grained structure even at 450 oC. 

The reason for the better stability of the Sc +Zr modified alloy can be found in the presence of the 

Al3(ScxZr1-x) phase. This phase is partially formed already during casting but the size of primary particles of 

the order of 100 nm is too large for a significant suppression of the grain coarsening.  Significantly smaller 

secondary particles formed through precipitation from the supersaturated solid solution during the thermal 

treatment preceding ECAP create a retarding force for grain boundary migration. The excellent stabilizing 

effect of these particles results from the resistance of Al3(ScxZr1-x) particles both to dissolution and 

coarsening by the process of Ostwald ripening. This results from a nearly negligible solid solubility of Sc and 

Zr in Al, from a very low diffusion rate of both elements in Al, and from a high coherency of the Al3(ScxZr1-x) 

phase with respect to the Al matrix. The stabilizing effect of the complex Al3(ScxZr1-x) phase is superior to 

that of the binary Al3Zr and Al3Sc phases. The main drawback of the binary Al3Zr phase is a phase transition 

from the metastable L12 modification existing at lower temperatures to the stable D023 modification 

existing at higher temperatures. The coherency of the stable D023 modification is much lower, this phase is 

prone to coarsening, and, therefore, the stabilizing effect on grain boundary migration is reduced. The 

binary Al3Sc phase exists only in its stable L12 modification and a high level of coherency with respect to the 

Al matrix is preserved up to the highest temperatures. On the other hand, the diffusion rate of Sc in Al is 

faster than that of Zr what contributes to a faster ripening of the Al3Sc particles. Both these drawbacks are 

eliminated in the complex Al3(ScxZr1-x) phase. A TEM investigation revealed that the Sc and Zr atoms are not 

distributed homogeneously - the cores of particles contain preferentially Sc atoms, while the shell contains 
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preferentially Zr atoms [6]. Consequently, the particle ripening is controlled by a slower Zr diffusion and the 

coherency of particles to Al matrix is retained. 

The occurrence of superplastic behaviour correlates unambiguously with the presence of the ultrafine-

grained structure. The Al-7075 alloy without Sc+Zr is not able to retain its fine-grained structure up to 

temperatures where the deformation mechanisms resulting in the superplastic behaviour can develop 

(grain boundary sliding, diffusion processes). In spite of this, the values of the parameter m and ductility lie 

at the bottom limit of superplastic behaviour already at 300 oC, i.e. at temperatures by more than 100 oC 

lower in comparison with the same material prepared using a conventional ingot metallurgical route [7]. 

Such behaviour can be termed „low-temperature superplasticity“ and is a consequence of the small grain 

size. This conclusion is supported by the results given in [8] where the ductility of 200 % was found already 

at 200 oC in the Al-7075 alloy processed by ECAP performed at 120 oC which possess an even finer grain size 

than the material investigated in this work. The modified Al-7075 + (Sc, Zr) alloy exhibits superplastic 

behaviour already at 350 oC, i.e. again under „low-temperature“ conditions. However, the most important 

result of our investigation was found at temperatures between 400 a 500 oC where excellent superplastic 

properties were observed at very high strain rates of the order of 10-2 to 10-1 s-1. This is a two-order shift in 

comparison with the material prepared using a conventional ingot metallurgical route [3]. Such very high 

optimum strain rates enhance significantly the possibility of commercial applications of superplastic 

forming.  

The explanation of this „high-strain-rate“ superplasticity is connected with the presence of the ultrafine-

grained structure. As the grain size decreases, the number of grain boundaries which are carriers of 

deformation in the superplastic deformation mode (grain boundary sliding being the main deformation 

mechanism) is increasing. It is generally known that the rate of grain boundary sliding depends not only on 

the number of grain boundaries but also on their structure. The highest rate of sliding was observed at 

general high-angle boundaries, the lowest one at low-angle boundaries. From this point of view, the ratio 

of high-angle boundaries represents a very important structural parameter for superplastic deformation. 

The materials prepared using ECAP are characterized by a relatively high content of low-angle boundaries, 

especially after a low number of ECAP passes. Our materials contain approximately 60 % of high-angle 

boundaries which is typical for Al-based alloys prepared using ECAP. The results of tensile tests proved that 

such content of high-angle boundaries was sufficient for the occurrence superplastic deformation 

behaviour.     

5. CONCLUSIONS 

• An ultrafine-grained structure can be prepared using ECAP at 170 oC in both Al-7075-based alloys 

studied.  

• The addition of Sc and Zr result in the formation of Al3(ScxZr1-x) particles which are able to stabilize 

the ultrafine-grained structure and maintain the grain size in the vicinity of 1 m up to the 

temperature of  450 oC.  

• The Al-7075 alloy exhibits deformation characteristics at the bottom limit of superplasticity at 300 oC. 

This phenomenon can be termed „low-temperature“ superplasticity. Superplastic characteristics 

disappear at temperatures above 350 oC as a consequence of grain coarsening. 
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• The modified Al-7075 + (Sc, Zr) alloy exhibits superplastic behaviour already at 350 oC. The optimum 

superplastic characteristics were observed at 450 oC at extremely high strain rates of the order of 10-2 

to 10-1 s-1. 

• The „high-strain-rate superplasticity“ results from the presence of ultrafine-grained structure 

prepared using ECAP. The content of 60 % of high-angle boundaries is sufficient for superplastic 

behaviour.   
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Abstract 

Aluminium alloys are widely used in automotive and aerospace industry due to their superior strength to 

weight ratio. Unfortunately, common aluminium alloys can be utilized only up to 250°C. One of possible 

methods for preparation of Al-based alloys with improved thermal stability is addition of elements with low 

diffusivity in Al matrix, especially transition metals (TM) in amounts of several weight percents. 

Unfortunately, these elements have very limited solubility in solid aluminium. This problem can be 

successfully solved by manufacturing of Al-TM alloys by rapid solidification. The rapid solidification causes 

an increase of the solubility of alloying elements, a refinement of the microstructure and improves material 

homogeneity. During extremely rapid quenching, metastable or amorphous phases can be obtained. 

Amount of metastable phases depends on alloys composition and the cooling rate. Subsequent thermal 

treatment of amorphous phases leads to formation of nanocrystalline materials with superior mechanical 

properties. Behaviour of quasicrystalline phases depends on temperature used for annealing: 1. at low 

temperatures quasicrystals are stable, 2. above the decomposition temperature (approximately 350°C) 

they change into very fine stable phases.  

This paper is focused on preparation and description of rapidly solidified Al-Cr-Fe-Ti alloy by melt spinning. 

The effect of Ce addition on material stabilization was also observed. It is supposed that alloying of Al-TM 

alloys by rare earth metal can increase amount of metastable phases and stabilize them at elevated 

temperatures.  

Keywords: Aluminium, Rapid solidification, nanocrystalline alloys 

1. INTRODUCTION 

Aluminium alloys are widely used in automotive and aerospace industry due to their superior straight to 

weight ration. Utilization of common aluminium alloys is limited up to 250°C [1]. It is not possible to 

improve thermal stability of aluminium alloys by alloying, because of low solubility of thermally stabilizing 

element (typically transition metals - TM) v aluminium matrix. Possible way to solve this problem is to 

process alloys rich in thermally stabilizing elements by unusual methods such as rapid solidification. The 

most frequently used method of rapid solidification are melt atomization by inert gas, leading to 

production of rapidly solidified powder, and melt spinning by with are produced thin rapidly solidified 

ribbons. By methods of rapid solidification are obtained very high cooling rates (104-108 K/s) [2]. Under 

these conditions, crystallization is not equilibrium and following phenomena occur: formation of very fine 

homogenous structure, increase of alloying elements solubility, formation of metastable phases 

(quasicrystalline and amorphous) [3]. 

Formation of nonequilibrium structure of material is caused not only by extreme cooling rate. The 

formation of nonequilibrium phases is significantly influenced by so called „glass-forming-ability“ (GFA) of 

alloying system [4]. The GFA of alloy is high when mixing enthalpies of elements is negative, the higher 

number of elements in system the higher GFA and the higher differences in atomic ratios the higher GFA. 

Addition of Ce into Al-Cr-Fe-Ti alloy leads to increasing, according to above mentioned rules, to increase of 
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the GFA. In the previous research [5] was shown, that addition of 3 wt. % of Ce cause structure refinement 

of rapidly solidified ribbon and to enlargement of ultrarapidly solidified area of ribbon. The influence of Ce 

addition on materials hardness was not observed. In this paper, the influence of Ce addition on elevated 

temperature behaviour is described. 

2. EXPERIMENT 

An alloy with composition of Al-5,5 wt. % Cr-3 wt. % Fe-1,5 wt. %Ti-3 wt. % Ce was studied and compared to 

an alloys without Ce, in this work. The alloys were prepared by melting of appropriate amount of pure 

metals and master alloys (Al-11 wt.% Cr, Al-4 wt.% Ti, Al, Fe and Ce) in induction furnace. Consequently the 

alloys were processed by melt spinning method at cooling wheel speed of 1800 rpm, which corresponds to 

cooling wheel circumferial speed of 28 m/s. Phase composition was determined by X-Ray diffraction 

analysis (XRD) using PAN analytical X’Pert PRO + High Score Plus. The alloys were observed by transmission 

electron microscope (TEM) Jeol 3010 (300 kV, LaB6) Equiperd by EDS. Samples for TEM were prepared by 

grinding and subsequent electropolishing v solution of HNO3: methanol 1:3 (10V, -20 °C). Distribution of 

grain size was determined from TEM figures. Hardness HV 0.02 was measured on the cross-sectioned 

ribbons. 

3. RESULTS AND DISSCUSION 

Rapidly solidified Al5.5Cr3Fe1.5Ti alloy is composed of fcc-Al and Al13Cr2 crystalline phases and one 

quasicrystalline phase, as illustrated in Fig. 1. The structure of quasicrystalline phase corresponds to 

structure of Al80Cr20, but 

it was proven by EDS 

analysis, that Cr atoms 

are partially substituted 

by Fe atoms. The Ce 

addition causes 

formation of a new 

phase. As shown in Fig. 2, 

it is Al2Ce phase.   

Fig. 1: XRD pattern of 

Al5.5Cr3Fe1.5Ti alloy a) 

rapidly solidified, b) after 

annealing 400°C / 100 h 

The decomposition of 

Al80Cr20 phase is slightly 

slower in Ce containing 

alloys. This leads to the 

idea that Ce modifies the structure of quasicrystals. However, the selected area electron diffraction 

patterns of quasicrystalline phases shows, that the phases are identical.The change in phase composition of 

alloy is connected to the change of mechanical properties. The hardness of both materials was stable after 

1 h annealing at 400, 450 and 500 °C, see Fig. 3. Temperature of 450°C corresponds to the extrusion 
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temperature, which is used for compactization of rapidly solidified alloys. It can be supposed that these 

materials will keep their good mechanical properties.  Fig. 2: XRD pattern of Al5.5Cr3Fe1.5Ti3Ce alloy a) 

rapidly solidified, b) after annealing 400°C / 100 h 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2: XRD pattern of Al5.5Cr3Fe1.5Ti3Ce alloy a) rapidly solidified, b) after annealing 400°C / 100 h 

As it is shown in Fig. 1 and 2, in both alloys decomposition of Al80Cr20 phase takes place during annealing at 

400°C for 100 hours. 

  
Fig. 3: Room-temperature hardness after   Fig. 4: Dependece of room-temperature hardness  
annealing for 1h      during annealing at 400 °C 

As shown the hardness dependence on annealing time in Fig. 4, the Ce addition leads to alloys stabilization. 

The hardness of Al5.5Cr3Fe1.5Ti slightly decreases at long term annealing, while the hardness of 

Al5.5Cr3Fe1.5Ti3Ce is constant even after 100 h of annealing. As it was mentioned before, this stabilization 

is not due to higher stability of quasicrystals. Equilibrium Ce solubility in fcc-Al is very low (0,05 wt.% [6]) 

and Ce diffusivity in Al matrix is quite high compared to TM [7, 8]. Higher amount of Ce in Al grains in 
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rapidly solidified alloys cannot be detect because of high detection limit of EDS analysis. On the other hand, 

it cannot be assumed that it stabilizes the alloys.  Thermal stability of Al5.5Cr3Fe1.5Ti3Ce is probably due to 

formation of very fine Al2Ce intermetallic phases, which prevent grain coarsening in the same way as Al13Cr2 

and Al80Cr20 phases. 

  

Fig. 5: Structure of rapidly solidified Al5.5Cr3Fe1.5Ti 
alloy 

Fig. 6: Grain size distribution of rapidly solidified 
Al5.5Cr3Fe1.5Ti alloy 

As it was proven by XRD pattern in Fig. 1 and as also shown TEM micrograph in Fig. 5, the structure of 

Al5.5Cr3Fe1.5Ti is formed by fcc-Al grains (light), intermetallic phases Al13Cr2 (dark, irregular shape) and 

Al80(Cr,Fe)20 quasicrystals (dark, spherical). The alloys structure is very fine. Matrix grain size is 

approximately 100 nm and grain size distribution is illustrated in Fig. 6. The structure of Al5.5Cr3Fe1.5Ti3Ce 

alloy is given in Fig. 7. The alloy contains the above mentioned phases and Al2Ce phases (which is not 

shown in Fig. 7) and high amount of defects (dislocation). Grain size is approximately the same with the 

grain size of alloy without Ce. These results shown that Ce addition enlarge ultra rapidly solidified area of 

thin ribbon, but it has no influence on father structural refinement. Based on XRD results and hardness 

measurements, it would be assumed, that no structural changes takes lace during annealing at 400°C for 

100 h. As documented in Fig. 9, this idea is not true. 

Fig.7: Structure of rapidly solidified    Fig. 8: Grain size distribution of rapidly solidified 

Al5.5Cr3Fe1.5Ti3Ce alloy     Al5.5Cr3Fe1.5Ti3Ce alloy 
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Fig.9: Structure of Al5.5Cr3Fe1.5Ti3Ce alloy 

annealed at 400°C for 100 h 

Fig. 10: Grain size distribution of Al5.5Cr3Fe1.5Ti3Ce 

alloy annealed at 400°C for 100 h 

During annealing, the defects are relaxed and grain coarsening takes place, see Fig. 10. Grain coarsening is 

limited, because intermetallic phases prevent grain boundary changes.  

4. CONCLUSION 

Thermal stability of Al5.5Cr3Fe1.5Ti was successfully increased by addition of Ce. Phase composition and 

hardness of material are stable even after 100 h of annealing at 400°C. Surprisingly, Ce addition did not 

cause in nano scale any structural refinement  
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Abstract 

Polymer nanocomposites with improved processing and optimized usage properties possess high potential 

for high-tech applications and tailore-made materials. However, only systems based on polyamide matrix 

have been commercialized up to now. The main problem consists in the difficulty of up-scaling, i.e. transfer 

of results from laboratory to industrial processing. In this contribution, examples of laboratory (“micro 

compounding”) as well as semi-industrial compounding (“advanced compounding”) with advanced 

processing and characterizing techniques are presented. It is shown that for successful applications of 

polymer nanocomposites both micro as well as advanced compounding should be employed in order to 

achieve specific material properties and reduced development time. Micro compounding has been used to 

find an optimal organoclay surface treatment for enhancement of recycled polyethyleneterephthalate 

(PET). Advanced compounding has been applied in order to optimize processing conditions at semi-

industrial scale. It is shown on example of polypropylene (PP) nanocomposites that controlled adjustment 

of residence time and shear rate in compounder is crucial to achieve desired material properties.  

Keywords: polymer nanocomposites, polyethyleneterephthalate (PET), organoclay 

1.  INTRODUCTION 

Polymer-clay nanocomposites have become a new class of materials since Toyota patented first successful 

results based on polyamide and montmorillonite [1]. Conventional polymer composites are based on 

reinforcement of the polymer matrix by micrometer scale particles. For example, isotactic polypropylene 

filled with talc, micro-ground calcium carbonate, wood powder, possibly with other suitable fillers, or epoxy 

and polyester resins filled with mineral particles offer an advantageous combination of mechanical 

properties and price. However, polymeric materials reinforced by nanoscale particles exhibit significantly 

higher performance, for example substantial increase in stiffness and decrease in gas and liquid penetration 

already for small amounts of the filler [2]. Polymer nanotechnology involves not only incorporation of 

nanosized particles into the polymer but, more importantly, investigation of interactions between the 

polymer matrix and the enormously large nanofiller surface [3]. Especially for polymer/clay 

nanocomposites, the surface effects are responsible for improvement of barrier, mechanical and 

rheological properties, dimensional stability, heat-, flame- and oxidative-resistance. In comparison with 

traditional fillers (20−40 wt. % loading), 2−5 wt. % filling of layered clays is sufficient to achieve analogous 

material improvement [2, 4]. Polymer/clay nanocomposites can generally be prepared by three methods 

[5]: 1) mixing during polymerisation („in situ“), 2) mixing in solvent, 3) melt mixing. Additionally, 

possibilities of nanoparticle dispersion by application of electric fields [6], by ultrasonic mixing [7] or direct 

chemical bonding of polymer chains onto the surface of silicate platelets [8-10] have been studied. Melt 

mixing (compounding) is the industrially most attractive method due to technological simplicity (usage of 

common polymer processing machines in contrast to special equipment and procedures in chemical 

laboratories), flexibility and environmental friendliness. Moreover, it is possible to use various polymers as 



  20. - 22. 10. 2009, Roznov pod Radhostem, Czech Republic, EU 

 
 

114   S1 - NANOMATERIALS 

 

a matrix (different molecular weight, branching degree, copolymers, etc.) including recycled polymers [11-

13]. The production efficiency of this method is considerably higher than that of the others (“melt mixing” 

proceeds in the order of minutes, as compared to several hours characteristic for “in-situ” and “solution” 

methods) [14,15]. The principle of the melt mixing method consists in delamination of silicate platelets in 

the polymer melt by shear forces and thermodynamical interactions between polymer chains and 

organoclay. During compounding, penetration of polymer chains into the silicate gallery (intercalation) 

facilitates delamination of individual platelets, resulting in better dispersion of silicate layers in the polymer 

matrix [16]. Using the co-rotating twin-screw extruder or a continuous kneader (e.g. Buss kneader) as a 

continuous processing way is industrially preferred to melt mixing in a discontinous kneader. It is obvious 

that for the successful dispersion of silicate plates in polymer melt by continuous processing the following 

two requirements have to be fulfilled: sufficient shear energy and enough residence time. However, these 

two effects act against each other. With higher shear forces (e.g. usage of kneading blocks generating 

higher shear rate or increase in screw speed) the residence time is shortened. To our knowledge, we 

presented for the first time [17] that both, high shear rate as well as longer residence time can be matched 

by implementation of a melt pump in front of an open twin-screw extruder. The melt pump determines the 

throughput rate; the screw speed controls the shear intensity. In this contribution, selected results of 

nanocomposites preparation in labor and semi-industrial scale compounding are summarized. The systems 

investigated are based on layered silicates and hydrophilic (PET) as well as hydrophobic (PP) polymer 

matrix. "Micro-compounder" has been successfully employed as a powerfull tool for determination of most 

suitable clay surface modification used for recycled PET enhancement. "Advanced-compounding" using a 

melt pump as a new opportunity for industrial production is discussed for PP nanocomposites. 

2.  MICRO-COMPOUNDING OF RECYCLED PET-CLAY NANOCOMPOSITES 

2.1  Materials 

Organo-modified clays (Cloisite 6A, 15A, 20A, 10A, 25A, 30B) were supplied by Southern Clay Products, Inc., 

Gonzales, TX, U.S.A. Recycled poly(ethylene terephthalate) from colour-selected beverage bottles (PET-R) 

was delivered by Polymer Institute Brno, Ltd., Czech Republic. 

2.2  Preparation of nanocomposites 

Organoclays were dried at 80 °C and PET regranulate at 110 °C in an oven at least for 12 h. PET-R was 

compounded with 5 wt. % of organoclay in a co-rotating twin-screw micro-extruder (DSM Research, 

Netherlands) using the screw speed 200 rpm. 

2.3  Structure of nanocomposites   

WAXS (wide-angle x-ray scattering) analysis was performed with a HZG 4/4A diffractometer 

(Praezisionsmechanik Freiburg, Ltd., Germany). The Ni-filtered Cu Kα radiation generator was operated at 

30 kV accelerating voltage and 30 mA current. The TEM measurements were carried out with a Zeiss LEO 

912 Omega transmission electron microscope using an acceleration voltage of 120 keV. 

2.4  Melt rheology 

An ARES 3 Rheometer (Advanced Rheometric Expanded System, Rheometric Scientific, Inc., U.S.A.) with 25 

mm parallel plate geometry was employed for rheological characterization. Dynamic frequency sweep 
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measurements (at the strain level 2 % for the nanocomposites and 30 % for the matrix) as well as time 

sweep tests were performed at 270 °C under nitrogen. 

2.5  Results and discussion 

To obtain well-intercalated and exfoliated structure, the surface polarities of polymer matrix and 

organoclay must be matched [18]. Polar interactions are also crucial for the formation of well-dispersed 

systems via polymer melt intercalation [19]. These assumptions are confirmed by the results obtained. 

Nanofillers Cloisite 6A, 15A and 20 A show a large initial gallery spacing, allowing an easier penetration of 

polymer chains, but they are exceedingly hydrophobic and do not match the polarity of PET. Subsequently, 

the weak interactions between the ammonium cations of fillers Cloisite 6A, 15A, 20 A and the chains of PET 

resulted in inferior PET intercalation. On the other hand, due to the moderate surface polarity of Cloisite 

30B and 10A, highly delaminated structures of recycled PET nanocomposites were obtained (Table 1). 

Table 1. WAXS analysis of organoclays in nanocomposites* 

ORGANOCLAY XRD PEAK POSITION (°) BASAL SPACING (Å) Δ D001 (Å) 
Cloisite 6A 2.8 (2.64) 31.5 (33.4) -1.9 
Cloisite 15A 2.9 (2.8) 30.4 (31.5) -1.1 
Cloisite 20A 3 (3.65) 29.4 (24.2) 5.2 
Cloisite 10A 3 (4.6) 29.4 (19.2) 10.2 
Cloisite 25A 3.1 (4.75) 28.5 (18.6) 9.9 
Cloisite 30B 2.9 (4.77) 30.4 (18.5) 11.9 

* manufacturer´s data for neat organoclays are given in parentheses 

According to TEM micrographs, the highest level of homogeneity and delamination was found in the system 

filled with Cloisite 25A (Figure 1A). The nanocomposites with Cloisite 30B and 10A showed heterogeneous 

structure, which manifested itself by both exfoliated platelets and their stacks (Figure 1B). On the other 

hand, materials containing Cloisite 6A, 15A and 20A exhibited poor dispersion due to highly hydrophobic 

nature of these organoclays (Figure 1C). 

     
Fig 1. TEM photomicrographs of PET-R/organoclay nanocomposites; (A) Cloisite 25A, (B) Cloisite 30B, (C )Cloisite 6A 

Processing properties of nanocomposites are characterized by rheological measurements. The flow curves 

(Figure 2) indicate the efficiency of the organoclay filling which manifests itself as a significant increase in 

melt viscosity in the range of low shear rates. At higher frequencies, the complex viscosity of 

nanocomposites decreased below the value of the unfilled matrix with the same processing history as the 

nanocomposites. The wall slip of filled melts between the parallel plates and matrix degradation during the 

(A) (B) (C) 
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rheological measurements were disproved by the time sweep tests, performed at various frequencies and 

plotted in Fig 3.  

The reason for the observed phenomenon could then be a slip between the polymer matrix and filler 

particles or a decrease in the complex viscosity of PET-R matrix in nanocomposites. Monitoring the melt 

compounding process, it was found that the most significant degradation during the processing of recycled 

PET and organoclay is attributed to chemical reactions between the functional groups of organic modifiers, 

the free water of the silicate and the polymer chains. These reactions lead to a decrease in molecular 

weight, which is indicated by decreasing values of load force (FL) during mixing in microextruder (Figure 4). 

For a constant volume of the compounded material and the same processing speed, the FL magnitude is 

proportional to the viscosity of the material. The sharpest decrease in FL with time was observed for the 

system containing Cloisite 30B, which is attributed to the presence of hydroxyl groups in the nanofiller. The 

clays treated with organic compounds, which show a higher 

reactivity to PET (Cloisite 30B, 10A) manifesting itself by a 

decrease in FL (Figure 4), support a much higher level of 

delamination than the other nanocomposites (Table 1). This 

phenomenon could be explained by easier penetration of shorter, 

degraded polymer chains into the gallery of silicate layers. 

Fig 2 The dynamic flow 

curves of the matrix and 

nanocomposites 

Fig 3 (on the right). Time sweep test of the nanocomposite with Cloisite 

10A 

The melt viscosity decrease of nanocomposites at higher 

frequencies compared with PET-R matrix is caused by inert low-

molecular-weight compounds formed by thermal degradation of 

alkylammonium tethers as well as by chain scission due to water and hydroxyl groups of silicate and 

especially due to the hydroxyalkyl groups of Cloisite 30B. Thermal decomposition of quaternary ammonium 

tethers proceeds by Hofmann elimination. The silicate anion abstracts hydrogen from the β-carbon of an 

alkyl, yielding an olefin, tertiary amine and acid, a protonated site of silicate. An excess surfactant chloride 

over the montmorillonite cation exchanges capacity which is in Cloisite 6A, 15A and 10A, decomposes also 

by SN2 nucleophilic substitution yielding alkyl chloride and tertiary amine [20]. Although organoclays are 

conventionally considered hydrophobic, water absorption still proceeds on the outer surface of particles, 

along the hydrophilic layer edges and on polar groups of alkylammonium tethers. The water content in 

dried, mostly hydrophobic Cloisites 6A, 15A and 20A is up to 0.6−0.7 wt. % [20]. Hydrolytic degradation of 

PET proceeds under the catalysis with Bronsted and Lewis acid sites of silicate. The nanocomposite with 5 

wt. % of Cloisite 30B contains an amount of 2-hydroxyethyl groups comparable with that of PET, whose Mn 

is ca. 10000. This means that every PET molecule can be split once on average due to transacylation during 

the melt mixing process. This is the main cause of significant viscosity and storage modulus decrease in the 

nanocomposite mentioned. Except the composites containing Cloisite 30B and 10A (due to the degradation 

mentioned above), a relationship between rheological properties and structure of prepared 

nanocomposites was revealed. The higher increase in interlayer distance Δd001 (level of intercalation of the 
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silicate platelets, Table 1) resulted in an enhancement of the complex viscosity and storage modulus 

(dispersion of clay particles forms stronger physical network in the polymer matrix, Figure 2, 5). Compared 

with the unfilled polymer, all nanocomposites show rubber-like behaviour which is indicated as G´ 

secondary plateau in the range of low frequencies. This 

phenomenon is especially distinct in Figure 6, where the 

viscoelastic liquid of recycled PET (G´´>G´) is transformed into 

rubber-like nanocomposite (G´>G´´). These properties are 

attributed to physical network structures in nanocomposites 

Fig 4. Time dependence of the load force during melt mixing of the matrix 

and nanocomposites 

. 

 

 

 

 

 

 

Fig 5 Dependence of storage modulus on frequency for the matrix and nanocomposites 

Fig 6 Comparison of viscoelastic properties of the matrix and the nanocomposite with Cloisite 6A 

3.  ADVANCED-COMPOUNDING OF COMPATIBILIZED PP NANOCOMPOSITES 

3.1.  Materials 

The isotactic polypropylene (PP) homopolymer HC600TF used for the preparation of nanocomposite 

masterbatches was supplied by Borealis Inc., Linz, Austria. The used nanofiller with commercial name 

Nanofil 5 was supplied by Süd-Chemie Inc., Munich, Germany. The compatibilizer Scona TPPP 2112 FA was 

supplied by Kometra Ltd., Schkopau, Germany. 

3.2.  Compounding process 

For the compounding process, an intermeshing, co-rotating twin-screw extruder Theysohn TSK30/40D 

(Theysohn Extrusionstechnik Ltd., Korneuburg, Austria) has been employed. The screw geometry and speed 

have been varied in order to observe the influence of melt pump on compounding quality at different 

processing conditions. Three different melt pump adjustments have been examined: 1) Δp negative, where 

the negative pressure difference between the outlet and inlet pressure of the melt pump has been set; 2) 

Δp neutral, where the inlet and outlet pressure have been kept at the same level and 3) Δp positive with a 

positive pressure difference has been set. For a comparison, all the tested compounds have been processed 

without the melt pump as well. Two different screw geometries (low and high shear configuration, 

indicated as G1 and G2, respectively) have been employed. Extruder temperature profile has been set at 

160 - 200°C from hopper up to die. The melt pump temperature has been kept at 200 °C. The values of 

residence time and extruder torque for different adjustments of the melt pump are plotted in Figures 7-10. 
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The minimal residence time has been measured using a colour masterbatch as the time between granulat 

insertion into the hopper and colouring of the outgoing molten string. The compatibilizer admixture related 

to organoclay content (20 wt.%) has been chosen in a ratio (Clay:Compatibilizer) of 1:1 according to our 

previous investigations. 

 

 

 

 

 

 

 

 

Fig 7, 8. Residence time and extruder torque vs. tensile force (on the left: G1, 100 rpm; on the right: G1, 75 rpm) 

 

 

 

 

 

 

 

 

Fig 9, 10. Residence time and extruder torque vs. tensile force (on the left: G2, 100 rpm; on the right: G2, 75 rpm) 

3.3  Results and discussion 

The effect of melt pump on processing characteristics during compounding at different screw geometries 

and speeds is plotted in Figures 7-10. It is obvious that the pressure profile as well as torque and residence 

time in the extruder are strongly affected by melt pump adjustments. According to the expectations, the 

highest effect of the melt pump on increase in residence time and extruder torque occurs by adjustment of 

melt pump to maximal negative pressure difference; on the other hand, no significant differences between 

processing characteristics at neutral and positive melt pump operating modes have been observed. As can 

be seen from Figures 7-10, values of residence time and average torque revealed the same trend, which 

has an important impact on the processing efficiency. The level of torque in extruder gives information 

about level of shear forces applied during compounding. It can be clearly seen that both residence time as 

well as shear forces can be increased at the same time using the melt pump. The applied shear energy can 

be controlled by the screw speed and the residence time by adjustment of the melt pump. In this way, 

efficiency of dispersive as well as distributive mixing in continuous compounding can be substantially 

increased, depending on construction of twin-screw extruder and the melt pump. The main benefit of the 

melt pump consists in approximately two-times higher residence time achievable. In this way, diffusion 

process of intercalation and subsequent delamination of silicate platelets in the polymer matrix is 

substantially prolonged. 
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4.  CONCLUSION 

As shown in example of recycled PET-organoclay nanocomposites, micro-compounder is the preferable tool 

to find effects of mixture composition and mixing time on material properties. In this equipment, nitrogen 

atmosphere can be applied in order to prevent thermo-oxidation during compounding. Furthermore, 

laboratory construction enables easy handling and minimal time to clean the screws and barrel after the 

change in mixture components. Advanced compounding using a co-rotating twin-screw extruder in a 

combination with the melt pump makes it possible to apply high shear forces and long residence time 

simultaneously within continuous processing technique. This approach has been successfully tested at 

semi-industrial processing conditions. Therefore, the results can be further utilized for industrial purpose.  
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Abstract 

Layered silicates as nanoscale fillers have a great potential in improving polymer material properties. 

Depending on the composite structure (agglomerated, intercalated or exfoliated) a significantly higher level 

of reinforcement can be achieved with a very small amount of filler. The composite properties are usually 

characterized by X-ray diffraction (XRD), tensile tests and microscopic methods (e.g. transmission electron 

microscopy). Apart from the fact that these methods are very time consuming and cost-intensive, they are 

off-line methods and hence not suitable for industrial use. A new approach is the in-line characterization of 

nanocomposite quality using Near-Infrared spectroscopy (NIR). 

The presented results show a direct correlation between the nanocomposite quality determined by XRD 

and tensile tests and the data analyzed from in-line NIR measurements. Furthermore, NIR technique and 

chemometric analysis allow real-time, quantitative information about nanocomposite quality during 

processing. 

Keywords: polymer nanocomposites, X-ray diffraction, Near-Infrared spectroscopy, SEM, TEM, SAXS, WAXS 

1. INTRODUCTION 

Nanocomposites are modified polymers with particles, where at least one dimension is in the order of 

nanometers. Polymer material reinforced by nanoscale particles exhibit significantly higher performance, 

for example higher elastic modulus, tensile strength, thermal resistance, lower gas and liquid permeability, 

reduced flammability and enhanced rheological properties already for small amounts of the filler [1], [2]. 

For preparation of polymer nanocomposites, layered silicates (clay, especially montmorillonite, MMT) have 

been the most commonly used nanofillers due to the possibility to achieve aspect ratios ideally up to 1000. 

According to the dispersion and the homogeneity of the nanofiller conventional composites, intercalated 

nanocomposites and exfoliated nanocomposites can be formed. To determine the homogeneity of the 

material a variety of methods are commonly used. These include optical (scanning (SEM) and transmission 

(TEM) electron microscopy), mechanical (tensile strength, extensional rheology) and light scattering 

methods (small angle (SAXS) and wide angle (WAXS) x-ray scattering). A new way to determine material 

homogeneity is the use of near infrared spectroscopy (NIR). NIR-spectroscopy is a non-destructive, optical 

method to obtain information about the composition of samples and interactions within the sample. Near- 

and mid-infrared methods (NIR, MIR) measure the absorbance of light due to excitation of molecular 

vibrations of the substance under investigation. Mid-infrared measurements (often referred to only as IR) 

are exploiting radiation in a spectral range between 2500 and 25000 nm, detecting fundamental molecular 
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vibrations, while NIR is operating in the spectral range between 780 and 2500 nm. Therefore NIR detects 

the overtones and combinations of the molecular vibrations (Fig. 1). Although NIR signals are 100-1000 

times weaker than IR signals, only the NIR technique is suitable for in-line implementation due to the use of 

quartz based optics and optical fibers for signal 

transfer from the measuring probe to the NIR 

spectrometer. 

 

Fig. 1: Spectral range of different IR methods 

If light is transmitted through a sample, vibrations of the molecular bondings are excited, resulting in an 

energy absorbance at specific wavelengths depending on the type of molecule and molecular bondings, 

which can be detected by NIR spectroscopy (Fig. 

2). The wavelength position of the absorbance 

bands in the NIR spectrum provides the 

information for identification of substances and 

chemical functionalities. The prevailing conditions 

in the sample (chemical state, number and type of 

interactions) are narrowly linked with the 

mechanical properties which can therefore be 

determined by NIR spectroscopy [3]. 

Fig. 2: Energy absorbance bands with and without sample 

2. EXPERIMENTAL 

2.1 Materials 

The isotactic PP homopolymer HC600TF (melt flow rate, MFR 2.8 g/10 min; 230°C/2.16 kg) was supplied by 

Borealis, Inc., Linz, Austria. The used nanofiller (montmorillonite intercalated with dimethyl distearyl 

ammonium chloride) with commercial indication Nanofil 5 was supplied by Sud-Chemie Inc., Munich, 

Germany. The compatibilizer (Scona TPPP 2112 FA, MFR 14.8 g/10 min) was supplied by Kometra, Ltd., 

Schkopau, Germany. 

2.2 Preparation of polypropylene nanocomposites 

For the compounding process, an intermeshing, co-rotating twin screw extruder Theysohn TSK30/40D 

(Theysohn Holding Ltd, Vienna, Austria) with a string die was used. The feed rate was set at 10 kg/h, with a 

screw speed from 100 to 300 rpm. The formulation of the nanocomposite was constant at 5 wt% 

organoclay, 5 wt% compatibilizer and 90 wt% polypropylene. A melt pump was implemented (Δp~-100 bar) 

to increase the residence time and shear rate and therefore improve the dispersion of the nanofiller. A 

bypass system provides a melt string for on-line rheotens measurement. Two Different screw geometries 

were used to produce nanocomposites with varying layer distance and mechanical properties. 

For structural and mechanical characterization, plates with a thickness of 2 mm and standard dog bone 

shaped specimens (150 mm length, 20 mm width, 4 mm thickness), respectively, were prepared using the 

hydraulic vacuum press machine (Collin 200 PV, Dr. Collin Ltd., Ebersberg, Germany) and the injection 

moulding machine (Engel ES330/80H, 800 KN closing force, Schwertberg, Austria). 
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2.3 Small angle x-ray scattering (SAXS) 

X-ray measurements were performed using Bruker NanoSTAR (Bruker AXS, Karlsruhe, Germany) small angle 

X-ray scattering (SAXS) equipment. This system was equipped with a two-dimensional X-ray detector. A 

wavelength of 0.154 nm (Cu-Kα) was used. The samples were measured in transmission. To avoid the 

influence of texture, all scattering measurements were performed on plate samples. The gallery period 1 of 

the nanofiller was determined on a powder sample. To avoid statistical effects, the scattering curves 

recorded at three different positions on the samples were averaged. To determine the gallery period, 

scattering curves were corrected for background scatter and a Lorenz correction was applied. 

2.4 Mechanical properties - tensile test 

A universal tensile testing machine (Type: Z010, Zwick Ltd and Co. KG, Ulm, Germany) was used to carry out 

the tensile tests according to ISO 527-1. All tests were carried out under standardized conditions (23 ± 2°C / 

50 ± 5 % r.H.). The data was evaluated using the testXpert II software (ZWICK, Ulm, Germany). 

2.5 On-line rheotens measurements 

The different physical crosslinking and bonding between polymer chains and organoclay results in a 

diversity of viscoelastic response. Therefore rheotens measurements are used to identify changes of the 

elongational viscosity. Individual nanoparticles act as entanglement or crosslinking sites and raise the 

extensional stiffness of the composite [4]. 

The Rheotens 71.97 equipment (Göttfert Inc., Buchen, Germany) was used. Two or four rotating wheels 

(linearly accelerated) are connected to a force transducer while drawing off the extruded string until it 

breaks. The drawing force applied to the wheels at a specific draw rate is the reference value for the melt 

strength level. The data of at least 3 measurements for each sample were evaluated. 

2.6 In-line FT-NIR measurements 

For in-line measurement a Fourier-transform near infrared (FT-NIR) spectrometer of i-Red Infrared Systems 

Inc. (Linz, Austria) with a probe installed right before the die was used. The spectrometer is working at a 

spectral range of 12000 - 3800 cm-1 (900-2600 nm) with a spectral resolution of 1.5 cm-1. The probe was 

connected to the spectrometer using fibre optics. The spectral data was collected with near infrared 

process spectrometer software (NIPS). The chemometric evaluation of the measured spectra was done 

with the software package Thermo GRAMS/AI from Thermo Fisher Scientific Inc. 

2.7 Evaluation of NIR data 

For the realization of an adequate process monitoring it is essential to find relations between composition 

of the sample, particle size or mechanical properties. This procedure is extensive, because NIR 

measurements detect combinations of vibrations and overlapping bands. Therefore statistics provides 

various algorithms that establish a relationship between spectral data and a chemometric model. The 

intricacy for building a chemometric model is the problem of finding the right algorithm, the right pre-

processing method and the right wavelength range. NIR measurements are in need of reference 

investigations (for linking them with mechanical properties) which are providing the values used for 

correlation with the spectral data. It is of immense importance for the accurateness of the chemometric 

model that these values are as precise as possible. 
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Experimentally NIR spectra of samples with varying but known responses were measured, pre-treated and 

then the PLS 1 algorithm was used to generate a linear calibration model for calculating the responses from 

the measured NIR data using reference values. Then a cross validation was performed on the calculated 

chemometrical model. The quality and the predictive ability of the model is rated basically with the 

coefficient of determination R2 and the root mean square error of cross validation RMSECV. R2 (values 

between 0 and 100 %) show the correlation of the NIR data with the reference values of the response 

parameter. The coefficient of determination R2 should lie above 90 for quantitative calculation and above 

70 for qualitative calculation. All models with values below 70 can not be used reasonably. Additionally, a 

precise model has a RMSECV as low as possible. A good and stable model should also not consist of many 

eigenvectors (referred to as “factors”), because the more factors are used the more unsteady the 

chemometric model becomes. So it is clear that the number of factors used should always stay in relation 

to the problem investigated. In the case of the investigation of nanocomposites the number of factors 

should preferably not be higher than 8. 

3. RESULTS AND DISCUSSION 

3.1 Young’s modulus as reference value 

For this measurement, the response of interest is the Young’s modulus. The gained chemometric model 

should be close to the best model for the evaluation of the Young’s modulus values from NIR 

measurements. The chosen spectral pre-

treatment methods were mean centering 

and SNV. A coefficient of determination R2 

= 97.70 % (factors = 5) with an RMSECV of 

30 MPa for geometry 1 and R2 = 90.55 % 

(factors = 4) with an RMSECV of 94 MPa 

for geometry 2 could be achieved. Fig.3 

and Fig. 4 show the results for both 

geometries. 

Fig.3: Young’s modulus values calculated 

versus measured for geometry 1 

The calculated Young’s modules for 

geometry 1 are very close to the real 

values regarding that the performed tensile 

test has a mean standard deviation of 67 

MPa. 

Fig. 4: Young’s modulus values calculated 

versus measured for geometry 2 

The values for geometry 2 at screw speed 

100 and 300 show greater deviations, 

which can be explained with the fact that 
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cross validation is not always that efficient with extrapolation. Nevertheless, the values are quite precise 

regarding that the tensile test has a mean standard deviation of 166 MPa for geometry 2. 

3.2 Layer distance as reference value 

The second response of interest is the layer distance. The reference values are gained by SAXS. A very good 

correlation is achieved when the chemometric model is optimized with mean centering and normalization 

The coefficient of determination R2 

calculated for screw geometry 1 was 

93.44 % (factors = 1) with an RMSECV of 

0.013 nm and R2 = 93.51 % (factors = 2) 

with an RMSECV of 0.019 nm for screw 

geometry 2. Fig. 5 show the values for the 

layer distance calculated with the 

chemometrical model. 

Fig. 2: Layer distance calculated versus 

measured for geometry 1 

Fig. 3: Layer distance calculated versus 

measured for geometry 2 

3.3 Drawing force as reference value 

The third response of interest is the on-

line measured drawing force. To gain 

good correlation, the chemometric model 

is optimized with mean centering and 

Multiplicative Scatter Correction (MSC). A 

coefficient of determination R2 = 94.59 % 

(factors = 5) with an RMSECV of 2.64 mN 

for screw geometry 1 and R2 = 97.50 % 

(factors = 5) with an RMSECV of 1.98 mN 

for screw geometry 2 could be achieved. 

Fig. 7 show the results measured and 

calculated for both geometries. 

 

Fig. 4: Drawing Force calculated versus 

measured for geometry 1 
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Fig. 5: Drawing Force calculated versus 

measured for geometry 2 

4. CONCLUSION 

As shown in this work the Young’s 

modulus, the layer distance and the 

drawing force exhibit very good 

correlation with NIR data analysed by PLS 

1 algorithm. It can bee seen that near 

infrared spectroscopy is a quantitative 

method for monitoring nanocomposite 

quality although the measurements were 

done at different aggregate states and samples with different processing history caused by sample 

preparation. Therefore important parameters like crystallisation could not be considered by the NIR 

measurements. It is evident that the different aggregate states (melt state vs. semi-crystalline solid state) 

and the post-processing procedures (cooling down, heating up, moulding and cooling down again) causing 

for example preferential orientations, are affecting the chemometric models negatively. Nevertheless this 

work shows that it is possible to determine the Young’s modulus, the layer distance and the drawing force 

with sufficient precision for quantitative evaluation with near infrared spectroscopy. Therefore NIR 

spectroscopy is perfectly suitable for in-line quality control and characterization of nanocomposites in real 

time and directly in the melt during production, leading to a faster composite optimization process with 

reduced rejections and costs. 
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Abstract  

The polymer/clay nanocomposites have been studied for several years yet. Weak attention has been given 

to poly(VinylChloride)/clay nanocomposites, although PVC is the best known and the most widely used 

vinyl plastics. This paper focuses to the clay volume optimalization at compositions based on soft PVC. 

Different clay content was used to find out the optimum between properties, filling grade and level of 

exfoliation.  

Modified type of clay, Cloisite 30B, and unmodified type of clay, Cloisite Na+, were employed as the 

inorganic phase. In the first case the clay gives good exfoliation degree and in the second case the degree of 

exfoliation is very low. These two systems were select due to better understanding the role of clay content 

and exfoliation degree in relation to the final properties of polymer/clay nancomposites. Clay volume 

differs from 0 to 40 %. In case of Cloisite 30B composition with clay content 0 - 20 % was prepared due to 

thermal stability of mixing systems.  

As the intercalation and co-intercalation agent was used low molecular plasticizer dioctyphthalate (DOP). 

The melt intercalation method was used for PVC/clay nanocomposite preparation. All intercalates and co-

intercalates were reached at 80 °C in laboratory mixer Thermomix. For mixture compounding, the KO-

kneader was chosen.  

The morphology of investigated materials was studied by XRD and TEM. The final composition properties 

were characterized by tensile stress and strain, dynamical thermo-mechanical analysis and by barrier 

properties. It was observed, that relative value of complex modulus /E*/ is growing rapidly with increasing 

temperature. The enhancement is more intensive for materials based on Cloisite 30B.  

Keywords: clay, polymer layered-silicate nanocomposites (PLN), dioctyphthalate 

1.  INTRODUCTION 

In the many human activities the examples of the nature is possible to found. The same trend can be seen 

in the nanocomposite materials. The biological nanomaterials have been refined by evolutionary processes 

over a very long time. This leads to a high level of optimization compared with many synthetic materials, 

likewise over the past one decade the research on polymer layered-silicate nanocomposites (PLN).  

The layered-silicate particles commonly used in the production of PLN belong to a swelling clay group 

known as smectite (e.g. montmorillonite, hectorite, saponite).[1] This category of clay mineral owns a 

multilayered structure where the interlayer space is occupied by alkaline earth counterions.  

For majority of polymer polar types, such as polyamide [2, 3], polyurethane [4, 5], polyethyleneterephthalate [6] 

and epoxy resins [7] the use of a suitable organic compatibilizer modifying layered-silicate is usually 

adequate to offer an excess enthalpy to promote PLN formation. 

Poly(VinylChloride), PVC, as an important commercial polymer, has been studied and used widely in 

industrial fields for many years. However, due to its inherent disadvantages, such as low thermal stability, 



  20. - 22. 10. 2009, Roznov pod Radhostem, Czech Republic, EU 

 
 

S1 - NANOMATERIALS  127   

 

brittleness and controversial additives, PVC and its composites are subject to some limitations in certain 

applications. The plasticizer migration from the plastic item to its surroundings may involve the appearance 

of problems, namely the modification of flexibility of the PVC and the contamination of the media in 

contact with PVC. [8] Therefore, it is necessary to develop new PVC products with high quality and good 

properties in order to yield high added values and broaden PVC applications. Recently, the development of 

PVC nanocomposites presents a new way to prepare high performance PVC composites. Nowadays, 

PVC/nano-CaCO3, PVC/laponite nanocomposites and systems based on PVC nanocomposites for absorbing 

electromagnetic waves have been studied by some researchers. [9, 10, 11] 

This fact leads to need to study the PVC/clay nanocomposites. One of the important questions focuses to 

the clay volume optimalization at compositions. Different clay content was used to find out the optimum 

between properties, filling grade and level of exfoliation. 

2.  MATERIALS AND METHODS 

The suspension type of PVC Neralit (Neralit 652, K = 65) supplied from Spolana Neratovice, Czech Republic 

was used as polymer matrix. 

As the source of nanofillers were employed two clays: Cloisite 30B and Cloisite Na+ from Southern Clay 

Products, USA. Their characteristics are show in Tab. 1. Clay volume differs from 0 to 40 %. In case of 

Cloisite 30B composition with clay content 0 - 20 % was prepared due to thermal stability of mixing 

systems. Tab. 2 describes tested composition.  

Tab. 1: Fillers 

Organoclay Na+ 30B

d-spaccing 1,2 nm 1,8 nm

Source Southern Clay products Southern Clay products

90 meq/100g

methyl, tallow, bis-2-hydroxyethyl, 

quaternary-ammonium chloride
Organic modifier

Modifier concentration

natural sodium 

montmorillonite

-

 

Plasticizer dioctylphthalate (DOP) with the formula C6H4(CO2C8H17)2 from DEZA Valašské Meziříčí, Czech 

Republic was employed as intercalate and cointercalate. All intercalates and co-intercalates were reached 

at temperature 80 °C in laboratory mixer Thermomix.  

Polymer/clay nanocomposites were prepared in a Buss KO-kneader MKS 30 (L/D = 18, D = 30 mm). The 

screw speed was at 70 rpm. The operating temperature varied from 130 °C to 160 °C.  

X-ray diffraction patterns for PVC nanocomposites were collected on the URD-6 Diffractometer using CuK 

radiation. For further investigation transmission electron microscope TEM, Phillips PM 120, was used. 

The composition were studied from the viewpoint of the dynamical thermo-mechanical properties by 

equipment DMA DX04T at frequency 1 Hz, heating 2 °C/min, sample thickness = 1 mm, temperature range -

10 to100 °C.  

The tensile strength and elongation at break were obtained by the Alpha technologies T2000 machine in 

compliance with CSN EN ISO 527- 3 standard. 
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3.  RESULTS AND DISCUSSION 

3.1  Radiographic testing 

The structure of prepared composition was studied by XRD. The neat PVC is amorphous polymer therefore 

there is no peak in patterns. The Cloisite Na+ and Cloisite 30B are characterized in Tab. 1. The d-spacing is 

1.2 nm for Cloisite Na+ and 1.8 nm for Cloisite 30B. 

Tab. 2: Clay volume in mixtures 

In Fig. 1 the patterns of composition with different volume 

of Cloisite Na+ are presented. Peak intensity is growing 

moderately with increasing clay concentration in PVC 

matrix for samples with 0.5 - 5 % of clay. The highest value 

was obtained for loading 3 and 5 %, 1.36 nm. From the clay 

volume 10 % the d-spacing is going slowly down again. 

Composition with clay concentration 20 % shows the 

maximum on the same position as neat Cloisite Na+. It 

means that the d-spacing was not changed in majority of 

clay particles. It can be concluded that the intercalation 

was not sufficient in Cloisite Na+ compositions.   

For the Cloisite 30B, three maxima are possible to observe, 

which correspond to different intercalante structure in clay 

interlayer, as Fig. 2 presents. No maximum was observed 

for clay volume 0.5 and maxima are poor for clay volume 1 

and 3 %. It can indicate high level of exfoliation. The highest 

value of d-spacing was noted for composition with 10 % of 

clay concentration, 3,9 nm, but maxima intensities are 

relatively high. This fact may indicate that the plasticizer 

was intercalated into clay structure, but the concentration 

is too high for exfoliation majority of the clay primary 

particles. The mixture with 20 % Cloisite 30B demonstrates decrease interlayer distance comparing to the 

mixture with 10 % of Cloisite 30B, Fig. 2. This trend can be anticipated also in case of higher clay volume. 

3.2  Microscopy 

For composition with Cloisite Na+, increase of filler agglomerates and their quantity was noted with 

increase of clay content to the contrary Cloisite 30B mixtures. The filler is not exfoliated and the 

intercalation is not noticeable, Fig. 3.  

 

 

Filler Type 
Clay Volume in 
Mixture 
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Fig. 1: XRD patterns Na+/PVC 

0

100

200

300

400

500

600

700

800

900

1000

1 3 5 7 9 11 13 15

2ΘΘΘΘ[
o
]

In
te

n
s
it

y
 [

c
p

s
]

0.5 % Cloisite 30B
1 % Cloisite 30B
3 % Cloisite 30B
5 % Cloisite 30B
10 % Cloisite 30B
15 % Cloisite 30B
20 % Cloisite 30B
Cloisite 30B

 

Fig. 2: XRD patterns 30B/PVC 

Cloisite 30B/PVC compositions demonstrate good level of exfoliation, Fig. 4. Similarly to the Cloisite Na+, 

amount of agglomerate is swelled with growing Cloisite 30B volume.  

3.3  Dynamical thermo-mechanical analysis 

One of the most important characters is mechanical properties, therefore the materials was put to the 

DMA test. All samples were tested at tension mode under frequency 1 Hz and temperature range -10 to 
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100 °C. The modulus increases monotonously with clay loading. This fact holds for both Cloisites. The 

increase is not so considerable at composition with 0.5 and 1% of clay concentration. This result follows 

from the role of inorganic part of mixture as the reinforcement. On that account the composition become 

stiffer with increasing clay content.  

    

Fig. 3: 5 % Na+/PVC                                           Fig. 4: 5 % 30B/PVC 

Fig. 5 pictures the relative value of complex modulus at temperature 30 and 50 °C. It is clear that the 

complex modulus is growing rapidly with increasing temperature. The enhancement is more intensive for 

materials based on Cloisite 30B. It can be said that complex modulus increased approximately 15 MPa for 1 

wt. % of Cloisite Na+ loading and 54 MPa for 1 wt. % of Cloisite 30B at 30°C. At 50 °C the enhancement is 

lower, for 1 wt. % of Cloisite Na+ is 2,7 MPa and for 1 wt. % of Cloisite 30B is 17 MPa. It can be caused by 

the confined motion of polymer chain between exfoliated layers. Moreover this knowledge is very 

interesting for potential application.  
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Fig. 5: Relative modulus at 30 and 50 °C in dependence on clay concentration 
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4.  CONCLUSION 

This current work studied the effects of clay volume optimization. The question of clay content is important 

from the material quality standpoint and also from the economical point of view. Generally, the filler 

addition causes increase complex modulus. It can be said that complex modulus increased approximately 

15 MPa for 1 wt. % of Cloisite Na+ loading and 54 MPa for 1 wt. % of Cloisite 30B at 30°C. From experiment 

results, that the best set of properties offers material with clay volume 3 wt. %. 
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TENSILE CREEP AND TOUGHNESS OF PP WITH ALUMINOSILICATES AND CACO3 NANOPARTICLES 
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Abstract 

Influence of different types of nanoparticles on stiffness and toughness of polypropylene composites are 

presented in the paper. Polypropylene nanocomposites reinforced by particles on base of a layered 

organoclay (montmorillonite), halloysite nanotubules and cubic particles of CaCO3. Experiments were 

focused on influence different chemical and structure parameters of fillers on stiffness and toughness of 

thermoplastics composites. Tension creep tests under constant load at different stress levels and 

instrumented puncture impact test were conducted.  

Results of experiments prove increasing of stiffness and strength of PP matrix reinforced by all types of 

applied fillers. Nanofillers decrease growth of creep deformation. Negative effect of nanoparticles on brittle 

cracking process of PP composites was observed during creep in surfactant environment (ESC). 

Instrumented impact tests show, that tested types of fillers haven`t effect on change of toughness of 

polypropylene copolymer composites in comparison with neat PP copolymer matrix. Significant accrual of 

maximum force to penetration of testing specimen was observed only at less ductile matrix (homopolymer 

PP) filled by submicron particles CaCO3 in comparison with neat PP matrix. Character of fracture is in both 

examples completely brittle. Published concepts [1] about toughening of PP composites by addition of solid 

particles with suitable shapes, optimal concentration and distribution in a matrix will have relatively limited 

possibilities of solution. 

Keywords: montmorillonite, surfactant environment (ESC), Halloysite nanotubes (HNT) 

1. INTRODUCTION 

Nanocomposites represent novel types of composite materials where reinforcement has at least one of 

dimensions in nanometres. The change in particle size from microns to nanometers affects the magnitude 

of the surface/volume ratio by as much as three orders [2]. Large contact surface between nanoparticle and 

polymer matrix causes effective immobilisation of polymer chains. Consequence is increase of modulus, 

stiffness, yielding point, hardness, prevent mould shrinkage etc in compare with neat polymer. In addition 

physical properties such as thermal and electric conductivity, barrier properties and surface quality are 

better. Nowadays is effort to prepare nanocomposites with favourable mechanical and physical properties 

together with good creep properties and without considerable decrease of toughness [3]. Quality of 

interface between particles and matrix plays important role for properties of nanocomposites. No less 

important is material and structural parameters of nanofiller (shape, size, aspect ratio, concentration etc.). 

And so it is necessary to obtain data about composites with different kind of nanoparticles. For solution of a 

problem is important to obtain data about composites with different type of particles. Polypropylene 

nanocomposites are possible to sort by geometric shape of reinforcement to: 

Nanonoparticle-reinforced composite (CaCO3, TiO2, SiO2…) 

Nanofibre-reinforced composite (carbon nanotubes, Halloysite nanotubes) 

Nanoplatelet-reinforced composite (organically modified clay) 
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Results of experiments on thermoplastic composites with polypropylene matrix and with three variants of 

nanoparticles with different chemical and structure parameters are presented on the paper. Concretely 

lamellar organoclay is on the base montmorillonite, aluminosilicate nanotubes on the base halloysite and 

isometric particles of CaCO3. 

2. MATERIALS, METHODS AND PROPERTIES 

2. 1. Materials 

Two types of a matrix and three types of filler were used in experiments. First matrix was isotactic 

polypropylene with with Mw = 194,000, modified by β nucleation agent. In next text this material will be 

denote PP. Isotactic polypropylene was filled by commercially available CaCO3, a product of Solvay - SOCAL 

312. Surface of particles is chemically treated. Compounding of the materials was realised on an APV 25 

twin-screw extruder [9].  

Second matrix was commercially available copolymer polypropylene PPC MFI 30 produced by Polykemi AB 

(Sweden), in next test this material will be denote PPC. PPC reinforced by montmorillonite (MMT) has trade 

name SCANCOMP PP CN30, montmorillonite platelet are modified by quarter ammonium salt. Furthermore 

nanocomposite contains additives to support intercalation and exfoliation of clay and also small amount of 

agents for easier processing. Halloysite nanotubes (HNT) were acquired in form blend with PP matrix with 

trade name Pleximer PTM, product of NaturalNano (USA). Content of halloysite in blend is 30%wt. Pleximer 

P was mixed with PPC MFI 30 and two concentrations of HNT (5 and 10%wt.) in PPC matrix were prepared 

for experiments. Scheme of tested materials is on fig. 1. 

Testing specimens for all experiments were prepared by injection moulding technique on Battenfeld 750 CD 

machine. 

PP (  nucleated 
polypropylene homopolymer)

β

PP +
5, 10, 15, 20, 30, 40%wt. CaCO3

PPC
 (polypropylene copolymer)

SCANCOMP CN 30
 (PPC +5%wt. MMT)

 PPC 
+5 and 10%wt. HNT

 

Fig. 1. Scheme of tested materials 

2. 2. Testing methods 

Tensile experiment was performed with tensile tester at crosshead speed of 1 mm/min for measuring 

tensile modulus and 5 mm/min for yielding point in conformity with ČSN EN ISO 11403-1. 

Long term creep tests were performed in uniaxial tension configuration and under constant loading on 

creep machines own construction. Sample elongation was observed like change of distance between 

clamping jaws with accuracy 0.001 mm. Creep machines was placed in air conditioned room, where the 
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temperature was hold on 23 ± 1°C. For creep testing was used adapted tension testing samples type A, in 

according ISO 3167. 

Modified creep tests in surfactant (Arkopal N 110, 50°C) were realized on samples with sharp notch to 

consider to an influence of MMT nanoparticles for initiation and propagation brittle cracks in PPC 

composite. Standard testing samples of type A were equipped by frontal notch with depth 1 mm and by 

two side notches with depth 0.4 mm. At this configuration, the crack propagates at plain strain conditions. 

Determination of puncture impact behaviour was conducted at own construction instrumented falling-

weight impact machines. Penetration of test specimen is realised by dropping of indentor to testing 

sample. Load cell is sandwiched between indentor and weight mass (20 kg). Load is scanned with frequency 

100 kHz. Testing specimens, what were prepared by injection moulding, with dimension 60 x 60 x 3 mm 

were during test attached to support ring. Indentor fell down to testing specimen from 1 m for composites 

with PP copolymer matrix and from 0.4 m for composites with PP homopolymer matrix. The testing 

machine is controlled by computer with the special software, which allows assess selected parameters and 

storage data. 

Tab 1 Results of tension tests at 23°C 

2. 3. Microstructure 

Microstructure of nanocomposite materials 

was investigated by transmission and 

scanning electron microscopy. 

Particles of reinforcement occur in PP matrix 

in form of isolated exfoliated lamellas and 

simultaneously as well intercalated clusters of montmorillonite, fig. 2. Halloysite nanotubules are equally 

dispersed in PPC matrix. Great numbers of HNT are oriented parallel with direction of melt flow, fig. 3, for 

that reason fibrous HNT reinforcement has elliptic shape on cross-section perpendicular to melt flow 

direction. Fig. 4 shows microstructure of PP/5%wt. CaCO3 composite, bright particles are equally dispersed 

in PP matrix. 

     

Fig. 2. PPC/MMT    Fig. 3. PPC/HNT  Fig. 4. PP/5 wt.% CaCO3 

3. RESULTS AND DISCUSSION 

3. 1. Creep tests 

Results of creep tests are presented like a dependence of compliance on the time.  

Material Modulus E [MPa] σy [MPa] 
PP 1380 27,6 
PP/5%wt. CaCO3 1520 28,7 
PP/10%wt. CaCO3 1560 28,4 
PPC 950 19,4 
PPC/5%wt. MMT 1200 20,4 
PPC/5%wt. HNT 1170 19,9 
PPC/10%wt. HNT 1360 21,4 
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In the graphs on figures 5., 6. and 7. are presented results of comparative creep tests conducted at stresses, 

which correspond 40% of yield stress of both neat matrixes. The creep curves of neat PP, PP/MMT, PP/HNT 

and PP/CaCO3 show, that a small amount of nanofiller inhibits the growth of creep deformation. A large 

surface area between matrix and rigid nanoparticles reduces changes in conformation and the motion of 

long polymer chains, and so inhibits creep deformation [7]. Effect of all types of nanofiller to creep 

properties of nanocomposites is similar.  

Inhibiting effect of nanoparticles to development of creep deformation growth with increasing content of 

nanofiller, Fig 6.  

PPC and PPC/MMT were tested at different levels of initial loading. In graph on fig. 8. is plotted dependence 

of creep rate at deformation 2% on loading level. Creep rate of both materials depend on applied stress by 

Norton`s law. Results on this graph obviously show improving influence of MMT to creep resistance of PPC 

matrix only at low levels of loading, at high stresses nanofiller didn’t effectively hinder to conformation 

changes and motion of polymer chains, and so development of creep deformation in PPC/MMT is 

determined by only flow of matrix. 

Neat matrixes have considerably different response to long-term loading. Polypropylene copolymer (full 

line curve on fig. 6) crept much easily then polypropylene homopolymer at similar loading, full line curve on 

fig. 5. It signifies, during creep process conformation changes in polymer chains are easier in polypropylene 

copolymer than in hexagonal crystal modification (β) of PP homopolymer. 
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Fig. 5.        Fig. 6. 
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Fig. 7.       Fig. 8. 

3. 2. Environmental stress cracking 

Polypropylene is known to be sensitive to the simultaneous application of tensile loading and a stress 

cracking environment. Fig. 9. documents that MMT clay negatively influences the resistance of PP matrix in 

surfactant environment to the initiation and growth of brittle cracks in the whole range of applied stresses. 

Nanofiller on the base of montmorillonite decrease resistance of PPC matrix again propagation of a brittle 

crack, which is initiated by artificial sharp notch. 

3. 3. Impact tests 

Impact tests were focused to investigation of influence different types of fillers on toughness of composite 

materials. Properties of composites were compared with neat matrix in all cases. Maximum force FM, 

energy absorbed to maximum force EM, deflection at maximum force lM, puncture energy EP and puncture 

deflection lP were calculated from dependence of load on deflection during impact action. 
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Fig. 9. 
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Fig. 11.     Fig. 12.    Fig. 13. 

Results of impact testing of neat PP matrix and composites with fillers on the base of HNT and MMT clearly 

show, that presence of a nanofiller haven`t noticeable influence to change of toughness, fig. 11. and fig. 12. 

For example, it is totally different behavior in comparison with nanocomposites with PA6 matrix [6, 5]. 

Nanocomposite as well neat matrix indicates similar ductile damage of testing sheet associated with high 

volume of plastic deformation after yield point. Interaction between MMT or HNT with PP copolymer 

matrix does not cause embrittlement of composites. Toughness of composites with filler on the base of 

MMT and HNT is completely determined by properties of neat matrix. Interpretation of this phenomenon 

can be non-polarity of PPC matrix, thus poor interaction on interface matrix-clay. Weak interaction matrix-

filler create better condition for development of plastic deformation during impact action. 

Results of experiments in case of homopolymer polypropylene with CaCO3 indicate partial toughening of 

composites in comparison with neat matrix. Course of dependence of a force vs. deflection proves this fact, 

fig 13. All tested materials (PP with 0; 15 and 20 wt.% of CaCO3) show considerable marks of brittle crack 

behaviour without ductile deformation behind of yielding point. After achievement of maximal forces on 

curve force vs. deflection, brittle crack growth unstably. However from point of view of  energy absorption 

to crack initiation during impact action, presence of spherical filler has positive effect to toughness. 

Maximal effect of toughening was observed at contents of CaCO3 particles about 15 wt. %. Measured data 

support opinion, that spherical particles CaCO3 with submicron dimensions are less dangerous for initiation 

brittle cracks in comparison with nanoparticles with high aspect ratio [1, 4, 8]. 

4. CONCLUSION 

- A reinforcement on the basis of montmorillonite nanoplatelets, halloysite nanotubes and submicron 

particles of CaCO3 improves the creep resistance of polypropylene matrix. Reinforcing effect of 

montmorilonite during creep process decrease with rising applied stresses. 

- PP-MMT nanocomposite is more prone to cracking when is subjected to tension loading and 

simultaneously a surfactant environment in comparison with neat PP matrix in the whole of tested 

stress range. Reinforcement of PP matrix by montmorillonite particles provably decrease creep 

rupture strength in surfactant environment. 

- Under multi-axial impact loading, nanoclay particles (montmorillonite and halloysite) do not affect 

the toughness of polypropylene. Aplication of rigid isometrical particles of CaCO3 with submicron 

dimensions results in toughen of PP matrix. Optimal contents about 15wt.% of spherical particles of 

CaCO3 have positive effect to toughness of composite. However, from macroscopic point of view, 

tested composites PP/CaCO3 demonstrate attributes of brittle fracture. 
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C60 FULLERENE DERIVATIVE: PREPARATION OF A WATER-SOLUBLE FULLERENE DERIVATIVE IN 

REACTION WITH PERACETIC ACID 
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Abstract 

Water-soluble C60 derivative was obtained by the reaction of the C60 fullerene with the peracetic acid 

followed by hydrolysis; the acid was used as a strong oxidizing agent to provide the oxygen needed to 

create the C=C double bond of the six-member ring of fullerene cage. Fullerene solubility, defined as a 

condition in which no more particles settle or visibly cluster, was determined to be 400 mg/liter. Visual 

comparison suffices to see the differences in solubility between the starting form and the modified form of 

C60. TEM (100 and 300 kV) and SEM microscopy results found the starting C60 modified both in the 

homogeneity of sizes of the irregular complexes and in their very sizes and crystallinity. Properties observed 

in the modified sample obviously facilitate the process of solving and that of obtaining a homogenous 

aquatic solution or suspension containing crystals of microscopic sizes. X-ray diffraction analysis of powder 

proved the quality of fullerene properties maintained and the crystallinity of the modified sample reduced. 

FTIR spectrometry of dried-up modified C60 detected OH groups that are considered responsible for the 

water solubility. X-ray spectrum analysis revealed slight increase in the oxygen concentration on the surface 

of fullerene cage, while even the FTIR spectrometry results are indicative of enhanced C-O bonds in the 

modified sample. Since the product's weight increase was relatively small (3%), an explanation being 

considered rests in the possibility that the oxygen caused C60 polymerization during the reaction and the 

chains were symmetrically terminated by the OH groups responsible for the polymer water solubility. The 

hypothesis of polymerization and symmetric termination of the polymer by the hydrophilic OH groups 

corresponds with the reduction observed in the creation of irregular visible clusters typically impending the 

fullerene's ability to dissolve in water. 

Keywords: Fullerene Derivative, Hydroxylation, Oxidation; Electron Microscopy, Microstructure, FTIR 

1. Introduction 

Along with diamond and graphite, fullerene comes as the third modification of carbon. The general formula 

is Cn, where n represents 20 or more atoms of carbon. Fullerenes create polyhedrons of more or less 

spherical shapes with carbon placed at the vertices. Fullerenes containing less than 60 atoms of carbon are 

chemically unstable. Closest to the ideal sphere is the C60 fullerene, a polyhedron called also truncated 

icosahedron with trigonal hybridization of sp2. It consists of twenty six hexagons and twelve heptagons. The 

heptagons are created by single covalent bonds while the hexagons feature both single and double bonds. 

Pyramidal sp2 hybridization causes large internal stress responsible for 80% of the formation enthalpy. 

Fullerene molecule is electrically positive, easy to reduce, but more difficult to oxidize. The preferred type 

of fullerene reaction is addition to the 6-6 double bonds, radical or nucleophilic, driven by relief of the 

internal stress encountered in the C-cage. The addition reaction is typically exothermic, with the readiness 

to addition dependent on the size and quantity of the substituents [1]. 

When disclosed, the fullerenes were also found to exhibit a range of biological activities. First and foremost 

the fullerene derivatives demonstrate antiviral, antibacterial, antioxidant, radio-protective and neuro-
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protective properties. Some compounds were observed to act as potentially anticancerous substances and 

diagnostic agents [2, 3]. 

The basic C60 dissolves in water to only a very limited extent. It readily dissolves in non-polar organic 

solvents such as benzene, toluene and THF, but these substances are toxic to living organisms. The basic 

form of fullerene C60 is, therefore, unsuitable for biological applications. 

A soluble form of fullerene can be obtained by hydroxylation, which will yield a poly-hydroxylated 

derivative having the general formula of C60(OH)n, where n = 2 to 26. The resulting fullerenol derivative 

(FRL) is a water-soluble biologically active compound with a great potential for use in biomedicine, 

pharmaceutics, cosmetics, etc. The FRL substances have biological effects - they inhibit the growth of 

tumoral cells, positively affect the induced cytotoxicity of Adriamycin (ADR) in three types of cells founds in 

breast cancer tumors [4]. In fact, FRL is capable of suppressing the proliferation of the cancerous cells in its 

own virtue. Its cytotoxic and cytostatic effectivity can be attributed to the inhibition of protein tyrosine 

kinase [5].  

FRL exhibits excellent capability of eliminating the peroxide anions (O2-
.), hydroxyl radicals (OH) and radicals 

of nitrogen oxides (NO) encountered in chemical and biological systems. These antioxidant properties will 

require further research [4]. 

2 Experiment  

2.1 Preparation of soluble derivative 

1.70492 g of the basic C60 fullerene (99.5%, Houston, TX) was added to approximately 300 ml of 35% 

peracetic acid - C2H4O3. A half hour of continual stirring at the room temperature produced a relatively 

homogenous solution then thermally evaporated to the volume of 100 ml. The remaining peracetic acid (or 

its chemical residue) was removed using a centrifuge and pouring out the liquid component. The modified 

fullerene of medium brown color and fine, solid clay-like consistence settled at the bottom was then 

repeatedly flushed with water until its neutral pH became neutral. To finalize the reaction, about 300 ml of 

water was added to the solid component. The water was evaporated by heating, and the process of drying 

was completed under an infrared (IR) lamp with the substance placed on a Petri dish. The dried-up sample 

was weighed and the weight increase was found to be approx. 3%.  

The experiment was repeated three times, always yielding the same soluble clay-like fullerene with the 

average weight increase of 3.3%. To obtain the final fully homogenous solution, the tiny quantity of larger 

clusters (or only partially reacted particles) developed was removed by settling in a separation vessel. The 

resulting homogenous solution, wherein no more particles were prone to settle, was used to determine the 

fullerene solubility in water at the room temperature and with neutral pH - the figure arrived at is 400 mg/l.  

2.2. Analyses of the starting and modified C60 

Visual comparisons  

An undisputed and easily observed property of the resulting product is its enhanced solubility in water (Fig. 

2) contrasting with the solubility of the starting fullerene, a substance prone to create insoluble clusters 

and complexes (Fig. 1) inclined to only scatter when stirred in water at the room or even elevated 

temperatures. With the basic C60
 at rest again, its grains will gather to the clusters once more, while the 

aqueous environment will remain clear.  The modified sample, conversely, can be processed into a 

homogenous solution.  After several hours of settling or in the centrifuge, the fullerene gathers at the 
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bottom of the vessel as a fine light-brown substance of clay-like consistence. The upper part of the solution 

keeps its light brown color, a fact proving the sustained presence of fullerene at the aqueous phase in a 

form no longer exhibiting the settling tendency. The above-specified figure of fullerene solubility in water 

has been determined using solution from the upper part. Practical purposes of biomedicine require that the 

solution resists the settling or gathering of the particles in time.  The procedure described above produced 

material offering such resistance. 

     

 Fig. 1                                                           Fig. 2 

Transmission Electron Microscope (TEM) analysis: acceleration voltage 100 kV, 1 cm = 200 nm 

Seen in the photographs taken using the TEM microscope (100 V) are particles of the resulting modified 

sample. Figure 3 shows visible clusters of fullerene particles or possibly non-reacted non-soluble particles. 

These clusters have been separated from the homogenous solution by settling in a separator vessel. Figure 

4 displays a relatively homogenous solution of the modified fullerene. 

                   

Fig. 3                                                            Fig. 4  

Transmission Electron Microscope (TEM) analysis: acceleration voltage 300 kV, cathode LaB6 

A TEM microscope using higher acceleration voltage (300 kV) produced more detailed pictures of C60 in its 

basic (Figs 5, 7 & 9) and modified (Figs 4, 6 & 8) conditions. Figures scaled 1 cm = 100 nm (Figs 5 & 6) allow 

to compare the clusters developed in the basic C60 with the modified C60, whose dried-up form crystallized 

into a compact non-loose layer of densely bonded particles. Only subsequent, easily performed, mechanical 

treatment disrupted this compact layer to produce very fine powder, also soluble in water. Figures scaled 1 

cm = 10 nm (Figs 7 & 8) can be considered to show, in both cases, visible fullerene spheres (sized C60 - 1 

nm). The modified sample developed, particularly at its edges, a layer sufficiently thin, where overlapping 

and larger clusters are not detrimental. The thin layer makes it possible to see the fullerene spheres 

arranged in lines. 
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Figures 9 and 10 depict electron diffraction against black background (with a peak). Having hit a 

polycrystalline sample, the electron beam is diffracted at the crystal planes. In dependence on the type of 

crystal lattice the interference is either constructive (with waves of the same phase) or destructive (with 

waves of opposite phases) - this difference will affect the number of concentric circles (in monocrystals the 

diffraction patterns create a grid of points). Using the Bragg's Law, the radii of the concentric circles can be 

employed to arrive at the type of diffraction and the symmetry of the crystal lattice [6, 7, 8]. Detailed 

assessment of the diffraction pattern is a special scientific discipline outside the scope of this paper. The 

photographs only present comparisons of both samples, showing the different numbers of visible 

concentric circles, with the 3 centrally positioned circles having identical radii. 

Basic C60                                                                Modified C60 

                             

Fig. 5                                                                         Fig. 6 

                                

  Fig. 7                                                                        Fig. 8 

                               

  Fig.9                                                                                Fig. 10 
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FTIR spectrometry analysis: Bruker Alpha/FT-IR spectrometer 
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Fig. 11 FTIR spectrum of the basic C60 fullerene 
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Fig. 12 FTIR spectrum of the modified C60 fullerene 

Infrared (IR) spectrometry of powdered modified sample (Fig. 12) showed absorption of OH groups around 

3,180 cm-1, the C=C area around the peaks at 1,652 cm-1 and 1635 cm-1. The absorption of C=C groups can 

be expected at 1,426 cm-1 and 1,178 cm-1. The modified sample exhibits a different spectrum also at the 

peaks of 1,034 cm-1 and/or 865 cm-1, attributed to the absorption of the C-O bonds. Spectrum of the 

modified sample can be compared to the IR spectrum of fullerol published by Jing Li et al. (1993)[9], who 

hydroxylated fullerene using quaternary ammonium hydroxide as a catalyst. The spectrum can also be 

compared to the spectrum of fullerene obtained by addition of Br followed by the substitution by OH 

groups as published by A. Djordjevic [4, 10]. 

Powder X-ray diffraction analysis  

This analysis was conducted with reliance on the BRUKER D8 ADVANCE device in the Bragg-Brentano 

arrangement, using CoKα radiation, the VANTEC detector, with the sample rotating and at the reflection 
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mode in laboratory (room) conditions. The x axis of the diffraction pattern (Figs 13 & 14) represents the 

angle of diffraction for the radiation utilized, while the y axis depicts the intensity expressed as the number 

of impulses read. Descriptions of the marked peaks specify their relative intensities (Irel.) as related to the 

highest peak in percent (%), where d is the distance between planes in Ǻngstroms (Ǻ) and the last value is 

the number of impulses for the given reflection quoted with the background deducted. 

The X-ray diffraction analysis suggests that the samples having undergone modification developed a partly 

reduced crystallinity. Qualitywise the samples show no differences. 
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Fig. 13 Starting C60 

In
te

n
s
it
a

0

200

400

600

800

1000

1200

1400

1600

1800

2000

2200

2400

2-theta CoK (°)

7 10 20 30 40

Irel.=11%, d=4.08 A; 245

Irel.=52%; d=4.25 A; 1182

Irel.=65%; d=4.98 A; 1480

Irel.=100%; d=8.11 A; 2310

C60 - plus

 

Fig. 14 Modified C60 

Scanning electron microscope (SEM) analysis  

Figures 15, 17 and 19 present photographs of the starting C60
 taken by the scanning electron microscope. 

Figures 14, 16 and 18 depict the modified sample. Structures of both the samples scaled identically are 

placed side by side. 
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Starting C60                                                            Modified C60 

            

Fig. 15                                                                   Fig. 16 

            

Fig. 17                                                                         Fig. 18 

             

Fig. 19                                                                      Fig. 20 

Magnified at 500 µm, Figures 15 & 16 show a visible compact area of modified C60 fullerene achieved by 

crystallization after dissolving the substance in the peracetic acid followed by hydrolysis. This fragile surface 

consists of fine particles shaped like needles and small flat spots perceptible in Fig. 16 at the magnification 

of 20µm. Magnified at 5 µm, the fine structure of the complexes becomes apparent. The observed 

complexes of the modified fullerene disrupt when exposed to mild mechanical action and tend to dissolve 

in water. Viewed at all magnifications, the photographs of the starting fullerene (Figs 15, 17 & 19) show 

marked differences in structure and arrangement characterized by cohesive complexes of greater sizes able 

to resist common mechanical actions. 
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X-ray spectral analysis at selected areas of samples in Figs 15 to 20 

Table 1 

The sample modified by the peracetic 

acid demonstrated somewhat 

increased concentration of oxygen. 

Considering that oxygen is present 

also in the basic fullerene, it can be 

assumed to be oxygen adsorbed 

mostly onto the surface - that is why the difference is not much pronounced. The increased concentration 

of surface oxygen is put down to the reaction with the peracetic acid which is inclined to release its 

unstable oxygen. Since the peracetic acid offers a high oxidation potential, the released oxygen is supposed 

to create, by addition, primarily the C=C double bonds of fullerene. The subsequent reaction with water 

(hydrolysis) transferred the oxygen partly to the OH group, whose existence was confirmed by the FTIR 

spectrometry (see above). 

3 CONCLUSION & DISCUSSION  

Reaction with the peracetic acid followed by hydrolysis yielded a water-soluble derivative of C60, whose 

structures and spectrums obtained by the above-specified analyses were compared to those offered by the 

starting fullerene. Differences in the crystallinity, sizes of particles and color are visible to the naked eye. 

Another obviously different property of the material rests in its good solubility in water contrasting with 

the starting fullerene which forms, on the water surface, insoluble clusters and complexes inclined to only 

scatter when stirred at the room or even elevated temperatures. With the basic C60
 at rest again, its grains 

will gather to clusters once more, while the aqueous environment will remain clear. This property is already 

generally known as an obstacle to biomedical applications [11] attributable to the fact that organisms 

consist mostly of water, and the quantity of applied substance has to be get into the body in a homogenous 

dissolved form. The dissolution of fullerene in organic solvents does not effectively work for the biological 

experiments, since the solvent itself acts on the body as a toxic agent [12]. As determined, the fullerene we 

have modified offers the water-solubility of 400 mg/liter at the room temperature and with the pH neutral. 

Djordojevic [4], who prepared C60(OH)24 by the addition of Br, concluded that the concentrations ranging 

from 0.18 to 0,88 mmol/l (i.e. 203 to 992 mg/l - author's note) are effective enough to inhibit the OH 

radicals (inhibition ratio 83.25%). The published methods - addition of Br [4] and/or hydroxylation using 

quaternary ammonium hydroxide as a catalyst [9] - are not accompanied by data on the maximum 

dissolution capabilities attained. Injac Rade alleges the 44 mg/l solubility of C60 to be inadequate for the 

substance use as an organo-protector, particularly because it is prone to form clusters [11]. The water-

solubility quoted as maximum for the mono-functional fullerenes has been reached with a dendrimer (in 

the functional groups of -OH, -NH and =O), namely 34 mg/ml at pH = 7.4; and 254 mg/ml at pH = 10 [13]. 

Our procedure described above, while being relatively fast and easy to apply, produced a fullerene water-

soluble at the room temperature and with neutral pH. The TEM results confirmed differences both in the 

homogeneity of the complex sizes and in their very sizes and crystallinity - the modified sample 

demonstrated properties clearly better as regards solubility and the ability of creating a relatively 

homogenous solution or a suspension with clusters of only microscopic sizes. The powder X-ray diffraction 

analysis confirmed that the fullerene properties remained intact and the sample crystallinity was reduced. 

Sample  C O 
designation  % mass % mass 
C60 - starting Area 1 95.0 5.02 

 Area 2 95.2 4.83 
    

C60  - modified Area 1 93.7 5.14 
 Area 2 94.4 5.56 
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FTIR spectrometry detected in a dried-up modified sample the presence of the OH groups that also 

contribute to the solubility in water. The X-ray spectrum analysis revealed a slight increase of oxygen 

concentration on the surface of fullerene cage; moreover, the FTIR spectrometry results also suggest a 

growth of the C-O bonds in the modified sample. The different degrees of solubility and antioxidant activity 

in aqueous environment can be ascribed to the chemical modification of C60
 by adding the OH groups onto 

the surface of carbon and to the diversity of the polyhydroxylated structure of C60. The electron properties 

and reactivity is strongly dependent on the number of OH groups and their placement within the carbon 

cage. The specific behavior of the hydroxylated C60 is caused by the structural flexibility of fullerenes, the 

rotation of the OH groups round the axes penetrating through the C-O bonds and by their placement at 

different sides of the fullerene surface. The hydroxylated C60 offers, at the same time, the attracting sides 

(C-OH) and the repulsing sides (C-O-). The acid protons, however, can enter into the attracting hydrogen 

bonds causing interactions with other C60
 molecules, a fact conducive to the formation of C60 clusters.  C60 

can create clusters in water also in case the number of OH groups in the C60
 molecule rises, which reduces 

the hydrophobic part of the molecule surface. Studies by Husebo et al. show that the clusters create in 

water large and densely coupled amorphous complexes. The significant dimensions of such clusters can 

reach 100 nm or more, and their shapes often differ in dependence on the characteristics (lengths) of the 

OH groups. This effect is related to the "snowballing" of molecules and the balance between the attracting 

and repulsing interactions [15, 16]. Generally, the solubility in aqueous environment can be guaranteed 

when the hydrophilic end is coupled with C60 by the covalent bond. Nevertheless, the addition of a single 

chain appears to be insufficient, as the already mentioned clusters are prone to crop up. The hydrophobic 

carbon sphere is held together, with the hydrophilic chains left on the outside of the complex [13]. 

Still unknown remains the chemical mechanism induced by the reaction of C60 with the peracetic acid and 

the follow-up hydrolysis. When opting for this procedure, the authors relied on the known strong oxidation 

potential of the peracetic acid, a substance belonging to the groups of organic peroxides. The acid can be 

used as a chemical, whose oxidation properties make it possible to add an oxygen atom to the double 

bonds, e.g. in ethene and propene, to produce epoxides and alcohols or polyalkyleneglycols. It can also be 

used to synthesize glycerol from propene and to produce polyamides [16]. The initial, fully logical 

assumptions were that the oxygen liberated from the peracetic acid would attack the C=C double bond in 

the hexagon of the fullerene ball, the subsequent addition of water will induce hydrolysis and both carbons 

coming from the dual bond will develop OH groups. The resulting product should be fullerol. This fact was 

expected to translate itself into an increase in weight of the product thus generated. In our case the weight 

increase was observed to be 3% on average, but an allowance should be made for minor losses of the 

product suffered when transferring it from the beaker to the vessel in centrifuge and to the Petri dish for 

drying. Not always was it possible to proceed in a fully quantitative way. The obtained weight increase is 

smaller than those reported in literature and obtained by adding Br and substituting the OH groups [4], or 

by hydroxylation catalyzed by the quaternary ammonium hydroxide [9]. The authors of the quoted papers 

employed the weight increase and/or weight loss observed in the thermal analysis to determine the 

number of OH groups to be ±24. In our case this number of the OH groups is out of the question. Still, the 

good solubility of the product can be explained using another hypothesis on the mechanism of the reaction 

- specifically by the C60 polymerization. As is the case with water-soluble polyethlenglycol, the oxygen attack 

on the C=C double bond could chain the fullerenes through the added oxygen and the both-ended 

termination of the polymer by the OH groups, an arrangement supporting the water solubility of the 

polymer. The product's formula could be expressed as follows: OH (-C60 - O - C60 - O - C60)n - OH.  This 
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hypothesis does not contradict the detected presence of the OH groups and oxygen; concurrently, it would 

explain the smaller weight increase of the product than was that observed in the fullerene sphere wrapped 

in 24 OH groups.  When thus symmetrically terminated at both sides, the hydrophilic polymer lowers the 

probability of cluster formation, as follows, among others, from literature [13]. In practice, the clusters 

have not been visually observed in the resulting solution, or only marginally, and could be separated as 

specified above. The long-term stability of the obtained product and the related solubility properties can 

become a subject of other studies. 
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Abstract 

The microwave plasma torch (2.45 GHz) was used for the synthesis of carbon nanotubes from the mixture 

of CH4/H2/Ar or C2H2/H2/Ar on different substrates with iron catalyst. Iron catalyst was prepared by vacuum 

evaporation of iron on Si, Si/SiOx or Si/AlxOy substrates or by deposition of iron oxide nanoparticles on 

Si/SiOx substrate by decomposion of Fe(CO)5 in gas feed. Such prepared substrates were used for growth of 

carbon nanotubes. Recostruction of the iron catalyst layer into nanoparticles was also studied in 

dependence on substrate buffer layer, gas atmosphere and temperature. Samples were studied by 

scanning and transmission electron microscopy and Raman spectroscopy. Synthesis resulted in rapid 

growth of MWNTs on all samples but the density, purity and nanotube diameter distribution varied. Such 

prepared carbon nanotube layers were used for sensing applications.  

Keywords: Carbon nanotubes, chemical vapor deposition, secondary electron image 

1. INTRODUCTION 

Carbon nanotubes (CNTs) [1] are a driving force for current advances in nanotechnology, both on applied 

and fundamental levels. The selection of the ideal growth process depends on the application. For 

development of composites and other structural applications, the merit is the ability to produce ``tons a 

day'' at reasonable price. In contrast, the ability to achieve controlled growth (of specified thickness) on 

patterns is important for applications in nanoelectronics, field emission, displays, and sensors.They can be 

prepared by arc discharge [1,2], laser ablation [3] and chemical vapor deposition (CVD) [4] methods. For 

industrial applications, such as flat panel displays or field emitters, it is desirable to produce vertically 

aligned CNT films with uniform properties. The preparation of the aligned CNTs was reported by thermal, 

plasma enhanced and hot filament CVD methods. Most of these techniques work at low pressure requiring 

vacuum systems. However for industrial applications it would be desirable to work at atmospheric 

pressure. In our work atmospheric pressure microwave plasma torch is used for deposition of carbon 

nanotubes [5]. Surface bound catalyst and floating catalyst methods were used for generation of iron 

catalyst nanoparticles (NPs) for nanotube growth. Surface bound catalytic particles are generated on the 

substrate by reconstruction of thin layer film by pretreatment in various conditions. In the floating catalyst 

method decomposition of iron pentacarbonyl Fe(CO)5 in microwave plasma torch is used to generate iron 

nanoparticles which are collected on the substrate and used later for the deposition of carbon nanotubes. 

The size of these particles and the carbon containing gas used for the CNT growth control the final 
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distribution of CNT diameters [6] and morphologies of carbon nanotubes/nanofibres [7]. The restructuring 

of ultrathin metallic films for the catalysis of CNT growth is usually obtained by heating the films in N2, H2 or 

NH3 [8] or plasma treatment [9]. Thin films have a high surface-to-volume ratio and the heating results in 

the development of holes and, eventually, particles [10]. The particles can coalesce during continuous 

heating due to Ostwald ripening or surface migration [11], thus modifying the final distribution of catalyst 

particles. This process is strongly dependent on the heating time and gas environment [12], the thickness of 

the pristine catalytic layer [13] and its surface morphology [14]. In addition to this, the interaction with the 

material under the catalyst is of importance especially in case of integration on the Si substrates. At 

temperatures of CNTs growth, the metal catalyst can react with Si substrate and as-prepared particles 

change from pure metal to metal silicide. It is still a matter of debate how the formation of metal silicides a 

reacts particle catalytic activity [8]. It was found that application of a buffer layer between the silicon 

supporting substrate and metal catalyst significantly improves the catalytic function of created particles 

and consequently the CNTs growth because the formation of metal silicides is suppressed [15]. Most 

successfully used materials of the buffer layer are SiO2 or Al2O3.  It was shown lately by several authors that 

careful reconstruction of catalyst layer under special conditions can be used to substantially lower 

deposition temperature of carbon nanotubes[7] or generated nanotubes with given electrical 

properties[16,17]. Usage of Al2O3 buffer layer with combination of small amount H2O vapor also lead to 

discovery of so called super-growth technique [18] which can be use to grow several millimeters high 

nanotube forest in the  matter of minutes. Here we report a high flexibility of the atmospheric pressure 

microwave plasma torch to use various types of catalyst for growth of carbon nanotubes. 

2. EXPERIMENTAL 

The succesfull growth of CNTs in the atmospheric pressure microwave plasma torch by our group was 

reported elsewhere [5]. The apparatus consists of microwave generator working at the frequency of 2.45 

GHz and standard rectangular waveguide transmitting the mw power through a coaxial line to a hollow 

nozzle electrode. Ferrite circulator protects the generator against the reflected power by rerouting it to the 

water load. The matching of the plasma load to the line impedance is achieved by the combination of a 

movable short plunger and a line stretcher as described in [19]. In the last experiments, a stub tuner is 

mounted to the waveguide for easiest load matching. Working gas mixture flows through the central 

conductor of the coaxial line and the nozzle electrode. The central conductor is held in place by a boron 

nitride ceramics. The outer conductor of the coaxial line is terminated by a flange. Detailed drawing of the 

current set-up is in Fig. 1. The standard deposition mixture consists of argon, methane and hydrogen. The 

coaxial line and the electrode accommodate a dual gas flow. The design of the experiment is modified with 

respect to previously published papers [19, 20] in order to achieve Berger stability of torch discharge. Argon 

passes through the center whereas the reactive mixture of CH4/H2 is added by a concentric opening instead 

of the set of holes in the outer housing. The plasma torch is enclosed by a quartz tube, 200 mm in length, 

and duralumin shielding is wrapped around the tube. The diameter of the quartz tube is increased from 

originally 40 to actual 80 mm.  

The substrate for MWNTs growth, silicon piece with the dimensions 10x15 mm2, was fixed on the quartz 

holder in the variable distance from the torch nozzle Fig.2. It was heated by a heat exchange with hot gas 

and surface recombination. Therefore, its temperature was determined by power input, gas mixture and its 

distance from the nozzle. The mw power applied for the deposition of CNTs was 400 W. Argon flow rate 

was changed from 700 to 1500 sccm. Hydrogen flow rate was between 285 and 430 sccm, methane flow 



  20. - 22. 10. 2009, Roznov pod Radhostem, Czech Republic, EU 

 
 

S1 - NANOMATERIALS  151   

 

rate was 42 sccm. The catalyst was 1-15 nm thick iron film prepared by vacuum evaporation. If not 

specified otherwise the iron film was deposited on SiOx buffer layer prepared by plasma enhanced chemical 

vapor deposition (PECVD) in low pressure radio frequency capacitive coupled discharge from the mixture of 

hexamethyldisiloxan (HMDSO) and oxygen. The radio frequency (13.56 MHz) power applied for the 

deposition was 100 W. The pressure in the reactor and the percentage of HMDSO in the mixture were 5 Pa 

and 20 %, respectively. Second type of the buffer layer consisted of native oxidized Al (further labeled as 

AlxOy) was prepared by vacuum evaporation of 10 nm Al layer on the silicon substrate and exposing the 

samples to ambient conditions for native oxide formation.  

 

 Fig. 1. Experimental apparatus scheme.         Fig. 2.  Deposition chamber detail. 

Study of reconstruction of catalyst thin film was performed in Gaseous Electronic Cell (GEC) reactor. GEC 

reactor is equipped turbomolecular pump and a resistively heated electrode (Boraletric heater element) . 

The temperature of the electrode can reach up to 1100 °C. Due to the poor thermal contact between the 

heater and sample, the real sample temperature was about 200 °C lower than electrode itself as measured 

by pyrometer. Heated electrode temperature was monitored by the thermocouple (K type). The gas flows 

are controlled by electronic flow controllers. 

The substrate temperature could be monitored during the deposition by Raytek Thermalert TX pyrometer 

(temperature range 500 - 2000 °C). Deposited CNTs and prepared nanoparticles on the substrates were 

analyzed by CNTs were investigated with a field emission scanning electron microscope (FE-SEM) JOEL 

6700F using three different detectors of electrons. The conventional E-T scintillation PMT system mounted 

aside from the electron beam detected all the electrons producing a "lower electron image" (LEI). The 

second system detected true secondary electrons at the semi-in-lens position, i.e. in the direction of the 

objective lens, producing a highly resolved "secondary electron image" (SEI). The third detector (AUX1), the 

yttrium-aluminumgarnet (YAG) single crystal scintillator at the semiin- lens position, collected 

backscattered electrons. The SEI micrographs provide good quality highly resolved images. Therefore, they 

were often used for detailed studies of CNTs. The LEI and AUX1 micrographs provide less resolved images 

with partial information about distribution of different elements because heavier elements appear brighter. 

They were used to distinguish carbon material from iron catalyst. Transmission electron microscopy (TEM) 

was carried out with the Phillips microscope CM12 (tungsten cathode) using a 120 kV electron beam. 

Copper grids coated with a carbon support film were used to prepare the samples. The sample powder was 

dispersed in ethanol, the suspension was treated in an ultrasonic bath for 10 minutes, and then the copper 

grid was dipped into it. Raman spectroscopy was performed using Renishaw inVia Raman microscope. The 

laser wavelength and power were 632.8 nm and 50mW, respectively. 
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3. RESULTS AND DISCUSSION 

3.1. Surface-bound catalyst method 

We have previously reported growth on CNTs on the Si/SiOx/Fe system substrates[5] and study of catalytic 

particle formation through pretreatment process in capacitive plasma discharge[21] and microwave plasma 

torch [20,22]. In this work the possibility to growth carbon nanotubes in microwave plasma torch using 

other buffer layer are investigated and compared. Samples used in surface bound catalytic thin film growth 

were silicon wafer substrates 10x15 mm2, <100> orientation. Used substrates can be devided into two 

groups according to used buffer layer. Buffer layers used were SiOx and AlxOy and also substrate without 

buffer layer are used. Thin layer of iron (1 - 5 nm) was vacuum evaporated on the top of each sample as 

catalyst. Samples were treated in vacuum, Ar and H2 atmosphere (10 Pa) for 15 minutes (5 minutes 

temperature stabilization period + 10 minutes at constant temperature) at elevated temperature (heated 

electrode temperature 750°C or 850 °C). After 15 minutes heating was shut off and samples were cooled 

down at vacuum. SEM micrographs of prepared samples were analyzed for the particle size distribution. 

Micrographs in Fig.3 show Si/SiOx/Fe(2,5 nm) type samples treated in vacuum (Fig.3a), Ar (Fig.3b) and H2 

(Fig.3c). 

 

Fig. 3. Si/SiOx/Fe substrates pretreatment under a) vacuum b) Ar and c) H2 atmosphere at 750°C. 

The analysis show large particles with diameters over 100 nm in all cases. Particles created in argon and 

hydrogen atmosphere show crystal faces structure. In the case of the hydrogen atmosphere also small 

particles with the diameter between 10 and 20 nm can be found on the substrate. When the higher 

temperature (850 °C) was used in the pretreatment process, the particles with smaller diameter around 10 

nm could be also found on the substrate. Results of the second set of experiments with Si/ AlxOy /Fe(2,5 

nm) samples can be seen on the micrographs in Fig.4. As can be seen using AlxOy buffer layer resulted in 

much finer particles structure with diameters in the rage of 5-20 nm. In the case of hydrogen atmosphere 

the particles diameter size distribution could be narrowed with prevailing particles in the nanometer range. 

Treatment at the 850 °C shifted the particles diameter size to slighly lower values. Such pretreated samples, 

including sample without buffer layer,  were then used for carbon nanotube growth in the microwave 

plasma torch to assess the ability of our system to use catalytic particles created by ex-situ methods. The 

results of the depositions can be seen in the Fig. 5. The depostion was carried out in the mixture of 

Ar/H2/CH4 with flowrates of 1540/430/42 sccm, respectively. The deposition time was 60 s, microwave 

power 400 W and the deposition temperature was between 700 and 750 °C. 
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Fig. 4. Si/AlxOy/Fe substrates pretreatment under a) vacuum b) Ar and c) H2 atmosphere at 750°C. 

 

Fig. 5. Deposition of carbon nanotubes using a) SiOx b) AlxOy and c) without buffer layer. 

The deposition on the Si/AlxOy/Fe type sample resulted in smaller diameter CNTs in comparison with 

nanotubes deposited on the Si/SiOx/Fe samples. This is in the agreement with the generally accepted model 

of the carbon nanotube growth where the nanoparticle size is correlated with CNT diamater. Analysis of 

sample without buffer layer also showed remarkable ability of the plasma torch system to synthesize 

nanotubes on such a system. This lead to the possibility to produce CNTs directly on conductive Si and use 

them as electron-emitting electrode of the gas pressure sensor [23]. 

3.2. Floating catalyst method 

In the floating catalyst method the atmospheric pressure microwave plasma torch gas feed was modified 

by adding a blower with Fe(CO)5 and Ar flow (10 sccm) into the centralchannel gas line. The generated 

nanoparticles were then collected on the silicon substrate placed in the collection zone near the upper 

flange. With microwave power 360 W iron oxide nanoparticles (Fe3O4 magnetite and γ−Fe2O3 maghemite) 

could be produced and collected on the Si/SiOx substrate Fig. 6. The multi-walled carbon nanotubes 

deposited on such prepared substrate with microwave plasma torch in the mixture of Ar/H2/CH4 

(1540/430/42 sccm) can be seen in Fig.7. Raman spectra (Fig 8.) showed a peak at 189 cm−1 on the as-

deposited sample which suggests the presence of SWNTs. In this case it would correspond to the radial 

breathing mode (RBM) of SWNT with the diameter of 1.3 nm [24]. The first-order Raman spectra in high 

frequency region shows typical SWNT-splitting of the G band in which the upper frequency component ω+
G 

is found at about 1590 cm−1 for all types of SWNTs whereas the frequency of ω-
G depends on the metallic/ 

semiconducting character of SWNT and its diameter. Besides the peaks corresponding to CNTs, there were 

few weak peaks related to iron oxides. They were propably related to the iron oxide nanoparticles not 

involved in nanotube growth. 
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Fig. 6. SEM micrograph of deposited iron oxide NPs.      Fig. 7. SEM micrograph of deposited CNTs. 

These peaks were identified belonging to magnetite at 669 cm−1 and hematite at 225, 244, 291, 411 and 

619 cm−1 and much lower signal of CNTs. The peak 

at around 1320-1340 cm−1 is difficult to assign 

because it can be a convolution of second-order 

feature of hematite reported at 1322 cm−1 [25] and 

D-band of disordered carbon. 

Fig. 8. Raman spectra of deposited CNTs and NPs. 

Such deposited CNT layers were also intended to 

create a gas sensor based on the changes of 

electrical resistance measured between two planar 

electrodes connected by CNTs. Such prepared CNTs 

gas sensor showed significant resistance change 

response to NH3. 

4. CONLUSIONS 

The microwave plasma torch operating at the atmospheric pressure was uccessfully applied to the fast 

deposition of multi-walled nanotubes (MWNTs) on the substrate without necessity of any vacuum or 

heating equipment. Different ways to generate in situ and ex-situ catalytic nanoparticles for the carbon 

nanotube growth were tested. Dense straight standing nanotubes were succesfully prepared on silicon 

substrates with or even without barrier SiOx layer and oxidized Al layer. Therefore, it was possible to 

produce CNTs directly on conductive Si and used them as electron-emitting electrode of the gas pressure 

sensor. The CNTs grown in microwave torch were also intended to create a gas sensor based on the 

changes of electrical resistance measured between two planar electrodes connected by CNTs. Such 

prepared sensors could detect NH3 gas. 
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Abstract 

Currently optical lithography is the dominant exposure tool. The decrease of the critical dimensions is 

based on using radiation with a shorter wavelength. Extreme Ultra Violet lithography is the natural 

successor of conventional optical lithography. X-ray proximity lithography represents the last step in the 

decrease of photon wavelength for nanolithography purposes. Current e-beam lithography systems are 

mainly serial technologies, which are limited by the scanning speed of the e-beam in the pattern 

generation. Alternative techniques are developed for the mass production and for laboratory purpose as 

well. We present the Local Anodic Oxidation (LAO) by Atomic Force Microscope Ntegra NT-MDT. LAO is still 

attracting attention because of its relatively low cost and high resolution. The LAO can be applied to very 

thin semiconductor layers to define quantum point contacts, quantum wires, rings, dots and other devices. 

We report our results of LAO process on the thin GaMnAs layers prepared by low temperature MBE 

growth. We perform LAO in the AC mode with optimized parameters to construct potential barriers in the 

thin GaMnAs layer patterned by the electron beam lithography. 

Keywords: Extreme Ultra Violet lithography, Local Anodic Oxidation, MOSFET 

1. INTRODUCTION 

Nanotechnology is the manipulation or self assembly of individual atoms, molecules, or molecular clusters 

into structures to create materials and devices with new properties. Nanotechnology opens a completely 

new world of opportunities and solutions in all kinds of areas: the field of diagnostics and analytics, textile 

industry, energy sector, electronics and automotive industry. A key understanding of nanotechnology is 

that it offers not just better products, but improved means of production as well. That’s the real meaning of 

nanotechnology, and why it is sometimes seen as “the next industrial revolution”.  

In the field of electronics we can expect huge improvements connected with the nanoelectronics. At the 

nano-level, operation at the rate of peta bytes per second becomes possible, resulting in systems a billion 

times more efficient than those of today. Nanostructured transistors will continue the trend in lower cost 

per transistor and use less energy, thereby improving the efficiency of computers by a factor of millions. 

Higher frequencies provide 10 times more bandwidth, with consequences in business, education, 

entertainment and defence. We can expect the expansion of small mass storage devices to multi-terabit 

capacities, 100 times better than today and integrated sensor systems that collect data utilizing minimal 

power, space and weight.  

2. NANO-ELECTRONICS  

The critical dimensions of the electron devices are fast streaming to the nanometric range, Therefore the 

new quantum effects appear in the nanoelectronic devices: discrete electron energy states in the 

nanometric quantum wells, electron tunneling through the thin potential barrier, electron wave function 

interference, Cooper pair tunneling known as Josephson effects. These effects enable to develop the 
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devices with a new functionality and performance. In other words we are entering the realm of quantum 

mechanics and it is different from the classical mechanics that we encounter in everyday life.  

Current status of the 

nanotechnology enables to 

emerge the new nanoelectronic 

devices. Most important and 

frequent is the advanced MOSFET 

with gate length down to 10 nm 

(Fig. 1.). Quantum effects appear 

fully in the so called low-

dimensional structures using 

potential engineering by the 

semiconductor heterostructures. 

High Electron Mobility Transistor 

(HEMT) with the fast electron 

transport along the quantum well, 

Quantum Well (QW) Laser 

characterised by the low 

threshold current and Resonant 

Tunneling Diode (RTD) are the 

typical examples of the 2-dimensional quantum devices. By the confining the electrons in the one more 

direction we get the quantum wire with 1D conduction. Such conditions we can expect in carbon 

nanotubes. Full confinement shows the quantum dot (QD) or "artificial atom". Transport through the 

quantum dot is strongly influenced by the tunneling and by the so called Coulomb blockade. These effects 

enable to realise the Single Electron Transistor (SET). Further progress we can expect from spin devices and 

from devices based on the self assembled organic and inorganic molecules (carbon nanotubes, graphene, 

fullerenes, DNA, peptides). Molecular nanoelectronics hold the promise of self-assembly of circuits, both on 

a massive scale and cheaply, using chemical or biological reactions. Self-assembling nanotube ‘wires’ just 2-

nm wide and with 9-nm separation are already a reality. The combination of silicon structures and 

molecular electronics may open the way for solutions of truly impressive potential. 

The development of novel devices at the nanometer scale with potential for large-scale integration and 

room temperature operation is a formidable task. Many of the difficulties and of the limits of candidate 

technologies for nanoelectronics and molecular electronics could be predicted, anticipated and hopefully, 

solved if detailed modelling tools of realistic devices and structures were available. The same modelling 

tools could be used to design more robust devices, and to select molecules and device structures with 

potential for use in large-scale integrated circuits. All simulators integrated in the one complex package are 

named Technology Computer Aided Design (TCAD) tools. They include process, device and circuit simulation 

modules, as well as programs for parameter extraction and device modelling. Models originally developed 

for silicon technology were enhanced for other semiconductor materials including heterostructures. Device 

simulators give possibility to perform not only electrical analysis of the structure, but thermal and optical 

analysis as well. In this time, when the miniaturization of structures led to breakdown of the classical 

models, the semi-classical and quantum models are taken in the account. The nano-characterisation 

techniques such as Atomic Force Microscopy (AFM), Scanning Tunneling Microscopy (STM) and Scanning 

Fig. 1. MOSFET design gate length scaling. 
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Electron Microscopy (SEM) are necessary for the correct implementation of physical models into predictive 

simulation tools. 

3. NANOLITHOGRAPHY 

The “top-down” approach to 

lithography begins with a suitable 

starting material and then “sculpts” 

the functionality from the material. 

This technique is used by the 

semiconductor industry in forming 

devices out of an electronic 

substrate utilizing pattern formation 

and pattern transfer processes that 

have the requisite spatial resolution 

to achieve creation of structures at 

the nanoscale. Technology limits are moving to the subnanometric range in the semiconductor epitaxy - 

such as Molecular Beam Epitaxy (MBE), Metalo-Organic Vapour Phase Epitaxy (MOVPE), Atomic Layer 

Epitaxy (ALE ), defining vertical 

structure of devices. The horizontal 

structure is now defined by the 

resolution of the lithography, which is 

crucial (Fig. 2.). Currently optical 

lithography is the dominant exposure 

tool [1]. The decrease of the critical 

dimension is based on using light 

with a shorter wavelength (Fig. 3.). It 

appears physically feasible to achieve 

optical lithography with sub 100 nm 

resolution. Extreme Ultra Violet 

(EUV) lithography is the natural 

successor of conventional optical 

lithography on its way towards 

smaller wavelengths (Fig. 4.). EUV 

resolution can be extended down to 40 nm. X-ray proximity lithography, using a typical wavelength of 1 

nm, represents the last step in the decrease of photon wavelength for nanolithography purposes (Fig. 5.). 

Current e-beam lithography systems are mainly serial techno logies, which are limited by the scanning 

speed of the e-beam in the pattern generation. Electron-beam lithography (EBL) is the essential basis of 

nanostructure fabrication at present. Dimensions down to 30 nm are routinely produced in many research 

laboratories with high reproducibility. Resolutions down to 7 nm have been demonstrated. Projection 

electron-beam lithography approach combines the high resolution with the throughput of a parallel 

projection system (Fig. 6.). By the ion beam projection ions can also be used for resistless processes where 

ions directly modify the surface of a substrate.. There are two main strands to nanometer-scale printing. 

The first one relies on the moulding of a thin polymer layer by a stamp under controlled temperature and 

Fig. 2. Lithography trade-off between resolution and exposure rate. 

Fig. 3. Wavelength spectrum of exposure radiation sources. 
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pressure (imprinting). The second one is based on the transfer of a monolayer of self assembled molecules 

from an elastomeric stamp to a substrate (inking). In step and flash imprint lithography (Fig. 7) a 

transparent template is lowered onto a treated substrate and the gaps are filled with a low-viscosity UV-

curable monomer. UV light shining through the substrate causes the monomer to convert into a hardened 

etch barrier. Upon removal of the template, the etch barrier covers the substrate in a pattern of thick 

barriers separated by a thin residual layer. One etch removes the residual layer to expose areas of treated 

substrate; a subsequent etch transfers the pattern to the substrate. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Schematic of X-ray litography.  

Fig. 6. Schematic of electron projection litography [3]. 

Fig. 4. Schematic of EUV litography [2]. 
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Further progress can be expected from the change of top-down defining of the structures to the self 

organisation of the matter called as bottom-up approach. This approach builds small structures from the 

atom, molecule, or single device level upward. At present, however, the top-down approach has 

substantially better development than the bottom-up approach. It is fair to assume that for the fabrication 

of structures with nanometer dimensions, the bottom-up approach will play an essential role in the near 

future. Effort in employing large arrays of scanning probes for the nanodevices fabrication is certainly 

promising. Probe tips can be used for the surface layer scratching or for the local anodic oxidation of the 

surface. 

4. LOCAL ANODIC OXIDATION 

The local anodic oxidation (LAO) (Fig. 8.) performed by 

the conductive tip of an atomic force microscope (AFM) 

becomes attractive in the last years for the device 

patterning in the nanometer scale at laboratory 

conditions. Oxide lines produced by the constant 

negative voltage applied to the tip lack from poor 

homogeneity and reproducibility. Accumulation of ionic charges during the electro-chemical reaction limits 

the oxidation process. Modulated (AC) voltage instead of constant (DC) voltage applied between the tip 

and the sample was suggested to neutralize the reaction products and limit the lateral carrier diffusion. 

Modulation of the applied voltage enhances the aspect ratio of the oxide lines, which significantly 

strengthens the insulating properties of the lines. AC mode oxidation process is found to be more reliable 

and reproducible [4].  

We report our results of LAO process on the thin GaMnAs layers prepared by low temperature MBE 

growth. The samples consist of GaAs buffer layer 200 nm thick followed by 5 nm GaAs and 10 nm GaMnAs 

layer. These structures were patterned by LAO in DC mode formerly [5]. We use the AFM microscope 

Ntegra NT-MDT placed in a sealed box with the controlled relative humidity (RH) in the range 50-80%. LAO 

in AC mode is performed by using a voltage pulse modulator, which provides positive and negative pulses 

depending on duty cycle of the modulation square signal from generator. An external power supply defines 

Fig. 7. Schematic of flash imprint lithography.  

Fig. 8. Schematic of the local anodic 

oxidation by the AFM tip. 
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amplitudes of the modulated pulses Vox and Vres. The external output of signal access module (NT-MDT 

SAM-01) is used to start and stop lithography (oxidation) process and modulated voltage is connected to an 

external input, which leads directly to an AFM-tip. Parameters to be set are modulation frequency, duty 

cycle defining oxidation tox and reset time tres , negative voltage Vox on the tip for oxidation and positive 

voltage Vres for eliminating accumulated space charge. We analyzed the properties of LAO oxide lines for 

different negative voltages applied on the tip from -10 V to -24 V (Fig. 9). For voltage >-10 V oxidation did 

Fig. 9. Oxide lines for negative voltages Vox applied on the tip from -10 V to -24 V. Temperature was 25 °C, 

velocity of the tip was 0.4 µm/s. Set point was 50 % from original value and RH = 65 %. Frequency was set up 

to 1 kHz, duty cycle to 50 % and Vres = 4 V. 

Fig. 10. Oxide lines for tip velocities: 0.1, 0.2, 0.3, 0.4, 0.5, 1, 1.5, 2 and 2.5 µm/s. T = 25 °C, RH = 65 %. 

Set point was on 50 % of the original value. Duty cycle was 50 % and frequency 10 Hz. The voltages 

were: Vox = -16 V and Vres = 4 V in the square pulse. 
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not start. The influence of the tip 

velocity in the range from 0.1 to 2.5 

µm/s is shown in Fig. 10. With 

increasing velocity the height of the 

oxide line increases. The reason of 

this behaviour is given probably by 

the less charge accumulation on the 

sample surface by higher velocities. 

Lines in the Fig. 11. are grown with 

different pulse frequencies in the 

range from 1 Hz to 1 kHz. Nonzero 

values of Vres improved homogeneity 

of lines and we observed no 

significant changes in the range 1 - 4 

V. We used LAO in the AC mode with 

optimized parameters to construct 

constrictions and tunneling barriers in 

the thin GaMnAs stripes patterned by the electron beam lithography. We performed transport 

measurements in magnetic field with different polar orientations. Resulting data are analyzed with respect 

to the potential spintronic applications of ferromagnetic semiconductor structures. 

7  CONCLUSION 

The local anodic oxidation (LAO) by the atomic force microscope (AFM) in the AC mode could be a good 

alternative to standard lithographic techniques especially for the device patterning in the nanometer scale 

at laboratory conditions. In the combination with EBL the nanostructures with the resolution of a few 

tenths of nanometers could be prepared in a very fast and efficient way. 
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Fig. 11. Oxide lines for the frequency increasing by decades from 

1 Hz to 1 kHz. Velocity of the tip was 0.4 µm/s, set point was 50 % 

from the original. Vox = -16 V and Vres = 4 V. Duty cycle was set up 

to 50 %, T = 25 °C and RH = 60 %. 
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Abstract 

Both experimental and theoretical studies on semiconductor nanoparticles have emerged in large numbers 

in the recent decades. Semiconductor nanomaterials based on CdS, ZnO, TiO, CdSe and many others offer 

new possibilities in material sciences, optics, electronics and chemistry. Therefore detailed informations 

concerning those systems are needed to fully understand the behavior and nature of those nanoparticles. 

In this work we have mainly focused on experimental studies of CdS nanoparticles. Surface states and 

possibilities to handle theme were studied using chemical and spectroscopic methods. That involved 

surface passivation, modification to heterostructure and combination with ZnO nanoparticles. This work 

main aim was to understand and be able to prepare nanomaterials with desired properties like charge 

separating nanoparticles. 

Keywords: semiconductor nanoparticles, luminescence, hexamethaphosphate (HMP) 

1. INTRODUCTION 

It is useless once again emphasize the importance of nanoparticles and enumerate research teams 

interested in this area. But what is still worth of mentioning is the fact that there exist several ways to 

explore the immense world of nanoparticles. Wet and physical synthesis. This work is fully focused on wet 

chemical synthesis and doesn't even try to compare with MOCVD, MBE, lithography and other physical 

methods used to create analogue nanoparticles. What more is worth of mentioning is the fact, that there 

are two kinds of extremely interesting nanoparticles which behave in totally different ways. Better 

understood and mastered is the world of metal nanoparticles where synthesis methods shape and size 

control, properties tuning and theoretical models are quite advanced. Contrary to that fact the world of 

semiconductor nanoparticles is still a little cloudy. There is still a lot to study, explore and explain. Each 

system seams to have its own rules and specifications. Sure, there is still a lot of common properties like 

quantum size effect which is considered to be the unique property of quantum states nanoparticles. But on 

the other hand, there is only a little of methods applicable on different systems. In these work we present 

the results of investigations on CdS nanoparticles created in a simple wet synthesis. Our main tools in this 

study were absorption and photoluminiscence spectroscopy for the basic characterization. Mesurements 

on SEM was performed too, but results were not as striking. CdS nanoparticles are difficult to find because 

there is a lot of surface stabilizer that prevents good resolution of the nanoparticles. CdS nanoparticles 

were surface passivated by oxidation of surface, modified to composed nanoparticles (nanoparticles 

formed of two species) and combined with ZnO nanoparticles. All those studies were performed in order 

not only to better understand the CdS nanoparticles, but also to be able to manipulate the surface states, 

hence charges created by absorption. 

2. EQUIPEMENT AND CHEMICALS 

All chemicals were used as received without further purification. Water used during experiments was 

16MΩ mili-Q water. For the synthesis of CdS nanoparticles were used: 99,9% Cd(ClO4)2  from Alfa products, 
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98%+ Na2S.9H2O from Aldrich, hexamethaphospahte (HMP) and water.Other used chemicals: Propan-2-ol, 

methanol, LiOH.OH p.a. from Penta, zinc acetate dihydrate (ZAH) p.a. from Penta, NaOH, AgClO4 >99% from 

Fluka.  

Absorption mesurements were performed on Perkin-Elemer Lambda 2 UV spectrophotometre, Ocean 

Optics QE65000 spectrophotometr using a DT-minilamp. For excitation at 400nm UV LED was used. 

Quenching of luminescence was measured by groupe of Doc. Michl. 

3. SYNTHESIS AND SAMPLE PREPARATIONS 

CdS nanoparticles were prepared by a simple chemical route just by mixing two solutions containing 

reactants. Synthesis conditions were a little varied to obtain ideal results.  

Cd2+ ions were obtained by dissolution of Cd(ClO4)2 in mili-Q water in order to obtain 6.10-2M solution and S- 

ions were obtained by dissolution of Na2S in mili-Q water in order to obtain 4.10-2M solution. It should be 

noted, that S solution was prepared fresh every few days because of H2S escaping from the solution. Those 

were stock solutions used for the synthesis as working with those species in solution is much more 

comfortable and safer. 

For most of the experiments Cd:S ratio in finial solution was 3:2 unless mentioned. Analytical concentration 

of Cd ions was kept at 3.10-3 unless mentioned. For the stabilization of nanoparticles sodium 

hexamethaphosphate (HMP) was used in concentrations ranging form 3.10-3 (the same as Cd2+ ions) to 10-3.  

0,018g of HMP (to obtain in the final mixture 10-3M HMP) was dissolved in 13,5ml H2O and 1,5ml Cd stock 

solution was added. And 1,5ml of S stock solution was added to 13,5ml H2O. Both those solutions were 

cooled to slow down the growth of nanoparticles and to enable more homogeneous mixing before reaction 

take place. After cooling the S solution was dropwise added to Cd solution under stirring. 

A few modifications were investigated. Amongst them: 

− the influence of HMP amount on reactivity and particle size. 

− Heating nanoparticles to 80°C 

ZnO nanoparticles were obtained by modified synthesis proposed by Spanhel and Anderson.1 During our 

previous work it has been proved that ZnO nanoparticles with low dispersion and high quality can be 

prepared without preparing the precursor solution. This has been further studied to more details by 

E.Meulenkamp.2 And we are not about to discuss this formation. Most previous synthesis were carried out 

in ethanol, but for our purpose the mixture of propan-2-ol and methanol 2:1 (in volumes) proved to be 

more than sufficient. This mixture is denoted IM21 (isopropanol-methanol 2:1) 

ZnO nanoparticles were synthesised by dissolving 0,0878g of ZAH (zinc acetate) in mixture of propan-2-ol 

and methanol (IM21) and adding 0,0168g of lithium hydroxide monohydrate in powder. Nanoparticles are 

synthesised during approximatly 2 hours while still stirring the mixture. It should be noted, that ZAH is not 

fully soluble in IM21 mixture but ZnO nanoparticles are. Therefore as reaction goes on all reactants are 

dissolved and forms nanoparticles. 

4. EXPERIMENTS AND RESULTS 

In this paragraph we are about to present the results of this research. In the first part the CdS nanoparticles 

with Cd:S ration 3:2 are presented along with modifications and measurements performed on this system. 
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At the end of this paragraph other possibilities of synthesis are going to be discussed as well as partial 

results are going to be presented. 

It should be noted at the beginning that all 

synthesis procedures led to nearly the same 

absorption and luminescence spectra. The 

differences between the different 

procedures were observed after further 

manipulations.  

Figures 1 and 2 depict usual absorption and 

luminescence spectra for the CdS 

nanoparticles prepared in 3:2 ratio. As can be 

seen absorption spectra doesn't change 

dramatically and that fact can be used for 

evaluating the modifications. It is a general 

feature that absorption spectra doesn't 

change dramatically and therefore a 

significant change in absorption spectra 

could be interpreted as a major change in 

system. On the other hand luminescence spectra are well known to reflect even minor changes on the 

nanoparticles.  

While ageing the photoluminescence of CdS 

nanoparticles usually shifts to red 

wavelengths. This shift to red wavelengths 

as seen on Fig. 2 is quite a typical for CdS 

nanoparticles and a lot of reactants can 

provoke it.  

Every solution of CdS nanoparticles we have 

prepared exhibited a very strong scattering. 

As we used 400nm LED for excitation there 

was always a scattering peak at this 

wavelength. Those scattering peaks are not 

shown in our spectra because of little 

importance for our experiments. 

CdS nanoparticles were already studied 

before with very similar results.3 During this 

project similar experiments were performed 

in order to establish new research line. It 

was necessary to be sure that we are able to 

reproduce older results. But our investigations led to new unpublished results.  
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Fig 1: Absorption spectra of original and aged CdS 3:2 
nanoparticles. 
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Fig 2: Luminescence spectra of New and Aged CdS  
nanoparticles. Peak at 400nm is due to scattering. 
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As mentioned in [3] it has been found that some metal ions increase the luminescence of CdS nanoparticles 

while some might decrease it. Silver ions have one of the strongest effects in increasing the luminescence. 

This effect has been measured for our CdS 3:2 nanoparticles and results are in Figure 3, where 

luminescence spectra are plotted with different Ag+ concentration. 

As can be clearly seen from Fig. 3 Ag+ 

ions increase the luminescence up to 

33% of Ag ions. Similar effect has 

been observed previously but the 

amount of maximal increase in 

luminescence was found to be 20% of 

AgNO3. This can be due to nature of 

anions or due to HMP concentration. 

It has been found that lowering of 

HMP concentration leads to increase 

in sensitivity to Ag+ ions, but it lowers 

the stability of nanoparticles. This 

particular measurement was 

performed for nanoparticles prepared 

with Cd:HMP ratio 3:1. As we were 

interested in the long time stability. 

For this particular measurement we 

have measured a quantum yield for those nanoparticles. Again in function of Ag+ concentration. Quantum 
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Fig 3: Influence of Ag+ ions on CdS luminescence. Concentration of Ag+ ions is expressed in % to Cd++ 

analytical concentration. 
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yield has been measured (Figure 4) by comparing the area under the luminescence peak with the 

luminescence of rhodamine 6G. Both species were maintained at the same absorbance at 400nm where 

they were excited. The dependence of quantum yield on Ag+ concentration is plotted on Fig. 4. 

It has been known that increasing the amount of ions leads only to quenching of the luminescence. But as 

far as we know, no one described an 

increase of luminescence in time.  

It has been observed that after 

several days the luminescence 

increase dramatically. Moreover 

even the specimens that were 

overdosed and had no significant 

luminescence are again able to 

convert UV into VIS red light. This 

effect is illustrated by Fig. 5 where 

CdS 3:2 nanoparticles are doped with 

silver and left several days to 

measure the effect. It works for all 

measured silver ratios (~1% up to 

>100%). But particles with higher 

content of silver seem to be more 

reactive and after some time form 

black precipitate. 

Another enhancement of 

luminescence can be produced by 

addition of NaOH up to pH 11. This 

alkalization can have two absolutely 

contradictory effects. It can either 

shift luminescence to red 

wavelengths either passivate the 

surface and force the direct 

recombination from band-gap. 

Usually both effects are present and 

it has not been clearly explained 

which one will be dominant. It seems 

that the passivation works for aged 

solutions. Prior to alkalization a little 

of HClO4 was added to the solution in 

order to liberate the surface and to 

dissolve Cd islands on CdS 

nanoparticles that could prevent 

NaOH in passivating the surface. If 
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Fig 6: Absorption and luminescence spectra of aged CdS and surface 
passivated CdS nanoparticles. Clear emission from band-gap can be 
observed at 450nm as well as increase of red luminescence. 
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Fig 5: Increase of luminescence in time.(In this case the Cd:HMP ratio 
is 1:1 and Ag+ concentration is 22%) 
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the passivation doesn't work a clear red shift and a small enhancement in photoluminescence is observed. 

If pH reaches critical point (that is usually around 12) precipitation of CdS occures. A typical surface 

passivation and its luminescence and absorption spectra are presented on Figure 6. 

The passivation of surface produce 

luminescence from band gap. Therefore 

it seems that alkalization partially blocs 

the non-radiative transitions and 

increase the amount of absorbed 

energy. Those effects together lead to 

enhancement of luminescence and to 

direct recombination from band-gap. 

To confirm the fact, that the 450nm 

emission is from band-gap and not 

from surface states a time resolved 

photoluminiscence was measured and 

the corresponding times of live were 

obtained. Obtained data are depicted 

on Figure 7 as well as mentioned on 

Figure 6. 

Those decays illustrate very well the 

dynamics of the electronic states 

transitions as predicted by theory. 

What is evident is very fast transition from the band-gap. This luminescent transition at 460nm is exactly at 

the point of inflexion of the absorption spectra, which indicates the band-gap size. Moreover the time of 

live at this wavelength is one order of magnitude smaller than for other luminescences. The time of live of 

135ns is very fast, even if 135ns is not as 

fast transition as usual. 

The transition from surface seems to have 

a very long time of live as even during 2μs, 

used for the measurement, the intensity 

doesn't fall near zero. And in the case of 

600nm emission from surface passivated, 

the time of live can be effectually lowered 

by presence of the fast band-gap transition 

which depopulates the excited electrons 

fast. 

After having examined the possibility to 

handle the surface states either by 

suppressing them by surface passivation, 

either by shifting them and increasing the 

luminescence another experiment was 

prepared. This time ZnO nanoparticles were added to CdS nanoparticle solution in order to receive charge 
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Fig. 8: Absorption spectra of ZnO nanoparticles with band-gap 
at 334nm. 
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separation and allow handling with electronic states. ZnO nanoparticles are easy to prepare in alcoholic 

solutions but CdS nanoparticles are usually prepared in water. Fortunately it has been proved that as 

prepared ZnO nanoparticles remain stable even in water at least for several hours needed for the 

experiment. ZnO nanoparticles were added as a 2.10-2M solution directly to CdS sols.  

A major increase in luminescence was 

observed that is to be explained. Figure 8 

presents the absorption spectra of 

prepared ZnO nanoparticles in IM21. What 

is to be remembered is the position of 

band-gap which is obtained from the 

inflexion point of absorption spectra. Band-

gap sets the limit for the absorption which 

is in that case at 334nm. 

The excitation wavelength remains at 

400nm and therefore it is is clear and 

evident that ZnO nanoparticles can not be 

excited at this wavelength. What makes the 

analysis a little bit uneasy is the fact that 

luminescence spectra of CdS and ZnO are 

very close, mainly for nonaged CdS 

particles.  

Figure 9 depicts the luminescence 

spectra of CdS dopped with ZnO. For 

this experiment CdS 3:2 

nanoparticles with analytical 

concentration of 3.10-4 of Cd++. The 

0,02M ZnO was added in 20μl drops 

to 5ml of CdS solution. Therefore  

20μl corresponds to 2,7% of Cd. It 

can be clearly seen that the 

luminescence increase. As can be 

seen form Figure 10 the 

luminescence is coming from CdS. On 

Figure 10 the same experiment was 

measured for CdS nanoparticles that 

have been heated before further 

treatment. As reported4 during the 

heat treatment the same peak as during passivation appears. The presence of that peaks will allow us a 

better understanding of the phenomena. In Both cases, pH was settled above 7. ZnO dissolves in acidic 

enviroment. From Figures 9 and 10 enhancement of emission is very clear, but the mechanism remains 

unexplained. As can be seen form the Fig. 10 ZnO nanoparticles increase even the luminescence that is 

supposed to be coming from the band-gap that is the interior of the particle. That fact confirms the 

increase of CdS luminiscence. 
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Fig 9: Luminescence spectra of CdS 3:2 combined with ZnO. 
20μl corresponds to 2,7%. 
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Fig 10:Luminescence spectra of CdS 3:2 Heated at pH 9 upon addition 
of ZnO. Again 20μl corresponds to 2,7%. 
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The absorption of the band-gap is this time situated at 470nm which approximately corresponds to 

emission peak at 480nm. Only for the specimens with higher content of ZnO the CdS peak at 350nm is 

observable, even if it is very weak.  

To be sure that the effect of enhancement 

of the luminescence comes form 

interaction between ZnO and CdS 

nanoparticles, the same experiment was 

performed but instead of using 

nanoparticles just ZAH dissolved in water 

was used. (0,02M is not dissolvable in 

IM21) And it was repeated with ZAH 

dissolved in IM21 but at lower 

concentration. Both experiments led to 

negligible increase of luminescence. As 

usually for CdS system the luminescence 

measured after addition of ZnO is not 

stable and has an important time 

evolution. Just to compare this effect 

luminescence was remeasured after 3 

weeks. An incredible increase in luminescence was observed for the peak around 640nm. This effect was 

measured only for the over-doped system. We have just remarked the increase in luminescence while 

checking old samples. This process is to be measured and studied in the future. All this happened only with 

a little variation in absorption. Luminescence spectra can be found on the Figure 11. 

4.  CONCLUSION 

We have studied the possibilities to handle electronic states of CdS nanoparticles in order to receive 

enhancement of luminescence or charge separation. We have measured the enhancement of luminescence 

for CdS/Ag2S systems along with its quantum yield. For this well known system, we have further found, that 

after a relaxation this luminescence even increase, that has not been reported befor. 

While combining CdS and ZnO materials in order to receive charge separation we observed a new 

unpublished result. That was increase of CdS luminescence. We believe that we were able to block 

nonradiative transitions and therefore provoke this increase. Further measurements are about to explain 

thei fenomena. 
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Fig 11: The luminescence of CdS over-doped with 189% ZnO (in 
analytical concentrations) as prepared (red) and after 3 weeks 
ageing (black) 
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Karel ZDANSKY a, Jiri ZAVADIL a, Pavel KACEROVSKY a, Frantisek KOSTKA a, Jan LORINCIK a, Ondrej 

CERNOHORSKYa,b, Martin MULLERa,b, Martin KOSTEJN a,b, Anton FOJTIK b 

a Institute of Photonics and Electronics AV CR, Praha, Czech Republic, EU, zdansky@ufe.cz 

b Faculty of Nuclear Sciences, Czech Technical University, Praha, Czech Republic, EU, ftk@troja.fjfi.cvut.cz,  

Abstract 

Layers of nanoparticles in micelle enclosures were deposited on InP substrates by electrophoresis from 

isooctane colloid solutions containing Pd or Ag nanoparticles. The layers were investigated by SIMS, low-

temperature photoluminescence spectroscopy and topography, absorption spectroscopy, Raman 

spectroscopy and sensitivity to hydrogen. Photoluminescence of InP was enhanced by the layers of Pd or Ag 

nanoparticles. Schottky barriers made on the n-type InP with layers containing Pd nanoparticles showed 

significant sensitivity to hydrogen in contrast to those containing Ag nanoparticles. 

Keywords: indium phosphide (InP), photoluminescence (PL), Raman spectroscopy 

1. INTRODUCTION 

A structure formed by a layer of separated metal nanoparticles deposited on the surface of a 

semiconductor macromaterial shows similar physical properties as the cognate structure formed by an 

integral metal macromaterial layer. However, the two structures can be considerably different in certain 

aspects. In particular, optical radiation can penetrate through a layer of metal nanoparticles much easily 

than trough an integral metal layer. In the case of metal nanoparticles in a nonconducting cover, e.g. 

surfactant, the nanoparticles are farther apart and the radiation penetration is more effective. The 

penetrated radiation can induce photoluminescence (PL) or photovoltage responses in the semiconductor. 

More than that can appear. In addition, metal nanoparticles can even amplify the responses. The 

amplification is caused by the electron motion induced by the impacting radiation in metal nanoparticles. 

This synchronous electron motion generates secondary electromagnetic field leading to the amplification of 

the original one. Thus, we can regard the metal nanoparticles as antennas amplifying the impacting and 

emitting radiations [1]. Quantum mechanical analysis taking into account interactions between surface 

plasmons in metal nanoparticles and the nearby electron states on the semiconductor surface shows on a 

strong coupling between them [2]. A study of the coupling is important for the gaining a new basic 

knowledge as well as for practical applications in electronics and optoelectronics. Enhancement of 

photovoltage will enable fabrication of more efficient solar cells or photodetectors of higher quality. Light 

emitting diodes and semiconductor lasers of higher performance can be obtained by the luminescence 

enhancement. Also, it was shown recently that the intensity of Raman spectra was enhanced by metal 

nanoparticles [3]. Moreover, ordered arrays of such metal nanoparticles on semiconductors can form 

structures of novel properties. Potential regions to exploit such structures are in films for Raman scattering, 

selective solar absorbents, photovoltaic cells, optical gratings, antireflection surface coatings, 

photoluminescence devices, diodes, sensors, nanostructure electrodes, chip electric converters, as well as 

data storages and microelectronic devices. 
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Metal nanoparticles can be heated to pretty high temperatures when they are illuminated with the light of 

the wavelength of plasmon resonance [4]. This effect is used e.g. for treatments of tumor disease. In the 

case of a semiconductor structure with deposited metal nanoparticles, this effect can be used for selective 

heat treatments of materials in the proximate environment for its transformation such as phase transitions. 

A semiconductor forms a Schottky barrier at the interface with a layer of metal nanoparticles analogously 

as with the macroscopic metal layer. When common technologies of metal deposition are used the 

semiconductor surface is disturbed and electron surface stated with a high density are created. 

Disturbances arise partly by the impact of metal atoms during deposition and partly by stresses between 

the deposited metal layer and semiconductor due to the lattice mismatch or eventually by a chemical 

reaction of the metal with the semiconductor. The surface states cause Fermi level pinning on the 

semiconductor surface in the position of the maximum electron state density which presents fixing of the 

Schottky barrier height. Thus the barrier height is independent of the kind of the used metal which limits 

exploitation of barrier height chances for electronic devices. It is in particular true in the case of a low 

barrier when its rectification properties are lost. Creation of surface states is strongly reduced in the case of 

a Schottky barrier made from metal nanoparticles. First, practically no stress between the semiconductor 

and the layer of metal nanoparticles occurs because the bindings among the nonoparticles are weak and 

they easily adjust their positions to the lattice of the semiconductor surface. Chemical reaction between 

the semiconductor and the metal is prevented when the metal nanoparticles are enclosed by a surfactant 

which does not react with the semiconductor. Finally, e.g. during electrophoretic deposition of 

nanoparticles from a colloid solution, the impact energy of nanoparticles is very small and does not disturb 

the semiconductor surface. 

Surface of some semiconductors is much sensitive to the disturbance so that it is hard to prevent creation 

of surface states during preparation of Schottky barriers by conventional methods. The InP is just such a 

semiconductor. Schottky barrier height on n-type InP is usually too small with practically no rectification 

ability at room temperature. In contrast, Schottky barrier on the same material made from metal 

nanoparticals by electrophoretic deposition was found as high as 1 eV having excellent rectification 

properties [6]. On the n-type InP with Pd nanoparticles deposited electrophoreticaly hydrogen sensors 

were prepared which had much better performance than sensors prepared by other methods on the same 

materials [7] 

The method of electrophoretic deposition of nanoparticles is steadily gaining more attention in the science 

and technology of solid state materials [8]. The method lies in the process when electrically charged 

nanoparticles dispersed in a non-polar liquid mediums in the form of colloid solution are drifted by the 

electric field to the sample placed on an electrode where they give up the electric charge and form a 

relatively firm and homogeneous layer. Theoretical simulation of the process of electrophoretic deposition 

shows on its fine line with molecular beam epitaxy [9]. Successful deposition requires preparation of a 

stable colloid solution with electrically charged nanoparticles with small spread in shape and size, dispersed 

in a proper non-polar solvent where is provided active mechanism preventing their coagulation and 

agglomeration. Charge incorporation in nanoparticles is accomplished by simultaneous interplay of a 

number of physical chemical mechanisms [10-12]. The actual polarity of the charge of metal nanoparticles 

in an particular experiment is to be determined empirically [13-15] 

In this work we report on investigation of structures with Pd and Ag metal nanoparticles deposited 

electrophoreticaly on InP wafers from colloid solutions prepared by the method of reverse micelles in 

isooctane. 
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2. EXPERIMENTAL 

 We have studied structures with thin films of metal nanoparticles deposited onto surfaces of n-type indium 

phosphide (InP) single crystals from colloid solutions. Single crystal ingots of InP were grown by Czochralski 

technique using MSR6R apparatus by Metal Research, Ltd from UK. Wafers cut from the ingot of 1 mm 

thicknesses were lapped to 0.5 mm and polished on the both sides chemical mechanically with a water 

solution of sodium chlorate by using MP5 machine by Logitech, Ltd. from UK. Samples of 10 ×10 mm2 were 

shortly etched for 15 s in a hot solution of 0.2 % Br in methanol to remove a conducting surface arisen 

during the polishing. Samples were provided on one side with an all-area ohmic contact by rubbing liquid 

solution of tin in gallium at room temperature. Colloid solutions of metal nanoparticles in isooctane were 

prepared by reverse micelle technique from water solutions of metal compounds and reducing agents. The 

shapes of metal nanoparticles in the colloid solution were monitored by a transmission electron 

microscope (TEM) and/or by scanning electron microscope (SEM) using films prepared by evaporating the 

isooctane colloid solution on a microscopic metal mesh. Metal nanoparticles were spherical shape of 7 nm 

diameter with 10 % dispersion [6]. Optical absorption spectra due to surface plasmons of Pd and Ag 

nanoparticles in isooctane monitored by a split-beam photo-spectrometer are seen in Fig. 1. The Ag 

nanoparticles are revealed by the peak at 420 nm. The Pd nanoparticles are revealed by the peak at 280 

nm. The peak at about 220 nm is caused by absorption in 

the surfactant compound AOT. It is shifted to higher 

wavelength in the colloid solution with Pd nonoparticles 

due to a partial convolution with the peak at 280 nm. 

To provide the electrophoretic deposition, an InP wafer 

was affixed by a conducting paint to an electrode in a tight-

closing cell with a graphite plain-parallel opposite electrode 

1 mm apart. The cell was filled with the colloid solution and 

the dc voltage of 36 V was applied via the resistor of 5 M 

in series for 30 min. The current was monitored by 

measuring the voltage on the resistor. Some auxiliary 

depositions were made on glass substrates. For these the 

dc voltage 1400 V was applied giving about the same 

voltage on the resistor as with the InP. Some InP samples 

were masked before the deposition by the acetone paint 

in about one half of the surface and the mask was 

removed by solving it in acetone. These samples were 

made to compare the results of certain measurements in 

both parts, one with the deposited layer of nanoparticles 

and the other without it. Several Schottky diodes were prepared by spotting silver conducting paint in 

several places on the InP wafer-side with the deposited layer and making a common ohmic contact on the 

other side of the wafer. The diodes were electricaly separated because the lateral conductivity of the 

deposited layers was much smaller than their axial conductivity [13]. Forward and reverse current-voltage 

characteristics of the diodes vere measured. The diodes were also tested for their sensitivity to hydrogen in 

a cell with a through-flow gas system. The deposited layers were characterized by SIMS, AFM, optical 

absorption or reflection spectroscopy, spectroscopic photoluminescence (PL) topography at room and 

Fig. 1. Optical absorption spectrum of a 

colloid solutions with Ag nanoparticles (blue 

line) and with Pd ones (red line) in AOT 

reverse micelles dispersed in isooctane. Ag 

surface plasmons are revealed by the peak 

at 420 nm and Pd ones at 280 nm. The peak 

at around 220 nm is caused by the 

absorption in AOT. 
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liquid nitrogen temperature, PL spectroscopy at liquid helium temperature and Raman spectroscopy at 

room temperature. 

3. RESULTS AND DISCUSSION 

 Depositions of nanoparticle layers were performed with 

InP samples placed on both, cathode and anode and the 

measurements of these two types of layers were 

compared. In both cases the layers were of about 100 nm 

thick after 30 min deposition; however, the properties of 

these two types of layers were different. SIMS spectra of 

layers deposited from the colloid solution with Pd 

nanoparticles on InP wafers placed on the cathode and on 

the anode are shown in Fig. 2. Palladium is revealed by five 

peaks on the scale of atomic masses 104, 105, 106, 108 and 

110 with relative intensities 11:22:37:24:12 corresponding 

to the natural 

abundances of 

palladium 

isotopes. The 

intensity of palladium mass spectrum is about two orders of 

magnitude larger in the layer deposited on the anode than in 

the layer deposited on the cathode. It shows that the Pd 

nanoparticles in the colloid solution are either predominantly 

or altogether negatively charged. 

We can suggest that palladium nanoparticles behave like 

anions in the colloid solution in contrast to palladium ions in 

water solutions of palladium salts which act as cations.  

Fig. 2. SIMS of layers deposited from the 

colloid solution with Pd nanoparticles on 

InP placed on the anode (red line) and on 

the cathode (blue line). The numbers above 

peaks show natural abundance of five Pd 

isotopes. Two unmarked peaks at 107 and 

Fig. 3. Change of the current of the diode 

made on InP wafer with a layer of Pd 

nanoparticles after applying the flow of 

hydrogen mixed in nitrogen gas at  time 

of 32 s and then at time of 674 s switching 

to the flow of air. The diode was reverse 

biased with the voltage of 0.9 V. 

Fig. 4. InP wafer masked by paint on the right 

hand side. The rectangle drawn in the centre 

part shows approximately the area scanned by 

the PL topography. 
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This suggestion can be confirmed by the 

measurement of the sensitivity to hydrogen. The 

current of the diodes biased with reverse 

voltage 0.9 V increased when the flow of the gas 

mixture of hydrogen and nitrogen was switched 

on and decreased back to the original value 

when it was changed to the flow of air. The 

increase of the order of two magnitudes can be 

seen in Fig.3. In the case of the diode prepared 

on the InP wafer with the layer of nanoparticles 

deposited on the cathode from the same colloid 

solution with Pd nanoparticles no change of 

current was observed. Two assumptions have to 

be made to explain the difference. First, the 

layer deposited on the anode contains palladium 

nanoparticles. Second, palladium nanopatricles 

dissociate hydrogen molecules. Then, hydrogen 

ions can diffuse to the surface of InP and form a 

charged double layer which reduces the height 

of Schottky barrier leading to the increase of the 

measured current. It confirms the suggestion made on the results of SIMS that Pd nanoparticles are 

negatively charged. Moreover, it allows suggestion that hydrogen dissociation is needed for sensing 

hydrogen by Schottky barriers. 

 

Fig. 7. Two PL spectra measured at 4 K with 

excitation by He-Ne laser on InP with Ag 

nanoparticles deposited on the cathode from the 

colloid solution containing Ag nanoparticles. The 

blue line marked as InP represents emission 

from the uncovered surface of InP and the red 

line marked as InP/Ag the emission from the 

surface of InP covered with Ag nanoparticles. 

Fig. 6. Raman spectrum of InP sample with 

the layer of nanoparticles deposited on the 

anode from the colloid solution with Pd 

nanoparticles (red line marked as InP-Pd) 

and the spectrum of InP without deposition 

(blue line marked as InP). The intensity of 

the later spectrum was multiplied by the 

factor of 50 for better visualization. 

Fig. 5. Two PL spectra measured at 4 K with 

excitation by He-Ne laser on InP with Pd 

nanoparticles, deposited on the anode from the 

colloid solution containing Pd nanoparticles. The 

spectrum marked as InP was taken from the 

uncovered part and that marked as InP-Pd from the 

part covered by nanoparticles. 
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Let us look at the results of photoluminescence 

measurements. For that purpose InP samples with 

nanolayer deposited on about one half of the surface 

were used. The photograph of such an InP wafer in 

Fig. 4 shows the painted mask preventing the 

deposition of nanoparticles on the InP surface on the 

right hand side of the wafer. PL spectra measured at 4 K 

with excitation by He-Ne laser on InP with Pd 

nanoparticles deposited on the anode are shown in Fig. 

5. There are seen two PL spectra of InP, one emitted 

from the clean surface of InP (blue line marked as InP) 

and the other emitted from the surface of InP covered 

with Pd nanoparticles (red line marked as InP-Pd). In 

the both spectra are seen two bands. The band marked 

as B-A is caused by radiative transitions between 

conduction band and shallow acceptors. The band 

marked as BE is caused by radiative recombinations of 

bound excitons. The B-A band is more than twice 

stronger when emitted from the surface covered with 

the film of Pd nanoparticles than that emitted from the 

clean InP surface. It can be explained by the 

enhancement due to the interaction between surface 

plasmons of Pd nanoparticles and the electron states in 

InP near the surface. No similar enhancement was observed on InP samples with layers of nanoparticles 

deposited on the cathode from the same colloid solution. Further, we measured Raman spectra on InP 

samples with deposited nanoparticles and compared their intensities with those measured on InP without 

deposition. In Fig. 6, there is seen the spectrum taken on the InP sample with the layer of nanoparticles 

deposited on the anode from the solution with Pd nanoparticles (red line) and the spectrum taken on InP 

without deposition (blue line). The intensity scale of the blue line spectrum was multiplied by 50 to reach 

about the same heights of both spectra. It means that the Raman intensity was enhanced about 50 times 

by the layer of Pd nanoparticles. No similar enhancement was observed on the InP samples with layers of 

nanoparticles deposited on the cathode from the same colloid solution. This observation further confirms 

that Pd nanoparticles in the colloid act as anion-like particles. 

Further, we performed electrophoretic depositions from the colloid solution with Ag nanoparticles on InP 

wafers placed on the cathode and on the anode. Besides, analogous depositions were performed on glass 

substrates. Optical reflection spectral measurements provided on the InP wafers showed peaks 

corresponding to Ag surface plasmons on samples with nanoparticles deposited on the cathode while the 

peaks on the samples deposited on the anode were much weaker, on the edge of differentiability [15]. 

Similar results were obtained on the glass samples. They were measured by optical absorption 

spectroscopy. Peaks of optical absorption due to Ag plasmons were observed on samples with 

nanoparticles deposited on the cathode while no such peaks were observed on the samples deposited on 

the anode [15]. It suggested that, in contrast to Pd nanoparticles, Ag nanoparticles act like cations, bearing 

a positive charge in the colloid solution. This suggestion will be confirmed in the following. 

Fig. 8. Two PL topographs of InP wafer covered 

with Ag nanoparticles on the left side and 

uncovered on the right side, separated by the 

dashed line. The upper graph shows result of the 

measurement at room temperature, the lower 

graph at liquid nitrogen one. The colour scale of 

PL intensity is shown on the right side of each 

graph. 
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PL spectra measured at 4 K with excitation by He-Ne laser on InP with Ag nanoparticles deposited on the 

cathode from the colloid solution containing Ag nanoparticles is shown in Fig. 7. There are seen two PL 

spectra of InP, one emitted from the clean surface of InP (blue line marked as InP) and the other emitted 

from the surface of InP covered with Ag nanoparticles (red line marked as InP/Ag). Each spectrum consists 

of two peaks, marked BE and B-A. The intensity of both PL peaks is more than twice stronger when emitted 

from the InP surface covered with the layer deposited on the cathode than that emitted from the clean InP 

surface. It can be explained by the enhancement due to the interaction between surface plasmons of Ag 

nanoparticles and the electron states in InP near the surface. No similar enhancement was observed on InP 

samples with layers of nanoparticles deposited on the anode from the same colloid solution of Ag 

nanoparticles. Layers of nanoparticles deposited from colloid solutions with Ag nanoparticles on masked 

InP wafers were measured by PL topography at room temperatures and at temperature of liquid nitrogen. 

The scanned area embodies both parts, that covered with the layer of Ag nanoparticle and the clean InP 

surface as it is shown approximately in Fig. 4. In Fig. 8, there are two PL topographs of InP wafer covered 

with Ag nanoparticles on the left hand part and on the uncovered InP on the right hand part. The border 

between the two parts is indicated by the dashed line. The upper graph shows results of the measurement 

at room temperature, the lower graph those at liquid nitrogen temperature. The colour scale of PL intensity 

is shown on the right side of each graph. It is obvious that higher PL intensities appear in uncovered part of 

the InP wafer when measured at room temperature. However, they appear in the covered part when 

measured at liquid nitrogen temperature. It shows that the enhancement of PL intensity by Ag 

nanoparticles depends on the temperature. Small reduction of PL intensity at room temperature can be 

explained simply by shielding of the InP surface which is not overcome by the effect of the enhancement. 

The reduction of the enhancement shows on the reduction of the interaction between surface plasmons 

and InP electron states by the temperature. It is in agreement with the above reported result of PL 

measurements at 4 K which showed the enhancement by the factor of two, while at liquid nitrogen 

temperature the enhancement factor is only about three halves. Finally, it should be said that no 

enhancement of PL topography, only reduction independent of temperature, was observed on the InP 

wafers deposited by nanoparticles on the anode from the same colloid solution with Ag nanoparticles.  

We sugest that low-temperature PL enhancement is caused by collective plasmon modes of metal 

nanoparticles arranged on the InP surface. The modes can be excited at low temperature and are coupled 

to electron states near the surface of InP. Stronger lattice vibrations at higher temperature disturb 

coherency of plasmon modes and thus reduce their interaction with electron states of the semiconductor. 

The interaction may depend on the type of the excited mode and different electron states may be coupled 

with different modes. It can explain why both PL peaks, BE and B-A are enhanced with Ag nanoparticles 

present (Fig. 7) and only one peak, B-A is enhanced with Pd nanoparticles (Fig. 5).  

4. CONCLUSIONS 

In the context with research of semiconductor gas sensors, layers of Pd and Ag nanoparticles were 

deposited by electrophoresis on InP and glass substrates. Their properties were consistently explained on 

the basis of SIMS, optical spectroscopy, current-voltage characteristics and hydrogen sensing 

measurements. Photoluminescence of InP was enhanced by the layers of Pd or Ag nanoparticles at low 

temperatures. Intensity of Raman spectra was strongly enhanced at room temperature. Schottky barriers 

made on the n-type InP with layers containing Pd nanoparticles showed significant sensitivity to hydrogen 

in contrast to those containing Ag nanoparticles. It supports the proposition that dissociation of hydrogen is 
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a necessary process for hydrogen sensing on the basis of Schottky barriers. We consider that layers of Pd 

nanoparticles can be successfully used for making fast, sensitive and small-dimension sensors on the basis 

of InP.  
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Abstract 

Principal mechanical properties of Si3N4-SiC micro-nanocomposites with different weight fraction of SiC 

particles (1 and 5 wt%) have been studied. The Si3N4-SiC were formed by in-situ procedure utilizing 

carbothermal reduction of SiO2 during hot pressed sintering. Hardness, fracture toughness, Young’s 

modulus and strength at room temperature were investigated. Creep behaviour and oxidation resistance 

were established at high temperatures. The presence of SiC particles refined the microstructure of Si3N4 

grains in the Si3N4-SiC micro-nanocomposites and caused change of mechanical properties. Higher amount 

of SiC particles caused higher values of hardness, Young’s modulus and lower values of fracture toughness 

and flexural strength. The significant improvement of creep behaviour together with better oxidation 

resistance determines the main application of studied materials.  

Keywords: Si3N4-SiC micro-nanocomposites, in scanning electron microscopy (SEM). image analyzer DIPS 

1. INTRODUCTION 

Although structural ceramics has a number of excellent properties, which allow their applications as parts 

and tools for different combinations of load at temperatures, wider application is still limited by their 

brittleness, low flaw tolerance and low reliability.  

Silicon nitride and silicon carbide are the promising materials for high temperature application because of 

their excellent high temperature strength, oxidation resistance and creep behaviour. Different approaches 

have been used to improve their reliability, lifetime and high temperature properties. One of the ways of 

further improvement of the mechanical properties is the incorporation of nanoparticles into ceramic 

matrix. However the attraction of silicon nitride ceramic matrix composites incorporated with SiC as a 

second phase is limited owing to their high cost. Several methods have been used for processing Si3N4-SiC 

composites based on: a) amorphous or crystalline composite powders [1]; b) mixture of Si3N4 and SiC 

powders [2]; c) polymer derived routes [3] and d) in situ synthesis of SiC during sintering [4]. Most of Si3N4-

SiC nanocomposites are prepared by hot-pressing and hindered densification due to the presence of SiC 

particles is overcome using higher densification temperatures in comparison with that used for monolithic 

Si3N4. During the last decades an attempt has been made to substitute amorphous Si-C-N powder with 

carbon and SiO2, which would be a cheaper alternative for the production of Si3N4-SiC nanocomposites with 

excellent mechanical properties. Other problem is connected with ambiguous influence of SiC nanoparticles 

on mechanical properties measured by different authors. Niihara and co-workers [5,6] showed that 

dispersions of fine SiC particles in the Si3N4 matrix lead to a remarkable improvement in the mechanical 

properties at room and elevated temperature. Other authors [7] demonstrated that Si3N4 composite with 

SiC nanosized particles exhibited only slight improvements or no improvement [8] to room temperature 

and high temperature mechanical properties compared to monolithic Si3N4. The aim of the present work is 

to investigate the influence of SiC particles on microstructure, phase composition and principal room 

temperature and high temperature mechanical properties of carbon derived Si3N4-SiC nanocomposites.  
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2. EXPERIMENTAL  

1.1 Experimental materials 

Two Si3N4 based materials were prepared from the starting mixture listed in Table I. Materials were 

prepared by densification of the starting mixture with weight fractions of SiO2 and C 0.43/1.43 and 

4.05/7.39 in order to produce composite with 1 and 5 wt% of SiC particles, respectively. The starting 

mixtures were homogenized in polyethylene bottle with Si3N4 spheres in isopropanol for 24 h. The dried 

mixture was sieved through 25 µm sieve in order to eliminate the large hard agglomerates. Green discs 

with the diameter of 48 mm and 5 mm thick were die pressed under the pressure of 30 MPa. Green discs 

were then embedded into a BN powder bed and positioned into the graphite uniaxial die. Samples were 

hot-pressed under a specific heating regime, atmosphere and mechanical pressure regime at 1750 °C and 

30 MPa for 2 h. The details of fabrication were published elsewhere [4].  

Table 1 Composition of the starting powders  

Samples 
Composition [wt.%] 

Si3N4 Y2O3 C SiO2 

Si3N4-1wt%SiC 93.23 4.91 0.43 1.43 
Si3N4-5wt%SiC 84.13 4.43 4.05 7.39 

1.2 Experimental methods 

The microstructure of Si3N4-SiC composites were characterized on polished and plasma-etched sections of 

the bulk materials in scanning electron microscopy (SEM). Diameter of Si3N4 grain were estimated using the 

image analyzer DIPS (Digital Image Processing System 5.0). The phase compositions were identified by X-ray 

diffraction (XRD). Hardness was measured on polished cross-sections of bars using standard Vickers 

indentation at the load of 98 N. Young’s modulus was measured by spherical diamond indentor using depth 

sensing technique. Single edge V-notch beam (SEVNB) method was used for fracture toughness 

measurements. Sharp notch with tip radius less than 10 m was introduced into specimen using a razor 

blade. Strength of specimens with dimensions 3 x 4 x 45 mm3 was tested in four point flexure test. 

Specimens were ground to a 15 m finish by diamond grinding wheel. Both edges on the tensile surface 

were chamfered to eliminate failure from the edges of the specimens. The specimens were broken with a 

cross-head speed of 0.5 mm/min in air. The creep test measurements were carried out in creep machine 

with a dead-weight loading system. Samples were loaded in four-point bending with inner and outer span 

lengths of 20 mm and 40 mm, respectively. Creep tests were performed in air, at temperatures from 

1200°C to 1400°C, with outer fibre stresses in the range from 50 to 150 MPa. From the deflection data 

recorded continuously during the creep test, the outer fibre strain was calculated as a function of time, t, 

and taken as the creep strain, ε. The creep rate was calculated from the slope of the ε versus t curve. To 

characterize the creep behaviour, the parameters n and Qc were evaluated. Oxidation behaviour of 

materials were studied in air at 1350°C for 300 hours with the heating and cooling rate of 5°C/min. The 

phase composition and the thickness of the surface oxidized layer were determined by SEM with EDX 

analyzer. Formed oxidation products were identified and investigated by XRD.  
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3. RESULTS AND DISSCUSION 

3.1 Microstructure 

SEM microstructures of the studied materials are illustrated in Fig. 1. Microstructure of both micro-

nanocomposites exhibits bimodal distribution of larger elongated β-Si3N4 grains and finer equiaxial β-Si3N4. 

Intergranular phases showing a brighter contrast surround Si3N4 grains. The average Si3N4 grain size 

(diameter) of Si3N4-1wt%SiC is 160 nm and of Si3N4-5wt%SiC is 140 nm. Slightly finer microstructure of 

composite with higher amounts of SiC nanoparticles is due to the presence of SiC particles which hinder 

growth of grains.  

 

 

 

Fig. 6. SEM 
microstructure of 
plasma etched  
a) Si3N4-1wt%SiC and  
b) Si3N4-5wt%SiC 

From X-ray diffraction 

pattern of both samples, Fig. 2, three crystalline phases: β-Si3N4 (hexagonal), δ- Y2Si2O7 (orthorhombic) and 

Si2N2O (orthorhombic) were identified. Silicon nitride was 

completely transformed to β-phase, no β-Si3N4 peaks were 

observed in the diffraction patterns. Diffraction pattern of 

nanocomposite Si3N4-5wt%SiC revealed also β-SiC (cubic). 

Major secondary (intergranular) phase is orthorhombic yttrium 

disilicate (Y2Si2O7) which belongs to the one of the most 

refractory silicates.  

Fig. 2. X-ray diffraction patterns of studied samples 

3.2 Room temperature mechanical properties  

The measured values of room temperature mechanical properties are summarized in Table II. Higher 

hardness and Young’s modulus of material with higher amounts of SiC particles was expected due to the 

addition of harder and stiffer SiC inclusions into a softer Si3N4 matrix. The fracture toughness value of Si3N4-

5wt%SiC nanocomposite is slightly lower than the fracture toughness of Si3N4-1wt%SiC. Determined value 

of fracture toughness is characteristic for fine grained Si3N4 with low aspect ratio. This can lead to the 

conclusion that probably nano-phase toughening [9] is not effective in this material. 

Table 2 Values of room temperature mechanical properties of the studied materials 

Materials Hardness [GPa] 
Young’s 

modulus [GPa]  

Fracture toughness 

[MPam1/2] 

Flexural strength 

[MPa] 

Weibull 

modulus 

Si3N4-1wt%SiC 14.46 ± 0.15 299 ± 12 4.54 ± 0.07 786 8.7 
Si3N4-5wt%SiC 16.34 ± 0.12 322 ± 10 3.75 ± 0.53 678 6.4 
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The two-parameter Weibull statistics of four point flexure strength values gives for nanocomposite Si3N4-

5wt%SiC characteristic strength of σ0 = 678 MPa and Weibull modulus m = 6.4. The Si3N4-1wt%SiC exhibits 

a higher characteristic strength and Weibull modulus than Si3N4-5wt%SiC nanocomposite; σ0 = 786 MPa 

and m = 8.7. Lower flexural strength of Si3N4-5wt%SiC is caused by defects as revealed fractographic 

analysis. Technological flaws presented in Si3N4-5wt%SiC [10] are connected with the formation of SiC 

particles during sintering. 

3.3 High temperature mechanical properties  

The creep resistance of the Si3N4-5wt%SiC nanocomposite was found to be significantly higher when 

compared to the creep resistance of the Si3N4-1wt%SiC, Fig.3. Creep rate of the Si3N4-5wt%SiC 

nanocomposite is up to one order of magnitude lower than that of 

Si3N4-1wt%SiC. However, the apparent activation energy, 

Qc,calculated from the inverse temperature dependence 

are around 350 kJ/mol for both micro-nanocomposites. The 

minimum strain rates plotted as a function of stress for 

each temperature give values of stress exponents n in the 

range of 0.79-1.18 and 0.8-1.28 for Si3N4-1wt%SiC and Si3N4-

5wt%SiC, respectively. The basic creep mechanism in both 

materials seems to be the same. Apparently, SiC 

nanoparticles effect only the processes controlling the 

deformation.  

Fig. 3. Creep rate as a function of temperature for different stresses 

In the Fig. 4 surface and cross-section of oxidized layer of Si3N4-5wt%SiC composite formed at 1350°C for 

300 hours are shown. The oxidation products formed on the surface consist of mixture of Y2Si2O7 and SiO2. 

Needle like and fine globular crystalline of Si2N2O7 are embedded into silica layer, Fig.4a. Fig.5a shows 

surface of oxidized layer of Si3N4-1wt%SiC formed at the same experimental conditions. Oxidation products 

have similar composition compared to composite Si3N4-5wt%SiC, however, significantly different 

morphology of the formed oxides is observed. Globular particles are larger and the elongated crystals of 

Y2Si2O7 have lower aspect ratio compared to these in Si3N4-5wt%SiC. Moreover, higher amount of oxidation 

products are observed at oxidized surface. Although the thickness of the oxidized layer of Si3N4-5wt%SiC is 

slightly thinner (Fig. 4b) compared to Si3N4-1wt%SiC (Fig.5b), the main difference is in the distribution of 

yttrium in the oxidized layer (bright contrast in backscattered electron). Yttrium in oxidized layer of Si3N4- 

1wt%SiC agglomerates on the surface and at the interface between oxide layer and bulk material. After 300 

hours the surface of Si3N4-1wt%SiC is extensively coved by layer of Y2Si2O7. Higher concentration of Y2Si2O7 

in oxide layer than that observed within the bulk material suggesting the diffusion of Y to the surface during 

oxidation. Many fine cracks caused by the difference of the thermal expansion between base material and 

oxidized layer during cooling down procedure are observed in silica layer. Presented preliminary results 

represent only the fist step to the oxidation study. The understanding of oxidation mechanisms in silicon 

nitride-silicon carbide composites requires far more investigations. 
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a) b) 

 

Fig. 4. Surface layer a) and cross-section b) of Si3N4-5wt%SiC composite oxidized at 1350°C for 300h 

Fig. 5. Surface layer a) and cross-section b) of Si3N4-1wt%SiC oxidized at 1350°C for 300h 

4. CONCLUSIONS 

The mechanical properties of carbon derived Si3N4 - SiC micro-nanocomposites with different amount of SiC 

particles have been investigated. It was found that the presence of SiC particles increases the hardness and 

Young‘s modulus but on the other side decrease the fracture toughness. Lower strength characteristics of 

the nanocomposite with higher content of SiC particles are connected with inadequate technological 

process. Nanocomposite with higher content of SiC particles exhibits better creep resistance which is 

connected with the presence of SiC particles which change the chemistry of intergranular phases and act as 

mechanical obstacles to grain boundary sliding. The change of chemistry of grain boundary inhibits the 

migration of additives and improves the oxidation resistance of composite with higher amount of SiC 

particles. 
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Abstract 

Nanofiltration membranes are relatively new class of membranes predestined by their property for ultra 

filtration and reverse osmosis. That guarantees the high effectiveness for purification and preparation 

drinkable water as well as simultaneously in terms of degradation insurants and organic pollution. 

Structural properties of NF membrane are mostly determined by electron or atomic microscope. These 

measurements are usually very expensive and time - consuming on their interpretation.  Though these 

methods are fundamental to inquest structural characteristics, in no case fail to satisfy describe behaviour 

filters in cycle of stresses or leads towards development method, that would demonstrate filters prove in 

real time and in industrial gauge. 

This paper describes proposal online visualization method for testing filters generally. The article handles 

about method that should replace current obsolete measuring systems and simultaneously is able to be 

advisable used on well - proven nanofilter design for specific application, analyse highest effectiveness of 

filtration and detect weak points of the nanofibres surface, as well as finds out if the filter is damaged or 

manufactory defective. 

Keywords: nanofibres, filtration, nanofiltration, visualization techniques, piv, particle image velocimetry 

1. INTRODUCTION 

Nanofiltration membranes are relatively new class of membranes predestined by their property for ultra 

filtration and reverse osmosis. Their separative mechanism includes both three - dimensional and electrical 

effect of filtration. This combination of nanofiltration membranes guarantees the high effectiveness for 

purification and preparation drinkable water as well as simultaneously in terms of degradation insurants 

and organic pollution. NF membranes are usually characterized by structural characteristics as a porosity 

and porous size, thickness of membrane or electrical characteristics, e.g., surface density of charge. 

Structural properties are determined by electron or atomic microscope. These measurements are usually 

very expensive and time - consuming on their interpretation.  Though these methods are fundamental to 

inquest structural characteristics, in no case fail to satisfy describe behaviour filters in cycle of stresses. The 

theories that are predicting behaviour of filters in time are based on thermodynamic, electrostatic, cubical 

and semi empirical models. These studies enable mathematical simulation of filtration, however 

experimentally has not been proved so far. At the same time none from effected studies empiricism 

towards development method, which would demonstrate filters prove in real time and in industrial gauge. 

Recently it is reflected on NF membrane usage in the area incinerators or their integration to the cascade 

filters. In order to the highest effectiveness of nanofilter, namely for entrapment poisonous toxins, it is 

necessary not only suggest optimal structural properties filters, but also estimate their behaviour in-

process and full stress. This paper describes proposal online visualization method for testing filters 
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generally. The article handles about method that should replace current obsolete measuring systems and 

simultaneously is able to be advisable used on well - proven nanofilter design for specific application, 

analyse highest effectiveness of filtration and detect weak points of the NF filter. 

2. EXPERIMENT AND METHODS 

2.1 Tested materials 

Commonly used NF materials from polyvinyl alcohol (PVAL), super polyamide (PA) and polyurethane (PU) 

were tested during these measurements. Fibrous material was built - up on matrix from spun bonded 

textiles Cetex applying Nanospider apparatus that is evolved on Technical University in Liberec in 

cooperation with Elmarco Company. 

Surface mass of built - up fibers proceed at interval 0,1 - 5 g.m-2 with average diameter 100 - 300 nm. Filters 

from these materials are familiarly exploited at preparation composite materials, acoustic absorbers and 

biomedical applications. 

2.2 Methods of visualization 

The data for NF visual analysis were sensing with configuration of laser light and cameras currently 

exploited for purposes Particle image Velocimetry (PIV) measurement. Laser sheet of defined width 

preexposure flow air seeded with solid defined elements. Each cell was thereby independent same 

evaluation size. Required accurate intensity of light was ensured by pulse laser New Wave Gemini, pictures 

were scanned with 12bit camera HiSense. This setup enabled analyses terms of particle density before and 

behind filter along with calculation vector field of fluctuant medium over filter.  

NF filter was fixed in absorbent suction pneumatic route (Fig. 1). Before and behind filter was measured the 

course of pressure and flow. Air was suck up along with defined particle about sizes 0,6 - 1 micrometer 

from reservoir. For the water flows were used solid white and fluorescent particles in range of 0,1 - 10 μm 

and special particles with mean diameter of 500nm. The particle sizes used for filter testing correspond 

directly with the size of pores for each material. For air applications some measurements were done with 

aerosol testing as well as with solid particles. For this purpose we used Scitek and Safex fog generators. 

2.3  Results processing 

Demonstration of acquired dataset captured with PIV system is present in (Fig. 3). In lower parts are 

agglomerated particle obstructing on filter surface. The upside of the figure 3, above filter, particles leak 

out in single thin streams. This points to in homogeneity and bad structured filter. PIV system captured 

double images moving elements with time spacing 1ms. In the right picture of figure 3 was to pasted vector 

field of air flow over the filter in the laser light sheet width. On result it is possible to see significant 

breakdown filter that leak air with particle triple at speeds of and directive diverted from axes compared to 

surroundings. Above this disorder comes up trace, expressive degree affecting character flow in coherent 

transport systems channel.  
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Fig. 1. Image of device set-up:  

1) Measuring channel, 2) Nanofibres filter, 3) Laser sheet, 4) Air flow enriched with seeding particles.  

In the right picture is schematically shown the function of the filter and the surface filtration mechanism. 

  
Fig. 2. Experimental channel for the air filtration:  

1) Laser NewWave Gemini PIV, 16Hz, 2) PIV camera Dantec HiSense 12bit, 1280x1024, 4.5 double-

frames/sec, lens system Nikon AF Nikkor 60mm, 3) Camera controller Dantec Camera Controller, 4) Dantec 

System Hub - Flowmap, 5) supervisory PC, 6) Particle generator for aerosol seeding, or the solid particle 

powder dispenser  7) vacuum cleaner AEG CE 250, 1600W for solid particles, pumping device for the water 

testing 8) Nanofilter, 9) Digital differential pressure sensor GMH 07AN, measuring range 0-20kPA. 

3. VISUALIZATION PROCESSING AND THE EFFICIENTY OF FILTRATION EVALUATION 

Both areas surrounding the NF (Fig. 4.3) were splitted into 10 segments apparently in Fig 4.2 and 4.4. In 

each cell was calculated value intensity scattered lights analogously corresponding of the number of 

particle in cell. Total value capture efficiency was calculated for entire filter like medium relation 

exquisiteness behind filter (Fig 4. 1) and before NF (Fig 4.5). 

Flow 

direction  
Nanofi

bers 

Captured particles 
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Fig. 3. Visualization and vector field of the 

air flow 

Chart of efficiency of NF filter across 

particular segments (Fig. 5a) points to 

infirm seats or mistakes in filter, where 

attend to higher leak of particle.  

The figure 5.b shows up decreasing 

tendency efficiency filter in course 

unexpired cost test. This phenomenon 

follow insufficient fortress and robustness tested NF 

structures. Imperfection over time magnify, in the 

extreme can come to entire local rupture filter. 

Figure 6 documents just the same case, when along 

measurement filter ruptured. Filling elements 

snowballed hydraulic gradient on both sides filter 

until highest critical funds that leads to the filter layer 

rupture. 

Fig. 4. Area segmentation nearby the nanofilter for 

the efficiency calculations 

  

Fig. 5. a) The efficiency through the whole filter, b) the time dependence of the average efficiency 

Pictures (Fig. 7) taken from confocal microscope, describing the filter filling up with particles and 

development of wholes and defects. 

4. CONCLUSION 

Here was proven availability using designed methods for monitoring and evaluate filtration efficiency of NF 

structures. Already at these primary observing were detected inadequacies of some designed filters, their 

space matrix irregularity, low fortress, heat wave and compressive resistivity. In other steps is on point the 

higher automatization of all measuring loops, upgrade appraise algorithms and NF testing on various types 
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thorough particle. In future special filters stool will be tested by this method under extreme conditions. 

There are also some comments for NF usage for nanoparticles deglobularization or water treating 

visualization. Our visualization technique enables to design new NF structures and NF structured 

compounds to contend highly specified 

needs of each application.  

Fig. 6.  

Sedimentation and subsequent rupture of 

the filter 

 

  

Fig. 7. The polyvinyl alcohol nanofibres filter before and after filtration, the pictures were taken with 

confocal microscope. The wholes and the instabilities in filter layer surface are perceptible.  
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Abstract 

The article describes an experiment that verifies the possible use of nanotextile materials for the area of 

microbiologically contaminated water filtration. The main advantage of this procedure during 

contaminated water modification would be the complete absence of chemical substances which 

consequently remain in the disinfected water when chemical purifying is used, and they can take part in 

degradation of biological reactions in organism. A great advantage would also be a relatively cheap 

production of the filtration unit, simple application and ecological operation. The high density of 

nanotextile porosity with the pores dimension in tens of nanometres was a presumption for potential use 

of nanotextiles for a bacterial contamination filtration. The dimensions of these nanopores should avoid 

transparency of the microorganisms with dimensions 0,5-3µm. For the experiment, a nanotextile layer from 

PA612, PUR and Tecoflex on a supporting non-woven fabric from viscoze was used. For the model 

simulation of the microbial contamination, bacteria Escherichia coli and Micrococcus luteus were chosen. 

E.coli indicates a feacal water contamination and its presence in drinking and modified surface water is 

carefully monitored. Penetration of these organisms into the alimentary tract in an excessive amount may 

cause health problems. That is why the suggested methodology of the drinking water filtration could be 

syncreticly considered one of the most economical mechanical procedures of its modification. 

Contaminated water was filtrated during underpressure influence on the output side of the filter from the 

mentioned material. After three-day incubation on the nutritive medium, cultures found in the water 

before and after the filtration with the pressure gradient were compared. In the filtrated water, both 

bacteria E.coli and Micrococcus luteus were identified, which did not confirm the theoretical presumptions 

of the experiment. 

The input methodology of the filtration was designed with reference to the given facts and its closer 

completation and final evaluation is concentrated in the experimental and final part of the report. The 

indicated transmission of the bacteria, from the point of filtration success, i.e. from the point of elimination 

of the inhomogeneity in the nanotextile material made through an electrospinning method, may be seen in 

the possible mechanical damage of the filtration nano-layer. Removal of this effect could be done through 

layers multiplying, eventually by using of nanotextile material with bigger areal weight. 

Key words: filtration, bacteria, nanotextiles 

1. INTRODUCTION 

Water is one of the basic conditions for life on Earth. As a result of growing human population, increasing 

polution of water sources and possible climate changes that can depreciate or destroy water sources, 

quality drinking water may become a scarce resource soon. Already nowadays, drinking water is not 

commonly available in some developing countries. The World Health Organization (WHO) estimations talk 

about approximately 1,2 milliards people who do not have access to clean drinking water. Two million 

people die of contaminated water related illnesses every year, mainly children and elderly people. The 
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biggest problem in the contaminated water is bacteria and virus what cause serious health problems that 

can lead to death. This contamination can be treated either chemically, through filtration or through a 

combination of these methods. Technical progress brings new technologies and materials, which can lead 

to more possibilities of water modification. 

One of the possible variants could be an application of new filtering means with very small pores 

dimensions that would be able to catch all, or at least most of, the unwanted contamination. Nanotextile 

comes forward as a suitable material. Nanotextile is an unwoven textile consisting of fibres with size 50-300 

nm. The size of pores ranges in the tens of nanometers.In theory, the nanotextile filter should be able to 

catch bacteria, which size ranges between decimals and tens of micrometers. In the case of virus filtration, 

the pores dimensions would have to be smaller, the virus size ranges from 20 to 300 nm. 

We decided to verify this hypothesis in laboratory conditions, on different nanotextile materials. If the 

nanotextile samples managed to catch the dangerous bacteria, and possibly the virus, there would be 

another possibility of an easy and cheap modification of contaminated water, without the use of chemicals.  

2.  MATERIALS AND METHODS 

2.1 Used materials 

See Table 1. bellow for the materials used for the experiment. The sample was circular profile with 50mm 

diameter. 

Tab 1. Used materials 

 Material Area weight [gsm] Fibres diameter [nm] 

PA 612 on viscose matrix 0,7 100-400 
Tecoflex on PP spunbond 3,3 100-300 
PUR on PP spunbond 8,1 400-600 

2.2 Methodology 

As a testing microorganism, bacteria Escherichia coli and Micrococcus luteus extracted from CCM were 

used. These bacteria are one of the indicators of faecal water contamination. 

The size of bacteria: 

Escherichia coli: 1,1 - 1,5 x 2-6μm [1] 

Micrococcus luteus: 0,5 - 2 μm [2] 

Nanotextile sterilization by UV radiation: 4 hours. 

Nutrient medium: 

Nutrient bouillon no. 2 (Imuna, Šerišské Michaľany) 

Nutrient Agar No. 2 (Himedia, India) for isolation of Micrococcus luteus 

Endo - agar (Merck, Germany) for isolation of Escherichia coli 

Sterile bouillon was inoculated by E.coli and Micrococcus luteus. After 24h cultivation at 37°C (E.coli) and 

30°C (M. luteus), 2ml of culture were inoculated into 198ml of sterile distill water. This solution was 

filtrated through nanotextile placed on Saitz funnel. One hundred mililitres of the filtrate was filtrated 

through a sterile membrane filter. After that, the filter was placed on Petri dishes with nutrient medium 

and was incubated for 72h. For isolation of E.Coli, Endo - agar (Merck, Germany) was used, with the 

cultivation temperature 37°C for 72h; for isolation of Micrococcus luteus, Nutrient Agar No. 2 (Himedia, 
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India) was used, with cultivation temperature 30°C for 72h. Afterwards, the accumulated colonies of 

bacteria were counted on the filters. 

3.  RESULTS 

The comparison of used materials is in Table 2. 

Tab 2. Filtering Results  

Material Area weight 
Analysis 

Escherichia coli Micrococcus luteus 

PA612 0,92 Indistinguishable change Indistinguishable change 
Tecoflex 3,3 Indistinguishable change Indistinguishable change 
PUR 8,1 Water not dismissed Not tested 

PA612 - 3 filters 0,92 - 3x 
before filtration 8727273 i.e. 8,7 x 106 
after filtration 40136 tj. 4,0 x 104 
Decrease of colony amount  

Not tested 

4.  DISCUSSION 

Experimental results did not verify the theoretical hypothesis that the pores size of the chosen nanotextiles 

will prevent bacteria penetration. The filtrated liquid, except for PUR, was filtrated through nanotextile, but 

bacteria contamination was proven at the evaluation. Stronger nanotextile from PUR was not suitable for 

the filtration because of water impermeability (too big layer). In the case of using 3 layers from PA612, a 

different amount of colonies was noted before and after filtration. After filtration, the amount of bacteria 

was decreased by8,7 x 106 after filtration 4,0 x 104. This amount of microbiological contamination is still 

harmful, but the technology of the filter structure can give a direction how to proceed. There can be several 

reasons why the bacteria penetrated through the nanotextile: The openings in nanotextile were too big. A 

possible solution could be reduced the size of pores by reducing the diameter of nanofibres and extending 

the nanotextile layer (area weight of the nanotextile). However, it is neccessary to find a suitable ratio of 

the diameter and layer sizes so that a complete impermeability did not happen. Nanotextile layer could 

have been damaged - at manufacture or manipulation, the bacteria penetrated through a defect. The 

nanotextile manufacturing by electrospinning shows a great quality of the nanotextile, therefore a defect at 

manufacture can be eliminated. However, a mechanical damage can happen during manipulation and 

transportation. A solution would be a thorough inspection of the used materials, or an application of more 

layers. By application of more layers, the possibility of bacteria penetration through a defective filter would 

be substantially eliminated. Another possibility of avoiding the bacteria penetration would be a 

modification of the layer by a substance that kills the bacteria. Nanoparticles of silver could be used, which 

have good antibacterial characteristics, or different antibacterial substances. However, a substantial price 

increase can be expected for filters modified this way and they could not face the competition of the 

chemical modification of water. Although the chemical modification kills the bacteria, in contrast with the 

filtration the dead bacteria remain in the water. The mentioned reflexions result into a conclusion that the 

best solution for the filter would be the application of several nanotextile layers with sufficiently small 

pores. The nanotextile would catch the bacteria and the multi-layer solution would eliminate the 

penetration of microorganism due to a possible mechanical defect. In the pictures from electron 

microscope (Fig. 1, Fig. 2, Fig. 3, Fig. 4), the bacteria on the samples from PUR and PA612 are shown. 
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Fig.1. Escherichia coli captured on nanotextile from PA612 1st layer (scaling factor 2500x) 

 

Fig.2. Escherichia coli captured on nanotextile from PA612 2nd layer (scaling factor 2500x)  

In figures 1,2 and 3, bacteria E.Coli are shown on a separate layers of PA612 filter - first layer in Fig. 1, 

second layer in Fig. 2, third layer in Fig. 3. A decreased amount of bacteria is obvious in the pictures. As 

mentioned above, the amount of bacteria in the filtrated liquid was decreased by 2 grades through the 

application of this filter. It can be debated if 100% bacteria filtration can be achieved by application of more 

layers. In Fig. 4, there is a photo of nanotextile from PUR. This material had both substantially bigger area 

weight (thicker nanotextile) and bigger diameter of fibres. In the picture, bacteria caught on the textile 

surface can be seem, however, the nanotextile layer was too big and did not let the filtrated liquid through, 

not even under negative pressure. 
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Fig.3. Escherichia coli captured on 

nanotextile from PA612 3rd layer 

(scaling factor 2500x) 

The next aim of the project will be 

to look for the optimal size of the 

nanofibres diameter, layer thickness 

and amount of filter layers from 

nanotextiles. The result of the 

research should be a conclusion 

about the suitability of the used 

types of nanotextiles for water 

filtration, and possibly a proposition 

of the filtration equipment for 

drinking water modification without the application of chemical substances. 

Fig.4. Escherichia coli captured on 

nanotextile from PUR (scaling factor 

2500x) 
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ELECTRIC FIELD & CHARGE INFLUENCE ON CARBON BLACK PARTICLES ARRANGEMENT IN 

POLYSTYRENE-CARBON BLACK COMPOSITES 
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Abstract 

This work deals with self-ordering of CB particles in polymer matrix affected by the electric field force and 

ions in the solution. When the concentration of CB reaches the percolation value, the electric properties of 

the samples transform from insulating to conductive due to formation of continuous conductive network 

built up from CB particles. The samples of thin layers with CB concentrations from 0,5 to 10 w% prepared 

by spin coating method and the plate samples with the thickness from 0,05 mm to 0,2 mm coated and 

evaporated in Petri dishes were studied. The CB dispersions were carried out by mechanical rotational 

homogenizer with the speed 20000 rpm and by ultrasonic homogenizer with the power 40 W. The electrical 

properties of the samples were tested by the method of impedance analysis - the conductivity in planar 

direction and dielectric spectroscopy method in the frequency region from 10-2 to 108 Hz in the plate 

condenser in normal direction. Because polarization of the CB agglomerates in electric field, they are 

assembled into conductive chains according to the electric field force lines. By this way the percolation 

threshold concentration can be reasonably decreased. The dielectric results can be interpreted in terms of 

the space charge polarization. The number of the CB particles bonded in the chains is proportional to the 

ordering time. It was controlled by both the concentration of the polymer in the solution and by the 

toluene vapor concentration above the solution. The CB agglomerate structures were studied by optical 

microscopy. 

Keywords: Carbon black, polymer composites, agglomeration, conductivity 

1.  INTRODUCTION 

Polymer composites have been intensively studied as new 

materials for many years. Combining the properties of a polymer 

matrix and those of the filler offers numerous new properties, 

both mechanical and electrical ones, especially if the filler is 

electrically conductive. Under the usage of the conductive filler 

with micro- or nano - particles possible microeletronic 

applications appear. If we increase the content of the 

conductive component to a certain concentration (percolation 

concentration), in the composite it causes the formation of a 

connected, electrically conductive network throughout the 

whole mass of the sample (percolation threshold). The material 

conductivity sharply increases, even by several orders1. The 

electric character of the material during percolation alters its quality from insulative to conductive. With 

the increasing temperature the conductive network is disturbed and the electric conductivity decreases. 

This phenomenon called PTC (positive temperature coefficient) effect has enabled the production of self-

controlled heating cables. Besides that, e.g. the composites of conductive polymers and fullerenes seem to 

Fig. 1: Graphite layers in schematic 

model of a carbon black primary 
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be prospective materials for organic solar cells2 production. The percolation threshold can be registered, 

beside electric conductivity, thanks to the viscosity3 increase as well. In all these applications, but also in 

the recognition this phenomenon as such, priority is given to the observation of conductive network 

formation in dependence on the sample preparation technique, external conditions etc. This work deals 

with the study of the agglomeration and arrangement of carbon black (CB) particles in a polystyrene (PS) 

matrix, namely under the influence of the external electric field and the electric charge, the ions which are 

present in carbon black. At the percolation concentration of the carbon black the electric character of the 

sample changes from insulative into conductive as a result of the connected conductive network formed by 

the carbon black particles. CB agglomeration, CB percolation concentration and the resulting electric 

conductivity depend on a number of parameters.  They depend on the polymer1  type, the carbon black4 

sort and producer and the composite preparation method (method and time of CB dispergation, 

temperature, added salts concentration, pH value, ultra-sound effects5,  intensity of the electric field6 

applied).  These modifications of CB network formation conditions can lower the percolation threshold 

significantly. Therefore the percolation threshold values stated in literature range within a wide interval 

from 0.03 to 20 vol.% of CB. The CB network formation proceeds in an actual time. Besides the above 

methods the percolation threshold was also observed under a gradual increase of electric conductivity in 

dependence on time under a constant CB concentration. The percolation moment was detected by a steep 

conductivity increase in a certain “percolation time“7,8. All observations have been so far carried out on bulk 

samples and the percolation threshold detected indirectly by a change in mechanical, electric or other 

properties of the composite6. Completely different opportunities are offered by observing a composite in 

the form of a thin layer. This research has not been carried out yet. Under the suitable dilution and 

thickness of the layer there can be prepared transparent samples what enable not only the resulting 

electric properties, but also optical observations of both the final structure and the direct formation of CB 

network in situ. On the other hand, the samples “quality“ is, however, being complicated by the CB 

particles size with regard to the composite layer thickness. The primary CB particles represent a complex 

and irregular structure of graphite planes and have a size of the nm order (30 - 50 nm) (Fig. 1), but their 

capability of quick agglomeration leads to the formation of larger particles. The process of CB 

agglomeration in its nature is a colloid chemical phenomenon which is significantly influenced by the 

presence of ions which are added into CB during production. 

The working hypothesis about the influence of the surface charge in CB particles (in most cases a negative 

charge) and the concentration of ions (in most cases positive ions) in the environment surrounding CB 

particles and the influence of the electric field on the process of CB particles agglomeration can be simply 

expressed by a colloid phase diagram in Fig. 2 in the coordinates of the ions concentration in the 

environment - the surface charge of the particles [10]. According to this hypothesis it is possible to trend 

the process of agglomeration towards the formation of various structures from bulk agglomerates to 

laminar or fibrous ones and thus achieve desirable property modifications of the resulting composite plastic 

material containing certain colloid additives. The main leading parameters are the initial concentrations of 

the additives and the regime of the electric field changes in the environment.  

The main objective of this work was a study of CB agglomerates formation, i.e. CB network under the 

electric field influence and in dependence on the ions presence. 

 



  20. - 22. 10. 2009, Roznov pod Radhostem, Czech Republic, EU 

 
 

198  S2 – APPLICATIONS 

 

2.  THE SAMPLES PREPARATION 

The samples for our observations and electrical measurements were prepared from a solution of 

polystyrene in toluene by the method of “spin coating“ or by direct pouring into Petri dishes. By the latter 

there were prepared self-supporting composite layers of a thickness 0.05 mm - 0.2 mm with the content of 

CB 0.5 - 7 vol.% . 5 g of standard granulated non-expandable polystyrene (Kaučuk, Inc., Kralupy nad 

Vltavou) was weighed into a beaker and a corresponding amount of CB (Chezacarb, Chemopetrol, Inc., 

Litvínov) was added. After dissolving PS in approx. 70 ml of toluene the sedimentary CB agglomerates were 

crushed and dispersed. CB dispersion in the solution of polystyrene in toluene was carried out mechanically 

by the rotary desintegrator IKA under the speed of 2000 rpm within the period of 2 minutes. Consequently 

there was used the ultra-sound homogenizer SONOPULS Bandelin under the power 40 W within the period 

of 2 x 1 minute. The samples with a higher CB content were cooled in water bath. Without cooling the 

temperature of the mixture increased up to 50 °C after rotary crushing and up to 75 °C after ultra-sound 

Fig. 2: Example of colloid diagram in the coordinates concentration of ions in the environment versus 

surface charge parameter of the particles agglomerated. The influence of 4-valent ions concentration in 

the polyethylene melt and the surface charge parameter on agglomeration. There are the regions of 

different agglomerate structures denoted as Liquid Crystal Columnar, Smectic and Nematic. 
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application. In the second stage the mixture was poured on the microscope cover glasses on a spin-coater 

CHEMAT TECHLOGY KW-4A and into Petri dishes with a radius of 30 - 35 mm. For the preparation of the 

mixtures CB was dried in Petri dishes under the temperature of 120 °C on a hot plate HP01. The second 

series of samples was prepared with CB from which ions were partially extracted in distilled water. Dipping 

CB in distilled water was carried out within a period of 10 days and the water conductivity was measured 

gradually. After the final re - filtering the CB was dried up in the same way as in the preceding case on HP01 

to a constant weight. For the preparation of the samples evaporated in the electric field there was used a 

direct-current source 280 V with dot electrodes in the distances of 1.2 and 3 cm. 

Optical observations were carried out on a table metallographic microscope RTL under the magnification 

100 - 600 times. The water conductivity was measured by a table conductometer JENWAY 4510. The 

electric properties of the solid composite samples (after the toluene evaporation) were measured in a 

normal direction in a plate condenser with a micrometrical shift of the upper electrode and in a planar 

direction after a dot contacting with an Ag paste on the edges of the sample. The RLC meter FLUKE PM 

6306 in the frequency region 50 Hz - 1 MHz was used for the measurement. The capacity C and the 

conductance G in a parallel scheme were evaluated. Since the normal and planar measurements represent 

two definitely different methods of measuring, simplified values were used for the evaluation (Eq. 1), 

f

G
e =2   and  

Cf

G
tg = ,     Eq. 1 

where e2 is a quantity proportional to the imaginary component of complex permittivity and tg is 

proportional to the loss factor. Let us remark that the capacity C is proportional to the real component of 

complex permittivity. 

3. RESULTS AND DISCUSSION: 

During the preparation of samples by pouring into Petri dishes an important role is played by the velocity of 

the evaporation of toluene, whose planar fluctuations accelerate CB agglomeration. In Figure 3 composite 

layers of a thickness of 0.05 mm are visible. The sample in Figure 3a evaporated more quickly, i.e. in an 

open space under room temperature. At the sample in Fig. 3b there was a prolonged period of toluene 

evaporation by closing the Petri dish cover. Whereas the first sample (a) gained a constant weight in 

approx. 2 hours, the second sample (b) in approx. 2 days. From all these it is obvious that the local decrease 

of toluene increases the CB particles concentration and thus accelerates their agglomeration as a result of 

Van der Waals forces effectiveness. 

The structure analysis of a 

composite prepared by the 

method of “spin coating“ 

seems to be doubtful, 

probably because of too large 

dimensions of CB particles 

with regard to the thickness 

of the polymer layer or to the 

high velocity of the toluene 

evaporation. In Fig. 4 there 

can be seen quite large and 

   a   b  

Fig. 3: Structure of CB agglomerates in a PS layer of a thickness of 0.05 

mm a) quickly evaporated, b) with a prolonged period of evaporation.  
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separate CB agglomerates similar to those in Fig. 3a. As a result of a big centrifugal force they are oriented 

according to this force. 

During the observation of the CB 

agglomerates structure formed in 

the electric field during toluene 

evaporation there was detected 

the formation of chains (Fig. 5) 

from CB particles in the direction 

of the lines of force in the electric 

field, i.e. an interconnected 

network (Fig. 6). This catenation 

can be a consequence of electric 

polarization of conductive CB 

particles with their consequent 

electrostatic attraction. 

Another hypothesis can be based 

on the presumption that a strong 

electric field on the final 

projections of CB agglomerates 

causes a change in the 

concentration of ions in the ion 

atmosphere of CB particles and 

thus facilitates the attractive 

effectiveness of Van der Waals 

forces. This idea is supported by 

the formation of CB chains also in 

the direction perpendicular to the 

electric field (Fig. 5 - 7). Also the 

concentration of CB in relatively 

strong chains at the expense of the vacated surrounding spaces proves the CB movement also in the 

direction perpendicular to the direction of the electric field. The structure of small chains can be seen in Fig. 

7 under the microscope magnification 600. The number of CB particles in the chains is proportional to the 

duration of the arrangement. This time was controlled by both the polymer concentration (amount of 

toluene) in the solution and the toluene vapours concentration above the solution. 

The influence of ions on the Van der Waals forces effectiveness was weakened in the samples where the CB 

extracted in water was used. The water conductivity before extraction was 0.16 mS/m. Under averaging the 

values of ten samples the conductivity of the distilled water after extraction was 10 - 20 mS/m. This implies 

that ions are released from CB particles in water. The ions influence on the formation of CB network was 

observed indirectly by means of electric measurements. The frequency dependencies of capacity, e2 

quantity and tg point to the impedance response of the partially conductive samples. If we express the 

dependence log e2 as the function of log f, we obtain according to Eq. 1: 

fGe loglog2log −=  

Fig. 7: Soft chains of CB in 

the composite 0.5%w CB, 

thickness 0.05 mm. 

Microscope magnification is 

600 times. 

Fig. 6: Interconnection of 

chains into a network. 0.5% 

w CB, thickness 0.05. 

Microscope magnification is 

200 times 

Fig. 4: CB-PS composite layer 

with 3%w CB prepared by the 

method of “spin coating“ for, 

microscope magnification is 100 

times. 

Fig. 5: Chain agglomeration of 

CB in the electric field force 

lines direction. 0,5%w CB, 0,05 

mm thickness. The microscope 

magnification is 200 times. 
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If the electrical conductance is given first of all by the direct-current component, G is independent on 

frequency and the plot log e2 against log f will be a straight line with the slope -1. The results of our 

measurements have proved this, and beyond this, it has appeared that the samples with the usage of 

extracted CB have a conductivity by 0.5 - 1 order higher than the samples with dried-up CB only. 

4.  CONCLUSION 

In this work it has been proved not only indirectly, but also by direct optical observation, that the electric 

field has a positive influence on the formation of CB network in a polymer matrix. It has also been proved 

(even though only partially) that the removal of the ions from CB particles leads to an increase in electric 

conductivity, which can be interpreted as an improvement of conditions for CB agglomeration. 
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Abstract 

Poly (vinyl alcohol) (PVA) is one of the most popular polymers used as a raw material for nanofibres 

production via electrospinning. It is commonly processed from water solutions. Water insoluble PVA 

nanofibres are obtained using a crosslinking treatment. 

PVA nanofibres find many end uses including medical applications because of its non-   toxicity. PVA 

electrospinning process and its throughput can be influenced by various additives. Influence of NaCl on PVA 

electrospinning is studied in the paper and the results are discussed as a contribution to the understanding 

of electrospinning mechanism. 

In this work, water solutions of PVA with concentration of 12 weights per cent were studied. The solutions 

contained 0, 0.5 and 1.0 weight per cent of NaCl. Some characteristics of those solutions were measured 

such as surface tension, electric conductivity, and rheological properties to determine the effects of salt on 

the material properties. While the effects of salt to surface tension and selected rheological properties are 

not significant, the conductivity of solutions increases strongly with increasing concentration of salt. Beside 

these, the LCR Meter and special voltage meter were used to determine electrical properties of those 

solutions, as well as the changing behavior of those properties under the voltage. Electrical properties of 

samples such as capacitance, inductance, and resistance were measured. The time dependence of 

conductivity of solutions under DC voltage was also measured. In addition, high speed camera was used to 

see the effects of salt concentration in needle electrospinning process. The results show that NaCl strongly 

affects the needle electrospinning process as well as properties of produced nanofibres. 

Keywords: electrospinning, poly (vinyl alcohol), sodium chloride, jets length, nanofibers. 

1. INTRODUCTION 

Poly (vinyl alcohol) (PVA) is a water-soluble synthetic polymer. PVA has excellent film forming, emulsifying, 

and adhesive properties. PVA was discovered in 1915 by F Klatte. The stoichiometric saponification of poly 

(vinyl acetate) with caustic soda to yield PVA was first described in 1924 by W O Hermann and W Haehnel. 

Since its discovery, PVA has found many uses and new ones are still being added. Recently, PVA became 

one of the most popular materials in electrospinning. From many works, it has been seen that, it is very 

easy when PVA was used as material in electrospinning, and because of its non-toxicity and it can be 

dissolved easily in water so PVA can be used as a unique material, or PVA can be used in combination with 

ather polymers which are not electrospinnable themselves, but they have special functions for end use 

purposes [2, 3].  

Electrospinning is a method of producing nanofibres by using an electrostatic repulsive force and an electric 

field between two electrodes, by applying high voltage to a polymer solution or a melt, so that it can 

produce a web of nanofibres [1, 2 and 3]. Electrical properties of a polymer solution or a melt affect the 

eletrospinning process and properties of the product [4, 5]. Sodium chloride was used in this work to 
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change electrical properties of PVA. The results of the effects of changing in electrical properties to 

electrospinning process as a contribution to understanding of electrospinning mechanism. 

2. EXPERIMENTAL 

It has been known from many experiments that electrospinníng process and spinnabilty of PVA strongly 

depend on polymer molecular weight, concentration and content of additives such as salts. In this work, 

atactic PVA with degree of saponification 88 percent was used. The additive sodium chloride (NaCl) with 

concentration of 0%, 0.5% and 1% was used to change properties of PVA solutions. The symbols of those 

solutions are showed in table 1. 

Table 1: PVA solutions studied 

Symbol Molecular 
weight (Mw) 

Hydrolysis Grade 
(%) 

Concentration of 
polymer (%) 

Concentration of 
salt (%) 

PVA12-0 80000 88 12 0 
PVA12-0.5 80000 88 12 0.5 
PVA12-1 80000 88 12 1 

Experiment 1 

Following properties of PVA solutions were measured|:  surface tension, electric conductivity in alternating 

current, rheological behavior and electrical properties. The results  are showed in the table 2 and following 

figures. 

Table 2: Properties of samples 

Sample Surface tension 
(mN/m) 

Conductivity 
(mS/cm) 

Capacitance 
(µF) 

PVA12-0 44.9 0.616 19 
PVA12-0.5 45.9 7.6 27.9 
PVA12-1 45.9 13.8 27 

In the rheological experiments, the dependence of 

solutions viscosities on shear rate was determined. 

These results are shown in Fig. 1. 

Fig. 1: Dependence of viscosities on shear rate. 

Fig 2: Diagram of the circuit 

Experiment 2: 

An electrical circuit was set up to determine the 

dependence of resistance of polymer solution under effects of direct voltage. The diagram of the circuit 

was showed in Fig. 2. 
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It has been known that, under DC voltage, ions inside polymer solutions move toward to electrodes, 

therefore, amount of ions decrease, resistance or resistivity of polymer solutions increase, caused change 

in current of the circuit.  

From this diagram in Fig. 2 we have 

2

2

20

1

)(
R

U

UU
R

−
=                                                                                           (1) 

U0: Voltage of power source (0.7 V). 

U2: Voltage of constant resistance R2 (V). 

R2: Constant resistance (100000 Ω) 

Another concept is electrical resistivity. That is a measure of how strongly a material opposes the flow of 

electric current. To determine specific resistance, we can use formula (2): 

L

A
R=ρ                                                                                                               (2) 

ρ: Specific resistance (Ωm) 

R: Resistance (Ω) 

A: Area of the cell (m2) 

L: Distance between plates (m) 

To be more advantage in comparison, another concept was used. That is the relative resistivity ρr. Relative 

resistivity was calculated by the ratio of resistivity at the time t (ρt) to started resistivity (ρ0). 

0ρ

ρ
ρ t

r =                                                                                                               (3) 

We have the dependence of relative resistivity on time flow in Fig. 3. 

Fig 3: Dependence of relative resistivity on time 

Experiment 3 

During electrospinning, high rate camera was used 

to record the process. The length of jets during was 

obtained from video records. Here are some 

pictures captured the jet length of the polymer 

solutions during process. 

 

Properties of products 

Scanning electro microscope was used to take pictures of nano-fibers. Then LUCIA software was used to 

determine diameter of fibers and make the distribution of fiber diameter. 

3. DISCUSSION 

The numbers in Table 2 and Figure 1 show that NaCl influences electrical propeties of solution considerably, 

whereas changes of surface tension and viscosity are not significant. The time dependence of relative 

resistivity is shown in Figure 2. The graphs show that under direct voltage (0.7V), relative resistivity of 

PVA12-0 increase almost two times faster than PVA12-0.5, and PVA12-1. Conductivity of PVA decreases 
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due to orientation of macromolecules in direct electric field, whereas conductivity linked with small ionic 

charge cariers is less time dependent. 

        
Fig 4: Jet length of samples (a: PVA12-0; b: PVA12-0.5; c: PVA12-1) 

   
     (a)      (b)    (c) 
Fig 5: SEM pictures of products (a: PVA12-0; b: PVA12-0.5; c: PVA12-1) 

Experiment 3 shows the jet length during electrospinning process. The lengths of jets were measured by 

using LUCIA software. The results of jet length measurement are in Table 3.  

Table 3: Length of jets and average diameter of nanofibers. 

Solutions PVA12-0 PVA12-0.5 PVA12-1 
Jet length (mm) 5 4.2 2.9 
Average fibre diameter (nm) 205 237 253 

It has been known that the jet forming is the first stage of electrospinning. Jet stands for equilibrium state 

of a tug of war between electrostatic and capillary forces. The capillary forces cause jet particles to flock 

together to minimize jet surface area and surface energy, resulting from short distance inter-molecular 

interactions at quantum level. Electrostatic forces make the charged jet body disintegrate due to long range 

repulsive Coulombic forces between ions of the same signs. When electric forces are stronger than capillary 

forces, jet will be split [1]. As the results from figure 3, the relative resistivity of PVA12-0 grows quicker than 

PVA12-0.5 and PVA12-1. It means electric density of PVA12-0 grows up slower than PVA12-0.5 and PVA12-

1. In other words, it can be understood that the jet from PVA12-0 solution need longer time to be split, or 

jet length is longer. Comparison between PVA12-0.5 and PVA12-1 in the figure 3 shows that the change of 

relative resistivity in time of both solutions is not significantly different. But the result in table 2 shows that 

conductivity of PVA12-1 is much higher than PVA12-0.5. It means PVA12-1 take shorter time to get suitable 

electric density for splitting of jet. 
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Fig 6: Distributions of fiber diameters 

From figure 5 and figure 6 we can see that the average fiber 

diameter and fiber diameter distribution spun from the three 

solutions are a little different. PVA12-1 has broader fiber 

diameter distribution and greater average fiber diameter. It 

has been known that, after splitting, one jet will be separated into many smaller parts. Sizes of these parts 

are different. In the same conditions, with shorter length of jet, it also means the diameter of jet is bigger, 

the range of size of those smaller parts is larger, and the average sizes of them are also bigger. This causes 

the fibers diameter of PVA12-1 is highest, and also has broader fiber distribution. Another effect is that, 

with higher amount of ions, the electric force is higher. It causes more intensive elongation process and 

smaller fiber diameters. So even these three solutions have big difference in amount of ions, they still have 

a little difference in average diameter. 

4. CONCLUSIONS 

The additive sodium chloride NaCl almost does not affect to surface tension and rheological properties of 

PVA. But it affects strongly electrical properties of PVA. After putting NaCl in to PVA solution, conductivity 

of solution increased significantly, the relative resistivity under DC voltage is reduced; both of them cause 

the length of jet during electrospinning process become shorter with increasing concentration of NaCl. The 

diameter of nanofibers increases slightly with concentration of NaCl. The concentration of NaCl also 

influences the distribution of fiber diameter. The higher concentration of NaCl, the larger is distribution of 

fiber diameters.   
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Abstrakt 

The article describes electrospinning and nanofibrous layers, which are produced using special collectors. 

Electrostatic field in the surrounding of special collector will be described. Observations made with a 

production technology of highly oriented nanofibrous layers will be discussed in details.  Oriented 

nanofibrous layers/nanofibrous yarns can be used in nano-devices as enormously flexible ropes and they 

will also reach biomedical applications. 

Keywords: electrospinning, special collector, nanoyarn,  

1. INTRODUCTION 

The process of electrospinning uses electrostatic field to produce nanofibers. These fibers have very small 

diameters and huge surface area per unit volume. Thanks to these specific properties, nanofibers can be 

used in numerous applications. The first electrospinning experiments were realized in February 1902 and 

the first patents were issued by J.F.Cooley [1]. The basic apparatus for electrospinning is enormously 

simple. Between two electrodes are generated electrostatic field [2] and this field draws ultrafine fibers [3] 

from the Taylor´s cone [4], which is induced on the charged polymer liquid surface. Nanofibers are 

collected on an electrode called collector. As collector we use copper comb with a special shape. On the top 

of comb nanofibrous layer is deposited with special properties. These properties can be defined as 

diameter of fibers, pore size, orientation of fibers etc. [5,6].   

2.  TECHNOLOGY  

A schematic diagram of electrospinning proces under the brand name of NANOSPIDERTM is shown in Fig. 1. 

Basic components of this technology are: a high voltage supplier, a roller that rotates slowly in a polymer 

solution and a grounded collector. In the electrospinning process a high voltage is used to create electrically 

charged jets of polymer solution. On the top of the roller appear Taylor cones [4] and from them is yielded 

a polymer solution. Before reaching the grounded collector the solution jet evaporates a solvent and 

solidifies. Created nanofibers are deposited in a form of interconnected layers [7]. 

Many parameters can influence electrospinnig process. These parameters could be three following groups; 

(a) the solution parameters: viscosity, elasticity, conductivity and surface tension; (b) electric parameters: 

governing electric potential, distance between the emitter and collector; (c) ambient parameters: such as 

humidity, temperature [8]. 
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Fig 1: NANOSPIDERTM technology:  

1- high voltage source,  

2 - engine to motion roller,  

3 - ground,  

4 - basin with polymer solution and roller,  

5 - polymer nanofibers,  

6 - grounded collector,  

7 - frame with distance / position regulation. 

3.  SPECIAL COLLECTOR 

Special collectors in electrospinning process are not 

frequently referred and also not too much 

explored. Wannatong et al. in [9] used the rotating 

drum wraped by aluminium foil as a collector. 

Wannatong observed and described various effect of a drum movement on fiber mass properties. It was 

found that when the drum is used, nanofibres dry faster than in common apparatuses with fixed collectors. 

Fixed special collectors are made of conductive materials, preferentially cooper. Our special static collectors 

consist of conducting copper comb as is depicted in Fig 2.  

Fig 2: Special collector 

with conducting copper 

comb. 

The pattern causes that 

electrostatic charges 

are not homogeneously 

distributed on the 

collector. On the top of 

each copper comb is accumulates electrostatic charge in a piece of line and, hence, electrospun nanofibres 

are deposited preferentially on their tops and follow the line ahead and back, see Fig.3. 

 

Fig 3: Special collector copper comb. 

 4.  USED POLYMER AND PROCESSING PARAMETERS 

For our experiment was used water soluble polymer, particularly polyvinylalkohol (PVA) of 16 wt % from 

Chemické závody Nováky (Slovakia). This polymer was diluted to concentration 14wt%. Experiments, made 
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with NANOSPIDER TECHNOLOGY, were carried out hawing the distance between the spinning electrode / 

roller and the collector of 100 mm and with used voltage of 40 kV. The duration of the experiment was 10 

minutes, under the ambient humidity about 40%. 

5.  EXPERIMENT 

An oriented nanofibrous layer, i. e. nanoyarn, was 

produced using the equipment depicted in Fig.2. 

This nanoyarn was subjected to next observation 

on the scaning electrone microscope (SEM). The 

created oriented nanofibre-bundle with some 

defects is introduced in Fig.4. 

Fig 4: First part of a layer: Oriented nanofibre-bundle. 

The detailed picture of this nanofibre-bundle is 

also depicted in Fig. 5. The internal fibrous 

elements of this bundle are oriented along the 

horizontal copper comb. The nanofibrous yarn 

obtained using this special collector can be 

morphologically divided into 3 parts. The first of 

which is formed on the top of the copper comb. 

Nonofibres inside this part are oriented and the 

yarn is densely packed with high surface volume.  

 

Fig 5: 2nd part: Detailed structure of a nanofibre- bundle. Fig 6: All three types of a nanofibrous layer. 
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The second part is between the comb spikes. Orientation of this nanofibrous layer is different to the first 

type. Particularly its volume is lower. The last type of nanofibrous material can be found on sides of the 

comb-like collector. The orientation of fibres in this part is in the same direction as in the first part but the 

volume density is lowest. All this three morphological types of nanofibrous layers are depicted in Fig. 6 

6. CONCLUSIONS 

This paper presents our results obtained with special collectors that enable us to produce pieces of a 

nanoyarn. These kinds of special collectors cause that electrostatic charges are not homogeneously 

distributed on a surface of the collector and hence we can oriented nanofibrous layer in a form of a tightly 

packed nanofibrous-bundle. Degree of nanofibrous layer orientation depends on special collector shape 

modifying an electrostatic field in collector vicinity. We expect that we shall be able to control a deposition 

and degree of fibre orientation.  
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Abstract 

The major problem in a future world with renewable energies and less environmental pollution is energy 

storage. Novel nanocomposite hydride materials proposed for anodes in hydride based rechargeable Ni-

MHx batteries may successfully solve this problem. Generally, these materials can be synthesized by 

mechanical alloying (MA) of two components: a major component having good hydrogen storage 

properties and a minor component used us surface activator. In this work, we have synthesized an 

amorphous hybrid Mg2Ni-Nix-30%La (x=50, 100, 200%) nanocomposites. The Mg2Ni electrode, mechanically 

alloyed, displayed the maximum discharge capacity (90 mA h g-1) at the 1st cycle but degraded strongly with 

cycling. The poor cyclic behaviour of Mg2Ni electrodes is attributed to the formation of Mg(OH)2 on the 

electrodes, which has been considered to arise from the charge-discharge cycles. To avoid the surface 

oxidation, we have examined the effect of nickel and/or lanthanum addition in Mg2Ni-type material. This 

alloying greatly improved the discharge capacities. For example, Mg2Ni|100%Ni|30%La alloy presents 

higher electrochemical capacities than amorphous or nanocrystalline Mg2Ni. The experimental XPS valence 

bands measured for studied nanocomposite alloys showed a significant broadening compared to that 

obtained for the microcrystalline alloys. Results showed that the strong modifications of the electronic 

structure of the nanocrystalline alloys could significantly influence on their hydrogenation properties. 

Keywords: nanocomposite hydride materials, mechanical alloying (MA), XRD analysis 

1. INTRODUCTION 

The chemical composition of the metal alloy is one of the most important factors in the metal - hydrogen 

system. The equilibrium conditions are reflected in the phase diagram, which dictates the respective phase 

composition under given temperature and pressure. Introducing metastable phases may result in totally 

different behaviour of the alloy. Mechanical alloying (MA) has been recently used, as another processing 

method, to make nanocrystalline metal hydride materials [1]. This process consists of repeated fracture, 

mixing and cold welding of a fine blend of elemental particles, resulting in size reduction and chemical 

reactions. As nonequilibrium processing method mechanical alloying can be utilised to produce large 

quantities of materials at relatively low cost. An important process on the surface of hydrogenated material 

is the splitting of the hydrogen molecule into atoms. Many clean transition metal surfaces have the 

capability of dissociating hydrogen, but lose this property upon oxidation. It is well known, that the 

oxidation process causes the sealing of the surface to H2 in metals and compounds such as Nb, V, Ta, FeTi, 

and others [2]. On the other hand, in a surface layer of LaNi5, La segregates and Ni forms ferromagnetic 

precipitation’s [2, 3]. The lanthanum atoms binds the impurities as oxide or hydroxide and keeps the Ni 

metallic, which then is able to split the hydrogen molecule [2]. Therefore, the surface segregation process 

of lanthanum in the presence of O2 or H2O explained the excellent hydrogenation properties of LaNi5 [2-4]. 

The nanocrystalline metal hydrides offer a breakthrough in prospects for practical applications. Their 

excellent properties (significantly exceeding traditional hydrides) are a result of the combined engineering 

of many factors: alloy composition, surface properties, microstructure, grain size, and other [1, 5, 6]. In the 
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development of nanocrystalline hydrides, the goal is not only to improve operational properties of the 

existing hydrides, but also (more importantly) to create a new generation of materials, with the properties 

being designed and controlled to fulfil the particular demands of different applications. 

Recently, amorphous 2Mg + Fe|x wt% Ni materials were prepared by mechanical alloying (MA) of Mg and 

Fe (0≤x≤200) under high purity argon atmosphere [5]. The results show that the 48h mechanically alloyed 

2Mg-Fe nickel-free mixtures still maintains Mg and Fe elemental phases. The nickel addition is 

advantageous for the formation of Mg-Fe amorphous structures and for the improvement of the 

electrochemical properties of the studied alloys. With the increasing of nickel content, at first cycle, the 

discharge capacity of the 2Mg-Fe alloys increases first and then decreases reaching a maximum of 155 

mAh g−1 at x=100. For all 2Mg+Fe studied materials, mechanical alloying with nickel effectively reduced the 

degradation rate of the studied electrodes. This result indicates that the nickel content does help to inhibit 

the corrosion of the alloy electrode in the KOH solution. On the other hand, the concentration of 

hydrogen in produced amorphous 2Mg+Fe/x wt% Ni alloys strongly decreases with increasing nickel 

contents. The hydrogen content at 300 oC in these materials was 3.25, 1.55 and 0.35 wt% for x = 0, 100 

and 200, respectively. As a continuation of our earlier studies, in this work, we have synthesized an 

amorphous hybrid Mg2Ni-Nix-30%La (x=50, 100, 200%) nanocomposites. Mixed of minimum two different 

phases A2B-AB5, A2B-AB2 or A2B-AB2-AB5 we called hybrid structure. The influence of microstructure on the 

structural and electrochemical properties on synthesized materials was studied. 

2.  EXPERIMENTAL DETAILS 

An amorphous hybrid Mg2Ni-Nix-30%La (x=50, 100%) hydrogen storage materials were prepared using 

mechanical alloying. Mechanical alloying was performed under an argon atmosphere using a SPEX 8000 

Mixer Mill. The purity of the starting metallic elements La, Mg and Ni was 99.9, 99.8 and 99.9 wt%, 

respectively. The composition of the starting powder mixture corresponded to the stoichiometry of the 

„ideal” reactions with an extra 8 wt% of La or Mg. The elemental powders (La: ≤425 µm; Mg: 44 μm; Ni: 3-7 

µm) were mixed in the glove box (Labmaster 130) and poured into the vial. The mill was run up to 40 h for 

every powder preparation. The powders were examined by XRD analysis, using Co Kα radiation, at various 

stages during mechanical alloying. The mechanically alloyed (amorphous) materials with 10 wt% addition of 

Ni powder, were subjected to electrochemical measurements as working electrodes after pressing (under 

80 kN cm-2) to 0.5 g pellet form between nickel nets acting as current collector. The diameter of each 

electrode was 10.4 mm and the thickness of approximately 1.4 mm. The electrochemical properties of 

electrodes were measured in a three-compartment glass cell, using a much larger NiOOH/Ni(OH)2 counter 

electrode and a Hg/HgO/6 M KOH reference electrode. All electrochemical measurements were carried out 

in deaerated 6 M KOH solution prepared from Analar grade KOH and 18 MΩcm-1 water, at 21oC. 

Potentiodynamic and galvanostatic techniques with either short or long-term pulses using a conventional 

apparatus were applied to study the charge-discharge kinetics of the electrodes.  

3.  RESULTS AND DISCUSSION 

The behaviour of MA processes has been studied by X-ray diffraction, microstructural and electrochemical 

investigations. In this work, we have synthesized an amorphous hybrid Mg2Ni-Nix-30%La (x=50, 100%) 

nanocomposites 
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3.1  Mg2Ni-type system 

The magnesium-nickel phase diagram shows two compounds Mg2Ni and MgNi2. The first one reacts with 

hydrogen slowly at room temperature to form the ternary hydride Mg2NiH4.  At higher temperatures at 

pressure (e.g. 200oC, 1.4 MPa), the reaction is rapid enough for useful absorption-desorption reactions to 

occur. Mechanical alloying is one of the approaches to produce Mg-Ni alloys which have been highly 

expected to be used as hydrogen storage materials [7]. Ling et al. [7] pointed out that ball milling which 

gives rise to the creation of fresh surfaces and cracks is highly effective for the kinetic improvement in 

initial hydriding properties. The nanocrystalline Mg2Ni-type alloys were prepared by mechanical alloying 

followed by annealing. The powder mixture milled for more than 30 h has transformed directly to a 

hexagonal-type phase (Fig. 1b). Finally, the obtained powder was heat treated in high purity argon 

atmosphere at 450oC for 0.5 h (Fig. 1c). All diffraction peaks were assigned to those of the hexagonal crystal 

structure with cell parameters a=5.216 Å, c=13.246 Å. The average size of amorphous 2Mg-Ni powders, 

according to AFM studies, was of the order of 30 nm.   

The Mg2Ni electrode, mechanically alloyed and annealed, displayed the 

maximum discharge capacity (100 mA h g-1) at the 1st cycle but degraded 

strongly with cycling. The poor cyclic behaviour of Mg2Ni electrodes is 

attributed to the formation of Mg(OH)2 on the electrodes, which has 

been considered to arise from the charge-discharge cycles [8].  

Fig.1. XRD spectra of a mixture of 2Mg and Ni powders: initial state 

(elemental powder mixture (a)), after MA for 30 h (b) and heat treated at 

450oC for 0.5 h (c) 

3.2  An amorphous hybrid Mg2Ni-Nix-30%La nanocomposites 

The behavior of MA process has been studied by X-ray diffraction. Fig. 2 shows a series of XRD spectra of 

mechanically alloyed 2Mg+Ni|x wt% Ni powder mixtures for 48 h. In the case of nickel-free 2Mg+Ni alloy 

except Mg and Ni the system contain a small amount of Mg2Ni (d=2.246 Å) phase. The nickel addition to 

2Mg+Ni powder mixtures is advantageous for the formation of amorphous structures (not shown). But 

differentiation between a ”truly” amorphous, extremely fine grained or a material in which very small crystals 

are embedded in an amorphous matrix has not been easy on the basis of diffraction analysis [9]. Earlier, the 

possible local ordering in the mechanically alloyed TiNi samples was studied by TEM [10]. The sample milled 

for 5 h was mostly amorphous as appears from a high resolution image. SAED pattern contains broad rings 

at positions expected for TiNi with CsCl structure. There are, however additional weak, diffuse rings, most 

probably from TiO2. It has been found that the amorphous alloy was unstable upon exposure to electron 

beam and underwent some crystallization. Apart from prevailing amorphous phase, the milled sample 

contained small amount of crystalline alloy with CsCl structure. Lack of any sharp reflections in the XRD 

pattern suggests that the amount of the crystalline phase is very low and/or it forms during in TEM 

observation. The microstructure that forms during MA consists of layers of the starting material. The 

lamellar structure is increasingly refined during further mechanical alloying. After 48 h of mechanical 

alloying the sample shows cleavage fracture morphology and inhomogeneous size distribution. For 

example, according to the Scherrer method for XRD profiles, the average size of 2Mg+Ni mechanically 

alloyed for 48 h powders was of the order of 21 and 20 nm for Mg and Ni, respectively. On the other hand, 
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for 2Mg+Ni|100 wt% Ni powder mixtures MA for 48 h the average particle sizes were 28 nm for x=100 wt% 

of Ni.   

Table 1. Discharge capacities for amorphous Mg2Ni alloy and its hybrid materials  

Material Structure 
Discharge capacity [mAhg-1] 
1st cycle 3rd cycle 10th cycle 

Mg2Ni microcrystalline 0 0 0 
Mg2Ni nanocrystalline 100 0 0 
Mg2Ni nearly amorphous 90 25 0 
Mg2Ni|100%Ni amorphous  175 130 65 
Mg2Ni|200%Ni amorphous 64 52 42 
Mg2Ni|50%Ni|30%La amorphous 46 52 40 
Mg2Ni|100%Ni|30%La amorphous 116 86 76 
Mg2Ni|100%Ni|30%La nanocrystalline 71 48 45 

Fig. 2. XRD spectra of a nanoscale 2Mg+Ni|x wt% Ni materials: x=0 (a), 

x=100 (b) and x=200 (c); (◊) - Mg2Ni phase (d=2.246 Å) 

At room temperature, the mechanically alloyed 2Mg+Ni alloy absorb 

hydrogen, but does not desorb it completely. At temperatures above 

250 °C the kinetics of the absorption-desorption process improves 

considerably and for 2Mg+Ni mixtures the reaction with hydrogen is 

reversible. For example, upon hydrogenation, 2Mg+Ni mixture transforms 

into the MgH2 + Ni phase [11]. On the other hand, upon hydrogenation, 

2Mg+Ni|100 wt% Ni and 2Mg+Ni|200 wt% Ni mixtures transform into 

the Mg2NiH6 + Ni and MgH2 + Ni, respectively. The concentration of 

hydrogen in amorphous 2Mg+Ni|x wt% Ni materials strongly 

decreases with increasing nickel contents. In the case of 2Mg+Fe|x 

wt%, the hydrogen content at 300 oC in these materials was 3.25, 1.55 

and 0.35 wt% for x = 0, 100 and 200, respectively [5].  

Fig. 3.Discharge capacities of amorphous 2Mg+Ni|x wt% Ni: x=0 (a), 

x=100 (b) and x=200 (c); (current density of charge/discharge was 

4 mA g−1). 

The cycling dischargeability of 2Mg+Ni|x wt% Ni electrode alloys are shown in Fig. 3.  The 2Mg+Ni 

electrodes, mechanically alloyed, displayed the zero discharge capacities, at 10th cycle. The discharge 

capacity of amorphous 2Mg+Ni ball milled with Ni was improved. With the increasing of nickel content, the 

discharge capacity for 2Mg + Ni|Ni with increasing nickel, the discharge capacity increases from 90 mAh g−1 

(x = 0) to 175 mAh g−1 (x = 100) and then decreases to 64 mAh g−1 (x = 200). For all 2Mg + Ni studied 

materials, mechanical alloying with nickel effectively reduced the degradation rate of the studied 

electrodes. Fig. 4 show the discharge capacities as a function of the cycle number for some of the studied 

nanocomposite materials. Mechanical coating with lanthanum and nickel of the studied phases effectively 

reduced the degradation rate of the electrode materials. Compared to that of the uncoated powders, the 

degradation of the coated was suppressed. The main important advantage of this catalysis mechanism of Ni 

is that the negative effect of poisoning of the metal surfaces can be eliminated for all practical purposes. 
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The electrochemical pressure-composition (e.p.c.) isotherms for absorption and desorption of hydrogen 

were obtained from the equilibrium potential values of the electrodes measured during intermittent charge 

and/or charge-discharge cycles, at constant current density. Fig. 5 shows electrochemical pressure 

composition isoterms of amorphous hybrid materials. Epc curves shows that hydrogen content increase 

with increasing nickel addition. This compared with increasing discharge capacity of the studied materials. 

The elemental nickel was distributed inside of mechanically alloyed Mg-3d particles homogenously. It is 

generally agreed that the role of nickel particles is to catalyze the electrochemical reaction and/or reduce 

the diffusion resistance of hydrogen. High energy ball milling of 2Mg+Ni with nickel effectively reduced the 

degradation rate of the studied electrode material. The higher the Ni content is, the more resistant the 

alloy is to the corrosion of the alkaline electrolyte. Generally, the poor cyclic behavior of 2Mg+Ni electrodes 

is attributed to the formation of Mg(OH)2 on the electrodes, which has been considered to arise from the 

charge-discharge cycles [10]. Generally, the amorphous structure is easily formed with increasing Ni 

content in the alloys, and the amorphous alloys have good corrosion resistance property. This fact can 

improve the cycling stability of the studied Mg-based an amorphous alloys.   

  

Fig. 4 Typical discharge curves of amorphous  
materials  at 10th cycle: 
a. Mg2Ni|50%Ni|30%La,  
b. Mg2Ni|100%Ni|30%La,  
c. Mg2Ni|100%Ni|30%La|3%Pd  

Fig. 5 Epc Isoterm of amorphous materials registered 
at 5th charge/discharge cycle: 
a. Mg2Ni|50%Ni|30%La,  
b.Mg2Ni|100%Ni|30%La,  
 

Recently, surface chemical composition of Mg1.8Ag0.2Ni alloy was studied by XPS method [11]. The result 

shows that the surface of the alloy was covered by an amorphous layer, which contained lot of oxygen. The 

amorphous layer on the surface of this alloy was MgO which formed during evaporation of Mg. 

Additionally, it was demonstrated that the component distribution in an amorphous Mg-Ni alloy, prepared 

by MA, is depth-dependent [12]. At the top surface, Mg existed as oxide and dominates, while underneath 

the top surface, a concentrated metallic Ni layer was present. The lower lying Ni atoms formed metallic 

subsurface layer and are responsible for the observed high hydrogenation rate in accordance with earlier 

findings [13]. The oxidation process is depth limited such that an oxide-covering layer with a well-defined 

thickness is formed by which the lower lying metal is prevented from further oxidation. In this way one can 

obtain a self-stabilised oxide-metal structure. This Ni-enriched layer not only serves an effective catalyst 

but also facilitates the kinetics of hydrogen absorption. Application of Mg-based alloys focused our 

attention also on the electronic structure of hydrogen storage materials [13,14]. Similarly to the effect of 

the band broadening observed for the nanocrystalline TiFe and LaNi5 based alloys, we have observed such a 
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modification in the case of the Mg-based system. Especially, a clear broadening of the band can be visible 

when compared experimental and theoretical XPS valence band for the Mg2Ni system.  

4.  CONCLUSION  

In this work, we have synthesized an amorphous hybrid Mg2Ni-Nix-30%La (x=50, 100, 200%) 

nanocomposites. It was found that the elemental Ni and/or La distributed on the surface of ball milled 

Mg2Ni alloy particles homogenously and role of these particles is to catalyse the dissociation of molecular 

hydrogen on the surface of studied alloy.  

The amorphous Mg-based metal hydrides offer a breakthrough in prospects for practical applications. Their 

good properties (significantly exceeding traditional hydrides) are a result of the combined engineering of 

many factors: alloy composition, surface properties, microstructure, grain size and others. The 

experimental XPS valence bands measured for MA amorphous alloys showed a significant broadening 

compared to those obtained for the microcrystalline samples with the same chemical composition. This is 

probably due to a strong deformation of the nanograins in the mechanically alloyed Mg-based samples. 
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Abstract 

Use of nanotechnologies is currently in the center of attention in many scientific fields. Because of lower 

prices of nanomaterials, one of new fields where the nanotechnologies are starting to play an important 

role is decontamination of polluted sites. A suspension of nanoiron was used as a decontamination medium 

on some sites in the Czech Republic in a pilot scale. The application seems to be very successful in means of 

destructing pollutants but there are still many chemical and/or technical problems with nanoiron 

application into a subsurface. Two important problems are enrichment possibilities of the soil and nanoiron 

activity that have been studied in this work. It has been proved by column tests that it is possible to enrich 

soil with nanoiron to obtain very active mixture for destructing present contaminants such as chlorinated 

ethylenes without stopping the underground water flow. It is well known that quality (activity) of nanoiron 

suspension varies (depending on the producer) and is decreasing with time. The main contribution of this 

work is designing and verifying of fast and simple technique for measuring the activity of nanoiron 

suspension. This technique is based on the measurement of hydrogen volume produced by reaction of 

zerovalent iron with sulphuric acid which can be used not only in the laboratory but also on the locality of 

decontamination. By this way the activity of nanoiron can be investigated simultaneously with the 

suspension infiltration on the field. Thanks to this new measurement technique companies carrying out 

decontamination processes can save a lot of money, time and technical troubles. 

Keywords:  trichloroethane (TCA), trichloroethene (TCE), tetrachloroethene (PCE), Nanoscale zerovalent 

iron (nZVI) 

1. INTRODUCTION 

In environmental applications, nano-based iron materials are becoming to be remarkably effective tools for 

cleaning up contaminated soil and groundwater. Because of their small size, nano-based iron materials are 

much more reactive than conventional iron powders and they can be pumped straight into the 

contaminated site easily in form of water suspension [1]. Elemental iron itself has no published toxic 

effects, considering it is one of the most abundant metals on Earth. When exposed to air, elemental iron 

oxidizes to brick-red iron oxide. When metallic iron oxidizes in the presence of organic contaminants such 

as trichloroethane (TCA), trichloroethene (TCE), tetrachloroethene (PCE), or carbon tetrachloride, these 

organic components can be broken down into simple carbon compounds that are less or non toxic [2]. 

Moreover, oxidizing iron can reduce heavy metals such as lead, nickel, or mercury to an insoluble form that 

tends to stay fixed in the soil.  

Compared to microparticles, nanoscale iron-based particles have higher rates of reactivity due to their high 

specific surface area (see Figure 2) and more reactive surface sites. In addition, due to their ability to 

remain in suspension, nano-iron particles can be injected into contaminated soils, sediments, and aquifers 

[3,4]. But because of the aggregation of nanoiron particles it is difficult to prepare a stable suspension. It 

has been demonstrated that different stabilizers significantly inhibit aggregation and increase transport of 
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the nano-iron particles. Many reports indicate that nano-iron has been accepted as a versatile tool for the 

remediation of groundwater, soil, and air on both the experimental and field scales. 

2. THEORY 

Nanoscale zerovalent iron (nZVI) is an effective reagent for treatment of toxic and hazardous chemicals. As 

a strong reductant, nZVI can degrade a wide range of pollutants by adsorption and chemical reduction. 

Both organic (e.g., chlorinated hydrocarbons) and inorganic (nitrate, chromate, perchlorate, metal ions) 

pollutants in the environment can be treated with nZVI. Favorable chemical and structural factors 

contribute to the increasing environmental applications of nZVI. Chemically, zerovalent iron serves as a 

cost-effective and environmentally friendly reductant. Structurally, the small size of nanoparticles provides 

a high surface-to-volume ratio, which promotes mass transfer to and from the solid surface and increases 

the adsorption and reaction capacity for contaminant removal and degradation. In engineering practice, 

the small size offers a combined advantage of easy mixing and potential mobility in groundwater which will 

be mentioned in this study. 

 

Fig.1: Core-shell structure of nanoiron particle          Fig.2: Surface area as a function of particle diameter 

It is generally accepted that nZVI has a core-shell [3] structure with a zerovalent iron core surrounded by an 

iron oxide/hydroxide shell (see Figure 1) which grows thicker with the progress of iron oxidation. However, 

it is difficult to measure the exact thickness of the shell due to the high reactivity of iron which reacts very 

rapidly with both oxygen and water and oxidizes in the air. The shell thickness is estimated on the basis of 

measurement of the zerovalent iron content which is determined by its corrosion rate and as in our case by 

production of hydrogen gas. The measurement technique of the zerovalent iron content is the aim of this 

project. 

The surface morphology of nZVI is shown in Figure 3. The fresh nZVI particles are generally spherical in 

shape with the majority of them in the size range of 50-100 nm. Some images reveal that the particles are 

connected in chains due to magnetic dipole interactions and chemical aggregation. 

Migration of nanoiron particles in porous soil environment. 

Mobility of nanoiron particles is one of the key steps leading to the successful decontamination of the sites 

[6,7,8,9]. This depends on the suspension characteristics (nanoiron size, pH and aggregate stability of the 
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Fig. 4: Model transportation suspension of nanoparticles Fe 

showing the filtration, adhesion of the grains of soil and 

attachment to the DNAPL molecule [10].  

suspension), properties of soil (porosity and permeability) and ground water (flow rate, the total 

mineralization, etc.) [8,9]. There are a few different phenomenas that happen when nanoiron particles are 

transported into porous saturated environment containing DNAPL (dense non-aqueous phase liquid) layer. 

Each particle can aggregate and be captured on the soil grains or DNAPL molecules (see Figure 4) which 

leads to clogging the pores in the soil. This restricts further mobility of nanoiron suspension. In practice, it is 

desirable to effectively capture nanoiron particles only on the surface of DNAPL [10]. Particles of soil are 

treated as active filters which significantly reduces the mobility of injected suspension of nanoiron particles. 

Fig.3: Electron microscopy 

image of nanoiron 

particles with core-shell 

structure visible in the 

right picture [5]. 

 

 

 

 

Filtration of colloidal solutions into porous environment involves three main mechanisms [8]:  

1. Brownian molecular movement and diffusion which causes irregular movement of colloidal particles.  

2. Convection movement of particles in the current of groundwater.  

3. Gravity causing vertical movement of particles. 

Brownian movement applies for very small particles under 100 

nm and gravitational sedimentation works mainly on particles 

over 1000 nm [8]. Between these size limits there are areas 

where the colloidal particles move mostly in the direction of 

groundwater current and therefore Brownian movement and 

gravity sedimentation can be partly neglected. The optimal 

interval, however, cannot be considered as constant because it 

depends on the particle type and size distribution, used stabilizer, geological environment, ground-water 

flow rate, temperature etc. 

It is not entirely clear what the optimum dimension of nanoiron particles in terms of its ideal transport in 

porous environment should be. Elliott and Zhang [8] have published that under typical conditions of 

groundwater flow velocity in the range of 0.1 - 10 m/day the optimal size of Fe nanoparticles in suspension 

is 100 - 200 nm. Schrick et al. [7] believe that for the passage through a layer of sand or soil the appropriate 

size of Fe particles is in the range of 400 - 500 nm. Larger particles may be easier to aggregate, have less 

specific surface area and are therefore less reactive. 

The suspension of nanoiron colloidal particles is unstable and, moreover, the particles contain zerovalent 

iron and oxides with a positive charge, which show great affinity to the surface of soil grains. Nanoiron 
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particles can be attracted to the environment which contributes to the filtration and immobilization [11]. 

For this reason, their transport in the environment is very difficult [10]. Nanoiron particles transport can be 

improved by reducing their affinity to surfaces of soil grains and increasing their colloidal stability using 

appropriate modifiers. 

Determination of zerovalent iron activity by reaction with sulphuric acid 

This method determining the activity of iron (zerovalent iron ratio) is based on the following reaction: 

Fe0 + H2SO4 →FeSO4 + H2            (1) 

When the iron is in contact with the H2SO4 three different reactions can happen. Each reaction appears 

under different conditions. The reaction (1) works best in the laboratory temperature (approx 21°C, and 

H2SO4 concentration about 50%). 

By measuring the amount of produced H2 it is possible to know the amount of zerovalent iron from the 

stoichiometry of the reaction (1) (with one mole of hydrogen produced one mole of iron is consumed). 

3. EXPERIMENTAL 

Determination of nanoiron’s activity by Mašín’s tube 

The amount of produced H2 is measured by a volumetric U-tube connected into apparatus (Figure 5). The 

sample of nanoiron or nanoiron/soil mixture is inserted into reaction flask which is placed inside 

temperated ultrasound bath and connected to the U-tube filled with distilled water. After adding the H2SO4 

to the sample the reaction (1) is occurring and the H2 is produced. The volume of H2 is measured in the U 

shaped tube with scale. Hydrogen volume changes caused by pressure difference are corrected 

mathematically. We named this apparatus with the tube in “U” shape Mašín’s tube because the initial idea 

to use measurement of hydrogen volume to get information about nanoiron’s activity comes from our very 

talented PhD. student Pavel Mašín. 

By this technique the activity of TODA nanoiron commercial suspension used for following experiments has 

been measured. 

Column experiments 

Soil definition: 

For the column experiments sandy soil mined in a sandpit near Libcice u Prahy has been used. Position 

(GPS) 50o11´35.97´´N, 14o21´23.122´´E. Mined in depth 0.5m - 1.5m. Sieve analysis is visible in the Figure 6. 

It has been proved that we are able to measure the nanoiron’s activity in water suspension. The main goal 

of the following soil column experiment was to answer these questions: Is it possible to measure the 

activity of nanoiron in soil mixture? How much can be our model soil enriched by nanoiron? Is the 

nanoiron’s activity changing during the contact with the soil? In our recent studies [12] it has been proved 

that it is possible to enrich our model soil by nanoiron to approx. 25g/kg by flowing nanoiron suspension 

with concentration about 1 g/L through the soil filled in the vertical experimental column. For the following 

activity tests the soil was prepared directly by mixing the soil with concentrated nanoiron suspension 

(c=100g/L) because the nanoiron’s activity is decreasing with time and the infiltration of diluted nanoiron 

suspension into the soil takes a long time. 



  20. - 22. 10. 2009, Roznov pod Radhostem, Czech Republic, EU 

 
 

S2 - APPLICATIONS  221   

 

Fig.5: Scheme of nanoiron’s activity 

measuring apparatus called Mašín’s 

tube. 

Column setup: 

Experimental setup with prepared 

soil/nanoiron mixture (25g/kg) was 

following: The soil was filled into a 

vertical experimental column to the 

thickness of 15cm. After filling the 

column demineralized water (with 

gases removed) was flowing through 

the column. The speed of water flow 

and the concentration and activity of 

nanoiron in the outflowing leachate was measured. Finally, when water without nanoiron was flowing from 

the column, the water was stopped, soil from the column was extracted and the amount and activity of the 

rest of nanoiron in the soil was measured in two profiles (top and bottom). 

Table 1: Used soil specification.    

Fig.6: Soil sieve analysis 

4. RESULTS AND DISCUSSION 

Results of nanoiron’s activity measurements 

By measuring the activity of commercial nanoiron suspension TODA we got a value of approximately 20% 

w/w of zerovalent (active) part of the suspension. This result is in agreement with another measurement 

[6] and the measured activity is high enough to provide reduction power to destruct target contaminants. 

This suspension with defined activity was used for tests with the soil in our experimental column. 

Results of column experiments 

The concentration of nanoiron and its activity in leachate flowing out from the experimental column set up 

as described in chapter 4.2 was measured. The Figure 7 shows that the iron concentration is decreasing 

with time (sample 4 was taken 20 min after start of the experiment, sample 9 two hours after start). But 

the percentage of nanoiron’s active form stays almost the same all the time. This proves that nanoiron 

flowing through porous medium in the subsurface does not loose its activity quickly and can be transported 

to a significant distance in almost the same active condition as it was infiltrated. 

Characteristic Value 

Dry matter (%) 97.73 

Bulk density (kg/m3) 1482 

Density (kg/m3) 2580 

Porosity (%) 42.55 

Total organic carbon (%) 0.28 
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Moreover, the result measured on the top and bottom profiles of the soil extracted from the column after 

the end of the experiment shows that a lot of nanoiron stays fixed in the porous media. 17 g/kg (bottom) 

resp. 22 g/kg (top) stays in the soil with activity of 13% (bottom) resp. 10% (top). 

C2Cl4 + 4Fe0 + 4H+ → C2H4 + 4Fe2+  + 4Cl−       ( 2 ) 

The concentration and activity of nanoiron is high enough to destroy contaminants present in usual 

concentrations in the contaminated subsurface and also other contaminants coming to the field with 

underground water. If we make a simple calculation based on the reaction (2) one kilogram of the soil 

enriched by 20g of nanoiron with active part of 10% w/w can theoretically clean up 15L of water 

contaminated with 100mg/L PCE. 
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Fig.7: Concentration of active and passive form of iron in the liquid samples from the column 
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Fig.8: Concentration of active and passive form of iron in the soil samples (top and bottom) from the 
column. 
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5. CONCLUSION 

The soil enrichment experiments using different concentrations of nanoiron in the column showed that it is 

possible to work with a relative high concentration of nanoiron in the soil - final concentration in the soil 

was approx. 25 g/kg [12]. Not only the concentration of total iron but also its activity is important to 

describe the system studied. In this work the way of measuring the iron activity in the different nanoiron 

suspensions was measured. The successful method using H2SO4 based on the measurement of produced 

hydrogen volume by the reaction between zerovalent iron and sulfuric acid gave the best and reliable 

results. By this method using Mašín‘s tube it is possible to find out the exact amount of zerovalent iron in 

each nanoiron suspension and also in the mixture with soil. The percentage of Fe0 in our sample of this 

nanoiron TODA is almost 20% w/w which is high enough to use TODA as a decontamination nanoiron 

suspension for polluted soils. By investigating the nanoiron behaviour and activity changes in the column 

the following facts have been proved: The water going through the column filled with soil/nanoiron mixture 

(25g/kg) washes out part of the nanoiron but the outflowing iron concentration is decreasing with time. 

The percentage of active nanoiron part in the outflowing water remains almost constant (15%w/w - 

19%w/w) so it can continue destroying the contaminants in the surrounding subsurface. The percentage of 

active nanoiron in the soil that stays in the column is high enough (10%w/w - 13%w/w) which means that 

the pollutants can still be destroyed by the nanoiron left in the soil. During this work a simple technique for 

measuring the nanoiron activity has been designed and verified. By this method it is possible to measure 

the Fe0 percentage in the nanoiron suspension and nanoiron/soil mixture not only in the laboratory 

conditions but also on the field of application. 
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Abstract 

Successful application of photocatalytic nanomaterials in so called light cleaning is strongly dependent on: 

1. development of photocatalytic material of new generation to have performance at least one order 

higher than materials already utilized, 

2. development of testing methods as ISO and CEN standards to prove photocatalytic function in broad 

application field and to support the advertise function. 

These issues belong to the main objectives of the European COST 540 project “Photocatalytic technologies 

and novel nanosurfaces materials critical issues”, which is understood as European platform to group the 

existing European teams focusing on the development of photocatalytic nanomaterials and standard 

photoactivity testing methods. In this contribution, overview of state of art of application field and testing 

methods will be given. Information about recently developed new composite photocatalyst material will 

also be mentioned, but from the point of standard testing. More detailed info about novel photocatalyst, 

which is expected to change some of application field, will be presented later. 

Keywords: ISO, COST, photocatalytic materials, CEN, titania 

1. INTRODUCTION 

The development of nanocrystalline photocatalytic materials is still rapidly growing field of science and 

technology. The commercial potential for such materials is massive, as e.g. in building and architectural 

applications (environmental as light-easy cleaning exterior facade paints, mortars, glass window and even 

indoor treatment). Among the various nanocrystalline photocatalytic materials that have been studied over 

the past 30 years, the research has mainly focused on titanium dioxide due to its stability, commercial 

availability and ecological safety. Numerous papers have been published on the fundamentals of pure 

titania systems and the detailed investigation of mechanisms of oxidation and superhydrophilicity. 

However, based on critical evaluation of their results, it becomes evident, that new approach is necessary 

to improve the photocatalyst system. Such a novel system is introduced in new photocatalyst 

nanocomposite material named eoxolit, which is still under further development. 

Furthermore, safety of nanotitania form has become fashionable, but very important topic nowadays. This 

topic can not be underestimated, since its wrong interpretation may strongly influence the commercial 

applications. 

2. PHOTOCATALYTIC APPLICATION DREAMS OR REALITY 

Despite of enormous application possibilities of photoactive nanostructured materials, most of technical 

and applied-research aspects are still waiting for being approached and clarified. E.g., eoxolit seems to 

open these expected application possibilities, but they must be clarified as well. Among others, standard 
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testing methods for the characterization of photocatalytic and hydrophilic properties of nanostructured 

materials were completely missing, when application field started. Without proper evaluation, many of 

applications are rather doubtful. As a result, working group for testing methods for photocatalytic materials 

was established within ISO Technical committee 206 (ISO/TC206). The methods proposed by the ISO TC206 

evaluate properties of photocatalytic materials in different applications such as: 

•••• test method for air purification performance as NOx (other VOC gases will follow), 

•••• test method for antibacterial activity, 

•••• test method for self-cleaning performance, 

•••• test method for water purification performance, 

•••• light sources are considered as well. 

These methods do not completely cover the field of testing of photocatalytic technologies, but these 

activities are considered as extremely important for commercial application field. 

3. EUROPEAN PHOTOCATALYTIC PROJECT COST 540 

European project COST 540 “Photocatalytic technologies and novel nanosurfaces materials - critical 

issues“ [1] may be understood as joint activity of all European countries (incl. the Czech Republic) to 

overcome some of the most critical issues of photocatalysis. Proving the function of photocatalytic 

products and technologies by standard testing is one of the most crucial issues. COST Action 540 

significantly contributed to establishing of European CEN standard TC 386 for photocatalysis in December 

2008. In the frame of this Action, international conference was organized in Liblice, Czech Republic on 25-

26 May, 2009. This already 4th meeting focused on the state of art of applications and testing methods in 

the field of photocatalysis. Exhibitions and demonstrations of existing ISO and CEN methods and devices 

were provided during the meeting. The CEN TC 386 meeting in Prague organized by COST 540 followed on 

27-28 May 2009 at the Czech Office for Standards, Metrology and Testing, Prague, Czech Republic. 

It is planned that exhibition conferences focused on testing methods and application field will be organized 

annualy in the Czech Republic in cooperation with Japanese Photocatalytic Industrial Association (PIAJ). 

4. EXAMPLE OF PROPOSED ISO STANDARD FOR SELF CLEANING 

For evaluation of construction materials for building sector ISO test methods for self-cleaning seem to be 

the most important. Czech Republic and namely Czech National Centre for Nanosurfaces Engineering, 

NANOPIN [2], is considered as one of European groups pioneering application field in Europe. Czech 

Normalization Institute joined ISO/TC206 and CEN/TC386.  

According to the proposals of ISO test standard methods for evaluation of self-cleaning performance of 

photocatalytic materials, NANOPIN in cooperation with Masaryk University in Brno, developed two simple 

portable devices for measurement of self-cleaning performance of non-porous (See System) and porous 

(Advex PhotoCat System) phototocatalytic surfaces, respectively. The proposed ISO standard method for 

evaluation of self cleaning performance of non-porous surfaces (ISO TC 206/SC) is based on combination of 

both effect of photocatalytic surface, which is redox reaction and hydrophilicity. When oleic acid, as organic 

material deposited on tested photocatalytic material, is decomposed, surface is becoming hydrophilic. 

Based on the above-mentioned principle, the portable low-cost measuring instrument “See System” (Fig. 

1), measuring the contact angle of liquid drops, has been developed and it is commercially available [3]. The 

device enables measurement of the contact angle of liquid drops on solid surfaces and calculation of 
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surface energy of the solids on the basis of the most often used models (Neumann, Wu, Owens-Wendt-

Rable-Kaeble, Lifshitz-van der Waals/acid-base, etc.). The obtained results are in good agreement with 

other more complicated and also expensive instruments.  

 

 

Fig.1. Advex See System for evaluation of self cleaning performance of non-porous surfaces based on 

measurement of contact angle of liquid drops on solid surfaces. 

Fig. 2. Advex PhotoCat System for evaluation of self cleaning performance of photocatalytic surfaces based 

on measurement of methylene blue degradation. 

The proposed ISO standard method for evaluation of self cleaning performance of porous photocatalytic 

surfaces is based on German DIN standard method, which evaluates methylene blue degradation. Based on 

this method, the portable low-cost measuring instrument “Advex PhotoCat System” (Fig. 2) for 

measurement of methylene blue degradation has been developed and is commercially available [3]. In this 

device, a red laser 650 nm (2 mW) is used for the absorption measurement, which is close to the methylene 

blue absorption maximum. The instrument is equipped with special-purpose software, which can 

determine the rate of methylene blue degradation from the measured data. 
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Abstract  

Indoor air quality is becoming today a serious concern for the population of Western Countries. People 

spend generally 80 to 90 % of their time in confined spaces. They are exposed to a very large variety of 

pollutants (volatile organic compounds: VOC) coming from human activities, heating, chemicals released by 

furniture, building materials etc. Odours problems encountered in such places are related to the presence 

of these VOCs sometimes in sub ppmv concentration. Photocatalysis can be a good solution for air 

remediation. We will be presenting some results on active air purifier testing. 

Keywords: volatile organic compounds, photocatalytic nanomaterials, UV light 

1. INTRODUCTION 

Today, most people living in industrial regions, particularly during the colder months, spend more than 80 

% of their time in confined spaces (buildings, cars, planes …) with only short airing periods.  Indoor pollution 

sources that release gases or particles into the air are the primary cause of atmosphere quality problems in 

homes. Efficient insulation combined with inadequate ventilation represents particularly aggravating 

conditions. Sometimes, indoor pollutant concentration can exceed the outdoor ones and generate 

discomfort if not health threatening effects. 

Sources of indoor air pollution may originate from the combustion of oil, gas, coal, wood, tobacco; building 

materials and furniture ; products for household cleaning and maintenance, personal care or hobbies and 

outdoor air pollution. In addition, many health problems are caused by biological agents such as fungi, 

moulds, bacteria and other micro-organism. 

Their occurrence is often favoured by the use of inadequate materials and poor air treatment conditions. 

Table 1 summarizes results obtained by Krause in 230 selected German houses. These results were 

confirmed by other studies. 

Table 1. VOC concentrations measured in 230 German residences. 

Chemical family Average concentration (µg/m³) Range (µg/m³) 

Aromatic hydrocarbons 166 16-1260 
Alkanes 97 8.7-432 
Chlorinated Hydrocarbons 48 3.5-1630 
Terpenes 42 2.1-362 
Carbonyl Compounds1 29 5.2-347 
Cyclohexanes 15 2.1-79 
Alcohols 7 1-25 

One effective way to improve indoor air quality is to eliminate individual sources of pollutants. Another 

approach is dilution of the contaminated air, by increasing the inflow of outdoor air as long as that air is 

less contaminated than indoor air. Finally, the use of air purifiers can decrease indoor air contamination. 

The long-term performance of an air purifier depends on maintenance. Usually, these air purifiers are made 
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up of different filters and collectors, which can remove most particulate materials including, biological and 

chemicals contaminants. Organic contaminants are usually present at very low concentrations often less 

than 1 ppmv. A promising approach for VOC removal is to combine a suitably designed photocatalytic 

reactor in combination with particle filters. Photocatalysis is a promising technology for air purification. 

Photodegradation occurs at room temperature and atmospheric pressure and oxidizes most pollutants to 

H2O and CO2. Most papers involving air treatment via photocatalysis report operations at ppmv (part per 

million) concentration with single or binary mixture of model molecules. Few studies have been carried out 

in the ppb range, eventually coupled with odour characterisation. 

Air treatment by photocatalytic materials can be divided in two main categories: passive and active 

processes. In the first group we can find paints, plastic flowers, textiles. Those materials can degrade 

harmful substances, leading to VOC reduction. Due to the large surface that those materials can cover, the 

cleaning potential is high. One main condition for them to be effective is the need to work under artificial 

lighting, where the UV irradiation is very low.  

The second group is composed of air purifiers: either standalone or in combination with an air conditioning 

system. They have the advantage of using UV lamps to activate the photocatalyst and to force VOC through 

the purifying surfaces. It is extremely important to have standards to assess the activity of what it is 

advertising, mainly on the web.  

The available standard at the ISO level concerns mainly the activity of the photocatalytic substrate exposed 

to only one component. Such standards are not sufficient to assess the activity of the air purification 

device. All systems (active or passive) are exposed in real life conditions to combinations of numerous 

volatile compmounds.  

For the passive systems, it is important to run the evaluations under lighting condition close to the normal 

indoor environment where the amount of activating UV light is very low.  

We shall review a laboratory test method to assess the photocatalytic air purifier performance that has 

been validated in real life conditions, as well as some results on the performance of commercial system. 

Finally, an example of problem that can be faced during testing will be shown.  

2. EXPERIMENTS  

The photocatalytic material/system is tested in a airtight chamber simulating a confined space of about 

1m³. The figure 1 presents a schematic view of 

the test chamber. 

The chamber is equipped with a fan to 

homogenize the air, some septa for sampling air 

on special cartridges and for online analysis by 

gaz chromatography, a temperature and 

humidity probe, electrical connections and a 

septum to introduce the VOC mixture to be 

tested. 

Fig. 1: Schematic view of the test chamber 

Prior to running a test, the chamber, with the device to be tested in operation, is flushed with clean 
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humidified air. The device is stopped before the VOC introduction  

The VOC mixture is introduced in the test chamber with a syringe and homogenised by the fan. Once the 

VOC concentration is stable, the device is switched on. 

The chemical evolution is followed using online gas chromatograph with a photo ionisation detector (GC-

PID) and CO2 with a micro gas chromatograph equipped with thermal conductivity detector (µGC-TCD). 

Reaction by-products can be monitored by sampling air through special cartridges then analysed by thermal 

desorption coupled with a gas chromatograph combined with a mass spectrometer (GC-MS) or, for 

adehydes by chemical desorption follwed by  high performance liquid chromatography (HPLC).  

Depending on the UV lamp wavelength, ozone can be produced. This compound is detected with a specific 

sensor. Initial test conditions were   50% ± 5 % RH and 22 °C ± 2°C. 

The humidity and temperature were measured and recorded with a humidity/temperature probe 

Four devices were tested: 

The device A is a commercial system composed of a particle filter, followed by an activated carbon filter 

then a photocatalytic material illuminated with a UVA lamp.  

The device B is a prototype with similar combination of filters.  

Devices C and D are also commercial systems but without any particle and activated carbon filters. 

Due to the presence of activated carbon, device A and B were tested a high concentrations.  

Devices C and D were tested at low concentrations.  

Finally, a device E was used in real condition for the removal of ethylene. Its activity was assessed before 

and after the test.  

3. RESULTS  

Graph 1 and 2 presents the results of the devices A and B for the degradation of a VOC mixture composed 

of acetone, acetaldehyde, heptane, toluene and o-xylene at concentration near 20 ppmv each. 
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Graph 1: Chemical evolution with device A        Graph 2: Chemical evolution with device B 

Clearly, both devices behaved differently. In the case of the commercial system, only toluene, o-xylene, and 

heptane were removed quickly from the gas phase, but they are still present at low concentration after 

1200 min of test. We can also observe that acetone and acetaldehyde are difficult to be removed. Finally, 

there is almost no CO2 produced. CO2 results typically from the mineralization of VOC’s.In this case, we can 

conclude that this commercial device has a very low photocatalytic action. The removal of toluene, n-
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heptane and o-xylene is due to the presence of the activated carbon filter. This filter has a very low activity 

vs acetaldehyde and acetone. The device B shows a production of CO2 indicating an oxidation of VOC due to 

the photocatalytic surface action. Unlike device A, acetone and acetaldehyde are removed from the gas 

phase and after 1200 min, all residual chemicals are below the detection limit of the equipment. As for 

device A, toluene, n-heptane and o-xylene are manly removed through the presence of the activated 

carbon. But the amount of CO2 produced is higher than the expected one if only acetone and acetaldehyde 

are oxidized by the photocatalytic system. This indicates that chemicals which are released by the activated 

carbon are also oxidized to produce CO2. In this case, the device B has both actions: chemical trapping by 

the activated carbon filter and VOC oxidation by the photocatalytic surface under UVA illumination.  

This combination is interesting in case of pollutant peaks. Photocatalysis is efficient in treating low VOC 

concentrations. In case of a significant surge of pollution which would overwhelm the catalytic surfaces, the 

activated carbon can act as a buffer and moderate an excessive contamination of the equipment. Devices C 

and D were tested at lower concentration. The mixture used is composed of acetaldehyde, 

propionaldehyde, heptane, toluene and styrene at concentration near 1000 ppbv earch. 

The chemical evolutions are shown in graph 3 and 4. 

The device C shows a poor activity, except for styrene. No CO2 is produced indicating that the VOC 

oxidation did not occur. But ozone was produced linearly as a function of time, to reach a concentration 

above the analyser limit of 1000 ppbv. This was probably produced by the UV light source. 

   

Graph 3: Chemical evolution with device C       Graph 4: Chemical evolution with device D 

The device D was tested with the same mixture. All of the VOC are removed quite rapidly with production 

of CO2. This device shows good photocatalytic behaviour.  

These four experiments indicate clearly that claims of 

photocatalytic activity need to be properly validated. 

Two of the commercial system did not present any 

photocatalytic activaty eventhough UV lamps where 

present. More important depending on the UV 

wavelength used, ozone can be produce. Ozone is a 

harmful compound. The described test chamber is well 

adapted to carry out such of experiments. It is flexible 

and many parameters can be controled.  

Graph 5 : Ethylene degradation before and after test under real condition 
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Finally, a device E was used in real life condition for the removal of ethylene. Its activity was assessed 

before and after the test in the test chamber. Results are shown in graph 5. 

Clearly, the device had lost its activity after the test under real conditions.  

The catalytic surface was analysed by FTIR, and observed by a scanning electron microscopy.  

When the reactor was switched ON, it released a strong aromatic odour. Air sampling through an 

adsorbent cartridge followed by thermal desorption and GC-MS was carry out. The GC-MS analysis is 

reported on table 2. 

Many aromatics compounds were detected in the gas phase. They were desorbed from the surface when 

the reactor was switched ON 

Table 2. GC-MS analysis of the air sampling.  
Temps de rétention (min) Composé 

2,57 Acétaldéhyde 

2,93 Acétone 

9,31 Toluène 

11,33 Hexanal 

12,4 Hexamethyl cyclotrisiloxane 

14,03 Ethylbenzene 

14,32 Xylene 

14,37 Hexanol/4 methyl pentanone 

15,16 Dimethyl benzene 

16,45 Alpha pinene 

17,82 Alpha methylstyrene 

17,90 Dimethyl hexane 

18,45 Hexyl ester acétique 

19,89 Acetophenone 

22, 82 Acide Butanoique, 2 methyl, hexyl ester 

After the test under real conditions, the photocatalytic surface 

had a heterogeneous aspect as shwon in Fig. 1. Before the test, 

the surface has a homogeneous white colour. After the test, it 

presents a lot of grey spots. The FTIR analysis on areas with and 

without defect did not give useful information.  

But the chemical analysis carry out during the electronic 

microscopy observation points out the presence of sulphur. Fig 

2 is an electronic photography of a defect and Fig 3 is a zoom of 

part of the Fig 2. 

Fig 1. Photocatalytic surface after test 

The crystalline phase is very rich on sulphur, probably under titanium sulphate. Many other parts of the 

coating show similar rich sulphur area. Sulphur is known to poison the active phase. It is important in this 

application to avoid a poisoning of the photocatalytic active phase by trapping components which are 

responsible for the deactivation.  
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Fig 2. Electronic microscopy observation of a defect    Fig 3. Zoom of Fig 2. 

4. CONCLUSIONS 

We presented in this paper a simple test setup to assess the photocatalytic activity of commercial or 

prototype devices. Results on commercial systems indicate that it is very important to have a validated 

standard test method to assess photocatalytic activity. Even if we try to be as close as possible to the real 

indoor environment, tests under real lifecondition are needed and necessary. They can inform us on the 

photocatalytic behaviour against complex air matrix to be treated and to adapt the air cleaning purifier to 

the considered application.  
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Abstract 

Agriculture was and is a major source of undesirable polluting substances, in particular gaseous pollution. 

There is an effort to reduce emissions, in particular into the air. The most effective way is to attack this 

problem on the source (emissions) side. Recently a lot of attention was focused on the TiO2 for its 

photocatalytic characteristics in relation to the degradation processes organics compounds. The efficiency 

of the photocatalytic process is heavily dependent on the specific application of TiO2 in the individual farm 

locations for animal production. As the most important parameters influencing photocatalytic process we 

can list: illumination, space, location, size, quality of the TiO2 layer and applied process technology for 

animal production on the premise.  We carried out some laboratory experiments with illuminating active 

layer of TiO2 and using real materials from animal houses as the emission source. In parallel we studied 

minimum conditions necessary to maintain photocatalytic reaction. One of the conclusions was that not all 

of the parameters (conditions) have the same impact on the TiO2 photocatalytic process. Basically it can be 

split in two groups: relevant and supporting. Some partial findings are implemented on a trial basis in the 

production facilities. In view of the short experimental implementation and limited scope of 

measurements, especially laboratory measurements, we are not able to present a more complex and 

reliable model of TiO2 influence on the photocatalytic process in the laboratory and farm operations 

environment. The preliminary laboratory experiments, that were carry out show the influence of TiO2 on 

decreasing of NH3 emissions.  

Kyewords: nanotechnology, TiO2, photocatalytic process, spectrum, NH3 emissions  

1. INTRODUCTION 

The agriculture problem from the point of view of emissions of noxious substances is still current as is the 

question of their impact on the environment and perspective for their limitations. Agriculture has been, is, 

and presumably for some time to come, will be a major source of undesirable polluting substances, in 

particular gaseous pollutants. It is therefore a worldwide effort to reduce the quantities of these emissions. 

This is more noticeable in countries with stronger economies. The most effective method to cut emissions 

is to cut it at the source. There is a myriad of processes and procedures for achieving this goal. Lately, much 

attention has focused on the function of TiO2 and its photocatalytic properties for degradation organics and 

inorganic compounds. The photocatalytic properties of the TiO2 are used in different applications [1], [2], 

[3]. 
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The photocatalytic process efficiency heavily depends on the specific conditions of TiO2 applications. These 

conditions are noticeably different at each individual of animal production facility. As the most important 

parameters influencing photocatalytic process of the TiO2 we can name: 

� illumination of the TiO2 layer in the view of its space application in the building and the active area 

size with TiO2; 

� TiO2 application method and the surface quality; 

� production technology used on the premise; 

� humidity and temperature in the building; 

� building setup (layout); 

� general cleanliness in the building. 

The above mentioned conditions do not take into account the eventual variable properties of the TiO2 layer 

and their impact on the final results include its preparation and technological refinements [4]. Experimental 

activity concentrated on the impact of outside parameters on the total effect. They have been therefore 

carried out some detail laboratory experiments with illumination of the active layer of TiO2 in experimental 

vessels, always using byproducts of the animal production facilities as a source of the emissions. The 

experiment used commercially available paint DETOXY COLOR Interior with active photocatalyst based on 

the TiO2. The aim was to evaluate some of the findings from the literature about TiO2 functioning in 

selected schemas, as well as to obtain more detailed information about the properties and ways to 

illuminate areas coated with the TiO2 in relation to the characteristics of using radiation/lighting source and 

its deployment including expected emissions reduction of selected harmful and smelly gases (NH3 mainly). 

Along with this, among other things, we monitored and determined minimum conditions for maintaining 

photocatalytic reaction. Some partial findings obtained from the experiments in the laboratory are on the 

trail base implemented in the production facilities, where monitoring is still under way. Not all of the above 

mentioned conditions have a major impact on the TiO2 photocatalytic efficiency. We can roughly divide 

them into two groups: “relevant” and “supporting” is one of the outcome indicated activity. Given the short 

amount of time during which the experiments were conducted, it is not possible at the present time to 

provide a more complex and reliable model of TiO2 impact on the photcatalytic process related to particular 

conditions in laboratory and spatially on farm premises. 

2. MATERIAL AND METHOD 

All laboratory experiments took place in the joint laboratory for measurement of ammonia emissions and 

greenhouse gases (CULS Prague and RIAEng Prague), which is located on the CULS compound. The 

laboratory is equipped for continuous monitoring of concentration of selected gases at present time with at 

least two different sensor types for each gas. We can measure concurrently no more than four air samples 

(gas mixtures) maximum, because only four experimental vessels located in the digesters are available. 

Setup of a vessel is shown on Figure 1. Each vessel comprises of two acrylic cylinders. The outer cylinder 

with attached bottom has inner diameter 485 mm and height 500 mm and inside on the floor is a dish with 

the sample (emissions source). The internal sliding cylinder, also from acrylic, extends to the sample dish, 

carries ventilation air over the sample on the big cylinder bottom and delivers air with emissions from the 

vessel to the sensors. The air velocity inside the cylinder is similar to the air velocity on the premises. Inner 

cylinder is connected via sliding gasket to the top cover which encloses external cylinder and thus the entire 

vessel. 
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For the purposes of monitoring the TiO2 

photocatalytic process, we inserted a 

vertical piece of drywall double coated with 

paint DETOXY COLOR Interior on one side at 

a height that space between the sample 

dish and top cover was fully blocked. To 

better cope with the cylinder shape, the 

drywall was partially cut into the vertical 

stripes 12 cm wide from outside. This way 

we achieved good fit to the big cylinder and 

drywall perimeter was one half of big 

cylinder perimeter. Thus we created circa 

0,25 m2 area with active layer with TiO2 

included in the used coating paint. 

Fig.1 Experimental vessel with illumination 

The illumination source (short fluorescent 

light) was placed horizontally inside the big 

cylinder around 3/4 height of drywall (from wessel bottom and perpendicular to the vertical axis of the 

vessel and circa 12 cm of the symmetry axis). The setup inside the vessel (illumination and drywall with 

TiO2) was given by its structure design and mainly by requirements that the area between the source of 

illumination and the illuminated area was unobstructed for maximum similarity with real-life conditions of 

premises where besides fluorescent lamp covers, there are no obstacles in the light path. It is necessary to 

point out that for this experimental configuration in the vessel most of the light radiation was used for 

direct illumination area with TiO2 with the fact that the difference in the area illumination amounted ratio 

1:9, depending on the lamp distance from the illuminated area (drywall). For the shortest distance lamp - 

area illumination was in the range 2 100 to 2240 lx. This illumination is much bigger than on the premises 

where real area different in size has much smaller illumination. Spectra of the used fluorescent lamps are 

on Figure 2 and Figure 3. The lamp OSRAM type L 8W/840 spectra is on Figure 2 (daylight with bigger share 

of green components) and spectra for the lamp type T5 8 N/6400 on figure 3 (daylight with bigger share of 

blue components). 

                                         

                 Fig.2 Spectrum of L 8W/840                                             Fig. 3 Spectrum of T5 8 N/6400 

For the experimental material and source of emissions we used pig manure, collected from the 

experimental pig farm in Netluky of Institute of Animal Science (IAS), where paint DETOXY COLOR Interior is 

being tested under operating conditions. We always used a new sample, providing maximum gas emissions 
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(NH3, CH4, and CO2). We carried out three series of measurements, each was composed of the three 

measurements and represents different light source: two series-two linear fluorescent lamps, third series-

laboratory illumination. In each series we used both the vessel with the drywall and illumination, as well as 

the vessel without illumination (reference). In each series of measurements the new sample of manure was 

used.   

3. RESULTS 

The main output of all three series of measurements was measured for concentrations of emissions NH3 

and CH4 (with the focus on NH3 emissions). Concentrations of mentioned gases were measured with 

analyzer 1312 Photoacoustic Multi Gas Monitor and with multiple channels sampling and dispensing 

apparatus 1309 D Multipoint Sample; concentration of NH3 was simultaneously measured with 

semiconductor sensors SP 53 (FIS Inc.). In both series of measurements with fluorescent tubes (their types 

and characteristics are specified in the paragraph "Material and Method") were concentrations of NH3 in all 

measurements lower in vessel with TiO2 on and the relevant lamp, compared to the concentration in the 

reference vessel (without TiO2 and no illumination). The example of that measurement is in Figure 4. Using 

the current measurements, this difference can not be noted with certainty as significant. However, in view 

of the results of the 

current measurements, it 

can be concluded that 

further measurements will 

confirm it as significant. 

 On the Figure 4 it is 

visible that the 

concentration declines 

with time but the ratio of 

the measured values 

between the two vessels 

does not change 

significantly (the figure 

shows this is about 10% 

decrease over three days). 

Fig. 4. Example of the course of NH3 concentration in both vessels. The lower (blue) curve applies to the 

vessel with applied TiO2. 

Small differences in concentrations were recorded in CO2. For the other measured gases their 

concentrations were the same in both vessels. The findings can be briefly summarized as such that under 

the conditions of the mentioned experiments the photocatalytic works for NH3 emissions, but has not yet 

been reliably demonstrated under the same experimental conditions to work as well for light spectrum of 

fluorescent lamps with a larger share of the green light components - OSRAM L 8W/840. 

On the other hand it has been detected that both linear fluorescent lamps as light sources cause visible 

changes on the surface of the pigs manure sample in the vessel with TiO2. In addition a comparative 

olfactometric measurement, i.e. determination of the concentration of effluvial substances in waste gases 
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of the two vessels, in the meantime gave inconclusive results. Only one drywall plate with the active form 

of TiO2 was used for all measurements and during visual surface inspection before each measurement no 

pollution or water was found. 

4. DISCUSSION AND CONCLUSION 

The measured emissions of NH3, CH4, and CO2 under laboratory conditions and the differences in their 

values were monitored in connection with the change of experiment conditions (application of the 

different sources lighting-radiation). That fully well simulates actual conditions on premises and possibilities 

to change these conditions. The experiments used an area with an active form of TiO2, which has been 1.5 

times greater than the area of manure sample in a dish. On real-life premises the situation is similar, but 

this ratio may be inverted. It depends on the premises and technology used. For the treatment of areas 

with TiO2 we may almost always use a ceiling and parts of the vertical walls. Lighting in the premises aims 

almost always to the floor (often source of emissions) and not on the area treated by TiO2, as it was in the 

laboratory experiments. This may be a major difference. On the contrary it is relatively easy to adapt 

lighting in the premises with appropriate spectral composition to ensure the function of TiO2 as a 

photocatalytic. The main restriction here is the effect of this spectrum on the health of cattle and tending 

personnel. It seems that choice of the appropriate lighting or radiation source, and the minimum conditions 

for functioning of the photocatalytic process is a priority before examining other conditions that influence 

this process. Despite the short period of time and limited scope of the experimental measurements carried 

out, particularly in the laboratory and partly in the field, it appears that the process of photocatalysis 

implemented with TiO2 operates under the conditions in particular for NH3 emissions. Continuation of the 

experimental work will therefore concentrate on narrowing conditions for the laboratory experiments 

(active area illumination, surface characteristics and source of radiation in particular) in terms of efficiency 

of photocatalytic process and the safety of animals and tending personnel. 
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Abstrakt 

One of the most nowadays discussed topic, is the state of our environment, which is constantly getting 

worse. The integral part of the environment is the agriculture as well. On the one hand the agricultural 

ensures food production and creates the landscape, but on the other is the one of the main causers of 

gaseous emissions, which negatively influences the quality of air, water and soil. As by-products, originating 

especially from livestock production, can be marked substances as ammonia, methane, carbon dioxide, 

hydrogen sulfide, butyric acid, acetic acid, mercaptans, phenols and many others. For instance, more than 

80 % of world ammonia production, which inter alia contributes to the acidification of water and soil, is 

setted down just to the agricultural sector. The crucial question therefore is how effectively reduced the 

production of these pollutants and their emissions in the form of toxic and odour gases. One option seems 

to be the use of photocatalytic properties of titanium dioxide (TiO2). The fact that the TiO2 (in the crystalline 

anatase form) is able, under exposure to UV radiation, to degrade at the surface of his nanoparticles almost 

all organic compounds is relatively well known and in selected practical applications has been also verified.  

In this paper are given the results of first experiments based on the utlization of photocatalyzer - 

nanocrystalline TiO2 - in reduction of toxic and odour substances in waste gas coming from the pig 

breeding. So far founded experiments were aimed at the verification of function mechanisms and 

effectiveness of the applied form of TiO2 in the specific conditions of livestock production. Obtained data 

do not allow for present to compile a reliable model of the TiO2 action to quantify reduction of each 

monitored substance.  

Keywords: TiO2, emissions, ammonia, greenhouse gasses, odour, nanotechnology 

1. INTRODUCTION 

The effort to reduce negative agricultural effects on the environment has been one of worldwide trends at 

present. Besides others, countries associated in the European Union have therefore prepared the EU 

Council Directive 96/61/EC concerning integrated pollution prevention and control (Integrated Pollution 

Prevention and Control - IPPC). Upon implementation of this directive and the Gothenburg protocol 

(Protocol to Abate Acidification, Eutrophication and Ground-level Ozone, 1999) in the Czech legislation, it is 

an instrument of an integrated approach to approvals of production activities based on the pollution 

prevention principle that concerns the majority of our large and medium-sized agricultural and industrial 

operations. Approval conditions stem from application of the so called best available technique (BAT). In 

accordance with the Gothenburg protocol, the term “Good Agricultural Practice“ was established, 

respecting specific conditions within the territory of the Czech Republic and including provisions that 
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concern, among other things, low emission ways of animal housing. Therefore an effort has been 

developed to keep seeking new ways to reduce the production of pollutants created as by-products of 

especially animal production, considering not only the environment but also the comfort of the bred 

animals. Application of photocatalytic properties of titanium dioxide (TiO2) in removal of various pollutants 

present in the environment has been known for a relatively long time. For example, ammonia removal from 

air or water using TiO2 has been explored by the authors of several papers - Dong et al. [1], Lee et al. [2], 

Morranega et al. [3], Nemoto et al. [4] and other. The aim of experimental laboratory and operational 

measurements whose first results are provided in this contribution consists in verifying the application of a 

commercially available photocatalytic coat to reduce emissions of selected pollutant and smelly gases in 

the swine fattening station. 

2. MATERIAL AND METHOD 

2.1   Laboratory measurements 

The laboratory measurements are performed in a joint laboratory for measurement of ammonia emissions 

and greenhouse gases of the Research Institute of Agricultural Engineering (RIAEng) and the Czech 

University of Life Sciences in Prague (CULS). Samples of the pig liquid manure are measured in two identical 

experimental vessels. An experimental vessel consists of the cylindrical vessel and the inner cylinder. 

Samples to be measured are placed in a uniform layer, applied on the dish, to the vessel bottom. Constant 

flow of air through the vessel is maintained by an axial fan. The air, together with desorbed molecules of 

the monitored compounds, is drawn off by the inner cylinder, passing by the gas analyzer filter located 

outside the vessel. The vessels are located in chemical hoods. The air from the chemical hoods is carried 

away from the building through a duct. 

Pig liquid manure samples are taken at the Institute of Animal Science (IAS) farm in Netluky. The same 

amount of homogenized sample is placed into every vessel; thus identical input material is available in both 

vessels for every individual measurement. At the same time, a plasterboard wall coated according to the 

manufacturer’s instructions with two layers of the coating material DETOXY COLOR Interior containing an 

active photocatalyser based on TiO2 is 

placed in one of the EXPERIMENT 

labelled vessels. A light source 

represented by a linear fluorescent tube 

is also inserted in this vessel. 

Arrangement of the experimental vessel 

is illustrated in Figure 1. The other vessel 

contains no plasterboard wall or a light 

source and is used as CONTROL. The 

probes of gas analyzers are installed at 

outlet points of the vessels. 

Fig. 1 Laboratory apparatus 

Continuous measurement of ammonia (NH3), methane (CH4), carbon dioxide (CO2) and nitrous oxide (N2O) 

emissions is performed pursuant to approved RIAEng methodology, using the gas analyzer 1312 

Photoacoustic Multi Gas Monitor with 1309 The Multipoint Sampler. The principle of gas analyzers is based 
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on photoacoustic spectroscopy. The analysed waste gas sample is irradiated by modulated infrared light 

with a preset wavelength. Gas molecules absorb part of the light energy and convert it to the acoustic 

signal, subsequently detected by microphone. Mass flows of emissions of individual observed gases in mg.s-

1 are then calculated from the measured concentration values. The gas analyzer allows for selective 

measurement of the concentration of five gases and the water vapour content in a single sample. The 

response time lies in the range of tens of minutes, depending on the number of analyzed gases and on the 

selected measurement regime. 

The odour concentrations are determined using a dynamic olfactometer ECOMA T08-8 pursuant to ČSN EN 

13 725. Waste gas samples are taken at the outlet point of the vessels using a sampling device, and they are 

placed into sample containers. Every sample is submitted to an Evaluation Committee in the laboratory. 

Mean mass concentration of odour (in OUE.m-3; OUE = European Odour Units) and the flow of the odour 

are then calculated based on the evaluation results. 

Air temperature, humidity and pressure are registered during the laboratory experiments on the 

continuous basis. Furthermore, lighting intensity is observed, microbiological assessments of the measured 

samples are undertaken, and pH value of these samples is also observed. 

Three series of laboratory measurements were done. In each series, at least three repetitions were took 

place. Individual measurements lasting 3 days at the minimum were always done using the same 

methodology. Only one variable was used, namely the applied light source. No light source was placed in 

the EXPERIMENT vessel for the first measurement series; the laboratory was illuminated only by a regular 

tube. For the second measurement series, linear tube OSRAM Lumilux L 8 W/840 - Cool White 430 lm was 

placed in the EXPERIMENT vessel, and the tube T5 8 N/6400, 512 lm, 8 W - Day Light was used for the third 

series. The same amounts of fresh homogenized liquid manure were added to both vessels in regular 

intervals during the second and third measurement series. 

2.2   Testing of the coating material DETOXY COLOR Interior at the experimental farm  

Testing of the coating material DETOXY COLOR Interior is done in two identical sections of the masonry 

experimental swine fattening station, at the Institute of Animal Science (IAS) farm in Netluky. There are 6 

pens in every section, divided in two rows. The manipulation corridor is found between the rows; the floor 

is of the all-grid type. Underpressure 

ventilation is applied in the section. Air 

is sucked into the section through side 

slots with ventilation flaps and 

exhausted through two exhaust fans 

located in exhaust shafts in the section 

ceiling. The liquid manure is collected 

in the subgrid pit, discharged from the 

fattening station once a week. The 

section capacity is 90 pigs and its area 

amounts to 77 m2. The pigs in both 

sections are fed with moist feeding 

mixtures of identical composition. 

Fig. 2 Inside view of the experimental  
              section 
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In the first, experimental section, one layer of concentrated penetration material ROKOGRUND SILIKÁT was 

applied in accordance with the manufacturer’s instructions on the walls and ceiling, having the total area of 

198 m2, and then the coating material DETOXY COLOR Interior layer. The other section remained free from 

any coat in order to serve as the control. Considering that the experiments were done during the summer 

period, only natural lighting was present in both sections and its intensity was monitored. The analyzer 

1312 Photoacoustic Multi Gas Monitor with 1309 The Multipoint Sampler was used again to measure the 

emissions of NH3, CH4, CO2, N2O and dynamic olfactometer ECOMA T08-8 to odour measurement. Air 

temperature, humidity and pressure are monitored in both sections and air conditioning parameters are 

determined. 

3. RESULTS 

Values measured in the laboratory experiments were processed using the software products Matlab and 

Statistica. The following differences between the EXPERIMENT and CONTROL vessels are apparent from the 

obtained results: 

� Differences in the course of NH3 concentrations during the entire measurement period in the second 

and third series when tubes were placed in the EXPERIMENT vessel; 

� Differences in the visual condition of the liquid manure sample surface - the liquid surface in the 

EXPERIMENT vessel showed different colour and structure; 

� Differences in the dry mass content - the dry mass content was higher in the EXPERIMENT vessel. 

Differences were not found between the EXPERIMENT and CONTROL vessels for the following: 

� CH4, and N2O - concentration courses of these monitored gases showed no differences during the 

entire measurement; 

� pH values; 

� Microbiological assessment. 

The results of CO2 emissions and smelly substances concentration measurements are inconclusive so far. 

NH3, CH4, CO2 and N2O emission measurements and odour measurements, implemented until present, in 

the swine fattening station at the farm in Netluky did not show any statistically significant differences 

between values measured in the experimental section, i.e. in the section with the applied coating material 

DETOXY COLOR Interior, and in the control section, i.e. section with no such application. Microbiological 

assessments have not been finished yet. 

4. CONCLUSION 

In respect of the fact that identical input materials (liquid manure samples) were used in individual 

measurement series in the given measurement, and that the same values of temperature, humidity, 

pressure and flow of the air were maintained in both experimental vessels, the differences above may be 

caused by the working photocatalysis process or they may be related to the applied coating material, 

respectively. Considering the duration of the entire experiment, the number of repetitions of individual 

measurements and the way of their processing, such differences cannot be deemed proven yet. Further 

experimental measurements are needed to arrive at a more reliable assessment of the effect of the used 

TiO2 form on the animal production unit air improvement and thus also on the environment, and also to 

gain more detailed knowledge of the working mechanism of photocatalytic properties of TiO2 in the specific 
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conditions of animal production. Taking interim results into account, partial procedures of individual 

verifications will be modified and specified with higher precision. 
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Abstract 

Phthalocyanine derivatives are the photosensitizers of second generation. If the photosensitizers be in 

contact with the diatomic oxygen and the light of higher wavelength (preferably 670 nm), they are able to 

generate reactive oxygen species. The reactive oxygen species act as cytostatics, bacteriostatisc and 

virocides. Besides, the reactive oxygen species are also able to decompose harmful pollutants. 

Similar characteristics perform nanoparticles of titanium oxide in anatas form. If the titanium oxide be in 

contact with the diatomic oxygen and ultraviolet light, it generates highly reactive oxygen radicals, 

belonging to the group of reactive oxygen species. 

The lecture describes a method of anatas form titanium oxide nanoparticles modification with 

phthalocyanine derivatives. The result of such modification is ability of modified titanium oxide to produce 

highly reactive oxygen radicals by irradiation with day light, instead of ultraviolet one. 

Titanium oxide nanoparticles of anatas form, modified with phthalocyanines, are able to decompose 

successfully both 4-chlorophenole and the model pollutant Orange II in water medium. Process of model 

pollutant Orange II decomposition is also successfully carried out when the above mentioned titanium 

oxide, treated with suitable phthalocyanine derivatives, has been incorporated into the silicate paint, which 

is subsequently irradiated with the day light. 

Keywords: photosensitizer, titanium oxide nano form, phothalocyanine, oxidative decomposition, 

pollutants 

1. INTRODUCTION  

Some phthalocyanine derivatives belong to the second generation of photosensitizers. By interaction with 

the diatomic oxygen and the light of higher wavelength, preferably 670 nm, they generate reactive oxygen 

species, which are cytostatic1, bacteriostatic2 and virucidal3. Besides, the reactive oxygen species are able to 

decompose harmful pollutants in water medium4. The same quality performs the anatas nano form of 

titanium oxide, when irradiated with the ultraviolet light.  

Modification of the anatas form of titanium oxide nanoparticles with suitable phthalocyanine derivatives 

can change their behavior in such a way that they are able to produce reactive oxygen radicals when 
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irradiated with the light of higher wavelength5. Titanium oxide nano form modified by this way is able to 

decompose   model pollutants 4-chlorophenole and Orange II in water medium.   

2. PHTHALOCYANINE STRUCTURES 

Structures of used phthalocyanines are illustrated in the pictures 1-3 
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4.   MODIFICATION OF TITANIUM OXIDE NANOPARTICLES WITH PHTHALOCYANINES 

Nanoparticles of titanium oxide in anatas form (Aeroxide® P25, Evonik Degussa, GmbH) were modified by 

fixation of the following phthalocyanine derivatives, dissolved in dimethylformamide (DMF).  

(HO)AlFTC      Pc-1 

(HO)AlFTC(SO3Na)2    Pc-2 

(HO)AlFTC(SO3Na)2-4    Pc-3 

ZnFTC(SO2NHCH2CH2CH2N(C2H5)2)1-2  Pc-4 

           (SO3H)0-1 

Three various concentrations of phthalocyanine solutions in DMF were tested for the each phthalocyanine 

derivative. The amount of phthalocyanine derivative fixed on titanium oxide nanoparticles for the each 

experiment was determined by spectrometric method, from the difference of phthalocyanine contents in 

DMF solution before and after fixation. The following tables 1-4 illustrate the different degrees of 

phthalocyanine derivatives Pc-1, Pc-2, Pc-3 and Pc-4 fixation on the titanium oxide nanoparticles surface, by 
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mentioned experiments. The more polar sulfo and sulfamidic phthalocyanine derivatives are better fixed on 

the titanium oxide than the less polar unsubstituted phthalocyanine.  

Table 1 Modification of TiO2 - P25 nanoparticles by using Pc-1 

Exp.No. TiO2 g 
Pc-1 

mg/100 ml 
DMF 

Vacuum 
mm Hg 

Filtrate 
Pc-1 

mg/100 ml 
DMF 

Adsorb. 
mg 

Pc-1 
Product g 

1074/216 5 15 10 12,6 2,4 4,3 

1074/217 5 7,2 10 5,1 2,1 4,8 

1074/219 5 3,6 10 2,7 0,9 4,0 

1074/247 5 15 10 11,1 3,9 4,2 

Table 2 Modification of TiO2 - P25 nanoparticles by using Pc-2 

Exp.No. TiO2 g 
Pc-2 

mg/100 ml 
DMF 

Vacuum 
mm Hg 

Filtrate 
Pc-2 

mg/100 ml 
DMF 

Adsorb. 
mg 

Pc-2 
Product g 

1074/213 5 15 10 0,6 14,4 4,3 

1074/214 5 7,2 10 0,05 7,15 4,0 

1074/215 5 3,6 10 0,0 3,6 3,9 

Table 3 Modification of TiO2 - P25 nanoparticles by using Pc-3 

Exp.No. TiO2 g 
Pc-3   

mg/100 ml 
DMF 

Vacuum 
mm Hg 

Filtrate 
Pc-3 

mg/100 ml 
DMF 

Adsorb. 
mg 

Pc-3 
Product g 

1074/358 5 7,4 10 0,14 7,26 4,2 

1074/370-1 5 7,0 10 0,17 6,83 4,3 

1074/370-2 5 7 10 0,10 6,90 4,5 

Table 4 Modification of TiO2 - P25 nanoparticles by using Pc-4 

Exp.No. TiO2 g 
Pc-4 mg/100 

ml DMF 
Vacuum 
mm Hg 

Filtrate 
Pc-4 

mg/100 ml 
DMF 

Adsorb. 
mg 

Pc-4 
Product g 

1074/299 5 15 10 0,38 14,62 4,6 

1074/308 5 7,2 10 0,34 6,86 3,9 

1074/303 5 3,6 10 0,33 3,27 3,95 

5. PHOTOCHEMICAL OXIDATION OF 4-CHLOROPHENOL BY USING OF PHTHALOCYANINE MODIFIED 

TITANIUM OXIDE NANOFORM IN WATER MEDIUM 

The mentioned samples of titanium oxide nano form, modified with phthalocyanines were tested at Vysoká 

škola chemicko-technologická v Praze by photo oxidation of 4-chlorophenole in water medium, by 

irradiation with the light of wavelength 530-630 nm. Following graph-1 illustrates the wavelength range of 

emission spectrum of the used light tube. 
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Decrease of 4-chlorophenole content in 

the particular experiments was 

determined by HPLC method. The 

following graphs 2-3 illustrate kinetics of 

4-chlorophenole photo oxidations by 

using of titanium oxide nano form 

modified with Pc-1, Pc-2 and Pc-4 in 

water medium.  

Graph 1: Emission spectrum of used light 

tube 

 

Graph 2: Time dependence of 

decomposition of 4-chlorophenole using 

TiO2 - P25 nanoform, modified with Pc-1 

(1074/219) or Pc-2 (1074/213) and using 

light of mentioned spectral range. 

The result of kinetics of 4-chlorophenole 

oxidation decomposition illustrated in 

the Graph 2 has shown clearly that the 

nano form of titanium oxide modified 

with Pc-1 does not support the process 

of 4-chlorophenole decomposition at all. 

On the other hand, nano form of 

titanium oxide modified with Pc-2 

(1074/213) supports the process 4-

chlorophenole decomposition markedly. 

As the Pc-2, owing its solubility in water, 

can be partly eluted into water is not 

clear whether in the process of 4-

chlorophenole decomposition takes part 

Pc-2 modified titanium oxide by itself, or 

eluted Pc-2 plays also its role. 

Graph 3: Time dependence of 

decomposition of 4-chlorophenole using 

TiO2 - P25 nanoform, modified with Pc-4 

and using light of mentioned spectral 

range 
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The results of kinetics of 4-chlorophenole oxidation decomposition illustrated in the Graph 3 has shown 

clearly that the best results performed nano form of titanium oxide modified with 6.8 mg of Pc-4 per 5 g 

titanium oxide (1074/308). The samples of nano form of titanium oxide modified with lower amount Pc-4 

(1074/303) or higher amount Pc-4 (1074/299) have not supported oxidative decomposition of 4-

chlorophenole at all. The kinetics of 4-chlorophenole oxidative decomposition by the sample nano form of 

titanium oxide modified with Pc-4 (1074/308) is comparable with the kinetics obtained by the sample nano 

form of titanium oxide modified with Pc-2 (1074/213). Owing to the insolubility of Pc-4 in water is 

absolutely clear, that by the oxidative decomposition of 4-chlorophenole takes part only the nano form of 

titanium oxide modified with Pc-4 which is fixed on its surface. Therefore the sample of titanium oxide 

nano form modified with Pc-4 does not need to be irradiated with UV light for reactive oxygen species 

generation, irradiation with the light wavelength of 530-630 nm is fully sufficient.  

6.  NANOFORM OF TITANIUM OXIDE MODIFIED WITH PHTHALOCYANINE DERIVATIVES, POSSIBILITY 

ITS APPLICATION BY DEVELOPMENT OF SELF CLEANING PAINTS   

Samples of nano form of titanium oxide modified with phthalocyanine derivatives were sent to Synpo a.s. 

laboratory to be tested in silicate paints in the framework of self cleaning paint development. The self 

cleaning activity of silicate paints, containing admix of titanium oxide nano form modified with 

phthalocyanine derivatives, were tested by photo oxidative decomposition of model pollutant Orange II. 

Kinetics of Orange II decomposition was measured by spectrometric method. The samples of paints, Table 

5, were irradiated with both UV light and model daylight.  Results of experiments illustrate Graphs 4 and 5. 

Table 5 List of prepared coating formulations with content of TiO2 and phthalocyanines 

Silicate  paint No. TiO2 content 
Pen-41 Control experiment without TiO2 

Pen-44/FTC 1. 14,9 % TiO2 modified with Pc-3 
Pen-44/FTC 2. 14,9 % TiO2 modified with Pc-4 

Pen-44 14,9 % TiO2 without Pc 

 

 

Graph 4: Modification of TiO2 

nanoparticles with phthalocyanines, 

influence of UV light 
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The results of model pollutant Orange II oxidative decomposition study, carried out with silicate paints 

containing phthalocyanine 

derivatives modified nano form 

of titanium oxide, have shown 

that the paints prepared by this 

way, are able to decompose the 

model pollutant better than the 

control experiments without 

titanium oxide or even the paint 

containing titanium oxide by 

itself, without phthalocyanine. 

Therefore additions of titanium 

oxide nano form, modified with 

suitable phthalocyanines, might 

be useful for production of self 

cleaning silicate paints. 

 

Graph 5: Modification of TiO2 nanoparticles with phthalocyanines, influence of day light 
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Abstract  

Niobium or tantalum doped anatase were prepared by thermal hydrolysis of peroxotitanium complex 

aqueous solutions dissolving niobium or tantalum peroxo-comples at 100°C for 3 days. The synthesized 

samples were characterized by X-ray diffraction (XRD), Scanning Electron Microscopy (SEM), High Resolution 

Transmission Electron Microscopy (HRTEM), surface area (BET) and porosity determination (BJH). The 

photocatalytic activity of doped titania samples was determined by decomposition of salicylic acid during 

irradiation at 365 nm and 400 nm. Niobium-doping caused the increase of unit cell constants of anatase and 

the shape change of anatase crystallites from spindle-like to cubic-like structure. The niobium and tantalum 

doping increases the stability of anatase to above 1000 °C by inhibiting the growth of titania crystallites. In 

the visible region the photocatalytic activity is directly proportional to the concentration and increases with 

increasing concentration of Nb. The niobium addition increases the photocatalytic activity of titania in the 

visible-light region. 

Keywords: titania, peroxo-complexes, niobium, tantalum, photocatalysis 

1. INTRODUCTION 

Nb-doped titania (3%) was prepared from alkoxides precursors via sol-gel route in dry nitrogen atmosphere 

from titanium isopropoxide (IV) Ti[OCH(CH3)2]3 and niobium ethoxide Nb(OC2H5)5 with a 99,99% purity[1] 

[1]. It has been also reported that Nb-doped titania shows higher sensitivity towards oxygen and shorter 

response time than pure TiO2 [2]. The study [3] evaluated the possibility of preparing the pure rutile phase 

of Nb5+ and Ta5+ doped TiO2 at low temperature (400◦C) by sol-gel process. The doping of TiO2 with Nb5+ or 

Ta5+ improves the phase transformation behavior from anatase to rutile and the segregation phase is not 

present for Nb5+ , Ta5+ content up to 18 mol%, 9 mol%, respectively. Ceramics membranes of TiO2 suported 

on glass were prepared by a sol-gel technique and were applied in a photoreactor enabling continuous flow-

through of gaseous and liquid feeds. In a attempt to enhance the photocatalytic efficiency of these ceramics 

membranes with visible light, the TiO2 was doped with niobium. However, the niobium doping did not 

increase the rate of mineralization of 3-chlorosalicylic acid [4]. Nb(V) oxide has a band gap energy of 3.4 eV, 

similar to TiO2 (3.2 eV), therefore it would be expected to have photocatalytic activity similar to TiO2. In 

these papers[5,6], Nb-doped anatase-type TiO2 nanoparticles with adsorptivity and improved photocatalytic 

activity for the decomposition of methylene blue in its aqueous solution were formed from precursor 

solutions of TiOSO4 and NbCl5 under mild hydrothermal conditions at 120-180 °C for 5 hours using the 

hydrolysis of urea. The band-gap energy of anatase slightly decreases by making solid solutions with Nb. The 

5-15 mol% Nb-dopped TiO2 showed improved photoactivity and enhanced adsorptivity. Two series of Ta2O5-

TiO2 photocatalysts (Ta:Ti = 4:1, 1:1 and 1:4) were prepared by sol-gel technique applying triblock 

copolymer of Pluronic P123 and were tested in platinized form (0.3 wt.%) in photodecomposition of water 

under ultraviolet and visible light (λ > 300 nm). The mixed oxides of Ta2O5-TiO2 system showed much lower 

band-gap than pure Ta2O5 and relatively high activity in platinized state in photocatalytic hydrogen 
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generation under visible light. Doping of pure oxides and mixed systems with sulfur results in lowering of 

the band-gap values below 3 eV and much better activity in H2 evolution reaction [8]. TiO2 thin film 

photocatalysts doped with various Ta amounts were deposited on glass slides by the sputtering method in 

Ar/O2 atmosphere. The doping with Ta enhanced the crystallinity and determined, for high Ta loadings, th In 

the visible region the photocatalytic activity is directly proportional to the concentration and increases with 

increasing concentration of Nb e phase transition into rutile. The large blue shift of the bandgap energy 

absorption in the UV-VIS spectra, which is a quantum size effect, shows that the dimensions of the 

crystallites are smaller than 10 nm [8]. 

Table 1. Characteristics of prepared titania samples doped by variable amounts of Nb and Ta 

Sample Nb or Ta 
[g] 

Crystallite 
size 

[nm] 

Aspect 
ratio 
l/d 

BET 
[m2g-1] 

Total pore 
volume 
[cm3g-1] 

Cell 
param. 

a 

Cell 
param. 

b 

Bandgap 
[eV] 

k 
365 nm 
[min-1] 

k 
400 nm 
[min-1] 

Ti_0 0 26.0 3.1 145.0 0.6963 3.79656 9.51192 3.20 0.1571 0.0012 

TiNb_1 0.5 22,1 2.5 201.6 0.7171 3.79794 9.51224 3.10 0.1100 0.0051 

TiNb_2 1.0 54.6 1.7 136.8 0.6642 3.80250 9.52313 3.00 0.2574 0.0069 

TiNb_3 2.0 44.1 1 71.6 0.4736 3.80414 9.52898 2.90 0.0655 0.0090 

TiTa_1 0.5 15,6 2.9 246.7 0.5911 3.79753 9.51118 3.15 0.0436 0.0055 

TiTa_2 1.0 19,4 2.4 210.0 0.6665 3.79762 9.52162 3.10 0.0829 0.0079 

TiTa_3 2.0 15.8 1.9 222.6 0.5695 3.79860 9.52377 3.10 0.0086 0.0035 

In this study, the peroxotitanium complex aqueous solution containing a peroxo-complex of niobium or 

tantalum was prepared, and then niobium or tantalum doped anatase powders were synthesized by 

thermal decomposition of these peroxo-complexes. By this method were prepared six samples labeled 

TiNb_1-TiNb_3 and TiTa_1 - TiTa_3. The photoactivity of the prepared titania was assessed by the 

photocatalytic decomposition of salicylic acid in an aqueous slurry under irradiation of  365 nm and 400 nm 

wavelength.  

2.  EXPERIMENTAL  

Synthesis of Nb and Ta doped titania. 

All chemical used, titanium oxo-sulphate (TiOSO4), Niobium (V) oxide (Nb2O5), Tantalum(V) oxide (Ta2O5), 

potassium hydroxide (KOH), ammonium hydroxide (NH4OH) and hydrogen peroxide (H2O2) were of 

analytical grade and were supplied by Fluka and Sigma-Aldrich Ltd. 

In a typical experiment [9], titanyl oxysulphate was dissolved in 100 ml of distilled water (1.6 M) and 

hydrolyzed by slow addition of ammonium hydroxide solution (10%) under constant stirring at the 

temperature of 0 °C in ice bath, until the reaction mixture reaches pH 8.0. The obtained precipitate was 

separated by filtration and was washed free of sulphate ions (confirmed by the BaCl2 test) with distilled 

water.  Obtained wet gel was mixed with 100 ml of 30% hydrogen peroxide solution.  

2 g Nb2O5 and Ta2O5 respectively, was mixed with 10g KOH and heated for 2 hours at temperature of 600°C. 

The melt was leached with distilled water and filtered. The solution of soluble K8Nb6O19 and K8HTa6O19 

respectively was obtained. The prepared solution was mixed with absolute ethanol and white precipitate 

was centrifuged and dried at 85°C. 
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Fig 1. High temperature XRD diffractogram of samples a) TiNb_3 and TiTa_3 (A-anatase, R-Rutile, Pt - 

Platinum) 

The yellow see-through gelatin product obtained by foregoing reaction was mixed with defined amount of 

K8Nb6O19 and K8HTa6O19 respectively, diluted with 10 ml H2O2 (see Table 1) and subsequently heated in 

heating mantle in round-bottom flask with a reflux cooler. During the heating process yellow-white 

precipitate originated. Annealing had been continued till the precipitate changed its color to white or 

slightly yellow (~ 72 hours). The obtained precipitate was dried in the oven at 105 °C.  
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Fig 2. Results of the Rietveld refinement a) phase composition b) crystallite size c) unit-cell parameter a  

d) unit-cell parameter c 
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2.2. Characterization methods 

X-ray diffraction (XRD) patterns were obtained with a Siemens D5005 diffractometer equipped with a 

conventional Cu Kα x-ray tube (40 kV, 30 mA), scintillation detector and a diffracted beam monochromator. 

Qualitative analysis was performed with the DiffracPlus Eva  software package (Bruker AXS, Germany) using 

E. Sotter, X. Vilanova, E. Llobet, M. Stankova, X. Correig, Niobium-doped titania nanopowders for gas sensor 

applications, Journal of Optoelectronics and Advanced Materials Vol. 7, No. 3, June 2005, p. 1395 - 1398the 

JCPDS PDF-2 database [7]. For quantitative analysis of XRD patterns we used Diffrac-Plus Topas (Bruker AXS, 

Germany, version 4.1) with structural models based on ICSD database [10]. This program permits to 

estimate the weight fractions of crystalline phases and mean coherence length by means of Rietveld 

refinement procedure [8]. Sample TiNb_3 and TiTa_3 respectively was studied by in-situ high temperature 

XRD  in air with a PANalytical XPertPRO diffractometer using Co K radiation (40 kV, 30 mA) and a 

multichannel detector X’Celerator with an anti-scatter shield, equipped with a high temperature chamber 

(HTK 16, Anton Paar, Graz, Austria). The measurements started at room temperature and finished at 1200°C. 

DTA - TG measurements were carried out using a simultaneous Netzsch Instrument STA 409 coupled to 

Quadrupol Mass Spectrometer Balzers QMS-420 under dynamic conditions in the helium (flow rate 40 mL 

min-1). The samples were heated at the rate of 10 K min-1. 

Transmission electron micrographs (TEM and HRTEM) were obtained using  JEOL JEM 3010 microscope 

operated at 300 kV (LaB6 cathode). Acopper grid coated with a holey carbon support film was used to 

prepare samples for TEM observation. The powdered sample was dispersed in ethanol and the suspension 

treated in an ultrasonic bath for 10 min. 

The surface areas of samples were determined from nitrogen adsorption-desorption isotherms at liquid 

nitrogen temperature using a Coulter SA3100 instrument with outgas 15 min at 150 °C. The Brunauer-

Emmett-Teller (BET) method was used for surface area calculation [9], the pore size distribution (pore 

diameter and pore volume of the samples) was determined by the Barrett-Joyner-Halenda (BJH) method 

[10]. 

Diffuse reflectance UV/VIS spectra for evaluation of photophysical properties were recorded in the diffuse 

reflectance mode (R) and transformed to absorption spectra through the Kubelka-Munk function [14]]. A 

Perkin Elmer Lambda 35 spectrometer equipped with a Labsphere RSAPE- 20 integration sphere with BaSO4 

as a standard was used. 

The kinetics of the photocatalytic degradation of salicylic acid [15] in aqueous solution was measured using 

a self-constructed photoreactor consisting of a stainless steel cover and quartz tube with fluorescent lamp 

(365 nm and 400 nm) with a power of 13W [16]. The fluorescence intensities of salicylic acid were 

measured by using a fluorescence detector (FL 2000, Spectraphysics). Determination of salicylic acid 

concentration was performed by measuring of the fluorescence intensity of emissive wavelength at 430 nm 

(excitation wavelength of salicylic acid is 315 nm). Standard solutions of salicylic acid in the concentration 

range 1-100 ppm were used to perform the standard calibration graph of the fluorescence intensities at 

each solution concentration. There is a good linearity between the fluorescence intensity and the 

concentration of salicylic acid. 
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Fig 3 DTA-TG of samples a) TiNb_3 and TiTa_3 

3.  RESULTS AND DISCUSSION 

The high temperature XRD diffractogram of samples TiNb_3 and TiTa_3 are shown in Figure 1. The 

measurement started at room temperature and finished at 1200 °C with a step of 100 °C from 25 to 550 °C, 

step of 25 °C in the remaining ranges. The phase composition of the prepared samples, unit-cell parameters 

and crystallite size were calculated by the Rietveld method and are presented in Figure 2. Only anatase 

(ICDD PDF 21-1272) and rutile (ICDD PDF 21-1276) were observed during the heating of samples. No 

diffraction lines of Nb or Ta containing or other phases, with the exception of Pt sample holder diffraction 
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lines, were observed, which means that all Nb and Ta respectively is incorporated into the Ti In the visible 

region the photocatalytic activity is directly proportional to the concentration and increases with increasing 

 

Fig 4. BJH pore size distribution plots of desorption dV(r) versus pore radius 

concentration of Nb O2 structure. The Nb and Ta doping shift the begining of the phase transformation of 

anatase to rutile to higher temperatures (~ 1000°C and 1050°C). The phase transformation of the undoped 

titania starts at 800°C and continues up to 950°C [17]. This effect is attributed to the extra valence of 

niobium ions, in comparison with titanium ones, which reduces oxygen vacancies in the anatase phase, thus 

retarding the transformation to rutile [18]. 
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TiNb_3 and TiTa_3 samples have constant crystallite size (15 and 44 nm) up to 800 °C and above this 

temperature crystallite size increases with temperature. The crystallite size of the titania doped Nb 

increases more rapidly than that of the Ta doped titania. 

Unit cell parameters of both anatase and rutile in TiNb_3 and TiTa_3 samples are prepared by in-situ 

heating experiments increase almost linearly. In the visible region the photocatalytic activity is directly 

proportional to the concentration and increases with increasing concentration of Nb lects the thermal 

expansion of the structures. An exception is the unit-cell parameter of anatase: a, which slightly decreases 

with increasing temperature up to 400°C. This decrease is probably caused by evolution of physically and 

chemically bound water. 

Figure 3 shows a curve of thermal analysis of the samples TiNb_3 and TiTa_3.  DTA curve shows, that water 

started evolves at low temperature (endothermic peak start at temperature 90°C) and achieves maximum at 

temperature 105°C. Following exothermic peak at temperature ~950°C corresponds to the phase 

transformation of anatases to rutile. These results are in good agreement with the determination phase 

transformation by method high tamperature XRD. 

Lattice constants of doped titania are shown in Table 1. The lattice constants of the undoped anatase closed 

to the reference values. Lattice constants of the doped samples increase gradually with the addition of 

niobium and tantalum respective 

The adsorption isotherms of all prepared samples show type IV behaviour with the characteristic hysterisis 

loop [19]. BJH pore size distribution plots of desorption dV(r) versus pore radius are shown in Figure 4. BET 

surface area and total pore volume are listed in Table 1. The mesoporous nature of the niobium and 

tantalum doped titania samples is clearly indicated. The surface area gradually decreases with increasing 

niobium content more than with tantalum content.  

TEM photographs of anatase particles are shown in Figure 5. Undoped titania samples with spindle-like 

anatase crystals were formed. The aspect ratio of anatase particle decreased gradually with the addition of 

niobium and tantalum respectively (see Table 1), and the crystals turned out to be cubic. The HRTEM images 

of doped anatase are presented in Figure 6. The fine fringe spacing d along the (100) direction of the 

anatase crystal linearly increased with the amount of doping agent (see Figure 7). Considering the 

comparable ionic radii of titanium (0.061 nm), tantalum [20] and niobium [21] ions (0.064 nm), we conclude 

that substitution of titanium ions by niobium and tantalum ions respectively, takes place in all 

concentrations. 
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Fig 5. TEM photographs of Nb and Ta doped anatase particles, a) undoped, b) 0.5 g K8Nb6O19, c) 0.5 

K8HTa6O19, d)  1 g K8Nb6O19, e) 1g K8HTa6O19, f)  2 g K8Nb6O19, g) 2g K8HTa6O19 
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Fig 6. HRTEM photographs of Nb and Ta doped anatase particles a)  0.5 g K8Nb6O19, b) 0.5 K8HTa6O19, c)  1 g 

K8Nb6O19, d) 1g K8HTa6O19, e)  2 g K8Nb6O19, f) 2g K8HTa6O19 
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Fig 7. The fine fringe spacing d of Nb and Ta doped titania 

 

The electronic bands of different titania samples were studied by using UV-VIS reflectance spectroscopy. 

The obtained spectra are provided in Figure 8. The red-shift in the UV-VIS spectrum of prepared samples 

and the resulting pale yellow color of the Nb doped titania are typical for pentavalent Nb oxide [22].The 

absorption edge shift to a longer wavelength is depended on the amount of niobium. The method of UV-VIS 

diffuse reflectance spectroscopy was employed to estimate band-gap energies of the prepared Nb and Ta 

doped titania. Firstly, the absorption data were fitted to equations for direct band-gap transit In the visible 

region the photocatalytic activity is directly proportional to the concentration and increases with increasing 

concentration of Nb ions to establish the type of band-to-band transition of these synthesized particles,. The 

minimum wavelength required to promote an electron depends upon the band-gap energy Ebg of the 

photocatalyst and is given by Eq. (1). 

Ebg =1240 / λ     (eV)       (1) 

where λ is the wavelength in nanometers [23, 24]. 

Figure 9 shows the (αEbg)
2 versus Ebg for an indirect band-gap transition of titania doped with Nb and Ta  

respectively, where  α is the absorption coefficient and Ebg is the photon energy.  The value of Ebg 

extrapolated to α= 0 gives an absorption energy, which corresponds to a band-gap energy (see Table 1). The 

value of 3.20 eV for sample denoted as Ti_0 is reported in the literature for pure anatase nanoparticles [17]. 

The value of band-gap energy decreases with increasing content of dopants. The color of prepared samples 

depends on the content of Nb and Ta dopants and has slightly yellow tone. 
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Fig 8. UV-VIS absorbance spectra of a) Nb and b) Ta doped titaniaFigure 8. The (αEbg)
2 versus Ebg for a 

indirect band-gap transition titania doped a) Nb and b) Ta 

The photocatalytic activity of the Nb and Ta doped titania was tested on the degradation of salicylic acid at 

wavelenght of 365 and 400 nm and is given in Figure 10. Photodegradation of salicylic acid on titania 

surface follows a first order rate equation [23], the plots of c/c0 against time was done using Origin 6.1. 

software.  

Niobium doping increases the photocatalytic activity in UV region, only the sample marked TiNb_2. In the 

visible region the photocatalytic activity is directly proportional to the concentration and increases with 

increasing concentration of Nb. Doping Ta reduces photocatalytic activity in UV range compared with the 

non-doped sample. In the visible area the photocatalytic activity is proportional to the concentration of 

tantalum only for the first two samples. Decreased of photocatalytic activity of Ta-doped samples is due to a 

lower crystallite size and sample crystallinity. 
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4. CONCLUSION 

The cubic-like structure of niobium and tantalum doped titania was prepared by thermal decomposition of 

peroxo-complexes. The niobium and tantalum addition increases the anatase Figure 8. UV-VIS absorbance 

spectra of a) Nb and b) Ta doped titaniaFigure 8. The (αEbg)
2 versus Ebg for a indirect band-gap transition 

titania doped a) Nb and b) Ta phase stability to above 1000 °C by inhibiting the growth of the crystallite size 

of titania, the increase of lattice constants of anatase, the shape change of anatase crystal from spindle-like 

to cubic-like structure and the red-shift of the optical absorption. The niobium addition increases the 

photocatalytic activity of titania in the visible-light region. 

 

Fig 9. The (αEbg)
2 versus Ebg for a indirect band-gap transition titania doped a) Nb and b) Ta 
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Fig 10. Salicylic acid degradation Nb doped titania at wavelenght a) 365 b)  400 nm and Ta doped titania at 

wavelenght c) 365 d) 400 nm 

ACKNOWLEDGEMENTS  

This work was supported by the Academy of Sciences of the Czech Republic (Project No. AV OZ 40320502) 

and Czech Science Foundation (Project No. 203/08/0335). 

LITERATURE 

[1] E. Sotter, X. Vilanova, E. Llobet, M. Stankova, X. Correig, Niobium-doped titania nanopowders for gas sensor 

applications, Journal of Optoelectronics and Advanced Materials Vol. 7, No. 3, June 2005, p. 1395-1398 

[2] R.K. Sharma, M.C. Bhatnagar, G.L. Sharma, Effect of Nb metal ion in TiO2 oxygen gas sensor, Appl. Surf. Sci. 92, 

647 (1996) 

[3] H. Pan, N. Chen, S. Shen,  J. Huag, Preparation and Characteristics of Nb5+, Ta5+/TiO2 Nanoscale Powders by 

Sol-Gel Process Using TiCl3, Journal of Sol-Gel Science and Technology 34, 63-69, 2005 

[4] J. Sabate, M. A. Anderson, H. Kikkawa, Q. Xu, S. Cervera-March, C. G. Hill, Nature and properties of pure and 

Nb-doped Ti02 ceramic membranes affecting the photocatalytic degradation of 3-chlorosalicylic acid as a 

model of halogenated organic compounds, Journal of Catalysis 134 (1992) 36-46  

[5] M. Hirano, K. Matsushima, Photoactive and Adsorptive Niobium-Doped Anatase (TiO2) Nanoparticles: Influence 

of Hydrothermal Conditions on their Morphology, Structure, and Properties, J. Am. Ceram. Soc., 89 (2006) 110-

117 

[6] M. Hirano, K. Matsushima, Effect of Niobium on the Structure and Photoactivity of Anatase (TiO2) 

Nanoparticles ,  J. Nanosci. Nanotechnol. 6 (2006)  762-770 



  20. - 22. 10. 2009, Roznov pod Radhostem, Czech Republic, EU 

 
 

S2 - APPLICATIONS  263   

 

[7] M. Stodolny, M. Laniecki, Synthesis and characterization of mesoporous Ta2O5-TiO2 photocatalysts for water 

splitting, Catalysis Today 142 (2009) 314-319 

[8] C.M. Visinescu, R. Sanjines, F. Lęevy, Victor Marcu, V.I. Parvulescu, Tantalum doped titania photocatalysts: 

Preparation by dc reactive sputtering and catalytic behavior, Journal of Photochemistry and Photobiology A: 

Chemistry 174 (2005) 106-112 

[9] N. Murafa, V. Stengl,V. Houskova, Monodispersed Spindle-like Particles of Titania, Microscopy and 

Microanalysis, 15 (2009) 1036-1037 

[10] JCPDS PDF-2 release 2001, ICDD Newtown Square, PA, USA. 

[11] ICSD Database FIZ Karlsruhe, Germany, 2008 

[12] Brunauer, S.; Emmett, P.H.; Teller, E. Adsorption of Gases in Multimolecular Layers. J. Am. Chem. Soci., 1938, 

60, 309 

[13] Barret, E. P.; Joyner, L. G.; Halenda, P. P. The Determination of Pore Volume and Area Distributions in Porous 

Substances. I. Computations from Nitrogen Isotherms. J. Am. Chem. Soci., 1951, 73, 373 

[14] Z.C. Orel, M.K. Gunde, B. Orel, Application of the Kubelka-Munk theory for the determination of the optical 

properties of solar absorbing paints, Progress in Organic Coatings 30 (1997) 59-66 

[15] C. Su, B. Y Hong, C. M.Tseng, Sol-gel preparation and photocatalysis of titanium dioxide, Catal. Today, 96 (2004) 

119  

[16] Štengl V., Houšková V., Bakardjieva S., Murafa N., Havlín V., Optically transparent titanium dioxide particles 

incorporated in hydroxyethyl methacrylate thin layers, J. Phys. Chem. C, 112  (2008) 19979-19985 

[17] S. Bakardjieva, J. Subrta, V. Stengl, M. J. Dianez, M. J. Sayagues, Photoactivity of anatase-rutile TiO2 

nanocrystalline mixtures obtained by heat treatment of homogeneously precipitated anatase, Applied Catalysis 

B: Environmental 58 (2005) 193-202 

[18] E. Sotter, X. Vilanova, E. Llobet, M. Stankova, X. Correig, Niobium-doped titania nanopowders for gas sensor 

applications, Journal of Optoelectronics and Advanced Materials Vol. 7, No. 3, June 2005, p. 1395-1398 

[19] Lowell S., Shields J.E., Powder Surface Area and Porosity, Chapman&Hall, (1998) 

[20] K.V. Baiju, P. Shajesh,  W. Wunderlich, P. Mukundan, S. Rajesh Kumar, K.G.K. Warrier, Effect of tantalum 

addition on anatase phase stability and photoactivity of aqueous sol-gel derived mesoporous titania, Journal of 

Molecular Catalysis A: Chemical 276 (2007) 41-46 

[21] D. S. A. Simakov, Y. Tsur, Preparation of core-shell Ti-Nb oxide nanocrystals, Journal of Nanoparticle Research 

(2008) 10:77-85 

[22] A.Mattsson, M. Leideborg, K. Larsson, G. Westin, Lars Österlund, Adsorption and Solar Light Decomposition of 

Acetone on Anatase TiO2 and Niobium Doped TiO2 Thin Films, J. Phys. Chem. B 2006, 110, 1210-1220 

[23] D.S. Bhatkhande, V.G. Pangarkar, A.A. Beenackers, Photocatalytic degradation for environmental applications - 

a review, Journal of Chemical Technology and Biotechnology 77 (2001) 102-116 

[24] K.M. Reddy, S.V. Panorama, A.R. Reddy, Bandgap studies on anatase titanium dioxide nanoparticles, Materials 

Chemistry and Physics 78 (2002) 239-245 

[25] M. Macounová, H. Krysová, J. Ludvík, J. Jirkovsky, Kinetics of photocatalytic degradation of diuron in aqueous 

colloidal solutions of Q-TiO2 particles, Journal of Photochemistry and Photobiology A: Chemistry 156 (2003) 

273. 



  20. - 22. 10. 2009, Roznov pod Radhostem, Czech Republic, EU 

 
 

264  S2 – APPLICATIONS 

 

SYNTHESIS OF Ru-DOPED TITANIA AND ITS PHOTOCATALYTIC PROPERTIES 

Vendula HOUŠKOVÁ, Václav ŠTENGL, Nataliya MURAFA, Snejana BAKARDJIEVA 

Institute of Inorganic Chemistry, Academic of Sciences of the Czech Republic, Rez-Husinec 250 68,  

Czech Republic, EU, houskova@iic.cas.cz 

Abstract 

Nanocrystalline titania particles doped with ruthenium oxide have been prepared by homogenous 

hydrolysis of TiOSO4 in aqueous solutions in the presence of thioacetamide and RuCl3 at 80°C. After 

annealing at 600°C in oxygen atmosphere for 2 hours the synthesis of the Ru-doped titania powders was 

complete. The effects of the Ru doping on the morphology and microstructure of TiO2 nanoparticles and 

their impacts on the photocatalytic activity were studied. The synthesized particles were characterized by 

X-ray diffraction (XRD), Scanning Electron Microscopy (SEM) and Nitrogen adsorption-desorption was used 

for surface area (BET) and porosity determination (BJH). The photocatalytic activity of Ru-doped titania 

samples was determined by photocatalytic decomposition of Orange II dye in an aqueous slurry during 

irradiation at 365 nm and 400 nm wavelength. The Ru-doped titania samples demonstrated enhanced 

photocatalytic activity under UV and visible light. Ruthenium oxide causes the anatase to rutile 

transformation to occur at lower temperatures. 

Keywords:  X-ray diffraction (XRD), Scanning Electron Microscopy (SEM), Brunauer-Emmett-Teller (BET) 

method, Barrett-Joyner-Halenda (BJH) method 

1. INTRODUCTION 

Photocatalytic degradation processes have been widely applied as techniques of destruction of organic 

pollutants in wastewater and effluents. TiO2 is widely used for photocatalytic air and water purification and 

many other purposes based on photocatalytic oxidation and decomposition of organic pollutants [1,2,3,4]. 

Titanium dioxide is one of the most popular and promising materials for these purposes, because of its 

stability, commercial availability and ecological safety. According to the literature [5,6,7], the photocatalytic 

activity of suspended TiO2 in solution strongly depends on the physical properties of TiO2 (e.g., crystal 

structure, surface area, surface hydroxyls, and particle size). 

In order to enhance the activity of catalyst, many efforts have been paid to modify TiO2 by doping with Ru, 

S, Te, Si, Ag and the others [8,9]. Ohno et al. [10] have reported about ruthenium-doped titania and its 

photocatalytical activity under visible light. Ru-based oxides such as Ru-Zr, Ru-Ti, Ru-Ta, and Ru-Sn binary 

oxides, were widely used as the dimensionally stable anodes (DSA®) for oxygen and chlorine evolution 

reactions [11,12]. 

There has also been interest in using RuO2 electrodes for hydrogen evolution [13,14], and exploratory work 

on the use of RuO2-based electrodes for the oxidation (destruction) of organic waste [15]. 

In this contribution, a ruthenium doped titania was prepared by homogeneous hydrolysis of ruthenium 

chloride, titanium oxo-sulphate (TiOSO4) and thioacetamide (TAA) at 80°C and later controlled annealing in 

oxygen atmosphere. The photocatalytic activity of the Ru-doped TiO2 composites was tested by 

degradation of an aqueous solution of 0.02 M Orange II (OII) dye at 365 nm and 400 nm wavelengths. 

Under the same conditions, the photocatalytic activity of undoped TiO2 nanoparticles were examined 

(sample denoted as TiO2_TAA). 
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2. EXPERIMENTAL 

2. 1. Synthesis of Ru-doped titania  

All used chemicals, ruthenium chloride (RuCl3), titanium oxo-sulphate (TiOSO4) and thioacetamide (TAA), 

were of analytical grade and were supplied by Fluka and Sigma-Aldrich Ltd. 100 g of TiOSO4 and 1g (0.5; 0.1; 

0.05; 0.01g) of RuCl3 were dissolved in 4 L of distilled water and 100g of thioacetamide was added. The 

reaction mixture was adjusted to pH = 2 with sulphuric acid and heated at 80°C under stirring for 4 hours. 

Thus-synthesized powder were washed with distilled water with decantation, filtered off and dried at 

105°C. After annealing at the temperature of 600°C in oxygen atmosphere for 2 hour, five fine Ru-doped 

titania powders denoted as TiRuTAA1_600, TiRuTAA2_600, TiRuTAA3_600, TiRuTAA4_600 and 

TiRuTAA5_600 were synthesized. 

2.2. Characterization methods 

X-ray diffraction (XRD) patterns were obtained with a Siemens D5005 diffractometer equipped with a 

conventional Cu Kα x-ray tube (40 kV, 30 mA), scintillation detector and a diffracted beam monochromator. 

Qualitative analysis was performed with the DiffracPlus Eva software package (Bruker AXS, Germany) using 

the JCPDS PDF-2 database [16].For quantitative analysis of XRD patterns we used Diffrac-Plus Topas (Bruker 

AXS, Germany, version 4.1) with structural models based on ICSD database [17].This program permits to 

estimate the weight fractions of crystalline phases and mean coherence length by means of Rietveld 

refinement procedure. Model sample was studied by in-situ high temperature XRD in air with a PANalytical 

XPertPRO diffractometer using Co K radiation (40 kV, 30 mA) and a multichannel detector X’Celerator with 

an anti-scatter shield, equipped with a high temperature chamber (HTK 16, Anton Paar, Graz, Austria). The 

measurement started at room temperature and finished at 1000°C. 

Surface areas of the samples were determined from nitrogen adsorption-desorption isotherms at liquid 

nitrogen temperature using a Coulter SA3100 instrument with outgas 15 min at 120°C. The Brunauer-

Emmett-Teller (BET) method was used for surface area calculation [18], the pore size distribution (pore 

diameter and pore volume of the samples) was determined by the Barrett-Joyner-Halenda (BJH) method 

[19]. 

Scanning electron microscopy (SEM) studies were performed using a Philips XL30 CP microscope equipped 

with energy-dispersive X-ray (EDX), Robinson, SE and BSE detectors. The sample was placed on an adhesive 

C slice and coated with 10 nm thick layer of Au-Pd alloy.  

Diffuse reflectance UV/VIS spectra for evaluation of photophysical properties were recorded in the diffuse 

reflectance mode (R) in the wavelength range of 250-800 nm and transformed to absorption spectra 

through the Kubelka-Munk function [20]. A Perkin Elmer Lambda 35 spectrometer equipped with a 

Labsphere RSAPE-20 integration sphere with BaSO4 as a standard was used. The band gap was obtained 

from a plot of modified Kubelka-Munk function versus energy of exciting light by converting the scanning 

wavelength (λ) into photon energies (Ebg). 

Photocatalytic activity of samples was assessed from the kinetics of the photocatalytic degradation of OII 

dye in aqueous slurries. Photocatalytic degradation of aqueous OII dye solution was carried out by using a 

self-constructed photoreactor [21,22]. The photoreactor consists of a stainless-steel cover and quartz tube 

with florescent lamp (365 nm and 400 nm) with 13 W power. OII dye solution was circulated by means of a 

membrane pump through flow cuvette. The concentration of OII dye was determined by measuring the 

absorbance at 480 nm with the VIS spectrofotometer ColorQuestXE. 
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3. RESULTS AND DISCUSSION 

3.1. X-Ray Diffraction (XRD) 

High temperature XRD diffraction analysis of model sample TiRuTAA1 (titania doped with 1g of RuCl3 

without thermal treatment) was performed and the percentage of anatase, rutile and RuO2 phase and its 

average particle diameters were evaluated. It is obvious that anatase phase is occuring at the temperature 

range from 25 to 950°C. The phase transition from anatase to rutile starts at the temperature above 550°C 

unlike undoped TiO2 which has anatase-rutile transition at temperature above 800°C [23]. 

Table 1 Percentage and crystallite sizes of anatase, rutile and RuO2 phases in sample TiRu1_TAA. 

Heat. 
Temperature 

[°C] 

Anatase by 
XRD 
[%] 

anatase 
Crystallite size 

[nm] 

Rutile 
by XRD 

[%] 

rutile 
Crystallite size 

[nm] 

RuO2 by XRD 
[%] 

RuO2 Crystallite size 
[nm] 

1000 - - 99.9 125.2 0.10 - 
950 0.20 - 99.7 121.3 0.10 - 
900 0.68 61.9 99.18 118.1 0.14 - 
850 9.02 58.9 90.77 112.8 0.21 155.5 
800 43.44 52.4 56.25 101.8 0.31 82.4 
750 81.00 41.1 18.44 71.8 0.56 44.8 
700 95.19 27.0 4.23 30.1 0.58 33.9 
650 97.10 17.7 2.08 10.3 0.82 24.2 
600 97.92 12.5 1.04 3.8 1.04 15.8 
550 98.28 8.8 0.46 1.9 1.26 11.5 
500 98.37 6.8 - - 1.63 8.9 
400 98.64 5.9 - - 1.36 8.3 
300 100 5.5 - - - - 
200 100 5.5 - - - - 
100 100 5.5 - - - - 
25 100 5.5 - - - - 

Table 1 shows percentage content of each phase (anatase, rutile, RuO2) in dependence on heating 

temperature of sample TiRu1 (model sample). Crystallite size of all phases increases with increasing 

temperature. RuO2 content decreases because of the inclusion of Ru ions in the TiO2 lattice [12]. This is 

possible due to comparable lattice parameters of RuO2 and rutile. 

 Table 2 Characteristics of prepared titania samples annealed at 600°C.  

Table 2 shows percentage of doped samples annealed at 600°C. In these samples anatase phase 

preponderates and its particle size is about 18 nm. Rutile and RuO2 phase occurs only in case of samples 

TiRuTAA1_600 and TiRuTAA2_600. 

 

Sample RuCl3 [g] 
Anatase 
by XRD 
[%] 

Rutile by 
XRD  
[%] 

RuO2 by 
XRD  
[%] 

Surface area BET 
[m2g-1] 

Total pore volume 
[cm3g-1] 

TiRuTAA1_600 1.0 98.52 0.27 1.21 104.24 0.3094 
TiRuTAA2_600 0.5 99.01 0.75 0.24 70.07 0.2871 
TiRuTAA3_600 0.1 100 - - 69.19 0.2421 
TiRuTAA4_600 0.05 100 - - 74.09 0.2511 
TiRuTAA5_600 0.01 100 - - 85.30 0.2437 
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3.2.  Surface area and porosity 

In Table 2 is shown the surface area (BET) and total volume of pores related to mass (porosity) of samples 

with various content of RuO2. All prepared samples displayed a type I isotherm with desorption hysteresis 

loop A [24]. Type of a hysteresis is due principally to cylindrical pores open at both ends. The results show 

that specific surface areas of titania samples grow with increasing content of RuO2. Also total pore volume 

of samples with increasing content of RuO2 increases. The pore distribution calculated from BJH method 

(see Figure 1) confirms that Ru-doped titania samples are mesoporous with pore sizes in range of 5-20 nm. 

 

Fig 1 Pore size distributions of doped titania samples, obtained by BJH method. 

3.4  Scanning Electron Microscopy (SEM) 

It is apparent that product of homogeneous 

precipitation of thioacetamide and titanium oxo-

sulphate consists of angular particles with hight 

sphericity and grain agglomeration has an average 

diameter of approximately 1 μm (see Figure 2). SEM did 

not illustrate any significant difference between the 

morphological features of the doped particles and 

those of the undoped ones [25]. 

Fig 2 SEM micrograph of sample a) TiRuTAA1, b) 

TiRuTAA3 and c) TiRuTAA5 on the left side and after 

annealing at 600°C on right side 

3.5  UV/VIS spectra and band-gap energy 

The method of UV/VIS diffuse reflectance spectroscopy was employed to estimate band-gap energies of 

the prepared Ru-doped titania samples. Firstly, to establish the type of band-to-band transition in these 

synthesized particles, the absorption data were fitted to equations for direct band-gap transitions. The 

minimum wavelength required to promote an electron depends upon the band-gap energy Ebg of the 

photocatalyst and is given by Eq. (1). 

Ebg = 1240·λ-1  [eV]       (1) 

where λ is the wavelength in nanometers [26]. The intensity of the absorbance in the visible region 

increases with the concentration of the doped Ru ion. An obvious red-shift of the absorption edge to 
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visible-light region is observed and rises with increasing content of RuO2. 

Figure 3 shows the (αEbg)
2 versus Ebg dependence which 

represents a indirect band-gap transition (α is the 

absorption coefficient and Ebg is the photon energy). The 

value of Ebg extrapolated to α = 0 gives an absorption 

energy, which corresponds to a band-gap energy. The 

value of 3.20 eV for sample denoted as TiO2_TAA is 

reported in the literature for pure anatase nanoparticles 

[27].The band-gap energy is affected by the doping and 

with increasing content of RuO2 decrease down to 3.05 

eV (see Table 3). 

Fig 3 Band-gap energies of prepared Ru-doped titania 

samples and undoped titania (TiO2_TAA) 

3.5  Photocatalytic activity 

The photocatalytic activity of as prepared samples was determined by degradation of Orange II dye 

aqueous solutions under UV radiation (at 365 nm) and VIS radiation (over 400 nm). The time dependences 

of Orange II dye decomposition can be described by using Equation (2) for the first kinetics reaction [28]: 

[ ] [ ])( 0 OIIak
dt

OIId
−=       (2) 

where [OII] is concentration of Orange II dye, a0 is initial concentration of Orange II dye and k is rate 

constant. The photocatalytic degradation of Orange II dye is presented in Table 3. 

Tab 3 Photocatalytic properties of Ru-doped titania samples. 

Based on the results in Table 3 we have found that the rate constant k of the mineralization of Orange II 

dye is the highest for sample TiRuTAA4_600 and TiRuTAA5_600. These results suggest that doping with 

very low content of Ru ions, which didn’t show even on XRD diffraction, is able to improve the 

photocatalytic activity under ultraviolet and also visible light. Ru doping enhances the photocatalytic 

properties under VIS radiation much better than under UV radiation thanks to red-shift of the absorption 

edge. 

4.  CONCLUSION 

This paper describes the synthesis of TiO2 containing different amounts of ruthenium oxide by the 

homogeneous hydrolysis. Ruthenium oxide causes that the anatase to rutile transformation for ruthenium 

doped titania occurs at lower temperatures with increment in doping level of ruthenium. All materials with 

Sample 
Band-gap energy 

[eV] 
Rate constant at 365 nm 

[min-1] 
Rate constant at 400 nm 

[min-1] 
TiRuTAA1_600 3.1 0.0609 0.0056 
TiRuTAA2_600 3.05 0.0494 0.0047 
TiRuTAA3_600 3.1 0.0572 0.0086 
TiRuTAA4_600 3.15 0.1076 0.0078 
TiRuTAA5_600 3.2 0.1058 0.0096 

TiO2_TAA 3.2 0.0530 0.0031 
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added RuO2 showed UV and visible light activation. Under UV light, doped titania samples achieved two-

times higher photocatalytic activity than undoped titania (sample TiO2_TAA) and the best degradation rate 

constant of 0.1 min−1 was observed for samples TiRuTAA4_600 and TiRuTAA5_600. Under visible light, 

doped titania samples (TiRuTAA3_600, TiRuTAA4_600 and TiRuTAA5_600) achieved three-times higher 

photocatalytic activity than undoped titania. 
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Abstract 

TiO2 nano-powders were agglomerated by a spray drying process for applying to thermal spraying. High 

Velocity Oxygen-Fuel (HVOF) and Atmospheric Plasma Spraying (APS) were used to deposit porous partially 

nanostructured TiO2 coatings. Steel substrate was used for a coatings spraying. Scanning Electron 

Microscopy (SEM), and X-Ray diffraction were performed to study the morphology and the crystalline 

phases of the titania coatings. 

Keywords: powder, coating, rutile, anatase, HVOF (high velocity oxygen-fuel thermal spray), APS 

(atmospheric plasma spray), SEM (Scanning Electron Microscopy) 

1. INTRODUCTION 

Titanium dioxide (TiO2) has many applications, namely as photo-catalysis, dielectric materials and optical-

coating materials. Research on the properties of TiO2 surfaces is motivated by the important applications in 

solar energy conversion processes (photocatalysis and solar cells), as well as in fields like gas sensors and 

biomaterials. Preparation of the catalysts coated as films make it possible to overcome disadvantages 

associated with using of ultrafine powder catalytic substances and by this way to extend industrial 

applications, such as antibacterial ceramic tile and self-cleaning glass. The photocatalytic process allowing 

the decomposition of organic compounds and removal of harmful gases is among the most studied 

methods to solve the major problems of air and water pollution [1]. Titanium dioxide is one of the most 

important photocatalysts used for such application. The photocatalytic activity of TiO2 depends on various 

parameters such as crystalline phases, particle size, morphology and heat treating conditions [2- 4]. 

Titanium dioxide presents two main polymorphs: rutile is the most stable modification and the other one is 

anatase, which irreversibly transforms to rutile during heating. Coatings technology such as: vapor 

deposition, sol-gel and thermal spray are effective methods to obtain nanostructured TiO2 coatings starting 

from nanopowders. By reason of accumulation information about TiO2 nanopowders behavior during 

coating process and behavior of the obtained coatings, our experiments were carried out by two processes. 

The first one: atmospheric plasma spraying (APS) was employed to deposit TiO2 coatings. Three kinds of 

spraying process to specimens produced were applied: plasma spraying by the water stabilization (WSP), 

plasma spraying by the argon stabilization (GSP) and combination stabilization with argon and water 

(WSPH). Specimens denoted: WSP, WSPH, GSP. 

The second one: high velocity oxygen-flue thermal spraying (HVOF) by TAFA JP 5000 was used to TiO2 

coatings deposition. Three kinds of nanopowders were used for specimens preparation. Specimens 

denoted: TiO2 AV, Ti4O7_Ti5O9, TiO2 UFP. 

The influence of spray conditions on the microstructure of the titania coatings were investigated. 
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2. EXPERIMENTAL 

For preparation of Ti oxides was used homogeneous hydrolysis aqueous solutions of sulphate salts with 

urea. This method is based on thermal decomposition of urea at temperature higher than 60°. 

 (NH2)2CO + 2 H2O  →  CO2 ↑+ NH4OH + NH3                 (1) 

NH3 + H2O   ←→  NH4
+ + OH-                  (2) 

Me2+ + 2OH-   →  Me(OH)2                  (3) 

In course of reaction attend to gradual evolution of ammonium, by which means balance reaction with 

water ammonium ion and hydroxide ion originated. In case these reactions shoot up pH solution, which 

leads to gradual precipitation of hydroxides or oxides present metal cations. The products of these 

reactions are mostly spherical agglomerates with good developed microstructure, that are easily filtered off 

and which have high surfaces area (over 300 m2g 1). This method, so-called homogeneous hydrolysis of 

metal salts in aqueous solutions, was used with advantage for preparation of spherical particles of 

ferrihydrite [5,6], spherical particles of photocatalytic of anatase [7,8], nanodispersive anatase and 

ferrihydrite for decomposition of warfare agents [9] and pigments base on mica coated with layers of metal 

oxides [10,11]. 

The powder samples for APS and HVOF coatings processes were prepared by foregoing method. TiO2 using 

the urea route was prepared of mixture 85 % of TiOSO4 and 15% Al2(SO4)3 by homogeneous hydrolysis 

with 200g of urea (samples denoted as GSP, WSP, WSPH and TiO2 AV, samples TiO2 UFP and Ti4O7_Ti5O9 

were prepared at other institutes and used in our experiments). 

The morphology of prepared samples was examined by using scanning electron microscopy (SEM) Philips 

XL30 CP equipped with EDX (energy dispersive X-ray), Robinson, SE (secondary electron) and BSE (back-

scattered electron) detectors. X-ray diffraction (XRD) patterns were obtained by Siemens D5005 instrument 

using CuKα radiation (40 kV, 30 mA) and diffracted beam monochromator. Qualitative analysis was 

performed with the Eva Application and the Xpert HighScore using the JCPDS PDF-2 database [12]. Using 

APS method three samples denoted as WSP, WSPH and GSP respectively, on a steel substrate were 

prepared. (WSP – water stabilized plasma torch, WSPH – hybrid stabilized plasma torch - H2O and Ar, GSP – 

argon stabilized plasma torch). Starting material was anatase powder, particle size approximately 45-75 

μm. High velocity oxygen-fuel thermal spraying (HVOF) samples were produced by using coating system 

TAFA JP 5000 (ŠKODA VÝZKUM s.r.o.). This system operates at flame temperature 5500 K and flame speed 

is 500-1200 m/s. CH4, C3H6, H2, O2 are commonly using as a supporting gases, the particles speed is 200-

1000 m/s, and particles temperature is 3300 °C. 

3. RESULTS AND DISCUSSION 

The X-ray diffraction patterns of the APS coatings were shown in Fig. 1, the phase composition and 

crystallite size calculated from the broadening of the (1 0 1) XRD peak of rutile by Bragg equation [13]. All 

APS coatings consist of rutile phase and a fraction of anatase phase. In both specimens (WSPH, WSP) 

conversion of anatase phase to rutile phase was observed - more then 90%, in the case of GSP sample the 

conversions was partial - roughly 75%.. 
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Fig. 1. XRD patterns of prepared plasma coatings - a) sample GSP, b) sample WSP, c) sample WSPH 

Fig. 2 represents SEM micrographs of the prepared coatings at a relatively low magnification. The coatings 

had a lamellar composite microstructure, which consisted of not only fully melted splat lamellae but also 

partially melted regions within splats with partly preserved nano-structure. This kind of surfaces is typical 

for plasma sprayed coatings [14]. From Fig. 2 it is visible that spraying conditions are greatly affecting 

coatings structure. By GSP plasma spraying fine lamellar coat with their good stick to steel substrate was 

obtained Fig. 2a. The porosity is equal and fine. By WSP spraying more heterogeneous structure was 

obtained Fig. 2b. In this coat wide range of porosity is present. WSPH coat is composed of not well molten 

splats but is smoothly porous Fig. 2c. 

The X-ray diffraction patterns of the original powder specimens for HVOF spraying and obtained coatings 

are shown in Fig. 3. and Fig. 4. As it is visible from X-ray diffraction patterns of powder specimens they 

consist mainly anatase phase or a fraction of rutile phase besides them. In all specimens certain conversion 

of anatase phase to rutile phase took place. The powder samples prepared of mixture 85 % of TiOSO4 and 

15% Al2(SO4)3 by homogeneous hydrolysis with 200g of urea (sample denoted as TiO2 AV) contain Al in 

boehmite form which is amorphous for X-ray diffraction as it is obvious from Fig. 3a. During HVOF spraying 

Al was transformed (due to high temperature) to Al2O3 and is very good defined in Fig. 4a. 

Fig. 5a represents SEM micrographs of the HVOF coatings prepared fro nanostructured powders  at a 500x 

magnification. The structure of TiO2 AV coat is quite fine with porous character but not enough melted 

splats. This aspect affects sticking of spraying material to steel substrate. The Ti4O7_Ti5O9 HVOF coat Fig. 

5b. as distinct from foregoing coatings exhibits very good splat spreading. The porosity is equal and splats 

are very well melted. These large-area splats provide ability for perfect contact with a steel substrate. Very 

similar looks TiO2 UFP coat Fig. 5c.. 
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a)        b) 

 

Fig. 2. (left)SEM micrograph of prepared ASP coatings - 

a) sample GSP, b) sample WSP, c) sample WSPH 

c) 

Fig. 3. (right) XRD patterns of prepared TiO2 
powder samples  
a) sample TiO2 AV, 
b) sample Ti4O7_Ti5O9, c) sample TiO2 UFP 

Fig. 4. XRD patterns of prepared HVOF coatings -      
             a) sample TiO2 AV,  
             b) sample Ti4O7_Ti5O9,  
             c) sample TiO2 UFP 

b 

c 

a 

b 

c 

a 
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a)         b) 

c)        
Fig. 5. SEM Micrograph of prepared HVOF coatings  
a) sample TiO2 AV,  
b)sample Ti4O7_TO5O9,  
c) sample TiO2 UFP 

4. CONCLUSIONS 

The results obtained in this work serve as important 

information about original nanopowdes of TiO2, their 

phase transformations and behavior during coating 

process and about influence of spray conditions on the 

microstructure. All these results are important and 

very useful for production of coatings in the quality of 

safe single photoactive components. These photoactive components can be used, for example, in a water 

cleaning process. The microstructure influences not only photocatalytic activity of sprayed coatings but 

hardness, toughness, strength and many other properties that is why microscopic and structural 

characterization of APS and HVOF sprayed coatings was studied in this paper. 
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DIELECTROPHORESIS 

Jiří ZEMÁNEK, Zdeněk HURÁK 

Department of Control Engineering, Faculty of Electrical Engineering (FEL),  

Czech Technical University in Prague (ČVUT), Karlovo náměstí 13/e, 12135 Praha 2, Czech Republic, EU 

e-mail(s):  jiri.zemanek@fel.cvut.cz, hurak@fel.cvut.cz 

Abstract 

The paper gives a short overview of the authors' recent research activities at the intersection of 

microfludics, electrokinetics and self-assembly. The particular research introduced in the paper aims at 

developing an electric-field-assisted self-assembly procedure for meso- and micro- (and possibly nano-) 

scale systems. This research is carried within an EC-funded research project called "Golem: Bio-inspired 

self-assembly of meso-scale components", see more at http://www.golem-project.eu/ for the overall 

motivation. The particular goal for the group at Department of Control Engineering at FEE CTU in Prague is 

to steer tiny particles such as LED chips, thick film resistors or microbeads submerged in a shallow liquid 

pool around by controlling electric voltage applied to an electrode array at the bottom of the pool. The key 

phenomenon that exhibits itself in this situation is dielectrophoresis, that is, a nonhomogeneous electric 

field exerts force on an uncharged but polarizable particle. Dielectrophoresis as the major tool is introduced 

first, a brief report on numerical simulations using a commercially available FEM solver is then given, design 

and fabrication of the microfluidic chamber featuring microelectrode array is described in some detail, and 

finally laboratory experiments are presented. As an outcome of the experiments, a series of videos 

demonstrating various responses of dielectric particles to the external field as well as interaction among 

the particles were captured.  

Keywords: Dielectrophoresis, Self-assembly, Mesoscale 

1. MOTIVATION FOR NONCONTACT PARALLEL MANIPULATION 

Our research is motivated by Golem - European research initiative, its aim is to understand and investigate 

the use of bio-inspired bonds to self-assemble small components. Let us imagine that we want to place 

components on specific positions on a substrate. The usual way to do so would be to pick separate particles 

one by one with some high precision microrobot and place them to their goal positions. The Golem project 

comes with a new approach. The idea is to equip all particles with some kind of “smart glue”, thanks to 

which the particles would be able to stick on their goal positions on the substrate once they find 

themselves in vicinity. The assembly strategy would then consist in letting the particles move over the 

substrate and waiting until they reach their goal positions and stick there. The idea is illustrated using the 

sequence in Fig.1.  

 

Fig.1: Idea of self-assembly. Particles are moving randomly around the substrate and are fixed on the goal  

            positions (depicted as not filled shapes) by “smart glue” 
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Our role within this new approach is to 

steer particles around over the 

substrate, so that every particle would 

have a chance to get close enough to 

its goal position. The Golem project is 

focused on micro- and meso-scale 

objects such as LED chips or 

microbeads or glass and polystyrene 

beads of various diameters. Samples of 

these objects can be seen in Fig.2. 

2. SHORT INTRODUCTION INTO DIELECTROPHORESIS 

If a polarizable particle is exposed to a non-uniform electric 

field, a dipole model can be used to describe what is going on 

inside the particle. This induced dipole in interaction with non-

uniform electric field gives rise to a net force. This force is 

called dielectrophoretic force  

( ) ( ) ( )Q Q
+ −

= + − → = ⋅ ∇F E q d E q F p E , 

where Q+ and Q− is the charge accumulated on both sides of 

the particles, E(q) describes electric field in position given by 

vector q and d is displacement of both charges. The situation is 

depicted in Fig.3. If d is relatively small compared to the non-uniformity of the electric field, it is possible to 

approximate E(q + d) by the first two terms of its Taylor series, p defines dipole moment Qd. The 

movement caused by this force is called dielectrophoresis (DEP). The strength of dielectrophoretic force 

depends on electric properties of the fluidic medium and the particle, on the shape and volume of the 

particle, and frequency and magnitude (specifically the gradient of square of intensity) of the electric field 

[1, 2]. Since DEP is dependent on the properties of particles, it is often used not only for transport of micro 

particles but also for separation and characterization [3].  

The advantage of DEP is that a particle does not need to be charged, it only has to be polarizable. It is not a 

problem to move more particles at the same time, so methods based on DEP have a big throughput, but 

the drawback is a small selectivity; possibilities of a parallel manipulation with a single particle are limited. 

To be able to do so complex electrode array is necessary. Another effects related with DEP are traveling-

wave dielectrophoresis (TWD) and electrorotation - both caused by the phase lag between the dipole and 

the electric field; the electric field has a spatial variation in its phase. In the case of TWD there is a traveling 

electric field and in the case of electrorotation a rotating electric field. 

Now let us have a look at specific case, in 

which the electric field is harmonic and varies 

in three dimensions. This variation can be in 

magnitude of wave, phase or both. A so called 

conventional dielectrophoresis occurs when 

there is no phase gradient. It is the case when on the electrodes we apply only one harmonic signal or two 

harmonic signals 180 ° out of phase, which are equivalent. Conventional dielectrophoresis is caused by 

 

Fig.2: Particles considered for use within the Golem project: (a) 

polystyrene microbeads with 50 microns in diameter, (b) thick-

film resistor, (c) chip of light-emitting diode (LED). (d) Knot on a 

human hair for juxtaposition. 

 

Fig.3: Principle of dielectrophoresis. 

Redrawn from [2]. 

( ) ( ) ( ){ }
( ){ } ( )

( ){ }( )

3 2 2 2

0 0DEP

3 2 2 2

0 0 0TWD

0

i0

2

, , ,

,

.

, ,i

m

m x y z z

x y z

x y

j j t

i

r K E E

r K E E

E

E

E t E e e i x y z
φ ω

ω

ε ω φ φ

πε

π φ

=

= ℑ ∇ + ∇

+

∇

ℜ ∇ +

+

= ℜ =
q

F

F

q q

 



  20. - 22. 10. 2009, Roznov pod Radhostem, Czech Republic, EU 

 
 

278  S2 – APPLICATIONS 

 

average force <F>DEP. When the phase gradient is present we talk about traveling wave dielectrophoresis 

and force is given as <F>TWD. 

Expression holds for spherical particle with radius r immersed in medium with permittivity εm. We can see 

that conventional dielectrophoresis depends on gradient of square of the magnitude of the electric field. 

On the other hand, for traveling wave dielectrophoresis a gradient of the phase is needed. Coefficient K 

contained in the expressions is known as Clausius-Mossotti factor (CM factor) and it describes frequency 

dependent behaviour of the particle. The real part influences conventional DEP and it can be either positive 

or negative, which implies direction of the force. 

3. SIMULATING DIELECTROPHORESIS USING FEM 

To be able to design a suitable layout of electrodes and a suitable control strategy, it is necessary to 

simulate dielectrophoresis. The first step is to simulate the electric field itself. As soon as the electric field is 

known, it is possible to use the expressions in Section 2 for computation of the dielectrophoretic force. The 

knowledge of dielectrophoretic force is the basis for simulation of motion of the particles. 

The problem of simulation of electric field is formulated as finding the values of electrical potential of the 

field at different places, while geometries of electrodes as well as voltages applied on the electrodes are 

known. Because we are considering the applied voltage as harmonic single frequency we can use a phasor 

for description of the potential. For both the real and the imaginary part of the potential Laplace’s equation 

holds [5] and for solving we used finite element method (FEM). 

Total force as a sum of conventional DEP force, TWD force, buoyancy and gravity was computed for various 

ratio between width of electrodes and width of gaps, as it can be seen in Fig.4. For narrower electrodes 

there is an area where force is almost zero and it seems that particles would have a tendency to stick in 

particular places at the surface. For ratio 1:1 the field has more traversable character and there is a strong 

effect of traveling wave. The situation is probably the best for the ratio 3:1. But it is hard to distinguish the 

contribution of the change of the ratio and what is the consequence of growing gradients in the gap. 

Further increase in this ratio makes the area with weak TWD force larger. 

4. ARRAY CONFIGURATION FOR PLANAR MANIPULATION 

To induce dielectrophoresis it is necessary to shape the (gradient of the) electric field and for that we need 

a set of electrodes. Our goal is to move a set of particles in the plane and because of easy construction, we  

  

Fig.4: Influence of the electrode/gap ratio on DEP and TWD force. Colour represents a magnitude of the 

force (white places are out of scale) and arrows represent direction of the force. 
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 use the electrodes placed in the plane. The layout of electrodes 

significantly determines properties of the created electric field and 

consequently the motion of the particles which is possible to induce 

above the electrodes. We work with the following proposals of the 

layout of the electrodes. They are seen in Fig. 5. 

1. Interdigitated electrode array - Electrodes have a shape of long 

strips. Every electrode is parallel to each other. This is a well known 

and often used design. It is advantageous because of easy 

fabrication; it does not need multilayered construction so for 

example the laser ablation can be used for fabrication. This design is 

most often used for travelling wave dielectrophoresis, when 

harmonic signal is connected to every electrode with different phase 

shift and thus the created electric field has space variation in phase. 

Such electrode array is capable to induce motion of the particles just 

in one direction, perpendicular to the electrodes. 

2. Matrix electrode array - Electrodes are placed as cells of a regular 

matrix. Matrix layout is also known and used for example for 

individual cell manipulation. This electrode array is capable to induce motion in two dimensions. It is 

suitable for our purposes because our goal is to move with the particles so that each particle travels above 

the whole substrate and this layout offers sufficient freedom for that. Typically there is a great number of 

the electrodes and this implies a lot of wires needed for interconnection between electrodes and its 

drivers. Multilayered planar construction is typically used. For example, electrode pads are in one layer and 

interconnection paths in second. Or they can be just in one layer so, that interconnection paths are located 

between electrode pads. 

The design of the chamber (experimental platform) consists of multiple layers. The base of the chambers is 

a piece of glass. On the glass lays a layer of conductor forming the electrodes, the contact pads and the 

interconnection tracks. As a conductor film of gold is used and for better adhesion there is a thin layer of 

chromium between the glass and the layer of gold. Electrodes could be covered with isolation layer from 

PDMS to avoid connection between electrodes. Finally particles suspended in the medium are in the basin 

made from PDMS, such as the isolation layer. The model of the whole chamber and individual layers are 

depicted in Fig. 6. 

5. FABRICATION OF THE ELECTRODE ARRAYS 

Commonly used method is photolithography [6]. Photolithography 

is suitable for fabrication of multilayered constructions, for example 

during fabrication of a chip for self-assembly [7]. An elegant way of 

fabrication is integration of the electrodes themselves and their 

driving circuitries eventually also with a control logic. Because 

drivers can be close to electrodes, there is no need to use external 

wires for connection between each electrode and its driver [4, 8]. In 

our project we used laser ablation because of availability of an 

excimer laser (in our project partner’s lab).  

 

 

Fig. 5: Interdigitated electrode 

array and matrix electrode array. 

 

Fig. 6: Model of the chamber. 

Individual layers of the chamber. 

From the bottom: glass substrate, 

electrodes, isolation layer and basin. 
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Fabrication starts with preparation of the substrate. In 

our case the substrate is a piece of glass. At first the 

glass is cut to the certain dimensions. Then the substrate 

is cleaned. We are using an ultrasonic bath for coarse 

cleaning, followed by immersing the piece of glass in hot 

acetone, rinsed with isopropyl alcohol (IPA) and dried in 

a stream of nitrogen. Then substrate is placed to a 

plasma asher. Organic matter is removed by oxygen 

plasma. 

After the cleaning, a thin layer of chromium and gold is 

deposited on the top of the substrate. It is done in a 

twinhead sputter coater. The layer of chromium is 

deposited first for good adhesion. The substrate fully 

covered with chromium and gold is placed to the 

excimer laser. Laser ablation (also called excimer laser 

fabrication} is used to selectively remove parts of the 

conductive layer on the substrate. Material is locally 

heated and consequently evaporated (ablated) by a 

focused laser beam. The shape of the laser beam is 

formed by lenses, an aperture and a mask. The mask 

contains basic shapes such as circles, squares, triangles 

etc. The final pattern is then created from these shapes 

gradually. Laser ablation is fast compared to 

photolithography, because there is no need to make the 

mask and it is possible to fabricate the electrode array 

directly. This method is well suitable for prototyping.  

6. CONTROL STRATEGY FOR SELF-ASSEMBLY  

The final aim of our work was to induce motion of the 

particles for the purposes of self-assembly of micro- and 

meso-scale components. A suitable motion of the 

particles in this case is such that every particle has the 

chance to get to its final position. Concerning the 

desired particle motion pattern, some inspiration can be 

found in Brownian motion, nonetheless, in this 

engineering work, we do not stick to its strict 

mathematical definition. In fact, we do not even need 

the property of randomness at all. It is the control 

system’s unawareness of the particle destination that 

seduces us to consider “randomness”, or pseudo-randomness.  

 

Fig. 7: Designed and fabricated interdigitated 

electrode array with various width of 

electrodes and detail of the middle part of the 

interdigitated electrode array, width of 

electrodes varies from 20 up to 250 microns. 

 

Fig. 8: Built-up designed chambers with 

connection. Electrode array is connected by 

adjusted IC test clips. 

 

Fig. 9: Concept of using switching matrix for 

controlling phase on the electrodes. Desired 

phase on every electrode is set by switching on 

an appropriate switch in a row of matrix. 
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We proposed use of a finite number of voltage channels. TWD needs the presence of a gradient of the 

phase of the electric field. It is possible to create it using at least three signals with difference in the phase. 

Our idea is to control DEP by the phase of the applied 

potential instead of by the amplitude of the potential as 

it may seem more natural. The concept is based on 

seting a phase from a finite set (three or four phases) on 

every cell, and the particles would move according to 

the gradient of the phase caused by different phase of 

potential between the electrodes. The advantage is that 

in this way it is possible to induce a long-distance 

movement for one configuration of phases on the cells. 

Because phase is periodic, the gradient can be infinitely 

long. By contrast, the gradient of electric field is limited 

by the maximum amplitude of the applied voltage. This 

concept allows the usage of small number of generators 

together with switching matrix, as schematically 

depicted in Figure 9. The switching matrix can simplify 

the design, because it needs only a small number of 

generators and switching matrix is available as IC. We 

simulated the total force above the matrix array during 

the random perturbation of the phase. Directions of the 

total force in various positions in the plane above the 

surface for a random setting of phases are depicted in 

10. 

7. LABORATORY EXPERIMENTS 

We constructed an experimental setup in order to 

perform experiments with DEP and TWD. The 

experimental setup consists of several parts: 1. Chamber 

with electrode array represents the basic part of the 

setup, because it is the place where dielectrophoresis 

occurs. The medium with suspended particles is inside 

the chamber above the electrode array. The electrodes 

can create a suitable electric field inside the chamber 

and thus induce motion of the particles. 2. Camera is 

mounted above the chamber and captures images of the 

particles immersed in the medium above the electrodes. 

For enlarging the image the camera needs to be 

equipped with a suitable microscope objective (lens). 

The camera is connected to a computer and it serves 

mainly for observation and recording of the motion 

inside the chamber during experiments. It can also be 

used as a visual feedback for a control system. 3. 

 

Fig. 10: Force acting on particles above a 4×4 

matrix array during random perturbation of 

phase. Cones stand for direction of the total 

force and colour for the phase. 

 

 

Fig. 11: Built-up experimental setup. Overview 

of the setup. From the left: computer, the main 

part with the electrode array and the camera, 

generator and oscilloscopes. Detailed view of 

the main part. 
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Computer controls the experiment. It receives data from the camera, which means that it visualizes and 

records them. The video sequences are then processed offline to obtain trajectories of the particles. The 

computer controls voltage on the electrodes through connected generator of signals. 4. Generator 

generates individual signals for each electrode. We used four-channel arbitrary generator, so that one 

channel supplies several electrodes. Dielectrophoresis needs voltage with frequency up to MHz and 

generators with multiple channels for high frequency are not commonly available, therefore a special 

design is needed. The voltages for every electrode are set by connected computer. 

The influence of traveling of the electric field on 50-micron polystyrene beads was observed for various 

widths of the electrodes. Four-channel harmonic signal was applied to one section of the intedigitated 

electrode array containing electrodes of the same width. 

Above 20-micron electrodes translation motion of the particles was observed for a harmonic potential with 

frequency greater than 100 Hz and amplitude 6 Vpp. For the frequency 80 Hz a force repulsing the particles 

from the area of the electrodes dominates. The translation motion was the fastest for frequency 200 Hz 

and for higher frequency (1 kHz) it becomes insignificant. The particles on the edges of the array were 

always repulsed away from the area independent on the direction of the traveling wave, probably because 

of negative DEP. The translation motion was also observed above 50-micron electrodes. The motion of the 

particles is in Figure 12. 

We observed interesting phenomenon, as can be seen in Figure 13. The particles levitating above the 

electrodes interact with each other and form chains perpendicular to the electrode (and electric field). This 

phenomenon is known as pearl chaining and it can be explained by the fact that the dipole induced within 

the particles deforms the electric field and when two particles are close to each other, mutual forces occur. 

The dipoles are oriented in the same direction, so that the opposing charges face one another. The chains 

repulse each other, since the same charges cause repulsion.  

   

Fig. 13: Sequence of captured image with chaining of 50-micron polystyrene beads in traveling electric  

                 field. 

 

   

Fig. 12: Translation motion of 50-micron polystyrene beads in traveling electric field. 
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8. CONCLUSIONS AND FUTURE WORK 

The paper gives just glimpses of the current work of the authors within the attractive applied research 

domain of dielectrophoresis. The goal of the paper was not to introduce a particular research result but 

rather to give a scope of theoretical knowledge and practical skill owned by the authors with the major goal 

of finding new research partners among the participants of the conference.  
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Abstract 

The paper describes the authors' initial steps in the domain of advanced microactuators based on dielectric 

elastomers. Namely, local deformation of a thin (~10um) elastomer film as a result of Maxwell pressure on 

the surface is analyzed. The pressure results from attractive forces between the opposite charges on the 

conducting electrodes deposited on both sides of the polymer film. When at least one of the two 

electrodes is compliant, repulsive forces among the similar charges also contribute to the surface 

deformation. Compared to the conventional materials such as piezoelectric ceramics, DEA promise much 

higher strain (nearly 10%) while keeping reasonable values of other parameters such as efficiency and time 

response. 

The ultimate goal of this initiating research is to develop a deformable surface that could be used for planar 

manipulation with flat objects placed on top of it. Induced surface traveling wave, for instance, could be 

used to achieve simple transportation of samples in the style of common linear ultrasonic motors. 

The early achievements presented in this paper include trivial yet tedious fabrication consisting in 

sputtering Cr+Au electrodes on the substrate, then spincoating a ~10um-thick film from a commercially 

available elastomer known as PDMS (polydimethyl siloxane, branded as Sylgard 184 by Dow Corning) and 

finally depositing the top (compliant) gold electrode, and laboratory experiments with high voltage (around 

1kV) applied to the electrodes. Deformation of the film observed with an optical microscope partially 

agrees with the computational model developed in a FEM modeler/solver. The deviations from the model 

are discussed. 

Keywords: dielectric elastomers, PDMS, array micromanipulator 

1. INTRODUCTION TO PLANAR ARRAY MICROMANIPULATION 

The ultimate goal of the research outlined in this paper is to develop a distributed planar micromanipulator 

for steering small (meso or microscale) objects over a flat substrate. The fact that the manipulation will be 

spatially distributed promises an increased throughput for various assembly procedures because it allows 

for high degree of parallelism compared to inherently traditional high precision microrobotic manipulation 

schemes. 

Among the most prominent researchers in the field of distributed manipulation is Karl Bohringer. His 

monograph [4] gives a good survey. In a long series of papers from the late 1990s he introduces a concept 

of a programmable force field [6, 8]. Loosely speaking, it is a mathematical formalism that allows engineers 

to calculate control signals for large (dense) arrays of actuators to accomplish a given mission. A 

distinguished contribution was made by Luntz and Messner [14] as they were the first to consider some 

discreteness issued of the actuator field. Murphey and Burdick elaborated on these mathematically difficult 

problems a bit more [15].  
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A screenshot of the output from a numerical 

simulation of such a force field is given in Fig.1. A 

spatially discrete array of actuators exerts forces 

and moments on object placed onto the surface of 

such actuator. 

Fig. 7: Simulation of motion of objects in a planar  

              spatially discrete force field. 

2. INTRODUCTION TO DIELECTRIC ELASTOMER 

ACTUATORS  

The previous section on array micromanipulators 

did not give much hint as for the link of this paper with the field of material engineering and 

nanotechnology. Here it comes. The idea for our research is to create a film of an elastic polymer, so called 

elastomer, and sandwich it between two conductive electrodes. The effect which is well known for parallel 

plate capacitors pulls the two electrodes together and deforms the surface. In addition, some pillars 

(bristles, legs, cilias) can be fabricated on top of this deformable surface to make the troubles with stiction 

less significant. Locally deforming (squeezing) the surface will result in some kind of transversal motion of 

the particle as illustrated in Fig.2. 

 

Fig. 8: Principle of a planar manipulator based on a dielectric elastomer film. Cross-section of the sandwich  

              structure. The pillars (legs, bristles, cilia) on the top electrode magnify the motion and help avoid  

             problems with stiction of small particles. 

The behaviour sketched above is actually well known since late 1980s [7] and the community uses the 

name dielectric elastomer actuators for it (to distinguish it from a broader class of electroactive polymers) 

but interest of the community arose after publication of some marvelous features of these materials in 

Science journal by Pelrine in the new millennium [16]. Actually, vast majority of key results come from this 

group at SRI International. The major two monographs covering the development in the last decade are [1] 

and [2]. In our reseach, we focus on one particular mode, so called thickness mode, where we aim to 

change the thickness by squeezing the film locally using electric (Maxwell) pressure on the surface. Some 

tricks relying on transversal deformation of compliant electrodes (due to repulsion of similar charges) are in 

[5]. Among the applications of local change of thickness published so far are spatial light modulators [13] 

and deformable micromirrors [17]. Application to manipulation has been mentioned in [5] with no details, 

though. 
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3. FEM SIMULATIONS 

In order to be able to use the deformation of the elastomer film toward our goals, the response of the 

system to voltage applied to the electrodes must be modeled and simulated. Even though dielectric 

elastomers exhibit strain up to several hundred percent, which calls for nonlinear models of elasticity (so 

called rubber elasticity due to volume incompressibility of elastomers) [10, 11], in thickness mode the 

deformation is usually just a few percent (compare with 0.1% for piezos) which justifies to use linear solvers 

to get some initial idea. We used the coupled mode from Comsol Multiphysics where plain stran and 

electrostatics were solved using finite elements method. In Fig.3 a crossection of a film with one electrode 

at the bottom and the other on the top is visualized.  

 

Fig. 9: FEM simulation of electrical potential between two electrodes, including deformation of dielectrics  

              allowed by compliance of the upper electrode. 

4. FABRICATION 

Design of simple thickness mode DEA actuator 

For the first experiments with fabrication of DEA actuator we have used mainly PDMS 

(Polydimethylsiloxane) elastomer provided commercially by Dow Corning under the name Sylgard 184. 

Gold electrodes were sputtered on the bottom and top of it. A full account of alternative commercially 

available elastomers is in [2], we also experimented with HS - III, which has similar performance but a bit 

more troublesome fabrication properties (more viscous). The recipe used for fabrication was as follows. 

On the glass substrate create gold electrodes by sputtering gold (possibly chromium first to improve 

adhesion). Thickness of gold on substrate should be about 40 nm, which provides small enough resistance 

even for electrodes a few tens of microns wide. The sputtered gold layer should not be much thicker 

because roughness of substrate affects homogeneity of elastomer film very much. With the final gold of 

measuring spatial deformation of the film, we fabricated very narrow electrodes, about 100 μm. This was 

done by laser ablation using an eximer laser available in a lab or our research partner. Typical outcome is in 

Fig.3. Next step is to create an elastomer film on top of this patterned gold electrode. The easiest way to 
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deposit a thin layer of PDMS (about 10 μm) is using a spincoater (iterating a bit on the right spinning 

profile). The PDMS comes in two parts (base and curing agent) which must be mixed immediately before 

spincoating, because the crosslinking process starts immediately. After spincoating, the sample is placed 

into an oven for about 1 hour to finish the crosslinking process during which the elastomers becoms a solid 

film (no longer flowing). Finally the top electrode needs to be deposited. We used the same process as with 

the bottom (substrate) electrode using sputtering gold. The only difference is that now thickness of 

sputtered gold matters a bit more, because it affects elasticity of the 

resulting system.  

Fig. 10: Photo of simple laboratory sample demonstrating the 

deformation of a PDMS film. The substrate is just a piece of glass on 

which a (vertical) gold strip is sputtered. Then an (almost) transparent 

PDMS film is spincoated (the edges of the glass were protected by a 

tape, hence the square layout of the PDMS film) and a top (horizontal) 

electrode is sputtered. The wide lower electrode is structured using an 

excimer laser to obtain a very narrow electrode in the middle.  

Design and fabrication of pillars 

First idea how to create pillars is to cast PDMS into polycarbonate mold, which could be prepared using the 

same excimer laser used for ablating electrodes (in fact, the gaps). In Fig.5 you can see a screen shot of an 

array of pillars during measurement process and the resulting height profile. The measurement was done 

using a confocal microscope. Because these pillars act as a motion multiplier (the higher the pillars the 

stronger the generated in-plane actuation) the aim is to create them as high as posible and as thin as 

possible.  

 

The maximum ratio we have achieved so far is about 2. Pillars on Fig.5 have ratio 0.4 only. The major 

limitation comes from the need to peel the cured elastomer film from a polycarbonate mold. When some 

other technology is used, for instance, when the mold is ablated into a photoresist which is chemically 

dissolved after being filled with an elastomer, ratios up to 10 could be achievable. 

 

Fig. 11: The cast for a matric of pillars on a PDMS film. On the left there is a screenshot from measurement using 
a confocal microscope, on the right there is a graph of the resulting profile. Each pillar is 100x100x40 μm. 
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Fabrication of a sample with electrodes and pillars 

In order to prove the concept, we tried to fabricate both the elastomer film with electrodes and the elastic 

pillars. Fig.6 shows the result.  

Fig. 12: DEA sample with three elestrodes 

and  

pillars (14x25 small dark points). Each of 3 

electrodes is 100μm thick. During pulling the 

cast off  from the sample some air bubble 

gets in and destroys this sample. Comparing 

the size of pillars to size of electro 

Three electrodes were ablated on the 

substrate (note that the black areas in the 

figure show the interelectrode gaps). Then 

we fabricated a cast with 14x25 small holes 

and squeezed the uncured PDMS layer 

between substrate and the cast. Unfortunately during this operation some air got in between the substrate 

and the cast and therefore when peeling the film off the cast, part of the sample wad damaged.  

Apparently the fabrication procedures described in this section are rather simple, but they only served to 

prepare a sample for a proof-of-concept. More specialized research partner will be needed for further joint 

research.  

5. LAB EXPERIMENTS TO MEASURE DEFLECTION 

In order to have a model of deformation accurate enough both in time as well as spatial domain, we have 

used two different types of measurements of the surface deformation. First, the surface deformation was 

measured using a Sensofar profilometer. This confocal microscope has a precision of the order of tens to 

hundreds of nanometers. In Fig.7, you can see the results of measuring the surface deformation of DEA 

with a single thin electrode from Fig.4. Larger deflection is observed around the edges of electrodes (on 

both sides) where the eletric field is strongest. There is no surprise that since elastomers are incompresible, 

there is some kind of bulge next to the electrode. On the right on Fig.7 you can see a colored deflection 

map (viewed from above). This picture shows an interesting fact that even in the middle of the electrode 

there are some hills and valleys when a voltage is applied. Possible explanation of this phenomenon comes 

from having less intensity of electric field in the middle of the electrode. Thus instead of seeing a positive 

deflection only, some negative deflection is also observed alongside roughness of the top gold electrode.  

Because the measurement process using Sensofar profilometer is very slow (the profile in Fig.6 was tooken 

about 120 s) it is not the way to go to get time response of DEA. For this purpose we have realized 

contactless measurement using CD-ROM drive sensor. Principle of this sensor can be found for example in 

the thesis [3].  Maximum deflection amplitude of CD-ROM drive is about 10μm. In Fig.8 there is a time 

response of the deflection with the driving voltage in the same figure. On the left, some short term 

switching measurement has been done. The right half shows in calibration of the sensor during the first 

200s. Between 200 s and 340 s there was four times applied voltage on the sample in one point. After that 

the position of measured point was changed and the experiment has been done again. Now the response is 

completely different, which is because the first time the point of interest was in the hill of deflection and 
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the other in the valley. Interesting is period between 480 s to 550 s, where the stall voltage was applied the 

whole time, which was leading to continuous deflection all the time. This probably means that elastomer in 

our sample was not cured enough and shows viscoelastic behavior and that's why we observe two in range 

very different time constants. 

6. CONCLUSIONS AND FUTURE WORK 

The paper reports on initial research steps of the authors as well as key long-term motivation in the domain 

of dielectric elastomers as modern smart materials for advanced micromanipulators. The major objective of 

the paper is to inform the local research community about these initiated activities (perhaps surprisingly in 

a control systems and robotics oriented group). The authors believe that these can offer opportunities in 

 

Fig. 13: On the left - shape of deformation when applied four different voltages. On the right 2D (top view) deflection 
map when 1300V applied. Blue colour means the valley and red the hills acording to the picture and scale on the left.  

 

Fig. 14: On the left: time response of a surface deflection at one point. On the right: similar measurement, but 
also with a calibration phase and measuring at two different points. 
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material research as well since, for instance, design and implementation of compliant electrodes can 

benefit much from technologies of conductive flexible layers based on carbon nanotubes. Similarly, 

optimizing the electric and mechanical properties of the currently available elastomers by adding 

nanoparticles turns out an attractive research direction as well. See the recent monograph [2] for detailed 

information on material engineering aspects. 
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Abstract 

Nanotechnology is a rapidly developing field that offers promising future perspectives for medical research. 

Our studies focus on the use of nanotechnology in cell therapy and tissue engineering for the treatment of 

brain and spinal cord injury, corneal defects and chronic wounds.  

Stem cells have been shown to selectively target injured brain and spinal cord tissue and improve 

functional recovery. To label transplanted cells and subsequently follow their fate in the host organism, 

superparamagnetic iron oxide (SPIO) nanoparticles visualized by magnetic resonance imaging (MRI) have 

been developed. Our studies have demonstrated that grafted adult as well as embryonic stem cells labeled 

with SPIO nanoparticles migrate into a lesion site in the brain as well as in the spinal cord, where they then 

elicit functional improvement.  

Spinal cord injury is accompanied by tissue damage and the formation of physical and biochemical barriers 

that prevent axons from regenerating. Biologically compatible nanofiber or hydrogel scaffolds can serve as 

a permissive bridge for axonal regeneration and the re-establishment of damaged connections. 

Electrospun nanofibers provide a three-dimensional cell culture surface that mimics the extracellular matrix 

of native tissue and can be used as carriers for stem cells or as a drug delivery system. The growth of 

mesenchymal and limbal stem cells was evaluated on various electrospun nanofibers prepared by the 

unique NanospiderTM technology based on industrial scale needleless technologies. The cell culture results 

showed that these nanofibers were suitable for cell attachment and proliferation. Nanofiber scaffolds were 

then used as cell carriers for the regeneration of the injured cornea and skin wounds.  

Keywords: superparamagnetic iron oxide, mesenchymal stem cells, embryonic stem cells 

1. CELL THERAPY IN THE CENTRAL NERVOUS SYSTEM 

1.1.   Mesenchymal stem cells 

Cell therapy is one strategy for treating a variety of central nervous system disorders, and some successful 

therapeutic approaches have already been transferred to clinical use [1]. The use of mesenchymal stem 

cells (MSC) presents several advantages that highlight their promising therapeutic potential in human 

medicine. MSC are present in adult tissue, primarily in the bone marrow, but they can be found in fat, skin, 

liver, peripheral blood, umbilical cord, etc; they are easy to isolate and expand, and their 

immunomodulatory properties offer potential for their use in cell therapy even in allogeneic settings. MSC 

are multipotent cells, i.e. they can differentiate not only into cells of mesenchymal origin, but also into non-

mesenchymal cell phenotypes. MSC produce a variety of growth factors, chemokines and other bioactive 

factors supporting regeneration, and in addition, they can be genetically modified and can serve as carriers 

for drug delivery [2]. After transplantation into the neuronal tissue or intravenous administration, MSC 
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have been shown to respond to intrinsic signals and migrate toward the site of injury, reduce the lesion 

volume and elicit functional improvement [1]. 

1.2 Nanoparticles for labeling of stem cells  

A crucial aspect of successful cell transplantation is tracking and monitoring the grafted cells in the host 

organism. To label transplanted cells, superparamagnetic iron oxide (SPIO) nanoparticles visualized by 

magnetic resonance imaging (MRI) have been developed. SPIO nanoparticles are negative contrast agents 

that selectively shorten T2 relaxation time and thus can be detected in the tissue as a hypointense (dark) 

signal. MRI as a non-invasive method allows the tracking of grafted cells and the real-time monitoring of 

their migration and persistence in the targeted tissue.  

SPIO nanoparticles usually consist of a crystalline iron oxide core and a polymer shell. A commercial 

contrast agent based on dextran-coated SPIO nanoparticles, Endorem®, has been shown to be a suitable 

contrast agent for labeling rat and human MSC or embryonic stem cells (ESC) [3]. Various modifications of 

SPIO nanoparticles have been developed to prevent their aggregation, to induce the efficient 

internalization of the contrast agent into the cell and to minimize any deleterious effects on cellular 

function. In collaboration with the Institute of Macromolecular Chemistry AS CR, we have developed and 

patented several types of iron oxide nanoparticles with poly-L-lysine, D-mannose and poly(N,N-

dimethylacrylamide) coatings. Nanoparticles with these modified coatings exhibited better internalization 

into the cells and easier MRI detection with a lower concentration of iron within the cells when compared 

with Endorem® [4]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1. (A) Scheme of an iron nanoparticle. The contrast agent Endorem consists of a superparamagnetic 

Fe3O4 core coated by a dextran shell. (B) Scheme of poly-L-lysine coating of iron oxide nanoparticle. (C) Rat 

MSC culture labeled with SPIO nanoparticles and stained for Prussian blue. (D) Transmission electron 

micrograph of a cluster of iron nanoparticles surrounded by a cell membrane. 
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1.3.  In vivo tracking of stem cells in brain and spinal cord lesion 

The fate of ESC and bone marrow MSC labeled with Endorem was studied in rats with a cortical or spinal 

cord lesion, i.e., in models of stroke and spinal cord injury (SCI), respectively. Cells were either grafted 

intracerebrally, contralaterally to a cortical photochemical lesion, or injected intravenously. One week after 

grafting, a hypointense MR signal was found in the lesion, which intensified during the second and third 

weeks regardless of the route of administration; its intensity corresponded to iron (Prussian blue) staining 

and electron microscopy observation. In rats with a SCI, the intravenous injection of MSC significantly 

improved the recovery of hindlimb motor function. The fate of transplanted MSC labeled with Endorem 

was followed by ex vivo MRI; staining for Prussian blue revealed many cells labeled with nanoparticles in 

the lesion site, whereas the lesion cavities were significantly smaller than in control animals [3].  

To replace or regenerate damaged tissue, transplanted cells have been applied directly in suspension or 

transported by a carrier or scaffold that additionally forms a tissue bridge. To facilitate the regeneration of 

injured spinal cord, a cell-polymer construct was developed using Endorem-labeled MSC seeded on a 

poly(2-hydroxyethylmethacrylate) hydrogel (PHEMA) and implanted into a spinal cord hemisection. Six 

weeks after implantation, the hydrogel re-established the anatomic continuity of the tissue with axonal 

ingrowth into the hydrogel. MRI and Prussian blue staining confirmed positively stained cells within the 

hydrogel [3].  

Our studies demonstrated that SPIO nanoparticle labeling together with MRI visualization is a suitable 

method for the in vivo tracking of transplanted cells in the host organism. 

 

 

 

 

 

 

  

 

 

 

 

 
Fig.2  

(A) Cortical photochemical lesion visible on MRI 2 weeks after induction as a hyperintensive (light) area.  

(B) Both the cell implant (MSCs in the hemisphere contralateral to the lesion) and the lesion are hypointense (dark) 2 

weeks after implantation.  

(C) A few cells weakly stained for Prussian blue were found in the photochemical lesion in animals without implanted 

cells.  

(D and E) A hypointense signal in the lesion was seen 7 days after the i.v. injection of Endorem-labeled rat MSCs (D) 

and persisted for 7 weeks (E). Insets show a higher magnification view of the lesion.  

(F) Massive invasion of rat MSCs (Prussian blue staining counterstained with hematoxylin) into a photochemical lesion 

7 weeks after i.v. injection. 
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2. NANOFIBERS AS SCAFFOLDS IN TISSUE ENGINEERING 

2.1.  Electrospun nanofibers 

As scaffolds in tissue engineering, electrospun nanofibers provide a new porous cell culture surface 

mimicking the extracellular matrix of native tissue and organs. The role of the scaffold is to support 

“seeded” cells before in vivo transplantation, thus the scaffold requirements include biocompatibility, 

controlled porosity and permeability, suitable mechanical properties comparable to the tissue and, 

additionally, support for cell attachment and proliferation. The micro-architecture of the scaffold should 

consequently improve tissue organization and function.   

In the electrospinning process, nanofibers are created as polymeric jets from the surface of a polymeric 

solution in a very high intensity electrostatic field (5 - 100kV). The nanofibers can be formed either at the 

tip of a capillary tube (needle or capillary spinners) [5] or from liquid surfaces on a rotating spinning 

electrode (needleless NanospiderTM technology, [6-7]. Compared to needle electrospinning, the 

NanospiderTM technology enables the production of nanofibers on an industrial scale.  

  

  

 

 

 

 

 

 

A thin layer of polymer solution film (Fig.3b) is raised by a metal roller (Fig.3a), which is at the same time 

the positive electrode. This electrode is partially submerged in the polymer solution (Fig.3c), and nanofibers 

are created between the spinning electrode and the collector (Fig.3f, negative electrode) due to the very 

high intensity electrostatic field (Fig.3e). The solvent evaporates and the fibers stretch at room or elevated 

temperature and are collected by a polypropylene non-woven fabric (Fig.3d) on the negative electrode 

(Fig.3f). 

2.2.  Cell growth on nanofibers  

Nanofibers were prepared from chitosan, gelatin, polyamide (PA6/12), polyacrylonitrile (PAN), poly-ε-

caprolactone (PCL), polylactide (PLA) and polyurethane (PUR) by Elmarco, Ltd. The NanospiderTM 

technology enables a continual manufacturing process with guaranteed quality of the samples. A 

disadvantage of this technology when utilized on an industrial scale is the greater amount of undesired 

residual solvents and monomers remaining in the nanofibrous material, leading to cytotoxicity. Testing cell 

viability revealed that the toxicity of the nanofibers acquired during the manufacturing process was 

removed by a washing out procedure in distilled water. The viability of human MSC grown on nanofibers 

(except for chitosan) did not significantly differ from the viability of control cells grown on polystyrene 

tissue culture dishes (Fig.4). The morphology of the cytoskeleton and the adhesion of cells growing on 

nanofibers were evaluated using immunofluorescent staining for the cytoskeletal protein F-actin and the 

focal adhesion protein vinculin (Fig.5). Except for chitosan, all tested nanofibers supported the formation of 

Fig. 3. Principle of needleless electrospinning  

a - electrode metal roller as positive electrode  

b - fiber-forming polymer layer  

c - reservoir of polymer solution  

d - textile substrate (supportive material)  

e - fiber formation direction  

f - electrode earthing shield  

g - air suction 

d

f
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F-actin cytoskeletal filaments and vinculin adhesion complexes. Our results showed that nanofibers 

produced by the NanospiderTM technology support stem cell adhesion, growth and proliferation and have 

considerable potential for biomedical applications as stem cell carriers. 

 

 

 

 

 

 

 

 

Fig. 4. A proliferation assay performed after 1 and 3 days of human MSC culture. The viability of MSC grown 
on all nanofibers, except for chitosan, did not significantly differ from the control viability on polystyrene 
tissue culture dishes. 

 

Fig. 5. Representative confocal micrographs of human MSC morphology cultured on PA 6/12 nanofibers. 
Staining for F-actin cytoskeletal filaments on non-oriented PA6/12 (A, C) and oriented PA6/12 (B) and 
vinculin adhesion complexes (D).  

 

Fig. 6. SEM micrographs of human MSC cultured on gelatin (A), PCL (B), PLA (C) and PUR (D). The structure 
of gelatin and PLA enabled the cells to grow between the fibers inside the porous structure. On the other 
hand, the dense structure of PCL and PUR allowed the cells to spread and grow rather on the surface of the 
nanofibrous substrate.  

2.3.  Nanofibers as stem cell carriers for corneal regeneration 

Corneal defects or ocular surface injuries represent one of the most frequent causes of blindness. If the 

limbus, where stem cells for corneal renewal and regeneration reside, is damaged, the cornea cannot heal 

properly and is overgrown by cells originating from the conjunctiva; this process leads to the loss of vision. 

The only way to treat such limbal stem cell (LSC) deficiencies is limbal transplantation or a transfer of LSC. It 

has been shown that LSC can be grown in vitro in tissue culture [8]. Nanofibers have proven to be a 
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promising matrix for the growth of LSC and their transfer onto the damaged ocular surface. From a panel of 

nanofibers prepared from various polymers, we selected nanofibers fabricated from PA6/12. We showed 

that mouse LSC grow comparably well on plastic and these nanofibers. The mouse LSC were labeled in vitro 

with a vital fluorescent dye, PKH26, co-cultured on nanofibers with MSC (1:1) and transferred onto the 

damaged ocular surface of mice. The nanofiber scaffolds with labelled cells were fixed with the cell side 

facing down onto the ocular surface. Three days after cell transfer, the nanofibers were removed and the 

seeding and survival of the labelled cells on the ocular surface were monitored (Fig.7). The local 

inflammatory reaction occuring after the injury to the ocular surface, and characterized by the expression 

of genes for IL-2, IFN-γ and IL-6, was significantly attenuated in the recipients of nanofibers with LSC and 

MSC (Fig.8). 

The results showed that LSC transferred using a nanofiber scaffold can be detected on the ocular surface 7 

and 14 days after cell transfer and that the transfer of stem cell improved corneal healing and significantly 

inhibited the local inflammatory reaction. 

Fig.7. Transfer of PKH26-labelled LSC onto the damaged ocular surface and detection of the transferred 

cells (A). Control - normal, undamaged cornea, D2 - damaged cornea covered with nanofibers with labelled 

cells (white line), 2 days after cell transfer, D7 - cornea 7 days after cell transfer, D14 - cornea 14 days after 

cell transfer. 

 

 

 

 

 

 

 

Fig.8. The local inflammatory reaction, as detected by the expression of genes for IL-2, IFN- and IL-6, was 

significantly inhibited by nanofibers with LSC and MSC. 

2.4. Nanofibers as wound dressings 

The efficacy of gelatin and PCL as scaffolds in wound healing was examined using a full thickness wound 

healing test on rats. Compared to control wounds covered with gauze, gelatin, but not PCL, significantly 

increased the wound closure rate (Fig.9A). Histological evaluation using PCNA (proliferating cell nuclei) 

staining revealed improved re-epithelization with both gelatin and PCL wound dressings (Fig.9B).  
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Fig.9. (A) Percentage of wound closure after 5 and 10 days post-wounding. (B) Full thickness skin wound 

stained for PCNA after 10 days of healing covered with control gauze or a PCL dressing. 

3.  FURTHER PERSPECTIVES AND CONCLUSIONS 

The development of efficient paramagnetic labeling together with the noninvasive MRI technique enables 

researchers to follow the fate of transplanted cells in the host organism and advances cell therapy further 

towards clinical application. It allows investigators to evaluate the effect of cell therapy in patients with 

various disorders, brain or spinal cord injuries and thus to establish the optimal conditions in terms of the 

number of transplanted cells, the route of their administration and the defined therapeutic window.  

Electrospun nanofibers produced by the needleless NanospiderTM technology support cell adhesion and 

growth and have a promising potential for biomedical applications as cell-seeded scaffolds for regeneration 

of the injured cornea or as wound dressings.  
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Abstract 

Liposomes represent the oldest and the most explored nano-systems for biological studies on model 

membranes and for medical applications. Liposomes have more than 40 year history and were found as 

suitable delivery systems for application ranging from cosmetics and dermatology, further including anti-

infection and anticancer therapy and diagnostics up to the human as well as veterinary vaccines. Liposomal 

vaccines have been around for about 30 years and number of liposome variants have been developed, 

some with evident immuno-stimulating properties and an attractive safety profile which resulted in 

registered products on the market or preparations in advanced stages of clinical testing.  

Liposomes represent almost ideal carrier system for the preparation of synthetic vaccines due to their 

biodegradability and versatility as regards the incorporation of various molecules having different physical-

chemical properties (the size of the molecule, hydrophilicity or hydrophobicity, the electric charge). The 

molecules and antigens can be either sterically entrapped into the liposomes (the internal aqueous space), 

or embedded into the lipid membrane (e.g. membrane-associated proteins/antigens) by hydrophobic 

interactions. Further, they can be attached to either the external or the internal membrane by electrostatic, 

covalent or metallo-chelating interactions. It is possible to encapsulate simultaneously various compounds 

into the liposomes: hydrophilised/lipophilised adjuvants (e.g. MPL A, CpG oligonucleotides, MDP and its 

analogues, recombinant cytokines, LPS, etc.), soluble or membrane protein antigens, ligands for the 

targeting to the specific receptors on the antigen-presenting cells, coating by the mucoadhesive 

biopolymers, and surface-charge modifications (e.g., by cationic lipids). Application of new chemical 

modifications, synsthetic non-pyrogenic lipophilic MDP analogues (covered by our patents) and 

metallochalating lipid is opening new ways for construction of safed recombinant vaccines as well as 

targeted carriers for anticancer drugs. Construction and physical-chemical structure of self-assembling 

liposomal recombinant vaccines and anticancer preparations will be presented and discussed together with 

examples from in vitro and in vivo studies.  

Keywords: liposome, membrane, immunotoxicity, vaccines,  

1. LIPOSOMES 

Liposomes, phospolipid vesicles (Fig 1.), were discovered by Banham in 1965, and were soon after 

recognised as promising drug carriers. Since then, substantial progress in the field of liposomal drug 

delivery has been achieved and the first generation liposomal formulations such as Doxil®, Myocet® and 

DaunoXome® have entered the clinic. While these formulations have improved some aspects of cancer 

treatment, there is still ample room for improvement of liposomal cancer therapeutics, and significant 

advances are continuously achieved. 
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Fig. 1 Liposomes  
a) Schematic structure and classification of liposomes 
b) Structure of liposomes (cryoelectron microscopy) 
c) Various types of functionalised liposomes 

2. ANTICANCER DRUGS 

Generally, cancer therapy involves three steps, namely 1) encapsulation of drugs in the liposome interior 

(hydrophlilic drug e.g. doxorubicin) or within the lipid bilayer (hydrophobic drug e.g. paclitaxel); 2) targeting 

of the liposomes to tumour tissue or circulating cancer cells; 3) delivery of the drugs to cancer cells. For 

hydrophobic drugs liposomes could serve just as biocompatible carrier preventing precipitation of drug in 

blood stream. Tumour targeting is the ability of engineered materials to predominantly accumulate in 

tumour tissue. This is the first creteria that liposomes must satisfy as drug delivery vehicles for cancer 

therapeutics. Liposomal delivery systems can be designed to accumulate in tumour by two different 

strategies, commonly referred to as passive targeting and active targeting.  

PASSIVE TARGETING exploits the leaky vasculature and poor lymphatic drainage that characterises many 

malignant tumours. Nanoparticles should be small enough to diffuse through the abnormal gaps that exist 

between endothelial cells of tumour blood vessels. (Fig.2). As a result of the diminished lymphatic drainage 

in tumours, the liposomes are retained after extravasation. In combination, these two characteristics make 

tumour vasculature function as a sieve that filters out nanoparticles and causes them to accumulate in 

tumour tissue. This phenomenon requires many passages of nanoparticles through tumour vasculature to 

achieve substantial tumour accumulation. Polyethylene glycol (PEG) lipids were applied to protect 

liposomes against attack of serum proteins and increased the blood circulation time of liposomes 

significantly. The upper cutoff size for liposomes to be able to extravasate through the leaky vasculature 

and into tumour tissue has been investigated and the results showed that cutoff size ranged from 200 nm 

to 1.2 µm and varied with 

both tumour type and 

tumour location, while the 

majority of the tumour 

models had a pore cutoff 

size between 400 and 800 

nm. 

Fig. 2 SEM images of the 
luminal surface of blood 
vessels in normal tissue (A) 
and in mammary 
carcinoma (B). 

A B C 
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3. ACTIVE TARGETING  

Cancer cells and tumour associated tissue such as cells of the tumour vasculature, overexpress certain cell 

surface receptors and antigens in comparison with healthy cells, and this difference in expression level is 

being employed as another tumour targeting principle in liposomal cancer therapy. Active targeting 

involves the attachment of ligands to the liposome surface that bind to cancer specific surface receptor and 

antigens by molecular recognition. Various ligand types have been identified as having tumour specific 

binding properties including: antibodies, peptides, proteins, small molecule receptor ligands, and 

carbohydrates. Among the ligands used for active targeting, antibodies or their fragments have superior 

specificity towards tumour tissue, whereas instability during storage and higher production costs are 

disadvantages of antibodies. Folate receptor is an example of ligand-based active targeting of liposomes to 

cancer cells. The overexpression by several cancer types, in combination with the fact that most ormal 

tissues, except the kidney, contain very low levels of folate receptor that is accessible to liposomes in the 

circulation is one of the reasons why folate receptor is one of the most studied receptors for ligand based 

active targeting. Moreover, folate is a small and innocuous molecule that is easily conjugated to lipids 

through its γ-carboxyl group without loss of binding affinity. A particularly interesting finding with folate 

targeted liposomes is the ability of the receptor mediated endocytosis mechanism of folate containing 

liposomes to bypass P-glycoprotein mediated multidrug resistance mechanism that is one of the major 

obstacles in cancer treatment. Various functionalised liposomes are presented in Fig.1C 

Recently, we published successful application of liposomal formulation of the vitamin E analogue α--

tocopheryl succinate (α--TOS), which is an efficient anti-cancer drug. Improved efficacy was achieved 

through the synthesis of α--tocopheryl maleyl amide (α-TAM), an esterase-resistant analogue of α-

tocopheryl maleate. In vitro tests demonstrated significantly higher cytotoxicity of α--TAM towards cancer 

cells (MCF-7, B16F10) compared to α--TOS and other analogues that are prone to esterase-catalyzed 

hydrolysis. However, in vitro models demonstrated that -TAM was cytotoxic to a variety of non-malignant 

cells (e.g. lymphocytes and bone marrow progenitors). Thus we developed lyophilised liposomal 

formulations of both a-TOS and a-TAM to solve the problem with cytotoxicity of a-TAM, as well as the low 

solubility of both drugs. These formulations were tested in various mouse cancer models (hollow fiber 

implants, spontaneous breast carcinomas). Both compounds retained their anti-cancer activity in the 

liposome formulations (Fig. 3). α--TOS or α--TAM were non-toxic in vivo at single or cumulative doses 100 

and 25 mg/kg (cumulative doses: 4 doses, i.v. application, every other day), respectively. Remarkably, no 

acute toxicity, nor immunotoxicity were detected with the in vivo liposomal formulations of α--TAM, and 

yet this formulation significantly reduced the growth of cancer cells in hollow fiber implants (50- 70% 

reduction of growth). Moreover, liposomal formulation of α--TAM and α--TOS each prevented the growth 

of tumours in transgenic FVB/N c-neu mice bearing spontaneous breast carcinomas. Liposomal formulation 

of α--TAM is demonstrated anti-cancer activity both in vitro and in vivo at 1/10 the concentration of 

comparable α--TOS formulations. Thus, the liposomal formulation of α--TAM preserved its strong anti-

cancer efficacy while eliminating the in vivo toxicity found of the free drug applied in DMSO. Liposome-

based targeted delivery systems for analogues of vitamin E are of interest for further development of 

efficient and safe drug formulation for clinical trials. (1) 

4. VACCINES  

Vaccinology is a complex multidisciplinary science that i partly rational and partly empirical. The remarkable 

advances made in defining and understanding the function of immune system at molecular and cellular 
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Liposomal VE analogs suppress

breast carcinomas in Transgenic FVB/N c-neu mice with

spontaneous breast carcinomas
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level opened the door to genetic vaccines (recombinant protein antigen and DNA vaccines). New vaccines 

rely on identification of appropriate antigens and epitopes. Importantly, they must rely on the „what“ to 

present to the immune system as well as the „how“ to present. Driven force for development in the field of 

synthetic vaccines is safety, efficacy, cost and short time for development of vaccines against new 

pathogens. Liposomes represent nanoparticles, which act as powerful adjuvants if physically associated 

with a protein antigen. Owing to the versatility of liposomes, they are suitable for construction of hybrid 

delivery systems containing two or more components, each selected to achieve various goals: targeting the 

antigen to dendritic cells, stimulating appropriate immune cells (incorporation of adjuvans - e.g. CpG, LPS, 

MDP analogues, MPLA), adhesion to 

mucosal surface (mucosal application), 

protection of antigen against 

degradation (oral application). 

Attachement of recombinant His-Tag 

protein antigens to liposome surface via 

metallo-chelating bond is a simple 

method for construction of 

proteoliposomes. This liposomal 

platform represents a suitable way for 

development of synthetic recombinant 

vaccines with surface-linked antigen. 

Fig.3 Suppression of tumour growth in 

transgenic VB/N c-neu mice by i.v. 

application of liposomal α-TAM 

(sonographs show the size of tumours) 

We constructed and tested some 

experimental recombinant vaccines based on metallo-chelating liposomes and synthetic lipophillic 

derivatives of NorAbu MDP (2). These vaccines proved to be safe and efficient in various animal models. 

Synthetic recombinant vaccines based on this system are easy to produce and store in lyophilised stage. 

Optimisation of component composition and routes of application is the next step in developing this type 

of vaccines for commercialisation. Principles and biological activities of metallochelating liposomal vaccines 

are presented in Fig. 4 

5. CONSLUSION 

In conclusion, liposomes represent the oldest and the most explored nano-systems for biological studies on 

model membranes and for medical applications. Technologies in both laboratory and industrial scale have 

been established and liposomes are recognised and approved by FDA. Liposomes have 44-year history and 

were found as suitable delivery systems for applications ranging from cosmetics and dermatology through 

anti-infection and anticancer therapy and diagnostics up to the human as well as veterinary vaccines. 

Liposomal vaccines have been around for about 30 years and plenty of liposome variants have been 

developed, some of them with evident immune-stimulating properties and an attractive safety profile 
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which resulted in registered products on the market or preparations in advanced stages of clinical testing 

(e.g. Hepatitis A - HepA, Epaxal http://www.crucell.com/Products-Epaxal)  

Fig. 4 Principles and 

biological activities of 

recombinant vaccines 

based on liposomal 

metallochelating 

platform: Structure of 

HisTag-metallochelating 

bond; B) Linking of 

HisTag-protein onto the 

surface of liposomes; C) Structure of histag-rHSP90 

proteoliposomes (AF microscopy); D) Structure of 

histag-rHSP90 proteoliposomes (TEM microscopy); E) 

Primary and secondary immune responses towards 

liposomal HSP90 vaccine (red arrows) and 

comparison with oil base vaccines (blue arrows); F) 

Comparison of skin reactions in pigs after intradermal application of oil based vaccine and liposomal 

vaccine. 
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Abstract 

Nanoparticles are structures with sizes from one to hundreds nanometers. The mostly investigated ones 

are magnetic nanoparticles, metal nanoparticles (e.g. Au, Ag, Ni) and semiconductor nanocrystals so called 

quantum dots. Quantum dots are used as luminescent labels in analytical chemistry, molecular biology and 

medicine. They consist of semiconductor core, which should be stabilized by a shell (e.g. CdS, ZnS). Their 

surface is modified by covalently bonded polar molecules to increase hydrophilicity. A set of CdTe 

nanoparticles with sizes from 2.5 to 5.2 nm and fluorescence emission wavelength maximum between 500 

and 750 nm was prepared and the characteristic parameters as an excitation and emission fluorescence 

spectra, fluorescence lifetime and fluorescence quantum yield measured. The size, structure and surface 

modification of synthesized particles were checked by using capillary electrophoresis with laser induced 

fluorescence detection, high-resolution transmission electron microscopy and free mobility particle sizer. 

The possibility of nanoparticle conjugation with functional biomolecules is demonstrated on 

immunofluorescence analyses and a construct of Förster resonance energy transfer. The conjugation of 

gold nanoparticles with antibodies was studied as well. These conjugates are supposed to find applications 

in medicine in tumor treatment. Antibody is selectively bonded to the tumor cells and, consequently, a 

tumor tissue is irradiated by visible light, which is mainly absorbed by gold nanoparticles. The tumor cells 

are thermally destroyed by this process. Extensive enhancement of Raman scattering signal of adsorbed 

molecules occur on the surface of the nanoparticles Cu, Ag, Au. This signal enhancement utilizes surface 

enhanced Raman scattering spectrometry. The Raman spectra of carotene enhanced on colloid silver 

nanoparticle surface was measured. 

Keywords: quantum dots, gold nanoparticles, Surface Enhanced Raman Spectroscopy 

1. INTRODUCTION 

Nanoparticles are structures with at least one dimension in the range from 1 to 100 nm. They exhibit size-

related properties that differ significantly from those observed in bulk material. Nanostructures can be 

divided by chemical structure to metal (e.g. Au, Ag, Ni, Fe2O3), semiconductor - quantum dots (e.g. CdTe, 

CdSe) and non-metal (e.g. carbon nanotubes). They should be also sorted according to their structures to 

particles, rods, tubes, etc.   

2. QUANTUM DOTS 

Quantum dots are semiconductor nanocrystals consisting of semiconductor core that should be stabilized 

by shell from inorganic salt, mainly CdS and ZnS [1]. Water solubility is obtained by organic polar molecules 

which are covalently bonded to a quantum dot surface by thiol groups [2]. These molecules can serve as a 

linker to the conjugation of other functional ligands or biomolecules [3, 4]. Quantum dots are used in 

analytical chemistry, molecular biology and medicine as fluorescent markers due to their unique optical 
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properties. They exhibit narrow and symmetrical emission spectra, wide excitation spectra, good chemical- 

and photo-stability [5] and fluorescence emission wavelength is dependent on particle size [2].  

2.1 Preparation and physico-chemical properties 

Water soluble CdTe quantum dots were prepared by the reaction of cadmium chloride with sodium 

hydrogen telluride in the presence of 3-mercaptopropionic acid (MPA) [6]. Firstly, sodium hydrogen 

telluride was prepared by the reaction of 85 mg sodium tetrahydrogeneborate with 127 mg powder 

tellurium in 2 ml of deonized water at 0 ºC for approximately 4 hours. A volume of 2 ml of dark violet 

solution of NaHTe were added to solution of 370 mg CdCl2 with 420 l MPA in 80 ml of deionized water 

percolate for 30 minutes by N2. Solution pH was adjusted to 7 using NaOH or MPA and refluxed. Quantum 

dots sizes and fluorescence emission maxima are dependent on the refluxing time. This way, it is possible 

to prepare series of quantum dots sized from 2.5 nm (10 minutes refluxing) to 5.2 nm (44 hours refluxing) 

with maximum emission wavelength from 500 to 750 nm and emission half width from 45 to 100 nm Figure 

1. The width of the excitation spectra of all prepared nanoparticles were practically the same from 300 to 

500 nm.  

 

Fig. 1: Luminescence emission spectra of quantum dots with different refluxing times, spectra were 

normalized 

Fluorescence lifetime and quantum yield are widely used for the characterization of fluorophores in 

analytical chemistry. These properties were measured by the time-resolved fluorescence spectroscopy and 

fluorescence spectrometry. It was found out that fluorescence lifetime increases with particle size from 

3.05 to 20.5 ns. Fluorescence lifetime of the smallest synthesized nanoparticles (3.05 ns) is similar to the 

ones of organic fluorophores, e.g. fluorescein (3.8ns). Quantum yields were measured by a comparison 

method [7]. Fluorescein dissolved in ethanol with quantum yield 0.91 was used as a reference fluorophore. 

Quantum yield of freshly prepared nanoparticles was in range 0.01 to 0.25.  



  20. - 22. 10. 2009, Roznov pod Radhostem, Czech Republic, EU 

 
 

306  S3 - NANOBIOTECHNOLOGY, NANOMEDICINE, SAFETY 

 

Narrow emission and wide excitation spectra are advantageous for the parallel determination of several 

different analytes labeled by quantum dots of different sizes. Thus, only a single excitation source can be 

used. This is an advantage of quantum dots over the traditional fluorescent markers where every marker 

needs different excitation source. Chemical stability and practically no photobleaching allow long time 

signal collection and repetitive measurements of every sample without a loss of signal intensity. 

The size of prepared quantum dots was determined by two 

independent methods, high resolution transmission electron 

microscopy (HRTEM) Figure. 2, and Scanning Mobility 

Particle Sizer Spectrometer (SMPS). Sizes calculated from the 

experimental dependence of emission wavelength maxima 

on nanoparticle sizes were confirmed by both methods [2]. 

Crystal lattice of CdTe nanoparticles was determined to be 

cubic (crystallographic group F43m) with the cell size of 

6.48 Å. This is in an excellent agreement with the  literature 

data for „macroscopic“ CdTe crystals [8]. 

Fig. 2: HRTEM image of CdTe quantum dots with 

fluorescence emission maximum 610 nm and size 3.5 nm 

2.2 Non-selective labeling of cells by quantum dots 

Non-selective cell labeling by quantum dots is useful if the cell structures are to be visualized adequately. 

This way, the cellular uptake of quantum dots can be investigated. The penetration of non-conjugated 

quantum dots into the Human lymphocytes and Saccharomyces cerevisiae yeasts were choosen as a model. 

Cells were mixed with quantum dots and their penetration into the cells was observed by epifluorescence 

microscopy and TIRF microscopy (Total Internal Reflection Fluorescence). TIRF microscopy allows, similarly 

as in confocal microscopy, monitoring of very narrow (hundred 

nanometers) layer of a sample. This method significantly increases 

contrast and resolution of obtained images (Figure 3). The 

penetration of quantum dots into the cells was apparent after 3 

hours and 30 minutes in the case of yeasts and human 

lymphocytes, respectively (Figure 4). 

 

Fig 3: TIRF image of human lymphocytes non-selectively labeled by 

QD 

2.3 Conjugation of quantum dots with antibodies and macrocyclic ligands 

Quantum dots coated by MPA were conjugated with molecules containing primary amine using reaction of 

1-ethyl-3-(3-dimethyl-3-aminopropyl) carbodimide hydrochloride (EDC) and N-hydroxysulfosuccinimide 

(NHS). Peptide bond is formed during the reaction between carboxylic and primary amine group [9]. NHS 

was added to increase stability of active intermediate in pH 5 - 7. Firstly, 100 µl of quantum dots dissolved 

in phosphate buffer pH = 7.4 to give a concentration of 2.6 mg.ml-1 was mixed with 3 mg of EDC and 0.5 mg 

NHS. The amounts of an antibody and quantum dots were optimized. Then, an antibody or macrocyclic 
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ligand was added and left for 60 minutes under laboratory temperature. The conjugation reaction was 

controlled by capillary electrophoresis with laser induced fluorescence (CE-LIF) detection. A silica uncoated 

capillary with internal diameter 75 µm, effective length 12 cm and total length 20 cm filled with 100 mM 

TRIS/TAPS buffer pH = 8.3 was used. The mixture of a conjugate with unreacted quantum dots was 

separated at a voltage of 6 kV. 

 

 

Fig. 4: Penetration of quantum dots into human lymphocytes (A) and yeast Saccharomyces cerevisiae (B) 

Macrocyclic ligands form thermodynamically stable and kinetically inert complexes with metal ions. They 

are defined as cyclic organic compounds with a ring size of nine or more atoms including three or more 

heteroatoms, usually O, N and S. Pendant arms with different functional groups are bonded to the cycle 

through heteroatoms. They provide the selectivity of macrocyclic ligand to a metal ion and can serve as a 

linker for the conjugation of a fluorescent marker or functional biomolecule. Quantum dots conjugated 

with macrocyclic ligands will be used as fluorescent probes by forming the Förster resonance energy 

transfer (FRET). The macrocyclic ligand MPI (1,4,7-triacetyl-10-aminopenthyl-1,4,7,10-

tetraazacyclododecane) was conjugated with MPA coated quantum dots. The efficiency of conjugation 

process was controlled by CE-LIF (Fig 5). The conjugate of quantum dots with the antibody against CD3 

membrane protein (anti-CD3) was chosen as a model system for the testing of possible applications of 

quantum dots in immunoanalysis. CD3 membrane protein is specific for T-lymphocytes, while B-

lymphocytes don´t contain this protein. Quantum dots and fluorescein, as a control, were conjugated with 

anti-CD3 antibody. These conjugates were added to the mixture of T- and B-lymphocytes and the labeling 

efficiency was observed by using an epifluorescence microscope. In the case of T-lymphocytes, the labeling 

was observed immediately after mixing (Figure 6 A and B) while in the case of B-lymphocytes no labeling 

was observed (Fig 6 C). The background fluorescence in panel C (B-lymphocytes) was caused by long 

exposition time (10 - 100 times longer than in the case T-lymphocytes). It is caused by the fluorescence of 

unattached quantum dots in solution. 

3. CONJUGATION OF GOLD NANOPATRICLES WITH ANTIBODIES 

Antibodies labeled by gold nanoparticles are supposed to be applied in tumor treatment. This 

photodynamic method can be used for a diagnostics as well as therapy. A photosensitive compound is 

accumulated in tumor cells after the application in an organism. Then a tissue is illuminated, and as a result, 

photosensitive compounds absorb the light, its temperature increases and labeled cells are thermally 

destroyed. Derivates of hematoporphyrine, chlorine, phtalocyanine, bacteriochlorine, purpurine and others 

were used as photosensitive compounds. Nowadays, gold nanoparticles conjugated with antibodies are 
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tested as a potential photosensitive material with a high capability to accumulate heat and selectivity to 

target tissues.  

 

Fig. 5: CE-LIF of CdTe quantum dots and its conjugate with MPI 

 

Fig. 6: Human T-lymphocytes labeled by anti-CD3 conjugate with quantum dots (A), with fluorescein (B) and 

human B-lymphocytes in mixture with anti-CD3 conjugate with quantum dots (C) 

The possibility of antibody conjugation with gold nanoparticles by the reaction with EDC and NHS was 

tested. The carboxylic group of 3-mercaptopropionic acid bonded on Au nanoparticle surface reacts with 

the amino group of an antibody in the presence of EDC and NHS. A peptide bond is formed. The 

conjugation was tested by the reaction of the Au nanoparticle with the antibody (anti-CD51) fluorescently 

labeled by fluorescein isothiocyanate (FITC). The conjugate Au nanoparticle-anti-CD51-FITC was 

centrifugated in a capillary tube and a conjugation yield was confirmed by an accumulation of fluorescence 

of nanoparticles at the tip of the capillary (Figure 7). 

4. APLLICATION OF SILVER NANOPARTICLES IN SERS 

The surface enhanced Raman spectroscopy (SERS) exploits an increase of Raman scattering signal on a 

metal surface caused by electromagnetic phenomena. This magnification is induced by surface plasmon 

induced on a surface of metal nanoparticle or rough metal surface, mainly Ag, Au, Cu and alkali metals. 

Surface plasmon is a multiple excitation of metal conductive electrons caused by electromagnetic fields 

A B C 

B 
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with wavelengths in visible part of spectra. This magnification is declared in literature to be up to 1012. In 

analytical chemistry is SERS used for the detection of low analyte concentrations or even single molecules 

[10, 11].  

  

Fig 7: Au nanoparticles conjugated with antibody anit-CD51 fluorescently labeled by FITC A) under white 

illumination, B) fluorescence excited by a 473 nm laser. 

β-carotene was selected as a model analyte for SERS measurements. Classical Raman spectra wasn´t 

possible to measure on our home made instrument. Therefore, table values were used for identification of 

β-carotene signals. Silver nanoparticles were synthesized according to method published by Lee and 

Meisela [12]. A volume of 250 ml of 0.25 mM AgNO3 was boiled and 5 ml of 1% sodium citrate was added 

drop by drop and boiled for next 50 minutes. A portion of 1 ml of nanoparticles was centrifuged and 

decanted. Then, 20 µl of nanoparticles was mixed with 1 ml of ethanol and 4 µl of a saturated solution of 

NaCl to form nanoparticle clusters. Chloroform solutions of β-carotene with concentration from 2.5×10-3 to 

2.5×10-6 M were added to the suspension of prepared nanoparticles. The SERS spectra registered at 

different concentrations of Ag colloid are presented in Figure 8. 

 

Fig 8: β-carotene SERS spectra in presence of Ag nanoparticles 

5. CONCLUSIONS 

Nanoparticles of CdTe, Ag, and Au were prepared with the aim to implement them as diagnostic and 

therapeutic agents. The fluorescence spectra, fluorescence lifetimes and fluorescence quantum yields of 

A 
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MPA coated CdTe nanoparticles of sizes in the range form 2.5 nm to 5.2 nm were measured. The 

conjugation technology with EDC and NHS agents was used to prepare compounds of nanoparticles with 

macrocyclic ligands and antibodies. The conjugates of quantum dots with antibodies provide selective 

immunofluorescence markers for a high sensitive detection of biologically important molecules in cells. The 

same reaction was used to prepare the construct of gold nanoparticles with an antibody as a selective 

agent for the thermal destruction of cancer cells. The capability of silver nanoparticles to enhance the 

Raman scattering signal of -carotene was proved.  

ACKNOWLEDGEMENT 

We would like to thank Dr. Mariana Klementová from Institute of Inorganic Chemistry ASCR for HRTEM 

photographs, Mgr. Petr Táborský, Ph.D., Assoc. Prof. Jan Preisler, Ph.D. and Assoc. Prof. Přemysl Lubal, 

Ph.D. from the Institute of Chemistry Faculty of Science of the Masaryk University for quantum yields and 

fluorescence lifetimes measurements and a gift of macrocyclic ligand MPI. This work was supported by 

grants of the Grant Agency of Academy of Science of the Czech Republic (KAN400310651 and 

KJB400310709), Grant Agency of Czech Republic (GA203/08/1680), and Ministry of Education, Youth and 

Sports (LC06023) and the Institute of Analytical Chemistry CAS research plan AV0Z40310501. 

LITERATURE 

[1]  van Embden, J., aj. Review of the Synthetic Chemistry Involved in the Production of Core/Shell Semiconductor 

Nanocrystals Australian Journal of Chemistry 2007, 60, 457-471. 

[2]  Eychmuller, A.; Rogach, A. L. Chemistry and photophysics of thiol-stabilized II-VI semiconductor nanocrystals 

Pure and Applied Chemistry 2000, 72, 179-188. 

[3]  Burda, C., aj. Chemistry and properties of nanocrystals of different shapes Chem. Rev. 2005, 105, 1025-1102. 

[4]  Klostranec, J. M.; Chan, W. C. W. Quantum dots in biological and biomedical research: Recent progress and 

present challenges Advanced Materials 2006, 18, 1953-1964. 

[5]  Ma, J., aj. Photostability of thiol-capped CdTe quantum dots in living cells: the effect of photo-oxidation 

Nanotechnology 2006, 17, 2083-2089. 

[6]  Li, L., aj. Significant enhancement of the quantum yield of CdTe nanocrystals synthesized in aqueous phase by 

controlling the pH and concentrations of precursor solutions Journal of Luminescence 2006, 116, 59-66. 

[7]  Eaton, D. F. Reference Materials for Fluorescence Measurement Pure and Applied Chemistry 1988, 60, 1107-

1114. 

[8]  Zachariasen, W. H. Die kristallstruktur der telluride von zink, cadmium und quecksilber. Nor. Geol. Tidsskr 1926, 

8, 5. 

[9]  Hermanson, G. Bioconjugate techniques1995. 

[10]  Tian, Z. Q. Surface-enhanced Raman spectroscopy: advancements and applications Journal of Raman 

Spectroscopy 2005, 36, 466-470. 

[11]  Sackmann, M.; Materny, A. Surface enhanced Raman scattering (SERS) - a quantitative analytical tool? Journal 

of Raman Spectroscopy 2006, 37, 305-310. 

[12]  Lee, P. C.; Meisel, D. Adsorption and Surface-Enhanced Raman of Dyes on Silver and Gold Sols Journal of 

Physical Chemistry 1982, 86, 3391-3395. 

 



  20. - 22. 10. 2009, Roznov pod Radhostem, Czech Republic, EU 

 
 

S3 - NANOBIOTECHNOLOGY, NANOMEDICINE, SAFETY   311   

 

SURFACE ENGINEERING OF IRON OXIDE NANOPARTICLES ISOLATED FROM MAGNETOSPIRILLUM 

GRYPHISWALDENSE FOR BIOCHEMICAL AND BIOMEDICAL APPLICATIONS 

Zdenka MARKOVÁ1, Michaela PEČOVÁ2, Ludmila ZAJONCOVÁ2, Jiří ZBOŘIL1, Radek ZBOŘIL1 

1Centre for Nanomaterial Research, Palacký University, Šlechtitelů 11, 783 71 Olomouc, Czech Republic, EU 

2Department of Biochemistry, Faculty of Science, Palacký University, Šlechtitelů 11, 783 71 Olomouc,  

Czech Republic, EU 

Abstract 

Superparamagnetic iron oxide nanoparticles with appropriate surface modification can be widely used in 

various applications including magnetic resonance imaging (MRI) diagnostic contrast agents, anticancer 

therapy using hyperthermia, magnetic drug targeting, protein and enzyme immobilization, cell labeling and 

separation or RNA and DNA purification. All these biochemical and biomedical applications require 

nanoparticles exhibiting a high magnetization and narrow size distribution and possessing non-toxicity and 

biocompatibility. 

As a result of biologically controlled preparation, biogenic magnetite (Fe3O4) nanoparticles have properties 

that make them intrinsically distinct from their synthetic counterparts. Magnetotactic bacteria are 

microorganisms that are able to biomineralize the membrane-enveloped crystals of magnetite called 

magnetosomes. Magnetospirillum gryphiswaldense, well laboratory cultured organism, produces 

cubooctahedral magnetite crystals ranging in size between 20 and 50 nm. The fermentor cultivation under 

microaerobic conditions, commonly performed in our lab, leads to the sufficiently high cell yield (OD565nm ~ 

1.5) and to the suitable values of the parameter describing the cell magnetism (cmag ~ 1). Magnetosomes 

are consequently isolated from bacteria by method using neodynium boron (Nd-B) magnet. In the present 

work, we coated biogenic magnetite with substances that make them biocompatible, biodegradable, 

stable, non-toxic and accessible for binding with various active biocomponents depending on particular 

bioapplication. The natural polymers such as chitosan, N-trimethylchitosan, carboxymethylchitosan or 

dextran have been used in a coating procedure and the properties of the core-shell systems have been 

analyzed by TEM, SEM and SQUID magnetic measurements. The magnetite nanoparticles modified by 

chitosan exhibit the most perfect and complete surface stabilization as evidenced by the narrow and well 

defined shell. These nanoparticles were successfully tested in the trypsin immobilization for applications in 

proteomics, where they revealed the superior properties compared to the synthetic counterparts. 

Keywords: superparamagnetic iron oxide nanoparticles, biogenic magnetite (Fe3O4) nanoparticles, 

biologically controlled preparation 

1. INTRODUCTION 

Techniques based on using magnetisable solid-phase support have found application in numerous 

biological fields viz. diagnostics, drug targeting, molecular biology, cell isolation and purification, radio 

immuno assay, immobilization of pretiens and enzymes, hyperthermia causing agents for cancer therapy, 

nucleic acid purification etc [1-3]. While a number of suitable methods have been developed for the 

synthesis of the magnetic particles of various compositions, for example nano-sizes magnetite particles 

have been synthesized by coprepitation of Fe(II) and Fe(III) in alkaline solution, some magnetic bacteria 
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could synthesize more uniform magnetic particles, which consist of magnetite (Fe3O4) or greigite (Fe3S4) in 

size and shape compared with artificial magnetite particles. 

The increasing effort in this research is reflecting the need for new biomarkers facing the requirements of 

today’s fast growing biotechnological and pharmaceutical industry [4, 5].  

1.1 Magnetotactic bacteria 

Magnetotactic bacteria, a special kind of bacteria, were discovered by Blakemore in 1975 [6]. Thus 

magnetotactic bacteria do not represent a single, defined, taxonomic group. Morphotypes include coccoid 

to ovoid cells; rods, vibrios, and spirilla of various dimensions; and even multicellular forms. All that have 

been examined are members of the domain Bacteria and possess cell walls that are characteristic of gram-

negative bacteria. [7] These bacteria synthesize intracellular magnetic nano-particles (also called 

magnetosomes or bacterial magnetic particles (BMPs)), which are enveloped by cytoplasmatic membrane 

and made of Fe3O4, Fe3S4, Fe2O3 or FeS, etc [8-10]. Several strains of magnetotactic bacteria, including 

Magnetospirillum gryphiswaldense MSR-1, M. magnetotacticum MS-1 and M. magneticum AMB-1, have 

been isolated and identified so far [11-13]. A magnetotactic spirillum (strain MSR-1) was isolated from the 

mud of the entropic river Ryck near Greifswald by Schleifer in 1991. The research of phylogenetic taxonomy 

demonstrated that MSR-1 is related and belongs to alpha subclass of proteobacteria [14].  

1.2 Bacterial magnetic particles; magnetosomes 

Single domain bacterial magnetic particles, known as magnetosomes occur in rows 10-20 particles with a 

defined size of 35-120 nm and are surrounded by a phospholipids’ membrane approximately 2-4 nm in 

thickness [15]. Each BMP has a single domain of magnetite and are well-dispersed in aqueous solutions 

because of the enclosing membrane [16]. The magnetite particles are aligned in chains parallel to the cell 

axis. Each particle possesses a magnetic dipole moment and magnetic interactions between magnetic 

particles in a chain are oriented parallel to each other along the Earth’s geomagnetic fieldlines and to 

maintain its position within the boundary of oxic-anoxic zone [17]. This is used by bacteria for navigation, 

known as magnetotaxis. While magnetotaxis is clearly an important function for magnetosomes, it may not 

be their only function. Bazylinski and Frankel suggest that the magnetosomes also have unknown 

physiological function [18].  

The molecular mechanism of magnetite biomineralization in bacteria is poorly understood although this 

process occurs widely in many other organism such as insect [19], birds [20] or migratory fishes [21].One of 

the models of the crystallization process have been proposed where ferric iron is reduced on the cell 

surface, taken into the cytoplasm, transferred into vesicles 

(magnetosome) and finally oxidized to produce magnetite 

[22].  

Fig. 1. Cell of Magnetospirillum gryphiswaldense obtain a 

chain of magnetosome 

The morphology of BMP is varied and species-dependent. 

Three general morphologies of magnetite have been 

observed in bagnetotactic bacteria using TEM. They include: 

roughly cuboidal [23]; parallelepipedal [24.25] and tooth-, 
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bullet- or arrowhead-shaped [26, 27]. M. gryphiswaldense produces a chain of cubo-octahedral 

magnetosome particles. The strain has been used as a model organism in a number of studies addressing 

the physiology and molecular genetics of magnetosome biomineralization and for the development of 

applications of magnetosomes [13].   

2. MAGNETOSOME PRODUCTION 

2.1 Culture 

Pure cultivation of magnetotactic bacteria is one of the most important biotechnological processes in the 

application of BMPs. A magnetic bacterium, Magnetospirillum gryphiswaldense, capable of growing 

aerobically has been successfully isolated [14]. In our initial work, laboratory scale cultivation of these 

bacteria in 10 l fermentor has been done for the production of BMPs from which approximately 1.5 

OD565nm or 0.35 g dry weights of BMPs was yielded per litre of culture. MSR-14 was cultured for 35-40 h 

in the reported medium [13] using 10 l auto-fermentor under low oxygen concentration conditions. 

2.2 Collection of cells and purification of magnetosomes  

Bacterial magnetite particles are easily separated and purified from disrupted magnetic bacteria by 

magnetic separation using a magnet. MSR-1 cell cultures were pelleted by centrifugation and disrupted by 

several passes through a French pressure cell. Bacterial magnetite from disrupted cells was collected 

magnetically using a neodynium boron (Nd-B) magnet. Collected bacterial magnetite was washed and used 

for additional modification. 

3. SURFACE MODIFICATION OF BMPs 

Generally, naked nano-sized particles tend to form agglomerates to reduce the energy associated with the 

high surface area to volume ratio. For many applications it is crucial to develop protection strategies to 

chemically stabilize the naked nanoparticles against degradation and agglomeration. These strategies 

comprise grafting of or coating with organic species, including surfactants or polymers, or coating with an 

inorganic layer, such as silica or polysaccharides. In many cases the protecting shells not only stabilize the 

nanoparticles, but can also be used for further functionalization depending on the desired application. We 

have modified several methods [28-30] to assemble these functional molecules over the BMPs surface 

using chemical techniques. Coating experiments in our laboratory were carried out with biogenic 

nanoparticles of magnetite. As biocompatible coating materials chitosan, O-carboxymethyl chitosan (CMC), 

dextrans, N-substituted trimethyl chitosan chloride (TMC) and Tween 20 were used. Before all experiments 

the membrane of BMPs was removed and substituted by positive detergent agents 

Cetyltrimethylammonium chloride (CTAC).  

3.2. Examination of purified and modified magnetosomes by TEM 

The purified and modified magnetosomes were observed by transmission electron microscopy (TEM, JEOL, 

Japan).  
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Fig. 2 Determination of surface modification of biogenic nanoparticles of magnetite by TEM (magnetite was 

modified by chitosan (A), dextran (B), N-substituted trimethyl chitosan (C) and TWEEN 20 (D)). 

4. USE OF MODIFICATED BMPs AS ENZYME CARRIERS 

The use of functional magnetic particles in bioassays facilitates the separation of bound and free analytes 

by the application of a magnetic field. Magnetic iron oxide nanoparticles are widely used in the 

development of medical and diagnostic applications such as magnetic resonance imaging (MRI) [33], cell 

separation [34], drug delivery [35] and hyperthermia [36]. To use these particles for the biotechnological 

applications, it is important to consider surface modification of magnetic particles with functional 

molecules such as proteins, antibodies, peptides and DNA. Because of their unique characteristics (narrow-

size distribution, large surface area for reaction, the single magnetic domain size range, etc.) [37] compared 

to synthetic particles, isolated resp. also modified magnetosome crystals are superior for applications that 

rely on small amounts of highly functionalized magnetic material with extraordinary magnetic and 

biochemical characteristics.   

The use of BMPs as stable platform for immobilization of proteins resp. enzymes was tried with trypsin.  

Trypsin (EC 3.4.21.4) is a serine protease found in the digestive system of many vertebrates, where it 

hydrolyses proteins [38]. Trypsin predominantly cleaves peptide chains at the carboxyl side of the amino 

acids lysine or arginine, except when either is followed by proline. This enzyme has been used widely in 

various biotechnological processes and it is commonly used in biological research during proteomics 

experiments to digest proteins into peptides for mass spectrometry analysis, e.g. in-gel digestion. 

In our experiments bovine trypsin (BT) was chemically modified with α-cyclodextrine (ACD-BT) and β- 

cyclodextrine (BCD-BT) and all were activated by EDC.HCl (N-(3-dimethylaminopropyl)-N′-ethylkarbodiimid 
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hydrochloride). Then enzymes were covalently immobilized on surface of biogenic magnetite modified by 

chitosan. For comparison the activities of free and immobilized enzyme were measured under different 

conditions. The activity of trypsin was determined with artificial substrate BAPNA (Nα -benzoyl-DL-arginine-

4-nitroanilide) spectroscopically  (λ = 405 nm) (Fig. 3).   

 

 

 

 

 

 

Fig. 3 The schema of trypsin hydrolysis of artificial substrate Nα -benzoyl-DL-arginine-4-nitroanilide. 

All enzymes (free and immobilized forms) were characterized in activities, Michaelis’s constants, 

temperature stabilities T50 [°C] (temperature, in which the enzyme had loose half of activity in comparison 

whit room temperature) and time-degradation stabilities (time, after which the enzyme had loose half of its 

activity) (tab.1). 

Tab. 1 Comparison the activities of free and immobilized enzyme  

Enzyme 
  Free     Immobilized   

BT ACD-BT BCD-BT BT ACD-BT BCD-BT 

Km [mM] 2,5 1,7 1,2 1,7 1,3 1,1 

T50 [°C] 41 55 56 46 60 64 

t50 [h] 0,8 21 >24 3,9 >24 >24 

 (BT - bovine trypsin, ACD-BT - trypsin modified with α-cyclodextrine and BCD-BT - trypsin modified with β- 

cyclodextrine) in Michaelis’s constants Km [mM], temperature stabilities T50 [°C] and time-degradation 

stabilities t50 [h]. All characteristics were measured with artificial substrate BAPNA (Nα -benzoyl-DL-

arginine-4-nitroanilide) spectroscopically (λ = 405 nm). 

The positive improve of characteristic by immobilization of trypsin on bacterial nanoparticles of magnetite 

was determined in all experiments. Additionally we will focus on usage of immobilized enzyme in MALDI-

TOF peptide mass fingerprinting.  
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Abstract 

Nanotechnology is getting still more attention and is becoming emerging topic of recent days. Its biological 

and medical approaches and applications are opening novel, unpredicted and efficient ways of solving 

health issues that is why the extraordinary field of bionanotechnology is shaping into one of the leading 

sciences of the 21st century… Goal of the project is to functionalize Fe3O4 magnetic nanoparticles, which 

according to chemical groups attached at the surface, are able to bond to special pathogens (bacteria or 

virus) and being easily manipulated by magnetic field, they can be removed from the system taking the 

pathogens with them as well. Nanoparticles are produced by 'wet' chemical way under special conditions. 

Final product is tens of nanometers in diameter and possesses special superparamagnetic properties, which 

give it ability to be manipulated while working in complex biological systems such as human body. Shape 

and size of nanoparticles are evaluated using AFM, magnetic properties measured by Mössbauer 

Spectroscopy and Superconducting Quantum Interference Device (SQUID). Surface of the particles is 

stabilized and treated, so that they maintain their unique properties and remain stable and separated. 

Certain chemical groups, proteins or residues are attached onto the surface to functionalize it. Particles are 

then ready to play a key role in recognition of the pathogens bonding to the surface of nanoparticles and 

following applied magnetic field to get out of the system. 

Keywords: nanoparticles, magnetic, domain, biomedical application 

1. INTRODUCTION  

Magnetic nanoparticles offer many attractive possibilities in the fields of biology and medicine. First, they 

have controllable sizes ranging from a few nanometers up to tens of nanometers, which places them at 

dimensions that are comparable to those of a cell (10-100 µm), a virus (20-450 nm), a protein (5-50 nm) or 

a gene (2 nm wide and 10-100 nm long). Thus they have 'right size' with ability to interact with or bind to 

biological entities of interest. Second, the nanoparticles are magnetic, which means that they obey 

Coulomb’s law, and can be manipulated by an external magnetic field. 

This opens up many applications involving the transport and/or immobilization of magnetic nanoparticles, 

or of magnetically tagged biological entities. In this way drugs can be delivered to a targeted region of the 

body, such as infection area, tumor, etc. Third, nanoparticles have a large surface that can be modified to 

attach chemical or biological agents. Indeed, they can be coated with chemical and biological molecules to 

make them interact with or bind to a biological entity. Forth, the magnetic nanoparticles can be made to 

resonantly respond to a time-varying magnetic field, resulting into the transfer of energy from the exciting 

field to the nanoparticle. The particle can be made to heat up, which leads to their use as hyperthermia 



  20. - 22. 10. 2009, Roznov pod Radhostem, Czech Republic, EU 

 
 

S3 - NANOBIOTECHNOLOGY, NANOMEDICINE, SAFETY   319   

 

agents, delivering toxic amounts of thermal energy to targeted bodies such as tumors. These, and many 

other potential applications, are made available in biomedicine as a result of the special physical properties 

of magnetic nanoparticles. 

2. PHYSICAL PROPERTIES OF MAGNETIC NANOPARTICLES 

Magnetic effects are caused by movements of particles that have both mass and electric charge. These 

particles are electrons, holes, protons, positive and negative ions. A spinning electric charged particle 

creates a magnetic dipole, so-called magneton. In ferromagnetic materials, magnetons are associated in 

groups. A magnetic domain (also called a Weiss domain) refers to a volume of ferromagnetic material in 

which all magnetons are aligned in the same direction by the exchange forces. This concept of domains 

distinguishes ferromagnetism from paramagnetism. The domain structure of a ferromagnetic material 

determines the size dependence of its magnetic behavior. When the size of a ferromagnetic material is 

reduced below a critical value, it becomes a single domain. Fine particle magnetism comes from size 

effects, which are based on the magnetic domain structure of ferromagnetic materials. It assumes that the 

state of lowest free energy of ferromagnetic particles has uniform magnetization for particles smaller than 

a certain critical size and nonuniform magnetization for larger particles. The former ones are referred to as 

single-domain particles, while the latter are called multidomain particles. According to the magnetic 

domain theory, the critical size of the single domain is affected by several factors including the value of the 

magnetic saturation, the strength of the crystal anisotropy and exchange forces, surface or domain-wall 

energy, and the shape of the particles. Reaction of ferromagnetic materials on an applied field is well 

described by hysteresis loop, which is characterized by two main parameters - remanence and coercivity. 

The latter is related to the 'thickness' of the 

curve. Dealing with fine particles, the 

coercivity is the single property of most 

interest and it is strongly size-dependent. It 

has been found that as the particle size is 

reduced, the coercivity increases to a 

maximum, and then decreases toward zero 

(Figure 1).   

Fig.1 Schematic illustration of the coercivity-size relations of small particles 

When the size of single-domain particles further decreases below a critical diameter, the coercivity 

becomes zero and such particles become superparamagnetic. Superparamagnetism is caused by thermal 

effects. In superparamagnetic particles, thermal fluctuations are strong enough to spontaneously 

demagnetize a previously saturated assemble, therefore these particles have zero coercivity and have no 

hysteresis. Nanoparticles become magnetic in the presence of an external magnet, but revert to a non 

magnetic state when the external magnet is removed. This avoids an 'active' behaviour of the particles 

when there is no applied field. Introduced in the living systems, particles are 'magnetic' only in the 

presence of external field, what gives them unique advantage in working in biological environments. There 

are a number of crystalline materials that exhibit ferromagnetism - among others Fe, Co or Ni. Since ferrite 

oxide - magnetite (Fe3O4) is the most magnetic of all the naturally occurring minerals on earth, it is widely 

used in the form of superparamagnetic nanoparticles for all sorts of biological applications. 
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3. SYNTHESIS OF NANOPARTICLES 

The synthesis of the Fe3O4 particles was based on a procedure reported by Wooding met al. (5), in which 

the coprecipitation of Fe(II) and Fe(III) salts by NH4OH at 60 °C was conducted. The procedure was modified 

and improved to yield superparamagnetic monodisperse nanoparticles that were strongly attracted to a 

permanent magnet. 

 

Fig 2 Synthesized Fe3O4 nanoparticles reacting to permanent magnet. 

The major difficulty in the synthesis of ultrafine particles is to control the particle size at the nano-scale. 

This difficulty arises as a result of the high surface energy of these systems. The interfacial tension acts as 

the driving force for spontaneously reducing the surface area by growing during the initial steps of the 

precipitation (nucleation and growth) and during aging (Ostwald ripening). Also, magnetically active 

particles applicable in biological systems should be stable units composed of a high concentration of 

superparamagnetic nanoparticles, monodisperse in size and uniform in magnetic particle concentration. 

There are two ways, how to prevent particle aggregation caused by van der Waals forces or magnetic 

dipolar interactions. Either by interparticle repulsions created by ionized surface hydroxyl groups when 

oxide particles are synthesized in water under basic pH conditions, or nanoparticles can be coated by 

surfactants or polymers. The iron core particle is usually protected by several layers of certain materials 

providing stability, biocompatibility or functionalization. The nanoparticle surface needs to be 

functionalized with recognition elements to interact selectively with target molecules for biological 

applications. However, more often an additional layer of linker molecules is required to proceed with 

further functionalization. This linear 

linker molecule has reactive groups 

at both ends - one group is aimed at 

attaching the linker to the 

nanoparticle surface and the other is 

used to bind various chemical 

moieties like biocompatibles 

(dextran), antibodies, fluorophores 

etc., depending on the function 

required by the application. 

a) magnetic nanoparticles b) magnetic nanoparticles with sipomer 

Fig 3 Synthesized Fe3O4 show by TEM, a) γ-Fe3O4 nanoparticles, b) γ-Fe3O4 nanoparticles with sipomer 

4. MEASURED PROPERTIES AND CHARACTERISTICS 

Transmission Electron Microscopy (TEM) and Atomic Force Microscopy (AFM) allow one to calculate 

particle size and shape (Figure 3). It is well suited for magnetic particles as they are constituted of heavy 
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metals such as iron or cobalt. Its data may provide a histogram of diameters and log-normal size 

distribution. In Mössbauer Absorption Spectroscopy, a solid sample is exposed to a beam of gamma 

radiation, and a detector measures the intensity of the beam that is transmitted through the sample, which 

will change depending on how many gamma rays are absorbed by the sample. This technique is perfectly 

suitable for measuring the phase composition of iron nanoparticles, also providing their magnetic 

properties, while Superconducting Quantum Interference Device (SQUID) is used to measure extremely 

small magnetic fields and hysteresis characteristics of weak ferromagnets (Figure 4). Presently, synthesized 

nanoparticles are being evaluated using AFM and magnetic properties measured by Mössbauer 

Spectroscopy and SQUID techniques. 

a) hysteresis of magnetic nanoparticles with sipomer            b) hysteresis of magnetic nanoparticles 

Fig. 4 Synthesized Fe3O4 charakterized by SQUID a) γ-Fe3O4 nanoparticles with sipomer, b) γ-Fe3O4 nanoparticles  

5. PROSPECTIVE APPLICATION OF THE PROJECT 

It is extremely advantageous to separate out specific biological entities from their native environment in 

biomedicine. Magnetic separation using biocompatible magnetic nanoparticles is performed in this project 

to 'harvest' pathogens of our interest. Functionalized magnetic carriers working as 'nanoharvesting agents' 

are mixed with a sample containing target biological entity. After an incubation period when the target 

entity bind to the magnetic particles the whole magnetic complex is easily removed from the sample using 

an external magnetic field gradient. After washing out the non-target compounds, the isolated target entity 

can be obtained by denaturizing the solution and separating out the nanoparticles (Figure 5).  

This magnetic separation technique has several advantages. It is very simple, with only a few handling steps 

and it is the only feasible method for recovery of small magnetic particles at nano-scale in the presence of 

biological debris and other fouling material of similar size. The method is powerful and efficient, what gives 

the project an ability to succeed in various difficult biomedical tasks, as a separation of harmful pathogens 

out of the human body undoubtedly is. 

6. NANOSTRUCTURED METALS 

So far we have been exploiting the advantageous size of the nanoparticles in combination with their 

magnetic properties. Huge surface to volume ration in nanoparticles gives us opportunity to use their 

chemical properties. Example is antibacterial effect of silver nanoparticles. These have great affinity 

towards sulfhydril groups on the surface of bacteria. Binding of a silver atom to these groups disrupts the 

metabolism of the bacteria and they tend to die out. This application has been already successfully 
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implemented into practice. There are disinfection liquids containing silver nanoparticles and even socks 

containing these nanoparticles in order to prevent the odour.  

Fig 5 Separating process using functionalized 

'nanoharvesting' magnetic nanoparticles. 

Another extraordinary property of noble metal 

nanoparticles is their localized surface plasmon 

(LSP). LSP occurs in many different metals, 

however, this phenomenon is strongest in gold 

and it is also studied mainly in this metal. 

Again, there are different possibilities how to 

employ this property into practice. Detectors 

using conventional surface plasmon resonance 

are already common equipment in a biological 

research. Employing the LSP resonance would 

introduce several advantages: no need to reuse 

the detectors, the nanoparticles can be simply thrown out with the sample; detectors in food industry to 

detect toxins in food would benefit from this. Functionalising of the magnetic nanoaparticle's surface for 

specific interaction it is possible to bind them to specific tissue and use them as markers to enhance nuclear 

magnetic resonance (NMR) contrast. All these applications are 

very promising and many new possibilities are still emerging. In 

order to employ magnetic and metallic nanoparticles into 

everyday clinical practice it is necessary to establish reliable and 

reproducible methods for their preparation and subsequent 

functionalization.  

Fig 6 The superhydrophobic treatment of plastic surfaces 

7. NANOSTRUCTURED SURFACE 

When talking about biomedical applications of nanoparticles it is 

common to concern the colloidal nanoparticles. However, organized structured of nanoparticles can play 

important role in fields of biology. Common example is 2-dimensional arrays of golden nanoparticles used 

as sensors based on localized plasmon resonance. Catheters provided with this kind of nanostructured 

surface can be used as very instant, simple and cheap detectors for various pathogenes in blood. An 

example of non-metallic nanostructured surface can be the superhydrophobic treatment of plastic surfaces 

(Figure 6). By nanostructuring the surface of polystyrene we are able to tailor its affinity to water. We can 

use this method by cell cultivation, when the cells grow in preferred regions while they are not able to 

survive on the places. Different patterns can be figured out to promote different cell behavior. 

8. SUMMARY 

• synthesis of superparamagnetic nanoparticles was accomplished leaving satisfying results for the 

following functionalization and optimal surface treatment, which is being sought at this time 
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• measurements of magnetic properties and characteristics are being performed presently using 

Mössbauer Spectroscopy and SQUID measuring techniques, and characterization of the nanoparticles 

is being evaluated by AFM microscopy  

• separating process is prepared for application of the technique of harvesting selected pathogens 

using antibody functionalized nanoparticles - done in cooperation with the Department of 

Microbiology 
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Abstract 

Electrospray is an old processing technique that has recently been rediscovered. This technology is 

revolutionizing the biomaterials and nanotechnology fields by opening up new areas of research in 

fabricating drug delivery nano-devices. Due to their size, nanoparticles have the advantage of reaching less 

accessible sites in the body by escaping phagocytosis and entering tiny capillaries. Nanoparticles also have 

the unique property to accumulate at the site of inflammation and therefore, are very suitable for targeted 

drug delivery. The feasibility of fabricating relatively monodispersed polymeric nanoparticles by 

electrospray method in a modified electrospray setup is demonstrated in this study. The process comprises 

of dissolving desired polymer, in this study PLGA and PEG, in a volatile solvent, here acetonitril. The 

solution is then electrosprayed in the single cone-jet regime through a nozzle. After solvent evaporation 

during the path of which particles pave from the nozzle to collector, the fabricated nanoparticles can be 

collected in DI water which plays the role of surfactant for particles not letting them to aggregate. The 

results of SEM analysis clearly confirm the fabrication of monodispersed spherical polymeric nanoparticles 

with diameter range from 80 to 120 nm with smooth surface. The optimum processing variables of polymer 

concentration, voltage difference, and flow rate are 0.04 %w/v, 10 kV, and 0.01 ml/h for PLGA 

nanoparticles fabrication and 0.3 %w/v, 8 kV, and 0.01 ml/h for PEG nanoparticles fabrication. 

Keywords: spray mode, polymer concentration, SEM, PLGA and PEG 

1. INTRODUCTION 

Different fabrication methods such as solvent evaporation, single emulsion, and double emulsion are 

commonly employed to fabricate polymeric nanoparticles [1]. However, the size distribution is broad and 

the process is hard to scale up. Most importantly, biofuctionalities of drugs, especially for 

biomacromolecules were lost due to exposure to harsh chemicals such as organic solvents, high shear 

stress, aqueous organic interfaces, or extreme conditions such as elevated temperature [2]. 

On the other hand, a technique has successfully demonstrated its ability to disperse masses of liquids into 

very fine mists. This technique is Electro-hydrodynamic atomization in the cone-jet mode commonly 

referred to as Electrospray. The electrospray technique has proved to be soft [3] and powerful technique 

that can be either scale up easily for mass production through the use of multiplexed spray sources, or 

miniaturized to portable devices for encapsulation and delivery of drugs for patient specific needs [4]. The 

application of this method ranges from the celebrated ionization method for analyzing biomolecules, by 

which John B. Fenn shared the Nobel Prize in chemistry in 2002, to space propulsion, production of thin 

films and microparticles coating, pesticides dispersion, and microparticles fabrication [5]. However, 

electrospray in cone-jet mode has not been reported to fabricate polymeric nanoparticles so far. 
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In the most general sense, electrospray is a method of generating a very fine liquid aerosol through 

electrostatic charging, rather than the more familiar gas (pneumatic) method. Electrospray, as the name 

implies, uses electricity instead of gas to form the droplets. In electrospray, a liquid is passing through the 

nozzle. The plume of droplets is generated by electrically charging the liquid to a very high voltage. The 

charged liquid in the nozzle becomes unstable as it is forced to hold more and more charges. Soon, the 

liquid reaches a critical point, at which it can hold no more electrical charge and at the tip of the nozzle it 

blows apart into a cloud of tiny, highly charged droplets. These tiny droplets are less than 10 µm in size and 

fly about searching for a potential surface to land on that is opposite in charge to their own. As they fly 

about, they rapidly shrink as solvent molecules evaporate from their surface. Since it is difficult for charge 

to evaporate, the distance between electrical charges in the droplet dramatically decreases. If the droplet 

cannot find a home in which to dissipate its charge in time, the electrical charges reaches a critical state 

and the droplet will violently blow apart again [6]. 

In this study, we will present the electrospray as a novel method of nanoparticle fabrication in order to 

yield nanoparticles in diameter less than 200 nm with narrow size distribution. We fabricated 

biodegradable PLGA and biocompatible PEG nanoparticles as two applicable polymers in drug delivery 

systems. The mean size and morphology of generated nanoparticles at optimized parameters such as 

solution flow rate, solution concentration, and voltage difference between two electrodes were evaluated 

by using Scanning Electron Microscope (SEM) analysis. 

2. EXPERIMENTS AND RESULTS 

2.1 Spray modes 

Different spray modes can be achieved by adjusting the potential difference between two electrodes in the 

electrospray process [7]. These modes are characterized by the shape of the surface from which the liquid 

jet originates [8]. These modes have significant effects on droplet size distribution. The three distinct spray 

modes are single spray cone mode, multiple spray cone mode, and dripping mode, which are shown in 

Figure 1.  

                     

               (a)                                                    (b)                                                 (c)  

Fig. 1: Three distinct electrospray modes. (a)Single spray cone mode, (b)Multiple spray cone mode, and 

(c)Dripping mode 

In the single spray cone mode, only one steady spray cone was observed with the cone axis slightly rotating 

around the spray nozzle axis; in the multiple spray cone mode, several unstable thin cones were observed 

revolving around the rim of the spray nozzle; there was no spray cone observed in the dripping mode with 

liquid dripping down at a speed higher than that of natural dripping [7]. Observations in this study show 
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that in constant process variables of flow rate, spray solution concentration, and system geometry, the 

applied voltage differences between two electrodes play key roles in determining the spraying pattern. This 

phenomenon has already been investigated in the literature [9].  

Observations showed that single spray cone mode is the most desired operating regime for particle 

fabrication [3] owing to the fact that the single spray cone mode is able to fabricate particles with the most 

narrow size distribution.  

2.2 Possible mechanisms of particle formation 

Three different mechanisms exist for particle formation depending on the surface charge density and the 

droplet surface tension. First of all, when the surface charge density is very low, the Rayleigh limit is never 

reached even though the diameter of the droplets keeps shrinking due to solvent evaporation; therefore, 

no coulomb fission occurs. The second possible mechanism is that the surface charge density is very high, 

which causes the particles to disintegrate rapidly and form nanoparticles. The third suggested mechanism 

of particle formation is that the surface charge density is not very high first, but will reach the Rayleigh limit 

after solvent evaporation due to shrinking of the droplets. This coulomb fission causes the disintegration of 

particles to form nanoparticles. 

When coulomb fission occurs, the particle size distribution will change. Thus, the main possible mechanism 

for nanoparticle formation in this study could be the first mechanism because of the uniformity of particle 

size observed. 

2.3 Processing variables 

Different processing variables such as solution flow arte, polymer concentration, and conductivity of the 

solution have been investigated to evaluate their effects on the nanoparticle fabrication [10]. It is found 

that increasing solution flow rate from 0.01 to 10 ml/h will increase the particle size as shown in Figure 2. 

Our observations showed that solution flow rate is the predominant factor for determining the particle size, 

and we can fabricate smaller particles simply by decreasing the solution flow rate. Moreover, solution 

concentrations between 0.01 to 0.1% w/v for PLGA, and 0.1 to 1% w/v for PEG resulted in more spherical 

particles with better morphology and smoother surface, which is confirmed by images in Figures 3 and 4. 

Rounder particles with smooth surface would have a relatively lower surface to volume ratio and hence a 

slower degradation rate.  

It is concluded that high polymer concentration causes premature drying of the droplets at the orifice tip, 

whereas too low concentration causes solvent saturation at the collector. Furthermore, it is observed that 

higher polymer concentration results in larger particles possibly because there is more polymer mass in 

each droplet and thus after the solvent evaporation, more solid is left in each particle. Our experiments 

indicated that, for a given voltage and liquid flow rate, an optimal concentration exists that optimizes both 

the size and the structure of the resulting polymeric nanoparticles. Another important process variable is 

solution conductivity. It has been observed that particle size increases with decreasing solution conductivity 

[10].  
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Fig. 2: Particle size changes 

versus solution flow rate at 

constant processing variables of 

solution concentration: 0.01 

%w/v for PLGA and 0.1 %w/v for 

PEG, voltage difference: 10 kV 

for PLGA and 9 kV for PEG 

2.4 Morphology 

The morphology of nanoparticles 

was observed by SEM. 

Nanoparticles fabricated by 

electrospray generally have a 

smooth surface and uniform 

morphology. Through the principle of mass conservation, the relation between final spherical particle size 

(dp), initial droplet size (d), and weight fraction of solid materials (w) is given by following equation [11]: 
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Where sρ and pρ are the densities of the solvent and the solid material, respectively. Figures 5 and 6 

represent the comparison between calculated and experimental values of particle size for PLGA and PEG. 

The well conformity of these two curves could be attributed to the spherical shape of nanoparticles.  

Therefore, controllable morphology of particles could be achieved by electrospary. These results suggest 

that uniformly round polymeric nanoparticles could be obtained by electrospray in the single spray cone-jet 

mode.  

2.5 Nanoparticle size analysis 

The size of the fabricated nanoparticles can be evaluated by a comparison of the shrinking rate of droplets 

and the diffusion of the polymer molecule in the droplets. The diffusion rate of PLGA and PEG molecules in 

liquid solvent would be very slow on the ground that polymers are large macromolecules. Due to surface 

evaporation of solvent, the droplet shrinks and consequently there would be an increasingly higher 

concentration of polymer near the surface of the droplets. As solvent evaporated from the surface, the 

polymer concentration increased and a shell of solid polymer would be formed on the surface of the 

droplets. In our investigations, we found that when the concentration of PLGA and PEG inside the droplets 

was less than 0.04 and 0.3 %w/v, the formation of fragmented particles was observed. This phenomenon is 

explained by considering the fact that when the solvent has evaporated, a thin shell of polymer 

macromolecules was formed. Because the polymer concentration is very low, the core of the particle would 

be structurally weak, and therefore the shell would collapse and the thin shell would fragment into 

individual pieces. When the concentration of polymer is within the range of 0.04 to 0.1 %w/v for PLGA and 

0.3 to 1 %w/v for PEG, spherical nanoparticles of similar size with thicker surface polymer shell were 

obtained. In this case, the polymeric shell would not collapse after solvent evaporation owing to the fact 

that the cores of the particles were structurally stronger due to presence of more solutes. Within this 
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concentration range, the higher the polymer concentration, the better mechanical strength of particle 

would reach. For concentrations larger than 0.1 %w/v for PLGA and 1 %w/v for PEG, it was observed that by 

increasing the polymer solution concentration, the size of the fabricated particles is increased due to high 

concentration of polymer established on the surface of the droplets.  

 

                                             (a)                                                                                   (b) 

 

                                            (c)                                                                                     (d)  

 

                                             (e)                                                                                     (f) 

Fig. 3: Effect of solution flow rate and solution concentration on fabricated PLGA nanoparticles. 

SEM images (a) to (c) show the results of decreasing flow rate from 3 ml/h (a) to 1.5 ml/h (b) and to 0.05 

ml/h (c) at constant solution concentration of 0.02 %w/v on particle size. 

SEM images (d) to (f) show the results of decreasing solution concentration from 0.1 %w/v (d) to 0.07 %w/v 

(e) and to 0.03 %w/v (f) at constant flow rate of 0.5 ml/h on particle morphology. 
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                                            (a)                                                                                   (b) 

 

                                            (c)                                                                                     (d) 

 

                                             (e)                                                                                     (f) 

Fig. 4: Effect of solution flow rate and solution concentration on fabricated PEG nanoparticles 

SEM images (a) to (c) show the results of decreasing flow rate from 3 ml/h (a) to 2 ml/h (b) and to 1 ml/h (c) 

at constant solution concentration of 0.3 %w/v on particle size. 

SEM images (d) to (f) show the results of decreasing solution concentration from 1 %w/v (d) to 0.5 %w/v (e) 

and to 0.1 %w/v (f) at constant flow rate of 0.5 ml/h on particle morphology. 
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Fig. 5: Comparison between calculated and experimental values of particle size for PLGA  
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Fig. 6: Comparison between calculated and experimental values of particle size for PEG 

3. CONCLUSION 

We have demonstrated the capability of the electrospray as a viable, attractive and promising method to 

produce size predictable nanoparticles with monodispersity in comparison with conventional fabrication 

techniques. Particle size analysis obtained from SEM images showed that quasi-monodispersed 

nanoparticles with average diameter of approximately 100 nm can be produced by operating the 

electrospray in the single spray cone-jet mode. It was investigated that smaller particles can be fabricated 

by decreasing the polymer solution concentration and/or by spraying the solution in lower flow rates. 

Morphology and particle size analysis illustrated that fabricated nanoparticles are clearly spherical with 

smooth surface. The optimum values of the electrospray parameters were applied in this study, though the 

process was not fully optimized. For PLGA nanoparticle fabrication, the preferred parameters were 0.04 

%w/v polymer concentration, 10 kV voltage difference, and 0.01 ml/h flow rate. These values were 0.3 

%w/v polymer concentration, 8 kV voltage difference, and 0.01 ml/h flow rate for PEG. 
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Abstract 

Magnetic nano- and microparticles have already found many important applications in various areas of 

biosciences, medicine, biotechnology, environmental technology etc. These smart materials exhibit 

different types of response to external magnetic field. In most cases they can be described as composite 

materials, where the magnetic properties are caused by the presence of iron oxides nano- or 

microparticles. In this paper attention will be focused on nanobiocomposites where the diamagnetic part of 

magnetic composites is formed by microbial and algae cells. Such materials can be efficiently separated 

from difficult-to-handle samples and be used as xenobiotics adsorbents or whole cell biocatalysts.   

Keywords: magnetic nanobiocomposites, application 

1. INTRODUCTION 

Nanocomposites are materials that are usually created by introducing appropriate nanoparticles (often 

referred to as filler) into a macroscopic sample material (often referred to as the matrix). The resulting 

nanocomposites may exhibit drastically changed mechanical, optical or magnetic properties. Such materials 

are of great importance for new scientific and technological applications [1].  

Materials whose physical properties can be varied by application of external magnetic fields belong to a 

specific class of smart materials. The broad family of magnetic field-controllable materials includes 

ferrofluids (magnetic fluids), magnetorheological fluids, magnetic polymers, magnetic inorganic materials, 

magnetically modified biological structures, magnetic particles with bound biomolecules etc. In many cases 

magnetically responsive composite materials consist of small magnetic particles (most often formed by 

magnetite, maghemite or various ferrites), usually in the nanometer to micrometer range, dispersed in a 

polymer, biopolymer or inorganic matrix; alternatively magnetic particles can be adsorbed on the outer 

surface of diamagnetic particles, such as microbial cells. Different chemical routes for the synthesis of 

superparamagnetic iron oxide nanoparticles (classic synthesis by precipitation, high-temperature reactions, 

reactions in steric environments, sol-gel reactions, decomposition of organometallic precursors, polyol 

methods, etc.) and their use for the preparation of magnetically responsive composite materials have been 

reviewed recently. In addition to synthetic magnetic nano- and microparticles, biologically produced 

magnetic particles (e.g., magnetosomes present in various magnetotactic bacteria) have been successfully 

used for biotechnology applications [1].  

Magnetic nano- and microparticles have found many important applications in various areas of biosciences, 

medicine, biotechnology, environmental technology etc. In most cases magnetic composite particles, 

prepared from biocompatible synthetic polymers (e.g., polylactic acid, polyvinyl alcohol, polyethylene 

glycol, polystyrene), biopolymers (e.g., cellulose, chitosan, dextran, starch, agarose, alginate, albumin, 

whole egg white), silica or porous glass have been used. These particles can be efficiently separated from 

difficult-to-handle samples (e.g., suspensions or viscous solutions) and targeted to the desired place, used 

as contrast agents for magnetic resonance imaging, to generate heat during exposure to alternating 
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magnetic field, to modify biomolecules and biological structures etc. Different areas of biosciences and 

biotechnology have already benefited from the application of biologically active compounds (antibodies, 

enzymes, lectins, nucleic acids, oligonucleotides, specific affinity ligands)  immobilized to magnetic nano- 

and microparticles (e.g., immunomagnetic assays of target compounds, affinity separation of cells, cell 

organelles or molecules, molecular biology applications, magnetofection, etc.). Biocompatible and 

biodegradable magnetic materials have been used as contrast agents during magnetic resonance imaging, 

for magnetic drug targeting, magnetic fluid hyperthermia and detoxification of biological fluids. 

Magnetically responsive microbial cells or lignocellulose, useful for xenobiotics removal, have been 

prepared by ferrofluid modification of the starting materials [1].  

This short paper will show selected examples of new types of magnetically responsive nanobiocomposite 

materials prepared from microbial and algae cells and their possible applications.  

2. MAGNETIC CELL-BASED NANOBIOCOMPOSITES  

An absolute majority of prokaryotic and eukaryotic cells is diamagnetic (i.e., without magnetic properties). 

In order to prepare magnetically responsive cells, the native cells have to be magnetically modified, usually 

by forming complexes with magnetic nano- and microparticles. Generally the cells can be modified by the 

non-specific attachment of magnetic nanoparticles (e.g., by the magnetic fluid treatment), by binding of 

maghemite or magnetite particles on the cell surface, by specific interactions with immunomagnetic nano- 

and microparticles, by the biologically driven precipitation of paramagnetic compounds on the cell surface, 

by covalent immobilization on magnetic carriers, by cross-linking of the cells or isolated cell walls with a 

bifunctional reagent in the presence of magnetic particles or by entrapment (together with magnetic 

particles) into biocompatible polymers. In most cases the magnetic properties of the modifiers are caused 

by the presence of nano- or microparticles of magnetite (Fe3O4) or maghemite (γ-Fe2O3); in some cases also 

ferrite particles or chromium dioxide particles have been used. Alternatively the modification can be 

performed by binding paramagnetic cations on acid groups on the cell surface. In many cases the attached 

magnetic particles or ions do not have a negative effect on the viability and phenotype alternation of 

modified cells [2].  

2.1  Preparation of ferrofluid modified microbial cells 

Several procedures for magnetic modification of yeast cells (i.e., baker’s yeast (Saccharomyces cerevisiae), 

brewers’s yeast (Saccharomyces cerevisiae subsp. uvarum) and fodder yeast (Kluyveromyces fragilis)), algae 

cells Chlorella vulgaris and fungal mycelium of Aspergillus niger have been developed recently.   

Two strategies can be used for magnetic labeling of dead cells used as xenobiotics adsorbents. In the first 

protocol the cells were washed several times with saline or with 0.1M acetic acid. One milliliter of ferrofluid 

was added to 3 mL of the suspension of washed cells (1 + 3, v/v) in 0.1 M acetic acid or in 0.1 M acetate 

buffer, pH 4.6,  and the suspension was mixed at room temperature for 1 h. The residual ferrofluid was 

removed by washing with acetic acid or acetate buffer and then by repeated washing with water, until the 

supernatant was clear; the magnetized cells were captured using an appropriate magnetic separator. The 

resultant magnetic adsorbent was stored in a water suspension at 4 ◦C [3]. The second protocol is derived 

from the procedure for magnetic modification of sawdust [4]. Dried microbial cells (0.5 - 1 g) were 

suspended in 7 - 14 ml of methanol and 1 ml of ferrofluid was added. The suspension was mixed on a rotary 

mixer for 1 h. The magnetically modified cells were then repeatedly washed with methanol and air-dried.  
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To prepare magnetically responsive whole cell biocatalysts, living baker’s yeast cells were suspended in 0.1 

M glycin-NaOH buffer, pH 10.6 and then ferrofluid stabilized with tetramethylammonium hydroxide (pH 

13.0) was added [5]. 

2.2. Adsorption of xenobiotics  

Magnetically modified microbial and algae cells were tested as possible adsorbents for binding of different 

substances. They efficiently adsorbed different organic compounds, such as water-soluble organic dyes, 

and mercury ions. Eight different dyes belonging to four dye classes were tested, namely, crystal violet and 

aniline blue (triphenylmethane group), amido black 10B, congo red, Saturn blue LBRR and Bismarck brown 

Y (azodyes group), acridine orange (acridine group) and safranin O (safranin group). Preliminary 

experiments also showed that adsorption properties of microbial and algae cells were not significantly 

influenced by magnetic modification. The adsorption of the tested dyes usually reached equilibrium in 

approximately 30-120 min. In order to achieve equilibrium during the adsorption process, an incubation 

time of 3 h was used for all adsorption experiments. 

It was shown that Langmuir adsorption isotherm can be generally used to describe the adsorption 

behaviour. The Langmuir model allows simple calculation 

of maximum adsorption capacity Qmax, which is a very 

important parameter describing the adsorption process. 

The results obtained for the magnetically modified 

microbial and algae cells are presented in Table 1. It can be 

clearly seen that maximum adsorption capacities differs 

substantially, depending both on the dye tested and 

magnetic adsorbent used. 

Fig. 1. SEM micrograph of ferrofluid modified 

Saccharomyces cerevisiae cell 

2.3  Magnetically responsive whole cell biocatalysts 

Living yeast cells magnetically modified under gentle conditions (see Fig. 1) can serve as efficient 

biocatalysts. Magnetic cells were used to catalyze hydrogen peroxide decomposition and invert sugar 

formation from sucrose, using the intracellular enzymes catalase (hydrogen-peroxide: hydrogen-peroxide 

oxidoreductase, EC 1.11.1.6) and invertase (β-D-fructofuranosidase, E.C. 3.2.1.26). Readily available baker’s 

yeast cells are of special interest, due to their broad application in food industry; they are classified as  

“Generally recognized as safe (GRAS)“. Also iron oxides and hydroxides are used in food industry as 

inorganic colorants (E172). Thus, magnetically responsive Saccharomyces cerevisiae cells represent a non-

toxic, smart whole cells biocatalyst for potential applications in food industry and biotechnology processes 

[5].  
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Table 1. Comparison of maximum adsorption capacities (Qmax) of magnetically modified microbial and algae 

cells and mycelium for the tested dyes.  

Dyes Maximum adsorption capacities of magnetically responsive biomaterials 
Saccharomy-ces 

cerevisiae 
Saccharomyces cerevisiae 

subsp. uvarum 
Kluyveromy-
ces fragilis 

Aspergil-
lus niger 

Chlorella 
vulgaris 

Qmax Qmax Qmax Qmax Qmax 
Acridine orange 82.2  62.2   
Amido black 10B  11.6 29.9   
Aniline blue 430.2 228.0   257.9 
Bismarck brown   75.7  201.9 
Congo red  93.1 49.7  156.7 
Crystal violet 85.9 41.7 42.9 79.1 42.9 
Safranin O 90.3 46.6 138.2 51.5 115.7 
Saturn blue LBRR   33.0  24.2 

3.  CONCLUSION 

Due to the low price of biological components (in selected cases waste microbial biomass can be used) and 

the simplicity of magnetic modification these types of magnetically responsive biocomposites can be 

considered for possible large scale applications in biotechnology and environmental technology.  
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Abstract 

At the present time nanotechnology is one of the most developing field of science. Despite of the huge 

progress in the basic research, many questions remain unanswered, especially those connected with 

practical applications of nanotechnology. Nevertheless nanomaterials are used almost in all fields of human 

doing and thus they are widely discussed, not only by scientists but also by general community. The debate 

on economic, social and ethical aspects of nanotechnology increases not only in USA, but today also in 

Europe. Safety and health protection at work with nanomaterials are very important issues to debate. In 

this article we focus on the most serious problems with safety of nanotechnology. These problems will be a 

main topic of the Scientific Hearing on risk assessment of nanomaterials at September 2009 in Brussels, 

which is organized by PEROSH (Partnership for European Research in Occupational Safety and Health) and 

NEW OSH ERA (New and Emerging Risks in Occupational Safety and Health - Anticipating and dealing with 

change in the workplace through coordination of OSH risk research). Occupational Safety Research Institute, 

v.v.i. will represent Czech Republic on the symposium. A goal of our institute is participate actively in a 

work of this special committee. Whereas nanotechnology is a quite broad issue, we would like to 

collaborate with other Czech organizations either academic or industrial. 

Keywords:  nanomaterials, PEROSH, NEW OSH ERA, occupational safety and health, research priorities, 

Occupational Safety Research Institute 

1. INTRODUCTION 

Nanotechnology has already vast potential uses in medicine, transport, construction, communications, 

textiles, cosmetics, food, chemical and ceramic industries, energy, aerospace, electrical engineering, in 

manufacturing of sports equipment or even everyday things. It can therefore be assumed that, as in the 

case of information technology, nanotechnology will gradually reach into almost all fields of human activity, 

and soon will frequently play o role in everyday life. Although nanotechnology is currently one of the most 

discussed topics of experts and the lay public, there are still some unanswered practical questions. The 

main question marks are associated with utility properties of nanomaterials and also their toxicity, which 

research is still at the very beginning. Potentially the most vulnerable workers in these days (with regard to 

professional exposure) are workers who come with nanoparticles into direct contact during their 

production, processing and laboratory research. For these reasons it is necessary to put a priority emphasis 

on the occupational safety and health (OSH) with nanomaterials. Safety issues of working with 

nanoparticles and their toxicity, especially protection from exposure to nanoparticles, are becoming 

increasingly important. This has to be solved globally and in parallel with other research. Having regard on 

the wide range of aspects and rapid development in the field of nanotechnology is a very difficult and long-

term task, whose solution is impossible without cooperation between a number of experts from academia 

and industry. 
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2. OCCUPATIONAL SAFETY AND HEALTH WITH NANOMATERIALS IN THE EU 

In the European Community Strategy on OSH for the period 2007-2012 is laid down (by the European 

Commission) to Member States as one of the tasks the identifying of health risks of working with new 

materials and technological processes. In this context, it is also specifically mentioned working with 

nanomaterials and nanotechnologies. The European Union is addressing OSH issues to the European 

Agency for Safety and Health at Work (EU-OSHA), which is currently involved in an interesting project NEW 

OSH ERA (New and Emerging Risks in Occupational Safety and Health - Anticipating and dealing with change 

in the workplace through coordination of OSH risk research) [1]. This project is focused on emerging OSH 

risks and anticipating and managing changes in the workplace associated with those risks. As a part of this 

"new" risks (defined in sum of 7) are defined risks associated with exposure to nanoparticles [2]. In addition 

to EU-OSHA at the NEW OSH ERA project involved a further 19 subjects from the 11 most developed 

countries, which shows that the European Union attaches particular importance to this case.  

Solving of safety issues of working with nanoparticles in the European Union is also ensured by partner 

research institutes organized in PEROSH association (Partnership for European Research in Occupational 

Safety and Health). PEROSH has a total of 13 members (see Table 1) who are in charge of matters of health 

and safety at work in each country. The purpose of the partnership within PEROSH is (in cooperation with 

institutions of the European Union and national authorities of Member States) to strengthen European 

research in OSH, promoting information sharing and developing cooperation of the member institutes with 

another research centers. Czech Republic is represented in PEROSH association by Occupational Safety 

Research Institute (VUBP, v.v.i.). 

Table 1: Partner institutes PEROSH [3]. 

Country Institute Acronym 

Germany 
Bundesanstalt für Arbeitsschutz und Arbeitsmedizin BAuA 
Institut für Arbeitsschutz der Deutschen Gesetzlichen Unfallversicherung BGIA 

Poland Central Institute for Labour Protection - National Research Institute CIOP-PIB 
Finland Finnish Institute of Occupational Health FIOH 
United Kingdom Health and Safety Laboratory HSL 
France lnstitut National de Recherche et de Sécurité INRS 
Spain Instituto Nacional de Seguridad e Higiene en el Trabajo INSHT 
Italy Istituto Superiore Prevenzione e Sicurezza sul Lavoro ISPESL 
Denmark National Research Centre for the Working Environment NRCWE 
Belgium Institute for Occupational Safety and Health Prevent 
Norway Statens arbeidsmiljøinstitutt STAMI 
Netherlands Netherlands Organisation for Applied Scientific Research TNO 
Czech republic Occupational Safety Research Institute VUBP, v.v.i. 

3. GENERAL SAFETY RECOMMENDATIONS IN NANOTECHNOLOGY 

Following a public discussion of members involved in the NEW OSH ERA and PEROSH association initiated 

by the European Commission the salient themes in OSH with nanomaterials has been set (below). This list 

will be discussed in detail within the scientific meeting convened in Brussels this September. Based on the 

results of scientific resolution the priorities for future research in the field of nano-toxicology (the new 

branch of toxicology) and OSH with nanomaterials will be identified and the international projects which 

aimed to solve them will be designed [4]. 

Similar scientific hearings are not nothing unique lately. For example, in 2004, the experts participating in 

the workshop "Mapping out Nano Risks" organized by the DG Health and Consumer Protection European 
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Commission in Brussels, agreed on 12 general recommendations concerning the safety of nanotechnology 

and working with nanomaterials. These are the following recommendations: 

� Develop a register of nanomaterials (feedstocks and finished products); 
� Allocate to produced nanomaterials universally recognized number in CAS registry (Chemical 

Abstracts Service); 
� Accelerate scientific works in collection of data on the properties of nanomaterials and subject them 

to analysis; 
� Develop measuring devices; 
� Develop a standardized methods of risk assessment; 
� Promote "good experience" in the valuation of risks to human health, environmental hazards and 

safety on a global scale; 
� Establish institutions for monitoring the development of nanotechnology, for the implementation of 

laboratory and manufacturing standards and possible regulatory measures; 
� Develop a dialogue with the public and industry and ensure the participation of both parties in 

decision-making processes; 
� Develop directions and standards for the valuation of risks, for production and handling of 

nanomaterials and the commercialization of nanomaterials and other nanotechnology products; 
� Review the existing regulatory measures with regard to the specificities of nanotechnology; 
� Adding the utmost importance to the production and handling of free nanoparticles, until their level 

of hazard will be identified, or until the other substances will be incorporated into the matrix; 
� Trying to eliminate or minimize the production of nano-scale particles and their accidental release 

into the environment, where it is possible [5]. 

4. PLANNED RESEARCH PRIORITIES IN THE FIELD OF NANO-TOXICOLOGY AND SAFETY OF 

NANOTECHNOLOGY 

EU Competent Authorities agreed that the current available data on toxic properties and the possibilities of 

exposure to synthetic nanoparticles are inadequate and insufficient for comprehensive, detailed and much-

needed risk assessment of their potential effects on human health. Research in field of nano-safety (safety 

of nanotechnology), according to PEROSH and NEW OSH ERA representatives, should therefore concentrate 

on two main directions: (1) toward estimation of workplace exposures to nanoparticles and (2) toward the 

research of potential danger, which nanoparticles offer to individuals exposed to them. Among other 

important objectives of the research belongs the development of methods for monitoring and recording 

changes in the health status of exposed individuals. 

Priority 1: Estimation of exposure to nanoparticles 

For the correct and comprehensive risk assessment of exposure to nanoparticles is primarily needed to gain 

more data, especially from toxicology as well as about own nature of operations in which the exposures 

occur. It is therefore both the workers who are exposed to professional exposure, as well as end users of 

products containing nanoparticles. For all types of scenarios of entry of nanoparticles into the human body 

will need to develop a methodology for measuring exposure to nanoparticles and subject them to the 

testing and subsequent validation. One of the barriers in developing methodologies can be reduced 

possibility of the identification of man-made nanoparticles in the background of other particles naturally 

occurring in the environment. Another objective of future research is the development of methodology of 

testing of dust for selected types of manufactured nanomaterials and design standards, which would 

include determining the size distribution and the ability of aggregation emitted particles. It is attempt that 

the information gained would be subsequently included in the safety sheets of all manufactured 
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nanomaterials. An integral part of research of exposure to nanoparticles is a design of method or system 

that would allow to analyze the collected data and conceiving their detailed database. 

Priority 2: Estimation of potential risks of nanoparticles and nanomaterials 

A second major direction of planned research OSH with nanomaterials is an estimate of potential risk of 

man-made nanoparticles for exposed individuals. However knowledge of the so-called critical rate of 

exposure to free nanoparticles in the work environment and for various work processes (processing, 

manufacturing, shipping, etc.) is necessary for solving this problem. These data should be ideally set for all 

types of manufactured nanomaterials, leading to further and more specific requirements for future 

research. One of the specific requirements of future research on the toxic properties of nanoparticles is 

testing on laboratory animals, particularly inhalation tests on rats. It is assumed that of all possible ways of 

entry of nanoparticles into the body is the entry airways most likely to occur and it is usually associated 

with most serious consequences for the health of exposed individuals. Obviously it is not possible to 

conduct inhalation tests on laboratory animals for all types of man-made nanoparticles. However, it will be 

necessary to develop sufficiently robust and systematic inter-laboratory comparison of in vivo and in vitro 

inhalation toxicity tests. In this case all man-made nanoparticles would be first subjected to in vitro tests. 

With regard to this outcome the decision will be made which of them will be subjected to more detailed 

tests in vivo. These considerations are in their infancy and yet there is no available proven methodology for 

implementation of these tests. Another priority for future research is to perform systematic studies of the 

effect of nanoparticles size, physico-chemical properties and functional capabilities on their overall toxicity. 

The results obtained are required for effective comparison of potential risks of man-made nanomaterials 

and also to assign the generally accepted number in the CAS registry. Amount of (not only man-made) 

nanoparticles is often found in aggregate form. Very small particles have a high tendency for adhesion on 

the surfaces of larger particles, especially due to the presence of surface charge. It is therefore keen 

interest to focus research on the study of toxicokinetics and toxicodynamics of nanoparticles in contact 

with larger particles. In this context should also not be forgetting the behavior of these agglomerates and 

free nanoparticles after entry into the body. There is lack of knowledge about the penetration of the skin, 

the movement inside organisms from the lungs (after inhalation) into other internal organs (also about 

their ability to accumulate here). It is presumed that the accumulation of these particles particularly in the 

central and peripheral nervous systems could have dire consequences for organism. Also their behavior to 

achieve biological limits (barriers) is surrounded by uncertainties, such as the surface of the lung or bowel 

surface, on which there is exchange of substances between respiratory, or digestive tract and bloodstream. 

5. ACTIVITIES OF THE OCCUPATIONAL SAFETY RESEARCH INSTITUTE IN THE FIELD OF RISK 

PREVENTION OF NANOTECHNOLOGY WITHIN THE PEROSH ASSOCIATION 

With regard to the development of nanotechnology in the Czech Republic and the need for future research 

in field of working atmosphere Occupational Safety Research Institute will focus on the evaluation of 

exposure to nanoparticles present in the working atmosphere in the form nanoaerosols. In this regard we 

would like developed (in cooperation with external institutions and qualified professional) a methodology 

for field determining the size distribution of nanoparticles in the working atmosphere, which would be 

usable both employers and public health protection authorities in assessing occupational risks at 

workplaces. In this context, we would like engage in (for the needs of the department of industry) the 

production of safety sheets for products containing hazardous substances in the form of nanoparticles. 
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Since the VUBP, v.v.i. has long experience with testing and certification of personal protective equipment, 

we would like also participate in the development of effective means to protect respiratory system 

determined for risk prevention in industrial plants, where nanoaerosols can occur in the working 

atmosphere (for example incinerators, foundries, bakeries, paint shops, etc.). But since this is a very wide 

area of potential research, we try to obtain the cooperation of a number of other domestic entities, both 

from academia and from industry. In this regard we welcome the knowledge and interest in cooperation. 

6. CONSLUSION 

Estimated one thousand professionals are engaged in nanotechnology issues in Czech Republic.  They deal 

with basic and applied research focused primarily on examining the properties of nanomaterials and their 

preparations, imaging techniques, use in field of nanobiotechnology, nanomedicine, nanoelectronics and 

many other [6]. All of these people may be exposed to professional exposure and it is clear that their 

number will grow over time. In 2008 (in cooperation with the main hygienist of the Czech Republic, regional 

health stations and the National Institute of Public Health) was conducted the questionnaire survey 

"Pasportisation workplaces with nanomaterials in the Czech Republic“. The results of this investigation 

showed that the 104 workplaces surveyed (research and production character) is treated with all known 

types of nanomaterials. The exposure of individuals is excluded or very unlikely in most research 

organizations. But there is same proportion between workplaces with possibility of exposure and without 

this possibility in field of manufacturing enterprises. In most surveyed manufacturing enterprises, the 

annual consumption of nanomaterials is less than one ton. In none of these workplaces have not been 

objectively reported health problems or injury to workers as a result of exposure to nanomaterials, but the 

undesirable consequences during chronic exposure can not be excluded [7]. Therefore, we should try to 

develop a collective initiative to ensure the safe handling of nanomaterials and determining their exposure. 

There is placed high priority to these issues in Europe now. We should not fall behind in this trend in the 

Czech Republic. It is therefore aim of Occupational Safety Research Institute to develop cooperation with 

other entities that are dedicated to the issue of nanoparticles and could by helpful in security research in 

this respect. 
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Abstract 

Recently, nanotechnology has gained a lot of interest. It is generally assumed that the use of nanomaterials 

will further increase which will result in an increase in emissions of nanomaterials into the environment and 

concerns are being expressed whether nanomaterials wouldn’t pose a serious environmental threat. Up to 

now, little is known about the potential effect of nanomaterials on the environment. Ecotoxicological data 

concerning nanomaterials are also generally lacking at present but already published researches concerning 

mainly aquatic organisms have shown that in many cases nanomaterials may pose an increased health and 

environmental risk if compared to bulk forms of the same substances. However, the fate and behavior of 

nanomaterials in the environment is a very complex issue and is influenced by many factors. An evaluation 

of acute toxicity of four oxides (CuO, MgO, TiO2 and ZnO) was made, each substance in nano and bulk form. 

Two different organisms were used, freshwater crustacean Daphnia magna and marine bacteria Vibrio 

fischeri. In the case of TiO2, no effect was observed within the tested concentration range, for both forms 

and both organisms. The toxicity ranking of other metal oxides (both nano and bulk) was as follows: CuO < 

MgO < ZnO. All nanoforms were significantly more toxic than corresponding bulk forms. In the case of the 

test with bacteria, the differences in toxicity between both forms were less important in the case of 

bacteria than for the test with crustaceans. The results were influenced by different conditions of both 

tests. The bacterial test needs testing solutions with high salinity which may enhance aggregation of the 

particles. This results in a loss of nano character of the sample and it behaves more like a bulk one. 

Keywords: ecotoxicity, metal oxide, Daphnia magna, Vibrio fischeri, immobilization, bioluminescence. 

1. INTRODUCTION 

Nanomaterials (NMs), with at least one dimension of 100 nm or less, are being increasingly used for 

commercial purposes in various areas, such as textiles, electronics, pharmaceutics, cosmetics, and 

environmental remediation [[1],[2]]. Even if the potential benefits of NMs are unexceptionable, there is 

now a wider debate about the possible risks associated with nanomaterials, including the risks for 

environment. Although environmental concentrations of NMs have yet to be routinely measured, because 

of their widespread use in consumer products it is expected that NMs will find their way into aquatic, 

terrestrial, and atmospheric environments where their fate and behavior are largely unknown. However, 

the potential effects of NMs should be described in this early phase of nanotechnology, so that 

environmental quality standards and guidelines could be set [[1]-[5]]. Although toxicology related to human 

health has been widely studied, nanoecotoxicology is still in its infancy [[1],[5]]. Most of the available 

nanoexotoxicological data concern aquatic species, as the effects of NMs on the aquatic environment are of 

great importance since it ultimately receives run-off and wastewater from domestic and industrial sources 

and has been targeted for some nano-scale environmental remediation techniques [[1],[5],[6]]. NMs have 

been found to possess toxic effects towards algae [[7],[8]], crustaceans [[9]-[11]] and fish while in general 

the effects have been more important when compared to the bulk forms of the same substance. The 

effects on bacteria have been also studied often [11]. On the other hand, effect on soil and sediment 
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environment is largely unknown even if the soils and sediments are believed to be the ultimate sinks for 

NMs in the environment. The aim of the presented study is to test the ecotoxicity of four selected 

manufactured nanomaterials (CuO, MgO, TiO2 and ZnO) and their bulk counterparts using two aquatic 

organisms, freshwater crustacean Daphnia magna and marine bacteria Vibrio fischeri. Apart from the 

ecotoxicological experiments, each tested substance has been analyzed using a scanning electron 

microscope (SEM). 

2. MATERIALS AND METHODS 

2.1 Toxicants 

Four metal oxides were used as toxicants, copper (II) oxide 

(CuO), magnesium oxide (MgO), zinc oxide (ZnO) and 

titanium dioxide (TiO2), each in nano and bulk form. Details 

about used substances are presented in Table 1. 

2.2 SEM analysis 

A solution (0.1 mol·dm-3) of each tested substance in 

deionized water was prepared and sonicated for 30 minutes. A small quantity of each solution was then 

deposited on a thin copper lame which was then placed in a desiccator. After 24 hours, samples were 

analyzed on a SEM microscope Hitachi S-4700 with an EDS analyzer NORAN. 

2.3  Ecotoxicity tests 

2.3.1 Acute toxicity test with Daphnia magna 

The dosing solutions of the toxicants were prepared just before each experiment using deionized water and 

placed in a sonicater for 30 minutes. The test is based on observation of Daphnia magna immobilization in 

different concentrations of tested compound after 48 hours of exposition. The exposition of organisms is 

carried out by a photoperiod of 16 h of light and 8 h of dark and a stable temperature without aeration. 

The test was realized according to the European Standard EN ISO 6341:1996. 

2.3.2 Vibrio fischeri bioluminescence inhibition test 

The dosing solutions of the toxicants were prepared just before each experiment using solution of NaCl (20 

g·dm-3) and placed in a sonicater for 30 minutes. Marine and gram-negative bacteria Vibrio fischeri emit 

light naturally which originates in the organism through chemical reaction catalyzed with enzyme 

luciferase. The test is based on the fact that the light output of the bacteria is reduced, when toxic 

chemicals are introduced. The decrease of bacterial luminescence measured after 5, 15 and 30 minutes of 

exposition serves as test endpoint. The test was realized according to the European Standard EN ISO 11348-

1:2008. 

2.4 Data analysis 

The EC50 (the concentration of a compound where 50% of its maximal effect is observed), and their 

associated 95% confidence intervals were calculated using GraphPad Prism 5 (version 5.01). Statistical 

analyses were carried out using standard ANOVA techniques followed by Dunnett’s test using GraphPad 

InStat (version3.06). Differences were statistically significant when p<0.05. 

Table 1 - Substances used as toxicants in the tests. 

Substance Particle size Producer 

CuO unknown  AppliChem 
nano CuO <50 nm  Aldrich 
MgO unknown  Penta 
nano MgO <50 nm  Aldrich 
TiO2 unknown  Reachim 

nano TiO2 <25 nm  Aldrich 
ZnO unknown  Penta 
nano ZnO <100 nm  Aldrich 
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3. RESULTS 

3.1 SEM analysis 

The photographs from SEM are presented for nano and bulk CuO (Fig. 1 and Fig 2). The photographs of the 

three other oxides are not shown. 

Fig. 15 - SEM photograph of bulk CuO    Fig. 2- SEM photograph of nano CuO 

3.2  Ecotoxicity tests 

3.2.1  Acute toxicity test with Daphnia magna 

The EC50 values corresponding to 50% of immobilized organisms after 48 hours, along 95% confidence 

intervals for EC50 and LOEC (Lowest Observed Effect Concentration) and NOEC (No Observed Effect 

Concentration) values are presented in Fig. 3 and Fig. 4. 

Table 2 - Daphnia magna EC5O, LOEC, NOEC values 

 

 

 

 

 

 

 

 

 

 

3.2.2  Vibrio fischeri bioluminescence inhibition test 

The EC50 values corresponding to 50% inhibition of emitted light after 30 minutes, along 95% confidence 

intervals for EC50 and LOEC (Lowest Observed Effect Concentration) and NOEC (No Observed Effect 

Concentration) values are presented in Fig. 3 and Fig. 4.  

Compound 
NOEC 

[mg·dm
-3

] 

LOEC 

[mg·dm
-3

] 

EC50 

[mg·dm
-3

] 

EC50 95% 

conf. int. 

bulk CuO 12.5 25 41.55 31.14 – 55.43 

nano CuO 1.56 3.13 5.903 4.643 – 7.504 

bulk MgO 59.26 88.89 129.9 111.1 – 151.9 

nano MgO 7.5 15 25.46 21.33 – 30.98 

bulk TiO2 300 > 300 > 300 - 

nano TiO2 300 > 300 > 300 - 

bulk ZnO 2.5 5 8.523 6.358 – 11.43 

nano ZnO < 1.25 1.25 2.632 2.362 – 2.933 
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Fig. 3 - Dose response curve, CuO, Daphnia magna  Fig. 4 - Dose response curve, CuO, Vibrio fischeri 

Table 3 - Vibrio fischeri 30 min. EC5O, LOEC, NOEC values 

4. DISCUSSION 

4.1 SEM analysis 

All 8 tested substances (CuO, MgO, TiO2, 

ZnO - nano and bulk form) were analyzed 

using SEM microscope Hitachi S-4700. 

Photographs of nano and bulk form of 

CuO are presented on Fig. 1 and Fig. 2. 

On the photograph of bulk form of CuO 

(Fig. 1) we can see very faintly separate 

clusters of particles whose size or shape 

are not possible to determine. By 

contrast, on the photograph of the nanoform (Fig. 2) we can observe well-distinguishable particles, the 

smallest of which are the size of about 25 nm and most of them are below 100 nm. But there are also large 

particles over 200 nm. In the case of bulk form of TiO2 (picture not shown), we could see large, highly 

irregular particles. Majority part of the particles was above 500 nm, some particles had up to 5 µm. A great 

contrast was the nanoform of TiO2, the particles were the smallest and the most uniform size of all 

analyzed substances. All particles had a size up to 100 nm but below the limit of 25 nm, which was declared 

by the manufacturer (see Table 1) was only a part. Both forms of ZnO (picture not shown) were in the form 

of crystals in the hexagonal system. In the case of the bulk form, there were relatively large and highly 

uneven particles. The particles of the nanoform were also rather uneven but the particles were smaller, 

most of them were below 100 nm although as with CuO a few particles were above 100 nm. If compared to 

the other oxides, the structure of MgO was completely different (picture not shown). There were no 

particles but rather a sort of scales thick only 20 to 30 nm whose area cannot be accurately determined. 

There weren't a significant difference between the structures of nano and conventional forms. This 

completely different structure could explain the difficulties in determining the toxicity of these two 

substances. The tests had to be almost always repeated several times since it didn't provide interpretable 

results. It is possible that these substances are somehow behaving abnormally in the test media or have a 

specific response to sonication. The analysis of the substances has demonstrated that the there are 

differences between the structures of the nano and bulk forms of the substances (with the exception of 

MgO). Unfortunately, these data can't shoe us the size of the particles during the tests themselves. The 

Compound 
NOEC 

[mg·dm
-3

] 

LOEC 

[mg·dm
-3

] 

EC50 

[mg·dm
-3

] 

EC50 95% 

conf. int. 

bulk CuO 7.5 15.0 > 60.0 24.9 – 36.3 

nano CuO 5.0 10.0 12.2 8.5 – 17.38 

bulk MgO 45.5 59.2 75.8 72.7 – 79.1 

nano MgO 35.5 45.5 61.87 58.1 – 65.9 

bulk TiO2 50.0 > 50.0 > 50.0 - 

nano TiO2 50.0 > 50.0 > 50.0 - 

bulk ZnO 7.0 9.1 12.6 11.83 – 13.5 

nano ZnO 2.5 5.0 7.276 4.9 – 10.7 
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tested concentrations were much lower than the concentration of the solution which was used to prepare 

samples for analysis (0.1 mol·dm-3) and the conditions during the tests were significantly different (salinity, 

pH, temperature, etc.). For this purpose it is necessary to use other analytical techniques. 

4.2 Ecotoxicity tests 

4.2.1 Preparation of dosing solutions 

According to the SEM analysis there were structural differences between nano and bulk form of the tested 

substances. Certain differences can be observed even when handling them. In the case of the test with the 

daphnids, dosing solutions were prepared in deionized water and then placed for 30 minutes in an 

ultrasonic bath. While the NMs dispersed immediately after the addition of the deionized water, the bulk 

forms formed large clumps up to 5 mm which wasn't possible to disperse even by aggressive manual 

stirring. These clumps disappeared after inserting the solution into the sonicator but despite the sonication, 

sedimentation of the particles occurred and it was necessary to manually mix the solutions from time to 

time. During preparation of the dosing solutions for the test with bacteria, a solution of NaCl (20 g·dm-3) 

was used instead of deionized water. The clumps were formed even in the case of the NMs but they 

disappeared just after the start of the sonication and no sedimentation occurred. The reason of this 

different behavior is probably a higher ionic strength that is believed to have effect on the aggregation NM 

[[3],[4]. 

4.2.2 Acute toxicity test with Daphnia magna 

All the substances used are almost insoluble in water, some of them are used as pigments and opacifiers 

Their solutions are therefore more or less turbid. This situation, however, didn't last throughout the test 

because sedimentation occurred. Bulk forms sedimented already during the inserting of organisms while 

NMs maintained in a stable suspension for up to several hours. At the end of each test, there has always 

been a complete sedimentation (which in the case of the highest concentrations made possible to even 

evaluate the test). There is therefore an evident difference in the behavior of nano and classic forms of the 

substance. In the case of TiO2 no effect was observed at a concentration of 300 mg·dm-3 for both the nano 

and classic forms of the substance (Table 2). When compared with previous studies we find that Lovern et 

al. didn't observe any effect even at 500 mg·dm-3 for a solution prepared by sonication [[9]]. By contrast, for 

a solution which was prepared by a dispersion in tetrahydrofuran (THF), an evaporation of the THF and 

subsequent filtration through 0.22 µm filter, there was recorded a value of EC50 5.5 mg·dm-3. This proves 

that the preparation of the dosing solution influences the outcome of the test. Large particles were 

removed during the filtration and thereby the aggregation was reduced. The THF could also have its 

influence, although the test with this solvent didn't show any toxicity [[9]]. Zhu et al. prepared the solution 

of TiO2 only by mixing. The EC50 of the bulk form was 275.3 mg·dm-3 and of the nanoform 35.3 mg·dm-3. 

But the test beakers were continuously shaken during the test which reduced the sedimentation, 

facilitating the contact between the organism and the toxicant and the effect was therefore higher [[10]]. 

Unlike in the case of TiO2, both forms of CuO were for toxic for the daphnids. If we compare the results of 

bulk and nanoform we can say that the toxicity of nanoCuO is statistically significantly higher than the 

toxicity of the bulk form (Table 2). Dose-response curves have the same shape, the curve for nanoCuO is 

only moved to the left (Fig. 2). Significant difference is also evident between the LOEC and NOEC values. 

These results can be well compared with the results of Heinlaan et al. who prepared the dosing solutions 
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also by 30 min. sonication. For nanoform CuO, they received a similar EC50 value 3.2 mg·dm-3. The bulk 

form, however, gave a much higher value - 164.8 mg·dm-3 [11]. Even in the case of MgO, the toxic effects of 

bulk and nanoform were statistically significantly different (Table 2). The nanoform was more toxic and 

there was a big difference between the LOEC and NOEC values. Dose-response curves differed in shape 

(data not shown), the curve corresponding to the nanoform was growing faster than the bulk form curve. 

From this perspective, the nanoform poses a higher environmental risk, since the toxic effect decreases 

more slowly with increasing concentration than in the case of the bulk form. As with previous substances, 

the nanoform of ZnO was also significantly more toxic than the bulk form (Table 2). The difference wasn't 

as significant as in the case of CuO and MgO. Heinlaan et al. got similar values - 8.8 mg·dm-3 and 3.2 mg·dm-

3 for the conventional form of ZnO and nanoZnO, respectively [[11]]. Zhu et al. received lower values - 0.481 

mg·dm-3 and 0.622 mg·dm-3, respectively but as already mentioned above, the test containers were shaken 

during the test [[10]].  

All used substances were adsorbed on the surface of the bodies of the organisms, especially at the highest 

concentrations. Adsorption was evident already after 24 hours. Sometimes the amount of adsorbed 

material was so large that the immobilization was rather due to the adsorption and the organisms didn't 

move, despite a relatively active movement of the antennules. Similar phenomenon was observed also by 

Zhu et al. By using optical microscope photographs, they showed that the tested NMs (i.e. Al2O3, ZnO, TiO2 

and fullerenes) were present also in the internal organs at lower concentrations when the surface 

adsorption of the NMs wasn't visible to the naked eye. The Daphnids are thus able to accept the substances 

and store it within the internal organs. Together with the adsorption on the body surface there is a 

potential for bioaccumulation [[10]]. 

4.2.3 Vibrio fischeri bioluminescence inhibition test 

During the test, all the test solutions and bacterial suspensions must be tempered at 15 °C. Before dosing, 

the solutions were placed in an ultrasonic bath for 30 minutes which caused a significant heating of the 

solution. After preparing the concentration range, it was necessary to wait some time before the 

temperature dropped to 15 °C. Meanwhile, the aggregation of NMs could have occurred (promoted by the 

high salinity of the test medium) which might have affected the toxicity. At higher concentrations, the 

sedimentation also occurred (especially for TiO2) and reversal homogenization often failed even by manual 

mixing. Final concentration of the toxicants in the test might have been therefore lower than expected.  

Generally, this test was more difficult than the test with the daphnids. Almost every test had to be 

repeated several times since it didn't provide interpretable results even after several changes of the 

concentration range. This is probably due to the test conditions - high salinity, temperature change - so the 

substance might have behaved abnormally, aggregated and settled.  

When using nano and bulk form of TiO2 as the toxicants, no significant effect was observed even at the 

highest concentration of 50 mg·dm-3. Higher concentrations could not be tested because the solution 

would be too turbid which would increase the actual toxicity. Heinlein et al. who used a special method for 

turbid samples observed no toxicity even at a concentration of 20 g·dm-3 [[11]]. 

In the case of the three other substances, toxic effects were observed when the nanoforms were always 

statistically significantly more toxic than the bulk forms. Comparing the results of the test to the results 

mentioned in previous studies we find some differences. In the case of CuO, for the bulk form we found an 

EC50 value of approximately 3850 mg·dm-3 and 74 mg·dm-3 for the nanoform [11], For ZnO the difference is 
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not so strong - 3.1 mg·dm-3 for the classical form and 3.4 mg·dm-3 for the nanoform  

5. CONCLUSIONS 

Comparing individual substances between them, the toxicity ranking of metal oxides (both nano and bulk) 

to V. fischeri and D. magna was as follows: TiO2 < MgO < CuO < ZnO. This corresponds with the facts found 

in previous studies (with the exception of MgO about whose toxicity no information was found) [[10],[11],. 

When comparing the nano and bulk forms, for all substances and organisms, nanoforms were significantly 

more toxic than the bulk forms [[10],[11], In the case of the daphnids, the differences were quite striking - 

especially in the case of CuO and MgO. On the other hand, in the case of the bacteria the differences were 

less pronounced. A possible explanation is a difference in the test conditions. The test media for the 

bacteria had higher salinity, thus it supported the aggregation of NMs and the differences between the 

nano and bulk forms were reduced. In general, the results showed that nanoforms of the tested substances 

were significantly more toxic than the bulk forms. But a question remains whether the tested 

concentrations are attainable in the real environment. Information on the concentrations of NMs in the 

environment as well as the forecasts of their development is currently lacking and it seems that it won't be 

easy to get it. But according to European Union legislation (Council Directive 67/548/EEC in particular) any 

toxic and non-biodegradable substance with an EC50 in the range from 10 to 100 mg·dm-3 and 1 to 10 

mg·dm-3 has to be classified as "harmful” and “toxic to aquatic organisms", respectively The tested 

substances meet these rules so they should be given an increased attention.  
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