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Abstract 

Nanomaterial powders and colloids are already a large industry and are expected to continue to grow rapidly. 

In the context of risk assessment associated with nanomaterials, characterization of nanoparticle size and 

morphology is required. Until now, the best method giving direct access to these parameters has been electron 

microscopy (EM), in particular, transmission electron microscopy (TEM). Although this method is widely used, 

several issues are highlighted such as cost, maintenance, sample representativity and damage for sensitive 

materials. Low-voltage transmission electron microscopes (LVTEMs) could be an alternative approach to solve 

some of these issues. This paper presents a first comparison between a benchtop LVTEM and a conventional 

device to determine the number size distribution of the constitutent particles of two polydispersed industrial 

powders (TiO2 and SiO2) with particle sizes close to 100 nm and two colloids referenced for their particle size 

(ERM FD 304 and NM 300 K). The samples were prepared with an optimized deposition protocol involving 

glow discharging and Alcian blue solution pre-treatment on the EM grids. The benchtop LVTEM produced a 

rather good resolution and the relative differences obtained for the median diameters D50 are generally within 

±15 %. On the basis of these results, benchtop LVTEM could be promoted for identifying nanomaterials within 

the framework of risk assessment strategy. 

Keywords: Benchtop electron microscope, nanomaterials, nanomaterial classification, constituent  
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1.  INTRODUCTION 

Nanomaterial powders and colloids are already a large industry (Piccinno et al., 2012 [1]; Saldanha et al., 2017 

[2]). Improvement of the synthesis processes and the new properties highlighted at the nanoscale lead to the 

creation of new and innovative products, which suggests that this industry is expected to continue to grow 

rapidly. With nanoparticles being used increasingly at work, potential exposure of workers to the inhalation of 

released particles is possible throughout the lifecycle of the powders and liquid suspensions (Bekker et al., 

2015 [3]; Debia et al., 2016 [4]). Since adverse health effects of nanoparticles are a growing concern, it remains 

challenging to evaluate the risks associated with nanoparticles in order to propose preventative measures. 

The first step in a risk assessment strategy is the identification of the“nano” nature of a material (ISO/TS 

12901-1, 2012 [5]). The reference criterion proposed by the European Commission (EC) is based on the 

number size distribution of constituent particles (EC, 2011 [6]). A powder or colloid is considered as a 

nanomaterial if more than 50 % of the constituent particles in the number size distribution has at least one 

dimension under 100 nm. This recommendation does not specify a particular method to obtain the number 

size distribution but it highlights the necessity to implement the most relevant and available methods in this 

purpose.  
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Until now, the best method for directly obtaining particle size and shape has been electron microscopy (EM), 

in particular transmission electron microscopy (TEM) (Babick et al., 2016 [7]; De Temmerman et al., 2013 [8]). 

Although this method is widely used, the main issues highlighted are the high cost of the devices, heavy 

maintenance, high operator qualification for manipulating the microscopes, and the damage caused by the 

electron beam to the most sensitive samples (biological or polymers). Moreover, the sample representativity 

can be discussed with TEM since one can expect to count nearly 1000 constituent particles. However, no open 

literature demonstrates this clearly. In the particular context of risk assessment, risk prevention professionals 

do not always have the necessary skills in EM methods or the funding to invest in expensive devices. 

 

Figure 1 Examples of LVTEM applications for nanoparticle characterization. (a) cellulose fibers,  

(b) liposome, (c) nano-plastics collected in sea water and (d) goldnanoparticles 

Recently, benchtop low-voltage transmission electron microscopes (LVTEMs) are evaluated as a solution to 

such issues (Delong, 1992 [9]; Bell et al., 2014 [10]; de la Calle et al., 2018 [11], Drummy, 2014 [12]). These 

unique instruments have been developed and manufactured by the company Delong Instrument (Brno, Czech 

Republic) since 1992 (Delong, 1992 [9]). Specifically dedicated to low voltage, these TEM are proposed in two 

versions: the LVEM5 operating at 5 kV and the LVEM25 at 25 kV. These instruments are extremely compact, 

require little space and resources and can combine other imaging modes such as scanning electron 

microscopy (SEM), scanning transmission electron microscopy (STEM) or electron diffraction (ED) in one 

single device. Moreover, low acceleration voltage combined with the Schottky field emission gun opens up the 

possibility of avoiding heavy metal stains typically used for imaging polymeric and organic molecular materials 

while causing less damage to this kind of material (Drummy, 2014 [12]) and preserving a reasonably high 

resolution (< 2 nm). Figure 1 shows four examples of applications of LVTEM to characterize nanomaterials. 

Examples (a)-(c) respectively concern cellulose, liposome and nano-plastics collected in sea water. They 

present a low contrast when conventional TEM is used and can even be damaged by the electron beam at 

high voltage. With a 5 kV low-voltage microscope, it becomes possible to characterize their shape and 

measure their diameters without using any staining. Example (d) is a micrograph of gold nanoparticles between 
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5 and 10 nm in diameter. This latter example shows that the resolution of LVTEM at 5 kV allows nanoscaled 

particles to be characterized.  

Therefore, LVTEM could offer some potential benefits for nanomaterial characterization with a risk assessment 

strategy, in particular, easier implementation and wider accessibility of the technique. However, no study to 

our knowledge has ever demonstrated the performance of LVTEM in determining number size distribution of 

powder or colloid nanoparticles with a view to implementing the first step of risk assessment strategy.  

In this work, we evaluated the relevancy of a LVTEM by comparing the number size distributions of the 

constituent particles of two representative industrial powders (TiO2 and SiO2) and two colloids referenced for 

their particle sizes based on the micrographs obtained with those from a conventional TEM device. The final 

goal was to have initial feedback about the possible use of LVTEM for the implementation of risk assessment 

strategy where nanomaterial identification is concerned. 

2.  MATERIAL AND METHODS 

2.1.  Instrumentation 

Two different electron microscopes were used in this work. A Delong LVEM5 operating in transmission electron 

microscopy mode with a Schottky field emission gun at an accelerating voltage of 5 kV and a spherical 

aberration coefficient Cs of 0.64 mm, and a conventional TEM CM200 (Philips) operating at an accelerating 

voltage of 200 kV with a Cs of 2mm were implemented. The micrographs were collected with a Retiga 4000R 

CCD 2048 × 2048 for LVEM5 and a Gatan ES500W CCD 1350 × 1024 for CM200. 

2.2.  Powders and colloids 

The characteristics of the materials are summarized in Table 1 based on manufacturers’ information 

contained in commercial product data sheets. TiO2 is mainly used as colorant for paintings whereas SiO2 is 

employed in buildings for improving the mechanical properties of concretes. ERM FD 304 and NM 300 K are 

reference materials for their particle sizes. They are widely used in EM analysis as standard materials for 

checking devices (Thunemann et al., 2014 [13]). The same batch of each material was used to prepare the 

samples. 

Table1 Characteristics of the powders and reference colloids used in this work according to data from the 

manufacturers 

Type Material Specific Surface 

Area (m2/g) 

Particle 

shape 

Particle size (nm) 

(reference values) 

Other 

information 

Powder TiO2 (anatase) 9 Spherical N.A 
Industrial 

powder 

 SiO2 (amorphous) 23    

Colloid ERM FD 304 (SiO2) N.A  27.8 ± 1.5* 

Material 

certified for the 

particle size 

mode 

 NM300K (Ag)   
17 ± 3.17 (1st population) 

5 ± 1.4 (2nd population) 

Reference 

material for 

mean size 

* The uncertainties indicated for the reference materials correspond to one standard deviation available  

    in literature. 
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2.3.  Sample preparation and analysis 

For the powders, samples were prepared at the concentration 0.5 mg/mL in deionized water under basic 

conditions (pH 10.5 for TiO2, pH 11 for SiO2) followed by 10 min of sonication at 50W before grid deposition. 

These formulations correspond to the highest stabilities we could obtain for the dispersed particles in the 

medium based on previous zeta potential measurements. The reference colloids were only diluted by a factor 

1000, then, sonicated 10 min at 50 W. For LVEM5 observations, Holey carbon film Cu 300 Mesh grids (Cu-

300HD, Pacific Grid tech) were treated beforehand by glow discharge (ELMO, Cordouan Tech.) for 15 s at 2 

mA, followed by Alcian Blue 1 % (Clin- Tech) treatment. Then, a 5 μL droplet of colloid was deposited on the 

treated grids over the course of 1 min (“drop on grid method”) before being blotted with a filter paper. The glow 

discharge plasma treatment makes the carbon membrane hydrophilic improving the wettability of the TEM grid 

for the colloidal drop, while the Alcian blue treatment charges the carbon surface positively, increasing its 

affinity with the negatively charged particles. The combination of both treatments improves the dispersion 

homogeneity of particles on the grid surface and limits the aggregation phenomenon. For TEM CM200 

observations, Cu 400 Mesh carbon film grids (Agar Scientific) were deposited over the course of 1 min on 2 

μL colloid drop (“grid on drop method”) (Mast and Demeestere, 2009 [14]). We did not use the same type of 

grids in both microscopes since the grid membrane thickness has a high impact on the low voltage observation 

quality. Actually, the thinner the membrane is, the better resolution and contrast are, and it appeared that the 

best grids for the LVEM5 were constituted of a carbon membrane thinner than 5 nm. On the other hand, these 

grids revealed to be too fragile for the TEM CM200. Therefore, we chose to use the most appropriate grids for 

each acceleration voltage in order to operate in the optimal conditions, and the best resolution, with each 

instrument.  

To limit variability in the results, a single operator took and analyzed the micrographs obtained with LVEM5 

and CM200 with the ImageJ software (Java version 1.8.0). A minimum of 100 isolated constituent particles 

were counted and their equivalent projected surface diameters were measured to establish the number size 

distributions since approximated spherical shape was observed for all the materials. To compare the results, 

the median diameters D50 were calculated from the cumulated number size distributions. 

3.  RESULTS AND DISCUSSION 

Figure 2 presents a typical micrograph obtained with LVEM5 and TEM CM200 for the four materials.  

For all the materials, the particles are correctly dispersed on the grids. This facilitates the counting to determine 

the number size distribution. The ERM FD 304 sample presents the highest density of particles on the grids. 

Despite the high dilution factor (1000), the number of particles obtained on a single micrograph is much higher 

than for TiO2, SiO2 and NM 300 K. LVEM5 shows a good resolution and a higher contrast compared to the 

conventional TEM CM200 for the material tested. It is possible to distinguish several constituent particles both 

with LVEM5 and TEM CM200. The particle shapes are nearly spherical for SiO2, ERM FD 304 and NM 300 K 

whereas TiO2 particles seem more ovoid.  

Figure 3 represents the number size distributions and the corresponding cumulated number size distributions 

obtained on LVEM5 and TEM CM200 for the four materials. There is a large range of TiO2 and SiO2 particle 

sizes, from 30 nm to over 300 nm; the ERM FD 304 and NM 300 K particle size range was smaller, from 18 

nm to 36 nm and from 10 nm to 35 nm respectively. This illustrates the polydispersity of the industrial powders 

contrary to the reference colloids which are characterized by a monomodal number size distribution. There is 

a general good match between the number size distributions obtained from the two different sets of 

micrographs. However, larger differences are observed for the SiO2 particles, since the count obtained with the 

LVEM5 indicates a majority of constituent particles between 30 and 180 nm in size, while there is a wider size 

range, from 30 nm to 250 nm, obtained with the TEM CM200. In our opinion, the sample preparation seems 
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to be the main reason explaining such discrepancy since the same batch of powder was used. In particular, 

very few SiO2 particles larger than 200 nm were identified on the CM200 sample grid and not on the LVEM5 

sample grid, despite of the significant number of micrographs observed for particles counting. Moreover, the 

change in contrast induced by the different acceleration voltages does not appear as a significant source of 

size disparity here since the NM 300 K, TiO2 and SiO2 particles edges are quite sharp and dense. 

 

 

Figure 2 Typical micrographs obtained for the four materials studied with LVEM5 and TEM CM200 
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Figure 3 Number size distributions and cumulated number size distributions obtained with LVEM5 and TEM 

CM200 for the TiO2 and SiO2 powders and the ERM FD304 and NM 300 K colloids 

Table 2 summarizes the D50 obtained from the cumulated number size distributions. It can be seen that the 

LVEM5 results are in line with those of TEM CM200. In particular, the discrepancies of LVEM5 compared to 

TEM CM200 are within ±15 %. The standard deviations are higher for the powders than for the colloids since 

the constituent particles are more agglomerated and more difficult to identify for counting. The best comparison 

is obtained for TiO2 with a relative difference of 2.5 %. The reference diameter is found for ERM FD 304 with 

both microscopes and the standard deviations associated are low. So, we validate the reference value 

obtained.  

Table 2 Median diameters D50 obtained from the cumulated number-based size distributions. The values  

   are indicated with one standard deviation 

Material LVEM5 TEM CM200 Relative difference 

(LVEM5 vs.TEM CM200) 
D50 (nm) % <100 nm D50 (nm) % <100 nm 

TiO2 124 ± 44 22 121 ± 41 20 2.5 % 

SiO2 84 ± 40 70 98 ± 25 55 -14 % 

ERM FD304 25.5 ± 2 100 27.2 ± 1.8 100 -6 % 

NM 300K 19.1 ± 3.3 100 17.2 ± 5.5 100 11 % 
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However, the ideal case is treated here. The ERM FD 304 is a monomodal spherical nanoparticulate sample 

and can be well characterized in terms of size with a quite reduced number of particles, typically around 100 

particles. This result cannot be generalized, in particular for the powder cases where a greater number of 

particles should be counted (more than 1000 particles) to obtain as most as possible representativity as 

demonstrated by De Temmerman et al (De Temmerman et al., 2013 [8]). For NM 300 K, the first reference 

diameter is found with both microscopes but the second diameter is not. The literature reports that the second 

diameter for this colloid is rarely observed (Klein et al., 2011 [15]). However, the main cause we attributed to 

this observation is a possible dissolution of the 5 nm population under acidic conditions as several studies 

highlighted this behavior for silver nanoparticles (Liu and Hurt, 2010 [16]; Loza et al., 2014 [17]; Zhang et al., 

2018 [18]). Even if successive rinsing steps were done during grid preparation, some Alcian blue traces could 

have stayed on the grids and dissolve the finest silver nanoparticles. Indeed, Alcian blue solution contains 3 % 

acetic acid. There is no general trend concerning the discrepancies and it can be supposed that the 

discrepancies observed in size measurement are mainly related to the sample preparation and the level of de-

agglomeration which would affect the operator’s ability to identify isolated constituent particles. On the basis 

of the D50 results, both microscopes classify the TiO2 powder as a non-nanomaterial since more than 50 % of 

its number size distribution of the constituent particles is higher than 100 nm. The SiO2 powder and the 

reference colloids are classified as nanomaterials. We point out however that the two powders are border 

cases for both microscopes taking into account the influence of sample preparation and the relative high 

standard deviations obtained. Other characterization approach we performed apart from this study, such as 

the Volume Specific Surface Area (VSSA) determination (Wohlleben et al., 2017 [19]), highlighted these border 

line situations. A powder is considered as a nanomaterial for a VSSA value above 60 m2/cm3
 according to the 

EC recommendation (EC, 2011 [6]). The VSSA values are of 35 m2/cm3
 and 58 m2/cm3

 for TiO2 and SiO2 

respectively. Although the VSSA is not the reference criterion to classify a powder in the nanomaterial 

category, these results encourage to classify the TiO2 powder as a non-nanomaterial whereas the SiO2 case is 

confirmed to be very closed to the thresholds for size and VSSA parameters. In the risk assessment context, 

a borderline material should be classified as nanomaterial. So, SiO2 powder is proposed as a nanomaterial 

here. 

4.  CONCLUSION 

In this work, we compared a low voltage benchtop electron microscope operating in transmission mode with a 

reference TEM device for subsequent establishment of number size distributions of nanoparticulate powders 

and colloids. Such work integrated a workplace exposure context to nanomaterials. The results demonstrated 

that benchtop LVTEM is a suitable device for generating quality micrographs with a resolution comparable to 

its TEM equivalent. The comparison of the number size distributions and the median diameters D50 of the 

constituent particles obtained showed relative differences systematically within ±15 % which is relatively good 

taking into account the standard deviations obtained. For counting alone, a well-prepared sample and any one 

of the two microscopes would indicate whether or not industrial substances are nanomaterials and confirm the 

reliability of the EM method for size and shape determination with the use of references. Lastly, the comparison 

suggests that benchtop LVTEM could be used by risk prevention professionals in routine checks to identify 

nanomaterials more easily (facility of implementation) than with conventional TEM. However, these results 

need further investigation. It would be interesting to compare benchtop LVTEM and TEM on more industrial 

powders and colloids covering wider size ranges, different shapes (rod-like, fiber-like, platelets, needle-like, 

etc.) and chemical compositions. Moreover, the study of the influence of sample preparation and the 

repeatability of the measurements with benchtop LVEM should be undertaken to strengthen these first 

encouraging results. 
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