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Abstract

Domestic boilers are generally characterized by higher emissions of airborne dust. A commonly used
secondary method of reducing emissions in the energy sector is a cyclone. However, its wider expansion in
households is limited by, among other things, the low efficiency of particle capture below 1 micrometre in
diameter, and it is these sizes that dominate in the flue gas of domestic heating devices. By sharply lowering
the temperature of the flue gas below the dew point of the vapour, it condenses on all available surfaces. This
effect could increase the diameter of the particles, which could be separated with higher efficiency. A change
in the numerical distribution of the fine particles with a temperature and thus the supersaturation of the flue
gas was sought. The flue gas passed through an impinger filled with water and isopropyl alcohol at three
different temperature regimes. The impinger also served to capture the condensate, which was then subjected
to morphology analysis using an electron microscope and determination of particle distribution in the
condensate.
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1. INTRODUCTION

In the last few decades, in connection with the environmental impact of combustion processes, attention was
primarily paid to gas emissions, but it is currently shifting towards fine particle emissions. Fine particles are a
small liquid and solid fraction up to 2.5 ym in diameter. In the last few years, the researchers were devoted to
submicron and ultrafine particles (up to 0.1 um), which affect human health significantly. They are so small
that the human respiratory tract does not intercept them and they penetrate directly into the alveoli [1,2]. Due
to an active surface, ultrafine particles can be much more dangerous than the same mass of larger particles
[3,4]. Many researchers mention the necessity of changing the current way of emission assessment [5]. The
crucial aspects in relation to the impact on human health are the active surface of the particles [6], and their
ability to bind toxic substances [7] and penetrate into the lower respiratory tract.

The technologies for fine particle reduction are different. By using a suitable combustion chamber design and
selecting the operating parameters we ensure that all the volatile combustible matter remains at a high
temperature for a sufficient time so that it gets combusted. However, we know from practice that in real
combustion conditions, a certain amount of non-combusted substances get into the atmosphere. Therefore,
we are introducing secondary separation of these particles using suitable methods. In the biomass combusting
boilers in power or heating plants, secondary separation of dust particles is a matter of course. On the other
hand, small biomass boilers in households do not usually use separation technology and their contribution to
the total air pollution is considerable [8].

Thus, it is appropriate to look for ways to minimize the number of particles emitted into the air by small
combustion devices as well. However, PM1 particles (size up to 1 ym) are difficult to separate by the available
methods. HEPA filters can separate particles of this size, but the operation of these devices is associated with
high-pressure loss, high cost and frequent maintenance requirements due to intensive clogging [9]. From the
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group of dry separators, an electrostatic precipitator [10] is most often used to capture fine particles. For small
combustion plants, however, a major technical complication is to supply the electrostatic precipitator with
electricity or provide water for wet separators [11]. A bubble column filled with water is used for wet separation
in experimental devices of laboratory scale, as in this study. In a saturated vapour environment, particles may
serve as condensation nuclei [12]. In such an environment, these particles grow, and their separation becomes
more efficient.

2. EXPERIMENTAL METHODS

An automatic wood pellet boiler EcoScroll ALFA, specially adapted for experimental purposes, was used as
the experimental combustion device. The nominal thermal output of the boiler is 25 kW. As a fuel, spruce wood
pellets ENplus Al were burned. The moisture content of used fuel was around 6 %, ash content was 0.3 % of
raw biomass. The proximate analysis was conducted by the authors according to the European standards EN
ISO 18134-3 and 18122. During the tests, the boiler worked at its nominal output with continuous fuel feed. A
sample of flue gas from the boiler at approximately 140 °C was taken using a sampling probe located in the
flue gas stack, at a height of 1 m above the outlet of the combustion device (see Figure 1). This point was
selected in compliance with the standard requirements (EN 13240) for measuring emissions in small
combustion devices. Oxygen content in the flue gas fluctuated from 10.0 to 11.5 %, and thus the results were
converted to reference oxygen content (10 %).
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Figure 1 Scheme of experimental setup
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The flue gas with dispersed fine particles was carried from the stack through the short tube directly to the first
impinger. This 250 ml impinger was filled with 200 ml of water or isopropyl alcohol (so the gas had to pass
through approximately 12 cm of liquid) and submerged into the water bath. To cool flue gas down, brine
solution (-20 °C at the beginning, but gradually warming up to -8 °C) was used. To warm flue gas up, hot
water was used, which progressively cooled down from 85 °C to 55 °C. Due to the very low sampling volume
(0.3 litres per minute), it was arduous to directly measure the temperature of the flue gas past the impinger, as
it cooled rapidly at the outlet. Nevertheless, we assume the minimal temperature difference between the water
bath and flue gas. Subsequently, the gas was carried downwards to second (again 250 ml), empty impinger
to collect potential condensate. After that, flue gas was carried directly to the measuring device. Empty
impinger without any liquid was used for comparison as well.
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For particle concentration and distribution measurements, Scanning mobility particle sizer (SMPS 3080) and
Condensation particle counter (CPC 3775) devices by TSI Inc. were used. Unseparated particles with electrical
mobility diameter from 18 to 530 nm were monitored for 60 minutes in each setting.

The morphology of the particles was observed using a scanning electron microscope (SEM), particularly the
LYRA 3 (Tescan) electron microscope. For the SEM measurement, the sample was covered with a conductive
layer of gold with a thickness of 20 nm using a planetary rotation of the samples. A detector of secondary
electrons (SE) was used for the measurements. The elemental composition of the particles in the condensate
was analysed by the ICP-OES spectrometer ARCOS by Spectro.

3. RESULTS AND DISCUSSION

Initially, the empty impinger setting at room temperature was tested to obtain the boiler’s original particulate
emissions. Due to the randomness of combustion processes, 60 one-minute measurements were averaged.
Results of average particle number concentration are shown in Figure 2, the uncertainty is expressed as a
single standard deviation.

At room temperature, both water and isopropanol cause a decrease of number concentration by 22 %
compared with empty impinger. Different temperature leads to another decrease with ambiguous trends. In
the case of water, cooling the gas down is more effective and results in supersaturation and particles with
condensed water vapour are collected in the brine solution. On the other hand, hot water creates gas with
higher absolute but lower relative humidity. In this case, supersaturation is achieved as soon as flue gas cools
down, which is somewhere between the two impingers.

Cold isopropanol does not seem to do much of a difference while warming it is the most effective method
regarding particle separation. Hot isopropanol separated 65 % of the original particle number concentration.
The temperature of the hot water bath was very close to the boiling point of isopropanol, which caused a
considerable amount of isopropanol to evaporate and condensate in the tube leading downwards to the second
impinger. The wet inner surface of the tube and condensation of liquid after cooling are probably the main
factors.
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Figure 2 Average particle number concentrations

Particle diameters slightly increased after passing through the water compared to the empty impinger
(Figure 3). In the cold bath, the particles grew more than in the hot bath or at room temperature conditions;
the latter two setups were rather similar.
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Isopropanol and water curves at room temperature are almost indistinguishable. Cold bath again caused the
biggest increase in size, while the hot bath is the only setup, that affected the distribution noticeably and caused
diameters to decrease. When the effect of lower particle concentration is disregarded, it is clearly visible, that
much more of the larger particles were separated. There is even a decrease in the number of smallest particles,
which were unaffected by other settings. Temperature does not appear to have a significant impact on particle
sizes and the size changes are more likely due to the more probable separation of larger particles.
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Figure 3 Average particle distributions
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Figure 4 Morphology of particles in condensate with a magnification of 138 000%, measuring scale is in the
pictures

A sample of the condensate with captured particles from the second impinger was slowly dried and analysed
by SEM. There are two types of particles observed in the condensate - spherical to oval nanoparticles and
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regular spherical macroparticles (see Figure 4). The size of the nanoparticles ranges from 45 to 70 nm and
that of the spherical macroparticles ranges from 300 to 350 nm. Both types of particles are agglomerated
together into a three-dimensional structure, but nanoparticles are sometimes fused together almost beyond
recognition. It is not known, how much was the morphology affected by the thickening of the condensate, i.e.,
how particles looked before being separated. The number of spherical macroscopic particles in the sample is
considerably smaller. The exact composition of spherical particles is unknown, but their shape indicates phase
change (solidification) in flight.

Concerning metals content, the most dominant was potassium and calcium, in smaller amounts were detected
also manganese, magnesium and sodium. These results are no surprise, as they account for most of the
inorganic content in used biomass. Note that the used measuring device is unable to detect carbon and gases
(e.g., oxygen, nitrogen, and hydrogen), and carbon and oxygen in particular normally constitute a considerable
part of particle mass [13].

4, CONCLUSION

The experiments proved that the number of fine particles of 18 to 530 nm in diameter in the flue gas can be
reduced by passing the gas through a liquid-filled impinger with significant efficiency. There is almost no
difference when brine solution or isopropanol is used as a scrubbing medium at room temperature. Both
heating and cooling these liquids results in additional improvement of particle separation. The highest particle
separation efficiency of 65 % was achieved with isopropanol heated to temperatures just below its boiling
point. Condensation of isopropanol on particles and intense wetting of surfaces caused even the smallest
particles to be captured. In a practical operation, however, usage of a flammable and irritant substance is not
optimal and usage of regular water is much more promising. Heating water to its boiling point could have a
similar effect.

Regarding morphology of particles collected in the condensate, the typical soot structures around 60 nm in
diameter were found as well as larger spherical particles with diameter up to 350 nm. By analysing metal
content, similar elements as in the original biomass were found, such as potassium and calcium.

The original idea of increasing particle diameters by condensing liquid in their surfaces turned out to be more
complicated than expected. Condensation did occur, but too little for any practical application. It could be
caused by preferred condensation on surfaces of tubes, which are colder than aerosol particles. If this is the
case, usage of larger diameter tubes would be beneficial.
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