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Abstract: This article extends earlier research by the authors that was devoted to the experimental
evaluation of ultra-fine particles produced by the laboratory combustion of beechwood samples.
These particles can have severe influence on human health. The current paper presents a parametrical
study carried out to assess the influence of the composition of the atmosphere and the temperature
on the production of ultra-fine particles during the micro-scale combustion process. The paper
presents a laboratory procedure that incorporate the thermogravimetric analysis (TGA) and detailed
monitoring of the size distribution of the produced fine particles. The study utilises the laboratory
scale identification of the formation and growth of the fine particles during the temperature increase
of beech wood samples. It also compares the particle emissions produced by beech heartwood and
beech bark. The size of the emitted particles is very strongly influenced by the concentration of light
volatiles released from the heated wood sample. From the experimental study, decreasing oxygen
content in the atmosphere generally results in higher particulate matter (PM) production.
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1. Introduction

In recent years, the monitoring of air pollution has been heavily focused on particulate matter
(PM) [1,2]. The negative impact of fine and ultra-fine particles has been studied by many authors.
Ultra-fine particles are dangerous to human health [3] and have much greater active surface than
larger particles with comparable weight and, therefore, have a greater ability to bind to other harmful
substances [4]. Particles smaller than 1 micrometre (PM1) are less than the minimum size for the lung’s
self-cleaning ability. The smallest particles can even diffuse through the wall of alveolar sacs and into
the bloodstream [3]. The ultra-fine particles are produced during combustion processes due to a rise
in temperature. Internal combustion engines and small furnaces are the main producers of ultra-fine
particles in urban areas [5] and most of the particles produced by these combustion processes are
PM1 [6], which becomes increasingly problematic in urban areas with a high density of residents using
cars and small furnaces. The production of ultra-fine particles from these sources is significant and
the final emission concentrations are dependent on the conditions of dispersion. Unfortunately, city
buildings are a great obstacle for air flow at the canopy layer of air and the low air velocity creates
conditions for a long residence time of particulates in air [7]. Ultra-fine particles do not sediment and
can remain in the environment for days and weeks. They are separated from the air by touching a solid
surface like walls, roads, vegetation, or a liquid surface like water bodies or raindrops. The ultra-fine
particles can grow to fine particles by (i) coagulation mechanisms, that aggregates colloidal and
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macromolecular organic particles into larger clusters, (ii) by agglomeration, where particles bonding is
based on the adhesion of the surfaces, by (iii) oxidation reactions or by (iv) condensation of condensable
vapours on the particle surface [8].

This paper focuses on the emissions of ultra-fine particles released by the combustion process
occurring in a small biomass furnace. There is a vast variety of those furnaces and in each of them
are different combusting conditions. Some parts of the furnaces have intense air flow that causes the
flying of ash. Sides of a combustion chamber are intensively heated by exothermic reactions as there
is a high concentration of volatiles in the combustion chamber. These volatiles undergo incomplete
combustion due to a lack of intake air and then cool down and condense – a mechanism resulting in
the nucleation of ultra-fine particles.

The measurement of the ultra-fine particles dispersed in the flue gas is important for identifying
the effects of furnace operating parameters (heat power output, a surplus of combustion air,
temperature) on the resulting emissions of the particles. Such measurements are also used for
comparison of different fuels in one furnace [9], but these experimental measurements do not provide
detailed insight at the sub-stages of the process of nucleation and subsequent agglomeration of
particles. Numerous studies published by different authors deal with this topic, but the process of
particle nucleation is still not sufficiently explained and clarified [10–12]. It is necessary to continue with
the experimental investigation of numerous samples and analyse the result for a better understanding
of the nucleation and the growth process. These processes are studied in laboratory conditions with
ideal combustion of fuel samples. This experimental research is the main target of this paper and uses
thermogravimetric analysis (TGA) for the identification of particles emitted from a small sample of
wood. The measuring instrument provides the particle size distribution of particulate matter. It is very
important to understand the nucleation and creation of these particles in the combustion process to
create viable strategies for their elimination.

An earlier study by the authors [13] dealt with a laboratory investigation of fine particulate matter
production from the controlled heating of beechwood samples in the atmosphere with 21% oxygen.
This paper extends this previous experimental investigation by using lower oxygen content in the
atmosphere during laboratory combustion. The limiting test case uses an inert atmosphere with
100% nitrogen.

2. Particulate Formation

When heat flux is applied to the solid phase of woods it is divided into three distinctive layers:
(i) the char layer, (ii) the pyrolysis layer and (iii) raw wood. Between the char and pyrolysis layer is
identified the char front in which occurs transition from raw wood into char by thermal decomposition
(pyrolysis). This transition is usually considered to take place at the 300 ◦C isotherm, called the
char-line [14].

When external heat flux affects the wood surface, part of the heat is reflected from the surface.
Convective heat transfer between surrounding gases and the wood surface also occurs. In the pyrolysis
layer, water evaporation occurs first and is later accompanied by pyrolysis reactions and the production
of gas volatiles. Vapour and gas volatiles penetrate through pores and leave the wood.

Released volatile components have different values of partial pressure. When they reach their
respective saturation point, the formation of a new phase begins – this is the nucleation process.
The molecules are clustered into ultra-fine particles up to 0.1 µm in size. These particles can further
grow by mechanisms mentioned in the introduction section. Particles that are formed in the combustion
chamber are called primary particles. Particles formed in the flue gas duct and in the atmosphere are
called secondary particles. Organic particles have different levels of volatility that divides them into
volatile organic compounds (VOC) and semi-volatile organic compounds (SVOC) [15].
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2.1. Soot

Soot is a spherical particle of impure carbon coated in polyaromatic hydrocarbons (PAHs) [16].
These pollutants are usually the result of a fuel-rich combustion at high temperatures (over 900 ◦C).
Combustion at low temperatures (under 700 ◦C) results in CO, VOC, smoke species, and soot coated
in oxidized PAHs [17]. Production of soot can also occur in fuel-lean conditions if some parts of the
fuel cannot be accessed by the combustion air both in the fuel bed and in the freeboard flue gas.

Modelling of soot formation is based on experimental work on laminar flames of simple and
clean fuels like ethylene and methylene, and to date, no model describes the formation precisely.
But there is an agreement on the basic mechanism of soot formation, and a mechanism known as
HACA —hydrogen abstraction–C2H2 addition, that also describes the evolution of PAHs, manages
to describe the nucleation of soot [18]. For the description of this mechanism, a basic chemical and
physical frame was created. In the chemical frame, the main precursor of soot formation is considered
to be acetylene C2H2 that is reacting to create higher hydrocarbons (aromatics with one or two rings)
that are the basis of PAH [19]. Once the PAH is formed, the physical frame can be used to describe the
rest of the formation. This consists of four steps: formation (nucleation), coagulation, condensation,
and surface growth [19]. Coagulation and condensation are shown in Figure 1. These two steps are
creating agglomerates that, after further reactions, turn into impure carbon nuclei. Oxidation by O2

and OH appears at all steps [18]. The main source of these pollutants is incomplete combustion and
is controllable to some degree, because when biomass is combusted on grate pyrolysis always takes
place, by the quality of the combustion process.
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2.2. Fly Ash

Biomass generally contains trace amounts of metals and the most important of them is
potassium [17]. These metal elements are released during combustion and create the compounds
responsible for fouling the equipment after condensing on its walls. But some of these compounds
leave the combustion equipment in the form of aerosols that are dangerous for human health by
themselves or when they create particles of fly ash in a similar fashion to the formation of soot particles.
The reason for this is that these mechanisms are interconnected.

The inception and growth of ultra-fine particles are very complex processes in which it is difficult
to quantify the intensity of individual incremental changes. A certain help in the quantification is
numerical modelling, but despite the great advances in the development of models and the greater
computational resources, it is not yet possible to account for every process and create an exact model
of the particulate’s inception and growth. Additionally, models of biomass combustion do not usually
account for particulates [20].

3. Experimental Procedure and Measurement Device

From the previously stated reasons, the focus of this paper is on the laboratory measurements of
the size distribution of ultra-fine particles emitted from the combustion of beech wood. The developed
laboratory procedure incorporates the advantages of thermogravimetric analysis and the detailed
monitoring of the size distribution of the produced fine particles. Thermogravimetric analysis (TGA)
allows to monitor the exact influence temperature has on a small fuel sample according to the
desired heating schedule by monitoring the weight of the heat affected sample and identifying
the weight loss. TGA can also change the composition of the atmosphere flowing around the sample.
By analysing the development of temperature change, it further identifies the presence of endothermic
and exothermic reactions.

The measurement was carried out by utilising a STA 449 F3 Jupiter TGA device (NETZSCH, Selb,
Germany). The base component of the STA-449 analyser is a very precise digital weighing system
with a vertical design. The analysed samples are placed into a shielded ceramic module (TG-module).
This module is linked to the weighting system itself. For the whole duration of the measurement,
the entire module is located in a gas-tight laboratory furnace with a controlled heating rate. For each
measurement the device provides a TGA curve showing the relationship between weight change and
the temperature of the sample.

The gas phase volatiles released by pyrolysis from the fuel sample during the measurement are
scattered in the test atmosphere and removed from the device. Subsequently, the resulting stream
is cooled down to the ambient temperature by flowing through the connected pipeline, creating an
aerosol stream that enters a Scanning Mobility Particle Sizer (SMPS). In SMPS are separated fractions
of different particle size. The production of fine particles during the process of combustion of the
wood sample was measured with a TSI-SMPS device (Model 3080-Series Electrostatic Classifiers
including CPC 3775, TSI Inc., Minneapolis, MN, USA). The SMPS consists of an aerosol neutralizer
and differential mobility analyser (DMA).

Almost every particle has some level of electric charge. The DMA requires the aerosol to achieve
a uniform and steady charge distribution. This is achieved with an aerosol neutralizer device, which
provides a process that neutralises the charge of particles. After neutralisation, the particles pass
through a bipolar charger and are all charged to a unified level. Then, the aerosol flows into the DMA
where sizing occurs, see Figure 2.
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As a particle sizing system, the DMA separates particles by size for high-resolution measurements
of the particle size distribution and allows particles in the range of 10 to 1000 nanometers in diameter
to be classified. The size of the particles in the polydisperse aerosol flowing though the DMA is
determined by their electrical mobility and as only particles of specific sizes are selected, a highly
monodisperse aerosol leaves the DMA. This aerosol continues to a condensation particle counter (CPC).
The purpose of this device is to measure the particle number concentration and identify particles in
the particle-size fractions.

The CPC function is based on condensation of butanol vapours on the monodisperse aerosol’s
particles that act as condensation nuclei. The condensation occurs in a cooled condenser and the
particles grow into larger droplets of such size that they can be counted by an optical detector when
passing through it [9].

4. Experimental Results and Discussion

Many parameters vary during the combustion process. Temperature and combustion air surplus
being the most variable depending on the location in the combustion chamber. The measuring
apparatus described in the previous section was used for the research of nucleation and growth
of the fine particles in the flue gas from beechwood combustion.

Plants and trees are mainly composed by cellulose fibrils [21]. Next to the cellulose cell walls
of wood are composed by lignin and hemicellulose. Cellulose and hemicellulose together are called
holocellulose. These three together principally represents the total carbohydrate fraction and are
considered as the bulk of wood. The proportions of holocellulose and lignin are different in various
parts of woody plants, and, therefore, their residues (sawdust, bark) have different compositions.
The beech is a genus of trees and the beechwood have the following composition: extractables (2%),
lignin (20%) and holocellulose (78%) [22], as shown in the Table 1.

Table 1. Chemical composition of beechwood. Adapted with permission from Elsevier [22].

Description Value

Density 730 kg/m3

Humidity 6.1%
Lignin 20%

Holocellulose 78%
α-cellulose 50%
Extractives 2%

Blocks of beechwood were used as testing samples with each block weighing 80 mg. The samples
were heated up in the thermogravimetric analyser from 20 ◦C to 620 ◦C over a period of 120 min.
The constant temperature increase was set at +5 ◦C/min. The experiments were carried out for beech
heartwood and beech bark. To simulate the wide spectrum of possible conditions of the combustion
process the samples were heated up in atmospheres with different oxygen concentrations, namely
with the concentrations of 0%, 5%, 10% and 15% of oxygen. Each atmosphere was prepared by mixing
pure oxygen and pure nitrogen from pressurised vessels connected to the TGA device.
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Mass loss occurs during the controlled heating up the samples as shown in Figure 3. This figure
presents the temperature pattern of wood samples (increasing curve) and the associated weight loss of
the samples (decreasing curves). Water evaporates from the tested samples during the temperature
increase up to 120 ◦C, then light volatile compounds are released in the interval from 120 ◦C to
250 ◦C. In the interval from 250 ◦C to 300 ◦C occurs a rapid loss of a sample’s weight induced by
the intensive release of remaining volatile compounds. The release of these volatile compounds is
intensified by the heat generated from exothermic reactions that commence within these temperatures.
The interval from 300 ◦C to 500 ◦C is associated with the gradual decomposition of carbon in charcoal.
The relations presented at the Figure 3 show the different intensity of incineration of samples in
different atmospheres. Higher concentration of the oxygen causes more intensive combustion of
charcoal. In the atmosphere formed only by pure nitrogen, 30% of the sample remained unburned in
form of charcoal. Influence of the oxygen content in the atmosphere is similar for beech heartwood
and beech bark.
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Figure 3. Results from the thermogravimetric analysis of beech samples in different atmospheres.
(a) Beech heartwood; (b) Beech bark.

The thermal decomposition of the beechwood samples is influenced by the intensity of the
oxidation reactions. The result of the thermal decomposition is the production of ultra-fine particles
scattered in the gaseous products that leave the TGA apparatus. Figure 4. presents the obtained
distribution of the generated particle concentration for all tested concentrations of oxygen in the
atmosphere. The presented results represent the sum of all particles generated during the increase
of temperature from 20 ◦C to 620 ◦C over the testing period of 120 min. Significant concentrations
of the ultra-fine particles occurred within the particle mobility diameter of 50 nm–340 nm and the
maximum concentration corresponds to a particle size around 140 nm. This corresponds to the
typical concentration peak of combustion particles formed by the coagulation process. At 300 ◦C,
the highest concentrations of emitted particles were measured. This temperature is close to the ignition
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temperature of the samples and causes an intense production of volatile compounds that subsequently
lead to the nucleation of a great number of particles that in turn, coagulate into large particles.
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(a) Beech heartwood; (b) Beech bark.

Low concentrations of oxygen in the atmosphere generally caused a higher number of produced
particles. This relationship is valid for particle size bigger than 50 nm. In the case of a pure nitrogen
atmosphere, significant concentrations of particulate matter were obtained. This is due to the absence
of most oxidation reactions, also leading to a decrease in the local temperature affecting other reactions.
The dependence of the production of fine parts on the oxygen concentration in the atmosphere is more
pronounced when burning beech bark compared to the beech heartwood. Beech bark produces a
higher number of particles in the atmosphere of pure nitrogen. The same sample produces a lower
particle number in the atmosphere with 15% oxygen and more.

Figure 5 shows the total mass of all particles generated during the increase of temperature from
20 ◦C to 620 ◦C over the testing period of 120 min. The maximum total particle mass was identified for
particle sizes close to 200 nm. As oxygen concentration in the atmosphere increases, the total particle
mass generally decreases. Threshold oxygen concentrations in the atmosphere were identified to be
between 5% and 10% of oxygen. For oxygen concentrations up to 5%, the higher total particle mass
was achieved by burning beech bark; however, for oxygen concentrations of 10% and above, the higher
total particle mass was achieved by burning beech heartwood.
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5. Conclusions

The fine and ultra-fine particles produced by combustion processes represent a significant
health risk. The entire process of inception and growth of these particles is very complex and still
not sufficiently described. The study of this issue in actual combustion devices is very difficult
due to the instability and diversity of the combustion process due to the wide ranges of devices
and fuels. The research presented in this paper focused on the emission of ultra-fine particles
from the controlled heating of small samples of beechwood (heartwood and bark). A connection
between thermogravimetric analysis and the mobility diameter measurement of particulates was
realised for this purpose. Other studies looking into the topic of particulate emissions from biomass
combustion were interested in: (i) the chemical composition of released volatile compounds from which
particulate matter can form [23–25], (ii) mass amount of particulate matter released by different types
of biomass [23,26–28] and (iii) number of released particles [23,26,28]. These studies were conducted
on small (domestic) biomass burners for different types of wood (beech included) and under various
conditions specified by % of the nominal output of the device under observation. But wider range
of atmospheric conditions is required for modern approaches for biomass combustion [29], pyrolysis
(0% O2) included. The study carried out in this paper was a parametric sweep tracking the influence
of different concentrations of oxygen in the atmosphere on the production of particulates during a
controlled heat up.

From the experimental measurements it can be concluded that increasing the temperature leads
to a higher emission of particles produced by the combustion process. This applies until the ignition
temperature is reached. This is most likely due to the increasing concentration of volatile vapours.
Just before the ignition temperature the highest amount of volatile vapours is evaporating from the
sample leading to the most intensive nucleation of particles resulting in their high concentrations,
coagulation and growth. When the ignition temperature of the volatile vapours is reached, which can
only happen if oxygen is present, the concentration of these vapours diminishes and so does the
production of the particulates. This diminishing process occurs until the maximum experimental
temperature of 620 ◦C.

The utilisation of the thermogravimetric analysis is suitable for the experimental measurement of
particulates produced by combustion and is a suitable tool for detailed insight into the sub-processes of
the particulate’s inception and growth during the combustion process, which can be further expanded
by performing the same study for other types of woods. With the information from [30] about the
effective density of the particulate matter a deeper insight into the researched problem can be obtained.
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