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Abstract. The paper studies kinetic properties of aerosols formed in

thermal degradation of wood. The impact of modifying agents in wood
surface layer on the quantitative composition of smoke aerosol solids was
analyzed. For this purpose, grain-size of aerosol solids was analyzed, and
the physical and chemical properties of source and modified wood were
assessed.

1 Introduction
One of the most hazardous factors causing humans’ death in a fire is smoke formation. As a
result of the combustion of flammable construction materials, smoke formation in
evacuation routes occurs, causing possible visibility deterioration that can lead to
disorientation in space and panic under the increased hazard conditions. In addition, toxic
substances forming combustion products can produce different effects on humans: from
minor irritation of upper respiratory tract during short-term inhalation up to severe lung
damages.
Modern scientific works are aimed at studying the influence of the wood species and
various methods of its modification on smoke formation, which is characterized by the
indices of decreasing light transmission capacity. One of the most effective ways to reduce
the smoke-forming ability is the use of effective flame-retardants involved in the adsorption
and chemical reaction in the surface layer of wood, thereby simultaneously reducing the
fire hazard of wood. The issue of the effect on the structure and properties of the smoke
aerosol is poorly investigated. Obviously, the study of this issue is urgent to ensure
humans’ safety in the event of a fire [1,2].
It is known that in case of thermal degradation of wood materials, the aerosol formation
mechanism consists of several processes. Primary soot particles are formed due to
incomplete combustion of the material. This is due to a low temperature at the initial stage
of the thermal degradation of wood, resulting in the smoldering of wood parallel to the
grain, with the release of incompletely degraded products into the ambient air. At high
temperatures, the products of incomplete thermal degradation partially emit from fractures
forming in the material surface, from deeper layers, due to the insufficient oxygen content
in these layers [3-11].
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The largest contribution to reducing visibility in a fire is made by aerosol particles
forming as a result of diffusion of solids of a surface carbonized wood layer into the
atmosphere due to convective flows at elevated temperatures. When thermal degradation of
wood occurs, the formation of a surface carbonized layer consisting of thermally
decomposed solids takes place. The possibility of diffusion of particles into the atmosphere
during thermal degradation depends primarily on the structure and the strength of the
carbonized layer [12-15].
It is evident that the properties and the structure of the surface layer of wood produce a
significant effect on the smoke formation process during material combustion.
Based on the above mentioned, the objective of this paper is to evaluate the effect of
wood surface layer modifiers on the smoke aerosol formation and stability. For this
purpose, it is necessary to solve the following tasks: to determine the quantitative
characteristics of the smoke aerosols formed during thermal degradation of the source and
modified wood, as well as to assess the effect of modifiers on the structure and properties of
the surface layer of wood during its thermal degradation.

2 Methods and materials
A well-known quantitative method of estimating the properties of the smokes formed
during combustion of solid materials is the determination of the smoke-generating rate in
accordance with GOST 12.1.044 – 89 cl. 4.18
To quantify smoke aerosol, it is proposed to combine the granulometric analysis of the
smoke solid phase with the use of the Cilas 1180 particle size analyzer and physical and
chemical methods for estimating the surface layer of wood: elemental analysis with the use
of the Quanta 200 scanning microscope, electron microscopy, and a method for estimating
energy characteristics of a surface layer of modified wood before and after thermal
degradation, using the EasyDrop contact angle detection device and Quantachrome NOVA
4200e unit for determining the specific area of samples.
Surface layer modifying agents are selected in line with previous papers in the area of
fire protection of wooden construction materials by means of a surface chemical
modification.
20%-phosphite solutions: dimethyl phosphite (DMF), diethylphosphite (DEP), dibutyl
phosphite (DBP), diphenyl phosphite (DFP), ammonium polyphosphate (APP-1) were used
as modifiers of the surface layer of woodse 170 x 250 mm paper size (W x H mm) and
adjust the margins to those shown in the Table 1. The final printed area will be 130 x 210
mm. Do not add any page numbers.

3 Results
The initial assessment of the smoke-forming capacity according to GOST 12.1.044 – 89 is
shown in Figure 1.
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Fig. 1. Smoke-forming capacity of source and modified wood.

Following the results of the granulometric analysis and based on the mathematical
calculations, the distribution of solid phase particles of the smoke aerosol was determined
in accordance with the size of the modifier of the wood surface layer (Figure 2).
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Fig. 2. Size distribution of aerosol disperse phase solids

To evaluate the stability of aerosols, it is necessary to determine its kinetic parameters:
coagulation rate and sedimentation rate, which are determined by the structure of solid
particles in the disperse phase and the Brownian motion [16-21]. Sedimentation rate is
determined by the equation (1), where r is the radius of solids in the aerosol disperse phase,
ρ is particles density, g is gravity factor and μ is medium viscosity (μ =1.81∙10-4 Pa∙s).
Wg=2r2∙ρz∙g/9μ

(1)

Based on Brownian motion, coagulation speed is expressed by the equation (2), where
N is the number of particles with radius, A is Stokes-Cunningham correction factor, K is
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Boltzmann constant, Т is ambient temperature (Т=70оС), and l is free molecule path
(l=65.3 nm).
dN/dτ=4K∙T(1+A∙l/r)∙N2

(2)

The number of particles of the solid aerosol disperse phase was obtained based on the
mass of the solid aerosol disperse phase and the particle size distribution. The results of
calculating the kinetic parameters of the aerosol are presented in Table 1.
Table 1. Sedimentation rate and coagulation rate of aerosol solids.
The speed of the coagulation of aerosol particulate matter during combustion of
R,
µm

Wg, m/s

wood modified by

original
wood

DMF

3,0

4,87·10

10,0

5,40·10–4

9,16·10–12

1,10·10–11

5,20·10–12

8,50·10–12

1,5·10–11

1,0·10–11

–3

–12

–12

–15

–12

–12

1,4·10–13

15,0
1,20·10
Δm, g

1,51·10
1,99·10
2,60

3,17·10
2,69·10
1,14·10

5,76·10

–10

2,67·10
1,70·10

2,30

–10

1,55

1,10·10
3,80·10
2,34·10

–8

PFA-1

–5

–10

–8

DBF

2,16·10

1,40·10

–8

DFF

–7

0,2

–8

DEP

–10

2,45

2,0·10

–8

1,6·10–7

1,0·10

–9

3,9·10–10

1,5·10

2,74

2,25

The results of physical and chemical methods for estimating the surface layer of the
source and modified wood are presented in Table 2 and in Figure 3 [22-24].
Table 2. The phosphorous content in the surface layer of wood before and after thermal
decomposition.

Phosphorus contents in wood modified by, %
Condition of wood
Before thermal decomposition
After thermal decomposition

DMF

DEP

DBF

DFF

PFA-1

2,87
0,85

3,57
4,70

2,65
0,71

2,45
1,06

2,11
0,35

ΔG, kJ
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Fig. 3. Energy characteristics of the modified wood surface
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Images of the surface of the carbonized layer of modified wood after thermal
degradation are shown in Figure 4-7.

Fig. 4. Carbonized surface of the wood
modified by DMF at magnification of x200

Fig. 5. Carbonized surface of the wood
modified by DEF at magnification of x200

Fig. 6. Carbonized surface of the wood
modified by DFF at magnification of x200

Fig. 7. Carbonized surface of the wood
modified by APF-1 at magnification of x200

4 Discussion and processing of the results
As is obvious from the data obtained, surface layer modifiers differently affect smoke
formation capacity of wood.
The most effective is the DEP modifier, which chemically interacts with wood surface.
The efficiency of the modifier is based on the elemental analysis data, before and after
thermal degradation, where the stability of the phosphorus-containing compounds formed
as a result of chemical reaction with the modifier is observed under the conditions of
thermal degradation of the material.
As is obvious from the granulometric analysis data, the modifiers of wood surface layer
significantly affect the quantitative properties of the smoke aerosols produced during
thermal degradation of the modified wood. There is a decrease in the maximum size of the
smoke aerosol solids, from 25 μm, in case of estimating the smoke produced by the thermal
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decomposition of the original wood, and up to 15 μm, in case of using DEP as a modifier of
the surface layer of wood.
Depending on the modifier of the surface layer of wood, a change in the coagulation
rate is observed. For particles with a radius of 0.2 μm, coagulation rate increases 4 times in
case of DEP application as compared to original wood, which is determined by the nature
of the modifier. With the increase in the particle radius, their coagulation rate with the
application of DEP is significantly reduced, which is due to a small concentration of largesized particles and the smallest total mass of aerosol particles formed during the thermal
degradation of the DEP-modified wood.
Based on the correlation of the data on the change in the smoke generating capacity and
the size distribution of smoke aerosol solids, when using various modifiers, it can be
concluded that the reduction of the smoke-generating capacity directly depends on the
quantitative characteristics of the solid phase of the smoke aerosols.
The Gibbs thermodynamic potential of the wood surface was calculated based on the
data obtained by the neutral drop method and the information on the surface layer structure
before and after thermal degradation. As a result of the analysis of the results obtained, it
was found that the change in ΔG before and after thermal degradation for various modifiers
correlates with the efficiency of the modifying action of the selected compounds.
Changes resulted from thermal degradation of the surface energy characteristics close to
zero are typical for wood modified by DEP. A similar picture can describe the surface layer
structure as stable. A different picture is observed in case of using other modifiers having a
lower modifying efficiency. High values of the changes in the Gibbs energy (ΔG) before
and after thermal degradation determine high surface activity in the process of thermal
degradation with inelastic deformations characterized by formation of fractures and
destruction of the surface layer. Such deformations are observed in the images of the
surface layer of wood. The formation of smoke in this case is due to the thermal
degradation of the internal non-modified layers of wood.

5 Conclusions
The kinetic parameters of sedimentation and coagulation of aerosols formed during the
thermal degradation of modified wood depend on the nature of the modifier. In the
phosphite series, DEP is the best modifier, which determines the highest decomposition rate
of smoke aerosol. Instability of the surface layer is a key factor to form big-sized particles
of smoke aerosol solids, which determines a significant decrease in visibility in the event of
a fire. The nature of modifying agent affects the properties of the wood surface. Inelastic
deformations with the formation of fractures can occur due to increasing internal energy of
the surface. The decreased changes in the Gibbs thermodynamic potential characterize the
modified surface stability; this is quantitatively determined by the total mass of the solid
particles of the smoke aerosol disperse phase, and by the reduced maximum diameter of the
particles. The modification of wood with phosphites therefore reduces the tendency to
smoke-generating capacity, which determines the reduction in humans’ death in the event
of a fire.
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