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1. Introduction  

Environmentally safe materials made of wood are gain-
ing more and more popularity in construction but, in terms 
of flammability group, they are categorized as combustible 

materials and require fire retardant treatment. The main 
requirements for fire resistance of natural combustible mate-
rials made of wood are the ability to resist the action of fire 
and not to spread the flame over the surface. The change in 
the thermal destruction of wood at flame-retardant treat-
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An issue related to using a weather-
proof reactive coating for fire protection of 
wood is to ensure resistance to high-tem-
perature flame via application technolo-
gy. Therefore, the object of research was 
the fire-retardant properties of reactive 
coating based on mixtures of organic-inor-
ganic substances during interaction with 
flame. It has been proven that the sam-
ples of the reactive coating represent an 
accumulation of fine-dispersed equally 
sized substances surrounded by a polymer 
binder, which begin to decompose under 
thermal action; in particular, ammonium 
polyphosphate decomposes and releases 
phosphoric acid. That leads to the dehy-
dration of pentaerythrite with the forma-
tion of soot while the decomposition of 
melamine is accompanied by the release of 
non-combustible gases that cause the soot 
to foam, thereby forming foamcoke. The 
mechanism of fire protection of wood has 
been established, which is related to the 
decomposition of flame retardants under 
the influence of temperature, the release of 
non-combustible gases, and the formation 
of a non-flammable coke residue. Thus, 
when the content of ammonium polyphos-
phate and pentaerythrite in the reactive 
coating was increased by 5 %, the volume 
of combustible gases decreased by more 
than 11 %, and the volume of nitrogen 
increased by more than 10 %. When their 
content was increased by 14 %, the volume 
of combustible gases decreased by more 
than 2 times, and the volume of nitrogen 
increased by more than 1.45 times. That 
also affected the formation of a foamcoke 
layer, which was recorded at the lowest 
content of ammonium polyphosphate at 
the level of 12 mm and increased for high-
er values up to 15.5 mm, and the multiplic-
ity of foam increased by 1.25 times. The 
practical significance is that the results 
are taken into account when designing the 
reactive coating. Thus, there are reasons 
to assert the possibility of targeted regu-
lation of the wood protection process by 
applying coatings capable of forming a 
protective layer on the surface
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ment is aimed at the formation of non-combustible gases and 
inflammable coke residue, as well as the inhibition of oxida-
tion in the gas and condensed phases.

Modern methods for fire protection of building struc-
tures are based on the use of impregnation solutions, which 
are complex systems of organic and inorganic components 
capable of penetrating the structure of wood and forming 
a protective layer of coke in case of fire. But these compo-
sitions are washed out of the wood during temperature and 
humidity fluctuations, thereby reducing fire protection. The 
simplest fire retardants based on inorganic binding materi-
als are characterized by little elasticity and crumble during 
operation under the influence of temperature and humidity 
fields, changing the aesthetic appearance of the structure as 
well as thermal resistance.

In this area of research, there are studies aimed at de-
signing intumescent coatings, which under thermal action 
form a heat-insulating foamcoke layer on the surface of 
wood. The presence of such a layer makes it possible to slow 
down the heating of wood and preserve its functions during 
a fire over a predefined period. In addition, there is a need to 
operate such a coating when there are wide temperature and 
humidity fluctuations. The use of environmentally safe reac-
tive coatings based on water-resistant binders requires con-
ducting fundamental studies of their impact on the stability 
of products to the operating conditions of the environment.

Therefore, production of weatherproof reactive coatings 
and determining the effect of components that are part of 
them on fire protection is a basis for ensuring the fire re-
sistance of building structures. This, accordingly, predeter-
mines the necessity of such studies.

2. Literature review and problem statement

In work [1], different amounts of boric acid BA (1.25, 2.5, 
3.75, and 5.0 wt.%) were used to increase the effectiveness of 
the intumescent fire protection system (IFR) consisting of 
ammonium polyphosphate (APP) and pentaerythrite (PER) 
in polypropylene (PP), including 2 wt.% montmorillonite 
nanoclay (MMT). The fire resistance of the composites was 
investigated by UL 94, limiting oxygen index (LOI), and 
cone calorimetry tests. Thermal properties were determined 
using thermogravimetric analysis, differential scanning cal-
orimetry, and thermal conductivity measurements. Experi-
mental results showed that although the addition of 1.25 and 
2.5 wt.% BA with 2 wt.% MMT significantly increased the 
thermal and fire resistance of PP composites, the addition 
of 3.75 and 5.0 wt.% BA caused antagonistic effects and 
worsened the fire resistance composites The sample with the 
addition of 2.5 wt.% BA achieved the best fire resistance. 
The LOI value has been increased from 18 to 31 % with a 
UL 94 V-0 rating. In addition, the peak heat release rate 
was reduced from 668.6 to 150.0 kW/m2, and the total heat 
release value was reduced from 247.9 to 98.4 MJ/m2. At the 
same time, the thermal conductivity was increased from 0.22 
to 0.28 W/mK. In addition, CO, CO2, and smoke generation 
were significantly reduced relative to PP. However, the con-
ditions for establishing optimal solutions for its use have not 
been established.

In [2], phosphate-filled fibers (CFF) with a layered sili-
cate outer coating were developed into an effective intumes-
cent flame retardant (IFR) system for polypropylene (PP). 
A small content of silicate (0.4 wt.%) leads to a decrease in 

the content of phosphate by 27 wt.% to achieve the same 
level of fire resistance for PP. In addition, the efficiency of 
the loaded phosphate, as measured by a cone calorimeter, is 
14 % higher than that of the commercial IFR, ammonium 
polyphosphate (APP). Thermogravimetric analysis and cone 
calorimeter tests demonstrate suppressed decomposition of 
phosphorus and CFF at higher temperature due to strong 
char formation. Characterization of coal residues using SEM 
elemental analysis confirms silicate-reinforced coal. Howev-
er, there are no data on their impact on ecology.

In study [3], ammonium polyphosphate (APP) and alumi-
num hydroxide (ALH) with different mass contents were used 
as flame retardants (FR) on plant-based natural flax fabrics 
reinforced with polymers (FFRP). For both flame retardants, 
the results showed that the thermal decomposition tempera-
ture and LOI values of the composites increased with increas-
ing FR content. According to the vertical UL-94 test, FFRP 
composites with 20 % and 30 % APP (i.e., by mass content of 
the epoxy polymer matrix) self-extinguished within 30 and 
10 s after flame removal without any combustible droplets, re-
spectively. However, there is no mention of the effect of flame 
retardants on the ecosystem.

In [4], a fully biological fire retardant coating (PAGS) 
was produced using phytic acid (PA) and guanosine (GS). 
PAGS was used as a universal fire retardant coating for 
wood. The PAGS coating significantly inhibited heat gener-
ation. P-containing free radicals in the gas phase were able 
to interact with highly reactive H+, HO+, and alkyl radicals, 
blocking the chain reaction during combustion. The density 
of the combustible gas was also diluted with non-combusti-
ble gases. The formed continuous porous and dense swelling 
layer of coal prevented heat and oxygen. However, it has not 
been established how they affected the flame in the gas phase 
and the mitigation of the action of flame radicals.

In paper [5], in order to improve the fire-resistant proper-
ties of wooden plywood, intumescent fire-resistant coatings 
were designed using melamine, borate, pentaerythrite, and 
urea as the main ingredients and vein rock as a modified addi-
tive. The results show that when the mass fraction of vein rock 
was 8 wt.%, the exothermic reaction rate, total smoke gener-
ation, and total exothermic coating volume were significantly 
reduced. In addition, the addition of waste rock contributed 
to the formation of a continuous and dense structure of the 
carbon layer, which, during the combustion process, formed 
a molten substance that effectively isolated oxygen and heat, 
enhancing fire-retardant and heat-insulating properties. The 
results of the study provide valuable information on the de-
velopment of flame retardant coating compositions, however, 
there are no data on the conditions of operation of the coating.

In [6], it is stated that using a combination of simulta-
neous thermal analysis, microscale combustion calorimetry, 
and conical calorimetry, plywood impregnated with vacuum 
pressure is covered with a thin layer of water-based fireproof 
coating. The coating layer was found to delay sustained 
burning for a longer period of time than impregnated wood 
and delayed burn-through, which is critical to the rate of fire 
development. But there are no data on how their strength 
changes during operation.

Paper [7] investigated the behavior of intumescent paints 
for the protection of wood pre-treated with phosphate or sil-
icate-based fire retardant. In addition, the effect of swelling 
paint on aging under several conditions was investigated. 
Pretreatment showed improved fire resistance of samples 
with intumescent coatings. Also, the experiments showed a 
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difference in fire resistance depending on the aging method. 
UV aging preserved thermal insulation properties, while 
acid-immersed samples experienced a sharp decrease in fire 
resistance. The latter aging test increased the pore size of the 
coal, which led to a decrease in the coefficient of expansion 
and a decrease in the thermal insulation characteristics of 
the expanded material. However, does their stability under 
the strong influence of fire play a key role?

The research reported in [8] is aimed at devising an 
optimal approach to the synthesis of fire-resistant coatings 
through a comparative study of different methods related to 
the protection of materials such as wood and polymer when 
exposed to fire. The formulation of coatings is based on 
ammonium polyphosphate (APP) and other flame retardant 
additives and fillers, in which epoxy resin is used as a binder. 
The effect of flame retardant additives and fillers is charac-
terized by thermogravimetric analysis (TGA), oxygen index 
test, smoke density test, and flammability test. TGA revealed 
that the addition of graphite as a filler increases the maximum 
degradation temperature. A combination of graphite, flame 
retardant additives and fillers has been found to provide the 
best flame retardant properties with good adhesive proper-
ties, but there is no information about the source of resulting 
good coal bed expansion and good thermal stability.

Paper [9] discusses the development of solvent-free in-
tumescent flame retardant epoxy (ER) coatings with good 
durability. In the work, a micro/nanostructured phosphorus/
nitrogen/silica-containing flame retardant (APP@Si) was syn-
thesized by ammonium polyphosphate modified with silica 
nanoparticles, which was used to prepare a high-performance 
intumescent fire retardant epoxy resin (EP) coating by a sol-
vent-free method. APP@Si improves fire protection, smoke 
suppression, toxicity reduction, mechanical properties, and du-
rability of coatings, with an oxygen index limit of 32.4 % and a 
UL-94 V-0 rating. Meanwhile, APP@Si reduced the maximum 
heat release rate, smoke coefficient, and peak CO production 
level for EP/10APP@Si by 77.5 %, 92.6 %, and 56.4 %, re-
spectively. The increase in fire protection of the EP/APP@Si 
coating is mainly due to the formation of a swelling and dense 
carbon layer with high strength. However, there are no data on 
the environmental friendliness of these products.

The research reported in [10] considers the application 
of intumescence in the field of fire protection (resistance 
to fire) and fire resistance (reaction to fire) of the materi-
al. It begins by describing the basics of intumescence and 
provides the main intumescent products available on the 
market related to their typical applications. It covers the fire 
response of intumescent polymers and textiles, including re-
cent developments in flame retardants as well as synergists. 
Fire resistance is also considered when using intumescent 
coating on a large and small scale. Mechanisms of action are 
always discussed in terms of chemical, physical, and thermal 
aspects. However, the values of these parameters do not cov-
er a wide range of applications. 

Work [11] reported that spent coffee grounds (SCG) were 
modified with ammonium m-xylylenediaminephosphonate 
(MAP) to create a bio-based flame retardant (SCG-g-MAP) 
for water-based epoxy resin (WEP). The structure and com-
position of SCG-g-MAP were analyzed through a series of 
characterization tests, and the effects of SCG-g-MAP on the 
thermal stability, fire resistance, and fire resistance of WEP 
composite coatings were discussed. It was found that WEP 
composite coating with 10 % SCG-g-MAP and partially con-
ventional intumescent flame retardant fillers resulted in LOI 

value of 29.5 % and self-extinguishing ability. In addition, 
the coating showed significantly improved fire resistance and 
thermal insulation properties due to better thermal stability 
and superior barrier function of carbon layer formation. The 
work presents a new attempt and inspiration for the applica-
tion of waste biomass such as SCG for green flame retardant 
fillers. But there are no data on the cost of production.

Study [12] describes a methodology for constructing 
a pyrolysis reaction model that captures the flammability 
behavior of intumescent epoxy resin (EP/IFR) fireproof 
coatings as a function of material composition. This approach 
uses thermogravimetric analysis (TGA), differential scanning 
calorimetry (DSC), and microscale combustion calorime-
try (MCC) experiments, as well as inverse modeling of ex-
perimental results using ThermaKin2Ds and the COMSOL 
Multiphysics simulation framework. It was found that the 
model built is capable of reproducing TGA/DSC/MCC data 
within established criteria for EP/IFR mixtures with differ-
ent material compositions. The model’s ability to extrapolate 
was further validated by accurately predicting experimental 
TGA data at different temperature conditions and for mix-
tures with different IFR ratios that were not used for model 
development. Additional TG-FTIR and XPS experiments 
were performed to quantify the effect of the IFR additive on 
gas evolution and char formation. With a higher IFR, the 
volume of fuel-diluting gases (i.e., CO2, NH3) was increased 
and the volume of combustible organic gaseous products was 
decreased. However, there are no data on the conditions of 
operation of these products.

Thus, it has been established from the litera-
ture [2, 3, 5, 7, 12] that fire-resistant coatings are able to 
protect the surface of wood from the effects of fire during op-
eration but the parameters that ensure resistance to the loss 
of fire-resistant properties are not defined. The paucity of re-
search to explain and describe the process of fire protection 
of wood with wide fluctuations in moisture and temperature, 
neglecting the use of organic substances for the formation of 
elastic coatings leads to the burning of wooden structures. 
Therefore, establishing the parameters of wood protection 
and the effect of coatings on this process has necessitated 
our conducting research into this area.

3. The aim and objectives of the study 

The purpose of our work is to identify the regularities of 
the formation of a layer of foamcoke under the influence of 
high temperature on wood fire-protected by a weatherproof 
reactive coating based on an organic binder. This would 
make it possible to justify the use of a fire-resistant coating 
for wood at facilities with high humidity.

To achieve the goal, the following tasks were solved:
‒ to investigate the process of forming the structure of 

the reactive coating when changing active substances;
‒ to model the mechanism of fire protection of wood with 

a reactive coating under the action of high temperature.

4. The study materials and methods

4. 1. The object and hypothesis of the study 
The object of our study is the fire-retardant properties 

of a reactive coating based on mixtures of organic-inorganic 
substances during interaction with a flame.
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The scientific hypothesis assumes reducing the flam-
mability of wood when interacting with a high-tem-
perature flame and establishing the effectiveness of the 
formation of a heat-insulating layer of foamcoke on the 
surface of wood.

In the research process, the following assumptions and 
simplifications were adopted, which relate to the peculiari-
ties of the wood fire protection mechanism at the modeling 
object. These include features that determine the impact 
of changes in external conditions on the object of research 
and the process of formation of a layer of foamcoke on the 
surface of wood: they are the same, temperature, humidity, 
and pressure are not variable.

4. 2. Researched materials used in the experiment
To establish the fire protection mechanism of the reac-

tive coating, we used wood samples treated with a coating 
capable of creating a foam-coke protective layer on the 
surface under the influence of high temperature. Namely, a 
mixture of ammonium polyphosphate 20÷34 %, pentaeryth-
rite 12÷26 %, melamine 8÷16 %, titanium dioxide 2.6÷4 %, 
chloroparaffin 2.4÷3.7 %, which were dissolved in acrylic 
resin and diluted with a solvent to the required consistency. 
The following samples of reactive coating were prepared for 
research (Table 1).

Table	1

Samples	of	reactive	coating

No. of entry Composition of reactive coating

Sample 1
ammonium polyphosphate 20 %, pentaerythrite 12 %, 

melamine 16 %, titanium dioxide 4 %,  
chloroparaffin 3.7 % and acrylic resin

Sample 2
ammonium polyphosphate 25 %, pentaerythrite 17 %, 

melamine 11 %, titanium dioxide 3.6 %,  
chloroparaffin 3.4 % and acrylic resin

Sample 3
ammonium polyphosphate 30 %, pentaerythrite 22 %, 

melamine 8 %, titanium dioxide 3 %,  
chloroparaffin 2.9 % and acrylic resin

Sample 4
ammonium polyphosphate 34 %, pentaerythrite 26 %, 

melamine 6 %, titanium dioxide 2.6 %,  
chloroparaffin 2.4 % and acrylic resin

The resulting mass was mixed and applied to a poly-
ethylene film and a wood sample. For the study of thermal 
destruction, wood samples with the size of 5×5×5 mm were 
made, and to determine the swelling capacity, samples of 
40×40×10 mm were made, which were covered with a coat-
ing with a consumption of approximately 248÷254 g/m2. 
The thickness of the coating film was approximately 0.5 mm.

After exposure for 14 days, the resulting coating and 
fire-resistant wood samples with the applied protective coat-
ing were tested for fire protection effectiveness.

4. 3. Methods for researching the properties of wood 
and its structure

The structure of the reactive coating was determined by 
Fourier transform infrared spectroscopy (FTIR) and identi-
fication by thermogravimetric analysis.

Obtaining gaseous products of thermal destruction of 
wood covered with a reactive coating was carried out ac-
cording to the methodology from [13]. Sample analysis was 
performed on a 6890 N Agilent gas chromatograph. Analysis 
conditions: detector – katharometer, detector tempera-
ture – 250 °C; carrier gas – helium, flow rate – 60 ml/min;  

column – PLOT HP-MOLSIV, 15 m long, column tempera-
ture – 50 °C/min from 50 °C to 200 °C. The dose is 0.25 ml. 
The calculation of component concentrations was carried 
out by the method of peak area normalization. Gas samples 
were introduced directly into the dispenser of the chromato-
graph, squeezing out of the hermetic vessels with a saline 
solution.

Fourier transform infrared spectroscopy (FTIR) was 
performed taking into account [14]. Research method: 
0.5 mg of the sample, crushed from 70 mg of potassium 
bromide (cleaved from a single crystal). From the result-
ing mixture, the tablet was compressed under a pressure of 
10 MPa, achieving maximum optical transparency (to re-
duce scattering). The spectrum was recorded in the range 
of 4000–400 cm-1, with an optical slit width of 4 cm-1, the 
spectrum was averaged over 12 scans. The analysis was 
performed on a Spectrometer Spectrum One (Perkin El-
mer) (USA).

Thermogravimetric analysis was performed according 
to [15]. In order to determine the range of temperatures 
at which the thermal destruction of wood occurs most 
intensively, a thermogravimetric study of destruction 
processes was conducted under a dynamic mode. Ther-
mogravimetric studies were carried out on a Linseis STA 
1400 derivatograph (Germany). Samples weighing 10 mg 
were heated in an air atmosphere from 20 to 700 °C at a 
rate of 10 °C/min.

The study of the process of formation of the heat-insu-
lating layer of the reactive coating foamcoke was carried 
out according to the methodology given in [16]. The essence 
of the method for determining the coefficient of swelling of 
fire-resistant coatings is to expose a sample of fire-resistant 
coating, which is applied to a wooden floor, to a heat flux of 
high density and measure the formed layer of foamcoke after 
it cools.

5. Results of determining the mechanism of  
the fire-protective effect of reactive coating in the fire 

protection of wood

5. 1. Results of research on the structure of the reac-
tive coating and its identification

Fig. 1 shows IR spectra of the studied reactive coating 
samples.

The analyzed samples have the same composition in 
different ratios of components, in particular: ammonium 
polyphosphate, pentaerythrite, melamine, chloroparaffin, 
titanium dioxide. Transmission spectra in Fig. 1 are char-
acterized by intensities for the same values of infrared ra-
diation bandwidths. The transmission band at 3,300 cm–1 
is characteristic of valence vibrations of OH groups of 
pentaerythrite. C–H valence vibrations for CH2 groups are 
represented by the 2,950 cm–1 band, and the 2,880 cm–1 
band corresponds to symmetric vibrations. Bands 735 cm–1, 
1,357 cm–1, 1,167 cm–1 represent C–H deformation vibra-
tions for the CH2 group. Bands <700 cm–1 represent out-
of-plane deformation vibrations of OH groups. Also, the 
transmission band of 550 cm–1 can be assigned to TiO2. The 
1,617 band and the 3,225 cm–1 shoulder correspond to the 
deformational vibrations of adsorbed water molecules held 
by titanium dioxide. The transmission band at 1,230 cm–1 
corresponds to the vibrations of the P=O group, which 
corresponds to ammonium polyphosphate. The spectrum 
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of melamine is superimposed on the spectra of 
pentaerythrite and TiO2. In the FTIR spectra of 
melamine, the transmission peaks at 3,469, 3,419, 
3,334, and 3,129 cm–1 are attributed to valence vi-
brations of –NH2; while those at 1,654, 1,550, and 
813 cm–1 are attributed to the triazine ring, respec-
tively. In chlorinated paraffin, transmission bands 
are observed at 650 and 1,230 cm–1. These bands 
are associated with stretching of the C–Cl bond 
in the chloromethylene (–CHCl–) group and C–H 
deformation in the –CH2– group, respectively. The 
presence of these bands confirms that the paraffin is 
chlorinated, with a chlorine atom replacing hydro-
gen to form a C–Cl bond. 

Thus, the samples of the reactive coating repre-
sent the accumulation of fine-dispersed, uniformly 
sized substances surrounded by a polymer binder.

In order to establish the individual characteris-
tics of the reactive coating samples (Table 1), ther-
mogravimetric analysis was performed. Graphic 
images of thermogravimetric analysis are shown 
in Fig. 2–5.

In all samples of the reactive coating at tem-
peratures up to 100 °C, endothermic processes 
occur, which are accompanied by mass loss and are caused 
by the evaporation of adsorbed water without destruction 
of the material of the samples and other easily volatile 
substances.

Endothermic effects in the temperature range of 
180–200 °C are associated with the melting of ammoni-
um polyphosphate, rearrangement, and dehydration of 
pentaerythrite. In the temperature range of 200–300 °C, 
pentaerythrite begins to decompose with the formation of 
aldehydes and a cell of foamcoke is born. When melamine 
interacts with aldehydes, methylol, derivatives of varying 
degrees of substitution, and then polymer-oligomeric 
structures of amino resin are formed.

Intensive decomposition into ammonia and polyphos-
phoric acid occurs at temperatures of approximately 300–
370 °C. As can be seen from the comparison of DTA curves, 
endothermic peaks (melting of crystalline structures) char-
acterize polyphosphates. The onset of intense mass loss 
coincides with a temperature of 320–330 °C, which is 
superimposed on the melamine sublimation peak starting 
at 330 °C, and which ends at temperatures above 420 °C (at 
higher temperatures – after the relative mass loss has al-
ready reached 60–70 %). Such a difference in the effect of 
modified materials on the course of destruction at different 
stages is caused by different mechanisms by which the mass 
loss of samples occurs. In the first stage, there is mainly 
pyrolysis with the separation of volatile products, the rate of 
which does not depend on further chemical transformations 
of these products; in the second stage, the rate of mass loss is 
determined by the kinetics of the interaction of the carbon-
ized residue with the oxidant.

Thus, on the basis of thermogravimetry, it was estab-
lished that chemical reactions in the coating are initiated 
under thermal action.

In particular, ammonium polyphosphate decomposes 
and releases phosphoric acid, which in turn affects the de-
hydration of pentaerythrite with the formation of soot. The 
subsequent decomposition of melamine is accompanied by 
the release of non-combustible gases, which cause the soot to 
foam, thereby forming foamcoke.

Fig. 1. Absorption spectra of reactive coating samples with different 
ratios of components (Table 1): 1 – sample No. 1; 2 – sample No. 2;  

3 – sample No. 3; 4 – sample No. 4
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5. 2. Results of modeling the process of thermal de-
struction of fire-resistant wood with a reactive coating

From the thermograms, the temperatures at which the 
mass loss of the samples is achieved were determined and the 
stages of decomposition processes were estimated, as well as 
the relative mass loss when heated to 700 °C. Taking into 
account the results of thermogravimetric studies, the pro-
cess of thermal destruction of coating samples was carried 
out under conditions under which the formation of gaseous 
products occurs at the highest speed.

The results of gas chromatographic analysis of the ob-
tained combustible gas mixtures are given in Table 2.

As can be seen from Table 2, after the pyrolysis of wood 
treated with a reactive coating, the mixture of destruction 
products differs significantly in the content of carbon di-
oxide, nitrogen, and the volume of combustible gases. Thus, 
when the content of ammonium polyphosphate and pen-
taerythrite in the reactive coating was increased by 5 %, the 
volume of combustible gases decreased by more than 11 %, 
and the volume of nitrogen increased by more than 10 %. 

An even greater difference was recorded when the content 
of ammonium polyphosphate and pentaerythrite in the re-
active coating was increased by 14 %, in particular, it was 
found that the volume of combustible gases decreased by 
more than 2 times, and the volume of nitrogen increased by 
more than 1.45 times.

Table 2

Qualitative and quantitative composition of gaseous 
products of thermal destruction of wood

Component

Content of components in volatile destruction prod-
ucts of pine wood, % vol.

Raw [13]
Coated 

Sample 1
Coated 

Sample 2
Coated 

Sample 3
Coated 

Sample 4 

CO 39.08 19.11 16.50 14.27 10.26

CO2 51.93 38.43 36.60 34.27 32.27

CH4 6.05 2.67 2.22 2.25 0.43

C2H6+C2H4 0.45 0.58 0.74 0.57 0.33

C3H8 0.19 0.17 0.22 0.01 0.18

C3H6 0.32
Not 

detected
Not 

detected
Not 

detected
Not 

detected

Н2 0.73 0.24 0.67 0.55 0.13

О2 0.26
Not 

detected
Not 

detected
Not 

detected
Not 

detected

N2 0.99 38.80 43.05 48.08 56.40

Fig. 6, Table 3 show the results of research into the swell-
ing process of the coating.

As can be seen from Fig. 6, under the action of the 
radiation panel, the coating swelled, which is associated 
with the decomposition of flame retardants under the in-
fluence of temperature with heat absorption and release of 
non-combustible gases (nitrogen, carbon dioxin). Also, by 

Fig. 4. Thermogravimetric analysis curves for reactive 
coating sample No. 3: T – temperature curve;  

DT – curve of mass loss depending on temperature increase; 
DTA – curve of thermal effects; DTG – differential curve
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Fig. 5. Thermogravimetric analysis curves for reactive 
coating sample No. 4: T – temperature curve;  

DT – curve of mass loss depending on temperature increase; 
DTA – curve of thermal effects; DTG – differential curve
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Fig. 6. Results of studies on the reactive coating swelling 
process: a – the effect of the flame on the sample;  

b – the beginning of the decomposition of the coating;  
c – swelling of the coating over the entire surface, 
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changing the direction of decomposition in the direction 
of the formation of a non-flammable coke residue on the 
surface of the wood.

Table	3

Determining	the	efficiency	of	swelling	of	the	reactive	coating	
under	the	influence	of	heat	flow	for	variable	values	of	the	

concentration	of	components

No. of 
entry

Swelling 
start time, s

Flue gas tem-
perature, °C

Foamcoke layer 
height, mm

Foam multi-
plicity, score

Sample 1 88 68 13.0 26.0

Sample 2 76 72 12.3 24.6

Sample 3 79 88 13.4 26.8

Sample 4 46 96 15.5 31.0

When the radiation panel acted on the reactive coating, 
swelling and the formation of a heat-insulating layer of foam-
coke occurred. Thus, for sample 1, the swelling onset time 
of 88 s was recorded, which then gradually decreased by 
almost two times, which is associated with an increase in the 
volume of ammonium polyphosphate. This also affected the 
formed layer of foamcoke, which was recorded at the lowest 
content of ammonium polyphosphate at the level of 12 mm 
and increased for higher values up to 15.5 mm, and the mul-
tiplicity of foam increased by 1.25 times.

 6. Discussion of results of investigating the process of 
fire protection of wood with a reactive coating

Samples of the reactive coating represent the accumu-
lation of fine-dispersed, uniform substances surrounded 
by a polymer binder, as indicated by the results of re-
search (Fig. 1), which begin to decompose under thermal 
action. Ammonium polyphosphate, as indicated by the re-
search results in Fig. 2–5, decomposes already at a tempera-
ture of 180 °C with heat absorption and releases phosphoric 
acid, which causes the dehydration of pentaerythrite with 
the formation of soot. At the same time, the decomposition 
of melamine begins, which is accompanied by the release of 
non-combustible gases that cause the soot to foam, forming 
foamcoke.

Gas chromatographic studies (Table 2) showed that 
with an increase of ammonium polyphosphate and pen-
taerythrite in the coating by 5 %, the volume of combustible 
gases decreased by more than 11 %, and nitrogen increased 
by 10 %. And when their content was increased by 14 %, the 
volume of combustible gases decreased more than 2 times, 
and the volume of nitrogen increased more than 1.45 times. 
As can be seen from Fig. 6, under the action of the radiation 
panel, the coating swelled, which is associated with the 
decomposition of flame retardants under the influence of 
temperature with heat absorption and release of non-com-
bustible gases (nitrogen, carbon dioxin). This also affected 
the formation of a layer of foamcoke (Table 3), which was 
recorded at the lowest content of ammonium polyphos-
phate at the level of 12 mm and increased for higher values 
to 15.5 mm. At the same time, the multiplicity of the foam 
increased by 1.25 times. This shows the inhibition of heat 
transfer through the foamcoke layer, which can be identified 
directly by high-temperature exposure to reactive coating 
samples [17, 18].

In contrast to previous studies [2, 3, 7, 9], in which the 
attention was paid to coatings containing aluminosilicate 
substances, this study considered the type of reactive coat-
ing widely represented in the market.

However, in contrast to the results reported in [19] re-
garding the fire protection mechanism, the following can be 
asserted:

– the main regularity of the process of fire protection 
with a reactive coating is not so much the release of the 
volume of gases that affect the flame since certain fire 
protection coatings, for example, aluminosilicate, release a 
significant volume of water vapor under thermal influence;

– the mechanism of the reactive coating is that chem-
ical reactions in the coating begin under thermal action, 
in particular, ammonium polyphosphate decomposes and 
releases phosphoric acid. That, in turn, affects the dehydra-
tion of pentaerythrite with the formation of soot, and the 
decomposition of melamine is accompanied by the release of 
non-combustible gases that cause the soot to foam, thereby 
forming foamcoke.

This approach warrants a greater practical significance 
of out results since the studied reactive coating was demon-
strated to react to the action of a high-temperature flame, 
which reflects the real circumstances of its operation. The 
results of the experiments showed that the designed reactive 
coating has the potential, which is manifested, first of all, 
in the formed layer of coke foam. Determining the swelling 
ratio during the tests shows the effect of the coating on the 
fire resistance of the building structure.

The results have certain limitations with a certain vol-
ume of volatile products due to the unpredictability of the 
process of inhibition of heat transfer to the plant material. 
Taking into account the fire resistance of the reactive coat-
ing is possible provided that the heat-insulating properties 
of the foamcoke layer, which is formed during thermal action 
on the coating, are ensured.

In addition, the response of the fireproof coating to ther-
mal impact may give insufficiently predictable indicators 
due to the small volume of data on the transformation of 
the reactive coating into a foamcoke layer, which limits the 
application of our results. The disadvantage of the applied 
experimental approach is a certain laboriousness, which can 
limit the determination of the swelling effect of the coating. 
However, thanks to fire tests, it is possible to obtain reliable 
results, which make it possible to establish the mechanism of 
the reactive coating. Further development of research into 
designing a reactive coating may involve potentially inter-
esting areas, in particular, the optimization of experimental 
data on devising a formulation.

7. Conclusions 

1. Samples of the reactive coating represent the accu-
mulation of fine-dispersed, uniform substances surrounded 
by a polymer binder, which begin to decompose under 
thermal action, in particular, ammonium polyphosphate 
decomposes already at a temperature of 180 °C and releas-
es phosphoric acid. That, in turn, affects the dehydration 
of pentaerythrite with the formation of soot, and the de-
composition of melamine is accompanied by the release of 
non-combustible gases that cause the soot to foam, thereby 
forming foamcoke.
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2. The mechanism of fire protection of wood with reactive 
coatings has been established, which is associated with the 
decomposition of flame retardants under the influence of 
temperature with heat absorption and the release of non-com-
bustible gases and a change in the direction of decomposition 
towards the formation of a non-flammable coke residue. Thus, 
when the content of ammonium polyphosphate and pen-
taerythrite in the reactive coating was increased by 5 %, the 
volume of combustible gases decreased by more than 11 %, 
and the volume of nitrogen increased by more than 10 %. And 
when their content was increased by 14 %, the volume of com-
bustible gases decreased more than 2 times, and the volume 
of nitrogen increased more than 1.45 times. This also affected 
the formation of a foamcoke layer, which was recorded at the 
lowest content of ammonium polyphosphate at the level of 
12 mm and increased for higher values up to 15.5 mm, and the 
multiplicity of foam increased by 1.25 times.
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