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The object of this study is the technology of cleaning and dewa-
tering of sludges from wet gas purification systems of dust prepara-
tion department emissions in Ecomash SHS521AS-113 settling cen-
trifuges in order to solve the problem of increasing the efficiency of
treatment facilities and secondary use of purified water.

Samples of gas purification sludges have been analyzed under in-
dustrial conditions, and it was found that sludges from thermal power
plants contain finely dispersed dust particles less than 20 microns,
which during the hydration process stick together into aggregates up
to 250 microns in size.

It was found that the use of settling tanks without chemical re-
inforcement of the process is long-term; however, they are effectively
precipitated using the anionic flocculant A-19. The optimal dose of
flocculant for sludges with a concentration of 20-30 g/1 was selected,
which was 130-150 g/t. In this case, flocs are formed with a sedimen-
tation rate of 8.2-8.6 mm/s, which is sufficient for effective settling.
In order to quickly determine the concentration of the solid phase in
the sludge, a relationship was established between the concentration
of the dispersed phase, the temperature in the range of 20-45°C, and
the density of the sludge.

The study of sludge purification in centrifuges without the use of
reagents has made it possible to identify the relationship between the
efficiency of solid phase retention, centrifuge productivity, and the
value of the relative screw revolutions. It was found that the efficiency
of solid phase retention in centrifuges increases with a decrease in
work productivity, as well as a decrease in the value of the relative
screw revolutions. The purification productivity of up to 15-20 m3/h
was achieved with an efficiency of over 97% and a residual concentra-
tion of suspended particles of less than 0.5 g/1. The use of a modular
sludge purification and dewatering unit based on a thin-layer clarifier
and centrifugal units with the introduction of a flocculant before the
clarifier has been proposed. It was found that the degree of sludge

10.

11.

12.

13.

dehydration in Ecomash SHS521AS-113 centrifuges of wet gas treat-
ment sludge was 32-36%.

Keywords: coal dust emissions, coal sludge, dehydration effi-

ciency, gas treatment sludge purification, environmental safety.
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The object of this study is changes in the surface properties of
wood during its treatment with a fire-retardant composite coating with
the presence of biopolymers. The task, aimed at the production of en-
vironmentally friendly compositions obtained from natural and renew-
able sources for fire protection of wood and the application technology,
is to ensure resistance to the action of high-temperature flames.

It has been proven that the fire-retardant composition with
the presence of biopolymers is an accumulation of biological sub-
stances with nitrogen-phosphorus flame retardants, carbohydrates,
and gas-forming substances, bordered by a polymer binder. Under
the influence of thermal action, chemical reactions begin in the
fire-retardant composition, ammonium polyphosphate decomposes
and releases phosphoric acid. This, in turn, affects the destruction
of the biopolymer and the dehydration of pentaerythritol with the
formation of a large amount of hydrocarbons, and melamine causes
the release of non-combustible gases, which induce the formation
of foam coke.

A study of the surface energy characteristics of the fire-retardant
composition with the presence of biopolymers was carried out and it
was found that the polarity of the fire-retardant composition with the
presence of biopolymers exceeds the value of untreated wood by 3.5
times, which provides effective treatment of the wood surface. Ac-
cording to the results of thermal exposure to the samples, it was found
that under the action of the radiation panel, the fire-retardant compo-
sition swelled, when biopolymers such as wood flour and starch were
added, the coke height increased by more than 15 mm, and the foam
multiplicity increased by 1.2 times.

The practical significance is that the results were taken into
account when designing a reactive coating for wood. Thus, there is
reason to argue about the possibility of effective protection of wood
with a fire retardant composition with the presence of biopolymers.

Keywords: fire retardant composition, biopolymers, wood sur-
face treatment, surface tension, coating swelling.

References

1. Pantaleoni, A., Marrocchi, A., Russo, P., Malucelli, G., Altamura, D.,
Nardelli, F. et al. (2025). Advanced flame-retardant biocomposites:
Polylactic acid reinforced with green gallic acidironphosphorus coat-
ed flax fibers. International Journal of Biological Macromolecules,
300, 140215. https://doi.org/10.1016/j.ijbiomac.2025.140215

2. Li, M., Li, X., Xu, K., Qin, A,, Yan, C., Xu, Y. et al. (2024). Construc-
tion and mechanism analysis of flame-retardant, energy-storage and
transparent bio-based composites based on natural cellulose template.
International Journal of Biological Macromolecules, 263, 130317.
https://doi.org/10.1016/j.ijbiomac.2024.130317

3. Melati, A., Settar, A., Alfano, A., Faucault, L., Chetehouna, K.
(2023). Effect of Fire-Retardant Coating and SiC Powder Filler on
Thermal Properties of Green-Poxy Bio-Based Composites. Advances
in Thermal Science and Energy, 130-139. https://doi.org/10.1007/
978-3-031-43934-6_14

4. Li, S., Zhao, F., Wang, X., Liu, Z., Guo, J., Li, Y. et al. (2024). A
green flame retardant coating based on one-step aqueous com-
plexation of phytic acid and urea for fabrication of lightweight
and high toughness flame retardant EPS insulation board. Polymer
Degradation and Stability, 219, 110597. https://doi.org/10.1016/
j-polymdegradstab.2023.110597

5. Aghmih, K., Boukhriss, A., El Bouchti, M., Ait Chaoui, M., Ma-
jid, S., Gmouh, S. (2022). Introduction of Ionic Liquids as Highly
Efficient Plasticizers and Flame Retardants of Cellulose Triacetate
Films. Journal of Polymers and the Environment, 30 (7), 2905-2918.
https://doi.org/10.1007/s10924-022-02407-3

6. Madyaratri, E., Ridho, M., Aristri, M., Lubis, M., Iswanto, A.,
Nawawi, D. et al. (2022). Recent Advances in the Development of



https://doi.org/10.1016/j.ijbiomac.2025.140215
https://doi.org/10.1016/j.ijbiomac.2024.130317
https://doi.org/10.1007/978-3-031-43934-6_14
https://doi.org/10.1007/978-3-031-43934-6_14
https://doi.org/10.1016/j.polymdegradstab.2023.110597
https://doi.org/10.1016/j.polymdegradstab.2023.110597
https://doi.org/10.1007/s10924-022-02407-3
https://doi.org/10.1016/j.seppur.2024.128584
https://doi.org/10.1016/j.seppur.2024.128584
https://doi.org/10.15587/1729-4061.2016.86085
https://doi.org/10.15587/1729-4061.2017.91031
https://doi.org/10.15587/1729-4061.2019.181300
https://doi.org/10.15587/1729-4061.2019.181300

Fire-Resistant Biocomposites—A Review. Polymers, 14 (3), 362.
https://doi.org/10.3390/polym14030362

. Rajendran, M., Nagarajan, C. kavitha. (2021). Experimental Investiga-

tion on bio-Composite Using Jute and Banana Fiber as a Potential
Substitute of Solid Wood Based Materials. Journal of Natural Fibers,
19 (12), 4557-4566. https://doi.org/10.1080/15440478.2020.1867943

. Hanken, R. B. L., Arimatéia, R. R., Farias, G. M. G., Agrawal, P.,

Santana, L. N. L., Freitas, D. M. G., de Mélo, T. J. A. (2019). Effect
of natural and expanded vermiculite clays on the properties of
eco-friendly biopolyethylene-vermiculite clay biocomposites. Com-
posites Part B: Engineering, 175, 107184. https://doi.org/10.1016/
j.compositesb.2019.107184

. Giancaspro, J., Papakonstantinou, C., Balaguru, P. (2009). Mechanical

behavior of fire-resistant biocomposite. Composites Part B: Engineer-
ing, 40 (3), 206-211. https://doi.org/10.1016/j.compositesb.2008.11.008

. Gomez, C., Torres, F. G., Nakamatsu, J., Arroyo, O. H. (2006).

Thermal and Structural Analysis of Natural Fiber Reinforced
Starch-Based Biocomposites. International Journal of Polymeric
Materials and Polymeric Biomaterials, 55 (11), 893-907. https://
doi.org/10.1080/00914030500522547

. Pettersen, R. C. (1984). The Chemical Composition of Wood. The Chem-

istry of Solid Wood, 57-126. https://doi.org/10.1021/ba-1984-0207.ch002

. Broido, A. (1969). A simple, sensitive graphical method of treat-

ing thermogravimetric analysis data. Journal of Polymer Science
Part A-2: Polymer Physics, 7 (10), 1761-1773. https://doi.org/10.1002/
pol.1969.160071012

. Traciak, J., Fal, J., Zyla, G. (2021). 3D printed measuring device for

the determination the surface tension of nanofluids. Applied Surface
Science, 561, 149878. https://doi.org/10.1016/j.apsusc.2021.149878

. Rekiel, E., Zdziennicka, A., Jariczuk, B. (2021). Mutual influence of

ethanol and surfactin on their wetting and adhesion properties. Col-
loids and Surfaces A: Physicochemical and Engineering Aspects, 627,
127161. https://doi.org/10.1016/j.colsurfa.2021.127161

. Tsapko, Y., Tkachenko, T., Tsapko, A., Likhnyovskyi, R.,

Sukhanevych, M., Bereznutska, Y. et al. (2024). Defining patterns in
the fire protection of wood with reactive coating. Eastern-European
Journal of Enterprise Technologies, 6 (10 (132)), 55-63. https://
doi.org/10.15587/1729-4061.2024.317334

. Tsapko, J., Tsapko, A. (2017). Simulation of the phase transformation

front advancement during the swelling of fire retardant coatings.
Eastern-European Journal of Enterprise Technologies, 2 (11 (86)),
50-55. https://doi.org/10.15587/1729-4061.2017.73542

. Tsapko, Y., Tsapko, A., Bondarenko, O. (2019). Effect of a flameretar-

dant coating on the burning parameters of wood samples. Eastern-
European Journal of Enterprise Technologies, 2 (10 (98)), 49-54.
https://doi.org/10.15587/1729-4061.2019.163591

. Tsapko, Y., Tsapko, A., Bondarenko, O. (2020). Modeling the process

of moisture diffusion by a flame-retardant coating for wood. Eastern-
European Journal of Enterprise Technologies, 1 (10 (103)), 14-19.
https://doi.org/10.15587/1729-4061.2020.192687

. Tsapko, Y. V., Tsapko, A., Bondarenko, O. P., Sukhanevych, M. V., Ko-

bryn, M. V. (2019). Research of the process of spread of fire on beams
of wood of fire-protected intumescent coatings. IOP Conference
Series: Materials Science and Engineering, 708 (1), 012112. https://
doi.org/10.1088/1757-899x/708/1/012112

DOI: 10.15587/1729-4061.2025.332546

DETERMINING THE FIREPROOF LIMIT FOR THE HEAT
PROTECTIVE COATING OF THE GAS GENERATOR IN A
HYDROGEN STORAGE AND SUPPLY SYSTEM (p. 26-34)

Yuriy Abramov
ORCID: https://orcid.org/0000-0001-7901-3768

Oleksii Basmanov
National University of Civil Defence of Ukraine, Cherkasy, Ukraine
ORCID: https://orcid.org/0000-0002-6434-6575

Valentina Krivtsova
National University of Civil Defence of Ukraine, Cherkasy, Ukraine
ORCID: https://orcid.org/0000-0002-8254-5594

Andriy Mikhayluk

O. M. Beketov National University of Urban Economy in Kharkiv,
Kharkiv, Ukraine

ORCID: https://orcid.org/0000-0002-4116-164X

Yevhen Makarov
National University of Civil Defence of Ukraine, Cherkasy, Ukraine
ORCID: https://orcid.org/0000-0003-0785-3041

Volodymyr Abrakitov

O. M. Beketov National University of Urban Economy in Kharkiv,
Kharkiv, Ukraine

ORCID: https://orcid.org/0000-0003-0583-5122

This work considers the task to prevent fires in hydrogen stor-
age and operation systems. The subject of the study is the properties
of the heat-protective coating of the gas generator in the hydrogen
storage and supply system. The fire resistance limit is used as such
a property. The set of heat-protective coating and the wall of the gas
generator is considered as a thermodynamic system with two inputs.
The signal at one input reflects the influence of thermal factors of the
fire, and the signal at the second input corresponds to the thermal
state of the gas generator cavity.

A mathematical description of such a thermodynamic system has
been constructed, which is represented in operator form using the
integral Laplace transform. A feature of such a mathematical nota-
tion is that it includes hyperbolic functions of an irrational argument.
An approximation of mathematical models of the thermodynamic
system was carried out and it is shown that these models, which are
transfer functions, belong to fractional-rational functions with third-
order Hurwitz polynomials. The approximation accuracy is 3.8%.

An expression for the reaction of a thermodynamic system has
been derived, provided that the influence of thermal factors of a fire
is described by an arbitrary function of time, and the thermal state
of the gas generator cavity is described by the Heaviside function. To
construct this expression, the Borel theorem and auxiliary functions
are used, the parameters of which are the parameters of the roots of
the algebraic Hurwitz equation.

Examples of determining the fire resistance limit for the heat-
protective coating of the gas generator in the hydrogen storage and
supply system for the characteristic conditions of its operation are
given. It is shown that the fire resistance limit of such a coating is
462.8 s at a critical temperature of 320°C under the condition that
the influence of thermal factors of a fire is linear (the generalized
temperature change rate is 2.0°C s). In this case, the thermal state
of the gas generator cavity is stationary and is characterized by a
temperature of 60°C.

Keywords: hydrogen systems, gas generator, fire, heat-protective
coating, fire resistance limit, Laplace transform.
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3AKOHOMIPHOCTI OYMIIIEHHA TA SHEBOAHEHHA NIJIAMIB TASOOYHUIIIEHHA TEIIJIOBUX
EJIEKTPOCTAHIIIN BIJ BYTIUIBHOT'O ITHJIY (c. 6-15)

A. O. IlIxom, O. B. Illecronanos, A. C. Bocrwk, O. B. MaTroineHko, H. I'. IloHomapbsoBa

OG6’eKTOM JIOCJIi/PKEHHS € TeXHOJIOTisl OUMILEHHS Ta 3HEBOJHEHHS IIJIAMiB CHUCTEM MOKPOT'O Ta3004HI€HHS BUKH/IiB MIJIOATOTOB-
4OoTO BiffiieHHsI B oca/pKyBanbHUX HeHTpudyrax Ecomash SHS521AS-113 3aays BUpilleHHs Mpo6jeMHU MiJBULIeHHS e(peKTUBHOCTI
pOGOTH OYMCHUX CIIOPYZ, Ta BTOPMHHOI'O BHUKOPUCTaHHS OYMINEHOI Bogu. IIpoaHasi3oBaHO B IIPOMMCJIOBHUX YMOBax 3pa3Ky IUIaMiB
ra3004YUIeHHS Ta BCTAHOBJIEHO, 1[0 IIAMU TEIJIOBUX €JIEKTPOCTAHLiM MicTAThH ApiOHOAMCIIEPCHI YaCTUHKU MWIy MeHIe 20 MKM, sIKi
B IIpoIieci Tifpararjii 3JMIAOTECS y arperaTd po3MipoMm Ao 250 MKM. BCTaHOBJIEHO, 10 BUKOPUCTAHHS BificTIHHMKIB 6e3 XiMiyHOTO
MificCJIeHHs MIPOLieCy € AOBTOTPUBAINUM, OJHAK e(eKTUBHO OCA/PKYIOThCSI 3 BUKOPUCTAaHHAM aHiOHHOro (uokyassHTy A-19. ITini6paHo
ONTUMAJbHY 03y (QJIOKYJISHTY AJIs IIJaMiB KoHIeHTpariero 20-30 r/u, sika ckiana 130-150 r/T. IIpu bOMy yTBOPIOIOTECS (hIOKYIN
3i WMBUAKICTIO ocizaHHs 8,2-8,6 MM/C, 1[0 AOCTATHLO JJIs1 €(DEKTUBHOTO BifICTOIOBAHHS. 3 METOI0 ONMEPATUBHOTO BU3HAYEHHST KOHIIEH-
Tpanii TBepzoi ¢asy B IIaMi BCTAaHOBJIEHA 3aJIXKHICTh MK KOHI[EHTpAlli€lo JUcIepcHol (a3u, TeMIeparypoio B iHTepBasii 20-45°C
Ta I'yCTUHOIO 1u1aMy. IIpoBefieHe AOCJIiPKeHHS OUNIeHH IIJIaMiB B IeHTpudyrax 6e3 BUKOPHUCTaHHS PeareHTiB JJ03BOJINJIO BUSBUTH
3aJIeXKHICTh MiX e()eKTUBHICTIO 3aTPUMaHHA TBepAoi da3u, IPOAYKTUBHICTIO LIeHTPU)YT Ta BeJIMYMHU Bi[HOCHUX 00epTiB HIHEKY. Bu-
SIBJICHO, 1110 e()eKTHUBHICTh 3aTpUMaHHA TBepAol (asu y meHTprudyrax MiBUILYEThCS i3 3HMKEHHAM MPOAYKTUBHOCTI pOOOTH, a TAaKOXK
3HUYKEHHSIM BEJINYUHY BiJHOCHUX 0GEPTIB IIHEKY. By/I0 IOCATHYTO MPOAYKTUBHICTh OUUCTKY 10 15-20 M3/roj ipu eeKTUBHOCTI ToHa,
97% i 3aJIUIIKOBi#l KOHIIEHTpAI[ii 3aBUCANX YaCTUHOK MEHII HiX 0,5 T/JI. 3aIIpOTIOHOBAHO BUKOPHUCTAHHS MOZAY/IHHOI YCTAHOBKH OYHMCT-
KU Ta 3HEBOJHEHHS IIJIaMiB Ha 6a3i TOHKOIIAPOBOTO BiJICTifIHMKA Ta LEHTPU(YraIbHUX YCTAHOBOK i3 BBeJIeHHAM (DJIOKYJISTHTY IIepe
BiZicTiliHMKOM. BcTaHOBJIEHO, 1110 CTYMiHb 3HEBOJHEHHs ocafy y IeHTpudyrax Ecomash SHS521AS-113 nutamiB MOKpOi ra3004MCTKU
ckyagana 32-36%.

KirouoBi caoBa: BUKU/AYM BYTiJIbHOTO MUY, BYIi/bHI IJIaMu, e(eKTUBHICTb 3HEBOAHEHHs, OUMILEHHs LIaMiB ra300YUIEHHS,
eKoJsioriyHa Ge3mexa.
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BCTAHOBJIEHHA 3AKOHOMIPHOCTEIN BOTHE3AXUCTY JEPEBUHHN KOMIIO3UTHUM IIOKPUTTAM 3
BIOITIOJIIMEPOM (c. 16-25)

10. B. ITaniko, O. 0. ITanko, P. B. JlixuboBchkuii, K. I. BesikoBa, O. 0. Bepgauk, A. ®. l'aBpuiiok, A. C. Bopucosa, O. I. [loneHko,
M. O. I'aiiayk, B. B. HecrepeHKO

OG’eKTOM [IOCTi/PKEHb € 3MiHM TIOBEPXHEBHX BJIACTUBOCTEl [IepeBUHU Iij 4yac 1i 0OpoGJIeHHS BOTHE3aXMCHUM KOMIIO3UI[iHHUM
MOKPUTTSIM 3 HasiBHICTIO GiomosimepiB. IIpoGyiema, cpsiMOBaHa Ha BHUPOOHUIITBO €KOJIOTIUHO-YMCTHUX KOMIIO3UIIiM, OTPpUMaHUX 3
NPUPOAHUX Ta BiJHOBJIOBAHUX JpKepeJsl [Jisl BOTHE3axXUCTy JepPeBUHM Ta TeXHOJIOTi€l0 HaHeCeHHs, IoJjsArae y 3abe3nedeHi cTilikocTi
0 [ii BHCOKOTEMIIEpAaTypHOro IoyM’sl. JloBe[leHO, 110 BOTHE3aXMCHAa KOMIIO3HUIisl 3 HAasSBHICTIO 6iorosimMepiB € HarpoMaJpKeHHSIM
6i0JI0riYHUX pedOoBUH 3 a30THO-(DOCHOPHUMH aHTHIipeHaMU, BYIVIEBOAAMH Ta ra30yTBOPIOIOYMMU PEYOBMHAMU, 00JISMOBAHUX IIOJIi-
MepHUM B’spKyduM. ITi BriMBoM TepMiuHOi f1ii po3mounHaroThes XimMiuHi peakiiii y BorHesaxucHiit kommnosunii, momidocdar amoHito
po3KJIafioeThes i BUAiNsAe hocdopHy KucaorTy. Ile, y cBOIO uepry, BIIMBA€e HA JeCTPYyKIjito GiomosiMepy Ta Jerujparito IeHTaepiTpuTy 3
YTBOPEHHAM BEJIMKOI KiJIbKOCTi BYIJIEBOJHIB, a MeJIaMiH IIPOBaJPKy€e BUAIJIEHHS HErOPIOYUX rasis, 10 CIIOHYKAalOTh YTBOPHOBATU I1iHO-
KOKC. IIpoBe/ieHO JJOCIiPKEeHHS IOBEPXHEBUX eHEPTeTUYHUX XapaKTEPUCTHUK BOIHE3aXMCHOI KOMIIO3UIIi1 3 HasiBHICTIO GiomosrimepiB Ta
BCTaHOBJIEHO, IO IOJISIPHICTh BOTHE3aXMCHOI KOMITO3UIIiT 3 HasBHICTIO GiomosiMepiB mepeBUIye 3HaYeHHsI HEO6GPOOIEHOI epeBUHI
y 3,5 pasu, 110 Jja€ epeKTUBHE 00pOGIEHHS TIOBEPXHIi JlepeBUHU. 3a pe3y/IbTaTaMU TEPMiYHOTO BILJIMBY Ha 3pa3Ky BCTAHOBJIEHO, IO ITPU
nii pagianiiinoi maHesi BifOymocs CITydeHHsI BOTHE3aXMCHOI KOMIIO3HILii, pU Ao/jaBaHHi GiomosiMepiB, TaKUX K JlepeBHEe GOPOIIHO i
KpOXMaJlb, BUCOTAa KOKCY HifIBUIIMJIACh ITOHAZ 15 MM, a KpaTHICTh NiHU HifgBUIMIach B 1,2 pa3u. [IpakThuHe 3HAUeHHS IOJISATAE y TO-
My, II[0 OTPUMaHi pe3y/IbTaTi Gy/I0 BPaXOBAHO Iifl Yac po3po06IeHHS PeaKTUBHOTO MOKPUTTS /s JepeBUHU. TaKUM YMHOM, € ITi/[CTaBU
CTBEPPKYBATH IIPO MOXKJIUBICTh €(heKTUBHOTO 3aXHCTy JePeBUHU BOTHE3aXMCHOI KOMIIO3UIIi€I0 3 HAsBHICTIO GiomosiMepis.

KirodoBi cioBa: BOrHe3axrCHa KOMIIO3UILis, GiomosiMepu, oO6po6yieHHs MOBEPXHi /IePeBUHU, MOBEPXHEBUII HATAT, CIy4YeHHS
TIOKPUTTS.
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BU3HAYEHHA MEXI BOTHECTIMKOCTI TEILIO3AXWCHOT'O IOKPUTTS FTASOTEHEPATOPA CUCTEMU
3BEPITAHHA TA IIOJAYI BOAHIO (c. 26-34)

10. O. AGpamoB, O. €. BacmaHoB, B. I. KpuBnosa, A. O. Muxaiiniok, €. O. Makapos, B. E. AGpakiToB

Po6oTy mpucBsiueHO Ipo6seMi 3aro6iraHHs MOXKeXX B cHUcTeMax 30epiraHHs i excruiyaranii BogHio. IIpeiMeTOM AOCTifXKeHHS €
BJIACTHBOCTI TEIJIO3aXMCHOTO MTOKPUTTSI Ta30TeHepaTopa cUcTeMU 36epiraHHs Ta mozadi BOAHIO. B SIKOCTi TaKoi BJIACTUBOCTI BUKOPUC-



TOBYETBCSI MeXka BOrHecTiifikocTi. CyKyIHiCTh TeIJI03aXHUCHOIO IIOKPUTTS i CTIHKY ra30TeHepaTopa po3IVIAAEThCs SIK TepPMOAMHAMIYHA
crucreMa, sika Mae /iBa Bxofu. CHUrHaJ Ha OJHOMY BXOJi BijjoOpajkae BIJINB TEIVIOBUX YMHHUKIB IOXKeXKi, a CUTHAJI Ha JPyroMy BXOZi
Bi/[ITOBi/lae TEIJIOBOMY CTaHy IOPOXXHUHMU Tra3oreHeparopa. [106y/joBaHO MaTeMaTHYHHUI OIMC TaKOI TePMOANHAMIYHOI CHCTEMH, SIKHIt
TIpe/ICTABJIEHO B ONIEPATOPHiil hopMi i3 BUKOPHUCTAaHHSAM iHTerpasbHOro neperBopeHHs Jlamnaca. OCOGIMBICTIO TAKOTO MaTEMaTUYHOTO
OTIMCY € Te, IO BiH BKJIIOYA€ TinmepOosidHi (yHKIil ippamioHaJIbHOTO apTyMeHTy. 3iliCHeHO allpOKCHMAIlif0 MaTeMaTHIHUX Moeseit
TEePMOZMHAMIYHOI CHCTEMH i ITOKa3aHo, 1[0 IIi MogeJi, SKi € mepeAaToYHUMH (YHKIiISIMH, HaJIeXKaTh /10 Ap060BO-paIlioOHaIbHUX (YHK-
uiit i3 mosiHomMamu I'ypBina TpeTboro nopsky. TouHicTs anpokcuMariii ckiajgae 3,8%. Omep)kaHo BUpa3 JJIsl peakifii TepMoguHaMiuHOT
CHCTEMH 32 YMOBH, 1[0 BIUIUB TEIIJIOBUX YMHHUKIB ITOXKEXi OITHCYETHCS JOBITBHOO (DYHKIIi€I0 Yacy, a TeMJIOBHIl CTaH IIOPOXXHUHMU ra3o-
reHepaTopa ONnMcyeThes QyHKIiero Xepicalifa. /I mo6yA0BU I[bOTO BUpa3y BUKOPUCTOBYEThCA TeopeMa Bopess Ta fonmoMixHi GyHKIILI,
rmapaMeTpaMM SKUX € ITapaMeTpy KopeHiB anrebpaiuHoro piBHsaHHA [ypBina. HaBegeHO NMpuKIagy BU3HAUYEHHS MeXXi BOTHECTIHKOCTI
TEeIJI03aXMCHOT0 ITOKPUTTS ra3oreHeparopa CUCTeMH 30epiraHHs Ta Iofadi BOAHIO /IS XapaKTepHUX yMOB 1i ekcrutyararniii. [TokasaHo,
110 MeYKa BOTHECTiIMKOCTi TaKOro MOKPUTTS CKJIajae 462,8 ¢ Ipu KpUTUUHIiH TemmepaTypi 320°C 3a yMOB, 110 BIUIMB TeIIJIOBUX YNHHUKIB
MOKeXi Mae JIiHiiHMIT xapakTep (y3araJbHeHa BUAKICT 3MiHU TeMIteparypu ckiazgae 2,0°C-ct). TIpu 1poMy TEMIOBUI CTaH MOPOXK-
HUHU Ia30TeHepaTopa € CTaljioHapHUM i XapaKTepUu3yeThCsl TeMIepaTypoio 60°C.

KorrodoBi cioBa: BOJHEBi CHCTEMHM, ra3oreHepaTop, IOXKeXKa, TEIJIO3aXUCHE ITOKPUTTS, MeXXa BOIHECTIMKOCTi, IepeTBOpeHHS
Jlamaca.
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The object of this study is changes
in the surface properties of wood during
its treatment with a fire-retardant com-
posite coating with the presence of bio-
polymers. The task, aimed at the pro-
duction of environmentally friendly
compositions obtained from natural
and renewable sources for fire protec-
tion of wood and the application tech-
nology, is to ensure resistance to the
action of high-temperature flames.

It has been proven that the fire-retar-
dant composition with the presence of
biopolymers is an accumulation of bio-
logical substances with nitrogen-phos-
phorus flame retardants, carbohydrates,
and gas-forming substances, bordered
by a polymer binder. Under the influence
of thermal action, chemical reactions
begin in the fire-retardant composition,
ammonium polyphosphate decompos-
es and releases phosphoric acid. This,
in turn, affects the destruction of the
biopolymer and the dehydration of
pentaerythritol with the formation of
a large amount of hydrocarbons, and
melamine causes the release of non-com-
bustible gases, which induce the forma-
tion of foam coke.

A study of the surface energy char-
acteristics of the fire-retardant compo-
sition with the presence of biopolymers
was carried out and it was found that
the polarity of the fire-retardant compo-
sition with the presence of biopolymers
exceeds the value of untreated wood by
3.5 times, which provides effective treat-
ment of the wood surface. According to
the results of thermal exposure to the
samples, it was found that under the
action of the radiation panel, the fire-re-
tardant composition swelled, when bio-
polymers such as wood flour and starch
were added, the coke height increased by
more than 15 mm, and the foam multi-
plicity increased by 1.2 times.

The practical significance is that the
results were taken into account when
designing a reactive coating for wood.
Thus, there is reason to argue about the
possibility of effective protection of wood
with a fire retardant composition with
the presence of biopolymers

Keywords: fire retardant composi-
tion, biopolymers, wood surface treat-
ment, surface tension, coating swelling
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1. Introduction

is easily processed, has acceptable mechanical properties,

Wood is one of the most common building materials and
is one of the most affordable and renewable materials, which

appearance, as well as environmental and sanitary aspects.
However, the use of timber in the construction industry is
regulated by fire and environmental safety rules because




it is a fire-hazardous material. Thus, when burning, wood
spreads flame over the surface, is capable of producing smoke
and releasing toxic combustion products, which can harm
human health. Thus, wood needs protection from fire.

The most common fire protection agents used for wooden
structures include inexpensive organic and inorganic com-
pounds in their formulations. However, individual chemi-
cals, as well as their combustion products, are highly toxic
substances, and their use is prohibited. It should be noted
that fire retardants can be used as impregnation or coat-
ing, have a short service life and low resistance to external
temperature and humidity influences. In addition, during
the operation of building structures, these agents change
the structure and appearance of wood, so it is necessary to
repeat the application of these products to ensure long-term
protection. In this regard, the need for work in this direction
is determined, with special attention to the development of
effective fire retardant coatings for their use during the con-
struction of general construction objects, where the use of fire
retardant mixtures is ineffective.

Accordingly, research in the area of fire protection of
wood is aimed at the production of non-toxic and environ-
mentally friendly compositions. They are obtained from
natural and renewable sources, which can gradually replace
classic flame retardants and formulations based on them,
while maintaining the fire protection characteristics and
properties of wood.

However, there is a movement towards effective biore-
finery processes, which offers the possibility of using biolog-
ical substances as an environmentally safe green variety for
fire-retardant materials. A significant number of biological
compounds such as polysaccharides, aromatic compounds,
proteins, and others have shown their ability to form carbon.
They can form a thermal insulation barrier that will protect
wood by reducing oxygen diffusion and heat transfer, as well
as the intensive formation of volatile combustible products
that participate in the combustion of wood. The combina-
tion of these biological substances with flame retardants
containing phosphorus and nitrogen provides an effective
way to enhance the action of modern fire protection systems
containing polyphosphoric flame retardants, carbohydrates,
and foaming agents.

Therefore, research into the production of compositions
with biopolymers and determining the influence of the com-
ponents that make up their composition on fire protection is
relevant.

2. Literature review and problem statement

Study [1] proposes a sustainable approach to enhance
the fire resistance and smoke suppression of poly(lactic
acid) (PLA)-based composites. This contributes to solving
one of the main problems of biocomposites that limits their
application in various engineering sectors such as auto-
motive and construction industries. Flax fibers (FFs) were
surface-functionalized with a novel organic-inorganic hybrid
flame retardant (FR), which offers a sustainable bio-inspired
approach. It specifically mitigates the potential degradation
of mechanical properties and leaching of FR, which can
cause environmental problems and reduce the durability of
the composite. First, flax fibers (FFs) are pre-treated with
ozone to promote the formation of carboxyl groups (FF-03);
then gallic acid (GA) units are covalently immobilized on the

fiber surface (FF-GA); finally, the hybrid iron phenyl phos-
phonate FR forms a complex with the phenolic groups of the
GA units (FF-GA-FeP). Fourier transform infrared (FT-IR)
analysis of FF-GA-FeP confirmed the presence of specific
absorption associated with the applied FR coating. Scanning
electron microscopy combined with energy dispersive X-ray
spectroscopy (SEM-EDS) revealed changes in the morpholo-
gy of the fibers and confirmed the incorporation of iron and
phosphorus. Solid-state nuclear magnetic resonance spec-
troscopy (SSNMR) and X-ray WAXS microscopy showed that
the crystallinity of the fibers was not significantly affected by
derivatization. Microwave plasma atomic emission spectros-
copy (MP-AES) revealed a precise iron loading of 0.1 wt%.
The use of FF-GA-FeP as a reinforcing material in PLA-based
composites (PLA/FF-FeP) resulted in enhanced thermal
stability and fire resistance of the composites with minimal
coating, as revealed by thermogravimetric analysis (TGA)
and cone calorimetric tests (CCT). For PLA/FF-FeP, a reduc-
tion of 5, 87, 68, and 9.5% in peak heat release rate (pHRR),
total smoke release (TSR), specific extinction area (SEA), and
flame spread index (FPI) was achieved, respectively, com-
pared to untreated PLA reinforced with flax fiber (PLA/FF).
In addition, preliminary tensile tests indicate a slight change
in tensile strength and a slight increase in stiffness of PLA/
FF-FeP compared to PLA/FF. Therefore, in a biocomposite,
immobilization of a minimal amount of iron phenyl phos-
phonate directly on the surface of flax fiber has been shown
to be an effective strategy for smoke suppression while main-
taining the mechanical integrity of the composite. However,
the optimal conditions for its use have not been established.

In [2], epoxy resin, triethyl phosphate (TEP), and poly-
ethylene glycol (PEG) were investigated, which were intro-
duced into a delignified balsa wood template by vacuum
pressure impregnation. And a TW/PEG/TEP biocomposite
was obtained, which combines fire resistance, high strength,
and energy storage characteristics during phase transition.
TW/PEG composites have no leakage during the phase tran-
sition process, and their transparency is up to 95%. Compared
with TW/PEG, the shielding effect of the carbon layer and the
braking effect in the condensed and gas phases significantly
reduce the total heat release of TW/PEG/TEP. TW/PEG/TEP
biocomposites still maintained a high phase transition en-
thalpy and a low peak melting temperature, which contrib-
uted to their application in the field of low-temperature en-
ergy storage during phase transition. In addition, the tensile
strength of TW/PEG/TEP was nearly 4 times higher than that
of DW, and their viscosity was significantly increased. TW/
PEG/TEP biocomposites meet the modern concept of energy
conservation and green development. They have the potential
to replace traditional materials and show excellent applica-
tion prospects in new industries. However, it is not revealed
how they affect the environment.

In [3], the thermal and kinetic characteristics of bio-epoxy
composites in an oxidizing atmosphere are investigated. The
main objective is to evaluate the thermomechanical behavior
of such materials for heat transfer purposes in aggressive/
corrosive environments. For this purpose, two parameters
were chosen to describe the effect of (1) the flame retardant
coating as a flame retardant and (2) the SiC powder as a filler
to improve thermal conductivity. Several samples were first
fabricated using the vacuum bag resin transfer (VBRTM)
process and then analyzed using thermogravimetric analysis
in an oxidizing atmosphere. The comparison results show
that the proposed flame retardant material has a positive



effect in terms of flame retardant. In addition, the loading
of SiC powder has a great potential to improve thermal con-
ductivity without affecting the mass loss rate. However, their
impact on the ecosystem is not specified.

In [4], the flame retardant materials and the flame re-
tardant process are considered in a two-pronged approach.
An environmentally friendly biological synergistic flame
retardant (PAU) was synthesized based on phytic acid (PAU)
and urea (U) by simple complexation in water. The developed
flame retardant coating can be directly applied to the surface
of any topological shape with polydopamine as an adhesive.
With the developed PAU flame retardant coating, a flame
retardant expanded polystyrene (EPS-PAU) with light weight
and high strength is produced. The coated EPS boards have a
V-0 UL-94 rating and a limited oxygen index of 42.0% and ex-
cellent smoke suppression. Moreover, the density of EPS-PAU
is only slightly increased by 2.27% compared with pure EPS,
and the hard shell formed using PDA as an adhesive layer
contributes to the improvement of impact strength. This
new biomass-based PAU system offers a promising strategy
for the production of polymer products with excellent flame
retardancy, smoke inhibition, and light weight. But it is not
known how it affects the mitigation of the flame.

In [5], a promising biodegradable polymer, cellulose triac-
etate (CTA), was synthesized and plasticized with ionic liquids
to obtain flexible biocomposite films for multipurpose use.
Initially, the CTA polymer was synthesized from industrial
cotton waste by a heterogeneous route. Subsequently, four ion-
ic liquids were synthesized, namely: 3-hexyl-1-methylimidaz-
olium acetate [C6MIM][Ac], 3-hexyl-1-methylimidazolium
hexafluorophosphate [C6MIM]|[PF6], N-hexyl N,N,N-trieth-
ylammonium acetate [N2226][Ac] and N-hexyl N,N,N-tri-
ethylammonium hexafluorophosphate [N2226][PF6],
which were used as plasticizers for the CTA film. Morpholog-
ical results showed that the obtained films had smooth sur-
faces and high transparency. The addition of ionic liquids sig-
nificantly reduced the crystallinity of the CTA film and made
it plastic. The results of mechanical and thermal tests showed
that the anion of the ionic liquid has a significant effect on the
film properties. The CTA films plasticized with [PF6]—-based
ionic liquids were more flexible than the others, with an
elongation of 18.22% instead of 1.97%. The climatic aging
test, on the other hand, confirmed that the used ionic liquids
could indeed maintain the plasticized state during aging with
a better stability of the hydrophobic ionic liquid in the poly-
mer matrix compared to the hydrophilic ionic liquid. They
self-extinguish with a final residue of about 97 wt.%, which
allows the use of CTA films for thermal insulation and fire
protection, as well as for packaging. However, it is not known
how the coating is operated.

In [6], it is stated that biocomposites reinforced with nat-
ural fibers are an environmentally friendly and inexpensive
alternative to traditional petroleum-based materials. Com-
bustion of biocomposites can create life-threatening condi-
tions in buildings, leading to significant human and material
losses. Additives known as flame retardants (FRs) are widely
used to improve the fire resistance of wood and biocompos-
ites, textiles and other industries in order to expand their
applications. Currently, this practice is very common in the
construction sector due to strict fire safety regulations for
residential and public buildings. To create a holistic picture,
the flammability of wood and natural fibers as material re-
sources for the production of biocomposites was investigated.
In addition, the potential of lignin as an environmentally

friendly and inexpensive fire-resistant additive for the pro-
duction of high-performance biocomposites with improved
technological and fire-resistant properties was discussed in
detail. The development of sustainable fire-resistant systems
based on renewable raw materials represents a viable and
promising approach to produce biocomposites with improved
fire resistance, lower environmental impact, and improved
health and safety performance. However, it is not stated how
their properties change during service life.

In [7], efforts are made to characterize and use such re-
newable materials as alternatives to wood-based construction
products. In addition, industrial wastes such as fly ash (FA)
and peanut shell ash (PSA) are used to produce value-added
composite materials. The addition of banana fiber, jute fiber,
and natural resin resulted in a reduction in water absorption
from 24% to 1.2% and a 12-fold improvement in mechanical
properties compared to particleboard and teak wood. The ad-
dition of peanut ash showed an improved abrasion resistance
of 1.25 times. The proposed composite material, reinforced
with natural fiber and industrial waste, has certain mechan-
ical properties, better resistance to water absorption, wear,
fire resistance and weathering than particleboard and teak
wood. However, a key role in their resistance under severe
fire exposure has not been noted.

In [8], the effect of natural (NV) and expanded (EV)
vermiculite clays on the properties of bio polyeth-
ylene (BioPE)-vermiculite clay biocomposites was investigat-
ed. It was observed that the addition of NV and EV clays to
BioPE increased the thermal deflection temperature (HDT)
and improved the fire resistance. In general, the degree of
crystallinity (X.) of BioPE decreased with increasing NV clay
content, however, in the presence of EV clay, a decrease in
X, was observed only for EV clay contents above 3 phr. By
optical microscopy, it was observed that EV clay particles
were better dispersed in the BioPE matrix, while many NV
clay agglomerates were formed. SEM micrographs showed
a lack of adhesion between the BioPE matrix and NV or EV
clay, which resulted in a decrease in tensile strength and im-
pact strength. Rheological measurements under oscillatory
shear flow conditions showed the formation of a percolated
network structure in the BioPE-NV and BioPE-EV biocom-
posites containing 5 and 10 wt. parts of NV or EV clay. The
biocomposite containing 10 wt. parts of EV clay showed a
higher melt yield strength. Rheological measurements at
high shear rates showed that the processability of the bio-
composites would be similar to that of pure BioPE. However,
it is not stated what accounts for the good thermal insulation
and thermal stability.

As stated in [9], biocomposites are usually formed by
binding natural fibers obtained from plants or cellulose
with organic binders. The fibers used are usually industri-
al by-products, so they are common and inexpensive. One
such material is sawdust and varieties of composite boards
are made using sawdust as a filler. Both the matrix and the
sawdust are flammable, and this article also discusses the
use of an inorganic matrix to improve fire resistance. The
inorganic matrix can withstand temperatures up to 1000°C
and provides protection against sawdust for a short period of
time. The strength of these plates was increased by reinforc-
ing them with a very low percentage of high-strength glass
and carbon fibers. Since these fibers provide a fifteen-fold
increase in strength, the increase in cost is justified. Prisms
were fabricated using various proportions of sawdust from
approximately 11% to 38% by weight. The prisms were tested



in compression and flexure to obtain basic mechanical prop-
erties and determine the optimum sawdust content. Prisms
with the optimum sawdust content were also reinforced
with glass or carbon fibers to increase flexural strength. The
results show that it is possible to fabricate and design these
types of composite beams to achieve the desired strength
without the use of special equipment, heat, or pressure. Thus,
creating an environmentally friendly biocomposite material.
However, nothing is said about the environmental friendli-
ness of these products.

In [10], it was noted that different types of starch were
used in the matrix of biocomposites: potato, sweet potato, and
corn. Natural fibers, including jute, sisal, and kaboua, were
used as discrete reinforcement. Water and glycols were used
as plasticizers. Injection-molded samples were fabricated
and characterized by various methods. Differential scanning
calorimetry (DSC) and thermogravimetry (TGA) were used
to characterize the thermal behavior of these composites.
The treated samples did not show the typical endothermic
peak observed in DSC scanning for starch powder. No sig-
nificant difference in weight loss and decomposition due to
fiber or plasticizer content was observed between different
samples. Attenuated total reflectance infrared (ATR-IR)
spectroscopy was used to characterize starch compounds
and the influence of plasticizers and reinforcing fibers. The
spectra obtained for most samples were consistent with the
spectra of pure starch. Scanning electron microscopy (SEM)
images showed the morphology of samples for different types
of starch matrices and different fiber contents. However, the
values of these parameters do not cover a significant range of
their application.

Thus, from the literature [2,4, 5,7, 9, 10] it was estab-
lished that fire retardant compositions with the presence
of biopolymers are able to protect wood from fire during
operation, but the parameters that ensure their resistance
to thermal effects have not been determined. Therefore, the
establishment of parameters for wood protection and the in-
fluence of mixtures of flame retardants with biopolymers on
this process necessitated the need for research in this area.

3. The aim and objectives of the study

The aim of our work is to identify the patterns of fire pro-
tection of wood during thermal exposure to wood, fire-pro-
tected by a composite coating with a biopolymer. This makes
it possible to reduce the load of chemicals in the fire-retar-
dant composition for wood.

To achieve the goal, the following tasks were set:

- to investigate the process of forming a composite coat-
ing when adding biopolymers;

-to establish the features of the formation of surface
characteristics when adding biopolymers to the composite
coating and changes in the formation of the thermal insula-
tion layer of foam coke wood during processing.

4. The study materials and methods

4. 1. The object and hypothesis of the study

The object of our study is the process of changing the
surface properties of wood when it is treated with a fire-re-
tardant composite coating with the presence of biopolymers.
The scientific hypothesis assumes the change in surface and

interfacial tension when applying a fire-retardant composite
coating with the presence of biopolymers to wood. In the
process of the study, it was assumed that the course of the
process of treating wood with a fire-retardant composite
with a biopolymer is constant under the influence of external
conditions. It was simplified that the temperature, humidity,
and pressure of the wood treatment process do not change.

4. 2. The materials under study used in the experi-
ment

To establish the feasibility of using a fire-retardant com-
position with the presence of biopolymers, pine wood sam-
ples were used, on which a coating was applied. This base
coating consists of a mixture of ammonium polyphosphate,
pentaerythritol, melamine, chloroparaffin, titanium dioxide,
which were dissolved in acrylic resin. Biopolymers were add-
ed to the coating, in particular, wood flour in an amount of
10% (wt.), starch in an amount of 9% (wt.), coffee grounds in
an amount of 7% (wt.). The resulting coating was tested after
intensive mixing.

At the first stage, to study the structure of the compo-
sition with a biopolymer, samples were prepared based on
wood flour with a coating in a ratio of 1:1. The nature of
the interaction of the fire-retardant composition with the
presence of biopolymers with wood was also studied. To
establish the surface characteristics of the composition with
biopolymer and to establish the contact angle, pine wood
samples measuring 50x50x10 mm were made. To determine
the swelling ability, wood samples measuring 40x40x10 mm
were used, which were coated with the above coating with a
consumption of approximately 250260 g/m?. The film thick-
ness was within 0.5+0.6 mm. After the samples were aged for
two weeks, swelling ability tests were performed.

4.3. Methods for studying the properties of a flame
retardant composition with the presence of biopolymers

The structure of a flame retardant composition with the
presence of biopolymers was determined by Fourier trans-
form infrared spectroscopy (FTIR) and identification by
thermogravimetric analysis.

Fourier transform infrared spectroscopy (FTIR) was per-
formed taking into account [11]. The analysis was performed
on a Spectrum One spectrometer (Perkin Elmer) (USA).

Thermogravimetric analysis was performed on a Linseis
STA 1400 derivatograph (Germany) according to [12]. Sam-
ples weighing 10 mg were heated in an air atmosphere from
20 to 700°C at a rate of 10°C/min.

The surface tension of a flame retardant composition
with the presence of biopolymers was determined by the ring
detachment method (Du-Nooyi) [13]. The liquid under study
was placed in a cuvette and installed on a torsion balance. A
metal ring was placed in the liquid and after its immersion
it was gradually pulled out, controlling the value of the scale
on the scales.

Tests to determine the contact angle were carried out
according to the methodology from [14]. Its essence was to
apply a drop of coating to the substrate of the test material
and after the drop reached an equilibrium state, the contact
angle was determined using a microscope.

To estimate the surface energy of aqueous solutions of
mixtures of inorganic salts and fire-retardant wood during
coating, the Fowkes method was used, which makes it possi-
ble to take into account dispersion, hydrogen, and dipole-di-
pole interactions at the solid-liquid interface [14]
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where 0 is the edge wetting angle;

Osa> 01 — Surface energy of solid and liquid, respectively;
the p index is the component of the total surface energy due
to hydrogen and dipole-dipole interactions; index d — due to
dispersion interactions.

This equation has two unknown quantities ¢?, and c?,
and for practical use, contact angle data for two different
test materials with known surface tensions o/, and 7, are
required (Tables 1).

Table 1

Surface tension and dispersed and polar components for
test materials

Surface energy of a solid .
Material - - 4 | Pol | Surface tension,
Dispersion, o, , | Polar, o, Gy, MJ/m?
mJ/m? mJ/m?
Glass 8.1 33.9 42.0
Polyvinyl chloride 41.2 1.4 42.6

The study of the process of formation of a swollen layer of
foam coke of a fire-retardant composition was carried out us-
ing the methodology given in [15]. The essence of the method
for determining the swelling coefficient is to expose a sample
of a fire-retardant coating applied to a wooden substrate to a
high-density heat flux and measure the formed layer of foam
coke after it cools.

5. Results of determining the properties of a
fire-retardant composition with the presence of
biopolymers for fire protection of wood

5. 1. Results of research into the process of forming
a composite coating with the addition of biopolymers
and its identification

Fig. 1 shows the IR spectra of the studied samples of a
fire-retardant composition with the presence of biopolymers.

The samples that were analyzed have the same composi-
tion in different ratios of additives. The structure of the starch
molecule is similar to the structure of the cellulose molecule,
which is part of wood. The simplest formula of both mole-
cules is (C¢H;¢Os),. In this formula, the value of n is from
several hundred to several thousand. Starch and cellulose are
natural polymers that consist of repeatedly repeating struc-
tural units —~C¢H;90Os. Compared to starch, cellulose has a
higher relative molecular mass. The structural unit of starch
and cellulose is the pyranose cycle. Coffee grounds contain
50% carbohydrates, 20-25% cellulose, 5-7% pentosans, and
other substances. Pentosans are also part of the hemicellu-
lose part of wood, which also contains lignin. The similarity
of the components of additives added to the base coating is
reflected in the similarity of the IR transmission spectra.

Analysis of the IR spectra from Fourier samples (1, 2, 3, 4)
reveals the similarity of the transmission bands. The larg-
est markers are the transmission bands in the wavelength
range of 2400-3700 cm™t. The transmission bands of the IR
spectrum in the range of 3700-3100 cm ! characterize the
stretching vibrations of different types of hydroxyl groups
in lignin, in particular, the stretching vibrations of aliphat-
ic hydroxyl groups, as well as the OH groups of cellulose,
components of starch amylose and amylopectin and the

hemicellulose part (xylan, pentosan, etc.), components of
coffee. All hydroxyl groups participate in hydrogen bonds.
The region of 3000-2800 cm™! characterizes the symmetric
and asymmetric C-H stretching vibrations in the methyl
and methylene groups of lignin. Stretching vibrations of C-H
bonds in methylene and methine groups appear in the region
of 3000-2800 cm™. In xylan, pentosan, stretching vibrations
of C-H groups CHs, CH, and CH appear with a maximum
at 2930 cm™.
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Fig. 1. Transmission spectra of samples: 1 — base coating
and with the addition of: 2 — wood flour; 3 — starch;
4 — coffee grounds

Thus, a fire-retardant composition with the presence of
biopolymers is an accumulation of biological substances with
nitrogen-phosphorus flame retardants, carbohydrates, and
gas-forming substances, surrounded by a polymer binder.

To establish the individual characteristics of the samples
of the composition with a biopolymer, thermogravimetric
analysis was performed. Graphic images of thermogravimet-
ric analysis are shown in Fig. 2-5.

In all samples of the fire retardant composition at tem-
peratures up to 100°C, endothermic processes occur, during
which mass loss occurs due to evaporation of water without
destruction of the materials of the fire retardant composition
and wood and the release of gaseous volatile substances.

Endothermic effects within the temperature range of
180+200°C are associated with the fact that organic substanc-
es lose water with additional mass loss and decomposition of
ammonium polyphosphate, rearrangement, and dehydration
of melamine.

In the temperature range of 200-300°C, biopolymers
begin to decompose, which are superimposed on the effect of
pentaerythritol decomposition with the formation of ketones
and aldehydes. Intensive nucleation of the pinocoke cell
occurs. When melamine decomposition products interact
with pentaerythritol aldehydes, methylol is formed, and then
polymer-oligomeric structures of the amino resin.

At a temperature of approximately 300-370°C, intensive
decomposition of ammonium polyphosphate into ammonia
and polyphosphoric acid begins, which is confirmed by
endothermic peaks (melting of crystal structures) that char-
acterize polyphosphates. The beginning of intensive mass
loss of the fire-retardant composition is characterized by a
temperature of 320-330°C, when the sublimation peak of
melamine is superimposed, which begins at a temperature



of 330°C and ends at a temperature above 420°C. This corre-
sponds to intensive formation of foam coke (the relative mass
loss reached 60-70%). Such a difference in the influence of
biopolymers on the course of thermal destruction at different
stages is due to certain mechanisms by which the mass loss
of samples occurs.

800
P o
E 600
) g
2 5
2 400 £
< (5]
= ~
- 200

20 40 60 80
Time, min

Fig. 2. Thermogravimetric analysis curves for a sample of a fire
retardant composition: T — temperature curve; DT — mass loss
curve depending on the temperature increase; DTA — thermal
effects curve; DTG — differential curve
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Fig. 3. Thermogravimetric analysis curves for a sample of a fire-
retardant composition filled with wood flour: T — temperature
curve; DT — mass loss curve depending on the temperature
increase; DTA — thermal effects curve; DTG — differential curve

If at the first stage there is mainly pyrolysis with the
cleavage of volatile products of biopolymers, the rate of which
does not depend on the subsequent chemical transformations
of these products. At 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, thermogravimetric studies have revealed that un-
der the influence of thermal action, chemical reactions of the
fire-retardant composition begin, including ammonium poly-
phosphate, which, when decomposed, releases phosphoric
acid. That, in turn, affects the destruction of the biopolymer
and the dehydration of pentaerythritol with the formation of

soot, and the simultaneous decomposition of melamine leads
to the release of non-combustible gases, which cause the soot
to foam and form foam coke.
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Fig. 4. Thermogravimetric analysis curves for a sample of a
starch-filled fire retardant composition: T — temperature curve;
DT — mass loss curve depending on temperature increase;
DTA — thermal effects curve; DTG — differential curve
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Fig. 5. Thermogravimetric analysis curves for a sample of a
fire-retardant composition filled with coffee grounds:
T — temperature curve; DT — mass loss curve depending on
temperature increase; DTA — thermal effects curve;
DTG — differential curve

5.2. Results of studies on the formation of surface
characteristics when adding biopolymers to the com-
posite coating and changing the thermal insulation
layer of foam coke

Fig. 6 shows the process of determining the surface ten-
sion of the fire-retardant composition with the presence of
biopolymers.

Taking into account the initial values of the ring dimen-
sions: outer diameter 12 mm and wire thickness 1.0 mm and
tensiometer reading within 500+600 mg, the research results
showed that the surface tension for the fire-retardant compo-
sition was 28.8 mJ/m?.



The addition of biopolymers almost did not change the
value of surface tension, namely, for the composition with
the presence of wood flour it was 27.4 mJ/m?, with the
presence of starch - 29.6 mJ/m?2, with the presence of coffee
grounds - 28.1 mJ/m?.

The wetting contact angle of the fire-retardant composi-
tion with the presence of biopolymers was determined on the
samples of the test materials given in Table 1.

Testing: a drop of the fire-retardant composition with the
presence of biopolymers was applied to the sample of the test
material using a pipette (Fig. 7-10). After the drop reached an
equilibrium state, its height and diameter were determined
using a microscope with a certain degree of magnification.

Fig. 6. Determining the surface tension of a flame
retardant composition

a b
Fig. 7. A drop of fire retardant composition applied to the
test material: a — glass; b — polyvinyl chloride

a b
Fig. 8. A drop of fire retardant composition with wood flour
applied to the test material: a — glass; b — polyvinyl chloride

a

Fig. 9. A drop of a fire-retardant composition with starch
applied to the test material: a — glass; b — polyvinyl chloride

Fig. 10. A drop of fire retardant composition with coffee
grounds applied to the test material:
a — glass; b — polyvinyl chloride

The above results (Fig. 7-10) show that the fire retardant
composition when wetting glass forms an angle of about 55°,
and polyvinyl chloride - 62°. When wetting with a fire retar-
dant composition with the presence of biopolymers of glass
and polyvinyl chloride, the wetting angle decreases.

The results of determining the contact angle of wetting by
a fire retardant composition with the presence of biopolymers
of test materials and determining the corresponding compo-
nents of the free energy of the surface are given in Table 2.

The results of determining the corresponding components
of the free energy of the surface of pine wood showed that
the polar component is 8.2 mJ/m?2, the dispersed component
is 41.4 mJ/m?, and the polarity is 16.5. The polarity of the fire-re-
tardant composition with the presence of biopolymers exceeds
the value of wood by three times and shows that the above com-
position and with the addition of biopolymers will effectively
cover wood. Fig. 11 shows the treated samples of pine wood.

Table 2

Wetting contact angle and free energy component
of the surface of a flame retardant composition
with the presence of biopolymers

Composition Edge wetting Free surface energy,
with the angle, 6,° mJ/m? Polar-
sg;::&;rrln(:, Glass 12(1)111037‘; li?: General | Polar | Dispersed ity. %
- 55 62 28.8 17.1 11.7 59.3
Wood flour 40 55 274 | 14.8 12.6 54.0
Starch 31 50 29.6 16.9 12.7 57.1
Coffee grounds | 38 42 28.1 | 174 10.7 61.9

Cc

Fig. 11. Pine wood samples treated with a fire-retardant
composition containing biopolymers: a — basic composition;
b — with the addition of wood flour; ¢ — with the addition of

starch; d — with the addition of coffee grounds

After examining the relationship between wood and a
fire retardant composition with the presence of biopolymers,
a study was conducted to determine the swelling coefficient.



Fig. 12, Table 3 show the results of studies on the swelling
process of a fire retardant composition with the presence of
biopolymers.

As can be seen from Fig. 12, under the action of the radia-
tion panel, the flame retardant composition of all experimen-
tal samples swelled. Thus, for the base sample, the swelling is
associated with the decomposition of flame retardants under
the influence of temperature. For samples of the flame retar-
dant composition with the presence of biopolymers, swelling
was recorded, exceeding the base, despite the smaller amount
of flame retardants.

When the radiation panel acted on the fireproof composi-
tion, swelling and formation of a thermal insulation layer of
foam coke occurred. For the base sample, the swelling time was
recorded for 102 s, which then increased by about 1.25 times.
This is due to a decrease in the amount of flame retardants due
to the addition of biopolymers, which increased the foam coke
layer. Thus, when adding coffee grounds, the height of the coke
layer increased to 12.5 mm, for biopolymers such as wood flour
and starch, the coke height increased by more than 15 mm, and
the foam multiplicity increased by 1.2 times.

Table 3

Determining foam multiplicity during swelling of a fire-
retardant composition with the presence of biopolymers
under thermal influence

Composition Swellin Flue gas | Coating |Coke layer| Foam
with the addition time sg tempera- |thickness,| height, |multiplic-
of biopolymer >7 | ture,°C | mm mm ity, score
- 102 71 0.52 13.0 25.0
Wood flour 125 78 0.56 15.3 27.3
Starch 128 82 0.57 15.4 27.0
Coffee grounds 122 86 0.54 12.5 23.1

a b
c d

Fig. 12. Results of research on the swelling process: a — base
sample; b — base sample with the addition of wood flour;
¢ — base sample with the addition of starch; d — base sample
with the addition of coffee grounds

6. Discussion of results based on studying the
regularities of fire protection of wood by composite
coating with biopolymer

The results of studies on the structure of the fire-retar-
dant composition filled with biopolymers showed that they

represent an accumulation of biological substances with
nitrogen-phosphorus flame retardants, carbohydrates, and
gas-forming substances in the polymer matrix, as indicated
by the transmission spectra (Fig. 1). Under the influence of
thermal action on the fire-retardant compositions, chemical
reactions begin (Fig. 2-5), including ammonium polyphos-
phate, which, upon decomposition, releases phosphoric acid.
That, in turn, affects the destruction of the biopolymer and
the dehydration of pentaerythritol with the formation of soot,
and the simultaneous decomposition of melamine leads to
the release of non-combustible gases, which cause the soot to
foam and form foam coke.

According to the results of studies on the surface energy
characteristics of the fire-retardant composition with the pres-
ence of biopolymers, it was found that the surface tension for
the basic fire-retardant composition (Fig. 6) was 28.8 mJ/m?.
The addition of biopolymers almost did not change the
value of the surface tension, for the composition with the
presence of wood flour it was 27.4 mJ/m?, with the pres-
ence of starch -29.6 mJ/m?, with the presence of coffee
grounds - 28.1 mJ/m?. The contact angle of the fire-retardant
composition with the presence of biopolymers on the test
material samples shows that the fire-retardant composition
when wetting glass forms an angle of about 55°, and polyvinyl
chloride - 62°. When adding biopolymers to the fire-retardant
composition, the contact angle decreases. Considering that
the polarity of wood is 16.5%, the polarity of the fire retardant
composition with the presence of biopolymers exceeds the
value of untreated wood by 3.5 times. This confirms that the
above composition and with the addition of biopolymers will
effectively cover wood [16, 17]. As can be seen from Fig. 6,
under the action of the radiation panel, the fire retardant
composition of all experimental samples swelled. For the base
sample, the swelling time was recorded for 102 s, which then
increased by about 1.25 times, which is associated with a
decrease in the amount of flame retardants by adding biopoly-
mers, which in turn affected the increase in the foam coke
layer. Thus, when coffee grounds were added, the coke layer
height increased to 12.5 mm, for biopolymers such as wood
flour and starch, the coke height increased to over 15 mm, and
the foam multiplicity increased by 1.2 times. This reflects the
participation of biopolymers in the formation of the foam coke
layer, which can be identified directly by high-temperature
exposure to samples of the fire-retardant composition [18, 19].

Unlike the studies reported in [4, 5, 8], in which the atten-
tion was paid to coatings based on biocomposites, our study
considered a fire-retardant composition, which is quite well-
known in the market.

However, unlike the results obtained in [3] regarding the
mechanism of fire protection, the following can be stated:

- the main regularity of high-temperature inhibition of
wood is only the release of water vapor, which affects the
flame, and the formation of a ceramic phase, which is inher-
ent in geocement coatings;

- the mechanism of operation of the fire-retardant com-
position is that under the influence of thermal action, chemi-
cal reactions begin in the fire-retardant composition, includ-
ing ammonium polyphosphate, which affects the destruction
of the biopolymer and the dehydration of pentaerythritol
with the formation of soot, and the simultaneous decompo-
sition of melamine leads to the release of non-combustible
gases, which cause the soot to foam and form foam coke.

This representation of our results, since the fire-retardant
composition was confirmed by the reaction to the action of a



high-temperature flame, shows the real aspects of operation.
The results of the experiments showed that the fire-retardant
composition has the potential, which is manifested in the for-
mation of a heat-insulating layer of coke, and the establish-
ment of the swelling multiplicity shows how the biopolymer
affects the formation of hydrocarbons.

The results obtained on the free energy of the surface of
the fire-retardant composition have certain limitations when
determining the components due to the unpredictability of
the process of the contact angle during wetting, taking into
account which is possible provided that the surface proper-
ties of the coating layer are ensured, which is formed during
wood processing.

In addition, the resistance of the fire-retardant compo-
sition to thermal effects does not provide sufficiently infor-
mative indicators due to the scarcity of these ones relative
to the foam coke layer and limits the use of our results. The
disadvantage of the experimental method used is the com-
plexity, which limits the determination of the swelling effect.
However, owing to fire experiments, it is possible to obtain
results that make it possible to establish the role of biopoly-
mers in the formation of the coke layer. Further development
of our research into the formation of biocomposites for fire
protection of wood-polymer products may initiate future
studies, in particular to optimize experimental data on for-
mulation design.

7. Conclusions

1. A fire retardant composition with the presence of bio-
polymers is an accumulation of biological substances with
nitrogen-phosphorus flame retardants, carbohydrates, and
gas-forming substances, bound by a polymer binder. Ther-
mogravimetric studies have shown that under the influence
of thermal action, chemical reactions begin in the fire retar-
dant composition, such as the decomposition of ammonium
polyphosphate, which releases phosphoric acid. This leads to
the destruction of the biopolymer and the dehydration of pen-
taerythritol with the formation of a large number of hydro-
carbons, and the simultaneous decomposition of melamine
leads to the release of non-combustible gases, which cause
the soot to foam and form foam coke.

2. The surface energy characteristics of the fire retar-
dant composition with the presence of biopolymers have
been studied and it was found that the surface tension for
the basic fire retardant composition was 28.8 mJ/m?2. The
addition of biopolymers to the fire retardant composition did
not change the surface tension value, but the wetting angle

decreases. Considering that the polarity of wood is 16.5%,
the polarity of the fire retardant composition with the pres-
ence of biopolymers exceeds the value of untreated wood
by 3.5 times, which provides effective treatment of the wood
surface. According to the results of the thermal effect on
the samples, it was found that swelling of the fire retardant
composition occurred under the action of the radiation panel.
Thus, for the basic sample of the fire retardant composition,
the swelling time was recorded for 102 s, which then in-
creased by about 12.5 times. When coffee grounds were add-
ed to the composition, the height of the coke layer increased
to 12.5 mm; when biopolymers such as wood flour and starch
were added, the coke height increased to over 15 mm, and the
foam multiplicity increased by 1.2 times.
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