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The paper presents the results of a study on the thermal insulation properties of polymer composites
based on fly ash from thermal power plants. Aqueous dispersions of styrene-butadiene (Latex 2012) and
acrylic (Policril 590) polymers were used as the matrix. A complex multifactorial dependence of the thermal
conductivity of the composite materials on the type and properties of the ash, its content, the type and con-
centration of the polymer dispersion, density, porosity, and temperature was established. The decisive role
of the pore structure in forming effective thermal insulation was demonstrated. It was found that a more
developed specific surface area, higher wettability, and lower filler density contribute to the reduction of
thermal conductivity. The lowest thermal conductivity was shown by composites containing fly ash with a
filler concentration of 65 wt. % in combination with an acrylic matrix. The selected matrix exhibits a more
consistent thermal conductivity profile within the studied temperature interval, indicating enhanced ther-
mal stability. The results obtained allow us to determine the optimal conditions for the development of ef-
fective thermal insulation materials using industrial waste.
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1. INTRODUCTION

Fly ash is one of the most widespread by-products
formed during coal combustion at thermal power plants
(TPPs). The main types of these technogenic wastes in-
clude fly ash — fine particles carried by flue gases and
captured by electrostatic precipitators — and bottom ash,
which settles at the bottom of the furnace. The chemical
composition of these materials typically includes oxides
of silicon (Si02), aluminum (Al203), iron (Fe203), calcium
(Ca0), magnesium (MgO), among others, and their prop-
erties depend on the type of fuel used, combustion con-
ditions, and gas cleaning systems. Due to their high
thermal stability, pozzolanic properties, porosity, and
active surface area, fly ash is considered not only a waste
product but also a promising secondary raw material for
various applications.

Against the backdrop of increasing environmental
challenges and the search for solutions within the frame-
work of the circular economy, the problem of fly ash and
slag waste utilization is becoming particularly urgent.
Globally, over 700 million tons of fly ash are generated
annually, yet only a fraction is further utilized. For in-
stance, in the United States, over 55 % of fly ash is depos-
ited in ash disposal sites each year, leading to soil, water,
and air pollution caused by dust emissions [1]. In
Ukraine, as in many other countries, fly ash is one of the
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main industrial wastes produced at thermal power plants.
The total accumulated volume of ash and slag waste is es-
timated at hundreds of millions of tons, with annual
growth of around 6-7 million tons [2]. This is due to the
widespread use of coal as a fuel at domestic TPPs and the
specific features of their combustion technologies.

Scientists around the world are actively studying the
potential applications of fly ash in various technologies.
One of the most developed areas is the use of fly ash as
a partial or full replacement for mineral fillers in con-
struction materials. For example, in [3], it was shown
that replacing sand with bottom ash in mortar composi-
tions reduces the thermal conductivity of the material to
0.46 W/(m ‘K) while maintaining sufficient strength.

In addition to traditional concretes and mortars, fly ash
is increasingly used in the development of lightweight po-
rous thermal insulation materials. In particular, studies [4]
have demonstrated the possibility of producing thermal in-
sulation blocks from fly ash using foaming and pressure
casting methods. The resulting samples had very low ther-
mal conductivity — around 0.0511 W/(m K), which is com-
parable to that of glass wool. Another interesting approach
was presented in [5], where zeolite-like materials with ther-
mal insulation properties (thermal conductivity of 0.153
W/(m K)) were synthesized from fly ash. These materials
are considered promising for use as coatings in energy-effi-
cient buildings.
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In 2023, researchers demonstrated the feasibility of
creating porous geopolymer materials from bottom ash
using various foaming agents. These samples achieved a
thermal conductivity of 0.32 W/(m ‘K) and a compressive
strength of up to 6.86 MPa, making them competitive
with commercial insulation blocks [6].

Another example of efficient fly ash utilization in insu-
lation products is the development of composite panels
based on fly ash and gypsum [7]. These materials combined
low thermal conductivity with acoustic and fire-resistant
properties. The sound absorption coefficient ranged from
0.3 to 0.8, fire resistance exceeded 50 minutes for panels
with a thickness of 4 cm, and the thermal conductivity was
comparable to commercial analogues. Leaching tests con-
firmed that the content of trace elements was within safe
limits. These panels can be effectively used as interior wall
partitions in buildings [7].

Fly ash is also used as a filler in polymer composite
materials (PCMs). A study [8] showed that incorporating
fly ash into epoxy polymer matrices improved mechani-
cal properties, increased elastic modulus, enhanced in-
terfacial bonding, and increased dielectric permittivity.
Such composites exhibited thermal stability, energy
storage and recovery capabilities, and lower thermal
conductivity compared to the neat polymer matrix.

Another promising application of fly ash involves the
development of specialized thermal insulation coatings
and mixtures for the mining industry. For instance, in
2020, a fly ash-based material was developed for forming
thermal insulation layers in mine workings. The study
showed that such layers significantly reduced heat emis-
sion and stabilized the temperature field under complex
geological conditions [9].

Given the broad range of potential fly ash applica-
tions and its availability as a secondary raw material,
interest is growing in creating new composite materials
with improved thermal insulation performance. Partic-
ularly promising is the combination of fly ash with poly-
mer dispersions, especially latexes, which facilitate the
formation of a porous structure and allow the regulation
of the final properties of the materials. In this context, it
becomes necessary to investigate how the type of fly ash,
component ratios, and processing conditions affect the
structure, physical-mechanical, and thermophysical
properties of such composites.

The aim of this study is to develop and investigate
the properties of thermal insulation materials based on
fly ash from thermal power plants combined with aque-
ous polymer dispersions. The study focuses on evaluat-
ing their structure, porosity, thermal conductivity, and
other performance characteristics. The relevance of this
work is driven by the need to find environmentally safe
and economically viable ways to utilize industrial waste,
as well as to develop affordable insulation materials for
use in construction and related industries.

2. MATERIALS AND METHODS

I As part of this study, composite materials based on a
"copolymer—filler" system were investigated, in which fly
ash from two Ukrainian thermal power plants — Burshtyn
TPP (Ash B) and Kurakhiv TPP (Ash K) — was used as a
functional filler. These ashes differ in origin and formation
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conditions: Kurakhiv TPP utilized anthracite from the Do-
netsk coal basin, while Burshtyn TPP used bituminous coal
from the Lviv-Volyn basin. The difference in mineral com-
position is determined not only by the type of coal but also
by the method of ash removal: dry at Kurakhiv TPP and
wet at Burshtyn TPP.

According to the results of chemical analysis, the fly
ash samples from both TPPs are classified as siliceous
(or acidic) ashes, as indicated by the predominance of sil-
icon dioxide (SiO2) and aluminum oxide (AlzOs) in their
composition. However, significant differences were ob-
served between the two samples in terms of the content
of key components.

Kurakhiv ash contains more silicon dioxide —
51.5wt. % compared to 46.1 wt. % in Burshtyn ash —
whereas the aluminum oxide content is slightly lower:
15.98 wt. % versus 18.00 wt. %, respectively. This results
in a higher Si0O2/Al203 ratio in Kurakhiv ash (3.2), indi-
cating a more pronounced siliceous character, compared
to 2.6 for Burshtyn ash.

A notable difference is also observed in iron oxide
(Fe203) content: Burshtyn ash contains significantly
more (22.2 wt. %) than Kurakhiv ash (14.2 wt. %), which
may affect the color, thermal conductivity, and reactivity
of the composite material.

Attention should also be paid to the content of alkali
(primarily K>0) and alkaline earth oxides (CaO, MgO).
Their combined content in Kurakhiv ash is approxi-
mately 13.5wt. %, compared to only 7.6wt. % in
Burshtyn ash. This difference may influence the hydro-
philicity, gel-forming capacity, and film formation pro-
cesses 1n latex-based composites.

The loss on ignition also differs significantly: Ku-
rakhiv ash has virtually no loss (0.01 wt. %), while
Burshtyn ash shows a loss of 1.49 wt. %, which may in-
dicate greater compositional stability of Kurakhiv ash
and a lower amount of organic or volatile impurities.

The polymer matrix used for composite fabrication
was based on two types of aqueous dispersions: styrene-
butadiene (Latex 2012) and acrylic (Policril 590). Both
polymers are commercially available white-colored dis-
persions that differ in composition, viscosity, particle
size, and film-forming temperature [10].

The preparation of composite samples was carried
out using a standard laboratory procedure involving sev-
eral consecutive steps. First, the filler and polymer dis-
persion were jointly subjected to mechanical activation
in a ball mill for 20 minutes. This preliminary treatment
improved system dispersion, activated the particle sur-
faces, and enhanced interfacial interaction between the
filler and polymer matrix.

After homogenization, the mixture was poured into
cylindrical molds of appropriate volume. The samples
were cured at room temperature for 48 hours to complete
initial hardening and stabilize the structure. Subse-
quent heat treatment involved gradual heating to 80 °C
with a 1-hour hold at this temperature. The final step
was cold pressing of the cylindrical samples (10 mm in
diameter) at 5-10 MPa to achieve the required density,
mechanical strength, and structural integrity.

The difference in the physicochemical properties of the
fillers (Table 1) significantly affects the thermal insulation
characteristics of the resulting composite materials.
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To evaluate the influence of the type of fly ash and its
concentration on thermal conductivity, a series of compo-
site samples with varying filler content was prepared. The
thermal conductivity of the studied materials was meas-
ured using the IT-1-400 device, which operates based on
the dynamic calorimetry method. Measurements were car-
ried out in the temperature range of 173 to 373 K, allowing
the assessment of the thermal behavior of the samples un-
der conditions close to real operation. The working princi-
ple of the device is described in detail in [11].

Table 1 — Physico-chemical properties of fillers

Filler | Specific | Wet- |Surface|Thermal| Pycno-
Surface | ting En- |Conduc-| metric
Area, | Angle, | ergy, | tivity, |Density,
BET, ° md/m? | W/m K | g/em?
m?/g
Ash K 0.68 76 39.58 | 0.224 2.32
Ash B 3.45 69 51.67 | 0.207 1.82

3. RESULTS AND DISCUSSION

The results of the conducted experiments (Fig. 1)
demonstrate a clear relationship between the type of fly
ash and polymer matrix, the filler concentration in the
composite, and the resulting thermal conductivity val-
ues of the materials.
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Fig. 1 — Dependence of the thermal conductivity coefficient on
temperature for the studied systems based on Latex 2012 (a)
and Policril 590 (b)
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The results show that the thermal conductivity of the
investigated samples depends on temperature, the type
of polymer dispersion, and the filler content. In all cases,
a general trend is observed: thermal conductivity de-
creases with temperature down to approximately 250-
270 K, after which the A values either stabilize or exhibit
local fluctuations.

For the samples based on Latex 2012 (Fig. 1a), the
lowest thermal conductivity across the entire tempera-
ture range is observed in the ash B 65 wt. % + Latex 2012
system. This can be attributed to the higher specific sur-
face area and more developed porosity of Burshtyn fly
ash. The highest thermal conductivity is recorded for the
ash K 65 wt. %+ Latex 2012 sample, which correlates
with the less developed particle surface and higher den-
sity of Kurakhiv ash.

Samples based on Policril 590 (Fig. 1b) show less pro-
nounced thermal conductivity peaks and generally ex-
hibit more stable thermal behavior throughout the tem-
perature range. The lowest A values are also recorded for
composites using Burshtyn ash at 65 wt. % filler content.
In contrast, the highest thermal conductivity at low tem-
peratures is observed in the ash K 65 wt. % + Policril 590
system, although its A values gradually decrease and
stabilize as the temperature rises.

Thus, reducing the filler content from 90 to 65 wt. %
leads to lower thermal conductivity in most cases. This
is explained by the formation of a more pronounced po-
rous structure and a reduction in the number of ther-
mally conductive pathways within the composite. From
the standpoint of thermal insulation efficiency, the most
effective system was based on Latex 2012, especially
when combined with Burshtyn fly ash.

Additionally, the influence of filler concentration on
the thermal conductivity of the composites was exam-
ined at two characteristic temperatures — 298 K and
373 K. The results are shown in Figure 2.

Analysis of the histograms shows that increasing the
filler content from 65 to 90 wt. % generally leads to an
increase in thermal conductivity across most systems.
The lowest A values across the entire temperature range
were observed in the composite based on Burshtyn TPP
fly ash at 65 wt. % filler content and the acrylic matrix
Policril 590. Conversely, the highest thermal conductiv-
ity values were recorded in samples containing 90 wt. %
Kurakhiv fly ash, especially in systems using Latex
2012.

It is worth noting that increasing the temperature to
373 K results in a general rise in thermal conductivity
for all samples. However, the relative increase is less
pronounced in composites with the acrylic matrix (Polic-
ril 590), indicating greater thermal stability in terms of
heat transfer performance.

To further analyze the influence of composition and
structure on thermal conductivity, graphs were con-
structed showing the dependence of the thermal conduc-
tivity coefficient on the density of the studied samples
(Figure 3). The results demonstrate a general trend of
increasing thermal conductivity with increasing density,
which can be explained by the reduction in air pore vol-
ume — the primary insulating component. At the same
time, samples based on Burshtyn fly ash exhibit a slower
increase in thermal conductivity, indicating a more ef-
fective insulating effect at equivalent density.
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Fig. 2 — Dependence of thermal conductivity on filler concentra-
tion (at different temperatures) for the studied systems
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and Ash K (b): 1 — Latex 2012, 2 — Policril 590
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To clarify the influence of porosity on the thermal
conductivity properties, the dependence of A on sample
porosity was analyzed (Figure 4). As expected, thermal
conductivity decreases with increasing porosity. How-
ever, for samples filled with Kurakhiv TPP fly ash, this
dependence is less pronounced, which may be attributed
to the higher density and less developed microporosity of
this ash.
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Fig. 4 — Dependence of thermal conductivity and total porosity
for composites with Ash B (a) and Ash K (b) in systems based
on: 1 — Latex 2012, 2 — Policril 590

Additionally, it was found that the temperature-de-
pendent behavior of thermal conductivity (Figure 1) cor-
responds well with the morphological characteristics of
the fillers. In particular, the lowest A values were ob-
served in systems combining high porosity, low density,
and strong wettability of filler particles by the matrix
(Ash B + Latex 2012).

The results obtained indicate a complex, multifacto-
rial dependence of the thermal conductivity of composite
materials on the properties of the filler, its concentra-
tion, the type of polymer dispersion, and temperature.
The lowest thermal conductivity values were recorded in
samples containing 65 wt. % of Burshtyn fly ash in com-
bination with the acrylic matrix Policril 590, which can
be explained by a set of favorable physicochemical char-
acteristics of this filler. Specifically, a higher specific
surface area, improved wettability, and lower density
contribute to the reduction of thermal conductivity, con-
sistent with the findings reported in [5, 12].

02032-4



INFLUENCE OF FLY ASH TYPE AND POLYMER MATRIX...

An increase in fly ash content from 65 to 90 wt. % re-
sults in a rise in thermal conductivity, which is associ-
ated with the densification of the composite structure
and a reduction in air pore volume. Therefore, lowering
the filler content to 65 wt. % can be considered optimal
in terms of the thermal insulation efficiency of the com-
posites. Similar trends were noted in studies dedicated
to porous construction materials based on fly ash [13].

Burshtyn fly ash demonstrated better insulation
properties compared to Kurakhiv ash, which is at-
tributed to its higher specific surface area (3.45 m?/g),
lower intrinsic thermal conductivity, and greater wetta-
bility. It is well established that an increase in filler sur-
face area promotes composite porosity and reduces the
number of thermally conductive pathways [7, 14].

The type of polymer matrix also significantly influ-
ences thermal conductivity. Systems based on Policril
590 showed more stable thermal behavior throughout
the temperature range. This is likely due to the im-
proved compatibility of the acrylic matrix with mineral
particles and more uniform phase distribution, con-
sistent with the results presented in [15, 16].

Thus, the key factors determining the thermal insu-
lation performance of polymer composites based on fly
ash include specific surface area, wettability, porosity,
and filler concentration. Similar dependencies were ob-
served in geopolymers and composites with inorganic
matrices [1, 17], confirming the general applicability of
the identified trends.

4. CONCLUSIONS

1. The type of fly ash has a significant effect on the
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Bruiue Tuny 30/ Ta MaTpUIi HA TEIUIONPOBIIHICTH MOJIiMEePHUX KOMIIO3UTIB
JI. Mensuauk!, B. Ceigepcoruiil, H. Xapuenro?, T. I'osopyn2, T. Beperosuii!, P. MisompKuit3

1 Hauyionanvruii mexuiunull ynisepcumem Yrpainu «KIII im. I. Cikopcoroeon, 03056 Kuis, Yrpaina
2 Cymcevruil oepocasruti yrisepcumem, 40007 Cymu, Yrpaina
3 Kanaodsascvrull ynisepcumem, 920-1192 Kanaosasa, Anonis

VY cratTri mpecTaBIeHO pe3yaIbTaTh JIOCIIIIKEHHS TeILIOI30JISIINHIX BJIACTUBOCTEH ITOJIMEPHUX KOMIIO-
3WTIB HA OCHOBI 30JIM BUHOCY. B SIKOCTI MaTpHIll BUKOPHUCTAHI BOIHI Jucmepcii ctuposi-oyramierosoro (Latex
2012) ta axpusosoro (Policril 590) mosrimepis. BeraroBieHo, ckiragay 6araTopakTopHy 3aJIesKHICTD TEILION-
POBITHOCTI KOMIIOSUIIIAHUX MaTepiasiB BiJ] TUITYy TA BJIACTHBOCTEN 30JIH, Ii BMICTY, THUILY T4 KOHIIEHTPAILII] I10-
JIIMEPHOI AucIepcii, TyCTUHM, IIOPUCTOCTI Ta TeMiieparypu. J[oBeieHO BU3HAYAIBHY POJIb IIOPOBOL CTPYKTYPH
y opMyBaHHI e)eKTUBHOTO TEILIO3aXUCTy. BCTAHOBIJIEHO, IO OLIIBII PO3BUHEHA ITUTOMA IOBEPXHS, BHCOKA
3MOYyBaHICTB Ta MEHIIIA I'yCTHHA HAIIOBHIOBAYA CIIPUSIOTH 3HIIKEHHIO TeIlIonpoBiaaocti. Kommosury 3 Buko-
PUCTAHHSIM 30JIH TIPY KOHIEHTPAITii 65 Mac.% HamoBHIOBaYA TAa AKPUJIOBIH MATPHUITL JIEMOHCTPYIOTh HANHIKY1
3HaYeHHs KoedillieHTa TeIJIONPOBIIHOCTI. 3a3HaUeHa MATPUILS JeMOHCTPY€E TEPMIYHO CTa0lIbHY TMOBEIIHKY
B MeKax JIOCIIKYBAHOTO TeMIIepaTypHOro Jiana3ony. OTpuMaHi pe3yJibTaTé J03BOJISIOTH BUSHAYNTH OIITHU-
MaJIbHI YMOBU JJIsI CTBOPEHHS e()eKTUBHUX TEIJIOI30/AIINHAX MaTepiailiB 13 BUKOPUCTAHHSIM TEXHOT€HHUX
BIIXOIB

Knrouogsi ciosa: ITomimepni kommosuru, TemsmonposigaicTs, 3osia BuHOCY, TeII0i30Is1IiiHI BJIACTUBOCTI,
Tomoreniszairisa, MexaniuHa MIITHICTE.
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