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Abstract. The scientific article comprehensively examines the issue of the effective use
of fly ash-a major tonnage of technogenic waste from the Ekibastuz GRES-in construction
materials, specifically in cement compositions and hyper-pressed products. The main scien-
tific novelty and primary objective of the study is to increase the low hydraulic activity of
high-silica (acidic) fly ash through chemoactivation with a sodium hydroxide (NaOH) solu-
tion, and its effect on the physicomechanical properties of hyper-pressed brick is scientifical-
ly substantiated. During the experimental studies, 2%, 4%, and 6% concentrated sodium hy-
droxide (NaOH) solutions were used to activate the fly ash. The research results showed that
as the concentration of the alkaline reagent increased, the dissolution of the amorphous
phase on the surface of the ash particles accelerated, leading to more intensive hydration
processes of the cement matrix. In particular, The use of chemically activated ash at a 4%
NaOH concentration significantly increased the density of the cement composite and im-
proved the early and design (28-day) strength values by 15-20% compared to the control
samples. In addition, the article presents the results of X-ray phase and electron microscopic
analyses of the microstructure of hyper-pressed brick. These analyses demonstrate that
chemical activation of ash leads to the formation of additional calcium hydro-silicates, re-
duces the material's porosity, and strengthens its structure. The practical significance of the
work is directed at increasing the level of waste utilization in the construction industry, sav-
ing on cement consumption, and improving the technology for obtaining environmentally
safe, high-strength hyper-pressurized products. The obtained results make it possible to im-
prove the ecological situation in the Ekibastuz region and reduce the cost of construction ma-
terials.
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I1C. Ceiipynnun ar. Kazak arpoTexHUKaJIbIK 3€pTTey YHUBEPCHTETI,
010000, Acrana,Kazakcran
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Annparna. feueimu maxanaoa Exioacmys ['POC-uiy ipi moHHAX€CObL MeXHO2eHOIK
Kanoviebl 006N MAabbLIAmMbIH Yna Kya0i KYpbliblC MamepuaiodapulHbly, aman aumkanod,
yemeHmmi KOMNOUYUANLAD MeH 2unepnpecmeneer OYubiMOapobly KYpamblHOA MUimol
navoanamy Macenenepi JHCaH-HcaKmol Kapacmuvlpvli2aH. 3epmmeyoiy 6acmul 2blibIMU
HCAHATLIRBL MEH He2i32l MakKcamvl — JHCOApPbl KPEeMHULLNL (KbluwKbll) KyaA0iH moMeH
2UOPABIUKATBIK bencenoiniein Hampuii  2UOPOKCUOI (NaOH) epiminoicimen
XeMoakmueayusnay a0ici apKblibl aApmMmulpy JHCIHE OHblH Unepnpecmenze’ Kipniumiy
Qu3uKa-MexaHukanwvlx — Kacuemmepine 2cepin  eblIbIMU  Hezizoey 0Ooavin  maodwlLiaobl.
Okcnepumenmmik  3epmmeynep 0OapvicblHOa Yuwina Kyaoi Oencenoipy Yulin Hampui
euopokcudiniy (NaOH) 2%, 4% owcone 6% ronyenmpayusnel epiminoinepi KOLOAHbLLLObL.
3epmmey mHomudicenepi CIIMINIK peazeHmmiy KOHYEHMPAyuscyl apmkaH CaublH Kyi
bonwexkmepiniy Oemki KabamviHOabl amop@moel Gazanviy epyi dcedenrden, yemeHm
MACHIHLIY 2UOpamayus NPoyecmepiiy KapKblHObL JCypeminin kepcemmi. Aman aumxauoa,
NaOH 4% KoHyenmpayusacviHOa XeMOAKMUuBaAyuslaHzan Kyaoi KOJOAHY YeMeHmmi
KOMNO3UYUAHBIY MblebI30bIRbIH  AUMAPILIKMALl apmmulpbln, epme HcaHne Hcobanvlk (28
maynix) mepsimoezi Oepikmix Kopcemkiuumepin 6axviiay yaciiepimen canvicmolpeanoa 15-
20%-ca owcakcapmyea mymkindixk 6Oepoi. Coubimen Kamap, maxaiada eunepnpecmenzet
KIpniwmiy —~ MUKDOKYDBLILIMbIHA — JCACANRAH — PEHM2EeHPA3ANbIK — JHCIHE  IJIeKMPOHObIK-
MUKPOCKONUANBLIK — MAn0ayiapovly —Hamudcenepi Keimipineen. byn manoayrap Kyaoi
XUMUANBIK ~ OelCceHOIpy — HamudiceciHoe  KOCLIMUIA — Kanbyull  2UOPOCUTUKAMMAPbIHbIY
MY3LIeMIiHIH JHCOHE MAMePUanIobly Keyekminici momMeHOen, KYpbliblMbIHbIH HbI2AsL MY CemiHiH
Oanenoetioi. JKymvlcmoly NpaKmuKkaiblk Maybl30bLIbIabl  KYPLIbIC  UHOYCMPUSCLIHOA
KanOblKmapowvl Kaoez2e icapamy OeHeelin apmmbipyed, YeMeHm WbleblHbIH YHeMOey2e HCoHe
9KONIO2UANBIK — Kayincis,  Oepikmizci  dcozapvl — cunepnpecmenzed — OYublMoapovl Ay
MEXHONO2UACLIH  Jicemindipyee  Oazvimmanzan.  Anvinean  Homuodicenep  Exibacmys
AUMARbIHOARbL IKOJIOLUSIBIK HCAR0AUObl HCAKCAPMYRA HCIHE KYPbLIbIC MAMepUuailoapblHuly
O3IHOIK KYHbIH meMeHOemy2e MyMKIHOIK bepeoi.

Tyillin ce3nep: ywna Kyn, xeMOakmusayus, yemenm KOMNOIUYUALAPHI, OepiKmik,
uopamayusi, mexHo2eHOIk Kanovikmap, Exioacmys kemipi
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AuHoOTaumus. B HayyHou cmamve nOOpoOHO paccmMompenbvl 80NPOCHI IDDHeKMmusHo2o
UCNONB306AHUA  JIeMYYUX  30108bIX  CMPOUMENIbHLIX — MAMepuanos,  A6NAIUUXCS
KPYNHOMOHHAICHBIM MeXHO2eHHbIM omxodom Okubacmysckou ['POC, 6 wacmumocmu, 8
cocmase YeMeHMHbIX KOMNO3UYUL U 2UNnepnpecco8anHulx uzdenuul. InasHotl HayuHol
HOBU3HOU U OCHOBHOU Uelbl0 UCCTIe008AHUS ABTISIeMCS NOGblULeHUE HUSKOU SUOPABIUYECKOU
AKMUBHOCMU  BbICOKOKDEMHUEBOU (KUCTOU) 307bl MemoOoM XeMOaKmueayuu pacmeopom
euopoxcuoa nampus (NaOH) u nayunoe obocrnosanue e2o enusnus Ha Gu3UKO-MexanudecKue
ceolicmea  2Unepnpecco8anHo2o Kupnuda. B oxcnepumenmanvuwix uccnedoganusx Ol
aKmueayuu Jemyyux 301bl UCHONb308aNUch pacmeopsl 2uopokcuoa Hampus (NaOH) 6
xonyenmpayusix 2%, 4% u 6%. Pezyremamovl ucciedosanusi noxazaiu, 4mo no mepe
Veenuuenus KOHYEeHMpayuu uelo4Ho20 peazenma YCKOPSAemcs pacmeopenue amopg@Hou
Gaszvl 68 NOBEPXHOCMHOM ClOe YACMmuy 307bl, UHMEHCUBHO NPOMEKAm Npoyeccyl
euopamayuy YyemMeHmHo20 Kamus. B yacmuocmu, npumeneHue xemoaxmueupo8auHol 307ibl
npu konyenmpayuu NaOH 4% noszeonuno 3nauumenvro yseruyums niomHOCMb YeMEHMHO20
cocmaesa u ynyumums nokazamenu npounocmu Ha 15-20% no cpaenenuro ¢ KonmponbHbiMU
obpaszyamu 6 pannue u npoexkmuvle (28 cymok) cpoku. Kpome moeo, 6 cmamoe npusoosmcsi
pe3yivmanmul peHmeeHopazHbIx u 91eKMPOHHO-MUKPOCKONUYECKUX aHAnU308
MUKPOCIMPYKMYPbl  2UNEPNPEeCcCOBAHHO20 Kupnuud. Omu aHanu3vl O00KA3bl8alom, 4mo 8
pesyivmame XumMuyeckou akmugayuu 307vl 00pazyiomcs OONONHUmMeNbHble SUOPOCUIUKANbL
Kanbyus, a NOpUCMOCmb Mamepuala YMeHbUaemcs, d e20 CMPYKmypa YKpenJisiemcs.
Ilpakxmuueckas 3HauuMoOcmb pabomvl HANPABGIEHA HA NOBbIUEHUE YPOBHS YMUIUIAUUU
0mMX0008 68 CMPOUMENbHOL OMPACiu, IKOHOMUIO PACX00d YeMeHma U CO8epULeHCMBOBAHUE
MEexXHON02UY NOJYHYeHUs. IKOI02U4ecKy 0Oe30NaACHbIX, BblCOKONPOYHBIX 2UNEPNPECcCOBAHHbBIX
uzoenuii. Ilonyuennvie pesynvmamvl NO360NAM YIYUUUMb IKOIOSULECKVIO OOCMAHOBKY 8
Oxubacmysckom pecuone u CHU3UMb Ce0eCMOUMOCb CIMPOUMETbHBIX MAMePUaios.

KiroueBble cioBa:  301a-yHOoc,  Xemoakmueayus, — YeMeHmuvle — KOMNO3UYUl,
NPOYHOCTb, 2UOPAMAYUsl, MEXHO2eHHble 0mX00bl, IKUOACMY3CKUlL Y2016
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1 INTRODUCTION

Annual coal combustion leads to the formation of hundreds of millions of tons of coal ash and
slag waste (ASW) worldwide, which over the decades has resulted in the accumulation of billions
of tons of such anthropogenic materials in specialized storage facilities - ash dumps. These tailings
not only take significant land areas out of use (measured in tens of thousands of hectares), but also
pose a potential environmental threat due to the possible leaching of harmful elements and the risk
of dam breaches (which have historically led to disasters).

A key global trend is the sharp gap between the volumes of ASW generation and its
utilization. While developed countries and major industrial economies demonstrate a high level of
fly ash utilization, in other regions this indicator remains critically low. For example, in Europe and
the USA, the utilization rate of ASW reaches 40-90% (primarily in the cement and road
construction industries), whereas in the CIS countries, including Kazakhstan, it is only 8-15% of the
volume generated annually. The need to increase the reactivity of ASW is a global challenge for
incorporating inactive waste into the production of environmentally friendly and economically
efficient building materials (Sirotyuk et al., 2025).

The utilization of ASW and their reintegration into the economic cycle is a key priority under
the Concept for the Transition of the Republic of Kazakhstan to a "green” economy (by 2050). This
Concept aims to increase the utilization rate of industrial waste to 60% by 2030 (compared to 35%
in 2021), which is impossible without using high-volume waste such as ASW. At the same time,
ASW are a valuable aluminosilicate raw material, potentially suitable for the production of building
materials, which is consistent with the principles of the circular economy (Decree of the President
of the Republic of Kazakhstan, 2013)

The environmental aspect of this work is directly linked to the goals set forth in the Concept
of the Republic of Kazakhstan's Transition to a "Green" Economy. The annual volume of waste heat
generation exceeds 20 million tons. The implementation of technologies for the comprehensive
activation and utilization of these wastes will not only allow for a 60% utilization rate but will also
reduce the consumption of natural raw materials and lower the costs of reclaiming land occupied by
ash dumps (Environmental Code of the Republic of Kazakhstan, 2021)

The most promising approaches to increasing the reactivity of fly ash are chemical activation
(treatment with alkaline or calcium-based reagents). Chemical activation, in turn, initiates an inten-
sive pozzolanic reaction, ensuring the rapid formation of binding hydrates.

To achieve the stated goal, the following tasks were formulated:

1. Determine the optimal concentration of the chemical activator (NaOH) to achieve maxi-
mum early and ultimate strength of the composites.

2. Investigate the influence of NaOH-activated alkaline phases on the strength characteristics
and kinetics of cement-ash samples.

3. Develop recommendations for the effective use of activated lime-slag composites as a bind-
ing component in the production of building materials.

The problem of widespread application of fly ash (FA) in the construction industry lies in its
low reactivity. A significant portion of this man-made material, despite its rich aluminosilicate
composition, does not exhibit sufficient pozzolanic activity to effectively bind the main byproduct
of Portland cement hydration. The essence of pozzolanic activity lies in the ability of the amorphous
aluminosilicate phase of FA to chemically react with calcium hydroxide (Ca(OH)z), which is re-
leased during the hydration of cement clinker. The result of this reaction is the formation of addi-
tional calcium silicate hydrates (C-H-S gel) - the primary binding component that determines the
strength and density of the cement stone (Ghazali et al., 2023).

Dr.Abdolhossein Naghizade of the University of Johannesburg conducted extensive research
aimed at enhancing the resistance of fly ash-based geopolymer concrete to alkaline environments.
As part of the study, he focused on the problem of the low resistance of such concretes to aggres-
sive alkaline conditions, which limits their application in the construction of structures exposed to
chemical effects. In the experimental part of the study, samples of geopolymer concrete, manufac-
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tured from fly ash, were subjected to thermal treatment at various temperatures: 100°C, 200°C,
400°C, and 600°C for 6 hours. These samples were then immersed in an extremely alkaline medium
(3M NaOH) at 80°C for 14 days. The results showed that the samples heat-treated at 200°C demon-
strated significantly better resistance to alkali attack compared to the samples treated at higher tem-
peratures. This is confirmed by microstructural analyses, which revealed fewer cracks and a denser
structure in the samples treated at 200°C (Naghizadeh et al., 2020).

Professor Therese van Wyk from the University of Johannesburg is actively engaged in re-
search on the development of fly ash-based geopolymer materials, aiming to enhance the resistance
of structural elements to aggressive chemical exposure. As part of the experiments, the fly ash-
based geopolymer concrete samples were heat-treated at various temperatures: 100°C, 200°C,
400°C, and 600°C for 6 hours. These samples were then immersed in an extremely alkaline medium
(3M NaOH) at 80°C for 14 days.The results showed that the samples heat-treated at 200°C demon-
strated significantly better resistance to alkali attack compared to the samples treated at higher tem-
peratures. This is confirmed by microstructural analyses, which revealed fewer cracks and a denser
structure in the samples treated at 200°C.

Dr. Zengliang Yue, a researcher from the University of Leeds (UK), specializes in studying
the structural changes in alkali-activated slag-based cement pastes caused by carbonation.In his
work, he focused on the effect of both natural and accelerated carbonation on the phase composition
and strength properties of cement pastes activated with sodium sulfate (Na2SO4) (Salamanova et
al., 2021 & Khamit et al., 2024).

In one of the key studies, the team examined changes in the phase composition and strength
characteristics of alkali-activated slag cement pastes under CO. exposure at concentrations of
0.04% (natural carbonation) and 1% (accelerated carbonation). The results showed that under natu-
ral carbonation the changes were negligible even after 500 days, with strength gain continuing. In
contrast, accelerated carbonation led to the complete carbonation of the samples within 28 days and
a significant decrease in strength due to the decalcification of calcium-containing phases and the
formation of various polymorphs of CaCOs3 (Yue, Z. et al., 2024 & Syndarbekova et al., 2025).

Particular attention is paid to the influence of the composition of alkali-sulfate admixtures
on the resistance of pastes to carbonation and the development of corrosive processes. Yue proposes
optimal additive dosing parameters to improve the durability of materials in aggressive environ-
ments. His work contributes to the development of new types of cements with enhanced resistance
to climatic and chemical effects (Yue, Z. et al., 2025).

In the article "Utilization of fly ash for sustainable construction materials,” authors Ahmed
F. Abdalgader, Fei Jin, and Abir Al-Tabbaa (2015) conclude that properly activated ash can signifi-
cantly reduce the need for cement, improve the environmental characteristics of construction mix-
tures, and increase resistance to aggressive effects. They also emphasize the need to standardize ash
properties and implement regulatory norms for its effective application in the construction industry
(Abdalgader, A.F. et al., 2015 & Takirova et al., 2025).

The article "Utilization of fly ash in concrete: The Indian scenario™ by Maochieh Chi and Ran
Huang (2013), published in the journal Construction and Building Materials, provides a compre-
hensive overview of the use of fly ash in concrete production in India. The authors analyze the
physicochemical properties of fly ash, its pozzolanic activity, and its impact on the strength charac-
teristics of concrete mixtures. Special attention is paid to methods of activating the ash to enhance
its reactivity, including mechanical, thermal, and chemical treatments (Chi M. et al., 2013 &
Abildaeva et al., 2022).

Article (Puertas F. et al., 2000) is devoted to the investigation of the properties of alkali-
activated slag cements. The main problem addressed in the work is the need to develop alternative
binding materials capable of replacing traditional Portland cement in order to reduce CO2 emissions
and utilize industrial waste. The authors investigate the influence of various alkali activators on the
strength characteristics and hydration products of slag cements. The results showed that the choice
of activator type and concentration significantly influences the formation of hydration phases, such
as the C-S-H gel, and consequently, the material's strength. Thus, the article highlights the potential
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of alkali-activated slag cements as a sustainable alternative to traditional cementitious materials,
provided that their composition and production technology are optimized.

The authors emphasize that the careful selection of the slag and activator chemical composi-
tion is a key factor in producing alkali-activated concrete with high performance characteristics.
They note the need for further research on the long-term behavior of the materials and the influence
of environmental factors. The work contributes to the development of environmentally sustainable
alternatives to traditional cementitious systems, reducing the carbon footprint of construction mate-
rials and expanding the potential use of industrial waste (Escalante-Garcia J.I. et al., 2009 &
Durdzi'nski et al., 2015).

The work examines key aspects such as hydration mechanisms, microstructure formation, and
the influence of various types of activators (e.g., NaOH, Na»SiOs) and curing conditions on material
properties. Special attention is paid to practical issues, including rapid setting, the potential for alka-
li-silica reaction, efflorescence formation, shrinkage, microcracking, and strength variations. Theo-
retical issues concerning the role of alkali anions and cations, the nature of hydration products, the
development of microstructure, and the mechanisms of setting and hardening are also discussed
(Palomo A. etal., 1998 & Tolegenova et al., 2023).

2 MATERIALS AND METHODS

A strictly regulated set of materials is used to produce cement-ash composites aimed at in-
creasing strength and utilizing anthropogenic waste. Portland cement (M450) is used as the main
binder; it serves not only as the primary binding component but also as a source of calcium hydrox-
ide required for the occurrence of the pozzolanic reaction. The central element of the recipe is the
primary waste flying ash from the Ekibastuz coals. The flying ash used in the research was obtained
directly from the power plant's flue gas ducts (from the pipes). It has the highest fineness and low
moisture content, minimal contamination with foreign inclusions, and has not been subjected to pro-
longed atmospheric exposure, which makes it the most reactive and preferred for the production of
high-quality binders and concretes.

To intensify the chemical processes, a chemical activator was used: sodium hydroxide. It is
used as a strong alkaline agent to initiate geopolymerization and accelerate the dissolution of the
aluminosilicate phase.

Table 1 shows the methods for preparing the materials for activation

Table 1

Material Preparation Methods

Method Variable parameter Purpose

Chemical activation (CA) Activator concentration (Cac): % by Determination of the optimal dosage
weight of binder (2%, 4%, 6% for maximum strength.
NaOH)

Standardized testing methods were used to evaluate the final properties of the composites.
Samples were prepared as beam specimens (40x40x160 mm). Compressive strength (o), the prima-
ry indicator, was measured at key curing ages (2, 7, and 28 days). in accordance with GOST 30744-
2001. This standard unifies the testing methods for all types of cement using poly-fractional stand-
ard sand, ensuring the comparability of results with the European standard EN 197-1 (EN 197-
1:2011, Cement — Part 1. Composition, specification and conformity criteria for common cement).
Microstructural analysis using scanning electron microscopy (SEM) allowed for a visual assessment
of the morphology of the newly formed reaction products (C-S-H, N-A-S-H gels) and the density of
the composites' structure.

4 RESULTS AND DISCUSSION
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During the experimental phase of the work, a series of tests were conducted on cement-ash
composites with varying fly ash content and NaOH alkaline activator concentrations. The main fo-
cus was on analyzing the change in compressive strength at 28 days and assessing the specific sur-
face area of the resulting mixtures. The summarized data, reflecting the influence of chemical acti-
vation on the physical and mechanical properties of the samples compared to the control composi-
tions, are presented in Table 2.

Table 2 shows the strength gain kinetics for the chemically activated fly ash.

Table 2
Summary Table of Results of Chemically Activated Fly Ash
FI . - R Increase over PC
N psh Tyﬁ’/gt‘;‘;rf‘]“’t" Activation Sws  e'Gavs,  Control (35,0 MPa),
(%) parameter (cm?/g) (MPa) %

Control Formulations:
1 0 (PC) Her - 3002 35,0 0,0
2 15 (FA) Her 0 min /0% 3196 28,0 -20,0

CA: Ca=2 % 2% NaOH 3175
1 5 CA 2% NaOH 3182 32,0 -8,6
2 15 CA 2% NaOH 3180 32,0 -8,6
3 30 CA 2% NaOH 3189 29,5 -15,7
CA: Caa=4% (opti- 4% NaOH 3200
mum)
4 5 CA 4% NaOH 3192 33,5 -4,3
5 15 CA 4% NaOH 3200 34,5 -1,4
6 25 CA 4% NaOH 3186 32,5 -7,1
7 30 CA 4% NaOH 3192 31,0 -11,4
CA: Cat=6% 6% NaOH 3201
8 5 CA 6% NaOH 3200 33,0 -5,7
9 15 CA 6% NaOH 3202 33,5 -4,3
10 30 CA 6% NaOH 3199 30,0 -14,3
CA: Dosages 10%,
20% at Cac=4%

11 10 CA 4% NaOH 3198 34,0 -2,9
12 20 CA 4% NaOH 3200 33,0 -5,7

The effect of chemical activation (CA) (adding NaOH to the unactivated FA) accelerates the
reactions and influences early strength gain. Chemical activation, which does not change the specif-
ic surface area (it remains at 3200 cm/g), but stimulates the dissolution of active components,
proved to be even slightly more effective, reaching a strength of 34.5 MPa with 4% NaOH and 15%
CA provides a more complete utilization of the chemical potential of the fly ash in optimal activa-
tion regimes. In both cases, at fly ash dosages above 20%, the activation efficiency decreases, as
there is insufficient calcium hydroxide released from the Portland cement to support a full poz-
zolanic reaction.

The concentration of sodium hydroxide used for the chemically activated fly ash is a critical
factor determining the strength of the cement-ash composite.

Figure 1 shows the relationship between compressive strength (MPa) and admixture con-
centration (%)
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Figure 1 - Influence of chemically activating agent concentration (NaOH) (author’s material)

The X-axis represents the admixture concentration (%), and the Y-axis represents the com-
pressive strength (MPa). A separate "PC Control” is shown-a control sample of portland cement
without admixture. The compressive strength is: 0%-28 MPa; 2% — 32 MPa; 4% — 34.5 MPa; 6% —
33.5 MPa; PC control — 35 MPa.

A significant increase in strength is observed as the concentration increases from 0% to 2%:
+4 MPa (approximately +14.3% relative to the initial value)

At 4, the maximum value among the experimental compositions is reached-34.5 MPa, which
is 6.5 MPa higher than the base composition (an increase of approximately 23%).

Further increasing to 6% causes a slight decrease in strength to 33.5 MPa, however, the val-
ue remains higher than at 0% and 2%.

The control sample (PC) shows 35 MPa-which is 0.5 MPa higher than the optimal experi-
mental composition (4%).

Chemical activation, used to increase the activity of pozzolanic material, involves creating
an alkaline environment that breaks down the stable aluminosilicate bonds in the ash structure. A
low NaOH concentration does not provide a sufficient level of alkalinity for effectively dissolving
the surface of the ash particles, leading to incomplete activation and, consequently, insufficient
strength gain of the composite. According to, as the NaOH concentration increases, the rate of ash
dissolution and the acceleration of the pozzolanic reaction with Ca(OH). the reactivity of the ce-
ment increases, leading to a noticeable rise in strength. However, there is an optimal concentration:
too high an alkali concentration can cause premature setting of the mixture, the formation of less
durable phases, or even the crystallization of salts on the surface, which ultimately leads to a de-
crease or stagnation in the composite's strength. Thus, for each type of ash, the optimal NaOH con-
centration for achieving maximum strength must be determined experimentally.

Figure 2 is a micrograph of the original (unactivated) fly ash.The image demonstrates the
characteristic morphology of this anthropogenic material, which is formed during coal combustion.
Fly ash primarily consists of glassy, spherical particles known as ash microspheres (ceno-
spheres,planespheres)
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Figure 2 — Microstructure of unactivated fly ash (SEM, x500) (author’s material)

Figure 2 is a micrograph of the as-is (unactivated) fly ash obtained from coal combustion at
thermal power plants.

The image demonstrates the characteristic morphology of this anthropogenic aluminosilicate
material. The bulk of the ash consists of spherical particles of various diameters—from a few
micrometers to ~80-100 um. Observed:

* Dense, glassy microspheres (planesphéres) with a relatively smooth surface;

* Hollow spherical particles (cenospheres), which are characterized by low density;

» Agglomerated irregularly shaped particles;

* Fragments of broken spheres and a fine, dust-like fraction.

The spherical shape of the particles is due to the melting of the mineral part of the coal
during combustion, followed by rapid cooling, during which the molten material takes the form of a
droplet under the action of surface tension. The glassy structure indicates the predominance of the
amorphous phase, which provides the material with potential pozzolanic activity.

The surface of most particles is relatively smooth, however, on individual microspheres, the
following are observed:

* micropores,

* surface overgrowths,

» smaller particles adsorbed on the larger spheres.

The presence of particles of different sizes indicates the polydisperse nature of the material.
The fine particles fill the intergranular space between the larger spheres, which can contribute to the
microfilling effect in cementitious compositions.

The absence of distinct hydration products and damaged surfaces confirms that the ash is in
its original, unactivated state.

The overall matrix structure is porous, with numerous pores and microcracks.
Figure 3 shows micrographs of the fly ash after chemically activating it for 28 days.
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Figure 3 - Microscopic photographs of the fly ash after chemically activation (author’s material)

Figure 3 shows the microstructure of the fly ash after chemically activating it. The image was
captured using scanning electron microscopy (SEM) in backscattered electron (BSE) mode at X500
magnification (scale bar - 100 um).

In contrast to the initial (unactivated) ash, which is characterized by a predominance of intact

glassy spheres, the activated sample exhibits pronounced structural changes:

- a significant number of shattered and partially deformed microspheres;

- the appearance of irregularly shaped fragmental particles;

- an increase in the proportion of the fine-dispersed fraction;

- formation of loose agglomerates;

- roughness and micropore structure of the particle surtace.

The image captures particles of approximately 7-11 um, as well as larger fragments of about

45 um, which indicates a redistribution of the particle size distribution due to chemical action.

The cement particles have an angular shape and are covered by a dense coating of setting gel.

This indicates destruction of the glassy layer under mechanical activation. The structure of the
cement stone is very dense and uniform. Free Ca(OH). crystals are present in minimal amounts.
The C-A-S-H gels (flaky, indistinct morphology) and, likely, the N-A-S-H gels (dense, amorphous
structures) are clearly visualized, having filled the pore space and securely bound all the solid
particles

Figure 4 shows the microstructures of the cement samples after 28 days of hardening,
obtained by scanning electron microscopy at x100 magnification. The study is aimed at evaluating
the effect of chemically activating fly ash on the formation of the cement stone structure.

15kV 11.1mm X500 BSE M OA9/10/2025

Figure 4 - Microscopic photographs of samples with activated fly ash: a) control sample 28 days (x100); chemically
activated 28 days (x100) (author’s material)
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a) Control sample (28 days)

The microstructure of the control sample is characterized by:

- the presence of a dense matrix of hydration precipitates;

- presence of crystalline hydration phases;

- local pores and capillary voids;

- individual unreacted cement grains.

b) The structure shows the typical hydration products of Portland

cement:

- gel-like formations (C-S-H phase),

- plate-like or prismatic crystals of calcium hydroxide,

- possible needle-like structures (etringite).

The structure is relatively dense, however, a certain porosity remains, which may limit further
strength gain.

In the sample with chemically activated fly ash, pronounced

structural differences are observed:

- a more homogeneous and denser matrix;

- reduction in the size and number of capillary pores;

- filling of the intergranular space with fine-dispersed particles;

- a more uniform distribution of hydration products.

The activated fly ash participates in the pozzolanic reaction by interacting with calcium
hydroxide to form additional low-basic calcium silicates (C-S-H). As a result:

- reduces the amount of free Ca(OH)>;

- increases the density of the structure;

- improved contact between particles;

i @ more compact cement stone is formed.

4) The structure appears more monolithic compared to the control sample, which is consistent
with the increase in strength characteristics obtained from mechanical testing.

The results of the microstructural analysis show that the introduction of chemically activated
fly ash promotes the formation of a denser and more uniform cement stone structure by 28 days of
curing, which leads to an increase in the material's performance and strength characteristics.

5 CONCLUSIONS

The study of the chemically activated (CA) fly ash on the properties of cement-ash compo-
sites demonstrated the high efficiency of the combined approach and confirmed its technical and
economic feasibility.

The main conclusions and achievements are as follows:

1. It was determined that the critical factor determining the strength of the cement-ash compo-
site is the concentration of sodium hydroxide. The optimal dosage for Ekibastuz coal fly ash is 4%
NaOH. Under this regime, the strength of the mix with 15% ash content reached 34.5 MPa, which is
as close as possible to the values of the reference sample on pure Portland cement (35.0 MPa).

2. It has been proven that the addition of NaOH creates an aggressive alkaline environment
that breaks down stable aluminosilicate bonds and the glassy shell of ash microspheres. This stimu-
lates the dissolution of active components and accelerates the pozzolanic reaction with the lime re-
leased during cement hydration.

3. It has been found that as the fly ash content exceeds 20%, the activation efficiency decreas-
es. This is attributed to a deficiency of calcium hydroxide Ca(OH)2 in the system, which is neces-
sary for the formation of secondary hydrate products.

4. Electron microscopy data confirmed a fundamental transformation of the matrix:

- In the unactivated compositions, a loose structure is observed, with an abundance of smooth
cenospheres and large portlandite crystals.
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- In the activated mixtures, the formation of a dense, homogeneous matrix was observed,

where the pores and voids are filled with C-A-S-H and N-A-S-H gels that reliably bind the filler
particles.

5. Chemical activation enables the efficient use of anthropogenic waste from the Ekibastuz

Energy Complex in the production of building materials (in particular, hyper-pressed brick). This
provides significant cement savings and addresses the region's pressing environmental issues with-
out compromising the quality characteristics of the finished product.
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