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Abstract: The heat of hydration, mechanical properties, pozzolanic activity, and microscopic char-
acteristics of cement pastes incorporating co-combusted fly ash (CCFA) were investigated, and the
disparities between the CCFA /cement system and the coal fly ash (CFA) binding system were also
compared. The results indicate a decrease in the heat of hydration for both CFA and CCFA samples,
with a more pronounced trend observed as the fly ash content increased from 10% to 30%. The
distinction in the early hydration between CFA and CCFA samples primarily manifested in the
rate of heat release, potentially correlated with variations in the active Al,O3 content in the fly ash.
Neither CFA nor CCFA samples exhibited significant cementitious activity at 3 days, functioning
solely as inert fillers in the cement paste. By 3 and 28 days, the mechanical properties of both CFA and
CCFA samples were inferior to those of pure cement paste. However, by 180 days of hydration, the
compressive strength of CCFA-blended mortar notably increased, with the highest strength observed
in the 10% CCFA-blended sample. Both CFA and CCFA samples produced the secondary hydration
product C-A-S-H and demonstrated comparable consumption of calcium hydroxide (CH). These
findings underscore the potential of CCFA as a supplementary cementitious material (SCM) and lay
a foundation for its widespread adoption.

Keywords: co-combustion fly ash; long-term hydration; mechanical properties; microscopic
characteristics; pozzolanic activity

1. Introduction

With the continuous development of urbanization, the production of sewage sludge,
as the residue from municipal wastewater treatment in daily urban life, is increasing [1,2].
By 2017, the annual production of sludge in major global economies had reached approx-
imately 38 million tons in the United States, 44 million tons in the European Union, and
55 million tons in China [3]. Projections indicate that by 2025, China’s annual munici-
pal sewage sludge production will exceed 90 million tons [4]. Notably, in the year 2022,
Shenzhen, a coastal metropolis in China, generated 2.222 million tons of sludge, equating
to a daily average of 6082 tons. This represented a substantial 105.2% surge in sludge
production compared to levels in 2017 [5]. The swift escalation in sludge generation has
intensified the urgency for responsible disposal practices. Sewage sludge is enriched with
significant quantities of heavy metals, organic matter, and pathogens; thus, its direct release
can impose a substantial environmental burden [1,6]. Hence, it is imperative to adopt
appropriate disposal measures. Current sewage sludge disposal methods include landfill,
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thermal treatment, electrochemical methods, and leaching of hazardous substances [7-10].
The use of landfill is the simplest treatment method but requires the pretreatment of fly ash
to prevent environmental contamination and is constrained by land resources. Thermal
treatment and leaching technologies are costly and not easily scalable, posing potential
risks of secondary environmental contamination. To effectively eliminate pathogens in
sewage sludge before reuse, some studies have employed combustion methods for its dis-
posal [11,12]. The combustion of sewage sludge can be categorized into mono-combustion
and co-combustion. However, sewage sludge, being a type of biomass, exhibits high ash
content, volatility, and low calorific value, which makes mono-combustion uneconomi-
cal [13-15]. On the contrary, co-combustion is more widely adopted due to its lower cost
and reduced environmental pollution [1,16]. For instance, Shanghai has introduced the
inaugural domestic regional guidelines governing air pollutant emissions from coal-fired,
integrated sludge power plants, known as DB 31/1291-2021 [17]. The enforcement of
these guidelines offers a systematic foundation for addressing the air pollution challenges
stemming from the co-combustion of coal and sludge.

In coal-fired power plants, the co-combustion of sewage sludge and coal results in the
production of industrial by-products, namely co-combustion fly ash (CCFA) and slag, which
may hold potential as supplementary cementitious materials (SCMs) for the construction
industry [18-20]. Meanwhile, the cement industry accounts for about 7-8% of the global
CO;, emissions and there is an urgent need to find alternative cementitious materials such
as CCFA [21]. Utilizing industrial by-products as SCMs also contributes to a higher level of
circularity in the construction industry, as well as helping to reduce the depletion of natural
resources. Despite its theoretical feasibility, the co-combustion of sewage sludge and coal
encounters several challenges. The high levels of calcium, phosphorus, and aluminum in
sewage sludge can lead to slagging and scaling issues in coal-fired boilers [22]. Moreover,
due to the different sources of materials, the proportion of mineral composition in sewage
sludge varies from that in coal, potentially causing combustibility problems during co-
combustion [23]. For example, the desorption and combustion of volatile components
within sewage sludge have a profound impact on coal combustion performance. This is
attributed to the elevated volatile content present in sewage sludge, resulting in accelerated
ignition and lowered ignition temperatures. As a result, the combustion process of the
fuel is intensified [24,25]. The combustion properties of the fuel mixture are influenced by
the combustion atmosphere and heating rate. Notably, when sewage sludge is introduced
to air or oxygen-rich environments, it enhances the combustion efficiency of bituminous
coal [26,27]. The positive synergistic effect of the co-combustion of sludge and coal can be
attributed to the fact that certain center dot OH radicals generated by the sludge effectively
disrupt the aromatic ring structure within the coal. This disruption expedites the formation
of carbonaceous gases throughout the co-combustion process, leading to the observed
positive effects [28]. However, the efficient removal of water content from sewage sludge
through the dewatering process proves challenging, subsequently posing a hindrance to
fuel combustion [29]. With the escalation in both the water content and sludge ratio, there
is a gradual rise in fuel consumption coupled with a decline in boiler efficiency [30]. It
has been reported that when the proportion of sewage sludge remains below 10%, the
impact of moisture on combustion performance and stability of combustion products is
negligible [31].

The utilization of by-products from sewage sludge incineration is still limited due
to concerns regarding the containing of significant amounts of heavy metals and dioxins,
which can contaminate the environment [32,33]. In addition, a high proportion of sewage
sludge co-combustion with fuel leads to heightened emissions of sulfur and nitrogen
oxides, which subsequently escalates the expenses associated with the removal of these
detrimental constituents from the flue gas [34]. In an analysis encompassing the mass
balance and distribution characteristics of heavy metals and dioxins throughout the co-
combustion process, it was determined that maintaining the sewage sludge blend below
20% resulted in emissions falling below the prescribed standard limits [13]. Similarly,
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leaching tests performed across different nations have demonstrated that a sewage sludge
ratio below 25% effectively controls the leaching of hazardous phases, thereby establishing
the environmentally friendly nature of utilizing CCFA [35]. Based on the findings from
these investigations, it is crucial to strictly limit the proportion of sewage sludge co-fired
with coal to meet the basic environmental and construction industry requirements. So far,
the influence of coal fly ash (CFA) on cement properties has been extensively investigated,
and it has become a widely used mineral admixture in cement [36-39]. However, research
on the use of CCFA in cementitious systems remains limited, as its properties are not yet
fully comprehended. Therefore, it is essential to conduct systematic studies on CCFA to
explore its potential as SCMs.

To examine the suitability and properties of CCFA with sewage sludge as a sustainable
replacement for ordinary Portland cement, this investigation delves into the effects of CFA
and CCFA sourced from Shenzhen on cement paste, focusing on the hydration process,
mechanical properties, and pozzolanic activity. The suitability of CCFA as an SCM for
cement production was assessed. Isothermal calorimetry was employed to analyze the
early hydration characteristics of CFA and CCFA samples. Subsequently, changes in
compressive strength were utilized to evaluate the pozzolanic activity of both types of
fly ash. The microstructures and hydration products of both CFA and CCFA samples
underwent examination via scanning electron microscopy (SEM), X-ray diffraction (XRD),
and thermogravimetric analysis (TGA) to ascertain their analogous micro characteristics
and long-term activities. These findings underscore the potential of CCFA as an SCM and
lay a foundation for its widespread adoption.

2. Materials and Test Methods
2.1. Raw Materials

Prior to studying CCFA, an assessment of the fundamental properties of the sewage
sludge (SS) was performed. The selected SS was obtained from a sewage treatment plant in
Shenzhen, China, as illustrated in Figure 1a. The basic characteristics of SS are shown in
Table 1. As indicated in Table 1, it is revealed that SS possesses a low calorific value, which
may lead to increased energy consumption when burned alone. For better combustion,
only 10% of SS was chosen for co-combustion with coal in this study. Table 2 shows that
the top four ranked oxides of SS are SiO,, Al,O3, Fe;O3, and P70:s.

Figure 1. Morphologies of raw materials: (a) sewage sludge; (b) CFA; and (c) CCFA.

Table 1. Basic characteristics of sewage sludge.

Characterization Value Standard Limit

High/low calorific value of dry basis (M]/kg) 791/72

High/low calorific value on wet basis (M] /kg) 6.28/5.3
Received base volatile (wt. %) 27.19
Received base fixed carbon (wt. %) 3.86

Received base ash (wt. %) 48.36 None

Organic matter (wt. %) 42.41
Full moisture (wt. %) 20.59

Total number of bacteria (count /g) 1.7 x 10*
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Table 1. Cont.

Characterization Value Standard Limit
Ascaris egg mortality (%) 100 >95 [38]
Fecal coliform value >11.1 >0.01[38]

Note: none refers to no limit found in the standard.

Table 2. Chemical composition of raw materials (wt. %).

Name 8102 A1203 Fe203 CaO P205 Kzo MgO 503 Na20 Others
SS 48.18 24.08 15.22 1.08 6.17 2.35 0.90 0.05 0.48 1.49
OPC 22.37 4.36 3.38 61.08 - - 243 245 - 3.93
CFA 44.31 20.50 9.16 15.31 0.32 1.21 1.99 1.59 3.81 1.80
CCFA 46.56 30.66 7.50 7.46 1.54 1.32 1.23 0.99 1.02 1.72

The ordinary Portland cement (OPC) used in this experiment was produced by the
China United Cement Company, in accordance with the specifications of GB 8076-2008 [40].
The oxide composition and basic properties of the OPC are shown in Tables 2 and 3. The
selected CFA (Figure 1b) and CCFA (Figure 1c) were both derived from the Mawan coal-
fired power plant in Shenzhen, China. The co-combustion process for producing CCFA
is briefly illustrated in Figure 2, comprising 10% sewage and 90% coal being blended in
a mixing system, followed with a milling process in a milling system. Subsequently, the
blended and milled particles were put into the combustion system for co-combustion, and
the combusted CCFA was collected through an electrostatic precipitator from the flue. For
stability assessment, one batch of CCFA was collected from the power plant each month,
and six batches in total were collected.

Table 3. Basic properties of OPC.

Compressive Strength/MPa Flexural Strength/MPa

. 3 Specific

Densityg/em™ A real(m?/kg) 3d 28d 3d 28d

3.15 340 28.4 482 6.0 8.7

Combustion system Il SCIECSUINE Stack

precipitator
Coal S<lewage Gas Bag filter
sludge storator |
Mixing system Milling system Fan CCFA

Figure 2. Sewage sludge and coal co-combustion process.
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The particle size distribution of fly ashes, analyzed using a laser particle size analyzer,
is illustrated in Figure 3. The median particle sizes of CFA and CCFA are 10.52 pm and
18.15 um, respectively, indicating that selected CCFA has coarser particles compared to CFA.
The chemical compositions of two fly ashes, determined by X-ray fluorescence spectrometric
analysis, are presented in Table 3. Both fly ashes are primarily composed of SiO,, Al;O3,
and CaO. However, the CCFA exhibited higher levels of AlO3 and P,Os compared to CFA,
which can be attributed to the incorporation of SS.

(a)1.0 (b)100
| ——CFA | ——CFA
—— CCFA —— CCFA
0.8 80 |
:C_‘E 0.6 B g 60 I~
= ki
2 :
2 04r E 40t
A @)
0.2F 20 -
00 1 1 0""" L N | M |
1 10 100 1 10 100

Particle size (um)

Particle size (um)
Figure 3. Particle size distribution of fly ashes with (a) differential and (b) cumulative curves.

2.2. Sample Preparation

In this experiment, a water—-cement ratio of 0.5 was employed, and deionized water
was used as the mixing water. Seven paste samples with various mixing ratios were
designed and are listed in Table 4. The pure cement paste used as the reference sample is
labeled as REF. The blended pastes were named as CFA1, CFA2, CFA3, CCFA1, CCFA2, and
CCFAS3 based on the replacing proportion of CFA and CCFA to cement from 10% to 30%.
The freshly mixed paste was poured into a sealed plastic tube (R = 10 mm x H =100 mm),
fixed on a rotary mixer, and rotated at 10 r/min for 24 h to prevent sample separation.
Subsequently, the plastic tubes were cured under the sealed conditions at 22 £ 2 °C. After
28 and 180 days of curing, the samples were demolded to stop hydration for microscopic
measurements following the procedure outlined in reference [41].

For mechanical testing, mortar specimens with dimensions of 40 x 40 x 160 mm and
a cement—sand ratio of 1:3 were cast following the guidelines specified in GB/T 17671 [42].
After 3, 28, and 180 days of curing, the compressive and flexural strength were tested,
respectively. A sketch of all the experiments is shown in Figure 4.

Table 4. Mixture details for cement pastes.

Name wlc Cement (g) CFA (g) CCFA (g) Water (g)
REF 0.5 450 0 0 225
CFA1 0.5 405 45 0 225
CFA2 0.5 360 90 0 225
CFA3 0.5 315 135 0 225
CCFA1 0.5 405 0 45 225
CCFA2 0.5 360 0 90 225
CCFA3 0.5 315 0 135 225
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Figure 4. Sketch of the experimental process.
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2.3. Test Methods
2.3.1. Isothermal Calorimetry

The hydration process of fly ash-blended cement paste was monitored using an
isothermal calorimeter (TAM Air; TA Instruments, New Castle, DE, USA). The total sample
mass was precisely weighed as 3 £ 0.0001 g. All raw materials were combined in a glass
vial and mixed thoroughly on a vibrator. The heat release rate and the accumulated heat
release were recorded continuously for 72 h.

2.3.2. Mechanical Properties and PEC

The mechanical properties were assessed using an integrated cement flexural and
compressive test machine (TJSK-300S; Tianjin Shenke Testing Instrument Co., Tianjin,
China). To evaluate the pozzolanic activity, the pozzolan effectiveness coefficient (PEC)
was defined as Equation (1) [43].

 fe(Px) — (1= x/100) fe(R)
PEC = £-(R)x/100

)

where f.(Px) and f.(R) (MPa) are the compressive strength of fly ash-blended paste and
REEF respectively; and x (%) is the replacing ratio of fly ash.

The PEC result is evaluated based on the following principles [43]: (i) PEC < 0: the
material is regarded as a filler without any pozzolanic activity; (ii) 0 < PEC < 1: the applied
admixture is considered to possess pozzolanic activity, with higher PEC values indicating
higher pozzolanic activity; (iii) PEC > 1: the pozzolanic activity is more effective than that
of cement, suggesting a synergistic cement—pozzolan-water system.

2.3.3. SEM-EDS

The microscopic morphology was observed with a ZEISS Gemini SEM equipped with
energy dispersive spectroscopy (EDS). The cement paste was gently cracked with a hammer,
and a small sample was extracted after the hydration process was terminated. The sample
was then dried in a vacuum drying oven at 40 °C for 24 h. Before measurement, a thin layer
of gold was sprayed on the sample surface to ensure good electrical conductivity.

2.3.4. XRD

The hydration-terminated samples were ground into powder and then passed through
an 80 um sieve. Measurements were carried out using a D8 Advance diffractometer
from Bruker, Germany, with a scanning interval of 5-70° 20 and scanning step of 0.02°/s.
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Quantitative XRD was used to calculate the content of amorphous phase content in fly ash,
with an external standard of zinc oxide. High Score Plus software V3.0.5 was employed for
data analysis.

2.3.5. TG-DTG

The same batch of samples utilized for XRD analysis were also subjected to TGA
analysis. The test equipment was SQT-Q600 from TA, New Castle, DE, USA, with a temper-
ature range of 30-800 °C and a heating rate of 10 °C/min under a nitrogen environment.
The content of calcium hydroxide was calculated based on the mass loss, as described in
Equation (2).

WLc,0m), . TCa(OH),
mggp mMy,0

Ca(OH>2,measured = (2)
where WLc; om), (%) is the mass loss due to the decomposition of calcium hydroxide in
the range of 350-550 °C; mgq refers to the mass residue at 800 °C; mc,(on), and mpy,0 are

the molar mass of calcium hydroxide and water, 74 g/mol and 18 g/mol, respectively.

3. Results and Discussion
3.1. Basic Properties and Variability of CCEFA

The micro-morphologies of the two fly ashes are depicted in Figure 5. Generally, CCFA
has a similar micro-morphology to CFA. The incorporation of sewage sludge in CCFA
results in a reduction in the number of spherical particles and an increase in irregular
particles when compared to CFA. A similar phenomenon was also observed by Piasta
et al. [44]. Consequently, CCFA displays a larger median particle size than CFA (Figure 3).

Figure 5. SEM images of two types of fly ash: (a) CFA and (b) CCFA.

The physical and chemical properties of six batches of CCFA were measured in accordance
with the standard GB/T 1596-2017 [45]. A total of 24 samples (four samples X six batches) were
analyzed, and the results are presented in Table 5. The indicators examined include water
content, water demand ratio, fineness, stability, ignition loss, and mass fraction of SOs.
The results show that all of the tested parameters meet the standard requirements in [45],
indicating that CCFA has potential for engineering applications.

Table 5. Physical and chemical properties of six batches of CCFA.

Physical and Chemical Properties Range of Fluctuations Standard Limit [44]
Water content (%) 0.1-0.2 <1.0
Water demand ratio (%) 90-98 <105
Fineness (45 pm) (%) 3.1-25.6 <30.0
Stability (mm) 0-15 <5.0
Ignition loss (%) 0.61-2.15 <8.0

Mass fraction of SOz (%) 0.28-1.07 <3.0
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The XRD patterns are shown in Figure 6a. The primary crystalline components of
CCFA and CFA are quartz (5i0;) and mullite (AlgSi;O;3), whilst small amounts of hematite
(FepO3) are also observed. The quantitative result is shown in Figure 6b. It is found that
CCFA contains a smaller amorphous phase and more mullite compared to CFA. This can
be attributed to the fact that as the particle size of fly ash decreases, the conversion rate of
molten crystals to the amorphous phases is accelerated [46]. Given that the average particle
size of CCFA is larger than that of CFA (see Figure 3), fewer amorphous phases are formed
during the cooling process. Moreover, the slow movement of the melted large particles in
CCFA facilitates the recrystallization of mullite, leading to an increased crystal content.

(a) 1: Mullite; 2: Quartz; 3: Hematite (b)80T——= CFA
2 —CFA £ | ™ ccra
i %
2 1 o
= 2 31
: W 1 1 ) . 240
141 <
o 5
=
S
0 201 -
\“M 5 é
e g T A~ [ ] )
T T T T T T T T 0 T T T T T T
10 20 30 40 50 60 70 Hematite = Quartz ~ Mullite Amorphous
2 Theta (°) Main phases
Figure 6. XRD patterns of fly ashes: (a) main phase composition and (b) quantitative results.
3.2. Hydration Performance of SCMs
The results of the hydration heat are presented in Figures 7 and 8, with the data normal-
ized to the mass of cementitious material. Following the classical isothermal calorimetric
curve of cement [47—49], the hydration process can be divided into four stages: initial,
induction, acceleration, and deceleration stages.
(2) 0.004 (b) 250
St.1-3 St.4 St.1-3 St.4
e
~ 200 I
£ 0.003 D
z =)
S =
= B i
= & 150
50.002 F
E < 100} ——REF
5 = —— CFAl
§ 0.001 3 ——CFA2
S 50 ——CFA3
0000 1 1 1 1 1 1 1 1 | L L L L L . .
0 8 16 24 32 40 48 56 64 72

Hydration Time (h)

24 32 40 48 56 6
Hydration Time (h)

72

Figure 7. (a) Heat release rate and (b) cumulative heat release for CFA-blended cement pastes.
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= =
é 0.001 § 150 I
= ‘ <
£20.002 | E
4 5 -
—wr |50 -
E —— CCFAl g F
g 0.001 — CCFA2 ) 50 —— CCFA2
Z —— CCFA3 —— CCFA3
0000 L L L L L L 1 L 1 1 1 1 1 1 1 1
0 8 16 24 32 40 48 56 64 72 0 8 16 24 32 40 48 56 64 72

Hydration Time (h)

Hydration Time (h)
Figure 8. (a) Heat release rate and (b) cumulative heat release for CCFA-blended cement pastes.

Upon continuous contact between water and cement, the hydration reaction com-
mences immediately. The dissolution of active minerals such as C3A leads to the first
exothermic peak [47]. During the initial stage (St. 1), no significant differences in the
cumulative heat release between CCFA and CFA samples were observed.

The heat release rate remained at a low and steady state during the induction stage
(St. 2). The increase in the blending ratio of CFA and CCFA was found to extend the
duration of the induction stage. This phenomenon can be attributed to the low calcium-—
silica specific surface of fly ash, which can adsorb Ca?* from the solution. This adsorption
process inhibits the nucleation and crystallization of calcium hydroxide (CH) and calcium
silicate hydrate (C-5-H), consequently retarding the overall hydration process [50-52].
Furthermore, the induction period of CCFA samples was observed to be shorter than
that of CFA samples when using the same admixture. In comparison to the REF’s end
of 1 h, CCFA1, CCFA2, and CCFA3 had ends of approximately 1.41 h, 2 h, and 2.5 h,
whereas CFA1, CFA2, and CFAS3 lasted approximately 2 h, 2.5 h, and 3.3 h, respectively.
The observed difference should be related to the formation of active Al,O3 compounds in
CCFA during the combustion of pozzolan additives [53]. CCFA contains a higher alumina
content than CFA (refer to Table 3), which allows CCFA samples to release more aluminate
ions compared to CFA samples. As a result, the consumption of gypsum is accelerated,
leading to a faster hydration rate in CCFA samples.

Entering the acceleration stage (St. 3), a rapid increase in the heat release rate is ob-
served. The REF displayed two exothermic peaks at approximately 8.4 h and 10.7 h, which
were attributed to the hydration of silicate and the depletion of sulfate, respectively [47,54].
However, upon partial replacement of cement by fly ash, the available amount of clinker
for the hydration reaction decreased. Consequently, the exothermic peaks of samples
containing CFA and CCFA were observed at later times compared to the REF. Moreover,
as the fly ash admixture increased, the cumulative heat release decreased [51]. For the
identical admixture, the exothermic rate and cumulative exothermic amount of CCFA
samples surpassed those of CFA samples by a slight margin. This phenomenon may stem
from the higher presence of irregularities and impurities in CCFA compared to CFA (refer
to Figure 5), thereby offering supplementary attachment sites for hydration reactions [55].

During the deceleration stage (St. 4), the exothermic rate starts to decrease to low
values. A shoulder peak also becomes evident within the time range of approximately 16 h
to 22 h when the CCFA blending exceeds 10%. This observation may be the result of the
early local pozzolanic reaction [56]. At 72 h, the cumulative heat release of samples was
found to be nearly identical for the same mixture of CFA and CCFA.

Generally, CFA and CCFA samples reduce the maximum heat flow, which is beneficial
for massive concrete structures as the risk of thermal heat cracks may be reduced [57]. The
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primary difference lies in the early hydration rate, which is determined by the fundamental
properties of the raw materials.

3.3. Mechanical Properties and Pozzolanic Activity of SCMs

The long-term mechanical properties of mortars containing different blending ratios
of CFA and CCFA are illustrated in Figure 9. At 3 d and 28 d, the strengths of both CFA and
CCFA samples were lower than the REF, and kept in decreasing tendency with increasing
blends. It can be explained that fly ash replaces a portion of the cement to result in a
reduced hydration degree and make the early strength grow slow [58,59]. As the curing
age increased, the secondary hydration reaction of fly ash took place, gradually exhibiting
pozzolanic activity [55,60]. By 180 d, the strength of CCFA and CFA samples had increased
significantly. The products of pozzolanic reactions, such as C-5-H and C-A-S-H, contributed
to a capillary filling effect, which densified the microstructure and enhanced the overall
strength of the system [61]. The compressive strength of CFA1, CFA2, and CCFA1 surpassed
that of the REF, whilst only the flexural strength of CCFA1 exceeded the REE.

a) 80 12
@ | T 3G g (304 ®) | T 3 28" 180d
;E‘? 64 - s
= =
en
5 48 e
2 3
Z 324 E
S 161 SEEN
0 T T T T T T T 0 T T T T T T T
< \ ¢’ ¢ \ ¢) &)
ESINC LAC Lo LG LANC Lo 1 LA IaNe Lo TaNo o Ludols

Figure 9. Mechanical properties of fly ash-blended mortar after 3, 28, and 180 days of hydration:
(a) compressive strength and (b) flexural strength.

The PEC, calculated using Equation (1), provides further insight into the pozzolanic
activity, as depicted in Figure 10. At 3 d, all mortars containing blended fly ash had
PEC < 0, indicating a lack of pozzolanic activity during the early hydration period. Instead,
the fly ashes behaved as inert fillers at this stage. However, at 28 days, both CFA1 and
CCFA1 samples showed positive PEC values, demonstrating the onset of pozzolanic
activity in these mixtures. At 180 d, all fly ash-blended samples exhibited significant
pozzolanic activity (PEC > 0.5). Specifically, the strength and PEC of CCFA1 at 180 d were
the highest among the samples, indicating the best synergistic effect of CCFA with cement
at 10% blending ratio. This finding demonstrates that incorporating CCFA at a modest
blending proportion can notably improve the long-term compressive strength as well as
the pozzolanic reactivity of the cementitious system.

In general, incorporating both CCFA and CFA into the cement improved the long-term
mechanical properties; the 10% blending ratio is the optimal replacing ratio for CCFA.
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Figure 10. PEC values of fly ash-blended mortar after 3, 28, and 180 days of hydration.

3.4. Microscopic Characteristics of SCMs
3.4.1. SEM-EDS Analysis

SEM and EDS results for cement pastes curing after 28 and 180 days are displayed in
Figures 11 and 12, respectively. At 28 d, typical hydration products such as AFt and C-S-H
were observed in the REF. At this time, the CFA sample and CCFA sample were loosely
packed with hydration products around the fly ash particles (Figure 11b,c). The morphology
of the fly ash was easily distinguishable, with no apparent secondary hydration features,
suggesting that the pozzolanic reaction was not yet obvious at this early stage. However,
at 180 d, the microstructure became dense as hydration continued. The C-5-H in the REF
transformed from a coarse network to a compact cluster [62-64]. Additionally, a dense layer
of hydration products was observed on the fly ash surface (Figure 11e,f), indicating that the
pozzolanic reaction had progressed sufficiently by this time. The reactive SiO, and Al,O3 in
the fly ash reacted with CH in the cement paste to form C-A-5-H, which aggregates on the
fly ash surface [65]. Inside the CCFA samples, the irregularly shaped CCFA particles had
integrated with the hydration products and were difficult to distinguish from each other.

Based on the EDS results (see Figure 12), the proportion of elemental Al in fly ash-
blended cement pastes increases with age, confirming that this hydration product is C-A-
S-H. The presence of C-A-S-H serves as evidence for the occurrence of secondary hydra-
tion reactions [54,66]. Furthermore, the Ca/Si ratio of C-S-H in REF increased from 1.92
(Figure 12a) to 2.26 (Figure 12d). Conversely, the Ca/Si ratios of C-A-S-H around both fly
ashes exhibited a decreasing trend, from 1.41 (Figure 12b) to 1.06 for CFA3 (Figure 12e),
and from 1.58 (Figure 12c) to 1.01 (Figure 12f) for CCFA3.

In summary, the SEM-EDS results confirmed that CCFA and CFA samples have similar
microscopic morphology and hydration products. At 28 days, CCFA3 and CFA3 primarily
acted as fillers, with limited evidence of secondary hydration. However, at 180 days,
the presence of C-A-5-H indicated significant secondary hydration, leading to enhanced
mechanical properties of the cement paste, aligning with the PEC results (Figure 10).
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Figure 11. Microscopic morphology of fly ash-blended cement pastes at different ages: (a) REF
hydrated for 28 d; (b) CFA3 hydrated for 28 d; (c) CCFA3 hydrated for 28 d; (d) REF hydrated for
180 d; (e) CFA3 hydrated for 180 d; (f) CCFA3 hydrated for 180 d.
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Figure 12. SEM-EDS patterns of fly ash-blended cement pastes at 28 d and 180 d: (a) Spotl; (b) Spot2;
(c) Spot3; (d) Spot4; (e) Spot5; (f) Spot6.

3.4.2. XRD Analysis

Figure 13 shows the XRD patterns of cement pastes at 28 and 180 days. The major
crystalline components of CCFA3 and CFA3 include portlandite (CH), ettringite (AFt),
and monosulfate (AFm). Compared to REF, both CFA3 and CCFA3 exhibit an additional
peak of quartz, which is introduced by the presence of fly ash (Figure 6). At 28 days, the
intensity of the CH peaks in CFA3 and CCFA3 was lower than that of the REF. According
to the results of PEC (Figure 10) and SEM (Figure 11), at this time, the two types of fly ash
had not yet exhibited pozzolanic activity. Consequently, the above phenomenon is due to
the replacing of cement by the fly ash, leading to the decrease in CH generation. As the
hydration time increased, the intensity of the CH peak of CCFA3 and CFA3 visibly reduced,
signifying the occurrence of pozzolanic reactions. At 180 d, the XRD curves of CFA3 and
CCFA3 nearly overlapped, indicating that the composition of the major phases of the two
fly ashes are similar.

In conclusion, the XRD findings, together with the SEM-EDS results, provide strong
evidence that both CCFA and CFA samples possess comparable long-term hydration
properties and mineral compositions.
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Figure 13. XRD patterns of fly ash-blended cement pastes at 28 d and 180 d.
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3.4.3. TG-DTG Analysis

Figure 14 presents the TGA curves of CFA and CCFA-blended cement paste after 28
and 180 days of hydration. The initial weight loss observed in the temperature range of
30-200 °C is attributed to the decomposition of C-5-H, AFt, and AFm [67]. The second
weight loss peak, observed in the range of 350-550 °C, corresponds to the decomposition
of CH. The fly ash activity can be assessed based on the relative mass change in CH [68],
as depicted in Figure 15. At 28 days, the CH contents in CFA3, CCFA3, and REF were
18.8%, 19.3%, and 23.2%, respectively. After 180 days, the CH content in REF increased
to 27.5%, while in CFA3 and CCFA3, it decreased to 15.6% and 16.5%, respectively, due
to the depletion of pozzolanic reactions [69,70]. These findings are consistent with the
XRD results.

The TGA analysis provided further insights into the pozzolanic activity of CCFA and
CFA samples. The closely similar CH contents in CFA3 and CCFA3 suggest that both
materials exhibit comparable long-term pozzolanic activity. The TGA analysis revealed
that the CH contents in CFA3 and CCFA3 were quite similar, indicating that CCFA and
CFA samples exhibit comparable pozzolanic activity.
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Figure 14. TG-DTG curves of fly ash-blended cement pastes: (a) 28 d and (b) 180 d.
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Figure 15. CH content of fly ash-blended cement pastes (relative to mass residue at 800 °C).

4. Conclusions

In this paper, the fundamental properties of co-combustion fly ash (CCFA) were char-
acterized. Subsequently, the feasibility of CCFA as supplementary cementitious materials
(SCMs) was explored, using a series of assessments including isothermal calorimetry, me-
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chanical properties, pozzolanic activity, and microscopic morphology. The main research
results are summarized as follows:

(1) CCFA and CFA are similar in terms of major mineral composition. Compared with
CFA, CCFA has more mullite and less amorphous phase. The physical and chemical
properties of all batches of CCFA comply with the standard limits.

(2) The heat of hydration displays a declining trend with an increase in fly ash blending.
Although there are differences in the early heat release rate between CFA and CCFA
samples, the final cumulative heat release demonstrates substantial similarity.

(3) All mortars containing blended fly ash had PEC < 0 at 3 days; CFA and CCFA behaved
as inert fillers at this stage. After 180 days of hydration, all fly ash-blended samples
exhibited considerable pozzolanic activity (PEC > 0.5). Incorporating CCFA into the
cement improved the long-term mechanical properties.

(4) At 180d, both CFA and CCFA samples produced the secondary hydration product, C-
A-5-H. The consumption of CH by two kinds of fly ash is comparable, demonstrating
that CCFA and CFA have similar pozzolanic activity.
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