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ABSTRACT

Woody biomass fly ash (WBFA) is the main by-product of woody biomass energy production. However, its use in
cementitious materials remains limited due to its low intrinsic reactivity, largely associated with the scarcity of
aluminosilicate phases. At the same time, the high alkalinity and sulphur content in WBFA make it a promising
component for formulating cement-free binders without additional chemical activators, when combined with
highly reactive precursors. This study investigates the reaction mechanisms and microstructural evolution of
binders based on WBFA and ground granulated blast furnace slag (BFS), with the aim of elucidating their syn-
ergistic interactions and optimizing performance. Binary pastes with varying WBFA/BFS ratios mixed with water
were prepared and characterized by isothermal calorimetry, pore solution analysis, XRD, FTIR, TGA, SEM-EDS,
and MIP. The results show that, although increasing WBFA content initially delayed hydration by limiting the
dissolution of reactive species, it markedly enhances long-term reactivity and strength through sustained release
of alkali and sulphate. The main hydration products are C-(A)-S-H gels, ettringite, Friedel's salt, and hydrotalcite,
with their amount and assemblage strongly governed by the WBFA/BFS ratio. Reaction kinetics analysis and
thermodynamic modelling confirm the dual role of WBFA as both a reactive precursor and internal alkali/sul-
phate activator. Among the formulations studied, the mixture with a WBFA/BFS ratio of 50:50 exhibited the best
overall performance, achieving the highest compressive strength and lowest porosity. These findings clarify the
reaction mechanisms in WBFA-BFS binary pastes, providing practical guidance for designing WBFA-based,
cement-free binders for sustainable construction applications.

1. Introduction

conventional coal-fired power plants [4,5]. However, this process gen-
erates substantial quantities of WBFA as a by-product, the accumulation

Over the past few decades, the global energy landscape has under-
gone a rapid transition from fossil fuel-based systems to renewable en-
ergy sources. Among these, biomass energy has emerged as a significant
contributor to sustainable energy. In particular, wood biomass derived
from both virgin wood and post-service wood products, e.g., demolition
timber from construction and furniture waste, has become a major
feedstock for biomass energy [1]. In the EU, wood biomass accounts for
more than 70% of the energy generated from biofuels [2], largely due to
its favourable characteristics as a renewable resource with a carbon-
neutral profile [3].

Electricity generation from woody biomass, primarily through the
incineration process, is increasingly being adopted as a substitute for
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of which has escalated in recent years. According to the estimates in [6],
global annual wood biomass production is approximately 1.02 billion
tons, generating about 15.21 million tons of ash each year. The effective
management and valorisation of WBFA have thus become both an
environmental imperative and a technological challenge.

Given the rising demand for raw materials in the construction in-
dustry, WBFA presents a promising alternative resource. Despite varia-
tions in feedstock and combustion techniques that may affect the
composition of WBFA, most of WBFA is reported consistently with high
content of CaO (~40%) and SiOy (~20%), together with other compo-
nents including K20 (~10%), AlyO3 (~5%), and SO3 (~4%) [7]. This
Ca-Si-Al-Na(K)-S composition closely aligns with the key constituents of
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cementitious materials, which has prompted investigations into the
potential use of WBFA in developing cementitious materials. However,
compared to the conventional supplementary cementitious materials
(SCMs), e.g., BFS and coal fly ash (CFA), WBFA contains a relatively low
aluminosilicate fraction (typically about 20-40%) and is mineralogi-
cally dominated by crystalline phases; therefore, its pozzolanic reac-
tivity is reported to be much lower [8,9]. Consequently, blended
cements incorporating WBFA typically exhibit inferior mechanical per-
formance compared with those containing BFS or CFA at equivalent
cement replacement levels. Accordingly, the recommended substitution
ratio for WBFA as a cement replacement is usually restricted to 5-10%
[10].

Beyond its role as a SCM, WBFA has also been explored as a precursor
for alkali-activated materials (AAMs). Under highly alkaline conditions,
WBFA dissolution is significantly enhanced relative to its dissolution in
blended cements, allowing greater extraction of calcium, silicon, and
aluminium for the formation of reaction products [11]. However, when
used as the sole precursor, the intrinsically low reactivity of WBFA de-
mands a highly alkaline environment to promote the dissolution and
depolymerisation of the aluminosilicate network, enabling the release of
reactive silicate and aluminate species [11,12]. For example, NaOH
concentrations up to 18 M have been reported in the development of
WBFA-based AAMs [13], which raises concerns regarding practicality
and safety. It is therefore more feasible to develop WBFA-containing
AAMs in combination with highly reactive precursors, allowing WBFA
to serve as a partial rather than primary component [14,15]. Nonethe-
less, the proportion of WBFA as a precursor in AAMs development re-
mains moderate, improving its utilization within such binder systems
remains a challenge.

Recent studies have suggested that the intrinsic alkalis and sulphur
present in WBFA may play a more active role in binder systems than
previously recognised. Minerals such as sylvite (KCl), aphthitalite ((K,
Na)3Na(S04)2), and syngenite (KoCa(SO4)3) have been widely reported
in WBFA [7,16], which might be effective in promoting the reaction of
precursors in AAMs. Jurado-Contreras et al. [17] found that the
waterglass-activated WBFA-metakaolin AAMs synthesized using raw
WBFA exhibited higher strength than those incorporating washed
WBFA, in which soluble alkalis and sulphur had been largely removed.
This suggested that the inherent alkalis and sulphur in WBFA may act as
internal activators promoting the reaction of precursors. Similar con-
cepts, involving the utilization of alkalis originating from solid wastes to
initiate or enhance alkali-activated reactions, have been widely reported
in the literature [18-20]. Building on this concept, our previous proof-
of-concept study demonstrated the feasibility of a cement-free binder
produced by directly mixing WBFA and BFS with water, without the
addition of external alkalis or chemical activators [12]. The paste
exhibited satisfactory mechanical properties and workability with the
aid of superplasticizers. Although preliminary characterization
confirmed the viability of this binder system, the underlying reaction
mechanisms, particularly the microstructural development and strength
evolution, remain insufficiently understood. Key questions regarding
how WBFA influences the hydration of BFS and how varying WBFA
proportions affect the reaction kinetics of the binders remain gaps for
further investigations.

The present study aims to elucidate the reaction mechanisms of
WBFA-BFS cement-free binder. Binary pastes with varying WBFA-to-
BFS ratios were prepared, and their reaction processes, hydrates for-
mation, microstructural evolution were comprehensively investigated.
Insights gained from this study are expected to inform the rational
design of cement-free binder formulations, facilitating more effective
utilization of WBFA in sustainable construction materials.
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2. Materials and methods
2.1. Materials

WBFA was collected from a Dutch biomass power plant. The feed-
stock consisted of a mixture of wood chips, pruning wood, scrap wood,
and paper sludge. The wood biomass was combusted in a bubbling
fluidized bed boiler operating at temperature up to 900 °C. After which
the WBFA was captured using bag filters. Prior to use in this study, the
raw WBFA underwent a pretreatment process to remove metallic
aluminium and free lime, following the procedure described in [12].
Unless otherwise specified, WBFA discussed here refers to this treated
material. BFS was obtained from Ecocem B.V. (the Netherlands).

The chemical compositions of raw materials determined by XRF are
shown in Table 1, while the mineral phases identified by XRD are shown
in Fig. 1. The quantitative mineral composition of WBFA determined by
QXRD was previously reported in [12]. The chemical composition of its
amorphous phase was estimated through a mass balance approach by
subtracting the chemical compositions of crystalline minerals through
QXRD from the bulk composition determined by XRF, as detailed in
Table Al.

WBFA used in this study is abundant in calcium, potassium, silicon,
and sulphur. For comparison, WBFAean in Table 1 represents the mean
chemical composition of approximately 97 WBFA samples reported in
the literature from various feedstocks. The close agreement between
these values indicates that the ash used in this work is representative of
the typical composition of WBFA. The main crystalline phases are por-
tlandite, quartz, calcite, Fridel's salt and alkali-(calcium) sulphates,
which are commonly reported phases in WBFA [21]. The particle size
distribution of WBFA and BFS measured by diffraction laser was shown
in Fig. 2.

2.2. Experimental methods

2.2.1. Mixture proportions

In this study, WBFA-BFS binary pastes were formulated with varying
WBFA to BFS ratios, namely B30S70, B50S50, and B70S30, to investi-
gate the reaction kinetics, microstructure evolution, and compressive
strength. Single-component pastes composed of pure WBFA (B100S0)
and pure BFS (B0S100) did not develop sufficient strength for
demoulding and therefore were only included as reference samples in
the isothermal calorimetry test to facilitate comparison with the binary
mixtures. The water-to-binder ratio (W/B) was fixed at 0.40 to ensure
adequate workability for sample casting (Table 2).

2.2.2. Isothermal calorimetry

An isothermal calorimetry test was conducted to investigate the re-
action kinetics of the pastes. The experiments were carried out using a
TAM-Air-314 isothermal conduction calorimeter. A calibration program
was performed at a temperature of 20 °C for at least 24 h before the
experiments. During the test, pastes were prepared by hand-mixing,
approximately 7 g of fresh paste were used for each measurement. A
fixed amount of sand with a heat capacity equivalent to that of the
pastes, was used as reference. Given the slow reaction of WBFA-BFS
pastes, the test was carried out for 14 days.

2.2.3. Pore solution

The chemical compositions of pore solution were measured to
investigate the reaction process of binary pastes. Fresh pastes were cast
into cylindrical polyethylene bottles with a diameter of 35 mm and a
height of 70 mm, sealed tightly and cured at 20 °C for 1 day, 7 days, 14
days, and 28 days prior to pore solution extraction.

Pore solutions were extracted using the steel-die method [22].
Specimens were subjected to a gradually increasing load by a high-
pressure device up to 250 MPa, to express the pore solutions. After
collection, the pore solutions were vacuum filtered to remove the
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Table 1
Primary chemical compositions (in wt%) of WBFA and BFS determined by XRF.
SiOy Al,03 CaOo Fe,03 SO3 Nay,O K>0 Cl MgO LOI
(1000 °C)
WBFA 15.20 4.06 43.65 2.58 6.0 1.72 6.92 3.18 3.33 6.03
BFS 31.77 13.25 40.50 0.52 1.49 0.12 0.34 - 9.27 1.31
WBFAean [7] 21.88 5.19 37.61 2.59 4.44 1.36 10.07 1.69 4.78 n/a

A: Apatite Ap: Aphthitalite ((K,Na);Na(SQ,),)
S: Syngenite (K,Ca(SO,),.H,0)

C: Calcite F: Friedel's salt
K: Sylvite (KCl)  P: Portlandite
Q: Quartz

BFS

WBFA

2 theta (°)

Fig. 1. XRD patterns of raw materials.
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Fig. 2. Particle size distribution of raw materials.
Table 2

Mixture proportions of pastes.

Groups WBFA (wt%) BFS (wt%) Water to binder ratio** (W/B)
B0S100* 0 100 0.40

B30S70 30 70

B50S50 50 50

B70S30 70 30

B100S0* 100 0

" These mixtures were only investigated in isothermal calorimetry.
" Binder = WBFA + BFS.

retained particles. The concentrations of OH™ were determined by

titration against hydrochloric acid (0.1 M) with a phenolphthalein in-
dicator. The concentration of chloride was determined by Mohr's
method [23,24]. The remaining pore solutions were acidified by HNO3
solutions, diluted, and then analysed for the concentrations of Ca, Si, Al,
K, S, Na by Inductively Coupled Plasma Optical Emission Spectroscopy
(ICP-OES). The relative standard deviation of the ICP-OES measure-
ments for each element was within 5%.

2.2.4. Reaction products characterization
- Sample preparation

Before test, samples underwent a hydration stoppage program to
ensure preservation of the hydration at a designated time. The hydration
stoppage of specimens was carried out by solvent exchange methods as
suggested by Snelling et al. [25]. Samples were immersed in isopropanol
and manually crushed into fines with a pestle. Afterwards, the crushed
samples were immersed in isopropanol for 15 min and then filtered.
Residuals were rinsed with diethyl ether, followed by oven drying at
40 °C for about 8 min to facilitate the evaporation of the organic sol-
vents. The dried samples were then collected and subjected to charac-
terization. Samples cured for 7, 28, and 60 days were prepared
accordingly.

- X-ray diffraction (XRD) test

XRD was conducted to identify the crystalline phases in the binary
pastes. A Bruker D8 Advance diffractometer with Cu Ka radiation was
used to perform the measurements. The operating voltage and current
were set at 45 kV and 40 mA, respectively. The diffraction scanning of 260
ranges from 5 to 70° with a counting speed of 0.01 °/s.

- Fourier-transform infrared spectroscopy (FTIR)

FTIR was applied to investigate the evolution of the chemical bonds
of pastes during the hydration process. The measurements were per-
formed using a Spectrum™ 100 Optical ATR-FTIR spectrometer. The
scanning range was 600-4000 cm ! with a resolution of 4 cm™!. An
average of 20 scans were collected to obtain reliable spectra.

- Thermogravimetric analysis (TGA)

TGA was used as a semi-quantification tool for analysing the contents
of hydrates in the pastes. The test was operated with a NETZSCH STA
449 F3 Jupiter instrument. An argon atmosphere was employed with a
temperature range from 40 to 1000 °C and a heating rate of 10 °C/min.
Approximately 30 mg of powder samples was used for each
measurement.

2.2.5. Microstructure characterization
- Mercury Intrusion Porosimetry (MIP)

MIP was performed to determine the pore structure evolution of the
pastes at 7, 28, and 60 days. Initially, specimens were sawed into small

fragments and immersed in isopropanol for approximately 5 days, with
the solvent renewed every day. Afterwards, samples were freeze-dried to



X. Liang et al.

facilitate the removal of isopropanol, rendering them ready for testing.
An AutoPore IV mercury porosimeter was used with a mercury contact
angle of 141° and a surface tension of 480 mN/m. The intrusion process
consisted of a low-pressure program ranging from 0 to 0.14 MPa and a
high-pressure program ranging from 0.14 to 210 MPa. The pore diam-
eter was then determined by the Washburn equation, which correlates
pore diameter with pressure [26].

- Scanning electron microscopy (SEM) coupled with electron dispersive
spectroscopy (EDS)

Backscattered electron (BSE) imaging was used for microstructure
characterization to better identify phases through distinct greyscale
variation, mainly influenced by the atomic number [27]. The analysis
was conducted on samples cured for 7 and 60 days. Before experiments,
the freeze-dried samples, as illustrated in MIP sample preparation, were
impregnated with a low viscosity epoxy resin, then subjected to grinding
and polishing down to 0.25 pm. Finally, the well-polished samples were
carbon-coated and prepared for test.

A FEI QUANTA FEG 650 ESEM (Thermo Fisher Scientific), equipped
with a solid-state EDS detector, was used under high vacuum mode. The
working voltage was set at 15 kV and the working distance was 10 mm
[28].

2.2.6. Compressive strength

The compressive strength of binary pastes was measured using cubic
specimens with a dimension of 4 cm. The fresh pastes were firstly sealed
cured for 3 days before demoulding, subsequently cured in the fog room
at a temperature of 20 °C and RH above 95% until the compressive
strength test. The compressive strength of pastes was measured at 7, 28,
and 60 days, with the average value obtained from six samples for each
stage.

3. Results
3.1. Heat evolution

Fig. 3 shows the normalized heat flow of pastes with varying WBFA-
to-BFS ratios. The first exothermal peak appears immediately once the
pastes are placed in the calorimeter chamber. It is generally accepted
that this peak is mainly reflects the wetting and dissolution of raw ma-
terials [29,30]. Beyond this peak, no additional exothermic peak is
observed in the single-component pastes (B0S100 and B100S0), sug-
gesting their limited reaction. In the contrary, the binary pastes exhibit

3.5
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additional exothermic peaks at later ages, which implies that more
intensive reactions occur in the binary pastes, leading to the generation
of a substantial amount of reaction products.

The heat flow curves of the binary pastes, in general, represents the
multi-stage reaction comparable to slag-rich binder [31]. To clarify the
reaction process, besides the wetting and dissolution-introduced ther-
mal peak, three other distinguishable stages can be identified in the
binary pastes:

- Dormant period

The dormant period follows the end of the first main peak. During
this period, the heat flow remains low for a short duration. By ampli-
fying the exothermic heat flow curves of binary pastes in the first 8 h, it
is observed that the dormant period comes earlier with a shorter dura-
tion in pastes with a lower WBFA/BFS ratio with the occurrence of an
earlier onset of the acceleration stage.

- Acceleration and deceleration periods

Following the dormant period, the main exothermal peaks (accel-
eration and deceleration stages) are observed in binary mixtures and
correspond to the large amounts of hydrates formation. It is interesting
to note that with the increasing WBFA/BFS ratios, the pastes display a
clear second wave or shoulder close to the main peak, which is similar to
the hydration characteristics of slag cement [32]. Given the high amount
of sulfate in WBFA, it is reasonable to infer that the wave is associated
with the precipitation of ettringite [33,34]. Increasing WBFA/BFS ratios
results in a larger amount of sulfate in the pastes, promoting the for-
mation of ettringite and therefore, the broadening of the second main
peak in mixture with higher WBFA content.

- Steady period

The steady stage follows the end of the deceleration period, during
which the reaction rate of pastes gradually decreases to a low extent
while maintaining a mild reaction. Mixtures with a higher WBFA/BFS
ratio show greater heat flow, indicating a more intense reaction. This
can be attributed to the continuous supply of alkalis, sulphate, and
portlandite from WBFA, which promotes the reaction of BFS during the
later hydration stages.

In general, the normalized cumulative heat curves (Fig. 3(b)) show
that, mixtures with more WBFA content exhibit greater cumulative heat
release within the first 12 h, reflecting more intensive initial dissolution

140
—— B30S70
120 —— B50850
—— B70S30
100
80
301
60+ 5%
40 g?: /(4,15
20+ gsj -
2 |
0 — y v v v
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Fig. 3. Normalized heat flow (a) and cumulative heat of pastes (b).
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and precipitation of hydrates at this stage. Afterwards, mixtures with
lower WBFA contents tend to react more rapidly. For example, B30S70
maintains the highest cumulative heat up to approximately 2 days, while
B50S50 exhibits the highest cumulative heat up to about 10 days, after
which it is surpassed by B70S30. From long-term perspective, mixtures
containing higher WBFA contents display a slower but more sustained
increase in cumulative heat release over time. This behaviour reflects
the complementary roles of the two components in the binary system.
The potential roles of these two components will be further addressed in
Section 4.1.

3.2. Pore solution chemistry

3.2.1. Ion concentrations

The ion concentrations in binary pastes at 1 day, 7 days, 14 days, and
28 days are presented in Fig. 4. The near charge balance between major
cations and anions (Fig. 4 (a)) indicates an overall satisfactory analytical
quality.

The concentration of [Ca] (Fig. 4 (b)) exhibits a marked decline from
day 1 to day 7 in both B50S50 and B70S30, after which no significant

Cement and Concrete Research 205 (2026) 108227

changes occur. In contrast, B30S70 shows a slight increase in [Ca]
concentration between 1 day and 7 days, followed by a minor decrease
until 14 days and a marginal rise at 28 days. Overall, the concentration
changes in [Ca] for B30S70 are comparatively small.

Since WBFA and BFS have similar calcium contents in their chemical
compositions (about 40% wt%), the interpretation of variations in Ca
concentrations is somewhat ambiguous. In contrast, the [Si] and [Al] in
the pore solutions should mainly come from the dissolution of BFS. It is
interesting to point out that the concentrations of [Si] and [Al] do not
decrease proportionally with the decrease in BFS. The concentrations of
[Si] in B50S50 and B70S30 are comparable at 1 day, and both are much
lower than that in B30S70. The same trend is also seen for [Al].
Therefore, it may be inferred that the dissolution of BFS is delayed in
samples with more WBFA. This also agrees with the results in isothermal
calorimetry, where pastes with a larger amount of WBFA exhibit slower
early reactions.

The alkalis (Na, K) in pore solutions mainly result from the dissolu-
tion of alkaline minerals, primarily originating from WBFA as indicated
in Table 1. An intriguing observation can be seen in the concentrations
of [K], where B70S30 contains a much higher amount of bulk potassium
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Fig. 4. Ion concentration in the pore solutions of pastes at 1 day, 7 days, 14 days, and 28 days.
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found with similar concentration of [K] to that of B50S50 at 1 day.
Pastes with more WBFA show a more pronounced increment in the
concentrations of [K] from 1 day to 7 days. This indicates that the initial
dissolution of potassium salt in WBFA is to some extent hindered in
pastes with a higher amount of WBFA.

For anions, chloride is primarily dissolved from sylvite (KCl) in
WBFA, the main chloride-bearing phase with high solubility. Conse-
quently, the concentrations of [Cl] are proportional to the amount of
WBFA in the pastes. For B30S70 and B50S50, the concentrations of [Cl]
show a slightly decrease over time, whereas B70S30 generally maintains
a stable level. Given that the pore solution volume decrease as reaction
progresses, this trend suggests the possible incorporation of chloride
into newly formed chloride-bearing hydrates. The concentration of [S],
on the other hand, exhibits an identical time-dependent trend to that of
[K]. For instance, B70S30 contains a comparable concentration of both
[S] and [K] to those in B50S50 at 1 day. The concentrations of these two
elements show a similar increment with time until 28 days. Therefore, it
is reasonable to infer that pastes with more WBFA might exhibit a
delayed initial dissolution of minerals containing these two elements,
such as aphthitalite and syngenite. This behaviour may be associated
with the formation of initial hydration products during the first few
hours, which could partially hinder further dissolution of WBFA slow
down the reaction. Further discussions will be addressed in Section
4.1.1.

The concentration of [OH] is shown in Fig. 4 (i). Despite WBFA is the
main alkaline resource in the pastes, it is surprising to find that samples
with a higher WBFA/BFS ratio have a lower concentration of [OH] at 1
day. The concentrations of [OH] in B50S50 and B70S30 increase rapidly
from 1 day to 7 days, then remains almost constant until 28 days. In
contrast, the concentration of [OH] in B30S70 is rather stable from 1 day
to 28 days. Based on the development of alkalinity of pore solutions,
together with the concentrations of [K] and [S] from WBFA, and [Si] and
[Al] from BFS, the evidence further supports that the initial dissolution

of both WBFA and BFS is restrained in pastes with a higher proportion of
WBFA. Still, it is important to note that this does not indicate that WBFA
only presents a side effect in the hydration of binary pastes. With the
increment of WBFA, the significant increase in alkalinity in later hy-
dration promotes the dissolution of aluminosilicates from BFS, which
can be convinced by the increased concentrations of [Al] and [Si] at
later hydration.

3.2.2. Effective saturation indices (ESI)

Based on the compositions of pore solutions, it is possible to predict
the potential hydrates using thermodynamics. To conduct this analysis,
a Gibbs Energy Minimization Software (GEMs) [35,36] with the CEM-
DATA18 database [37] was applied, using the ion concentrations of the
pore solutions reported in Section 3.2.1 as input. This enables the
calculation of ESI for specific hydrates, providing an indication of the
possible hydrates that may form. A positive value of ESI indicates the
potential precipitation of a specific phase, while a negative value means
the phase is undersaturated and therefore cannot be generated. An error
and uncertainty range of +0.20 is recommended considering the un-
certainties of the solubility products [38]. Based on the ions available,
the ESI of C-A-S-H gels, ettringite, portlandite, and the chloride-bearing
hydrate Friedel's salt were calculated, enabling an initial estimate of
possible hydrates and allowing exploration of the reasons for the evo-
lution of ion concentrations over time.

As shown in Fig. 5, C-(A)-S-H gels and ettringite are the most prob-
able hydrates to be formed in the binary pastes, which are also
commonly reported as the main hydrates in cement [39,40]. The chlo-
ride ion is assumed to be encapsulated within the hydrates due to the
general decrease in its concentrations over time. Hence, the ESI of the
two commonly formed chloride-containing hydrates in cementitious
materials, namely Kuzel's salt and Friedel's salt, were calculated.
Although some negative values were obtained in mixtures with a low
WBFA/BFS ratio (especially for Friedel's salt), it is important to note that
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Fig. 5. ESI of phases of interest.

these values are still above the uncertainty bound (-0.2). Therefore, it
remains thermodynamically feasible for the precipitation of these two
phases to occur. For portlandite, its negative ESI is consistently observed
in all mixtures from 1 day to 28 days. Since portlandite is one of the
minerals present in WBFA (5.56% wt.), its continuous consumption can
be expected during the hydration of the binary pastes. A detailed char-
acterization of the reaction products using XRD is provided in the
following sections to confirm the hydrates that actually form.

3.3. Solid phases

3.3.1. XRD analysis
The XRD patterns of binary pastes at 7 days and 60 days are plotted
in Fig. 6. Generally, the phase compositions of the three mixtures are

consistent. The primary crystalline phases observed include ettringite,
Friedel's salt, portlandite, quartz, and calcite in all mixtures, irrespective
of the curing ages.

Quartz and calcite are two stable phases originating from WBFA.
Ettringite is identified as one of the main crystalline hydration products,
with strong diffraction peaks observed in all binary pastes. This finding
is consistent with the ESI calculations, which predict the precipitation of
ettringite during the hydration of the binary systems. The intensity of
portlandite diffraction peaks decreases noticeably from 7 to 60 days in
all mixtures, indicating its progressive consumption via reaction with
BFS, which aligns closely with the ESI results. Friedel's salt is the only
chloride-bearing phase detected in the pastes, while no Kuzel's salt is
observed, despite its potential formation suggested by the ESI calcula-
tions. This absence can be attributed to the highly chloride-rich



X. Liang et al.

—— B30S70-7d
F

——B50S50-7d
——B70S30-7d E Ht Q

Cement and Concrete Research 205 (2026) 108227

—— B30S70-60d
—— B50S50-60d F
——B70830-60d _

Q

WW_
Sy, \"\Ww
5 10 1‘5(:
E PE Q é / 1'0 Q C1'5
N__,J\_/\\—-—-— E pE
‘——AIJ\\ T T T 1 T T T T 1
5 10 15 20 25 30 35 5 10 15 20 25 30 35

2 thetas (°)

Fig. 6. XRD patterns of binary pastes at 7 days (left) and 60 days (right) (E:
Sy: sylvite).

environment, where Kuzel's salt tends to act as a transient intermediate,
and Friedel's salt forms the more stable end-product [41-43].

A weak hydrotalcite diffraction peak is detected in B30S70 at 7 days.
The intensity of the hydrotalcite diffraction peak becomes notably
stronger in B30S70 at 60 days, and a similar but weaker peak is also
observable in B50S50 at 60 days. It is noteworthy that the strong
diffraction peak of Friedel's salt can overlap with that of hydrotalcite,
complicating phase differentiation. Since the concentration of Mg is too
low to exceed the detection limit in the pore solution, the ESI of
hydrotalcite cannot be calculated.

Besides crystalline hydrates, the other main hydrate, C-(A)-S-H gels
can only produce a broad diffraction hump in the XRD pattern at around
29° due to the semi-crystalline nature [44]. However, with the presence
of unreacted BFS and calcite from WBFA, the diffraction hump of C-(A)-
S-H might be obscured. Therefore, FTIR is further applied to identify the
chemical bonds reflecting the existence of C-(A)-S-H gel phases.

3.3.2. FTIR analysis

The FTIR spectra of pastes at 7 days and 60 days are plotted in Fig. 7,
compared with those of the raw materials, with the adsorption bands
indicated. It can be seen that BFS shows the main adsorption band at
899 cm ™, and could be attributed to the vibration of Si-O-T, where T
represents Si or Al [45]; comparatively, WBFA shows the main bands at

——B30S70-7d
—B50S50-7d
———B70830-7d
——WBFA
—BFS
3420
3640
P

899

2 Theta (°)

ettringite, F: Friedel's salt, Ht: hydrotalcite, P: portlandite, Q: quartz, C: calcite,

1420 cm™! and 875 cm™}, associated with carbonate minerals, and at
1105 cm ™, which should be attributed to the reactive Si—O bands.

In the binary pastes, the main bands of all samples are located at
approximately 950 cm ™', which is associated with the stretching vi-
bration of Si—O bonds (Q2). This is a typical signal for the presence of C-
(A)-S-H gels as previously reported in the literatures [46,47]. The shift of
the main IR band relative to the raw materials therefore confirms that
reactions occur between the two materials, leading to the formation of
C-(A)-S-H as the main reaction product in the binary pastes. Other Si—O
bonds that relate to C-(A)-S-H gels with lower intensities occur at 815
em™! and 1037 em™, and should be assigned to Q1 and Q2 silicate
species, respectively [48]. These bands become more pronounced over
time as the fact of the continuous formation of C-(A)-S-H gels with the
increasing of curing age.

The band at 3640 cm ™! is the O—H stretching vibration and should
be assigned to portlandite [46]. The intensity of the portlandite band
increases in samples with higher WBFA/BFS ratios and decreases as
hydration progresses. This is in line with the ESI calculations indicating
the depletion and consumption of portlandite during the hydration
process. Bands at 3400 and 1640 cm™! can be attributed to the asym-
metric stretching and bending of O—H, respectively [49]. These bands
exist in the hydration products as chemically bonded water. Bands at
796 cm ™! should be attributed to Al-OH, and are assigned to ettringite
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Fig. 7. FTIR spectra of WBFA-BFS pastes at 7 days and 60 days.
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[50]. These results are in line with ESI and XRD results in general,
confirming the formation of C-(A)-S-H gels, ettringite, and progressive
depletion of portlandite.

3.3.3. TG/DTG analysis

The TG and DTG curves of the binary pastes are shown in Fig. 8. The
main DTG peak is located at approximately 110 °C. Based on the hydrate
components, it can be deduced that this peak is attributed to the
decomposition of C-(A)-S-H gel [28] and ettringite [51]. These two
phases are known to exhibit an overlapped decomposition temperature
range [52]. The double-layered hydrates (Friedel's salt and hydrotalcite)
have been reported to exhibit doublet decomposition peaks in DTG
curves with similar decomposition temperatures [41]. They are char-
acterized by the first shoulder occurring at approximately 170 °C, fol-
lowed by a second peak around 320 °C. Additionally, a small DTG peak
between 400 and 500 °C is associated with the decomposition of por-
tlandite. Decarbonation occurs predominantly above 600 °C, mainly due
to the decomposition of calcite and carbonate-bearing minerals origi-
nating from WBFA.

The dehydration and dehydroxylation of hydrates result in mass loss,
which is directly proportional to the amount of hydrates. Fig. 9 shows
the amount of bound water in different mixtures at 7 days, 28 days, and
60 days. The bound water content is calculated from the mass loss within
the temperature range of 40-550 °C [28]. The increase in mass loss over
time suggests continued hydration of pastes. Since the compositions of
hydrates differ among pastes with varying WBFA/BFS ratios, it is not
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Fig. 9. Evolution of bound water in binary pastes.

meaningful to directly compare the absolute values of mass loss between
different mixtures to index the overall reaction degree of the binder.
However, the changes in mass loss with time for an individual mixture
can be indicative of its internal reaction development. Overall, the rate
of bound water increase follows the trend B30S70 < B50S50 < B70S30
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from 7 days to 60 days. Mixtures with higher WBFA/BFS ratios have a
faster development of bound water, suggesting more precipitation of
hydrates. This result also agrees with findings from previous sections
that larger WBFA/BFS ratios progressively promote the hydration of
binary pastes at a later stage.

3.4. Microstructure development

3.4.1. Pore volume and size

The MIP results for binary pastes are presented in Fig. 10. The binary
pastes show a highly porous microstructure. The total intrusion porosity
of the pastes ranges between 30 and 45%, which is generally higher than
that reported for Portland cement pastes with a similar water-to-binder
ratio [40,53].

The total intrusion porosity of the pastes decreases with time, which
can be attributed to continuous hydrate precipitation that fills pore
spaces and densifies the microstructure. Notably, regardless of curing
age, B50S50 exhibits the lowest porosity among the mixtures. Moreover,
an interesting observation is the more pronounced reduction in intrusion
porosity from 7 days to 60 days in B50S50 and B70S30 compared to
B30S70. This phenomenon can be associated with the reaction rate from
a long-term perspective. As indicated by the development of bound
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water, mixtures with a larger WBFA/BFS tend to show a more pro-
nounced bound water increase, facilitating the generation of more hy-
drates and subsequently reducing porosity.

The pore size distribution of pastes were divided into five categories,
namely gel pores (<10 nm), micro capillary pores (10-50 nm), medium
capillary pores (50-100 nm), large capillary pores (100-1000 nm), and
air voids (>1000 nm) as shown in Fig. 4.10(a) [53-55]. Capillary pores
are the dominant pore type, accounting for >75% of the intrusion pore
volumes regardless of mixture composition and ages. It is evident that
pastes with higher WBFA/BFS ratios exhibit a higher volume fraction of
large and medium capillary pores at 7 days, which can be interpreted
from the aspect of the initial particle packing. As WBFA particles have a
larger size compared to BFS particles, an increase in WBFA content will
results in an increase in larger particles packing to form large pores,
which are not adequately filled with insufficient numbers of small
particles.

The refinement of pore structures through hydrate formation that
fills pore spaces leads to an increase in the proportions of micro capillary
pores. A noticeable reduction in pore size is indicated by the shift of the
differential pore size distribution curves (Fig. 10 b), ¢), and d)) towards
lower values over time. The critical pore size, which corresponds to the
point of steepest increase in pore volume and is closely related to the
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transport properties and strength of the pastes, was used as an indicator
to compare the pore structures among the three groups. The critical pore
size for each mixture is marked accordingly in these figures. B30S70
shows the largest critical pore size at all ages, and its reduction in size
was less pronounced compared to the other two groups. Larger WBFA/
BFS ratios promote greater hydrate precipitation, especially at later
hydration, leading to a more significant effect on the pore refinement.

3.4.2. Microscopy analysis

Fig. 11 displays the BSE images of pastes at 7 and 60 days with a
magnification of 2000x. Owing to the variation in the average atomic
number among different phases, it is feasible to identify unreacted BFS
and WBFA particles from their grey levels. Anhydrous BFS particles are
represented by bright areas. WBFA particles show both angular and
spherical geometries represented by a broad range of grayscale values
ranging from relatively dark regions (mainly quartz) to bright particles,
indicating the heterogeneous nature of WBFA. The black region repre-
sents epoxy-immobilized pores. The hydrates appear as dark grey, with a
grey level between those of the pores and anhydrous particles. From the
BSE images, it can be observed that anhydrous particles adhere to the
hydration products and form the microstructure of the pastes. In gen-
eral, a porous and relatively loose microstructure is observed in all
pastes compared with Portland cement matrices [56-58].

To further analyse the influence of mixture proportion on the
chemical composition of reaction products, the EDS hypermaps of
samples at 60 days were segmented into three categories, namely, pores,
anhydrous particles, and hydrates, using the Edxia method [59]. The
corresponding phase segmentations are presented in Fig. A2. Based on

B70530-7 days
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elemental ratio constraints proposed in [59], further sub-phase seg-
mentation was applied within the hydrate domain, as plotted in Fig. 12
(a)-(c). The hydrate assemblage is dominated by intermixed C-(A)-S-H
gels, ettringite, Friedel's salt, and hydrotalcite. In the EDS scatter plots,
the point density of each hydrate phase reflects a semi-quantitative
indication of their abundance in hydrate phases. With increasing
WBFA content, the scatter intensity associated with ettringite and
Friedel's salt become progressively more pronounced, implying that
WBEFA facilitates the generation of these two phases. It should be noted
that although only a limited scatter points are observed in the ettringite
and Friedel's salt domains for B30S70, XRD analysis confirms the pres-
ence of these phases, indicating that their weak representation in the
EDS plots reflects their low abundance rather than their absence. In
addition, although C-(A)-S-H remains the dominant hydrate phase
across all mixtures, an increase in WBFA content leads to a systematic
decrease of Si/Ca ratio in C-(A)-S-H gels as shown in Fig. 12(d), which
can be attributed to the higher calcium availability combined with the
limited contribution of reactive aluminosilicate species from WBFA
during hydration.

3.5. Compressive strength

Fig. 13 shows the compressive strength of binary pastes, with their
strength improvement ratios relative to the 7-day strength marked
accordingly. Due to the high porosity of these pastes, their compressive
strength is relatively low compared to Portland cement pastes or
waterglass-activated slag [60,61]. However, it is comparable to sodium
salt and lime-activated slag [62,63]. In particular, B30S70 exhibits a

Fig. 11. BSE images of binary pastes.
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Fig. 13. Compressive strength of binary pastes.

compressive strength of 14.41 MPa at 7 days and shows the smallest
strength improvement, reaching 22.61 MPa at 60 days. In contrast,
B70S30 demonstrates the most pronounced strength development,
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increasing from 9.59 MPa at 7 days to 28.09 MPa at 60 days. Among the
mixtures, B50S50 presents the highest compressive strength throughout
all curing stages, increasing from 20.02 MPa at 7 days to 37.91 MPa at
60 days.

As discussed in the previous sections, B30S70 exhibits a faster early
reaction, as indicated by calorimetry; however, its later-stage reaction
becomes limited, evidenced by a less pronounced increase in bound
water content and a relatively limited degree of microstructural densi-
fication, which explains its slow strength evolution with time. In
contrast, B70S30 shows a slower early reaction but sustains hydration
over longer curing periods, leading to continuous microstructural
refinement and significant strength gain at later ages. Among the mix-
tures, B50S50 exhibits the highest bound water content, indicating the
formation of hydration products in greater quantities. Meanwhile, it
demonstrates a clear pore refinement process characterized by a reduced
critical pore size and the lowest total porosity, which ultimately results
in the highest compressive strength among the three mixtures.

4. Discussions
4.1. Reaction kinetics of binary pastes

4.1.1. General discussions

Isothermal calorimetry (Fig. 2) shows that within the first 10 h the
heat flow and cumulative heat release are higher in mixtures containing
larger amounts of WBFA, indicating more intensive dissolution and
initial precipitation of hydrates. Specifically, the cumulative heat within
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the first 10 h follows the order B70S30 > B50S50 > B30S70. Afterwards,
mixtures with lower WBFA content exhibit a more intensive reaction, as
evidenced by B30S70 showing the highest cumulative heat up to
approximately 2 days. With extended curing, mixtures containing higher
WBFA contents show more intensive reaction. Thus, the cumulative heat
of B50S50 gradually surpasses that of B30S70 after 2 days, while B70S30
exhibits the highest cumulative heat after approximately 10 days. The
role of WBFA in sustaining long-term hydration is further supported by
the most significant increase in bound water content and the pro-
nounced pore refinement observed in B70S30.

From the pore solution perspective, although WBFA acts as the pri-
mary alkali source in the system, the concentration of [OH] at 1 day is
lowest in B70S30 and highest in B30S70. Meanwhile, the concentration
of [K] does not scale proportionally with the WBFA content at 1 day but
becomes more proportional at 7 days and thereafter. This indicates that
at 1 day, the dissolution of WBFA is initially hindered, followed by a
slower and more sustained release of alkalis at later stages. Based on
these observations, one possible reason for the restrained dissolution of
WBFA could be attributed to the formation of initial hydration products
during the early dissolution stage. These products, generated in larger
quantities in mixtures with higher WBFA contents, as indicated by the
higher heat flow and cumulative heat within first 10 h, may partially
inhibit the further dissolution of WBFA. Nevertheless, this restrained
dissolution mainly affects early hydration, while the dissolution of
WBFA continues with time and plays a more pronounced role during the
later stages of hydration. The kinetics of the binary reactions are further
discussed in the following sections.

4.1.2. Reaction degrees of BFS

The hydration degrees of BFS were calculated based on the BSE-EDS
mapping described in Appendix A (associated with Fig. Al), and the
results are presented in Fig. 14. Comparable reaction degrees of BFS
were observed at 7 days for all mixtures. However, a high WBFA/BFS
ratio is found to significantly promotes BFS hydration in the long term.
For instance, the reaction degrees of BFS increase from 31.41% to
42.22% from 7 days to 60 days in B70S30. In contrast, for B30S70, the
increase is much smaller, from 25.68% to 28.78% over the same period.
This result directly confirms the discussions in previous sections that
larger WBFA/BFS ratios facilitate the long-term hydration of BFS.

Based on the reaction degrees of BFS, the reacted amount of BFS in
the binders was calculated and the results are listed in Table 3. It is noted
that although the reaction degrees of BFS in B70S30 reach up to about
40%, the absolute amount of reacted BFS is still relatively low, especially
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Fig. 14. Hydration degrees of BFS determined by BSE-EDS mapping analysis.
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Table 3
Amount of reacted BFS in pastes (g/100 g binder).
B30S70 B50S50 B70S30
7 days 17.97 15.81 9.42
60 days 18.74 19.38 12.67

compared to the amount in B30S70. To comprehensively illustrate the
reaction kinetics of the binary pastes, the contribution of WBFA in the
reaction is of great interest.

4.1.3. Reaction contribution by WBFA

Owing to the complexity of WBFA, it is difficult to determine the
reaction degree of WBFA using the available experimental techniques.
Still, one approach to investigate the contribution of WBFA to the re-
action is to consider the perspective of reaction enthalpy, which is
largely dependent on the reaction degree of binders.

The exponential equation presented in Eq. 1 has been widely re-
ported to be one of the best mathematical functions for fitting the re-
action enthalpy of cementitious materials [64],

Q(t) :Qxexp(—%)ﬂ (€Y

where Q(t) is the cumulative heat of binder (J/g) released at time t
(hours), Q is the heat released at the final reaction degree, 7 is the hy-
dration time parameter, § is the shape parameter.

The fitted normalized total heat, as shown in Fig. 15 agrees well with
the experimental data. As the reaction degree of BFS has been deter-
mined by image analysis, the enthalpy of BFS at 7 days and 60 days can
be calculated according to Eq. 2,

Qi(t) = Quaxi X a;(t) (2)

where Qj(t) is the heat released by the reactive component I (BFS) at
time t; Quax, i is the maximum enthalpy of the component (corresponding
to 100% of reaction); aj(t) is the reaction degree of the reactive
component at time t.

To calculate the heat release from BFS, it is essential to know the
maximum enthalpy for the BFS reaction (Qmax, slag)- According to the
literature [65,66], the enthalpy of BFS is approximately 400 J/g.
Although this is an estimation of Qmay, slag, the results remain infor-
mative for further analysis of the contribution of WBFA. By subtracting
the heat contribution from BFS, the released heat contributed by WBFA
can be isolated. The reaction contributions of BFS and WBFA in terms of

140 -
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o
1

X Data B30S70
X Data B50S50
% Data B70S30
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—— Fitted B70S30
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Fig. 15. Calculated normalized total heat of binary pastes.
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heat release are shown in Fig. 16. Besides supplying alkalis and sulphate
that promote the reaction of BFS, WBFA itself can also participate in the
reaction process through the dissolution of its reactive amorphous
phases in the binary pastes. Consequently, WBFA contributes to the
overall heat release of the system, particularly in mixtures containing a
higher proportion of WBFA.

4.1.4. Reaction kinetics

Based on the released heat of BFS and WBFA at 7 days and 60 days, it
is, however, challenging to present a time-dependent reaction kinetics
model for each component, unless at least one parameter (Q, 7, f) in the
exponential equation is defined. Besides the exponential equation,
another empirical equation, Knudsen's equation (shown in Eq. 3)
[67,68], has also been widely used for the determination of the
parameter Q in cementitious materials:

I ts0 )
t—to
where Q(t) is the cumulative total heat of binder (J/g) at time t, t¢ is the
end of the induction period, tsg is the time needed to reach 50% reaction

degree for cementitious materials.

This equation implies a linear relationship between 1/Q(t) and 1/(t-
t0). It has been confirmed that this equation accurately determines Q
when a longer measuring time (>3 days) is available [67]. To validate
the feasibility of Knudsen's equation for the binary pastes, a comparison
of the fitted Q obtained from both the exponential equation and Knud-
sen's equation has been conducted, with the results presented in
Table A2. The Q values show good agreement between these two
methods. Based on the released heat from WBFA and BFS at 7 days and
60 days in Fig. 16, therefore, it is applicable to apply Knudsen's equation
to calculate the value of Q of WBFA and BFS individually. The calculated
Q of WBFA and BFS in different mixtures are presented in Table A3.

To further establish the reaction kinetics of these two components,
their reaction degrees should be calculated. It is important to note that
the Q is different from the Quax. Qmax is assumed to be the enthalpy
corresponding to 100% reaction, while Q is the eventual heat that can be
released when the component reaches its ultimate (<100%) reaction
extent. Therefore, it is possible to calculate the maximum reaction de-
grees of each component using Eq. 4, and to further establish the time-
dependent reaction equation using Eq. 5:

Qi
———— x 100%
Quaxi X Wi

1 1
@:6( 3)

Quei = @
B70S30-60d
B70S30-7d
B50S50-60d
B50S50-7d

B30S70-60d

I WBFA
I BFS

120

B30S70-7d

0 40

80
Total heat (J/g binder)

1
160

Fig. 16. Calculated total heat of binder contributed from BFS and WBFA.
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a(t) = auwi <exp( 1) ®)
t
where Wj is the weight ratio (wt%) of one component in the binder.
With the current data, it is possible to establish the reaction kinetics
equation for BFS. However, to also establish the reaction kinetics
equation for WBFA, the Qpax of WBFA is needed. For now, only limited
information is available on the Qpax of WBFA. One possible approach is
to refer to the Qnax Of high calcium coal fly ash. Schindler et al. [64]
found that for high calcium coal fly ash, Quax can be approximated by
Eq. 6:

Qmax, Fa = 1800 X Pra cao (6)
where Pp4 cq0 is the weight proportion (wt%) of calcium oxide in fly ash.

It is essential to note that the calcium oxide in Eq. 6 mainly refers to
the reactive calcium content. While in WBFA, it is assumed that this is
mainly contributed by the reactive calcium oxide in the amorphous
phases. The remaining calcium salts mainly influence the heat release
only during the initial stage of hydration, which has already excluded
when fitting the cumulative curves. Based on our previous research [12],
the amorphous calcium oxide content in WBFA is 20.86%, thus the
Qmax, Fa is 375.48 J/g.

Following the approach, the reaction kinetics of BFS and amorphous
phase of WBFA in the binary mixtures were established, as shown in
Fig. 17.

It is important to note that for the reaction degree of WBFA, several
assumptions were made in the calculation. Since the Quqx, ra is obtained
by considering the amorphous phase in WBFA, the reaction degree of
WBFA in Fig. 17 represents only the reaction degree of the amorphous
component in WBFA (38.5% wt.). Still, it should be noted that this
calculation is only suitable for qualitative interpretation rather than
quantitative evaluation due to the assumption of Q max,slag, and Q max,
wera. Changes in these values will affect the final maximum reaction
degrees of WBFA and BFS, respectively.

4.2. Thermodynamic modelling

With the information in Fig. 17, it is possible to predict the phase
compositions of the binary pastes using thermodynamic modelling.

Fig. 18 provides the time-dependent phase evolution of binary
pastes. It is noteworthy that the (partial) reactive phases originating
from WBFA, such as calcite, portlandite, syngenite, and sylvite, are
directly used as inputs in the modelling based on the QXRD results.
According to the modelling output the main reaction products include C-
(A)-S-H gels, ettringite, Fridel's salt, and hydrotalcite, which are in good
agreement with the experimental results obtained from XRD and FTIR
analyses. Meanwhile, the time-dependent modelling further illustrates
the reaction processes of mixtures with different WBFA contents. Mix-
tures containing higher amounts of WBFA exhibit slower early reactions
of both BFS and WBFA and early hydrates formation, but show a more
sustained and pronounced reaction at later stages. For instance, in
B30S70, clear hydrate formation is observed at early stage, while the
generation of hydrates becomes relatively stable after approximately 30
h with a slow rate of increase. In contrast, B50S50 and B70S30 display
slower early hydrate formation; however, their cumulative hydrate
formation becomes more significant at later stages.

As illustrated earlier, considering the assumptions made in the ki-
netics calculation, it is challenging to quantitatively analyse the reaction
products. Still, the changes in hydrates between the mixtures with
different WBFA/BFS ratios can provide insightful information on how
the phase evolutions with compositions. As shown, a higher content of
WBFA eventually leads to an increased amount of Friedel's salt, as
chloride originating from WBFA is largely bound in the hydrates.
Meanwhile, the modelling indicates that B50S50 contains the largest
amount of ettringite, C-(A)-S-H gels, and hydrotalcite. These hydrates



X. Liang et al.

50

Reaction degrees of BFS (%)

Cement and Concrete Research 205 (2026) 108227

N
<]
1

w
o
1

20
201 ——B30S70 ——B30S70
—— B50S50 —— B50S50
— _B70S30 10 + —— B70S30
10
0 1 T T T T 1 o T T T T 1
0 200 400 600 800 1000 0 200 400 600 800 1000

Time (hours)

Reaction degrees of amorphous phase in WBFA (%)

Time (hours)

Fig. 17. Calculated reaction degree evolution of BFS and amorphous phase of WBFA.

Mass(g/100 g binder)

1 10 100 1000
(a) Time (hours)

150

Mass (g/100 g binder)

1 10 100 1000
(b) Time (hours)

120
fmy
[0
kel

£ L

S 90
(o)}
o
o

2 60
[}
%]
(1]
=

30

0

1 10 100 1000
(c) Time (hours)

Fig. 18. Thermodynamics modelling of phase evolution of binary pastes over time (a: B30S70, b: B50S50, c: B70S30).

contribute significantly to its strength development, which partly sup-
ports the highest compressive strength. By further increasing the content
of WBFA to B70S30, however, the amount of hydrates is slightly reduced
due to the limited amount of reacted BFS. A synergistic effect between

WBFA and BFS is therefore evident.
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5. Conclusion porosities. The volume of medium and large capillary pores de-
creases while the volume of micro capillary pores increases with the
This paper investigated the reaction kinetics and microstructure refinement of the pore structure.
development of WBFA-BFS binary pastes, validating that WBFA can be
used to enhance the reaction of aluminosilicates, demonstrating a syn- Due to the intrinsic reaction process and slow strength development,
ergistic effect with BFS during hydration. Based on the results, the it is expected that the application of WBFA-BFS binary pastes is suitable
following conclusions are obtained: for low and moderate-strength demanding products. To further extend
the recycling approach and improve utilization efficiency, integrating
1) The combination of BFS, WBFA, and water leads to an intense WBFA into composite cement can be considered, which remains a topic
‘cement hydration-like’ exothermic reaction, implying the precipi- for future research.
tation of reaction products. Mixtures with a lower WBFA/BFS ratio
exhibit more intensive hydrations during the early hydration. CRediT authorship contribution statement
Increasing the amount of WBFA benefits BFS hydration in the long
term. In the binary pastes, WBFA not only acts as an activator for Xuhui Liang: Writing — review & editing, Writing — original draft,
GGBFS hydration by providing an alkaline and sulphate-rich envi- Methodology, Investigation, Formal analysis, Conceptualization. Jiayi
ronment, but also participates directly in the reaction through the Chen: Software, Formal analysis. Hua Dong: Writing — review & edit-
gradual dissolution of its reactive amorphous phases, thereby further ing, Supervision. Zhenming Li: Writing — review & editing. Chen Liu:
enhancing the overall reaction. Writing — review & editing, Formal analysis. Guang Ye: Writing — re-
2) The primary hydration products in the binary pastes are C-S-H gels, view & editing, Supervision, Resources, Funding acquisition.

ettringite, Friedel's salt, and hydrotalcite. The hydrate compositions
are influenced by WBFA/BFS ratios, with hydrotalcite preferentially Declaration of competing interest
forming in mixtures with lower WBFA/BFS ratios, and ettringite

preferentially forming in mixtures with higher WBFA/BFS ratios. The authors declare that they have no known competing financial
3) Among the three mixtures, B50S50 appears to be the optimal interests or personal relationships that could have appeared to influence
composition in terms of both reaction behaviour and compressive the work reported in this paper.
strength. Compared with B30S70 and B70S30, B50S50 maintains a
sustained reaction rate while generating the largest amount of hy- Acknowledgment
drates, as evidenced by the bound water content and thermodynamic
modelling. This ultimately leads to the lowest porosity and a more Xuhui Liang would like to acknowledge the financial supports from
refined microstructure over time, which supports its highest the China Scholarship Council (201806050051) and Renewi Mineralz &
compressive strength among the three mixtures. Water. Zhenming Li would like to acknowledge the Shenzhen Science
4) The binary pastes have a highly porous microstructure, with poros- and Technology Program (KQTD20210811090112003) and National
ities ranging from 30% to 45%. Longer curing leads to a reduction in Natural Science Foundation of China (Grant No. 52578274).
Appendix A
Table Al

Chemical compositions of amorphous phase in WBFA [12].

SiOy Al,03 CaO Fes03 SO3 MgO K20 Others Sum
(g/100 g ash)

Treated WBFA 4.18 3.45 20.86 1.06 0.55 2.18 1.91 3.87 38.06

Owing to the complexity of WBFA's mineral compositions, the selective dissolution method [69] commonly used to measure the reaction degree of
BFS is not applicable to determine the reaction degrees of BFS in the WBFA-BFS binary pastes. Instead, an image analysis technique was employed.
However, it is challenging to directly use greyscale to distinguish the regions of BFS and WBFA, as WBFA contains a wide range of greyscales intensities
due to its compositional heterogeneity. Therefore, a modified image analysis technique was adopted, combining EDS mapping, analysis of average
elemental ratios in each particle, and greyscales evaluation. For each picture, 50 frames of mapping were captured to ensure reliable results.

The schematic for determining the reaction degree of BFS is presented in Fig. Al. Firstly, based on the BSE images (Fig. Al(a)), the Mg mapping
(Fig. A1(b)) was used to define the original boundary of BFS grains, as Mg is typically remain stable during the reaction of BFS [56,70]. By overlapping
the Mg mapping onto the BSE image, an overestimation of BFS particles was observed (Fig. A1(c)), owing to the heterogeneous distribution of Mg in
WBFA particles.
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Fig. Al. Schematic diagrams of analysing the reaction degree of BFS by BSE-EDS mapping.

To eliminate Mg-containing WBFA particles, an elemental ratio evaluation was performed individually for each Mg-containing particle, as
illustrated in the heatmap (Fig. A1(d)). Mg-bearing WBFA particles exhibited either extremely low or high Si/Ca and Al/Ca ratios compared with BFS
particles. Therefore, these WBFA particles were excluded from the analysis (Fig. A1(e)), resulting in a well-defined BFS boundary. Hydrated regions
were subsequently segmented based on grayscale variations within the selected particles, where hydrated areas typically appeared as dark grey [66].
The reaction degree of BFS was then calculated with Eq. A1.

H;
DoR Slag — [ydrated slag area 1, (A1)
Total slag area
The resolution of the mapping was 203.32 nm/pixel, with a domain size of 628 x 1024 pixels. It is suggested that a surface area of 4.0-5.0 x 10°
um? be analysed for BSE image analysis to ensure representativeness [71]. Therefore, about 15 EDS mappings were conducted for each sample to

ensure the representativeness of the results. This required a total of approximately 8 h per sample.
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Fig. A2. Phase segmentation of binary pastes at 60 days (The red area indicates the pores and cracks, yellow area indicates the anhydrous particles, purple area
indicates the reaction products in the matrix). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

Comparison of values Q in binary pastes from Exponential equation and Knudsen's

Exponential equation

Knudsen's equation

86.81 J/g
126.29 J/g
164.83 J/g

Calculated value Q for BFS and WBFA in binary pastes by Knudsen's equation.

Table A2

equation.
B30S70 85.57 J/g
B50S50 120.8 J/g
B70S30 168.55 J/g

Table A3

Qsrs

B30S70 79.17
B50S50 82.98
B70S30 55.65

QwaraA QBinder
6.76 85.93
38.94 121.92
110.31 165.96

In Table A3, the enthalpy of binder can be calculated by Eq. A2.
Qbinder = Qers + Qwara

(A2)

It is seen that the calculated Qpinder is comparable to that calculated directly from the Knudsen's equation calculated from the total heat from the
isothermal calorimetry results. This indicates a well-satisfied result for determining the value of Qpps and Qwpra.

Data availability
Data will be made available on request.
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