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A B S T R A C T

Previously, the lack of a thermodynamic database for N-(C-)A-S-H gel limited the application of thermodynamic
modeling to alkali-activated fly ash (AAFA). This study pioneers thermodynamic modeling of AAFA using a
recently developed thermodynamic dataset for N-(C-)A-S-H gel. The reaction products, pore solutions and re-
action kinetics of AAFA pastes were experimentally determined. Based on the reaction kinetics, the composition
of the solid phases and the pore solution of AAFA were modeled over time. The results showed that the simulated
compositions of the solid reaction products and pore solution match closely with the experimental results,
especially for the sodium hydroxide-activated system. Moreover, modeling results point out the potential pres-
ence of minor reaction products (e.g., C-(N-)A-S-H gel, microcrystalline ferrihydrite, Mg-containing phases)
undetectable by experimental techniques. The study also demonstrated that thermodynamic modeling accurately
captured the amount of bound water in reaction products, highlighting its robustness in both qualitative and
quantitative analysis.

1. Introduction

Alkali-activated fly ash (AAFA) is a sustainable, cement-free binder
that forms through the reaction of fly ash with alkaline activator(s).
Properly mixed and cured, AAFA can surpass Portland cement in various
engineering aspects, including achieving higher mechanical strength
[1,2], exhibiting greater chemical resistance [3,4], demonstrating lower
shrinkage [5] and providing better thermal resistance [6,7]. The re-
actions of AAFA are influenced by several factors such as the properties
of fly ash, the types and concentrations of alkaline activators and the
curing regime. As a result, the microstructure of AAFA varies signifi-
cantly, leading to a wide range of engineering properties. Accurately
predicting the reaction is crucial for designing AAFA with desired
properties.

Thermodynamic modeling, a theoretically rigorous and computa-
tionally efficient tool, is widely used for predicting chemical reactions
under equilibrium conditions. This approach has been extensively
applied for cement and alkali-activated slag (AAS) systems using the
Cemdata18 thermodynamic database [8–10]. However, thermodynamic

modeling of AAFA has rarely been reported due to the absence of
thermodynamic data for N-A-S-H gel, the primary reaction product of
AAFA. A few studies used either estimated data or data of crystalline
zeolites to describe N-A-S-H gel [10–12]. Despite sharing a similar
composition with zeolites, N-A-S-H gels are significantly more soluble
and diverge in structure. Such differences in stability can affect the ac-
curacy and reliability of modeling outcomes.

In our previous study [13], thermodynamic data of N-A-S-H gels with
varying Si/Al ratios (1 to 3) has been determined, enabling the accurate
thermodynamic modeling of AAFA using appropriate solubility data.
However, it is important to note that calcium (Ca) can also be incor-
porated into N-A-S-H gel to form low-Ca N-C-A-S-H gel [14]. Although
N-C-A-S-H gel often appears in AAFA systems blended with small
amounts of slag or cement [14–17], it is also likely to form in the AAFA
system due to the minor amounts of Ca typically present in fly ash. Thus,
addressing the incorporation of Ca into N-A-S-H gel is a prerequisite for
thermodynamic modeling of AAFA.

Accurately predicting chemical reactions over time requires the
consideration of reaction kinetics alongside thermodynamic modeling
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[18]. This combined approach, previously applied to AAS [12,19], faces
challenges in AAFA due to the difficulty in determining the reaction
degree of fly ash. So far, selective dissolution and backscattered electron
(BSE) image analysis are the most common methods to determine the
reaction degree of fly ash [20–23]. Selective dissolution, though
commonly employed, introduces considerable uncertainty. This arises
from the possibility of dissolving small fractions of fly ash, while specific
reaction products, particularly those containing magnesium, remain
undissolved regardless of the solvent used. On the other hand, BSE
image analysis relies on precise segmentation to distinguish unreacted
fly ash from the matrix. However, the similarity in grey levels between
the unreacted fly ash and reaction products presents a notable challenge
in accurately segmenting different phases and can lead to significant
systematic errors. Therefore, developing more accurate methods to
assess the reaction degree of fly ash in AAFA is essential for a realistic
evaluation of reaction kinetics.

The aim of this study is to fill the gap in the thermodynamic
modeling of AAFA using a recently developed thermodynamic dataset
for N-(C-)A-S-H gel. This study is structured into three parts, as outlined
in Fig. 1. The first segment involves the characterization of AAFA paste
in terms of its solid and aqueous phases. The reaction products and
microstructure of AAFA paste are investigated by using X-ray diffraction
(XRD), Fourier transform infrared (FTIR) spectrometry, thermogravi-
metric analysis (TGA) and scanning electron microscopy/energy
dispersive spectroscopy (SEM-EDS) techniques. The ion concentrations
in the pore solution of AAFA are quantified by titration and inductively
coupled plasma-optical emission spectroscopy (ICP-OES) analysis. These
results are used to guide and validate the thermodynamic modeling
results. The reaction degree of fly ash is determined via image analysis,
which is then combined with isothermal calorimetry data to refine the
reaction kinetics in the second segment. The reaction kinetics provides
the kinetic input for thermodynamic modeling in the third segment. To
perform thermodynamic modeling of AAFA, N-C-A-S-H gels are syn-
thesized and their thermodynamic data are determined. By combining
the thermodynamic data of N-A-S-H gel determined in [13] with the
data gained here, a thermodynamic database of N-(C-)A-S-H1 gels with
various Si/Al and Ca/Al ratios is established. Thermodynamic modeling
of AAFA reaction is performed with the GEMS software to simulate the
evolution of solid and aqueous phases, which are also compared against
experimental data for validation. The outcome of this study highlights
the potential of thermodynamic modeling to evaluate the effect of
different influencing factors on AAFA reactions, thereby helping to tailor
the mix design of AAFA systems with desired properties.

2. Experimental methods

2.1. Raw materials and mixtures

The chemical composition of fly ash, as determined by X-ray fluo-
rescence spectroscopy (XRF), and its mineral components identified by
quantitative XRD analysis (QXRD), are listed in Table 1. The amorphous
content of fly ash was 79 wt% based on QXRD. It is assumed that only the
amorphous phase in fly ash is reactive, while the crystals are considered
non-reactive. Based on the content of crystalline SiO2 and Al2O3 from
QXRD results, the reactive SiO2 and Al2O3 were determined as 44 wt%
and 18 wt%, respectively. According to the definition in [24], the fly ash
used in this study can be classified into Class F. The density of fly ash is
2.13 g/cm3. The particle size distribution (PSD) of fly ash, as measured
using laser diffraction, indicates a d50 of the fly ash of 43 μm (see
Fig. A1).

Sodium hydroxide (NH) activated and sodium silicate (NS) activated
systems were chosen for the investigation of AAFA paste. The alkali
activators were prepared by sodium hydroxide (>98 wt%) pellets,

sodium silicate solution (27.5 wt% SiO2, 8.25 wt% Na2O and 64.25 wt%
H2O) and deionized water. For NH-activated system, the Na2O content
in the activator was 9.3 wt%. The modulus Ms. (molar ratio SiO2/Na2O)
of the activator was 0. The water-to-fly ash ratio was 0.35. For NS-
activated system, the same Na2O dosage and water-to-fly ash ratio
were used, but with a SiO2/Na2O modulus of 1. All samples were cured
in a sealed condition at 40 ◦C until the age of testing.

2.2. Characterization of AAFA paste

2.2.1. Reaction products
In order to explore the components of AAFA paste, the samples cured

after 7 days and 28 days were subjected to XRD, FTIR, TGA and SEM-
EDS analysis. Prior to XRD, FTIR, TGA measurements, the samples
were ground to powder in isopropanol to halt any ongoing reactions.
Detailed procedures were described in [25]. For SEM-EDS analysis, the
samples were sectioned into about 1 cm thick slices and immersed in
isopropanol for 2 weeks to stop reactions. Isopropanol was renewed 3
times in the first week. Subsequently, samples were dried at 25 ◦C in a
vacuum oven for around 1 week.

2.2.1.1. XRD analysis. XRD analysis was carried out on both the raw fly
ash and powdered paste using a Bruker D8 Advance diffractometer at 45
KV and 40 mA using CuKα radiation. The powdered samples were
scanned from 5◦ to 90◦ 2θ at a rate of 2 s per step and a step size of 0.02◦

2θ. In order to measure the quantities of different phases in fly ash and
paste, 10 wt% of silicon powder was used as an internal standard. The
Rietveld quantitative analysis was performed in the software Profex-
BGMN [26] to determine the amounts of each phase.

2.2.1.2. FTIR analysis. To further analyze the phase in AAFA paste,
FTIR measurement was conducted on raw fly ash and powdered paste
using Nicolet™ iS50 FTIR Spectrometer over the wavelength range of
400 to 4000 cm− 1 with a resolution of 4 cm− 1. A total of 32 scans were
collected per measurement.

2.2.1.3. TGA. TG measurement was carried out on around 20 mg of
powders at a heating rate of 10 ◦C/min from 40 ◦C to 1000 ◦C with a
thermoanalyzer TG-449-F3-Jupiter instrument. The mass loss of the first
peak (80–270 ◦C) was used to evaluate the amount of physically and
chemically bound water in the reaction products.

2.2.1.4. SEM-EDS analysis. Before performing SEM-EDS, the samples
were impregnated with epoxy, allowed to harden and then polished with
successively finer grades of silicon carbide papers and polishing discs
[27]. After that, the samples were sputter coated with carbon and then
examined by a FEI QUANTA FEG 650 ESEM equipped with a solid-state
EDS detector in backscattered electron (BSE) mode. The working dis-
tance was set as 10 mm. The accelerating voltage used was 15 kV
[23,28,29], as an optimal choice between consideration of spatial res-
olution, interaction volume and adequate excitation of the FeKα peak
[30].

The images and EDS maps were collected with a magnification of
1000×, a resolution of 1024*682 and a pixel size of 0.4 μm. The spectral
images were obtained using a dwell time of 143 μs per pixel over 20
frames. The total acquisition time of a map is 2000s. Phase segmentation
was carried out on 15–20 maps by image analysis to further analyze
microstructure and determine degree of reaction of fly ash.

2.2.1.5. Segmentation of BSE image. As observed in previous studies
[28,31], the grey levels of reaction products and most unreacted fly ash
are similar, posing challenges in phase segmentation. An optimized
method is proposed in this work to distinguish fly ash and reaction
products, moving beyond the reliance solely on grey level histograms.
Each image was segmented into three phases, i.e. fly ash, reaction1 N-(C-)A-S-H in this study refers to both N-A-S-H and N-C-A-S-H gels.
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products and voids, by using Otsu's method [32], which automatically
finds the thresholds based on atomic counts and grey level. The detailed
conditions for segmentation can be found in Fig. A2. Since the epoxy
contains a little Cl, only the regions devoid of Cl were further taken into
consideration. Notably, due to a noticeable disparity in Na content be-
tween fly ash and other phases, regions lacking Na and exhibiting a low
grey level were designated as fly ash. Additionally, dark regions lacking
Na but containing Fe were also classified as fly ash, considering some Fe-
containing fly ash particles displayed high grey level values. In contrast,
regions containing Na while simultaneously displaying a low grey level
were categorized as reaction products. Any region that did not meet the
criteria for fly ash or reaction products was identified as voids. Note that
the final phase segmentation of AAFA is shown in the Section 3.1.4.

2.2.2. Pore solution
To analyze the aqueous concentrations, pore solutions of the pastes

at curing age of 7 and 28 days were extracted following the method
depicted in [33]. The cylinder paste with a diameter of about 34 mm and
a height of about 70 mmwas inserted into the hollow steel cylinder with
a fitting size of the paste. A maximum force of 300–600 kN, depending
on the type and reaction degree of the pastes, was applied to extract the
pore solutions [34]. For each sample, around 0.5–2 mL of pore solution
was collected. Directly after extraction, the pore solution was filtred
using a 0.45 μm syringe filter. The OH− concentration of the pore so-
lution was immediately measured by titration with 0.1 M HCl standard
solution against phenolphthalein. The concentrations of Si, Al, Na, Ca,
Fe, Mg and K were determined by a Perkin Elmer Optima 5300 DV ICP-
OES spectrometer after dilution with nitric acid (0.2 vol%).

2.2.3. Degree of reaction of fly ash
The degree of reaction of fly ash at certain curing ages was deter-

mined by image analysis as described in Section 2.2.1. Previous study
[35] has already shown that the area fraction in two dimensions can be
reasonably equated to the volume fraction in three dimensions. Thus,
the area fraction of fly ash derived from image analysis was used to
calculate the degree of reaction by using the following equation:

α(t) = (1 − Ft/F0)*100% (1)

where α(t) is the degree of reaction of fly ash at age t, Ft is the volume
fraction of fly ash at age t, and F0 is the initial volume fraction of fly ash,
as done in several studies [23,36,37].

2.2.4. Reaction kinetics
To obtain the continuous reaction degree as a function of time (re-

action kinetics), a linear proportionality between reaction degree and
heat release is assumed according to Eq. (2) [12,37]. To measure the
heat release, in-situ isothermal calorimetry tests were performed by
using a TAM-Air-314 isothermal calorimeter at 40 ◦C. Calibration was
carried out before each measurement. Around 4 g of fly ash were loaded
in the glass ampoule, while the activator solution was stored in an
attached syringe. The admix ampoule was placed in the calorimeter for
around 3 h to reach a stable heat flow baseline. After that, the activator
solution was injected into the glass ampoule and mixed with fly ash
using a built-in stirring shaft. Heat flow was recorded until 7 days. The
calorimetry results were normalized by the mass of fly ash.

Based on the degree of reaction at 7 days determined by image
analysis and the cumulative heat release of the AAFA paste at 7 days, the
maximum heat release (Qmax) can be calculated using Eq. (2). Since the
cumulative heat release obtained from experiment was only available up

Fig. 1. The structure of this study.

Table 1
Chemical compositions and components of fly ash (by wt%).

Oxides
SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O P2O5 TiO2 SO3 LOI
56.75 24.58 5.76 3.93 2.10 1.40 1.27 1.17 1.03 0.68 1.33

Components
Amorphous phase Quartz Mullite Maghemite Calcite
79.3 10.1 9.6 0.7 0.3

LOI: loss on ignition.
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to 7 days, Q(t) was fitted by using the Eq. (3) [38] to describe the cu-
mulative heat release over extended time. Consequently, the continuous
reaction degree of fly ash as a function of time can be calculated with the
Eq. (4). It should be noted that the parameter Qmax in Eq. (4) cannot be
simply interchanged with the fitting maximum heat release Qmax_fit. As
outlined in [12,39], Qmax_fit obtained from the Eq. (3) tends to be
underestimated significantly, resulting in an overestimation of reaction
degree. Hence, it is essential to derive Qmax from experimental result
(α(t)) using Eq. (2).

α(7d) = Q(7d)/Qmax (2)

Q (t) = Qmax fitexp

(

−

(
λ
t

)β
)

(3)

α(t) = Qmax fitexp

(

−

(
λ
t

)β
)
/
Qmax (4)

Note that the maximum heat release (Qmax) calculated in this study
assumes that 100% of the fly ash, including both amorphous and crys-
talline fly ash, reacts, which is unlikely to happen in reality. However,
although the calculated Qmax is unattainable, using Eq. (2) for this
calculation ensures that the reaction degree derived from Eq. (4) re-
mains consistent and reasonable, given that the reaction degree of fly
ash will not reach 100% in reality either.

2.3. Thermodynamic modeling

2.3.1. Thermodynamic data of N-C-A-S-H gels
To perform thermodynamic modeling of AAFA, the thermodynamic

data of N-A-S-H gels determined in our previous work [13] was used and
completed with the thermodynamic data of N-C-A-S-H gels determined
here. The determination of thermodynamic data of N-C-A-S-H gels in
this work followed the same approach applied to determine that of N-A-
S-H gels in [13]. Firstly, four types of N-C-A-S-H gels with various Si/Al
and Ca/Al ratios were synthesized via the sol-gel method as described in
detail in the Appendix (refer to Tables A1, A2 and Figs. A3, A4). The
obtained N-C-A-S-H gels were subjected to a dissolution test at 25 ◦C
using a water-to-solid ratio of 20 g/L until equilibrium was reached after
60 days. The total concentrations of Na, Ca, Al and Si in the filtrated
solution as well as the pH values were used to calculate the solubility
products of the different N-C-A-S-H gels, as shown in Table A4. The
Gibbs free energy of formation ΔfG0 was calculated from the derived
solubility products, heat capacity C0p and entropy S0 were estimated as
described in [13] and used to also derive the enthalpy of formation
ΔfH0. Consequently, a thermodynamic database of N-(C-)A-S-H gels was
developed by incorporating the thermodynamic properties of three
types of N-A-S-H gels and four types of N-C-A-S-H gels.

2.3.2. Thermodynamic modeling of AAFA
The thermodynamicmodeling of AAFA pastewas performed in GEMS

at 40 ◦C. The PSI/Nagra [40] and Cemdata18 [8] thermodynamic data-
bases were used as the basis databases to describe the thermodynamic
data for general solid, aqueous, and gaseous phases. In addition, ther-
modynamic data of N-(C-)A-S-H gel ([13], and derived here) and zeolites
[41]were also added to describe the reactionproducts ofAAFAmaterials.

The built-in extended Debye-Huckel equation was used to compute
the activity coefficients of the aqueous species. It should be noted that
this equation is thought to be applicable up to 1–2 M ionic strength
[42,43], while AAFA pore solutions can have inititally a higher ionic
strength (referring to 1–3 M in AAS system [44]). It has been shown that
the modeling results obtained from the extended Debye-Huckel equation
used here and the Pitzer model (more suitable for higher ionic strength)
are comparable in alkali-activated systems, especially at later ages [12].

The components in the amorphous fly ash considered in the

thermodynamic modeling include SiO2, Al2O3, Fe2O3, CaO, MgO, Na2O
and K2O, while the others were omitted due to their minimal quantities.
These amorphous oxides are assumed to dissolve congruently in ther-
modynamic modeling, whereas the crystalline phases are considered to
be inert.

The formation of zeolites was partly suppressed during the thermo-
dynamic modeling to prevent the thermodynamically more stable zeo-
lites forming instead of the observed N-(C-)A-S-H gel, as the formation of
zeolites is often kinetically hindered while N-(C-)A-S-H gel precipitate
instead [13]. The suppression of zeolites is based on the QXRD results of
AAFA paste. In NH-activated system, the formation of hydroxysodalite
(SOD(OH)) was observed, approximately 3% regardless of curing age.
Consequently, the upper limit for the quantity of hydroxysodalite was
set at 0.005 M (4.84 g) for 100 g of fly ash, while other zeolites were
suppressed. In NS-activated system, all zeolites are inhibited as no
crystalline zeolite phase was observed. The formation of hematite,
magnetite and goethite was also prevented due to the kinetic reason.

The amount of bound water (mH2O) in the modeled solid phases was
estimated using the following equation:

mH2O = wN(C)ASH •mN(C)ASH +wC(N)ASH •mC(N)ASH +wMSH •mMSH (5)

wheremN(C)ASH,mC(N)ASH andmMSH are the mass of the modeled N-(C-)A-
S-H gel, C-(N-)A-S-H gel and magnesium silicate hydrates (MSH),
respectively. w refers to the fraction of bound water in these solid
phases. wN(C)ASH=20% (see Fig. A1 and refs [13, 45]); wC(N)ASH= 25%
[45]; wMSH=15% [46,47].

3. Results and discussion

3.1. Solid and aqueous phases characterization

3.1.1. XRD analysis
The XRD patterns of the unreacted fly ash and AAFA pastes cured for

7 days and 28 days are shown in Fig. 2. In addition to the amorphous
phase, fly ash also contains crystalline phases such as quartz, mullite and
magnetite. These crystalline phases are also visible in the XRD patterns
of AAFA pastes, as those phases are not-reactive and hardly dissolved.
The main reaction product of AAFA is an amorphous gel (i.e. N-(C-)A-S-
H gel), as evidenced by the broad hump at 20–40◦ 2θ [48,49]. In addi-
tion, hydroxysodalite (Na8Al6Si6O24(OH)2⋅2H2O) was found in the NH-
activated system, while no zeolitic phase was formed in the NS-activated
system. This finding is consistent with previous observations [49,50],
which also observed that hydroxysodalite is formed in low SiO2 envi-
ronments. In addition, a small peak located at around 29◦ 2θ was found
in the NH-activated system but absent in the NS-activated system.

Fig. 2. XRD patterns of fly ash and the NaOH (NH) and Na-silicate (NS) acti-
vated AAFA pastes cured at 40 ◦C. H: hydroxysodalite; M: mullite; Q: quartz; N:
natrite; G: C-(N-)A-S-H gel; C: calcite; F: magnetite.
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Although calcite is mainly responsible for this peak, it should be noted
that the peak of C-(N-)A-S-H gel is also located at this position [51,52].
The potential existence of C-(N-)A-S-H gel will be further discussed
based on the FTIR results given below and in the thermodynamic
modeling section.

3.1.2. FTIR analysis
FTIR analysis was conducted on both the unreacted fly ash and the

AAFA pastes, see Fig. 3. The quartz in fly ash results in a series of bands at
around 1150, 1084, 796–778 (double band), 697, 668, 522 and 460 cm− 1

[53]. Themullite can contribute to the bands at around 1180–1130 cm− 1

and 560–550 cm− 1, while the amorphous phase in fly ashes typically
shows abandaround996cm− 1 [54]. These phase-inducedbands overlap,
thus giving rise to an IR spectrum for fly ash marked by a primary broad
band between1250 and850 cm− 1, a dual-band at 795–777 cm− 1, aminor
band at 560 cm− 1, and a robust band at 463 cm− 1.

Compared to unreacted fly ash, the main band of AAFA pastes
exhibited varying degrees of wavenumber shift towards lower values. A
newly emerged signal, centered at around 969–997 cm− 1, is attributed
to the main reaction product, i.e. N-(C-)A-S-H gel [54,55]. The location
of this band, corresponding to the asymmetric stretching vibrations of
Si-O-T bonds, indicates the polymerization level of the N-(C-)A-S-H gel.
A higher wavenumber of this band is observed with an increase in re-
action time, signifying the formation of a more polymerized N-(C-)A-S-H
gel. Furthermore, this band is observed at higher wavenumbers in the
NS-activated system than the NH-activated system, mainly due to the
higher Si/Al ratio of N-(C-)A-S-H gel formed in the NS-activated system.
This agrees with the observation in [13] that the wavenumber of the Si-
O-T asymmetric stretching band in N-(C-)A-S-H gel increases with the
Si/Al ratio. Also low Ca/Si C-(A-)S-H phases have their main band at
around 960 cm− 1 [56–58], which could also contribute to the observed
signal. The sharp band at 969 cm− 1 for sample NH-7d would also be
another support for the formation of C-(N-)A-S-H gel in the NH-activated
system. A small band at around 1170 cm− 1, contributed by Q4 [55], is
presented in the NS-activated system. Two weak bands at 694 and 662

cm− 1, as highlighted by the black dashed rectangle, are observed in the
NH-activated system, but hardly in the NS-activated system. Both bands
arise from the formation of hydroxysodalite [41,59], which aligns with
the XRD result.

The band at 463 cm− 1 observed in the unreacted fly ash corresponds
to internal bending vibrations of the O-T-O groups (T refers to Si or Al)
[41,55]. This band shifts to lower wavenumber after activation, in
particular for the NH-activated system, which is attributed to the lower
wavenumber of O-Al-O bending vibration compared to that of O-Si-O
bending vibration [55]. This result also implies that the reaction product
in the NH-activated system has a lower Si/Al ratio than that in the NS-
activated system. Furthermore, the newly emerged band at near 1643
cm− 1 is assigned to the bending vibration of H-O-H bond [59,60]. The
small peak at around 1436–1446 cm− 1, characteristic of asymmetric
stretching vibrations of C-O bond, indicates that some samples were
slightly carbonated [61,62].

3.1.3. TGA
The thermogravimetric (TG) and differential thermogravimetric

(DTG) analysis are shown in Fig. 4. All samples present a pronounced
mass loss ranging from 6 to 8 wt% within the range of 80–270 ◦C, which
is mainly attributed to the dehydroxylation of N-(C-)A-S-H gel [63]. The
NS-activated system shows a more substantial mass loss compared with
NH-activated system, implying the formation of a higher quantity of N-
(C-)A-S-H gel. Moreover, the temperature at the peak of this mass loss
(marked by the dashed line and arrow) increases with longer curing
times. The temperature of this peak is also higher in the NS-activated
system than in the NH-activated system. The shift suggests a stronger
binding of water within the gel structure [16,64,65]. From 250 to
1000 ◦C a more gradual mass loss can be observed across all samples,
which could be associated with the dehydroxylation of silanol groups
[66], burning of carbon in the fly ash [67] or the decomposition of
carbonates [68]. A slight mass loss at around 840 ◦C is observed in the
NH-activated system, which is related to dehydroxylation of hydrox-
ysodalite [69].

Fig. 3. FTIR curves of the unreacted fly ash, NaOH (NH) and Na-silicate (NS) activated fly ash pastes cured at 40 ◦C.
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3.1.4. SEM-EDS analysis
The information obtained from SEM-EDS for samples at 28 days is

shown in Fig. 5, with corresponding information for samples at 7 days
provided in Appendix (Fig. A3). Microstructures of the hardened AAFA
pastes at 28 days can be observed in Fig. 5 (a). In accordance with the
observations of [48,70], the NH-activated system displayed a loose and
porous microstructure, while a denser and homogeneous microstructure
was observed in NS-activated system. The additional, soluble silicates in
the sodium silicate activator facilitated the formation of more reaction
products within the matrix, leading to a compact microstructure. The
increased formation of reaction products, primarily N-(C-)A-S-H gel, in
the NS-activated system will be further corroborated by thermodynamic
modeling results.

As shown in Fig. 5 (b), three phases in the AAFA pastes, i.e. unreacted
fly ash, reaction products and pores, were segmented according to the
method described in Section 2.2.1. Through this segmentation, it be-
comes possible to identify not only the fly ash particles with clear edges,
but also those small fly ash entities lacking distinct edges after dissolu-
tion. This enables us to determine the quantity of fly ash, and thus its
reaction degree. The reaction degree at 7 and 28 days obtained via
image analysis is listed in Table 2. Both systems show a slight increase in
reaction degree from 7 to 28 days. The standard deviation, ranging from
3 to 6%, is within a reasonable range for image analysis, as supported by
[71]. The reaction degree at 7 days will be used to calculate Qmax in Eq.
(2), which will be further discussed in Section 3.2.2.

The chemical compositions, in terms of molar Si/Al and Ca/Al ratios,
of the reaction products are further investigated from the elemental
mapping results, as shown in Fig. 5 (c) and (d), respectively. For NH-
activated system, the Si/Al ratio predominantly remains below 3 in
most areas of the reaction product, while the NS-activated system ex-
hibits a Si/Al ratio exceeding 3 across the majority of the reaction
product. This arises not only from the formation of the N-(C-)A-S-H gel
with a higher Si/Al ratio, but also from the additional Si species brought
by sodium silicate activator. Correspondingly, the average Si/Al ratios of
the reaction products, as listed in Table 2 (including 7 days and 28 days),
also follows the same trend. Furthermore, the NH-activated system
displays an upward trend in the Si/Al ratio over time, while the NS-
activated system demonstrates a decline in Si/Al ratio over the same
period. This suggests that the stability of N-(C-)A-S-H gel with a Si/Al
ratio surpassing 3 may be thermodynamically less favorable, as also
visible in the higher solubility of N-A-S-H gel with a higher Si/Al ratio
([13], as discussed in more detail in Section 3.3.1). Additionally, for
both systems, a molar Ca/Al ratio (see Fig. 5 (d) and Table 2) of around
0.2–0.3 was observed homogeneously distributed within the reaction

product zone, which confirms that Ca tends to be incorporated into N-A-
S-H gel to form N-(C-)A-S-H gel even in low-Ca alkali-activated binder.
This composition also served as guidance to synthesize N-C-A-S-H gels,
as discussed later.

3.1.5. Pore solution analysis
The concentrations of Si, Al, Na, K, Fe, Ca, Mg and OH− in the pore

solutions in the AAFA pastes are presented in Fig. 6. A decrease in
concentrations is observed from 7 days to 28 days for all elements,
indicating that the formation of solid reaction products dominates over
the dissolution of fly ash. In addition, the elemental concentrations in
NH-activated system are higher than its counterpart. This can be
attributed to two main factors. For one thing, NH-activated system has a
higher pH, which increases ion solubility, allowing more ions to remain
in the pore solution. For another, the soluble silicate in sodium silicate
accelerates the formation of reaction products. These combined effects
lead to a higher elemental concentration in the pore solution of NH-
activated system than its counterpart.

3.2. Reaction kinetics

3.2.1. Isothermal calorimetry
The rate of heat evolution and cumulative heat release of AAFA

pastes determined by isothermal calorimetry are shown in Fig. 7. The
NH-activated system exhibits multi-peaks calorimetric response, while
only a single wide exothermic peak is observed in the NS-activated
system. For both systems, the initial dissolution peak is captured
completely due to the utilization of in-situ approach. The NH-activated
system with a higher pH shows a quicker and stronger calorimetric
response than the NS-activated system. After the initial stage of disso-
lution, the NH-activated system undergoes an induction period, fol-
lowed by two distinct small peaks, which have been attributed to the
polycondensation process [72]. The presence of these individual peaks
suggests a multi-step reaction, in alignment with the gel evolution the-
ory [73,74], as previously also found in [52]. In contrast, the NS-
activated system experiences polycondensation initially due to the
high availability of soluble silica in the activator, which allows the
formation of aluminosilicate oligomers after the dissolution of fly ash. As
a result, the exothermic responses resulting from dissolution and poly-
condensation are superimposed, leading to the observation of a single
wide peak in the NS-activated system [75].

With the determined cumulative heat Q(7d) and reaction degree at 7
days derived from image analysis, the maximum cumulative heat Qmax
can be calculated using Eq. (2). In addition, calorimetric data (Fig. 7 (b))
was fitted with the parameters listed in Table 3, which will be used to
calculate the reaction degree over time (see Eq. (4)) in the following
section.

3.2.2. Degree of reaction over time
The reaction degree of fly ash obtained from image analysis (Eq. (1))

and calculated based on the fitting calorimetric data (Eq. (4)) are shown
in Fig. 8. The reaction degree of fly ash exhibits a notable rise during the
initial days and becomes relatively stable afterwards, indicating a slower
reaction rate as previously observed in [76]. The reduced reaction rate
at later stage can be attributed to the reduced pH value and the
increasing formation of reaction products over time, which limits the
interaction between fly ash and alkali activator solution. After the initial
days, the reaction degree of fly ash in the NH-activated system and NS-
activated system are comparable. Sodium hydroxide, owing to its high
pH, enhances the dissolution of fly ash at early times, while sodium
silicate aids in the formation of reaction products. As a result, the frac-
tion of fly ash that reacted is comparable in these two systems. Despite
similar reaction degrees, the microstructure in the NS-activated system
is more compact than the NH-activated system due to a higher fraction
of reaction products, as shown in Table 2. Overall, the reaction degree of
fly ash between 7 and 28 days falls within the range of approximately

Fig. 4. TG-DTG curves of the NaOH (NH) and Na-silicate (NS) activated fly ash
pastes cured at 40 ◦C.
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30–45%, in agreement with the results in [31,76], of which the content
of amorphous phase in fly ash and mixture design are similar to this
study. These reaction kinetics will be utilized in subsequent thermody-
namic modeling. It should be noted that while testing errors in the re-
action degree might slightly influence the reaction kinetics, they are not
expected to significantly affect the outcomes of the thermodynamic
modeling.

3.3. Thermodynamic modeling of AAFA

3.3.1. Thermodynamic dataset of N-(C-)A-S-H gels
Different N-C-A-S-H gels were synthesized (chemical compositions in

Table A2 and XRD patterns in Fig. A4) and their solubility determined
from undersaturation. The N-C-A-S-H gels with a small amount of Ca
have a similar aluminosilicate structure as the N-A-S-H gel, albeit with a
less crosslinked framework [77], which is also supported by FTIR result

Fig. 5. (a) Original SEM-BSE micrographs of the NH (left) and NS (right) activated fly ash pastes cured at 28 days. (b) Segmented micrographs of AAFA pastes. Green
zone: unreacted fly ash; Yellow zone: reaction products; Dark zone: voids. (c) Molar Si/Al maps for the reaction products in AAFA pastes. (d) Molar Ca/Al maps for
the reaction products in AAFA pastes. Only samples cured 28 days are shown for clarity, while samples cured at 7 days are provided in Appendix (Fig. A3). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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in this work. Pure N-C-A-S-H gels with a Si/Al ratio of 2–3 and a Ca/Al
ratio of 0.25–0.5 were obtained. Based on the dissolution experiments
with a duration of 60 days, their solubilities at 25 ◦C were calculated, as
detailed in Tables A3 and A4. Fig. 9 illustrates the effect of Ca/Al ratio
on the log Ksp of N-(C-)A-S-H gels. Regardless of Si/Al ratio, the presence
of Ca in the gel stabilized the gel as visible by the strong decrease of the
solubility products (log Ksp) with the Ca-content.

Together with the thermodynamic data of N-A-S-H gels determined
in [13], a thermodynamic database of N-(C-)A-S-H gels is thus available
for thermodynamic modeling of AAFA, as summarized in Table 4.

3.3.2. Calculated phase assemblages of AAFA paste

3.3.2.1. Phase assemblages over time. Thermodynamic modeling of
AAFA paste, in combination with the kinetic process developed in Fig. 8,
is carried out to study the expected evolution of both solid and aqueous
phases as a function of time. The calculated evolution of the phase as-
semblages of AAFA pastes is shown in Fig. 10. Over time, there is an
observable decrease in the fraction of fly ash, coinciding mainly with the
formation of N-(C-)A-S-H gel in both NH and NS-activated systems.

The NS-activated system yields a greater quantity of N-(C-)A-S-H gel
than that in the NH-activated system, in linewith the findings of TGA and
SEM-EDS mapping. In addition, some secondary reaction products are
predicted in both systems, including C-(N-)A-S-H gel, brucite (Mg(OH)2),
magnesium silicate hydrates (MSH) and microcrystalline ferrihydrite

Table 2
Information obtained via image analysis: average molar Si/Al and Ca/Al ratio in
the reaction products, reaction degree of fly ash, volume fraction of reaction
products.

Samples Si/Al Ca/Al Reaction
degree (%)

Volume fraction of
reaction products

NH-7d 2.3 ± 0.9 0.21 ± 0.17 34 ± 6 54%
NH-28d 2.5 ± 0.9 0.21 ± 0.16 39 ± 5 62%
NS-7d 3.2 ± 1.0 0.27 ± 0.18 34 ± 5 61%
NS-28d 3.1 ± 1.0 0.22 ± 0.16 38 ± 3 67%

Fig. 6. Elementary concentrations of the pore solutions in AAFA pastes.
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(FeOOH, mc refers to microcrystalline). These secondary phases are
challenging to detect by experimental techniques due to their minor
quantities. The existence of some C-(N-)A-S-H gel is consistently calcu-
lated in the NH-activated system, whereas only a negligible amount of C-
(N-)A-S-H gel is expected to form initially (0–2 days) in the NS-activated
system. This agrees with the XRD results (see Fig. 2), where a very small
peak at around 29◦ 2θ (corresponding to C-(N-)A-S-H gel) can be found in
all NH-activated samples but is absent in all NS-activated samples as well
as with the FTIR results in Fig. 3. In addition, the presence of hydrox-
ysodalite (SOD(OH)) in NH-activated system and its absence in NS-
activated system is also in accordance with the XRD and FTIR results.

3.3.2.2. Fractions of end members in simulated N-(C-)A-S-H gels. The
main reaction product, the N-(C-)A-S-H gel, is expected to vary between
the NH- and NS-activated systems. The composition in the N-(C-)A-S-H
gel can be calculated based on solid solution model used (see Table 4) as

illustrated in Fig. 11. For the NH-activated system, the principal com-
ponents in N-(C-)A-S-H gel is N-A-S-H gel with a Si/Al ratio of 1 (nash1),
followed by N-C-A-S-H gel with a Si/Al ratio of 3 and a Ca/Al ratio of 0.5
(ncash3_0.5). In contrast, the NS-activated system primarily yields
ncash3_0.5 as the dominant component, and it also forms a greater
abundance of high Si/Al gels (e.g., nash2, ncash3_0.25) while producing
fewer low Si/Al gels (specifically nash1) compared to the NH-activated
system. This indicates that the N-(C-)A-S-H gel formed in the NS-
activated system has a higher Si/Al ratio than that in the NH-activated
system, which aligns with the SEM-EDS mapping results (see Table 3).
It is interesting to observe the absence of N-A-S-H gel with a Si/Al ratio
of 3 (nash3) in both systems, even though high Si/Al N-(C-)A-S-H gel is
expected to form in NS-activated system. The reason behind it would be
the high solubility of nash3 [13].

3.3.2.3. Si/Al and Ca/Al ratios in the reaction products. Fig. 12 provides
an overview of the Si/Al and Ca/Al ratios in the solid reaction products,
both from experimental data and thermodynamic modeling. The simu-
lated Si/Al ratio in the NH-activated fly ash cured from 7 to 28 days
ranges from 1.6 to 1.7, which is slightly smaller than that in SEM-EDS
mapping results (from 2.3 to 2.5). As expected, a higher simulated Si/
Al ratio in the NS-activated system is observed compared to its coun-
terpart. However, the discrepancy between experimental data and
thermodynamic modeling data is more pronounced in the NS-activated

Fig. 7. Heat evolution rate and cumulative heat release for AAFA pastes cured at 40 ◦C.

Table 3
The parameters in Eqs. (2) and (3).

Sample Q(7d) (J/g) Qmax (J/g) Qmax fit (J/g) λ β

NH 138 400 195 38.6 0.74
NS 97 282 146 26.7 0.46

Fig. 8. Degree of reaction of fly ash in AAFA paste as a function of time. NH_fit
and NS_fit refer to the degree of reaction calculated via Eq. (4), while NH_exp
and NS_exp refer to the degree of reaction obtained from image analysis.

Fig. 9. Log Ksp of N-(C-)A-S-H gels at 25 ◦C as a function of Ca/Al.
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system. In this system, the simulated Si/Al ratio ranges from 2.1 to 2.2 in
curing age of 7 to 28 days, lower than the SEM-EDS mapping results
(from 3.2 to 3.0). The reasons for the underestimation of simulated Si/Al
ratio in solid reaction products include two parts. Firstly, in the ther-
modynamic modeling, lower Si/Al N-(C-)A-S-H gel tends to form due to
its lower solubility, which has been discussed in [13]. However, in re-
ality, the formation of reaction products is influenced by precipitation
kinetics and various other factors beyond solubility, allowing for the

potential formation of high Si/Al N-(C-)A-S-H gel, even if it is less
thermodynamically favoured. Secondly, the limitation of the N-(C-)A-S-
H gel database prevents the formation of N-(C-)A-S-H gel with excep-
tionally high Si/Al ratios, since the maximum Si/Al ratio in the N-(C-)A-
S-H gel database is only up to 3. Consequently, the modeled Si/Al ratio
remains below 3, resulting in values lower than those observed in SEM-
EDS mapping. In future work, expanding the database to include N-(C-)
A-S-H gel with higher Si/Al ratios should be considered. For the Ca/Al

Table 4
Standard thermodynamic properties of N-(C-)A-S-H gels at 25 ◦C.

Samples N-(C-)A-S-H gels ΔfG0 (kJ/mol) ΔfH0 (kJ/mol) S0 (J/mol/K) C0p (J/mol/K)

nash1a Na0.92Al0.92Si1O3.84⋅0.54H2O − 2012.05 − 2157.26 125 153
nash2a Na0.5Al0.5Si1O3⋅0.35H2O − 1497.86 − 1601.24 101 106
nash3a Na0.36Al0.36Si1O2.72⋅0.31H2O − 1299.11 − 1425.58 73 92
ncash2_0.25 Na0.5Ca0.11Al0.5Si1O3.11⋅0.46H2O − 1601.60 − 1719.89 93 116
ncash2_0.5 Na0.46Ca0.2Al0.46Si1O3.12⋅0.47H2O − 1621.68 − 1740.18 96 117
ncash3_0.25 Na0.46Ca0.08Al0.32Si1O2.79⋅0.41H2O − 1411.41 − 1513.32 95 105
ncash3_0.5 Na0.48Ca0.15Al0.36Si1O2.93⋅0.48H2O − 1514.08 − 1625.24 100 113

a Data adapted for water content from [13]. Note that the stoichiometry of the water in the formula of N-A-S-H gels is changed slightly compared to [13]. As a result,
the thermodynamic data is changed accordingly.

Fig. 10. Simulated phase assemblages of AAFA pastes cured at 40 ◦C as a function of time. (a) sodium hydroxide activated system, (b) sodium silicate acti-
vated system.

Fig. 11. Mole proportions of end members in simulated N-(C-)A-S-H gels formed in AAFA pastes cured at 40 ◦C. (a) sodium hydroxide activated system, (b) sodium
silicate activated system. Note that the first number after nash or ncash refers to Si/Al ratio, and the second number after ncash refers to Ca/Al ratio.
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ratio, it can be seen from Fig. 12 (b) that the simulated results in both
systems match well with or are slightly smaller than the experimentally
measured data.

3.3.2.4. Bound water in the modeled reaction products. The amount of
bound water in the modeled reaction products was compared to that
obtained from TGA data, as shown in Fig. 13. The modeling result is
roughly 10–25% lower than TGA results for both NH- and NS-activated
systems. This difference can result from the rough estimation of the
fraction of water in the reaction products, as detailed in the methodol-
ogy (see Section 2.3.2). Additionally, the modeling and the experiments
show a similar increase of bound water from 7 days to 28 days. Overall,
the bound water calculated from thermodynamic modeling is in good
agreement with the experimental data, indicating the accuracy of ther-
modynamic modeling.

3.3.3. Evolution of compositions in aqueous phases
Fig. 14 presents a comparison between the simulated and experi-

mental elemental concentrations in the pore solution of AAFA pastes.
For both NH- and NS-activated systems, both the modeling concentra-
tions of the Si and Al exhibit an increasing trend with time, followed by a
subsequent decrease, eventually reaching a stable state, as shown in

Fig. 14 (a) and (b). This trend describes well the dissolution of fly ash
and the formation of solid reaction products during reactions. Notably,
the simulated results closely match the experimental data for the NH-
activated system. However, in the NS-activated system, the simulated
Si concentration is overestimated, whereas the simulated Al concen-
tration is underestimated at 7 days. These discrepancies can be partly
attributed to the underestimation of the Si/Al ratio within the reaction
products. More specifically, the rapid decrease in Al concentration in the
NS-activated system may result from the overestimation of nash1 for-
mation. As can be seen in Fig. 11 (b), thermodynamic modeling predicts
a significant fraction of nash1 forming at an early age in the NS-activated
system, which is not expected in reality. The extensive formation of
nash1 consumed the majority of available Al, leading to the underesti-
mation of Al. The shortage of Al then limits the further formation of N-
(C-)A-S-H gel, resulting in the overestimation of Si. Additionally, the
high ionic strength in the NS-activated system, reaching around 10
molarity, challenges the accuracy of the extended Debye-Huckel equa-
tion used for computing activity coefficients, designed for an optimal
range of 1–2 molarity. As a result, the modeling struggles to accurately
depict the chemical environment in the aqueous phase. The Pitzer
model, suitable for ~6 molarity, could be one option to improve it.
Although the Pitzer model was not used in this work due to its un-
availability in GEMS, it is worth investigating it in future work.

For Fig. 14 (c) and (d), a declining trend can be observed both for the
concentrations of the Na and OH− as a function of time in both NH- and
NS-activated systems, which is attributed to the consumption of acti-
vator. The simulated concentrations of Na and OH− match well with the
experimental results both at 7 days and 28 days for NH-activated system.
For NS-activated system, the simulated Na concentration aligns with the
experimental data, while the OH− concentration is underestimated
probably affected by the overestimated Si and underestimated Al.
Restricting the formation of nash1 could be one of the solutions to
improve it.

The simulated concentration of K, as shown in Fig. 14 (e), is higher
than experimental data, due to the absence of a solid K-containing Na-K-
A-S-H phase in the modeling due to the lack of thermodynamic data.
Conversely, an underestimation of the simulated concentration of Fe, Ca
and Mg at 7 days can be found in Fig. 14 (f), (g) and (h), respectively.
This could be attributed to the overestimation of the amount of different
solid phases formed during reaction, since thermodynamic modeling
predicts equilibrium condition, while in reality solutions might be
oversaturated due to a slow formation of solid phases [18]. Similar
findings have been observed in [19,78,79]. In addition, in many cases
initially poorly crystalline phases may form, which exhibits higher sol-
ubility, leading to higher concentrations in the experiment.

Fig. 12. Experimental and modeling (a) Si/Al ratio and (b) Ca/Al ratio in all reaction products in AAFA pastes cured at 40 ◦C.

Fig. 13. The amounts of bound water in the modeled reaction products in
comparison with TGA data.
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4. Conclusion

In this study, the reaction kinetics and the microstructure of AAFA
paste were investigated experimentally. With a newly developed dataset
of N-(C-)A-S-H gel, thermodynamic modeling was conducted to study
the reactions and phase assemblages of AAFA as a function of time. The
results derived from the experiment and modeling were compared.
Based on the results and discussion, the following remarks are made:

1. An image analysis method was developed to segment fly ash from
AAFA paste based on the elemental composition and grey level,
which allows us to determine the reaction degree of fly ash in AAFA.

2. Thermodynamic modeling predicts the experimentally observed
phase assemblage in AAFA paste, capturing even minor phases below
the experimental detection limits. Both modeling and experimental
results indicate that the sodium silicate-activated system forms more

reaction products compared to the sodium hydroxide-activated sys-
tem, resulting also in more bound water in the solid phase.

3. N-(C-)A-S-H gel with a higher Si/Al ratio is formed in the sodium
silicate-activated system compared to sodium hydroxide-activated
system, again both in the modeling and the experimental findings.
However, the simulated Si/Al ratio in the reaction products is lower
than the experimentally measured data, especially in the sodium
silicate-activated system, while the Ca/Al ratio showed a good
agreement between modeling and experimental results.

4. The trends in aqueous Si, Al, Na, and OH− concentrations closely
matched the experimental data for sodium hydroxide-activated fly
ash. However, in the sodium silicate-activated fly ash, there was an
overestimation of Si concentration and an underestimation of Al
concentration. This discrepancy may be attributed to the high ionic
strength in the sodium silicate-activated system, the overestimation
of the quantity of aqueous silica complexes, or the limited thermo-
dynamic data for N-(C-)A-S-H gel.

Fig. 14. Experimental and modeling element concentrations in the pore solutions of AAFA pastes cured at 40 ◦C.

Y. Chen et al. Cement and Concrete Research 186 (2024) 107699 

12 



This study advances the understanding of AAFA systems by inte-
grating experimental investigation with thermodynamic modeling. The
findings in this work highlight the capability of thermodynamic
modeling to complement experimental techniques. Moreover, the
application of thermodynamic modeling to AAFA can assist in tailoring
the mix design of AAFA with the desired properties.
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Appendix A

Fig. A1. Particle size distribution of fly ash.

Fig. A2. The overall flowchart of the segmentation of BSE image.
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Fig. A3. (a) Original SEM-BSE micrographs of the NH (left) and NS (right) activated fly ash pastes cured at 7 days. (b) Segmented micrographs of AAFA pastes. Green
zone: unreacted fly ash; Yellow zone: reaction products; Dark zone: voids. (c) Molar Si/Al maps for the reaction products in AAFA pastes. (d) Molar Ca/Al maps for
the reaction products in AAFA pastes. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Synthesis of N-C-A-S-H gel

For the synthesis of N-C-A-S-H gel with various Si/Al and Ca/Al ratios, a 1 M sodium silicate solution was first mixed with a 0.5 M calcium nitrate
solution and the pH regulator, followed by stirring for 30 min following the procedure outlined in [13]. Next, a 1 M aluminum nitrate solution was
added slowly to the stirring solution. The quantity of the solutions was adjusted to obtain target Si/Al and Ca/Al ratios, as shown in Table A1. The
procedure for the synthesis of N-C-A-S-H gel was carried out for a duration of 1 day at 20 ◦C. After that, the gel was centrifuged at 5000 rpm for 5 mins
and triple-washed by water before drying.
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Table A1
Synthesis mixtures for N-C-A-S-H gel.

Samples Na2SiO3 Al(NO3)3 Ca(NO3)2 pH regulator Target Si/Al Target Ca/Al pH

NC2_0.25 140 mL 40 mL 24 mL 10 mL NaOH (1 M) 2 0.25 13.55
NC2_0.5 140 mL 40 mL 44 mL 20 mL NaOH (1 M) 2 0.5 13.42
NC3_0.25 240 mL 40 mL 26 mL 10.5 mL HNO3 (>65%) 3 0.25 13.37
NC3_0.5 240 mL 40 mL 42 mL 8 mL HNO3 (>65%) 3 0.5 13.54

Note: ‘NC’ stands for N-C-A-S-H gel; the number after ‘NC’ refers to the target Si/Al and Ca/Al, respectively.

Chemical compositions and XRD patterns of N-C-A-S-H gels

The XRD pattern shows a single hump at around 30◦ 2θ for all samples, indicating the formation of pure amorphous N-C-A-S-H gels.

Fig. A4. XRD patterns of the synthesized N-C-A-S-H gels.

As shown in Fig. A5, TGA measurement was performed to determine the amount of non-evaporable water in the synthesized N-C-A-S-H gels.
Coupled with the XRF results, the chemical composition of all synthesized N-C-A-S-H gels can be determined, as presented in Table A2.

Fig. A5. Thermogravimetric analysis of synthesized N-C-A-S-H gels.
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Table A2
Chemical composition of synthesized N-C-A-S-H gels.

Samples Non-evaporable water Si/Al Ca/Al Chemical composition

NC2_0.25 6.22% 2.04 0.22 (Na2O)0.25(CaO)0.11(Al2O3)0.25(SiO2)1(H2O)0.47
NC2_0.5 6.16% 2.20 0.44 (Na2O)0.23(CaO)0.2(Al2O3)0.23(SiO2)1(H2O)0.42
NC3_0.25 6.84% 3.10 0.25 (Na2O)0.23(CaO)0.08(Al2O3)0.16(SiO2)1(H2O)0.44
NC3_0.5 6.08% 2.83 0.43 (Na2O)0.24(CaO)0.15(Al2O3)0.18(SiO2)1(H2O)0.42

Solubility products of N-C-A-S-H gels

Table A3
Average elemental concentrations (mmol/L) and pH in the filtrated solution of the solubility test after an equilibration time of 60
days.

Samples Ca Na Si Al pH

NC2_0.25 0.08 17.28 9.34 0.32 11.71
NC2_0.5 0.09 22.07 12.01 0.18 11.86
NC3_0.25 0.08 20.76 16.98 0.15 11.49
NC3_0.5 0.20 21.24 16.89 0.33 11.52

The solubility products of N-(C-)A-S-H gels at 25 ◦C were calculated based on the dissolution reactions listed in Table A4 and using the measured
composition of the gels as given in Table A2.

Table A4
The log solubility products of N-(C-)A-S-H gels per 1 mol of Si at 25 ◦C.

N-C-A-S-H gels Dissolution reactions Log Ksp

N1 (Na2O)0.46(Al2O3)0.46(SiO2)1(H2O)0.54 → 0.92 Na+ + 0.92 AlO2
− + SiO2

0 + 0.54 H2O − 8.47
N2 (Na2O)0.25(Al2O3)0.25(SiO2)1(H2O)0.35 → 0.5 Na+ + 0.5 AlO2

− + SiO2
0 + 0.35 H2O − 6.44

N3 (Na2O)0.18(Al2O3)0.18(SiO2)1(H2O)0.31 → 0.36 Na+ + 0.36 AlO2
− + SiO2

0 + 0.31 H2O − 5.38
NC2_0.25 (Na2O)0.25(CaO)0.11(Al2O3)0.25(SiO2)1(H2O)0.47 → 0.11Ca2+ + 0.5Na+ + 0.5AlO2

− + SiO2
0 + 0.22OH− + 0.36H2O − 7.70

NC2_0.5 (Na2O)0.23(CaO)0.2(Al2O3)0.23(SiO2)1(H2O)0.42 → 0.2Ca2+ + 0.46Na+ + 0.46AlO2
− + SiO2

0 + 0.4OH− + 0.22H2O − 8.50
NC3_0.25 (Na2O)0.23(CaO)0.08(Al2O3)0.16(SiO2)1(H2O)0.44 → 0.08Ca2+ + 0.46Na+ + 0.32AlO2

− + SiO2
0 + 0.3OH− + 0.29H2O − 6.75

NC3_0.5 (Na2O)0.24(CaO)0.15(Al2O3)0.18(SiO2)1(H2O)0.42 → 0.15Ca2+ + 0.48Na+ + 0.36AlO2
− + SiO2

0 + 0.42OH− + 0.21H2O − 7.52

Data availability

Data will be made available on request.
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[61] M. Criado, A. Palomo, A. Fernández-Jiménez, Alkali activation of fly ashes. Part 1:
effect of curing conditions on the carbonation of the reaction products, Fuel 84
(2005) 2048–2054, https://doi.org/10.1016/J.FUEL.2005.03.030.
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