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Abstract
Calcium silicate hydrates containing sodium [C–(N)–S–H], and sodium alumi-

nosilicate hydrates [N–A–S–H] are the dominant reaction products that are formed

following reaction between a solid aluminosilicate precursor (eg, slags, fly ash,

metakaolin) and an alkaline activation agent (eg NaOH) in the presence of water.

To gain insights into the thermochemical properties of such compounds, C–(N)–

S–H and N–A–S–H gels were synthesized with compositions: 0.8≤Ca/Si≤1.2 for

the former, and 0.25≤Al/Si≤0.50 (atomic units) for the latter. The gels were char-

acterized using thermogravimetric analysis (TGA), scanning electron microscopy

with energy-

dispersive X-ray microanalysis (SEM-EDS), and X-ray diffraction (XRD). The

solubility products (KS0) of the gels were established at 25°C and 50°C. Self-

consistent solubility data of this nature are key inputs required for calculation of

mass and volume balances in alkali-activated binders (AABs), and to determine

the impacts of the precursor chemistry on the hydrated phase distributions; in

which, C–(N)–S–H and N–A–S–H compounds dominate the hydrated phase

assemblages.
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1 | INTRODUCTION

The alkali-activation of aluminosilicate minerals and indus-
trial by-products has been a topic of considerable study
over the past three decades.1,2 Such alkali-activated binders
(AABs) are produced by a chemical reaction between an
aluminosilicate precursor (solid) and an alkaline activator
(solution) to form a hardened solid. AABs demonstrate
engineering properties similar to those of ordinary portland
cement (OPC) mixtures, and may even have a lower CO2

footprint than their performance equivalent OPC-based for-
mulations,3-5 However, the properties of AABs vary signif-
icantly depending on the nature of solid precursors (eg fly
ash, metakaolin, slags, etc.), their reactivity, and the activa-
tion agents used (eg NaOH or Na2SiO3), which in turn
alters the balances of product phases formed in the hard-
ened state.6

The main reaction products of AABs comprise C–S–H
gels that often contain aluminum with 0.80≤Ca/Si≤1.20,7,8

and which have sorbed, or weakly bonded alkalis (eg Na
or K, sourced from the activator) and/or N–A–S–H gels
(where 0.1≤Al/Si≤0.5).5,9 While the former product domi-
nates in Ca-rich systems, eg, formed using a slag precursor,
the latter product forms in the case of Ca-deficient formula-
tions, eg, those produced using fly ash or metakaolin as the
precursors. Both products feature an amorphous struc-
ture.10-12 While the structure and solubility of C–S–H
phases has been studied in great detail, far fewer studies
have evaluated C–(N)–S–H and N–A–S–H* gels.13-21.

Briefly, C–S–H gels consist of silicate tetrahedra that
are organized in chains, where two silicate tetrahedra share
two oxygen atoms with a Ca-atom, while a third silicate
tetrahedron shares oxygens with the paired tetrahedra form-
ing a so-called “Dreierketten” structure.22,23 On the other
hand, the N–A–S–H gels present a three-dimensional struc-
ture of aluminum tetrahedra24 where the charge imbalance
generated by the replacement of Si4+ with Al3+, is compen-
sated by alkali cations (eg Na+ or K+ to ensure valence
compensation) that are incorporated into the gel struc-
ture.25,26 In N–A–S–H structures, for Al/Si≤1 (atomic
ratio), the ordering of aluminum is expected to follow
Loewenstein’s rule, ie, of aluminum avoidance.24

Recently, Myers et al.,12,27 presented a thermodynamic
model for the C–(N)–A–S–H gels which accounts for the
incorporation of Al and Na species into their structure. This
model describes C–(N)–A–S–H gels as a solid solution
composed of tobermorite-like end-members with substitu-
tions of tetrahedral Al and Na species permitted. Further,

Myers et al.27 also presented solubility data of the C–A–S–
H gels, including the effects of temperature on solubility
equilibria for Ca/Si=1 and Al/Si≤0.15. It is significant to
note that other than these studies,12,27 and the zeolite litera-
ture, little data are available of solubility constants of N–
A–S–H gels. Such lack of solubility data prevents calcula-
tion of mass and volume balances of AABs. These missing
data are needed to establish the links between composition,
microstructure, and engineering properties of AABs. There-
fore, this paper tabulates original thermodynamic data of
the C–(N)–S–H and N–A–S–H gels that is needed to
implement quantitative thermodynamic calculations so as to
resolve such linkages.

2 | EXPERIMENTAL PROCEDURE

2.1 | Gel synthesis

Synthetic C–(N)–S–H gels of Ca/Si=0.8, 1.0 and 1.2
(atomic ratio; see Table 1) were prepared by double
decomposition of calcium nitrate with sodium silicate, as
described by Chen et al.28 and by Garc�ıa-Lodeiro et al.21

A 0.1 M solution of Na2SiO3.5H2O (AR-grade) and 0.08,
0.10 and 0.12 M solutions of Ca(NO3)2 (AR-grade) were
prepared using Milli-Q water (resistivity of 18 MΩ�cm at
25°C). In a N2-atmoshere, 100 mL of Ca(NO3)2 solution
was added drop-by-drop to 100 mL of Na2SiO3.5H2O and
10 mL of 10 M NaOH solution. Stirring was continued for
7 days in air-tight plastic containers.

N–A–S–H gels with Al/Si=0.5 and 1.0 (atomic ratio;
Table 1) were prepared using a procedure similar to that
above. In a N2-atmosphere, 50 mL of a 0.1 M Al(NO3)2
solution was added drop-by-drop to 100 mL of
Na2SiO3

.5H2O and 10 mL of 10 M NaOH solution in an
ice-bath while stirring.29 Stirring was continued for 7 days
in air-tight plastic containers.

Syntheses of both gel families was carried out from
under-saturation (see compositions in Table 1). Following
precipitation, both the C–(N)–S–H and N–A–S–H gels
were washed using 2 L of Milli-Q water and vacuum fil-
tered in a N2 atmosphere.26 The samples were subsequently
dried at room temperature, for 15 days using CaCl2 as a
desiccant. Once dry, the gels were ground using an agate
mortar and pestle, prior to further analyses.

2.2 | Characterization

A Perkin Elmer (Waltham, MA, USA) STA 6000 simulta-
neous thermal analyzer (TGA/DTG/DTA) with a Pyris data
acquisition interface was used to characterize the gels. The
powder samples were heated under ultrahigh purity N2

purge at a heating rate of 10°C/min over a temperature
range from 35-to-975°C. During the heating step, the

*Standard cement chemistry notation is used. As per this notation, C=CaO,

N=Na2O, A=Al2O3, S=SiO2, H=H2O. The parenthesis placed around “N” in

C–(N)–S–H indicates that sodium may either physically sorb to, or substitu-

tionally incorporate into the gel structure via weak atomic bonds.
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samples were first equilibrated at 40°C for 60 minutes to
gently remove excess water, and then heated up to 975°C.
The mass loss (TGA) and differential weight loss (DTG)
patterns acquired were used to identify thermal decomposi-
tion behavior.

Qualitative X-ray diffraction (XRD) analyses were car-
ried out on the powdered gels using a Bruker D8 (Bruker
Corporation, Billerica, MA, USA) Advance diffractometer
using CuKa radiation (k=1.54 �A). The samples were
scanned on a rotating stage between 5-and-70° (2h); with a
step scan of 0.021° and a dwell time of 1 second. The time
required for acquisition of a X-ray diffraction pattern was
around 50 minutes. X-ray structure data for known com-
pounds were sourced from the literature or standard data-
bases (ICSD, JCPDS).30

The density of the solid gels was analyzed using a
Micromeritics (Micromeritics Corporation, Norcross, GA,
USA) AccuPyc II Pycnometer. This technique uses a gas
(Helium) displacement method to measure the solid vol-
ume, and hence density accurately.

The morphology of the gels and their atomic composi-
tions were studied by scanning electron microscopy (SEM).
Samples were prepared by dispersing the gel powders onto
double-sided adhesive carbon tape held on an aluminum
stub. The gels were sputter-coated with a gold film to
reduce charging. The compositions of the gels were deter-
mined by X-ray microanalysis (EDS) using a fast-EDS
detector (ie, to mitigate issues of mobility of light elements
under electron-beam irradiation) as averaged over 50 dis-
crete points. To avoid any inconsistences in the analyses,31

the same operational parameters were used, eg, the working
distance (5 mm), spot size (4.5), accelerating voltage
(15 kV), and a dead time between 15-to-25%. The SEM-
EDS data and thermal analysis results were combined to
assess the total and the nonevaporable water contents of
the gels using the formula noted below (Equation 1):

H2O ¼

TW
�
Na2O

2 �MWNa2O þ CaO �MWCaO

þSiO2 �MWSiO2 þ Al2O3
2 �MWAl2O3

�
100� TWð ÞMWH2O

(1)

where: H2O is the water content in a given gel (moles);
TW is the total water content (sum of evaporable and

nonevaporable water), that is the mass of water lost (g)
between 40°C-to-975°C,32 and Na2O, CaO, SiO2, and
Al2O3 are the average quantities of these oxides in the gels
(moles) as determined via SEM-EDS analyses and MW is
the molar mass of each simple oxide (g/mole). The inter-
sample variability (standard deviation) in the molar water
content calculated in this manner is on the order of 2%.

Solubility data of the gels were determined by dispers-
ing 1 g of each powder in 30 mL of MilliQ water (EMD
Millipore Corporation, Temecula, CA, USA) contained in
air-tight PTFE bottles. These samples were maintained at
25°C and 50°C in shaking incubators for 90 days. After
equilibration, the solutions were filtered through syringes
fitted with a 0.22 lm filter, and acidified with HNO3

(15.8 N) to stabilize the solution. To avoid carbonation, the
preparatory process was carried out within a glove-box in a
N2-atmosphere. The concentrations of Ca, Si, Na and Al
obtained for six different solutions prepared using solids
from the same synthesis batch were analyzed by induc-
tively coupled plasma-optical emission spectroscopy (ICP-
OES) using a Thermo iCAP6300 (Thermo Fisher Scienti-
fic, Waltham, MA, USA). The measured solution concen-
trations were used to calculate solubility constants (KS0,
unitless) of the gels using the GEMS-PSI software (see
Section 5). The solution compositions are noted in the sup-
plementary information (SI).

3 | RESULTS AND DISCUSSION

Figures 1-2 show the results of EDS analysis of both the
C–(N)–S–H and N–A–S–H gels. Secondary electron
images (see Figure S1 and S2 from SI) illustrate the globu-
lar morphology of C–(N)–S–H and N–A–S–H gels.26,33

There is little if any difference in the “visual appearance”
of the two gels, and no evidence of any calcium or sodium
carbonate solids (ie, with a well-defined, plate-like mor-
phology) was found.

For the C–(N)–S–H gels, the EDS results of the Na/Ca
vs Si/Ca plot (Figure 1A), indicates a chemical composi-
tion that is dominant in Ca and Si, but with small amounts
of Na that persist; likely from the synthesis process. The
measured Ca/Si ratio was slightly lower than the target

TABLE 1 The chemical formulas of the synthesized C–(N)–S–H and N–A–S–H gels.

Target composition (atomic ratio) Identifier Chemical formula (normalized per mole of SiO2)

Ca/Si 0.80 C–(N)–S–H 0.8 (CaO)0.74�(Na2O)0.08�(SiO2)1�(H2O)1.89

1.00 C–(N)–S–H 1.0 (CaO)0.97�(Na2O)0.12�(SiO2)1�(H2O)2.09

1.20 C–(N)–S–H 1.2 (CaO)1.16�(Na2O)0.17�(SiO2)1�(H2O)2.17

Al/Si 1.00 N–A–S–H 1 (Na2O)0.45�(Al2O3)0.45�(SiO2)1�(H2O)2.48

0.50 N–A–S–H 2 (Na2O)0.26�(Al2O3)0.24�(SiO2)1�(H2O)1.88
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value (within 8% or less, see Table 1), likely due to the
presence of alkalis during synthesis.34,35 It has been
reported that during C–S–H formation, its structure and
composition are affected by the presence of alkalis, eg,
which may physically sorb onto the gel surfaces, or may
be weakly bonded to the C–S–H structure.36 Such weak
bonding or sorption of alkalis (eg, Na or K) on the C–S–H
gel is a function of Ca/Si ratio.18,34,37 For example, in
alkali-activated slags, Na can insert itself into the gel struc-
ture (eg, see38), by partially occupying Ca-atom positions
in the C–S–H/C–(N)–S–H gels – an effect which enhances
with reducing Ca/Si. Alternately, Garcia-Lodeiro suggested
that an alternate gel that incorporates Na-species in its
structure could also form (eg, in a region of a miscibility

gap), besides the more typical case of Ca-substitution, or
Na-sorption on the gel surfaces26, but further study is
needed to better clarify such aspects.

In the case of N–A–S–H gels, the average Al/Si ratio
obtained was slightly higher than the design value (Table 1
and Figure 2; within �10%), since N–A–S–H gels form
heterogeneously.2,39 More specifically, two precursor gels
form, Gel 1 which is initially rich in aluminum, and Gel 2
which is rich in silicon. The intermixing of the two gels
locally is postulated to induce variations from the bulk
composition across sampling points. It should be noted,
however, that the bulk compositions of gels formed (see
Figure 2) were in agreement with compositions suggested
in the literature.26,40,41 The source of soluble silica used,
and the nature of Si-species (eg, monomers, dimers, etc.)

(A)

(B)

FIGURE 1 (A, B) The atomic compositions of the C–(N)–S–H
gels as determined by SEM-EDS analysis [Color figure can be
viewed at wileyonlinelibrary.com]

(A)

(B)

FIGURE 2 (A, B) The atomic compositions of the N–A–S–H
gels as determined by SEM-EDS analysis [Color figure can be
viewed at wileyonlinelibrary.com]
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present in the solution, strongly influences the reaction
kinetics of gel formation and their composition.6,41,42 For
example, reductions in the molar SiO2/Na2O ratio hasten
gelation rates as monomeric Si-species are increasingly
mobilized at higher pH. This facilitates the formation of
gels with lower Al/Si, as observed in Table 1.

Figure 3 shows thermal decomposition profiles of the
N–A–S–H gels. These gels are emphasized over the C–
(N)–S–H gels, as the latter have been extensively studied
previously.28,43 In brief, similar to C–S–H gels, N–A–S–H
gels show continuous mass loss across the range of

temperatures studied. The mass loss occurs on account of
the removal of evaporable and nonevaporable water, of
which the former dominates. Mass loss increases with Al/
Si ratio, with the Al/Si=1.0 gel showing more mass loss
than the Al/Si=0.5 gel. Little mass loss occurs beyond
500°C, and both portlandite and calcite are uniformly
absent in the synthetic C–(N)–S–H gels.

Figure S3 (in the SI) shows powder XRD reflections of
the N–A–S–H and C–(N)–S–H gels. The XRD patterns for
C–(N)–S–H gels show a distinct lack of calcium carbonate,
and portlandite – a point that was also confirmed by calcu-
lations of saturation indices for these compounds using the
measured solution data (eg, see Table S1, SI). As such, it
is confirmed that the as-synthetized gels are free of any
other impurities or contaminants. Furthermore, the C–(N)–
S–H gels show a dominant X-ray reflection at a basal spac-
ing of �1 nm, independent of Ca/Si ratio, from 0.8-to-1.2,
as has been observed previously.44

The C–(N)–S–H gels show the same number of diffrac-
tion maxima at similar 2h positions and intensities. Sharp
X-ray reflections are noted at basal spacings of 0.31, 0.28,
and 0.18 nm in agreement with Chen et al.28 These obser-
vations suggest that the C–(N)–S–H gels are comparable to
11 �A tobermorite,28 which shows basal reflections at simi-
lar positions. A weak X-ray reflection at 0.17 nm (that is
un-attributed), and the presence of silica gel that is marked
by a broad hump starting at around 22° (2h) are also
observed. The significant peak broadening observed com-
pared to XRD patterns of tobermorite suggests the presence
of distinct nanoscale domains in the gel.

For the N–A–S–H gels, their XRD patterns exhibit a
broad hump around 20°-to-35° (2h), indicating an amor-
phous phase that is similar to that observed in alkali acti-
vated fly ashes, and their fly ash precursors.39,41 There is
no evidence of any crystalline zeolitic or other impurities
in the gel compositions, based on the absence of sharp,
well-defined X-ray peaks.

4 | CORRELATING SOLID AND
SOLUTION COMPOSITIONS OF THE
C–(N)–S–H AND N–A–S–H GELS

Figure 4A shows the Ca/Si in the solid and liquid phases
for C–(N)–S–H gels equilibrated at 25 and 50°C for
3 months. The trend is similar to those noted by Chen
et al.28,45 The observed trends imply that the gels are free
of any Ca–OH bonds and the structures are based on 11 �A
tobermorite, as confirmed by XRD analyses (Figure 4).
Brown46 noted that in the formation of Na-substituted
C–S–H, a small content of Na2O in C3S greatly increased
the pH and also decreased the Ca-content in the solid. Con-
trastingly, Kumar et al. noted that independent of the

(A)

(B)

FIGURE 3 Thermogravimetric decomposition profiles of the
N–A–S–H gels for: (A) Al/Si=1.00 and (B) Al/Si=0.50 (atomic ratio)
[Color figure can be viewed at wileyonlinelibrary.com]
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addition of alkalis, the Ca/Si of C–S–H remained
unchanged (ie, Ca/Si�1.7), when the latter formed by the
hydration of C3S in water.34 In the present gels, which
formed in the presence of Na, the Na-content increases
with Ca/Si ratio of the solids. On the other hand, in the
case of previously synthesized C–S–H that was thereafter
exposed to NaOH solutions, the extent of Na-uptake,
reduces with Ca/Si.37 This suggests that a common-ion

effect likely controls the extent of Na-uptake during C–S–H
synthesis. This may also explain why for redispersed
C–(N)–S–H particulates the Ca-abundance in solution
changes with Ca/Si of the solids as shown in Figure 4A
(see also SI). For example, it is noted that, Ca/Si in the
solid, and solution is equivalent only for Ca/Si�0.80 (for
solid). At higher Ca/Si levels in the solid, Ca/Si in solution
is substantially higher, indicating that C–(N)–S–H dissolu-
tion is becoming increasingly incongruent as observed else-
where.28,47

Unusually high aqueous Si and low Ca concentrations
in C–(N)–S–H systems have been observed by Macphee
et al.,35 who noted that the precipitates were silica-rich.
This may suggest that with increasing Ca/Si, the C–(N)–S–
H gels solubilize by a leaching-type process wherein Ca is
selectively, and preferentially removed. This would result
in the residual compositions being Si-rich. To confirm this
point, the C–(N)–S–H gels were removed from the solution
after 3 months of equilibration, and reanalyzed by SEM-
EDS. The results indicate that gels with Ca/Si�0.80 at the
time of synthesis maintain their original composition (ie,
Ca/Si�0.78 at both 25 and 50°C after equilibration in
water for 3 months), but show a near complete lack of Na
in the solid.

At higher Ca/Si ratios, Brown et al. and Macphee et al.
noted that the residual solids were Si-rich,35,46; as would
be expected based on the observations of Ca/Si in solution
which indicates incongruent dissolution. Here, gels with
Ca/Si�1 showed Ca/Si�2 (in solution), and gels with
Ca/Si�1.2 presented Ca/Si�11 (in solution) following
equilibration in water for 3 months. This suggests that an
increase in solid Ca/Si, and Na-content increases the extent
of incongruency of gel dissolution. The results also justify
that Na in C–(N)–S–H gels is held by weak bonds, as its
near complete removal suggests physisorption.18,37 How-
ever, SEM-EDS analysis of the solids at the end of
3 months indicated that the gels were only slightly Ca-
depleted. For example, gels with Ca/Si�1.0 and 1.2 at the
time of synthesis features Ca/Si�0.93 and 1.08, respec-
tively, at both 25 and 50°C; a change of ≤7%. Temperature
is noted to have little if any impact on the results. While
this conclusion differs from that of Glasser et al.,48,49 who
noted a reduction in Ca2+ concentration with temperature,
they used a somewhat higher temperature (55°C), where
some gel crystallization may have occurred over long equi-
libration periods. This was not the case for the gels studied
here as XRD analysis of the solid wastes, only showed an
amorphous halo around 20-30� 2h (see Figure S4 form SI).

Figure 4B shows the measured Al/Si in the solid and
liquid phases for N–A–S–H gels equilibrated at 25 and
50°C for 3 months. It has been reported50 that in solutions
near saturation with respect to a zeolite with Al/Si�0.50,
reactions among silicate and aluminosilicate species are

(A)

(B)

FIGURE 4 (A) Ca/Si in the solution as a function of Ca/Si in
the solid for C–(N)–S–H gels and (B) Al/Si in the solution as a
function of Al/Si in the solid, for N–A–S–H gels. The trends suggest
that C–(N)–S–H dissolves incongruently for Ca/Si >0.80 (in the
solid), while the dissolution of the N–A–S–H gels is congruent [Color
figure can be viewed at wileyonlinelibrary.com]
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rapid. In spite of the amorphous nature of the present gels,
the fast equilibration explains why Al/Si in the solid and
solution are similar to each other – indicative of congruent
dissolution across the entire range of compositions studied.
It is also seen that the Al/Si ratios increase in proportion
with gel composition. Temperature slightly, if at all, influ-
ences Al/Si ratios in the solution and the solid. It should be
noted that the SEM-EDS analysis of the residual N–A–S–
H gels at the end of the equilibration period showed a
difference in composition of ≤4% (in terms of Al/Si).
Furthermore, XRD patterns obtained at the end of solubil-
ity analyses were also similar to those obtained initially
(see XRD patterns in Figure S4, SI). This too, supports the
conclusion of congruency in dissolution.

According to Fernandez-Jimenez et al.,39 both the cur-
ing temperature and the nature of the alkali ions present
affect the kinetics of geopolymer formation. As such, while
the reaction rate increases with curing temperature, differ-
ent products may also form. They also reported that alu-
minum is rapidly consumed during N–A–S–H formation39

with the behavior of such systems being similar to an Ost-
wald ripening process.39 Further, it is anticipated that Na-
taken up by the gel structure is located in close proximity
to aluminum ions to balance the charge deficit that does
result from the valence mismatch resulting from Si4+ for
Al3+ substitutions.39

5 | CALCULATION OF SOLUBILITY
CONSTANTS OF C–(N)–S–H AND N–
A–S–H GELS

Equilibrium (solubility) constants were calculated using the
solution compositions measured in Table 1 while assuming
the reactions noted in Table 2. Given the presence of Na in
the C–(N)–S–H gels, such species are explicitly identified
in the dissolution reaction, as upon gel dispersion in water,
Na is expected to exhaust into the solution from solids
where its presence will influence ion equilibrium. All cal-
culations were carried out using a geochemical speciation
code, GEMS-PSI: Gibbs Energy Minimization Software,
version 2.3 which includes a native GEM solver,51 a built
in NAGRA-PSI ‘Kernel’ and slop98.dat and CEMDATA07

thermodynamic databases (see SI for relevant thermody-
namic data of aqueous species, Table S2),52-54 including
recent data from Myers et al.55 The activity of any relevant
ion in solution is described by the Truesdell-Jones modifi-
cation of the extended Debye-H€uckel equation as written in
Equation (2):

log ci ¼
�Az2i

ffiffi
I

p

1þ Bai
ffiffi
I

p þ bI (2)

where, ci is the activity coefficient of any ion ‘i’ (unitless),
A and B are Debye-H}uckel solvent parameters dependent
on the dielectric constant of water and temperature (unit-
less), zi is the ion valence, ai is a parameter dependent on
the ion size (ie, Kielland’s parameter for individual ions,53

unitless), ‘b’ is a semi-empirical parameter (0.0064 at
25°C) and I is the ionic strength (mol/L). The solubility
constants that were calculated using the relevant ion activ-
ity products (IAP’s) are tabulated in Table 3 and are shown
in Figures 4-5, respectively.

The calculated solubility products can be used to deter-
mine the Gibbs free energy of reaction DrG

0
T (kJ/mole),

for a given dissolution reaction as noted in Equation (3a).
Since solubility data were acquired at two different temper-
atures, ie, 25°C and 50°C, this data can be used to deter-
mine the temperature dependence of the solubility product
using the Van’t-Hoff relation (Equation 3b), which tabu-
lates the enthalpy of the dissolution reaction (DHr, kJ/
mole):

DrG0
T ¼ �RT lnðKS0ðTÞÞ (3a)

lnðKS0ðTÞÞ ¼ lnðKS0ðTRÞÞ þ DHr

R
1
TR

� 1
T

� �
(3b)

where, R is the ideal gas constant (8.315 J/K.mole), T is
the thermodynamic temperature, and TR is the reference
temperature, taken as 298.15 K. It should be noted, ideally,
application of the Van’t-Hoff or any other method of estab-
lishing temperature dependence requires observations of a
property for at least three different temperatures. While this
condition is not satisfied herein, since only two temperature
are considered, it is expected that this limitation is most

TABLE 2 The dissolution reactions used to calculate solubility products for a given phase

Phase ID Dissolution reactions

C–(N)–S–H 0.8 (Na2O)0.078(CaO)0.74(SiO2)1(H2O)1.89=0.156 Na++0.74 Ca2+ + 1 HSiO3
�+0.636 OH�+1.072 H2O

C–(N)–S–H 1.0 (Na2O)0.122(CaO)0.973(SiO2)1(H2O)2.09=0.244 Na++0.973 Ca2++1 HSiO3
�+1.19 OH�+0.995 H2O

C–(N)–S–H 1.2 (Na2O)0.173(CaO)1.158(SiO2)1(H2O)2.17=0.346 Na++1.158 Ca2++1 HSiO3
�+1.662 OH�+0.839 H2O

N–A–S–H 1 (Na2O)0.45(Al2O3)0.45(SiO2)1(H2O)2.48=0.9 Na++0.9 AlO2
�+1 SiO2

0+2.48 H2O

N–A–S–H 2 (Na2O)0.26(Al2O3)0.24(SiO2)1(H2O)1.88=0.52 Na++0.48 AlO2
�+0.96 SiO2

0+0.04 HSiO3
�+1.84 H2O
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impactful for temperatures below 10°C and above 70°C –
as broadly, solubility relations for intermediate tempera-
tures follow near linear correlations. According to Damidot,
et al,56 over a narrow temperature interval (such as 25°C-
to-50°C), good agreement was observed between the Van’t
Hoff equation and the three-term approximation. It should
also be noted that rather than a three-term temperature
extrapolation,57 the linear Van’t-Hoff approach is chosen
for fitting the temperature-dependent KS0 as entropy and
heat capacity data, especially for N–A–S–H gels, is not
available at this time.

Figures 5 and 6 show the solubility data of the C–(N)–
S–H and N–A–S–H gels as a function of their composition
(ie, Ca/Si or Al/Si) and temperature. It is noted that across
all compositions and gel types, the solubility constants
decrease, taking more negative values with an increase in
the Ca/Si or Al/Si. It should be noted that while the current
tabulations of KS0 for C–(N)–S–H gels do consider Na in
the dissolution reaction, disregarding Na has little effect on
KS0. The uncertainty in the calculated KS0 is on the order
of 0.25 log units, due to uncertainties stemming from the
ion concentration measurements. In general, C–(N)–S–H
gels are less influenced by temperature than their N–A–S–
H counterparts (see Figure 4). This suggests that tempera-
ture would only very slightly influence mass and volume
balances of C–(N)–S–H gels, across the range of tempera-
tures studied. Over the temperature range of interest, the
structure of the C–(N)–S–H gels remains disordered, and
no changes in atomic packing density, or the water content
occur.

The solubility trends are inverted across the two gel
types, eg, while C–(N)–S–H gels become less soluble with
increasing temperature (KS0 becomes more negative), N–
A–S–H gels become more soluble with increasing tempera-
ture, with their KS0 taking less negative values.

These trends are clearly borne out in Figure 6 which
highlights that while dissolution of the C–(N)–S–H gels is
exothermic, albeit to different levels, the N–A–S–H compo-
sitions demonstrate endothermic dissolution. Also, while
the N–A–S–H compositions show near-equivalent enthal-
pies of dissolution, the C–(N)–S–H gels show an inversion
in dissolution enthalpy around Ca/Si�1.0 (see Figure 6C).

This suggests that the structure of the C–(N)–S–H gels
undergoes a change across the Ca/Si�1.0 boundary, as
suggested by Alizadeh.44 The present tabulations of KS0

for the C–(N)–S–H gels are in agreement with literature
data for pure C–S–H,58,59 compositions (see Figure 7). This
suggests the negligible relevance of sodium in altering sol-
ubility equilibria.

Clear comparisons of N–A–S–H solubility equilibria
are more difficult as the only comparisons for similar
compositions are to zeolites (eg, zeolite for Al/Si=1.0 (see
ref50), which show a well-ordered crystalline structure, and
whose solubilities have been measured only at tempera-
tures, ranging between 353 K-to-363 K.50 It should be
highlighted that both Ca-rich and Na-rich gel families
show similar solubility constants, in terms of their numeri-
cal values. Given the similar structural role of silicon in
both compositions, it is possible that if these gels were to
form by co-precipitation, one of the gel families may
dominate the other; in terms of mass abundance. Thus,
only upon the exhaustion of species (in terms of ion activ-
ities, rather than concentration) requisite for formation of
one of the gels (eg Ca, for C–(N)–S–H) would the other
gel form (ie, N–A–S–H) readily. Such an idea was also
put forth by Garcia-Lodeiro et al.,21,25,29 – who noted that
Ca-rich gels would be preferred in comparison to their
Na-rich counterparts. This would exert controls on the
time-dependent (ie, kinetic) evolution of phase balances,
and the time-dependent evolution of engineering properties
in AAB formulations.

6 | CONCLUSIONS

A series of synthetic C–(N)–S–H and N–A–S–H gels
were produced by a double decomposition method to
analyze their compositions and solubility products. The
XRD patterns of the N–A–S–H showed a broad halo pre-
viously reported for amorphous aluminosilicates and no
evidence of any zeolite-like (crystalline) phases was
found. For C–(N)–S–H gels, the XRD results indicated a
low degree of ordering in the three different gel composi-
tions, which showed peaks similar to those of 11 �A

TABLE 3 Solubility constants, standard molar Gibbs free energies of formation and the density of C (N)–S–H and N–A–S–H phases at
T=25°C and p=1 bar

Phase ID Composition log KS0 DfG
0 (kJ/mole) q (g/cm3)

C–(N)–S–H 0.8 (Na2O)0.078(CaO)0.740(SiO2)1(H2O)1.89 �7.77 �1862.90 2.18

C–(N)–S–H 1.0 (Na2O)0.122(CaO)0.973(SiO2)1(H2O)2.09 �9.99 �2096.54 2.22

C–(N)–S–H 1.2 (Na2O)0.173(CaO)1.158(SiO2)1(H2O)2.17 �12.05 �2274.52 2.34

N–A–S–H 1 (Na2O)0.45(Al2O3)0.45(SiO2)1(H2O)2.48 �9.05 �2453.72 1.78

N–A–S–H 2 (Na2O)0.26(Al2O3)0.24(SiO2)1(H2O)1.88 �6.58 �1848.00 1.94
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tobermorite. The gel compositions were examined via
SEM-EDS analyses and the water content estimated by
thermal analyses.

(A)

(B)

(C)

FIGURE 6 The equilibrium solubility constant (KS0) of: (A) C–
(N)–S–H gels as a function of temperature and (B) N–A–S–H gels as
a function of temperature. (C) The enthalpy of dissolution as a
function of the measured Ca/Si or Al/Si (atomic ratio) of the solid
phase [Color figure can be viewed at wileyonlinelibrary.com]

(A)

(B)

FIGURE 5 The equilibrium solubility constant (KS0) of: (A) C–
(N)–S–H gels as a function of measured Ca/Si (atomic ratio) of the
solids and (B) N–A–S–H gels as a function of measured Al/Si
(atomic ratio) of the solids. The uncertainty in the measured solubility
constants is on the order of �0.25 log units (based on the uncertainty
in solution compositions) [Color figure can be viewed at
wileyonlinelibrary.com]
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The concentrations of Ca and Si species in the aqueous
phase, equilibrated with the solid gels, followed expected
patterns with C–(N)–S–H showing increasing incongruency
in dissolution with increasing Ca/Si, and the Na-content of
the gels. For N–A–S–H gels, the solids and aqueous phase
showed equivalent Al/Si ratios, indicative of congruency in
dissolution across the entire range of compositions studied.
In general, the solubility increased with temperature for N–
A–S–H gels and decreased for C–(N–)–S–H gels. Original
data of the solubility constants (KS0), density, Gibbs free
energies of formation, and enthalpy of dissolution for these
gel families that is tabulated herein provides critical inputs
needed for calculation of mass and volume balances in
AAB systems.
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