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A B S T R A C T   

The synthesis of N-A-S-H gel with high Si/Al ratios (>2) has been rarely reported in the literature, leaving the 
establishment of a reliable synthesis route as an open challenge. This paper aims to synthesize N-A-S-H gels with 
Si/Al ratios ranging from 1 to 3 and establish their thermodynamic database. The effects of reaction temperature, 
reaction time, initial Si/Al, concentration of reactants and pH of the matrix on the Si/Al ratios of the synthesized 
N-A-S-H gel were investigated. Results showed that N-A-S-H gels with target Si/Al ratios can be synthesized by 
controlling the concentration of reactants, pH and initial Si/Al ratios. The solubility products of the obtained N- 
A-S-H gels were determined via dissolution tests at different temperatures, to determine thermodynamic data. 
The development of this experimentally derived thermodynamic database of N-A-S-H gels constitutes a crucial 
step in the advancement of thermodynamic modeling of geopolymer, providing valuable insight into geopolymer 
reactions and phase assemblages.   

1. Introduction 

Geopolymer stands out as an eco-friendly cementitious binder due to 
its lower carbon emissions and comparable engineering properties 
compared with ordinary Portland cement. The main reaction product in 
geopolymer is generally sodium aluminosilicate hydrate (N-A-S-H) gel 
[1–3]. N-A-S-H gels can be described as a 3D network of tetrahedral Si 
and Al linked by bridging oxygens, with Na+ chemically bonded to 
compensate for the negative charge of tetrahedral Al [4–6]. The chem-
ical composition of N-A-S-H gel can be written as 
Na+[AlO2⋅nSiO2]− ⋅mH2O, where the most important variable Si/Al 
ratio, n, can range from 1 to 3 [7], depending on the raw materials [8] 
and the curing regime [9]. As the principal phase, N-A-S-H gel dictates 
the microstructure and thus the engineering properties of geopolymers. 
A thermodynamic database of N-A-S-H gels, including the solubility 
products and other thermodynamic properties, are indispensable for 
studying the chemical reactions involved in geopolymerization. How-
ever, the available thermodynamic database for N-A-S-H gels is scarce 

and incomplete. So far, the thermodynamic properties of N-A-S-H gels, i. 
e. the Gibbs free energy, heat capacity, entropy, enthalpy, and molar 
volume, have been rarely reported, which hinders the investigation of 
reactions and phase assemblages of geopolymers through thermody-
namic modeling. 

The solubility products of N-A-S-H gels are the key parameters that 
determine their thermodynamic properties. Generally, there are two 
approaches to experimentally derive the solubility of a solid in aqueous 
phase, i.e., from oversaturation state and from undersaturation state. 
The former refers to determining the ion concentrations in equilibrium 
from an oversaturation state [10,11], while the latter is through the 
dissolution of a pre-synthesized pure phase [12–14]. Only few studies 
employed the first approach to measure the solubility products of N-A-S- 
H gels. Williamson et al. [10,11] conducted a study on the solubility 
products of N-A-S-H gels under an oversaturation state at 50 ◦C till 56 
days. However, the solid residue obtained from the samples was found to 
be amorphous only for the initial 3 days. After that, it was converted into 
faujasite, which could affect the solubility results of N-A-S-H gels. Using 

* Corresponding author. 
E-mail address: G.Ye@tudelft.nl (G. Ye).  

Contents lists available at ScienceDirect 

Cement and Concrete Research 
journal homepage: www.elsevier.com/locate/cemconres 

https://doi.org/10.1016/j.cemconres.2024.107484 
Received 31 May 2023; Received in revised form 8 February 2024; Accepted 20 March 2024   

mailto:G.Ye@tudelft.nl
www.sciencedirect.com/science/journal/00088846
https://www.elsevier.com/locate/cemconres
https://doi.org/10.1016/j.cemconres.2024.107484
https://doi.org/10.1016/j.cemconres.2024.107484
https://doi.org/10.1016/j.cemconres.2024.107484
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/


Cement and Concrete Research 180 (2024) 107484

2

pre-synthesis of N-A-S-H gels is more common to determine their solu-
bility. Walkley et al. [13] synthesized N-A-S-H gels with Si/Al ratios 
ranging from 1 to 2 through the alkali-activation of synthetic alumino-
silicate precursor. However, several crystalline phases like α-Al(OH)3 
and faujasite-Na were detected in the products. As a result, the disso-
lution test was conducted on impure N-A-S-H gels, which could also 
interfere with the result. Pure N-A-S-H gels with Si/Al ratios ranging 
from 1 to 2 were obtained using sol-gel method [12], which is the most 
commonly used method to synthesize a single phase of N-A-S-H gel. 
After that, the N-A-S-H gels were equilibrated with water at 25 ◦C and 
50 ◦C. The solubility products of N-A-S-H gels reported in the literature 
[11–13] are summarised in Table A1. However, it is not possible to 
directly compare these data due to differences either in the chemical 
formula of N-A-S-H gel or the dissolution reaction. Overall, the reli-
ability of these results remains uncertain, particularly considering the 
potential effect of impurities. 

The experimentally derived solubility product of N-A-S-H gel with a 
Si/Al ratio higher than 2 has not been reported, although the Si/Al ratio 
of N-A-S-H gel in geopolymer pastes most likely falls in the range of 2–3 
[9,15,16]. In order to complete the solubility data of N-A-S-H gels with 
various Si/Al ratios in the geopolymer system, synthesis of pure N-A-S-H 
gel with a Si/Al ratio up to 3 is needed to further determine its solubility 
product. However, few studies managed a Si/Al ratio up to 3. Even 
worse, the reported Si/Al ratio of synthesized N-A-S-H gels [11,12,17] 
are partially contradictory. While N-A-S-H gel with a Si/Al ratio of 
around 2 was successfully synthesized using an initial Si/Al ratio of 2 in 
[12,17], Williamson et al. [11] reported a Si/Al ratio in N-A-S-H gel 
around 1 with the same initial ratio. Furthermore, they managed to 
obtain high Si/Al N-A-S-H gel by using an initial Si/Al ratio up to 9.6, but 
only achieved a Si/Al ratio of 2.4 [11]. These results indicate that syn-
thesizing high Si/Al N-A-S-H gel could be a challenging task. 

There is no standard procedure for synthesis of N-A-S-H gels, as 
demonstrated by varying conditions used in [11,12,17,18], while the 
effects of these reaction conditions on the resulting N-A-S-H gels are still 
unknown. For instance, the synthesis of N-A-S-H gel has been conducted 
at different temperature, ranging from 2 to 5 ◦C [12,17], room tem-
perature [18], to as high as 50 ◦C [11], and lasted for different reaction 
time, varying from 1 day [17] to 7 days [12]. Additionally, largely 
different concentrations of reactants have been used to synthesize N-A- 
S-H gel, with 0.1 M sodium silicate and aluminum nitrate solutions used 
in [17] and much higher solutions (1 M) used in [18]. Besides, it has 
been suggested to synthesize N-A-S-H gel at high pH (> 12.5) to avoid 
the formation of silica gel at low pH [18]. However, Williamson et al. 
[11] found that using a higher Si/Na ratio within the reactants, corre-
sponding to lower pH values, was helpful to form N-A-S-H gel with a 
higher Si/Al ratio. In order to synthesize N-A-S-H gels with various Si/Al 
ratios, the effects of these synthesis conditions on the resulting N-A-S-H 
gels, especially their chemical compositions, need to be clarified. 

The main purpose of this study is to establish a procedure to syn-
thesize N-A-S-H gels covering a range of Si/Al ratio from 1 to 3, and to 
investigate their solubility and thermodynamic properties. Firstly, the 
synthesis mixtures and conditions reported in the literature were 
employed to investigate their effect on the synthetic N-A-S-H gels, whose 
chemical compositions were determined by X-ray fluorescence analysis 
(XRF) and mass balance calculations, while the structural information 
was gained from X-ray diffraction (XRD) and Fourier transform infrared 
spectroscopy (FTIR). Next, modified recipes were developed, with the 
underlying mechanisms analyzed. The optimal route to synthesize N-A- 
S-H gels was proposed. The target N-A-S-H gels were characterized using 
XRF, scanning electron microscopy with energy dispersive X-ray spec-
troscopy (SEM-EDX), thermogravimetric analysis (TGA), XRD and FTIR. 
Dissolution experiment of N-A-S-H gels was conducted at different 
temperatures to determine their solubility products. The obtained re-
sults were compared with the solubility products of zeolites and N-A-S-H 
gels from literature. The effect of Si/Al ratio in N-A-S-H gel on its sol-
ubility was discussed. Finally, thermodynamic properties of N-A-S-H 

gels were derived from the experimentally determined solubility prod-
uct at 25 ◦C, and validated by the solubility products measured at high 
temperatures. This comprehensive study is expected to provide valuable 
insights into the synthesis, solubility, and thermodynamic properties of 
N-A-S-H gels with various Si/Al ratios. 

2. Experimental method 

2.1. Synthesis of N-A-S-H gel 

Different concentrations of sodium silicate solutions (0.1 M, 0.2 M, 
0.3 M and 1 M) and aluminum nitrate solutions (0.1 M and 1 M) were 
prepared using deionized water with Na2SiO3⋅5H2O (AR-grade) and Al 
(NO3)3⋅9H2O (AR-grade), respectively. A 10 M NaOH solution and a 
HNO3 solution (>65 %, Honeywell) were used as pH regulators if 
necessary. The sodium silicate solution was first mixed with the pH 
regulator and stirred for 30 mins. Aluminum nitrate solution was then 
added dropwise to the stirring solution. A total of 15 synthesis systems 
were studied in this work, covering five influencing factors, i.e. reaction 
time, reaction temperature, initial Si/Al ratio, concentration of reactants 
and pH of the matrix. Detailed synthesis conditions for all samples are 
given in Table 1. In order to examine the synthesis mixtures and con-
ditions in literature [11,12,17], samples G1, G2, G3, G3_7days, G3_ice 
and G10 were prepared with 0.1 M aluminum nitrate solution and 
different concentrations of sodium silicate solutions. Among them, G1, 
G2, G3 and G10 were designed to study the effect of initial Si/Al, 
G3_7days was reacted for 7 days at 20 ◦C to study the effect of reaction 
time, and G3_ice was placed in an ice-bath (2–5 ◦C) for 1 day to study the 
effect of reaction temperature. Samples G3_lc, G3_mc and G3_hc were 
prepared by using different concentrations of reactants to study the ef-
fect of concentration, while G3_hc_mpH and G3_hc_lpH were synthe-
sized by adding different amounts of HNO3 solution to investigate the 
effect of pH. Note that the above procedure took place in a N2-filled 
glove box to avoid carbonation. 

After stirring for 1 day (or 7 days), the suspension was centrifuged at 
5000 rpm for 5 min to separate the solid reaction product, i.e. gel, and 
liquid. The liquid was filtered using a 0.45 μm syringe filter to be further 
analyzed. The gel was triple-washed by fully dispersing in deionized 
water to remove nitrates and unbound sodium, followed by 100 ml of 
>96 vol% ethanol solution for the last wash. The amount of washing 
water was found to affect the measured Na/Al of the gels significantly. 
Na/Al ratio in the N-A-S-H gel is supposed to be 1 in theory. In this work, 
at least 1500 ml of washing water was used to obtain a reasonable Na/Al 
ratio. Note that the amount of washing water should be adjusted ac-
cording to the amount of synthesized solid gels. In the end, the gel was 
dried in a vacuum desiccator using saturated CaCl2 solution as a desic-
cant for 14 days. When relative humidity reaches equilibrium, i.e. ~33 
%, the gels were removed for further characterization. Note that at least 
two duplicate samples were made for each mixture and the average 
results were presented. 

2.2. Characterization 

After synthesis, two parts were obtained: gel and filtrate. Charac-
terization of gel was performed by XRF, XRD, FTIR, EDX and TGA 
[18,19]. XRF measurement was performed with a Panalytical Axios Max 
WD-XRF spectrometer on loose powder. XRD analysis was carried out on 
a Bruker D8 Advance diffractometer at 45 KV and 40 mA using CuKα 
radiation. The powder samples were scanned from 8◦ to 60◦ 2θ at a rate 
of 2 s per step and a step size of 0.02◦ 2θ. FTIR characterization was 
conducted using Nicolet™ iS50 FTIR Spectrometer over the wavelength 
range of 600 to 4000 cm− 1 with a resolution of 4 cm− 1. The samples 
were examined for the elemental compositions by EDX measurements 
using a Philips XL30 SEM equipped with NSS3.3. The EDX measure-
ments were carried out at an accelerating voltage of 10 kV in the high 
vacuum mode. Approximately 10 mg of N-A-S-H gel powder was 
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dispersed on a carbon adhesive tape and coated with carbon prior to the 
analysis. Secondary electron images were acquired with magnifications 
of 5000× and a working distance of 10 mm. The area of the images was 
scanned with a spot size of 5.0 and a dead time of 10 %. TGA data were 
recorded on a thermoanalyzer TG-449-F3-Jupiter instrument on ~10 
mg samples at a heating rate of 10 ◦C/min from 40 to 1000 ◦C, except in 
the middle stage staying at 105 ◦C for 6 h in order to determine the 
amount of non-evaporable water in N-A-S-H gel. 

For the filtrate, its pH was determined by measuring the concentra-
tion of OH− by titration against 0.1 M HCl. The concentration of Si, Al 
and Na were measured by a Perkin Elmer Optima 5300 DV ICP-OES 
spectrometer. Mass balance calculations, based on the initial solution 
composition and the measured concentrations of Al and Si, were also 
used to estimate the Si/Al ratio of the gel. 

2.3. Solubility measurement 

The synthesized “high pH” N-A-S-H gels as detailed in section 3.3 
were re-dispersed into deionized water with a solid-to-water ratio of 20 
g/l in a nearly full vessel containing only a small fraction of air. The 
batch reactor was tightly sealed to minimize carbonation. According to 
previous investigations [13,14], the dissolution of N-A-S-H gel and 
zeolite at room temperature can be expected to be at near equilibrium 
after around 1 month, i.e. no significant variations of their solubility 
products will occur after >1 month. Thus, the dissolution test in this 
work was conducted in a rotator at a speed of 220 rpm and equilibrated 
for 2 months at 25 ◦C, and for 1 month at 40 and 60 ◦C. Then, the sus-
pensions were filtered to separate the solid and aqueous phases. For each 
sample, triplicate measurements were performed and the average results 
are presented. 

The solid residue was freeze-dried until a constant weight was ob-
tained. The dried solid residue, obtained from the dissolution test at 
60 ◦C, was subjected to XRD analysis to determine if any phase transition 
had occurred during the dissolution process. The pH of the filtrate was 
measured with a pH meter at room temperature and then corrected with 
the Gibbs free energy minimization program GEM-Selektor V3 (GEMS) 
[20] for the pH difference caused by difference from room temperature 
to 40 ◦C: − 0.58 and to 60 ◦C: − 0.98. The total concentrations of Si, Al 
and Na in the filtrate were measured by ICP-OES with a Perkin Elmer 
Optima 5300 DV spectrometer. 

2.4. Thermodynamic modeling 

GEMS was employed to determine the solubility product and ther-
modynamic properties of N-A-S-H gels. The PSI/Nagra [21] and Cem-
data18 [22] thermodynamic databases were used for the 
thermodynamic data of solid, aqueous, and gaseous phases. 

The activity of a species, {i}, was calculated with GEMS from the 
measured concentration (mi) using {i} = γi • mi, where γi is the activity 
coefficient and can be computed using the built-in extended Debye- 
Hückel equation in GEMS: 

logγi =
− Ayz2

i

̅̅
I

√

I + Byai
̅̅
I

√ + byI (1)  

where zi is the charge of species i, I is the effective molal ionic 
strength, Ay and By are P,T-dependent coefficients, ai is the ion size 
parameter, which is set at 3.31 Å for all charged ions for NaOH-based 
solution, and by is a semi-empirical parameter (~0.098 for NaOH solu-
tions at 25 ◦C) [22]. The activity of water was also calculated. 

Based on the solubility products determined, the Gibbs free energy of 

Table 1 
Synthesis mixtures and conditions.  

Samplesa Na2SiO3 Al(NO3)3 Concentration of Si Concentration of Al pH regulator Reaction 
time 

Reaction 
temperature 

Target Si/ 
Al 

pHb 

G1 200 ml 
0.1 M 

200 ml 
0.1 M 

0.048 M 0.048 M 20 ml 10 M NaOH 1 day 20 ◦C  1  13.53 

G2 200 ml 
0.2 M 

200 ml 
0.1 M 

0.095 M 0.048 M 20 ml 10 M NaOH 1 day 20 ◦C  2  13.60 

G3 200 ml 
0.3 M 

200 ml 
0.1 M 

0.143 M 0.048 M 20 ml 10 M NaOH 1 day 20 ◦C  3  13.68 

G3_7days 200 ml 
0.3 M 

200 ml 
0.1 M 

0.143 M 0.048 M 20 ml 10 M NaOH 7 days 20 ◦C  3  13.72 

G3_ice 200 ml 
0.3 M 

200 ml 
0.1 M 

0.143 M 0.048 M 20 ml 10 M NaOH 1 day 2–5 ◦C  3  13.70 

G10 100 ml 
1 M 

100 ml 
0.1 M 

0.45 M 0.045 M 10 ml 10 M NaOH 1 day 20 ◦C  3  13.87 

G3_lc_n 200 ml 
0.3 M 

200 ml 
0.1 M 

0.15 M 0.05 M – 1 day 20 ◦C  3  12.93 

G3_mc_n 200 ml 
0.3 M 

20 ml 
1 M 

0.27 M 0.09 M – 1 day 20 ◦C  3  13.18 

G3_hc_n 300 ml 
1 Mc 

100 ml 
1 M 

0.75 M 0.25 M – 1 day 20 ◦C  3  13.50 

G3_hc_mpH_a 300 ml 
1 M 

100 ml 
1 M 

0.75 M 0.25 M 5 ml 
HNO3 

1 day 20 ◦C  3  13.19 

G3_hc_lpH_a 300 ml 
1 M 

100 ml 
1 M 

0.75 M 0.25 M 10 ml 
HNO3 

1 day 20 ◦C  3  12.62 

G1_hc_hpHd 50 ml 
1 M 

50 ml 
1 M 

0.16 M 0.16 M 20 ml 10 M NaOH 1 day 20 ◦C  1  13.64 

G2_hc_lpH_n 200 ml 
1 M 

100 ml 
1 M 

0.67 M 0.33 M – 1 day 20 ◦C  2  11.97 

G2.8_hc_hpH_n 280 ml 
1 M 

100 ml 
1 M 

0.73 M 0.26 M – 1 day 20 ◦C  2  13.46 

G5_hc_hpH_a 200 ml 1 M 40 ml 1 M 0.8 M 0.16 M 10 ml HNO3 1 day 20 ◦C  3  13.40  

a ‘G’ stands for gel; the number after ‘G’ refers to the initial Si/Al; ‘l’ indicates low; ‘m’ indicates medium and ‘h’ indicates high while ‘c’ signifies concentration; ice 
represents ‘ice bath’; ‘n’ indicates no NaOH solution while ‘a’ indicates adding HNO3. For example, ‘G3_hc_lpH_a’ represents a gel with an initial Si/Al ratio of 3, using a 
high concentration of reactants, synthesized at relatively low pH, with the addition of HNO3. 

b The pH of filtrate referring to 25 ◦C. The measurement is detailed in Section 2.2. 
c Note that it is not possible to prepare 2 M (or higher) of silicate solution at room temperature due to the matter of solubility. 
d Extra 200 ml of deionized water was added to this mixture to obtain pure N-A-S-H gel, as a concentrated mixture with low Si/Al tends to form Al-containing phases. 
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reaction,ΔrG0, and thus the Gibbs free energy of formation Δf G0can be 
calculated according to Eq. (2): 

ΔrG0 = − RTlnKsp =
∑

i
viΔf G0

i (2)  

where R is the universal gas constant, 8.3145 J/mol/K, T represents 
absolute temperature in K, vi is the stoichiometric reaction coefficient, 
Δf G0

i stands for the Gibbs free energy of formation of the species used in 
the reaction. 

The apparent Gibbs free energy of formation at any desired tem-
perature ΔaG0

T can be calculated according to Eq. (3): 

ΔaG0
T = Δf G0

T0
− S0

T0
(T − T0)+

∫ T

T0

C0
PdT −

∫ T

T0

C0
P

T
dT (3)  

where T0 = 298.15 K, Δf G0
T0 

refers to the Gibbs free energy of formation 
at 298.15 K, S0

T0 
denotes the standard entropy at 298.15 K, while C0

P 
corresponds to the standard heat capacity. A more detailed description 
of the derivation of the dependence of the Gibbs free energy on tem-
perature can be found in [23]. Since C0

P can be assumed to remain 
constant within the narrow temperature range of 20–80 ◦C [14,23,24], 
Eq. (3) can be simplified to 

ΔaG0
T = Δf G0

T0
− S0

T0
(T − T0)+C0

T0

(

Tln
T
T0

− T + T0

)

(4) 

Standard values of heat capacity C0
p and entropy S0 were estimated 

using the additivity method [23,25] (ΔrC0
p = 0 or ΔrS0 = 0) from Cp and 

S◦ and the molar volume of faujasite Y (Na2Al2Si4O12⋅8H2O), quartz and 
zeolitic H2O, using the following Eq. (5). Furthermore, the entropy term 
was further corrected for volume changes according to Eq. 62 in [26], 
which found that accounting for volume changes enhanced the accuracy 
of the entropy correction. 

Φ0
(Na2O)a(Al2O3)a(SiO2)b(H2O)c

= aΦ0
Na2Al2Si4O12•8H2O +(2b − 4a)Φ0

SiO2
+(c − 8a)Φ0

H2O

(5)  

where Φ0 represents C0
p or S0. The thermodynamic data of components 

are provided in Table A2. 
To assess the accuracy of C0

p or S0, the solubility product logKT at 
different temperatures were calculated using the 3-term extrapolation 
function [27] (see Eq. (6)) in GEMs, to compare to the experimentally 
determined logKT. 

logKT = a+
b
T
+ c lnT (6)  

where 

a =
[
ΔS0

T0
− ΔC0

p,T0
(1 + lnT0)

]
/2.303R 

b = ( − ΔH0
T0
+ ΔC0

p,T0
T0)/2.303R 

c = ΔC0
p,T0

/2.303R 
T0 represents the temperature at 298.15 K, ΔS and ΔCP denote the 

changes in entropy and heat capacity of the reaction at T0. 
The values of the standard molar volume V0 were also estimated 

using the additivity method using Eq. (7). The molar volumes of the 
components used in Eq. (7) have been optimized in [28] as also detailed 
in Table A2. 

V0
(Na2O)a(Al2O3)a(SiO2)b(H2O)c

= aV0
Na2O + bV0

SiO2
+ aV0

Al2O3
+ cV0

H2O (7)  

3. Results and discussion 

3.1. Verification of the existing sol-gel method 

Table 2 summarizes the obtained Si/Al ratios in synthesized N-A-S-H 

gels derived from different initial Si/Al in this work and from the liter-
ature. The Si/Al ratios of the synthesized N-A-S-H gels obtained by XRF 
and mass balance calculation in this work remained at around 1, even if 
the initial Si/Al increased from 1 to 3. The maximum Si/Al ratio ach-
ieved (1.9) with mixture G10 was still low, although the initial Si/Al 
ratio corresponded to 10. Similar results and trends were observed in 
[11], as also shown in Table 2. They found that the obtained Si/Al ratio 
could only increase if the Si/Na ratio was also increased, resulting in 
lower pH values. For instance, the obtained Si/Al ratio increased from 
1.1 to 2.4, when Si/Na ratio increased from 0.1 to 1.1 and the initial Si/ 
Al ratio increased from 0.9 to 9.6. This indicates that the concentration 
of Na, and thus the pH, has a significant influence on the obtained Si/Al 
ratio. The results from this work and from [11] both show that the ob-
tained Si/Al value in the solid is much lower than its corresponding 
initial Si/Al, except for the case of initial Si/Al = 1. The Si/Al ratios 
obtained by XRF are consistent with those calculated by mass balance, 
indicating the results are reliable. 

In contrast, Si/Al ratios in N-A-S-H gels near the target Si/Al of 1 and 
2 were obtained by [12,17]. This might be partially related to the 
measurement technique (see Table 2) but maybe also to the different 
synthesis conditions. An ice bath was employed in [17] to lower the 
reaction temperature, while the reaction time was extended to 7 days in 
[12]. Hence, the effect of reaction temperature and reaction time was 
further revealed by comparing mixtures G3, G3_ice and G3_7days. As 
observed from Table 3, lower temperature (G3_ice) slightly increased 
the obtained Si/Al ratio from 1.33 to 1.46, while the extension of re-
action time from 1 day (G3) to 7 days (G3_7days) hardly affected the Si/ 
Al ratio of the N-A-S-H gel. 

The structure of the synthesized N-A-S-H gel was also characterized 
by XRD (Fig. 1) and FTIR (Fig. 2). The broad XRD humps at around 30◦

2θ indicate that, in fact, only amorphous N-A-S-H gels had formed. Note 
that the XRD hump of amorphous SiO2 is centered at around 20◦ 2θ, 
which is not observed on the obtained gels. G3_ice and G10 were slightly 
carbonated due to unavoidable contact with air during the post- 
treatment of samples. No significant shift of this broad XRD peak was 
observed with the Si/Al ratio of the N-A-S-H gels, since these N-A-S-H 
gels were almost identical in chemical composition. According to 
experimental results in [29] and simulation results in [30], the hump at 
around 30◦ 2θ is expected to be shifted to a smaller angle as the Si/Al 
increases. The XRD results of two synthesized N-A-S-H gels in [12] also 
look almost identical, indicating a similar Si/Al in these two gels, 
although the authors claimed that Si/Al in the synthesized N-A-S-H gels, 
determined by SEM/EDX was around 1 and 2, respectively. The FTIR 
technique is much more sensitive in detecting structural changes of 

Table 2 
Obtained Si/Al ratio of synthesized N-A-S-H gels from this work and literature.   

G1 G2 G3 G10 

Initial Si/Al 1 2 3 10 
Obtained Si/Al by XRF 1.05 ±

0.01 
1.13 ±
0.01 

1.33 ±
0.01 

1.89 ±
0.02 

Obtained Si/Al by mass 
balance 

1.06 1.36 1.39 1.97 

Literature Si/Al by mass 
balance 

0.98 [11] 1.10 [11] – 2.39 [11] 

Literature Si/Al by EDX 1.45 [17], 
1.11 [12] 

2.19 [17], 
2.08 [12] 

– – 

Literature Si/Al by NMR 1.36 [17] 1.62 [17] – –  

Table 3 
Effect of reaction temperature and reaction time.   

G3 G3_ice G3_7days 

Initial Si/Al 3 3 3 
Obtained Si/Al by XRF 1.33 ± 0.01 1.46 ± 0.01 1.34 ± 0.01 
Obtained Si/Al by mass balance 1.39 1.59 1.51  
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amorphous aluminosilicates, as it is sensitive to short-range structural 
order [31]. FTIR spectra of these five synthesized N-A-S-H gels were 
compared in Fig. 2. The main band centered at around 950–980 cm− 1 is 
attributed to asymmetric stretching vibrations of Si–O–T (T refers to Si 
or Al) bonds. The shift of this band to a higher wavenumber was highly 
consistent with the corresponding increment of the obtained Si/Al ratio 
in gels. 

The XRD and FTIR results together show only a minor difference 
among these six synthesized N-A-S-H gels, underlining that the differ-
ence in their chemical composition identified by XRF is small. The above 
results show that it is difficult to synthesize an N-A-S-H gel with a Si/Al 
ratio of 2 or 3 by using the methods reported in [10,12,16]. Neither 
increasing the reaction time nor lowering the reaction temperature led 
to a significant increase in the Si/Al ratio. A strong increase of the initial 
Si/Al only led to a moderate increase of the final Si/Al ratio, and the 
obtained Si/Al ratio of 1.9 was much lower than the initial Si/Al ratio of 
10 used to prepare sample G10. In a next step, the effect of concentration 
and pH on the Si/Al ratio in N-A-S-H gel was further studied. 

3.2. Modification of mixtures for the synthesis of high Si/Al N-A-S-H gels 

3.2.1. The effect of concentration of reactants and pH 
Changing the concentration of the reactants or lowering the pH 

values are options to enable the synthesis of high Si/Al N-A-S-H gels. 
In a first step, the pH of the mixing solution was lowered by not 

adding additional NaOH solution to the mixtures. This resulted in a 
decrease in the pH value of the filtrate from 13.7 (sample G3) to 12.9 
(sample G3_lc_n). Concurrently, the Si/Al ratio rose from 1.3 (sample 
G3) to 1.8 (sample G3_lc_n), underlining the strong effect of pH as 
elaborated in more detail later in this discussion. 

In a second step, the influence of the concentration of the reactants 
was investigated, as summarised in Table 4. Increasing the Si concen-
tration in the mixture from 150 to 270, and to 750 mM increased the Si/ 
Al ratio in the N-A-S-H gel from 1.8 to 1.9 and to 2.2, respectively, ac-
cording to the XRF results. The Si/Al ratios calculated based on mass 
balance are slightly higher than those obtained by XRF. However, even 
at the highest concentration of reactants used in this study, the target Si/ 
Al ratio of 3 has not been reached, despite the Si/Al ratio has raised 
significantly (by about 0.4 after XRF data) from G3_lc_n to G3_hc_n. 

Lowering the amount of NaOH, and thus the pH value, is an essential 
factor for increasing the Si/Al, as indicated by the comparison between 
G3 and G3_lc_n, whose only difference is the absence of additional NaOH 
(see Table 1) for the latter. This was further investigated on variants of 
sample G3_hc_n, where different amounts of HNO3 were added (see 
Table 1). Table 5 shows a clear increase of Si/Al in N-A-S-H gels at lower 
pH values. At pH 12.6, the obtained Si/Al ratio (2.74) is already close to 
the target Si/Al of 3. To sum up, a high Si/Al ratio of up to 3 could be 
reached with a combination of using a high concentration of reactants 
(0.75 M of Si and 0.25 M of Al) and low pH values (<13). 

3.2.2. Aqueous solution 
The concentrations of reactants and pH are two significant factors 

affecting the obtained Si/Al ratio in synthesized N-A-S-H gel. Thus the 
composition of the filtrated solution was analyzed by ICP-OES. The 
detailed element concentration for all samples is given in the Appendix 
(Table A3). The difference in the initial and final concentration of Si and 
Al in the filtrated solution are illustrated in Fig. 3 and Fig. 4. Although 
the final Si concentration in the filtrated solution increased with the 
initial Si concentration, a higher percentage of Si was consumed when 
the initial concentration was higher. This indicates a higher percentage 
of Si was bound in the solid in the samples with higher initial concen-
trations and is consistent with the XRF data of the synthesized N-A-S-H 
gels, where a higher Si/Al was observed (see Table 4). In contrast, >95 
% of Al was consumed for all cases, and only a trace amount of Al 
remained in the solution even at the elevated initial concentration of Al, 
indicating a high affinity of Al to form solid N-A-S-H gel. For all cases 
shown in Fig. 3, the proportion between Al and Si in the filtrated solu-
tion was far from being equal to the initial proportion, as aqueous Si was 
significantly higher than the concentration of Al. This means the pro-
portion of Si forming the solid phase is lower than that of Al. As a result, 
the Si/Al ratio in the N-A-S-H gel was lower than the corresponding 
initial Si/Al ratio as shown in Table 5. Taking G3_lc_n as an example, 66 
% of Si and nearly 100 % of Al was in the solid, such that the resulting Si/ 

Fig. 1. XRD patterns of N-A-S-H gels synthesized at different initial Si/Al ratios, 
reaction temperatures and reaction times. 

Fig. 2. FTIR spectra of N-A-S-H gels synthesized at different initial Si/Al ratios, 
reaction temperatures and reaction times. The obtained Si/Al ratio of each 
sample is indicated in the bracket in the legend (e.g., G1(1.05)). 

Table 4 
Effect of concentration of reactants on the obtained Si/Al ratio.   

G3 G3_lc_n G3_mc_n G3_hc_n 

Initial Si/Al 3 3 3 3 
Obtained Si/Al by 

XRF 
1.33 ±
0.01 

1.83 ±
0.02 

1.92 ±
0.02 

2.23 ±
0.02 

Obtained Si/Al by 
mass balance 

1.39 2.00 2.06 2.27 

Note: no extra NaOH solution was added in this serial of gels compared to the 
serial of gels in Tables 2 and 3. 
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Al ratio of 1.8 in the synthesized N-A-S-H is still lower than the target Si/ 
Al of 3. By increasing the concentration of reactants, a greater propor-
tion of Si can be consumed to form N-A-S-H gel, thereby increasing the 
obtained Si/Al ratio. 

Fig. 4 illustrates the effect of pH on the concentration of Si and Al 
remaining in the solution. Again, a negligible amount of Al was detected 
in the solution for all samples, suggesting substantial Al consumption. In 
addition, it’s noteworthy that Si concentration significantly increased 
with elevated pH values. This is attributed to the strong tendency of Si to 
form negatively charged aqueous complexes under basic pH conditions, 
including species such as SiO4H3

− , SiO4H2
2− and Si4O8(OH)4

4− [21], 
Consequently, in a higher pH environment, Si demonstrates a stronger 
tendency to persist in solution rather than precipitating into the solid 
phase. The same tendency has also been observed for Si and Al at 
increased pH values in the so-called C-A-S-H phases [32]. Note that in all 
cases, the measured Si concentrations and Al concentrations were well 
below the solubility of amorphous SiO2 or microcrystalline Al(OH)3 
[21,33] at those pH values, making their formation improbable. Due to 
the lower solubility of Si at lower pH, more Si is able to form solid N-A-S- 

H gel. As a result, higher Si/Al ratio can be obtained with decreasing pH, 
as shown in Table 5. When pH was lowered to 12.6 as in the case of 
G3_hc_lpH_a, around 97 % of Si and almost 100 % of Al had precipitated 
and a Si/Al of 2.7, i.e. close to the initial Si/Al of 3 can be achieved. 

In summary, the key to obtaining high Si/Al N-A-S-H gel is to ensure 
that a high fraction of the initial Si precipitates as gel, which depends 
primarily on a relatively low pH and to a lower extent on higher initial 
concentrations. 

3.2.3. Optimized route for synthesis of high Si/Al N-A-S-H gels 
Inspired by the success in the case of G3_hc_lpH_a to achieve N-A-S-H 

gel with a Si/Al ratio near 3, G2_hc_lpH_n was synthesized at a relatively 
low pH, aiming the obtainment of N-A-S-H gel with a Si/Al ratio of 2. It 
can be seen from Table 6 that, by using an initial Si/Al ratio of 2 and pH 
of filtrate of 12.0, the obtained Si/Al, i.e. 1.9, was almost equal to the 
target Si/Al of 2. Overall, the target Si/Al ratio can be achieved using the 
same initial Si/Al if pH is carefully adjusted to ensure the major part of Si 
forms N-A-S-H gel. 

Table 5 
Effect of pH on the obtained Si/Al ratio in N-A-S-H gels.   

G3_hc_n G3_hc_mpH_a G3_hc_lpH_a 

pH 13.50 13.19 12.62 
Initial Si/Al 3 3 3 
Obtained Si/Al by XRF 2.23 ± 0.02 2.35 ± 0.02 2.74 ± 0.02 
Obtained Si/Al by mass balance 2.27 2.48 2.92  

Fig. 3. Effect of concentration of reactants on the reactant consumption.  

Fig. 4. Effect of pH on the reactant consumption.  

Table 6 
Two options to synthesize N-A-S-H gels with Si/Al of 2 and 3.  

Series Samples pH of 
filtrate 

Initial 
Si/Al 

Target 
Si/Al 

Obtained Si/ 
Al by XRF 

Mixtures 
1 

G2_hc_lpH_n  11.98  2  2 1.88 ± 0.02 
G3_hc_lpH_a  12.62  3  3 2.74 ± 0.02 

Mixtures 
2 

G2.8_hc_hpH_n  13.46  2.8  2 1.95 ± 0.02 
G5_hc_hpH_a  13.40  5  3 2.81 ± 0.02  
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The N-A-S-H gel synthesized here at relatively low pH values might 
be different from the real geopolymer gel formed at much higher pH 
values. The pH in the pore solution in fly ash-based geopolymer pastes at 
28 days ranges from 13.4 to 13.8, based on an initial water-to-binder 
ratio of 0.35 [34], while in the present study, the final pH values 
ranged from 12.0 to 12.6. The different conditions needed are mainly 
related to the amount of water (solution) present. In geopolymer pastes, 
a very low water-to-solid ratio is generally used, resulting in extremely 
high initial concentrations (around 10 times as those in sol-gel method). 
As a result, even at high pH values, substantial amounts of Si and Al will 
end up in solid phases. In contrast, the sol-gel method employs a high 
water-to-solid ratio. In this case, pH plays a more dominant role. This is 
why it is difficult to achieve a Si/Al ratio above 1 at very high pH values 
using the sol-gel procedure with high water to solid ratios as shown in 
Section 3.1. To mimic the real environment in the pore solution of 
geopolymer paste, it would be better to synthesize N-A-S-H gel at high 
pH values, which means the initial Si/Al ratio has to be considerably 
higher than the target Si/Al ratio. For instance, an initial Si/Al ratio of 
2.8 (mixture G2.8_hc_hpH_n) was needed to obtain N-A-S-H gel with a 
final Si/Al of 2 at a pH of 13.46. To obtain a Si/Al of 2.8, an initial Si/Al 
of 5 was needed. Note that pH is closely linked with the initial Si/Al ratio 
when using sodium silicate as Si-providing substance. The higher the 
initial Si/Al is, the higher the pH and the lower the fraction of silicon in 
the solid. 

3.3. Overview of synthesized N-A-S-H gels at high pH with Si/Al from 1 to 
3 

Thus, N-A-S-H gels with Si/Al ratios of 1, 2 and 3 were also syn-
thesized successfully at high pH: G1_hc_hpH, G2.8_hc_hpH_n and 
G5_hc_hpH_a, respectively. In order to maintain a pH level as high as in 
geopolymer paste, extra NaOH solution was added for Si/Al = 1, nothing 
to Si/Al = 2 while HNO3 was added for Si/Al = 3, as detailed in Table 1. 

3.3.1. Chemical composition of synthesized high pH N-A-S-H gels 
The chemical compositions of three types of synthesized high pH N- 

A-S-H gels were determined by XRF, SEM/EDX and mass balance, as 
summarised in Table 7. Fig. A1, A2 and A3 in the Appendix display 
secondary electron images used to determine the chemical composition 
of gels obtained with mixtures G1_hc_hpH, G2.8_hc_hpH_n and 
G5_hc_hpH_a, respectively. The targeted Si/Al ratios, namely 1, 2 and 3, 
were obtained successfully. Basically, Si/Al ratios obtained by these 
three techniques are consistent with each other. Although Si/Al ratios 
obtained SEM/EDX and mass balance are much closer and both of them 
are slightly higher than those obtained from XRF, XRF is believed to be 
the most reliable technique to determine the chemical composition. 
SEM/EDX is generally classified as a semi-quantitative elemental anal-
ysis method [35,36], while mass balance calculation is a non-direct 
method which introduce some additional errors. Na/Al ratios obtained 
from XRF and SEM/EDX are also very close, but generally a bit above the 
theoretical expected ratio of 1, regardless of Si/Al. This is probably due 
to the presence of dissolved Na in the small amount of water associated 
with the gels. Na/Al ratio from mass balance calculation was not shown 
because the content of Na could not be reliably quantified. 

The amount of non-evaporable water was also determined, i.e. the 
amount of water that cannot be removed by D-drying or equivalent 

procedures, e.g. drying at 105 ◦C [37,38]. In this work, drying at 105 ◦C 
was selected to determine the dry weight and calculate the amount of 
non-evaporable water based on TGA measurements. As can be seen from 
Fig. 5, the mass of all samples decreased during drying at 105 ◦C until a 
constant mass loss (< 0.1 %/h) was reached at 6 h, corresponding to the 
loss of evaporable water. Subsequently, the temperature was increased 
at a rate of 10 ◦C/min up to 1000 ◦C, resulting in a mass loss of around 5 
%, which was assigned to the loss of non-evaporable water in the N-A-S- 
H gels. It is generally believed that N-A-S-H gels contain relatively little 
non-evaporable water [39]. According to the TGA results, the stoichio-
metric coefficient m in synthesized N-A-S-H gels, 
(Na2O)1(SiO2)1− 3(Al2O3)1(H2O)m, ranges from 1 to 1.5. Rahier et al. 
[40] reported an even lower m of 0.4 in a geopolymer gel 
(Na2O)1(SiO2)3.4(Al2O3)1(H2O)m. This difference is probably due to the 
low liquid/solid ratio used during the reaction of sodium silicate and 
metakaolin [40], while the sol-gel procedure presented here used a high 
liquid/solid ratio, indicating that N-A-S-H gel formed in geopolymers 
could contain less non-evaporable water than N-A-S-H gel synthesized 
by the sol-gel method. In terms of comparison with synthesized N-A-S-H 
gel in the literature, Gomez-Zamorano et al. [12] reported an even 
higher stoichiometry factor m of 5 to 8 for 
(Na2O)1(SiO2)1− 2(Al2O3)1(H2O)m and Williamson et al. [11] reported 
an m value of 4–5 for (Na2O)1(SiO2)1(Al2O3)1(H2O)m,i.e. values at least 
ten times larger than those reported for geopolymers [40]. The differ-
ences in the values obtained in this work on synthesized gels lies, at least 
partially, in the temperature range used to determine the non- 
evaporable water as they considered the total mass loss from 40 or 
50 ◦C to 975 ◦C [11,12], which overestimates the amount of non- 
evaporable water by roughly a factor of 3 to 4 as illustrated in Fig. 5. 
Based on the results of XRF and TGA, the chemical compositions of three 
types of N-A-S-H gels are listed in Table 8. 

3.3.2. Structural characterization of synthesized N-A-S-H gels 
The high pH N-A-S-H gels with various Si/Al ratios all exhibited a 

single amorphous hump in XRD curves, as shown in Fig. 6. The hump 
shifted towards small angles as Si/Al ratios increased, which is entirely 
in line with observations in geopolymer pastes [29], where XRD humps 
at 28.5◦, 26.9◦, and 26.3◦ were observed for Si/Al ratios of 1.5, 2.5, 4.5, 
respectively. It is the first time that an observable shift towards lower 2θ 
with increasing Si/Al ratio in XRD has been reported for synthesized N- 
A-S-H gels, indicating a clear difference in the chemical composition. 
Such a shift was also predicted by molecular dynamics for the XRD 
patterns of N-A-S-H gels [30], which related it to the more compact 
structures of N-A-S-H gels with lower Si/Al and thus smaller spacings, 

Table 7 
Average Si/Al and Na/Al ratios in synthesized N-A-S-H gels.   

G1_hc_hpH G2.8_hc_hpH_n G5_hc_hpH_a 

(Si/Al)XRF 1.10 ± 0.01 1.95 ± 0.02 2.81 ± 0.02 
(Si/Al)EDX 1.20 ± 0.05 2.17 ± 0.08 3.15 ± 0.10 
(Si/Al)Mass balance 1.17 2.24 3.35 
(Na/Al)XRF 1.08 ± 0.01 1.18 ± 0.01 1.21 ± 0.01 
(Na/Al)EDX 1.03 1.15 1.07  

Fig. 5. Thermogravimetric analysis of synthesized N-A-S-H gels at high pH 
with Si/Al ratios from 1 to 3. 
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corresponding to larger angles according to Bragg’s law. 
The FTIR spectra of these synthesized high pH N-A-S-H gels with 

various Si/Al ratios are shown in Fig. 7. The main band in the region 
between 1250 and 920 cm− 1 is attributed to the asymmetric stretching 
vibrations of Si–O–T (T refers to Si or Al) [41,42]. This band is a typical 
signal indicating the formation of N-A-S-H gel [43,44]. The position of 
the main band contains vital information about Si/Al ratio and con-
nectivity of the N-A-S-H gel framework [5,45]. A noticeable shift to-
wards a higher wavenumber is observed as Si/Al increases from 1 to 3, 
which is related to vibrations of the Si-O-Si band at a higher wave-
number than the Si-O-Al band, due to the stronger electronegativity of 
Si4+ [14] and then higher binding energy of Si-O-Si [46]. The band 

appearing at 920–800 cm− 1 is likely associated with asymmetric 
stretching vibrations of Si–O–Al [6]. The band becomes less pronounced 
with increasing Si/Al ratio, indicating a lower Si-O-Al link fraction. A 
similar trend was observed as the Si/Na increased in [47]. The band 
centered at around 690 cm− 1 is assigned to symmetrical stretch vibra-
tions of Si–O–T [6,48]. A weak band at around 570 cm− 1 is contributed 
by the ring vibration of the TO4 tetrahedron [6]. The weak nature of the 
band is due to the absence of crystalline phases [5]. Finally, the band 
located at around 1640 cm− 1 is corresponding to the bending vibration 
of H-O-H [14,49]. Overall, the wavenumbers and the amount of IR 
bands for each N-A-S-H gel were in good agreement with those in 
literature [6,44]. Based on the above chemical composition and struc-
tural information, it can be concluded that the target N-A-S-H gels with 
various Si/Al ratios from 1 to 3 were successfully synthesized. 

The structural properties of N-A-S-H gel, according to the above XRD 
and FTIR results, are closely related to the chemical composition i.e. Si/ 
Al. Fig. 8 summarizes the positions of XRD humps and Si-O-T asym-
metric stretching bands for all synthesized N-A-S-H gels with various Si/ 
Al ratios. A clear decreasing trending of 2θ angle with increasing Si/Al 
ratio can be observed, indicating a larger basal spacing. A linear increase 
of the wavenumber for Si-O-T stretching band is found with increasing 
Si/Al ratio in Fig. 8(b). This linear relationship suggests the shift of Si-O- 
T stretching band, and can be a reliable signal to access the Si/Al ratio in 
N-A-S-H gel. The near linear shift of the XRD and FTIR bands with the Si/ 
Al indicates indirectly also that there is little difference in the structure 
between N-A-SH samples synthesized at low or high pH values or high or 
low initial concentrations. 

3.4. Solubility products of N-A-S-H gels 

The analysis of the XRD patterns of the N-A-S-H gels after re- 
equilibration at 60 ◦C confirmed that the gel remained amorphous and 
had not transformed to any crystalline phases at high temperature, as 
shown in Fig. A4 in the Appendix. In addition, the XRD patterns of the 
solid residue remain the same peak shift with Si/Al ratio as those 
observed before dissolution test. The concentrations of different ele-
ments and the pH in the filtrated solution after dissolution are also 
provided in the Appendix (Table A4). The solubility products of N-A-S-H 
gels at different temperatures were calculated based on the dissolution 
reactions listed in Table 9. Note that the chemical compositions of the N- 
A-S-H gel are slightly modified to achieve a Na/Al ratio of 1, assuming 
that the slight surplus of Na observed by EDS and XRF is due to the 
presence of some water with a high concentration of Na. Fig. 9 shows the 
log Ksp values of the synthesized N-A-S-H gels with different Si/Al ratios, 
as well as literature values derived from the dissolution reactions using 
the same species, i.e. Na+, AlO2

− , SiO2
0 and OH− (if necessary for charge 

balance). For those utilizing different species in their calculations, a 
transformation was made to facilitate comparison, as shown in Table A1. 
It can be seen that the log Ksp values of N-A-S-H gels increase with 
temperature, indicating a greater solubility at a higher temperature. For 
N-A-S-H gel with Si/Al ratios of 1.1 and 2.0 synthesized in this work, it 
was found that their log Ksp values are very close to those of the amor-
phous N-A-S-H gels in Williamson et al. [11] and Gomez-Zamorano et al. 
[12]. However, the N-A-S-H gel synthesized by Walkley et al. [13] 
exhibit less negative log Ksp values. This may be partly because of the 
lower Na content assumed in the N-A-S-H gel by Walkley et al. [13]. 
Additionally, the N-A-S-H gel in [13] was obtained via alkali activation 
of synthetic glass instead of the sol-gel method, which could be another 
reason for the discrepancy. 

Since N-A-S-H gel can be regarded as a disordered form of zeolite, 
especially of the ABC-6 family of zeolites [50], it is worth to compare 
their solubility products to explore the effect of crystallinity. Hydrox-
ysodalite (Na8Al6Si6O24(OH)2⋅2H2O), a member of the ABC-6 family, 
and Gismondine: LS-P (Na2Al2Si2O8⋅3.8H2O) [14] as well as faujasite 
[11] are selected to compare with N-A-S-H gel with a Si/Al ratio of 1, 
while faujasite Y (Na2Al2Si4O12⋅8H2O) [14], also belonging to ABC-6 

Table 8 
Chemical composition of synthesized high pH N-A-S-H gels.  

Samples Non-evaporable water Chemical composition 

Si/Al = 1.1 5.59 % (Na2O)1.1(SiO2)2.2(Al2O3)1(H2O)0.99 
Si/Al = 2.0 4.84 % (Na2O)1.2(SiO2)4(Al2O3)1(H2O)1.18 
Si/Al = 2.8 4.90 % (Na2O)1.2(SiO2)5.6(Al2O3)1(H2O)1.47  

Fig. 6. XRD patterns for synthesized high pH N-A-S-H gels with Si/Al ratios 
from 1 to 3. 

Fig. 7. FTIR spectra for synthesized high pH N-A-S-H gels with Si/Al from 1 
to 3. 
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family, were chosen for comparison with N-A-S-H gel with a Si/Al ratio 
of 2. The log Ksp values of these zeolites from [11,14] are also plotted in 
Fig. 9 after normalization to 1 mol of Si. It can be seen from Fig. 9 that all 
types of zeolites (empty symbols) have lower log Ksp values compared to 
the amorphous N-A-S-H gels (filled symbols), indicating that the gels 
have a higher solubility. This is reasonable as zeolites have a crystalline 
structure that is considered more stable and less likely to dissolve than 
amorphous gels. Similar results were also found in [11], where a clear 
decrease of from N-A-S-H gel with Si/Al = 1 to faujasite was observed. 
The log Ksp value of hydroxysodalite is the smallest, with several log Ksp 
units smaller than N-A-S-H gel with a Si/Al ratio of 1. This is because it 
contains extra Na+ and OH− compared with the chemical composition of 
N-A-S-H gel with a Si/Al ratio of 1 in this work, which lowers the log Ksp 
value mathematically if normalized to 1 Si. In contrast, the log Ksp value 
of faujasite Y is only around 1 log Ksp unit more negative than N-A-S-H 
gel with a Si/Al ratio of 2, implying that N-A-S-H gel might have an 
atomic structure similar to that of faujasite. 

To study the effect of the Si/Al ratio on the solubility product of N-A- 
S-H gel, the log Ksp values should be normalized to the same number of 

framework TO4, i.e., SiO4 + AlO4. Both the log Ksp values of N-A-S-H gel 
from this work and from [12] exhibit an increasing trend with an in-
crease in Si/Al ratio, as can be seen in Fig. 10. This is partly because of 
lower Na content in higher Si/Al N-A-S-H gel, even at constant TO4, 
which means a smaller stoichiometric coefficient is used for Na to 
calculate the solubility products (see Table 9) resulting in less negative 
log Ksp value due to purely mathematical reasons. However, it should be 
noted that in this study, the magnitude of the increase in the log Ksp 
value with Si/Al ratio is notably different between the Si/Al ratios of 1 to 
2 and 2 to 3, with a more significant increase observed in the latter 
range. This indicates that the formation of N-A-S-H gel with a high Si/Al 
ratio is thermodynamically less favoured. This is also supported by the 
molecular dynamic simulation result in [30], which reported that the Si/ 
Al ratio of the constructed N-A-S-H gel model was <3, regardless of the 
Si/Al ratio in the initial configuration. Furthermore, it could help 
explain why the synthesis of N-A-S-H gel with a Si/Al ratio up to 3 is 
challenging and has previously not been reported in literature. 

Fig. 8. Correlation between (a) position of XRD hump and Si/Al in N-A-S-H gel and (b) wavenumber of Si-O-T asymmetric stretching vibrations in FTIR and Si/Al in 
N-A-S-H gel. 

Table 9 
Dissolution reactions used to calculate solubility products per 1 mol of Si.  

N-A-S-H gels Dissolution reactions 

Si/Al = 1.1 (Na2O)0.46(Al2O3)0.46(SiO2)1(H2O)0.48 → 0.92 Na+ + 0.92 AlO2
− + SiO2

0 + 0.48 H2O 
Si/Al = 2.0 (Na2O)0.25(Al2O3)0.25(SiO2)1(H2O)0.29 → 0.5 Na+ + 0.5 AlO2

− + SiO2
0 + 0.29 H2O 

Si/Al = 2.8 (Na2O)0.18(Al2O3)0.18(SiO2)1(H2O)0.26 → 0.36 Na+ + 0.36 AlO2
− + SiO2

0 + 0.26 H2O  

Fig. 9. Log solubility products of synthesized N-A-S-H gels (filled symbols) and zeolites (empty symbols) normalized to 1 mol of Si, (a) Si/Al ratio = 1, (b) Si/Al ratio 
= 2, (c) Si/Al ratio = 3. Error bars correspond to the two sided 95 % confidence interval. Literature data for N-A-S-H derived from [11–13] and for zeolites (Faujasite, 
sodalite and gismondine (LS-P(Na)) from [11,14]). 
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3.5. Thermodynamic properties of N-A-S-H gels 

Based on the measured log Ksp values at 25 ◦C, the Gibbs free energy 
of formation ΔfG0 of N-A-S-H gels at 25 ◦C was calculated as detailed in 
Eq. (2). The heat capacity C0

p , entropy S0 and molar volume V0 of the N- 
A-S-H gels were estimated using the additivity method according to Eq. 
(5) and Eq. (7). And finally the enthalpy ΔfH0 of N-A-S-H gels was ob-
tained from the Gibbs free energy and the entropy. The thermodynamic 
properties of N-A-S-H gels with various Si/Al ratios at 25 ◦C are shown in 
Table 10. 

The changes in the solubility products with temperature depend on 
the differences in the heat capacity C0

p and entropy S0 between the 
species in solution and the N-A-S-H gels as detailed in Eq. (6). To eval-
uate the accuracy of C0

p and S0 calculated in this work, the solubility 
products of N-A-S-H gels, derived through Eq.(6), were compared with 
experimental results, as illustrated in Fig. 11. In agreement with the 
experimental observations, the solubility increases with temperature. 
The log Ksp values calculated via Eq.(6) describe the experimentally 
measured data well, indicating that the estimated heat capacity C0

p and 
entropy S0 data of the N-A-S-H gels are in a reasonable range. 

4. Conclusion 

In this work, N-A-S-H gels with Si/Al ratios ranging from 1 to 3 were 
synthesized using a newly developed sol-gel method. The effects of re-
action temperature, reaction time, initial Si/Al ratio, reactant concen-
trations and pH values in the solution on the final Si/Al in synthesized N- 
A-S-H gels have been systematically studied. The chemical and struc-
tural information of N-A-S-H gels were characterized using XRF, SEM/ 
EDX, TGA, XRD and FTIR analysis, as well as mass balance calculation. A 
thermodynamic database of N-A-S-H gels with various Si/Al ratios has 
been established. The following conclusions can be drawn: 

(1) The existing mixtures and reaction conditions for sol-gel methods 
reported in the literature have been found to produce N-A-S-H gel with 
Si/Al ratio near 1, even at high initial Si/Al in the mixing solutions. It 
was found that changing the reaction temperature, the reaction time or 
the initial Si/Al had little effect on the Si/Al ratio in the N-A-S-H gel. 

(2) The key approach to obtain N-A-S-H gel with a high Si/Al ratio 
was to lower the pH values and to use more concentrated solutions. 
Decreasing the pH value under basic conditions lowers the tendency of 
Si to remain in the solution because of its aqueous speciation, thereby 
allowing a higher Si/Al ratio in the N-A-S-H gel. This poses a challenge 
for the synthesis of high Si/Al N-A-S-H gels at very high pH, e.g. in the 
range of the alkalinity of pore solutions in geopolymers. To achieve it, an 
initially Si/Al ratio higher than target must be employed. 

(3) N-A-S-H gels exhibit varying structures depending on their Si/Al 
ratios, as evidenced by XRD and FTIR patterns. The XRD humps of N-A- 
S-H gels clearly shift with changes in the Si/Al ratio. Moreover, the FTIR 
results can be utilized to determine the Si/Al ratio in N-A-S-H gel based 
on the position of stretching the Si-O-T band. 

(4) The solubility products of N-A-S-H gels with Si/Al ratios of 1 and 
2 are in good agreement with those reported in the literature [12], and 
higher than those of zeolites with the same Si/Al ratios, thus indicating a 
higher solubility of N-A-S-H gels. The solubility product of N-A-S-H gels 
with a Si/Al ratio of 3 has been determined for the first time and is much 
less negative than those with lower Si/Al ratios, indicating that the 
formation of N-A-S-H gel with high Si/Al ratio is thermodynamically 
little favoured. 

(5) The temperature dependent solubility products of N-A-S-H gels 
derived from estimated heat capacity and entropy data agree closely 
with the experimentally observed trends. This result supports the val-
idity of the thermodynamic properties of N-A-S-H gels determined in this 
work. 

Fig. 10. Effect of Si/Al ratio on log solubility products of synthesized N-A-S-H 
gels normalized to 1 mol of (SiO4 + AlO4) at 25 ◦C. Error bars correspond to the 
two sided 95 % confidence interval. Black dots from [12]. 

Table 10 
Standard thermodynamic properties of N-A-S-H gels at 25 ◦C.  

N-A-S-H gels ΔfG0 

(kJ/mol)
ΔfH0 

(kJ/mol)
S0 

(J/mol/K)

C0
p 

(J/mol/K)

V0 
(
cm3/mol

)

Na0.92Al0.92Si1O3.84⋅0.48H2O  − 1997.78  − 2151.46  83  150  33.51 
Na0.5Al0.5Si1O3⋅0.29H2O  − 1483.63  − 1590.74  75  103  22.19 
Na0.36Al0.36Si1O2.72⋅0.26H2O  − 1317.96  − 1416.39  57  89  18.93  

Fig. 11. Comparison between the measured solubility products, log Ksp, and 
the temperature extrapolations from thermodynamic modeling using the data 
summarised in Table 10. Error bars correspond to the two sided 95 % confi-
dence interval. 
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[18] I. García-Lodeiro, A. Fernández-Jiménez, M.T. Blanco, A. Palomo, FTIR study of the 
sol-gel synthesis of cementitious gels: C-S-H and N-A-S-H, J. Sol-Gel Sci. Technol. 
45 (2008) 63–72, https://doi.org/10.1007/s10971-007-1643-6. 

[19] K. Scrivener, R. Snellings, B. Lothenbach, A Practical Guide to Microstructural 
Analysis of Cementitious Materials, 2018, https://doi.org/10.1201/b19074. 

[20] D.A. Kulik, T. Wagner, S.V. Dmytrieva, G. Kosakowski, F.F. Hingerl, K. 
V. Chudnenko, U.R. Berner, GEM-Selektor geochemical modeling package: revised 
algorithm and GEMS3K numerical kernel for coupled simulation codes, Comput. 
Geosci. 17 (2013) 1–24, https://doi.org/10.1007/s10596-012-9310-6. 

[21] T. Thoenen, W. Hummel, U. Berner, E. Curti, The PSI/Nagra Chemical 
Thermodynamic Database 12/07, 2014. 

[22] B. Lothenbach, D.A. Kulik, T. Matschei, M. Balonis, L. Baquerizo, B.Z. Dilnesa, G. 
D. Miron, M. R, Cemdata18: a chemical thermodynamic database for hydrated 
Portland cements and alkali-activated materials, Cem. Concr. Res. (2019) 472–506, 
https://doi.org/10.1109/ICCPS.2014.6843714. 

[23] G.M. Anderson, D.A. Crerar, Thermodynamics in Geochemistry: The Equilibrium 
Model, Oxford University Press, Oxford, 1993. 
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[49] P. Rożek, M. Król, W. Mozgawa, Spectroscopic studies of fly ash-based 
geopolymers, Spectrochim. Acta-Part A Mol. Biomol. Spectrosc. 198 (2018) 
283–289, https://doi.org/10.1016/j.saa.2018.03.034. 

[50] J.E. Oh, P.J.M. Monteiro, S.S. Jun, S. Choi, S.M. Clark, The evolution of strength 
and crystalline phases for alkali-activated ground blast furnace slag and fly ash- 
based geopolymers, Cem. Concr. Res. 40 (2010) 189–196, https://doi.org/ 
10.1016/j.cemconres.2009.10.010. 

Y. Chen et al.                                                                                                                                                                                                                                    

https://doi.org/10.1016/j.cemconres.2004.05.031
https://doi.org/10.1016/j.cemconres.2010.11.012
https://doi.org/10.1016/j.cemconres.2010.11.012
https://doi.org/10.1007/BF00355128
https://doi.org/10.1016/j.micromeso.2007.02.055
https://doi.org/10.1080/21650373.2012.752620
https://doi.org/10.1080/21650373.2012.752620
https://doi.org/10.1021/la701185g
https://doi.org/10.1016/j.cemconres.2011.05.006
https://doi.org/10.1016/j.cemconres.2011.05.006
https://doi.org/10.1021/cm101151n
https://doi.org/10.1016/j.micromeso.2005.05.057
https://doi.org/10.1007/s10853-009-3497-5
https://doi.org/10.1007/BF02871899
https://doi.org/10.1016/j.saa.2018.03.034
https://doi.org/10.1016/j.cemconres.2009.10.010
https://doi.org/10.1016/j.cemconres.2009.10.010

	Synthesis, solubility and thermodynamic properties of N-A-S-H gels with various target Si/Al ratios
	1 Introduction
	2 Experimental method
	2.1 Synthesis of N-A-S-H gel
	2.2 Characterization
	2.3 Solubility measurement
	2.4 Thermodynamic modeling

	3 Results and discussion
	3.1 Verification of the existing sol-gel method
	3.2 Modification of mixtures for the synthesis of high Si/Al N-A-S-H gels
	3.2.1 The effect of concentration of reactants and pH
	3.2.2 Aqueous solution
	3.2.3 Optimized route for synthesis of high Si/Al N-A-S-H gels

	3.3 Overview of synthesized N-A-S-H gels at high pH with Si/Al from 1 to 3
	3.3.1 Chemical composition of synthesized high pH N-A-S-H gels
	3.3.2 Structural characterization of synthesized N-A-S-H gels

	3.4 Solubility products of N-A-S-H gels
	3.5 Thermodynamic properties of N-A-S-H gels

	4 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgments
	Appendix A Supplementary data
	References


