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A B S T R A C T   

Calcium sodium aluminosilicate hydrate C-(N-)A-S-H gels, formed through the alkali-activation of calcium 
silicate-based materials, may exhibit greater susceptibility to aqueous environments when compared to tradi-
tional C-(A-)S-H phases formed by hydration of blended Portland cements. This study investigates structural 
changes in synthesized C-(N-)A-S-H gels triggered by water immersion. Three gels have been examined, each 
with stoichiometrically controlled ratios of Ca/Si (0.8 and 1.2), Al/Si (0.1 and 0.3), and Na/Si (0.1, 0.2, and 0.3). 
The gel with a higher Ca/Si ratio demonstrated enhanced resistance to water leaching and only experienced 
marginal decalcification whereas the gels with lower Ca/Si ratios exhibited more pronounced effects including 
leaching losses of Si. Notably, all gels displayed rapid and substantial sodium leaching, contributing to an 
increased degree of polymerization for the aluminosilicate tetrahedra in the gels. A plausible mechanism for this 
change is that Na leaches out from the interlayer and Ca ions progressively take over the role of charge com-
pensators in the interlayer of the C-(N-)A-S-H structure.   

1. Introduction 

Society's concern regarding global warming continues to increase 
and promote research in alternative materials with lower CO2 footprint, 
in particular materials for the construction industry. In this context, 
alkali-activated slag (AAS) materials have attracted substantial attention 
in both academic and engineering fields [1–3], since AAS binders hold 
considerable potential for reductions of energy consumption and carbon 
emissions compared to conventional Portland cement (PC). Addition-
ally, AAS materials usually exhibit desirable mechanical properties, as a 
result of a dense microstructure, and even superior durability at certain 
specific conditions, as compared to other cementitious materials [4–6]. 
Consequently, AAS binder is emerging as a promising supplement to 
traditional cement in the building construction sector, although the 
availability of slag is decreasing. 

Nonetheless, several challenges persist with applications of AAS 
materials, including leaching which commonly occurs when these ma-
terials are exposed to humid or aqueous conditions. Contrary to ordinary 
Portland cement binders, which may undergo further hydration in a 

moist environment, the introduction of external water not only fails to 
promote further reaction of the precursors but also leads to alkali 
depletion in the pore solution, thereby compromising the properties of 
AAS materials. For example, a reduced compressive strength and 
coarsened pore structure have been reported for alkali-activated fly ash- 
slag pastes upon exposure to water, as compared to pastes under sealed 
conditions [7]. Similar results were also found by Huang et al. [8] for 
alkali-activated mortars produced from municipal solid waste inciner-
ator bottom ash, which exhibited diminished compressive strength 
under standard fog and soaking conditions as compared to sealed con-
ditions. In our recent work [9], degradations of AAS pastes subjected to 
long-term water immersion, including microstructure deterioration and 
gel decomposition, were also observed. Thus, it appears that the C-(N-) 
A-S-H gels in AAS system are more vulnerable to underwater conditions 
than those of C-(A-)S-H phases in conventional cementitious systems, 
and therefore these gels should be investigated in more detail to gain a 
deeper understanding of the underlying degradation mechanisms. 

In comparison to the C-(A-)S-H phases formed in PC systems, C-(N-) 
A-S-H gels present in AAS systems generally possess lower Ca/(Si + Al) 

* Corresponding authors. 
E-mail addresses: shuainie@chem.au.dk (S. Nie), 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.2024.107432 
Received 20 November 2023; Received in revised form 28 December 2023; Accepted 11 January 2024   

mailto:shuainie@chem.au.dk
mailto:G.Ye@tudelft.nl
www.sciencedirect.com/science/journal/00088846
https://www.elsevier.com/locate/cemconres
https://doi.org/10.1016/j.cemconres.2024.107432
https://doi.org/10.1016/j.cemconres.2024.107432
https://doi.org/10.1016/j.cemconres.2024.107432


Cement and Concrete Research 178 (2024) 107432

2

ratios (0.6–1.2), higher Al/Si ratios (0.1–0.3) and high alkali uptakes 
[3,10–15]. These variations in chemical composition may lead to dif-
ferences in gel structure and associated physico-chemical properties. 
Myers et al. [12] proposed a cross-linked substituted tobermorite-based 
model as a generalized structure for C-(N-)A-S-H gels. The interplay 
between composition, solubility, and structure of C-(N,K-)A-S-H gels has 
been investigated [13] and showed that the interlayer space of the 
tobermorite-like structure accommodates both Na+ and K+ ions and that 
a higher alkali content results in a lower Ca content in the interlayers. 
Furthermore, a high substitution degree of Si by Al can considerably 
enhance the mean chain length and polymerization degree of the 
alumino-silicate tetrahedra in C-(N-)A-S-H gels. Garg et al. [16] 

investigated the effect of Na+ and K+ ions on the nanoscale structure of 
C-S-H gels and found that the incorporation of alkalis resulted in 
consistent reductions in mean silicate chain length, polymerization de-
gree of silicate tetrahedra, and basal spacing in the XRD patterns. 
Moreover, Yan et al. [17] reported that external immersion of C-S-H 
samples in NaOH/KOH solutions can increase the interlayer distance of 
the C-S-H gels. 

Earlier studies have investigated the influence of leaching under acid 
attack conditions on the properties of C-(A-)S-H gels. Liu et al. [18] 
studied the impact of decalcification on structural and mechanical 
characteristics of synthesized C-S-H gels immersed in NH4NO3 solutions. 
Their results revealed that decalcification only occurs within the inter-
layer space, resulting in a reduction in stiffness along the c-axis. Notably, 
despite significant alterations in the linkage of silicate chains, the 
incompressibility and transverse isotropy of the calcium-silicate layers 
remained stable. Wang et al. [15] have studied the degradation mech-
anisms of C-(N-)A-S-H and N-A-S-H gels exposed to acidic conditions and 
found that both types of gels exhibit a detectable dealumination where 
almost all Al(IV) transferred into Al(VI) during exposure to sulfuric acid. 
Furthermore, both gels demonstrated increased silicate polymerization 
after acid immersion, in particular for the C-(N-)A-S-H gels. 

As mentioned above, AAS materials also show clear degradations 
under water immersion [9,19]. However, investigations of structural 
changes for C-(N-)A-S-H gels subjected to water immersion have not 
been reported so far. This may reflect that C-(A-)S-H gels in conventional 
cementitious systems are considered structurally robust towards water 
immersion, and therefore leaching of C-(A-)S-H gels under water con-
ditions has not attracted significant concerns. The influence of Na on the 
structure of C-(N-)A-S-H gels has frequently been overlooked, and this 
oversight can be attributed, in part, to earlier research findings indi-
cating a relatively weak bonding of Na within the gel matrix [20], 
leading to the assumption that Na plays a negligible role in the devel-
opment of the gel structure. Consequently, the impact of Na leaching 
and associated structural changes of the C-(N-)A-S-H gels may have been 
overlooked. 

The objective of this study is to provide an analysis of the structural 
changes occurring in C-(N-)A-S-H gels when subjected to water im-
mersion. To achieve this, we use three synthesized C-(N-)A-S-H gels with 

Table 1 
Optimized proportions of reaction solutions for the C-(N-)A-S-H gel synthesis (in mL).   

0.6 M Na2SiO3 0.24 M Ca(NO3)2 0.12 M Al(NO3)3 10 M NaOH Deionized H2O Targeted Ca/Si Targeted Al/Si 

0.8_0.1  80  100  40  50 80  0.8  0.1 
0.8_0.3  80  100  120  50 –  0.8  0.3 
1.2_0.3  50  150  75  50 25  1.2  0.3  

Table 2 
Chemical composition (wt%) and elemental molar ratios for the synthesized C- 
(N-)A-S-H gels.   

CaO SiO2 Al2O3 Na2O Ca/Si Al/Si Na/Si Na/Al 

0.8_0.1  41.7  49.4  4.1  4.7  0.90  0.10  0.18  1.87 
0.8_0.3  37.2  45.9  9.4  7.5  0.87  0.24  0.32  1.31 
1.2_0.3  48.9  42.3  7.4  1.4  1.24  0.21  0.07  0.32  

Fig. 1. Ion concentrations of Na, Ca, Al and Si in the leachates of the three C- 
(N-)A-S-H gels exposed to water and synthesized with Ca/Si = 0.8 and Al/Si =
0.1 (black squares), Ca/Si = 0.8 and Al/Si = 0.3 (red circles), and Ca/Si = 1.2 
and Al/Si = 0.3 (blue triangles). The error bars, showing the standard de-
viations, are for some of the measurements below the size of the symbols for the 
measured values. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.) 

Fig. 2. (A) pH evolution of the leachates for the three C-(N-)A-S-H gels with 
exposure time. (B) Correlation between the concentrations of Na+ and OH− ions 
in the leachates for the C-(N-)A-S-H gels at the three different exposure times. 
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distinct Ca/Si and Al/Si ratios, i.e., 0.8 and 0.1, 0.8 and 0.3, and 1.2 and 
0.3, respectively, which collectively span the representative ranges for 
these elements in AAS systems [3]. The synthesis process was carried out 
under high-pH conditions similar to those found in real AAS systems 
[21–23]. Subsequently, the synthesized gels were immersed in deion-
ized water for varying exposure durations, and the leaching processes 
were tracked by measuring ion concentrations in the leachates. 

Furthermore, solid materials were isolated, and relationships between 
leaching behaviour and structural change of the gels were established. 
Overall, this study aims to deepen our comprehension of the degradation 
mechanism of AAS materials in aqueous environments, with a primary 
emphasis on the structure and composition of the C-(N-)A-S-H gel. 

Fig. 3. (A) Powder XRD diffractograms of the three unexposed C-(N-)A-S-H gels. (B–D) XRD patterns for the three C-(N-)A-S-H gels at different leaching times. G: C- 
(N-)A-S-H gel; CC: calcium carbonate. 

Fig. 4. Chemical compositions of the C-(N-)A-S-H gels before and after water immersion for 1, 7, and 28 days. The leaching loss is calculated using the ICP results of 
the leachates for gels. 
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2. Materials and methods 

2.1. Materials 

The synthesis of C-(N-)A-S-H gels was conducted using the widely 
employed double decomposition method, as described in detail in pre-
vious studies [24–28]. This approach produces gels that exhibit com-
parable characteristics to those resulting from direct reactions of the 
various oxides in solution [29]. Moreover, it provides enhanced syn-
thesis efficiency and the capability to mitigate potential interference 
from unreacted raw materials. For this study, three distinct stoichio-
metrically tailored gels were synthesized, denoted as 0.8_0.1, 0.8_0.3, 
and 1.2_0.3, where the values of 0.8 and 1.2 correspond to the targeted 
Ca/Si ratios, whereas 0.1 and 0.3 are the targeted Al/Si ratios. The 
comparison between the former two gels aimed to elucidate the impact 
of the Al/Si ratio on gel leaching, while that involving the latter two was 
designated to investigate the influence of Ca/Si ratios on gel leaching. 

The gel syntheses were carried out using solutions of 0.6 M 
Na2SiO3⋅5H2O, 0.24 M Ca(NO3)2⋅4H2O, 0.12 M Al(NO3)3⋅9H2O, and 10 
M NaOH, the latter utilized for pH adjustment. All solutions were pre-
pared using deionized water as the solvent. The proportions of the so-
lutions were tailored to the targeted elemental ratios presented in 
Table 1. It should be noted that the high solubility of Si and Al and low 
solubility of Ca under high alkaline conditions [30] imply that the molar 
Ca/Si ratios calculated from the reactants are lower than the targeted 
Ca/Si ratios in gels. The optimization of the proportions of the solutions 
for the gel synthesis (Table 1) was carried out through a systematic 
approach which involved a step-by-step comparison between the tar-
geted Ca/Si and Al/Si ratios and the actual values determined from XRF 
analysis. 

High-purity N2 from a gas cylinder was progressively released into 
the glove box containing all experimental setups for at least 20 mins, 
with the valve opened to the external environment. This process aimed 
to exhaust any residual air present in the glove box. Then, the valve was 
closed and the recirculation mode was initiated, which allowed the 
whole gel synthesis process to be carried out under a pure N2 atmo-
sphere with standard atmospheric pressure. The solutions were carefully 
added drop-by-drop into a conical flask following the order of NaOH, 
Na2SiO3, Al(NO3)3, Ca(NO3)2, and deionized water [26], and constant 
stirring was applied for 7 days in the sealed conical flasks to maintain a 
constant environment [31]. Following the experiments, the valve was 
reopened and all the sample and reactor were removed. Both the su-
pernatant and the newly formed gels were collected following centri-
fugation. The pH values of the supernatant from the 0.8_0.1, 0.8_0.3, and 
1.2_0.3 gels were 14.2, 14.1, and 14.1, respectively, as measured by 
titration. These pH values align with the pH of pore solutions in real 
AAM systems [9,32]. To further purify the freshly formed gels, a thor-
ough washing procedure was applied. This involved three successive 
treatments with deionized water (500 mL each time) and a single wash 
with absolute alcohol (500 mL). Each washing cycle took place in an 
ultrasonic bath for 2 min. Subsequent to the washing, the gel samples 
were freeze-dried for 3 days. Afterwards, the gels were finely ground 
into powders and stored in a desiccator prior to the measurements 
[11,17,33], where the desiccator contained a saturated CaCl2 solution 
(relative humidity (RH) ≈ 30 %) and solid NaOH serving as a CO2 trap. 

The chemical compositions and the corresponding Ca/Si and Al/Si 
ratios of the three synthesized C-(N-)A-S-H gels (Table 2) were deter-
mined by X-ray fluorescence (XRF). The obtained Ca/Si ratios are 
slightly higher than the target values, whereas the Al/Si ratios are lower. 
In addition, the presence of Na is also identified in all three C-(N-)A-S-H 
gels. 

For the leaching experiments under water-exposed conditions, 1.500 
g (± 0.001 g) of gel was mixed with 150.0 g (± 0.1 g) of deionized water 
in a sealed polyethene bottle. The samples were allowed to equilibrate at 
room temperature (25 ± 2 ◦C) and shaken twice a week [13]. After 
immersion for designated ages of 8 h, 1 d, 7 d and 28 d, the gels were 

Fig. 5. Molar Ca/Si, Al/Si and Na/Si ratios for the C-(N-)A-S-H gels at different 
leaching ages. The error bars, showing the standard deviations, are for some of 
the measurements below the size of the symbols for the measured values. 
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filtrated and washed with absolute alcohol for five times. Subsequently, 
the leached gels were subjected to the same drying and storage pro-
cedures as described above for the synthesized samples. The leachates of 
the gels were centrifuged, and the resulting supernatants were collected 
for further ion concentration analysis. 

2.2. Methods 

2.2.1. Aqueous phase characterizations 
The ion concentrations of Na, Ca, Si, and Al in the leachates were 

quantified using a PerkinElmer Optima 5300DV inductively coupled 
plasma optical emission spectrometry (ICP-OES) instrument. The pH 
values of the host solutions (>14), mentioned above, were determined 
through titration against 0.1 mol/L of HCl acid, employing phenol-
phthalein as an indicator, whereas the pH values of the leachates were 
measured by a pH meter from Metrohm, Switzerland. 

2.2.2. Solid phase characterizations 
Characterization of the powdered C-(N-)A-S-H gels, both before and 

after leaching, was carried out by several analytical techniques, 
including XRF, X-ray diffraction (XRD), Fourier-transform infrared 
spectroscopy (FTIR) and solid-state magic-angle spinning (MAS) nuclear 
magnetic resonance (NMR) spectroscopy. For quantitative determina-
tion of the elemental composition of the C-(N-)A-S-H gel after leaching, 
the XRF measurements were conducted using a Panalytical Axios Max 

WD-XRF spectrometer. For the powder XRD measurements, a Bruker D8 
Advance diffractometer with CuKα radiation (1.54 Å) was employed, 
with a step size of 0.02o and a dwell time of 5 s per step. The FTIR 
measurements were performed on a Nicolet™ iS50 FTIR Spectrometer, 
where the wavenumber range spanned from 600 to 4000 cm− 1 with a 
resolution of 4 cm− 1. A total of 20 scans were collected per sample. 

The single-pulse 29Si MAS NMR spectra were acquired at 79.4 MHz 
on a Bruker Avance 400 NMR (9.4 T) spectrometer, using a 4 mm Bruker 
CP/MAS probe with a spinning frequency of νR = 10.0 kHz, a 45◦

excitation pulse (γB1/2π = 71 kHz), a relaxation delay of 30 s, and 5600 
scans. 29Si chemical shifts are referenced to tetramethylsilane (TMS), 
using β-Ca2SiO4 (δ(29Si) = − 71.33 ppm [34]) as a secondary reference. 
The deconvolutions of the 29Si MAS NMR spectra were carried out by 
least-squares fitting using a combination of Gaussian and Lorentzian 
peak shapes and MATLAB® codes implemented in a recent study [35]. 
The 23Na and 27Al MAS NMR spectra were recorded on a narrow-bore 
Bruker Avance 950/54 us2 NMR spectrometer (22.3 T), employing a 
triple-resonance 1H-X-Y 2.5 mm Bruker CP/MAS probe with a spinning 
frequency of νR = 25.0 kHz, a pulse width of 0.5 μs for rf field strengths 
of γB1/2π = 81 kHz and 100 kHz for 23Na and 27Al, respectively, a 
relaxation delay of 2 s, 1H decoupling (γB2/2π = 70 kHz) during 
acquisition, and typically 4096 scans. 23Na and 27Al isotropic chemical 
shifts were referenced to external samples of 1.0 M aqueous NaCl and 
AlCl3•6H2O solutions, respectively. 

Fig. 6. (A) FTIR spectra of the C-(N-)A-S-H gels before leaching. (B–D) FTIR spectra of the three C-(N-)A-S-H gels following the time evolution of leaching. δ indicates 
bending vibrations, σas asymmetric stretching vibrations, and σs symmetric stretching vibrations. R indicates the reference samples before leaching whereas the other 
spectra are denoted by their leaching times (8 h, 1 d, 7 d, and 28 d). 
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3. Results and discussion 

3.1. Ions concentrations in leachate 

The evolution of ion concentrations for Na, Ca, Al and Si in the 
leachate of the C-(N-)A-S-H gels exposed to water is shown in Fig. 1 as a 
function of the leaching time. The predominant ions in the leachate are 
Na, followed by Si, Ca, and Al. The concentration of Na appears to sta-
bilize after 1 day (Fig. 1A), indicating that a significant portion of Na can 
rapidly leach away from the gels. Since the fresh gels have been 
centrifuged and ultrasonically washed four times, this loss of Na is pri-
marily attributed to the release of charge-balancing Na from the inter-
layer rather than physically absorbed Na on the surface of gels. This 
observation aligns with earlier studies [14,36], suggesting that Na is 
weakly bonded in the basal spacing of C-(N-)A-S-H gels. Furthermore, it 

is apparent that the Na concentration in the leachate exhibits a positive 
correlation with the initial Na content in the unexposed C-(N-)A-S-H gels 
(c.f. Table 2), which decreases with increasing Ca/Si ratio for a fixed Al/ 
Si ratio [37]. 

In contrast to Na, the Ca ions leach with a slower rate (Fig. 1B), 
indicating a stronger binding of the interlayer Ca ions to the alumino-
silicate chains. The concentration of Ca reveals a gradual increase over 
time for all three samples with the highest leaching observed for the 
1.2_0.3 gel with the highest initial Ca content. Additionally, dissolution 
of Al is detected, with the quantity of dissolved Al also being propor-
tional to the initial Al content in the solid phase (Fig. 1C). Al shows a 
similar leaching behaviour as Na, with no changes in concentration after 
8 h of water exposure. The leaching behaviour for Si resembles that of 
Ca, with the equilibrium concentration of Si at 28 days being higher than 
Ca in the gels with a low Ca/Si ratio (e.g., Ca/Si < 1; Fig. 1D). The 
dissolved Ca to Si molar ratios in the leachates are 3.7 for the 1.2_0.3 gel 
after 28 days of water immersion and 0.1 for the gels with Ca/Si = 0.8. 
This suggests an incongruent leaching of Ca and Si, where the gel with 
the higher Ca content has a larger loss of Ca along with a comparatively 
lower loss of Si. The initial Na content in the 1.2_0.3 gel is lower than 
that in the 0.8_0.3 gel, indicating that a larger portion of Ca acts as a 
charge compensator to balance the negative charges resulting from the 
substitution of Si by Al in the silicate chains and the more disrupted 
alumino-silicate chains present at higher Ca/Si ratio [37]. Since the 
interlayer Ca is more susceptible to leaching than Ca in the principal 
layers, a higher loss of Ca is observed for the 1.2_0.3 gel. Overall, C-(N-) 
A-S-H gels under water-exposed conditions reveal distinct leaching be-
haviours for the different ions, which may partly reflect the Ca/Si, Al/Si 
and Na/Si ratios of the gels as illustrated in Fig. A1. 

The pH evolution of the leachates is depicted in Fig. 2A as a function 
of exposure time and shows that the pH of the leachate increases with 
the dissolution of the C-(N-)A-S-H gels, reaching values over 11.5 after 
28 days of water immersion. The formation of C-(N-)A-S-H gels involves 
a series of alkali-consuming reactions and aqueous ions of Ca2+, Na+, [Al 
(OH)4]− , [SiO(OH)3]− and [SiO2(OH)2]2− . Reversely, the disintegration 
of C-(N-)A-S-H gels in water is supposed to be an alkali-releasing pro-
cess. Since the concentration of Na is much higher than that of Ca, Si, 
and Al in the leachate, the pH of the leachate is mainly controlled by the 
initial content of Na in the solids. Therefore, the gels containing more 
alkali ions (the 0.8_0.1 and 0.8_0.3 gels) have higher leakages of OH−

ions. Indeed, Fig. 2B confirms that the concentration of OH− in the 
leachates correlates positively with the aqueous Na concentration. 

3.2. Solid phase composition 

The XRD patterns for the three C-(N-)A-S-H gels, prior to water 
exposure, are shown in Fig. 3A and include four distinct peaks, char-
acteristic for the C-(N-)A-S-H gels, are comparable with the reflections 
observed for poorly-ordered analogues of orthorhombic 14-Å tober-
morite (PDF# 00-029-0331) [17]. These peaks are roughly positioned at 
2θ values of 5 – 7o, 17o, 29o, and 32o, which resemble the XRD re-
flections of representative C-(N-)A-S-H gels in real AAS pastes [9,22,23]. 
The lowest reflection (d002) is related to the basal spacing of the gel [38]. 
However, the basal spacings of calcium aluminosilicate hydrate gels are 
highly dependent on the chemical composition of the gels [33,39,40], 
where an increase in Al content or a decrease in Ca content can lead to a 
broader basal spacing. Moreover, a higher water content in the gels can 
also contribute to the expansion of basal spacing [33]. Only limited 
information about the basal spacings can be extracted from the patterns 
in Fig. 3A, since no distinguishable peaks can be identified in the range 
from 5 to 10o (i.e., only a broad hump is observed for the Ca/Si = 1.2 
gel). This can mainly be attributed to the preference for the formation of 
amorphous phases for gels with high Al and low Ca contents [16,17]. 

The poorly crystalline C-(N-)A-S-H gels (0.8_0.1 and 0.8_0.3) also 
exhibit lower intensity of the characteristic peaks around 29o and 32o 

when compared to the 1.2_0.3 gel. The d101 reflections observed for all 

Fig. 7. Changes of the FTIR wavenumbers for the asymmetric stretching vi-
bration of Si–O bonds in Q2 sites of the C-(N-)A-S-H gels as a function of the 
leaching time. 

Fig. 8. Schematic model for the structure of a C-(N-)A-S-H gel based on the 
defect tobermorite model and emphasizing the local environment of various 
silicate and aluminate species. It should be noted that five- (Al5) and six-fold 
(Al6) coordinated Al are only present in gels with high Ca/Si ratios (i.e., Ca/ 
Si >

̃
1.2 [47]). 
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three gels are indicative of bridging Si sites, which may suggest C-(N-)A- 
S-H gels with cross-linked structures [41]. No significant structural 
changes are detected by XRD for the three C-(N-)A-S-H gels upon 
leaching duration, as shown in Fig. 3B–D. However, minor peaks from 
calcium carbonate are detected in the 1.2_0.3 gel, which is consistent 
with results from TGA and may be expected for gels with high Ca/Si 
ratios. These findings suggest that water leaching only leads to changes 
that has a minimal influence on the overall structure of the gels. 

Changes in chemical composition of the C-(N-)A-S-H gels over the 
leaching period are shown in Fig. 4, as determined from XRF measure-
ments. It is observed that the two gels with low Ca/Si ratio have higher 
weight losses than the 1.2_0.3 sample, which is primarily a result of a 
higher leaching of Na and Si. The rapid and significant leaching of Na 
ions is a result of the higher mobility of Na as compared to the other ions, 
where the highest loss is observed for the 0.8_0.3 sample with the 
highest initial Na content. The highest loss in Si contents is observed for 
the gels with the lowest Ca/Si ratios (although small) and may poten-
tially reflect the presence of longer alumino-silicate chains rather than a 
preference of dimers, as present in high Ca/Si ratio gels. Considering 
that the Ca/Si ratio of C-(A-)S-H phases in cement systems is higher than 
that of C-(N-)A-S-H gels in AAS systems [3], it is plausible that the 
leaching stability of C-(N-)A-S-H gels is less robust. Therefore, this result 
can well explain the phenomenon of gel decomposition in AAS pastes 

after long-term water immersion [9]. 
The Ca/Si, Al/Si, and Na/Si ratios for the C-(N-)A-S-H gels, before 

and after water exposure and calculated from the data in Fig. 4, are 
shown in Fig. 5. No variations in the Ca/Si and Al/Si ratios can be 
observed with exposure time, within the uncertainty limits of the data. 
For the Al/Si ratios, this indicates a congruent dissolution of Si and Al 
during water leaching. As for the Na/Si ratios, the three C-(N-)A-S-H gels 
all show a Na loss within the first day of leaching, after which the values 
stabilize and become invariant for the remaining exposure time. As 
shown in Fig. 5(C), the gel with a higher Al/Si ratio appears to show a 
higher Na/Si ratio before and after leaching, as compared with the gels 
of 0.8_0.1 and 0.8_0.3. This indicates that the gel with a higher Al 
incorporation is more effective in the immobilization of Na. 

3.3. Solid phase structure 

3.3.1. FTIR 
FTIR spectra of the C-(N-)A-S-H gels before and after leaching are 

shown in Fig. 6A and include five distinct regions that can be related to 
Si–O bondings. The wavenumbers ranging from 600 to 800 cm− 1 

correspond to bending vibrations of Si-O-Si(Al) groups within calcium 
aluminosilicate hydrates and the vibration of water molecules [40]. The 
bands in the range from 800 to 1200 cm− 1 are assigned to vibrations of 

Fig. 9. 29Si MAS NMR spectra (9.4 T, νR = 10.0 kHz) of the three C-(N-)A-S-H gels before leaching (left) and after immersion in water for 28 days (right). The 
experimental spectra are shown in black, optimized simulated spectra in red, and difference spectra in grey. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.) 
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Si–O groups [42,43]. More specifically, the band at approximately 830 
cm− 1 is related to the symmetric stretching vibrations of the Si–O bonds 
[44] associated with the Q1 sites within the dreierketten chains [45]. 
However, no significant differences in these stretching vibrations for the 
Q1 sites are observed for the different gels from the FTIR spectra. A 
minor shoulder, indicated by the asterisk in Fig. 6A, positioned at a 
lower frequency relative to the Q1 peak is seen for the 1.2_0.3 gel. This 
signal was also observed for C-S-H phases by Yan et al. [17], however, an 
assignment of the signal has not been proposed. The band at 883 cm− 1 

corresponds to the bending vibration of Si–O [46], and the 1.2_0.3 gel 
exhibits a more pronounced intensity at this wavenumber relative to the 
other two gels. This difference could potentially be ascribed to a more 
ordered structure of the 1.2_0.3 gel, as a result of the higher Ca content 
in the gel. The most clear and well-defined peak around 960 cm− 1 

represents the asymmetric stretching vibration of Si–O bonds within 
the “fingerprint region” for Q2 sites [17]. It is noteworthy that the shift 
towards lower wavenumbers for the Q2 peak indicates a decrease in the 
polymerization degree of the C-(N-)A-S-H gel [43], in agreement with 
that the 1.2_0.3 gel with a high Ca/Si ratio exhibits a less polymerized 
structure. The asymmetric Si–O stretching vibration located at 1050 
cm− 1 is ascribed to Si–O in Q3 sites, and the intensity at this wave-
number is higher for both the 1.2_0.3 and 0.8_0.3 gels than for the 
0.8_0.1 gel, which suggests that the gels with higher Al/Si ratio tend to 
have more crosslinked structures, in accordance with earlier findings for 

alkali-activated slag cements [41]. 
The time evolution of leaching is followed by the FTIR spectra in 

Fig. 6B–D for the three C-(N-)A-S-H gels. These spectra show no addi-
tional signals, as compared to those before leaching, indicating that no 
new phases are formed and that variations in intensity reflect minor 
structural rearrangements, predominately of Qn species, in the C-(N-)A- 
S-H gels. The signals from the Q1 sites are very similar for all leaching 
times, whereas progressive changes are evident for the Q2 sites (peak 
around 960 cm− 1) as shown in Fig. 7. All three C-(N-)A-S-H gels display 
similar changes in the frequencies with leaching time by an initial in-
crease (from 1 to 7 days), followed by a gradual decrease until 28 days. 
This suggests that the polymerization degree of the C-(N-)A-S-H gels 
initially increases and then decreases during 28 days of water immer-
sion, possibly as a result of a loss and redistribution of cations during 
leaching. However, the decrease in wavenumbers upon prolonged 
leaching is smaller than the initial increase during the first days (Fig. 7), 
suggesting that the gels after leaching for 28 days are more cross-linked 
as compared to the structures before leaching. These findings align well 
with our recent study on alkali-activated slag pastes subjected to water 
immersion [9] and are further supported by the NMR results in the 
following section. 

3.3.2. NMR 
The low crystallinity of the C-(N-)A-S-H gels poses challenges in the 

quantitative structural analysis of these phases using conventional 
powder XRD and FTIR techniques. For such phases with lacking long- 
range order, solid-state NMR can often provide more details about the 
local structure. By 29Si, 27Al, and 23Na MAS NMR, it is possible for C-(N-) 
A-S-H gels to quantitatively analyze the basic dreierketten chains of 
silicate units, the presence of tetrahedrally, fivefold- and octahedrally 
coordinated Al species, and Na ions associated with the structures 
[12,37,45]. This may result in models that consider the nearest coor-
dination environments, as schematically illustrated in Fig. 8 for a C-(N-) 
A-S-H gel. 

3.3.2.1. 29Si MAS NMR. The 29Si MAS NMR spectra of the C-(N-)A-S-H 
gels before leaching and after water immersion for 28 days are shown in 
Fig. 9 and are all dominated by three resonances at approx. − 79.5 ppm, 
− 82 ppm, and − 85 ppm, which can be assigned to the Q1 Q2(1Al4) and 
Q2

p sites, respectively, of the basic structure (see Fig. 8). In addition, less 

Fig. 10. 29Si MAS NMR spectrum (9.4 T, νR = 10.0 kHz) of the 0.8_0.1 C-(N-)A- 
S-H gel after leaching for 28 days along with its optimized simulation. The 
individual components of the simulated spectrum are shown below along with 
their assignment. 

Fig. 11. Distribution of intensities for the distinct SiO4 environments for the C- 
(N-)A-S-H gels before and after 28 days of leaching, as determined from sim-
ulations of the 29Si NMR spectra in Fig. 9. 
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resolved peaks and shoulders are observed at lower frequencies, which 
may originate from Q3(1Al) (~− 90 ppm) and Q3 sites (− 93 ppm) [12]. 
The two Q3 sites have also been reported in 29Si NMR spectra of Al- 
substituted natural tobermorite [48,49] and synthesized C-(N-)A-S-H 
phases with a low Ca/Si ratio [13,15,28]. It is noted that a second paired 
site (Q2

pb; − 86.7 ppm), originating from paired sites in the middle of 
octameric or longer silicate units, has been observed in synthesized C- 
(A-)S-H phases [37]. However, indications of this site are not seen in the 
present 29Si NMR spectra (Fig. 9) and thus not included in the analysis. 
Following the defect tobermorite model for C-(N-)A-S-H gels and C-(A-) 
S-H phases [37], a resonance from the bridging sites (Q2

b) sites is also 
present at roughly − 83 ppm, which should exhibit half the intensity of 
the Q2

p sites. 
The individual 29Si NMR spectra are simulated using resonances 

from the Q1, Q2
p , Q2

b , Q2(1Al4), Q3 and Q3(1Al4) sites, using the same 
optimized simulation approach as recently described for synthesized C- 
(A-)S-H phases [37], including the intensity relation I(Q2

p)/I(Q2
b) = 2. As 

an example, Fig. 10 shows the optimized simulation and constituent 
peaks for the 0.8_0.1C-(N-)A-S-H gel after 28 days of water immersion. 
The simulations of the 29Si MAS NMR spectra provide relative intensities 

for the six distinct types of SiO4 sites, which allow estimation of the 
mean chain length of alumino-silicate tetrahedra (MCL) for the syn-
thesized gels before and after leaching. For MCL we have chosen to 
include Al4 and Si in Q3 sites but only on the side of the chain that they 
belong to, resulting in the follow expression for MCL: 

MCL =

2
[

Q1 + Q2 + 3
2Q

2(1Al4) + Q3 + Q3(1Al4)

]

Q1 (1)  

where Q2 = Q2
p + Q2

b . Fig. 11 shows the intensity fractions for the 
different types of silicate environments, corresponding to the optimized 
simulations illustrated in Fig. 9, which result in the MCL values listed in 
Table 3. 

The Q2
p resonance dominates the spectra of the C-(N-)A-S-H gel with a 

Ca/Si ratio of 0.8, in agreement with the presence of longer silicate 
chains at a low Ca/Si ratio. Moreover, the higher Al/Si ratio of 0.3 for 
two of the gels are clearly reflected in higher relative intensity for the 
Q2(1Al4) peak, which before leaching increases for the 0.8_0.1, 0.8_0.3, 
and 1.2_0.3 gels, respectively, in agreement with the Al/Si ratios of the 
gels determined by XRF (Fig. 4). Comparison of the 29Si MAS NMR 

Table 3 
Mean chain length (MCL) of aluminosilicate tetrahedra for the C-(N-)A-S-H gels before and after 28 days of leaching as determined from Eq. (1) using the simulated 
intensities of the 29Si MAS NMR spectra.   

0.8_0.1_0d 0.8_0.1_28d 0.8_0.3_0d 0.8_0.3_28d 1.2_0.3_0d 1.2_0.3_28d 

MCL 13.0 19.2 14.8 16.1 7.5 8.1  

Fig. 12. 27Al NMR spectra (22.3 T, νR = 25.0 kHz) of the C-(N-)A-S-H gels 
before (black) and after 28 days of water immersion (red). (For interpretation of 
the references to color in this figure legend, the reader is referred to the web 
version of this article.) 

Fig. 13. 23Na NMR spectra (22.3 T, νR = 25.0 kHz) of the C-(N-)A-S-H gels 
before (black) and after 28 days of water immersion (red). (For interpretation of 
the references to color in this figure legend, the reader is referred to the web 
version of this article.) 
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spectra for the C-(N-)A-S-H gels before and after leaching reveals only 
minor changes (Fig. 9), indicating that 28 days of water immersion does 
not significantly alter the main structure of C-(N-)A-S-H gel. The in-
tensities of the Q2 peaks (Fig. 11) show a small increase for all synthe-
sized gels after water immersion and at the expense of Q1 sites. These 
changes are also reflected by an increase in MCLs after leaching 
(Table 3), which can be ascribed to a decalcification of the C-(N-)A-S-H 
gels, since an increase in MCL corresponds to a decrease in Ca/Si ratio. 
The decalcification of C-(N-)A-S-H gels is further supported by the shift 
of Q2

p sites from about − 85.0 ppm to − 85.4 ppm upon leaching, 
following an earlier 29Si NMR study of C-S-H phases synthesized at 
different Ca/Si ratios [50]. Interestingly, the increase in MCL upon 
leaching is notably higher for the C-(N-)A-S-H gel with Al/Si = 0.1 as 
compared to the gels with Al/Si = 0.3. This suggests that the presence of 
Al4 in the chain structure of the C-(N-)A-S-H gels partly hinders decal-
cification due to leaching. This may reflect that Si substitution by Al in 
the chains reduces the charge of the gel structure, providing an option 
for a stronger binding of Ca2+ ions. 

The presence of Q3 and Q3(1Al) sites is consistently observed for all 
three gels before leaching (Figs. 9 and 11), in agreement with earlier 
findings from 29Si NMR studies of C-(N-)A-S-H gels in alkali-activated 
slag pastes [41]. It is notable that the gels with a Ca/Si ratio of 0.8 
exhibit higher contents of Q3 and Q3(1Al) sites, indicating that a lower 
Ca/Si ratio promotes the formation of more cross-linked C-(N-)A-S-H gel 
structures. Furthermore, a small increase in Q3 and Q3(1Al4) intensities 
is observed after 28 days of exposure, reflecting an increased cross- 
linking as a result of the observed decalcification of the gels over the 
leaching period. 

3.3.2.2. 27Al MAS NMR. The 27Al MAS NMR spectra for the synthesized 
C-(N-)A-S-H gels before and after leaching for 28 days are shown in 
Fig. 12 and reveal distinct centerband resonances for Al in tetrahedral 
(50–80 ppm), five-fold (30–50 ppm) and octahedral (0–20 ppm) coor-
dination. The observed spectra show no indications of secondary phases, 
as also suggested by powder XRD (Fig. 3). The spectra are dominated by 
tetrahedrally coordinated Al sites, as seen by the narrow peak at 74.5 
ppm for the 1.2_0.3 gel and by the broad resonance at roughly 65 ppm 
for all samples. Very low-intensity resonances from Al5 and Al6 are 
observed for the Ca/Si = 0.8 gel, in agreement with our expectations 
based on recent studies of C-(A-)S-H phases [37,47], whereas they 
exhibit slightly higher intensity for the Ca/Si = 1.2 gel. This supports our 
approach to simulate the 29Si NMR spectra (Figs. 9 and 10) which does 
not consider specific peaks for Si neighbouring Al5 or Al6 in the alumino- 
silicate chains. 

The 27Al NMR spectra after 28 days of water exposure exhibit very 
similar intensities as those obtained before leaching, supporting the 
earlier findings from XRF (Fig. 4) that Al does not leach out from the C- 
(N-)A-S-H gel structure. The Al5 and Al6 resonances are unaffected by 
the leaching, whereas small shifts to lower frequency are observed for 
the broad Al4 resonances. Previous studies have reported the existence 
of multiple tetrahedrally coordinated Al sites in C-(A-)S-H phases with 
Ca/Si ratios ranging from 0.6 to 1.4 and Al/Si ratios up to 0.3 [28,37]. In 
a recent study [37], three different Al4 sites were proposed from 27Al 
MAS and multiple-quantum (MQ) MAS experiments at 14.1 and 22.3 T, 
all situated in a bridging site but charge-balanced by different ions, i.e., 
Al4(a) (centre of gravity δcg = 75.4 ppm at 22.3 T) – an Al site charge- 
balanced by a nearby Na+ ion, Al4(c) (δcg = 66.1 ppm) – an Al site 
charge-balanced by ½ Ca2+ ion and H3O+, and Al4(d) (δcg = 61.3 ppm) – 
an Al site charged-balanced by interlayer Ca2+ ions alone or in 
conjunction of Na+ ions. In an earlier study [28], it was proposed that 
the Al resonance at ~74 ppm represents Al in a bridging site charge- 
balanced by Al5 and Al6 species in the interlayer or on the surface of 
the C-(A)-S-H gels and that the resonances at ~66 ppm and ~58 ppm 
originate from AlO4 Q2 (i.e., a bridging site) and AlO4 Q3 (i.e., a cross- 
linking site) units, respectively. The narrow resonance at 74.5 ppm, 
seen in all spectra before leaching and most clearly for the 1.2_0.3 gel, is 
assigned to the Al4(a) site whereas the broader Al4 peak may be a sum of 
resonances from Al4 (c), Al4(d) and cross-linked Q3 Al. The intensity of 
the Al4(a) site is clearly reduced upon leaching for the two gels with Ca/ 
Si = 0.8, whereas the shift of the main resonance to lower frequency 
(from 65.4 ppm to 64.3 ppm) for the Ca/Si = 0.8 gels suggests a larger 
interaction with Ca2+ ions in the interlayer, following the assignment of 
the Al4(c) and Al4(d) sites. For the C-(N-)A-S-H gel with Ca/Si = 1.2, a 
shift from 70.1 ppm to 68.6 ppm is also observed for the dominant broad 
resonance upon leaching. Thus, this shift may reflect an increased role of 
Ca2+ ions in charge balancing the Q2 and Q3 AlO4 sites, when Na ions are 
removed from the interlayers. It is noted that there are no discernible 
changes in the relative intensities for the Al5 and Al6 resonances before 
and after leaching, indicating that these Al species are not affected by 
water leaching when present at relatively low Ca/Si ratios. 

3.3.2.3. 23Na MAS NMR. The 23Na NMR spectra of the gels before and 
after water immersion for 28 days (Fig. 13) all show a featureless 
resonance for the central transition around − 2 ppm with no apparent 
effects of any second-order quadrupolar broadening. This may reflect 
that the spectra are acquired at a very high magnetic field (22.3 T) 
eventually in combination with mobility or dynamic processes for the 
Na ions present in the C-(N-)A-S-H gels, which average out the second- 
order quadrupolar interaction. The 23Na NMR spectra are very similar to 

Fig. 14. A schematic model for the impact of Na leaching on the structure of C-(N-)A-S-H gels as a result of water immersion. The oxygen in the Ca-O sheets is not 
shown and SiO4 and AlO4 tetrahedra are shown as triangles. 
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those reported in a recent study of synthesized C-(A-)S-H phases [37] 
and the observed resonance can be assigned to outer-sphere hydrated 
sodium ions ([Na(H2O)6-x]+, x ≤ 6) either adsorbed to the surface of the 
C-(A-)S-H particles or present in the interlayer of the structure. A small 
shift to lower frequency is observed after leaching for the two Ca/Si =
0.8 samples, which may reflect a reduction in the number of water 
molecules on average surrounding the Na+ ions for example obtained by 
a stronger binding to silanol groups in the C-(A-)S-H structure. The 23Na 
NMR spectra of the gels after leaching show a significant decrease in 
intensities, and thereby unambigously demonstrate that a major part of 
sodium is removed for the C-(N-)A-S-H structure upon water immersion, 
in agreement with the bulk results from the XRF measurements (Fig. 4). 
The 23Na NMR intensities reveal that approximately 70 % of the Na ions 
(quantified from 23Na NMR spectra) have been leached out from the C- 
(N-)A-S-H gels with Ca/Si = 0.8 and nearly all sodium for the Ca/Si =
1.2 gel. 

3.4. Summary and perspectives 

The leaching of ions by water immersion and consequent chemical 
changes of the gels are accomplished by structural changes of the C-(N-) 
A-S-H gels, as clearly reflected in the present results from FTIR and solid- 
state NMR. The polymerization degree of the gels, as reflected by the 
MCL values (Table 3), increases after water immersion as a result of Na 
leaching. The leaching process for conventional C-(A-)S-H gels has been 
investigated in recent studies [18], nevertheless, the underlying mech-
anism of the impact of Na leaching on structural changes for specific C- 
(N-)A-S-H gels in AAS systems has not been presented. From the results 
of the present study, a mechanism is proposed, as schematically pre-
sented by the model in Fig. 14. 

In alkali-free C-(A-)S-H systems, Ca is the main charge compensator 
in the interlayer. The introduction of Na can partially take over the 
charge-compensating role of Ca, resulting in a gel structure where Na is 
present in the interlayers [12,25,28,33] (Fig. 14A). The Ca ions that are 
substituted by Na as charge compensators can take part in the formation 
of the Ca–O sheets, which will lead to a decrease in the fraction of Q2 

sites and thereby shorter average alumino-silicate chains [51]. During 
water exposure, Na+ ions are rapidly released from the interlayer, which 
may result in a structural reorganization where a portion of the Ca ions 
in the Ca–O sheets migrate to the interlayer and serve the role of charge 
balancing (Fig. 14B). This mechanism is supported by the 27Al NMR 
spectra (Fig. 12), where a small shift of the Al(4) resonance to lower 
frequency is observed upon leaching, which can be assigned to an 
increasing coordination to Ca2+ ions in the second-nearest coordination 
sphere. The resulting reduction of intralayer Ca2+ ions may explain the 
increase of Q2 SiO4 sites [16] and thereby the increased MCL values 
(Table 3) upon leaching, as also evidenced by the increase of in wave-
numbers for the Q2 sites in the FTIR spectra at the early stages (Fig. 6). 

The results from the present work provide novel perspectives for 
understanding the process of sodium leaching by water immersion. It is 
widely recognized that the MCLs or polymerization degree of gels is 
dependent on the Ca content in the intralayer. In previous studies 
[52,53], it has been reported that a reduction in the fraction of intralayer 
Ca results in notable volume deformation and reduction in mechanical 
properties, which commonly occur after the leaching of interlayer Ca. 
The findings of this study propose that the leaching of interlayer Na can 
trigger a simultaneous restructuring of intralayer Ca which affects its 

properties, following earlier reported results [52,53]. 

4. Conclusions 

In this study, we have investigated the leaching behaviour, chemical 
compositions, and structural transformations of C-(N-)A-S-H gels under 
water-exposed leaching conditions, using three synthesized C-(N-)A-S-H 
gels with varying Ca/Si ratios (0.8 and 1.2) and Al/Si ratios (0.1 and 
0.3). Our findings reveal that leaching of these synthesized C-(N-)A-S-H 
gels is a rapid process, which stabilizes within seven days and with 
minimal formation of secondary phases, except for a minor presence of 
calcium carbonate in the leached gel with a high Ca/Si ratio of 1.2. 
Notably, sodium leaches out rapidly and significantly within a few 
hours, with approximately 70 % of Na leaching out from gels with a Ca/ 
Si ratio of 0.8 after 28 days of water immersion. Conversely, only min-
imal leaching, if any, is observed for the other elements, with the most 
notable being calcium (Ca) in the gel with a high Ca/Si ratio. 

Interestingly, the gel with the higher Ca/Si ratio of 1.2 experiences 
only a small degree of decalcification during water immersion, whereas 
a significant loss of Na is observed for all gels. Both of these processes 
contribute to an increased polymerization of aluminosilicate tetrahedra 
within the gel structure. We propose that the mechanism behind the 
impact of Na leaching on the gel structure is related to the change in 
charge compensators within the interlayer of the C-(N-)A-S-H gels. As Na 
leaches out from the interlayer, calcium progressively takes the role of 
charge compensation, resulting in structural modifications. This pro-
posed mechanism is supported by findings from 23Na, 27Al, and 29Si 
NMR as well as from FTIR measurements. 
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Appendix A

Fig. A1. Relationships between ion concentrations of the leachates for the C-(N-)A-S-H gels after 28 days of water immersion and the cation elemental ratios before 
leaching of the gels. 
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