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Abstract Calcium-sodium aluminosilicate hydrate
(C-(N)-A-S—H) gels are the primary phases in alkali-
activated slag (AAS) systems and govern paste-scale
microstructural  evolution. Conventional models
assume cross-linked and non-cross-linked C-(N)-A-
S-H gels with Ca/(Si+ Al)>0.67 and Al/Si<0.25.
However, several studies have reported Al-rich gels
(Al/Si>0.25) in both AAS and in alkali-activated
blends with lower calcium content, whose nanostruc-
ture and chemistry remain insufficiently resolved. In
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this study, four amorphous Al-rich C-(N)-A-S—H gels
spanning Al/Si=0.31-0.57 and Ca/Si=0.56-1.04
were synthesized to enable two orthogonal compari-
sons: (i) varying Al/Si at constant Ca/Si to isolate
Al-for-Si substitution effects, and (ii) varying Ca/Si at
constant Al/Si to probe calcium role on network con-
nectivity. Comprehensive characterization revealed
the coexistence of local structural environments char-
acteristic of C-(N)-A-S-H/C-A-S-H, (N,C)-A-S-H,
and N-A-S—H-like gel domains without the formation
of crystalline secondary phases. °Si NMR revealed
a progressive increase in Q*mAl)-rich sites with
increasing Al incorporation, while the relative pro-
portion of the C-(N)-A-S—H/C-A-S—H environments
decreased with decreasing Ca/Si ratio. 2’Al NMR
confirmed tetrahedral Al coordination, with chemi-
cal shifts varying with Ca/Si ratio, reflecting changes
in interlayer charge-balancing. Octahedral Al was
detected exclusively in gels with a higher Al/Si at 0.5,
indicating the formation of more highly polymerized
aluminosilicate environments under high-Al condi-
tions. 2Na NMR revealed chemical shifts of —5.81
to—6.21 ppm, correlating strongly with the Na/Al
ratio. Collectively, the findings demonstrate that gels
with Al/Si>0.25 deviate from classical tobermorite-
like structures and exhibit increasingly polymer-
ized and structurally heterogeneous aluminosilicate
environments.
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Highlights

e Synthesis of Al-rich C-(N)-A-S-H gels (Al/Si >
0.25) via aqueous precipitation

e XRD confirmed all gels form poorly crystalline
C-S-H-like structure

e Al enrichment did not promote crystallization of
secondary phases

e 2°Si NMR revealed the coexistence of multiple
gels

e BET confirmed microporous gels with surface
areas 67-199 m?/g

Keywords C-(N)-A-S—H gel - »Na - 2’Al and »Si
NMR - Alkali-activated materials - Al/Si ratio

Abbreviations

C-S-H Calcium silicate hydrate gel

C-A-S-H Calcium aluminosilicate
hydrate gel

N-A-S-H Sodium aluminosilicate
hydrate gel

(N,O)-A-S-H Ca-containing, sodium alumi-
nosilicate hydrate gel

C-(N)-A-S-H Alkali charge-balanced, alu-

minum-substituted calcium
silicate hydrates gel
C-(N)-A-S-H gels with Al/Si
ratios > (0.25; aluminosilicate
hydrate gel studied in this

Al-rich C-(N)-A-S-H

work
AAM Alkali-activated materials
AAS Alkali-activated slag system
AASB Alkali-activated slag-blended
system
AAB Alkali-activated blended
system

1 Introduction

The production of Portland Cement (PC) is highly
resource- and energy-intensive, contributing approxi-
mately 8% of global CO, emissions [1, 2]. To miti-
gate the environmental impact of cement production,
alkali-activated materials (AAMs) have emerged as
a promising alternative [3-5]. These environmen-
tally friendly materials are produced by reacting to

an aluminosilicate-rich precursor with an alkaline
activator [6]. So far, various industrial by-products
have been explored as potential precursors in AAMs
[7]. This approach offers a dual benefit: reducing the
carbon footprint caused by cement production and
addressing waste disposal challenges for industrial
by-products.

The use of precursors in AAMs, however, has
largely remained limited to conventional materials,
such as GGBFS and coal fly ash, both of which face
growing limitations in availability [8, 9]. To address
this limitation, researchers have explored the use of
alternative residues, such as municipal solid waste
incineration (MSWI) bottom ash [10-12], or biomass
ash [13], in alkali-activated blended (AAB) systems.
In these AAB systems, at least two solid precursors
are co-activated, providing an opportunity to utilize
industrial residues as precursors while potentially
enhancing the overall performance of AAMs [14].
However, the use of multiple precursors inherently
increases the complexity of the microstructure com-
pared to alkali-activated single systems (one precur-
sor), particularly when incorporating different indus-
trial by-products as alternative precursors.

The reaction products formed within AAMs are
critical in governing the microstructure, directly influ-
encing their fresh and hardened properties [15, 16].
Reaction products in AAMs are classified as primary
and/or secondary phases [17]. Primary phases are
mainly dependent on the calcium content of precur-
sors [6, 14] while the formation of secondary phases,
such as hydroxides or zeolites, is influenced by the
availability of aluminum in the composition of pre-
cursors [18]. In high-Ca systems, the primary phase
can be calcium aluminosilicate hydrate (C-A-S-H)
or calcium—sodium aluminosilicate hydrate (C-(N)-
A-S-H) gels, while in low-Ca systems, the primary
phase is sodium aluminosilicate hydrate (N-A-S-H)
gel [6, 19-21].

In intermediate-Ca systems, the chemical com-
plexity increases significantly compared to the low-
Ca and high-Ca systems [20]. In these systems, inter-
mediate gel phases form, which are often described as
a combination of C-A-S-H and Ca-containing N-A-
S—H (referred to as (N,C)-A-S—H) gels [20, 22]. How-
ever, according to the literature, this classification
may oversimplify the intermediate system, as a wider
range of coexisting gel phases has been observed.
Several studies have indicated that intermediate gels
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may form through various combinations of C-(N)-
A-S-H and N-A-S-H [23], C-(N)-A-S-H and C-A-
S-H [24], C-A-S-H and N-A-S-H [5], or (N,C)-A-
S—-H and N-A-S-H [25] gels. These findings reveal
that limiting the classification of intermediate gels to
C-A-S-H and (N,C)-A-S-H may underestimate the
chemical diversity and complexity of gel assemblages
that develop under varying precursor and activation
conditions.

C-(N)-A-S-H gel is widely regarded as the pri-
mary reaction product and main strength-giving
phase in high-Ca AAMs, particularly in alkali-acti-
vated slag (AAS) systems [26]. This gel is known
to form within a bulk compositional range of Al/
Si<0.25 and 0.67 <Ca/(Si+Al)<1.2 in AAS [1, 21,
26], and is broadly classified into non-cross-linked or
cross-linked structures, depending on its aluminum
content [26]. Despite this conventional understand-
ing, several studies have reported the formation of
C-(N)-A-S-H gels in AAS with substantially high
Al/Si ratios (>0.25), based on SEM-EDS analyses
[27-34]. Interestingly, this high Al/Si ratio aligns
more closely with the typical composition of N-A-
S—H gel in low-Ca systems, which is characterized by
Si/Al ratios below 3 (or Al/Si>0.33) [35, 36]. Given
the structural differences between tobermorite-like
C-(N)-A-S-H [19] and 3D-network N-A-S-H gels
[36], the structure of these Al-rich C-(N)-A-S-H gels,
formed in AAS, remains unclear, limiting our under-
standing of their influence on the properties of AAS
systems.

Beyond AAS systems, the formation of C-(N)-
A-S-H gel in alkali-activated blended systems has
been reported to be significantly more complex. For
instance, the reaction products in alkali-activated slag
blended (AASB) systems can range from a single-
phase C-(N)-A-S-H gel to the coexistence of C-A-
S—H and N-A-S-H gels, along with secondary phases
[37]. Several studies have reported that, in AASB
systems, SEM-EDS analyses reveal either the pres-
ence of C-(N)-A-S—H gels or the coexistence of C-A-
S-H and N-A-S-H gels, typically characterized by
Ca/Si<0.8 and Al/Si>0.25 [5, 28, 30, 38, 39]. This
chemical composition for C-(N)-A-S—H gel is not
limited to the SEM-EDS analysis of AASB; similar
compositions have also been reported for C-(N)-A-
S—H gels, formed in other blended systems, includ-
ing binders incorporating phosphate sludge and waste
glass [40], as well as alkali-activated metakaolin and

limestone pastes [25]. The widespread formation of
these high-Al C-(N)-A-S-H gels (Al/Si>0.25) across
different AAMs highlights the need for deeper inves-
tigation into their chemical composition and nano-
structural characteristics.

Synthesizing the reaction products within AAMs
has become a popular approach to understanding the
chemistry and nanostructure of gels. Many studies
have focused on the synthesis of C-A-S—H [41-43],
N-A-S-H [3, 35, 44, 45], C-(N)-A-S-H [19, 46] or
blends of C-(N)-A-S-H/C-A-S-H and N-A-S-H gels
[1, 21, 47] to better understand the phase evolution
and structural properties of these gels. The roles of
Al and Ca in the C-(N)-A-S—-H nanostructure have
been studied using techniques such as MAS NMR
[19, 46]. Higher bulk Ca content has been found to
increase structural order, reduce cross-linking, and
promote Ca—OH and AFm-type phase formation. In
contrast, higher Al content leads to increased Al sub-
stitution, cross-linking, disorder, and the formation of
AIV’ as well as Al-rich N-A-S—H gel formation [19,
46]. While these studies have significantly advanced
our understanding of C-(N)-A-S—H gel nanostructure,
they have primarily focused on limited conventional
compositional ranges.

To date, most studies on synthetic gels have
focused on non-cross-linked or cross-linked C-(N)-A-
S—H gels with Al/Si ratios <0.25 in AAS systems [1,
19, 21, 46]. Research on synthesizing pure C-(N)-A-
S—-H gels with higher Al/Si ratios, resembling those
of AAS and blended binder systems (AAB in general
or AASB), remains limited. The only known study
on Al-rich C-(N)-A-S—H gels reported difficulties in
achieving amorphous gels, primarily due to the per-
sistence of unreacted gibbsite and the formation of
secondary carbonated phases like calcite [48].

The primary aim of this study is to advance the
current understanding of Al-rich C-(N)-A-S-H
gels in AAMs when incorporated with precursors
of varying chemical compositions. Specifically, we
have designed Al-rich C-(N)-A-S—H gels with Al/
Si ratios exceeding the typical threshold of 0.25
for tobermorite-like C-(N)-A-S—-H gels. This com-
position was selected to reflect high-aluminum
C-(N)-A-S—-H phases, as identified in the litera-
ture through SEM-EDS analysis (Fig. 1). A com-
bination of analytical techniques, including X-ray
fluorescence (XRF), X-ray diffraction (XRD), ther-
mogravimetric analysis (TGA), Fourier-transform
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Elemental ratios in C-(N)-A-S-H gel forming in alkali-activated systems
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Fig. 1 Elemental ratios (Ca/Si vs. Al/Si) in C-(N)-A-S-H gels,
derived from SEM-EDS analyses of alkali-activated systems
reported in the literature (See Tables A.l1 and A.2, Appendix
A). The dashed lines represent the conventional composi-
tional boundaries for C-(N)-A-S-H gels (Ca/Si>0.8 and Al/
Si<0.25) and data points show the composition of C-(N)-A-

infrared spectroscopy (FTIR), nuclear magnetic
resonance (NMR), and Brunauer—-Emmett-Teller
(BET) surface area analysis, has been used to
investigate the chemical and physical properties
of the Al-rich C-(N)-A-S—-H gels. The findings of
this study are expected to significantly enhance the
understanding of Al-rich C-(N)-A-S—H gels as pri-
mary phases and provide critical insights into their
nanostructural characteristics.

2 Materials and methods
2.1 Synthesis of the Al-rich C-(N)-A-S-H gels

The synthesis of Al-rich C-(N)-A-S-H gels was
conducted using an aqueous precipitation method.
Solutions of Ca(NO,),0.4H,0, Al(NO;);0.9H,0,
Na,SiO;, and NaOH were prepared 24 h in advance
to synthesize gels. As shown in Table 1, all concen-
trations were kept constant, but solution volumes
were systematically adjusted to achieve the targeted
Ca/Si and Al/Si ratios: Ca/Si<0.8 and Al/Si>0.25
for the three representative gels in the blended sys-
tem and one gel with Ca/Si>0.8 and Al/Si>0.25 as

Compositional range
of the conventional
C-(N)-A-S-H gels with
Ca/Si>0.8 and
Al/Si<0.25

S-Hs gel in various systems: blended (co-activation of two or
more precursors), slag-blended (slag co-activated with other
precursor(s)), and slag systems (100% slag activated as a single
precursor). The wide distribution of gels, especially of those
with Al/Si>0.25, reflects the presence of Al-rich C-(N)-A-S—
H gel phases beyond traditional classifications

a reference gel for AAS. The bulk chemical compo-
sitions determined by XRF analysis are summarized
in Table 2. It should be noted that the oxide weight
percentages are normalized to 100 wt.%, as stand-
ard XRF analysis does not quantify light elements
(H, C, N) or bound water. Molar ratios (Ca/Si, Al/
Si, Na/Si) were calculated from the normalized oxide
compositions.

As shown in Table 2, the reference gel (C1.0_
A0.3) composition falls within the Ca/(Si+ Al) range
commonly reported for C-(N)-A-S-H gels in AAS
(0.67<Ca/(Si+Al)<1.0) [1, 21, 26]. This gel, how-
ever, was intentionally synthesized to be Al-rich (Al/
Si>0.25) to replicate the compositional character-
istics of “Al-rich” C-(N)-A-S-H gels identified in
AAS via SEM-EDS analyses reported in the litera-
ture (Fig. 1). The remaining gel compositions extend
toward lower Ca/(Si+ Al) values (<0.67), enabling
the assessment of increasing Al content under reduced
Ca availability, as discussed earlier for the blended
systems. It is important to note that the selected gel
compositions in this study are not intended to repre-
sent the full compositional range shown in Fig. 1, but
rather to evaluate how elevated Al/Si ratios influence
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the formation and nanostructure of C-(N)-A-S—H gels
under varying Ca availability.

Moreover, the Na/Al (0.39-1.95) ratios obtained
in this study are comparable with the reported range
for synthetic C-(N)-A-S-H gels in the literature,
where compositions were designed and evaluated
based on their Ca/Si and Al/Si ratios [21, 46]. In
addition, the high alkalinity of the synthesis solution
(pH 13.94-14.13) is consistent with the pore solution
chemistry typically observed in AAMs [46, 49].

The mixtures were constantly stirred under sealed
conditions for 2 days under controlled ambient condi-
tions, followed by centrifugation (Fig. 2) and wash-
ing with deionized water and absolute ethanol, as
described in earlier work [46]. The synthetic gels
were then freeze-dried using a BioBase freeze dryer
operating at -80°C. The freeze-drying process was
chosen over conventional drying methods to mini-
mize alterations in the molecular structure of gels
and to avoid carbonation that could compromise the
accuracy of subsequent analyses [44, 50]. The freeze-
drying process consisted of two steps: pre-freezing
and vacuum drying. The gels were pre-frozen for 4-6
h, followed by vacuum drying for 24 h until complete
desiccation. The dried gels were then stored in a Bel-
Art™ Secador™ gas-purge desiccator cabinet under

controlled relative humidity (< 10%) to further pre-
vent carbonation.

2.2 Characterization techniques

The synthesis and subsequent centrifugation of Al-
rich C-(N)-A-S—-H gels result in two phases: an aque-
ous and a solid phase. For the aqueous phase, the pH
value was determined through titration with 0.1 mol/L
of HCI acid to ensure that values are comparable to
the pore solution pH in AAMs [46]. After drying, the
solid phase of the gels was characterized by multiple
complementary analytical techniques (Fig. 2).

The chemical composition of gels was analyzed
using a Panalytical Axios Max WD-XRF spectrom-
eter. XRD phase identification was performed with
a Bruker D8 Advance diffractometer, equipped with
Bragg-Brentano geometry and a Lynxeye position-
sensitive detector. Coupled 6-20 scans were con-
ducted over a range of 5° to 110° 20 with a step size
of 0.04° 26.

TGA, FTIR, BET, and *Si, ’Al, and **Na MAS
NMR spectroscopy were then conducted to assess
structural properties. TGA was performed using a
NETZSCH STA 449 F3 Jupiter® instrument. For
this test, approximately 6—8 mg of each sample was

Table 1 Optimized volume and concentration of reagents and precursors for the synthesis of reaction products

Gels Labels NaOH Na,SiO; AI(NO;),.9H,0 Ca(NO;),.4H,0 pH*
Volume (ml) Concen-  Volume (ml) Concen-  Volume (ml) Concen-  Volume (ml) Concen-

tration tration tration tration

M) M) M) M)
C1.0_A03 25 10 40 0.60 90 0.12 40 0.24 13.94
C0.7_A0.5 20 10 40 0.60 90 0.12 20 0.24 13.98
C0.7_A0.3 25 10 50 0.60 60 0.12 20 0.24 14.08
C0.5_A0.5 25 10 40 0.60 60 0.12 10 0.24 14.13
* The pH of the aqueous solution is calculated after centrifugation through titration as described in Sect. 2.2
Table2 Chemical Gelname  CaO  Si0, ALO;, Na,0 Ca/(Al+Si) AUSi  Ca/Si  Na/Al
composition of the Al-rich
C-éNl)l-A-Sl—Hl gelds in W'L%l C1.0_A03  39.16 40.18  10.74 9.92  0.79 031 104 1.52
and the calculated nomina C0.7_A0.5 2982 4389 2129 500 046 057 073 039
molar ratios as determined
by XRF C0.7_A0.3 2796 4244 1352 16.02  0.51 0.38 0.71 1.95

C0.5_A0.5 2340 4482 1993 1185 037 0.52 0.56 0.98
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Fig. 2 Workflow for the synthesis, separation, and characterization of Al-rich C-(N)-A-S-H gels

heated from 40°C to 1000°C at a heating rate of
10°C/min under an argon atmosphere. FTIR spectra
were acquired using a Nicolet™ iS50 FTIR spec-
trometer. The specific surface area and porosity of
the gels were determined through BET analysis using
Micromeritics Gemini VII 2390 V1.03.

2Si NMR spectroscopy was conducted using a
Bruker Avance Neo spectrometer equipped with a
500 MHz magnet. The MAS frequency was set to 20
kHz to minimize anisotropic interactions. A double-
resonance H-F-X probe with a 3.2 mm rotor was
employed, ensuring proper alignment at the magic
angle (54.74°). A single-pulse excitation sequence
was used, with an excitation pulse duration of 2 us
for the C0.7_A0.5 gel, while for the other gels, it
was set to 3 us. These different durations reflect inde-
pendent per-sample calibration of the pulse length to
ensure equivalent n/2 (90°) flip angles for each gel.
A relaxation delay of 30 s was applied between scans
to ensure complete relaxation. To increase the signal-
to-noise ratio, a total of 5120 scans were acquired for
C0.7_A0.5, C0.7_A0.3, and C0.5_A0.5, while 2663
scans were performed for the C1.0_A0.3. The decon-
volution of the *’Si NMR spectra was conducted
using MestReNova (Mnova) software.

The >’Al and **Na NMR spectra were acquired
using a spinning frequency of 20 kHz, with a total
of 1800 scans and a relaxation delay of 2 s. Chemi-
cal shift calibration was conducted using AI(NO3),,
NaCl, and tetramethylsilane (TMS) as reference
standards.

3 Results and discussion
3.1 Chemical properties
3.1.1 XRD analysis

The XRD patterns of the synthetic gels are presented
in Fig. 3. The patterns exhibit a poorly crystalline
C-S—H-like structure, consistent with PDF# 00—034-
0002, assigned to tobermorite (C-S—H (I)-like phase).
This is characterized by broad humps at 20 =~ 29°,
32°, 49.6°, and 55° [51]. These patterns align with
what is referred to as C-S-H (I), a tobermorite-like
structure typically observed in C-S-H gels with Ca/
Si ratios below 1.5 [52]. Importantly, the diffraction
patterns associated with tobermorite-like structure are
not limited to C-S—H gels [53]. Similar patterns have
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Fig. 3 XRD spectra of the synthetic gels with different molar ratios. Data are normalized to maximum intensity. * Represents the
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also been reported in the XRD patterns of other gels,
including C-A-S-H [42], blended C-(N)-A-S—H/N-
A-S—H gels [21], and even alkali-silica gels [53, 54],
as reported in the literature. However, the gel com-
positions in all those studies had relatively low Al/
Si ratios (<0.2). In contrast, although the Ca/Si ratio
of the synthesized Al-rich C-(N)-A-S—H gels in this
work falls within the typical range associated with
the C-S—H (I) structure, their significantly higher Al/
Si ratio (>0.3) indicates that tobermorite-like gel
structures can also persist in Al-rich systems. More-
over, this finding can further indicate that the phase
reported as C-S-H (I) in AAS [55-57] and AASB
[58, 59] systems may, in some cases, correspond to
Al-rich C-(N)-A-S—H gels with elevated Al/Si ratios.

Furthermore, no crystalline calcium carbonate and
unreacted phases were detected, confirming the effec-
tiveness of the synthesis and the sample preparation
method applied in this study [48, 60]. This is particu-
larly noteworthy, as earlier work reported difficulties
in producing amorphous, Al-rich gels due to resid-
ual gibbsite and the formation of calcium carbonate
phases [48].

The information on the d-spacing is limited, as no
basal peaks are distinguished in the low-angle region
between 5° and 10° [46]. According to Bragg’s Law
[61], an increase in d-spacing decreases the cor-
responding diffraction angle (20). If the d-spacing
becomes sufficiently large, the associated 20 value
may fall below the detection limit of the XRD instru-
ment (5° 20 in this study), leading to undetectable
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basal peaks. This suggests that the Al-rich C-(N)-A-
S—H gels in this study possess high d-spacing, which
explains the absence of observable basal reflections.
Such high d-spacing can be attributed to several fac-
tors: a high content of bound water in the interlayer
[61], substantial incorporation of Al into the gel
structure, and a relatively low Ca content in the gel
composition [46]. Although no sharp basal reflections
are visible, the shift of the main amorphous hump
(around 30°) toward lower 20 values provides indirect
evidence of an overall increase in average structural
spacings [35]. Accordingly, a larger mean d-spacing
can be assigned to the C0.5_AO0.5 gel, as evidenced
by its pronounced shift of the main amorphous bump
to a lower 20 value of 28.93°. This observation is
consistent with the chemical composition of this gel.
Interestingly, the smallest d-spacing is observed
in the C0.7_AO0.5 gel, corresponding to the highest
20 value of 29.47° for the amorphous bump, which
is slightly higher 20 than that of the C1.0_A0.3 gel
(29.31°). Although C1.0_A0.3 contains a higher Ca/
Si and lower Al/Si ratio, the reduced basal spacing in
C0.7_AO0.5 can be attributed to a greater substitution
of Ca®* by Na* ions in the interlayer of gel [43]. This
interpretation will be further discussed in Sect. 3.1.6.

3.1.2 Thermal analysis

Figure 4a and 4b display the thermal stability of
the different gels through TGA and DTG curves,

051

(a)

DTG (%/min)

100 200 300 400 500 600 700 800 900
Temperature [°C]

Mass (%)

respectively. TGA curves show a total weight loss
between 20.95 wt.% and 24.08 wt.% at the final tem-
perature of 1000°C, while DTG curves identify the
main thermal decomposition steps.

The initial thermal decomposition up to 200°C
corresponds to the release of physically bound water
(free water) [62]. Beyond this temperature, the mass
loss gradually decreases with increasing temperature.
As shown in Fig. 4a, the most pronounced weight loss
peak occurs at around 120-130°C, due to the evap-
oration of physically bound water from the gel sur-
faces. A comparison among the gels further reveals
that the C1.0_AO0.3 gel contains the lowest free water
content, consistent with its relatively high Ca/Si ratio,
which promotes the formation of a denser structure
[41].

The thermal decomposition between 250-300°C
can indicate the presence of undissolved Al(OH),
[48]. As shown in Fig. 4a, the absence of intense
peaks in this range suggests sufficient interaction
among the reactants, confirming that the achieved
Al/Si ratio in the solid phase accurately reflects
the intended gel composition [48]. At higher tem-
peratures, up to 400°C, chemically bound water is
released from the gels [63], with the C1.0_A0.3 gel
exhibiting a higher decomposition peak than the other
gels.

Between approximately 500 and 800 °C, a minor
weight loss is observed, attributed to calcium carbon-
ate decomposition, most likely formed during the
measurement process [64, 65]. This interpretation is

100 C1.0-A0.3
C0.7-A0.5
C0.7-A0.3

(b)

95

C0.5-A0.5

90

85

80 -

75

100 200 300 400 500 600 700 800 900 1000
Temperature [°C]

Fig. 4 Thermogravimetric curves of the synthetic gels with different molar ratios: (a) DTG curves and (b) TGA curves
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supported by the XRD results (Fig. 3), which showed
no crystalline calcium carbonate phases. However,
other researchers have argued that the decomposition
above 500°C may instead arise from residual nitrate
within the structure of gels, which is undetectable by
XRD [42].

The thermal decomposition behavior here is com-
parable to that of high aluminum C-A-S—-H gels [42]
and N-A-S-H gels [66], which also show free water
loss at temperatures above 100°C. Since physically
bound water in C-(N)-A-S—H-dominant gels is more
easily released [21], typically at temperatures below
100°C [21, 67], this suggests that the synthetic gels
in this study do not form a purely C-(N)-A-S-H
structure.

As mentioned earlier, the C1.0_A0.3 gel shows a
lower content of physically bound water and a slightly

1652.2 1488.3

1417.9

/

1646.9

7N\

1474.3 1409.2

1471.9 1404.4

L 1 1 1

higher content of chemically bound water compared
to the other gels (Fig. 4a). This observation may help
clarify paste-level trends reported in the literature,
where alkali-activated slag pastes contained less free
water and more chemically bound water than slag/
fly ash blends [68], reflecting differences in their pre-
dominant reaction products.

3.1.3 FTIR analysis

The FTIR spectra of the synthetic gels is presented
in Fig. 5, with the corresponding band assignments
detailed in Table 3. The dominant transmittance band,
located between ~953 to 969 cm™, is assigned to the
asymmetrical stretching vibrations of the Si—-O-T
bond, where T represents Si or Al in tetrahedral coor-
dination [21, 47]. In addition, the bending vibrations

C0.5-A0.5

435.8

440.66 .~
C0.7-A0.5

445.0

953.2

1 1 1

1800 1600 1400 1200

1000 800 600

Wavenumber (cm'1)

Fig. 5 Transmittance Infrared spectra of synthetic gels with different molar ratios
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Table 3 Interpretation of

. Bands Wavenumbers (cm™") Band assignments
the transmittance FTIR
bands and their assignments C1.0_A0.3 C0.7_A0.5 C0.7_A0.3 C0.5_A0.5
[21, 42, 47, 69]
1 445.0 443.5 440.66 435.8 8 Si—-0-Si/0-Si-O
2 478.7 - - 477.3 8 Si—-0-Si/0-Si-O
3 715.0 684.1 673.5 682.2 v, Si—-O-Si, Al
4 907.8 - - - v, Si-O-Si, Al
5 953.2 969.5 968.6 969.1 V,, Si—O-Si, Al
6 1404.4 - 1409.2 1417.9 v 0O-C-O
7 1471.9 - 1474.3 1488.3 v 0O-C-0O
8 1636.8 - 1646.9 1652.2 vO-H

of Si—~O-Si and O-Si—O bonds appear in the 435-478
cm™! range. Except for the C0.7-A0.5 sample, minor
carbonate bands are visible between 1400 and 1500
cm™!, corresponding to the stretching vibrations of
C-O bonds [21]. Similar carbonate features have been
reported previously [42] and are attributed to the una-
voidable interaction with atmospheric CO,, consist-
ent with the TGA analysis.

A systematic shift of the Si~O-T bonds to higher
wavenumbers is observed as the Ca/Si ratio decreases
below 1, accompanied by a reduction in band inten-
sity. The broader and more curved band shapes in the
C0.7_A0.5, C0.7_A0.3, and C0.5_AO0.5 gels indicate
a lower degree of crystallinity and a higher degree of
polymerization compared to C1.0_A0.3 [69]. Among
the studied gels, the highest wavenumbers for the
Si—O-T bonds are observed in C0.7_AO0.5 and C0.5_
AQ.5, attributed to their higher Al content, which pro-
motes crosslinking and polymerization [1].

The band position for the Si-O-T bonds in all
the studied gels is comparable to those reported for
C-A-S-H [1, 42, 47] and typical C-(N)-A-S—-H gels
with 0.67 <Ca/(Al+Si)<1.2 [21, 46]. In contrast,
comparison with literature shows less similarity to
N-A-S-H/(N,C)-A-S-H gels, where the Si-O-T
stretching vibrations are generally observed at higher
wavenumbers, around 1000 cm_1[7, 47, 48]. This
finding is particularly notable given the low Ca/
(Si+Al) ratios of the C0.7_A0.5, C0.7_A0.3, and
C0.5_AO0.5 gels in this study. Previous research has
shown that in low-calcium systems where C-A-S—-H
and N-A-S-H coexist, reduced Ca content typically
results in FTIR spectra resembling N-A-S-H or
(N,C)-A-S-H gels [47]. Likewise, synthetic C-(N)-
A-S-H/(N,C)-A-S—H gels with low Ca/Si ratios
have been reported to display FTIR features more

characteristic of N-A-S—H-type gels [21, 48]. One
possible explanation for this discrepancy is the pres-
ence of crystalline Al-containing phases in those
studies, as identified in their XRD patterns [21, 48].
The formation of secondary crystalline phases, such
as zeolites, could contribute to spectral shifts and
lead to an overestimation of stretching vibration fre-
quencies. This interpretation is consistent with the
findings of Chen et al. [35], who reported that the
Si—O-T stretching vibrations in pure N-A-S-H gels
occur at frequencies similar to those observed here,
further supporting the amorphous nature of the gels
analyzed in this study.

3.1.4 ?°Si NMR

Table 4 summarizes the chemical shift ranges, the
corresponding structural environments and coor-
dination states of the QM species as reported in the
literature for AAMs. The QR notation describes dis-
tinct chemical environments of 2?Si atoms, where n
denotes the number of oxygen atoms shared with
neighboring tetrahedra in the Si—O network (0 <n<4)
[70, 71].

As can be seen in Table 4, three main regions
can be distinguished for the reaction products: the
C-(N)-A-S-H/C-A-S—H gel region (-78 to -87 ppm),
typically associated with chain end (Q') and mid-
dle chain (Q?) silicate tetrahedra; the (N,C)-A-S—-H
(hybrid) gel region (-88 to -92 ppm), as a combined
Q*(1A1)+ Q*(4Al) contribution, reflecting overlap-
ping signals from Q*(1Al) cross-linking sites in
C-(N)-A-S-H/C-A-S-H gel and Q*(4Al) environ-
ments characteristic of N-A-S-H gels; and the N-A-
S—H-like gel region (-86 to -125 ppm), which is dom-
inated by three-dimensional framework structures
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Table 4 Reacted/unreacted products, coordination states, and corresponding 2°Si NMR chemical shift ranges of QN species forming

in AAMs
Products Q" Species Structural coordination Chemical shift range (ppm) References
Unreacted monomers Q° Isolated SiO, -70~-78.5 [67]
C-(N)-A-S-H/C-A-S-H gel Q! Chain end group tetrahedra —78.5~-80.50 [41]
Q? (1A Middle chain with one Al substitu- —80.5~—83 [1, 26]
tion
Q? Middle chain tetrahedra —84~-87 [1,2,26]
(QIZ’+Qi combined)
(N,O)-A-S-H Q’ (1A)+Q* (4Al) Combined contribution of Cross- —88~-92 [2, 26,72, 78]
(hybrid) gel* linking Si with one Al neighbor
and silicon tetrahedron with four
Al neighbors
N-A-S—H-like environment® Q*(3Al) Silicon tetrahedron with three Al —-86~-98.7 [2,21,75]
neighbors
Q4 (2Al) Silicon tetrahedron with two Al -91~-105 [2, 3,21, 80]
neighbors
Q* (1A Silicon tetrahedron with one Al —-97~-109 [3, 21, 45]
neighbor
Q* (0A) Silica-rich networks —-104~-125 [2,67,72]

# The —82 to —92 ppm region contains overlapping contributions from Q*(1Al) (C-(N)-A-S-H crosslinking) and Q*(4Al) (N-A-S-H

gel) [26, 72] and can be attributed as the (N,C)-A-S—H gel [72]

> Q¥mALl) signals can be interpreted as highly polymerized aluminosilicate environments (N-A-S—H-like), which may also include

contributions from highly cross-linked C-(N)-A-S—H gel structures

primarily composed of Q4(mAl) species (m=0-4). It
should be noted that while Q*(0Al) sites are included
in the N-A-S-H-like gel region in Table 4, reso-
nances appearing at highly negative chemical shifts
(<-112 ppm) are commonly attributed in the litera-
ture to unreacted precursor domains (e.g., unreactive
fly ash or silica-rich glass). Similarly, Q° resonances
in the —70 to—78.5 ppm range are generally associ-
ated with unreacted slag species in AAMs [65, 72].
To maintain methodological consistency with estab-
lished approaches for distinguishing reaction products
from unreacted phases in AAMs, spectral deconvolu-
tion of the synthesized gels in this study was carried
out using the same criteria.

Figure 6 presents the 2°Si MAS NMR spec-
tra of the synthetic gels with different molar ratios,
together with the deconvoluted spectral contribu-
tions assigned to each QM species. A Gaussian func-
tion was employed for peak fitting and semi-quanti-
tative deconvolution, as this lineshape adequately
represents the broad distribution of chemical envi-
ronments and is widely adopted in the literature [2,
19, 73, 74]. FWHM constraints were applied with
an upper limit of 10 ppm during the deconvolution

[65]. Specifically, narrower widths (<5 ppm)
were assigned to the C-(N)-A-S-H/C-A-S-H gel
region [75], whereas broader values up to 10 ppm
were allowed for the N-A-S-H-like sites [76, 77].
Moreover, for the overlapping Q*(1AD) + Q*(4Al)
region ((N,C)-A-S-H), an intermediate constraint
of FWHM <7 ppm was adopted [75]. Nevertheless,
since 2%Si MAS NMR is sensitive only to short-range
structural order, and because substantial spectral
overlap exists among the Q(mAl) environments [78]
particularly in the — 88 to —92 ppm region, the decon-
volution presented here is interpreted as representing
variations in local silicon coordination environments
rather than distinct spatially separated gel phases.

As shown in Fig. 6, two dominant regions can
be identified in all spectra. The first region spans
approximately —78.5+0.5 ppm to—85+0.5 ppm,
which is mainly associated with the C-(N)-A-S-H or
C-A-S—H-like gel structures. The second dominant
region appears at—93+1 ppm and extends toward
more negative chemical shifts, corresponding to
Q*(mAl) environments, which is commonly associ-
ated with highly polymerized three-dimensional alu-
minosilicate frameworks (N-A-S—H-like gel) [65, 72].
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Fig. 6 2°Si MAS NMR spectra of the synthetic gels with different molar ratios along with the deconvoluted areas

However, potential overlapping contributions from
highly cross-linked C-(N)-A-S-H-like gels make
clear distinction of these environments difficult. A
more definitive distinction between chemically anhy-
drous N-A-S-H-type frameworks and proton-rich
C-(N)-A-S—-H environments could be achieved in
future work using 'H->°Si CP-MAS NMR with vari-
able contact-time experiments [75].

In addition to the dominant environments, a dis-
tinct resonance centered at— 89 +0.5 ppm is observed
in all spectra, consistent with the presence of the
(N,C)-A-S-H hybrid gel environment. The rela-
tively high proportion of Q*(mAl)-type environments
across all compositions reflects the prevalence of
highly polymerized aluminosilicate domains within
the synthesized gels. The coexistence of these local

structural environments, comprising C-(N)-A-S-H/C-
A-S-H, (N,C)-A-S-H, and N-A-S-H-like gels, is
consistent with previous structural characterizations
of AAMs [16, 21, 72]. Importantly, the assignment of
the (N,C)-A-S—-H environment at—89 ppm could be
further strengthened in future work by heteronuclear
2Na-2°Si correlation experiments [79], which would
provide direct evidence of spatial proximity between
sodium and silicon in this phase.

The semi-quantitative results obtained from spec-
tral deconvolution are summarized in Table 5, and
the full fitting parameters for each spectrum are
reported in Table S1. As described previously, the
identified environments are classified into the unre-
acted domains and reaction products. The unreacted
fraction comprises Q° and Q4(0A1) sites, while the



Materials and Structures

(2026) 59:333

Page 130f26 333

Table 5 Relative proportions (%) of the Q™ species obtained from 2°Si NMR spectral deconvolution of the synthetic gels, together with the average chemical shifts (8g;, ppm) and

their observed variation

Silica-rich
network

Local structural environments

Unreacted mono-

mers

N-A-S-H-like

(N,C)-A-S-H-

like

C-A-S-H/C-(N)-A-S—H-like

(unreacted pre-

cursor)

Si-rich

Al-rich

Q* (0AD)

Q* (1AD

Q* 3Al) Q* 3Al) Q* (2Al)

Q’ (1AD+Q*
(4AD)

QZ

Q1 Q*(1AID)

QO

—118.14+1.14

—111.71+0.51

—105.19+0.83 ppm

—-93.00+047 -97.96+0.89

ppm

—88.99+0.54

—85.05+0.30

+ —81.80+0.43
ppm

—78.56+0.33

—75.16+0.39

ppm

ppm

ppm

ppm

ppm

ppm

ppm

19.50
18.54
16.84
9.78

28.25
28

17.75
15.36
19.52
21.95

5.36
5.45
6.59
7.59

1.12
7.37
1.72
5.82

443
6.41
7.55
4.88

7.28
5.10
4.41
5.82

10.65
6.73
6.72
6.43

5.66
3.72
6.87
5.34

0

C1.0_A0.3

C0.7_A0.5

3.30
3.12
2.20

C0.7_A0.3

26.66

C0.5_A0.5

30.18

reaction products include the gel-like environments.
The persistence of the unreacted Si species indicates
that the bulk Ca/Si and Al/Si ratios obtained from the
XRF analysis (Table 2) should be regarded as nomi-
nal rather than effective compositional ratios, since
a fraction of the Si is not incorporated into the gel-
like reaction products. Consequently, the effective Ca/
Si and Al/Si ratios within the reacted aluminosilicate
network are expected to be slightly higher than the
corresponding bulk molar ratios.

Within the Q4—rich aluminosilicate environments,
two compositional trends can be distinguished, cor-
responding to relatively Si-rich and Al-rich envi-
ronments. The Si-rich type is primarily associated
with Q*(1Al) and Q*2Al) environments, whereas
the Al-rich type is characterized by the proportion
of Q*Q3AIl) species. Two contributions assigned to
Q*(3Al) environments are identified at—93 +0.5 ppm
and—98 +0.5 ppm, corresponding to more reactive
highly polymerized aluminosilicate structures [72,
78].

According to the Table 5, the proportion of the
C-A-S—H/C-(N)-A-S—-H-like  gel  environments
decrease progressively with decreasing Ca/Si ratio,
from 23.6% in C1.0_A0.3 to about 15.6-18.0% in
the AASB gels, consistent with the reduced avail-
ability of Ca2* for C-A-S—H nucleation and growth.
On the other hand, the total proportion of Q*rich
aluminosilicate environments increases from about
52.5% in C1.0_A0.3 to between 56.2% and 65.5%
in the gels with the lower Ca/Si ratio. The consider-
ably higher proportion of Q*rich environments in
C0.5_A0.5 might indicate that the combination of
low Ca/Si (0.5) and high Al/Si (0.5) creates particu-
larly favorable conditions for the formation of highly
polymerized aluminosilicate domains. This is further
supported by the observation that C0.5_AO0.5 exhibits
the lowest total amount of unreacted precursor with
about 11.8% compared to 19.5-21.8% in other gels.
The reduced unreacted Q*(0Al) content suggests that
low calcium availability along with higher Al content,
rather than hindering reaction, promotes more com-
plete dissolution.

Additionally, the highest fraction of Al-rich
Q*(3Al)-dominated environments can be observed
in the C0.7_A0.5 and C0.5_A0.5 gels with the com-
bined Q*(3Al) contents of about 12.8% and 13.4%
respectively. This increased fraction reflects enhanced
aluminum incorporation the Q*rich aluminosilicate
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network and a higher polymerization degree [19]
when the bulk Al/Si ratio increases to 0.5. Fur-
thermore, the higher fraction of the Al-rich struc-
tural environments reflects a greater replacement of
Si—O-Si bonds with Si—O-Al linkages, which in turn
contributes to enhanced mechanical performance,
including higher compressive strength [80].
Moreover, the (N,C)-A-S-H hybrid environment
accounts for approximately 4.4—7.6% of the total gel-
like spectral contributions across all samples and the
highest fractions are observed in C0.7_A0.3 (7.6%)
and C0.7_A0.5 (6.4%), suggesting that the intermedi-
ate Ca/Si ratio of 0.7 favors more formation of this
overlapping Q*(1A1) + Q*(4Al) environment.

3.1.5 YAl NMR

Figure 7 presents the 2’Al NMR spectra of the syn-
thetic gels. The chemical shifts associated with dif-
ferent aluminum coordination states are as follows:
tetrahedral (A1(IV)) between 50 and 80 ppm, pentahe-
dral (Al(V)) between 30 and 40 ppm, and octahedral
(AI(VI)) between — 10 and 15 ppm [81]. A qualitative
assessment was prioritized in this study, as the broad

and asymmetric 2’Al resonances make quantitative
deconvolution of the 1D spectra prone to systematic
uncertainty, particularly without higher-dimensional
NMR experiments, such as 3QMAS, to better resolve
overlapping environments [19, 78].

In all gels, a dominant peak appears in the 59-68
ppm range, indicating the presence of tetrahedral
Al and confirming its incorporation in the silica
chain [82]. These AI(IV) peak positions vary sys-
tematically with Ca/Si ratio across the studied gels,
shifting from~60 ppm in the lower Ca/Si samples
(C0.5_A0.5, C0.7_A0.3, and CO0.7_A0.5) to~67.4
ppm in C1.0_0.3. This trend is consistent with the
findings of Yang et al. for synthesized C-(A)-S-H
phases [79], who attributed these resonances to dis-
tinct bridging Al(IV) environments denoted Al (IV)
(6is0=61.8+0.4 ppm) and Al (IV) (8iso=67.4+0.3
ppm), respectively. The two sites primarily differ
in their interlayer charge-balancing species, with
Al4(IV) associated with Ca®* ions and Al (IV) with
15Ca* and hydroxyl groups.

Low-intensity resonances corresponding to octa-
hedral aluminum are also detected in the CO0.7_
A0.5 and CO0.5_A0.5 gels. While narrow Al(VI)

Fig.7 Al MAS NMR .
spectra of the synthetic gels
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signals at approximately 5 ppm can represent bridg-
ing [AlO,(OH),]>” network formers within the sili-
cate chains of C-(A)-S—H gels, such species are pre-
dicted to be energetically unfavourable at Ca/Si<1
[83]. Consequently, the weak AI(VI) signals observed
in C0.7_A0.5 and C0.5_A0.5 more likely indicate
saturation of tetrahedral sites [73], and an increased
tendency toward highly polymerised N-A-S—H-like
environments [45]. This finding is also consistent
with previous research on C-(N)-A-S—-H/N-A-S-H gel
blends with Ca/(Si+ Al) ratios >0.67, which reported
that increasing Al content favors the formation of Al-
rich N-A-S—H phases when Ca remains constant [1,
2]. It is worth noting, however, the 2’Al NMR stud-
ies of calcium (sodium) aluminosilicate hydrate gels
frequently reported the presence of secondary phases
such as AFm phases, stratlingite, katoite, aluminum
hydroxide, or hydrotalcite, depending on the spe-
cific system [1, 8, 78, 82], which can complicate the
interpretation of AI(VI) coordination. In contrast,
the absence of secondary phases in the present study
substantially reduces the ambiguity associated with
the assignment of AI(VI). Accordingly, the observed
signal is more likely to reflect highly polymerized,

N-A-S—H-like aluminosilicate environments, consist-
ent with the 2°Si NMR observations.

Moreover, no detectable Al(V) resonances were
observed between 30 and 40 ppm, indicating that
penta-coordinated aluminum is not a stable compo-
nent in these synthetic gels. This agrees with previous
studies on alkali-activated slag and its blends, where
Al(V) is either absent or only detected as a transient
species in early-age reaction products [78, 84]. The
lack of Al(V) suggests that aluminum in these gels
primarily exists in well-defined tetrahedral and octa-
hedral coordination states, consistent with the high
degree of polymerization, as observed in 2’Si NMR.

3.1.6 **Na NMR

The »Na NMR spectra of synthetic gels are shown
in Fig. 8. A single broad resonance is observed in
all samples, ranging from -5.81 to -6.21 ppm. These
chemical shifts are slightly lower than those typically
reported for C-(N)-A-S-H gels (~-2 to -5 ppm) [,
19, 46], but closer to the range reported for N-A-S-H
gels (~-5 to -10.1 ppm) [44], suggesting a more con-
strained sodium environment.

Fig. 8 >Na MAS NMR T T
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2’Na NMR spectra are nor- 88; 282
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maximum intensity to better C0.5-A0.5
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The region between -1 and -6 ppm generally cor-
responds to Na cations in a 5-6 coordinated environ-
ment [85]. However, the slightly more negative chemi-
cal shifts in some gels (Fig. 8) may indicate partial
dehydration of sodium in a charge-balancing arrange-
ment [86]. This partial dehydration likely results from
the low relative humidity (RH) of the storage environ-
ment, which promotes the gradual removal of water
molecules from the Na hydration shell [87]. As a
result, the 2Na NMR characteristics resemble those of
N-A-S-H gels, where reduced “free water” availability
produces a more rigid Na coordination environment
[44]. Accordingly, since more positive 2>Na chemi-
cal shifts are generally associated with higher water
molecules around Na‘[46, 86], the average hydration
of Na* among the studied gels may follow the order:
C0.7_A0.5>C0.5_A0.5>C1.0_A0.3>C0.7_A0.3,
based on the observed trend in Fig. 8.

In addition to the effects of dehydration, the
variation in *Na chemical shift among the samples
correlates with changes in the Na/Al molar ratio.
As shown in Table 2, the Na/Al ratio in the Al-rich
C-(N)-A-S-H gels ranges from 0.39 in C0.7_AO0.5
to 1.95 in C0.7_AO0.3. This increase is accompa-
nied by a shift of the 23Na NMR resonance, from
-6.21 ppm in C0.7_AO0.5 to -5.81 ppm in CO0.7_
A0.3. A similar trend was reported by Abdelrah-
man and Garg, who observed a shift in 23Na chemi-
cal shift from —-9.62 ppm to —4.93 ppm as the Na/
Al ratio increased from 0.6 to 1.8 in N-A-S—-H gels
[88]. Their findings suggested that N-A-S—-H gels
with higher Na/Al ratios tend to be less polymer-
ized, potentially more prone to leaching.

Overall, these findings suggest that both partial
Na" dehydration and the Na/Al ratio strongly influ-
ence the local Na environment in Al-rich C-(N)-A-
S—H gels, similar to trends previously observed in
N-A-S-H gels.

3.2 Physical properties

Table 6 presents the BET results for synthetic gels. As
observed, the average pore width falls between 0.82
and 1.14 nm, indicating the dominance of micropores
(<2 nm) within the gel structure.

The specific surface area of the synthetic
gels varies significantly, from 67.33+0.3501 to
198.85+0.6160 m?/g, values comparable to those
reported for synthetic C-A-S-H gels [41, 89] and
alkali-activated slag-blended pastes [90]. Among the
samples, C1.0_A0.3 exhibits the lowest specific sur-
face area (67.33 m%/g) while also having the largest
average particle size, which is attributed to its higher
Ca/Si ratio [91]. By contrast, gels with lower Ca/
Si ratios display higher specific surface areas and
slightly smaller average particle sizes.

A direct comparison between C0.7_A0.3 and
C0.7_A0.5 highlights the effect of increased Al
uptake, which contributes to a higher specific surface
area and a larger average particle size. A similar influ-
ence of Al on specific surface area has been previ-
ously reported for synthetic C-A-S—H gels [41, §89].

Interestingly, the physical properties of C0.5_A0.5
gel show similarities to those of C1.0_A0.3, despite
their different chemical composition. The unexpect-
edly low specific surface area of C0.5_A0.5 gel may
indicate pore collapse or dehydration-induced densifi-
cation during the drying [68]. This behavior suggests
that the C0.5_AO0.5 gel is more susceptible to drying-
induced structural alterations, likely due to its higher
Al and lower Ca content.

4 Conclusions

This study provides a comprehensive evaluation of
synthetic Al-rich C-(N)-A-S-H, a representative of

Table 6 The physical properties of gels with different molar ratios, obtained by BET

Specific surface area (m%/g) Q,, (mmol/g) R? Average particle Adsorption aver-
size (nm) age pore width
(nm)
C1.0_A0.3 67.33+0.3501 0.69 0.9998 44.56 0.82
C0.7_A0.5 198.85+0.6160 2.04 0.9999 30.17 1.14
C0.7_A0.3 148.08 +0.6980 1.52 0.9998 20.26 1.02
C0.5_A0.5 72.1605+0.3785 0.74 0.9998 41.57 0.95
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compositions commonly found in alkali-activated
systems, including alkali-activated slag and slag-
blended binders. By systematically varying the Ca/
Si and Al/Si ratios, amorphous gels were successfully
synthesized while preventing carbonation through
controlled drying. The main findings are as follows:

(1) XRD analysis revealed a poorly crystalline C-S—
H-like structure in all synthesized gels, independ-
ent of the composition. No crystalline second-
ary phases or calcium carbonates were detected,
confirming the effectiveness of the synthesis and
drying procedure in preserving phase purity.

(2) FTIR spectra exhibited Si—-O-T asymmetric
stretching bands at 953-969 cm”!, consistent with
C-(N)-A-S-H gels. Combined with TGA results,
which indicated distinct water loss at higher tem-
peratures, these findings support the coexistence
of C-(N)-A-S—H and N-A-S—H-like phases across
all studied compositions.

(3) ?°Si NMR deconvolution provided a semi-quan-
titative assessment of the distribution of local Q2
coordination environments, identifying contribu-
tions from C-(N)-A-S-H/C-A-S-H, (N,C)-A-S—
H, and N-A-S—-H-like aluminosilicate domains.
The proportion of N-A-S-H-like environments
increased from~52.5% at Ca/Si=1.0 to~65.5%
at lower Ca/Si ratios, indicating enhanced
polymerization with decreasing Ca availability.
Furthermore, the highest fractions of Al-rich
Q*(3Al)-type environments were observed in
C0.7_A0.5 and C0.5_A0.5, suggesting increased
Al incorporation into highly polymerized alumi-
nosilicate frameworks at higher Al/Si ratios.

(4) ?’A1 NMR confirmed Al predominantly in tetra-
hedral coordination across all gels. The system-
atic variation in A1(IV) chemical shift with Ca/Si
ratio, transitioning from the Al,(IV) environment
(~60 ppm) at low Ca/Si ratios to the Al (IV)
environment (~67.4 ppm) at higher Ca/Si ratios,
reflects changes in the interlayer charge-balanc-
ing species. Octahedral Al, detected exclusively
in gels with Al/Si=0.5, providing direct evidence
for N-A-S—H-like phase formation under high Al
conditions in the absence of secondary phases.

(5) ®Na NMR revealed chemical shifts ranging
from—5.81 to—6.21 ppm across the gel series,
closer to values reported for N-A-S-H-like gels
than conventional C-(N)-A-S—-H phases, confirm-

ing a more constrained Na coordination environ-
ment. The variation in chemical shifts correlated
with both the Na/Al ratio and the degree of Na*
hydration, with the average hydration of Na* fol-
lowing the order C0.7_A0.5>C0.5_A0.5>C1.0_
A0.3>C0.7_A0.3.

(6) BET analysis confirmed microporous structures
with specific surface areas ranging from 67.33 to
198.85 m?/g. Lower Ca/Si ratios and higher Al
content generally increased surface area, whereas
the anomalously low surface area of C0.5_A0.5
suggests pore collapse or dehydration-induced
densification despite its high Al content.

(7) Multiple local gel environments were consist-
ently identified across all investigated composi-
tions without the formation of detectable crystal-
line phases. These findings suggest that, within
the moderate Ca/Si compositional range studied
here (0.50-1.04), high Al incorporation (Al/
Si=0.30-0.50) does not necessarily promote the
formation of crystalline secondary phases when
synthesis conditions are carefully controlled.
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