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ABSTRACT

This study demonstrates the synthesis of nanosilica aerogels (NSAs) from waste glass using a CO,-based
extraction process. The process was optimized by varying key reaction parameters, including extraction
temperature, reaction duration, NaOH concentration, and waste glass fineness. The resulting silicate pre-
cursors, which demonstrated high CO, capture efficiency, were used to prepare NSA particles. The syn-
thesized NSA exhibited an extremely high surface area and porosity; thus, these can be used as a
value-added, lightweight, and reactive supplementary cementitious material for producing thermally
insulating concrete. The incorporation of NSA accelerated hydration, with nucleation and pozzolanic
effects contributing to 21 % and 3 %, respectively, to the hydration process. The initial hydration acceler-
ation was attributed to the extremely high surface area of NSA, which facilitated the precipitation of
hydration products on its surface. At later stages of hydration, the pozzolanic reaction of NSA promoted
the formation of calcium silicate hydrate (C-S-H) in the cement matrix. This reaction increased the chain
length of the C-S-H gel, resulting in a more robust and interconnected gel network. The densification
effect mitigated potential mechanical property losses caused by the porous nature of NSA.
Additionally, the porous structure of NSA significantly reduced the matrix density, leading to lower ther-
mal conductivity and improved insulation performance. This study presents a new approach for valoriz-
ing recycled glass, promoting CO, sequestration, and producing high-value aerogels for use as additives in
the development of lightweight insulating concrete.
© 2025 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

these reasons, researchers have been investigating materials that
can effectively reduce the thermal conductivity and density of

In the construction industry, developing lightweight insulating
concrete is crucial to enhance building energy efficiency and
reduce carbon emissions [1,2]. Although conventional concrete
offers high structural strength, its relatively high thermal conduc-
tivity renders buildings in both cold and hot climates more reliant
on energy for temperature regulation, thereby increasing energy
consumption [3]. On the contrary, lightweight insulating concrete
reduces the dead weight of structures, facilitates the manufacture,
transport, handling, and installation of prefabricated structural
components, and lowers overall construction costs [4]. Owing to
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concrete.

Currently, lightweight insulating concrete is typically produced
by introducing lightweight materials to replace conventional
coarse or fine aggregates [4-6]. However, the weak mechanical
properties and high porosity of lightweight aggregates results in
lightweight concrete with lower strength and durability [7,8].
One approach for overcoming these disadvantages is to incorporate
supplementary cementitious materials (SCMs) as partial replace-
ments for the cementitious components in the concrete [8,9]. SCMs
such as silica fume (SF), fly ash (FA), and ground granulated blast-
furnace slag can improve the mechanical properties and durability
of conventional concrete [10-12]. Because these SCMs are fine and
possess pozzolanic activity, their pore-refining effect plays a criti-
cal role in enhancing concrete properties. However, these materials
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typically exhibit high thermal conductivity and are not conducive
to reducing concrete density. Therefore, the search for materials
that enable the production of lightweight, high-strength concrete
is still ongoing.

Another approach to address the aforementioned limitations is
the incorporation of nanomaterials into concrete. In particular,
nanosilica aerogel (NSA), a recently developed lightweight mate-
rial, has the potential to enhance the properties of insulating con-
crete owing to its extremely low density and thermal conductivity
[13,14]. NSA exhibits the lowest thermal conductivity (10-
20 mW-m~'-K~') among conventional insulation materials. Various
methods have been used to produce NSA, but they are typically
energy-intensive, costly, and complex [15]. These processes
require expensive solvents, catalysts, and silica precursors such
as tetraethyl orthosilicate, tetraethoxysilane, tetramethyl orthosil-
icate, or sodium metasilicate [13]. Moreover, their chemical syn-
thesis generates hazardous wastewater and greenhouse gases.
Consequently, there is growing interest in developing more eco-
nomical and environmentally friendly methods for producing
NSA from waste materials [16,17]. Studies have reported on the
preparation of silica aerogels from rice husk ash [18,19] and other
silica-rich industrial wastes [20-22]. In these studies, the extracted
sodium silicate solution was mixed with a strongly acidic cation
exchange resin, whereby the sodium ions in the solution were
exchanged with hydrogen ions from the resin. As sodium ions were
removed, the silicate ions reacted with hydrogen ions to form sili-
cic acid [23]. The resulting silicic acid was then neutralized with
NH,4OH, and the pH was adjusted to prevent excessive silica poly-
merization, forming a silica hydrogel [24]. Another approach
involved gradually mixing a solution of sodium silicate with dilute
acid (HCI, H,SO4, or CH3;COOH) [13,25], while controlling the pH
between 5 and 7, to produce a silica hydrogel [26]. Conventional
sodium silicate neutralization methods—acid neutralization and
ion exchange—suffer from high acid consumption, environmental
pollution, and elevated costs [27,28]. Considering these issues,
the search for more sustainable and efficient methods is gaining
momentum.

The increasing recognition of atmospheric CO, as a major con-
tributor to climate change has fueled interest in its use as a
resource [29]. In this context, acidification using CO, represents a
promising alternative. Previous studies have shown that CO, can
effectively induce the gelation of sodium silicate solutions by grad-
ually reducing the pH, leading to the formation of silica hydrogels
with controlled microstructures [27,30-32]. Using CO, to produce
NSA may offer several advantages over conventional methods,
including environmental friendliness, cost-effectiveness, improved
process controllability, and enhanced safety through the reduction
of hazards such as corrosive or toxic fumes and exothermic reac-
tions. This approach also aligns with global efforts to reduce carbon
emissions.

In Hong Kong, the lack of viable recycling outlets has resulted in
a significant volume of waste glass (WG) being disposed of in land-
fills, depleting landfill capacity. The low recovery rate of WG poses
serious environmental management challenges [33-35]. WG con-
tains more than 60 % amorphous silica, making it an ideal raw
material for the preparation of high-value-added silicon-based
products. Moreover, studies have reported that extracting silica
from WG is more energy-efficient than extracting it from pure
quartz [36]. Upcycling WG as a sustainable silica source can there-
fore reduce the consumption of natural resources and extend the
useful life of glass by promoting reuse, recycling, and recovery.
However, only a few studies have examined the use of WG as a sil-
ica source for preparing sodium silicate solutions [37] and aerogels
[38,39]. Borzova et al. [40] used waste soda-lime glass as a silica
source for aerogel synthesis via ambient-pressure drying (APD),
demonstrating that aerogels derived from WG exhibit properties
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comparable to those of commercial aerogels. However, the conven-
tional method for preparing NSA from WG involves the use of acids
[24,40,41]. To eliminate the reliance on inorganic acids and mini-
mize environmental impact, there is a need for alternative, more
efficient NSA production routes.

Based on these considerations, the environmentally friendly
NSA developed in this study would not only reduce the thermal
conductivity of concrete but also enhance its bonding with cemen-
titious materials owing to its high surface area. Incorporating NSA
into concrete can significantly reduce material density without
compromising on strength. This is attributable to the nucleation
and pozzolanic effects of NSA, which refine the microstructure.
Consequently, a desirable balance between thermal insulation
and structural performance can be achieved. Although this
approach presents these advantages, the addition of SCMs, includ-
ing NSA, to Portland cement increases the complexity of the hydra-
tion process. The presence of significant amorphous phases in most
SCMs and their slower reaction rates compared to cement clinker
minerals make it challenging to track and quantify their effects
on hydration [42]. Furthermore, the interaction between Portland
cement hydration and the filling or pozzolanic effects of SCMs
results in a more complex system [43,44] that requires detailed
investigation to fully understand and optimize performance.

In this work, a novel CO,-assisted extraction and gelation route
was developed to synthesize highly reactive NSA from WG, provid-
ing a more sustainable and cost-effective alternative to conven-
tional methods. In the first step, a solution predominantly
composed of sodium silicate was obtained via a low-temperature
hydrothermal activation method. In the second step, the silicate
solution underwent wet carbonation to produce high-purity silica
sol. After aging, freeze-drying was performed to obtain NSA with
high porosity and specific surface area. Freeze-drying was selected
over APD and supercritical drying to preserve the high porosity and
surface area essential to NSA performance as an SCM. Although
APD requires less energy, it can lead to structural shrinkage and
pore collapse, compromising the effectiveness of NSA in cementi-
tious applications. The effects of various parameters on the prepa-
ration efficiency and structure of NSA were investigated. The
resulting NSA was then used to prepare lightweight, high-
strength cementitious materials. Properties of the NSA-based SCMs
thus prepared were evaluated and compared with conventional
silica-based SCMs. Further, the nucleation and pozzolanic effects
of the NSA-SCM were quantified using a comprehensive model
for cement hydration degree. The results demonstrated that NSA
as a multifunctional additive is capable of significantly enhancing
the thermal insulation performance of concrete.

2. Experimental program
2.1. NSA synthesis method

2.1.1. Materials

The WG used in this study was obtained from a local recycling
company in Hong Kong. The WG primarily consisted of post-
consumer soda-lime mixed-color beverage bottles. Three different
sizes of WG powder (WGP) were produced by grinding WGs in a
ball mill for various durations. The particle size distributions are
shown in Fig. 1. The particle size decreased progressively from
WGP3 to WGP1 with increasing grinding time. The chemical com-
position of the WGP is given in Table 1.

2.1.2. Synthesis of NSA

A carbonation process was designed to convert WG into NSA
powder, as shown in Fig. 2. Sodium silicate solution was synthe-
sized from WG via a hydrothermal method involving heating and
stirring. The reaction equation is shown in Fig. 2. The solubilization
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of amorphous SiO, from WG in an alkaline environment is influ-
enced by several factors, including the glass composition, reaction
time, and temperature. In this study, four parameters, WG particle
size, reaction time, reaction temperature, and NaOH concentration,
were selected for evaluation. These were chosen as they represent
the most critical variables affecting reaction efficiency, energy con-
sumption, and product quality [45,46]. Optimizing these parame-
ters enabled the development of a sustainable and scalable NSA
production process aligned with environmental and industrial
goals. The selected parameters are listed in Table 2.

The prepared solution was centrifuged at 8000 rpm
(~838 rad-s™!) to separate the liquid phase from the solid residue.
The residue was washed with deionized water (Milli-Q system;
Merck KGaA, Germany) and dried in an oven for 24 h to remove
residual moisture. The dried residue was weighed and analyzed
for its chemical composition using X-ray fluorescence (XRF) to cal-
culate the silica extraction efficiency.

Silica extraction efficiency (%)

_ Msio, initial — Msio, residue « 100%

Ms;o, initial M
where Msio, initiar iS the initial mass of silica in the sample, calculated
by multiplying the total sample mass (WGP or residue) by the SiO,
content obtained via XRF. Msio, resiaue 1S the mass of silica remaining
in the solid residue after extraction. All XRF results were normalized
to account for loss on ignition, ensuring accurate comparison of
compositions before and after dissolution.

The parameters for NSA preparation via sodium silicate solution
carbonation are listed in Table 3. Silica gels were prepared by
injecting commercial-grade CO, gas (99.5 % purity) into the
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Fig. 1. Particle size distributions of WGP.
Table 1
Chemical composition of WGP.

Composition Content (Wt%)
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Fig. 2. Process and reaction route of NSA synthesis from WG by CO, extraction.
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Table 2
WGP dissolution parameters for NSA preparation.

Engineering xxx (XXXX) XXX

Group  Factor Reaction time (h) Reaction temperature (°C) WGP type WGP (g) NaOH concentration (mol-L™')  NaOH volume (mL)
S10 Effect of particle size 12 80 WGP1 100 2 500
S20 12 80 WGP2 100 2 500
S50 12 80 WGP3 100 2 500
D6 Effect of reaction time 6 80 WGP2 100 2 500
D12 12 80 WGP2 100 2 500
D24 24 80 WGP2 100 2 500
T70 Effect of temperature 12 70 WGP2 100 2 500
T80 12 80 WGP2 100 2 500
T90 12 90 WGP2 100 2 500
M1 Effect of NaOH concentration 12 80 WGP2 100 1 500
M2 12 80 WGP2 100 2 500
M3 12 80 WGP2 100 3 500

$10, S20, and S50 denote WGP types (WGP1-WGP3); D6, D12, and D24 represent reaction time (6,12, and 24 h); T70, T80, and T90 indicate temperature (70, 80, and 90 °C);

and M1-M3 specify NaOH concentration (1-3 mol-L™!).

collected sodium silicate solution (500 mL) at a flow rate of
100 mL-min~!, with continuous stirring at 200 rpm
(~20.944 rad-s~!). The pH of the silicate solution was recorded
using a calibrated pH probe before CO, bubbling. Owing to the
dynamic nature of CO, injection and stirring, real-time pH moni-
toring during carbonation was unstable. Therefore, only the pH at
the gelation point was recorded as an indicator of carbonation
completion, as presented in Table 3.

The resulting silica sol was aged at 60 °C for 24 h to enhance the
silica hydrogel network. The aged aerogels were washed with
deionized water to remove sodium and other residual ions. Subse-
quently, the solvent was exchanged with ethanol at 60 °C for 24 h
to replace water within the gel network, thereby facilitating fur-
ther processing and improving final properties [47].

The synthesized aerogels were surface-modified using
trimethoxysilane and butylene glycol as solvents [48]. This surface
modification replaced the hydroxyl groups in the NSA with
nonpolar methylsilyl groups [49]. The silica—ethanol gels were fro-
zen in liquid nitrogen for 20 min and then dried in a freeze dryer at
—40 °C under vacuum pressure (< 5 Pa) for approximately 48 h to
obtain NSA powder. Silica aerogels from previous studies were also
used as reference materials for comparison [40,50-53].

2.2. Properties of synthesized NSA

2.2.1. XRF analysis

The residue generated from the alkali solubilization process and
the NSA powder were tested separately using XRF (Rigaku Super-
mini 200; Rigaku Corporation, Japan) to determine their chemical
compositions. Prior to testing, the samples were dried in a vacuum
oven for 24 h. For each sample, three measurements were
performed, and the average values were reported.

2.2.2. Fourier-transform infrared spectroscopy

Fourier-transform infrared (FTIR) spectroscopy was used to
assess the effect of different parameters on the NSA structure. Prior
to testing, the powder samples were dried in a vacuum oven for
24 h. The measurements were performed using a PerkinElmer uni-
versal attenuated total reflectance two spectrometer (PerkinElmer,
Inc., USA). The scanning range was 4000-40 cm™! with a resolution
of 1 cm™!, and 64 scans were conducted per sample.

2.2.3. Brunauer-Emmett-Teller test

The specific surface area, cumulative pore volume, and average
pore diameter of the synthesized NSA were measured using stan-
dard N, gas adsorption-desorption techniques, with a multistation
automatic specific surface and porosity analyzer (ASAP 2020 Plus;
Micromeritics, USA).

2.2.4. Inductively coupled plasma optical emission spectroscopy

Si and Na concentrations in the liquid solution after centrifuga-
tion were determined using inductively coupled plasma optical
emission spectroscopy (ICP-OES). Deionized water was used to
dilute the solutions, as the conventional 5 % nitric acid dilution
induced polymer-like silica gel deposition.

2.2.5. Transmission electron microscopy

The nanostructure of NSA was observed using a JEM-2100F field
emission transmission electron microscopy (JEOL Ltd., Japan) oper-
ated at an accelerating voltage of 200 kV. The NSA was suspended
in ethanol and sonicated to ensure homogeneity. The resulting sus-
pension was pipetted onto a carbon film supported by a copper
grid. To minimize adverse interactions between the electron beam
and the SCMs, the prepared grids were subjected to a 6 h stabiliza-
tion process in a vacuum vessel [54]. This method was imple-
mented to reduce the risk of sample damage.

Table 3

Silicate solution and carbonation parameters for NSA preparation.
Group Si/Na Solids content (wt%) SiO, content (Wt%) Start pH End pH
S10 1.230 10.80 7.61 12.24 10.21
S20 1.000 9.50 6.26 12.42 10.32
S50 0.470 429 2.04 13.11 10.32
D6 0.540 6.10 3.12 13.00 10.12
D12 1.000 9.50 6.26 12.42 10.32
D24 1.200 10.69 7.47 12.30 10.33
T70 0.260 2.64 0.88 13.21 10.37
T80 1.000 9.50 6.26 12.42 10.32
T90 1.180 10.56 7.34 12.37 10.05
M1 1.420 5.86 4,29 12.03 10.00
M2 1.000 9.50 6.26 12.42 10.32
M3 0.745 9.95 5.88 12.67 10.12
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2.3. Verification of synthesized NSA with other SCMs

After successfully preparing the NSA, its potential as a highly
effective pozzolan was evaluated by incorporating it into a cemen-
titious paste. Comparisons were made with other commonly avail-
able SCMs. The following sections detail the methodology used.

2.3.1. Preparation of cementitious paste

Cement pastes with three silica-based SCMs (nanosilica (NS),
nanoglass powder (NGP), and micro-SF) and with NSA were pre-
pared and analyzed. The chemical compositions of cement, NS,
NGP, SF, and NSA, obtained via XRF, and their physical properties
are presented in Table 4. SF and NS were commercially sourced,
the NGP was obtained by wet grinding using a planetary ball mill,
and the NSA was synthesized in the laboratory following the pro-
cedure outlined in Section 2.1.2.

The powders were pressed, and their water contact angles were
measured using an optical contact angle meter (OCA 15EC; Data-
Physics Instruments GmbH, Germany). Measurements were taken
at three different locations for each sample, and the average value
was reported. The micromorphology images and contact angles are
shown in Figs. 3(a) and (b). The measured water contact angles for
SF, NGP, NS, and NSA were 39.7°, 61.1°, 83.7°, and 153.2°, respec-
tively. NSA exhibited a hydrophobic nature.

To compare NSA with other silica-based SCMs, cement pastes
containing SF (C-SF), NGP (C-NGP), NS (C-NS), and NSA (C-NSA)
were prepared according to the mix proportions shown in
Table 5. Furthermore, the reference group (Ref) without SCM
was prepared for comparison. The SCMs were first mixed with
water and stirred for 1 min, followed by ultrasonic dispersion
for 2 min. The aqueous suspension containing the SCMs was
then mixed with ordinary Portland cement (OPC) and stirred
for an additional 2 min. The paste was poured into molds in
two layers and vibrated until the surface was smooth and large
air bubbles were no longer rising.

Table 4
Chemical compositions and physical properties of cement and SCMs.
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2.3.2. Reactivity assessment

The Chapelle test was conducted to evaluate SCM reactivity in
accordance with the French standard NF P18-513 [55]. In this test,
1 g of SCM was reacted with 1 g of CaO in 200 mL of deionized
water at 90 °C for 16 h. Unreacted lime was extracted using a
sucrose solution and quantified via titration. The result was
expressed as milligrams of calcium hydroxide (CH or Ca(OH),) con-
sumed per gram of SCM.

Two blank solutions were prepared for control purposes: D a
solution of distilled water and Ca(OH), to account for carbonation
and @ a solution of distilled water and SCM to correct for alkali
release from the SCM itself.

The amount of Ca(OH), consumed was calculated using the fol-
lowing formula:

_a-b+c

Asem e 74000 2)

where Asqy is the reactivity of the SCM in milligrams of Ca(OH), per
gram of SCM; a is moles of Ca(OH), for reaction products and car-
bonation; b is the moles of Ca(OH), resulting from carbonation; ¢
is the moles of Ca(OH), from the SCM itself; and d is the weight
of the SCM, g.

2.3.3. Compressive strength

The compressive strength of the paste samples
(40 mm x 40 mm x 40 mm) was measured according to BS EN
1015-11:2019 [56]. The loading rate during testing was
0.6 MPa-s~!. Three specimens were tested for each mix, and the
average value was reported.

2.3.4. Density and thermal conductivity

The volumes of the samples were measured using the water dis-
placement method, following BS EN 12390-7:2019 [57]. The den-
sity was then calculated by dividing the mass of the samples in
air by their measured volume (including internal pores).

Material Chemical composition (Wt%) Specific surface area (m?>g~!)  Average particle diameter (nm)
Sio, Cao MgO Na,0 SO; K,0 AlLO; Fe,03 TiO, P,05

Cement 2240 6210 196 0 272 094 354 4.49 035 0.16 0.79 18 500.0

SF 92.60 1.60 196 0 235 062 038 0.21 0 0.32 17.86 348.6

NGP 65.60 1140 1.14 1460 0.15 121 096 1.03 000 0.13 22.43 220.4

NS 97.10 048 014 0 074 011 034 0.17 063 0 141.01 20.5

NSA 96.70 056 0 2.44 000 0.15 0.09 0 0 0 508.59 47.5

SF NGP

39.7° 61.1°

(b)

NSA

83.7° 153.2°

Fig. 3. (a) Morphology images and (b) contact angle of the raw materials.
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Table 5

Mixing proportions of cement pastes (wt%).
Cement paste OPC NSF NGP NS NSA Water
Ref 1.0 0 0 0 0 0.4
C-SF 0.98 0.02 0 0 0 0.4
C-NGP 0.98 0 0.02 0 0 0.4
C-NS 0.98 0 0 0.02 0 0.4
C-NSA 0.98 0 0 0 0.02 0.4

Thermal conductivity was determined using the transient plane
heat source (hot disk) method in accordance with BS EN ISO 22007-
2 [58]. A hot disk M1 thermal conductivity meter equipped with a
Kapton sensor 8563 (radius: 9.9 mm; Hot Disk AB, Sweden) was
used for testing. The measurement range was 0.03-40 W-mK™".
Surface-dry specimens with dimensions of 40 mm x 40 mm X
40 mm were used. For each mixture, 15 readings were taken, and
the average value was reported.

2.3.5. Reaction kinetics and zeta potential

The effect of SCM incorporation on early-age cement hydration
was studied using an [-Cal 4000 isothermal calorimeter (Calmetrix,
Inc., USA). For each mix, approximately 50 g of cement paste was
placed in a designated container and inserted into the calorimeter
to monitor heat flow over 72 h at 20 °C.

Tricalcium aluminate (C3A) was selected for investigating ion
adsorption by SCMs owing to its high reactivity and critical role
in early hydration. The zeta potential of C3A, SCMs, and their mix-
tures in water was measured to evaluate surface charges. The ion
adsorption behavior of different SCMs during early hydration was
also assessed. A solid-to-liquid ratio of 1:100 (solid sample to
deionized water) was used to ensure sufficient water for hydration
and dissolution. After 2 min of mixing, the supernatant was sepa-
rated from the solids via centrifugation (Dynamica Velocity 18R;
Dynamica Scientific Ltd., UK) at 5000 rpm (~ 523.6 rad-s').
Approximately 1 mL of the suspension was transferred into a
folded capillary cell for zeta potential measurement. The final
result was reported as the average of three measurements.

2.3.6. Phase assemblage

(1) X-ray diffraction (XRD). XRD analysis was conducted to
quantitatively identify the crystalline phases in cement pastes con-
taining SCMs. Paste samples were crushed into
5 mm x 5 mm x 5 mm pieces and immersed in isopropanol for
24 h to halt hydration and prevent carbonation. The samples were
then dried at 40 °C for 24 h and ground into powder using a mortar
and pestle.

XRD measurements were conducted using a Rigaku SmartLab
9 kW diffractometer (Cu Ko radiation; Rigaku Corporation, Japan)
at 40 kV and 40 mA. Scans were performed over a 20 (the angle
between the incident X-ray beam and the lattice plane) range of
5°-70° in 0.02° steps at a rate of 2°-min~'. Quantitative Rietveld
refinement was performed using an external standard (Al,0s3)
and the HighScore Plus software (Malvern Panalytical, the
Netherlands).

(2) Thermogravimetric analysis (TGA). TGA was performed
using the Rigaku Thermo Plus EVO2 analyzer (Rigaku Corporation,
Japan). Approximately 10 mg of powder was used for each test,
prepared following the same procedure as the XRD samples. The
samples were heated from 30 to 1000 °C in corundum crucibles
under a nitrogen atmosphere.

(3) Nuclear magnetic resonance (NMR). Solid-state 2Si magic
angle spinning (MAS) NMR spectroscopy was conducted using the
JEOL ECZ500R 500 MHz spectrometer (JEOL Ltd., Japan). The rotor
spin rate was set to 4000 Hz, and the magic angle spinning OnePlus

technique was applied. The mean chain length (MCL) was calcu-
lated using the following equation:
2001 2
MCL = (QiJ:Q) 3)
Q

where Q! is defined as a terminal tetrahedron with only one
Si—0—Si bridge oxygen, Q? is defined as a tetrahedron with two
bridge oxygens located inside the chain.

2.3.7. Microstructure

(1) Mercury intrusion porosimetry (MIP). MIP tests were per-
formed on 28 d cured specimens using a Micromeritics Poresizer
9320 (Micromeritics Instrument Corporation, USA), in accordance
with BS 7591 Part 1 [59]. A mercury contact angle of 0, = 130°
was assumed. Debris specimens (approximately 3-5 mm) were
taken from the core of each sample.

Before testing, samples were immersed in isopropanol for at
least 24 h to dehydrate and stop hydration. The specimens were
then dried in an oven at 60 °C until a constant mass was reached,
ensuring evaporation of both free water and isopropanol.

(2) Nanoindentation analyses. Samples were embedded in
epoxy resin under vacuum conditions for 24 h and then polished
for nanoindentation testing. This approach was used to preserve
the microstructure of the cement paste during sample preparation
[37]. Initial rough polishing was performed using abrasive papers
of 180, 240, 600, 800, and 1200 grit. Subsequent fine polishing
was conducted using 3, 1, and 0.25 pm diamond suspensions on
corresponding polishing pads for 30 min per grit size.

After polishing, the samples were ultrasonically cleaned in an
ethanol bath for 30 min to remove surface residues. All samples
had a surface roughness of less than 100 nm. Surface inspections
were performed before testing.

Nanoindentation was conducted using a Hysitron TI Premier
(Bruker Corporation, USA) instrument equipped with a three-
sided pyramidal Berkovich tip. The instrument was calibrated
using a standard fused silica sample. Indentations were made in
a 100 pm x 100 pm area using a grid pattern with 10 pm spacing
between points.

(3) Scanning electron microscopy (SEM). The morphology of
the cement paste was examined using a Tescan VEGA 3 (TESCAN
Orsay Holding, Czechia) scanning electron microscope operating
at 20 kV. Samples were mounted on conductive adhesive and
coated with a thin layer of gold to improve conductivity. A working
distance of 14-18 mm was maintained during imaging.

3. Results and analysis
3.1. Efficacy of production method and properties of NSA

3.1.1. Silica extraction efficiency

Fig. 4(a) shows the effect of various parameters (particle size,
reaction time, reaction temperature, and NaOH concentration) on
the silica extraction efficiency from WGP. The molar ratio of Na/
Si was calculated based on ion concentration test results, as shown
in Fig. 4(b). During the process, some silica re-precipitated by



X. Zhao, M. Cyr, J.-X. Lu et al.

reacting with dissolved calcium or alkali to form new compounds,
thereby reducing the apparent efficiency of silica extraction.
Accordingly, the left vertical axis in Fig. 4(a) represents the effi-
ciency of silica extraction, not the total reaction efficiency of WGP.

The data indicated that NaOH concentration had only a minor
effect. Specifically, increasing the NaOH concentration from 2 to
3 mol-L™! resulted in only a 6.4 % improvement in silica extraction
efficiency, suggesting that 1 mol-L~! NaOH solution was sufficient
to provide the necessary OH™ ions for WGP dissolution [60].

A significant improvement in extraction efficiency was
observed with the reduction of WGP particle size, particularly from
50 to 10 pm. This enhancement was attributed to the increased
surface area of smaller particles, which facilitated a faster reaction
between silica and NaOH. Furthermore, changes such as extending
the reaction time from 6 to 12 h and raising the reaction tempera-
ture from 70 to 80 °C increased the silica extraction efficiency by
34.3 % and 38.6 %, respectively. However, further increases in tem-
perature and reaction time yielded diminishing returns. Thus, an
optimal condition exists beyond which additional gains in effi-
ciency are minimal. Atomic-level sketches in Figs. 4(c)-(d) illus-
trate the process of using alkali to dissolve WG. The provision of
sufficient OH™ resulted in the dissolution of the silicon chains of
WG, thereby yielding a WG solution. Concurrently, the efficiency
of OH-interaction with the silicon chains could be enhanced by
decreasing the particle size, elevating the temperature, and
extending the duration.
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3.1.2. Carbonation efficiency

By adjusting the glass dissolution parameters, precursor solu-
tions with varying Si/Na molar ratios were obtained. CO, was bub-
bled through the solution at a rate of 100 mL-min~!, while stirring
at 200 rpm (~ 20.944 rad-s™') until complete gelation was
achieved. The gelation point was consistent with sol-gel transition
criteria and evaluation methods reported in the Ref. [61].

Because the goal was to synthesize powdered NSA, continuous
stirring did not hinder the gelation process but instead promoted
the formation of nanoscale gel fragments, which were subse-
quently processed into the NSA powder. CO, capture efficiency
was assessed by quantifying the volume of CO, introduced and
the concentration of HCO3 or CO5~ ions in the pore solution
extracted via high-speed centrifugation after the reaction.

Fig. 5 shows the carbonation and CO, capture efficiencies for
different Si/Na molar ratios. Statistical significance was assessed
using one-way analysis of variance, which confirmed that the Si/
Na ratio significantly affects carbonation efficiency (p < 0.05, where
p is a statistical significance indicator). Initially, the pH gradually
decreased owing to OH™ consumption from SiO, dissolution in
WG. The final pH ranged between 9.5 and 10.5.

For solutions with Si/Na ratios between 0.2 and 0.8, the
required carbonation duration depended primarily on the initial
pH, as shown in Fig. 5(a). At high pH, CO, mainly reacted with
OH~ through neutralization, with limited interaction with SiO3~.
For Si/Na ratios between 1.0 and 1.4, the reaction time was primar-

Si/lNa

WG in alkaline environment
(d)

Fig. 4. (a) Silica extraction efficiency under different reaction conditions, (b) Si/Na molar ratio in WG dissolved filtrate, and (c, d) schematic diagrams of WG dissolution.
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ily influenced by the SiO%~ concentration. CO, dissolved in water to
form carbonic acid (H,CO3), which dissociated into H* and HCO3
ions. These H* ions then reacted with SiO3~ to form silicic acid
(Si0,-xH,0). At higher Si/Na levels, the increased availability of
CO, reaction sites promoted faster conversion and silica gelation.

In contrast to the commonly used acid-based methods for silica
gelation, which significantly lowers the pH of the gel [62], the car-
bonation process proceeded more gradually with a slower pH
decline. Consequently, the silica polymerization also occurred
gradually, enabling controlled silica polymerization and avoiding
uncontrolled aggregation.

Fig. 5(b) shows that solutions with Si/Na ratios above 1.0 gener-
ally achieved CO, capture efficiencies exceeding 90 %, with the
exception of the solution at a Si/Na ratio of 1.42. This deviation
was attributed to the low silica content in that particular solution
(Table 3), resulting from a lower NaOH concentration (1 mol.L™"),
which led to reduced WG dissolution and thus lower carbon cap-
ture efficiency.

These findings indicate the importance of optimizing the Si/Na
ratio in the precursor solution for efficient CO, capture. Higher Si/
Na ratios improved carbon capture efficiency, with the optimal
ratio being marginally above 1.0. The results also demonstrated
that utilizing the acidic nature of CO, to induce silica precipitation
can effectively capture CO, by producing sodium carbonate. This
process not only enables the extraction of high-purity silica from
WG but also contributes to carbon capture and storage by mineral-
izing CO; in a stable form. The underlying reaction mechanism is
shown in Fig. 5(c). At higher silica contents (Si/Na > 1), the silica
network formation is more complete, resulting in fewer available
binding sites for Na* ions.

3.1.3. Structure of NSA
To further investigate the effect of different parameters on the
structure of NSA, four gel samples prepared with Si/Na ratios of

0.8, 1.0, 1.2, and 1.4 respectively were further analysed. The struc-
tures and chemical compositions of prepared NSA with different Si/
Na molar ratios of the samples are shown in Figs. 6 and 7.

As shown in Fig. 6, the NSA surface consisted of irregular spher-
ical nanoscale particles densely clustered together, forming a typ-
ical nanoporous structure. Crosslinking among adjacent particles
resulted in a sponge-like network with fine pores ranging from
10 to 20 nm. For samples with Si/Na ratios of 1.2 and 1.4, the stack-
ing of aerogel particles appeared looser, and pore sizes were larger
owing to more complete gelation during carbonation. This pro-
moted the formation of a more stable network that remained intact
during solvent substitution and hydrophobic modification. The
increased stability prevented the collapse of pore channels during
freeze-drying, resulting in large, open pores.

In contrast, samples derived from sodium silicate solutions with
lower Si/Na ratios exhibited increased sodium ion content. The
presence of Na* ions promoted the formation of nonbridging oxy-
gen by bonding ionically to negatively charged Si—O~ groups. This
interaction suppressed the formation of bridging Si—0—Si bonds,
thereby reducing silicate polymerization and hindering the devel-
opment of a crosslinked silica gel network [38]. Consequently, dry-
ing resulted in a denser silica structure with smaller pores,
consistent with observations from previous studies [63,64].

From the Brunauer-Emmett-Teller (BET) test results (Fig. 7(a)
and Table 6), the nitrogen adsorption-desorption isotherms of all
samples were typical type IV with H3 hysteresis loops [65], indica-
tive of mesoporous structures [66]. Minor variations in the hys-
teresis loops reflected changes in pore size and shape owing to
different Si/Na molar ratios. The silicon content in the sol affected
the spatial arrangement of Si—O—Si bonds, which in turn influ-
enced the aerogel’s pore network. The pore characteristics of the
prepared NSA is shown in Table 6.

The high porosity of the NSA samples resulted from the sol-gel
process, which facilitated the formation of interconnected silica
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networks. During the sol-gel transition, reactions between silicate
and CO, yielded a three-dimensional Si—O—Si structure. Freeze-
drying then sublimated water from the network, preserving its
porosity. As shown in Fig. 7(b), the pore size distribution ranged
from 1 to 100 nm, primarily comprising mesopores (2-50 nm),
with minor amounts of micro- and macropores.

In the Si/Na = 0.8 sample, the pore size distribution was nonuni-
form, with increased proportions of small pores (< 3 nm) and
macropores (> 50 nm), indicating collapse of mesopores during
drying. In contrast, samples with Si/Na = 1.2 and 1.4 exhibited

Table 6
Pore characteristics of the prepared NSA.

uniform spatial distributions, forming aerogels with high porosity
and larger, stable pores.

Fig. 7(c) shows that all NSA particles were smaller than 200 nm.
As the Si/Na ratio increased, the average particle size decreased.
This was attributed to the disruption of network formation at
low Si/Na ratios, where higher Na* concentrations interfered with
silicate condensation, resulting in larger particles and less defined
networks.

In NSA synthesis using WG as a precursor, Na* removal played a
crucial role in determining aerogel properties. Residual Na*
affected the density, thermal conductivity, reactivity, and pore
structure [67]. XRF analysis (Fig. 7(d)) showed that the NSA sam-
ples contained more than 85 % SiO,, less than 10 % Na,0, and under
5 % of other oxides (e.g., CaO, K,0, and MgO). The highest Na,O
content was observed in the Si/Na = 0.8 sample. This was because

of the poorer silica network formation at low Si/Na ratios, leaving
more available Na* binding sites. Additionally, the denser structure

Si/ BET specific surface area Porosity Average pore size
Na  (m*g™") (%) (nm)
0.8 302.46 90.12 19.65
1.0 379.11 88.23 16.16
1.2 508.59 92.09 18.39
14 654.83 94.15 22.09

and smaller pores in low Si/Na samples likely reduced permeability
during washing, hindering full sodium removal. Thus, greater Na*
removal was achieved in samples with Si/Na > 1.0. The highest sil-

ica purity (96.0 %) was obtained using the CO, carbonation method.
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As shown in Fig. 7(e), the NSA density decreased significantly
with Si/Na ratios above 1.0, indicating improved porosity and net-
work development. FTIR spectra (Fig. 7(f)) confirmed the chemical
structure of NSA, with strong and weak absorption peaks centered
at 1070 and 495 cm™!, respectively, corresponding to Si—0—Si
stretching and bending. The increasing intensity of Si—O0—Si peaks
with higher Si/Na ratios further indicated improved silica network
formation.

Surface modification converted hydroxyl (O—H) groups into
hydrophobic Si—CHj3 groups, improving compatibility with organic
solvents and reducing structural degradation owing to post-drying
moisture adsorption. Comparison with other prepared silica aero-
gels using inorganic precursors is shown in Table 7. Based on the
data in Table 7, the aerogel produced from WG showed higher sur-
face area and lower bulk density than those prepared from other
waste materials in previous studies [40,50-53]. Thus, WG serves
as a promising silica precursor for aerogel production.

Moreover, this study used a CO, extraction method rather than
ion exchange or inorganic acidification, which can further reduce
the cost and carbon footprint of aerogel synthesis. Additionally,
recent advances in artificial-intelligence-driven computational
methods have shown great potential in accelerating materials dis-
covery and optimizing performance [68-70]. These data-driven
strategies offer opportunities to explore the structure-property
relationships of aerogels [71] and could be employed in future
work to enhance aerogel design and applications.

3.1.4. Reactivity assessment

To characterize the reactivity of NSA and compare it to other
SCMs, a modified Chapelle test [72] was conducted. The activity
of four SCMs was evaluated, and the results are shown in
Fig. 8(a). NSA consumed 960 mg of CH per gram, which exceeded
the standard threshold of 700 mg.g~' set by NF P18-513 [55],
thereby confirming its high pozzolanic reactivity. The order of
reactivity ~among the four tested materials was
NSA > NS > SF > NGP. This ranking is attributed to the smaller par-
ticle size of NSA, which facilitated greater CH consumption. The
high porosity and specific surface area of NSA provided a greater
number of reactive sites for CH interaction, resulting in the highest
reactivity among all tested SCMs.

To further validate SCM reactivity, their silicate structures were
analyzed using 2°Si MAS NMR spectroscopy, with results shown in
Fig. 8(b). The pozzolanic reaction essentially involves the self-
aggregation of [SiO4] tetrahedra, from isolated to aggregated states.
The extent of [SiO,4] aggregation and the degree of depolymeriza-
tion (i.e., Si—O—Si bond breakage) are indicators of chemical activ-
ity. Therefore, the degree of polymerization of silicate tetrahedra
can indicate pozzolanic reactivity [73].

The NMR results revealed that all samples (SF, NGP, NS, and
NSA) exhibited broad peaks between —110 and —120 ppm, indicat-
ing the presence of highly polymerized amorphous silicates com-
pared to crystalline forms. This suggests potential chemical
reactivity, as amorphous materials tend to contain more structural
defects and unstable bonds, making them more prone to react with
Ca(OH), [74].
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Notably, NSA showed a significant presence of T> peaks, which
indicate silicon atoms that are fully condensed with three sur-
rounding silicate units via oxygen bridges, with one organic group
(R) attached directly to silicon. This configuration reflects the pres-
ence of hydrophobic Si—CHs;, which explains NSA’s hydrophobic
behavior.

Although NGP exhibited a higher proportion of Q? structures,
implying greater theoretical reactivity, it demonstrated the lowest
reactivity in the Chapelle test. This discrepancy arises from the
inherent structure of glassy materials, which typically have a high
degree of short-range order but lack long-range order [75]. As a
result, their framework is more compact and less susceptible to
depolymerization in alkaline environments, reducing reactivity.

Moreover, SCM reactivity is influenced by particle size and
specific surface area. NGP had a lower specific surface area
(22.43 m?.g~!, Table 4) and a relatively smooth surface morphol-
ogy (Fig. 3(a)), which limited the number of reactive sites com-
pared to NSA. In contrast, other amorphous silica sources (SF, NS,
and NSA) possessed larger specific surface areas, smaller particle
and higher silica content sizes, making them more soluble and
reactive in alkaline conditions [76].

3.2. Performance of cementitious pastes containing SCMs

3.2.1. Compressive strength

The strength development of cementitious pastes of the four
SCMs is shown in Fig. 9. At 1 d, C-NS exhibited the highest com-
pressive strength, followed by C-NGP and C-SF, with C-NSA having
the lowest strength. Compared to the reference samples, all four
siliceous SCMs enhanced compressive strength by acting as nucle-
ating agents that promoted cement hydration. Owing to the high
activity of these SCMs, pozzolanic reactions occurred at early
stages, contributing to early strength development (further dis-
cussed in Section 3.2.6).

NS, which had the smallest particle size among the SCMs, was
the most effective nucleating agent. It promoted cement hydration
and filled voids within the paste, reducing porosity [77]. Although
NSA and NS had similar particle sizes, the higher porosity and
hydrophobic nature of NSA led to increased matrix porosity, result-
ing in lower early strength compared to NS. SF and NGP, with lar-
ger particle sizes and lower pozzolanic reactivity than NS and NSA,
exhibited lower early strengths. However, unlike conventional
microsized glass powder, which tends to reduce early strength
[78], NGP improved 1 d compressive strength relative to the refer-
ence sample. This improvement was attributed to the nanosized
NGP providing more nucleation sites, which accelerated cement
hydration and promoted precipitation of hydration products [79].

By 7 d, C-NSA exhibited the highest strength gain, with an
increase of 32 MPa compared to its 1 d strength. Initially, NSA’s
hydrophobicity hindered water penetration into its pore structure,
limiting its early pozzolanic reaction. However, as hydration pro-
gressed, the hydrophobic effect diminished, accelerating reactivity.
This was attributed to the hydrolysis of Si—CH3 groups (introduced
during surface modification) in the alkaline environment, which
reduced the hydrophobicity of the NSA surface. As hydration

Table 7
Comparison of silica aerogels prepared from waste-derived inorganic precursors.
Precursor Specific surface area (m?.g~") Bulk density (g-cm~3) Preparation method Reference
WG 608.0 0.121 Ion exchange, APD [40]
Coal gangue 600.0 0.190 Ion exchange, APD [50]
Rice husk ash 597.7 0.038 Sulfuric acid acidification, supercritical CO, drying [51]
Gold mine waste 284.0 — Hydrochloric acid acidification, APD [52]
FA 548.0 0.110 Ion exchange, APD [53]
WG 655.0 0.141 CO, extraction, freeze-drying This study

10
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advanced, the formation of C-S-H gels gradually filled the NSA pore
structure, densifying the matrix. The resulting products reduced
porosity and enhanced overall strength.

From 7 to 28 d, the compressive strength of C-NS and C-NSA
increased by 27.8 % and 26.4 %, respectively. Notably, despite NSA’s
initial high porosity, its large surface area and porous framework
provided abundant space for C-S-H nucleation and growth. This
enhanced the degree of hydration and promoted microstructural
densification, offsetting the mechanical drawbacks associated with
using a porous additive. The nucleation and pore-filling effects of
NSA will be discussed further in Section 4.

3.2.2. Density and thermal conductivity

The density and thermal conductivity of cement pastes contain-
ing SCMs are shown in Fig. 10. As presented in Fig. 10(a), NSA
reduced the density of the cement paste, whereas other SCMs
increased it. Specifically, NSA exhibited the lowest density attribu-
table to its extremely low intrinsic density and high porosity,
which increased the overall porosity of the paste.

In contrast, the C-NS samples exhibited the highest density at
1959 kg-m—>. This increase resulted from the nanoscale particles
of NS filling in the pores of the cement matrix, thereby densifying
the structure and reducing porosity.

11

Fig. 10(b) shows that NSA also significantly reduced the thermal
conductivity of the paste by 41.9 % compared to the reference sam-
ple. This reduction was attributed to the presence of nanopores in
NSA, which impeded the heat transfer. Meanwhile, SF, NGP, and NS
increased the thermal conductivity, likely owing to their pore-
filling effects and enhanced hydration, which created denser, more
heat-conductive matrices.

Notably, NSA was the only SCM capable of simultaneously
reducing density and thermal conductivity while also improving
compressive strength. The incorporation of NSA is therefore bene-
ficial for developing thermally insulating, lightweight concrete sui-
ted for energy-efficient building applications.

4. Role of silica aerogel in cementitious paste
4.1. Early hydration

To investigate the impact of introducing SCMs on the hydration
kinetics of cement paste, the heat flow from various specimens was
normalized by the mass of binder material. The results are pre-
sented in Fig. 11.

Fig. 11(a) shows that the cumulative heat release of cement
pastes incorporating nanoparticles was higher than that of the ref-
erence sample. Among the SCMs, NS exhibited the strongest accel-
erating effect on cement hydration before 24 h. Both SF and NGP
also significantly accelerated early-stage hydration, indicating that
reducing the particle size of glass powder enhanced its reactivity,
consistent with findings from previous studies [79].

Fig. 11(b) shows the influence of incorporating SCMs on the
timing of the main heat release peak. C-NS exhibited the earliest
peak, followed by C-NGP, C-NSA, and finally C-SF. The presence
of fine particles in the cementitious system accelerated hydration
by providing additional nucleation sites. Despite its large specific
surface area, NSA showed a delayed main exothermic peak com-
pared to C-NS owing to the presence of hydrophobic —CH; groups
on its surface, which initially hindered water interaction.

Additionally, exothermic peaks were observed at approximately
10 h, corresponding to the secondary formation of ettringite (AFt)
[80]. This process results from the dissolution of C3A and subse-
quent precipitation of AFt [81]. According to the study by Zunino
and Scrivener [82] on aluminate phase reactions, the intensity of
the AFt peak is primarily related to the filler effect of the SCM.
The C-NSA samples exhibited the highest peak intensity, attributa-
ble to NSA’s extremely large specific surface area. This property
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enhanced the adsorption of Ca®* ions, reducing the supersaturation
of calcium in the pore solution and thus promoting CsA dissolution
and AFt formation.

This analysis focused on C3A because of its distinct exothermic
behavior observed in the calorimetry results. Further investiga-
tions into other clinker phases, such as tricalcium silicate (CsS),
will be pursued in future work.

To further explain the early-stage hydration behavior of C3A in
the presence of different SCMs, the zeta potential of mixtures of
C3A and SCMs was measured. The results are shown in Fig. 12.
All four SCMs were negatively charged, as the Si—OH groups on
their surfaces dissociated in water to form negatively charged
[Si—0]~ species. Among the materials, NGP exhibited the highest
zeta potential, likely owing to the presence of sodium and calcium,
which created additional charged sites and participated in ion
exchange. Although NSA had a larger specific surface area, the sur-
face modification of some Si—OH groups into Si—CH3 reduced the
degree of dissociation, resulting in a lower zeta potential signal.
When SCMs were mixed with C3A, the overall zeta potential
decreased, indicating that calcium cations (Ca®*) were adsorbed
onto the SCM surfaces to form [2SiO~ + Ca?*] complexes [83]. This
adsorption reduced the calcium supersaturation in solution and
promoted the hydration of CzA. Among the mixtures, NSA + C3A
exhibited the lowest zeta potential, suggesting that NSA had the
strongest Ca* adsorption capacity owing to its high surface area.
Consequently, the supersaturation degree in the C-NSA matrix
was significantly reduced, thereby accelerating the secondary
hydration of C3A. Therefore, compared to other SCMs, the C-NSA
sample showed a notably enhanced peak associated with
secondary AFt formation.
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4.2. Phase evolution

4.2.1. Phases and hydration composition

The XRD patterns of cement pastes containing SCMs are shown
in Fig. 13(a). The incorporation of various SCMs did not result in
the formation of new crystalline phases. Major phases identified
included portlandite, CsS, dicalcium silicate (C,S), and AFt. The
hydration product content was quantified using Rietveld refine-
ment, as shown in Fig. 13(b). The results indicated that the inclu-
sion of SCMs reduced the content of C3S, C,S, and CH in the
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samples while increasing the amorphous phase content. This trend
can be attributed to the nucleation effect of SCMs due to their high
specific surface area, which provides additional sites for hydration
and accelerates the formation and precipitation of C-S-H gels.
Simultaneously, SiO, in the SCMs reacts with CH to generate addi-
tional C-S-H gel. However, both the C-S-H gel and unreacted silica
nanoparticles remain in the amorphous phase. Although the
degree of cement hydration is difficult to assess solely by the amor-
phous content, the variation in CH content serves as a reliable indi-
cator. Specifically, CH content reductions were 6 %, 3 %, 7 %, and 6 %
for C-SF, C-NGP, C-NS, and C-NSA, respectively.

To further evaluate the effect of SCMs on cement hydration, TGA
was performed to analyze the hydration products at 1 and 28 d.
The derivative thermogravimetry (DTG) curves of cement pastes
with SCMs are shown in Figs. 13(c) and (d). Two distinct peaks
are evident in the DTG curves: one between 100 and 200 °C corre-
sponding to dehydration of C-S-H and AFt, and another between
380 and 480 °C associated with CH decomposition.

The 1 d results showed that SCMs reduced CH content com-
pared to the reference, owing to the reaction between CH and
the amorphous silica in the nanosiliceous materials. At 28 d, the
incorporation of SCMs not only reduced the CH peak intensity
but also increased the intensity of AFt and C-S-H peaks, indicating
enhanced hydration of C3A and CsS. This suggests that siliceous
SCMs promote C-S-H formation and contribute to matrix
densification.

However, compared to the reference sample, the CH content
reduction at 28 d was not substantial owing to the low replace-
ment level (2 %). This indicates that the pozzolanic reaction was
not the dominant contributor to strength gain. Rather, the strength
enhancement likely resulted from the filler effect of the nanosized
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materials, which refined the pore structure and improved packing
density.

4.2.2. Silicate structure

Fig. 14 and Table 8 show the 2°Si MAS NMR spectra of hardened
cement pastes containing SCMs. The spectra were deconvoluted,
and the corresponding Q" (n =0, 1, 2, 3, and 4) species intensities
are listed in Table 8. Q" represents a SiO,4 tetrahedron connected
to n bridging oxygen atoms, where n is the number of bridging oxy-
gen atoms. Silicon environments in the cement matrix are classi-
fied as follows: Q° (unhydrated silicate tetrahedra, —-70 to
—80 ppm), Q' (dimeric chain-end units, =75 to -85 ppm), Q?
(mid-chain units, -85 to —=95 ppm), Q> (highly polymerized units,
—95 to —105 ppm), and Q* (fully polymerized silicates, —105 to
—115 ppm). These peaks reflect the distribution of silicate species
and structural evolution during cement hydration.

The results showed that the addition of siliceous SCMs reduced
the Q° signal intensity, indicating consumption of unhydrated C5S.
Concurrently, the Q! intensity decreased and Q? intensity
increased, suggesting the development of longer C-S-H chains.
The presence of SCMs reduced the Ca/Si ratio because of pozzolanic
reactions, resulting in enhanced polymerization and longer silicate
chains.

Notably, the C-NSA sample exhibited a 27.7 % increase in the
MCL of the C-S-H gel compared to the reference sample. NSA and
NS were more effective than SF and NGP in promoting C3S hydra-
tion, which is attributed to their smaller particle size and larger
specific surface area, factors that enhance nucleation and acceler-
ate C-S-H formation (Section 4).

Some siliceous SCMs remained unreacted in the matrix, as
evidenced by the presence of Q* and Q* peaks. These unreacted
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Fig. 13. Phases and hydration composition of the cementitious paste measured by XRD at (a, b) 28 d and (c, d) TGA at 1 and 28 d, respectively. DTG: derivative

thermogravimetry.
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Fig. 14. Deconvoluted 2°Si MAS NMR analysis of cementitious paste.

particles may have been encapsulated by hydration products and
thus were not fully consumed during the pozzolanic reaction.

4.3. Microstructure

4.3.1. Pore structure

The pore size distribution and total porosity of the samples are
shown in Fig. 15 and summarized in Table 9. C-NSA exhibited the
highest total porosity at 31.3 %, whereas C-NS exhibited the lowest
at 20.0 %. Meanwhile, C-NGP and C-SF demonstrated comparable
porosities at 23.2 % and 22.1 %, respectively, both lower than that
of the reference sample.

Fig. 15 reveals distinct pore structures among cement pastes
with different siliceous SCM additions. The incorporation of SCMs
(except NSA) refined the pore structure and reduced the average
pore size compared to the reference, contributing to improved
compressive strength. Notably, NSA exhibited a wider pore size
distribution, particularly with more pores in the 100-1000 nm
range. This disparity may be attributed to NSA’s porous structure
and hydrophobicity, which can introduce air during mixing,
thereby increasing overall porosity. The hydrophobic NSA may also
trap mixing water [84], hindering cement hydration and generat-
ing pores during curing.

Despite the high porosity of C-NSA, it exhibited remarkably
high strength. This is because NSA not only refined the pore struc-
ture but also potentially enhanced the pore walls because of its
high reactivity, consistent with the strengthening effect of NS on
pore walls in foamed concrete [85]. This phenomenon contributed
to the lower density and thermal conductivity observed in C-NSA
samples, suggesting the promising use of hydrophobic aerogels
in lightweight, insulating, high-strength concrete. Although NSA
had a nanoporous structure, relatively few pores were observed
in the < 20 nm range, indicating NSA’s potential to react with the
cement paste and form pore-filling C-S-H gel. Additionally, the
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Fig. 15. Pore size distribution of cementitious paste at 28 d.

Table 9
Total porosity and average pore diameter of the samples at 28 d.
Sample Porosity (%) Average pore diameter (nm)
Ref 26.0 34.2
C-SF 22.1 239
C-NGP 23.2 27.8
C-NS 20.0 15.1
C-NSA 31.3 25.7

NS sample exhibited the smallest porosity and average pore size
owing to NS’s smallest particle size and highest reactivity.

4.3.2. Micromechanical properties

Figs. 16(a)-(e) show the phase distribution plots of the different
samples, where hydration products are classified into low-density
C-S-H (LD C-S-H) and high-density C-S-H (HD C-S-H) phases based
on the elastic modulus of the matrix [86]. The nanoindentation test
results were analyzed using cluster analysis, as shown in Fig. 16(f).
The data were divided into two categories: LD C-S-H and HD C-S-H.
Based on multivariate cluster analysis, the average indentation
modulus and hardness were calculated, as shown in Fig. 16.

The lime green areas (elastic modulus: 25-40 GPa) represent
HD C-S-H gels, and the blue areas (modulus: < 25 GPa) indicate
LD C-S-H gels with nano- and capillary pores [87,88]. The incorpo-
ration of SCMs significantly affected the matrix phase distribution
and microstructure. Overall, SCM incorporation improved the elas-
tic modulus of the matrix and generated more HD C-S-H. As shown
in Fig. 17, SCMs also increased both the elastic modulus and hard-
ness of C-S-H.

The C-NS sample exhibited a uniform distribution of HD C-S-H,
suggesting more consistent and complete hydration. In contrast,
the C-NSA sample showed alternating regions of LD and HD C-S-
H. This was likely because of NSA’s porous structure and low den-
sity, which tended to generate more porous LD C-S-H during
hydration. However, notably, the LD C-S-H was surrounded by

Table 8

Quantification (%) of Q" (n = 0, 1, 2, 3, and 4) species and deconvolution of 2°Si MAS NMR spectra.
Sample Q° Q! Q? Q? Q* MCL
Ref 37.03 39.64 2331 - - 3.18
C-SF 31.62 34.33 3242 1.28 0.41 3.89
C-NGP 33.46 32.51 28.71 3.82 1.56 3.77
C-NS 28.15 34.30 33.63 2.04 2.03 3.96
C-NSA 2331 35.30 36.35 2.66 243 4.06
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Fig. 16. (a-e) Phase distribution of cement pastes (Ref (a), C-SF (b), C-NGP (c), C-NS (d), and C-NSA (e), respectively) at 28 d containing SCMs and (f) cluster analysis of pastes.
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HD C-S-H with a higher elastic modulus, indicating strong bonding
between the NSA surface and the cement matrix.

The HD C-S-H in C-NSA exhibited the highest elastic modulus
(32.4 GPa) and hardness (0.77 GPa). Consequently, despite its
higher porosity, C-NSA still demonstrated substantial compressive
strength at 28 d. As shown in Fig. 16(f), C-NSA had a wide distribu-
tion of elastic moduli, suggesting that its internal pore structure
provided diffusion space for hydration products. Its open pore net-
work allowed hydration products to form within the pores, result-
ing in relatively loose LD C-S-H. Simultaneously, NSA’s surface
offered abundant nucleation sites, promoting the uniform and
rapid deposition of hydration products and resulting in a denser,
stronger HD C-S-H phase.

4.3.3. Morphology
Fig. 18 shows the microscopic morphology of cementitious
pastes containing various SCMs, highlighting differences in
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microstructural densification. In the reference sample, hexagonal
plate-like CH crystals and small needle-like AFt crystals interlocked,
forming a loose structure. Cementitious pastes with NS exhibited
the densest morphology, characterized by a homogeneous, compact
paste-like structure of hydration products. This densification was
attributed to NS’s filling effect and provision of nucleation sites,
which refined the pore structure during hydration.

Meanwhile, C-SF and C-NGP samples exhibited more pores than
C-NS, resulting in a coarser microstructure, as shown in Fig. 18(a).
This could be attributed to the larger particle size and weaker
nucleation effect of SF and NGP. However, the pozzolanic activity
of NGP and SF marginally accelerated cement hydration, increasing
C-S-H gel content and contributing to strength development.

The microstructure of C-NSA samples revealed more pores, indi-
cating reduced thermal conductivity and density resulting from a
high void ratio and hydrophobic nature, which entrapped air upon
incorporation. Additionally, unreacted and undispersed NSA could
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be observed in the matrix, forming a three-dimensional network
structure.

However, as shown in Fig. 18(b), the matrix surrounding NSA
pores appeared dense, suggesting that despite increasing overall
porosity, NSA’s high specific surface area and nanoparticle size
enhanced nucleation of hydration products. The pozzolanic reac-
tion with CH helped mitigate the potential weakening effects of
NSA addition. The dense C-S-H gel formed around the NSA was
consistent with the nanoindentation results. Therefore, NSA main-
tained satisfactory mechanical strength, demonstrating its poten-
tial for producing high-strength, lightweight concrete.

4.4. Quantitative analysis of NSA effect on cementitious paste

4.4.1. Nucleation effect

A significant filling effect of SCMs can be observed from the
isothermal calorimetry test results. As discussed in Section 4.1,
the presence of siliceous SCMs resulted in accelerated cement
hydration, a higher maximum rate of thermal evolution, and a
shorter induction period. This promotion of Portland cement
hydration is typically attributed to their physical presence [89].
The impact of SCMs on early cement hydration is primarily because
of their heterogeneous nucleation effect, which enhances the
hydration degree of cement through surface adsorption and pre-
cipitation [90]. Studies [91,92] have shown that the increased
cement hydration due to heterogeneous nucleation depends on
the fineness of the mineral admixtures and their content in the
mix. The increment in cement hydration can be calculated using
a model-based approach [93], as indicated by Egs. (4)-(6), and
experimentally through the heat flow of cementitious samples, as
shown in Eq. (7).

W/B
Acnema(t) = —/hO (4)
1+ (Seff)
Seff = n 1 fn 8(fn (5)
where the weight function ¢ is expressed as
o) = 1 + cos(mf,)1*’ o f, 2 ) )
n 2 36.8

where ACema is the hydration extent augmentation by nucleation
(model-based), t is the hydration time, W/B is the water to binder
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ratio, hy is the hydration extent of neat cement paste, b is a constant
(8.3 m%g!), and m is age-dependent (0.691 at 24 h, 0.492 at 48 h).
Setr is the effective surface area as a function of SCM specific area S,
SCM mass fraction f,,, and weight function &(f,,). The experimental
hydration increment is given by
Hom (t) — He(t)

He(t)

where ACpee, is the hydration increment derived experimentally;
Hym is the heat flux of the SCM-containing paste at time ¢, and H.
is the heat flux of the pure cement paste at time t.

The predicted degrees of hydration, compared with measured
values, are shown in Fig. 19. Measured values were derived from
hydration heat tests, calculated by the exothermic difference
between SCM-containing and reference samples. Results indicated
that at 48 h, the calculated nucleation effect of SCMs showed high
agreement with experimental values, suggesting a significant
early-stage nucleation effect on cement hydration. NSA, with its
high specific surface area, exhibited the strongest nucleation effect,
aligning with the 48 h exothermic peak in Section 4.1.

However, at 24 h, a notable discrepancy appeared between the
predicted and actual NSA values. This deviation arises because the
nucleation effect is not solely governed by the particle size and sur-
face area but also by the contact angle of the SCMs [94,95]. The free
energy (AG) of nonhomogeneous nucleation on nanoparticle sur-
faces can be calculated using Eqgs. (8)-(14) [95,96].

AG = VAGy + AG + AGpg

ACneea(t) = (7)

®)

where V; is the volume of the solid core, AGy is the bulk free energy
of the solid core, AG; is the surface free energy of the nanoparticles,
and AG,, is the interfacial free energy of the nanoparticles with the
gel.

Vs = gnr3 9)
2 1 2
AGs =4mreyy j(l — €0S Oy) (10)
AGpg = 4mr?y,, cos by (11)
4 3 2, 1 2 2
AG:§nr AGyf (0w) +4mr yslj(l —C0S0y )" +4mrey,,cos0y  (12)

where r is the radius of the solid core of the nanoparticle; f{0,,) is
the bulk-phase free-energy correction factor associated with the
wetting angle 6,,; 7, is the interfacial tension of solid and liquid,
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Fig. 19. Experimental approach versus model-based approach to derive values for cement hydration increment resulting from the nucleation effect. (a) At 24 h; (b) at 48 h.

and y,, is the interfacial tension of nanoparticles and gel. Thus, the
final free energy change is

f0w) ! (2 4 €08 0) (1 — cos O,)?

=7 (13)

AG= gnPAGvf(HW) + 4nr2y51%(1 —cosly)? +4nr?y,cosb,  (14)

As seen in Eq. (10), the free energy of heterogeneous nucleation
depends on the nanoparticle-water contact angle. NSA, with a high
contact angle of 153.2° (Fig. 3(b)), showed strong hydrophobicity
owing to surface —CHj3 groups [38]. This increased the free energy
barrier for heterogeneous nucleation, delaying hydration product
formation. As a result, C-NSA exhibited a delayed exothermic peak
compared to C-NS, despite their similar particle size and composi-
tion (Fig. 11). This accounted for the discrepancy between pre-
dicted and experimental hydration values at 24 h.

By 48 h, the surface —CHs3 groups were hydrolyzed in the alka-
line environment, reducing hydrophobicity and aligning the model
and experiment results. Previous studies have shown that
hydrophobic agents inhibit early hydration by forming physical
barriers [97,98]. However, owing to NSA’s nanostructure and sur-
face area, hydration is enhanced via nucleation promotion.

4.4.2. Pozzolanic effect

Evidence from this and other studies suggests that siliceous
SCMs not only influence hydration of clinker phases through
physical effects but also chemically react with CH to form
additional C-S-H at early stages [99]. The pozzolanic reaction,
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similar to nucleation, occurs at the solid-liquid interface and is
governed by interfacial reaction mechanisms [100,101]. The extent
of the pozzolanic effect can be expressed by Eq. (15) [101], while
the experimental pozzolanic contribution can be evaluated from
TGA results via Eq. (16) [102].

f(pe)

ACpema(t) =
1 + (SST)C]

ho (15)

where ACpema is the model-based hydration extent augmentation
due to pozzolanic effect, f(pe) is the pozzolanic reaction factor,
and exponent parameter c1 = 1.

(CH, x (1 4+ ACpeea) — CHpm) x 74
18CH.

where ACpeea is the experimentally determined hydration extent
augmentation due to pozzolanic effect, CH. is the calcium
hydroxide content in pure cement at time t, and CH,,,, is the calcium
hydroxide content in SCM-containing cement at time t.

Fig. 20 compares the model-based and experimental pozzolanic
reaction extent at 1 and 28 d. The results demonstrate a reasonable
correlation at 1 d, suggesting that parameters such as relative sur-
face area and pozzolanic activity index are effective predictors of
early SCM reactions. All SCMs generated additional hydration
products at early stages via pozzolanic activity. However, given
the small SCM dosage, the pozzolanic effect was minor relative
to the nucleation effect.

Among all SCMs, NSA showed the highest pozzolanic activity
owing to its larger surface area and reactivity. However, at 28 d,

ACpeea (t ) -

(16)
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Fig. 20. Experimental approach versus model-based approach to derive values for pozzolanic reaction extent compared to cement hydration. (a) At 1 d; (b) at 28 d.
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the model results diverged from experimental observations. This is
likely because SCMs reacted rapidly in the initial stages, and the
resulting hydration products encapsulated SCM particles, limiting
further reaction over time [103,104]. This interpretation is sup-
ported by SEM images, where some NSA particles remained
embedded in a reticulated structure in the matrix (Fig. 18(b)).

5. Conclusions

In this study, CO, was used to extract NSA from WG, and the
effects of NSA on cement hydration and properties of NSA-based
cement paste were investigated. First, the effect of the extraction
process on the structure of the WGP-derived NSA was examined.
In addition, the extracted NSA was used as a lightweight SCM to
prepare lightweight insulating cementitious materials. The follow-
ing conclusions can be drawn:

(1) Reaction time, reaction temperature, sodium hydroxide con-
centration, and particle size of WGP played important roles in
determining the dissolution efficiency of WGP. Particle size had
the greatest effect, while sodium hydroxide concentration had
the least. Therefore, for optimal silica extraction, the most efficient
reaction conditions in this study were 10 pum WGP particles mixed
with 2 mol-L~! NaOH at 80 °C for 12 h.

(2) The Si/Na ratio in the sodium silicate solution had a signifi-
cant effect on the carbonation efficiency and structure of NSA. The
carbon capture efficiency of the solution with Si/Na > 1.0 exceeded
90 %. NSA with a higher Si/Na ratio formed greater porosity after
drying, whereas NSA particles with Si/Na < 1.0 exhibited smaller
diameters and a denser structure.

(3) The incorporation of siliceous SCMs improved the strength
of cementitious materials owing to nucleation and pozzolanic
effects, while the high porosity of NSA resulted in lower early
strength. Additionally, NSA reduced the density and thermal con-
ductivity of cementitious materials owing to its low density and
high porosity.

(4) The inclusion of siliceous SCMs significantly accelerated the
early hydration of cement. This acceleration was attributed to their
high specific surface area, which provided abundant nucleation
sites. Although NSA exhibited marginally lower hydration acceler-
ation than NS owing to hydrophobic groups on its surface, it still
demonstrated significantly higher hydration rates than the refer-
ence group.

(5) The introduction of SCMs improved the microstructure of
the cement matrix and enhanced densification by reducing total
porosity and average pore size. Although NSA had high porosity,
it provided numerous nucleation sites and nanosized particles that
promoted the formation of more LD C-S-H. This phenomenon
explained why NSA, despite its high porosity, still led to a dense
microstructure and notable strength development.

(6) Quantitative calculations of the physical nucleation and poz-
zolanic effects of SCMs indicated that nucleation was the dominant
contributor to the formation of hydration products. At 24 h, NSA’s
nucleation effect accounted for approximately 21 % of cement
hydration, which was greater than its pozzolanic effect (3 %).

Although this study confirmed the excellent pozzolanic activity,
hydration acceleration, and thermal insulation performance of NSA
derived from WG in cementitious materials, its practical applica-
tion in construction still requires further evaluation regarding
large-scale production and long-term durability under diverse
environmental conditions.
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