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Hydrothermal Synthesis Of Calcium Silicate Hydrate From Waste Glass:
Effect Of CaO/SiO2 Ratio On Phase Formation And Properties
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Environmental pollution has become increasingly severe due to multiple contributing factors, among which the
rapid growth of industrial waste is particularly significant. In practice, the glass industry generates substantial
waste daily, primarily in the form of grinding glass powder. While cullet can be recycled through remelting, the
ground glass powder is often directly discharged into the environment or disposed of in landfills. Therefore,
the treatment and valorization of industrial waste, particularly glass powder, have become research topics for
mitigating environmental pollution. In this study, waste glass was used as a silica source to synthesize calcium
silicate hydrate and investigate the effect of the CaO/SiO2 ratio on phase formation. Waste glass powder was
mixed with lime, pelletized, and subjected to hydrothermal treatment at 180 oC for 10 hours. The formation of
Xonotlite and Tobermorite was confirmed by XRD, FTIR, SEM, and EDX analyses, demonstrating the feasibility
of synthesizing calcium silicate hydrate from waste glass powder. Mechanical and physical properties, including
diametral tensile strength, water absorption, and bulk density, indicated that the optimal CaO/SiO2 ratio for
synthesizing calcium silicate hydrate from waste glass is 0.9.
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1. Introduction

The recycling of waste glass has become increasingly im-
portant for environmental protection and sustainable de-
velopment in the materials industry. In principle, glass
can be recycled through remelting to produce new glass
products. Commercial glass is typically manufactured from
silica sand, ash, limestone, soda, and various additives. The
incorporation of recycled glass into glass production offers
significant benefits, including energy savings [1], reduced
production costs, and decreased consumption of natural
raw materials [2] while also mitigating environmental im-
pacts [3]. Previous studies have shown that each kilogram
of recycled glass used in production can reduce CO2 emis-

sions by approximately 31 g [4]. Additionally, the inclusion
of recycled glass improves energy efficiency by 2.5 - 3.0%
for every 10 wt.% added [5].

However, in practice, waste glass often contains impuri-
ties such as metals, ceramics, organic matter, or mixed glass
types, making direct recycling through remelting challeng-
ing. Consequently, alternative recycling approaches to val-
orize waste glass have attracted increasing attention. Due
to its high SiO2 content and amorphous structure, which
confer high reactivity, waste glass is considered a promis-
ing silica source for synthesizing value-added materials,
particularly calcium silicate hydrate (CSH).

CSH is widely studied and applied, mainly existing in
two crystalline forms: Xonotlite and Tobermorite. These
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materials have attracted considerable interest due to their
superior properties and broad applications. In concrete,
CSH plays a crucial role in cement hydration and is the pri-
mary phase responsible for concrete’s mechanical strength
[6]. Additionally, crystalline CSH phases, such as Xonotlite
and Tobermorite, have been investigated for wastewater
treatment due to their ability to adsorb heavy metal ions,
such as Cr(III) and Cu(II) [7]. Notably, Xonotlite exhibits
a fibrous structure with thermal stability up to approxi-
mately 1000 oC, making it suitable for thermal insulation
and refractory applications [8].

CSH can be synthesized through the reaction between
SiO2 and CaO under appropriate conditions. Temperature
and pressure are key factors influencing the synthesis pro-
cess, as they govern the reaction kinetics between CaO and
SiO2. Temperature, in particular, plays a critical role in
phase transformation and crystallinity. At relatively low
temperatures (150 - 180 oC), the product is mainly a poorly
crystalline CSH gel. When the temperature increases to 180
- 220 oC, the formation of crystalline phases such as Tober-
morite and Xonotlite is significantly enhanced [9]. Reaction
time also strongly affects crystallinity and crystal size [10].
Furthermore, the initial shaping method can influence re-
action kinetics, crystal morphology, phase evolution, and
the final mineral composition. Therefore, optimizing these
parameters is essential for controlling CSH formation in
the CaO - SiO2 system.

Recent studies have investigated the influence of the
CaO/SiO2 ratio on the structure and mechanical properties
of CSH. Pelisser et al. (2012) reported that increasing the
Ca/Si ratio significantly reduces the elastic modulus and
hardness due to changes in silicate chain structure [11]. Wu
et al. found that higher C/S ratios increase CaO conversion
but decrease crystallinity and formation rate of CSH [12].
Other studies indicate that lower C/S ratios (0.8 - 1.0) pro-
mote the formation of highly crystalline Tobermorite and
Xonotlite, thereby improving mechanical properties [13].
However, when waste glass is used as the silica source,
most studies focus on hydrothermal conditions and ad-
sorption properties, while the influence of the C/S ratio
on phase formation and physico-mechanical properties re-
mains limited [14–17].

Furthermore, the relationships among phase evolu-
tion, microstructural development and physico-mechanical
properties of waste glass derived CSH have not been fully
clarified. Therefore, this study aims to systematically in-
vestigate the effect of the CaO/SiO2 ratio on phase com-
position, morphology, water absorption, bulk density and
mechanical strength under identical hydrothermal condi-
tions. The findings provide further insight into the for-

mation behavior of calcium silicate hydrate synthesized
from recycled glass and contribute to the development of
sustainable valueadded materials from waste resources.

From the above review, it can be observed that although
the effects of parameters such as temperature, pressure,
and reaction time on the formation of CSH have been ex-
tensively investigated, studies on the role of the CaO/SiO2

ratio in the formation of Xonotlite and Tobermorite phases
- particularly with respect to mechanical properties such
as bulk density, water absorption, and diametral tensile
strength of CSH materials synthesized from waste glass -
remain relatively limited. Therefore, this study aims to fill
this gap by investigating the effect of the CaO/SiO2 ratio on
phase formation and properties of CSH synthesized from
waste glass under hydrothermal conditions at 180 oC for 10
hours. The optimal ratio is determined through structural
analyses (X-ray Diffraction, Fourier Transform Infrared
Spectroscopy, Scanning Electron Microscopy, and Energy-
dispersive X-ray spectroscopy) combined with mechanical
and physical property evaluations, including strength, wa-
ter absorption, and bulk density.

2. Experimental method

2.1. Materials

The primary raw materials used in this study were waste
glass (WG) and calcium oxide (CaO). Waste glass was col-
lected from glass-processing factories and preliminarily
cleaned to remove mechanical impurities such as dust, met-
als, and organic contaminants adhering to the surface. The
cleaned glass was then ground using a ball mill for an ap-
propriate duration to obtain fine powder. The resulting
glass powder was dried at 105 oC for 24 hours to eliminate
residual moisture. After drying, the powder was sieved
through a 90 µm mesh to ensure a relatively uniform parti-
cle size, facilitating solid-phase reactions in the CaO - SiO2

system.

The chemical composition of the waste glass was deter-
mined by X-ray fluorescence and is presented in Table 1.
The results indicate that SiO2 is the dominant component,
along with minor oxides such as CaO, Al2O3, and alkali
metal oxides. The high SiO2 content and amorphous struc-
ture make waste glass a promising silica source for CSH
synthesis.

Calcium oxide (CaO) powder was used as the calcium
source. Prior to use, the CaO powder was dried and sieved
through a 125 µm mesh to ensure uniform particle size and
enhance the reaction surface area. Under hydrothermal
conditions, CaO reacts with SiO2 from waste glass to form
calcium silicate hydrate phases.
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Table 1. Chemical composition of waste glass.

S i O2 CaO Na2O MgO Al2O3 K2O Fe2O3 SO3 LOI
73.38 10.48 9.41 0.55 1.05 0.38 0.20 4.31 0.25

2.2. Sample Preparation

The sample preparation procedure is illustrated in Fig. 1.
Initially, waste glass powder was homogeneously mixed
with CaO powder at different CaO/SiO2 molar ratios (de-
noted C/S). The batch compositions and sample designa-
tions are presented in Table 2. The variation of the C/S
ratio was designed to investigate the effect of CaO content
on phase formation and material properties. The selected
C/S ratio range (0.8-1.2) was based on the reported phase
stability diagrams showing the formation domains of To-
bermorite and Xonotlite according to the Ca/Si ratio [15,
18]. Previous studies have shown that Tobermorite is the
predominant phase at relatively low Ca/Si ratios whereas
increasing the Ca/Si ratio promotes the formation and sta-
bilization of Xonotlite [13, 15]. Therefore, the investigated
compositions were selected the Tobermorite-Xonotlite tran-
sition region, allowing the influence of the C/S ratio on
phase evolution, microstructure, physical and mechanical
properties to be evaluated.

Table 2. Ingredient composition of samples.

Samples
Glass CaO C/S

content (wt.%) content (wt.%) ratio
R1.2 58.81 41.19 1.2
R1.1 61.50 38.50 1.1
R1.0 64.39 35.61 1.0
R0.9 67.52 32.48 0.9
R0.8 70.90 29.10 0.8

After determining the batch composition, an amount of
water equivalent to 9% of the dry mixture mass was added
to provide sufficient moisture for shaping. The mixture
after water addition was mixed uniformly for 5 minutes to
ensure homogeneous distribution of components.

Fig. 1. A diagram of the prototyping process.

The mixture was then pressed into shape using a steel
mold to form cylindrical samples measuring 10 mm in
diameter and 6 mm in height. The pressing process was

conducted at 2 MPa to create initial bonding between pow-
der particles and to ensure stable shape and dimensions
before hydrothermal treatment.

The pressed samples were then placed in a 250 mL
Teflon autoclave containing 45 mL of water. The hydrother-
mal process was conducted at 180 oC and 0.9 MPa for 10
hours. No stirring was performed during the hydrother-
mal treatment. These hydrothermal conditions were se-
lected based on previous studies that reported that temper-
atures around 180 oC and reaction times of approximately
10 hours are favorable for the crystallization of calcium sili-
cate hydrate phases, particularly Tobermorite and Xonotlite
[9, 15]. To isolate the effect of the CaO/SiO2 molar ratio on
phase evolution, microstructure, physical and mechanical
properties, all other synthesis parameters, including hy-
drothermal temperature, reaction time, water content, pres-
sure, and forming conditions, were kept constant through-
out the study. No stirring was performed during the hy-
drothermal treatment. Under the high-temperature, high-
pressure conditions of the hydrothermal environment, the
reaction between CaO and SiO2 is promoted, leading to
the formation of CSH mineral phases. After the process
was completed, the samples were naturally cooled to room
temperature before further characterization.

2.3. Characterization Methods

After hydrothermal treatment, the material samples were
analyzed using various methods to evaluate their structure,
phase composition, and physical properties.

The crystalline phase analysis was performed using X-
ray diffraction (XRD) with a Bruker D8 Advance instru-
ment. The diffraction patterns were recorded in the 2θ

range from 5o to 75o with a step size of 0.02027o. The XRD
results were used to identify the mineral phases formed
during hydrothermal synthesis and to evaluate phase evo-
lution. Semi-quantitative phase analysis was performed
using the integrated areas of characteristic diffraction peaks
assigned to Tobermorite and Xonotlite after background
correction with Origin software. Only the principal re-
flections of each phase were selected, and overlapping
peaks were deconvoluted prior to integration. The semi-
quantitative phase ratio (%A) was calculated according to
Eq. (1), where SA is the integrated area of the characteris-
tic peaks of phase A and ΣS is the total area of the XRD
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pattern.

% A(%) =
SA

∑ S
× 100% (1)

In addition, the average crystallite size was estimated
from the selected characteristic diffraction peaks using the
Scherrer equation (Eq. (2)), where D is the average crystal-
lite size (nm), K is the shape factor (taken as 0.9 [19]), λ is
the wavelength of the X-ray used (nm), β is the full width
at half maximum (FWHM) after correction (rad), and θ is
the Bragg diffraction angle (o).

D =
K × λ

β × cos θ
(2)

The lattice parameters (a, b and c) were calculated from
selected characteristic diffraction peaks using Bragg’s law
(Eq. (3)) and the crystallographic relationships of the mon-
oclinic crystal system (Eq. (4)). The unit cell volume (V)
was estimated using the Eq. (5), where a, b and c are lattice
parameters (Å), β is the monoclinic angle (◦) and V is the
unit cell volume(Å3) [20, 21].

nλ = 2d sin θ (3)

1
d2 =

1
(sin β)2

(
h2

a2 +
k2(sin β)2

b2 +
l2

c2 − 2hl cos β

ac

)
(4)

V = abc sin β (5)

Fourier Transform Infrared Spectroscopy (FTIR) anal-
ysis was performed on a Nicolet 6700 instrument over
4000 − 450 cm−1 to identify characteristic functional
groups of CSH materials, particularly Si − O − Si and
Si − O − Ca bonds in the silicate structure.

The morphology and microstructure of the samples
were observed using scanning electron microscopy (SEM)
combined with energy-dispersive X-ray spectroscopy
(EDX) on a JSM-IT 200 instrument at an accelerating voltage
of 10 kV. The obtained results allow evaluation of crystal
morphology, microstructure, and elemental distribution in
the material.

In addition to structural analyses, physical properties,
including bulk density, water absorption, and splitting ten-
sile strength, were determined. Bulk density and water
absorption were measured according to ASTM C20-00 us-
ing Eqs. (3) and (4). For each C/S ratio, six specimens were
tested. Results are reported as mean ± standard deviation,
and differences among samples were analyzed by one-way
ANOVA (p < 0.05). The diametral tensile strength (DTS)
was determined according to ASTM C1323-10 and calcu-
lated using Eq. (5), where B is bulk density

(
g/cm3) ; Wd is

dry mass (g); S is saturated mass (g); M is suspended mass;
V is bulk volume

(
cm3); W is water absorption (%); DTS is

splitting tensile strength (MPa); P is applied load (N); D is
sample diameter (mm); and L is sample height (mm).

B =
Wd

V − (S − M)
(3) (6)

W =
S − Wd

Wd
× 100 (7)

DTS =
2 × P

π × D × L
(8)

The combined use of structural analysis and physical
property testing enables evaluation of the effect of the
CaO/SiO2 ratio on phase formation and properties of CSH
materials synthesized from waste glass. From this, the
optimal C/S ratio can be determined based on the correla-
tion between crystal structure, microstructure, and physico-
mechanical properties.

3. Results and discussion

3.1. Effect of CaO/SiO2 Ratio on Mechanical and Physical
Properties

The results in Fig. 2 show that the DTS of the material varies
significantly with the C/S ratio, reaching a maximum at
C/S = 0.9 and decreasing as the C/S ratio further increases.
This trend directly reflects changes in the bonding structure
of the CSH phase at the atomic and nanoscale.

Fig. 2. Effect of the C/S ratio on the DTS of the samples
after hydrothermal treatment.

One-way ANOVA confirmed that the C/S ratio signifi-
cantly affected the measured properties (p < 0.05). From
the perspective of silicate structure, CSH is described by
a silicate chain model with Qn units (n = 0 − 4), where n
represents the number of bridging oxygen atoms between
[SiO4]

4− tetrahedra. At low C/S ratios (0.8-0.9), the system
tends to form Q2 − Q3 units, corresponding to long sili-
cate chains with a high degree of polymerization [22, 23].
In this case, Ca2+ acts as a charge-balancing ion without
significantly disrupting the silicate network, allowing the
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formation of highly ordered Tobermorite structures. The
continuous silicate network enables efficient stress transfer,
resulting in the highest mechanical strength at C/S = 0.9.

In contrast, when the C/S ratio increases (>1.0), the
excess Ca2+ increases the density of nonbridging oxygen
sites, leading to a structural shift from Q2 − Q3 to Q1 − Q2

units [22, 24]. This reduces the length of silicate chains and
disrupts the continuity of the bonding network, thereby de-
creasing the material’s load-bearing capacity. At the same
time, the formation of secondary phases, such as Ca(OH)2

or a Ca-rich CSH gel with low structural order, further
weakens the bonding system [25]. These results are consis-
tent with nanoindentation studies showing that the elastic
modulus and hardness of CSH decrease with increasing
C/S ratio [26]. Fig. 3 shows the physical properties includ-

Fig. 3. Water absorption and bulk density of the samples
after hydrothermal treatment.

ing water absorption and bulk density. Statistical analy-
sis using one-way ANOVA indicated that the differences
among the investigated compositions were significant (p <
0.05). The bulk density of the samples ranges from 1.29 to
1.33 g/cm3, while the water absorption of the hydrother-
mally treated samples ranges from 19.53% to 31.15%. Water
absorption reaches its maximum and bulk density its mini-
mum at C/S = 0.9, which may be associated with the devel-
opment of an interconnected, open-pore system. This result
may be related to the coexistence of CSH gel (which forms
mesopores) and crystalline Tobermorite (which forms the
structural framework). As the C/S ratio increases, fibrous
Xonotlite contributes to a denser microstructure by filling
pores and reduce open porosity, thereby decreasing water
absorption [27].

Another important factor is the role of Na2O in waste
glass. Na+ ions act as network modifiers, reducing the
activation energy required to break Si - O - Si bonds, thereby
increasing the dissolution rate of silica in the initial stage

[28, 29]. This promotes the formation of CSH.

3.2. Phase Composition and Structural Analysis

Fig. 4. XRD patterns of the samples after hydrothermal
treatment.

To clarify the nature of the variation in physical proper-
ties with the C/S ratio as presented in Figs. 2 and 3, XRD
(Fig. 4), phase content (Fig. 5, and FTIR (Fig. 6) analyses
were employed.

Fig. 5. Relative phase of the samples after hydrothermal
treatment calculated from XRD patterns.

The X-ray diffraction patterns (Fig. 4) show the for-
mation of main phases, including Tobermorite, Xonotlite,
and Calcite, in all samples. Specifically, the characteristic
diffraction peaks of Tobermorite appear at 2θ angles of ap-
proximately 16.2◦, 23.5◦, 29.0◦, 32◦, 39.8◦, 49.4◦, 45.3◦, 49.5◦,
and 55.8◦ [30], consistent with JCPDS Card No. 45-1480.
For Xonotlite, the characteristic peaks are observed at
2θ ≈ 15.6◦, 27.5◦, 31.7◦, 33.1◦, 36.3◦, and 55.4◦ [31], corre-
sponding to JCPDS Card No. 23-0125. In addition, peaks at
2θ ≈ 29.4o, 31.4o, 36.0o, 43.2o, 47.5°, 48.5°, and 57.4o [32] are
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assigned to Calcite (JCPDS Card No. 05-0586), indicating
the presence of carbonation products. Furthermore, the rel-
ative intensities of diffraction peaks vary with the C/S ratio.
When the C/S ratio increases from 0.8 to 0.9, the intensity of
Tobermorite peaks increases significantly, indicating an in-
crease in the crystallinity of this phase. However, when the
C/S ratio continues to increase, the intensity of Tobermorite
decreases while the peaks of Xonotlite become sharper and
more intense, reflecting a shift in phase dominance. This
result is more clearly quantified in Fig. 5.

In Fig. 5, the relative phase of Tobermorite reaches a
maximum at C/S = 0.9 and then gradually decreases,
while Xonotlite increases almost linearly with increasing
C/S ratio. This variation can be explained in terms of
thermodynamic equilibrium and the chemical conditions
of the system. At low C/S ratios, the system is relatively
rich in SiO2, favoring the formation of long silicate chains
and highly polymerized Tobermorite structures. As the
Ca2+ concentration increases, the system becomes Ca-rich,
reducing the degree of polymerization and promoting the
formation of Xonotlite-a phase that is more stable under
Ca-rich and high-temperature conditions [33–35]. Thus,
the C/S ratio directly controls the phase balance between
these two phases.

To further support the above observations, the FTIR
spectra suggest changes in bonding structure (Fig. 6). The
main absorption band at ∼ 970 − 990 cm−1 is assigned to
the stretching vibration of Si − O bonds in Q2 units (sil-
icate chains) [36]. As the C/S ratio increases, this band
shifts toward lower wavenumbers, which may indicate a
decrease in the degree of silicate polymerization. At the
same time, the increase in the relative intensity of the band
at ∼ 850 − 900 cm−1 (Si - O - Ca bonds) reflects the increas-
ing role of Ca in the network structure [37]. The bands at
∼ 450 − 520 cm−1 (Si - O - Si bending) [36] and 3400 cm
−1 (-OH) [38] indicate the presence of hydrated structures
characteristic of CSH. The combination of FTIR and XRD
suggests that increasing the C/S ratio reduces silicate poly-
merization, which may be associated with a phase trans-
formation from Tobermorite (rich in Q2 − Q3) to Xonotlite
(rich in Q1 − Q2). The proposed interpretation is consis-
tent with the observed phase evolution, although further
detailed structural characterization would be necessary to
validate the distribution of Qn silicate species.

In addition to phase composition, the crystallite size
(Fig. 7) shows that Tobermorite crystallites reach a maxi-
mum at C/S = 0.9 and then decrease with increasing C/S.
In contrast, the crystallite size of Xonotlite increases with
increasing C/S ratio. This indicates that at C/S = 0.9,
the nucleation and growth processes of Tobermorite reach

Fig. 6. FTIR spectra of the samples after hydrothermal
treatment.

an optimal state, where the crystal growth rate exceeds
the nucleation rate. As the C/S ratio increases, the higher
concentration of Ca2+ accelerates the nucleation rate of
Xonotlite, resulting in the formation of more nuclei with
initially smaller sizes. However, since Xonotlite becomes
the dominant phase, these crystals continue to grow, lead-
ing to an increase in crystallite size [39]. The decrease in
Tobermorite crystallite size indicates that phase transfor-
mation limits its growth. The correlation between phase
content (Fig. 5) and crystallite size (Fig. 7) shows that at
C/S = 0.9, not only the content but also the crystallite size
of Tobermorite reaches the highest value among the total
crystalline phases. This confirms that this condition is opti-
mal for crystallization and structural development of CSH,
thereby directly explaining the highest mechanical strength
observed in Fig. 2.

Fig. 7. Crystallite size of Tobermorite and Xonotlite.
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Additionally, the presence of Calcite may influence crys-
tallite size through growth inhibition or pore-filling effects.
Overall, the results from Figs. 4 to 7 indicate that the C/S
ratio not only controls phase composition but also affects
bonding structure, crystallization kinetics, and crystallite
size. This multiscale interaction ultimately determines the
material properties, as shown in Figs. 2 and 3. The results
in Table 3 show that only slight variations in the lattice
constants of Xonotlite and Tobermorite are observed with
changing CaO/SiO2 ratio, indicating that the crystal struc-
tures of both phases remain relatively stable under the in-
vestigated hydrothermal conditions. These small changes
may be attributed to variations in the degree of silicate
polymerization and the local coordination environment
within the CSH structure. This observation is consistent
with previous studies, which reported that the Ca/Si ratio
mainly influences the atomic arrangement, phase stabil-
ity and phase evolution of calcium silicate hydrates rather
than causing significant changes in the crystal structure of
individual phases [13, 22, 23].

3.3. Microstructure and Crystal Growth Mechanism

As shown in Fig. 8, the morphological change exhibits a
transition that is dictated by the C/S ratio. At lower C/S
ratios (0.8-0.9), the microstructure is dominated by intercon-
nected Tobermorite plates with observable lateral dimen-
sions in the sub-micrometer range. These stacked plate-like
networks provide multi-directional stress distribution, driv-
ing the mechanical properties. The crystallite size results
(Fig. 7) show that Tobermorite reaches its maximum size
at C/S = 0.9, indicating optimal growth conditions under
this composition. Upon increasing the C/S ratio to 1.1-1.2,
a 1D fibrous Xonotlite network is evident [40, 41]. While
the high density and overlap of these ultra-fine, needle-like
fibers preclude a strictly isolated statistical measurement
of individual aspect ratios via 2D image analysis, the mi-
crographs illustrate that these fibers extend over several
micrometers while maintaining their diameters.

This morphological shift corroborates the XRD crystal-
lite size analysis (Fig. 7), which indicates that the local-
ized growth rate of Xonotlite along its principal crystalline
axis is accelerated under Ca-rich conditions, leading to
elongated fibrous frameworks that inherently increase the
internal void volume between clusters. As the C/S ra-
tio increases, nucleation of Xonotlite increases, leading to
the formation of numerous smaller crystals with a dense
distribution [41]. This microstructural difference directly
affects material properties. The layered structure forms a
compact bonding network, whereas the fibrous structure
tends to create voids between fibers, especially under low

Fig. 8. SEM images of mineral phases of the samples after
hydrothermal treatment.

compaction pressure. Consequently, the progressive in-
crease in Xonotlite content is accompanied by a reduction
in mechanical strength.

3.4. Elemental Composition and Distribution

To complement phase and microstructure analyses, the
EDX method was used. EDX mapping results (Fig. 9)
show that Ca, Si, and O are relatively uniformly distributed
across the sample surface at C/S = 0.9. This uniform
distribution indicates that the hydrothermal reaction pro-
ceeded effectively via a dissolution-precipitation mecha-
nism. Specifically, amorphous SiO2 from waste glass dis-
solves to form silicate ions in solution, which then react
with Ca2+ to form CSH gel. This gel subsequently re-
structures and crystallizes into stable phases such as Tober-
morite or Xonotlite [42].

The EDX spectrum (Fig. 10) confirms that Ca, Si, and O
are the dominant elements, consistent with the CSH com-
position. Minor elements such as Na, Mg, Al, and C reflect
the initial composition and impurities present in the waste
glass. These elements not only act as impurities but may
also influence reaction kinetics. Specifically, Na+ can en-
hance silica dissolution by breaking the silicate network,
while Mg2+ may participate in intermediate phases or re-
tard crystallization [43].

The uniformity of elemental distribution plays an impor-
tant role in material properties. A uniformly distributed
Ca − Si − O network ensures continuity of the bonding
phase, thereby enhancing the mechanical strength of CSH
materials. The combined results from EDX, XRD, and SEM
demonstrate that a relatively homogeneous material has
been achieved in terms of both composition and structure,
particularly at the optimal C/S ratio (C/S = 0.9). Overall,
the results demonstrate that the C/S ratio plays a critical
role in determining the phase change, microstructure, and
resulting properties of CSH synthesized from waste glass.
The correlation among phase composition (Tobermorite-
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Table 3. Lattice parameters (a, b, c, β) and unit cell volume (V) of Xonotlite and Tobermorite at different CaO/SiO2 ratios.

Sample
Lattice parameters (Å)

Xonotlite Tobermorite
a(Å) b(Å) c(Å) β(Å) V(Å) a(Å) b(Å) c(Å) β(Å) V(Å)

R0.8 16.87 7.31 7.14 90.44 880.48 11.25 7.73 22.90 89.30 1991.29
R0.9 16.92 7.35 7.05 90.06 876.75 11.33 7.48 22.90 89.55 1940.68
R1.0 16.91 7.34 7.06 90.12 876.28 11.29 7.57 22.94 89.43 1960.48
R1.1 16.88 7.32 7.10 90.31 877.27 11.26 7.65 22.88 89.35 1970.73
R1.2 16.84 7.30 7.12 90.36 875.26 11.21 7.71 22.83 89.28 1973.02

Fig. 9. EDX mapping results of sample R0.9 after
hydrothermal treatment.

Xonotlite balance), silicate polymerization degree, and mi-
crostructural development highlights the nature of the
products. In particular, a C/S ratio of 0.9 is considered
the best ratio under experimental conditions. This ratio
promotes the formation of Tobermorite and achieves supe-
rior mechanical properties. These findings provide insight
into the structure-property relationship in hydrothermally
synthesized CSH and serve as a basis for optimizing mate-
rial design using recycled silica sources.

4. Conclusions

Calcium silicate hydrate was successfully synthesized from
waste glass via hydrothermal synthesis, and the effect of the
CaO/SiO2 ratio on phase, microstructure, and mechanical
properties was investigated. The results demonstrate that
the CaO/SiO2 ratio is a key parameter governing phase
formation and material properties. At a CaO/SiO2 ratio of
0.9, the material exhibited the highest mechanical strength,
corresponding to the predominant formation of layered
Tobermorite and Xonotlite. Increasing the CaO/SiO2 ratio
promoted the transformation of Tobermorite into fibrous
Xonotlite due to excess Ca2+, thereby lowering mechan-
ical strength. XRD and FTIR analyses confirmed varia-

Fig. 10. EDX spectrum of sample R0.9 after hydrothermal
treatment.

tions in crystalline phases and silicate bonding structures,
while SEM and EDX observations revealed corresponding
changes in morphology and elemental distribution. These
findings establish a relationship among silicate polymeriza-
tion (Qn units), phase assemblage, microstructural develop-
ment, and macroscopic properties, providing insight into
the mechanism of calcium silicate hydrate formation from
recycled silica sources. The synthesized materials show
potential for applications in lightweight construction mate-
rials, thermal insulation, and environmental remediation.
Moreover, utilizing waste glass offers a sustainable route
for producing value-added functional materials while re-
ducing environmental burdens. Since this study focused
on the influence of composition under fixed hydrother-
mal conditions, future work will investigate the effects
of synthesis parameters, including temperature, reaction
time, and waste glass composition. Additional studies on
advanced mechanical characterization and environmental
applications, such as heavy-metal adsorption, will further
optimize material performance and broaden potential ap-
plications.



Journal of Applied Science and Engineering 34 (2026) 26034044 9

Acknowledgements:

This research is funded by Vietnam National University Ho
Chi Minh City (VNU-HCM) under grant number B2026-20-
10. We acknowledge Ho Chi Minh City University of Tech-
nology (HCMUT), VNU-HCM for supporting this study.

References

[1] V. Krivtsov, P. A. Wäger, P. Dacombe, P. W. Gilgen,
S. Heaven, L. M. Hilty, and C. J. Banks, (2004) “Anal-
ysis of energy footprints associated with recycling of glass
and plastic—case studies for industrial ecology" Ecolog-
ical Modelling 174(1-2): 175–189. DOI: 10 .1016/ j .
ecolmodel.2004.01.007.

[2] S. Pennetier and B. Yu. “Re-Glass: Product Develop-
ment Pathways for Post-Consumer Glass”. In: Chal-
lenging Glass Conference Proceedings. 9. 2024. DOI: 10.
47982/cgc.9.649.

[3] R. F. Cook, (1978) “The collection and recycling of waste
glass (cullet) in glass container manufacture" Conser-
vation & Recycling 2(1): 59–69. DOI: 10.1016/0361-
3658(78)90029-2.

[4] R. Beerkens, G. Kers, and E. van Santen. “Recycling
of post-consumer glass: energy savings, CO2 emis-
sion reduction, effects on glass quality and glass melt-
ing”. In: 71st Conference on Glass Problems: Ceramic
Engineering and Science Proceedings. 32. 2011, 167–194.
DOI: 10.1002/9781118095348.ch16.

[5] R. Conradt, (2019) “Prospects and physical limits of
processes and technologies in glass melting" Journal of
Asian Ceramic Societies 7(4): 377–396. DOI: 10.1080/
21870764.2019.1656360.

[6] N. H. Thang and N. V. U. e. a. Nhi, (2024) “Synthesis of
calcium silicate materials from the residual waste sludge of
a water-purification plant" Materials and Technology
58(1): 53–60. DOI: 10.17222/mit.2023.876.

[7] P. T. Kien and N. H. M. e. a. Ngoc, (2021) “Study
of removal Chrome (III) using Calcium Silicate Hydrate
(CSH) synthesized from rice hush and CaO by hydrother-
mal method" Vietnam Journal of Catalysis and Ad-
sorption 10(4): 18–22. DOI: 10.51316/jca.2021.063.

[8] R. Siauciunas, G. Smalakys, A. Eisinas, and E. Pri-
chockiene, (2022) “Synthesis of high crystallinity 1.13
nm tobermorite and xonotlite from natural rocks, their
properties and application for heat-resistant products"
Materials 15(10): 3474. DOI: 10.3390/ma15103474.

[9] S. Wang, X. Peng, L. Tang, L. Zeng, and C. Lan, (2018)
“Influence of hydrothermal synthesis conditions on the for-
mation of calcium silicate hydrates: from amorphous to
crystalline phases" Journal of Wuhan University of
Technology-Mater. Sci. Ed. 33(5): 1150–1158. DOI:
10.1007/s11595-018-1947-0.

[10] Z. Yang, C. Fang, Y. Jiao, D. Zhang, D. Kang, and K.
Wang, (2023) “Study on crystal growth of tobermorite
synthesized by calcium silicate slag and silica fume" Ma-
terials 16(3): 1288. DOI: 10.3390/ma16031288.

[11] F. Pelisser, P. J. P. Gleize, and A. Mikowski, (2012) “Ef-
fect of the Ca/Si molar ratio on the micro/nanomechanical
properties of synthetic CSH measured by nanoindenta-
tion" The Journal of Physical Chemistry C 116(32):
17219–17227. DOI: 10.1021/jp302240c.

[12] J. Wu, H. Liao, Z. Ma, H. Song, and F. Cheng, (2023)
“Effect of different initial CaO/SiO2 molar ratios and cur-
ing times on the preparation and formation mechanism
of calcium silicate hydrate" Materials 16(2): 717. DOI:
10.3390/ma16020717.

[13] A. Madadi and J. Wei, (2026) “New Insights into the
Role of Ca/Si Ratio in Regulating the Formation, Phase
Evolution, Atomic Structure, and Macro-Performance of
Calcium Silicate Hydrates" Journal of Building Engi-
neering 119: 115170. DOI: 10.1016/j.jobe.2025.115170.

[14] T. N. Quan and P. T. Kien, (2026) “Synthesis Of Cal-
cium Silicate Hydrate From PV Waste Glass And Car-
bide Waste Sludge In Water And NaOH Medium Toward
The Cr (III) Removal In Wastewater" Journal of Ap-
plied Science and Engineering 29(5): 1075–1082. DOI:
10.6180/jase.202605_29(5).0005.

[15] K. Luke, (2004) “Phase studies of pozzolanic stabilized
calcium silicate hydrates at 180 oC" Cement and Con-
crete Research 34(9): 1725–1732. DOI: 10 . 1016 / j .
cemconres.2004.05.021.

[16] R. Gendvilas and R. Siauciunas, (2016) “The Influence
of Temperature and Nature of CaO Component on the
Formation of α-C2SH" Solid State Phenomena 244:
12–18. DOI: 10.4028/www.scientific.net/ssp.244.12.

[17] H. T. Nguyen, Q. B. Nguyen, V. P. Nguyen, and T. K.
Pham, (2024) “Syntheses and Characteristics of Calcium-
Based Geopolymer from Solar-Cell Panel-Glass Waste
by Hydrothermal Method" Materials and Technology
58(4): 467–475. DOI: 10.17222/mit.2024.1153.

[18] C. Shi and S. Hu, (2003) “Cementitious properties of
ladle slag fines under autoclave curing conditions" Ce-
ment and Concrete Research 33(11): 1851–1856. DOI:
10.1016/s0008-8846(03)00211-4.

https://doi.org/10.1016/j.ecolmodel.2004.01.007
https://doi.org/10.1016/j.ecolmodel.2004.01.007
https://doi.org/10.47982/cgc.9.649
https://doi.org/10.47982/cgc.9.649
https://doi.org/10.1016/0361-3658(78)90029-2
https://doi.org/10.1016/0361-3658(78)90029-2
https://doi.org/10.1002/9781118095348.ch16
https://doi.org/10.1080/21870764.2019.1656360
https://doi.org/10.1080/21870764.2019.1656360
https://doi.org/10.17222/mit.2023.876
https://doi.org/10.51316/jca.2021.063
https://doi.org/10.3390/ma15103474
https://doi.org/10.1007/s11595-018-1947-0
https://doi.org/10.3390/ma16031288
https://doi.org/10.1021/jp302240c
https://doi.org/10.3390/ma16020717
https://doi.org/10.1016/j.jobe.2025.115170
https://doi.org/10.6180/jase.202605_29(5).0005
https://doi.org/10.1016/j.cemconres.2004.05.021
https://doi.org/10.1016/j.cemconres.2004.05.021
https://doi.org/10.4028/www.scientific.net/ssp.244.12
https://doi.org/10.17222/mit.2024.1153
https://doi.org/10.1016/s0008-8846(03)00211-4


10 Kieu Do Trung Kien et al.

[19] A. Monshi, M. R. Foroughi, M. R. Monshi, et al.,
(2012) “Modified Scherrer equation to estimate more accu-
rately nano-crystallite size using XRD" World j. nano
sci. eng 2(3): 154–160. DOI: 10 . 4236 / wjnse . 2012 .
23020.

[20] N. H. Thien Khoi and N. H. Thang, (2026) “Low-field
strain-driven phase diagram of (Bi1/2Na1/2) TiO3 −
SrTiO3 − LiNbO3 lead-free relaxor ceramics for actuator
applications" RSC advances 16(28): 26173–26189. DOI:
10.1039/D6RA00669H.

[21] T. B. Chien, N. C. Bao, N. N. Thien, T. T. P. Nghi,
T. N. P. Khuong, N. H. Thang, et al., (2026) “Sustain-
able glass-phase engineering via photovoltaic waste glass
for enhanced energy storage in BNT ceramics" Particuol-
ogy 115: 174–191. DOI: 10.1016/j.partic.2026.05.014.

[22] I. G. Richardson, (2008) “The calcium silicate hydrates"
Cement and Concrete Research 38(2): 137–158. DOI:
10.1016/j.cemconres.2007.11.005.

[23] I. G. Richardson, (2014) “Model structures for c-(a)-sh
(i)" Structural Science 70(6): 903–923. DOI: 10.1107/
s2052520614021982.

[24] D. R. Moorehead and E. R. McCARTNEY, (1965) “Hy-
drothermal formation of calcium silicate hydrates" Jour-
nal of the American Ceramic Society 48(11): 565–
569. DOI: 10.1111/j.1151-2916.1965.tb14673.x.

[25] A. Nonat, (2004) “The structure and stoichiometry of
CSH" Cement and Concrete Research 34(9): 1521–
1528. DOI: 10.1016/j.cemconres.2004.04.035.

[26] G. Constantinides and F.-J. Ulm, (2007) “The nanogran-
ular nature of C–S–H" Journal of the Mechanics and
Physics of Solids 55(1): 64–90. DOI: 10.1016/j.jmps.
2006.06.003.

[27] K. L. Scrivener and A. Nonat, (2011) “Hydration of
cementitious materials, present and future" Cement and
Concrete Research 41(7): 651–665. DOI: 10.1016/j.
cemconres.2011.03.026.

[28] M. J. Zafar, H. Elsayed, and E. Bernardo, (2024)
“Waste glass upcycling supported by alkali activation:
an overview" Materials 17(9): 2169. DOI: 10 . 3390 /
ma17092169.

[29] Y. Liu, C. Shi, Z. Zhang, and N. Li, (2019) “An
overview on the reuse of waste glasses in alkali-activated
materials" Resources, Conservation and Recycling
144: 297–309. DOI: 10.1016/j.resconrec.2019.02.007.

[30] J. Kikuma, M. Tsunashima, T. Ishikawa, S. y. Mat-
suno, A. Ogawa, K. Matsui, and M. Sato, (2009)
“Hydrothermal formation of tobermorite studied by in
situ X-ray diffraction under autoclave condition" Syn-
chrotron Radiation 16(5): 683–686. DOI: 10 . 1107 /
s0909049509022080.

[31] A. B. Ikuyinminu, C. Pritzel, and R. Trettin, (2023)
“Improved flexural strength and morphology of gypsum
by wollastonite" International Journal of Ceramic
Engineering & Science 5(4): e10177. DOI: 10.1002/
ces2.10177.

[32] S. S. Al-Jaroudi, A. Ul-Hamid, A.-R. I. Mohammed,
and S. Saner, (2007) “Use of X-ray powder diffraction for
quantitative analysis of carbonate rock reservoir samples"
Powder Technology 175(3): 115–121. DOI: 10.1016/j.
powtec.2007.01.013.

[33] Z. Zhu, Z. Wang, Y. Zhou, Y. Chen, and K. Wu, (2022)
“Nanoscale determination of calcium silicate hydrate (CSH)
precursors crystallized at extreme early stage" Measure-
ment 199: 111489. DOI: 10.1016/j.measurement.2022.
111489.

[34] L. Galvánková, J. Másilko, T. Solný, and E.
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