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A B S T R A C T

The increasing demand for sustainable construction materials has highlighted the need to utilize 
industrial by-products as supplementary cementitious materials (SCM). In particular, waste glass 
(WG) has attracted attention due to its abundance. However, its low reactivity and large particle 
size limit practical applications in cementitious systems. To address this limitation, this study 
investigates the feasibility of using mono-ethylene glycol (MEG) as a grinding agent to enhance 
both the ordinary Portland cement (OPC) and pozzolanic reactivities of WG. The research focuses 
on improving the hydration performance and mechanical properties of WG-substituted OPC 
composites while simultaneously promoting resource recycling and reducing CO2 emissions. 
Experimental results demonstrate that MEG induces subtle modifications in the hydration 
behavior of OPC and significantly increases the pozzolanic activity of WG, leading to greater 
calcium silicate hydrate formation and pore structure refinement. Remarkably, the incorporation 
of only 0.05 % MEG achieved superior compressive strength at both 1 and 28 days compared to 
100 % OPC samples. These findings suggest that the proposed approach provides an efficient and 
eco-friendly strategy for enhancing WG recycling rates and lowering the embodied CO2 emissions 
of cement-based materials.

1. Introduction

Ordinary Portland cement (OPC) is one of the most widely used materials globally. Its popularity stems from its excellent cost- 
effectiveness and outstanding mechanical properties [1–3]. However, OPC production is associated with the emission of a substan
tial amount of CO2 due to the high-temperature calcining process, rendering it an unsustainable structural material from an envi
ronmental perspective [4,5]. This conflicts with the goals of achieving carbon neutrality by 2050, underscoring the urgent need to 
develop alternative construction materials [2,6,7]. Various strategies have been proposed to address this issue, with one of the most 
prominent being the use of supplementary cementitious materials (SCMs), such as ground-granulated blast-furnace slag and fly ash 
[8–15]. However, these by-products have been extensively utilized as SCMs for decades and are increasingly applied in other in
dustries, driving their prices steadily upward [16,17].
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An alternative approach to reduce OPC consumption involves converting underutilized by-products into SCMs. Recently, there has 
been growing interest in using waste glass (WG) as a construction material [18–21]. Glass is widely produced across various sectors 
due to its versatility and cost-effectiveness, with an estimated global production of approximately 300 million tons annually [22–24]. 
However, due to its limited durability, glass often has a short service life, leading to substantial amounts of WG being discharged [25, 
26]. WG encompasses various types, including soda-lime glass, crystal glass, borosilicate glass, and electric glass [25]. The differing 
melting temperatures among these glass types complicate their recycling process [27]. Furthermore, even trace amounts of 
non-recyclable WG (as low as ~0.0005 wt%) can render the entire batch unsuitable for recycling. Therefore, developing effective 
technologies to repurpose WG is imperative.

WG has been explored for use in various construction materials. One of the earliest approaches involved utilizing WG as aggregate, 
and numerous studies have reported on its applications [28–30]. However, the widespread use of WG as aggregate has been limited 
due to challenges associated with alkali-silica reaction (ASR) [31–33]. Furthermore, other researchers have introduced methods for 
using WG as SCMs through further grinding [34–37]. That is, although various types of WG-containing SCMs have been utilized to 
develop eco-friendly blended cements, fundamental studies on their hydration mechanisms remain very limited. As expected, given 
that WG contains a significant amount of amorphous SiO2, it has the potential to participate in pozzolanic reactions with Ca(OH)2. 
Amorphous SiO2 is reported to exhibit high pozzolanic reactivity due to its long-chain structure and randomly arranged atoms, which 
provide a relatively large number of reactive sites [38]. Moreover, it has been reported that WG can mitigate ASR [27,39,40]. While 
studies have investigated the reactivity of WG based on its grindability [41–43], research on the mechanochemical effects of GA on WG 
has been very limited. This gap highlights the need for further exploration in this area.

GAs are organic solution typically introduced during the fine grinding of cementitious materials [10,44–48]. Due to their 
appropriate viscosity and torque, GAs effectively transfer the external energy generated by ball mills to the powder, thereby improving 
grindability [46,49,50]. Commonly used GAs include alkanolamine-based solutions such as triethanolamine (TEA), triisopropanol
amine (TIPA), ethanol diisopropanolamine (EDIPA), and diethanol isopropanolamine (DEIPA) [49,51–54]. These alkanolamine-based 
solutions are known to significantly enhance aluminate reactions (i.e., C3A and C4AF phases). In addition to alkanolamine-based GAs, 
glycol-based GAs are also utilized for cementitious materials [55,56]. Examples include mono-ethylene glycol (MEG) and diethylene 
glycol, which have been deeply studied [57]. Furthermore, a study suggests that glycol-based GAs play a more favorable role in 
improving grindability compared to alkanolamine-based GAs [58]. These glycol-based solutions are reported to partially modify the 
crystal structure of calcium silicate hydrate (C-S-H), leading to enhanced mechanical properties [59,60].

Based on the aforementioned phenomena, it is hypothesized that using the most cost-effective glycol, MEG, as a GA could not only 
enhance the reactivity of the amorphous SiO2 present in WG but also improve the strength of C-S-H. This, in turn, could significantly 
improve the mechanical properties of WG-substituted OPC (WG-OPC). Accordingly, this study investigates the mechanochemical 
effects of WG-OPC using four different dosages of MEG as a GA. Firstly, the impact of MEG on the grindability of WG was evaluated 
through particle size distribution analysis. To examine the effects of MEG on the hydration properties of WG-OPC, techniques such as 
isothermal calorimetry, thermogravimetric analysis (TGA), and X-ray diffraction (XRD) were employed. In particular, the partial or no 
crystalline structure (PONKCS) method was utilized to analyze the phase assemblage of amorphous C-S-H and WG, respectively. 
Furthermore, micro-computed tomography (µ-CT) was used to evaluate the porosity characteristics of WG-OPC influenced by MEG. 
This study presents a novel approach to activating WG through the combined use of mechanical grinding and MEG, which serves as a 
GA. While previous efforts have focused primarily on physical size reduction to enhance pozzolanic activity, the proposed method 
leverages the dual role of MEG in improving grindability and promoting hydration reaction of WG-OPC composite. This integrated 
strategy allows for more efficient utilization of WG as a SCM and introduces a practical, low-dosage technique for improving the 
performance of WG-OPC composites.

Fig. 1. Agglomeration phenomena among particles of WG powder ground for 10 h.
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2. Materials and methods

2.1. Sample preparation

The materials used in this study were Type 1 ordinary Portland cement (OPC) (Hanil Cement Co., Ltd., Seoul, Republic of Korea) 
and brown glass bottles (i.e., soda-lime glass) with a specific gravity of 2.52 g/cm3. For WG, coarse-crushed nodules smaller than 
4.76 mm were selected and further ground using a Lab Jar Mill QM-5 device (Konenano Co. Ltd., Seoul, Republic of Korea). The 
grinding conditions involved processing 214 g of WG at 180 rpm for 8 h. These conditions were determined through multiple pretests 
to optimize the grinding performance of the ball mill and to prevent agglomeration among WG particles (Fig. 1(a and b) and Fig. 2). 
Excessive grinding for 10 h led to agglomeration among WG particles, which could hinder their proper dispersion when replacing OPC 
in WG-OPC composites. Therefore, the optimal grinding duration was determined to be 8 h. In addition, the same grinding conditions 
were employed to prepare WG with varying amounts of MEG (i.e., 0, 0.02, 0.05, and 0.1 %). The mineralogical properties of OPC and 
WG were analyzed using XRD and XRF, and the results are summarized in Tables 1 and 2. Finally, to produce WG-OPC composites, the 
mix proportions shown in Table 3 were used.

2.2. Experimental method

2.2.1. Specimen preparation process
To evaluate the mechanical properties of the mortar specimens investigated in this study, cubic specimens with dimensions of 

50 × 50 × 50 mm³ were prepared. The curing conditions of the specimens were as follows: After casting the mortar into molds, the 
specimens were sealed and stored in a controlled chamber at 20 ◦C and 60 % relative humidity until demolding (i.e., 1 day). After 
demolding, the specimens were subjected to water curing at 20 ◦C until the designated compressive strength testing dates. 
Compressive strength tests were conducted on 1, 2, 7, and 28 days to assess both the early- and late-stage mechanical properties of WG- 
OPC composites and analyze their pozzolanic reaction. For each curing age, compressive strength measurements were performed on 
three specimens.

2.2.2. Particle size distribution measurement
The particle size distribution of WG was analyzed using a particle size distribution analyzer (Malvern Instruments Ltd., Malvern, 

UK). Isopropyl alcohol was used as the dispersing medium to prevent any potential chemical reactions.

2.2.3. ICP-OES measurement
An inductively coupled plasma atomic emission spectrometer (5100 SVDV ICP-OES, Agilent Ltd., CA, USA) was used to analyze the 

ion dissolution behavior of WGOPC during the early stages of hydration. The water-to-binder ratio of the slurry for analysis was set at 
10:1. The slurry was stirred at 20 ◦C for 30, 60, 120, and 240 min, after which the solution and solid were separated via centrifugation. 
The solution was then fully extracted using a 200 nm filter [44]. Finally, a magnetic induction field was utilized to generate plasma 
argon, and the obtained solution was deposited and injected into the particles for analysis [61].

Fig. 2. Effect of grinding time on the particle size distribution of WG.
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2.2.4. Isothermal calorimeter measurement
To analyze the effect of MEG on the early hydration behavior of WG-OPC, an 8-channel calorimeter (TA Instruments, New Castle, 

DE, USA) was utilized. To maintain consistency with the mix proportions used for compressive strength measurements, paste with a 
water-to-binder ratio of 0.5 was prepared for the analysis. A total of 15 g of slurry was uniformly mixed for 2 min, and 6 g of the slurry 
was then placed into the calorimeter. Finally, the obtained data were corrected using the specific heat of the materials included in the 
mixture.

2.2.5. Hydration stop method
To achieve precise analysis of the hydration reactions of WG-OPC, an optimized pretreatment process was applied. That is, a 

hydration stoppage method was employed to remove free water from the paste powder. First, the paste specimens were finely ground 
for 5 min, during which a specific amount of isopropyl alcohol was added to prevent rapid temperature increases. The ground paste 
powder samples were then immersed in isopropyl alcohol for 20 min to completely replace the free water in the paste with isopropyl 
alcohol. Subsequently, the samples were immersed in diethyl ether for 5 min to replace the isopropyl alcohol with diethyl ether. A 
vacuum pump was used to remove visible diethyl ether, and the remaining diethyl ether in the powder was evaporated entirely by 

Table 1 
X-ray fluorescence analysis results of OPC and WG.

Phases OPC 
(unit %)

WG 
(unit %)

CaO 62.6 9.5
SiO2 19.7 68.1
Al2O3 5.0 2.8
Fe2O3 3.6 1.2
MgO 2.8 1.7
SO3 2.8 0.1
K2O 0.9 0.9
P2O5 0.3 -
TiO2 0.3 0.1
ZnO 0.1 -
MnO 0.1 -
SrO 0.1 0.1
Na2O - 14.6
BaO - 0.3
Pd 0.1 -
Cr2O3 - 0.2
LOI 1.8 0.4

Table 2 
QXRD analysis results of OPC and WG powder.

Phase OPC WG

C3S (M3) 42.4 -
C2S (beta) 26.0 -
C3A (cubic) 2.9 -
C3A (orthorhombic) 1.3 -
C4AF 11.4 -
Calcium carbonate 7.9 -
Gypsum 4.1 -
Periclase 2.9 -
Dolomite 1.1 -
Mullite - -
Quartz - -
Amorphous - 100

Table 3 
Mix proportions of WG-OPC composites.

Sample label OPC (g) WG (g) Aggregate (g) MEG* (g) Water (g)

O100 450 - 1350 - 225
WG-OPC− 0 % 337.5 112.5 1350 - 225
WG-OPC− 0.02 % 337.5 112.5 1350 0.0225 225
WG-OPC− 0.05 % 337.5 112.5 1350 0.0563 225
WG-OPC− 0.1 % 337.5 112.5 1350 0.1125 225

* Added before grinding WG
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storing the samples in a chamber set at 40 ◦C for 15 min [62,63].

2.2.6. TGA measurement
To analyze the hydration properties of WG-OPC in this study, an SDT Q600 differential scanning calorimeter (DSC)-TG system (TA 

Instruments Ltd., Newcastle, DE, USA) was employed. A platinum holder with excellent thermal conductivity was used to precisely 
analyze the thermal decomposition of minerals. During the measurement process, N2 gas was introduced at a flow rate of 100 mL/min 
to prevent potential carbonation effects. Furthermore, standard conditions widely used for analyzing the hydration of cementitious 
materials were applied: a heating rate of 10 K/min and a temperature range from ambient temperature to 1000 ◦C [62].

2.2.7. Method for XRD measurement and analysis
The XRD patterns were measured using a D2 Phaser X-ray diffractometer (Bruker Co. Ltd., Land Baden-Württemberg, Germany), 

equipped with a Cu Kα radiation source. The instrument operated at a voltage of 30 kV and a current of 10 mA, providing optimal 
conditions for analyzing the mineralogical properties of cementitious materials [64,65]. TOPAS software version 7.0 (Bruker Co. Ltd., 
Land Baden-Württemberg, Germany) was utilized for the analysis of the XRD patterns. For qualitative phase analysis, the crystal
lography open database was employed. In addition, quantitative phase analysis was conducted following these procedures: first, the 
background of the patterns was modeled using a 0th or 1st-order Chebyshev polynomial with the inclusion of a 1/X term. Rietveld 
refinement for each mineral phase was carefully performed, adhering to methods established in previous studies [66,67].

In this study, the PONKCS method was used to quantitatively evaluate the amorphous C-S-H and WG (Fig. 3(a and b)). For WG, no 
crystalline phases were detected, and only an amorphous hump was observed. To create the PONKCS model for WG phase, 2 g of an 
internal standard material (Al2O3) and 2 g of WG powder were mixed for 30 min, and the XRD pattern was measured. The obtained 
XRD pattern was then used to calculate/simulate the virtual scale factor, Miller indices, and cell volume of WG based on the known 
weight ratio. The PONKCS model for the amorphous C-S-H was developed using the XRD pattern of OPC hydrated for 7 years, as 
reported in a previous studies [68,69]. Furthermore, the model was constructed using the space group F2dd that best represents the 
C-S-H [70]. To correct the quantities of minerals calculated using the aforementioned procedure, the weight loss value at 600 ◦C, i.e., 
chemically bound water (CBW), was used. That is, CBW contained within the hydration products formed through the reaction between 
water and minerals was utilized for this correction [10,44,46,62].

2.2.8. Method for micro-CT measurement and analysis
High-resolution micro-CT imaging (Skyscan 1272, Bruker, Kontich, Belgium) was utilized to acquire 1800 projection images with a 

rotation increment of 0.3◦ and an exposure duration of 6000 ms. The tomographic reconstruction of the data was carried out using 
NRecon software (Bruker, Kontich, Belgium). For the porosity analysis, a 1 mm cylindrical specimen was selected, focusing on pores 
with diameters of 3 μm or greater. Porosity measurements were derived from a central region of the sample measuring 
900 × 1650 × 2700 μm³ , with a resolution of 3 μm per pixel. Image segmentation, 3D visualization, and porosity determination were 
conducted using AVIZO software (Thermo Fisher Scientific, Waltham, MA, USA). To enhance the accuracy of pore segmentation, 
Gaussian filtering was applied to reduce noise, followed by the implementation of the Otsu thresholding method, which classified pores 
based on grayscale intensity [71].

Fig. 3. Simulated diffraction patterns of (a) WG and (b) C-S-H using PONKCS method.
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3. Results

3.1. Particle size distribution and specific surface area

Fig. 4(a) presents the particle size distributions of WG with varying amounts of MEG added. In all samples, two distinct peaks were 
observed. With the addition of MEG, the second mode (from 11 to 300 µm) shifted to the left, accompanied by an increase in peak 
intensity. This trend was evident up to the MEG dosage of 0.05 %, but at 0.1 %, the peak shifted back to the right. In contrast, the first 
mode (from 0.5 to 8 µm) exhibited a decrease in peak intensity with the addition of MEG. These observed results align with previously 
reported findings, suggesting that the addition of optimal amounts of GA improves grindability of cementitious materials, while 
excessive amounts can adversely affect grinding performance [49,72]. Furthermore, Fig. 4(b) presents the specific surface area results. 
Similar to the particle size distribution findings, the specific surface area increased with the addition of MEG up to a dosage of 0.05 %. 
However, at 0.1 %, the specific surface area was lower than that of the sample without MEG. Excessive addition of GA can significantly 
increase powder flowability and insufficient stress events for effective particle size reduction. Consequently, this results in lower 
grindability due to incomplete grinding and potential negative impacts on classifier performance [49,72].

3.2. ICP-OES results

Fig. 5(a and b) illustrates the amount of Ca and Si ions released from the samples. In the O100 sample, the release of Ca ions was 
significantly high. This is likely due to the high Ca ions content in OPC. Meanwhile, samples with WG addition revealed interesting 
behaviors. In the case of the WG-OPC-0 % sample, a small amount of Ca ions was leached. Among the MEG-containing samples, as the 
MEG dosage increased, the initial release of Ca ions decreased, a trend that was particularly pronounced in the first 30 min. 
Furthermore, as the stirring time extended, the amount of Ca ions released from MEG-containing samples became nearly equivalent to 
that of the O100 sample. These findings suggest that the addition of WG led to less active C2S and C3S reactions, likely due to the 
reduced OPC content. Interestingly, the MEG-containing samples exhibited enhanced dissolution of C2S and C3S phases. This behavior 
is attributed to the mechanochemical effects of MEG on particle surfaces and dispersion. A more detailed discussion of this inter
pretation is provided later.

As expected, for Si ions, the inclusion of WG resulted in a substantial release of Si ions. In the MEG-containing samples, the amount 
of Si ions released increased with higher MEG dosages. It is worth emphasizing that despite the lower grindability of the WG-OPC- 
0.1 % sample, it exhibited a greater release of Si ions. However, this trend was not evident in samples stirred for 4 h. This suggests that 
during this period, a significant portion of the Si ions participated in hydration reactions, indicating substantial pozzolanic reactions 
between WG and CH phases [73,74]. In contrast, the WG-OPC-0.02 % and WG-OPC-0.05 % samples displayed lower Si ion release at 
the early stages. This could indicate either a significant consumption of Si ions in pozzolanic reactions before the 30-minute mark or 
inherently lower ion release. To investigate this further, the PONKCS method was employed for a quantitative analysis of WG and 
C-S-H contents, the results of which are detailed later in the discussion.

3.3. Calorimetric results

Fig. 6(a and b) illustrates the effects of MEG on the early hydration behavior of WG-OPC. A similar pattern was observed across all 

Fig. 4. Particle size distributions (a) and specific surface area (b) of WG with MEG application.
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samples. Initially, a dissolution heat peak was detected, corresponding to the dissolution of binders into the water [75,76]. This was 
followed by an induction period lasting approximately 2–3 h, after which the main hydration peak, primarily associated with C3S 
hydration, was observed [75–77]. Subsequently, an aluminate hydration peak, attributed to the hydration of C3A and C4AF, was 
identified [78–80]. That is, the heat release attributed to aluminate reactions was observed around 20–24 h, indicating that these 
reactions occurred appropriately after the silicate reactions. This suggests that the analyzed formulations exhibited a relatively optimal 
mix design.

However, some differences were noted between WG-OPC-0 % and O100 samples. In more detail, the addition of WG resulted in a 
reduction of dissolution heat, as well as a lower heat output during the induction period. This corresponds to results observed in 
previous reported [81]. Interestingly, the observation of the main hydration peak occurred slightly earlier in the WG-containing 
samples. This phenomenon can be attributed to the mechanochemical effect of WG-OPC. Furthermore, the duration of both the 
main hydration and aluminate hydration heat peaks was shorter overall. The hydration heat released after 30 h was significantly 
reduced.

In the samples containing MEG, notable differences were observed compared to the WG-OPC-0 % sample. Overall, the heat 
generated during the dissolution peak and the induction period increased. Furthermore, as the MEG dosage increased, the beginning of 

Fig. 5. ICP-OES results of samples.

Fig. 6. Heat flow (a) and cumulative heat (b) of WG-OPC induced by MEG.
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the main hydration peak was delayed, approaching the timing observed in the O100 sample. However, the intensity of this peak was 
reduced. Furthermore, the hydration heats occurring after 30 h were higher than that of the WG-OPC-0 % sample. Consistent with 
previous findings, MEG generally delays the hydration reactions of OPC, and the delayed activation of WG hydration aligns with this 
behavior [82,83]. These early hydration characteristics could significantly influence the mechanical properties, not only in the early 
stages but also in the later stages. Moreover, the mineralogical properties of C-S-H, generated through the pozzolanic and silicate 
reactions (i.e., C3S and C2S), could vary, potentially leading to substantial differences in hydration heat. To investigate this further, this 
study quantitatively analyzed the pozzolanic activity of WG and the activity of its silicate phases. These findings will be discussed in 
greater detail later.

3.4. Compressive strength results

As shown in Fig. 7, the effects of MEG on the mechanical properties of WG-OPC are presented. To evaluate the strength activity 
index of WG as a pozzolan material, compressive strengths were measured at 1, 2, 7, and 28 days. Typically, pozzolan materials do not 
exhibit significant mechanical properties during the early stages, particularly within the first 1–2 days [25,45,84,85]. However, the 
obtained results revealed differing results for the 1–2 days compressive strengths. The WG-OPC-0 % sample showed a lower strength 
activity index than the O100 sample, and this trend became more pronounced at later stages. This implies that simply ground WG 
(without MEG) does not function effectively as a pozzolan material.

Interestingly, the addition of MEG resulted in distinctive trends. The samples with 0.02 % and 0.1 % MEG exhibited high early 
compressive strength but showed relatively inferior strength development at later stages, resulting in mechanical properties com
parable to the O100 sample. This result differs somewhat from the commonly known fact that pozzolanic reactivity is typically 
activated at later stages [86,87]. However, the sample with 0.05 % MEG consistently exhibited compressive strengths that were 
comparable to or exceeded those of the O100 sample. In more detail, at 28 days, it achieved approximately 6.7 % higher compressive 
strength than the O100 sample, with a strength gain of approximately 38.2 % between 7 and 28 days. These results suggest that the 
mechanochemical effects of MEG on WG significantly enhance its hydration degree. In summary, this indicates that the pozzolan 
reactivity of WG can be finely tuned by adjusting the amount of MEG added.

3.5. CT results

Fig. 8(a-e) presents the original CT data, while Fig. 9 shows the cumulative porosity distributions of the samples cured for 28 days, 
as determined from CT measurements. In the case of the O100 sample, a total pore volume fraction of 2.09 % was observed, indicating 
a relatively low overall porosity. Interestingly, pores in the size range of 146.21–167.61 µm accounted for a significant 7.91 % of the 
total pore volume. For samples containing WG, the pore volume was generally higher. The total pore volume followed the order: WG- 
OPC-0 % > WG-OPC-0.1 % > WG-OPC-0.02 % > WG-OPC-0.05 %. Notably, the WG-OPC-0 % sample exhibited a greater number of 
large-diameter pores compared to the other samples. This trend showed a significant correlation with compressive strength, as an 
inverse relationship was observed between total pore volume and compressive strength. However, despite the O100 sample having a 
lower total pore volume than the WG-OPC-0.05 % sample, its mechanical properties were inferior, which contrasts with previously 
reported findings. This discrepancy may stem from differences in pore filling mechanisms resulting from the pozzolanic reaction of WG 

Fig. 7. Compressive strength results of WG-OPC with MEG.
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Fig. 8. Pore distribution and CT images of samples cured for 28 days: (a) O100, (b) WG-OPC-0 %, (c) WG-OPC-0.02 %, (d) WG-OPC-0.05 %, and (e) 
WG-OPC-0.1 %.

Fig. 9. Porosity properties analysis results of all samples cured for 28 days via CT measurement.
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Fig. 10. TG results of (a) O100, (b) WG-OPC-0 %, (c) WG-OPC-0.02 %, (d) WG-OPC-0.05 %, and (e) WG-OPC-0.1 %.
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and the hydration reaction of OPC. Therefore, further analysis of the hydration characteristics of WG-OPC composites is essential to 
clarify this phenomenon.

3.6. TGA results

Fig. 10(a–e) presents the TG measurement results according to curing duration and sample type. For all samples, the TG curves 
shifted downward as the curing duration increased. This is attributed to the increase in CBW within the hydration products formed as 

Fig. 11. XRD patterns: (a) O100, (b) WG-OPC-0 %, (c) WG-OPC-0.02 %, (d) WG-OPC-0.05 %, and (e) WG-OPC-0.1 %.
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hydration progressed [10]. As expected, the samples containing WG exhibited a lower CBW content compared to the O100 sample. 
This indicates that OPC contributes a greater amount of CBW within its hydration products than WG.

Distinct weight loss regions were observed in the TG curves. The weight loss occurring between 400–500 ◦C and 600–800 ◦C 
corresponds to the thermal decomposition of calcium hydroxide (CH) and calcium carbonate (CC), respectively [62,88]. The amounts 
of both CH and CC increased with prolonged curing duration. In particular, CH is known to undergo a pozzolanic reaction with the 
amorphous SiO2 in WG, rendering it a potential indicator of pozzolanic reactivity. However, due to CH carbonation and its continuous 
formation through OPC hydration, CH content alone cannot directly evaluate the pozzolanic reactivity of WG [89,90]. Therefore, in 
this study, the PONKCS method was introduced for a more precise analysis of pozzolan reactivity of WG, and detailed results will be 
discussed later.

3.7. XRD results

Fig. 11(a-e) presents the XRD patterns obtained for all curing durations investigated in this study. In the case of the O100 sample, 
the intensity of peaks corresponding to clinker minerals (C3S, C2S, C3A, and C4AF phases) decreased, as curing duration increased [46, 

Fig. 12. Quantified amounts of phases: (a) silicate phases, (b) C4AF, (c) AFt, and (d) AFm phases.
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80,91]. Furthermore, AFt and CH hydration products were observed from 1 day, while hemicarboaluminate (Hc) and mono
carboaluminate (Mc) phases appeared from 7 days. This hydration behavior is consistent with previous studies [92,93].

For the WG-OPC-0 % sample the hydration behavior was similar to that of O100 sample. Likewise, the WG-OPC-0.02 %, WG-OPC- 
0.05 %, and WG-OPC-0.1 % samples exhibited almost identical trends. However, special attention should be given to the CH. In some 
samples (i.e., samples cured for 7 days), a preferred orientation effect was observed in CH, rendering it difficult to determine its amount 
solely based on relative peak intensity [10,94,95]. Moreover, it is challenging to visually assess the extent of formation and con
sumption of the amorphous C-S-H and WG phases [62,96,97].

The QXRD analysis results for all samples are presented in Fig. 11(a–e). Clinker minerals exhibited a continuous decrease, while 
hydration products (i.e., AFt, AFm, and CH phases) increased over time. In particular, the amount of C-S-H increased as the curing 
period progressed. Furthermore, in samples containing WG, a steady consumption of WG was observed. These trends varied signifi
cantly depending on the sample type, which could have a substantial impact on the mechanical properties of the composite [42,98,99]. 
A more detailed discussion of these effects will be provided in the discussion section.

4. Discussion

4.1. Impact of MEG on the OPC hydration in the WG-OPC system

Fig. 12(a) presents the amount of silicate phases for all samples and curing durations. In the case of the O100 sample, a relatively 
larger amount of unreacted silicate phases remained, which can be attributed to its higher OPC content. Nevertheless, by 28 days, all 
samples exhibited nearly the same residual amount of silicate phases. For the samples containing WG, significant differences were not 
observed, with most variations being within the range of 1–3 wt%. In particular, at 28 days, the remaining silicate phases were almost 
identical across all samples. The lack of change in silicate reactivity despite the addition of MEG differs somewhat from previously 
reported findings [10]. This discrepancy might be attributed to variations in the composite matrix environment, particularly in pH 
conditions.

Fig. 12(b) shows the quantity of the C4AF. Similar to the silicate phases, the O100 sample retained a larger amount of C4AF 
compared to the other samples. However, a different trend was observed in the WG-containing samples. That is, in the early stages, 
more C4AF was consumed in the WG-OPC-0 % sample without MEG addition. In the absence of MEG, the sulfate sources appear to be 
partially adsorbed onto the C-S-H phase during the early stages, rather than contributing to the formation of AFt and AFm phases. In 
other words, in the WG-OPC-0 % sample, the formation of C-S-H was more pronounced, which may have led to a relatively higher 
amount of sulfate sources being partially adsorbed onto the C-S-H phase [100]. Nevertheless, by 28 days, the remaining amounts of 
C4AF were nearly the same for all samples. Furthermore, Fig. 12(c–d) shows the formation of AFt and AFm. The formation of phases is 
closely related to the consumption of C4AF and C3A phases [44,47,101,102]. Overall, similar amounts of AFt and AFm were formed 
across all samples, with no significant differences observed. Based on these observations, the addition of WG with MEG did not have a 
substantial impact on silicate and aluminate reactions.

4.2. Activated pozzolan reactivity of WG-OPC due to MEG application

In this section, the silicate reactions and pozzolanic reaction of WG were discussed. As shown in Fig. 13(a), the O100 sample 
exhibited a significant consumption of silicate phases at later stages, with the amount of consumed silicate phases being nearly 

Fig. 13. Effect of MEG on (a) silicate and (b) WG hydration.
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proportional to the formation of C-S-H. In contrast, the samples containing WG displayed a completely different trend. During the 
initial 1-day, the amount of consumed silicate phases was lower, and the formation of C-S-H was also relatively limited. However, 
except for the WG-OPC-0 % sample, the amount of C-S-H formed at 28 days was greater than that in the O100 sample. This trend was 
particularly pronounced in the WG-OPC-0.05 % sample. Therefore, these hydration behaviors indicate that the pozzolanic reactivity of 
WG contributed to the formation of the C-S-H [38,42,103].

As shown in Fig. 13(b), the activation timing of the pozzolanic reaction of WG due to MEG addition can be identified. On the 1 day, 
the amount of WG consumed was nearly identical across all samples, regardless of the MEG dosage. However, a significant difference 
was observed between 1 and 2 days. In more detail, in the sample with 0.1 % MEG addition, only 0.66 wt% of WG was consumed, 
whereas in the other samples, WG consumption ranged from 3.54 to 5.62 wt%. Between 2 and 7 days, WG consumption was relatively 
higher in the samples with 0.05 % and 0.1 % MEG addition. From 7–28 days, a substantial amount of WG was consumed in all samples 
except for the WG-OPC-0 % sample. These results indicate that while MEG generally enhances the reactivity of WG during overall 
curing durations, excessive addition could reduce its effectiveness (i.e., In the WG-OPC-0.1 % sample during the initial 24 h). Over the 
total curing period of 28 days, the WG-OPC-0.05 % sample exhibited the highest WG consumption, with 67.52 % of the WG 
participating in the pozzolanic reaction. It is generally known that pozzolanic materials exhibit increased reactivity at later stages [82, 
83]. However, the results of this study revealed a somewhat different trend, demonstrating that the reactivity of WG can be effectively 
controlled by incorporating a small amount of MEG.

4.3. Enhancement of mechanical characteristics of WG-OPC

Fig. 14 illustrates the correlation between the amount of C-S-H formed and the development of compressive strength. The O100 
sample and the WG-OPC-0 % sample exhibited a nearly identical trend in terms of the amount of C-S-H formed and the rate of 
compressive strength development. However, the overall compressive strength of the WG-OPC-0 % sample was lower. This can be 
attributed to the poor reactivity of simply ground WG (without MEG), as compared to that of OPC [42].

In contrast, the samples containing MEG exhibited a completely different trend. Despite the lower amount of C-S-H formation in the 
early stages, their initial compressive strengths were comparable. This phenomenon is likely due to the mechanochemical effects and 
packing density degree induced by MEG. In more detail, the pre-addition of MEG before WG grinding could have improved its 
grindability. MEG could have been uniformly adsorbed onto the WG particle surfaces [57,104]. Moreover, the particle size distribution 
of WG ensures an optimal packing density, which can refine porosity properties within the composite and consequently enhance its 
mechanical properties [105,106]. As a result of these effects, when 0.05 % MEG was added, the compressive strength surpassed that of 
the O100 sample. These effects were evident up to the first 2 days. However, after 7 days, the correlation between C-S-H formation and 
compressive strength development became nearly identical to that of the O100 sample. Furthermore, conclusions can be drawn 
regarding the potential occurrence of ASR. It is generally accepted that the addition of WG powder does not induce ASR. Since MEG 
itself does not directly alter the alkali concentration in the pore solution, its use, even though it enhances the pozzolanic reactivity of 
WG, is unlikely to significantly influence ASR formation [107]. This suggests that the ASR-related effects associated with MEG addition 
are relatively minor.

4.4. Mechanistic analysis of MEG-modified WG reactivity

This section explores the mechanistic basis for the enhancement in pozzolanic activity and composite performance achieved by 
MEG modification of WG. The adsorption of MEG on WG surfaces during grinding likely alters the surface properties of the glass 
particles. This is supported by the improved grindability observed at optimal dosages (i.e., 0.05 %), leading to increased specific 
surface area and finer particle size. MEG molecules, rich in hydroxyl groups, might physically adsorb onto the amorphous SiO2 surfaces 
of WG, reducing agglomeration and promoting a more homogeneous dispersion. Such surface modification is hypothesized to enhance 
the dissolution kinetics of silica species during hydration, thereby facilitating more efficient reaction with calcium hydroxide to form 
C–S–H.

The influence of MEG dosage on WG performance exhibits a non-linear behavior. As shown in the pozzolanic activity results 
(Fig. 13), 0.05 % MEG addition resulted in the highest WG consumption and C–S–H formation. Lower dosage (0.02 %) enhanced early 
hydration but showed limited long-term gains, while higher dosage (0.1 %) delayed initial dissolution and reactivity due to potential 
saturation or steric hindrance effects. This implies a threshold beyond which MEG coverage on WG might hinder rather than promote 
reactivity. The balance between increased surface activation and potential hydration retardation must thus be carefully optimized.

Furthermore, the mechanochemical behavior of MEG in this system plays a dual role. First, as a GA, MEG improves WG grindability 
and dispersion, thereby enhancing packing density and early mechanical strength. Second, as a chemical modulator, MEG delays the 
hydration of OPC components, which allows for a more synchronized activation of WG’s pozzolanic reactivity. The delayed onset of 
silicate hydration, coupled with increased ionic availability of WG (Ca2+, Si4+), supports the hypothesis that MEG fosters an envi
ronment conducive to gradual and sustained C–S–H growth. In this mechanism, MEG adsorbs onto WG during grinding, improving 
fineness and reducing agglomeration. Upon hydration, this modified WG surface releases Si4+ ions more readily, promoting pozzolanic 
reactions with Ca(OH)2 (Fig. 15(a and b)). That is, MEG delays OPC hydration, providing a window for WG reactivity to manifest more 
fully. Consequently, the synergy between physical grinding enhancement and chemical modulation culminates in improved micro
structure and strength performance of the WG-OPC composite.
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Fig. 14. Relationship between quantified amount of C-S-H and compressive strength.

Fig. 15. Conceptual model of MEG-modified WG reactivity mechanism: (a) Sample without MEG addition, and (b) sample with optimal 
MEG dosage.
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5. Conclusions

In this study, the impacts of four different dosages (i.e., 0, 0.02, 0.05, and 0.1 %) of MEG on the hydration and mechanical be
haviors of WG-OPC composite were investigated. The time dependent hydration properties were analyzed using TGA, XRD, and 
isothermal calorimetry methods. Furthermore, the porosity characteristics were also analyzed using µ-CT. The key findings of this 
study are as follows: 

1. The grindability of WG was significantly enhanced by adding MEG, with 0.05 % identified as the optimal dosage for maximizing 
grinding performance and pozzolanic reactivity.

2. At 0.05 % MEG, WG–OPC composites showed the highest WG consumption, greatest C-S-H formation, and notable reduction in 
total porosity, leading to improved mechanical properties.

3. Untreated WG exhibited limited pozzolanic activity, resulting in inferior mechanical performance at later stages.
4. Hydration behavior of OPC remained largely unchanged by MEG or WG additions; however, WG’s pozzolanic reactivity strongly 

depended on MEG dosage.
5. Low to moderate MEG dosages (0.02 %–0.05 %) enhanced WG reactivity at both early and late stages, while higher dosage (0.1 %) 

delayed early reactivity but increased later-stage consumption.

These findings demonstrate that minimal MEG addition effectively improves WG’s pozzolanic performance, offering a promising 
chemical grinding strategy to optimize WG as a supplementary cementitious material for sustainable cement composites. This study 
utilized a lab-scale ball mill to prepare WG-OPC composites. However, in practical applications, WG is typically ground using 
industrial-scale ball mills with much larger capacity. Therefore, one limitation of this study is that the lab-scale grinding conditions 
may not fully replicate real-world processing. Future research should focus on scaling up the process to validate the effectiveness of 
MEG as a grinding aid for WG under industrial conditions.
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