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Abstract: In order to enhance the hydration activity of lithium slag (LS) in cementitious
materials. Three grinding aids (GAs), including ethylene glycol (EQG), triethanolamine
(TEA), and sodium tripolyphosphate (STPP), are added during mechanical grinding to
explore their effects on the grinding efficiency and hydration process of LS. The results
are obtained as the various GAs have optimized the particle size distribution of lithium
slag powder, but the changes in specific surface area (SSA) and the relative number of
bridging oxygen bonds (RBO) are minor. When the TEA content is 7 g, the leaching
rates of Si*" and AI** from LS powder are the highest, increased by 67.17% and 11.92%,
respectively. During the hydration process of the LS-Cement Cementitious Materials
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(LCCM), when the dosage of EG is 4 g, it increases the hydration rate of C,S during
the slow reaction stage. Due to the alkaline environment and the distortion of the albite
crystal structure, the production of hydration products is increased, the proportion of
harmful pores in the hardened paste is reduced, and the strength in the later-age of
hydration is improved.

Keywords: Lithium Slag; cementitious materials; grinding aids; triethanolamine;

diethylene glycol

0 Introduction

In powder processing technologies of the mining sector, such as mineral processing and
beneficiation, the grinding operation is plagued by high energy consumption, rapid
equipment wear, and poorly defined limits of particle size reduction. Two primary
strategies are employed to enhance grinding efficiency: optimizing the process through
equipment upgrades and parameter adjustments, or incorporating grinding aids (GAs)
directly into the feed material. However, the wide variety of raw materials leads to
differences in physicochemical properties like hardness, chemical composition, and
mineralogy. These properties further evolve in complex ways during comminution. As
aresult, a clear framework for selecting, dosing, and applying GAs remains elusive [1].
In cement production, the most common GAs are alkanolamines [2, 3] and alcohols [4].
This prevalent usage is possibly related to the composition of the cement clinker [5].
During the grinding of clinker minerals, the integrity of the mineral crystalline structure
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is disrupted. Lattice distortion induces anisotropic charge and enhances the specific
surface energy of the ground particles. The particles tend to agglomerate under the
influence of van der Waals forces and electrostatic attraction, the particles tend to
agglomerate. To mitigate this effect, grinding aid (GA) compounds, which possess high
organic polarity, are used to preferentially adsorb onto the exposed broken Ca-O or Si-
O bonds on the surface of cement clinker particles [6]. The adsorption reduces polar
surface energy and particle adhesiveness, weakens the tendency for agglomeration, and
improves the particle size distribution [2]. For instance, Zhou et al. [7] examined the
effect of alkanolamine-based GAs on cement clinker grinding. Their results
demonstrated that as the growth of the number of methyl groups in the molecular
structure of the tertiary alkanolamines, the thickness of the adsorbed molecular layer
increases from 9.25 A to 9.87 A. While the ability to shield the electrostatic forces
between cement particles is enhanced, thereby improving GA performance.

The addition of GAs also influences the workability [8—11], mechanical properties [12,
13], and durability [14] of cement. For instance, Jiang et al. [15] observed that adding
triethanolamine (TEA) to plain cement promoted the formation of AFt during the early
stage of hydration, thereby enhancing the compressive strength. However, as hydration
progressed, the AFt gradually decomposed, which lowered the later-age compressive
strength. In supplementary cementitious materials (SCMs), however, TEA promotes
later-age hydration reactions and enhances compressive strength. Consequently, when
introduced after clinker grinding, this GA is also referred to an additive [16]. Its primary
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function shifts from improving grinding efficiency to participating in the clinker
hydration process, analogous to concrete admixtures such as water reducers and
accelerators, thereby influencing the performance of cement-based materials.
Additionally, gypsum present in cement can modify the effectiveness of TEA [17],
which necessitates careful optimization of the proportions among clinker, gypsum, and
TEAT18, 19].

Driven by the national policy to "actively and steadily advance carbon peak and carbon
neutrality," there has been a growing trend of integrating solid wastes as a
supplementary material in cement products. Representative cases include slag powder
[20, 21], fly ash [22], and desulfurized gypsum. The chemical composition of these
solid wastes differs from that of cement clinker, typically being richer in silica, alumina,
or both. In their original state, most possess little to no hydraulic activity. For instance,
raw slag exhibits no inherent cementitious properties. Their reactivity can be enhanced
through physical and chemical activation. Zepper et al. [21] employed five different
GAs to do dry fine milling on basic oxygen furnace slag and found that TEA was also
effective for slag powder, not only improving grinding efficiency and reducing particle
size but also consequently enhancing its hydraulic activity. Wei et al. [23] investigated
the effect of three GAs on the dry fine milling of sugarcane bagasse ash and found that
both TEA and a polycarboxylate superplasticizer effectively reduced particle fineness.
The improvement in mortar strength was primarily beneficial due to the proportion of
fine particles in the 3-32 pm range, which showed the most pronounced increase. Liu
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et al. [24] employed TEA and triisopropanolamine (TIPA) as GAs, which effectively
increased the SSA of iron tailings powder and suppressed particle agglomeration. The
research further revealed that TEA chelated with ions such as Al**and Fe** in the
particles, thereby accelerating the dissolution of aluminum, iron, and calcium ions from
the iron tailings powder into the pore solution of the slurry. This process promoted the
overall dissolution and enhanced the reactivity of the iron tailings powder. Meanwhile,
the hydration heat of the system with TEA is higher than that of systems with TIPA or
without GA. In another study, Zhao et al. [25] used chemical-grade glycerol as a GA to
improve the grinding efficiency of steel slag and modify its particle characteristics. A
notable finding was that the proportion of 3—32 um particles increased significantly
after grinding for 40, 50, and 60 minutes, which is primarily due to the reduction of
agglomeration. While a number of studies have investigated the effect of GAs on the
hydration reaction engineering of cement-solid waste cementitious systems [8, 20, 21,
26-29], certain conclusions remain inconsistent: in terms of hydration capacity by TIPA
and TEA [20, 21]. Hence, it’s imperative to further enrich the body of relevant research
results.

Although research on using GAs for solid waste utilization is still emerging, the
aforementioned studies demonstrate that GAs can enhance the grinding of relevant raw
materials, which suggests their potential for adaptation and application in the resource
utilization of lithium slag (LS). LS is the waste residue generated from the extraction
of lithium salts from lithium ore, rich in silicon and aluminum [30]. LS and fly ash were
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both classified both as siliceous-aluminous materials. The utilization of LS in cement
products, apart from its direct use as sand in mortar or concrete [31-33], has chiefly
focused on applications that require mechanical grinding to enhance its reactivity.
These include the production of cement admixtures [34] or all-solid-waste cementitious
materials [35-37].

Hence, it is feasible to add GAs during the milling of LS to improve grinding efficiency.
This study investigated three types of GAs: alcohols, alkanolamines, and inorganic salts.
The effects of GA type and dosage on grinding efficiency and the hydration process of
LS were examined using particle size analysis, mechanical property testing, and X-ray
diffraction (XRD) to elucidate the underlying mechanisms. Ultimately, this work aims
to provide data support for reducing grinding energy consumption and improving the
resource utilization of LS, to further refine and expand the theoretical basis of GAs,
thereby contributing to clean production and the development of a circular economy in

the lithium battery industry.

1 Materials and Methods

1.1 Materials

The chemical compositions of the experimental raw materials are listed in Table 1.
Ordinary Portland cement (OPC). The cement used in the experiment is P-O 42.5 grade
OPC. Its density is 3.17 g-cm™, SSA is 374 m?-kg™!, and 28-day compressive strength
is 55.7 MPa.
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LS. From Jiangxi Province, China. The density of LS is 2.51 g-cm™, and the SSA is
264 m?-kg'. As shown in Fig. 1(a) by the TG analysis of LS, the evaporative water
content is 0.925%, and the non-evaporative water content is 0.754%. The main mineral
components of LS are quartz and albite in Fig. 1(b), and the 28-day activity index (R2g)
is 51.4%. After 30 minutes of grinding LS, the SSA reached 570 m*kg, and the Rog is
92.6%.

GAs. Ethylene glycol(EG, C2H4O2H>), triethanolamine(TEA, CsH15NO3), and sodium
tripolyphosphate(STPP, NasP301o).

Sand. China ISO standard sand.

101 250000
@ — L (b 1-Si0,
2 2-Na(AlISi,0)
200000 3-CaS0,-0.5H,0

wn
£« 150000
S]

100000

50000

95 1 1 1 1 0 1 1 1
0 200 400 600 800 1000 20 40 60 80
Temperature/°C 20(°)

Fig.1 Physical and chemical properties of LS

Table 1 Chemical composition of raw materials (wt. %)

Materials CaO SiO2 Fe203 MgO AO3 TiO» Na2O K20 SOs3 LOI

OPC 56.10  23.26 2.69 3.96 6.89 0.40 0.46 0.67 2.12 3.02

LS 2.89 49.28 0.78 0.25 21.48 3.78 10.21 3.23 0.53 6.71
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1.2 Methods

1.2.1 Sample preparation

Put the LS into an electric blast and dry it until the moisture content is less than 0.10%.
Weigh 5 kg of LS and mix it respectively with 3 g, 4 g, and 5 g of EG, labeled as LE3,
LE4, and LES; 5 g, 6 g, and 7 g of TEA, labeled as LTS5, LT6, and LT7; and 1.5 g, 2.5
g, and 3.5 g of STPP, labeled as LST1.5, LST2.5, and LST3.5. The mixtures are loaded
into an SM ®500 mm % 500 mm cement test ball mill, with a grinding duration of 30
minutes for each group.

1.2.2 Tests procedure

Cement mortar strength test. Refer to Sections 7 and 9 of "Test method of cement mortar
strength (ISO method )"(GB/T 17671-2021) for the operational procedures.

Activity index test. Refer to the operating method in Appendix B of "Lithium slag
powder for cement and concrete” (YB/T 4230-2010).

Preparation of paste samples. Follow the procedure in Section 7 of "Test methods for
water requirement of standard consistency, setting time and soundness of the portland
cement"(GB/T 1346-2024). After water curing to the specified age, immerse the
samples in anhydrous ethanol to stop hydration, and then carry out tests on the hydration
mechanism.

Si*+ and Al1*" leaching experiment. Take 1 g of ground LS, and simultaneously prepare
100 mL of 1 mol/L NaOH solution to simulate the alkaline environment of cement
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hydration. Add the LS to the prepared NaOH solution, stir with a magnetic stirrer at
20°C for 1 hour, then filter the solution through a 0.42 pm filter paper down to 10 mL.
Next, dilute the filtered solution with 5% nitric acid to bring the pH below 2. Finally,
perform ICP analysis to determine the concentrations of Si*+ and Al1*".

1.2.3 Characterization methods

The SSA of raw materials is measured using the QBE-9 fully automatic SSA tester.
The size distributions of the raw materials are tested by a laser particle size analyzer,
Mastersizer 2000.

The composition of the raw materials is analyzed by Bruker D8 Advance X-ray
diffractometer (Germany), voltage of 40 kV, current of 30 mA, Cu target, 20 scanning
ranging between 10 ° and 80 °, step size of 0.02 °, scanning rate of 5 °'min’'.

TriStar 11.302 from Mack Instruments was used to test the concrete hole structure, and
the test range was 0.35~500nm.

The X-ray photoelectron spectrometer is measured using the Axis Supra+ instrument
with Al Ka radiation to investigate.

An inductively coupled plasma optical emission spectrometer (ICP-OES) is applied to

leach concentrations.

2. Results and Discussion
2.1 Effect of GAs on the Particle Characteristics of LS Powder
2.1.1 Particle Size Distribution of LS Powder
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Fig.2 Effect of GAs on the particle size distribution of LS powder

Note: D[3,2] is average particle size by surface area, D[4,3] is average particle size by volume.

The present research intended to assess the effects of GAs on the milling performance
of LS, with initial attention directed toward particle size outcomes. Figure 2 compares
the particle size distributions of LS powder processed with different types and dosages
of GAs. The particle size distribution of Group L was trimodal, with peaks at
approximately 0.1-2 pm, 2-8 um, and 30-80 pm. This indicates relatively poor
uniformity and continuity in particle size distribution. In contrast, the introduction of
TEA exhibited a bimodal pattern. The distributions produced by the samples of LE and

LS corresponded to the two patterns mentioned above, an outcome attributable to the
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differences in dosages. Overall, with respect to particle uniformity and continuity, TEA
demonstrated a relatively stable effect on LS powder.

Based on the particle size data derived from Figure 2, the proportion of particles below
7 um increased in Group LE4, whereas the maximum particle size was also elevated
from 144 um to 272 pum. In sample LT, it reduced the proportion of particles smaller
than 119 pm, while the maximum particle size rose from 144 um to 240 pm, and the
proportion of particles in the 3-32 um range increased. The particle size distribution
exhibited noticeable changes with higher dosages of STPP. Notably, Group LST3.5 not
only broadened the overall size range but also enhanced the proportion of fine particles.
Overall, the three GAs produced limited changes in the minimum particle size, the
proportion of each particle size range, and the SSA of the LS powder. However, the
maximum particle size was generally elevated. This might be attributed to a reduction
in inter-particle adhesion force induced by the GAs [2], thereby likely lowering the
probability of contact between large particles and the grinding media. Hence, from the
perspective of particle size distribution, the physical influence of these three GAs on

LS powder was not pronounced.

2.1.2 FT-IR Analysis of LS
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To clarify the influence of GAs on the molecular and crystalline structure of LS, Fourier
Transform Infrared (FT-IR) spectroscopy was conducted, with the results displayed in
Figure 3.

In Group L, the absorption band at 3610 cm™ is likely attributed to the asymmetric
stretching vibration of O-H in non-evaporable water in the slag. The band at 3546 cm™
may correspond to the hydrogen-bonded O-H stretching vibration within [3-
CaSO0s4-2H20, while the band at 3407 cm™ is likely associated with the H-O-H
stretching vibration in CaSO4-2H20. Notably, the absorption peak at 3610 cm™
gradually diminished with increasing dosages of TEA and STPP in Figure 3 (b:) and
Figure 3 (c1), possibly due to their acceleration of non-evaporable water loss.

The bands at 2925 cm™ and 2850 cm™' correspond to the asymmetric and symmetric
respectively stretching vibrations of —CH>—. The absorption peak at 2360 cm™ is
characteristic of O=C=0 stretching, while that at 1620 cm™ is assigned to —C=C—

stretching. The band around 1427 cm™ arises from the symmetric stretching of the C—
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O bond. These signals likely originate from organic compounds or carbonates
introduced during the preparation of LS.

The spectral region relevant to the hydration capacity of LS lies mainly between 1300
and 400 cm™', encompassing vibrations of siloxane and aluminoxane groups. Within
this range, the band at 1200—1100 cm™ corresponds to the symmetric stretching
vibration of SO+*", while the region between 1200 and 800 cm™ is attributed to the
symmetric stretching vibration of Si—O bonds, which reflects the number of bridging
oxygens (Q', Q% Q3 Q%) in silicon-oxygen tetrahedra. The band near 660 cm™ is
assigned to the bending vibration of Si—-O-Si, and the band around 600 cm™
corresponds to the deformation vibration of Si—~O—Al. At approximately 426 cm™, the
in-plane and out-of-plane bending vibrations of Si—O are observed.

In Figure 3 (a2), the increasing dosage of EG progressively altered the absorption peak
in the 1200-1100 cm™ range, causing its shape to shift from sharp to blunt, and then
back to sharp. This indicates that EG influenced the symmetry of the S—O stretching
vibration in SO+*", possibly leading to multiple vibrational modes. The peak position
was observed to shift first to higher and then to lower wavenumbers. Additionally,
Group LES5 exhibited higher transmittance at the 660 cm™ band, indicating partial
decomposition of some Si—O-Si bonds.

In Figure 3 (b2), the dosage of TEA also influenced the symmetry of the S—O bond
stretching vibration in SO4*. As the content of TEA increased, the shape of the
absorption peak at 660 cm™ transitioned from sharp to blunt and then gradually
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sharpened again, indicating that TEA affected the symmetry of the Si—O-Si stretching
vibration. Concurrently, the gradual shift of this peak to lower wavenumbers suggests
a weakening of the Si—O-Si bond strength. The shape of the absorption peak at 600
cm™' also sharpened accordingly, further indicating that TEA promoted the symmetry
of the Si—~O—Al deformation vibration.

In Figure 3 (c2), STPP weakened the symmetry of the S—O stretching vibration in SO4>
and likely resulted in multiple vibrational modes, while also lowering the bond energy
of the S—O bond. With increasing STPP dosage, the absorption peak at 660 cm™
gradually changed to higher wavenumbers, suggesting an enhancement of Si—O bond
strength. Simultaneously, the sharpening of the peak at 600 cm™ indicates that STPP
weakened the symmetry of the Si-O—Al deformation vibration.

The degree of polymerization of silicon-oxygen tetrahedra and the relative area of the
Al-O bond are fitted using the Lorentz function, with the results shown in Figure 4.
Following the method of Zhang et al. [38], the Relative Bridging Oxygen number (RBO)
is calculated to reflect the relative extent of polymerization or depolymerization, with
the results summarized in Table 2. Figure 4 shows that the Q' species does not appear
in the fitting due to its low content rather than its complete absence. As in Table 2, the
proportion of Q? increased with the dosage of most GAs. The proportion of Q? rose with
the dosage of EG and TEA but exhibited an opposite trend with STPP. The proportion
of Q* remained largely unchanged. The RBO value increased only slightly in the Group
LE3, Group LE4, and Group LST1.5. Conversely, the relative area of the AI-O bond
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generally decreased with increasing dosage of most GAs. Thus, the incorporation of an
appropriate amount of GA favorably modified the structure of LS by decreasing the
polymerization degree of its silicon-oxygen tetrahedra. The resultant increase in Q% and
Q? species enhanced the hydration potential of Si—O bonds, and the hydration capacity
of Al-O bonds was improved as a combined effect.

Table 2 Area ratio and RBO/%

Sample Q? Q3 Q4 Al-O RBO
L 33.1 16.5 35.6 14.8 75.7
LE3 29.3 17.8 36.6 16.3 77.2
LE4 33.0 15.6 37.2 14.2 76.2
LES 46.8 17.6 29.7 5.8 70.4
LTS5 41.0 19.1 31.1 8.8 72.3
LTé6 32.3 19.8 33.8 14.2 75.5
LT7 36.1 19.9 322 11.8 73.9
LSTI1.5 344 12.5 38.9 14.2 76.3
LST2.5 44.6 9.9 34.1 114 72.0
LST3.5 41.2 7.8 39.5 11.6 74.6

2.1.3 Dissolution Rates of Silicon and Aluminum Ions (Si*" and AI**) from LS
The dissolution rates of silicon and aluminum ions from LS are determined by

inductively coupled plasma optical emission spectrometry (ICP-OES, PerkinElmer
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Optima 8300). Mechanical grinding disrupts the crystalline and amorphous structures
within the LS, liberating hydration-active components. Therefore, ICP-OES testing of
Siand Al dissolution rates serves as a method for evaluating the reactivity of pozzolanic
raw materials. The corresponding data are summarized in Table 3. The results reveal
that the dissolution rate of AI** consistently exceeded that of Si*". According to bond
length calculations for albite crystals reported by Wang et al. [39], the bond lengths
follow the order Si—-O < Al-O < Na-O. Given that longer bond lengths generally
correspond to weaker bond energies, the Si-O bond therefore had a higher bond energy
than the Al-O bond and required more energy to break the bond. The addition of EG
and TEA to LS both increased the leaching rates of Si*" and AI**, although the
enhancement was not pronounced. However, STPP only increased the leaching rate of

Si*" while inhibiting that of AI*", a result consistent with the analysis presented in Table

In conclusion, based on the collective assessment of the physical and chemical impacts

of the three GAs on LS, it is preliminarily concluded that the GAs do not significantly

enhance the hydration ability of LS.

Table 3 Leaching rate/%

Sample Si** AP
L 0.1453 8.5148
LE3 0.1486 8.4926
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LE4 0.1535 8.7444

LES 0.1562 8.8275
LTS 0.1855 8.8732
LTo6 0.2167 9.3572
LT7 0.2429 9.5298
LSTI1.5 0.1583 8.3719
LST2.5 0.1784 8.2652
LST3.5 0.1879 7.9325

2.2 Effect of GAs on the Hydration Process of LCCM

2.2.1 Hydration Activity

The activity index scheme for LS and the results are listed in Table 4.

As shown in Table 4, Group LC demonstrated a 3-day compressive activity index of
69.7% and a 28-day index of 92.6%. Both values fell below the standard thresholds of
70% and 95%. Therefore, to improve the activity index, it is necessary to further
investigate the influence of GAs on the hydration activity of LS.

Results of the other groups show that the addition of GAs led to varied mechanical
performance in LS-incorporated LCCM. In terms of compressive strength, EG
depressed the early-age activity index, maintained the mid-term index, and enhanced
the later-age index. This is evidenced by Group LE4C, which reached a 28-day activity
index of 106.1%. Both TEA and STPP reduced the early- and mid-term activity indices
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321  but enhanced the later-age performance, as evidenced by Groups LT6C and LST2.5C.
322 Critically, the strength development of cementitious materials is governed by a
323  combination of hydration activity, particle size distribution, and the pore structure of
324 the hardened matrix.

325 Table 4: Mix ratio and Strength at different curing ages

FS of CS of FS of FS of
Sample Cement/g LS/g Water/g Sand/g
3d/MPa 3d/MPa 28d/MPa 3d/MPa

C 450 0 54 35.6 8.1 55.7
LC 4.0 24.8 7.3 51.6
LE3C 3.8 23.0 6.7 56.5
LE4C 4.4 24.2 7.3 59.1
LE5C 43 22.3 6.7 52.2
LT5C 225 1350 3.6 20.9 6.1 49.5
315 135
LT6C 3.9 23.8 6.8 55.1
LT7C 3.1 21.9 7.6 534
LST1.5C 3.7 21.9 7.5 52.2
LST2.5C 3.8 21.7 7.3 53.6
LST3.5C 3.2 23.6 9.6 50.8
326 Note: FS is flexural strength, CS is compressive strength

327

328  2.2.2 Heat of Hydration of the LCCM
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333 The hydration heat release rate curves for all cementitious materials systems are
334  presented in Figure 5 (a). The overall progression of the hydration reaction is similar
335  across all groups, indicating that neither the incorporation of LS nor the GAs altered
336  the five characteristic stages of cement hydration. The initial period, typically within
337  the first 15 minutes, is dominated by heat release from the dissolution of cement phases,
338  the reaction of CsA and C+AF with gypsum to form AFt, along with the early hydration
339  of CsS, with the early hydration of CsS contributing a relatively small amount of heat
340  atthis stage. And in Figure 5 (b), both the rate and the magnitude of the first exothermic
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peak are higher for LCCM than for pure cement (dashed line). This is primarily because
the hydration activity of LS in LCCM can be considered negligible at this early stage,
and the reduced cement content effectively increases the water-to-binder ratio.
According to the "delayed dissolution theory," this results in an undersaturated liquid
phase, which accelerates the dissolution of cement [40].

In contrast, the first exothermic peak is lower in all GAs-containing groups compared
to Group LC. Among them, Group LE4C and Group LST2.5C reached their peak rates
earlier and almost simultaneously, followed by Group LT6C and Group LC, which
peaked at a similar later time. Particle size analysis in Figure 2 shows that for particles
below 20 um, Group LC had the highest content, followed by Group LST2.5C. For
particles above 20 um, this order was reversed. However, Group LST2.5C exhibited
the lowest heat release rate among the GA-containing groups. This suggests that despite
the higher fine particle content, STPP inhibited the early hydration of CsA and C.AF.
Groups LE4C and LT6C also exhibited lower heat release rates than Group LC. While
Luetal. [41] reported that TEA accelerates the hydration of CsA and C4AF, the observed
effect here is likely the combined result of particle size distribution and modified
hydration kinetics.

The acceleration period is governed primarily by the hydration of CsS and C-S. Figure
5 (¢) shows that pure cement exhibited a higher heat release rate than LCCM, as a result
of its higher CsS content. The composite materials not only displayed lower peak rates
but also delayed peak times, indicating that the GAs generally retarded the hydration of
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362  both CsS and C.S. This retardation effect is most pronounced in Group LT6C. As for
363  the stable period, it is mainly associated with C>S hydration. As seen in Figure 5 (d),
364  Group LST2.5C shows that STPP appeared to enhance C.S hydration under these
365  conditions, whereas Group LE4C and Group LT6C exhibited an inhibitory effect.

366

367  2.2.3 XRD Analysis of the LCCM
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Since the hydration products of pure cement, which typically include crystals such as
AFt, AFm, and SiO-, are well established, XRD analysis is not separately performed
for Group C. Figure 6 presents the hydration products’ XRD patterns of for the LCCM,
in which the addition of GAs do not lead to the formation of new mineral phases.

Figure 6 (a) shows that the incorporation of LS into cement resulted in the presence of
albite among the hydration products. With increasing curing age, the intensity of the
main albite peak located at 27°-28°, which corresponds to the (040) plane, gradually
decreased. Meanwhile, the intensity of the albite peak at 15~16°, associated with the
(111) plane, increased. This suggests partial decomposition and polycrystallization of

albite within the alkaline environment. Moreover, in Group LE4C, alongside these
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changes in albite, the intensity of the quartz peak gradually increased. In contrast, in
Groups LT6C and LS2.5C, the quartz peaks first increased and then decreased. This
implies that the addition of GAs may have affected the hydration of C3S, C.S, or albite
during the hydration reactions of cementitious materials.

Further comparison of the XRD patterns of each experimental group shows that after
adding GAs, the CsS peak intensity is slightly lower than that in Group LC, indicating
that GAs slightly promoted the hydration of C3S. However, adding C>S and Ca(OH):
behaved differently. A compression of C>S and Ca(OH)> between the Group LC and
Group LE4C reveals that the Ca(OH), peaks (17~18°, 33~34°) in Group LE4C are
lower than those in Group LC at each curing ages, whereas the C,S peaks (31~33°,
33~34°,40~42°) in Group LE4C are higher than those in Group LC at each curing ages,
suggesting that EG inhibited the hydration of C,S in curing period. Group LT6C shown
the same trend. Group LS2.5C is slightly different: STPP only promotes the hydration
of C»S at 28 days, confirming the conclusion about the stability period in Section 2.2.2.
Consequently, the gradual increased in the quartz peak is largely related to the GA-
promoted hydration reaction of albite. Thus, to verify this, XPS analysis is performed
and shown in Figure 7.

According to the XPS database, the binding energy of Si2p in albite is approximately
102.80 eV, while such energy in SiO> crystals is about 103.50 eV. As shown in Figure
7 (a), the measured binding energy of Si2p in Group L is around 102.70 eV, slightly
lower than the database reference, which may reflect structural variations of the albite
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within LS. Groups LE4 and LT6 showed elevated Si2p binding energies higher than
those in Group L. This increase suggests electrons loss from Si2p, an increase in Si—O
bond energy, and a progression from the aluminosilicate chemical state toward the SiO»
crystal state. In contrast, Group LST2.5 gained electrons and reduced the Si-O bond
energy. Based on the XPS database reference, the binding energy of Al2p in albite is
approximately 74.70 eV. Figure 7 (b) shows the value in Group L to be around 74.60
eV., closely matching the reference. It’s indicated that Si2p in Group LE4 and Group
LT6 loss electrons, enhanced the Si-O bond energy and shifted from the aluminosilicate
chemical state toward the SiO; crystal. In contrast, Group LS2.5 gained electrons and
reduced the Si-O bond energy.

The binding energies for Groups L, LE4, and LST2.5 are similar, while Group LT6
exhibited a slight shift to a lower value, suggesting a potential increase in Al-O bond
energy. Reference Ols binding energies are about 531.10 eV in Al.Os and 532.90 ¢V in
Si0:2. Figure 7(c) indicated that the Ols binding energy in Group L is closer to the
alumino-oxygen state. All GA-contained groups shifted towards the silico-oxygen state,
with Group LT6 showing the most significant change, suggesting electron loss from the
alumino-oxygen state induced by the GAs.

Based on this, the chemical mechanism of GAs on LS can be summarized. EG and TEA
increased the binding energies of Si2p and Ols in albite, thereby enhancing Si-O bond
energy and promoting the stability of silicon-oxygen tetrahedra. While the increase or
constancy in the Al2p binding energy, combined with the rise in Ols binding energy,
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led to a reduction in the symmetry of the aluminoxane tetrahedral structure. STTP
decreased the binding energies of Si2p and Ols, therefore reducing Si-O bond energy
and destabilizing silicon-oxygen tetrahedra, while its effect on AI2p and O1s promoted
the stability of alumino-oxygen tetrahedra. This explains the decreased AI** dissolution
rate and the opposite trend for Si** with increasing STPP dosage (Table 3).

Therefore, within the LCCM, the chemical role of the GAs is to destabilize the albite
crystal structure and modify the alkaline environment provided by cement hydration,

collectively accelerating albite hydration.

2.2.4 Thermogravimetric Analysis (TG-DTG) of the LCCM
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O — 20
(2) L IE]S4C @O __1g (b) Water [ |Ca(OH),
— LT6C - bTG I [ ]caco,[___]Others
— LST2.5C
16
14.361 14.964 14.67¢ 14.163
95 |- el 0.00 =
*\ / =
3 o L o=
i N RN - £ J12F
¥ 1 g & 8.412 9.331 8.712 7.83
o O
. ---LC E & 8+
\ : LE4C 4 -0.06
\ -+~ LT6C + < 1= 016
--- LST2.5C - 0 b w
JL 0331 o 0314 0.316
] % 3.762 3013 3.827) 4.001
85 ) 1 1 1 1 1 1 e ,0_12 n n n n
100 200 300 400 500 600 700 800 900 0
Temperature/°C LC LE4C LT6C LS2.5C
Fig. 8 TG-DTG

Figure 8 presents the thermal analysis of the hydration phases for each group after 28
days of curing. The dehydration of free and bound water in phases such as C-S-H and
AFt occurs between room temperature and 300°C. As shown by the derivative
thermogravimetry (DTG) curves in Figure 8 (a), the corresponding peaks within this
temperature range appear as singlets without shoulders, indicating a low content of the
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AFm phase. A notably sharp DTG peak was also observed in this region, which
corresponded to the highest weight loss rate (9.331%) in Figure 8 (b), suggesting a
relatively higher AFm phase content. Hence, the enhanced mechanical performance
resulting from these hydration products further explicates the superior 28-day
compressive strength of Group LE4C recorded in Table 4. The decomposition of
Ca(OH): takes place between 350°C and 550°C, with the associated DTG absorption
peak appearing near 400°C. Figure 8 (b) also shows that Group LE4C has the greatest
weight loss attributed to Ca(OH). decomposition, which indicates a higher portlandite
content and, consequently, a higher pH within the hardened paste, thereby supporting
and extending the conclusions drawn in Sections 2.2.2 and 2.2.3. The minor thermal
event observed around 630°C for Group LE4C is ascribed to the release of occluded

water and does not influence the interpretation of the primary results.

2.2.5 Pore Structure of the LCCM
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Fig. 9 Differential pore size distribution at different curing ages (a) 3d, (b)28d
Porosity reflects the compactness of hardened paste. Lower porosity indicates fewer

pores, more complete solid filling, and higher compactness. Pores are classified by Wu
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[42] as harmless (<20 nm), less harmful (20—50 nm), harmful (50-200 nm), and more
harmful (>200 nm). C-S-H gel pores (0.5-2.5 nm) are below the equipment's detection
limit (>3 nm) and thus not considered.

Pore structure data are recorded in Tables 5 and 6. Table 5 demonstrates that the porosity
of harmless pores (<20 nm) in Group C was higher than in Group LC but lower than in
other groups. This trend is likely caused by the combined physical and chemical effects
of LS on the cementitious material. Adding LS increased the content of particles smaller
than 1 pm, thereby improving the packing density within this size range. As shown in
Figure 5 (b), it exhibited a higher early hydration rate. Thus, Group LC is more effective
than Group C in reducing the proportion of small pores. In contrast, the higher
proportion of pores smaller than 20 nm in Groups LE4C, LT6C, and LST2.5C compared
to Group LC is primarily due to chemical effects. Specifically, the retardation of cement
hydration by the GAs, as also indicated in Figure 5 (b), resulted in a relatively higher
residual water content within the pores.

The porosity for pores >20 nm and the total porosity in Group C are both lower than in
other groups (Table 5). Since less harmful pores have a relatively minor influence on
strength, the following analysis focuses on the contribution of harmful and more
harmful pores. When water is added to the cementitious materials, larger particles are
surrounded by more adsorbed water compared to finer ones. Moreover, during the early
stages of hydration, these coarse particles undergo minimal reaction. Therefore, the
larger the particle, the greater the probability that larger pores will form around it.
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Figure 6 is the differential pore size distribution curves for each experimental group
(the maximum value on the Y-axis represents the most probable pore size). According
to Figure 9 (a), the most frequent pore size in Group C ranged between 55 nm and 70
nm, while the other groups exhibited three distinct pore size ranges, with the largest one
approximately between 400 and 500 nm. Hence, the inferior 3-day strength of the
LCCM, relative to pure cement, can be explained from a pore structure standpoint by
the abundance of large, inert particles in the slag, which increases the porosity of
harmful and larger pores.

With prolonged curing, the continuous formation of hydration products enhanced the
compactness of the paste and refined its pore structure. This improvement is reflected
in Table 6, where all porosity parameters are lower than their corresponding values in
Table 5. Furthermore, as shown in Figure 9 (b), the most frequent pore sizes for all
groups converged toward a similar, narrower range.

Therefore, analysis of the pore structure indicates that incorporating GAs into the
composite cementitious material increased the early-age porosity and resulted in a more
complex pore size distribution. Meanwhile, their negative impact on the pore structure

is less pronounced at later ages.

Table 5 Porosity of different pore sizes after 3 days of curing age/%

Total
Sample 0-20 nm 20-50 nm  50-200 nm > 200nm > 50nm

porosity
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C 11.03 15.71 6.23 3.33 36.30 26.34

LC 10.35 17.15 9.53 3.78 40.81 32.61
LEAC 11.47 17.79 10.17 4.59 44.02 33.53
LT6C 11.16 17.63 9.74 3.98 42.51 32.27

LST2.5C 11.32 18.24 12.38 4.02 45.96 35.68

Table 6 Porosity of different pore sizes after 28 days of curing age/%

Total
Sample 0-20 nm 20-50nm  50-200 nm > 200nm > 50nm
porosity

C 9.84 12.01 5.44 2.28 29.57 26.11
LC 9.26 12.84 7.33 2.32 31.75 30.39
LE4C 10.48 12.97 7.02 1.01 31.48 25.51
LT6C 10.74 12.86 7.37 2.55 33.52 29.59
LST2.5C 10.86 13.18 8.03 3.21 35.28 31.86

3. Conclusions

This study investigated the effects of GAs on LS activity and on the hydration of LCCM.
The main conclusions are:

(1) Impact of GAs on the particle size distribution of LS. Adding GAs during LS
grinding has a limited effect on the minimum particle size but modifies the distribution

by increasing the fraction in the 3—32 um range. It also increased the maximum particle
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size by 188.89% for Group LE4, 166.67% for Group LT6, and 129.67% for Group
LST3.5, while SSA changes are within 10%. The grinding effect on LS thus differed
from their typical performance in cement systems: increased grinding efficiency,
narrowed particle size distribution, and enlarged the SSA.

(2) Chemical effects of GAs on LS. The addition of an appropriate dosage of GAs
increase the binding energies of Si2p, Al2p, and Ols in LS. It resulted in a higher Si—O
bond energy and reduced the symmetry of the aluminoxane tetrahedral structure,
thereby destabilizing the albite crystals. Consequently, the degree of polymerization of
the silicon-oxygen tetrahedra decreased from 75.7% to 70.4%. These changes promoted
the dissolution rates of both silicon and aluminum ions and enhanced the hydration
capacity of the slag, although the reduction in crystalline content remained limited.

(3) Effects of GAs on the hydration process of LCCM. The observed reduction in early
age strength and the increase in later age strength for Group LE4C can be attributed to
the dual role of EG during hydration. During the acceleration period of hydration, EG
inhibited the hydration of both CsS and C.S, whereas it accelerated the hydration of C.S
during the subsequent stable period. At later curing ages, the increased Ca(OH). content,
along with the distortion of the albite crystal structure in the LS, jointly promoted the
formation of hydration products. These products filled the pores in the hardened paste,

which improved its compactness and ultimate strength.
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