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Abstract

The accumulation of polyaluminium chloride (PAC) residue seriously restricts the sustainable development of water
purification agent industry. This study proposes the utilization of PAC residue as a mineral admixture in cement-based
materials, systematically investigates its effects on the physical, mechanical, and frost resistance properties of cement
mortar, and employs scanning electron microscopy (SEM) microstructural analysis to elucidate the underlying
mechanisms. The experimental results demonstrate that increasing PAC residue content leads to a gradual reduction in
mortar workability, while the 7-day compressive strength exhibits a steady decline with the increment of PAC residue
content. At a PAC residue content of 5%, the material exhibits optimal compressive strength at 28-day and 56-day curing
ages, achieving 26.6 MPa and 29.1 MPa, respectively. Additionally, at 5% PAC residue content, the pore structure
parameters of the mortar reach their optimal values, while the frost resistance achieves the highest level. SEM analysis
demonstrates that a modest incorporation of PAC waste residue effectively fills the internal pores of mortar, thereby
enhancing matrix compactness. Furthermore, the active components in PAC waste residue participate in secondary
reactions with cement hydration products, optimizing both the composition and distribution of hydration phases to refine
the mortar's microstructure.
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1. Introduction

With rapid economic development, environmental challenges have become increasingly prominent.
Consequently, research on the accumulation and resource upcycling of industrial by-products has emerged as a critical
focal point. The utilization of industrial waste in construction materials represents an indispensable pathway toward green
and low-carbon development (Atiea, 2025). Polyaluminum chloride (PAC) is a high-efficiency water purification agent (Li,
2022; Wu, 2020) possessing high adsorption capacity, large floc formation (Matsui, 2017; Ghafari, 2010), rapid settling
velocity, and strong adaptability (Tania, 2009; Singh, 2010), and is widely applied in wastewater treatment applications
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(Shirasaki, 2014; Xue, 2018). Numerous production methods exist for PAC (Zouboulis, 2010; Zakaria, 2020; Li,2022) , with
the most common involving a two-step acid leaching process: bauxite and calcium aluminate powder react with
hydrochloric acid or mixed acids to produce liquid PAC, while the precipitated solids form acidic viscous residue
(Zouboulis, 2010). However, prevailing waste residue disposal methods—predominantly landfill disposal and stockpiling—
pose significant contamination risks to soil strata and underlying aquifers. According to relevant research (Li, 2022), the
chemical composition of the treated PAC waste residue includes SiO2, Al203 and CaO, and has certain pozzolanic activity
(Krivenko, 2017; Manfroi,2013; Wijaya, 2024).

Currently, industrial waste slag with pozzolanic activity as the admixture of cement-based products is an effective
way of efficient resource utilization of waste slag. Cheng et al. (2016) and Wong et al. (2004) demonstrated that the
incorporation of mine tailings effectively fills matrix pores, optimizes microstructure, and thereby enhances mortar
strength. Ghalehnovi et al.(2019; 2019) found that an optimal proportion of red mud regulates concrete rheological
properties, reducing free water content while simultaneously improving durability. Ortega et al. (2019) further
demonstrated that the incorporation of red mud promotes the refinement of mortar microstructure. Manfroi et al. (2014)
experimentally determined that a 5% red mud replacement serves as the optimal dosage. Matos et al. (2018) and Steiner et
al. (2015) demonstrated that ceramic polishing powder at a 20% replacement rate simultaneously enhances flowability
without compromising strength. Liu & Wang (2017) further confirmed that steel slag-silica fume composite admixtures
significantly refine the pore structure of cement-based materials. The synergistic effect between silica fume’s early
pozzolanic activity and steel slag’s sustained hydration characteristics promotes C-S-H gel densification, drastically
reducing the proportion of harmful pores.

Studies demonstrate that the incorporation of industrial by-products with pozzolanic activity significantly
enhances the freeze-thaw durability of cement-based materials through the refinement of their pore structure (Nemec,
2024, Peknikova, 2025). Sun et al. (2022) demonstrated through rapid freezing tests that the pozzolanic reaction products
of self-coal gangue powder effectively reduce mortar porosity, thereby enhancing its freeze-thaw resistance. Meanwhile,
Jin et al. (2024) found that under low water-to-cement ratios, the incorporation of fly ash significantly decreases the
percentage of harmful pores after freeze-thaw cycles, improving the mortar’s resistance to such cycles. Xu et al. (2024;
2024; 2025) systematically investigated the influence of PAC residue on the performance of cement-based materials,
demonstrating that a low dosage of PAC residue significantly enhances the freeze-thaw resistance of concrete masonry
units. Meanwhile, Yang et al. (2022) proposed that PAC residue primarily functions as a micro-aggregate, filling mortar
pores and improving material strength at low replacement rates.

The review above shows that the mechanical properties of mortar can be improved by refining its microstructure
through adding an appropriate amount of PAC waste residue. This study utilized PAC residue subjected to acid- and
chloride-removal pretreatment, processed via drying and grinding to prepare a modified admixture. It systematically
investigated its underlying mechanisms in the mechanical properties, pore structure characteristics, and freeze-thaw
durability of mortar. Based on experimental results, this study proposes the optimal dosage range and recommended
process parameters of PAC residue in cement mortar, aiming to provide a scientific basis for its resourceful utilization in
the construction materials sector.

2. Methodology
2.1. Materials

The experiment employed P.042.5 ordinary Portland cement. The fine aggregate used was river sand with a
fineness modulus of 2.4, a maximum grain size of 1.18 mm, and a mass absorption rate of 0.91%, As shown in Figure 1.
PAC residue, a by-product of coagulant production in industrial processes, exhibits a density of 2.231 g/cm3 at ambient
temperature. Due to its weak acidic nature, it cannot be directly utilized as a cementitious admixture. Prior to
experimentation, the PAC residue underwent acid-removal pretreatment, and its specific preparation process is illustrated
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in Figure 2. PAC residue in its raw blocky form was subjected to drying, crushing, screening, and milling processes to
prepare PAC residue samples with specific particle size distributions (0-0.075 mm) for experimental investigation. The XRD
diffractogram of PAC residue is presented in Figure 3. Figure 4 reveals the microscopic morphology of PAC waste residues,
exhibiting heterogeneous particle size distribution, angular fragment morphology, and roughened surfaces with abundant
micropores.

PAC residue powder

Figure 2: Preparation process of PAC waste residue particles
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Figure 3: XRD diffraction pattern of PAC waste residue

Figure 4: Microscopic morphology of PAC waste residue
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Figure 5 presents the particle size interval distribution and cumulative distribution of cement and processed PAC
residue after grinding and sieving. The granulometric analysis reveals that PAC residue and cement exhibit similar particle
size distribution curves, with cement particles demonstrating a marginally smaller mean particle size compared to PAC
residue particles.
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Figure 5: Particle size distribution curves of cement and PAC waste residues
2.2. Mix ratio and specimen preparation

During the preliminary testing phase, the water demand of PAC residue was pre-determined following the
procedures specified in the Chinese National Standard GB/T 18736-2017. In this experiment, a relatively high water-binder
ratio of 0.8 was employed while maintaining a constant paste volume fraction of 45%. Five comparative groups were
established using the mass replacement method: a control group (0% replacement) and experimental groups with PAC
residue replacing 5%, 10%, 15%, and 20% of the cement content. The specific material proportions for each mix design are
detailed in Table 1.

Table 1: Mortar mix proportion

Serial number [-] Cement [kg/m?] Water [kg/m?] PAC residue [kg/m®] Sand [kg/m?]
PACMO 402.0 323 0 1411
PACM5 381.9 323 20.1 1411
PACMO 361.8 323 40.2 1411
PACM15 341.7 323 60.3 1411
PACM20 321.6 323 80.4 1411

During mortar preparation, PAC waste residue dry powder is initially mixed with cement for 1 minute to ensure
thorough homogenization and uniform dispersion. Subsequently, the mixture is blended with an aqueous solution
containing water and superplasticizer for 1 minute. Finally, fine aggregate is incorporated and mixed for 2 minutes to
achieve complete integration. The mixed mortar is cast into molds and placed in a standard curing cabinet with
temperature maintained at 20+2°C and relative humidity exceeding 90% throughout curing. Covered with plastic film to
prevent condensate from dripping and damaging the specimens. After 24 hours of curing, the specimens were demolded
and labeled, and subsequently continued to be cured in the standard environment until reaching the designated curing
ages for testing.
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2.3.Test method
1. Mortar consistency and compression test

The mortar consistency and compressive strength tests were conducted in accordance with JGJ/T70-2009
standard. After curing to the designated ages, the standard cubic specimens (70.7 mm x 70.7 mm x 70.7 mm) were
subjected to compressive strength testing using a 1000kN microcomputer-controlled hydraulic testing machine. The

loading rate was maintained at 1kN/s. For each curing age group, three replicate specimens are prepared, and the average
value is adopted as the final test result.

2. Mortar pore Structure test

Standard cubic specimens were subjected to 28-day standard curing and subsequently dried to constant mass at
105+5°C. During testing, the specimens were immersed in water, and their wet masses (m0.25h, m1h, and m24h) were
measured at three characteristic time points: 0.25 hours, 1 hour, and 24 hours. Finally, the maximum water absorption
rate (Wmax), pore size uniformity coefficient (a), and mean pore diameter (A) were calculated using Equations (1) and (2) of
the sorption kinetics model (Chen,1989). The correction term in the model accounts for the dual-pathway water absorption
mechanism specific to cement-based materials, involving capillary and gel pores.

Wy = Whpax (1 — e_llta) (1)
Wt = Wmax (1 - e_()qt)a) (2)
Where:

W - definition of the mass-based water absorption rate (%) of the specimen after t hours,

Whax - definition of the maximum mass-based water absorption rate,

A - definition of the average pore diameter of capillary pores, The A value is calculated as
the arithmetic mean of A; and A,, and a larger A value indicates a greater average pore diameter

a - definition of the uniformity of capillary pore sizes, with values ranging from 0to 1. A

higher a value indicates greater pore size uniformity, and a=1 signifies a single-capillary pore
structure in mortar.

The expression for W in Equations (1) and (2) is given by Equation (3):

mg—mg

We=—0 (3)

Where:

m. - definition of the mass of the specimen after soaking for t hours [g]
my - definition of the mass after drying [g].

The expression for ain Equations (1) and (2) is given by Equation (4):

in(1- i)

max

In (1 - ) 4)

max

In (t—i)

When t1=0.25 and t2=1, the value of a can be calculated.

In

x+a)"a =

When t=1 in Equation (1), the value of A1 can be calculated as shown in Equation (5).

W,
(x+a)*4; =In ($) (5)
Wmax - Wl

When t=0.25, the value of A2 can be calculated by substituting a into Equation (2).
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3. Freeze-thaw resistance test

In accordance with the provisions of JGJ/T70-2009 for mortar freeze-thaw resistance testing, the specimens were
subjected to freeze-thaw cycle testing after reaching a 28-day curing age. After every five freeze-thaw cycles, appearance
inspection, mass measurement, and compressive strength determination were conducted. For each mix proportion at
specified numbers of freeze-thaw cycles, three replicate specimens are tested, and the average value is adopted as the
final test result to assess durability performance under repeated freeze-thaw actions.

4. Scanning electron microscope (SEM) test

The microstructural characterization of the specimens was conducted using a Zeiss Merlin Compact field
emission scanning electron microscope. Upon reaching a 28-day curing age, cylindrical specimens with diameters ranging
from 5 mm to 10 mm were extracted from the central region of the mortar. Immediately after sampling, the specimens
were immersed in absolute ethanol to stop hydration and stored under sealed conditions. Prior to testing, the mortar
specimens were retrieved and subjected to drying treatment.

3. Discussion Results and Discussion
3.1. mortar consistency

The influence of PAC residue on mortar flow properties is illustrated in Figure 6, showing that mortar consistency
gradually decreases with increasing PAC residue content. When PAC content increases from 5% to 20%, mortar
consistency reduces from 88 mm to 75 mm, and mortar flowability decreases by 3.30% to 17.58% compared to the
reference group without PAC residue. This change primarily originates from the physical characteristics of PAC residue: its
irregular particle morphology increases internal frictional resistance within the system, thereby elevating water demand;
simultaneously, the porous surface structure adsorbs free water, reducing the effective water-to-binder ratio and
consequently diminishing mortar flowability.
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Figure 6: Effect of PAC residue content on mortar consistency

3.2. Compressive strength

Figure 7 illustrates the variation in compressive strength and compressive strength ratio of mortar incorporating
PAC residue across different curing ages. The compressive strength ratio is defined as the ratio of the compressive
strength of each group to that of the reference group without PAC residue, primarily aiming to more intuitively reflect the
impact of PAC residue on mortar compressive strength. It can be observed that PAC residue exerts an adverse effect on
the early compressive strength of mortar, with the 7-day compressive strength exhibiting a decreasing trend as PAC
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residue content increases. Specifically, compared to the reference group without PAC residue (compressive strength: 18.5
MPa), the strengths of mortar specimens with PAC residue contents of 5%, 10%, 15%, and 20% were 17.8 MPa, 16.9 MPa,
15.5 MPa, and 13.8 MPa, respectively, corresponding to strength reduction rates of 3.78%, 8.65%, 16.22%, and 25.41%.
This is attributed to the larger particle size of PAC residue, which slows down the hydration reactions of cement (Hansen,
2020), thereby impeding the early strength development of mortar.

However, by comparing the compressive strength of mortar at 14-day and 28-day curing ages, it is observed that
the compressive strength exhibits an initial increase followed by a subsequent decrease with increasing PAC residue
content. Peaking at 5% incorporation, with strength gains of 3.50% and 2.47% relative to the reference group at 14-day and
28-day curing ages, respectively. This is attributed to the micro-filler effect of a low PAC residue content, which effectively
fills internal pores and optimizes the pore structure of mortar, thereby facilitating the development of later-age strength. It
is noteworthy that even at a PAC residue content of 10%, the 28-day and 56-day compressive strengths of the mortar
remain comparable to the reference group, indicating that within this dosage range, the mortar’s later-age strength
performance can still reach or even exceed that of conventional mortar. Therefore, the moderate incorporation of PAC
residue can maintain or enhance the long-term mechanical properties of mortar to a certain extent. Concurrently,
experimental observations demonstrated that all specimens exhibited brittle failure characterized by sudden
fragmentation along dominant shear planes, with no statistically significant variations observed across mix proportions,
thereby establishing that PAC waste residue incorporation does not alter the fundamental failure mechanism of the mortar.
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Figure 7: Compressive strength and compressive strength ratio of mortar

3.3. Mortar pore structure parameters

According to the test data, the influence of the law of PAC waste residue content on mortar mass water absorption
Wmax, pOre uniformity coefficient a and average pore diameter A is drawn as shown in Figure 8.

As shown in Figure 8, the influence of PAC residue content on mortar pore structure exhibits a distinct nonlinear
relationship: at the optimal 5% PAC residue content, the system simultaneously achieves synergistic optimization of three
critical parameters. Specifically, water absorption is reduced to 0.119 (an 8.3% decrease compared to the reference
group), the pore size uniformity coefficient is enhanced to 0.686 (1.12 times the peak value of the reference group), and the
average pore size is reduced to 0.686 um (a 4.3% decrease relative to the reference group). As PAC residue content
continues to increase, the mortar’s water absorption and pore size parameters exhibit synchronized deterioration,
indicating the presence of a critical dosage effect in the optimization of mortar pore structure by PAC residue. When PAC
residue content is below 5%, its active components react with cement hydration products to effectively fill transition pores.
Simultaneously, PAC residue particles act as a micro-graded medium, improving the pore structure and enhancing mortar
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density. However, excessive PAC residue replacement of cement leads to a reduction in hydration product formation,
resulting in an increase internal microcrack density and subsequent deterioration of the pore structure.
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Figure 8: Effect of PAC waste residue content on the structural parameters of mortar pores: a) 28-day mass water absorption
and pore size uniformity coefficient; b) 28-day average pore size

3.4.Freeze-thaw resistance
1. Mass loss

The experimental results showing the mass loss rate of PAC residue-containing mortar specimens as the number
of freeze-thaw cycles increases are presented in Figure 9.
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Figure 9: Mass loss rate

As illustrated in Figure 9, during the initial phase of freeze-thaw cycles, pore water freezing-induced expansion
generates microcracks, leading to increased water absorption and temporary mass gain. However, as the freeze-thaw
cycle progresses, the degradation of the interfacial transition zone (ITZ) and progressive matrix disintegration result in a
gradual increase in the mass loss rate of mortar specimens. Upon reaching 15 freeze-thaw cycles, all mortar groups
incorporating PAC waste residue exhibited mass loss, except the reference group. As shown in Figure 10, progressive
surface deterioration manifested as increasing roughness, pitting, spalling, and corner breakage with escalating freeze-
thaw cycles. This degradation was further exacerbated by through-crack formation, intensifying overall mass loss.

During the initial phase of freeze-thaw cycles, the mass loss rate of low-admixture groups (£5%) is lower than that
of the reference group, which is attributed to the optimized pore structure’s inhibition of moisture migration. When the
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number of freeze-thaw cycles reaches 15, the high-dosage groups (>5%) exhibit an anomalous decrease in mass loss rate.
The fundamental cause lies in the increased water-to-binder ratio resulting from PAC residue replacing cement. Unreacted
PAC residue particles act as aggregates while maintaining internal relative humidity through their high-water absorption
capacity. Although this phenomenon temporarily delays apparent mass loss, it accelerates durability degradation by

promoting microcrack propagation.

Figure 10: Failure mode of the mortar freeze-thaw cycle test

2. Compressive Strength Loss

As illustrated in Figure 11, the compressive strength loss rate of mortar specimens after freeze-thaw damage
exhibits a variation trend dependent on PAC residue content and the number of freeze-thaw cycles. The experimental
results demonstrate that as the number of freeze-thaw cycles increases, the degree of damage inflicted on the specimens
gradually intensifies. The PAC residue content exhibits a significant dose-dependent effect on mortar freeze-thaw damage.
For the 5% dosage group, the compressive strength loss rates after 5, 10, and 15 freeze-thaw cycles are 16.70%, 32.71%,
and 47.13%, respectively. In contrast, the 20% dosage group demonstrates increased loss rates of 20.44%, 40.67%, and
60.93%. Its deterioration rate increased by 60.5%. This is attributed to the hydrophilic reaction of PAC residue, which
possesses a strong water absorption capacity. The absorbed moisture undergoes volume expansion during freezing,
exerting pressure on the internal structure and causing damage. Furthermore, the increased internal moisture content
amplifies freeze-thaw pressure, exacerbating specimen deterioration [26]. Consequently, as the PAC residue content
increases, the compressive strength loss rate of mortar specimens becomes more pronounced due to intensified

microcrack propagation.
Notably, when PAC residue content is 5%, the compressive strength loss rates after 5, 10, and 15 freeze-thaw

cycles are reduced by 0.4%, 1.09%, and 1.3%, respectively, compared to the reference group without PAC residue. This

indicates that partial cement replacement with PAC residue (5%) optimizes the pore structure of cementitious matrices

by refining pore connectivity and reducing capillary porosity, thereby enhancing freeze-thaw resistance.
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3.5. Microstructure analysis

To investigate the influence mechanisms of PAC residue content on the microstructure and hydration products of
mortar specimens, SEM analysis was conducted on three groups of mortar specimens with different PAC residue contents
(0%, 5%, and 20%). All specimens were sampled at the 28-day curing age to ensure complete hydration. Figure 12 presents
SEM micrographs magnified at 1000x and 5000x, respectively, illustrating the microstructural characteristics of the three
groups of specimens with varying PAC residue contents (0%, 5%, and 20%).
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Figure 12: Microstructure of mortar under different PAC waste residue contents

As shown in Fig. (a), the PAC-free mortar exhibits a typical hydrate distribution: The matrix is densely interwoven
with a network of calcium silicate hydrate (C-S-H) and needle-shaped ettringite (Aft), forming a continuous skeleton that
results in a relatively dense structure. However, high-resolution SEM observations reveal the presence of micropores
within this system, which may serve as potential initiation sites for freeze-thaw damage.
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Microstructural analysis of Fig. (b) indicates that at 5% PAC waste residue incorporation, the quantity and
morphological characteristics of AFt crystals in the mortar system are highly consistent with those of the reference group,
demonstrating that PAC waste residue does not disrupt the aluminate-phase-dominated initial hydration pathway.
Notably, the mortar incorporating 5% PAC waste residue exhibits a more compact microstructure: significantly enhanced
matrix continuity, substantially reduced porosity, and an absence of discernible crack defects. Notably, mortar specimens
incorporating 5% PAC residue exhibit a more compact microstructure characterized by a continuous matrix without
cracks, significantly reduced porosity, and no apparent defects. This phenomenon arises from the dual optimization
mechanisms of PAC residue: On the one hand, a small amount of PAC waste residue particles can effectively fill the
internal pores of mortar, reducing pore connectivity; on the other hand, its reactive components undergo secondary
hydration reactions with cement hydration by-products Ca(OH),, generating additional calcium silicate hydrate C-S-H gel
to refine the pore structure. The optimized microstructure exhibits excellent consistency with macroscopic performance
enhancements, including elevated compressive strength and mitigated strength loss rate under freeze-thaw cycles,
thereby elucidating the durability-enhancing mechanisms of PAC waste residue in mortar through a multiscale analysis.

As depicted in Figure (c), when PAC residue content reaches 20%, excessive PAC incorporation induces
observable microstructural degradation: a substantial reduction in AFt crystal quantity combined with insufficient
hydration products disrupts matrix continuity, resulting in a porous and loosely packed microstructure characterized by
increased interparticle gaps. This phenomenon arises because excessive PAC dilutes the concentration of cement
clinker, inhibits the formation of hydration products, and thus compromises the cementitious capability of the system. As
the majority of unreacted PAC residue remains inert filler material, occupying spaces that would otherwise be filled by
hydration products, the mortar matrix becomes increasingly loose and porous. Consequently, excessive PAC residue
exerts detrimental effects on both compressive strength and frost resistance.

In summary, with a 5% PAC waste residue incorporation, the cement-based material achieves optimal
mechanical properties and freeze-thaw resistance, demonstrating significant superiority over the reference group. This
dosage effectively optimizes pore structure parameters and yields a denser microstructure, confirming its engineering
applicability.

4. Conclusion

This study systematically investigates the synergistic influence mechanisms of PAC residue dosages on the
macroscopic properties and microstructure of cement mortar, with primary findings summarized as follows:

(1) The mortar consistency decreases with increasing PAC residue content, exhibiting a more pronounced decline
at higher dosages. While PAC residue inhibits early-stage cement hydration, a moderate dosage optimizes long-term
compressive strength development. Specifically, the 28-day and 56-day compressive strengths peak at 5% PAC residue
content, reaching 26.6 MPa and 29.1 MPa, respectively.

(2) At 5% PAC residue content, the pore structure parameters of the mortar reach their optimal values, while the
mass loss and compressive strength degradation after freeze-thaw cycles are both lower than those of the reference group
without PAC residue addition.

(3) SEM analysis demonstrates that moderate PAC residue replacement does not significantly reduce hydration
products but instead effectively fills micro-cracks in the cement matrix, enhancing the overall compaction of the structure.
Additionally, PAC residue can undergo secondary hydration reactions with cement hydration products, thereby improving
the internal pore structure of mortar and enhancing its strength and durability.
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