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Abstract

Rapid growth of water conservancy/hydropower projects has spurred rising demand
for sand-gravel aggregates. Under strict water use and zero-waste policies, treating wet-
process aggregate washing wastewater is challenging. Flocculants—key chemicals in this
process—directly influence treatment efficiency and operational costs via their type, dosage,
and efficacy. Further development of the intelligent control system for flocculant dosing
can reduce flocculant consumption by 50% to 67%. However, existing studies have an
insufficient understanding of the identification of emerging contaminants in aggregate
washing wastewater and the migration of flocculants in multi-medium environments, as
well as a lack of research on the synergistic effects of multiple flocculants. Another key core
challenge lies in the accurate identification of the impact of flocculant residues on concrete
performance, along with the problems of high cost and poor adaptability of intelligent
systems. Future research directions will focus on precise flocculation, residue control and
resource utilization to drive the development of efficient and environmentally friendly
treatment technologies.

Keywords: aggregate washing wastewater; flocculation; residual flocculant; flocculant
accumulation; recycling; intelligent dosing

1. Introduction
Sand and gravel aggregates are the basic materials in the water conservancy construc-

tion industry and are in great demand in various engineering constructions [1,2]. During
the construction of water conservancy facilities such as dams and channels, the acquisi-
tion of sand and gravel aggregates usually follows the principle of local sourcing, that is,
excavating mountains and crushing rock masses near the construction site to prepare the
required aggregates [3]. The surface of freshly crushed sand and gravel is attached with a
large amount of clay powder, so the wet production process is required, and it needs to be
fully washed in the screening equipment to meet the construction quality requirements [4].
Although the wet process can effectively improve the cleanliness of aggregates and sup-
press dust pollution, it will generate a large amount of aggregate washing wastewater
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containing high-concentration suspended solids (SS) [5]. This kind of wastewater has a
high content of fine particles and poor sedimentation performance. These SS are the direct
cause of water turbidity, sedimentation, and habitat destruction after being discharged
into the natural environment [6]. They are also the main control indicators for the on-site
treatment and discharge of aggregate washing wastewater in the current environmental
protection standards of the water conservancy construction industry. With the increasingly
strict environmental protection regulations, achieving “zero discharge” of aggregate wash-
ing wastewater has become a basic requirement for the water conservancy engineering
industry [7].

The core of aggregate washing wastewater treatment lies in achieving solid precipita-
tion and solid–liquid separation [8]. At present, wastewater treatment plants supporting
major water conservancy construction projects generally adopt processes such as pre-
precipitation, flocculation precipitation or multi-stage precipitation to achieve this goal,
and combine technologies such as filter-press dewatering to recover sludge [5,9,10]. At the
same time, the treated clean water that meets the standards is reused to improve resource
utilization. In China, the concentration of SS in the treated wastewater is usually required
to be no higher than 70 mg/L to meet the “Integrated Wastewater Discharge Standard”
(GB8978-1996) [11]. Currently, the aggregate washing wastewater treatment processes are
mainly divided into three categories: the horizontal flow natural precipitation scheme, the
radial flow coagulation precipitation scheme, and the high-efficiency cyclone wastewater
purifier scheme [12,13]. Among these three processes, horizontal flow natural precipitation
requires long retention times (unsuitable for continuous production) and radial flow coagu-
lation precipitation has high infrastructure costs. In contrast, flocculation-sedimentation
technology stands out due to its high treatment efficiency and low operational costs, mak-
ing it the cornerstone of aggregate washing wastewater treatment in most large-scale water
conservancy projects.

Flocculation-sedimentation technology has emerged as the cornerstone of aggregate
washing wastewater treatment owing to its remarkable efficiency and cost-effectiveness [14,15].
The selection and optimization of flocculants are pivotal, as they directly govern the
solid–liquid separation efficiency, operational stability of the treatment system, and overall
processing costs [15,16]. Recent years have witnessed substantial advancements made by
global researchers in areas including flocculant development, mechanistic insights, process
optimization, and residual effect analysis [6,15]. Nevertheless, a comprehensive synthesis
of progress in flocculation-based treatment of aggregate washing wastewater remains
lacking. Existing review papers in this field either focus on flocculation technologies for
general industrial wastewater without targeting the unique physicochemical properties of
aggregate washing wastewater (e.g., ultra-high SS concentration, lithology-dependent par-
ticle characteristics, and stringent reuse requirements), or only discuss a single aspect, such
as flocculant types, while lacking a systematic integration of “wastewater characteristics-
treatment challenges-flocculation optimization-residue risk-control strategies” [17,18]. In
addition, there is a lack of comprehensive summaries that link cutting-edge technologies
such as precise flocculation and intelligent dosing with the practical needs of zero-discharge
in water conservancy projects.

To address this gap, this review systematically consolidates existing research findings
and provides an up-to-date overview of key developments. Specifically, it examines:
(1) the unique characteristics and treatment challenges of aggregate washing wastewater;
(2) the classification and functional mechanisms of flocculants; (3) optimization strategies
and intelligent control methods for flocculant application; (4) the impacts of flocculant
residues on downstream processes. By integrating these perspectives, this work not only
constructs a complete technical framework for aggregate washing wastewater treatment,
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but also provides targeted theoretical guidance and practical solutions for the engineering
application of zero-discharge and resource utilization in water conservancy projects.

2. Characteristics and Treatment Challenges of Aggregate
Washing Wastewater

Aggregate washing wastewater primarily originates from washing, screening, and
crushing processes in aggregate production. Its physicochemical characteristics are influ-
enced by multiple factors, including parent rock lithology, water consumption patterns
during production, and recycling methodologies [19]. The wastewater has two defining
features: low organic content and ultra-high concentrations of solid particulates. The SS
concentrations typically range from several thousand to tens of thousands of mg/L, posing
significant challenges for solid–liquid separation [5]. Daily influent volumes fluctuate
drastically depending on concrete project schedules and production cycles, complicating
operational stability. In addition, the SS exhibit a broad particle size distribution. For
instance, in wastewater from a large mine in Anhui, particles with a size of ≤25 µm ac-
counted for 86.57% of the total SS, among which ultrafine fractions (≤23 µm) constituted
64.69% [20]. These particles predominantly consist of calcite (CaO: 52.73%), with minor
SiO2 and MgO components. The high specific surface area and surface energy of ultrafine
particles promote stable colloidal systems, drastically reducing natural gravitational sedi-
mentation efficiency. Zeta potentials of SS in such wastewater are typically negative, e.g.,
−20.8 mV (granite-derived) and −16.4 mV (amphibolite-derived) [21]. This electrostatic
repulsion inhibits particle aggregation, necessitating advanced destabilization strategies
like electro-neutralization or polymer-assisted flocculation.

Therefore, the treatment of aggregate washing wastewater presents multifaceted
technical challenges due to its unique physicochemical characteristics. These difficulties
can be systematically categorized as follows (Figure 1):

1. Low sedimentation efficiency: Ultrafine particles exhibit pronounced Brownian mo-
tion, resulting in prolonged natural sedimentation times spanning several hours to
days—far exceeding the demands of continuous production systems. Furthermore,
sedimentation rates of wastewater vary substantially across different lithologies,
necessitating the addition of flocculants to enhance settling efficiency [22].

2. Significant water quality fluctuations: Variations in water consumption patterns and
aggregate source compositions during production induce marked fluctuations in
wastewater quality [23]. Such instability challenges the operational reliability of
treatment systems.

3. Substantial variations in wastewater volume: The volume of wastewater fluctuates
considerably throughout the construction phase. To accommodate these load varia-
tions, stringent requirements are imposed on the design of chemical dosing methods
and dosages. Notably, excessive flocculant dosing may trigger floc redispersion or
elevate the moisture content of the resulting filter cake [24,25].

4. Pronounced lithological diversity: Wastewater characteristics derived from distinct
lithologies (e.g., granite, amphibolite, basalt) differ markedly. Consequently, floccu-
lants with tailored sedimentation kinetics must be selected to optimize performance.

5. Stringent requirements for reuse water quality: Treated effluent is recycled for produc-
tion purposes, yet residual flocculants pose risks to downstream processes, demanding
rigorous quality control.

In recent years, research on aggregate washing wastewater management has priori-
tized addressing these technical challenges. Among these, the strategic selection and precise
control of flocculants emerge as pivotal to overcoming the aforementioned obstacles.
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Figure 1. Difficulties in aggregate washing wastewater treatment.

3. Types and Action Mechanism of Flocculant
The flocculants predominantly employed in aggregate washing wastewater treatment

encompass three main categories: inorganic flocculants, organic polymeric flocculants, and
composite flocculants [26]. These agents destabilize and aggregate suspended particles
via three primary mechanisms: charge neutralization, adsorption bridging, and sweep
flocculation [27]. Charge neutralization involves the electrostatic interaction between
positively charged flocculant species and negatively charged colloidal particle surfaces,
thereby reducing the zeta potential and destabilizing the colloidal system [28]. Adsorption
bridging entails the adsorption of polymer flocculants onto multiple particles through
functional groups, forming a “particle–polymer–particle” bridging network that facili-
tates floc growth [29]. Sweep flocculation corresponds to the entrapment and removal of
suspended particles by hydroxide precipitates generated via hydrolysis of aluminum- or
iron-based flocculants during precipitate formation, enabling coprecipitation [15]. Among
these, polyaluminum chloride (PAC) and polyacrylamide (PAM) represent the most ex-
tensively utilized conventional flocculants [30]. As an inorganic flocculant, PAC primarily
compresses the double electric layer through hydrolysis products of high-valent aluminum
salts, neutralizing colloidal surface charges to induce particle destabilization and aggrega-
tion. As an organic polymeric flocculant, PAM utilizes its long-chain structure to bridge and
interconnect particles, forming large-sized flocs that expedite sedimentation. These case
studies highlight a key principle: flocculant selection must align with wastewater lithology.

While PAC and PAM dominate industrial applications due to their cost-effectiveness
and efficiency, growing concerns about flocculant residues and environmental impacts
have spurred interest in biopolymer flocculants. Specifically, biopolymer materials, as
another type of flocculant, have been extensively studied. They are environmentally
friendly flocculants prepared from natural biological macromolecules. Starch-based floc-
culants and chitosan are the two most representative types among them. Natural starch
molecules contain a large number of hydroxyl groups and mainly flocculate through the
adsorption-bridging effect. After modification by cationization, graft copolymerization,
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etc., positively charged groups (such as quaternary ammonium groups) are introduced into
the molecular chain, significantly enhancing the charge neutralization effect and improving
the flocculation effect on negatively charged pollutants in printing and dyeing wastewa-
ter and papermaking wastewater. Chitosan molecular chains contain a large number of
amino groups (-NH2) and hydroxyl groups. Under acidic conditions, the amino groups
are protonated to form -NH3

+, with extremely strong charge neutralization ability, which
can efficiently adsorb negatively charged colloids in water. At the same time, the linear
structure of the molecular chain and active groups can also play an adsorption-bridging
role, resulting in a fast flocculation rate and dense flocs. However, currently, due to cost
and potential unknown subsequent impact risks, there are few actual engineering cases of
using biopolymer materials for aggregate washing wastewater. But their environmentally
friendly characteristics may safeguard water conservancy projects in ecologically fragile
areas, and it is necessary to carry out relevant research on flocculation effects and life-cycle
impacts. A comparative analysis of flocculant performance in typical aggregate washing
wastewater treatment is presented in Table 1.

Table 1. Performance comparison of commonly used flocculants in aggregate washing wastewa-
ter treatment.

Flocculant Type Mechanism Advantages Limitations References

PAC
Charge

neutralization,
sweep flocculation

Low cost, wide
application range

Residual ions may affect
subsequent processes [23]

Anionic PAM
(APAM)

Adsorption bridging,
charge patch

Good effect on carbonate
rock wastewater,

dense flocs

Poor effect on highly
negatively charged particles [31]

Cationic PAM
(CPAM)

Charge
neutralization,

adsorption bridging

Strong ability to
neutralize negatively

charged particles

High cost, excessive dosage
may cause toxicity [31]

Non-ionic PAM Hydrogen bond
adsorption, bridging

Less affected by pH, wide
adaptation range Slow flocculation speed [31]

Modified
sodium alginate

Bridging,
gel adsorption

Environmentally friendly,
improves

concrete performance

Complex
preparation process [32]

Starch-based
flocculants Adsorption bridging Environmentally

friendly, biodegradable
Poor stability, weak floc

sedimentation performance [33]

Chitosan
Charge

neutralization,
adsorption bridging

Environmentally
friendly, Biodegradable

Poor stability, weak floc
sedimentation performance [34]

Although the flocculation mechanisms of flocculants do not differ much, the floccula-
tion effects of different types of flocculants vary greatly in the actual treatment process. One
of the most important reasons is that the lithologies of SS in different aggregate washing
wastewater are different. The interaction process between SS and flocculants and the
structural morphology of flocs determine the quality of the flocculation effect. Granite,
as a widely utilized sand-gravel aggregate in hydropower engineering, exhibits distinct
sedimentation behaviors in associated wastewater treatment. Zhai et al. [35] observed that
natural sedimentation of granite wastewater for 30 min achieves a SS removal efficiency
of 95%. The addition of PAC or PAM flocculants significantly enhances SS sedimenta-
tion efficiency. Notably, sole PAM addition yields the fastest sedimentation (5 min), yet
the supernatant SS concentration remains above 100 mg/L. In contrast, PAC addition
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results in a slower sedimentation process (30 min) but achieves a lower minimum SS
concentration of 10 mg/L. Flocculant sedimentation efficacy is also markedly influenced
by the lithology of sand-gravel aggregates. Li et al. [21] investigated wastewater from two
lithologies—granite and amphibolite—at the Xulong Hydropower Station. Given that both
granite and amphibolite exhibit negative Zeta potentials, the combination of CPAM and
PAC demonstrated optimal performance (Figure 2). Subsequent response surface method-
ology (RSM) analysis of single-factor experimental parameters revealed that under optimal
flocculation conditions (PAM: 6.03 mg/L, PAC: 27.15 mg/L, stirring speed: 90 r/min, time:
60 s), amphibolite wastewater attained an optical transmittance of 97.5%; similarly, granite
wastewater reached 96.2% transmittance under its optimal conditions (PAM: 3.75 mg/L,
PAC: 154.33 mg/L, stirring speed: 90 r/min, time: 95 s).

In another study on Anhui mine wastewater, APAM (molecular weight: 16 million
Da) outperformed non-ionic and cationic counterparts [20]. This superiority stems from
the primary composition of ultrafine tailings in the wastewater being calcite: APAM fa-
cilitates bridging interactions with positively charged Ca2+ ions, forming compact flocs
that enhance sedimentation performance. Hence, for aggregate washing wastewater from
diverse projects, tailored analysis of water quality characteristics combined with floccu-
lant adaptability tests is essential to identify optimal agents, thereby ensuring effective
treatment outcomes.

 

Figure 2. (a) Zeta potential distribution diagrams of (a) amphibolite and (b) granite simulating SS
wastewater [21]; (c) Turbidity changes in aggregate washing wastewater in the systems with separate
and combined addition of different types of PAM and PAC [21].

4. Advances in Optimization and Control Strategies for Flocculants
The flocculation efficacy of aggregate washing wastewater is governed not only by

flocculant type but also significantly influenced by the optimization of key operational
parameters, including flocculant dosage, stirring speed, and residence time [36,37]. System-
atic optimization of these conditions enhances flocculation efficiency significantly while
reducing operational costs. In recent years, notable progress has been made in the opti-
mization of flocculation dosing systems through research and engineering applications.
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Notably, the rapid advancement of artificial intelligence (AI) and related fields has opened
new avenues for the precise regulation of the flocculation dosing process [38,39].

Lu et al. [5] investigated the SS concentrations of the supernatant after 60 min and
120 min natural sedimentation of aggregate washing wastewater from the Yebatan Hy-
dropower Station, and evaluated the effects of different flocculant combinations. The
experiments revealed that natural sedimentation had limited SS removal efficiency. With
PAC dosages of 10 mg/L and 50 mg/L, SS concentrations decreased to 450 mg/L and
250 mg/L after 60 min, respectively. When 10 mg/L PAM was dosed alone, the suspended
turbidity stabilized at 600 mg/L after 60 min. Although the combined use of PAC and PAM
improved SS removal, the enhancement was not significant considering comprehensive
economic benefits. Zhang et al. [20] analyzed the influences of SS concentration, flocculant
molecular weight, and flocculant unit consumption on flocculation efficiency in aggregate
washing wastewater from an Anhui mine. Results indicated that flocculant molecular
weight and unit consumption had the most significant effects on SS concentration (p < 0.05),
while flocculant molecular weight and SS concentration were the primary factors influenc-
ing maximum sedimentation velocity. Beyond flocculant parameters, process conditions
also critically affected flocculation performance: rapid stirring speed and duration directly
governed flocculant-particle mixing efficiency and floc quality. Insufficient stirring led to
uneven mixing, whereas excessive stirring disrupted floc structure. Wang [40] adopted
a combined “horizontal flow sedimentation + flocculation sedimentation” process for
treating wastewater from the Guandi Hydropower Station. With a flocculant regimen
of 500 mg/L PAC (5%) and 25 mg/L industrial caustic soda flakes (1%), and optimized
hydraulic retention time (60 min) and sludge discharge cycle (2.5 h), the system achieved
stable operation, with effluent meeting the first-class standard of the Integrated Wastewater
Discharge Standard (GB 8978-1996) [11].

While traditional parameter optimization improves flocculation under static condi-
tions, it fails to adapt to the dynamic variability of aggregate washing wastewater—such
as daily fluctuations in SS concentration or changes in lithology from raw material shifts.
Fixed dosing regimens often lead to over-dosing or under-dosing. To address this limita-
tion, intelligent flocculant dosing systems—integrating real-time monitoring and AI—have
emerged as a solution [41]. These systems employ sensors—such as online turbidimeters
and flow meters—to track real-time fluctuations in water quality parameters. By incor-
porating preset algorithms, these systems dynamically adjust flocculant dosages, thereby
ensuring treatment efficacy while minimizing chemical consumption [42]. Equipped with
capabilities for real-time monitoring, intelligent analysis, and autonomous decision-making,
such systems significantly enhance treatment efficiency and operational stability, reduce
manual intervention, and lower operating costs. Particularly in ecologically fragile regions
like plateaus and canyons, the deployment of intelligent control systems is pivotal for
achieving the “zero discharge” target of aggregate washing wastewater.

The intelligent control system for aggregate washing wastewater typically adopts
a hierarchical distributed architecture, comprising four core layers: the perception layer,
transmission layer, platform layer, and application layer (Figure 3) [43]. The perception
layer is tasked with collecting diverse parameters during wastewater treatment, including
key indicators such as SS concentration, pH value, and flow rate [44]. The transmission layer
utilizes communication technologies (e.g., industrial internet, 5G) to upload the collected
data to the control center in real time. Serving as the system’s “brain,” the platform layer
stores, mines, and analyzes massive datasets to generate decision-making commands.
The application layer then translates these commands into specific operations, enabling
full-process intelligent control. This architectural design endows the system with state
perception, real-time analysis, scientific decision-making, and precise execution capabilities,
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driving the transition of aggregate washing wastewater treatment from “experience-driven”
to “data-driven” paradigms [45].

 

Figure 3. Schematic diagram of an intelligent treatment and control system for aggregate washing
wastewater. This system addresses the core challenge of wastewater variability (e.g., fluctuations in SS
concentration and lithology) by integrating real-time monitoring and adaptive dosing. Its hierarchical
architecture enables the transition from traditional ‘experience-driven’ dosing to ‘data-driven’ precise
flocculation, which is critical for achieving ‘zero discharge’ in ecologically fragile areas (e.g., plateaus
and canyons). Each layer’s function is as follows: (1) Perception layer: Collects key parameters (SS,
pH, flow rate) via online sensors to capture real-time wastewater variability; (2) Transmission layer:
Transmits data via 5G/industrial Ethernet to ensure timeliness; (3) Platform layer: Uses AI algorithms
(e.g., machine learning) to analyze data and generate optimal dosing commands; (4) Application
layer: Executes commands (e.g., adjusting metering pumps) to maintain treatment efficiency while
minimizing flocculant consumption.

Among these, intelligent monitoring serves as the cornerstone for achieving precise
control. Modern intelligent control systems for aggregate washing wastewater extensively
employ advanced sensing devices—including multi-parameter online water quality mon-
itors, ultrasonic flow meters, and particle counters—to enable real-time tracking of key
indicators [46,47]. Given the high SS concentration characteristic of hydropower sand-
gravel systems, it is essential to equip these systems with detectors capable of online
high-SS concentration measurement. Currently, the maximum measurement range of
commercially available imported instruments reaches 1–500,000 mg/L. However, such
products are costly and unsuitable for most aggregate washing wastewater treatment
facilities. Moreover, large-range instruments exhibit a detection accuracy of only ±5%,
rendering them inadequate for handling the frequent concentration fluctuations inherent
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to aggregate washing wastewater. To address this challenge, Fan et al. [48] collaboratively
developed a low-cost online rapid detection device for high-SS-concentration aggregate
washing wastewater. Through an innovative design of the constant-volume dilution device
structure and synchronous coupling of an internal stirring unit with an external mechanical
vibrator, the device enhances the mixing efficiency of backwash water and aggregate wash-
ing wastewater in the dilution tank. This innovation effectively mitigates issues such as
inaccurate measurements caused by SS natural sedimentation and pipeline clogging. The
SS concentration meter’s sensor directly obtains the mixed solution concentration, enabling
real-time detection of diluted wastewater. Theoretically, it can measure wastewater of
any high concentration, resolving the compatibility limitations of existing concentration
detectors with aggregate washing wastewater systems.

Dosing represents another critical step in aggregate washing wastewater treatment.
The intelligent dosing system achieves precise flocculant dosing through a dosing model-
integrated feedback control mechanism. Specifically, based on real-time monitoring
data—including influent flow rate and SS concentration—the system dynamically cal-
culates the optimal dosing amount via a built-in algorithm and precisely regulates delivery
through a variable-frequency metering pump. By replacing traditional experience-based
dosing, intelligent dosing addresses the limitations of “insufficient dosing” or “chemical
waste,” reducing flocculant consumption by 2–3 fold [49].

5. Effects of Flocculant Residues on Downstream Processes
In the treatment of aggregate washing wastewater, flocculants predominantly partition

into the dewatered sludge. However, in practical engineering applications, to guarantee
effluent quality, flocculant dosages frequently exceed the theoretical requirements for
flocculation-sedimentation. Presently, the flocculation-treated clear water is typically re-
cycled for the washing of aggregates. Consequently, flocculants gradually accumulate
throughout the reuse cycle. These residues can persist in recycled water and on the surfaces
of sand and gravel, potentially exerting adverse effects on wastewater treatment efficiency
and subsequent concrete production processes [50].

Wu et al. [51] analyzed the accumulation patterns of flocculants during the reuse of
flocculation-treated aggregate washing wastewater from the Xulong Hydropower Station.
Two dosing scenarios were investigated: high PAC dosage (154.33 mg/L) and low PAC
dosage (25.0 mg/L) coupled with high CPAM dosage. Under the high PAC dosage con-
dition, after 50 consecutive reuse cycles, the flocculation performance remained stable.
However, cyclic accumulation impeded the bonding of SS flocs into large-sized aggregates,
with the floc diameter decreasing from approximately 400 µm to 200 µm (Figure 4). As
the number of reuse cycles increased, the supernatant Zeta potential gradually rose from
−9 mV and approached 0 (Figure 5a). At this stage, adding CPAM was unfavorable for
the formation of voluminous flocs. In contrast, under the low PAC + high CPAM dosage
condition, the effluent quality was significantly inferior to that of the high PAC scenario,
but the bottom-layer flocs exhibited tighter aggregation. Notably, the formation of large
flocs was unaffected by the increasing number of reuse cycles. After 10 cycles, the solution
Zeta potential increased from the initial −3.5 mV to 1 mV (Figure 5b). This phenomenon
was attributed to CPAM accumulation, which induced excessive residual positive charges
in the supernatant. The elevated positive charge hindered floc settling, thereby reducing
flocculation efficiency.

Separately, Lu et al. [5] investigated the accumulation of flocculants and chloride ions
(Cl−) during cyclic reuse and flushing of aggregate washing wastewater. A single floccula-
tion with 10 mg/L PAC resulted in a slight increase in Cl− concentration from 16.11 mg/L
to 18.41 mg/L. After seven cycles, the recycled water Cl− concentration reached 32.19 mg/L
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(Figure 5c). When PAC dosage was increased to 50 mg/L, the Cl− concentration of recycled
water increased sharply from 16.44 mg/L to 31.84 mg/L after a single addition, and ex-
ceeded the 100 mg/L threshold after seven cycles. According to an examination of chloride
ion-related water quality indicators in current standards and specifications for water con-
servancy and hydropower projects, the chloride ion limits for water use are clearly defined.
Specifically, the Standard for Construction Organization Design of Water Conservancy and
Hydropower Projects (SL 303-2017) [52] and the Standard for Construction of Hydraulic
Concrete (DL/T 5144-2015) [53] stipulate that the chloride ion content in water for concrete
mixing shall not exceed 1200 mg/L (for reinforced concrete) and 3500 mg/L (for plain
concrete), respectively, while the limit for water used in aggregate flushing is ≤3500 mg/L.
In contrast, the chloride ion concentration in reclaimed water after seven reuse cycles
of aggregate washing wastewater remains significantly below the strictest limit values
(1200 mg/L for reinforced concrete). Thus, the chloride ion concentration of reclaimed
water following cyclic dosing complies with the relevant technical specifications for water
use in aggregate flushing and concrete mixing. Wu et al. [51] also compared different
PAC dosages, revealing that flocculant concentration increased markedly within the first
10 reuse cycles, with the rate of increase gradually decelerating thereafter (Figure 5d,e).
Although Cl− does not participate in flocculation, its accumulation pattern paralleled those
of CPAM and Al3+—key contributors to flocculation (Figure 5f).

Figure 4. Changes in floc morphology after multiple cycles of flocculation under high PAC dosage [51].
(a) Floc morphology of the first flocculation under high PAC dosage; (b) Floc morphology of the 50th
flocculation under high PAC dosage.
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Figure 5. (a) Variation in Zeta potential in the supernatant with the number of reuse times at a
high PAC dosage [51]; (b) Variation in Zeta potential in the supernatant with the number of reuse
times when the PAC dosage is limited [51]; (c) Chromatogram of chloride ions in the recycled water
after seven cycles. Reprinted with permission from Ref. [5]. Copyright 2023, Elsevier B.V. All rights
reserved. Accumulation of Al3+ (d), CPAM (e), and Cl− (f) in the recycled water after 50 consecutive
flocculation treatments with a limited PAC dosage [51].

During the cyclic reuse of aggregate washing wastewater, repeated addition of PAC
and PAM leads to the accumulation of high-concentration Al3+, PAM, and Cl− in recycled
water. These flocculant residues may enter subsequent concrete production processes,
significantly compromising concrete performance. Consequently, the impact of floccu-
lant residues on concrete properties has emerged as a critical research focus. Current
studies on flocculant-residue effects on concrete primarily center on PAM [54]. Existing
engineering practices and literature indicate that PAM can significantly impair or even
completely negate the water-reducing effect of naphthalene-based agents [55]. For instance,
naphthalene-based agents are anionic surfactants whose molecular structure features a
naphthalene ring backbone with abundant sulfonate anions. These agents function by
adsorbing onto cement particles, imparting negative charges to induce mutual repulsion.
However, CPAM flocculants—being positively charged—strongly adsorb onto negatively
charged cement particle surfaces (or bind with naphthalene-based agent molecules), neu-
tralizing surface charges. This disrupts electrostatic repulsion, causing cement particles to
flocculate again and rendering the water-reducing agent ineffective. As a result, concrete
rapidly loses fluidity, becoming excessively dry, stiff, and clumpy. Even for APAM, despite
sharing a negative charge with naphthalene-based agents, its potent “adsorption-bridging”
capability dominates. The long molecular chain of APAM simultaneously adsorbs multiple
cement particles dispersed by the naphthalene-based agent, “bundling” them into flocs.
This directly counteracts and reverses the dispersing effect, leading to a sharp decline
in water reduction. To maintain target fluidity, water demand increases dramatically, or
concrete exhibits abnormal viscosity and premature hardening.

PAM also significantly impacts polycarboxylate superplasticizers (PCE) [56]. The
primary mechanism involves interactions between PAM and Ca2+ ions, which induce con-
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formational changes in PAM molecules (intramolecular and intermolecular cross-linking).
Intramolecular cross-linking causes long-chain PAM to coil and contract, while intermolec-
ular cross-linking promotes PAM aggregation. This encapsulates part of the PCE, reducing
its adsorption onto cement particle surfaces. Competitive adsorption between PCE and
PAM further exacerbates this effect. Adsorption groups in PAM may interact with cement
particle surfaces, altering particle aggregation and affecting hydration. Specifically, car-
boxyl groups in PAM bind with Ca2+ released during cement hydration, hindering the
formation of hydration products and delaying hydration kinetics. Additionally, polar
groups in PAM side chains form hydrogen bonds with water molecules, immobilizing
free water within the polymer matrix. This inhibits cement particle dissolution and the
nucleation/precipitation of early-stage hydration products.

Numerous experimental studies have demonstrated that PAM impairs the fluidity
of cementitious materials, and at relatively high dosages (0.003–0.08% of the mass of
cementitious materials), it compromises concrete strength [50,57,58]. Wang et al. [59] noted
that PAM residues tend to accumulate on the surfaces of circulating water and recycled
aggregates, increasing adhesion. They further investigated the effects of varying PAM
residue concentrations (0.001–0.5‰) on concrete workability, strength, and durability.
Results indicated that as PAM dosage increased, yield stress initially decreased rapidly and
then rose slowly (with a maximum reduction of 28.6%), while viscosity gradually increased
(e.g., a 2.2% rise in washed sand viscosity), adversely affecting mixing, pumping, and
casting processes. Additionally, higher PAM dosages reduced the peak cement hydration
heat release rate and prolonged the induction period, delaying cement hardening and
potentially slowing construction progress. Mechanistically, PAM had minimal impact
on the dynamic elastic modulus and freeze–thaw resistance of mortar but significantly
compromised compressive strength: at a PAM dosage of 0.01‰, 3-day compressive strength
decreased by 20.7% and 28-day strength by 17.4%. This was primarily attributed to PAM’s
thickening and water-retention effects, which reduced the effective water content and
thereby impaired strength development.

However, some studies have reported that the concentration of soluble PAM residues
in sand and gravel produced via circulating water washing is only 0.0002–0.0020% [60].
When circulating water is not employed in concrete mixing, dosages tested in existing
studies are typically 10–100 times higher than actual levels. Meng et al. [60] referenced
typical PAM residue concentrations and investigated PAM flocculant residues in limestone
manufactured sand within the range of 0.0005–0.0050%. Findings revealed that as PAM
residue levels increased, initial concrete mixture fluidity decreased; however, appropri-
ate increases in water-reducing agent dosage restored fluidity to near-reference levels.
Additionally, PAM residues increased the air content, enhancing workability and water
retention but causing a slight viscosity increase. Notably, within the experimental scope,
PAM residue levels had no significant impact on indicators, including the methylene blue
(MB) value of sand, hardened concrete mechanical properties, drying shrinkage rate, or
56-day electrical flux. Therefore, in practical applications of aggregate washing wastewater
recycling, flocculant residue forms and concentrations should be specifically analyzed
and monitored—tailored to specific sand-gravel production and wastewater treatment
processes—followed by selection of preventive measures.

The pronounced impact of flocculant residues has emerged as a potential risk in
industrial quality control. However, traditional offline detection methods (e.g., laboratory
analysis) are too slow for real-time recycling systems. Developing rapid, direct detection
methods for residue quantification is therefore pivotal to mitigating this risk. Jiang et al. [61]
developed an innovative rapid detection approach: by pre-calibrating the quantitative
correlation between the Stormer viscosity of cement paste and flocculant concentration, the
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residual flocculant content in manufactured sand leachate can be inversely determined. The
flowchart of this rapid detection method is illustrated in Figure 6a. Experimental results
demonstrated that the Stormer viscosity of cement paste exhibited a positive correlation
with PAM concentration, with the relationship well-described by a quadratic function
(R2 > 0.99). Notably, PAM with a higher molecular weight (e.g., 18 million Da) exerted
a more pronounced effect on viscosity due to its strong adsorption capacity, which is
prone to inducing cement particle flocculation. Via reverse fitting validation, this method
accurately quantified low-concentration PAM (e.g., <0.005%) with minimal deviation,
thereby validating the feasibility of rapid detection (Figure 6b,c).

 

Figure 6. (a) Flowchart of a rapid detection method for residual flocculants in water-washed manu-
factured sand [61]; (b,c) Correlation between flocculant concentrations in cement paste mixing water
and stormer viscosity of cement paste [61].
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6. Key Challenges in Flocculation Treatment of Aggregate
Washing Wastewater

While flocculation treatment technology for aggregate washing wastewater has reached
a relatively mature stage through years of engineering practice and scientific research—with
treated effluent generally complying with relevant regulatory standards—its further advance-
ment currently revolves around two primary challenges: flocculant residue impacts and
enhancement of intelligent control technologies.

6.1. Flocculant Residue Challenge

The residual and cumulative impacts of flocculants primarily manifest in two domains:
circulating water recycling and concrete production safety. While some studies have
explored flocculant accumulation effects, most current investigations remain confined
to preliminary quantification of residual concentrations and single-stage assessments of
flocculant residues in aqueous phases. A systematic analysis of flocculant migration and
transformation behaviors across the entire circulation system is lacking. Further elucidation
of flocculant migration pathways and morphological transformation patterns in multi-
medium environments is imperative to establish a theoretical foundation for risk impact
assessment. Notably, tracing the morphological distribution and ultimate fate of flocculants
in the solid–liquid two-phase is critical.

Moreover, existing research predominantly focuses on PAM effects [62], whereas inves-
tigations into the synergistic interactions of PAC and its combined application with PAM
are comparatively scarce. This limitation hinders the accurate reflection of complex effects
under coexisting multi-flocculant conditions in practical engineering, thereby restricting
the guiding value of research outcomes for field applications.

It is noteworthy that most flocculants ultimately reside in dewatered sludge cakes. As
solid waste, these cakes are commonly disposed of via long-term landfilling or underwater
storage. However, during prolonged environmental exposure, the chemical stability, degra-
dation dynamics, and potential ecotoxicological effects of flocculants in such sludge have
not been comprehensively evaluated.

6.2. Challenges in Intelligent Control Technology

Despite notable advancements in intelligent control systems for aggregate washing
wastewater in recent years, persistent challenges hinder their widespread adoption and
application. These challenges are outlined as follows:

(1) High Initial Investment Burden

Intelligent control systems demand substantial upfront investment in hardware infras-
tructure (e.g., sensors, actuators) and software development (e.g., algorithms, modeling
platforms), imposing significant financial pressures on enterprises, particularly small and
medium-sized operators.

(2) Limited Technological Adaptability

Diverse sand-gravel raw material characteristics result in highly heterogeneous
wastewater compositions. Fixed or one-size-fits-all control strategies struggle to accommo-
date such variability. The current algorithms for the intelligent control of flocculant dosage
mainly rely on a single parameter, namely the SS concentration. In fact, there are many fac-
tors affecting the flocculation effect, including the characteristics of aggregates themselves,
as well as wastewater pH, temperature, residence time (affected by production intensity),
flocculant dosing points, dosage ratio and dosing sequence of composite flocculants, etc.
Future research needs to develop intelligent systems with integrated recognition and analy-
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sis capabilities for multi-factor influences, so as to dynamically respond to fluctuations in
wastewater quality.

(3) Scarcity of Interdisciplinary Professionals

The operation and maintenance of intelligent control systems require interdisciplinary
experts proficient in both water treatment processes and information technology (e.g., data
analytics, automation). Currently, the civil sand and gravel industry faces a critical shortage
of such talent, limiting the effective deployment and optimization of these systems.

(4) Data Security Concerns

With the trend toward networked operations and cloud-based data storage, sand and
gravel production systems—directly linked to project quality and safety—face heightened
risks of data leakage and cyber-attacks. Ensuring the integrity and confidentiality of
operational data has emerged as a pressing priority.

(5) Reliability Under Extreme Environmental Conditions

The performance of intelligent control systems in extreme climates (e.g., high-altitude,
cold regions) remains to be fully validated. Low temperatures, hypoxia, and other harsh
conditions may compromise sensor accuracy, equipment operability, and control system
responsiveness. While existing technologies have demonstrated success in achieving zero
wastewater discharge and energy-water savings in high-altitude settings, long-term durabil-
ity and adaptability under broader special operating conditions (e.g., arid, saline, or heavily
polluted environments) require further empirical validation and technological refinement.

7. Conclusions and Prospect
This paper systematically reviews the research progress in flocculation treatment

of aggregate washing wastewater. Table 2 summarizes the key flocculation parameters,
operating conditions, and treatment effects in existing studies. The key conclusions are
summarized as follows:

Table 2. Comparative Synthesis of Key Flocculation Studies on Aggregate Washing Wastewater.

Wastewater Source
(Lithology) Key Flocculant Operating Conditions Core Performance Indicators Limitations

Yebatan
Hydropower

Station (Granite) [5]

PAC; PAM;
PAC + PAM

PAC dosage: 10/50 mg/L;
PAM dosage: 10 mg/L;

Sedimentation time:
60/120 min

SS removal: Natural
sedimentation (limited);

50 mg/L PAC reduced SS to
250 mg/L (60 min); Cl−

accumulation: 50 mg/L
PAC → 31.84 mg/L (1 cycle),

>100 mg/L (7 cycles)

PAC + PAM
combination showed

no significant SS
removal

enhancement vs.
single PAC

Large mine in
Anhui (Calcite-
dominated) [20]

APAM (MW:
16 million Da);

Non-ionic PAM;
Cationic PAM

Floculant molecular weight
16 million, floculant
consumption 60 g/t

The flocculation and
sedimentation effect of using
APAM is better than that of

Non-ionic PAM and Cationic
PAM: Enhanced sedimentation

via Ca2+-bridging

No analysis of
flocculant residue

impacts on recycling

Xulong
Hydropower

Station (Granite;
Amphibolite) [21]

High PAC; Low
PAC + High

CPAM

Optimal dosages
(amphibolite): CPAM

6.03 mg/L, PAC 27.15 mg/L;
Optimal dosages (granite):

CPAM 3.75 mg/L, PAC
154.33 mg/L; Stirring speed:
90 r/min; Stirring time: 60 s
(amphibolite)/95 s (granite)

High PAC: Floc diameter
400 → 200 µm (50 cycles); Zeta

potential −9 → 0 mV; Low
PAC + CPAM: Zeta potential
−3.5 → 1 mV (10 cycles);
Tighter floc aggregation

High PAC causes floc
shrinkage; Low PAC

+ CPAM induces
excessive positive

charge; No
ecotoxicological

assessment of sludge
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Table 2. Cont.

Wastewater Source
(Lithology) Key Flocculant Operating Conditions Core Performance Indicators Limitations

Hydropower
station sand-gravel

processing
(Granite) [35]

PAC; PAM;
Natural

sedimentation

Sedimentation time: 30 min
(natural); 5 min (PAM);

30 min (PAC)

SS removal: Natural
sedimentation (95%, 30 min);
PAM (fastest, but supernatant

SS > 100 mg/L); PAC (slow,
but SS 10 mg/L)

PAM alone fails to
meet effluent SS
standards; No

consideration of
lithology variability

Guandi
Hydropower

Station (Basalt) [40]

PAC (5%,
500 mg/L)

+ Industrial
caustic soda

(1%, 25 mg/L)

Hydraulic retention time:
60 min; Sludge discharge

cycle: 2.5 h

Effluent quality: Meets GB
8978-1996 [11] (first-class
standard, SS ≤ 70 mg/L);

System stability: Continuous
stable operation

High PAC dosage
may increase residue
risks; No analysis of
flocculant-concrete

interactions

(1) Aggregate washing wastewater exhibits the typical characteristics of “three highs and
one negative”: a high concentration of SS, a high proportion of ultrafine particles,
significant fluctuations in water quality and quantity, and a generally negative Zeta po-
tential of the SS. These characteristics result in an extremely low natural sedimentation
efficiency of the wastewater, necessitating the use of flocculants to achieve enhanced
solid–liquid separation through charge neutralization, adsorption bridging, or sweep
flocculation. Furthermore, lithological differences (e.g., calcite, granite, hornblende)
further require targeted adaptability experiments for the selection of flocculants for
different types of aggregate washing wastewater, thus forming a technical adaptation
principle of “one wastewater, one solution”.

(2) The flocculant system currently adopted for aggregate washing wastewater has
formed a synergistic application pattern comprising three categories: inorganic, or-
ganic, and composite flocculants. Inorganic flocculants (e.g., PAC) serve as basic
chemicals by virtue of their cost advantages and charge neutralization capacity. Or-
ganic polymer flocculants (e.g., PAM) enhance adsorption and bridging through their
long-chain structures (anionic types are suitable for calcite-containing wastewater,
while cationic types are adapted for wastewater with highly negatively charged par-
ticles). Bio-based flocculants (e.g., chitosan, modified starch) are environmentally
friendly and biodegradable; however, they suffer from poor stability and weak floc
sedimentation performance. In addition, due to cost constraints, there are currently a
lack of practical engineering application cases for them. Traditional empirical dosing
methods have the problems of chemical waste (excessive dosing leads to floc redis-
persion) and unstable treatment effects (insufficient dosing results in substandard SS
removal). In contrast, an intelligent control system based on a four-layer architecture
of “Perception-Transmission-Platform-Application” has achieved a breakthrough: it
collects real-time parameters through devices such as high-range online SS detectors
and dynamically adjusts the dosing amount by combining machine learning algo-
rithms, reducing flocculant consumption by 50% to 67%. This is crucial for achieving
“zero discharge” in ecologically fragile areas such as plateaus and canyons.

(3) In the circulation and reuse of wastewater, flocculant residue exhibits the characteristic
of “rapid accumulation in the early stage and a slowdown in the later stage”. The
concentrations of Al3+, Cl− and PAM increase with the number of reuse cycles, while
the particle size of solid flocs decreases from 400 µm to 200 µm; the positive shift
in the Zeta potential (from −9 mV towards 0 mV) results in the attenuation of floc
sedimentation performance. Residual PAM (at a dosage of 0.01‰) can reduce the
3-day compressive strength of concrete by 20.7% and the 28-day compressive strength
by 17.4%, and also prolong the induction period of cement hydration. It should be
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noted that although the combination of low PAC and high CPAM can mitigate the
attenuation of floc particle size, it carries the risk of effluent water quality fluctuation.
In practical engineering, however, performance compensation can be achieved by
adjusting the dosage of water reducers for PAM residual levels ranging from 0.0002%
to 0.0020%, which reflects the complexity and flexibility of risk control.

In response to the key challenges in the flocculation treatment of aggregate washing
wastewater, the following research prospects are proposed:

(1) Deepen the Mechanistic Study of Flocculation for Aggregate Washing Wastewater

Current research on flocculation mechanisms mainly targets general industrial wastew-
ater, while the unique components of aggregate washing wastewater have not been system-
atically studied. In situ characterization techniques such as dynamic light scattering (DLS)
and atomic force microscopy (AFM) can be used to observe the formation and growth
process of flocs and explore the interaction mechanism between the flocculant and SS. It
is necessary to further clarify the influence of environmental factors on the flocculation
efficiency and stability, including the fluctuations in temperature at the construction site
and the seasonal changes in the pH of the wastewater, and establish a mechanism model
suitable for the actual working conditions of aggregate cleaning.

(2) Intelligent Computing and Precise Flocculation Technology

The application of intelligent control systems in aggregate washing wastewater treat-
ment remains in its infancy, yet progress has been made in data mining, optimization
algorithms, and automated monitoring. For instance, integrating real-time wastewater
monitoring with big data analytics enables precise flocculant dosing and dynamic regula-
tion, thereby enhancing treatment efficiency and reducing chemical consumption. This can
be achieved by coupling online monitoring (flow rate, turbidity, pH) with adaptive dos-
ing/sludge discharge systems, where machine learning identifies wastewater characteristics
to dynamically adjust treatment processes. Future efforts should focus on accumulating ba-
sic datasets, developing online models, and advancing equipment automation to promote
the large-scale application of intelligent control systems. The ultimate goal is to realize
efficient, stable, and low-carbon operation in aggregate washing wastewater treatment.

(3) Research Prospects on Flocculant Residue Impacts

Studies on flocculant residue accumulation and migration require deeper investigation
into their behavior within the entire circulation system. Specifically, revealing migration
pathways and morphological transformation rules of flocculants in multi-medium envi-
ronments is critical. To mitigate the adverse effects of residues, strategies include: (i) min-
imizing flocculant dosage while ensuring effluent quality; (ii) developing eco-friendly
alternatives (e.g., modified sodium alginate flocculants, whose residues show no negative
impact on concrete performance and may even enhance it). It is also very necessary to
evaluate its long-term environmental impact through Life Cycle Assessment (LCA); (iii) in-
stalling filtration or advanced treatment units to reduce residual concentrations in recycled
water; and (iv) adjusting admixture dosages (e.g., water reducers) based on recycled water
characteristics to offset residue effects.

(4) Comprehensive Evaluation System of Flocculation Technology for Aggregate Wash-
ing Wastewater

Current evaluation of flocculation performance mainly focuses on turbidity removal,
while ignoring the removal effect of emerging contaminants (e.g., microplastics, residual
chemical admixtures) and long-term environmental risks [63,64]. Future research should
further expand the evaluation indicators by incorporating the removal rate of emerging pol-
lutants and the leaching risk of flocculated sludge. A multi-dimensional evaluation system
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that meets the requirements of “environmental safety + engineering application” should be
established. Long-term pilot-scale experiments can be carried out at actual construction
sites to verify the stability and economy of flocculation technology in large-scale applica-
tions, providing technical parameters and operation guidelines for the industrialization of
aggregate washing wastewater treatment.

(5) Resource Utilization of Aggregate Washing Wastewater

Current resource utilization of aggregate washing wastewater prioritizes water recy-
cling. Future research should explore high-value pathways for flocculated sludge, shifting
the solid–liquid treatment paradigm from “end-of-pipe management” to “process control
+ resource recovery” to achieve synergistic value-added of water and solid waste [65].
This involves breaking away from low-value applications (e.g., traditional building ma-
terial fillers, subgrade materials, or soil conditioners) and exploring innovative uses of
flocculated sludge as precursors for high-performance functional materials. Such advance-
ments will drive aggregate washing wastewater treatment into a new stage of high-quality
development, characterized by resource utilization, refinement, and low-carbonization.
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