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Preface

The escalating diversity and quantity of synthetic chemicals entering our water systems represent
one of the most pressing environmental challenges of the 21st century. These emerging contaminants
(ECs)—a vast group that includes pharmaceuticals and industrial chemicals—are often present at trace
concentrations, yet their persistence and biological activity raise profound concerns for the health
of ecosystems and humans. Conventional treatment paradigms are frequently inadequate for their
removal, necessitating urgent scientific innovation.

This Reprint, "Occurrence, Risk Assessment, and Removal of Emerging Contaminants in Aquatic
Environments,” was conceived to address this critical knowledge gap. Our aim was to assemble a
comprehensive and diverse collection of high-quality research that captures the complexity of the EC
problem. The scope of this work is intentionally broad, reflecting the multifaceted nature of the issue.
It spans from fundamental investigations into the microbial mechanisms of co-metabolic degradation
and the occurrence of specific pollutants in wastewater and drinking water, to the engineering of
advanced materials like photocatalytic membranes and the implementation of intelligent control
systems for treatment optimization.

This collection is addressed to the community of scientists, engineers, environmental managers,
and policymakers who are at the forefront of protecting our aquatic ecosystems. It is our hope that the
research presented in this Reprint will not only advance fundamental understanding, but also inspire
the development and application of effective, sustainable, and scalable solutions to mitigate the threat

of emerging contaminants, ensuring the safety and quality of water for generations to come.

Xiaohu Lin, Binbin Shao, and Jingcheng Xu
Guest Editors
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1. Introduction

The pervasive presence of emerging contaminants (ECs) in aquatic environments
represents a significant and growing challenge for environmental science and public health
in the 21st century [1-3]. Industrialization, agricultural intensification, and expanding
urbanization have led to an explosive increase in the diversity and quantity of synthetic
chemicals entering water systems [1,4]. These ECs encompass a wide range of substances,
including pharmaceuticals and personal care products (PPCPs) [5,6], novel persistent
organic pollutants (POPs) like per- and polyfluoroalkyl substances (PFASs) [7,8], endocrine-
disrupting chemicals (EDCs) [9], disinfection by-products (DBPs) [10,11], engineered nano-
materials [12], microplastics [13], and flame retardants [14]. While often detected at trace
concentrations (ng/L to ng/L levels), their continuous input into aquatic ecosystems, cou-
pled with their potential persistence, bioaccumulation, and inherent biological activity,
raises substantial concerns regarding long-term ecological impacts [15] and risks to human
health [16].

Recent advancements in analytical chemistry have significantly improved our ability
to detect and quantify these micropollutants in various environmental compartments,
including wastewater [17,18], surface water [19], groundwater [20], and even drinking
water [21]. However, significant knowledge gaps remain. The complex environmental
fate, transport pathways, transformation products, and potential synergistic effects of EC
mixtures are often poorly understood. Furthermore, conventional wastewater treatment
plants (WWTPs) were not originally designed to remove these refractory compounds, often
exhibiting limited and variable removal efficiencies, sometimes even acting as conduits
for ECs and associated risks like antibiotic resistance genes (ARGs) into receiving waters.
Consequently, there is an urgent need for research focusing on the comprehensive assess-
ment of EC occurrence and risks, alongside the development and optimization of effective
removal technologies and sustainable management strategies.

This Special Issue, “Occurrence, Risk Assessment, and Removal of Emerging Contam-
inants in Aquatic Environments”, compiles ten original research articles and reviews that
address these critical needs. The contributions herein explore the detection, fate, transport,
and risk assessment of various ECs, evaluate conventional and advanced removal processes,
and investigate novel management approaches, collectively advancing our understanding
and offering potential solutions for safeguarding water quality.

Water 2025, 17, 1657 https://doi.org/10.3390/w17111657
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2. An Overview of Published Articles

This Special Issue compiles 10 insightful contributions covering a diverse range of
topics central to the theme of emerging contaminants in aquatic systems.

Contributions 1, 2, and 5 delve into the biological treatment of specific recalcitrant
organic pollutants, focusing on co-metabolism strategies. Wang et al. (Contribution 1)
present a feasibility study utilizing excess sludge fermentation broth (FB) as an alternative,
internal carbon source for the co-metabolic degradation of 2,4,6-trichlorophenol (2,4,6-TCP)
in a sequencing batch reactor (SBR) system. Their findings demonstrate that this coupled
system achieved stable and efficient 2,4,6-TCP removal (up to 240.13 mg/L) without
external carbon sources, with the fermentation process yielding high concentrations of
volatile fatty acids (VFAs), suggesting a cost-effective and sustainable approach. Wang and
Li (Contribution 2) extended this work by exploring the degradation characteristics and
underlying microbial mechanisms of using sludge FB. Through batch experiments and
metagenomic analysis, they identified an optimal FB concentration range, pinpointed the
inhibitory effects of specific VFAs (propionic acid), and revealed the enrichment of key
chlorophenol degradation genes (e.g., PcpA, chgB, or fadA) and the associated bacterial
genera like Ralstonia within the adapted sludge, providing deeper insights into the process’s
dynamics and genetic basis. Wang et al. (Contribution 5) further investigated the role of the
carbon source by systematically comparing the effects of four common, easily degradable
substrates (methanol, ethanol, sodium acetate, and sodium propionate) on 2,4,6-TCP
degradation. Their results indicate that sodium acetate promoted the highest 2,4,6-TCP
removal efficiency and stimulated the production of protective extracellular polymeric
substances (EPSs), while different carbon sources led to distinct shifts in the microbial
community structure and the abundance of functional metabolic genes, highlighting the
significant influence of co-substrate choice on treatment performance and microbial ecology.

Contribution 3 explores advanced oxidation processes, specifically photocatalysis, for
antibiotic removal. Lin et al. present the development and evaluation of novel composite
photocatalytic membranes. Utilizing electrospinning, they successfully immobilized TiO;
and TiO,-reduced graphene oxide (rGO) onto polyacrylonitrile (PAN) nanofibers. Charac-
terization confirmed the successful integration of the photocatalysts. Under simulated solar
light, these PAN-TiO; and PAN-rGTi membranes exhibited significantly enhanced degra-
dation rates for sulfamethoxazole (SMX) and enrofloxacin (ENR) compared to unmodified
PAN membranes, addressing the challenge of catalyst recovery associated with powder
forms. Importantly, the membranes demonstrated good stability and recyclability over five
operational cycles, suggesting their potential for practical water purification applications.

Wastewater and sludge management strategies relevant to contaminant control are
addressed in Contributions 4 and 7. Yang et al. (Contribution 4) report on a comprehensive
full-chain approach to reprocessing historically landfilled municipal sludge in Shanghai, a
significant challenge in megacities. Their study details the process from sludge extraction
under geomembrane cover, through chemical conditioning (using PFSS/PEA or PAS/PEA)
and subsequent dewatering to ~60% moisture content, to the physio-chemical treatment of
the high-strength leachate generated and the evaluation of resource utilization pathways
via co-incineration in power plants and solidification/modification for use as construction
backfill. This work provides valuable insights into managing legacy waste streams that
can act as reservoirs for various pollutants and reclaiming valuable urban land. Lu et al.
(Contribution 7) focused on optimizing a critical WWTP process—chemical phosphorus
removal. They developed an intelligent chemical dosing system for polyaluminum chloride
(PAC) based on a feedforward prediction model combined with an adaptive fuzzy neural
network P feedback controller. Pilot-scale experiments validated the optimal dosage, and
subsequent implementation in a full-scale plant resulted in precise dosing control, achieving
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100% effluent TP compliance and a 67% improvement in stability. Such process optimization
enhances overall plant performance, potentially benefiting downstream EC removal, and
reduces chemical consumption and sludge production, aligning with sustainability and
low-carbon goals.

The occurrence, fate, and risks of specific EC classes are examined in Contributions 6
and 10. Liu et al. (Contribution 6) investigated 12 common organophosphate flame retar-
dants (OPFRs) in a municipal WWTP in Hunan Province, China. Their analysis revealed
that OPFRs were predominantly in the dissolved phase, with Tributoxyethyl phosphate
(TBOEP) and tris(2-chloroethyl) phosphate (TCEP) being the most abundant. The overall re-
moval efficiency was low (mean 39.1%), particularly for halogenated OPFRs which showed
negative removal, indicating potential formation or release within the plant. Mass balance
analysis indicated that a significant fraction (60.9%) was discharged via effluent, while ad-
sorption to sludge (11.2%) and losses during treatment (biodegradation/biotransformation)
accounted for the rest. The study highlights the inefficiency of conventional WWTPs in
removing OPFRs and the associated ecological risks. Herndndez et al. (Contribution 10)
address disinfection by-products (DBPs) by determining the occurrence of chloroform
(CHCI3), a major trihalomethane (THM), in the drinking water supply of Cuenca, Ecuador.
Sampling across three water treatment systems and their distribution networks over five
months, they measured physicochemical parameters and CHCl3 levels. While free chlo-
rine residuals decreased along the distribution networks, CHCl3 concentrations (ranging
from 11.75 to 21.88 pg/L) remained below the Ecuadorian regulatory limit. No consistent
correlation was found between CHCl; and the measured parameters, suggesting complex
formation dynamics influenced by various factors, reinforcing the need for DBP monitoring
in drinking water systems.

Finally, Contributions 8 and 9 provide valuable reviews synthesizing current knowl-
edge. Wu et al. (Contribution 8) offer a comprehensive review of surfactant-enhanced
remediation (SER) for non-aqueous phase liquid (NAPL)-contaminated soil and ground-
water. The review details the mechanisms of surfactant action (mobilization, solubilization,
and emulsification) and discusses the synergistic application of SER with various reme-
diation techniques, including chemical oxidation, biodegradation, soil vapor extraction,
electrokinetics, and thermal desorption. It also critically assesses the associated risks, such
as residual surfactant toxicity, and explores the potential of more environmentally friendly
biosurfactants. Zhu et al. (Contribution 9) present a broad review specifically focused
on antibiotics within urban wastewater treatment systems. This review synthesizes in-
formation on the sources, occurrence, and potential ecological and human health risks of
antibiotics and associated ARGs emanating from WWTPs. It covers the spectrum of detec-
tion methods, from enrichment techniques and immunoassays to advanced instrumental
analysis and sensor technologies, and categorizes removal strategies including physical
(membrane separation, adsorption), chemical (AOPs), and biological (activated sludge,
MBRs) approaches, highlighting current limitations and challenges in effective antibiotic
management in wastewater.

3. Conclusions and Future Directions

This Special Issue offers a multifaceted perspective on the pressing challenges posed
by emerging contaminants in aquatic environments. The curated collection of ten arti-
cles spans a significant breadth of research, encompassing the investigation of specific
contaminant classes such as chlorophenols, antibiotics, flame retardants, and disinfec-
tion by-products, alongside explorations into innovative remediation technologies and
management strategies. Methodologically, the contributions showcase a diverse range of
approaches, from detailed laboratory and pilot-scale experiments and field monitoring cam-
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paigns to advanced analytical techniques like metagenomics, comprehensive mass balance
analyses, the development of intelligent control systems, and critical literature reviews.

Collectively, the research presented herein significantly advances our understanding
of ECs. Studies like those by Wang et al. (Contributions 1 and 2) provide valuable insights
into optimizing biological degradation pathways, demonstrating the potential of utilizing
waste streams like sludge fermentate as sustainable co-substrates, and elucidating the
complex interplay between carbon sources and microbial functional gene abundance.
The work by Lin et al. (Contribution 3) highlights the promise of advanced materials,
showing that electrospun photocatalytic membranes can effectively degrade antibiotics
while overcoming the practical limitations of catalyst recovery. Investigations by Liu
et al. (Contribution 6) and Hernédndez et al. (Contribution 10) underscore the limitations
of existing treatment infrastructure in removing persistent compounds like OPFRs and
managing DBP formation, respectively, providing crucial occurrence data and risk context.
Furthermore, the studies by Yang et al. (Contribution 4) and Lu et al. (Contribution 7)
demonstrate innovative approaches to managing legacy pollution (landfilled sludge) and
optimizing existing treatment processes in ways that indirectly benefit overall contaminant
control and resource management within WWTPs. The comprehensive reviews by Wu
et al. (Contribution 8) and Zhu et al. (Contribution 9) synthesize the state-of-the-art in SER
technologies and antibiotic management in wastewater systems, respectively, identifying
key challenges and future research needs.

Despite the progress highlighted in this Special Issue, the field of emerging contami-
nants continues to face substantial hurdles, necessitating focused future research efforts. A
critical area remains the development and scaling-up of efficient and cost-effective removal
technologies. While novel materials like the photocatalytic membranes studied by Lin
et al. (Contribution 3) show promise, transitioning these from lab-scale success to robust,
full-scale application requires overcoming challenges related to long-term stability, fouling
resistance, and economic viability. Further research into advanced oxidation processes,
selective adsorbents, and optimizing biological processes, perhaps by harnessing specific
microbial consortia or enzymes, is warranted. The synergistic combination of different
treatment modalities, such as integrating physical pre-treatment with AOPs and biological
polishing, deserves greater exploration.

Understanding the long-term ecological and health risks associated with chronic,
low-level exposure to complex mixtures of ECs and their transformation products remains
a paramount challenge. The work by Liu et al. (Contribution 6) on OPFR risk assessment
exemplifies the need for such studies across a broader range of contaminants. Particular
attention should be paid to the fate and transfer of antibiotic resistance genes through
wastewater systems, a risk highlighted by Zhu et al. (Contribution 9), and the potential
endocrine-disrupting effects of various ECs.

Continuous improvement in analytical methodologies is essential for accurate moni-
toring and risk assessment. Detecting ultra-trace concentrations of diverse ECs and their
metabolites in complex matrices like wastewater and sludge requires ongoing innovation
in sample preparation (enrichment/extraction) and instrumental analysis, possibly through
the advanced sensor technologies discussed by Zhu et al.(Contribution 9) Developing rapid,
cost-effective, and field-deployable monitoring tools would greatly enhance regulatory
efforts and plant operational control.

Finally, bridging the gap between scientific understanding and effective management
requires a holistic approach. This includes stronger source control measures, as emphasized
by Zhu et al. (Contribution 9), optimizing existing infrastructure through approaches
like the intelligent control systems developed by Lu et al. (Contribution 7), exploring
sustainable solutions like biosurfactants for remediation (Contribution 8), and developing
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integrated assessment frameworks that consider the entire lifecycle of contaminants and
treatment processes. The management of waste streams like landfilled sludge, addressed
by Yang et al. (Contribution 4), is also a crucial component of preventing long-term
environmental liabilities.

The research presented in this Special Issue provides valuable contributions to ad-
dressing the multifaceted challenge of emerging contaminants in aquatic environments. It
is hoped that these articles will stimulate further investigation and innovation, ultimately
leading to more effective strategies for protecting water resources and public health.

Acknowledgments: We extend our gratitude to all contributors and reviewers for their dedication to
advancing this critical field. Their work collectively reinforces the urgency of addressing emerging
contaminants through science-driven, sustainable approaches.
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Abstract: Excess sludge fermentation is a commonly employed method for carbon sources in wastew-
ater treatment plants, but its use as a carbon source for chlorophenol removal has been relatively
underexplored. In this study, a laboratory-scale sludge fermentation SBR (FSBR) was integrated
with a 2,4,6-trichlorophenol (2,4,6-TCP) degradation SBR (DSBR), resulting in a stable removal of
2,4,6-TCP without the need for external carbon sources. In this coupled system, the concentrations
of volatile fatty acids in FSBR remained constant, with acetic acid, propionic acid, butyric acid, and
valeric acid concentrations reaching 322.04 mg COD/L, 225.98 mg COD/L, 274.76 mg COD/L, and
149.58 mg COD/L, respectively, and the acid production efficiency increased to 88.40%. Throughout
the 110-day operational period, the activated sludge concentration in the DSBR was consistently
maintained at 3021 + 110 mg/L, and the sludge SVI remained stable at 70 mL/g. The maximum
amount of 2,4,6-TCP removed reached 240.13 mg/L within a 12 h operating cycle. The use of ex-
cess sludge fermentation can completely replace commercial carbon sources for 2,4,6-TCP removal,
leading to cost savings in chlorophenol treatment and broadening the applicability of this technology.

Keywords: 2,4,6-trichlorophenol; co-metabolism; excess sludge fermentation; carbon source;
coupling process

1. Introduction

2,4,6-Trichlorophenol (2,4,6-TCP)-containing wastewater is a common form of organic
effluent originating from the paper, printing, and dyeing industries. This wastewater is
highly hazardous and accumulative, necessitating stringent treatment before discharge into
the environment. Failure to do so could lead to substantial harm to aquatic ecosystems [1,2].
Currently, advanced oxidation techniques, including the Fenton method, ozone-catalyzed
oxidation, and electrochemical catalytic oxidation, are employed to address persistent
organic contaminants in wastewater [3-5]. Nevertheless, the widespread application of
advanced oxidation methods is constrained by their rigorous treatment conditions, limited
capacity, and substantial energy consumption. 2,4,6-TCP wastewater is categorized as
a persistent contaminant due to its low five-day biochemical oxygen demand (BODs)
to chemical oxygen demand (COD) ratio, which is less than 0.3 [6]. Additionally, the
pronounced toxicity of 2,4,6-TCP exacerbates the challenges associated with its biological
treatment. Consequently, the concept of biological co-metabolism was introduced by
Stirling, D.I et al. [7]: the addition of readily degradable organic compounds can stimulate
the microbial degradation of recalcitrant organic compounds that cannot directly serve
as carbon and energy sources. From an enzymatic metabolism perspective, the presence
of easily degradable substrates induces the production of a broad-spectrum non-specific
enzyme by microorganisms, which can facilitate the metabolism of recalcitrant organic
compounds [8,9]. As a result, readily degradable carbon sources have been extensively
investigated, as they play a pivotal role in influencing the effectiveness of biological co-
metabolic treatment.
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Previous research has revealed that readily degradable carbon sources offer more
significant benefits compared to refractory carbon sources in enhancing the removal of
2,4,6-TCP [10]. Commonly employed biodegradable carbon sources, such as sodium ac-
etate, glucose, and sucrose, have proven to be effective in removing various chlorophenol
compounds, including trichlorophenol, dichlorophenol, and monochlorophenol [11-14].
Nevertheless, these readily degradable organic substances are typically obtained through
artificial extraction or synthesis, making them expensive for large-scale applications in
treating chlorophenol wastewater. Furthermore, various degradation devices used in
chlorophenol treatment, such as Sequencing Batch Reactors (SBR) and Upflow Anaerobic
Sludge Blanket reactors, still rely heavily on external carbon sources to enhance the bio-
chemical characteristics of phenol-containing wastewater. Hence, the challenge remains
to reduce treatment costs and enhance treatment sustainability when utilizing readily
degradable organic compounds as the carbon source in biological co-metabolism processes.

The anaerobic digestion of excess sludge is a widely adopted approach for reducing
sludge volume and harnessing resources in wastewater treatment plants (WWTP) [15,16].
By controlling the digestion process, it is possible to steer it toward the acidogenic phase,
resulting in the production of short-chain fatty acids (SCFAs), including acetic acid, pro-
pionic acid, butyric acid, and valeric acid [17,18]. SCFAs, as high-quality carbon sources,
have found application in municipal WWTP to address the shortage of carbon sources
in managing domestic sewage [19]. Currently, research on sludge fermentation primarily
focuses on the impact of the fermentation liquid as a carbon source on denitrification
and phosphorus removal efficiency, as well as the study of fermentation conditions” influ-
ence [20,21]. Hu, C. et al. [22] investigated the impact of hydrolyzed acidification liquids
from various residual sludges as carbon sources on denitrification. They found that the
removal efficiency of nitrate nitrogen reached over 99% at the optimal hydraulic retention
time (HRT). Specifically, the utilization rate of VFAs reached 90.6% at an HRT of 4 h, indi-
cating that VFAs outperformed other hydrolyzed liquid components. Chen, Y. et al. [23]
investigated the influence of surfactants (sodium dodecylbenzene sulfonate, SDBS) and
alkaline conditions on VFA (volatile fatty acid) production. The results revealed that, at
a hydraulic retention time of 10 h and under pH 10, VFAs production reached its peak
at 2056 mg COD/L. However, there is limited research that explores the use of digestion
products as a carbon source for co-metabolizing toxic pollutants.

The removal efficiency of the target pollutant is influenced by the type and addition
level of the carbon source [24]. Anaerobic digestion products serve as mixed carbon
sources, primarily composed of SCFAs, ethanol, butanol, and a variety of other organic
materials [25]. SCFAs, being readily biodegradable, play a beneficial role in enhancing
the removal rate of chlorophenols. To improve the removal rate of chlorophenols, it is
essential to control fermentation conditions, thereby increasing the SCFAs level in the FB.
Furthermore, the concentration of the carbon source also impacts co-metabolism efficiency
and the growth of functional microbes [24,26]. The feasibility of substituting the single
organic source with a complex FB as the co-metabolism carbon source warrants further
investigation in the field of wastewater treatment.

In light of the background and the challenges identified, this study’s primary objectives
are as follows: to investigate the viability of utilizing excess sludge FB as the co-metabolism
carbon source for the removal of 2,4,6-TCP, and to establish a coupled system integrating
excess sludge FB and co-metabolism to achieve the prolonged, stable, and efficient removal
of 2,4,6-TCP. This experiment marks the pioneering introduction of sludge FB into the
co-metabolic system, holding significant implications for the sustained and cost-effective
operation of biological co-metabolism processes. Moreover, the stability of the integrated
system offers a novel avenue for the resource utilization of excess sludge in wastewater
treatment. These findings have the potential to drive advancements in both wastewater
treatment technology and the responsible management of excess sludge resources.
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2. Materials and Methods
2.1. System Setup and the Reactor Operation

The operation system employed in this study consisted of two sequencing batch
reactors (SBR), each with a working volume of 3 L, as illustrated in Figure 1. The Fermenta-
tion SBR (FSBR) served as the dedicated fermentation reactor, while the Degradation SBR
(DSBR) was utilized as the co-metabolism reactor for the degradation of 2,4,6-TCP. Both
the FSBR and DSBR were meticulously controlled through automated timers to ensure the
coupling of these reactors and enable their prolonged and stable operation.

Anaerobic fermentation

Agitator
Excess
sludge
J (- .,‘ B —
Heater % %
imcaones - o=}
FSBR Centrifuge DSBR Air pump

Figure 1. The schematic diagram of the experimental setup for this study is presented.

2.1.1. Long-Term Operation of FSBR

During the 180-day operation of the FSBR, as shown in Figure 2b, the FSBR operated
for 24 h per cycle for the initial 110 days of operation, as depicted in Figure 2a. Each typical
operation cycle was divided into three stages, comprising a 15 min discharge of FB, 15 min
feeding of excess sludge, and a 23.5 h period of anaerobic fermentation. Throughout the
entire cycle, a mechanical stirrer maintained a constant mixing rate of 200 revolutions per
minute (rpm). The FSBR was held at a consistent temperature of 30 °C through the use of a
heater. In each cycle, 300 mL of mixed FB was extracted from the reactor using a peristaltic
pump to maintain a solid residence time (SRT) of 10 days. Subsequently, an equivalent
volume of excess sludge was introduced into the reactor. Material exchange was carried
out through the peristaltic pump to preserve an anaerobic environment within the FSBR.
The Mixed Liquor Suspended Solids (MLSS) was consistently maintained at a level of
10,000 mg/L throughout the entire operation.

l 24h |
15min  Feed | 23 5 h I
FSBR | gl B e
lDischargc 15 min Fermentation
Feed ) 600 min 60min  Smin 50 min
DSBR [l .. 200 ipmi28°CA—5mg Oy L 1] oo |
5 min Aerobic reaction Settling Dischﬂrgqr Idling

l¢ >
>

(b)

Figure 2. The typical operation of the system: (a) the operating mode of FSBR and DSBR, (b) the

operation timeline of the FSBR-DSBR coupling process.
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2.1.2. Long-Term Operation of DSBR

The DSBR was operated for a total of 110 days. DSBR was initiated after the FSBR
had been in operation for 70 days and had reached a point where it could consistently
produce a constant concentration of FB. The FB from FSBR was utilized as the co-catabolic
carbon source and was introduced into DSBR along with the 2,4,6-TCP. DSBR operated
with a cycle duration of 12 h, and a typical cycle, as illustrated in Figure 2a, included five
stages (Figure 2a): a 5 min period for feeding synthetic wastewater; a 600 min period of
aerobic reaction, maintaining an oxygen concentration of 4-5 mgO,/L; a 60 min settling
phase; a 5 min discharge phase with a volumetric exchange ratio of 70%; and a 50 min
idling phase. The hydraulic retention time was consistently held at 24 h, and the SRT was
maintained at 120 days by discharging 25 mL of mixed sludge per day. An agitator was
used to thoroughly mix the activated sludge at a stirring speed of 200 rpm. Throughout
the entire operation, the temperature was maintained at 28 °C using a constant heater. In
our previous research, it has already been demonstrated that under conditions without the
addition of a carbon source, activated sludge cannot attain a high concentration 2,4,6-TCP
degradation capacity [24].

2.2. Seeding Sludge and Influent Wastewater Composition

The inoculum used in this study was derived from aerobic activated sludge collected
from the aeration tank of the Xiaohongmen municipal WWTP located in Beijing, China. It is
important to note that this activated sludge primarily serves in the treatment of municipal
domestic wastewater and does not possess the capability to degrade 2,4,6-TCP. Before
inoculation, the freshly acquired sludge underwent a washing process with tap water
to eliminate impurities and contaminants. Subsequently, the initial concentration of this
inoculum, amounting to 3000 mg/L, was introduced into both the FSBR and the DSBR for
the study.

The feed for the FSBR comprised pre-treated excess activated sludge, sourced from
the WWTP at Xiaohongmen, Beijing, along with the sludge discharged from the DSBR. The
excess sludge had undergone hydrothermal treatment at 100 °C. This treatment is aimed at
disintegrating the sludge cells, releasing extracellular polymeric substances, and making
intracellular organic matter more accessible. This results in the generation of abundant
substrates to support the anaerobic fermentation process. The treated sludge utilized in
the FSBR had a concentration of 10,000 mg/L. The specific compositions and details of this
treated sludge are outlined in Table 1.

Table 1. Compositions of added excess sludge and effluent fermentation broth (mg/L).

. . VFAs " 3 _
Components TCOD SCOD SS Proteins Polysaccharide (mg COD/L) NH;j PO, NO;
Influent 11,770 4984 10,830 1130 155 - 75.7 23.6 -
Effluent 1223.5 1120.2 - - - 974.5 634.4 1934 52
Note: “-” represents values falling below the detection limit.

The influent of the DSBR included centrifugal-fermentation broth, 2,4,6-TCP within
the concentration range of 0200 mg/L, and trace elements. The composition of the trace
elements is shown in Table S1 of the Supplementary Material. The centrifugal-fermentation
broth was used as the co-metabolism carbon source in this experiment (Table 1).

2.3. The Batch Experiment
2.3.1. Mineralization and Chlorine Ion Removal Experiments of 2,4,6-TCP

The influent concentration of 2,4,6-TCP was set at 100 mg/L, and to eliminate any
interference from chlorine ions in the influent, ultrapure water was used for preparation.
The influent concentration of the FB was the same as that of DSBR, which is 150 mg COD/L.
Dissolved oxygen was maintained at 4-5 mg/L. The experiment lasted for 10 h, with
sampling intervals of 60 min. Mixed sludge samples were centrifuged, passed through a
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0.22 um filter membrane, and the clear liquid was analyzed for chloride ions, 2,4,6-TCP,
and Total Organic Carbon (TOC) values.

2.3.2. Ammonia Nitrogen Concentration Influence Experiment

The experiment commenced with the addition of 100 mg/L of 2,4,6-TCP, and the
influent concentration of the FB was maintained at 150 mg COD/L. In order to assess the
influence of ammonia nitrogen (NH, -N) concentrations, levels of 40 mg/L, 200 mg/L,
400 mg/L, 800 mg/L, and 1200 mg/L were tested. The experiment lasted for 10 h, main-
taining the same sampling intervals and sample processing procedures as described in the
previous test. The focus was on measuring the concentration of 2,4,6-TCP.

2.4. Analytical Methods

In this study, a comprehensive set of parameters was analyzed, including Total Chemi-
cal Oxygen Demand (TCOD), Soluble Chemical Oxygen Demand (SCOD), Ammonium
Nitrogen (NHI-N), Nitrate Nitrogen (NO3;-N), Phosphate (POL3), Suspended Solids
(SV), Sludge Volume Index (SVI), and Mixed Liquor Suspended Solids (MLSS). These
measurements were conducted following the standard procedures outlined in the standard
method [27].

The quantification of 2,4,6-TCP and SCFAs was carried out using high-performance
liquid chromatography (HPLC, Waters 1525, Milford, MA, USA) and gas chromatography
(Agilent 7890A, Santa Clara, CA, USA), respectively. The specific testing conditions were
based on the methodology described by Wang, J. et al. [24] and Wang, B. et al. [18].

2.5. Calculation

The calculation of CODgscpag (mg/L) and the efficiency of SCFAs production (%) was
performed using Equations (1) and (2):

CODscras (mg/L) = Cgcpas X Ny 1)

SCFAs production efficiency (%) = CODgcpas/CODgg x 100% )

Cscras (mg/L) represents the concentration of SCFAs as determined through liquid
chromatography testing. The conversion factor, denoted as “n,”, was defined based on
the methodology described by Wang, B. et al. [18]; CODgg stands for the COD of the
effluent FB.

3. Results and Discussion
3.1. The Performance of FSBR in the Long-Term Operation

The stable acid production process in FSBR plays a crucial role in facilitating the
efficient degradation of 2,4,6-TCP in DSBR. Overall, anaerobic sludge fermentation com-
prises four distinct stages: particulate organic matter dissolution and release, hydrolysis of
soluble organic matter, acidogenesis, and methane production. Of these stages, converting
particulate organic matter into soluble organic matter is a crucial step in anaerobic acido-
genesis [28]. Consequently, several researchers have aimed to improve the solubilization
of particulate organic matter by implementing various techniques including ultrasound,
microwave treatment, heat treatment, the supplementation of surfactants, and alkaline
treatment, as evidenced by previous studies [29-33].

The primary objective was to investigate the feasibility of utilizing sludge fermentation
byproducts for the co-metabolic degradation of 2,4,6-TCP. To achieve this aim, sludge
fermentation was conducted under optimal conditions with the intention of obtaining
stable fermentation byproducts. Additionally, a thermal treatment method involving
heating at 100 °C for 3 h was employed as a pretreatment for the residual sludge. A
comparison of the sludge composition before and after pretreatment revealed a significant
increase in the concentration of soluble organic substances in the mixed liquor, as shown
in Table 1.
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As shown in Figure 3, during the initial 10 days of the first run, VFAs production
was low. In the subsequent period, from day 10 to day 30, the production of acetic acid
and propionic acid initially increased, reaching 256.93 mg COD/L and 160.38 mg COD/L,
respectively. However, at this point, the production of butyric acid and valeric acid re-
mained low, resulting in an overall acid production efficiency of 55.95%. During days 30
to 70, VFAs gradually increased and stabilized, with concentrations of acetic acid, propi-
onic acid, butyric acid, and valeric acid reaching 322.04 mg COD/L, 225.98 mg COD/L,
274.76 mg COD/L, and 149.58 mg COD/L, respectively. The acid production efficiency in-
creased to 88.40%, which is significantly higher than the average acid production efficiency
reported in the literature (55 £ 10.3%) [34]. After day 70, VFAs production remained stable.
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Figure 3. Long-term variation in VFA production in FSBR.

3.2. DSBR Performance in Long-Term Acclimation
3.2.1. 2,4,6-TCP Degradation Performance

The influent sludge fermentation liquid in the DSBR was consistently maintained
at 150 mg COD/L, utilizing the activated sludge control method with a constant sludge
concentration as described in Wang, J. et al. [24]. As shown in Figure 4a, a gradient incre-
ment approach was used for adding 2,4,6-TCP with influent ranging from 10 to 250 mg/L.
The effluent 2,4,6-TCP was carefully monitored during each additional concentration. If a
notable quantity of 2,4,6-TCP was detected in the effluent, the influent concentration was
reduced or maintained to avoid impeding the activated sludge metabolism with excess
inhibition from the 2,4,6-TCP. Over a lengthy operational period and with adjustments to
the reactor, beneficial bacteria in the activated sludge were steadily enriched, enabling the
decomposition of elevated 2,4,6-TCP concentrations. After a 110-day acclimation period,
the influent 2,4,6-TCP was maintained at 250 mg/L, while the effluent 2,4,6-TCP remained
consistently at 9.87 mg/L. This indicates that the functional bacteria achieved the maximum
degradation concentration of 2,4,6-TCP, which is 240.13 mg/L.

Wang, J. et al. [35] used domestic wastewater as a substitute for commercial carbon
sources and achieved a maximum degradation concentration of 2,4,6-TCP at 208 mg/L.
When using glucose, sucrose, or starch as single carbon sources, they obtained 2,4,6-TCP
degradation concentrations of 65 mg/L [10]. In this study, the obtained 2,4,6-TCP degrada-
tion concentration of 240.13 mg/L was significantly higher than the scenarios mentioned
in the literature. The primary components of sludge fermentation liquid were volatile fatty
acids (VFAs), and the FSBR achieved an acid production efficiency of 88.40%. VFAs were
more easily biodegraded and utilized by microorganisms compared to domestic wastew-
ater or single carbon sources. This may have explained why using sludge fermentation
liquid as a carbon source yielded superior results compared to other carbon sources.

12

100

[N 0
(e} S
CODtotal/CODEﬁ(%)

n
(e}

[
(=]



Water 2023, 15, 4008

300 @ 300
250 F £=3] Degradation 250 ~
g - B Influent %1)
%D 200 [ ® Effluent F200 g
= =
& 150 150 .2
S =
N <
;’;: 100 100 50
N o
SOF e +50 2
— O et
10 20 30 40 50 60 70 80 90 100 110
(b) Time (day)
4000 150 r50
aA-A-A - MLSS -A- SVI [T SV (35 I
ﬁ o o L - 40
3 ] "o O0-0O V99040090 O0OOOY @w 120 o~
£ 21V
= [20 %
i N wn |
it T | k4t 10
| ] RERE | it [
T T T T T T T T *0
40 50 60 90 100
Time (days)
- 100
=) C3 Efficiency ® Influent ® Effluent i |
ch) | ”“ .I””I L 80
= i I I I “I ” —
I ”I | s
= . i 2
3 E “ [ il P
5 I | 40 2
5 i i - @
) I 20
o b [ i L
© , b w , LI )
0 10 20 30 40 50 80 90 100 110

Time (days)

Figure 4. Operating characteristics of the DSBR during 110-day domestication: (a) the variation
characteristics of influent and effluent of 2,4,6-TCP and degradable concentration; (b) the variations
in activated sludge operating characteristics; (¢) COD influent and effluent concentrations and
removal efficiency.

3.2.2. COD Removal Performance

The influent and effluent COD, as well as the removal efficiency during the long-
term operation of the DSBR, are depicted in Figure 4c. During the operation, COD was
primarily contributed by the fermentation liquid and 2,4,6-TCP. It can be observed that the
influent COD was correlated with 2,4,6-TCP, showing a gradient increase. Throughout the
long-term operation of the reactor, maintaining effluent COD consistently below 50 mg/L
signifies the stability of sludge properties and the absence of significant toxic inhibition.

However, the COD removal efficiency was relatively low during the early acclimation
phase, ranging from 70% to 80%. In the stable operational phase, the removal efficiency can
exceed 90%. Therefore, throughout the entire acclimation period, the DSBR demonstrates a
substantial capability for COD degradation.

3.2.3. Sludge Characteristics

Before the start of the DSBR operation, the inoculated sludge concentration was
3280 £ 100 mg/L. After 110 days of operation, the sludge concentration slightly decreased
but was maintained at 3021 £ 110 mg/L, with no significant fluctuations during this
period. This indicates that a sludge fermenter with a concentration of 150 mg COD/L
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can sustain the carbon source metabolism of activated sludge and maintain a constant
sludge concentration.

Furthermore, the sedimentation performance of the sludge during DSBR operation
can be reflected by calculating the SVI value, and a good sedimentation performance
helps to reduce the loss of activated sludge during the DSBR drainage phase. In the initial
0-10 days, the sludge’s SVI value was relatively high, averaging 137 mL/g, indicating slight
expansion [36]. From day 10 to day 30, it rapidly decreased to a stable level of 70 mL/g.
These results indicate that an influent concentration of 150 mg COD/L can maintain the
normal metabolism of activated sludge and ensure the proper operation of the reactor.

3.3. Mineralization

The absence of 2,4,6-TCP in the long-term experiment effluent does not necessarily
indicate complete microbial metabolism. Only when complete dechlorination and mineral-
ization were achieved could it be confirmed that 2,4,6-TCP was thoroughly metabolized by
microorganisms. Therefore, a batch test was established to demonstrate that the microor-
ganisms in the DSBR possess the capability to completely degrade 2,4,6-TCP. The 2,4,6-TCP
dechlorination was confirmed by comparing the CI~! in the effluent to its theoretical C1~!
based on its molecular formula. Complete 2,4,6-TCP mineralization was indicated by the
total organic carbon (TOC) value in the effluent.

The influent 2,4,6-TCP was set at 100 mg/L, and the fermentation liquid was added at
the same concentration as in the long-term DSBR process, which was 150 mg COD/L. As
shown in Figure 5, the 2,4,6-TCP at 100 mg/L was completely degraded within 300 min,
achieving a removal rate of 100%. In the reaction solution, the CI~! concentration reached
its highest point at 360 min, measuring 53.90 mg/L, which was consistent with the theo-
retical value for 2,4,6-trichlorophenol. This indicates that 2,4,6-TCP achieved nearly 100%
dechlorination. The delay of 60 min in reaching the maximum CI~! concentration in the
solution was attributed to the fact that 2,4,6-TCP initially underwent degradation into
intermediate products bearing Cl1~!. The initial TOC was 69.20 mg/L, and this value was
contributed by 2,4,6-TCP, sludge fermentation liquid, and some of the membrane-bound
bacteria. At 360 min, the TOC decreased to 10.67 mg/L and remained constant until the
end of the reaction, resulting in a removal rate of 84.58%. The lowest TOC and the highest
Cl~! content both occurred at 360 min, indicating that 2,4,6-TCP achieved simultaneous
mineralization and dechlorination.
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Figure 5. Mineralization characteristics of 2,4,6-TCP using fermentation broth as the carbon source.

3.4. The Impact of Ammonia Nitrogen Influent Concentration on the Degradation of 2,4,6-TCPI

High concentrations of NH, -N are a significant characteristic of sludge fermentation.
In this study, a heat pretreatment method was employed to process the influent sludge
of the FSBR, which accelerated the release of nitrogen-containing compounds generated
from extracellular polymeric substances and cell lysis. As a result, the NH; -N content in
the FB produced by FSBR reached as high as 634.4 mg/L. This concentration is notably
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higher than the 144.7 mg/L NH, -N content produced using alkaline sludge fermentation
methods, as reported in the literature [37]. When using sludge FB as a carbon source in
denitrification processes, to mitigate the impact of high NH; -N levels, it is common to
employ a chemical method for NH; -N and phosphorus removal [38]. In this study, no
pretreatment of the FB precipitate was conducted. Therefore, it is necessary to investigate
the influence of different influent NHI -N concentrations on the metabolism of 2,4,6-TCP.
Batch tests were conducted with a 2,4,6-TCP concentration set at 100 mg/L and influent
NH; -N concentrations of 40 mg/L, 170 mg/L, 340 mg/L, 680 mg/L, and 1360 mg/L.

As depicted in Figure 6, NH; -N concentrations ranging from 0 to 680 mg/L exhibited
no significant impact on the metabolism of 2,4,6-TCP. However, when the influent NHI-
N was raised to 1360 mg/L, there was a noticeable inhibition of 2,4,6-TCP metabolism.
Changes in sludge fermentation conditions can lead to fluctuations in effluent NH, -N,
subsequently affecting the metabolism of 2,4,6-TCP. Therefore, when NH; -N levels are
excessively high in the FB, it is essential to employ necessary pretreatment methods to
reduce the influent NH; -N concentration. This is performed to prevent the inhibition of
2,4,6-TCP metabolism.

120

—&— 40 mg/L
—o— 170 mg/L
—A— 340 mg/L
—v— 680 mg/L
—4— 1360 mg/L

100

80

60+

2,4,6-TCP (mg/L)
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T T T T T T T T T T
0 120 240 360 480 600
Time (min)
Figure 6. Degradation characteristics of 2,4,6-trichlorophenol under different ammonia nitrogen
influent concentrations.

3.5. Novel Strategy for Degrading 2,4,6-TCP in a Pilot-Scale Application

2,4,6-TCP wastewater, characterized by its high toxicity, stands apart from general
wastewater such as domestic sewage, imposing more stringent requirements on treatment
methods. However, practicality and cost-effectiveness are paramount in engineering
applications. Currently, microbial co-metabolism methods predominantly rely on artificially
extracted or synthesized single organic compounds as carbon sources, thus incurring a
substantial economic burden in practical operations.

This study presents groundbreaking evidence that sludge fermentation liquor not
only finds application in biological nitrogen and phosphorus removal processes, but also
serves as an exceptional mixed carbon source for microbial co-metabolism. Furthermore,
sludge fermentation contributes to the consumption of surplus sludge from wastewater
treatment plants, reducing the residual sludge generated during the treatment of chlorophe-
nol wastewater. Figure 7 depicts the pilot-scale application for degrading 2,4,6-TCP using
sludge fermentation liquid as a carbon source.

During the pilot-scale operation, considering that the pre-treatment method of thermal
hydrolysis for residual sludge may lack operational feasibility, it is advisable to replace the
residual sludge fermentation with alkaline fermentation to enhance practical applicability.
Alkaline fermentation is a more mature fermentation method, where the fermentation
sludge can achieve higher acid production efficiency without the need for special treat-
ment [34,39].

In practical applications, it is essential to determine the dosage of sludge fermentation
liquid to ensure that its introduction does not lead to competition with the metabolism
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of 2,4,6-TCP. The control strategy employed can be achieved by maintaining a constant
sludge concentration.

Phenolic Reflux Pump
wastewater = L1

dwm g xnppy
| -

‘Waste sludge

Reflux Pump
f t + + } |
Excess studgg Hydrolysls Fermentation liquid Degradation Effluent
sedimentation acidification sediiadtation Phenolic sntidio

Figure 7. The schematic diagram of the pilot-scale conceptual apparatus for degrading 2,4,6-TCP
using sludge fermentation liquid as a carbon source.

In the pilot-scale operation, the pre-treatment of sludge fermentation liquid will
involve natural sedimentation, which differs from the centrifugation method used in
small-scale studies. Sludge fermentation liquid’s settling performance is poor, and natural
settling will inevitably introduce fermentation bacteria into the DSBR. Therefore, the pilot-
scale operation requires further research into the acclimatization of 2,4,6-TCP degradation
bacteria and operational parameters under the conditions of mixed fermentation liquid
addition. The sludge retention time in the degradation unit was maintained at 120 days,
and the resulting residual sludge was recirculated back to the fermentation unit as a
fermentation substrate.

4. Conclusions

The utilization of sludge fermentation liquid as a carbon source for the degradation
of 2,4,6-TCP presents a viable strategy to tackle the problem of exorbitant treatment ex-
penses linked to the incorporation of external carbon sources. Throughout the 180-day
operational period, the concentrations of VFAs in FSBR remained constant, with acetic acid,
propionic acid, butyric acid, and valeric acid concentrations reaching 322.04 mg COD/L,
225.98 mg COD/L, 274.76 mg COD/L, and 149.58 mg COD/L, respectively. The acid pro-
duction efficiency peaked at 88.40%, further substantiating the significant improvement in
acid production rates in sludge fermentation through the application of thermal pretreat-
ment. The maximum removal of 2,4,6-TCP reached 240.13 mg/L within a 12 h operating
cycle, significantly outperforming the use of single commodity carbon sources or other
mixed carbon sources. However, the composition and dosage of sludge fermentation liquid
will directly affect the removal of 2,4,6-TCP, which remains an aspect to be explored in
future research.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/w15224008/s1, Table S1: The DSBR Influent Trace Elements Concen-
trations.
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Abstract: The use of sludge fermentation broth (FB) as a co-metabolic carbon source for treating 2,4,6-
trichlorophenol (2,4,6-TCP) wastewater is a novel strategy. The key to the feasibility of this strategy is
whether the FB can promote the growth of functional microorganisms that are capable of degrading
2,4,6-TCP. This study focused on long-term acclimatized sludge and investigated the impact of key
operating parameters such as the sludge FB concentration and the influent concentration of 2,4,6-TCP
on the removal efficiency of chlorophenol. The research findings revealed that when the influent
concentration of sludge FB exceeded 300 mg COD/L, it significantly inhibited the degradation of
2,4,6-TCP. Simulation experiments using individual VFA components as influent carbon sources
showed that excessive propionic acid addition can inhibit the degradation of 2,4,6-TCP, indicating
the need to control the concentration of propionic acid in the fermentation conditions. Metagenomic
analysis further showed that sludge FB can promote the enrichment of microbial chlorophenol
degradation genes, including PcpA, pcaF, pcal, Mal-r, chqB, and fadA. The abundances of these six
chlorophenol degradation genes were as follows: 1152 hits (PcpA), 112 hits (pcaF), 10,144 hits (pcal),
12,552 hits (Mal-r), 8022 hits (chqB), and 20,122 hits (fadA). Compared with other types of carbon
sources, sludge FB demonstrates distinct advantages in terms of leading to the highest chlorophenol
degradation concentration and the abundance of functional microbial communities. This study has
successfully demonstrated the feasibility of using sludge FB as a co-metabolic carbon source for the
degradation of 2,4,6-TCP.

Keywords: 2,4,6-trichlorophenol; functional gene; microbial community; co-metabolism

1. Introduction

2,4,6-Trichlorophenol (2,4,6-TCP) is a persistent organic compound. Its molecular
formula features three chlorine substituents, which significantly increase its biotoxicity
compared with mono- and dichlorophenols [1,2]. Its remarkable chemical stability has led
to a wider range of applications [3] than other chlorophenols, resulting in higher environ-
mental concentrations of 2,4,6-TCP [4]. Consequently, many researchers have focused on
developing techniques for removing 2,4,6-TCP, including biological co-metabolism [5], and
bio-electrochemical methods [1,6-8]. The bio-co-metabolism technique involved enhanc-
ing the biodegradability of 2,4,6-TCP wastewater by adding readily degradable carbon
sources [2]. Over time, the technique has evolved from using commercial carbon sources
like sucrose and glucose to employing other organic wastewater streams as co-metabolic
carbon sources [9]. This shift has significantly reduced the application cost of the co-
metabolic technique, thereby increasing its practicality. A crucial aspect of this progress
has been the enrichment and cultivation of 2,4,6-TCP functional microbial communities.

Water 2023, 15, 4279. https:/ /doi.org/10.3390/w15244279 19 https://www.mdpi.com/journal /water
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Research on the co-metabolism of biological processes can employ mixed microbial
cultures. Wang, J et al. [5] investigated the degradation of 2,4,6-TCP using sucrose as a
co-metabolic carbon source. They utilized mixed cultures from a wastewater treatment
plant as the inoculum sludge and identified Norank_p_Saccharibacteria as the predominant
taxa after domestication. Additionally, they observed varying abundances of these taxa
with different sucrose concentrations. Similarly, Zhao, ] et al. [10] used sludge from a
wastewater treatment plant as inoculum and studied the degradation mechanism of 4-
chlorophenol with starch and sodium acetate as carbon sources. The microbial communities
utilizing starch and sodium acetate both had Proteobacteria as the dominant phylum, with
abundances of 32.15% and 43.43%, respectively.

In contrast, other researchers employed single strains to investigate the degradation
mechanisms of 2,4,6-TCP. Cupriavidus necator [MP134 was frequently employed as an
aerobic co-metabolism bacterium with strong 2,4,6-TCP degradation capabilities. It was
often utilized to investigate the functional genes that are involved in the aerobic metabolism
pathway of 2,4,6-TCP. Cupriavidus necator JMP134 contained all the tcp degradation genes,
enabling the efficient synthesis of metabolic enzymes not only for 2,4,6-TCP but also
for its different metabolic by-products, resulting in the complete degradation of 2,4,6-
TCP [11,12]. The degradation process by Cupriavidus necator [MP134 did not lead to
the accumulation of metabolic intermediates, thus greatly enhancing the mineralization
efficiency of 2,4,6-TCP. Ralstonia pickettii DTP0602 is another extensively tested strain,
sharing the same phenol degradation pathway as Cupriavidus necator JMP134. However,
the functional genes that were responsible for metabolism were entirely different [13].
Wang, C C et al. [14] isolated pure strains that are capable of utilizing 2,4,6-TCP from a
mixed microbial community grown on substrates containing chlorophenolic compounds:
Pseudomonas spp. strain 01 and Pseudomonas spp. strain 02. These two aerobic bacteria
individually exhibited low removal rates for 2,4,6-TCP. When 200~400 mg/L of phenol was
added as a co-metabolic substrate, the removal rates for 2,4,6-TCP could be increased to
65% and 48%, respectively. However, further evidence is needed to confirm whether the
2,4,6-TCP degradation active sludge, adapted by adding a mixed carbon source, contains
the aforementioned microbial communities.

Research on 2,4,6-TCP-degrading bacteria has primarily concentrated on changes in
the microbial community [15,16]. However, there has been limited investigation into the
expression of functional genes. The continuous introduction of mixed wastewater into
the co-metabolic system could potentially alter the functional bacterial community due
to the presence of numerous suspended microorganisms. This could, in turn, impact the
degradation efficiency of 2,4,6-TCP. Metagenomic technology, a technique that is capable
of analyzing microbial abundance at the gene level [17], presents a viable solution to this
issue. It facilitates the examination of microorganisms that are involved in carbon source
metabolism and 2,4,6-TCP degradation within the reactor. Importantly, this method allows
for the exploration of the potential relationship between the bacteria introduced through
mixed wastewater and the original bacterial community. This approach not only enhances
our understanding of the degradation process but also provides valuable insights into the
impact of introduced bacteria on the functional bacterial community.

In our previous research, the feasibility of utilizing sludge fermentation liquid as a
carbon source to domesticate bacteria that are capable of degrading 2,4,6-TCP has been
meticulously demonstrated [18]. Based on the above research background, this study
focuses on 2,4,6-TCP-degrading bacteria cultivated using sludge fermentation broth as
a carbon source. Batch experiments are conducted to validate the influence of different
reactor operating conditions on the degradation properties of the microbial community. Si-
multaneously, both high-throughput and metagenomic analysis techniques were employed
to examine the original sludge, fermentation sludge, and chlorophenol-degrading bacteria.
This approach allowed us to understand the impact of sludge fermentation broth on the
abundance of 2,4,6-TCP degradation genes.
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2. Materials and Methods
2.1. Seeding Sludge

Three types of activated sludge were employed in this research. The excess sludge (CS)
was collected from the secondary clarifier of a wastewater treatment plant. The degradation
sludge (DS), which was acclimated from the CS and had the ability to degrade 2,4,6-TCP,
was used with sludge fermentation liquid as the carbon source. The fermentation sludge
(FS) was used to provide the sludge fermentation liquid.

CS does not possess the capability to degrade 2,4,6-TCP or ferment acid. The DS
demonstrated a maximum degradation concentration of 240 mg/L for 2,4,6-TCP. The FS ex-
hibited an acid production rate of 80.40%, with a peak acid concentration of 974.5 mgCOD/L.

2.2. The Batch Experiment

Batch experiments were conducted within a small-scale sequential batch reactor (SBR),
as illustrated in Figure 1. The effective volume of this reactor was 750 mL. The operating
conditions for the batch experiments were as follows: the temperature was set at 28 °C,
dissolved oxygen was maintained at 4-5 mg0O, /L, and the sludge operational stirring speed
was set at 200 rpm. During the operation of the batch experiments, sampling was conducted
using a syringe, with each sampling event collecting 10 mL. The pretreatment conditions
for batch experiment samples involved centrifugation at 4000 rpm and membrane filtration
(0.22 pm). Subsequently, various water quality parameters were further analyzed.

(Cmmo )

1

Figure 1. The schematic diagram of batch test SBR (1. magnetic stirrer; 2. WTW water quality monitor;
3. dissolved oxygen and temperature probes; 4. constant temperature heater; 5. sampling syringe;
6. air pump).

2.2.1. Test 1: Studying the Impact of the Dosage of Sludge Fermentation Liquid on the
Degradation of 2,4,6-TCP

The influent concentration of the fermentation liquid was calculated in terms of COD
equivalents, with concentrations set at 0, 150, 300, and 600 mg COD/L. Sampling intervals
ranged from 10 to 30 min. The influent concentration of 2,4,6-TCP was 70 mg/L.

2.2.2. Test 2: Exploring the Influence of the Fermentation Liquid Composition on the
Degradation of 2,4,6-TCP

The primary components of the sludge fermentation liquid are VFAs, with the major
constituents being acetic acid, propionic acid, butyric acid, valeric acid, and other volatile
fatty acids, along with a small portion of lipids and proteins [19]. Given the difficulty
in purifying volatile components, sodium acetate, sodium propionate, sodium butyrate,
and sodium valerate were used to simulate the VFAs’ composition. The alteration of the
solution pH induced by sodium acetate, sodium propionate, sodium butyrate, and sodium
valerate was rectified by adjusting the pH to neutral using hydrochloric acid. The influent
concentration was calculated in terms of COD and was set at 150 mg COD/L for each of
these components. The influent includes a simulated carbon source at 150 mg COD/L and
2,4,6-TCP at 100 mg/L. Sampling intervals were set at 60 min.
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2.2.3. Test 3: The Impact of Varying Concentrations of 2,4,6-TCP on the Degradation
Characteristics of Sludge

The dosage of sludge fermentation liquid was set at 150 mg COD/L. The influent
concentrations of 2,4,6-TCP were established at 50 mg/L, 100 mg/L, 150 mg/L, 200 mg/L,
230 mg/L, and 250 mg/L, respectively. Sampling intervals were set at 60 min.

2.2.4. Test 4: Investigating the Influence of Chloride Ion Concentration on the Degradation
Characteristics of Sludge

2,4,6-TCP contains three chlorine atoms within its molecular structure. As the reaction
progresses, 2,4,6-TCP is continuously oxidized, releasing chlorine ions into the reaction
solution. Therefore, it is essential to investigate the influence of the accumulating chlorine
ion concentration on the metabolism of 2,4,6-TCP. Sodium chloride served as the primary
compound providing chlorine ions, and the impact of chloride ion concentration on the
degradation of 2,4,6-TCP in sludge was examined. Batch experiments were conducted
under the same conditions as the long-term operation of the SBR, with chloride ion concen-
trations set in the range of 1000 mg/L, 2000 mg/L, 3000 mg/L, and 5400 mg/L. Sampling
intervals were set at 60 min. The influent concentration of 2,4,6-TCP was 100 mg/L.

2.2.5. Test 5: The Effect of Temperature on 2,4,6-TCP Degradation

Prior to the commencement of the reaction, the influent concentration of 2,4,6-TCP was
100 mg/L, while the influent concentration of sludge fermentation liquid was 150 mg COD/L.
The investigation was carried out at temperatures of 10 °C, 20 °C, 28 °C, and 40 °C. The
experiment lasted for 10 h, with sampling intervals of 60 min.

2.3. Analytical Methods
2.3.1. Standard Parameters

2,4,6-TCP was detected using liquid chromatography, chloride ions were detected
using ion chromatography, and volatile fatty acids were detected using gas chromatography.
Specific testing conditions for these three parameters are detailed in the attached document.

2.3.2. Sludge Microbial Community and Genetic Analysis

In this study, a total of three types of sludge samples were tested. The activated
sludge from the secondary sedimentation tank of the wastewater treatment plant, when
used as the original biological sample, was named excess sludge (ES). The active sludge
sample, stabilized through the utilization of sludge fermentation liquid as a carbon source
for the degradation of 2,4,6-TCP, was named degradation sludge (DS). The fermentation
active sludge remaining within the sludge fermentation reactor was named fermentation
sludge (FS).

High-throughput methods and metagenomics were employed for the analysis of
microbial community and gene abundance. Detailed analytical procedures are available
in the Supplementary Materials. The raw data from the metagenomic analysis have been
deposited in the NCBI database under accession number PRJNA707137.

3. Results and Discussion
3.1. The Impact of Sludge Fermentation Liquid Dosage

Degradable organic compounds were found to enhance the degradation of 2,4,6-TCP,
and this enhancing effect was intensified with an increase in the concentration of the carbon
source [5]. It was also demonstrated that 2,4,6-TCP was not adversely affected in the short
term when mixed carbon sources containing recalcitrant components were present [9]. In
this study, FB served as a typical mixed carbon source with a VFA content reaching 88.4%.
Therefore, it was imperative to investigate the impact of adding FB on the degradation of
2,4,6-TCP.

As shown in Figure 2a, there was no significant difference in the degradation of
2,4,6-TCP when the influent FB was either 0 or 150 mgCOD/L. In both cases, complete
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degradation was achieved within 300 min. However, when the influent FB concentrations
were increased to 300 mgCOD/L and 600 mgCOD/L, the degradation times for 2,4,6-TCP
extended to 420 min and 540 min, respectively.
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Figure 2. (a) The effects of adding different fermentation broth levels on 2,4,6-TCP degradation,
(b) average degradation rate.

As depicted in Figure 2b, calculations through fitting provided the average degrada-
tion rates of 2,4,6-TCP at different FB levels, which were 13.61 mgTCP/h, 13.32 mgTCP /h,
10.19 mgTCP/h, and 7.82 mgTCP /h. It can be observed that there is a competitive metabolic
phenomenon between FB and 2,4,6-TCP. This differs from the case when sodium acetate
and sodium propionate are used. The reason for this phenomenon may be the interfer-
ence caused by other organic compounds that are present in the FB on the degradation
of 2,4,6-TCP. In the short term, not adding FB can achieve the best removal efficiency of
2,4,6-TCP. However, this is not suitable for the long-term stable operation of the reactor [5].
An FB concentration of 150 mgCOD/L can maintain a stable sludge concentration and has
a relatively minor inhibitory effect on 2,4,6-TCP degradation.

3.2. Effect of VFA Compositions on 2,4,6-TCP Degradation

It remains to be further demonstrated which specific component among VFAs, in-
cluding acetic acid, propionic acid, butyric acid, and valeric acid, may be inhibited in
the degradation of 2,4,6-TCP when added in excessive amounts. To explore the impact
of the addition of these components, the simulation of the above four VFA components
was achieved using different fatty acid salts, and the effect of their concentration on the
degradation of 2,4,6-TCP was investigated. The influent concentration of 2,4,6-TCP was
set at 100 mg/L, while the influent concentration of fatty acid salts was uniformly set at
150 mgCOD/L.

As shown in Figure 3, when sodium acetate, sodium butyrate, and sodium valerate
were used as carbon sources, 2,4,6-TCP was completely degraded within 240 min, with
average degradation rates of 24.93 mgTCP/h, 24.98 mgTCP/h, and 24.94 mgTCP/h, re-
spectively, and there were no significant differences. However, when sodium propionate
was used as a carbon source, 2,4,6-TCP could only be completely degraded by the 300th
minute, with an average degradation rate of 20.19 mgTCP /h, which is significantly lower
than the other three carbon sources. These results indicate that among the VFAs, acetic
acid, butyric acid, and valeric acid can enhance the removal of 2,4,6-TCP, while propionic
acid has a certain degree of inhibition on the degradation of 2,4,6-TCP. Based on these
observations, by adjusting the sludge fermentation conditions, it is possible to increase the
content of acetic acid, butyric acid, and valeric acid in the total VFAs, thereby enhancing
the removal efficiency of 2,4,6-TCP.
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Figure 3. The effects of different VFA components on 2,4,6-TCP degradation, (a) sodium acetate,
(b) sodium propionate, (c) sodium butyrate, and (d) sodium valerate.

3.3. The Impact of Influent 2,4,6-TCP on Its Degradation

As shown in Figure 4, the specific degradation rates at different 2,4,6-TCP concen-
trations were investigated. It can be observed that at influent concentrations of 50 mg/L,
100 mg/L, and 150 mg/L of 2,4,6-TCP, the corresponding specific degradation rates were
8.28 mgTCP/g-VSS-h, 8.34 mgTCP/g-VSS-h, and 8.37 mgTCP/g-VSS-h, respectively. When
the influent concentration of 2,4,6-TCP was raised to 200 mg/L and 230 mg/L, the specific
degradation rates increased to 9.48 mgTCP/g-VSS-h and 9.63 mgTCP/g-VSS-h, respec-
tively. However, when the concentration of 2,4,6-TCP was further increased to 250 mg/L,
the specific degradation rate rapidly decreased to 8.32 mgTCP/g-VSS-h.
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Figure 4. Variation in specific degradation rates of 2,4,6-TCP with its initial concentration (all values

are means (1 = 3)).
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These results indicate that, at a certain influent concentration of 2,4,6-TCP, the specific
degradation rate increases with the increase in influent concentration. However, due to the
toxicity of 2,4,6-TCP, even with long-term acclimation of the activated sludge, excessively
high influent concentrations can still inhibit the microbial degradation activity. The floccular
sludge used in this study exhibited significantly higher degradation efficiency for 2,4,6-TCP
compared with the use of granular sludge [20].

3.4. Effect of Chloride Ion on 2,4,6-TCP Degradation

Dechlorination is an important indicator for the environmentally friendly treatment of
2,4,6-TCP, and whether the removal of chloride ions will affect the further degradation of
2,4,6-TCP needs further investigation. Using sodium chloride to simulate the concentration
of chloride ions released by 2,4,6-TCP, the influence of its influent concentration on the
degradation of 2,4,6-TCP was studied. As shown in Figure 5a, when the influent chloride
ion concentration ranged from 1 to 3 g/L, 2,4,6-TCP was completely removed within
240 min. However, when the chloride ion concentration was increased to 5.4 g/L, the
degradation of 2,4,6-TCP was significantly inhibited. The tolerance threshold of activated
sludge to chloride ions was below 5.4 g/L. Furthermore, the chloride ion concentration
varied with the influent 2,4,6-TCP and the reactor’s operational mode.
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Figure 5. (a) The effect of different chloride ion concentrations on 2,4,6-TCP degradation; (b) the
relationship between the release of chloride ions and the operating cycle with the addition of different
2,4,6-TCP (SBR drainage ratio of 0.7).

In Figure 5b, under the conditions of different influent 2,4,6-TCP (100 mg/L, 200 mg/L,
and 240 mg/L) and an SBR effluent ratio of 0.7, the relationship between C17 ! in the reaction
liquid and the SBR operational cycles was calculated. It can be observed that within the
first four operational cycles, the C1~! increased rapidly. However, starting from the fifth
cycle, the production and discharge of C1~! reached equilibrium. The final equilibriums of
Cl~! were 184.77 mg/L, 153.89 mg/L, and 76.95 mg/L, respectively. Therefore, under a
constant SBR effluent ratio, the C1~! generated by the dechlorination of 2,4,6-TCP reached
an equilibrium. In this study, the maximum degradation concentration of 2,4,6-TCP was
240 mg/L, with an SBR effluent ratio of 0.7, resulting in Cl~! below 185 mg/L, while
the highest C1~! tolerance of the activated sludge was below 5.4 g/L. Consequently, the
Cl~! generated by the dechlorination of 2,4,6-TCP will not have a long-term impact on the
reactor’s operation.
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3.5. Effect of Temperature on 2,4,6-TCP Metabolism

At different temperatures, the degradation characteristics of 2,4,6-TCP are illustrated
in Figure 6. At 28 °C, which was the long-term acclimation temperature for the activated
sludge, it was observed that the sludge exhibited the highest degradation activity for
2,4,6-TCP. It could remove 100 mg/L of 2,4,6-TCP within 300 min. However, when the
temperature was raised to 40 °C, the initial degradation rate of 2,4,6-TCP was faster, but
the degradation significantly slowed down in the later stages. This may have been due
to the higher external temperature accelerating the metabolic rate of the carbon source,
leading to a lack of necessary carbon source supply in the later stages of operation. When
the temperature was lowered to 10 °C and 20 °C, at the end of the cycle, 2,4,6-TCP still
remained incompletely degraded.

120
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T
0 120

T T

T T T T T
240 360 480 600
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Figure 6. Degradation characteristics of 2,4,6-TCP at different operating temperatures.

3.6. Analysis of FSBR-DSBR Process Bacterial Community

The active sludge tested in this experiment includes three types: residual sludge,
which serves as the feedstock for the FSBR; fermentative sludge; and sludge capable of
degrading 2,4,6-TCP. Residual sludge acts as the substrate for fermentation, and the sludge
FB serves as the carbon source for 2,4,6-TCP degradation. Therefore, it is possible that both
residual sludge and the FB may have a certain impact on the microbial community within
the target unit.

3.6.1. Analysis of Functional Microbial Community

As shown in Figure 7, at the phylum level of anaerobic digestion, there are a total of
12 dominant bacterial phyla among the three sludge samples. Among these, Proteobacteria
is the predominant phylum in the residual sludge, accounting for 31.61% of the total
abundance. In contrast, Firmicutes dominates in the fermentative sludge, representing a
substantial proportion at 55.56%. Firmicutes is a commonly observed phylum in sludge
fermentation [21-25]. The higher abundance of Firmicutes observed in this study aligns with
the effective acid production during FSBR. Other phyla with relatively high abundances
include Proteobacteria (29.31%) and Actinobacteria (2.73%).
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Figure 7. Bacterial community evolution of residual sludge, fermented sludge, and 2,4,6-TCP-
degraded sludge at phylum level.

In the sludge that is capable of degrading 2,4,6-TCP, the dominant bacterial phylum is
Proteobacteria, representing a high proportion of 70.63%. Proteobacteria is a key phylum and
is associated with the metabolism of 2,4,6-TCP [26], and this finding aligns with the efficient
2,4,6-TCP degradation observed in DSBR. Furthermore, in residual sludge, Proteobacteria
(31.61%) is the dominant phylum, while fermentative sludge is dominated by Firmicutes
(55.56%). This suggests that the use of residual sludge as a feedstock substrate did not
significantly affect the microbial community structure in the fermentative sludge. This is
likely because the heat treatment of residual sludge, its use as the fermentation substrate in
FSBR, and the anaerobic fermentation environment favored the dominance of Firmicutes.
Simultaneously, the suspended sludge in the sludge FB did not significantly impact the
microbial community in DSBR.

As shown in Figure 8, at the genus level, Lactobacillus was detected in the fermentation
sludge, representing 54.06% of the total, and many studies have reported it as a dominant
genus in anaerobic activated sludge and acid-producing fermentation processes [27-29].
Therefore, the presence of the Lactobacillus genus is favorable for the acid production in
sludge fermentation, resulting in an acid production rate of over 88.4%. Additionally,
3.49% of the Dechloromonas genus was detected, which plays a significant role in the
hydrolysis and acidification of organic matter under anaerobic conditions [22,30,31]. In this
experiment, heat-treated residual sludge was used as the feedstock sludge, which contained
a substantial amount of polysaccharides and protein components. Dechloromonas genus
can effectively hydrolyze these organic substances and promote hydrolytic acidification,
accelerating acid production.
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Figure 8. Bacterial community evolution of residual sludge, fermented sludge, and 2,4,6-TCP-
degraded sludge at genus level (Es: excess sludge; Fs: fermentation sludge; Ds: degradation sludge).

Through high-throughput analysis of the sludge involved in the degradation of
2,4,6-trichlorophenol, it was discovered that the Ralstonia genus was the most abundant
genus in the reactor, accounting for as much as 40.89%. Many studies have found a
close metabolic relationship between the Ralstonia genus and phenol, pentachlorophenol,
4-chlorophenol, and 2,4,6-trichlorophenol [13,32-35]. Other genera with abundances ex-
ceeding 1% include Cupriavidus (10.52%), Sphingomonas (6.18%), Mycolicibacterium (2.97%),
Microlunatus (2.39%), Friedmanniella (1.94%), and Mycobacterium (1.35%). Among these,
the Cupriavidus genus [36-39], the Sphingomonas genus [40-42], and the Mycobacterium
genus [43—45] are known to possess the ability to degrade phenol, 4-chlorophenol, 2,4,6-
trichlorophenol, 2,3,4,5-tetrachlorophenol, and pentachlorophenol.

Compared with other organic carbon sources, the use of sludge fermentation liquid as
a carbon source significantly promoted the enrichment of these chlorophenol-degrading
bacteria, particularly the Ralstonia genus, which reached a high proportion of 40.89%.
The enrichment of these chlorophenol-degrading bacteria is consistent with the removal
efficiency of 2,4,6-trichlorophenol.

3.6.2. Analysis of 2,4,6-TCP Functional Gene Abundance and Distribution

In Figure 9, the abundance of functional genes and their distribution proportions
among different genera are depicted. At the genetic level, there were a total of six functional
genes that were associated with 2,4,6-trichlorophenol metabolism, namely, PcpA, pcaF, pcal,
Mal-r, chqB, and fadA, which was consistent with previous research [9]. The abundance
of functional genes in the sludge samples was 52,104 hits, significantly higher than when
domestic wastewater was used as a carbon source [9]. This difference in gene abundance
may have explained why the highest 2,4,6-trichlorophenol degradation concentration
was achieved using sludge fermentation liquid rather than domestic wastewater as the
carbon source.
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Figure 9. Abundance of 2,4,6-TCP functional genes and the contribution of dominant genera to
functional genes.

The individual gene abundances were as follows: 1152 hits (PcpA), 112 hits (pcaF),
10,144 hits (pcal), 12,552 hits (Mal-r), 8022 hits (chqB), and 20,122 hits (fadA). Although pcaF
had a relatively low abundance of only 112 hits, it is worth noting that pcaF is positioned at
the end of the 2,4,6-trichlorophenol metabolic pathway and is responsible for degrading less
toxic by-products. This lower abundance of pcaF did not impact the overall effectiveness of
2,4,6-trichlorophenol degradation. In contrast, the functional genes at the metabolic front
end had relatively high abundances.

PcpA was exclusively contributed by the Novosphingobium genus, and the content of
Novosphingobium had a direct relationship with the removal efficiency of 2,4,6-trichlorophenol.
PcaF was contributed by the Pseudomonas (contribution ratio: 14.29%), Sphingobium (66.07%),
and Streptomyces (19.64%) genera. Multiple genera contributed to pcal, Mal-r, chgB, and
fadA, with Ralstonia being the most prominent contributor for each, with contribution
ratios of 87.54%, 82.12%, 60.91%, and 52.64%, respectively. Ralstonia was also the most
abundant genus in the sludge used for 2,4,6-trichlorophenol degradation. Therefore, the
abundance of Novosphingobium, Pseudomonas, Sphingobium, Streptomyces, and Ralstonia
genera directly influences the metabolic characteristics of 2,4,6-trichlorophenol when using
sludge fermentation liquid as a co-metabolic carbon source.

4. Conclusions

Compared with the carbon sources documented in the literature, sludge fermentation
broth has demonstrated the ability to enhance the proliferation of functional microorgan-
isms and facilitate the degradation of 2,4,6-TCP. The fermentation liquid derived from
sludge exhibits the potential to completely replace other commercially available carbon
sources, thereby resulting in a significant reduction in operational investments for practical
wastewater treatment. However, the presence of propionic acid components in sludge
fermentation broth can partially inhibit the degradation of 2,4,6-TCP. Therefore, during
the operation of the coupled fermentation and acid production process, it is necessary to
control the level of propionic acid at a lower concentration. Pilot-scale experiments have
confirmed that metabolic competition still exists, and the addition of fermentation broth at
excessively high concentrations can inhibit the metabolism of 2,4,6-TCP. The analysis of the

29



Water 2023, 15, 4279

metabolic genes of functional bacterial strains revealed the presence of six chlorophenol
degradation genes, with the following abundances: 1152 hits (PcpA), 112 hits (pcaF), 10,144
hits (pcal), 12,552 hits (Mal-r), 8022 hits (chqB), and 20,122 hits (fadA). This study has suc-
cessfully demonstrated the feasibility of using sludge fermentation broth as a co-metabolic
carbon source for the degradation of 2,4,6-TCP.

Supplementary Materials: The following supporting information can be downloaded at
https:/ /www.mdpi.com/article/10.3390/w15244279 /s1: Figure S1: 2-4 Liquid chromatographic
peak of 2,4,6-TCP; Figure S2: General process of high-throughput sequencing. References [19,46-48]
are cited in the Supplementary Materials.
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R I S

Abstract: Photocatalysis has emerged as a promising technology for the removal of emerging con-
taminants such as antibiotics from water. Fixing photocatalytic materials on polymers to prepare
applicable membranes is a feasible method for applying photocatalysis. This study explored the
preparation of composite PAN-TiO, and PAN-TiO,-rGO (PAN-rGTi) photocatalytic membranes by
combining TiO,, TiO;-reduced graphene oxide (rGO) and polyacrylonitrile (PAN) using electro-
spinning. Characterization through SEM and EDS analysis confirms the composite membrane’s
microstructure and elemental composition. The electrospun PAN-TiO, and PAN-rGTi composite
membranes exhibit a stable and efficient photocatalytic performance in degrading sulfamethoxazole
(SMX) and enrofloxacin (ENR), two typical antibiotics commonly found in water bodies. Photocat-
alytic degradation experiments under simulated solar light reveal the superior performance of the
composite photocatalytic membranes compared to PAN alone, with a notable increase in the reaction
rate constants of PAN-TiO; (1.8 to 2.2 times for SMX and 3.2 to 4.0 times for ENR) and even higher
enhancements for PAN-rGTi (2.8 to 3.0 times for SMX and 5.4 to 6.5 times for ENR) compared to PAN
alone. Despite minor decreases (from 97.6% to 90.4%) in activity over five cycles, the photocatalytic
composite membranes remain effective, showcasing their stability and recyclability. This study
highlights the potential application of PAN-TiO, and PAN-rGTi composite membranes as sustainable
and effective materials for removing emerging contaminants from water. Further exploration should
focus on optimizing materials for specific emerging contaminants and improving their application
feasibility for wastewater and water treatment and water purification in water bodies.

Keywords: photocatalytic degradation; sulfamethoxazole; enrofloxacin; polyacrylonitrile; composite
membrane

1. Introduction

In recent years, emerging contaminants, mainly including antibiotics, endocrine-
disrupting chemicals (EDCs) and microplastics, have attracted increasing attention and
concern due to the high detection frequency in aquatic environments [1-4] and the asso-
ciated risks to ecosystems and public health. To mitigate the risks from emerging con-
taminants, various technologies, including adsorption [5], advanced oxidation [6,7], and
biological treatment [8], have been studied and developed in recent years. Among these
technologies, photocatalytic oxidation has shown high efficiency and promising potential
in removing various emerging contaminants, thanks to its advantages of high removal
efficiency, a simple process, easy operation, and no secondary pollution [9,10]. Marvelous
studies on photocatalytic materials, especially semiconductor materials, have been con-
ducted and reported. Common photocatalytic materials, such as TiO,, ZnO, S5iO,, SnO,,
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WO3, Fe;O3, InO3, ZnS, CdS, etc. [11,12], exhibit excellent photocatalytic performance in
removing emerging contaminants from water. Moreover, by harnessing the exceptional
photocatalytic properties of materials like TiO, and ZnO and combining them with carbon
materials such as graphene oxide (GO) [13], carbon nanotubes [14], C3Ny4 [15], mesoporous
carbon materials [16], etc., the specific surface area and conductivity of carbon materials
are fully exploited, enhancing the photocatalytic activity and application potential of the
materials. Existing research has demonstrated the significant advantages of these composite
materials in removing emerging contaminants in water. However, current photocatalytic
materials are usually studied and applied in the form of powder or particles. Powdered
or particulate materials disperse readily in water, allowing for enhanced interaction with
contaminants in water, thereby demonstrating excellent photocatalytic performance [17,18].
Nevertheless, powdered or granular photocatalytic materials face challenges in applica-
tions, such as being easy to agglomerate in the preparation process and difficult to recycle
from water [9,19,20], limiting their usability and engineering application.

To address the limitations of conventional photocatalytic materials, researchers have
explored innovative approaches for immobilizing photocatalytic materials [21-23], enhanc-
ing their stability and reusability. One promising strategy involves the development of
photocatalytic nanocomposites, where photocatalytic materials are incorporated into a sta-
ble matrix or support material. Polymer-based carriers offer a viable solution for stabilizing
photocatalytic materials and facilitating their separation from treated water [24-26]. In nu-
merous studies, the removal efficiency of pollutants in dyes such as methyl orange and rho-
damine B through photocatalytic degradation has been reported to reach 70-100% [25,27].
Polymers like polyethylene (PE), polytetrafluoroethylene (PTFE), polypropylene (PP), poly-
acrylonitrile (PAN), polyaniline (PANI), polyethersulfone (PES) and polydimethylsiloxane
(PDMS) have also drawn attention as common polymer matrices for photocatalysts [28-30].
Among various methods for immobilizing photocatalysts in polymers, electrospinning, rec-
ognized for its effectiveness and versatility, has gained substantial attention in wastewater
treatment. This is due to its capability to produce nanofibers with high surface area and
porosity, as well as its convenience for separation, recovery, and reuse operations [31,32].
Recent studies have demonstrated successful applications of electrospun nanofibers as
carriers for photocatalysts [31,33].

Despite the progress made in using polymer-based carriers for fixed-bed photocat-
alytic systems, there are still some challenges that need to be addressed. Existing studies
predominantly focused on a limited range of pollutants or polymer materials, necessitat-
ing further exploration of more composite materials and their applicability to a broader
spectrum of contaminants. While many studies confirm the efficacy of these photocatalytic
composite membranes in degrading pollutants like dyes [34,35], further investigation into
emerging contaminants, such as antibiotics, remains inadequate. Additionally, careful
consideration is required in the selection and design of suitable polymer materials and
photocatalysts as specific contaminants require careful consideration to achieve optimal
removal efficiency. Furthermore, the stability and reusability of polymer-based carriers and
immobilized photocatalysts warrant further investigation.

Consequently, this study aims to develop PAN-TiO; and PAN-TiO2-rGO (PAN-rGTi)
composite photocatalytic membranes by combining TiO,, TiO,-reduced graphene oxide
(rGO) and polyacrylonitrile (PAN) using electrospinning. The objective is to evaluate
their performance in degrading sulfamethoxazole (SMX) and enrofloxacin (ENR) in water.
The key innovations of this research include: (1) the use of electrospinning to immobi-
lize TiO; nanoparticles and TiO,-rGO on PAN nanofibers, creating a stable and efficient
photocatalytic membrane; (2) investigating the recyclability and stability of the compos-
ite membrane over multiple cycles of SMX and ENR degradation, effectively addressing
emerging contaminants in wastewater treatment and water reclamation in wastewater
treatment plants and water purification in rivers and lakes.
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2. Methods and Materials
2.1. Materials and Regents

SMX (analytic standard) and ENR (analytic standard) were purchased from Sigma-
Aldrich. Acetonitrile, methanol, and ethyl acetate of at least HPLC grade were obtained
from Sigma-Aldrich (St. Louis, MO, USA). PAN (Mw = 150,000) was acquired from Shang-
hai Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). N,N-dimethylformamide
(DMF, analytical reagent, 99.5%) and ethanol absolute were supplied by Sinopharm Chemi-
cal Reagent Co., Ltd. (Shanghai, China). Moreover, 3-Methacryloxypropyltrimethoxysilane
(MEMO, analytic regent) was procured from Tianjin BaiMa Technology Co., Ltd. (Tianjin,
China). Graphene oxide (GO) powder (lateral size of 0.5-5 um and thickness of 1-3 nm)
was synthesized using the Hummers method and provided by Nanjing XFNANO Materials
Tech Co., Ltd. (Nanjing, China). The Chemical Abstracts Service (CAS) numbers of the
major chemicals are listed in Table S1. Ultrapure water (resistivity 18.2 MQ-cm ™! at 25 °C)
was produced by a Merck Millipore water purification system (Darmstadt, Germany) and
was used in related experiments.

2.2. Preparation of PAN Membrane and Composite Membrane

The PAN membrane and composite membrane were prepared using an electrospin-
ning machine (TL-Pro-BM, Tongli Tech, Shenzhen, China), similar to in our previous
study [36]. A 6% PAN solution was prepared by dissolving 1.8 g PAN in 30 mL DMF and
stirred by magnetic stirring overnight before electrospinning. Additionally, 0.5 g P25 TiO,
was weighed and added into a beaker containing 40 mL methanol and 10 mL ethanol,
with the addition of 0.1 mL of MEMO reagent. The mixture was stirred by magnetic
stirring overnight.

Two injection pumps were installed on the same side of the drum collector, and
the injection tube was fixed on the same mobile platform. The PAN solution and TiO,
dispersion were loaded into two 10 mL syringes, respectively. The speed of the mobile
platform was maintained at 50 mm/s, with the scanning starting point at 30 mm and the
scanning endpoint at 300 mm. Both the PAN solution and TiO, dispersion were fed at a
constant rate through a 20# stainless steel needle (inner diameter 0.99 mm). The voltage set
on the needle was 13 kV, the voltage set on the drum was —2 kV, and the distance from
the tip of the needle to the collector was 15 cm. The drum speed was set to 500 rpm/min
and the collection time was 10 h. During this process, the electrospun PAN nanofibers
and the electro-sprayed TiO, nanoparticles were simultaneously collected on the drum
collector to form a composite membrane of nanoparticles and fibers. Finally, the composite
membrane was dried in a vacuum oven at 50 °C for 12 h to remove the residual solvent
and then placed in a dry box for use.

The preparation of TiO,-rGO (rGTi) material has been reported by some related
studies [37-39]. Similarly, it was prepared by a hydrothermal method in this study. Initially,
a certain amount of GO powder was dispersed in a 90 mL ultrapure water/ethanol solution
(volume ratio of 2:1). The dispersion underwent ultrasonic treatment for 3 h in an ultrasonic
bath to obtain a well-dispersed GO solution. Subsequently, 800 mg of P25 TiO, powder was
added to the 90 mL GO dispersion, and the mixture was stirred at 500 rpm for 30 min. The
resulting mixture was then transferred to a 150 mL Teflon-lined stainless-steel autoclave
and subjected to hydrothermal treatment at 180 °C for 6 h, followed by cooling to room
temperature. The reaction mixture was centrifuged at 3900 rpm for 15 min to obtain a
centrifugal precipitate. The precipitate was washed several times with anhydrous ethanol
and ultrapure water, and finally, it was dried in a vacuum oven at 60 °C for 8 h. In the
synthesis of materials, the mass ratios of GO to P25 were set at 1% and 2%, denoted as
rGTi-1 and rGTi-2, respectively. During the electrospinning stage, the main processes and
parameters are essentially the same as those in the preparation method of the PAN-TiO,
composite membrane.
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2.3. Characteristics of PAN Membrane and Composite Membrane

A scanning electron microscope (SEM, ZEISS Gemini 300, Carl Zeiss, Jena, Germany)
was used to analyze the surface microstructure and morphology, and the element mapping
was carried out by an energy-dispersive X-ray spectrometer (EDS, Oxford Xplore , Oxford
Instruments, Abingdon, UK) equipped with an SEM.

2.4. Photocatalytic Degradation of SMX and ENR Using Photocatalytic Membrane

The prepared PAN membrane and composite membrane were employed in the pho-
tocatalytic degradation of two common antibiotics in water. This study investigates the
efficacy of PAN-TiO, and PAN-rGTi composite membranes in the photocatalytic degrada-
tion of typical antibiotics. Photodegradation experiments of SMX and ENR were conducted
under simulated solar light provided by a photochemical reactor (Phchem III, NBeT, Beijing
NBET Technology Co., Ltd., Beijing, China) equipped with a 500 W Xenon lamp, as stated
in a previous study [40]. In the experiment, approximately 1.8 cm x 10 cm membranes
were cut and placed in a quartz test tube. To support the morphology of the membrane in
water, the metal mesh of the membrane collected during the spinning process was placed
together with the membrane, ensuring a stable state in the test tube. The control group with
just the PAN membrane was set to explore the difference in the photocatalytic degradation
effect of the composite membrane loaded with TiO; and rGTi. At the same time, due to the
introduction of metal mesh as a support structure, a blank control group with only metal
mesh was set up in the experiment to eliminate the possible interference of metal mesh
on the reaction. The experimental process included the dark adsorption stage (30 min)
and photocatalytic reaction stage (60-180 min). In this group of experiments, the device
used is the light reactor mentioned above. The light source used to simulate the solar light
source was a 500 W xenon lamp light source, and the current was set to 8 A. The initial
concentration of SMX or ENR was set as 5 mg/L, the samples were taken at certain time
points during the reaction process, and the concentrations of SMX or ENR antibiotics were
analyzed using high-performance liquid chromatography (HPLC) (Agilent HPLC 1200,
Agilent Technologies, Santa Clara, CA, USA) using a variable wavelength detector (VWD)
and a Shim-pack VP-ODS column (250 mm x 4.6 mm), with the analytic method similar to
the previous study [40].

3. Results and Discussion
3.1. The Characteristics of PAN and Composite Membrane

The SEM images in Figure 1 depict the morphologies of the PAN, PAN-TiO; and
PAN-rGTi membranes. The PAN membrane, fabricated through electrospinning without
a photocatalyst, showcases a typical PAN nanofiber structure. Upon the introduction of
the TiO, material, visible changes occur, with some TiO, nanoparticles sprayed onto the
surface of PAN nanofibers. This process results in the creation of surface roughness and
a defect structure, as shown in Figure 1e. It is noteworthy that not all TiO, nanoparticles
were uniformly integrated with the PAN surface; some remained either loosely associated
or were not loaded into the material. The resulting rough and defective structure of TiO,
particles on the PAN nanofiber surface, along with the formation of a nanofiber structure
composed of TiO; and PAN, plays a crucial role in enhancing the photocatalytic activity
sites of the PAN membrane. This, in turn, allows the composite membrane to exhibit
notable photocatalytic performance.

The element analysis of the PAN membrane and PAN-TiO, composite membrane was
carried out by energy-dispersive spectrometer surface-scanning analysis mapping, and
the corresponding elements were observed. As shown in Figure 2, the elemental surface
sweeping results of the PAN-TiO, composite membrane offered the distribution of C, Ti, O,
and N elements and the corresponding element weight ratios. The weight ratio of elements
C, N, Ti, and O differs more from the theoretical value for PAN and less for TiO,; thus, the
accuracy of weight percentages may be lower for low-mass elements. The characterization
of this elemental ratio primarily aims to confirm the combination of the two materials.
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Figure 1. SEM images of PAN membrane under (a) 2 um and (b) 500 nm scale, PAN-TiO, composite
membrane under (c) 2 um, (d) 2 pm and (e) 500 nm scale and PAN-rGTi composite membrane under
(f) 1 pm scale.

3.2. Photocatalytic Degradation of SMX and ENR

The concentration variations of SMX and ENR during the reaction and corresponding
kinetic fittings for the photocatalytic reaction stage are shown in Figures S1 and 3. A
previous study [40] established that the degradation reactions of both SMX and ENR adhere
to pseudo-first-order kinetics, a pattern consistent with the photocatalytic degradation
stage in this study. Following the dark adsorption stage, the metal mesh has a small amount
of adsorption (7.4%) for SMX in the reaction system, and the adsorption of SMX on the PAN
membrane was more obvious (18.7%), which may account for a larger adsorption area. The
PAN composite membrane loaded with TiO; had the largest adsorption capacity for SMX,
with the PAN-TiO;-2 composite membrane adsorbing 34.2% of SMX and the PAN-TiO,-4
composite membrane adsorbing 37.3% of SMX. This indicated that the PAN membrane
composed of a large number of fibers could adsorb and retain a certain number of pollutants
in its structure, and after TiO, particles were loaded on the PAN fiber, the structural pores
were smaller, which helped to increase the capacity of adsorption and retention of pollutants.
Similar trends are observed in the dark adsorption and photocatalytic degradation phases
of ENR. While the PAN membrane adsorbs more ENR than the group with just a metal
mesh, both groups exhibit a comparable final total removal ratio for ENR by the end of the
photochemical reaction phase. In the PAN-TiO;-2 and PAN-TiO,-4 systems, a noticeable
photocatalytic degradation effect is evident compared to the PAN membrane and the metal
mesh groups. The reaction rate constants during the photochemical reaction phase are
increased by 3.2 to 4.0 times.
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Figure 2. (a) SEM micrograph, (b) energy-dispersive X-ray spectroscopy (EDS) layered image,
corresponding EDS elemental mapping for (c¢) C, (d) Ti, (e) O, (f) N, and (g) EDS pattern of of
PAN-TiO; composite membrane.

In the photocatalytic reaction, although the PAN membrane adsorbs more SMX than
the group with metal mesh alone, the total removal efficiencies of SMX in both groups were
close, indicating that the PAN membrane had no significant catalytic effect on the pho-
todegradation of SMX. Moreover, the photodegradation rate of SMX in the PAN membrane
group was even slightly lower than that in the metal mesh group during the photocatalytic
reaction stage. This may be attributed to the PAN membrane affecting the light trans-

mission in the reaction system, thereby reducing the photodegradation rate of SMX and
resulting in a lower total removal rate.
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Figure 3. The concentrations of (a) SMX and (b) ENR in the photocatalytic degradation stage with
PAN-TiO, composite membrane and the corresponding kinetic curves of (¢) SMX and (d) ENR with
the initial concentration of 5 mg/L and uncontrolled pH at room temperature (20 °C).

The PAN-TiO, composite membrane, with the addition of TiO,, played a catalytic
degradation role in the photoreaction process. The reaction constants of PAN-TiO,-2 and
PAN-TiO;-4 relative to the PAN membrane and the blank group increased by 1.8-2.2 times.
Su et al. [41] prepared TiO,/PAN composite nanofiber membranes by electrospinning,
demonstrating commendable air filtration performance and photocatalytic capabilities.
Notably, as the mass ratio of TiO; to PAN increased, the efficiency of photocatalytic toluene
removal exhibited a corresponding rise. The optimal performance was achieved at a
TiO, /PAN mass ratio of 4:1, yielding a toluene conversion rate of 97.9%. While the specific
pollutants targeted differed, Su et al.’s findings showcased robust photocatalytic perfor-
mance in the composite membrane, aligning with our study. Similarly, in the investigation
conducted by Xu et al. [42] on PAN/TiO, /PAN]I, it was observed that augmenting the TiO,
ratio in the composite membrane led to an enhancement in photocatalytic performance.

A parallel investigation was conducted to assess the photocatalytic application of
the PAN-rGTi composite membrane. A reaction tube with only a metal mesh served as
the blank control group, while a tube with only a PAN membrane served as the control
group. Tubes containing PAN-rGTi-1 and PAN-rGTi-2 were placed into separate test
tubes, undergoing a dark adsorption stage followed by a photoreaction stage under xenon
lamp illumination. The concentration changes and reaction constants for the photoreaction
process of SMX and ENR are illustrated in Figure 4a—d. Following the dark adsorption stage,
the PAN membrane adsorbed more pollutants compared to the metal mesh alone. However,
during the photoreaction stage, the photocatalytic degradation rate of pollutants in tubes
containing the PAN membrane was slightly lower than that of the group with only the metal
mesh. In contrast, the PAN-rGTi composite membrane demonstrated excellent performance
in both adsorption and photocatalytic properties. Analyzing the removal efficiency of SMX
during the dark adsorption and photoreaction stages, as well as the reaction constants
during the photoreaction stage for the PAN membrane, PAN-TiO, membrane, and PAN-
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rGTi composite membrane (Table 1), reveals that the adsorption performance of the PAN-
TiO, composite membrane is improved compared to the PAN membrane, reaching 2.2
to 2.5 times. The adsorption capacity of PAN-rGTi is further enhanced, increasing to
around three times. Comparing the experimental group with the PAN-TiO, composite
membrane to the blank group and the photodegradation reaction rate constant of SMX and
ENR in the PAN membrane, the PAN-TiO, composite membrane exhibited an increase
of 1.8 to 2.2 times and 3.2 to 4.0 times during the photoreaction stage, respectively. The
photocatalytic activity of the PAN-rGTi composite membrane was even higher, showing an
enhancement of 2.8 to 3.0 times and 5.4 to 6.5 times. These results highlight the excellent
photocatalytic performance of the photocatalytic composite membrane.
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Figure 4. Adsorption and photocatalytic degradation of (a) SMX and (b) ENR with PAN-rGTi
composite membrane and kinetic curves of (c) SMX and (d) ENR with the initial concentration of
5 mg/L and uncontrolled pH at room temperature (20 °C).

Table 1. The removal of SMX by PAN-TiO; and PAN-rGTi composite membrane in different reaction

stage with the initial concentration of 5 mg/L and uncontrolled pH at room temperature (20 °C).

Blank + Metal PAN . . . .
Mesh Membrane PAN-TiO,-2 PAN-TiO,-4 PAN-rGTi-1 PAN-rGTi-2
Removal efficiency in 2.86% 16.82% 37.72% 42.61% 47.96% 50.85%
adsorption stage
Removal efficiency in
photocatalytic 92.7% 92.6% ~100% ~100% ~100% ~100%
degradation stage
Total removal efficiency 92.9% 93.8% ~100% ~100% ~100% ~100%
Reaction constant in
photocatalytic 0.148 0.147 0.259 0330 0.408 0.444
degradation stage
(min—1)
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3.3. Recyclability and Application Feasibility of Photocatalytic Composite Membrane

To assess the application potential of the prepared photocatalytic composite membrane,
the feasibility of membrane reuse was investigated using ENR as the research target. The
PAN-TiO, composite membrane underwent repeated application under nearly identical
conditions for five cycles to evaluate its photocatalytic removal efficiency of ENR. After
each adsorption and photoreaction stage, the membrane underwent thorough washing and
ultrapure water soaking before being dried for the subsequent cycle. As shown in Figure 5,
after five cycles, the removal efficiency of ENR by the PAN-TiO, composite membrane
for photocatalytic degradation gradually decreased from 97.6% to 90.4%. Despite this
reduction, the PAN-TiO, composite membrane maintained high photocatalytic activity.
The reaction constant during the photocatalytic reaction process decreased from 0.064
min~! in the first cycle to 0.039 min~! in the fifth cycle, remaining more than twice as
high as the experimental group without a photocatalytic composite membrane. This
demonstrated the stability of the electrospun PAN-TiO, composite membrane, showcasing
its ability to be reused multiple times. In the study of Su et al. [41], the removal efficiency of
toluene by PAN-TiO, composite membrane was only slightly reduced when it was reused
five times and still maintained a high removal efficiency. Shi et al. [43] also reused the
PAN@TIO, / Ag composite nanofiber membrane five times under visible light to remove
methylene blue and found that the removal efficiency of photocatalytic degradation was
slightly reduced from 99.0% to 93.0% after five cycles.
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Figure 5. Five circling runs for photocatalytic degradation of ENR with PAN-TiO, membrane.

It is important to note that the vertical positioning of the membrane during experi-
ments may lead to slight changes in the light contact area due to water flow disturbances
and potential accidental damage. This could result in wrinkles or local defects, leading
to a corresponding decrease in catalytic performance during subsequent uses. Similar
observations by Sun et al. [44] also indicated that the prepared PAN/TiO, composite mem-
brane still kept good stability after 10 cycles of reuse, but it suffered slight damage during
deionized water cleaning. Due to the particularity of the preparation process, they also
realized that the damaged membrane could be dissolved in DMF again and reshaped,
and a new membrane could be prepared again, and the photocatalytic activity was not
significantly reduced, which helped to further reduce the cost of photocatalytic materials
and avoid the pollution caused by discarding material.

Cleaning and maintenance during the reuse process emerged as a critical factor influ-
encing photocatalytic membrane performance. While pollutants in the aqueous phase were
nearly completely removed during the photocatalytic reaction, the residual incomplete
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photodegradation of pollutants within the membrane and adsorbed products from the
photodegradation stage could affect catalytic performance in subsequent reuse cycles. In
comparison to photocatalytic powders, the photocatalytic composite membrane exhibited
a slight reduction in catalytic reaction rates due to factors such as the contact area and
degree between the catalyst and pollutants. However, it maintained excellent catalytic per-
formance, making it more suitable for practical engineering applications due to advantages
like easy recovery, reuse, flexible application forms, and stable performance.

Figure 6 presents the conceptual scenarios for the application of photocatalytic com-
posite membranes in the engineering practice of reclaimed water reuse in rivers, including
ultraviolet (UV) disinfection tanks in wastewater treatment plants and actual urban rivers.
UV disinfection, as an essential disinfection process before reclaimed water replenishment
into rivers, provides a UV light source that can be further utilized. With the deepening of
subsequent research, photocatalytic composite membranes are expected to play an effective
photocatalytic role in ultraviolet disinfection tanks, further removing emerging contam-
inants from reclaimed water [45]. In actual urban rivers, photocatalytic membranes can
be fixed on the water surface, utilizing sunlight to catalyze reactions. When combined
with various ecological restoration technologies such as biological filters and submerged
plants in existing water bodies, they can further purify water quality, ensuring the safety
of reclaimed water reuse and overall water body quality. Therefore, photocatalytic com-
posite membranes have promising applications, and conducting more in-depth research is
essential to advance their practical use.

Application site 1 Application
v site 2 /}
Wastewater Treatment Plant [c0@gulation, filtration, uv Reclaimed v ‘
membrane —_—l .
Secondary effluent separation, etc. disinfection water ‘ /

Figure 6. Proposed application sites for photocatalytic membranes.

4. Conclusions

The study investigated the preparation and application of PAN-TiO, and PAN-rGTi
composite photocatalytic membranes prepared by electrospinning for the degradation of
emerging contaminants: SMX and ENR. Electrospinning technology effectively immobilizes
TiO, nanoparticles and rGTi onto PAN nanofibers, resulting in the preparation of a stable
photocatalytic composite membrane. SEM and EDS images reveal the microstructure
of the PAN-TiO, composite fiber membrane. After the electrostatic spraying of TiO,, a
multilayered TiO,-coated coating forms on PAN nanofibers, exhibiting a well-defined
defective structure. In the photocatalytic degradation of SMX and ENR, the reaction rate
constants of PAN-TiO, increased by approximately 1.8 to 2.2 times and 3.2 to 4.0 times,
respectively, compared to the PAN membrane system. PAN-rGTi demonstrated even
better photocatalytic effects, with reaction rate constants increasing to approximately 2.8
to 3.0 times and 5.4 to 6.5 times, respectively, compared to the PAN membrane system.
Cyclic experiments indicate that after five repeated uses, the catalytic performance of
the photocatalytic composite membrane remains excellent. Taking ENR as an example,
the removal efficiency of the PAN-TiO, composite membrane gradually decreased from
97.6% to 90.4%, maintaining high photocatalytic activity. The slight decrease in activity is
attributed to minimal localized damage and wrinkles during repeated use, indicating that
the composite membrane exhibits good catalytic activity and stability.

This research highlights the potential of PAN-TiO, and PAN-rGTi composite mem-
branes as effective and sustainable materials for the removal of emerging contaminants
from water. Further improvement can be achieved through additional research and an
exploration of applications. Future research should focus on optimizing materials for a
wider range of emerging contaminants and enhancing their feasibility for wastewater and
water treatment in diverse environmental conditions. The developed membranes, with
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their stable photocatalytic activity and recyclability, hold promise for practical engineer-
ing applications in water purification and treatment. Additionally, this study envisions
the application of these membranes in UV disinfection tanks and urban rivers, contribut-
ing to the overall improvement of water quality and the safety of reclaimed water reuse.
The continued exploration and refinement of these innovative photocatalytic membranes,
as well as the stability, reusability, scalability, and cost-effectiveness of this technology,
are crucial for advancing their real-world applicability and addressing emerging water
quality challenges.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/w16020218/s1, Figure S1: Adsorption and photocatalytic degradation of
(a) SMX and (b) ENR with PAN-TiO, composite membrane with the initial concentration of 5 mg/L
and uncontrolled pH at room temperature (20 °C); Table S1: Chemical Abstracts Service (CAS)
Numbers of the major chemicals.
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Abstract: In the past, due to improper sludge treatment technology and the absence of treatment
standards, some municipal sludge was simply dewatered and then sent to landfills, occupying a
significant amount of land and posing a serious threat of secondary pollution. To free up land
in the landfill area for the expansion of a large-scale wastewater treatment plant (WWTP) in
Shanghai, in this study, we conducted comprehensive pilot research on the entire chain of land-
fill sludge reprocessing and resource utilization. Both the combination of polyferric silicate sul-
fate (PFSS) and polyetheramine (PEA) and the combination of polyaluminum silicate (PAS) and
polyetheramine (PEA) were used for sludge conditioning before dewatering, resulting in dewatered
sludge with approximately 60% moisture content. The combined process involved coagulation and
sedimentation, flocculation, and oxidation to treat the leachate generated during dewatering. The
treatment process successfully met the specified water pollutant discharge concentration limits for
the leachate, with the concentration of ammonia nitrogen in the effluent as low as 15.6 mg/L. Co-
incineration in a power plant and modification were applied to stabilize and harmlessly dispose of the
dewatered sludge. The coal-generating system ran stably, and no obvious problems were observed
in the blending process. In the modification experiment, adding 5% to 7% of the solidifying agent
increased the sludge bearing ratio by 53% and 57%, respectively. This process effectively reduced
levels of fecal coliforms and heavy metals in the sludge but had a less noticeable effect on organic
matter content. The modified sludge proved suitable for use as backfill material in construction areas
without requirements for organic matter. The results of this study provide valuable insights for a
completed full-scale landfill sludge reclamation and land resource release project.

Keywords: landfill sludge treatment; conditioning; dewatering; co-incineration; leachate treatment

1. Introduction

Municipal sludge is the byproduct of municipal wastewater treatment, consisting
of complex materials such as organic matter, microbial biomass, protozoans, inorganic
particles, and colloids [1]. The raw sludge is characterized by a high moisture content,
high organic matter content, and strong smell. With the continuous increase in wastewater
treatment during China’s urbanization process, the generation of municipal sludge has also
increased [2]. In the past few decades, landfilling has been the conventional method for mu-
nicipal sludge treatment in China due to its simplicity and cost advantage in handling large
quantities of sludge [3]. However, sludge that was directly dumped into landfills without
proper pretreatment was not stabilized. Long-term storage of sludge with a high moisture
content could easily lead to secondary pollution of the surrounding soil, water, and air [4,5].
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Subsequent dumping of garbage in the landfill could cause compression of the sludge,
excessive deformation, and insufficient strength, which might lead to landfill engineering
accidents. Furthermore, in the context of increasingly limited urban construction land,
landfill sites for sludge have occupied large areas and had a significant restraining effect on
the development of surrounding areas [6]. Therefore, the removal and reprocessing of mu-
nicipal sludge from landfill sites to mitigate the historical sludge accumulation has become
a new direction in the field of municipal sludge treatment. Typically, to handle and recycle
the landfill sludge, the sludge must be taken out from the landfill site first and then dewa-
tered and disposed of properly. Moreover, the leachate generated during the dewatering
process must be treated to meet the discharge standard. Co-incineration of sludge in power
plants has been widely used as an alternative method to utilize sludge [7-9]. In China’s
megacities, like Shanghai, the use of dewatered sludge for co-treatment in coal-fired power
plants is encouraged [10,11]. However, few studies have reported the co-treatment in power
plants of sludge that has been landfilled and then dewatered. Leachate, as a byproduct
of landfill sludge, is characterized by high concentrations of nitrogen and phosphorus.
Comparatively, the concentration of nitrogen in sludge landfill leachate is typically even
higher than that in traditional solid waste landfill leachate [12].

Some researchers have used chemical and biological technology to remove ammonium
nitrogen from landfill sludge leachate [13-17]. It is worth noting that biological treatment
methods, such as the activated sludge process, usually cost too much energy and occupy a
large land area. On the other hand, only biological treatment of leachate can meet discharge
standards due to the high concentrations of pollutants [18]. Therefore, the combination of
physio-chemical technology for the simultaneous removal of nitrogen and phosphorus is
becoming a promising method to handle high nitrogen concentrations in leachate.

The temporary sludge landfill site used in this study is located on the east side of
a large-scale WWTP, adjacent to the Yangtze River, with a landfill area of approximately
25 ha. It was constructed in 2004 to address the issue of municipal sludge disposal. Starting
in June 2010, to control the odor from the landfill site and its impact on the surrounding
environment, the WWTP implemented capping and covering measures on the entire
sludge landfill area. Currently, with limited available land for the Phase III expansion of
the wastewater treatment plant, the urgency and necessity of releasing the land within the
sludge temporary storage area have become apparent.

Through this study, we aim to restore the sludge landfill to its original state by fo-
cusing on the withdrawal, treatment, disposal, and resource utilization of landfill sludge.
The research includes a comprehensive technical examination and demonstration of the
sludge temporary storage area. Additionally, we aim to promote key technologies such as
sludge pollution diagnosis, risk control, and resource utilization. The ultimate goal is to
achieve reduction, harmlessness, stabilization, and resource utilization of the sludge stored
in the temporary landfill site. The long-term landfilling of sludge under a High-Density
Polyethylene (HDPE) geomembrane has led to anaerobic fermentation, producing a signifi-
cant amount of toxic and harmful gases [19]. The anaerobic fermentation has resulted in
changes to the properties of both the sludge and leachate, leading to higher environmental
risks. Therefore, the current focus and challenges of the research involve completing the
treatment and disposal of the sludge and leachate with minimal environmental impact
and safely reclaiming the land resources in the storage area. This research demonstrates a
complete chain of technologies, including dewatering aged landfill sludge, co-incineration
in a power plant, solidified modification of sludge for use as backfill material, and the treat-
ment process for the leachate generated during sludge dewatering. The result provides a
theoretical basis and enables recommendations for the future reclamation of landfill sludge.

2. Materials and Methods
2.1. Overview of Sludge Landfill Site and Sludge Extraction Equipment

The sludge landfill site comprises 12 pits, each with a length of approximately 180 m,
a width ranging from 80 to 120 m, and a depth of 8 m. To prevent the release of pollutants,
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half of the upper portion of the landfill cells is covered with an HDPE geomembrane. In this
study, a suspended cable-based equipment system was used for the extraction of sludge
from the landfill site.

The equipment consists of five main components: the sub-membrane sludge removal
system, the onshore towing system, the cable winding system, the control system, and the
maintenance system. The suspended cable system utilizes power to drive water pumps,
generating high-pressure water flow that enters the spray pipes. The water is then sprayed
out through the nozzles installed on the spray pipes, agitating the sludge at the bottom
of the sedimentation pit into a turbid water-like state. This allows the sludge to flow out
without opening the geomembrane, ensuring that sludge odors do not spread extensively.
The sludge extraction equipment and the construction section are depicted in Figure 1.

Integrated automatic
sludge removal device

Traction cable

Figure 1. Suspended cable sludge removal equipment under plastic film and a construction cross-
section diagram.

2.2. Materials

Due to the landfilling process, the majority of the sludge was directly deposited into
the sludge pit after undergoing thickening and dewatering, resulting in a relatively high
organic matter concentration and moisture content. Within the covered pit, the sludge
underwent further digestion under anaerobic conditions, leading to complex changes in
its physicochemical properties. Samples were collected from the aged sludge at depths of
1 m and 4 m within the covered area, and relevant indicators were tested. On-site sampling
revealed that the surface layer of the test pit primarily consisted of sludge, with the sludge
concentration gradually increasing from top to bottom. In some pits, the lower layers
even exhibited compacted conditions. The thickness of the liquid sludge layer ranged
from approximately 0.5 to 2.2 m, while the thickness of the solid sludge layer ranged from
approximately 5.2 to 6.1 m. The data for sludge at different depths are presented in Table 1.

The leachate from the sludge landfill site shared certain similarities with the leachate
from traditional solid waste landfills, but with higher concentrations of specific pollutants.
In this study, the sludge leachate used was generated through the dewatering process of
sludge that had been conditioned with chemicals and passed through a plate-and-frame
filter press. Through testing and analysis of the properties of the leachate, it was found that
the C/N ratio of the leachate was extremely low. The biodegradability of the leachate was
poor, and the main pollutant was ammonia nitrogen. Table 2 presents the water quality of
the sludge leachate and the operating conditions of the treatment equipment.
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Table 1. Physicochemical properties of landfilled sludge at depths of 1 m and 4 m.

Depth Im 4m
pH 7.58 7.84
Moisture content 85.14% 72.09%
Organic matter 37.70% 39.62%
Low heating value (k] /kg) 6954 6343
C (%) 15.6 14.2
S (%) 1.47 1.62
Ca (mg/kg) 3.429 x 10* 3.203 x 10%
Al (mg/kg) 5.392 x 10* 7.909 x 104
Fe (mg/kg) 2.771 x 10* 2.717 x 10*
Cl (mg/L) 1036 1478

Table 2. The water quality of the sludge leachate and the operating conditions of the treatment equipment.

Item Treatment Standard Influent Effluent
pH 6-9 5.53 6.67
SS (mg/L) 400 595 98
COD¢ (mg/L) n.a. 479 392
NH;3-N (mg/L) 40 1.26 x 10° 15.6
TP (mg/L) 8 7.00 1.98
TN (mg/L) n.a. 2.12 x 103 161

Notes: n.a. means not available.

The results indicated that after sludge leachate continuous treatment, the effluent
water quality met the required treatment standards. The coagulation—flocculation—filtration—
oxidation process employed in the experiment is feasible.

2.3. Treatment and Disposal Methods for Landfill Sludge

The treatment and disposal technology route for landfill sludge and leachate in this
study is shown in Figure 2.

Co-incineration
Sludge in power plant
Chemical cake
Landfill Sludge =] enmea —»] Dewatering
Conditioning
SOl.ldlﬁe.d Backfill material
modification
Leachate Leachate WWTP
ireatment mainstream
treatment

Figure 2. The treatment and disposal technology pathway for landfill sludge and leachate.

2.3.1. Chemical Conditioning and Dewatering

The main components of the chemicals used for sludge conditioning and dewatering
were polyferric silicate sulfate (PFSS) and PEA. Among these, the molecular weight control
of PFSS directly affects the efficacy of sludge dewatering [20]. It is crucial to select the
appropriate silicon-to-iron molar ratio and quantity of hydroxy polymers. PEA is a high-
molecular-weight amine-based coagulant that is in emulsion form. It is characterized by a
low molecular weight, high charge density, and the ability to flocculate sludge particles.
Unlike polyacrylamide, PEA is almost completely soluble in water and could not lead to
clogging of filter cloths or increased viscosity of the sludge [21].

Based on the characteristics of the sludge and the performance of the deep dewa-
tering equipment, experiments were conducted to examine the dewatering efficiency,
cost-effectiveness, and safety of the dewatering agents. Sludge dewatering was carried
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out using a plate-and-frame filter press (04YL]-20 Jingjin, Shandong) in the dewatering
workshop, with a maximum daily sludge processing capacity of 10 t DS/day.

2.3.2. Sludge Modification

The experimental sludge used was collected from the discharge outlet of the frame
filter press machine. The chemicals applied are patented agents developed independently
by the Shanghai Municipal Engineering Design Institute, known as the “SHGT-16 Soil
Stabilizer (NOWA-SH)”. These agents belong to the category of calcium-based activator-
type composite soil stabilizers. The main components of the agents are Portland cement,
steel slag powder, industrial byproduct gypsum, mineral admixtures, and surfactant.

After dewatering, the water content of solid sludge was less than 60%. The sludge
became solid and block-like. Before the modification process, the dehydrated sludge was
crushed into powder form with a particle size not exceeding 20 mm. Based on preliminary
testing of the types and dosages of chemicals, the chemicals were mixed thoroughly with
the crushed sludge. Subsequently, the mixture was transferred to the sludge solidifying
area, where it was shaped into piles, covered with tarpaulins, and subjected to solidification.

2.3.3. Sludge Leachate Treatment

In addition to the indicators related to carbon sources, the effluent water quality
from the sludge leachate treatment process should meet the “Water Quality Standards
for Discharging Wastewater into Urban Sewers” (DB31445-2009) in Shanghai [22]. Based
on the primary pollutants in the leachate and the results of static tests, a combination of
physical and chemical techniques was applied in the treatment. The technologies used for
phosphorus removal included coagulation and sedimentation. The technologies used for
ammonia nitrogen removal included flocculation, aeration, and oxidation. The specific
process is detailed in Figure 3.

Coagulant,
alkali solution

‘

Leachate .
Filter press I . C engmtio:e Intermediate tank
|
oxidizing agent
i
P 5 . L. . WWTP
Sulfurlc‘ acid | Ammonia stripping Armnonla Effluent tank mainstream
solution tower oxidation tank treatment

Figure 3. The experimental process flow for sludge leachate treatment.

The sludge leachate was directed from the outlet pipe of the plate-and-frame filter
press into the continuous experimental influent tank. Subsequently, the leachate was
pumped to the coagulation and precipitation tank. Following the application of coagulants
for phosphorus removal and pH adjustment using an alkaline solution, the leachate flowed
into an intermediate tank. From the intermediate tank, the leachate was pumped into the
ammonia nitrogen stripping tower. After the stripping process, the treated leachate was
pumped to an oxidation tank for ammonia nitrogen oxidation. Finally, the treated leachate
was discharged into the effluent tank.

2.4. Analytical Method
2.4.1. pH, Organic Matter, Potassium (K), and Hygienic Indicators for Sludge

The pH, organic matter, potassium (K), and hygienic indicators in the sludge samples
were determined by strictly following the Chinese standard method (CJ/T 221-2005) [23].

2.4.2. pH and COD (Chemical Oxygen Demand) for Leachate

The pH and COD in the water samples were determined by strictly following the Chinese
standard methods (GB 6980-1986 [24] and GB 11914-89 [25]). The pH value was detected using
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an Eh-pH meter (PHS-25, Shanghai Precision and Scientific Instrument Co., Ltd., Shanghai,
China) directly. The value of COD was detected using the dichromate method. Water quality
detections were all accomplished on the sample collection day.

2.4.3. Heavy Metals and Heat Value of Sludge

The contents of heavy metals in the sludge were quantified by means of ICP-AES
spectrometry (Agilent Corporation, Santa Clara, CA, USA). Heat value tests on sludge
samples were performed according to GB/T213-2008 [26]. The sludge samples were dried
for 24 h under 105 °C and then crushed to 2 mm particle size. The heat value of sludge
samples (~0.6 g) was determined by employing an oxygen bomb typical calorimeter.

3. Results and Discussion
3.1. Sludge Conditioning and Dewatering

An experiment was conducted on the raw landfilled sludge with an average mois-
ture content of 90.5% and an average organic matter content of 32.3%. The sludge was
conditioned in a conditioning tank and then transported to a plate-and-frame filter press
for dewatering, with the resulting sludge product being discharged into the lower sludge
hopper. The properties of the dewatered sludge were analyzed and are presented in Table 3.

Table 3. Properties of dewatered sludge.

Item Mean Value Max. Value Min. Value

Moisture content (%) 58.3 63.6 529

Organic matter (%) 32.2 35.7 28.9

Cl (mg/L) 240 354 157
Higher heating value

(keal/kg) 2005 2080 1950
Lower heating value

(keal/kg) 1800 1880 1740

Ni (mg/kg) 52.1 61.7 455

Cu (mg/kg) 483 521 414

Zn (mg/kg) 1074 1250 944

Cr (mg/kg) 191 200 176

Cd (mg/kg) 2.38 2.51 2.29

Pb (mg/kg) 59.6 64.8 53.7

Hg (mg/kg) 3.45 3.82 3.14

As (mg/kg) 20.0 21.8 18.6

The results indicated that the moisture content of the sludge product was controlled
at around 60%. The dehydrated sludge exhibited high hardness, with most of it read-
ily detaching automatically. The conventional chemicals used for sludge dewatering are
usually PAC (polyaluminum chloride) and PFC (polymerization ferric chloride), typically
containing large quantities of chlorine ions, causing severe corrosion in incineration facili-
ties [27,28]. However, the average chloride ion concentration of the dewatered sludge was
240 mg/kg in this study. According to the Code for Investigation of Geotechnical Engineer-
ing (GB50021-2001) [29], indicating the corrosiveness of clayey soil to reinforcements in
concrete structures above the groundwater level, the dewatered sludge product fell within
the category of “weak corrosiveness”. The organic matter content was at an average value
of 32.2%. The variation range of the HHV (higher heating value) and LHV (lower heating
value) showed relatively small fluctuations of 2010 kcal /kg (HHV) and 1800 kcal/kg (LHV).
Comparing the heavy metal indicators in the dewatered sludge with conventional sludge
disposal standards, it could be concluded that the heavy metal indicators in the test de-
watered sludge cake met the standards for conventional sludge disposal. Therefore, there
was no need for further treatment or disposal of heavy metals in the sludge. In summary,
the use of chemicals made from PFSS and PEA for sludge dewatering and conditioning
resulted in favorable equipment operation and sludge properties.

51



Water 2024, 16, 468

3.2. Power Plant Co-Incineration

Power plant co-incineration refers to a relatively stable and controllable sludge treat-
ment and disposal method where sludge is co-incinerated with powdered coal in power
plants. The existing sludge dewatering facilities and transfer vehicles at the WWTP could
support the co-incineration of sludge in a thermal power plant.

As previous results of sludge conditioning and dewatering experiments indicated,
using PFSS and PEA emulsion coagulant as conditioning agents showed a good dewatering
effect. However, during incineration, the chlorine and sulfur in the raw fuels typically
led to corrosion damage to the equipment, as well as air pollution [30-33]. According to
the latest requirements from power plants, the chlorine and sulfur element contents in
the received sludge after conditioning and dewatering should both be less than 1.2% to
prevent corrosive effects on equipment. The chlorine element content in the dewatered
sludge met the requirement after conditioning with these agents, but the sulfur ion content
reached 1.59%. Therefore, an experiment was conducted to optimize the dewatering agent
formulation for co-incineration sludge by replacing PFSS with polyaluminum silicate (PAS),
as shown in Table 4.

Table 4. Chlorine and sulfur element detection results for power plant co-incineration sludge.

. . . Chlorine as Sulfur as
Main Dosage Dry Weight Moisture . .
R t f . R d R d
eagen Component (kg/t DS) Gain Ratio (%) Content (%) B:;iesl ‘(IS/O ) B:sciesl ‘('.,eA) )
Original PFSS 550
reagent PEA 9 5.20 59.6 0.24 1.59
Modified PAS 100-600
reagent PEA 10-30 2.7-20 58.7 0.12 0.79

The thickness of the dewatered sludge cake was approximately 3—4 cm. The sludge
cake could be easily separated and then transported to the power plant for co-incineration.
A total of 149.6 tons of dehydrated sludge with approximately 60% moisture content was
co-incinerated in the experiment. The results are presented in Table 5. Overall, the co-
incineration process proceeded smoothly, without significant issues. Some sludge with a
moisture content exceeding 60% made the feeding system slightly sticky, but it showed
a relatively minor impact on the overall combustion process. To prevent problems with
the feeding system during long-term operation, the sludge moisture content of the deep
dewatered sludge is recommended to be below 60%.

Table 5. Power plant co-incineration results.

Power Plant Reagent Moisture Content (%) Co-Incineration Amount (t)
A PFSS + PEA 58.9 13.6
PAS + PEA 57.2 48.6
B PFSS + PEA 58.6 15.4
PAS + PEA 58.2 45.1
C PFSS + PEA 63.3 12.1
PAS + PEA 62.1 15.4

In the experiments conducted at three power plants, the different reagents and varying
dosages had no obvious impact on the incineration flue gas. There was no difference in
smoke indicators between co-incineration and conventional coal powder incineration.
Based on the analysis of the co-incineration results and the chlorine and sulfur element
concentrations in the received sludge, the combination of PAS and PEA was more suitable
for application in actual sludge co-incineration than the combination of PFSS and PEA.

3.3. Sludge Modification

To address the problem of insufficient processing scale in existing sludge incinera-
tion facilities, a treatment has been implemented to blend the solidified sludge with the
existing embankment soil within the landfill. This treatment provides a new approach to
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the resource utilization of excess landfill sludge, aiming to meet land use criteria in China,
including heavy metal content, organic matter, compaction, etc., to comply with the stan-
dards required for construction site backfill soil. This approach facilitates the co-treatment
of sludge within the landfill, reducing the need for external transportation and additional
earthworks. Feasibility testing and optimization of the modified sludge were conducted,
including the types and proportions of modification agents.

3.3.1. Heavy Metal

Heavy metals in sludge products pose a potential danger that limits the use of sludge
for land applications [34-36]. The heavy metal results indicated that both before and after
modification, the detected concentrations for all indicators were below the requirements
of standards for various types of soil, including agricultural soil, land improvement soil,
garden landscaping soil, forest soil, mixed landfill soil, etc. Therefore, after modification,
the risk of heavy metal pollution in the sludge when used as construction backfill soil was
relatively low, making it suitable for various end-uses. Table 6 shows the heavy metal
content of dewatered sludge after modification experiments.

Table 6. Heavy metal content of dewatered sludge.

Dosage of Solidifying Agent

Item

0 5% 7.5%
Ni (mg/kg) 55 63 33
Cu (mg/kg) 417 370 365
Zn (mg/kg) 1192 1038 1022
Cr (mg/kg) 120 104 89
Cd (mg/kg) 1.8 1.6 1.6
Pb (mg/kg) 75 67 65
Hg (mg/kg) 1.7 1.6 1.5
As (mg/kg) 5.87 5.78 5.81

3.3.2. Soluble Salt

The soluble salt content results indicated no significant difference in the soluble salt
index before and after modification. According to the Code for Geotechnical Investigation
of Building Foundation (GB50021-2001) [29], the corrosion levels of sulfate ions, chloride
ions, and magnesium ions were determined to be weak, very weak, and weak, respectively.
The comprehensive evaluation suggested weak corrosion. This implies that when used
as construction backfill soil, the sludge would have a relatively minor impact on building
materials. Table 7 shows the soluble salt content and the corrosion level of dewatered
sludge after modification experiments.

Table 7. The soluble salt content of dewatered sludge.

Item Batch 1 Batch 2 Corrosion 0% Addition 5% Addition 7.5% Addition Corrosion
Level Level
CO32~ (%) 0 0 n.a. 0 0 0 n.a.
HCO3™ (%) 0.13 0.02 n.a. 0.05 0.14 0.12 n.a.
SO42~ (%) 0.24 0.51 weak 0.21 0.19 0.18 weak
Cl™ (%) 0.03 0.05 very weak 0.03 0.03 0.01 very weak
Ca2~ (%) 0.13 0.36 n.a. 0.37 0.39 0.35 n.a.
Mg?~ (%) 0.06 0.06 very weak 0.14 0.21 0.18 very weak
Na* (mg/kg) 359.8 327.3 n.a. 40.23 46.83 50.37 n.a.
K* (mg/kg) 458.1 363.7 n.a. 42.37 53.99 57.99 n.a.

Notes: n.a. means not available.
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3.3.3. Organic Matter, Bearing Ratio, Compressive Strength

After a 5% solidifying agent was added, the organic matter content decreased to
27.19%, which could not meet the requirements for organic matter content in standards
such as Specification for Design of Urban Road Subgrades (C]J194-2013) [37] and Code for
Construction and Acceptance of Earthwork and Blasting Engineering (GB50201-2012) [38].
Therefore, the modified sludge was not suitable for direct application in compacted fill
areas. As a solution to expand the range of suitable fill materials, the modified sludge
could be mixed with inorganic materials, such as lime-treated soil, to reduce the organic
matter content.

The bearing ratio is a typical indicator used to evaluate the strength of subgrade soil
and pavement materials [39]. The unconfined compressive strength test measures the
ultimate strength of a specimen under axial pressure without lateral confinement. The
results of bearing ratio tests and unconfined compressive strength tests under different
proportions of stabilizing agents are shown in Figure 4. Without a solidifying agent, the
bearing ratio of the sludge product was 31%. The bearing ratio of the sludge increased
to 53% after 5% solidifying agent was added and further to 57% with a 7.5% proportion.
Sludge without a solidifying agent had a very low unconfined compressive strength. As
the proportion of stabilizing agents increased, the 7-day unconfined compressive strength
of the sludge specimens showed a significant increasing trend. This result indicates that
the modification treatment significantly enhanced the strength of the sludge.
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Figure 4. Dewatered sludge bearing ratio and unconfined compressive strength results.

3.3.4. Apparent Compaction Effect of Sludge

The visual appearance of the compacted sludge after rolling is depicted in Figure 5.
When no solidifying agent was added, the sludge exhibited a loose texture with significant
elasticity during the compaction process, making it challenging to compact. Additionally,
the sludge tended to adhere to the compactor roller, resulting in a rough and cracked surface
after compaction. However, after adding 5% and 7.5% solidifying agent, the compressive
strength of the sludge significantly improved. This improvement alleviated the issue of
adhesion to the roller during compaction, leading to denser and smoother compacted
sludge with a more even surface. The apparent quality after compaction improved with a
higher dosage of the chemical agent.
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(a) (b) (c)

Figure 5. Visual appearance after compaction of dewatered sludge: (a) solidifying agent addition

ratio of 0%; (b) solidifying agent addition ratio of 5%; (c) solidifying agent addition ratio of 7.5%.

3.3.5. Compaction Test Results

The compaction degree, also known as the compaction density, refers to the percentage
represented by the ratio of the dry density of soil or other road construction materials after
compaction to the standard maximum dry density [40]. Proper compaction is essential to
ensure the strength, stiffness, stability, and smoothness of roadbed and pavement layers,
thus extending the service life of the roadbed and pavement. The results for the compaction
degree are illustrated in Figure 6.
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Figure 6. Sludge compaction test results.

When no solidifying agent was added, the compaction degree of the sludge was 72.5%.
After adding 5% and 7.5% solidifying agent, the compaction degree of the sludge increased
by more than 90%, meeting the compaction requirements for backfill soil above pipelines
according to the Code for Construction and Acceptance of Water and Sewerage Pipeline
Works (GB 50268-2008) [41].

In summary, the detected concentrations of heavy metals and soluble salts in the
sludge before and after modification both met the requirements for construction backfill
soil. After adding 5% and 7.5% solidifying agent, the organic matter content in the sludge
remained relatively high, but the bearing ratio and 7-day unconfined compressive strength
were significantly improved. The modified sludge is generally suitable for use as backfill
soil above pipelines.
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3.4. Leachate Treatment

The coagulation and precipitation unit, as a pretreatment processor before ammonia
nitrogen stripping, primarily adjusted the pH value and reduced the total phosphorus and
suspended solids in the sludge leachate. The total phosphorus concentration of the sludge
leachate influent was relatively low, and after dosing with the phosphorus removal agent,
it generally met the treatment target requirements.

The stripping unit was mainly used to remove ammonia nitrogen. By adjusting the pH
value and adding sulfuric acid solution, ammonia nitrogen was removed by blowing air
at room temperature. More than 60% of the ammonia nitrogen in the sludge leachate was
removed through stripping. The variations of pH value and the concentration of ammonia
nitrogen during stripping and oxidation processes are depicted in Figure 7.
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Figure 7. The ammonia nitrogen stripping and oxidation effect on the sludge press leachate.

The oxidation unit was applied to treat the remaining ammonia nitrogen. Sodium
hypochlorite was added to oxidize and remove ammonia nitrogen, ensuring that the
effluent’s ammonia nitrogen remained consistently within treatment standards. The results
indicated that the oxidation unit effectively removed the remaining ammonia nitrogen
from the stripping tower’s effluent, and the effluent’s ammonia nitrogen consistently met
treatment requirements. The actual chlorine dosage was higher than the theoretical dosage,
primarily due to the presence of organic nitrogen and reducible substances in the sludge
filter liquor. Additionally, the continuous unit showed some removal of COD in the effluent,
suggesting that the oxidation unit cooperatively removed some of the COD.

Additionally, due to the acidic nature of the solid sodium hypochlorite used in the
experiments, different amounts of sodium hydroxide were added into the oxidation unit to
ensure that the effluent pH value met treatment requirements. In practical applications, a
ready-made 10% sodium hypochlorite solution was used, which might have varying levels
of free chlorine and is highly alkaline. When oxidizing with the ready-made 10% sodium
hypochlorite solution, the pH value might remain unchanged or increase. Therefore, the pH
value of the effluent after oxidation might exceed a value of 9. To meet treatment require-
ments, the pH value of the sludge leachate after stripping and oxidation should be kept
within the desired range by using an acidic solution. Finally, the treated leachate was recy-
cled back to the mainstream treatment of the WWTP. The pH of the effluent was controlled
between 7 and 9, as it could serve as an alkalinity supplement for wastewater treatment.
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4. Conclusions and Prospects

Due to the historical “emphasize wastewater and underestimate sludge” approach in
the construction of wastewater treatment plants in China, the development of sludge treat-
ment and disposal has been slow. Sludge landfilling thus used to be the priority method
for sludge management. This research on the treatment of landfill sludge, conducted at a
WWTP, suggests the feasibility of the overall technical route of sludge extraction, condition-
ing and dewatering, co-incineration at power plants, and solidification for backfilling. Both
the combination of PFSS and PEA and the combination of PAS and PEA as coagulant aids
were able to reduce the sludge moisture content to below 60%. The use of conditioning
agents such as PAS and PEA in the dewatering and co-incineration process did not reveal
any significant problems regarding the equipment. The contents of various heavy metals
in the modified sludge met the relevant standards for various types of construction land.
However, practical implications are rarely seen in China because the organic matter content
of the final modification sludge exceeds the standard of 8%. The soluble salt contents
of sludge before and after solidification and modification were not much different; the
corrosion grade was low; and the corrosion of concrete, steel, and other building materials
was weak. The results of the modification experiment illustrated that the modified sludge
could be used as a backfill material in construction areas without requirements for organic
matter. This process provides a new approach to sludge resource utilization.

All technologies for landfill sludge and the associated leachate treatment were feasible
for meeting the wastewater discharge standards. These research findings provide valu-
able engineering experience and solutions for the reprocessing and resource utilization of
existing landfill sludge. Nevertheless, these processes are associated with high energy con-
sumption and costs, and they result in the wastage of nitrogen and phosphorus resources
in the wastewater. It is recommended that in future research, emphasis should be placed
on analyzing the possibility of nitrogen and phosphorus recovery and utilization from per-
colate. Simultaneously, from the perspective of energy conservation, an investigation into
carbon neutralization technology for high-concentration ammonia-containing wastewater
is suggested.
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Abstract: In chlorophenol wastewater treatment, adding easily degradable carbon sources, such as
methanol, ethanol, sodium acetate, and sodium propionate, significantly improves the chlorophenol
removal efficiency. This study systematically compares these conventional carbon sources in different
sequencing batch reactors to understand their specific effects on both 2,4,6-trichlorophenol (2,4,6-TCP)
degradation efficiency and microbial abundance. In a 35-day experiment, as a carbon source, ethanol
exhibited a lower 2,4,6-TCP degradation concentration (77.56 mg/L) than those of methanol, sodium
acetate, and sodium propionate, which achieved higher degradation concentrations: 123.89 mg/L,
170.96 mg/L, and 151.79 mg/L, respectively. As a carbon source, sodium acetate enhanced extracel-
lular polymeric substance production (200.80 mg/g-VSS) by microorganisms, providing protection
against the toxicity of chlorophenol and resulting in a higher 2,4,6-TCP removal concentration.
Metagenomics identified crucial metabolic genes, including PcpA, chqB, Mal-r, pcal, pcaF, and fadA.
The abundance of genera containing the chgB gene correlated positively with the metabolic capacity
for 2,4,6-TCP. Moreover, small molecular carbon sources such as methanol, sodium acetate, and
sodium propionate promoted the enrichment of genera with functional genes.

Keywords: 2,4,6-trichlorophenol; easily degradable carbon sources; functional gene; microbial
community

1. Introduction

2,4,6-trichlorophenol (2,4,6-TCP) is a crucial chemical raw material that is widely
utilized in various industrial sectors, such as synthesis, papermaking, printing and dye-
ing, and plastic production [1]. However, industrial wastewater containing 2,4,6-TCP is
discharged in large quantities due to inadequate treatment, posing a new threat to aquatic
ecosystems. The hazard of 2,4,6-TCP arises from its high toxicity and bioaccumulation
characteristics, making it an environmentally high-risk compound [2]. It is particularly
carcinogenic to humans and animals, leading it to be classified as a priority pollutant in
many countries [3,4].

In comparison to physical and chemical methods, biological methods exhibit advan-
tages in the treatment of chlorophenol wastewater, including strong applicability, high
processing capacity, and minimal secondary pollution. However, biological methods, par-
ticularly the activated sludge method, face two major challenges in the degradation of
toxic organic compounds: firstly, the slow growth and metabolism of microorganisms
due to the effects of toxicity, and secondly, the lack of microbial growth and metabolism-
requiring carbon sources in wastewater with toxic compounds. Due to the constraints
of toxicity factors, the inflow concentration of chlorophenol wastewater is not likely to
be excessively high. This results in chlorophenols and their intermediates not providing

Water 2024, 16, 974. https:/ /doi.org/10.3390/w16070974 60 https://www.mdpi.com/journal /water



Water 2024, 16, 974

sufficient carbon sources for microbial growth, leading to continuous loss of activated
sludge biomass and a decline in biomass, which makes it challenging for the reactor to
operate [5]. The bioco-metabolism method can effectively address this issue. Many wastew-
ater streams containing chlorophenols, including monochlorophenols, dichlorophenols,
and trichlorophenols, have indeed implemented biological co-metabolism degradation
approaches [6-12]. This method not only provides necessary carbon sources and energy
for microbial growth but also reduces the toxic inhibition of chlorophenols on activated
sludge bacteria [13-15].

Currently, literature reports predominantly focus on studying the impact of the addi-
tion of a single carbon source on the microbial degradation of chlorophenolic pollutants
and the microbial community. For example, studies have investigated the effects of sodium
acetate or glucose as a sole carbon source on the degradation of phenol, 4-chlorophenol,
and 2,4-dichlorophenol [11,12,16-20]. However, there were few attempts to compare the
influences of different organic molecules on the degradation of chlorophenols, especially
those of easily degradable carbon sources, such as methanol, ethanol, and sodium acetate.
Furthermore, in previous studies, there has been a lack of research from the perspective
of the conditioning of activated sludge and the operation of reactors on the mechanism of
the impact of small molecular carbon sources on the cultivation of bacteria for degrading
2,4,6-TCP. Therefore, further research is needed to explore the effects of carbon sources
with different molecular weights on the enrichment of functional bacteria and the stability
of reactor operation during the 2,4,6-TCP degradation process.

Different wastewater qualities could significantly alter microbial communities and
abundance [21]. The phyla Proteobacteria, Actinobacteria, and Firmicutes are considered the
main phyla responsible for degrading chlorophenols [22]. However, it is currently unclear
whether the type of carbon source can promote the growth of such chlorophenol-degrading
bacteria in the process of 2,4,6-TCP degradation.

Against this background, the main content of this study includes the following:
(1) studying the impacts of carbon sources with different molecular weights on the mi-
crobial degradation of 2,4,6-TCP; (2) exploring the changes in microbial diversity and the
influence on functional microbial communities after adding different carbon sources during
the conditioning process; (3) evaluating the potential correlation between the characteristics
of activated sludge and the type of carbon source. This study conducted long-term condi-
tioning experiments using conventional carbon sources with different molecular weights,
such as methanol, ethanol, sodium acetate, and sodium propionate. High-throughput and
metagenomic techniques were employed to analyze the potential relationship between the
microbial community in activated sludge and the type of carbon source. The findings of
this study can offer valuable data support for the selection of carbon sources during the
treatment process of phenolic wastewater in practice.

2. Materials and Methods
2.1. Reactor and Operation

The sequencing batch reactor (SBR), which served as a biochemical reaction apparatus,
comprised a total of five SBRs in this study. Among these, four SBRs were supplemented
with distinct carbon sources (methanol, ethanol, sodium acetate, and sodium propionate)
(Sinopharm Chemical Reagent Co. Ltd., Shanghai, China), while one SBR operated without
the addition of any carbon sources (only 2,4,6-TCP(Sinopharm Chemical Reagent Co., Ltd.,
Shanghai, China). The effective volume for each SBR was consistently maintained at 3 L.
Operating under constant temperature conditions of 28 & 0.5 °C, the SBRs underwent
two cycles per day. This cycle encompassed several phases: a 5-min period for feeding
synthetic wastewater, followed by a 600-min aerobic reaction phase with dissolved oxygen
maintained at 5 £ 0.5 mg/L. Subsequently, a 60-min settling phase was followed by a 5-min
discharge of supernatant, with a volumetric exchange ratio of 50%. Finally, a 50-min idling
phase concluded the cycle. The solid residence time of 30 days was upheld by discharging
50 mL of mixed activated sludge from each SBR in every cycle.
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2.2. Seed Sludge and Water

The activated sludge used for the experimental inoculation was sourced from the
secondary sedimentation tank of the Gaobeidian Wastewater Treatment Plant in Beijing.

The experimental setup involved the use of artificially prepared influent, comprising
2,4,6-TCP, carbon sources, and trace nutrients. Methanol (Met), ethanol (Eth), sodium
acetate (Sa), and sodium propionate (Sp) were employed as carbon sources, with an influent
concentration of 300 mgCOD/L. The influent concentration of 2,4,6-TCP was incrementally
elevated from low concentrations, with the dosing concentration slightly exceeding the
degradable concentration of the activated sludge to maintain a certain level of selective
pressure. The composition of trace nutrients primarily adhered to the components detailed
in the work by Wang, J. et al. [7].

2.3. Batch Experiment

The activated sludge used in the batch experiments was obtained from the stable
phase of a long-term experiment in the SBR. Batch experiments were conducted under
constant temperature at 28 °C, with dissolved oxygen at 4-5 mgO, /L and a magnetic stirrer
set at a speed of 200 rpm.

The specific steps of the batch experiments involved studying the degradation charac-
teristics of 2,4,6-TCP by activated sludge cultivated with different carbon sources. Parame-
ters such as the 2,4,6-TCP removal efficiency, dechlorination capability, and mineralization
ability were investigated. To eliminate interference from chloride ions in the nutrient
elements, CaCl,-2H,O was removed from the water and replaced with ultrapure water.
The addition of each of the four carbon sources was set at 300 mgCOD/L, and the influent
concentration of 2,4,6-TCP ranged from 44 to 47 mg/L.

Samples were collected at 60-min intervals, with each sample consisting of 10 mL
of mixed sludge. After low-speed centrifugation at 4000 rpm, the samples were filtered
through a 0.22 pm polyethersulfone membrane. The treated samples were then analyzed
using liquid chromatography, ion chromatography, and a TOC analyzer to determine the
concentrations of 2,4,6-TCP, chloride ions, and TOC, respectively.

2.4. Analytical Methods
2.4.1. The Analysis of the Microbial Community

This investigation involved assessing variations in EPS, PN, and PS content under
different carbon source conditions, as described in Reference [10].

During the long-term cultivation period in the SBR, mixed activated sludge samples
were collected for an in-depth analysis of the microbial community, as described in Refer-
ence [23]. The raw sequence data generated through high-throughput sequencing were
duly submitted to the NCBI under the sequence read accession number PRINA707254.

2.4.2. Water Quality Testing

The water quality indicators encompassed 2,4,6-TCP, total organic carbon (TOC), and
chloride ions, with their quantification being performed through distinct methodologies.
High-performance liquid chromatography (HPLC, Waters 1525, Milford, MA, USA) was
employed for the analysis of 2,4,6-TCP, while TOC was measured using a TOC analyzer
(Elementar vario TOC, Frankfurt, Germany). The detection of chloride ions was con-
ducted through ion chromatography (Metrohm 883 Basic IC plus, Herisau, Switzerland),
as detailed in Reference [23].

The conventional water quality parameters, including COD, mixed-liquor suspended
solids (MLSSs), SV3q (settling velocity in 30 min), and the sludge volume index (SVI), were
assessed using the standard methods outlined in Reference [24].

In this study, water quality sampling was conducted using triplicate samples for each
sampling point.
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3. Results and Discussion

3.1. Long-Term Acclimatization Characteristics of Activated Sludge

The carbon source could alter the microbial community, thereby influencing the
capacity for the degradation of target pollutants [21]. Figure 1 illustrates the long-term
degradation characteristics of activated sludge in different carbon source conditions when
degrading 2,4,6-TCP. It describes the concentrations of influent, effluent, and degradable
2,4,6-TCP. The SBR had been inoculated with activated sludge lacking any chlorophenol
degradation capabilities before operation. This sludge had initially been used for nitrogen
and phosphorus removal in municipal wastewater treatment, exhibiting rich population
diversity and microbial communities conducive to the selection and acclimatization of
trichlorophenol-degrading bacteria [7].
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Figure 1. The domesticated performance of 2,4,6-TCP with the addition of different carbon sources
((a) Methanol; (b) Ethanol; (c) Sodium acetate; (d) Sodium propionate; (e) No carbon source).

Considering the biological toxicity of 2,4,6-TCP, a gradient-increasing dosing approach
was adopted. When the 2,4,6-TCP concentration was 10 mg/L or 20 mg/L, except for
the SBR utilizing ethanol as a carbon source, which had a longer adaptation period, the
other SBRs achieved the degradation of low-concentration chlorophenols in a relatively
short time. The 2,4,6-TCP was gradually increased until each SBR reached the maximum
degradation concentration. During the stable operational phase, the maximum degradation
concentrations of 2,4,6-TCP were as follows: 123.89 mg/L (methanol), 77.56 mg/L (ethanol),
170.96 mg/L (sodium acetate), 151.79 mg/L (sodium propionate), and 58.72 mg/L (no
carbon source). With the exception of ethanol, small organic molecules as carbon sources
all achieved relatively high 2,4,6-TCP degradation concentrations, especially in the cases of
sodium acetate and sodium propionate as carbon sources. The SBR that did not receive
additional carbon sources removed 58.72 mg/L 2,4,6-TCP in the short term. However, the
degradable 2,4,6-TCP gradually decreased with the SBR’s operation. This decline could
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potentially be attributed to the reduction in the activated sludge concentration, leading to a
decrease in the concentration of 2,4,6-TCP degradation. In conclusion, the use of sodium
acetate as a carbon source is likely to yield higher concentrations of 2,4,6-TCP degradation
compared to other carbon sources.

Figure 2 illustrates the changes in the MLSSs and settling characteristics within the
SBRs. It was observed that the SBR without additional carbon sources experienced a rapid
reduction in initial MLSSs from 3000 mg/L to 1000 mg/L. In contrast, the SBRs with
added carbon sources maintained a higher microbial biomass level and exhibited a gradual

upward trend.
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Figure 2. MLSSs and settling performance of each SBR in long-term operation ((a) Methanol;
(b) Ethanol; (c) Sodium acetate; (d) Sodium propionate; (e) No carbon source).

The settling characteristics of activated sludge directly influenced the operational
performance of the SBRs during the settling phase. As depicted in Figure 2, the addition
of small molecular carbon sources contributes to maintaining favorable sludge settling.
However, the use of starch as a carbon source results in inferior settling characteristics for
an SBR, with an SVI close to 200 mL/g [7]. The 300 mgCOD/L carbon source leads to a
gradual increase in sludge concentration in the SBR, but it has not yet reached a complete
steady-state operation. Therefore, further optimization and adjustment of the carbon source
dosage are needed to achieve optimal performance. The MLSS and SVI indicators can
provide feedback on the operational status of an SBR. Based on the results obtained, it is
observed that the use of sodium acetate and sodium propionate as carbon sources results
in lower SVI values, which is beneficial for the sedimentation of activated sludge and the
discharge of effluent from the SBR.

Additionally, the effluent COD did not exhibit significant fluctuations during the
long-term operational process, as illustrated in Figure 3. The influent COD was primarily
contributed by the added carbon sources, and the average effluent COD for each SBR
was as follows: 37.8 mg/L (methanol), 36.2 mg/L (ethanol), 38.2 mg/L (sodium acetate),
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40.7 mg/L (sodium propionate), and 10.5 mg/L (no carbon source). These values were
consistently maintained at relatively low levels, indicating that different carbon sources
had no significant impacts on the effluent COD from the SBRs.
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Figure 3. The average influent and effluent CODs of the SBRs in long-term operation ((a) Methanol;
(b) Ethanol; (c) Sodium acetate; (d) Sodium propionate; (e) No carbon source).

3.2. The Mineralization and Dechlorination of 2,4,6-TCP

In Figure 4, the degradation, dechlorination, and TOC removal of 2,4,6-TCP are de-
picted over a typical cycle. At the end of the typical cycle, no 2,4,6-TCP was detected,
indicating that the sludge acclimated with various carbon sources could effectively re-
move 2,4,6-TCP. The theoretical dechlorination concentration was calculated based on the
chlorine content in the 2,4,6-TCP molecule. The detected chloride ion in the effluent was
found to be almost identical to the theoretical chlorine concentration, suggesting complete
dechlorination. A comparison revealed that the activated sludge acclimated with different
carbon sources could achieve complete dechlorination of 2,4,6-TCP.
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Figure 4. Batch tests of 2,4,6-TCP mineralization with different carbon sources ((a) Methanol;
(b) Ethanol; (c) Sodium acetate; (d) Sodium propionate).
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Furthermore, the removal efficiency of TOC in the effluent from the SBRs exceeded
95%. The inability to achieve a 100% removal rate might have been associated with
suspended microorganisms in the effluent. The TOC removal rate and chloride ion data
indicated that activated sludge acclimated with different carbon sources could effectively
achieve the harmless degradation of 2,4,6-TCP.

3.3. The EPS Content of the Activated Sludge

In the biological treatment of toxic wastewater, EPS played a role in protecting mi-
crobial cells from external toxic substances while also enhancing the removal efficiency
of activated sludge for toxic compounds [10]. The influent water quality was a key factor
influencing the content and composition of EPS [25].

In Figure 5, it is evident that the activated sludge, after acclimatization (excluding
the sludge without a carbon source), exhibited an increase in EPS. This suggested that
activated sludge, by generating a higher amount of EPS, aimed to mitigate the toxic effects
of 2,4,6-TCP on microbial cells. The activated sludge without the addition of a carbon
source had the lowest total EPS, measuring only 59.69 mg/g-VSS. This was attributed
to the lack of carbon sources in the system, leading to a reduction in EPS production, or
to microbes utilizing EPS as a carbon source in the absence of an external carbon source.
Wang, J. et al. [7] utilized starch as the carbon source for 2,4,6-TCP degradation, resulting in
the production of a higher amount of EPS by activated sludge, reaching 285.81 mg/g-VSS.
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Figure 5. EPS concentration of 2,4,6-TCP-degrading sludge using different carbon sources (Ss: seed
sludge; Met: methanol; Eth: ethanol; Sa: sodium acetate; Sp: sodium propionate; Ns: no substrate).

The main components of EPS are proteins and polysaccharides, with proteins playing
a crucial role in the extracellular hydrolysis process of microorganisms. For activated
sludge with low-molecular-weight organic compounds as carbon sources, the protein
in EPS was lower than that in cases where high-molecular-weight organic compounds
served as carbon sources. Among them, the protein in the sodium acetate group was
the highest. Considering that the sodium acetate group achieved the highest removal of
2,4,6-TCP as a carbon source and that sodium acetate could be directly utilized by activated
sludge without undergoing hydrolysis, the proteins may have directly contributed to the
2,4,6-TCP degradation.

The content of polysaccharides in EPS is related to hydrophilicity, where a smaller
PN/PS value indicates stronger hydrophilicity [26]. Higher hydrophilicity allowed for
sufficient contact between microbial cells and 2,4,6-TCP, facilitating the degradation process.
Activated sludge with better settling characteristics often accompanied a lower PN /PS.
Under the no-addition condition, the PN/PS value of EPS reached 22, consistently with
the poor settling performance. Simultaneously, the polysaccharide level in EPS was at a
lower level (2.6 mg/g-VSS), leading to reduced cell aggregation capabilities. This was a
significant factor contributing to the substantial loss of sludge in the SBR reactor without
the addition of a carbon source during the later stages of cultivation.
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3.4. Bacterial Abundance and Functional Gene Analysis
3.4.1. Influences of Different Carbon Sources on Bacterial Abundance

As depicted in Figure 6, the microbial community at the phylum level with different
carbon sources is illustrated. At the phylum level, a total of 14 phyla were detected, and the
proportions of these phyla varied significantly with the different carbon sources. According
to literature reports, phyla such as Proteobacteria, Actinobacteria, Firmicutes, and Saccharibac-
teria have been found to have higher proportions in phenol- and 4-chlorophenol-degrading
bacteria [18,22,27-31]. This study exclusively employed 2,4,6-TCP as the target pollutant
and similarly observed higher proportions of the four aforementioned phyla: Under the no-
addition condition, these four phyla collectively accounted for 93.36% of all detected phyla.
Under different carbon source conditions, the abundances of these four phyla were 95.92%
(methanol), 90.94% (ethanol), 71.89% (sodium acetate), and 81.25% (sodium propionate),
respectively, which were significantly higher than those in the inoculated activated sludge.
This indicated that at the phylum level, the chlorophenol-degrading microbial community
was similar.
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Figure 6. Bacterial community at the phylum level with different carbon sources (Ns: no substrate;
Met: methanol; Eth: ethanol; Sa: sodium acetate; Sp: sodium propionate).

As shown in Figure 7, at the genus level, the dominant bacterial genera under different
carbon source conditions were significantly different. The dominant genera and their abun-
dances were 19.16% Sphingomonas (no carbon source), 20.40% Ralstonia (methanol), 18.68%
Sphingomonas (ethanol), 16.53% Mycobacterium (sodium acetate), and 16.62% Variovorax
(sodium propionate). The genus Sphingomonas is known for its ability to degrade 2,6-
dichlorophenol, 2,4,6-TCP, 2,3,4,6-tetrachlorophenol, and pentachlorophenol [32,33]. With
no carbon source or with ethanol as a carbon source, the enrichment of Sphingomonas as a
dominant genus was promoted. Ralstonia is a common dominant genus in the metabolism
of chlorophenolic compounds [34-36], and in this study, methanol increased its abundance
to 20.4%. The dominant genus with the addition of sodium propionate (Variovorax) has
not been reported to have relevant chlorophenol-degrading capabilities. Mycobacterium,
the genus with the second-highest abundance after Variovorax, played a crucial role in the
degradation of monochlorophenols [37,38], and sodium acetate promoted its dominance
as a genus. Different carbon sources significantly altered the microbial community, and
although some genera are commonly associated with chlorophenol metabolism, their high
abundance can only suggest their potential for 2,4,6-TCP metabolism. To further verify
the capabilities for 2,4,6-TCP metabolism of the mentioned genera, we conducted further
analyses from a genetic perspective.
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Figure 7. Bacterial community at the genus level with different carbon sources.

3.4.2. The Impacts of Different Carbon Sources on the Abundance of Functional Genes

As shown in Figure 8, the abundance of functional genes related to 2,4,6-TCP metabolism
under different carbon source conditions is illustrated. The abundance of functional genes at
the front end of the 2,4,6-TCP metabolic pathway was relatively low, while the abundance of
functional genes closer to the back end of the metabolic pathway was higher. The abundance
of fadA was consistently above 100,000 hits, indicating that at the front end of the metabolic
pathway, where 2,4,6-TCP and its toxic intermediates are present, fewer microorganisms
possess metabolic capabilities, resulting in significantly lower gene abundance. In contrast,
at the back end of the metabolic pathway, where the toxicity of the intermediates is lower,
they can serve as carbon sources for more microorganisms, leading to a higher abundance of
functional genes.
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Figure 8. Heat map of gene abundance for 2,4,6-TCP degradation with different carbon sources.

As shown in Figure 9, the total abundance of functional genes under different carbon
source conditions is depicted. Under the no-carbon-source condition, the gene abundance

reached 42,858 hits, which was higher than that in the cases with added carbon sources.

However, due to the low biomass under the condition without adding carbon sources, it
was challenging to maintain a satisfactory 2,4,6-TCP degradation performance. Although
adding carbon sources reduced the abundance of functional genes related to chlorophenol
degradation, it increased microbial biomass. This indicates that both microbial abundance
and the functional genes” abundance jointly determined the effectiveness of microbial
degradation of 2,4,6-TCP.
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Figure 9. Comparison of the total gene abundance in 2,4,6-TCP degradation under different

carbon sources.

3.4.3. Distribution Characteristics of Functional Genes in Different Microbial Communities

The abundance of functional genes did not exhibit a significant correlation with the
effectiveness of 2,4,6-TCP degradation. Consequently, an analysis was conducted on the
abundance of microbial communities containing specific genes, as illustrated in Figure 10.
Several key genes in the metabolic pathway of 2,4,6-TCP, including PcpA, chqB, Mal-r, pcal,
pcaF, and fadA, were considered. Additionally, it was noted that the toxicity of products
at the front end of the metabolic pathway was higher, gradually decreasing or becoming
non-toxic as the reaction progressed. Combining the degradation concentrations of 2,4,6-
TCP under different carbon source conditions, it was observed that the abundance of
microbial communities containing chgB exhibited a significant positive correlation with
the degradation rate of 2,4,6-TCP (correlation coefficient: 0.61, p < 0.01). The proportions
of microbial communities containing other specific genes showed correlation coefficients
with the degradation rate of 2,4,6-TCP of less than 0. Therefore, the abundance of microbial
communities containing the chgB gene was positively correlated with the degradation
rate of 2,4,6-TCP. Methanol, sodium acetate, and sodium propionate as carbon sources
facilitated the enrichment of these microbial communities, enabling the removal of higher
concentrations of 2,4,6-TCP.
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Figure 10. Abundance of bacteria containing specific functional genes.

4. Conclusions

Under different carbon source conditions, varying degrees of 2,4,6-TCP degradation
were achieved by altering the microbial community. In comparison to hard-to-degrade
carbon sources, easily degradable co-metabolic carbon sources demonstrated higher concen-
trations of 2,4,6-TCP removal. Specifically, activated sludge supplemented with methanol,
sodium acetate, and sodium propionate as carbon sources achieved degradation concen-
trations of 123.89 mg/L, 170.96 mg/L, and 151.79 mg/L, respectively, surpassing those of
other carbon sources. From the perspective of 2,4,6-TCP removal efficiency, sodium acetate
appears to be the most suitable as a carbon source in the treatment of actual phenolic
wastewater. Not only does it yield higher concentrations of 2,4,6-TCP removal, but it also
enhances the overall performance of the SBR’s operation. When compared to scenarios
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without the addition of carbon sources, all four carbon sources were found to signifi-
cantly increase the functional gene abundance related to 2,4,6-TCP degradation, including
PcpA, chqB, Mal-r, pcal, pcaF, and fadA. The abundance of genera containing the chqB gene
demonstrates a strong correlation with the metabolic capacity of 2,4,6-TCP. Small molecular
carbon sources such as methanol, sodium acetate, and sodium propionate can facilitate the
enrichment of genera harboring functional genes. However, this study solely focused on
the effects of adding different carbon sources on 2,4,6-TCP removal efficiency and microbial
community abundance. The underlying mechanisms of different carbon sources’ profound
impacts require further exploration to provide guidance for the effective treatment of actual
phenolic wastewater.
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Abstract: The occurrence, distribution, removal, and mass loadings of common organophosphate
flame retardants (OPFRs) in an advanced municipal wastewater treatment plant (WWTP) were com-
prehensively investigated. The OPFRs were mainly partitioning in the dissolved phase, and the total
concentrations ranged from 1364 to 1701 ng/L in influent, 678~1064 in effluent, and 177~470 ng/g dw
in residual sludge. Tributoxyethyl phosphate and tris(2-chloroethyl) phosphate were the abundant
compounds in both the dissolved phase and adsorbed phase. The removal frequencies and mecha-
nisms of the OPFRs were highly associated with the properties of compounds. According to the mass
balance analysis, 14.9%, 13.0%, and 11.2% of the total OPFR loads were removed in the traditional
treatment, tertiary treatment, and to the sludge, respectively. The mass loadings and environmental
emissions of the OPFRs were 0.67~291 ug/d/person and 0.57~107 ug/d/person, respectively. The
effluent discharged from the WWTP posed ecological risks to the receiving river, which requires
being paid more attention.

Keywords: organophosphate flame retardants; municipal wastewater treatment plant; mass balance
analysis; mass loadings; environmental emissions

1. Introduction

In recent years, the production and consumption of organophosphate flame retardants
(OPERs) have grown significantly due to the restricted application of brominated flame
retardants. OPFRs have been widely used in plastics, building materials, textiles, electronic
products, lubricate oil, and other industrial products [1]. The global consumption of OPFRs
increased to 1 million tons in 2018 [2], and the growth rate in China could achieve 15%
annually [3]. OPFRs are used by physically adding them to the product without chemical
bonding, which allows for their easy release into the environment [4]. As a result, they are
widely present in a range of environmental media and even in living organisms. Numerous
studies have been reported on the occurrence of OPFRs in water [4-7], air [8-10], dust [10-12],
sediment [2,4,13], soil [14,15], and biota samples [16,17]. Given the high detection frequency
and potential toxicity to organisms, OPFRs might pose a potential threat to ecology and
humans, which need to be paid attention to.

A wastewater treatment plant (WWTP) is the final treatment site for pollutants in
wastewater. Traditional pollutants like COD, BOD, and total suspended solid (TSS) collect
here and are eventually removed through a sequence of treatments [18]. Nevertheless,
several studies have indicated that the removal efficiencies of OPFRs by a WWTP are
limited [19-21]. As a result, the residual OPFRs may be released into the environment
along with effluent or residual sludge, making a WWTP the main source of OPFRs into the
environment rather than the elimination site.
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Currently, several studies have been carried out to study the concentration level
and removal efficiency of OPFRs in a WWTP [18,22-24]. Yin et al. [22] investigated the
concentration and distribution of seven OPFRs in water samples from a WWTP, the total
removal rate was found to be 57.2%, and the average concentrations of influent and effluent
were 978.2 + 166.5 ng/L and 418.3 £ 12.0 ng/L, respectively. Kim et al. [20] researched the
removal efficiencies of OPFRs in a WWTP from New York State, the removal efficiencies
ranged from negative values to about 60%, showing incomplete removal and a significant
difference in OPFRs. However, the behavior and emissions of OPFRs in the various
treatment stages in a WWTP have not been thoroughly investigated and reported [25-27].
Liang and Liu [25] performed the mass flow and mass balance analysis in an advanced
municipal WWTP to unveil the potential removal mechanisms. Additionally, the behavior
of pollutants in the WWTP would have been affected by a variety of factors, including the
population, climate, and WWTP treatment conditions. Wang et al. [28] investigated the
occurrence of OPFRs in 25 municipal WWTPs across China and found that the removal
frequencies of OPFRs using the same treatment process might vary significantly in different
districts. Therefore, more efforts should be made to study the fate of OPFRs in a WWTP.

In this study, we investigate the occurrence, behavior, and removal of 12 common
OPFRs in a municipal WWTP in Changsha, Hunan Province, which has a typical Anaero-
bic/Anoxic/Oxic bioreactor and an advanced treatment stage. Both the dissolved phase
and adsorbed phase (suspended particulate matter and sludge) were involved in the analy-
sis to comprehensively assess the fate of OPFRs in the WWTP. The mass balance analysis
was introduced to study the removal mechanisms. The mass loadings and environmental
emissions were also calculated to evaluate the consumption and pollution emissions of
OPEFRs in this area for the first time.

2. Materials and Methods
2.1. Chemicals and Standards

Twelve common OPFRs were set as the target compounds in this study, including
tri-isobutyl phosphate (TIBP), tri-nbutyl phosphate (TNBP), tributoxyethyl phosphate
(TBOEP), tris(2-ethylhexyl) phosphate (TEHP), triphenyl phosphate (TPHP), tricresyl
phosphate (TMPP), cresyl diphenyl phosphate (CDP), 2-ethylhexyl diphenyl phosphate
(EHDPP), tris(2-chloroethyl) phosphate (TCEP), tris(2-chloroethyl) phosphate (TCIPP),
tris(1,3-dichloro-2-propyl) phosphate (ITDCIPP), and triphenylphosphine oxide (TPPO).
Among them, TNBP and EHDPP were purchased from Aladdin (Shanghai, China), the
other ten target OPFRs were purchased from Macklin (Shanghai, China). Deuterated
TNBP-d27 and TPHP-d15 were used as the surrogate standards and bought from Toronto
Research Chemicals Inc. (Toronto, ON, Canada). Detailed information on the compounds
is listed in Table S1.

2.2. Study Plant and Sample Collection

The municipal WWTP was located in Changsha, Hunan Province, China. The service
area of the plant was 62.98 km? with about 9,815,000 residents. The treatment process
scheme of the WWTP included four main stages: (1) primary treatment (screen and grit
chamber); (2) secondary treatment (Anaerobic/Anoxic/Oxic treatment and secondary
clarifier); (3) tertiary treatment (high-efficient sedimentation tank, deep-bed filter, and UV
disinfection); (4) sludge dewatering system (Figure 1). Among the stages, stage 1 and
stage 2 were the traditional treatment process. During the sampling period, the average
daily capacity of the plant was about 430,000 m®/d, and the sludge production was about
250 t/d (wet weight, contained 80% muoisture).

The sampling campaigns were conducted in September 2020. The wastewater samples,
including influent, primary treatment effluent, secondary treatment effluent, and tertiary
treatment effluent (also the final effluent), were collected in a 2.5 L amber glass bottle. The
sludge samples were collected after the sludge dewatering system. The sampling points are
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shown in Figure 1. All of the samples were kept in a cooler and immediately transported to
the lab for further analysis.

High-efficient
Grrit Anaerobic/Anoxic/Oxic Secondary sedimentation Deep-bed uv
Screen chamber treatment clarifier tank filter disinfection

Return sludge

Sludge dewatering
system

Figure 1. Schematic diagram of the studied wastewater treatment plant.

2.3. Sample Preparation

The wastewater samples were filtered using glass fiber filters (GF/F, Whatman, Kent,
UK), which were pre-treated in a muffle furnace at 450 °C for 4 h. The solid interceptions
were collected as suspended particulate matter (SPM) samples and also used to further
calculate the TSS. The preparation of filtered water samples was conducted according to our
previous study [5] with some modifications. Briefly, the water samples with surrogate stan-
dards (TNBP-d27 and TPHP-d15) were passed through the HLB cartridges (6 mL, 200 mg,
ANPEL, Shanghai, China) and the target compounds were extracted using acetonitrile
from the loaded HLB cartridges. The acetonitrile eluent was collected and concentrated
to 1 mL for instrument analysis. The freeze-dried solid samples (SPM and sludge) were
spiked with surrogate standards (TNBP-d27 and TPHP-d15), and then ultrasonic-assisted
extracted for 15 min using acetonitrile (10 mL) as the ex-traction solution. The extractant
was obtained by centrifugation, and the extraction process was repeated three times. A
total of 30 mL of the collected extractant was concentrated and redissolved in 100 mL of
ultra-pure water. The subsequent operation is the same as the extraction process of water
samples.

The determination of 12 target OPFRs was performed on a liquid chromatography
system (HPLC, Agilent 1260, Santa Clara, CA, USA) coupled with a triple quadrupole
mass spectrometer (MS/MS, Agilent 6460, Santa Clara, CA, USA). The separation of target
OPFRs was performed on the Poroshell 120EC-C18 column (50 mm X 4.6 mm i.d., 2.7 um,
Santa Clara, CA, USA). The column temperature was 30 °C, and the injection volume of
samples was 5 pL. Gradient elution was performed using a binary mobile phase consisting
of 0.1% (v/v) formic acid (A) and acetonitrile (B). The elution gradients are listed in Table S2.
Using the multiple reaction monitoring (MRM) in positive ionization mode to quantify the
target OPFRs in the samples, the optimized MS parameters were set as follows: the source
temperature was 330 °C; the source gas flow was 8 mL/min; the nebulizer gas pressure
was 40 psi. The optimized mass spectrum parameters of target OPFRs are listed in Table S3.

2.4. QA/QC

The equipment that might be in direct contact with the samples was thoroughly
washed with methanol and ultra-pure water before use to avoid introducing contamination.
The internal standard method was used to quantify the target OPFRs, and the recoveries
of TNBP-d27 and TPHP-d15 were 91.7 & 10.1% and 94.6 & 4.7% for the water samples,
and 98.1 £ 5.9% and 95.5 £ 9.7% for the solid samples, respectively. The limits of method
quantification (LOQ) for the target OPFRs were defined as 10 times the signal-to-noise ratio,
and the LOQ values of the water samples and solid samples were 0.005~0.05 ug/L and
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0.06~3.89 ng/kg dw, respectively (Table 54). The recoveries and matrix effects of the water
samples and solid samples are listed in Table S5. For instrument analysis, a solvent blank
and a standard sample of specific concentration were detected every 10 samples to monitor
the operating status of the instrument.

2.5. Data Analysis
The mass balance analysis for the OPFRs could be calculated as follows:

—6 -9
Minﬂuent/ effluent — Cdissolved X Qx 107" + Cadsorbed x Q x Crss x 10 (1)
—6
Msludge = Csludge x Pg x 10 2)
Minfluent = Meffluent + Msludge + Mioss ®3)
Mloss—TT = Minﬂuent - Mse,efﬂuent - Msludge (4)
Mloss—AT = Mse,efﬂuent - Mefﬂuent (5)

where Cgissolved (n8/L), Cadsorbed (ng/ g, dw), and Cyjygge (ng/ g, dw) are the concentrations
of OPFRs in the aqueous phase, SPM, and residual sludge, respectively; Q (m>/d) is the
daily water follow of the plant; Ps (kg/d, dw) is the average daily sludge output of the
plant; Minfluents Mse effluents Metfluent, and Mgludge (§/d) represented the mass loads of OPFRs
in influent, secondary treatment effluent, tertiary treatment effluent, and residual sludge,
respectively; among them, the influent, secondary treatment effluent, and tertiary treatment
effluent load contain both OPFRs dissolved in water and adsorbed on suspended particles;
Mjess (g/d) is the mass load loss of OPFRs during the wastewater treatment process, which
can be considered as the loss caused by biodegradation and/or adsorption, including the
Mioss-TT (the loss occurred in the traditional treatment process) and the loss Mg a1 (the
loss occurred in the advanced treatment process stage).
The total removal efficiency of OPFRs (Rys) could be calculated as follows:

R Minfluent — (Mefﬂuent + Msludge) 100% ©)
M = X %
Minfluent

Furthermore, the per capita consumption of OPFRs can be estimated by the pollution
mass loadings of the WWTP influent, and the environmental emissions of OPFRs dis-
charged from the WWTP can infer the total amount of pollution discharged in the region.

9
Minfﬂuent x 10

N )

Mload =

(Mefﬂuent + Msludge) x 107

E= N. ®)

where Mj,,q (1g/d/person) is the per capita pollution mass loadings of influent water,
E (ug/d/person) is the per capita environmental emissions, and Ns (person) is the total
population served by the plant, which is 981,500 people in this study.

2.6. Ecological Risk Assessment

The risk quotient (RQ) method was used to assess the risk of residual OPFR discharge
in wastewater to the aquatic environment.

MEC
RQ= PNEC ©)

where MEC is the concentration of OPFRs (ng/L) in the effluent water of the WWTP, and
PNEC is the predicted concentration of no effect (ng/g). To estimate the possible ecological
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threat caused by the total OPFRSs, the risk quotient RQniy is calculated, which is the sum of
the RQ for each OPFRs [29].

3. Results and Discussion
3.1. Occurrence of OPFRs in Wastewater Treatment
OPEFRs in water and adsorbed on SPM were detected in water samples collected from

the WWTP. The results showed that all the 12 target pollutants were detected at least once
(Figure 2, Tables S8 and S9).
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Figure 2. Concentrations of OPFRs in (a) water, (b) SPM, and (c) sludge from the studied WWTP.
The horizontal line in the box marks the median. The box represents a range of 25% to 75%. The
whiskers represent the range of minimum to maximum. Squares ({J) and rhomboids () represent
mean values and outliers.
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In the water of the influent sample, TBOEP (499~866 ng/L, mean 661 £ 126 ng/L) was
the most abundant compound, accounting for about 44% of OPFRs in the dissolved phase,
followed by TCEP (76.8~376 ng/L. mean 190 & 90 ng/L) and TCIPP (118~320 ng/L, mean
191 £ 60 ng/L). Most of the compounds had high detection frequencies (DF > 50%), indicat-
ing the incomplete removal of OPFRs in the WWTP. TCEP (97.8~348 ng /L, 232 + 76.8 ng/L)
and TCIPP (110~336 ng/L, mean 207 £ 72.6 ng/L) were the most abundant compounds in
the water of the effluent sample, accounting for 27% and 23% of the total OPFR concen-
tration, respectively. Several studies from Spain [30], Germany [31], the United States [20],
Greece [26], and a WWTP in Beijing [25] all indicated that TBOEP, TCEP, and TCIPP were
the most abundant individual OPFRs, which was consistent with the results of this study.
TBOEP has a variety of applications in home improvement materials, such as floor pol-
ish, added to paint or glue [7]; TCIPP and TCEP are widely used as flame retardants for
polyurethane foams and other materials [1]. They had been widely detected in indoor
dust, which was confirmed to be an important source of pollutants in domestic sewage [7].
Therefore, certain TBOEP, TCEP, and TCIPP were easily able to enter the urban sewage
network through indoor dust or residents’ flushing water. The total concentration of OPFRs
(3_OPFRs) in the influent and effluent ranged from 1364 to 1701 ng/L and from 678 to
1064 ng/L, respectively. Compared with other countries and regions, both the individual
OPFRs and ) OPFRs in sewage in this study are at a relatively low level (Table 510).

The OPFRs of the SPM in the influent and effluent are listed in Table S9. TBOEP
(71.8~168 ng/g, mean 108 + 32.4 ng/g) and TCIPP (25.9~171 ng/g, mean 79.1 4= 56.2 ng/g)
were the most important compounds in the SPM of the influent. However, TCEP with
a high content in the aquatic phase has a lower content, which might be related to the
physicochemical properties of the OPFRs with a lower n-octanol /water partition coefficient
(log Kow = 1.44) and higher solubility (Wg = 7000 mg/L), making the substance more likely
to appear in the aquatic phase. In addition, TNBP, TPPO, and TMPP also had relatively
high detected concentrations in the SPM of the influent, and the mean concentrations were
61.9 £+ 40.3, 59.3 + 25.7, and 58.6 £ 11.8 ng/g dw, respectively. Y} OPFRs in the SPM of
the influent was 405~717 ng/g dw, while that in the effluent was 5.07~76.9 ng/g dw. The
concentrations of all compounds in the SPM of the effluent decreased significantly, and
the detection frequency of TMPP was only 14%, while TEHP, TCEP, and CDP were not
detected. Because the effluent from the WWTP has been processed by deep treatment
processes, the suspended particles were almost removed (removal frequency > 99.5%), so
the OPFR concentrations on the SPM in the effluent also decreased. At present, the relevant
studies on the OPFR concentration of SPM are limited, the result in this study was lower
than that in WWTPs in Thessaloniki, Greece [7], and the residue level was the same as that
in a WWTP in Beijing [25].

Most of the target OPFRs had high detection frequencies in the residual sludge, except CDP,
which had a detection frequency of 29%. TBOEP (46.0~111 ng/g dw, mean 83.0 £ 23.4 ng/g)
was again the most important compound, followed by TPPO (10.2~104 ng/g dw, mean
60.0 &+ 30.9 ng/g dw) and TCIPP (14.0~110 ng/g dw, mean 49.7 + 39.4 ng/g dw). ) OPFRs
in the residual sludge ranged from 177 to 470 ng/g dw, which was the same as that of a
WWTP in Beijing [25] and other sewage treatment plants in Henan Province [32], but much
lower than that reported in Spain [23], the United States [20], and Greece [26].

3.2. Distributions and Remouval Efficiencies of OPFRs

Understanding the distribution patterns of OPFRs between the dissolved phase (water)
and adsorbed phase (solid) in wastewater treatment systems helps investigate the path and
mechanism of pollutant removal. The distribution of pollutants in the two phases may be
related to various factors, such as the load of pollutants in the influents, the partitioning of
pollutants in each phase, and the properties of organic matter itself, such as persistence [33].
The OPERs of the adsorbed phase were converted into ng/L, to facilitate direct comparison
with the OPFRs of the dissolved phase. It was found that in this study, individual OPFRs
except TPHP were mainly located in the dissolved phase, and the adsorbed phase only
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)

Removal efficiency(%

accounted for 9.77~29.6%. The fraction of OPFRs in the adsorbed phase was further
decreased along with the treatment process. According to the results, the OPFRs were
mainly dissolved in the aquatic phase, and only a small extent of OPFRs were removed by
adsorbing onto the SPM in the secondary treatment stage. For TEHP, TPHP, and TMPP,
which were more hydrophobic, the fractions of the adsorbed phase in the influent were high,
while they were eliminated as the solid phases in the secondary effluent were removed.
Therefore, the adsorption of SPM and sludge might be an important way for the removal
of these OPFRs. However, the fractions of OPFRs in the adsorbed phases in the effluent for
two WWTPs in Greece were still above 20% [26], and the difference might be caused by the
specificity of the source and composition of the sewage and the sludge.

The removal efficiencies of OPFRs in each stage of the WWTP are shown in Figure 3.
The total removal efficiency of OPFRs was 39.1% + 9.58%, and the removal efficiencies
of each OPFR were significantly different. Among them, the removal efficiencies of Aryl-
OPFRs (TPHP, CDP, EHDPP, and TMPP) were all above 85%, while those of Halo-OPFRs
(TCEP, TCIPP, and TDCIPP) were all negative. Alkyl-OPFRs (TIBP, TNBP, TBOEP, and
TEHP) differed from each other greatly. The removal efficiency of TEHP, which had long
branched chains in its molecular structure, was high, while the removal efficiencies of
TNBP and TIBP were about 30%. The negative removal efficiencies of Halo-OPFRs in
WWTPs have also been reported in other areas [20,26,34,35]. In this study, the fractions
of Halo-OPFRs in the adsorbed phase were low, implying limited removal efficiencies by
adsorption to solid. As reported, Halo-OPFRs were recalcitrant to biodegradation [25],
photodegradation [6], and hydrolyzation [36]; therefore, the negative removal efficiencies
of Halo-OPFRs might be associated with their resistance to transformation and formation
from precursor compounds [20,25]. Additionally, Halo-OPFRs are widely used as the
flame retardant and plasticizer in the plastic materials of WWTP; the Halo-OPFRs might be
released during the treatment process, resulting in a higher effluent concentration [25,37,38].
However, as the pollutant concentrations of influent may vary greatly within a day, the
negative removal efficiency might also be attributed to the imperfect sampling schemes [26].
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Figure 3. Removal efficiencies of OPFRs in different stages of WWTP.

Comparing the removal efficiencies of different stages of the wastewater treatment
process, the removal of most OPFRs (especially Aryl-OPFRs) mainly occurred in the
secondary biological treatment stage through adsorption or biodegradation. In the tertiary
treatment stage, the removal frequencies of most OPFRs were further increased. As Alkyl-
OPFRs are considered to be photostable without absorption bands at 200 to 400 nm [39],
the increase in the removal frequency of TEHP at this process stage might be caused by
adsorption and interception at the high-efficient sedimentation tank and deep-bed filter.
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3.3. Mass Balance Analysis

Mass balance analysis is an effective way to investigate the removal mechanism of
OPFRs in WWTPs and can reflect the true trend of OPFRs in WWTPs. The influent and
effluent mass loads of OPFRs in the WWTP were calculated (Figure 4). The influent
load (Mjnfiuent) Was used as the system input, while the system output included efflu-
ent (Mefifluent), dehydrated sludge (Mgjudge), traditional treatment process (primary and
secondary treatment) losses (Mjpss.1T), and tertiary treatment losses (Mjpgs-AT)-
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Figure 4. Mass balance analysis of OPFRs between effluent, sludge, and loss during the
studied WWTP.

The mass fraction of } OPFRs in the final effluent of the WWTP accounted for 60.9 + 8.96%
of the Mjnfiyent, and only 11.2 & 3.68% of the total load was transferred into the sludge.
Mass loads lost in the traditional treatment process and tertiary treatment process were
14.9 £ 13.4% and 13.0 £ 11.2%, respectively. Most OPFRs, especially Halo-OPFRs, were
not effectively removed in the wastewater treatment process and were discharged into the
environmental water body. The removal processes of TNBP, TIBP, TBOEP, and EHDPP
mainly occurred in traditional processes, indicating that biodegradation/biotransformation
played an important role in this process. Most TEHP and TPHP and a portion of EHDPP
were transferred to the sludge, indicating that they are mainly removed by adsorption.
Except for CDP, other OPFRs had limited removal effectiveness in the tertiary treatment
stage. In addition, TMPP was detected in large quantities in sludge and limited in influent
water, which may be due to the instantaneous sampling method, which could not detect
real-time changes in concentration and hydraulic retention time during treatment [26].

3.4. Mass Loadings and Environmental Emissions

The per capita daily OPFR pollution mass loadings and environmental emissions were
calculated based on the total concentrations of OPFRs in the dissolved phase of sewage,
the adsorbed phase on suspended particulate matter, and the sludge.

As shown in Figure 5, the daily pollution mass loadings of each OPFR in the WWTP in-
volved in this study ranged from 0.67 to 291 ug/d/person. TBOEP (290 £ 67.7 pug/d/person),
TCEP (859 £ 41.1 pg/d/person), TCIPP (839 + 27.5 pg/d/person), and TPPO
(64.7 £ 19.7 ug/d/person) were the main pollutants. The higher mass loadings of these
pollutants might be related to their higher yields [20]. The per capita environmental
emissions ranged from 0.57 to 107 pg/d/person, with the highest emission of TCEP
(107 £ 45.1 pg/d/person). It was followed by TCIPP (101 £ 32.7 pg/d/person), TPPO
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(70.7 £ 19.0 ug/d/person), and TDCIPP (50.6 £ 11.4 ug/d/person). Although TBOEP was
in a high concentration level in the influent, its environmental emissions were reduced to
40.3 £ 15.5 pg/d/person due to the effective removal in the WWTP.
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Figure 5. (a,b) Mass loadings and environmental emissions of the OPFRs in the studied WWTP.

Few literatures have paid attention to the pollution mass loadings and environmen-
tal emissions of OPFRs in WWTPs. According to reports, the pollution mass loadings
of OPFRs in this study were lower than those in other areas. A study on two sewage
treatment plants in Greece showed that the pollution mass loadings of individual OPFRs
in this area ranged from 20 ug/d/person (tripropyl phosphate, TPP) to 540 nug/d/person
(TBOEP) [26]. The mass loadings of sewage plants in Australia and the United States could
reach 850~2860 ng/d/person and 20~28,700 ug/d/person, respectively [20,40].

Compared with other regions, the average daily environmental emissions of OPFRs
per capita in this study were also at a low level. The emissions of total OPFRs were
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2100 ug/d/person, which takes into account only the content in the dissolved phase [40].
Kim estimated the environmental emissions of a sewage plant in the United States [20].
The average daily emissions of TCIPP in the WWTP were the highest at 5120 pg/d/person,
followed by TBOEP (3720 pg/d/person) and TDCIPP (2890 nug/d/person), which were
much higher than the results of this study.

3.5. Ecological Risk Assessment

Figure 6 shows the potential ecological risks of effluent from the studied WWTP. Four
levels of ecological risk could be identified based on the RQ values: RQ < 0.1, no risk;
0.1 <RQ <1, medium risk; RQ > 1, high risk [41].
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Figure 6. Estimated RQ values of individual and total OPFRs from the effluent. Squares (LJ) represent
mean values. The dash lines in red, yellow, and green are located at values of 1.0, 0.1, and 0.01 for
RQ, respectively.

The majority of individual OPFRs posed no to low ecological risk. TBOEP, TCEP,
and TDCIPP required special attention due to their medium ecological risks. The mixed
ecological risk (RQpix) of 12 OPFRs was close to the boundary of RQ =1, indicating that
there might be ecological threats. As a result, it is necessary to pay attention to the ecological
security of the receiving river’s water environment, especially during the dry season when
the dilution effect of the river is further diminished.

4. Conclusions

Twelve common OPFRs were universally detected in both the dissolved phase and
adsorbed phase in the studied WWTP. The mean concentration ranges were 1.47~661 ng/L
(dissolved phase) in the influent, 0.14~232 ng/L (dissolved phase) in the effluent, and
nd~83.0 ng/g dw adsorbed onto the sludge, which were all at relatively low levels com-
pared to other reports. TBOEP and TCIPP were the most abundant individual OPFRs. The
distribution and partitioning of individual OPFRs were significantly different, and was
associated with their physicochemical properties. The removal efficiency of the total OPFRs
was 39.1%, and Halo-OPFRs present a negative removal efficiency. The removal of OPFRs in
the wastewater treatment could be attributed to biodegradation/biotransformation, adsorp-
tion onto the sludge, and physical adsorption in the tertiary treatment stage. Mass loadings
and environmental emissions were 0.67~291 ug/d/person and 0.57~107 pg/d/person,
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respectively. The effluent of the studied WWTP might cause an ecological risk to the
receiving river.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/w16111462/s1, Table S1: physicochemical information of
the target OPFRs; Table S2: LC conditions for the target OPFRs; Table S3: the retention times
and optimized MS/MS transitions of target OPFRs; Table S4: linearity, limits of quantitation
(LOQs), and validated analytical method of target OPFRs; Table S5: matrix effects and recover-
ies (%, n = 5) of target OPFRs.; Table S6: the water quality parameters in the influent and effluent
water; Table S7: predicted no-effective concentration (PNEC) based on effective concentration 50 or
lethal concentration 50 (EC50 or LC50); Table S8: occurrence of target OPFRs in the dissolved phase of
influent and effluent; Table S9: occurrence of target OPFRs in the adsorbed phase of influent, effluent,
and sludge; Table S10: the occurrence of OPFRs in influent (ng/L), effluent (ng/L), and sludge (ng/g
dw) from WWTP around the world. References [42—48] are cited in the Supplementary Materials.
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Abstract: Whether the phosphorus removal chemical in wastewater treatment plants (WWTPs) can
be accurately dosed not only affects the compliance of the effluent total phosphorus but also has
a huge impact on sludge production and energy consumption during the wastewater treatment
process. For the effluent from the secondary sedimentation tank of a wastewater treatment plant
in southern China, based on experimental screening of the optimal pH value, chemical types and
concentrations of chemicals, coagulation time, etc., a dynamic dosage prediction feedforward model
for chemical phosphorus removal agents in the effluent from the secondary sedimentation tank of
the WWTPs was developed to predict the most economical dosage of the chemicals. Meanwhile,
combined with the adaptive fuzzy neural network P feedback control algorithm, dynamic real-
time control of chemical dosing was achieved. Through micro-control design, a software model
for signal collection and feedback in a specific phosphorus removal scenario was formed, and an
automatic control system for chemical dosing was ultimately developed for a WWTP in a city in
southern China. After stable operation for two months, the system achieved a 100% compliance
rate for effluent total phosphorus (TP) concentration and a 67% improvement in effluent stability,
helping the wastewater treatment plant achieve stable and precise control of the phosphorus removal
process in the secondary sedimentation tank effluent, which is conducive to further promoting its
implementation of low-carbon pathways.

Keywords: wastewater treatment plant; phosphorus removal; prediction model; intelligent
chemical dosing

1. Introduction

For a long time, phosphorus has been one of the focal points in wastewater treatment
plants (WWTDPs). However, phosphorus removal in wastewater is a complex process, in-
volving multiple operational units such as biological tanks and secondary sedimentation
tanks [1]. This complexity arises from a multitude of influencing variables, making it difficult
to achieve desired phosphorus removal outcomes [2]. Due to often insufficient biological
phosphorus removal efficiency, recent years have seen widespread scholarly attention towards
chemically-based methods for controlling effluent total phosphorus [3-6]. These methods
primarily involve the addition of metal salts to the aerobic zone to induce particle precipi-
tation, achieving phosphorus removal by discharging excess sludge containing particulate
phosphorus [7-9]. However, the effectiveness of this method is influenced by factors such as
pH, temperature, and redox conditions [10,11], as the metal salts added to the wastewater par-
ticipate in both precipitation and chemical coagulation reactions [12]. Consequently, current
chemical phosphorus removal in WWTPs often relies heavily on the empirical experience of
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operators, resulting in excessive dosing of metal coagulants [13]. Nevertheless, studies indi-
cate that with increasing doses of metal salts for chemical phosphorus removal, the residual
phosphorus concentration in the wastewater gradually decreases, but this relationship is not
linear [14,15]. Excessive dosage of agents increases sludge production, leading to increased
carbon emissions during sludge treatment and disposal processes [14,16]. The control of
phosphorus removal chemical dosage directly affects whether effluent water quality meets
discharge standards and corresponding energy saving and carbon emission reduction, making
it one of the urgent research directions in wastewater treatment plants.

With the rapid development of data acquisition techniques and intelligent control
technologies in wastewater treatment processes [13], research on intelligent methods for
controlling effluent total phosphorus (TP) has been widely conducted [17-19]. However,
many current intelligent control strategies for effluent TP still face issues such as considering
limited variables that affect phosphorus removal efficiency and poor phosphorus removal
performance [20,21]. Therefore, how to design an effective controller, in consideration of
both the mechanism of the chemical phosphorus removal process and the comprehensive
influencing factors during the process, remains a challenging issue [22]. Adaptive control
and predictive control are based on the construction of accurate mathematical models for
controlled systems, thus the methodology depends heavily on the quality of the simulated
system and can only achieve good performance when the model variation is small or the
model operates under stable conditions [23,24]. Fuzzy control, independent of precise
mathematical models, exhibits higher robustness [25]. Proportional integral derivative
(PID) controllers are the most commonly used controllers in the industry [26], being simple,
widely applicable, and providing performance close to optimal [27]. However, choosing
suitable PID gains for nonlinear systems is still challenging, and traditional PID controllers
act poorly with significant time delays [28-30]. Therefore, an adaptive fuzzy neural network
PID controller is proposed in this study.

This paper focuses on the mathematical model of chemical dosing and designs a
feedforward and feedback regulation system based on the adaptive PID control theory. An
automatic control system for phosphorus removal chemical dosing was developed for a
WWTP in a southern city in China. The goal of the system was to predict effluent quality
based on real-time online monitoring data, adjust operational parameters promptly, and
ultimately achieve fully automatic control of stable effluent TP, promoting the development
of urban wastewater treatment plants towards energy-saving and carbon emission reduc-
tion. The novelty of the chemical phosphorus removal model combining feedforward and
feedback control strategies lies in its integrated use of both control strategies to enhance
the system’s control accuracy and adaptability. Firstly, the model used in this paper can
improve simulation accuracy, the feedforward control can predict and compensate for up-
coming changes, while the feedback control can correct errors that have already occurred.
When used in combination, they can more precisely control the dosage of chemical reagents.
Secondly, the model has strong adaptability. By monitoring data in real-time, the system can
promptly respond to changes in water quality, automatically adjust operational parameters,
and enhance the system’s adaptability and robustness. Moreover, this controller combines
the learning capability of neural networks with the reasoning capability of fuzzy logic to
handle uncertainty and nonlinearity in the wastewater treatment process.

2. Materials and Methods
2.1. Overview of the Case WWTP Process

A WWTP in southern China is designed with a capacity of 70,000 m®/d and serves
an area of 45.36 km? and a population of 0.25 million people. The main process adopts
a modified Anaerobic-Anoxic-Oxic (AAQO) process (as shown in Figure 1). The tertiary
treatment includes a high-efficiency sedimentation tank and a cloth-media filter. Polya-
luminum chloride (PAC) (Baore Chemical Co., Ltd., Nanjing, China), magnetic powder,
and polyacrylamide (PAM) are dosed, with dosing points located at the high-efficiency
sedimentation tank. The effluent quality meets the Class A standard of the “Discharge
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standard of pollutants for municipal wastewater treatment plant” (GB18918-2002) [31].
According to the operating data of the WWTPs in the past three years (Table 1), the actual
biological phosphorus removal efficiency was 50-55%, and the TP concentration in the
effluent of the secondary sedimentation tank fluctuated between 1.2-1.8 mg/L. To achieve
the final goal of the Class A discharge standard (TP < 0.5 mg/L), the current semi-manual
chemical dosing system suffers from unstable pre-biological treatment and requires more
advanced control strategies.

Oxygen Carbon source PACPAMMagnetic Sodium hypochlorite
supply addition powder dosing dosing
Influent : Secondary High-efficiency Contact
—— | Pretreatment > ﬁztﬁiilﬁ # sedimentation [—* sedimentation #|Cloth filter bed »  disinfection [— Effluent
e tank tank tank
x T
! |
: Returned : Wasted
| activated | activated
| Sludge I sludge
| e s EE R e~ Thickener
T
]
I
v
Supernatant Centrifugal Low- Sludge transport
Sewagesystem dewateri;lg s tempqawe s (moismrg content = 60%)
drying
Figure 1. Process flow diagram of the case WWTP.
Table 1. Wastewater quality indicators.
. COD BODs SS NH,4-N N P
Water Quality Parameters (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
Design value 240 120 200 35 30 3.5
Influent
Actual value 93~197 56~107 34~93 13~25 7~21 2.6~3.3
Discharge standard 40 10 10 35 5(8) 0.5
Effluent
Actual value 5~11 1~1.14 2.7~4.2 5~10 0.13~0.42 1.2~1.8

Currently, only the TP online monitoring equipment (Endress+Hauser China, Shang-
hai, China) is installed at the influent and effluent points of the plant, lacking process
phosphorus monitoring. This inability to grasp the phosphorus fluctuation in the effluent
of the secondary sedimentation tank in good time leads to the inability to accurately adjust
and control the dosing system. It is preliminarily believed that there is excessive dosing
of PAC.

2.2. Pilot-Scale Experimental Setup

The pilot-scale high-efficiency sedimentation reactor has four systems, i.e., the co-
agulation and precipitation system, sludge recirculation system, chemical dosing and
control system, and online monitoring and control system (Figure 2). The coagulation and
precipitation system is primarily designed based on the existing high-efficiency sedimen-
tation tank (scaled down by 1:1000), with an influent flowrate of 35 m3/d. Tts internal
structure comprises a primary coagulation zone, secondary coagulation zone, flocculation
zone, and sedimentation zone. The sludge recirculation system transports a portion of
sludge from the bottom of the sludge zone to the coagulation zone using a peristaltic pump
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(Chongging Jieheng Peristaltic Pump Co., Ltd., Chongqing, China), while the remaining
sludge is discharged externally by another peristaltic pump. The chemical dosing and
control system consists of two chemical-dissolving buckets, two gear flow meters (Shanghai
Cixi Instrument Co. Ltd., Shanghai, China), two diaphragm metering pumps (NEWDOSE,
Beijing, China), and other accessories, e.g., dampers, and back pressure regulators. All the
electronic components (devices, instruments, and accessories) are connected to the online
monitoring and control system. The online monitoring and control system includes a local
power distribution and control cabinet, a remote server and a web/mobile interactive
interface. It is able to collect and upload (1) local/remote control status, (2) all the device
and instrument working status and alarm signals, (3) influent flowrate and valve opening,
(4) influent and effluent phosphate (PO437), pH and temperature, (5) chemical dosing
flowrate, (6) returned and wasted chemical sludge flowrates, (7) stirring speeds of five
mixers. Furthermore, it could also remotely set the stirring speeds, flowrates and valve
opening, as well as switch on/off the devices and clean faults. Two phosphate analyzers
(Shandong Greencare Precision Instrument Co., Ltd., Shandong, China) employ the spec-
trophotometric determination of phosphate by the molybdenum blue method specified
in GB11893-89 [32] and HJ670-2013 [33]. The phosphate is automatically sampled and
detected every 40 min.
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Figure 2. High-efficiency sedimentation tank, (a) cross-sectional view, (b) photo of the pilot set.

2.3. Pilot-Scale Experimental Plan

A series of accompanying pilot-scale experiments were performed by using the actual
effluent from the secondary clarifier of the case WWTP. The pilot influent TP ranged from
0.62 to 1.88 mg/L in 2022 and 2023. The concentrated PAC liquid (2.5%) was made by
adding 4.17 kg of PAC solid powder (30%) into the 50 L bucker with a stirring speed of
70 r/min. During the experimental period, only PAC was used as the phosphorus removal
agent, without the addition of magnetite powder and PAM. The experiments are divided
into four stages: (1) trial operation stage (I), (2) constant dosing stage (1), (3) feedforward
dosing stage (III), and (4) adaptive feedforward-feedback dosing stage (IV).

3. Optimization of Chemical Selection and Initial Dosing Amount
3.1. Laboratory Test for Chemical Selection

In order to test the phosphorus removal performance for four commonly used agents
(PAC, FeCl3, polyaluminium ferric chloride (PAFC), and polysilicate aluminum ferric
(PSAF)), solutions with different mass concentrations (20 mg/L, 40 mg/L, 60 mg/L,
80 mg/L, 120 mg/L, 160 mg/L, and 200 mg/L) were prepared, respectively. The re-
sults indicated that: (1) at low concentrations (<60 mg/L), the phosphorus removal rate
is proportional to the dosage concentration; (2) at the same concentration, the phospho-
rus removal effectiveness is in the order of FeClsz, PSAF, PAC, and PAFC. However, due
to increased effluent turbidity caused by FeCl; and the high price of PSAF, PAC was
finally chosen as the phosphorus removal chemical for this study, which is consistent
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with the phosphorus removal chemical used in the case WWTP. More details about these
experiments can be found in [34].

3.2. Determination of the Optimal Dosage for Pilot-Scale Chemical

During the constant dosing stage (1), the effective PAC dosage was gradually increased
4, 6,8,10, 12 mg Al,O3/L), and the influent PO43~ concentration (actual effluent from
the secondary sedimentation tank) fluctuated between 0.8-1.2 mg/L (Figure 3). As the
dosing concentration increased, the effluent PO4®~ concentration gradually decreased, and
the phosphate removal amount increased. However, due to the limited height of the pilot
reactor, the absence of magnetite powder and PAM, and the lack of a post-filtration device,
the increase in suspended solids caused by sludge flotation would affect the effluent PO43~
concentration, resulting in slightly lower dosing efficiency of the pilot reactor compared to
the actual tank. To achieve the Class A standard for effluent TP, the dosage concentration of
the pilot reactor needs to reach 8-10 mg Al,O3/L. With the stepwise increase in the dosing
concentrations, the effluent PO,®>~ concentrations varied from 0.6 to 0.2 mg P/L. During
the whole experimental period, the influent pH was maintained between 6.24~7.24, and
the effluent pH was maintained between 6.21~7.27 without pH adjustment.
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Figure 3. Performance of the pilot-scale setup at different dosing concentrations.

4. Feedforward-Feedback Compound Control Model for Phosphorus Removal
Agent Dosage

4.1. Feedforward Dosage Model

When the phosphorus removal agent is PAC (Aln(OH), Cls,—m, with effective sub-
stance calculated as Al,O3), the reaction between PAC and PO,3~ is described as fol-
lows [35]:

AL (OH)2" + H,POP ™™ — Aly(OH),PO; | +(n — 1)H" (1)

The dosage of PAC is mainly influenced by wastewater components, the relative
concentration of metal salts and phosphate ions, and the type of phosphate ions, pH, and
other ligands such as sulfates, carbonates, fluorides, and organic matter. When the Al/P
molar ratio is slightly higher than the stoichiometric coefficient, the dosage is linearly
related to the effluent PO,43~ concentration. However, when the Al/P molar ratio is far
higher than the stoichiometric coefficient, excessive aluminum could form aluminum
hydroxide precipitate at the same time. If pH is not corrected in advance, increasing the
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dosage of metal salt coagulants will further lower the pH of the sewage, forming soluble
complexes such as AIH,PO,%*, and thus leading to a rapid increase in PO43~ concentration
after an initial decrease.

In the previous studies, the commonly used empirical formulas to describe the rela-
tionship between dosage and PO4>~ concentration are mostly investigated under relatively
high effluent PO43~ concentrations, rather than under low effluent PO43~ concentrations.
The empirical formulas that solely consider chemical precipitation will significantly un-
derestimate the total chemical dosage, especially when the effluent PO43~ concentration
is relatively low. However, although both the adsorption mechanism and chemical pre-
cipitation mechanism are considered, the above-mentioned mechanisms could not be
differentiated from other processes such as ion exchange, surface complexation of phos-
phates and metal hydroxide colloids. Furthermore, if PAC is overdosed, the mechanism of
the reaction would change and further lead to a decrease in the model accuracy.

During this study, the pH range of the influent and effluent was relatively stable
and within the optimal pH range for aluminum coagulant-based phosphorus removal.
Therefore, the influence of pH could be ignored and the relationship between phosphate
removal and dosage concentration is established as shown in Figure 4.

g 1.4 - B Influent PO3- _— 1.4

_%D 1.2 - B PO, removal amount 12 =

:/ 7 . B ‘-6]:)

S 104 10 E
m o

& 1 = o L I s

[a] 08 = — 08 oﬁ-

= 1 i -0.28(x-2.93) g A~

2 06- y—20.65(1 -2.72 06 g

§ 1 R“=0.98 § =

2 044 04 =

S 62 0.2

=

S N T R N T PR T L2 RN
g 4 9 & 4 8 8 10 1N 2 1

Dosage concentration (mg Al,O,/L)
Figure 4. Effects of PAC dosage concentration on phosphorus removal performance.

The original dosage model (Equation (2)) adjusts the dosage based on the influent
flowrate at a certain dosage concentration. It enables timely adjustments of the dosage
amount according to the changes in the influent flowrate, making it a relatively simple and
direct feedforward control method. However, if the influent PO43~ concentration varies in
a wider range, a fixed value for the dosage rate could not react sufficiently and needs to be
adjusted based on experience and expertise. Further modifications are needed to decide
the dosage concentration C to work under more comprehensive conditions.

_ Q€

D

dc 2)
where:
qc represents the instantaneous flowrate of the coagulant, measured in mL/h;
Q represents the influent flowrate, measured in L/h;
C represents the dosage concentration of the coagulant in water, measured in g/m3;
p represents the density of the coagulant, which is 1000 kg/m?3;
w, represents the effective content of the coagulant, which is 2.5%.
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Based on the relationship between the dosage concentration C and the phosphate
removal Figure 4, the following equation is established:

1 ATP
C—2.93—wxln<1—m> 3)

Finally, the feedforward equation is established as follows:

_ Q _ L _ Pz' — Peget
Je = o, (2.93 07 = ln(l o0& )) 4)

where:

P; represents the inflow PO4>~ concentration, measured in g/m?;

Peset represents the setpoint value of the effluent PO43~ concentration, measured
; 3
ing/m”.

4.2. Adaptive Fuzzy Neural Network P Feedback Controller

In order to achieve precise control of effluent PO,3>~ under complex environmental
conditions and ensure stable and safe compliance with effluent TP standards, a new
adaptive fuzzy neural network P feedback control system is developed (Figure 5). The
proposed controller comprises a neural network and fuzzy feedback control. The neural
network uses an adaptive algorithm to tune the dosing rules in the fuzzy interface.

Neural Networks

Fuzzy | Ak

Interface
Setpoint + E(t) P u(t) y(t)
B L j controller System
dE/dt

EC(t)

Figure 5. Adaptive fuzzy neural network P feedback control system structure for chemical phospho-
rus removal.

The fuzzy interface utilized a Mamdani-type fuzzy controller as the core controller. In
the Mamdani-fuzzy controller, the trigonometric functions are used as membership func-
tions, and error (e) and error rate (ec) are controller inputs. Fuzzy reasoning is employed to
infer the correction amount for the P controller parameter AKp (proportional gain).

The neural network was employed to tune the dosing rules of the phosphorus removal
agent (shape of membership functions), i.e., the center points of the membership functions,
width vectors, and connection weights of the output layer. This system combines the
learning capability of neural networks with the reasoning capability of fuzzy logic, enabling
better handling of uncertainty and nonlinearity. Through this system, controller parameters
can be dynamically adjusted based on real-time and historical data to adapt to continuously
changing environmental conditions, achieving precise control of effluent TP.

5. Application of Intelligent Chemical Dosing Control System in Case WWTP
5.1. System Design

The system architecture is an advanced wastewater treatment solution that integrates
real-time monitoring, data analysis, autonomous learning, and intelligent control, focusing
on efficiently removing phosphorus from wastewater (Figure 6). By deploying various
monitoring devices, the system collects key parameters in real-time, such as the influent
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flowrates, influent and effluent PO43’ for feedforward and feedback control, and utilizes
the cloud server for data processing and model analysis. The intelligent control system
adjusts the dosage of chemicals every minute through dosing pumps with frequency
converter based on the results of data analysis, optimizing both biological phosphorus
removal and chemical phosphorus removal processes. The whole system covers the entire
process from AAOQO biological tanks to disinfection, ensuring the efficiency and stability
of wastewater treatment. Additionally, it possesses autonomous learning capabilities to
adapt to different operating conditions and changes in water quality, thereby contributing
to environmental protection.
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Figure 6. Chemical phosphorus removal intelligent control design structure.

5.2. Implementation of Application Interfaces

The system, developed using C#, encompasses a comprehensive suite of features that
cater to the needs of modern WWTPs. It includes both web and mobile interfaces that
provide a range of functionalities such as displaying key monitoring indicators, alerting
users to equipment malfunctions, enabling remote control, and offering data analysis
capabilities. The following is a breakdown of the system’s components and their roles:

Step 1 Initialization of configuration files

Set up the necessary configuration settings that the system requires to operate. This
includes parameters for device communication, user access, and system preferences.

Step 2. Initialization of database

Prepare the database for storing and retrieving data. This is crucial for maintaining
records of operational metrics, system logs, and historical data for analysis.

Step 3. Initialization of WebSocket (WS) and Message Queuing Telemetry Transport
(MQTT) task processors

These protocols are used for real-time, bi-directional communication between the
server and clients. WS is often used for web applications, while MQTT is a lightweight
messaging protocol ideal for IoT devices.

Step 4. Starting MQTT server

The MQTT server is launched to handle the publish/subscribe messaging pattern,
allowing the system to efficiently distribute messages to different parts of the infrastructure.

Step 5. Starting WS server

The WS server is initiated to provide a full-duplex communication channel over a
single long-lived connection, which is particularly useful for real-time data transmission.
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Step 6. Starting HTTP server

The HTTP server is started to manage web requests and responses, allowing users to
interact with the system via web browsers.

Step 7. Alarm data change notifications

The system is designed to alert users when there are significant changes in alarm data,
such as critical equipment failures or breaches in operational parameters.

Step 8. Real-time monitoring of key indicators

Users can view real-time data for various operational indicators, providing immediate
insights into the plant’s performance.

Step 9. Real-time value upload for indicators

The system supports the continuous upload of real-time values for the monitored
indicators, ensuring that the latest data are always available for analysis.

Step 10. Remote control

Allows users to remotely control equipment and processes within the plant, enabling
adjustments to be made from a distance.

Step 11. Control reply

After a remote control command is issued, the system provides feedback to confirm
the execution of the command and to report any status changes.

5.3. Implementation of an Upper Computer Program

The system, implemented in Python 3.7, includes a variety of intelligent control and
data management functions, specifically:

Step 1. Local control

Allows the system to directly control devices within the local network, reducing
latency and improving response speed.

Step 2. Remote data upload

The switch and analog data obtained from the device can be uploaded remotely to a
central database for centralized management and analysis.

Step 3. Remote control

Enables control of the device over the internet or a dedicated network, without geo-
graphical limitations.

Step 4. Automatic chemical dosing algorithm

The system automatically adjusts the amount of chemicals added based on real-time
data, optimizing the treatment process for improved efficiency and accuracy.

Key components and workflow of the system are as follows:

Step 1. Modbus RTU connection: Establishes a connection with local devices via the
Modbus RTU protocol for real-time monitoring and control.

Step 2. Data acquisition and device control: After obtaining switch and analog data
from the device, the system can perform corresponding control operations.

Step 3. Database storage: The acquired device data are stored in a database for
historical records, trend analysis, and fault diagnosis.

Step 4. Scheduled data upload: The system automatically uploads data every full hour
to ensure continuity and completeness of the data.

Step 5. Remote monitoring program

- Initializes MQTT client: Sets up the MQTT protocol client for communication with
remote devices or servers.

- Sets Connection information: Configures connection parameters for the MQTT client,
such as server address, port, and client ID.

- Subscribes on connection: Automatically subscribes to relevant topics upon successful
connection to receive control messages.

- Parses information and controls devices: Parses receive information and execute
corresponding device control commands based on the parsed results.

Step 6. Automatic chemical dosing calculation
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The system runs the automatic chemical dosing algorithm on a separate thread, calcu-
lating and adjusting the amount of chemicals added based on real-time monitoring data,
achieving automatic control.

5.4. Implementation of Dosing Algorithm Program

In the feedforward control stage, the algorithm utilizes real-time data monitoring
to predict and adjust the dosage in advance to anticipate changes in water quality. The
feedforward algorithms could be switched based on whether the following data could be
acquired and trusted, including the influent flowrate, influent and effluent TP or PO43~
concentrations. Additionally, the system can calculate the treatment capacity of the reagents
in real time and dynamically adjust the dosage according to actual conditions to achieve
optimal phosphorus removal performance.

In the feedback control stage, the algorithm sets multiple control objectives and
corresponding proportional gain variations (AKp) based on fuzzy logic control, which are
used to implement graded feedback control according to different treatment stages.

In this system (Figure 7), besides precise operations in the feedforward and feedback
control stages, neural network technology is introduced to optimize fuzzy logic control
rules, further enhancing phosphorus removal efficiency. During the training process,
the neural network continuously adjusts the weights and biases in the network through
forward and backward propagation algorithms to minimize the error between the actual
output and the desired output. Through this learning process, the neural network can
automatically adjust key parameters such as the proportional gain variation (AKp) and
membership functions in the fuzzy controller to adapt to changing water quality conditions
and treatment requirements.
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Figure 7. Phosphorus removal chemical dosing algorithm design.
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6. Results of Intelligent Phosphorus Removal Operation with Automatic Dosing

Comparison before and after the implementation of intelligent control algorithms
indicates that despite a gradual increase in influent PO4>~ concentration from 0.8 mg/L to
approximately 1.2 mg/L, the stability of effluent has improved (Figure 8). Previously, the
effluent PO43~ concentration fluctuated between 0.3-0.6 mg/L, mainly due to semi-manual
operations, which lacked sufficient response to real-time changes in influent conditions.
After the implementation of intelligent control algorithms, the fluctuation range was
narrowed to between 0.4-0.5 mg/L. The dosage can be dynamically adjusted based on
real-time data, resulting in more precise and efficient phosphorus removal, with a stability
improvement of 67%.
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Figure 8. Comparison between semi-manual and intelligent automatic dosing.

7. Conclusions

(1) At low concentrations (<60 mg/L), the phosphorus removal efficiency of the
four phosphorus removal chemicals is in the following order: FeClz, PSAF, PAC,
and PAFC.

(2) The mathematical chemical dosing model for phosphorus removal in the high-
efficiency sedimentation tank is as follows: the feedforward dosage is a function
of the influent flowrate and the effluent TP from the secondary sedimentation tank.
Additionally, the effluent TP is continuously monitored and used as feedback to adjust
the dosage of the chemicals in real time to ensure stable compliance.

(3) To ensure compliance with effluent standards, traditional dosing methods of phospho-
rus removal chemicals are relatively fixed and conservative. With the implementation
of an automatic control system, dosing can be adjusted more accurately and flexibly in
real-time according to changes in influent water quality and quantity. It is estimated
that this can improve effluent stability by 67%.

(4) Automatic control of phosphorus removal chemicals is easily achievable through mod-
ifications in actual production operations. Moreover, due to its favorable economic
effects, it is worth promoting.
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Abstract: Surfactant-Enhanced Remediation is increasingly being recognized for its exceptional
effectiveness in eliminating non-aqueous phase liquids in soil. A comprehensive knowledge of
the technique is essential for its field application. This paper provides a thorough examination of
Surfactant-Enhanced Remediation incorporating insights based on the most recent advancements.
Firstly, the fundamental process and major mechanisms that underpin the technology were summa-
rized, including mobilization, solubilizing, and emulsifying. Secondly, the improvements achieved
by using surfactants in soil remediation, through chemical, physical, and biological methods, have
been elucidated through theoretical explanations and practical case studies. Thirdly, the risks and
other limitations of Surfactant-Enhanced Remediation were discussed with an outlook for future
development. This review aims to promote understanding of the effectiveness and risks holistically
in field implementation of the technique.

Keywords: non-aqueous phase liquid; surfactants; mechanisms; soil remediation

1. Introduction

The contamination of soils by organic compounds is becoming an urgent global
concern with the development of industrialization [1]. Organic pollutants are mostly
soluble but non-aqueous phase liquids (NAPLs) are distinct due to their volatility, toxicity
and insolubility in water [1-3]. Considering the relative densities to water, NAPLs can be
categorized into light non-aqueous phase liquids (LNAPLSs) and heavy non-aqueous phase
liquids (DNAPLs). With a density lower than water, LNAPLs are primarily composed
of hydrocarbon compounds such as gasoline, diesel, kerosene, aromatic hydrocarbons,
and short-chain alkanes. DNAPLSs, on the other hand, notably include Trichloroethylene,
Perchloroethylene, Trichloroacetic acid, Chlorophenols, Chlorobenzenes, coal tar and other
highly toxic chlorinated organic substances. Toxic and chemically stable, NAPLs can
infiltrate, migrate, and interact with the soil matrix or become trapped within the soil’s pore
spaces acting as a persistent source of contamination [4,5]. Resistant to natural degradation,
NAPLs tends to accumulate and disrupt soil functionality, posing a significant risk to the
environment as well as to human health [6,7].

A variety of techniques [8] have been proposed to solve the contamination problem of
soil and groundwater, including Permeable Reactive Barriers, bioremediation, Air Stripping,
and the Pump and Treat (P&T) technique; of which, P&T is the most common approach.
However, traditional P&T is not effective for NAPL remediation due to their low solubility
and low mobility. As an improvement to P&T [9], Surfactant-Enhanced Remediation
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(SER) was proposed, which involves the injection of water containing surfactants into the
subsurface aquifer. With the aid of SER, the duration of P&T has been notably shortened
while its effectiveness towards NAPLs has been amplified [10,11]. Surfactants are a class of
amphiphilic substances renowned for their distinctive surface activity, which pose a unique
dual-phase molecular structure, featuring a hydrophilic head and a lipophilic tail [12,13].
As shown in Figure 1, the hydrophilic head of surfactants integrates into the aqueous phase
by interacting with water molecules, while their hydrophobic tails engage with nonpolar
or weakly polar solvents, allowing them to be incorporated into the oil phase [14,15].
This dual interaction positions surfactants at the oil-water interface, displacing some
water or oil molecules, reducing intermolecular forces, and thereby forming a stable
monolayer and decreasing interfacial tension. As surfactant concentration in the solution
rises, so does the adsorption at the interface, which in turn lowers the tension. Since
capillary forces restrict the mobility of NAPLs, the mobilized contaminants can then be
recovered in a P&T extraction well. Once the surfactant concentration surpasses the critical
micelle concentration (CMC), the adsorption plateaus. Beyond CMC, hydrophobic tails
of surfactant molecules self-assemble to form aggregates within the solution, known as
micelles. Micelles are spherical or ellipsoidal structures that have their hydrophobic tails
oriented inward and their hydrophilic heads facing outwards towards the water. This
configuration endows great importance on hydrophilic heads which are often comprised
of polar groups. Based on the hydrophilic head groups, surfactants can be classified
into nonionic surfactants [16], anionic surfactants [17], cationic surfactants [18], gemini
surfactants and special surfactants [19,20].

A

Surfactant Inject oil-water interface

surfactant moledule

NAPLs
Water

Interfacial Tension

Formation of a stable surfactant monolayer
reduces interfacial tension.

Above CMC, micelle formation solubilizing NAPLs

I
I
Surfactant displacing some water or oil molecules !
reducing the intermolecular attractive forces. ! —>
I
I

Critical Micelle Concentration(CMC)~y Surfactant Mlcelle+NAPLs

Surfactant Concentration
Figure 1. Schematic of Interfacial Tension Dynamics with Surfactant Concentration at the Molecular Level.

A variety of surfactants have been extensively investigated in SER, including sodium
dodecyl benzene sulfonate (SDBS), Tween-80®, sodium dodecyl sulfate (SDS), hexade-
cyltrimethylammonium bromide (CTMAB), polyoxyethylene(10)octylphenyl ether(TX-100),
cocamidopropyl hydroxysultane (CAHs) and polyethoxylate lauryl ether (Brij35) [21]. The
mechanism underlying SER of NAPL contamination can be primarily categorized into
solubilizing effect [22], mobilization effect [23] and emulsification [24]. The dominant mech-
anism varied with different types of NAPLs. The solubilization effect is often predominant
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in the remediation of DNAPLSs, whereas the mobilization effect mostly plays the key role in
the remediation of LNAPLSs contamination. For example, the ratio of mobilized to solubi-
lized oil in the porous rock was reported [25] to be 6:1 using n-Dodecyl 3-D-maltoside as
surfactant. A thin layer of surfactant formed and reached saturation relatively fast, which
led to a reduction of the interfacial energy which favors the formation of microemulsions
that promote the mobilization of NAPLs. However, the introduction of surfactants into an
aquifer can also trigger complications and risks. Following the diminution of interfacial
tension, unstable DNAPLSs are subject to continued migration influenced by gravitational
forces, hydrodynamic pressures, and capillary action, which may lead to an expansion of
the contaminated area, thereby risking the contamination of previously unpolluted aquifer
regions. Comprehending the mechanisms, risk, and state-of-the-art techniques is essential
for the implementation of effective containment strategy. A systematic exposition of the
mechanisms underpinning SER technology was reviewed followed by the examination
of the synergistic applications of SER with other soil remediation methods. This paper
then concluded with an analysis of the potential risks and other issues constraining the
commercialization of SER in soil remediation.

2. Mechanisms of Surfactant-Enhanced Remediation Technologies

The mechanisms of Surfactant-Enhanced Remediation of NAPL-contaminated sites
are primarily categorized into mobilization, emulsification, and solubilization, as depicted
in Figure 2. Mobilization, which reduces the interfacial tension between NAPLs and water,
thereby promoting the mobility and migration of NAPLs in porous media; emulsification,
generating fine NAPL droplets stabilized by surfactant molecules, thus improving their
dispersion in water; and solubilization, encapsulating hydrocarbon chains within micelles
to increase the water solubility of non-aqueous solvents. The synergistic action of these
mechanisms facilitates NAPLs elimination and biodegradation processes.

BB
it

» Direction of groundwater flow >

Figure 2. Surfactant-Enhanced NAPL Remediation Mechanisms: solubilization, emulsification, and
flow enhancement.
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2.1. Mobilization

The mechanism of the mobilization effect involves surfactant forming an adsorption
layer at the water-NAPLs interface as shown in Figure 3. This reduces the interfacial
tension between the water and NAPL phases, diminishing the capillary resistance within
the porous media. Consequently, the stable DNAPLs are mobilized, migrating with the
water flow in a liquid state. The ability of surfactant to reduce the oil-water interfacial
tension determines the effectiveness of surfactant on the mobilization of NAPLs [26].

Solid Phase

"

Liquid Phase

Solid Phase

Solid Phase

Figure 3. Schematic mobilization effect of surfactants on NAPLs ((D: surfactant single molecule;
@: surfactant lipophilic group; @: surfactant hydrophilic group; @: oil-water interface).

To assess the critical conditions for the movement of NAPLs, Penell [27] proposed
to use the total trapping number Nt to describe the state of NAPLs in porous media, as
shown in the schematic diagram of the pore retention model in Figure 4 below.

ore neck radius ore body radius
average length of the globule s /“/ 2, P y
2,

Al N
\( IJA Dg
Pressure on advancing globule side.

direction of flow
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VoPo&
gravity forces

a NAPL globule angle
X

Figure 4. Schematic diagram of the pore entrapment model and corresponding coordinate sys-
tem [28].

Nr = y/Nea2+2NeaNpsina + N2 (1)
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in which N¢y4 is the capillary number defined in terms of the aqueous flow component in
the direction of the pore. Np is the bond number representing the ratio of the buoyancy
to capillary forces. ooy is the interfacial tension between the oil and water phases. gy,
denotes the Darcy velocity of the water phase in the I direction. The angle « is measured
between the flow and the positive x-axis (counterclockwise). The absolute permeability
of the porous medium is characterized by k, while k;, denotes the relative permeability
to the aqueous phase. The dynamic viscosity of the aqueous phase is jiy. Ap signifies the
difference between the density of water and the density of organic liquid, and 6 is the
contact angle.

The aforementioned equation quantitatively illustrated the mechanical equilibrium of
gravity, viscous force, and capillary force on NAPLs in the pore space, while the generation of
the mobilization effect is related to the capillary number (N¢ 4), capillary force, buoyancy force,
and viscous force. When Nt exceeds a critical threshold, the NAPLs exhibit a mobilization
effect [27]. The introduction of surfactants notably diminishes the interfacial tension between
the oil-water phases. Concurrently, an increase in both Np and N4 facilitates the surpassing
of the critical threshold of N7. When N4 is elevated, the viscous force becomes predominant,
leading to a decrease in the interfacial tension within the fluid at the pore scale. In instances
where the viscous force exceeds the capillary force, the mobility of NAPLs is significantly
augmented [29,30]. Based on the total capture number Nt concept, Andrew et al. [31]
produced migration potential maps showing how mixtures of composite multiple NAPLs
are affected by viscous and interfacial tensions in both vertical and horizontal directions.
Under a specified permeability condition, total trapping number influenced by surfactants
that primarily operate through solubilization and emulsification mechanisms will be higher
than that dominated by the mobilization mechanism.

Different types of surfactants exert varying impacts on the mobilization effect [32]. By
blending multiple surfactants [30,33], the aqueous solubility of NAPLs can be significantly
enhanced, thereby facilitating the occurrence of the mobilization mechanism. Increasing
the concentration of surfactants can accelerate the decrease in interfacial tension [34] and
low interfacial tension can help to enhance the mobilization mechanism [35], but higher
surfactant concentration may also change the soil structure and flow pathway [36]. Apart
from the nature of the surfactant, the nature of the porous medium, the pore water flow rate,
and the environmental salinity may all affect the mobilization mechanism. For example,
the alteration in the wettability of porous media leads to changes in the capillary pressure
in the pores, which affects the mobilization effect to a great extend [37]. Certain surfactants
have the capacity to promote the accumulation of negative charges on the surface of
porous media, changing them from lipophilic to hydrophilic, which in turn intensify the
mobilization effect of NAPLs [38—40]. The pore water flow rate exerts a limiting influence
on the value of Ny. When the flow rate is low, Nt is diminished, making it difficult for
the mobilization mechanism to manifest. Consequently, the removal efficiency of NAPLs
is negligible [41]. To promote the mobilization of NAPLs, the addition of an appropriate
amount of ions to the surfactant system to change the salinity is a promising strategy [25].

The mobilization effect of NAPLs offers a higher remediation rate for free-phase
NAPLs, but there is a greater risk of secondary contamination due to the difficulty of
controlling the movement of free-phase liquid [42], especially in the case of DNAPLs.

2.2. Solubilization

The solubilization effect involves the micellization process of surfactants, which dis-
tributes NAPLs into the hydrophobic core of the micelles. This increases the solubility of
insoluble or slightly soluble NAPLs in the aqueous phase, allowing them to migrate from
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the porous medium to the aqueous phase through the formation of nanoscale agglomerates
that encapsulate the contaminants [43,44]. The solubilizing effect of surfactants is mainly
manifested in micellar solubilization, as shown in Figure 5.

Solid Phase

\ % @ _

Solid Phase

Figure 5. Schematic solubilization effect of surfactants on NAPLs ((D: surfactant molecules, @):
NAPL droplets, 3: surfactant lipophilic groups, @: surfactant hydrophilic groups, ®: oil-water
interface, ®): micelles formed by surfactants and NAPLs, and (7): surfactant micelles).

The concentration at which a surfactant spontaneously forms micelles is called the
critical micelle concentration (CMC). This pivotal concentration dictates the extent of the
solubilization capacity. Surfactants exist solely as individual molecules below CMC. Once
their concentrations surpass the CMC, surfactants are present both as individual molecules
and as micelles, in a dynamic equilibrium between association and decomposition [45-47].
It was discovered that the CMC of nonionic surfactants in the aqueous phase decreases
with an increase in the number of carbon atoms within the lipophilic group. Meanwhile,
the higher the polarity of the hydrophilic group, the lower the tendency to form micelles,
resulting in a higher CMC value [48].

Molar solubilization ratio (MSR) is a quantitative measure of the solubilizing ability
of surfactants, which denotes the number of moles of compound solubilized per mole of
surfactant [49]. It is expressed by the following formula:

S —Semc
MSR = Co— CMC (4)
in which Cg is the concentration of the solution when the surfactant concentration is greater
than CMC; S is the apparent solubility of the solute at a surfactant concentration of Cg; and
Scmc denotes the apparent solubility of the solute at a surfactant concentration of Cg as
well as at the concentration of CMC.

In addition to the type and structure of surfactant, the ambient ionic strength and
temperature had a significant effect on MSR [21,50]. Varied surfactants have different molar
solubilization ratios. The solute partition coefficient between micellar and water phases
Kpic can be calculated from the MSR [51] to find constant solubilizing capacity:

_ MSR/(14+MSR) 554 x MSR .

K —
Me Semc Vw Scmc (1 +MSR)
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On the basis of the above expression, the solubilizing effect of surfactants is related to
the concentration of surfactant monomers and micelles in solution and their corresponding
partition coefficients [50]:

S;Ku/sw =1+ anKmn + anKMC (6)

where S, is the apparent solubility of the solute at a total surfactant concentration of X; Sy,
is the solubility of the solute in pure water; X;;, is the surfactant monomer concentration;
X is the concentration of surfactant micelles; K, is the partition coefficient of the solute
between the monomer and water phase; and Ky, is the solute partition coefficient between
the micelle and water phase.

The solubilizing ability of a surfactant can be measured by the hydrophilic-lipophilic
balance number (HLB) [23,52,53], whose value depends on the combined affinity of its
hydrophilic and lipophilic groups for oil or water, respectively. High HLB values indicate
strong hydrophilicity. When the HLB value exceeds 13, the solubilizing effect of the
surfactant becomes even more pronounced, particularly in the case of nonionic surfactant
solutions with high molecular weight and high HLB values [54].

Different surfactants have distinct CMCs. Surfactants with lower CMCs can produce
stabilized polymers at low concentrations, thereby exerting a solubilizing effects [55]. It
is advantageous for applications requiring a minimal surfactant dosage. Compared with
single surfactants, complex surfactant systems often have more significant solubilizing
effects, attributed to their reduced surface tension and CMC, coupled with the formation of
more stable mixed micelles and lower adsorption and precipitation loss. Investigating the
solubilizing effects of eight different types of surfactants and their complex system, Yang
et al. [56] confirmed that complex systems of multiple surfactants had stronger solubilizing
ability. The concentration of surfactant can also play an important role in the solubilizing
effect of NAPLs [23]. Theoretically, the necessary condition for the solubilization mech-
anism to occur is that the concentration of surfactant is higher than CMC [23,53,57,58].
Nevertheless, even at sub-critical micelle concentrations (sub-CMC) [59,60], certain sur-
factants are capable of inducing solubilization. The work of Zhong [59] showed that at
concentrations above CMC, the biosurfactant rhamnolipids formed micelles characterized
by strong intermolecular interactions. Conversely, at concentrations below the CMC, the
interactions between rhamnolipids and alkane molecules become predominant, resulting
in a marked solubilizing effect. This effect is notably more pronounced than that observed
at levels above the CMC, highlighting the unique behavior of rhamnolipids in facilitating
the solubility of hydrocarbons.

Surfactants are easily adsorbed in soil and sensitive to the nature of porous media,
and their adsorption in soil reduces the micellar solubilizing effect on NAPLs, which
adversely affects remediation [61,62]. In addition, irregular soil pore structures restrict the
passage of water and solute [63]. Moreover, flushing may lead to pore clogging due to
the accumulation of surfactant micelles, which impede the effectiveness of remediation
efforts [64].

The pore water flow rate during the aggregation process has considerable impact
on surfactants’ solubilization mechanism. A high flow rate can diminish the surfactants’
interaction with NAPLs, leading to a reduction in micelle formation and consequently
weakening the solubilization effect [27]. However, concurrently, this increased flow rate
can enhance the transportation of the micellar aggregates, mitigating the occurrence of
pore throat plugging [23].

As one main mechanism of SER of soil contamination by NAPLs, solubilization
effectiveness depends on the type of surfactant used; hence, suitable surfactants should be
carefully selected according to the specific contaminants present during the remediation
process in order to achieve the optimal results.
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2.3. Emulsification

Surfactants play an important role in the treatment of NAPL-contaminated soil, and
their emulsification is one of the key mechanisms for enhanced remediation. By adsorbing
at the “oil-water interface” to form stable nanoscale oil or water droplets, surfactants
achieve an emulsifying effect, promoting the dispersion of NAPLs into micro-droplets [65,
66], enhancing mass transfer efficiency, and improving the mobility and recovery rate of
NAPLs.

Emulsification products can be categorized into two types: microemulsions and emul-
sions. Microemulsions are formed through the micellar solubilization action and represent
thermodynamically stable systems that are transparent or semi-transparent. On the other
hand, emulsions are thermodynamically unstable systems, formed by the emulsification
process that disperses the NAPL phase within an immiscible liquid phase. According
to the difference between the dispersed and continuous phases, emulsion systems can
be further classified into oil-in-water (O/W), water-in-oil (W/O), or multiple emulsions
(W/O/W,0/W/O) [67], as illustrated in Figure 6. In porous media, the transport perfor-
mance of emulsification products is lower than those of nanoscale aggregates produced
by micellar solubilization [68], but moderate water-emulsion droplet size adjustments can
improve the remediation efficiency [24]. Some studies indicate that enhanced emulsifi-
cation of surfactants may be more advantageous than solubilization [69] in remediation
applications [70].

“0

OIL

urfactant molecule

Nsurfactant hydrophilic head
WATER

(a)oil-in-water (O/W) (b)water-in-oil (W/O) (c)multiple emulsions (W/O/W, O/W/O)
Figure 6. Varied types of emulsion systems.

Emulsification is caused by the density difference between the oil and water phases,
resulting in the formation of emulsified droplets that move in accordance with gravitational
fields, Brownian motion, or applied forces, and are in a state of continuous motion. The
oil-water interfacial tension was rapidly reduced to mitigate the rupture and generate
fine droplets in the emulsification. However, emulsified droplets are not sufficiently
stable [71-73] to overcome collision, sedimentation, coagulation, and aggregation, resulting
in remediation impediment. Therefore, this stability is pivotal in ensuring the effectiveness
of surfactant-based remediation strategies.

Emulsification is a dynamic process in which surface-active molecules move rapidly
to the interfacial region with the destruction of emulsified droplets. The emulsion stability
is not only related to the nature of the surfactant solution [74], but also affected by the
type of NAPLs [75], the ratio of NAPLs to water and the water content of the system [76].
Liu et al. found that surfactant AEOSHS derived from the modification of fatty alcohol
ethoxylates yielded emulsions characterized by reduced droplet sizes, increased emulsifi-
cation capacity, and enhanced emulsion stability. These attributes led to increases in the
mobility and recycling efficiency of emulsified droplets in porous media [74]. In addition
to the modification of surfactants, the addition of auxiliary substances such as polymers
can also improve the stability of emulsions. For example, the addition of xanthan gum can
form a 3D network of polymers, reducing the collision rate of droplets and improving the
formation and stability of emulsions [77]. The introduction of sodium carbonate solution in
the emulsion system can promote the adsorption at the oil-water interface and improve the

105



Water 2024, 16, 2093

mechanical strength of the emulsion film. In the application of foam-assisted oil recovery,
high emulsion stability is more beneficial than the low interfacial tension for the flow of
the emulsified oil [78]. The properties of emulsion in porous media are also affected by
pore structure and pore water flow rate. Emulsions exhibit the shear thinning behavior as
non-Newtonian fluids when passing through porous media. Different pore structures can
alter the rheology of emulsions [79]. By increasing the pore water flow rate, the retention of
emulsion in porous media can be reduced [80].

However, the formation of emulsions from surfactants during remediation can have
negative effects. If the emulsion traps contaminants within a low mobile phase, increasing
its volume will hinder the penetration of surfactants to the soil-oil interface due to its rela-
tively static and highly viscous properties. It may pose a risk of secondary contamination,
and present challenges for subsequent remediation [81].

2.4. Other Mechanisms

In addition to mobilization, solubilizing, and emulsifying effects, surfactants have
the ability to increase the bioavailability of NAPLs, thereby enhancing the bioremediation
process and promoting the biodegradation of NAPLs [82]. The degradation ability of
NAPLs varies among different types of surfactants [83]. The micellar system formed by
surfactants helps to increase the number of microorganisms and enhance the degradation
efficiency of NAPLs [84]. The uptake of NAPLs by plant roots was promoted in the
presence of surfactants, enhancing the phytoremediation effect, which shows promise in
the remediation of organically contaminated soil and groundwater.

However, some of the metabolites produced by surfactants during the remediation
process may be toxic and inhibit microbial activity [85,86]. Further investigation in this
area holds promise and merits continued exploration in the future.

3. Surfactant-Enhanced Remediation Techniques

Widely distributed in the soil environment, NAPLs are not prone to be desorbed
from soil pores, being characterized by limited mobility and degradation. As a result, the
remediation effect of chemical, biological, and physical remediation techniques on NAPLs
in soil is often unsatisfactory. Non-traditional approaches that leverage surfactants have
the potential to enhance remediation efficiency significantly, offering the added benefits of
reduced costs and expedited time.

3.1. Surfactant-Enhanced Chemical Oxidative Remediation Technology

In situ chemical oxidation (ISCO) is an advanced remediation technology that employs
chemical oxidants and the potent oxidizing free radicals they generate to degrade organic
pollutants in soil [87], converting them into small molecules, H,O and CO,, and NAPL con-
taminants within the soil matrix. Oxidizing agents of choice include persulfate, potassium
permanganate, hydrogen peroxide and ozone, among which sodium persulfate is the most
widely used in soil remediation [88]. Given the oxidation reaction usually occurs solely
in the aqueous phase [89], the residual non-aqueous phase NAPLs that persist within in
the soil are not susceptible to oxidization, thereby inducing a rebound effect [90] in which
recalcitrant pollutions continue to be emitted.

Surfactants promote the dissolution of NAPLs into the aqueous phase, and synergis-
tically amplify the chemical oxidation on NAPLs in the remediation process. Surfactant
enhanced in situ chemical oxidation (S-ISCO) as a co-elution technique [91] has been exten-
sively studied. This technology was first developed by VeruTEK (Bloomfield, CT, USA)
and later acquired by EthicalChem LLC (South Windsor, CT, USA), which sells its VeruSOL
surfactant to the oil production industry as a “green” product. In S-ISCO technology, the
compatibility of surfactants and oxidizers is an important factor to be considered [92].
Although extensive research has shown that the addition of surfactant has an significant
promotive effect on the chemical oxidation technology, the organic nature of surfactant
can lead to interactions with oxidants, potentially inactivating the surfactants [93]. Ad-
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ditionally, the introduction of oxidants may escalate the non-productive consumption of
surfactants [94] which could compromise the overall remediation efficacy.

Wei et al. [92] selected a binary mixture of SDBS/BS-12 to synergistically enhance
the remediation of the oxidizing agent KMnQOy, using 1.73-23.07% of the commonly used
surfactant in practical experiments, with a cost reduction of more than 50%. Demiray
et al. [95] found that despite Tween 80 possibly affecting the kinetics of the oxidation
reaction, its overall impact is to accelerate and facilitate the remediation process. The
preferential adopting of surfactants that are more compatible with the oxidant system can
maximize the remediation effect and have a positive impact on soil remediation.

3.2. Surfactant-Enhanced Bioremediation Technologies

Bioremediation encompasses two primary approaches: microbial remediation and
phytoremediation. The efficiency of microbial remediation technology [96] is contingent
upon the functionality and abundance of the microbial community in the environment.
The degradation of NAPLs in soil is achieved under the combined action of organic nu-
trients and oxygen, and the specificity of the microorganisms and their susceptibility to
external environmental factors significantly influences the remediation efficiency [97]. The
combination of biosurfactant and microbial remediation technology can not only increase
the degradation rate by more than 50% [98], but also substantially mitigate the secondary
contamination effects associated with chemical surfactants; but, the biodegradation mecha-
nism of surfactants remain elusive. Moreover, severe adverse effects on remediation were
discovered relating to surfactants at high concentration [99].

Phytoremediation technology [100,101] utilizes plants to adsorb pollutants in soil
or shallow groundwater through their roots. However, this method is characterized by
a prolonged remediation time as well as limited remediation depth [102]. Surfactants
can augment the combined plant-microorganism remediation technology by significantly
increasing the abundance of bacterial flora, which, in return, elevates the removal rate of
NAPLs. Non-ionic surfactants and biosurfactants demonstrate optimal performance as
they mitigate the root toxicity associated with cationic surfactants [103-105].

3.3. Surfactant-Enhanced Physical Remediation Technology

Soil physical remediation technologies encompass a range of methods, including
aeration remedjiation, electric remediation, and thermal treatment technologies. These are
complemented by ex situ treatment techniques and land replacement strategies.

Aeration remediation technology is suited for soil environments characterized by high
permeability and a loose structure [106]. This method expels NAPLs to the surface through
air flow injection. Nevertheless, the method’s remediation efficacy is constrained when
addressing organic pollutants with attributes of low concentration and low volatility. To
solve this problem, a technique referred to as surfactant-enhanced air sparging (SEAS) was
proposed by adding surfactants to increase the mobility of organic pollutants and broaden
the influence area of air in the soil matrix [107]. The efficiency of NAPAL's remediation
is reported to be closely related to the airflow rate, surfactant concentration, aeration
pressure, and the area of remediation [108]. Although this approach shows promise in
low-permeability formations, additional research is warranted to elucidate the role of
NAPLs in such environments [109].

Electric Remediation Technology [110] is another well practiced method in the field of
soil remediation. The anode and cathode electrodes are inserted into the soil to generate
an electric field where contaminants were extracted from the soil through electro-osmosis,
electro-migration and electrophoresis [111-113]. However, the heat accumulated during the
process will affect the soil properties in the long run, and it is more suitable for hypotonic
soils with low acid buffer capacity. Nonionic surfactants are commonly used in conjunction
with electrokinetic remediation techniques. Studies have demonstrated that the synergistic
application of nonionic surfactants under a periodic voltage gradient can remove individual
PAHs up to 69% [114]. Arumugam et al. [115] reported the integration of natural surfactants
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with electrokinetic remediation technology resulted in a 98% decomposition efficiency for
organic pollutants and also increased subsequent bioavailability. In practical application,
it is essential to consider the secondary contamination of surfactants and to identify the
optimal operating conditions for electrokinetic remediation technology to ensure the most
effective remediation outcomes [116].

Thermal desorption technology [117] in soil remediation refers to a process where heat is
applied to contaminated soil to increase the temperature and volatilize organic compounds,
thereby separating them from the soil matrix. Thermal desorption technology can regulate
the temperature and residence time to achieve the best NAPL removal rate, and has the
advantages of high removal efficiency, short remediation time, and minimal likelihood of
inducing secondary pollution. However, the application of this technology faces limitations
due to constraints posed by soil water content, high cost, and the potential for altering the
physicochemical and biological properties of the soil [118]. Coupled with surfactant use,
thermal desorption can implement a dual process approach, consisting of a cleaning phase
followed by thermal desorption [119]. Surfactant based pretreatment diminishes the volume of
soil to be treated by thermal desorption, thereby reducing the associated energy consumption
costs. However, the limited number of cases of application of this technology necessitates
additional research to substantiate its feasibility and effectiveness.

4. Risk Analysis of Surfactant-Enhanced Remediation

SER technology has the capacity to augment the solubility of pollutants, thereby
facilitating their removal. However, it also presents challenges, such as the potential
for residual concentrations to induce secondary contamination in remediation sites. The
application of surfactants may also introduce heightened toxicity to the soil. Prolonged
presence within the subsurface soil system could further lead to the contamination of
groundwater resources.

Cationic surfactants have been observed [17,120] to interact with the negatively
charged surfaces of porous media, potentially leading to adsorption and enrichment in
the subsurface environment. This interaction can burden the soil medium, induce soil
toxicity, exert adverse effects, reduce soil permeability, and impair soil function. On the
other hand, anionic surfactants [76,121] are more susceptible to forming precipitates with
cations in the soils. As for nonionic surfactants, it is often used as a common agent in SER
technology [120] because of their stronger solubilizing effect, lower cost and lower toxicity
to soil microorganisms [17]. However, some studies have proved that although the content
of NAPLs in soil is significantly reduced post remediation, the residual surfactants can
remain toxic to the plants in subsequent years [17].

To mitigate that risk, biosurfactants were proposed as an alternative in the remediation
of soils contaminated with NAPLs [122]. Unlike traditional synthesized surfactants from
petrochemical industrial processes, biosurfactants are generated by biological systems
such as plants and microorganisms, representing a novel class of eco-friendly agents with
lower toxicity and higher biodegradability [123,124]. Also, biosurfactants have a larger
molecular structure and more ligand groups, endowing them with superior performance
or additional properties that their synthetic counterparts often lack. For example, bio-
surfactants can be utilized as a carbon source by soil-inhabiting microbes to accelerate
the pollutants’ biodegradation [125]. Compared with traditional surfactants, the majority
of biosurfactants are more efficient and effective in SER applications due to lower CMC,
surface, and interfacial tension values. However, biosurfactants are constrained by limited
production scales and high selectivity for target products, resulting in higher costs than
synthetic surfactants [126], which poses challenges for their commercial application. Since
the substrate alone accounts for almost half of the total cost of obtaining a biosurfactant,
ongoing research in the field of biosurfactants is increasingly focusing on the utilization of
cost-effective substrates, particularly agricultural waste [127].
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5. Conclusions

Recent years saw growing research attention in SER technology thanks to its significant
role in strengthening the efficacy of chemical, physical, and biological remediation of
NAPL pollution in soil by leveraging mobilization, solubilization, emulsification and
other mechanisms. In chemical remediation, surfactants promote the action of chemical
oxidizers, while they can be used as carbon source for the activating of microorganisms in
biodegradation methods. For physical remediation techniques, the presence of surfactants
can broaden the influence zone of aeration or boost the electrokinetic process to accelerate
NAPL removal. Detailed examination of the case studies concerning economic analysis,
influencing factors, as well as the long term impact on the environment and human health
is non-exhaustive and limited by relevant references. Further research and exploration is
urgent in the following two areas:

1. Surfactants: The development of new surfactants, such as bilobal surfactants and
switchable surfactants, is important in reducing the potential impact while improving
the remediation efficiency of NAPLs [67,128]. Another strategy is to integrate various
surfactants in the remediation process, leveraging their combined action towards
NAPLs. Furthermore, surfactants and reaction intermediates warrant further investi-
gations and ongoing monitoring to ensure SER was implemented with a minimum
environmental risk.

2. Remediation technology: It is of great importance to further study the synergistic
mechanism of SER coupled with different remediation technologies which may sur-
pass the limitations of one single method while concurrently maximizing the outcome,
such as with reduced environmental footprint, minimized surfactant usage, and
enhanced NAPL removal.
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Abstract: Antibiotics, widely used pharmaceuticals, enter wastewater treatment systems and ulti-
mately the aquatic environment through the discharge of wastewater from residential areas, hospitals,
breeding farms, and pharmaceutical factories, posing potential ecological and health risks. Due to
the misuse and discharge of antibiotics, the spread of antibiotic resistance genes (ARGs) in water
bodies and significant changes in microbial community structure have direct toxic effects on aquatic
ecosystems and human health. This paper summarizes the occurrence of antibiotics in wastewater
treatment systems and their ecological and health risks, focusing on the impact of antibiotics on
aquatic microorganisms, aquatic plants and animals, and human health. It points out that existing
wastewater treatment processes have poor removal capabilities for antibiotics and even become an
important pathway for the spread of some antibiotics. In terms of detection technology, the article
discusses the application of immunoassays, instrumental analysis, and emerging sensor technologies
in detecting antibiotics in sewage, each with its advantages and limitations. Future efforts should
combine multiple technologies to improve detection accuracy. Regarding the removal methods of
antibiotics, the paper categorizes physical, chemical, and biodegradation methods, introducing vari-
ous advanced technologies including membrane separation, adsorption, electrochemical oxidation,
photocatalytic oxidation, and membrane bioreactors. Although these methods have shown good
removal effects in the laboratory, there are still many limitations in large-scale practical applications.
This paper innovatively takes urban wastewater treatment systems as the entry point, systematically
integrating the sources of antibiotics, environmental risks, detection technologies, and treatment
methods, providing targeted and practical theoretical support and technical guidance, especially
in the removal of antibiotics in wastewater treatment, on a scientific basis. Future efforts should
strengthen the control of antibiotic sources, improve the efficiency of wastewater treatment, opti-
mize detection technologies, and promote the formulation and implementation of relevant laws and
standards to more effectively manage and control antibiotic pollution in the aquatic environment.

Keywords: antibiotics; wastewater treatment system; occurrence; environmental risk; detection;
removal

1. Introduction

With the continuous development of organic chemical synthesis processes, an increas-
ing number of compounds are being mass-produced and widely used in our daily lives. In
recent years, many substances have uncontrollably entered the water environment, becom-
ing new types of pollutants. Among them, pharmaceuticals and personal care products
(PPCPs), persistent organic pollutants (POPs), endocrine disruptors (EDCs), and disinfec-
tion byproducts (DBPs) are some of the most prominent categories. These pollutants are
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characterized by their low concentrations, difficulty in terms of degradation, and high toxi-
city risks, which have led to widespread attention and research. Among them, antibiotics,
which belong to PPCPs, have become a hot topic in scientific research due to their long-term
and extensive use in treating bacterial infections in humans and animals. Since the advent
of penicillin in 1929, hundreds of isolated or synthesized antibiotics have been utilized for
the prevention and management of illnesses in both humans and animals [1]. Among the
various categories, beta-lactam antibiotics (BLAs), fluoroquinolones (FQs), tetracyclines
(TCs), macrolides (MLs), and sulfonamides (SAs) are the most commonly used antibiotics.
Domestic life [2], hospitals [3,4], animal husbandry [5,6] and antibiotic manufacturing
factories [7-9] are all significant sources of antibiotics in wastewater treatment systems,
with medicinal antibiotics being of particular concern. For instance, in animal husbandry,
to curb the spread of pathogens, uninfected animals are also compulsorily administered a
certain dose of antibiotics for disease prevention. Medicinal antibiotics that enter living
organisms are only partially effectively metabolized, with approximately 50-80% of the
active antibiotic residues being excreted through feces and urine, and a large proportion
of these residues enter the natural surroundings through urban wastewater treatment
systems [10,11]. A plethora of studies have demonstrated the presence of antibiotics in sur-
face water [12,13], groundwater [14], drinking water [13,15], and seawater [16,17] around
the world.

Antibiotics are considered “pseudo-persistent” contaminants in the environment be-
cause they are not highly resistant to degradation, but the rate at which they enter the
environment far exceeds their rate of degradation [18]. Additionally, although the con-
centration of antibiotics in aquatic environments is generally low (typically measured in
ng/L [19-22]), their high biological activity [23] still poses a considerable risk to aquatic
ecosystems and human health [24]. The increasing antibiotic resistance in bacteria has
sparked much public discussion [2,20]. The residue of antibiotics in aquatic environments,
once it reaches a certain level, can affect the composition and function of microbial commu-
nities, impacting microbial ecology by increasing mutation rates, facilitating the horizontal
transfer of resistance genes, and driving the environmental selection of antibiotic-resistant
bacteria [25,26]. This, in turn, gradually weakens humanity’s ability to treat infectious
diseases, perform surgery, and utilize immunosuppressive therapies, undermining the
foundation of modern healthcare [27]. In addition, antibiotics can also have direct toxic
effects on a range of aquatic plants and animals, altering species distribution and threaten-
ing the entire aquatic ecosystem [28,29]. The synergistic, additive, or antagonistic effects
between other toxins in water and antibiotics are also not yet clear [30,31].

As mentioned earlier, urban wastewater treatment systems, as an essential part of the
water resource cycle, contain a large amount of antibiotics from various sources. Currently,
the treatment rate of antibiotics in wastewater treatment plants is generally low [29], and
they have even become an important “source” for the spread of antibiotics and antibiotic-
resistant bacteria in diverse aquatic environments [20,32,33]. How to effectively detect
antibiotics in wastewater is the first question that needs to be studied. Compared with
some conventional physicochemical parameters, the discharge of most antibiotics is not
currently under effective regulation, largely due to the limitations of trace detection tech-
nology development. A variety of methods have been designed to ascertain antibiotics
in wastewater, such as immunoassays [34,35], instrumental analysis methods [36], and
various sensor detection methods. Different detection methods have their own advantages
and disadvantages, and they each have applicable conditions or categories of antibiotics. A
review of the enrichment and detection methods for antibiotics in water is beneficial for
comparing their differences and sorting out the frontier directions of related research. Due
to the increasing public concern about antibiotic pollution, research on antibiotic removal
technologies is also emerging. In addition to the traditional activated sludge method,
methods such as membrane separation [37,38], adsorption [39,40], advanced oxidation [41],
and membrane bioreactors have also been developed for the removal of antibiotics from
wastewater. However, the specific removal mechanisms and efficiencies of these methods
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are mostly still at the laboratory stage, and their practical applications may be limited
by the conditions of wastewater treatment systems and treatment costs. We find that
although there are already summaries of the environmental risks, detection technologies,
and treatment methods for antibiotics, there are still few reviews focusing on antibiotics
in wastewater treatment systems. Urban wastewater treatment systems are an essential
part of the control of antibiotic pollution, and improving the summary and analysis in this
area is of great significance and urgency for the in-depth research into and management
of antibiotics.

Therefore, the main objectives of this study are as follows: (1) to summarize the influent
and effluent concentrations of major categories of antibiotics in wastewater treatment
systems in different regions, and to deeply analyze the potential impacts of antibiotics
in current wastewater treatment systems on aquatic ecology and human health; (2) to
systematically review the current detection technologies for antibiotics in wastewater,
assess the accuracy and reliability of the various methods, and provide scientific guidance
for actual detection work; and (3) to review the current effective treatment methods for
antibiotics in wastewater, with the expectation of providing feasible operational plans to
address the issue of antibiotic pollution. This paper innovatively focuses on the important
link of urban wastewater treatment systems, not only effectively connecting the sources
of antibiotics and the risks of their entry into the water environment in logical terms but
also enhancing the specificity and practicality of the review of antibiotic detection and
treatment methods. Through this study, we aim to furnish a scientific rationale and backing
for the effective regulation and control of antibiotic pollution in the aquatic environment,
at both the standard-setting and legal enforcement levels.

2. The Occurrence and Potential Risks of Antibiotics in Urban Wastewater
Treatment Systems

2.1. Antibiotic Consumption and Concentrations in Wastewater Treatment Systems

Currently, the global consumption of antibiotics is staggering. A study by the National
Academy of Sciences in the United States indicates that between 2000 and 2015, antibiotic
consumption, measured in defined daily doses (DDDs), increased by 65% (from 21.1 to
34.8 billion DDDs), and the antibiotic consumption rate per 1000 inhabitants per day
increased by 39% (from 11.3 to 15.7 DDDs). If the existing policies remain unchanged,
forecasts indicate that global antibiotic consumption in 2030 could surge up to 200%
compared to the estimated 42 billion DDDs (defined daily doses) in 2015 [42]. In 2021,
among the 29 European Union/European Economic Area countries that provided data on
human and food-producing animal consumption, the amounts of antibiotics consumed
by humans and food-producing livestock were 3061 tons and 4994 tons, respectively [43].
Table 1 summarizes the categorization of certain antibiotics in the aforementioned European
countries, as well as the range, median, and population-weighted mean of human and
food-producing animal consumption, estimated in mg/kg of biomass.

Table 1. The classification of certain types of antibiotics in most European countries, as well as
their range, median, and population-weighted mean of antimicrobial consumption in humans and
food-producing animals [43].

Antimicrobial Consumption (mg/kg Estimated Biomass)

Antimicrobial WHO AMEG

Group Categorization ? Categorization ® Humans Food-Producing Animals
Range Median  Mean Range Median Mean

Third-and fourth- Hichest priorit

1 generation A Category B 0.4-18.3 3.0 5.1 <0.01-05 02 02
cephalosporins
Fluoroquinolones Hiehest priorit

2 and other s Category B 1.0-19.0 46 63 <0.01-14.8 0.9 29

quinolones
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Table 1. Cont.

Antimicrobial Consumption (mg/kg Estimated Biomass)

Antimicrobial WHO AMEG

Group Categorization ? Categorization b Humans Food-Producing Animals
Range Median Mean Range Median Mean
3 Polymyxins ngheétlgnomy Category B 0-3.7 04 07 0-12.7 0.5 25
Category C (with
4 Aminopenicillins HIA inhibitors) and D 6.5-101.0 47.2 64.1 0.05-59.6 8.8 25.8
(without inhibitors)
5 Macrolides CIA Category C 0.5-11.1 5.0 6.2 0-22.6 5.0 7.8
6 Tetracyclines HIA Category D 0.3-6.0 1.7 1.9 0.04-113.4 16.2 23.6
Total consumption 44.3-160.1 108.9 125.0 2.5-296.5 50.0 92.6

Notes: *: WHO, World Health Organization; CIA, critically important antimicrobial; HIA, highly important
antimicrobial. : AMEG, EMA’s Antimicrobial Advice ad hoc Expert Group. Category A (“Avoid’) encompasses
antibiotics that are currently unauthorized for veterinary use in the EU. These medicines are of crucial importance
in human medicine and may not be used in food-producing animals. Category B (‘Restrict’) refers to quinolones,
third-and fourth-generation cephalosporins, and polymyxins. The use of these medicines in animals should be
restricted. Category C (‘Caution’) covers antibiotics for which alternatives in human medicine generally exist in
the EU. Their use should only be considered when no clinically effective antibiotics in Category D are available.
Category D (“Prudence”) comprises antibiotics that should be prioritized as first-line treatments whenever feasible.
These antibiotics can be used in animals judiciously, meaning that unnecessary use and prolonged treatment
durations should be avoided.

As shown in Table 1, despite the graded management of antibiotic use, in 2021, the
population-weighted average consumption in the EU/EEA reached 125.0 mg/kg (range
44.3-160.1 mg/kg; median 108.9 mg/kg). The average consumption for food-producing
animals reached 92.6 mg/kg (range 2.5-296.5 mg/kg; median 50.0 mg/kg).

These antibiotics have difficulty in being fully metabolized by humans and animals,
and a substantial portion of them enter urban wastewater treatment systems. In addition to
this, wastewater discharged from antibiotic-manufacturing factories, as well as improperly
treated medical waste from hospitals, also deliver a significant amount of antibiotics to
wastewater treatment systems. Since antibiotics are not strictly regulated in the wastewater
discharge standards of most countries, traditional wastewater treatment plants generally
do not have specialized processes for removing antibiotics. Most antibiotics can only be
partially removed, displaying removal efficiencies spanning from negative percentages up
to more than 90%. This means that some wastewater treatment plants may even release
antibiotics into the wastewater, leading to higher concentrations in the effluent than in
the influent. The removal effectiveness of different antibiotics in municipal wastewater
treatment plants is also tightly related to their inherent physical and chemical charac-
teristics [25]; hence, the removal efficiency of antibiotics can vary even within the same
wastewater treatment plant. Figure 1 illustrates the concentrations of major categories of
antibiotics in the influent and effluent of municipal wastewater treatment plants in different
countries and regions.

The range of antibiotic concentrations present in the influent of wastewater treatment
plants is approximately between 0.01 ng/L and 10 pg/L, and in the effluent, the concentra-
tion range is approximately between 0.01 ng/L and 1 ug/L. A red reference line is drawn
at 100 ng/L, and by comparing the number of data points to the right of the reference
line, it is evident that wastewater treatment plants have a certain removal effect on most
high-concentration antibiotics. Additionally, different wastewater treatment plants and
different types of antibiotics lead to noticeable differences in removal efficiency.
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Figure 1. Concentrations of major classes of antibiotics in the influent and effluent of municipal
wastewater treatment plants in different countries and regions (data from [20]).

2.2. Potential Ecological and Human Health Risks Posed by Antibiotics

Residual antibiotics eventually enter the receiving water bodies through the effluent
of wastewater treatment systems, becoming a substantial source of antibiotics and their
secondary metabolites in the aquatic environment [44]. Under these circumstances, the
potential ecological and health risks posed by antibiotics in wastewater should be taken se-
riously. Figure 2 illustrates the process by which antibiotics enter the wastewater treatment
system and, together with antibiotic resistance genes (ARGs), make their way into various
water environments, causing environmental harm.

The occurrence of antibiotics in urban wastewater treatment systems initially impacts
the dissemination of ARGs. ARGs are considered emerging micropollutants with environ-
mental persistence [45]. As previously mentioned, a significant amount of antibiotics from
various sources ultimately converge at wastewater treatment plants, exerting a substantial
driving force on the emergence, evolution, and selection of ARGs [46]. Owing to the fact
that ARGs can adhere to soil and sediment particles, the aquatic environment is more
conducive to the widespread dissemination of ARGs among different geographical regions
and diverse microbial species, including pathogenic bacteria [47]. Given that traditional
wastewater treatment processes are nearly ineffective in removing DNA [26], residual
antibiotics and ARGs enter surface water, drinking water, recreational water, and seawater
with the effluent, further increasing the exposure of humans to antibiotics and the risk of
ARG proliferation [48].
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Figure 2. Environmental migration process of antibiotics and ARGs in municipal wastewater treat-

ment systems.

In aquatic environments, microorganisms play crucial roles as producers, consumers,
and decomposers, maintaining the stability of aquatic ecosystems [49]. Despite not reaching
the minimum inhibitory concentration (MIC), antibiotics are significant drivers of evolution-
ary changes in aquatic microorganisms. Under long-term exposure to low concentrations,
antibiotics are capable of modifying the composition and structure of microbial popula-
tions and communities in water, further inducing the emergence of antibiotic resistance
and consequently altering the ecological functions of certain aquatic environments [50].
For general bacteria, studies have shown that fluoroquinolone antibiotics can induce the
bacterial SOS response (a DNA damage repair mechanism), regulating the horizontal
transfer of integrative and conjugative elements that encode various other traits such as
bacterial virulence, antibiotic resistance, and bacterial metabolism [51,52]. In aquatic sys-
tems exposed to low levels of tetracycline, the abundance of tetracycline resistance genes
increases compared to the 165 rRNA gene [53]. Research by Cairns et al. [54] indicates
that antibiotics can affect the species richness of bacterial populations by increasing the
differences in adaptability among taxa, reducing community diversity. Zhao et al. [55]
have demonstrated that even at low levels, antibiotics can have a notable impact on the
composition of freshwater microbial communities at the genus level without affecting the
bacterial community’s alpha diversity. From a macro perspective of aquatic ecological
functions, it is known that tetracycline can inhibit the nitrification process in surface water
to some extent [56], and some ammonium-oxidizing bacteria in experiments have shown
sensitivity to antibiotics [57,58], significantly affecting the removal of nitrogen elements in
water. Ofloxacin mildly inhibits two key steps in anaerobic digestion—methanogenesis
and acetate kinetics [59]. Trace quantities of antibiotics in the aquatic environment might
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possibly affect the processes that promote carbonate precipitation and lead to an increase
in atmospheric CO, concentrations.

Research has revealed that various antibiotics, such as sulfonamides, tetracyclines,
and macrolides, exhibit potential detrimental impacts on the development and growth
of cyanobacteria and other algal species [58]. Antibiotics can impact algal growth by
inducing abscisic acid secretion, inhibiting cellular protein synthesis, and disrupting
chloroplasts [60,61]. Since cyanobacteria are prokaryotes and structurally more similar to
bacteria, they are more susceptible to the effects of antibiotics. In toxicity tests on cyanobac-
teria, the EC50 values are far below 1 mg/L [62]. Most green algae species also exhibit
high sensitivity to macrolides such as clarithromycin and erythromycin, with EC50 values
below 1 mg/L [58]. Additionally, low concentrations of antibiotics such as imipenem [63],
tobramycin [64], and norfloxacin [65] can enhance the tolerance of Microcystis aeruginosa
to antibiotics by altering its biofilm properties.

Antibiotics in wastewater have also garnered widespread concern for their toxicity
to non-target organisms. For example, an environmental risk assessment encompassing
226 types of antibiotics revealed that a significant 44% of them possess high toxicity levels
towards Daphnia magna [66]. Macrolides have also been found to be harmful to Daphnia,
posing significant environmental risks [67,68]. Exposure to trace levels of 3-ketoantibiotics
(DKA) can affect various cellular and biological processes in zebrafish, including inducing
severe histopathological changes in zebrafish heart tissue [69]. Sulfamethoxazole (SMX)
affects the survival rate of zebrafish embryos and induces deformities in developing
embryos [70]. Antibiotics are also harmful to plants. It has been proven that antibiotics can
transfer between aquatic plants and poison them through metabolic disruption, oxidative
damage, and damage to the photosynthetic system [71]. Irrigating crops with water
contaminated by antibiotics can result in the accumulation of antibiotics in the edible
portions of crops [72].

The human gut is home to approximately 800-1000 different species of bacteria [73].
Among these microorganisms, beneficial bacteria account for up to 95%. There exists a
stable ecological balance among the gut microbiota, as well as between the microbiota and
the human body [74]. Epidemiological, observational, and clinical reports have provided
substantial evidence that antibiotic contaminants in water, when ingested by humans, can
lead to an imbalance in the gut microbiome [75], resulting in the proliferation of harmful
bacteria and opportunistic pathogens, causing intestinal diseases such as pseudomembra-
nous colitis and colorectal cancer [74]. Prolonged exposure to antibiotics may gradually
stimulate, enable the survival, and promote the proliferation of antibiotic-resistant bacteria
within the human body. These bacteria may persist in the human gut for years, leading to
immune alterations and metabolic disturbances [76]. However, due to the drug research
process, the development of new antimicrobial drugs takes a long time—potentially over
a decade before they become available to the public. Infections that are difficult to treat
can lead to extended hospital stays, increased treatment frequency, and costly treatments,
placing a significant burden on the healthcare system [77].

3. Detection Methods for Antibiotics in Urban Wastewater
3.1. Enrichment and Extraction Methods for Antibiotics in Water

Antibiotics in urban wastewater are generally present at low concentrations. To
effectively measure the concentration of antibiotics in wastewater, the enrichment and
extraction of antibiotics are required through pretreatment. Common pretreatment methods
include solid-phase extraction (SPE), solid-phase microextraction (SPME), magnetic solid-
phase extraction (MSPE), and dispersive liquid-liquid microextraction (DLLME). SPE
primarily involves enriching, separating, and purifying target substances in water samples
by utilizing solid-phase extraction columns, offering advantages such as a simple operation,
strong selectivity, and good recovery rates [78]. The adsorbents can be single materials
like ionic liquids [79], lignocellulosic materials [80], covalent organic frameworks [81], or
composite materials [82]. SPME is a solvent-free pretreatment technique that enriches target
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analytes by directly immersing a coated fiber into the sample, utilizing the adsorption
effect of the coating material. Many studies have achieved the efficient extraction of trace
antibiotics in water samples by improving the fiber skeleton [83] and coating materials [84].
MSPE, based on SPE, uses magnetic nano-adsorbents to enhance its performance, thereby
improving its adsorption capacity for antibiotics in water samples and increasing its
detection sensitivity [85]. This method is simple, fast, does not require centrifugation or
filtration, and the magnetic adsorbents can be reused, reducing contamination and loss
during sample processing. Unlike the aforementioned pretreatment techniques, DLLME
is a liquid-phase extraction technique that is widely employed due to its straightforward
operation, cost-effectiveness, rapid extraction process, high recovery rates, and exceptional
enrichment factors [86]. In addition, molecularly imprinted polymers (MIPs) and composite
aerogels have also attracted considerable attention in the research community.

3.2. Immunoassay Methods

Immunoassay methods are traditional techniques for detecting antibiotics, mainly
including enzyme-linked immunosorbent assay (ELISA), lateral flow immunoassay (LFIA),
and fluorescence immunoassay. The principle behind these methods is the specific combi-
nation of antigens and antibodies [34]. ELISA is inherently cost-effective and user-friendly
in terms of operation, and its application in the detection of environmental pollutants
such as antibiotics can further enhance detection specificity and lower the detection limit.
Hoffmann et al. [87] produced polyclonal antibodies against Sulfamethoxazole (SMX) and
developed a direct competitive ELISA. This method can quantitatively detect SMX in the
ng/L range in pre-concentrated environmental water samples, and it shows good consis-
tency with the results obtained from LC-MS/MS instruments. LFIA represents a swift
immunoassay technique that integrates immunoassay technology with chromatographic
methods. A prevalent research focus currently lies in the development of composite nano-
materials as signal markers, aiming to elevate the efficacy and performance of LFIA [35,88].
Munirah et al. [89] conjugated streptomycin-specific monoclonal antibodies with gold
nanoparticles (AuNPs) to prepare LFIA test strips for the concurrent quantitative and
qualitative detection of streptomycin (STR) in pig serum and urine samples, effectively
improving the sensitivity of LFIA for STR detection. Fluorescence immunoassay involves
labeling antibodies or antigens with fluorescent substances and measuring the fluores-
cence to determine the presence of antibiotics. Chen et al. [90] combined fiber-embedded
optofluidic nanochips with evanescent wave dual-color fluorescence technology to prepare
evanescent wave dual-color fluorescence optofluidic nanochips (EDFON). By using the
EDFON technique, a heterogeneous immunoassay was combined with a homogeneous
hybridization chain reaction based on the time-resolved effect, enabling the highly sensitive
and specific parallel quantitative detection of sulfamethazine (SMR) and the antibiotic
resistance gene MCR-1.

3.3. Instrumental Analysis Methods

Instrumental analysis methods are among the most widely used techniques for de-
tecting antibiotics, mainly divided into chromatographic methods, spectroscopic methods,
and mass spectrometric methods. The most frequently utilized chromatographic method is
high-performance liquid chromatography (HPLC), which separates individual compounds
from a mixture through the interactions occurring between two phases (the stationary phase
and the mobile phase) [36]. Numerous studies have improved the detection efficiency of
HPLC for trace antibiotics in wastewater by optimizing sample pretreatment methods and
injection conditions. Rabeea et al. [91] optimized a method for the quantitative determina-
tion of multiple antibiotics in wastewater samples using HPLC. The mobile phase consists
of 1% formic acid and acetonitrile in a ratio of 84:16. A sample volume of 20 puL is injected
into the HPLC column, and the flow rate through the column is maintained at 1.00 mL/min.
By comparing the peak area of the real sample with the peak area of a standard solution,
the quantification of multiple antibiotics can be achieved. Mahmoud et al. [92] established
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an HPLC—diode array detector (HPLC-DAD) method and a rapid HPLC method based
on a core-shell stationary phase, coupled with the simplified and sensitive SPE procedure
that they developed, effectively improving the sensitivity of antibiotic compound detection.
Figure 3 illustrates the process flow of commonly used instrumental detection methods
for antibiotics.
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Figure 3. Workflow of common instrumental methods for antibiotic detection.

Spectroscopy primarily involves the analysis of the composition and concentration of
compounds within a sample by quantifying the absorbance or emission of light at various
wavelengths. Among the various spectroscopic techniques, ultraviolet-visible (UV-Vis)
spectroscopy and surface-enhanced Raman spectroscopy (SERS) are widely employed
for detecting antibiotics in wastewater. Notably, UV-Vis spectroscopy stands out as an
efficient tool for the real-time monitoring of antibiotic levels in wastewater. Li et al. [93]
used two submerged in situ UV-Vis sensors to explore the relationship between absorp-
tion spectra and antibiotics and studied the impact of optical path length on the limit of
detection (LOD). They combined preprocessing algorithms, wavelength selection algo-
rithms, and partial least squares (PLS) to measure the concentrations of components in
a mixed water sample composed of ofloxacin, tetracycline, and chloramphenicol. The
results demonstrated that this method effectively fulfills the monitoring requirements of
specialized production wastewater facilities, including those in the medical and pharma-
ceutical industries. SERS is a technique that does not require labeling and is utilized for
the analysis of trace chemicals. Currently, the research direction for detecting antibiotics
using SERS mainly focuses on developing SERS substrates to enhance the detection of trace
antibiotics. Pei et al. [94] developed a SERS substrate composed of a hybrid of gold nanopar-
ticles/nanodiamantoids/carbon nitride (Au/ND/C3Ny) with numerous functional groups
and optical scattering phenomena, which can effectively capture target molecules and
enhance Raman activity. It serves as a tool for the highly sensitive detection of antibiotic
remnants in wastewater and has excellent self-cleaning capabilities, allowing for reuse.

Mass spectrometry (MS) is a method that separates ions based on their mass-to-charge
ratio by utilizing electric and magnetic fields to achieve quantitative detection. It is generally
not used alone but is often combined with chromatographic or spectroscopic methods [87].
David et al. [95] developed a direct injection analytical liquid chromatography-tandem
mass spectrometry (LC-MS/MS) method for detecting trace antibiotics in wastewater, capa-
ble of quantifying 18 antibiotics in the influent and effluent of wastewater treatment plants
at low ng/L levels. Bahar et al. [96] optimized parameters such as column temperature,
eluent, mobile phase, and flow rate during the use of UPLC-MS/MS to detect 14 antibiotics
in hospital and municipal wastewater, with detection limits varying between 0.07 and
2.72 ng/L. Félix et al. [97] explored the combined use of LC and GC with quadrupole time-
of-flight mass spectrometry (QTOF MS) in their research, detecting 7 antibiotics in surface
water and wastewater samples collected from Pasto, a town in the Andean highlands of
Colombia (Narifio).
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3.4. Sensor Detection Methods

The sensor-based detection of antibiotics is now one of the most researched and
widely used emerging detection methods. Commonly used sensors include electrochemical
sensors, optical sensors, and biosensors. Sensor detection methods offer high sensitivity,
excellent selectivity, and good stability, but at the same time, some sensors may have
relatively narrow application ranges and larger detection errors.

Electrochemical sensors are simple to prepare, cost-effective, and characterized by
rapid analysis, high specificity, and good sensitivity for detecting target analytes, and they
have been a popular choice for detecting antibiotics in wastewater [98]. The sensitivity
of the sensors can be improved by optimizing the electrode materials. Gold nanomateri-
als [99], graphene, MOFs, MIPs [100], and others have received widespread attention. For
instance, Adane et al. [101] integrated gold-silver alloy nanocoral clusters (Au-Ag-ANCCs)
with a functionalized multi-walled carbon nanotubes—carbon paste electrode (f-MWCNT-
CPE) and choline chloride (ChCl) nanocomposites for the simultaneous determination of
rifampicin (RAMP) and norfloxacin (NFX) residues in water samples. Moreover, without
resorting to intricate materials for modifying the electrode surface, the electrochemical per-
formance of the sensor can also be optimized by selecting appropriate electrolyte solutions,
setting the optimal pH, thoroughly polishing the electrode, and using methods such as
differential pulse voltammetry and cyclic voltammetry in a three-electrode system [102].

Optical sensors also feature a high sensitivity, fast response times, and strong speci-
ficity, making them a popular research method currently [103]. In recent years, the field of
optical sensors has seen significant advancements, with various recognition strategies being
explored for detecting analytes. These include molecular imprinting, the utilization of
nanomaterials with optical properties, and bio-interactions. The preparation and modifica-
tion of certain special materials have emerged as key research areas, as these materials can
offer an enhanced sensitivity, selectivity, and stability for optical sensors. Metal-Organic
Frameworks (MOFs) are a promising type of fluorescent sensing material [104]. Lak-
shya et al. [105] used a dispersion of Mn-MOFs in an ethanol solution to directly detect
tetracycline through fluorescence quenching. The sensor’s significant detection limit was
66.39 nM, with a linear detection range for tetracycline from 0.0032 to 0.43 um, and the
Mn-MOF showed a remarkable selectivity for tetracycline, even in the presence of other
antibiotics. A Zn-MOF [106], Cd-MOF [107], Zr-MOF [108], and others have also been
widely used as fluorescent sensing materials for detecting various antibiotics in water.

Biosensors offer rapid and efficient detection without the need for complex pretreat-
ment. Their molecular recognition components primarily consist of antibodies, microor-
ganisms, aptamers, and enzymes [109], which are used for specific binding with the target
analyte. Combining biosensors with other technologies can effectively enhance the accu-
racy of antibiotic detection in water. Janice et al. [110] developed a biosensor for detecting
levofloxacin (LFX) using a combination of RNA Capture-SELEX and displacement chain
detection. Wang et al. [111] created a group-targeted immunosensor utilizing evanescent
wave fluorescence biosensor technology. By modifying the surface of a conical fiber optic
with coated antigen (QN-BSA) as the sensing element, using fluorescently labeled QNs-
specific antibodies as the recognition material, and utilizing a straightforward indirect
competitive immunoassay approach, they achieved the highly sensitive recognition and
quantification of QNs, meeting the needs for on-site detection.

In addition to the aforementioned methods, capillary electrophoresis (CE) [112] and
diode array (DA) [34] are also used for the detection of antibiotics in water. Table 2 provides
a brief summary of the typical detection methods for antibiotics in wastewater introduced
in this article, based on the literature.

Combining Table 2 and the preceding analysis, it is evident that there are various
methods for detecting antibiotics in wastewater, each with its own advantages and dis-
advantages. Immunoassays have relatively low detection limits but are more complex to
operate, and the accuracy of the detection results can be readily compromised by external
factors, potentially introducing errors in the analysis. Specific antibodies paired with new
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materials can further improve the sensitivity of immunoassays. The detection limits of dif-
ferent instrumental methods vary significantly, but they generally reach the ug/L level and
can usually measure multiple antibiotics in one go. Many recent studies have integrated
multiple instrumental detections methods to achieve sensitive and accurate results. The
detection limits of sensor detection methods are highly related to their selectivity, and their
repeatability and stability are relatively poor. Developing materials that can provide stable
signals is a research focus, but reducing the cost of commercialization is an urgent task
that goes hand in hand with it. In addition, the resistance of these detection technologies
to complex components in wastewater, as well as the speed and convenience of on-site
detection, still need further research and improvement.

Table 2. Summary of antibiotic detection by different methods (for analytical convenience, the units
are unified to ug/L).

Detection Method Metal Detection of Antibiotics LOD Reference
ELISA — Sulfamethoxazole 0.82 [87]
LFIA EuNPs Nitrofuran 0.013-0.023 [88]
LFIA AuNPs Streptomycin 5 [89]
Immunoassay
Evanescent wave
dual-color fluorescence
Fluorescence immunoassay fiber-embedded Sulfamerazine 0.032 [90]
optofluidic nanochip
(EDFON)

Ciprofloxacin,
HPLC . Levoﬂoxa.a.n,. Ofloxacin, 162-598 [91]

Ampicillin and

Sulfamethoxazole
Instrumental UPLC-MS/MS — Quinolones 0.5 x 1075-0.5 x 1074 [113]
analysis UPLC-MS/MS — 14 classes of antibiotics 0.07-2.72 [96]
SERS Au/ND/C3Ny Tetracycline nanomolar level [94]
] Tetracycline, Ofloxacin,
UV-vis o and Chloramphenicol 94-264 93]
. Molecularly imprinted . .

Electrochemical sensor polymer (MIP) Azithromycin 89.88 [100]

. Au-Ag-ANCCs/f- Rifampicin and
Electrochemical sensor MWCNTs-CPE/ChCl Norfloxacin 0.0022-0.044 [101]
Sensor Electrochemical sensor Glassy carbon electrode Sulfadiazine 1535 [102]
Optical sensor Mn-MOF Tetracycline 1.4208-190.92 [105]
Biosensor RNA Aptamer Levofloxacin 23,100 [110]
Group-targeting biosensor — Quinolones <0.15 [111]

4. Treatment Technologies for Antibiotics in Urban Wastewater
4.1. Physical Methods

Physical methods mainly include membrane separation technology and adsorption.
The membrane separation process is a commonly used method for advanced wastewa-
ter treatment, characterized by a small footprint and good separation performance [37].
As membrane technology continues to advance rapidly, membrane separation processes
have garnered increasing interest for the treatment of antibiotic-laden wastewater. Many
experiments have studied processes such as reverse osmosis (RO), nanofiltration (NF),
and ultrafiltration (UF) for removing tetracycline antibiotics from wastewater [38], with
some RO/NF membranes achieving a rejection rate of up to 98.5% for the target antibi-
otics [114]. However, traditional membrane separation processes suffer from significant
membrane fouling and poor selectivity issues. Cui et al. [115] designed an anti-fouling
zwitterion PVDF-imprinted composite membrane (SPICM) for emulsion separation and
selective tetracycline hydrochloride (TC) in wastewater. The results showed that, thanks to
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the synergistic effect between hydrophilicity /underwater superoleophobicity and active
imprinted sites, the membrane’s selective TC separation efficiency reached as high as 88.3%,
even from oil-containing wastewater, effectively improving the shortcomings of traditional
membrane separation processes.

Adsorption is another common physical technique used for the removal of antibiotics
from water [116]. In conventional wastewater treatment plants, activated sludge serves as
an important adsorbent. The adsorption process is a highly intricate one, being influenced
by a multitude of factors including the physicochemical properties of both the activated
sludge and the antibiotics, alongside the operational parameters of the biological treat-
ment system [39,40]. Specifically, the ionization characteristics and hydrophilicity of the
antibiotics themselves [117], the temperature, pH value, mixed liquor suspended solids
(MLSS) concentration [118], and redox conditions [119] of the activated sludge system,
among other factors, can all affect the adsorption behavior of antibiotics. In addition to
activated sludge, materials with a higher specific surface area, porosity, and reactivity, such
as clay minerals, carbon materials, metal composite materials, and nanomaterials, have
become promising adsorbents for antibiotics in wastewater [120]. The main adsorption
mechanisms involve site recognition, bridge enhancement, and site competition [121]. Zhao
et al. [122] studied the adsorption and removal of antibiotics from swine wastewater using
alkaline-modified biochar (KRBC). The well-fitted pseudo-second-order kinetics model
and Freundlich isotherm model indicate that antibiotic adsorption is likely to be chemical
adsorption and heterogeneous, with the -OH group playing a crucial role in the adsorption
of antibiotics. Furthermore, the antibiotic removal effect was evaluated in a multi-pollutant
system, and the results showed that the addition of Cu** and Zn?** was beneficial for the
removal of antibiotics.

Physical methods are widely applied in wastewater treatment, particularly membrane
separation technology and adsorption techniques. In light of the strengths and weaknesses
of membrane separation technology, future research should focus on developing membrane
materials with higher anti-fouling properties, and enhancing selectivity can boost treatment
efficiency while simultaneously reducing operational costs. For instance, the development
of anti-fouling composite membranes has shown promising results in recent years, yet
their long-term stability and cost-effectiveness in practical applications still need further
validation. The performance of adsorption techniques is influenced by the physicochemical
characteristics of the adsorbents and the composition of the wastewater. With the advance-
ment in nanomaterials and novel composite materials, the efficiency of adsorption has
significantly improved. Future efforts should further optimize the regeneration capabilities
of adsorbents and their selective adsorption performance towards a variety of pollutants.

4.2. Chemical Methods

Chemical methods mainly include various advanced oxidation processes (AOPs), such
as Fenton oxidation, ozonation, electrochemical oxidation (EO), photocatalytic oxidation,
etc., all of which can be used for the degradation of different antibiotics in wastewater.
Among them, the application effects of the first two methods are relatively poor. This
is mainly because Fenton oxidation is limited by a narrow pH range, while ozonation is
limited by the mass transfer process of ozone from the gas phase to the liquid phase [41].

Electrochemical oxidation (EO) is a process where organic matter is oxidized, trans-
formed, or decomposed into non-toxic and harmless substances through the application of
an electric current [123]. It has the advantages of being reagent-free, having a high efficiency
in degrading pollutants, strong controllability, and minimal secondary pollution [124]. Elec-
trochemical oxidation is divided into two modes: direct oxidation and indirect oxidation.
Of the two, direct oxidation refers to the decomposition of antibiotics by directly interacting
with the anode. Indirect oxidation refers to the reaction of strongly oxidative substances
generated on the anode surface with antibiotics in the water under the influence of electric
current, leading to their degradation [125]. A wealth of research indicates that traditional
electrochemical systems are not very efficient in treating antibiotics and consume a signif-
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icant amount of energy. To avoid anode loss during electrolysis and improve oxidation
efficiency, an increasing number of new electrode materials have been developed, including
boron-doped diamond (BDD) [126], carbon felt [127], Ti/IrO; [128], PbO, [129], and so on.
These materials have a high oxygen evolution potential and can generate more hydroxyl
radicals [130]. Current density, solution pH value, electrolyte concentration, and organic
matter also affect the efficiency of redox reactions [126,131].

For wastewater treatment, photocatalytic oxidation stands as a green, eco-friendly,
and cost-effective approach that refers to the photocatalytic reaction and redox process
that occurs on the surface of a photocatalyst (such as H;O,, O;) and target pollutants
under light irradiation. The photocatalyst itself is crucial in this process [125]. A variety of
new materials have been used as photocatalysts for the degradation of antibiotics, such
as ZnO [132], TiO; [133], MgTiO3 [134], and g-C3Njy [135]. The type and composition of
the photocatalyst, initial substrate concentration, catalyst dosage, pH value of the reaction
medium, ionic components in water, solvent type, and oxidants/electron acceptors all affect
the photocatalytic degradation process of antibiotics [136]. Dimitrakopoulou et al. [137]
used a UV-A/TiO, photocatalyst to degrade amoxicillin and found that there was no
significant change in the degradation of amoxicillin at pH values of 5.0 and 7.5, but when
the pH value increased from 5 to 7.5, the mineralization degree of amoxicillin decreased
from 95% to 75%. Ahmadi et al. [138] studied the effect of the dose of MWCNT /TiO,
photocatalyst on the degradation of tetracycline (TC) and found that when the catalyst
dosage increased from 0.1 g/L to 0.2 g/L, the removal rate of tetracycline increased,
but further increasing it to 0.4 g/L did not further improve the degradation efficiency
of tetracycline.

These chemical methods have demonstrated good results in the degradation of an-
tibiotics, but issues such as a high energy consumption and costs and complex operating
conditions have limited their large-scale application. To address these challenges, future re-
search directions should focus on developing low-energy, efficient catalyst materials, while
optimizing reaction conditions to adapt to large-scale wastewater treatment. The capability
of electrochemical oxidation in the degradation of antibiotics is particularly worth noting,
especially the development of new electrode materials, which is expected to significantly
enhance treatment efficiency and decrease energy usage. In addition, combining multiple
oxidation technologies to enhance the degradation effect on different antibiotics is also a
key focus for future research.

4.3. Biological Methods

For a long time, biological processes have been considered to be economical and
environmentally friendly methods for removing antibiotics from wastewater, as they can
degrade various antibiotics in situ under relatively mild conditions [139]. Biological meth-
ods mainly include conventional activated sludge (CAS) processes, membrane bioreactors
(MBRs), and anaerobic reactor systems, among others.

CAS is the most prevalent method employed for biological wastewater treatment pro-
cesses. Adsorption and biodegradation are the main pathways for the removal of antibiotics
by activated sludge, but the treatment effect is not very satisfactory. In full-scale CAS, the
removal rates of different antibiotics from the aqueous phase vary from —1% to 71% [140].
Microorganisms play an essential role in the biodegradation of antibiotics in the activated
sludge process. Studies have shown that nitrifying bacteria are of great significance for
the biodegradation of antibiotics, and the specific degradation process may mainly occur
during the co-metabolic and endogenous respiration stages after nitrification [141]. Nguyen
et al. [142] isolated a pure culture of denitrifying Chromobacterium sp. strain PR1 for the
degradation of Sulfamethoxazole (SMX). The characteristics of antibiotics also affect their
degradability. Antibiotics with a higher polarity and lower electronegativity of functional
groups, and better hydrophilicity, tend to have higher bioavailability and are more easily
degraded [143].
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MBRs integrate the process of biodegradation utilizing activated sludge with imme-
diate solid-liquid segregation via membrane filtration, offering a high removal efficiency
for organic compounds and producing less sludge waste. Utilizing microfiltration or ul-
trafiltration membrane technology (with pore sizes ranging from 0.05 to 0.4 pm) in MBR
systems can completely physically retain bacterial flocs and almost all suspended solids
within the reactor [144]. The concentration of microorganisms in MBRs can reach up to
20 mg/L [145], and a high concentration of mixed liquor suspended solids (MLSSs) aids
in the elimination of antibiotics [146]. Hamjinda et al. [147] studied the treatment effect
of a two-stage membrane bioreactor (25-MBR) on 10 types of antibiotics in the laboratory.
The results indicated that the degree of antibiotic elimination depends on the type of an-
tibiotic and the hydraulic retention time (HRT). Shi et al. [148] used a hollow-fiber MBR to
treat wastewater containing low concentrations of sulfamethazine (SMZ). Over a 244-day
operation, the overall removal efficiency of SMZ could reach 95.4 + 4.5% under various
SMZ concentrations and hydraulic retention times. It was also observed that the quantity
of extracellular polymeric substances (EPSs) in the MBR diminished following prolonged
operation under SMZ stress.

Anaerobic reactor systems are known for their low energy consumption, low sludge
production, low maintenance costs, and the ability to produce methane as a byproduct [149].
They are typically used for treating high-concentration organic wastewater that is diffi-
cult to degrade, such as wastewater from antibiotic pharmaceutical plants and breeding
wastewater containing substantial quantities of antibiotics, and are less commonly applied
in the treatment of antibiotics in municipal wastewater.

Furthermore, enhancing the antibiotic removal capabilities of specific microbial species,
such as photosynthetic bacteria, is also one of the hot topics. For instance, modulating
the metabolic pathways of purple anoxygenic phototrophs can boost their uptake of
photosynthetic electrons, and the optimized biofilm formed by Rhodopseudomonas palustris
(R. palustris) achieves superior antibiotic degradation efficiency [150]. If these bacteria can
be effectively combined with biofilm treatment technologies such as biofiltration, they will
play a significant role in antibiotic removal.

It is also important to note that biological treatment processes may be affected by
antibiotic-resistant bacteria [120]. For instance, the aged sludge in MBR systems is thought
to harbor microorganisms with multiple drug resistances, posing potential ecological and
health risks [151]. Furthermore, numerous mathematical models have been formulated to
forecast the behavior and removal efficiency of antibiotics during biological wastewater
treatment processes, such as the Activated Sludge Model for Xenobiotics (ASM-X). Pole-
sel et al. [152] used the ASM-X framework to determine the impact of different factors on
antibiotic removal during wastewater treatment, including solids retention time (SRT) as
well as influent and effluent load dynamics.

Biological methods are relatively environmentally friendly and economical, and they
have a high degradation efficiency for organic matter, but the removal effect of antibiotics
still has uncertainties. The emergence of some antibiotic-resistant bacteria may even
affect the overall treatment effect. Therefore, future research should focus on improving
the removal capacity of antibiotics and their resistance genes in the biological treatment
process. Membrane bioreactors combine the technology of biodegradation with membrane
filtration, showing high pollutant removal efficiency, but the problem of membrane fouling
is still severe. Therefore, the development of anti-fouling membrane materials and the
optimization of reactor operation parameters are key directions for future development.
Moreover, investigating the dynamic shifts in microbial communities throughout the
antibiotic degradation process can aid in enhancing the overall stability and efficacy of the
treatment system.

A summary of antibiotic treatment methods for urban wastewater indicates that,
compared to physical and chemical methods, biological methods may offer better treatment
efficacy and removal rates, particularly for wastewater containing low concentrations of
antibiotics, while also generating less secondary pollution. However, they often require a

128



Water 2024, 16, 3428

more precise control of reaction conditions and have longer treatment cycles. Chemical
methods may entail higher reagent costs than physical methods and pose a greater risk of
potential secondary pollution. Combining physical, chemical, and biological approaches for
antibiotic treatment leverages the strengths of each method, achieving efficient, economical,
and environmentally friendly wastewater treatment. For instance, physical pretreatment
methods can be effectively combined with advanced oxidation processes and biological
filtration techniques. Physical pretreatment enhances the stability of subsequent treatments,
advanced oxidation technologies can break down the molecular structure of antibiotics to
facilitate biodegradation, and biological filtration technologies such as Biological Aerated
Filters (BAFs) are high-rate aerobic biological systems [153,154].

Overall, the treatment of antibiotics in urban wastewater requires comprehensive
consideration of treatment efficacy, cost, and environmental impact. Future research
should focus on developing efficient, low-cost, and environmentally friendly treatment
technologies, as well as optimizing the operational parameters of existing technologies to
address the challenges posed by antibiotic pollution.

5. Conclusions

This article delves into the occurrence of antibiotics in municipal wastewater treatment
systems, the ecological and human health risks they pose, detection technologies, and re-
moval methods, exploring the current status and challenges. By analyzing the concentration
ranges of major antibiotic categories in the influent and effluent of wastewater treatment
plants, it is concluded that most countries currently lack effective regulatory measures
for antibiotic pollution. Antibiotics enter the environment through wastewater treatment
plants, posing potential threats to aquatic ecosystems (including microorganisms, aquatic
plants, and animals) and human health. Furthermore, this article provides a comprehensive
overview of techniques for detecting antibiotics in wastewater, from traditional enrichment
techniques and immunoassays to advanced instrumental analysis methods and sensor
detection methods. Reducing the release of antibiotics from wastewater treatment plants
into the environment through advanced wastewater treatment technologies is a key aspect
of mitigating the water pollution caused by antibiotics. This article introduces various
techniques from three perspectives, physical, chemical, and biological, and provides a brief
comparison of these three types of technologies. The detection and treatment methods
discussed each have their own merits and demerits, and the specific choice should be
made based on the actual situation, either by selecting a single technology or through a
combined application.

In the future, strict control of antibiotic consumption at the source remains most critical,
such as restricting the use of certain types of antibiotics in animal husbandry, strengthening
the control of the prescription and sale of antibiotic drugs, and raising awareness of the
threat of antibiotic resistance. At the same time, the monitoring and treatment of antibiotics
in wastewater should further focus on the study of real wastewater components to enhance
its practical application efficiency. Improving the practical application efficiency of sewage
treatment technology and optimizing treatment processes to reduce the impact of antibiotics
on the aquatic environment is an important direction for future research. In addition, the
removal of ARGs and the assessment of the long-term impact of antibiotics on aquatic
ecosystems should also become a focus of future research. It is hoped that through raising
awareness, strengthening monitoring, and effective treatment, the regulation of antibiotic
pollutants in urban wastewater will be strengthened, leading to the implementation of
relevant standards and legislation.
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Abstract: Water chlorination, fundamental for its microbiological safety, generates by-
products, such as trihalomethanes (THMs), potentially associated with carcinogenic and
reproductive risks. This study determined the levels of chloroform (CHCl3) in drinking
water in Cuenca, Ecuador, a topic that has been little explored in the region. During five
months, water samples were collected from three water treatment systems (Cebollar, Tixan,
and Sustag), and in situ measurements of physicochemical parameters such as free chlorine,
pH, temperature, electrical conductivity, and turbidity were performed in the storage and
distribution area. The determination of CHCl3 was performed following the Hach protocol.
For data analysis, the Kruskal-Wallis test was employed, followed by Dunn’s post hoc
method and Spearman’s correlation coefficient. The results revealed a progressive de-
crease in free residual chlorine throughout the distribution systems. CHCl3 concentrations
ranged from 11.75 pg/L to 21.88 png/L, remaining below the Ecuadorian regulatory limit
of 300 ug/L. There was no consistent correlation between CHCl; and physicochemical
parameters. These findings align with previous research, suggesting that the variability in
CHCl;3 formation is associated with different water treatment conditions and environmen-
tal variables. This study highlights the importance of monitoring disinfection processes
to minimize THMs and other DBPs, ensure public health, and contribute to sustainable
drinking water management in Ecuador.

Keywords: trihalomethanes; chloroform; chlorination; drinking water quality; Cuenca;
disinfection by-products; water treatment systems

1. Introduction

Water scarcity and insecurity represent critical challenges in today’s world, putting
the health and safety of the population at risk in the short and long term [1]. In this
context, ensuring the microbiological safety of drinking water is fundamental in water
treatment systems [2], with chlorine disinfection being a common practice to inactivate
microorganisms and prevent their development during water storage and distribution [3].
This process aims to eliminate pathogenic organisms present in water to make it suitable
for human consumption and other domestic activities [4,5]. Access to water in adequate
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quantity, which is safe, of acceptable quality, and economically accessible, is recognized as
a fundamental human right and constitutes a key element in the Sustainable Development
Goals [6].

Chemical methods to disinfect water mainly include the use of chlorine, chlorine
dioxide, ozone, and chloramines, which have been widely applied worldwide for several
decades [7,8]. However, the generation of numerous disinfection by-products (DBPs) repre-
sents a significant concern, especially in chlorinated drinking water, because chlorination
byproducts, such as THMs, are frequently used as indicators of other DBPs [9]. THMs
are usually the most abundant type of DBPs in chlorinated water. The formation of these
by-products depends mainly on the number of precursors (organic and inorganic mate-
rials present in the untreated water), the characteristics of the treatment and disinfection
processes [10], environmental conditions (such as water temperature), and distribution
conditions (especially the water residence time). Worldwide, more than 700 types of DBPs
have been detected in drinking water, from which the most studied groups are THMs
and haloacetic acids (HAAs) [11,12]. The species present in the highest concentrations in
chlorinated drinking water is commonly chloroform (CHCl3) [13], especially when raw
water contains little levels of bromide.

Chlorine doses and free residual chlorine are key factors in the formation of THMs.
The primary sources of chlorine in drinking water include direct chlorination during
water treatment and residual chlorine from distribution networks. Additionally, industrial
and agricultural activities may contribute to chlorine-based compounds in source waters.
Therefore, having monitoring data for residual chlorine and a thorough understanding of
the mechanisms of its decay, as well as the processes leading to the formation of THMs, is
essential to effectively manage these compounds in water supply systems [11,14]. Primarily,
the formation of THMs occurs through the reaction of chlorine with natural organic matter
(NOM) over time, a process that depends not only on the amount but also on the specific
type of organic matter [15,16]. In addition, the physicochemical properties of water, such as
temperature, pH, and presence of chlorophyll and nitrogen content, significantly influence
chlorine demand and THM formation. Also, since water quality parameters can vary
considerably over time and space (within the distribution system), these fluctuations also
affect chlorine demand and, consequently, DBP management [16].

The issue of potential human health effects from exposure to DBPs is a matter of signif-
icant concern, as well as their potential reproductive and developmental implications [17].
The main route of exposure to THMs is ingestion, although dermal and inhalation exposure
is also relevant, considering that these compounds are volatile at room temperature [18].
Several epidemiological studies have established associations between chlorination byprod-
ucts and a variety of diseases, such as musculoskeletal congenital disabilities [19], kidney
disease [20], low birth weight [21], effects on male reproductive health, impaired ovarian
function in women [22,23], increased risk of bladder cancer [24], and risk of colorectal
cancer [25].

Several techniques have been reported for the determination of THMs in water, includ-
ing advanced methods such as gas chromatography—negative chemical ionization—-mass
spectrometry (GC-NCI-MS), gas chromatography with electron capture detection (GC-
ECD), and the Purge and Trap technique coupled with GC-ECD, which offer high precision
and sensitivity [26-28]. Other approaches include the head-space technique coupled with
gas chromatography-mass spectrometry (HS-GC-MS) and solid phase microextraction
(SPME) or liquid phase microextraction (LPME) techniques, valuable for their simplicity
and low solvent consumption when combined with GC-ECD or GC-MS [29,30]. In addition,
modern artificial intelligence-based methods, such as artificial neural networks and support

138



Water 2025, 17,591

vector machines, have been explored to predict the presence of THMs using Python® and
MATLAB® [31].

Additionally, more accessible methods have been investigated, such as spectrophoto-
metric and colorimetric methods, known for their ease of implementation and low cost.
These techniques have proven to be effective for monitoring THMs trends in the field [32,33].
In this context, the Hach THM Plus™ colorimetric method (method 10,132) is included
among the available options for THMs evaluation, being recognized in recent studies for
its ability to generate reliable results under specific conditions [34,35].

International agencies have set standards and guidelines for the presence of THMs in
drinking water. The U.S. Environmental Protection Agency [36] set a limit of 0.08 mg/L
for total THMs, while the World Health Organization [37] sets specific guideline levels
for the various species: 0.3 mg/L for chloroform, 0.1 mg/L for bromoform, 0.1 mg/L for
dibromochloromethane, and 0.06 mg/L for bromodichloromethane. In the European Union,
the regulation establishes a maximum limit of 0.1 mg/L for total THMs [38]. Ecuadorian
regulations [39] establish maximum permissible limits for some compounds: 0.3 mg/L for
chloroform, 3.0 mg/L for monochloramine, and 0.06 mg/L for bromodichloromethane.
In Ecuador, although there are studies on water quality, few have focused on DBPs, such
as the study by Salazar-Flores et al. [40]. While these studies have been valuable, their
scope has been limited in terms of geographical coverage and the number of compounds
analyzed. Furthermore, advanced analytical techniques that could enable more precise
detection have not been explored. This lack of research on THMs hinders the assessment
of regulatory compliance and the control of public health risks. In addition, to mitigate
THM formation, alternative disinfection methods such as chloramination and advanced
oxidation processes (AOPs) can be considered. On the other hand, optimizing chlorine
dosing and applying precursor removal strategies (e.g., activated carbon filtration) can
significantly reduce THM formation while maintaining adequate disinfection levels [37].

In this context, this study in Ecuador represents a crucial advance in understanding
the spatio-temporal occurrence of CHCl3, one of the most common THMs in drinking
water. In Cuenca canton, there is an aggravated scenario due to the limited surveillance
of DBPs, which generates unawareness of the problem and hinders the implementation
of adequate measures. The purpose of this research is to evaluate the presence of CHCI;
in the drinking water supply of the city of Cuenca, Ecuador, a topic that has been little
explored in the country. The innovative contribution of this study lies in the application of
field photometric techniques for the detection of CHCl3, an approach that seeks to facilitate
the future development of water quality control and monitoring strategies. In addition, the
research responds to the lack of data on DBP in the region, providing valuable information
on its occurrence and possible implications on public health and drinking water quality.

2. Materials and Methods
2.1. Description of the Study Area

This study was conducted in the canton of Cuenca, located in the province of Azuay
in the south-central region of Ecuador (Figure 1). This territory extends from the western
cordillera to the inter-Andean valley of the Andes. Its geography includes high mountain
landscapes, such as the paramo, as well as valley floor areas, where the city of Cuenca, the
main urban settlement, is located at an altitude of approximately 2500 masl [41]. Cuenca’s
drinking water system is organized into four subsystems, named after the rivers where
the water comes from: Tomebamba, Machangara, Yanuncay, and Culebrillas. In this
study, the subsystems corresponding to the Tomebamba, Machangara, and Yanuncay rivers
were considered, each with its own catchment, treatment, and distribution infrastructure,
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whose waters are processed in the Cebollar, Tixan, and Sustag water treatment plants,
respectively [42,43].
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Figure 1. Study area.

2.2. Sampling

Four sampling zones were identified in the three drinking water treatment systems:
Cebollar (C), Tixan (T), and Sustag (S). In each system, sampling was conducted in the
treated water storage area (CS, TS, SS) and at three additional points along the distribution
network (C1-C3, T1-T3, S1-53). These points were selected in residences near the treatment
plant, at an intermediate and end point of the distribution network (Figure 2).

Sampling was carried out during five months in 2023 and 2024, covering the periods
from December and March to June, with eight sampling events. Two types of samples were
collected at each point: the first, in 40 mL vials, for the determination of chloroform (CHCl3),
and the second, in 710 mL sterile bags, intended for laboratory turbidity measurement
using HANNA® HI98703 equipment.

Additionally, in situ measurements of physicochemical parameters were performed,
including free chlorine (free Cl) with the DR 300 colorimeter from Hach®, pH with the
pHtestr30 from Oakton®, temperature and electrical conductivity with the Multi 340i from
WTW®. In total, 40 samples were analyzed.

The samples were kept in a container on ice during the sampling process. There-
after, the samples were transferred to the laboratory and stored at a temperature of 4 °C
until analysis.
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Figure 2. Location of sampling points.

2.3. Determination of CHCI;3

The determination of CHCl3 was determined using the THM Plus method, according
to Hach® method 10,132, with a measuring range of 10 to 600 pg/L CHCl; surveyed. The
reagent set includes THM Plus reagent solutions 1, 2, and 3, as well as sachets of THM Plus

4 powder [44]. The process for the determination of CHCl3 was determined by the protocol

proposed by Hach® [45], using the DR 1900 kit.
Prior to analysis, it was necessary to add three drops of THM

Plus Reagent 1 to the

freshly collected samples in the 40 mL vials, following the protocol specifications [45]. As

part of the procedure, initially, two baths were prepared: one with hot water (500 mL)

and one with cold water (18-25 °C, 500 mL). Water samples were

transferred to 10 mL

vials labeled for correct identification. Additionally, a blank was prepared using deionized

water to ensure analysis accuracy. To each cell, 3 mL of THM Plus Reagent 2 was added,

avoiding shaking until the cells were closed entirely. Subsequently, the samples were mixed

to ensure homogeneity of the reagent and placed in a hot water bath for 5 min. After this

time, the cells were transferred to the cooling bath for another 5 min. They were then

removed and inverted three times to homogenize the temperature. A total of 1 mL of
THM Plus Reagent 3 was added to each cell, and the cells were returned to the cooling
bath for another 5 min. At the end of the cooling time, one sachet of THM Plus Reagent 4
powder was added to each cell, and the cells were shaken until the powder was completely

dissolved. After dissolution, 15 min were waited before proceeding with the measurement.

For the final analysis, the prepared samples and blank were transferred to DR 1900 square
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cells and allowed to stand for 30 s to enable the turbidity to settle. Finally, each sample was
measured using the prepared blank as a reference.

2.4. Statistical Analysis

A descriptive analysis of the data was performed, involving the calculation of mea-
sures of central tendency and dispersion to summarize the main characteristics of the
data. To evaluate the assumptions of normality, the Shapiro-Wilk test was applied, and for
homoscedasticity, the Levene test was used. Most of the data groups do not follow a normal
distribution and do not present homogeneity of variance. Consequently, we chose to use
nonparametric tests. For the analysis of variance, the Kruskal-Wallis test was used. Subse-
quently, a post hoc test was performed using Dunn’s test for the parameters that showed
significant differences in the analysis of variance. In addition, a correlation analysis was
performed using Spearman’s correlation coefficient for the three water treatment systems.

3. Results
3.1. Physicochemical Characteristics of Water Quality

The results obtained from the physicochemical analysis of the water samples at the
different water treatment systems under study, C, S, and T, show notable differences in
the values of pH, temperature, electrical conductivity (EC), turbidity, and free chlorine
concentration (free Cl) (Table 1). Cebollar has the highest electrical conductivity, turbidity,
and free chlorine levels (Figure S1). Sustag has the highest temperature and the lowest
levels of turbidity and electrical conductivity (Figure S2). Tixan has similar characteristics
to those previously described for Cebollar and Sustag, although it shows higher pH levels
in water (Figure S3).

Table 1. Average values of the physicochemical parameters of water (standard deviations into

parenthesis).

Temperature CE Turbidity Free Cl

Treatment Plant Code pH ©C) (uS/cm) (NTU) (mg/L)
CS 7.20 + 0.31 15.01 + 0.66 114.48 +17.88  0.71 + 0.68 1.20 + 0.17
Ceboll C1 7.34 4+ 0.24 20.23 +2.17 12325+ 17.64  1.07 4 0.58 1.01 + 0.31
ebollar c2 7.26 + 0.48 20.36 + 1.93 11550 +£21.16  1.04 4+ 0.32 0.88 & 0.31
C3 7.33 £ 0.15 20.64 + 1.70 123.08 £ 1426 1574+ 135 0.77 +0.33
SS 7.06 + 0.50 15.18 & 2.11 77.14 4+ 8.05 0.46 + 0.24 1.24 + 0.30
Susta S1 6.76 + 0.65 22.61 +4.02 8238 +13.26  0.53 4+ 0.39 0.88 + 0.28
& S2 6.81 & 0.65 21.50 + 2.28 77.77 + 9.68 0.53 + 0.18 0.73 +0.23
S3 7.01 + 0.32 19.98 + 2.80 83.63+11.77  0.62 4+ 0.33 0.34 +0.19
TS 7.54 + 0.49 15.15 & 1.58 11050 £ 1129  0.54 4 0.48 1.05 + 0.37
- T1 7.44 4+ 0.25 19.55 & 2.73 103.75 £7.92  0.44 +0.25 0.87 & 0.35
1xan T2 7.46 + 0.25 20.16 + 1.87 106.13 & 7.20 0.51 4+ 0.26 0.79 + 0.29
T3 7.70 4+ 0.21 20.01 + 2.52 118.13 £ 1229  0.65 + 0.41 0.29 + 0.16

3.2. Free Chlorine Levels

The Kruskal-Wallis test applied to the free Cl concentrations in the three water treat-
ment systems results in a p-value of 1.114 x 10~° (Table S1), indicating that there are
statistically significant differences between the various sampling points within each water
system. Dunn’s test shows that, in the Cebollar plant, there is a significant difference
between sampling points CS and C3; in the Sustag plant, between points SS and S2, SS and
S3, and S1 and S3; and in the Tixan plant, between points TS and T2, TS and T3, and T1 and
T3 (p < 0.05, in all cases).
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The box plot (Figure 3) compares the variability of free Cl concentration (mg/L) at
different sampling points along the three water systems. Each sampling point on the X-axis
represents a specific site within the distribution network, starting from the initial storage
of treated water (CS, SS, TS) and progressing along the network to the extremity (C3, S3,
T3). Cebollar shows lower variability at the initial sampling points (CS, C1), but increases
towards the intermediate and end points (C2, C3). Sustag shows higher initial chlorine
concentrations in SS, with a pronounced decrease towards points S2 and S3. Tixan shows
a greater dispersion in free Cl values at its first points (TS and T2), and stabilization is
observed towards points T1 and T3. The differences in chlorine variability among the three
plants could be associated with the specific conditions of each system, such as the type of
source water, the treatment applied, the design of the distribution network, and the water
residence time.

161
. 1
- T T T
o
E - Water treatment plant
2 ¥ [ CEBOLLAR
=081
S £ susTac
5 — =g Y
pad
: |
0.4 L4
v v A4
. | T
cs c1 c2 c3 ss s 52 s3 15 i T2 3

Sampling points

Figure 3. Comparison of the variability of free chlorine concentrations in the three drinking water systems.

Figure 4 shows a decreasing trend in the average free Cl concentration as a function of
the sampling points. This progressive decrease in the three plants suggests a reduced free Cl
throughout the treatment process, probably due to the chlorine demand by organic matter
and other compounds in the water. In addition, the graphs on the right (Figure 4) show
the concentration of free Cl at each sampling point over time, differentiated by groups.
Free chlorine concentrations show temporal variations at each point, with noticeable
fluctuations at the initial points and relative stability at the endpoints, although with
occasional peaks. These variations could be associated with changes in the quality of the
raw water, adjustments in the doses of chlorine applied or variations in the operating
conditions of each plant.

3.3. CHCI3 Concentrations

The concentrations of CHCl; in the drinking water treatment systems analyzed show a
relatively high variability, as detailed in Table 2. At Cebollar, concentrations fluctuate between
12.25 pg/L and 20.88 pg/L, with a slight decrease at sampling point C3, where 17.13 pg/L
was recorded. At Sustag, concentrations range between 11.75 ng/L and 21.88 pg/L. Finally, at
Tixan, CHCl; concentrations range between 13.00 pg/L and 19.88 pg/L.
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Figure 5 shows the spatial variations of CHCl3. In Cebollar, it is evident that the values
start low and reach a peak around sampling point C1, before dropping at point C3. At
Sustag, they show a downward trend from the initial sampling point SS, get a minimum
at 52, and then increase again at point S3. At Tixan, the levels also have an undulating
behavior, reaching a maximum at point T1, decreasing at T2, and rising again at T3. The
graphs on the right (Figure 5) show the variability of CHCl3 in each sampling location
group. Here, significant variability is observed in each group, indicating fluctuations across
samples. At each location, the initial group has a higher concentration in some samples,
while at other points, the concentrations appear to stabilize or fluctuate.
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Table 2. Average concentrations of CHClj at the different sampling locations.
PTA Code CHCl3 (ug/L)
CS 12.25 4+ 5.07
C1 25.75 + 6.82
Cebollar
C2 20.88 £+ 5.54
C3 17.13 + 3.69
SS 21.88 £ 3.98
Susta S1 14.25 +5.73
& S2 11.75 + 4.87
S3 17.75 + 6.74
TS 14.25 + 6.23
Ti T1 15.75 + 6.18
xan T2 13.00 + 5.66
T3 19.88 4+ 6.44
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Figure 5. Variability of CHClj3 levels at the different sampling locations.

In general, Cebollar seems to have higher CHCl3 values compared to Sustag and
Tixan. In Sustag, fluctuations are more considerable compared to Tixan, where variations
are smoother, which could indicate differences in treatment conditions or water quality in
each area.

3.4. Spearman’s Correlation Analysis

The variables analyzed in this section include pH, Temp (temperature), EC (electrical
conductivity), Turb (turbidity), FC (free chlorine), and CHCl;.

Free chlorine presents both positive and negative correlations with CHCI; at the
different sampling points. For example, at the Cebollar plant points, the correlation
coefficients are 0.32 at CS, —0.29 at C1, 0.50 at C2, and —0.28 at C3 (Table S2). In the Sustag
plant, the values are 0.30 in SS, —0.05 in S1, 0.07 in S2, and 0.39 in S3 (Table S3). Finally,
in the Tixan plant, correlations of 0.16 in TS, 0.24 in T1, —0.74 in T2, and —0.18 in T3 are
observed (Table S4). These results indicate that the relationship between free chlorine
and chloroform does not follow a consistent pattern among plants or sampling points. In
addition, other variables such as pH, temperature, electrical conductivity, and turbidity
also do not show a uniform trend of correlation with CHCl3, which could reflect local
differences in treatment conditions and water characteristics (Figure 6).
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Figure 6. Spearman correlation analysis for pH, temperature, electrical conductivity, turbidity, free
chlorine, and chloroform.

4. Discussion

The present study evaluated the presence of CHClj as an indicator of THMs in the
drinking water supply of Cuenca, Ecuador, considering three different drinking water
treatment systems (Cebollar, Sustag, and Tixan). A fundamental aspect of this analysis was
the monitoring of free chlorine, given its critical role in contributing to DBP formation. In
addition, key parameters such as temperature, pH, and electrical conductivity were studied
because, according to Padhi et al. [16], these parameters directly influence the chemical
reactions that lead to the generation of THMs.

Water pH ranged from 6.76 to 7.70, which is within the optimal range for THM
formation. According to previous studies, THMs concentration decreases, and HAAs
increase as pH decreases. Furthermore, pH also plays a vital role in determining the type
and amount of DBPs formed, as lower and acidic pHs (pH < 7) result in the formation of
less CHCl3 [46,47]. As for temperature, the observed variations (15.01 °C to 22.61 °C) could
significantly influence the reaction kinetics of free chlorine with natural organic matter
since higher temperatures usually increase the rate of DBP formation [48,49]. Electrical
conductivity (77.77 and 123.25 uS/cm), although the relationship is not fully established,
plays an indirect role in THMs formation and would be associated with the availability
of inorganic compounds that modulate chlorine demand in the system, as suggested by
Amarasooriya et al. [50]. Also, turbidity, which ranged from 0.46 to 1.57 NTU, reflected the

146

Turd

FC

FC

CHCI3

CHCI3

08



Water 2025, 17,591

number of suspended particles, which may interfere with the efficiency of the disinfection
process by demanding available chlorine [51]. In this context, despite the theoretical
influence of these parameters on chlorine demand and THMs formation, especially CHCl;,
the statistical analysis of this study failed to establish a clear correlation between them.
This can be explained by the complexity of chemical interactions in the treatment system,
where multiple reactions occur simultaneously, making it difficult to identify individual
factors with a direct bearing on THMs formation, as reported by Padhi et al. [16].

Free chlorine concentrations ranged from 0.29 to 1.24 mg/L, showing a progressively
decreasing pattern during the water travel within the distribution network. This can be
explained by the chlorine demand induced by the organic matter present in the water, as
well as by other compounds that interact with chlorine in the disinfection stages. Previous
studies [10,14-16] have pointed out that natural organic matter (NOM) is a key factor in
reducing the concentration of free residual chlorine. In addition, aspects such as hydraulic
residence time, pipe length, diameter, roughness, material type, and age, as well as water
quality conditions, including pH, electrical conductivity, temperature, and turbidity, have a
considerable impact on residual chlorine decay [52]. These factors also contribute to the
observed fluctuations in free chlorine concentrations, underscoring the need for continuous
monitoring of this parameter and for operational adjustments of treatment processes (e.g.,
organic matter removal and chlorine doses) to minimize DBP formation and ensure the
quality of the drinking water supply.

Chloroform occurrence in all the analyzed points shows fluctuations from 11.75 pg/L
to 21.88 pg/L. These values are below the maximum permissible limit of 300 ug/L for
chloroform according to Ecuadorian regulations [39]. These results are consistent with
previous studies in Ecuador, such as that of Salazar-Flores et al. [40], who reported that
CHCI3 concentrations in drinking water in the cities of Pedro Vicente Maldonado and
Latacunga during 2018 and 2019 ranged between 18 ng/L and 20 pg/L, and between
12 ug/L and 16 ug/L, respectively.

Studies conducted in the region and other countries have shown significant variability
in THMs concentrations in drinking water. In Panama, for example, total THMs concen-
trations ranged from 0.01 to 4.15 pg/L, with CHCl3; being the predominant compound
(52.1%) [53]. In Venezuela, according to the study by Sarmiento et al. [54], total THMs
concentrations fluctuated between 47.84 and 93.23 ug/L, where CHCl3 was the main com-
pound, representing 83% of total THMs. In other Latin American countries, variable levels
of THMs have also been recorded. To mention a few, in Brazil, the average concentrations
were 58.5 ug/L, in Mexico 47.4 ug/L, in Colombia 31.3 pug/L, in Peru 31.7 pug/L, in Ar-
gentina 31.7 ug/L, and in Chile 16.5 ng/L, while in countries outside the region such as
the United States (33.6 ng/L) and Spain (85 ng/L) a high variability was also evident [10].

5. Conclusions

Monitoring and evaluating the formation of THMs, specifically chloroform, in drink-
ing water supplies is crucial to ensure public health and compliance with water quality
standards. The results obtained in this study underscore the importance of understanding
the factors that influence the formation of these compounds, such as the presence of natural
organic matter, the physicochemical conditions of the water, the disinfection process, and
the behavior of free residual chlorine during the distribution network. Although the chloro-
form levels found in Cuenca’s drinking water treatment systems were below the maximum
regulatory limit, the need for rigorous monitoring and operational adjustments in the
disinfection processes is highlighted. The variability of THM concentrations in different
contexts highlights the importance of adopting efficient disinfection practices tailored to
the specific characteristics of each water source to minimize long-term public health risks.
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This study provides a solid basis for future efforts to improve water treatment systems to
benefit the population.
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