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Preface

Water is fundamental to life, society, and ecological sustainability, yet its management
remains one of the most pressing global challenges. “Sustainable Wastewater Treatment and
the Circular Economy” addresses this critical issue, bringing together innovative research and
cutting-edge technological developments that aim to revolutionize the way we view and utilize
water resources. The subject of this reprint encompasses the significant contemporary issues
surrounding water resource management, including wastewater treatment, pollution control, water
conservation strategies, and circular economic approaches. The scope spans various methodologies,
from the integration of advanced machine learning models for precipitation forecasting to novel
biotechnological and chemical methods for wastewater purification. Emphasizing a multidisciplinary
perspective, the book explores both theoretical advancements and practical applications.

Our motivation to compile this work stems from the global urgency to mitigate environmental
risks and address the growing concerns of water scarcity, pollution, and the demand for sustainable
solutions. With increasing pressures from industrialization, urbanization, and agricultural practices,
innovative approaches to water resource management have become imperative. This volume
synthesizes cutting-edge research to propose effective and sustainable water management practices,
aligned with contemporary global sustainability goals.

This reprint targets a wide audience including scientists, engineers, policymakers,
environmental managers, and graduate students interested in environmental sciences, water resource
management, and sustainable development. The detailed scientific approaches, case studies, and
innovative treatment technologies presented herein serve as a valuable reference for professionals
aiming to enhance water resource sustainability and efficiency. The chapters of this reprint are
contributed to by distinguished researchers and experts from various globally renowned institutions,
reflecting a diverse range of insights and expertise. These contributions collectively provide a rich,
comprehensive perspective on water management challenges and innovations.

We express our deepest gratitude to all contributing authors for their exceptional work and
dedication, and to the peer reviewers whose insightful comments greatly enhanced the manuscript
quality. Special acknowledgment is extended to our affiliated institutions and the publication team
for their invaluable support during the preparation of this volume. We hope this reprint will
inspire further research and practical advancements in sustainable water management, contributing
significantly toward global environmental preservation and the achievement of sustainability

objectives.

Tao Zhang, Jing Yuan, Huu-Tuan Tran, and Muhammad-Jamal Alhnidi
Guest Editors
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1. Introduction to the Special Issue

At present, the issue of restricted resources and the pressure on the environment are
more severe than ever [1,2]. These challenges demand innovative solutions to achieve
sustainable development, especially in wastewater treatment [3,4]. A circular economy
presents a promising pathway to address these challenges by integrating waste recovery
and resource reuse [5-8]. In the context of wastewater treatment, the quantity of biomass
waste, such as sewage sludge and organic byproducts, has risen sharply in recent years,
resulting in serious environmental pollution and public health concerns [9]. Biomass waste
from wastewater treatment poses a dual challenge: it is both a pollutant and a potential
resource [10-12]. The improper disposal of this waste can lead to the contamination of soil
and water resources, the release of greenhouse gasses, and increased treatment costs. Con-
sequently, the sustainable management and utilization of biomass waste are critical [13,14].
By adopting the principles of the circular economy, this waste can be transformed into
valuable resources, providing both environmental and economic benefits [15,16]. Thus,
the utilization of biomass waste has practical significance and aligns with the goals of
sustainable wastewater management.

Significant progress has been made in recent years in the research on, and the develop-
ment of technology for, biomass waste recovery. The current approaches primarily focus
on thermal conversion, as well as aerobic and anaerobic biotechnologies [8,10,17]. Thermal
conversion methods, including pyrolysis and gasification, can produce energy-dense fuels
such as biochar, syngas, and bio-oil [18,19]. These products can be used as renewable
energy sources, contributing to energy security and reducing dependence on fossil fuels.
Similarly, biological processes such as anaerobic digestion and composting can convert
organic components of biomass waste into biogas or nutrient-rich fertilizers, fostering
resource recovery and reducing environmental pollution [8,17]. Moreover, wastewater
treatment biomass waste offers a unique opportunity to recover high-value compounds,
such as phosphates, nitrogen, and even rare metals, which are essential for agriculture
and industrial applications [10,20,21]. Despite these advancements, challenges remain
in scaling up these technologies and integrating them into existing infrastructure [19,22].
Economic feasibility, policy support, and public awareness are critical factors that influence
the adoption of circular practices in wastewater management [15,16]. Additionally, the
environmental trade-offs of some technologies, such as emissions from thermal conversion,
must be carefully managed [18,19].

Therefore, the sustainable utilization of biomass waste from wastewater treatment
is crucial for advancing the principles of the circular economy. By leveraging innovative
technologies and fostering interdisciplinary collaboration, wastewater treatment can be
transformed from a resource-intensive process into a sustainable and resource-generating
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system. This paradigm shift will not only mitigate environmental pollution but also
enhance energy recovery, improve resource efficiency, and ensure long-term sustainability.
This Special Issue of Water focuses on the sustainable utilization of biomass waste from
wastewater treatment to advance the development of a circular economy. Since the call
for papers was announced on 14 December 2022, ten original papers were accepted for
publication after a rigorous peer-review process (Contributions 1-10). The authors represent
diverse countries, including China, Thailand, Spain, Australia, the USA, Mexico, and
Egypt. These papers are categorized into four areas: (1) pollutant removal technologies
and waterbody restoration; (2) sustainable energy and the advancement of the circular
economy; (3) water resource management and the optimization of water-saving efficiency;
and (4) ecological conservation within the context of agricultural pollution control. To
provide a clearer understanding of this Special Issue, we summarize the key highlights of
the published papers below.

2. Overview of the Contributions to This Special Issue

This Special Issue showcases significant advancements in pollutant removal tech-
nologies and waterbody restoration, emphasizing the innovative methodologies used to
address critical challenges in wastewater treatment. Wang et al. (Contribution 1) investigate
an iron-based metal-organic framework (MIL-101(Fe)-INa;CO3) adsorbent for the rapid
removal of hexavalent chromium (Cr(VI)) from wastewater and elucidate the roles of ion
branching and domain-limiting effects in the removal process. The primary objective of
this study was to develop an efficient, stable, and cost-effective decontamination strategy
for addressing Cr(VI) contamination in water. By modifying the surface of MIL-101(Fe)
and optimizing the ratio of metal centers to organic ligands, as well as the synthesis con-
ditions, this study demonstrates that the adsorbent can completely remove Cr(VI) within
20 min, achieving a maximum adsorption capacity of 20 mg/g. the experimental results
indicate that the adsorption process follows the Langmuir adsorption isotherm and a
pseudo-second-order kinetic model, driven primarily by electro-adsorption and monolayer
adsorption mechanisms. Additionally, thermodynamic analyses revealed that the reaction
is spontaneous, endothermic, and accompanied by an increase in entropy. The study also
found that after alkali (NaOH) elution and acid (HCI) regeneration, MIL-101(Fe)-Nay,COs3
retained a high adsorption efficiency over multiple cycles, indicating its strong potential
for practical applications. Compared with other adsorbents, this material offers substantial
advantages in both adsorption capacity and selectivity to Cr(VI), effectively mitigating the
interference of coexisting anions. In summary, the MIL-101(Fe)-Na;COs3 adsorbent devel-
oped in this study shows promising applications in wastewater treatment and provides
new insights and technological support for efficient heavy metal remediation. Qin et al.
(Contribution 2) investigate a newly isolated halotolerant Bordetella strain and its ability
to degrade p-nitrophenol (PNP) in high-salinity wastewater, facilitated by co-metabolites.
The primary objective of this study was to overcome the low PNP degradation efficiency
in high-salinity wastewater, while exploring novel strategies to enhance biodegradation.
The researchers isolated a new Bordetella sp. from seafood-processing wastewater and
employed adaptive acclimation, demonstrating a remarkable PNP degradation capacity
under high-salinity conditions. Under optimal conditions (30 °C, pH 8.0, 3% NaCl, and
an aeration rate of 0.3 m3/m?3-min), the strain achieved an 85.9% degradation of PNP
(initial concentration 350 mg/L) within 72 h. The addition of 30 mg/L pantothenic acid as
a co-metabolite further enhanced the PNP degradation rate by 82.5%. GC/MS analyses
verified hydroquinone as the key intermediate, indicating that the PNP degradation path-
way proceeds via hydroquinone cleavage. Kinetic studies indicated that PNP degradation
follows a first-order kinetic model and that elevated PNP concentrations inhibit the strain’s
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degradation efficiency. This study demonstrates that Bordetella sp. exhibits notable halo-
tolerance and PNP degradation capacity, offering an efficient solution for the biological
treatment of high-salinity wastewater. Meanwhile, the use of co-metabolites (such as pan-
tothenic acid) offers new possibilities to further optimize the degradation efficiency, thereby
laying a solid foundation for future research and applications in industrial wastewater
treatment. Liu et al. (Contribution 3) review the status, technological progress, and future
challenges of hydrothermal carbonization (HTC) in wastewater treatment, particularly its
potential for achieving “carbon peaking” and “carbon neutrality.” HTC technology employs
a high-temperature, high-pressure hydrothermal environment to convert organic waste
into value-added carbon materials, thereby reducing energy consumption and pollutant
emissions, and improving carbonization efficiency. The article highlights that HTC technol-
ogy exhibits remarkable decontamination capabilities in wastewater treatment, including
the efficient adsorption of heavy metals, organics, and anions, and plays a particularly
prominent role in improving water quality. The hydrochar produced via HTC possesses a
large specific surface area, abundant pore structures, and diverse surface functional groups,
which can be further modified to improve its pollutant removal performance. Despite
the wide-ranging application prospects of HTC technology, challenges persist regarding
process optimization, cost management, and environmental impact assessments. Future
research should concentrate on developing efficient catalysts, refining reaction mechanisms,
and advancing the commercialization of HTC technology with the aid of policy support.
In addition, international collaboration remains pivotal for expanding HTC technology
applications, addressing global water challenges, and realizing carbon neutrality. Overall,
HTC technology offers a novel approach to water environment management, fostering
a circular economy and sustainable development while providing tangible support in
alleviating water resource crises and enhancing water quality. These studies advance the
scientific understanding and practical implementation of cutting-edge wastewater treat-
ment technologies, offering innovative pathways for sustainable waterbody restoration
and environmental management.

This Special Issue presents significant advances in sustainable energy and the circular
economy, emphasizing innovative wastewater management and energy recovery tech-
nologies. Suksaroj et al. (Contribution 4) investigates the potential of biogas codigestion
technology to simultaneously treat palm oil mill effluent (POME) and empty fruit bunch
(EFB) pressed wastewater, thereby advancing the circular economy. The study aims to
optimize wastewater management, improve resource utilization, and foster sustainable
clean energy generation in the palm oil production process. The article outlines the ex-
perimental approach, in which both batch and semi-continuous fermentation systems are
used to examine how varying wastewater mixing ratios and hydraulic retention times
(HRT) influence methane production. The results show that under a mixing ratio of 45%
POME, 50% inoculum, and 5% EFB wastewater at an HRT of 25 days, total biogas and
methane productions reached 18,679 mL/L and 6778 mL/L, respectively, with a methane
content at 62%. In addition, a COD removal rate of 67% indicates the effective conversion
of organic matter in the wastewater into biogas. The study also included an economic
assessment, demonstrating that this codigestion strategy provides a higher internal rate of
return and a shorter payback period, rendering it more economically viable compared to
traditional processes. The resulting sludge complies with organic compost standards and
can be used to enhance soil quality, thereby achieving the high-value utilization of waste. In
summary, the proposed biogas codigestion technology delivers substantial environmental
and economic benefits while offering practical guidance for sustainable development in
the palm oil industry. This research may serve as a reference for other sectors dealing
with high-pollution wastewater treatment and energy conversion. Huang (Contribution
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5) provide a comprehensive overview of the status of, and emerging trends in, anaerobic
digestion (AD) in waste stream treatment, emphasizing its pivotal role in meeting “Dual
Carbon” targets. Anaerobic digestion harnesses microbial activity to transform organic
waste into biogas and nutrient-rich digestate, thereby reducing greenhouse gas emissions,
improving self-sufficiency in energy use, and contributing to the circular economy. The
article reviews global advances in anaerobic digestion, encompassing multi-stage anaerobic
reactors, membrane bioreactors, and photosynthetically assisted upgrading techniques, all
of which have substantially increased biogas yields and enhanced overall system efficiency.
Furthermore, the article discusses how co-digestion can optimize the carbon-to-nitrogen
ratio and stabilize system operations. In terms of policy, Europe’s Green Deal and China’s
“Dual Carbon” strategy have greatly accelerated the adoption of AD technologies, par-
ticularly in wastewater treatment and agricultural waste management. Despite these
advancements, the technology continues to encounter significant challenges, such as high
initial capital costs, volatile fatty acid (VFA) buildup, and ammonia inhibition. In addition,
developing countries face greater barriers to adoption, attributable to insufficient techni-
cal support and incomplete policy frameworks. The article proposes that future efforts
emphasize technological refinement, cost minimization, and stronger policy incentives,
alongside increasing the public acceptance of AD projects. Overall, anaerobic digestion
presents substantial potential for waste stream management and resource recovery, acting
as a vital instrument for attaining carbon neutrality and sustainable development, and
offering scientific support for policy and industrial applications. These studies contribute
valuable insights into sustainable waste management and energy recovery, offering scalable
solutions for advancing the circular economy and achieving carbon neutrality goals.

This Special Issue contributes significantly to water resource management and water-
saving efficiency optimization, offering innovative strategies and practical solutions for
sustainable development. Urrea Vivas et al. (Contribution 6) evaluate the feasibility of
reusing the water at the El Salitre wastewater treatment plant in Bogota, Colombia, em-
ploying both economic and technical assessments, and highlight its role as a model for
circular economy practices. The study initially examines the existing status of the wastew-
ater treatment plant and identifies the need for upgrades, focusing on secondary and
tertiary treatments—such as activated sludge and UV disinfection—to improve the quality
of the final effluent. The research proposes repurposing treated water for agricultural,
industrial, and recreational uses, in alignment with the Colombian regulatory standards,
thereby alleviating pressure on conventional water sources. Their economic assessment
employs a cost-benefit analysis (ACB) and present net value (NPV) techniques, factoring
in externalities like the environmental benefits of diminished river pollution. The find-
ings reveal that reclaimed water can be produced at a cost of EUR 1.23/m?, offering an
economically favorable alternative to traditional water sources and generating approxi-
mately EUR 6.52/m? in additional profit for industrial users. In addition, the sustained
utilization of reclaimed water could curtail reliance on natural water bodies, leading to
tangible economic and environmental gains. The study underlines the importance of the
circular economy’s principles in managing water resources, showcasing how water reuse
can facilitate resource efficiency and foster sustainable development. Future directions
call for a comprehensive evaluation of technological reliability and strategies to increase
the public acceptance of reclaimed water, thereby aiding in the broader deployment of
reuse strategies. Cai et al. (Contribution 7) apply a multilayer perception (MLP) neural
network and use structural equation modeling (SEM) to investigate the complex factors
that shape customers’” water-use behavior in hotels, culminating in the proposal of a rep-
resentative hotel water-use behavior model. The study seeks to uncover the key drivers
of water-use behavior and enhance water efficiency within the hotel industry, thereby
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informing the development of more targeted water conservation strategies. The article
examines water-use behavior across diverse dimensions—such as individual attributes,
water-saving awareness, and consumer practices. The research demonstrates that different
factors distinctly affect specific activities—including washing, handwashing, drinking,
showering, and toilet flushing—with gender exerting the largest influence on showering
and flushing, whereas length of stay emerges as the key determinant for all water-use
behaviors. In addition, the study indicates that education, income, and hotel type each
exert varying degrees of influence on customers’ water-use habits. A total of 292 valid
questionnaires were obtained, and both MLP and SEM analyses were employed to quantify
the relative importance of each influencing factor. The findings reveal that individual
characteristics significantly shape typical water-use behaviors, whereas consumer behavior
exerts a comparatively lesser effect, guiding the future design of more effective water-
saving policies and behavior-oriented interventions. In addition to offering theoretical
underpinnings for water-saving measures in the hotel industry, this article establishes the
groundwork for subsequent inquiries into water-use behavior in other service sectors and
serves as a reference point for the development of predictive models aimed at alleviating
water scarcity. Wang et al. (Contribution 8) examine the operational performance and
water quality of centralized WWTPs in industrial parks along the Yellow River Basin,
offering suggestions to enhance their efficiency and sustainability. The study centers on 63
centralized wastewater treatment plants in 54 national- or provincial-level industrial parks,
evaluating factors such as treatment capacity, influent properties, energy demand, and
operational expenses. The findings indicate that most WWTPs are small to medium in scale
(1 x 10*-5 x 10* m3/d), operating at an average hydraulic loading rate of 53.8% and failing
to meet their design capacities. Aerobic biological processes prevail, with approximately
55.1% of facilities utilizing AAO (anaerobic—anoxic—oxic), AO (anaerobic—oxic), or oxida-
tion ditch processes, while certain plants have introduced advanced treatments to comply
with the ever-more stringent discharge regulations. The influent quality displays uneven
distributions of COD, BOD, NH3-N, TN, and TP, coupled with generally low COD and
BOD levels, underscoring the presence of insufficient carbon sources that markedly con-
strain nitrogen- and phosphorus-removal efficiencies. Furthermore, energy consumption
exceeds the national average (approximately 1.1 kWh/m?), which is mainly attributable
to the complex and low-biodegradability profile of industrial wastewater. The article rec-
ommends bolstering wastewater segregation and pretreatment within industrial parks,
refining treatment processes to optimize carbon utilization, and integrating energy-efficient
technologies and renewable sources to reduce overall consumption, thus improving both
economic feasibility and long-term sustainability in the Yellow River Basin. Collectively,
these studies address critical aspects of water resource management by exploring water
reuse, behavioral insights, and treatment plant optimization. Their findings provide a
comprehensive approach to enhancing water-saving efficiency, reducing the environmental
impacts, and advancing sustainable water management practices in diverse contexts.

The Special Issue makes significant contributions to ecological conservation within the
framework of agricultural pollution control, addressing complex challenges through the
use of innovative methodologies. Zhang et al. (Contribution 9) introduce a precipitation
forecasting method that consolidates CEEMD (complete ensemble empirical mode decom-
position), ELM (extreme learning machine), and FFOA (whale optimization algorithm).
The proposed model aims to overcome the shortcomings of conventional precipitation
forecasting techniques when confronted with nonlinear and intricate time-series data. The
central concept involves employing CEEMD to decompose precipitation time series into
multiple intrinsic mode functions (IMFs), effectively filtering out noise and extracting
informative features. Subsequently, the ELM model—recognized for its rapid training and
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robust generalization—performs the training and forecasting tasks. To increase its forecast-
ing accuracy, the article integrates the FFOA algorithm to optimize the ELM parameters.
The FFOA explores optimal solutions through a whale-foraging paradigm, thus mitigat-
ing the risk of converging on local optima. The experimental findings indicate that the
CEEMD-ELM-FFOA model surpasses traditional stand-alone approaches in precipitation
forecasting, particularly with respect to accuracy and robustness. This method not only
adeptly manages the nonlinear characteristics of precipitation data, but also enhances the
model’s predictive competence, demonstrating substantial practical utility. In conclusion,
this integrated forecasting model provides a novel paradigm for precipitation forecasting,
making it especially pertinent to the complex nonlinear dynamics of meteorological data.
Ge et al. (Contribution 10) address the issue of nonpoint-source phosphorus pollution
and its ecological ramifications while exploring the emerging trends in applying amend-
ment materials to mitigate phosphorus runoff. Nonpoint-source phosphorus pollution,
predominantly derived from agricultural practices (e.g., fertilization and soil erosion),
constitutes a principal driver of water eutrophication. The article first analyzes the path-
ways by which phosphorus moves from soil to aquatic systems, addressing mechanisms
such as the release, migration, and deposition of phosphorus. Phosphorus reaches aquatic
environments through runoff and subsurface infiltration, resulting in water quality degra-
dation, algal bloom, and broader ecological disturbances. The study underscores that
deciphering the dynamics of phosphorus in soil and curbing its transfer to water systems
are paramount for mitigating phosphorus losses. The article then highlights various amend-
ment materials—including organic matter, mineral additives, and chemical remediation
agents—that effectively diminish phosphorus loss through bolstering the adsorption of
phosphorus by the soil, modifying phosphorus’ solubility, or facilitating the immobilization
of phosphorus. The article concludes with a comparative assessment of each material’s
strengths and limitations, advocating for further exploration of innovative amendment
options and evaluations of their efficacy across various environmental scenarios. In sum,
the article underscores the multifaceted nature of nonpoint-source phosphorus pollution
and its implications for aquatic ecosystems, proposing amendment-based strategies to
curb phosphorus runoff and offering critical insights and practical foundations for the
prevention of water eutrophication. These studies provide valuable insights into predictive
modeling and pollution control, advancing ecological conservation efforts. Their findings
support sustainable agricultural practices and effective resource management, offering
scalable solutions to mitigate the environmental impacts.

3. Conclusions

The advancements highlighted in this Special Issue underscore the transformative po-
tential of integrating circular economy principles into wastewater treatment. By prioritizing
the sustainable utilization of biomass waste and leveraging cutting-edge technologies such
as anaerobic digestion, thermal conversion, and innovative filtration methods, the field
is advancing towards reducing environmental impact and enhancing resource efficiency.
These approaches not only mitigate pollution but also generate renewable energy and
recover valuable nutrients, aligning with the global sustainability goals. The contributions
further emphasize the critical role of interdisciplinary collaboration and policy support in
overcoming challenges such as economic feasibility, public acceptance, and technological
integration. The research on pollutant removal, sustainable energy recovery, water reuse,
and agricultural pollution control demonstrates the multifaceted benefits of these inno-
vations. From achieving carbon neutrality through optimized energy recovery systems
to improving water-saving efficiencies in service sectors, these studies provide actionable
insights that bridge the gap between scientific discovery and practical implementation.
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However, challenges remain in scaling these technologies, ensuring their cost-effectiveness,
and addressing environmental trade-offs. Moving forward, greater focus on life-cycle as-
sessments, robust regulatory frameworks, and public awareness campaigns will be pivotal
in mainstreaming these solutions.

Ultimately, this Special Issue serves as a call to action for researchers, policymakers,
and industry leaders to deepen their commitment to sustainable wastewater management.
By transforming wastewater from a burden into a resource, we can build resilient systems
that contribute to ecological conservation, energy security, and sustainable development,
ensuring a healthier future for both the environment and society.
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Abstract: Hydrothermal carbonization (HTC) technology transforms organic biomass components,
such as cellulose and lignin, into valuable carbon materials, gases and inorganic salts through hy-
drolysis, degradation and polymerization, with significant advantages over traditional methods by
reducing energy consumption, lowering pollutant emissions and enhancing carbonization efficiency.
In the context of global climate change, HTC plays a critical role in water environment management
by addressing industrial, agricultural, and domestic wastewater challenges. The application of
HTC extends to wastewater treatment, where hydrochar effectively adsorbs heavy metals, organic
compounds, and anions, thereby improving water quality. However, challenges remain, such as
optimizing the process for diverse raw materials, managing economic costs, and addressing envi-
ronmental and social impacts. Future research and policy support are essential for advancing HTC
technology. By enhancing reaction mechanisms, developing catalysts, and promoting international
cooperation, HTC can significantly contribute towards achieving carbon neutrality goals and fostering
sustainable development.

Keywords: hydrothermal carbonization; hydrochar; wastewater treatment; water environment

management; circular economy

1. Introduction

As global climate change intensifies, countries around the world, including China,
have set carbon reduction targets [1-5]. As the world’s largest emitter of carbon, China
has formulated a dual-carbon policy, namely achieving carbon peak and carbon neutrality,
which not only demonstrates its responsibility as a major nation but also introduces un-
precedented challenges and opportunities across various industries [6-11]. To achieve these
targets, scientists need to work with industries, policymakers and community stakeholders
to reduce net emissions, and concomitantly develop and implement carbon drawdown
strategies [12-17]. The emerging field of carbon-based materials boasts new opportuni-
ties [15,18-20]. In this context, hydrothermal carbonization, as an efficient and eco-friendly
technology for resource utilization, holds broad prospects for application in wastewater
treatment [21,22].

In general, (hydro)thermal techniques can be divided into two main categories: ther-
mal treatments (operating under inert atmosphere and dry conditions) and hydrothermal
treatments (operating in a closed pressurized system and under wet conditions). Each
category can be further divided into carbonization, liquefaction, and gasification treatments,
based on the operating temperature and phase partitioning of the products (Figure 1). In
this paper, the hydrothermal carbonization treatment will be mainly introduced [23].

Water 2024, 16, 1749. https:/ /doi.org/10.3390/w16121749 9
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Figure 1. The distribution of products and phosphate in different phases under different thermal

treatments [23].

Hydrothermal carbonization (HTC), a recently prominent carbonization technology,
is increasingly recognized for its applications in environmental protection [21,24]. This
process utilizes water as a thermal medium in a sealed high-temperature, high-pressure
environment to transform waste into useful substances such as carbon materials, gases,
and inorganic salts [25-27]. Compared to traditional carbonization methods, HTC offers
significant advantages, including lower energy consumption, reduced pollutant emissions,
higher carbonization efficiency, and greater value-added products [22,27].

As urban modernization progresses rapidly, living standards in cities have signifi-
cantly improved. Concurrently, China’s water environments are increasingly stressed. The
discharge of industrial, agricultural, and domestic wastewater has progressively increased,
exacerbating water pollution [28-30]. In addition, the development of the pharmaceutical
industry, animal husbandry and the unreasonable discharge of wastewater, is causing an-
tibiotic pollution and it is particularly prominent in the water environment [31]. The “China
Ecological Environment Statistical Yearbook (2018-2023)” published by the Ministry of
Ecology and Environment reports high pollutant levels in discharged wastewater, heavily
impacting water environments. Industrial and agricultural wastewater discharges have sig-
nificantly polluted rivers and lakes, harming the ecosystem [19,20,28,32,33]. Consequently,
effectively addressing water environmental issues has become an urgent problem. Figure 2
is a statistical chart of the number of papers on the application of hydrochar in wastewater
treatment from 2014 to 2024 in June. In 2014-2019, the number of papers in this area is
small, and the number of papers after 2020 increases significantly, indicating that in recent
years, people have conducted more and more research on the application of hydrochar for
wastewater treatment, which reflects the development of this technology, the increasing
attention to water environment problems, and the acceleration of the practical application
and transformation of research results. In Figure 3, it can see the main keywords used
in articles on applications and use the search term, on the scientific network. The terms
”hydrochar yield”, “higher heating value”, “mechanism”, “adsorption” and “functional
group” are more controllable terms, which may indicate that the adsorption application of
hydrochar is related to the mechanism of hydrochar, the type of functional groups, and the
yield and calorific value of hydrochar also have indispensable value for its application.
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Figure 3. Hop map of keywords for articles on the use of hydrochar using VOSviewerl.6.19 software.

In response to global climate challenges and to achieve the “Dual Carbon” goals of
peaking and neutralizing carbon emissions, continuous innovation in wastewater manage-
ment technologies is essential. HTC, as an emerging treatment technology, offers significant
advantages and broad application prospects. This paper explores the current applications
of HTC in wastewater treatment, including its effectiveness against various pollutants,
technological processes, and engineering examples. We also analyze the principles and his-
torical development of this technology, addressing current challenges, research directions,
and policy recommendations. Through this study, we aim to advance the development and
application of HTC, thereby significantly contributing to water environment management
and protection. We believe that with ongoing technological advancements and policy
improvements, HTC will play a crucial role in achieving the “Dual Carbon” goals and
promoting sustainable development.
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2. HTC Technology
2.1. Basic Principle

HTC is a process that converts biomass into carbon-rich materials using a high-
temperature, high-pressure aqueous environment [24,26,27]. This technology operates
in the absence of oxygen, preventing combustion and oxidation, thus preserving the carbon
content of the raw materials. It not only transforms waste into valuable resources but also
reduces environmental pollution. The carbon materials produced take the advantages of
low cost, excellent chemical stability, large surface area and abundant pores [34].

HTC is a thermochemical conversion technique that processes biomass with water
at specific temperatures (180-250 °C) and pressures (2-10 MPa) into high-value carbon
products [32,35], along with significant liquid and minor gaseous byproducts, primarily
CO;, [36,37]. This technology effectively converts fibrous materials found in animal manure
and crop residues, including cellulose, hemicellulose, and lignin [27]. HTC involves the
decomposition of macromolecules into smaller molecules, which then re-polymerize [37].
The process includes hydrolysis, dehydration, decarboxylation, condensation, and aroma-
tization [38,39]. Cellulose, for example, undergoes hydrolysis where C-O and C-C bonds
break, leading to the formation of intermediates like 5-hydroxymethylfurfural, followed by
dehydration and aromatization to form hydrophobic microsphere cores and hydrophilic
shells through aldol condensation [40]. Similarly, hemicellulose and lignin undergo spe-
cific breakdown and reformation processes to produce high-quality, high energy-dense
hydrochar [41,42]. HTC’s strength lies in the precise control of reaction parameters (temper-
ature, pressure, feedstock particle size, and duration) enabling the production of superior
quality carbons with wider application potential [43,44]. In Figure 4, the main mechanism
of hydrochar formation is highlighted by describing the HTC reaction pathways from
lignocellulosic biomass.
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Figure 4. HTC reaction pathways from lignocellulose biomass [45].

HTC traces its origins to the early 19th century when the formation mechanisms of
coal began to be studied. In Figure 5, the history of HTC technology is described. In
1913, the German chemist Friedrich Bergius and his colleagues conducted carbonization
of cellulose under hydrothermal conditions at temperatures ranging from 250 to 310 °C,
resulting in a black carbonaceous material with a significantly reduced oxygen-to-carbon
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(O/C) atomic ratio compared to the raw material. Subsequently, researchers expanded the
range of feedstocks to other biomass materials and systematically studied HTC processes.

History of hydrothermal carbonization technology development

Researchers explored the transformation Hydrothermal carbonization has
Researchers began to study the of biomass into carbonaceous products become a feasible waste management
mechanism of coal formation. using high-temperature. and energy conversion method.

In the early 19th century in 1913 ‘

J'

The German chemist Friedrich Bergius Hydrothermal carbonization technology
conducted carbonization of cellulose was increasingly applied to waste
under hydrothermal conditions at management and energy conversion.

temperatures ranging from 250 to 310°C,
resulting in a black carbonaceous
material.

Figure 5. History of HTC technology development.

In the 1970s, HTC technology began to garner attention from scientists and researchers,
who explored the transformation of biomass into carbonaceous products using high-
temperature, high-pressure water. These studies primarily focused on the thermal de-
composition reactions of lignocellulosic biomass [46].

In the 1990s, HTC technology was increasingly applied to waste management and
energy conversion. Researchers conducted successful studies on various types of biomasses,
including food waste, agricultural residues, and other discarded plant materials, achieving
promising results. Since the 21st century, with the increasing prominence of energy and
environmental concerns, HTC has emerged as a viable method for waste management and
energy conversion. As technology has advanced, there has been a deeper understanding
and research into its applications and the value of its products.

2.2. Main Types and Methods of Hydrochar

HTC, as a green and sustainable method for carbon material production, has gar-
nered extensive attention and research in China. Based on various process conditions and
operational principles, this technology can be categorized into the following main types:

2.2.1. Ordinary HTC

In a closed system, biomass is mixed with water and carbonized under specific temper-
ature and pressure conditions, resulting in a product that is black, solid, rich in oxygenated
functional groups, and primarily composed of carbon. The standard HTC process is
relatively simple and efficiently utilizes biomass resources.

2.2.2. HTC Using Catalysts

During the resource recovery process from waste, optimizing energy consumption
is essential to accommodate variations in biomass feedstocks and enhance the yield and
quality of hydrochar [47]. In the reaction, the rate of biomass dehydration and carbon
product formation is generally low, particularly when using plant biomass, which results in
hydrochar with lower carbon content, surface area, porosity, and thermal stability, limiting
its practical applications [48]. Introducing catalysts can improve the efficiency and quality
of the carbonization process. Catalysts facilitate the degradation and carbonization of
organic materials in biomass, yielding carbon materials with more complex structures and
superior properties. Common catalysts include salts, acids, metal oxides, molecular sieves,
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and hydroxides [47]. In Table 1, some studies are described to better express the effect of
using catalysts on HTC technology.

Petrovic et al. [49] utilized grape residue to prepare hydrochar by KOH modifica-
tion under the condition of 220°C and 1 h of hydrothermal temperature. Obtained re-
sults showed that the KOH treatment increased the sorption capacity of hydrochar from
27.8 mg/g up to 137 mg/g at pH 5. Adsorption of lead on either of the materials was
achieved through the ion-exchange mechanism, chemisorption and Pb?*-7t interaction. The
Sips isotherm model gave the best fit with the experimental data obtained for Pb?* sorption
using activated hydrochar. Similarly, Jiang et al. [50] prepared hydrochar by using Sedum
Alfredii Hance as raw material under KOH modification at 180270 °C for 5 h. Research
showed that the adsorption capacity of hydrochar for Cd(Il) was greatly enhanced after
KOH modification, due to improved specific surface areas and pore structure. The max-
imum Cd(II) adsorption capacity of modified hydrochar was 25.69 mg/g. Additionally,
Qian et al. [51] utilized bamboo sawdust as raw material to prepare hydrochar maintained
at 473 K for 24 h and treated with a NaOH modification. The adsorption capacity of
hydrochar to methylene blue after the modified treatment is 655.76 mg/g. The high adsorp-
tion capacity of hydrochar for methylene blue indicates that alkaline treatment followed
by hydrothermal carbonization in acidic media has potential applications for producing
highly efficient MB adsorbents for wastewater treatment.

Huang et al. [52] utilized sludge as raw material under hydrothermal conditions at
180 °C for 2 h, with a citric acid dosage ratio (citric acid to dry sludge mass ratio) of 0.1.
The produced hydrochar featured a maximum surface area of 59.95 m2/ g, rich in oxygen-
containing functional groups, and exhibited the highest equilibrium adsorption capacity
for Pb(II). Wang et al. [53] activated hydrochar produced from sawdust at temperatures
between 200 and 250 °C and a heating rate of 4 °C/min using acetic acid, which reduced
the energy consumption of the HTC reaction. The resultant hydrochar had a higher calorific
value and energy density, making it suitable for biofuel applications. Chen et al. [54]
used bamboo powder as raw material and activated the product in citric acid solution
under hydrothermal conditions at 180 °C for 6 h. Citric acid is an efficient HTC additive
to improve the carbonization degree, to optimize the pore structure distribution, and to
introduce more oxygen-containing functional groups (OFGs) to hydrochar, which offer an
appropriate precursor to be activated by KOH to improve the specific surface area (SSA)
level and electrochemical performance of the activated porous carbon.

Huang et al. [55] utilized raw sewage sludge as raw material and modified hydrochar
with calcium acetate (CaAc;) and sodium acetate (NaAc) at 160-250 °C for 30 min. This
modification increased the surface area and pore volume compared to unmodified samples
and achieved a phenol removal rate of 65.7%. The addition of Ca acetate reduces the
nitrogen retention in the hydrochar due to enhanced protein hydrolysis and deamina-
tion, leading to more nitrogen transformation into the NH4*-N in the aqueous product.
The addition of Na acetate also slightly enhances protein hydrolysis, thus increasing the
polypeptide-N in the aqueous product. Mumme et al. [56] conducted HTC of cow dung
and corn digestate at 190-270 °C using natural zeolite as a catalyst. Adding zeolite en-
hances the carbon, hydrogen, and ash content, improves energy recovery rates, increases
the surface area and pore volume of the hydrochar, and significantly boosts the recov-
ery rates of nitrogen and sulfur. Lang et al. [57] activated hydrochar from pig manure
with CaO at temperatures of 180, 200, and 220 °C for 10 h, and significantly increased
the pH and yield of the hydrochar, although the recovery rates of carbon and nitrogen
were slightly decreased. Additionally, the addition of CaO facilitates the transformation of
phosphorus from non-apatite inorganic phosphorus (NAIP) to apatite phosphorus (AP),
with nearly all the phosphorus in the pig manure recovered as AP in the hydrochar through
CaO-assisted HTC.
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Table 1. Research on HTC technology using catalysts.

Raw Hydrothermal Catalyst Modification Product References
Materials Conditions Type Treatment
Grape The KOH treatment increased the sorption
p 220°C,1h hydroxides KOH capacity for Pb?* from 27.8 mg/g up to 137 mg/g [49]
pomace
at pH 5.
Sedum The adsorption capacity of hydrochar for Cd(II)
Alfredii 180-270 °C, hydroxides KOH was greatly enhanced after KOH mOdlflCE?thIl, and [50]
Hance 5h the maximum Cd(II) adsorption capacity was
25.69 mg/g.
Bamboo The adsorption capacity of hydrochar to
sawdust 473K,24h hydroxides NaOH methylene blue after modified treatment is [51]
655.76 mg/g.
Featured a maximum surface area of 59.95 m2/ g,
Sludge 180°C,2h acids citric acid and exhibited the highest equilibrium adsorption [52]
capacity for Pb(II).
Sawdust 200-250 °C acids CH3;COOH Had a higher calorific value and energy density. [53]
Bamboo Citric acid could improve the carbonization degree
owder 180°C,6h acids citric acid of hydrochar, and optimize the pore [54]
P structure distribution.
Raw The addition of calcium acetate can reduce the
sewage 160—ZSQ C, salts CaAcy, NaAc refe.ntlon of n}trogen in the hyd'rate, and the [55]
ludee 30 min addition of sodium acetate can slightly enhance
suds the hydrolysis of the protein.
Cow dung molecular natural Increases the surface area and pore volume of the
and corn 190-270 °C sieves seolite hydrochar, and significantly boosts the recovery [56]
digestate rates of nitrogen, sulfur and energy.
180200, and Facilitates the transformation of phosphorus from
Pig manure 220’ oC ’1 Oh metal oxides CaO non-apatite inorganic phosphorus (NAIP) to [57]

apatite phosphorus (AP).

2.2.3. Multi-Step HTC

During the HTC process, raw materials are mixed with a suitable solvent such as
water in a sealed container. The reaction conditions are manipulated through multiple
stages of varying temperatures and durations to produce hydrochar with unique porous
structures and surface characteristics, enhancing its utility across various fields. Specifically,
the two-step method involves an initial stage under low temperatures and high pressure
to degrade organic matter in biomass into smaller organic molecules. The second stage
operates at high temperatures and lower pressure to further carbonize these molecules into
carbon materials. This multi-step approach enhances carbonization efficiency, optimizes
the structure of the carbon materials, and reduces energy loss.

Zhang et al. [58] synthesized a novel arsenic adsorption material, iron-modified hy-
drochar, by using different iron species, i.e., FeCl3-6H, 0O, FeSO4-7H;0, and Fe(NOj3)3-9H,0.
These hydrochars were prepared through a one-step hydrothermal carbonization process
at 220 °C. The results indicated that compared with FeCl;-6H,O and FeSO4-7H,0, hy-
drochar modified with Fe(NO3)3-9H,O exhibited a maximum iron retention rate of 84.2%
and a maximum arsenic adsorption capacity of 11.19 mg/g. Jiao et al. [59] proposed an
effective strategy for synergistic production of high value-added xylooligosaccharides
(XOS) and humic-like acid (HLA) from vinegar residue based on a two-step hydrothermal
pretreatment. During the first-step hydrothermal pretreatment (170 & DEG; C, 50 min),
29.1% of XOS (X-2-X-6) was obtained. The XOS yield was further improved to 36.2% with
endoxylanase hydrolysis, thereby increasing the value of (X-2-X-4)/XOS from 0.8 to 1.0.
Subsequently, the second-step hydrothermal pretreatment was investigated to produce
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HLA from the solid residue of the first-step hydrothermal pretreatment. The highest HLA
yield was 15.3% in the presence of 0.6 mol/L of KOH at 210 °C for 13 h. In addition, 31.7% of
hydrochar by-product was obtained. The mass balance results showed that 1000 g of vinegar
residue produced 67.9 g of XOS, 91.6 g of HLA, and 189.5 g of hydrochar. Tan et al. [60]
presented a novel approach to synthesize nitrogen-doped porous carbon materials via a
three-step fabrication process using citric acid as the carbon source and urea as the nitrogen
source. Firstly, hydrochar was synthesized by a microwave-assisted hydrothermal method
using citric acid and urea and as the reactants. The hydrochar was then subjected to high-
temperature carbonization in an Ar atmosphere followed by KOH activation, resulting in
nitrogen-doped porous carbon materials. The as-prepared porous carbon possesses a high
BET surface area of 2397 m? /g and an average pore size of 1.8 nm. Such N-rich porous
carbon shows outstanding capacitive performance (365 F/g at 0.5 A/g), good rate capacitive
behavior, and excellent cycling stability, indicating a great potential for supercapacitors.

2.2.4. HTC Used in the Hydrothermal Process of Liquid Circulation

During the HTC process, the liquid by-products are recycled to enhance the biomass
conversion rate and the production efficiency of carbon materials. The recycling of the
process liquid significantly improves the resource recovery efficiency of the hydrothermal
fluid, maximizing the value of the products and enhancing water resource utilization. The
use of hydrothermal fluid as a recyclable medium not only reduces water consumption,
but also offers benefits such as the reuse of thermal energy, increasing the efficiency of
energy recovery, and reducing the costs of HTC processing [61]. Furthermore, recycling
hydrothermal fluid significantly reduces the volume of wastewater produced, decreases
the costs of wastewater treatment and contributes to environmental protection [62].

Stemann et al. [62] conducted 19 cycles of process water under hydrothermal con-
ditions at 220 °C for 4 h. During the first five cycles, the total organic carbon (TOC)
concentration was increased, and then stabilized. The accumulation of organic acids in the
liquid phase enhances the calorific value and carbon concentration of the solids, thereby
increases energy density. Uddin et al. [63] used Pinus taeda at hydrothermal temperatures of
200-260 °C with a residence time of 5 min and a water-to-biomass dry basis mass ratio of 5.
They recycled the process at 200 and 230 °C for 9 cycles and 260 °C for 5 cycles. The biomass
carbon yield was 5-10% higher than the initial cycle at each investigated temperature, with
the higher heating value (HHV) remaining essentially unchanged. The TOC concentration
in the aqueous phase was gradually concentrated with each cycle, reaching equilibrium.

2.2.5. Co-HTC

Co-HTC involves mixing two or more types of biomasses and processing them together.
This method leverages the differences in properties and densities of the materials, resulting in
a synergistic effect that significantly enhances combustion. This synergy allows the mixture to
burn more completely, releasing greater amounts of heat and making more efficient use of
waste biomass materials [47,64,65]. Additionally, co-carbonization can lower the carbonization
temperature required for individual materials, thus improving resource utilization. The co-
treatment extends the temperature interval between hydrolysis and pyrolysis, reducing the
activation energy required for pyrolysis. Furthermore, it significantly improves ignition and
combustion characteristics, shifting the peak combustion rate and its temperature range to
higher temperatures, thereby lowering the activation energy of the combustion reaction [47].
In Table 2, several research are carried out to better understand co-HTC technology.

Zhu et al. [64] mixed food waste digestate (FWD) with wood waste (WW) as feed-
stock for co-HTC at 250 °C for 2 h. The results showed that the combination strategy
enhanced the fuel properties of the hydrochar. In particular, the ash content of hydrochar
was reduced to a minimum of 6.3%, thereby increasing the heating value by nearly two
folds. The comprehensive combustion and combustion stability indices were improved
with the maximum values of 3.98 x 107 %2°C~> and 4.22 x 102 %°C~3, respectively.
Wang et al. [65] used food waste (FW) and woody sawdust (WS) as feedstock for conduct-
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ing co-HTC at 180-260 °C for 1 h with a stirrer speed of 100 r/min. Results suggested that
hydrochar yield consistently decreased with an increase in both the FW ratio and HTC
temperature. The C retention from 260 °C hydrochar was low (approximately 65%), but
more microsphere structures were formed due to the enhanced carbonization degree of
the hydrochar. Li et al. [66] mixed livestock manure (SM) with corn cob (CC) as feedstock
for co-HTC at 180-260 °C for 2 h. Compared with HTC of SM, the addition of CC could
effectively reduce the ash content, enhance the N recovery to 38.95-47.61% (SM:CC = 1:1),
and increase the surface porous structure, making the Co-hydrochars suitable as fertilizers.
Under the optimal hydrothermal conditions of 240 °C, 2 h, and mixing ratio of 1:1, the
hydrochar yield was as high as 36.72%, and the TNC (6.341%), N recovery rate (47.61%)
and P recovery rate (86.41%) were all suitable for fertilizer. Sharma and Dubey [67] mixed
food waste (FW) and yard waste (YW) for co-HTC at 220-260 °C for 1-4 h. They found that
the calorific value of blended raw feedstock was 13.5 MJ/kg which increased to 27.6 MJ /kg
after Co-HTC at 220 °C for 1 h. The energy yield and fuel ratio calculated was 45% and
0.65, respectively. The hydrochar produced demonstrated a stable combustion profile as
compared to reactive combustion profile for raw samples. Shen et al. [68] used corn straw
and chlorella as raw materials for co-HTC at 240 °C for 1 h. They observed that moderate
reaction conditions favored nitrogen enrichment and increased porosity in the hydrochar.
Under these conditions, the optimal nitrogen content and surface area of the product were
3.50% and 5.91 m? /g, respectively.

Table 2. Research on co-HTC.

Raw Materials

Hydrothermal Conditions Product References

Food waste digestate

The comprehensive combustion and combustion
stability indices were improved with the maximum

(FWD), wood waste (WW) 220°C, 4h values of 3.98 x 10~2 %2°C—5 and [64]
4.22 x 10? %°C~3, respectively.
Hydrochar yield consistently decreased with the
Food waste (FW), woody 180260 °C,1h,and a increase in both the FW ratio and HTC temperature, [65]
sawdust (WS) stirrer speed of 100 r/min  and the C retention from 260 °C hydrochar was low
(approximately 65%).
Livestock manure (SM) The addition of CC could effectively reduce the ash
corn cob (CC) ! 180-260 °C, 14 h content, and enhance the N recovery to 38.95-47.61% [66]
(SM:CC =1:1).
Food waste (FW), yard en o The sulfur in SS and CS gradually converted into
waste (YW) 220-260°C, 1-4h thiophenic sulfur and sulfates. [67]
Corn straw, chlorella 240°C,1h Moderate reaction conditions favored nitrogen 68]

enrichment and increased porosity in the hydrochar.

2.2.6. HTC at Different Temperatures

In the HTC process, the temperature significantly impacts the properties and struc-
ture of the carbonized products. Variations in hydrothermal temperatures yield diverse
products, and studying these differences is crucial for developing high-performance carbon
materials for practical applications. Higher temperatures (above 300 °C) facilitate the effec-
tive degradation of organic materials in biomass, resulting in high-purity carbon materials
with greater potential application value. Conversely, lower temperatures (below 300 °C)
are more conducive to preserving carbon. In Table 3, some studies were performed to better
understand the effects of different temperatures on HTC technology.

Oxidized hydrothermal biochar was prepared by hydrothermal carbonization of
Spartina alterniflora biomass (240 °C for 4 h) and subsequent oxidization (240 °C for 10 min)
under air. Oxidized hydrochar achieved a Fe(Ill) reducing capacity of 2.15 mmol/g at pH
2.0 with 120 h, which is 1.2 times higher than un-oxidized hydrochar. Low temperature
oxidization increases the contents of carboxyl and carbonyl groups on the hydrochar surface.
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This study reveals that low temperature oxidization is an effective way to improve and
restore the abiotic reducing ability of hydrochar [69]. The hydrochar yield and carbon
retention in processing the livestock manure were decreased when increasing the reaction
temperatures between 180 and 240 °C for 1 h [70]. Nguyen et al. [71] performed the reaction
with grape marc at 180-260 °C for 30 min to prepare the hydrochar slurries for ignition
experiments. It has shown that the 260 °C solid hydrochar exhibited the shortest ignition
delay time (0.2 s) and the lowest ignition temperature (179 °C).

Gao et al. [72] used eucalyptus bark as the raw material in the reaction for 2-10 h in
the range of 220-300 °C to obtain the hydrochar. With the increase in temperature, the
yield of hydrochar decreased slightly from 46.4% at 220 °C to 40.0% at 300 °C. The atomic
ratio of O/C and H/C decreased from 1.69 and 0.80 to 0.83 and 0.23, respectively, and
the oxygen-containing functional groups decreased with increasing temperature. Peng
et al. [73] used glucose as the raw material and kept it at 160220 °C for 1-12 h to make the
hydrochar. The experimental study showed that the adhesion of hydrochar was different:
the lower the temperature, the greater the adhesion. Hydrochar is mainly composed of
furan domains and aromatic clusters, and its surface is rich in oxygen-containing functional
groups. The increase in the reaction temperature (160-220 °C) enhanced the aromatization
degree of the hydrochar. Li et al. [74] prepared hydrochar with chicken, dairy, and swine
manures at 200-350 °C for 2 h. The results showed that high temperature resulted in low
yield and decreased H/C, O/C and volatiles of hydrochar. The high temperature results in
a higher fixed carbon, fuel ratio and calorific value of the hydrochar, which indicates that
hydrochar from animal manures can be used as a substitute for fuel. The carbon retention
rate decreases with the increase in temperature. High temperature improves the aromatics
of hydrochar and enhances its thermal oxidation resistance.

Table 3. Research on HTC at different temperatures.

Raw Materials Hydrothermal Conditions Product References
. . The contents of carboxyl group and carbonyl group on the
Spartm.a alterniflora 240°C,4h surface of hydrochar were increased by low temperature [69]
biomass 1
oxidation.
Livestock mantre 180-240°C, 1 h Both hydrochar ylel‘d and Ca.rbon retention decreased with [70]
increasing reaction temperatures.
o . The 260 °C solid hydrochar exhibited the shortest ignition
Grape marc 180-260 °C, 30 min delay time (0.2 s) and the lowest ignition temperature (179 °C). (71]
Eucalyptus bark 220-300 °C, 2-10 h The oxygen—conta}nmg fugctlonal group decreased with the (72]
increase in temperature.
o The increase in the reaction temperature (160-220 °C)
Glucose 160-220°C, 1-12h enhanced the aromatization degree of hydrochar. 73]
. . With the increase in temperature, the carbon retention rate
Chicken, dairy, o : 1L .
200-350°C,2h decreased, and the aromatics and thermal oxidation resistance [74]

swine manures

is increased.

In practical applications, the choice of carbonization methods and operational condi-
tions varies based on specific needs and circumstances. For example, in waste management,
HTC can transform waste into hydrochar and steam, extracting valuable substances and
energy. In the field of biomass energy conversion, this technology can process biomass into
high-purity, high energy-dense hydrochar, which can be further utilized in the production
of fuels, chemicals, and electrode materials. In Table 4, the advantages of the methods for
the different types of HTC technology are described.

In HTC, the conversion of biomass into carbon materials involves several critical
steps. In Figure 6, the general steps of HTC technology are described. Initially, biomass
constituents such as cellulose, sugars, and lignin are mixed with water to create a slurry.
This mixture is then transferred to a sealed reactor or autoclave, where it is heated to a
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predetermined temperature for a specific duration. Under these high temperature and
pressure conditions, the biomass undergoes a series of chemical reactions including hy-
drolysis, degradation, and polymerization, leading to the formation of carbon materials.
Once the reaction is completed, the reactor is cooled to room temperature, and the solid
carbonaceous product is removed, washed, and dried. Finally, to enhance the properties of
the carbon material, further post-treatment steps such as activation or surface modification
may be employed.

Table 4. Methods for different types of HTC.

Type Methods Advantage
Bi - ith rectl '
10mass 15 mixed wit . Water and directly Makes full use of biomass resources, less process, and low
HTC carbonized under specific temperature and e
» difficulty to operate.
pressure conditions.
HTC with catalyst A certain amount of catalyst was added to Complex structure and excellent performance, which

modify the hydrochar.

improves the HTC yield and energy recovery efficiency.

Multi-step HTC

The reaction conditions are manipulated
through multiple stages of varying
temperatures and durations.

Has unique pore structure and surface characteristics, which
optimizes the structure, improves the carbonization
efficiency and reduces the energy loss.

Liquid phase
circulating HTC

Repeatedly recycle by-products of
hydrothermal fluid.

Improves the conversion rate of biomass and utilization
efficiency of water resources and reduces the cost of
carbonization process and wastewater treatment.

Co-HTC

Mix a variety of raw materials together and
carry out HTC at the same time.

Reduces the carbonization temperature, and improves the
material performance, combustion performance and
resource utilization rate.

High temperature
HTC

The hydrothermal temperature is higher in
the carbonization process.

High calorific value, and excellent product stability, with
long-term carbon sequestration potential.

Low temperature
HTC

The hydrothermal temperature is low in the

Has better hydrochar yield, carbon recovery and energy

recovery, and has an obvious short-term carbon

carbonization process. .
P sequestration effect.

The general steps of hydrothermal carbonization technology

Biomass constituents such as cellulose, sugars, and lignin are mixed with water to create a

slurry.

The mixture was heated to a certain temperature in the sealed reactor / autoclave and maintained

for some time

A series of chemical reactions, including hydrolysis, degradation, and polymerization, were per
formed under high temperature and high pressure conditions.

4

Once the reaction is complete, the reactor is cooled to room temperature, and the solid
carbonaceous product is removed, washed, and dried.

4

To enhance the properties of the carbon material, further post-treatment steps such as
activation or surface modification may be employed.

Figure 6. The general steps of HTC technology.
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3. Application of HTC in Water Environment Management

Water environment management is essential for global sustainable development [29,30,33].
HTC technology represents an emerging environmentally friendly approach for revolu-
tionizing global water environmental management. Primarily, this technology leverages
the heat and pressure conditions in aqueous environments to transform organic materials
into carbon materials with outstanding properties. As a novel green technology, HTC
holds broad prospects for application in water environmental governance. This paper
will explore in detail the applications of HTC in managing water environments, including
wastewater treatment, surface water restoration, groundwater purification, and other areas
of use.

3.1. Wastewater Treatment

HTC products are widely used in wastewater treatment, such as heavy metals re-
moval, organic pollutants, and anionic wastewater. Hydrochar offers several advantages in
wastewater treatment, including high efficiency, versatility, low cost, and simple operation,
thus realizing significant environmental and economic benefits through the “waste-to-
wealth” approach. Due to its high functional group content, porosity, and surface charge,
hydrochar can effectively adsorb heavy metals, organic compounds, and anions in wastew-
ater [75]. By modifying hydrothermal conditions and adding modifiers, the quantity and
types of oxygen-containing functional groups on the surface of hydrochar can be increased,
thereby further optimizing the availability of active sites. In Figure 7, HTC’s liquid and
solid processes for treating wastewater are described.

SRy

Wastewater

Resource
utilization

| Heavy metal wastewater |
Liquid — Organic wastewater B
: Anionic wastewater : N
= e e = |
Clean
water
——————
| Adsorption Solid
Bt ek - e products
Hydrothermal |
! carbonization |
e S o g
_______ Sustainable
o 1 s development
: Sludge |
Solid ] | A HTC |
| Waste biomass

- Recovery and enrichment of heavy metals.
* Recover and enrich organic nitrogen and p

hos phorus, etc., and convert them into energy, fert
ilizers, etc.
+ Fuel energy, soil remediation.

Figure 7. Schematic diagram of the HTC process for treating wastewater—liquid and solid flows.

3.1.1. Use of Hydrochar for Heavy Metal Ions

For heavy metal ions, the adsorption mechanisms of hydrochar primarily include
electrostatic attraction, ion exchange, complexation, redox reactions, and coprecipitation as
chemical adsorption processes, along with physical adsorption [76-78]. Redox adsorption
can facilitate chemical reactions between various anions and mineral components on the
surface of hydrochar and heavy metal ions, resulting in precipitation [77]. In addition to
chemical adsorption, physical adsorption is also an important mechanism for hydrochar
adsorption of heavy metal ions. Physical adsorption is mainly due to the van der Waals
force or hydrophobic force of heavy metal ions with the hydrochar surface. When dealing
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with heavy metal pollution, appropriate hydrochar materials and optimized preparation
conditions can be selected according to the specific application scenarios and the character-
istics of the target heavy metal ions to improve the adsorption efficiency. At the same time,
the adsorption performance of hydrochar can be further improved by means of surface
modification and doping with other functional materials. In Figure 8, the main Ce(III)
adsorption mechanism onto hydrochar surface is described. In Table 5, some studies show
the effect of hydrochar on the adsorption of heavy metals.

complexation Cf-'\
o

£

pIrG
Ccet
ion-exchange

Ce¥-0

Cek.
+H'
ion-exchange

Cce” +
ion-exchange

Figure 8. Main Ce(Ill) adsorption mechanism onto hydrochar surface [79].

Amine-modified hydrochar synthesized from black liquor using hexamethylenedi-
amine (HMDA) at hydrothermal temperatures of 150, 180, 200, and 220 °C, and a duration
of 0.5 h exhibited a maximum adsorption capacity of Cr(VI) removal of 741.74 mg/g
at 45 °C and pH 2 [80]. Hydrochar microspheres produced from glucose at 180 °C for
48 h enables highly selective separation of U(VI). At 333.15 K and pH 4.5, the maximum
adsorption capacity for U(VI) was 408.36 mg [81]. Similarly, hydrochar microspheres syn-
thesized from sucrose at 190 °C for 11 h, activated with KOH demonstrated a maximum
adsorption capacity of 704.2 mg/g for methylene blue. The adsorption process was en-
dothermic [82]. Phosphoric acid-modified hydrochar produced from banana peels to at
230 °C over 2 h was evaluated for adsorption capabilities of Pb** [83]. The evaluation
revealed lead adsorption capacities of 359 mg/g and 193 mg/g for dehydrated and fresh
banana peel hydrochar, respectively. Moreover, hydrochar produced from willow twigs via
HTC at 300 °C for 30 min used as an adsorbent to remove Cu?* and Cd?* from aqueous
solutions exhibited adsorption capacities of 34 mg/g (0.313 mmol/g) for Cd** and 31 mg/g
(0.503 mmol/g) for Cu?* [84]. Furthermore, hydrochar from pine sawdust (SD) at 260 °C
for 2 h, was then activated with H,O, to enhance the Pb%* removal capacity [85]. The
maximum adsorption capacity of Pb?* reached 92.80 mg/g at pH 5.0 and 298 K, which
is more than 42 times higher than that of the original hydrochar (2.20 mg/g). Hydrochar
from synthesized Pseudomonas aeruginosa shells at 200 °C for 20 min was found to be
more effective in adsorbing Pb** and Cd?** compared to biochar. The adsorption kinetics
followed a pseudo-second-order model, describable by the Langmuir isotherm [86]. After
reaction at 180-220 °C for 9 h, citric acid catalyzed arecanut husk to produce hydrochar.
The results showed that compared with the parent biomass, the mass yield of hydrochar
was 58.7%, and the fixed carbon increased from 17% to 39.7%, compared with Zn?*, Cr*
and Ni?*, in the aqueous solution with the initial concentration of 100 mg/L. Hydrochar
at a dose of 0.1% shows a maximum adsorption rate of Pb?* (79.86 mg/g), and hydrochar
can be used to remove Pb?* from wastewater as it shows a maximum removal efficiency
of 95.08% at 25 mg/L [87]. Additionally, sulfide-modified magnetic hydrochar (MHC-Sy)
was prepared by simultaneously supporting the synthesis of nanoparticles with Fe3O4
and grafting a sulfide-containing group onto a carboniferous water prepared by reacting
with pinecone at 200 °C for 5 h. MHC-S, can effectively adsorb Cd (II)/Pb (II) over a wide
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pH range and achieve rapid absorption equilibrium within 25 min. In addition, MHC-S4
has excellent adsorption properties in a single system, and the maximum single-layer
adsorption capacity of Cd (II) and Pb (II) is 62.49 and 149.33 mg/g, respectively [88].

Table 5. Research on adsorption of heavy metal ions by hydrochar.

Raw Materials Hydrot.h ?rmal Modification Adsorbates Product References
Conditions Treatment
hexameth- The maximum adsorption capacity
Black liquor 223)500 é18§)1, d2805, h ylenediamine 50 mII Otf (;r(VI) of Cr(VI) was 741.74 mg/g at [80]
sand v (HMDA) sotutions 45°C and pH 2.
The highly selective separation of
20.00 mL of pure U(VI) was achieved, and the
Glucose 180 °C, 48 h uranyl ion (UO,2H) maximum adsorption capacity [81]
solutions reached 408.36 mg at 333.15 K and
pH4.5.
25.0 mL of
o . methylene blue The maximum adsorption capacity
Sucrose 190°C,11h KOH activated solutions of methylene blue was 704.2 mg/g. (821
(500 mg/L)
. oy 2+
, 40 mL of Pb2* stock The adsorption capacities of Pb
o phosphoric . for dehydrated and fresh banana
Banana peels 230°C,2h . solutions [83]
acid (2000 mg /L) peel hydrochar were 359 mg/g
& and 193 mg/g, respectively.
The hydrochar exhibited
50 mL aqueous adsorption capacities of 34 mg/
Willow twigs 300 °C, 30 min  — copper or cadmium p F P 0y 8/8 [84]
solutions (40 mg/L) (0.313 mmol/g) for Cd** and
31 mg/g (0.503 mmol/g) for Cu?*.
25 mL of Pb** The maximum adsorption capacity
Pine sawdust 260°C,2h HyO, solutions of Pb?* reached 92.80 mg/g at pH [85]
(1-200 mg/L) 5.0 and 298 K.
2+
Pseudomonas 5(():?21; of Pb™ or It was found to be more effective
aeruginosa 200 °C, 20 min —_— la(z}leous at adsorbing Pb?* and Cd?* [86]
shells soution compared to biochar.
(10-100 mg/L)
Zn%*, Cro*, Ni2*, The maximum removal efficiency
Arecanut husk 180-220 °C,9h citric acid Pb%* solutions of Pb2* in wastewater was 95.08% [87]
(0-100 mg/L) at25mg/L.
100 mL of The maximum single-layer
FeC13 . 6H20 y . .
Pinecone 200°C,5h CH;COONa, Cdr) / Pb(IT) adsorption capacity of MHC-S, for [88]
solutions Cd (II) and Pb (II) was 62.49 and
Na3C6H507

(10-300 mg/L)

149.33 mg/g, respectively.

3.1.2. Use of Hydrochar for Organic Pollutants

Hydrochar serves as an effective adsorbent for organic pollutants such as fuels and
antibiotics in wastewater. The adsorption mechanisms of hydrochar involve both phys-
ical and chemical interactions, including electrostatic interactions, hydrophobic effects,
hydrogen bonding, pore filling, partitioning, and interactions between aromatics and
cations [76,77,89]. Physical adsorption utilizes the surface characteristics of hydrochar, such
as porosity and surface area, to adsorb pollutants on its surface or within its micropores [90].
Chemical adsorption involves the formation of chemical bonds between the adsorbent’s
functional groups, such as hydroxyl, carboxyl, and amino groups, and the adsorbates, facil-
itating effective removal of heavy metal ions through stable chelation or ionic and covalent
bonds. The dominant mechanism depends on the structural and physicochemical proper-
ties of the organic pollutants and the biomass charcoal. Modifications and preparations of
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hydrochar alter its physicochemical properties, enhancing its adsorption performance for
organic compounds [91]. In Figure 9, the adsorption mechanism of hydrochar for organic
pollutants was emphasized by describing the mechanism of TC adsorption of hydrochar,
modified-hydrochar, and hydrochar-derived ACs. In Table 6, some studies show the effect
of hydrochar on the adsorption of organic pollutants.
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Figure 9. Proposed mechanism for TC adsorption by hydrochar, modified-hydrochar, and hydrochar-
derived ACs [92].

Table 6. Research on adsorption of organic pollutants by hydrochar.

Raw Materials Hydrot.h .ermal Modification Adsorbates Product References
Conditions Treatment
The product demonstrated
Municipal o 0.10-0.30 g/LTC,  maximum adsorption capacities of
sludge 600°C, 2h Zn/Fe 0.20-0.50g/L CIP  145.0 mg/g for TC and 742 mg/g 93]
for CIP.
30 mL of Congored  The resultant material exhibited
Bamboo o . . or 2-naphthol maximum adsorption capacities of
shavings 200°C,3h acid assisted solutions (0.5 90.51 mg/g for Congo Red and [54]
mg/mL) 72.93 mg/g for 2-naphthol.
. 100 mL of estrogen . .
Montr.norlllomte 180°C, 16 h KOH stock solutions (2.5 KOH 1mpr9ved the adsorption [91]
and rice husks capacity of estrogen.
mg/mL)
30 mL of Congo red, The maximum adsorption
. capacities for Congo Red,
berberine berberine hydrochloride
Rice straw 160-200 ‘C' —_— hydrochlorldez, " 2-naphthol, 7Zn?*, and Cu?* were [95]
40-70 min 2-naphthol, Zn
o . 222.1mg/g, 1740 mg/g,
and Cu~* solutions
(0.5 mg/mL) 487 mg/g, 112.8 mg/g, and
’ 144.9 mg/g, respectively.
25.0 mL of the MB The adsorption capacity of
Coffee husks 210°C, 243 h —_— solutions methylene blue was 34.85 mg/g, [96]
(300 mg/L) mainly by physical adsorption.
200 mL of BPA The hydrochar generated at 200 °C
Moroccan nut 180, 200 °C, and (60 mg/L) and removed about 92% and 95% of [97]
shells (ANS) 6 h. diuron (40 mg/L)  BPA and diuron, respectively, with
solutions high adsorption efficiency.
25 mL of The adsorption capacity of the
Fructose 180°C,2h phloroglucinol tetracycline product to tetracycline in water [98]
solutions was 274.7 mg/g.
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Hydrochar from synthesized municipal sludge at 600 °C for 2 h with Zn/Fe modifi-
cation demonstrated maximum adsorption capacities of 145.0 mg/g for tetracycline (TC)
and 74.2 mg/g for ciprofloxacin (CIP) [93]. Moreover, hydrochar from produced bamboo
shavings at 200 °C for 3 h, assisted by acid treatment, exhibited maximum adsorption
capacities of 90.51 mg/g for Congo Red and 72.93 mg/g for 2-naphthol [94]. Tian et al. [91]
evaluated the adsorption effects of KOH-modified and unmodified hydrochar produced
from montmorillonite and rice husks at 180 °C for 16 h on estrogens in water. They found
that a 1% mass ratio of KOH to hydrochar maximized the adsorption efficiency. Li et al. [95]
prepared hydrochar from rice straw at temperatures ranging from 160 °C to 200 °C and
durations from 40 to 70 min. At 298 K and an initial concentration of 0.5 mg/mL, the
maximum adsorption capacities for Congo Red, berberine hydrochloride, 2-naphthol, Zn*,
and Cu?* were 222.1 mg/g, 174.0 mg/g, 48.7 mg/g, 112.8 mg/g, and 144.9 mg/g, respec-
tively. Furthermore, hydrochar produced from coffee husks at 210 °C for 243 h achieves an
adsorption capacity of 34.85 mg/g for methylene blue, predominantly through physical
adsorption [96]. Zbair et al. [97] synthesized hydrochar from Moroccan nut shells (ANS)
at temperatures of 180 °C and 200 °C for 6 h. Additionally, hydrochar produced from
fructose at 180 °C for 2 h modified with phloroglucinol showed an adsorption capacity of
274.7 mg/ g for tetracycline in water [98].

3.1.3. Use of Hydrochar for Inorganic Anions

For inorganic anions, hydrochar typically undergoes chemical adsorption through
chemically formed bonds on the surface [77], exhibiting good adsorption efficiency for
anions such as phosphate, arsenate, and fluoride in wastewater. For example, the hydroxyl
group on the surface of the hydrochar can form hydrogen bonds with the phosphate ions or
undergo coordination interactions to remove the phosphate from the wastewater. Similarly,
the carboxyl group on the surface can coordinate with the metal ions in arsenic acid to
form a stable complex to effectively remove arsenic acid. For fluoride ions, metal oxides
such as aluminum and iron on the surface of hydrochar can exchange ions with fluoride
ions to reduce the concentration of fluoride ions in water. In addition, good hydrochar
chemical stability and corrosion resistance can be in a wider range of pH to maintain good
adsorption performance, which makes the hydrochar become the ideal material for dealing
with the wastewater containing inorganic anions. In Table 7, some studies show the effect
of hydrochar on the adsorption of inorganic anions.

Anoxygenically digested cattail hydrochar was produced by reacting with pure water,
acetic acid assisted, and sodium hydroxide assisted HTC at 200-300 °C for 1 h. The study
showed that when the HTC temperature increased from 200 °C to 300 °C, the yield using
water, acetic acid and sodium hydroxide decreased from 40.2% to 31.6%, 37.5% to 28.3%
and 35.7% to 22.7%, respectively. The adsorption capacities of NHy*-N and PO,>~-P
of these hydrochar are 92.6-122.4 mg/g and 1.6-15.8 mg/g, respectively, which fit the
Freundlich model well [99]. Hydrothermal modification reduces the number of acidic
functional groups, which is beneficial for anion adsorption. Hydrochar synthesized from
chicken feathers at 150-170 °C after 1-3 h has a strong affinity for phosphate, and has a
good adsorption efficiency for phosphorus removal under acidic conditions [100]. The
adsorption isotherms for hydrochar suited the Langmuir model better, with the maximum
adsorption capacity (qm) of hydrochar being 21.70 mg/g at 30 °C. Hydrochar synthesized
from microalgae at 348 K for 40 min modified with magnesium exhibited a strong affinity
for phosphate, with a maximum adsorption capacity of 89.61 mg/g [25]. Additionally,
the magnesium-containing hydrochar adsorbed phosphate from water mainly through
ion exchange. Magnetic hydrochar modified with Fe3O4 was synthesized from sodium
alginate at 210 °C for 5 h [101]. The results showed that at a dosage of 2 g/L, the removal
rates of arsenic and fluoride were around 85%, with maximum adsorption capacities of
26.06 mg/g and 15.64 mg/g, respectively, in individual systems.
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Table 7. Research on adsorption of inorganic anions by hydrochar.

Hydrothermal Modification

Raw Materials Conditions Treatment Adsorbates Product References
. The adsorption capacities of
Ar‘;fr;’;g;lly 200, 250 and CH;COOH ;(fi? H;E/I\LIHC?II)\I NH,*-N and PO, -P were [99]
. agttaﬂs 300°C, 1h and NaOH o ;551 g /1. TP 92.6-122.4 mg/g and
& 1.6-15.8 mg/g, respectively.
. The maximum adsorption capacity
Chicken o 0-150 mg/L
feathers 150-170 °C,1-3 h —_— KH,PO, (qm) of hydrochar Zvas 21.70mg/g [100]
at 30 °C.
The modified hydrochar exhibited
. . 20 mL of P solutions  strong affinity for phosphate, with
Microalgae 348K, 40 min Mg (20-15,000 mg/L) a maximum adsorption capacity of [25]
89.61 mg/g.
As (V) solutions maxli?;ir(riloasgsg;r}o)iiir% éi};,;}cliety of
Soc}lum 210°C,5h Fe30y4 (1-100 mg/L), F arsenic and fluoride was [101]
alginate solutions
26.06 mg/g and 15.64 mg/g,
(1-50 mg/L) .
respectively.

3.2. Surface Water Restoration

Surface water restoration is a primary focus in current water environment manage-
ment [102], with HTC technology playing a significant role, particularly in sediment
improvement and water quality enhancement in rivers and lakes. Among them, surface
water restoration refers to the treatment and restoration of polluted or damaged surface
water bodies through a series of hydrothermal carbonization technical measures and man-
agement measures to achieve the purpose of improving water quality and restoring water
ecosystem functions. By thermally decomposing and carbonizing sediments and deposits,
this technology effectively reduces nutrient release from sediments, thereby controlling
eutrophication trends in lakes. Additionally, the hydrochar produced exhibits high ad-
sorptive properties, enabling the selective absorption of harmful substances in the water,
significantly enhancing water quality and purifying the water body. Following treatment
with HTC technology, rivers and lakes gradually restore their natural ecosystems, pro-
viding favorable habitats for diverse aquatic life forms and yielding substantial economic
and environmental benefits [103]. In Table 8, studies through surface water restoration
highlight the role of hydrochar.

Using Prunus serrulata bark as raw material, hydrochar was prepared by a reaction at
200 °C for 6 h, and the product has high efficiency and low precursor material cost, which
can remove atrazine from river water. When the acidic pH = 3 is favorable for adsorption,
the ideal adsorbent dose is 0.8 g/L, and kinetic studies show that the concentration does not
affect the system equilibrium time, which is reached at 240 min. The Langmuir model pre-
sented the greatest compliance to the isotherm data and indicated a higher affinity between
atrazine and hydrochar, reaching a maximum adsorption capacity of 63.35 mg/g [104].
Additionally, extending the reaction time proved to be beneficial for improving the quality
of the hydrothermal biochar. Water hyacinth was employed as a feedstock to produce
hydrochar at 240 °C and various durations from 0.5 to 24.0 h [105]. The results revealed that
the specific surface area of the hydrochar was initially increased and then decreased over
time. This process not only utilizes the invasive water hyacinth but also achieves ecological
restoration. Hydrochar prepared from glucose at 180 °C for 10 h and composited with
FeCl3-6H,0 and MnCl,-4H,O to successfully load MnFe,Oy on its surface could rupture
algal cells and disrupt their photosynthetic systems, demonstrating its capability to treat
organic matter [106]. Water hyacinth was modified with MgCl,-6H,0 and AICl3-6H,0,
and reacted at 150°C for 24 h to obtain Mg/ Al-layered double hydroxides modified water
hyacinth hydrochar (MgAl@WH) with layered surface and many adsorption active sites.
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The maximum adsorption capacity is 311.0 mg/g, and the adsorption efficiency is about
98.0% after 10 cycles [107]. Moreover, research on algal raw materials offers a potential
solution for managing eutrophication in lakes and rivers.

Simultaneously, an appropriate amount of hydrochar can enhance the water and
soil environment, thereby promoting plant growth and facilitating ecological restoration.
Numerous studies have demonstrated that the carbon and magnesium content in hydrochar
can influence the uptake of critical nutrients, such as ammonium salts and phosphates [108].
Additionally, hydrochar can enhance sulfur levels in the soil and decrease the available
nitrogen, and thereby enhance soybean growth [109]. However, excessive application of
hydrochar may inhibit crop growth, particularly during the seed germination and seedling
stages [109-111].

3.3. Grounduwater Purification

Groundwater, as a crucial water resource, is the focus of intense protection and man-
agement efforts. Using HTC technology in groundwater purification aims to remove
heavy metals and organic pollutants, reduce their bioavailability, and thus inhibit microbial
growth and reproduction, ensuring groundwater purity and safety. HTC technology is
utilized to prepare hydrochar with diverse adsorption capabilities for various pollutants.
Employed as an adsorbent with specific particle sizes, it facilitates efficient underground
transport. The impact of carbon-based materials on pollutant removal depends on their
physicochemical properties, which are determined by the type of raw material and the
pyrolysis conditions used for production. The increase in additives can change the physico-
chemical properties of carbon-based materials, including biochar and hydrochar, to remove
different types of pollutants, which is helpful to develop remediation technologies for con-
taminated groundwater [112]. This enables the removal of organic substances and heavy
metal ions from groundwater, safeguarding water source safety and promoting sustainable
groundwater use. In Table 8, studies through groundwater purification highlight the role
of hydrochar. Hydrochar prepared from switchgrass at 300 °C for 30 min was utilized to
remove U (VI) contaminants from groundwater [113]. The removal of pathogenic rotavirus
(RV) and human adenovirus (HAdV) was investigated by hydrothermal treatment of swine
feces (2h at 180 °C and 7 h at 230 °C) under two conditions, using a 10 cm bed height sand
column and with or without an aqueous charcoal supplement (1.5%, w/w). The results
showed that the removal efficiency of the two viruses in the improved hydration column
was >3 logarithm (complete removal). Although different HTC conditions lead to different
characteristics of 180 HTC and 230 HTC, there is no significant difference in virus removal
performance between the two hydrates. Hydrochar derived from fecal waste can be used as
a capacity grade virus adsorbent [114]. Prepared by anaerobic digestion of swine manure
at 180 °C for 45 min, hydrochar has been shown to stimulate the growth of denitrifies
without toluene degradability, including Candidatus Competibacter and Ferrovibrio, and
increase NO3 ~-N removal, which was mainly attributed to the partial denitrification [112].
Following ball milling treatment, it exhibited excellent underground transport properties,
making it effective for removing TCE from groundwater.

Table 8. Research on the ecological protection of hydrochar.

Raw Materials Hydrot-h Frmal Modification Product Type ?f References
Conditions Treatment Protection
Prunus serrulata 200°C, and 6 h The maximum ad.sorpfaon capacity for surface Vs{ater [104]
bark atrazine in the river is 63.35 mg/g. restoration
240 °C. and With the increase in residence time, the surface water
Water hyacinth 05-240h — higher heating value in all hydrochar restoration [105]

products was 16.83 MJ /kg to 20.63 MJ /kg.
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Table 8. Cont.

Raw Materials Hydrot-h Frmal Modification Product Type ?f References
Conditions Treatment Protection
The product can break algal cells and
Glucose 180°C,10h FeCls 6,0, destroy the photosynthetic system of algal surface water [106]
MnCl,-4H,O . . restoration
cells, and deal with organic substances.
la el;/i%i/dAol;lble The maximum adsorption capacity of the surface water
Water hyacinth 150°C,24 h y . product for mordant brown (anionic dye) . [107]
hydroxide restoration
he e was 311.0 mg/g.
modification

. o . The hydrochar-formed permeable reaction  groundwater
Switchgrass 300 °C, 30 min wall demonstrated rapid removal of U (VI).  purification [113]

The removal efficiency of pathogenic RV

. 180 °C, 2 h; 230 and HAdYV in the hydrated modified groundwater
Swine feces °C,7h Hp50, column was >3 logarithms purification [114]
(complete removal).
. Hydrochar enhance toluene removal from
Anaerobic roundwater, stimulate the growth of roundwater
digestion of 180 °C, 45 min - 5 ’ 5 & [112]

denitrifiers without toluene degradability, = purification

swine manure . _
and increase NO3 ™ -N removal.

4. Research Advances in the Context of the “Dual Carbon” Goals
4.1. Influence of HTC Technology on Carbon Emission

Currently, HTC technology is a research hotspot under the “dual carbon” goals.
This technology utilizes high-temperature and high-pressure hydrothermal conditions to
transform organic matter into carbonaceous materials [21-24]. Compared to traditional
carbonization methods, HTC offers advantages such as lower energy consumption, min-
imal pollution, and enhanced performance of carbon materials. More importantly, HTC
can convert carbon in organic wastes into stable carbonaceous materials and steam, sig-
nificantly reduce carbon emissions from the transformation of organic matter into carbon
materials and avoid greenhouse gas emissions. This process effectively sequesters carbon
from biomass, which is crucial for achieving the “dual carbon” goals. Additionally, HTC
technology can recycle and utilize the energy from organic wastes, further enhancing
energy efficiency.

4.2. Comparison with Other Environmental Governance Technologies

HTC technology exhibits unique advantages in environmental management. Com-
pared to traditional environmental management technologies, it is more eco-friendly and
can significantly reduce secondary pollutants during the treatment of organic wastes,
which is fully aligned with current green and low-carbon development concepts [25-27].
Additionally, this technology facilitates resource utilization by converting organic wastes
into high-value products such as activated carbon and carbon black [32]. This not only
enhances the economic value of wastes but also yields significant social benefits. Notably,
HTC processes organic wastes under high temperatures and pressures, achieving high
processing efficiency and energy recovery rates, which underscores its effectiveness in
environmental management. These advantages underscore the broad potential of HTC
technology in environmental management.

Traditional sewage treatment technologies, such as the activated sludge method and
biofilm method, can effectively remove organic matter and nutrients in wastewater, but
the treatment process may produce secondary pollution, such as odor, noise and chemical
residue. The HTC technology can significantly reduce these secondary pollutants, which is
fully in line with the current concept of green and low-carbon development. Anaerobic
fermentation technology is mainly used to treat high concentration of organic wastewater,
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and the biogas produced is a kind of clean energy. However, for some wastewater with low
concentrations and a complex composition, the treatment effect of anaerobic fermentation
technology may not be ideal. HTC technology can deal with organic waste of various
components to achieve high processing efficiency and energy recovery. In Table 9, dif-
ferent water environmental treatment technologies are compared in terms of advantages,
Shortcoming and energy consumption.

However, the HTC technique also has some limitations. High-temperature and high-
pressure conditions of HTC technology may increase equipment costs compared to conven-
tional wastewater treatment technologies, and the procurement and processing of biomass
or carbon-containing waste may pose environmental challenges. In order to fully exploit the
advantages of HTC technology and mitigate its weaknesses, further research and practice
are needed. This includes research on technology optimization, reduced equipment costs,
and a sustainable supply of biomass or carbon-containing waste.

Table 9. Comparison of different water environment treatment technologies.

Type of Environmental Ener
yp Management Advantage Shortcoming 8y,
Technology - Consumption
Effectiveness
. Easy to operate, high The cost of adsorbents can be
Effective removal of . . . .
. . . removal efficiency can be high, and energy is required . .
Adsorption organic matter and certain . Medium to high
. ; achieved. Adaptable, to regenerate or
inorganic substances
adsorbents can be reused. replace adsorbents.
Separation and purification ~Modular design, easy to Membr.ane mgtenals can be
. . . expensive, with membrane
Membrane of particulates and expand, high separation ) . .
. . . } fouling and membrane Medium to high
technology dissolved substances in efficiency, and high degree
. . replacement costs, and may
water bodies of automation. . - .
require chemical cleaning.
. o A large amount of
Removal of suspended The processing capacity is arge amou to .
- . . . sedimentation tank space is
o solids and certain large, the operating cost is .
Precipitation . . : required and may producea  Low to moderate
dissolved solids relatively low, and the
from water application range is wide large amount of sludge that
pp & is difficult to control.
Efficient for specific Enzyme stability may be low,
pollutants, pollutants can be . .
Enzyme Decomposes and . requiring appropriate Ph and .
. converted into harmless o Medium to low
technology transforms organic matter . temperature conditions, and
substances, reducing o
. initial enzyme cost.
sludge production.
Environmental protectlo.n ! Equipment costs are higher,
- reduce secondary pollution, .
Efficient treatment of . dependence on biomass or
. . good resource effect, high . .
HTC organic waste into carbon-containing waste, high

high-value products

treatment efficiency under
high-temperature and
high-pressure conditions.

and energy consumption can
be higher.

4.3. Experiments with HTC Technology

Using the Nanjing Qiaobei Sewage Treatment Plant as an example, Wang et al. [115] ap-
plied HTC technology to sludge treatment, combined with physicochemical pretreatment,
namely Fenton oxidation (FO) and HTC technology to utilize SSL, and found that moderate
oxidation could improve the output and performance of the produced hydrochar. The
results showed that the pretreatment affected the surface structure and organic composition
of SSL and promoted the carbonization of intermediate products. Moreover, compared
with the yield of hydrochar (50.7%) obtained via the direct HTC treatment, the yield of the
hydrochar obtained using the combined process increased to 55.0-65.2% (depending on the
pretreatment condition). Hydrochar properties were enhanced using the combined process,
and the energy density of hydrochar slightly decreased after pretreatment (1.2-13.1%);
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however, the energy yields increased by 0.6-30.1% due to the enhanced hydrochar yield.
The carbonization degree of hydrochar was improved; the carbon in the feedstock dis-
tributed to the hydrochar increased from 33.40% to 46.09%. The treated sludge not only
was effectively reduced but also enabled the recovery and reuse of energy and materials,
thereby enhancing the waste’s resource utilization. Furthermore, it adsorbs heavy metal
ions in wastewater, contributing to water environmental protection. The application of this
technology not only reduces carbon emissions but also effectively addresses challenges
in sludge treatment, achieving resource recycling. This provides a valuable reference for
urban sludge disposal and resource utilization in China.

During the research process, several successful experiments have provided valuable
insights. For example, Shi et al. [116] utilized HTC technology to process large particles
(>2 cm) of kitchen waste, successfully converting them into carbon materials. This not only
addressed wastes disposal issues but also created a new supply source for the carbon mate-
rials market. This experiment demonstrates that technological innovation and application
can facilitate a win-win situation for economic development and environmental protection.

Experimental studies serve as an effective means to verify the application effects of
HTC technology. Scholars have explored the application of HTC technology in various
domains, including agricultural wastes, urban trash, and industrial wastewater [117].
These experimental studies demonstrate that while HTC technology is effective in practical
applications, it also faces several challenges that need to be addressed. Challenges include
the pretreatment and post-treatment of biomass or carbon-containing wastes and scaling
up and industrializing the equipment.

5. Challenges and Countermeasures
5.1. Technical Challenges

Although the principle of HTC technology is relatively simple, its practical application
requires precise control of parameters such as temperature, pressure, and time to achieve
optimal carbonization effects [26,118,119]. Additionally, the adaptability of this technology
to various raw materials poses a technical challenge, as organic wastes of different origins
and properties may require tailored processing conditions. Therefore, further optimizing
the technological process and enhancing carbonization efficiency are critical challenges
that need to be addressed [118,119]. Currently, this technology remains in the research and
development stage and requires further optimization and enhancements to achieve more
efficient and stable production. Furthermore, the widespread adoption and application of
this technology must overcome several obstacles, including challenges related to equipment
design, manufacturing, operation, and maintenance.

5.2. Economic Costs

Economic cost is a significant challenge facing the application of innovative technol-
ogy [120-122]. While the long-term economic benefits of HTC technology are substantial,
the initial investment is considerable, encompassing equipment purchases, installation,
commissioning, and personnel training. Additionally, operational energy consumption and
maintenance costs are non-negligible. These factors make it prohibitive for economically
disadvantaged areas, potentially limiting its adoption in certain regions. Therefore, it is
essential to explore strategies to reduce production costs and enhance economic efficiency,
enabling broader adoption of this technology by more regions and enterprises.

5.3. Environmental and Social Impact

Environmental and social impact will be closely related to innovative technology
application [123,124]. When used to process organic wastes, HTC technology can reduce
greenhouse gas emissions and enhance resource utilization efficiency. However, it may
also generate by-products and pollutants, such as carbonization residues and wastewater.
Improper management of these can lead to secondary environmental pollution. Therefore,
in promoting this technology, it is crucial to fully assess its environmental and social impacts
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and establish comprehensive mechanisms for managing by-products and pollutants to
ensure real societal benefits and welfare.

5.4. Policy and Management

The policy and management play a crucial role in the application of innovative tech-
nology [125,126]. Governments should establish policies and regulations to encourage and
support the research, development, and application of this technology. Additionally, it is
essential to establish regulatory mechanisms, define technical standards, and set regulatory
requirements to ensure compliance with national and international standards and prevent
potential environmental and social risks, thereby providing a robust legal framework for
the technology’s application.

6. Conclusions and Perspective
6.1. Summary of the Main Research Results

In the research and application of HTC technology, we have achieved remarkable
results. Compared with other wastewater treatment techniques, this technique has been
successfully applied to various wastewater treatments, showing effective effects and sta-
bility. Moreover, HTC technology has obvious advantages in improving the efficiency of
resource recovery extracted from wastewater. It not only transforms organic substances into
valuable materials but also can produce high-value carbon materials suitable for different
fields, realizing the recycling and reuse of resources.

The application of HTC technology in water environment management provides a
new idea and method for water environment management in the world. HTC technology
can not only effectively deal with water environment pollution and improve the quality
of water environment, but also has obvious advantages in improving the efficiency of
resource recovery, reducing the pressure of the resource shortage in China. In addition, the
application of HTC technology can also promote the development of the environmental
protection industry and promote the realization of a green economy:.

6.2. Suggestions for Future Research Directions

Although HTC technology has achieved remarkable results in water environment man-
agement, there are still some aspects that need further research and improvement. In my
perspective, the study of the HTC reaction mechanism is crucial, which helps to improve
the reaction efficiency and optimize the process parameters, so as to ensure the product
quality. Therefore, it is necessary to organize more in-depth research for a comprehensive
understanding and grasp of the HTC reaction mechanism. In addition, the application
scope of HTC technology also needs to be further expanded to adapt to various water
quality and flow conditions. To this end, the HTC technology is needed to be optimized
and improved to make it suitable for more kinds of wastewater treatment, including indus-
trial wastewater, urban sewage, etc. Finally, enhanced integration with other wastewater
treatment technologies is the key to developing more efficient and environmentally friendly
wastewater treatment systems. This can not only improve processing efficiency, reduce
operating costs, but also better cope with complex water quality problems.

To effectively promote and apply HTC technology, decision makers should provide
necessary support and guidance. On the one hand, decision makers need to increase their
investment in HTC technology research and development, and encourage the coopera-
tion between enterprises, universities and research institutions, to jointly promote the
development of HTC technology. This can not only accelerate the process of technology
research and development, but also promote technological innovation and upgrading. On
the other hand, decision makers need to develop environmental policies to encourage
enterprises to adopt environmentally friendly wastewater treatment technologies and im-
prove wastewater treatment standards. This can not only reduce environmental pollution,
but also promote sustainable economic development. Finally, the establishment of a set
of comprehensive standards for the sewage treatment industry is crucial to standardize
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its development and promote the wide application of HTC technologies. Through these
measures, it can effectively promote the development and application of HTC technology
and provide strong technical support for solving the water environment problems in China.

In general, the research and application of HTC technology in organic wastewater
treatment and resource recovery provides a new solution for water environment man-
agement in China and has broad application prospects and important research value. In
the future, we should continue to study HTC technology, optimize its treatment effect,
reduce its operating cost, so as to better cope with the challenges of water environment
management, promote the development of China’s water environment protection cause,
and make contributions to the construction of a beautiful China.
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Abstract: Phosphorus (P) nonpoint source pollution from soil to water is increasing dramatically,
leading to the eutrophication of water bodies. Using amendment materials for P retention in soil
is a promising strategy for environmental restoration and nonpoint source pollution management.
This strategy has attracted significant attention because of its highly effective P retention. This
study reviews management strategies of P nonpoint pollution from soil to water, including the
basic P forms and accumulation situation in soil and P loss from soil to water. Recent advances in
the use of amendment materials, such as inorganic, organic, and composite amendment materials,
to mitigate P pollution from soil to water have also been summarized. Environmental risks of
reloss of P retention in soil with different soil properties and water conditions have also been
investigated. This review improves the understanding of P nonpoint source pollution from soil to
water, providing an innovative perspective for the large-scale application of amendment materials to
control water eutrophication.

Keywords: phosphorus; nonpoint source pollution; amendment materials; water

1. Introduction

In an era of rapid economic and technological development, resource scarcity has
become an inevitable problem for global sustainable development [1-4]. Phosphorus (P) is
an indispensable element for organisms to conduct their life activities [5-9]. The use of P
fertilizer can supplement the effective P in soil, increase crop yield and quality, and maintain
food security and sustainable development [10-12]. The dependence of modern agriculture
on inorganic phosphate fertilizer will inevitably increase the demand for nonrenewable
phosphate rock [13,14]. According to the data from the United States Geological Survey
in 2022 (Figure 1), the global base reserves of phosphate rock are 69 billion tons. China’s
current phosphate rock reserves are 3.2 billion tons, accounting for less than 5% of the
global total reservation amounts, and approximately 70% are recognized as refractory
phosphate rock. As the country with the largest consumption of inorganic fertilizers in
the world, China uses 80-90% of the mined phosphate ore as mineral phosphate fertilizers
in food production, and crops absorb only approximately 20% of this P amount, which
eventually enters the food consumed by people [15]. Meanwhile, the high demand for
inorganic fertilizers, along with low nutrient utilization efficiency [16], has put significant
pressure on the limited P rock reserves and the inorganic fertilizer market that depends on
these reserves.
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Figure 1. The number of articles on P nonpoint source pollution from soil to water.

In addition, due to the wide range and prevalence of agricultural activities, a large
amount of P accumulation results in farmland nonpoint source pollution, which is consid-
ered one of the main sources of water environmental pollution risks [17,18]. Phosphate
fertilizer applied is easily absorbed by soil particles or forms precipitates with calcium,
magnesium, iron, and aluminum plasma in soil. However, the P absorption capacity of soil
with excessive P is close to saturation, which increases unstable P content in the soil and,
thus, increases the risk of P loss to water (Figure 2) [1]. The transfer of P from the farmland
to the water environment results in severe agricultural nonpoint source pollution [19]; it
can dominate the eutrophication of aquatic ecosystems [20].

For a long time, the P load of freshwater ecosystems has been increasing with the
process of urbanization and industrialization. A large amount of nitrogen, P, and other
nutrients enter water bodies, causing serious environmental pollution problems and leading
to water degradation and reduction of aquatic biodiversity. The eutrophication degree of
water bodies is improved, which provides nutrients for algae and other plankton, especially
cyanobacteria. A large number of algae will reduce the oxygen content of water bodies and
release algal toxins into water bodies, threatening other aquatic organisms. Eutrophication
and harmful algal blooms (HAB) are widely considered two of the biggest water quality
problems at present. Eutrophication can be divided into natural eutrophication and artificial
eutrophication. Under natural conditions, lake sediments are constantly increasing, leading
to nutrient accumulation and eutrophication. This process usually takes hundreds or even
thousands of years. Therefore, an important measure to reduce water eutrophication is to
reduce anthropogenic nitrogen and P emissions.

A large amount of applied P fertilizer is directly lost into river water bodies without
plant absorption, leading to a series of water ecological pollution problems, such as the
destruction of water ecosystem biodiversity and serious eutrophication of water bodies.
The main reason is the management omission of P fertilizer application in agricultural
production. The efficiency of P fertilizer utilization in many rural areas is generally low.
River nonpoint source TP pollution area is widely distributed and is mainly concentrated
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in the agricultural production and living areas where soil erosion is more serious. After
soil erosion, the massive input of chemical fertilizers and pesticides and poor management,
as well as rural livestock and poultry-breeding discharges, have made the problem of non-
point source TP pollution in river water bodies increasingly serious, and nonpoint source
pollution has become one of the most important causes of river water quality deterioration.
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Figure 2. Hop map of keywords for articles on P nonpoint source pollution from soil to water using
VOSviewerl.6.18 software.

China is a largely agricultural country with a fertilization amount of 100 million
tons. The average fertilization amount is 2.6 times the world average, but the fertilization
utilization rate is only 30-50% of the world average. A great amount of phosphorus enters
water bodies through various channels. Usually, the contribution of P in water bodies from
various external sources in descending order is agricultural drainage, domestic sewage,
and industrial sources of pollution [21].

Numerous studies have shown that nutrient losses from agricultural production are
the main source of nutrient surpluses in agricultural ecosystems, water bodies and wetland
ecosystems, and, therefore, the largest cause of phosphorus pollution in water. TP emissions
from agricultural sources amounted to 284,700 t, accounting for 67.27% of the total national
emissions. According to the latest data from the Food and Agriculture Organization of
the United Nations (FAO), China was the country that applied the most nitrogen and P
fertilizers in the world during 2002-2017, exceeding the sum of the fertilizer applied by
the second- and third-ranked countries. China’s arable land area only accounts for about
7% of global arable land, but the amount of P fertilizers applied to agriculture accounted
for 30.09% of the world’s fertilizer utilization (2002). It is noteworthy that the in-season
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utilization rate of fertilizers in Chinese agricultural production is low, with the in-season
utilization rate of P fertilizer (P,Os5) being around 20%. This means that some of the nitrogen
and P nutrients that are not absorbed and used by crops and leave the cultivated soil will
be further lost to surface water, groundwater, and the atmosphere through surface runoff,
leaching, ammonification, nitrification, and denitrification. This will cause environmental
impacts such as nitrate pollution of groundwater and eutrophication of water bodies.

In agricultural ecosystems, fertilizer and animal manure are the main sources of P
input, so the two main sources of P emissions from agricultural sources can be judged to be
excessive fertilizer application and animal manure. In terms of source composition, based
on the national multiyear average, the proportion of P emissions from agricultural sources
is 45.73% from overfertilization and 54.27% from livestock and poultry manure, indicating
that the primary cause of agricultural surface pollution in China is livestock and poultry
manure emissions.

When overfertilization or manure overload occurs in farmland (or grassland) ecosys-
tems, nitrogen and P in different compositional forms enter surface and groundwater
mainly through surface runoff and subsurface leaching, which, in turn, leads to surface
pollution such as eutrophication of water bodies [22].

Farmland nonpoint source pollution affects 30-50% of the global land area [1]. In
the United States, nonpoint pollution accounts for two-thirds of the total pollution [23].
Fertilizer and manure inputs have exceeded crop removal rates by up to 50% in many
agricultural regions [24]. The input of TP from agricultural nonpoint sources to the North
Sea in Europe accounts for 25% of the flux to the sea. Among various sources, TP from
agricultural nonpoint sources in the Netherlands accounts for 40-50% of water pollution.
P loads introduced by nonpoint sources in 270 rivers in Denmark accounted for 52% of
total pollution [25]. Therefore, an important way to control P nonpoint source pollution
from soil to water is to control P loss in soil.

Recently, many scholars have researched P nonpoint source pollution from soil to
water and the application of amendment materials. We selected “soil P nonpoint source
pollution” as the keyword for screening on the Web of Science website, and selected the
literature data from 2013 to 2023 to analyze with the country region; the results are shown in
Figure 1. China has published approximately 56.4% of the publications on soil P nonpoint
source pollution. As shown in Figure 2, the keyword “P nonpoint source pollution” in
articles on the Web of Science database is strongly related to the keywords “nitrogen”
and “water quality.” This explains the consistency of the global agricultural nonpoint
pollution situation with the research hotspots described in the Web of Science database.
This shows that the management of P nonpoint source pollution from soil to water is
receiving increasing attention in China.

Research has been conducted on applying environment-friendly amendment mate-
rials that can absorb large amounts of P to convert unstable P into medium-stable P in
soil [26-28]. Adding iron, aluminum, and calcium to P improves soil P retention ability
and reduces soil P loss to water [29]. This effective and environmentally sound treatment
method that can avoid the ecological risk of P loss. In this study, P pollution regulation
from soil to water using specific amendments has been discussed and summarized. This
review provides critical information about P pollution regulation and amendment material
application, which is useful for agricultural nonpoint source pollution management.

2. Phosphorus Nonpoint Source Pollution Management Strategies
2.1. Phosphorus Forms and Accumulation in Soil

P exists in two forms in soil: inorganic P and organic P. Most P in arable soils is
mainly inorganic P, which plants can absorb and use [30]. Organic P can be converted to
inorganic P after mineralization. Inorganic P exists in soil in three forms: orthophosphate,
pyrophosphate, and polyphosphate. Among these three forms, orthophosphate is the main
component. Soil P can also be divided into mineral P, adsorbed P, and water-soluble P,
according to its binding characteristics with the soil matrix. Mineral P is the most difficult
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P form to be absorbed and utilized by plants, mainly occurring in apatite. Adsorbed P is
mainly adsorbed by soil clay, Fe-Al oxide, hydrated oxide, carbonate, or organic matter
by physical actions in the form of H,PO,~ and HPO,?~. Water-soluble P can be directly
absorbed and utilized by plants, and its content is generally low, which is affected by the
dissolution of mineral phosphorus and the release of adsorbed phosphorus. The difference
in soil types frequently leads to different organic P proportions, which generally account
for 20-80% of soil TP [31]. Soil organic P can be divided into combined organophosphorus,
adsorbed organophosphorus, and microbial P, including phosphoric acid, phosphorus ester,
stable nucleic acid, phosphoprotein, and microbial P. Among them, inositol phosphate is
the main organic P form, accounting for approximately 50% of the total organic P.

2.2. An Important Source of Phosphorus to Water: Soil Phosphorus Loss

P loss from soil to water occurs in three ways: surface runoff, soil erosion, and leaching,
all of which end up in the water and cause eutrophication. The amount of P loss is related
to rainfall, rain intensity, soil texture, and P background value in soil. The results of the
first survey of pollution sources in China show that from 2012 to 2014, the average total P
loss in China was 1.08 x 10° t [32].

Algae are very sensitive to P in water, and a small amount of soil P in water (0.05-0.10 mg-L 1)
can lead to water eutrophication. P migration from soil to water includes water-soluble
P and soil particle-combined P. Generally, the low solubility of soil P, the high adsorption
capacity of clay for P, and the strong combination of P and soil organic matter make the
water-soluble P content in the soil low. The P migration is low, and most soil P is in the form
of particle-combined P. However, in soil containing excessive P, the absorption capacity
of soil for P is close to saturation, and water-soluble P content increases [33]. Therefore,
the risk of P loss from soil to water due to leaching increases. McDowell et al. [34] also
concluded that leaching causes as much, and sometimes more, P loss from farmland soil to
water as surface runoff and soil erosion.

In recent years, P loss from soil has seriously affected P levels in water bodies, and
many scholars have paid increasing attention to P loss in arable land. Different indicators
have been used to evaluate P loss from soil to water, mainly including direct monitoring and
soil P index prediction [35,36]. Direct monitoring is based on simulated rainfall, laboratory
soil column leaching, and long-term monitoring tests, which evaluate P loss from soil to
water by measuring TP in runoff or groundwater and leaching solutions. The risk of P
loss from soil to water is assessed by predicting and assessing the soil P index. There are
two methods: single-index prediction and multi-index combination prediction.

For single indicator prediction, different soil test P (STP), such as CaCl,-P, Olsen-P,
Bray-P, and M3-P, is used to determine the P content in a specific part of the soil, and then
various P contents are evaluated according to the established threshold value. Beyond the
threshold value, the risk of P loss threatening water quality increases significantly. Based
on the relationship between soil P content and water environment P, the piecewise linear
model is generally adopted, and the discontinuity point is the threshold of P loss from
soil to water. With an increase in the STP concentration, the P concentration in leachates
increases slowly at first and then increases sharply when it exceeds the threshold value [37].
For example, the long-term Broad balk test showed that when soil Olsen-P content was less
than 60 mg-kg ™!, the corresponding total P concentration in the soil drainage decreased
(<0.15 mg-L~1), but when soil Olsen-P content was greater than 60 mg-kg~!, the total
P concentration increased linearly. The threshold value of soil environmental P varies
regionally, which is related to soil texture, planting methods, soil management methods,
and other factors. In addition, soil CaCl,-P is a capacity index that can be easily released
into the water and can directly reflect the risk of P loss from soil to water. Therefore, the
threshold of P loss from soil to water can also be determined on the basis of the linear
relationship between other STP and CaCl,-P.

Multi-index combination prediction relates the P loss risk to the intensity factor
(the amount of soil P extracted using a particular method) and the capacity factor (the max-
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imum amount of P that soil can absorb), i.e., the soil adsorption degree of phosphorus
saturation (DPS), in which the intensity and capacity factors are measured in different
ways. The capacity factor can be obtained from the P adsorption characteristic curve and
the combination of weak crystal hydroxyl ferric oxide and hydroxyl alumina (Feox, Alox),
measured using the ammonium oxalate-oxalate solution extraction method. The intensity
factors include M3-P, Olsen-P, Pox, etc. [38]. The threshold value of DPS is typically 25%,
and the risk of P loss from soil to water increases rapidly when more significant than this
value. In acidic soils, 12.5% is commonly used as the threshold of DPS [39]. In addition,
some studies have used Fe?*:P to predict the risk of P loss from soil to water, but it was
mainly based on soil pore water [40].

2.3. The Management Strategies for Soil Phosphorus Loss to Water Body

In the 1980s, China identified the problem of soil P loss to water. There are several
methods for reducing the risk of P loss from agricultural fields: reducing P inputs, reducing
P loss to water, conservation tillage, and buffer zone construction. Increased and stabilized
crop output is achieved through the yield response method, fertilization management,
and nutrient balance method, reducing environmental problems caused by excessive
fertilization [20]. Regarding P management, European Union researchers have proposed
several strategies for achieving the goal of global sustainable P use, including adjusting P
input, reducing P loss to water, increasing the cycle of P biological resources, recycling P
products, and P transfer in the food chain.

Reducing P inputs includes reducing fertilization, precise fertilization, and limiting
the use of organophosphorus pesticides. Soil organophosphorus loss is an important factor
in water eutrophication and is caused by organophosphorus pesticides.

Under specific soil and runoff conditions, P is mainly lost through surface runoff. To a
certain extent, preventing surface runoff can increase soil resistance to erosion and reduce
the risk of soil P loss to water, including covering the soil surface with crop residues and
setting buffer zones and grassland waterways [33]. However, these strategies effectively
reduce particulate P transport but are ineffective for reducing dissolved P in high-P residual
soil. In addition, these strategies take a long time for soil P concentrations to decrease,
during which large amounts of dissolved P are lost [41].

The loss of P to water can be reduced by changing the form of P in soil. A quick
and effective method is to add amendment materials to the soil to change the unstable P
component in the soil, which is prone to P loss from soil to water, into a stable P component,
thereby reducing the risk of P loss from soil to water.

3. Application of Amendment Materials for Phosphorus Nonpoint Source Pollution
from Soil to Water

The transformation of P is in a dynamic equilibrium, including adsorption—-desorption,
precipitation—dissolution, and the action of soil microorganisms. Generally, the role of soil
microorganisms is relatively weak, whereas chemical precipitation and physicochemical
adsorption play a key role. For example, in acidic soils, iron, aluminum oxides, and
hydroxides are the main substances for P retention. Clay minerals can immobilize P by the
same mechanism. P retention in alkaline and calcareous soils is typically associated with
the formation of calcium-bound P and can be fixed by AI** or A1(OH);3 in clay minerals.
Inorganic matter, organic matter, and composite matter can be extracted from the waste and
applied to the soil as modified materials to control P loss from soil to water. For example, the
alumina could be extracted from alum sludge using different chemical treatment methods
after being subjected to different thermal treatments [42]. Red mud is a byproduct of the
Bayer process to extract alumina from bauxite [43]. Wheat straw biochar and corn straw
biochar can be produced from wheat rice and corn straw, respectively. Fly ash is solid waste
after the combustion of pulverized coal in coal-fired power plants [44]. These are modified
materials converted from solid waste.
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P amendment materials can accelerate the transformation of soil P from an unstable
state to a medium or highly stable state, thereby reducing the risk of P loss from soil to water.
According to their properties, amendment materials can be divided into three categories:
(1) inorganic materials, including natural minerals, chemical materials, and industrial
waste; (2) organic materials; and (3) composite materials. P retention is primarily affected
by soil type, soil P background value, material properties, and material addition amount.
Although amendment materials are effective in soil P retention based on laboratory-scale
research, long-term P retention information about amendment materials at the farmland
scale is lacking.

3.1. Inorganic Amendment Materials

P retention in the soil strongly correlates with extractable iron, aluminum, and CaCOj3
content in acidic soils [45]. The P retention mechanism of inorganic materials is primarily
by increasing the concentration of Fe, Al, Ca, and Mg ions in soil and, thus, transforming
the unstable P in the soil into medium and high stable P under the action of adsorption,
precipitation, ligand exchange, and electrostatic attraction. In addition, some materials with
good pore structure and significant specific electrostatic force and ion exchange properties,
such as bentonite and zeolite, can effectively adsorb phosphate in soil, thereby reducing
P loss. According to their composition, inorganic materials are classified into iron and
aluminum materials, calcium and magnesium materials, clay minerals, and other materials.

3.1.1. Calcium and Magnesium Inorganic Amendment Materials

Calcium and magnesium materials, including dolomite, desulfurized gypsum, gyp-
sum, lime, calcite, and so on, can be applied for P retention from soil to water (Table 1).
There are two mechanisms for P retention from soil to water when using calcium materials:
(1) an increase in the Ca%* concentration in soil that can promote the formation of calcium
phosphate precipitation, thereby reducing the solubility of P; and (2) increasing soil pH.
Adding dolomite can promote the adsorption or precipitation of unstable P in soil on the
surface of calcium ions and increase stable calcium and P compounds by increasing soil
pH [46,47]. Adding desulphurized gypsum can increase the content of insoluble calcium
phosphate (Cag-P and Cajo-P) in soil, and then effectively control the dissolved P in the
soil [47]. The amount of material added is an important factor affecting soil P retention.
When the amount of lime is small, the release of calcium and magnesium ions is insufficient
to promote the formation of phosphate precipitation, thereby increasing P content during
leaching. For example, 2% addition (w/w) of slaked lime dust can reduce P loss by 77.2%,
whereas 1.5% can increase P loss by 236% [46]. Calcium and magnesium can also be applied
to soil to improve soil porosity and aggregate strength, thereby improving gas exchange
and increasing crop yields.

Table 1. Different Ca/Mg inorganic amendment materials for P retention from soil to water.

Addition Amount

Ca/Mg Inorganic Materials Soil Type pH (wlw) Retention Situation References
. . o the soil Olsen-P
calcium carbonate red soil 5.42 2.0% contents increased by 33.9% [48]

. . o the soil Olsen-P

dolomite red soil 5.42 2.0% contents increased by 66.3% [48]
. . o the soil CaCl,-P content was

dolomite Calcareous soil 7.56 2.0% reduced by 57.8% [48]

dolomite Calcareous soil 7.6 5.0% soil available P decreased by 3.10% [49]
. . o the total dissolved P of leachate

dolomite Calcareous soil 7.9 1.25% decreased by 68.4% [50]

magnesia Sandy 7.1 2.0% soluble P was reduced by 78.6% [51]
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3.1.2. Iron and Aluminum Inorganic Amendment Materials

Iron and aluminum amendment materials for P retention from soil to water, include
alum, red mud, ferrous sulfate, aluminum sulfate, fly ash, wastewater treatment residues,
and so on (Table 2). Iron and P can form inner- and outer-sphere complexes through ligand
exchange and electrostatic attraction to effectively regulate the transport of P in soil [51].
Red mud can fix phosphate on the existing surface by complexation, and then, through
the adsorption of metal cations, such as AP*, Fe3*, and Ca?", it generates metal oxide
hydrate sites for further phosphate adsorption, eventually leading to surface precipitation
or multilayer adsorption [52]. The establishment of multilayer adsorption depends on the
availability of polyvalent metal ions during red mud leaching, mineral dissolution rate,
surface species, solution pH, and total surface area [53]. Brennan et al. [52] found that in
sandy, clay, and loam soils, adding 5-t-hm 2 red mud could effectively reduce water-soluble
P in soil, and the effect was the most significant in high-P soil. Aluminum is an element with
a strong affinity for P, and the addition of 20-g-kg ! KAI(SO4),-12H,0 can significantly
reduce the content of unstable P in soil while increasing the content of moderately unstable
P 30. At different soil pH values, the mechanism of P retention of aluminum-based materials
differs. In calcareous soil, alum mainly forms poorly crystallized hydroxyl aluminum to
adsorb unstable P, whereas, in acidic soil, it is fixed by the precipitation of AIP* and unstable
P [54]. The main components of fly ash are silica, alumina, and iron oxide, among which rich
iron and aluminum can increase the adsorption and precipitation of P in acidic soil. After
the application of fly ash, inorganic P in soil is generally converted into Ca-P (H,SO4-P),
NaOH-Pj, and residual P [26]. It can also reduce soil swelling and clay dispersion, as well
as P loss to water, by reducing soil erosion.

Table 2. Different Fe/ Al inorganic amendment materials for P retention from soil to water.

Addition Amount

Fe/Al Inorganic Materials Soil Type pH (wlw) Retention Situation References
alum Calcareous soil 7.56 2.0% the Soriédclfc(égf;;; (t;/r:t was [48]
alum red soil 6.04 2.0% the so;ide‘jCegijI;cgo; ;i/r:t was [48]
aluminum sulfate red soil 7.25 0.2% the totgiii‘:;:el;esyl’gg.f;ozachate [55]
ferrous sulfate red soil 7.25 0.2% the totgééﬂri:as;);;eglyl’ggglozachate [55]
ALWTR peat soil 358 10% Pradsorption maxima was (56]

increased by 11%

3.1.3. Clay Mineral Inorganic Amendment Materials

P retention clay minerals include bentonite, zeolite, hydrotalcite, and so on (Table 3).
The P retention mechanism by clay minerals is mainly by chemical adsorption. The higher
the calcium, aluminum, and iron content in the elemental composition, the stronger the
P adsorption capacity, but the phosphate integration performance is poor. As a result,
these clays need to be modified physically and chemically to make them easier to absorb
phosphate. Layered double hydroxide (LDH), also known as hydrotalcite compounds or
anionic clay, is a promising P adsorption material [28]. It is composed of two-dimensional
layered mixed hydroxides with the advantages of a permanent positive charge between
layers, high anion exchange capacity, large specific surface area, and water resistance of the
structure [57]. The mechanisms of phosphate adsorption include electrostatic attraction,
ligand exchange, hydrogen bonding interaction, and ion exchange [58]. The direct appli-
cation of LDHs through tillage on soils with a high-P application rate could fix P in soil
through its strong adsorption capacity and reduce P transport to nearby water systems.
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Table 3. Different clay mineral inorganic amendment materials for P retention from soil to water.

Clay Mineral

Addition Amount

Inorganic Materials Soil Type pH (wlw) Retention Situation References
Mg-Al LDHs 7.08 2% the P effluent mass balance (28]
natural zeolite inceptisol 6.4 5% P w:zlrs,:il:;vs; ;rgg/? the [59]
lanthanum modified zeolite aquatic soil 7.9 thz:gi::sls C{‘ia;tégeg; in [60]
o)
montmorillonite sandy clay loam 7.8 1% thsoftl;illtlglv:?1‘;33;?;?2?2}2 P [62]
zeolite sandy clay loam 7.8 3% the W‘f’;r;i)é:ig?g]; ;) gcozntent [62]
vermiculite sandy clay loam 7.8 3% the Ovizesr;agltlrce;cgf}lle;;gg?tent [62]
bentonite Sandy loam soil 8.28 10% P maéi‘r?rléraréesgrg;izg;;facity [63]
kaolinite Sandy loam soil 8.28 10% P ma’;;‘f;;‘;jgrg’;;’;‘ Sapacity [63]
zeolite Sandy loam soil 8.28 5% P ma);i‘r‘rzlrlirar;esgrt}));igg S;Fadty [63]

3.1.4. Waste Inorganic Amendment Materials

Some inorganic waste materials can be used as P retention inorganic amendment
materials (Table 4). Irshad et al. [64] evaluated the effects of waste inorganic amendment
materials, coal ash, and wood ash on P retention from soil to water. It found that coal ash
and wood ash can reduce water-soluble P in soil. Faridullah et al. [65] investigated the
effects of waste inorganic amendment materials, wood ash, and sawdust, on P retention
from soil to water.

Table 4. Different waste inorganic amendment materials for P retention from soil to water.

Addition Amount

Waste Inorganic Materials Soil Type pH (wlw) Retention Situation References
fly ash inceptisol 6.4 5% P was removed from the solution by 97.0% [59]
coal ash loamy sand 7.6 10% water-soluble P was reduced by 22.3% [64]
wood ash sandy loam 7.4 10% water-soluble P was reduced by 16.5% [64]
wood ash silt loam 7.6 P concentration was reduced by 55.6% [65]
sawdust sandy soil 7.8 P concentration was reduced by 58.1% [65]
bauxite residues 4% the water-extractable P was reduced 95% [66]

3.2. Organic Amendment Materials

Compared with inorganic materials, organic materials have a positive effect on reduc-
ing the risk of P loss from soil to water [67]. The main organic amendment materials used
are biochar and polyacrylamide (PAM) (Table 5).

Biochar is produced by biomass pyrolysis, and the raw materials used for biochar
production include corn stover scale, rice straw, peanut husk, bamboo waste, bagasse,
soybean straw, animal feces, etc. [68,69]. More recently, sewage sludge/biosolids biochar
from nonindustrial treatment plants are being viewed as a way of recycling P and providing
great P uptake efficiency. Biochar has a large specific surface area and abundant functional
groups [70], which can change the cycle and availability of P by changing the adsorption
and desorption performance of soil for P and can promote the adsorption and fixation of
free PO43~ in soil [71,72]. On the other hand, biochar can indirectly promote P retention by
changing the structure of soil aggregates. Peng et al. [73] reported that the use of alkaline
straw biochar in P-rich calcareous soil could effectively promote the conversion of unstable
P to medium-high steady-state P, thereby reducing the availability of P. Xu et al. [74]
reported that tree-derived biochar is conducive to the accumulation of thermally stable
carbon, primarily aromatic carbon, which can provide additional adsorption sites for P and
lower alkalinity, promoting the adsorption of P and inhibiting the effectiveness of P.

PAM is a type of polymer material with a crosslinked structure, which is polymerized
from acrylamide and can promote the mutual condensation of fine soil particles to form
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stable aggregates [75]. There are three main mechanisms for P retention from soil to water
by PAM [76]: (1) through the interaction between soil particles and P to reduce the mobility
of P in soil, which reduces the risk of P loss; (2) formed hydrogen bonds in soil solutions
and high hydrophilicity that can reduce P loss from soil to water caused by soil erosion; and
(3) through flocculation to convert soil colloidal P into soil particulate P, thereby reducing
the migration of colloidal P from soil to water.

Table 5. Different organic amendment materials for P retention from soil to water.

Organic Amendment Materials Applied Soil Type P Release Reduction References

olvacrvlamide the total P concentration of the leachate [51]
polyacry was decreased by 32.4%

anionic polyacrylamide tea soil total P reduced by 54% [75]
maize stover biochar corn-growing soil inorganic P reduced by 3.3-59% [77]
polyacrylamide modified biochar paddy soil total P reduced by 41.1% [78]
Sugarcane-Derived Biochar calcareous soil / [79]
wheat straw biochar paddy-wheat rotation soil the P utlhzatlgg_rza;(e]o;s increased by [80]
Rice-residue waste biochar paddy soil / [81]
reed-biochar paddy soil total P reduced by 5.3-13.3% [82]
maple and hickory forest soil increases the absorption of a small [83]

sawmill waste biochar

amount of soluble P

3.3. Composite Amendment Materials

Negatively charged materials and inherent low-adsorption capacity materials have
limited P adsorption due to electrostatic repulsion and limited adsorption ability [57,84].
When using these materials, the addition of minerals or metallic or cationic surfactants to
improve P retention efficiency is typically required [85,86]. Iron, aluminum, and magnesium
oxides are common modified metal oxides, among which iron and aluminum are common
metal oxides in soil with a large specific surface area and abundant functional groups.
They show superior adsorption capacity for P by forming stable bonds with P(Fe-P, Al-P
and P-O-Al/Fe). Metal oxides have been added to the surface of materials to fabricate
composite amendment materials for reducing P loss from soil to water. Chen et al. [87]
loaded magnesium onto cow manure biochar and found that magnesium-modified biochar
could reduce the leaching amount of P by 89.25%, and the adsorption of P on the biochar
surface also improved the oxidation resistance of biochar. Similarly, Zhao et al. [88] loaded
the rare earth element lanthanum onto biochar and found that adding lanthanum-modified
biochar could improve the adsorption capacity of soil for P and enhance the binding force
between soil and P and that the adsorption capacity was stable and less affected by soil
pH, which helps control the leaching of P from soil to water. Feng et al. [89] loaded cerium
oxide onto corn stalk biochar (Ce-MSB) and found that adding Ce-MSB could reduce
the TP concentration in surface water by 27.33%, which was 52.05% lower than that of
MSB treatment.

4. Soil Retention Phosphorus Reloss to Water Environmental Risk

Soil properties, such as soil pH, soil inorganic and organic matter, and water condition,
can cause the reloss process of soil P loss to the water environment.

4.1. Influence of Soil pH

P adsorbed in aluminum (hydrogen) oxides (Al-P) or calcium phosphate precipitates
(Ca-P) is highly sensitive to pH changes. When the soil pH < 7, the protonated hydroxide
radical generates positive charges on the surface of soil minerals, inducing the adsorption of
negatively charged substances on the mineral surface through the formation of surface com-
plexes, such as phosphate groups or phosphorus-containing organic molecules/colloids.
When pH becomes neutral or slightly alkaline, soil particles become negatively charged,
and the mineral surface repels negatively charged organic molecules/colloids containing P,
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limiting the complexation of these P compounds on the soil mineral surface. Peng et al. [90]
found that acidification tends to promote soil phosphorus loss into water bodies.

4.2. Influence of Soil Matter

Soil inorganic oxides have a certain effect on the adsorption capacity of soil for phos-
phorus. Mng’Ong’o et al. [91] reported that when the metal oxides content of aluminum,
iron, and calcium were in the wide range of 234.56-3789.36 mg/kg, 456.78-2980.23 mg/kg,
and 234.67-973.34 mg/kg, the adsorption capacity of the soil was higher than the av-
erage value under a high state, and the risk of phosphorus loss to water was lower.
Therefore, some soils had deficient adsorption capacity, creating a risk of P loss to the
water environment.

The soil organic matter is considered an important factor controlling the movement
of P. An increase in organic matter provides a large amount of carbon and nutrients
for microorganisms, promoting soil organic phosphate mineralization as the microbial
population expands [92]. Organic acids produced by the decomposition of organic matter
can decrease the precipitation of Ca-P minerals by increasing H*, thereby increasing the
concentration of soluble P in calcareous soil. Some of its active functional groups, such
as the carboxyl group and phenolic hydroxyl group, can be complicated with metal ions
(such as iron and aluminum) and reduce the available adsorption sites for P, promoting the
release of soil phosphorus into the water.

4.3. Influence of Water Condition

Rainfall is the driving force of soil runoff and the main factor affecting phosphorus
runoff into the water. Rainwater flows into farmland, and part of it is absorbed by crops
and soil. When the moisture in soil reaches saturation, the excess rainwater gradually
seeps down. With the continuous increase of rainfall, the loss of soil phosphorus to water
increases. Yang et al. [93] reported that the runoff loss from soil P to water is not only related
to rainfall but also closely related to rainfall intensity. When rainfall intensity increases, soil
erosion will increase, and nutrients will be easily lost.

The flooding conditions will promote the reloss of P from soil to water. Under
hydraulic erosion, soil phosphorus released by hydrolysis enters adjacent water along
with surface runoff and soil erosion [90]. Xu et al. [94] demonstrated that residual P
(H2SO4-H,0O, digestion) decreased by 18-27% in flooded paddy soil compared with aero-
bic soil. Zhang et al. [95] reported that in acidic soils, the effect of flooding conditions on P
release was stronger, increasing by approximately 70%. Shaheen et al. [96] indicated flood-
ing conditions increase soil pH and promote the dissolution of Fe and Al-P compounds in
acidic soils, thereby increasing the risk of P loss.

5. Conclusions

With the rapid development of the economy, the application of P fertilizer has in-
creased dramatically, and soil P nonpoint source pollution has caused serious water eu-
trophication. Currently, concerns over poor management of P nonpoint source pollution
from soil to water and ongoing efforts to achieve environmental sustainability, especially
the water environment, have piqued interest in soil restoration. Many studies have been
conducted on the application of amendment materials to P nonpoint source pollution.
This article reviews (1) different management strategies for P pollution from soil to water,
including the knowledge of P forms and accumulation in soil, and P loss from soil to
water bodies and management strategies; (2) the application of amendment materials to P
nonpoint source pollution from soil to water, including recent advances in inorganic amend-
ment materials, organic amendment materials, and composite amendment materials; and
(3) the soil P retention reloss to water environmental risk. The theoretical investigations
have provided insight into the research trends of soil P nonpoint source pollution to
improve the understanding of using amendment materials to solve water pollution control.
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6. Limitations of Existing Studies

The management of phosphorus pollution in water bodies has taken many results
in the past, such as the removal of phosphorus from polluted water bodies by aquatic
plants [97], the removal of phosphorus from polluted water bodies by amendment materials,
and the modeling of the sources of total phosphorus pollution from nonpoint sources.
However, due to the very complex composition of water bodies and the fluctuation of
phosphorus concentration in water bodies due to climate and drastic human activities,
phosphorus is still the primary form of pollution. There are still many problems to be
improved in the management of phosphorus pollution in lakes and watersheds.

6.1. Watershed Phosphorus Pollution Management

Due to the complexity of the process of nonpoint source phosphorus pollution at
the watershed scale, the many influencing factors and the late start of research on legacy
effects, there are still many shortcomings and difficulties in process mechanisms and
quantitative modeling.

In terms of process mechanisms, the understanding of phosphorus transport processes
(especially subsurface runoff processes) in different hydrological pathways at the watershed
scale is still relatively limited. Previous studies on nonpoint source phosphorus pollution
processes in watersheds have focused on physical processes, such as soil erosion, with
limited consideration of phosphorus biogeochemical processes (especially coupled with
hydrological and biogeochemical regulation mechanisms). There is a lack of understanding
of different media such as soil, groundwater, and sediment at the watershed or regional
scale. The lack of research on phosphorus accumulation and its spatial distribution in
different media such as soil, groundwater, and sediment at the watershed or regional scale
has hindered the assessment and management of water environment pollution risks of
phosphorus left in watersheds.

In terms of modeling studies, there is a lack of process models to describe the legacy
effects of nonpoint source phosphorus pollution in watersheds. The understanding of the
process mechanism of the legacy effects of nonpoint source phosphorus pollution is still
unclear, and the current process models are still unable to comprehensively express the
formation mechanism and action process of the legacy effects. The existing quantitative
studies on the legacy effect of nonpoint source phosphorus pollution in watersheds are
mainly on an interannual scale and basinwide analysis, and there is a lack of quantitative
studies on the seasonal loss and spatial distribution of legacy phosphorus in different
environmental media [98].

6.2. Management of Phosphorus Pollution in Lakes

At present, studies on lake phosphorus patterns are mainly focused on their impor-
tant reservoir sediments or substrates, and on the differences between single lakes or
different lakes in the same lake area; comparative studies on different types of lakes are
relatively lacking.

Moreover, the management of eutrophication in phosphorus-controlled lakes remains
a technical challenge, as there are no mature engineering techniques and experiences
to draw on. Due to the influence of climate and intense human activities, phosphorus
concentrations in lakes fluctuate greatly and even rebound in treatment, making it difficult
to achieve phosphorus-control goals in lakes.

There are currently three forms of phosphorus in lake waters: water-soluble, particu-
late, and PH3, of which the amount of PH3 produced is small, and the relevant formation
and transformation mechanisms are still unclear. The form of phosphorus in lake waters
is more studied in the sediment-water transformation of inorganic phosphorus, while the
transformation mechanisms of organic phosphorus between sediment and water bodies
are yet to be further clarified. Most of the relevant lake water phosphorus management
techniques are aimed at the reduction of total phosphorus concentrations, such as physical,
chemical, and bioecological methods. The physical method, which has quicker results and
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obvious restoration effects, is not long-lasting enough, and the research focuses on the
efficiency of phosphorus removal by adsorbent materials, while less attention is paid to
the mechanism of phosphorus adsorption. The chemical method, which is easy to operate
but has high chemical costs and secondary ecological risks, can be used as an auxiliary or
emergency control technology. The bioecological method is a comprehensive technology,
which is the mainstream method of lake restoration at present, with low economic costs,
good landscape effects, and stable restoration effects. Most of the relevant studies focus on
the effect and mechanism of functional organisms (plants, animals, and microorganisms)
and their grouping on the removal of total phosphorus, while the ecological safety of
engineered bacteria and the risk of phosphorus removal mechanisms of aquatic animals
still need to be further strengthened [99].
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Abstract: This review provides a comprehensive overview of the advancements and challenges of
anaerobic digestion technology in waste stream treatment plants under the framework of the circular
economy, emphasizing its role in achieving “dual carbon” goals. As climate change intensifies, with
waste stream treatment contributing significantly to global emissions, there is a pressing need to
optimize energy efficiency and reduce carbon outputs in this sector. Anaerobic digestion is highlighted
as a solution for converting organic waste into renewable biogas and digestate, enabling energy self-
sufficiency and reducing greenhouse gasses. The study highlights that anaerobic digestion enables
the conversion of organic waste into renewable biogas and nutrient-rich digestate, facilitating energy
self-sufficiency and significant reductions in GHG emissions. Successful implementations, such as in
Weifang, China, demonstrate the feasibility of upgrading biogas into biomethane for local energy
use. Advanced technologies like bioelectrochemical methanation and membrane bioreactors enhance
biogas production efficiency, while co-digestion proves effective even in challenging conditions.
Despite these advancements, the review identifies critical challenges, including high investment costs,
technical inefficiencies, and regulatory barriers, particularly in developing countries. This study
provides insights into integrating anaerobic digestion with circular economy principles and offers
a foundation for future policies and research aimed at achieving carbon neutrality and sustainable
waste management.

Keywords: bioenergy recovery; sustainable waste management; carbon neutrality; energy efficiency;
green technologies

1. Introduction

In recent years, the increase in greenhouse gas (GHG) emissions has exacerbated
global climate change, leading to widespread adverse effects worldwide. The frequent
occurrence of extreme weather events, such as hurricanes, floods, and droughts, poses
significant threats to human life and economic development, while rising sea levels force
mass migrations from coastal areas and further contribute to international instability [1].
In response to these challenges, the United Nations adopted 17 Sustainable Development
Goals in 2015, urging countries to take immediate action to combat climate change. Later
that year, the Paris Agreement was established during the Paris Climate Conference,
requiring nations to reduce GHG emissions and limit global temperature rise to well below
2 °C, with efforts to cap the increase at 1.5 °C [2]. As one of the largest global emitters of
carbon dioxide, China has also accelerated its transition towards a green economy. In 2020,
the country announced its commitment to peaking carbon dioxide emissions before 2030
and achieving carbon neutrality before 2060 [3]. Subsequently, the 2021 Action Plan for
Peaking CO, Emissions by 2030 emphasized industrial restructuring, improving energy
efficiency, and promoting green technologies [4].
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Despite significant progress across several sectors, waste stream treatment has often
been overlooked due to its perception as a low-carbon industry. However, wastewater
treatment involved in the waste stream treatment is an energy-intensive process, contributing
nearly 5% of global non-carbon dioxide emissions, which is projected to rise to 22% by
2030 [5]. Additionally, electricity consumption in the sewage sector is expected to increase by
80% over the next 25 years [6]. Therefore, advancing technological solutions to achieve energy
self-sufficiency and reducing carbon emissions in this sector has become a critical priority.

Anaerobic digestion technology is a well-established and widely applied method in
sewage treatment, capable of breaking down organic wet waste and sewage sludge under
anaerobic conditions. Through microbial activity, these materials are converted into biogas
and digestate, producing both renewable energy and recyclable fertilizers [7-9]. This process
not only reduces reliance on fossil fuels but also significantly curtails GHG emissions. Despite
these benefits, the current global economy remains heavily dependent on a linear economic
model, which is based on extracting raw materials from nature, converting them into products,
and ultimately disposing of them as waste [10]. Over the past decades, this linear approach
has led to severe pollution and resource depletion, exacerbating both the climate and en-
vironmental crises. In contrast, circular economic strategies—focused on the efficient use
of industrial materials and the recycling of resources to generate renewable energy—offer
a sustainable alternative. These strategies can significantly reduce global greenhouse gas
emissions while enhancing resilience to extreme weather and natural disasters [11-13].

However, it is important to note that while recent advancements in digitization and
intelligent applications have enhanced the ability of anaerobic digestion systems to convert
organic waste into biogas, several technical and economic bottlenecks still hinder their
large-scale deployment. These challenges include efficiency limitations that are highly
sensitive to external factors, technological gaps related to scalability, as well as high initial
investment costs and extended payback periods.

This review aims to examine how anaerobic digestion technology can facilitate the
transition of waste stream treatment towards a circular economy. By analyzing the current
global development of anaerobic digestion technology in waste stream treatment, the study
will explore the key drivers and challenges, including technological advancements, policy
frameworks, and market demand, while anticipating future trends. Finally, the review
will synthesize existing research and practices, highlighting the essential role of anaerobic
digestion technology in advancing circular economic principles. This will provide a scientific
foundation and valuable insights to guide future research and policymaking.

2. Overview of Anaerobic Digestion Techniques
2.1. Basic Principles and Techniques of Anaerobic Digestion

Anaerobic digestion is a biological process in which microorganisms break down organic
matter in an oxygen-free environment. Common organic feedstocks include animal manure,
food waste, agricultural residues, and wastewater solids [8,9,14]. Through this process, organic
matter is converted into methane and carbon dioxide, primarily to produce biogas. The
material remaining after digestion, known as digestate, is nutrient-rich and can be separated
into solid and liquid fractions, both of which are commonly used as fertilizers for crops. In
wastewater treatment, the by-products of digestion are often referred to as biosolids [15].

Notably, while digestate is a nutrient-rich by-product of anaerobic digestion, contain-
ing high levels of nitrogen, phosphorus, and potassium that are valuable for improving
soil fertility and promoting sustainable agricultural practices, it may not always be suitable
for direct agricultural use. Factors such as high salinity, heavy metal contamination, and
the presence of pathogens or organic pollutants can negatively impact crop health and soil
ecosystems [16]. Furthermore, logistical challenges, including high transportation costs
and regulatory restrictions, may further constrain its agricultural application [17]. In some
instances, alternative uses, such as bioplastic production, conversion into biochar, or energy
recovery through incineration, may present more viable and efficient options [18].
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As shown in Figure 1, the anaerobic digestion process for converting organic waste
into biogas involves four main stages: hydrolysis, acidification, acetogenesis, and methano-
genesis [19]. In the hydrolysis stage, hydrolytic bacteria decompose complex organic
compounds into simpler molecules, breaking down carbohydrates, proteins, and fats into
amino acids, sugars, and long-chain fatty acids. In the subsequent acidogenesis phase,
fermenting bacteria converts these monomers into volatile fatty acids, organic acids, and
alcohols, with the potential release of ammonia and hydrogen sulfide. During acetogenesis,
acetic acid-forming bacteria convert the volatile fatty acids into acetic acid, carbon dioxide,
and hydrogen. Finally, in the methanogenesis stage, methanogens convert acetic acid and
hydrogen into a mixture of methane and carbon dioxide.

* Amino acids * Acetic acid
* Sugars (CO,, Hy)
* Long-chain fatty acids

Hydrolysis Acidogenesis Acetogenesis Methanogenesis
¢ Carbg)hyd:cates * Volatile fatty acids * Methane
* Protein * Organic acids « CO,
* Fat » Adid alcohols

Figure 1. The four main stages of anaerobic digestion of organic waste.

As shown in Figure 2, anaerobic digestion technology can be categorized based on
factors such as moisture content of the raw material, feed frequency, and mixing method.
First, digesters are classified as either wet or dry systems. Wet digesters are suitable for
substrates like sewage sludge and animal manure with a moisture content above 85%,
while dry digesters are ideal for biosolid waste and food waste with a solids content
exceeding 15% [20]. Second, based on feed frequency, digesters are categorized into batch
and continuous systems; batch digesters produce biogas periodically, whereas continuous
digesters generate biogas at a relatively stable rate [21]. In practice, many digesters operate
in a semi-batch or semi-continuous mode, balancing biogas production continuity with
routine maintenance needs. Finally, mixing methods for digesters vary between non-fixing
and fully fixing systems. Fully fixing digesters, utilizing mechanical agitation and biogas
recirculation, provide a uniform digestion environment and prevent temperature gradients
or “dead zones” [22]. Although fully mixed digesters incur higher operating costs, these
are partially offset by enhanced biogas yields.

Feedstock

supply

bt “frequency‘{ continues

Feedstock Mixing
moisture WPeB

full fixing
dry 4 fixing

Figure 2. The main design parameters of anaerobic digestion technology.
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2.2. Application Status of Anaerobic Digestion Technology in Wastewater Treatment

Anaerobic digestion technology has garnered significant attention due to its broad
applications in climate and environmental protection, as well as its potential economic
benefits. As an efficient waste management strategy, anaerobic digestion is widely applied
in sewage sludge treatment, effectively reducing treatment costs and energy consumption.
It also produces high-calorific biogas, which can be used for power generation, enabling
plants to achieve energy self-sufficiency [23]. Additionally, the integration of cogeneration
technology allows facilities not only to fulfill their own heating needs but also to supply
thermal energy to surrounding areas, further enhancing economic benefits [20].

The application of anaerobic digestion technology varies significantly across regions.
In Europe, stringent environmental regulations and renewable energy policies have driven
the widespread adoption of this technology, particularly in Germany and the Nordic coun-
tries, where a mature industrial chain has formed. In Germany, the Renewable Energy
Act (EEG) of 2000 spurred the development of biogas power, leading to the establishment
of over 1000 biogas plants within 14 years [24]. Today, Germany is one of the world’s
largest biogas producers, and wastewater treatment plants often co-digest food and agri-
cultural waste with sludge, enhancing anaerobic digestion efficiency [25]. In contrast, the
development of anaerobic digestion technology in the United States has been propelled
by technological innovations and advancements in pretreatment methods, which have
significantly improved sludge decomposition rates and biogas production [26].

Compared to developed countries in Europe and the United States, developing nations
face technical, economic, and policy-related challenges in adopting anaerobic digestion
technology. In Malaysia, for instance, wastewater treatment largely relies on traditional
methods despite technical potential due to resource limitations. Although European co-
digestion methods have been applied to improve efficiency, results have been limited
by inadequate technical support [27]. Similarly, African countries face barriers such as
insufficient funding, technology, and policy frameworks, further complicated by inadequate
infrastructure. In countries like Kenya and Uganda, the government has initiated biogas
programs, but a lack of systematic support has hindered project sustainability [28]. To
overcome these challenges, targeted strategies are needed in these regions, including
enhanced technical training, increased public awareness, improved policy support, and
strengthened international collaboration and financial assistance.

2.3. Economic and Environmental Benefits of Anaerobic Digestion Technology

The primary advantages of anaerobic digestion technology in the sewage treatment
industry are twofold: economic benefits and environmental gains. First, as shown in
Table 1, anaerobic digestion offers significant economic benefits by reducing fossil fuel
costs associated with sludge incineration in wastewater treatment plants through biogas
production and utilization. Additional revenue is generated through cogeneration and
by-product sales, such as biogas electricity and reduced fertilizer input costs [29]. While
large systems entail substantial capital investment, proper management and government
incentives can enhance their economic feasibility.

From an environmental perspective, anaerobic digestion minimizes the combustion
and emissions of organic waste, effectively reducing greenhouse gas emissions and sup-
porting sustainable development [30]. In Japan, the anaerobic digestion project in Mi-
namisanriku Town reduces waste disposal costs and increases local revenue by lowering
incineration and landfill requirements. This project annually produces 2150 tons of liquid
fertilizer and 255 tons of high-value rice, resulting in a 216.5% increase in net income when
operational efficiency reaches 100%. Concurrently, greenhouse gas emissions are reduced
to 126 kg CO,-eq per ton of waste, marking an approximate 23% decrease [31]. In Russia’s
Sverdlovsk region, a sewage treatment plant generates approximately 9.9 million cubic
meters of biogas annually, which is converted into 20.8 million kWh of electricity and
24.78 million kWh of heat, addressing regional energy demands. This €65.18 million invest-
ment promotes green infrastructure and reduces annual CO; emissions by 119,649 tonnes,
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accounting for 0.45% of the region’s total wastewater treatment emissions [32]. Anaerobic
digestion technology not only transforms sludge into biofertilizers and energy, aligning
with circular economy principles, but also mitigates the risks associated with sludge treat-
ment and alleviates environmental burdens.

Based on the analysis of various countries presented in Table 1, the application of
anaerobic digestion technology generally yields substantial economic returns, primarily
reflected in cost savings, increased net income, and enhanced energy efficiency, particu-
larly in energy production and technological advancements. In terms of environmental
benefits, most countries report significant reductions in greenhouse gas emissions, high-
lighting notable progress in sustainable development. Furthermore, energy efficiency and
infrastructure investment are closely interconnected, with many countries benefiting from
increased energy capacity and efficiency, especially those facing high energy demand.
Factors influencing these outcomes include the economic context, environmental policies,
energy demand, and technological innovation. For instance, wealthier countries and those
with established energy industries are more likely to invest heavily in anaerobic digestion
technologies, while environmental policies and technological innovations contribute to

more substantial environmental benefits.

Table 1. Economic and environmental benefits of anaerobic digestion technology by region.

Region Economic Benefit Environmental Benefit Energy Benefit Infrastructure Investment Reference
Japan Net income increase GHG reduction by Production of 2150 tons of Annual investment required: 131]
apa by 216.5% approx. 23% liquid fertilizer 5375 GBP
. Green investment An.nual emission Production of 2080 MWh of .Natlonw1de fac1.11ty
Russia return of USD reduction of 11,964 tons, electricity and 2478 MWh of heat investment required: [32]
651.8 million 0.45% to total emissions ty USD 651.8 million
. . Reduction in global . . .
Iran Net income increases warming potential by Total cumulative generation Average LCOE: 33]
by 45.2% o over 20 years: 4571.7 GWh USD 0.0335-0.0426 per kWh
79.16-92.65%
China Annual net profit: Annual emission reduction Annual gas production: Construction cost: 120]
USD 7.85-11.67 million  of 785.4-3301.6 Mt CO,-eq 17,090 m3 USD 30-75 million
65% return on . . . .
. . 20,000 tons GHG Annual production capacity: Upgrade investment required:
Germany  recycling and high reduction 980 million m? USD 65 million [34]
technology reuse
UK Annual sales revenue: 3-10% annual Annual production of approx. Construction cost: 35]
GBP 38.73 million emission reduction 1200 MWh of electricity USD 10 million
Arcentina Energy cost savings Be;::;?ﬁg;:;ﬁg? Methane purity after Average facility cost: [36]
& of 35% P . concentration: 65% USD 2 million
reduction effect
Spain Income of EUR 79-80% reduction in Annual capacity of 666.88 MWh Payback period: 137]
pa 973.59 million GHG emissions of energy 3-5 years
10-year lifecycle cost Lo . . 1
. 79.16-92.65% reduction in ~ CHP systems raise efficiency up Capital investment:
usa savings of USD GHG emissions to 80% USD 12.3-16.4 million (381
20.5 million
Savings of USD . . Initial investment:
Turkey  13billioninfossil 122 Mffg;gggﬁ‘;““‘m Annual capacity of approx. USD 21.71 million; [39]

fuel imports

95 MWe of electricity

payback period: 5-8 years

3. Status of Anaerobic Digestion Technology Upgrade in Global Wastewater

Treatment Plants

3.1. Upgrade and Progress of Anaerobic Digestion Technology

As shown in Table 2, wastewater treatment plants worldwide are increasingly recog-
nizing the potential of anaerobic digestion technology and actively pursuing technological
upgrades. In terms of capacity enhancement, efficiency has been notably improved by
optimizing operational conditions and implementing two-stage or multi-stage anaerobic
digestion systems. These advanced configurations enhance the production of high value-
added products, such as volatile fatty acids (VFAs) and hydrogen, by carefully adjusting
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pH, temperature, and the residence time of organic waste [40]. Integrating continuous
stirred-tank reactors (CSTR) with upflow anaerobic sludge blanket (UASB) reactors has
further boosted biogas yields, while two-stage anaerobic digestion has achieved 10% to 30%
increases in methane production [41]. However, large-scale applications are constrained by
high capital investment and operational complexity. Future developments should focus on
large-scale testing, optimizing solid-liquid separation, and improving energy efficiency.

Second, smaller wastewater treatment plants with limited infrastructure have en-
hanced the production efficiency of methane and biofertilizers by employing photosyn-
thetic biogas upgrading and bioelectrochemical methanation technologies. Photosynthetic
biogas upgrading utilizes microalgae photosynthesis to fix CO, in the biogas, thus purify-
ing it [42], while bioelectrochemical methanation applies voltage to facilitate CO, reduction
and methane production [43]. However, due to the operational instability of these tech-
nologies, their scalabilities face significant challenges and the application remains limited
to laboratory and small-scale settings, with industrial implementation requiring further
research. Limitations include low current densities during large-scale applications, high
capital and operational costs due to complex electrode and reactor designs, and sensi-
tivity to operational parameters like pH and temperature. Additionally, issues such as
biofouling, reduced efficiency in real wastewater environments, and difficulty maintaining
electroactive microbial communities further constrain their industrial feasibility [44].

In wastewater treatment, anaerobic membrane bioreactors (AnMBRs), which integrate
anaerobic digestion with membrane separation technology, overcome the limitations of
traditional anaerobic reactors. This approach enables efficient treatment of urban sewage
under low-temperature and low-organic-load conditions, achieving methane recovery
rates as high as 99.5% [42]. Despite advances that have reduced the cost of membrane
separation, the relatively low economic value of methane has driven wastewater treatment
plants to explore its potential for producing high-value volatile fatty acids (VFAs). Current
advancements in nanofiltration (NF), reverse osmosis (RO), and pervaporation (PV) mem-
brane technologies have improved both the transmission rate and selectivity of VFAs [45].
Although AnMBRs can yield high-quality effluent by controlling hydraulic power and
solid retention time [46], challenges remain, including membrane fouling, temperature
fluctuations, and sulfate-induced corrosion, all of which require further resolution.

During anaerobic digestion, improper substrate composition, loading rates, or process
parameters can lead to reaction interruptions, reduced biogas yields, or even complete
process failure, resulting in economic losses for wastewater treatment plants. Studies indi-
cate that adding substances such as ash, biochar, or zero-valent iron can help stabilize pH,
create microbial habitats, and remove contaminants, thus optimizing reaction conditions
and enhancing methane production [20]. Among these, biochar not only adsorbs inhibitory
compounds like NH3 and H,S but also serves as a hydrogen transfer medium, promot-
ing syntrophic metabolism and improving anaerobic digestion performance [47]. Biochar
shows promising potential for application in small to medium-sized wastewater treatment
plants, though its effectiveness on a larger scale requires further validation.

Hydrogen addition technology also holds promising applications. By adding Hj, hy-
drogenotrophic methanogens can convert H, and CO, into methane, thereby increasing the
methane content in biogas [48]. Researchers at Aarhus University in Denmark developed a
GasMix injection system to introduce Hj into a full-scale thermophilic anaerobic reactor,
achieving approximately a 45% increase in hydrogen conversion [49]. Although hydrogen
conversion remains constrained by gas-liquid mass transfer, the successful operation of the
GasMix system offers an effective solution for efficient and cost-effective hydrogen mass
transfer in large-scale anaerobic digestion. Future studies can further optimize injector
design and operational parameters to enhance performance.

Additionally, anaerobic digestion of single substrates tends to perform poorly in cold
regions. To address this, wastewater treatment plants employ co-digestion technology,
which improves the carbon-to-nitrogen ratio by mixing high-carbon substrates, such as crop
residues, with high-nitrogen substrates in organic wastewater. This approach enhances the
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system’s buffering capacity and helps prevent pH fluctuations. For example, in Tibet, China,
studies have demonstrated that co-digesting wheat straw with wastewater sludge at a
9:1 ratio significantly increases biogas production at a low temperature of 15 °C, compared
to the digestion of a single substrate [50]. Pretreatment techniques also play a crucial
role in low-temperature anaerobic digestion. Methods such as using ultrasonic waves to
break down organic particles or adjusting pH and moisture levels can improve substrate-
microorganism contact, enhancing the digestion rate and methane yield [51]. In cold regions
like Canada, the northern United States, and Northern Europe, various pretreatment
technologies and reactor designs have been developed to sustain microbial activity under
low temperatures, mitigating the adverse effects of cold on anaerobic digestion.

Table 2. The upgrading and progress of various anaerobic digestion technologies.

Upgrade Technology Features Advantages Limitations Application Prospects  Reference
Capacity Optimization of pH, Increased biogas yield, High capital investment; Medium to small scale;
temperature, and VFAs, and . . e [40]
Improvement L . . complex operation experimental facilities
retention time ammonia production
. o . . Small to medium scale;
N CSTR combined 10-30% increase in Complex operation;
Reactor Combination . . : wastewater [41]
with UASB methane yield higher costs
treatment plants
. . . g . Small scale,
. Phototrophic M1croalg§e a'smsted Increased methane purity Difficult to scale. up; high decentralized; [42]
Bioreactor Upgrade purification land area requirement
wastewater treatment
. . . Suitable for small-scale . . .
Bioelectrochemical Generation of . - System instability under = Laboratories and small
. devices; current in . L. L [43]
Methanation external voltage - high current densities scale applications
experimental phase
. Membrane contamination; .
. Coupled membrane Methane purity rate Medium to large scale;
Membrane Bioreactor . 3 Temperature [42]
separation technology up to 99.5% . wastewater treatment
fluctuation effect
Nanofiltration, reverse Increased VFAs .
Membrane . . i, . . Small to medium scale
- osmosis, and production; mitigates High maintenance costs [45,46]
Application . .o wastewater treatment
pervaporation membrane fouling issues
-, -, pH regulation; . .
Additives Ad?htlon of ash, inhibition of by-products;  Unproven on a large scale Med“fm to smallhs.c ‘:ile’ [20,47]
Technology biochar, etc. A experimental facilities
enhanced digestibility
- . Increased ammonia Gas-liquid limitations;
. o Injection of air and gas i 1 .
Ammonia Stripping . . removal efficiency; sensitive to Medium to large scale [49]
recirculation . . s
improved mass transfer operating conditions
Co-Substrate High protein b101;nass Improved system stability Limited substrates in Cold-climate regions;
co-digestion with . . wastewater [50,52]
Technology ; and methane yield cold climates
organic substrates treatment plants

3.2. Case Studies of the Current Situation in Various Regions of the World

In Europe, stringent environmental regulations and supportive policies have driven
the widespread adoption and advancement of anaerobic digestion technology, particularly
in the treatment of sewage sludge and agricultural waste. As shown in Table 3, integrated
anaerobic digestion and composting (IADC) is commonly used for organic waste treatment,
with a focus on optimizing biogas productivity [53]. The EU’s circular economy framework
promotes legislation for waste recycling, encouraging the use of anaerobic digestion and
composting technologies. While traditional wet anaerobic digestion still dominates large-
scale organic waste treatment, small-scale anaerobic digestion (SSAD) has demonstrated
significant potential for processing agricultural waste and organic sewage sludge. In Ger-
many, for example, more than 560 small biogas plants have been established since 2016,
generating an annual output of 271.3 GWh of electricity. This success is largely due to the
Renewable Energy Act’s Feed-in Tariff (FIT) policy, which provides subsidies for electricity
produced by small biogas facilities [54]. In France, garage-type digesters are widely used
for processing food waste and municipal wastewater in urban and suburban areas, while in
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Italy, policy incentives support the development of biogas facilities to provide sustainable
energy solutions for rural and local communities [55,56].

In the United States, upgrades to anaerobic digestion technology have focused on
transforming wastewater treatment plants into water resource recovery facilities (WRRFs).
Implementing real-time control for a 35% reduction in N,O emissions, combined with
electrolytic hydrogen production and pre-filtration technology, has enhanced organic
matter collection efficiency and biogas production, thereby reducing reliance on fossil
fuels [57]. Anaerobic digestion technology has also been effectively applied in large farms
and slaughterhouses, leading to significant reductions in greenhouse gas emissions. For
instance, large dairy farms have cut emissions by 2.45 to 3.52 million tonnes of CO,-eq
annually, with additional reductions achieved through cogeneration [58].

In Asia, particularly in China, anaerobic digestion technology has rapidly advanced un-
der the impetus of the “dual carbon” policy. A successful example is seen in Weifang, Shan-
dong Province, where biogas upgrading technology enables the conversion of 86,000 cubic
meters out of 150,000 cubic meters of daily biogas production into biomethane for local
use [59]. This biomethane, with chemical properties similar to natural gas, can be directly
injected into the natural gas network, providing a pathway for the seamless integration
of renewable energy with existing energy infrastructure. This approach not only reduces
dependence on fossil fuels but also enhances energy security and supports decarbonization
efforts. In the Nan’an community of Wuwei, Gansu Province, the central gas supply system
maintains anaerobic digestion temperatures through biomass combustion, achieving a
thermal efficiency of 86.5% [60]. In China, anaerobic digestion technology is transitioning
from small-scale household applications to large-scale industrial systems, with signifi-
cant contributions from large biogas plants expected to drive national biogas production
by 2020 [61]. In this context, leveraging existing natural gas distribution networks for
biomethane injection can facilitate efficient energy distribution, reduce greenhouse gas
emissions, and establish a circular economy model that maximizes the value of organic
waste. Simultaneously, it supports national energy and environmental goals, promoting
sustainable development and resource efficiency.

Moreover, in other Asian countries like India, Nepal, and Vietnam, governments
and NGOs are actively promoting household anaerobic digestion systems. In India, fi-
nancial incentives and loans from the government enabled rural residents to install over
90,000 home-grade biogas digesters between 2017 and 2021, significantly improving rural
sanitation [62]. In Indonesia, the implementation of decentralized wastewater treatment sys-
tems (DEWATS) combined with anaerobic digestion technology has successfully addressed
weak wastewater treatment infrastructure, providing effective wastewater treatment and
biogas production solutions to more than 15,000 communities [63].

Table 3. Case studies of anaerobic digestion technology development in different regions.

Region Policy Support Upgrade Status Technology Application Application Scenarios References
Renewable Energy Law, Small-scale anaerobic Applied in agricultural .
L Agricultural
Germany small-scale digestion waste treatment, supports waste treatment [54]
electricity subsidy technology (SSAD) agricultural economy
. Applied in urban organic .
France .Pohcy for small scalg Vehicle-scale digesters waste for electricity and Urban organic [55]
biogas plant construction h . waste treatment
eat production
Processes organic waste, Agricultural
Italy 2030 Biofuel Target Biofuel technology supports rural waste treatment [56]
circular economy
USA WRREF facility Transition to resource Increases biogas yield, Large wastewater plants, [57,58,64]
transformation support recovery facilities reduces GHG emissions landfill sites T
Industrial-scale Widespread biomass Wastewater treatment,
China Dual carbon policy development from small ~ heating systems, increased livestock [59-61]
to large gas contribution waste management
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Table 3. Cont.

Region Policy Support Upgrade Status Technology Application Application Scenarios References
. Government incentives Household-scale Household biogas plants Agricultural and
India . . B household [62]
biogas systems improve rural sanitation
waste treatment
Indonesia Local government and Decentralized wastewater Rziii;ftr; 13;1‘ga1’;15c Agricultural and [63]
NGO promotion treatment (DEWATS) P . Y & 3 residential areas
production over 20 m
Nepal, NGO promotion of Household-scale fmproved sanitation, Agricultural and
. . A supports agricultural household [62]
Vietnam  household biogas systems anaerobic digestion .
resource recycling waste treatment
67% recycling rate with
Brazil Renewable Energy Law, Large-scale landfill and installed capacity of Landfills, agricultural 65]
National Solid Waste Policy co-digestion facilities 835 MW, meeting 2.8% of waste treatment
national demand
. Policy support for Solid waste Red}lcg urban landfill Urban and agricultural
Chile emissions, supports [66]
. treatment technology waste treatment
energy alternatives energy recovery
. Annual generation of . .
Argentina Decentralized renewable Co-digestion facilities 6387 MWh, GHG emission Urban regions, electricity [67]

energy regulation

reduction by 44.1-70.5% production

4. The Promoting Role of Anaerobic Digestion Technology in Circular Economy
4.1. Potential for Energy Self-Sufficiency and Carbon Reduction

Anaerobic digestion technology plays a crucial role in advancing the circular economy.
As shown in Table 4, anaerobic digestion enables the conversion of sewage sludge into
biogas, supports energy self-sufficiency through cogeneration, reduces dependence on
fossil fuels, and facilitates the transformation of wastewater treatment plants into resource
recovery facilities, thus lowering their carbon footprint. In Europe, policy support and
technological advancements have positioned anaerobic digestion as a global leader in
energy self-sufficiency and carbon reduction within wastewater treatment. For instance,
Austria’s Wolfgangsee-Ischl and Strass wastewater treatment plants produce 3 GWh of bio-
gas annually using highly efficient combined heat and power (CHP) equipment, achieving
complete energy self-sufficiency by 2008, with surplus electricity available for sale [68]. In
Germany, the Grevesmiihlen and Kohlbrandhoft wastewater treatment plants employed
co-digestion technology to increase electricity production by 15% and generate a 20% en-
ergy surplus [69]. Additionally, Dutch dairy farms convert livestock manure and sewage
sludge into energy through co-digestion and CHP systems, cutting their carbon footprint
by 88-92% and reducing operational costs by 26% [70].

In the Americas, particularly in the United States, anaerobic digestion technology
enables wastewater treatment plants to achieve energy self-sufficiency and recycle waste.
For example, the East Bay Municipal Utility District (EBMUD) generates over $2 million
annually from excess electricity produced through anaerobic digestion. At the Des Moines
wastewater treatment plant, co-digestion technology has increased biogas production by
40%-50%, allowing for profitable biogas sales [71]. In Latin America, anaerobic digestion is
widely applied on dairy farms, where it reduces greenhouse gas emissions by an estimated
32.8 million tonnes of CO;-eq per year [72]. In Mexico, municipal wastewater treatment
plants achieve 50%-60% energy self-sufficiency through anaerobic digestion, generating an
annual output of 34 GWh of biogas [73].

In Asia, anaerobic digestion technology is aiding agriculture and livestock sectors in
reducing environmental impacts and advancing the shift toward a circular economy. For ex-
ample, in BB Nagar district, India, anaerobic digestion converts livestock and poultry waste
into 10,637 kW of electricity, reducing CO; emissions by approximately 51,956.4 tonnes
annually [74]. In China, 31 wastewater treatment plants in Guangzhou have achieved
regional energy self-sufficiency, cutting electricity costs by 80%, reducing CO, emissions by
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about 37.5 tonnes per day, and generating substantial benefits in the carbon trading market.
By 2050, carbon credit revenues in the region are projected to reach 30 million yuan [75].

Table 4. Potential of anaerobic digestion technology in energy self-sufficiency and carbon reduction.

Energy Self-Sufficiency

Region Application Field Potential Carbon Reduction Capacity Representative Case Reference
Wastewater 100% power self-sufficiency, o Wolfgangsee-Ischl
Treatment Plant over 10% surplus energy Reduces CO, by over 10% WWTP, Austria [68]
50.5% average energy
Wastewater recovery; 1.54 kWh per m3 Reduces me.t he.ane and Krosno WWTP, Poland [76]
Treatment Plant . N,O emissions
E biogas
urope
Electricity increases by 15%; Reduces CO, emissions Grevenmuehlen and
Co-digestion o y y or 2 o Kohlbrand WWTP, [69]
20% energy surplus by 83-92%
Germany
Dairv Farm CHP systems achieve 100% Environmental impact Dutch dairy farm Annual [70]
y energy self-sufficiency reduced by 83-87% cost savings of 26%
Wastewater Surplus power generation
generates 200 million USD Significant carbon reduction EBMUD WWTP, USA [71]
Treatment Plant
annually
T Biogas yield increased by Reduces methane and .
Co-digestion 40%; 50% biogas sold other GHGs Des Moines WWTP, USA [77]
. Energy.self—sufﬁ(:lency 60% reduction in methane Latin American d.alry
Dairy Farm through bioenergy and heat . . - farm Annual reduction of [72]
recover and nitrous oxide emissions 32.8 m tons of COy-c
North America Y i 2¢q
Annual reduction in
. o Annual CO, reduction: Brazil agricultural waste
Manure Processing Over 20% energy surplus 124 Mt about 12% of [78]
total emissions
Municipal Annual biogas production: Reduces methane and Mex1c§) WwWIP
Wastewater 340 GWh CO, emissions 50-60% energy [73]
Treatment Plant 2 self-sufficiency rate
Manure Processin Power conversion over Annual CO; reduction: Re di]iel\j:laegfﬁzlneilcae on (74]
8 1063 kW 51,596 tons P
fossil fuels
Anaerobic digestion and
Wastewater Daily biogas production: Reduces GHG emissions photovoltaic system [79]
Asia Treatment Plant 390 kWh from energy and fuel usage combination in South
Korea Jeju Island WWTP
Municipal . . Reduces 37.5 tons of COz-eq 31 WWTP in Guangzhou,
Wastewater Electricity Cost reduction About 12.56% of China Carbon markets [75]

Treatment Plant

by 8%

total emissions

generate revenue

4.2. Economic Role in Resource Recovery and Waste Management

As shown in Table 5, the contribution of anaerobic digestion technology to a circular

economy is evident in its effective waste management and resource recycling capabili-
ties [8,9,12]. By converting agricultural and livestock waste as well as sewage sludge into
biogas and organic fertilizers [80-83], anaerobic digestion technology not only reduces the
cost of traditional fertilizers but also enhances soil and environmental quality, support-
ing resource reuse [84]. Furthermore, processing digestate allows for the production of
high-value materials, such as carbon-based compounds, nanofibers, and bio-oils, which
find applications in energy storage and pollutant adsorption [85-87]. These materials not
only improve economic efficiency but also foster sustainable development of the circular

economy in sewage treatment and waste management.
In emerging economies, anaerobic digestion technology has shown substantial eco-

nomic benefits, driving sustainable green economic growth. For instance, in Poland,
approximately 34% and 30% of sludge are managed through agricultural applications
and thermal conversion technologies, respectively [88]. Research indicates that sludge
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gasification technology offers significant economic advantages within the circular economy,
providing a net benefit of up to $3.5 million for small, decentralized wastewater treatment
plants in Poland and reducing landfill costs. Additionally, the bio-o0il generated through
rapid sludge pyrolysis and the hydrogen yield during gasification, reaching 72.8-82.9%,
further enhance energy recovery efficiency [89]. At the ZGO Gac plant in Poland, over
100,000 tonnes of solid waste are processed annually using anaerobic digestion and com-
bined heat and power (CHP) systems, generating 6000 MWh of electricity—one-third of
which is sold—resulting in a net surplus of €180,000. This demonstrates the critical role of
anaerobic digestion technology in supporting the circular economy [90].

Since Croatia joined the European Union in 2013, it has introduced anaerobic digestion
technology to treat municipal solid waste in order to meet EU waste management targets.
The city of Zagreb collects about 270,000 tons of solid waste every year, of which 13.46%
is converted into biogas through anaerobic digestion for power generation and heating,
with an investment of 710,000 euros and an annual power generation income of about
1 million euros. At the same time, the cost of fertilizer is saved by about 500,000 euros
per year [91]. In addition, the technology reduces greenhouse gas emissions by 43.59 tons
of carbon dioxide equivalent per year [92], bringing Croatia a double advantage in terms
of environmental and economic benefits. In Africa, despite slower overall economic and
technological development, several rapidly urbanizing countries and regions have success-
fully implemented anaerobic digestion technology. For example, in South Africa’s Western
Cape Province, anaerobic digestion produces 100-150 m3 of biogas per tonne of waste
treated, reduces CO, emissions by 1 tonne, and enhances energy self-sufficiency [93]. In
eThekwini, an anaerobic digestion project set to launch in 2027 aims to treat 13.1% of the
city’s total waste by 2035, potentially saving over R3.8 billion in treatment costs [94] and
further advancing the circular economy.

In general, based on the analysis of anaerobic digestion technology adopted by various
countries in Table 5, most countries achieve economic benefits through energy savings,
waste conversion into electricity or biogas, and reductions in waste management costs.
Additionally, many countries have successfully reduced GHG emissions and pollutants,
contributing to sustainable development. In terms of resource recovery, the technology
effectively transforms waste into valuable resources, thereby fostering a circular economy.
The factors influencing these outcomes include the country’s economic context, environmen-
tal policies, technological innovations, and energy demand. Developed countries and those
with advanced infrastructure tend to reap higher economic and environmental benefits,
which are further enhanced by supportive policies and technological advancements.

Table 5. The economic role of anaerobic digestion technology in resource recovery and waste

management.
Region Technology Application Type Resource Recovery Economic Benefits Environmental Impact Reference
Municipal Sludge Hydrogen concentration Net income: USD 350,000 Reduces sludge0 volume;
. ; o for small 0.55-1.5% [88-90]
Anaerobic Digestion 72.8-82.9%
wastewater plants phosphorus recovery
Poland . . o
Generates 6000 MWh . Provide organic fertilizer
Municipal solid waste of electricity; Annual revenue: for agriculture, [90,95]
X . USD 1.8 million Reduce fertilizer costs, ’
one-third sold -
Reduce methane emissions
Consumes approx. Annual savings of USD -
Mexico City Biological pretreatment MBP 387 M] fossil/Mg 207.6 in waste Reduces GHG emissions by [96]
148 kg-COe/Mg
of energy management costs
Organic matter removal Production increase:
Brazil Two-Stz.ige rate: 96.9%; methane 25.7%, COD removal ReduFed watgr and [97]
Membrane Bioreactor . o - soil pollution
concentration: 70.1% efficiency
. Reduce demand for fossil
_2°,

USA Waste Heat Energy Recovery Recovers 20-30% of Annual savings on fuels, Reduce greenhouse [98]

energy from waste heat

heating costs 20-30%

gas emissions by 30%
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Table 5. Cont.

Region Technology Application Type Resource Recovery Economic Benefits Environmental Impact Reference
. Biogas production: Annual revenue of RMB Reduces solid waste by
China Food Waste Treatment 130 m3/ton 20 million 46.8 kg CO,-eq per ton (%]
Reduces solid waste by 46.8 kg Acid treatment f.or Reduces processing costs Improves' nutrient
Norway CO»-eq Der ton methane production; by 30% separation and [100]
2¢qp 42-50% yield y reduces pollution
100 kW waste-to- Significant reductions in Reduces fossil fuel
Germany Municipal Solid Waste energy plant; 27.1 m® energy spending from consumption by replacing [101]
waste treated annually fossil fuels 620 kg of CO,-eq emissions
.. Reduces 43.59 tons CO,
Annual electricity Annual fertilizer cost emissions; decreases
Croatia Municipal Solid Waste revenue: approx. EUR savings: EUR 500,000 reliance on [91,92]
1 million . o
agricultural fertilizers
100-150 million o Estimated savings of IZflfitsfieosnls 'tgrelc(;iacsgsz
South Africa Municipal Waste Treatment annual ZAR 3.8 billion by 2035 reliance on traditional [93,94]

biogas production
energy sources

5. The Development Trend of Anaerobic Digestion Technology
5.1. Emerging Technologies and Intelligent Applications

Anaerobic digestion technology is evolving alongside advancements in science and
technology. As shown in Table 6, new processes such as temperature-phased anaero-
bic digestion (TPAD) and autogenic high-pressure digestion (AHPD) significantly boost
biogas production and methane concentration [102,103]. Additionally, the implementa-
tion of forward transport membrane (FTM) technology and microalgae CO, capture has
proven effective in enhancing methane purity and yield [69,104]. Pretreatment technologies,
including wet oxidation and steam explosion, greatly improve the biodegradability of ligno-
cellulosic materials [105], while low-temperature condensation enables the co-production
of high-purity methane and carbon dioxide [106]. Furthermore, integrating anaerobic di-
gestion with biorefinery technologies allows for the conversion of organic biomass into a
diverse range of green energy and chemical products [107].

Digital and intelligent technologies have significantly advanced wastewater treatment,
particularly in anaerobic digestion, enhancing both process accuracy and efficiency [108].
Artificial neural networks (ANN) and machine learning algorithms, such as random forests
and support vector machines (SVM), optimize biogas production and facilitate predictive
maintenance, achieving efficiency gains of up to 15% [109,110]. Additionally, the use of
fuzzy logic systems and Internet of Things (IoT) technologies optimizes feeding systems
and equipment maintenance, further improving overall operational efficiency [111,112].
The integration of life cycle assessment (LCA) tools has led to a 20-30% reduction in
greenhouse gas emissions from wastewater treatment plants [113], providing substantial
support for sustainable development.

Overall, the integration of artificial intelligence (Al) and the Internet of Things (IoT)
enhances decision-making capabilities through advanced data analysis and automated
systems, enabling operators to dynamically adjust feeding strategies and proactively re-
solve inefficiencies. This integration also minimizes downtime and maintenance costs,
significantly improving operational performance. Collectively, these technologies provide
transformative potential for predictive maintenance and process optimization, enhanc-
ing the efficiency and reliability of anaerobic digestion systems while aligning with the
objectives of the circular economy.

65



Water 2024, 16, 3718

Table 6. Development of anaerobic digestion technology in emerging technologies and intelligent

applications.
Application Field Technology Type Key Performance Indicators ~ Application Scenarios Technical Challenges  Reference
Tempera.ture. Phaged Methane yield increase . . Complex temperature
Anaerobic Digestion o Various organic waste [102]
of 9.6% control, energy demand
(TPAD)
Energy Production High equipment
Self-pressurized Methane purity up to 82%, Various gasification manufacturing cost,
e e [103]
Gasification low-grade heat utilization reactors complex
pressure control
. . High cost of
Methane Enrichment Membrane Transport Improved methane purity Biogas upgrading nanoporous membrane [104]
Enhancement systems .
materials
Methane Yield Microalgae Methane yield up to 92%, Waste treatment Nutrlen't .demand
L . . i additional [69]
Increase Cultivation with CO, removes ammonia facilities .
environmental control
Agricultural Waste Steam Explosion Enhanced methane Agricultural and High equipment cost,
. . - complex [105]
Treatment Pretreatment production organic fertilizers
pretreatment process
Wastewater and Low-Temperature . o Wastewater treatment Requires large-scale
Sludge Treatment Liquefaction Methane purity up to 99% plants cooling infrastructure [106]
Biomass Resource Blo-ref'm mng anc.:l Comprehensive production of Agricultural waste Complex mdu.strlal
N Anaerobic Digestion Lo processes, high [107]
Utilization . ethanol, bio-oil, syngas (e.g., sugarcane) .
Integration energy input
Process Control and Artificial Neural Production efficiency increase Biogas production High sensor demand,
L . complex [110]
Monitoring Networks (ANN) by 20% systems .
model training
Optimization . S o Requires extensive
Maintenance and SVMand Biogas yield nerease of 15%, Large biogas plants historical data [109]
- Random Forest reduced maintenance costs g
Prediction for training
Biogas Yield Random Forest Optimized biogas . High comp ut.atlonal
- . . Large biogas plants complexity, [110]
Prediction Algorithm production forecast . I
increased reliability
Complex algorithm
Feed System Fuzzy Logic Biogas yield increase of 10%, Various biogas adjustments, high [111]
Optimization yHos reduced labor dependency production systems transmission
accuracy requirement
o o
Life Cycle Integrated 30 /o.ref:luctlgn in GHG Wastewater Comple{( data mod.e !
emissions, improved construction, extensive [113]
Assessment LCA Model R treatment plants L
resource utilization data collection time
o Enhanced data centralization, Large biogas plants, High system setup cost,
Remote Monitoring Internet of Things IoT increased efficiency and remote need for continuous [112]

and Maintenance

operational rate

facility management

maintenance updates

5.2. Policy and Market Drivers Factors

Figure 3 illustrates the main evolution of the European biogas industry from 2020 to
2050, highlighting a gradual shift toward biomethane production and carbon appreciation.
This evolution underscores the rapid development of anaerobic digestion technology, pro-
pelled by both policy and market forces. On the policy front, governments have introduced
incentives to encourage the adoption and expansion of this technology. For instance, the
European Green Deal and the EU’s Long-Term Climate Strategy emphasize enhancing
resource efficiency and promoting a circular economy through anaerobic digestion [114].
EU waste management policies, including the Landfill Directive and the Waste Framework
Directive, also support anaerobic digestion’s role in reducing landfill use and pollutant
emissions [115].

Specific national policies have further spurred market growth. In France, the Energy
Transition Act and the Multi-Annual Energy Plan have strengthened the biogas sector,
aiming for biogas to comprise 30% of natural gas consumption by 2030 [116]. In Sweden,
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the Climate Investment Program promotes the biogas market with the goal of making
the transport system fossil-fuel-free by 2030 [117]. Similarly, in Brazil, the Biogas and
Biomethane State Policy outlines the rights and obligations of stakeholders, fostering
greater market integration [118].

European biogas sector
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Figure 3. Development trend of European biogas industry 2000-2050 [114].

Market drivers are also accelerating the advancement of anaerobic digestion tech-
nologies. In Poland, rising global grain prices have led operators to shift towards using
food industry and municipal waste as feedstocks, thereby enhancing economic efficiency
and reducing competition with food resources [119]. In the Czech Republic, biofuel use
is encouraged through subsidies and tax incentives [120]. In China, abundant supplies of
livestock manure and crop residues serve as substantial feedstocks for anaerobic digestion,
with large-scale biomethane and biogas projects expected to deliver significant economic
benefits [43]. Together, these policy and market factors have fostered a supportive environ-
ment for the growth of anaerobic digestion technology, advancing resource recovery and
the circular economy.

6. Challenges and Obstacles
6.1. Technical Bottlenecks and Economic Feasibility Challenges

Anaerobic digestion technology faces several technical and economic challenges in
practical applications. As shown in Table 7, on the technical side, high ammonia nitrogen
concentrations and volatile fatty acid accumulation can inhibit microbial activity, adversely
affecting methane production [121]. While mature ammonia removal technologies exist,
nitrogen and phosphorus recovery efficiencies remain below optimal levels, and the use of
membrane technologies is constrained by clogging issues [122]. Additionally, untreated
high concentrations of ammonia nitrogen and heavy metals can lead to environmental pollu-
tion, limiting the feasibility of agricultural applications [123]. Generally, the main technical
challenge faced by anaerobic digestion technology in practical application is generally the
environmental pollution and blockage caused by the immaturity of various technologies.

At the economic level, the high costs of nutrient recovery and raw material pretreat-
ment add to operational expenses [123-127]. Although two-stage anaerobic digestion can
enhance energy recovery, it requires additional equipment and energy input, increasing
costs [128]. Furthermore, low market demand for biogas persists due to the competitive pric-
ing of traditional fertilizers and fossil fuels, limiting commercial expansion [129]. Therefore,
the main economic challenges encountered in the application process of anaerobic digestion
technology include an increase in costs and a decrease in demand. Instability in methane
production also directly affects economic viability, with reduced gas yields leading to lower
energy recovery [130]. Existing subsidy policies primarily support project construction
but lack operational subsidies, making it challenging for some biogas projects to maintain
profitability [131], which is an additional significant concern that cannot be overlooked.
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Additionally, the challenges encountered by different countries in the application of
anaerobic digestion technology vary based on their technological development, economic
conditions, and policy environment. Developed countries generally face fewer challenges
related to equipment and technology maintenance; however, they still struggle with market-
ing difficulties and the lack of operational subsidies, largely due to the competitive pricing
of fossil fuels and insufficient market demand for green energy. In contrast, developing
countries face more severe technical challenges, such as membrane fouling and lower
ammonia nitrogen recovery efficiency, while the high costs associated with pretreatment
and dual-stage systems exacerbate the economic burden. For countries with significant
agricultural needs, there is a heightened focus on mitigating the environmental issues
caused by nitrogen and heavy metal pollution, which directly impact soil health and agri-
cultural productivity. Overall, the performance of technological and economic challenges
varies considerably across countries, shaped by a combination of national infrastructure,
economic development levels, and policy support.

Table 7. The technical bottleneck and economic feasibility challenge of anaerobic digestion.

Field Technical/Economic Category Challenges Impact Solutions Reference
Excessive ammonia . ..
Substrate Processing Efficiency, concentration, Reduced gas yield, Op’.amlzg substrate
. unstable ratio, adjust pH of [121]
pH Value Control accumulation of fermentation process feedstock
volatile fatty acids
. Reduced membrane Develop
. Membrane separation . . fouling-resistant
Nitrogen and phosphorus lifespan, increased .
process . membrane materials, [122]
recovery technology ! operational
Fouling problem . enhance
maintenance costs 1 . ffici
Technical Challenges ceaning ethaency
Increased operational
Low maturity of and management Enhance membrane
Ammonia recovery technology membrane contactor complexity, higher contactor, implement [132]
technology system automatic control
maintenance costs
Untreated Nitrogen Soil degradation, Improve mFrggen
. and Heavy Metals, . . recovery efficiency,
Environmental Impact Control . impact on agriculture [123]
Environmental and . enhance heavy metal
. . and environment .
soil pollution recovery technologies
High time and Optimize
. . Increased pretreatment
Pretreatment Costs equipment investment . . [125]
. operational costs techniques, reduce
in pretreatment process . .
equipment investment
Highcosstor | Ssmostand e ket
Dual-Stage System Costs dual-stage gasification nersy phe y Y [128]
increase, Reduce in reduce
and energy system . - .
economic efficiency equipment costs
E ic Chall .
conomic Challengss Puctsing metane o onten - Dovlopstl
Methane Yield Instability yield impacts 8y Y . sents, [130]
. ) Reduced economic optimize operating
economic benefits . o
efficiency conditions
. Imn_m.ture Hindered commercial Increase policy
. g bio-fertilizer and .
Market Promotion Difficulty . promotion of support, promote [129]
biofuel market; reen fuels reen fuel applications
insufficient demand & & pp
Existing subsidy Reduced economic Government to
Lack of Operational Subsidies policies lack viability, difficult to increase long-term [131]

long-term support

maintain operations

operational subsidies

6.2. Regulatory Challenges and Public Acceptance Issues

In terms of policy and regulation, regulatory differences in the application of anaerobic
digestion technology in different countries limit the uniform implementation of the tech-
nology and affect the efficiency of cross-border trade and digestion management. While
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Germany and the United Kingdom have developed standards (such as PAS-110) to regulate
heavy metals and organic pollutants in digesters, many countries still lack similar regu-
lations, which may limit the use of digesters as agricultural fertilizers [133]. In addition,
the lack of global harmonized digestion regulations makes cross-border agricultural trade
challenging. For example, EU restrictions on mechanically separated organic waste may
not apply to other countries, affecting international trade in digestives [134]. Despite the
potential environmental and economic benefits of anaerobic digestion in agriculture, the
impact on the environment and human health needs to be supported by more research.
Currently, the tools used to assess digestive risk (such as life cycle assessment and ecological
risk assessment) are not widely available in many countries, which affects government and
industry assessments of the quality and safety of disinfectants [36]. At the same time, as
shown in Figure 4, as anaerobic digestion is an emerging technology, the EU has adopted
the process of formulating policies through expert opinions, evidence review and scientific
suggestions, which shows that the multi-layered regulatory system leads to poor infor-
mation transmission, especially the lack of coordination among government departments,
resulting in inefficient policy implementation [135].

In terms of public acceptance, limited awareness of anaerobic digestion technology
often leads to concerns about the composition and safety of residual compounds [136].
Project size can also influence acceptance, with smaller facilities generally gaining easier
support, whereas larger projects may encounter resistance due to external investment
involvement and potential impacts on the local area [137]. Additionally, the “NIMBY” (Not
in My Backyard) effect is particularly notable in the construction of large anaerobic digestion
facilities. While the public may broadly support renewable energy, there is often opposition
to facilities being located close to residential areas [138]. For instance, in Germany, the
clustered construction of anaerobic digestion facilities has sometimes met with resident
opposition. Conversely, in France, despite facility visibility, some residents perceive these
installations as compatible with the rural landscape, making them more accepting.

In summary, the key to overcoming the “NIMBY” effect lies in enhancing commu-
nity engagement and transparency by involving the public in decision-making from the
early stages of the project and providing regular updates to build trust. Simultaneously,
educational and outreach efforts should be undertaken to comprehensively communicate
the environmental and economic benefits of anaerobic digestion facilities. Additionally,
optimizing facility siting and design, such as incorporating greenery or adopting inconspic-
uous designs, can help minimize visual and environmental impacts. Providing economic
incentives, such as sharing project revenues or offering free organic fertilizers to the local
community, further ensures direct benefits to residents, fostering greater acceptance and
support for the project.
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Figure 4. EU policy formulation and proposed adoption path [139].
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7. Conclusions and Prospects

This review systematically examines the application of anaerobic digestion technology
in wastewater treatment and its role in promoting the circular economy. As a sustainable ap-
proach for converting organic waste into biogas and organic fertilizers, anaerobic digestion
holds significant potential to reduce emissions and energy consumption while enhancing
energy self-sufficiency and resource recycling in wastewater treatment plants, thus becom-
ing a key strategy in achieving the “dual carbon” goal. Although technology is relatively
mature in developed regions, developing countries continue to face challenges related
to limited financial and technical support; nonetheless, anaerobic digestion technology
demonstrates broad prospects for growth.

Against the backdrop of the “dual carbon” goal, the future of anaerobic digestion
technology presents both opportunities and challenges. Driven by climate policies and
the imperative to reduce carbon emissions, advancements in co-digestion, multi-stage
anaerobic digestion, and intelligent control methods promise to enhance efficiency and
economic benefits. Policy incentives and market forces are also accelerating technological
progress, with biogas markets and carbon trading systems improving economic viability.
However, technical challenges remain, including digestate treatment, ammonia nitrogen
inhibition, and volatile fatty acid accumulation, as well as the challenge of balancing capital
investment with financial returns. Future research should prioritize improving technologi-
cal stability, reducing costs, and refining policy support. Increasing public awareness of
environmental protection and fostering social acceptance of anaerobic digestion projects
are also crucial.

In conclusion, as a vital technology for promoting the circular economy and green
development, anaerobic digestion will play an essential role in the global energy transition
and in achieving carbon neutrality. Policymakers should advance supportive policies,
standardization, and international cooperation, while the wastewater treatment industry
must focus on technology integration and intelligent systems to achieve the Sustainable
Development Goals.
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Abstract: Water resource management should be conducted from a multidisciplinary perspective.
In this sense, the objective of this work is to analyze, from the perspective of the circular economy,
the technical-economic feasibility of implementing different alternatives for the regeneration of
wastewater for its subsequent reuse in industrial and sports companies located in Bogotd, Colombia.
The development of the methodology is carried out through the method of economic cost-benefit
analysis (ACB) and the technique of net present value (NPV). These methodologies facilitate decision
making based on the economic feasibility of recovering the initial investment costs and the operating
costs during the useful life of the WWTP. Establishing the cost and price of reclaimed water is
essential to the efficient management of water resources; so far, the studies carried out only focus
on the economic viability of the internal costs of the system, while the private impacts and the
externalities are excluded and relegated to unsubstantiated statements about the advantages of water
reuse. The economic feasibility incorporating the analysis of externalities presents a total profit that
ranges between 6.52 EUR/m? for the industrial sector and 2503 EUR/m? for the irrigation of golf
courses. This analysis demonstrates the technical and economic feasibility of carrying out a circular
economy where the water already used returns as a new source of supply.

Keywords: circular economy; externalities; opportunity costs; reuse of treated wastewater; supply
and demand of reclaimed water

1. Introduction

The “El Salitre” treatment plant is in the city of Bogotd, and it is the one in charge of
treating the wastewater from the north of the town, with a current load capacity equivalent
to 2 million people. The WWTP begins with a pretreatment followed by a primary treatment
of settling tanks that are subsequently dumped into the Bogota River. Due to the scarcity
of water that is occurring, and the pollution generated by the bodies of water, a proposal
is made that allows decisions to be made for a process of efficient regeneration and reuse
of water. Resolution 1096 of 2000 of the Republic of Colombia emerged as a mandatory
regulatory instrument within the territory to provide treatment to wastewater and include
it again for reuse. The purpose of this study is to analyze technically and economically the
feasibility of implementing an alternative that allows the recovery of the costs of water
regeneration and reuse, obtaining private economic profit from the commercialization
of this resource. In addition, the evaluation allows the analysis and evaluation of the
externalities of the system, such as the decrease in contamination generated by surface
water bodies.
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The companies selected to supply them with reclaimed water are characterized by having
processes with high water consumption and their proximity to the WWTP “El Salitre”.

Considering this framework, the marginal costs of producing reclaimed water versus
obtaining it from a conventional source and its total profits are established.

1.1. Wastewater Treatment and Reuse

Currently, the “El Salitre” treatment plant has a process that begins with a pre-
treatment that allows the removal of those bulky and fine solids as well as removing sand,
fats, and oils; this is organized so that it does not affect the other subsequent processes.
The primary treatment is a sedimentation process that removes up to 40% of DBOs and
60% of total suspended solids (TSS). With this process, the effluent obtained is still of low
quality to be reused in the different potential uses that exist. For this reason, the proposal is
to analyze the use of a secondary treatment that involves a biological treatment process,
either (1) activated sludge or (2) trickling filters; in both cases, these processes are accom-
panied by a settler. The secondary treatment achieves up to 95% removal of DBOs and
suspended solids. To increase the quality of the regenerated water, two tertiary treatments
are proposed through disinfection: (1) disinfection via chlorine or (2) UV radiation.

1.2. The Circular Economy as a Solution to the Problem of Scarcity

The existence of water as a non-renewable resource opens the door to the development
of different techniques that make it possible to extend the useful life of this resource;
even though water is a basic necessity for all living beings, it is wasted and contaminated
indiscriminately, due to the industrial, commercial, agricultural, and residential activities
carried out by man [1]. Many countries are seeing the need to adopt new strategies that
allow them to make posthumous use of wastewater, both domestic and industrial, and
studies have shown that the reuse of this is one of the most economical and efficient
alternatives [2]. This reuse is essential for those areas that are arid, semi-arid, or that simply
do not have a large quantity of the water resource. In the same way, it manages to solve
pollution problems and allows an increase in the availability of a resource without the need
to over-exploit the conventional sources (surface or underground waters).

The reclaiming of treated wastewater should be considered as a new source of uncon-
ventional resources, whose management must be included in the comprehensive planning
of water resources, considering economic, social, and environmental issues [3,4]. Reclaimed
water can be used in traditional processes that do not require high quality, releasing vol-
umes of better quality for other and more demanding uses [5].

Currently, many cities are presenting limitations on the use of drinking water, which
is why they have chosen to use systems that allow the reuse of wastewater that is subjected
to different types of processes, which adapt its quality depending on what it will be used
for. The circular economy concept is related to the efficient use of natural resources, thus
seeking to develop two fundamental aspects: smart growth, which becomes inclusive and
sustainable economically, socially, and environmentally. In this way, it is achieved that
the behavior of exploitation and use of water is not linear; on the contrary, the life cycle is
closed, making it a constant resource and maintaining it as long as possible [6].

The behavior of the circular economy revolves around the relationship that exists be-
tween the reclaimed water market and potential end users. This is based on the promotion
of sustainable practices and the efficient use that should be made of water resources. This
type of economic model not only ensures that the economy grows but at the same time
allows for a reduction in the indiscriminate exploitation of water basins and aquifers, for
which reason a linear model that generates pollution and does not allow for a fulfilling
helpful life is not followed for this resource [7]. The transition that is made from the linear to
the circular model is to encourage the most efficient use of water innovation, with economic
incentives for those who could be potential end users; likewise, it improves the capacity of
an economy to manage the demands of the growing imbalance between the supply and
demand of water [8].
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1.3. Economic Aspects of the Circular Model

From the economic perspective of applying the concept of circular economy, the reuse
of wastewater is presented as a “win-to-win” relationship [9,10]. The specific purpose
of the circular economy is to create a behavior that closes the cycles of the resources and
extends their useful life by adapting their quality for future use. When talking about
reuse, a sustainable alternative is provided to avoid overexploitation of watersheds or
aquifers; unfortunately, as these resources are cheap, society will continue to overexploit
the resource, causing constant waste without foreseeing it for the future. The fact that water
is consecrated as a vital right implies that it is often free, or the price paid is very little; this
is questioned, as there are more and more economic charges associated with exploitation.
Therefore the economic convenience is reflected in the investment of infrastructure for
regeneration plants. This implies evaluating associated costs incurred for investment, oper-
ation, and maintenance as well as the construction of networks for distribution to different
end users [11]. Once these costs are available, the minimum sale price of reclaimed water
must be established, which must guarantee the recovery of the costs incurred and generate
an economic profit. Generally, the costs of wastewater regeneration vary depending on
the final use, whether for potable use or not, as well as whether it includes aspects of
quality, supply, and quantity requirements [12,13]. Generally, purchasing reclaimed water
is better for potential end users since they are not only encouraged by discounts on the
rates they currently pay, but they also benefit from a continuous supply due to the amount
of water released.

Water and wastewater management is one of the biggest challenges for the CE as
many kinds of industries depend on water [14], and limited access to clean water resources
can limit both production capacity and profits.

2. Materials and Methods
2.1. Definition of Scope Study

Table 1 shows the main characteristics of the city of Bogota. Currently, economic
activities represent 23.6% of the primary sector, secondary 40%, and tertiary 36.3%. It is
important to note that, in Bogota, the impact on the consumption of water resources by
industry is quite high, and agriculture is the same. Therefore, the reclaimed water supply
will be focused on this area.

Table 1. General aspects of Bogota. (Own elaboration from the cited sources.)

General Aspects of Bogota Amount Units
Urban area ! 307 km?
Territorial extension ! 1776 km?
Population 1 8,080,734 inhabitants
Agricultural: 2320 ha
Land use ! Ranch: 1684 ha
Industrial: 2980 ha
Drinking water network coverage 2 97.5 %
Sewerage network coverage 2 90.2 Y%
Plants available for wastewater treatment 2 1

Note: 1 [15]; 2 [16].
Table 2 stipulates the water flows demanded and the alternatives of the possible

users that would make the reuse of the reclaimed water, always starting from the quality
characteristics stipulated by the Colombian legal framework.
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Table 2. Alternatives for companies to reuse treated water. (Own elaboration from the cited sources.)

Wastewater Effluent Flow Rate  Alternatives Reuse End User Estlmatefi
Treatment Plant Consumption
1 Recreational Golf club and park La 18,023
Florida ! (m3/ year)—43 (m3/ day)
Papeles primavera 3
Wastewater 3 2 Industrial (paper and school 21’5502’380 (n31 / éyear)—
treatment plant 118,890,720 r3n /year supplies company) 2 219 (m”/day)
“El Salitre” (377 m>/s) ; 3
3 Industrial Sellopack (plastics 10,489,600 (m” /year)-
production company) 3 28,740 (m3/day)
. Licorera 3,488,040 (m?/year)-
4 Industrial Cundinamarca * 9689 (m3/day)
Note: ! [17];2 [18]; 3 [19]; and * [20].

The wastewater generated in the city of Bogota is currently treated in a primary
treatment system within the “El Salitre” plant (currently under expansion and will begin
operations in mid-2021); from this effluent, a proposal of different alternatives that are
adapted to the already existing infrastructure was developed. The criteria stipulated to
be able to use reclaimed water are established by Resolution 1207/2014 of the Colombian
government [21]. The exclusive use of reclaimed water can only be used for agricultural,
industrial, or recreational use. Likewise, it starts from the guidelines recommended by
the World Health Organization [22], demanding the elimination of any pathogen that
may directly or indirectly harm human beings. Table 3 shows in detail the information
previously mentioned.

Table 3. Quality criteria for reuse alternatives. Source: [21].
Effluent Water Quality
Parameter Unit of Measure Quality Criterion for Reuse
Industrial
Mechanical
Agriculture Heat Exchangein  Discharge of  Cleaning of Roads  Firefighting
(Irrigation) Cooling Towers Sanitary and Irrigation of Network
and Boilers Equipment Roads to Control Systems
Particulate Matter
pH Dimensionless 6.0-9.0 6.0-9.0 6.0-9.0 6.0-9.0 6.0-9.0
Thermo-tolerant NMP/100 mL 10 10 10 10 10
coliforms
Fecal Enterococci NMP/100 mL 1.0 - - - -
Helminths parasites eggs of larvae/L 1.0 0.1 1.0 1.0 0.1
in humans
Protozoa human cyst/L 10 0 10 10 10
parasites
Salmonella sp NMP/100 mL 1.0 1.0 1.0 1.0 1.0
BODs mg/L 0 1.0 1.0 1.0 1.0
Total phenols mg/L 15 - - - -
Free cyanide mg CN/L 0.2 - - - -
Chloride mg Cl/L 300 - - - -
Sulphate mg SO4/L 500 - - - -
Mercury mg Hg/L 0.002 0.001 - 0.001 -
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Table 3. Cont.

Effluent Water Quality

Parameter

Unit of Measure

Quality Criterion for Reuse

Agriculture
(Irrigation)

Industrial

Heat Exchange in
Cooling Towers
and Boilers

Discharge of
Sanitary
Equipment

Mechanical
Cleaning of Roads
and Irrigation of
Roads to Control
Particulate Matter

Firefighting

Network
Systems

Floating material

present or absent

Total absence

Total absence

Suspended solids mg/L Total absence Total absence - - -
Qil and fats mg/L Total absence Total absence - - -
Total residual chlorine

(with at least 30 min mgCly /L Less than 1 - - - -
of contact)

Nitrate (NO3~, N) mg NO;~ /L 5 - - - -

Pr

The expansion and optimization of the Wastewater Treatment Plant, PTAR Salitre
Phase II, includes the following process: activated sludge followed by a secondary de-
canter to increase the efficiency of discharge quality; with these new treatment units, an
approximate elimination will be achieved of SS (60-99%), BOD (60-99%), Total Coliforms
(60-99%), and Nutrients (10-55%). Regarding tertiary treatment (Asano, 2007), a filtration
process with disinfection is proposed, and this allows a high quality of the final effluent,
achieving removal of SS (>99%), BOD (>99%), Total Coliforms (>99.9%), and Nutrients
(>90%). Through interviews and consultations with experts [23-25] the costs incurred for
construction, operation, and maintenance were established. On the other hand, the exter-
nalities that could impact the project were identified, either positive (income or benefit) or
negative (expense or disadvantage), and likewise, the opportunity cost is included, which
refers to the cost generated by investing the funds destined for the plant in another activity
that generates greater profitability. In this case, an investment analysis was made of the
total cost of carrying out the project in the purchase of government bonds, which raises a
gain of 6.72% over 10 years.

2.2. Economic Analysis

The economic analysis starts with establishing, analyzing, quantifying, and monetarily
evaluating the impacts of the project for a given area. This analysis is because the cost
that is being incurred is real, which means the project manages to make the treatment
of wastewater at a minimum cost. Said identification starts from those already existing
impacts in the “El Salitre” treatment plant and those derived from carrying out the treatment
based on the advantages and costs of investment, operation, and maintenance. This also
allows for the comparison of the marginal costs of producing reclaimed water versus
the cost of obtaining a quantity of water from another source of supply. The valuation
methodology analyzes the economic behavior of the treatment plant, this includes all the
private costs and profits that are measurable in financial terms; therefore, the total profits
are maximized, using private profits as a starting point, taking into account positive or
negative externalities and opportunity costs [26,27]. The objective function is determined
as follows (see Equation (1)):

Y L (RAV, % SVy) — (ICh+ COMy + FCn+ Ta) + (PEn —NEg) — OC] 1)

where Pt = Total Profit; RAV = Annual Volume of Regenerated Water; SV = Sale Price
of reclaimed water; IC = Investment Cost; FC = Financial Costs; T = Tax; PE = Positive
Externalities; NE = Negative Externalities; OC = Opportunity Costs; COM = Cost of
Operation and Maintenance; and n = Year.
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2.3. Aggregation of Costs and Incomes

The private costs obtained in Tables 4 and 5 refer to the costs of each of the processes
where the selection was based on a cost-efficiency analysis, and from this analysis, the
selected technology was activated sludge followed by a tertiary treatment of disinfection
and UV rays due to its high level of efficiency in pollutant removal.

Table 4. Investment, operation, maintenance, and water regeneration costs per m3 for selected water
line options.

Investment, Operation, Maintenance, and Regeneration Costs of Selected Options for the Water Line

Investment Cost Operation and . Regeneration
Design for Medium Flow (4 m®/s) Maintenance I\O/[p(?ra:tlon and Cost Obtaining Cost
and Peak Flow (9.9 m®/s) Civil Works and Costs aintenance Reference (MSP
Equipment (EUR)  (EUR/Month) Costs (EUR/Year) EUR/m3)
. Coarse and fine
Preliminary o
grinding Bogota water,
De-sanding and 1e 1% sewerage, and
degreasing 77,019,207 169,281 2,031,378 cleanliness (2018). 0.1028
Monthly
Primar Sedimentator or operation report
y primary decanter
Database
Activated “CONSTRUDATA”
Secondary sludge—aerobic + 462,348,180 2* 6,472,873 2* 77,674,487 ciudad de BOgOt.a / 1.1195
Secondary settlers Escuela Colombiana
’ de ingenieros
Julio Garavito
Lexington,
1. Filtration 2 Massachusetts (2018),
Tertiary Disinfection 4,740,227 3* 7193 3* 86,323 wastewater treatment  0.0058
performance and
cost data.
Total cost of water treatment 1.2283
Notes: ! [28]; 2 [15]; and 3 [29,30]. * Update of data based on statistical estimates (2022): update of
capitals = (N x (CPI) + 1).
Table 5. Final cost of sludge treatment (own elaboration).
Investment Cost, Maintenance, Operation, and Final Treatment of Sludge
Investment Cost Operation and Cost Obtainin Cost of
Treatment Civil Works and Maintenance Costs Cost (EUR/Year) 08 aming Treatment (MSP
Reference 3
Initial thickening 29,518,581 1* 7369 88,430 . 0.0321
Bogota water,
Anaerobic digester 1 sewerage, and
. 4,727,168 ** 10,620 127,447 - ’ 0.0062
(primary sludge) cleanliness (2018).
Dehydration . Monthly operation
band treatment 26,511,451 15,971 191,659 report 0.0315
Thermal drying
treatment 80,498,393 2* 4655 55,868 PESrﬁ:‘(’;g}fg)ny 0.0906
(rotating drum) p
Total cost of sludge treatment 0.1604

Notes: ! [28] and 2 [29,30]. * Update of data based on statistical estimates (2022): update of capitals = (N x (CPI) + 1).
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The private costs obtained in Tables 4 and 5 refer to the costs of each of the processes.
The selection was based on a cost-efficiency analysis, and from this analysis, the selected
technology was activated sludge followed by a tertiary treatment of disinfection and UV
rays due to its high level of efficiency in pollutant removal.

With the information presented in Tables 4 and 5, the minimum sale price (MSP) of
reclaimed water is calculated, and this price guarantees the recovery of the expected costs
and profits, and this investment must be made under the net present value criterion, which
indicates the profitability of the project. Therefore, the (MSP) is calculated from the net
cash flow (Equation (2)), when the net present value is equal to zero (see Equation (3)).

NCF = MSP-C-T ()
where NCF = Net cash flow; C = Costs; MSP = Minimum sale price; and T = Tax.

NCF,
NPV =-IC+yY" —2 =0 3
O (1+i)" ©)
where NPV = Net Present Value; i = discount rate; IC = Investment Cost; n = annual
discount; and FNE = net cash flow.
The following assumptions for economic analysis are made for the technical and fiscal
characteristics:

Project lifespan: 20 years;

Tax depression 5.5%;

There is a 19% tax lien;

Inflation and uncertainty are not considered since the analysis is for one year (it is a
static analysis);

e  Opportunity costs are calculated from interest rates of 6.72% on state bonds.

The construction of networks for the distribution of reclaimed water to end users
depends on the distance from the treatment plant and is stipulated in Table 6.

Table 6. Total investment cost in distribution networks and distribution cost of end users of re-
claimed water.

Total Investment in Distribution
3 . . .

Company Supply (m°/Year) Driving Distance (km) Distribution (EUR) (EUR/m?)
Sellopack 1 10,490,100 7.78 341,736 0.0336
Papeles primavera 2 21,249,935 9.68 425,194 0.0200
Licorera Cundinamarca 3 3,536,485 3.06 134,410 0.0380

La Florida Golf Course * 15,695 3.42 150,223 1.0586

Total 1,051,564 1.1483

Note:  [19];2 [18]; 3 [20]; and * [17].

In Table 7, the results of the total costs obtained for each of the companies are presented.
As can be seen, in the case of Sellopack, a distribution cost of 0.0336 EUR/ m?3, is added to
the minimum price of sale of 1.3886 EUR/m? (this cost is the result of the sum of the MSP
for water treatment, 1.2282 EUR/m?, and the MSP for sludge treatment, 0.1604 EUR/ m3),
meaning that the treatment and distribution of reclaimed water for this company is at
1.3922 EUR/m?; currently, they pay 6.39 EUR/m? for conventional supply.

However, with bilateral agreements, it would be possible to establish a discount
equivalent to 15% on the price they currently pay; this indicates that they have to pay
5.43 EUR/m?3, which is reflected in Table 8.
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Table 7. Total cost of producing and distributing reclaimed water.

Company Distribution Production Total Cost of Water
(EUR/m®) (EUR/m®) (EUR/m?)
Sellopack 0.0336 1.3886 1.3922
Papeles primavera 0.0200 1.3886 1.3908
Licorera Cundinamarca 0.0380 1.3886 1.3928
La Florida Golf Course 1.0586 1.3886 2.4463

Table 8. Sale price of reclaimed water with a 15% discount.

Compan Conventional Source Water Sale Price of Regenerated
pany Price (EUR/m3) Water (EUR/m3)
Sellopack 6.39 1 5.43
Papeles primavera 6.39 2 5.43
Licorera Cundinamarca 6.393 5.43
La Florida Golf Course 4994 4.15

Note: 1 [19];2 [18]; 3 [20]; and * [17].
Table 9 establishes the private profits generated by the wastewater regeneration pro-
cess; these are based not only on the profit obtained by end users but also by the company

providing the service, “Acueducto de Bogota”.

Table 9. Private profits.

Companies That Buy Reclaimed Water Acueducto de Bogota
Compan Supply Profit Profit Profit Profit
pany (Mm3/Year) (EUR/m3®) (MEUR/Year) (EUR/m®) (MEUR/Year)
Sellopack 10.49 0.96 10.0 4.04 42.3
Papeles primavera 21.25 0.96 20.3 4.04 85.8
Licorera 35 0.96 3.3 4.04 14.2
Cundinamarca
La Florida Golf Course 0.0015 2.24 0.035 1.70 0.026

On the other hand, there are the costs of private profits that are not only generated for
the provider company Acueducto de Bogota but also for end users that not only have a
discount percentage but also positions them as environmental and sustainable companies.

2.4. Total Profit

Now, from these costs, the total profit is calculated, which is also based on generating
a maximization based on private profits, the economic valuation of negative and positive
externalities, and the opportunity cost (Equation (4)). This allows us to validate the
economic decision making for the regeneration of residual water and its subsequent reuse,
and this decision is given by the entity in charge, which is Acueducto de Bogota.

Pr = Pp 4+ Pg-OC (4)

where Pt = Total Profit (Total Income - Total Costs); Pp = Private Profit (Private income —
Private costs); Pg = Profit from Externalities (Income externalities — Costs externalities);
and OC = Opportunity Costs.

3. Results and Discussion

As can be seen in Table 10, the quantification and assessment of the impacts generated
by the implementation of the proposal allow us to determine that the total profit obtained
by each of the companies varies in favor of distance factors and costs for the sale of m3 of
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reclaimed water for each of the established sectors. In the four companies, the feasibility of
implementation is determined due to the recovery of the investment and exploitation and
maintenance costs, but it also shows the greatest difference between the probable maximum
income and the minimum sale price. By the above, the sectors that generate the greatest
profit are those with industrial characteristics, with a profit oscillating among 6.52 EUR/m3
of reclaimed and distributed water, in the case of the agriculture sector a lower profit is

presented due to being subsidized by the state.

Table 10. Analysis of the economic quantification of the externalities of the project.

. Licorera La Florida Golf
Sellopack Papeles Primavera i
References in Cundinamarca Course
the Literat
Icl;l;gz;t Impacts Involved ° nethte erature Quantification Quantification Quantification Quantification
Assessment of Positive ~ Negative Positive  Negative Positive = Negative Positive  Negative
This Impact
EUR/m3 EUR/m3 EUR/m3 EUR/m? EUR/m? EUR/m3 EUR/m3 EUR/m3
Wastewater treatment 31]
(EUR/year)
; 1.39221 1.3908 ! 1.3928 1 2.44631
Regeneration and reuse
[32]
of wastewater
Hydraulic .
; Networks adaptation
frastruct P
IMHASIUCIU® ¢ the transport of 133] 0.0336 0.0200 0.0380 1.0586
reclaimed water
Opportunity cost of [34] 0.00480 0.00480 0.00480 0.00480
investment
Conditioning  Sludges (biosolids) [35] 0.045 0.045 0.045 0.045
and reuse of
by-products Energy and biogas N.C. N.C. N.C. N.C.
Use of Quantities to supply [36] 543 543 5.43 415
resource Supply guarantees N.C. N.C. N.C. N.C.
Environmental
improvement of [37] 249 249 249 249
. the river
Environment
Atmospheric pollution 409 0.0162 00162 0.0162 0.0162
CO; emissions
Total EUR 7.956 1.446 7.965 1.443 7.965 1.451 6.685 3.525
Total Profit 6.518 6.532 6.514 3.159

Note: ! Tables 5-7; 2 [39].

The results obtained allow us to open the change path from a linear economy based
on extraction, adaptation, distribution, use, and discharge to a circular economy that
materializes in repeatedly using water, managing to establish the dynamics of the natural
cycle. This achieves a balance between the efficacy of the different treatment systems, their
economic viability, and their impact as sustainable behavior on a large scale.

As can be seen in Table 9, it can be stated that the profits represent a gain of approxi-
mately 4.04 EUR/m? for the industrial sector and 1.70 EUR/m?3 for the sports sector. This
indicates that not only the cost incurred by regeneration is recovered but also that profits
were obtained. The four selected companies are feasible as end users, obtaining a maximum
profit for them, ranging from 0.96 EUR/ m3 and 2.24 EUR/m? for the irrigation of golf
courses. Despite not having quantified all externalities due to the lack of information, the
model shows that since they are only positive externalities, their calculation would only
increase the profitability of the proposed project, so the viability will not be affected. The
model provides an appropriate tool for the planning and management of water resources.

4. Conclusions

The water sector in Bogota, Colombia is in a transitional phase with unique opportu-
nities for water reuse to be implemented on a large scale as a sustainable practice within a
framework of integrated water management. Water is crucial for economic development
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since it interacts with all the sectors. The circular economy has become a fundamental
model for environmental management, especially in the water sector. The main approach is
based mainly on the fact that water reuse can spread the water already used, increasing the
availability of water resources. Consequently, reclaimed water can be used in traditional
processes that do not require high quality, releasing volumes of better quality for other and
more demanding uses [5,40].

The main contribution made by this study is the analysis of the economic viability of
the proposed alternative, generating lines of support for decision making. This described
methodology makes it possible to ensure that the investment of costs allows for obtaining a
maximization of total profits. Likewise, a series of externalities are evaluated to be able to
identify, quantify, and value economically their impact on implementation.

The minimum sale price is determined under the net present value (NPV) criterion;
the selection of the four companies presents a maximization of total profit for the industrial
sector of 5.43 EUR/m? and companies in the special sector of 4.15 EUR/m?3. For this reason,
the proposed alternative and the selection of possible end users show the feasibility of the
implementation. For these companies, the economic profit will be presented at a low price
for reclaimed water with a constant supply instead of paying for the conventional source,
which is more expensive and is subjected to supply cuts due to dry seasons. This alternative
must follow the quality standards that are legally required to guarantee the safety of the
reuse of reclaimed water implemented in a circular economy context; in addition, this work
provides a scientific contribution that should facilitate a comprehensive evaluation of costs
and benefits.

For future research, it is recommended to address limitations that were not taken
into account in the development of this methodology, such as the analysis of the selected
technologies and determining their reliability, performance, robustness, and resilience; in
the economic part, it is recommended to evaluate the price difference in the price of fresh
water vs. reclaimed water, since the difference is not notable, making treated and reclaimed
water not competitive enough; and in the social part, it is necessary to face challenges for
public acceptance of the use of treated and reclaimed water in connection with the industrial,
agricultural, or recreational sectors, thus achieving a successful exchange of resources.
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Abstract: This research aimed to investigate the biogas production and circular economy perspective
in the palm oil industry through codigestion of oil palm empty fruit bunch (EFB) pressing wastew-
ater and palm oil mill effluent (POME). The EFB pressing method constitutes an alternative new
technology used to extract the remaining oil, increasing palm oil product; however, it produces
highly polluted wastewater. Batch experiments were carried out at 35 °C to investigate the optimal
ratios of EFB wastewater, inoculums, and POME. The optimal condition was 45% POME + 50%
seed + 5% EFB wastewater. This condition was then used in semicontinuous fermentation where the
optimal hydraulic retention time (HRT) totaled 25 days. The accumulated biogas was 18,679 mL/L
while the accumulated methane totaled 6778 mL/L. The methane content was 62%, and the COD
removal efficiency was 67%. The sludge produced from the HRT 25-days digester complied with the
organic compost standard which could be further used to nourish the soil. An economic analysis of
the EFB pressing project revealed a higher internal rate ratio with shorter payback compared with
the conventional process. These results provide information on the circular economic approach to
promote sustainable palm oil processing.

Keywords: biogas; palm oil industry; circular economy; clean energy; sustainability

1. Introduction

The ASEAN (Association of Southeast Asian Nations) Region stands as the primary
hub for palm oil production, given its position as the largest producer. The palm oil industry
holds significant importance, especially in the Republic of Indonesia and Malaysia. These
two countries have emerged as the top global primary producers and exporters, accounting
for 56 and 30% of the world’s palm oil supply, respectively. Additionally, Thailand secures
its place as the fourth largest palm oil exporter globally. Although Thailand’s contribution
to global palm oil supply is approximately 2% [1], it remains a crucial maincrop that
significantly contributes to the economic growth of both the country and the entire region.
The typical process for extracting palm oil is a wet method using a large amount of water
in the production process, resulting in generating palm oil effluent (POME) at a rate of
about 0.7 to 0.9 cubic meters per ton of fresh palm fruit [2,3]. POME is a nonharmful waste;
however, it will pose environmental issues because of the vast oxygen draining capacity in
oceanic frameworks because of natural and supplemental substances. The wastes are in
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the form of high organic matter concentration, such as cellulosic wastes with a mixture of
carbohydrates and oils. This effluent has a dark brown color and contains organic matter
at a concentration of over 20,000 mg/L [4]. The discharge of untreated POME creates
adverse impacts to the environment. Currently, anaerobic action is commonly used to treat
POME, efficiently removing organic matter and producing biogas as a renewable energy
source [5,6].

Additionally, aside from POME, palm oil processing generates various waste products,
including oil palm trunks (OPT), oil palm fronds (OPF), empty fruit bunches (EFBs), palm
pressed fibers (PPF), palm kernel shells, and less fibrous material, such as palm kernel
cake [7]. Among these waste materials, a substantial amount and mass are attributed to
fresh EFBs. For every 100 kg of oil palm fresh fruit bunches processed for oil production,
approximately 30 to 60 kg of oil palm EFBs are discarded as waste. The improper disposal
of EFBs on land leads to pollution in the surrounding areas, as these EFBs still contain oil
that can contaminate the local environment. To address this issue, composting has emerged
as a favored alternative for managing solid waste in Thailand and other countries. Due to
the residual oil content in the EFB, palm oil factories in Thailand now employ compression
techniques to extract the remaining oil, resulting in increased productivity and providing a
higher yield of compostable fiber after the re-pressing process.

Wastewater obtained from EFB pressing exhibits higher levels of chemical oxygen
demand (COD), biological oxygen demand (BOD), suspended solids (SS), and various sub-
stances compared with the typical wastewater produced during crude palm oil extraction
processes. These characteristics make it a viable resource for biogas production and energy
generation. However, if the EFB pressing wastewater is introduced directly in the fermenta-
tion process, it could pose significant toxicity issues for microorganisms, potentially leading
to system failure. Thus, it becomes crucial to mitigate its toxicity by diluting it with general
wastewater from the palm oil extraction plant. Furthermore, conducting a cost analysis of
this alternative process is essential to determine its feasibility and encourage wider applica-
tion. Hence, this research aimed to investigate the production of biogas from EFB pressing
wastewater through codigestion with general wastewater from the palm oil extraction
plant. This study focused on analyzing the composition of EFB pressing wastewater and
evaluated the effectiveness of its codigestion with general wastewater in enhancing biogas
production and methane content. The findings of this study can serve as a foundation for
informed decision making regarding integrating EFB pressing in palm oil extraction and
this wastewater feeding in biogas production. This approach has the potential to optimize
wastewater management, minimize resource consumption in renewable energy production,
and enhance the value of waste generated during the palm oil extraction process.

2. Materials and Methods
2.1. Substrates

The characteristics of POME and EFB pressed wastewater were collected from the
receiving tanks of a palm oil factory using the grab sampling method. The inoculum used
for the study was collected from the anaerobic wastewater treatment plant of the same
factory and stored at a temperature of 4 °C until analysis. The collected samples were
analyzed for their characteristics, including COD, BOD, pH, SS, total solids (TS), volatile
solids (VS), alkalinity, volatile fatty acids (VFA), ammonia nitrogen (NH;3-N), total Kjeldahl
nitrogen (TKN), mixed liquor SS (MLSS), and grease and oil (G&O), using the Standard
Methods for the Examination of Water and Wastewater, 23rd Edition [8]. The characteristics
of the pressing machine, EFB wastewater, and EFB before and after pressing are illustrated
in Figure 1.
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Figure 1. EFB before pressing (A), pressing machine (B), EFB after pressing (C), and EFB wastewater (D).

2.2. Laboratory-Scale Batch Reactor

The laboratory-scale reactor system consists of a glass bottle with a total volume of 1 L
and a working volume of 0.5 L. The bottle was sealed with a rubber septum and covered
with parafilm to ensure airtightness. The anaerobic fermentation process was conducted at
a temperature of 35 °C with daily agitation by shaking the bottle once a day. The biogas
produced in the bottle was displaced in a glass bottle filled with water to measure its
volume daily. The gas composition was analyzed using gas chromatography (GC, Hewlett-
Packard Model 6890, Palo Alto, CA, USA) every seven days. The percentage of methane
analyzed was multiplied by the measured volume of total biogas to calculate the daily
production of methane. The types and amounts of substrates used in the experiment are
presented in Table 1.

Table 1. Types of substrates and the quantity of POME, seed inoculum, and EFB wastewater used in
the batch-type biogas production experiment, totaling 500 mL.

Set No. Type of Substrate P(i)ll;/I)E In(();rﬂ;lm EFB Press (mL) C:N
1 65% POME + 35% seed 325.00 175.00 - 140:1
2 62.5% POME + 35% seed + 2.5% EFB ww 316.80 175.00 8.20 142:1
3 60% POME + 35% seed + 5% EFB ww 308.75 175.00 16.25 135:1
4 55% POME + 35% seed + 10% EFB ww 292.50 175.00 32.50 208:1
5 50% POME + 50% seed 250.00 250.00 - 63:1
6 47.5% POME + 50% seed + 2.5% EFB ww 243.75 250.00 6.25 116:1
7 45% POME + 50% seed + 5% EFB ww 237.50 250.00 12.50 126:1
8 40% POME + 50% seed + 10% EFB ww 225.00 250.00 25.00 147:1
9 25% POME + 75% seed 125.00 375.00 - 74:1
10 22.5% POME + 75% seed + 2.5% EFB ww 121.88 375.00 3.12 93:1
11 20% POME + 75% seed + 5% EFB ww 118.75 375.00 6.25 117:1
12 15% POME + 75% seed + 10% EFB ww 112.50 375.00 12.5 78:1

Note: ww—wastewater.

2.3. Semicontinuous Laboratory-Scale Reactor

The experimental setup for studying the production of biogas in a semicontinuous
laboratory-scale reactor system consisted of a 4 L brown-colored glass bottle with a cylin-
drical shape as a fermenter, with a working volume of 3 L, and a 1 L gas storage system
connected by a balloon tube to store the gas. The mixture was stirred using a small water
pump to ensure adequate mixing inside the fermenter. The experiment was conducted in
a semicontinuous completely stirred tank reactor (CSTR) system, controlling appropriate
experimental conditions for anaerobic fermentation without air circulation, at a constant
temperature of 35 £ 1 °C using a heater and a water bath to maintain the temperature
level constant.

2.4. Codigestion Experiments

The study was conducted by codigesting normal wastewater from palm oil extraction
and EFB wastewater to find the optimal ratio producing the highest methane yield. The
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experiment was conducted in a batch laboratory system, and the results were used to guide
the following experiment, which was conducted using a semicontinuous system.

2.4.1. Batch Experiments

The batch experiments were conducted using the following steps: all three types of
fermentable materials were brought to room temperature before conducting the experi-
ment, the three types of fermentable materials were separated and placed in a container,
the volume of each fermentable material was measured and combined according to the
ratio calculation of the COD/N (chemical oxygen demand /nitrogen) ratio [9], using cofer-
mentable materials in the ratios of 2.5, 5, and 10% v /v, and the fermentation material was
added to the anaerobic digestion system as a one-time feeding. Then, the starting inoculum
was used at 20, 35, 50, and 75% of the working volume of the fermentation material to
determine the appropriate proportion of the microorganisms in gas production (Table 1) as
recommended by [10]. They suggested that the amount of inoculum should be no less than
10% of the working volume, and then the pH was adjusted in the range of 7.0 to 7.2. The
anaerobic fermentation system was created from a 1 L glass bottle with a working volume
of 0.5 L. The control set, including main materials mixed with different ratios of inoculum,
was used to establish a baseline to compare with experimental treatments, and the system
was in batch mode.

Next, the fermentation bottle that had been filled with the fermentable material was
placed in a hot water bath at a temperature of 35 & 1 °C to measure the volume of biogas
produced daily. Some of the water was replaced with gas to analyze the gas composition
using GC. The parameters measured in wastewater samples are according to [11] (Table S1).

2.4.2. Semicontinuous Experiments

From the batch experiment, the optimum ratio and conditions efficient in producing
the maximum methane yield were selected. This involves studying the optimum storage
time and the efficiency in treating organic matter, as well as the rate of methane production
in the system. In this study, a semicontinuous CSTR with an airless system was used
to control the experimental conditions suitable for anaerobic fermentation at a constant
temperature of 35 + 1 °C. The composition of the gas was analyzed using GC every
seven days, and the obtained methane percentage was multiplied by the volume of biogas
produced to calculate the amount of methane produced each day. The diagram of the
semicontinuous digester is presented in Figure 2.

®

—— O

Figure 2. Diagram of semicontinuous digester including (1) inlet; (2) digester 4 L; (3) gas collector;
(4) outlet; (5) heater bath control temperature for 35 £ 1 °C; (6) thermometer; and (7) stirrer.
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The reactor performs experiments at different storage times or hydraulic retention
times (HRTs) of 30, 25, 20, 14, and 7 days, consecutively. The longer HRT was preferred
by the high buffer system. The short HRT is desirable in terms of minimizing the capital
cost. The variation in storage times studied were in the range of the optimized anaerobic
degradation rate from many studies [12-15]. A mixing rate of 100% means stirring for
24 h. The effluent discharge from the reactors was carried out once daily with volumes
of 100, 120, 150, 214, and 428 mL, consecutively (Table 2). The volume of wastewater
discharged depended on the liquid retention in the system. During the discharge, the
wastewater was sucked through a feeding tube before refilling it with new wastewater.
Continuous stirring was maintained during the discharge to ensure that the effluent had a
consistent texture. Water samples were collected for chemical analysis (Table 3) to monitor
the system performance by considering variable parameters, such as pH, alkalinity, COD,
VFA, and MLSS. The biological gas produced was discharged in the balloon connected to
the gas counter. The amount of biological gas produced daily was then measured. Gas
samples were collected in a tube and placed in a vacuum test tube to analyze the gas
composition. After measuring the gas, the gas line was closed. After completing the
wastewater discharge, the effluent line was closed, and the wastewater line was opened to
refill the system with the volume of discharged wastewater. The water inlet was then closed,
and the balloon was opened to collect the biogas. The system was run until it reached a
steady state, based on the volume and composition of biogas that varies within +15%.

Table 2. Type of fermentation material, retention time, and volume of waste added and discharged
daily in the semicontinuous system for biogas production experiments.

. Waste
Set No. Type of Substrate Working Volume HRT Added-Discharged
(mL) (Day)
(mL)
1 POME + 50% seed + 5% EFB ww 3000 7 428
2 POME + 50% seed + 5% EFB ww 3000 14 214
3 POME + 50% seed + 5% EFB ww 3000 20 150
4 POME + 50% seed + 5% EFB ww 3000 25 120
5 POME + 50% seed + 5% EFB ww 3000 30 100

Note: ww—wastewater.

Table 3. Measured parameters, analytical method, frequency sampling of anaerobic fermentation

systems.
Parameter Method Frequency of Monitoring

Total solids Gravimetric method every 3 days
COD Close reflux, Titrimetric every 3 day

Temperature Thermometer every day

pH pH meter every day
Alkalinity Direct titration method every 6 days
VFA Direct titration method every 6 days

Biogas production fluid displacement every day
Biogas composition GC-TCD every week

2.4.3. Measuring the Volume of Biogas, Analyzing the Composition of the Gas and
Liquid Samples

The biogas produced was measured in volumes using water displacement and col-
lected for analysis. The biogas composition, including methane (CHy4) and carbon dioxide
(COy), was analyzed every 12 days using GC with a thermal conductivity detector (TCD)
sensor. The column used was an HP-plot/Q with a diameter of 1 mm and a length of 2 m,
using helium gas as the carrier. The temperature in the injector, detector, and oven was
maintained at 250 °C.
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The characteristics of the influent and effluent of the anaerobic digestion system were
analyzed according to Standard Methods for the Examination of Water and Wastewater,
22nd edition [11]. The parameters to be analyzed included total solids (TS), volatile solids
(VS), volatile fatty acids (VFA), pH, alkalinity, and COD (Table 3).

2.4.4. Analysis of the Influent and Effluent Characteristics and Sludge from the Anaerobic
Digestion System

This experiment used the residual sludge from the appropriate retention time of a
semicontinuous anaerobic fermentation process. The analysis aimed to determine the
amount of plant nutrients, including total nitrogen, total phosphorus, and potassium as
well as the C/N ratio, moisture content, and organic carbon content. The results were used
to apply the sludge as a soil conditioner material and were compared to the Thai Industrial
Standard for organic compost set by the Industrial Product Standards Office, Ministry of
Industry [16].

2.5. Circular Economy Capacity Analysis

The results obtained from this research experiment could be used as information to
support decision making for entrepreneurs interested in producing electricity using the
anaerobic wastewater treatment system of crude palm oil mills. The analysis focuses on
identifying the costs, returns, and feasibility of using EFB wastewater in codigestion with
POME to produce biogas as an energy source or fuel to generate electricity. Economic tools
are used to evaluate the profitability and feasibility of the proposed system. This study
refers to reliable secondary data and information obtained from supporting mills, which
define the conditions for analysis as follows.

(1) Setting assumptions for project analysis.

- The operational period of the biogas power plant is five years based on the
minimum years of the power purchase agreement with the regional electricity
authority, in a firm pricing scheme.

- The return on investment starts from year 1 and ends at the project’s completion.

- No salvage value is considered at the end of the operational period.

- A discount rate of 10% is used.

(2) Analyzing the cost of the biogas power plant can be categorized as follows.

(2.1) The investment cost or fixed cost is the initial cost incurred from constructing
the power plant and equipment, including the following:

- The cost of the biogas system, consisting of the biogas digester tank, gas
storage tank, piping system, and monitoring and control equipment.

- The cost of the electricity production system, consisting of the biogas-
powered electricity generator, control equipment, gas piping system, and
electrical wiring.

(2.2) The operating cost or variable cost is the expense for general management and
production, including labor cost and operational and maintenance expenses,
calculated on an annual basis.

(3) Project Return Analysis: The business will generate revenue from selling electricity
produced and selling it back to the state through the Small Power Producer (SPP) and
Very SPP (VSPP) policies. This includes the value of the building and land when the
project is completed. Machinery and equipment are considered to have zero salvage
value at the end of their useful life.

3. Results and Discussion

3.1. The Chemical Characteristics of Wastewater from Palm Oil Mill Extraction, Wastewater from
EFB Pressing, and Sludge

Both types of wastewater have different physical characteristics due to their different
sources in the production process. Additionally, both types of wastewater have high levels

93



Water 2023, 15, 2153

of pollution that can cause water contamination if released into the external environment,
especially the wastewater from the EFB pressing. This waste is generated as an additional
byproduct of the main production process. The process of EFB pressing uses heat to help
release organic substances that remain in the EFB, resulting in a large amount of organic
matter contaminating the wastewater.

Typically, the factory can treat the general wastewater from the crude palm oil extrac-
tion process directly with an anaerobic sequencing batch reactor and upflow anaerobic
sludge blanket treatment systems producing biogas as a renewable energy source for elec-
tricity generation. However, the factory collects the wastewater from the EFB extraction for
later treatment. The wastewater is fed into the treatment system slowly and gradually due
to its high level of pollution, which could cause the treatment system to fail if too much
wastewater is added at once.

The results of the chemical analysis of two types of wastewater from the palm oil
extraction process and sludge showed high levels of pollution in both types, as indicated by
their COD and BOD values. The general wastewater from the palm oil extraction process
had COD and BOD values of 61,000 and 29,798 milligrams per liter, respectively, while the
wastewater from the EFB extraction had COD and BOD values of 74,750 and 31,339 mg/L,
respectively. When comparing the pollution levels of both types of wastewater, the wastew-
ater from the EFB of oil palm had higher levels of pollution than the general wastewater
from the palm oil extraction process (Table 4).

Table 4. Chemical characteristics of wastewater and sludge used in the experiment.

Parameter POME EFB Wastewater Sludge
pH 4.6 49 -
COD (mg/L) 61,000 74,750 -
BOD (mg/L) 29,798 31,339 -
TKN (mg/L) 550 325 -
NH;3-N (mg/L) 2.75 5.25 -
Grease and oil (mg/L) 970 8590 -
TS (mg/L) 20,010 96,320 -
SS (mg/L) 16,250 91,240 -
VFA (mg/L) 5288 10,613 -
MLSS (mg/L) 18,000 - 7.63
BOD:COD 0.48 0.41

Based on these properties, if methane production is considered, 1 g of degraded
COD will produce 0.351 L of methane. This means that the wastewater from the palm oil
extraction process can produce 21.41 L of methane, while the wastewater from the EFB
extraction can produce 26.24 L of methane. This theory shows that the wastewater from
EFB pressing can produce more methane than the general wastewater from the palm oil
extraction process, despite both types of wastewater having high levels of organic matter.
This is because both types of wastewater can be a sufficient source of methane when treated
in anaerobic conditions due to their high levels of easily biodegradable organic matter, as
evidenced by their BOD/COD ratios ranging from 0.4 to 0.5 [17,18] (Table 4).

Apart from high levels of organic compounds in the form of BOD or COD, both types
of wastewater also contain high amounts of volatile fatty acids. These fatty acids are
considered organic pollutants in wastewater. However, they can be converted to biogas,
although the process of converting fat substrate into biogas is difficult [5]. Simply adding
only empty palm oil fruit bunches pressing wastewater in the anaerobic digestion process
to produce methane may result in system failure due to the high levels of impurities and
volatile fatty acids. This can cause volatile fatty acids to accumulate, which can be toxic
to the group of microorganisms producing methane, leading to inhibition of the methane
production process. Therefore, codigestion with palm oil mill effluent can dilute the toxicity
that may occur in the system and adjust the nutrient ratio to be suitable for efficient
microbial work, resulting in increased biodegradation rates and biogas production [19].
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The black-colored microorganisms in the sludge have a high SS concentration. Regard-
ing the concentration of microorganisms in the reactor tank, the MLSS is 18,000 mg/L, and
the pH value is 7.63. The sludge was analyzed and used as inoculum in the fermentation
system. The inoculum was taken directly from the biogas production tank of the factory,
making it suitable for use as an inoculum in the fermentation process, which was consistent
with other research [5,6,20]. The potential for generating gas from palm oil mill effluent
was studied using a 2 L CSTR reactor with a stirring speed of 100 rounds per minute,
operating at a thermophilic state and temperature of 55 °C for 6 days. The study found
that at an MLSS concentration of 14,000 mg/L, the COD removal efficiency reached 90%,
with a methane content of 64%.

3.2. The Study of Codigestion of POME and EFB Wastewater at Various Ratios Using a
Batch System

The results of a batch codigestion process, using different mixing ratios and lasting
ten days until the end of the fermentation process, are presented in Figure 3. Experimental
set 7, comprising a mixing ratio of 45% POME + 50% seed + 5% EFB wastewater, exhibited
the highest cumulative biogas and methane yields of 396 + 4.58 mL and 294 + 3.51 mL,
respectively, compared with the other 11 experimental sets.

M Biogas yield M Methane yield

1 2 3 4 5 6 7 8 9 10 11 12

Experiment

Figure 3. Biogas and methane yield for each experiment.

This resulted in the highest methane production efficiency of 0.016 L CH4/g VS
removed or 0.18 L CH4/g VS added, increasing when cofermented with EFB wastewater,
compared with the fermentation of POME and inoculum alone, as shown in Figure 4.

In Table 5, the biogas production is expressed in units of L CH4 /g VS removed to show
the amount of methane produced from the organic matter decomposed in the substrate
and in units of L CH4/g VS added to show the total methane produced from all substrates,
including the portion that cannot be decomposed by microorganisms.
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Figure 4. Methane yield by VS removal and VS added of each experiment.

Table 5. Biomethane potential of batch experiments.

mmi

VS Methane Yield
. VS Added Removed
No. Condition (Total Volume 100%) mL CH, (g/L) L CH,4/gV$s L CH4/gVS$S
(g/L) Removed Added
1 POME + 35% seed (control) 124 + 6.43 16.12 0.99 0.125 4 0.006 0.008 4 0.000
2 POME + 35% seed + 2.5% EFBww 211 £ 18.52 20.28 2.22 0.095 £ 0.008 0.010 4 0.001
3 POME + 35% seed + 5% EFB ww 150 4 9.02 22.41 1.08 0.139 =+ 0.008 0.007 £ 0.000
4 POME + 35% seed + 10% EFBww 170 £ 17.62 17.26 0.98 0.174 4+ 0.018 0.010 4+ 0.001
5 POME + 50% seed (control) 157 £+ 21.36 15.98 1.67 0.093 £ 0.013 0.008 4= 0.001
6 POME + 50% seed + 2.5% EFBww 233 &+ 14.64 19.73 242 0.096 £ 0.006 0.019 4 0.001
7 POME + 50% seed + 5% EFB ww 294 + 3.51 18.46 1.36 0.216 4 0.003 0.016 4+ 0.000
8 POME + 50% seed + 10% EFBww 140 4 1.53 16.59 1.14 0.122 4 0.001 0.008 =+ 0.000
9 POME + 75% seed (control) 138 = 15.72 18.99 1.06 0.130 £ 0.020 0.007 4 0.001
10 POME + 75% seed + 2.5% EFBww 229 &+ 39.89 17.41 1.59 0.144 4+ 0.025 0.013 4+ 0.002
11 POME + 75% seed + 5% EFB ww 209 + 8.33 17.61 1.52 0.138 £ 0.005 0.012 £ 0.000
12 POME + 75% seed + 10% EFBww 212 &£ 13.20 19.87 1.24 0.172 £ 0.011 0.011 4+ 0.001

Note: ww—wastewater.

Experimental set 7 exhibited the highest methane production efficiency, occurring dur-
ing codigestion of POME + 50% seed + 5% EFB wastewater, with a value of 0.216 £ 0.003 L
CH4/g VS removed or 0.0159 £ 0.000 L CHy/g VS added. This showed that codigestion
with EFB wastewater could increase the methane production efficiency compared with the
control set (experiment set 3), revealing codigestion of 50% POME + 50% seed without
EFB wastewater, with a value of 0.093 £ 0.013 L CH,/g VS removed or 0.0078 & 0.001 L
CHy4/g VS added. The results demonstrate that codigestion could increase the methane
production efficiency up to twofold (Figures 3 and 4), which was consistent with other
studies on codigestion to increase the methane production efficiency [9,19,21,22]

Upon analyzing the default parameters listed in Table 6, decreasing the volume of
POME resulted in a reduced amount of initial volatile fatty acid (VFA) while increasing
the quantity of inoculum. Typically, the recommended range for VFA is between 50 and
500 mg per liter of CH3COOH, with the maximum permissible value of 2000 mg per liter
of CH3COOH in the system [23]. However, the initial VFA quantity in sets 1 to 4 exceeded
the proposed theoretical value, rendering the conditions unfavorable for the gas production
process. Moreover, the initial alkalinity levels in sets 2, 3, 4, and 7 exceeded 5000 mg per
liter, whereas the acceptable range of general alkalinity is between 1000 and 5000 mg per
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liter as calcium carbonate [17]. Nonetheless, upon analyzing the ratio of VFA to bicarbonate
alkalinity (VFA/HCO:3), all the experimental sets had values lower than 0.4, suggesting
that the system was buffered.

Table 6. Parameters related to before (influent) and after (effluent) digestion processes, initial
inoculum at 35%.

65% POME + 35% Seed

62.5% POME + 35% Seed 60% POME + 35% Seed 55% POME + 35% Seed

Parameter (Control) +2.5% EFB ww +5% EFB ww +10% EFB ww
Influent Effluent Influent Effluent Influent Effluent Influent Effluent
pH 7.07 8.30 7.04 8.66 7.04 8.67 7.07 8.77
COD, mg/L 43,444 42,792 43,164 34,639 49,780 31,838 63,383 57,373
SS, mg/L 26,000 16,830 28,870 17,450 24,640 14,120 25,850 17,480
TS, mg/L 45,384 29,788 37,516 35,544 38,584 33,600 50,704 38,728
VS, mg/L 16,124 15,132 20,228 18,004 22,412 17,336 17,256 16,280
Alkalinity, mg/L 4800 5000 6400 8600 5600 7000 6600 8200
VFA, mg CaCO3/L 1900 680 2160 400 2280 640 2300 1160
NH3-N, mg/L 169 260 125 265 180 295 124 255
TKN, mg/L 309 465 304 464 368 445 305 432
CN 140:1 92:1 142:1 74:1 135:1 71:1 208:1 133:1
Note: ww—wastewater.

From Tables 6-8, the effluents were lower than the influents, indicating that the organic
matter in the system was being degraded into gas. Furthermore, the pH, alkalinity, NH3-N,
and TKN of the effluent increased. The fermentation process ended due to an increase in
NH4 during the final stage, leading to a pH value higher than 8, indicating an imbalance
in the system’s metabolism that can be toxic to the group of methane-producing bacteria.
In general, the appropriate conditions for this group of bacteria should have a pH value
within the range of 7 to 8 [24,25].

Table 7. Parameters related to before (influent) and after (effluent) digestion processes, initial
inoculum at 50%.
POME + 50% Seed POME + 50% Seed POME + 50% Seed POME + 50% Seed
Parameter (Control) +2.5% EFB ww +5% EFB ww +10% EFB ww
Influent Effluent Influent Effluent Influent Effluent Influent Effluent
pH 7.05 8.54 7.07 8.68 7.06 8.55 7.06 8.55
COD, mg/L 50,245 28,038 62,110 33,630 63,608 31,600 65,919 30,588
SS, mg/L 29,120 24,060 29,360 24,620 27,820 37,310 55,010 49,720
TS, mg/L 46,388 32,412 48,120 44,284 44,968 39,408 39,516 36,228
VS, mg/L 15,180 14,296 19,728 17,312 18,460 17,620 16,588 15,444
Alkalinity, mg/L 4800 5500 4800 6200 5750 4750 4750 5500
VFA, mg CaCO3/L 1260 250 1300 380 1200 325 1100 300
NH3-N, mg/L 240 355 227 338 231 336 221 312
TKN, mg/L 794 1660 533 616 504 672 448 616
CN 63:1 17:1 116:1 54:1 126:1 47:1 147:1 50:1

Note: ww—wastewater.
3.3. Study of Codigestion of POME and EFB Wastewater with Various Retention Times Using a
Semicontinuous System

The semicontinuous fermentation process was carried out using a mixture ratio of 45%
POME, 50% seed, and 5% EFB wastewater. This ratio was used for the initial fermentation
and allowed to be retained for 10 to 30 days.
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Table 8. Parameters related to before (influent) and after (effluent) digestion processes, initial
inoculum at 75%.

POME + 75% Seed POME + 75% Seed POME + 75% Seed POME + 75% Seed
Parameter (Control) +2.5% EFB ww +5% EFB ww +10% EFB ww
Influent Effluent Influent Effluent Influent Effluent Influent Effluent
pH 7.09 8.79 7.09 8.68 7.05 8.64 7.07 8.59
COD, mg/L 58,082 25,034 62,340 22,813 65,741 27,478 74,903 36,947
SS, mg/L 37,520 32,370 41,960 35,330 59,260 28,490 66,050 32,470
TS, mg/L 48,792 44,280 51,476 44,528 49,660 45,980 49,720 44,524
VS, mg/L 18,992 16,648 17,008 16,500 17,212 16,496 19,872 18,836
Alkalinity, mg/L 3750 4750 4750 5000 4500 4500 4400 5200
VFA, mg CaCOs3/L 1425 450 850 200 525 250 500 240
NH;3-N, mg/L 252 266 289 390 305 395 315 379
TKN, mg/L 784 840 672 728 560 616 952 1568
C:N 74:1 30:1 93:1 31:1 117:1 46:1 78:1 23:1

Cumulative Biogas Production (mL)

80,000
70,000
60,000
50,000
40,000
30,000
20,000
10,000

Note: ww—wastewater.

3.3.1. Effect of the Retention Time on Methane Production Rate and Methane Yield

According to the study, the cofermentation of 45% POME, 50% seed, and 5% EFB
wastewater resulted in the accumulation of biogas and methane. The accumulated biogas
volumes after 7, 14, 20, 25, and 30 days of retention time were 33,963, 46,870, 45,841, 67,558,
and 65,868 mL, respectively (as shown in Figure 5). The accumulated methane volumes
after 7, 14, 20, 25, and 30 days of retention time were 1685, 9029, 10,549, 28,470, and
23,793 mL, respectively. At a retention time of 25 days, the organic loading rate (OLR) was
2.60 g COD/L-day, and the accumulated biogas and methane volumes were higher than
those at other retention times during the entire 30-day experiment.
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Figure 5. Accumulated biogas and methane volumes at the retention time of 30 days from the
semicontinuous fermentation process.

Gas production with methane generated each day (illustrated in Figure 6) was found
to have low methane production during the short retention times of 7 and 14 days, with an
OLR 0f 9.27 g COD/L-day and 4.63 g COD/L-day, respectively. This was due to system
failure caused by an increased amount of COD from adding wastewater to the system.
Methane production stopped at 17 and 19 days, respectively. At a retention time of 20 days
with an OLR of 3.25 g COD/L-day, methane production was observed between days 4
and 20 and stopped on day 21. Across those three retention times, the maximum methane
production was only 7, 32, and 39%, respectively, indicating that these retention times
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30,000

25,000

20,000

15,000

10,000

5,000

Cumulative methane production (mL)

were unsuitable for methane production. At retention times of 25 and 30 days, methane
production was as high as 62 and 53%, respectively, indicating that these retention times
were suitable for methane production. The system reached a steady state on days 25 and 22,
respectively, and the fermentation process was completed after 30 and 27 days, respectively.

5 10 15 20 25 30 35
Day

—@— HRT7 -—@—HRT 14 HRT20 ——@—HRT25 ——@—HRT 30

Figure 6. Amount of methane produced each day at different retention times using a semicontinuous
system.

The results of the experiment are consistent with [26] study on the codigestion of
wastewater and solid waste from an olive oil production plant in a mesophilic condition,
with an organic loading rate ranging from 0.67 to 6.67 gCOD/L-day. The study found that
biogas production was inhibited when the organic loading rate exceeded 4.67 gCOD/L-day.

Experiments conducted with a wide range of HRTs have proven beneficial for manufac-
turing operations in subsequent up-scale experiments in the biogas system. The variation
in the HRT corresponds to changes in the organic loading rate (OLR), which can be traced
back to variations in chemical oxygen demand (COD). Manufacturers can further refine the
feeding conditions of the biogas system by calculating the OLR based on the instantaneous
COD of the substrate, thus maximizing biogas production.

3.3.2. Changes in the System during Different Retention Times in Semicontinuous
Anaerobic Fermentation Process

During the cofermentation process of POME + 50% seed + 5% EFB in a semicontinuous
mode at different retention times, at a retention time of 7 days, the pH value (illustrated in
Figure 7) decreased rapidly due to the accumulation of volatile fatty acids (VFAs) within
the system. At retention times of 14 and 20 days, during the first 1 to 3 days of operation,
the pH value decreased, but then gradually increased, even though it remained within the
suitable range. However, the high organic loading and short retention time resulted in low
methane production and a rapid end to the fermentation process.
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Figure 7. Changes in pH values at different retention times.

At the retention times of 25 and 30 days, the pH value continuously increased and
remained within the suitable range, resulting in a higher methane production compared
with other retention times. This indicated that a longer retention time was more efficient
than a shorter one, especially for systems with high nutrient or COD concentrations. In
the case of retention times of 25 and 30 days, the process could run up to 30 and 28 days,
respectively. However, if the pH value exceeded 8.0, the fermentation process would end.

Nutrients containing fats and long-chain fatty acids (LCFAs) often lead to easy in-
hibition of the fermentation process. LCFAs can affect the methanogenesis process and
other steps in anaerobic digestion. As shown in Figure 8, VFA accumulation increased at
retention times of 7, 14, 20, and 25 days due to the degradation of organic matter under
anaerobic conditions. However, at a retention time of 30 days, the VFA levels were slightly
increased in the beginning and decreased later than 18 days, indicating the consumption
of VFAs by microorganisms to produce methane gas and insufficient organic matter in
the later phase (longer HRT provided lower OLR). The alkalinity values continuously
decreased throughout all the retention times, affecting the buffer capacity of the reactor
and ultimately leading to the end of the fermentation process.

3.3.3. COD Removal Efficiency

After the fermentation process experiment, at retention times of 25 and 30 days, the
efficiency of the COD removal was up to 67 and 84%, respectively (Table 9). This was
because longer retention times allow microorganisms to use nutrients for a longer period.
In contrast, shorter retention times reduced the efficiency of COD removal. Specifically, at a
retention time of 20 days, the efficiency of COD removal was only 45%, and at retention
times of 7 and 14 days, no efficiency was observed in COD removal due to the short
retention time. This was consistent with [26] research on the anaerobic codigestion of
industrial wastewater and solid waste from an olive oil factory. The experiment was
conducted at an average temperature, with retention times of 12, 24, and 36 days, and
the wastewater had COD concentrations of 24, 56, and 80 gCOD/L. The highest organic
removal efficiency was 89%, achieved with an organic loading rate of 0.67 gCOD/L/day
(with a wastewater concentration of 24 gCOD/L) and a retention time of 36 days.
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Figure 8. VFA and alkalinity of the experiments with different HRTs.
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Table 9. Effluent characteristics of different retention time experiments.

Effluent
Parameter Influent
HRT7 HRT14 HRT20 HRT25 HRT30
pH 7.1 5.18 7.42 7.80 8.24 8.25
COD (mg/L) 96,000 128,000 112,000 52,800 32,000 16,000
TKN (mg/L) 392 252 560 476 588 504
NH;-N (mg/L) 252 280 224 280 392 392
TS (mg/L) 33,172 29,756 20,748 28,632 29,572 19,332
SS (mg/L) 28,305 17,703 17,790 11,616 20,686 19,508
VFA (mg/L) 3500 5900 5100 4900 3400 3100
Alkalinity (mg/L) 5400 6600 2400 1600 1000 800
C:N 131:1 106:1 92:1 102:1 75:1 49:1
COD removal ~34 ~17 45 67 84
efficiency (%)

When considering all the consensus results obtained from different HRTs, the 25 days was
a suitable HRT with the highest cumulative biogas and methane production, the continuous
VFA production during the experimental period contributing to methanogenesis continuously.

3.3.4. Characteristics of Remaining Sludge after Fermentation

An analysis of the characteristics of the sludge residue included the purpose of recy-
cling waste for further use, such as soil conditioner, making fertilizer for plants, and so on.
The sludge analyzed (Figure S1) was taken from the fermentation system with a suitable
retention period of 25 days, providing the highest amount of nitrogen compared with other
retention periods.

The properties of the sludge residue (Table 10) have an organic carbon value of 19.77%,
total nitrogen value (N) of 2.62%, total phosphorus value (Total P,Os) of 2.80%, and total
potassium value (K;O) of 11.32%. The ratio of carbon to nitrogen was 7.0, whereas the
moisture content value was 28.55%. These values fall within the standard range issued by
the Department of Agriculture, Ministry of Agriculture and Cooperatives, Thailand [27].

Table 10. Sludge residue characteristics.

Parameter % wlw Standard
Organic carbon 19.77 Not lower than 20
Total N 2.62 Not lower than 1.00
Total P,Og 2.80 Not lower than 0.5
Total K,O 11.32 Not lower than 0.5
C/N ratio 7.00 Not exceeding 20:1
Moisture content 28.55

3.4. Circular Economy Perspective through Economic Analysis

Data from the factory supported research found that the factory had incurred expenses
in setting up a biogas production system equal to 2,625,889 USD, including the construction
cost, maintenance cost, electricity cost, and chemicals and materials (see Supplementary
Materials Table S2).

During the production of crude palm oil, the factory generates EFBs at a rate of
approximately 25% of the fresh fruit bunches. With a current production rate of 720 tons
of fresh fruit bunches daily, this results in around 180 tons of EFBs daily. To increase
production efficiency, a crude palm oil company has implemented a process of compressing
the EFBs, as there is still residual oil in the EFBs that can be extracted and reused. This
process increases oil production and helps to reduce oil pollution in the environment. With
approximately 180 tons of EFBs daily, the EFB compression process generates wastewater
at a rate of 54 cubic meters daily or 1.6 x 10* cubic meters yearly. Additionally, 1 kg of EFB
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can be converted to 0.00722 kg of oil, and the cost of adding the EFB compression process
to the production process was 148,885 USD (Table S3).

From the codigestion experiment, the appropriate ratio of general wastewater from
the palm oil extraction factory to EFBs was 45% POME + 50% seed + 5% EFB wastewater.
When a working volume of 0.5 L was used with the above ratio, 0.294 L of methane gas was
produced, which was greater than the control set (without EFB wastewater), producing only
0.157 L of methane gas. This showed the potential for methane gas production to increase
up to twice when using EFB wastewater of 0.0125 L mixed with POME 0.238 L. When the
EFB wastewater produced was 1.6 x 107 L/year, it required POME 3.0 x 108 L/year.

Therefore, the total volume of the two materials fermented together was 3.16 x 108 L/year.
When the above ratio was tested in a semicontinuous CSTR reactor system, 0.95 L/day of
methane gas was produced with an organic feed rate of 0.15 L/day. When the volume of
the fermented material was equal to 3.16 x 108 L/year, methane gas could be produced at
arate of 2.0 x 10° m?/year.

The results of the experiment showed that mixing EFB wastewater with POME could
increase the production of biogas. If this project is implemented, the cost can be calculated
based on the information presented in Table S4. Project A will produce biogas solely from
the POME, requiring 2,625,889 USD, while Project B will produce biogas by codigestion of
EFB wastewater with POME, requiring 2,804,431 USD.

3.5. Economic Feasibility Assessment

From the data provided by the supported factory, the yearly production of biogas was
3,600,000 cubic meters, which could be converted to 2.2 kWh of electricity per cubic meter
of biogas. As a result, if the factory supplies this electricity to the power grid at a rate of
0.12 USD per unit, it could generate revenue of 939,502 USD yearly (Table S5). Moreover,
by combining EFB wastewater with POME, the factory can double the amount of biogas
produced. Therefore, the factory can generate electricity of 15.84 x 10° kWh per year,
resulting in revenue of 1,879,004 USD yearly, while also increasing crude oil production of
388 tons/year or 345,907 USD/year. The preliminary data could be used to assist in making
decisions about project construction using tools or criteria to evaluate the economic value.
The economic viability of the project can be evaluated using the principles of a cost-benefit
analysis, which consider the net present value and internal rate of return from Table S6.
Both projects have constant revenue yearly and a project period of 5 years, with a minimum
required return rate of 10%. From the table, it becomes evident that Project B, combining
EFB wastewater with POME, had a higher net present value than Project A, with a net
present value of 8,434,163 USD. When considering the internal rate of return of the projects,
Project B had an internal rate of return of up to 73%, which was higher than Project A with
an internal rate of return of 23%. Project A had a payback period of approximately 3 years,
while Project B would have a payback period ranging from 1 to 2 years.

4. Conclusions

From the study results, the accumulation of biogas and methane occurred in cofermen-
tation of the 45% POME + 50% seed + 5% EFB wastewater mixture during the retention
periods of 30, 25, 20, 24, and 7 days, with cumulative biogas amounts of 15,024, 18,679,
11,896, 8120, and 6974 mL, respectively, and cumulative methane amounts of 4893, 6778,
2946, 1210, and 251 mL, respectively. The retention period of 25 days had higher cumula-
tive biogas and methane amounts than the other retention periods throughout the entire
experiment of 30 days. The characteristics of the sludge residue showed an organic carbon
content of 19.17%, total nitrogen of 2.62%, total phosphorus of 2.80%, total potassium of
11.32%, a carbon-to-nitrogen ratio of 7.0, and a moisture content of 28.55%, showing its
applicability for further use as organic compost. Based on the economic evaluation, it
could be concluded that the codigestion of EFB wastewater with the 45% POME + 50%
seed + 5% EFB wastewater mixture in the crude palm oil mill has a high economic value
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Abstract: A novel strain capable of fully utilizing p-nitrophenol (PNP) as the sole carbon source
under high-salinity conditions was isolated from the sediments of wastewater discharged from an
aquaculture company. The identification of the strain as Bordetella sp. was confirmed by analyzing
its morphological, physiological, and biochemical traits in conjunction with its 16S rDNA sequence.
Furthermore, pantothenic acid, serving as a carbon source for co-metabolites, could significantly
enhance the biodegradation process of the tricarboxylic acid (TCA) cycle. Under the optimal growth
conditions at a temperature of 30 °C, pH of 8.0, aeration of 0.32 m3-(m3-min)~! and salinity of 3%
(NaCl, w/v), the degradation rate of 350 mg~L*1 PNP increased from 60.8% to 85.9% within 72 h after
adding 30 mg-L~! of pantothenic acid to a 12-liter bioreactor. The intermediate products from the
degradation process, analyzed via GC/MS, were determined to be hydroquinone, which suggests that
the degradation pathway of the bacterium for PNP involves the breakdown of hydroquinone. Benefits
have been derived from the microorganism’s tolerance to high salinity and high PNP concentrations,
coupled with its superior PNP degradation performance, offering new insights and a research basis
for the efficient biological treatment of high-salinity PNP wastewater.

Keywords: Bordetella sp.; p-ntrophenol; PNP; cleavage pathway; co-metabolites; high salinity

1. Introduction

P-nitrophenol (PNP), an essential chemical material, is used in a wide range of man-
ufacturing applications, including pharmaceuticals, dyes, pigments, plastic, bactericides,
industrial solvents, and phosphorus organic pesticides [1]. PNP shows continuous envi-
ronmental toxicity due to its chemical stability. Moreover, it can be carried along with
discharged industrial waste; thus, it can easily flow into the natural environment and
penetrate through the soil to contaminate groundwater [2]. The combustion of biomass
and hydrolysis of pesticides such as parathion contribute to its formation in the atmo-
sphere [3]. Further, PNP poses a great threat to human health and ecosystems. For example,
after a 24-hour exposure to 10-micromolar PND, the viability of two mammalian testicular
somatic cell lines, TM3 and TM4, reduced by ~10% and 25%, respectively. Moreover,
apoptosis rates in these cells were significantly elevated, with TM3 cells showing a 6.3-fold
increase and TM4 cells a 10-fold increase compared to controls [4]. PNP elicits oxidative
stress, consequently causing impairment of energy metabolism and ultimately influencing
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the estrogen signaling pathway in Caenorhabditis elegans. Exposure to 8 ng L~! and
8 ng L~! for 48 h resulted in an approximate reduction of 8% and 17.8% in a larval popula-
tion compared to the control; similarly, the ovulation rate experienced a decrease, reducing
from the initial 8.94% to 8.31% and 7.48%, respectively [5]. Moreover, it was found that a
concentration of 250 mg kg~! PNP exerted a severe inhibitory effect on the biochemical
properties of soil, with a dramatic decrease in the nitrification potential of soil to zero
within a 15-day period [6]. In summary, it is essential to investigate efficient methods for
removing PNP.

Adsorbent nanocomposites exhibit high efficiency toward the removal of PNP from
water bodies through principles such as electrostatic interactions, 7-m stacking, hydropho-
bic interactions, hydrogen bonding, and electron donor-acceptor interactions [7,8]. Biochar,
known for its effective adsorption traits, is used for capturing pollutants such as ammoni-
acal nitrogen [9]. For example, according to a literature study, by utilizing coconut-shell-
derived activated carbon—which is dominated by basic surface groups formed through
physical activation—the full elimination of 50 mg/L~! PNP was accomplished in a short
period of 45 min in mono-component kinetic tests [10]. The covalent-organic framework
(COF) SNW-1 has been utilized to produce COF-derived carbons (CDC(x)), with a variant
named CDC (800) demonstrating an outstanding maximum PNP adsorption capacity of
1190 mg g~ ! at pH 7. This capacity is six-fold greater than that of activated carbon and ex-
ceeds the highest adsorption capacities of all other documented materials [11]. A previous
study reported that the photocatalytic properties of zinc oxide (ZnO) nanoparticles enabled
the degradation of recalcitrant contaminants, including methyl Orange and PNP [12]. The
reduction of PNP to a full extent was achieved by ZnO nanoparticles when subjected
to sodium borohydride (NaBH4) reduction. Moreover, the catalytic performance of this
material remained unimpaired across five reuse cycles [13]. The catalyst prepared from
cobalt-diethylene glycol terephthalate aided in the effective degradation of PNP under
visible light irradiation, achieving an impressive 99.74% efficiency within just 5 minutes of
exposure; however, the process generated intermediate products such as p-benzoquinone,
p-aminophenol, and ethyl isobutyrate, leading to secondary pollution [14]. Although the
aforementioned methods are effective for PNP removal, the adsorbent materials cannot
completely decompose PNP, and there is a possibility of desorption of PNP molecules
back into the water body. Catalytic reduction can reduce PNP to p-aminophenol but thor-
ough removal cannot be achieved, while catalytic oxidation may lead to the production of
secondary pollutants [15,16].

Biodegradation, lauded for its safety and efficacy, has attracted significant attention
and is now widely utilized in treating wastewater [17]. It offers a cost-effective alternative
to adsorption and catalytic techniques, which reduces financial requirements for implemen-
tation [18]. However, PNP triggers stress responses in sludge, highlighting a considerable
effect on cellular processes [19].

Notably, it is imperative to undertake broad-strain screenings to find strains capa-
ble of exhibiting heightened degradation activity and a strong ability to endure high
PNP concentrations [20]. For instance, enterococcus gallinarum JT-02, isolated from poul-
try farm sludge, achieved a degradation rate of 98.21% for an initial concentration of
100 mg L~! PNP under conditions of pH 7, a temperature of 30 °C, and over a 4-day
reaction period [21]. Moreover, a PNP-degrading bacterial strain, exhibiting the greatest
genetic sequence homology with Pseudomonas juntendi BML 3 and Pseudomonas inefficax
JV 551 A3, was isolated from pesticide-affected soil in Lucknow. This strain demonstrated
an exceptional degradation capability, reaching a 100% efficiency rate within 24 h when
utilizing 0.5 mM PNP as its carbon source [22]. Derived from soil contaminated with indus-
trial waste, Nocardioides sp. ZS2 possesses both denitrification capabilities and the ability to
degrade PNP. In shake flask experiments, the concentration of NO3;™-N was reduced from
16.53 mg L1 t0 0.09 mg L1 within 24 h, and that of PNP decreased from 2.01 mg L1
to 0.05 mg L~ over the initial 36 h [23]. Nevertheless, the aforementioned strains cannot
effectively degrade high concentrations of PNP in high-salinity wastewater environments.
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The objective of this research is to formulate a microbial agent for degrading PNP,
thereby enabling efficient biodegradation of PNP at high concentrations in environments
with high salinity. Herein, a new genus Bordetella sp. was obtained by isolation and accli-
mation. Bordetella sp. could effectively biodegrade high concentrations of PNP under high-
salinity conditions. Furthermore, the influence of different conditions on bacterial growth
and reproduction was also explored, and the effects of adding different co-metabolites as a
carbon source on the metabolism of major pollutants were studied comprehensively. In
addition, through technical characterization and analysis, the degradation pathway of PNP
by Bordetella sp. was proposed herein.

2. Materials and Methods
2.1. Materials

The chromatographically pure PNP test standards and methanol (>98%) were pur-
chased from Sigma-Aldrich Co., Ltd. (Shanghai, China) Other reagents were purchased
from Hangzhou Huadong Pharmaceutical Co., Ltd. (Hangzhou, China), and the remaining
solvents and chemicals were analytically pure.Minimal medium (MM): 0.8 g KH;POy,
0.4 g K;HPOy, 0.1 g MgSOy, 0.02 g FeSOy, 0.3 g (NH4)2504, 30.0 g NaCl, 0.05 g CaCl,,
0.01 g ZnSOy, 0.01 g MnSO4-7H,0, 0.4 mg (NH4)sMo;094-4H,0, 0.4 mg CoCl,-6H,O
per liter.

Enrichment medium (EM): the yeast extracts (1 g L~1) and beef east (1 g L~ 1) were
added to the MM.

Plate screening medium (PSM): Agar (2%) and PNP (10 mg L~1) were added to the
MM. Medium with pH 7.5, NaOH or HCI (2 mol L™!), and a volume of 1 L was prepared
with sterile water. All media were sterilized at 120 °C for 20 min (sterilization conditions).

2.2. Analytical Methods

Determination of the PNP solution concentration in wastewater: The PNP concentration
was ascertained by high-performance liquid chromatography (HPLC, Scincos-3100, Hanam-
si, Republic of Korea). The chromatographic conditions were as follows: mobile phase
(methanol-water = 30:70), stationary phase (C18 anti-phase non-polar column), and flow rate
(0.5 mL min~1). The injection volume was 10 mL. Following collection, the samples were
centrifuged at a speed of 10,000 rpm for 10 min. The resulting supernatant was then filtered
through a membrane filter with a pore size of 0.45 um, and then it was examined by HPLC.
Simultaneously, the culture medium without PNP was used as a blank control. For total
organic carbon (TOC) detection, TOC-vcph total organic carbon was used, the test culture
solution (2 mL) was taken, centrifuged at 4000 r min~—! for 10 min, and then the supernatant
was taken, diluted 10 times, and the TOC content was directly measured by injection.

The biomass was determined by the dry weight of cells per unit volume: Briefly, first, the
uniformly mixed culture (20 mL) was centrifuged at 5000 rpm for cell sedimentation. Next,
the supernatant was discarded, the pellet was rinsed with deionized water, and this process
was repeated three times. The pellet was then subjected to infrared drying at 105 °C for 30 min,
and subsequently, the dry weight was measured [24,25]. The physicochemical characterization
of the bacteria was carried out according to the Manual of Microbiological Identification [26].
The PNP degradation products were assessed by gas chromatography/mass spectroscopy
(GC/MS, TRACE GC UltraTM/Polaris Q system, Thermo Fisher Scientific Co., Ltd. (Waltham,
MA, USA)) combined with an electron ionization (EI) source. The chromatographic separation
was achieved using an HP-5 MS column (50 m x 0.25 mm x 0.25 um). For the gas phase
section: injector temperature was 260 °C; column temperature—initial temperature 70 °C,
held for 1 min, increased to 140 °C at a rate of 5 °C-min—!, then to 220 °C at a rate of
15 °C-min !, finally to 240 °C at a rate of 5 °C-min !, and held for 2 min. High-purity helium
gas with a column flow rate of 2.0 mL-min~! was used as the carrier gas; no splitting occurred
during injection. Mass spectrometry section: transfer line temperature was 250 °C, electron
ionization (EI) source temperature was 250 °C, ionization energy was 70 eV, and scanning
range was 45 to 500 amu.
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2.3. Screening and Enrichment of PNP-Degrading Bacterial Strain

Isolation process: Sludge (5 g) was taken from the wastewater sedimentation pond
generated due to marine food processing in Zhejiang Province, China, and then the sludge
was added to an EM and cultured at 32 °C and 150 rpm for 5 days. A small amount of
bacteria-enriched culture was taken and transferred to the MM with PNP as the sole carbon
source to acclimate the enriched PNP-degrading bacteria. Initially, the concentration of
PNP was set to 5 mg L~! and the bacteria were domesticated by a uniform increase to
100 mg L~! to improve the tolerance of the bacteria. The last generation of EM-containing
bacteria was gradually diluted and coated on PSM containing 50 mg L.~! PNP, which was
cultured at a constant temperature of 32 °C. After the growth of a single colony, it was
continuously streaked and purified to obtain pure PNP-degrading bacteria, which were
stored in a refrigerator at 4 °C for future use.

2.4. Identification of Bacteria
2.4.1. Identification of Bacterial Morphs

Transmission electron microscopy (TEM) was used to observe the cell morphology.
The transmission electron microscope adopted the electron microscope at the Institute of
Biotechnology, Zhejiang University (JEOL JEM-1230, Akishima, Japan), for morphological
characterization. Further, the physiological characteristics of the bacteria were tested
according to standard methods (Biolog Micro Work station (GN), Hayward Company,
Hayward, CA, USA).

2.4.2. 16S rDNA Gene Identification

Polymerase chain reaction (PCR) amplification was carried out using the obtained cell
lysis fragment as a template, which was ultimately used for the amplification of 165 rDNA
sequences [27]. PCR primers are a pair of universal primers, Pf 5’-agagtttgatcctggctcag-
3, and reverse primer Pf: 5-cggctaccttgttacacttc -3’. PCR products were prepared and
sequenced by Shanghai Yes Service Biotech, Inc (Shanghai, China).

2.4.3. Effects of Different Factors on the Degradation of PNP by Bordetella sp.

The obtained pure bacteria were put into MM and cultured in a 500 mL flask for
testing. The concentration of PNP in the solution was increased from 50 to 100 mg L~!
every 3 days to make Bordetella adapt to the degradation of PNP.

The best degradation parameters such as temperature, pH, salinity, and ventilation
were determined by a single-factor method. The flask was filled with MM (100 mL) and
inoculated with culture solution of the Bordetella strain (15 mL), and the hydraulic retention
time (HRT) was 72 h. The basic conditions for the degradation experiment were set as
follows: temperature 30 °C, ventilation volume 0.3 m3~(m3-min)’l, pH 7.5, salinity 3%.
Then, the effects of various parameters on the degradation of PNP were studied through a
single-factor variable. For a comprehensive evaluation of the effect of different initial pH
values on the degradation of PNP, a pH range of 5.5-9.0 was set, with the unit difference
of two contiguous pH values being 0.5, and the pH of the culture medium was adjusted
with NaOH or HCI (2 mol L™!). For systematic exploration of the effects of salinity, NaCl
concentration was set in the range from 0 to 8% and the unit difference of two contiguous
NaCl values was 1%. To study the effects of different temperatures on the degradation
of PNP, the set temperature range was between 18 and 42 °C and the difference between
the temperature values in the experiment was 4 °C. All tests were conducted under sterile
conditions with a residence time of 72 h, and 2-milliliter samples were analyzed by HPLC.

We chose to use sodium acetate, glucose, sodium succinate, yeast extract, ammonium
chloride, pantothenic acid, and other compounds for the co-metabolism experiment. On
this basis, we focused on the promotion of pantothenic acid and on the degradation of PNP
by Bordetella. The intermediate products in the process of degradation were measured and
analyzed, and the possible metabolic pathways were speculated.
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2.5. Scale-Up of PNP Degradation

A self-made reaction system was used to study the biodegradation of PNP at different
initial concentrations (Figure S1). The reaction system was equipped with a 12-liter biore-
actor, an adjustable air pump, a ceramic ventilator, a feed pump, and a buffer tank. The
bioreactor temperature was maintained at 30 °C and the air inflow was 0.3 m® (m3-min)~!.
Simulated PNP wastewater consisted of a culture solution containing PNP culture solution
A. The salinity of the simulated wastewater was controlled at 3%, which was adjusted by
adding NaCl. Four different PNP concentrations of 120, 240, 360, and 480 mg L1 were used
for the degradation tests. Other than PNP, NaCl, and MM, there were no other nutrients in
the simulated PNP wastewater. The pH of the simulated wastewater was in the range of
5.5-9.0 and 0~8% (w/v) of NaCl was used. PNP wastewater flowed from bottom to top in
the bioreactor, fed at the bottom, discharged from the top, and the HRT was kept at 72 h.
After each discharge of degraded wastewater, the remaining 15% solution was used as
the next seed. The daily change in the concentrations of PNP at the outlet of the effluent
wastewater was measured in the experiment to observe the degradation of wastewater in
the tank.

The degradation rate, denoted as R, w, can be calculated by using the following formula:

=y M

where Qg air (m3 min~1) is the air flow rate and Vww (m?) denotes the volume of bacterial
degradation wastewater.
The degradation rate of PNP was calculated as follows:

Co —Ct
0

Degradation rate of PNP (%) = x100% )

where C; (mg L™!) and Cy (mg L™!) denote the terminal and original concentrations of
PNP post-treatment and pre-biodegradation, respectively.

~ TOC,—TOC;

Mineralization rate (%) = TOC x100% (3)
0

where TOCy (mg L~!) and TOC; (mg L) represent the initial concentrations of TOC in
the treatment and the residual concentrations of TOC during the test, respectively.

2.6. Biodegradation of PNP and Kinetics Model

To study the trend of the bacterial degradation of PNP, the first-order kinetic reaction
model was used for analysis:

C =Cy x ekt ()
In2
ti = T )

where C (mg L) refers to the concentration of PNP at degradation time t; Cy (mg L1
is the initial PNP concentration; time parameter t is associated with the microbial degra-
dation process; k; defines the reaction rate constant; and t; /, is the time required for the
concentration of PNP in the reaction system to decrease by half.

3. Results and Discussion
3.1. Identification of Physiological Characteristics

The isolated bacterium could use PNP as the sole carbon source for growth after
the obtained strain was grown on PSM for 48 h. The isolated colony was characterized
as transparent, semi-convex, convex, infiltrated and with irregular edges, and rod-like
with a length of about 0.5 x 1.5 um. The Bordetella strain was found to be Gram-negative,
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demonstrating positive outcomes in the citric acid test, glucose fermentation test, methyl
red test, urea test, and Voges-Proskauer test. These results are generally in line with prior
research reports [28,29]. Furthermore, the 165 rDNA sequence of the strain was deposited
in GenBank with the accession number MN524132. The obtained strain exhibited high
homology with Bordetella sp. and the bacterium was confirmed to be the phylogenetic
tree derived from the 165 rDNA gene sequence of the Bordetella strain after comparative
analysis (Figure 1). The strain domesticated here was designated as Bordetella S113 by the
laboratory. The electron microscopy image of Bordetella S113 is provided in Figure S2 of
Supplementary Materials. Under electron microscopy, the strain appeared ovoid in shape,
with no flagella observed, and black granular contents were visible internally.

FJ577503.1 Bordetella petrii strain PGY1
MK942395.1 Bordetella sp. strain 2

KJ022626.1 Bordetella petni strain GV 36

KJ022625.1 Bordetella petni strain GV 34

DQ132877.1 Bordetella sp. QJ9-6
99

DQ453688.1 Bordetella sp. E3

a1 = ————————————EF212440.1 Bordetella petni 16S

41 |

NR 074291.1 Bordetella petni strain DSM 12804

KJ022624.1 Achromobacter xylosoxidans strain GV 47

KM289182.1 Bordetella sp. BAB-4396

| AY331576.1 Alcaligenes sp. mp-2

o L Mo . ;
— MK?281584.1 Achromobacter xylosoxidans strain Chem UPES 3

Figure 1. Phylogenetic tree derived from 16S rDNA gene sequence of Bordetella 5113 strain.

3.2. Effects of Different Factors on PNP Degradation

The experiment adhered to the principle of single-variable control, with PNP degrada-
tion being conducted solely by Bordetella S113. Figure 2 depicts the changes in degradation
rate and dry cell weight as influenced by various operational parameters, including tem-
perature, pH, salinity, and aeration. Figure 2A illustrates that Bordetella 5113 could grow
in the range of 18-42 °C and that it grew best at 30 °C. When the temperature was low,
the bacteria could grow slowly at a low temperature, such as the PNP degradation rate of
41% observed at 18 °C. However, at 42 °C, the degradation rate of Bordetella S113 reached
62.3%. The experiment showed that the temperature exhibited a significant impact on
bacterial degradation, and the degradation ability was good in the range of 22-42 °C, which
is consistent with results in the literature [21].

The effects of different pH values on the degradation of PNP by Bordetella S113 are
shown in Figure 2B. When the pH was 5.5, the degradation rate of PNP was only 43%. With
the increase in pH, the degradation rate increased continuously. When the pH was 8.0, the
degradation rate of PNP reached 98%, and the dry weight of bacteria in the solution was
2.2 g L7, reaching the best degradation effect on PNP; however, when the pH exceeded
8.0, the degradation rate of PNP decreased with the increase in pH, and when the pH was
9.0, the degradation rate of PNP was only 78%. Figure 2B illustrates that when the solution
was alkaline, the dry weight of bacteria in the solution was larger, indicating that Bordetella
5113 exhibited a good growth and proliferation state and a high degradation efficiency of
PNP. The trend of changes in dry cell weight was found to be the same as the degradation
rate (Figure 2C). When the solution was acidic, the weight of the stem cells in the solution
was lower, only reaching 1.2 g L1 at pH 5.5.
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Figure 2. Effects of temperature (A), pH (B), salinity (C), and aeration (D) on the metabolic activity
and PNP degradation of Bordetella 5113 strains.

In view of the fact that Bordetella S113 was obtained from the wastewater pool from
marine food processing, in this study, the effect of salinity on the degradation of PNP by
Bordetella S113 was tested and the results indicate a high salt tolerance of the strain. With
the increase in NaCl content, the number of bacterial cells in the reaction system gradually
increased, and the degradation rate of PNP also increased. When the concentration of NaCl
was 3.0% (w/v), the dry weight of bacteria in the solution was 2.1 g L™}, and the maximum
degradation rate of bacteria was 93%.

The aeration condition showed a profound impact on the rate of pollutant degradation
and proliferation of bacteria in wastewater treatment systems, serving as a key factor
influencing treatment efficacy. The effects of different aeration rates are shown in Figure 2D.
The results indicate that the bacterium was at the stage of reproduction adaptation at the
beginning, and after 36 h, the degradation rate of PNP accelerated. The abovementioned test
showed that the optimal aeration rate for Bordetella to degrade PNP was 0.3 m? (m?-min) !,
and the degradation rate of PNP was maximum at 92%. However, when the aeration rate
was too large, the degradation rate decreased. Aeration plays two roles: first, aeration
is beneficial to the transfer and distribution of nutrients in waste liquid, and second, it
provides oxygen to waste liquid but excessive ventilation may produce growth inhibition.

3.3. Effects of Co-Substrate Supplementation on PNP Degradation

Figure 3A illustrates the effects of adding 20 mg L~! sodium acetate, glucose, sodium
succinate, yeast extract, ammonium chloride, and pantothenic acid on the degradation of
PNP by Bordetella S113. Various co-substrate supplementations promoted the degradation
effect of PNP and the following results were obtained after the addition of the aforemen-
tioned six compounds: sodium acetate enhanced the degradation of PNP by 3.6%; glucose
led to 2.4% enhancement; sodium succinate increased the degradation rate by 6.0%; yeast
extract provided a 12.1% increase; pantothenic acid enhanced the rate by 19.3%; and ammo-
nium chloride increased the degradation of PNP by 1.2%. These additives were beneficial
to the degradation of PNP by Bordetella S113 to varying degrees, among which the effect
of pantothenic acid was the most obvious. Based on the abovementioned experiments,
pantothenic acid with different concentrations of 10, 20, 30, and 40 mg L1 were added
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to evaluate their effects on promoting the degradation of PNP. The experimental setup
involved an inorganic salt medium with varying concentrations of PNP, specifically 50,
150, 250, 350, and 450 mg L~1. The bacterial strains were grown under optimized condi-
tions, i.e., a temperature maintained at 30 °C, a pH adjusted to 8.0, an aeration rate set at
0.3 m3-(m3-min)~?, and a salinity level of 3% (NaCl, w/v). Figure 3B shows the relationship
between the variation in the degradation rate of PNP and the increase in PNP concentration
after adding pantothenic acid to wastewater. In the waste solution with low concentrations
of PNP, the degradation rate of Bordetella S113 was relatively high and the relative increase
rate was not obvious. However, when the PNP concentration in the waste solution was 50
and 150 mg L1, the addition of 30 mg L~! pantothenic acid maximized the degradation
rate, which assisted almost complete degradation by Bordetella S113. When the PNP con-
centration in the waste solution was 450 mg L™, the original degradation rate increased
from 29% to 53%, corresponding to the most obvious improvement of 82.8%. Although the
degradation rate of PNP decreased with the increase in the initial concentration of PNP,
the experimental results indicated that the degradation rate of PNP by Bordetella S113 was
effectively promoted by the addition of pantothenic acid, and the relative degradation rate
of PNP by Bordetella S113 increased significantly under the condition of high concentrations
of PNP.
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Figure 3. (A) Degradation rate after adding co-substrate supplementation. (B) Effect of the concentra-
tion of pantothenic acid on PNP degradation.

Furthermore, the effect mechanism of pantothenic acid was analyzed. Figure 4 demon-
strates that pantothenic acid is a precursor of the microbe coenzyme A (CoA). CoA can be
acylated to acetyl CoA, and both CoA and acetyl CoA are important enzymes in the process
of PNP degradation [30]. In the process of cracking PNP, 3-ketone adipic is generated,
which binds with CoA and is then converted to 3-ketohexanediate monoacyl CoA; this
is further decomposed into succinic acid and acetyl-CoA, and then enters the Krebs cycle
for oxidation. This degradation process plays an important role in the transfer of acetyl
groups and acyl groups. CoA is also involved in the multiple enzyme center between the
acyl transfer and participates in the metabolism of sugar, fat, and the synthesis of protein.
Pantothenic acid is a precursor of the acyl-carrier protein (ACP) in microorganisms [31].
ACEP is related to a variety of protein complex enzymes and is also related to fatty acid
metabolism. As an acyl carrier, ACP carries the acyl chain to complete the enzymatic
reactions such as condensation, reduction, and dehydrogenation. It is the cofactor of the
acyl-ACP desaturation reaction of different acyl-chain-length fatty acids and the plastids
acyltransferase action. Lipid molecules can be closely related to the phospholipid bilayer
through the cell membrane, which affects the cell’s tolerance to toxic and harmful sub-
stances. Therefore, pantothenic acid affects the production of acetyl CoA and ACPs and
then impacts the electron transfer of the enzyme system in microorganisms, the generation
and transfer of multiple intermediate components, and the metabolism of sugar, fat, and

113



Water 2024, 16, 3360

protein. Importantly, the complexity of pantothenic acid in the degradation process of
organisms can be observed [32,33].
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Figure 4. The possible biodegradation pathways of PNP by Bordetella S113 and the functioning
process of pantothenic acid.

In the degradation process, CoA and acetyl CoA can be considered to coexist in
an enzyme library in bacteria. Moreover, they, together with ACPs, participate in the
regulation of synthesis and the metabolism of various substances such as sugar, fat, and
protein, and shuttle in multiple related enzyme systems [34]. These experimental results
can deepen the understanding of the role of pantothenic acid in the metabolic pathway
and help improve the efficiency of microbial degradation. Currently, although the cost of
pantothenic acid is relatively high, with improvements in the field of biotechnology, the
price is gradually decreasing, and its use-value will be gradually reflected. These results
can expand the selection range of co-metabolites and provide some references for the use
of vitamin compounds as co-metabolites.

3.4. The Possible Pathway of Degradation of PNP by Bordetella 5113

It is generally believed that the degradation process of PNP involves two metabolic
pathways. The first PNP degradation pathway is affected by flavinprotein monooxygenase
that removes the nitro group to obtain hydroquinone, which is then decomposed into
adipic acid and ketoxime by catechol 2,3-dioxygenase, etc. The diacid finally enters the
tricarboxylic acid cycle. In general, the primary degradation pathway for PNP in Gram-
negative bacteria is the hydroquinone cleavage pathway [35,36], as seen in strains Maraxella
sp. and Burkholderia cepacia PK] 200. In the second route [37], PNP is first decomposed into
4-Nitrocatecho and finally enters the tricarboxylic acid cycle.

After 18 h of biodegradation of PNP by Bordetella 5113, the degradation solution was
extracted with dichloromethane and concentrated for GC/MS analysis. Figure 3 shows the
presence of intermediates with retention times of 8.07 and 9.08 min. The retention time of
8.07 min was found to be consistent with that of the standard hydroquinone. Moreover,
the peak retention time was 9.88 min, which is consistent with that of the standard PNP.
The corresponding organic molecules in the GC/MS spectrum are PNP and hydroquinone,
and the hydroquinone produced is the key intermediate to judge the PNP degradation
process as the cracking pathway of hydroquinone [38]. Moreover, GC/MS results of the
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intermediate products obtained during the degradation of PNP are provided in Figure S3
of Supplementary Materials.

3.5. Kinetics of Biodegradation of PNP

As evident from Figure 5, the initial concentration of PNP exerts a substantial influence
on the degradation process. In this study, the first-order kinetic reaction model was utilized
to study the biodegradation of PNP and the corresponding results are presented in Table S2.
Through fitting calculations, the values of K; and T;,, were determined for initial PNP
concentrations of 120, 240, 360, and 480 mg L-L Specifically, K; values were 1.70, 1.55, 1.26,
and 0.67, respectively, and the corresponding T /, values were 0.41, 0.45, 0.55, and 1.04 days.
Notably, when the PNP concentration was below 210 mg L1, the correlation coefficients
surpassed 0.99, indicating that the biodegradation of PNP could be accurately characterized
by first-order reaction kinetics. Table S2 evidently presents that an increase in the initial PNP
concentration led to a significant decrease in the bacterial degradation reaction rate constant
K, suggesting that high concentrations of PNP inhibit bacterial growth and degradation
activity. The mineralization rates of wastewater with different concentrations are shown
in Figure 5. The mineralization rates were 91.6%, 88.2%, 73.7%, and 39.5% when the PNP
concentration was 120, 240, 360, and 480 mg L1 respectively. The TOC removal rate
and degradation performance of PNP with different initial concentrations are provided in
Table S1 of Supplementary Materials.

600 PNP Concentration (120mg/L) Cell Try Weight 2.2

S -e—PNP Concentration (240mg/L) eg@= Cell Try Weight 2.0
?D «As=PNP Concentration (360mg/L) el Cell Try Weight 18 O
E 500 Je=@=PNP Concentration (480mg/L) =g= Cell Try Weight : )
- 1.6 =
= =
2400 14 =
= <
E 1.2 g
E 300 1.0 o
S 0.8 &
5200 N
] P
@) )
A 100 04 2
Z N’

o 0.2

0.0

Time (h)

Figure 5. Effects of initial concentrations on the degradation process of PNP.

3.6. Comparison of Salt Tolerance with Other Reported PNP-Degrading Strains

Noteworthy, PNP possesses toxicity toward microorganisms, thus limiting the abil-
ity of species such as Nocardioides sp. ZS2 [23], Pseudomonas sp. [22,39], and activated
sludge [40] to degrade PNP in wastewater at instances where its concentration is below
100 mg L~! (Table 1). When the PNP concentration was increased to 300 mg L~1, the
removal rate significantly decreased by 47% within 96 h. By contrast, Bordetella S113—the
bacterium used in this study—tolerated high concentrations of PNP and could remove
85.9% of PNP (350 mg L~!) within 72 h with an average removal rate of 4.18 mg (L-h) !,
outperforming the results of most of the studies in the literature. Compared to other strains,
Bordetella 5113 exhibits superior salt tolerance, being capable of withstanding salinities
ranging from 0 to 8% NaCl (w/v). Moreover, it achieves the highest PNP degradation
rate of over 80% at a salinity level of 3% NaCl (w/v). Furthermore, coupling of the im-
mobilized material coconut coir with the PNP-degrading bacterial consortium consisting
of Paenarthrobacter spp. and Zoogloea spp. significantly enhanced the PNP removal rate
to 54.29 mg (L-h)~! [41]. This improvement is attributed to the increased degradation
efficiency of the bacterial consortium toward PNP facilitated by coconut coir, as well as
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the adsorption capacity of the coir for PNP. The future integration of PNP-degrading bac-
teria with immobilized materials to further augment the degradation rate of PNP holds
promising potential.

Table 1. Diversity in PNP degradability and halotolerance among microorganisms.

Salinit Initial PNP Removal
Microorganism Carrier (m L*;’) Concentration Efficiency Rate Ref.
8 (mg L-1) (mg-(L-h)-1)
Nocardioides sp. ZS2 Hydrophilic - 2 97.9%/36 h 0.054 [23]
sponge carriers

Activated sludge Fe carrier - 14 100%/8 h 1.75 [40]

Bacillus pantothenticus 3% alginate beads - 25 100%/36 h 0.69 [42]
Autotrophic o

denitrification sludge B } 50 85%/44h 9.65 [43]

Pseudomonas alloputida - - 70 100%/24 h 2.92 [22]
Pseudomonas putida o

DLL-E4 - - 76 100%/16 h 4.75 [39]

Polypore_ Trametes Luffa aegyptiaca } 139 97%/72 h 1.87 [44]

versicolor sponge
Paenarthrobacter spp., Coconut coir ; 250 99%/4.65 h 54.29 [41]
Zoogloea spp.

Arthrobacter ureafaciens o

DSM 20126 - - 400 100%/168 h 2.38 [45]
Enterococcus gallinarum TDS o

1.0 - 2053 300 47%/96 h 1.47 [21]

Methylobacterium sp. C1 - T&% 200 100%/120 h 1.67 [36]

NaCl o .
Bordetella S113 - 30000 350 85.9%/72h 4.18 This study

4. Conclusions

In this study, a new genus was separated from the precipitate of wastewater discharged
from an aquaculture company, which exhibited high efficiency toward the degradation
of PNP and was named Bordetella sp. PNP with a concentration of 350 mg L~! could
be degraded up to 85.9% by Bordetella sp. within 72 h under optimized experimental
conditions and 3% high salinity (NaCl, w/v) without any pretreatment. Moreover, it was
also found that, due to the co-metabolism mechanism, when the PNP concentration was as
high as 450 mg L~!, by adding co-metabolites such as pantothenic acid, the degradation
rate of PNP by Bordetella sp. increased by 82.5%. The structure and residence time of
the product during the degradation process were characterized, which proved that the
degradation of PNP by Bordetella sp. mainly occurred due to the lysis of hydroquinone. The
results show that this PNP-degrading bacteria isolated from wastewater sediments exhibit
good prospects in the treatment of high-salinity wastewater containing high concentrations
of organic pollutants, which provides novel ideas and research bases for efficient large-scale
biodegradation on high-salinity wastewater.

Supplementary Materials: The following supporting information can be downloaded at
https:/ /www.mdpi.com/article/10.3390/w16233360/5s1, Table S1: TOC removal rate and degrada-
tion performance of PNP with different initial concentrations; Table S2: Kinetics parameters of PNP
biodegradation by Bordetella S113 strain; Figure S1: Schematic diagram of experimental bioreactor;
Figure S2: Photograph of electron microscopy of Bordetella S113; Figure S3: GC/MS spectrometry of
intermediate products in degradation of PNP.
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Abstract: The Yellow River basin serves as an important economic belt and industrial base in
China, featuring numerous industrial parks. However, alongside its economic significance, the basin
struggles with significant water environmental challenges. This study analyzed the operational
status, influent water quality, and energy consumption of 63 centralized wastewater treatment plants
(WWTPs) from 54 major industrial parks in the Yellow River basin. The scale of these WWTPs was
primarily within the range of 1 x 10*~5 x 10* m3/d, with an average hydraulic loading rate of
53.8%. Aerobic treatment processes are predominant. The influent concentrations of chemical oxygen
demand (COD), biochemical oxygen demand (BOD), ammonia nitrogen (NH;3-N), total nitrogen (TN),
and total phosphorus (TP) in the WWTPs exhibited a right-skewed distribution. The BOD/COD
ratio of the WWTPs fluctuated between 0.1 and 1.6, and 75% of the WWTPs showed a COD/TN ratio
lower than eight. The average BOD5 /TN was 2.7, and the probability of influent BOD5 /TP > 20 was
84.6%. A significant linear correlation exists between the influent BOD and COD concentrations,
while moderate linear relationships are also observed among NH3-N, TN and TP, emphasizing
the importance of maintaining appropriate nitrogen and phosphorus levels for efficient pollutant
removal. The average electricity consumption of WWTPs in the Yellow River basin in 2023 was
1.1 kWh/m3. Tt is important to upgrade these WWTPs and reduce their energy consumption. Further
strengthening the construction of industrial wastewater collection and treatment facilities based
on regional characteristics is recommended to promote the high-quality development of industrial
wastewater treatment in the Yellow River basin.

Keywords: industrial wastewater treatment plant; Yellow River basin; construction and operational
status; influent water quality; energy consumption

1. Introduction

Water is a vital natural and strategic resource, directly related to the sustainable
development of both the economy and society. Globally, water scarcity poses a pressing
challenge, projected to affect two-thirds of the world’s population by 2025 [1]. The Yellow
River ranks as the fifth largest river in the world and serves as an important water source
in northern China [2]. Approximately 15% of China’s agriculturally irrigated land and 12%
of its population rely on the Yellow River for water supply [3]. Furthermore, it facilitates
long-distance water supply to key regions such as Beijing, Tianjin and Hebei [4]. Ecological
preservation and green development in the Yellow River basin are two of China’s major
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national strategies. The Chinese government issued the “Outline of Ecological Protection
and High-Quality Development Plan for the Yellow River Basin” in 2021, emphasizing
environmental improvement and sustainable development [5].

The Yellow River basin is not only an important ecological barrier and economic
region in China but also an important energy, chemical industry, raw material and basic
industrial base. It accommodates a large number of high-energy-consuming and high-
pollution industries and has become an important industrial infrastructure cluster [6,7].
Factor endowments and development circumstances determine that traditional industries
in the Yellow River basin primarily thrive on resource mining and processing, shaping a
resource- and energy-reliant industrial framework based on coal, oil, natural gas, metal
mining and processing [8-10].

Industry is the main driver of economic and social development in the Yellow River
basin, concurrently serving as a key contributor to water resource consumption and water
environmental pollution. The accelerated pace of economic expansion has exacerbated the
risks of water resource depletion and water pollution in this region. The per capita water
resource of the Yellow River basin is 905 m?, approximately one-third of the national per
capita water, and below the standard for water-scarce areas (1000 m?) [11,12]. Over the past
two decades, the total water consumption in the basin has increased from 112.74 billion m3
in 2000 to 125.87 billion m3 in 2020, accompanied by a rise in wastewater discharge from
9.06 to 21.3 billion tons [13]. Industrial wastewater discharge accounts for nearly one-third
of the total wastewater discharge in this area. In recent years, escalating tensions stemming
from carrying capacity shortages, water shortages, and water environment issues in the
Yellow River basin have become prominent [3,14]. According to the 2022 China Ecological
Environment Status Bulletin, 2.3% of the 263 water quality sections across the Yellow
River were categorized as below Class V, significantly surpassing the national average
of 0.7% [15]. The contradiction between water supply and demand, coupled with water
pollution problems, has gradually become an important factor impeding the sustainable
economic and social development of the Yellow River basin.

Industrial parks represent a ubiquitous aspect of global industrial development [16].
With China’s rapid urbanization and industrialization, the development of industrial parks
has been accelerated in recent decades. China currently has 2543 industrial parks, with
approximately a quarter situated within the Yellow River basin [17]. The establishment
of shared infrastructure, such as centralized wastewater treatment plants (WWTPs) in
industrial parks, is a global practice and constitutes a fundamental strategy to promote
industrial symbiosis [18,19]. Centralized industrial WWTPs are centrally managed facilities
or independently operated units that specialize in treating industrial wastewater originating
from industrial parks as well as neighboring enterprises or industrial facilities. Given
the concentration of industrial activities in diverse industrial parks, the construction of
centralized industrial WWTPs is growing rapidly. The number of centralized industrial
WWTPs and their wastewater treatment capacities in 2017 were 3.6 times and 3.2 times
those of 2007, respectively [20]. Centralized industrial WWTPs play an important role in
controlling industrial water pollution and maintaining the safety of the water environment
in the Yellow River basin, which serves as an indispensable safeguard for promoting the
green and high-quality development of industrial parks.

Current research on centralized industrial WWTPs mainly focuses on the process
design or improvement of individual or multiple plants, as well as suggestions for supervi-
sion and management policies [21-23]. However, comprehensive analyses and research
on centralized WWTPs in industrial parks in the Yellow River basin have been absent.
This study took 63 centralized WWTPs in 54 national and provincial industrial parks in
the Yellow River basin as the research objects and investigated aspects including the scale
and operation of the WWTPs, the characteristics and correlations of the main pollutants
in the influent, and their energy consumption and operational costs. The objective is to
identify challenges in the construction and operation of centralized WWTPs in industrial
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parks in the Yellow River basin and to provide insights for the high-quality development
of industrial wastewater treatment in the basin.

2. Methods
2.1. Data Collection

The Yellow River basin includes nine provincial districts, namely Qinghai, Sichuan,
Gansu, Ningxia, Inner Mongolia, Shaanxi, Shanxi, Henan and Shandong. In this study,
54 industrial parks in the Yellow River basin were selected as the research objects due to
their importance among all parks. Specifically, all selected parks are classified as national
or provincial and have centralized industrial WWTPs instead of sharing with municipal
WWTPs or treating water separately. Figure 1 depicts the geographical locations of 54 in-
dustrial parks in the Yellow River basin. The leading industries in these industrial parks
included the petrochemical industry, the coal chemical industry, the fine chemical industry,
the smelting industry, the pharmaceutical sector and the pesticide industry. The research
objects comprised a total of 63 centralized WWTPs located within these industrial parks.
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Figure 1. Map of geographical locations of 54 industrial parks in the Yellow River basin.

Considering the provincial administrative divisions and the geographical division of
the upper, middle and lower reaches of the Yellow River basin, in this study, 43 centralized
industrial WWTPs were identified in the upper reaches of the Yellow River basin, encom-
passing Gansu, Ningxia and Inner Mongolia, while 11 centralized industrial WWTPs were
situated in the middle reaches, spanning Shaanxi and Shanxi, with an additional 9 central-
ized industrial WWTPs located in the lower reaches, including Henan and Shandong.

Overall, the operation and water quality data of 63 centralized industrial WWTPs in
2023 were obtained from surveys. However, due to the diverse operating realities, the water
quality index varied between parks, and some of the data were missing or abnormal. Thus,
all the data were pretreated and screened to eliminate outliers, and a random sampling
survey was carried out to ensure the reliability of the data.

2.2. Data Analysis

In this study, the construction and operational status were analyzed considering
regional distribution, design processing capacity, actual wastewater treatment volume,
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and wastewater treatment processes. The influent quality parameters of 63 centralized
industrial WWTPs, including the chemical oxygen demand (COD), biochemical oxygen
demand (BOD), ammoniacal-nitrogen (NH;3-N), total nitrogen (TN) and total phosphorus
(TP), were analyzed, as their concentrations and ratios are vital for wastewater treatment
process selection and design. Influent water quality characteristics were measured, and a
correlation analysis was conducted. Statistical analyses on the wastewater influent quality
at industrial WWTPs in the Yellow River basin were performed by OriginPro 8.5 (developed
by OriginLab Corporation, Northampton, MA, USA).

3. Results and Discussion
3.1. Operating Status
3.1.1. Treatment Capacity of Centralized Industrial WWTPs

The quality of industrial wastewater was characterized by its complexity and sig-
nificant variations in concentration. Centralized industrial WWTPs, as specialized units
dedicated to handling complex industrial wastewater, play a crucial role in industrial
wastewater treatment. In 2023, the 63 centralized industrial WWTPs of the major cities
in the Yellow River basin had a total designed processing capacity of 123.06 x 10* m3/d,
accounting for approximately 4.34% and 5.29%, respectively, in terms of both the number
and processing capacity compared to China’s overall statistics on centralized industrial
WWTPs. Centralized industrial WWTPs could be divided into five grades according to their
processing capacity: >10 x 10,5 x 10*~10 x 10%, 1 x 10*~5 x 10% 0.5 x 10*~1 x 10* and
<0.5 x 10* m3/d. The distribution of centralized industrial WWTPs in the Yellow River
basin is shown in Table 1. The centralized industrial WWTPs in the Yellow River basin were
primarily designed with a capacity ranging from 1 x 10% to 5 x 10* m3/d. These facilities
constitute 68.25% of the total number of centralized industrial WWTPs and contribute
approximately 71.03% to the overall design processing capacity in the Yellow River basin.
Only a few of the centralized industrial WWTPs had a capacity greater than 5 x 10* m3/d.
These two categories accounted for only 6.35% of the total number in the Yellow River basin
but represented a significant portion (24.79%) of the total designed processing capacity.
The proportion of centralized industrial WWTPs with a capacity less than 1 x 10* m3/d
accounted for 25.40% of the total quantity. However, their designed processing capacity
only represented 4.19% of the Yellow River basin’s total.

Table 1. The number and treatment capacity of centralized industrial WWTPs in the Yellow River Basin.

Water Treatment Capacity Number
(10* m3/d) Gansu  Ningxia  Inner Mongolia Shaanxi Shanxi Henan Shandong
<0.5 6 0 4 0 2 0 0
1~5 9 12 6 5 2 4 5
5~10 0 1 1 1 0 0 3
>10 0 0 1 0 0 0 0

In different regions, the construction of centralized industrial WWTPs in the upper
reaches of the Yellow River basin was relatively well developed, with a total of 43 plants
and a combined processing capacity of 81.55 x 10* m3/d. In the middle reaches of the
Yellow River basin, there were a total of 11 centralized industrial WWTPs with a combined
processing capacity of 18.01 x 10* m3/d. In the lower reaches, there were nine centralized
industrial WWTPs with a total processing capacity of 23.5 x 10* m3/d.

The hydraulic loading rate refers to the proportion between the actual volume of
wastewater treated and the designed treatment capacity during a specific operational
period. It is a fundamental metric that reflects the stable functioning of WWTPs. Figure 2
illustrates the wastewater treatment conditions of the centralized industrial WWTPs in
the Yellow River basin. The average hydraulic loading rate of the centralized industrial
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WWTPs in the Yellow River basin in 2023 was 53.8%. There were significant variations in the
hydraulic loading rates among different cities, ranging from 10% to 112.5%. Notably, Jiyuan,
Liaocheng and Heze exhibited the highest hydraulic loading rates at 112.5%, 100% and
100%, respectively. Conversely, Wuwei, Bayannur and Lanzhou demonstrated the lowest
hydraulic loading rates at 10%, 12.01% and 17.45%, respectively. In terms of geographical
distribution, the average hydraulic loading rates of major cities located in the upper,
middle and lower reaches of the Yellow River basin were recorded as 43.94%, 48.09% and
81.23%, respectively.
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Figure 2. Wastewater treatment status of centralized industrial WWTPs in the Yellow River basin.

In summary, most centralized industrial WWTDPs in the Yellow River basin were small
to medium-sized facilities with a processing capacity of less than 5 x 10* m3/d. However,
their wastewater collection rates exhibited a relatively low level. Notably, around 95.45%
of the centralized industrial WWTPs had a wastewater treatment rate below 90%. The
actual water volume treated by the centralized industrial WWTPs fell significantly below
its designed capacity, indicating a substantial potential for enhancing wastewater treatment
utilization. The load rate of the centralized industrial WWTPs in the lower reaches of
the Yellow River basin significantly exceeded that in the middle and upper reaches. The
operational capacity of Jiyuan, Liaocheng and Heze’s industrial wastewater treatment
plants was either at or over their limits, indicating a pressing need for the further expansion
of these facilities.

3.1.2. Wastewater Treatment Process

The predominant treatment processes used in the centralized industrial WWTPs were
aerobic and anaerobic biological treatments. In the Yellow River basin, 91.84% of these plants
combined two or more of these processes. The continuous advancement of water quality
improvement objectives has led to increasingly stringent emission limits for water pollutants,
resulting in the growing adoption of advanced treatment processes. Consequently, 36.73%
of the centralized industrial WWTPs had implemented advanced treatment processes. The
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main emphasis of this article is on the analysis of centralized industrial WWTPs that utilize
biological treatment systems. In the Yellow River basin, aerobic biological treatment processes
were predominantly utilized in a significant proportion (55.1%) of the centralized industrial
WWTPs. The primary processes used were the anaerobic—anoxic—oxic (AAQ) process, the
anaerobic—oxic (AO) process, an oxidation ditch, and the membrane bioreactor (MBR) process.

3.2. Characteristics of Influent Quality
3.2.1. Influent Quality of Industrial, Centralized WWTPs

The concentrations of five basic water quality parameters of the 63 centralized indus-
trial WWTPs in the Yellow River basin are presented in Figure 3a. The average influent
COD, BOD, NH3-N, TN and TP concentrations were 323.3, 145.9, 30.2, 53.9 and 3.4 mg/L,
respectively, while the median influent COD, BOD, NH3-N, TN and TP concentrations
were 252.0,116.4, 28.1, 44.7 and 2.9 mg/L, respectively. For all the parameters, the average
concentration is higher than the median concentration, exhibiting a right-skewed distribu-
tion for the influent quality. The 5~95% ranges of the influent COD, BOD, NH3-N, TN and
TP concentrations were 70.0~1050.7, 22.9~435, 5.7~66.1, 7.4~87.0 and 0.2~8.1 mg/L, respec-
tively. This considerable fluctuation in water quality fully reflects the complex composition,
wide variation, and unpredictable characteristics of industrial wastewater. The 25~75%
ranges of the influent COD, BOD, NH3-N, TN and TP concentrations of the centralized
industrial WWTPs were 167.4~355.6, 60.0~155.0, 15.9~43.6, 25.7~56.7 and 1.5~5.0 mg/L,
respectively. These data indicate that the influent COD and BOD concentrations were
relatively low, which might lead to an insufficient carbon source for the biological processes
of the WWTPs and consequently inhibit the removal of nitrogen and phosphorus [24]. A
possible explanation for the relatively low COD and BOD concentrations is that the studied
industrial parks are generally large in scale and have complex industrial structures. The
composition of the wastewater produced by enterprises in different industries varies, and
after being mixed into the centralized WWTPs, COD and BOD concentrations are likely to
decrease due to mutual dilution. Therefore, it is necessary to carry out classified collection
through the industry- and quality-based treatment of wastewater in large industrial parks.
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Figure 3. Wastewater influent quality of centralized industrial WWTPs: (a) in the Yellow River basin
and (b) in the upper, middle and lower reaches.

The influent water quality of the centralized industrial WWTPs showed regional varia-
tions in the Yellow River basin, as illustrated in Figure 3b. Generally, the mean and median
concentrations of parameters in the upper reaches (including Gansu, Ningxia and Inner
Mongolia) were marginally higher than those in the middle reaches (including Shaanxi
and Shanxi) and the lower reaches (including Henan and Shandong), likely attributable
to the heightened industrial activity in the region. This increased industrialization also
correlates with the greater volume of data for the upper reaches, resulting in a wider range
of variation in the pollutant concentrations.
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3.2.2. Ratios of Water Quality Parameters

The ratios of different water quality parameters of the centralized industrial WWTPs
in the Yellow River basin were calculated, and the analyzed results are shown in Figure 4.
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Figure 4. Ratios of water quality parameters of centralized industrial WWTPs in the Yellow River
basin. (a) BOD/COD; (b) COD/TN; (c) BOD/TN; (d) BOD/TP; and (e) TN/TP.

The BOD/COD ratio can reflect the biodegradability of sewage. When the BOD/COD
ratio is between 0.4 and 0.6, the biodegradability of the wastewater is considered good, and
lower values indicate that the wastewater is poorly biodegradable [25]. The BOD/COD
ratio of the WWTPs fluctuates between 0.1 and 1.6, with an average value of 0.5 and
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a medium value of 0.4, which means that 50% of the influent of the WWTPs was not
favorable for biological treatment (Figure 4a). The overall biodegradability of the influent
was poor as the studied industrial parks are mainly focused on chemical, metallurgical,
pharmaceutical and other industries, which usually produce non-degradable or refractory
organic pollutants.

COD represents a constraining factor in the process of denitrification. Effective deni-
trification can be achieved when the influent COD/TN ratio falls between 8 and 12, and if
the COD/TN ratio is too low, the carbon source is considered insufficient and additional
supplementation is required [26]. As shown in Figure 4b, the COD/TN ratio ranges from
0.6 to 49.4; however, 75% of the WWTPs showed values lower than 8, revealing that insuffi-
cient carbon sources are a vital problem for centralized industrial wastewater treatment.
In fact, 37 of the 63 centralized industrial WWTPs surveyed in this study have been using
additional carbon sources to effectively remove nitrogen and phosphorus from wastewater,
resulting in a total additional carbon source consumption of 17,372.5 ton per year.

The BOD/TN ratio can also reflect whether there is enough organic matter in the
wastewater influent for the efficient removal of TN. The carbon source is considered
adequate when BOD/TN > 4 [27]. Figure 4c shows that the range of the BOD/TN ratio is
0.8~15.8, the average value is 2.7, and the median value is 3.7. Similar to COD, 80.8% of the
BOD/TN ratios for the WWTPs were below four, once again proving the lack of carbon
sources in the wastewater from the industrial parks in the Yellow River basin.

The BOD/TP ratio can be used to assess the feasibility of biological phosphorus
removal. Generally, a BOD/TP ratio greater than 20 ensures good phosphorus removal
efficiency [28]. As presented in Figure 4d, the BOD/TP ratio varies significantly from
8.9 to 529.4, with an average value of 63.9 and a medium value of 32.0. Only 15.4% of
WWTPs exhibited a BOD/TP ratio less than 20, indicating that phosphorus could be
effectively removed during biotreatment.

From Figure 4e, the centralized industrial WWTPs had a TN/ TP ratio between 3.0 and
126.6. The balance of C, N and P in the influent is the key to effective biological treatment
processes. It is generally believed that when the BOD/TN/TP ratio is between 100:5:1 and
100:10:1, an aerobic process is the most efficient, and when the BOD/TN/TP ratio is 250:5:1,
an anaerobic process is the most efficient [26]. In this study, the TN /TP ratio of 72.3% of the
WWTPs exceeded 10, which did not meet the optimum conditions for microbial growth.

Overall, the centralized industrial WWTPs in the Yellow River basin exhibit challenges,
including low concentrations of COD and BOD, limited biodegradability and imbalanced
compositions of C, N and P in their wastewater influent, all of which hinder the effect of
the biological treatment process. Pretreatment techniques to improve biodegradability and
additional carbon sources are essential, but substantial carbon source consumption not
only diverges from the objectives outlined in the Global Sustainable Development Goals
but also amplifies the financial strain of operational costs.

3.2.3. Correlation of Influent Water Quality Parameters

Based on the influent levels of BOD, COD, NH3-N, TN and TP in the centralized
industrial wastewater treatment plants (WWTPs) within the Yellow River basin, a linear re-
gression analysis was conducted using the least squares method. The relationships among
these water quality parameters, along with the corresponding regression equations and
correlation coefficients (R?), are presented in Figure 5 and Table 2. Figure 5a demonstrates a
significant linear correlation between BOD and COD (R2 = (.73118), while the associations
between NH;3-N (R? = 0.12457) and TN (R? = 0.24157) are moderate. In contrast, no linear
correlation is observed between BOD and TP (R? = 0.05991). The correlation analysis of
COD and BOD reveals a proportional relationship, where the COD concentration increases
with rising BOD levels. Figure 5b illustrates weak linear relationships between COD
and NH;3-N (R? = 0.1309), TN (R? = 0.10026), and TP (R? = 0.11159), respectively. Addi-
tionally, Figure 5c demonstrates a clear correlation between NH3-N and TN (R? = 0.426),
underscoring the necessity of controlling influent NH3-N and enhancing nitrification and
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1800

denitrification efficiency to achieve effective total nitrogen removal in WWTPs. A general
linear relationship is found between NH;3-N and TP (R? = 0.26939) as well as TN and TP
(R? = 0.22071) from Figure 5¢,d. Thus, maintaining appropriate nitrogen and phosphorus
levels is crucial for the efficient removal of pollutants.
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Figure 5. Relevance of influent water quality parameters: (a) BOD; (b) COD; (c¢) NH3-N; and (d) TN.

Table 2. Correlation and regression analysis of influent water quality parameters.

Index COD NH;-N TN TP
BOD Y =2.3079x + 20.544 y = 0.0435x + 24.028 y = 0.11587x + 30.322 y = 0.00472x + 2.7249
R? =0.73118 R? =0.12457 R? = 0.24157 R? =0.05991
COD y = 0.02323x + 22.626 y = 0.02913x + 35.744 y = 0.00306x + 2.3627
R? =0.1309 R? =0.10026 R% =0.11159
i y = 1.0262x + 14.548 y = 0.07964x + 1.0196
NH3-N R? = 0.426 R2 = 0.26939
y = 0.04608x + 1.3470
N R? = 0.22071

3.3. Energy Consumption and Operational Cost

The statistical results for energy consumption, operational costs and their correlation
in the centralized industrial WWTPs in the Yellow River basin are presented in Figure 6.
The energy consumption of the WWTPs primarily comprises electricity consumption and
fuel energy consumption, with electricity consumption constituting the largest share. The
carbon emissions resulting from the wastewater treatment process represent approximately
1~2% of China’s total carbon emissions [29]. A narrow distribution of electricity consump-
tion is observed in Figure 6; the 25~75% range of energy consumption is 0.7~1.1 kWh/m?,
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while the average and median values are 1.1 and 2.5 kWh/m?, respectively. In 2020, the
national median electricity consumption for municipal WWTPs was 0.36 kWh/m?, while
the median electricity consumption for municipal WWTPs in major cities within the Yellow
River basin varied from 0.26 to 1.11 kWh/m?, with approximately 66.8% of the WWTPs in
the Yellow River basin exceeding the national median value [30]. The intricate composition
of pollutants and the limited biodegradability of industrial wastewater necessitate the
utilization of additional treatment units, particularly certain physicochemical technologies
that consume more energy compared to biotreatment methods, in centralized industrial
WWTPs. Consequently, it is understandable that their energy consumption surpasses
that of municipal WWTPs. Moreover, the relatively low influent COD concentration also
contributes to the high energy consumption to a certain extent. Nevertheless, the general
operational energy consumption of industrial WWTPs in the Yellow River basin remains
on the high side, indicating potential for optimization and enhancement. To reduce en-
ergy consumption, measures such as adopting energy-efficient technologies, optimizing
treatment processes and investing in renewable energy sources can be implemented.
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Figure 6. Energy consumption, operational cost and their correlation in centralized industrial WWTPs
in the Yellow River basin.

Electricity consumption not only stands out as a significant contributor to carbon emis-
sions in WWTPs but also substantially contributes to the operational costs of these facilities.
As shown in Figure 6, the 25~75% range of operational costs is 0.2~1.1 USD/m3, while
the average and median values are 1.1 and 0.5 USD/m?3, respectively. An apparent linear
correlation between the operational cost and the electricity consumption was obtained,
with R? = 0.56133, further confirming that electricity consumption contributes significantly
to operational costs. Thus, it is imperative to take effective measures such as improving the
influent water quality and optimizing the treatment process to save energy and reduce the
cost of the centralized industrial WWTPs in the Yellow River basin.

4. Conclusions

The scales of the centralized WWTPs of industrial parks in the Yellow River basin
were generally small, mainly ranging from 1 x 10* to 5 x 10* m3/d, and the average
hydraulic loading rate of the 63 WWTPs was 53.81%, surpassing the national average
level. The hydraulic loading rate demonstrated a certain scale effect. However, there was a
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noticeable regional disparity in the development of wastewater treatment facilities, with
slower progress in the construction of facilities in the upper and middle reaches. Both
the treatment capacity and collection rate of wastewater require further enhancement.
Aerobic biological treatment processes dominated in the Yellow River basin, with their
usage accounting for 55.1% of the all plants. The predominant processes include the AAO,
AQ, oxidation ditch and MBR processes.

The influent pollutant concentrations of the centralized industrial WWTPs in the
Yellow River basin displayed a positively skewed distribution overall. The substantial
fluctuation in water quality indices, coupled with challenges such as poor biodegradabil-
ity, insufficient carbon sources and imbalanced nitrogen-to-phosphorus ratios, warrants
particular attention. Consequently, emphasis should be placed on controlling the influent
water quality during forthcoming upgrades and renovations. Furthermore, the energy
consumption of the centralized industrial WWTPs in the Yellow River basin exceeded the
national median value. Optimizing the operation of these plants is important to enhance
their operational stability and efficiency.

This study only conducted an overall analysis of the water quality characteristics of
centralized WWTPs operating in major industrial parks in the Yellow River basin. Given
the limitations in data acquisition, it is recommended that subsequent studies continue
to enhance the analysis of industrial parks with different water treatment processes and
various effluent discharge standard limits, thereby helping to improve the stability of
effluent water quality from centralized industrial wastewater treatment facilities.
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Abstract: Exploring the ratio of metal centers to organic ligands and the amount of DMF are important
to improve the stability and adsorption efficiency of MOF materials as adsorbents. In this work,
MIL101(Fe)-NayCO3 was successfully obtained by modification with formic acid, sodium carbonate,
carbon nanotubes, and moieties. The adsorption efficiency of MIL-101(Fe) on Cr(VI) was greatly
improved, and the removal efficiency was able to reach 100% in 20 min with a maximum adsorption
capacity of 20 mg/g. The inhibition order of the competing anions for the removal of hexavalent
chromium was as follows: CI~ < NO3~ < SO4%~. The analysis of the adsorption thermodynamic
model found that the adsorption of MIL101(Fe)-Na,COj3 for Cr(VI) showed spontaneous heat-
absorbing and entropy-increasing chemisorption behavior. When using NaOH as the eluent and HCI
as the regeneration stabilizer, MIL-101(Fe)-NayCOj3 had good adsorption capacity in multiple cycles.

Keywords: MOF materials; Cr(VI); adsorption kinetics; adsorption thermodynamic

1. Introduction

Cr(VI) is highly migratory and easily soluble in water, and is considered a carcinogenic
and mutagenic agent that is harmful to the ecological environment [1,2]. The toxic effects of
Cr(VI) on the human body are mainly in terms of skin irritation, induction of lung cancer,
and damage to the kidney, liver, stomach, etc.; the negative effects on the environment
are mainly in terms of making certain plants sprout and grow less, causing algae to die,
etc. [3-5]. The U.S. Environmental Protection Agency (USEPA) has identified Cr(VI) as one
of the most toxic pollutants in the water system, and has published a maximum limit of
0.05 mg/L for Cr(VI) in water [6].

With the deep development of industry, the pollution of Cr(VI) has spread all over the
regions and even further affected the life of local people. The diffusivity and toxicological
relevance of Cr(VI) itself make water bodies produce a serious and permanent pollution
state. Therefore, it is urgent to solve Cr(VI) pollution, and it is important to find a cost-
effective Cr(VI) pollution removal technology. Currently, researchers at home and abroad
have proposed a variety of methods to remove Cr(VI) from wastewater, mainly including
chemical reduction precipitation, adsorption, ion exchange resin method, solvent extraction,
membrane separation, etc. [7-11].

Metal-organic frameworks (MOFs) are coordination polymers making up a class
of highly ordered porous crystalline hybrid materials consisting of metal clusters and
polyfunctional organic linkers. Compared with conventional adsorbents, MOFs present
captivating merits due to their varying compositions and structures, such as higher surface
area and pore volume, massive porosity, adjustable pore size, and favorable dispersion of
metal ions in the framework [12]. Their characteristics include adjustable topology, high
porosity, low density, and high thermal and chemical stability [13]. In recent years, MOFs
have been used in a wide range of applications such as gas separation/storage, water
purification, chemical sensors, optics, drug transport, bioreactors, and adsorption [14-21].
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MOFs are effective adsorbents for the removal of contaminants from aqueous solutions
because of their extraordinary structural and surface properties [22]. For the adsorption
of organic pollutants, various interactions between the host and the guest occur, such as
electrostatic, acid-base, H-bonding, hydrophobicity, and coordination with open metal sites,
all of which have important effects on adsorption [23,24]. In a previous study, a variety
of MOFs were used to adsorb two drugs, furosemide and salazosulfapyridine, in the
aqueous phase, then the adsorption efficiency and stability were compared. It was found
that MIL-101(Cr) was the most stable and had the highest adsorption capacity, and there
was a synergistic effect between the drug and MIL-101(Cr) [25]. Regarding the removal of
inorganic pollutants, different MOFs have different adsorption capacities for different metal
ions, and numerous studies have been previously performed. AMOF-1 material has been
synthesized as an effective adsorbent for Cd(II) with a maximum adsorption capacity of
41 mg/g, while Fe30,@MIL-100(Fe) material has been synthesized for Cr(VI) removal with
a maximum adsorption capacity of 18 mg/g [26,27]. Therefore, MOFs may be a promising
material for adsorption of hexavalent chromium. However, few studies have reported the
removal of Cr(VI) using MOFs.

In this paper, we successfully modified MIL-101(Fe)-Na,COs by controlling and
deploying the ratio of metal centers to organic ligands and the DMF dosage of MIL-101
in order to realize the rapid degradation of Cr(VI) through ionic branching and domain-
limiting effects. In addition, this paper clarifies the deep-seated mechanism (electrostatic
attraction, adsorption on monomolecular layer) for the removal of Cr(VI), which reveals
the potential role of modified MIL-101 in practical applications.

MIL-101(Fe) MOFs were selected as the main object of study due to the pollution
status of Cr(VI), and were applied to the adsorption of Cr(VI) in water through appropriate
modification in order to achieve a better adsorption effect. First, we sought to investigate
the effects of the ratio of metal center to organic ligand, DMF dosage, and reaction time
on the stability and adsorption efficiency of the synthesized adsorbent and to select the
best conditions for the synthesis of MIL-101(Fe). Second, MIL-101(Fe)-Na;CO3 adsorbent
material was successfully obtained by modification with formic acid, sodium carbonate,
carbon nanotubes, and groups, and its morphology was characterized. Third, the adsorp-
tion efficiency of the adsorbent for Cr(VI) was investigated by kinetic and thermodynamic
adsorption models.

2. Materials and Preparation
2.1. Chemicals

Sodium hydroxide (NaOH, >98.0%), hydrochloric acid (HCl, >98.0%), anhydrous
ethanol (EtOH), potassium dichromate (Potassium dichromate standard solution,
0.0999 mol/L), acetone (C3HgO, >99.5%), diphenylcarbonyl dihydrazide (C;3H;4N4O, AR),
sulfuric acid (H2SO4, 95.0~98.0%), phosphoric acid (H3PO4, >85.0%), ferric chloride (FeCls,
98.0%), terephthalic acid (HpBDC, >99.0%), amino-terephthalic acid (CsH;NOy4, >98.0%),
formic acid (GCS, >99.5%), N,N-dimethylformamide (DMF, 99.8%), acetic acid (Electronic
grade G2), and zinc nitrate hexahydrate (Sigma-228737, 98%) were from Sinopharm (Shang-
hai, China).

2.2. Adsorbent Preparation

The materials were prepared using a hydrothermal autoclave; the preparation flowchart
is shown in Figure 1, and the preparation method was as follows.
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Figure 1. Hydrothermal autoclave preparation process.

2.2.1. MIL-101 Preparation

A certain amount of anhydrous ferric chloride (4.9 mM) was added to 15 mL of N,N-
dimethylformamide (DMF) solvent and a certain amount of terephthalic acid (2.45 mM)
was added to 15 mL of DMF; the above two mixed solutions were sonicated for 20 min
until completely dissolved. Then, the two solutions were mixed and sonicated for 20 min
until they were completely mixed, after which the mixed solutions were transferred to
a 100 mL reaction kettle and the temperature of the kettle was maintained at 120 °C for
24 h. After the reaction, the solutions were removed and cooled to room temperature in a
ventilated area, a certain speed was set for centrifugal separation, then they were washed
three times with hot ethanol and DMF, placed in a vacuum dryer, and freeze-dried to
produce MIL-101(Fe) [28].

2.2.2. Group Modification

The adsorbent introduction group was prepared mainly by adding a certain amount
of amino (nitro, bromine atom)-terephthalic acid (2.45 mM) to 15 mL of DMF solvent and
anhydrous ferric chloride (5 mM) to 15 mL of DMF, sonicating the above two solutions for
20 min, then mixing the sonication for 20 min until completely mixed. The mixed solution
was then transferred to a 100 mL reactor, the temperature of the reactor was maintained
at 120 °C for 24 h, and the reaction was taken out and cooled to room temperature in a
ventilated place, centrifuged at a certain speed, washed three times with DMF and hot
ethanol, and placed in a vacuum dryer to freeze and dry. This resulted in three MIL-101(Fe)
moieties [29].

2.2.3. CNT@MIL-101 Preparation

The loaded CNTs were prepared by dispersing different mass fractions of carbon
nanotubes (CNTs) into 9 mL of ethanol solvent and sonicating for 10 min until the CNTs
were completely dispersed, followed by adding the above-mentioned CNTs with different
mass fractions into a DMF mixture of terephthalic acid and ferric chloride and sonicating
for 5 min until they were completely mixed. The above mixed solution was transferred to a
reactor and maintained at 120 °C for 24 h. After standing and cooling, the solution was
centrifuged, washed three times with hot ethanol and DMEF, and placed in a vacuum dryer
to freeze and dry, i.e., CNT@MIL-101(Fe) loaded with different mass fractions was produced.
CNT synthetic adsorbents of 2, 5, 10, 15, and 20 wt% were taken and named as follows:
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2CNT@MIL-101(Fe), 5SCNT@MIL-101(Fe), 10CNT@MIL-101(Fe), 1I5CNT@MIL-101(Fe), and
20CNT@MIL-101(Fe).

2.3. Reaction Conditions and Analytical Methods

The quantitative Cr(VI) stock solution was placed in the reaction flask. Experiments
were carried out by controlling single variables such as the pH, reaction temperature,
and initial contaminant concentration The reaction solutions were filtered and sieved
for different time periods using a 0.22 um filter membrane; the pH was adjusted by
0.1 mol/L HCl and 0.1 mol/L NaOH by controlling the thermostatic oscillator temperature
to maintain different reaction temperatures. The speed of the thermostatic oscillator was
set to 180 rpm, then the concentration of Cr(VI) in the solution was detected by the color
development reaction and the removal rate of Cr(VI) and the adsorption amount of the
adsorbent were calculated by Equations (1) and (2):

Removal efficiency (%) = COC;OC" x 100% (1)

_ COVOm CeVe 2

where q,(mg/g) is the equilibrium adsorption capacity, Cy and Ce (mg/L) are the initial

concentration and final concentration of Cr(VI), respectively, m (g) is the mass of dry

hydrogel, and Vj and V, (L) are the initial volume and equilibrium volume during the
adsorption process, respectively [30].

In this paper, experiments were conducted by controlling a single variable and all
experiments were conducted three times.

e

3. Results and Discussion
3.1. Characterization

Figure 2 presents the SEM image of the adsorbent. Figure 2a shows MIL-101(Fe); it
can be seen that it has a typical octahedral structure, which is in agreement with previous
studies that successfully synthesized MIL-101(Fe) [31]. Figure 2b—d show three different
groups; it can be seen that the MIL-101(Fe)-NH2 and MIL-101(Fe)-NO2 particles have
good crystallinity that is similar to MIL-101(Fe) and have similar octahedral structures,
while MIL-101(Fe)-Br generates a crystal-like layer of MIL-101(Fe) has poorer crystallinity.
After the incorporation of carbon nanotubes into the MIL-101(Fe), the morphology of
CNT@MIL-101(Fe) shows hybrid characteristics, with CNT entangled in the MIL-101(Fe)
crystals (Figure 2e; due to the large size, it could not be clearly photographed at 200 nm;
thus, 1 um was used instead). In addition, the size of CNT@MIL-101(Fe) is increased
compared to MIL-101(Fe) due to the attachment and reinforcement of CNT [32].

As can be seen in Figure 3a, MIL-101(Fe) has a better crystalline phase structure and the
main characteristic diffraction peaks appear at 26 of 9.44°, 12.61°, 16.62°, and 18.86°, which
is similar to previous results from the literature [33]. The positions of the characteristic
diffraction peaks of the MOFs modified by -NHj, -NO;, and carbon nanotubes are almost
the same as the positions of the main peaks of MIL-101(Fe), indicating that the addition of
CNTs, etc., did not prevent the generation of MIL-101 crystals. A few diffraction peaks in
MIL-101(Fe)-Br disappeared, and there were only weak characteristic diffraction peaks at
9.58° and 16.76°, which suggests that the addition of bromine atoms caused a change in the
crystal structure of the MIL-101(Fe) system.
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Figure 2. SEM images of adsorbents: (a) MIL-101(Fe), (b) MIL-101(Fe)-NH,, (c) MIL-101(Fe)-NO,,
(d) MIL-101(Fe)-Br, (e) 5CNT@MIL-101(Fe), (f) MIL-101-NayCOs.
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Figure 3. (a) XRD diffractogram of MOFs (the red dotted line is the MIL-101(Fe) eigenvalue) and
(b) FT-IR of MOFs.

The FT-IR plots of MIL-101(Fe), MIL-101(Fe)-NH2, MIL-101(Fe)-NO2, MIL-101(Fe)-
Br, and 5CNT@MIL-101(Fe) are shown in Figure 3b. MIL-101(Fe) shows a distinct FT-IR
pattern, with peaks at 554, 751, 1393, and 1597 cm L. The peaks at 751 em ! and 554 cm !
indicate the C-H bond [34] and Fe-O bond [35] on the benzene ring, respectively. The bands
at 1597 and 1393 cm ! represent the asymmetric and symmetric stretching of O-C-O [36].
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These characteristic peaks are present in the remaining four materials as well. In addition to
the typical peaks of MIL-101(Fe), the FT-IR spectra may vary due to changes in the ligand
functional groups, where in MIL-101(Fe)-NH2 there is an MIL-101(Fe)-deficient peak at the
1256 cm~! band which represents the stretching of aromatic C-N. Upon addition of CNT,
no significant shift of the characteristic peak was observed, similar to the characteristic
peak of MIL-101(Fe) [37].

Figure 4 shows that the N, adsorption—desorption isotherms of MIL-101(Fe), MIL-
101(Fe)-NH;, MIL-101(Fe)-NO;, MIL-101(Fe)-Br, and 5CNT@MIL-101(Fe) are type I
isotherms with Hy hysteresis loops. Five isotherms indicate the presence of meso- and
micropores in these samples. Table S1 lists the BET surface areas of the MIL-101(Fe), MIL-
101(Fe)-NH,, MIL-101(Fe)-NO,, MIL-101(Fe)-Br, and 5CNT@MIL-101(Fe) samples, which
were 1730.85, 1724.85, 1652.52, 2318.37, and 2443.35 ng’l, respectively. The total pore
volumes of the samples were 0.601, 0.511, 1.021, 1.578, and 1.127 cm3®g !, respectively.
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Figure 4. N, adsorption-desorption isotherms of MOFs.

3.2. MIL-101 Preparation, Modulation, and Modification

As can be seen from Figure 5a and Table S2, the adsorption effect of the synthesized
adsorbent on Cr(VI) varied with the variation of the n(H,BDC):n(FeCl;) ratio; the adsorp-
tion removal rate of Cr(VI) was the largest when the ratio of n(H,BDC):n(FeCls) was 1:2,
reaching 50%. MOFs of the MIL series are structures composed of metal nodes (clusters)
and organic connections; thus, the amounts of different ratios of metal to organic ligand are
important for the formation of the MOF structure. The reason for the maximum removal
rate of Cr(VI) adsorption when the ratio of n(H2BDC):n(FeCl3) is 1:2 may be because the
crystallinity of the MIL-101(Fe) adsorbent under this ratio is the highest; with the continu-
ous increase of FeCls, the excess FeCls cannot be fully ligated with the H2BDC connection,
resulting in the synthetic MIL-101(Fe) adsorbent. The crystallinity of the synthetic MIL-
101(Fe) adsorbent decreases, the purity of the adsorbent decreases, and the adsorption
effect then decreases.

According to the structure of MIL-101(Fe) and the chemical stoichiometry characteris-
tics of Fe3OCI-(DMF),(H2BDC)3, it is known that the amount of DMF has an important
influence in the synthesis of MIL-101(Fe) [27]. As described above, the best input ratio of
n(H,;BDC):n(FeCls) is 1:2; thus, while keeping this ratio constant during the synthesis of
MIL-101(Fe), 10 mL, 20 mL, 30 mL, 40 mL, and 50 mL of DMF were added while selecting
the same Cr(VI) concentration of 10 mg/L in the adsorption reaction. Under the condition
of ensuring the minimum dissolved amount, the amount of DMF was increased and the
adsorption effect was observed. It can be seen from Figure 5b and Table S3 that the adsorp-
tion and removal rate of Cr(VI) changed significantly with the increasing amount of added
DMEF; the adsorption rate increased by about 10% when the amount of DMF added was

137



Water 2024, 16, 25

20 mL, and reached 71% when the amount of DMF added was 30 mL, while the adsorption
rate was maintained at about 72% when the amount of DMF added was 40 mL and 50 mL.
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Figure 5. (a) Effect of the ratio of metal to organic ligand synthesis on the removal rate of Cr(VI);
(b) effect of different DMF dosages on the removal rate of Cr(VI) (pH =5.77, T = 30 °C, dosage of
adsorbent = 1 g/L, concentration of Cr(VI) = 10 mg/L).

When 10 mL and 20 mL of DMF were added, it was difficult to dissolve the organic
ligand completely, affecting the coordination of the organic ligand and metal and failing
to achieve sufficient connection coordination, thereby affecting the crystallinity of the
adsorbent. With the addition of 30 mL of DMF, the organic ligand and metal center were
fully dissolved and coordinated, the best ratio of n(H,BDC):n(FeCl3) could be maintained,
and the best adsorption effect was obtained. It is worth noting that excess DMF dilutes
the concentration of both the metal and the organic ligand, which has a certain hindering
effect on their coordination. When the dosage of DMF continues increasing to excess, this
further dilutes the concentration of metals and organic ligands; the resulting hindering
effect on the coordination of metals and organic ligands means that the adsorption effect
grows insignificantly.

Introducing functional groups on the adsorbent may increase certain active adsorption
sites and strengthen the bonding energy between the adsorption bonds. However, it
was found in our adsorption experiments (Figure 6a) that the adsorption and removal
rate of pollutants decreased relative to the initial MIL-101(Fe) after the introduction of
different functional groups. This was probably because the addition of -NHj, -NO,, and
-Br functional groups to the MIL-101(Fe) adsorbent meant that the surface area of the
adsorbent was occupied by the functional groups due to their large specific gravity, which
reduced the space available for self-use of the adsorbent, in turn resulting in a decrease in
the specific surface area and porosity of the adsorbent. Notably, the specific gravity of the
-NH; functional group was smaller than that of the -NO, and -Br functional groups [38].
Therefore, while the adsorbent with the introduction of -NH2 functional group was slightly
better than the adsorbents with the introduction of -NO, and -Br functional groups, none
were as effective as the original MIL-101(Fe).

The adsorption effect on Cr(VI) was observed by adding 10 mL, 20 mL, and 30 mL of
formic acid to it while maintaining the optimal preconditions (Figure 6b). The adsorption
removal rate increased from 71% to 79% when 10 mL of formic acid was added. The
adsorption removal rate of Cr(VI) was reduced to within 10% when the amount of formic
acid was increased to 20 mL and 30 mL. The reason for this may be that the structure of
the MIL-101(Fe) adsorbent was basically destroyed after the addition of 20 mL and 30 mL
of formic acid, and the structural voids collapsed and the porosity was greatly reduced,
leading to deterioration of the adsorption effect. The addition of 10 mL of formic acid may
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have increased the crystallinity of MIL-101(Fe) while increasing the specific surface area of
the adsorbent, which in turn increased the adsorption removal effect of Cr(VI) by less than
10% over the adsorption removal effect of the original MIL-101(Fe) [39].
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Figure 6. (a) MIL-101 modification by different groups, (b) different FA dosages, (c) different CNT
dosages, and (d) Cr(VI) removal by adsorption with Na,CO3 modification.

Figure 6¢ shows that the adsorbents with carbon nanotube loadings of 2%, 5%, 10%,
15%, and 20% had adsorption and removal rates of 86%, 92%, 81%, 74%, and 73%, re-
spectively, for the pollutant Cr(VI). The trend of the adsorption and removal rates shows
that the best effect was achieved when the loading rate of carbon nanotubes was 5%. The
adsorption of carbon nanotubes on the pollutant Cr(VI) is mainly carried out through the
functional groups on the surface, and belongs to a potential surface adsorbent, which itself
has a certain adsorption effect on Cr(VI). By loading a certain amount of carbon nanotubes
on MOFs, it is intended to expand the specific surface area of the adsorbent, thereby in-
creasing the adsorption sites and promoting the adsorption and removal of the pollutant
Cr(VI). When the loading rate of carbon nanotubes was 2% and 5%, the adsorption and
removal rate of Cr(VI) increased, while when the loading rate was 10%, 15%, and 20% the
adsorption and removal rate of Cr(VI) decreased continuously. This may be due to the
excessive loading of carbon nanotubes to agglomerate on the surface of MOFs, leading to a
poor dispersion effect and covering the adsorption sites on the surface of MOFs, thereby
blocking the adsorption pore channel of MOFs and causing the adsorption and removal
rate of the adsorbent MOFs for Cr(VI) to decrease [40].

A certain amount of Na,CO3 was added to the adsorbent MIL-101(Fe) as a mineraliz-
ing agent. Compared with other mineralizing agents, such as HF and TMAOH substances,
NayCOg3 itself is not toxic, and the introduction of Na,CO3 can both improve the crys-
tallinity of the adsorbent and increase the synthetic yield of the adsorbent [41]. It can be
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seen from Figure 6d that the adsorption effect of the adsorbent after the addition of Na,CO3
is significantly better than that of the original adsorbent; the adsorption efficiency reaches
100% under specific conditions, and the adsorption effect has been significantly improved.

It can be seen from Figure 7 that the removal rates of Cr(VI) by adsorption after
modification of MIL-101 by different groups take the following order over a time: MIL-101-
Nap,COs; (100%) > 5CNT@MIL-101(Fe) (92%) > MIL-101-FA (79%) > MIL-101 (71%) > MIL-
101-NH; (68%). Therefore, in the modification experiment of the MIL-101(Fe) adsorbent,
the best adsorption effect on Cr(VI) was the adsorbent modified by Na,COj3. In order to
further investigate its adsorption characteristics, a single-factor control experiment was
carried out with this adsorbent.

100 4 100

80 79
71

60 4

40 H

Cr(VI) removal rate %

204

(l T T T T T

MIL-10I MIL-101-NH, MIL-10I-FA CNT@MIL-101 MIL-10I-Na,CO,
Figure 7. Removal rates of Cr(VI) adsorption by MIL-101 modified with different groups.

3.3. Adsorption Performance Study

The adsorption experiments were carried out at pH 2, 5, 7, and 9,with an unadjusted
solution pH = 5.77 (Figure 8a). The adsorption and removal rates of Cr(VI) pollutants at
different pH conditions were 87%, 81%, 80%, 76%, and 74%, respectively, with the highest
adsorption and removal rate at pH = 2. The adsorption and removal rates showed a trend
of gradual decrease with increasing pH. Chromium mainly exists in aqueous solution
in the form of anions such as HCrO,~, CrO42~, Cr,0;2~, etc. [42]. When pH =2, the
content of H* in water is greater, meaning that a protonation reaction takes place on the
surface of the adsorbent and chromium ions are adsorbed to its surface through the effect
of electrostatic gravity, which can promote the adsorption and removal of Cr(VI) pollutants.
With continuous increase of the pH, more OH ™ is generated, which competes with CrO4%~
and other anions for adsorption, causing the adsorption and removal rate of Cr(VI) to
decrease [43].
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Figure 8. (a) Effect of different pH levels on the Cr(VI) removal rate and (b) effect of different
Cr(VI) levels.

In this study, experiments were conducted using Cr(VI) concentrations of 5 mg/L,
10 mg/L, 20 mg/L, and 30 mg/L. The adsorption removal rates shown in Figure 8b indicate
that the removal rate decreased from 92% to 59% while the adsorption capacity increased
from 4.63 mg/g to 17.42 mg/g with the increasing concentration of pollutants at the same
adsorbent dosing.

The adsorption mechanism was explored by adding three anions of different intensities
to the adsorption system. It can be seen from Figure 9 that SO4>~ has the greatest effect
on the adsorption system, followed by NO3~, while CI™ has the least effect. In terms of
ionic strength, as the ionic strength of the same ion increases, its inhibitory effect on the
adsorption system becomes more obvious, probably because increasing the ionic strength
reduces the chance of pollutants coming into contact with the adsorbent, which makes
the adsorption effect decrease. Furthermore, because electrostatic force is the key to the
adsorption process, the coexisting anions compete for adsorption with the pollutant ions,
meaning that less pollutant ions are adsorbed at the active potential on the surface of the
adsorbent, in turn leading to a decrease in the pollutant adsorption and removal rates [44].
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Figure 9. (a—c) Effect of different anion concentrations on Cr(VI) removal and (d) effect of temperature
on Cr(VI) removal.

From Figure 94, it can be concluded that the degree of influence of temperature on
the adsorption efficiency of the adsorbent is not very large. The adsorption capacity of the
adsorbent on Cr(VI) increases slightly with increasing temperature, probably because high
temperature increases the frequency of collisions between Cr(VI) and the adsorbent. As the
temperature increases, the adsorption removal rate for Cr(VI) increases continuously; from
10 to 30 °C, the adsorption removal rate increases by about 10%, while from 30 to 40 °C
the adsorption removal rate essentially does not change. Thus from the economic point of
view, a reaction temperature of 30 °C should be selected.

3.4. Adsorption Kinetics and Isotherms

Adsorption kinetics is an important factor in the investigation of Cr(VI) adsorption, as
it determines the mass transfer rate of adsorption. As shown in Figure 10, based on the
adsorption kinetic model (pseudo-second-order and pseudo-first-order), the results of the
adsorption experiments were calculated and fitted in order to determine the adsorption
mechanism and the control of the adsorption process [45].
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Figure 10. (a) Pseudo-first-order dynamics model and (b) pseudo-second-order dynamics model.

It can be seen from Table 1 that the adsorption process of MIL-101(Fe)-Na,CO3 on
Cr(VI) is more consistent with the proposed secondary kinetic model, with an R? (0.998)
significantly higher than that of the proposed primary kinetic model (0.745). A proposed
secondary kinetic model was established at the adsorption rate limiting step, which is
mainly used to describe the reactive chemisorption process. This chemisorption process
represents the existence of electron sharing or electron exchange between the adsorbent
and the pollutant; therefore, it is known from the fitted kinetic model that the adsorption of
this adsorbent for Cr(VI) mainly conforms to the proposed secondary kinetics. Analysis
of the whole adsorption process of Cr(VI) by the adsorbent can be divided into three
stages. The adsorption rate is faster in the beginning stage, slows down gradually as time
advances, and finally levels out. The reason for this may be that the concentration of Cr(VI)
in the solution is high at first, and the presence of a large number of adsorption sites on
the adsorbent surface helps the adsorbent to activate quickly when it comes into contact
with the pollutant Cr(VI). This makes the adsorption rate relatively fast; with the gradual
extension of the adsorption time, the concentration of Cr(VI) gradually decreases with the
combination of adsorption sites, and the adsorption rate of Cr(VI) gradually decreases. The
adsorption curve then flattens out, indicating that the adsorption sites on the adsorbent
surface are close to saturation.

Table 1. MIL-101-NayCOj3 kinetic model fitting parameters.

TCO Pseudo-First-Order Pseudo-Second-Order

Ky de R? Ky Q2 R
10°C 0.075 5.97 0.697 0.0245 8.42 0.996
20 °C 0.084 6.15 0.745 0.0186 8.71 0.993
30°C 0.088 5.34 0.694 0.0309 8.84 0.998
40 °C 0.089 5.19 0.677 0.0325 8.89 0.998

Adsorption isotherm models for describing the process of adsorption can be classified
into Freundlich, Langmuir, Temkin, and Dubinin—Radushkevich (D-R) models (Figure 11).
The Freundlich model assumes that the molecules of the adsorbed substance are adsorbed
on the surface of the heterogeneous adsorbent as single or multilayer molecules, and that
there is a process of interaction between the adsorbed substance molecules. The Langmuir
model assumes that the adsorbent surface is homogeneous, that only one adsorbed sub-
stance molecule is adsorbed by the adsorbent on a reaction center with the same energy,
and that there is no process of interaction between the molecules of the adsorbed substance.
The Temkin model assumes that there is an indirect interaction between the adsorbed
substance molecules and the adsorbent. Finally, the D-R model assumes that the adsorbed
substance molecules and the adsorbent initially bind by adsorption at the most favorable
sites, then subsequently undergo a multilayer adsorption process [46].
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Figure 11. (a) Freundlich (b) Langmuir (c¢) Temkin (d) Dubinin-Radushkevich(D-R). Fitting of different
isotherm models to the adsorption process.

According to the relevant data, the R? values obtained from the four models can be
fitted separately; it can be seen that the R? values of the four models range from 0.894
to 0.999, among which the R? value of the Langmuir adsorption isotherm model is the
highest and reaches 0.999, which is the best fit, indicating that the adsorbent conforms to
this adsorption model in the process of Cr(VI) adsorption. The qn (theoretical maximum
adsorption amount) of 18.76 mg/g in the Langmuir adsorption isotherm model is close
to the adsorption amount of 20 mg/g obtained in the actual experimental process. The
simulation results of the remaining three models are slightly worse, with the D-R model the
worst, indicating that the adsorbent does not fit well with the other three models during its
adsorption of Cr(VI).

The adsorption process of the Na,CO3-MIL-101(Fe) adsorbent on Cr(VI) is more
consistent with the Langmuir adsorption model, indicating that the adsorption mechanism
of this adsorbent can be considered as a monolayer adsorption with a uniform surface.
Its theoretical maximum adsorption amount is about 18 mg/g, which is similar to the
adsorption amount actually sought for this adsorbent. From the data analysis of the
Langmuir adsorption separation constant Ry, when Ry, > 1, it is unfavorable for adsorption;
when Ry, = 1, it shows linear adsorption; when Ry, <1, it is favorable for adsorption; and
when Ry, = 0, it is irreversible reaction. Therefore, it can be concluded from the above data
that Ry, < 1 favors adsorption.
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3.5. Thermodynamics and Recycling

The relevant calculations of the thermodynamic parameters are important for the
study of spontaneous reactions and thermodynamic changes in the adsorption process.
The thermodynamic changes in the adsorption process were understood by calculating
the relevant adsorption thermodynamic parameters. When fitting the thermodynamic
equations to the adsorption process at four temperatures (10 °C, 20 °C, 30 °C, and 40 °C),
the R? values of the fitted curves reached 0.995 (Figure 12).
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Figure 12. Van’ Hoff plots of Na,CO3-MIL-101(Fe) adsorptive Cr(VI).

From the thermodynamic data in Table 54, it can be concluded that the free energy
AG < 0 indicates that the adsorption process of Cr(VI) adsorption by this adsorbent is
feasible and can proceed spontaneously. It can be seen that AG decreases with the increase
in temperature, indicating that there is a positive effect on the adsorption process at higher
temperatures and that the spontaneity of the reaction is increasing, which is the same
as the conclusion obtained from the earlier one-way temperature experiment. Enthalpy
AH > 0 indicates that the adsorption process of this adsorbent is a heat absorption reaction;
entropy AS > 0 indicates that the orderliness between the solid-liquid interface present in
the adsorption process decreases.

NaOH (0.01 M) solution, HCI (0.01 M) solution, and deionized water were selected
as the detergents of Cr(VI); 0.1 g of the adsorbent was added to 50 mL of the above three
solutions, then the three mixed solutions were placed in the shaker and shaken for 4 h at
room temperature to remove the Cr(VI) pollutants adsorbed on the surface of the adsorbent.
The regenerated adsorbent was collected and drained through lyophilizer after 4 h, then
the adsorption experiments were performed again. The adsorption removal rate after
washing by three kinds of detergent demonstrates that the adsorption effect of regenerated
adsorbent on Cr(VI) is NaOH (91.5%) > H,O (16%) > HCl (2%). These results show that the
adsorbent is more stable under acidic and neutral conditions, while desorption occurs best
under alkaline conditions (Figure 13).
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Figure 13. (a) Selection of eluent and (b) cyclic regeneration experiments.

The regenerative availability of MIL-101(Fe)-Na;CO3 was investigated by four re-
peated adsorption experiments, with 0.01 M NaOH solution selected as the eluent and
0.01 M HCI chosen as the regenerative stabilizer of the adsorbent. After a certain amount
of adsorbent had been treated with detergent, the adsorbent was washed three times
with HCI to better regenerate the adsorbent, followed by adsorption experiments, and
so on, repeatedly. In this way, we conducted four adsorption experiments to observe the
adsorption effect of the regenerated adsorbent on Cr(VI). The results showed that the
adsorption removal rate of the adsorbent decreased from 100% to 92%, 85%, 77%, and 70%
in order, indicating that MIL-101(Fe)-NayCO3 had better regenerative adsorption capacity
for Cr(VI).

Table 2 shows a comparison of the adsorption capacity of several adsorbents for
Cr. The data indicate that MIL-101(Fe)-Nay;COj3 has relatively good adsorption capacity
compared to other adsorbents.

Table 2. Comparison of adsorption capacities of MIL-101(Fe)-Nap,COj for Cr(VI) removal with other
recently reported adsorbents.

Experimental Conditions Adsorption
Adsorbent Dose Capacity References
CO0 (mg Cr/L) (g/L) Time (h) (mg/g)

MIL-101(Fe)-NayCOs3 10 0.5 0.3 18.76 This study

oc—Fe203 /'Y-A1203 5 1.0 1 3.83 [4:7]
Nano-y-Al,O3

adsorbent 20 4.0 4 13.3 [48]
v-Al,O3 90 0.8 6 6.70 [49]
Activated alumina 10 10.0 - 7.44 [50]
Sphere-like y-Al,O3 30 1.6 4 5.70 [51]
Fe-modified T. natans 20 15 8 11.83 [52]

In order to judge the selectivity of MIL-101-NayCO3, we carried out adsorption exper-
iments on other heavy metals. From Figure 14, it can be observed that when adsorbing
10 mg/L of Cr(VI), PbIl), Cd(1l), and V(V), only Cr(VI) was completely adsorbed within
60 min, being adsorbed within 20 min. The adsorption of other heavy metals was the best as
well, with Pb(II) reaching 55% within 60 min. For Cd(Il) and V(V), the adsorption effect was
only the best with Pb(Il), reaching 55% within 60 min. Only Pb(II) had the best adsorption
effect, reaching 55% within 60 min, while the adsorption effect of Cd(Il) and V(V) was only
35% and 28%. The above results indicate that the MIL-101-Na;CO3 adsorbent has good
selectivity for Cr(VI).
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Figure 14. Adsorption capacity of MIL-101-NaCOs on different heavy metals.

3.6. Mechanistic Analysis

In order to better verify the MIL-101-Na;CO3 mechanism, the XPS spectra before and
after the adsorption reaction using MIL-101-Na,COj3 were obtained, as shown in Figure 15.
The full-size XPS spectra of MIL-101-NapyCOj3 before the reaction and after adsorption are
shown in Figure 15a, where the combination of each element is corrected by the c 1 s peak
(284.8 eV). As can be seen in the figure, the general trend of unused and used MIL-101-
Na,COj in the different systems is consistent, with only minor differences. The two main
peaks occupying 711.73 and 724.01 eV are consistent with Fe 2p3,, and Fe 2pq /5, as seen
in the high-resolution XPS spectrum of Fe 2p, where the satellite peaks of the Fe cation
oscillate at 718 eV (Figure 15b). Most of the characteristic peaks shift after the reaction,
confirming the involvement of metallic substances in the adsorption reaction.

According to the Na 1 s spectra before and after the catalytic reaction presented in
Figure 15c, the presence of the Na 1s peaks verifies the successful participation of Na,COs3
in the MIL-101 system. The changes of the Na 1 s peaks and the shifts of the characteristic
peaks before and after the reaction verify that elemental Na plays an important role in
the MIL-101-Na;CO3 adsorption system. The O 1 s spectra obtained before and after the
reaction show three characteristic peaks corresponding to chemisorbed oxygen, oxygen
atom vacancies, and lattice oxygen, respectively. The incorporation of O during the reaction
is verified by Figure 15d.

As can be seen in Figure 2f above, the addition of sodium carbonate to MIL-101(Fe)
resulted in the growth of a similar crystal-like layer of MIL-101(Fe) from the DMF solution,
which grew smaller crystals in the size range of about 200-400 nm.

From Figure S1, it can be seen that the diffraction peaks 26 = 5.11°, 8.03°, 8.99°, 16.25°
for the adsorbent are consistent with the diffraction data described in the literature [29].
The diffraction peaks of the adsorbent before and after adsorption appear at basically the
same position, with the peaks broadening slightly after the adsorption reaction, indicating
structural defects on the surface of the adsorbent. This might be due to breakage of
coordination bonds between the central metal ion and the organic ligand, resulting in
reduced surface area of the adsorbent.
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Figure 15. High-resolution XPS spectra of (a) element spectrum, (b) Fe, (¢) Na, and (d) O.

4. Conclusions

In this paper, MIL-101(Fe) adsorbent was synthesized for the adsorption of hexavalent
chromium pollutants by a hydrothermal method. A series of modifications were carried out
in order to observe the induced adsorption effects: MIL-101-Nay,CO3 > 5CNT@MIL-101(Fe)
> MIL-101-FA > MIL-101 > MIL-101-NHj,. In the adsorption process of MIL-101-NayCOs3,
the adsorption equilibrium time for hexavalent chromium was 20 min, the optimum pH
for the adsorption experiment was 2, and the adsorption process was mainly electrostatic
adsorption. The optimum temperature of the adsorption reaction was 30 °C, and the
adsorption removal rate showed an increasing trend during the temperature change from
10 °C to 40 °C. These results indicate that the adsorption experiment involved a heat
absorption reaction. From the fitting results of the kinetic model and isotherm model,
the adsorption process is consistent with the Langmuir model of monomolecular layer
adsorption and the proposed secondary kinetic model of chemical bonding force. Based on
the characterization of the adsorbent material, the adsorbent showed structural residues
and a decrease in specific surface area after the reaction, which is consistent with a decrease
in adsorption capacity.

The successfully modified MIL-101(Fe)-NayCO3 material has potential for develop-
ment in the treatment of Cr(VI) wastewater. Although preliminary progress has been made
in the treatment of Cr(V) in wastewater in this paper, there remain many issues to be further
explored, including the following:

1.  While the modified MIL-101(Fe)-Na,CO3; material has good prospects, its stability
needs to be improved, and the preparation method needs to be improved in future
work to find a simpler and more economical experimental preparation method.

2. Future work could explore different alloy materials to replace the single metal, reducing
the cost of preparing the f materials while providing improved adsorption performance.
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3. Other carrier materials could be explored in order to find the most effective carrier
and further optimize the removal of Cr(VI).

4. The significant advantages of metal-organic frameworks can be utilized to broaden the
modification methods and improve the adsorption capacity for a variety of heavy metals.
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Abstract: As a representative service industry, the hotel industry has a complex water-use structure
and high water consumption. It is of great significance to investigate the mechanisms determining
hotel water-use behavior for demand analysis, as this would make it possible to enhance water-use
efficiency and enact targeted water-saving measures. Using Spearman’s hierarchical correlation
coefficient, the multi-layer perceptron (MLP) neural network model, and the structural equation
model (SEM), in this study, we explored the mechanism determining hotel consumers” water-use
behavior from different dimensions and constructed a typical water-use behavior model based on
the MLP-SEM model. In terms of individual water-use behavior, the results showed that individual
characteristics, water-conservation awareness, and consumption behavior possessed significant
differences regarding their influence on and correlation with various water-use behaviors. The most
relevant factors influencing each behavior, namely washing up, hand washing, and drinking, were
daily stay in the hotel, education, and income. Gender had the greatest impact on bathing and
toilet-flushing water-use behaviors. The importance of daily stay in the hotel was 0.181, which
meant that this was the most significant factor influencing the direct water-use behavior of hotel
guests. The following factors were identified: hotel type, income, age, and gender. Typical individual
characteristics had a significant impact on main water-use behaviors, whereas typical consumption
behaviors had no effect. These results can provide a foundation for relevant research in other
industries and serve as a basis for a prediction model of water consumption in hotels based on
water-use behavior. Furthermore, they provide a basis for the delicate management of water-use
behavior in hotels, making it possible to effectively guide the public to consciously adopt water-
saving habits, thus improving water efficiency, which could alleviate the shortage of water resources
in the long-term.

Keywords: correlation; hotel; multi-layer perceptron neural network model; structural equation
model; water-use behavior

1. Introduction

Water is an indispensable natural resource for human survival as well as social and
economic development. With the rapid urbanization of China and continuous improvement
in living standards, the proportion of the national economy represented by the service
industry has been increasing. In 2015, China’s service industry accounted for more than
50% of its gross domestic product (GDP). Pressure for water demand from the rapid
development of the service industry has also gradually emerged. In addition, with the
improvement in people’s living standards, consumer demand for the service industry is
increasing, which further increases the pressure on water-resource management. Therefore,
strengthening the sustainable use of water resources for the future development of the
service industry has become an inevitable trend.

To strengthen water-use management in the service industry, scholars in China and
elsewhere have conducted research on water-intake monitoring, management, and demand
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forecasting [1,2]. As the micro-basis of demand-side management of water resources [3],
the study of water-use behavior is of great significance for promoting changes in consump-
tion behavior and water-use modes, improving water-use efficiency, and alleviating water
shortages [4]. In recent years, scholars have investigated the factors influencing water-use
behavior through large-scale behavioral research and have analyzed the drivers and influ-
encing paths based on statistical models, such as the structural equation model and the
LPA analysis method [5,6]. Studies have found that individual characteristics, including
gender, age, educational level, income, awareness of water conservation, etc. [7-11], have a
great impact on household water-use behavior. Water habits, socioeconomic status, and
water-saving technology and equipment also play roles in residents” domestic water-use
behavior and demand, whereas the natural environment does not [12-17]. However, past
research has mainly focused on the domestic water-use behavior of residents, and little
work has been undertaken on the mechanism determining water-use behavior under the
influence of different public services and social activities. In recent years, some scholars
have proposed that, in contrast to domestic water-use behavior, social activities can affect
people’s water-use behavior. The conclusions were confirmed in research on college stu-
dents’ water-use behavior, which showed that psychological characteristics were significant
factors, along with scenario-moderating factors, while there was no significant correlation
with sociodemographic characteristics [18,19].

The hotel industry is a service industry [20] that plays an important role in business
and leisure activities. Since 2005, with the rapid growth in China’s GDP, the numbers of
rooms and beds, among other indicators of hotels above a typical size, have been increas-
ing [21]. As they are part of a typical high-water-consumption service industry, hotels
have complex water-use structures. It is estimated that hotel water consumption in 2020
was approximately 1.613 billion m3, accounting for 1.87% of the country’s domestic water
consumption. Hotel water is mainly used for guest rooms, catering, fitness, entertainment,
cleaning, and greeneries. Studies have shown that there are significant differences in the
water-use structures of hotels in different countries. In China, guest rooms consume the
most water [22-24]. By analyzing the factors influencing hotel water use, scholars have pro-
posed that there are significant differences in the proportions of water used in hotels with
different service qualities and in star-rated hotel rooms [25]. As a result, the water-saving
index and the water-use index (WUI) have been proposed to evaluate the efficiency of
water use in hotels based on water-use structure analysis, and evaluation and optimization
methods for the hotel water-use footprint have been explored from the perspective of the
whole life cycle [26-28].

Previous research on hotel water use has mainly focused on four aspects: water-use
structure, influencing factors, evaluation of water savings, and resident-based water-use
behavior. There is a research gap regarding the behavioral mechanisms that determine
hotel water use. Moreover, the current research has mainly looked at significance analyses
and has missed multidimensional influencing factors, which has led to the failure to build a
typical water-use behavior model based on important factors due to incomplete analysis of
indicators. Therefore, this study proposes a multidimensional hypothesis for the first time
to research the influencing factors for hotel consumers’ water-use behavior and analyzes
the mechanism determining water-use behavior, which is of great significance for exploring
the potential for hotel water conservation, water management, and water efficiency.

2. Research and Analysis Methods
2.1. Questionnaire

The structure of hotel consumers” water-use behavior was the basis for the design
of the questionnaire. Consumer water-use behavior in hotels and other public service
spaces is accompanied by the service itself [29]. Based on the type of service, consumers’
water-use behavior can be divided into direct and indirect categories (see Figure 1). Direct
water-use behaviors include washing, hand washing, bathing, toilet flushing, and drinking,
which are mainly controlled by the consumers themselves. However, indirect water-use
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behaviors, such as water consumption for food and cookware washing, cleaning, and
sanitation, occur during the service process; such behaviors have low correlation with
consumers. This study mainly focuses on the controlled and highly related water-use
behavior of consumers in hotels. Based on the water-use hierarchy constructed by domestic
scholars, the water used in toilet flushing mainly considers the water-use efficiency of
terminal water appliances [9], whereas drinking, as a basic consumer need, is less affected
by individual water-use behavior. Unlike toilet flushing and drinking habits, washing,
hand washing, and bathing are more subjectively affected by individual behavior and are
therefore considered typical water-use behaviors in hotels.
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Figure 1. Structure of hotel consumers’ water-use behavior.

To cover comprehensive and representative data, and to recover and analyze the ques-
tionnaires more easily, this study used web-based questionnaires. The survey questionnaire
covered more than 25 provinces in China. As hotel consumers are highly mobile, thereby
possessing significantly different features from household water users, regional factors
were not considered in this study. As people in hotels come from different walks of life
and come in great numbers, the questionnaire for this study included gender, age, income,
and other individual characteristics of hotel consumers as well as their water-conservation
awareness, consumption behavior, and personal water-use behavior, as detailed in Table 1.
The level of water-conservation awareness was analyzed and scored through questions
such as “daily water conservation behaviors and perceptions”.

Table 1. Questionnaire content of hotel consumers’ water-use behavior.

Type Survey Content
Individual characteristics Gender, age, education, income, etc.
Water-saving awareness Degree of water-saving awareness
Consumption behavior Type of hotel, travel purpose, length of stay in hotel, etc.
The single washing time of bathing, washing up, and
Water-use behavior hand-washing time, toilet-flushing frequency, drinking
habits, etc.

A total of 292 valid questionnaires were collected, and the distribution of the valid
sample data is shown in Figure 2. The ratio of men to women was 68% to 32%. Most
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participants were between 36 and 50 years old, accounting for 43% of the total; this was
followed by participants between the ages of 21 and 35 and 51 and 60, which accounted
for 36% and 17% of the total, respectively. Finally, consumers under 20 years old or above
60 years accounted for less than 3%. Regarding the distribution of education, more than
half of the population had an undergraduate degree followed by people with a bachelor’s
degree (23%) and people with master’s and doctorate degrees (more than 14% and 10%,
respectively). In terms of income, more than one-fifth of the participants had a monthly
income between 3000 and CNY 17,000, and a few participants had incomes below CNY 3000
and higher than CNY 17,000, accounting for 6% and 9%, respectively.

Above g0 Below 20
1%
Ao

5160
F;gf';j'e 17% 2135
36%
Gender Asze
Male
68%
36-30
43%
Above 30.000 1w 3,000
17,000~30,000 ek 6%
Daoctor & above 6%
10%
Below
undergraduate Master
3% 14%
2,000~17,000
: i 3.000~5,000
Education e Income 359%
(vuan/a)
Undergraduate 5,00:0--8,000
33% 33%

Figure 2. The distribution for sample data regarding gender, age, education, and income.

2.2. Research Methods
2.2.1. Research Hypotheses

To scientifically identify the factors influencing the water-use behavior of different
people in the hotel industry and to deeply analyze their response mechanisms, this study
identified influencing factors from multiple dimensions, such as single factors (H;,—Hjip),
multi-factors (Hp,), and comprehensive factors (Hs, and Hj}), and quantitatively analyzed
the importance of the multi-factor influencing factors. Consequently, several hypotheses
were proposed by referring to a previous study on water-use behavior, as shown in Table 2.

2.2.2. Research Methods
Spearman Rank Correlation Coefficient

The Spearman correlation coefficient is equivalent to the nonparametric form of the
Pearson correlation coefficient, which does not require the distribution of variables, and is
suitable for ordinal variables or continuous variables that do not follow a normal distribu-
tion [30-32]. According to the characteristics of the dependent variable in this study, SPSS
software was used to calculate the Spearman rank correlation coefficient to identify the
correlation between single hotel consumers” water-use behavior and the research factors,
which entailed identifying the correlation coefficient between different factors and a single
water-use behavior.
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Table 2. Research hypotheses.

S/N Hypotheses
Hi, Gender significantly affects the water-use behavior of hotel consumers
Hyp Age significantly affects the water-use behavior of hotel consumers

There are significant effects of the educational level on the water-use behavior of
hotel consumers

Hygq Income significantly affects the water-use behavior of hotel consumers

The degree of awareness of water conservation significantly affects the

ch

Hie water-consumption behavior of hotel consumers

Hy¢ The type of hotel stay significantly affects the water-use behavior of hotel consumers

Hig Travel purpose significantly affects the water-use behavior of hotel consumers

H The length of daily hotel stay significantly affects the water-use behavior of
1h hotel consumers

H The degree of influence of each influencing factor on different water-use behaviors
2 of hotel consumers is different

H Typical individual characteristics have a significant impact on the typical water-use
3a behavior of hotel consumers

Fp Typical consumption behavior has a significant impact on the typical water-use

behavior of hotel consumers

MLP Neural Network Model

A multi-layer perceptron (MLP) model, also known as a multi-layer feedforward
neural network [33], consists of an input layer, hidden layer (one or more layers), and output
layer, as shown in Figure 3. It is a neural network trained with an error backpropagation
algorithm (BP algorithm) [34], which aims to simulate the structure and function of the
nervous system for data processing, constantly adjusting the weights of the chains between
the simulated neurons so that the whole network can adapt well to the relationships of the
training data [35]. Owing to their strong nonlinear processing ability, high fault tolerance,
and self-learning ability, neural systems have been widely applied for the identification
and analysis of influencing factors [36-38]. In this study, the MLP model was used to
analyze the importance of different influencing factors on water-use behavior. Compared
to the analysis of the Spearman correlation coefficient, the MLP model focuses more on
considering various factors as a whole to illustrate intrinsic effects.

Hidden layer

Output layer

——~—

Input layer

Figure 3. Multi-layer perceptron (MLP) model structure.

Structural Equation Model

The structural equation model is a statistical method based on the covariance matrix
of variables to analyze the relationships between variables and is an important tool for
multivariate data analysis [39-41]. It is often used to analyze the direct or indirect impact
of one variable on another [42]. Structural equation analysis processes multiple dependent
variables simultaneously and explains the relationship between variables in combination
with methods such as route factor analysis [43]. Therefore, the structural equation model
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was used in this study to analyze the influence mechanisms by which typical individual
characteristics and consumption behaviors influence the typical water-use behavior of
hotel consumers and to verify the consistency between the hypotheses (Hz,, Hsp) and the
sample data.

3. Identification and Analysis of Influencing Factors of Hotel Consumers’
Water-Use Behavior

3.1. Identification of Single-Factor Influencing Factors

The Spearman correlation coefficient was used to analyze the correlation among
individual characteristics, water-saving awareness, consumption behavior, and water-
use behavior of hotel consumers; the results are shown in Table 3. There were significant
differences based on gender in terms of washing up, bathing, and toilet flushing, and female
consumers had a higher water-use behavior duration or frequency than male consumers.
There were age-dependent differences in terms of toilet flushing; the frequency among older
consumers was higher than that among younger consumers. Education had a significant
impact on bathing and drinking and had a certain correlation with hand washing and toilet
flushing. Income was positively correlated with water drinking and toilet flushing, and
the correlation with drinking was significant. There was no significant correlation between
the degree of water-conservation awareness and the hotel type. Travel purpose had a
significant impact on drinking and for consumers on business travel: drinking > leisure
tourism > visiting relatives and friends. The daily hotel stay had a general impact on the
water-use behaviors of hotel consumers, and there were significant differences in other
water-use behaviors.

Table 3. Identification of influencing single factors of hotel consumers” water-use behavior.

Type Wash.mg-Up Hand-Washmg Bathing Time Toilet-Flushing Drinking Habit
Time Time Frequency
Gender 0.143 ** 0.081 0.304 *** 0.272 *** 0.041
Individual Age 0.075 0.075 0.046 0.107 * 0.074
characteristics Education 0.053 0.105* 0.153 *** 0.111* 0.183 ***
Income 0.03 0.068 0.067 0.125 ** 0.216 ***
Water-savin Degree of
& water-saving —0.026 0.005 —0.004 0.061 —0.005
awareness
awareness
C . Type of hotel —0.084 —0.004 0.096 0.082 0.074
ONSUMPHON 17 ve] purpose 0.009 0.001 0.004 0.01 —0.202 ***
behavior Daily stay in
0.152 *** 0.095 0.238 *** 0.209 *** 0.11*
the hotel

Note: ***, ** and * represent significance at the 1%, 5%, and 10% levels, respectively.

3.2. Identification of Influencing Multi-Factors and Quantitative Analysis of Importance

Of the 292 sample data points, 202 training and 90 test samples were randomly selected
to construct the MLP neural network model of hotel consumers’ water-use behavior. In
this model, the input layer variables were gender, age, education, income, water-saving
awareness, hotel type, travel purpose, and daily stay at the hotel. For all the water-use
behaviors, the number of hidden layers was one, and the number of hidden layer units
was five, three, five, five, and four, respectively. The Receiver Operating Characteristic
(ROC) analysis uses the actual hotel water-use behavior of the sample individuals as the
criterion for determining the optimal solution point. Using the probability of the sample
case classification results given by the model as the classification judgment basis, the ROC
curve is obtained. The fitness of the model was judged according to the sensitivity (1-
specificity) of the classification test, as shown in Figure 4, and the area under each curve is
shown in the table. The results show that the area under the curve was greater than 0.5,
indicating that the fitting model was effective.
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Figure 4. Receiver Operating Characteristic (ROC) curve of the MLP neural network model for the
water-use behavior of hotel consumers: (a) Washing-up time; (b) Hand-washing time; (c) Bathing
time; (d) Toilet-Flushing Frequency; and (e) Drinking habit.

The constructed neural network model of hotel consumers’ water-use behavior was
applied to quantitatively analyze the importance of various influencing factors on different
water-use behaviors, as shown in Table 4. According to the analysis results, the degree of
the influencing factors differs for the water-use behaviors of hotel consumers. Daily stay
in hotels was the most important factor for washing up, hand washing, and bathing. The
importance of the other influencing factors varied significantly. The second most influential
factors on these behaviors were education, income, and gender. The order of importance
of toilet flushing frequency was income > gender > education > daily stay in the hotel >
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age > travel purpose > degree of water-saving awareness > hotel type. Drinking habits
were more significantly influenced by income than other factors, with gender having the
least impact.

Table 4. Importance of influencing factors of water-consumption behavior in the hotel.

Washing-Up Time Hand-Washing Time Bathing Time Toilet-Flushing Frequency Drinking Habit
Type I Normalization Normalization Normalization Normalization Normalization
[ mportance Importance Importance Importance Importance
Importance Importance Importance Importance Importance

Gender 0.138 82.9% 0.076 38.6% 0.172 86.2% 0.165 80.1% 0.047 14.4%

Individual Age 0.118 70.9% 0.123 62.3% 0.081 40.8% 0.128 62.4% 0.142 43.1%

characteristics Education 0.152 91.4% 0.082 41.4% 0.143 72.0% 0.141 68.5% 0.072 22.0%

Income 0.118 71.1% 0.150 76.1% 0.096 48.3% 0.206 100.0% 0.329 100.0%
Water-savin, Degree of

awarenessg water-saving 0.086 51.9% 0.098 49.4% 0.087 43.6% 0.058 28.2% 0.080 24.2%
awareness

. Hotel type 0.099 59.6% 0.145 73.5% 0.108 54.1% 0.046 22.5% 0.103 31.3%

Consumption Travel
behavior purpose 0.123 74.3% 0.128 64.7% 0.114 57.5% 0.118 57.4% 0.153 46.4%
Daily stay 0.166 100.0% 0.198 100% 0.199 100.0% 0.137 66.5% 0.075 22.8%

Overall, the direct water-use behaviors were affected by the duration of the hotel stay,
followed by the type of hotel, income, age, gender, education, as well as the degree of
water-saving awareness and travel purpose.

As shown in Figure 5, the factors influencing direct water-use behavior are ranked
in order of importance as daily hotel stay, type of hotel, income, age, gender, education,
degree of water-saving awareness, and travel purpose. Based on the analysis, the most
important factor was the daily hotel stay, and the value of its importance was 0.181.

Normalization importance

Daily stay in hotel

Type of hotel

Income

Age

Gender

Education

Water-saving awareness

Travel purpose

Importance

Figure 5. Importance of influencing factors on the comprehensive direct water-use behavior of
hotel consumers.

3.3. Identification of Comprehensive Influencing Factors

Based on the above analysis, the typical individual characteristics of gender, age,
income, type of hotel, and daily hotel stay were selected to analyze their impact on hotel
consumers’ water-use behavior using the structural equation model.

A parameter diagram of hotel consumers’ typical individual characteristics and typ-
ical consumption behaviors on typical water-use behaviors was obtained, as shown in
Figure 6. The structural equation model intuitively describes the relationship between
latent variables through a path relationship diagram. As the latent variables represent
phenomena that could not be directly measured, several relevant explicit variables were
selected for interpretation. The latent and explicit variables were expressed as ellipses
and squares, respectively. For example, gender, age, and income were selected to express
typical individual characteristics.
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Figure 6. Parameter diagram of typical water-use behavior model of hotel consumers.
The chi-square ratio to the degree of freedom ratio was less than 5 [44], which is within
a reasonable range of the evaluation criteria. The chi-square degree of freedom ratio of
the fitting index of the model was x?/df = 3.962, which meets the requirements of good
model fitting. The regression coefficients between the variables in the constructed structural
equation model are listed in Table 5. The significance test (p < 0.05) was used to analyze
whether there is an influence relationship between the model variables; that is, in the
construction of the model, the significance p value of the typical individual characteristics
on the main water-use behavior was 0.000 < 0.05, which means that the typical individual
characteristics have a significant impact on the main water-use behavior, and the path
standardized coefficient was 0.108. The p value of the other paths was greater than 0.05,
indicating that these paths were invalid, whereas their typical consumption behavior had
no significant impact on the main water-use behavior.
Table 5. Regression coefficient of typical water-use behavior model of hotel consumers.
Factor Item Non- Standardized
(Latent Variable) - (Explicit Variable) S?:;;i‘:;iid Coefficient Standard Error P
Typical Individual N Main Water-Use 0.545 0108 0.027 0.000 *+*
Characteristics Behavior ' ' ' '
Typical Consumption _ Main Water-Use 0.023 0.020 0.121 0.851
Behavior Behavior ' ' ' '
Typical Indlylfiual . Typical Cons'umptlon 4496 1.000 2679 0.093 *
Characteristics Behavior

Note: *** and * represent significance at the 1% and 10% levels, respectively.

3.4. Hypothesis Test Results

The research hypotheses were tested and analyzed using Spearman’s rank correlation
coefficient, an MLP neural network model, and a structural equation model. According to
the analysis results in Table 5, assuming that Hy, and H3, are valid, each influencing factor
has a different degree of influence on the water-use behaviors of hotel consumers, and
typical individual characteristics have a significant influence on typical water-use behaviors
of hotel consumers. Hy,, Hy,, Hie, Hig, Hyg, and Hj,, were partially valid; gender, age,
education, income, travel purpose, and daily stay in hotels had a significant impact on some
water-use behaviors; Hie, Hyf, and Hj, were not valid; and the degree of water-saving
awareness and the type of hotel had no significant impact on the typical consumption
behavior of hotel consumers.
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4. Conclusions

This study proposes the hypothesis that individual characteristics, water-saving aware-
ness, and consumption behavior have different degrees of influence on hotel consumers’
water-use behavior. Through the questionnaire, these hypotheses were tested and an-
alyzed using Spearman’s rank correlation coefficient, the MLP neural network model,
and structural equation model to identify the multi-dimensional influencing factors of
hotel consumers” water-use behavior, and the importance of each influencing factor was
analyzed. According to the results, the correlation and impact of water-use behavior on
individual characteristics, water-saving awareness, and consumption behavior differed.
Gender, age, education, income, travel purpose, daily stay in hotels, and other individual
characteristics and consumption behaviors significantly affected water-use behaviors. The
degree of water-saving awareness and the type of hotel had no significant correlation with
the water-use behavior of hotel consumers. The influence degree on different water-use
behaviors was quite different, and the direct water-use behavior was most affected by the
length of stay in the hotel. From the perspective of comprehensive influencing factors,
individual characteristics were the main influencing factors of typical water-use behavior,
indicating that the water-use behavior of hotel consumers was less affected by water-saving
awareness and consumption behavior.

This study constructed a water-use behavior model for hotel consumers to explore the
water-use behavior mechanism, which serves as an important analysis method for water
demand-side management and provides a scientific basis for water-resource management
and policy formulation in this field. In addition, the model lays the foundation for a
water-use predictive model for hotel water consumption based on water-use behavior.
The research only focused on hotels and could not illustrate the general mechanism for
the entire service industry but could provide a reference for subsequent studies on other
industries in terms of the identification of influencing factors and mechanism research on
water-use behavior.
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Abstract: Precipitation prediction is an important technical mean for flood and drought disaster early
warning, rational utilization, and the development of water resources. Complementary ensemble
empirical mode decomposition (CEEMD) can effectively reduce mode aliasing and white noise
interference; extreme learning machines (ELM) can predict non-stationary data quickly and easily;
and the fruit fly optimization algorithm (FFOA) has better local optimization ability. According to the
multi-scale and non-stationary characteristics of precipitation time series, a new prediction approach
based on the combination of complementary ensemble empirical mode decomposition (CEEMD),
extreme learning machine (ELM), and the fruit fly optimization algorithm (FFOA) is proposed. The
monthly precipitation data measured in Zhengzhou City from 1951 to 2020 was taken as an example
to conduct a prediction experiment and compared with three prediction models: ELM, EMD-HHT,
and CEEMD-ELM. The research results show that the sum of annual precipitation predicted by the
CEEMD-ELM-FFOA model is 577.33 mm, which is higher than the measured value of 572.53 mm
with an error of 4.80 mm. The average absolute error is 0.81 and the average relative error is 1.39%.
The prediction value of the CEEMD-ELM-FFOA model can closely follow the changing trend of
precipitation, which shows a better prediction effect than the other three models and can be used for
regional precipitation prediction.

Keywords: CEEMD; phase space reconstruction; FFOA; precipitation; forecasting

1. Introduction

Precipitation is an important way to supply water resources to a basin or region.
The accurate precipitation forecasts are valuable and rather important for the integration
of natural hazards forecasting [1,2]. Precipitation is affected by many factors [3,4], such
as topography, atmospheric circulation, the underlying surface, and human activities.
Precipitation time series often have the characteristics of being multi-scale, nonlinear,
and unstable.

With the development of machine learning [5,6], scholars at home and abroad have
done a lot of related research on the accurate prediction of precipitation by using machine
learning algorithms and achieved fruitful results. Partal et al. used a wavelet fuzzy neural
network to predict the daily precipitation of three stations in Turkey [7], and the results show
that the prediction accuracy of the neural network model is better than that of the classical
multiple regression model. Aksoy et al. studied the prediction of monthly precipitation
in arid and semi-arid areas through feedforward back propagation (FFBP), radial basis
function, and generalized regression artificial neural network (ANN), and the results show
that ANN is effective in predicting precipitation in dry months [8]. Alizamir et al. used
an extreme learning machine (ELM), a single hidden layer feedforward neural network,
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an artificial neural network, genetic programming, and quantile mapping to predict large-
scale global precipitation; ELM was superior to all other methods in predicting monthly
precipitation [9]. The above research is mainly aimed at the traditional neural network,
which is not capable of processing non-stationary data and high-frequency abrupt data,
and the prediction error is generally between 5 and 20%, which is the bottleneck to further
improving the accuracy. Precipitation data are affected by many factors, and most of them
show nonlinear and non-stationarity characteristics in the time scale. Therefore, using a
coupling model to reduce the non-stationarity of the original series has become a new way
to increase the prediction accuracy of precipitation.

At the end of the last century, Huang proposed a new method of processing non-
stationary signals, empirical mode decomposition [10], which has been widely used in various
fields of signal processing [11,12]. The CEEMD model [13] is an adaptive EMD derived from
empirical mode, which can be decomposed into stationary signals with different characteristic
scales depending on the characteristics of the signal itself. In the process of signal reconstruc-
tion, two Gaussian white noises with the same amplitude and opposite phase are added at the
same time, which solves the prediction error of the high-frequency component of the EMD
model and also solves the reconstruction error of the EEMD model and restrains the influence
of mode aliasing and residual white noise. Wang et al. constructed the CEEMD-SE-HS-KELM
prediction model and applied it to the short-term wind power prediction of a wind farm in
China [14]. The RMSE and MAE were 2.16 and 0.39, respectively, which were superior to
the EMD-SE-HS-KELM, HS-KELM, KELM, and extreme learning machine (ELM) models.
Wang et al. constructed a CEEMD-ARIMA prediction model and conducted experiments with
precipitation data from 1960 to 2010 in Ningxia Hui Autonomous Region. The results showed
that the accuracy of the CEEMD-ARIMA model was higher than that of the ARIMA model
at all time scales. All the above studies show that the time series data preprocessed by the
CEEMD model can make a certain contribution to improving the prediction accuracy of a
traditional neural network model.

At present, there are two deficiencies in the research on the combination of the CEEMD
model and neural networks. First, modeling studies on typical non-stationary series of
hydrological data such as precipitation are not comprehensive, and the practicability of
constructing coupling models between more types of neural network models and CEEMD
models needs to be further studied. Secondly, on the basis of existing studies, a new data
analysis model is introduced to further enrich the coupling prediction model. Whether it
can improve the accuracy of precipitation prediction is worth further exploration. In order
to solve the above problems, the swarm optimization algorithm, the fruit fly optimization
algorithm (FFOA), is introduced in this paper, which has the characteristics of simple
operation and strong local search ability. Combining CEEMD, ELM, and FFOA, a coupling
model to further improve the prediction accuracy is sought. In the first mock exam, the
CEEMD is used to decompose the precipitation time series into several intrinsic modal
components (IMF components). Then, the hidden layer feedforward neural network is con-
structed for each IMF component, and the extreme learning machine is used for simulation
and prediction. Finally, the Drosophila algorithm is used to optimize the accumulation
coefficient between IMF components so that the predicted value is as close as possible to
the true value, further improving the accuracy of precipitation prediction. In order to verify
the validity of the prediction model, the monthly precipitation at Zhengzhou Station is
forecasted, and good results are obtained, which provides a new way for precipitation
prediction in the future.

2. Research Method

The combined prediction model decomposes complex precipitation prediction prob-
lems into relatively simple component prediction problems by CEEMD decomposition,
which reduces the difficulty of analysis. At the same time, the model fully considers the
contribution of time series information of different scales to the target results and the
advantages of ELM in time series prediction, which is conducive to improving precipitation
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prediction accuracy. In addition, the FFOA method is introduced in the fusion process of
the prediction results of each sub-model, and the fusion coefficients of each sub-model are
optimized, which further improves the prediction accuracy of the model.

The specific steps of modeling are as follows:

(1) Data preprocessing. Multi-scale decomposition of the original precipitation time
series. The CEEMD was used to multi-scale decompose the time series of the seasonal value
of the repaired precipitation to obtain Q intrinsic model components (IMF1 — IMFQ) with
different frequencies and a residual term R;

(2) Intrinsic model components and residual normalization. Phase space reconstruction
of each decomposition subsequence. (a) The chaos of each IMF and residual term R are the
premise of constructing the prediction model by phase space reconstruction. Therefore, before
the reconstruction of phase space, it is necessary to determine whether the Lyapunov exponent
of each IMF and residual term R is greater than 0. If it is greater than 0, it means that the
time series has chaotic characteristics. This article will use the Wolf method to calculate the
maximum Lyapunov exponent of each IMF and residual term R. (b) The delay time 74 of
each IMF and residual term R is determined by mutual information method. (c) Determine
the embedding dimension 1, of each IMF and residual term R by Cao method. (d) Phase
space reconstruction of the one-dimensional time series data set of each IMF and residual
term R is performed to obtain the dataset D; = {X;(t), Y;(t),t = 1,2---, M} in the phase
space domain. Normalize the datasets reconstructed in each phase space (Figure 1);

Rainfall Series

v

CEEMD
Processing

|

[ Train Data o!
} . * * . H
pUIMFT D IMET, e IME Rs'

Phase space
reconstruction

Normalization

Normalization

Determine the Appropropriate
ELM Model

Apply ELM
Model

\

Prediction Results

Figure 1. The technical route of the CEEMD-ELM-FFOA Coupling Prediction Model (* Marks training
data and # marks test data).
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(3) Construction of the ELM prediction model. Establish prediction models for each
IMF and residual term R. Because the time delay 74 and the embedded dimension m,
obtained by each decomposition in the phase space reconstruction process are different, it
is necessary to establish the prediction model based on the ELM method, respectively, and
to reverse normalize the obtained prediction values;

(4) Fusion parameter calculation. The results of each sub-prediction are integrated,
and the correlation coefficient of each sub-prediction model is optimized. Using FFOA to
optimize the variable coefficients of each sub-prediction model. In optimization, the objec-
tive is to minimize the sum of squares of errors, and the variable coefficient optimization

2
T Q+1

problem can be expressed as min } | (yt - ) wq']/m) .
t=1 g=1

2.1. Complementary Ensemble Empirical Mode Decomposition

For the analysis and processing of non-stationary signals, Huang et al. proposed the
empirical mode decomposition method (EMD) and continuous mean screening method in
1998 [15,16].

CEEMD is a new adaptive decomposition algorithm based on EMD [17] theory and
improved on EEMD [18], which was proposed by Yeh et al. [19] in 2010. It can not only
effectively overcome the mode aliasing phenomenon in EMD but also eliminate the residual
white auxiliary noise added in EEMD to a great extent and improve the computational
efficiency of decomposition [20]. The specific steps are as follows:

(1) For a set of raw time series signals P(t), add a pair of Gaussian white noises with
the same amplitude and phase w"(t), denoting the noise amplitude as By, Acquire a new
signal x;" (t) and x; (t).

{x;r(t) = P(t) =+ ﬁow"(t) (1)
x; (t) = P(t) — Pow" (1)

(2) Using EMD to modal decomposition of new signal group information, A set of
intrinsic modal functions (IMF) and residual () is obtained. N is the number of intrinsic
modal functions. N

xh(t) = 421 IMF} +rf(t)
=

N .
x; (t) = 421 IMFj‘l +r7(t)
]:

(2)

(3) Varying noise amplitude By, Repeat the steps (1) and (2). The mean value of each
IMF is calculated according to EMMD. M is the number of positive and negative white
noise added.

1 ¢ +i i
IMF; = m; (1MEf + IMF) 3)

(4) Calculate the residual difference term of CEEMD decomposition. R(t) is the

residual component of the original sequence.

R(t) = P(t) — i IMF; (4)
j=1

From the above process, the CEEMD decomposition is a process of reconstructing the
original signal through multiple Eigen mode extraction. It retains the advantage of EMD in
processing non-stationary sequences and makes large noise in the high-frequency compo-
nents of EMD, thus reducing the reconstruction error caused by the introduction of white
noise in EMD. Therefore, it is more suitable for predictive analysis using machine learning.
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2.2. Extreme Learning Machine

ELM is a machine learning algorithm based on a feedforward neural network [21,22].
ELM can initialize the input weight matrix and bias matrix randomly. Compared with
the traditional neural network, ELM can randomly initialize the input weight matrix and
bias matrix and has the advantages of strong generalization ability, less manual operation,
and fast training speed on the premise of ensuring learning accuracy [23-26]. The network
structure [27] of ELM is shown in Figure 2.

Input Nodes Ouput Nodes

Yi

Figure 2. The ELM network structure.

The algorithm has three layers: input layer with d input neurons, hidden layer with L
hidden neurons, and output layer with n output neurons.

Give a set of sample data (x, y), where x; = [x;1, - - - ,xin}T e Ry = [tqg, - ,tim]T € R™
has L hidden neurons in the above figure, its network structure can be expressed as [28-30]:

L
Y Bieg(wijxj + b;) = O; ()
i=1

where B; = [B1, B2, -+ , Bu] is the output weight matrix, g(z) is the activation function, w;;
is the input weight, b; is the threshold value of the hidden neuron, and O; is the output
result of the extreme learning machine.

A mathematical fitting regression algorithm is to predict the value by infinitely reduc-
ing the error. There are §;, w;; and b;, that is:

};HO]’—}/]‘H =0 (6)
L

Bieg(wijxj +b;) = y; ?)
i-1

Equation (7) can be abbreviated as:

HB=Y (8)
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where

g(xywi;br) - g(x;wr;br) Bl yi
g(xn} wi; bl) T g(xn/' wr; bL) nxL .B{ Lxm yrj; nxm

It can be proved that when the excitation function g(z) is infinitely differentiable, it is
not necessary to adjust all the network parameters.

w;j and b; are randomly selected at the beginning of training, and it is fixed during
training. The output weight matrix ; can be obtained by solving the least squares solution
of the following equations of linear equations:

B=H'Y )
where H is the Moore-Penrose generalized inverse of the hidden layer matrix H.

2.3. Fruit Fly Optimization Algorithm

Inspired by the foraging behavior of fruit flies, Pan et al. proposed the fruit fly
optimization algorithm (FFOA) [31,32]. The basic idea is to use flies superior visual and
olfactory senses to locate food; the optimal solution to the problem is searched by iteration.
The basic optimization process can be divided into the following steps [33-35].

Step (1): Initialize the parameters, set the population size N, the maximum number
of iterations max, and the position of the fruit fly population X_axis, Y_axis, and give the
random direction and distance of each fruit fly individual; then the fruit fly individual
begins to search for food using the sense of smell [36-38]:

X; = X_axis + Rand()

Y; = Y_axis + Rand() (10)

where Rand () is the Drosophila flight range, that is, the iterative step size.

Step (2): Preliminary calculation; calculate the distance between each individual fruit
fly and the origin of the coordinates Dist;; then calculate the judgment value of the taste
concentration of each fruit fly individual 5;:

ot — %2 2
Dist; = \/ X5 +Y; (11)

S; = 1/Dist;

Step (3): Localization of olfaction; substituting the taste concentration judgment value
S; in step (2) into fitness function to find the taste concentration of each individual position
of the fruit fly Smell;, and find out the fruit fly with the best taste concentration in the fruit
fly population (find the maximum value) [39-41]:

Smell; = Function(S;) (12)
[bestSmell  bestIndex| = max(Smell;)

Step (4): Visual orientation; record the taste concentration value and position coor-
dinates of the fruit fly with the best taste concentration. At the same time, the fruit fly
population will fly to this position by exerting their visual advantage:

bestSmell = bestIndex
X_axis = X (bestIndex) (13)
Y_axis = Y (bestIndex)

Step (5): Iterative optimization; repeat steps (2) to (3), and determine whether the taste
concentration value is bigger than the taste concentration of the previous iteration. If not,
repeat the above steps (2) to (3) within the maximum number of iterations; if so, go to step (4).
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2.4. Evaluation Method

RE represents the relative percentage error, MAE represents the mean absolute error,
RMSE represents the root mean square error, and MAPE represents the mean relative
percentage error [42].

RE = D=3 o 1000, (14)
Yt
1 N

MAE = 72|Yt — Vil (15)
Nt:l

(v — 7’ (16)

1z

RMSE =

1
Nt

1

e Vel 100% 17)

. i
MAPE = —
Nt_1 Vi

where y; represents the original value, v, represents forecasting value.

RE represents the relative error between a single set of simulated data and the real data.
Compared with MAE, RMSE, and MAPE, it can reflect the accuracy of a single predicted
value. MAE reaction simulates the average absolute error of multiple data points at one
time, which is convenient for comparison between multiple simulations and multiple
model simulations. RMSE is squared before calculating the error stack, which is conducive
to magnifying the error display. It is convenient to show whether there is excessive error
in a set of forecast data. MAPE shows the average relative error of a set of data, is an
important parameter to compare the accuracy of prediction, and is suitable for a horizontal
comparison of the accuracy of different models. It is worth noting that the smaller the value
of these calculation parameters, the smaller the prediction accuracy of the model.

3. Case Study
3.1. Research Area Survey

Zhengzhou was chosen as the research area to verify the validity and accuracy of the
prediction model. Zhengzhou is the capital city of Henan Province, a megalopolis and
the central city of the central plain city, an important central city in central China, and
an important comprehensive transportation hub of the country, as approved by the state
council. Zhengzhou belongs to the northern temperate continental monsoon climate. The
territory of 124 rivers is divided into the Yellow River and Huaihe River systems. The aver-
age annual precipitation in Zhengzhou is 636.7 mm; the amount of surface water resources
is 494 million cubic meters; and the amount of groundwater resources is 953 million cubic
meters. The total amount of water resources is 1.124 billion cubic meters, the amount of
water resources per capita is 179 cubic meters, and the amount of water resources per mu
is 256 cubic meters. It is an area of severe water shortage. Therefore, the prediction of
precipitation in Zhengzhou is of great significance to the regional economic distribution
and the effective development and utilization of water resources.

The monthly precipitation sequence of Zhengzhou city in this study is based on the
monthly precipitation data of Zhengzhou station from 1951 to 2020 provided by the Na-
tional Data Center for Meteorological Sciences and Water Resources Bulletin of Zhengzhou.
The sequence length was 840 months, the mean value was 48.03 mm, the standard deviation
was 67.92 mm, and the maximum precipitation value was 692.2 mm in August 1963. The
inter-annual variation of surface precipitation in the study area is shown in Figures 3-5. It
can be seen from the figure that precipitation in Zhengzhou is generally stable and fluc-
tuates around the mean value of several years in each year. Although precipitation has a
decreasing trend, it is not significant, which can be regarded as a non-stationary time series
with a weak trend, and this also reflected the reasonability of the selected CEEMD method.
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Figure 3. Location map of the study area.
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The operating system used in this experiment is Win10, and the deep learning frame-
work is MATLAB2021 b. In terms of hardware, the CPU is eight-core Intel Xeon E5-2630 v4,
the memory is 48 G, the GPU is a Nvidia Tesla P100, and the video memory is 16 G.

3.2. Multi-Scale Decomposition of Precipitation Time Series Data Based on CEEMD

Using the CEEMD algorithm to decompose the original data of the monthly precipita-
tion time series of Zhengzhou from 1951 to 2019, it is found that when the noise amplitude
is 0.2 and the noise logarithm is 50, the decomposition effect is ideal. After CEEMD decom-
poses the time series, eight IMF components and one trend component are obtained, as
shown in Figure 5.

As shown in Figure 6, the precipitation time series was divided into eight IMF com-
ponents and one corresponding trend term, where the IMF1 component underwent the
greatest fluctuation with high frequency and the shortest wavelength; the amplitude of
IMF2, IMFS, and the trend term were gradually reduced, as were their frequencies, but
their wavelengths were gradually increased. After EMD processing, the fluctuation and
non-stationarity of the precipitation time series of Zhengzhou were reduced to a great
degree, and the original series was decomposed into periodic IMF components in order to
relieve the prediction difficulty.
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Figure 6. Precipitation CEEMD decomposition in Zhengzhou from 1951 to 2019.

3.3. Model Prediction

Whether the eight IMF components and one trend item obtained by CEEMD decompo-
sition are chaotic time series can be identified by the Lyapunov index method. This paper
adopts the mutual information method and the Cao method to obtain the time delay T4
of each decomposition item and the embedded dimension mq wolf method to calculate
the maximum Lyapunov index of each decomposition amount. The calculation results are
shown in Table 1. The table of the Lyapunov index value greater than 0 illustrates that the
decomposition sequence has chaotic characteristics.

Table 1. Phase space reconstruction information table.

IMF1 IMF2 IMF3 IMF4 IMF5 IMF6 IMF7 IMF8

Tq 2 1 3 6 11 12 15 20

mg 13 12 7 4 2 4 5 2
Lyapunov 0.105 0.0583 0.048 0.0524 0.0936 0.0208 0.0232 0.0335
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Figure 6 shows that after CEEMD decomposition, the volatility and non-stationarity of
the time series of annual precipitation in Zhengzhou are greatly reduced, and the training
effect of IMF1-IMFS, the real value and predicted value of trend items are getting better
and better; the relative error and average relative error of IMF1-IMFS, trend items show a
decreasing trend; the training effect of the decomposed high-frequency component IMF1 is
slightly poor, while the training effect of the low-frequency component IMF8 and trend item
is very good. After the time series of annual precipitation in Zhengzhou is decomposed,
the non-stationary nature of the time series is reduced so that ELM can better predict its
components and trend term (Figure 7).
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Figure 7. Prediction results of IMF1-IMF8 and trend term and the errors.

3.4. Determining the Correlation Coefficient of Combination of Decomposed Sequences

When the prediction results of each decomposition series are fused, the value of the
variable coefficient of each sub-prediction model is related to the influence of the prediction
output value of each decomposition series on the final prediction results and determines the
final prediction accuracy and performance of the combined model. Therefore, this paper
uses Matlab2021b to write the simulation program, the precipitation series of different scales
after CEEMD decomposition as the training and test sets, and the variable coefficients
of each sub-prediction model are then adaptively trained and optimized by the FFOA
algorithm. FFOA initialization: Drosophila population size: Pop = 500; maximum iterations:
Maxgen = 10,000. After several experiments, FFOA has achieved better optimization
performance, obtained the optimal combination variable coefficients of eight different IMF
and residual R sub-prediction models, as shown in Table 2.

Table 2. Optimization coefficient table.

IMF1 IMF2 IMF3 IMF4 IMF5 IMFeé IMF7 IMF8 R

Optimization coefficient

1.005 0.987 0.971 1.131 1.126 0.897 0.999 1.073 1.001
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3.5. Model Validation

The predicted results of IMF1~IMFE8 and the trend term were reconstructed into the
predicted value of monthly precipitation and compared with the original value of monthly
precipitation. The calculated prediction error is shown in Table 3.

Table 3. Relative error indexes table.

Precipitation Absolute Error RE

Month .
True Value Forecasting Value /mm 1%
2020.01 44.40 42.45 1.95 4.40
2020.02 34.60 34.27 0.33 0.96
2020.03 8.40 8.42 0.02 0.19
2020.04 17.00 17.32 0.32 1.87
2020.05 37.50 37.38 0.12 0.32
2020.06 116.90 115.99 0.91 0.78
2020.07 83.70 82.12 1.58 1.89
2020.08 146.03 145.83 0.47 0.32
2020.09 15.60 15.47 0.13 0.81
2020.10 33.90 33.73 0.17 0.49
2020.11 33.50 33.95 0.45 1.35
2020.12 5.80 5.60 0.20 3.38

Mean relative error = 1.39%

Table 3 illustrates that the maximum value, minimum value, and average value of the
relative error of the CEEMD-ELM-FFOA coupling prediction model were 4.40%, 0.19%,
and 1.39%, respectively, so the relative prediction error of the model was small with a high
eligible rate.

Figure 8 displays the prediction curves of precipitation at Zhengzhou Station during
2020.01-2020.12. It can be seen from Figure 7 that the predicted values are basically
consistent with the true values. Therefore, the goodness of fit of the CEEMD-ELM-FFOA
coupling model is high and it can be used for regional precipitation prediction.
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Figure 8. Precipitation prediction curve of Zhengzhou Station in 2020.

4. Discussion

In the same period, there has been little research on precipitation using the “decomposition-
prediction-reconstruction” coupling method, so reference is made to literature using similar
mathematical structure models for comparison. Bo H, et al. proposed a short-term load fore-
casting method for parks based on complementary integrated empirical mode decomposition
(CEEMD), sample entropy, the SBO optimization algorithm, and the least squares support
vector regression (LSSVR) model. Taking a park in Liaoning Province as an example, the results
show that MAPE is 2.03 and RMSE is 3.14. The calculated errors of MAPE and RMSE in this
paper are 1.39% and 0.81, respectively, which are close to each other, confirming the feasibility
of establishing such a coupling model.
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In order to verify the superiority of the CEEMD-ELM-FFOA coupling model in pre-
cipitation prediction, the ELM prediction model, the EMD-HHT prediction model, the
CEEMD-ELM coupling model, and the CEEMD-ELM-FFOA coupling model were re-
spectively used for prediction, followed by a comparison of their prediction effects. The
comparison results of the CEEMD-ELM-FFOA model with other models in prediction error
are listed in Figures 9-11 and Table 4.

160 T T T T T T T T T T
150
—&— Ture value
. \ - ® - CEEMD-ELM-FFOA
100 o \ CEEMD-ELM
~120F \ EMD-HHT ]
£ % ——ELM
= 50 /
g
'2 80 | / i
= 2020.04 2020.06
h
(=2
'S
S ol
& 407
!
0+ 3
1 1 1 1 1 1 1 1 1 1

2020.01 2020.02 2020.03 2020.04 2020.05 2020.06 2020.07 2020.08 2020.09 2020.10 2020.11 2020.12

Figure 9. Prediction results of different models.
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Figure 10. Hot spots of prediction errors of different models.

Table 4. Comparison of evaluation indexes of different models.

Predictive Model MAE (mm) RMSE (mm) MAPE (%)
CEEMD-ELM-FFOA 0.55 0.81 1.39
CEEMD-ELM 0.63 0.92 3.23
EMD-HHT 5.64 8.22 10.92
ELM 6.83 10.70 13.33

As shown in Table 4 and Figures 9-11, the CEEMD-ELM-FFOA coupling model
achieved the highest goodness of fit for predicting precipitation, and its MAE, RMSE, and
MAPE were lower than those of the other three prediction models; the goodness of fit of the
CEEMD-ELM prediction model was higher than that of the EMD-HHT prediction model. In
the meantime, it could be seen that the prediction effect of the “decomposition-prediction-
reconstruction” model was remarkably superior to that of a single neural network ELM
prediction model. After the decomposition of the original signal, the non-stationarity of
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the sequence is reduced, the influence of extreme weather conditions on the prediction is
weakened, and the prediction accuracy is improved. The prediction accuracy of extreme
value is greatly elevated after FFOA optimization and reorganization of data.
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Figure 11. Taylor diagrams for statistical comparison of different models.

The advantages of the CEEMD-ELM-FFOA coupling model mainly focus on its high
prediction accuracy, which is consistent with its establishment aim to improve the prediction
accuracy on the basis of existing studies. In addition, ELM and FFOA models have the
characteristics of simple structure, few parameters, and easy operation, which are also
brought into the coupling model. At present, the limitations of this model are mainly
reflected in the fact that, compared with the traditional neural network prediction model,
although the prediction accuracy is improved, the complexity of the model is increased. For
some scenarios that require simple prediction as well as qualitative prediction analysis, the
operation is relatively complicated [43]. The applicability of this model in the prediction
of other non-stationary hydrological data and the further research focus are to enrich
the application range of the model. At the same time, physical parameters affecting
precipitation (such as temperature, evaporation, wind speed, etc.) are not considered in this
study, and precipitation prediction with these parameters will also become the direction
and focus in the future.

5. Conclusions

(1) In order to improve the accuracy of precipitation prediction, this paper uses the
empirical model decomposition method, extreme learning machine, and fruit fly optimiza-
tion algorithm to build a precipitation prediction model based on CEEMD-ELM-FFOA and
predicts the monthly precipitation in Zhengzhou. The prediction results show that the
model effectively improves the accuracy of precipitation prediction and will predict the
change of regional precipitation better;

(2) Multiple sub-time series will be generated after the precipitation time series are
decomposed by CEEMD. These sub-time series need to establish their own prediction
models to carry out prediction work, and the overall prediction results of the model will be
affected by the prediction results of these sub-models. In this paper, FFOA is applied to
the fusion of prediction results from sub-models, and the problem of variable coefficient
optimization of each sub-model is reasonably solved. The experimental results show that
FFOA has a good adaptive optimization ability for variable coefficient optimization and is
an effective algorithm for model combination variable coefficient optimization;
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(3) The results show that the maximum, minimum, and average relative errors of the
CEEMD-ELM-FFOA coupling prediction model are 4.40%, 0.19%, and 1.39%, respectively.
The model has a small relative prediction error and a high qualification rate;

(4) Although the overall prediction accuracy of the CEEMD-ELM-FFOA coupling
model is high, the phase-space reconstruction method only expands the data dimension
from the perspective of statistics. As the input data of the ELM model, it does not consider
the physical parameters affecting precipitation (such as temperature, evaporation, wind
speed, etc.), which will be the research direction and focus in the next step.
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