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1. Introduction

Water scarcity and pollution remain two of the most pressing global challenges,
with profound implications for public health, environmental sustainability, and economic
development [1,2]. As the global population continues to grow and industrial activities
expand, the demand for clean, safe water is steadily increasing [3]. However, water bodies
are increasingly polluted by a variety of contaminants, including industrial chemicals [4],
agricultural runoff [3,5], pharmaceuticals [4], and microplastics [6]. These pollutants
complicate traditional water treatment processes and present significant challenges [7-9],
as many emerging contaminants are difficult to remove using conventional filtration and
chemical treatments. Consequently, there is a pressing need for more advanced and efficient
water purification technologies capable of addressing these evolving issues.

In addition to the growing problem of pollution, many regions are already facing water
scarcity, making it crucial to not only focus on wastewater purification but also prioritize
its reuse and resource recovery [10]. Traditional purification methods, such as coagulation,
filtration, and chemical treatments, often prove inadequate when dealing with the complex
nature of modern wastewater [11]. The presence of emerging pollutants such as endocrine
disruptors, pharmaceuticals, and novel chemicals further complicates treatment efforts [12].
Therefore, there is an urgent demand for innovative, cost-effective, and sustainable water
treatment technologies that can effectively address these new challenges while improving
the overall efficiency, sustainability, and affordability of water purification systems [13].

This Special Issue, “Science and Technology for Water Purification”, brings together
cutting-edge research on the latest advancements in water and wastewater treatment tech-
nologies, with a focus on innovative solutions that address the multifaceted challenges
of water pollution and scarcity. As global water demand increases and water quality
deteriorates due to the discharge of complex pollutants, the research highlighted in this
Special Issue offers new perspectives on how to improve existing water treatment processes
while creating more sustainable and efficient alternatives. One of the primary goals is
to explore innovations aimed at enhancing pollutant removal efficiency, reducing energy
consumption, and improving resource recovery from wastewater. The contributions cover
a broad spectrum of technological advancements, including the development of novel
materials such as advanced adsorbents, catalysts, and nanomaterials that offer superior
performance in removing a wide range of contaminants, including heavy metals, phar-
maceutical residues, and microplastics. These materials are central to addressing the
limitations of conventional treatment methods, which often struggle to effectively remove
emerging pollutants. Additionally, this Special Issue features research on innovative reactor
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designs and hybrid treatment systems that can increase the effectiveness and efficiency of
wastewater treatment, particularly in high-pollution environments. Another significant
focus is the integration of process management strategies and eco-friendly engineering
approaches that contribute to sustainable water treatment. These strategies emphasize the
need for systems that not only remove contaminants but also recover valuable resources,
such as nutrients (e.g., nitrogen and phosphorus) and energy, from wastewater. By in-
corporating these resource recovery principles, the papers demonstrate how wastewater
treatment can evolve from a purely waste management function to a more sustainable,
circular process that supports both environmental and economic goals.

2. Review of New Advances
2.1. Reviews on Science and Technology for Water Purification

Two comprehensive review articles are contributed to this Special Issues and survey
the latest research and advancements in the field of water and wastewater treatment,
providing valuable insights into emerging technologies, trends, and future directions
in water purification science. By offering an in-depth analysis of the current state-of-
the-art methods, these reviews set the stage for the next wave of innovations in water
treatment technologies.

Wang et al. (contribution 1) provide a comprehensive synthesis of research on the
removal of contaminants from wastewater using constructed wetland (CW) substrates. The
review highlights the role of CW substrates as the primary medium supporting microbial
communities, plant roots, and other organisms involved in contaminant removal. It
evaluates various substrate types—organic, inorganic, and composite materials—and
assesses their effectiveness in treating a wide range of contaminants. Specifically, the
following key findings are extracted:

(@) The review categorizes CW substrates, outlining the advantages and limitations of
organic, inorganic, and composite materials. Organic substrates, such as compost and
peat, provide nutrients for microbes but have limited adsorption capacity. Inorganic
materials like sand and gravel offer better physical support and filtration but less mi-
crobial activity. Composite substrates, combining organic and inorganic components,
enhance both contaminant removal and microbial support.

(b) The primary mechanisms of contaminant removal in CW systems are elucidated,
including physical filtration, adsorption, and bioremediation. The combination of
physical and biological processes allows CW systems to remove a wide range of pollu-
tants, such as heavy metals, organic compounds, nutrients (nitrogen and phosphorus),
and pathogens. Substrate properties, such as porosity and surface area, are shown to
influence filtration and adsorption efficiency.

(c) The performance of CW systems in contaminant removal is evaluated, and the effec-
tiveness of different substrates in laboratory and field-scale experiments is compared.
The review indicates that selecting and optimizing suitable substrates can lead to high
removal efficiencies for various contaminants.

(d) The review addresses challenges, such as substrate clogging, contaminant leaching,
and the need for long-term substrate stability under variable conditions. The authors
suggest that future research should focus on developing more durable, efficient, and
environmentally friendly substrates and optimizing CW system designs to improve
performance and reduce maintenance.

(e) The environmental and economic advantages of CW systems for wastewater treatment
are emphasized. There is no doubt that wetlands are cost-effective, low-maintenance,
and energy-efficient compared to conventional technologies. Multiple ecosystem
services are pointed out, such as wildlife habitat, carbon sequestration, and nutrient
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cycling. The authors advocate broader adoption of CW systems, particularly in small
communities, rural areas, and developing countries where conventional treatment
infrastructure may be lacking.

Overall, this review provides significant contributions to the field of wastewater treat-
ment by offering a comprehensive analysis of the role of CW substrates in the removal of
contaminants. The paper highlights the potential of constructed wetlands as an eco-friendly
and cost-effective solution for wastewater treatment, particularly in settings where conven-
tional treatment infrastructure is lacking or unaffordable. By identifying the strengths and
limitations of various substrate materials, the review offers valuable guidance for future
research and the design of more efficient and sustainable CW systems.

It is known that microplastics have emerged as a significant environmental pollutant
and are widely distributed in aquatic ecosystems [6]. Yan et al. (contribution 2) described
the interaction between microplastics (MPs) and dissolved organic compounds (DOCs)
in water environments. Dissolved organic compounds, including natural and synthetic
organic chemicals, are prevalent in water due to industrial, agricultural, and domestic
activities. The study focuses on the pathways through which increasing amounts of MPs
in water bodies influence the behavior and fate of DOCs and provides insights into the
coupled effects of these two types of contaminants on water quality and treatment processes.
To be specific, the core findings are as follows:

(@) The study demonstrates that microplastics can adsorb various dissolved organic
compounds, particularly hydrophobic DOCs, due to the large surface area and chem-
ical properties of MPs. This interaction leads to changes in the distribution and
concentration of DOCs in aquatic environments, potentially altering the behavior
and bioavailability of organic pollutants. The authors highlight that MPs serve as a
carrier for organic contaminants, thus enhancing their transport and persistence in
water systems.

(b) The paper discusses how different characteristics of MPs, such as size, shape, and
surface chemistry, influence the adsorption of DOCs. Smaller MPs with larger surface
areas show a higher capacity for adsorbing DOCs, while those with functionalized
surfaces tend to adsorb specific types of organic compounds more effectively. This
finding underscores the complexity of interactions between MPs and DOCs, which
can vary depending on the physical and chemical properties of the MPs present.

(c) The study addresses the coupling relationships between MPs and DOCs for aquatic
ecosystems and water quality management. The presence of MPs varies the natural
cycling of organic matter, potentially leading to the accumulation of harmful organic
contaminants in sediments or biota. The adsorption of DOCs on MPs might influ-
ence microbial communities in aquatic ecosystems, as the bioavailability of organic
compounds can be modified by their association with microplastics.

(d) The interactions between MPs and DOCs that could affect water treatment processes
are complex. Traditional water treatment methods may be less effective in remov-
ing MPs and the organic contaminants they carry. The review highlights the need
for developing more advanced treatment technologies capable of addressing both
microplastic pollution and the complex mixtures of organic pollutants that may be
adsorbed onto MPs.

(e) The long-term environmental impacts of the coupling between MPs and DOCs should
be examined, especially concerning the effects on human health and aquatic life. The
kinetics of adsorption, the potential for bioaccumulation of organic pollutants, and
the role of MPs in the transport of other contaminants (including heavy metals and
persistent organic pollutants) should be further certified.
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In conclusion, Yan et al. offer a valuable contribution to our understanding of the
complex interactions between microplastics and dissolved organic compounds in water
systems. The coupling of these two pollutants has important implications for water quality,
environmental health, and water treatment processes. By shedding light on the role of
microplastics in the transport and persistence of organic pollutants, this paper under-
scores the need for more effective pollution management strategies and the development
of advanced water treatment technologies capable of addressing both microplastic and
organic contamination.

2.2. New Advances in Science and Technology for Water Purification

Crainic and Fechete (contribution 3) compare modern and classic analytical methods
for assessing the properties of slaughterhouse wastewater. Given the complex composition
of slaughterhouse wastewater, which typically contains high levels of organic matter, fats,
oils, and proteins, the study aims to evaluate how traditional (e.g., biochemical oxygen
demand (BOD) and chemical oxygen demand (COD)) and modern techniques (e.g., ad-
vanced spectroscopic methods and sensor-based technologies) perform in analyzing its
composition. The authors highlight the effectiveness of classic methods in determining
basic parameters such as pH, suspended solids, and organic load, but emphasize the
limitations in providing detailed insights into specific contaminants. In contrast, modern
techniques offer more precise, real-time data, enabling a deeper understanding of wastewa-
ter characteristics, including the identification of specific pollutants and the variation in
composition over time. This paper underscores the value of using both classic and modern
methods for assessing slaughterhouse wastewater properties. The integration of these
methods enables a more detailed and accurate analysis of complex contaminants, leading to
improved treatment strategies. This approach could enhance the efficiency of wastewater
treatment processes, particularly in industries like slaughterhouses, where wastewater
characteristics are highly variable and challenging to manage.

Bule Mozar (contribution 4) investigates the use of advanced oxidation processes
(AQOPs) as pretreatment for enhancing the biodegradation of polystyrene (PS) and polyvinyl
chloride (PVC) microplastics by the fungal species Candida parapsilosis. Microplastics,
particularly those made from persistent plastics like PS and PVC, are a growing envi-
ronmental concern due to their stability and resistance to natural biodegradation. The
AQP pretreatment with microbial biodegradation represents an innovative and effective
approach to addressing microplastic pollution. This method enhances the biodegradability
of otherwise resistant plastics such as PS and PVC, offering a sustainable, eco-friendly solu-
tion to plastic waste management. This paper presents a promising strategy for improving
the biodegradation of PS and PVC microplastics through AOP pretreatment followed by
microbial degradation using Candida parapsilosis. The findings suggest that this combined
approach could be a feasible solution for addressing microplastic pollution, particularly
in aquatic environments. Furthermore, the effectiveness of certain AOP techniques, such
as Fenton, Photo-Fenton, and Fenton-like processes, for the degradation of microplas-
tics including polyethylene (PE), polypropylene (PP), and polyvinyl chloride (PVC) were
further evaluated in Bule Mozar’s report (contribution 5). The AOPs were further investi-
gated in breaking down those persistent plastics, focusing on the comparison of Fenton,
Photo-Fenton, and Fenton-like processes. These three techniques show promise for the
degradation of PE, PP, and PVC microplastics. Among these, the Photo-Fenton process,
enhanced by UV light, was found to be the most effective, particularly for PE and PP.
Fenton-like processes, while slightly less efficient, provide a cost-effective alternative using
alternative catalysts. The study calls for further research to optimize these methods for
practical applications, including reductions in chemical usage, cost, and waste generation
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in large-scale implementations. Overall, it provides valuable insights into the potential of
advanced oxidation processes for addressing microplastic pollution and offers directions
for future research in this critical area.

Zhao (contribution 6) addresses a critical environmental issue—the treatment of acid
mine drainage (AMD), which often contains high concentrations of toxic metals like iron
(Fe) and manganese (Mn). AMD is typically highly acidic due to the oxidation of sulfide
minerals in mining operations, leading to the leaching of metal contaminants into nearby
water bodies. The research demonstrates that alkaline chemicals, particularly calcium
hydroxide (lime), are effective in neutralizing the acidity of AMD. The treatment process
successfully raises the pH of the contaminated water, leading to the precipitation of metal
hydroxides, such as iron (III) hydroxide and manganese (IV) oxide. This precipitation
process reduces the concentrations of dissolved metals and restores the pH to less harmful
levels, making the water suitable for discharge or further treatment. The research concludes
that alkaline chemical neutralization is an effective and economical method for treating
AMD with high concentrations of iron and manganese. By adjusting the pH and precipitat-
ing the metals as hydroxides, this method successfully reduces metal toxicity and improves
the quality of effluent water.

Chen (contribution 7) reports the use of anaerobic fermentation liquid (AFL) de-
rived from spent mushroom substrates (SMSs) as a carbon source for nitrogen removal
in wastewater treatment. Nitrogen contamination, primarily in the form of ammonium
(NH4 ™), nitrate (NO3 ™), and nitrite (NO, ~), is a major environmental concern due to its
contribution to eutrophication and the deterioration of water quality. Traditional nitrogen
removal methods often involve costly chemicals or energy-intensive processes, making the
exploration of alternative, sustainable carbon sources highly valuable. The study demon-
strates that AFL from SMSs can be used as an effective carbon source for biological nitrogen
removal. The authors reveal that the AFL contains organic compounds, such as volatile
fatty acids (VFAs), which can support the growth of microorganisms involved in nitrogen
removal processes, such as denitrifying bacteria. The carbon-rich liquid promotes the
growth of these microorganisms under anaerobic conditions, leading to efficient nitrogen
removal. The AFL promotes the denitrification and ammonification step of microbial nitro-
gen removal processes, which demonstrates that AFL can serve as a valuable carbon source
in wastewater treatment. This paper presents a novel and sustainable approach for nitrogen
removal using anaerobic fermentation liquid derived from spent mushroom substrates.

Zhang (contribution 8) investigates the genotoxic effects of silver nanoclusters (AgNCs)
on Daphnia magna, a widely used model organism in ecotoxicology. The study reveals
that exposure to AgNCs significantly affects the genetic material of Daphnia magna, causing
genotoxicity. The results show that AgNCs cause DNA damage in D. magna as indicated
by increased micronuclei formation, which is a marker of chromosomal damage. This
suggests that AgNCs, even at relatively low concentrations, can cause genetic alterations
that may impact the organism’s reproduction and overall population dynamics. A key
aspect of the study is the feeding pathway. Daphnia magna was exposed to AgNCs indirectly
by feeding on aquatic green algae that had absorbed the nanoparticles. This food chain
transfer mechanism highlights the potential for nanoparticles to accumulate in lower
trophic levels and be passed on to higher organisms. The paper suggests that AgNCs can
be absorbed and retained by algae, and can cause genotoxicity upon ingestion by D. magna.
The findings highlight the need for further research into the environmental and ecological
risks of nanomaterials, particularly silver nanoparticles, in freshwater ecosystems. This
study underscores the potential for nanoparticles to accumulate and cause genetic damage
in aquatic organisms, which could have cascading effects on ecosystem health.
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To ensure the safety of oil production systems and protect the underground and
surface water environments of oilfields, Zhang (contribution 9) investigated the plugging
issues in sand water filter pipes used in crude oil production systems. Sand plugging in
filter pipes is a common challenge in oilfields, leading to decreased production efficiency,
equipment damage, and increased maintenance costs. The study identifies several key
materials involved in the plugging of filter pipes, including sand, crude oil components,
water, and precipitates. Sand particles mixed with crude oil and water tend to accumu-
late and form blockages. These substances interact with water, causing scaling, fouling,
and the eventual plugging of the filter system. The integration of different plugging
mechanisms—pbhysical clogging, chemical reactions, and biological fouling—into a unified
framework is a significant contribution of this paper. These findings can help improve the
efficiency of oilfield operations, reduce downtime, lower maintenance costs, and protect
the water environment.

3. Conclusions

The two reviews (contributions 1 and 2) emphasize the importance of innovative
approaches to water treatment and the need to address emerging contaminants, such as
microplastics and their interaction with organic compounds, in efforts to protect aquatic
ecosystems and improve wastewater management. Specifically, Wang and colleagues (con-
tribution 1) explore the role of constructed wetlands (CWs) in wastewater treatment, with
a particular emphasis on the substrates that support microbial communities and enhance
contaminant removal. The review evaluates various types of substrates, such as organic, in-
organic, and composite materials, and their efficiency in removing pollutants. The authors
discuss the mechanisms involved, including adsorption, filtration, and bioremediation,
and suggest ways to improve CW systems for more effective water purification. This
approach provides an eco-friendly and cost-effective method for treating wastewater while
improving water quality. In contrast, the second study by Yan and colleagues (contribution
2) examines the environmental interaction between microplastics and dissolved organic
compounds (DOCs) in aquatic systems. The study investigates how microplastics, as
carriers of organic pollutants, affect the distribution and behavior of DOCs, thus altering
water chemistry. The authors explore the impact of microplastic contamination on aquatic
ecosystems, particularly its potential to transport harmful chemicals and pathogens. This
study highlights the complexity of microplastic pollution and its implications for water
quality and ecosystem health.

The seven research articles provide distinct contributions to this Special Issue. Specifi-
cally, four studies (i.e., contributions 4-7) are focused on chemical (contributions 4, 5 and 6)
and biological purification techniques (contribution 7). Those articles showcase a variety of
innovative techniques for treating environmental pollutants, from microplastics and nitro-
gen to heavy metals, emphasizing sustainable and efficient approaches for pollution control
and resource recovery in water treatment systems. Specifically, Bule MoZar (contributions 4
and 5) explores the use of advanced oxidation processes (AOPs) as a pretreatment method
to enhance the biodegradation of PS and PVC microplastics by the fungus Candida parapsilo-
sis and compares the effectiveness of Fenton, Photo-Fenton, and Fenton-like processes in
degrading PE, PP, and PVC microplastics. The two studies not only demonstrate that AOPs
effectively break down microplastic polymers, making them more amenable to microbial
degradation, providing a promising approach for mitigating microplastic pollution in
aquatic environments, but also find that the Photo-Fenton process, enhanced by UV light, is
particularly effective in breaking down these persistent plastics, offering a powerful method
for microplastic remediation. Zhao (contribution 6) and Chen (contribution 7) examine
the use of alkaline chemical neutralization to treat acid mine drainage (AMD) with high
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concentrations of iron and manganese, and investigate the use of anaerobic fermentation
liquid from spent mushroom substrates (SMSs) as a carbon source for biological nitrogen
removal. The two studies provide a sustainable and cost-effective solution for nitrogen-rich
wastewater treatment and heavy metal remediation.

The other three studies focus on the monitoring measurements (contribution 3) and
eco-environmental damage or security of the water environment (contributions 8 and 9).
Specifically, the paper by Crainic and Fechete (contribution 3) underscores the value of using
both classic and modern methods for assessing the properties of slaughterhouse wastewater.
The integration of these methods enables a more detailed and accurate analysis of complex
contaminants, leading to improved treatment strategies. This approach could enhance the
efficiency of wastewater treatment processes, particularly in industries like slaughterhouses,
where wastewater characteristics are highly variable and challenging to manage. Zhang
(contribution 8) indicates that the silver nanocluster leads to significant genotoxic effects.
The findings highlight the need for further research into the environmental and ecological
risks of nanomaterials, particularly silver nanoparticles, in freshwater ecosystems. The
long-term impacts of AgNCs on biodiversity and the potential for bioaccumulation in
higher trophic levels should be monitored. Furthermore, the research conducted by Zhang
(contribution 9) provides valuable insights into the plugging issues faced by sand water
filter pipes in crude oil production systems and offers effective strategies for prevention and
mitigation. These findings can help improve the efficiency of oilfield operations, reduce
downtime, lower maintenance costs, and protect the water environment.
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Abstract: Constructed wetlands (CWs) primarily achieve efficient wastewater purification through
synergistic interactions among substrates, plants, and microorganisms. Serving as the structural
foundation of the entire wetland system, substrates not only provide a growth medium for plants,
but also serve as adhesive carriers for microorganisms and habitats for animal activities. Research
on substrates has attracted considerable attention; however, in practical engineering applications,
the selection of substrates often depend on personal experience, which may lead to significant gaps
in the effectiveness of wetland systems in treating different characteristic contaminants. Therefore,
it is of great significance to investigate the influence of substrates on the removal of contaminants
in sewage and identify substrate materials with good physical and chemical properties to optimize
the design and operation of CWs-based sewage-treatment systems and improve their purification
efficiency. In this review, bibliometric analysis was conducted to using the Web of Science database
and VOSviewer_1.6.20 software to assess the progress of research on CWs. This article provides a com-
prehensive overview of substrate types and characteristics based on recent research advancements in
the field. Additionally, it discusses removal methods and the influence of factors related to conven-
tional contaminants (COD, nitrogen, and phosphorus), heavy metals (HMs), fluorinated compounds,
pharmaceuticals, personal care products (PPCPs), and microplastics. A thorough evaluation was
conducted on the economic costs of various substrates and their ability to remove major contaminants
from water bodies, providing a reference for the further development of wetland technology.

Keywords: constructed wetlands; substrates; emerging contaminants; wastewater treatment function

1. Introduction

CWs are ecosystems built by artificial simulation of natural processes, usually relying
on the synergistic interaction of substrates, plants, and microorganisms to enhance wastew-
ater purification through physical, chemical, and biological processes [1,2]. The physical
effects primarily encompass filtration and retention, which heavily rely on collaboration
between the substrate layer and plants to effectively intercept and adsorb contaminants [3].
The chemical reactions involved in this study encompass adsorption, chemical precipita-
tion, redox reactions, and ion exchange. These processes are primarily governed by the
substrate’s chemical properties [4]. Biological reactions include plant metabolism and the
growth activities of various microorganisms. Microorganisms are attached to the substrate
and plant roots. Various microorganisms remove contaminants through the processes of
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absorption, metabolism, and transformation [5]. Biological reactions are the most important
step in the removal of contaminants in CWs [6].

The findings of various studies have demonstrated that CWs possess the capability to
effectively reduce the concentration of contaminants in domestic sewage. Moreover, CWs
have also exhibited their potential in treating industrial wastewater [7], mine effluents [8],
municipal effluents [9], hospital wastewater [10], agricultural wastewater [11], etc. By
the end of 2023, more than 11,000 articles about CWs had been published on Web of
Science. In order to better understand the current development status of CWs, “constructed
wetland” was used in a keyword search of the literature from the last five years (2019-2023).
After screening, a total of 5140 publications meeting the requirements were selected. The
VOSviewer program was used for analysis, and the minimum frequency of occurrence was
set to 100. A total of 81 keywords were included in the visualization. The outcomes of the
analysis on highlighted words are presented in Figure 1. The figure exhibits four distinct
color clusters, namely red, yellow, blue, and green. Words in the red cluster are mainly
related to the removal of nitrogen and phosphorus, such as nitrogen, phosphorus and
nutrient. Words in the yellow cluster are closely related to plants, such as phytoremediation,
macrophytes, and plants. Words in the blue cluster are closely related to the direction of
future research on CWs, such as personal-care products, pharmaceuticals and fate. The
green cluster mainly relates to the mechanism of the removal of contaminants, such as
denitrification and nitrification.
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Figure 1. Visualization of keywords in the 2019-2023 CW research.

Table 1 shows the keywords with the highest frequency in CWs. It can be seen that
the current research on CWs is still focused on traditional wastewater treatment, especially
the removal of nitrogen and phosphorus contaminants (sort 5, 8 and 12). However, the
increasingly intricate composition of contaminants in wastewater and the growing public
demand for high water quality, particularly with regards to the emergence of various EPs,
present novel challenges to CWs [12]. Studies have shown that the traditional substrate
(soil, gravel, sand) mainly plays a supporting role for plants, but its effect on the removal
of contaminants is often unsatisfactory [13]. Therefore, in the design of substrate for
CWs, reasonable configurations should be selected to improve the efficiency of treatment
of contaminants.
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Table 1. 2019-2023 CWs keywords prominence results table.

Sort Keywords Frequency
1 Constructed wetlands 1546
2 Constructed wetland 1029
3 Removal 1019
4 Performance 993
5 Nitrogen removal 796
6 Waste-water treatment 772
7 Waste-water 712
8 Nitrogen 530
9 Denitrification 446
10 Phytoremediation 350
11 Nutrient removal 333
12 Phosphorus 331

The substrates form the structural framework of the entire wetland, serving as a
fundamental substrate for plant growth, an attachment surface for microorganisms, and a
habitat for animal activities [14,15]. The physical properties of the substrate (particle size,
porosity, specific surface area, and redox potential) will determine the effectiveness of treat-
ment by CWs. For example, a substrate with increased specific surface area and porosity
can facilitate biofilm formation and attachment and enhance microorganism—contaminant
interactions at multiple contact points. According to the China Technical Specification of
Constructed Wetlands for Wastewater Treatment (HJ 2005-2010) (MEPC, 2010), the selec-
tion of substrate should meet the following requirements: (i) good mechanical strength,
high specific surface area and high stability; (ii) appropriate size in accordance with local
sampling; (iii) when the content of nitrogen and phosphorus in the treated sewage is high,
a functional substrate should be used to improve removal; (iv) for vertical subsurface
flow (VSSF) CWs, the porosity of the substrates should be between 35-40%. Although
research on substrates has attracted considerable attention, in practical engineering appli-
cations, the selection of substrate often relies on personal experience, which may lead to
significant gaps in the effectiveness of wetland systems in treating different characteristic
contaminants. Therefore, it is crucial to investigate the influence of substrate on the re-
moval of contaminants in sewage and identify substrate materials with good physical and
chemical properties to optimize the design and operation of CW-based sewage-treatment
systems and improve their purification efficiency. This article summarizes the types and
characteristics of substrates in CWs based on recent research achievements in the field of
wetlands. It further discusses the removal mechanisms associated with substrates and the
influence of factors specific to conventional contaminants (COD, nitrogen, and phosphorus),
HMs, fluorinated compounds, PPCPs, and microplastics. A comprehensive evaluation was
conducted on the economic costs of various substrates and their ability to remove major
contaminants from water bodies, providing a reference for the further development of
wetlands technology.

2. Typical/New Substrates for CWs

According to the source of the materials, the substrates of CWs can be divided into
natural substrates, by-products and artificial synthetic substrates. Table 2 lists the represen-
tative substrates used in CWs at present. The physical and chemical properties of different
substrates exhibit significant variations, thereby resulting in diverse impacts on CWs [16].
Consequently, during the operation of CWs, it is crucial to select appropriate substrates or
combinations thereof based on the specific contaminant-removal requirements, as this may
enhance the overall performance of CW systems.

2.1. Natural Substrates

The most common natural substrates in CWs are gravel, sand, volcanics and zeolite.
In general, natural substrates are made from natural mineral materials and have the advan-
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tages of high strength, a wide range of sources, and low price. However, the permeability
coefficient and specific surface area tend to be low, resulting in poor performance in con-
taminant removal. Therefore, the natural substrates are often used as a supporting part
of the filter bed to reduce the design cost of CWs [17]. There are also studies comparing
natural substrates with different substrates in order to find a material that is good at re-
moving particular contaminants. The study conducted by Huo et al. [18] involved the
construction of four CWs utilizing different substrates (gravel, biochar, zeolite, and pyrite).
The results indicate that the CWs with gravel as a substrate exhibited the least efficient
nitrogen removal. Microbiological analysis revealed a low abundance of nitrifying and
denitrifying microorganisms in the gravel-based CW system.

2.2. By-Products
2.2.1. Agricultural By-Products

The term “agricultural by-products” refers to the waste generated during agricultural
production, which mainly includes various crop residues, livestock manure, and processing
by-products. In 2023, China’s grain output reached 695 million tons, which will undoubt-
edly produce a large number of agricultural by-products. China has emerged as the leading
country in terms of agricultural by-products, displacing up to four billion tons of waste
annually. However, improper utilization of these by-products can pose significant environ-
mental risks [19]. Currently, it is increasingly common to use agricultural by-products as
the substrate of CWs, which not only uses this resource, but also reduces the cost of CWs
and improves their effectiveness in treatment [20,21].

2.2.2. Industrial By-Products

Industrial by-products are mainly substances that are inevitably generated during the
production of target products in industrial processes. At present, the global production of
industrial by-products can reach billions of tons per year [22]. The inadequate treatment
of industrial by-products may lead to severe environmental issues if it is not addressed
promptly. Consequently, the exploration of resource utilization for industrial by-products
has emerged as a prominent research focus. Common industrial by-products used in CWs
include fly ash, steel slag, iron filings, and construction solid waste. Some by-products
have good physical and chemical properties, high porosity, and high specific surface area.
Due to differences in the raw materials and treatment processes, different industrial by-
products show significantly different performance in treating contaminants. Furthermore,
it is important to note that industrial by-products may contain a substantial amount of toxic
and hazardous substances, thereby posing potential environmental risks [23]. In practical
applications, it is advisable to prioritize the use of harmless materials. When selecting
by-products or other materials that may potentially impact the environment, appropriate
modifications should be implemented to ensure their harmlessness [24,25].

2.3. Artificial Synthetic Substrates

Artificial synthetic substrates are new materials formed by calcination, carbonization,
and modification, either individually or in combination with various materials. The
common substrates in CWs include activated carbon, biochar, ceramsite, and modified
materials. The physical and chemical properties of these materials are stability and high
porosity. However, due to the influence of the preparation process and raw materials,
they exhibit different levels pf performance in treating different contaminants. In addition,
artificial synthetic substrates also have the problem of high cost, which have raised serious
obstacles to their promotion and use. At present, the use of artificial synthetic substrates
is still mainly a subject of laboratory research. Developing a low-cost and high-efficiency
filler has become a hot topic for research [26,27].
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Table 2. Classification of representative CWs substrates.

Category Substrate Bases Sources Characteristic Reference
Natural substrate Gravel SiO; and Al O3 Rock or mineral detritus @ Low cost . [28]
@ Poor removal of contaminants
. ; . @ Availability and low cost
Natural substrate Sand SiO, Tiny stone particles @ Easily clog CWs [29]
. Si0,, Fe;O3, CaO and Cooling magma after a volcanic @ High porosity and specific
Natural substrate Volcanics . surface area [30]
AL, O3 eruption .
@ Poor contaminant removal
(D High ion exchange, low cost, can
. . Mainly derived from alkaline be regenerated
Natural substrate Zeolite $i0; and AL,O; groundwater and volcanic rocks @ Low adsorption rate, easy to be [31,32]
affected by the environment
@ Large specific surface area, good
~ Fe, 03, Al, O3, SiO; and . adsorption performance
By-product Fly ash Ca0 Waste from burning coal @ Can easily cause secondary [33]
pollution in the environment
@ High phosphorus-removal
From electric furnaces and performance
By-product Steel slag CaO, SiO; and Fe; O3 refining furnaces during @ Strong alkalinity, which makes it [34]
steelmaking difficult for microorganisms and
plants to survive
Waste generated during
By-product Construction B demolition, construction and @ Low cost, high availability [35]
y-produc solid waste maintenance in the construction @ Poor reusability
industry
@ Low cost, high capacity for P and
Organics, SiO, and Waste from drinking water FIMs adsorption, easy to obtain
By-product Sludge . @ Very sensitive to the [14]
Al,O3 treatment X ) .
environment, might leach toxic
substances
By-product Tron scraps Fe Wastg from steel m}lls and @ Low cost, large specific surface 36,37]
machinery-processing plants area
. Cellulose, hemicellulose, . (@ Low cost, excellent N removal
By-product Woodchip lignin Waste from wood processing @ May cause secondary pollution [38]
Waste from glass production and @ Wide range of sources, reusable,
By-product Crushed glass Na;SiO3, CaO and SiO, use g p provides space for microbes to [39]
attach
o . @ Good adsorption performance,
Artificial synthetic Ceramsite Si0,, Al,O3 and CaO Made by roasting raw materials high strength [40]
substrate . .
@ High energy consumption
Artificial synthetic Activated carbon Porous carbon Made 'by carbonization of raw @ Mpderate adsorption effect [41]
substrate materials @ High cost
Artificial synthetic (@D Excellent contaminant
Y Biochar Porous carbon Made by biomass pyrolysis adsorption, stable [42]
substrate e . .
@ Difficulty in preparation
Artificial synthetic Modified B . . (@ Excellent contaminant adsorption
substrate substrates Further processing of materials @ High cost and high energy cost 431

3. Functions of Substrates Removal of Contaminants
3.1. Substrates Removes Conventional Contaminants
3.1.1. Organic

The removal of organic matter in CWs mainly primarily relies on biodegradation by

microorganisms [44]. As the site of microorganism metabolism, the substrates play an
important role in the growth of microorganisms. In addition, the substrate can directly re-
move contaminants through adsorption and retention, which heavily rely on collaboration
between the substrate layer and plants [26].

The physicochemical properties of the substrates exert a significant influence on the

removal of organic compounds, with porosity being identified as one of the pivotal factors.
Several studies have demonstrated that during continuous operation of CWs, there is an
observed increase in insoluble organic matter, leading to a gradual reduction in substrate
porosity and potentially resulting in clogging [45]. Since the wetland system mainly relies
on microbial oxidative decomposition, anaerobic digestion, and other life activities to purify
organic matter, clogging can result in extensive anoxia within the CWs as a whole. This
condition diminishes the metabolic capacity of microorganisms and consequently lowers

the efficiency of organic-matter removal.
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In order to increase the removal of organic matter, substrates with high porosity such
as zeolite and ceramsite can be selected. Wang et al. [46] utilized sewage sludge as a raw
material to prepare new ceramic particles. A VSSF-CW was constructed with this new
type of ceramic particle as the substrate. The COD-removal rate reached more than 70%,
while the effluent quality reached the IV water standard. The high degradation rate of
COD may be attributed to the substantial specific surface area and porosity of the novel
ceramic particles, which facilitate enhanced contact between microorganisms adhered to
the substrate surface and organic matter. Wang et al. [47] modified corn-straw biochar by
alkali treatment. The results demonstrated that the specific surface area and porosity of the
modified biochar were higher than they were before modification and that the effectiveness
of treatment of other contaminants was also significantly improved.

3.1.2. Nitrogen

Nitrogen removal in CWs mainly depends on the processes of ammonification, ni-
trification, and denitrification by microorganisms. Organic nitrogen is first converted
into NH4*-N through ammonification, which is followed by aerobic transformation into
NO,"-N and NO3;™-N by nitrifying bacteria. Finally, denitrifying bacteria convert NO3; ~-N
into N under anaerobic conditions, so as to achieve nitrogen purification. The selection of
carbon-rich fillers such as biochar, straw, and wood chips can improve the nitrogen-removal
effect. Wang et al. [48] utilized corn stalks to prepare activated carbon for urban tailwater
treatment, and this material exhibited an impressive nitrogen-removal efficiency, exceeding
85% in urban tailwater treatment. They concluded that using carbon-rich materials as
the substrate of CWs can augment the content of organic matter and the C/N ratio, thus
promoting the denitrification reaction. Furthermore, in addition to supplementation of
carbon sources, the limitation on denitrification caused by low C/N in wetland influent can
also be solved by oxygenation reduction reactions induced by inorganic reductive fillers.
Common materials include nano zero-valent iron (NZVI) [49], pyrite [50], and sulfur [51].
According to the reaction mechanism of reduction, these materials can serve as electron
donors for NO3; ™ -N to achieve nitrogen removal in a process referred to as autotrophic
denitrification [37]. Chu et al. [52] established eight sets of VSSF-CWs supplemented with
pyrite. The results showed that the denitrification capacity of the pyrite-addition device
was improved and that the TN removal rate was more than 27.05% higher compared to
that in the control group. DO content also has an important impact on wetland systems.
Insufficient DO content hampers the process of nitrification, thereby impeding subsequent
denitrification and resulting in limited nitrogen-removal efficiency [53]. Some researchers
have found that selecting substrates with higher porosity can not only enhance microbial
attachment, but also help increase the DO content [17]. Zhou et al. [54] studied a new
type of CWs that use biochar as the substrate. The high porosity of biochar promotes
efficient oxygen diffusion within CWs, thereby enhancing nitrogen-removal performance
and resulting in a TN-removal rate of 39%. In addition, apart from direct nitrogen removal
via physical adsorption, the substrate can also remove NH3-N through ion-exchange path-
ways. Zeolite is a common material with high ion-exchange capacity. The zeolite lattice
is composed of 5iO4 and AlO, tetrahedra, wherein the presence of aluminum imparts a
negative charge to the framework. To maintain electrical neutrality, cations are required for
charge balancing [55]. These cations (generally Na*™ and K*.) are easily exchanged with
NH,4* to remove ammonia nitrogen ions. Alshameri et al. [56] modified Yemeni zeolite
by alkali treatment to allow it to adsorb ammonia nitrogen. The results showed that the
removal of ammonia nitrogen by zeolite mainly depended on ion exchange, and the rate of
removal of nitrogen by modified zeolite was as high as 99%.

3.1.3. Phosphorus

The removal of phosphorus in CWs mainly depends on microbial fixation, plant
absorption, soil increment, and substrate adsorption [30,57,58]. Research has shown that the
substrate can remove 36.2-87.5% of the phosphorus present in the water [59]. Phosphorus
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adsorption by the substrate encompasses physical adsorption and chemical precipitation
processes, with chemical precipitation playing a significant role [35]. Phosphorus removal
by chemical precipitation is mainly a process in which some substrates rich in Ca, Fe, and
Al can combine with phosphate to form an insoluble phosphate precipitate (Figure 2a).
The efficiency of chemical phosphorus removal is pH-dependent due to the existence of
phosphate in various forms at different pH levels. When the sewage environment is weakly
acidic or neutral, the predominant inorganic phosphate groups are HPO42~ and H,PO, ™.
Conversely, in a weakly basic or alkaline environment, the main inorganic phosphate
groups are HPO,%~ and PO4>~. Research has demonstrated that metal ions exhibit varying
phosphorus-removal efficiencies at different pH levels. Within the pH range of 4.5-7.21, Fe-
Al-based phosphorus removal dominates, with a maximum phosphorus removal capacity
of 17.88-21.63 mg/g. On the other hand, when the pH ranges from 5.42 to 9.83, Ca becomes
the primary method for phosphorus removal, with an effective capacity ranging from 20.85
to 21.43 mg/g [60]. The selection of Ca, Al, and Fe-rich substrate materials will increase the
phosphorus-adsorption capacity. The presence of metal ions in certain by-products and
artificial synthetic materials makes them suitable as substrates for phosphorus removal.
Jiang et al. [61] compared the phosphate-removal properties of quartz sand, anthracite,
shale, and ceramics. The results showed that the anthracite and bio-ceramics had better
removal effects on TP, at 85.87 and 81.44 mg/kg, respectively. The shale and quartz sand
had weaker removal properties, at 59.65 and 55.98 mg/kg, respectively. The substrate can
also be modified to improve phosphorus removal. Guaya et al. [62] modified zeolite by
adding hydrated alumina oxide (HAIO) and showed that the adsorption properties of
zeolite increased from 0.7 mg/g to 7.0 mg/g. The modification does not have a significant
impact on the substrate’s original chemical properties. Stocker et al. [63] modified zeolite
with Ca and showed through joint experiments with NH3-N and PO,3~ that the modified
zeolite did not have a significant impact on the removal of ammonia nitrogen but did
remove phosphate. The purification efficiency of CWs with regard to phosphorus is not
only affected by the physical properties of the substrate itself but is also related to external
factors such as HRT, temperature, pH, phosphorus concentration, and DO (Figure 2b).
The use of a suitable operation mode is the key to achieving efficient phosphorus removal
in CWs. Moreover, it is crucial to acknowledge that phosphorus removal in CWs can be
achieved only through the harvesting of plants or the removal of saturated substrates.
Failure to replace the substrate promptly will result in the release of previously adsorbed
phosphorus back into the water body.
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Figure 2. (a) Mechanism of chemical precipitation; (b) Influence of external factors on phosphorus
removal by the substrate.

3.2. HMs Remowval

Due to economic development and the acceleration of industrialization, the emission
of HMs has soared. However, it is currently observed that numerous countries, particularly
developing countries, exhibit deficiencies in their wastewater treatment. This inadequacy
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may result in the direct discharge of substantial quantities of HMs into natural water bodies
without any form of treatment, thereby posing a considerable threat to human health [64,65].
In recent decades, there has been growing interest in the use of CWs to remove HMs. The
methods of HMs removal by CW mainly include sedimentation, adsorption, chemical
precipitation, ion exchange, flocculation, microbial interaction, and plant absorption [66,67].
Insoluble HMs in water can be removed by sedimentation and retention, while ion exchange
and chemical precipitation can effectively transform soluble HMs into insoluble or insoluble
compounds [68]. The mechanism of HMs ion exchange is analogous to that of NH3-N
ion-exchange removal. However, it should be noted that the performance of fillers for
the removal of different ions varies due to disparities in ionic charge, water solubility,
pKp, and ionic strength [69]. Lee et al. [70] explored adsorption by different modified
biochars of Cd, Pb, and Zn. The results showed that the adsorption capacity followed
the order Pb?* > Cd?* > Zn?*. This can be attributed to the smaller hydration radius
and relatively lower pKy value of Pb?*, which facilitates its easier adsorption. Moreover,
chemical precipitation is also an important way to remove HMs. Tang et al. [71] prepared
iron-manganese oxide-modified biochar (FM-BC) for the adsorption of Pb (II) in sewage.
The results revealed that the removal of Pb (II) mainly depended on the co-precipitation
and complexation of Fe and Mn. Common methods of HM removal by precipitation also
include hydroxide precipitation, sulfide precipitation, and carbonate precipitation [68].
Due to the complexity of contaminant-removal mechanisms in CWs, the substrate often
serves multiple roles in the removal of HMs. In order to improve the effectiveness of HMs
removal from wastewater, Kong et al. [27] prepared a Fe-Al bimetallic oxide modified
zeolite to remove Cr (VI) from wastewater. When the initial concentration of Cr (VI) is
20 mg/L, the removal rate can reach 84.96% due to the oxidation-reduction reaction and
co-precipitation between Cr (VI) and Fe-Al.

3.3. Fluoride Compounds Removal

Fluorine, a naturally occurring element, readily forms fluoride through chemical
bonding with other elements, serving as a vital constituent for the development of teeth
and bones. However, excessive exposure to fluoride can lead to dental fluorosis and
even skeletal deformities [72,73]. CWs mainly rely on adsorption and coprecipitation of
substrate to remove F~. Yao et al. [74] used limestone as the substrate to increase the
calcium content in wetlands. XRD showed that the formation of CaF,, Ca5(POy);, and
Ca3(POy), precipitates mainly depended on adsorption and co-precipitation. It is worth
noting that the researchers found that the fluoride-removal effect of CWs with limestone as
the substrate was not significantly different from that of the control group. This suggests
that calcium-based wetlands do not show improved fluoride-removal performance. A
special organic fluoride named perfluoroalkyl and polyfluoroalkyl substances (PFAS) have
received extensive attention due to their toxicity and capacity for bioaccumulation [75].
CWs, synergistically with microorganisms, plants and substrates, may be able to promote
their removal from water bodies. Ma et al. [76] added iron mineral to VSSF-CWs to
remove perfluorooctane sulfonic acid (PFOS) and perfluorooctanoic acid (PFOA) from
water. The results showed that the dosage of iron mineral increased the concentration of
microorganisms capable of removing PFAS (e.g., Burkholderia and Pseudomonas). Compared
with the control group, the effluent PFOS and PFOA contents decreased by 35.0% and 36.8%.

3.4. PPCPs Removal

PPCPs come from various drugs, disinfectants, fragrances, and cosmetics [77]. Upon
entering the aquatic environment, these substances can potentially diminish the survival
rate of aquatic organisms. More importantly, their accumulation in such organisms poses a
significant risk to human health through consumption [78]. Unfortunately, current wastew-
ater treatment plants (WWTPs) mainly focus on the removal of conventional contaminants,
often neglecting the elimination of PPCPs. As a result, some PPCPs manage to survive in
traditional WWTPs and are subsequently discharged into natural water bodies [79]. CWs
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are considered an effective way to deal with PPCPs due to their low cost and environmental
friendliness, especially as a method for removing antibiotics and antibiotic-resistance genes
(ARGs). Chen et al. [80] established four CWs based on zeolite, resulting in impressive
removal efficiencies of 87.4% for antibiotics and 87.8% for ARGs. The study revealed
that microbial degradation emerged as the predominant factor, followed by substrate
adsorption and plant absorption. Liu et al. [81] used zeolite as the substrate to remove
sulfamethoxazole (SMX) and ofloxacin (OFLO). They found that the mechanism of removal
of SMX and OFLO by zeolite was actually an adsorption—-degradation process. When the
zeolite comes into contact with the antibiotic, it rapidly undergoes adsorption onto the
surface of the zeolite, which is followed by biodegradation facilitated by microorganisms
attached to the zeolite. Subsequently, the excess adsorption sites on the zeolite surface will
continue to adsorb antibiotics, reducing the concentration of antibiotics. Use of a suitable
adsorbent can improve the removal of PPCPs. Rodriguez et al. [82] explored the use of
powdered activated carbon in combination with ultrafiltration to remove five PPCPs (1-H-
benzotriazole, DEET, chlorophene, 3-methylindole, and nortriptyline-HCl) and found that
adsorbents can significantly promote the removal of compounds with poor hydrophobicity.
Pore size plays an important role in removing PPCPs, and powdered activated carbon with
high microporosity can better adsorb PPCP and organic matter.

3.5. Microplastics Removal

Microplastics are plastic particles with a diameter of less than 5 mm. The emission of
microplastics not only leads to ecological pollution, but also inflicts irreversible harm upon
the health of aquatic organisms [83,84]. Microplastics can be removed by adsorption, filtra-
tion, sedimentation, flocculation, and biodegradation [85]. CWs have been reported as a
good new way to remove microplastics [86]. The mechanism of removal of microplastics by
CWs mainly relies on physical retention. The substrate, serving as the carrier within CWs,
plays an important role in the removal of microplastics. In addition, the substrate can also
be used to remove microplastics by adsorption and chemical precipitation. Chen et al. [87]
studied the removal of microplastics by CWs, and the results showed that most microplas-
tics were removed through the substrate layer of 0-20 cm at the water inlet. Selecting a
substrate with a larger pore size could enable the microplastics to be transported farther
and improve the removal of microplastics. In addition, since microplastics generally carry
a negative charge, cations can be used to capture and remove them. Shen et al. [88] used
cationic surfactants to modify an aluminosilicate filter medium, and the capture rate of
microplastics reached more than 96%, much higher than that of the rapid sand filter (63%).
The utilization of CWs for the removal of microplastics has emerged as a prominent area
of research; however, due to an incomplete understanding of the underlying removal
mechanisms, current experimental investigations on microplastic removal using CWs are
primarily conducted within laboratory settings.

3.6. Chapter Summary

The above content summarizes the role of CW substrates in the removal of various
contaminants. Generally speaking, substrates can directly participate in the removal of
contaminants through filtration and interception, adsorption, chemical precision, redox
reactions, and ion exchange. Additionally, they serve as the foundation for CWs by
facilitating the growth and reproduction of microorganisms and plants. Therefore, selecting
the appropriate substrate is crucial for wetlands. Table 3 summarizes 14 representative
substrate materials and evaluates their ability to purify water, providing a reference for the
selection of high-quality substrates.
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Table 3. The removal effect of different substrates on contaminants.

Contaminants Type COD N P Heavy Metals Fluoride PPCPs Microplastics
Gravel + + ++ ++ - + +
Sand + + + + - ++ ++
Volcanics + ++ + + ++ - -
Zeolite ++ +++ + ++ ++ - ++
Fly ash + ++ +++ - + - -
Steel slag ++ ++ ++ - - - -
Construction solid waste + ++ +++ - - - -
Sludge ++ + +++ - - - -
Iron scraps + +++ +++ + - - -
Woodchip +++ ++ +++ - - -
Crushed glass - - - - - ++ ;
Ceramsite +++ + +++ ++ ++ + -
Activated carbon +++ +++ +++ +++ +++ +++ +++
Biochar +++ +++ +++ +++ ++ ++ +++

Note: +, ++, +++ respectively mean average, good, very good, - means poor effect or not yet studied.

4. Problems and Prospects
4.1. Clogging

At present, the clogging problem has become a key factor restricting the long-term
operation of CWs. The main causes of substrate clogging include deposition of various
solids, precipitation, and microbial and plant growth [89]. Substrate clogging decreases
the permeability coefficient and porosity of the substrate, which reduces the treatment
performance and service life of CWs [29]. Choosing the right substrate can effectively
reduce clogging. Wang et al. [90] used NaCl as a tracer to test the changes in electrical
conductivity (EC) of nine substrates (quartz sand, zeolite, coarse sand, gravel, two types
of biochar, and three types of ceramsite). The findings suggest that zeolite has minimal
impact on the electrical conductivity (EC) of wastewater, whereas the utilization of arti-
ficial synthetic substrates like sludge biochar can significantly elevate EC levels in water,
thereby increasing the susceptibility of wetlands to clogging. In addition, the adsorption
capacity of the substrate is limited [91]. With increased substrate adsorption, the degree of
clogging of CWs will continue to rise. Furthermore, once the adsorption reaches saturation,
contaminants will escape from the adsorbent and enter the water body [92]. Therefore, the
substrate needs to be replaced before it becomes clogged.

4.2. Substrate Selection and Collocation

Currently, problem of pollution associated with sewage has become increasingly com-
plex, and relying solely on a single substrate often makes it difficult to completely remove
contaminants. Developing substrates with different contaminant-removal characteristics
and combining them can achieve better contaminant removal through the synergistic
effect between substrate layers. Composite substrates can extend the life cycle and im-
prove the removal of emerging pollutants. Xu et al. investigated the synergistic effect of
a mixed substrate comprising manganese ore and activated alumina on enhancing the
efficiency of contaminant removal. The combined approach demonstrated remarkable
performance, achieving 89.4% COD removal and 98.1% TP removal. Under different types
of flow direction, the optimal layout of substrates is significantly different [16]. In free
water-surface-flow (FWS) CWs, the major function of substrates is to support the plants.
The hydraulic permeability of substrates should be the focus in the design of vertical
subsurface (VSSF) CWs. In recent research, a VSSF-horizontal subsurface flow (HSSF)-FWS
hybrid system was constructed to treat domestic wastewater and showed better treatment
efficiency [93-95]. In hybrid CWs, various substrates were applied at different stages to
obtain better treatment efficiency.

However, there is currently no standardized approach for selecting the substrate type
and determining the optimal mixing ratio of CWs, while the removal mechanism remains
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a subject of ongoing research. It is certain that the combination of substrates has become an
important method by which to improve the treatment performance of contaminants and
improve the service life of wetlands [96].

4.3. Combining CW Technology with Other Processes

CWs are widely used due to their advantages of cost effectiveness and ease of main-
tenance and management. However, major parts of the wetland do not have access to
sufficient electron donors, especially oxygen, which leads to inefficient contaminant re-
moval [97]. Combining CWs with other technologies can help ameliorate the lack of electron
donors and thus improve contaminant removal. Technologies commonly combined with
CWs include photocatalysis [98], microbial fuel cells (MFC) [99], membrane bioreactors
(MBR) [100], etc. However, due to differences in water quality and the types and quantities
of contaminants in different regions, there is still no scientific theoretical basis and standard
for the research on the combination of different CWs with other technologies, which limits
the promotion and application of such systems. Exploring the operating mechanism of
composite systems and selecting combinations with good processing effects and strong
adaptability can improve the overall processing capacity of the wetland and reduce the
land area required.

5. Conclusions

This article reviews the research achievements in the field of wetlands in recent years,
categorizes and summarizes the types of substrates, and elaborates on the removal methods
and the influence of contaminant-related factors (conventional contaminants and EPs) in
CWs. The physical properties of various substrates were comprehensively evaluated, along
with their efficacy in contaminant removal, providing valuable insights for the further
advancement of CWs. In summary, through a literature review of substrates, it can be
concluded that:

1. CWs have been widely used in wastewater treatment. At present, there are more than
11,000 articles related to CWs in the Web of Science database. The term “constructed
wetland” was used as the key word to search the database. In the past five years
(2019-2023), a total of 5140 relevant publications were found after deduplication.
Afterwards, VOSviewer software was used to visually analyze these 5140 articles,
and the results show that the current research on CWs is still mainly focused on the
removal of traditional contaminants (e.g., nitrogen and phosphorus).

2. According to the source of the substrates, they can be divided into natural substrates,
by-products (agricultural by-products and industrial by-products) and artificially syn-
thesized substrates. Different substrates exhibit significant disparities in performance.
This paper systematically summarizes the characteristics of different substrates and
their ability to remove various contaminants in CWs. For the purposes of practical
engineering, this paper provides important reference information for the selection
and configuration of substrates.

3.  CWsrely on the synergistic interaction of plants, microorganisms, and substrate to
purify contaminants. Among them, the substrate plays an important role in CWs. It
not only can help microbial proliferation and plant growth, but also directly participate
in removing contaminants through filtration and interception, adsorption, chemical
precision, redox reactions, and ion exchange.

4. With the continuous improvement in requirements for contaminant removal, EPs have
received extensive attention. At present, CWs have been proved to be an effective
way to remove EPs. In the future, the mechanism of their removal from CWs should
be studied systematically.
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Abstract: Microplastic (MP) pollution is a rapidly spreading global problem, threatening the use and
sustainability of freshwater resources. MPs in water can act as both a source and sink of dissolved
organic compounds. This review summarizes the current knowledge of interactions between MPs and
dissolved organic compounds, including the adsorption and release of dissolved organic compounds
by MPs and the impacts of MPs on the source and sink of natural dissolved organic matter (DOM) in
aquatic ecosystems. The key mechanisms for the adsorption of dissolved organic compounds on MPs
are hydrophobic interactions, van der Waals forces, and 7— interactions. Particle size, morphological
characteristics, density, and environmental factors (pH, ionic strength, and UV radiation) have a
great influence on the adsorption of dissolved organic compounds on MPs. Although research on the
interactions between dissolved organic compounds and MPs has progressed rapidly, to date, research
on the impacts of increasing amounts of MPs on natural DOM cycles (production, transformation,
and fate) in aquatic ecosystems has been very limited. Knowledge gaps and future research directions
are outlined at the end of this review.

Keywords: microplastics; adsorption; release; dissolved organic matter; source; sink

1. Introduction

With the growth of the plastic industry all over the world, plastic pollution in the
environment has drawn much attention [1-3]. Currently, plastic debris is widely found
in the ocean [4,5], freshwater [1,6], sewage [7], sediments [8], and aquatic organisms [9].
Increasing amounts of plastic in water have pronounced effects on freshwater ecology
and societal services, as increasing plastic pollution may have toxic effects on aquatic
organisms [10], alter aquatic species composition [11], and increase the cost of drinking
water purification [12]. Microplastics (MPs) are defined as plastic debris with a diameter of
less than 5 mm [13], characterized by a small size and large specific surface area. Based on
their chemical composition, MPs are classified as polyethylene (PE), polypropylene (PP),
polyamide (PA), polyvinyl chloride (PVC), polystyrene (PS), polyethylene terephthalate
(PET), etc. There are two primary sources of MPs in aquatic systems: (1) fragmentation of
plastic litter released into water through solar radiation and microbial degradation [14,15],
and (2) direct discharge from municipal wastewater treatment plants, which may contain
personal care and cosmetic products or textile fiber residues [7].

MPs in the environment are often hydrophobic, chemically stable, and resistant to
degradation [16]. However, studies have shown that MPs can leach polymers or additives
into the surrounding environment through biotic and abiotic processes [17-19]. Plastic
additives are chemical compounds incorporated into plastic during the manufacturing
process, which can be used as plasticizers, foaming agents, flame retardants, antioxidants,
stabilizers, and pigments [20]. Most plastic additives are hydrophobic organic compounds
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and are recognized as toxic to aquatic organisms [21]. Lithner et al. (2009) tested the
acute toxicity of plastic leachates to Daphnia magna and found that 9 of 32 plastic leachates
had different toxic effects (48 h ECsps ranging from 5 to 80 g plastic L1 on Daphnia
mobility [22]. After losing the protection of additives, the degradation of MPs in water
can be accelerated [23]. There is a great possibility that MP leachates (additives or any
other organic substrate) released into aquatic systems contribute to carbon cycling in water.
However, the effects of MP pollution on carbon cycling in water are not well studied.

Once released into the aquatic ecosystem, MPs can serve as a carrier for various or-
ganic pollutants and heavy metals [13,24], affecting the transportation and fate of chemical
pollutants. Ziajahromi et al. (2019) studied the effect of PE MPs on the acute toxicity of
the synthetic pyrethroid bifenthrin to the invertebrate Chironomus tepperi in both synthetic
water and river water and found that the presence of PE MPs could reduce the toxicity of
bifenthrin to exposed larvae [25]. Studies have shown that PVC, PE, PP, and PS have a high
sorption capacity for organic pollutants, such as dichlorodiphenyltrichloroethane (DDT),
phenanthrene (Phe), bis-2-Ethylhexyl phthalate (DEHP), and chlorinated benzenes [26-28].
The adsorption by MPs can transfer chemical compounds from water into aquatic organ-
isms. The concentrations of organic pollutants (polychlorinated biphenyls and polybromi-
nated diphenyl ethers) in aquatic organisms have been found to be positively related to the
amount of ingested MPs [29,30]. However, the adsorption capacity for organic pollutants
on MPs highly depends on the MPs’ characteristics, the chemical composition of the organic
pollutants, and environmental factors, such as pH and ionic strength [28].

Besides adsorption, MPs can leach organic compounds into water. Most of the plastic
additives are not covalently bound to MPs and can be released into the surrounding water.
The release process can be assisted by solar radiation and the biological degradation of
MPs [31]. DEHP and bisphenol A (BPA) additives have been detected in commercial
PVC and PS plastic solutions under UV light [17,32]. Polybrominated diphenyl ethers
(PBDEs), phthalates, nonylphenols (NPs), and antioxidant additives have also been found
in marine environments [20]. Besides additives, MPs can leach other dissolved organic
compounds derived from MP polymers into the aqueous phase. A few published studies
have documented that these polymer-derived dissolved organic compounds potentially
contribute to dissolved organic matter (DOM) pools in aquatic ecosystems [23,33]. DOM
is a complex mixture of organic molecules that can pass through a 0.2-0.7 pum filter [34].
MPs in natural waters can form a “micro-environment”, the chemical composition and
microbial activities of which are significantly different from those of the surrounding
environment. This “micro-environment” can affect the biogeochemical cycles of natural
DOM and microorganic pollutants [23,35-37]. MPs can also serve as a carrier for DOM,
which significantly impacts DOM transport along the aquatic continuum [38].

Research on the occurrence and ecological effects of MPs in water has progressed
rapidly in recent years. This study aims to review the current research and identify knowledge
gaps in the interactions between increasing amounts of MPs and dissolved organic compounds
in aquatic systems. In Sections 2 and 3, we summarize the adsorption and release of dissolved
organic compounds by MPs and their environmental factors. In Section 4, we explore the
current knowledge on the impacts of MPs on the source and sink of natural DOM. Guidance
on future study directions in this field is provided at the end of this paper.

2. Adsorption of Dissolved Organic Compounds on MPs

Currently, studies on the adsorption of dissolved organic compounds by MPs mainly
focus on the following aspects: (1) the adsorption mechanisms of dissolved organic com-
pounds on MPs, and (2) the impact of environmental factors on the adsorption of dissolved
organic compounds on MPs. Studies on the adsorption of dissolved organic compounds
on MPs are summarized in Table 1.
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Table 1. The adsorption mechanisms of dissolved organic compounds on MPs and the influencing factors.

Adsorption Influencing Specific Process Literature

Mechanisms Factors P Source
Chemical Adsorption increases with increasing hydrophobicity [27,39-44]
property

Increasing pH — promoting dissociation of hydrophobic neutral
pH sorbent molecules into hydrophilic, negatively charged substances [42,45]
— reducing hydrophobic interactions

Hydrophobic
interactions The presence of salt ions — reducing the solubility of the
Ionic strength compound in aqueous solution — promoting hydrophobic [40,42,46,47]

adsorption of the compound on MPs

UV irradiation — leading to the aging process — changing the
UV radiation surface properties (size, surface area, porosity, surface polarity) of [48,49]
MPs — enhancing the adsorption of hydrophilic organic pollutants

Increasing temperature — increasing the mobility and solubility of
Temperature the adsorbed molecules — the van der Waals forces decrease — the [50]
Van der Waals adsorption capacity decreases

force
Increasing ion concentrations — ions (Na and Ca) can occupy the

Toni h S . . .
onic strengt adsorption sites of MPs — decreasing absorption capacity

Increasing pH — increasing the 7t donor capacity of the sorbent —

p enhancing m—m interactions

7Tt interactions The stronger the cation — the stronger the binding between
Ionic strength organic compounds and other ionic compounds — leading to [53]
increased adsorption of organic compounds on MPs

Negatively charged MP surface and lower pH — leading to the
. pH protonation of MPs — contributing to the electrostatic gravitational [43,48,53-55]
Electrostatic force between organic compounds and MPs

interactions : S
Electrolytes can compete with adsorbates for electrostatic sites —

decreasing the adsorption capacity [43,53,56,57]

Ionic strength

2.1. Adsorption of Dissolved Organic Compounds on MPs: Mechanisms
2.1.1. Hydrophobic Interactions

Hydrophobic interactions are of major importance for the adsorption of nonpolar dis-
solved organic compounds on MPs in aqueous solutions [38]. Hiiffer and Hofmann (2016)
investigated the sorption behavior of seven aliphatic and aromatic organic compounds on
four types of MPs (PA, PE, PVC, and PS). The experimental isotherm results showed that
the chemical properties of both the MPs (monomeric composition) and organic compounds
(hydrophobicity) had important effects on the sorption behavior [58]. The adsorption
of Suwannee River humic acid (SRHA) and Suwannee River fulvic acid (SRFA) on PS
in an aquatic environment was investigated using kinetic, isotherm, and site energy dis-
tribution analyses [39]. The results showed that hydrophobic interactions were one of
the two main adsorption mechanisms of SRHA and SRFA adsorption on PS. The adsorp-
tion capacity for different organic compounds on MPs is positively correlated with their
octanol-water partition coefficient (Kow or log Kow), a parameter that is commonly used as
a hydrophobic parameter [37,42,59].

2.1.2. Van der Waals Force

For nonpolar aliphatic polymers with no specific functional groups, their interactions
with organic compounds are mainly van der Waals interactions. For instance, Guo and
Wang (2019) demonstrated that the sorption capacity for sulfamethoxazole (SMX) on
polystyrene (PS) was higher than that of polypropylene (PP) [41]. This phenomenon is due
to the different chemical characteristics of PE and PS. PE and PS are aliphatic and aromatic
polymers, respectively. The adsorption of SMX on PE and PS is driven by van der Waals
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and 7—7t interactions, respectively, based on their aliphatic and aromatic characteristics. The
higher energy of — interactions than that of van der Waals interactions resulted in a higher
adsorption capacity for SMX on PS than on PE [41,43]. Li et al. (2018) also showed that the
adsorption affinity of sulfadiazine (SDZ) on PS through both non-specific van der Waals and
m—7t interactions was higher than that on PE through only van der Waals interactions [54].

2.1.3. 7—m Interactions

In the summary of the adsorption mechanisms of organic compounds on MPs (Table 1),
m—7t interactions are often discussed together with van der Waals interactions. Through
spectroscopic analyses, Chen et al. (2018) investigated the interaction between commercial
dissolved organic matter humic acid (HA) and PS. Their results showed that PS mainly
interacts with the aromatic structure of dissolved organic compounds via 7— interactions
and is then entrapped in the organic molecule by carboxyl-group C=0 bonds within the
DOM [52]. The study by Zhang et al. (2012) showed that, in addition to hydrophobic inter-
actions, 7— electron donor—acceptor interactions play an important role in the adsorption
of HA and FA on porous PS [53].

2.2. Adsorption of Dissolved Organic Compounds on MPs: The Effect of MP Characteristics

The adsorption of dissolved organic compounds on MPs is highly affected by the
characteristics of MPs, such as their particle size, porosity, and specific surface area [60]. The
chemical composition of a polymer is described based on its chain structure. The polymer
chains are arranged and stacked to form an aggregate structure, including crystalline and
amorphous components. The influence of the aggregate structure on adsorption is usually
more important than that of chain structures. In addition, other structural properties of
MPs, such as their density, degree of crystallinity, and abundance of rubbery and glassy
states in the amorphous region, can directly lead to different adsorption capacities [54,61].

2.2.1. Particle Size

The particle size of MPs is of great importance for the adsorption of dissolved organic
compounds on MPs [62,63]. Chen et al. (2018) demonstrated that the affinity of MP and
DOM interactions is highly dependent on the particle size of the MPs [52]. Smaller MP
particle sizes possess a larger specific surface area and higher porosity, which are favorable
for the adsorption of DOM on MPs [42,64,65]. Studies show that MPs’ specific surface
area and adsorption sites increase with decreasing particle size, which can enhance the
adsorption capacity for dissolved organic compounds on MPs [40]. However, Fang et al.
(2019) found that the adsorption capacity for triazole fungicide was the highest at a PS
particle size of 10 um, followed by a particle size of 2 pm. The reason for this phenomenon
may be due to the agglomeration of MPs with particle sizes that are too small [66].

2.2.2. Morphological Effects

Based on molecular chain arrangements, plastic polymers can be classified into crys-
talline, semi-crystalline, and amorphous structures. Amorphous structures consist of
rubber and glass subcomponents. Plastics in a glassy state can transform into a rubbery
state at a certain temperature, which can be influenced by a few factors including chain
segment fluidity [56]. The morphological transformation of plastics can influence their
adsorption of organic compounds [58]. Zhao et al. (2020) found that the adsorption capacity
for organic compounds on polar MPs was almost two orders of magnitude higher than that
on nonpolar MPs, due to the higher proportion of rubbery states in the amorphous region of
the polar MPs [67]. Liu et al. (2019) demonstrated that rubbery PS and PE possess a larger
internal cavity volume in the rubbery region compared to their glassy counterparts, which
favors the accumulation and adsorption of polycyclic aromatic hydrocarbons (PAHs) [68].

On the other hand, the surface characteristics and crystallinity degree of MPs can
determine the adsorption of antibiotics on MPs [54]. Guo et al. (2012) also found that
PEs with the same chemical composition but different crystallinities (ranging from 58.7%
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to 25.5%) had varying organic carbon content-normalized sorption coefficients (Koc) for
hydrophobic organic compounds. However, the study by Liu et al. (2019) found no
significant relationship between bisphenol A adsorption capacity and MPs’ crystallinity.
These studies demonstrated that the sorption capacity between organic compounds and
MPs is not only affected by the crystallinity factor but also by other factors including surface
functional groups and surface roughness, which can influence the hydrophobicity of MPs
and regulate the interactions between organic compounds and MPs [46,69].

2.2.3. Density

The density of MPs also affects the adsorption of dissolved organic compounds on MPs.
For instance, low-density PE showed a higher diffusion rate for PAHs than high-density
PE, demonstrating that the adsorption of organic compounds on MPs is inversely related
to the density of MPs [70]. When studying the sorption behavior of three non-steroidal
anti-inflammatory drugs (NSAIDs) on PE MPs with different densities, Elizalde-Velazquez
et al. (2020) found that, in comparison with ultrahigh-density PE and medium-density PE,
low-density PE had the highest sorption capacity for NSAIDs [71].

2.3. Adsorption of Dissolved Organic Compounds on MPs: The Effect of Environmental Factors
2.3.1.pH

The pH of media is an important factor influencing the adsorption of organic com-
pounds on MPs, due to the fact that variations in pH can change the morphology and
surface charge of organic compounds [71]. For instance, PE, PS, and PP have a net posi-
tive charge at pH values below their respective points of zero change, i.e., 6.63, 6.69, and
6.76 [54]. The acidic condition favors the partitioning of organic compounds onto MP
particles [71]. A few scholars demonstrated a gradual decrease in the adsorption of organic
compounds on MPs with increasing pH [54,72,73]. However, studies also showed that the
adsorption process of some organic compounds on MPs did not significantly change when
the pH was altered [40,48]. For instance, Zhang et al. (2020) proposed that the pH did not
significantly affect the adsorption of 9-Nitroanthrene (INAnt) on PE. This phenomenon can
be explained by the sorption of 9INAnt on PE due to the combined effects of hydrophobic
interactions and van der Waals forces rather than electrostatic interactions, which are more
easily affected by the pH of the medium [48,74].

2.3.2. Ionic Strength

The adsorption of dissolved organic compounds on MPs can be affected by the ionic
strength level. An increase in ionic strength (including C1~, Ca?*, Na*, and K* ions)
could reduce the adsorption of hydrophilic compounds but increase that of hydrophobic
organic compounds on MPs [24,40,75-77]. The presence of salt ions could reduce the
solubility of organic compounds and promote their hydrophobic adsorption on MPs, but
the adsorption enhancement may reach a plateau when the compound’s hydrophobicity
no longer changes with increasing ionic strength [40]. Guo et al. (2018) found that the
presence of potassium ions (K*) in the solution can cause competition between K* ions and
DOM for MP adsorption sites. This competition increases with the ionic strength of the
solution, which results in a decrease in adsorption [78]. However, Tang et al. (2019) found
that the sorption isotherms of benzene on HA were not affected by the concentration of
CaCl; in the solution, which may be due to the fact that the sorption of benzene on HA
does not occur via electrostatic interactions or ion exchange [76].

2.3.3. UV Radiation

UV radiation is crucial in the degradation of microplastic particles in the environ-
ment [19,79,80]. UV radiation leads to the formation of carbonyl groups in the surface layer
of MPs due to the introduction of oxygen. As a result, the polarity of MPs increases, which
can lead to a decrease in the adsorption capacity of MPs for nonpolar organic compounds,
such as benzene, toluene, ethyl benzene, and xylene [49]. Hiiffer et al. (2018) suggested
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that UV-induced surface functionalization decreases the adsorption coefficient of organic
compounds on PS [80]. The adsorption of hydrophilic organic compounds on artificially
aged (UV-accelerated aging) MPs was studied by Liu et al. (2019). Their results showed that
the adsorption capacities of dissolved organic compounds on aged PS and PVC were much
higher than on pristine MPs. The higher adsorption capacity of the aged MPs was caused
by the enhanced hydrogen bonding and electrostatic interactions after UV radiation [68].

3. Release of Dissolved Organic Compounds from Microplastics

Although durability and inertness are important characteristics of plastics, studies
have shown that plastics can leach additives, such as plasticizers and colorants, when
encountering different environmental conditions [81-85]. Mechanical, chemical, and bi-
ological processes can cause fragmentation, embrittlement, and modification of MPs in
aquatic environments. For instance, Shi et al. (2021) found that the photoaging of poly-
carbonate MPs could facilitate the fragmentation of PC MPs and enhance bisphenol A
release [82]. Romera-Castillo et al. (2018) estimated that, globally, up to 23,600 metric tons
of dissolved organic carbon (DOC) can be leached from marine plastics each year. Leached
DOC is crucial for the composition and activity of microbe communities in seawater [23].
The environmental modification and weathering processes of MPs in aquatic systems can
result in the loss of their surfactants, accelerating the release of organic compounds from
MPs into the environment [17].

Besides leaching artificial additives (i.e., plasticizers, colorants, and flame retardants),
MPs can also leach absorbed organic compounds into the environment. After irradiation
with UV and visible light, Chen et al. (2019) detected the release of organotin compounds
(OTCs) from PVC microplastics (MPs) [86]. Four types of OTC, namely dimethyltin (DMT),
monomethyltin (MMT), dibutyltin (DBT), and monobutyltin (MBT), were observed to be re-
leased from PVC in the dark. However, upon exposure to UV-visible light, only DMT and DBT
were detected. This can be attributed to the rapid photodegradation of MMT and MBT [83].

3.1. Effects of MPs” Characteristics

The concentration of organic compounds released from PE is almost four times higher
than that released from PP, indicating that the leaching concentration of porous organic
matter varies with the type and characteristics of the polymer [23]. Lee et al. (2020)
found that the desorption of the MP-derived additive BPA from rubbery PE and PP is
usually greater than that from glassy PVC and PS [17]. Research has demonstrated that
the molecular chain segments in the glassy subcomponent are denser and more tightly
linked than those in the rubbery subcomponent. As a result, the molecules located in
the amorphous regions are less densely packed and more prone to decomposition than
those in the crystalline regions [87]. The adsorption process in the glass subcomponent is
affected by partitioning and space filling [88]. Furthermore, space filling results in a lag in
release, primarily due to the conformational changes and distinct physical formation of
pores during adsorption and release [89]. It is evident that the release mechanism of MPs
can be affected by their distinct morphologies, which alter their conformation.

Organic compounds’ release efficiency can be affected by plastic materials such as
polymers and additives. Lee et al. (2020) compared the concentration and fluorescence
characteristics of DOM released from four different plastic materials (two polymers, PVC
and PS, and two additives, DEHP and BPA) under dark and light conditions. Their re-
sults showed that even small amounts of additives added to the polymers can increase
the possibility of organic compounds being leached from MPs into the aqueous environ-
ment [17]. Based on linear model fitting, Zuo et al. (2019) found that the adsorption capacity
for phenanthrene (PHEN) was much higher on the biodegradable plastic poly(butylene
adipate co-terephthalate) (PBAT) than on conventional plastics, such as PE and PS. The sorp-
tion and desorption capacities of MPs are highly dependent on their molecular properties,
such as the abundance of rubbery subfractions [90].

30



Water 2023, 15, 4126

3.2. Effects of Environmental Factors

Various environmental factors can affect the release of organic compounds from MPs.
Liu et al. (2019) found that the release of the MP additive BPA increased significantly as
the pH increased from 3.0 to 11.0 [46]. This result can be explained by the fact that under
alkaline conditions, BPA becomes ionized and promotes MP hydrolysis, which increases
the solubility and release of BPA [46]. Suhrhoff and Scholz-Bottcher (2015) investigated the
impact of salinity, UV radiation, and turbulence on the leaching of plastic-derived organic
additives (citrate, phthalates, BPA, etc.). A positive relationship between turbulence and
the magnitude of plastic-derived additive leaching was found. In contrast to turbulence,
salinity has a minor impact on organic additive leaching from MPs. The effect of salinity
highly depends on the inherent properties of plastics. The reason for this is that changes
in salinity can alter the water and compound chemistry, affecting the pH, ionic strength,
polarity, and other parameters [19]. Chen et al. (2019) found that the release of organotin
compounds from PVC particles was inhibited under high-salinity conditions, probably due
to organotin’s re-adsorption on PVC [86].

The weathering or aging of MPs can lead to changes in MPs’ surface and their release
of organic compounds. Lee et al. (2020) investigated the leaching of DOM from additive-
free MPs in artificial freshwater under UV radiation and dark conditions. Their results
showed that UV radiation facilitated the release of DOM from plastic polymers, and
the amount of leached DOM was approximately 3% of the total plastic mass [91]. Lee
et al. (2020) explored the fluorescence signature of DOM leached from two plastic polymers
(PVC and PS), two additives (diethylhexyl (DEHP) and BPA), and two commercial plastics.
They found that UV radiation facilitated the leaching of plastic-derived DOM. Under UV
radiation, one humic-like component (Ex/Em = 235(290) /410 nm) and one protein/phenol-
like fluorescent component (Ex/Em = 270/309 nm) were found to have strong correlations
with the polymer-derived DOM [17].

4. Impacts of MPs on Natural DOM in Aquatic Ecosystems

DOM is ubiquitous and plays an essential role in aquatic ecosystems by regulating
underwater light and providing an energy source for microorganisms [92,93]. The primary
source of autochthonous natural DOM in water is living phytoplankton, which release
DOM through lysis, senescence, and grazing [94]. Numerous studies have investigated
the toxicity effects of MPs on phytoplankton in water; however, very little is known about
the impact of MPs on the phytoplankton production of natural DOM. One recent study by
our research group found that light-aged MPs could decrease algal DOM production by
38% and modify the chemical composition of natural DOM by increasing the aromaticity
and molecular weight [95]. Compared to direct DOM leaching, the impact of MPs on
phytoplankton production of DOM may be more important to natural DOM cycling in
water (Figure 1).

Since natural DOM is a heterogeneous organic mixture (ranging from small amino
acids to large humic substances) with various functional groups [96], the aforementioned
mechanisms (hydrophobic interactions, van der Waals interactions, 7— interactions, hy-
drogen interactions, and electrostatic interactions) can apply to the interactions between
MPs and natural DOM in aquatic environments. In addition, as the molecular structure
of natural DOM is much more complex than that of a single organic compound, several
mechanisms often coexist for the adsorption of natural DOM on MPs.

Firstly, MPs can affect the physicochemical state of natural DOM in water. Natural
DOM in the water column can quickly form organic aggregates due to adsorption on MPs
via covalent bonding, hydrogen bonding, or other reactive functional groups, which can
lead to the co-precipitation of natural DOM with particulate organic matter (POM). Galgani
et al. (2018) observed an accumulation of chromophoric DOM (CDOM) in the sea surface
microlayer when MPs were present [97]. Chen et al. (2018) found that 10 ppb nanoplastic
particles in the water column accelerated DOM-POM aggregation due to the hydrophobic
kinetic assembly [38].
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Figure 1. Schematic diagram of the impacts of microplastics (MPs) on the production and transfor-
mation of natural dissolved organic matter (DOM) in water. These processes are as follows: (1) MPs
affect the autochthonous production of DOM by interacting with phytoplankton and microorganisms;
(2) MPs affect DOM production by interacting with zooplankton; and (3) MPs affect DOM production
and transformation by releasing and adsorbing organic molecules.

Secondly, MPs can influence the natural DOM cycle by altering the microorganism
community in water [98]. Microorganisms are closely associated with MPs in water and
sediments and play a crucial role in aquatic biogeochemical cycles [99]. MPs can move up
the food chain and quickly become part of the biogeochemical cycles in the water column.
They can act as a carbon source for elemental cycling [100]. Planktonic microorganisms
can attach to or aggregate with MPs or actively consume or break down MPs [101]. En-
vironmental factors, such as photo-oxidation, can cause microplastics to age and change
their surface morphology, roughness, and chemical properties. These changes can increase
microbe adhesion, provide favorable conditions for biofilm formation, and ultimately
accelerate the biodegradation of MPs [99]. Studies have shown that microorganisms can
actively interact with or passively attach to MPs, using available electron acceptors to break
down these polymers. These intermediate degradation products may act as electron donors
for microbial utilization [101]. On the other hand, the adsorption and release of DOM
by MPs can impact the productivity and structure of microbial communities in natural
water bodies [101]. Andres et al. (2019) proposed that DOM released by MPs could explain
the different characteristics of carbon substrate utilization by microorganisms attached
to MPs compared to microorganisms in the surrounding water [102]. Pinto et al. (2020)
demonstrated that certain prokaryotes can survive solely on MPs and are relatively abundant
in various water masses of the global ocean [103]. Recent studies have shown that the release
of DOM from MPs can stimulate microbial utilization of DOC in water [104,105]. However,
the article by Oberbeckmann and Labrenz (2020) reviewed the role of microbial interactions
with MPs in marine ecosystems and demonstrated that MPs in the ocean represent recalcitrant
substances for microorganisms that probably would not be microbially degraded [105].

Finally, MPs can influence natural DOM cycling by interacting with zooplankton.
Fecal pellets excreted by zooplankton are not only a food source for marine organisms but
also part of the biological pump that contributes to the marine vertical flux of POM, an
important source of DOM in water. Cole et al. (2016) found that zooplankton that ingested
marine MPs could reduce the density, structural integrity, and sinking rate of their fecal
pellets. This interference can hinder the biological transport of carbon from the ocean
surface to the deep sea [106]. This result was also observed by Corsi et al. (2020), who
demonstrated that the adsorption of MP particles on the surface or their internalization
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in feces reduced their motility and affected their sinking or floating behavior, ultimately
affecting the “sink” of natural DOM [107].

5. Conclusions and Future Perspectives

The present review on the interactions between MPs and dissolved organic compounds
addressed the following research issues: the adsorption mechanism of dissolved organic
compounds on MPs and environmental factors; the release of dissolved organic compounds
from MPs and environmental factors; and the impact of MPs on natural DOM cycling
in aquatic ecosystems. Although researchers have made progress in understanding how
organic compounds are absorbed and released by MPs in water, the mechanisms that
drive the adsorption and release behaviors of dissolved organic compounds on MPs are
still not fully understood. More importantly, there has been little investigation into the
direct interactions between MPs and natural DOM in aquatic environments. Specifically,
the impacts of MPs on the production and transformation of natural DOM in aquatic
ecosystems are unanswered questions. In addition, the interactions between aquatic
organisms and MPs are numerous and complex, and the nature of their interactions has not
yet been thoroughly investigated. The following knowledge gaps require further studies:

(1) Thus far, studies have concentrated on the adsorption of specific organic pollutants
on MPs, and little information is available on the direct interactions between MPs and
natural sources of dissolved organic compounds.

(2) A few recent studies reported the magnitude of DOM released from MPs in water;
however, the significance and contribution of DOM released by MPs to aquatic carbon
cycling require further evaluation.

(3) The topic of “MPs have the potential to become a local hotspot for microbial activity
and influence the carbon cycling process in water” has been widely proposed. Nevertheless,
to what extent MPs influence microorganism metabolism linked to carbon cycling remains
an enigma.

This review highlighted the interactions between MPs and natural DOM, offering a
limited understanding of the interactions between MPs and dissolved organic compounds
in water. Due to the wide variety of MPs and natural DOM, future advances in under-
standing the impact of MPs on the magnitude and transformation of dissolved organic
compounds are urgently needed.
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Abstract: Advanced 'H Nuclear Magnetic Resonance (NMR) relaxometry and diffusometry methods
and VIS-nearIR spectroscopy combined with pH, electrical conductivity (EC) and totally dissolved
solids (TDSSs) measurements were used to assess the properties of wastewater collected from a
chicken slaughterhouse in each step of the treatment process (wastewater before treatment, biologi-
cally treated wastewater, chemically treated wastewater and discharged wastewater) and from sludge.
The 'H NMR Carr-Purcell-Meiboom-Gill (CPMG) and Pulsed-Gradient-Stimulated-Echo (PGSE)
decay curves recorded for all samples of wastewater were analyzed by inverse Laplace transform
(ILT) to obtain the distributions of transverse relaxation times T, and diffusion coefficient D. The VIS-
nearlR total absorbance, T»-values, D-values, pH, EC and TDSS parameters were used for statistical
analysis in principal component (PCA). The IH T,-distributions measured for the slaughterhouse
wastewater lie in two main regions reflecting the number of dissolved solids or the distribution of
undissolved solids. The PCA analysis successfully differentiates between polluted and less polluted
wastewaters and sludge. The wastewater treatment applied by the slaughterhouse is efficient. The
recommended methods for wastewater monitoring are the NMR T5- and D-distributions and EC,
TDSSs and NMR-D diffusion coefficient. Finally, Machine Learning algorithms are used to provide
prediction maps of wastewater treatment stage.

Keywords: slaughterhouse wastewater and sludge; 'H NMR relaxometry and diffusometry; VIS-nearIR
spectroscopy; pH; EC and TDSSs measurements; PCA (principal component analysis); Al-prediction
using machine learning

1. Introduction

Nuclear Magnetic Resonance (NMR) is a powerful analytical tool, extensively used
for the characterization of microscopic properties of many classes of materials. However,
it is not yet favored in the assessment of wastewater properties, particularly in that col-
lected from slaughterhouses. Classical measurements of wastewater characteristics are
mainly based on determining the global physicochemical parameters, such as electrical
conductivity (EC), total suspended solids (TSSs), total dissolved solids (TDSSs), apparent
color, turbidity, pH, chemical oxygen demand (COD) and ammoniacal nitrogen (NH;3-N)
of poultry slaughterhouse wastewater (PSW) [1]. Distilled water has a poor electrical con-
ductivity due to the lack of ions. The presence of electrically charged particles is necessary
to support the electrical conduction in solutions. Therefore, measuring high electrical
conductivity in wastewater clearly indicates the presence of various types of particles, and
thus a certain degree of wastewater pollution [2]. Determining the total suspended solids
and the total dissolved solids can indicate the amount of undissolved solid pollutants and
that of dissolved pollutants, respectively. The TDSSs and/or the TSSs values are usually
proportional to the amounts of these solids in the aqueous sample. Depending on the
size and the electrical properties of the particles in the wastewater, liquids can present
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certain sensitivity to the incident light. Therefore, an apparent color of wastewater can be
associated with the presence of specific pollutants. Otherwise, the overall characterization
within the visible range can be carried out by performing turbidity measurements. The
presence of dissolved or undissolved pollutants may increase its turbidity and therefore
reduce the intensity of light transmitted through wastewater samples [3]. Water is a good
solvent for a large range of compounds. Therefore, the measurement of wastewater pH
value can indicate the pollution level [4,5]. The amount of organic matter in wastewater
samples can be determined by classical methods such as: (i) total organic carbon (TOC),
directly indicating the organic matter content; (ii) biochemical oxygen demand (BOD),
and (iii) chemical oxygen demand measurements. The last two (BOD and COD) offer
an indirect quantification of the total organic matter content in aqueous samples. The
biochemical oxygen demand is related to the biodegradable organic content of samples.
This can be quantified by measuring the oxygen consumption by microorganisms present
in the water samples [6,7]. Another indicator of the total organic content is the presence
of ammonia, an inorganic compound that demands and consumes oxygen during the
process of conversion to nitrate. Other parameters that may complete characterization
of wastewater quality may include: (i) the chemical variables such as, ammonia (NHj3),
chloride (C17), nitrates (NO3 ™), orthophosphates (—POZ3), sulphates (SO4%7), oxidation
reduction potential (ORP), total nitrogen (TN) or total phosphorus (TP); (ii) microbiological
variables, such as fecal coliforms (FC), total coliforms (TC), or Escherichia coli (E. coli) [8-10].
Relative recently, Aatik et al. developed a wastewater quality index (WWQI) to estimate
the overall quality status of the raw and treated wastewaters. This is a number that can
cumulatively describe the quality of an aggregate set of measured physicochemical and
biological parameters [10]. For example the (waste)water can be described as: (i) poor for
WWOQI between 0 and 44; (ii) marginal for WWQI from 45 to 64; (iii) fair for WWQI from 65
to 79; (iv) good for WWQI from 80 to 94, and (v) excellent for WWQI from 95 to 100 [10,11].

Throughout all the stages in the slaughterhouse production line, large amounts of
water are consumed (15-20 L/chicken), thus also requiring an intense processing of re-
sulting wastewater. This is loaded with organic matter that may re-enter the environment
in large amounts, via effluents [1,12]. It is therefore essential to apply efficient purifica-
tion treatments of wastewater prior to release. Wastewater management is considered an
important task, subjected to strict global regulations [13-15]. Some well-established physic-
ochemical methods, used to treat the wastewater by removing contaminants such as metals,
organic matter (OM) and total suspended solids, are [16]: coagulation—flocculation [17,18];
flotation [19,20]; electrocoagulation [21,22]; chemical precipitation [1,17,23-25]; ultra- and
nano-membrane filtration and reverse osmosis [26,27]. Traditionally, biological (aerobic
and anaerobic) treatment methods have been used for poultry slaughterhouse wastewater
treatment. Unfortunately, both biological techniques present some limitations [28]. The
conventional treatment processes of agro-industrial wastewater based on the aerobic tech-
nologies requires high energy consumption for aeration and generates large amounts of
sludge. In recent years, these tend to have been replaced by more environmentally friendly
anaerobic biotechnologies. Among others, for the slaughterhouse wastewater treatment, the
sequencing batch reactor (SBR) showed a good efficiency for pollutant removal [15,28,29].

Classical measurements of wastewater properties based on determining the electrical
conductivity, TSSs, TDSSs, turbidity, pH or COD values are far from an accurate descrip-
tion. Moreover, in many situations, within experimental errors, the samples cannot be
differentiated using only these parameters. By comparison with usual situations, anyone
can imagine that, knowing only the average age, it is difficult to describe the population
structure of a country or, knowing the average wage, it is difficult to guess the distribution
of income for the employees of a company. Similarly, knowing just a single value of a
parameter, describing globally a complex sample with many components like wastewater,
can dramatically limit any improvement in treatment methods. In these situations, im-
provement very often comes from a strategy of trial and error. Conversely, implementing
characterization methods capable of discriminating between different components, and
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characterizing them, allows an educated strategy for an efficient improvement of treat-
ment by knowing the mechanism of interaction between the treatment agent and sample
(wastewater in this particular case). Such methods are based on Laplace spectroscopy, such
as NMR relaxometry and diffusometry, or classical Fourier spectroscopy, such as FT-IR
or UV-VIS.

NMR is one of the most widely used characterization methods for a large variety
of materials, from plastics to elastomers [30-33], ordered tissues [34,35], denaturation of
keratin [36,37], proton exchange membranes [38,39], biomaterials [40], construction materi-
als [41] or even for in vivo human tissues [42]. With the exception of plastic/elastomers,
for all other materials 'H NMR implies the study of water states. H,O is seen as a group
of “spy” molecules in interaction with organic and inorganic materials. A logical step
was to apply the well-known 'H NMR methods, such as: (i) one-dimensional 'H NMR
relaxometry, to obtain the transverse relaxation times T,-distribution, sensitive to water
pools dimension [13,41,43,44]; (ii) one-dimensional 'H NMR diffusometry to obtain the
distribution of self-diffusion coefficient D, sensitive to molecular water mobility and water
pools restrictions [31]. These two NMR parameters are sensitive to water impurities, and
thus different water components can be revealed. For example, in slaughterhouse wastewa-
ter can be found: (i) soluble impurities that will increase the wastewater viscosity reducing
the T, and D values or (ii) insoluble impurities that, depending on their dimensions, can be
seen as different relaxation environments leading to multiple T,-values. Having different
sizes and different hydrophilicity (or hydrophobicity), such impurities can act (or not)
as transport vehicles for water molecules. Then, one can observe multiple values in the
measured D-distribution. The NMR data are analyzed by the inverse Laplace transform
(ILT) [45-48]. In this way, one can obtain the distribution of relevant NMR parameters to
describe the wastewater states by water components [13,41,43,44,49-52].

The aim of this study is to assess the efficiency of new methods, such as low field
'H NMR relaxometry and diffusometry and VIS-nearIR spectroscopy in analyzing the
polluted wastewater (PSW) during the treatment process in the slaughterhouse. The
advantage of these methods resides in their ability to offer a large range (distribution) of the
measured parameters. The sample apparent color is used to characterize the wastewater
contamination with impurities. Such soluble or insoluble impurities can increase the
turbidity of wastewater samples. In this study, we aim to better characterize these two
parameters by VIS-nearIR spectra measured for a range of wavelengths from 390 to 980 nm.
Afterwards, we show how the non-classical methods can be combined with the classical
methods which characterize the entire wastewater samples, for a complex analysis using
Principal Component (PCA) [53,54]. Thus, PCA statistical data lead to graphic plots that
are easily interpreted to discriminate between all types of wastewater (at least between the
polluted and less polluted). Thus, the PCA can be used to evaluate the treatment process
efficiency and can offer information about the relevance of each measured parameter in
the characterization of the PSW purification. Moreover, it can be used in combination with
machine learning algorithms to provide predictions related to the stage of the treatment
process. In this way, the integrated combination of NMR relaxometry and diffusiometry
with VIS-nearIR spectroscopy and conventional measurements, such as pH, EC and TDSS in
PCA analysis, enhanced by predictions performed by an ANN machine learning algorithm,
will provide a comprehensive assessment of wastewater properties. This integrative
approach ensures a thorough evaluation of the treatment process at various stages!

2. Materials and Methods
2.1. Materials and Processes in the Slaughterhouse Wastewater Purification Treatment

The wastewater and sludge samples were collected from a chicken slaughterhouse
located in the northwestern part of Romania, from winter to spring in four different months.
The main components of chicken slaughterhouse purification treatment plant are presented
in Figure 1. The untreated wastewater was collected from the pumping basin where the
wastewater is brought directly from the slaughterhouse. This wastewater contains all the
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specific organic matter pollutants resulting from the slaughterhouse, such as dejection,
fodder, gastric contents, blood, fragments of meat and intestines, fats, feather remnants, etc.
From here, the wastewater is pumped by a parabolic filter that allows only the wastewater
and small particles to pass, while the large residues are collected by gravitation in an
external tank (see Figure 1). Next, the wastewater is stored in a large pool, where it is
periodically mixed by aeration to avoid the sedimentation of heavy matter. From here,
the wastewater is pumped in a flotation basin for chemical treatment. This treatment is
performed in the presence of SUPERFLOC C-2240 (registered trademark) liquid cationic
polymer. According to the producers, this liquid coagulant polymer acts as primary
coagulant, being a charge neutralization agent in the liquid/solid separation processes.
The liquid polymer enables filtration, flotation of dissolved air, wastewater clarification,
and reduces the use of inorganic salts. It is used at a ratio of approximately 1.8 L of liquid
polymer to 1000 L of wastewater, but the effective dose is pH controlled.

parabolic filter

wastowtier ‘ — |___
rom
slaugh?erhnuse SBR
aeration
pumping basin homogenization pool sludge basin
l iuuu.umm.munuluuuu(
- % = o
flotation basin  *
AAVAVAVAVAY; s
15
1 Untreated wastewater | D T |
2 Chemically treated wastewater — contact basin
3 Biologically treated wastewater liquid polymer tank
4 Discharged wastewater
5 Sludge buffer tank

Figure 1. The main components of the wastewater purification treatment plant of a chicken slaugh-
terhouse.

The second chemical agent is sodium hydroxide (NaOH), popularly known as caustic
soda (or lye). This is a highly caustic base, used to decompose the proteins remained in
the wastewater. Ferric sulphate is the third chemical agent, typically used for wastewater
treatment and sludge conditioning, for removing phosphorus, to reduce the hydrogen
sulphate, and to attenuate the corrosiveness and odor of wastewater and sludge. Being
lighter than water, the coagulated sludge is collected from the wastewater surface in the
flotation basin with a paddled conveyer belt and is stored in a sludge basin. From here, it is
then transported to another city to be used in producing biogas.

The sludge samples were collected from the sludge basins, as shown in Figure 1. The
chemically treated wastewater samples were collected from the bottom of the flotation
basin through a drain hole (see Figure 1). After its separation from sludge, the chemically
treated wastewater is pumped in the contact tank that communicates with an external
basin where the liquid undergoes the biological treatment process. This is mainly based
on the anaerobic bacterial treatment in a classical sequencing batch reactor, also shown
in Figure 1. In this biological treatment basin, the bacterial population is controlled by
wastewater retraction in the contact basin and/or by aeration. The samples of biologically
treated wastewater were collected in daylight during the purification process. The bio-
purification technology implies numerous steps. To be discharged after a sequence of
nitrification, the wastewater is subjected to a 2 h stage of nitro-sedimentation, followed

41



Water 2024, 16, 2382

by another 2 h stage of sedimentation. The control mechanism of the wastewater station
only allows the wastewater to be discharged after these 4 h of sedimentation stage, which
usually takes place overnight. The samples of discharged, and hence completely treated
wastewater, were collected from a buffer tank located between the slaughterhouse treatment
plant and the Crasna River flowing nearby. The sediments collected at the bottom of the
biological treatment basin are pumped back in the homogenization pool, and re-enter to
the purification circuit, again undergoing chemical treatment and separation from sludge
in the flotation basin. Thus, the sludge results are combined from both the biological and
the chemical treatments.

The wastewater samples (untreated wastewater, chemically treated wastewater, bio-
logically treated wastewater, discharged wastewater) and sludge were each stored each in
¥ L plastic containers, immediately transported to the analytical laboratory at the Technical
University of Cluj-Napoca (TUCN), and the analyses run as soon as possible (1 to 3 days).
Prior to each measurement, the samples were homogenized by manually agitating the
bottles for 1-3 min. Between the successive sets of measurements the wastewater samples
were stored in the transport bottles at room temperature and protected from light.

2.2. Methods

The first set of measurements were performed for the overall parameters: pH, electrical
conductivity and totally dissolved solids. The second set of measurements consisted of
the 'H NMR relaxometry that lasted several minutes per measurement. The 'H NMR
diffusometry measurements were the longest, lasting approximately 80 min per sample.
Finally, the FT-IR spectra (not discussed here) were the last performed measurements,
requiring in total 5 min per sample [13].

The 'H NMR relaxometry and diffusometry measurements for all the wastewater
samples were performed using a Bruker Minispec MQ 20 (Bruker Co., Ettlingen, Germany)
spectrometer working at 19.69 MHz. The NMR relaxation data were recorded using the
well-known CPMG (Carr-Purcell-Meiboom-Gill) pulse sequence [13,41,42] with echo
time 27 = 2 ms (Figure Sla, in Supplementary Information). A total of 3000 echoes were
registered, and the repetition time or recycle delay (RD) was set at 3 s. For a good signal-to-
noise ratio (Figure 2a), acquiring 32 scans was sufficient [13]. Then, the experimental data
were processed using a fast inverse Laplace-like transform (ILT) algorithm, increasingly
used in recent years to analyze multi-exponential decay curves [13,42,44-46]. The NMR
self-diffusion data were recorded using the pulsed gradient stimulated echo (PGSE) pulse
sequence (Figure S1b in Supplementary Information). The inter echo time T was set at 3 ms,
the encoding and decoding pulse gradients duration  was 0.4 ms, while the self-diffusion
time A was set at 20 ms. A number of 64 acquisitions were collected with a recycle delay of
1.5 s. The recorded data were analyzed by the ILT algorithm with the proper (see below)
kernel. The ILT analysis [45—48] will be described in Section 2.3 below.

The Vis-nearIR spectra were recorded in less than 10 s per sample, using a PASCO
spectrometer. For some wastewater samples, a sedimentation time was necessary before
each measurement. The sludge samples were distilled at a ratio of 1:20, by adding 1 mL
sludge to 20 mL of distilled water. The measurement set-up was as follows: (i) the lower
wavelength A;, was 379.928 nm; (ii) the higher wavelength Ay was 950.11 nm; (iii) a total
number of 2132 points were acquired with a resolution of 0.268 nm; (iv) 25 scans were
accumulated to increase the signal-to-noise ratio (SNR).

The pH and the electrical conductivity were measured using a water quality me-
ter multi-parameter Model 8603. The totally dissolved solids were measured using a
pocket TDSS/EC meter. All the methods of measurement/analysis follow the standard
protocols [1].
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Figure 2. (a) The normalized CPMG decays recorded for the slaughterhouse wastewater (untreated—
black square, chemically treated-blue upper triangle, biologically treated-red circle and discharged

wastewater—dark yellow lower triangle) and sludge (diamonds) collected in month 1 of monitoring;

(b) the normalized T,-distributions of the CPMG decay curves presented in (a).

2.3. Data Analysis

The CPMG decays of nuclear magnetization, M(tcpmc) characteristic of water with

many types of impurities (see Figure 2a), are assumed to be multi-exponential. Each
specific transverse relaxation time describes a certain spin dynamics according to the 'H
environment. Therefore, the M(fcpymc) decay can be written as [42—44]:

N t
M(tcpmc) = ) 4 P(Tz,i)exp{— C;fc } 1
i

where P(T3;) is the probability of finding a statistical spin ensemble (water 1H) character-
ized by a specific transverse relaxation time Ty ; [36]. tcpmc = T2 = 2nT is the total duration
of the CPMG experiment, as can be seen from Figure Sla in the Supplementary Information.
To consider a real distribution of transverse relaxation times, the decay of the nuclear
magnetization presented in Equation (1) can be considered to have an integral Laplace-like
form that also contains the distribution function of transverse relaxation times f(T5) [42-48]:

—+o00

Fity= [ f(Tz)exp{—é}de. @

0

Nevertheless, the practical way to analyze the discretized acquired NMR signal is to

combine the finite summation presented in Equation (1) and the distribution function f(T5).
Finally, the goal of an inverse Laplace analysis is to find a normalized distribution function
f(T3). This will be interpreted as normalized probability to find a statistically relevant
number of water 'H characterized by a particular value of T,. Here, we have to remark
that the transverse relaxation process assumes a certain loss of phase of the nuclear spins
processing around a static magnetic field, and at the same time being in interaction with
neighboring spins. Therefore, for just an isolated spin, the T is not defined.

Similarly, the decay of the normalized pulsed field gradient echo (PGSE) NMR signal

can be viewed in an integral Laplace-like form containing the specific distribution function
f(D) of the self-diffusion coefficient [41,46]:

“+o0
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where D is the self-diffusion coefficient and the distribution function f(D) is the parameter
function to be obtained. The new kernel of Laplace-like integral presented in Equation (3)
contains the 'H gyromagnetic ratio y; the magnetic field gradient strength g; the duration
of encoding/decoding pulsed gradients 6 and the self-diffusion time A.

2.4. Statistical Analysis

In general it is not possible to directly compare the behavioral effects of two parameters
of different types, though a standard method is largely used to analyze the statistical data
(usually from more than one group) that are characterized by numerous variables or
observables having different measurement units. This is multivariate analysis, in particular,
principal components analysis [54]. For our study, we implemented our own numerical
program in MatLab 2020 and we plotted the results in Microsoft Excel software 2024. For
such PCA statistical analysis, a data matrix is produced containing the input values that
will be discussed later in Table 1. As variables, we selected: (i) the total absorbance from
the Vis-nearIR spectra; (ii) the most probable transverse relaxation time T, ; characteristic
to wastewater with dissolved solids, from 'H NMR relaxometry measurements; (iii) the
most probable self-diffusion coefficient D specific also to wastewater with dissolved solids,
from 'H NMR diffusometry measurements; and the bulk values for (iv) pH; (v) electrical
conductivity and (vi) totally dissolved solids. All the values of these six parameters were
considered for all our five groups of four samples, each of them corresponding to one
month of monitoring. The values of these parameters form the input matrix with 6 columns
and 20 rows. The results of the PCA method will be largely discussed later in the text.

Table 1. The values of relevant parameters (total VIS-nearIR absorbance, the most probable transverse
relaxation time T 1, the self-diffusion coefficient Dy, pH, electrical conductivity EC and the total
dissolved solids TDSS) measured for the slaughterhouse wastewater (untreated, chemically treated,
biologically treated and discharged) and sludge collected during four months of monitoring.

Total VIS-NearIR T Dy H EC TDSS

Wastewater Month Absorbance [s] [10-9 m?/s] IE-] [uS/em] [ppml]
1 1.06 * 1.57 2.76 5.11 478 263
2 0.14 1.71 2.86 6.75 1596 795
untreated wastewater 3 140 * 1.31 2.78 7.16 1236 618
4 2.13* 1.59 2.81 7.17 658 658
1 0.06 0.96 3.03 8.4 947 470
chemically treated 2 0.04 1.36 2.88 6.03 860 484
wastewater 3 0.05 1.02 2.90 6.35 740 374
4 0.02 0.89 2.95 6.53 383 383
1 0.33 ** 1.24 2.68 7.15 1182 597
biologically treated 2 0.14 ** 0.58 2.81 7.29 822 412
wastewater 3 2.99 ** 0.47 2.68 6.25 686 344
4 0.04 ** 0.33 2.67 6.66 353 353
1 0.02 1.53 2.98 7.52 860 433
discharged 2 0.02 1.30 2.86 5.84 429 429
wastewater 3 0.03 0.99 291 6.56 704 352
4 0.002 1.04 2.88 6.61 356 356
1 1.39 *** 0.52 2.31 7.23 2880 1662
Sludge 2 0.33 *** 0.32 2.62 6.92 2070 1045
3 0.43 *** 0.34 2.66 6.13 1668 826
4 0.32 *** 0.14 2.60 6.94 963 963

Notes: * Measured after 30 min of sedimentation; ** measured after 10 min of sedimentation; *** measured after
5 min of sedimentation; in all cases the measurement errors are smaller than 5%.
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2.5. Prediction Using Machine Learning ML5, an Al-Based Algorithm

The two-dimensional PC1-PC2 map obtained from PCA analysis were used for an
advanced prediction of probability maps from any newly assumed measurements using
the machine learning library ML5 [55,56]. For this, a dedicated program was written
in JavaScript following the descriptions presented in [56] and adapted for our purpose.
The 20 (=5 x 4) values obtained from PCA analysis was used to train an Artificial Neural
Network (ANN) with a learning rate of 10% and for 10,000 epochs. The resulting model
was saved and reloaded to predict the probability of a new measurement, located on each
element of a 100 x 100 matrix correlated to the PC1-PC2 map obtained from the PCA
analysis, associated with each type of wastewater or sludge.

3. Results
3.1. 'H NMR Relaxometry of Wastewater and of Sludge from the Chicken Slaughterhouse

The results obtained by measuring the normalized 'H nuclear magnetization decays
during the CPMG pulse sequence for all types of wastewater and sludge samples collected
over the first month of monitoring are compared in Figure 2a. At 6 s, a complete decay (less
than 5% from initial magnetization) is observed for all the wastewater samples, indicating
a large mobility of water molecules. An equivalent decay is observed for sludge (purple
diamond in Figure 2a), but this is achieved in less than 0.2 s, indicating, as expected,
a strong mobility limitation for the water molecules. Among wastewater samples, the
slowest decay was measured in discharged wastewater (dark yellow down triangle), which
is expected to present the smallest number of impurities.

Chemically (blue upper triangle) and biologically (red circle) treated wastewaters
present the fastest decays, suggesting the presence of large amounts of undissolved solids
and/or dissolved solids, and/or the presence of paramagnetic impurities.

A much better analysis of the normalized 'H nuclear magnetization decays, providing
deeper information about water state and efficiency of treatment process, can be achieved
by an inverse Laplace analysis [42—48]. The normalized transverse relaxation time T5-
distributions obtained from ILT of CPMG decays measured for slaughterhouse wastewater
(untreated, chemically and biologically treated and discharged wastewater) and for sludge
are presented in Figure 2b. The normalized probability function f(T;) presents a series
of peaks at different Tr—values covering more than three orders of magnitude from 1 ms
up to 3 s. From left to right (from small to large Tr—values) these peaks can be associated
with water molecules being in different environments. For example, the 'H with more
restricted mobility are characterized by small T—values, while water 'H with less restricted
mobility are characterized by large To—values. Considering the specificity of our samples,
one can divide the full domain of Th—values in two main subdomains. Thus, there is the
range of Tp—values from 1 ms up to 700 ms, of water molecules attached to undissolved
solids (on yellow background), and the subdomain of Tp—values from 700 ms to 3 s (with
blue-cyan background) where the particular position of peaks and therefore of the most
probable Tp—values is influenced by the type and number of dissolved particles [13]. In
particular, we measured for our low filed NMR spectrometer a To-value for distilled water
(no dissolved or undissolved particles) of 2.66 £ 0.1 s (see Figure 3). The presence of
various dissolved solids should be then evaluated by taking into account this reference
value. From Figure 2b, for wastewater samples in the subdomain of water pools with
dissolved particles, only one peak can be observed, but up to three peaks for water pools
with undissolved particles. It is reasonable to assume that the water molecules are attached
permanently or can experience a certain exchange between free water and bound water [41]
and the attachment is to undissolved particles of different dimensions. The size (and shape,
density, and hydrophilicity /hydrophobicity) of such particles can influence the mobility of
undissolved particles, hence the mobility of water molecules attached to these particles.
The NMR T, relaxation time is sensitive to 'H mobility and therefore it is a good parameter
to sense and characterize the presence and sizes of such undissolved particles. Furthermore,
it is reasonable to assume the fact that large particles will have a small mobility and the
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corresponding T relaxation times values are also small. Small particles will have then a
large mobility and a large corresponding Th—value. The integral area under the peaks, as it
is measured from the T,-distributions, is proportional with the number of 'H present in
each pool with a specific transverse relaxation time value.

15 .
> |distilled water with chicken feather
§ L barb, proximal and distal barbule
o) N\
510
o L
o
| .
Q_ F
8 [ distilled water with chicken feather rachis
N
©
=
3
c 0 distilled water
0.1 1 5
T, [s]

Figure 3. The normalized T,-distributions recorded for distilled water (bottom blue line), distilled
water with chickens feather rachis (middle orange line) and distilled water with chicken feather barb
and proximal and distal barbule (top red line).

Considering the above, in Figure 2b it can be observed that the T,-distributions
measured for the untreated wastewater is characterized by four peaks: (i) a large peak
(the largest integral area under the peak) in the subdomain of water with dissolved solids
with the most probable Tr—value of 1.57 s not so far from the limit of 2.66 s (blue curve in
Figure 3), indicating a small number of dissolved solids; (ii) a relatively large peak centered
at a Tpo—value of ~0.63 s indicating a large number of small undissolved particles; (iii) a
relatively medium size peak centered at a To—value of ~0.17 s indicating the presence of
medium size undissolved particles and (iv) a small (at the observable limit) peak centered
at a To—value of ~45 ms indicating the presence of relatively large undissolved particles. In
general, 'H NMR relaxometry is also a method capable, within certain limits, of offering
the size of such particles (or pores [36]), but the experiments need to be performed under
more idealistic conditions for inorganic interface water-matter, where a certain surface
relaxation parameter has to be estimated, conditions that are not fulfilled in our study.
Furthermore, for untreated wastewater, the sampling procedure can play an essential role.
For example, in our case, the narrow bore pipette used to insert the sample in the NMR
tube was acting as a filter for the larger undissolved fragments that are typically present in
untreated wastewater.

The chemically treated wastewater (blue line in Figure 2b) is characterized by a
single peak in the subdomains of water with dissolved solids. The fact that no peaks
were found in the domain of water with undissolved solids is a good indicator of the
efficiency of the coagulation—flotation sludge separation process applied in the chemical
treatment basin. On the other hand, the most probable Tp—value of ~0.96 s indicates a
larger presence of dissolved solids compared with the Tr—value of ~1.57 s measured for
the untreated wastewater. Two processes could explain these findings: (i) the undissolved
solids subjected to chemical treatment became soluble in water and (ii) the chemicals
(liquid polymer, caustic soda and especially the ferric sulphate) enrich the water with
paramagnetic impurities. The measured signal is the narrowest peak, compared to all the
peaks measured for wastewater samples, also indicating a high degree of homogeneity of
this sample. Surprisingly, the biologically treated wastewater is characterized again by
four peaks, one in the subdomain of water with dissolved solids and three in the range of
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water with undissolved solids. At first glance this looks like a regression in the treatment
process, but one must consider the complex mechanism of wastewater treatment presented
in Figure 1. This wastewater sample was collected from the biological treatment basin, in
daylight and in the presence of anaerobic bacteria, with nitrification and aeration processes
that mixed all components, prior to the nitro-sedimentation and sedimentation. The peaks
position in the T-distributions measured for the biologically treated wastewater (red
distribution function) for water with undissolved solids is almost identical to the position
of the peaks obtained for untreated wastewater (black curve). A quality improvement
in the water with dissolved solids can be noticed by observing that the most probable
Tp—value increases from ~0.96 s (measured for chemically treated wastewater) to ~1.24 s.

The efficiency of the pollutants removal using this sequencing batch reactor for
wastewater treatment is observed from the Ty-distributions measured for the discharged
wastewater, after several hours allowing for nitro-sedimentation and sedimentation. The
T,-distribution is characterized by a single peak located in the subdomain of water with
dissolved solids at a Tp—value of ~1.53 s. The position of this peak is similar to the position
of the peak obtained for untreated wastewater sample in the subdomain of water with dis-
solved solids. Its narrower linewidth indicates less variation in the types of dissolved solids.

The sludge (purple distribution at the bottom of Figure 2b) also presents four peaks,
but all of them are characterized by reduced Tp-values, suggesting, as expected, the
presence of protons with a reduced mobility. In fact, the term ‘water with undissolved
solids’; may by inappropriate in this case, since the sludge is a complex colloidal system [44].
Here, a large amount of water is trapped in the organic and inorganic matter, and therefore
has a reduced mobility and cannot be easily released. Moreover, taking into consideration
the lower limit of Tr—values (~2 ms) measured for this sample of slaughterhouse sludge,
one can reasonably assume that this peak corresponds to the 'H from organic matter. The
remaining peaks in the range of ~6 ms up to 1 s can be associated with water strongly
bound to the organic phase via vicinal water (hydrogen bound), with interstitial water
physically trapped in bio-floc, by steric hindrance and with a small amount of water with
higher mobility being less affected by the solid composition [43,44].

To assess the effect of specific solids on the T;-distributions measured for this slaugh-
terhouse wastewater, three samples were prepared: (i) distilled water; (ii) distilled water
with chicken feather rachis and (iii) distilled water with chicken feather barb, proximal
and distal barbule. The chicken feather was used as it was collected without additional
purification by washing and/or sterilization. The measured T,-distributions for these three
samples are presented in Figure 3. It can be observed that the sample of distilled water
(blue distribution) presents a single peak with the most probable Tp—value (maximum of
peak) centered at 2.66 s. The T,-distributions measured for distilled water samples with
parts of chicken feather present three peaks: (i) the main broad peak (compared to the
peak of pure distilled water) indicates an increased inhomogeneity of the aqueous medium;
(ii) a small peak located between ~0.8 and 1.3 s placed in the subdomain of water with
dissolved solids indicates that part of the feather impurities are dissolved in water and
(iii) a small peak located between ~0.16 and ~0.23 s, indicates a less restricted mobility.
This can be associated with water attached to chicken feather parts. This water may also
experience a certain exchange with free water, therefore the real T,—values may be affected
by this exchange process [47]. As expected, due to smaller parts of feather, such as barb,
proximal and distal barbule compared to rachis, the T,-distributions measured for the first
sample (top, red distribution in Figure 3) present broader peaks indicating a higher degree
of inhomogeneity. Moreover, the position of the main peak is shifted towards smaller
values indicating a reduction in the water mobility, most probably, by the interstitial water
between barbs and barbules. In conclusion, these measurements demonstrates the effect
of typical pollutants present in the chicken slaughterhouse wastewater, able to induce
additional peaks at smaller To—values in the Tr—subdomains of water with undissolved
solids (see Figure 2b), but also to shift the peaks located in the Tr—subdomains of water
with dissolved solids towards smaller To—values.
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The normalized T,-distributions recorded for four types of slaughterhouse wastewater
(untreated, chemically treated, biologically treated and discharged water, respectively)
collected during months 2, 3 and 4 are presented in Figure 4. As expected, the main
characteristics of these T»-distributions are similar to those presented by samples collected
in month 1, shown in Figure 2b, and discussed above. Nevertheless, the existence of some
variability indicates the necessity for a statistical analysis of such samples. In this sense,
for the Ty-distributions collected during months 2 to 4, one can remark: (i) the presence
of two to three peaks for the untreated wastewater; (ii) the presence of one or no-peak
for the chemically treated wastewater; (iii) two or three peaks for the biologically treated
wastewater and (iv) just one peak for the discharged wastewater, which confirms the
efficiency of the wastewater treatment applied.
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Figure 4. The normalized T,-distributions recorded for the slaughterhouse wastewater: untreated

(black), chemically treated (blue), biologically treated (red) and discharged wastewater (dark yellow)
collected in (a) month 2; (b) month 3; (c) month 4.

Since the discharged wastewater presents only one peak, identified as the main peak
located at the largest T»-values, only the most probable values measured for this peak (here
forth named T» ), associated with water containing dissolved solids, are comparatively
presented in Figure 5a. This is the case for all four types of wastewater and sludge
collected from the chicken slaughterhouse in all four months of monitoring. Relatively large
variations are observed for this NMR parameter, especially in samples of biologically treated
wastewater and sludge. The normalized T,-distributions of the last one are presented
in Figure S2 from Supplementary Information. The average values and the standard
deviations calculated for those four months of observations are presented in Figure 5b).
The largest value of average T, was calculated for the untreated wastewater (~1.54 s),
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indicating a small number of dissolved solids in this samples. The relatively small standard
deviation values indicate a certain consistency and homogeneity of these samples. The
average value of Ty ; calculated for the discharged wastewater (~1.22 s) has a relatively large
standard deviation compared to the untreated wastewater samples. The larger variability
presented by these samples can indicate the degree of the wastewater treatment efficiency.
The average T, value for the chemically treated wastewater (~1.06 s) is calculated with
a comparable relative measurement error. However, considering the large overlaps of
error bar domains observed for discharged and chemically treated wastewater, one can say
that this parameter cannot differentiate between these two types of wastewater. Among
the wastewater samples, the biologically treated wastewater showed the smallest T ;
value (~0.66 s) and the largest standard deviations. This clearly indicates the presence
of large amounts of dissolved solid in wastewater during the biological treatment stage.
As expected, the smallest averaged T ; value was calculated for the sludge (~0.33 s). For
these samples the relatively large standard deviation values indicate their large variety.
Since the untreated wastewater has an average T, ; value larger than that calculated for
discharged wastewater, and due to the fact that the average value of T;; calculated for
chemically treated wastewater is, within the experimental error limit, comparable with
that for the discharged wastewater, this parameter (T5,) alone is not a good indicator of
water quality. Therefore, other parameters have to be considered, such as the 'H NMR
self-diffusion coefficient.
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Figure 5. (a) The most probable T, values measured from the T,-distribution as maximum of the
main peak for all wastewater samples (untreated, chemically and biologically treated and discharged
wastewater) and sludge collected from a slaughterhouse in months 1 to 4; (b) the average over all
months of measurement of the most probable T, values presented in (a).

3.2. 'H NMR Diffusometry of Wastewater and Sludge from Chicken Slaughterhouse

The 'H NMR self-diffusion coefficient is a sensitive NMR parameter that can describe
well the properties of fluids located in pores, capillaries, or in every case in which dissolved
particles can influence the fluid molecules’ mobility, as in our case. Figure 6a shows (on a
logarithmic horizontal scale) the PGSE decays measured for all four types of slaughterhouse
wastewater and sludge. As expected, the decay measured for sludge is characterized by
the smallest diffusion (due to the strongest limitation of water molecules” mobility given
by their interaction with large amounts of pollutants) observed as the slowest decaying
curve. Such curves are hard to be interpreted quantitatively; therefore, a Laplace-like
analysis is performed using the kernel presented in Equation (3). The normalized D-
distribution functions resulting from this analysis are presented in Figure 6b. The domain
of D-distributions had to be extended, compared to the normal domain for the self-diffusion
coefficient [47]. This extension becomes reasonable by considering, as in the case of
relaxation data (see Figure 2b), the split of D-distributions in two: (i) the first corresponding
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to the self-diffusion of bulk water in the samples (see the blue background in Figure 6b)
ranging for our samples from 1072 m2/s up to (an arbitrary) 108 m?2/s; (ii) the second
associated to water molecules attached to solid residues and transported by flotation and
sedimentation, having therefore a larger apparent diffusion coefficient in the range of
1078 m?/s up to 107® m?/s. In this case, the limit of separation between the real self-
diffusion coefficient and the apparent diffusion coefficient, describing a flow rather than a
self-diffusion process, was chosen as a convenient route between these two domains.

- B [ ' billl& N transporteld water
month 1 <., [ self;diffusion attached to solid residues 1
= by flotation and/or sedimentation
L ] -(65 _ ]
R month 1
L ] o [ ]
| o untreated wastewater Q| Sliioe
A : o |
3 ehemicaly it E O ¢ discharged wastewater |
wastewater N S
[ o biologically treated © ¢ biologically treated wastewater
y \évasLewatzr ] % - chemically treated wastewater ]
| v discharged wastewater
o sludge 9 cr untreated wastewater
10° 10?100, 10° 10° 100 o A0 10
b [x10°° s/m?] D (x10° mS]

(@) (b)

Figure 6. (a) The normalized PGSE decays recorded for the slaughterhouse wastewater (untreated—black
square, chemically treated—blue upper triangle, biologically treated—red circle and discharged
wastewater—dark yellow lower triangle) and sludge collected in month 1; (b) the normalized D-
distributions of the PGSE decay curves presented in (a).

All samples present the largest amount of water as bulk water characterized by the
largest peak in the self-diffusion coefficient distribution (Figure 6b). For the first month of
monitoring, the wastewater samples (untreated, chemically and biologically treated and
discharged wastewaters) presented three peaks, the largest, as mentioned, in the domain
of self-diffusion and two of them in the domain of transported water. It is natural to
assume that the largest transport coefficient should be associated with water characterized
by a large velocity, and therefore a large mobility, specific to the small particles that the
water is attached to. On the contrary, if the water molecules are attached to large particles,
the mobility of this water-particle system is small. Therefore, the mobility of attached
water is small and it is observed as a small apparent diffusion coefficient. The untreated
wastewater leads to a broad peak centered at 2.76 x 10~° m?/s. This becomes narrow
as a result of the purification process that reduces the samples’ heterogeneity. A narrow
peak was also measured for the sludge sample. The most probable self-diffusion coefficient
(the peak maximum) increases from 2.76 x 10~? m?/s measured for untreated samples of
wastewater t0 2.76 x 1072 m?%/s t0 2.98 x 10~2 m?2/s for discharged wastewater, indicating
an increased mobility (or reduced restrictions). A large value is obtained for chemically
treated wastewater (3.03 x 1072 m2/s). The lowest most probable self-diffusion coefficient
was measured for sludge (2.31 x 1072 m?/s). This is normal, since this sample contains
the largest amount of residue. For the first month of monitoring, the D-distributions for
sludge present no peaks in the domain of transported water. This is not due to the fact
that there are no residues but, on the contrary, may be due to the fact that the amount
of residue is so large that the mobility of water molecules, due to the sedimentation or
flotation processes, is strongly reduced. For months of monitoring 2—4, the D-distributions
measured for sludge samples presented similar peaks in the water transport domain (see
Figure S3 from the Supplementary Information).

Two broad peaks with small amplitude are observed for all the wastewater samples in
the transported water domain (Figure 6b—yellow background). In all cases, the integral
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area under the peaks corresponding to water molecules attached to small particles (the
larger D-values, often of the order of hundreds of 10~ m?/s) is larger than the integral
area of peaks corresponding to water molecules attached to large particles (the small
D-values, often of the order of tens of 10~ m?/s). This indicates the presence of larger
numbers of small particles in the slaughterhouse wastewater. The largest number of such
small particles was found in untreated wastewater, as expected. The measurement of self-
diffusion coefficient distributions for the discharged wastewater (Figure 6b) revealed peaks
in the domain of transported water. This was a surprise, given that, for the relaxation times’
T,-distributions, the discharged wastewater generated a single peak (see Figures 2b and 4).
The presence of several peaks in the D-distributions measured for discharged wastewater
associated with water attached to mobile particles indicates that the 'H NMR measurement
of the self-diffusion coefficient is a more sensitive method than 'H NMR relaxometry. The
area under these peaks indicates the presence of a small number of such particles in the
discharged wastewater. This probably has the same (or appropriate) relaxation time T, as
the bulk water, therefore cannot be distinguished by the 'H NMR relaxometry method. The
peaks measured in the transported water domain are broad, indicating a large heterogeneity
of samples, here translated into a large distribution of particle dimensions. Moreover, the
presence of two resolved peaks (instead of just one really broad peak) suggests the presence
of at least two types of particles with different origins.

The normalized self-diffusion D-distributions measured for all chicken slaughterhouse
wastewater samples collected in months 2, 3 and 4 of monitoring are presented in Figure 7.
Generally, the characteristics previously described for month 1 of monitoring are also valid
for these samples. One can remark: (i) the similarly small deviation of the most probable
self-diffusion coefficient (measured at maximum of peaks from D-distributions) that from
here will be labeled as D;; (ii) the large amount of water attached to small particles especially
for untreated wastewater, chemically treated wastewater and discharged wastewater; (iii)
a comparable or small amount of water attached to small particles (D of the order of
hundreds of 10~° m? /s—from now labeled as D) than those attached to large particles (D
of the order of tens of 10~% m?/s—from now labeled as D5).

The measurement parameters (magnetic field gradients and delays in the PGSE pulse
sequence—see Figure S1b from the Supplementary Information) are calibrated for good
measurement of the bulk water self-diffusion coefficient. For our samples, this parameter
(Dq) is measured with the largest precision (affecting the full decay curve—see Figure 6a)
compared with the apparent diffusion coefficients D, and D3. The latter two are measured
with a small precision since, being one or two orders of measurement larger (than D;), can
only affect fewer points at the beginning of the decay PGSE curve.

For a quantitative analysis of the purification process via self-diffusion, only the D;
diffusion coefficient will be considered. All D; values measured for all four types of wastew-
ater samples and sludge for all four months of monitoring are comparatively presented
in Figure 8a. With some exceptions (month 2 for untreated wastewater and biologically
treated wastewater, and month 1 for chemically treated wastewater, discharged wastewater
and sludge), the measured values of the most probable self-diffusion coefficient D; are
similar for the other three months. The average of all four months and the measurement
errors are presented in Figure 8b. Within the experimental error limit, one can observe that
the D; parameter can be used to differentiate between the types of wastewater. An overlap
only exists between the chemically treated wastewater and the discharged wastewater. The
smallest D value (and the largest error) was measured for sludge, and the largest were
measured for chemically treated wastewater and for discharged wastewater. In conclusion,
the large value measured of the self-diffusion coefficient D; for discharged wastewater
indicates a small restriction of the water molecules” mobility and therefore a good efficiency
of the wastewater purification applied in the chicken slaughterhouse.

51



Water 2024, 16, 2382

- month 2 - - month 3
> >
= =
o o
@® @®
ot . o 1
g_ discharged wastewater g_ discharged wastewater
§ } biologically treated wastewater § / biologically treated wastewater
% chemically treated wastewater ﬁ chemically treated wastewater
£ £
8 untreated wastewater, 8 untreated wastewater
1 10 & 2100 1000 1 10 & 2100 1000
D [x10™ m°/s] D [x10” m“/g]
(a (b)
- month 4
>
=
o)
®
_Q = -
g_ discharged wastewater
°© 2 .
(]N,) } biologically treated wastewater
'(_; \chemically treated wastewater
E
8 untreated wastewater
1 10 5 21 00 1000
D [x10™ m/s]
(©)
Figure 7. The normalized D-distributions recorded for the slaughterhouse wastewater: untreated
(black), chemically treated (blue), biologically treated (red) and discharged wastewater (dark yellow)
collected in (a) month 2; (b) month 3; (c) month 4 of monitoring.
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Figure 8. (a) The most probable self-diffusion coefficient D; values measured from the D—distribution

as maximum of the main peak for all wastewater samples (untreated, chemically and biologically

treated and discharged wastewater) and sludge collected from a slaughterhouse in months 1 to 4;

(b) the average over all months of measurement of the most probable self-diffusion coefficient D;

values presented in (a).
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3.3. VIS-NearIR Spectroscopy

Both 'H NMR relaxometry and diffusometry, as previously discussed, show that even
in the discharged wastewater from chicken slaughterhouse, there is a variety of particles
visible or invisible to the naked eye. These particles will affect (by absorption) the visible
light that eventually passes through wastewater. The classical method largely used to
quantify the amount of such particles is by determining its turbidity [3]. This is a global
parameter, giving a single value for a specific sample. We propose to replace the turbidity
measurement by acquiring a VIS-nearIR spectrum.

An example of such VIS-nearIR spectra recorded for untreated wastewater (after
30 min of sedimentation), chemically treated wastewater, biologically treated wastewa-
ter (after 10 min of sedimentation), discharged wastewater and sludge (1 mL of sludge
distilled in 20 mL of distilled water and then measured after 5 min of sedimentation) for
samples collected in month 1 of monitoring, are presented in Figure 9. The array sensor of
Pasco VIS-nearlR spectrometer allowed us to record the spectra in seconds, therefore, the
sedimentation and/or flotation process will not affect the spectral amplitude function of
wavelength. This was a problem when a similar measurement was attempted using a step-
by-step UV-VIS spectrometer, when the measurement is performed by gradually changing
the wavelength, and then the measurement lasted for several minutes. All wastewater and
sludge solution present a large absorption in violet light (possible extended in the ultra-
violet domain). One can also observe a certain absorption at the wavelength of ~420 nm,
then the discharged wastewater, chemically and biologically treated wastewater present a
certain decay of the absorbance with the increasing the light wavelength. For these samples,
one can observe a certain absorption doublet in the infrared domain at wavelengths larger
than 900 nm. For the untreated wastewater, one can observe an additional relative maxi-
mum of absorption at A~560 nm at a so called Chartreuse color between green and yellow.
Similar features are observed in sludge solution and in untreated wastewater, except for
the fact that the absorbance through the sludge solution is not decaying for wavelengths
larger than 560 nm up to ~840 nm that belong to the near infrared domain.
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Figure 9. The VIS-nearIR absorbance measured for the chicken slaughterhouse wastewater and 1 mL

of sludge residues distilled in 20 mL of distilled water collected in month 1 of monitoring.
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An extensive analysis can be performed of the light absorption function of wavelength
correlated with the particles sizes and types of pollutants. Such analysis is beyond our
scope, therefore will not be discussed here. Nevertheless, it is important to observe that the
VIS-nearlIR spectroscopy is sensitive to the degree of pollution of wastewater, presenting
the largest absorbance for the sludge (even if it was diluted 1:20 in distillated water) and
then for the untreated wastewater. Next, less absorbance was measured for the biologically
treated wastewater (since it was collected before sedimentation). A small absorbance was
measured for chemically treated wastewater and the cleanest wastewater was found the
discharged wastewater. Among of all our methods, it is the VIS-nearIR spectroscopy that
more accurately reveals the purification process. Unfortunately, this method also can be
affected by large errors, as moving particles enter (by sedimentation and/or flotation)
between the LED light source and detector, and by data sampling. Going back to a single
parameter aimed to characterize the VIS-nearIR spectra, we found the total absorbance,
i.e., the integral area under each spectrum. This parameter (in arbitrary units) is presented
in Figure 10a for all wastewater samples and sludge and for all four months of monitoring.
Large variations can be observed in untreated wastewater, biologically treated wastewater
and sludge. The statistical average of the total absorbance and the measurement errors
are presented in Figure 10b. Large error bars are observed for the samples enumerated
before. One can remark the small values for the averaged total absorbance measured in
chemically treated wastewater and in discharged wastewater. This is a new proof that
the wastewater purification process applied at the chicken slaughterhouse is efficient. We
also performed a correlation/calibration measurement for some milky-like samples over a
wide range of turbidity degrees, and we found that the total absorbance measured from
VIS-nearIR spectra can replace the turbidity measurement with a proper calibration, since
the dependence in the domain 0-500 ntu is linear. Over this limit of 500 ntu, there is a non-
linear relationship. The resulted calibration curve is given in Figure S4 in Supplementary
Information. Finally, the large variation of data in VIS-nearIR spectra can be reduced by
multiple sampling and an appropriate statistical average.
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Figure 10. (a) The total absorbance of VIS-nearIR spectra recorded for the slaughterhouse wastewater
(untreated, chemically treated, biologically treated and discharged water) and sludge collected in all
four months of monitoring; (b) The averaged of total absorbance of VIS-nearIR spectra of wastewater
and sludge presented in (a).

3.4. The pH Measurements

A widely used parameter for water testing is its pH. The wastewater pH values for all
samples (untreated, chemically and biologically treated, discharged wastewater and sludge
solution) collected in all four months were measured and are shown in Figure 11a. Large
variations can be observed among samples collected in different months. One can remark
a minimum value for pH of ~5.1 and a maximum value of ~8.4, both being measured
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for samples collected in month 1 of monitoring. Interesting results are obtained for the
average values calculated for all four months of monitoring. These values are presented in
Figure 11b together with the statistical measurement errors. The average pH values can be
found between ~6.5 for discharged wastewater and ~6.8 for chemically and biologically
treated wastewater. Nevertheless, within the experimental error limits (the maximum pH
error was calculated for chemically treated wastewater at approximately £1), one cannot
distinguish the samples by measuring the pH parameter. Even the sludge solution (the
sludge pH was measured for the solution prepared for the VIS-nearIR spectroscopy) has a
pH between the same limits. One also observes that the pH was a controlled parameter for
the chemically treated wastewater, and its value measured for the wastewater automatically
opens the valves of the coagulant, NaOH and liquid polymer tanks.

I month 1
B month 2
B month 3
@z month 4

Figure 11. (a) The pH measured for the slaughterhouse wastewater (untreated, chemically treated,
biologically treated and discharged wastewater) and sludge collected in all four months of monitoring;
(b) The averaged pH over months measured for all four wastewater and sludge samples presented
in (a).

3.5. Electrical Conductivity Measurements

The dissolved and undissolved pollutants will change the electrical conductivity (EC)
of slaughterhouse wastewater. Figure 12a presents the measured values for all types of
wastewater and sludge (in solution as was prepared for VIS-nearIR spectroscopy) collected
in all four months of monitoring. As in the case of pH measurements, large differences of
the electrical conductivity values can be observed when comparing samples collected in
different months. (The average values together with the standard deviations are presented
in Figure 12b). In general, for the same type of dissolved particles, a large value measured
for the electrical conductivity implies a large concentration of pollutants. The average
values of electrical conductivity o show a decay when comparing untreated wastewater
to chemically and biologically treated wastewater. This showed similar values of o, while
the discharged wastewater is characterized by the smallest o value. Contrary to pH, in
the case of electrical conductivity, the value measured for sludge is substantially larger
compared to the values measured for all the types of wastewater. Examining the magnitude
of error bars, the first idea is that the electrical conductivity, despite the average values,
cannot be used to discriminate between different kinds of wastewater. On the contrary,
as we will see in the subchapter dedicated to statistical analysis of principal components,
not only can the electrical conductivity be successfully used in differentiation between
all four types of wastewater but. together with total dissolved solids, it proves to be an
important parameter.
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Figure 12. (a) The electrical conductivity (EC) measured for the slaughterhouse wastewater (untreated,
chemically treated, biologically treated and discharged wastewater) and sludge collected in all four
months of monitoring; (b) the average EC over months measured for all wastewater and sludge
presented in (a).

3.6. Total Dissolved Solids” Measurements

A total dissolved solid is a global parameter that, as in the case of electrical conduc-
tivity, is usually applied for the characterization of the pollution degree in wastewaters,
in particular for those collected from chicken slaughterhouses. In fact, often these two
parameters are well correlated. This is a feature that was also observed for our samples. In
Figure 13a, the measurement of TDSS values are presented for all the wastewater samples
(untreated, chemically and biologically treated and discharged wastewater) and sludge, for
all four months of monitoring. With some minor differences, these values look similar to
those measured for the electrical conductivity (see Figures 12a and 13a). As in the case of
electrical conductivity, the TDSS values are out of range for samples collected in month 1 of
monitoring for untreated wastewater, biologically treated wastewater and sludge. Contrary
to the measurement of EC in the case of TDSS for month 4 of monitoring, the data seem
to be in the same range with the other values measured for the samples collected earlier.
The average TDSS values and the measurement errors are comparatively presented in
Figure 13b. A large value is obtained for the untreated wastewater (~585 ppm). Similar
values are obtained for chemically and biologically treated wastewater (427.75 ppm and
426.5 ppm, respectively). As a result of purification, the discharged wastewater has an
average value of TDSS of ~392.5 ppm. The relative elevated value of TDSS measured
for the discharged wastewater is in agreement with the 'H NMR diffusometry measure-
ments (Figures 6b and 7), VIS-nearIR spectroscopy (Figure 9), and electrical conductivity
(Figure 10), which all showed that the discharged wastewater is not pure, contrary to the
interpretation of 'H NMR relaxometry data (Figures 2a and 4). Moreover, it will be shown
later than the TDSS measurements are important data for discrimination between different
types of wastewater and sludge via statistical analysis of the principal components.

3.7. Principal Component Analysis

The method by which one can analyze variate data types characterized by variables
with different measurement units is that of statistical multivariate analysis, in particular the
analysis of the principal components [53,54]. For our analysis, we implemented numerically
our own analysis program written in MatLab and we plotted the results using Microsoft
Excel. The data were verified using PAST Version 3.25 which stands for PAleontological
STatistics software and Origin 2022b (Academic). For the principal component analysis
we produced an input data matrix with the most relevant parameters (a total of six), as
listed in Table 1. As variables, we selected: (i) the total absorbance as measured from
VIS-nearIR spectra (see Figure 9); (ii) the T, spin—spin relaxation time values measured
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as the most probable value for the water with dissolved solids (see Figures 2b and 4);
(iii) the self-diffusion coefficient Dy values corresponding to bulk water measured as the
most probable coefficient from the maximum of D-distribution (see Figure 6b); (iv) the
pH (see Figure 11a); (v) the electrical conductivity, EC (see Figure 12a) and (vi) the total
dissolved solids (see Figure 13a). These values are listed for all types of wastewater
(untreated, chemically treated, biologically treated and discharged wastewater) and sludge
which are considered to represent a particular group, and all four months of monitoring
are considered as particular variations in each group. In total, the matrix contains 6
columns (representing the independent parameters) and 20 rows (representing the number
of measured data for each parameter). Since the number of independent parameters
is smaller than the number of data items, then this will give the number of principal
components (PCs). Therefore, in our case the number of PCs was six. The analysis is similar
to that in an eigenvectors/eigenvalues problem. The proportion with the contribution
of each component and the cumulative proportion are presented in Figure S5a from the
Supplementary Information. One can see that the first component (PC1) can explain ~48.9
of the variation in the experimental data. If the PC2 is also considered, then ~69.3% of
the variations can be explained. In order to pass over 90%, PC3 and PC4 must also be
considered. The eigenvalue functions of the PC number are presented in Figure S5 from
the Supplementary Information.
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Figure 13. (a) The total dissolved solid (TDSS) measured for the slaughterhouse wastewater (un-
treated, chemically treated, biologically treated and discharged wastewater) and sludge samples
collected in all four months of monitoring; (b) the average TDSS measured for all wastewater and
sludge samples presented in (a).

4. Discussion

Principal component analysis is a powerful tool to assess the statistical behavior of
measured data, allowing discrimination between different parts of a statistical system,
to find correlations between different types of parameters and, if relevant, to observe
an evolution process [54]. The main result of the application of PCA analysis on our
slaughterhouse wastewater measurements is presented in Figure 14 as a plot of PC2
(second principal component) in correspondence with PC1 (the first principal component).
The data must be analyzed in close relationship with the results listed in Table 2. Here,
the contributions of each parameter (the total absorbance of VIS-nearIR spectra, T ; spin—
spin relaxation time, the self-diffusion coefficient D1, pH, EC and TDSS) to the principal
components PC1 to PC6 are given. To assess the importance of a specific parameter for
each principal component, only the magnitudes of listed values must be considered. The
sign of listed values will contribute to the displacement of data presented in Figure 14 and
will lead to the separation between different types (groups) of samples. The first principal
component PC1 is characterized by the largest separation of data, and the displacement

57



Water 2024, 16, 2382

(variation) decays with the increase of principal component number, PC6 having the
smallest displacement.
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Figure 14. The main PCA analysis: the 2D plot of PC1 function of PC2 for the slaughterhouse
wastewater (untreated, biologically treated, chemically treated and discharged wastewater) and
sludge samples collected in all four months of monitoring.

Table 2. The contribution of relevant parameters (total VIS-nearIR absorbance, the most probable
transverse relaxation time T5 1, the self-diffusion coefficient D1, pH, electrical conductivity EC and the
total dissolved solids TDSS) measured for the slaughterhouse wastewater to the principal components

PC1-PCé.
Parameter PC1 PC2 PC3 PC4 PC5 PCe6
total VIS-nearlR 0.336 —0.627 0.550 0.430 0079  —0.025
absorbance
Ty [s] —0.561 0.054 0.703 —0.417 0.117 0.026
D [1079 m?2/s] —0.892 0.343 0.122 0.036 —0.244 —0.104
pH 0.250 0.794 0.264 0.478 0.085 0.032
EC [pS/cm] 0.884 0.220 0.173 —0.288 —0.211 0.118
TDSS [ppm] 0.933 0.165 0.107 —0.226 0.042 —0.195

Note: In all cases, the measurement errors are smaller than 5%.

A PCA statistical analysis is considered to be successful (the number and the type
of chosen parameters is relevant, the data are correlated, etc.) if the data presented in a
two- (as in the case of the plot in Figure 14) or a multi-dimensional space presents a cluster
behavior [49,50]. This means that the points representing the data from the same group are
found together and as far away as possible from other groups. Analyzing real data, affected
by many types of errors, one can find overlapping regions between different groups and
often there will be point(s) that are missed (located away) from a designated group.

In Figure 14, the group of four points (month 1 to four of monitoring) corresponding
to untreated wastewater is shown with a blue diamond. For months 2, 3 and 4, these points
are located towards the center of the figure having the smallest PC1 and PC2 values. The
point corresponding to month 1 of monitoring for untreated wastewater is located at a
large negative PC1 and PC2. Table 2 summarizes the main contributions to PC1: the global
parameters TDSS (0.933) and EC (0.884), and the specific NMR self-diffusion coefficient
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D; (—0.892). A certain contribution can be found from the T5 1 NMR parameter (—0.561).
The smallest contribution to PC1 comes from pH (0.25) and total absorbance in VIS and
near IR (0.336). Conversely, the main contribution to the second principal component PC2
comes from pH (0.794). In addition, a large contribution can be credited the total VIS-
nearlR absorbance (—0.627). To PC2, an insignificant contribution comes from T3 ; (0.054),
followed by TDSS (0.165) and EC (0.22). The NMR self-diffusion coefficient D; will make
a relatively important contribution (0.343). Therefore, the measurements of pH, EC and
TDSS performed for samples collected in month 1 of monitoring are out of range. A similar
behavior can be found for biologically treated wastewater (red filled square in Figure 14).
Here, the points corresponding to samples collected in months 1, 2 and 4 are grouped and
the point corresponding to month 3 is largely displaced in the negative direction of PC2.
Therefore, the pH value and the total absorbance in VIS-nearIR measured for this sample
are the main factors responsible for this out of group position. Grouped at negative values
of PC1 can be found the points belonging to chemically treated wastewater (shown with
filled green triangles) and discharged wastewater (filled yellow square). Especially in PC1,
one can observe a good grouping behavior with only a small variation. From the point of
view of PC1, the biologically treated wastewater (PC1: from —0.46 to 0.81—without month
3) is the most similar to the untreated wastewater (PC1: from —2.53 to —1.92—without
month 1), while the discharged wastewater (PC1: from —2.57 to —2.06) is the most different
from untreated wastewater. From the point of view of the purification process, this is a very
good observation. One can extend this kind of analysis. By taking a look at the cluster of
discharged wastewater, one can see that the chemically treated wastewater (for months 2, 3
and 4) will have similar properties to those of the discharged wastewater. From the point
of view of PC1, the chemically treated wastewater (PC1: from —2.53 to —1.92—without
month 1) collected in month 3 of monitoring is cleaner (different from untreated wastewater)
than the discharged wastewater collected in months 3, 1 and 4. However, if the data are
well grouped in PC1, the points representing the properties of samples collected in month
1 of monitoring for chemically treated and discharged wastewater, in PC2, are away from
the group center of gravity. For the most part, the pH measured for these samples (of
chemically treated wastewater and discharged wastewater) led to this displacement.

A completely opposed behavior is observed for sludge (blue circles). The group with
these samples is localized at positive large values of PC1, well separated even from un-
treated wastewater. In the second component, one observes that the values are distributed
around the zero value of PC2. Then, one can conclude that PC1 can be used to successfully
separate the wastewater according to is purity. The most contaminated sample was the
sludge sample, collected in month 1 of monitoring, and the cleanest wastewater was the
wastewater sample collected in month 2 of monitoring. Another study based on FI-IR
spectroscopy supports this conclusion [9]. For our wastewater system (also containing the
sludge), one can see that the most significant parameters were (in order): (i) the total dis-
solved solids TDSS; (ii) the self-diffusion coefficient Dy; (iii) the electrical conductivity EC;
(iv) the transverse relaxation time of dissolved solids T ;. The most irrelevant parameter
was pH. Nevertheless, pH and the total absorbance in VIS-nearIR are important parameters
capable of identifying samples (in PC2) from the same group with properties away from
the average expectation.

Another important result of our PCA assay is the degree of correlation between
all parameters considered in pairs. In the case of wastewater collected from a chicken
slaughterhouse, the most correlated parameters were found to be the electrical conductivity,
EC, and the total dissolved solids, TDSS. This is not a surprise, since the physical support for
electrical conductivity is given by dissolved solids, as distilled water presents poor electrical
conductivity. Considering the elements of covariance matrix C (using the MatLab 2020
numeric program, but not from PAST software), and that the eigenvector and eigenvalue
problems were solved, a large value can be seen for the elements (there are two symmetrical
elements around a main diagonal that have values of 1, meaning that each parameter is
perfectly correlated with itself) corresponding to the EC and TDSS parameters. However,
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the values are not as large as expected. To understand this, in Figure 15, the TDSS is
plotted as a function of EC. Now, the correlation coefficient can be better understood. The
first observation is that, indeed, the TDSS is well correlated to the EC parameter but, in
our case, for all samples collected from the chicken slaughterhouse in four months of
monitoring, there are two linear dependences rather than a single one. With one exception,
one can see that the data (TDSS and EC) measured for months 1, 2 and 3 of monitoring
for untreated, chemically and biologically treated wastewater discharged wastewater and
sludge are in a very good linear correlation. In addition, the data collected in the four
months of monitoring are arranged in a second linear dependence. Usually, such double
linear correlations can be explained: (i) by a change in the treatment process (to include
different types of particles with a different electrical behavior); (ii) by a change in dissolved
pollutants; (iii) by both causes. In our case, the most probable cause is the fact that the
wastewater samples collected in month 4 of monitoring of wastewater were used in the
processing of different kinds of chicken (with different origin, size, age, etc.) An interesting
observation is the fact that the point corresponding to the discharged wastewater collected
in month 2 is placed on the short dependency belonging to month 4.
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Figure 15. The double linear correlation between electrical conductivity (EC) and totally dissolved
solids (TDSs) for the wastewater and sludge.

In the recent times, artificial intelligence is used in more and more fields, from enter-
ing parking places to cancer prediction [54]. This is useful, especially in cases where the
classes/categories are not well isolated, superposition between them exists and a probabilis-
tic based decision has to be considered. In this sense, we developed a dedicated program
written in JavaScript (JS-version 2024) that used an online library named ML5 [55,56] to
easily build an Artificial Neural Network. This is used to predict the probability that
a new measurement of all parameters analyzed by PCA will be classified as untreated
wastewater, chemically or biologically treated wastewater, discharged wastewater, or
sludge (see Figure 16). We simulated the incidence of such analysis in every element of
a 100 x 100 matrix associated with the 2D plot of the main PCA analysis (see Figure 14).
Prior to that, the JS loaded the 5 x 4 = 20 values of PC1 and PC2 coordinated, together
with the label associated with our five types of samples (four wastewater and sludge). The
ANN was trained for 10,000 epochs with a learning rate of 10% and the trained model was
saved to be loaded anytime needed (without any new training, which is a time-consuming
procedure). Once the trained model is loaded, it can be used to generate prediction related
to the probability that, in a chosen position (in the main analysis 2D space) resulting from
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a PCA analysis of a new element, the sample is associated with one of the trained labels
(i.e., untreated wastewater, chemically treated wastewater, biologically treated wastewater,
evacuated wastewater or sludge). The generated prediction maps, which simplify the PCA
analysis even further, are presented in Figure 16. Thus, Figure 16a presents the predicted
probability (measured from 0 to 1, where 1 represents 100%) for untreated wastewater.
One can observe that the maximum probability is obtained for PC1 and PC2 negative (see
also Figure 14), especially due to the sample collected in month 1. A relative maximum
(around 50%) is obtained for PC1 and PC2 values close to zero. especially due to the
samples collected in months 2 and 3. The PCA analysis of chemically treated wastewater
can be found with high probability (>70%) if PC1 is between —3 to —1 and PC2 is larger
than 1 (see Figure 16c). A high probability of association, in the PCA analysis, between
the measured result with biologically treated wastewater is to have PCA between —1 and
0, and PC2 with large positive or negative values (see Figure 16c). From Figure 16¢c, one
can see that a smaller PC1 value (almost independent of PC2 value) is associated with the
discharged wastewater (see Figure 16d). Values of PC1 larger than zero can be associated
with high probability to measured sludge (see Figure 16e). The prediction maps can offer
enhanced representation of sample classification related to the PCA analysis.
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Figure 16. The predicted probability using ANN for (a) the untreated wastewater, (b) chemically
treated wastewater (c) biologically treated wastewater (d) discharged wastewater and (e) sludge.
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Such prediction maps were produced and discussed in [54], where Dragan et al.
classify data measured by NMR and FT-IR to various types of colorectal cancer. However,
according to our knowledge, this is the first time that such predictions are used to classify
the wastewater and sludge resulted from slaughterhouse activity. Thus, one can say that
this predictive approach validates the experimental data, which may be used an automated
real-time monitoring along with an educated decision-making processes.

5. Conclusions

This is one of the most complex studies related to the characterization of wastew-
ater collected from slaughterhouses. This complexity is based on both the large variety
of measured parameters using modern and classical methods, and on the many levels
of analysis which start with raw measurement, then continue with the ILT analysis of
measured data and primary classification. This then continues with statistical analysis of
principal components, which is finally used to train an artificial neural network to predict
and classify new measurements. The advantage was demonstrated of using model-free
low field 'H NMR relaxometry and diffusometry combined with Laplace-like analysis
compared to the classical methods, which provide a global single value for the entire
sample, leading to a more realistic characterization of wastewater dynamic components.
This analysis showed that the distributions of 'H NMR transverse relaxation times T,
present two distinct domains. The first characterizes water with dissolved solids and the
second characterizes water with undissolved solids. Additionally, it was shown that the
distribution of "H NMR self-diffusion coefficient D also presents two domains. These are
self-diffusion in bulk water and the transported water attached to solid residues flowing
by flotation and sedimentation. The TH NMR diffusometry measurements proved this,
even though the discharged wastewater is not completely clean of undissolved solids. To
assess the contribution of each parameter to the evaluation process of the efficiency of
the purification treatment performed at a chicken slaughterhouse, a statistical analysis of
principal components was performed. It was shown how the PCA analysis can be further
improved if it is used to train an ANN to predict and classify a new measurement for one
of the studied categories of wastewater or sludge. From the analysis of the distributions
of transverse relaxation times T and diffusion coefficient D, the VIS-nearIR spectra and
EC and TDSS measured parameters, one can conclude that the purification process per-
formed by the chicken slaughterhouse is efficient. Finally, this study demonstrates that,
in addition to classical methods of analysis, which have their own merits but are limited
to a single-value global characterization, the use of complementary methods, capable of
emphasizing different components by providing a distribution of values for measured pa-
rameters and multi-level analysis, is an extraordinary tool that shows how each technique
used for wastewater treatment works, what its advantages and disadvantages are, what its
efficiency is, and what its limitations are and, above all, how it can be improved for a better
treatment strategy. In particular, the proposed complex set of measurements of wastewater
properties at every stage of the treatment process can provide useful information related
to the complex interaction between treatment agent and wastewater components. Theis
type of information can be used to design improved strategies for wastewater purification.
The complex analysis (PCA combined with machine learning capable of prediction) can
be used by industry to automate the monitoring process of wastewater treatment, but
it is not limited to this. All these presented methods, experimental and numerical, are
easily implemented in worldwide laboratories, since both low-field NMR and VIS-nearIR
spectrometers have a relatively low acquisition and exploitation cost, therefore presenting
a high probability of becoming a new standard in the field.
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Abstract: Microplastics are an emerging class of recalcitrant organic pollutants that are of general
scientific and public interest nowadays. It would be ideal to remove microplastics from the environ-
ment through biodegradation, as biodegradation is a highly ecological and economically acceptable
approach. Unfortunately, the efficiency of biodegradation of conventional plastic polymers is low.
The application of a suitable pretreatment could increase the efficiency of biodegradation. In this
study, the applicability of UV-C/H,0, and UV-C/S,0g?~ advanced oxidation processes as pretreat-
ments for the biodegradation of polystyrene and poly(vinyl chloride) microplastics by the yeast
Candida parapsilosis was investigated. For the investigated range (pH 4-10, peroxide concentration
up to 20 mM and treatment duration up to 90 min), the UV-C/H,O, process proved to be more
effective in degrading polystyrene microplastics, while the UV-C/S,0g?~ process was more efficient
at degrading poly(vinyl chloride) microplastics. Samples pretreated under optimal conditions (90
min treatment time at a pH of 5.7 and H,O, concentration of 20.0 mM for polystyrene samples; 90 min
treatment time at a pH of 8.6 and S,0g2~ concentration of 11.1 mM for poly(vinyl chloride) samples)
were subjected to biodegradation by Candida parapsilosis. The biodegradation conditions included an
agitation speed of 156 rpm and an initial pH of 5.7 for the experiments with the polystyrene samples,
while an agitation speed of 136 rpm and an initial pH of 4.9 were used for the poly(vinyl chloride)
experiments. The initial value of the optical density of the yeast suspension was 1.0 in both cases.
The experiments showed a positive effect of the pretreatment on the number of yeast cells on the
surface of the microplastics.

Keywords: microplastics; polystyrene; poly(vinyl chloride); advanced oxidation; UV-C/H,0O;;
UV-C/S,082~

1. Introduction

Plastic is an extremely useful polymer material with incredible application proper-
ties [1]. Unfortunately, a large number of plastic products end up in the environment,
posing a serious environmental threat [2]. Small plastic particles, known as microplastics
(MPs, particles with a size of 1-5000 pm) and nanoplastics (NPs, particles with a size of
less than 1 um), are considered particularly hazardous [3].

The 2030 Agenda for Sustainable Development, adopted by the United Nations in Septem-
ber 2015 [4], includes 17 Sustainable Development Goals (SDGs), and half of these goals
are directly affected by the problem of plastic pollution [5]. As part of SDG 12, Responsible
Consumption and Production, the agenda promotes a more rational use of raw materials
and products. In the context of plastics, this would inevitably lead to less plastic waste
entering the environment. Furthermore, it should not be forgotten that the production of
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conventional plastic polymers (polyethylene, polypropylene, polyethylene terephthalate,
polystyrene (PS) and poly(vinyl chloride) (PVC)) is associated with high CO, emissions,
as these polymers are made from fossil fuels, and their production requires high energy
consumption. A reduction in plastic production is therefore linked to SDG 13, Climate
Action. The effective collection and processing of plastic waste would be a step towards
achieving SDG 11, Sustainable Cities and Communities. Conventional plastic polymers are
recalcitrant organic pollutants. The presence of their MPs or NPs in the environment affects
the achievement of the SDGs in various ways. MP and NP particles can easily enter the
animal/human body due to their small size and cause harmful biological effects [6]. Also,
do not forget that MPs serve as vectors for pathogens when adsorbed on their surface [7].
Finally, MP and NP particles from commercially available plastics usually contain various
additives, some of which have a high toxic potential. As these additives are not covalently
bound, they leach unhindered into the environment [8]. All of this has a direct impact on
four SDGs: SDG 3, Good Health and Well-being, SDG 4, Clean Water and Sanitation, SDG 14,
Protection of Seas and Oceans and SDG 15, Repair Ecosystems and Retain Biodiversity.

In recent decades, scientists have been intensively researching methods to effectively
remove MPs and NPs from the environment, especially from the aquatic environment.
Some of the conventional approaches to remove MPs from aquatic media are adsorption
on a suitable adsorbent and coagulation with a suitable coagulant. However, the addition
of adsorbents or coagulants can provide a new source of water pollution. Membrane
processes are considered to be very successful in the removal of MPs. The problem with
membrane processes, however, is the high operating and maintenance costs. All three
processes mentioned have a common problem: the sludge produced during treatment. The
sludge, which is rich in MPs, must be treated further [9]. However, it is often used untreated
on agricultural land, creating another pathway for MPs in the environment [10,11].

Biotreatment is considered the most environmentally and economically acceptable
approach to the remediation of polluted environments [12]. Due to their rapid reproduction
rate and high metabolic potential, bacteria and fungi are able to adapt to new substrates
and are therefore the most studied organisms for the biodegradation of conventional
plastic polymers [13]. The pathway for the biochemical degradation of MPs is not uniform
and depends on the polymer treated and the characteristics of the enzymatic system of
the microorganism used for the treatment. Before the biodegradation of MPs can begin,
several general conditions must be met: Firstly, the surface of the MPs must be such
that microorganisms can adhere to the surface [14]; this is the basic prerequisite for the
formation of a biofilm on the surface of MPs. Secondly, the selected microorganisms must
be able to produce extracellular enzymes that can break down the plastic polymer into
smaller molecules. Finally, these microorganisms must also be able to utilize these smaller
molecules as a carbon source, i.e., as an energy source, with the help of an intracellular
enzyme system [15]. However, the conventional plastic polymers are extremely stable
substances whose structures do not have functional groups that are frequently attacked by
enzymes [16]. In addition, these polymers are hydrophobic [17], which makes it difficult
for most bacteria and fungi to adhere to the surface of the plastic particles. Most bacteria
have hydrophilic cell membranes [18], as do yeast cells and the vegetative hyphae of
filamentous fungi that grow in humid environments [19]. Therefore, conventional plastics
are not readily biodegradable [20], which complicates the biological approach to solving
the problem of MPs in the environment. Therefore, it seems reasonable to apply some kind
of a pretreatment that would facilitate biodegradation.

One of the interesting approaches is the use of advanced oxidation processes (AOPs).
AOPs are based on the generation of highly reactive radicals with pronounced oxidative
capabilities. Therefore, these radicals are able to oxidize a wide range of recalcitrant organic
pollutants [21]. The first step in the radical degradation of MPs is either the abstraction of
hydrogen or the scission of the C-C bond, which leads to alkyl radicals on the surface of the
MPs. Further oxidation leads to chain branching and scission, resulting in the formation of
oxygen-containing groups (hydroxyl, peroxide and carbonyl groups) and microcracks in the
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polymer surface [22]. Although the effectiveness of AOPs in removing various recalcitrant
organic pollutants is well documented, AOPs are generally non-selective treatments that
require the significant consumption of chemicals, and very often, the use of electricity,
which calls into question their cost effectiveness [23]. It is estimated that the investment
costs for these processes are 5 to 20 times higher than for biological processes, while
the treatment costs are 3 to 10 times higher [24]. In addition, the intermediate products
formed during oxidation pose a potential environmental risk [9]. When using AOPs as
a pretreatment for the biodegradation of MPs, the advanced oxidation would only serve
to alter the surface of the particles, leading to conditions that facilitate the adhesion of
microorganisms to the surface (rougher surface and lower hydrophobicity) or transform
the polymer into a form that is more susceptible to biodegradation.

In this study, the potentials of two AOPs as pretreatment steps for the biodegrada-
tion of PS and PVC MPs by the yeast Candida parapsilosis were investigated. The AOPs
investigated in this study included treatment with UV-C-activated hydrogen peroxide
(UV-C/H0;) and UV-C-activated peroxodisulfate (UV-C/ S,0427). These AOPs were
selected due to their frequent use in solving problems with recalcitrant organic pollutants
and their process characteristics, which are presented below. The efficiencies of the applied
pretreatments were evaluated by comparing the intensities of the characteristic bands from
the FTIR spectra of the MP samples. The efficiency of the biotreatment step was evaluated
by determining the number of colony-forming units.

The UV-C/H,0O, process is based on the generation of hydroxyl radicals, HOe, which
have a very high standard reduction potential of 2.730 V [25]. The HOe radical is the most
studied radical in wastewater treatment, because it is a very reactive, non-selective and
ecologically harmless substance with a short lifetime. Furthermore, the rate constants for
the reaction between HOe and organic pollutants are in the range of 10°-10° M~! s~1 [26],
which indicates very rapid oxidation, faster than, for example, when ozone is used for
oxidation [27]. During the UV /H,O, process, the photolytic decomposition of each H,O,
molecule generates two HOe radicals [28]. HyO, has an absorption maximum at about 254
nm [29,30], which is why UV lamps with a wavelength of 254 nm (UV-C range) are usually
used in UV /H,0O; processes. In addition to the irradiation wavelength, other factors such
as the irradiation intensity, temperature, treatment duration, initial pH of the solution,
H,O, dosage, pollutant concentration, matrix, etc., can also influence the efficiency of
UV/H,0, treatments [31-34].

The UV /S,042~ process is based on the generation of sulfate radicals, SO e~. Al-
though the SO4e ™ radical is a slightly weaker oxidizing agent than the HOe radical, with
a standard reduction potential of 2.437 V [25]), the UV/ S,08%~ process offers several
advantages over UV/H,0,, making it a worthy candidate for solving the problem of
recalcitrant organic pollutants in the environment. SO4e ™~ radicals not only have a high
oxidizing power, but also react more selectively by electron transfer with organic com-
pounds containing unsaturated bonds or aromatic 7t electrons. They efficiently degrade
organic compounds within a wider pH range. In addition, the SO4e~ radicals have a
half-life of 30—40 ps, which is much longer than 20 ns in the case of HOe radicals [35]. In
general, the SO4e ™~ radicals can be obtained through the physical or chemical activation
of peroxodisulfate (S,0g%7) or peroxymonosulfate (HSO5 ™) [36]. The photoactivation of
S,052~ leads to two SOye~ radicals per reactant ion, while in the case of HSOs~, the
activation generates one SO4e~ and one HOe radical [37].

The reports on the application of UV/H,O, treatments on PVC MPs are very rare,
while the reports on PS MPs are not only rare but also contradictory. Hiiffer et al. [38]
exposed PS microparticles to a HyO, solution (10% v/v) under 254 nm light for 96 h
and reported no significant change in the specific surface area of the exposed particles.
However, Dong et al. [39] also investigated the effect of a UV/H,0O; treatment on PS
MPs and reported significant changes in the physicochemical properties of the sample. In
addition, the UV /H,0O, treatment resulted in a reduction in the particle size and especially
the contact angle of the MPs. This is encouraging with regard to the potential application of
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this treatment as a pre-step to biotreatment. Hankett et al. [40] investigated the degradation
of the plasticizer bis-2-ethylhexyl phthalate (DEHP) in PVC samples using a UV-C/H;0,
treatment; the wavelength of irradiation was 254 nm. In addition to the degradation of the
plasticizer, they reported radical chain scission reactions with PVC. This scientific team
also found that UV-C irradiation not only plays a role in the production of HOe radicals
but can also induce molecular changes on the surface of such plasticized PVC samples,
leading to increased surface hydrophilicity with an increasing irradiation time [41]. Similar
to the UV/H,O, process, there are very few reports on the use of S,05%~-based AOPs
to treat PS and PVC MPs. Liu et al. [42] investigated the effects of thermally activated
S,0g2~ treatment on PS microparticles and reported a reduction in the particle size, the
formation of holes and cracks on the particle surface and a reduction in the contact angle.
Zhang et al. [43] investigated the effect of an S,0g%-based AOP on the floatability of MPs
from various plastic polymers to utilize floatability as a separation method for MP waste.
The MPs treated included PVC and PS particles. We did not find any explicit information
about the activation method but assume that it was also a thermal activation. The analysis
revealed damage to the surface of the plastic particles, followed by the formation of new
groups. At optimal conditions of 0.2 M S,0g%~, pH 10, 70 °C and a treatment time of 30 min,
the contact angles of PVC and PS particles decreased by 0.13° and 12.20°, respectively,
indicating an increased hydrophilicity of the MP surface.

To date, studies on the biodegradation of MPs from conventional plastics have mainly
focused on bacteria [16]. More recently, researchers have also turned their attention to
other microorganisms, in particular fungi [13]. Similar to bacteria, fungi also produce
different types of enzymes [44], which makes them very interesting organisms for testing.
Compared to bacteria, however, fungi have interesting peculiarities. For example, they
have a much higher metabolic rate [45], and filamentous fungi can secrete specific proteins,
so-called hydrophobins, which facilitate the adhesion of their hyphae to hydrophobic
surfaces [46]. Regarding the biodegradation of PS MPs by fungi, we found, in one of
our previous studies [47], that the yeast Candida parapsilosis has the potential to degrade
PS and PVC MPs. As far as we know, there are no other reports in the literature on
the treatment of PS MPs with yeasts, but only with molds and white-rot fungi [48-55].
Regarding the biodegradation of PVC MPs by fungi, biodegradation by yeasts has not been
sufficiently investigated yet; the available studies mostly contain experiments with other
fungal species [56-60]. Apart from the report of our working group [51], we did not find
any reports on biodegradation by Candida parapsilosis. However, we found a report by Webb
et al. [61]. They exposed a 0.5 mm thick PVC film to the environment and found that after
95 weeks of exposure, only fungi colonized the PVC. Not a single bacterium was found
in the biofilm, indicating that fungi have a greater potential to colonize and biodegrade
PVC. Among the fungi isolated from the biofilm, numerous yeasts and yeast-like fungi
such as Rhodotorula aurantiaca, Kluyveromyces spp. and Aureobasidium pullulans were found,
pointing to their ability to adapt to PVC MPs.

Although AOP pretreatment prior to biodegradation is not a new concept in en-
vironmental engineering, the studies on the contribution of AOP pretreatment to MP
biodegradation are very rare and mainly focused on the contribution of plasma treatment
or UV irradiation in the presence of atmospheric air [62-65]. Moreover, as far as we know,
this is the first such study on MPs from PS or PVC. Considering that the biodegradation
of MPs by yeasts has not yet been sufficiently studied, especially when considering the
application of the species Candida parapsilosis, it is clear that this research represents an
exceptional novelty.

2. Materials and Methods
2.1. Reagents and Solutions

The polymers PS and PVC were purchased as the granules DOKI® POLISTIREN
472 (Dioki d.d., Zagreb, Croatia) and GS-28 (Drvoplast d.d., Buzet, Croatia), respectively.
A 30% HyO, solution (p.a.; Gram-Mol d.o.o., Zagreb, Croatia) and solid NayS,Og (p.a.;
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Sigma Aldrich, St. Louis, MO, USA) were used as oxidizing agents in the AOP treatments.
Also, 0.04 M HySOy4, 0.1 M H,;SO4 and 0.1 M NaOH were used to adjust the pH of the
reaction mixture. The H,SO4 solutions were prepared from a 98% H;SO4 solution (p.a.;
Kemika, Zagreb, Croatia), while the NaOH solution was prepared from solid NaOH (p.a.;
Sigma Aldrich, St. Louis, MO, USA). A 2% sodium dodecyl sulfate solution and 70%
ethanol solution intended for washing the MP samples after biotreatment were prepared
from sodium dodecyl sulfate salt (>99.0%; Sigma Aldrich, St. Louis, MO, USA) and
96% ethanol (Ph. Eur.; Gram-Mol, Zagreb, Croatia), respectively. Sterile ultrapure water
(18.2 MQ cm; Milli-Q™ system with UV lamp, Millipore, Burlington, MA, USA) was used
for the experiments.

2.2. Preparation and Characterization of Microplastics

The purchased PS and PVC granules were ground in a cryomill (CryoMill, Retsch,
Haan, Germany) with liquid nitrogen at —196 °C and an oscillation frequency of 25 Hz.
The ground particles were dried at room temperature (25.0 & 0.2 °C) for 48 h and then
sieved through stainless steel sieves (AS 200 jet, Retsch, Haan, Germany) to obtain MPs
in the size range of 25-100 um. The MPs were then stored in glass bottles until used in
the experiments.

An FTIR spectrometer (FTIR-8400S, Shimadzu, Kyoto, Japan) with ATR sampling
(MIRacle™ Single Reflection ATR, PIKE Technologies, Fitchburg, WI, USA) was used to
characterize the MP particles before and after the treatments.

Prior to the biodegradation experiments, MP particles were sterilized for 10 min in a
100 mL flask containing 70% ethanol; the flask was shaken on a rotary shaker (Incubator
1000 equipped with the platform shaker Unimax 1010, Heidolph Instruments, Schwabach,
Germany) at 160 rpm. The sterilized particles were separated from the ethanol using
vacuum membrane filtration through a sterile 0.45 um cellulose nitrate filter (ReliaDisc™
membrane filter, Ahlstrom-Munksjo, Helsinki, Finland).

2.3. AOP Treatments

Two homogeneous AOPs, UV/H,0, and UV/ S,052~, were tested for the degradation
of PS and PVC MPs. The experimental design used for the AOP experiments is shown in
Table 1. In the experiments, the influences of three process parameters were tested: the
treatment duration, the initial pH value of the reaction mixture and the initial concentration
of peroxide. The experiments were designed according to the full factorial methodology,
with each variable (i.e., the process parameter) tested at three levels. The mass of MPs was
55.0 mg in all AOP experiments.

Table 1. Experimental design for UV-C/H;0O, and UV-C/ S,042; the design combines values for the
duration of the treatment (), the initial pH value of the reaction mixture and the initial concentration
of peroxide (c).

No. t/min pH ¢/mM No. t/min pH ¢/mM No. t/min pH ¢/mM
1 30 4.0 1.0 10 60 4.0 1.0 19 90 4.0 1.0
2 30 4.0 10.5 11 60 4.0 10.5 20 90 4.0 10.5
3 30 4.0 20.0 12 60 4.0 20.0 21 90 4.0 20.0
4 30 7.0 1.0 13 60 7.0 1.0 22 90 7.0 1.0
5 30 7.0 10.5 14 60 7.0 10.5 23 90 7.0 10.5
6 30 7.0 20.0 15 60 7.0 20.0 24 90 7.0 20.0
7 30 10.0 1.0 16 60 10.0 1.0 25 90 10.0 1.0
8 30 10.0 10.5 17 60 10.0 10.5 26 90 10.0 10.5
9 30 10.0 20.0 18 60 10.0 20.0 27 90 10.0 20.0

The experimental procedure was similar for both AOP treatments. First, 55 mg of an
MP sample and 80 mL of water were added to the reactor. The pH was then adjusted to
the desired value with 0.04 M HySO4, 0.1 M HySO4 or 0.1 M NaOH. The treatment began
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with the addition of an appropriate amount of peroxide to the reactor to reach the initial
concentration specified in the experimental design (Table 1). The peroxide added was HyO,
or Nay5,0g, depending on the treatment. During the treatment, the reaction mixture was
irradiated at 254 nm (UV-C range) with a mercury lamp (Pen-Ray® 11SC-1, UVP, Upland,
CA, USA). The homogeneity of the mixture was maintained by mixing at 150 rpm with a
high-speed magnetic stirrer (MS-3000, Biosan, Riga, Latvia). The duration of treatment was
varied according to the experimental design (Table 1). The treated samples were separated
from the reaction mixture using vacuum filtration through a 0.45 um cellulose nitrate
membrane filter (ReliaDisc™, Ahlstrom-Munksjo, Helsinki, Finland), washed with water
and dried in air for 24 h. The samples were then analyzed using FTIR-ATR.

Analysis of Influential Parameters and Process Optimization

In order to analyze the influence of the selected process parameters on the treatment ef-
ficiency and to determine the optimal process conditions, we decided to develop and apply
an empirical mathematical model that describes the dependency between the process pa-
rameters and the treatment efficiency based on the Response Surface Methodology (RSM).

In a first step, the procedure involved the development of four mathematical models
of different complexities. These models, represented by Equations (1)—(4), linearly combine
different contributions of three tested process parameters.

Yy = ap+ay1xy + axxp + azxs (1)
Y = ap+ayxy + axxy + azxz + ag4x1Xp + asx1X3 + AgXXx3 2)
Yy =ag+ajxy +axxy +asxz + a7x12 -+ ﬂngz + LZ9X32 3)

Y = ag + a1xy + axxo + azx3 + agx1Xxp + asx1x3 + dexax3 + a7x12 + a8x22 + a9x32 (4)

To simplify the following discussion, we refer to these models with the Roman numer-
als I to IV. The coefficients of the models are labeled 4, while the tested process parameters
are labeled x. Model I represents a simple combination of the linear contributions of
the tested process parameters. Model I and Model III are extended by interaction and
quadratic terms, respectively. Model IV is the most complex of the models used, as it con-
tains all the aforementioned contributions. We decided not to use more complex models,
because the first and second order polynomials are the most commonly used in practice,
and introducing additional elements into the RSM model would require an experimental
design with a much higher number of experimental cases.

The relative change in intensity (CI) of a selected characteristic FTIR peak, calculated
according to Equation (5), was used as an indicator of the degradation of MPs, i.e., as the
dependent variable y in the RSM models (Equations (1)—(4)).

_Ap— A

I= -100%
C 2 100% (5)

Ay is the area under the characteristic FTIR band from the spectrum of the untreated
sample, and A is the area under the same band from the spectrum of the treated sam-
ple. The intensities of the characteristic bands at 694.4 cm~! (out-of-plane C-H bending
vibration) [66] and 1411.9 cm~! (CH, bending) [67] were determined for PS and PVC
samples, respectively.

The second step of the procedure was to analyze the developed models and select the
best model for each of the tested MPs-AOP combinations. These best models were used
to determine the optimal values of the process parameters based on the location of the
maximum of the response surfaces.

Model development and a statistical analysis of the RSM models were performed using
MATLAB R2010b software (The MathWorks, Inc., Natick, MA, USA). Optimizations of the
parameters for MP treatments were performed using an interactive interface (MATLAB
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Response Surface Modeling Tool; rstool command). All calculations were performed with
95% confidence.

2.4. Biodegradation Experiments

The biodegradation experiments were performed on PS and PVC samples that had
previously been treated under optimal AOP conditions.

The yeast Candida parapsilosis was selected for the biodegradation experiments. The
yeast was isolated from an MP-rich environment and cultivated as described in detail in
one of our previous reports [47]. It is expected that microorganisms inhabiting an MP-rich
environment are already adapted to MPs and that they are more efficient in biodegrading
plastic polymers than microorganisms that avoid such environments. The same report [47]
shows that Candida parapsilosis has the highest potential for biodegrading PS and PVC MPs
compared to other yeast cultures isolated from the same environment. The biodegradation
experiments were carried out under conditions described as optimal in the same report.
These included an agitation speed of 156 rpm and an initial pH of 5.7 for experiments
with PS samples, while an agitation speed of 136 rpm and an initial pH of 4.9 were used
for experiments with PVC samples. The initial value of the number of colony-forming
units per mL (CFU) was in the order of 107 in all experiments (corresponding to an optical
density value of 1.0).

Each biodegradation experiment was performed in an Erlenmeyer flask (200 mL) that
was placed in a thermostatic rotary shaker (Incubator 1000 with Unimax 1010 platform
shaker, Heidolph Instruments, Schwabach, Germany) at 25.0 = 0.2 °C for 30 days. The flask
contained a mineral medium, the suspension of yeast Candida parapsilosis with an optical
density of 1.0 and 40 mg of a pretreated MP sample, giving a total working volume of 80 mL;
the initial concentration of MPs in the tested system was therefore 500 mg L~ !. The mineral
medium was prepared according to Gong et al. [68] and contained 1.000 g L~! K,HPOy,
1.000 g L=! KH,POy, 1.000 g L~ NH4NO;, 0.500 g L~ NaCl, 0.200 g L~! MgSO,-7H,0,
0.020 g L~! CaCl, and 0.005 g L~! FeCls-6H,0. A control flask with the mineral medium,
the yeast suspension, but without MPs was prepared for a blank experiment. All experi-
ments were performed in duplicate. At the end of each experiment, the treated MP samples
were separated from the aqueous phase using vacuum membrane filtration (0.45 um filter,
ReliaDisc™, Ahlstrom-Munksjo, Helsinki, Finland) and washed in three washing steps to
remove the biomass from the surface of the MPs. The steps included washing in 2% sodium
dodecyl sulfate solution, 70% ethanol and sterile water, respectively. Each washing step
lasted 30 min and was performed in a 100 mL flask on a rotary shaker (Incubator 1000 with
Unimax 1010 platform shaker, Heidolph Instruments, Schwabach, Germany) at 160 rpm.

The CFU value was determined on days 0, 3, 7, 14, 21 and 30 to monitor the growth of
Candida parapsilosis. The CFU values were determined using the decimal plate method [69].

3. Results and Discussion

To characterize the untreated MP samples, an FTIR-ATR analysis of the samples was
performed. Figure S1 shows the recorded FTIR spectra, with distinct bands character-
istic for the polymers PS and PVC. In the case of PVC, a strong band at 1720.6 cm ! is
observed, indicating an additive in the polymer mass, as the strong band in the range of
1700-1725 cm~! corresponds to the C=0 stretching of the carboxylic acids [70], while the
PVC structure does not contain such groups.

To evaluate the degradation of MPs, we had to select a characteristic FTIR band whose
intensity could be monitored. The selection was made among the three most intense bands
from the spectra of the untreated PS and PVC samples (Figure S1). These three bands were
the C-H bending bands at 694.4 cm ™! and 748.4 cm~! and the aromatic C=C stretching
band at 1405.5 cm ™! in the PS spectrum (Figure S1, case A), while in the PVC spectrum
(Figure S1, case B), they were the C-Cl stretching band at 871.8 cm~!, the C-H bending
band at 1280.8 cm~! and the CH, bending band at 1411.9 cm~!. A general decrease
in the intensities of all three bands from the PS spectra was observed during the AOP
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treatments. A correlation analysis (Table 2) revealed a high positive correlation between
these three PS bands, confirming the existence of similar trends in the decrease of band
intensities and showing us that fairly similar results are to be expected regardless of which
of these three bands are selected. However, to minimize the influence of random error,
we selected the band at 694.4 cm~! to monitor PS degradation, because it has the highest
initial intensity. For the PVC samples, the correlation analysis revealed a high positive
correlation between the intensities of CH; bending and C-Cl stretching, while the behavior
of the C-H bending band differed from the other two. It should be noted that a general
decrease in the intensities of CH, bending and C-Cl stretching was observed in both AOP
treatments, while the intensity of the C-H band did not seem to be significantly affected by
the treatments. Finally, we followed the same logic as for the PS samples and selected the
band with the highest initial intensity, where a decrease in the intensity was evident. In the
case of the PVC samples, this was the CH, band at 1411.9 cm 1.

Table 2. The results of the correlation analysis of the intensities of the three most intense FTIR bands
during AOP treatments of PS and PVC MPs. The analysis was performed with a significance of
p < 0.050.

PS PVC
AOP 694.4 cm—1 748.4 cm~1 1450.5 cm~—1 871.8 cm—1 1280.8 cm—1 1411.9 cm—1
UV-C/H,0, 694.4 cm ! 1.0000 871.8 cm ™! 1.0000
7484 cm ! 0.9201 1.0000 1280.8 cm ! —0.0794 1.0000
1405.5 cm ! 0.8352 0.9410 1.0000 14119 cm ™! 0.9860 —0.0723 1.0000
UV- -1 -1
C/S,082 694.4 cm 1.0000 871.8 cm 1.0000
74843 cm ! 0.9672 1.0000 1280.8 cm ! 0.4849 1.0000
1405.5 cm ! 0.9252 0.9540 1.0000 1411.9 cm™! 0.9372 0.5454 1.0000

The analysis of the applicability of the selected AOPs in the degradation of PS and
PVC MPs started with the analysis of the influence of the initial pH of the media, the initial
concentration of peroxide and the treatment time on the efficiency of the AOPs.

In the case of the UV-C/H,0O, AOP, the influence of the pH of the system reflects, in
fact, that the reduction potential of the HOe /H,O system is pH-dependent. Considering
the amount of H,O, added, an increase in the H,O, concentration should increase the
formation of HOe radicals and consequently improve the degradation of pollutants. How-
ever, an excess of HyO, can decrease the oxidation rate due to scavenging side reactions
(Equations (6)—(8)).

HOe + H,0, = HO,e + H,O (6)
2HO,e = H,0, + O, @)
HOe + HOye = H,O + O, (8)

The perhydroxyl radicals, HO,e, formed in these reactions have a significantly lower ox-
idizing power than HOe radicals, since the standard reduction potential of the HO,e/H,0,
system is only 1.46 V [25]. In the UV-C/S,032~ AOP, the reduction potential of the
SO4e~ /SO4%~ system is pH-independent, which means that the pH value should have no
influence on the process efficiency. However, the SO e~ radical shows a certain degree of
autocatalytic behavior, which is most pronounced in the neutral pH range and is suppressed
in highly acidic or alkaline solutions [71]. Excessive concentrations of S,0g%~ canlead to a
scavenging effect, as shown in Equations (9) and (10) [72].

S,03” +S0, @ = SO~ +S,05 e ©)

250, ¢ = 5,03~ (10)

73



Water 2024, 16, 1389

The analysis of the influence of the initial pH of the media, the initial concentration of
peroxide and the treatment time required an appropriate mathematical description of the
relationship between these process parameters and the relative decrease in intensity of the
selected FTIR bands (i.e., the CI value). Therefore, a regression diagnosis of four models
given by Equations (1)—(4) was first performed. The results of the diagnosis (Table S1) show
the significance of all four models, regardless of the MPs and AOP treatments used, as the
p-value for each of the models is below the applied significance level of 0.050.

Model I is the simplest of the models examined. The results (Table S1) show that
the extension of Model I by interaction terms (Model II) or quadratic terms (Model III)
led to a better fit of the CI values in most cases. This is reflected by an increase in the
values of the coefficient of determination (R?) or the adjusted coefficient of determination
(Rzadj). It is important to note that R? is not an ideal indicator of which model is better
when comparing models with unequal degrees of freedom. The reason for this is that the
R? increases with each new independent variable that is added to the model, regardless
of whether the added variable is relevant or irrelevant for explaining the variation in the
dependent variable [73]. To assess the suitability of the model, we therefore compared
the values of Rzadj. Rzadj is the value of the coefficient of determination corrected for the
number of predictors used in the model. The protection provided by R? adj 1S crucial, as
too many terms in a regression model can lead to an “over-fitted” model that provides an
incorrect description of the system behavior [73]. The comparison of Rzadj values showed
that in three situations (both treatments of the PS samples and the PVC sample treated
with UV-C/H;05), the introduction of quadratic terms improved the fit of the CI values
more than the introduction of interaction terms, indicating the greater importance of the
quadratic terms in describing the behavior of these systems. Moreover, the introduction
of interaction terms in the case of PS MPs treated with UV-C/S,052~ even decreased the
RZadj value compared to Model I. On the other hand, the contribution of interaction terms
proved to be more beneficial in the case of PVC MPs treated with the UV-C/ S,082~ process.
Finally, Model IV proved to be better than the other three models based on the Rzadj values
for all applied AOP treatments, regardless of whether PS or PVC MPs were used. Therefore,
this model was used to optimize the AOP treatments.

The estimated values of the coefficients of the RSM models selected as optimal for the
applied AOP treatments are presented together with the t-test statistics in Table S2, while
the graphical representation of each model’s response and the determined optimal values
of the process parameters can be seen in Figures 1 and 2.

Since the regression analysis was conducted with a significance of 0.05, and the num-
ber of degrees of freedom for the selected RSM models was 17, the corresponding critical
value for the two-tailed f-test was 2.110 [74]. The comparison of the t-values for each
RSM term with the critical t-value (t-value above the critical value indicates a significant
variable) or analysis of the corresponding p-values (p-value below the applied significance
of 0.05 indicates a significant variable) shows that all three parameters tested—the treat-
ment duration, concentration of peroxide added and pH of the reaction mixture—have a
significant influence on the efficacy of the applied AOP treatments. The duration of the
AQP treatment does not show a quadratic relation with the CI values in any of the cases
examined (all p-values for the ay coefficients are above 0.050). In the case of PS MPs, the
contribution of the duration is purely linear regardless of the AOP treatment applied; the
significance of the duration is only reflected in the coefficient a; (p < 0.050). Positive values
of this coefficient indicate a positive effect of the treatment extension. For PVC treated with
UV-C/H;0;, the contribution of the duration is reflected by the linear term (coefficient
a1) and in combination with the pH (a5), whereas for PVC treated with UV-C/ S,0427,
it is only reflected by the interaction with the concentration of peroxide added (a4). The
coefficients of these interaction terms have a negative sign, which indicates an unfavorable
effect of the mutual increase in the values of these process parameters. A linear trend
related to the treatment duration, which is visible in the graphical representation of the
optimization of the UV-C/S,0g?~ treatment of PVC MPs (Figure 2, case B2), is obviously
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not specific to the entire experimental area or statistically insignificant. The influence of
the linear contribution of the concentration of peroxide proved to be significant in all four
cases investigated (4, < 0.050). In addition, the significance of the quadratic contribution
(ag) was shown in the case of PVC MPs, regardless of the AOP treatment applied. Negative
values of the coefficient ag indicate a convex dependence, which is unfavorably influenced
by too high or too low of an addition of peroxide. The significance of the quadratic term
could not be confirmed for the PS samples. Furthermore, in the PS MPs treated with
UV-C/H0,, we observed a significant negative influence of the mutual increase in the
concentration of peroxide and the pH of the medium (a4 < 0.050), while in the PVC MPs
treated with UV-C/S,0g%~, a significant negative influence of the mutual increase in the
concentration of peroxide and the duration of the treatment was observed (a4 < 0.050). In
all four cases examined, the importance of the pH value of the medium is initially reflected
in the significance of the linear term (a3) and the quadratic term (a9). In the case of the
UV-C/H;0,; treatment, the importance of pH is also reflected in the interaction terms,
which show a combined effect with the concentration of peroxide added in the case of
PS MPs (coefficient ag) or with the treatment duration in the case of PVC MPs (coefficient
as). The negative sign of coefficient a9, obtained for all four cases examined, indicates the
convex character of the pH influence, which is potentially unfavorable when approaching
areas with a higher acidity and basicity.
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Figure 1. Optimization of UV-C/H;0O,; treatment of PS MPs (labeled with A1 and A2) and PVC
MPs (labeled with B1 and B2). The diagrams under number 1 describe the influence of the process
parameters on the treatment efficiency: the response surface is represented with different coloring as
the fourth dimension. The diagrams under number 2 show the determination of the optimal process
conditions (blue color) by the interactive RSM interface of the MATLAB software: the green line
represents the intersection of the response surface, while the red dashed lines are the boundaries of
the 95% confidence interval.

The graphical representations of the response surfaces obtained using optimal RSM
models are shown in 4D mode (Figures 1 and 2, cases Al and B1), where the fourth
dimension is realized with different coloring: colder colors indicate areas with lower CI
values, while warmer colors indicate areas with higher CI values. The optimal values of
the process parameters were determined with 95% confidence using MATLAB's interactive
RSM interface and are highlighted in blue in Figures 1 and 2, cases A2 and B2. It can be seen
that the experiments with PVC MPs generally resulted in higher CI values. Furthermore,
the UV-C/H,0, treatment proved to be slightly more effective than the UV-C/S,0g*~
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treatment for the PS samples, while the opposite was true for the PVC samples. As we
had previously assumed based on the values of the coefficients of the significant RSM
terms, the surface maximum for all four MP-AOP combinations was reached at the longest
duration (90 min). The optimum concentration of peroxide was in the high range for PS
samples (20.0 mM and 16.8 mM for the UV-C/H;0; treatment and the UV-C/ S,042~
treatment, respectively) and in the medium range for PVC samples (13.5 mM and 11.1 mM
for the UV-C/H,0, treatment and the UV-C/S,0g?~ treatment, respectively). Optimum
S,05%~ concentration values that are below the maximum applied concentration values
might result from a scavenging effect according to Equations (9) and (10). The analysis of
the influence of the pH showed a favorable effect of a slightly acidic environment for the
UV-C/H;,0; treatment (optimum pH of 5.7 and 4.8 for PS and PVC samples, respectively)
and a neutral to slightly basic environment for the UV-C/S,0g?~ treatment (optimum pH
of 7.4 and 8.6 for PS and PVC samples, respectively). The determined optimal pH values in
the case of UV-C/S,0g%™ treatment might be related to the autocatalytic activity of SOse~,
which is most pronounced in the neutral pH range [71].

" e B B
= T c=16.8mM
BB [reremmm
25 pH=74
t=90 min
o0 Cll% it = T emll mete el
L I e
15
20
10
# 15
0 t/min 40 50 60 70 80 4 6 8 10 12 14 16 18 5 6 7 8 9
B2 s AT — T
78 """ t=90min c=1tammi T pH=86
76 )
cli% T S | S A S N
72
70
i
40 50 60 70 80 4 6 8 10 12 14 16 18 5 6 7 8 9
t/ min Cox I MM pH

Figure 2. Optimization of UV-C/ S,042~ treatment of PS MPs (labeled with A1 and A2) and PVC
MPs (labeled with B1 and B2). The diagrams under number 1 describe the influence of the process
parameters on the treatment efficiency: the response surface is represented with different coloring as
the fourth dimension. The diagrams under number 2 show the determination of the optimal process
conditions (blue color) by the interactive RSM interface of the MATLAB software: the green line
represents the intersection of the response surface, while the red dashed lines are the boundaries of
the 95% confidence interval.

In the following phase of this study, Candida parapsilosis was used to biologically treat
the pretreated MPs samples. These included PS samples subjected to the UV-C/H,0,
pretreatment and PVC samples subjected to the UV-C/S,Og?~ pretreatment. The AOP
pretreatments were carried out under the optimum conditions determined (Figures 1 and 2,
cases A2 and B2). Once the biotreatment of the pretreated PS and PVC samples was
completed, the samples were analyzed using FIIR-ATR, and the obtained spectra were
compared with the spectra of the untreated and pretreated samples (Figure 3).

The blue line in Figure 3 shows a decrease in the intensity of the monitored FTIR band
due to pretreatment, which, as mentioned above, is much more pronounced in the case
of PVC. An additional decrease in the intensity of the monitored band (red line) due to
biodegradation by Candida parapsilosis can also be observed for both PS and PVC samples.
However, these findings do not indicate whether the AOP pretreatment contributed to the
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log (CFUsampLe — CFUcontroL)

effectiveness of the biodegradation process. To obtain this information, we compared the
CFU values obtained during the biotreatment experiments with pretreated MP samples
with the CFU values obtained during the experiments with non-pretreated MP samples
(Figure 4). The compared CFU values were corrected for the CFU values of the control
experiments. Cases A and B in Figure 4 clearly show that the adaptation of the yeast culture
to the conditions in the system took place within the first 3 days and that the number of
yeast cells remained practically constant thereafter. An exception is the experiment with
the non-pretreated PS sample, where a slight descending trend in the CFU values can be
observed, indicating that the yeast culture is unable to adapt to this sample and utilize it as
a carbon and energy source. It can also be seen that the CFU levels are generally higher
in the pretreated samples, regardless of whether they are PS or PVC samples, suggesting
that the changes caused by AOP pretreatment made the MP samples more acceptable for
Candida parapsilosis survival.
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Figure 3. Comparison of FTIR spectra of untreated MP samples (black line), MPs pretreated with
selected AOP (blue line) and MPs pretreated with AOP and subsequently biologically treated with
Candida parapsilosis (red line). The cases presented are (A) PS MPs and (B) PVC MPs.
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Figure 4. Comparison of CFU values determined during the biodegradation process of non-pretreated
(green circles) and AOP-pretreated MP samples (orange circles). The cases shown are (A) PS samples
and (B) PVC samples.

In the end, it seems important to say that Candida parapsilosis, the yeast used in this
study, is a pathogen and one of the main causes of invasive candidal disease [75]. However,
it is a microorganism that is not harmful to humans under normal circumstances, as it is
commonly found on the skin, in the gastrointestinal tract and on mucous membranes [76].
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The problem can only arise when this microorganism enters a wound. Therefore, the
presence of biofilms of Candida parapsilosis on the plastic parts of medical equipment is
still the main source of infection [77]. The fact that this microorganism can survive on the
plastic parts of medical equipment can be seen as an additional argument that Candida
parapsilosis is able to adapt to MPs.

4. Conclusions

In this study, we tested the applicability of UV-C/H,0, and UV-C/S,0?~ AOPs as a
pre-step for the biotreatment of PS and PVC MPs by the yeast culture Candida parapsilosis
isolated from an MP-rich environment. The use of AOPs as a pretreatment implied a
restrictive use of AOPs, e.g., to affect only the surface of the MPs, which would not be
very costly but could be very beneficial for the efficiency of the biodegradation process.
The AOPs mentioned were chosen due to their frequent use in solving a problem with
various recalcitrant organic pollutants and due to the high oxidizing power of the radical
species involved.

The influence of three process parameters on the efficiency of the applied AOPs in
the degradation of MP samples was tested: the initial pH of the solution (tested in the
range of 4-10), the initial concentration of peroxide used (1-20 mM) and the treatment
duration (up to 90 min). The experimental design followed a full factorial methodology,
with each parameter tested at three levels. The efficiency of degradation was evaluated
by the relative change in intensity of the selected characteristic FTIR bands: out-of-plane
C-H bending at 694.4 cm~! for PS and CH, bending at 1411.9 cm~! for PVC samples.
Within the applied parameter range, both PS samples and PVC samples were found to be
sensitive to the tested photochemical AOPs. A statistical analysis of the treatment results
(i.e., the relative change in intensities of selected FTIR bands) confirmed the significant
influence of all three tested parameters. The UV-C/H,O, treatment was found to be more
effective in degrading PS samples, with a slightly acidic environment, maximum peroxide
concentration and maximum treatment duration, leading to the maximum degradation
efficiency. For PVC samples, the UV-C/ S,042~ treatment led to better treatment results.
The maximum efficiency was achieved in a slightly basic environment with a medium
peroxide concentration (11.1 mM) for 90 min (maximum treatment duration). Generally
speaking, the biodegradation of the pretreated samples resulted in a higher number of
yeast cells in the biological treatment system compared to the biological treatment of the
non-pretreated samples, indicating a positive effect of the pretreatment on PS and PVC
MPs during biodegradation with the yeast Candida parapsilosis. The results imply that
increasing the duration of the AOP pretreatment or adding more peroxide, as in the case of
the UV-C/H;0, treatment of PS MPs, would lead to greater MP degradation during the
pretreatment step; this could improve the efficiency of the biological treatment. However,
such changes require the delicate consideration of increasing costs (electricity costs, lamp
costs and costs of chemicals for oxidation and pH adjustment), and a balance must be
found between the increased treatment costs and increased efficiency.

As far as we know, this is the first study on the influence of an AOP pretreatment on the
biodegradation of PS and PVC MPs by fungi and one of the few on the biodegradation of
AOP-pretreated MPs samples in general. Considering the current societal trends aimed at
sustainable development and green technologies, as well as the advantages characterizing
treatments such as the one described in the study (high metabolic potential of fungi, very
economical and environmentally friendly approach), an intensification of research on the
biodegradation of MPs by fungal species is expected. This includes, among other things, a
more detailed investigation of various pretreatments that could increase the effectiveness
of the biological treatment.
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Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/w16101389/s1, Figure S1: FTIR spectra of untreated MP samples
with the characteristic bands indicated: (A) PS MPs and (B) PVC MPs. The chemical structures of the
mentioned polymers are shown in blue; Table S1: Statistical analysis of the fitted response surface
models (Equations (1)—(4)) for MPs treated with UV-C/H,0O, or UV-C/ S,042~. The analysis was
performed with a significance of p < 0.050; Table S2: Estimated values of the coefficients of the RSM
models selected as optimal for the applied AOP treatments (according to Equation (4)) and the results
of the t-test presented in the form of p-values. The calculations were performed with a significance
level of p < 0.050.
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Abstract: The global problem of microplastics in the environment is “inspiring” scientists to find
environmentally friendly and economically viable methods to remove these pollutants from the
environment. Advanced oxidation processes are among the most promising methods. In this work,
the potential of Fenton, photo-Fenton, and Fenton-like processes for the degradation of microplastics
from low-density polyethylene (LDPE), polypropylene (PP), and poly(vinyl chloride) (PVC) in water
suspensions was investigated. The influence of three parameters on the efficiency of the degradation
process was tested: the pH of the medium (3-7), the mass of added iron (10-50 times less than
the mass of microplastics), and the mass of added H,O, (5-25 times more than the mass of added
iron). The effectiveness of the treatment was monitored by FTIR-ATR spectroscopy. After 60-min
treatments, the PP microparticles were found to be insensitive. In the Fenton treatment of PVC and
the photo-Fenton treatment of LDPE and PVC, changes in the FTIR spectra related to the degradation
of the microplastics were observed. In these three cases, the treatment parameters were optimized. It
was found that a low pH (3) and a high iron mass (optimal values were 1/12 and 1/10 of the mass of
the microplastics for LDPE and PVC, respectively) favored all three. The degradation of LDPE by the
photo-Fenton treatment was favored by high HyO, concentrations (25 times higher than the mass of
iron), while these concentrations were significantly lower for PVC (11 and 15 times for the Fenton
and photo-Fenton treatment, respectively), suggesting that scavenging activity occurs.

Keywords: microplastics; low-density polyethylene; polypropylene; poly(vinyl chloride); advanced
oxidation; Fenton-based processes

1. Introduction

The global development of human society has undoubtedly increased the quality
of human life, which is mainly reflected in the prolongation of human life [1,2] and the
increase in the world population [3]. On the other hand, this development has led to
excessive environmental pollution [4,5], which is a threat to all living organisms, including
human beings. One anthropogenic pollutant that has recently become the focus of scientific
interest is plastic, especially plastic particles smaller than 5 mm, known as microplastic
(MP) particles or simply microplastics (MPs) [6,7]. MPs have so far been detected in various
parts of the environment, including in the air [8], soil [9], and water [10]. Because of the
high bioavailability of MPs in aquatic medium [11], contamination of this environment is
of particular interest to scientists. MP particles can be easily ingested by aquatic organisms
and, thus, enter the food chain. Particles bellow 150 pm can be absorbed by biota tissue,
organs, and even cells [12]. This leads to a bioaccumulation effect. While it is suspected
that there should also be a biomagnification effect, the studies conducted to date have not
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been able to confirm this [11,13,14]. The adverse potential of MPs has been demonstrated
in numerous studies [12,15-17], so it is not surprising that MPs are considered an emerging
contaminant [18].

In recent decades, scientists have conducted intensive research into methods that effec-
tively remove MPs from the environment. Of the approaches tested, biological treatment
is considered the most environmentally friendly. However, due to the extreme stability
of plastics and the hydrophobicity of their surface, it is difficult to find organisms that
degrade plastics quickly and efficiently [19]. Another approach is to use membrane pro-
cesses. However, it has been shown that the removal of MPs using membrane technology is
still incomplete [20], and there is also a problem with membrane maintenance and sludge
disposal. Recently, the applicability of advanced oxidation processes (AOPs) has been
increasingly investigated as an additional option for treating water contaminated with MPs.
The basis of AOP treatments is the formation of extremely reactive radicals (strong oxidiz-
ing agents), which ensure rapid reaction rates in the degradation of recalcitrant organic
pollutants. This approach has a low selectivity and can, therefore, be used for the simultane-
ous degradation of different pollutants [21]. AOP treatment can lead to partial degradation
or, ideally, complete mineralization of the pollutants. Partial degradation usually results
in the formation of less complex chemical forms that are more susceptible to other treat-
ment approaches, especially biodegradation, which is the most environmentally friendly
approach. For this reason, AOPs are often used in combination with biodegradation as a
pretreatment step [22,23].

The AOP studies available in the literature generally do not report complete min-
eralization of the MPs and focus the discussion on the degree of polymer degradation
achieved. Ortiz et al. [24] investigated the effect of Fenton treatment on various MPs
samples (polyethylene (PE), polypropylene (PP), poly(vinyl chloride) (PVC), polyethy-
lene terephthalate (PET), and expanded polystyrene (EPS)) in a size range of 150-250 um
obtained from commercially available plastic products. The initial mass of the MPs was
100 mg, the iron concentration was 10 mg/L, and the H,O, concentration was 1000 mg/L.
The treatment lasted 7.5 h. During the treatment, additional amounts of iron and H,O,
were added to the system at regular intervals to recover the consumed reagents. After the
treatment under environmental conditions (pH and temperature) showed no changes in
the samples, they decided to perform the treatment under more extreme conditions: an
acidic medium with a pH of 3 and elevated temperature (80 °C). This treatment resulted in
a mass loss of about 8 to 12%. Lang et al. [25] investigated the effect of Fenton treatment
(7 days, room temperature, pH 4) on the adsorption of heavy metals on the surface of
PS MPs and reported that the applied treatment contributes to the aging of MPs. Piazza
et al. [26] studied the environmental aspects of a photo-Fenton treatment of PP and PVC
MPs (the samples had a size of 155 and 73 pm, respectively). The treatment involved
visible light irradiation and the application of ZnO nanorods coated with a SnOy layer
and decorated with Fe® nanoparticles. The authors monitored the changes in the FTIR
spectra to determine the percentage of degradation of the MPs. After 7 days of treatment, a
degradation efficiency of 94-96% was observed. Miao et al. [27] reported a 56% mass loss of
PVC microparticles with a size of 100-200 pm and a 75% dechlorination after 6 h treatment
with an electro-Fenton-like system based on a TiO, / graphite cathode. They also observed
a significant positive contribution of temperature increase to the degree of dechlorination.
In addition, the literature also reports on the investigation of the applicability of numerous
other AOP treatments [28-35].

In this study, the potentials of three Fenton-based AOPs, namely Fenton, photo-Fenton,
and Fenton-like processes were evaluated for the degradation of MP particles of low-density
PE (LDPE), PP, and PVC. The influence of the pH of the medium, the quantity of added
oxidizing agents, and the MPs concentration on the degradation process was investigated,
and the optimum treatment conditions were determined.
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2. Fenton-Based Processes

AQOPs based on the Fenton reaction are widely used for the oxidation of organic macro-
and micropollutants [36]. Some of the main advantages of Fenton-based processes are the
relatively simple process equipment, relatively inexpensive and environmentally friendly
reagents, and a relatively simple treatment procedure. In addition, these processes are
conducted at room temperature and atmospheric pressure, which provides an additional
economic advantage. Fenton-based processes are known to be highly resistant to matrix
interferences and typically result in high mineralization rates for recalcitrant organic
pollutants [37-39].

The basis of Fenton-based processes is the generation of the highly reactive hydroxyl
radical (éOH) with a standard redox potential of E%(eOH/H,0) = 2.730 V [40]. The
oxidation activity of the hydroxyl radical is related to the pH of the solution (Equation (1)),
so that the redox potential of the system increases with decreasing pH.

eOH+H" +e~ — H,O (1)

In the classical Fenton process (Figure 1, case A), the Fenton reagent is responsible
for the formation of hydroxyl radicals. The Fenton reagent is a mixture of aqueous so-
lutions of an iron(Il) salt and HyO,, in which hydroxyl radicals are formed according to
Equation (2) [41].

Fe?" + HyO, + HT — Fe®T + ¢OH + H,0 )
[ ’—’_ _________________________________________________ N
/(A) Fenton process y N \l
I I
I I
| Recalcitrant | |
: organic :
\ pollutants |

— e — — |

s e e e e e e e e e Bt Sl il el S ) St

\ (B) photo-Fenton process A 4

Figure 1. Schematic representation of (A) the Fenton process (outlined in blue) and (B) the photo-
Fenton process (outlined in red).

The formation of hydroxyl radicals can be negatively affected by an excess of HyO,
or Fe* ions in the bulk (Equations (3) and (4)) [37,39], causing an undesirable scavenging
effects, like the one described by Equation (5) [42].

e¢OH + H,O, — HOye + H,O 3)
eOH + Fe** + HY — Fe3* + H,0 (4)
HOse + ¢OH — H,O, + Oy 5)
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An alkaline medium is not suitable for carrying out the Fenton process because it
reduces not only the oxidizing power of the hydroxyl radical but also the activity of the
Fenton reagent. More specifically, at a high pH, the concentration of Fe?* ions in the solution
is negatively affected by the formation of iron(Il) hydroxide precipitate. In addition, high
pH values favor the decomposition of H,O,. However, very low pH values are also not
beneficial for the activity of the Fenton reagent. This is because at very low pH values, the
active HyO, concentration is affected by the formation of stable H3O," ions [43]. Therefore,
in order to avoid or minimize undesirable scavenging effects and to increase the efficiency
of the treatment, the process conditions must be optimized. Due to the specificity of the
system to be treated, optimization should be performed for each system.

The inclusion of ultraviolet or visible light irradiation in the classical Fenton process
leads to a photo-Fenton process (Figure 1, case B) in which hydroxyl radicals are increas-
ingly produced due to a two-step reaction. First, the iron(Ill) ions from Equation (2) are
hydrolyzed, leading to the formation of the Fe(OH)?>* complex (Equation (6)), which subse-
quently undergoes photo-induced reduction and generates hydroxyl radical
(Equation (7)) [44,45].

Fe** + H,0 — Fe(OH)*" + H' (6)

Fe(OH)*" 4 hv — Fe’* 4 ¢OH ?)

In addition, UV irradiation can cause photolysis of H,O,, which also increases the
production of hydroxyl radicals (Equation (8)) [43].

H,O, + hv — Z(OOH) (8)

Despite the advantage of the increased production of hydroxyl radicals and the corre-
sponding expected higher efficiency in the degradation of organic pollutants, the photo-
Fenton process has some disadvantages. First and foremost, it requires irradiation during
treatment, which results in high energy consumption. In addition, high concentrations of
organic pollutants in a treated system can significantly reduce the absorption of irradiation
by the Fe(OH)?* complex, resulting in an increase in irradiation time. All this makes
photo-Fenton treatment much more expensive than classical Fenton treatment.

In addition to the photo-Fenton process, there are numerous other modifications of
the classical Fenton process, commonly referred to as Fenton-like processes. Fenton-like
processes are divided into heterogeneous and homogeneous processes. In heterogeneous
Fenton-like processes, the Fe?* ion in the Fenton reagent is replaced by a solid catalyst, while
homogeneous Fenton-like processes refer to processes in which a different metal ion is used
in place of the iron ion in combination with H,O; [46]. Among heterogeneous Fenton-like
systems, systems triggered by zero-valent iron, especially in the form of nanoparticles, are
very popular, mainly because of their large specific surface area and high reactivity [43,47].
The process starts with the reaction between zero-valent iron and H,O;, leading to the
formation of Fe?* ions (Equation (9)), which are crucial for the formation of the hydroxyl
radical (Equation (2)).

Fe + Hy0, + 2H' — Fe*™ + 2H,0 ©)

The Fe?* ions formed in the reaction described by Equation (2) additionally contribute
to the formation of the Fe?* ions (Equation (10)) [43].

Fe' + 2Fe3 — 3Fe?* (10)

It should be noted, however, that there is concern in the scientific community about
the potential adverse effects that the presence of nanoparticles of zero-valent iron may
cause in the environment [48,49].
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3. Materials and Methods
3.1. Reagents and Solutions

The plastic material was purchased in the form of granules as OKITEN® 245 A (Dioki
d.d., Zagreb, Croatia), GF10 (Xiamen Keyuan Plastic Co., Ltd., Xiamen, China), and GS-
28 (Drvoplast d.d., Buzet, Croatia) for LDPE, PP, and PVC, respectively. Ferrous sulfate
heptahydrate (FeSO4-7H,0O; >99%; Sigma-Aldrich, Burlington, MA, USA), elemental iron
(>95%; Carlo Erba Reagents, Milan, Italy), 30% H,O, solution (1.11 g cm~3; Gram-Mol
d.o.o., Zagreb, Croatia), 0.1 M NaOH solution (Lach-Ner s.r.0., Naratovice, Czech Republic),
and HySOy solution (Kemika, Zagreb, Croatia) at concentrations of 0.1 and 5 M were used
for the AOP treatments. Ultrapure water (18.2 MQ) cm; Milli-Q, Millipore, Burlington, MA,
USA) was used for all experiments.

3.2. Preparation and Characterisation of Microplastics

The purchased plastic granules were crushed in a cryo-mill (Retsch, Haan, Germany)
with liquid nitrogen at an operating temperature of —196 °C. After grinding, the MPs were
dried at room temperature (25.0 &= 0.2 °C) for 48 h before sieving. The ground plastic was
sieved on stainless steel sieves (AS 200 jet, Retsch, Hann, Germany) to obtain MPs in the
size range of 25-100 um, which were then used for the experiments.

FTIR-ATR analysis (FTIR-8400S, Shimadzu, Kyoto, Japan, and MIRacle™ Single Reflec-
tion ATR, PIKE Technologies, Madison, WI, USA) was used to characterize the untreated
MP particles and the MP particles after AOP treatments.

To gain additional insight into the MPs’ degradation, the untreated MP particles and
the MP particles treated under optimal conditions were analyzed by scanning electron
microscopy (SEM) using a Tescan Vega Easyprobe 3 microscope (Brno, Czech Republic).
Imaging was performed in secondary electron mode (SE) and backscattered electron mode
(BSE) at an accelerating voltage of 10 kV and a working distance of about 8 mm. Prior to
imaging, Pd/Au was sputtered onto the samples using a Quorum Technologies SC7620
sputter coater (Lewes, UK) at 18 mA for 60 s.

3.3. AOP Treatments

The experimental design for the AOP treatments (Table 1) followed the full factorial
methodology with three variables tested at three levels, resulting in a total of 27 trials for
each AOP treatment applied. The variables tested were pH, mass ratio of MPs to Fe, and
mass ratio of HyO; to Fe. Although it would be appropriate to express the amounts of
iron and peroxide in the reaction system as a molar concentration (due to the fact that
the potential of the system depends on the molar concentration of the substance), the
AOP experiments were performed in such a way that we could only estimate the molar
concentrations of these substances. Although it is known that the volume of the reaction
mixture does not deviate too much from 80 mL, i.e., from the amount of added water,
we cannot know the true volume of the reaction mixture because we also add a certain
quantity of MPs, Fe, and HyO, to the system and adjust the pH of the reaction mixtures
at the beginning of the experiment. Therefore, we decided to express the amounts of the
mentioned substances in the reaction system in terms of their mass instead of their molar
concentration. The range of tested values (i.e., levels) was selected based on the information
available in the literature [50,51]. The required masses of iron species and H,O, volumes
were calculated based on the mass of MPs, which was 55 mg for all experiments.

The experimental procedure was similar for all three AOP treatments. The predefined
mass of 55 mg of an MPs sample was added to the reactor together with 80 mL of water.
The pH was adjusted to the desired value with 0.1 M HpSO4, 5 M H,SOy4, or 0.1 M NaOH,
after which a certain amount of iron in a suitable form was also added to the reactor. In the
Fenton and photo-Fenton treatments, ferrous ion (Fe2+) was used, which was added in the
form of FeSO,-7H,0. For the Fenton-like process, elemental iron (Fe’) was used. In the final
step, an appropriate amount of 30% H,O, was added to initiate the treatment. In the photo-
Fenton treatment only, the reaction mixture was exposed to UV-C irradiation of 254 nm
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(mercury lamp Pen-Ray® 11SC-1, UVP, Upland, CA, USA). All AOP experiments lasted
60 min, with continuous mixing at 150 rpm using a magnetic stirrer (high speed magnetic
stirrer MS-3000, Biosan SIA, Riga, Latvia). After each experiment, the MPs were separated
from the aqueous phase by vacuum membrane filtration through a sterile 0.45 pm cellulose
nitrate membrane filter (ReliaDiscTM membrane filter, Ahlstrom, Helsinki, Finland). The
MPs were then washed with water and air-dried for 24 h prior to FTIR-ATR analysis.

Table 1. Experimental design for Fenton, photo-Fenton, and Fenton-like processes.

No. pH m(MPs):m(Fe) m(HOj):m(Fe) No. pH m(MPs):m(Fe) m(HyOj):m(Fe) No. pH m(MPs):m(Fe) m(HyO;):m(Fe)
1 3.0 10:1 5:1 10 45 10:1 5:1 19 6.0 10:1 5:1
2 30 10:1 15:1 11 45 10:1 15:1 20 6.0 10:1 15:1
3 3.0 10:1 25:1 12 45 10:1 25:1 21 6.0 10:1 25:1
4 30 25:1 5:1 13 45 25:1 5:1 22 6.0 25:1 5:1
5 30 25:1 15:1 14 45 25:1 15:1 23 6.0 25:1 15:1
6 3.0 25:1 25:1 15 45 25:1 25:1 24 6.0 25:1 25:1
7 3.0 50:1 5:1 16 45 50:1 5:1 25 6.0 50:1 5:1
8 3.0 50:1 15:1 17 45 50:1 15:1 26 6.0 50:1 15:1
9 3.0 50:1 25:1 18 45 50:1 25:1 27 6.0 50:1 25:1

3.4. Determination of Optimal Conditions

The optimal conditions for the degradation of LDPE, PP, and PVC MPs by the three
applied Fenton-based AOPs were determined using the response surface modeling (RSM)
approach. The RSM approach involves a series of mathematical techniques aimed at
building an empirical model that describes the relationship between the input variables (i.e.,
the independent variables) and one or more dependent variables (i.e., the response) [52].
Based on our experience in the field of optimization of pollutant degradation in the aquatic
environment [53,54], we have assumed that a quadratic model represented by Equation (11)
should be sufficient to describe the system with three independent variables and one
dependent variable.

Yy = ag+ a1x1 + axxy + azxz + agx X + a5X1X3 + AgXaX3 + azx1% + agxy? + agxz> (11)

The model coefficients are denoted by a, while x1 to x3 represent the values of the three
process parameters tested: pH, mass ratio of MPs to iron, and mass ratio of HyO, to iron. In
addition to the linear (x1, xo, x3) and quadratic (x;2, x,%, x32) contributions, the model also
includes the interaction terms (x1x,, X1X3, X2X3) to cover the possible combined effects of the
parameters tested, which, as we knew from experience [53-57], are not uncommon in such
systems. The area of a broad FTIR band that occurred in the spectral range 30003600 cm !
was used as the response, i.e., as the dependent variable y.

Statistical analysis of developed model was performed using Design-Expert 10.0
software (StatEase, Minneapolis, MN, USA).

4. Results and Discussion

First, the untreated MP samples were characterized by FTIR-ATR spectroscopy. The
recorded spectra (Figure 2) clearly show the absorption bands characteristic of the polymers
LDPE, PP, and PVC. The spectrum of untreated PVC (Figure 2C) contains an unexpected
peak in the spectral range of 1715-1750 cm~!, which corresponds to the stretching of the
carbonyl group [58]. This peak obviously represents an additive present in the PVC sample
tested, as pure PVC has no carbonyl groups in its structure.

Each treated sample was also analyzed by FTIR-ATR to detect changes in the intensity
of the bands related to the vibrations of the groups formed during the degradation of the
MPs. The formation of carbonyl species is one of the most important indicators of the
oxidative degradation of MPs, and the quantification of the formed carbonyl groups by
infrared spectroscopy has been the method of choice for many years due to the strong
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absorption in the spectral range of 1715-1750 cm ™!, which is related to the stretching of the
carbonyl group [58-61]. However, since the untreated PVC samples showed a peak in this
region (Figure 2C), we decided not to use this band as an indicator of MPs’ degradation, but
rather a broad band that appeared in the spectral range 3000-3600 cm !, with a maximum
at about 3370 cm~!. The appearance of the band in this region indicates side reactions,
such as the substitution of chloride by hydroxide [33,62] and the formation of the terminal
C=C-H group [33]. According to Liu [58], the band of OH stretching is expected in the
range of 3200-3600 cm !, but the width and position of the band strongly depend on the
amount of hydrogen bonding [63]. We have found several reports on the occurrence of
this band during the degradation of plastics [33,62,64,65]. The stretching of the terminal
C=C-H group is expected in the range of 3250-3350 cm~! [58] and may, therefore, be
hidden in a broad band of OH stretching.
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Figure 2. FTIR spectra of untreated MPs with characteristic peaks of (A) LDPE, (B) PP, and
(C) PVC. The molecular structures of the polymers are shown in blue in the top righthand cor-
ner of each spectrum.

After analyzing the obtained FTIR spectra, it was found that some of the applied
treatments, especially the Fenton-like treatment, did not result in significant spectral
changes that can be associated with the degradation of MPs (Table 2). This is not so
surprising, since the MPs studied are composed of polymers that do not have hydrolysable
groups in their structure and are, therefore, less susceptible to degradation [66]. PP samples
remained unaffected by all three treatments applied. For LDPE, only the photo-Fenton
treatment led to observable changes in the intensity of the monitored band, which is
apparently due to the introduction of UV-C irradiation in the treatment. Apart from the fact
that the introduction of UV-C irradiation increases the production of radicals compared to
the conventional Fenton process, UV-C irradiation alone may also have a significant impact
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on the degradation of MPs [67]. Of the three MPs tested, PVC was found to be the most
susceptible to Fenton-based treatments, with changes in the intensity of the monitored
band observed for the Fenton and photo-Fenton treatments. The reason for this is most
likely the chlorine atom contained in the PVC structure, which facilitates the oxidation and
decomposition of PVC [66]. According to the available information, the first step of PVC
decomposition should be dechlorination or dehydrochlorination, during which various
chlorinated compounds can be formed [27,68]. Furthermore, dehydrochlorination leads to
the formation of labile internal allyl chloride structures [69], which dissociate into chlorine
radicals, Cle, and polyene radicals, Re (Equation (12)).

R—CIl — Re +Cle (12)

Polyene radicals react with oxygen from the environment and form peroxy radicals
(ROQOe), which can react with -CH;- or -CH-CI groups and, thus, contribute to the further
degradation of PVC [68].

Table 2. Comparison of the experiments performed with regard to the changes observed in the

FTIR bands.
Treatment
Polymer
Fenton Photo-Fenton Fenton-like
LDPE NO YES NO
PP NO NO NO
PVvC YES YES NO

Considering what is discussed above, we report here only the RSM models developed
for the treatment cases that resulted in observable changes in the intensity of the monitored
band. Statistical analysis of these models (Tables 3-5) confirmed their significance for
describing the influence of the three variables tested. The adequacy of the models is
further confirmed by the fact that 87.06 to 93.40% of the variance in the response (i.e., the
independent variable), according to the R? values, can be explained by the variability of
the values of the tested (i.e., dependent) variables. The negative values of the coefficient a;
for all three models clearly indicate a positive influence of a more acidic environment on
the efficiency of the applied treatments. The negative values of coefficient a, obtained for
the treatments of PVC samples indicate the positive influence of a higher concentration of
Fe?* ions in the system, while the negative values of coefficient a3 indicate an unfavorable
influence of increased H,O, concentrations, suggesting the potential scavenging effect of
H,0; during PVC treatment. No such effects were observed in the case of LDPE treatment.

Figures 3-5 contain graphical representations of the response surfaces corresponding
to the models whose parameters are listed in Tables 3-5, while the optimal conditions for
each treatment, estimated from the maxima of the response surfaces, are listed in Table 6.
Visualizing the response surface of a system that has four dimensions (three independent
and one dependent variable) is a challenge. Therefore, for the sake of simplicity, we decided
to visualize the response surfaces at fixed values of one of the independent variables,
namely pH. In this way, we enabled a transparent analysis of the behavior of the response
by plotting three surfaces. In the first place, the surface trends can be seen based on the
variation in the parameters m(MPs):m(Fe) and m(HyO;):m(Fe). Secondly, by comparing
three response surfaces, it is possible to see what happens to the response due to the
variation in pH. The area, A, of a broad FTIR band in the spectral range 3000-3600 cm !
represents the response. The red areas on the surfaces show the most favorable conditions
for performing a Fenton or photo-Fenton treatment, while the blue areas represent the
least favorable conditions. The response surfaces confirm some of our conclusions derived
from the statistical analysis of the RSM models. For example, the most intense red areas
are obtained at a pH of 3. Furthermore, the response surfaces show that a high amount of
added iron (small ratio m(MPs):m(Fe?*)) is beneficial not only for PVC treatment but also for
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LDPE treatment. This is in line with some other reports claiming that a high concentration
of Fe?* ions is required for the degradation of organic pollutants by the homogeneous
Fenton process [26,70]. Finally, in the case of LDPE treated with the photo-Fenton process
(Figure 3), a positive effect of increased H,O, concentrations is observed, with the optimal
amount of added HyO, being 25 times higher than the amount of added Fe (Table 6). In the
case of PVC treatment, the red areas cover low to medium HyO, concentrations, regardless
of whether we analyze the Fenton or the photo-Fenton response surface. The optimal
amounts of added H,O; are estimated to be 11 and 15 times the amount of added Fe for
the Fenton and photo-Fenton treatments, respectively.

Table 3. Statistical analysis of the fitted response surface model (Equation (11)) for the case of LDPE
MPs treated with the photo-Fenton process. The analysis was performed with a significance of
p < 0.050.

Model Coefficients Influential Variables !
R? Rzadj F p Value 4 x1 Xp X3
ag =4.51 -
a;=—2.63 <0.0001 YES
ap =0.55 0.1534
a3 =1.14 0.0061 YES
ay =252 <0.0001 YES YES
0.8706 0.8021 12.71 <0.0001 25 = —0.30 0.5109
ag =0.13 0.7692
ay =2.51 0.0010 YES
ag = —1.02 0.1247
ag = —0.28 0.6640
Note: ! x; = pH; x5 = m(MPs):m(Fe); x3 = m(HyO,):m(Fe).
Table 4. Statistical analysis of the fitted response surface model (Equation (11)) for the case of PVC
MPs treated with the Fenton process. The analysis was performed with a significance of p < 0.050.
Model Coefficients Influential Variables !
R? Rzadj F p Value 4 X1 X2 X3
ay =18.42 -
a; = —4.64 <0.0001 YES
ay=-7.12 <0.0001 YES
a3 =—1.76 0.0289 YES
ay =044 0.6347
0.8994 0.8462 16.89 <0.0001 25 = 0.64 0.4879
ag = 0.86 0.3531
ay; =—1.70 0.2009
ag =0.35 0.7878
ag = —3.90 0.0071 YES

Note: T x; = pH; xp = m(MPs):m(Fe); x3 = m(HyO,):m(Fe).
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Table 5. Statistical analysis of the fitted response surface model (Equation (11)) for the case of PVC
MPs treated with the photo-Fenton process. The analysis was performed with a significance of

p < 0.050.
Model Coefficients Influential Variables !
R? R?,4 F p Value p x X2 X3

ap = 22.29 -
a; =—5.35 <0.0001 YES
ap = —7.00 <0.0001 YES
a3 =—0.76 0.2249
a, =—0.92 0.2265

0.9340 0.8990 26.72 <0.0001 45 = —043 05969

ag = 1.06 0.1690

ay = —1.80 0.1022
ag = —0.11 0.9185
ag = —4.25 0.0008 YES

Note: ! x1 = pH; x; = m(MPs):m(Fe); x3 = m(HyO,):m(Fe).

Figure 3. Obtained response surfaces for treatment of LDPE MPs by Fenton process for (A) pH = 3.0,
(B) pH =4.5, and (C) pH = 6.0.

Figure 4. Obtained response surfaces for treatment of PVC MPs by Fenton process for (A) pH = 3.0,
(B) pH=4.5, and (C) pH = 6.0.
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Figure 5. Obtained response surfaces for treatment of PVC MPs by photo-Fenton process for
(A) pH=3.0, (B) pH =4.5, and (C) pH = 6.0.

Table 6. Optimal conditions for the treatment of MPs samples.

Polymer Treatment pH m(MPs):m(Fe) m(HyOy):m(Fe)
LDPE Photo-Fenton 3 12:1 25:1
Fenton 3 10:1 11:1
pve Photo-Fenton 3 10:1 15:1

For final confirmation of the results obtained, all three treatments of MPs (LDPE with
Fenton and PVC with Fenton and photo-Fenton treatments) were performed under optimal
conditions. The FTIR spectra and SEM images of the MPs samples after the treatments
were recorded and compared with those of the untreated samples (Figures 6-8).
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Figure 6. Comparison of FTIR spectra obtained before and after treatment under optimal conditions.
The cases show (A) LDPE MPs and (B) PVC MPs.

When analyzing the FTIR spectra obtained, in addition to a clear increase in the
intensity of the band in the spectral range of 3000-3600 cm ! as a result of the treatments,
a decrease in the intensity of the characteristic bands of LDPE and PVC polymers can
also be seen. Also, a new peak appeared at 1620 cm ™! for all three treated samples. The
peak in this region is mainly related to C=C stretching, which also indicates polymer
degradation [27,71]. In the case of LDPE, the appearance of C=C structures indicates
dehydrogenation as one of the degradation reactions; we found that dehydrogenation
during PE degradation has also been confirmed in some other treatments [72,73]. The
formation of carbonyl groups was confirmed by a new peak at 1715 cm ! (Figure 6A).
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« /,‘ >
Figure 7. SEM micrographs of LDPE samples—untreated sample scanned in (a) SE and (b) BSE mode,

and photo-Fenton-treated sample scanned in (c) SE and (d) BSE mode.

The decrease in the intensity of the bands of C~Cl stretching (834 cm ™! [74,75]), CH
wagging (1427 cm~! [75]), and CH, wagging (964 cm~! [75]) in the case of treated PVC
supports our assumption that dehydrogenation or dehydrochlorination are the initial steps
of PVC degradation. Moreover, this corresponds to the formation of the C=C peak at
1620 cm !, since dehydrochlorination leads to the formation of polyene structures [68,76].
The comparison of the intensities of the monitored band for the PVC treatments shows the
higher efficiency of the photo-Fenton treatment compared to the classical Fenton treatment;
the apparent reason for this is the introduction of UV-C radiation into the treatment. PVC
is considered to be more sensitive to photo-treatment compared to the other two polymers
investigated, especially in the wavelength range of 253-310 nm [68], where the irradiation
used in this study is located.

In the SEM analysis, we imaged the MPs samples in SE and BSE mode (Figures 7 and 8).
Most of the morphologically and texturally relevant changes on the surface of the polymer
samples could be evidenced with the SE detector, while compositionally (chemically) rel-
evant changes could be observed with the BSE detector. Drastic changes in the chemical
composition were unlikely, but BSE images could indicate relevant areas of degradation.
Textural changes were expected.

As can be seen in Figure 7a, the untreated LDPE microparticles have a low surface
roughness, and no agglomerates or aggregates are present. Figure 7b shows that the
phase composition was highly homogeneous. The photo-Fenton treatment of the LDPE
sample led to an increase in surface roughness with additional morphological defects
(Figure 7c). The BSE image (Figure 7d) potentially depicts a gradient, indicating a change
in composition compared to the reference.
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"S5 um

Figure 8. SEM micrographs of PVC samples—untreated sample scanned in (a) SE and (b) BSE mode,
Fenton-treated sample scanned in (c) SE and (d) BSE mode, and photo-Fenton-treated sample scanned
in (e) SE and (f,g) BSE mode.

In contrast to the untreated LDPE MPs, the surface morphology of the untreated
PVC MPs scanned in SE mode (Figure 8a) shows considerable roughness and a grainy
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morphology, while BSE scanning (Figure 8b) reveals a homogeneous phase composition.
Moreover, the influences of the Fenton treatment and the photo-Fenton treatment on the
MPs were more evident in the PVC samples. In the case of the Fenton treatment, an
increase in surface roughness and apparent porosity can be observed (Figure 8c). The BSE
images point to the absence of any compositional phase changes (Figure 8d). In the photo-
Fenton treatment (Figure 8e,f), however, the porosity increases even more, together with
the surface roughness. The BSE image (Figure 8f) shows possible in-depth compositional
phase changes. Figure 8g shows an enlarged view of an area with the most relevant
morphological changes observed in Figure 8f. The extended degradation is visible, i.e., the
porosity extends beyond the surface of the samples.

5. Conclusions

AOPs are an emerging approach for the remediation of environments polluted by
non-biodegradable organic substances [77]. Conventional plastic polymers, especially
in the form of micro- and nanoplastics, are non-biodegradable organic pollutants whose
presence in the environment has become a global environmental problem [78].

In this study, the potential of Fenton, photo-Fenton, and Fenton-like processes for
the degradation of LDPE, PP, and PVC MPs was investigated without going into the
analysis of the degradation mechanisms. The treatments lasted 60 min. PP was the least
sensitive to the treatments, with no significant changes observed in the intensities of the
characteristic FTIR bands. For LDPE, signs of degradation were only observed after the
photo-Fenton treatment. The PVC samples were the most sensitive to the treatments, as
signs of degradation were observed after the Fenton and photo-Fenton treatments, while
the Fenton-like treatment showed no effect. The results indicate that of the three treatments
applied, the photo-Fenton treatment is the most efficient in degrading PVC MPs. The SEM
analysis of the LDPE samples treated with photo-Fenton and the PVC samples treated with
Fenton and photo-Fenton confirmed the changes on the MP surface and even the in-depth
changes in the PVC treated with photo-Fenton.

The Fenton-based processes did not prove to be overly efficient in degrading LDPE,
PP, and PVC MPs at the selected treatment duration of 60 min. It is likely that extending
the treatment would lead to better efficiency, but in this case the question of the economic
viability of the treatment arises. Therefore, investigating the potential of some other AOPs,
e.g., those combining UV-C radiation with other oxidizing agents, such as ozone, peroxide,
or persulfate, seems to be a more promising way to remediate the environment polluted
by MPs. However, since this study has shown that the Fenton treatment of PVC and the
photo-Fenton treatment of LDPE and PVC have led to some changes in MPs, there is a
possibility that these treatments can be efficiently used as pretreatments for biodegradation,
as the observed changes could be very beneficial for microbial colonization of the surface
of MPs.
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Abstract: Due to its high acidity and toxic metal content, acid mine drainage (AMD) needs to be
properly treated before being discharged into the environment. This study took the AMD collected
from one specific mine in China as a sample and investigated the treatment methodology for AMD.
The water quality of the AMD was measured, and the sample was treated with caustic soda (NaOH)
and shell powder (one kind of conventional neutralizer, mainly composed of CaCO3) by the neu-
tralization method. The results show that the AMD has a relatively low pH (2.16) and contains
high concentrations of Fe (77.54 g/L), Mn (621.29 mg/L), Cu (6.54 mg/L), Ca (12.39 mg/L), and
Mg (55.04 mg/L). NaOH was an effective neutralizer to treat the AMD and performed much better
than shell powder. Various metals were precipitated, in the order of Fe(III), Cu, Fe(Il), Mn, Ca, and
Mg. The metal removal mechanisms included precipitation, adsorption, and co-precipitation. The
optimal reaction conditions were the reaction duration was selected as 5 min and the mass ratio of
NaOH to AMD was 0.16:1 (w:v). By this stage, the pH rapidly increased from 2.16 to 8.53 during
AMD-NaOH interactions and various metals were efficiently removed (from 86.71% to 99.99%) by
NaOH. The residual mass concentrations of Fe, Mn, Cu, Ca, and Mg after the treatment were 1.52,
1.77,0.10, 1.65, and 2.17 mg/L, respectively. These data revealed that NaOH was a good treatment
regent for this kind of AMD, based on the discharge criteria of China (GB28661 2012). Also, the shell
powder was a helpful neutralizer for pH adjustment and copper removal. This neutralization method
has the advantages of convenient operation, high speed, good effect, simple equipment, and low
infrastructure cost. In addition, the resulting neutralized residue is a valuable and high-quality raw
material, which can be used in metal smelting and separation.

Keywords: acid mining drainage (AMD); heavy metals; neutralization; precipitation; NaOH; shell powder

1. Introduction

Acid mine drainage (AMD) is one kind of typical wastewater mostly produced in
the mining industry [1]. It is mainly derived from metal sulfide minerals present in active
or abandoned mines, tailings ponds, waste rocks, and sulfuric acid soils [2-4]. Among
these sulfides, pyrite (FeS,) is the most important because of its ease of oxidation [5-7].
In addition, pyrrhotite (Fe;_«S, where 0 < x < 0.2) and arsenopyrite (FeAsS) are also
common metal sulfide minerals that generate AMD [8]. When exposed to oxygen (O,),
water, and certain microorganisms (such as Thiobacillus thiooxidans and Thiobacillus
ferrooxidans), these sulfides undergo complex chemical and biological oxidation, resulting
in the production of AMD [2,4,9].

The main environmental hazards posed by AMD are its extremely low pH (usually
below 3) and high concentrations of toxic metals ions [10,11]. A low pH is hazardous to
the survival of living organisms and may lead to metals leaching from rocks into aquatic
systems. That is to say, as water becomes acidic, the mobility and solubility of heavy metals
increase, leading to the chemical, physical, and biological erosion of the soil and water
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bodies [4,12]. Due to their toxicity, non-degradation, and bioaccumulation, in the long
run, heavy metals in AMD can accumulate in the food chain, posing a significant threat
to microorganisms, plants, animals, and humans [13-15]. For example, large amounts of
iron (Fe) and manganese (Mn) in AMD entering water bodies can cause various symp-
toms in the local residents, such as drowsiness, muscle tremor, hepatic necrosis, shock,
metabolic acidosis, DNA damage, and in severe cases, even death [16]. In summary, if
AMD is directly discharged without treatment, it may pose a serious threat to the environ-
ment, especially the soil, surface water, groundwater, and aquatic communities [17-19].
Therefore, it is necessary to properly treat AMD before discharge to meet the required
discharge standard.

The AMD treatment includes active and passive treatment approaches [8]. Active treat-
ment methods commonly include neutralization, precipitation, adsorption, ion exchange,
membrane separation, and electrochemical approach [20-24]. Passive treatment methods
include constructed wetlands, limestone drains and channels, permeable reactive barriers,
and sulfate reduction bioreactors [25-29]. Each of these treatment methods has its unique
advantages and disadvantages when dealing with AMD. In terms of the AMD treatment
methods, active treatments can be used to treat various types of AMD through a single
or combination of multiple methods [11]. However, active treatments require continuous
chemical addition and secondary pollutant treatment [12]. The advantages of passive treat-
ments are their low cost of implementation, operation, maintenance, and management [28].
Their disadvantages are their low acid load, prolonged process time, poor effectivity during
winter, unstable water output, and being less efficient over time [30]. Among these methods,
chemical neutralization is currently the most common and widespread method for treating
AMD due to its rapid reaction rate and high removal efficiency [13]. The commonly utilized
alkaline neutralizing agents include lime and limestone (CaCQO3), calcium oxide (CaO),
hydrated lime (Ca(OH)y), soda ash (NayCO3), caustic soda (NaOH), ammonium hydroxide
(NH4OH), and magnesium hydroxide (Mg(OH);) [13]. Among these neutralizing agents,
calcium-based reagents (particularly limestone) are used extensively worldwide because of
their low cost, abundant reserves, and convenient storage [16]. However, using limestone
or hydrated lime to treat AMD usually generates a large amount of metal-rich sludge,
which is hard to settle, recycle, and reuse [31]. To summary, although the treatment cost of
AMD using limestone or hydrated lime is cheap, the disposal cost of the sludge is relatively
expensive [32]. In recent years, alkaline industrial by-products, such as concrete fines,
lime kiln dust, coal ash, steel mill slag, red mud, and fly ash, have replaced traditional
alkaline chemicals for treating AMD [33-36]. Using alkaline industrial by-products further
reduces the treatment cost, but also makes it harder to reuse the sludge because industrial
by-products introduce a variety of cations and anions into the sludge. Therefore, more
effective and less sludge-producing AMD treatment processes are required. Particularly, if
the resulting solids by the neutralization method are relatively pure and free of complex
impurity components, they can be conveniently used as high-quality raw materials for
subsequent metal smelting.

In this study, the actual AMD derived from one mine in China was treated by the
neutralization method. The water quality of the actual AMD, including the pH and various
metal ions” concentrations, was measured first. Based on the above results, NaOH was
selected as the neutralizing agent to treat the AMD. The performance of NaOH on raising
the pH and removing metal ions was investigated and compared to the performance of
shell powder (one conventional neutralization material). Then, the optimal dosage and
neutralization time of NaOH were investigated. Finally, characterization was performed
with X-ray diffraction (XRD) and Fourier transform infrared spectroscopy (FTIR) for the
neutralized residues. The research results can provide data support for operating conditions’
selection and process adjustment in the actual production.

101



Water 2024, 16, 821

2. Materials and Methods
2.1. The Acid Mining Drainage and Reagents

The actual acid mine drainage (AMD) in this study was collected from one mine in
China just before entering the AMD treatment plant, packed in clean 20 L PVC plastic
drums, transported to the laboratory, and stored at 4 °C until analysis and treatment.

All chemical reagents used in this study were analytically pure and used as re-
ceived. Hydrochloric acid (purity 37%) and NaOH were purchased from Xilong Scientific
Co., Ltd. (Chengdu, China), and other reagents, for example, standard metal solutions
(1000 mg/L), were purchased from Macklin Biochemical Technology Co., Ltd. (Shanghai,
China). Distilled water was used for all experiments.

2.2. Methodology
2.2.1. Characterization of the Acid Mine Drainage

Referring to the Chinese wastewater discharge standard of “Emission standard of
pollutants for mining and mineral processing industry” (GB28661-2012) [11], the water
pollution characteristics of the AMD were analyzed, including the pH value and various
metal concentrations. The pH was measured using a pH meter (PHS-3C, Ramag, Shanghai,
China). The concentrations of metals (Zn, Cu, Mn, Fe, Cd, Cr, Pb, Ni, Ag, Ca, and Mg)
were measured by a flame atomic absorption spectrophotometer (Shimadzu AA-7000F,
Kyoto, Japan).

2.2.2. Neutralization Performance Experiments of NaOH and Shell Powder

The chemical neutralization method was used to treat the above raw AMD. The exper-
iments were conducted at room temperature (25 £ 3 °C). The neutralization performance
of NaOH and shell powder were investigated by batch experiments. The neutralizer NaOH
(0.5,1.0,1.5,2.0, and 2.5 g) or shell powder (0.5, 1.0, 1.5, 2.0, 2.5 g, and 3.0 g) with different
dosage ranges and 10 mL AMD solution were added to a series of 50 mL centrifuge tubes.
Subsequently, all tubes were placed in a Rotary Mixer (QB-228, Haimen Kylin-Bell Lab
Instruments Co., Ltd., Haimen, China) for 2 h at 60 rpm. After the reaction, the pH of the
suspension was measured. The remaining suspension was centrifuged at 4000 rpm for
5 min and filtered through 0.45 pm PTFE syringe-tip filters. The residual metal concentra-
tions (Fe, Mn, Cu, Ca, and Mg) were analyzed by a flame atomic absorption spectropho-
tometer. The removal rate of each metal element was calculated by dividing the concentra-
tion difference before and after treatment by the concentration before treatment [11].

2.2.3. The Optimal Dosage Experiments of NaOH

According to the experimental results of Section 2.2.2, the optimum dosage of NaOH
is between 1.5 g and 2.0 g. Therefore, to further explore the optimal dosage of NaOH,
the neutralization experimental process was conducted once again. Therefore, in order to
neutralize 10 mL AMD, the dosages of NaOH were selected as 1.6, 1.7, 1.8, and 1.9 g. The
neutralization reaction time was set to 2 h.

2.2.4. The Optimal Neutralization Time Experiments of NaOH

The influence of the neutralization reaction time of NaOH on the AMD treatment was
determined through batch experiments. A total of 2.0 g NaOH and 10 mL AMD solution
were added to a series of 50 -mL centrifuge tubes. The neutralization experiments were
conducted under different neutralization reaction times (1, 2, 3, 5, 7, 10, 15, 20, 30, 45, 60, 90,
120, 180, and 240 min).

2.2.5. Characterization of the Neutralized Residues

The neutralized residues were placed in an oven (DHG-9076A, Shanghai Kunquan
biotechnical Co., Ltd., Shanghai, China) at 50 °C for 48 h, and then ground into a pow-
der. The mineral phases of the residues were performed by a powder X-ray diffraction
spectroscopy (XRD, Dandong Fang-yuan Instruments Co., Ltd., Dandong, China) equip-
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ment, with Cu Ko scanning range from 5° to 80° (26) at a scan speed of 2°/min. The
surface functional groups and valence bounds were determined using Fourier transform
infrared spectroscopy (FTIR, Nicolet 360FT-IR spectrometer, Thermo Nicolet Corporation,
Madison, W1, USA), over a wavenumber ranging from 4000 to 400 cm ! by using KBr as
a reference.

3. Results and Discussion
3.1. Water Quality of the Raw Acid Mine Drainage

The water quality of raw AMD before treatment and the discharge standard (“Emission
standard of pollutants for mining and mineral processing industry” (GB28661-2012)) are
shown in Table 1. As expected, the AMD had a relatively high acidity, with a pH of 2.16,
and contained various metal elements. In the extensive literature about AMD, both actual
and synthetic AMD generally contain large amounts of iron (Fe) and manganese (Mn)
elements. The concentration range of Fe is generally from tens to hundreds of milligrams
per liter, while the concentration of Mn is tens of milligrams per liter [11,18,23,28]. The
AMD in this study had an iron concentration of up to 77.54 g/L and a Mn concentration
of up to 621.29 mg/L, both of which are much higher than those in general AMD. In
addition to its strong acidity, the main feature of this AMD was its high contents of Fe and
Mn elements. Magnesium (Mg), calcium (Ca), and copper (Cu) were found in moderate
concentrations, ranging from a few milligrams per liter to tens of milligrams per liter, while
lead (Pb) was a trace element at a concentration of tens of micrograms per liter. Heavy
metals, such as Zn, Cd, Cr, Ni, and Ag, were not detected in the raw AMD; so, these
metals were considered no longer of concern and were not measured in the subsequent
neutralization experiments.

Table 1. The water quality of the raw AMD and the relative discharge standard “Emission standard
of pollutants for mining and mineral processing industry” (GB28661-2012).

Parameters Acid Mine Drainage (AMD) GB28661-2012
pH 2.16 6-9
Zn (mg/L) undetected 2.0
Cu (mg/L) 6.54 0.5
Mn (mg/L) 621.29 2.0
Fe (mg/L) 77.54 (g/L) 5.0
Cd (mg/L) undetected 0.1
Cr (mg/L) undetected 1.5
Pb (mg/L) 0.06 1.0
Ni (mg/L) undetected 1.0
Ag (mg/L) undetected 0.5
Ca (mg/L) 12.39 /
Mg (mg/L) 55.04 /

According to the “Emission standard of pollutants for mining and mineral process-
ing industry” (GB28661-2012) standard, the concentration of Pb (0.06 mg/L) in the raw
AMD was below the limit value (1.0 mg/L); so, Pb was not measured in the subsequent
neutralization experiments. The concentrations of Fe, Mn, and Cu in the AMD must be
reduced to meet the standard requirements. Meanwhile, the acidity of the AMD must be
neutralized to a natural state. Due to the high content of Mn in the AMD and the difficulty
of Mn precipitation when the pH value is below 6 [13,37], the highly alkaline neutralizer
NaOH was selected to treat the AMD. For comparison, shell powder (mainly composed
of CaCO3) was selected as a conventional neutralizer to evaluate the treatment efficiency
of NaOH on the AMD. Despite Ca and Mg concentrations not being addressed in the
emission standard GB28661-2012, the concentrations of these two elements are related to
the hardness of water; so, they were tested in the following neutralization experiments.
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Removal rate (%)

3.2. Performances of NaOH and Shell Powder during the Acid Mine Drainage Treatment

The performances of NaOH and the shell powder during the AMD treatment are
presented in Figure 1. As shown in Figure 1a,b, with the increase in the dosage of the two
neutralizers, the pH value and the removal rates of the various metal elements increased.
For NaOH, as the dosages increased, the pH of the solution rose from 2.16 to 13.77. For the
shell powder, the pH of the solution quickly reached a maximum of 5.88 and remained sta-
ble. The removal rates varied with the metals. In general, NaOH had a better performance
than the shell powder for the removal of various metals.
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Figure 1. Performances of NaOH (a) and shell powder (b) on the AMD treatment (experimental
conditions: 10 mL AMD solution; reaction time = 2 h).

In the case of Cu, when adding 1.0 g NaOH, the pH of the solution increased from
2.16 to 6.02, and the removal rate of Cu rapidly increased to over 95%. When adding 0.5 g
shell powder, the pH of the solution increased from 2.16 to 4.82, and the removal rate of
Cu was close to 100%. As shown in Figure 1b, the alkalinity produced by the shell powder
is mainly used to precipitate Cu, while the precipitations produced by iron and Mn are
very small. If only considering the removal of Cu in the AMD, the shell powder is a good
neutralizing agent.

In the case of iron, when adding 0-2.5 g NaOH, the removal rate of iron showed
a three-stage trend. The removal rate of Fe increased rapidly (adding 0-0.5 g NaOH,
pH =2.16-4.50) at first, then increased slowly (adding 0.5-1.0 g NaOH, pH = 4.50-6.02),
and finally rapidly raised (adding 1.0-2.5 g NaOH, pH > 6.02) to near 100%. The final
removal rate of iron by NaOH was higher than 99.99%. According to Hu et al., at 20 °C,
the pH range of Fe>* from the beginning to complete precipitation is 1.9-3.2 and the pH
range of Fe?* precipitation is 7.9-9.0 [38]. Therefore, it can be inferred that both Fe(III)
and Fe(Il) existed in the AMD. In Figure 1b, using the shell powder as the neutralizer
(pH = 2.16-5.88), only less than 20% of iron was precipitated, indicating that iron in the
AMD mainly existed in the form of Fe(II).

In the case of Mn, in Figure 1b, the removal rate of Mn increased with the addition
of the shell powder, and its final removal rate was lower than 60%. This low removal
rate was due to the low alkalinity (pH < 6.0) provided by the shell powder, resulting in
only a small amount of Mn hydroxide being formed. This is consistent with the results of
previous studies. It is difficult to remove Mn from the AMD by precipitation under low pH
(<6.0) conditions [13,37]. In Figure 1a, similar to iron, the removal rate of Mn also showed
a three-stage trend. Furthermore, the Mn removal rate in Figure 1a, when the pH is equal
to 4.50 (adding 0.5 g NaOH), is much higher than that in Figure 1b, when pH is equal to
4.82 (adding 0.5 g shell powder). The difference between Figure 1a and 1b is that using
the shell powder as a neutralizing agent results in a lower removal rate of iron, that is,
less iron (oxy)hydroxide was formed. Therefore, it can be inferred that, in addition to the
formation of manganese hydroxide precipitation, the adsorption and co-precipitation of Mn
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by iron (oxy)hydroxide precipitation formed by Fe(Ill) were also important mechanisms for
Mn removal.

In the case of Mg, as the pH value increased, the removal rate of Mg continued to
increase. Especially when the pH was greater than 7.65 (adding 1.5 g NaOH), the removal
rate of Mg increased rapidly. These results can be interpreted by the fact that Mg has a high
mobility in a solution [28] and can only form hydroxide and carbonate deposits under high
pH (pH > 6.0) conditions [13,37].

In the case of Ca, when the dose of the neutralizer NaOH increased from 0 g to
2.0 g, the removal rate of Ca gradually increased and was close to 100% at the dose of
2.0 g NaOH.

How do multiple metal ions compete for OH™ to form precipitates? After adding
the neutralizers, the pH value of the AMD increased, and the metal ions precipitated in

the form of hydroxides, such as Fe(OH),, Fe(OH)3, Mn(OH),, Cu(OH),, and Mg(OH),.

Ca?* could be precipitated as gypsum (CaSOy-2H,0), bassanite (2CaSO,-H,0), anhydrite
(CaS0y), Ca(OH),, and so on. Some studies stated that the main product of Ca precipitation
was gypsum [20,39]. The order in which the metal ions form deposits depends on the value
of the solubility product (Ksp). Metal ions with a small solubility product constant are
more likely to deposit. Precipitation reaction equations of various metals and the Kgp of the
precipitations at 298.15 K are shown in Table 2. According to the metals’ concentrations and
the discharge standard of AMD, the pH ranges of the various metals from the beginning
of the precipitation to the effluent concentrations meeting the discharge standard can be
calculated, as shown in Table 2. Therefore, the order in which the metals deposited was
Fe(OH)3, Cu(OH);, Fe(OH),, Mn(OH),, Mn(OH),, and Mg(OH)s.

Table 2. Precipitation reaction equations, Kgp, and the pH ranges of the various metals from the
beginning of the precipitation to the effluent concentrations reaching the discharge standard.

Ranges of pH
Metals Concentrations GB28661-2012 Precipitation Reaction Equations Ksp [40] for Metal
Precipitation
. 7754 g/L 5.0mg/L Fe’t +30H™ = Fe(OH), | [18] 4.0 x 10738 1.5~2.9
€ (1.39 mol /L) (895 x 10~ mol/L)  Fe** +20H" = Fe(OH), | [18] 8.0 x 10716 64~9.5
6.54 mg/L 0.5mg/L 24 _ _20
Cu (103 % 10 mol/L)  (7.87 x 10~ mol/L) Cu?t +20H™ =Cu(OH), |  22x10 6.2~6.7
621.29 mg/L 2.0mg/L 24 - 13 5
Mn (113 x 10-2 mol/L) (3.64 x 103 mol/L) Mn“" 4-20H™ = Mn(OH), | 1.9 x 10 8.6~9.9
c 12.39 mg/L y Ca?t +S037~ = CaSOy | [5] 9.1 x 1076 /
? (3.09 x 10> mol/L) Ca?* +20H™ = Ca(OH), |  55x 1076 >13.6
Mg 55.04 mg/L / Mgt +20H™ = Mg(OH), | 1.8 x 1011 >10.0

(2.26 x 1073 mol/L)

If Ca was removed from the solution in the form of CaSO,, CaSO4-2H,0, and
2CaS0O4-HyO, the Ca removal rate is not related to the pH of the solution, but only to
the concentrations of Ca?* and SO42~. If Ca was removed in the form of Ca(OH),, Ca(OH),
precipitation cannot occur until the pH of the solution is higher than 13.6. However, the
Ca removal rate continued to rise with the increase in the pH (pH = 2.16-13.77, adding
0-2.5 g NaOH), indicating that there were other removal mechanisms besides the formation
of gypsum and Ca(OH),. The Ksp values of CaSO, and Ca(OH), were 9.1 x 107° and
5.5 x 107°, respectively, which were higher than that of Mg(OH),, indicating Mg(OH),
precipitated earlier than CaSO, and Ca(OH),. However, in Figure 1a, Ca?* begins to
form deposits earlier than Mg?* and has a higher removal rate than Mg?*, both of which

further indicate that there are other mechanisms for Ca removal besides precipitation.

Therefore, the order in which metal ions form deposits is Fe3t, Cu?*, Fe?t, Mn%*, Ca?*,

and Mg?*.
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Table 3 shows the performances of NaOH and the shell powder dosages during the
AMD treatment. Comparing Tables 1 and 3, it can be seen that, when the amount of NaOH
added is 1.5 g, the metal concentrations in the treated AMD exceed the relative standard
limit. However, when the NaOH addition amount is 2.0 g, the metal concentrations after
the treatment meet the standard limit, but the pH value is too high (>9), indicating that too
much NaOH was added at this stage. Therefore, the optimal dosage of NaOH is between
1.5gand2.0g.

Table 3. Metal concentrations and final pH values in the AMD treated with different dosages of
NaOH and the shell powder.

Metal Concentrations (mg/L)

Materials Dosages (g) pH
Fe Mn Cu Ca Mg

05 35.50 283.33 3.13 773 48.62 450

1.0 30.73 226.85 0.27 4.89 41.41 6.02

NaOH 15 5.63 141.67 0.26 3.30 31.75 7.65
2.0 0 0.56 0.22 0 1.30 13.37

25 0 0.54 0.19 0 0.10 13.77

05 76,800.1 595.21 0.11 / / 482

1.0 75,912.2 508.65 0.09 / / 5.73

15 72,508.8 456.48 0.05 / / 5.81

Shell powder 2.0 71,325.0 329.61 0.01 / / 5.84
25 69,697.2 301.16 0.01 / / 5.80

3.0 65,701.8 264.40 0 / / 5.88

Adding the shell powder to the AMD neutralized the acidity and precipitated metal
ions. However, the maximum pH value (5.88) achieved by the shell powder was lower than
the standard limit (pH > 6.0). It has been reported that treating AMD with limestone can
increase the pH to 6.0-7.5 [41]. Shell powder could not provide sufficient alkalinity. At this
point, almost all Cu was removed, while large amounts of Mn and iron did not precipitate
and still existed in the solution. Therefore, it is not suitable to use shell powder alone to
treat AMD containing high concentrations of iron and Mn. Accordingly, it can be inferred
that calcium-based reagents (such as CaCO3, Ca(OH),, and CaO) and alkaline industrial
by-products (such as concrete fines, lime kiln dust, coal ash, steel mill slag, red mud, and
fly ash) cannot effectively treat this AMD. The shell powder can be used as a pretreatment
to regulate the pH and in combination with stronger neutralizers. Subsequent experiments
on the optimal dosage and optimal neutralization time did not use shell powder, because it
was completely meaningless to do so.

3.3. The Optimal Dosage of NaOH of the Acid Mine Drainage Treatment

The dosage experiments of NaOH were repeated in the AMD treatment to determine
the optimal dosage. The main cost of treating AMD comes from the amount of neutralizer
that is used; so, it is important to choose the optimal dosage of NaOH. After being neu-
tralized, the removal rate of various metal elements and the final pH value are shown in
Figure 2, and the metal concentrations and the pH value of the treated AMD are shown in
Table 4.

The pH is an important parameter affecting the degree of ionization of metal ions in
a solution [11,42]. There was a positive correlation between the dosage of NaOH and the
pH, attributed to the reaction of NaOH and AMD. The larger the amount of NaOH added,
the larger the amount of heat released, and the higher the final pH of the system. When
the dosage of NaOH increased from 1.6 g to 1.7 g, the solution pH increased rapidly from
8.53 to 12.33. Subsequently, as the dosage of NaOH continued to increase, the pH value
increased slowly, to over 13.0.
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Figure 2. Effect of the NaOH dosage on the AMD treatment (experimental conditions: 10 mL AMD
solution; reaction time = 2 h).

Table 4. Metal concentrations and the final pH in the treated AMD with different dosages of NaOH.

Metal Concentrations (mg/L)

NaOH (g) Final pH
Fe Mn Cu Ca Mg
1.5 5.63 141.67 0.25 3.30 31.75 7.65
1.6 1.52 1.77 0.10 1.65 2.17 8.53
1.7 1.48 0.65 0.04 0.91 0.98 12.33
1.8 1.48 0.39 0.04 0.86 0.71 12.98
1.9 1.45 0.01 0.02 0.09 0.31 13.03
2.0 0 0.56 0.22 0 1.30 13.37

As shown in Figure 2, as the pH increased, the metal removal rates rose rapidly at first
and then remained stable. When the addition amount of NaOH was >1.6 g, the removal
rates of the various metals were relatively high, and the effluents met the relative standard
(GB28661-2012) limit.

Considering the pH value and metal concentrations in the treated AMD, the cost of
the additive, and the discharge standard, it was considered that adding 1.6 g NaOH to
10 mL AMD was the best ratio. That is to say, the optimized treatment mass ratio was 0.16:1
(w:v) for NaOH powder to AMD. At this stage, the removal rates of Fe, Mn, Cu, Ca, and
Mg were 100.00%, 99.71%, 98.46%, 86.71%, and 96.06%, respectively. The concentrations
of Fe, Mn, Cu, Ca, and Mg in the treated AMD were 1.52,1.77,0.10, 1.65, and 2.17 mg/L,
respectively, and the pH value was 8.53.

3.4. The Optimal Neutralization Time of the Acid Mine Drainage Treatment

The effect of the neutralization time of NaOH on the AMD treatment is shown in
Figure 3. All metals were completely removed (almost 100%) from the solution within
1 min, and then, all metal removal rates, except for Cu, remained stable over a treatment
time of 240 min. The Cu removal rate decreased after 7 min, dropped to 97.30% at
60 min, and then remain stable. The pH value rose to 13.66 at 1 min, rose to 13.88 at
20 min, and then fluctuated slightly over a treatment time of 240 min. These results
indicate that a relatively fast chemical reaction occurred. These results are consistent
with previous neutralization experiments conducted with actual or synthetic AMDs. It
has been reported that it takes 20 min to remove iron from AMD with CaCOj;, indicating
that the reaction rate of CaCOj3 is much slower than that of NaOH [35]. The reaction time

107



Water 2024, 16, 821

is of great practical significance for the treatment of AMD. Compared to CaCOs3, using
NaOH as the neutralizer allows the treatment of a greater amount of AMD within the
same time interval; so, a smaller neutralizing tank is required. In the actual treatment of
AMD, in order to ensure a complete reaction, the optimal reaction time is recommended
to be longer than 1 min, such as 5 min.
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Figure 3. Effect of the neutralization time on the AMD treatment (experimental conditions: dosage of
NaOH = 2.0 g; 10 mL AMD solution).

3.5. Characterization of the Neutralized Residues
3.5.1. XRD Analysis

The XRD patterns of the neutralized residues are presented in Figure 4. The XRD
characterization of the neutralized residues showed the formation of new minerals, such as
Mn(OH), (JCPDS #73-1133), Mg(OH), (JCPDS#07-0299), Cu(OH), (JCPDS #13-0420) [43],
and Fe, O3 (JCPDS #25-1402). However, no diffraction peaks of iron hydroxides are ob-
served in Figure 4, implying that the iron hydroxides formed by neutralization precipitation
are in an amorphous phase. This result is consistent with those of previous studies that
showed that it was easy to form amorphous Fe hydroxide minerals, rather than those with
a crystalline form, during the neutralization of AMD [41]. Based on previous studies, it was
inferred that Fe was precipitated as goethite (x-FeOOH) and lepidocrocite (y-FeOOH) as
the pH increased [23]. Amorphous Fe minerals have a large surface area and high reactivity;
so, they promote the adsorption and co-precipitation of other co-existing metals [44,45].

3.5.2. FTIR Analysis

The FTIR spectra of the neutralized residues are illustrated in Figure 5. The broad
bands at 3471 cm~! detected in all residues correspond to the O-H stretching vibration of
the water molecule or hydroxides adsorbed on the surface of the precipitates [30]. The peak
at 1635 cm ! was assigned to the Mg-OH bending vibration, which gradually disappeared
with the increase in the amount of NaOH. The bands at 942 cm ™! and 661 cm ™! are due
to the Cu-OH bending vibration [46]. The band at 834 cm ™! is due to CaCOs. The strong
band at 734 cm ! is due to the strong Mn-O stretching mode of Mn(OH); [47]. Two distinct
bands at 594 cm ! and 538 cm ! are observed, which can be attributed to Fe-O vibrational
stretching [48]. The presence of Fe-based minerals confirms that the Fe species contained in
the AMD were precipitated into neutralized residues.
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Figure 5. FTIR spectra for several neutralized residues.

4. Conclusions

The raw AMD had a relatively low pH (2.16) and contained various metals, such as
Fe (77.54 g/L), Mn (621.29 mg/L), Cu (6.54 mg/L), Ca (12.39 mg/L), and Mg (55.04 mg/L).
Based on the water quality of the raw AMD, neutralizing methods, including the neutralizers
NaOH and shell powder, were employed in batch tests to treat the AMD. The results show
that NaOH performed much better than the shell powder in increasing the pH and removing
metals. Various metals were removed by NaOH, in the order of Fe(Ill), Cu, Fe(II), Mn, Ca,
and Mg. The shell powder was a helpful neutralizer used for pH adjustment and Cu removal.
However, it could not completely treat this AMD containing high cencentrations of iron and
Mn by itself. Precipitation, adsorption, and co-precipitation are important mechanisms for
metal removal. In particular, iron (oxy)hydroxide could greatly promote the removal of Mn,
Ca, and Mg. The optimum treatment mass ratio of NaOH to AMD was 0.16:1 (w:v) and the
optimum reaction time was 5 min. At this point, the pH in the treated AMD was 8.53, and

109



Water 2024, 16, 821

the Fe, Mn, Cu, Ca, and Mg concentrations after treatment were 1.52, 1.77, 0.10, 1.65, and
2.17 mg/L, respectively. The water quality after the neutralization reached the discharge

standard (“Emission standard of pollutants for mining and mineral processing industry”
(GB28661-2012)).
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Abstract: In wastewater treatment, a low C/N ratio highly inhibits the bioremoval of nitrogen, and
commercial external carbon sources are widely used. In order to obtain an economical substitute,
fermentation broth of spent mushroom substrates (SMS) was employed here as a carbon source
for denitrification in a sequencing batch reactor (SBR). During the domestication process, the SMS
fermentation broth-feeding treatment presented comparable nitrogen removal ability (74.44%) with
a commercial carbon source group (77.99%). Rhodobacter, Lactobacillus and Pseudomonas were the
dominant bacteria in the fermentation broth, and Saccharomycetales Gymnopilus dilepis was the dom-
inant fungi. At the early domestication stage, the relatively high concentration of fermentation
broth led to a much lower abundance of typical nitrate reductase genes than the control group.
Furthermore, extracellular polymeric substance (EPS) formation was observed in the broth-feeding
sample. The microbial structure dynamic was investigated, which showed a high influent effect when
20% fermentation broth was added. As domestication proceeded, similar dominant species in the
control and broth-feeding treatments were observed. Overall, SMS fermentation broth can be used as
a promising substitute to replace a costly commercial carbon source.

Keywords: nitrogen removal; agricultural waste; additional carbon source; SBR reactor

1. Introduction

Effective removal of nitrogen (N) is one of the most important targets in domestic
wastewater treatment plants, and biological denitrification plays a significant role in this
process. The denitrifying microbes can be divided into heterotrophic and autotrophic,
with heterotrophic denitrifying bacteria being the most common denitrifying bacteria in
nature as well as in activated sludge [1]. Thus, heterotrophic denitrification has been
widely applied due to its low treatment cost and high efficiency [2]. However, it has
already been reported that sufficient carbon sources must be supplied to ensure complete
denitrification [3], while the current domestic sewage generally has a low carbon-nitrogen
ratio (C/N). Consequently, an additional carbon source is necessary to increase the denitri-
fication rate and completeness when the C/N is too low [4-7]. As yet, organic compounds
such as acetate, alcohol, and glucose have been used as commercial external carbon sources,
but their relatively high cost is unfavorable. Thus, it is significant to seek alternatives with
lower costs. Agricultural wastes are considered an important resource and could be used
as external carbon sources with high economic benefits [8,9].

Edible mushrooms are an important food resource, and their cultivation process could
generate large amounts of solid waste (spent mushroom substrates (SMS)), leading to
a formidable challenge for disposal management [10-12]. Besides the various recycling
methods for SMS [13-19], we have previously proven that the acid hydrolysates of SMS
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can act as an external carbon source for the treatment of low C/N ratio wastewater using
a sequencing batch reactor (SBR) [20]. However, the acid pretreatment of SMS proceeds
at a high temperature with additional sulfur acid, and a more economical and convenient
method should be proposed. Fermentation is a favorable option for extracting carbon
sources from various biodegradable biomasses; the fermentation liquid of sludge [21] food
waste [22] has already been reported as an excellent external carbon source. However, the
effect of SMS fermentation liquid as an external carbon source on domestic wastewater
denitrification has not been investigated. Moreover, as a biological production, using
fermentation liquid would consequently introduce various different microbes into the
activated sludge and probably lead to a change in the micro-community and the denitri-
fying function. However, there are few reports about the microbial community dynamic
of activated sludge influenced by the fermentation liquid carbon source, especially the
important but unstable acclimatization stage.

Thus, in this research, we used the anaerobic fermentation liquid from a spent mush-
room substrate, comprising Hypsizygus marmoreus as the carbon source, for denitrification
by the SBR process. The main objectives are: (1) to investigate the effect of SMS anaerobic
fermentation liquid on the SBR nitrogen removal performance and physicochemical prop-
erty of activated sludge during the acclimatization process; (2) to clarify the microbiological
mechanisms of activated sludge acclimatization. Our research can provide valuable infor-
mation on using SMS fermentation as an external carbon source to enhance the removal of
nitrogen in wastewater.

2. Material and Methods
2.1. Preparation of SMS Fermentation Liquid

The SMS of Hypsizygus marmoreus was used as the raw material and was obtained
from Gutian, Fujian, PR China. The SMS was dried in air and then ground to a particle
size of 800 um and was stored at 4 °C in airtight containers for further use. Fermentation
liquid was prepared as follows. Briefly, 250 g ground SMS sample and 1 L tap water were
mixed and added into an anaerobic fermentation cylinder (2 L) for natural fermentation at
room temperature. The pressure of the cylinder was adjusted by gas emission in the first
3 days. After 14 days, the fermentation mixture was filtered with a 4-layer gauze, and then
the filtrate was centrifuged at 12,000 rpm. The supernatant was stored at 4 °C for further
investigation. The specific components of the fermentation liquid were subject to analysis
by the Shanghai WEIPU Testing Technology Group Co., Ltd. (Shanghai, China).

2.2. SBR Device and Operation

An SBR device with 6 L working volume was employed, where the temperature
was held at 30 °C and 5 effective aerobic denitrifying bacteria (Enterobacter asburiae, Pseu-
domonas putida, Bacillus sp. K5, Acinetobacter sp.TX5, and Stenotrophomonas sp.) kept in
our laboratory were added into the device. Each bacteria was harvested at the late log
phase and adjusted to ODg = 1.0, then they were mixed with an equal volume ratio, and
the total mixed bacteria solution added into each device was 300 mL (5% volume ratio).
Synthetic wastewater was prepared for the treatment. In the control group, the synthetic
wastewater contained FeSO4-7H,0O (0.1 g/L), MgSO,-7H,0 (0.2 g/L), NH4Cl (0.4 g/L),
KH,;PO4 (0.5 g/L), NapyHPO,4-12H,0 (1 g/L), sodium citrate (1.0 g/L), glucose (1.0 g/L),
and trace element solution (2 mL/L), where glucose and ammonium chloride were used as
the carbon source and nitrogen source, respectively. The per liter trace element solution
contained EDTA 50.0 g, ZnSO4 2.2 g, CaCl; 5.5 g, MnCl,-4H,0 5.06 g, FeSO4 7H,O 1.57 g,
and CoCl, 1.61 g.

Regarding the test treatment, the influent was composed of 95% synthetic wastewater
and 5% SMS fermentation liquid initially (calculated as the COD ratio), which was gradually
increased during the operation. The SRB was started up with a 40 rpm rotation speed,
and each react cycle time was about 8 h; the detailed operation parameters are shown in
Table 1. The sludge was sampled at 10-day intervals, and the sampling time was fixed
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at the first operation cycle. The separated sludge was mixed with an equal volume of
60% glycerin and stored at —80 °C for further 16S rRNA and ITS sequencing by Sangon
Biotech (Shanghai) Co., Ltd. Ammonium nitrogen (NH**-N), nitrite nitrogen (NO?*~-N),
nitrate nitrogen (NO3’—N), and COD, were measured by the standard methods [23].

Table 1. Operating parameters of the reactor.

Operation Time C/N Aeration Rate Aeration Time Settling Time F tation Liquid A t
@ Ratio (m®/h) ) (min) ermentation Liquid Amoun
1-5 13 20 6.5 30 5%
6-10 6.5 20 7 20 10%
11-15 6.5 20 7 10 15%
16-20 6.5 20 7 10 20%
21-25 6.5 20 7 10 25%
26-30 6.5 20 7 10 30%

2.3. High through Sequencing

The total microbial DNA of the fermentation liquid was extracted with a soil microbial
DNA extraction kit according to the manufacturer’s instructions (OMEGA). The V3-V4 16s
rRNA and ITS1-ITS2 ITS regions were amplified with general primers, as shown in Table 2,
and the sequencing was carried out by the Biomarker Biotechnology Company (Beijing,
China). The data was analyzed as in our previous report [20].

Table 2. Primers for high through sequencing.

Sequencing Type Forward Primer Reverse Primer
165 rDNA
V3-V4 341F ACTCCTACGGGAGGCAGCAG 805R GACTACHVGGGTATCTAATCC
ITSIEISTSZ ITS1 CTTGGTCATTTAGAGGAAGTAA ITS2 GCTGCGTTCTTCATCGATGC

2.4. Functional Gene Quantification

An absolute quantitative polymerase chain reaction (GPCR) was employed to quantify
the typical nitrite reductase genes NirS and NirK in activated sludge samples. The gPCR
system and standard curve were prepared as in our previous report [20].

2.5. Extracellular Polymeric Substance Extraction and Determination

In order to investigate the effect of fermentation liquid on extracellular polymeric
substances (EPS), briefly, 50 mL of sludge was collected and settled for 30 min. Then,
the supernatant was discarded, and 50 mL of deionized water was added to resuspend
the sludge. The sludge was separated by centrifugation at 8000 rpm for 15 min and then
resuspended with 10 mL deionized water, which was heated at 65 °C for 15 min. Then,
the sample was centrifuged at 12,000 rpm for 30 min, and the supernatant was stored
at 4 °C for further determination. Extracellular protein (PN) and polysaccharides (PS)
were determined by the Coomassie Brilliant Blue method and anthrone-sulfuric acid
colorimetry [24].

2.6. Analytical Techniques and Statistical Analysis

An ultraviolet-visible spectrophotometer (UV-1801) was used to determine the am-
monium nitrogen (NH**-N), nitrite nitrogen (NO?~-N), nitrate nitrogen (NO®*~-N), and
COD concentrations. The water content in the fermentation liquid was analyzed with a
Karl Fischer volumetric titrator (KSQL-310S), and the total protein and total polysaccharide
was determined with an ultraviolet-visible spectrophotometer. High-performance liquid
chromatography (HPLC, Thermo Fisher U3000, Waltham, MA, USA) equipped with a UV
detector was employed to analyze the small molecular acids, where 20 mM NaH,;POy4
solution (80%) and acetonitrile (20%) were used as the mobile phase. For the quantification
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of free amino acid concentrations, liquid chromatography coupled with a triple four-pole
tandem mass spectrometry (LC-MS, AB5000, SCIEX, San Jose, CA, USA) was employed.
The mobile phase consisted of 0.1% formic acid solution and acetonitrile, and the tempera-
ture of the ion source was set at 450 °C with a multi-reaction monitoring mode. In order
to quantify the mineral elements in the fermentation broth, inductively coupled plasma
emission spectrometry (ICP-OES, ICAP 7400 Radial, Thermo Fisher, USA) was used. The
fermentation broth samples were diluted (5-, 10-, 20-fold) with 5% HNOj3 solution before
analysis. The significant differences were evaluated with SPSS software (Version 18.0, IBM,
Armonk, NY, USA), and a 0.05 threshold value was set for the p-value. The standard error
of the triplicate samples was calculated using Excel software (Version 2019, Microsoft,
Redmond, WA, USA).

3. Results and Discussion
3.1. Composition and Microbial Community of Fermentation Broth

The components of fermentation liquid are shown in Table 3. The concentration
of COD in the fermentation liquid was 20,000 mg/L, and the pH was 6.19, which is
proper for microbes. As well as water, the main components of total protein and total
polysaccharide showed similar contents, ranging from 0.4% to 0.7% and 0.5% to 0.8%,
respectively. The small molecular acids in the fermentation liquid were analyzed, and
acetic acid (0.33 mg/kg), glycolic acid (0.07 mg/kg), and lactic acid (0.16 mg/kg) were
detected. There were 11 kinds of free amino acids detected (883.1 mg/kg total), which
ranged from 12.3 to 205.1 mg/kg. It is well known that these compounds can be utilized by
microbes. The fermentation liquid also contained a high concentration of mineral elements,
which reached 3027.5 mg/kg, and K, Ca, and Mg accounted for about 95% of the total
amount. Fe and Mg are important for the formation and stabilization of most enzymes and
has also been reported for nitrite reductase [25]. Cu is important for the construction of
both Cu-containing nitrite reductase (Cu-NIR) and nitrous oxide reductase [26,27]. Thus, it
is suggested that influent carbon sources of fermentation broth meet the requirement well
for denitrification by microbes.

Table 3. Detail of the fermentation liquid composition.

Index Method/Instrument Value
Potassium dichromate
COD method 20,000 mg/L
pH pH meter 6.19
Water Karl Fischer 96.5-98.5%
Total protein UV-vis 0.4-0.7%
Total sugar UV-vis 0.5-0.8%
Acetic acid HPLC 0.33 mg/kg
Lactate HPLC 0.07 mg/kg
Glycollic acid HPLC 0.16 mg/kg
L-alanine LC-MS 205.1 mg/kg
L-leucine LC-MS 186.2 mg/kg
L-valine LC-MS 117.8 mg/kg
L-isoleucine LC-MS 116.3 mg/kg
L-threonine LC-MS 79.4 mg/kg
L-proline LC-MS 31.8 mg/kg
L-phenylalanine LC-MS 73.5mg/kg
L-methionine LC-MS 25.5 mg/kg
L-aspartate LC-MS 21.5mg/kg
L-glycine LC-MS 13.7 mg/kg
L-tryptophan LC-MS 12.3 mg/kg
K ICP-OES 1356.0 mg/kg
Ca ICP-OES 974.0 mg/kg
Mg ICP-OES 541.7 mg/kg
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Table 3. Cont.

Index Method/Instrument Value
Na ICP-OES 66.7 mg/kg
Si ICP-OES 43.8 mg/kg
Cu ICP-OES 219 mg/kg
Fe ICP-OES 16.2 mg/kg
Al ICP-OES 7.2 mg/kg

Figure 1a shows the microbial community of the fermentation broth. In terms of
bacteria, it was found that the dominant bacteria phyla were identified as Proteobateria, Acti-
nobateria, Firmicytes, and Bacteroidetes. Twelve genera with high relative abundance (>1%)
were identified as Rhodobacter, Pseudomonas, Stenotrophomonas, Sphingobacterium, Enterococ-
cus, Acinetobacter, Brevundimonas, Bifidobacterium, Klebsiella, Gemmobacter and Herminiimonas,
respectively. The microbes from the fermentation process should also play a vital role in the
COD utilization and nitrogen removal. For instance, Lactobacillus, Rhodobacter, Pseudomonas,
and Sphingobacterium were the dominant bacterial genera (>10%) in the fermentation broth,
which were reported by the fermentation function with diverse substrates [28-30], partly

contributing to the high COD utilization.
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Figure 1. Relative abundance of dominant species in fermentation broth; (a,b) stands for the bacteria
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In terms of fungi, three phyla account for more than 94.9%, which were identified
as Ascomycota, Basidiomycota, and Rozellomycota, respectively (Figure 1b), and five domi-
nant species were identified as unclassified Dipodascaceae (61.76%), Dipodascus australiensis
(21.67%), Geotrichum klebahnii (1.24%), Gymnopilus lepidotus (2.75%), and unclassified Rozel-
lomycota (1.06%), respectively. These fungi were almost saprophytic, which could promote
the degradation of cellulose and lignin in SMS.

3.2. Denitrification Performance and COD Removal

To investigate the effect of the fermentation broth on activated sludge formation
and nitrogen removal ability, the SBR reactor was operated for about 30 days (Figures 2
and 3). The average influent NH4*-N concentrations of the control group and fermentation
broth-added treatment were 88.20 and 80.95 mg/L, while the corresponding effluent
concentrations were 19.74 and 20.63 mg/L, respectively. The average nitrogen removal
rates between the control group (77.99%) and the fermentation broth-added treatment
(74.44%) showed no significant difference (p = 0.155).
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Figure 2. Nitrogen removal performance in the SBR reactors, (a) fermentation broth treated; (b) con-
trol group treated with glucose.
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Figure 3. Variation of the COD concentration in two SBR systems.

Figure 2 shows the variation of NO; ™-N and NO3 ~-N. Almost no accumulation of the
two N species was found; the highest NO, "-N concentration was lower than 0.09 mg/L
in both of the two reactors. The maximum effluent NO3;~-N concentrations present on
the first day were 0.426 and 0.269 mg/L in the control and fermentation broth-added
treatments, respectively. As the operation proceeded, the NO3;-N concentration in the
control group was below 0.2 mg/L, which was lower than 0.269 mg/L in the treatment
group. The low effluent NO, ™ -N and NO3;~-N concentrations in the overall operation
process also indicated the relatively high activity of nitrate reductase and nitrite reductase
in the activated sludge.

The variation of the COD in the two reactors was also determined (Figure 3). In
the first 5 days, a relatively high carbon source (C/N ratio = 13) was applied in order to
promote the formation of flocculent-activated sludge. After that, the COD was adjusted to
a normal level (about 1700 mg/L). The average effluent COD of the fermentation broth-
added treatment (408.6 mg/L) was higher than the control group (344.6 mg/L), but the
corresponding average COD removal rates showed no significant difference (p = 0.3268).
Thus, it can be said the fermentation broth showed no negative effects on the COD and
nitrogen removal of the SBR process.

3.3. Extracellular Polymeric Substance Composition

Hydrophilic PSs are an important part of a EPS, and their concentration variation in
activated sludge was determined (Figure 4a). It can be found that PS concentrations in
both reactors showed a similar increasing tendency to arrive at the first peak value on the
15th day. Fluctuation was observed after day 17 for the two groups, and the fermentation
broth-added group presented its highest PS concentration (1288.77 mg/L) on day 21, while
the PS in the control group ranged from 500 to 1000 mg/L. The average PS concentration
in the fermentation broth-added treatment was 697.3 mg/L, which was significantly higher
than the control group (p = 0.0219). The similar tendency of the PSs in the two reactors
can be ascribed to both glucose and carbohydrate in the fermentation broth and favor PS
synthesis [31,32].
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Figure 4. Concentration of PS (a) and PN (b) from activated sludge.

Figure 4b shows the variation of the PN concentration. Initially, PN in the control
group increased as the operation proceeded and reached 110.90 mg/L on day 17, and then
decreased to 50 mg/L after 5 days. In the treatment group, PN increased to a peak value
(144.47 mg/L) on day 23, which was 30% higher than control. After the peak, PN in the
fermentation broth-added reactor was maintained at a relatively high level, ranging from
50 to 60 mg/L. The higher PN concentration in the control group within the first 17 days
may be ascribed to the easy degradation of glucose. It has been reported that an easily
biodegradable organic carbon source leads to higher expression of biological activity [33].
The significantly higher PN concentration of the broth-added treatment in the further
operation period may be ascribed to the gradually complete construction of the consortia.
As a result, the abundant amino acids can be utilized to form PN, and the average PN
concentrations were 52.59 mg/L in the treatment group, which was significantly higher
than in the control (p = 0.0001).

It can be found that PS and NP reach a peak value and then start declining. This
phenomenon can be ascribed to the influent COD concentration in both of the two groups
decreased on day 17 and the starvation shock can reduce the bacterial metabolism, leading
to the termination of the flocs bacteria in the sludge [34]. Thus, activated sludge became
unstable and the EPS may present a relatively high degradable property. It is well known
that EPS released by bacteria highly influenced the microbial aggregation, which were
mainly determined by the carbon source here. According to our results, the addition
of fermentation broth could promote the production of EPS, which is a benefit for the
granulation of sludge. In a previous report, it was found that adding organic reject water
increased the extracellular proteins/polysaccharides ratio of activated sludge, leading to
higher adsorption and degradation of organic compounds [28]. Moreover, it has also been
proven that over-production of EPS is a common self-protective strategy towards various
external stresses. Thus, the higher EPS production in the fermentation-added treatment
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can be partly ascribed to the large amount of Cu?** and Mg?*. A higher EPS may also offer
the activated sludge a better resistance ability toward environmental impact.

3.4. Absolute Abundance of Denitrification Functional Genes

Two typical nitrite reductases, NirK and NirS, were determined in activated sludge
samples on day 10, which presented the most different beta diversity index compared
with the original sample. As shown in Table 4, both the copies of NirK and NirS were
lower than the control group, and the total nitrite reductase copies in the fermentation
broth-added sample were only 25.27% of that in the control, indicating that adding the
SMS fermentation broth showed a negative effect on the nitrogen removal function at an
early stage. However, this negative effect can be removed since the whole nitrogen removal
efficiency was comparable to the control group, which can be ascribed to the adaption of
the microbial community.

Table 4. Nitrite reductase gene copies in day 10 samples.

Treatment NirS (Average Copies) NirK (Average Copies)
Control 26,316.472 15,039.141
Fermentation broth 6724.9544 3912.6366

3.5. Community Dynamics of Activated Sludge

Obviously, the nitrogen removal ability was recovered after domestication for 30 days,
and investigation into the microbial structure dynamic could obtain a deep insight into
the mechanism. Figure 5 presents the relative species abundance variation in the activated
sludge at the phyla level. The predominant phyla were Proteobacteria, Candidatus saccha-
ribacteria, Bacteroidetes, Firmicutes, Actinobateria, and Verrucomicrobia. Among the six phyla,
Proteobacteria, Candidatus saccharibacteria, Bacteroidetes, Firmicutes, and Actinobateria were
familiar bacteria in wastewater treatment plants with functions such as denitrification,
dephosphorization, and biodegradation [35-38]. In terms of the control group, Proteobateria
was dominant in the initial sample and sludge obtained from day 10. The abundance of
Candidatus saccharibacteria, Bacteroidetes, and Firmicutes increased in the samples from both
of the two reactors on day 10, while the Proteobacteria abundance decreased. It has been
reported that Candidatus saccharibacteria prefers to enrich with complex carbon sources [39].
As domestication proceeded, Candidatus saccharibacteria showed obvious differences in the
control and fermentation broth-added treatments and was much higher in the fermenta-
tion broth-added treatment on day 20. On day 30, Candidatus saccharibacteria became the
predominant phylum in both two reactors with similar relative abundances. Bacteroidetes
was the second priority phylum in the tested treatment, and was identified as Proteobacteria
in the control group.

At the genus level (Figure 6), the predominant genus in the two reactors was identified
as unclassified Enterobacteriaceae belonging to Proteobacteria initially. With the proceeding
operation, the abundance of unclassified Enterobacteriaceae decreased, and the dominant
genus was identified as Saccharibacteria_ genera_incertae_sedis at the end of domestication.
This can be ascribed to the favorability of metabolizing various refractory pollutants,
macromolecular organics, and complex carbon sources [40—42]. It was also found that the
genera (>1%) can be divided as four clusters. The cluster composed of Saccharibacteria_
genera_incertae_sedis, Flavobacterium, unclassified Rhodobacteraceae, Bdellovibrio, and Desul-
fovibrio, Trichococcus occupied a dominant position during the domestication process. While
the cluster of unclassified Enterobacteriaceae, Acinetobacter, Rhizobium, Stenotrophomonas, and
Comamonas showed a decreased tendency during the operation. There were eight genera
that presented higher abundances in the fermentation broth-added reactor rather than in
the control group, identified as unclassified Propionibacteriaceae, unclassified Bacteroidetes,
Niabella, unclassified Sphingobacteriales, unclassified Flavobacteriaceae, Verrucomicrobium,
Gemmobacter, and Runella, respectively. These genera could highly contribute to the nitro-
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gen removal ability of the sludge in treatment. For example, Niabella has been proven to
oxidize NH4*-N [43], and Bacteroidetes can not only decompose complex carbon sources
but also show nitrification ability [43,44].
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Figure 5. Bacterial diversity in activated sludge on a phyla level. C and T represent the control
and broth-added treatments, respectively, and the number stands for the time (day) that the sample

was obtained.

The dominant phyla of fungi were identified as Ascomycota, Basidiomycota, Rozellomy-
cota, and unclassified phylum (Figure 7), and Ascomycota showed the highest abundance
during the domestication process. These fungal phyla were widely identified in wastewater
treatment plants [45]. The dynamic of the dominant genera (>1%) during the domestication
is shown in Figure 8. Initially, Aspergillus occupied the dominant position in the activated
sludge, which was replaced by Dipodascus and unclassified Dipodascaceae in the samples
on day 10. It has been reported that Dipodascaceae can promote cellulose degradation
in sawdust [46], which is beneficial for fermentation. The abundance of Dipodascus and
unclassified Dipodascaceae decreased during the further domestication process, and the final
fungal community was assembled with Meyerozyma and Fusarium as the dominant species.
Fusarium species, such as Fusarium solani, was proven to show independent nitrification and
denitrification abilities. It can be said that the fermentation broth showed a less obvious

effect on the dominant fungal species.
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Figure 6. Bacterial diversity in the activated sludge on the genus level. C and T represent the control

and broth-added treatment, respectively, and the number stands for the time (day) that the sample
was obtained.
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Figure 7. Fungal diversity in the activated sludge on the phyla level. C and T represent the control
and broth-added treatment, respectively, and the number stands for the time (day) that the sample

was obtained.

3.6. Environmental and Economic Benefits

It is estimated that each kilogram of fresh mushroom would produce approximately
5 kg of SMS [19]; thus, it is not only a challenge but also a huge fortune to recycle such
amounts of waste. The economic benefit was evaluated according to the following rough
calculation based on the COD concentration. The market price of SMS and glucose was
about CNY 90.0 and CNY 1500/ ton, respectively. To replace the COD from glucose (calcu-
lated as 1000 mg/L) with fermentation broth (20,000 mg/L), 12.5 kg of SMS was required
for a 1000 L wastewater treatment. The required material cost was CNY 1.125 and CNY 1.5
for glucose. Besides the economic benefit, SMS recycling also avoids the environmental
pollution caused by the incineration of SMS. Thus, using SMS to prepare the fermentation
broth for wastewater treatment was eco-friendly and cost-effective.
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Figure 8. Fungal diversity in the activated sludge on the genus level. C and T represent the control
and broth-added treatment, respectively, and the number stands for the time (day) that the sample
was obtained.

4. Conclusions

In the present study, we employed SMS fermentation broth as an external carbon
source for a nitrogen removal SBR system. The fermentation broth contains various nutri-
ents such as proteins, polysaccharides, and organic acids, as well as mineral elements. In the
fermentation broth, the dominant bacteria were Rhodobacter, Lactobacillus, and Pseudomonas,
and the dominant fungi were Saccharomycetales and Gymnopilus dilepis. Compared with
commercial external carbon sources, fermentation broth inhibited the nitrogen removal
activity at the early stage, but a higher EPS formation and recovery phenomenon of nitro-
gen removal ability were observed after domestication for as long as 30 days. Microbial
communities were highly influenced when 20% fermentation broth was added. As domes-
tication proceeded, similar dominant species in the control and broth-feeding treatments
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were observed in both of the two groups. In general, SMS fermentation broth can be used
as an external carbon source for nitrogen bioremoval.
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Abbreviation

SMS spent mushroom substrates

C/N carbon-nitrogen ratio

EPS extracellular polymeric substance

SBR sequencing batch reactor

COD chemical oxygen demand

qPCR quantitative polymerase chain reaction
PN extracellular protein

PS extracellular polysaccharides

UV-vis ultraviolet-visible spectrophotometer

HPLC high-performance liquid chromatography
LC-MS liquid chromatography mass spectrometry
ICP-OES  inductively coupled plasma emission spectrometry

References

1.

10.

11.

Othman, N.Z.; Sarjuni, M.N.H.; Rosli, M.A.; Nadri, M.H.; Yeng, L.H.; Ying, O.P; Sarmidi, M.R. Spent mushroom substrate
as biofertilizer for agriculture application. In Valorisation of Agro-Industrial Residues—Volume I: Biological Approaches; Springer:
Cham, Switzerland, 2020; Volume 3, pp. 7-57.

Foluke, A.; Olutayo, A.; Olufemi, A. Assessing spent mushroom substrate as a replacement to wheat bran in the diet of broilers.
Am. Int. ]. Contemp. Res. 2014, 4, 178-183.

Da Silva Alves, L.; de Almeida Moreira, B.R.; da Silva Viana, R.; Pardo-Gimenez, A.; Dias, E.S.; Noble, R.; Zied, D.C. Recycling
spent mushroom substrate into fuel pellets for low-emission bioenergy producing systems. J. Clean. Prod. 2021, 313, 127875.
[CrossRef]

Jin, Y,; Teng, C.; Yu, S.; Song, T.; Dong, L.; Liang, J.; Bai, X.; Liu, X.; Hu, X.; Qu, J. Batch and fixed-bed biosorption of Cd (II) from
aqueous solution using immobilized Pleurotus ostreatus spent substrate. Chemosphere 2018, 191, 799-808. [CrossRef]

Liu, X.; Bai, X.; Dong, L.; Liang, J.; Jin, Y.; Wei, Y.; Li, Y.; Huang, S.; Qu, J]. Composting enhances the removal of lead ions in
aqueous solution by spent mushroom substrate: Biosorption and precipitation. J. Clean. Prod. 2018, 200, 1-11. [CrossRef]

Wu, J; Zhang, T.; Chen, C.; Feng, L.; Su, X.; Zhou, L.; Chen, Y.; Xia, A.; Wang, X. Spent substrate of Ganodorma lucidum as a new
bio-adsorbent for adsorption of three typical dyes. Bioresour. Technol. 2018, 266, 134-138. [CrossRef]

Liu, M.; Liu, X,; Wu, Z; Zhang, Y.; Meng, Q.; Yan, L. Sulfur-modified Pleurotus ostreatus spent substrate biochar enhances the
removal of cadmium in aqueous solution: Characterization, performance, mechanism. J. Environ. Manag. 2022, 322, 115900.
[CrossRef]

Liu, F; Tian, Y,; Ding, Y.; Li, Z. The use of fermentation liquid of wastewater primary sedimentation sludge as supplemental
carbon source for denitrification based on enhanced anaerobic fermentation. Bioresour. Technol. 2016, 219, 6-13. [CrossRef]
[PubMed]

Li, P; Zuo, J.; Wang, Y.; Zhao, J.; Tang, L.; Li, Z. Tertiary nitrogen removal for municipal wastewater using a solid-phase
denitrifying biofilter with polycaprolactone as the carbon source and filtration medium. Water Res. 2016, 93, 74-83. [CrossRef]
[PubMed]

Choi, D.; Cho, S.; Jung, ]. Key operating parameters affecting nitrogen removal rate in single-stage deammonification. Chemosphere
2018, 207, 357-364. [CrossRef]

Yu, G.; Peng, H.; Fu, Y,; Yan, X.; Du, C.; Chen, H. Enhanced nitrogen removal of low C/N wastewater in constructed wetlands
with co-immobilizing solid carbon source and denitrifying bacteria. Bioresour. Technol. 2019, 280, 337-344. [CrossRef] [PubMed]

126



Water 2023, 15, 3530

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Feng, X.C.; Bao, X.; Che, L.; Wu, Q.L. Enhance biological nitrogen and phosphorus removal in wastewater treatment process by
adding food waste fermentation liquid as external carbon source. Biochem. Eng. J. 2021, 165, 107811. [CrossRef]

Xiong, R.; Yu, X.; Yu, L.; Peng, Z.; Cheng, L.; Li, T.; Fan, P. Biological denitrification using polycaprolactone-peanut shell as
slow-release carbon source treating drainage of municipal WWTP. Chemosphere 2019, 235, 434—439. [CrossRef]

Fu, X.; Hou, R;; Yang, P.; Qian, S.; Feng, Z.; Chen, Z.; Wang, F,; Yuan, R.; Chen, H.; Zhou, B. Application of external carbon source
in heterotrophic denitrification of domestic sewage: A review. Sci. Total Environ. 2022, 817, 153061. [CrossRef] [PubMed]
Zhang, Z.; Zhang, Y.; Chen, Y. Recent advances in partial denitrification in biological nitrogen removal: From enrichment to
application. Bioresour. Technol. 2020, 298, 122444. [CrossRef] [PubMed]

Xu, Z.; Dai, X.; Chai, X. Effect of different carbon sources on denitrification performance, microbial community structure and
denitrification genes. Sci. Total Environ. 2018, 634, 195-204. [CrossRef] [PubMed]

Li, C,; Xu, S. Edible mushroom industry in China: Current state and perspectives. Appl. Microbiol. Biotechnol. 2022, 106, 3949-3955.
[CrossRef]

Mohd Hanafi, EH.; Rezania, S.; Mat Taib, S.; Md Din, M.E,; Yamauchi, M.; Sakamoto, M.; Hara, H.; Park, J.; Ebrahimi, S.S.
Environmentally sustainable applications of agro-based spent mushroom substrate (SMS): An overview. |. Mater. Cycles Waste
Manag. 2018, 20, 1383-1396. [CrossRef]

Moon, Y.H.; Shin, P.G.; Cho, S.J. Feeding value of spent mushroom (Pleurotus eryngii) substrate. ]. Mushroom 2012, 10, 236-243.
Yang, Y.; Tao, X.; Lin, E.; Hu, K. Enhanced nitrogen removal with spent mushroom compost in a sequencing batch reactor.
Bioresour. Technol. 2017, 244, 897-904. [CrossRef]

Hu, H.; Ma, S.; Zhang, X.; Ren, H. Characteristics of dissolved organic nitrogen in effluent from a biological nitrogen removal
process using sludge alkaline fermentation liquid as an external carbon source. Water Res. 2020, 176, 115741. [CrossRef]

Tang, J.; Wang, X.C.; Hu, Y.; Pu, Y;; Huang, ].; Ngo, H.H.; Zeng, Y.; Li, Y. Nutrients removal performance and sludge properties
using anaerobic fermentation slurry from food waste as an external carbon source for wastewater treatment. Bioresour. Technol.
2019, 271, 125-135. [CrossRef] [PubMed]

American Public Health Association. Standard Methods for the Examination of Water and Wastewater; American Public Health
Association: Washington, DC, USA, 1985.

Jiang, E; Feng, X,; Jiang, X.; Wang, P. Enhanced dewaterability of lake dredged sediments by electrochemical oxidation of
peroxydisulfate on BDD anode. Chemosphere 2022, 307, 135832. [CrossRef]

Suzuki, M.; Hirai, T.; Arai, H.; Ishii, M.; Igarashi, Y. Purification, characterization, and gene cloning of thermophilic cytochrome
cd1 nitrite reductase from Hydrogenobacter thermophilus TK-6. J. Biosci. Bioeng. 2006, 101, 391-397. [CrossRef] [PubMed]
Pomowski, A.; Zumft, W.G.; Kroneck, PM.H.; Einsle, O. N,O binding at a [4Cu: 2S] copper-sulphur cluster in nitrous oxide
reductase. Nature 2011, 477, 234-237. [CrossRef] [PubMed]

Tocheva, E.I; Rosell, E1.; Mauk, A.G.; Murphy, M.E. Side-on copper-nitrosyl coordination by nitrite reductase. Science 2004, 304,
867-870. [CrossRef]

Wang, W.; Xie, H.; Wang, H.; Xue, H.; Wang, J.; Zhou, M.; Dai, X.; Wang, Y. Organic compounds evolution and sludge properties
variation along partial nitritation and subsequent anammox processes treating reject water. Water Res. 2020, 184, 116197.
[CrossRef]

Yu, D; Feng, M.; Sun, J.; Xu, X.L.; Zhou, G.H. Protein degradation and peptide formation with antioxidant activity in pork protein
extracts inoculated with Lactobacillus plantarum and Staphylococcus simulans. Meat Sci. 2020, 160, 107958. [CrossRef]

Wang, Y.; Fan, L.; Huang, J.; Liang, J.; Wang, X,; Ren, Y.; Li, H.; Yue, T.; Gao, Z. Evaluation of chemical composition, antioxidant
activity, and gut microbiota associated with pumpkin juice fermented by Rhodobacter sphaeroides. Food Chem. 2023, 401, 134122.
[CrossRef]

Kim, J.H.; Jang, Y.A.; Seong, S.B.; Jang, S.A.; Hong, S.H.; Song, ] K.; Eom, G.T. High-level production and high-yield recovery of
lactobionic acid by the control of pH and temperature in fermentation of Pseudomonas taetrolens. Bioprocess Biosyst. Eng. 2020,
43,937-944. [CrossRef]

Shankar, K.; Kulkarni, N.S.; Jayalakshmi, S.K.; Sreeramulu, K. Saccharification of the pretreated husks of corn, peanut and coffee
cherry by the lignocellulolytic enzymes secreted by Sphingobacterium sp. ksn for the production of bioethanol. Biomass Bioenergy
2019, 127, 105298. [CrossRef]

Geyik, A.G.; Kilig, B.; Cegen, F. Extracellular polymeric substances (EPS) and surface properties of activated sludges: Effect of
organic carbon sources. Environ. Sci. Pollut. Res. 2016, 23, 1653-1663. [CrossRef]

Sponza, D.T. Extracellular polymer substances and physicochemical properties of flocs in steady and unsteady-state activated
sludge systems. Process Biochem. 2002, 37, 983-998. [CrossRef]

Miao, L.; Zhang, Q.; Wang, S.; Li, B.; Wang, Z.; Zhang, S.; Zhang, M.; Peng, Y. Characterization of EPS compositions and microbial
community in an Anammox SBBR system treating landfill leachate. Bioresour. Technol. 2018, 249, 108-116. [CrossRef] [PubMed]
Li, X.Y,; Yang, S.F. Influence of loosely bound extracellular polymeric substances (EPS) on the flocculation, sedimentation and
dewaterability of activated sludge. Water Res. 2007, 41, 1022-1030. [CrossRef]

Su, F; Wang, Z.; Huang, T.; Zhang, H.; Zhang, H. Simultaneous removal of nitrate, phosphorous and cadmium using a novel
multifunctional biomaterial immobilized aerobic strain Proteobacteria Cupriavidus H29. Bioresour. Technol. 2020, 307, 123196.
[CrossRef]

127



Water 2023, 15, 3530

38.

39.

40.

41.

42.

43.

44.

45.

46.

Li, X;; Lu, Y;; Luo, H.; Liu, G.; Zhang, R. Microbial stratification structure within cathodic biofilm of the microbial fuel cell using
the freezing microtome method. Bioresour. Technol. 2017, 241, 384-390. [CrossRef]

Hosseinzadeh, A.; Zhou, J.L.; Navidpour, A.H.; Altaee, A. Progress in osmotic membrane bioreactors research: Contaminant
removal, microbial community and bioenergy production in wastewater. Bioresour. Technol. 2021, 330, 124998. [CrossRef]

Ma, X.; Wang, X.; Liu, Y; Gao, J.; Wang, Y. Variations in toxicity of semi-coking wastewater treatment processes and their toxicity
prediction. Ecotoxicol. Environ. Saf. 2017, 138, 163-169. [CrossRef] [PubMed]

Hanada, A.; Kurogi, T.; Giang, N.M.; Yamada, T.; Kamimoto, Y.; Kiso, Y.; Hiraishi, A. Bacteria of the candidate phylum TM7 are
prevalent in acidophilic nitrifying sequencing-batch reactors. Microbes Environ. 2014, 29, 353-362. [CrossRef]

Zhao, J.; Li, Y,; Chen, X.; Li, Y. Effects of carbon sources on sludge performance and microbial community for 4-chlorophenol
wastewater treatment in sequencing batch reactors. Bioresour. Technol. 2018, 255, 22-28. [CrossRef]

Xing, W.; Li, D.; Li, J.; Hu, Q.; Deng, S. Nitrate removal and microbial analysis by combined micro-electrolysis and autotrophic
denitrification. Bioresour. Technol. 2016, 211, 240-247. [CrossRef] [PubMed]

Wang, X.; Xing, D.; Ren, N. p-Nitrophenol degradation and microbial community structure in a biocathode bioelectrochemical
system. RSC Adv. 2016, 6, 89821-89826. [CrossRef]

Assress, H.A.; Selvarajan, R.; Nyoni, H.; Ntushelo, K.; Mamba, B.B.; Msagati, T.A. Diversity, co-occurrence and implications of
fungal communities in wastewater treatment plants. Sci. Rep. 2019, 9, 14056. [CrossRef] [PubMed]

Wang, K,; Ma, X.; Yin, X.; Wu, C.; Wang, Z.; Wu, Y.; Zhao, Y.; Tian, Y. Difference and interplay of microbial communities, metabolic
functions, trophic modes and influence factors between sludge and bulking agent in a composting matrix. Bioresour. Technol.
2021, 336, 125085. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

128



. water @\py

Article
Genotoxic Effects on Daphnia magna Fed with Aquatic Green
Algae Exposed to Silver Nanoclusters

Li Zhang * and Haoqiang Tan 2

Department of Environmental Engineering, School of Life Sciences, Taizhou University, Taizhou 318000,
China

School of Civil Engineering and Architecture, Taizhou University, Taizhou 318000, China;
tanhaoqiang126@126.com

*  Correspondence: zhangli8157@sina.com

Abstract: Ag nanoclusters (AgNCs) have gained widespread applications in recent years due to
their excellent antimicrobial efficacy and distinctive molecule-like characteristics. However, concerns
about their potential effects on environmental and human health have been raised. Despite the fact
that abundant research has been carried out to examine the possible ecotoxicology of AgNCs in a
variety of living organisms, these studies have mostly concentrated on the toxicology of individual
organisms and only a few have attempted to look into the impact of AgNCs across the aquatic
food chain. This work evaluated the transcriptome level genotoxicity of AgNCs and their degraded
Ag ions in two model species food chains: the aquatic green algae Scenedesmus obliquus and the
invertebrate Daphnia magna. Daphnia magna’s digestive system and glycerophospholipid metabolism
were hindered after feeding on Ag-containing algae as a result of down-regulation of the crucial
gene PLA2G(SPLA2) that codes for secretory phospholipase A2. Our research also showed that
the genotoxicity of AgNCs to Daphnia magna was mediated by a synergic interaction between the
particulate form of AgNCs and their degraded Ag ions. The current work offers a fresh viewpoint
on the mechanisms underlying AgNCs’ harmful effects and the possible ecological concern that
metal-based nanoparticles provide to aquatic life.

Keywords: Ag nanoclusters; Scenedesmus obliquus; Daphnia magna; food chain; transcriptome

1. Introduction

When compared to their larger counterparts, silver nanoparticles (AgNPs, >2 nm),
silver nanoclusters (denoted AgNCs) with particle sizes below 2 nm, typically composed
of several to one hundred silver atoms, exhibit obviously different physical and chemical
properties [1-3]. Due to the significant quantum size confinement of free electrons in
this sub-2 nm size range, AgNCs possess discrete electronic states and display distinctive
molecule-like properties, such as intensive luminescence, well-defined molecular struc-
ture, quantized charge and HOMO-LUMO transitions [2,4-8]. In particular, the unique
properties of AgNCs coupled with their ultra-small size and good biocompatibility have
enabled them to emerge as promising functional materials for a wide variety of biomedical
applications, especially as effective antimicrobial agents and as optical probes for bioimag-
ing and biolabeling applications [2,6,9-12]. AgNCs will unavoidably be released into the
environment as a result of their extensive use, especially in the aquatic environment. Given
the growing public concern over the possible threats they pose to human health and living
things, it is therefore worthwhile to investigate the potential ecotoxicology of AgNCs.

Although numerous studies have been conducted to explore the potential ecotox-
icology of large AgNPs in a variety of microorganisms [12,13], algae [14], plants [15],
invertebrates [16,17] and vertebrates [18,19], these studies have largely concentrated on the
effect on individual organisms, and only a few have described the toxicology of ultra-small
AgNCs. The trophic toxicology of AgNCs to the aquatic food chain is a significant issue that
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warrants further research because several previous studies have shown that nanoparticles,
including AgNPs, could potentially accumulate in aquatic ecosystems and eventually cause
harm to the “top-level” species [20-22]. As is generally known, freshwater algae, a great
example of a unicellular organism, play a significant role in both photosynthesis and the
cycle of carbon dioxide on a global scale [23,24]. Daphnia magna (D. magna) represents a
model zooplankton in the aquatic environment with which to illuminate the toxic mecha-
nisms of AgNPs in environmental assessments [17,25]. According to a previous study [22],
freshwater algae have the capacity to internalize AgNPs, which may then be transmitted to
higher tropic-level organisms like Daphnia magna. Therefore, we believe that through the
food chain, algal-borne AgNCs may ultimately be hazardous to Daphnia magna.

In the past few years, many acute toxicity tests (short-term exposure and at high
Ag concentrations) have been used to investigate the effects of AgNPs on freshwater or-
ganisms; however, environmental exposures to AgNPs are more likely to be long-term
and at low concentrations [26-29]. In other words, testing for chronic toxicity is more
relevant than testing for acute toxicity when evaluating the environmental consequences
of AgNPs. Environmental conditions are also dynamic and complicated, and they are not
easily reversible [26,27]. As a result, it is challenging to conduct an experiment in the lab to
examine the impacts of AgNPs on the environment. If research on the long-term impacts of
exposure to AgNPs could be done at the molecular level (for example, utilizing transcrip-
tomic approaches), then the results should be able to provide useful information [30]. The
biomolecular impacts of AgNPs and the released Ag ions on aquatic organisms have not
received much attention until now. Transcriptomic analysis has recently been used to study,
in great detail, small variations in gene expression in aquatic organisms after exposure to
AgNPs. These investigations have provided the foundation for a better understanding of
the molecular mechanisms behind the toxicity caused by AgNCs [14,31,32].

The goal of the current work is to use cutting-edge transcriptome technology to exam-
ine the molecular harmful effects of AgNCs carried by algae on the aquatic invertebrate
Daphnia magna. Our results showed that Daphnia magna exposed to AgNCs carried by algae
showed blatant changes in gene expression across the food chain. We suggest that the
current study offers a fresh viewpoint on how to identify AgNCs-mediated toxicity as well
as an early warning system for environmental risk brought on by the accumulation of other
metal nanoparticles in aquatic life.

2. Materials and Methods
2.1. Materials

Prior to all experiments, all glassware and pipet tips were soaked in 0.05 M nitric
acid for 24 h and then rinsed with Milli-Q water (18.2 MQ)). Silver nitrate (99.9999%),
sodium borohydride (NaBHjy), L-glutathione reduced (GSH) and L-cysteine (>99%) were
purchased from Sigma-Aldrich. The other reagents (analytical or ultrapure grades) were
purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). All solutions
used in this study were prepared in Milli-Q water. Ultra-small AgNCs were prepared
according to the method of Yuan [9,33]. The AgNC solutions were subsequently stored at
4 °C for later use. Further details on the characterization of AgNCs and their dissolution in
exposure water are available in our previous work [34,35].

2.2. Algae Culture and Nanosilver Exposure Conditions

Scenedesmus obliqguus (No. FACHB-417), was obtained from the Institute of Hydrobiol-
ogy of the Chinese Academy of Sciences (Wuhan, China) and subsequently cultured in SE
medium (Wuhan, China, Supplementary Materials Table S1) under controlled conditions
(12:12 h light/dark photoperiod; 25 °C; illumination 2500~3000 lx; artificial shaking three
times every day) in SE. To avoid biological contaminations, all glassware and algae culture
media were sterilized in a SANYO sterilizing oven (Osaka, Japan) (121 °C, 30 min).

For algae exposure experiments, in consideration of the concentration level of Ag-
NPs (0.1~146 pg/L) in the aquatic environment [28], algae in the log-phase of growth
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(5~10 x 10° cells/mL) were exposed to AgNC concentrations (according to the concentra-
tion of Ag atoms) of 0.00, 135 and 135 pg/L (containing 0.5 mM L-cysteine) and silver ions
(5.0, 10.0 and 20.0 ng/L), respectively. The addition of L-cysteine, at a concentration of
0.5 mM, was sulfficient to inhibit the dissolution of Ag* into SE medium. According to our
previous study, the concentration level of Ag* released from AgNCs (ng/L) is almost equal
to that of silver ions (5.0, 10.0 and 20.0 png/L) dissolved from silver nitrate [34]. The control
experiments were exposed to SE medium (without silver). The exposure experiments were
carried out in triplicate.

2.3. Daphnia Magna Culture and Ag Exposure

Adult Daphnia magna were obtained commercially (Institute of Hydrobiology of Chi-
nese Academy of Sciences) and grown in standard dilution water medium (SDW medium:
294 mg/L CaCl,-2H,0, 123 mg/L MgSQO4-7H,0, 65 mg/L NaHCOs3, 6.3 mg/L KCl). The
growth conditions were the same as those of Scenedesmus obliquus mentioned above. Prior
to the silver exposure experiments, the Daphnia magna were fed with SE medium-grown
Scenedesmus obliquus (containing no AgNCs or AgNO3).

After exposure to Ag for 96 h, Scenedesmus obliquus was harvested on a 0.45 um filter
membrane for feeding to Daphnia magna. The algae cells were washed with Milli-Q water
three times to remove remanent AgNCs or AgNO;3 on the cell surface. The cells were
then resuspended in SDW medium to reach a cell density of ~5 x 10° cells/mL. Finally,
100 mL of SDW medium containing algae cells (~5 x 10° cells/mL) was introduced into
eighteen beakers (Figure S1, one control and five AgNCs or AgNOj treatments). Algae
cells were quickly consumed by Daphnia magna within 30 min. Considering the extremely
small volume of Daphnia magna, each beaker contained ~100 Daphnia magna in order to
ensure adequate RNA samples. The volume of SDW medium in each breaker remained
relatively constant (1000 mL) through the addition of fresh medium. The experiment was
done in triplicate.

2.4. RNA Sequencing

According to our previous studies using confocal microscopic images and TEM images,
AgNCs are indeed internalized by the algae cells [34,35]. At the end of 48 h of exposure to
algae cells grown with or without AgNCs/AgNQOs, Daphnia magna fed with green algae
but without silver were used as controls (sample A). Daphnia magna fed with green algae
treated with 135 ng/L r-AgNCs but without 0.5 mM L-cysteine (sample B), and fed with
green algae treated with the 135 pg/L r-AgNCs (with 0.5 mM L-cysteine) (sample C) and
those fed with green algae treated with 10 ng/L silver ions (sample D) were collected
and washed three times with Milli-Q water. To obtain sufficient RNA, the samples of
each treatment were mixed and then immediately frozen in liquid nitrogen. Total RNA
extraction of Daphnia magna was performed according to the manufacturer’s instructions
for trizol reagent (Invitrogen, Carlsbad, CA, USA). The concentration and integrity of RNA
was detected by a Nanodrop 2000 Spectrophotometer and a 2100 Bioanalyser (Agilent, Palo
Alto, CA, USA), respectively. After the cDNA library of each treatment was prepared by
polymerase chain reaction, the sequencing libraries were gradually diluted and quantified
to 4-5 pM and sequenced on the [llumina NextSeq 500 platform.

2.5. Transcriptomic Analysis

A pair-end sequencing strategy was employed to generate RNA-Seq raw reads with
an average length of 150 bp. In order to better conduct de novo transcriptome assembly,
the raw reads were filtered to obtain high-quality reads by removing the adapter sequences
and low-quality bases at the 3’ end (Q < 20) using the FastQC program(version: 0.11.2).
Quality reads were converted into contigs, established de Bruijn graphs and optimized
de Bruijn graphs to obtain the final transcripts, using the Trinity programme (http://
trinityrnaseq.sf.net) (version: r20140717, accessed on 10 July 2023). The transcripts were
subsequently subjected to the NCBI basic local alignment search tool (BLAST) (http://
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www.ncbinlm.nih.gov/) (version: 2.2.30+, accessed on 15 July 2023) against the NCBI
non-redundant protein database (NR) (http://www.ncbi.nlm.nih.gov/) (version: GRCh36,
accessed on 12 July 2023) (cut-off E-value < 10~°). The top-hit transcripts were identified
as unigenes. For functional annotation of all the unigenes, we searched them against the
public databases using NCBI BLAST, including the NCBI non-redundant protein database,
the Gene Ontology (GO) database (http:/ /geneontology.org/) (version: Conesa A and
Gotz, accessed on 15 July 2023), Kyoto Encyclopedia of Genes and Genomes (KEGG)
database (http:/ /www.genome.jp/kegg) (version: 81.0, accessed on 10 July 2023) and the
Evolutionary genealogy of genes: non-supervised Orthologous Groups (eggNOG) database
(http://eggnog.embl.de/) (version: 4.0.beta/, accessed on 12 July 2023).

To analyse the differentially expressed unigenes derived from Daphnia magna af-
ter exposure to algal-borne AgNCs and Ag NO3 compared to the controls, the num-
ber of reads per kilobase of the exon model per million mapped reads value (RPKM)
was used to normalize the gene expression at the transcriptional level. Differentially
expressed unigenes were identified by using the DESeq program (http://www-huber.
embl.de/users/anders/DESeq) (version: 1.18.0, accessed on 10 July 2023). The false
discovery rate (FRD, <0.05) method was introduced to determine the threshold of the
p-value in multiple tests and further judge the significance of the difference in gene expres-
sion. When greater than a two-fold change (absolute value of log; fold change > 1) and
p-value < 0.05 in gene expression were observed in our study, unigenes were considered
to have significant differential expression. KEGG Orthology (KO) metabolic pathways
analysis of the differentially expressed unigenes was carried out on the public website
(http:/ /www.genome.jp/kegg/tool/map_pathway2.html) (version: 2015/05/22, accessed
on 18 July 2023). GO and KEGG enrichment analysis of differentially expressed unigenes
were conducted using the Goatools software (https:/ /github.com/tanghaibao/GOatools)
(version: v1.2.3, accessed on 10 July 2023) and the KOBAS software (http:/ /kobas.cbi.pku.
edu.cn/home.do) (version: 2.0, accessed on 15 July 2023), respectively. Cluster analysis
of differential unigenes was performed by means of Cluster3.0/TreeView programme
(http:/ /bonsai.hgc.jp/~mdehoon/software/cluster/manual /index.html) (version: v1.2.0,
accessed on 10 July 2023).

3. Results and Discussion
3.1. Sequencing and De Novo Transcriptome Assembly

Before cDNA libraries were constructed in our study, the concentration and integrity of
total RNA were firstly examined by a UV-vis spectrophotometer (Nanodrop 2000, Waltham,
MA, USA) and agarose gel electrophoresis, respectively (Table S2 and Figure S2). To obtain
the Daphnia magna transcriptome expression profile after exposure to algal-borne AgNCs
and Ag NOj3, four independent cDNA libraries from various Daphnia magna treatments
(samples A, B, C and D) were sequenced using the Illumina NextSeq 500 platform. After
sequencing and data filtering, the raw reads and high-quality reads of various samples are
presented in Table S3. Subsequently, transcript de novo assembly for quality reads was
carried out by Trinity software(version: r20140717). A summary of all contigs, transcripts
and unigene assemblies is shown in Table S3. A total of 32,009 unigenes were obtained with
a maximum length of 237,122 bp, an average length of 923 bp and an N50 of 1517 bp, and
these unigenes were further used to perform the analysis of differentially expressed genes
at the transcriptional level. The length distribution of unigenes is displayed in Figure S3.
The lengths of unigenes were ranged from 201 bp to 23,712 bp, and the most abundant
unigenes were clustered in a group 200-299 bp in length. For further functional prediction
and classifications, all unigenes were searched against several public databases, including
the NCBI NR database, the GO database, eggNOG database and KEGG database, among
others. The results of the annotation of the Daphnia magna transcriptome are summarized
in Table 5S4, Figures S4-S6. Among the 32,009 unigenes, 32,009, 29,260 and 26,943 had
significant hits in the NR, eggNOG and SwissProt databases, respectively.
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3.2. Differential Expression Gene Analysis

A statistical analysis of differentially expressed genes between the three silver treat-
ments and the controls was conducted using the gene expression data. Volcano plots
showed the distribution trends of differential expression genes (red spots) and genes with
no differential expression (blue spots) (Figure S7). It is quite clear that the expression
levels of many differentially expressed genes derived from Daphnia magna after feeding
with green algae treated with three silver (r-AgNCs, r-AgNCs containing L-cysteine and
silver ions) were up- and down-regulated compared to the control treatment, which further
demonstrates that r-AgNCs and their dissolved silver ions cause a toxic effect on the gene
expression of Daphnia magna. The number of up- and down-regulated differentially ex-
pressed genes obtained per treatment group was coincident with the overlap between the
differentially expressed genes for each silver treatment (Figure 1a,b). Figure 1c illustrates
the heatmap of differentially expressed genes between the various algal-borne AgNC
treatments and the control. The gene expression levels are visualised by using a plot colour
ranging from green (low expression) to red (high expression), which demonstrates the
significant differences in the level of gene expression for differentially expressed genes
between each algal-borne AgNCs treatment and the control. The condition tree also shows
that the gene expression profiles for differentially expressed genes were consistent across
particle-specific AgNCs and their dissolved silver ions.
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Figure 1. Differentially expressed genes of Daphnia magna resulting from a diet of green algae exposed
to three silver treatments (r-AgNCs, r-AgNCs + L-cysteine and silver ions) compared to the controls
(Daphnia magna on a diet of green algae only). (a) Colour bars indicate the number of (red) up- and
(blue) down-regulated genes derived from Daphnia magna (|fold change| > 2 and p-value < 0.05).
(b) Venn diagram showing numbers of differentially expressed genes from Daphnia magna after the
diet of green algae (|fold change| > 2 and p-value < 0.05). (c) Heatmap of differentially expressed
genes (| fold change | > 2 and p-value < 0.05) derived from Daphnia magna as a result of the diet of
green algae. Colour bars indicate the gene expression levels: (red) up-regulated genes and (green)
down-regulated genes.

3.3. Enrichment Analysis of the Differential Expression Genes

The biological significance of the changes in gene expression of differentially expressed
genes in Daphnia magna fed on green algae treated with silver has been investigated by
using enrichment analysis in GO terms (denoted as GOSlim in our study, Figure S8)
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and the KEGG metabolic pathway (Figure 2). Gene Ontology (GO) is a standardized
gene functional classification system including the terms for biological processes, cellular
components and molecular functions. The KEGG metabolic pathway, which represents
our knowledge of the molecular interaction and reaction networks of Daphnia magna,
can help further our understanding of the biological functions of differentially expressed
genes and how these genes interact. Enrichment analysis of differentially expressed genes
(up- and down-regulated unigenes) was conducted to gain an overall perspective of the
biological effects of each exposure to the green algae diet. The most significantly typical
GO terms (structural molecule activity and external encapsulating structure) and KEGG
pathways (lipid metabolism and digestive system) remained common across all three
different algae diets, suggesting that there was a very significant overlap in the gene
expression of differentially expressed unigenes in response to the three kinds of silver
treatments. Based on this overlap, it is likely that the toxicity of AgNCs to Daphnia magna
was predominantly due to the combined action between the AgNCs and their released

silver ions.
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Figure 2. KEGG enrichment analysis of differentially expressed genes of Daphnia magna from the diet
of green algae treated with silver (AgNCs, AgNCs with L-cysteine and Ag ions). The enrichment
analysis was conducted between silver treatments and controls (p values < 0.05) after 48 h of exposure,

using all expressed unigenes as a background.

Scenedesmus obliquus, a freshwater green algae, is a well-known primary producer in
the aquatic ecosystem and a source of food for primary or higher trophic-level consumers,
including the freshwater cladoceran Daphnia magna. As is shown in Figure 2, the enrichment
of differentially expressed unigenes in the KEGG metabolic pathway (lipid metabolism
and digestive system) was more significant than other metabolic pathways (p-value < 0.05),
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which demonstrates that the processes of metabolism of Daphnia magna were inhibited at
the molecular level when fed with the three different diets of green algae. Furthermore,
Ig(1/p) of the terms of external encapsulating structure and structural molecular activity
were larger than that of other terms of GO enrichment (Figure S8, adjusted p < 0.05),
indicating that the differentially expressed genes coding the cellular components (e.g., cell
membrane) and the biological macromolecules in the body (e.g., metabolic enzymes) were
regulated after exposure to algal-borne AgNCs and Ag ions, and it is anticipated that this
regulation was also associated with the process of metabolism in Daphnia magna. As a
result, the AgNC-produced Ag ions and the diets of green algae that the Daphnia were
treated with had a greater effect on their metabolism.

3.4. KO Metabolic Pathway Analysis of the Differential Expression Genes

As shown in Figure S1, after Daphnia being fed the diet of algae treated with AgNCs
and Ag ions for 48 h, the content of Scenedesmus obliquus in the beaker decreased obviously,
indicating that Daphnia magna can feed on Scenedesmus obliquus. Therefore, it is essential
to investigate the effects of the diet of algae on the digestive system of Daphnia magna,
especially with respect to the subtle differences in gene expression. Differentially expressed
genes in the digestive system of Daphnia magna after being fed a diet of algae treated with
silver for 48 h are listed in Table S5. The gene expression analysis demonstrated that many
of the unigenes encoding for key enzymes and protein subunits of the digestive system
were up- and down-regulated compared to the controls. Among all these genes, PLA2G and
SPLA2 (gene ID: ¢75537_g1_il) were especially sensitive to AgNC and Ag* ion exposure.
These genes encode for secretory phospholipase A2, a key enzyme for fat digestion and
absorption, and they were down-regulated at the transcriptome level. Interestingly, PLA2G
and SPLA2 (gene ID: ¢22033_g1_i2) also encode for secretory phospholipase A2 and they
were also down-regulated as a result of exposure to AgNCs and Ag* ions, except for
AgNCs + L-cysteine, which suggests that a protein, such as secretory phospholipase A2,
can be coded by different genes. Since the digestive system of Daphnia magna relies heavily
on the lipase secreted by the hepatopancreas (Figure 3a), a down-regulation of the genes
PLA2G and SPLA2, which encode phospholipase A2, suggests that a diet of algae treated
with AgNCs and the subsequently released Ag ions may have an impact on how fats (such
as glycerophospholipid) are metabolised.

Apart from the effect on the digestive system of Daphnia magna, the diet of algae treated
with AgNCs and their released Ag ions can also lead to changes in glycerophospholipid
metabolism and showed similarly significant alterations in the expression levels of differ-
entially expressed genes (Table S5, gene ID: ¢75537_g1_il). Glycerophospholipid is one
of the most important membrane lipids and can be hydrolyzed to produce aliphatic acid
and glycerol by the catalysis of secretory phospholipase A2 (Figure 3b). Aliphatic acid will
further produce acetyl coenzyme A by 3-oxidation and finally enter the tricarboxylic acid
cycle (TCA cycle). Furthermore, intermediate products of 3-oxidation (e.g., arachidonic
acid metabolism, linoleic acid and alpha-linolenic acid) were also regulated by secretory
phospholipase A2 (Table S5). The down-regulation of key enzymes, such as secretory
phospholipase A2 coded by gene PLA2G (SPLA2), indicates that glycerophospholipid
metabolism was probably also regulated as a result of the diet of algae treated with AgNCs
and their released Ag ions, resulting in a decrease in the lipid metabolic capacity of Daphnia
magna. As a model zooplankton in an aquatic ecosystem, after exposure to algae-born silver,
Daphnia magna can adjust its metabolic processes to adapt to the external environmental
conditions. However, metabolic processes were regulated by enzyme activity and gene
expression in the ordinary course of events. From the analyses, it can be concluded that the
gene PLA2G (SPLA2), coding for the key enzyme secretory phospholipase A2, can not only
be regarded as a biomarker but also be applied to the assessment of the aquatic food chain
(e.g., Scenedesmus obliquus and Daphnia magna) exposed to metal-based nanoparticles.
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Figure 3. Effects of the diets of algae treated with AgNCs and silver ions on differentially expressed
genes related to glycerophospholipid metabolism and fat digestion and absorption of Daphnia magna.
Shades of red, light blue and white represent down-regulation of target unigenes, no differential
expression of unigenes (background genes) and unigene products not involved in Daphnia magna,
respectively. (a) Effects of the diets of algae treated with AgNCs (without L-cysteine) for 48 h on
fat digestion and absorption of Daphnia magna. (b) Effects of the diets of algae treated with AgNCs
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(without L-cysteine) for 48 h on glycerophospholipid metabolism of Daphnia magna. Based on the
principles of classification of the Enzyme Commission, the identifier of the enzyme involved in the
pathway was determined by the number in the boxes. Illustrations of the fat digestion and absorption
and glycerophospholipid metabolism of Daphnia magna as a result of the diets of algae treated with
AgNCs (containing L-cysteine) and silver ion are available in Table S5. Metabolic pathways were
obtained through the KEGG annotation of differentially expressed unigenes.

Although the released Ag ions from AgNCs help to explain some of their toxicity, it
is still not obvious whether AgNCs itself is the root of the problem. For example, Yuan
et al. reported that AgNCs possessed superior antimicrobial properties against pathogenic
bacteria (for example, P. aeruginosa), via the generation of intracellular reactive oxygen
species (ROS) [33]. However, our previous work demonstrated that no significant ROS
were induced in Scenedesmus obliquus treated with various concentrations of AgNCs and
Ag ions for 96 h compared to the controls, suggesting that the AgNC- or Ag-ion-mediated
toxicity to algae cells could not be attributable to ROS accumulation [34,35]. Another study
reported that AgNCs had much higher antimicrobial activities towards both Gram-positive
bacteria (B. subtilis, and S. aureus) and Gram-negative bacteria (P. aeruginosa, and E. coli)
owing to abundantly released Ag ions on the surface [36]. With regard to the effect of their
larger counterpart, AgNPs, Helen et al. reported that a 15k oligonucleotide microarray
for Daphnia magna was used to differentiate between particle-specific and ionic silver
toxicity [32]. AgNPs and AgNO3 were found to have different gene expression profiles,
which may indicate their different modes of toxicity. AgNPs and AgNOj3 can both affect
key biological processes, including protein metabolism and signal transduction, as well
as developmental processes (such as sensory development). A previous investigation
of the toxicity of AgNPs in comparison with AgNOj3 in two aquatic organisms, green
algae Chlamydomonas reinhardtii and the invertebrate Daphnia magna, revealed that Daphnia
magna could equally accumulate AgNPs and AgNOj after feeding on Ag-containing algae,
and the finding suggested that AgNO3; was more toxic than nano-Ag [22]. Based on
these previous studies and the significant changes in the expression levels of differentially
expressed genes in Daphnia magna after exposure for 48 h to Ag-containing algae, we
can confirm that the AgNCs and their released ionic-form silver have a synergistic effect
on the invertebrate organism Daphnia magna. Whether the AgNCs entering the Daphnia
magna cells will gradually degrade into silver ions and further cause its toxicity deserves
further investigation. However, Chen and colleagues revealed that the toxicity of AgNPs
on human monocytes (THP-1) is largely due to the chemical transformation of particulate
silver from elemental silver (Ag®), to Ag* ions with the help of synchrotron radiation beam
transmission X-ray microscopy (SR-TXM) and SR-X-ray absorption near edge structure
(SR-XANES) spectroscopy, suggesting that this could be a potential mechanism [37].

4. Conclusions

In conclusion, we showed that Daphnia magna fed with Scenedesmus obliquus contained
Ag-experienced transcriptome alterations as a result of exposure to AgNCs. AgNCs in their
particulate form and the degraded Ag ions that they produce worked in concert to modify
Daphnia magna’ transcriptiome. Because the gene PLA2G (SPLA?2), which codes for secretory
phospholipase A2, was downregulated, the digestive process and glycerophospholipid
metabolism were hindered. Additionally, it needs to be thoroughly researched in the
future if the AgNCs that enter Daphnia magna cells gradually break down into Ag ions and
further mediate AgNCs toxicity. The current study not only provides a different method
for identifying AgNCs-mediated toxicity, but it also adds to our knowledge of early aquatic
ecological risk mediated by other metal nanoparticles.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/w15183172/s1. Figure S1: The toxicity test of Daphnia magna through
the diet of Scenedesmus obliquus treated with silver nanoparticles, and two photos represented the
beginning (a) and end (b) of the toxicity test. Figure S2: The total RNA checked by agarose gel elec-
trophoresis. Figure S3: Histogram of length distribution of contiges (a), transcripts (b) and unigenes
(c). Figure S4: The Gene Ontology (GO) annotations of unigenes. Figure S5: The evolutionary geneal-
ogy of genes: non-supervised orthologous groups (eggNOG) annotations of unigenes. Figure S6: The
Kyoto Encyclopedia of Genes and Genomes (KEGG) annotations of unigenes. Figure S7: The “volcano
plot” pictures with log,(fold change) plotted versus —logyo(p-value) of differentially expressed genes
derived from Daphnia magna. Figure S8: GO enrichment analysis of differentially expressed genes
of Daphnia magna from the diet of green algae. Table S1: The composition of SE culture medium.
Table S2: The total RNA was checked using NanoDrop 2000 UV-Vis Spectrophotometer. Table S3:
Illumina de novo assembly statistics of transcriptomic profiles of Daphnia magna from green algae
diet. Table S4: Annotation of unigenes of Daphnia magna transcriptome. Table S5: List of differentially
expressed genes for the digestive system and lipid metabolism of Daphnia magna after the diets of
algae treated with silver for 48 h.
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Abstract: In order to develop the biological self-cleaning anti-clogging high-permeability sand filter
tube, it is very important to analyze the plugging material and plugging mechanism of crude oil
sand water filter. Under laboratory conditions, based on vacuum drying, condensation reflux,
chromatographic separation, and other technologies, the plugging components were preliminarily
analyzed. The plugging components were analyzed via XRD, infrared analysis, TH NMR, and 13C
NMR. Through analysis and testing, XRD results showed that the solid compositions were clay and
sand grains. Meanwhile, the infrared analysis, 'H NMR, and 3C NMR demonstrated that the main
components of the plug are asphaltene crude oil, and the proportion of aromatic components and
saturated components is close.

Keywords: crude oil; sand water filter; plugging components; plugging mechanism

1. Introduction

Developing the loose sandstone hydrocarbon reservoirs, which account for a large
proportion of China’s oil and gas, is crucial [1]. However, frequent sanding from oil
wells during development has hindered further development of the loose sandstone oil
reservoirs, and the specific nature of the reservoir has been one of the main conflicts in the
rapid development of the loose sandstone oil reservoirs [2,3]. As a result, it has become the
primary problem in removing the sand out of the well.

The biggest difficulty encountered in the use of conventional sand filter pipes is
clogging [4]. The blockage of the sand filter tubes can cause a reduction in the fluid output
of oil well or even lead to the blockage of oil wells [5,6]. In addition, replacing the clogged
sand filter pipes carries certain risks, as the pipes can easily fracture or break during
replacement, leading to wellbore blockage and abandonment [7,8]. The biological self-
cleaning anti-clogging high permeability sand filter tube, which has applied electrocatalytic
technology, is a new direction for enhanced oil recovery [9-12]. However, clogging issues
have prevented its widespread usage. Consequently, the investigation of crude oil clogging
in sand filter pipes and the exploration of clogging mechanisms have emerged as crucial
research areas for effective sand control in oil wells [13-15].

According to statistical data, the filling layer of polymer-aided flooding reservoirs is
severely blocked, resulting in low liquid volume, rapid decrease in liquid volume, and a
short effective period [16,17]. Conventional sand control methods have poor adaptability
to post-polymer flooding reservoirs during high water cut periods. The main reasons for
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this include the exacerbation of particle transport caused by polymer carriage and drag, as
well as the accumulation of aged polymers, which block the screen pipes and filling layer,
leading to a rapid decrease in liquid volume and a shortened effective period [18]. Ma et al.
presented a systematic approach to investigate the performance of sand control screens,
including the processing of the sand control simulation unit, the analysis of formation
parameters, the determining of pressure drop through the sand retaining medium, the
calculation of oil-production index, and so on [19]. However, it does not solve the root
cause of the clogging problem of clogged sand filter tubes. Therefore, in this paper, we
analyzed the blockage mechanism and the blockages in the original oil filter sand pipes. It
provides an effective avenue for addressing the problem of blockage of traditional sand
control tools.

2. Oilfield Overview

Located in the Yellow River Delta region, Shengli Oilfield, the second largest oilfield in
China is situated in the northern part of Shandong Province. Its main working area covers
approximately 4.4 x 104 km?. As a typical loose sandstone of a compound oil-bearing basin,
Shengli Oilfield is characterized by complex geological conditions, a variety of oil-bearing
layers, diverse types of reservoirs, and rich types of oil reservoirs, as well as significant
variations in reservoir properties [20-22].

Shengli Oilfield has discovered 38 porous sandstone oilfields, with reserves of
3.716 billion tons and an annual output of 23.244 million tons, accounting for more than
80% of the oilfield’s reserves and annual output. As a fundamental technology for develop-
ing porous sandstone reservoirs, sand control technology is the dominant technology for
ensuring the normal production of such reservoirs. With an average annual construction of
2365 wells, accounting for more than 20% of the oilfield’s measures, sand control plays a
critical role in ensuring sustained and stable production of the oilfield [23,24].

3. Experimental Part
3.1. Experimental Reagent

Dichloromethane (analytical pure), petroleum ether (analytical pure), toluene (analyti-
cal pure), and alumina (column chromatography grade) were purchased from Shanghai in
China. The water is primarily distilled water.

3.2. Experimental Instrument

The Fourier transform infrared spectrometry (FI-IR) analyses were measured on a
Nicolet 5700 spectrophotometer in the range of 400-4000 cm~!. 'H NMR and '*C NMR
spectra were recorded on a 400 MHz (Bruker Company in German, Bremen Germany)
instrument, and CDCl; (7.26 ppm for 'H NMR, 77.16 ppm for 1*C NMR) was used as a
reference. The X-ray diffraction (PXRD) patterns were recorded on a Rigaku Smartlab3
X-ray Powder Diffractometer (Rigaku Company in Japan, Tokyo, Japan) equipped with a
Cu-sealed tube (A = 1.54178 A) in the range of 5° to 50° at room temperature. Microscope
visual rheometer (MCR302, Anton Paar, Graz, Steiermark, Austria).

3.3. Crude Oil Composition Analysis

Crude oil samples from wells in different oil blocks were selected for compositional
analysis: well 641X15 in Block 641, well 822P5 in Block 821, well 827P1 in Block 827, well
9P13 in Block 9, and well 10N14 in Block 4. Crude oil samples are shown in Figure 1.
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Figure 1. Crude oil samples from the crude oil zone.

4. Analysis of Experiment

Approximately 3 g samples were taken, respectively (as shown in Figure 2), and dried
under vacuum at 110 °C and —1000 KPa for 1 h after cooling and weighing (accurate to
0.001 g). For every 1 g of the sample, 30 mL of crude ether was added, boiled, and refluxed
in a reflux condenser. The sample was then filtered after standing in a dark condenser at
room temperature for 1.5-2.5 h. The insoluble material was extracted with the filtrate, and
the liquid at the bottom of the extractor was removed, placed on filter paper, and allowed
to evaporate. If there was no residue on the filter paper, a solution of the soluble matter
was obtained.

Figure 2. Crude oil samples to be tested in different oil areas.

The extraction of the filter paper continued according to the proportion of 30 mL of
toluene added to each 1 g of the sample to obtain the asphalt solution. After vacuum drying
the soluble component solution with 30 mL of crude ether, it can be separated into three
components using a chromatographic column containing alumina in the following order:
saturated components, aromatic components, and resin components. After evaporating
most of the solvent from the component solution, it was dried under vacuum at 110 °C
and —1000 KPa for 1 h, cooled to room temperature, and weighed, and the content of all
components was calculated.
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4.1. Experimental Results

The experiments showed that the crude oil from the Gudong Oil Production Area of
the Shengli Oilfield has a high content of gums and asphaltenes, and the aromatic and
saturated fractions are close to each other.

Due to the high gum and asphaltene content, crude oil is easily agglomerated to form
a high-viscosity crude oil block while adhering to the surface of pipes, containers, and rock
formations. At the same time, due to the strong binding ability, crude oil block partially
wrapped in stratum sand and clay, forming inorganic and organic compounds difficult to
decompose soft scale block.

Through an NMR analysis of crude oil and blockages, it can be determined that the
main component of the crude oil blockage is the asphalt and colloidal components of the
crude oil, which have strong adhesion capabilities and cause pore blockage in filter sand
pipes, resulting in a gradual reduction in the production liquid over time. We confirmed
the proportion of the component of crude oil through five repetitions of the experiment
and listed the results of the averages in Table 1.

Table 1. Analysis of crude oil composition of different wells in Gudong Oil Production Plant.

Well Aromatic . Satura’ced0 Gum®% Asphaltene% Gum + A:)s-
Number Components%  Component% phaltene%
641-X15 321 31.5 28.9 7.5 36.4

822-P5 28.9 29.4 33.5 8.2 41.7
827-P1 314 28.9 329 6.8 39.7
9-P13 26.5 27.3 38.3 7.9 46.2
10-N14 33.6 32.7 259 7.8 33.7

4.2. Composition Analysis of Plugging Materials

The samples of pipeline and screen pipe blockages taken from the injection-production
wells for sand control in Gudong Oilfield are shown in Figures 3 and 4. In order to analyze
the composition of clogging deposits, 3 g of the clogging deposits were weighed and
vacuum dried at 110 °C and —1000 KPa for 1 h, followed by cooling and weighing (accurate
to 0.001 g).

Figure 3. Oil production pipeline blockage.
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Figure 4. Sand filter pipe blockage.

First, 30 mL of petroleum ether was added to each 1 g sample, which was then boiled
and refluxed in a reflux condenser, after which it was allowed to stand for 1.5-2.5 h at room
temperature in a dark box. After filtration, the insoluble material was extracted until the
liquid at the bottom of the extractor was removed. The liquid is applied to the filter paper
and allowed to evaporate. If no residue remains on the filter paper, the result is a soluble
solution. The saturated hydrocarbons, aromatic hydrocarbons, and gums from the stopper
were separated. Continuing with the same 1 g sample to 30 mL toluene ratio, the filter
paper was further extracted, obtaining an asphaltene solution.

The asphaltene in clogging deposits was separated, and clay and sand grains were
separated by adding distilled water. The XRD results (Figure 5) showed that the main
component of clogging deposits was crude oil (excluding asphaltene), accounting for
61.0%, followed by clay and formation sand, accounting for 20.8%, and asphaltene, ac-
counting for 18.2%. XRD analysis was used to determine the composition of clay and sand
grains, which contained 36% quartz («-SiO5), 21% plagioclase (CaAl,SiyOg), 16% forsterite
(Mg,SiOy4), 11% aluminosilicate (Al;SiOs), 9% pyroxene (NaAlSizOg), and 7% clay. The
main components are all SiO, and silicates.

(1) Si O, - Quartz

100 (3) Ca (Al, Si, 0,) - Anorthite
(4) Mg, (Si O,) - Forsterite

(5) Al Si O, - Kyanite

- (6) Na (Al Si, 0,) - Albite - high

Intensity(%)

3

LA § ;
43° 3§ 534! 4 5 4
59633 - 3 4 55 3 4 &
43 5 %8%5’6 ] ggs 5 g & £3 5 6 %4 444 7545

10 20 40
Two-Theta (deg)

Figure 5. Blockage XRD powder diffraction pattern.
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In addition, the blockage sample was subjected to infrared and nuclear magnetic reso-
nance '"H NMR and '3C NMR tests and the results were shown in Figures 6-8. An analysis
of the test results confirmed that the main component of the blockage was crude oil con-
taining asphaltene, with a similar ratio of aromatic components to saturated components.
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Figure 6. Infrared test of oil pipeline blockage.

T T T T
6.0 5.5 5.0 4.5 4
11 (ppa)

Figure 7. Oil production pipeline blockage 'H NMR test results.

The results of the testing of the clogging deposits in the oil pipeline show that it is a
mixture of saturated hydrocarbons, unsaturated alkenes, and aromatic hydrocarbons, as
revealed in the NMR spectrum. The infrared spectrum shows a vibration peak of double
bonds at 1800, indicating the presence of unsaturated hydrocarbons, and the characteristic
C-H of aromatic ring absorption peak at 750 cm~!. The hydrogen spectrum of the mixture
shows saturated hydrogen atoms at 1-2.5 chemical shifts, olefinic hydrogen atoms at 3.5—-
4.5, and aromatic hydrogen atoms at 6.0-8.0. The carbon spectrum of the mixture confirms
this, with many saturated hydrocarbon peaks below 100 chemical shifts and many aromatic
and unsaturated hydrocarbon peaks at 120-145.
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Figure 8. 13C NMR test results of oil production pipeline blockage.

5. Analysis of Clogging Mechanism
5.1. With the Decrease of Temperature, the Viscosity of Crude Oil

After the crude oil well enters the production period, with the passage of time,
the formation temperature decreases, and the viscosity of the crude oil increases. The
viscosity—temperature relationship equation is as follows:

InIn(Uo + 1) = A — B.In(t)

As the viscosity of crude oil increases, it will increase the near-well flow resistance,
making it easier for the resin and asphaltene components in the crude oil to coalesce and
adhere to the surface of sand control tools. The results in Figure 9 were investigated using
a microscope visual rheometer (MCR302, Anton Paar, Graz, Steiermark, Austria).
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Temperature (°C)

Figure 9. Crude oil viscosity curve with temperature.

5.2. Good Wettability of Crude Oil to Stainless Steel

When different phases of substances come into contact, assuming that there is no
contact surface, there is no free surface energy. On the contrary, due to the interaction
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between molecules of each phase, free surface energy can be formed between the contact
surfaces of the two phases. The larger the interface between the two phases, the greater the
free surface energy. The distribution of fluids in the rock surface and the size and direction
of pore capillary force in the reservoir will be directly influenced by the interfacial tension
in the reservoir. Thus, the fluid flow in the reservoir will be further affected.

According to the second law of thermodynamics, substances always tend to decrease
any of their free energy. Therefore, it is usually achieved by reducing the contact area, such
as mercury shrinking into a spherical shape on a desktop, adsorbing molecules of adjacent
contact substances, and using wetting to reduce the free energy of the system. In the pores
of the rock, the microscopic distribution of 0il, gas, and water is influenced by wetting.
The wetting phenomenon in the reservoir usually occurs in the small capillaries of the
rock. Liquid forms a curved shape in the capillary, thus generating a capillary force, which
hinders fluid flow. The capillary force always acts on the non-wetting phase side.

During the water injection process in the reservoir, if the reservoir rock is hydrophilic,
the oil can be lifted by the water; if the rock is hydrophobic, a layer of oil will be adsorbed
around the pores, and the water can only drive the oil in the middle. Therefore, when the
surface of the reservoir rock is hydrophilic, the capillary force is the driving force for water
flooding; when the surface of the rock is hydrophobic, the capillary force is the resistance to
water flooding. In addition, the migration ability (sensitivity) of particles in the reservoir is
also affected by wettability. In the reservoir, particles wetted by the fluid are easily migrated
with the fluid, while particles that are not soaked are not easily migrated.

Under certain conditions, the hydrophilicity or hydrophobicity of the sand surface of
a filter sand tube can be converted, and this process is called the reversal of wettability. For
example, quartz sand is mainly composed of silicates and generally shows hydrophilicity.
However, if its surface adsorbs active substances, it can be changed to hydrophobicity,
and water does not easily drive out oil. Advanced fatty acids are usually surface-active
substances in crude oil. Thus, wettability reversal occurs in the sand of the filter sand
tube under the action of surface-active substances. The local action and reversal can cause
non-uniform wettability. Therefore, different wettability is exhibited in pores of different
sizes (Figure 10).

(Wettability (Wettability

@ — &

Determine
the baseline.

[Slight Wettabilit Slight Wettabilit

Extraction of drop contour.

Non-wettability

Ib D[
i J 0

Non-wettability

Calculation of the angle between the fitting function and the
baseline.

Figure 10. Contact wetting of substances with different properties.

Due to the strong affinity for crude oil, common metal filter sand tubes have a small
wetting angle of crude oil on the metal surface, which makes it easy for crude oil to adsorb
and aggregate on the surface. Crude oil contains a large amount of colloidal asphaltene,
which makes it easier to agglomerate with clay and sandy layers and change the wettability
from hydrophilicity to hydrophobicity, leading to a decrease in the relative permeability of
the oil phase in the reservoir rock. In addition, organic deposits will also accumulate on the
surface of asphaltene pores, causing the blockage of the reservoir pore throats (Figure 11).
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Figure 11. Crude oil agglomerates and adsorbs stainless steel wire winding screen tubes.

5.3. Low Degree Polymerization of Aromatic Hydrocarbon and Unsaturated Hydrocarbon
Occurred in Crude Oil

Comparing the infrared and nuclear magnetic resonance spectra of crude oil and
blockages, it can be seen that crude oil contains a large number of saturated hydrocarbons
and a small amount of unsaturated hydrocarbons and hydrocarbons. Four-zone blockage
'H NMR and 3C NMR test results and nine-zone blockage 'H NMR and *C NMR test
results were shown in Figure 12. 9P13, 10N14, 641X5, 822P5, 827P1 well crude oil IH NMR
and C NMR test results were shown in Figure 13. However, there are few unsaturated
hydrocarbons in the blockages, and the proportion of aromatic hydrocarbons increases,
shown in Figure 12, yellow box, 'H NMR & = 7.0-8.0. This proves that under high tem-
peratures, low-degree polymerization of unsaturated hydrocarbons occurs on the surface
of the filter sand tube(shown in Figure 13, green box, 'H NMR & = 4.5-5.5), resulting in
low polymerization degree long-chain alkanes and some aromatic hydrocarbons, which, in
turn, cause blockage deposits. All the details are shown in Supplementary Materials.
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Figure 12. (a,b) Four-zone blockage 'H NMR and 13C NMR test results; (c,d) nine-zone blockage H
NMR and 3C NMR test results.
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Figure 13. (a-j) 9P13, 10N 14, 641X5, 822P5, 827P1 well crude oil 'H NMR and '3C NMR test results.
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6. Conclusions

This article analyzes the main components of the crude oil in the Gudong oil pro-
duction area of the Shengli oilfield and the main components of the blockage via on-site
sampling. By comparing nuclear magnetic resonance and infrared analysis, we found that
the blockage is mainly composed of asphaltenes and resins in crude oil. The asphaltenes
and resins stick to the formation sand to form an indissoluble soft scale, which leads to the
blocking of the filter sand pipe pores.

The laboratory analysis of the composition of the blockage sample reveals that the
main component is crude oil, followed by substances such as clay and formation sand.
XRD analysis of the clay and formation sand determines that their main components are
silicon dioxide and silicate. Through the nuclear magnetic resonance and infrared analysis
of the blockage sample, we determined that its main component is petroleum-containing
asphaltene, and a mixture of saturated hydrocarbons, unsaturated olefins, and aromatic
hydrocarbons is present.

Comparing the nuclear magnetic resonance of the crude oil and the blockage for the
first time, we discovered that the unsaturated components in the crude oil polymerize on
the pipeline surface, producing low polymers, which cause pipeline blockages. Through
pipeline wettability analysis, we inferred that the pipeline blockage is severe, and the
infiltration of crude oil on the pipeline leads to pipeline blockages.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/w15213714/s1. Figure S1: Blockage PXRD powder diffraction pattern;
Figure S2: FI-IR spectra of oil pipeline blockage; Figure S3: Oil production pipeline blockage 1H
NMR test results; Figure S4: Oil production pipeline blockage 13C NMR test results; Figure S5: 4-zone
blockage 1TH NMR test results; Figure S6: 4-zone blockage 13C NMR test results; Figure S7: 9 zone
blockage 1H NMR test results; Figure S8: 9 zone blockage 13C NMR test results; Figure S9: 9P13
well crude oil 1H NMR test results; Figure S10: 9P13 well crude oil 13C NMR test results; Figure S11:
10N14 well crude oil 1H NMR test results; Figure S12: 10N14 well crude oil 13C NMR test results;
Figure S13: 641X5 well crude oil 1H NMR test results; Figure S14: 641X5 well crude oil 13C NMR test
results; Figure S15: 822P5 well crude oil 1H NMR test results; Figure S16: 822P5 well crude oil 13C
NMR test results; Figure S17: 827P1 well crude oil 1H NMR test results; Figure S18: 827P1 well crude
oil 13C NMR test results.
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