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Abstract: This study explores the progression of global healthcare and medical waste (HMW) disposal
technologies and emerging practices in China including the COVID-19 pandemic period through
patent technology innovation analysis. Trends were identified through both the Derwent Innovation
Index database and bibliometric methods. Based on the bibliometric analysis of 4128 patents issued
from 2002 to 2021, the development status and research trends of HMW disposal technology were
revealed. Regarding patents, China significantly advanced post-2011. However, a large number
of applications are filed only in China and are more focused on domestic rather than overseas
markets. As the pandemic remains a threat, and increasing amounts of medical waste are generated,
new technologies are being sought in China that will be safer for humans and the environment,
and will also be in line with the zero waste technology trend. Incineration and waste crushing
are core methodologies in medical waste disposal. Future directions pivot towards innovations in
large-scale and distributed processing equipment, automation and unmanned systems and high-
temperature steam disinfection collaborative disposal methods—including the “High temperature
steam—municipal solid waste incineration collaborative technology” and the “High temperature
steam—thermal magnetic gasification collaborative technology”. This patent analysis enhances
our understanding of the impact of COVID-19 on HMW disposal practices, guiding improved
policymaking and research in the HMW sector.

Keywords: healthcare and medical waste (HMW); COVID-19; waste disposal; technology innovation

evolution

1. Introduction

Recent pandemics, including HIN1 influenza A, Ebola, and Middle East respiratory
syndrome, underscored global healthcare challenges associated with the management of
healthcare and medical waste (HMW). The emergence of COVID-19 in 2020 catalyzed
an unparalleled strain on global medical infrastructure, accentuating the intricacies of
HMW management [1-7]. Such medical waste, characterized by its infectious, toxic, and
environmentally deleterious nature, poses an augmented environmental threat during
pandemics [8].

Although esteemed bodies, including the WHO, UNICEF, and UNEP, have dissemi-
nated guidelines for healthcare waste management during pandemics [9-15], a comprehen-
sive understanding of the dynamic landscape of HMW disposal and associated research
trends remains nascent.

China, post-SARS, has emerged as one of the focal points in pandemic response,
developing an intricate HMW management system. A series of HMW disposal tech-
nologies, e.g., rotary kilns [16], pyrolysis [16], high-temperature hot air treatment [17],
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high-temperature steaming [18], chemical disinfection [19], microwave [20], and technical
documents that permit joint management among relevant management agencies, formed
a complete closed-loop medical waste management system in China. Yet, the unprece-
dented surge in medical waste due to COVID-19 underscored the need for agility and
resilience in waste management systems. Between January and June 2020, China addressed
approximately 447,000 metric tons of medical waste, ameliorating their disposal strategies
and capacities [21]. Factors such as the amount of waste, costs, maintenance and types
of waste, etc. should be taken into consideration when selecting appropriate disposal
technologies [22]. Incineration technology could be adopted when the amount of waste
is large and the investment is sufficient when disinfecting pathological or pharmaceuti-
cal waste. If the scale of the hospital is smaller and the investment is limited, chemical
disinfection and high-temperature steam disinfection—which are easily maintained—are
preferred. At the same time, the emergence of some combination technologies such as
“high temperature steam-municipal solid waste incineration collaborative technology [23]”
has also contributed to the diversification of medical waste disposal technologies due to
the emergence of needs such as emergency disposal and local disposal.

Patents, pivotal for the dissemination and safeguarding of technical innovations,
present a tangible metric for delineating technological trajectories in specific domains [24-27].
Harnessing repositories such as the Derwent Innovations Index (DII) and Patsnap, this
study undertook a bibliometric excursion. (Patsnap is a worldwide patent search, analyt-
ics and collaboration platform (PatSnap Information Technology (Suzhou) Ltd., Suzhou,
China), including patent data from 162 countries (regions) around the world, including
China, the United States, Japan, South Korea, Germany, the United Kingdom, France, Aus-
tralia, the European Patent Office and WIPO etc. More than 180 million patent documents
are collected, covering 170 countries/regions are collected, with a time range from 1790-now.
The update frequency of Patsnap is more than once a week. https:/ /www.zhihuiya.com/
(accessed on 18 December 2023)). A total of 4128 patents were identified. This study was
geared towards unearthing market evolution and technological categorizations in patent
filings pertinent to HMW disposal. A pronounced emphasis was allocated to discerning
the technological pathways in China, with attention concurrently cast to the burgeoning
trends during the COVID-19 pandemic.

2. Materials and Methods
2.1. Data Collection

Data were obtained from searches of DII and Patsnap databases. Details were as
follows: (1) ALL = ((Medical incineration Flue gas) OR (Medical incineration exhaust
gas) OR “Hospital waste liquid” OR “Hospital liquid waste” OR “Hospital Sewage” OR
“Hospital wastewater” OR “Medical waste liquid” OR “Medical liquid waste” OR “Medical
Sewage” OR “Medical wastewater” “medical waste” OR “clinical waste” OR “Hospital
waste” OR “Infectious Medical waste” OR “Infectious waste” OR “pathological waste”
OR “Pathogenic waste” OR “Pathogenic Medical waste”). (2) The application year was
set from 2002 to 2021, as the first patent related to HMW was collected in the database
in 2002. (3) The language of the patent was set to Chinese, English, Japanese, Korean and
French. (4) Numbers of patent families related to HMW disposal technology were grouped
by the earliest priority year. (5) The relevant data are exported in CSV format from the
DII and Patsnap databases, integrated according to the patent publication number, and a
total of 5580 patents were collected. (6) In order to obtain accurate articles related to HMW
disposal technology, a second round comprising manual screening of 4128 patents based
on title, abstract, and content was performed (Figure 1), and the patents were imported
into the Patsnap system in Excel data format for online analysis.
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Figure 1. Document selection and flow diagram of data collection on HMW disposal technology.

2.2. Patent Analysis and Visualization

Bibliometric searches were conducted using the Patsnap system, i.e., application
trends, patent competition layout, followed by the research hotspot analysis, i.e., keywords
cluster. Here, we employed the following criteria for the bibliometric analysis:

Application trends: This was based on the year of patent application to reveal the
trend of patent applications over time.

Patent competition layout: This analysis combined the dimensions of application year
and priority countries. We observed the target market by counting the priority countries
where all members of the patent family applied. By comparing the “earliest priority”
country and the “priority countries” of family members, we performed an analysis of
patent flow.

Microsoft Excel 2020 and Apache ECharts 5.3 software were used for the visualization
of the above results.

Keywords cluster: A visual analysis of co-occurrence of keywords was prepared
based on the International Patent Classification (IPC). Keywords for HMW disposal were
extracted from abstracts and divided into nine clusters distributed on a 3D map using
Patsnap. The white peak represents hotpots of current research, and the valley indicates
blind spots. Categories are displayed in different colors.

The 3D patent map serves as a visual representation of the primary technological
layout based on IPC classification. In this context, Patsnap utilizes text clustering to con-
struct the topography, followed by an in-depth analysis of all patent texts within each
cluster. From this analysis, nine groups of key terms were extracted, as illustrated in
Supplementary Materials. Within this depiction, the “terrain” of the patent map reflects
the quantity of patents within different technology clusters: white peaks signify areas
of concentrated technological focus, while valleys signify technological blind spots. To
enhance our comprehension of these technologies, the nine clusters were manually con-
solidated into three major categories, guided by the technical labels and IPC classification
codes. These categories are visually represented on the map in distinct colors: blue, red,
and yellow. Each colored point on the map corresponds to an individual patent.

The blue category, focused on pollution prevention, includes pretreatment (IPC:
B02C18), incineration/non-incineration, and landfilling (IPC: F23G5, A61L11). The red
category includes pollution-control technologies of wastewater disposal (IPC: C02F9),
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liquid waste disposal (IPC: C02F1), and flue gas disposal (IPC: BO1D53). The yellow cate-
gory introduces waste management technologies, such as management in collection and

transportation (IPC: A41D13), management systems (IPC: G05B19), and special evaluation
methods (IPC: G06Q50).

3. Results and Discussion
3.1. Patent Application Activities of HMW Disposal (2002 to 2021)

An examination of China’s patent application trends over the past two decades reveals
that the patent application activity experienced a “slow growth period” in 2002-2010 and
a “rapid development period” in 2011-2019, mirroring global trends (Figure 2). Several
technical guidelines [28-35] were issued in 2003 for regulation of SARS medical waste
generated by medical and health institutions in Figure 1. Between 2009 and 2010, the
Response Plan on the Management of Medical Waste for Influenza A (HIN1) [36,37] was
issued by the Ministry of Environmental Protection of China to ensure that medical waste
was disposed of in a timely, orderly, efficient, and harmless manner. A pronounced increase
in applications in China was observed with the AGR reaching 20.4% after 2011. Meanwhile,
the AGR remained high at 25.0% (2015), 32.7% (2016), and 37.2% (2018), which aligns
notably with the emergence of significant public health crises, such as Zika in 2015-2016
and Ebola in 2018. With an average AGR of 26.8%, there is a discernible uptick in Chinese
research and development efforts. Post-2011, China rolled out a plethora of pertinent
technical standards [38,39] to support the development of HMW disposal technology,
including promotion of innovation and technological transformation, disposal technology
selection and performance testing and further cultivating a conducive ecosystem for the
evolution of HMW disposal technologies. The strengthening of government regulation in
this period also affected the growth in patent submissions.

1000
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- 13903
100 a1, 51 7\
a0 1z 81 91 19, 175 103 12, 16; %1 \ ¥ 2% II I
0 | .I

20022003 2004 2005 2006 2007 2008 20092010 20112012 20132014 2015 20162017 201820192020 2021
Application Year

Patent Applications

Figure 2. Chronological application activities of medical waste disposal technology patents. The
statistics are based on publicly available documents—Patent applications are normally published
3-18 months after filing; therefore, rendering the 2021 data as provisional.

The emergence of the COVID-19 pandemic and ensuing lockdown measures pro-
foundly impacted HMW management, thereby garnering intensified research scrutiny
during this period due to the infectious nature of the SARS-CoV-2 virus. In February 2020,
the Chinese government issued its Work Plan for Comprehensive Treatment of Waste in
Medical Institutions, which requires all cities above the prefecture-level to build at least
one centralized medical waste disposal facility by the end of 2020 and each county to
build a medical waste system that consists of the collection, transfer, and disposal parts
by 2022 [40]. Notwithstanding the proposal of an ambitious large-scale blueprint for medi-
cal waste disposal infrastructure, the intricacies of their execution remain paramount. By
the close of 2018, HMW incineration facilities comprised 37% of the total facility count in
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China. Incineration facilities are primarily pyrolysis furnaces; non-incineration facilities
such as high-temperature steam treatment, microwave, chemical disinfection and other
technologies are also used [41]. Prior to the advent of COVID-19, centralized disposal
facilities predominantly employed unwieldy equipment, which were challenging both in
terms of mobility and installation. Furthermore, these facilities exhibited rigidity, falling
short of the specialized requirements for managing voluminous amounts of highly conta-
gious materials. Movable waste disposal facilities, hazardous and municipal solid waste
incineration facilities, industrial furnaces, cement rotary kilns, and other facilities can be
used for emergency disposal in China [40]. Operational parameters necessitate calibration
to accommodate medical waste processing [42].

3.2. Geography of Patent Filings in HMW Disposal (2002 to 2021)

Assessing the geographical distribution of patent filings helps to understand the activ-
ity of relevant technologies in China, as well as to identify the main countries producing
technologies and their markets. Historically, key patent offices, which indicate the per-
ceived target markets for HMW disposal technology, included Korea, the United States,
Japan, Ireland, and Spain. Nevertheless, these jurisdictions have witnessed a decline in
patenting activities since 2011. Concurrently, China has experienced a burgeoning trend in
patent submissions (see Supplementary Materials), eclipsing those of the United States and
constituting over 72.2% of the global aggregate since 2012 (Figure 3).

100%
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40%
30%
20%
10%
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2002 2003 2004 2005 2006 2007 2008 2009 20102011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021

Priority year
mChina ®mUS. ®Japan M®Russia MBritain ™ South Korea MCanada MIreland ™ Spain ® France

Patent Number %

Figure 3. Patent filing trends related to HMW disposal technologies across primary market coun-
tries /regions by year.

In examining target markets, overall, >85.5% of the patent families in the dataset
were safeguarded within a single jurisdiction, reflecting a predominant interest in a single
(mostly local) market, especially in China. A mere 1% of initial patents filed in China
are subsequently filed in another jurisdiction, compared with 6.7-23.1% percent being
re-filed from all other offices. China trails among the five offices (China, Korean, Japan,
EPO, U.S.) containing families with at least one granted patent. While myriad factors may
underpin these statistics, the pronounced volume of applications exclusively filed in China
suggests a Chinese proclivity for the domestic over the international market in the realm of
HMW disposal. The substantial proportion of applications localized to China, juxtaposed
against a relatively augmented refiling rate in the USPTO and the other three offices, may
indicate that HMW disposal technologies are innately tethered to local development and
operational contexts (Figure 4).

China’s HMW disposal technologies, such as steam-based treatment, microwave
treatment, frictional heat treatment, and other non-incineration processes, have been locally
developed and refined. These technologies are notably tailored to suit China’s unique
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environmental conditions, offering cost-effective, operationally streamlined, and space-
efficient solutions.

btk et et 1t protection sought?
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- China I
S.1%
UsS
13.2% Korean
2.4%
I Korean 6.7% 3.7% Japan
0.2% EPO
74%
Japan
378
Us.
China

Figure 4. Patent applications in the main patent offices in terms of number of patent applications
filed in 20022021 for HMW disposal technology.

In contrast the United States, Japan, and European nations have traditionally shared
more convergent process systems distinct from those prevalent in China. Historically,
these regions have represented crucial markets for one another, a trend evident in their
corresponding patent activities. For example, incineration technology was extensively
embraced for HMW disposal in the United States throughout the last century, driven
by active promotion from the Environmental Protection Agency (USEPA). However, the
ubiquity of such technologies has gradually dwindled since the late 1990s. In Japan and
European countries, incineration and vacuum autoclave technologies have predominated
as primary options for HMW disposal.

In just over a decade, China’s medical waste disposal technology has gone through
a process of self-disposal by hospitals, simple incineration during the SARS period, cen-
tralized incineration under national planning, and separation of planned incineration and
non-incineration technologies. With the application and promotion of BAT/BEP, after
nearly a decade of development, the overall level of medical waste disposal technology
in China has improved, and incineration is developing towards large-scale. The scale of
non-incineration treatment is constantly expanding, and the technology tends to be regional
synergy and complementarity.

A noteworthy development since 2020 is the heightened international reach of Chinese
patents related to HMW disposal technologies. This expansion can be attributed to adaptive
enhancements in HMW disposal technologies during the COVID-19 pandemic, coupled
with the burgeoning overseas application experience of Chinese patentees. This trend is
anticipated to persist, with Chinese patents extending to an even wider array of overseas
patent offices in the future.

3.3. Technical Status of HMW Disposal Process in China

Nine clusters were manually merged into three major categories created using techni-
cal labels and IPC classification codes (Figure 5). Active technical areas of waste disposal are
provided with labels on the three prominent peaks: (1) Crushing equipment, waste plastics,
grinding, crushing; (2) Disinfection devices, ultraviolet light, composite light, visible light,
antibiotics; and (3) Plastics, recycling, mixing, incinerators. The two peaks in wastewater
treatment reflect: (1) Contact oxidation, regulating, deacidification, and sedimentation
tanks, and filtration; and (2) Wastewater purification, drainage pipe, sewage collection. It
is worth noting that during the COVID-19 pandemic, movable disposal technology (IPC:
F23G7) was also an active area of development (marked in orange). At the intersection of
these categories, a conspicuous low-patent-density valley emerges. Technologies on either
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side of this valley encompass HMW pollution risk assessment methods (CN106096268B),
devices for the treatment of radioactive medical waste (CN110526245A), and methods for
treating carcinogens produced in medical wastewater (CN107758924A). These technologies
potentially signify prospects for further advancements in these domains.

L Flue Gas, Steam, Distillation, Contact Oxidation
Incineration, Furnace, Denitration, Dedusting Tank, Regulating Tank,

Combustion Chamber, Pyrolysis Deacidification Tank,
And Gasification, Catalysis Sedimentation Tank,
Movable disposal Filtration

Disinfection Movable
Devacg, disposal
Ultraviolet Ray, Wastewater
Composite Light, “@oficetlon, Supervision, Purification,
V|51PI? L!ght, f > ldentifieation « ° ° Drainage
Antibiotic - Pipe,

Movable disposal

Plastics,
Recycling,
Mixing,
Incinerato 4
rushing Equipmént,
Collection, Tray, Waste Plastics,
Container, Support Grinding, Crushing
Frame

Movable disposal

@ Pollution Prevention Technologies @ Pollution Control Technologies Waste Management Technologies
Figure 5. 3D patent map of HWM keyword co-occurrence.

Managing wastes associated with the COVID-19 epidemic requires special attention
due to viral infectivity [12]. Proper waste management procedures are crucial to maintain
the safety of health workers and communities [9]. Proper pollution prevention and selection
of control technology are also critical for healthcare facilities and COVID-19 treatment
units [14]. Different from previous conventional technologies, the main innovations of
HMW disposal technology in China during the COVID-19 epidemic are discussed below
(Figure 6). WHO guidelines [43] categorize healthcare waste into eight major groups,
including both hazardous and nonhazardous components. While medical waste in China
is normally divided into five categories —infectious, pathological, sharps, pharmaceutical,
and chemical [44]. Much waste generated by healthcare facilities during the COVID-19
pandemic was general noninfectious waste, e.g., packing, food, and disposable towels.
General waste was typically segregated from infectious waste in clearly marked bins, and
then bagged and disposed with general municipal waste. Infectious waste produced during
patient care, including those patients with confirmed COVID-19 infections (e.g., sharps,
bandages, and pathological waste) was intended for collection in clearly marked lined
containers and sharps boxes [41]. Therefore, the collection of COVID-19 medical waste
needs to use negative pressure isolation, hands-free opening, intelligent classification,
convenient packaging, automatic packaging, and compression technology (Figure 6I) to
avoid excessive contact with medical staff and waste-collection personnel. Intelligent and
automatic technologies such as RFID, Scan QR code, tracking systems, etc. are widely
used for the transfer, tracking, loading/unloading, and cleanup for waste transfer and
transport processes (Figure 61I). Intelligent and automatic technologies are also widely used
for sterilization, disinfection, crushing, solid-liquid separation, feeding, and packing waste
during pretreatment (Figure 61II). Patent applications were active in waste crushing which
accounts for 13.2% of the total. Disposal technologies of HMW were the dominant direction
in the whole field which accounts for 39.4%, with incineration technology (Figure 61V)
accounting for 22.9%. Movable and collaborative disposal of medical wastes applications
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greatly reduce risks of multiple contacts between infectious waste and workers during
collection, loading, unloading, and other processes.
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Figure 6. Active technology development for healthcare and medical waste disposal in China.
(I indicate collection and storage process, II indicate transfer and transport process, III indicate
pretreatment process, IV indicate disposal process).

Prior to the COVID-19 outbreak in China, centralized medical waste disposal facilities
used large-scale equipment that was difficult to move and install, and lacked the flexibility
to adapt to the special needs of disposing of large quantities of highly infectious medical
wastes unexpectedly during an outbreak. After the outbreak of the epidemic—and in addi-
tion to research and development into centralized medical waste disposal facilities—there
was more research into new methods. Mobile medical waste disposal facilities and the co-
processing of medical wastes by co-disposal facilities such as hazardous waste incineration
facilities (CN219346508U, incineration temperature higher than 1100 °C), municipal solid
waste incineration facilities (CN110486727A, CN217732843U, incineration temperature
higher than 850 °C) and industrial kilns (CN112207115B, kiln temperature higher than
850 °C)—which meet the higher demand for medical waste disposal, and also improve the
non-incineration technologies—have been developed, to more rapidly eliminate or reduce
the intensity of infection of medical waste during epidemics. However, incineration tech-
nology dominates in the centralized disposal of medical waste. Due to the high operating
costs and the high requirements in controlling dioxin pollution of centralized incinera-
tion facilities, in the case of decentralized or mobile emergency disposal, non-incineration
technologies have also undergone considerable technological innovation. Against the back-
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ground of Basel Convention implementation, Chinese medical waste disposal technology
also underwent a gradual transition from incineration to non-incineration methods, such
as high-temperature steam, microwave, and chemical disinfection. Among them, the high-
temperature steam disinfection collaborative technology will be widely applied. (The scope
of application of different medical waste treatment and disposal technologies is shown in
Table 1) These collaborative technologies can fully leverage the advantages of low operating
cost and low pollution in the treatment process of high-temperature steam disinfection
process, achieving harmless treatment of medical waste. At the same time, the range of
high-temperature steam disinfection technologies can be expanded by combining other
medical waste disposal technologies. The “High temperature steam-municipal solid waste
incineration collaborative technology (CN215489776U)” can send the disinfected waste
residue to the municipal solid waste incineration plant for incineration, solving the final
problem of reducing the volume of medical waste after disinfection. The “High temperature
steam-thermal magnetic gasification collaborative technology (CN218146491U)” can dis-
posal all five types of medical waste, among which infectious, damaging, and pathological
medical waste is disinfected by high-temperature steam; chemical and pharmaceutical
medical waste is disposed of through thermal magnetic gasification. The measured dioxin
emission value of 0.013 ngTEQ/m? of medical waste disposed by the thermal magnetic
gasification disposal technology is in line with the emission standard for medical waste
disposal technology in China (0.5 ngTEQ/m?) and also lower than that for medical waste
disposal technology in the EU (0.1 ngTEQ/m?3).

Table 1. Scope of application of different medical waste treatment and disposal technologies.

Technology Infectious Pathological Injurious Pharmaceutical ~ Chemical
Waste Waste Waste Waste Waste
Incineration Vv Vv Vv v v
. . Pyrolysis
Incineration G};ateyfurnace \\é \\; \\é X/ allow part
Plasma Vv Vv Vv Vv vV
High-temperature steam disinfection Vv X Vv X X
Microwave disinfection Vv X Vv X X
Non-incineration Chemistry disinfection Vv X Vv X X
High temperature dry heat disinfection Vv X Vv X X
Electronic irradiation disinfection Vv X Vv X X
High temperature steam—municipal
solid waste incineration collaborative % v v v v
New technology Hi
igh temperature steam—thermal N N Y, Y, v
magnetic gasification collaborative
Friction heat treatment 4 4 v X X

Rz

“\/” indicate that the category of medical wastes can be handled through this technology, “x” means indicate that
the category of medical wastes cannot be handled through this technology.

Waste disposal processes also require terminal control capability to prevent the re-
lease of waste to the surrounding environment. Control technologies include flue gas
purification, wastewater treatment, and solid waste disposal (Figure 7). Patent analysis in
flue gas purification shows focus on high-temperature steam treatment, microwave and
chemical disinfection process (30.4%), incineration process (64.5%), and wastewater treat-
ment processes (5.1%). The main IPC classification number involved is BO1D53. Flue gas
purification technologies include desulfurization, denitrification, dust removal, dioxin and
heavy metal removal, disinfection, and sterilization. Flue gas purification from incineration
processes includes organic and inorganic waste gas treatment, odor abatement, flue gas
control, and waste heat boiler-related processes. Medical wastewater mainly comprises
liquid and wastewater contaminated with pathogens generated during the collection and
disposal of medical waste. The main IPC classification number was C02F9 and mainly
in pretreatment (60.3%), biological (0.7%) and disinfection processes (39.4%), which com-
prised 6.1% of patents in the HMW disposal field. Pretreatment mainly concerns physical
treatment, such as grids, sedimentation, and air flotation. Biological treatment mainly
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focuses on degradation and transformation of pollutants in sewage into sludge via micro-
organism activity. Disinfection treatment examines sewage disinfection with chlorine,
ultraviolet radiation, and ozone. Solid wastes generated during the HMW disposal include
fly ash, slag, and sewage sludge. These materials are all managed as hazardous waste
in China, and thus, technical patents primarily address slag tapping, cooling, conveying,
solidification/stabilization, recycling, disinfection/drying, and incineration.

I -
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Figure 7. Active areas of technology for flue gas purification, wastewater treatment and solid waste
disposal in the HMW disposal process (I-III).
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Waste management mainly focuses on overall HMW systems. Waste management
often uses decision analysis based on data obtained from sensor networks via the Internet
of Things (CN104700210B), cloud platforms (CN205788259U), and intelligent networks
(CN206348776U). The goal is to achieve intelligent control over production, classification,
collection, storage, transportation, and disposal. Waste management often focuses on
the collection and transportation processes for medical waste, including logistics of trans-
portation positioning (CN210140185U), remote monitoring (CN203012472U), classification,
screening, and collection (CN206046503U), waste weighing (CN210924622U), and collec-
tion of other data (CN207319709U). In addition, specific disposal processes may require
special data collection (CN210775280U).

3.4. Challenges and Future Prospects
3.4.1. Challenges

1.  As of the end of 2022, China has issued a total of 577 hazardous waste business
licences for the disposal of medical waste (including 538 separate disposal units
and 39 collaborative disposal units). Except for Danzhou and Sansha in Hainan,
337 cities at or above the prefecture level have built centralized disposal facilities.
In 2022, the disposal capacity of medical waste management units nationwide was
2.61 million tons per year, with an actual disposal capacity of 2.09 million tons and a
disposal load rate of 80%. Among them, 800,000 tons of medical waste generated in
grassroots and remote areas account for about one-third of the national medical waste
production, and the composition is complex and difficult to collect and cover. During
the epidemic, the production volume increased sharply: Wuhan, for example, saw
a daily production volume of over 200 tons of highly infectious waste—which was
3-5 times higher than usual).

2. Medical waste disposal technology has increasingly high requirements for efficiency,
cost, safety, environmental protection, and occupational health. The existing incin-
eration and non-incineration technologies have shortcomings, and the contradiction
is becoming increasingly prominent. The incineration process is prone to producing
dioxins and requires complex exhaust gas treatment systems, resulting in high operat-
ing and maintenance costs; non-incineration processes do not have exhaust emissions
issues, but capacity reduction is limited, and waste residue still needs to be landfilled
or sent to municipal solid waste incineration plants for incineration.

3. The treatment of chemical and pharmaceutical waste will inevitably become more
important in future. The difficulty in disposing of these two types of waste lies in
the wide variety and varying harmfulness of chemical and pharmaceutical waste.
The current situation of the collection and transportation of pharmaceutical and
chemical waste in Chinese hospitals is significantly different from that in Europe
and America. Meanwhile, high quality and recyclable plastics account for 40-50%
of the total amount of medical waste. After being landfilled, plastic degradation
takes hundreds of years or even longer. At the same time, plastic is a key source of
dioxin production during incineration. Due to the constraints of China’s medical
waste management policies, the resource utilization of medical waste still requires
joint efforts from all parties.

3.4.2. Future Prospects

Based on the above research results, it can be concluded that some innovative tech-
nologies will be well applied in the future:

1.  The large-scale and distributed processing equipment will develop in parallel. In
North America, medical waste treatment operators generally use large high-temperature
steam treatment equipment with a single processing capacity of over 15 tons/day;,
with a maximum processing capacity of up to 3 tons/h per unit. For large centralized
processing plants: high-temperature cooking equipment with a daily processing ca-
pacity of over 15 tons, or incineration equipment with a single processing capacity
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of over 30 tons, will become the mainstream configuration. For small and medium-
sized medical waste treatment plants, a new generation of high-temperature cooking
equipment with a daily processing capacity of less than 5 tons and ultra-low emission
thermal magnetic gasification equipment will be vigorously developed.

2. Automation and unmanned systems that are more reliable and cost-effective will be-
come increasingly popular. Due to the increasing cost of labor, automation equipment
is crossing the critical point of cost-effectiveness, and the safety and occupational
health risks of on-site workers are increasing. Reducing manual operations and pur-
suing zero contact between humans and medical waste are the future development
trends. Real unmanned workshops and intelligent factories will be popularized in the
near future.

3. The high-temperature steam disinfection collaborative technology will be widely
applied. These collaborative technologies can fully leverage the advantages of low
operating cost and low pollution in the treatment process of high-temperature steam
disinfection process, achieving harmless treatment of medical waste. At the same
time, the range of high-temperature steam disinfection technologies can be expanded
by combining medical waste disposal technologies.

4. Conclusions

Chinese patents will be extended to overseas patent offices more frequently in the fu-
ture with the adaptive improvement of HMW disposal technologies during the COVID-19
pandemic and the increasing overseas application experience of Chinese patentees. Within
the realm of HMW disposal, incineration and waste crushing emerged as core methodolo-
gies. Future directions pivot towards innovations in large-scale and distributed processing
equipment, automation and unmanned systems and high-temperature steam disinfection
and incineration/thermal magnetic gasification disposal methods. This patent analysis en-
hances our understanding of the impact of COVID-19 on HMW disposal practices, guiding
improved policymaking and research in the HMW sector.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/pr12010007/s1, Table S1: Top 10 patentees in the field of healthcare
and medical waste disposal technology in China. Table S2: Details of major technologies of the
IPC categories.
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Abstract: This study aims to advance the recycling of mercury-containing waste and promote
sustainable development within the polyvinyl chloride (PVC) industry. Our innovative system
integrates pre-treatment technology (spraying potassium permanganate and demisting and dust
removal) with efficient non-thermal plasma oxidation, resulting in excellent treatment efficiency, low
cost, and simple operation. With a processing capacity of 3000 m?/h, the concentration of mercury
emissions in flue gas can achieve the target of <0.01 mg/m?, boasting a removal efficiency exceeding
98%, which satisfies the standard “Emission standard of air pollutants for industrial kiln and furnace”
(GB 9078-1996). Our results can provide technical support for the comprehensive purification of
mercury-containing flue gas during the resource recovery process from mercury-containing waste.
The application of our system can contribute to reducing mercury emissions in the PVC industry,
lowering occupational exposure risks for workers, and promoting China’s better compliance with
“the Minamata Convention on Mercury”.

Keywords: non-thermal plasma technology; mercury-containing flue gas; waste mercury catalyst;

resource utilization process; environmentally friendly

1. Introduction

Due to China’s energy structure, which is characterized by a high coal content, low oil
content, and low natural gas content, the predominant method for polyvinyl chloride (PVC)
production is the mercury-based calcium carbide process [1,2]. This process will continue
to exist for a long time until technology that utilizes mercury-free catalysts becomes viable.
Notably, each ton of PVC production in China typically consumes between 1.2 kg and
1.6 kg of mercury catalyst (mercury chloride, HgCl,), resulting in an annual consumption
of HgCl, ranging from 700 to 1200 tons [3]. In the PVC production process, the main
mercury-containing waste consists of waste mercury catalyst and waste activated carbon.
The commonly used HgCl, catalyst is susceptible to carbon poisoning and deactivation,
which requires frequent disposal of the spent mercury catalyst. The waste typically contains
a mass fraction of HgCl, of approximately 2% to 3% [4]. Similarly, waste activated carbon
used to treat mercury-containing waste gas in PVC production by adsorbing HgCl, has a
similar composition to waste mercury catalysts [5,6]. Based on statistics, the calcium carbide
PVC industry in China generates an estimated 10,000 to 15,000 tons of mercury-containing
waste, which requires transportation to certified facilities for resource recovery [5,6]. Within
the waste stream, waste mercury catalysts and mercury-containing activated carbon account
for 36% and 51% of the total HgCl, used, respectively [7].
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The mercury in these waste materials has the potential for resource recovery. Mercury
(Hg) is persistent, transported long-range and bioconcentrated, and is one of the most
toxic heavy metal pollutants in ecosystems [8]. Improper treatment or disposal by resource
recovery enterprises can lead to mercury pollution, posing significant threats to the envi-
ronment and human health [9]. Exposure to HgCl, has been linked to various adverse
health effects, such as neurotoxicity leading to cognitive impairment and motor dysfunc-
tion, dysfunction of the central auditory system, as well as nephrotoxicity, hepatotoxicity,
and increased mortality rates [10]. Before “the Minamata Convention on Mercury” came
into effect, China had relatively weak management of mercury pollution prevention and
control, and specialized mercury reduction technologies for the PVC industry were imma-
ture. “The Minamata Convention on Mercury” sets clear requirements for the chlor-alkali
industry, promoting various measures to reduce reliance on mercury originating from
primary mercury mining and implementing measures to minimize mercury emissions and
releases into the environment. In 2015, the Ministry of Ecology and Environment of China
issued the “Technical Policy for Mercury Pollution Prevention and Control”, which is a
landmark document in China’s efforts to prevent and control mercury pollution, providing
comprehensive support for mercury emission reduction in the PVC industry.

Representative recovery processes mainly include distillation and controlled oxygen
dry distillation [6,11]. The distillation method primarily recovers elemental mercury
(Hg), while the controlled oxygen dry distillation method primarily recovers HgCl. The
distillation—condensation method is commonly used, but it has low efficiency in recovering
materials and poses difficulties with regard to pollution control. In recent years, there
have been reports of new processes for treating waste mercury catalysts. Qiu et al. [12].
and Yu et al. [13]. invented a technology for treating waste mercury catalysts using
hydrometallurgy. Ren et al. [14] utilized ball mills to immobilize mercury in waste mercury
catalysts by grinding it with sulfur, but their widespread application has not been observed.
Distillation is the central component of the entire resource utilization process, and the
distillation furnace is a sealed structure. During the heating process, it is essential to
maximize the thermal volatilization of mercury, as it is crucial for improving the mercury
recovery rate [15]. The condensation system is a process that involves the recovery of crude
mercury from mercury-containing vapor through condensation. The recovered mercury is
then processed and purified to obtain the final product.

Currently, the treatment of waste gas containing mercury after distillation and con-
densation typically involves methods such as dust removal, potassium permanganate
oxidation, and activated carbon adsorption [16]. Mercury in flue gas typically exists in
three forms: elemental mercury (Hgo), divalent mercury ions (Hg (II)), and particulate-
bound mercury (HgP) [17]. Among them, Hg (II) is highly soluble in water and can be
effectively treated through spraying or adsorption technology. HgP can be removed through
dust removal processes. However, a significant portion of Hg? in flue gas is difficult to
remove. Conventional flue gas purification technologies are unable to effectively remove
Hg? [7,11-13]. From an industry-wide perspective, the overall processing technology is
outdated and the process routes represented by spray oxidation and activated carbon
adsorption make it difficult to achieve stable and standardized emissions. Furthermore,
the remaining concentration of mercury in waste activated carbon is high at 1000 mg/kg,
classifying it as hazardous waste and requiring special treatment. If an efficient technology
can be used to oxidize relatively insoluble elemental mercury, it is possible to achieve a
comprehensive treatment of mercury-containing waste gas. This signifies a significant
advancement in technological innovation for preventing and controlling mercury pollution.

The non-thermal plasma reactor generates a large number of high-energy electrons
that collide with mercury atoms, oxidizing them into divalent mercury. This process leads
to the conversion of mercury from insoluble to soluble, or from uncharged to charged forms.
Through the process of salt formation, Hg" is removed from the gas phase and transformed
into other products that are easily removable [18]. Non-thermal plasma technology has a
wide range of applications in the field of environmental protection, including the disposal
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of waste fluorescent lamps, non-ferrous metal smelting, co-disposal of fly ash in cement
kilns, medical waste incineration, and other fields, and is efficient and low-cost [19,20].
This technology can also be used as a calibration approach for gaseous oxidized mercury
by nonthermal plasma oxidation of elemental mercury due to its quantitative oxidation
capabilities [21].

Environmental Technology Verification (ETV), developed by the United States Envi-
ronmental Protection Agency, encompasses a set of procedures and methods that involve
the authorization of technology developers (owners), users, governments, or other relevant
parties in accordance with applicable national laws, regulations, and standards [22,23].
Since the mid-1990s, environmental protection departments in countries and regions such
as Canada, Japan, South Korea, and the European Union have successively established
ETV evaluation systems [24,25]. As of May 2013, a total of 1368 validation and evaluation
projects have been completed in various countries worldwide. In 2015, over 30 countries
carried out ETV evaluations, which had a positive impact on technological innovation and
transfer [26]. However, ETV evaluations also have some shortcomings, such as requir-
ing significant time, manpower, and financial investment, particularly in data collection,
testing, and validation.

The goal of this technology verification is to confirm the efficacy of non-thermal
plasma coupling treatment technology in treating mercury-containing flue gas produced
during the disposal of waste mercury catalysts. Xinjiang, China, is an important base for
the production and sale of HgCl, catalysts for PVC as well as the recycling of mercury-
containing waste resources. Thus, in our research, we selected Xinjiang, China, as our
experimental site.

Our research team conducted a study on the efficiency of Hg? oxidation using a self-
developed direct current (DC) high-voltage narrow-pulse non-thermal plasma reaction
device. The study focused on the effects of power supply parameters (voltage, frequency)
and simulated concentrations of O,, H,O, HCI, NO, and SO; in flue gas. The study
investigated the synergistic control mechanism of non-thermal plasma for reducing NOX,
SO,, and Hg, and determined the feasibility of this technology. This technology has been
partially applied in related engineering.

2. Materials and Methods
2.1. Small-Scale Experiment

By simulating the composition of flue gas generated during the heat treatment process
of typical mercury-containing waste, we conducted a study at a small-scale experimental
level to investigate the factors influencing non-thermal plasma (NTP) treatment for mercury-
containing flue gas.

2.1.1. Equipment

The experimental setup, as illustrated in Supplementary Figure S1, includes a gas
distribution system, a high-voltage power supply, a plasma reactor, a water vapor generator,
a U-shaped mixer, a VM-3000 Mercury Vapor Monitor (Karlsfeld, Germany), a flue gas
treatment system, and a ventilation system. The gas distribution system consists of Np, O,
SO;,, and NO. The main gas used to generate plasma is Nj. The concentration of Hg used
in our experiments is about 200 mg/m?.

The experiment uses a non-thermal plasma power supply with a pulse width and
rising edge in the range of hundreds of nanoseconds. The parameters for the non-thermal
plasma power supply for the small-scale experiment can be found in Supplementary Table S1.
The non-thermal plasma reactor used employs a wire-tube configuration, consisting of
a 320 mm long discharge tube with an inner diameter of 32 mm. The actual volume is
257 cm3. The discharge tube is arranged in parallel. The positive terminal of the power
supply is connected to the high-voltage insulator of the reactor, while the negative terminal
and ground wire are connected to the low-voltage insulator of the reactor.

17



Processes 2024, 12, 691

2.1.2. Experimental Content and Measurement

The following is the main content and testing methods of this experiment.

(1) Effect of power supply parameters of Hg? removal by non-thermal plasma. This
study investigates the impact of voltage, frequency, pulse width, and pulse rising edge of
the non-thermal plasma power supply on the rate of Hg” oxidation in flue gas. The voltage
and current were measured using an oscilloscope (MDO3024, Tektronix, Beaverton, OR,
USA). The power of the plasma discharge was calculated according to Equation (1).

Pt /O "U(a 1)

where P is the output power (Watt, W), f is pulse frequency of pulse power supply (Hz), U
is Instantaneous voltage (V), and I is Instantaneous current (A).

(2) The influence of atmospheric conditions on the removal of mercury from flue gas
using non-thermal plasma. This study examines the impact of atmospheric conditions
on the efficiency of Hg’ oxidation in the presence of pollutants like NO and SO,. The
study aims to clarify the distinct effects of each pollutant on Hg® oxidation efficiency. The
concentration of SO, and NO was measured using the TESTO Flue Gas Analyzer (TESTO
350, Titisee-Neustadt, Germany).

2.2. Environmental Technology Verification (ETV Process)
2.2.1. Site Selection

The technology demonstration and verification took place at a company in Xinjiang.
The company specializes in recycling and safely disposing of waste materials containing
mercury, such as discarded mercury catalysts. During the operation of a fluidized bed
furnace to treat waste mercury catalysts, flue gas containing mercury is generated and
emitted, with a mercury content ranging from 15 to 20 mg/m?. Despite the implementa-
tion of a multi-stage mercury absorption process, it is not possible to achieve stable and
standardized emissions. The flue gas mercury emissions do not meet the mercury emission
concentration limit of 0.01 mg/m? as specified in the “Emission standard of air pollutants
for industrial kiln and furnace” (GB 9078-1996) [27].

2.2.2. On-Site Process

A non-thermal plasma coupling treatment device is utilized to effectively control
mercury, SO,, NOXx, particulate matter, and other pollutants in the flue gas [28,29]. The
flue gas treatment process first involves a four-stage washing pretreatment to remove dust
particles from the flue gas and reduce the concentration of mercury vapor. During the
washing treatment, the generation of a certain amount of saturated water vapor and the
entrainment of liquid droplets significantly increase the moisture content of the flue gas.
Then, the water vapor content in the flue gas is reduced using the mist removal system
to prevent any potential impact on the subsequent system. Finally, the treated flue gas
enters the non-thermal plasma integrated system, which combines non-thermal plasma
efficient oxidation with environmentally functional material (modified silica) adsorption,
to achieve effective degradation and thorough purification, ensuring compliance with the
emission standard. The parameters for the non-thermal plasma power supply for on-site
experiments are provided in Supplementary Table S2.

2.2.3. Sample Collection

According to the characteristics of the technology being evaluated and the objectives
of the evaluation, the samples collected for experimental testing include gas samples and
solid residues. According to “The determination of particulates and sampling methods of
gaseous pollutants from exhaust gas of stationary” (GB/T 16157-1996) [30] and the “Station-
ary source emission-Determination of mercury-Cold atomic absorption spectrophotometry”
(HJ 543-2009) [31], sampling was conducted at the following locations: outlet of the tube
cooler (Point 1#), outlet of the four-stage series spray tower (Point 2#), outlet of the dust
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and mist removal equipment (Point 3#), outlet of the primary oxidation catalyst bed (Point
4#), and outlet of the tertiary oxidation catalyst bed (Point 5#). The sampling locations are
depicted in Supplementary Figure S2. To ensure accurate data, sampling must be done
simultaneously at each sampling point.

2.2.4. Sample Measurement

The methods for determining mercury concentration, SO, concentration, NOx con-
centration, and particulate matter concentration are specified in the following standards:
“Stationary source emission-Determination of mercury-Cold atomic absorption spectropho-
tometry” (HJ 543-2009) [31], “Stationary source emission-Determination of sulfur dioxide—
Fixed potential by electrolysis method” (H]J /T 57-2017) [32], “Stationary source emission-
Determination of nitrogen oxides-Fixed potential by electrolysis method” (HJ 693-2014) [33],
and “Stationary source emission—Determination of mass concentration of particulate mat-
ter at low concentration—Manual gravimetric method” (HJ 836-2017) [34], respectively.

2.2.5. ETV Test Parameters

The testing parameters are divided into two categories: environmental effects and
operating processes. In this assessment, suitable parameters were chosen according to the
characteristics and validation objectives of non-thermal plasma technology, as depicted in
Table 1.

Table 1. List of Test Parameters.

Parameter Category Object Specific Parameters

inlet and outlet exhaust gas temperature, pressure, flow rate

Environmental effect
mercury content, NOx, SO,

arameters air pollutant
P p particulate matter, etc. in exhaust gas
stable operating time
pulse frequency
Process operating non-thermal plasma system

parameters pulse voltage

pulse current
processing scale unit time processing capacity

Security measures: Our research was conducted under sealed negative pressure
experimental conditions, where the exhaust gas was treated with potassium permanganate
solution.

Data analysis: The data for this paper was organized using Excel 2021, while the
graphs were created using Origin 2022.

3. Results for Small-Scale Experiment

3.1. Effect of Power Supply Parameters of Hg” Removal by Non-Thermal Plasma
3.1.1. Voltage

The effect of voltage change on the rate of Hg” oxidation is illustrated in Figure 1. The
experiment was conducted with a pulse frequency of 600 Hz. It can be seen that as the volt-
age reaches the threshold level, both the single pulse energy and injection energy increase
with the rise in voltage. When the voltage reaches 13.1 kV, stable plasma is generated. As
the voltage increases, the concentration of Hg decreases rapidly, eventually reaching an
optimal level of approximately 88% oxidation rate when the voltage reaches 13.1 kV. Taking
cost into consideration, we have selected 13.1 kV as the optimal input voltage.
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Figure 1. Effect of voltage change on Hg” oxidation rate.

3.1.2. Pulse Frequency

The impact of varying pulse frequency on the rate of Hg? oxidation is illustrated in
Figure 2. The experiment was conducted at an input voltage of 13.1 kV. The oxidation rate
of Hg” increases gradually as the power frequency increases. When the pulse frequency
reaches approximately 200 Hz, the rate of mercury oxidation reaches 80%. Afterward, as
the pulse frequency increased, the rate of mercury oxidation basically stabilized.
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Figure 2. Effect of pulse frequency variation on Hg0 oxidation rate.

3.1.3. Pulse Width

The effect of pulse width variation on Hg® oxidation rate is illustrated in Figure 3.
The experiment was conducted at an input voltage of 13.1 kV. The oxidation rate of
Hg? increases gradually with the pulse width in the range of 0~1000 ns. Upon reaching
approximately 300 ns, the concentration of Hg' at the output ceases to decrease. With
further increases in pulse width (300-1000 ns), the oxidation rate of Hg remains relatively
constant. This indicates that the device’s oxidizing capacity for Hg has reached its limit.
Under these conditions, a variety of output frequencies (12 Hz, 25 Hz, 50 Hz, 100 Hz) were
chosen for comparative experiments. It was observed that as the frequency increased, the
oxidation rate of Hg? also increased to some extent. Notably, at a frequency of 100 Hz, the
curve demonstrates excellent performance in oxidizing Hg?, while at 12 Hz, the overall rate

of Hg” oxidation is lower. The oxidation rate change curves of Hg® at different frequencies
all exhibit a similar trend.
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Figure 3. Effect of pulse width variation on Hg0 oxidation rate (0-1000 ns).

3.1.4. Pulse Rising Edge

The effect of pulse rising edge variation on the Hg oxidation rate is illustrated in
Figure 4. It can be observed that the rising edge of the pulse has minimal influence on the
oxidation of mercury. The variation in the rising edge of the pulse has little effect on both
the energy of a single pulse and the rate of Hg? oxidation.
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Figure 4. Effect of pulse rising edge variation on Hg? oxidation rate.

3.2. Effect of Atmospheric Conditions of Hg" Removal by Non-Thermal Plasma
3.2.1. NO Concentration

The effect of NO on non-thermal plasma oxidation of Hg? is illustrated in Figure 5. It
can be concluded that the rate of Hg? oxidation gradually decreases as the NO concentration
increases. This indicates that NO inhibits the oxidation of Hg" [35]. There is a competitive
relationship between NO and Hgo. Due to the faster reaction rate between NO and O3, O3
is consumed by NO, leading to a reduction in the number of active particles that react with
Hgo. As a result, the rate of Hg0 oxidation decreases. Based on this, it can be inferred that
if NO is present in the processed gas component, it is essential to elevate the pulse voltage
or frequency to achieve a greater energy density and attain a specific Hg" oxidation rate.
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Figure 5. Effect of NO on non-thermal plasma oxidation of Hg?.

3.2.2. SO, Concentration

The effect of SO, concentration on non-thermal plasma oxidation of Hg is illustrated
in Figure 6. It can be concluded that the presence of SO, inhibits the oxidation of Hg?,
compared to the effect of NO on the Hg? oxidation rate in non-thermal plasma. However,
the effect of SO, on the rate of Hg? oxidation is relatively small. This is primarily because
the reaction rate between SO, and Oj is relatively low, and there is also relatively little
competition between SO, and HgO [35].
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Figure 6. Effect of SO, concentration on non-thermal plasma oxidation of Hg".

The process of non-thermal plasma synergistic control of NOy, SO;, and HgO can
be delineated into three stages: () Generation of DC high-voltage pulse discharge low-
temperature plasma through the inelastic collision of high-energy electrons and gas molecules,
leading to the excitation and dissociation of gas molecules, thereby producing reactive
radicals such as -N, -O, etc. (2 Reaction of pulse discharge with the excited state of gas
molecules, resulting in the formation of -O and O3. (@) Utilization of -O, O3, and other
reactive species to react with NOy and Hg in the gas, thereby achieving oxidative removal.
The specific reaction processes have been described in the Supplementary Materials SD1.

4. ETV Process of Non-Thermal Plasma

This project is being studied based on the system and methods of ETV. ETV refers
to the authorization of technology developers (owners), users, governments, or other
relevant parties in accordance with applicable national laws, regulations, and standards. It
is conducted in accordance with the requirements of the “Environmental management—
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Environmental technology verification” (GB/T 24034-2019) [36] and “General Protocol for
Environmental Technology Verification” (T/CSES 01-2015) [37].

4.1. Non-Thermal Plasma Equipment Integration
4.1.1. Pretreatment System

(1) Facilities for spraying potassium permanganate

The washing process, which uses a four-stage spray tower and a potassium per-
manganate solution, has the ability to reduce the mercury concentration in flue gas to
1-2 mg/m?3, or even achieve lower emission levels. This process achieves the goal of
preliminary treatment for mercury in flue gas. The design parameters of the equipment are
as follows: processing flue gas volume: 10,000 m?/h; gas flow rate: less than 0.7 m/s.

(2) Demisting and dust removal facilities

By utilizing the electrons emitted from the cathode in a high-voltage electric field
and the negative ions produced through electron collisions with air molecules, particulate
matter and water mist particles are captured. The particles are then charged and adsorbed
onto the anode, effectively achieving the goal of cleaning. The equipment requirements and
technical specifications are as follows: the power supply should be high-voltage constant
current DC, and the power supply power should not exceed 20 kW.

4.1.2. Non-Thermal Plasma Coupling Treatment System
(1) Non-thermal plasma power supply

The non-thermal plasma power supply primarily comprises two components: a DC
charging power supply and a MARX generator module. The pulse non-thermal plasma
power supply is based on the MARX generator circuit, which rapidly generates high voltage
from low voltage, eliminating the need for large low-frequency and high-voltage transform-
ers. The use of modular circuits reduces the voltage resistance requirements and minimizes
the power supply volume, thereby decreasing the inductance of the output circuit. By
adjusting the pulse voltage, pulse current, pulse frequency, and other parameters, the core
technology of the DC high-voltage narrow-pulse plasma power supply has been developed
to meet the requirements of pulse rising edges in the range of hundreds of nanoseconds.
This technology enables stable and controllable power pulse discharge corona.

(2) Plasma reactor

A non-thermal plasma tube reactor is utilized, and the reactor structure is depicted in
Figure S3 of the Supplementary Materials. The flue gas containing mercury is introduced
into the non-thermal plasma reactor using an induced draft fan. In the reactor, Hg" in the
flue gas is converted into Hg?*, which then reacts with the negatively charged oxygen ions
produced in the reactor to form electrically neutral mercury (II) oxide [38].

(3) Environmental functional material adsorption system

Utilizing ceramic nano single-molecule porous materials for targeted adsorption. The
specific surface area of this material ranges from 200 to 800 m? /g, and it demonstrates
a strong adsorption effect on Hg?*, Hg*, and molecular mercury compounds [39]. The
primary technical indicators of this material are as follows: ceramic nano adsorption capac-
ity: 0.4 g/kg; ceramic nano regeneration cycle: 6 months; the flue gas flow rate inside the
adsorption box/regeneration tower is 0.385 m/s. Ceramic nanomaterials, when utilized as
adsorption materials for non-thermal plasma oxidation, can exhibit outstanding adsorp-
tion and capture capabilities. This provides the necessary conditions for the subsequent
regeneration of ceramic nanomaterials.

4.1.3. Operating Process

The non-thermal plasma coupling treatment system ran continuously for 72 h. The
spray tower’s flow rate is 80 m®/h. The concentration of potassium permanganate is 0.5%.
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During the testing period, the inlet mercury concentration of the system remained stable
at around 4.37 mg/m3, while the outlet mercury concentration was below 0.012 mg/m?.
The operating parameters remained stable within the frequency range of the dust removal
equipment, which was between 2.88 and 4.2 Hz. The flow rate of the spray tower is
80 mg/m?>. The electric pressure was maintained at 38 kV, and the frequency was set at
1000 Hz. Additionally, the flue gas was consistently discharged to meet the required stan-
dards. The main materials and energy consumed in this process include water, electricity,
potassium permanganate powder, and the adsorbent materials. The flue gas treatment
capacity is calculated based on the actual operation of 300 days per year and 24 h per
day. The annual operating cost of the system and the detailed information are in the
Supplementary Materials SD2.

4.2. Results
During the ETV period, the main results are as follows:

(1) The on-site experiment utilized a cascaded oxidation treatment technique that com-
bines washing with potassium permanganate solution and coupling with non-thermal
plasma technology. Elemental mercury in the flue gas is oxidized to form oxidized mer-
cury species, which are then adsorbed by the solution and environmentally friendly
functional materials, resulting in optimal treatment efficiency. This technology enables
the further purification of mercury, improves treatment efficiency, reduces material
usage, and lowers operating costs.

(2) The pulse voltage of the plasma power supply ranges from 10 to 35 kV, the pulse cur-
rent ranges from 8 to 160 A, and the pulse frequency ranges from 100 to 1000 Hz. The
facility’s operating parameters are normal and meet the requirements for continuous
and stable operation for 72 h.

(3) The test results indicate that this technology can meet the treatment requirements
for flue gas containing mercury during the disposal of waste mercury catalysts. Fur-
thermore, the environmental emission indicators meet the requirements of applicable
national and local standards. When the system'’s processing capacity is 3000 m3/h, the
mercury removal efficiency can exceed 98%, and the mercury emission concentration
in the flue gas can meet the mercury emission concentration limit of 0.01 mg/m? as
specified by the “Emission standard of air pollutants for industrial kiln and furnace”
(GB 9078-1996) [27]. Currently, only Guizhou in China has established emission limit
requirements for mercury and its compounds in the local standard “Emission Stan-
dards for mercury and its compound industrial pollutants” (DB52-1422-2019) [40],
with a limit of 0.03 mg/m?>. The concentration of mercury emissions also meets the
emission standards. All other pollutants, such as particulate matter, SO,, and NOx,
also meet the standard requirements. The test results of flue gas samples are shown in
Table 2.

Table 2. Test results of flue gas samples.

Pollutant Point 1# Point 2# Point 3# Point 4# Point 5# GB 9078-1996
(mg/m3) (mg/m3) (mg/m3) (mg/m3) (mg/m3) (mg/m3)
0.024 0.010
Hg 3.3 £0.040 0.75 4+ 0.051 0.63 £+ 0.026 10.00030 1000020 0.01
Particulate matter 11 +£0.35 11 £ 0.55 9.3 +0.40 8.6 +0.15 7.6 +0.25 120
SO, <3 <3 <3 <3 <3 550
NOx <3 <3 <3 <3 <3 240

5. Conclusions and Perspective

The test results demonstrate the efficiency of this technology in meeting the require-
ments for treating mercury-containing exhaust gases during the disposal process of waste
mercury catalysts. It serves as a viable alternative to traditional methods, achieving a
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remarkable mercury recovery rate exceeding 99%, with tail gas emissions maintained
below 0.01 mg/m?3. This addresses the persistent challenge of limited adsorption capacity
observed in technologies such as activated carbon.

Non-thermal plasma technology operates at ambient temperature and pressure, pre-
senting a straightforward process with high treatment efficiency and negligible secondary
pollution. It effectively circumvents the constraints of conventional mercury pollution
control methods, and has become a popular research topic for scholars globally.

The oxidation of elemental mercury by non-thermal plasma is influenced by several
factors including voltage, pulse width, frequency of the power supply, and waste gas
composition. Various industries and process technologies exhibit disparities in gas volumes
and pollutant compositions, thereby necessitating divergent parameter designs for plasma
power supplies and reactors. Thus, high frequency, high voltage, and appropriate pulse
width considerations are pivotal in enhancing the power factor of the power supply for
optimal application in plasma reactors.

This technology finds applicability in resource recovery from waste mercury catalysts,
purification of mercury-containing flue gas from waste fluorescent tube disposal, and
mitigation of mercury and dioxin emissions from diverse industries including chemical
engineering, non-ferrous metal smelting, and waste incineration. Looking ahead, non-
thermal plasma technology holds promise in supplanting activated carbon adsorption as an
energy-efficient and eco-friendly method for simultaneous control of multiple pollutants. It
stands poised to aid China in fulfilling its commitments under the Minamata Convention on
Mercury by providing indispensable technical support. Moreover, the recovered mercury
can help alleviate China’s mercury supply shortages and contribute to the sustainability of
the PVC industry.

Nevertheless, it is imperative to acknowledge that the prevention and control of
mercury pollution represent enduring challenges requiring sustained collaborative efforts
among governmental bodies, enterprises, and research institutions. Continuous innovation
aimed at meeting the evolving needs of industry development, regulatory compliance, and
technological advancement remains paramount.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/pr12040691/s1, Figure S1. The experimental system for small-
scale experiment; Figure S2. Schematic diagram of sampling location; Figure S3. Non-thermal
plasma reactor structure; Table S1. Non-thermal plasma power supply parameters for small-scale
experiments; Table S2. Non-thermal plasma power supply parameters for on-site experiments;
Table S3. Power device parameters; Table S4: Annual operating cost of the system; SD1. The process
of non-thermal plasma synergistic control of NOx, SO,, and Hg0 ; SD2. Detailed information for
annual operating cost of the system.
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Abstract: In order to improve the comprehensive utilization rate of industrial solid waste and the
road quality, a novel low-carbon and environmental friendly soil stabilizer is proposed. In this
study, steel slag (SS), carbide slag (CS), blast furnace slag (BFS), fly ash (FA), and desulfurized
gypsum (DG) were used as raw materials to develop a multiple industrial solid waste-based soil
stabilizer (MSWSS). The optimal mix ratio of the raw materials determined by D-optimal design
was as follows: 5% SS, 50% CS, 15% BFS, 15% DG, and 15% FA. The 7-day unconfined compressive
strength (UCS) of MSWSS-stabilized soil was 1.7 MPa, which was 36% higher than stabilization
with ordinary portland cement (OPC) and met the construction requirements of highways. After
7 days of curing, the UCS of MSWSS-stabilized soil was significantly higher than that in the OPC
group. X-ray powder diffraction (XRD), thermogravimetric analysis (TGA), and scanning electron
microscopy (SEM) analysis indicated that the prominent hydration products were ettringite (AFt)
and C-S-H gel. The results showed that an amount of AFt and C-S-H were formed in the initial stage
of curing, resulting in a rapid improvement in early UCS. As the curing proceeded, the content of
AFt and C-S-H increased constantly and grew intertwined with each other, which lead to the denser
microstructure of stabilized soil and better mechanical strength.

Keywords: soil stabilization; industrial solid waste; D-optimal mixture approach; hydration
mechanism

1. Introduction

Rapid urbanization has led to an exponential increase in the amount of solid waste
that is generated. According to the report of the World Bank Group, global cities generate
2.01 billion tons of solid waste each year, including industrial waste, agricultural waste, and
domestic waste. It is expected to increase to 3.40 billion tons per year by 2050 [1]. According
to the statistics, only about 13.5% of solid waste is recycled globally [1]. Landfills and
incineration are the two main solid waste disposal methods. However, these conventional
treatments waste land resources, release harmful gases, and cause a negative impact on the
economy, environment, and human health [2—4].

On the other hand, the development of urban transportation has brought challenges to
the road construction industry [5,6]. The quality of pavement depends on the mechanical
properties of the underlying soil, including strength, compressibility, permeability, etc. [7-9].
One of the effective ways to improve road quality is to use soil stabilizers. Traditional soil
stabilizers are cement, lime, and coal fly ash, which are characterized by lower costs and being
less time consuming [8,10,11]. However, although the soil solidified using cement exhibits high
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early strength, its later strength development is limited. In contrast, soil solidified with lime
and coal fly ash shows lower early compressive strength [12,13]. Additionally, the production
process of these materials generates a large amount of carbon dioxide, accelerating global
warming. The carbon dioxide emissions from cement production account for approximately
8% of global carbon dioxide emissions [14-17]. Therefore, environmentally friendly, efficient,
and sustainable soil stabilizers should be explored as alternatives for pavement construction.

Recently, non-traditional stabilizers, especially cementitious materials based on multi-
ple industrial solid wastes, have received more attention due to their low carbon emissions,
low cost, low energy consumption, and better sustainability [18-22].

Steel slag (SS) and blast furnace slag (BFS) are the industrial solid waste generated in the
process of steelmaking, and their major components are CaO, SiO,, and Al,O3 [23-25]. In 2021,
the SS output in China exceeded 120 million tons, but its comprehensive utilization was only
about 20% [26]. Carbide slag (CS) is the predominant by-product resulting from the hydrolysis
of calcium carbide during acetylene production, which is mainly composed of CaOH [23]. It is
predicted that the annual production of CS exceeds 50 million tons in China, with a utilization
rate is less than 30% [27]. Desulfurized gypsum (DG) is an industrial waste generated from
smelters, large-scale enterprise boilers, and the desulfurization of flue gas in thermal power
plants [28]. The output of DG in 2019 was approximately 130 million tons [29]. The main
component of DG is CaSO,4-2H,O, which also contains impurities such as CaCO3 and CaSOs.
Fly ash (FA) is a major solid waste emitted from thermal power plants [30,31]. The global
annual production is estimated at 360 million tons [32], while China’s annual output is about
800-900 million tons [33]. FA contains many toxic elements including Pb, As, Se, and Cr, and is
considered to be a hazardous waste to the environment and human health [34,35].

From a chemical composition point of view, these industrial solid wastes (including
SS, BES, CS, DG, and FA) exhibit higher pozzolanic activity and alkalinity and can be used
as raw materials for the preparation of geopolymers [21,36]. This is especially the case with
CS, which, as an alkaline industrial solid waste, has the same main components and can be
considered as a substitute for lime [37]. A geopolymer can interact with soil particles to
form a cementitious gel through a pozzolanic reaction. The addition of CS, as an alkaline
resource, provides OH™ and Ca?*. Under alkaline conditions, the dissolution of aluminum
and silica mineral components can be activated and react with Ca(OH), to generate C-S-H,
which can reduce pores and increase the compressive strength and stiffness of soil [38].
Several studies have been conducted on the utilization of industrial solid waste as soil
stabilizers [19,29,39-43]. However, few studies investigated the action mechanisms of
multiple industrial solid wastes as soil solidifiers, e.g., five different industrial solid wastes.
The advantages of various solid wastes can be complemented to improve the utilization
rate effectively and reduce costs.

In the present study, a novel low-carbon and environmentally friendly soil stabilizer
is proposed in order to improve the comprehensive utilization efficiency of industrial solid
waste and reduce environmental pollution. Steel slag (SS), carbide slag (CS), blast furnace
slag (BFS), fly ash (FA), and desulfurized gypsum (DG) were used as raw materials to
formulate a multiple industrial solid waste-based soil stabilizer (MSWSS). The D-optimal
mixture design approach was utilized to determine the optimal formulation of the various
raw materials for the MSWSS, which can reduce the number of experiments and costs [44].
The mechanical characteristics of the stabilized soil were evaluated using the unconfined
compressive strength (UCS) test and compared with conventional soil stabilizers. The
micromorphology of solidified soil and hydration mechanisms were investigated by using
X-ray diffraction (XRD), scanning electron microscopy (SEM), and thermogravimetric
analysis (TGA).

2. Materials and Methods
2.1. Materials

The test soil used in this study was collected from Cangzhou, Hebei Province, China,
and had such characteristics as a small plasticity index, poor stability when exposed to
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water, low strength, and the inability to be directly used as base for the construction of
pavement. The characteristics of the test soil are provided in Table 1.

Table 1. Physical and mechanical properties of the test soil.

Natcu(f;lt:;,:ter Optimum Maximum Dry Plastic Limit Liquid Limit Plasticity
1% Water Content/% Density/g-cm—3 1% 1% Index
7.22 14.40 1.85 25.10 40.28 15.18

The raw materials used to produce the MSWSS included CS, BFS, SS, FA, and DG,
which were collected from the following companies: Hebei Jinniu Chemical Co., Ltd., Xing-
tai, China; Cangzhou Zhongtie Equipment Manufacturing Material Co., Ltd., Cangzhou,
China; and Shenhua Group Guohua Power Plant, Yongzhou, China. The chemical compo-
sitions of the test soil and the raw materials are listed in Table 2, while the XRD patterns of
the raw materials are shown in Figure 1. It can be seen from the results that SiO; (52.93%)
comprised the largest proportion of the test soil, and the main phases were quartz, plagio-
clase, muscovite, and calcite. SS, CS, and FA had a high content of CaO (39.92%, 93.83%,
41.82%), while BFS had a high content of SiO, (39.83%). Additionally, SS contained 27.26%
Fe;O3.The major components of DG were CaO (47.43%) and SOz (43.32%). As shown
in Figure 1, the main phases of FA were quartz, mullite, CaO, and corundum. BFS is an
amorphous phase structure. The dominant phases of SS were tetracalcium aluminoferrite
C4AF (4Ca0-Al,O3-Fe;O3), dicalcium silicate C,S (2Ca0-5i05), and tricalcium silicate C3S
(3Ca0-Si0y).

Table 2. Chemical composition of the test soil and the raw materials (wt. %).

SiOZ A1203 CaO Fe203 MgO K20 NaZO Cl TiOz SO3 LOI
test soil 52.93 18.55 10.86 7.94 3.45 3.66 0.88 0.08 0.94 0.1 1.21
SS 15.04 2.36 39.92 27.26 7.84 0.03 0.44 0.23 0.82 0.23 2.92
CS 2.46 1.71 93.83 0.30 0 0 0.53 0.67 0.05 0.36 26.84
BFS 39.83 30.33 14.52 7.92 1.01 1.42 1.06 0 1.49 1.12 2.15
DG 3.19 1.21 47.43 1.19 1.42 0.29 0.39 0.84 0.11 43.32 20.27
FA 28.06 15.73 41.82 1.60 791 0.36 0.35 0.04 1.17 2.47 3.49
1-Quartz 5-Calcite 1 1-Gypsum 4'C=z AF
2Chlorite  6-Mullite ZCaOH),  5c8
3-Muscovite  7-CaQ 3-CS ;
4-Plagioclase  8-Corundum :
2
g Lest soil é
E

50 60 70

30 40
26/(°)
Figure 1. XRD patterns of the test soil and the raw materials.

2.2. Sample Preparation

The test soil was dried at a temperature of 55 °C and ground to a specific surface area
reached 450-500 cm?/ g. The MSWSS was produced by mixing CS, BFS, SS, FA, and DG in a
certain proportion obtained using the D-optimal mixture design approach. The amount of the
addition of MSWSS was fixed at 10% of the total mass of the test soil. Then, a certain amount
of water was added, the MSWSS and test soil were mixed with the water, and the mixture
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moisture content was 17.86%. Afterwards, the samples were prepared in accordance with
the “Test Methods of Materials Stabilized with Inorganic Binders for Highway Engineering”
(JTGE51-2009). The specimens were placed within a cylindrical mold with a diameter and
height of 50mm and shaped by applying a stable pressure using a TYA-2000 digital display
pressure testing machine at a loading rate of 1 mm/min for 2 min. Afterwards, the samples
were weighed, enclosed within sealed bags, and moved to a standard environment with a
relative humidity of over 95% and a temperature maintained at 20 &= 2 °C for the specified
curing time. After reaching the set time, the specimens were tested for compressive strength
and microstructure characterization.

2.3. D-Optimal Mixture Design

The D-optimal mixture design is commonly used in experimental design to optimize
multiple variables simultaneously. In this study, the optimal formulation of raw materials was
determined using D-optimal design. The steel slag (SS), carbide slag (CS), blast furnace slag
(BES), desulfurized gypsum (DG), and fly ash (FA) were labelled as A, B, C, D, and E. The
lower and upper limits of each component were proposed based on preliminary experiments:
A (520 wt. %), B (20-50 wt. %), C (5-15 wt. %), D (520 wt. %), and E (10-25 wt. %). A
35-run D-optimal mixture design with multiple constraints on the component proportions was
implemented by using Design-Expert software version 13.0 (Table 3). The combination of the
components and the experimental results of 7d UCS are listed in Table 4.

Table 3. The variables and their constraints for D-optimal mixture design.

Content/wt. %

Variables Name
Low High
A Steel slag 5 20
B Carbide slag 20 50
C Blast furnace slag 5 15
D Desulfurized gypsum 5 20
E Fly ash 10 25

Table 4. Experimental design of the five components and the results for 7-day unconfined compressive

strength (7d UCS).
Number The Ratio of Each Component/wt. % 7d UCS/MPa
A B C D E
1 12.6 50.0 10.3 9.2 17.9 1.28
2 13.0 47.7 9.3 20.0 10.0 1.23
3 12.6 50.0 10.3 9.2 17.9 1.23
4 20.0 324 10.1 125 25.0 1.35
5 13.8 31.4 15.0 18.3 21.5 1.15
6 20.0 50.0 15.0 5.0 10.0 1.17
7 8.2 37.7 11.6 17.5 25.0 1.28
8 8.2 37.7 11.6 17.5 25.0 1.27
9 12.6 50.0 10.3 9.2 17.9 1.26
10 13.8 41.7 8.6 11.0 25.0 1.27
11 17.5 415 15.0 5.0 21.0 1.22
12 5.0 50.0 5.0 17.3 22.8 1.19
13 20.0 32.8 11.6 20.0 15.6 1.10
14 5.0 455 14.8 20.0 14.8 1.59
15 17.3 23.0 15.0 19.7 25.0 1.01
16 15.3 42.7 15.0 15.2 11.7 1.58
17 20.0 41.0 10.5 11.4 17.1 1.15
18 20.0 40.5 8.6 20.0 10.9 1.12
19 15.3 42.7 15.0 15.2 11.7 1.53
20 20.0 47.8 5.0 13.0 14.2 1.05
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Table 4. Cont.

The Ratio of Each Component/wt. %

Number 7d UCS/MPa
A B C D E
21 15.6 35.7 5.0 20.0 23.6 0.95
22 17.5 41.5 15.0 5.0 21.0 1.21
23 5.0 50.0 15.0 5.0 25.0 1.25
24 5.0 444 15.0 12.9 22.7 1.63
25 20.0 45.0 5.0 5.0 25.0 1.30
26 20.0 25.0 10.0 20.0 25.0 1.06
27 12.8 40.0 9.4 20.0 17.8 1.28
28 11.7 50.0 5.0 8.3 25.0 1.03
29 10.0 40.0 15.0 10.0 25.0 1.33
30 20.0 50.0 8.3 5.0 16.7 1.12
31 12.8 40.0 9.4 20.0 17.8 1.26
32 5.0 50.0 15.0 15.0 15.0 1.64
33 18.3 41.7 5.0 10.0 25.0 1.19
34 12.5 50.0 15.0 12.5 10.0 1.54
35 13.2 46.8 8.7 13.2 18.2 1.29

2.4. Compressive Strength Test

The unconfined compressive strengths (UCS) were tested according to Chinese stan-
dard JTG E51-2009 [45] using an electro-hydraulic universal testing machine (CTS-E200)
with a loading rate of Imm/min. The measurements were performed on at least three
representative samples to obtain an average value.

2.5. X-ray Powder Diffraction (XRD)

The phase compositions of the samples were detected using the X-ray powder diffrac-
tion (XRD) method using a Bruker Advance D8 X-ray diffractometer with Cu K« radiation
(A = 0.1542 nm) operating at 20 kV and 200 mA. The scanning angle ranged from 5° to 80°,
with a scanning speed of 5° /min and a step size of 0.02°.

2.6. Thermogravimetric Analysis (TGA)

Thermal analyses were performed on a thermogravimetric differential scanning
calorimeter (TG-DSC, NETZSCH STA-409, Selb, Germany) with a nitrogen protective
gas. A 30 mg sample was used for each measurement, with a heating rate of 10 °C/min in
the temperature range of 25 to 1000 °C.

2.7. Scanning Electron Microscopy (SEM)

Microstructural analysis of the specimens was performed using scanning electron
microscopy (SEM) alongside an energy dispersive spectra (EDS) analyzer. EDS was utilized
to determine the elemental composition of hydration products. SEM-EDS was conducted
using a Zeiss SUPRA 55 field emission-scanning electron microscope (FE-SEM) outfitted
with a LinkNA1000 energy spectrometer.

3. Results and Discussion
3.1. Optimization of Mixture Composition for MSWSS
3.1.1. Fitting Model and Response Surface Analysis

The interaction between the five components was mathematically modeled against
the response to 7d UCS. A comparison and evaluation of different fitting models was
performed using the Design-Expert 13 program. The assessment results of the accuracy of
the four fitting models are shown in Table 5. The model selection criteria were a higher
F-value, the adjusted and predicted R? value, and a low p-value (<0.05). According to
the result, the special cubic model was selected. The p-value of the special cubic model
was below 0.0001, suggesting that the model adequately describes the response. With a
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coefficient of determination of R? = 0.9971, it can be inferred that the experimental data
closely align with the predicted values, affirming the model’s high significance.

Table 5. Accuracy evaluation of different fitting models.

Sequential Lack of Fit

; 2 ; 2
Model p-Value p-Value Adjusted R Predicted R Evaluate
Linear 0.0002 <0.0001 0.4607 0.2808
Quadratic 0.0002 0.0008 0.8162 0.5376
Special Cubic <0.0001 0.8173 0.9893 0.8363 Suggested
Cubic 0.8173 0.9862 Aliased

Analyses of variance (ANOVAs) were conducted on the response (7d UCS) using the
Design-Expert software. The results of the ANOVAs for 7d UCS are shown in Table 6. The
p-values and F-values represent the significance of variable factors. In general, smaller p
-values (p-value > 0.05 insignificant, p-value < 0.05 significant, p-value < 0.01 extremely
significant), along with larger F-values, denote the more significant impact of the variable
factors on the response [46]. It can be seen from Table 6 that except for the interaction
terms CD, CE, DE, ACD, and BCE, the p-values of other interaction terms were all < 0.01,
which means that they had a notable influence on the 7d UCS. In contrast, interactive
items CD, CE, DE, ACD, and BCE had no significant effects on 7d UCS because their
p-values were greater than 0.05. Multiple quadratic regression equations were used to
fit the functional relationship between the influencing variable factors and the responses.
Equation (1) reflects the mathematical relations between 7d UCS and factors A, B, C, D, and
E. The coefficients of the equation could be used to describe the effect of these variables on
the response (7d UCS). A positive coefficient in the equation signifies a positive effect, while
a negative coefficient indicates a negative effect. According to the results, the interactive
terms AB, AD, AE, BC, BE, ABC, ABD, ABE, ADE, BCD, and BDE had an extremely
significant effect (p-value < 0.01) on the 7d UCS.

Y74 ucs = —16.15A + 2.32B — 4.69C + 2.33D — 6.08E + 38.77AB + 49.56 AC + 33.14AD + 69.80AE + 20.40BC +
8.38BD + 18.29BE — 4.67CD + 8.21CE + 8.67DE — 94.45ABC — 37.40ABD — 113.92ABE + 17.71ACD — (1)
44.35ACE — 90.85ADE + 38.52BCD — 4.88BCE + 21.40BDE + 3.81CDE

Table 6. ANOVA table of experimental results.

Source Sum of Free Mean F-Value p-Value
Squares Degree Square
Model 1.07 24 0.0445 128.53 <0.0001 significant
Linear Mixture 0.5633 4 0.1408 406.92 <0.0001
AB 0.0436 1 0.0436 125.97 <0.0001
AC 0.0083 1 0.0083 24.05 0.0008
AD 0.0174 1 0.0174 50.15 <0.0001
AE 0.0543 1 0.0543 156.97 <0.0001
BC 0.0068 1 0.0068 19.72 0.0016
BD 0.0028 1 0.0028 7.95 0.0200
BE 0.0112 1 0.0112 32.42 0.0003
CD 0.0001 1 0.0001 0.2386 0.6369
CE 0.0002 1 0.0002 0.4495 0.5194
DE 0.0012 1 0.0012 3.45 0.0960
ABC 0.0171 1 0.0171 49.50 <0.0001
ABD 0.0099 1 0.0099 28.74 0.0005
ABE 0.0658 1 0.0658 190.23 <0.0001
ACD 0.0004 1 0.0004 1.30 0.2841
ACE 0.0014 1 0.0014 411 0.0733
ADE 0.0284 1 0.0284 82.04 <0.0001
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Table 6. Cont.

Source Sum of Free Mean F-Value p-Value
Squares Degree Square
BCD 0.0038 1 0.0038 10.86 0.0093
BCE 0.0000 1 0.0000 0.1022 0.7565
BDE 0.0037 1 0.0037 10.83 0.0094

Table 7 presents the findings of the model reliability test analysis. R? represents
the correlation coefficient between the predicted and actual values. A higher R? value
indicates a stronger correlation. If the values of the adjusted R? and predicted R? are
high and the difference between them is close (adjusted R2-predicted R? < 0.2), then the
regression model can further prove this conclusion. As shown in Table 7, the values of R?,
adjusted R?, predicted R?, and adequate precision were 0.9971, 0.9893, 0.8363, and 43.2860,
respectively. This indicated that the model equation can represent the relationship between
the components and the 7d UCS well. The value of C.V. % was 1.48, indicating that the
experiment shows high reliability and accuracy. The results showed that this model was
able to predict the 7d UCS relatively accurately.

Table 7. Model reliability test analysis.

Std. Mean 0, 2 . 2 . 2 . .
Model Dev. /MPa C.V./% R Adjusted R Predicted R Adequate Precision

Y74 ucs 0.0186 1.26 1.48 0.9971 0.9893 0.8363 43.2860

The response surface interaction analysis was used to evaluate the effect of each raw
material on the 7d UCS of the solidified soil. Figure 2 shows the 3D surface graphs and
contour illustrating the impact of the independent variables on the 7d UCS. Generally, when
the response surface shows a curved form, it indicates that there is a degree of interaction
among the raw material components [46]. As seen in Figure 2, an increase in the dosage of
desulfurized gypsum and blast furnace slag resulted in an increase in the 7d UCS, whereas
an increase in the dosage of steel slag, carbide slag, and fly ash had the opposite effect.

3.1.2. Optimization of Mixture Composition

The maximum unconfined compressive strength value for 7 days (7d UCS) is used
as the target optimization value. Based on regression model analysis combined with the
3D response surface plots and contour plots, the optimal ratio of the soil solidifier can
be obtained. According to the predicted result, the optimal raw material proportion for
preparing the MSWSS was: 5% steel slag, 50% carbide slag, 15% blast furnace slag, 15%
desulfurized gypsum and 15% fly ash, respectively. The predicted value of the 7d UCS was
1.65 MPa. To confirm the precision of the predicted value, experiments on the compressive
strength for 7 days were carried out. The outcome is displayed in Table 8. The experimental
value closely aligned with the predicted value, which demonstrated the reliability of the
model. The value of the absolute relative deviations was 1.81% (<5%), suggesting that the
prediction model exhibits high accuracy.

Table 8. Comparison of the observed values and the predicted values after optimization.

Proportion of Components/wt. % 7d UCS/MPa Absolute
Predicted Observed Relative
A B C D E Value Value Deviations/%
5 50 15 15 15 1.65 1.62 1.81
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Figure 2. 3D surface graphs and contour plots for the effects of the independent variables on 7d UCS
(A: Steel slag, B: Carbide slag, C: Blast furnace slag, D: Desulfurized gypsum, E: Fly ash): (a) the effect
of A, D, E on 7d UCS; (b) the effect of A, C, E on 7d UCS; (c) the effect of A, C, D on 7d UCS; (d) the
effect of B, C, E on 7d UCS.

3.2. Compressive Strength Test

MSWSS was prepared from multiple solid waste according to the optimal ratio ob-
tained using the D-optimal mixture design method (SS:CS:BFS:DG:FA = 5:50:15:15:15). To
compare the solidification effects of multiple solid waste-based stabilizer and ordinary
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portland cement (OPC) on the test soil, the unconfined compressive strength (UCS) of these
two stabilized soils was tested and analyzed. Standard specimens were prepared using
the test soil plus 10% MSWSS, with a moisture content of 17.65%. In addition, 10% P.0O32.5
OPC was used instead of MSWSS as a comparative experiment.

The unconfined compressive strength (UCS) of the stabilized soil at various curing
ages is presented in Figure 3. The UCS of the stabilized soil showed a progressive increase
with the curing time. The soil solidified using MSWSS has a UCS ranging from 0.35 MPa to
3.27 MPa. At the same time, soil solidified using OPC has a UCS ranging from 0.47 MPa to
2.89 MPa. The 7d UCS results of the MSWSS group and of the OPC group were 1.7 MPa
and 1.25 MPa, respectively, which met the standard requirements of Chinese technical
standards for the Technical Guidelines for Construction of Highway Roadbases. The 7d
UCS of MSWSS-stabilized soil is 36% higher than that of the OPC group. It can be seen
from Figure 3 that the UCS of OPC stabilized soil was higher than that of MSWSS-stabilized
soil when the curing age is in the first 3 days. Afterwards, with the prolongation of curing
time, the UCS of soil stabilized using MSWSS was significantly higher than that of the OPC
group. After curing for 180 days, the compressive strength exhibited a notable increase to
3.27 MPa and 2.89 MPa, respectively.

35
B 102 MsSwss

B 0% orC

Compressive strength / MPa
— —_ [RS] [Ne] a2l
o th o o o

=
n

0.0

1d 3d 7d 14d 28d 60d 90d 180d
Curing time

Figure 3. Compressive strength of stabilized soil at different curing times.

3.3. XRD Analysis

The XRD patterns of the solidified test soil at curing times of 7, 28, and 90 days
are presented in Figure 4, and the primary phase compositions have been identified and
labeled. Based on the results, the main phases were quartz, calcite, and plagioclase, and the
primary hydration products were ettringite (AFt) and calcium silicate hydrate (C-S-H). This
is consistent with the results of the SEM analysis (Figure 5). In addition, it also contained
small amounts of chlorite and microcline. After curing for 7 days, ettringite and C-S-H
can be observed from XRD pattern. As the curing time progressed, the intensity of AFt
increased gradually, and the intensity of C-S-H also showed a weak increase, indicating that
the hydration reaction was constantly developing. Meanwhile, a small amount of C,S was
detected, and the peak intensity decreased from 7 to 28 days of curing time, consistent with
previous research [4,47]. Moreover, no distinct peaks of C,S were observed after 90 days of
curing. This showed that that C;S is involved in the hydration process. Generally, it was
assumed that the hydration reaction of C,S generated C-S-H.
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Figure 4. XRD patterns of stabilized soil with different curing times. 1-Quartz; 2-Ettringite (AFt);
3-C-S-H; 4-Calcite; 5-Chlorite; 6-Plagioclase; 7-MUCSovite; 8-C»S; 9-Microcline.
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Figure 5. TG-DSC diagram of solidified soil at different curing times.

3.4. TG-DSC Analysis

The TG-DSC curves of the samples after curing for 7 and 28 days are displayed in
Figure 5. The endothermic peaks at 50-400 °C could be primarily attributed to the thermal
decomposition of C-S5-H gel and AFt [24]. The endothermic peaks at 88 °C and 150 °C
of the DSC curves were due to the release of free water [48]. The mass losses at 88 °C
and 150 °C of the stabilized soil at 7 days and 28 days were 0.49% and 1.33%, and 0.76%
and 1.78%, respectively. The endothermic peak at 362 °C of the DSC curves at a curing
age of 28 days can be attributed to the dehydration of the crystal water of C-S-H and
ettringite. The endothermic peaks at 680 °C and 800 °C were due to the decarburization
and decomposition of calcite [25]. The results of the thermal analysis showed that the
total mass loss of the samples after curing for 7 days and 28 days was 11.32% and 12.86%,
respectively. This indicated that the hydration reaction continues as the curing age increases.
The XRD analysis results also showed that the aggregate mass of the hydration products
increases with the increase in curing time.
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3.5. SEM-EDS Analysis

Figure 6 illustrates the microstructure of the solidified soils after 7 and 28 days of
hydration. Figure 6a,b represent the samples at 7 curing days and 28 curing days. After
curing for 7days, the sample presented a loose arrangement and showed the typical needle-
rod crystal structures of AFt (Figure 6a). Simultaneously, C-S-H gel was detected, which
covered the needle-rod crystals of the AFt. The AFt crystals and C-S5-H grew intertwined
with each other, and this kind of structure could effectively improve the early compressive
strength of the stabilized soil (Figure 3).

M@ 1

Ettringite

X 10,000 5.0kV SEI SEM

Figure 6. SEM morphology of the solidified soil for (a) 7 days and (b) 28 days curing times.

As the curing time progressed to 28 days (Figure 6b), the content of the needle-rod
structures representing ettringite was increased, which corresponds with the findings of
the XRD analysis. Meanwhile, the loosely structured solidified soil became denser, which
might be attributed to the gradually increasing output of the C-5-H gel filling the pore space.
At this stage, the AFt is surrounded by C-S-H gel, resulting in a significant enhancement in
the compressive strength.

3.6. Discussion

According to characterization of the solidified soil, the primary hydration products
were C-5-H gel (CasSigO16(OH)-4H,0) and AFt (3Ca0O-Al,03-3CaS0O,-32H,0). Carbide
slag (CS) plays a crucial role in the hydration process because it provides Ca** ions and
an alkaline environment. At the initial phase of hydration, the C,S (2Ca0O-5i0;) and C35
(3Ca0-5i0,) in SS were hydrolyzed to form C-S-H gel and calcium hydroxide (Ca(OH),)
(Equations (2) and (3)), which improved the early compressive strength (Figure 3). Mean-
while, a notable quantity of Ca(OH), was produced, raising the alkalinity of the binder.

2C5S + 6H,0 — 3C —S — H + 3Ca(OH), @)

2C,S + 4H,0 — 3C —S — H + Ca(OH), 3)

In alkaline environments, OH™ reacts with the amphoteric oxide Al,O3 and acidic
oxide SiO; which can accelerate the hydrolysis of the glass phase, destroying the Ca-O,
Si-O, and Al-O bonds and form [AI(OH)¢]*>~ and [Si(OH)3]~ [49]. Subsequently, with
the participation of the Ca?* and SO42* produced by the hydrolysis of DG, it reacts with
[AI(OH)¢]’~ and [Si(OH)3]~ to generate AFt. At the same time, [Si(OH)3]™ could react
with Ca®* to generate C-S-H gel. With the progression of the hydration reaction, the content
of C-5-H and AFt increased significantly (Figure 4). The chemical reaction can be expressed
in Equations (4)-(7). Consequently, large amounts of C-5-H and AFt grew interlacedly,
filling the gaps between soil particles and improving the compactness and strength of the
solidified soil. The hydration mechanism of the MSWSS is shown in Figure 7.

AL O3+60H™ 4 3H,0 — 2[AI(OH)]*~ (4)
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Figure 7. Hydration mechanism of the multiple industrial solid waste-based soil stabilizer (MSWSS).

4. Conclusions

This study proposed the preparation of a multiple industrial solid waste-based soil
stabilizer (MSWSS) using steel slag (SS), carbide slag (CS), blast furnace slag (BFS), fly ash
(FA), and desulfurized gypsum (DG). The D-optimal mixture approach was utilized in the
experimental design to obtain the optimal formulation of raw materials. The unconfined
compressive strength (UCS) of the solidified test soil was evaluated, and the hydration
mechanism was analyzed using the XRD, TG-DSC, and SEM methods. In summary, the
following conclusions can be drawn:

(1) Interaction between the five components was modeled mathematically against the
responses of 7d UCS. According to the result of the ANOVA and the model reliability
analysis, the prediction model showed a lower p-value (<0.0001) and lower absolute
relative deviations (1.81%), and a higher F-value (406.92), R2 value (0.9971), and
adjusted R2 value (0.9893). This indicated that the model had high reliability and was
able to predict 7d UCS relatively accurately.

(2) The D-optimal mixture approach indicated that the optimal ratio of MSWSS should
be 5% steel slag (SS), 50% carbide slag (CS), 15% blast furnace slag (BFS), 15% desulfu-
rized gypsum (DG), and 15% fly ash (FA). The UCS of the stabilized soil increased
with the curing time. The 7d UCS of soil stabilized using the multiple industrial solid
waste-based soil stabilizer was 1.7 MPa and the 180d UCS increased to 3.27 MPa,
which all met the requirements for the “Technical Guidelines for Construction of High-
way Roadbases”. The UCS of the MSWSS stabilized test soil group was significantly
higher than that of the OPC group.

(3) XRD, TG-DSC, and SEM results revealed that the primary hydration products were
AFt and C-S-H gel. As the curing progressed, the content of the AFt and C-S-H
increased and the microstructure of stabilized soil exhibited a denser structure, leading
to better mechanical strength.

The research proposed a novel low-carbon and environmentally friendly soil stabilizer,
MSWSS, based on multiple industrial solid waste products, which could achieve better
mechanical properties than traditional OPC stabilizers and meet the requirements of
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highway construction. This technology has the potential to enhance the comprehensive
utilization of industrial solid waste and contribute to environmental protection.
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Abstract: Plastic waste management is a critical challenge worldwide, influenced by the
socio—economic conditions and policy frameworks of individual countries. This study
evaluates the plastic waste management practices in two cities, Kostanay, Kazakhstan,
and Plovdiv, Bulgaria, through a comparative analysis of household waste data, recycling
systems, and legislative frameworks. The cities are similar in their main features, but the
practice of plastic waste management is developed to varying degrees. In the period from
2017 to 2023, the population of Plovdiv decreased by 6.77% and the amount of munici-
pal waste decreased by 3.55%. In Kostanay during 2021-2023, the population of the city
increased by about 5%, and the amount of waste generated by more than 25%. Using
morphological analysis and municipal records, this research identifies gaps in current
practices and explores actionable strategies for enhancing plastic waste recycling. The qual-
itative analysis of the practice of urban plastic waste management shows that, compared to
Plovdiv, the Kazakh city has underused the managerial and technological capabilities in
the process of developing the plastic waste management industry and the transition to a
circular economy. This study highlights the potential for implementing circular economy
principles in both cities, with targeted recommendations to address existing challenges
and maximize waste treatment and recycling. In Plovdiv, thermochemical processes for
recycling plastic waste into new products are promising, while in Kostanay, mechanical
methods for optimizing waste collection and transportation are promising.

Keywords: plastic waste; circular economy; green solution; sustainable management

1. Introduction

Plastic, as a light, convenient, flexible, and durable material, occupies an increasingly
important place in the production of widespread waste, and its quantity in the market
continues to grow. The global production of plastic was estimated at 400.3 million tons
in 2022. Also called the “material with 1000 uses”, plastic finds application throughout
human life with its versatile properties. Since a large amount of plastic products be-
come waste within just a few months or years, they are also one of the priority sectors
for implementing a circular economy. The sustainable management of plastic waste is
a critical component of the broader waste management strategies aimed at achieving a
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circular economy. This requires not only an understanding of the sources and collec-
tion methods for plastic waste, but also the integration of legislative, technological, and
socio—economic factors that influence its effective recycling and recovery. Despite global
efforts, a significant portion of plastic waste continues to be discarded in mixed municipal
waste, complicating the subsequent recycling and recovery processes [1,2]. Previous stud-
ies of urban solid waste management systems focused on the analysis and assessment of
sustainable management of both the system as a whole, using individual cities as examples,
and individual influencing external and internal factors. Modern factors that ensure the
growth of plastic waste generation include such socio—economic factors as an increase in
the standard of living [3], GDP [4], population density [4,5], urbanization [6], and urban
population growth [3]. At the same time, a decrease in the volume of plastic waste occurs
if investments in waste management infrastructure grow [7] and waste collection routes
and schedules are optimized [8].

Factors influencing the formation rate of municipal solid waste have been classified
into seven types [9,10]. Most often, studies show that the composition and quantity of
municipal waste are most strongly influenced by the number and level of income [10].

Analysis of waste management systems in the literature is usually carried out within a
specific country or city [11-14]. A significant part of the studies is devoted to the analysis of
practices in one region: the Global South [15], developing countries [16], EU countries [17-19], etc.
Authors of country-wide and regional studies critically rethink the experience of municipal
solid waste management and specialize in their needs. As a result, driving factors are
persistently identified; a search is underway for those relationships that improve the
practices in municipalities, preferred recycling methods that increase the efficiency of waste
management systems, and methodologies that allow a full assessment of the work of waste
management systems using an optimal set of indicators.

Papers on Kazakhstan in the English-language sector of scientific research in waste
management are few. They examine various aspects of plastic waste management in
Kazakhstan. The sustainability of household waste management in Kazakhstan, including
plastic waste, is limited by the fact that the infrastructure for waste processing and disposal
is not developed, insufficient investment, and weak coordination between government
agencies and businesses [20]. It is also noted that, although there is a Green Economy
Transition Plan, a plan for the transition to a circular economy is needed [21]. More
complex strategies for the sustainable operation of waste management systems, Zero Waste,
Integrated Waste Systems, and Industrial Symbiosis, are useful, but will not be applied in
Kazakhstan until later.

Since 2007, the European Union and Central Asia (CA) have been developing a
partnership in five areas, including environmental protection [22]. At the same time,
there are no cross-sectoral studies in these regions in the area of waste management,
which reduces the potential for transferring European experiences. Such studies will help
countries at the early stages of waste management system development to highlight gaps in
this activity and contribute to the formation of a more effective waste management system,
and on this basis, to achieve progress in a shorter period of time.

This study aims to evaluate and compare the plastic waste management practices in
two cities—Kostanay in Kazakhstan and Plovdiv in Bulgaria—by analyzing the household
waste data, recycling policies, and the readiness for transition to a circular economy. This
study considers the integration of circular economy principles, paying specific attention to
the differences in separate collection systems. The research objectives are to: (1) identify
gaps in current waste management systems, (2) evaluate the economic and legislative
frameworks influencing plastic waste recycling, and (3) propose strategies for enhancing
the sustainable management of plastic waste in both cities.
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2. Materials and Methods

For the purposes of this study, a comparative analysis was conducted between the
cities of Kostanay in Kazakhstan and Plovdiv in Bulgaria to evaluate their plastic waste
management practices and readiness for a circular economy.

Study Area

In order to turn waste into a resource, the goals of waste management must be aligned
with the goals of the transition to a circular economy. Sustainable solid waste manage-
ment (SWM) contributes to achieving 11 United Nations Sustainable Development Goals
(SDGs) [23,24]. The Republic of Kazakhstan and the Republic of Bulgaria have imple-
mented their waste management targets for achieving recycling levels that are relatively
similar and aimed at the transition to a circular economy. For Kazakhstan, the goal is for
the share of recycled waste to reach 50% by 2050 [25]. Although the country has not yet
set specific targets for plastic waste collection and recycling, its recent policy initiatives
such as the 2019 ban on the disposal of dry fractions of waste (plastic waste, waste paper,
cardboard and paper waste, glass) into solid waste landfills indicate a growing commit-
ment to improving waste management. Kazakhstan was chosen for comparison because it
represents an example of a country in the early stages of implementing circular economy
principles. This comparison allows for an analysis of how different levels of policy maturity
influence the effectiveness of plastic waste management, Figure 1.

/

Figure 1. Map of the location of the cities under study. Map source—https:/ /upload.wikimedia.org/
wikipedia/commons/4/47/Bulgaria_Kazakhstan_Locator.png (accessed on 17 September 2024).

In contrast, Bulgaria fulfills the ambitious pan-European goals for waste recycling and
reuse, with the aim that by 2035, 65% of household waste in the country must be prepared
for reuse or recycling, and only up to 10% of household waste will be landfilled [26]. Special
attention in the regulatory framework of Bulgaria is paid to waste from packaging, which
is one of the common mass-distributed household wastes. In packaging waste regulations,
recycling targets have been set at 55% of plastic packaging in the market by 2030 [27].

In the Republic of Kazakhstan, no specific goals have been set for the collection and
recycling of individual waste streams and their fractions. One of the shortcomings of the
waste management policy in the country is the lack of clear and accurate information
regarding the quantities of individual types of waste in the mixed household waste. Clarity
about the type and quantity of recyclable and recoverable waste is key to sustainable waste
management and the selection of appropriate waste treatment methods within the context
of the circular economy.
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Bulgaria is a member of the EU and Kazakhstan belongs to the Central Asian region
(CA). In 2023, Bulgaria’s GDP was $37,410 per person, while Kazakhstan’s GDP was
$38,515 per person [28]. There is no informal waste collection sector in either country.

Plovdiv is located in the south of Bulgaria. The city is the administrative center of the
region of the same name, the second most populous city, the second industrial center of
the country, and the center of an agricultural region; tourism is developed here, including
global tourism. The area of the city is 102 km?.

Kostanay is located in the north of Kazakhstan. The city is the administrative center
of the Kostanay region and one of the three largest agricultural regions in Kazakhstan.
Industry and tourism are developed in the city. The area of the city is 240 km?.

The cities of Plovdiv and Kostanay were chosen due to their similar popula-
tion sizes, economic profiles, and university presence, which ensures a comparable
socio—economic context. Additionally, both cities represent diverse regulatory frameworks
for waste management, offering valuable insights into the influence of policy maturity on
circular economy implementation.

This analysis focused specifically on household waste, with particular attention on
plastic waste as a key component. The research methodology includes an analysis of the
most important quantitative parameters for a waste management system'’s performance, as
well as a comparison of the qualitative parameters for plastic waste management in the
cities under consideration. The quantitative parameters in this study were the total amount
of household waste generated and the population number. The qualitative parameters
were the components of the organizational and institutional structure, economic measures,
and legislative initiatives (Table 1).

Table 1. Aspects of waste management systems in the studied cities.

Aspects of Waste

Management Systems Plovdiv City

Kostanay City

2008—EU Waste Directive [29]
2018—European Strategy for Plastics in a
Circular Economy (recycle 50% of plastic

packaging waste by 2025 and 55% by 2030)
[30,31]
2019—Directive on reducing the
environmental impact of certain plastic
products [32]

2007—Environmental Code of the Republic of Kazakhstan (RK), on
waste—chapters 4244
2010—Comprehensive Waste Management Plan in the RK, now no
longer in effect
2012—Concept of the transition of the RK to a green economy. The
main indicators of the Comprehensive Waste Management Plan of
the RK were included in the Action Plan for the implementation of
the Concept of the transition of the RK to a green economy.
2021—Environmental Code new edition on waste, chapters 23-31

Legislation The EPR principle is applied to plastic

packaging

The EPR principle has been applied in a limited scope (2016, cars
and their components; 2017, packaging at a “zero rate”,
manufacturers and importers do not pay a recycling fee; 2020,
agricultural machinery)

2020—Ban on eight single-use plastic products
in the EU

Requirements for PET bottles—from 1 January
2025 at least 25% by weight must be made of
recycled plastic, from 1 January 2030 at least

30%
EU introduces mandatory transition to
100% recyclable packaging by 2030

2019—Landfilling of plastic waste banned
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Table 1. Cont.

Aspects of Waste

Management Systems Plovdiv City

Kostanay City

2015 EU Circular Economy Action Plan
Targets by 2035: 65% recycling or recycling,
only 10% of plastic waste will be landfilled

Green Economy Concept for the Republic of Kazakhstan
The goal of the Republic of Kazakhstan by 2040 is to recycle 40% of
solid waste, in 2050—to recycle 50% of solid waste
100% coverage of solid waste collection in large cities
2024—3.5% of plastic recycled in Kazakhstan

Plastic packaging targets: by 2030, 55% of
plastic packaging, 90% of single-use plastic
will be recycled
2018 Bulgaria—59.2% recycling of plastic
packaging, 3rd place in the EU

There are no targets in the Republic of Kazakhstan for the plastic
waste cycle

Plovdiv Municipality Waste Management
Program for 2021-2028

Plastic waste
management

Development plan for the territory of Kostanay region for
2021-2026
2024 Development of the Program for handling solid municipal
waste in the territory of Kostanay
Plastic bags—packaging in stores to choose from, at the request of
buyers
Recycling of plastic in Kostanay region—into 9 types of new
products

Financial incentives for municipalities to meet
established targets
Deposit system for types of plastic packaging

No deposit-collateral packaging system—planned, not
implemented

Separate collection of plastic (plastic
packaging, household plastic)

Separate collection of plastic waste in mesh containers, at the same
time mixed solid waste is collected, which also contains plastic
waste
Sorting—separation of commercial types of plastic (PET bottles,
HDPE, LDPE)

Collection of solid waste in Kostanay region: 2007—0.7%,
2023—18.2%

The infrastructure includes containers for

separate collection, garbage trucks, sorting

(transfer) stations in the form of reception
points, solid waste landfills

The infrastructure includes containers for separate collection,
garbage trucks, solid waste landfills
Sorting (transfer) stations—no

Municipality—executive authority, waste flow
management
Collection of packaging in containers
Organization for the recycling of
packaging—collection, sorting, transportation
Separately, there are centers for the purchase of
plastic bottles from the population

Organizational structure

Government agencies authorized in the field of waste management
at the regional/provincial level: Department of Ecology (legislative
functions), Department of Natural Resources and Nature
Management (executive authority)

Local level: city akimats (executive authority), waste flow
management
Collection and sorting of plastic waste is performed by waste
collection and/or waste removal organizations
Recycling is performed by recycling organizations
Land(fills—for the disposal of mixed solid municipal waste and
plastic waste in their composition

3. Results and Discussion

3.1. Identification of the Amount of Household Waste Generated

Data for the city of Plovdiv show that there has been a trend of decreasing the gener-
ated mixed municipal waste in recent years. According to the Waste Management Program
for the Municipality of Plovdiv 2021-2028, mixed municipal waste collected by municipal
systems decreased by 3.55% for the period 2017-2020. The trend is expected to continue,
with the quantities of mixed waste collected decreasing while preventing waste generation
and expanding the separate collection system in the municipality, with the aim of perma-
nently remaining below 125 thousand tons per year. This trend is also associated with a
gradual decrease in the population of the city of Plovdiv (Figure 2). According to Eurostat
data, in most countries households generate an average of up to 90% of municipal waste,
with the rest generated by commercial sources and the administration. For the period
from 2017 to 2023, the city’s population decreased by 6.77% and this is also reflected in the

amount of waste generated [33].
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Figure 2. Plovdiv and Kostanay populations 2017-2023 [34,35].

The amount of household waste generated directly depends on the population of
the locality.

In Plovdiv, a well-developed infrastructure supports the collection of household plastic
waste through designated bins and recycling companies. In this regard, a more accurate
reflection of the amount of mixed household waste generated is given by the accumulation
rate per inhabitant. The reported accumulation rate for mixed household waste in the
municipality of Plovdiv in 2020 was 369.58 kg /inhabitant/year or 126,413.38 tons of waste
generated by the 342,048 inhabitants of the municipality per year.

In Kostanay (Figure 2), there is also an increasing trend in the city’s population, which
is associated with the larger amounts of household waste generated.

For the period 2021-2023, the city’s population increased by about 5% and the gen-
erated waste by over 25%, which can be attributed to the increasing standard of living
in the city. The rate of accumulation of mixed household waste calculated for the city of
Kostanay is significantly higher than that determined for the city of Plovdiv, and amounts to
736 kg/h/y [36,37].

A review of the generated mixed household waste for the city of Kostanay (Figure 3)
shows an increasing trend, both for mixed household waste and for solid household waste.
In contrast, in Plovdiv (Figure 4) we see a downward trend.

Kostanay
400000
300000
= 29279
200000 246191 2791
196168
100000 144221 171168
0
2021 2022 2023
e Mixed household waste === Solid household waste

Figure 3. Trends in the quantities of mixed household waste and solid household waste in the city of
Kostanay, t [38].
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Figure 4. Trends in the quantities of mixed household waste and solid household waste in the city of
Plovdiv, t [34].

Municipal waste is the waste generated in populated areas, including as a result of
human activity as well as industrial waste, that is similar in its composition and nature of
formation. Solid municipal waste includes only the municipal waste in solid form [37].

In 2024 in Kostanay, public hearings were held regarding the adopted city Solid
Waste Management Program. The current coverage of 80% to 100% of the population
with solid waste collection and removal is calculated for the period 2024-2031. Separately
collected waste will be additionally sorted with the allocation of the most economically
valuable fractions. The existing system of separate collection will be expanded by collecting
food waste and textiles. Research will be conducted on the morphological composition
of the solid waste to select a technology for deep processing, the use of an automated
geoinformation system “Waste Management”. Assessing the current state of the solid waste
system in Kostanay, experts say that the waste recycling market in the city is characterized
by low competitiveness [39].

3.2. Amount of Plastic in Household Waste

Of the mixed municipal waste generated in the city of Plovdiv, according to a
morphological analysis of the waste (Figure 5), 16.81% is plastic, or about 21,250 tons
per year.

In the two cities under consideration, different systems for the separate collection of
plastic waste operate. An organized system for the separate collection of packaging waste
has been introduced in Bulgaria. The system for the separate collection of packaging waste,
organized by recovery organizations and based on joint activity contracts with the mayors of
the municipalities, includes at least green and yellow (and blue) containers for the collection of
packaging waste from households. This is in addition to those for household waste, ensuring
a minimum total container volume for settlements of over 100,000 inhabitants: for every
750 inhabitants—containers with a minimum total volume of 3300 L [27]. The system is based
on the principle of “Extended Producer Responsibility”—an environmental principle applied
as a set of measures to reduce the overall environmental impact of a product after the use of
which widespread waste is formed. In addition to the commitments related to packaging
waste, which is considered widespread waste, the mayors of the municipalities are obliged
to organize the separate collection of household waste in the territory of the municipality,
at least for the following waste materials: paper and cardboard, metals, plastics, and glass,
and to provide sites for the free transfer of separately collected household waste in all
settlements with a population greater than 10,000 inhabitants [26]. A system for the separate
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collection of packaging waste has been established in the territory of the municipality of
Plovdiv, which is operated by packaging recovery organizations, and six sites have been
designated for the free delivery of separately collected waste from households in different
parts of the city. Various types of waste are collected at the designated sites, including
plastic packaging (150,102) and household plastics (200,139) [33]. These requirements for
waste management in the municipality of Plovdiv are legally established; in addition to
them, there are over 30 waste collection sites and six plastic waste recycling companies in
the territory of the municipality, established as private initiatives of legal entities, to which
plastic waste can also be transferred [6]. Based on all the established separate collection
systems in the municipalities in Bulgaria, including the private initiatives, municipalities
receive financial incentives for meeting the set targets which aim to increase the recycled
and recovered municipal waste.

2% 4%

4%
1%
1%
1%
2%
H Fine fraction B Food waste H Paper waste Cardboard waste

M Plastic waste M Textile waste B Rubber waste M Leather waste
B Garden waste B Wood waste H Glass waste H Metals

M Hazardous waste ® Other

Figure 5. Morphological analysis of municipal waste in the city of Plovdiv [33].

Morphological analysis of waste in the city of Plovdiv (Bulgaria) was carried out in
accordance with the current methodology used in Bulgaria [33,40]. In the territory of the
municipality of Plovdiv, the generated plastic waste, calculated based on the morphological
analysis, is about 21,250 tons per year. The coverage of the population of Plovdiv by the
household waste collection system is approximately 99%. Plastic occupies a significant part
of the generated municipal waste, ranking second after the fine fraction in the composition
of mixed municipal waste.

The collection of household waste in Kostanay is carried out in two ways: in containers
located on container sites, and in a container-less way by travelling around the territory
and collecting waste in bags placed in certain places, according to a schedule. Collection
in bags (roadside collection) is carried out mainly in the private sector. Then, the waste
is transported by garbage trucks to the site of the sorting organization. The coverage of
the population of Kostanay by the household waste collection system is 80%. For the
collection of plastic waste from the population, mesh containers are installed [41]. Despite
the established separate plastic collection system, large quantities of plastic are also found
in containers intended for mixed solid waste. The data are similar to the results from
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Plovdiv, where large quantities of plastic waste are found in the mixed household waste.
This shows that people in both Plovdiv and Kostanay still do not have sufficiently well-
established habits for the separate collection of plastic waste; as it is contaminated with
food waste, part of the plastic waste ends up in landfills.

Plastic accounts for 13% of the total waste volume (Figure 6).

3%
5%

s

B Food waste M Paper, cardboard M Polymer (plastic) Glass H Metals ®Other

Figure 6. Morphological analysis of municipal waste in the city of Kostanay [42].

According to the sorting company, it separates about 3—4 tons of recyclable waste
daily, of which about 70% is plastic; about 2.1-2.8 tons of plastic is separated from mixed
household waste daily. With 246 working days a year, this amounts to about 520 tons
of plastic waste per year that could be transferred for further processing or recovery.
However, a large portion of the plastic waste from mixed waste is heavily contaminated
and unsuitable for subsequent recycling [41]. This leads to the loss of valuable materials
suitable for use in the country’s industry.

In the city of Kostanay, there are six enterprises that carry out the separate collection
and sorting of plastic waste, and three that recycle the plastic waste. As a result of recycling
the plastic waste, nine types of finished products are produced from plastic waste: hatches
for inspection wells, geogrid, geotextile, geocomposite, geoframes, polyethylene gas and
water pipes, cable pipes, and polymer sand pavers [41].

Although in both cities—Plovdiv and Kostanay—there are currently separate col-
lections and some of the plastics have found their application in new products, there is
still significant potential for the implementation of a circular economy for plastics, which
remains unrealized. For the city of Plovdiv, this amounts to over 21 thousand tons per year.
For the city of Kostanay, assessing the potential for a circular economy is more difficult,
since there is no practice of regularly conducting a morphological analysis of the composi-
tion of household waste in this country. For the purposes of this article, we calculated the
amount of plastic waste in the mixed flow of household waste in the city of Kostanay, based
on a percentage content of 13%. Therefore, if the 196,168 tons of annually generated mixed
household waste has a plastic content of 13%, 25,502 tons of plastic waste will go to landfills.
Thus, in the mixed municipal waste of each of the two cities in Bulgaria and Kazakhstan,
there is a hidden potential for the introduction of a circular economy for approximately
20 thousand tons of plastic waste. Since the average price of plastics is about 100 euros per

ton, the waste from these two cities contains a potential 2 million euros worth of lost value
buried in landfills.
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3.3. Green Solutions for a Circular Economy of Household Plastic Waste

In recent years, sustainable waste management has been largely associated with
achieving compliance with the waste hierarchy. The waste hierarchy is implemented as a
priority order in legislation and in waste prevention and management policy. It is the final
corner of the European Union (EU) policy and legislation in the field of waste and is set
out in the EU Waste Framework Directive [29]. Its objectives are to minimize the adverse
impacts of production and waste management and to improve resource efficiency. In the
field of plastic waste, the EU has set targets for achieving the waste hierarchy. The targets
set are also applied in Bulgaria through the country’s regulatory documents (Figure 7).

RECOVER
Increasing the amount of waste recovered to

achieve 90% recovery and recycling

v

Figure 7. Targets in Bulgaria for achieving compliance with the waste hierarchy.

In accordance with the waste management hierarchy, for already generated plastic
waste it is advisable to seek methods for its recycling or recovery—raw material or energy
recovery—and to direct that part of the plastic waste that is not suitable for recovery to a
landfill. Part of the plastic waste is often contaminated and not suitable for recycling. In
order to meet the requirements of the waste management hierarchy, various options for
waste recovery are sought.

Options for recovery of MSW, including plastics, through which primary and sec-
ondary products can be obtained are given in Figure 8 [43].

The capacity of the installation can hold from 10,000 t/year to 100,000 t/year of pro-
cessed waste. The main facility is a thermocatalytic reactor in which triboactivated waste
is converted into “synthetic 0il” in the presence of a catalyst, an inert or low-oxygen gas
environment, a temperature of 400-500 °C, gaseous and liquid hydrocarbons, intensive
mixing with gaseous, liquid, and solid products for 30-40 min. Physicochemical processes,
cracking, “thermolysis”, and Fischer-Tropsch synthesis take place in the reactor, which
converts the waste into a mixture of liquid hydrocarbons or “synthetic 0il”. There are two
outlet streams from the reactor:

e  Primary—consisting of a mixture of gaseous hydrocarbons (C9-C20) which, after pass-
ing through a catalyst, are converted into “synthetic oil” with impurities of aromatic
and cyclic hydrocarbons.
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e  Secondary—consisting of solid particles of graphite (carbon), spent catalyst, and inert
(inorganic) waste. These are separated and used in commercial products.

Solid municipal waste or/and Plastics

¥
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Figure 8. Possible solutions for the treatment of solid municipal waste or/and plastics to generate
various chemical products.

The demonstrated technological possibilities for treating solid municipal waste, in-
cluding plastics, through thermochemical and thermocatalytic treatments are applicable in
practice and convincingly show that waste can also be an alternative raw material resource
for obtaining organic and inorganic compounds with wide applications.

In the cities of Plovdiv and Kostanay, as shown in the previous sections, the plas-
tic waste management systems are at different levels of development, although they are
evolving in one direction—a circular economy. In Kostanay, further development is asso-
ciated with increased efficiency at the stage of collecting and transporting plastic waste
to processors. In Plovdiv, the stage of processing plastic waste into new products re-
quires development. Therefore, the proposed scheme of thermal technological changes
(Figure 6) for the production of primary and secondary products is promising for Plovdiv.
In Kostanay, technological changes in the city’s plastic waste management system will be
more associated with mechanical processing technologies.

In general, the results of the comparison of the urban management systems in the
cities of Plovdiv (Bulgaria) and Kostanay (Kazakhstan) can be presented in the form of
Table 1, which demonstrates the similarities and differences in the studied aspects of the
waste management systems.
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3.4. Discussion

The results of this study allow us to consider the urban plastic waste management
systems in Kostanay and Plovdiv from the perspective of a circular economy, revealing both
similarities and differences that determine their development trajectory towards sustainabil-
ity. Despite significant territorial distance, both cities demonstrate similar characteristics,
namely lower GDP and higher levels of waste generation [17]. This allows us to classify
them into the same category of city, which is confirmed by the comparable quantitative
indicators for the performance of the waste management systems. Both cities have the nec-
essary technical infrastructure; however, the potential of this requires further development.
In particular, for Kostanay, a key step towards increasing the degree of circularity will be
the creation of collection points/transfer stations, which will optimize the collection and
sorting of waste. The presence of plastic recycling plants in both cities, as well as attempts
to economically assess the potential of plastic waste, indicate the recognition of plastic as
a valuable resource, and not just as garbage. Separating the plastic waste stream into a
separate category and creating a dedicated infrastructure will help to maximize the value
of these materials through reuse, recycling, and other strategies, which is a key principle in
the circular economy.

Studies in Africa [44], South Asia [45], and the EU [Swedish and Bulgarian] have
shown intra-regional differences in the maturity of the waste management regulations. A
comparison of waste management in Kostanay and Plovdiv (Table 1) demonstrates this
trend at the inter-regional level, in particular for the EU and Central Asian regions.

The comparison with Plovdiv, which has significant experience in the circular economy,
serves as a valuable source of knowledge and best practice for Kostanay. Implementing
proven tools and approaches, such as developing targets for plastic waste, identifying hid-
den waste volumes, and implementing effective information strategies, will help accelerate
the transition to a circular model. It is important to highlight that the circular economy and
the Sustainable Development Goals (SDGs) are closely interrelated and complementary.
The circular economy is a powerful tool for achieving many of the SDGs, while the SDGs
create favorable conditions for its development. The circular economy is based on the
principles of responsible consumption and production, which include waste reduction,
efficient use of resources, and reuse and recycling of materials. Systematic consideration of
these principles when improving waste management systems, as shown in [24], will allow
the economic potential of plastic waste to be translated into reality for both cities.

Similar studies in Eastern Europe [46,47] highlight the importance of regulating pack-
aging waste to achieve higher recycling rates, which is also true for Plovdiv. Studies in
Central Asia, including Bishkek and Almaty [48], reveal gaps in data availability and public
awareness, which is also true for Kostanay.

These studies highlight the need to develop tailor-made strategies for urban waste
management systems that take into account local socio—economic and legislative conditions.
Kazakhstan’s lag in this area is explained by the later development of waste management
compared to EU countries, which determines legislative, technological, and organizational
features. Thus, both cities have already moved away from the linear model of waste
management and are taking active steps towards circularity.

4. Conclusions
As a result of this study, the following conclusions can be drawn:

1. The compared cities of Kostanay in Kazakhstan and Plovdiv in Bulgaria have a
similar population, a well-developed economy and tourism, and are university cities.
Nevertheless, the rate of MSW accumulation for Kostanay is 736 kg/person/year, and
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for Plovdiv it is 369.58 kg/person. One of the factors in this difference is probably the
need to purchase drinking water in Kostanay, which is available in plastic packaging.

2. The methodology used is applicable for comparing settlements close in population,
especially when no morphological analysis has been done for one of them.

3.  An information strategy is needed to explain to the population in both the city of
Plovdiv and the city of Kostanay the good practices for the separate collection of
plastic waste so that it is not contaminated with other waste, including food waste, so
it is not recycled but landfilled.

4. The analysis shows that in the mixed household waste of only two cities in Bulgaria
and Kazakhstan, there is a hidden potential for the implementation of a circular
economy for over 50 thousand tons of plastic waste; with the average price of plastic
at about 100 euros per ton, the waste in these two cities has a potential value of over
5.4 million euros.

5. In both cities, in the context of green solutions for a circular economy, the collected
plastic waste is recycled into products, but this does not exhaust all possibilities.

6. A comparative analysis of the practices in the two cities showed differences in the level
of circularity and in the methods of recycling plastic waste. If the system of solid waste
management, including plastic waste, is developing according to the 3R scheme, then
in Plovdiv the current level corresponds to the 5R scheme. Improving the collection
of municipal solid waste, especially plastics, can also lead to the implementation
of thermochemical and thermocatalytic technologies for the production of organic
and inorganic compounds for subsequent use as basic raw materials or reagents.
This is another green solution for a circular economy in Plovdiv. In Kostanay, the
acceleration of progress in plastic waste management is linked to the development of
infrastructure and mechanical recycling methods.

7. Future studies on the development of plastic waste management systems towards
a circular economy in the cities under consideration should include other areas of
technological change for plastic waste recycling, and characterize the development
efficiency with indicators acceptable at different levels of system development for
their comparability and evaluation.

Author Contributions: Conceptualization, E.T. and X.E; Methodology, E.T. and G.Y.; Software,
E.T.,, GY. and G.J.; Validation, E.T. and G.Y.; Formal analysis, E.T. and G.J.; Investigation, X.F;
Resources, X.F. and G.K,; Data curation, X.F. and G.K.; Writing—original draft, E.T., X.F., G.K. and
G.J.; Writing—review & editing, G.Y. and A .K.-S.; Visualization, A.K.-S.; Supervision, G.Y. and A.K.-S.;
Project administration, A.K.-S.; Funding acquisition, A.K.-S. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The data presented in this study are available on request from the
corresponding authors.

Acknowledgments: The scientific studies mentioned in the article are under the “International Scien-
tist” program of A. Baitursynuly Kostanay Regional University, Kazakhstan and the participation of
Ekaterina Todorova, Eng. from University of Forestry, Bulgaria.

Conflicts of Interest: The authors declare no conflicts of interest.

55



Processes 2025, 13, 888

References

1. Plastic Waste and Recycling in the EU: Data and Facts. Available online: https://www.europarl.europa.eu/pdfs/news/expert/
2018/12/story/201812125T0O21610/20181212STO21610_bg.pdf (accessed on 10 November 2024).

2. Pilapitiya, PG.C.; Amila, R. The world of plastic waste: A review. Clean. Mater. 2024, 11, 100220. [CrossRef]

3. Hoornweg, D.; Bhada-Tata, P.; Kennedy, C. Environment: Waste production must peak this century. Nature 2013, 502, 615-617.
[CrossRef] [PubMed]

4. Zambrano-Monserrate, M.A.; Ruano, M.A.; Ormeno-Candelario, V. Determinants of municipal solid waste: A global analysis by
countries” income level. Environ. Sci. Pollut. Res. 2021, 28, 62421-62430. [CrossRef] [PubMed]

5. Estay-Ossandén, C.; Mena-Nieto, A.; Harsch, N.; Bahamonde-Garcia, M. Analysis of the Key Variables That Affect the Generation
of Municipal Solid Waste in the Balearics Islands (2000-2014). In Project Management and Engineering Research; Lecture Notes
in Management and Industrial Engineering; Ayuso Mufioz, J.L., Yagtie Blanco, J.L., Capuz-Rizo, S.E, Eds.; Springer: Cham,
Switzerland, 2021. [CrossRef]

6. National Waste Information System. Available online: https://nwms.eea.government.bg/app/base/home (accessed on 1
December 2024).

7. Lebreton, L.; Andrady, A. Future scenarios of global plastic waste generation and disposal. Palgrave Commun. 2019, 5, 6. [CrossRef]

8. Alshaikh, R.; Abdelfatah, A. Optimization Techniques in Municipal Solid Waste Management: A Systematic Review. Sustainability
2024, 16, 6585. [CrossRef]

9. Bruvoll, A. Factors influence solid waste generation and management. J. Solid Waste Technol. Manag. 2001, 27, 156-162.

10. Masebinu, S.0.; Akinlabi, E.T.; Muzenda, E.; Aboyade, A.O.; Mbohwa, C.; Manyuchi, M.; Naidoo, P. A Review on Factors Affecting
Municipal Solid Waste Generation. 2017. Available online: https://ujcontent.uj.ac.za/esploro/outputs/conferencePaper/A-
review-on-factors-affecting-municipal /9910222007691#file-0 (accessed on 19 October 2017).

11.  Ahsan, A.; Alamgir, M.; El-Sergany, M.M.; Shams, S.; Rowshon, M.K.; Daud, N.N. Assessment of municipal solid waste
management system in a developing country. Chin. J. Eng. 2014, 2014, 561935. [CrossRef]

12. Wilson, D.C; Rodic, L.; Scheinberg, A.; Velis, C.A.; Alabaster, G. Comparative analysis of solid waste management in 20 cities.
Waste Manag. Res. 2012, 30, 237-254. [CrossRef]

13.  Fatty, EN.; Komma, L. In-Depth Analysis of Municipal Solid Waste Management in Kanifing Municipality, The Gambia. Int. ]. Sci.
Res. Publ. 2019, 9, 95114. [CrossRef]

14. Edalatpour, M.A.; Mirzapour Al-e-hashem, S.M.].; Karimi, B.; Bahli, B. Investigation on a novel sustainable model for waste
management in megacities: A case study in Tehran municipality. Sustain. Cities Soc. 2018, 36, 286-301. [CrossRef]

15.  Awino, EB.; Apitz, S.E. Solid waste management in the context of the waste hierarchy and circular economy frameworks: An
international critical review. Integr. Environ. Assess. Manag. 2024, 20, 9-35. [CrossRef] [PubMed]

16.  Wilson, D.C.; Velis, C.A.; Rodic, L. Integrated sustainable waste management in developing countries. Proc. Inst. Civil. Eng. Waste
Resour. Manag. 2013, 166, 52-68. [CrossRef]

17.  Blagoeva, N.; Georgieva, V.; Dimova, D. Relationship between GDP and Municipal Waste: Regional Disparities and Implication
for Waste Management Policies. Sustainability 2023, 15, 15193. [CrossRef]

18. Pires, A.; Martinho, G.; Chang, N.-B. Solid waste management in European countries: A review of systems analysis techniques.
J. Environ. Manag. 2011, 92, 1033-1050. [CrossRef]

19. Stoeva, K.; Alriksson, S. Influence of recycling programmes on waste separation behaviour. Waste Manag. 2017, 68, 732-741.
[CrossRef] [PubMed]

20. Inglezakis, V.J.; Moustakas, K.; Khamitovac, G.; Tokmurzin, D.; Rakhmatulina, R.; Serik, B.; Abikak, Y.; Poulopoulos, S.G.
Municipal solid waste management in Kazakhstan: Astana and Almaty case studies. Chem. Eng. Trans. 2017, 56, 565-570.
Available online: https:/ /www.cetjournal.it/index.php/cet/article/view /CET1756095 (accessed on 20 March 2017).

21. Zhidebekkyzy, A.; Temerbulatova, Z.; Bilan, Y. The Improvement of The Waste Management System In Kazakhstan: Impact
Evaluation. Pol. |. Manag. Stud. 2022, 25, 423-439. [CrossRef]

22.  The Europian Union and Central Asia: The New Partnership in Action. 2009. Available online: https://www.eeas.europa.eu/
sites/default/files/the_european_union_and_central_asia_the_new_partnership_in_action.pdf (accessed on 1 April 2008).

23.  United Nations Sustainable Development Goals (SDGs). Available online: https:/ /sdgs.un.org/goals (accessed on 29 December
2024).

24. Wilson, D.C.; Rodic, L; Modak, P; Soos, R.; Carpintero, A.; Velis, K.; Iyer, M.; Simonett, O. Global Waste Man-
agement Outlook. Report. UN Environment Programme, the International Solid Waste Association. 2015. Avail-
able online: https:/ /eprints.whiterose.ac.uk/110512/1/UNEP%20ISWA %20GWMO%20-%20Chapter %203 %20-%20Waste%20
Management%20-%20Global%20Status.pdf (accessed on 1 February 2015).

25.  On the Concept of the Transition of the Republic of Kazakhstan to a “Green Economy”. Decree of the President of the Republic

of Kazakhstan Dated 30 May 2013 No. 577. Available online: https://adilet.zan.kz/rus/docs/U1300000577 (accessed on 28
December 2024). (In Kazakh and Russian)

56



Processes 2025, 13, 888

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Waste Management Act in Force from 13.07.2012. Available online: https://www.moew.government.bg/static/media/ups/tiny/
%D0%A3%D0%9IE%D0%IE%D0%IF / %D0%97 %D0%B0%D0%BA%D0%BE %D0%BD%D0%BE%D0%B4%D0%B0%D1%82%
D0%B5%D0%BB%D1%81%D1%82%D0%B2%D0%BE / WASTE%20MANAGEMENT%20ACT_13.pdf (accessed on 13 July 2012).
Ordinance on Packaging and Packaging Waste, Adopted on November 6,2012. Available online: https:/ /www.moew.government.
bg/static/media/ups/tiny /%D0%A3%D0%9IE%D0%9IE%D0%9F / %D0%97 %D0%B0%D0%BA %D0%BE%D0%BD%D0%BE %
D0%B4%D0%B0%D1%82%D0%B5%D0%BB%D1%81%D1%82%D0%B2%D0%BE / %D0%9D %D0%90%D0%A0%D0%95%
D0%94%D0%91%D0%98 / %D0%9F%D0%9C %D0%A1%202022 /NAREDBA _za_opakovkite_i_otpadacite_ot_opakovki.pdf
(accessed on 16 December 2022). (In Bulgarian)

GDP Based on Purchasing-Power-Parity (PPP) per Capita. World Bank. Available online: https://data.worldbank.org/indicator/
NY.GDP.PCAPPP.CD (accessed on 1 July 2024).

2008/98/EC; Directive 2008/98/EC of the European Parliament and of the Council of 19 November 2008 on waste and repealing
certain Directives. European Union: Brussels, Belgium, 2008; 1L.312/3.

Decree No 354 of 26 October 2021 on the Adoption of Ordinance on Reducing the Impact of Certain Plastic Products on the
Environment. Available online: https://www.fao.org/faolex/results/details/en/c/LEX-FAOC207012/ (accessed on 26 October
2021).

52018DC0028-EN; Communication from the Commission to the European Parliament, the Council, the European Economic and
Social Committee and the Committee of the Regions, A European Strategy for Plastics in a Circular Economy. European Union:
Brussels, Belgium, 2018.

EU 2019/904; Directive (EU) 2019/904 of the the European Parliament and of the Council of 5 June 2019 on the Reduction of the
Impact of Certain Plastic Products on the Rnvironment. European Union: Brussels, Belgium, 2019; L155/1.

Waste Management Program of the Municipality of Plovdiv 2021-2028. Available online: https:/ /www.plovdiv.bg/wp-content/
uploads /2024 /03 /%D0%9F%D1%80%D0%BE%D0%B3%D1%80%D0%B0%D0%BC %D0%B0_%D1%83%D0%BF%D1%80_
%D0%BE%D1%82%D0%BF%D0%B0%D0%B4%D1%8 A %D1%86%D0%B8_%D1%80%D0%B5%D1 %88 %D0%B5%D0%BD%D0
%B8%D0%B5_2023.pdf (accessed on 5 March 2021). (In Bulgarian).

National Statistical Institute, Bulgaria. Available online: https://nsi.bg/en/content/2974/population (accessed on 12 November
2024).

Population of the Republic of Kazakhstan by Gender and Type of Locality. Available online: https://stat.gov.kz/en/industries/
social-statistics/demography/publications/ (accessed on 1 July 2024).

United Nations Statistics Division. Demographic Statistics Database. Available online: https://data.un.org/Data.aspx?d=POP&
f=tableCode:240 (accessed on 10 November 2024).

Environmental Protection in the Republic of Kazakhstan/Statistical Compilation; Agency for Strategic Planning and Reforms of the
Republic of Kazakhstan Bureau of National Statistics: Astana, Kazakhstan, 2024; 142p. (In English)

Green Economy Indicators. I-6 Generation of Solid Waste, Municipal Waste and the Level of Their Processing. Available online:
https:/ /stat.gov.kz/en/green-economy-indicators/25825/ (accessed on 10 November 2024).

Zimmer, P. Waste Management Program Put Up for Discussion in Kostanay. Available online: https:/ /top-news.kz/v-kostanae-
utverdili-programmu-upravlenija-othodami/ (accessed on 10 July 2024).

Methodology for Determining the Morphological Composition of Household Waste; Ministry of Environment and Water: Sofia, Bulgaria,
2019.

Krivopusk, X. Assessment of Plastic Waste Management in Kostanay Region [In Russian], «Baitursynov Readings-2024» on the
Topic: «The Concept of Development of Higher Education and Science of Kazakhstan—The Basis for the Growth of Human
Capital and Innovation»: Materials of the International Scientific and Practical Conference on April 19, 2024.—Kostanay: Kostanay
Regional University Named after Akhmet Baitursynuly, 2024; ; pp. 435-439. Available online: https:/ /ksu.edu.kz/en/science-
and-innovation/materials-of-scientific-conferences/ (accessed on 25 April 2024).

Strategy for the Development of the Activities of EPR Operator LLP for 2020-2024. Available online: https://recycle.kz/storage/
app/media/main/Strategiya-Operatora.pdf (accessed on 13 July 2020). (In Russian)

Kyoseva, V.; Todorova, E.; Dombalov, I. The Most Frequently Asked Questions Related to the Conversion of Household Waste into Raw
Materials and Energy Resources; High End Publishing Ltd.: Sofia, Bulgaria, 2011; ISBN 978-954-92844-1-6.

Wilson, D.C.; Velis, C.; Cheeseman, C. Role of informal sector recycling in waste management in developing countries. Habitat Int.
2012, 30, 797-808. [CrossRef]

Kaza, S.; Yao, L.; Bhada-Tata, P.; Van Woerden, E. What a Waste 2.0: A Global Snapshot of Solid. Waste Management to 2050; World
Bank: Washington, DC, USA, 2018. [CrossRef]

Zhang, Z.; Chen, Z.; Zhang, J.; Liu, Y.; Chen, L.; Yang, M.; Osman, A.L; Farghali, M.; Liu, E.; Hassan, D.; et al. Municipal solid
waste management challenges in developing regions: A comprehensive review and future perspectives for Asia and Africa. Sci.
Total Environ. 2024, 930, 172794. [CrossRef]

57



Processes 2025, 13, 888

47. Di Foggia, G.; Beccarello, M. An Overview of Packaging Waste Models in Some European Countries. Recycling 2022, 7, 38.
[CrossRef]

48.  Abylkhani, B.; Guney, M.; Aiymbetov, B.; Yagofarova, A.; Sarbassov, Y.; Zorpas, A.A.; Venetis, C.; Inglezakis, V. Detailed municipal
solid waste composition analysis for Nur-Sultan City, Kazakhstan with implications for sustainable waste management in Central
Asia. Environ. Sci. Pollut. Res. 2021, 28, 24406-24418. [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.

58



s M processes MPY

Review
Tiny Particles, Big Problems: The Threat of Microplastics to
Marine Life and Human Health

Goutam Saha and Suvash C. Saha *

School of Mechanical and Mechatronic Engineering, University of Technology Sydney,
Sydney, NSW 2007, Australia; goutam.saha@uts.edu.au
* Correspondence: suvash.saha@uts.edu.au

Abstract: Microplastics, primarily derived from plastic waste, are pervasive environmental pollutants
found across aquatic and terrestrial ecosystems. This review investigates microplastics’ presence,
distribution, and impacts in marine ecosystems, with a particular focus on fish species. Research
indicates that microplastics are present in various anatomical parts of fish, including the gastrointesti-
nal tracts and gills, with significant implications for marine biodiversity and human health through
seafood consumption. The review also highlights the sources of microplastics, such as synthetic tex-
tiles, packaging, and personal care products, and explores the pathways through which these particles
enter marine environments. Advanced detection techniques have identified microplastics in human
tissues, underscoring the urgency of addressing this environmental threat. Comprehensive strategies
are essential to mitigate microplastic pollution and protect both marine life and human health.

Keywords: microplastics; fish species; marine environment; sources; human health

1. Introduction

Microplastics infiltrate water, air, and soil worldwide. Scientists have provided various
insights into their harmful impacts, yet a clear understanding of the extent of their damage
to human and animal health remains elusive [1,2]. Nonetheless, there is a consensus that
microplastics significantly harm marine ecosystems and are recognised as hazardous pollu-
tants [3]. The primary contributor to microplastic pollution in oceans is the fragmentation
of plastic debris originating from waste that enters the ocean from various sources [4].

1.1. Sources of Microplastics

The world is full of plastics, which generate microplastics and nanoplates that are
available everywhere, such as water, air, and soil. They have become significant environ-
mental pollutants, posing risks to wildlife and human health. In the following, we will
discuss the sources of microplastics and nanoplastics.

The release of tiny synthetic particles or fibres from clothing, textiles, or other synthetic
materials into the environment is often very small and can easily become airborne or wash
into water systems [5,6]. Similarly, plastic packaging in modern consumer goods con-
tributes to microplastic pollution during both opening and disposal processes [7]. Personal
care and cosmetic products, especially prevalent in densely populated urban areas, are
also implicated as sources of environmental contamination by microplastics [8,9]. Also, the
wear and tear of tyres release microplastics into the environment, a factor often overlooked
but significant in exacerbating contamination [10]. Commercial fishing activities inad-
vertently generate microplastics through processes like netting and gear abrasion [11,12].
Even seemingly harmless items like toy building bricks can be unsuspected reservoirs
of microplastics and nanoplastics, posing risks to children who are more susceptible to
exposure [13]. Furthermore, industrial activities such as the deterioration of building
materials [14] and the transformation of plastic furniture by fire contribute to microplastic
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and nanoplastic pollution [15]. Advancements in technology, such as Raman imaging,
have facilitated the detection and characterisation of these tiny particles across various
matrices, such as kitchen blenders [16], smartphones [17], printed toner powders [18],
chopping boards [19], cut Polyvinyl Chloride (PVC) pipes [20], non-stick cookware [21],
kitchen sponges [22], burned disposable gloves [23], PPE masks [24], rubber bands [25],
and haemodialysis waters [26]. Recently, microplastics have also been found in bottled
drinking water [27,28] as well as cookware [29]. Details are given in Figure 1.

Sources of plastic particles: Types of Plastic polymer:
Plastic Debris Polyethylene (PE)
Clothing Polyethylene Terephthalate (PET)
Personal Care Products Polystyrene (PS) i
Industrial Processes Polyvinyl Chloride (PVC)
Road Wear and Tire Particles N Polypteny oo (£F)

e TRRE : X Polyester (PES)
Paints and Coatings Plastic Particles Ao

3 : . Acrylic (PMMA)

Plastic Packaging <:] (nanoplastics, > Polyamide (PA)
Plasl!c Flsh_mg Gear microplastics) Ethylene-vinyl acetate (EVA)
Plasl!c BCS'“ Pellets \ / Polyethylene-polypropylene copolymer
Plastic Foam Polyacrylonitrile (PAN)
Plastic Waste Burning Polyvinyl acetate (PVAc)
Construction Waste \/ Polybutene (PB)
Plastic Litter Polycarbonate (PC)
Synthetic Rubber Polymethyl methacrylate (PMMA)

Polyvinyl alcohol (PVA)
Cellophane (CP)
Shapes of Plastic Polytetrafluoroethylen (PTFE)
: . Polyvinyl butyral (PVB)
Farticles; Low density polyethylene (LDPE)
Spheres, Fibers, Polyethylene-co-acrylic acid (PEAA)
Fragments, Pellets, Polystyrene-coacrylonitrile (PSAN)

Broken Household Items
Plastic Bottles and Containers

Ethylene-acrylic acid copolymer (EAA)

Films, Beads, Fluororubber (FR)
Granules, Flakes, Chlorinated polyethylene (CPE)
Rods, Acrylate copolymer (ACR)
Sheets, Tubes, Polyurethane (PU)
Threads, Microbeads, Butadiene rubber (BR)

S Polybutylene succinate (PBS)

C‘lp‘SUI%' Shards, Polyacrylamide (PAM)
Clusters Polysulfone (PSF)

Rayon/Resin (RA)

Figure 1. Sources of plastic particles, its types and shapes.

1.2. Microplastics in Fish Species

Over the years, researchers have shown that microplastics are found in different fish
species, and the details of this literature are discussed below.

In 2016, it was seen that Mussels from China’s coastline contained microplastics, with
higher levels in wild mussels and those from areas with intensive human activities, primar-
ily fibres and fragments, with a significant proportion smaller than 250 um, suggesting that
mussels could be used as a bio-indicator of microplastic pollution [30]. Also, microplastics
were found in 77% of Japanese anchovy in Tokyo Bay, with an average of 2.3 pieces per
fish, mostly polyethylene and polypropylene fragments, with some microbeads and a size
range of 150 um to 1000 um, indicating that microplastics have penetrated the marine
ecosystem [31].

In 2017, it was observed that adult grass shrimp exposed to microplastics of various
sizes and shapes experienced acute toxicity, with mortality rates ranging from 0% to 55%,
and that the shape and size of the particles significantly influenced ingestion and residence
time in the gut and gills, with fibres causing significantly higher mortality [32]. Also,
only 1 out of 400 North Sea fish (0.25%) had ingested microplastics, with two particles
found in a single Sprat, and the particles were identified as polymethylmethacrylate [33].
Moreover, microplastics were found in the livers of the European anchovy, European
pilchard, and Atlantic herring, with 80% of anchovy livers containing large microplastics
(124-438 um) [34].
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In 2018, it was found that the windward beaches along Trindade Island’s eastern coast
exhibited a notable concentration of debris, primarily consisting of small plastic fragments.
Furthermore, this debris already engaged with the island’s wildlife, including seabirds
and endangered land-dwelling crabs, adversely affecting these populations [35]. Later,
microplastics and other debris were found in all seawater and mussel samples from U.K.
coastal waters and supermarkets, with higher levels in pre-cooked supermarket mussels,
presenting a route for human exposure [36]. Also, microplastics were found in various
tissues of fish and a crustacean from five sites of the Musa Estuary and the Persian Gulf,
with a total of 828 microplastics detected, mainly fibrous fragments of various colour and
sizes, and some suspected to be paint fragments, raising concerns about the potential
transfer of synthetic materials into humans [37]. Moreover, fish from the Persian Gulf
contained microplastics and metals, with concentrations increasing with fish size [38].
In addition, microplastics were found in 26 individual fish from 26 species along the
Saudi Arabian coast of the Red Sea. Most microplastics were films (61.5%) and fishing
thread (38.5%), made of polypropylene and polyethylene [39]. Also, only 2.1% of 292
planktivorous fish (6 individuals) in the Southeastern Pacific coast had microplastics in
their digestive tract. It was found that the microplastics were degraded fragments and
threads, 1.1-4.9 mm long, and of various colours [40].

In 2019, it was observed that marine plastic litter posed a significant risk to the fin
whale in the Mediterranean, with the highest risk of plastic ingestion in the Central Ligurian
Sea, and all three sources of plastic litter contributing to impacting cetaceans in the Pelagos
Sanctuary [41]. Also, 9 out of 11 marine fish species found in Seri Kembangan, Malaysia,
contained plastic debris in their viscera and gills. Up to 76.8% of isolated particles were
plastic polymers, with sizes ranging from 200 to 34,900 um [42]. Moreover, it was seen that
different fish species from Haizhou Bay, China, had microplastics in their tissues, where
the microplastics were mostly fibres, black or grey, and made of cellophane. It was also
observed that the skin and gills had more microplastics than the gut, and scaleless fish had
higher microplastic abundances in their skin [43].

In 2020, it was observed that sea anemones, abundant along the Amazon coast, ingest
meso- and microplastics, with 75.6% of the examined individuals containing plastic par-
ticles, primarily fibres (84%), followed by fragments and films, with a mean of 1.6 items
per individual, and a weak positive correlation between anemone weight and plastic par-
ticles [44]. Also, microplastics were found in 12 fish species from the Beibu Gulf, with
0.027-1 item per individual, mostly transparent fibres, polyester, and nylon, with demersal
fish having a higher microplastic abundance [45]. Additionally, microplastic contamina-
tion was found in the seawater and fish from Tuticorin, the southeastern coast of India,
with epipelagic fish having higher levels; most microplastics were small blue fibres, with
polyethylene being the most common type [46]. Moreover, microplastics were found in 49%
of 150 fish from the Northeast Atlantic Ocean, and the estimated human intake through
fish consumption ranged from 518 to 3078 microplastic items per year per capita [47].
Also, microplastic pollution was found in the Han River and its tributaries, with varying
concentrations and types. Polyethylene, silicone, and polystyrene were most common in
the river, while polytetrafluoroethylene, polyethylene, and polyester dominated in the
tributaries. Microplastics were found in fish intestines and gills, but not flesh, with frag-
ments being the most common form [48]. In addition, microplastics were found in brown
shrimp and tiger shrimp from the Northern Bay of Bengal, Bangladesh. A total of 33 and
39 microplastic items were found, respectively, with an average of 3.40 and 3.87 items per
gram of gastrointestinal tract. Filament and fibre shapes were most common, with black
being the dominant colour [49]. Also, microplastics were present in the guts of rabbitfish
(Siganus fuscescens) in coastal Philippines, with semi-synthetic microfibers (rayon) being
dominant in sediment samples from Silliman Beach but absent in the fish guts [50].

In 2021, it was observed that Longnose stingrays in the Western Atlantic Ocean had
ingested microplastics, with almost a third of the examined specimens containing mi-
croplastics in their stomach contents, primarily fibres (82%), blue in colour (47%), and made
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of polyethylene terephthalate (PET) (35%) [51]. Also, microplastics were found in the water,
sediment, and marine organisms (shellfish and finfish) in the Sal Estuary, Goa, India, with
high concentrations in finfish, as well as small-sized microplastics dominant in biota [52].
Moreover, 85.4% of commercial fish from the Bohai Sea had ingested microplastics, with an
average of 2.14 items per individual, mostly fibrous and PET [53].

In 2022, it was observed that microplastic contamination was widespread in dolphin-
tish from the Eastern Pacific Ocean, averaging 9.3 pieces per individual, with the majority
being polyester (46.8%) and polyethylene terephthalate (38.1%) [54]. Also, microplastics
were found in 14 marine dried fish products from seven Asian countries, mostly fibres,
with polyethylene, polyethylene terephthalate, and polystyrene being the main polymers,
and the highest count was in Etrumeus micropus from Japan [55]. Moreover, microplastics
were found in dried Bombay duck and ribbon fish from the Bay of Bengal, with higher
levels in samples from Kuakata; fibres were the most common type, followed by fragments
and other types, with polyethylene, polystyrene, and polyamide polymers identified [56].
Furthermore, microplastics were found in the water, sediment, and fish samples from
Mumbeai’s coastal waters, where fibres were the most common shape, and eleven types of
plastic polymers were identified [57]. In addition, microplastics were found in 47.8% of
180 fish specimens from the Northern Adriatic Sea, with a total of 233 fragments identified.
The mean concentration ranged from 1.75 to 4.11 items/individual across six species, and
polyethylene and polypropylene microplastics were found, ranging in size from 0.054 to
0.765 mm [58]. Also, microplastics were found in the gills and guts of 26 fish species in
Haizhou Bay and the adjacent waters, with blue fibre being the most common form [59].

In 2023, it was found that 30% of fish from 24 beaches in the Machado River, Western
Brazilian Amazon, had microplastics in their digestive tracts, with 617 microplastics found;
contamination was higher in fish from beaches closer to urban settlements, particularly
carnivorous fish [60]. Also, microplastics were found in three fish species from the Bay
of Bengal, with dried fish having significantly higher amounts than fresh fish; fibres
were the most common type found, followed by fragments and other types, with most
being small and red, and low-density polyethylene was the most common polymer [61].
Moreover, 35 freshwater fish species in India were analysed, and the highest abundance of
microplastic contamination was found in Channa punctatus. Fiber-type microplastics were
the most dominant, while polyethylene-type polymer microplastics were found mainly in
edible tissue [62]. In addition, microplastics were found in fish species from the Pasig and
Marikina Rivers in the Philippines, and polypropylene and polyethylene fragments were
the most common microplastics identified [63]. Also, a separate research study observed
that the Sundarbans mangrove forests in Bangladesh were highly contaminated with
microplastics. It was noted that nine fish species had microplastics in their gastrointestinal
tract and muscles, where most particles were smaller than 1 mm and black in colour, with
polyamide being the most abundant polymer type [64].

1.3. Microplastics Detected in Different Regions and Different Fish Species

The infiltration of microplastics into marine habitats is a pervasive issue affecting a
multitude of species. Research has identified their presence in the digestive systems of nu-
merous marine organisms, spanning from the majestic whales to the humble yellow crabs
and green turtles [35,41]. Among the affected species, the Longnose stingray, Cangicum
anemone, shrimp, mussels, dolphin, various molluscs, and even Japanese anchovies have
been found to ingest these harmful particles [30-32,36,44,51,52,54,65]. Notably, microplas-
tics have also been detected in fish populations from diverse regions, such as the Beibu
Gulf in the South China Sea, the Machado River in the Western Brazilian Amazon, and
the Bohai Sea in China [45,53,60]. Furthermore, the global scope of this issue is evident in
the presence of microplastics in dried marine fish sourced from different countries [55,56].
Table 1 provides a comprehensive overview of the fish species affected by microplastic
contamination, emphasising the widespread nature of this environmental concern. These
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findings collectively highlight microplastic pollution’s global distribution and their impact

on marine ecosystems.

Table 1. List of regions and fish specifies where microplastics are detected.

Ref. Region Fish Species
. Gray mullet, Catfish, Whipfin
[52] Goa, India silver-biddy, Pearlspot
. Mackerel, Longfin lizardfish, Barramundi,
[37] Persian Gulf Tongue sole
[66] Tyrrhenian Sea, Italy Gray mullet, Annular seabream, Red mullet
[67] Western Pacific Ocean Highfin seabream, Flying gurnard
[61] Bay of Bengal Bombay duck, Ribbon fish, Hairfin anchovy
Bombay duck, Goldspot herring,
[46] Tuticorin, India White sardine, Indian mackerel,
Skipjack tuna, Sailfish
. European seabass, Atlantic horse mackerel,
[47] Northeast Atlantic Ocean Atlantic chub mackerel
. Carp, Crucian carp, Bluegill, Bass,
[48] Han River, South Korea Catfish, Snakehead
. . White sardine, Shrimp, Belanger croaker,
[57] Mumbai coast, India Bombay duck, Malabar sole fish
[49] North%j;gl?d:}? engal, Brown shrimp, Tiger shrimp
[68] South America Brown hoplo
. Spotted snakehead, Rohu, Bata labeo,
[62] India Spotted mahseer, Amphibious barb
163] Pasig and Marikina Rivers, Nile tilapia, Manila Sea catfish,
Philippines Armored catfish
European pilchard or sardine, European
[58] Adriatic Sea, Italy anchovy, European hake, Spotted flounder,
Striped red mullet, Rock goby
[33] North Sea, Netherlands Atlantic herring, Sprat, Common dab, Whiting
. Shrimp scad, Orange-spotted Grouper,
[38] Persian Gulf Pickhandle barracuda, Bartail flathead
Ilish, Bhetki, Poa, Tengra, Payra, Loitta,
[64] Mongla port, Bangladesh Chemo, Bele
Kamala River sprat, Red-finned mudskipper,
[43,59] Haizhou Bay, China Half-smooth tongue sole, Blackbarred
sandperch, Chinese silver pomfret
[50] Central Philippines Rabbitfish

1.4. Microplastics Detected in Different Body Parts of Fishes

Table 2 illustrates the various research endeavours focusing on marine fish species,
detailing the anatomical regions examined for microplastic presence, the geographical
origins of the specimens, and the data analysis methodologies employed. The investigations
predominantly prioritise the gastrointestinal tracts and gills of fish, with statistical analysis
emerging as most commonly utilised approach by researchers.
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Table 2. List of observed parts of fish, region of collection of fish, data analysis techniques, and name

of the software used.
Ref. Observed Parts Region of Collection Microscope Data Analysis Approach
and Software
[36] Mussel tissues United Kingdom Olympus SZX10 Statistical
(Tokyo, Japan)
Gills, stomachs, .
[54] intestinal tracts, and Eastern Pacific Ocean Leica M205A, OPUS 7.8 Statistical
(Wetzlar, Germany)
muscles
[52] Gastrointestinal tracts ~ Goa, west coast of India AIM-3800, Olympus SX10 Statistical, PAST
[45] Gastrointestinal tracts, Beibu Gulf, South Olympus SZX10, Nicolet Experimental
and gills China Sea iN 10 p
[53] Gastrointestinal tracts Bohai Sea, China Olzgﬁ);iwslzl\ﬁéo’ Statistical, SPSS v. 20
Taiwan, Thailand,
[55] Gastrointestinal tracts, Japan, China, Olympus SZX16, JobinYvon Statistical
muscles and gills South Korea, Vietnam, LabRAM HR800
Sri Lanka
Cox’s Bazar and Daffodil MCX100 (Gurgaon,
[56] - Kuakata, Bay of Bengal, India), Nicolet iS5 FT-IR Statistical, SPSS v. 22
Bangladesh (Green Bay, WI, USA)
1 T™ § 1cTM
[66] Muscles and gills Tyrrhenian sea, Italy Nicolet P;lc\tTell?&Ommc Statistical
Chattogram and . . .
[61] Muscles and gills Kuakata, Bay of Bengal, Daffodil MC;%%;), Nicolet iS5 Statistical
Bangladesh
. . Tuticorin, Southeast Thermo Nicolet model iS5 L.
[46] Gastrointestinal tracts coast of India (Waltham, MA, USA) Statistical
[47] Gastrointestinal t.racts, Northeast Atlantic LEICA S9i Statistical, SPSS v. 24
muscles and gills Ocean
Gastrointestinal tract, . FTIR Microscope, NicoletTM .
[48] gills, and fillets Han River, South Korea INTOTM MX Experimental
[57] Gastrointestinal tracts Mumbeai coast, India SZX16 Model Statistical, SPSS v. 20
. . Northern Bay of XSZ-107BN, IR Affinity-1, -
[49] Gastrointestinal tracts Bengal, Bangladesh Model-8900 Statistical, R software
Gastrointestinal tracts, Pajeu river, Northeast . . . .
[68] and Stomachs of Brazil dissecting microscope (45x) Statistical, R v. 3.2.1
[62] Gastrointestinal tracts, Lucknow, Uttar Leica, EZ4, Witec Alpha Statistical, GraphPad PRISM
muscles and gills Pradesh, India 300RA v. 8.4.0
Pasig River, Marikina Olympus Microscope BX41, .
[63] ) River, Philippines Origin-Prov2021 Experimental
[58] - Adriatic Sea Nikon SMZ2745T, LabSpec 6 Experimental
(Tokyo, Japan )
Motic SMZ-140 (Hong Kong),
[42] Viscera and gills Malaysia Horiba LabRam HR Statistical, SPSS v. 24
(Tokyo, Japan)
Coasts of the
[33] Digestive tract Nethe;i;ﬁf:’aziglum’ Scimitar 1000 FT-IR Experimental
Great Britain
[38] Muscles Northeast of Persian Inductively coupled plasma Statistical

Gulf, Iran

mass spectrometry
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Table 2. Cont.

Ref. Observed Parts Region of Collection Microscope Data Analysis Approach
and Software
. Mediterranean Sea, Olympus Provis AX-70, .
[34] Livers Europe LabRam 300 Experimental
[64] Gastrointestinal tracts, Pasur river, Mong]la, Motic BA10E, Stemi 508 Statistical
and muscles Bangladesh
. . . . Nikon SMZ 1500N, Thermo .
[43] Gut, skin and gills Haizhou Bay, China Nicolet iN10 MX Statistical, SPSS v. 23
[59] Gills and guts Haizhou Bay, China Olympus SZX2-FOF Statistical, SPSS v. 25
Saudi Arabian coast of Stemi 2000 Zeiss L. .
[39] - the Red Sea (Oberkochen, Germany) Statistical, RStudio v. 1.1.419
Coasts of Panama, .
[40] Digestive tract Colombia, Ecuador, Agilent Handheld 4300 FTIR Experimental
. (Santa Clara, CA, USA)
Peru, and Chile
. Olympus DSX 110, .
[69] - West coast of India LUMOS II Statistical, SPSS v. 22

Different types of plastic polymers have been found in different fish species, and
their percentage presence in fish species is shown in Table 3. PE, PET, PS, PP, and PES are
observed to be the most detected polymers in fish species. Additionally, CP is not a plastic
polymer but a natural polymer, which is also highly found in fish species.

Table 3. Percentage of different types of polymers found in fish species.

References

Types of Polymers (Microplastics) [54] [45] [53] [55] [61] [46] [63] [43] [39] [69]
PE 0.7 6 0.5 36 38 54 30.95 13 42 33
PET 38.1 0 16.9 26 0 0 2.38 4.5 0 4

PS 5 0 0.4 18 22 7 2.38 0 4 14.5

PVC 0 0 0 12 16 0 0 0 8 11.5

PP 7.9 6 2.5 8 0 7 57.14 15 42 21.5
PES 46.8 44 0 0 0 14 0 0 0 0
PMMA 0 6 0 0 0 3 0 0 0 0
PA 0 38 0.4 0 13 15 0 8 0 0
EVA 0 0 0 0 9 0 0 0 0 0
Polyethylene-polypropylene 14 0 0 0 0 0 71 0 0 0

copolymer

PAN 0 0 0.9 0 0 0 0 0 4 0
PVAc 0 0 0.5 0 0 0 0 0 0 0
PB 0 0 0.2 0 0 0 0 0 0 0

PC 0 0 0.2 0 0 0 0 0 0 6.5
PMMA 0 0 0 0 0 0 0 0 0 4
PVA 0 0 0 0 0 0 0 0 0 5
Unidentified 0.1 0 0 0 2 0 0.0 19.5 0 0
Non-plastic particles 0 0 0 0 0 0 0 6.5 0 0
CP 0 0 77.5 0 0 0 0 33.5 0 0

1.5. Microplastics in Human Body

Humans are exposed to microplastics through various sources, including air, water,
food, and soil. In particular, fish is a significant component of the human diet, and the
presence of microplastics in fish means that humans are indirectly exposed to microplastic
pollution. In 2024, researchers have discovered that these microplastics are potentially
associated with cardiovascular diseases [70] and have identified microplastics in differ-
ent types of human arteries [71]. Researchers have also uncovered tiny plastic particles,
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including microplastics, within bodily fluids [72]. Laser direct infrared spectroscopy has
enabled scientists to detect and measure microplastics in tissues like the endometrium [73],
gallstones [74], placenta [75], and even in the amniotic fluid of preterm births [76]. Further-
more, microplastics have been found in human urine and kidney tissue [77,78], lower limb
joints [79], vitreous humor [80], and lung tissue [81]. Advanced detection methods have
revealed microplastics in the testes and semen [82,83], and even blood [84] itself. Even
samples of human stool [85], and from patients undergoing heart surgery [86], have shown
traces of microplastics. Details are presented in Table 4.

Table 4. Presence of microplastics in human organs, fluids, and waste products.

Ref. Sample Type Detection Method Type of Microplastics Average Concentrations
Pyrolysis—Gas o 9
[71] Arteries Chromatography—Mass PET (73.70 /02,’ PA-66 (15'54 ), PVC 118.66 + 53.87 ug/g tissue
S (9.69%), PE (1.07%)
pectrometry
PP (13.04%), PS (43.48%), PTFE(4.35%),
. . . PVB (8.70%), PA-6 (8.70%), LDPE }
[72] Bodily fluids Raman Microspectroscopy (8.70%), PEAA (4.35%), PSAN (4.35%),
PVA (4.35%)
EAA (34.58%), FR (14.87%), CPE
Laser Direct Infrared (11.47%), PE (9.95%), ACR (7.76%), PET
[73] Endometrium Spectrosco (6.63%), PP (6.68%), PS (0.85%), PVC 0 to 117 particles/100 mg
P Py (0.98%), EVA (0.41%), PU (2.09%),
BR (2.61%)
Pyrolysis—Gas
Chromatography—Mass
[74] Gallstones Spectrometry and Laser PS, PE, PP, PET, EVA -
Direct Infrared
Spectroscopy
PVC (43.27%), PP (14.55%),
Laser Direct Infrared PBS (10.90%), PET (7.27%), PC (6.91%),
[75] Placenta ases ectfgsco are PS (5.82%), PA (5.45%), polyester fibre 2.70 £ 2.65 particles/g
P Py (2.91%), PE (1.45%), PAM (0.73%),
PSF (0.73%)
Micro-Fourier Transform Healthy donors: PE (27%), PS (16%),
[78] Urine Infrared PP (12%), Endometriosis participants: -
Spectroscopy PTFE (59%), PE (16%)
Micro-Fourier Transform PET (27.1%), PE (21.9%), RA (12.0%),
[79] Lower limb joints Infrared PES (11.1%), PP (9.3%), PA (8.5%), PVC 5.24 £ 2.07 particles/g
Spectroscopy (4.7%), PS (4.4%), PC (2.0%)
Pyrolysis-Gas
Chromatography—-Mass
[80] Vitreous humor Spectrometry and Laser PA (74.8%), PVC (7.3%) -
Direct Infrared
Spectroscopy
Micro-Fourier Transform PP (23%), PET (18%), RA (15%),
[81] Lung tissue Infrared PE (10%), PTFE (10%), PS (8%), PAN 1.42 + 1.50 MP/g of tissue
Spectroscopy (2%), PES (2%), PMMA (3%), PUR (3%)
Pyrolysis-gas Semen: PVC (25%), PE (25%), Semen:
PA (17%), PS (13%), PP (13%), PET (7%) 0.23 £ 0.45 particles/mL,
[82] Testes and semen Chrog‘atogriﬁ’ﬁz‘Mass Testis: PS (67.7%), PVC (12.9%), Testis:
pectrometry PE (12.9%), PP (6.5%) 11.60 = 15.52 particles/g
Pyrolysis-gas
[84] Blood Chromatography-Mass PE, PS, PET, PMMA 1.6 pg/mL
Spectrometry
Fourier-Transform PP (62.8%), PET (17.0%), PS (11.2%), PE
[85] Stool Infrared (4.8%), PVC (0.54%), PU (0.40%), PA -
Microspectroscopy (0.54%), PC (0.67%)
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2. Conclusions and Future Outlook

Microplastic pollution in marine environments represents a significant and growing
environmental challenge with extensive implications for marine biodiversity, ecosystem
functionality, and human health. This review has underscored the ubiquity of microplastics
in marine ecosystems, tracing their origins to various sources such as synthetic textiles,
packaging, and personal care products. Once introduced into the environment, these
microplastics infiltrate marine food webs, impacting a wide array of marine organisms,
particularly fish.

The ingestion of microplastics by fish has been well documented, with particles being
found in their gastrointestinal tracts, gills, and other tissues. These ingested microplastics
can cause physical harm, such as blockages and injuries, as well as physiological stress,
including reduced feeding, impaired growth, and reproductive issues. Furthermore, mi-
croplastics can act as vectors for harmful chemicals and pathogens, exacerbating their
detrimental effects on marine life. Human exposure to microplastics primarily occurs
through the consumption of seafood. The detection of microplastics in human tissues and
their potential link to health issues such as inflammation, cellular damage, and endocrine
disruption raises significant concerns. Despite the advancements in detection techniques
and growing evidence of the adverse effects, the complete extent of microplastic pollution’s
impact on human health remains underexplored. Comprehensive and long-term studies
are essential to mitigate microplastic pollution’s impacts. Future research should focus on
the chronic effects of microplastic exposure on marine organisms and the subsequent impli-
cations for human health. Such studies should consider various species, developmental
stages, and environmental conditions to provide a holistic understanding.

Furthermore, identifying and quantifying the primary sources and pathways through
which microplastics enter marine environments is crucial for developing targeted mitigation
strategies. Enhanced detection methods and data collection and analysis standardisation
are necessary to accurately assess microplastic concentrations across different matrices
and studies. Innovation in material science to develop biodegradable alternatives to
conventional plastics can offer a sustainable solution to reducing plastic pollution. However,
understanding these alternatives’ degradation process and environmental impact is vital
for ensuring their effectiveness. The development of effective policies and regulations
is critical to addressing the issue of microplastic pollution. Interdisciplinary research
that integrates environmental science, public health, and policy studies can inform the
creation of regulations to reduce plastic production and improve waste management
practices. Evaluating the effectiveness of existing policies will also be beneficial in shaping
future interventions.

Public awareness and education play a pivotal role in combating microplastic pol-
lution. Educating communities about the sources, impacts, and mitigation strategies can
foster behavioural changes that reduce plastic waste. Innovative and effective educational
campaigns can engage the public in environmental stewardship. Therefore, addressing the
complex issue of microplastic pollution requires a multifaceted approach involving com-
prehensive research, innovative solutions, effective policies, and public engagement. By
advancing our understanding and implementing targeted actions, we can protect marine
ecosystems and safeguard human health from the pervasive threat of microplastics.
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Abstract: Waste biogenic materials derived from seafood exploitation represent valuable resources
of new compounds within the blue bioeconomy concept. Here, we describe the effectiveness of
Raman technology implementation as an in-line tool for the demineralization process control of
crustaceans or gastropods. Transparent chitin polymeric foils and calcium acetate by-products were
obtained from three waste crustacean shells (C. sapidus, S. mantis, and M. squinado) using a slow,
green chemical approach employing acetic acid. Progressive mineral dissolution and increasing of
the Raman characteristic signal of chitin is shown in a time-dependent manner using NIR-Raman
spectroscopy, while resonance Raman shows intact carotenoids in reacted shells after 2 weeks. Chitin
foil products are species-specific, and the demineralization bath of the waste shell mixture can be
effectively tracked by Raman tools for solvent control and decision making for the recovery of calcium
acetate by-products. Comparatively obtained calcium acetate from Rapana venosa snail shells, the
subject of Raman analyses, allowed assessing by-product identity, hydration status, purity, and
suitability as recrystallized material for further use as a pharmaceutical compound derived from
different crustaceans or gastropod species. Cross validation of the results was done using FI-IR, XRD,
and SEM-EDX techniques. A hand-held flexible TacticID Raman system with 1064 nm excitation
demonstrated its effectiveness as a rapid, in-line decision making tool during process control and
revealed excellent reproducibility of the lab-based instrument signal, suitable for in situ evaluation of
the demineralization status and solvent saturation control.

Keywords: Raman technology; recovery and resource utilization technology; process control; biogenic
carbonate waste; demineralization process control; chitin; calcium acetate drug; carotenoids

1. Introduction

The demineralization of crustacean shells has wide applicability not only in materials
science but also in aquatic research and environmental studies, especially in light of the
increasing demands of the bioeconomy sector. The main objective of the blue bioeconomy
is to obtain new and valuable products from aquatic waste, making it one of the rapidly
expanding research fields in the context of current priorities [1].
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The abundant aquatic waste material in focus here is the biogenic calcium carbonate
originating from crustacean or gastropod shells. Among these, the Atlantic blue crab
Callinectes sapidus (Rathbun, 1896) and whelk Rapana venosa (Valenciennes, 1846) are ranked
as some of the most invasive species in the Mediterranean and Black Sea basins. There are
many studies related to the increased awareness regarding the most invasive species in the
Mediterranean Sea, such as the one conducted by Marchessaux et al., who advocate the
resilient idea of turning the threat into new opportunities [2—4].

The Atlantic blue crab C. sapidus and the whelk R. venosa are both ranked among
the 100 worst invasive species, with a negative impact on the ecology of invaded areas,
seashore ecosystems, touristic areas, as well as the aquaculture exploitation of the local
bivalve products. These species have garnered attention not only from environmental
scientists but also from the blue bioeconomy research field due to their potential for
multidisciplinary approaches. Aquatic resources can be sustainably exploited to produce
value-added compounds or innovative products from aquatic waste.

We demonstrated in several recently published papers that the highly ordered 3D
nanostructure of the C. sapidus shells, comprising mineral and organic components [5],
possesses an intricate porosity, which could be exploited for various applications [6]. These
include serving as an efficient material for solution loading and slow release [7,8], a drug
carrier, an efficient absorbent of pollutants [9], and a new biostimulant [10], while being
compliant with the regulations regarding their heavy metal content [11].

The complex scaffold of chitin-protein fibrils, which supports biomineralization, has
never been considered with respect to its potential utility as a chitin-based polymer foil.
This green product might be available as a subject of the intact raw material being dem-
ineralized, without powdering. As recently reviewed, numerous studies reporting chitin
or chitosan production from crustaceans [12] have used powdering as a main step in the
production process, where understanding dependencies for efficient extraction is crucial.
When speeding up the process, the energy consumption and the workload for the multi-
step preparation of powders are high, while a slower process could eliminate all these steps.
The demineralization process, however, can be considered without powdering, heating,
and stirring of the demineralization bath, resulting in a material that can be further tailored
according to the desired products.

Chitin, the second most abundant polymer after cellulose, is widely produced from
the primary source of aquatic waste derived from crab and shrimp processing. Industrially,
chitin is produced throughout acid treatment, with hydrochloric acid being the preferred
demineralization agent, even though it may negatively impact the molecular mass and
the degree of deacetylation of the resulted polymer. Therefore, it may impair the purified
chitin’s inherent qualities [13]. The demineralization process is followed by deproteiniza-
tion and decolorization to obtain pure, colorless chitin, without any residues, reaching the
required quality for specific applications in many fields, such as drug delivery and tissue
engineering as well as agriculture, food industry, and others [12]. Due to the variability of
the chitin source, the entire production process requires optimization.

To obtain chitin from various crustacean species, the demineralization process may de-
pend on the structural and morphological characteristics of each species; thus, knowledge-
based decisions on the most convenient process steps are required. Additionally, during
the demineralization process, tools needed for informed decisions (to continue, to modify
conditions, or to stop) are scant. Most of the studies rely on obtaining the “final product”
under certain conditions and consider the necessary repeating of operations or improved
conditions to achieve the optimal processing. This is done with the aim of ensuring compat-
ibility with the transition to the industrial environment at the highest technology readiness
level (TRL), while achieving a low-cost, high-quality final product, minimal workload, and
an environmentally friendly chemical consumption [14].

When exposed to acid treatment (usually hydrochloric acid), the biogenic carbonate
reacts to yield the secondary product, calcium acetate, in addition to CO, and water.
Calcium acetate, approved by the regulatory bodies [15], is widely used as a food additive,
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an acidity regulator, a preservative and stabilizing agent for nutraceuticals, a calcium
supplement, and a medication for patients with kidney disease undergoing dialysis, to
control hyperphosphatemia. There are two widely used industrial methods to obtain
calcium acetate. One involves the reaction between calcium carbonate and acetic acid, often
using natural limestones or marble as the starting material, resulting in calcium acetate,
carbon dioxide, and water. The other method employs using calcium hydroxide and acetic
acid, yielding calcium acetate and water. The biogenic carbonate waste material, typically
referring to calcium carbonate derived from crustaceans’” waste, bivalve or mollusc shells,
is not usually considered, as it is often blamed for the potential impurity residues that may
alter the quality of the calcium acetate product.

To the best of our knowledge, there are neither reported studies on obtaining transpar-
ent polymeric foils of chitin from unground, unpowdered biogenic materials derived from
Callinectes sapidus, the mantis shrimp Squilla mantis (Linnaeus, 1758), and the European
spider crab Maja squinado (Herbst, 1788), nor reports on calcium acetate obtained from
these crustaceans. Iftekhar et al. [16] noted the preparation of an optically transparent crab
shell by removing non-chitin components (e.g., calcium carbonate, proteins, lipids, and
pigments) to create transparent nanocomposites with improved properties. The species con-
sidered was Chionoecetes opilio (Fabricius, 1788), and the demineralization process occurred
under hydrochloric acid treatment [16].

Previous studies have employed Raman spectroscopy as a tool for characterizing
shells from various species. Polyene pigments (carotenoids) and inorganic calcium car-
bonate have been identified within the shells of several gastropod species through Raman
spectroscopy [17], while investigations of the inorganic composition of bivalve [18] and
crustacean [19] shells have also been conducted using Raman techniques. All these studies
analyzed the efficiency of Raman spectroscopy in marine shell characterization. However,
we use Raman spectroscopy in controlling the demineralization process, which has not
been previously explored.

In this paper, we demonstrate the usefulness of the Raman spectroscopy techniques to
assist in the demineralization process of the biogenic carbonates derived from three distinct
crustacean species to obtain chitin or derived from R. venosa shells to valorize the abundant
calcium content for calcium acetate production, as this gastropod shell does not comprise
chitin. We compared the in-line process control results in terms of Raman spectroscopy
signal, to check the appearance of the chitin signal in the resulting demineralized biological
samples in a timely manner using both the lab-based Raman system and the hand-held
Raman instrument. We further comparatively evaluate the calcium acetate by-products
resulting from application of a ‘green” method, using the acetic acid reaction on the biogenic
waste at room temperature, without powdering or heating. Finally, we evaluate the quality
of the calcium acetate resulting from the crustaceans and snail shells. Fourier-transform
infrared spectroscopy (FT-IR), X-ray diffraction (XRD), and scanning electron microscopy
combined with energy dispersive X-ray spectroscopy (SEM-EDX) were employed as cross-
validation methods to confirm the identity and the morphology of the final bio-products.

Considering the time, cost, effort, and chemicals required for such a crucial industrial
approach, here we propose the implementation of Raman technology as an effective tool to
assist every step of this economically important activity.

2. Materials and Methods
2.1. Biogenic Material Selection and Processing

Biological samples from three crustacean species—C. sapidus, S. mantis and M. squinado—were
acquired through a collaboration between the Babes-Bolyai University and the University
of Dubrovnik, originating from the Neretva River Delta (Southeasten Adriatic Sea). The
specimens of S. mantis and M. squinado were caught and maintained in frozen conditions,
while the shells from C. sapidus represented food waste from cooked crabs. One specimen
from each of S. mantis and M. squinado were eviscerated. We considered waste biogenic
material from cooked carapace fragments of C. sapidus, cuticle segments of the abdomen,
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the telson cuticle from S. mantis, and the whole, raw carapace of M. squinado for the
experimental studies. Fresh specimens of the R. venosa snail were gathered from a cluster
of individuals along the Romanian shores of the Black Sea, specifically Navodari, at the
geographical coordinates 44°18'07.4" N, 28°37'38.4" E. The R. venosa shells were randomly
selected from a large stock comprising both the specimens with intensive pink-orange
pigmentation and the specimens with pronounced blue pigmentation.

The selected crustacean shells were cleaned from adherent aquatic materials, de-
greased, washed abundantly with deionized pure water (resistivity 18.2 M) x cm at 22 °C)
and immersed in pure glacial acetic acid. R. venosa specimens were immersed in a vine-
gar bath (acetic acid 9%) after undergoing a thorough cleaning process with the removal
of soft tissue from the shells. Demineralization occurred at room temperature, with the
process systematically monitored through periodic analysis of the biological samples by
Raman techniques.

2.2. Chemicals

Glacial acetic acid was provided by Sigma Aldrich, St. Louis, MO, USA, while geogenic
calcium carbonate was purchased from CHIMREACTIV S.R.L, with both substances being
used without any further purification.

2.3. Demineralization By-Products and Reference Calcium Acetate Synthesis

The immersion bathing solutions of the biological samples were evaporated by ex-
posure to controlled heat to fully investigate the demineralization process. Given that
calcium carbonate is the main mineral of the biological samples considered, the reaction
between this compound and acetic acid was observed to obtain geogenic calcium acetate
as a reference material of the demineralization by-products. Geogenic calcium acetate
was synthetized using 1 g of standard geogenic calcium carbonate dissolved in a mixture
solution of 2 mL pure glacial acetic acid and 3 mL acetic acid aqueous solution 10%. The
obtained mixture was prepared under magnetic stirring at a controlled temperature for
60 min, with the resulting solution being evaporated under controlled heat. All pow-
ders obtained were dried in an oven at 60 °C for 24 h and investigated through Raman
spectroscopy and X-ray diffraction.

2.4. Instrumentation

As a lab-based instrument to validate the hand-held Raman system, we employed
the Renishaw InVia Reflex Raman system (Renishaw, Gloucestershire, UK) with a Leica
confocal microscope. For Raman excitation, a laser diode emitting at 785 nm was employed
to characterize the starting materials and the ones during the demineralization progress.
An additional Cobolt diode pumped solid-state laser emitting at 532 nm was employed
to control the presence of native carotenoids in biogenic shells, exploiting their selective
signal under resonance Raman conditions, and a He-Ne- laser providing the 632.8 nm
excitation line was used for detecting the carotenoprotein resonant signal. The laser power
and the exposure time were adjusted for each acquisition to achieve optimal signal-to-noise
ratio, with the data presented in Figure S1. The laser power was selected within the range
of 1-50 for 785 nm excitation and 0.5-10 for 532 nm and 633 nm. Due to the different
thicknesses of the samples, the exposure times varied accordingly, from 1 s to 10 min in
the case of extended acquisitions (Figure S1). The instrument calibration was achieved
with the internal silicon providing the band centered at 520 cm~!. WiRE™ 3.4 Software
(Renishaw, UK) was used for data acquisition. The spectral resolution was 1 cm~! in NIR
and 0.5 cm™! for the visible range excitation.

A hand-held TacticID® Mobile Raman system, model BWS493TSII (BWTEK, a Metrohm
Group Company, Herisau, Switzerland), with a NIR-laser emitting at 1064 nm, 220 mW,
with a TE-Cooled InGaAs Array detector, was used to record spectra during the process

in the 176-2000 cm ™! spectral range, with a spectral resolution of 11 cm~!. The sys-
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tem is equipped with a database of 1200 spectra of synthetic chemicals, narcotics, drugs,
explosives, cutting agents, precursors, and solvents [20].

A Shimadzu FT-IR IRSPIRIT with an QATR-S accessory (Shimadzu Europa GmbH,
Duisburg, Germany), holding a single-reflection integration-type ATR module and with a
diamond prism, was employed to record the FI-IR spectra of the demineralized fragments
in the 6504000 cm ! spectral range, setting 50 accumulations per spectrum, with 4 cm~!
spectral resolution selected in the LabSolutions IR software version 2. 31 (3 February 2023).

X-ray powder diffraction (XRD) analyses were achieved using a Bruker D8 Advance
diffractometer (Bruker Corporation (Bruker AXS Advanced X-ray Solutions GmbH), Karl-
sruhe, Germany) in Bragg-Brentano geometry, possessing a Cu tube with Ax, = 0.15418 nm,
a Ni filter, and a LynxEye detector. Corundum (NIST SRM1976a) was used as an internal
standard. The data were collected in the 3.8-64° 20 interval at a 0.02° 20 step, measuring
each step for 0.2 s. Acetate precipitates were ground in an agate mortar and placed in
Bruker PMMA sample holders. In the case of the demineralized foils, surface XRD was
performed on foil fragments, with the surface of the fragments aligned to the X-ray beam.
The identification of mineral phases was performed with the Diffrac.Eva 2.1 software
(Bruker AXS) using the PDF2 (2023) database from the ICDD (International Centre for
Diffraction Data).

Scanning electron microscopy and energy-dispersive X-ray spectroscopy (SEM-EDX)
analyses were achieved using a Hitachi SU8320 ultra-high resolution cold field emission
scanning electron microscope (Hitachi, Ibaraki, Japan) with a Quorum Q150T gold sput-
tering coater of a controlled thickness of 11 nm at a rate of 14 nm/min and evaporating
carbon for EDX analysis using an Oxford energy-dispersive X-ray module (Oxford, UK) for
semiquantitative elemental analysis of the demineralized shell fragments.

The dataset underwent comprehensive processing and analyzing using OriginPro
2021b version 9.8.5.212, OriginLab Corporation, Northampton, MA, USA. The data pro-
cessing steps of the Raman spectra include smoothing and background subtraction. Raw
spectra together with the spectral acquisition parameters are presented in the supplemen-
tary materials (Figure S1).

3. Results and Discussion
3.1. Demineralization Process

The stock of the selected materials for exploring the green demineralization process,
consisting of untreated fragments of crustacean shells, is shown in Figure 1A. All the
anatomical fragments were subjected to the same demineralization treatment, described
above. Following the applied treatment, transparent and flexible samples were obtained, as
noted in Figure 1B. In addition, the disappearance of the stiffness indicates the dissolution of
the mineral component of the crustaceans’ shells (Supplementary Material, Video S1). The
process was accompanied by the extraction of carotenoids, leading to the discovery of acetic
acid’s role in the depigmentation of crustacean shells. In the case of R. venosa, Figure 1C
highlights the effects of shell demineralization after 14 days of vinegar immersion. The fully
developed specimen showed, overall, different prominent signs of shell degradation from
the appearance of through holes, shell apex withdrawal, and strong interior depigmentation.
Furthermore, fragments of the exterior-side shell layer with brown pigmented lines started
to detach from the still-solid body.
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Figure 1. (A) Untreated anatomical parts: carapace fragments (a) and ventral fragment (b) of C.
sapidus; cuticle segments of abdomen (c), uropod (d), and telson cuticle (e) from S. mantis; carapace of
M. squinado (f); (B) crustacean anatomical shell fragments after exposure to acetic acid for 65 days:
carapace fragment (a) and ventral fragment (b) of C. sapidus; cuticle segment of abdomen (c), uropod
(d) and telson cuticle (e) from S. mantis; carapace of M. squinado (f); (C) adult R. venosa shell during
vinegar demineralization (a) and after 14 days of treatment in ventral (b) and lateral (c) view.

3.2. Raman Spectral Analyses during the Demineralization Process

The Raman spectra of the starting materials were checked to comply with the already
known [5-9] characteristics: under 785 nm excitation, the crab species shells exhibit the
dominant, characteristic bands of calcite at 1085, 712, 281, and 156 cm !, weak bands of
pigments (free and non-covalently bond astaxanthin showing the C=C stretching modes
at 1516 and 1494 cm™!, respectively), and several weak trace bands originating from
the most intense modes of chitin above a typical background, even for NIR excitation
(Supplementary Figure S1). Particularly, in the case of the S. mantis shell, besides the above
bands typical for crabs, a strong band is observed for phosphate at 954 cm~!, which is
overlapped with the more prominent chitin bands. To track the demineralization process
under acetic acid exposure, we analyzed the biological samples at different moments of
time, marked in Figure 2 for each individual crustacean specimen.
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Figure 2. Raman spectra evolution of the biogenic material from C. Sapidus (A), S. mantis (B), and
M. squinado (C) at various times (indicated as hours or days) during the acetic acid demineralization
process, using a 785 nm laser line, compared to the reference spectrum of «-chitin, as indicated. The
blue spectra show the reference signal of calcium carbonate to highlight its disappearance in the
final products.

By monitoring the evolution of the Raman spectrum of the crustacean shells, from the
typically raw biogenic calcium carbonate presence to the appearance of the characteristic
signal of chitin and the disappearance of the calcium carbonate Raman bands at 1085,
712, 281, and 156 cm ™!, the spectra taken during the process control promptly guided
decision making regarding whether to stop or to continue the acetic acid exposure of
the crustacean shells. It turned out that the different species required varying durations
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for complete demineralization, with the thick carapace of M. squinado requiring a longer
exposure compared to the shell fragments of C. sapidus or S. mantis.

The Raman spectra of the biogenic material from C. sapidus after acetic acid exposure
are shown in Figure 2A. The presence of calcium carbonate in the polymorphic form of
calcite is revealed by the Raman spectra acquired from the C. sapidus untreated shell and
the one exposed to acetic acid for 20 h. Additionally, the strongest band in the astaxanthin
Raman spectrum is also present in the spectra of the two discussed samples. The x-chitin
specific signals start to appear only after exposure to acetic acid, being covered by the
background in the case of the untreated fragment shell. After 140 h of immersion in acetic
acid, the C. sapidus shell fragment was completely demineralized. Thus, through exposure
to acetic acid, markedly weaker acid than the hydrochloric acid, which was commonly
employed in many previous studies [12], the process of dissolving the mineral component
in crustacean shells yielded promising outcomes. Following this success, we monitored the
evolution of the chitin Raman bands through an extended acetic acid treatment. Once the
exposure time increased, the Raman spectrum acquired on the shell fragments began to
show an improved spectral resolution of the x-chitin signal. After 65 days of immersion
in acetic acid, the spectrum of the shell fragment from the C. sapidus presented the bands
of the reference x-chitin with highest accuracy. Additional vibrational bands express the
presence of lipids and proteins in fragments of C. sapidus shells exposed to acetic acid.

The different time needed for chitin clear band appearance along the demineralization
process could be explained by the fact that the various parts of the crab shell have different
compositions and thicknesses [21]. Considering the biological samples, the whole carapace
of M. squinado is more mineralized and thicker than the S. mantis cuticles; thus, the latter
experienced faster demineralization and clear observation of chitin Raman band occurrence.
The earliest chitin bands were observed after 18 h of acetic acid bath treatment (Figure 2B).
The calcium carbonate Raman signal was still present after two weeks of treatment in
the carapace of M. squinado, indicating an intricate structure and low demineralization
process (Figure 2C).

Time-dependent Raman spectra acquired under 785 nm excitation revealed different
chitin bands in the case of S. mantis and M. squinado. The first chitin bands observed
after 18 h of treatment in S. mantis are present at other points in time. In the case of M.
squinado, the first chitin bands were visible two weeks after the treatment. At the same time,
calcium carbonate bands at 152 cm ™1, 281 cm ™!, and 1087 cm ! were still present. Besides
chitin and calcium carbonate, the peaks with the highest intensity were those from the
carotenoids and the carotenoproteins (Figure 3). The excitation of the carapace at the end
of the treatment (after 65 days) revealed a high background from the remaining proteins
(Figure 2C). Due to the high background, the calcium carbonate bands were often not seen.
Carotenoids seemed not to be present at the time, or the point of the carapace did not
contain carotenoids. The color originating from the carotenoids was still visible with the
naked eye at the end of the treatment (Figure 1B).

The crab cuticles contain carotenoids and carotenoproteins, as Figure 3 shows. The
carotenoids were still present after 14 days of acetic acid bath solution. In the case of C.
sapidus and M. squinado, the carotenoid profile did not experience shifts in the wavenumber
position but appeared with lower relative intensity (Figure 3A,C). S. mantis carotenoids
exhibited shifts in the wavenumber position, and the relative intensities of the vibrational
bands were lower after acetic acid treatment (Figure 3B).
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Figure 3. Pigments detected in the raw crustacean shells of C. sapidus (A), S. mantis (B), and
M. squinado (C) under resonant Raman excitation with 532 nm for carotenoids (green line) and
633 nm for carotenoproteins (red line) before demineralization, and after 14 days of exposure to the
acetic acid bath solution with 532 nm (top spectra, navy blue line in each case).

3.3. Validation Results Using FT-IR Spectral Analyses of Demineralized Foil Products Derived
from Crustaceans

The FT-IR spectra of the demineralized crustacean foils are shown in Figure 4. In
the case of all three crustacean species (C. sapidus, S. mantis, and M. squinado), some new
vibrational bands were identified at the end of the demineralization process (65 days)
in addition to the specific vibrational signals previously reported for raw crustacean
fragments [9]. Among these, chitin-specific FT-IR bands were identified in all specimen
fragments, as follows: 891 cm~! (ring stretching), 1411 cm~! (CH, bending and CHj
deformation), 1556 and 1315 cm™! (amide IT (N-H bending and amide III (C-N stretching)
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and 1628 cm™~! (stretching of amide I) in agreement with other FT-IR data reported on
chitin [22,23]. S. mantis and M. squinado demineralized shell fragments also revealed chitin
bands at 1113 cm~! (asymmetric in phase ring stretching) and 1377 cm~!, while higher
CO-stretching mode was identified in the case of the C. sapidus-treated shell fragment at
1022 em™1, [22,23].
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Figure 4. FT-IR spectra of the intact, transparent, demineralized foil products resulting from the three
crustacean species after 65 days of acetic acid treatment: S. mantis (blue line), C. sapidus (black line),
and M. squinado (red line).

3.4. Validation of the Demineralized Intact Foil Product Content Using X-ray Diffraction

The X-ray diffraction patterns of the demineralized foils from each of the three studied
crustacean species are shown in Figure 5. The presence of the characteristic peaks corre-
sponding to the poly-glucosamine functional group, which are indicative of the structural
framework of the chitin biopolymer, confirmed the demineralized foils’ chitin content. The
diffraction peaks were recorded around the following 20 values: 9.2°, 19.3°, 23.4°, and
39°. These findings suggest that all three biological demineralized specimen fragments
exhibit the same chitin semi-crystalline structure signal, consistent with previously reported
characteristics of chitin extracted from insects and cuttlebone [24].
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Figure 5. XRD diffraction patterns of the intact, transparent, demineralized foil products resulting
from the three crustacean species after 65 days of acetic acid treatment: C. sapidus (black line),
S. mantis (blue line), and M. squinado (red line).
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3.5. Validation of the Calcium Acetate By-Product Using X-ray Diffraction Patterns of the
Crystallized Compound from Acetate Bath Solutions

Aside from the production of demineralized biological shells, acetic acid treatment
of the crustaceans’ cuticle and vinegar treatment of the gastropod resulted in a calcium
acetate by-product, a chemical of high interest in the medical field.

According to the XRD data of the calcium acetate resulting from the evaporated
demineralization bathing liquid of the crustacean shells, the saturated solution indicates a
mixture of at least three distinct compounds: calcium acetate monohydrate, calcium acetate
hemihydrate (calcium acetate half-hydrate) [25], and two additional peaks at 9.42° and
9.74° (Figure 6), which can be possibly assigned to calcium magnesium acetate hydrate, as
previously noted [26].
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Figure 6. XRD pattern of the calcium acetate hemihydrate by-products from R. venosa snail (top
panel), from an adult specimen featuring pink shell color (orange spectrum) and from the blue
pigmented shells (light-blue plotted diffractogram). Calcium acetate by-products from crustaceans
(bottom panel) show different hydrated forms of Ca-acetate from the bathing solution of mixed
crustacean shells (dark-red line), Ca-acetate from C. sapidus as a mixture of Ca-hydrogen acetate and
hydrate (navy-blue line), and geogenic Ca-acetate hemihydrate (black line), as indicated on each
diffractogram. Additional peaks in the Ca-acetate from the bathing solution of mixed crustacean
shells (dark-red line) are plotted in green, indicating other contributions.
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The calcium acetate produced from the blue crab (C. sapidus) is in fact a mixture
of calcium hydrogen acetate (CaHAc 1:1:3) and calcium acetate monohydrate, while the
geogenic form described above, and produced as a reference, is composed of the half-
hydrate form ((CH3COO),Ca - 0.5 HyO), as the X-ray diffraction patterns show. This form
was the only one resulting from the comparative demineralization solutions of the two
randomly selected R. venosa specimens, appearing as a more pink or blue pigmented shell
color. From these comparative data, we can conclude that using R. venosa shell waste for
calcium acetate production might be more effective and deserves more elaborate study
(under development); these findings may be explained by the lower magnesium content
of the R. venosa mineral shell, containing a mixture of aragonite and calcite polymorphs
of calcium carbonate. In the case of the crustacean shells, the chitin flexible foils resulting
from whole-cuticle macro-fragments as a compact polymer could be recovered, preserving
their shape integrity, while the organic component of the demineralized R. venosa shells,
where chitin is not present, was dispersed in the acetic acid solution once the biomineral
component was dissolved.

3.6. Validation of the Calcium Acetate By-Product Using Raman spectra of the Crystallized
Compound from Acetate Bath Solutions

To comprehend the structural variations between the obtained calcium acetate hy-
drates, Raman spectroscopic analyses of the powdered Ca-acetate by-products were con-
ducted in addition to X-ray diffraction. As shown in Figure 7, calcium acetate derived from
R. venosa, both from adult, orange pigmented specimen and the one from a blue pigmented
specimen exhibited Raman bands similar to those from the geogenic compound [27]. Re-
garding the calcium acetate forms obtained from crustaceans, both mixed and only from
C. sapidus, the Raman spectra showed the presence of specific vibrational bands of the
geogenic form, but their profile is slightly different. Notable differences are observed in the
case of C. sapidus calcium acetate by the new vibrational bands at 1697 cm~! and 903 cm !
assigned to calcium hydrogen acetate as well as the shift of the 1467 cm ! signal. These
marked differences can be attributed to the saturation of the bathingsolution, and the
co-existence of two acetate forms, also confirmed by the XRD analyses.
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Figure 7. Raman Spectra of the calcium acetate hydrates formed in the demineralization bath
solutions of tested pink-orange pigmented (orange line) and blue pigmented R. venosa (light-blue line)
specimens, mixed crustacean specimens (dark-red line), and C. sapidus (navy-blue line), compared to
the geogenic calcium acetate (black line).

3.7. Demineralization Process Tracked with a Handheld TacticID Raman System

Using the hand-held Raman instrument, we were able to record the signal of the
acetic acid bath solution comprising intact crustacean cuticle fragments exposed to the
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demineralization process, as well as the minerals in various stages of demineralization.
Additionally, three isolated and crystalized calcium acetate by-products could be tracked
through the recipient or plastic bag sample. The advantage of the hand-held Raman system
relies on the possibility of accurately recording the Raman spectrum of the bathing solution
through the glass container. Thus, it is effective for controlling the bathing solution in
terms of reagent consumption, the occurrence of the dissolved compounds during reaction,
and the status of the intact fragments regarding their calcium carbonate dissolution, as
illustrated in Figure 8A. During the process, the TacticID Raman instrument was used for
detection of the chitin bands in the treated C. sapidus shell fragment after one week of the
acetic acid treatment (Figure 8B). The occurrence of the chitin bands in comparison with
the reference x-chitin shows linear correlation (R2 =(0.998 and Pearson’s r = 0.998), demon-
strating the value of the employment of the system for optimizing the demineralization

process (Figure 8C).
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Figure 8. Using a TacticID Raman hand-held instrument to control the demineralization process:
images of the instrument at work and the displayed Raman spectra of the acetic acid bath solu-
tion (A), measured through the demineralization glass container (upper image, red line in the graph)
and through its holder accessory for liquids (lower image, green line in the graph). (B) Setup of
measurement of C. sapidus fragments: untreated (down-left image, green line in the graph), showing
the strong calcium carbonate signal of raw shells and their disappearance after acetic acid treatment
(down-right image, red line in the graph). The chitin reference signal is shown for comparison.
Excitation: 1064 nm. (C) Linear correlation (R* = 0.998, Pearson’s r = 0.998) of the chitin bands
recorded with TacticID Raman hand-held instrument from the final foil product, with the standard
a-chitin bands recorded with a lab-based instrument.

Compared to the lab-based Raman system, where excitation with 785 nm of the
demineralized shells in various stages results in a highly fluorescent background, with
several steps needed to process multiple data (Supplementary Figure S1), the hand-held
system incorporated technology to instantly “see” the processed signal without additional
work-loading. The observed Raman bands collected from the resulting intact demineralized
shell fragments of the three crustacean species are summarized in Table 1, together with
their assignment. In addition to the chitin bands, clearly observed either with the lab-based
or with the portable handheld instrument, several additional bands were observed, which
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might be attributed to proteins or lipids [28]. The by-products (crystalline calcium acetate)
were identified through the plastic bag, as samples used in other validation techniques,
and confirmed the identity of the product.

Table 1. Summarized Raman bands observed in spectra of the demineralized, chitin-based foil

products derived from the three crustacean species, compared to the pure x-chitin [29-32].

Waste Shell «-Chitin
Chitin-Based Foil Waste Shell of Waste Fragment of S. mantis .
. . ; Raman Assignments
from C. sapidus C. sapidus M. squinado (Abdomen _1
. Bands/cm
Cuticle)
Hand-held
TacticID Renishaw InVia Renishaw InVia Renishaw InVia
Raman Reflex Raman Reflex Raman Reflex Raman
Instrument, system, 785 nm system, 785 nm system, 785 nm
1064 nm
5(C—NH-C),
250 253 254 253
7(OH)
325 325 325 325
366
369 369 7(OH),
7(¢)
373 373
395 395 397
457 456 457 458 d(C—C—C)ring
499 501 501 499 (C-0C)
527 530 skeletal backbone
d(C—-0C)
567 565 566 !
Jop(O — H)
7(C—-C),
5(C-0),
599 599 5(C - H),
v (POAT)
T(C—-C),
658 650 649 6(C—-0),
6(C—H)
Jop(C = 0),
755 709 710 dop(C — H),
d(N —H)
899 894 898 894 899 d(CHy)
955 953 955 952 955 6(CH3), 6(C—0O—H)
v(C—-0),
1059 1059 1059 v(C—-C),
ring
1109 1109 1108 1109 vs(C— 0O —C), ring
1146 1147 1149 Vs(C—0 —C)
Amide III,
v(C—H)
1266 1263 1268 1265 1266
‘Sip(N —H)
‘sip (C=0)
1337 1328 1330 1328 Amide III, 65 (CH3)
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Table 1. Cont.

Waste Shell «-Chitin
Chitin-Based Foil Waste Shell of Waste Fragment of S. mantis .
. . ; Raman Assignments
from C. sapidus C. sapidus M. squinado (Abdomen _1
. Bands/cm
Cuticle)
p(C—CH,)
1373 1372 1374 1378 5(C — CH)
1416 1414 1415 1415 w(CH,), vs(COO™)
0(CHy),
1451 1448 1451 1451
das(CHs)
1629 1620 1621 1622 Amide L, (N — H)
Amide I,
1663 1657 1658 1657 »(C-0)
2880 2882 2881 vs(CHp)
Out of the 2913 2909 vs(CHs)
instrument range 2937 2937 2937 2936 Vas(CHp)
2958 2963 vas(CH3)

Vs = symmetrical stretching, 1,5 = asymmetrical stretching, § = bending, Js = symmetrical bending, ;s = asym-
metrical bending, J;, = in-plane bending, J,, = out-of-plane bending, p = rocking, T = twisting, w = wagging,
d = deformation.

3.8. Surface Morphology of the Demineralized Crustacean Foils Determined with SEM

SEM images show surface morphology of the treated cuticle shells at the end of the
acetic acid treatment (65 days). The surface morphology of the transparent polymeric foils
derived from C. sapidus fragment shells shows the long, unbroken fiber texture of chitin
(Figure 9). Additionl images and semi-quantitative analyses of the demineralized crustacean
foils determined with SEM-EDX are given in the supplementary material (Figure S2).

Figure 9. SEM images of the surface morphology of the chitin foils derived from the C. sapidus cuticle.
Scale bar: 100 um (left); 50 um (right).

4. Conclusions and Outlook

The demineralization process of the waste biogenic carbonates from crustacean and
sea snail shells can be optimized and controlled by using Raman techniques and technolo-
gies. Optimization could involve monitoring the rate of waste shell demineralization in a
time-dependent manner. Such process control is non-destructive and does not compromise
the shells. Besides using Raman spectroscopy in laboratory settings, hand-held Raman
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instruments are promising and more convenient tools for monitoring the demineralization
process. Moreover, obtaining chitin-based polymeric materials from the carapace or frag-
ments of the crustacean shells, along with the recovery of calcium acetate as a by-product
of interest, which can be crystalized from the treatment bath solution, exemplifies a bioeco-
nomic process. Biogenic calcium acetate was also produced through the environmentally
friendly demineralization process of R. venosa shells. Overall, the implementation ofRaman
techniques and technologies can be a relevant and convenient tool for successful dem-
ineralization processes, increasing the reutilization of marine waste shells for obtaining
compounds of interest, such as chitin and calcium acetate, with various applications.

The chitin-based polymeric materials are of increasing interest in the light of proposing
a future circular carbon and plastic economy [33] centered on several targets, such as
reducing and eliminating 50% of all plastic materials and products, replacing all fossil-fuel-
based plastics with those sourced from alternative bio-based waste, accelerating carbon
recirculation through the use of biomass and CO,, minimizing the environmental footprint,
and maximizing recycling. We expect to use such tools to achieve these goals in finding
technical solutions, from waste to new-generation polymeric materials, through sustainable
approaches to convert aquatic waste into recyclable polymers.

The conventional demineralization process is conducted using aggressive chemicals,
such as hydrochloric acid, and the progressive decomposition of calcium carbonate into
water-soluble calcium salts is rarely investigated, unless the final products are taken,
filtered, washed and examined. The process is eventually repeated with one or more
optimized parameters. After separation by filtration to recover the chitin residue, the
residual bath that is left over is eventually discarded, while the solid residue, after extensive
washing, is the subject of acidimetric titration to prove its identity (chitin in the case of
biogenic carbonates from crustaceans). Titration, a conventional, well-established method,
involves chemicals, pH control, and additional workload to complete the description of
the demineralization process products. Such processes involve dependencies, and their
understanding allows repeated and optimized new processes. These dependencies include
the dissolution of respective minerals, which is species-specific; reaction time, temperature,
and milling procedures to transform shell fragments in powders; and eventual calibration
by milling to control particle size, distribution, acid concentration, and solute-to-solvent
ratio, just to name a few. In the approach described here, a significant number of these
steps are surpassed.

Regarding the implementation of an in-line tool for demineralization process control,
seven major steps and considerations are highlighted:

1. Understanding the process: based on the previous studies within our group [5-9],
robust knowledge on the structure, morphology, and distribution of organic and
inorganic components of the shell waste as well as the dependencies of the Raman
signal on the material status (waste shells derived from fresh or cooked seafood
products) is needed to control the process. Thus, the parameters to be controlled are
the presence of the carbonate Raman bands on shells under process, the persistence of
the carotenoid as organic components in shells or their release in solution, the solution
status (acetic acid Raman bands decreasing while acetate bands increasing), and the
critical quality attributes of the final product.

2.  Characterization of raw waste material to check the initial mineral content, com-
position, and properties. This baseline data served as a reference for assessing the
effectiveness of the demineralization process of the given raw material stock.

3. Selecting the suitability of the Raman monitoring techniques, bearing in mind the
classical demineralization approach, reporting only the final product characteristics
and ideas to optimize a new approach with several improved parameters. This
involves many chemicals and operations, to read out the properties of the final
product, without considering the intermediary steps, which can be tailored according
to the indicated Raman signal of the intermediary status of product.

87



Processes 2024, 12, 832

4. The efficiency of the in-line monitoring techniques, to provide meaningful information

during the demineralization process (for example, the presence of a carbonate Raman
signal on the material and the presence of the acetic acid Raman band in solution).
Depending on the signal, a decision can be made, such as to remove the material
if a carbonate band is absent or to supply more acetic acid if the acetate solution is
saturated and the process is incomplete. Classically, this issue may include multiple
techniques and workloads, such as conductivity measurement, pH monitoring, spe-
cific ion analysis, or other relevant metrics specific to shell demineralization.
Here, factors such as sensitivity, accuracy, reliability, compatibility with shell material,
and ease of integration into the production line could be evaluated by comparing
the hand-held Raman instrument performance with the lab-based instrument perfor-
mance on the same materials.

5. For an upscaled approach, comparable with the industrial environment, integration
with the production line can be performed, including monitoring Raman equipment
requesting of minimal integration solutions without burdening the existing process
equipment and control systems, since the minimal parameters to control are defined
(carbonate, chitin, and acetate Raman signal monitoring in optimized acquisition
conditions, after understanding dependencies).

6.  For calibration and validation of the in-line monitoring equipment, the manufac-
turer specifications are easy to calibrate, with minimal training of operators (or Al-
integrated solutions), and validate, in terms of the performance under actual operating
conditions, using representative samples of shell material and lab-based techniques
as well as complementary techniques to evaluate the Raman output information.

7. Additionally, decision-making tools during the process allow the implementation of a
feedback control loop, using Raman data from the in-line monitoring tool to adjust
process parameters in real time, which may include (but are not limited to) the use of
sorted raw materials or mixtures, milled or raw grinded materials, temperature, bath
solutions, or other factors to optimize demineralization efficiency according to the
specific purpose regarding final product composition, quality and morphology, and
continuous improvement.

According to the present results, these tailored steps can be effectively implemented
as an in-line tool for shell demineralization process control, ensuring consistent quality and
performance of the demineralized shell material for various applications or industrial demand.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/pr12040832/s1, Figure S1: Recorded Raman spectra with-
out any processing, with the spectral acquisition parameters. Parameters are shown in this manner:
exposure time, number of acquisitions, laser power, magnification objective for lab-based instrument,
laser line/nm; Figure S2: SEM images of the surface morphology of the acetic acid bath treated cuticle
of three species with the corresponding EDX graphs; C. sapidus (A), S. mantis (B), M. squinado (C);
Video S1: Demonstration of the flexibility of the intact, transparent, demineralized foil products
resulted from the three crustacean species after 65 days of acetic acid treatment.
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Abstract: In the industrial processing of fruits, co-products are generated, which are often not used.
The pracaxi co-product, obtained by cold pressing its seeds, contains phenolic compounds with
antioxidant activity, which in this work were extracted and microencapsulated by spray drying.
The pracaxi extract was characterized by Fourier-transform infrared spectroscopy (FTIR) and high-
performance liquid chromatography (HPLC-DAD), and its antioxidant activity was quantified by the
ABTS and DPPH assays. Total polyphenol and flavonoid contents in the extract and microparticles
were determined by UV-Vis spectrophotometry. Microparticles were then characterized regarding
their moisture content, morphology (by scanning electron microscopy), size, polydispersity index
and zeta potential. The FTIR spectra revealed functional groups that may be related to phenolic
compounds. The extract showed good antioxidant activity according to both selected assays, while
the HPLC-DAD analysis evidenced epicatechin as the main compound, whose content was quantified
and validated according to the guidelines of recognized national and international agencies. The
total polyphenol contents were 20.61 £ 0.20 mg gallic acid equivalent (GAE)/g in the extract and
18.48 + 0.10 mg GAE/g in the microparticles, while the total flavonoid contents were 28.29 £ 0.70 mg
quercetin equivalent (QE)/g and 13.73 4+ 0.10 mg QE/g, respectively. Microparticles had a low
moisture content, spherical shape, size less than 1 pm and negative zeta potential. Furthermore, they
were able to satisfactorily retain phenolic compounds, although in a smaller amount compared to
the extract due to small losses resulting from degradation during the drying process. These results,
taken as a whole, demonstrate that the pracaxi co-product can be a promising candidate in obtaining
products of interest for the cosmetic and food sectors by aiming to exploit its antioxidant activity.

Keywords: Amazonian fruits; flavonoids; validation; antioxidant activity; spray drying

1. Introduction

Pentaclethra macroloba (Willd.) Kuntze (pracaxi) is an oilseed plant from the Amazon
region that is widely used in the cosmetic industry due to the light-yellow liquid oil
that results from pressing its seeds at room temperature [1,2]. However, the secondary
product generated by pressing, called pracaxi co-product, is little explored, which suggests
investigating its possible exploitation.

The liquid and solid co-products generated by the industrial processing of natural raw
materials, despite containing biodegradable organic matter, accumulate in the environment
and cause imbalances in the ecosystem. However, the increase in ecological awareness,
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which began at the end of the 20th century, has led to the realization that one of the
humanity’s biggest challenges for the coming decades is to balance the production of goods
and services, economic growth, social equality and environmental sustainability [3,4].
Given this, the Brazilian agroindustry increasingly requires the appropriate techniques
for treating such co-products, whose applicability, however, is often limited by the lack
of knowledge of their nutritional and economic values, for example, in the production of
animal feed [5,6].

The vast majority of the co-products from vegetable raw materials are considered to
have no economic value, despite their bioactive potential due to their high contents of en-
zymes, proteins and secondary metabolites (polyphenols, flavonoids, carotenoids, etc.). For
this reason, they have become the target of research aimed at developing new products [7,8].
These bioactive compounds, such as phenolic compounds, have in fact antioxidant poten-
tial that may be exploited to treat various pathologies [9,10], thus contributing to a better
quality of life for the population.

Among the phenolic compounds found in co-products, flavonoids stand out, especially
epicatechin, which has high antioxidant activity and the potential to reduce the risks
of cardiovascular diseases and tumors as well as the level of low-density lipoprotein
(LDL) [11,12].

Antioxidants play an important role in the human body’s defense system, as they
are able to delay or prevent cell oxidation, which is responsible for cell aging and many
degenerative processes in humans [12]. Furthermore, antioxidants have a wide application
in the pharmaceutical, cosmetic and nutritional sectors, as they exhibit a wide range of bio-
logical properties, such as anti-allergic, anti-inflammatory and antimicrobial activities [13].
Despite these advantages, bioactive compounds are unstable and susceptible to oxidation,
polymerization and condensation when exposed to variations in light, oxygen, temperature
and pH, among others, which can reduce their biological potential [14-19].

Microencapsulation, which consists of coating small particles or droplets of the extract
using one or more encapsulating agents, has therefore become an alternative to minimize
these losses. Among these agents, maltodextrin, a carbohydrate formed by the partial
hydrolysis of starch thanks to the action of acids and/or enzymes [20-22], has emulsifying
properties and low hygroscopicity, viscosity and cost and allows good film formation, in
addition to improving the taste and odor of products [20]. In this sense, the spray drying
of plant extracts, despite exposure to high temperatures, is used to promote the protec-
tion and stability of their active components, in addition to increasing their application
potential [23-25] thanks to spray drying’s microencapsulation capacity [26].

In this context, exploring the potential of the pracaxi co-product by evaluating its
antioxidant activity becomes promising, in addition to contributing to reducing waste,
minimizing the environmental impact and adding value to the production chain. Therefore,
in this work, the epicatechin-rich pracaxi co-product extract was microencapsulated by
spray drying, with the aim of preserving its stability and bioactivity in order to prepare
new products with possible applications in the pharmaceutical, cosmetic and food sectors.

2. Materials and Methods
2.1. Chemicals, Reagents and Standards

Sodium carbonate, sodium hydroxide, aluminum chloride and potassium bromide
were purchased from Synth (Sao Paulo, Brazil), while potassium persulfate was from Impex
(Sao Paulo, Brazil). Gallic acid, caffeic acid, 2-hydroxycinnamic acid, trans-cinnamic acid,
catechin, epicatechin, quercetin, rutin, 2,2'-azino-bis [3-ethylbenzothiazoline-6-sulfonic
acid] (ABTS) (>98%), 2,2-diphenyl-1-picrylhydrazyl (DPPH), (£)-6 hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid (Trolox) and Folin—Ciocalteu reagent were acquired
from Sigma-Aldrich (Sao Paulo, Brazil), while maltodextrin with dextrose equivalent (DE)
10 was from Corn Products (Sao Paulo, Brazil).

92



Processes 2024, 12, 997

2.2. Obtaining Raw Material from Pracaxi Co-product

The pracaxi seed co-product obtained from the Amazon oil company underwent a
cooking process at 65 °C for 45 min and was then subjected to cold pressing to extract the oil,
which generated the co-product, the raw material used in this study. The co-product was
collected shortly after oil extraction and transferred to the Pharmaceutical Nanotechnology
Laboratory of the Faculty of Pharmacy (Nanofarm) of the Federal University of Para
(UFPA). The material was dehydrated for seven days in an oven (model SL-102 SOLAB®,
Piracicaba, Brazil) with air circulation at a temperature of 40 = 2 °C until a constant weight
was obtained. Next, the sample was crushed in a knife mill to reduce the size of the
particles, placed in polyethylene bags and stored under refrigeration (—18 °C) to guarantee
material stability.

2.3. Preparation of Pracaxi Co-product Extract

The hydroethanolic extract of the pracaxi co-product was obtained by percolation
using 70:30 (v/v) ethanol:water as the extraction solvent. In the percolator, which contained
filter paper with a diameter of 12.5 cm, 1 kg of pracaxi seed co-product was added and
10 L of solvent was dripped intensely (with solvent renewal) until exhaustion, according to
the Phytotherapy Form of the Brazilian Pharmacopoeia (2nd Edition) with adaptations [27].
After percolation, the extract was concentrated in a rotary evaporator (model 840, Fisatom®,
Sao Paulo, Brazil) at a temperature of 40 °C under low pressure until complete ethanol
evaporation. The obtained crude extract was stored in a freezer (—18 °C).

2.4. Determination of Total Polyphenols

To a 10 mL volumetric flask containing 100 pL of the sample, 500 pL of the Folin—
Ciocalteu reagent and 6 mL of distilled water were added. After stirring for 1 min, 2 mL of
10% (w/v) sodium carbonate solution was added and the mixture was stirred for another
30 s before the volume was completed with distilled water. The solution was left to rest for
2 h, and readings were taken on a UV-Vis spectrophotometer (model UV-1800, Shimadzu®,
Kyoto, Japan) at a wavelength of 760 nm [28]. The standard curve was constructed using
gallic acid solutions at concentrations of 6 to 20 mg/mL. The results were expressed in
milligrams of gallic acid equivalent per gram of crude extract (mg GAE/g). The blank
consisted of a solution containing all reagents except the sample.

2.5. Determination of Total Flavonoids

To a 10 mL volumetric flask containing 800 pL of the sample, 400 pL of 2.5% (v/v)
aluminum chloride solution was added, and the volume was completed with distilled
water. The solutions remained at rest for 30 min in the absence of light. Then, readings
were taken on the same spectrophotometer mentioned above at a wavelength of 425 nm.
The quercetin standard curve was constructed using concentrations of 5 to 35 mg/mL. The
results were expressed as milligram of quercetin equivalent per gram of crude extract (mg
QE/g) [29]. The blank consisted of a solution containing all reagents except the sample.

2.6. Identification and Quantification of Epicatechin by High-Performance Liquid Chromatography
(HPLC-DAD)

2.6.1. HPLC-DAD Analyses

HPLC-DAD analyses were performed using a high-performance liquid chromato-
graph (model 1260 Inﬁnity®, Agilent, Santa Clara, CA, USA). The standards used were
gallic acid, caffeic acid, 2-hydroxycinnamic acid, trans-cinnamic acid, catechin, epicatechin,
quercetin and rutin. The standard solutions at a concentration of 0.5 mg/mL and the
extract at a concentration of 1 mg/mL were filtered through membranes with a 0.22 um
pore diameter (MF Millipore®, Bedford, MA, USA). After injecting 10 uL of the sample or
standard, the analysis was performed on an Xbridge C18 column (250 x 4.6 mm, 5 um
particle size) maintained at 30 °C. The mobile phase, composed of acidified water formic
acid pH 3 (solvent A) and methanol (solvent B), was fed at a flow rate of 0.8 mL/min
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according to the following elution program: 10 min, 5% solvent B and 95% solvent A; 15
min, 25% solvent B and 75% solvent A; 24 min, 35% solvent B and 65% solvent A; 33 min,
80% solvent B and 20% solvent A; return to the initial condition within 36 min. Peaks were
recorded in the wavelength range of 190 to 400 nm and detection at wavelengths of 254, 280,
325 and 365 nm. Peaks were confirmed by comparing the retention times and UV spectra
with those of reference standards. To locate the peak corresponding to the compounds in
the analyzed sample, co-elution was carried out using a 100 pL aliquot of each standard
in 1 mL of the sample, and injection was performed under the same conditions as for the
extract [30].

2.6.2. Validation of the Epicatechin Quantification Method

The epicatechin quantification method was validated according to the parameters
linearity, precision, accuracy, robustness, limits of detection and quantification of ICH Q2
(R1) [31] and Resolution RE 166/17 of the Brazilian National Health Surveillance Agency
(ANVISA) [32].

Linearity

To evaluate linearity, a standard solution of 1 mg/mL epicatechin in methanol was
used to prepare diluted solutions at different concentrations (31.25, 62.50, 125, 250 and
500 ug/mL). An analytical curve was then constructed and used under the chromatographic
conditions described in Section 2.6.1. The results were plotted on a graph of concentration
versus area, from which the coefficient of determination (R?) and the straight-line equation
were obtained.

Precision

Precision was assessed at two levels, repeatability (intra-run) and intermediate pre-
cision (inter-run). Repeatability was evaluated based on 6 sample determinations at a
concentration of 125 pug/mL, injected on the same day by the same analyst under the same
chromatographic conditions. On the other hand, intermediate precision, also known as
reproducibility, was evaluated by two different analysts, on different days, carrying out
6 analyses of the standard sample at the same concentration (125 ug/mL). It was possible
to establish these parameters through the coefficient of variation (CV%) defined according
to Equation (1):

Standard deviation

CV% = Mean concentration x 100 M)

Accuracy

Accuracy was assessed by the recovery assay, using three concentrations (31.25, 125
and 500 pg/mL), all in triplicate. The recovery value (R%) was obtained according to
Equation (2):

Mean experimental concentration

R% = - -
Theoretical concentration

x 100 @)

Robustness

Using the same concentration (125 pg/mL), two variations were carried out in triplicate at
an oven temperature of 30 &+ 2 °C and a mobile phase flow rate of 0.8 mL/min £ 0.1 mL/min.

Limits of Detection and Quantification

The limits of detection and quantification were calculated based on the standard
deviation under the slope of the calibration curve, multiplied by 3 and 10 for detection and
quantification, respectively.
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2.7. Determination of Total Antioxidant Activity
2.7.1. Antioxidant Activity by the ABTS Radical Cation Assay

The antioxidant activity of the crude extract of the pracaxi co-product was evaluated
via the capture of the ABTS radical cation (ABTS*) using the same UV-Vis spectrophotome-
ter mentioned above (model UV-1800, Shimadzu®, Kyoto, Japan). For analysis, a Trolox
standard curve was prepared with concentrations varying from 100 to 2000 uM. To obtain
the ABTS* solution, 5 mL of the ABTS stock solution (7 mM) was allowed to react with
88 uL of the potassium persulfate solution (140 Mm) at room temperature (25 £ 0.5 °C) in
the absence of light for 16 h. After that, 1 mL of the mixture was diluted in ethanol until
reaching an absorbance of 0.7 & 0.05 at a wavelength of 734 nm. Then, 30 uL of the crude
extract of the pracaxi co-product was added to 3.0 mL of the ABTS* solution and, 6 min
after vortex homogenization, readings were carried out at the same wavelength [33]. Only
ethanol was used in the blank. The analysis was performed in triplicate, and the results
were expressed in pMTrolox/g of sample.

2.7.2. Antioxidant Activity by the DPPH Radical Assay

The antioxidant activity of the crude extract was also assessed by the DPPH radical
capture method (DPPH-), as described by Brand-Williams et al. [34], with adaptations from
Silva et al. [35]. For this purpose, 75 pL of crude pracaxi extract and 2925 pL of methanolic
DPPH: Solution (25 mg/mL) were used. The reaction was performed, protected from light,
at room temperature, for an incubation period of 30 min, with the absorbance measured
in the same spectrophotometer mentioned above at a wavelength of 515 nm. Methanolic
DPPH: solution only was used as the blank. A calibration curve was prepared with Trolox
solutions at concentrations of 25 to 1000 uM. The assay was performed in triplicate, and
the results were expressed in uMTrolox/g of sample.

2.7.3. Antioxidant Activity by the Ferric Reducing Antioxidant Power (FRAP) Assay

Antioxidant activity measurements via the iron reduction method were performed
on the same spectrophotometer mentioned above at a wavelength of 595 nm. The FRAP
reagent was prepared by mixing 100 mL of 0.3 M acetate buffer, 10 mL of a 10 mM 2,4,6-
tripyridyl-s-triazine (TPTZ) solution and 10 mL of a 20 mM aqueous ferric chloride solution.
In a dark environment, an aliquot of 90 uL of the pracaxi co-product crude extract was
transferred into 270 pL of distilled water and 2.7 mL of FRAP reagent, then the mixture
was homogenized by vortexing and was kept in a water bath at 37 °C for 30 min. Readings
were then carried out at 595 nm. FRAP reagent was used as a blank to calibrate the
spectrophotometer. Antioxidant activity was calculated based on a Trolox standard curve
(160-1600 uM). The final concentration was expressed in uM Trolox/g of sample [36].

2.8. Preparation of Microparticles from the Pracaxi Co-product Extract

We prepared a 5% (w/v) maltodextrin solution as the wall material by adding 20 g
of maltodextrin into 400 mL of distilled water and a 10% (w/v) solution of crude pracaxi
extract by homogenizing 5 g of the extract in 50 mL of distilled water. Then, 20 mL of
the extract solution was added to the maltodextrin solution and the resulting mixture
was stirred for 30 min and fed to a spray dryer (model LM-MSD 1.0, Labmaq Brasil®,
Sao Paulo, Brazil) operated at a drying air inlet temperature of 160 °C and a feed flow
rate of 10.0 mL/min. Finally, the dried material was weighed in a container protected by
aluminum foil and stored in a desiccator at room temperature [28].

2.8.1. Drying Yield

The drying yield (DY), expressed as a percentage, was calculated according to

Equation (3) [37]:
W-—M
DY (%) = K 1580 ) x Qe

+ Adj x 100 (©)
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where W is the mass recovered in the spray dryer collector (g), M is the mass of moisture
in the dry extract (g), Sc is the solids content of the dry extract (g/100 g of DE), Qe is the
total mass placed for spray drying (g) and Adj is the total mass of maltodextrin used for

drying (g)-

2.8.2. Extraction of Phenolic Compounds from Microparticles

To 0.4 g of microparticles produced in the spray dryer, 2 mL of a 50:8:42 (v/v/7v)
ethanol/acetic acid/water solution was added. The suspension was homogenized by
vortexing for 1 min, placed in an ultrasonic bath (model CD-4820, Cleaner Kondentech®,
Sao Paulo, Brazil) for 20 min and centrifuged (model 5804 R, Eppendorf®, Sao Paulo,
Brazil) at 7500 rpm for 15 min. The supernatant was filtered through membranes with a
0.45 pm pore diameter [11] and used to determine the polyphenol and flavonoid contents
of according to Sections 2.4 and 2.5.

2.8.3. Microencapsulation Yield
The microencapsulation yield was calculated, as a percentage, according to
Equation (4) [28]:

TP (or TF) in the microparticle
TP (or TF) in the crude extract before microencapsulation

YTP (OI' YTF) = ( ) x 100 (4)

where TP and TF are the contents of total polyphenols or total flavonoids and Ytp and Y1p
are their respective microencapsulation yields.

2.9. Characterization of Microparticles
2.9.1. Content of Total Polyphenol (TP)

A 100 pL aliquot of the solution containing the phenolic compounds extracted from
the microparticles was transferred to a 10 mL volumetric flask along with 500 uL of Folin-
Ciocalteu reagent and 6 mL of distilled water. After resting for 1 min, 2 mL of 10% (w/v)
sodium carbonate solution was added and the mixture stirred for 30 s, completing the
flask volume with distilled water. After resting for 2 h, readings were taken in the same
UV-Vis spectrophotometer mentioned above at 760 nm. A calibration curve with gallic acid
concentrations ranging from 6 to 20 mg/mL was used to interpolate the results of the total
polyphenol content expressed in mg GAE/g [38]. The analysis was carried out on both the
microparticles and the crude extract before drying.

2.9.2. Content of Total Flavonoids (TF)

In a 10 mL volumetric flask, 800 pL of the solution containing the phenolic compounds
extracted from microparticles and 400 uL of 2.5% (w/v) aluminum chloride solution were
added together; the volume was completed with distilled water. After leaving the system
to rest for 30 min in the absence of light, readings were taken using the same UV-Vis
spectrophotometer mentioned above at a wavelength of 425 nm. A calibration curve of
quercetin at concentrations between 5 and 35 mg/mL was prepared to determine the
flavonoid content expressed in mg QE/g [29]. The analysis was also performed on the
extract before drying.

2.9.3. Moisture Content

The moisture content was calculated based on the weight loss of particles before and
after drying. To this end, the particles were subjected to a temperature of 105 °C in an oven
until constant weight [14].

2.9.4. Size, Polydispersity Index and Zeta Potential of Microparticles

Particle size, polydispersity index and zeta potential were determined via dynamic
light scattering using a Zetasizer (model 2000, Malvern Instruments®, Malvern, UK). For
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this purpose, before reading, the microparticles were diluted in ultrapure water in a ratio
of 1:100 (v/v) [39].

2.9.5. Particle Morphology by Scanning Electron Microscopy

Particle morphology was examined with a scanning electron microscope (VEGA®
3, Tescan, Brno, Czech Republic). The microparticles were placed on stubs with carbon
tape, metallized with gold/palladium to allow the electrical conductivity necessary for
image formation (SC7620 sputter coater, Quorum Technologies, Kent, UK) and observed in
secondary electron mode with magnitudes of 250, 1000 x and 5000 x [14].

3. Results
3.1. Identification and Quantification of Epicatechin

Identification of the epicatechin peak in the HPLC analysis of crude extract was
based on the comparison of the retention time and DAD spectrum with the epicatechin
standard and confirmed by co-injection. The chromatogram of the crude extract shows an
intense peak at a retention time of 21.05 min (280 nm) for epicatechin at a concentration
of 69 ug/mL. Figure 1 shows the chromatographic profiles of the extract, the epicatechin
standard and the extract plus epicatechin (co-elution), respectively.
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Figure 1. HPLC-DAD chromatograms of (A) pracaxi extract and (B) epicatechin standard. (C) Co-
elution of the standard with the extract (280 nm). AU = arbitrary units.

3.2. Validation

The method used to quantify epicatechin was linear, as seen in Figure 2.

The value of the coefficient of variation of repeatability (intra-run) (Table 1) was lower
than 5%, i.e., the limit established by ANVISA [32]. Even the coefficient of variation of
reproducibility, also called intermediate precision (inter-run) (Table 1), whose measurement
was made by two different analysts on distinct days, remained within the limit established
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by legislation and showed very little difference compared to that of repeatability. Therefore,
it can be concluded that the method proposed in this work to quantify epicatechin in the
pracaxi extract proved to be accurate.
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Figure 2. Epicatechin calibration curve used for its quantification in the extract for the HPLC method
(31.25a 500 ug/mL).

Table 1. Precision by repeatability (intra-run) and reproducibility (inter-run) of the epicatechin
standard at a concentration of 125 pug/mL.

Precision Average (ug/mL) 2CV%
Repeatability 130.60 + 3.75 2.87
Reproducibility 130.50 £ 3.60 2.76

2 CV = Coefficient of variation.

Furthermore, according to the results obtained in this work, the method proved
to be accurate, as the recovery value remained in the range of 80 to 120% (Table 2), as
recommended by ANVISA [32].

Table 2. Accuracy results of the chromatographic method for low, medium and high concentrations,
all performed in triplicate.

Standard (pug/mL) 31.25 125 500
Average (ug/mL) 31.61 12543 551.20
Recovery (%) 101.17 100.35 110.24

In the robustness assessment (Table 3), it was observed that even when varying the
oven temperature (reduction to 28 °C or increase to 32 °C) and the mobile phase flow rate
(reduction to 0.7 mL/min or increase to 0.9 mL/min) there was no significant influence on
the values of peak area and retention time. Furthermore, the area values were similar to
those obtained in the precision and accuracy assessments (concentration of 125 ug/mL),
with the retention time (21 min) corresponding to that of the epicatechin standard obtained
in the chromatographic analysis. The coefficient of variation for both parameters remained
below the 5% limit established by ANVISA [32], which shows that the method was robust
in relation to the changes made.

A detection limit of 3.79 ug/mL and a quantification limit of 12.64 pg/mL were
obtained by mathematical extrapolation from the calibration curve in accordance with the
analytical methods validation guide [32].
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Table 3. Robustness results for parameters subjected to variations, i.e., the oven temperature and the
mobile phase flow rate.

Retention Time

Parameters Variation Area (mAU) . ACV %

(min)
Oven 28 °C 1,008,325 21.68

temperature-Mobile 0.7 mL /_ . 1,030,253 21.68 1.15
phase flow rate +/ mk/om 1,013,049 21.64
32 °C- 1,053,434 21.23

09 mL/min 1,061,086 21.24 191
1,078,367 21.33

2 CV = Coefficient of variation.

3.3. Antioxidant Activity

The antioxidant activities of the pracaxi co-product extract and the standard used
(ascorbic acid) by the ABTS, DPPH and FRAP methods are listed in Table 4.

Table 4. Antioxidant activity of the pracaxi co-product crude extract by the ABTS, DPPH and

FRAP methods.
Sampl ABTS DPPH FRAP
ample (uMTrolox/g) (uMTrolox/g) (uMTrolox/g)
Standard (ascorbic acid) 2380.04 + 0.0000 1132.68 £ 0.005 2408.57 £ 0.058
Co-product extract 910.82 +£7.33 906.68 £+ 1.20 1549.89 £ 0.020

3.4. Characterization of Microparticles
3.4.1. Contents of Total Polyphenols, Total Flavonoids and Microencapsulation Yield

As there are still no data in the literature on the presence of phenolic compounds in the
co-product of pracaxi seeds; however, the determination of is of great significance due to
the fact that these compounds are considered to be responsible for the majority of biological
activities found in plant species. So, the contents of total polyphenols and flavonoids were
assessed in both the crude extract and microparticles (Table 5), and the microencapsulation
yield was also determined for the microparticles.

Table 5. Total polyphenol and flavonoid contents in the crude extract and microparticles and
respective microencapsulation yields.

Phenolic Compounds Microencapsulation Yield
. Total
Total Polyphenols Total Flavonoids Total Polyphenols Flavonoids
(mg GAE/g) (mg QE/g) (%) (%)
Crude extract 20.61 £ 0.20 28.29 £0.70 - -
Microparticles 18.48 £ 0.10 13.73 £0.10 89.66 £ 0.20 48.53 4+ 0.30

3.4.2. Drying Yield and Moisture Content

The drying yield was 20.28 £ 1.20%, and the microparticles were found to have a low
moisture content (3.46 £ 0.06%).

3.4.3. Size, Polydispersity Index and Zeta Potential of Microparticles

The microparticles were smaller than 1 pm in size, with a polydispersity index (PDI)
value revealing polydisperse and heterogeneous characteristics, and had a relatively large
negative zeta potential (Table 6).
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Table 6. Physical characteristics of microparticles prepared by spray drying.

Particle Size (um) Polydispersity Index (PDI) Zeta Potential (mV)
0.38 +0.11 043 +0.12 —42.80 +0.10

Results expressed as means and standard deviations (1 = 3).

3.4.4. Scanning Electron Microscopy Examination

The photomicrographs of microparticles illustrated in Figure 3 show their spherical
shape and smooth surface, in addition to confirming their heterogeneous size. Moreover,
there was little agglomeration among the microparticles and no evidence of the presence of
ruptures, which guarantees the protection of the active ingredients inside them.

EHT = 500kV  Signal A= SE1 EHT = 500kV  Signal A= SE1

WD=105mm Mag= 250X Date :12 Nov 2019MICROANALISES - UFPA WD=105mm Mag= 1.00KX Date :12 Nov 2019MICROANALISES - UFPA

20 pm EHT= 500kV  Signal A= SE1 2pm EHT = 5.00kV  Signal A = SE1
WD=105mm Mag= 1.00KX Date :12 Nov 2019MICROANALISES - UFPA frekai) WD=11.0mm Mag= 5.00KX Date :12 Nov 2019MICROANALISES - UFPA

Figure 3. Photomicrographs of pracaxi co-product microparticles obtained by spray drying. Magni-
tude: (A) (250%), (B,C) (100 x), (D) (5000x).

4. Discussion

The physicochemical characterization of agroindustrial co-products is an important
step in the identification of their chemical constituents, which can lead to their better
exploitation through valorization [40]. The extract chromatogram displays several other
peaks that may be related to the presence of phenolic acids and flavonoids. However, since
it is a complex mixture, a good separation of these peaks is necessary to obtain spectra that
are more characteristic [28].

The presence of epicatechin in the pracaxi co-product extract is promising because
of the antioxidant activity displayed by this flavonoid, which is considered capable of
reducing free radicals and consequently cell damage [11]. Gabbay Alves et al. [37] identified
epicatechin as one of the main phenolic compounds present in cocoa co-product extract. Da
Costa et al. [41] also reported the presence of epicatechin in the crude extract of the cupuagu
seed co-product. Epicatechin acts as a vasodilator, being able to dilate blood vessels
throughout the body, increase blood flow toward the extremities and brain and reduce blood
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pressure [42]. Furthermore, evidence demonstrates its ability to modulate immunological
and inflammatory functions as well as its use in malaria prophylaxis [43-45].

The method for identifying epicatechin by HPLC-DAD in the pracaxi co-product was
validated to ensure that it provides reliable information, which is a fundamental step in
determining any metabolite of interest using new analytical methods [46]. In validating the
analytical method, the peak areas were directly proportional to the concentration of the
epicatechin standard, therefore being considered linear. In fact, coefficient of determination
values very close to 1.000, as seen in this work (R2 =0.9991), indicate a minimum dispersion
for the set of experimental points, corroborating the RE 166/17 resolution of the Brazilian
National Surveillance Agency (ANVISA) [32], for which R?, to be acceptable, must be at
least 0.99.

The high levels of epicatechin, detected by the HPLC-DAD method, and of total
polyphenols and flavonoids in the pracaxi co-product extract can justify its good antioxidant
activity determined by both ABTS and DPPH methods. It is worth mentioning that at least
two methods are needed to evaluate antioxidant activity in order to an obtain acceptable
reliability for the results [47,48].

Antioxidant activity is linked to the number of hydroxyls present mainly in the struc-
ture of the extracted flavonoids, which means that, depending on the type of flavonoid
present in the extract, the antioxidant capacity may be greater or lesser in different sam-
ples [49]. Compounds with antioxidant activity are mainly concentrated in plant peels and
seeds. As the pracaxi co-product was obtained from pressing the seeds, this justifies its
good antioxidant capacity [50], which opens up the possibility of its use in the development
of new products.

The pracaxi co-product extract showed good antioxidant activity via the use of the
ABTS, DPPH and FRAP methods. The values found were close to that for ascorbic acid,
which is used as a standard, thus suggesting that the extract, mainly because it is an
agroindustrial co-product, could be used as a promising natural antioxidant.

From this perspective, spray drying stands out among the alternatives to microencap-
sulate bioactive compounds due to its ability to effectively remove water from the product,
thus avoiding microbiological attack as well as degradation and oxidation reactions. After
spray drying, parameters such as the microencapsulation yield must be evaluated to check
the efficiency of the process [11].

The high microencapsulation yield of the total polyphenols found in the microparticles
containing the pracaxi co-product indicates that, in general, these phenolic compounds
were little degraded in relation to the crude extract. However, the microencapsulation
yield of total flavonoids was less than 50%, which suggests that these compounds were
particularly sensitive to the high temperature of the spray drying process, despite the short
exposure in the drying chamber [23].

The high temperatures in the drying chamber of the spray dryer during microencap-
sulation may have led to the degradation of a portion of the epicatechin present in the
pracaxi co-product extract, thus significantly reducing the total flavonoid content in the
microparticles compared to the crude extract. Furthermore, the use of only maltodextrin as
a coating agent may have limited the protection of epicatechin, which could be solved by
combining it with other wall materials to improve process efficiency [51]. Although the
value for the total flavonoid microencapsulation yield suggested that the drying process
was responsible for the degradation of about one half of these compounds, it still preserved
a significant fraction of the other bioactive polyphenols in the dried sample.

The lower the moisture content of the microparticles, the greater their physical, chem-
ical and microbiological stability [52,53]. The result of this work was an indicator of the
quality of the powder, which showed low moisture content, probably due to the high
temperature used for spray drying (160 °C).

High spray drying inlet temperatures are known to favor water evaporation due to
heat transfer from hot air to water droplets [14,54]. The low moisture content found in
the microparticles of the pracaxi co-product is an important finding, as it can avoid the
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chemical degradation of polyphenols and flavonoids that often occurs when their water
content is high [55].

The drying yield is another important parameter in the evaluation of powder quality.
Several factors may have contributed to the low value for this parameter observed in this
study (20.28 £ 1.20%), such as the loss of powder due to microparticle adhesion onto
the wall of the drying chamber, the transport of a portion of fine particles directly to the
drying filter, thus bypassing the collector [56], and the presence of sugars and lipids in
the extract [57]. Ferreira et al. [28], who microencapsulated tucuma co-product extract
by spray drying, observed that the higher the concentration of maltodextrin, the higher
the drying yield, probably due to the increase in the content of solids. The relatively low
maltodextrin concentration used in this study (5%) may also have been responsible for the
low drying yield.

Particle size is one of the most important parameters to be considered in microparticle
evaluations, as it influences some important characteristics such as their optical properties
and viscosity, among others. It is related to the concentration of the wall material, i.e., the
lower the concentration of the wall material, the smaller the particle size [58]; consequently,
the larger the surface area, the more improved the bioavailability and solubility of the
encapsulated bioactive compounds [57]. From this point of view, therefore, the low concen-
tration of maltodextrin used in this study, despite having impaired the drying yield, may
have favored the formation of small microparticles (0.38 £ 0.11 um). Da Costa et al. [41]
found an even smaller size (0.27 pm) for microparticles containing cupuagu co-product
using 5% maltodextrin as an encapsulating agent.

It is known that the lower the value of the polydispersity index (PDI), the greater
the homogeneity of microparticles and vice versa [59]. PDI values < 0.2 indicate low
polydispersity or monodispersity, while values above 0.4, such as the one observed in this
study (0.43 & 0.12), indicate polydispersity and heterogeneity [60].

As for the zeta potential, its relatively large and negative value (—42.80 £ 0.10 mV)
indicates microparticles that are stable in colloidal dispersions, in which repulsive interac-
tions tend to minimize their agglomeration [41,60]. The low tendency for the microparticles
to agglomerate was confirmed in scanning electron microscopy photomicrographs.

Morphological examination of the microparticles revealed no cracked walls, which
suggests nucleus protection, as air permeability was likely to be minimal [37,53]. The use
of high drying air temperatures in spray drying, like the one used in this study, makes the
particles more morphologically defined [53]. Da Costa et al. [41] reported photomicrographs
where microparticles containing cupuagu co-product had a spherical and regular structure
without agglomeration. On the other hand, Gabbay Alves et al. [37] observed microparticles
containing cocoa co-product that had a rounded shape, without roughness and without
any rupture, like those observed in this study.

5. Conclusions

Chemical characterization by UV-Vis spectrophotometry revealed high levels of total
polyphenols and total flavonoids in the pracaxi co-product extract, and high-performance
liquid chromatography revealed the presence of flavonoids. Epicatechin was the main
flavonoid identified, which suggests that it may be largely responsible for the good antioxi-
dant activity of the extract. In relation to the microparticles obtained by spray drying, the
process led to degradation of a portion of total polyphenols and flavonoids, which impaired
the microencapsulation yield. The greatest losses were observed for total flavonoids. The
microparticles showed a low moisture content and small size, in addition to good morpho-
logical characteristics, as a result of the conditions used in the drying process. The results
obtained open up the possibility of their use in different biotechnological processes, as a
potential natural source of antioxidants in foods and pharmaceutical and cosmetic products
or as a raw material to obtain new functional ingredients for the food industry. This would
lead to better exploitation of the pracaxi co-product compared to its current disposal as a
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waste, which would also avoid environmental problems, in addition to leading to better
environmental sustainability of natural products from the Amazon rainforest.
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Abstract: Heavy metals were discharged into the agricultural soil through coal mining, transportation,
etc., posing a threat to human health through the food chain. In order to investigate the sources of
heavy metals and potential risk to the population, we collected 298 surface soil samples in the black
soil area of Sanjiang Plain in Heilongjiang province and tested the concentrations of seven heavy
metals. Toxic element contamination in the soil was evaluated by combining the potential ecological
risk index and environmental capacity, and pollution sources are identified through positive matrix
factorization. The results indicate that the concentrations of Cd and As exceed background values by
1.74 and 1.51 times, respectively, and the ecological risk of Cd is significantly higher than those of
other toxic elements. The comprehensive ecological risk level is a moderate comprehensive ecological
risk level at 78.5% and a low comprehensive ecological risk level at 21.5%. The sources of heavy metal
elements include pesticide spraying (36.5%), input fertilizer and transport activities (20.5%), and
mining and metallurgy-related activities (43.1%). When linking the PMF to the Human Health Risk
Assessment model, it was found that about 56% of the samples pose a carcinogenic risk to children.
Knowledge of soil pollution can certainly help to understand the sources of toxic elements and the
health risks to people in the black soil area and provide a scientific basis for the prevention of heavy
metal pollution.

Keywords: pollution risk evaluation; potential ecological risk index (RI); environmental capacity;
positive matrix factorization model (PMF); health risk assessment

1. Introduction

The rapid development of resource-based cities leads to extensive mining and indus-
trial activities, leaving abandoned mines and resulting in land collapse and water pollution,
further leading to the continued deterioration of the soil environment [1]. Heavy metal
contamination of crops is widespread; previous studies have shown that in the conven-
tional agricultural areas of southern India, heavy metals pose potential health hazards [2],
and in the town of Matehuala in northern San Luis Potosi, Mexico, which is located in a
mining and agricultural practice zone, the main contaminants found in the soil are As,
Cu, Fe, Mn, Pb, and Zn, with concentrations far exceeding the permissible limits [3]. In
the farmlands of Ilokun, Ekiti State, in southwestern Nigeria, Mn, Cu, Pb, and Zn are
the main contaminating metals [4]. According to previous studies, it has been found
that the types of soil contaminated with HMs in China are concentrated in agricultural
soils [5,6] or industrial soils [7], among others. Studies have shown that the ecological
risk of heavy metals in the soil of the Sanjiang Plain is mostly low, but the risks of Hg
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and Cd are prominent [8]. However, the literature in the past had fewer sampling points
and failed to provide feedback on the more serious Cd pollution. In 2014, the report on
the national general survey of soil contamination found the exceedance rate of total soil
point was 16.1%, and the exceeding rates of seven toxic elements for Cd, As, Cu, Pb, Cr,
Zn, and Ni were 7.0%, 2.7%, 2.1%, 1.5%, 1.1%, 0.9%, and 4.8%, respectively. Therefore,
Pb, Cd, Cr, and As are listed as major pollutants in China [9]. Furthermore, heavy metals
have accumulative, biotoxic, and nondegradable properties; they can accumulate in soil
and crops, posing a threat to human health through the food chain [10-12]. Prolonged
human exposure to As can lead to skin lesions. Pb can impair the respiration and the
gastrointestinal tract system [13-15], and Cd exposure leads to kidney disease and bone
fragility [13,16]. In addition, an excessive intake of Zn affects the nervous system and
disrupts body balance [17,18]. Thus, it is necessary to identify the region of soil heavy
metal pollution, investigate the source of metals, and carry out a source-oriented health
risk analysis.

The ecological risk factor (ER), combined with the potential ecological risk index
(RI), has been used to systematically assess soil metal contamination [19]. In addition,
environmental capacity could also be analyzed for soil metal contamination, including
the static environmental carrying capacity and dynamic environmental capacity. The
environmental capacity of a heavy metal is the maximum load of a heavy metal that the
soil can sustain while meeting environmental criteria, sustaining agricultural output, and
maintaining biological quality [20,21]. As a result, the dynamic environmental capacity
of soil is used to estimate its self-purification ability and predict future changes, while
the static environmental carrying capacity calculates particular local pollutant elements.
Static environmental carrying capacity was utilized to assess soil pollution levels, while
the potential ecological risk index (RI) evaluates the ecological impact of soil heavy metals,
accounting for both their toxicity and concentration [22], reducing the influence of human
factors, and resulting in more objective and accurate evaluation results.

Heavy metal sources are extensive. In addition to the parent material, the input of
pollution from external sources is also severe [23]. Previous studies demonstrated that
soil heavy metals mainly come from transportation, industrial activities [24], and mineral
resource exploration [25,26]. Recent studies have found that mining and smelting activities
are significant to promoting the accumulation of heavy metals in soil [27]. Considering its
widespread use in source apportionment, the positive matrix factorization (PMF) model
is chosen as the fundamental receptor model [28]. It can quantify sources, optimize the
data’s standard deviation, and deal with missing and incorrect data [29]. Moreover, a
combination of the PMF model and human health risk assessment (HHRA) can quantify
the hazards to human health posed by soil heavy metals and the sources of those risks [19].
Chandra [30] calculated cancer risk values based on the PMF-HHRA model and found
that agricultural activities had a high risk of cancer in adults and children, while traffic
emissions were high risk in women. Dai [12] applied the PMF model to determine human
health risks principally from agriculture and found that As is the primary toxic element
that causes health risks. Therefore, the heavy metal sources from PMF analysis can be used
as an orientation to evaluate health risks and systematically estimate risk sources.

In this study, soil samples were collected in Sanjiang Plain, eastern Heilongjiang
Province, China, which is the primary black soil with abundant mineral resources. However,
the high organic matter concentration of black soils contributes to loose soil structure [31],
while intensive coal mining and the application of chemical fertilizers and pesticides
have had a negative impact on soil quality [32,33]. This research developed an integrated
framework for investigating polluted locations, distinguishing likely sources, and assess-
ing source-oriented health hazards caused by heavy metals. The major objectives are
(1) to identify heavy metal pollution by combining the potential ecological risk index and
environmental capacity; (2) to statistically identify underlying sources of soil heavy metals
by utilizing the PMF model paired with correlation analysis as well as spatial distribution;
and (3) to provide a concentration-oriented and source-oriented perspective to assessing
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health hazards. The findings in this study can provide theoretical and practical references
for identifying sources, assessing health risks, and synthesizing and managing heavy metal
contamination in black soil areas.

2. Materials and Methods
2.1. Study Locations and Soil Sampling

Sanjiang Plain is located in the eastern part of Heilongjiang Province, China, including
the cities of Shuangyashan, Hegang, Jixi, Jiamusi, and Qitaihe (45°-48°9" N, 129°40'-132°31" E).
Local soil types include dark-brown earths, meadow soils, Chernozems, black soils, Albic soils,
and brown earths [34]. The soil thickness is 120-160 cm, the annual average temperature is
0-5 °C, and the annual mean precipitation is 400-600 mm, which belongs to the cold-temperate
and temperate continental monsoon climate with four distinct seasons. Expressways such as
G1011, G11, and other national and provincial highways pass through, providing convenient
transportation. The predominant crops in the sampling sites are spring wheat, corn, sorghum,
and soybeans.

A total of 298 surface layer (0-20 cm) soil samples were collected in August 2023, based
on the standard method of H] /T 166-2004 [35]. Through thorough mixing and quartering,
approximately 1 kg of soil was selected as a representative mixed sample for the area.
Air-dried soil samples were passed through a 100-mesh soil sieve. GPS was utilized to
accurately locate each sampling point (Figure 1).
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Figure 1. Distribution map of soil sampling in Sanjiang Plain black soil region.

2.2. Sample Analyses

Subsamples of soil were digested based on the technique of “HJ 832-2017”, and after
that Cr, Ni, Cu, As, Pb, Zn, and Cd were digested by the HNO3-HCI-HCIO4 method. The
Zn concentration was determined by an inductively coupled plasma emission spectrometer
(ICP-OES, PerkinElmer Optima 8300, Prodigy7, Waltham, MA, USA), and the concentra-
tions of other elements were detected by ICP-MS (NexION 300 Platinum Elmer Instruments
Shanghai Co. Waltham, MA, USA). The available phosphorus (AP) was extracted by a
sodium fluoride-hydrochloric acid solution and determined by the molybdenum anti col-
orimetric method (NY/T 1121.7-2014, Manufacturer: Pulse Analyzer; Beijing, China). The
available potassium (AK) was extracted with neutral ammonium acetate and determined
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by a flame photometer (NY/T 889-2004, Manufacturer: PerkinElmer; Waltham, MA, USA).
The calculation of organic matter (OM) values used the amount of soil organic carbon
(NY/T 1121.6-2006, Manufacturer: Shenzhen Ding Xinyi Experimental Equipment Co.,
Ltd.; Shenzhen, China). The detection limits for Cr, Ni, Cu, As, Pb, Zn, and Cd are 2 mg/kg,
2 mg/kg, 0.7 mg/kg, 0.2 mg/kg, 1 mg/kg, 5 mg/kg, and 0.03 mg/kg. The respective
detection limits for OM, AK, and AP are 0.6 g/kg, 0.5 mg/kg, and 0.1 mg/kg. Duplicate
samples, blanks, and standard reference soils (GSS-5a and GSS-6a) were utilized for quality
assurance. With relative standard deviations (RSDs) of the duplicates less than 5%, the
recoveries of the standards were 85% to 123%. Table S1 shows the national soil nutrient
grading standards to evaluate the fertility of agricultural soils.

2.3. Characterization of Soil Heavy Metal Pollution
2.3.1. Potential Ecological Risk Index

The ecological risk factor (E;) is a parameter used to assess the potential adverse effects
of pollutants on ecosystems and their associated organisms [3]. The potential ecological risk
was determined based on the local element background values of soil heavy metals [36].
The formula is as follows:

W;

RI=Y"E =Y" (T; x Bi) (1)

where RI is the potential ecological risk index; E! is the ecological risk index factor of heavy
metal element i; T! i is the toxic response factor of heavy metal i; W; is the measured value
for heavy metal i (mg/kg); and B; is the local background value of heavy metal i (mg/kg).
The toxic response factors for heavy metals Cr, Ni, Cu, As, Pb, Zn, and Cd are 2, 5, 5, 10,
30, 5, and 1, respectively [36]. Evaluation criteria for potential ecological risk indices are
contained in Table S2.

2.3.2. Static Environmental Carrying Capacity

The static environmental carrying capacity (QI) is a type of environmental unit that
adheres to environmental quality standards at a certain time, ensures agricultural product
grain yield and quality, and does not generate environmental contamination that is beyond
the maximum load that the soil can withstand [37,38]. It is considered to combine soil heavy
metal critical and background concentration values [39], but also the quality of natural soil
environments and sustainable use of resources [21]. In addition, QI can specifically identify
elements of pollution and determine the degree of pollution.

Qi
Ql—i= = 2)
Qip
where QI — i denotes the metal i single environmental carrying index; Q; and Q;;, indicate
the metal’s existing environmental capacity as well as static environmental capacity. They
are determined as follows:

Qi=10"°x M x (Cjs — Cjp) (3)

Qip=10"% x M x (Cjs — Cyp) (4)

where M denotes the soil weight per hectare of arable land; C;;, and Cj;, are the detected
concentrations and background values of metal i; and C;; indicates metal i’s estimation
standard for the selected value of the soil-hazard-control criterion (GB15618-2018, China).
The following equations were made in order to assess the environmental carrying capacity
of individual sites for different metals [39]:

QI = %f QI —i (5)
i=1
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In this equation, n denotes the overall amount of the chosen heavy metals. QI values
are categorized into 5 categories (Table S3).

2.3.3. Dynamic Environmental Capacity

Dynamic environmental capacity, as a significant warning indicator of soil heavy
metal contamination, can be used to assess whether the soil could withstand the maximum
load of heavy metal pollution [40]. The formula of calculating the annual dynamic soil
environmental capacity is as follows:

1-K

x 107° (6)

where W, is the annual dynamic environmental capacity of toxic element i in soil (kg/hm?);
M represents the weight of the tillage layer (0—20 cm) of land per hectare, taking an empirical
value of 2.25 x 10° kg/hm?; C;, is the critical value of toxic element i in soil after n years
(mg/kg); Cip is the measured value of soil toxic element i at the monitoring site (mg/kg);
K is the residual rate of toxic metals in soil, which takes the value of 0.9 [37]; and 7 is the
number of control years.

2.4. PMF Model

The data are divided into two matrices of factor assessment (G) and factor profile (F)
by the PMF model. PMF software uses data concentration and uncertainty data files to run
the model without requiring source configuration [11]. In this study, PMF is implemented
through the EPA-PMF 5.0 software [41]. The specific calculation parameters and formulas
refer to Shao [42]. The uncertainties were estimated according to Chen et al. [40].

P
Xij =) gikfri + € 7)
k=1

where X;; denotes the j heavy metals content in sample i; f;; expresses the j heavy metals
content in source k; g indicates the source k to sample i contribution; and ¢;; indicates the

residual matrix. X
_ vy G
0=y ) (2 ®
i=1j 1]

1j=1

According to Equation (8), through PMF modeling, the factor contributions and
profiles are derived by minimizing the objective function Q [42]. Here, u;; expresses
uncertainty about the j-th heavy metal in the i-th sample [43].

2.5. PMF-Based Human Health Risk Evaluation Models (HHRA)

Based on the health risk evaluation model (HHRA) offered by the U.S. Environmental
Protection Agency (USEPA), we assessed the carcinogenic and non-carcinogenic risks in
the study area for two age groups, children and adults, through three exposure pathways:
direct ingestion (ing), inhalation (inh), and dermal contact (dermal) [44]. Previous studies
showed that the direct ingestion of heavy metals poses the greatest health risk to the
population, followed by dermal exposure and inhalation. Analyzed from the perspective
of heavy metals, chronic non-carcinogenic health concerns include Cr, Ni, Cu, As, Pb, Zn,
and Cd, while Cr, Ni, As, and Cd are carcinogenic [45]. With relevant parameters referring
to Liu [46], the detailed calculations are as follows:

Rjng X EF X ED 6
ADDing = Cs X —pprar <10 ®)
R; EF x ED
ADDy,, = Cg x —inh X BE X (10)

PEF x BW x AT

110



Processes 2024, 12, 2829

AF x SA x ABS x EF x ED

ADD,,, = Cg x B % AT x107° (11)

HL; =Y ’;fgi 1' (12)

TCR =) CR; (13)

CR; =) (ADD; x SF) (14)

THI =) HI; =) (Hljng + Hljpj, + Hlger) (15)

where Cg is the measured soil heavy metals (mg/kg), and the other parameters are shown
in Tables 54 and S5.

Under the three exposure pathways, single-metal non-carcinogenic health risk values
(HI) and total non-carcinogenic health risk values (THI) are calculated. If HI or THI > 1, it
indicates that heavy metals pose a non-carcinogenic risk to humans; otherwise, it means
that soil heavy metals pose no health risk to humans [46]. Carcinogenic risk (CR) is utilized
to evaluate the probability of individual exposure to carcinogenic risks [11,47]. The iin CR;
represents different pathways; TCR indicates heavy metals as integrated carcinogenic risk
values. If CR or TCR > 1 x 1074, it is considered that heavy metals pose a carcinogenic risk
to humans; CR or TCR < 10~° suggests no carcinogenic risk [48]. The range of 1 x 10° to
1 x 10~* indicates that the soil heavy metals pose an acceptable carcinogenic risk to the
population [49].

This study coupled typical health risk assessment with the PMF model, which can
quantitatively distribute the health risk contribution of various heavy metal sources [50].
The specific calculation is to multiply the health risk value of heavy metals by the contribu-
tion of the identified source, obtaining the identified source-induced health risk [51].

2.6. Data Processing Analysis

IBM SPSS Statistics 26.0, EPA PMF 5.0, and Excel 2021 applications were used to complete
statistical analysis; Arc GIS 10.8.1 and Origin 2022 applications were used to draw charts.

3. Results and Discussion
3.1. Heavy Metal Concentration and Fertility Characteristics of Soil

Descriptive statistics of soil samples as well as soil background values (BGVs) [52] of
Sanjiang Plain in Heilongjiang Province are shown in Table 1. The average concentrations
of Cr, Ni, Cu, As, Cd, Pb, and Zn were 60.6 mg kg_l, 27.7 mg kg_l, 19.5 mg kg_l,
11.0 mg kg~ !, 0.2 mg kg1, 14.5 mg kg~ !, and 81.2 mg kg !, respectively. The levels of
Cr, Ni, As, Cd, and Zn were 1.03, 1.17, 1.51, 1.74, and 1.15 times higher than the BGV [52],
respectively. In contrast, Cu and Pb elements had lower average concentrations than the
BGV. The exceeding rates of Cr, Ni, As, Cd, and Zn were 52.68%, 73.83%, 91.28%, 53.36%,
and 62.42%, respectively. Only 1% of Cr and Ni exceeded the risk screening values (RSVs),
but 7.38% of Cd and 1.34% of Zn showed as higher than the RSVs, respectively. This
indicated that As and Cd were the major heavy metal contaminants, which is supported
by previous research [53]. The coefficient of variation (CV) reflects the data dispersion
between sample points [54]. The CV values of Cd were strongly differentiated (CV > 0.5),
while other elements were moderately differentiated (0.2 < CV < 0.5). Anomalously high
values further suggested that Cd may be affected by external factors of interference [55].

Figure S1 illustrates the black soil zone nutrient profile. Some studies had shown that
AP and AK can be directly utilized by plants and are considered soil fertility and plant
growth effective indicators [56]; OM can help to improve soil physical properties [57,58].
According to the data in Table S1, it can be concluded that the soil was plentiful in AP
(Figure Sla), AK (Figure S1b), and OM (Figure Slc).
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Table 1. Statistical description of soil heavy metals in Heilongjiang Province.

Metal Unit Max Min Average SD cv BGV [52]  Average /BGV
Cr mg/kg 255.79 0.87 60.62 23.22 0.32 58.6 1.03
Ni mg/kg 69.39 2.58 27.72 7.36 0.27 23.65 1.17
Cu mg/kg 38.18 6.24 19.52 4.80 0.25 20 0.98
As mg/kg 20.89 0.60 11.01 3.00 0.27 7.3 1.51
Pb mg/kg 31.34 5.47 14.48 477 0.33 24.2 0.60
Zn mg/kg 270.85 11.47 81.15 34.59 0.43 70.7 1.15
Cd mg/kg 0.62 0.03 0.15 0.14 0.94 0.086 1.74

OM g/kg 187.48 6.73 43.30 16.87 0.39 - -
AP mg/kg 135.68 7.89 32.72 20.81 0.64 - -
AK mg/kg 1088.3 41.21 222.16 137.75 0.62 - -

3.2. Identification of Soil Heavy Metal Contamination Areas
3.2.1. Potential Ecological Risk Index Result

The ecological risk index (EZ) for seven heavy metals in the soil is shown in Figure 2.
In the study area, the average Ei is as follows: Cd (53.71) > As (15.03) > Ni (5.86) > Cu
(4.88) > Pb (2.99) > Cr (2.06) > Zn (1.15). Compared to other toxic elements, the Cd data
are very prominent, indicating Cd is highly ecologically hazardous. In Shuangyashan
City (Figure 2a), 64.15% of the locations are at considerable risk and 35.85% are low risk.
Jixi (Figure 2c) shows that the high risk, considerable risk, moderate risk, and low risk
percentages of the total study area are 7.14%, 32.14%, 8.93%, and 51.79%, respectively, with
low risk and considerable risk predominantly. Qitaihe (Figure 2e) has a moderate risk
percentage of total study area of 47.83%, with a considerable risk percentage of 13.04%.
Jiamusi (Figure 2d) has a moderate risk proportion of 8.26%, a considerable risk proportion
of 3.67%, and only one point is at the high risk; the pollution levels are lower. Element Cd
in the majority of points in Hegang (Figure 2b) is low risk. Some studies [59-61] on heavy
metal pollution in coal mining areas showed that soil Cd exhibits severe ecological risks,
which are highly consistent with the results of this study.

From the perspective of the integrated ecological risk index (RI) (Figure 3), the mini-
mum RI of heavy metals in the soil around the study area is 32.66, the maximum is 243.71,
and the average is 85.68. The moderate risk level is predominant, accounting for 78.5%.
Shuangyashan, Jixi, and Qitaihe had high contributions of moderate risk, accounting for
56.6%, 37.5%, and 52.2%, respectively. Based on the average values, the comprehensive eco-
logical risk levels classified by RI are considerable, implying that ecological risk prevention
and control efforts should be increased in the research area.

3.2.2. Environmental Capacity Evaluation

Table 2 shows the soil environmental quality evaluation results of heavy metals in the
region. Elements Cu and Pb were below the pollution quality level; Cr, Ni, As, Cd, and Zn
were found to have some polluted points. Polluted areas with Cd (Figure S2) were localized
in the east and south-central regions of the research area, accounting for 42.95%, and the
moderate-heavy pollution areas were located in the center of the region, accounting for
22.82%. Therefore, Cd pollution in Sanjiang Plain is serious and needs attention.

Because static environmental carrying capacity does not consider soil yield and self-
purification [37], soil environmental capacity studies need further analysis. Predicting the
future capacity of the soil environment is essential for avoiding soil quality decrease. In
this investigation, 10 years, 20 years, 30 years, and 50 years were chosen as control years
to calculate the dynamic environmental capacity of soil heavy metals in 2034, 2044, 2054,
and 2074 (Table 3). The results showed that the data in 2034, 2044, 2054, and 2074 will
decrease year after year, all below the existing environmental capacity. The environmental
capacity of Cr, Ni, Cu, As, Zn, Pb, and Cd in the study area is significantly decreased to
65.7,19.1, 154, 7.23, 26.9, 53.1, and 0.11, respectively, up to 2074. In the next 10 years,
predictions indicated that the largest decrease is Pb with 81.15%, and the smallest decrease
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is Zn (75.96%). In the next 20-50 years, Pb is the largest decrease among heavy metals.
This finding suggests that if no action is taken to improve the soil environment in the
research area, the soil capacity for heavy metal pollutants will steadily decline, and the soil
self-purification capacity for pollutants will become weaker [46].
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Figure 2. E! of soil heavy metals: (a) Shuangyashan, (b) Hegang, (c) Jixi, (d) Jiamusi, and (e) Qitaihe.
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Figure 3. Box plot of RI of soil heavy metals.
Table 2. Evaluation table of heavy metal soil environmental quality.
Area Cr Ni Cu As Pb Zn Cd
Shuangyashan 1.04 0.92 1.01 0.89 1.06 0.69 0.40
Hegang 0.96 0.90 1.02 0.83 1.16 1.04 1.05
Jixi 0.99 0.95 1.01 0.82 1.10 0.99 0.59
Jiamusi 0.98 0.87 0.99 0.81 1.16 0.93 1.00
Qitaihe 1.05 1.02 1.03 0.88 1.10 0.98 0.51
Table 3. Prediction table for soil heavy metal dynamic environmental capacity (kg/hm?).

Metal Present 10 Years  Amplitude ! 20 Years Amplitude 2 30 Years Amplitude 3 50 Years Amplitude *
Cr 452.047 92.443 —79.55% 72.410 —21.67% 67.660 —6.56% 65.687 —2.92%
Ni 108.559 25.529 —76.48% 20.720 —18.84% 19.579 —5.51% 19.105 —2.42%
Cu 93.138 20.933 —77.52% 16.784 —19.82% 15.800 —5.86% 15.391 —2.59%
As 40.287 9.594 —76.19% 7.824 —18.44% 7.405 —5.36% 7.231 —2.35%
Pb 207.968 39.202 —81.15% 30.013 —23.44% 27.833 —7.26% 26.928 —3.25%
Zn 292.747 70.382 —75.96% 57.439 —18.39% 54.369 —5.34% 53.094 —2.34%
Cd 0.626 0.146 —76.75% 0.118 —18.88% 0.112 —5.52% 0.109 —2.43%

Amplitude !: the magnitude of change compared to the present; Amplitude 2: change compared to 10 years;
Amplitude 3: change compared to 20 years; and Amplitude *: change compared to 30 years.

All variables, including soil type, natural environment, and biological variables, have
an impact on environmental capacity. Soil type was the most important factor because
different soil types have different environmental capacities [34]. Nevertheless, the different
sources of heavy metals lead to inputs of different range and intensity into the soil, which
in turn affects the extent of changes in dynamic environmental capacity. In addition, the
mobility and residual properties of heavy metals influence their dynamic environmental
capacity [55,56]. The migration capacities and bioavailabilities of Ni, Zn, As, and Cd are
relatively low with a mean decrease of 76.4% [55,57]. In contrast, the mobility of Pb has
been shown to be slightly higher than that of Zn [58], with a higher migration capacity, so
that the environmental capacity has a greater influence.
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3.3. Spatial Distribution of Soil Heavy Metals

In agricultural soils, the heavy metal contamination distribution shows a pattern of
“clear geographic variations as well as complicated development” [62]. Using inverse
distance weight interpolation (IDW) to map heavy metal spatial distribution in the study
area (Figure 4) can make the pollution distribution clearer. On the research area’s center
Cu, Ni, and Zn levels were high. The distribution of Ni was highly fragmented and
patchy (Figure 4b), and Cu high-numerical areas demonstrated a “T” shape (Figure 4c).
High concentrations of Zn were densely distributed in Shuangyashan, which further
confirms static environmental carrying capacity calculations (Figure 4f). In contrast, As
(Figure 4d) and Cr (Figure 4a) were focused on the north-west and south-east, possibly
related to the same geologic influences. The spatial distribution of Cd (Figure 4g) and Pb
(Figure 4e) demonstrated strong consistency, with high content in the southern central
research area. The survey found that the high spots belong to the four major coal cities
in Heilongjiang. Furthermore, the principal causes of heavy metal pollution in soil are
coal mining, industrial production, and transportation emissions [56]. The study area’s
transportation is convenient, automobile emissions from the usage of leaded gasoline [56],
as well as tire wear, contribute to Cd and Pb enrichment [63,64]. According to the heavy
metal distribution level features, a group of potentially sourced elements can be briefly
identified [65].
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Figure 4. Spatial distribution characteristics of seven toxic elements in soil. (Figures (a—g) show the
heavy metal distribution of Cr, Ni, Cu, As, Pb, Zn and Cd in the study area, respectively).
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3.4. Source Analysis of Soil Heavy Metals
3.4.1. Pearson Correlation Analysis of Soil Heavy Metals

Pearson correlation analysis was utilized to identify the connection among heavy
metals (Figure 5), and then the PMF model was used to further distinguish and quantify
the sources in the study region. The results indicate that the correlation coefficient between
Ni and Cu was greater than 0.7, and Cr-Ni, Cr—Cu, Cr-As, and Cd-Pb also had high
correlation coefficients (p > 0.5). In metals, strong and vital association suggests that
they could have the same origin and geochemical features [65,66]. There is a strong and
significant correlation between Cd and Pb, but not a remarkable interrelation with other
elements, which implied that Cd is not homologous with the other elements [67] and may
be derived from different sources [68]. Hence, the PMF model needs to be utilized to
explore sources.
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Figure 5. Correlation analysis of AP, AK, OM, pH, and seven toxic elements in soil.

3.4.2. IDW-Based PMF Analysis

After excluding anomalous data, the soil in the research area was modeled using
software EPA PMF 5.0, and all of the elemental fits (R%) were >0.7. The elemental fit (R?)
values for the metal elements are as follows for Cr, Ni, Cu, As, Cd, Pb, and Zn: 0.81, 0.78,
0.7,0.73,0.98, 0.82, and 0.96 (Figure S3). This demonstrated that the findings derived by
the model were reasonable and dependable. The results show (Figure 6) that Factor 1
explained 36.5% of the weights (Figure 6b). This is mainly influenced by As, Cr, Ni, and Cu,
accounting for 57.97%, 57.27%, 49.52%, and 47.95% of the total contribution, respectively
(Figure 6a). Factor 2 contributed 20.4% (Figure 6b) and was mainly driven by Cd and
Pb with contributions of 82.8% and 40.3% (Figure 6a). Factor 3 contribution, with 43.1%
(Figure 6b), including Zn (62.4%) and Ni (34.6%), was mainly influenced by Zn (Figure 6a).
Compared to the outcomes of the Q], the results of the PMF are consistent with the actual
situation. The parameters are detailed in Table S6.
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Factor 1 consisted mostly of As, Cr, Ni, and Cu, which were moderately differentiated,
suggesting that they were less influenced by anthropogenic interference; these elements might
be soil natural ingredients. The elements of As, Cr, Ni, and Cu showed similar distribution
trends (Figure 4) and a strong correlation (p < 0.01) (Figure 5), indicating that they could have a
similar source. Previous research has indicated that Cr and Ni in soil are frequently associated
with the parent material [69]. It has been reported that As [68,70,71] and Cu [24,72,73] are the
key ingredients in pesticides, and they generally enter the soil with the spraying of pesticides.
Mainly due to low temperatures, the enzyme activity in biodegradation decreases, and the low
volatility of pesticides leads to slow dissipation in the northern regions [74]. The lower soil
dissipation rate, combined with high application rates, results in severe pollution in northern
China, especially in Heilongjiang, Jilin, and Liaoning [75]. As a consequence, F1 was assumed
to originate primarily from pesticide spraying.

Factor 2 was primarily composed of Cd and Pb, which were strongly correlated.
Element Cd was concentrated in the central part of the region, which is a production site
for commercial grains. Long-term fertilization [56,76] and sewage irrigation [11] have been
demonstrated to cause Cd accumulation. Animal manure or manure-based fertilizers are
considered one of the main sources of heavy metal contamination in agricultural soils [77].
Minerals added to livestock feed may also contain trace amounts of As and Cd, which
subsequently migrate to peri-urban agricultural soils through the application of livestock
manure [78]. Synthetic phosphate fertilizer is the primary source of Cd in north-eastern
agriculture [79-81]. Notably, a similar distribution is observed for Pb, around transportation
roads and mining areas. Lead is usually considered as a transport representative element.
For example, vehicle exhaust [60,82] and tire wear produce Pb-containing particulate
matter [61]. As a result, it was assumed that F2 predominantly originated from fertilizer
input and transport.

Factor 3 was predominantly characterized by Zn and Pb, with the main component
being Zn. Zinc is concentrated in the central region, where mineral resources are abundant;
mining activities are significant sources of Zn accumulation in the soil [83]. The results
indicated that the mining industries accounted for 16.1% of the total industrial output and
play a vital role in the development of Heilongjiang Province [84]. Moreover, the Harbin-
Tongjiang Expressway runs through the study area, providing convenient transportation.
Previous research has indicated that Zn has become a typical component of transportation
emissions [24,85]. During transport, tire wear and automotive exhaust fumes can cause
the Zn accumulation in surface soils [48,86,87]. Therefore, it can be concluded that Zn
enrichment is mostly due to coal mining and processing activities. Factor 3 was closely
related to mining and metallurgy-related activities.
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3.5. Human Health Hazard Assessment

As shown in Tables 4 and S7, the three routes of exposure, HI and CR, in descending
order, were direct ingestion > dermal contact > inhalation, which is analogous to Shi’s
findings [88]. This shows that direct ingestion is the primary factor resulting in the health

risk of the population.

Table 4. Evaluation table of carcinogenic and non-carcinogenic health risks of soil heavy metals.

Non-Carcinogenic Risks

Carcinogenic Risks

HIing HIinp Hlgermal HI CRing CRinh CRgermal CR
Cr Adults 343 x 1072 383x10%* 609x103 407x102 176x105 158x1077 250x10® 203 x 1075
Children 245 x 1071 7.08x10* 758x10"1 245x10°! 315x10° 729x10°8 3.08x10°® 346 x 107
Ni Adults 238 x107% 565x107° 314x107° 247x10% 278x10° 146x107° 247 x10°® 303 x10°°
Children 1.70 x 1072 1.04 x 107% 391 x 10718 171 x1072 496 x 107> 676 x10-10 3.04x10°® 527 x107°
Cu Adults 787 x107% 839x10°% 932x10° 797 x10°* — — — —
Children 562 x 1073 155x10~7 116 x10"18 562x1073 — — — —
As Adults 640 x 1072 — 555x107% 646 x1072 987 x107°® 1.06 x 1078 856 x 107%  9.97 x 10~°
Children ~ 4.57 x 107! — 691 x 10712 457 x 1071 176 x107°  4.90 x 10~° 1.05x 1077 177 x 107
Adults 216 x107* 804x1077 307 x107° 247 x107* — 497 x 1071 — 497 x 1071
Cd Children 154 x107% 149x10® 382x10"13 154x103 — 229 x 10~ 1 — 229 x 1071
Pb Adults 777 x1073 706 x1077 158 x107* 793x10° 680 x10°% 358 x 10~ — 6.80 x 10~8
Children 555 x 1072 131x10® 197 x10"12 555x102 121x1077 1.65x 101 — 121 x 1077
1 Adults 466 x107% 497 x10°% 827 x107° 474x10°* — — — —
Children 333 x1073 918x10°% 1.03x10"13 333x1073 — — — —

3.5.1. Concentration-Oriented Health Risk

The adult median HI data, in descending order, are as follows: As (3.23 x 1072)
> Cr (1.36 x 1072) > Pb (2.64 x 1073) > Zn (1.58 x 107%) > Cu (2.66 x 10~%) > Ni
(8.24 x 107*)> Cd (8.24 x 1075). The children’s average HI values are shown below, and are
as follows: As (2.29 x 1071) > Cr (8.18 x 1072) > Pb (1.85 x 1072) > Ni (5.71 x 1073) > Cu
(1.87 x 1073) > Zn (1.11 x 1073) > Cd (5.14 x 10~%). Hence, elements As, Cr, and Pb pose
a high health risk to the public, and they are inevitably prioritized as non-carcinogenic
risks [89].

Between adults and children, the effects of several heavy metals on CR were as follows:
Pb > Ni > Cr > Cd > As. More importantly, compared with other elements, Pb makes
the highest contribution to CR. Both children and adults displayed average CR values
in the range of 1 x 107! to 1 x 1075, demonstrating a range that is within reasonable
bounds. Notably, both direct ingestion and inhalation pose a more non-carcinogenic hazard
to children than to adults; in different routes of cancer risk, direct ingestion and dermal
exposure are higher in children than adults. As a result, children face higher health risks
from heavy metals.

Individual heavy metal risks are insufficient to represent the integral human health
hazards of heavy metals [90,91]. The population health risk contribution rates from different
pollution sources are shown in Figure 7. Specifically, THIs in the study region were lower
than one, suggesting that the risk was within an acceptable level for adults. The THI values
for heavy metals were above one in children, mainly focused on the south-central and
north-western sections of the research zone, suggesting that heavy metals constitute a
non-carcinogenic risk.

In adults, the TCR data were higher than 1 x 1072 in most areas; in contrast, only
three data points were higher than 1 x 107, As a result, the overall carcinogenic risk of
heavy metals to people in the research region may be considered minimal. However, for
children, the TCR data were higher than 1 x 10~# in most areas, indicating that heavy
metals pose a carcinogenic risk to children. The high value distribution is concentrated
in the north-western and south-central parts of the area, specifically in Hulin City and
Luobei County (Figure 7). Moreover, the trends in the distribution of non-carcinogenic and
carcinogenic risks are similar in both adults and children, which is similar to the results
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of Jiang’s study [50]. Collectively, in the research area, heavy metals might constitute a
considerable threat to children’s health.
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Figure 7. Spatial distribution of THI and TCR indexes for adults and children.(Figures (a-d) show
adult carcinogenic risk, adult non-carcinogenic risk, children’s carcinogenic risk, and children’s
non-carcinogenic risk, respectively).

In particular, compared with adults, children might face a more severe risk. The reason
children face a greater risk than adults is attributed to their greater ingestion rate and lower
body weight. As a result, children are exposed to a higher dose than adults [92]. Additional
precautionary measures are offered to decrease children’s exposure to soil.

3.5.2. Source-Oriented Health Risks

Under the source allocation results, the health hazards posed by various sources of
heavy metal exposure were studied, and the THI and TCR were calculated utilizing the
different source contributions. Figure 54 expresses the connection between heavy metals,
pollution sources, and human health hazards.

THI-assessed sources showed that adults were dominated by Factor 1 (pesticide spray-
ing) with 55.7%, followed by mining and metallurgy-related activities (27.6%), fertilizer
input, and transport (16.8%). For children, pesticide spraying was the primary source,
accounting for 55.6%. TCR sources suggested that pesticide spraying is a major risk source
for both adults and children, explaining 53.51% and 53.50%, respectively. At the same time,
in children (31.77%) and adults (31.79%), mining and metallurgy-related activities also play
a role that cannot be ignored. Factor 1 is the primary factor contributing to health risk,
which is consistent with another report [85]; mining and metallurgy-related activities are
secondary. Figure 54 shows that diverse pollution sources contribute similarly to health
hazards for adults and children, which is consistent with the results of Huang et al. [93].

Overall, in the study area, pesticide spraying should be considered as a priority source
of risk. It can be concluded that human health may not be adequately safeguarded if
pollution sources are regulated just by emissions. In order to prevent and reduce health
risks, actions should be taken to control agricultural production methods in the study area,
such as decreasing the use of fertilizers and herbicides [50].
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4. Conclusions

This study investigates the ecological risk from toxic metals and the environmental
capacity, and systematically assesses source-oriented and concentration-oriented health
risks. The average concentrations of Cr, Ni, As, Cd, and Zn are significantly higher than the
local background levels. The results of the environmental impact assessment show that the
overall level of integrated ecological risk in the study area is moderate, with Cd making the
largest contribution. Soil in the study area is heavily contaminated by toxic elements, with
Cd being the most contaminating element. Sources include pesticide spraying, fertilizer
application and transport, and mining and metallurgy-related activities, with the largest
contribution coming from mining and metallurgy-related activities. Although heavy metals
pose a low carcinogenic and non-carcinogenic risk to adults, the risk of carcinogenic and
non-carcinogenic substances to children is not negligible, and Pb from natural source
rock is highly carcinogenic. In summary, the exceedance rate of As is 91.28%, and it has
non-carcinogenic effects on the population. As intake from rice accounts for 60% of total
arsenic intake [94], and the high As content in rice poses a serious threat to the health of
people who rely on it as a staple food. Cd mainly comes from fertilizer application, with
an exceedance rate of 53.36%. The issue of excessive heavy metals in the soil of Chinese
vegetable fields has become quite serious, with 70% of Cd in the human body coming
from vegetables in food [95]. This is enough to warrant our attention. Overall, the results
revealed significant ecological and human health risks. In the future, the reasonable use of
organic fertilizer, timely shutting down of abandoned mining areas, and strengthening of
protective measures in coal mines to prevent coal dust from continuously entering the soil
environment should be implemented. It is recommended that local residents enhance their
own protective measures.
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Abstract: As urbanization accelerates, the contamination of urban soil and the consequent health
implications stemming from urban expansion are increasingly salient. In recent years, a plethora
of cities and regions nationwide have embarked on rigorous soil geological surveys with a focus
on environmental quality, yielding invaluable foundational data. This research aims to develop
scientifically robust and rational land-use planning strategies while assessing the levels of heavy metal
pollution and associated risks. The urban agglomeration encompassing Zhengzhou, Luoyang, and
Kaifeng (referred to as Zheng—Bian—-Luo Urban Agglomeration) in Henan Province was designated
as the study area. Leveraging the Nemerow comprehensive index method alongside the Hakanson
potential ecological risk assessment method, this study delved into the pollution levels and potential
ecological ramifications of nine heavy metals, namely Cr, Mn, Ni, Cu, Zn, As, Cd, Pb, and Co.
Research indicates that the hierarchy of individual potential ecological risks ranges from most to least
significant as follows: Cd > Pb > Cr > Ni > Cu > Zn > As > Mn > Co. The concentrations of Cd in
both Zhengzhou and Kaifeng surpassed the established background levels. Furthermore, the mean
single-factor pollution index values for the heavy metals Cd and Zn exceeded 1, signifying a state
of minor pollution. The Nemerow comprehensive index P of Cd and Zn is between 1 < Peomp < 2,
which is considered mild pollution. The comprehensive P values of the other seven metal elements
are all less than 0.7, reaching a clean (alert) level. Predominantly, the primary potential risk factor
in the superficial soil of the Zheng-Bian-Luo urban agglomeration is Cd, while the ecological
risk implications associated with other heavy metal elements are comparatively minimal. The soil
environmental quality within the designated study area remains secure, although certain localized
areas pose potential risks of heavy metal pollution. A comprehensive assessment of the current state
of soil heavy metal pollution is essential to establish a theoretical foundation and provide technical
support for soil environmental protection, pollution mitigation, and sustainable utilization.

Keywords: heavy metals; pollution levels; risk assessment; Zheng-Bian—-Luo urban agglomeration

1. Introduction

With the advancement of economic development and the escalation of population
growth, the intensity of land use has significantly increased. Emissions from vehicular
exhausts, industrial waste gases, agricultural practices, industrial mining operations, and
the irrigation of crops with industrial wastewater have collectively contributed to the
accumulation of heavy metals in the soil [1,2]. Urban soil, profoundly influenced by
anthropogenic activities, constitutes an integral component of the ecosystem. It serves
not only as a repository for pollutants but also as a potential source of contamination.
Throughout the process of urbanization, relentless and recurrent human interventions have
subjected urban soil to significant disturbances, culminating in pronounced environmental
pollution challenges [3-5]. The ramifications of this trend are undeniable, surpassing the
inherent resilience of soil ecosystems and posing significant socio-ecological challenges.
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The progression has intensified the pressure on atmospheric and aquatic resources, exerting
a significant impact on the health and quality of life of city dwellers [6-8]. Moreover,
because of widespread and complex human interventions in urban soils, their ecological
functions and biodiversity encounter significant challenges. These pressures could lead to
irreversible ecological catastrophes over time. Therefore, proactive measures are essential
to improve the quality of urban soil and reduce the pollution burdens it faces. This is
essential not only to ensure the sustainable progression of urbanization but also to cultivate
a more resilient and habitable urban environment for forthcoming generations.

The “National Soil Pollution Situation Survey Bulletin” unveiled in April 2023 reveals
that the current exceedance rate of soil pollutant thresholds in Chinese urban areas stands
at 16.1%. The predominant pollutants encompass a range of metal elements, notably Cd,
Ni, As, Cu, Hg, Pb, among others [9,10]. As heavy metal elements infiltrate the soil, reme-
diation efforts become more complex and challenging. These metals persist within the soil
matrix, severely impairing both its physical and chemical properties. Furthermore, they
inflict significant harm on soil enzyme and microbial activities. Such toxic contamination
markedly undermines soil productivity. The most concerning aspect of heavy metal pollu-
tion lies in its latent and enduring nature [11-13]. The escalating severity of heavy metal
pollution in soil poses threatens not only the ecological environment but also affects organ-
isms across the food chain, thereby leading to potential risks to human health. Therefore,
it is crucial to obtain a comprehensive understanding of the content and distribution of
heavy metals in the soil [14,15]. Although China’s exploration into heavy metals in urban
soil commenced relatively recently, contemporary scholars have diligently investigated the
content, distribution, and sources of soil heavy metal pollution in numerous large- and
medium-sized cities, including Haikou, Beijing, Nanjing, and Shanghai [16-23]. The single
factor index method was employed to assess the heavy metal pollution of the soil near the
river, revealing severe pollution in the area, particularly from Cd [24]. An investigation
into eight heavy metals within Beijing’s urban green spaces revealed that Cd, Cu, Zn, and
Ni are markedly influenced by anthropogenic activities. Pollution assessment outcomes
indicate that, while Beijing’s green spaces are predominantly clean, there exist minor po-
tential ecological risks [25]. Utilizing Pb isotopes and multivariate statistical analyses to
investigate the origins of heavy metals in the alluvial plain soil of the Pearl River Delta,
the study determined that Pb primarily originates from gasoline combustion emissions.
Furthermore, the sources of As, Cd, Hg, and Pb predominantly stem from coal combustion
and the lead-zinc industry [26].

With global attention turning towards the soil environment, the presence of heavy met-
als in urban soil has become a central focus of research for both domestic and international
scholars. Presently, numerous studies delve into the content, distribution, and sources of
heavy metals in the soils of major urban centers such as Shanghai, Beijing, and Nanjing.
However, research on smaller urban agglomerations is relatively limited. Positioned as the
core of the rapidly growing regional economy within the Central Plains Economic Zone,
the Zheng-Bian-Luo urban agglomeration has witnessed significant urban expansion
and an increase in townships. Concurrently, this growth has intensified significant urban
security challenges.

In recent years, Henan has undergone rapid urbanization, leading to the establishment
of an industrial economic framework centered around sectors including medicine, textiles,
chemicals, machinery, electronics, food, light industry, and building materials. Conse-
quently, urban surface soils have been subjected to the discernible anthropogenic pollution.
Notably, certain heavy metal elements, including Cd, Hg, Zn, and Cr, have manifested
contamination [27,28]. The escalation of industrial development and urbanization within
the Zheng—Bian-Luo urban agglomeration has amplified the influence of urban soil on both
residents’ living environments and human health [29,30]. Consequently, there is a pressing
need to undertake pollution assessments and potential ecological hazard evaluations of
heavy metals in the surface soil of the Zheng-Bian-Luo urban agglomeration. These efforts
are crucial for improving the ecological environment of the soil in this urban conglomer-
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ation, carefully planning urban soil usage, establishing a resilient urban ecosystem, and
safeguarding residents” health. This research provides essential foundational data and a
scientific framework. Given these imperatives, investigating the sources, geochemical mi-
gration patterns, and the ecological impacts of heavy metals in urban soils is of paramount
practical significance.

With the ongoing integration of the Zheng—Bian-Luo urban agglomeration, the re-
gional urban ecological environment is facing escalating pressures, particularly from heavy
metal pollution. Recent investigations indicate that specific zones within the Zheng-Bian—
Luo urban agglomeration, encompassing soil, sediment, water, and near-surface dust,
exhibit varying degrees of contamination by heavy metal elements such as Cd, Cu, Pb, and
Zn. However, there is still a noticeable gap in comprehensive studies regarding the distri-
bution characteristics of heavy metals across various functional zones—such as industrial,
agricultural, and residential areas—in this region.

To address this research gap, the present study examines the soil of the Zheng—Bian—
Luo urban agglomeration. We performed an in-depth analysis of the contents of Cd, Cr, Cu,
Ni, Pb, and Zn, and further clarified the distribution characteristics of these heavy metals
across various functional zones. Our objective is to establish a scientific foundation for the
planning and development of the Central Plains urban agglomeration, with a particular
emphasis on early warning systems for environmental pollution.

2. Materials and Methods
2.1. Study Area Overview

The Zheng-Bian-Luo urban agglomeration includes the three cities of Zhengzhou,
Kaifeng, and Luoyang in Henan Province. Acting as the nucleus of Central Plains culture,
it is also a key point within the “three points and one line” tourism corridor along the
Yellow River in Henan Province (Figure 1). Geographically situated between 112°42" and
114°14' east longitude and between 34°16’ and 34°58' north latitude, the region experiences
a warm temperate continental-monsoon climate. It has an annual temperature of 14.3 °C
and an annual rainfall of 640 mm [31,32].

The Zheng-Bian—-Luo urban agglomeration strategically occupies a position in the
Central Plains region, intersecting both the Beijing—Guangzhou Railway and the Longhai
Railway. It acts as a crucial link connecting the Central Plains Economic Zone to the Yangtze
River Delta Economic Zone. Situated in eastern China’s heartland, this region is adjacent to
the plains of the middle and lower reaches of the Yellow River, enjoying an advantageous
location and superior transportation infrastructure. Since the advent of economic reforms
and opening-up policies, the Zheng—Bian—Luo region has expedited its industrialization
and urbanization processes, capitalizing on its advantageous geographical position. Cur-
rently, the “two cities and one prefecture” consisting of Zhengzhou, Kaifeng, and Luoyang
have merged to form the central urban hub within the Central Plains region [33-35].

The Zheng-Bian-Luo urban agglomeration is located in the middle and lower reaches
of the Yellow River Basin, characterized by intricate geological formations. Over the
past two decades, the rapid industrialization and urbanization of the Zheng-Bian-Luo
urban agglomeration have led to extensive industrial developments, exerting substantial
environmental pressures on the region [36-39]. Situated in the “Central Plains”, the Zheng-
Bian-Luo conurbation hosts numerous metal mineral processing enterprises. Consequently,
the sources of heavy metal contamination in its soil may differ from those observed in
comparable urban areas domestically and internationally, that have been studied similarly.
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Figure 1. Geographic location map of Zheng-Bian-Luo urban agglomeration. (The illustration was
crafted utilizing ArcGIS software, version 10.2. For further reference, the URL link is provided:
https:/ /www.arcgis.com/index.html, accessed on 1 March 2024).

2.2. Selection and Processing of Sampling Points

The research areas selected encompass Zhengzhou City, Luoyang City, and Kaifeng
City, constituting the prominent “Three Points and One Line” tourist hub along the Yellow
River in Henan Province. Based on land use classifications, these regions were demarcated
into industrial zones, agricultural belts (adjacent to industrial zones), and residential
precincts (encompassing urban green spaces).

The strategic placement of sampling points primarily adhered to two guiding princi-
ples: (1) variation in land use categories; and (2) sampling feasibility and convenience.

Taking into full consideration the relationship between rainfall and sampling depth,
the annual rainfall in the area amounts to 640 mm. To avoid the direct impact of the physical
and chemical properties of the surface soil on the surface runoff and pollutants caused
by rainfall, the soil sampling points in the Zheng-Kai-Luo urban agglomeration were
chosen to sample the 0-30 cm surface soil. In 2023, surface soil samples (0-30 cm depth)
were meticulously procured from diverse functional zones across the aforementioned cities,
culminating in a total of 300 samples. The distribution of these sampling points is as
follows: Zhengzhou (100 sample points), Luoyang (100 sample points), and Kaifeng (100
sample points) (Figure 2). Each sampling point is uniquely numbered, ranging from 1 to
300.

2.3. Sample Processing

From March to July 2023, we meticulously collected soil samples using the plum
blossom pile fixed-point technique. At each designated sampling point, three samples
were procured from the surface soil layer spanning from 0 to 30 cm and subsequently
blended to achieve homogeneity. Each collection yielded approximately 500 g of soil,
meticulously stored in light-resistant plastic ziplock pouches to maintain the samples’
integrity during preservation.

128



Processes 2024, 12, 996

legend

o Sample point (Luoyang) [N Luoyang
BB & 7 10 Sample points (Kaifeng) [ Kaifeng
O e Viles -+ Sample points (Zhengzhou) Zhengzhou

Figure 2. Spatial Distribution Map of Soil Sampling Sites in the Zheng-Bian-Luo Urban Agglomera-
tion. (The illustration was crafted utilizing ArcGIS software, version 10.2. For further reference, the
URL link is provided: https://www.arcgis.com/index.html, accessed on 1 March 2024).

After collection, the soil samples were transported to the laboratory and naturally
dried in a shaded, cool environment. Subsequently, they were stored in a refrigerator
maintained at 4 °C, protected from light exposure. Prior to analysis, the samples were
ground using a mortar, filtered through a 0.15 mm mesh, placed in ziplock bags, and stored
at —20 °C.

The concentrations of heavy metals in the soil samples were determined using the
digestion combined with inductively coupled plasma-optical emission spectrometry (ICP-
OES) methodology. In order to evaluate the effectiveness and accuracy of the sample
digestion method, the author conducted a recovery rate test. By comparing the difference
between the measured value and the certified value, the efficiency and reliability of the
digestion method can be evaluated.

The digestion procedure is delineated as follows:

(1) Utilize a precision balance calibrated to one-ten-thousandth of a gram to weigh
(0.1000 =+ 0.0005) g of sediment sample, transferring it to a 25 mL digestion vessel
made of polytetrafluoroethylene;

(2) In an acid-resistant fume hood, add 6 mL of nitric acid, 3 mL of hydrochloric acid,
and 2 mL of hydrofluoric acid to the vessel. Allow the mixture to stand for 24 h to
ensure the thorough mixing of the sample with these reagents;

(3) Execute the digestion process in accordance with the temperature ramping protocol
detailed in Table 1, and subsequently allow the solution to cool upon the completion
of the program;

(4) Once the temperature inside the digestion vessel has returned to ambient levels, pour
all remaining substances into a 25 mL volumetric flask filled with distilled water.
Rinse the digestion vessel and its lid with a small amount of distilled water, and
then add these rinses to the volumetric flask. Fill the flask to the 25 mL mark with
distilled water, allow it to stand for one hour, decant the supernatant, and proceed
with measurements using ICP-OES.
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ICP-OES analysis was used for the quantification of nine heavy metals in the samples,
namely Cr, Mn, Ni, Cu, Zn, As, Cd, Pb, and Co.

Table 1. Digestion heating protocol.

Heating Duration/Minutes Digestion Temperature/°C Hold Time/Minutes
5 room temperature — 120 5
5 120 — 150 5
5 150 — 180 20

Note: The symbol “—" signifies the heating phase.

When performing ICP-OES (inductively coupled plasma-atomic emission spectrome-
try) analysis, the calculation of the limit of detection (LOD) and the limit of quantification
(LOQ) is crucial to evaluate the sensitivity and suitability of the analytical method. And
under the selected working conditions, the 2% nitric acid blank solution was measured
10 times in parallel according to the test method, and 3 times the standard deviation of the
10 measurement results was taken as the detection limit of each element. It can be seen that
the detection limit of each element is 0.000214~5.578 ug/L, and the quantification limit is
0.000714~18.593 ug/L.

2.4. Research Methodology
2.4.1. Nemerow Comprehensive Index Methodology

The approach is based on the single-factor index methodology, but it has been refined
to overcome its inherent limitation of only being applicable to areas contaminated by a
single contaminant. Through the utilization of a single-factor pollution index, we can
comprehensively assess the cumulative pollution magnitude of multiple contaminants in
soil, enabling a detailed analysis of the multifaceted influence exerted by various pollutants
on soil quality [40,41]. The mathematical expression for this integrated assessment is
articulated as follows:

P, =C;/S; (1)
(Ci/si)zmax + (Ci/si)ive
Pcomp = \/ ) (2)

Within the formula: P; represents the pollution value attributable to pollutant i; C; rep-
resents the concentration of pollutant i; S; represents the background level of pollutant i in
the soil; (C;/Si)max stands for the peak single-factor pollution value; (C;/Si)ave corresponds
to the average single-factor pollution value in the soil. The assessment criteria for are both
shown in Tables 2 and 3.

Table 2. Criteria for single-factor index evaluation.

Rank Single Factor Index Pollution Level
I P; <1 No pollution
I 1<P; <2 slight pollution
1II 2<P; <3 light pollution
v 3<P;<5 Moderately polluted
v P;>5 Heavy pollution

Table 3. Nemerow comprehensive index evaluation criteria.

Rank Nemerow Comprehensive Index Grade of Land Environmental Quality
I Peomp < 0.7 Clean (Safe)
II 0.7 <Peomp <1 Still clean (alert)
111 1 <Peomp <2 light pollution
I\% 2 <Peomp <3 Moderately polluted
\% Peomp >3 heavy pollution
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2.4.2. Hakanson Potential Ecological Risk Assessment Methodology

The Hakanson methodology offers an efficient and effective approach for assessing
the potential ecological consequences of heavy metal contamination in soil. Esteemed for
its efficacy, this method finds extensive application in the realms of soil environmental
quality assessment and research on soil pollution mitigation [42—-44]. The formal expression
for this methodology is articulated as follows:

n .
RI=) E} )
i=1
i _ i i
Ey = Ty x Ci 4)
Within this framework, the subsequent evaluation metrics are encompassed:
C = Cy/Cy, (5)
n .
Cu =) C (6)
i=1

Let Ef denote the potential risk index associated with an individual metal; Cl repre-
sents the concentration of pollutant i in the soil; Cl, signify the reference value for pollutant
i in pollution assessment; Cy; stand for the heavy metal pollution index; C} indicates the
index for pollution by a single metal; and T} reflects the coefficient for the biotoxic response
to various metals. The indices and corresponding degrees of harm are delineated in Table 4.

Table 4. Index of potential risk and classification of hazard degree.

Degree of Hazard Ti Cu RI
Minor ecological risk <40 <5 <150
Moderate ecological risk 40-80 5-10 150-300
Significant ecological risk 80-160 10-20 300-600
High ecological risk 160-320 >20 >600

Severe ecological risk >320

2.5. Data Processing and Analysis

The data were subjected to statistical analysis utilizing Excel 2019 and Origin 9.1, while
spatial data and sampling points were visualized using ArcGIS 10.2.

3. Results and Analysis
3.1. Assessment of Soil Metal Content in the Zheng—Bian—Luo Urban Agglomeration

The findings regarding the heavy metal content across all samples are outlined in
Table 5. Among soils sourced from diverse cities, only in Luoyang did the average arsenic
(As) content surpass the background level [45,46], registering at 0.2 mg/kg. In Zhengzhou,
especially in densely populated zones, concentrations of cadmium (Cd), copper (Cu),
nickel (Ni), and zinc (Zn) surpassed the established background values. However, at other
sampling sites, the heavy metal levels remained below the background thresholds [47,48].
In Kaifeng, the mean concentrations of Cd, chromium (Cr), Cu, and Zn all exceeded the
background values [49]. Given the agricultural focus of this study, we employed risk
screening values specific to agricultural soil pollution to evaluate the soil quality. The
data revealed that the average Cd concentrations in Zhengzhou and Kaifeng exceeded
the background levels by 1.77-fold and 10.37-fold, respectively. In conclusion, the Cd
contamination in the soils across these cities is a matter of significant concern.
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Table 5. Heavy metal concentrations in the soil of the Zheng-Bian-Luo urban agglomeration.

Area Style As Cd Co Cr Cu Mn Ni Pb Zn
Max 6.05 3.50 11.84 62.80 57.54 559.20 39.51 18.03 212.40
Zhengzhou Min 0.99 0.10 0.59 57.75 10.37 176.20 12.62 5.07 40.33
Avg 2.79 0.11 3.65 60.27 25.34 373.40 24.63 14.64 106.80
Max 12.30 0.45 3.13 48.84 14.17 277 13.80 29.60 65.30
Luoyang Min 6.07 0.10 0.23 48.84 8.75 102 9.60 4.70 32.10
Avg 9.20 0.24 1.68 48.84 10.07 166.70 11.08 14.90 43.70
Max 10.90 5.79 4.22 96.30 118.3 731.60 26.02 124.50 750.00
Kaifeng Min 2.60 1.40 2.15 38.40 25.90 310.80 17.11 15.20 150.30
Avg 6.67 3.41 2.96 70.60 55.10 451.20 21.45 46.90 364.40
Agricultural land soil screening value 40 0.30 - 150 50 - 60 70 200
Soil background value 9 1.10 - 65 39 583 25 51 172
3.2. Correlation Assessment of Soil Heavy Metals in the Zheng—Bian—Luo Urban Agglomeration
Heavy metals in soil mainly originate from a variety of sources, including soil parent
materials, agricultural practices, atmospheric deposition, and industrial emissions [50,51].
There is a potential correlation among heavy metals originating from the same sources.
To ascertain the similarity in sources of these heavy metals, we conducted an analysis by
calculating the correlation coefficients between them. The Spearman correlation analysis
method was used to analyze the heavy metals in the soil of the Zheng—Kai-Luo urban
agglomeration (Table 6). A high correlation coefficient suggests a common origin for these
elements or the occurrence of composite pollution phenomena, whereas a low correlation
coefficient implies a more intricate array of sources for these elements [52].
Table 6. Correlation assessment of heavy metals in the soil of the Zheng-Bian-Luo urban agglomeration.
Heavy Metal As Cd Cr Cu Zn Pb Mn Ni Co
As 1
Cd 0.03 1
Cr 0.63 ** 0.03 1
Cu 0.45 ** 0.2 0.62 ** 1
Zn 0.15 0.24 —0.12 0.15 0.28 1
Pb 0.09 0.89 ** 0.10 ** 0.21 0.21 0.19 ** 1
Mn 0.25 0.06 0.13 0.35 0.26 0.06 0.13 1
Ni 0.15 0.34 0.04 0.18 0.25 0.03 0.23 0.15 1
Co 0.03 0.21 0.16 0.05 0.17 0.04 0.28 0.33 0.27

Note: ** denotes an extremely significant correlation at the 0.01 level, while **’ represents a significant correlation
at the 0.05 level.

The assessment results of correlation coefficients for heavy metals in the soil of the
Zheng-Bian-Luo urban agglomeration have been consolidated in Table 6. Within our study
sample, lead (Pb) and cadmium (Cd) exhibited a pronounced correlation, registering a coef-
ficient of 0.89. This suggests, at a significance level of 0.01, a shared source of contamination
for these two elements. Furthermore, chromium (Cr) demonstrated a correlation of 0.63
with arsenic (As), copper (Cu) displayed a correlation of 0.45 with As, and the correlation
between Cu and Cr stood at 0.62. These findings suggest a potential commonality in the
pollution sources for these elements. Conversely, no significant correlations were observed
between Cr and Cd, Cu and Cd, or As and Cd, indicating substantial disparities in their
respective pollution sources.

3.3. Assessment and Analysis of Heavy Metal Pollution in the Soil of the Zheng—Bian—Lu
Urban Agglomeration

The calculation results of both the single-factor index and the Nemerow comprehen-
sive index for heavy metals in the soil of the Zheng-Bian-Luo urban agglomeration were

132



Processes 2024, 12, 996

recorded in Table 7. Upon scrutinizing the data, it is evident that the average single-factor
pollution indices for Cd and Zn surpass a value of 1, suggesting a slight contamination by
these two heavy metals. In contrast, the average index for Cu hovers near unity, specifically
at 0.92. In terms of pollution severity, the average indices for Cd and Zn indicate mild
pollution according to Level II criteria.

Table 7. Assessment index for heavy metal pollution in soil.

Area Style As Cd Co Cr Cu Mn Ni Pb Zn
. Max 0.46 0.87 0.78 0.69 0.69 0.41 0.26 0.16 0.39
Single-factor Min 135 184 151 123 185 174 133 076 075
index Avg 0.68 1.26 0.54 0.92 1.09 0.73 0.42 031 0.46
Nemerow Peomp 0.63 1.21 0.79 0.69 1.01 0.66 0.33 0.26 0.63
composite Soil environmental Clean Light Still clean  Still clean Light Clean Clean Clean Clean
index quality classification (safe) pollution (alert) (alert) pollution (safe) (safe) (safe) (safe)
Additionally, upon computing the Nemerow comprehensive index, denoted by P
comprehensive, it was observed that the P comprehensive values for Cd and Zn fell within
the range of 1 < Peomp < 2. This suggests a mild degree of pollution for these particular
heavy metals. Conversely, the P values for the remaining seven metal elements all registered
below 0.7, signifying a relatively clean or cautionary status.
3.4. Potential Ecological Risks of Heavy Metals in the Soil of Zheng—Bian—Luo
Urban Agglomeration
According to the potential ecological risk index used for evaluating heavy metal
contamination in surface soil (Table 8), the hierarchy of individual ecological risks, ranked
in descending order, are as follows: Cd > Pb > Cr > Ni > Cu > Zn > As > Mn > Co. Across
all sampling sites, the ecological risk index values for Pb, Cr, Ni, Cu, Zn, As, Mn, and Co
are below 40, indicating minimal ecological risks. In particular, the ecological risk index
for Cd ranges from 34.62 to 196.73, with 83.6% of the sampled sites exhibiting moderate
ecological risks, while only a minority show severe risks.
Table 8. Potential ecological risk index for soil heavy metals.
Ef
Style ' RI
As Cd Cr Cu Zn Pb Mn Ni Co
Max 0.81 34.62 4.747 2.01 1.09 5.38 0.43 3.67 0.34 50.79
Min 1.72 196.73 6.22 5.71 3.21 12.06 0.72 5.11 0.72 213.60
Avg 0.12 12.14 3.07 1.07 0.57 3.42 0.18 221 0.14 20.63
Mean Slight Slight Slight Slight Slight Slight Slight Slight Slight Slight
risk level ecologi-  ecologi-  ecologi- ecologi- ecologi- ecologi- ecologi- ecologi- ecologi- ecologi-
cal risk cal risk cal risk cal risk cal risk cal risk cal risk cal risk cal risk cal risk

The comprehensive potential ecological risk index (RI) spans from 20.63 to 213.60,
mainly reflecting minor ecological risks that make up 98.4% of the total. These findings
elucidate that cadmium (Cd) stands as the predominant risk factor in the surface soil of
the Zheng-Bian-Luo urban agglomeration. In contrast, the ecological impacts of other
heavy metal elements seem comparatively negligible. Collectively, the overall ecological
risk within this region is assessed as moderate, albeit predominantly mild.

The bio-toxicity response coefficient of metals is a crucial metric used to evaluate
the harmful effects of metals on various organisms, including humans, animals, and
plants [53-55]. This coefficient primarily elucidates the correlation between the toxicological
effects induced by specific metals and their concentrations. Leveraging this coefficient

allows us to systematically quantify the potential health risks associated with exposure to
these metals.
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The biological toxicity response coefficients and associated potential hazard levels for
various metals examined in this study are meticulously detailed in Table 9. Analysis of
the data reveals that the toxicity response coefficients for the nine metallic elements listed
therein all register below 40. Such findings signify that these metals can exert toxicological
effects on organisms even at comparatively low concentrations, thereby suggesting a
minimal ecological risk associated with their presence.

Table 9. Biotoxicity response coefficients of various metals.

Heavy Metal As Cd Cr Cu Zn Pb Mn Ni Co Degree

Tif 5 30 5 5 20 20 2 20 1 Slight ecological risk

This observation suggests that potential health hazards for humans or other organisms
in everyday life or occupational settings may only become apparent when metal concentra-
tions reach elevated levels [56-58]. Nonetheless, it remains imperative to acknowledge that
even when the toxicity response coefficient falls below 40, metal exposure can still elicit
detrimental effects on particularly vulnerable populations or ecosystems. Consequently, de-
spite the reduced toxicity exhibited by these metals, a comprehensive risk assessment and
management strategy is indispensable to safeguard both organisms and the environment.

4. Discussion

Upon examining the levels of heavy metals in the soil of the Zheng—Bian-Luo ur-
ban agglomeration, our findings indicate predominantly favorable soil quality within the
study area. In isolated locations exhibiting moderate-to-severe pollution, the primary
contaminants manifest as residues and oxidation states of iron and manganese, which
exhibit limited mobility and absorption by plants. Currently, the potential adverse ef-
fects of these pollutants on both human health and environmental integrity appear to be
relatively minimal.

The computed results for the single-factor index and the Nemerow comprehensive
index pertaining to heavy metals in the soil of the Zheng-Bian-Luo urban agglomeration
are presented below. The analysis reveals that the average single-factor pollution index
values for the heavy metals Cd and Zn both exceed 1, signifying mild pollution levels, with
an average value corresponding to Level II of mild pollution. Furthermore, the Nemerow
comprehensive index (P) values for Cd and Zn range between 1 < Peomp < 2, indicative
of mild pollution. In contrast, the comprehensive P values for the remaining seven metal
elements are all below 0.7, categorizing them at a relatively clean or alert level.

Elevated Cd concentrations in soil are often associated with anthropogenic activities,
including sectors such as the chemical industry, battery manufacturing, mineral processing,
and improper waste disposal practices. Specifically, the Luoyang Jianxi Industrial Zone,
densely populated regions, and areas rich in historical human activity relics emerge as the
most heavily contaminated zones. Noteworthy examples include the Luoyang Copper
Processing Factory, Datang Power Plant, Luoyang Glass Factory, Baima Temple, and the
Ru’ao areas. Contamination in the former locations may be attributed to mineral processing
activities, whereas the latter encompasses remnants of ancient human settlements dating
back to the Han and Wei dynasties, as well as activities from the Sui, Tang, and Song
dynasties. Consequently, persistent or large-scale industrial emissions, illicit waste disposal,
and improper application of pesticides and fertilizers are potential contributors to the
heightened Cd levels observed in the soil.

Among the individual potential ecological risks assessed, Cd poses the most substan-
tial risk, whereas Co presents a comparatively minor risk. Elevated Cd concentrations are
often associated with specific anthropogenic activities, including the chemical industry, min-
eral processing, battery manufacturing, and improper waste disposal. Such activities can
lead to the substantial release and accumulation of cadmium, thereby augmenting the risk
of cadmium contamination within soils and ecosystems. In contrast, the primary sources
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of Co typically stem from natural geological processes, such as the inherent weathering
and decomposition of cobalt ores. Given the relatively stable migration and transformation
properties of Co within soil, its accumulation and enrichment in the environment are
less pronounced.

The concentration of heavy metals in soil is influenced by a myriad of factors, resulting
in a multifaceted array of sources. To enhance our comprehension and management of
heavy metal pollution in soil, it is imperative to intensify relevant investigations and
meticulously trace the origins of pollution. These efforts will provide a scientific foundation
for the judicious utilization of soil resources and facilitate effective strategies for mitigating
soil pollution amidst the backdrop of urbanization.

5. Conclusions

(1) Insoil samples collected from Zhengzhou and Kaifeng, the average cadmium (Cd) con-
centrations surpassed the background values by 1.77-fold and 10.37-fold, respectively.
Such pronounced cadmium contamination in these urban soil matrices warrants
meticulous scrutiny and underscores the imperative for heightened attention to this
environmental concern.

(2) Upon examining the correlation coefficients of heavy metals in the soil of the Zheng-
Bian-Luo urban agglomeration, our findings unveil a significant association between
Pb and Cd, yielding a coefficient of 0.89 at a significance level of 0.01. Such results
suggest a common source of contamination for these two elements. Furthermore, the
correlations between Cr and As, Cu and As, and Cu and Cr are determined to be
0.63, 0.45, and 0.62, respectively, implying potential shared sources of contamination
for these elements. Conversely, the correlations between Cr and Cd, Cu and Cd, as
well as As and Cd, are notably weak or even absent, indicating distinct sources of
pollution for these metals.

(3) The average single factor pollution index for Cd and Zn surpasses 1, suggesting a state
of slight pollution categorizing them under Level II mild pollution. Moreover, the Ne-
merow comprehensive index places the P comprehensive value for Cd and Zn within
the 1 < Peomp < 2 range, signifying a mild pollution level for these metals. In contrast,
the comprehensive P values for the remaining seven metal elements fall below 0.7,
suggesting pollution levels that either reach a clean state or warrant warning.

(4) Interms of individual potential ecological risks, the hierarchy, ranging from most to
least significant, is as follows: Cd > Pb > Cr > Ni > Cu > Zn > As > Mn > Co. The
ecological risk index for Cd oscillates between 34.62 and 196.73, suggesting a condition
of mild ecological risk. The comprehensive potential ecological risk index, denoted by
RI, spans from 20.63 to 213.60, predominantly signifying minimal potential ecological
risks. Research findings elucidate that the predominant risk factor influencing the
surface soil of the Zheng-Bian-Luo urban agglomeration is cadmium (Cd), with the
remaining heavy metal elements exerting relatively negligible impacts on ecological
risk levels.

6. Limitations and Future Directions

This study conducted a comprehensive exploration and assessment of heavy metal
pollution levels in the soil of the Zheng—Bian-Luo urban agglomeration; however, several
limitations warrant acknowledgment. Primarily, constrained by resources and scope, our
investigation was confined to select heavy metal elements, thus failing to encompass all
potential contributors to heavy metal pollution. Secondly, our study predominantly focused
on a static pollution assessment, lacking a comprehensive exploration into the dynamic
fluctuations of soil contamination over time.

In future research endeavors, it would be advisable to expand the range of heavy metal
detection by incorporating additional trace elements or emerging pollutants. Moreover, the
geographical scope of our study should include a broader array of counties surrounding
urban agglomerations. By integrating soil types, topographical features, and other pertinent
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factors, our aspiration is to formulate a more sophisticated soil pollution assessment
model. Such advancements aim to furnish robust foundational support for soil ecological
sustainability research across various urban agglomerations nationwide.
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Abstract: The objective of this inquiry is to illuminate the attributes of heavy metal contamination
and evaluate the potential ecological hazards inherent in the surface soil of Chenzhou City. A
comprehensive analysis was conducted on 600 systematically collected soil samples within the
study area, utilizing enrichment factors, geo-accumulation indices, comprehensive pollution indices,
potential ecological hazard indices, and health risk assessment models to evaluate the degree of
heavy metal contamination in the soil, potential ecological risks, and associated health hazards. The
findings reveal that the average enrichment factor (EF) for each heavy metal is below 2, with the
hierarchy from highest to lowest being Hg > Cd > Cu > Pb > Ni > Zn > Cr > As. Approximately
78.67% of soil samples exhibit no pollution to weak pollution levels based on heavy metal enrichment
factors. Moreover, the comprehensive pollution index (IPIy) indicates that 95.17% of soil samples are
within safe and pollution-free levels, indicating an overall environmentally secure setting. However,
2.67% of samples display heightened potential ecological risk levels, primarily concentrated in the
southwestern region of the study area, influenced by nearby industrial activities. Additionally,
it is noteworthy that both the non-carcinogenic and carcinogenic health hazards emanating from
soil heavy metals to adult individuals lie within tolerable thresholds. Among these, arsenic (As),
chromium (Cr), and lead (Pb) have been discerned as the principal non-carcinogenic agents. It is of
particular significance that only a solitary soil specimen, located in the southwestern quadrant of the
investigative region, manifests detectable health perils for children.

Keywords: soil; heavy metals; potential ecological risks; health risks; Chenzhou

1. Introduction

Soil contamination has emerged as a ubiquitous global environmental concern, at-
tracting considerable scrutiny, particularly in light of the pervasive infiltration of heavy
metals [1]. Soil contamination by heavy metals can be delineated into natural and anthro-
pogenic origins. The former emanates from inherent processes intrinsic to soil genesis,
encompassing the dissolution of elements through mineral weathering and background
sources [2]. Amidst the swift evolution of the Chinese economy and its hastened industrial-
ization, diverse heavy metal constituents have permeated the soil via assorted conduits.
This incursion not only disrupts the intrinsic ecological functionalities and equilibrium
of the soil milieu, but also poses formidable hazards to human well-being, significantly
constraining the sustainable progression of regional soil ecosystems.

The heavy metals entrenched within the soil manifest distinctive traits, encompassing
concealment, temporal lag, accumulation, and facile enrichment. Perturbed by exoge-
nous pollution, these heavy metals persist in accumulating within the soil, precipitating
a diminution in the soil environment’s carrying capacity and engendering substantial
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ecological and environmental perils [3,4]. Heavy metals residing within the soil possess the
potential to engender risks to elevated trophic strata of organisms and human well-being
via the transmission and enrichment within the food chain. The quandary of soil heavy
metal pollution has garnered considerable focus from pertinent regulatory entities and
presently stands as a paramount subject in the realm of environmental science research.

Anthropogenic sources serve as extrinsic agents influencing the heavy metal landscape
within the soil. Human activities, encompassing industrial coal combustion, mining,
metallurgy, the utilization of agricultural fertilizers and pesticides, emissions stemming
from vehicular exhaust, and the disposal of electronic products, can induce varying degrees
of heavy metal contamination in the soil [5,6]. Nevertheless, heavy metal pollution is
distinguished by its formidable concealment, enduring presence, and bio-accumulative
proclivity, rendering its remediation from the soil a formidable undertaking. Elevated
concentrations of heavy metals not only impede the flourishing of plants within the soil,
but also yield diminished crop output and compromised quality of agricultural products.
Moreover, these metallic elements can infiltrate the human body through various pathways,
precipitating a range of health complications, whether directly or indirectly.

Elevated consumption of lead (Pb) not only precipitates hypertension, but also imposes
deleterious effects upon the skeletal, immune, and endocrine systems. It diminishes
cognitive faculties in both juveniles and adults, concurrently compromising renal and
cardiac functionality. Likewise, the excessive assimilation of copper (Cu), mercury (Hg),
and chromium (Cr) engenders adverse health ramifications. Moreover, protracted exposure
to cadmium (Cd) renders individuals increasingly susceptible to pulmonary carcinoma and
skeletal fractures. Nickel (Ni), too, qualifies as a heavy metal carcinogen. Depending on
the dosage and duration of exposure, it exhibits immunotoxic and carcinogenic properties.
The accrual of nickel within the body can precipitate pulmonary fibrosis, and kidney and
cardiovascular ailments, as well as respiratory malignancies. Furthermore, an estimated
20% of the global populace suffers from nickel allergies.

Henceforth, the principal objective of this investigation is to utilize Chenzhou City as
a case study to examine the attributes of heavy metal pollution in urban surface soil and
conduct an ecological health risk assessment. This endeavor holds immense importance for
fostering the harmonious coexistence between urban inhabitants and their environment,
and for promoting the sustainable progression of human society.

2. Literature Review

Presently, a multitude of scholars have employed a diverse array of research method-
ologies to undertake pertinent inquiries into soil heavy metal contamination across varied
urban settings. With regards to research substance, their primary emphasis revolves around
elucidating the attributes of heavy metal presence in urban soil, appraising pollution de-
grees, dissecting pollution origins, and appraising potential ecological hazards.

For instance, an investigation delved into the pollution status and spatial characteris-
tics of heavy metals in soil across diverse verdant landscapes, including urban parklands,
roadside greenery, and adjacent expanses of green. The findings unveiled the pollution
levels of these heavy metals, all indicating a state of mild contamination [7]. The concentra-
tions of zinc (Zn), chromium (Cr), nickel (Ni), manganese (Mn), copper (Cu), lead (Pb), and
cadmium (Cd) in soils from various types and regions in Shanghai were assessed, revealing
that their average concentrations exceeded the local background levels for soil elements [8].
Another investigation discerned that soil heavy metal contamination in industrial zones
and bustling traffic corridors in Nanjing exhibits a relatively severe profile, in contrast with
the comparatively lighter pollution levels observed in residential and parkland domains.
The principal contributors to soil heavy metal pollution have been attributed to vehicular
emissions and industrial discharges [9]. A study scrutinizing soil heavy metal pollution
along thoroughfares, residential vicinities, parks, and other sectors in Guangzhou revealed
that 61% of soil samples demonstrated moderate to severe levels of heavy metal pollu-
tion, with human activities discerned as the principal catalyst of this contamination [10].
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The mean concentrations of heavy metals in the soil within Xi’an’s industrial sectors,
transportation hubs, commercial and transit amalgamated regions, residential quarters,
cultural enclaves, and parklands surpass the baseline values of soil elements in Shaanxi
Province [11].

Research on related underground heavy metal migration phenomena has also made
progress. The migration behavior and patterns of persistent pollutants in soil-groundwater
systems through heterogeneous distribution characteristics have been studied. The migra-
tion mode of heavy metals (HM) may be dominated by solute transport due to ground-
water flow [12]. Studies have also been conducted in metallogenic zones along river
basins. Self-organizing map (SOM) calculations and stable isotopes were employed to
elucidate groundwater hydrochemistry and the migration of heavy metals, with particular
emphasis on iron [13]. Additionally, there are pertinent studies in this domain. Through
the establishment of an enhanced one-dimensional convection-diffusion model and air
deposition model, alongside fitting experiments utilizing authentic urban soil data, the
findings demonstrate that the refined model adeptly incorporates factors such as adsorp-
tion, decomposition, crop root absorption and discharge, topography, and air deposition.
Consequently, it accurately delineates the transmission characteristics and diffusion process
of heavy metal pollution [14]. The manner in which metals migrate within sewage sludge
is of paramount importance, significantly influencing the assessment of their potential
utilization. A study devised a metal mobility ecological risk index and an environmental
risk index, with meticulous focus on the mobility of metals within the soil environment [15].

Within the domain of research methodologies, both domestic and international pur-
suits primarily deploy sophisticated frameworks, such as the geo-accumulation index,
single-item pollution index, potential ecological risk index, Nemeiro comprehensive pollu-
tion index, and the enrichment factor method. These tools serve as instrumental means to
evaluate the intricate landscape of heavy metal pollution within the soil [16,17]. Each of
these methodologies possesses inherent advantages and drawbacks in its utilization. As a
result, it is judicious to concurrently employ two or more methodologies during pollution
assessment, thus augmenting the reliability of research findings. Furthermore, certain
investigations employ mathematical statistical techniques such as correlation analysis and
principal component analysis to scrutinize the origins of heavy metal concentrations.

In conclusion, considerable research endeavors have been dedicated to the exploration
of heavy metal pollution in urban soil. Nevertheless, the focus of study locales primarily
revolves around major metropolises and industrial hubs, with relatively limited attention
directed towards small and medium-sized cities. The majority of research content delves
into the characteristics of heavy metal pollution in soil, spatial variances, pollution degree
assessments, and pollution source identification. However, studies concerning the ecologi-
cal health risk assessment of heavy metal pollution in urban soil remain relatively scarce.

As Chenzhou’s urbanization progresses, the issue of “urban maladies” has gained
prominence, drawing increased attention from pertinent researchers towards urban heavy
metal pollution. Currently, investigations into heavy metal pollution in Chenzhou City
primarily center on assessing pollution levels in street dust, riverbeds, forest soil, and farm-
land soil flanking highways. Nonetheless, there is a dearth of research on the characteristics
and evaluation of heavy metal pollution in urban surface soil, and a conspicuous lack of
data regarding human exposure to soil heavy metals and investigations into ecological
health risks.

This article aims to bridge this scholarly lacuna by selecting Chenzhou City as its focal
point, delving into the complexities of heavy metal pollution within urban surface soils,
and conducting a thorough ecological health risk assessment. The goal is to provide a
theoretical framework supporting the amelioration and mitigation of urban soil pollution,
the enhancement of ecological environment quality, and the safeguarding of resident health.
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3. Materials and Methods
3.1. Study Area Overview

Chenzhou City resides in the southeastern domain of Hunan Province, cradled be-
tween the magnificent Nanling Mountains and the esteemed Luoxiao Mountains. Poised at
the crossroads of the Yangtze River and Pearl River systems, its geographical coordinates
span from 112°13’ to 114°14’ E longitude and from 24°53’ to 26°50’ N latitude (Figure 1).
This locale, endowed with a subtropical monsoon climate, bestows upon its inhabitants a
tableau of distinct seasons—a tapestry woven with sultry, rain-laden summers and crisp,
arid winters. The annual mean temperature oscillates between 17 and 19 °C, while the
average annual precipitation is within the range of 1300 to 1600 mm, adding to the region’s
atmospheric allure [18,19]. The topographical tapestry of Chenzhou unfolds in a rich
panorama, where nearly three-quarters of the terrain is adorned with undulating moun-
tains and hills. Embraced by majestic peaks to the southeast, the western expanse unfolds
with more modest elevations, while the central precinct unveils a harmonious blend of
hills, plains, and plateaus, painting a tableau of geographic diversity [20]. The undulating
terrain gracefully descends from the southeast to the northwest, and this intricate interplay
of topography and climate begets a myriad of soil types in the region. Notable among
them are limestone red soil, granite red soil, and other variants. Chenzhou’s distinctive
landscape, characterized by predominant hills, plains with a plateau-like semblance, and
an intricately contoured terrain, engenders a rich tapestry of diverse soil compositions [21].

Location analysis
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Figure 1. Geographic location analysis map of Chenzhou City.

3.2. Sample Acquisition and Analysis
3.2.1. Sample Acquisition

This investigation and exploration adopted a stratified, staggered, non-equilibrium
methodology to strategically position sampling locations and meticulously collect surface
soil specimens within the designated study area. The term “stratification” entails the
division of the study area into distinct sampling units of varying magnitudes, delineated
based on spatial dimensions. Notably, the sampling units of higher echelons harmoniously
integrate with those of lower orders in this layered framework [22]. The term “staggered-
unbalanced” denotes that the sampling units within higher strata are not evenly dispersed
among lower tiers. Instead, a stochastic element is introduced by selectively choosing one
or several units from each tier, thus perpetuating the hierarchical division into subsequent
layers of sampling units [23].

After comprehensive consideration of the study area, grid density, the significance of
statistical analysis data, efficiency, and economic feasibility, a grid with a sampling density
of 8 km x 8 km was selected as the top-level cell, which contains multiple lower-level
nested levels. Those of 4 km x 4 km, 2 km x 2 km, 1 km x 1 km, 500 m x 500 m, and
250 m x 250 m were randomly selected as target cells (Figure 2). According to the area
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of the study area, 30 top-level cells were deployed without affecting the layout of each
level. In this case, each top-level sampling cell contains 20 survey samples. The specific
locations of sample points in each sampling cell can be manually fine-tuned according to
soil types, land types, etc., to ensure that when statistics are derived according to different
classifications, the data satisfy the statistics requirements.

1+ 1+
4+ | 5+
2+
2+
3+ | 4+
5+
1+ 4+
5+ | 3+
1+
1km
3+ 2+
4+ | 5+ 1km
2+
Okm 4km 8km

Figure 2. Layered, staggered, non-equilibrium mode sampling point deployment diagram (Note:
The numbers represent the sample point numbers deployed within the 4 km x 4 km sampling unit).

At designated sampling nodes, with the GPS positioning point serving as the focal
point, 3-5 sampling nodes are delineated within a radius of 20-50 m in all directions.
These nodes were amalgamated into composite samples, constituting a total of 600 soil
specimens extracted from depths ranging within 0-20 cm beneath the surface (see Figure 3).
Positioned across diverse land use categories, the sampled areas encompass 460 parcels of
arable land, 13 parcels of orchards, 5 parcels of pastures, 72 parcels of woodlands, 42 parcels
of urbanized land, and 8 parcels of miscellaneous land (refer to Figure 4).

When sampling, unrepresentative plots such as ditches, field ridges, and roadbeds
were avoided. Litter on the surface was manually removed. Where there were plant growth
points, the plants and their roots were removed first. Foreign matter such as gravel was
removed at the sampling site. Attention was paid to cleaning sampling tools in time to
avoid cross-contamination.

In this study, after digging with shovels and soil augers, bamboo chips were used to
scrape off the parts in contact with the metal samplers, and then bamboo chips were used
to collect samples. For samples of contaminated soil, appropriate protective measures were
taken according to the nature of the pollutants to avoid direct contact with the human body.
Following meticulous blending, 1.0-1.5 kg was retained and transferred into a specimen
pouch. The soil specimen underwent a process of natural desiccation, pulverization, and
filtration through a 10-mesh nylon sieve before being dispatched to the laboratory for
meticulous analysis and evaluation. The procedures for soil sampling and processing
adhered rigorously to the specifications outlined in DZ/T 0295-2016 [24,25].

3.2.2. Sample Testing and Quality Control

Soil sample analysis test indicators include As, Cd, Cr, Hg, Pb, Ni, Zn, Cu, soil acidity
and alkalinity (pH value) indices, Sc, and other element indices.

The methodologies employed for the analysis and testing of soil heavy metals were as
follows: As and Hg were scrutinized utilizing atomic fluorescence spectrometry (AFS) [26,27];
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Cd, Ni, Cu, Pb, Zn, and Se were scrutinized through the sophisticated technique of inductively
coupled plasma mass spectrometry (ICP-MS) [28,29]. Cr was analyzed by X-ray fluorescence
spectroscopy (XRF) [30], and the pH value was analyzed using the potentiometric method
(POT) [31]. In the course of analysis and testing, soil samples of national premier quality
were enlisted to oversee the precision of the procedures. The integrity of the analysis and
testing was ensured through the utilization of repetitive samples for precision monitoring.
Remarkably, the first-tier reference materials for all analytically tested elements achieved an
unblemished 100% success rate, attesting to the rigor of the process. Furthermore, the overall
success rate for repetitive sample examination stood at an impressive 99.7%. In parallel,
the overall success rate for scrutinizing abnormal point samples reached a commendable
98.9%. The quality of sample analysis and testing, alongside the detection thresholds for
each elemental index, aligned impeccably with the technical specifications for ecological

geochemical evaluation sample analysis, thereby affirming the reliability of the analytical
data.
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Figure 3. Distribution of soil sampling points in Chenzhou City.
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Figure 4. Different land use types in Chenzhou City.
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3.3. Evaluation Methods
3.3.1. Enrichment Coefficient

The enrichment factor (EF) represents the enrichment degree of a certain element
or substance in a certain area, and is usually used to describe pollution levels or the
accumulation of certain chemical elements in the ecosystem [32,33]. The extent of the
contribution from anthropogenic and natural origins to the elemental composition of
particulate matter was examined and assessed, and pivotal metrics indicative of pollution
severity and its sources were quantitatively appraised. This entailed the selection of
elements meeting specific criteria as reference or standard elements. The enrichment factor
is defined as the quotient between the concentration of contaminating elements within
the sample and the concentration of reference elements, juxtaposed with the ratio of these
concentrations in the ambient background region [34]. The calculation formula is:

(Ci/cf)sample
(Ci /Cr)baseline

Within the equation EF denotes the enrichment factor; Ci signifies the concentration of
element i; Cr denotes the concentration of the designated reference element; and “sample”
and “baseline” delineate the sample and background, respectively. In this investigation,
Sc was chosen as the reference element due to the discernible influence of human activities
on its source. The Sc content within the Earth’s crust is relatively stable, thereby mini-
mizing its susceptibility to external perturbations [35,36]. The relationship between soil
heavy metals and Sc content can serve as a criterion for discerning the extent to which
an element is influenced by human activities. Southerland classifies the enrichment fac-
tor (EF) into five distinct levels [37,38]. An enrichment factor (EF) less than 2 signifies
marginal contamination, while EF values between 2 and 5 denote moderate pollution. EF
values falling between 5 and 20 indicate substantial pollution, whereas values ranging from
20 to 40 suggest severe contamination. EF values surpassing 40 denote egregious pollution
levels. The categorization of EF is elaborated upon in Table 1.

EF = (1)

Table 1. Enrichment factor (EF) classification.

EF Classification EF The Degree of Enrichment Source
1 EF <2 weak pollution crustal or soil source
2 2<EF<5 moderate pollution Natural and man-made sources work together
3 5 <EF <20 significant pollution man-made pollution sources
4 20 <EF <40 high pollution man-made pollution sources
5 EF > 40 extreme pollution man-made pollution sources

3.3.2. Geo-Accumulation Index

The geo-accumulation index, conceived by the esteemed German scientist G. Miiller,
serves as a metric to quantify the degree of accumulation of heavy metals or other pollutants
within soil matrices [39,40]. In contrast to alternative methodologies for assessing pollution,
the geo-accumulation index method stands as distinct because of its inclusion of factors
influencing shifts in baseline values due to natural diagenesis. This conceptual framework
finds primary application within the domains of environmental science and soil science [41].
Geo-accumulation indices are frequently employed to evaluate the magnitude of soil
contamination and aid in the formulation of suitable soil management and remediation
strategies. The computational formula is as follows:

C‘
Igeo = 10g2 |:k><lsl:| PI; =C/T; )

In the equation, Igeo represents the geo-accumulation index of heavy metal i, where
Ci denotes the measured concentration of heavy metal i in soil, and Si stands for the
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background concentration of element i. The correction coefficient, denoted by k, typically
assumes a value of 1.5. Taking into account the genetic type and geomorphology of the
surface soil within the study region, alongside the evolutionary dynamics of the environ-
ment, this investigation employed the soil environmental background values derived from
a comprehensive survey conducted in the northern Haihe Plain area as reference points.
These background values serve as benchmarks for comparison. The geo-accumulation
index is subsequently categorized into seven tiers based on the Igeo values, as delineated
in Table 2.

Table 2. Classification of the geo-accumulation index (Igeo).

Classification Igeo Meaning
1 Igeo <0 No pollution
2 O0<Igeo <1 No pollution to moderate pollution
3 1<Igeo <2 Moderately polluted
4 2<lgeo <3 Moderate to strong pollution
5 3<Igeo <4 strong pollution
6 4<lgeo <5 Strong pollution to extremely strong pollution
7 Igeo >5 Extremely polluted

3.3.3. Comprehensive Pollution Index

The pollution index (PIi) and comprehensive pollution index (IPIy) of each soil heavy
metal are employed to assess the degree of soil contamination [42,43]. The calculation

formula is delineated as follows:
Pl;=C/T; 3)

1/2
IPIy = [(IPlagg® + IPLuac?) /2] @)

In the equation, Ci represents the measured concentration of element i in the sur-
face soil, while Ti signifies the target management value for trace element i in soil. This
assessment relies upon the screening threshold outlined in the Soil Environmental Qual-
ity Standard for Agricultural Land and Soil Pollution Risk Management and Control
(GB15618-2018) [44]. TPl,yg represents the mean value of all pollution indices (Pli) of heavy
metals within the surveyed soil, while IPInax denotes the highest recorded value. Based
on the magnitude of the IPIy value, which reflects the extent of soil contamination, it is
categorized into five levels ranging from absence of pollution to severe pollution. The
corresponding relationship between IPIx and pollution severity is outlined as follows:
IPIy values less than or equal to 0.7 indicate safety, those exceeding 0.7 but not surpassing
1.0 signify an early warning, while values between 1.0 and 2.0 indicate mild pollution.
Similarly, IPIn values ranging from 2.0 to 3.0 suggest moderate pollution, and values
exceeding 3.0 indicate severe pollution. The parameters of IPIy are detailed in Table 3.

Table 3. Classification of the integrated pollution index (IPIy).

Classification IPIN Meaning
1 IPIN < 0.7 Safety
2 0.7 <IPIy <1.0 Early warning
3 1.0<IPIN <20 Light pollution
4 20<IPIN <3.0 Moderately polluted
5 IPIN > 3.0 Heavy pollution

3.3.4. Potential Ecological Risk Index

The potential ecological risk index (RI) method stands as the prevailing approach
for evaluating the magnitude of soil heavy metal contamination and its concomitant eco-
logical ramifications. This method, pioneered by the esteemed Swedish geochemist, Lars
Hakanson, embodies a cornerstone in environmental assessment [45]. This method not

146



Processes 2024, 12, 623

only considers the concentration of heavy metals, but also integrates ecological, environ-
mental, and toxicological effects, rendering it a widely adopted approach for ecological
risk assessment. Its computational formula is delineated as follows:

n n
RI=Y E =) (I xCj) =} (Tix &) ©
i=1 i=1 i=1 n

In the formula, C! represents the pollution index of a specific metal; Ci denotes the
measured concentration of a specific heavy metal within the soil; and C! represents the
reference concentration of a specific heavy metal. Given the geographical context of the
study area nestled within the middle and lower reaches of the Yangtze River Plain, the
fluctuation in heavy metal concentrations within its soil is predominantly influenced by
the underlying soil parent material and geological backdrop. Consequently, this investi-
gation adopts the eastern Gansu Plain as a comparative model due to its similar genetic
characteristics and analogous material origins to those found in the study area. The soil
environmental baseline in the eastern territory serves as the benchmark value; E: represents
a singular potential ecological risk index for heavy metals; T} signifies the toxicity response
parameter of a particular heavy metal.

The toxicity factor increases with the increase in metal toxicity. The toxicity response
parameters of each heavy metal are 1 for Zn; 2 for Cr and Mn; 5 for Cu, Ni, and Pb; 10 for
As; 30 for Cd; and 40 for Hg.

RI represents the cumulative potential ecological risk index. Based on E and R, the
classification is conducted for both the potential ecological hazards attributed to individual
factors and the comprehensive total potential ecological hazards [46,47] (Table 4).

Table 4. Hakanson potential ecological hazard evaluation indicators.

Ecological Hazard
Index . . i
Slight Medium Powerful Very Strong Extremely Strong Slight
Ei <40 40-80 80-160 160-320 >320 <40
RI <150 150-300 300-600 600-1200 >1200 <150

3.3.5. Health Risk Assessment

Health risk assessment entails establishing a nexus between human well-being and
environmental contamination, while quantitatively scrutinizing and elucidating the perils
posed by environmental pollution to human health [48]. The assessment of health risks
posed by soil heavy metals entails a meticulous inquiry into the potential detrimental
effects these elements may inflict upon human well-being. The accumulation of excessive
quantities of heavy metals such as arsenic (As), cadmium (Cd), chromium (Cr), mercury
(Hg), lead (Pb), nickel (Ni), zinc (Zn), copper (Cu), and scandium (Sc) within soil matrices
may precipitate adverse consequences for both the local ecosystem and human health [49].

Soil heavy metals permeate the human organism through three primary avenues:
direct oral ingestion, respiratory inhalation, and dermal contact. They pose both non-
carcinogenic and carcinogenic hazards to human health. Presently, the predominant
international framework for assessing health risks comprises carcinogenic risk assessment
models and non-carcinogenic risk assessment models [50,51]. The formulas for their
calculation are as follows:

ADDiing + ADDjinp, + ADDigerp
HQ = Y HQi = . R7D. ©)

CR =) CR; =) (ADDjjyg + ADD;juy + ADDjgepy) % SF 7)

iing
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In the formulas, HQ signifies the composite index of non-carcinogenic health risks
associated with all heavy metals, where HQ < 1 denotes that the non-carcinogenic risk
posed by heavy metals is negligible, whereas any deviation from this indicates a non-
carcinogenic risk; CR denotes the carcinogenic health risk index associated with all heavy
metals, and CR values below 1 x 10~° indicate it will not have a significant impact on health.
A CR value between 1 x 107° and 1 x 10~* is with the acceptable range. A CR value ex-
ceeding 1 x 10~* indicates that exposure to a specific environment will cause an individual
to have a certain risk of cancer.

ADDjing, ADDjinp, and ADDjgerm symbolize the mean daily exposure of a heavy metal
via oral ingestion, respiratory inhalation, and dermal contact, respectively. RfDi represents
the non-carcinogenic average daily intake of heavy metal “i”, while SF symbolizes the
carcinogenic slope factor.

Within the framework of the soil heavy metal health risk assessment model, the av-
erage daily exposure to heavy metals varies between children and adults. It becomes
imperative to factor in the average exposure for each individual child and adult, subse-
quently distributing this exposure uniformly over their entire lifespan. The calculation
formulas are as follows:

ADD:iing + ADDjjup, + ADDigery

HQ=) HQi=1Y, RFD; 8)
CR =) CR; =) (ADDjjug + ADDjiny + ADDigep) X SF )
ADDjin, + ADDj;yy, + ADD;

HQ = ZHQz _ 2 iing ngn.h iderm (10)
1

In the equations, IngR and InhR denote the daily rates of soil intake and soil inhalation,
respectively; Ci signifies the concentration of a particular contaminant heavy metal within
the soil; EF denotes the frequency of exposure; ED represents the duration of exposure
in years; BW denotes the mean body weight; AT represents the mean duration of expo-
sure; PEF signifies the emission factor for surface dust; SA denotes the surface area of
exposed skin; SL represents the coefficient of skin adhesion; and ABS signifies the factor of
skin absorption.

The exposure parameters, along with the reference dose (RfD) and slope factor (SF)
values pertaining to various exposure pathways within the soil heavy metal health risk
assessment model, are drawn from the prescribed values delineated in HJ 25.3-2019, issued
by the Ministry of Ecology and Environment of China, and the “Outline of the Chinese
Population Exposure Parameters Manual (Children’s Volume)” [52-54]. The reference mea-
surements and exposure parameters for various exposure pathways in this investigation
are elaborated upon in Tables 5 and 6.

Table 5. The reference quantities and carcinogenic slope factors for diverse heavy metal
exposure pathways.

Carcinogenic Slope Factor

Reference Metrology (RfD) [mg/(kg d)] (SP) [(kg d)/mg]

Heavy
Metal . Breathin Breathin . Breathin
Oral Intake Skin Contact Inhalation (A%dult) Inhalation (Chgildren) Oral Intake Skin Contact Inhalatioi
As 3.0 x107* 3.0 x 1074 3.52 x 10°° 5.86 x 10~ 15 15 43 x 1073
cd 1.0 x 1073 25 % 10°° 2.35 x 10°° 391 x 10°° 6.1 6.1 6.3
Cr 30 x 1073 75 x 107> 2.35 x 107 391 x 107> - - -
Cu 40 % 1072 4.0 % 1072 - - - - -
Hg 3.0 x 1074 2.1 x107° 7.04 x 107° 1.17 x 1075 - - -
Ni 2.0 x 1072 8.0 x 10°* 211 x 107> 352 x 1072 - - -
Pb 35x 1073 53 x 107% 821 x 107° 1.37 x 1074 - - -
7n 3.0 x 1071 3.0 x 1071 - - - - -
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Table 6. Parameters for exposure risks associated with heavy metals.

Symbol Reference Name Unit Adultv(:}ﬁi«;rence Chlldre‘z‘l(lIl{:)ference
ED years of exposure A 24 6
BW average weight Kg 61.80 19.20
EF exposure frequency d/a 350 350
AT average exposure time d Carcinogenic 27,740 Carcinogen 27,740
Non-carcinogenic 9125  Non-carcinogenic 9125
IngR daily soil intake mg/d 100 200
InhR daily respiratory volume m3/d 14.50 7.50
SA exposed skin surface area cm? 5373.99 2848.01
SL skin adhesion coefficient mg/ (em?2 d) 0.07 0.20
PEF surface emission factor m3/ kg 13.6 x 10° 13.6 x 10°
. . . . As: 0.03 Cd:0.001 Cr:0.001 Cu:0.06
ABS skin absorption factor dimensionless Hg: 0.05 Ni:0.001 Pb:0.006 Zn: 0.02

4. Results and Discussion
4.1. Examination of Soil Heavy Metal Levels and Contamination Severity

The average contents of heavy metals As, Cd, Cr, Cu, Hg, Ni, Pb, and Zn in the surface
soil of Chenzhou in the study area were 11.2, 0.23, 69.7, 31.1, 0.049, 32.9, 27.81, and 82.9 mg/kg,
respectively (Table 7). The values ranging from 7.6 to 9.3 were mainly alkaline and strongly
alkaline. The coefficient of CV serves as an indicator of the uniformity and extent of variation
among elements present in the soil. In the study area, the soil heavy metals As, Cd, Cu, Hg, and
Pb exhibit notable variability. Notably, cadmium displays the most pronounced coefficient of
variation and highest level of heterogeneity, potentially influenced by anthropogenic activities.
Conversely, Cr, Ni, and Zn demonstrate moderate variability.

Table 7. Characteristics of heavy metal content in surface soil in Chenzhou.

Element (mg/kg)
Item - pH
As Cd Cr Cu Hg Ni Pb Zn

Maximum value 44.80 2.73 107.00 156.0 0.274 58.90 198.0 329.0 9.30
Minimum value 3.90 0.006 47.90 11.60 0.015 13.50 8.90 33.80 7.60
Average value 11.20 0.230 69.70 31.10 0.049 32.90 27.80 82.90 8.30
Coefficient of variation (%) 36.30 83.50 15.80 52.30 53.70 22.50 47.30 32.20 2.80

Agricultural land filter value 25.00 0.60 250.00  100.00 3.40 190 170.00  300.00 /

Agricultural land control value 100.00 4.00 1300.00 / 6.00 / 1000 / /
Background values 10.80 0.16 66.30 22.70 0.028 28.90 21.20 73.80 8.22

As per the guidelines stipulated in GB15618-2018 [55] Soil Environmental Quality
Agricultural Land Soil Pollution Risk Management and Control Standards, the concen-
trations of Cr, Hg, Ni, and Zn in all 600 soil samples within the study area fell below the
threshold designated for agricultural land soil pollution risk screening. This observation
suggests a safe and uncontaminated level of risk. While the levels of As, Cd, Cu, and Pb in
certain soil samples surpassed the specified threshold for agricultural land soil pollution
risk screening, they remained below the threshold for agricultural land soil pollution risk
control. Notably, cadmium concentrations exceeded the agricultural land soil pollution risk
screening threshold at 22 sampling points, predominantly situated in the southwest region
of Chenzhou.

The heavy metals arsenic (As), cadmium (Cd), chromium (Cr), copper (Cu), lead (Pb),
nickel (Ni), and zinc (Zn) in the study region exhibit a pronounced positive correlation
with the content of Sc (p < 0.01), and there exists a positive correlation between mercury
(Hg) and the content of Sc (p < 0.05) (Figure 5). Hence, in the evaluation of soil heavy metal
enrichment factors within the study area, it is judicious to designate Sc as the reference
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element. Sc stands out due to its solitary natural geological provenance, its intimate

association with pollutants, and its consistent spatial dispersion [56,57].
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Figure 5. Correlation between heavy metals and Sc content in soil in the study area. ((a): Correlation
between As and Sc content; (b): Correlation between Cd and Sc content; (c): Correlation between
Cr and Sc content; (d): Correlation between Cu and Sc content; (e): Correlation between Hg and
Sc content; (f): Correlation between Ni and Sc content; (g): Correlation between Pb and Sc content;
(h): Correlation between Zn and Sc content).

The assessment of soil heavy metal enrichment factors within the study locale, as
delineated in Table 8, indicates that the enrichment factors for chromium (Cr) and nickel
(Ni) across all soil samples were below 2, suggesting a general state of minimal to negligible
pollution. The manifestations of pollution wrought by mercury (Hg) and cadmium (Cd)
were large, with their impact weightier than that of other heavy metals, and a multitude
of samples exhibiting contamination. Specifically, there are 94 sample points demonstrat-
ing moderate contamination by Hg, and 26 by Cd, constituting 15.67% and 4.33% of the
total samples, respectively. Moreover, seven samples evinced significant pollution lev-
els, accounting for 1.17% of the total, while no samples registered highly or extremely
contaminated levels.

Table 8. Classification statistics of heavy metal enrichment factors in surface soil within

Chenzhou City.
Mean Value of EF for Different Land Use Types Number of Samples at Each Level
Heavy EF Avera; EF<2 2<EF<5 5<EF<20 20 < EF <40 EF > 40
Metal ge Cultivated Hydraulic Building Other
Field Garden Woodland Grassland Construction Land Land Use Weak Medium Significant Highly Extremely
Pollution Pollution Contamination Polluted Polluted
As 0.83 0.83 0.77 0.85 0.84 0.970 0.85 0.68 596 4 0 0 0
Cd 117 1.20 0.99 0.96 1.00 0.731 125 1.03 567 26 7 0 0
Cr 0.86 0.86 0.86 0.84 0.86 0.749 0.86 0.88 600 0 0 0 0
Cu 1.08 1.09 097 0.98 0.89 0.963 120 0.93 583 16 1 0 0
Hg 146 1.49 1.67 111 1.07 2.304 1.60 121 499 94 7 0 0
Ni 0.92 0.92 0.93 091 091 0.908 091 0.90 600 0 0 0 0
Pb 1.06 1.08 0.94 0.95 0.97 0973 1.05 1.00 584 15 1 0 0
Zn 0.91 0.91 0.90 0.85 0.82 0.764 0.99 0.79 595 5 0 0 0

The enrichment factors of Pb and Cu each reached a significant level of pollution
in one sample. The average soil heavy metal enrichment factors in descending order
were Hg > Cd > Cu > Pb > Ni > Zn > Cr > As. The factor mean values were generally at
no pollution to weak pollution levels (Figure 6).

The statistical analysis of soil heavy metal enrichment factors across various land
use categories in the study area reveals that the mean disparities in chromium (Cr) and
nickel (Ni) enrichment factors remain relatively stable across different land use types. This
suggests that the spatial dispersion of these heavy metals is predominantly influenced
by geological background variables. Conversely, in comparison to other land use types,
construction areas exhibit the highest average enrichment factors for cadmium (Cd), cop-
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per (Cu), and zinc (Zn), indicative of the significant impact of human activities on the
enrichment levels of these metals.
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Figure 6. Box plot of soil heavy metal enrichment factors.

Table 9 delineates the assessment outcomes regarding soil heavy metal accumulation
indices in the designated region. The descending order of average accumulation index
values for heavy metals is as follows: mercury (Hg), cadmium (Cd), copper (Cu), lead (Pb),
nickel (Ni), zinc (Zn), chromium (Cr), and arsenic (As), aligning with the enrichment factor
evaluation results. Notably, the investigation reveals significant soil pollution attributable
to mercury (Hg) and cadmium (Cd) within the area. Mercury-contaminated samples con-
stitute 44.50%, 6.33%, and 1.00% of the total samples, respectively, while Cd-contaminated
samples comprise 22.83% of the total, including one sample reaching a level of severe
pollution. However, no samples exhibit heavy to extremely severe pollution. On the other
hand, the geo-accumulation index (Igeo) of arsenic (As), chromium (Cr), nickel (Ni), lead
(Pb), and zinc (Zn) generally indicates a non-polluted state, with a minor presence of
copper (Cu) and lead (Pb) samples exhibiting light to moderate pollution levels. Samples
displaying severe contamination or above are absent.

The comprehensive soil heavy metal pollution index (IPIy) within the study region
spans from 0.2 to 3.32, with an average of 0.39, underscoring a relatively low level of soil
heavy metal pollution and an overall environment that is deemed relatively safe.

The assessment outcomes of the comprehensive pollution index (PIN) reveal that the
IPIy of 571 samples within the study area indicates a level of safety and absence of pollution,
constituting 95.17% of the total sample pool. The IPIy of 14 samples reached an early
warning status, representing 2.33% of the total sample set. Among these, twelve samples
exhibited a light contamination level, while two samples showed moderate contamination,
and only one sample reached a severe contamination level. Thus, the proportion of samples
in a contaminated state amounted to 2.50% of the total samples.

Of the aforementioned fifteen samples exhibiting contamination, thirteen samples
were dominated by cadmium (Cd) in terms of the IPInax of the comprehensive soil heavy
metal pollution index, while the remaining two contaminated samples were predominantly
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influenced by copper (Cu) in this regard. This suggests that cadmium (Cd) primarily
contributes to the contamination level surpassing the threshold in these samples.

Table 9. Classification statistics of heavy metal accumulation indices in surface soil within
Chenzhou City.

Number of Samples at Each Level

2<Igeo <3 4<Igeo <5

Heavy Exponential  I,., <0 0<Tpeo <1 1<Igeo <2 ! 3 < Igeo < 4 5 < Ipeo
metal Average g(No (L?ght (Me;gdium (Medium- (ngavy (Heavy- (Extreriely
Pollution)  Pollution)  Pollution) Heavy Pollution) ¢ HEAYY  piiiuted)
Pollution) Pollution)
As —0.62 545 52 3 0 0 0 0
cd ~0.24 463 106 2 8 1 0 0
Cr ~0.53 594 6 0 0 0 0 0
Cu —0.26 441 139 18 2 0 0 0
Hg ~0.06 289 267 38 6 0 0 0
Ni —0.44 538 62 0 0 0 0 0
Pb —0.28 507 80 11 2 0 0 0
Zn —0.47 547 47 6 0 0 0 0

The soil heavy metal content is affected by different land use patterns. The ranking of
the average soil heavy metal comprehensive pollution index IPIy of each land use pattern
in the region is construction land (0.425) > cultivated land (0.397) > water and hydraulic
construction land (0.391) > forested land (0.374) > artificial grass (0.344) > garden (0.308).
The statistical results further reflect that the intensity of human production activities directly
affects the degree of soil heavy metal pollution.

4.2. Evaluation of Prospective Ecological Hazards Associated with Soil Heavy Metals

The assessment outcomes regarding the potential ecological risk extent of soil within
the study domain, as elucidated in Table 10, indicate that the single-factor potential eco-
logical risk indices of chromium (Cr), copper (Cu), nickel (Ni), and zinc (Zn) across all
soil samples in the region fall below 40, signifying a minor ecological risk. The poten-
tial ecological risk index for arsenic (As) ranges from 3.64 to 41.52, while, for lead (Pb),
it varies from 2.06 to 45.93, indicating slight to moderate ecological risks, but primarily
slight. Conversely, the potential ecological risk index for cadmium (Cd) ranges from
11.98 to 511.26, encompassing slight to very severe ecological risks, with predominantly
minor risks constituting 67.00% of the total samples, followed by samples exhibiting mod-
erate and severe ecological risks accounting for 27.67% and 3.50% of the total samples,
respectively. Regarding mercury (Hg), the risk index spans from 21.18 to 391.12, with
a distribution ranging from minor to very severe ecological risks, with mainly medium
risks, constituting 61.17% of the total samples, while samples with severe ecological risks
make up 22.83% of the total samples. Consequently, the primary potential ecologically
hazardous heavy metal elements present in the soil of the study area are mercury (Hg) and
cadmium (Cd).

The range of distribution for the overall potential ecological index (RI) of soil heavy
metals spans from 58.21 to 837.53. Within this range, ecological risks vary from slight to
severe, predominantly comprising slight and moderate risks, which constitute 69.67% and
27.33% of the total, respectively. Additionally, a minority of sample points exhibit strong
potential ecological risks, comprising 2.67% of the total sample set.

The spatial distribution map of RI (Figure 7) illustrates that Linwu County, situated in
the southwestern region of Chenzhou, exhibits the most elevated ecological risk. In the
local soils there exist formidable potential ecological risks alongside a minor presence of
exceedingly potent ecological risks. The inquiry has revealed the presence of localized
areas with significant potential ecological risks within Linwu County. Enterprises engaged
in the reclamation of non-ferrous metal waste and mining activities are prevalent. Linwu
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County boasts a mining legacy spanning over four centuries. However, the operations
of mining enterprises have inflicted significant environmental pollution upon the mining
locale. Following enterprise production, myriad tailings and waste ores remain, extensively
scattered throughout the rainfall catchment area spanning hundreds of square kilometers
in the upper reaches of the Wushui River. This accumulation has precipitated severe heavy
metal pollution and latent safety perils, including landslides and debris flows, within the
soil environment of the mining zone and downstream areas. Prolonged industrial activities
have escalated ecological risks associated with heavy metals such as cadmium (Cd) and
mercury (Hg) in the surrounding soil.

Table 10. Classification statistics of the potential ecological risk index of soil heavy metals in
Chenzhou City.

Number of Samples at Each Level

Hazard Metal Distribution Area Extremely
Index Element Light Middle Powerful Very Strong
Strong
As 3.64-41.52 599 1 0 0 0
Cd 11.98-511.26 402 166 21 9 2
Cr 1.45-3.21 600 0 0 0 0
E. Cu 2.56-34.35 600 0 0 0 0
! Hg 21.18-391.12 81 367 137 14 1
Ni 2.33-10.18 600 0 0 0 0
Pb 2.09-46.58 599 1 0 0 0
Zn 0.46-4.46 600 0 0 0 0
RI 58.21-837.53 418 164 16 2 0
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Figure 7. Distribution of soil potential ecological risk levels in the study area.

4.3. Health Risk Appraisal
4.3.1. Non-Carcinogenic Health Hazard Evaluation

The outcomes of the daily exposure risk assessment within the non-carcinogenic health
risk model, as delineated in Table 11, reveal a notable disparity. Specifically, the mean
daily exposure to soil heavy metals via direct oral ingestion, primarily through crops, far
surpasses the average daily exposure via skin contact and inhalation.

The hierarchy of non-carcinogenic average daily exposure, ranging from most to least

significant, through the three distinct pathways, is as follows: ADDjng > ADDgerm > ADDjpp.

In sequence from greatest to least, the average daily intake of various heavy metals through the
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three pathways unfolds as follows: Zn > Cr > Ni > Cu > Pb > As> Cd > Hg. The solitary-path
average daily exposure and cumulative daily exposure of children to all soil heavy metals
surpassed those of adults.

Table 11. The mean daily exposure to non-carcinogenic heavy metals in soil [mg/(kg-d)].

Metal
Element

Adult Children

ADDing ADDjpp ADDgerm ADD,quie ADDing ADDjpp ADDygerm

ADDhiiq

As
Cd
Cr
Cu
Hg
Ni
Pb
Zn
ADD

1.66 x 107° 1.77 x 107 1.87 x 107 1.85 x 1075 433 x 1073 251 x107° 416 x 107°©
348 x 1077 371 x 101 1.31 x 107? 3.50 x 1077 909 x1077 526x101 291 x10°
1.04 x 1074 1.10 x 108 3.90 x 1077 1.04 x 1074 2.70 x 10~* 1.56 x 10~8 8.64 x 1077
461 x 107 492 x 107° 1.04 x 107° 5.65 x 107> 1.20 x 10~* 6.96 x 10~? 2.31 x 107>
723x10°% 771 x10712 136 x10°8 8.60 x 108 1.89 x 1077 1.09 x 10711 3.02 x 10~8
489 x 10~° 521 x 10~° 1.84 x 1077 490 x 107> 1.27 x 1074 7.38 x 107° 4.08 x 1077
414 x 10°° 441 x 1077 9.35 x 1077 423 x 1073 1.08 x 1074 6.25 x 107° 2.07 x 1076
1.23 x 1074 1.31 x 1078 9.27 x 107 1.32 x 1074 321 x10°* 1.86 x 1078 2.06 x 1072
3.80 x 107 405 x 108 2.31 x 1073 403 x 107 9.92 x 10~* 5.74 x 10~8 5.12 x 107>

475 x 1075
9.12 x 107
271 x 107
1.43 x 1074
2.19 x 107
1.28 x 10~*
1.10 x 10~*
3.42 x 1074
1.04 x 1073

The outcomes of the non-carcinogenic health risk assessment reveal a distinctive order
in the non-carcinogenic health risk index across diverse exposure routes: HQing > HQgerm >
HQjpp,. This hierarchy underscores that oral ingestion serves as the predominant avenue for
non-carcinogenic risks associated with soil heavy metals. Indeed, non-carcinogenic health
risks exhibit a correlation with exposure pathways. Notably, whether pertaining to children
or adults, the mean value of each soil heavy metal’s non-carcinogenic risk index registers
below 1. The ranking of non-carcinogenic risk for different heavy metals, from highest
to lowest, delineates as follows: As > Cr > Pb > Ni > Cu > Hg > Zn > Cd. This sequence
reflects the varied conditions prevailing within the study area. Importantly, individual soil
heavy metals do not present non-carcinogenic risks to human health.

The non-carcinogenic health risk index, denoted as HQ, 4,1, spans from 0.078 to 0.371 among
adults, with an average of 0.122. All HQ, 4, values fall below 1, signifying that the non-
carcinogenic health risks posed by the eight heavy metals in the soil to adults are negligible
and may be disregarded.

The pediatric heavy metal non-carcinogenic health risk index, denoted as HQpj14,
spans from 0.198 to 1.007, with an average value of 0.310. Notably, one sample exhibits
an HQ,jq greater than 1, suggesting that heavy metals present in 99.83% of the study
area’s samples pose minimal non-carcinogenic health risks to children and may be deemed
inconsequential. Nonetheless, a mere 0.17% of isolated soil samples harbor heavy metals
that entail non-carcinogenic health risks to children.

The non-carcinogenic risk index for children surpasses that of adults, owing to their
distinctive behavioral and physiological traits, rendering them more susceptible to environ-
mental contaminants per unit of body weight than adults. Upon examining the average
composition ratio of the non-carcinogenic risk index HQ, as delineated in Table 12, it
becomes evident that arsenic (As), chromium (Cr), and lead (Pb) stand out as the primary
non-carcinogenic factors among heavy metals in the region. Indeed, the collective HQ;
values of these three elements collectively represent over 95% of the non-carcinogenic risk
index HQ.

Table 12. Contribution rate of soil heavy metals HQ for adults and children.

As Cd Cr Cu Hg Ni Pb

Zn

Adult
Children

50.88 0.34 32.95 1.16 0.73 2.39 11.19
51.11 0.33 32.87 1.16 0.67 2.28 11.22

0.36
0.37

4.3.2. Cancer Health Risk Assessment

In light of the absence of established carcinogenic slope factors pertaining to the
remaining six heavy metals, save for arsenic (As) and cadmium (Cd), this inquiry exclu-
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sively delved into the carcinogenic hazards emanating from soil contact with As and Cd.
Correspondingly, the findings from the daily exposure risk assessment employing the
non-carcinogenic health risk model remain unaltered. The hierarchy of average daily car-
cinogenic exposure, in descending order, delineates ingestion as surpassing dermal contact,
followed by inhalation. Notably, the primary contributor to the cancer risk index (CR)
emerges as the direct oral ingestion of soil-borne heavy metals through the consumption
of crops.

The assessment outcomes derived from the cancer health risk model within the study
locale reveal that the adult cancer risk index value (CR,qy1t) is dispersed within the range of
4.40 x 107%t0 4.22 x 105, with an average value of 9.82 x 10~°. Based on the CR, 4, value
of 600 samples in the study area within the acceptable range of 10~6~10~*, soil exposure
will not cause significant carcinogenic health risks to adults.

The cancer risk index values for children (CR,j1q) are distributed across a spectrum
between 1.13 x 107°~1.09 x 10~*, with an average value of 2.53 x 107°. Among them,
the CRpijlq values of 599 samples in the study area are between 107°~107%, and the soil
exposure is not significant. It will not engender considerable carcinogenic health hazards
for children. The cancer risk index (CR.j4) value of a singular soil sample fell beyond the
anticipated range, exhibiting an excess rate of 0.17%.

Within this set, the individual child cancer risk indices pertaining to each heavy
metal, arsenic (As) and cadmium (Cd), fall within the acceptable spectrum. Thus, on the
whole, the cumulative cancer risk attributed to soil heavy metals within the study vicinity
remains within acceptable bounds. Only isolated soil samples containing heavy metals
pose carcinogenic health risks to children, warranting due attention.

5. Conclusions

(1) The variation coefficients of soil elements such as arsenic (As), cadmium (Cd), copper
(Cu), mercury (Hg), and lead (Pb) in the study area exceed 36%, rendering them highly
variable constituents. Notably, cadmium exhibits the highest variation coefficient,
displaying localized enrichment characteristics attributed to external influences.

(2) The mean heavy metal enrichment factor (EF) value for each soil sample was below
2, indicating an overall absence to minimal pollution level in the soil. Evaluation
using the geo-accumulation index (Igeo) suggests that soil samples exhibit generally
pollution-free levels of arsenic (As), chromium (Cr), nickel (Ni), lead (Pb), and zinc
(Zn). Moreover, the comprehensive soil pollution index (IPIy) indicates that 95.17%
of soil samples in the area are within safe and pollution-free levels, underscoring the
overall environmental safety of the region.

(3) The soil within the region predominantly exhibits mild and moderate levels of po-
tential ecological risk, comprising 69.67% and 27.33% respectively. A minority of
samples, constituting 2.67% of the total, demonstrate pronounced potential ecological
risk levels, primarily concentrated within the research area. In the southwestern sector
of the district, influenced by the waste nonferrous metal recycling, mining, and other
associated industrial operations of neighboring enterprises, the ecological hazards
posed by heavy metals such as cadmium (Cd) and mercury (Hg) in the surrounding
soil are relatively elevated.

(4) The human health risk assessment outcomes pertaining to heavy metals indicate that
oral ingestion constitutes the primary pathway of exposure to heavy metals present
in soil. In the study area, arsenic (As), chromium (Cr), and lead (Pb) emerge as the
principal non-carcinogenic factors within the soil matrix. The non-carcinogenic health
risk index (HQ,4y1t) for adults remains consistently below 1, rendering the associated
hazards negligible. However, the non-carcinogenic health risk index (HQ;4) for
children exceeds 1 in one sample, signifying a certain level of non-carcinogenic risk
to children. This underscores the heightened vulnerability of children to the threats
posed by heavy metals compared to adults.
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6. Future Directions and Research Opportunities

In contemplating future trajectories and avenues for research concerning soil heavy
metal risk assessment in Chenzhou, it is imperative to accentuate the significance of
bioavailability scores in evaluating heavy metal risks. These scores offer critical insights
into the accessibility and potential harm posed by heavy metals present in soil to bio-
logical organisms. Moving forward, further exploration into refining and standardizing
methodologies for determining bioavailability scores across diverse environmental contexts
holds great promise. Additionally, the examination of the effect of various factors such as
soil properties, land use patterns, and climatic conditions on heavy metal bioavailability
warrants diligent attention. Environmental purification can be conducted using organisms
and using plants. It is hoped that, in the future, progress can be made in the decomposition
of heavy metals in soil. Moreover, the integration of advanced techniques such as molecular
biology and spectroscopy with traditional approaches can enrich our comprehension of
heavy metal dynamics in soil ecosystems. Embracing interdisciplinary collaboration and
harnessing cutting-edge technologies will undoubtedly pave the way for more compre-
hensive and precise assessments of soil heavy metal risks, thereby contributing to the
formulation of effective mitigation strategies and the preservation of environmental and
human health in Chenzhou and beyond.
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Abstract: The accuracy of determining arsenic and lead using the optical technique Slurry-Total
Reflection X-ray Fluorescence (Slurry-TXRF) was significantly enhanced through the application of a
machine learning method, aimed at improving the ecological risk assessment of agricultural soils.
The overlapping of the arsenic Ko signal at 10.55 keV with the lead L« signal at 10.54 keV due to the
relatively low resolution of TXRF could compromise the determination of lead. However, by applying
a Partial Least Squares (PLS) machine learning algorithm, we mitigated interference variations,
resulting in improved selectivity and accuracy. Specifically, the average percentage error was reduced
from 15.6% to 9.4% for arsenic (RMSEP improved from 5.6 mg kg~! to 3.3 mg kg~!) and from 18.9%
to 6.8% for lead (RMSEP improved from 12.3 mg kg~! to 5.03 mg kg~!) compared to the previous
univariable model. This enhanced predictive accuracy, within the set of samples concentration range,
is attributable to the efficiency of the multivariate calibration first-order advantage in quantifying
the presence of interferents. The evaluation of X-ray fluorescence emission signals for 26 different
synthetic calibration mixtures confirmed these improvements, overcoming spectral interferences.
Additionally, the application of these models enabled the quantification of arsenic and lead in soils
from a viticultural subregion of Chile, facilitating the estimation of ecological risk indices in a fast
and reliable manner. The results indicate that the contamination level of these soils with arsenic and
lead ranges from moderate to considerable.

Keywords: ecological indices; contamination; TXRF; machine learning; arsenic; lead

1. Introduction

In environmental geochemistry, it is crucial to understand the concepts of geological
baselines and critical levels. This understanding is important for differentiating between
naturally occurring substance levels and pollution caused by human activities [1]. Several
ecological indicators based on these geological baselines have been suggested to evaluate
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the extent and impact of soil contamination by trace elements, including the Geoaccumula-
tion Index (GEQOI), Enrichment Factor (EF), and Contamination Factor (CF) [2].

Establishing the baseline levels of trace elements and ecological indices in a particular
location is important for detecting contamination. Still, it requires the systematic gathering
and examination of a large number of samples [3].

Quantitative analyses in soil studies often utilize various optical analytical meth-
ods, including traditional approaches like inductively coupled plasma mass spectrometry
(ICP-MS) [4], flame atomic absorption spectroscopy (FAAS) [5], inductively coupled plasma
emission spectroscopy (ICP-OES) [6], graphite furnace atomic absorption spectroscopy
(GF-AAS) [7], and cold vapor atomic absorption spectrometry (CV-AAS) [8].

Total X-ray fluorescence spectroscopy (TXRF) is a reliable and convenient alternative
method for determining trace element concentrations. This versatile technique can be
applied with or without sample digestion, making it a highly favored choice [2,9,10].

However, these methods often lead to significant spectral interferences. Studies
have been carried out to explore the use of machine learning algorithms such as Partial
Least Squares Regression (PLS-R) in liquid matrices [11], the Synchrotron Radiation X-ray
Fluorescence technique [12], and Cd-K in soils by TXRF [13], where these models improve
the accuracy of quantification in the presence of spectral interferences.

Several studies have examined the levels of heavy metals or potentially toxic elements
in areas primarily used for agriculture and mining [2,14-21]. However, there is a lack
of studies on effectively monitoring arsenic and lead contamination in agricultural soils,
particularly in regions like Itata Valley. While there are standardized methods suggested
by international quality standards for the determination of arsenic and lead [22], these
methods are often slow, expensive, and environmentally unfriendly.

Therefore, it is crucial to continue developing and improving analytical methods for
trace element analysis in soil samples, as well as exploring innovative techniques and
approaches such as machine learning and X-ray fluorescence to overcome challenges and
improve quantification accuracy in the context of low-resolution analytical methods. [23].

This study aimed to assess the effectiveness of the specific method of slurry-TXRF
combined with machine learning models in analyzing arsenic and lead levels in viticultural
soils. This method offers a rapid and efficient way to estimate and monitor contamination
levels using various ecological indices, providing an innovative alternative for gaining
valuable insights into the extent and potential risks of heavy-metal contamination in
vineyard soils. These insights can help make informed decisions about soil management
practices and ensure sustainable agriculture for the quality and safety of products.

2. Materials and Methods

This study on improving lead and arsenic measurement using slurry-TXRF and ma-
chine learning is part of a larger research effort focused on studying heavy-metal contami-
nation in agricultural soils. Medina-Gonzalez et al.’s (2023) [2] study served as the basis for
our methodology with certain adaptations.

2.1. Study Area and Samples

A well-known wine-producing region in southern Chile was chosen as the focus of
this study. This region covers around 311,418 hectares, with approximately 13,030 hectares
allocated to agricultural activities, specifically for wine production [24]. The Itata Valley is
notable for its cultivation of grape varieties like Pais, Muscat of Alexandria, and Cinsault,
with the latter being the most widely grown in terms of cultivation area [25].

Geographically, the Itata Valley is part of the Central Valley and Coastal Range, with
elevations not exceeding 400 m above sea level. The area benefits from a Mediterranean
climate, with distinct rainy and dry seasons, influenced by the Itata River, which flows from
east to west across the valley. The presence of the Coastal Range creates climatic variations,
with the western slopes receiving more rainfall compared to the drier eastern slopes [24].

The valley’s soil originates primarily from three parent materials:
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e  Eroded Metamorphic Rock: Found in higher elevations with steep or complex slopes,
this soil is characterized by shale, sandstone, phyllite, and slates. It has a clayey texture
with slow water infiltration and is prone to forming Catena due to topography and
drainage patterns.

e  Granite Origin: Derived from granite and diorite rocks, this soil also has a clayey
texture and low water infiltration, making it susceptible to erosion. It is typically
found in hilly areas with complex slopes.

e  Fine Alluvial Sediment: Formed from fluvio-glacial sediments transported by rivers,
this soil has a loamy—clayey texture and poor drainage. The thickness of these sedi-
ments varies significantly across the valley.

In summary, the soils in the Itata Valley are primarily derived from eroded metamor-
phic rocks, granite and diorite, and fine alluvial sediments, each contributing to unique
characteristics such as soil texture, water infiltration, and erosion susceptibility [25].

The soil sampling was carried out in two phases, namely June and October of 2023.
These samples were obtained from five vineyards (A, B, C, D, E) at a total of 48 sampling
points within the area corresponding to the Itata Valley, following the owners” authorization
and using the combined method as recommended by Servicio Agricola y Ganadero de
Chile [26] (Figure 1).
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Figure 1. The study area shows the vineyards where samples were collected.

Approximately two kilograms of the sample were collected at each sampling location
by taking five subsamples from the corners and center of a 1 X 1 m grid to create a
composite sample. The topsoil samples (0-20 cm depth) were collected while removing
any plant cover present and deep soil samples at a depth of 150 cm using a Dutch auger.
Surface soils are most affected by human activities, whereas deep soils represent relatively
undisturbed samples considered free from contamination [27].

The samples were packed in polyethylene bags for transport to the laboratory and
then dried in an oven at 40 °C for 48 h. Next, each sample was sieved using a nylon sieve
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to remove coarse material and other residues, leaving only the fine material (<2 mm). The
sieved samples were stored in tightly sealed plastic bags for further analysis [28].

2.2. Sample Preparation
2.2.1. PLS Model Samples

Standard calibration and external validation samples were prepared using 1000 mg L1
solutions of As and Pb. Ultra-pure deionized water with a resistance of 18.2 MQ cm ™!
obtained from a Milli-Q quality purification system was used for dilution purposes.
A silicone solution in isopropanol was applied to create a silicon film on reflective disks of
quartz glass before the deposition of the sample. Working solutions with concentrations of
100 mg L~! were utilized to generate a total of 26 synthetic calibration solutions (Table 1)
and 8 external validation samples (Table 2) for these elements in 2 mL Eppendorf tubes.

Table 1. Composition of synthetic calibration mixtures.

Sample As (mgkg™1) Pb (mg kg—1)
C1 10 34
C2 12 72
C3 48 13
C4 42 20
C5 37 67
Cé 33 15
Cc7 33 19
(& 32 49
C9 8 39
C10 43 65
C11 35 36
C12 49 5
C13 10 4
Cl14 45 78
C15 13 31
C16 33 69
c17 41 36
C18 24 22
C19 4 36
C20 7 72
C21 28 23
C22 33 36
C23 42 18
C24 36 47
C25 0 43
C26 12 27

Range 49 74
Minimum 0 4
Maximum 49 78

Table 2. Composition of synthetic mixtures for external validation.

Sample As (mg kg™1) Pb (mg kg—1)
V1 36 6
V2 19 54
V3 1 32
V4 12 51
V5 33 78
Vo6 16 42
V7 21 71
V8 21 7

All samples contained 10 ng of germanium as internal standard.
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Each sample preparation included a random mixing of concentrations to avoid any
potential correlations that could affect the calibration process. The concentration ranges
were intentionally chosen to facilitate the measurement of arsenic and lead in environmental
samples with varying levels of contamination. Sample preparation involved using the
drop-drying method, which entails applying a small volume (such as 10 uL) of the mixture
onto 30 mm diameter quartz sample disks and drying them with an infrared lamp.

The resulting solid residues on the sample holders were then analyzed in an S4TStar
TXRF spectrometer after the evaporation of the liquid phase [2].

To create a model in milligrams per kilogram (mg kg ~!) concentration units from liquid
calibration samples, enabling us to evaluate its suitability in solid matrices, conversions in
concentrations were conducted using Equation (1):

{mgL_l} XV dep
Sdgp

mgkg ] = (1)

where V,, represents the volume of liquid calibration sample deposited in liters, while
Siep denotes the quantity of dry solid sample deposited in kilograms, based on the specific
methodologies employed.

2.2.2. Slurry Sample Preparation

The soil sludge samples were prepared in sterilized 2.5 mL Eppendorf vials by com-
bining 30 mg of dried and pulverized soil with 1500 pL of Triton-X as a surfactant using
an agate mortar. The mixtures were homogenized for 300 s with an electronic shaker.
After this, 10 uL of the thoroughly homogenized suspension was extracted and placed
into the TXRF’s 30 mm diameter quartz sample holder immediately to prevent potential
sedimentation. A silicone solution in isopropanol was then applied to create a silicon film
on the quartz glass disk before depositing the sample, which was followed by drying it
with an infrared lamp. To evaluate accuracy and suitability, loamy clay certified reference
material for trace metals from Sigma-Aldrich was used to test the model’s performance in
soil samples.

2.3. TXRF Spectra and Data Acquisition

This study used a TXRF S4TSTAR analytical system (Bruker® AXS Microanalysis GmbH,
Berlin, Germany) for fluorescent emission measurements. The X-ray source operated at
50 W with an electron flow of 1 mA at 50 kV and was cooled by air. The system included a
multi-layer carbon-nickel monochromator of 150 nm and a high-resolution silicon semicon-
ductor detector XFlashR with an active area of 100 mm?2 and energy resolution < 140 eV.
The specific range of interest was defined from 10.27 keV to 12.78 keV, focused on the over-
lap of the arsenic Ko line (10.54 keV) and lead L« line (10.55 keV). Counts were recorded
using the SPECTRA 7.5.0.3 software for data analysis [29], generating a .txt format file
processed through PIROUETTE 4.5 software [30].

2.4. Quantification Methods

For the aim of assessing the efficacy of the PLS model in quantifying arsenic and lead,
in comparing its performance to classical deconvolution methods utilizing the SPECTRA
7.5.0.3 software, specifically the deconvolution routine (SuperBayes), the quantification
was carried out employing internal standardization with germanium (10 ng).

A set of 26 synthetic mixtures served as the basis for PLS analysis. These mixtures were
deliberately correlated with their known concentrations and employed as calibration samples.
The fluorescence spectra within the calibration set underwent preprocessing. Specifically, mean
centering was applied as the sole transformation method without additional alterations.

Latent variables were chosen through the cross-validation procedure employing the
leaving-one-out method. This method systematically excluded each sample from the calibration
set one at a time, utilizing it as a prediction object. With this, the root mean square error of
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cross-validation (RMSECYV), calculated as per Equation (2), served as the criterion to determine
the optimal number of latent variables essential for establishing the calibration model.

To assess the effectiveness of the Partial Least Squares model in quantifying arsenic
and lead, its performance was compared to those of classical deconvolution methods
using Spectra 7.5.0.3 software’s SuperBayes routine with internal standardization using
germanium (10 ng). A set of 26 synthetic mixtures correlated with known concentrations
served as calibration samples for PLS analysis. These fluorescence spectra underwent
mean-centering preprocessing without any further transformation. The optimal number of
latent variables required for establishing the calibration model was determined through
cross-validation and root mean square error of cross-validation [31], calculated according
to Equation (2):

RMSECV =1/ Y (v — 9:)*/n )

where #); represents the estimated concentration values obtained through cross-validation,
with each sample i being estimated using a model constructed from the sample set excluding
that particular sample. Here, y; denotes the known concentration variable value, and
n denotes the total number of samples in the calibration set.

The same sample set used for the direct quantification of arsenic and lead through
deconvolution (Table 2) using the SPECTRA software also played another important role:
external validation of the model. External validation is a crucial practice in chemometrics
that helps guard against overfitting in calibration models, ensuring their robustness and
generalizability [32].

The root mean square error of prediction (RMSEP) was used to evaluate the predictive
accuracy of the multivariate model [33]. It is calculated similarly to RMSECYV, but in this
case, each predicted sample (y;) from the final model is compared with the corresponding
reference value from an external validation set (f/(; ), where N represents the size of the
external validation set. The calculation for the RMSEP follows Equation (3):

RMSEP = \/ Y (4 — Gin) /N 3)

Linear regression can identify biases in the predictions of external samples, similar to
its use in internal validation procedures. Equation (4) shows the linear regression approach
used to assess systematic biases within the predictions for external samples.

y=a+yb )

The comparison between predicted values () and reference values (y) is crucial for evalu-
ation. Ideally, predictions made by the calibration model should exhibit a linear relationship
with known values—a line with a slope (b) of 1 and an intercept () of 0. Any deviations from
this linear behavior indicate issues arising during the analytical procedure [34]. The Elliptical
Joint Confidence Region (EJCR) method was employed to assess the correlation of results and
obtain a statistically significant confidence level of 95% [35].

Analytical Figures of Merit (AFOM’s)

Figures of Merit for the PLS approach were calculated according to the NAS theory.
This concept works by isolating relevant signals associated with a particular component of
interest from the various interfering elements present in the spectra. The specific method
utilized in this research follows the approach described by Short et al. [36], concentrating
on deriving figures of merit using the NAS theory applied to spectral data.

2.5. Background Values and Ecological Indices

The assessment of natural or baseline values required the examination of data from
deep soil samples following the procedures outlined in ISO 19258 [37]. There is no standard-
ized method for setting threshold values to identify samples with abnormally high levels of
element concentrations, as noted by Reimann et al. [38]. Nonetheless, this research applies
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the “MAD” technique, which makes use of the range from Median + 2MAD (median
absolute deviation) to pinpoint values suggestive of elevated element concentrations.

Various environmental indicators are frequently utilized to evaluate possible soil
pollution, aiding in the differentiation between natural trace element accumulation and
that caused by human actions [18,39]. One commonly used method is the Geoaccumulation
Index, which is determined using a specific equation (Equation (5)):

GEOI = log, (C;/1.5Cy) (5)

where C; is the measured content of the element in the soil, and C; is the estimated
background value of that element in the soil. According to Muller [40], the GEOI for a
particular element is calculated and then classified as shown in Table 3.

Table 3. Contamination level according to the Geoaccumulation Index [18].

GEOI Group Level of Contamination
GEOI <0 Uncontaminated
0<GEOI<1 Slightly contaminated
1<GEOI <2 Moderately contaminated
2<GEOI <3 Moderately to heavily contaminated
3<GEOI <4 Heavily contaminated
4<GEOI <5 Heavily to extremely contaminated
GEOI > 5 Extremely contaminated

The Enrichment Factor (EF) is determined by standardizing the concentration of a
measured element with respect to a reference element. The selection of the reference
element relies on its minimal variability in occurrence within the specific environment [38]
and its independence from anthropogenic influences [41]. Commonly used reference
elements comprise Sc, Mn, Ti, Al, and Fe. This research chose Fe as the reference element
due to its significantly low variation in viticultural soils in the Itata Valley [1]. Its abundance
in the Earth’s crust and its connection with the soil matrix validate its choice as a stable
reference element [42]. The EF is calculated using Equation (6):

EF = (C,/CFe;) /(C,/CFe;) ©6)

where C; represents the concentration of the particular element, CFe; denotes the quantity
of Fe as a reference constituent, Cj, is the reference content derived via the MAD method,
while CFey, signifies background content for Fe. Enrichment Factor values are divided into
five categories based on Table 4:

Table 4. Contamination level according to the Enrichment Factor (EF) [18].

EF Group Level of Contamination
EF <2 Deficiency to minimal enrichment
2<EF<5 Moderate enrichment
5<EF<20 Significant enrichment
20 < EF <40 Very high enrichment
EF > 40 Extremely high enrichment

The Contamination Factor (CF) is calculated using Equation (7):
CF =C;/Cy (7)

where C; represents the concentration of the examined element in the soil, and C is the
content of background values obtained using the MAD method. Hakanson [43] defines the
categories for CF as presented in Table 5.
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Table 5. Contamination level according to Contamination Factor (CF) [18].

CF Group Level of Contamination
CF<«1 Low contamination

1<CF<3 Moderate contamination

3<CF<6 Considerable contamination
CE>6 Very high contamination

3. Results
3.1. Classical Regression: Deconvolution

Table 6 shows the results obtained for the quantification of arsenic and lead in condi-
tions where there is overlap, using the classical method of internal standardization followed
by signal deconvolution.

Table 6. Comparison of As and Pb quantification results by Internal Standardization vs. PLS.

Internal

Concentration . . Relative Bias PLS Relative Bias
Sample (mg kg 1) Standardization (%) (me ke-1) (%)
(mg kg~ 1) &8
As Pb As Pb As Pb As Pb As Pb
A 36 6 453 8.1 25.8 35.0 39.8 7.2 10.6 20.0
B 19 54 24.2 68.2 27.4 26.3 15.2 62.4 —20.0 15.6
C 1 32 2.5 33.9 150.0 59 1.9 314 90.0 -1.9
D 12 51 16.2 60.3 35.0 18.2 9.3 56.6 —225 11.0
E 33 80 40.3 87.6 22.1 9.5 38.5 83.4 16.7 4.3
F 16 42 18.5 52.2 15.6 24.3 18.2 374 13.8 —11.0
G 21 71 28.3 98.1 34.8 38.2 17.3 64.2 -17.6 -9.6
H 21 7 23.5 12.2 11.9 74.3 22.3 10.8 6.2 54.3
RMSEP (mg kg™ 5.6 12.3 3.3 5.0
RMSEP (%) 15.6 18.9 9.4 6.8

The results indicate significant positive biases for both arsenic and lead, with relative
biases ranging from 11.9% to 150% for arsenic and from 5.9% to 74.3% for lead. These
values, respectively, in relation to the reference values of the external validation set, reveal
a noticeable systematic error. The calculated RMSEP for this quantification method is
5.6 mg kg~ ! for arsenic and 12.3 mg kg ! for lead, resulting in an average percentage error
of 15.6% and 18.9%, respectively, within the concentration range of the sample set.

3.2. Machine Learning Regression: Partial Least Squares

The X-ray fluorescent emission spectra of the 26 samples, which were utilized to
develop the PLS models, cover a range of energies, including the K (10.54 keV) and Kf
(11.73 keV) lines for arsenic, as well as Lo (10.55 keV) and L (12.61 keV) lines for lead, as
shown in Figure 2.

When considering two latent variables, the model shows RMSECVs of 2.95 mg kg ! and
3.92 mg kg 1. For external validation, there is an RMSEP of 3.31 mg kg ! and 5.03 mg kg !
for As and Pb, respectively. The discrepancy between both parameters is expected due
to the tendency of cross-validation to be overly optimistic in comparison to external
sample validation.

Additionally, it is observed that both cross-validation and external validation predic-
tions for these elements exhibit a high level of correlation with the real concentrations of
the samples, achieving correlation coefficients rVal = 0.981 and rPred = 0.972 for As and
rVal = 0.986 and rPred = 0.982 for Pb (Figure 3).

The quantification biases for arsenic and lead, observed in both multivariate models
and classical quantification methods (internal standardization and deconvolution), have
significantly reduced. There is no longer a pronounced positive trend, and the percentage
of biases has notably decreased. The summary of all these parameters for the PLS model is
presented in Table 7.
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Figure 2. X-ray fluorescence spectra of the 26 calibration samples. The spectra of each sample are
represented in different colors.
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Figure 3. Actual vs. predicted values of arsenic (a) and lead (b) in cross-validation and external
validation procedure.

Table 7. Characteristics and parameters of the PLS model for As and Pb.

As Model Pb Model
RMSECV (mg kg™1) 2.95 3.92
rVal 0.981 0.986
RMSEP (mg kg™1) 3.31 5.03
rPred 0.972 0.982
Calibration Samples 26
Number of Variables 257
Pretreatment Mean-centering
Latent Variables 2
Range [As] (mg kgfl) 0to49
Range [Pb] (mg kg‘l) 4t078
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When examining the regression vectors depicted in Figure 4, it can be observed
that the multivariate model’s predictions for arsenic concentration predominantly rely
on signals produced within the energy range corresponding to its primary emission line
(Kx). Signals from the secondary emission line (K{3) also have a lesser impact. This finding
highlights how incorporating multiple variables and assessing their contributions improves
the accuracy of predicting arsenic levels, effectively managing interference from lead’s
fluorescent signal.

As Pb
0.06
Pb (La) / As (Ka)
—_— 0.05
As (KB) 0.04

(a)

f_lﬁ

0.03
Pb (LB) Pb (La) / As (Ka)

0.02
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Figure 4. Regression coefficients for the PLS models for the quantification of arsenic (a) and lead (b),
including lines Kex (10.54 keV) and K@ (11.73 keV) of arsenic and La (10.55 keV) and L (12.61 keV) of lead.

In contrast, there is a more evident overlap of signals, particularly from lead’s most
intense emission line (Lx). Consequently, signals from its weaker line (L) become more
significant within the model. This indicates that reliance on signals from the L3 zone is
higher due to interference with the stronger L« line.

3.3. Elliptical Joint Confidence Region (EJCR)

In employing the EJCR correlation method at a significance level () of 0.05, it has
been statistically shown that determinations made using univariate methods like internal
standardization and deconvolution lack accuracy. This conclusion is drawn from the failure
to meet the criteria of a slope of 1 and an intercept of 0, indicating a deviation from the
ideal correlation.

Figure 5 visually illustrates this difference. The ellipse in the figure demonstrates
the disparity between the ideal point representing slope vs. intercept and the observed
correlation, highlighting that there is a significant distance between the observed data
points and their ideal position.

The deconvolution via software prior internal standardization fails to satisfy the EJCR
criteria, as evidenced by significant deviations in slope and intercept from their ideal values
(o =0.05).

In contrast, multivariate calibration using Partial Least Squares demonstrates accuracy
in quantification. Adhering to the EJCR criteria with an ideality point within the ellipse
confirms that both slope and intercept statistically approach 1 and 0, respectively (« = 0.05).

This comparison emphasizes how effective multivariate calibration through PLS is in
addressing overlapping X-ray fluorescence signals of arsenic and lead. Consequently, this
method produces more precise and accurate results than deconvolution processes.
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Figure 5. EJCR for the quantification of arsenic (a) and lead (b) by means of internal standardization
(orange ellipse) and PLS (blue ellipse). The black dot indicates the ideal: a slope of 1 and an intercept of 0.

3.4. AFOM

Table 8 displays the analytical performance metrics for each quantification approach.

It is evident from the table that the PLS method has resulted in an enhanced limit of
detection by two orders of magnitude and limit of quantification by three orders and
two orders of magnitude for As and Pb, respectively, compared to internal standard
calibration. The analytical sensitivities obtained through PLS models have also seen
important improvements.

Table 8. Analytical figures of merit using internal standardization and PLS methods are presented,
including limit of detection (LOD), limit of quantification (LOQ), sensitivity, and analytical sensitivity.

Figure of Merit Internal Standard PLS
As Pb As Pb
LOD (mg kg ') 5.42 x 1072 6.28 x 1072 2.56 x 10~* 3.48 x 10~*
LOQ (mg kg™') 1.64 x 1071 1.90 x 10~1 7.69 x 1074 1.05 x 1073
Sensitivity
(counts (mg kg 1)) 432 298 474 402
Analytical Sensitivity

N 18.3 12.7 59.6 63.3
(mgkg™H™1

3.5. Application in Soil Samples

Due to the lack of noticeable differences in the spectra between liquid and well-
prepared solid samples within the relevant range, a comparison of techniques was con-
ducted using a validated soil sample (Clay 2—CRMO051). The assessment employing a
certified soil sample, based on the t-test criteria (« = 0.05, n = 3), reveals that both techniques
yield results that are not statistically different from the certified value (Table 9). However,
in terms of bias and accuracy, the PLS model surpasses the quantification achieved through
internal standardization and signal deconvolution. The PLS model demonstrates lower
bias and higher accuracy compared to other methods. Subsequently, the developed PLS
models for arsenic and lead quantification were utilized to evaluate these metals in the
viticultural soils of Itata Valley.
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Table 9. Comparison of accuracy for arsenic (As) and lead (Pb) quantification in Certified Soil Sample
Clay 2—CRMO051 using internal standardization and PLS methods.

Certified Value Internal Standard (1 = 3) PLS Model (1 = 3)
As Pb As Pb As Pb
Mean (mg kg~') 455 68.1 55.3 79.2 51.2 63.2
SD! 4.45 7.6 6.23 11.2 7.23 8.23

RSD 2 (%) 9.78 11.16 11.27 14.14 14.12 13.02

p (e =0.05) - - 0.077 0.215 0.31 0.483

1 Standard deviation; 2 relative standard deviation.

3.6. Ecological Assessment of Viticultural Soils

Table 10 provides a statistical overview of the contents of As and Pb in topsoil samples.
The difference between the highest and lowest concentrations of As and Pb indicates spatial
diversity within the topsoil samples. This variance suggests natural disparities in soil
composition among the locations sampled, potentially influenced by variations in mineral
content, organic matter, geological origins, or human activities [2].

Table 10. Statistical summary of As and Pb concentrations (mg kg~!) in soils from Itata Valley.

. . . Background Outliers
Median Min Percentile Max Upper Limit (%)
5 25 50 75 95
As 2.34 0.56 0.92 1.24 2.34 3.45 4.72 5.01 0.83 95.8
Pb 22.5 6.02 7.45 13.0 22.5 31.1 427 45.5 6.90 95.6

After establishing the upper limits based on the background levels, an evaluation was
conducted to determine how many samples exceed these limits for both arsenic and lead,
as detailed in Table 10. The results indicate that a majority of samples—approximately 95%
for both elements—have concentrations exceeding these established upper limits.

Figure 6 graphically illustrates the results of the GEOI analysis, suggesting that the
soils exhibit relatively low to moderate levels of contamination. This evaluation likely
considers specific element concentrations in relation to their natural or background levels.
EF assessments indicate a significant number of sampling points showing moderate to
substantial enrichment, particularly when compared to iron concentrations, which show
minimal vertical variation in the soil. The more rigorous CF index, not considering natural
variations, indicates that most sampling points demonstrate moderate to considerable
contamination levels for both elements. These conclusions align with the areas identified
by the GEOI as moderately contaminated and reinforce their importance in terms of
contamination severity.
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Figure 6. Ecological indices of every viticultural soil sample (black dots) from the Itata Valley for As (arsenic)
and Pb (lead). Geoaccumulation Index (a), Enrichment Factor (b), and Contamination Factor (c).

4. Discussion

While lower RMSE values are preferable, the average percentage errors of 15.6% for
arsenic and 18.9% for lead quantification using classical regression and deconvolution
are considered reasonably acceptable, particularly given the analytical technique and
concentration range involved. Such error magnitudes are common in this field, as evident
from various studies on solid matrices [2,44—46].

Conversely, the utilization of the proposed PLS machine learning algorithm demon-
strates improved performance, with the average percentage error notably reduced from
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15.6 to 9.4% for arsenic (from an RMSEP of 5.6 mg kg~ ! to 3.3 mg kg~ !) and from 18.9% to
6.8% for lead (from an RMSEP of 12.3 mg kg~ ! to 5.03 mg kg~ !) compared to the previous
univariable model. This enhanced predictive accuracy within the sample set’s concen-
tration range is attributable to the efficiency of the multivariate calibration’s first-order
advantage in quantifying in the presence of interferents, which enables the identification
and use of lower-intensity signals to mitigate the errors generated by signal overlaps [46].
The RMSEP results undoubtedly demonstrate improvement; however, they do not surpass
the performance achieved for liquid samples in TXRF using PLS models. Notably, the
multivariate model developed by Nagata et al. (2006) [12] facilitated the determination
of lead and arsenic with RMSEPs of 0.03 and 0.24 mg L1, respectively. However, the
Slurry-TXRF with PLS improvements are limited in comparison to liquid sample analysis,
primarily due to two factors. Firstly, liquid samples present fewer physical interferences
for total reflection [10]. Achieving a comparable state from solid samples would necessi-
tate significant resources, including time and reagents for digestion. Secondly, the TXRF
equipment utilized in the aforementioned research employs synchrotron radiation TXRF
(SR-TXRF), which enhances the instrument performance [12].

According to the EJCR criteria, the deconvolution method provided by the univariate
calibration software for mitigating the overlap of fluorescent arsenic and lead signals
appears inadequate in generating reliable quantifications, in contrast with the superior
performance of the PLS method. However, as mentioned earlier, the quality of results
obtained through classical calibration is commonly encountered within this analytical
technique and concentration range.

Alongside the improved quality of results observed with PLS quantification, all figures
of merit are also enhanced, potentially due to the multivariate calibration’s ability to exploit
modeled interferents, thereby improving selectivity and reducing background noise [36].

The proposed methodology also reduces costs and analysis time compared to tradi-
tional methods [11]. This novel approach, based on Slurry-TXRF and PLS quantification
models, facilitates soil monitoring for the measurement of arsenic and lead contents, and it
is presented as an alternative with a positive technical and environmental impact. This is a
preliminary advancement in an era where automation and unmanned systems, known for
their reliability and cost-effectiveness, are becoming increasingly popular. [47].

The enhanced methodology for quantifying arsenic and lead indicates that approxi-
mately 95% of the agricultural soil samples from the Itata Valley exceed the background
limit, which is expected for a soil type influenced by productive anthropogenic activity
where the addition of these elements is possible through the use of fertilizers [48] and fossil
fuels from machinery [49]. Additionally, the geomorphological fluvial-glacial-volcanic
plain zone that the Itata Valley covers [24] could significantly contribute to the presence of
these two elements in the environment, especially arsenic [50].

In general, the ecological indices suggest that the agricultural soils in the studied area
are moderately contaminated by these elements, consistent with previous findings on other
potentially toxic substances. However, this level of contamination does not necessarily
imply immediate adverse biological effects on the resident communities or pose significant
health risks to humans.

5. Conclusions

The methodology proposed in our study, which integrates Slurry-TXRF with a Partial
Least Squares (PLS) machine learning algorithm, offers a significant advancement in the field
of environmental monitoring, particularly for arsenic and lead contamination in soils. While
the accuracy of our results does not surpass that of traditional methods, such as hydride
generation for arsenic (which typically achieves errors of less than 5% with quantification
limits of 0.2 mg/kg) [51] and flame atomic absorption for lead (with expected errors around
2%) [52], the application of machine learning techniques has notably improved the performance
of Slurry-TXRE. Specifically, our study achieved a reduction in the average percentage error
from 15.6% to 9.4% for arsenic (an RMSEP from 5.6 mg kg~ ! to 3.3 mg kg~ ') and from
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18.9% to 6.8% for lead (an RMSEP from 12.3 mg kg~ ! to 5.03 mg kg ') just through using
multivariate calibration.

These improvements, while not surpassing the precision and accuracy of the most
established methods, provide significant practical advantages for environmental monitor-
ing. The proposed methodology is faster, simpler, less costly, and more environmentally
friendly, making it a valuable alternative in situations where these factors are critical.

Additionally, the PLS calibration effectively corrects the mutual influence of overlap-
ping signals between arsenic and lead, enhancing the reliability of quantitative analyses.
This is particularly advantageous in complex soil matrices where traditional methods may
struggle with signal interference.

Overall, while the traditional methods remain superior in numerical accuracy, the
combined use of Slurry-TXRF and machine learning represents a promising alternative that
balances reasonable accuracy with substantial operational benefits. This approach is well
suited for efficient environmental and ecological evaluations, particularly in regions where
rapid and cost-effective monitoring is necessary.

Our assessment indicates moderate to significant contamination levels with arsenic
and lead in the soils of the Itata Valley, which is typical for agriculturally used soils.
However, further studies would be required to assess the potential risks to human health,
including an evaluation of factors such as elemental speciation and migration from soil to
plant parts, which are outside the scope of the present study.
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