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Soil pollution by the contaminants of emerging concern (CECs) or emerging contaminants deserves
attention worldwide because of their toxic health effects and the need for developing regulatory
guidelines. Though the global soil burden by certain CECs is in several metric tons, the source-tracking
of these contaminants in soil environments is difficult due to heterogeneity of the medium and
complexities associated with the interactive mechanisms. Most CECs have higher affinities towards solid
matrices for adsorption. The CECs alter not only soil functionalities but also those of plants and animals.
Their toxicities are at nmol to pmol levels in cell cultures and test animals. These contaminants have
a higher propensity in accumulating mostly in root-based food crops, threatening human health. Poor
understanding on the fate of certain CECs in anaerobic environments and their transfer pathways in the
food web limits the development of effective bioremediation strategies and restoration of the
contaminated soils and endorsement of global regulatory efforts. Despite their proven toxicities to the
biotic components, there are no environmental laws or guidelines for certain CECs. Moreover, the
information available on the impact of soil pollution with CECs on human health is fragmentary.
Therefore, we provide here a comprehensive account on five significantly important CECs, viz., (i) PFAS,
(i) micro/nanoplastics, (iii) additives (biphenyls, phthalates), (iv) novel flame retardants, and (v)
nanoparticles. The emphasis is on (a) degree of soil burden of CECs and the consequences, (b)
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1 Introduction

Contaminants of emerging concern (CECs) or emerging
contaminants (ECs), a term that has been used for the first time
by water quality professionals, describes the pollutants that are
being detected increasingly in the waterbodies at low (<ng)
levels.' The CECs have miscellaneous applications as pesti-
cides, pharmaceuticals, personal care products, disinfectants,
surfactants, household materials, nanomaterials, and illicit
drugs.* Recently, the environmental fate of CECs such as per-
fluoroalkyl polyfluoroalkyl (PFAS),
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biphenyl/phthalates), flame retardants (FRs) like poly-
brominated biphenyl diethers (PBDEs) and organophosphorus
flame retardants (OPFRs), and nanoparticles has gained global
attention (Table 1). The term ‘CECs’ includes the newly devel-
oped compounds and the chemicals increasingly released into
the environments. Most often, PFAS, MPs/NPs, FRs, PCBs, and
nanoparticles have subsequent detrimental effects on food
safety and health of the ecosystem and humans.* Though these
contaminants pose significant threats to several life forms, they
are not included under the regulations of existing environ-
mental laws.” Unfortunately, the principal sinks of CECs in the
environment include agricultural soils, urban surface runoff,
and discharges of sewage treatment plants. The research
reports on the mobility of CECs in the aquatic systems such as
marine environments, surface waters, and wastewaters are
plenty.>*® Such reports are from different regions of Australia,
Africa, Europe, Latin America, Asia, and North America.®”*"**
However, information on soil pollution by the CECs has gained
less attention."*® The global soil burden of CECs is of serious
concern as their concentrations in soils reach several hundreds
to thousands of pg kg™ " soil (Table 2). Because the fate and
transformations of CECs in terrestrial environments is not fully

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Major contaminants of emerging concern (CECs) and their principal sources

CEC Source material Ref.
Per- and polyfluoroalkyl substances (PFAS) Food package material, stain- and water-repellent fabrics, 17

non-stick products (e.g., Teflon), polishes, waxes, paints,

cleaning products, fire-fighting foams, industrial facilities

(e.g., chrome plating, electronic goods, and oil recovery),

landfill wastewater treatment plant, and living

organisms (e.g., fish, animals, and humans) due to accumulation

and persistence over time
Micro-/nano-plastics Plastic debris 18
Additives - phthalates Plastic additives 19
Additives - biphenyls Dielectric fluids (used in transformers and capacitors), additives 20 and 21

in lubricant fluids, adhesives, building sealants, plasticisers,

fire proofing agents, paints, and ink products
Polybrominated Electrical and electronic devices, furniture, textiles, plastics, and baby products 22
diphenyl ethers (PBDEs)
Organophosphorus flame retardants (OPFRs) Polymers used in polyurethane (PU) foam, furniture, baby products, etc. 23
Nanoparticles Cosmetics, pharmaceuticals, coatings, paints, and catalytic additives 24

understood, the environmental regulations in many countries
are less stringent."®

Most CECs are not lost from the soil fraction even after a soil
wash for one week with water because of their higher affinity
with soil matrices as compared to other pollutants.**** Teijon
et al.*® found from column miscible displacement experiments
that Naproxen (a nonsteroidal anti-inflammatory drug) had low
sorption to the aquifer matrices, implying higher affinity
towards solid particles. Another noteworthy observation was the
complexation of CECs due to their different interactive mech-
anisms within soil matrices. These interactions could have

a significant impact on the fate and toxicity of CECs in the soil
environments. The adsorption rate and equilibrium capacity of
triclosan (TCS) for polyethylene (PE) were 29.3 mg pg~ ' h™' and
1248 pg ¢, respectively, whereas the adsorption rate values of
TCS for polystyrene (PS) and soil particles were 0.27 and 0.60 mg
pg~" h™", respectively.*® Furthermore, the equilibrium capac-
ities (ug g~ ') were significantly different for the combinations of
TCS and PE (1248), TCS and PS (1033), and TCS and soil parti-
cles (961). Similarly, polychlorinated biphenyls (PCBs) were
found to interact with microplastics (MPs) such as polyethylene
(PE) and polypropylene (PP) with large variabilities. In fact, the

Table 2 Soil burden of major CECs reported in different countries/regions across the globe

EC Country/region Concentrations Ref.

PFAS (pg kg') China PFOA: 2.0, PFOS: 20 25
Antarctica PFOA: 1.5, PFOS: 5.4 26
USA PFOA: 28, PFOS: 126 27
Norway PFOA: 3.3, PFOS: 162 28
Uganda PFOA: 0.9, PFOS: 3.0 29

Microplastics (items kg ™) Chile 22 001-34 000 30
Australia 1271-4191
USA 0-1270
Spain 1271-4191
China 9801-22 000

Additives Kenya BPA (ug g~ ') 490-154 820 31
China S209PCBs (pg g ') 64.3-4358 32
Turkey =83PCBs (pg g ') 207.61-5461.95 33
Towa, USA SPCB (pg g~ ') 3-1200 34
Ethiopia 18%PCBs (mg g ') 17.16 35
Italy PCB-209 (mg kg~ day wt) 0.14-0.43 36

FRs (ng g™ ") Nigeria 27PBDE 112-366 (15 cm depth); 26.8-39.7 (500 m depth) 37
Australia 25NBFR nd-385 38
China 239PBDEs and BDE 2097.02-66 573 in sediments 39
Italy PBDE 158.3-9427; BDE209 130.6-9411 40

in sewage sludge for land application

Metal nanoparticles US and Europe Nano-TiO, 42 pg per kg per year; nano-Ag 662 ng per kg per year 41

in sludge-treated soils

Biosolids treated soils USA Titanium containing nanomaterials of 50 and 250 nm 42
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reported levels (ng PCBs per g MPs) were in the range of 5-
18 700,* 2-346 (ref. 48) and 3590-10 125.* These chemical
aspects are the reasons why the concentrations of certain CECs
are higher in terrestrial systems than in aquatic systems. For
example, the MPs are nearly 4-23 folds more elevated in the
terrestrial and freshwater systems than in the aquatic environ-
ments, and the accumulation of MPs is high both in rural and
urban soils due to human activities.*® What is essential to know
is how the soil environmental components interact with the
CECs, and whether these interactions generate the complexa-
tion. Effectively, the complexation of CECs favours their bio-
accumulation in the terrestrial biotic components.**

The principal exposure route of humans and other animals
to CECs is through the contaminated plant foods. This route is
mainly due to the easy uptake and translocation of CECs in
plants from the soils.”*** Among the food crop components, the
preference of accumulation of CECs is in the following order:
roots > shoot > fruit > grains.* Also, the CECs have a significant
impact on the plant functionalities. For example, MPs exerted
adverse effects on the germination rate, shoot height and
biomass, and even oxidative damage and genotoxicity in
plants.>*® Several in vitro investigations confirmed the
nontarget toxic effects of CECs on different model organisms or
cells, such as Dugesia japonica, freshwater mussels, bay mussels,
raptors, PA1-cell line, and CYP1A-bla LS-180 cell line.>”~**> These
results strongly imply that CECs can pose a serious health risk if
they find their way into the human body. Nevertheless, the toxic
effects of most CECs are not fully understood.®® Despite the
apparently high ecological risks, the CECs are not under envi-
ronmental regulations and policies. The recent reviews on
individual CECs pertaining to different aspects such as the
assessment of their contamination in the marine environments,
their remediation of aqueous environments, human exposure,
plant uptake and translocation, their effects as endocrine
disruptive chemicals, and their fate in wastewaters have gained
increasing attention.“*'*'>1%6465 However, no single source on
concise information is readily available in the literature on
toxicities and regulatory concerns related to the significantly
important CECs in soils. Therefore, the principal objective of
the present review is to provide a perspective on the environ-
mental concerns of major CECs such as PFAS, MPs and NPs,
additives (biphenyls/phthalates), FRs (PBDEs, novel FRs and
OPFRs), and nanoparticles, their potential health effects, and
the need for comprehensive regulatory measures.

2 Soil contamination with CECs: from
sink to source

The soils are the important global natural resource that deliver
critical services to all the life forms and shape the foundation of
human civilizations. They are critical to the cycling of all the
natural elements as well as the synthetic chemicals which are
either applied deliberately for different intended purposes or
deposited from atmosphere and aquatic environments. The
human societies across the world are challenging the carrying
capacity of the Earth, which include the excessive production
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and utilization of synthetic chemicals. The environmental
degradation (breakdown by biotic and abiotic factors) and
contamination that includes by the presence of these synthetic
chemicals make the access to safe water difficult for more than
900 million humans and innumerable animals and plants.*
The soil contamination by most synthetic chemicals is
increasingly becoming the major societal challenge because of
the presence of industrial establishments that often increase
the risks due to accidents and poor waste management, and
overproduction and widespread utilization without realizing
the need for environmental regulations. The depositions from
atmospheric emissions and transport that can distribute the
contaminants widely also make the soil environments as the
major sinks. The principle of ‘pollutants have no borders’ has
become evident with the introduction of analytical tools with
better precision and high-resolution techniques that help detect
and quantify the contaminants from the heterogenous media
such as soils.

The flows of mass, energy, and genetic information and their
transformations make the porous soils as the major interface
connecting the atmosphere, vegetation, and geosphere of the
Earth's critical zone.®”” Though adsorption and desorption of
CECs are influenced by several soil properties such as pH, redox
conditions, temperature, moisture content, organic carbon and
clay, and the fate and transformation of CECs are mainly
affected by microbial activity.®** The soil organic matter is
considered to have dissolution sites in rubbery and glassy
phases. The diffusion of organic contaminants into the complex
phases of soil organic matter leads their sequestration. The
hydrophobic and lipophilic characteristics and the recalcitrant
chemical structure of certain contaminants modulate CECs
resistance to breakdown by the biological, chemical, and
photolytic processes. Besides certain factors like pH, electrical
conductivity and soil type, prior exposure to soil matrices largely
influences the persistence of CECs.” Though the fate of these
contaminants in aerobic conditions in soil has been well
addressed, less is known about their fate under anaerobic
conditions.””” These insights influence the designing of effec-
tive remediation strategies for the restoration of CECs-
contaminated soils. Since soils become anaerobic under
flooding conditions, critical information on the fate of CECs in
the anaerobic environment is of utmost importance in soil
ecosystem. These conditions will significantly influence the
transport pathways of CECs.

The climate change events that include soil warming may
have adverse effects on the transport pathways of contaminants.
Yang et al.”® and Straat et al.” reported that soil warming could
lead to increased transportation and transformation of
contaminants in soils. The extreme fluctuations in precipitation
due to climate change might alter the mobilization, transport
and cycling of contaminants in the soil matrix. The transport of
contaminants from the soils will increase due to the surface
runoff, and erosion due to increased intensity and frequency of
rainfall or storms. In addition, the agricultural practices such as
tilling and irrigation can accelerate the release of soil particle-
bound contaminants and the ensuing uptake by plants.”®
Thus, the contaminated soils can become the new source for

© 2022 The Author(s). Published by the Royal Society of Chemistry
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not only the transport to another medium but also the trans-
formation of contaminants, even facilitating trophic transfers.
Plants have potential in absorbing pollutants from the envi-
ronmental media. It has been estimated that nearly 1261 tons of
pollutants are removed by trees from the atmosphere in the
central part of Beijing, China in 2002.7° There are similar
reports on improvement of atmospheric quality (7-15%) near
footpaths by vegetation on greenbelts,”” removal of 88 tons of
total atmospheric pollutants (like 12 tons of PM;, and 5 tons of
PM, 5) by trees in Strasbourg, France,” trapping of 7% total air
pollutants in Marylebone and London.” All these insights imply
that the plants interact strongly with the pollutants.

The soil burden of contaminants is difficult to quantify as
there are no fool-proof chemical extraction procedures and the
mechanisms of interactions between the contaminants and soil
constituents are complex to describe. The deposition of solid
waste and materials, discarded from the industrial, mining,
agricultural and livestock, military, and commercial activities
alter the chemical and biological properties and degrade the
ecosystem services of soils in the long run.** The Working
Group of the International Union of Soil Sciences (IUSS) on Soils
in Urban, Industrial, Traffic, Mining and Military Areas suggests
that the urban soils with greater anthropogenic influences are
vital to the sustainability and resiliency of cities.** The CECs will
create the environmental concerns, more in urban soils than in
rural soils. Nevertheless, the contaminants of both conven-
tional and emerging types pose serious scientific and societal
challenges to the global soil security, beyond soil health
concerns, because of their complicated and cascading effects on
the health of individual members and the whole ecosystem. As
most of the CECs ultimately reach the soil ecosystem through
domestic and industrial wastes (Table 1), they contribute to the
overall global soil burden (Table 2). The following five signifi-
cantly important CECs were chosen for this comprehensive
review because they represent diverse class of pollutants with
high risks of soil contamination during their industrial
production, their entries into the food production chain,
human consumption, and health hazards.

3 Per- and polyfluoroalkyl substances
(PFAS)

3.1. Soil pollution and pathways of transfer to the food web

Per- and polyfluoroalkyl substances (PFAS) are the principal
components of fluoropolymers coatings and other products
that resist water, oil, stains, grease, and heat. The most used
and detected PFAS are perfluorooctanesulfonic acid (PFOS) and
perfluorooctanoic acid (PFOA). Chemically, PFAS are hydro-
phobic, fluorine alkylated compounds containing saturated
carbon chains and a hydrophilic head (sulfonate or carboxylate)
attached at a terminal end. Fluoropolymers form from PFAS by
‘emulsion polymerization’, and these fluoropolymers have high
economic potential. The industrial production is maximised by
selected companies (e.g., DuPont, 3 M, and W. L. Gore & Asso-
ciates); the annual market for fluoropolymers as polishes,
paints, coatings, and stain repellents is about 100 million to

© 2022 The Author(s). Published by the Royal Society of Chemistry
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billion USD.** These fiscal figures reflect the usage and demand
for fluoropolymers. The fluoropolymer coatings are commonly
involved in certain domestic goods such as clothing, furniture,
adhesives, food packings, heat-resistant non-stick cooking
surfaces, and electric wire insulation. Because of hydrophobic
and heat-stable properties, PAFS are even used in Class B fire-
fighting foam.** But PFAS are of great concern due to their
recalcitrant nature, ability to pass through different environ-
mental media (such as soil and water), and even bio-
accumulation.®*®* As PFAS are highly mobile, these pollutants
have been detected in Arctic and Antarctic regions.*® The prin-
cipal sinks of PFAS in the environment are wastewater, PFAS
manufacturing and processing facilities, and those facilities
producing PFAS-containing materials, airports, and military
bases.?”*® Furthermore, PFASs from soil can easily reach the
groundwater and atmosphere by leaching and evaporation,
respectively.® Consequently, different regulatory agencies (e.g.,
EU Water Framework Directive, Stockholm Convention)
become concerned about controlling environmental pollution
caused by the release of PFAS.” Unfortunately, available treat-
ment methods are not sufficient to remove PFAS from the
wastewater;”" this is factual because poor waste management
and wastewater treatment plants (WWTPs) are the major sour-
ces of PFAS in Africa.”” Strynar et al.®® estimated that global soil
loadings of PFOA and PFOS are 1860 and >7000 metric tons,
respectively. However, the recent global soil metadata analysis
showed that the maximum concentrations of PFOA and PFOS
were about 124 and 162 pg kg™, respectively.** Since the root
uptake of PFAS is the principal accumulation pathway in several
food crops, the soil pollution of PFAS can have a significant
threat to food security and human health® (Fig. 1a and b).
Substantial levels of PFAS were detected in foods, e.g., 17 640
ppt (parts per trillion) of perfluoro-n-pentanoic acid (PFPeA) in
chocolate cake with icing, and 134-865 ppt in meat samples
(e.g., Frankfurter sausage and tilapia);*® and the levels of PFAS
found in the meat samples were significantly higher than the
limits set by USEPA (https://www.epa.gov/laws-regulations/
regulations). The major human exposure pathways to PFAS
followed the order: environmental media (58%) > specialty
products (29%) > home products (7%) > personal care
products (2%) and clothing (2%) > cleaning products (1%)
and food packing (1%);>” where food (40%), water (30%) and
soil (9%) occupy the first three places under the
environmental media pathways. The toxicity of perfluorinated
compounds to soil microorganisms, when analysed by
microcalorimetry, was dependent on the functional groups
(more due to sulfonic-than carboxylic), carbon chain length,
and the soil properties.”® The PFAS-impacted legacy was also
observed with changes in the relative abundance of bacterial
genera such as Desulfococcus, Gordonia and Acidimicrobium in
the groundwater.® The reports on the accumulation of PFAS in
the human body are growing.'***** Soils become an ultimate
reservoir for fluorosurfactants (such as PFOA and PFOS)
because of their extensive usage. The contaminated soils can be
a long-term source for CECs across the world. The unabated use
of PFAS can have a significant impact on food safety and human
health.
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Fig.1 Extent of soil pollution by PFAS and ecotoxicity. (a) PFAS concentrations in background soils. Primary source-contaminated (PSC) soil and
secondary source-contaminated (SSC) soil.>* *Maximum concentrations detected for PFOA and PFOS were 123.6 and 162 pg kg™, respectively;
PSC soils were fire-training areas and manufacturing plants; SSC soils were biosolid application sites and irrigation water use areas. (b) Heatmap
showing soil to plant transfer factors for PFOS and PFOA.*?* (c) Per cent of zebrafish embryos with islet morphological anomalies as affected by
PFOS.23 hpf: hours post fertilization. (d) Toxicity reference values (mg kg™) for PFOS + PFHxS and PFOA in four different soil systems: (a)
Residential area with garden/accessible soil; (b) public open space; (c) residential area with minimal opportunities for soil access; (d) industrial/

commercial sites 2!

3.2. PFAS toxicity to animals and humans

The animal model experiments show that PFAS has significant
endocrine disrupting activity. Exposure of zebrafish embryos
(48 and 96 h post-fertilization) to 16 and 32 pM of PFOS resulted
in the decreased islet area (P < 0.01 and 0.03, respectively), but
the effects of PFOS were neutralized at higher concentration
(i.e., 64 uM, P = 0.04) (Fig. 1c).’*® Furthermore, elevated islet
morphology (13.8-38.5% increase in anomalies), decreased
secondary islets (59% reduction at 32 pM), larva size (2%
reduction at 32 uM), and pancreas length (7-27% at 96 hours
post fertilization, hpf) were observed in the same study. Thus,
PFOS significantly impacts the endocrine system by inducing
morphological and functional perturbations during pancreatic
organogenesis in zebrafish.'**'** In the human pluripotent stem
cells, PFASs tend to disrupt the generation of human pancreatic
progenitor cells and affect pancreatic and endocrine differen-
tiation.'**'” In an in vitro experiment, pancreatic progenitor
cells (i.e., H9 hESCs (H9 human embryonic stem cells)) were
exposed to low-, human-relevant doses (5 and 50 nM) of PFOA
and PFOS for 13 days. The results revealed that there was

12400 | RSC Adv, 2022, 12, 12396-12415

a negative effect on the relative gene expression levels of early
markers (such as hepatocyte nuclear and endodermal marker
genes). Values were found to be in the range of <0.4-1.0 against
the control of 1.0.'* PFOA and PFOS affected not only the early
stages of pancreas organogenesis but also all other endoderm
lineages. PFAS showed significant effects at the transcription
level and suppressed the expression of SOX9 (SRY-Box Tran-
scription Factor 9), leading to considerable interferences at the
growth and proliferation of pancreatic progenitor cells.'”” The
PFAS-induced SOX9 upregulation followed by NOTCH signal
activation could lead to the failure of endocrine development.*®”
Thus, the in vitro experiments with human-relevant doses of
PFASs have proved their endocrine toxicity. Health risks could
be even worse if there is chronic exposure to PFASs because the
mean estimated half-lives of PFOS and PFOA in the human body
are relatively higher (i.e., 3.4 and 2.7 years, respectively).'*®

3.3. Carcinogenic risks of PFAS

The PFAS exposure has stronger links with carcinogenicity in
rats, and occupational exposure in humans resulted in an

© 2022 The Author(s). Published by the Royal Society of Chemistry
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increased risk of prostate cancer.'*® Numerous human
epidemiological studies suggest that exposure to PFOS and
PFOA (occupational, community-level, or populational) height-
ened the cancer risk. There were 3.3-fold higher rates of prostate
cancer mortality in the occupationally exposed workers of the
production division in the PFOA industry."™ However, re-
analysis of the cohort did not find any link between the expo-
sure and cancer risk. On the contrary, a recent occupational
cohort study conducted in Italy found that PFOA exposed
individuals demonstrated a 7-fold higher liver cancer mortality
and 5-fold higher lymphatic and hematopoietic cancer
mortality than non-chemical factory workers."> Many epide-
miologic studies suffer from significant drawbacks such as
differences in reporting the results, different approaches and
data size. Yet, there is a significant correlation between PFAS
exposure and cancer incidences (e.g., kidney, prostate, and
testicular) in humans."*'** PFOA at a concentration of 1.1 to
4.6 mg kg~ ' day ' escalated the pancreatic tumours.""* Two-
year feed studies using experimental female rats (ie.,
Hsd:Sprague Dewley® SD® rats) revealed that PFOA furthered
the incidence of pancreatic acinar cell adenoma hepatocellular
carcinoma and adenocarcinomas of the uterus."* Predictably,
maternal exposure to 6 out of 10 measured PFASs during
pregnancy showed an increased risk of germ cell tumors (GCTs)
in paediatric patients;'*® the odds ratio was 19.47 (95% CI: 4.20-
90.26) for 1.0 ng L™ increase in PFHxS. Additionally, children
with GCTs had relatively high serum levels of PFAS than the
tumor-free paediatric patients.'*® Likewise, the utero EtFOSAA
(N-ethyl-perfluorooctane sulfonamido acetic acid, precursor to
PFOS) and higher maternal, perinatal total cholesterol bestows
a significant risk factor breast cancer for daughters."”
Furthermore, the International Agency for Research on Cancer
(IARC) classified PFOA, the most studied PFAS, as a possible
human carcinogen based on the available limited epidemio-
logic data. Accordingly, these human epidemiologic data and
the animal models' experimental results infer that PFAS has
carcinogenic properties and presents a significant maternal link
in increasing the cancer risk. Additional investigations are
needed to confirm the link of PFAS with the promotion of
chronic inflammation, cellular immortalization, and alter-

ations in DNA repair."*’

3.4. Environmental regulations

PFAS have become a critical soil pollutant because of their
environmental persistence and mobility. It is not viable to
depend on natural attenuation (degradation without human
intervention) and long-term monitoring to restore PFASs-
contaminated soil."® From the soil environments, PFAS easily
enter groundwater or drinking water reserves. Based on their
chemical nature, PFAS can tend to be at the surface of soil
columns or show a high affinity towards soil particles. At the
Tindal Royal Australian Air Force (RAAF) base at Katherine,
Northern Territory in Australia, the release of toxic PFAS
released from firefighting foam during 1995-2005 resulted in
the extensive contamination of groundwater to the extent of 4.6
ug L' in water supply, which was 66 times higher than the
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permissible levels (0.07 ug L") of drinking water.'*® The US
Environmental Protection Agency (EPA) has given lifetime
health advisory levels for PFAS as just 70 parts per trillion
(ppt).**® Nevertheless, the New Jersey Department of Environ-
mental Protection (NJDEP) set much lower values, i.e., 14 and 13
ppt for PFOA and PFOS, respectively. In Delaware (USA), the EPA
Region 4's Residential Soil Screening Level for PFOS and PFOA
are 6 and 16 mg kg ', respectively.’® The Australian PFAS
National Environmental Management Plan (NEMP) set PFAS
toxicity reference values (human health soil screening) for 4
different types of soils (based on land-use), and values are in the
range of 0.01-20.0 mg kg™ ' and 0.1-50.0 mg kg~ ' for PFOS +
PFHxXS (perfluorohexane sulfonate) and PFOA, respectively
(Fig. 1d).”** According to the Health Canada drinking water
guidelines, the maximum allowable limits for PFOS and PFOA
are 0.2 and 0.6 pg L', respectively.”> Nonetheless, information
on soil health guidelines regarding PFAS contamination in
other states or countries is scantily available. Strict action plans,
regulations, risk control rules, and technical guidelines are
obligatory on a global scale to prevent soil pollution by PFAS.
Smoldering combustion, soil sorption technologies, incinera-
tion, soil washing, onsite encapsulation, and immobilisation
are some of the possible strategies for restoring PFAS-
contaminated soils (https://rembind.com/)."**'** The priority
protection and risk control measures and sustainable
treatment and remediation strategies should be enforced, for
PFAS-contaminated agricultural lands, primarily due to the
high-level threat of trophic transfers.

4 Micro- and nanoplastics (MNPs)

4.1. Global soil burden and interactions in soil matrices

Micro- and nanoplastics (MNPs; <1.0 mm length, and 0.001-
1.0 pm size, respectively) are the present-day emerging
contaminants of global concern. The terrestrial pollution by
MNPs has been neglected despite several known sources were
identified such as plastic mulches and polytunnels in the
agroecosystem, sewage sludge, and landfills.****** Two other
types of plastics, viz., bioplastics and oxo-degradable plastics
have also emerged."” However, these next-generation plastics
are not eco-friendly as expected.'” Because a significant
portion (79%) of plastic waste is accumulated in the form of
landfills and other environmental counterparts, the intensity
of pollution by MNPs is more severe in agricultural soils than
in the oceanic basins (Fig. 2a).*****® The analysis of processed
food samples evidenced that American children and adults are
exposed, by the combination of ingestion and inhalation, to an
average of 81 331-121 664 particles per year, implying the
severity of pollution and bioaccumulation propensity of
MNPs."** Alarmingly, the agricultural lands are becoming the
hotspots for MNPs; different regions and annual loading of
MNPs are as follows: Europe (~63 000-430 000 tons), America
(~44 000-300 000 tons), and Australia (~2800-19 000 tons)."**
Therefore, trophic transfer of MNPs becomes one of the
possible routes of human exposure to MNPs. Yet, the research
on the transfer pathways is in infancy, which is attributed to
two principal reasons: (i) there is no validated procedure for
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Fig. 2 Micro- and nanoplastics as soil pollutants and environmental consequences. (a) Global flow of plastics (polymers resins, synthetic fibers,
additives between 1950-2021, in million metric tons, MMT) by different activities such as production, primary and secondary in-use stocks, and
disposal (discarded and incinerated).®° (b) Effect of polystyrene nano plastics (PSNPs) on cortisol levels in wild-type strain AB/TL of zebrafish.*
(c) Genotoxicity, in terms of DNA fragmentation, of PSNPs on human blood cells.**® (d) Strategies for the mitigation of micro- and nano-plastics in

soil.

sampling, sample preparation, analysis of MNPs, and (ii) there
is no information about the sample contamination before the
analysis; this information is inevitable as plastics are present
everywhere."*® The propensity of plastic debris to interact with
soil organic matter and prolonged persistence (up to a few
hundred years) are the critical factors in the formation of
MNPs.*** Recent studies with model soils revealed that MNPs
could interact with PCBs (polychlorinated biphenyls) and
heavy metals.’***® These particles exhibited potential toxic-
ities to soil biota, such as disturbance to gut microbiome in the
Enchytraeus crypticus and negative impacts on the functional
diversity of soil enzymes.'*”**® In the river environments,
microplastics serve as the microbial habitat with abundant
microbial groups such as Pseudomonas, Arcobacter, Aeromonas,
and unclassified Veillonellaceae.® In the river sediments,
microplastics were found to decrease the a-diversity of
microorganisms.**® Thus, soils that have become the ultimate
sink for plastic debris and rich media even for the formation of

12402 | RSC Adv, 2022, 12, 12396-12415

MNPs have significant negative impacts on soil biota with
considerable threats of trophic transfers.

4.2. Endocrine disruption and immune toxicity

Immune cells can internalize MNPs by many routes such as
phagocytosis,  micropinocytosis, and clathrin/caveolae-
dependent or -independent internalization, and the interac-
tions between immune cells and MNPs can induce severe
immune dysfunctions.** In an in vitro study, Prietl et al.*** used
beads of 20 nm containing polystyrene (PS) at 200 pg mL~" and
reported an induction of oxidative burst and stimulation of L-8
production in human monocytes after 24 h of incubation. The
smaller NPs (20 nm) exhibited cellular toxicity by membrane
damage, attributed to the internalization of more NPs due to
their small size. But the larger NPs induced the cell toxicity by
forming ROS (reactive oxygen species) and oxidative burst.
Similarly, MPs have also exhibited size-dependent cellular
toxicity, where smaller MPs were more toxic to the immune cells
than larger MPs.' On the contrary, no size-specific toxicity was
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reported in THP-1 macrophages treated with 26 and 100 nm PS
beads."** Notwithstanding, NPs have shown their adverse effects
on the immune system in animal models like zebrafish
(Fig. 2b).*** There is also convincing evidence for the endocrine-
disrupting property of NPs with subsequent behaviour changes
in the organisms. Accumulation of polystyrene NPs (PSNPs) in
the pancreas of zebrafish resulted in the decreased glucose
levels, with consequences related to the aberrant locomotor
activity."*® Earlier reports suggested that the accumulation of
PSNPs in the body of zebrafish caused decreased rate of depu-
ration from the intestine and pancreas, and alterations in the
exocrine and endocrine pancreas functionalities in the later
stages of 5 days post fertilization (dpf) embryos.*>*"” These
observations strongly demonstrate that MNPs have higher
potentials for affecting the immune and endocrine system even
at nanomolar concentration; the consequences could be even
serious upon chronic bioconcentration of MNPs.

4.3. Genotoxicities of micro- or nanoplastics (MPs or NPs)

There is compelling evidence of the genotoxic effects of MPs.
Polystyrene MPs (PSMPs) manifested significant DNA damage in
the human fibroblast Hs27 cell line.**® Similar results have also
been observed in monocytes and polymorphonuclear cells (of
humans) exposed to PSMPs (Fig. 2c)."* Moreover, chemical
modifications have significant effects on the genotoxicity of NPs.
The aminated polystyrene nanobeads showed substantial DNA
damage in pulmonary epithelial cells and human macrophage
cell lines.” The spherical polystyrene NPs of 100 nm showed
genotoxicity in foreskin Hs27 cell lines by inducing chromosome
breakage and impaired chromosome segregation machinery.***

Conversely, COOH-modified polystyrene NPs neutralize the
genotoxicity. Regarding the mechanism of genotoxicity, MPs
(e.g., polyethylene-based MPs) may resemble clastogen, which
causes mis-repairing of double-strand breaks and/or reducing
the DNA repair capacity inducing the DNA strand breaks.”** In
addition, MPs and NPs can cause genotoxicity either by
damaging the nuclear membrane or by ROS (generated in the
cytoplasm) effects on the nucleus.*** Notably, the unrepaired or
mis-repaired DNA lesions can cause mutagenic effects. This
carcinogenesis is highly possible if the mutations occur in the
key genes of genome stability and integrity or cell cycle. For
these reasons, both MPs and NPs have higher potentials in
inducing carcinogenic effects.”” Yet, additional studies are
needed for more insights about the genotoxic nature of MPs in
different human cells, especially with MNPs of varying size and
types. More importantly, MPs provide suitable adsorption sites
other environmental contaminants and endangering environ-
mental security." Hence, toxicity studies with mixed pollutants
can provide additional insights and give the vital need for the
better evaluation of health risks posed by MPs or NPs in the soil
environments.

4.4. Regulations in agricultural usage

Though MPs or NPs are present in fertilizers or sewage sludge
applied to agricultural soils, these plastics’ environmental
consequences or transfer pathways in the food webs are scantily
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documented. Intriguingly, the ban on the usage of microbeads
in cosmetics can reduce the load of MPs in sewage sludge,
facilitating its application in agricultural lands. A ban of this
kind has already been adopted in several countries such as
Netherlands, USA, Canada, Australia, and UK."* Despite the
ban on the use of microbeads in the manufacture of cosmetics
and personal care products, it is hard to find any agro-
environmental-related legislation for MPs or NPs."** There are
suggestions that the restricted use of oxo-degradable plastics
can reduce the human health risk and make the recycling and
composting process easier (https://epi-global.com/). The
regulations need to be stricter on waste legislation and
fertilizer usage.” For example, the objective of ‘The EU
strategy for plastics’ is all plastic packaging to be reusable
and recyclable by the year 2030. In Germany, the maximum
allowable quantity of plastics in fertilizer is 0.1% weight, but
<2 mm particles have not been considered.'*® The EU fertilizer
legislation permits 0.5% (per kg of dry matter) plastics in
organic fertilizers. On the other hand, it is hard to find the
legislation policies for the limit of MPs or NPs in sewage
sludge used for agriculture purpose (Fig. 2d).

5 Additives — biphenyls/phthalates

5.1. The abundance of additives as soil pollutants

Most abundant organic contaminants in soils include phthalate
esters (PAEs) due to their extensive usage in the preparation of
plastic products, pesticides, cosmetics, and personal care prod-
ucts, building materials, automotive parts, medical devices, food
packing, toys, teethers, adhesives, paints, floorings, and lubri-
cants.”” Their migration from the source materials because of
evaporation, leaching, and abrasion exacerbate the soil pollu-
tion.”® The global production of phthalate has become almost
doubled between 2006 and 2015 (from 4.7 to 8.0 million metric
tons (MMT)).”*® More importantly, phthalates are flowing from
the soils to crop plants, despite their presence at concentrations
far below the recommended soil remediation objective (Fig. 3a
and b).*® Often, there are seasonal variations in the deposition of
phthalates in the soils. For instance, the concentration of
phthalates in topsoils at winter wheat harvest was significantly
higher than those at the summer maize harvest.'* Implications
are that wet deposition scavenges the phthalates easily from their
source materials, subscribing significantly to their transport into
soil media. Phthalates can easily reach the agricultural soils by
applying agricultural plastic films, irrigation water, sewage
sludge, biosolids, and fertilizers.'®* Conversely, the e-waste
(electronic and electrical waste) contributes to a significant
extent of soil pollution by chlorinated chemical class, i.e., poly-
chlorinated biphenyls (PCBs).'*> Despite strict regulations and
ban imposed, biphenyls are the principal contaminants in the
soils and sediments.'®

5.2. Hormonal and developmental disorders

Phthalate esters and PCBs belong to the EDCs (endocrine dis-
rupting chemicals) as they affect the endocrine system even at low
concentrations. Di-2-ethylhexyl phthalate (DEHP), is a phthalate
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Fig. 3 Soil pollution by phthalate esters (PAE), and environmental and health consequences. (a) PAE congeners (DMP: dimethyl phthalate; DnBP:
Di-n-butyl phthalate) in soil treated with reclaimed water (R), groundwater (G) and mixture of reclaimed water and ground water (M) at the
harvest time of wheat (W) and maize (Mz). Solid and dotted horizontal lines indicate soil allowable concentration of DMP and DnBP in USA,
respectively.’® (b) Bioaccumulation factors of DMP and DnBP in soil — cereal grain system under three different water treatments (R, G and M).16°
Bioaccumulation factors of PAEs significantly varied in a soil — wheat system among the two periods studied. (c) Human carcinogenic health risk
of PAEs [butyl benzyl phthalate, BBP; di(2-ethylhexyl) phthalate, DEHP] subjected to three different exposure pathways.**® Carcinogenic risks
significantly varied between the congeners and exposure pathways. (d) Adjusted odd ratios (ORs) of papillary thyroid cancer risk for phthalate
metabolites as revealed in a pair-matching case-control study.**® [Monoethyl phthalate (MEP), mono-n-butyl phthalate (MBP), mono-(2-ethyl-5-
oxohexyl) phthalate (MEOHP), mono-(2-ethylpentyl-5-carboxy) phthalate (MECPP), mono-(2-ethyl-5-hydroxyhexyl) phthalate (MEHHP), and

mono-2-ethylhexyl phthalate (MEHP)].

ester congener, decreases the steroidogenesis (at 20 mg kg™"
day '), deregulates the action of peroxisome proliferator-
activated receptors (PPARs), and exhibits agonist effects on
endocrine receptors (0.22-0.44 mg kg ' day ') in animal
models.’® The Sprague-Dawley rats dosed with DEHP (gavage for
30 days) displayed histopathologic changes in the thyroid and
liver. Clinical manifestations included diminished thyroid
follicular activity diameter and hepatocyte edema.'® Similarly,
PCBs have shown agonistic effects on endocrine receptors and
anti-androgenic properties at a concentration of 0.2-0.3 ppm and
0.02-0.03 pg kg~ * day " concentration, respectively.'** Notably,
the combination of PHEs and PCBs exhibited permanent alter-
ations in adult F1 males, and such effects have not been reported
in animals dosed with either of the single compounds.** For
instance, testis weight was found to be 10% lower in animals

12404 | RSC Adv, 2022, 12, 12396-12415

dosed with DEHP/PCB mixture than those of single-ED dosed
groups (P = 0.001). Similar results have been previously reported
regarding human sperm motility versus interaction effects of
DEHP/PCBs."” Appallingly, the maternal exposure to DEHP/PCBs
demonstrated the cumulative toxic effects on hepatic function in
both male and female rat offspring.'*® These limited studies have
focused on investigating mixture effects of PHEs and PCBs, using
animal models (mainly mice). Still, the interactive studies of the
mixtures of other pollutants on many different soil biotic
components are warranted.*

5.3. Thyroid carcinogenicity

The pair-matching case-control study demonstrated that the
exposure to phthalate congeners increased the risks of papillary
thyroid cancer (PTC), where the odds ratio (OR) was 5.3, and the
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95% confidence interval (CI) was 1.610-17.83 (Fig. 3c and d).**°
In an earlier study by Marotta et al.,"”° the exposure to DEHP was
found to increase, about 14 times higher the risk of thyroid
cancer in persons with thyroid nodules. The multivariable
logistic regression model validated the association between the
creatinine-corrected urinary phthalate metabolites and thyroid
cancer and/or benign nodules in humans.”* Correspondingly,
the modelling approach found the link between the risk of
malignancy (15 times higher) and exposure to bisphenol AF and
DEHP."” Investigations with different approaches are indis-
pensable to unlock the association between phthalate exposure
and thyroid cancer incidence.'”® The experiments with thyroid
carcinoma cell line (in vitro) and rats (in vivo) evinced the
propensity of DEHP to induce cell proliferation and DNA
damages in the thyroid.' Several upstream signals such as
thyrotropin receptor (TSHR)-ERK1/2 axis and TSHR-AKT axis
were activated upon the exposure of rats treated with DEHP
(oral dose at 0-150 mg kg™* for 90 days from post-natal day 9 in
vivo).'”> As the estrogen-mimicking and endocrine disruptors,
biphenyl congeners were found to be associated with cancers in
animals. For example, PCB138 congeners have a significant link
in the development of breast cancer (OR = 3.16; 95% CI = 1.14-
8.76) in age, race/ethnicity, and BMI adjusted models.'”®
Bisphenol A has shown an increased thyroid cancer suscepti-
bility in rats pre-treated with N-bis-(2-hydroxypropyl)-
nitrosamine, a stimulator of thyroid proliferation.”” Signifi-
cant evidence on thyroid carcinogenicity conveys the environ-
mental risks of biphenyls/phthalates.

5.4. Dispersion in soils and sustainable replacements for
phthalates

Both phthalates and bisphenol A are well accumulated in the
soil matrices."”® Phthalates can quickly settle and integrate
into soil matrices by sorption to the dust particles. Phthalates
and bisphenol A can reach the soil environments from the
plastic products during landfilling. Despite the convincing
evidence of adverse effects (human health risk and environ-
mental pollution) of phthalates and biphenyls, certain
consumer products contain them, making it difficult in
developing economical and safe replacements. The Lowell
Center for sustainable production (University of Massachu-
setts Lowell) has suggested certain alternative chemicals to
phthalates and alternative plastics that do not contain
phthalates.”” Citrates, sebacates, adipates, and phosphates
are suitable substitutes for phthalates in consumer products
(e.g., toys, childcare articles, and medical devices). Addition-
ally, these emerging substitutes can serve as the alternative
PVC plasticizers-solvents and fixatives in various products like
cosmetics, inks, adhesives, and others. According to the
European Union System for the Evaluation of Substances
(EUSES), the exposure to edible crops can account for ~90%
of the total human intake exposure for DBP (dibutyl phtha-
late), mainly due to the residual PAEs in agricultural soils.'®
Hence, the additive substitutes also require serious attention
to raw material, recyclability, cost savings, and polluting
capacities.
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6 Novel flame retardants (FRs)

6.1. Sources of soil pollution by FRs

Polybrominated diphenyl ethers (PBDEs) are the commonly
used flame retardants globally. The most widely used PBDE
across the world (83%) is c-decaBDE, and 97% of it constitutes
BDE-209 congener.”* Because of their extensive use in plastic
polymers and textiles, the BDE-209 congeners are among the
predominant PBDEs in agricultural soils.”** In fact, they
observed no significant variations in the concentrations of
PBDEs in soils of plastic manufacturing plants, waste plastic
disposal areas, and the PBDEs production sites. Nevertheless,
the agricultural soils contain higher concentrations of PBDEs
than mountain soils and rural soils (Fig. 4a).*** This kind of
pollutant accretion in agricultural soils poses higher threats
through the trophic transfer of PBDEs for food quality. The
human intake of PBDE (e.g., BDE47) through food was found to
be higher (6 times) than the reference dose of USEPA.'® The
organophosphorus esters (OPEs)-based flame retardants have
replaced brominated flame retardants (BFRs). Notwithstanding,
there are no differences between the environmental risks posed
by BFRs and OPEs. The concentrations of OPEs in soils range
from 38 to 468 ng g " and there were more accumulations of
OPEs in the urban soils relative to suburban and rural
areas.'®®'®* Deplorably, tris(2-chloroethyl) phosphate (TCEP),
a pervasive flame retardant (FR), is ubiquitous in a range of
consumer products such as plasticizers, preservatives, and
fragrances.”® Due to the high volatilization propensity of TCEP
(volatilization flux of 1100 ng m > day '), it can leach easily
from the consumer products and get released into the envi-
ronment.'** Therefore, TCEP is one of the widespread pollutants
in the soil environments.'#*'%

6.2. Thyroid and reproductive disorders

Brominated flame retardants can disrupt the endocrine system
by mimicking the estrogen receptors.’®” Both the animal models
and human samples analysed provide compelling evidence of
endocrine disruption. In the experimental rats, T3 and T4
hormone levels declined with 1000-4000 mg BDE209 per kg
body wt.**® The reporter gene assay affirmed the modulation
efficiencies of BDE47 (2,2',4,4'-tetrabromodiphenyl ether) and
related hydroxylated analogues on estrogen/thyroid/androgen
receptors (ER/TR/AR) (Fig. 4b).** Interestingly, hydroxylated
BDE congeners (e.g., 2-HO-BDE28, 4 HO-BDE17, 6-HO-BDE47)
possessed higher anti-estrogenic potencies (i.e., IC5o = 1.14-
9.49 uM) than BDE47 (ICs, = 21.11 pM). The gestation and
lactation exposure of rats to BDE47 at the environmentally
relevant concentrations severely affected the male reproductive
system in offspring; total sperm count has been declined by 20
and 42% over the control at 1.0 and 10.0 mg kg~ " day ',
respectively.”® The fully adjusted, survey-weighted logistic
regression model identified a significant association between
thyroid disorders in women and serum concentrations of
BDE47 (OR 1.48; 95% CI 1.05-2.09), BDE99 (OR 1.78; 95% CI
1.16-2.75), and BDE100 (OR 1.50; 95% CI 0.97-2.31)."* On the
other hand, OPE flame retardants exhibit similar endocrine-
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Fig. 4 Occurrence of emerging flame retardants in soils and their ecotoxicities. (a) Concentrations of PBDEs in soils collected from three
different sampling sites at plastic manufacture plants and surrounding areas in Eastern China.’®* (b) Anti-estrogenic potency (ICsq, half maximal
inhibitory concentration) of BDE47 and its related hydroxylated analogs in transfected green monkey kidney fibroblast (CV-1) cells.*® (c) DNA
damage [in terms of tail length (um)] induced by PBDE congeners in 16HBE and NHBE cells stimulated for 72 h.**” Each sample was analyzed by
selecting 50 cells randomly. Tail lengths significantly increased upon treatment with PBDE congeners in cells over control cells.

disrupting properties to PBDEs. In vitro assays and in silico
models evinced the adverse effect of ten OPEs on androgen
receptor and aryl hydrocarbon receptor activities, transthyretin
binding, levels of 17-estradiol, and ICs, values.***

6.3. Carcinogenic risk

The association between cancer risk and PBDE exposure is
uncertain. There is extremely limited hypothesis or evidence
that proves cancer risk of PBDEs.*** Typically, the serum levels
of PBDEs and OH-PBDEs were found to be relatively higher in
the thyroid cancer population than in the control group.**
Nonetheless, there is no clarity in the PBDE-induced alterations
of thyroid hormone regulations during thyroid cancer. In
contrast, inordinately low cancer risk was found in humans
through the exposure to PBDEs at the sites engaged in e-waste
recycling and open burning of municipal waste." In a recent
study, no evidence was found between the serum levels of PBDE
congeners (e.g., BDE47, BDE100 and BDE153) and cancer risk in
women with invasive breast cancer (so-called cases), about 902
in California.’® Nonetheless, the BDE47, BDE99 and BDE209
have strong cytotoxic and genotoxic effects in human bronchial
epithelial cells (Fig. 4c),*” suggesting their capacity to induce
carcinogenesis in the human respiratory system. Similarly, the
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genotoxic nature of PBDE congeners have been observed in
different experimental models such as human neuroblastoma
cells, grass shrimp embryo, and dolphin fibroblast cell
cline.”®*?% The OPEs are not the exceptions, and they possess
carcinogenic activities in humans and animals. The diverse OPE
congeners such as EHDPP (2-ethylhexyl diphenyl phosphate),
TNBP (tri-N-butyl phosphate), TMPP (2,4,6-trimethoxyphenyl)
phosphine, and TPHP (triphenyl phosphate) were significantly
(P < 0.05 or 0.01) possess higher risks for breast and cervical
cancers in humans.* Investigations using the rare Chinese
minnow demonstrated that the TDCIPP (OPFR) exposure
resulted in adverse effects on the cell cycle, DNA replication,
Fanconi anaemia pathway, p53 signalling pathway, and various
DNA repair pathways.”® However, the exposure to TBOEP or
TPHP did not have identical effects.

6.4. Regulatory policies for soil pollution abatement

The US EPA has set the screening levels for different congeners
for the residential and industrial soils, and these values are
significantly higher for industrial soils; the values (mg kg™ ") of
decaBDE-209, octaBDE, pentaBDE, tetraBDE-47, hexaBDE-153
and pentaBDE-99 were 440, 190, 160, 6.3, 13 and 6.3, and
were 3300, 2500, 2300, 82, 162 and 82, for the residential and
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industrial soils, respectively. However, there are no guidelines
by the world health agencies for PBDEs in agricultural soils.
Hence, monitoring is inadequate on the entry of PBDEs into
crop plants from soils. For the control of OPEs (e.g., TCEP)
associated environmental damage, there are several regulatory
policies;*” Federal Laws and Regulations (e.g., Toxic Substances
Control Act — TSCA Section 6(b), Section 8(a), Section 8(b) and
Section 4), State Laws and Regulations (e.g., State Prohibitions,
State Drinking Water Standards and Guidelines, Chemicals of
High Concern to Children and Proposition 65), and Interna-
tional Laws and Regulations (e.g., Canada Consumer Product
Safety Act, Annex XIV of REACH of European Union, Inventory
Multi-Tiered assessment and Prioritisation (IMAP - Australia),
Japanese Laws (e.g., Chemical Substance Control Law — CSCL;
Air Pollution Control Law), Basel Convention) are active in many
regions. TCEP can easily reach the soil through biotic and
abiotic factors, exhibit phytoaccumulation, and threaten the
food chain by accumulating in edible crops (https://
www.atsdr.cdc.gov/toxprofiles/tp202-c6.pdf).>*203205 Hence,
policies and regulations on the levels of OPEs should be
effective, especially for agricultural lands.

7 Nanoparticles

7.1. Newfangled soil pollutants

Nanomaterials are extensively used in different domains (e.g.,
industries, agriculture, biomedicine, and domestic) since the
last two decades.>***°® Nanomaterials' unique features such as
a high surface area to volume ratio, higher reactivity, surface
potential, tuneable physical/chemical properties, molecular
manipulation, and others facilitate their applications.?*® All the
nanomaterials ultimately reach soils, the primary receptor
relative to air and water.”"® As pollutants, most engineered
nanomaterials (ENMs) reach the soils through uncontrolled
emissions through several ways - synthesis, incorporated into
the products, the use phase, recycling, and the end-of-life of
products (e.g:, incineration plant, landfill, wastewater treatment
plant).?"* According to the US National Nanotechnology Initia-
tive's 2014 draft strategic plans, the two principal routes by
which nanoparticles contaminate the soil system are: (i) leach-
ing from nano-coated consumer goods dumped in landfills, and
(ii) through treated sewage waste (i.e., biosolids).*'* Because of
the migration of nanoparticles to the soil via water, most agri-
cultural soils can receive nanoparticles when farmers apply
biosolids. However, the threat is quite alarming all over the
world. Meanwhile, the counteracting efforts on how nano-
materials are helpful in the remediation of soils polluted by
different environmental pollutants are also continuing.?*-*'¢
Due consideration of how nanomaterials contaminate soil and
subsequent threats to the soil system is needed. Nanoparticles
of silver, copper, and zinc are potent anti-microbial substances,
and therefore, these nanoparticles can threaten the beneficial
microbial communities in soils.?** The metal and metal oxide
nanoparticles are more toxic than organic (carbon-based)
nanoparticles to the soil microflora; the former nanoparticles
exhibit adverse effects on the abundance and diversity of soil
microflora even at 1.0 ppm level.?”” For a comprehensive
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understanding of the bioavailability and toxicity of nano-
particles, more investigations are needed because most
research has been done with high concentrations of individual
nanoparticles.

7.2. Concurrent exposure and cellular toxicities

Information on the endocrine disruptive properties of nano-
particles is quite limited, but there are reports on the strong
tendency of different nanomaterials that disrupt the normal
and physiological activity of the endocrine system. In the 2 h
post-fertilized embryos of zebrafish (Danio rerio), titanium
dioxide nanoparticles (n-TiO,) did not show any adverse effects
on endocrine system. Still, the concurrent exposure of embryos
with n-TiO, + pentachlorophenol (PCP) significantly lowered the
contents of T3 by depressing its target genes, i.e., tg (thyro-
globulin) and dio2 (deiodinase 2).>'* Similarly, bioaccumulation
and thyroid disruption by tetrabromobisphenol A in zebrafish
larva enhanced in the presence of SiO, nanoparticles (n-SiO,)
(Fig. 5a).2" The presence of n-SiO, promoted the uptake of BDE-
209 by zebrafish embryos due to the formation of n-SiO,-BDE-
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Fig. 5 Ecotoxicity of nanoparticles. (a) Effects of single and co-
exposure for 120 h of tetrabromobisphenol (TBBPA) and silicon
dioxide nanoparticles (n-SiO,) on survival, malformation, hatching,
length, and weight of zebrafish larvae (n = 3).2*° Values in the legend
indicate the concentration of TBBPA (ug L™ + n-SiO, (mg L. (b)
Immunotoxicity of lead (Pb) + titanium dioxide nanoparticles (NpTiO,)
on immature erythrocytes (IEs) of fish (Astyanax serratus).??® Alterations
(1, 2, 4,7, 8,9 = notched; 3, 5, 6 = lobed; 10 = normal nuclei) were
detected in IEs by acridine orange after in vivo assay. This figure has
been adapted/reproduced from ref Delmond et al. 2019 (ref. 226) with
permission from Elsevier, copyright 2019.
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209 associates.”® The enhanced toxicities of pollutants are
made possible in the presence of nanoparticles due to the
strong tendency of nanoparticles to interact with the metals and
organic contaminants by their large surface areas and adsorp-
tive nature. In the animal models, the metal-based nano-
materials were found to affect the insulin response in follicle-
associated epithelial cells, and reproductive and neonatal
developments,** suggesting that nanoparticles can act as
endocrine disruptors individually. Due to the insufficient
scientific information, European Commission's Scientific
Committee for Consumer Safety (SCCS) has recommended ‘an
inconclusive nano risk’ associated with copper (nano) and
colloidal copper (nano) present in the cosmetics (e.g., leave-on
and rinse-off dermal care cosmetics like skin, nail, hair, and
scalp) and oral hygiene products.?*>

7.3. Genotoxic risks

Metal-based nanoparticles are known to induce genotoxicity and
carcinogenicity in different experimental systems. Upon 24 h
exposure, metallic nickel nanoparticles (0.1-20 pg m™~?) caused
cytotoxicity and apoptotic induction in the mouse epithelial (JB6)
cells.”® The short-term exposure of mussels (Mytilus gallopro-
vincialis) to CuO nanoparticles induced oxidative stress and
genotoxicity. Still, it is unknown whether these early events could
provoke cancer developments.”* The intraperitoneal injections
of TiO, nanoparticles at 1.5 pg-TiO,-NP g~ led to an increased
micronuclei frequency after 72 h in marine fish species (Trachi-
notus carolinus).?*® But the micronuclei frequency decreased after
72 h exposure in the same experimental animals, when injected
at 3.0 pg-TiO,-NP g~ '. There were no micronuclei in the fish
species (Astyanax serratus) when exposed intraperitoneally for
96 h to NPTiO, (Fig. 5b).** The genotoxic effects of nanoparticles
depend on the concentration tested, experimental animals, and
duration of exposure. Very recently, animal models provide
convincing evidence of genotoxic effects of nanoparticles; TiO,
nanoparticles exhibit genotoxic effects in blood and kidney cells
of freshwater fish Rhamdia quelen at a dose of 0.01 mL g™ * fish.??
But, the cancer-related genes (e.g, ras, gadd45c) were not affected
in mussels upon 21 days exposure to CuO nanoparticles.””® The
genotoxicity and carcinogenicity of nanoparticles necessitate the
policies and regulations as the preventive measures against the
unforeseen, irreversible damage to the complex web of life forms
in the soil environments.

There are significant differences between the properties of
metallic nanoparticles and those synthesized from natural bio-
resources (i.e., lignin nanoparticles). In animal experiments,
large amounts of nanoparticles are used, which are not repre-
sentatives of actual human contamination. For instance, feed
additives containing metal nanoparticles**® and nano veterinary
medicines (diagnostics and therapeutics)** are widely used in
the recent times. Also, different metal nanoparticles (e.g., gold,
iron, selenium, copper and zinc) are included in equine nutrition
while preparing technological additives, sensory additives,
zootechnical additives, nutritional additives and coccidiostats or
histomonostats.?® It is noteworthy that the nanoparticles have
poor absorption either in gut or kidney and are eventually
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excreted without undergoing in vivo biodegradation.>" Absorp-
tion, distribution and excretion levels of TiO, and ZnO nano-
particles were significantly different in rats when orally
administered for 13 weeks (7 days per week),**> which implies
that the dissolution rates in acidic gastric fluids vary among the
nanoparticles. Thus, animals are exposed to nanoparticles
through modern animal management practices, subsequently
contributing to the overall soil burden through excreta. Due to
their biodegradability, polymeric nanoparticles are widely used
in wastewater treatment, synthesis of environmental-friendly
chemicals (e.g., fertilizers, herbicides, and pesticides) and in
food industry.”*® For a substantial information on the soil burden
of nanoparticles, it is necessary to identify the sources of metallic
nanoparticles and nanoparticles of natural bioresources like
polymeric nanoparticles. Though metallic nanoparticles have
been significantly used,** more information is needed on their
impact towards the health of humans and environment.>* On
the other hand, no detection methods are available to adequately
determine the low concentration of nanoparticles. The current
research is therefore focussed in developing suitable analytical
techniques for detecting even very low concentrations of nano-
particles in the environmental samples.*®

7.4. Regulations for agricultural lands

Nanotechnologies have become one of the emerging innovations
in agriculture. Several nano-based agrochemicals such as nano-
fertilizers, nano-pesticides, and nano-herbicides are trans-
forming the farming practices.”®” Ensuing soil burden of nano-
materials, besides non-agricultural pollution threatens the soil
health. Biosolids application is one of the commonest practices
in sustainable agriculture, which can serve as a way of intro-
ducing nanoparticles to agricultural lands.*®® This does not
mean that the usage of biosolids in agriculture is unacceptable
but efficient wastewater treatment facilities are in need. Notably,
as of now there is no complete understanding about the long-
term in situ field effects of nanoparticles.” The land-
application of nano-based agrochemicals may endanger
through several unintended pathways of transfers into different
environmental components. There is an urgent need for inten-
sive scientific experimentations to fill the current knowledge
gaps, so that human health and food quality are safe.
Nanoparticles-laden food stuffs are a new kind of risks.
According to the Centre for Food Safety, there are 209 records for
food supplements and additives claiming to contain nano-
materials (https://www.centerforfoodsafety.org/nanotechnology-
in-food). The threats posed to human health by these
nanoparticles-laden food stuffs need critical investigations.
Above all, there is a necessity to standardize risk assessment
procedures on the use and fate of nanoparticles to formulate and
execute the soil health guidelines.**

8 Conclusions and future research
directions

The CECs have become the contemporary soil pollutants and
provide plausible threats to human health and all other
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ecosystem members. Since most CECs offer new challenges
such as genotoxicities and carcinogenic risks, the emergent
concerns of these pollutants deserve critical analysis of their
soil burden and transfer pathways and even the formulation of
policies and regulations.

(i) Escalating the global soil burden of PFOA (1860 MT) and
PFOS (>7000 MT) favour their entries into the terrestrial food
webs, with a higher accumulation of PFAS in the food crops.
Human exposure to the soil borne PFAS accounts for 9%, third
major source after foodborne (40%) and waterborne (30%)
pollutants. The global soil metadata analysis of PFAS (>160 ng
per kg soil) and the forecast of their expanding market size
(https://www.bluefieldresearch.com/) portend their
consequences in the ecosystem and human health in the
absence of proper regulations on the entry and mobility of
PFAS in soils. The PFAS are highly toxic to the animals and
cells, and they are carcinogenic (for example, 3.3 times higher
rates of prostate cancer in workers exposed at workplaces).
The mean half-life of PFAS in the human body is about 2.7-
3.4 years. Since the PFAS are under the label of ‘possible human
carcinogenic chemicals’ by the International Agency for
Research on Cancer (IARC), the long-term health effects of these
substances deserve attention from the levels of individual
organisms to the environmental communities.

(ii) Most intensively cultivated lands are becoming hotspots
of micro- and nano plastics (MNPs), and their annual global
loading is in the range of 19 000-300 000 tons. Around 80% of
plastic waste reaches the soils in landfills, entailing the inten-
sity of their soil burden. The soil matrices function as a plat-
form for forming complex CECs by the interaction of MNPs with
PCBs and HMs and produce even more toxic compounds than
MNPs alone. The MNPs have strong immune toxicity (e.g., toxic
even at 200 pg mL " in PS beads to human immune cells) and
the potentials for genotoxicity (e.g., 100 nM induced chromo-
some breakage). Across certain countries, there are flexible
legislation policies to minimize the levels of MNPs in sewage
sludge used for agriculture purposes. The stringent guidelines
will ensure taking appropriate protective measures against the
pollution of MNPs in agricultural lands.

(iii) The global production of phthalates, which has almost
doubled between 2006 and 2015 (4.7 to 8.0 MMT), and rapid
movement of these pollutants from the soil matrices to the crop
plants contribute significantly to human intake. Phthalates and
PCBs can disrupt the endocrine system and possess carcino-
genic risks. As there are no sustainable replacements for
phthalates and PCBs, their accumulation in soils is becoming
arecent global problem. Besides emphasizing the production of
sustainable alternatives for phthalates such as citrates, seba-
cates, adipates, phosphates, the regulations can ascertain the
sharing of responsibilities for environmental protection.

(iv) Higher concentrations of PBDEs in agricultural soils
than in other soil types such as mountain soils and soils from
the rural areas and the stronger propensities for phytoaccu-
mulation necessitate specific guidelines for controlling their
transport pathways through soils. The present level of PBDEs
that enter humans via food intake is six times higher than the
limits set by the USEPA. The anti-estrogenic potencies of both

severe
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PBDEs and their hydroxylated derivatives, cytotoxic (e.g.,
impaired cell cycle and p53 signalling pathway) and genotoxic
(e.g., impaired DNA replication and DNA repair pathways)
characteristics of PBDEs and their association with thyroid
disorders suggest the need for understanding the complexities
in their effects.

(v) The principal routes of soil contamination by nano-
particles are: (a) leaching from the source materials dumped in
the landfills and (b) the application of biosolids. The uncon-
trolled flow of several pollutants like ENMs, which are
composed of different HMs, into the soil matrix imperil
different life forms. The nanoparticles can exhibit the ecotoxic
effect even at 1 ppm level, and their bioavailability is poorly
understood. Generally, the metal-based nanoparticles show
strong endocrine disruption-, cytotoxic-, and genotoxic proper-
ties. So, these particles are not far from threatening human
health. Hu et al.*** argued that MNPs could force global biodi-
versity changes. There is a strong need for standardized risk
assessment procedures to assess the health risks caused by
these particles from the polluted soils.

Likewise, the available literature strongly suggests the
potential threats of the emerging pollutants in the environ-
ment. However, their intended applications through their
industrial production, supply chains, and diverse utilization
meet human needs and material requirements. There are
stronger needs to gather scientific information, which is
fundamental to understand the risks, not only of human rele-
vance but also beyond, and to devise methods to manage those
risks by the CECs. The biggest challenge is to assess the mixture
effects as CECs can interact with other chemicals in the physical
world and with biochemicals in living organisms. The life cycle
assessment (LCA) of the processes, products, and supply chains
of chemical substances is regarded as a necessity.>*> The inte-
gration of environmental risk assessment in the LCA of CECs is
the future challenge.
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