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Abstract

Chemical waste constitutes a group of environmental pollutants including pesticides,
heavy metals, hormones, pharmaceuticals, and healthcare products that are widely
distributed in our environment due to their wide use in various human activities. The
presence of these compounds within local communities and ecosystems has drawn
significant interest in improving the detection and bioremediation efforts of these
compounds. Since these pollutants are highly mobile and stable under ambient con-
ditions, there is a need to detect such pollutants in water and soil samples as an ini-
tial step that helps to eliminate their effect through adsorption or photocatalytic deg-
radation processes. This review aims to highlight the origin of these pollutants and
recent advancements in available analytical tools to detect such pollutants in envi-
ronmental samples with a focus on pesticides, hormones, and pharmaceutical prod-
ucts. The environmental ecosystems of focus in this review involve soil, groundwa-
ter, and freshwater ecosystems. Various extraction and other pretreatment processes
were also highlighted with a major focus on methods reported to decontaminate and
help the environment through photocatalytic degradation of these pollutants under
various conditions.
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Introduction

Recent advances in industrial chemical research and development have resulted in
a substantial rise in pollutant production throughout arable land worldwide. From
1990 to 2000, the global pesticide production annual total was upwards of 20 mil-
lion tons until widespread legislation discontinued commercial uses of various pes-
ticides beginning in 2004 [1, 2]. As a result of these advancements, thousands of
chemical pesticides and pollutants are still continually deposited in residential areas
on an annual basis subsequently leading to exposure in wildlife and human com-
munities [3]. This exposure to human and animal communities has seen substantial
increases in recent years due to a myriad of factors that promote pollutant contact
and environmental dispersion [4]. Commercial cultivation of valuable crops has
resulted in a substantial demand for chemical compounds with either specific or
ubiquitous modes of action within target systems that negate agricultural losses [5].
As demands within the U.S. economic output increased, industrial sectors involving
potentially polluting compounds expanded significantly.

Beginning in the 1950s, a steady increase in the demand for agricultural and
chemical infrastructure addressed commercial needs that led to increased chemical
pesticide synthesis and applications [5—10]. The additional accumulation of phar-
maceutical and carbon-based medical therapeutics has been reported extensively by
Kolpin et al. and has indicated residual levels of these compounds are increasing
annually [8, 9]. Chemical pesticides such as carbaryl and dieldrin have been syn-
thesized in large quantities and applied ubiquitously in various areas to assist in
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Fig.1 Percent abundance of chemical pollutants detected in surface and groundwater sampling;
Retrieved with permission from reference [9]

widespread pest management practices. As pesticide technology has advanced, the
demand for chemical applications has reduced considerably due to the development
of sustainable alternatives, yet deposits from past applications are a common source
for these pollutants to disperse or accumulate [7, 8, 11]. As these chemical supplies
increase, the accessibility and distribution of these compounds for commercial and
residential uses increase exponentially [10]. Throughout the United States and other
developed nations, the primary uses for these compounds are to enhance the protec-
tion of valuable crops from pest insects and to deter arthropod disease vectors from
infecting hosts such as wildlife or humans [11]. Figure 1 summarizes the quantified
chemical pollutants detected in surface and groundwater samples given that not all
organic waste compounds were detected due to their potential to decompose or their
presence in low concentrations as shown for the antixidant (1) sample [9]. Only until
recently have developing nations begun to address the impact of continual applica-
tions in and around community settings [12]. Accumulation of these constituents
in the natural environment arises from a variety of conduits with primary sources
being runoff from aqueous systems or dispersion from contaminated soils [13].
Within the northeastern United States, evidence of pollutant accumulation
through commercial applications and industrial waste has raised concerns regard-
ing long-term effects on wildlife and human populations [13—15]. In addition to
excess organic pesticide deposition, the accumulation of trace pollutants from indus-
trial runoff has also become an area of increasing concern to the long-term health
of human and animal communities. These compounds can either be of organic or
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Fig.2 Location of Pulp Mill processing and pollutant discharge areas within the northeastern United
States; Retrieved with permission from reference [19]

inorganic nature which further complicates monitoring and remediation efforts due
to different chemical properties between phases. Within industries such as pulp and
paper processing, the wastewater generated as a byproduct of wood bleaching and
digestion presents a substantial source of persistent pollutants such as dioxins or aryl
chloride compounds [16, 17]. Recycling of generated wastewater has been studied to
consistently follow the concentrations of chemical byproducts that are flushed down-
stream through natural waterways such as rivers and streams [18]. Figure 2 shows a
sample map location of pulp mill processing and pollutant discharge areas within
the northeastern United States [19].

The intrinsic chemical properties of these carbon-based compounds make deg-
radation through natural removal pathways such as microbial or photodegradation
difficult [19]. The combination of unnatural degradation and mass industrial produc-
tion has led to the distribution of these compounds within residential and wildlife
areas. The application of these compounds to sites is achieved in the form of aero-
sol or granular dispersions methods which influence the solubility of these chemical
pesticides when applied to host environments [20]. The routes of exposure in food
webs often come in the form of primary food sources, such as algal species, that
have been routinely exposed to these recalcitrant compounds [21, 22]. Increases in
bioaccumulation in higher-order wildlife species such as deer or avian species are
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mostly caused by the accumulation in the metabolic systems of plants or prey ani-
mals [22, 23].

This review highlights the trends in pollutant origination, current methods associ-
ated with pollutant detection, and removal conducted within the past two decades
in the United States. The ecological dynamics that can result from these pollutant
exposures differ depending on the exposure environment. The impact of persistent
pollutants within human and wildlife communities is not necessarily limited to
organic compounds but also inorganic chemical species that originate from indus-
tries essential to regional economies. Analyses of chemical transformations and con-
centrations involving techniques such as Raman spectroscopy or mass spectrometry,
both of which are primary monitoring methods that determine the fate of these com-
pounds before community exposures to high concentrations. Applications of these
methods can vary in detection and operating costs, which can impede future uses
in environmental health monitoring. The primary topics discussed follow changes
in trends regarding pollutant spread and remediation involving improvements made
to current methods such as photocatalysis or luminescence measurement. Trends
involving this remediation strategy include surface enhancement, pollutant transfor-
mation products, and the role these compounds have within environmental settings.

Persistent organic pollutants in soil and groundwater systems

Community contact with chemical pollutants typically arises from the increased
presence of contaminated soils and products that are sourced from these areas.
Along with sediment deposits, accumulations of chemical pollutants within soil
layers are one of the leading contributors to chemical transfer through waterways
within an affected environment [24, 25]. Carbon-based organic pollutants are the
common species detected in pesticide monitoring, yet historic industrial reports also
suggest the use of inorganic elements as chemical cofactors [24, 25]. The impact of
inorganic pollutants has been documented extensively yet their roles in the decline
of community health have only recently been discussed in public health literature
[14, 26]. Focus on inorganic contributions to pollutant transport can assist inves-
tigators in elucidating the interference pathways inorganic ions present in organic
pollutant monitoring efforts. Analyses by Hope et al. [18] provided evidence of
inorganic chemical transport through wastewater discharges that enable chemical
hydrolysis, chelation, and subsequent element speciation [18]. Pollutants involving
metallic chemical species primarily originate from industrial wastewater discharges
and pesticide formulations that contain metallic species for preservation and deg-
radation-resistant purposes [27-31]. Upon exposure to soil layers, the permeation
into lower sublayers and groundwater layers permit further pollutant settlement and
downstream transport. Although these additives in industrial mixtures are present
in minute concentrations, studies on the cytotoxicity of these formulations suggest
acute toxicity and biomagnification in host tissue [32]. The inherent toxicity present
in metallic species arises from changes in outer shell valence states which contribute
to the formation of distinct elemental species with different chemical properties and
the formation of organometallic analogs.
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Speciation of metallic pollutant compounds in soil systems involves valent state
transformation and systems transport, which permits chelation of organic com-
pounds and organometallic compound speciation [33-35]. Transition metal ele-
ments such as Hg, Cu, Cd, Co, As, Pb and Ni are found naturally in trace amounts
yet increasing residue levels within saturated and unsaturated soil zones have been
recorded [29-32]. Solubility of these metallic elements into mono- or divalent spe-
cies is influenced by chemical reactions within the environment and contributes to
the enhanced transport from the soil into groundwater systems [33, 34]. Interactions
with dissolved organic content (DOC) and other organic constituents in soil facili-
tate the speciation of transition elements into organometallic compounds, which
decrease solubility and enhance the probability of bioaccumulation [36, 37]. Soils
of wildlife areas adjacent to treated agricultural plots are vulnerable to organome-
tallic exposure since microbial and arthropod communities may not bear-resistant
attributes [38]. Organic pollutants that are present in various concentrations can also
chemically interact with these compounds and contribute to downstream transforma-
tions [33-42]. Due to the lack of inherent metabolic qualities, microbes within these
communities are not likely to metabolize recalcitrant inorganic compounds present,
allowing them to permeate into soil and groundwater matrices [40].

Both inorganic and organic physical transfer processes involved in soil pollutant
accumulation, such as leaching and site runoff, allow the expansion of pollutant drift
and adjacent wildlife contamination [41, 42]. Investigations by Kanan et al. deter-
mined natural degradative processes such as photodegradation enable the forma-
tion of transformed organic and organometallic chemical species that can present
increased toxicity than parent molecules in biological systems [43, 44]. Chemical
processes such as adsorption contribute to pollutant persistence in affected soils by
inhibiting transport and subsequent degradation by microbial or photophysical path-
ways [44, 45]. Humic analogs within topsoil layers have been reported to allow for
the formation of covalent bonds within functional groups which can promote inor-
ganic pollutant chelation and persistence [45]. Investigations on pollutant transport
suggest pollutant transport through subsoil horizons and permeable bedrock layers,
which can subsequently contaminate aquifer systems [45—48]. Pollutant transport
through soil layers is an extensive environmental hazard that can be difficult to mon-
itor using current detection techniques. Limitations in detecting soil pollutants can
arise from interference by soil components such as humic acids or metallic ions.

Persistent organic pollutants in freshwater systems

Pollution within waterway systems is a primary conduit for contamination depos-
its and runoff accumulation within inland and coastal regions [48, 49]. The geo-
physical nature of aquatic systems such as rivers and lakes are desirable areas
for soluble pollutants to accumulate over time. Predisposition to changes in geo-
chemical cycling has been hypothesized to lead to an increase in susceptibility to
chemical pollution within these aquatic systems [50, 51]. The work of Amirbah-
man et al. has indicated chemical speciation and byproduct transformation can
have significant effects on the pollutant distribution and biological interactions
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during transport in water [52, 53]. The deposition of chemical species in com-
mercial water systems typically arises from runoff within industrial facilities such
as paper and textile mills. In industrial processes such as commercial paper pro-
duction, wastewater is constantly generated and deposited elsewhere as digestion
and finishing of paper products continue [53]. Chemicals such as chlorophenols
and chlorinated alkyl chains are known to be by-products of pulp digestion and
contribute substantially to pollution caused by effluent runoff [54, 55]. Continual
dispersion of pollutants into waterways facilitates dispersion across sedentary
aquatic systems such as lakes or vernal pools [55-57]. Throughout the twentieth
century, pollution stemming from these chemical deposits was the primary cause
of significant pollution in the northeastern United States and continental North
America.

In the U.S. state of Maine, pollution of major waterways such as the Andro-
scoggin and Penobscot river watersheds was widespread enough to spur legis-
lative efforts from local and federal government policy [58]. Before the Clean
Water Act of 1972, pollution within affected river systems was apparent to the
point of physical observations such as solution immiscibility and odor accumula-
tion from community bystanders [58]. The work of Walter Lawrence indicated
that chemical pollutions such as sulfites and other analogs were significant con-
tributors to pollution discharge and byproduct odor [59]. These byproducts form
as a result of the Kraft chemical process which is an industry-standard digestion
process in commercial paper-producing facilities [59—62]. Digestion of cellulose
fibers has been reported to produce a significant amount of contaminated liquid
waste which is abundant in soluble chemical products and chemical additives that
were discharged into Maine waterways [60]. Structurally, these pollutants resem-
ble other organic pollutants such as pharmaceuticals or hormones.

Due to the aqueous phases of these compounds, removal of this contaminated
wastewater is usually diluted in treatment facilities before dispersion into natural
waterways [63]. Legislative action has worked to limit the amount of wastewater
generated from industrial production and implement remediation protocols that
better optimize common chemical detection methods discussed [64, 65]. Aera-
tion of wastewater has been used to increase the degradation of parent chemical
effluents and regulate the formation of organic and inorganic pollutant byprod-
ucts [66]. Efficient monitoring of certain inorganic compounds such as organo-
phosphorus and organosulfur have sparked recent investigative interests due to
the acute toxicological threat posed to humans and wildlife [67]. The primary
mode of action within these compounds is to arrest essential metabolic signal-
ing cycles that trigger tissue damage and pest population reduction [68]. These
toxicological properties can occur in a variety of concentrations which also poses
a significant problem for aquatic monitoring and remediation community services
[69]. Despite landmark policies, trace pollutant concentrations continue to be a
problem throughout global communities and the demand for efficient monitoring
and remediation efforts increases annually. In order to enhance current pollutant
monitoring frameworks, detection methods used by agencies require mechanistic
classifications of parent compounds and associated byproducts.
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Fig. 3 Classification of the PPCPs based on their mode of action

Classification of the organic target pollutants
Pharmaceutical and personal care products

Pharmaceutical and personal care beauty products (PPCPs) are one of the major
categories that impose concerns on the environment. Besides their release from
manufacturing sites, hospitals, and nursing homes [70-73], PPCPs are generally
transformed, or even unchanged within the wastewater treatment plants and then are
moved to the aquatic environment due to their high stability [70]. The removal of
these products from wastewater is challenging due to their diverse structures and
physical properties. They include all chemicals and drugs like antibiotics, hormones,
anti-inflammatory drugs, lipid regulators, steroids, and antiepileptics. In literature,
these products can be classified into three major categories based on their mode of
action as presented in Fig. 3. These hazardous substances discharged from manufac-
turing industries and hospitals can not be removed from water bodies via traditional
methods such as photolysis. Instead, it is very important to apply physical, chemical,
and biological methods to ensure complete removal and pollutant mineralization.

Hormones

A variety of natural and man-made chemicals provide endocrine activity in verte-
brates. These chemicals are identified as endocrine-disrupting chemicals (EDCs)
and were found to be present in water resources due to their vast use. EDCs includ-
ing natural steroidal hormones [74], pharmaceuticals, and personal care products
(PPCPs) were detected in environmental and aquatic wildlife samples [75]. Several
studies have reported the effect of these substances in water bodies, highlighting
their negative effects on humans and animals [76].

For instance, estrogens are an important group of compounds in menstrual and
estrous reproductive cycles (a few examples are presented in Table 1) with Estrone

@ Springer



3641

Occurrence, analysis and removal of pesticides, hormones,...

sonss1) aanonpoidar

[111-901] orew jo yuowrdoroaap oy ur 201 Koy & sAed Yorym SO[BU UT PIOIS)S JI[OqRUR PUE SUOWLIOY X3S Y QUOINS0ISA,

[so1-101] juaSe onsejdosunue [euoWIOY € SE Pas() WN[ONSO0XOH
USWIOM UT YSLI JOJUBD JSBAIQ 90NPal 0) pue A133Ins 1ajje

[00T-26] I9JURD I5BAIq 5eIS-A[IRd ‘0AT)IS0d-101d000I-0U0UIIOY 1M PISOUSRIP USW PUEB USWOM JOJ PIs() uQJIXOwe],
SNI2JN 3} JO JIOUED JO YSLI Ay} 2onpar 0} Kderoy)

[16-68] Iuowadeidar uaSonsa 0 pappe osfe st swoydwAs asnedouswr 2onpar 03 (unsagold) suowrioy S[ewa] Qu019)s9301dAX0IPIIN

SQOUQIJY JUSWIWIOD/SIS) amponng  Sudfonss/ouoWIoOl

SQINJONIS [EOTWAYD PUE SIS “PA)I9Jop SOUOULIOY UOWIWOD JSOUW Y} JO Arewrwing | 3jqe]

pringer

As



S.Kanan et al.

3642

I00UBd
[Le1-¢€T] 9jeysoxd pue Jsearq pue ANNIJUI Jo sadA) swos Jusunean ‘Aderoyy juswose[dar suowIoy se pasn) 9ey[ns suonsy
[ze1-821] KoueuFaid Surmp uagonss jueurIOp (¢9) 1ommsg
[Lz1-221] SO10A5 oAn}oNpoIdaI STEWJ [eNNSUSW PUE SNOIISI Y} JO UONB[NSIT SY) UT POAJOAUT ST I] (z9) 101pENSg-g L1
[121-811] QUOULIOY XS J[BW) JOUTW Y (19) suonsyg

JIooued 9jeysord

[L11-2C11] PUeR I2OUED JSBIq 821 0] PUuk ‘[0NU0d Yiiq [euourioy ‘Aderay) suowoy [esnedoudws ut pas) %" 0 [onsauing)
S9OUIRJOY JUSWITIIO/SAS ) aImPNnNg  Su9S01S9/AUOULIOH

(ponunuoo) | |qey

pringer

As



3643

Occurrence, analysis and removal of pesticides, hormones,...

BUWIYISE PUE ‘STNBWIAP ‘SO PIOJEWNayT

[€9T-9GT] ‘SHIPIOIAY) ‘WNIO[Ed POO[q YSIY ‘OWI0IPUAS [eITUaS0ousIpe ‘AOUSIOLInsul [BI1)I000UIIPE JeaI) 0) Pas() QUOS1I000IpAH
ENe=N
[SST—-L+1]  Sun[2ARONINSqO SIUOIYD ‘BUIYISE ‘SIISIO[E DISAIS ‘SOSBISIP UIYS ‘Swa[qoid onewnayl jear) o) pas) auoseywexaJ
OO0
[ov1—8¢1] s15010d09)s0 1831 pue Juaadld 0) pasn) C QUIJIXO[BY
SQOUAIJOY JUSWIIOI/SAS ) aImonng SUQ3011S9/QUOULIOH

(ponunuoo) | |qey

pringer

As



3644 S.Kanan et al.

Pesticides |
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< <
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kill Insects cloth to repel insects kill Rodents control/kill Weeds to kill fungus used to kill pests

Fig. 4 Classification of pesticides based on their mode of action

(E1), estradiol (E2), and estriol (E3) are among the most commonly used estrogens
[77]. These natural compounds (E1, E2, and E3) are with a similar structure except
for variations at the 16 and 17 sites as presented in Table 1. Such compounds were
found to play major roles in regulating the physiological functions of various organs
including the brain, heart, and bone [78—80]. These steroid estrogens are the most
widely investigated as female hormones because of their high estrogenicity at low
concentrations and their availability in various matrixes including drinking, ground,
and surface water [81].

Glucocorticoids Dexamethasone (DEX) and hydrocortisone (HDS) are steroid
hormones with hydroxyl moiety as an active group with HDS has three hydroxyls
identified at different positions. Their mode of action stems from binding to their
intracellular receptor, which is a ligand-inducible transcription factor belonging to
the nuclear receptor family [82]. Upon ligand binding, the glucocorticoid receptor
(GR) complex changes its conformation and travels to the nucleus so it will interact
with coregulators that assist GR transcriptional actions [83]. Dexamethasone is used
to treat various skin diseases, severe allergies, asthma, and chronic obstructive lung
disease [84].

Pesticides

Due to the vast increase in the world’s population, the demand for food produc-
tion enhanced significantly during the past few decades to protect crops and thus
food supplies. Pesticides can be classified based on their difference in application or
based on their major chemical groups as summarized in Figs. 4 and 5, respectively.
Since many pesticides are toxic to humans, understanding the ultimate fate and
transport of these chemicals in the environment becomes a necessity. Photochemical
reactions are important as they occur in both the natural environment and in the con-
text of wastewater treatment [164—185]. Besides the toxic effect they impose, most
pesticides are of concern due to their potential for bioaccumulation. Since some of
these pollutants are stored rather than metabolized, significant accumulation elevates
the concentration levels as identified and magnified in the food chain. Given the risk
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Pesticides
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Benzoic acid Phthalimide Ph itrile
derivatives derivatives derivatives derivatives

Fig.5 Classification scheme for pesticides based on their functionality

associated with the extensive use of pesticides, it is important to study their stabil-
ity under ambient conditions and provide ways to decompose and decontaminate
them from the environment. Several studies and data were gathered to understand
the fate and transport of these pollutants in the environment as well as their behav-
ior in aquatic and soil environments. For example, in anoxic environments, pesti-
cide biodegradation may involve different mechanisms relative to oxic environments
[186]. Pesticides may also be subjected to transient anoxia that will result in the
potential for anaerobic microbial activity that may affect the transformation of the
chemical structure of the pesticide by different means. The duration of anoxic condi-
tions influences the redox regime and consequently the composition of the microbial
community [186]. Recently, major concerns by scientists and governmental agencies
researching speciation and assessment of the pesticides contamination level in the
water, soil, and sediment samples [187], provide adsorbing material that reduce the
contamination level [43, 164—175], as well as to fabricate various catalysts to reduce
their potential to accumulate and enhance their photodegradation rate [164—-185].

Detection and analysis methods

Pharmaceutical monitoring data in marine waters are necessary for water quality
assessment to allow enhancing future regulations and management decisions. The
use of integrated monitoring through long-term ecotoxicological tests on sensitive
marine species at environmental levels facilitates a better understanding to assess
the ecological risk of these compounds for the marine and environmental ecosys-
tems. Below, we provide a comprehensive review of various detection procedures
and techniques that tactile the current challenges in monitoring strategies of phar-
maceuticals and industrial organic pollutants in marine matrices through the analy-
sis of the available recent scientific literature.

Advanced chromatography and mass spectrometry

Chromatography is one of the most common techniques used to assess the chemical
purity of drug substances and the pharmaceutical industry from drug development
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to quality control (QC) applications [188—195]. In particular, reversed-phase liquid
chromatography (RPLC) is a universal process to analyze mild to polar substances
[188, 196, 197]. Given the hydrophilicity and the ionic features of most, the phar-
maceutical products, various modifications in pharmaceutical research and develop-
ment are implemented including the use of method development software, fast-LC,
2D-LC, SFC, HILIC, LC-MS, GC and GC/MS, stationary phase deactivation, ultra-
high performance/pressure liquid chromatography, and variety of modified columns
dedicated to biopharmaceutical analysis [188, 190-192, 198-208].

For example, Radjenovic et al. have reported the fate and the behavior of phar-
maceutical residues during conventional wastewater treatment using membrane bio-
reactor for activated sludge treatment [190]. Time-of-flight (TOF) gas chromatogra-
phy—mass spectrometry and liquid chromatography-mass spectrometry are used in
the environmental monitoring of pharmaceutical residues and their known degrada-
tion products [190]. The TOF detector provides accurate-mass measurements and
full-scan spectra that help to identify the degradation products [190, 199]. LC/ TOF-
mass spectrometers can utilize both for target analytes and other non-target analytes
[199].

Lipid-rich matrices including pesticides, polychlorinated biphenyls (PCBs), and
polybrominated diphenyl ethers (PBDEs) are identified and quantified in a whale
earplug. The analytes were selectively extracted using high-pressure liquid extrac-
tion and analyzed using gas chromatography—mass spectrometry with electron cap-
ture negative ionization and electron impact ionization [201]. The average percent
recoveries for the persistent organic pollutants (POPs) were 91% with limits of
detection ranging from 0.00057 to 0.96 ng/g. Pesticides, PCBs, and PBDEs were
also detected in a single blue whale (Balaenoptera musculus) cerumen lamina at
very low concentrations from 0.11 to 150 ng/g [201]. Liquid chromatography (LC)
coupled with high-resolution mass spectrometry (Exactive-Orbitrap) was used to
quantify hundreds of toxic substances, found in ginkgo Biloba nutraceutical prod-
ucts, including pesticides and mycotoxins [209]. Recoveries between 70 and 120%
with relative standard deviation (RSD) values lower than 20% were obtained for
260 of the compounds with 5 and 10 pg/kg limits of detection and quantification,
respectively [209]. Lopez et al. used liquid chromatography with both diode array
and mass spectrometric detection (LC-DAD-MS) toward the determination of six
estrogens (17b-estradiol, estriol, estrone, ethynylestradiol, mestranol, and diethyl-
stilbestrol) and four progestogens (progesterone, levonorgestrel, norethindrone, and
ethynodiol diacetate) in several types of water bodies. For most compounds 85%
recoveries with detection limits as low as 1 ng/L. were achieved [202].

Solid-phase microextraction modified silanols along with gas chromatography-
mass spectrometry (GC-MS) was developed for simultaneous detection of exoge-
nous endocrine-disrupting chemicals (EDCs) and endogenous steroid hormones in
environmental aqueous and biological samples [202, 210]. The limit of detection
(LOD) and limit of quantitation (LOQ) values of target compounds in river water
were in the range of 2-3.78 ng/L and 8-126.1 ng/L, respectively [202]. Further, both
gas chromatography and liquid chromatography-tandem mass spectrometry were
used for the analysis of 58 potential Endocrine disrupting compounds (EDCs) in
various water matrices using a single solid-phase extraction (SPE) of a 1 L sample.
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Instrument detection limits ranged between 0.12 and 7.5 pg with corresponding
method reporting limits of 1-10 ng/L in water with % recoveries between 50 and
112% for all compounds [206]. Further, combined high-sensitive MS instrumenta-
tion is used for protein labeling workflows that provide wide-ranging labeling rea-
gents [191].

Six types of endocrine-disrupting chemicals including bisphenol A, triclosan,
two alkylphenols, two phenylphenols, eleven organophosphorus pesticides, and
seven parabens were identified in Seafood samples and detected using ultrasound-
assisted extraction, continuous solid-phase extraction, followed by GC-MS analy-
sis [211]. The method is very accurate with a 0.5-20.0 ng/kg detection limit and
up to 84-105% recoveries [211]. Further, Huang et al. detected eight pharmaceuti-
cals in aqueous samples using automated derivatization solid-phase microextraction
coupled with gas chromatography-mass spectrometry [212]. The modified method
was directly applied to surface water where flurbiprofen, naproxen, and tolfenamic
acid are detected with a detection limit at ng/L levels [212]. Solid-phase extraction
applied for a simultaneous determination of nine pharmaceuticals and three hor-
mones in water samples was reported [213]. The method showed good analytical
results including recoveries of 85-103%, low limits of detection (0.01-0.06 ng L!
for 100 mL of water), and good linearity throughout the studied concentration ranges
[213]. In addition, dispersive solid-phase extraction using acetonitrile, magnesium
sulfate, and sodium chloride to a small number of blood samples was an efficient
method to separate a variety of pharmaceuticals belonging to various therapeutic
categories of drugs and poisons with the typical limit of detection below 20 ng/mL
[214].

Sequential superheated liquid extraction of pesticides, pharmaceutical, and per-
sonal care products with different polarity from marine sediments followed by gas
chromatography—mass spectrometry detection have been extensively studied. For
example, a superheated liquid extraction method was efficient to isolate various pes-
ticides, pharmaceuticals, and personal care products including triclosan, estrone,
17(3-estradiol, diethylstilbestrol, 4-octylphenol, procymidone, permethrin, oxyfluor-
fen, bisphenol A and 2,8-dibenzodichloro-p-dioxin from sediments was reported
[215]. The extracted samples were accurately detected by gas chromatography-mass
spectrometry [216]. Soliman et al. reported a rapid gas chromatography—mass spec-
trometry screening method for human pharmaceuticals, hormones, antioxidants, and
plasticizers in water [217]. Nineteen compounds were detected with recoveries from
57 to 120% were reached with detection levels varied between ng/L and pg/L levels
[217].

Recently, Ultrasound-assisted extraction followed by gas chromatography—mass
spectrometry was successfully used to detect twenty pharmaceutical contaminants
in soil samples [218]. Detection limits from 0.3 to 1.7 ng/g were reached with above
80% absolute recoveries obtained for most of the target compounds [218]. In another
study, soil samples were extracted by different solvents using ultrasonic treatment at
42 kHz, followed by solid-phase extraction and N-methyl-N-(tert- butyldimethylsi-
lyl) trifluoroacetamide derivatization before GC-MSD detection [219]. The method
was useful in the selective and accurate detection of six different pharmaceuticals
and personal care products namely; clofibric acid, ibuprofen, naproxen, ketoprofen,
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diclofenac, and triclosan as well as three endocrine-disrupting compounds namely;
4-tert-octylphenol, 4-n-nonylphenol, and bisphenol A [219]. Recoveries of all the
analyzed compounds were from 63.8 to 110.7% for the spiking level of 100 ng/g of
dry soil [219].

Time of flight mass spectrometry

Time of flight mass spectroscopy is one of the most accurate methods for pharma-
ceuticals, pesticides, hormones, and health care products [220-225]. Comprehen-
sive two-dimensional liquid chromatography coupled to a high-resolution time of
flight mass spectrometry was applied for accurate chemical characterization of sew-
age treatment plant effluents [220]. Twenty compounds were found in an extract of
a wastewater effluent, based on their accurate mass identified from the ChemSpider
database [220]. He et al. detected fifty pesticides in wine using liquid chromatog-
raphy/quadrupole time-of-flight mass spectrometry combined with liquid chroma-
tography/quadrupole linear ion trap mass spectrometry [221]. Further, 136 pharma-
ceuticals and hormones were detected in sludge using a simple extraction method
followed by analysis with liquid chromatography-time-of-flight-mass Spectrometry
[222]. Most of the target compounds were identified at detection limits from 1 to
2500 ng/g, depending on the nature of the substance [222].

Liquid chromatography triple quadrupole mass Spectrometry LC-QqQ-MS/
MS and liquid chromatography quadrupole time-of-flight mass spectrometry
(LC-QTOF-MS) are used in the screening of pesticides and other contaminants in
water samples [223]. All the analyzed pesticide samples including buprofezin, chlo-
rfenvinphos, chlorpyriphos, atrazine-desethyl, diazinon, dimethoate, diuron, hexy-
thiazox, imazalil, prochloraz, and pyriproxyfen were found at concentrations higher
than 0.5 pg/L [223]. As an example, Fig. 6 shows the UHPLC-TOF MS chroma-
tograms and accurate mass spectra for several pharmaceuticals and pesticide con-
taminants detected in influent wastewater samples [223]. The extracts were screened
for 43 pesticides along with their degradation products at limits of detection (LOD)
ranging from 0.04 to 2 ng/L [223]. In addition, ultra-high-performance liquid chro-
matography coupled to quadrupole-orbitrap high-resolution mass spectrometry
was used for multi-residue screening of pesticides, drugs, and mycotoxins in edible
insects [225]. With a single screening methodology, the method provides a broad
range of physicochemical diverging residues in insect tissue with good recoveries
between 70 and 120% [225].

Tandem mass spectrometry

Tandem mass spectrometry was extensively used for the accurate detection and
analysis of pharmaceutical drugs, pesticides, and hormones from various envi-
ronmental samples [224, 226-234]. For example, online solid-phase extrac-
tion (SPE)-liquid chromatography-electrospray—tandem mass spectrometry
(LC-MS-MS) was successfully used in detecting 74 pharmaceuticals in environ-
mental and sewage waters with high selectivity and sensitivity in ng/L detection
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Fig.6 UHPLC-QTOF MS extracted-ion chromatograms at different m/z (mass window 20 mDa) for
pharmaceuticals valsartan and paracetamol, the main metabolite of cocaine (benzoylecgonine), pesticide
simazine, and a transformation product (terbuthylazine-diethyl); Retrieved with permission from refer-
ence [223]

limit scale [226]. The same method was developed for the analysis of six phar-
maceuticals by isotope dilution. These selected pharmaceuticals were chosen as
representative indicator compounds and were used to evaluate the performance
of the online SPE method in four distinct water matrices. Detection limit ranged
from 10 to 25 ng/L, based on a 1 mL extraction volume was reached with a matrix
spike recoveries ranging from 88 to 118% for all matrices investigated, includ-
ing finished drinking water, surface water, wastewater effluent, and septic tank
influent [229]. In addition, a simultaneously developed process based on off-line
solid-phase extraction and ultra-high performance liquid chromatography coupled
to tandem mass spectrometry (SPE-UHPLC-MS/MS) for the detection of seven
pharmaceuticals and two metabolites belonging to the non-steroidal anti-inflam-
matory drugs and analgesics therapeutic groups [227]. The obtained detection
limits range from 0.02 to 8.18 ng/L [227].

Single-hole hollow molecularly imprinted microspheres were applied to
extract six triazine pesticides from cereal, rice and wheat samples, followed by
HPLC-MS/MS detection [228]. The method reached detection limits of triazines
in the range of 0.08-0.16 ng/g with triazine recoveries for spiked samples of
5 ng/L reaching from 81 +4 to 96 +4% [228]. Aparicio et al. used a dispersive
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solid-phase extraction followed by liquid chromatography-tandem mass spec-
trometry in detecting household and industrial chemicals, personal care products,
and hormones in leafy and root vegetables [230]. The method showed low detec-
tion limit ranges in 0.025 and 12.5 ng/g with 81-126% recoveries obtained for all
detected samples [230]. Steroid hormones were detected by cyclic-organophos-
phate derivatization followed by UPLC-MS/MS detection [234]. The sensitiv-
ity and % recoveries of the method depend on the hormone tested. The obtained
limit of detection ranges from 130 pg/mL for p-estradiol to 240 pg/mL for estriol.
The method’s recovery rate for the lowest concentration tested (800 pg/mL) is
88.1-96.3% [234].

A matrix-solid phase dispersion (MSPD) followed by a HILIC-MS/MS detection
method aimed at the use of active solid supports and less toxic solvents was devel-
oped for the simultaneous determination of nineteen pharmaceuticals, four personal
care products (PPCPs), and four degradation products in sewage sludge samples
[231]. The prepared calibration curves in methanol and the matrix extract showed
an excellent correlation coefficient ranging from 0.98 to 0.99 with detection lim-
its from 1.25 to 1250 ng/g is obtained [231]. Liquid chromatography coupled with
tandem mass spectrometry was used for the analysis of 44 of the foremost pharma-
ceuticals consumed by the elderly. The extraction cartridge, pH, and volume, as well
as the liquid chromatography-tandem mass spectrometry conditions, were optimized
to minimize matrix effects and obtain high yields. Excellent and selective detection
was obtained, with recoveries between 27 and 116% [232].

Luminescence-based detection

Luminescence is the process of natural emission of light induced by absorbed
energy. Upon irradiation, a photon of certain energy is absorbed by an organic mol-
ecule, various photophysical changes occur including vibrational relaxation, fluores-
cence, phosphorescence, or intersystem crossing. The luminescence properties of a
target molecule (luminophore) could be modulated by introducing energy and elec-
tron-transfer processes, the presence of heavy-atom effects, and changes in concen-
tration and electronic density. The concept of the diverse fluorescence-based chem-
osensors is initiated by the photo-induced electron transfer process (PET), which is
the most common approach to building suitable luminescent sensors. These sensors
require three major components that must be carefully selected: fluorophore spacer-
receptor model where an ionic or molecular input at the receptor site can modulate
the emission, causing the luminescent emission to be switched either “off-on” or
“on—off”” upon sensing.

Luminescence-based sensing and detecting assays are also reported for the detection
of various organic pollutants including pesticides, hormones, and pharmaceutical prod-
ucts [126, 235-245]. Several reviews described various modified luminescence assays
for sensitive and selective detection of organic pollutants in environmental samples
[235, 240, 241, 245, 246]. For example, electrogenerated chemiluminescence (ECL)
is a widely used analytical technique in clinical testing, biowarfare agent detection, and
pharmaceutical analysis [247]. The ECL method biosensors include immunoassays,

@ Springer



Occurrence, analysis and removal of pesticides, hormones,... 3651

immunosensors, aptamer-based and enzyme-based biosensors all are designed for the
pharmaceutical quantification with most studies reviewed [247]. Nano-based materials
including quantum dots and carbon dots were adapted as novel ECL emission materials
and enhancers in typical ECL systems [247]. Sigroi et al. investigated the adsorption of
dissolved organic matter on activated carbon by filtration from different water samples
like wastewater, surface water, and synthetic water. It was determined that fluoresc-
ing components with maxima intensity at higher excitation wavelengths, correspond
to humic-like fluorescence substances, highly adsorbed than other components in all
waters [236]. Correlation models were developed to monitor breakthroughs of emerg-
ing organic contaminants during activated carbon filtration using fluorescence indexes
and UV,s, where fluorescence indexes resulted in more sensitive surrogates than UV,
to predict emerging organic contaminants breakthrough during the adsorption of the
activated carbon granules [236]. Also, the same group has reported the use of different
fluorescence excitation and emission probes and relevant data interpretation and analy-
sis to monitor the removal of emerging contaminants in full-scale wastewater treatment
plants [243].

The use of fluorescence and UV absorption for the detection of low levels of the
biogenic succinic acid (SA), an antioxidant pharmaceutical is illustrated [237]. It is
shown that the fluorescence spectra of SA systems are capable of detecting SA at con-
centrations ranging from 107 to 10 M [237]. The study confirmed the potential use
of fluorescence as a marker of bio-effects of diluted aqueous biologically active com-
pound systems [237]. A competitive fluorescence-linked immunosorbent assay based
on monoclonal antibodies conjugated with quantum dots was used for rapid and sensi-
tive analysis of DT-13 and its metabolite levels in biological samples with recovery
rates ranging from 85.28 to 101.40% [239].

Fluorescence-based biosensing probe using the thermophilic esterase 2 from
A.acidocaldarious, was developed for the continuous monitoring of organophosphate
compounds [242]. The addition of aliquots of the paraoxon pesticide was detected and
quantified in real-time by measuring the fluorescence quenching of the probe-enzyme
complex [242]. Steady-state luminescence was used to examine the emission proper-
ties of aromatic luminescent compounds and their inclusion complexes with 13-cyclo-
dextrin (J3CD) and hydroxypropyl-13-cyclodextrin (HPCD). Various pesticides and
indoles were examined, where 3CD and HPCD can be employed instead of organic
solvents in the spectrofluorimetric determination of several compounds with different
aromatic nuclei and different polarities [248]. Tb-based metal—organic framework (Tb-
MOF) nanozyme has dual functions of a catalyst and luminescent sensor specifically
for the determination and degradation of hormone 17f-estradiol (E2) and its derivatives
(E1, E3, and EE2), a class of disruptors with strong effect on the human endocrine
system. fluorescence probe for the detection and degradation of Estrogen Endocrine
Disruptors (E2) [126].

Raman spectroscopy

When electromagnetic radiation falls on atomic or molecular samples it may be
absorbed, transmitted, or scattered. The scattered radiation may be at a similar,
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lower, or higher wavenumber of the incident electromagnetic radiation, which results
in Rayleigh, stokes, or anti-stokes Raman scattering, respectively. Given that, the
intensity of the scattered light is proportional to its wavelength and the Raman scat-
tering is very weak and hard to observe, it is essential for the incident radiation to
be monochromatic. Recent advances in electronics, lasers, optics, and nanotechnol-
ogy have made Raman spectroscopy suitable in many various applications including
for environmental and pharmaceutical sectors. In specific, surface-enhanced Raman
spectroscopy (SERS) is an ultrasensitive analytical technique that provides selec-
tive molecular fingerprint information in a short response time with minimal sam-
ple pretreatment conditions. The Raman scattering is enhanced through enhanced
adsorption of the molecules on rough nanostructure surfaces such as gold or silver
nanoparticles.

Several studies highlight the use of Raman spectroscopy in the food industry
and environmental monitoring and analysis [198, 249-254]. For example, Sur-
face Enhanced Raman Spectroscopy (SERS) is a sensitive technique that enhances
Raman scattering when molecules are adsorbed on rough and active nanostruc-
ture surfaces like gold or silver nanoparticles. The method gives selective spectral
enhancement that led to an increase in the sensitivity of the method [249]. The low-
est limit of detections obtained was 0.45 pg/L for Mercury; for pharmaceuticals,
2.4 pg/L for propranolol; for endocrine disruptors, 0.35 pg/L for 17p-estradiol; for
perfluorinated compounds, 500 pg/L for perfluorooctanoic acid [249].

The silver nanoparticle-based platform was modified as a SERS to detect metho-
myl, acetamiprid-(AC) and 2,4-dichlorophenoxyacetic acid-(2,4-D) residue levels in
green tea via solid-phase extraction [250]. The method provides a linear correla-
tion between the SERS and concentration with a very low detection limit range of
1.88-5.6 ng/ml [250]. Chemical imaging using confocal Raman has the potential
to spatially image pharmaceutical active ingredients and relate their distribution to
product performance [252]. In specific, UV Raman microscopy with 266 nm laser
irradiation of four pharmaceutical compositions of interest, including two types
of tablets containing low doses of active ingredients (in the 0.2% w/w range), an
amorphous dispersion containing 1% w/w of a small molecule drug, and an enteric-
coated layered peptide formulation. Resonance Raman enhancements are observed
for four of the active ingredients studied in these formulations [252]. Further, coated
Au nanoparticles (NPs) with Prussian blue (PB) shell (Au@PB NPs) were devel-
oped and used for quantitative detection of dopamine (DA) concentrations in blood
serum and crystal violet (CV) contaminants in lake water using Raman spectroscopy
[198]. Similarly, surface-enhanced Raman scattering using gold nanoparticles pro-
vide an accurate fingerprint to determine a low-concentration and selective detection
of indole-like plant hormones [253].

Surface plasmon resonance sensors
Surface plasmon resonance (SPR) has an affinity for biomolecular interaction analy-

sis [255-264]. Depending on the detection features, SPR devices are classified as
angular, intensity, wavelength, and polarization modulations. By immobilizing one

@ Springer



Occurrence, analysis and removal of pesticides, hormones,... 3653

of the partners of the pair on an active metal surface and allowing, the other partner
to flow in excess over that surface will generate a change in the refractive index at
the metal surface upon the interaction between both partners when the equilibrium
is reached at that surface.

Due to their high sensitivity and chemical stability, and ease to functionalize the
surface with multiple biological ligands, gold nanoparticles (Au-NPs) provide an
excellent SPR platform for chemical and biological species using plasmonic Au-NPs
as a sensitive signal transducer. This affinity received great attention in the field of
environmental sciences and medicine [260, 261, 263, 265]. Similarly modified gold
surfaces with alkane thiolates and carboxylic groups are well documented for cova-
lent attachment of proteins, peptides, and DNA molecules [265-270].

Recently, several colorimetric sensors were developed for the detection of a vari-
ety of hormones, proteins, DNA (deoxyribonucleic acid) [265-286]. For example,
DNA-mediated Au-NPs have been widely used to develop sensors for the detection
of the genetic mutation of DNA for cancer diagnosis [287]. A direct SERS detec-
tion was demonstrated with glucose at physiologically relevant concentrations [288].
In addition, it provides biomarkers for tumors based on breath analysis of patients
introducing an early diagnosis for gastric cancer patients from healthy persons [289].
For example, the interaction of citrate-coated gold NPs (AuNPs) with human plasma
proteins was selected as a case study to evaluate the applicability of the localized
surface plasmon resonance (LSPR) as evaluated against fluorescence spectroscopy
[257]. Results obtained from the interaction of AuNPs with bovine serum albumin,
glycosylated human transferrin, and non-glycosylated recombinant human transfer-
rin are well-correlated with the Stern—Volmer constants obtained from fluorescence
spectroscopy. This introduces LSPR as a new method for the investigation of a nano-
bio interface [257].

Lechuga et al. developed binding inhibition immunoassays on an SPR from
Sensia SL, where hormones immobilized by amino-coupling on the sensor surface
under certain conditions that enable the detection of growth hormone [259], follicle-
stimulating (hFSH) and luteinizing hormones (hLH) [262] in human serum samples
with high sensitivity. All biosensors were reusable from 50 to 100 consecutive assay
cycles and specific for each analyte [259, 262]. SPR immunosensor was developed
for the detection of cortisol and cortisone levels in urine and saliva samples [277].
The free cortisol levels in these matrices were used as an indicator for adrenal or
gland disorder, and in doping analysis a marker of glucocorticoid illicit use. Spe-
cific antibodies immobilized on polycarboxylate-hydrogel-based coatings resulted in
sensitive detection (~2.8 nM) with a linear detection range from 5 to 154 pg/L for
cortisol and 30-174 pg/L for cortisone. The data correlated well with the reference
LC/MS-MS commonly used method in pharmacological and anti-doping applica-
tions [277].

Electrochemical biosensors

Electrochemistry has been a major technique in detecting the change in the oxidation
number of metals and non-metal species. The technique involves a simple setup such
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as cyclic voltammetry which contains a reference, counter, and working electrodes.
Electrochemistry has been involved in environmental remediation in the cycling of
metals, remediation of water, and detection of pollutants. Electrochemistry tech-
niques are portable, fast response time, cost-effective, and can be coupled with other
techniques to detect heavy metals and organic pollutants [290-296].

Endocrine disruptive compounds including bisphenols (BPs), phthalates, and
pesticides are widely used in various industries. Electrochemistry is a powerful
technique for detecting such materials due to its simplicity, high sensitivity, and low
detection limit [291]. Further, nanostructural materials integrated into electrochemi-
cal analytical tools were also used for quantification of endocrine-disrupting chem-
icals (EDCs) in environmental and biological samples. For example, seven EDCs
including; alkylphenols/phenols, bisphenol A, parabens, triclosan, phthalates, pes-
ticides, and natural/ synthetic sex hormones were fully detected and analyzed via
electroanalytical techniques integrated with functional nanomaterials such as ((1)
metal nanoparticles: Au, Ag, and Pt; (2) nanomaterials: MoS,, TiO,, GQDs, rGO,
MWCNTs, SWCNTs, rGO, ZnO, Fe;0,, and SiO, [292]. The performance of nano-
material-based electrochemical sensors was also reviewed and evaluated in compari-
son to results obtained from common techniques like GC-MS and LC-MS [292].

Wearable electrochemical sensors are a rapidly emerging class of drug-sensing
devices that addresses the growing need for personalized medicine [293]. They
serve as powerful screening tools in the hands of law enforcement agents supporting
on-site forensic investigations and monitoring of important therapeutic drugs and
the detection of major drugs of abuse [293]. Three pollutants including triclosan,
ibuprofen, and diclofenac were detected in surveillance of seawater and several fish
species using the UPLC-QqQ/MS technique [294]. All three pharmaceuticals in
different sampling sites were detected and total concentrations ranged from 0.10 to
1.54 pg/L in surface water but not found in fish muscle with seasonal variations
were observed [294]. The removal was found the best in the dry season, due to effi-
cient irradiation and higher activity of microorganisms [294, 295] (Table 2).

Biosensors provide an efficient method in allowing environmental monitoring of
pollutants like antibiotics, hormones, endocrine-disrupting chemicals, and pesticides
in real water samples [296]. The detection is based on providing a sensitive antibody
immunoassay that was a proven sensitive tool for estrone which resulted in a detec-
tion limit below 0.20 ng L~! with a 1.40 ng L™! quantification limit with recovery
rates between 70 and 120% [296]. Table 3 summarizes the above-mentioned detec-
tion methods along with major advantages and disadvantages associated with each
method.

Major methods used to decontaminate water bodies from organic
pollutants

Diverse sources and potential health risks associated with organic pollutants such
as pesticides, hormones, and pharmaceutically active entities along with their trans-
formation into our water supplies makes it important to decontaminate and remove
such contaminant from water resources. The transportation fate of these pollutants
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Fig. 7 Pharmaceutically active entities and their transformation routes to our water supplies; Retrieved
with permission from reference [297]

fluctuates considerably depending on the treatment methodologies, such as ozona-
tion, chlorination, biodegradation, photooxidation, filtration, sedimentation, and
coagulation. Figure 7 shows major sources of pharmaceutical pollutants and their
fate and transportation in soil and water bodies as described by Rasheed et al. [297].

Filtration process

The nanofiltration of chemical pollutants has been applied in different real drinking
water sources and is commonly coupled with simultaneous ultrafiltration initially
to remove particulate and large colloidal organic whereasnanofiltration allows for
enhanced purity through the removal of molecular constituents [298]. 67.4-99.9%
rejections were obtained for the pesticides and hormones regardless of the water
composition. This high percentage of rejection is related to the size exclusion and
hydrophobic interactions of either parent molecules or subsequent by-products
formed during natural degradative processes [298]. Further, the overall nanofil-
tration efficiency to remove the selected compounds were not found to be highly
affected by the pre-adsorption of most of the studied compounds [298]. In contrast,
several factors are deemed important to be optimized such as the membrane molecu-
lar weight and size, salt rejection, porosity, morphology, charge, and hydrophobicity
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along with the molecular weight, charge, and hydrophobicity of the pharmaceuti-
cal pollutants [299]. Moreover, nanofiltration uses modified cellulose acetate mem-
branes; one with reactive diisocyanate along with dihydroxy naphthalene disul-
fonate, and the second is tailored with a hydrophilic membrane that incorporates
poly(ethylene glycol) was conducted to remove pharmaceuticals and personal care
products [300]. The long-term nanofiltration showed a significant effect using the
significant effect of CSMM blending on the separation performance of ibuprofen for
long hours of operation was observed using charged surface modifying macromol-
ecule (CSMM) additive [300].

The application of an aqueous two-phase system (ATPS) for selective extraction
and clean-up of emerging contaminants like pesticides, pharmaceuticals, personal
care products, and hormones from aqueous matrices was reported in the literature
[301]. The ATPS is an alternative to the conventional liquid—liquid extraction tech-
nique but is based on the principles of green chemistry since does not use organic
solvents. The two-phase extraction process can extract neutral, anionic, cationic,
polar, and nonpolar compounds, even when present simultaneously in the same sam-
ple [301].

To improve the performance and robustness of membrane technology, it is impor-
tant to combine membranes with other systems, such as activated carbon, nanomate-
rials, and enzymatic degradation. Membranes modified with nanomaterials receive
significant attention in the removal and decontamination of pharmaceutical and
other organic pollutants from water and environmental samples [302]. For example,
fabricated ZnO nanoparticle-coated ceramic was used as an ultrafiltration membrane
for remediation of pharmaceutical components [302]. The membrane was employed
for the removal of atenolol and ibuprofen drugs from synthetic solution where 96%
and 99% removal of atenolol and ibuprofen were obtained, respectively [302]. Mem-
brane bioreactors (MBRs) show unreliable results for the removal of pharmaceuti-
cally active compounds due to their structural complexity and effects on the different
species of microorganisms. For example, reports showed that MBRs remove aceta-
minophen, ibuprofen, ketoprofen, gemfibrozil, bezafibrate, and naproxen efficiently
(N 90%) while the removal rates of carbamazepine and diclofenac are very low (b
40%) with a wider range of variation for other compounds [299].

Khanzada et al. provide an overview of the state-of-the-art membrane-based tech-
nologies and their use of micropollutants in the removal of MPs [303]. The review
provides a detailed summary of the available advanced membrane-based treatment
methods including nanofiltration, ultrafiltration, forward osmosis, and membrane
distillation [303]. Endocrine-disrupting compounds and pharmaceuticals are among
the most harmful and abundant emerging organic compounds present in natural
waters and are not effectively removed by conventional treatments. Nanofiltration
has proven to be a promising technology in removing such contaminants when mem-
brane materials and operational conditions are appropriately applied [303, 304].

Sand/anthracite biofilter coupled with a biologically active granular activated
carbon (SA-GAC) is used as a pretreatment after coagulation in a drinking water
treatment plant. SA-GAC biofiltration showed effective membrane to the removal
of pharmaceuticals and personal care products (PPCPs), reducing approximately
53.4% of mass concentration and 79% of adverse health risk, where the activated
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carbon played the key role [305]. Due to the diverse molecular structures of PPCPs,
the removability of individual PPCPs was quite different and independent of their
influent concentrations where prechlorination showed limited enhancement for the
removal of PPCPs [305].

A combined membrane photocatalysis reactor (MPR) showed excellent activity
for the removal of pharmaceuticals and endocrine-disrupting chemicals [216]. In
specific, Aeroxide® P25 TiO, was used in the photodegradation of 33 trace organ-
ics contaminants, including drugs, analgesics, antibiotics, surfactants, or herbicides
[216]. Interestingly all studied compounds were eliminated by photocatalysis at dif-
ferent rates where Eighteen compounds were completely degraded after 1 h, and a
group of fourteen compounds degraded between 50 and 88% with tris(2-chloroethyl)
phosphate was found to be the only undegradable pollutant under the same condi-
tions [216]. A polar organic chemical integrative sampler with nylon membranes
was modified to monitor emerging organophosphate ester contaminants in urban
surface water [306]. The low sorption capacity of the nylon membrane to moder-
ately hydrophobic compounds makes it possible for monitoring organophosphate
esters in surface water in the long term [306]. The average concentration of organ-
ophosphate pesticides was 4.97+1.35 ng/L (range 2.64+1.28-6.54+0.18 ng/L)
and the average concentration of organophosphate flame retardants was found to be
400+ 88 ng/L (range 316+24-615+36 ng/L) across nine sampling sites [306].

Diverse charged commercial nanofiltration membranes result in adsorption and
rejection of trace levels of organic pollutants [307]. It is found that under neutral pH,
the opposing impact of adsorption on rejection was <6% when the tight ESPA1 and
NF90 membranes were used and 7-36% when the loose NF270 and HL were used
[307]. In addition, while electrostatic attraction caused the rejection by the tight
membranes to decrease by 0.8-4.3%, using loose membranes resulted in a decrease
by 13.4-28.3% with lower rejection observed for tight and loose neutral membranes
[307].

Adsorption on activated surfaces

Recently published work presents different adsorbents for emerging contaminants
(EC’s) removal from water and wastewater including activated carbons, modi-
fied biochars, nano adsorbents carbon nanotubes, and composite adsorbents [297,
308-320]. Pharmaceuticals and personal care products (PPCPs), are increasingly
being introduced into water systems due to current lifestyles [297, 309, 310]. These
products are not eliminated during current wastewater treatment processes. MOF-
derived nanocomposite showed a selective potential to adsorb PPCPs from water
bodies especially using diverse solvents, such as acetone, acetonitrile, ethanol, meth-
anol, HCI, and NaOH [308]. MOF-derived materials are found to be highly selective
removal of various pollutants including active residues from pharmaceuticals, pes-
ticides, surfactants, hormones, and personal care products with high efficiency. This
is expected due to their large surface area, size, dispersibility, tunable structure, and
repeated use capability [308].
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While MOFs are known as sorbents, it is necessary to modify and optimize their
adsorption potential given that some MOF families are moisture and base sensitive.
This hinders their potential use in real-life applications such as wastewater, and body
fluid treatment [309]. Computational tools are becoming a powerful technique to
facilitate the discovery of new material to accelerate scientific advancement in the
MOF screening including; materials molecular dynamics simulation in adsorption
kinetics, optimizing the density functional parameters in alternating and optimizing
the host—guest interactions [309]. The magnetic covalent organic framework (COF)
showed an interesting adsorbent feature for the extraction of endocrine-disrupting
pesticides from water samples [310]. Significant adsorption efficiencies for lipo-
philic chlorpyrifos and atrazine pollutants were observed with a reported capacity of
270 mg/g and 54 mg/g, respectively [310]. Theoretical calculations showed that the
binding between COF and the pesticides occurs via van der Waals interactions. The
study also reveals that the two pesticides can be recovered in acetonitrile with 90%
efficiency [310].

In one study, six integrated fixed films activated sludge (IFAS) were used to
quantify and evaluate TrOC and estrogenic activity removal over 24 h [311]. The
analysis covers total suspended solids (TSS), chemical oxygen demand (COD),
ammonia, total nitrogen (TN), total phosphorus (TP), estrogenic activity, and 98
TrOCs [311]. The total solids per liter of wetted reactor volume ranged from 2.5 to
7.6 g. Qualitative comparison with carbon-activated sludge shows potentially higher
IFAS removal efficiencies for some compounds including atenolol, diclofenac, gem-
fibrozil, N, N-diethyl-meta-toluamide (DEET), 4-nonylphenol, and 4-tert-octylphe-
nol, as well as the chlorinated flame retardants tris(1,3-dichloro-2-propyl) phosphate
(TDCIPP) and tris(chloropropyl) phosphate (TCIPP) with TN removal, was varied
since it is associated to nitrate removal [311].

The adsorption behavior of 30 chemicals with microalgae such as Chlorella Vul-
garis where adsorption isotherms conducted for neutral and ionic forms of contami-
nants [312]. Based on the obtained results, the adsorption affinities were theoreti-
cally predicted following the concept of the linear free energy relationship [312].
It was found that dispersive force, H-bond basicity, molecular volume, and electro-
static interaction of anion may contribute to the model developed based on the entire
dataset where the adsorption property of the surface of C. Vulgaris differs from
those of Gram-negative bacteria Escherichia coli and dissolved organic matters in an
aquatic environment [312]. Similarly, an integrative and multi-biomarker approach
using marine clam Ruditapes philippinarum exposed to 15 pg/L concentration of
carbamazepine (CBZ), diclofenac (DCF), and ibuprofen (IBU), three pharmaceu-
ticals for two weeks and was evaluated throughout the exposure and depuration
process [313]. It was found that the exposure reduces changes in the biochemical
responses to the harmful role of the pharmaceuticals that become negative after
short-term exposure [313].

Nanofiltration process applied on a mixture containing nine estrogens and
progestogens sex hormones using two membranes which differed polymer. A
retention coefficient of 74.1-100% was obtained for asymmetric membrane pre-
pared from cellulose acetate (NF-SF10) under high desalting degree (NaCl and
MgSO,). Whereas, filtration of deionized water with the mixture of sex hormones
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Fig.8 Schematic representation of pesticide detection, degradation, and removal using nanomaterials;
Retrieved with permission from reference [318]

shows lower adsorption of the hormones on the membrane by approx. 21% (NF-
SF10) and 30% (NF-DS5DK) [315]. Moreover, adsorption of pharmaceuticals
onto isolated polyamide active layer of nanofiltration (NF) and reverse osmosis
(RO) membranes showed that apparent differences existed between the polyamide
(PA) active layer from the polysulfone [317]. The PA layer was found to exhibit
higher adsorption capacities for the positively charged PhACs and similar adsorp-
tion capacities for the neutral PhACs due to its higher capacity for forming hydro-
gen bonds with PhACs [317].

Recently, Rawtani et al. reported on different types of nanomaterials (AuNPs,
AgNPs, and SiO, NPs as well as CNTs and HNTs) utilized for the removal of pes-
ticides from several samples including water, fruits, and vegetables [318]. Various
surface modifications enhance the adsorption potential of these nanomaterials for
pesticide sensing [318]. Several types of nanomaterials including nanoparticles,
nanocomposites, and nanotubes were used in recent times for pesticide sensing,
adsorption, and degradation as illustrated in Fig. 8. For instance, graphene oxide
and AgNPs along with other nanoparticles such as FeNPs, Fe/Ni NPs, TiO, NPs,
ZnO NPs, and nanotubes (HNTs) all shown rapid high potential to decompose the
studied pesticides with 90% efficiency [318]. Similarly, MoS,/BiFeO; doped sil-
ver orthophosphate catalyst tends to degrade organic pollutants upon irradiation
with visible light [319]. Further, thirteen carbon materials comprising commer-
cial activated carbons and lab-made materials are used to decontaminate water
samples from polar and nonpolar pharmaceuticals including sulfamethoxazole,
triclosan, carbamazepine, diclofenac, mefenamic acid, 17-a-ethinylestradiol,
17-p-estradiol, estrone, gemfibrozil, and clofibric acid [320]. The combination of
a micro and mesopore network with rich oxygen-based surface chemistry gave an
acidic nature so the activated hydrochars at lower temperatures present the best
overall recoveries ranging from 20.9 to 82.4% for the simultaneous determination
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of the PhCs with discrete chemical properties using high-performance liquid
chromatography diode array detection [320].

Modified adsorbing catalytic and photocatalytic materials

Micropollutants such as pharmaceuticals, hormones, pesticides, and phenolic utility
chemicals in sewage water are major evolving problems because of increased use
and observed hostile effects on the environment. In this section, we will highlight
major advances that lead to decontaminating water resources from such pollutants.

Water treatment facilities using activated-sludge processes are more efficient
hormone removals than the one that uses biofilm-treatment techniques [321]. The
removal stems from the adsorption affinity to sludge surfaces wherein turbid sam-
ples the removal of Caffeine, Ibuprofen, Estrone, Naproxen, and Estradiol tend to
decline [321]. Combining and coupling biological oxidation, semiconductor pho-
tocatalysis with the Fenton process were found to have high-performance pharma-
ceutical pollutants degradation and removal from water in pilot-scale experiments
where the adsorption of pollutants and H,0O, or oxygen onto catalysts increases the
rate of reaction by increasing the lifetime for hydroxyl radicals [322, 323]. Such
advanced oxidation processes (AOPs) utilize the high reactivity of hydroxyl radicals
to progressively oxidize organic compounds to innocuous products.

A comprehensive review study reported detailed AOPs on various pharmaceuti-
cals including the use of TiO,-mediated photocatalytic treatment and its effective-
ness in degrading pharmaceutical residues. This review furthermore highlights the
success in the removal of pharmaceuticals from different water matrices [323]. In
another published work, it was found that the compounds bisphenol A (BPA), dieth-
yltoluamide (DEET), 17a-ethinyl estradiol (EE2), perfluorobutanoic acid (PFBA),
carbamazepine, caffeine, and atrazine were the most frequently detected in water
sources, with significant concentration levels [324]. The use of a photoactive semi-
conductor-based material such as TiO,, ZnO, WO;, and CuO can accelerate the pho-
todecomposition of such pollutants (see Fig. 9) [325]. Metal-based photocatalysts
may absorb radiation at an energy equal to or higher than that of their bandgaps thus
exciting the valence electrons so they can jump to the conduction band making elec-
tron—hole pairs that trigger oxygen reactive species in the oxidation of the pollutants
[325]. Electrochemical Advanced Oxidation Processes (EAOPs) showed promising
processes for the removal of such persistent and recalcitrant organic contaminants
from water bodies [326].

The performance of the AOPs has been evaluated based on percentage removal,
time, and electrical energy consumed to degrade different classes of pharmaceuti-
cal activated carbons (PhACs) [327]. In specific, ozone-based AOPs were found to
be favored due to their low treatment time, low cost, and high efficiency, but com-
plete degradation cannot be achieved by these processes, and various transformation
products are formed [327]. This partial oxidation may result in forming more toxic
products than the parent compounds. The presence of organic compounds, nitrate,
and phosphate are found to hinder the degradation process, while chlorine and sul-
fate showed a positive and efficient oxidation effect [327]. Eight pharmaceuticals
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Ozone-based Ultrasonicumethods
20% fit
Sulfate radicals
13%

Electrochemical oxidation
1%

Carbonaceous materials 55%

\‘\ Exchange
resins 0.3%

(A) Most used AOP (B) Most used adsorbent materials

Reverse and forward osmosis 40%
Nanofiltration
30%

Zeolites 4%
Biomaterials
24%

Photocatalysis
31%

Ultrafiltration
22% Microfiltration
(C) Membrane technologies

Fig.9 New technologic approaches for the treatment of EC. Different AOP (a), Most used adsorbent
materials (b), Membrane technologies (¢); Retrieved with permission from reference [325]

including gemfibrozil, nimesulide, furosemide, paracetamol, propranolol, dipyrone,
fluoxetine, and diazepam were treated from three different water matrixes using the
Fenton AOPs. Optimized conditions at pH of 5.0 along with 12.5 and 533 ppm of
iron and hydrogen peroxide concentrations, respectively provide mineralization rates
and pharmaceutical degradation in which twelve transformation products (TPs) were
tentatively identified and classified of high toxicity as identified by UHPLC-QTOF
MS [328].

Several metal-based photocatalysts were used to enhance the degradation of vari-
ous organic pollutants from water samples [122, 329-351]. For example, TiO, made
and used as heterogeneous photocatalyzed the degradation of 3-chloro-4-methoxy-
aniline pesticide derivative [331]. Modified TiO, as photocatalyst for degradation
of malathion and imidacloprid in water [335, 336]. Graphitic-C;N,/TiO, nanocom-
posite prepared as an active photocatalyst for efficient decomposition of hazardous
organic industrial pollutants in an aqueous medium such as phenol [208]. Nitrogen-
doped carbon enhanced mesoporous TiO, was made via the sol-gel method and
found to be an active photocatalyst for the photodegradation of methyl orange with
up to 97% total removal efficiency. The nanocomposite is also an effectively active
catalyst for the degradation of methylene blue and phenol [329]. Moreover, sev-
eral FeTiO;/TiO, catalysts prepared with the sol-gel method exhibited significant
absorption in the ultraviolet (UV) region for degradation of Orange G and 4-chlo-
rophenol under illumination from a visible light [341]. Facile synthesis of TiO,—PC
composites has superior degradation performance over that with bare TiO, treatment
[349]. In addition, Mn-doped TiO, showed strong photocatalytic. mineralization/
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intermediate activities of organic pollutants like ketoprofen and chlorothalonil [340].
Finally, AgX/TiO, loaded on mordenite was found to be active in the photodegrada-
tion of Acid Blue [347].

Three-dimensional graphene aerogel was found to have excellent adsorption
capacity to organic solvents [330]. This fabricated adsorbent has a good mechanical
property and low density suitable for adsorption of chlorinated solvents with high
selectivity [330]. (Cu, Fe),O; was found to be a good photocatalyst to decompose
ibuprofen with 88% conversion obtained within 240 min under visible illumination
[339]. Further, MCM-41@Cu-Fe-LDH magnetic nanoparticles were modified with
cationic surfactant for the removal of Alizarin Yellow from water samples as moni-
tored with HPLC [343]. Adsorption data fit the Langmuir model, showing a maxi-
mum adsorption capacity of 121.95 mg g~! [343]. Similarly, BiOB1/BiOCI compos-
ites were found to have optimal visible light absorption with excellent photocatalytic
activity in the degradation of rhodamine B and salicylic acid under xenon radiation
[344]. Cobalt doped-ZrO, multi-walled carbon nanotubes were found to be efficient
for photodecolorization of trypan blue dye in an aqueous solution in 3 h [346]. NaY/
Mn, sZn, sFe,O, nanocomposite to adsorb and degrade methyl parathion pesticide
[334]. Ferrous ions with air-bubble cavitation assist the degradation of organic dyes
like Congo Red, Rhodamine B, Methyl Orange, and Methyl Violet monitored with
TOC, and HPLC techniques [348]. The method is found to be feasible and promis-
ing for the treatment of organic wastewater [348]. Enhanced photocatalytic degrada-
tion for organic pollutants by a novel m-Bi,0,/Bi,0,CO; photocatalyst under visible
light [351].

A broad spectrum of trace organic contaminants (TrOCs) by membrane distil-
lation (MD)-enzymatic membrane bioreactor (EMBR) using the Laccase-catalyzed
process was investigated [352]. The degradation level of TrOC was highly influ-
enced by the molecular properties of the organic contaminants where degradation s
above 90% was observed for TrOCs containing strong electron-donating functional
groups like amine and hydroxyl functionalities [352]. Photolytic and photocatalytic
removals of 17a-ethinylestradiol (EE2) and levonorgestrel (LNG) from water sam-
ples were investigated under UVC radiation [353]. The results showed that 92%
of EE2 and 97% of the LNG contaminants were removed upon direct exposure to
UVC for 30 min with hydroxyl radicals significantly contributed to the removal effi-
ciency of both compounds in water [353]. The photochemical fates of the histamine
H-receptor antagonists cimetidine and ranitidine were studied under oxygen and
hydroxyl radicals [354]. The bimolecular rate constant for cimetidine reaction with
‘OH in water was 6.5x 10° M~! s~!over the pH range 4—10 while the reaction of ran-
itidine hydrochloride with ‘OH proceeds with a rate constant of 1.5x 10" M~! 57!
[354]. Finally, compared to pure ZnO, the photocatalytic of ZnO incorporated with
1% Ce-doped exhibits the highest photocatalytic activity for the degradation of phar-
maceuticals such as nizatidine, levofloxacin, and acetaminophen under irradiation
with UV-B light [355].

Further, adsorption and biodegradation/transformation for the removal of a set
of 29 TrOCs that represent pharmaceuticals, steroid hormones, phytoestrogens, UV-
filters, and pesticides that occur ubiquitously in municipal wastewater were analyzed
[356]. Various phenolic TrOCs are effectively removed through biosorption and
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biodegradation processes [357]. It was also determined that adding 1-hydroxy ben-
zotriazole (HBT) as a mediator to the crude enzyme extract led to improvement of
some phenolic as well as non-phenolic TrOC degradation [357]. The oxidation of
pharmaceuticals, endocrine disrupting compounds, and pesticides during the ozo-
nolysis indicates Ozonation that over 80% of caffeine, pharmaceuticals, and endo-
crine disruptors within the CT value of about 2 mg min L™! were reached [358]. In
another study, micropollutants were removed on average over 80% compared with
raw wastewater, with an average ozone dose of 5.7 mg O, L™ [359]. Further, detoxi-
fication and degradation of sulfamethoxazole by soybean peroxidase and UV +H,0,
remediation approaches were reported [360]. Optimized conditions for sulfameth-
oxazole degradation by the peroxidase enzyme showed an absolute requirement for a
redox mediator (1-hydroxy benzotriazole) at low pH values. The degradation of the
pollutant monitored with UV—Vis spectrophotometry and liquid chromatography-
mass spectroscopy indicates the formation of diverse sets of intermediates indicating
various degradation mechanistic protocols in which different levels of detoxification
of the pollutants [360]. Table 4 summarizes the major methods reported to decon-
taminate water bodies from organic pollutants.

Conclusions

We provide a comprehensive review of various detection procedures and techniques
that tactile the current challenges in monitoring strategies of pharmaceuticals and
industrial organic pollutants in marine matrices through the analysis of the available
recent scientific literature. Given the fact that both inorganic and organic physical
transfer processes involved in soil pollutant accumulation, such as leaching and site
runoff, allow the expansion of pollutant drift and adjacent wildlife contamination,
analyses of chemical transformations and concentrations to determine the fate of
these compounds before community exposures in high concentrations is significant.
As a result of pollutant influxes, public health responses have resulted in major fed-
eral legislation that regulates effluent concentrations and industrial outputs.

Various detection procedures and techniques that tactile major challenges in
monitoring strategies of pharmaceuticals and industrial organic pollutants in marine
matrices through the analysis of the available recent scientific literature are pre-
sented and discussed in brief. As discussed in this review, in our opinion, we high-
light major methods reported to identify and remove various organic pollutants from
various samples under real environmental conditions.

i. Liquid chromatography (LC) coupled with high-resolution mass spectrometry
was used to quantify hundreds of toxic substances, found in ginkgo Biloba
nutraceutical products, including pesticides and mycotoxins. Recoveries
between 70 and 120% with relative standard deviation (RSD) values lower
than 20% were obtained for 260 of the compounds with 5 and 10 pg/kg limits
of detection and quantification, respectively [209].

ii. Automated derivatization solid-phase microextraction coupled with gas chro-
matography—mass spectrometry was directly applied to surface water to identify

@ Springer



S.Kanan et al.

3670

rassa

-AND %0¢ Pue (O1AS-AN) % 1¢ xoidde £q suerquiow oy
Uuo sauowIoy 9y} Jo uondIospe Jomo[ SMOYS SOUOULIOY

[s1€l XOS JO QIM)XIW Y} YIIM I9JEM PIZIUOIAP JO uonen[if $s9001d uopEN[Y-OUBN
[Log] sweinyjod oresio jo s[oAd] 2oen) Jo uonoaafar pue uondiospy SOUBIQUISW UOTIEN[JOURU [BIOIOWIIOD PASIRYD SIAAI
1/3u 88 F 00 :siueprejar awey areyd
-soydoues1o Jo uonenUAOU0d d9FeIoAY I/SUGE T F L6 souBIqUIOW
[90€] :sopronsad areydsoydouesio Jo uonenuaduod a3eIAy uo[Au yym Jo[dwes 9ANRISNUI [BOTWAYD JIULSIO Je[od
9PIdIQIAY IO ‘SIULIIBLINS ‘SONOIqIIUR o1L
[912]  ‘sorseSreue ‘s3nip Surpnjoul sjuouodwos g jo uoneperdoq Gzd ®9PIX0Idy JuIsn 10)oeal sIsA[ejedojoyd QueIqUISIA
JSLLpeay
[SOE]  9SIOAPE JO %6/ PUR UONEIUIIUOD SSBUIL JO %t €S SUIONpIY uonen[yolq uoged pAjeAnd. Je[nURI3 JANOR PUBS
spunoduwos aanoe Afeonnooewreyd Jo [eAOWIT
[667] 2y oy synsai d[qerjarun ur Supnsar Arxe[dwod ferinonng $10)0B2I0Iq QUBIQUIDJA!
syuouodwoo
[zog]  Teonnadcewreyd Jo UOIBIPSWI JOJ SURIQUIAW UONRN YN[ SIWEIdd Pajeod sponIedoueu Quz
spunodwod
[10¢] rejoduou pue ‘rejod ‘OruonEd OUOIUL ‘TRINAU JOBNXD A[ISEH ssa001d uonoenxs aseyd-omJ,
PpaA1asqo sem uonerado smoy
Suoy Joj usjoxdnqr Jo douewoyred uoneredas oy uo 9N sauelq
[00€]  -[owordewr Surkjipow adeyIns PaSIeyd Jo 1099 JuedyIusIg -WAW 9JBJOJE ISO[N[[AD PIYIpow Sursn uonen[y-oueN
J91em SUDULIP WOIJ SOPIO
[86C] souowIoy pue sapronsad ayy 10J suondfa1 %6'66—+'L9  -Nsed pue souowrIoy Jo UOHEN[Y-BN[N PUL UOHRI)J-OUBN uonen[ig
SOIURIYAY SlElilie) so13orens Surjdwes/3urssedoig POYIoW UOTIBUIWERIUOID(

sjuein[jod oTUESIO WOIJ SATPOQq JJem QJEUIWEIUOIAP 0} pasn spoyiowr Jofejy { a|qel

-
e
o0
g
-t
=5
w
4l



3671

Occurrence, analysis and removal of pesticides, hormones,...

S90INOS I9JeM UT PAJOA)IP duIZene pue durejjes ‘ourdozewr
-eqIed ‘(Vgdd) proe oroueinqoiongiad ‘(zgH) [OIpeIISd

bzl 1Aumpe-oL T (LHAQ) dpraenjoAyotp (Vde) v [oudydsig Juouneon dnkjeres-ojoyd porerpow-LQr,
[cze] SIOLIBW JoJeMm JUAISIP woly s[eonnadewrreyd jo jeroway Jusunean onAreres-ojoyd pajerpow-LQL],
syuowiLIadxa ofess-joqid ur 1oyem
[eze ‘zeel wolj [eAOWAI pue uonepeisap sjueinyjod [eonnodewreyq $89001d UOJUS,] YIIM SISATeIRd-030yd J0JONPUOITWAS
s9oeJINS 93pN[S WOIJ dUI[IIP [OIPRNSH
[12¢€] pue ‘uoxoideN ‘ouonsy ‘uejoidnqy ‘QuIdR)) JO [BAOWINY 59ss9001d 93pn[s-pajeanoy S[eLIJeW S1ATRIEd pue SuIqIospe PaYIPOIA
sordures Jojem 9JRUIURIUOIAP 0} PISN S[eLIdew
OpeW-QB[ PUB SUOQIRD PAJBATIOR [RIOIOWIWOD 0] S[RLIdIRW ANSTWIdYO 90BLINS
[ozg] uoqIed ¢1 I0J %78 PUL ' (¢ WOIJ SUISURI SOLIOA0ISY Paseq-uaSAxo oIl & (IIm YIomjouaiodosaw pue OIOTA
[61€] YS1-9[qISIA YIm uonerpesst uodn sjuejnfjod orueiQ 1sA1ere 9reydsoydoyyio xoArts padop EQoJ1g/SSON
S9[qe1a39A pue ‘s)inij ‘1ojem Juipnjoul so[duwres [I9A9S (SLNH pue SLND
[81¢] woIy sopronsad Jo [eAOWwaI pue ‘UOTEpeISap ‘UONIId(  SB [[oM St SN COIS PUe ‘SINSV ‘SINNY) S[ELIo)ew-0ueN
SQVUJ [ennau ay) pue s)yyd pasieydo
[L1€]  A1eanisod 1oy santoedes uondiospe 10y31y 1qIYxd JoAe] Vd SOURIQUISUI SISOWSO ISIIAJI PUB UONRI[J-OUBN
sreonnasewrreyd Jo 109)J9 [njuLIRy 9y} $90NPal
syoom omj 1oy sreonnodeurreyd ooxy) ‘(N gy) udjordnqr pue
“(dDQ) drujordIp {(ZgD) surdozewreqred Jo UONLNUIIUOD
[e1€] 1/31 1 03 pesodxo wnreurddiyyd sadeyrpny wepo surrejy yoeordde 1oyIEWOIQ-T)[NW pUE dATIRISIUT
[ouayd[£100-119)-f pue ‘[ousydjAuou- ‘(1LAJ)
Spruren|o}-e1oW-1AYRIJ-NN ‘[1Z0Iqyuia3 ‘Orujo[oIp
[11€] ‘Io10uaie Surpniour spunodwod J0J SAIOUSIYJO [eAOWDI YSTH 93pn[s pajeAnOR WYPaXy pajeISoul
Koua1o1Jo %06 Ym sojdures
[o1€] I1o1em wolj sap1onsad Sundnisip-ouLIoopus Jo uonoenxXg JIomaurely O1Ue3I0 JUI[RAOD d1IRUSIA
[80¢] SA1pOq I9jeM WoIJ SJDJdd qI0SPY 1sodurooouRy JI0MIWRI] OTURSI0 [RI9IA s90BJINS PajeAnde uo uondiospy
SQOUQIJIY Hlielitiite) sa13ojens Surjdwes/3ulssad01d POYIOW UONBUIWIBIUOII(

(ponunuoo) t 3|qey

pringer

As



S.Kanan et al.

3672

log¢l
[Lse€]

[ssel

lesel

[zsel

[9zel

PAAIYDE Udaq 2Aey sjueinjjod ay Jo
UOIEOYIX0IOP JO S[OAD] JURIIP YoIym ul sjodojold onsiu
-BUJUW J[OZBXOYIAWERJNS JO UONBPRISIP PUB UOHEIYIX0Id(]
9)sem Tedrorunwr woiy paaowal A[OANOIYS DOLL doudyd
WS
d-AN PIM uoneIpelt opun uoydourure)aoe pue ‘uroexoy
-0A9] ‘QUIpNEZIU Sk yons s[eonnasewreyd jo uonepeisoq
sordwres 1ojem wolj (ON) [2NSITIOUOAI] pue (ZHH) [01p
-RI)SO[AUTYIO-B/ | JO S[eAOwal dnjATeIed0joyd pue onkjoloyq
sdnoi3 [euonouny Suneuop
-uomde Suons 0) anp y3S1y sem DOIL JO [AI] uonepersaq
SOXLIJBUI JOJBM JUDIQJJIP Q1Y)
woJj pajean wedozelp pue ‘Dunoxony ‘ouoiAdip ‘[ojoueid
-o1d ‘fowrejooered ‘opruresoIny ‘OpINSAWIU [IZOIqLWN)
suoqIed
pajeanoe [eonnadewreyd Jo SISSE[O JUAIRYIP JO dpeISeq
SOIPOq Jojem Wolj
SJUBUTWEIUOD JTUESIO JULNIO[edal pue Judlsisiad Jo [eAoway

sayoeoidde
uonerpawal \QH + A pue aseprxorad ueaqhog

s9ssoo01d uonepeisopoiq pue uondios-org

uoneipel HAN
padop-9D %1 ynm pajeiodioour Quz Jo oNAJeIRd-010yJ

uoneIpe: DAN

$s9001d pazAreyeo-oseooe|
Sursn (YGINH) 1010B2I01q QURIqUIAW dNBRWAZUI-(IN)

SOV UOjua

$9850001d UONEPIXO PIOULAPY

(SdOVH) $9559901d UOTIEPIX() PIOUBAPY [EOTUIAYOI0NIF

RERIVETETEN |

SJUQWIWO))

sa13ojens Surjdwes/3ulssad01d

POYIOW UOTIBUTIEIUOI(]

(ponunuoo) t 3|qey

-
e
o0
g
-t
=5
w
4l



Occurrence, analysis and removal of pesticides, hormones,... 3673

iii.

vi.

vil.

viii.

iX.

eight pharmaceuticals in aqueous samples with detection limits at ng/L levels
[212].

An efficient sequential superheated liquid extraction method was used to isolate
various pesticides, pharmaceuticals, and personal care products including tri-
closan, estrone, 17(3-estradiol, diethylstilbestrol, 4-octylphenol, procymidone,
permethrin, oxyfluorfen, bisphenol A and 2,8-dibenzodichloro-p-dioxin from
sediments. The method allows quantitative extraction of the majority of com-
pounds at real environmental levels (low ppb) in a short time [215]

Peysson and Vulliet detected 136 pharmaceuticals and hormones in sludge
samples using a simple extraction method followed by analysis with liquid
chromatography—time-of-flight-mass Spectrometry with varied detection limits
from 1 to 2500 ng/g, depending on the nature of the pollutant substance [222].
Lopez-Serna et al. reported the use of solid-phase extraction (SPE)-liquid chro-
matography-electrospray—tandem mass spectrometry (LC-MS-MS) in detecting
74 pharmaceuticals in environmental and sewage waters within ng/L detection
limit scale [226].

Green chemistry process presented in an Aqueous two-phase system (ATPS) is
an excellent alternative to the conventional liquid—liquid extraction technique
that can extract neutral, anionic, cationic, polar, and nonpolar compounds, even
when present simultaneously in the same sample without a need of organic
solvents [301].

Membranes modified with nanomaterials receive significant attention in the
removal and decontamination of pharmaceutical and other organic pollutants
from water and environmental samples. The membrane was employed for the
removal of atenolol and ibuprofen drugs from synthetic solution where 96%
and 99% removal of atenolol and ibuprofen were obtained, respectively [302]
Sophia and Lima reviewed high surface area materials with efficient surfaces
and porous tunnels for the removal of various pollutants including active resi-
dues from pharmaceuticals, pesticides, surfactants, hormones, and personal
care products [308].

A comprehensive review reported the success of the advanced oxidation pro-
cesses in the removal of pharmaceuticals from different water matrices includ-
ing the use of TiO,-mediated photocatalytic treatment and its effectiveness in
degrading pharmaceutical residues [323].
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