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Introduction
Pharmaceutical and personal care products (PPCPs) consist
of a large group of organic compounds. They are extensively used in human life and considered to be “pseudopersistent” because of their continuous use and release
(Afonso-Olivares et al., 2017). In recent years, there has been
increasing awareness of PPCPs which were frequently detected in water, sediment and biota. Because of their bioaccumulation and toxicity, they can cause detrimental effects
to aquatic organisms (Chen et al., 2018b). For example, active phenolic compounds, natural steroid estrogens and synthetic steroid estrogens can disturb the endocrine system
even at extremely low concentrations and cause adverse effects like developmental abnormalities or decreased fecundity (Wang et al., 2018). As thousands of PPCPs are introduced into the environment after human or veterinary use,
they are converted into many other transformation products
after undergoing photodegradation, chemical oxidation, biological degradation processes. Chen et al. (2018a) found that
aromatic PPCPs can be converted into more persistent, bioaccumulative, and toxic transformation products during the
water chlorination process. Leusch et al. (2019) detected 911
transformation products of 8 PPCPs in drinking water after
disinfection. Thus, a full understanding of the transformation
products of PPCPs may be more significant than those of parent compounds.
A suitable analytical method is a basis to obtain PPCPs data
related to the occurrence, toxicity or environmental behavior. Sampling is the first prerequisite step in the analysis of
PPCPs. A reliable and effective sample can represent the actual
pollution level in the environment (Ort et al., 2010). Passive
sampling technologies have attracted attention because it can
be deployed in the environment for a long time and obtains
the time-weighted average concentration of pollutants. Passive sampling approach was also used to assess the bioavailability of pollutants in the aquatic environment (Müller et al.,
2019). However, the concentration obtained by passive sampling may be different from the results of traditional active
sampling, causing difficulties for retrospective analysis. The
concentrations of most PPCPs in complex matrices were usually in the level of ng/L, so extraction processes were required. Soxhlet extraction is a classic extraction method with
high extraction efficiency (Zuloaga et al., 2012). Due to its
time-consuming, labor-intensive and consumption of large
amounts of organic solvents, a series of alternative methods
have been widely applied, such as ultrasound-assisted extraction, microwave-assisted extraction and pressurized liquid extraction, etc. (Martín-Pozo et al., 2019). Liquid–liquid extraction and solid-phase extraction are the most commonly
used methods for extracting water samples. Normally, sample preparation occupies 70%–90% of the analysis time, and
in order to meet the requirements of green chemistry, new
extraction technologies, such as solid-phase microextraction
(SPME), matrix solid-phase dispersion, and in-situ SPME techniques (Qiu et al., 2018) have been applied, which greatly
shorten the sample preparation duration and reduce the extractants volume. Mass spectrometry coupled with gas-phase
chromatography (GC-MS) and liquid-phase chromatography
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(LC-MS) have become the most effective analytical method by
allowing the analysis of complex environmental samples for
trace amounts of analytes. High resolution mass spectrometry (HRMS) instruments provide the possibility of discovering
unknown transformation products. It has a higher mass resolution (30,000-70,000 FWHM) than quadrupole or linear ion
trap mass spectrometer, which can reduce the interference
and distinguish more fragment information, thereby predicting the molecular formula of the spectral peak (Liu et al., 2019;
Chen et al., 2016; Bijlsma et al., 2013). However, PPCPs have
a wide range of physicochemical properties. Therefore, the
co-occurrence of PPCPs in the aquatic environment is technically flawed especially when evaluating the environmental
matrices rich in lipids and dissolved organic matter. There is
also scarce information about the identification of unknown
transformation products due to the limited standard compounds. Thus, it is of great essential to develop reliable analytical methods for the determination of PPCPs and their transformation products in the complex environmental samples.
The main objective of this review is to provide an update
on the sampling techniques, extraction methods, instrumental techniques and transformation products screening methods of PPCPs in the environmental samples. A couple of recent general reviews have summarized the analysis methods
of organic pollutants (Zuloaga et al., 2012) and PPCPs in sludge
(Pérez-Lemus et al., 2019), especially the extraction methods
of PPCPs (Bruzzoniti et al., 2014; Nieto et al., 2010; Primel et al.,
2017), however a comprehensive review on the full-scale analytical protocols is needed. This is the first systematic review of the analytical methods of PPCPs and their transformation products. It will provide a reference for the selection
of appropriate analytical methods for substances with different properties, provide ideas for the identification of unknown
transformation products, and provide insights for the future
research directions of analytical methods.

1.

Searching methodology

This review aims to incorporate the studies that are available
in the scientific literatures regarding the analysis of PPCPs. In
the data collection process, we followed the principle that the
studies must be published in scientific journals, and the technology has been successfully applied to the PPCPs analysis
in environmental samples from 2010 to 2020. The data used
throughout this study were based on the online database of
Web of Science. This article collected 149 substances in 38 uses
of typical PPCPs searched in previous studies (see Appendix
A Table S1). The physical and chemical parameters of PPCPs
are obtained from the website of https://chem.nlm.nih.gov/
chemidplus/ and https://www.chemicalbook.com/.

2.

Overview of characteristics for PPCPs

PPCPs represent a wide variety of compounds with different
structures and functional groups, having a broad spectrum
of physicochemical characteristics. This article collected the
physical and chemical properties for 149 substances in 38 uses
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Fig. 1 – The instrumental analysis applications associated
with logKow

of typical PPCPs searched in previous studies (Appendix A Table S1). We selected three physical and chemical parameters
of PPCPs including water solubility, dissociation constant (pKa )
and octanol-water distribution coefficient (log Kow ) because
these properties can influence the partition and evaporation
of PPCPs during the sample extraction and clean-up pretreatment steps. The sorptive removal of a certain organic compound is determined by the sorption partitioning coefficient
(Kd ) of the compound which can be a function of Kow as well
as the pKa of the compound (Kang et al., 2018). As reported by
Bruzzoniti et al. (2014), recoveries of PPCPs were inversely correlated to vapor pressure and water solubility, which is consistent with their partition and evaporation behavior during
sample extraction. Polarity plays an important role in affecting
recoveries (Althakafy et al., 2018). For example, in GC-MS analysis, compounds with lower water solubility and weaker polarity present higher extraction recovery percentages because
of their superior affinity for the sorbent phase. Arismendi
et al. (2019) found that compounds such as parabens, hormones (E1, E2 and EE2) and certain anti-inflammatory drugs
(ibuprofen, ketoprofen, bisphenol A) had good absolute recovery rate (>74%). For compounds such as salicylic acid, diclofenac, naproxen and triclosan, the absolute recoveries were
low (11%–44%). In contrast to LC-MS analysis, the recoveries
of ten drugs were less than 70% with the log Kow ranged from
3.87 to 6.36, such as atorvastatin, fluoxetine, fluticasone propionate, etc., while the recoveries of the more polar substances
were higher (>70%) when measured by direct-injection LCMS/MS (Oliveira et al., 2015). The instrumental analysis applications associated with logKow are analyzed and shown in
Fig. 1. LC method has a wide application range of logKow from
−8 to 10 while GC is more suitable for compounds with high
logKow ranging from 2 to 8.

3.

Sampling

Water and solid (sludge, sediment, soil) samples are the main
sample types in the environment. Grab sampling is a primary

Fig. 2 – The difference of grab, composite, and passive
sampling in sample volume, sampling duration and
detection limit

alternative for surface sample collection. The grab sampling
can only reflect the instantaneous concentration of the analyte at the time of sampling. Sediment core sampling allows
the assessment of time trends but is mainly used for persistent organic pollutants (Lorenzo et al., 2018). For soil samples,
topsoil (0–10 cm) and vertical samples (10–150 cm) are also collected. The vertical distribution of PPCPs represents its leaching capacity in the soil which is irrigated by surface water or
reclaimed water (Biel-Maeso et al., 2019; Ademoyegun et al.,
2020). Usually, composite samples within a day are collected to
reduce the influence of concentration fluctuations (Dai et al.,
2015), and a large number of samples are collected to improve
the accuracy of the analysis, which greatly increases the analysis time and cost. Although fluctuations within one day are
taken into account in composite sampling, the samples are
still affected by daily fluctuations especially in wastewater
sampling. Passive sampling devices can continuously monitor the dissolved analytes in aqueous phase over two to four
weeks, which can overcome the shortcomings of grab and
composite sampling (Vrana et al., 2016). The difference between grab, composite, and passive samplings in sample volume, sampling duration and detection limit was shown in
Fig. 2. Passive sampling devices can deal with tens or hundreds of liters of samples and provide time-weighted average
concentration over a much longer exposure time. On the contrast grab sampling can only analyze about 0.5–1.0 L of sample at a single point in a few minutes, while composite sampling can analyze bit larger volume (5–10 L) and longer time
(around one day). And, in some cases, passive sampling has
been proven to have a lower detection limit than grab sampling (Vrana et al., 2016; Zhang et al., 2018). The application of
passive sampling devices is discussed below.
Passive sampling technology has been well applied in the
acquisition of non-polar pollutants, yet passive sampler for
polar pollutants like PPCPs is still a challenge. Chemcatcher®,
diffusive gradients in thin-film technology (DGT) and polar
organic chemical integrative sampler (POCIS) have been successfully designed (Gong et al., 2018), among which POCIS is
the most commonly used device for the collection of polar organic compounds with octanol-water distribution coefficient
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Fig. 3 – Distribution of molecules studied according to
logKow in DGT, Chemcatcher and POCIS three passive
samplers (Gong et al., 2018)

(logKow ) less than 4 (Fig. 3). Their general configuration and
the passive sampler for field sampling was presented in Fig. 4.
It is necessary to develop a passive sampling device
with a good absorption effect of polar organic pollutants.
Allinson et al. (2015) developed a combination of passive
sampling and GC-MS database for rapid screening of 940
compounds and evaluated their suitability. Chemcatcher TM
with Empore TM SDB-XC or C18FF disks was deployed in
21 river regions for 28 days. The results show that passive sampling coupled with instrumental analysis can well
detect the content of multi-residues to assess the potential risks of trace organic chemicals to aquatic ecosystems.
Ahrens et al. (2015) tested the efficiency of five passive sampling techniques (silicone rubber, POCIS-A, POCIS-B, Chemcatcher® SDB-RPS, and Chemcatcher® C18 ) under laboratory conditions to detect 124 pesticide residues in water.
They found that passive sampler derived time-weighted average concentrations had a good consistency with the timeintegrated active sampling in the rivers. In addition, the passive sampling efficiency on the capture of compounds is related to the logKow of the compounds.
Chen et al. (2018a) developed a novel DGT for endocrinedisrupting chemicals. Three different resins including
hydrophilic-lipophilic-balanced (HLB), XAD18, and StrataXL-A (SXLA) were implemented as the binding phase for
DGT devices. Results showed that DGT with HLB and XAD18
was more stable compared to that with SXLA. However,
commonly used binding gels can adsorb a variety of organic pollutants, making them susceptible to interference
from non-target compounds such as dissolved organic
matter. Cui et al. (2020) used DGT based on molecularly
imprinted polymer (MIP) to achieve the selective adsorption of quinolones and sulfonamide antibiotics. MIP is a
type of synthetic material which can specifically adsorb
its structural analogs through hydrogen bonding, π –π and
electrostatic interaction. The concentration provided by the
DGT samplers was in good agreement with that determined
by grab sampling. Previous researches have demonstrated
that organic-diffusive gradients in thin films (o-DGT) device
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was an effective passive sampler for polar organic substances
in the aqueous phase. Stroski et al. (2018) developed a novel
configuration combined polyacrylamide diffusive gel and
SepraTM ZT sorbent for 31 pharmaceuticals and pesticides
over 25 days and calibrated it under various pH values.
Linear uptake (r2 >0.9) was observed at pH=5. The sampler
performed consistently with the agarose/HLB o-DGT configuration deployed simultaneously. Compared with simple
agarose o-DGT, polyacrylamide diffusive gel exhibits a more
robust and stable character. Furthermore, SepraTM ZT binding
diffusive gels served as an effective binding resin, offering a
commercially available sorbent. Buzier et al. (2019) investigated the POCIS and o-DGT to limit the effect of flow on the
quantification accuracy of ten pharmaceuticals compounds.
Under flowing conditions, both methods efficiently limited
the flow effect. Under quiescent conditions, o-DGT performed
more accurately than POCIS. However, o-DGT had poorer
sensitivity compared to POCIS, but the future development
of o-DGT devices with wider windows could overcome this
limitation.
Passive sampler with better acquisition capacity of PPCPs
is still a challenge. With the advancement of adsorption material fabrication and design, novel passive sampler will be invented for long-term efficient monitoring the polar and nonpolar pollutants with wide Kow value range. At the same time,
passive sampling devices with good selectivity for target pollutants also need to be studied.

4.

Analytical methodologies

4.1.

Pretreatment procedure

Sample preparation for environmental samples is critical because target compounds present in trace amounts in complex matrices and require concentration for the following instrumental analysis. The practical application of extraction
methods is listed in Appendix A Tables S2 and S3. Solidphase extraction (SPE), solid-phase microextraction (SPME)
and liquid-phase microextraction (LPME) are frequently used
to extract multi-residue compounds from water and wastewater samples. There are several variations of SPME, such as
thin-film microextraction (TFME), rotating-disk sorptive extraction (RDSE), stir-bar sorptive extraction (SBSE) and fabric
phase sorptive extraction (FPSE). For solid sample extraction,
the pretreatment methods of aquatic samples and terrestrial
samples are the same. For example, ultrasonic-assisted extraction (UAE), microwave-assisted extraction (MAE), pressurized liquid extraction (PLE) and Quick, Easy, Cheap, Effective,
Rugged, and Safe (QuEChERS) are all simultaneously applied
to the PPCP extraction from sludge and soil samples.

4.1.1.

Water sample extraction

SPE or technically known as "liquid-solid phase extraction" is a sample preparation technology that uses particles of chromatographic packing material, usually in a cartridge or 96-well plate format, to chemically separate different analytes and aid in removing the matrix components
in a sample (see Fig. 5). Among all the applied types of
SPE cartridge, hydrophilic-lipophilic balanced reversed-phase
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Fig. 4 – General configuration and field sampler of (a) DGT (Feng et al. 2015); (b) Chemcatcher (El-Shenawy et al, 2010); (c)
POCIS (Ahrens et al., 2015)

(HLB), mixed-mode weak anion exchange (WAX) and C18
are the common SPE sorbent materials (Table S2). VegaMorales et al. (2010) tested five solid phase materials (Sep-Pak
Vac C18 , Oasis HLB, BondElut Plexa, Bond Elut-Env, and LiChrolut EN) with different characteristics to extract endocrinedisrupting chemicals. Sep-Pak Vac C18 showed the smallest
adsorption capacity. HLB showed better recoveries for hydrophilic substances and worse recoveries for short-chain
alkyl phenolic compounds. Bond Elut Plexa showed the best
recoveries for polar organics. LiChrolut EN and Bond Elut-Env
showed inferior recoveries for all substances, and the elution
process required a large volume of organic solvents. There
is an urgent need to develop new materials that can efficiently enrich and separate pollutants with different properties. Zhu et al. (2020) prepared a hydrophilic porous adsorption resin filler using N-vinylpyrrolidone and divinylbenzene
as raw materials by emulsion micelle-step reaction method. It
achieved hydrophilic modification on the traditional divinylbenzene hydrophobic skeleton. The average recovery rate was
75.6% for 44 PPCPs, which has a great advantage over commercial Oasis® HLB materials. Afonso-Olivares et al. (2017) developed a simplified SPE multi-residue procedure to extract 23
pharmaceutical compounds from wastewater samples without conditioning and equilibration steps compared to the conventional process. However, SPE usually needs a long time and
would be very expensive due to the consumption of solidphase cartridges and organic solvents (Portillo-Castillo et al.,
2018; Tran et al., 2013). So new extraction techniques and alternative extraction phases have been recently proposed.

SPME is quite attractive and has many novel update forms.
SPME mainly divided into three categories: headspace extraction, direct extraction, and membrane-protected SPME (see
Fig. 6). The difference between the first two categories is
the way in which pollutants are transferred to the adsorbent material, and the third category applies to the extraction of contaminants from heavily contaminated matrices
(Alpendurada, 2000).
A headspace SPME (HS-SPME) method was usually coupled
with GC/MS for the simultaneous determination of PPCPs in
water samples. This method is a powerful extraction and preconcentration technique with high sample throughput, high
extraction efficiency in various aqueous matrices and timesaving. Godayol et al. (2015) used HS-SPME-GC/MS to evaluate sixteen fragrance allergens and two polycyclic musks in
wastewater samples. Trujillo-Rodríguez et al. (2018) applied
crosslinked polymeric ionic liquid as novel sorbent coating
in HS-SPME and GC-MS to determine UV-filters in lake water.
This method proves to be simple, solvent-free, and does not
require derivatization.
TFME is the variation of SPME, combining sampling and
preparation. This configuration has a larger adsorbent volume
and a thinner coating thickness (see Fig. 6). In addition, TFME
can be associated with the 96-well plate system resulting in a
high throughput (Olcer et al., 2019). Lopes et al. (2019) proposed
nanoparticle functionality with histamine as the extraction
phase and a 96-well plate system for the determination of
endocrine-disrupting chemicals in water samples with the recovery rate of 82%-120%. Used 60 μm thick octadecyl silica
coating and thin-film geometry on a flat stainless steel rod, di-
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Fig. 5 – Different types of SPE sorbent (a) and the diagram of separation process of PPCPs from environmental matrix

Fig. 6 – The diagram of separation process of PPCPs from environmental matrix using (a) SPME; (b) TFME
(Piri-Moghadam et al., 2017); (c) RDSE (Richter et al., 2009) and (d)SBSE (Gilart et al., 2014)
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Fig. 7 – The diagram of separation process of PPCPs from environmental matrix using (a) LPME and (b) DLLME
(Chormey et al., 2020)

azepam can achieve 98% extraction efficiency within 1 hr. New
TFME sorbent materials which can extract a broader range of
polar PPCPs need to be developed, such as immunoaffinity or
molecularly imprinted polymer coatings (Strittmatter et al.,
2012).
RDSE is another alternative microextraction technique,
which incorporates the laminar phase and powder phase with
different polarities, lacking device deterioration because the
extracting phase does not contact the extraction container
(Arismendi et al., 2019). The speed of magnetic stirring is
faster than that in the SBSE, so as to achieve a better analyte mass transfer from water to a sorptive phase. At the same
time, the rotating configuration of the disk will also affect the
mass transfer efficiency (Richter et al., 2009; Jachero et al.,
2014). In SBSE, the magnetic stir bar encapsulated in a polymeric coat is introduced (see Fig. 7). Since the stir bar has a

larger polymeric phase volume, it usually has a higher extraction efficiency. The partition coefficient of analytes between
the phases is the determining factor for the extraction efficiency in the aqueous samples. The efficiency of three commercial coatings (polyethyleneglycol modified silicone, polydimethylsiloxane and polyacrylate) for SBSE was tested for
the recovery of PPCPs in wastewaters and polyethyleneglycol modified silicone coating provided a better recovery (80%
for TCS) (Gilart et al., 2013). Ghani et al. (2019) synthesised a
cobalt nano-porous carbon by one-step direct carbonization
of zeolitic imidazole framework-67 as the SBSE coating to determine fluorouracil and phenobarbital in human body fluids
(recovery>85%). However, the performance of the coating in
SBSE has limited its application because most of the commercial coating can only extract non-polar analytes. Still, most of
the polar analytes were poorly retained.
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FPSE is a novel sample preparation approach with high
sensitivity and efficiency. It combines a flexible fabric substrate coated with different polymers and functional moieties using a sol-gel fabrication technique (MontesdeocaEsponda et al., 2015). Besides, the amount of sorbent material is ten times higher than that in the SBSE and the materials can be reused easily and do not suffer from coating damage. Lakade et al. (2015) optimized an analytical method of
FPSE-LC-MS/MS to determine the PPCPs from water samples.
They compared four FPSE coating materials with different polarities, non-polar poly(dimethyl diphenyl siloxane), medium
polar poly(tetrahydrofuran), polar poly(ethylene glycol)-blockpoly(propylene glycol)-block-poly(ethylene glycol) and polar
Carbowax 20M, to extract PPCPs with logKow value ranging
from 0.6 to 6.1. The polar coating sol-gel Carbowax 20M provided the best recoveries (77%–85%) due to its high polarity
characteristics. Santana-Viera et al. (2017) also proved that solgel Carbowax 20M was the optimized fabric coating with the
highest recoveries of 25%–90% for seven cytostatic drug compounds (−2.2<logKow <6.3) in surface water when analyzed by
the method of FPSE-LC-MS/MS.
The sorbent material is the core of solid phase extraction and microextraction. Therefore, it is necessary to develop high-throughput, wide-ranging extraction materials.
Polydimethylsiloxane (PDMS) is a commonly used extraction fiber, especially for the microextraction of nonpolar substances (Basaglia et al., 2011). Bratkowska et al. (2011) developed a stir bar coated with modified poly(N-vinylpyrrolidoneco-divinylbenzene) polymer for the sorptive extraction of polar compounds. Meanwhile, EG Silicone, as a new trademarked
coating, has a higher extraction efficiency for polar substances
(Gilart et al., 2013). Polymeric ionic liquids were reported as
a group of new materials for SPME sorbent coatings to determine UV-filters, estrogens and pharmaceuticals (TrujilloRodríguez et al., 2018). Most of the current studies combine
SPME with GC for several years due to the direct desorption characteristics. Utilizing solvent mobility as opposed to
thermal desorption of the analytes from the sorbent, SPME,
in combination with LC has also gained increasing interest
to enlarge its application in analyzing a large group of polar compounds. Mondal et al. (2019) prepared a metal-organic
framework MIL-101(Cr)-NH2 SPME fiber to extract six antibiotics from fish muscle by coupling SPME with LC-MS/MS. Recently, an octadecylsilane fiber probe has come into commercialization to extract both polar and non-polar substances in
LC method (Portillo-Castillo et al., 2018). Among all the developed SPME techniques, coating sorbent material plays a decisive role in obtaining a high extraction efficiency. Sorbent
selection takes the molecular weight, polarity, and volatility
of the target compounds into account (Portillo-Castillo et al.,
2018). However, SPME methods typically require special instrument adaptation and training before they can be incorporated into most analytical workflows. Limitation of the sorbent phase for commercially available is another factor in the
widespread use of delayed SPME (Piri-Moghadam et al., 2017).
LPME combines extraction, separation, purification and enrichment into one step (see Fig. 7), which has the advantages
of simple operation, green environmental protection, and high
extraction efficiency. LPME can be divided into single-drop microextraction (SDME), hollow-fiber liquid-phase microextrac-
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tion (HF-LPME) and dispersive liquid–liquid microextraction
(DLLME). SDME, as the oldest LPME technique, used a drop
of acceptor phase. It has direct immersion and headspace
single-drop microextraction (HS-SDME) two modes of operation (Chormey et al., 2020). HS-SDME will be introduced in
Section 4.1.2. HF-LPME is a newly developed miniaturized
technique for the microextraction of organic substances from
aqueous samples. High enrichment, simplicity, rapidity and
low consumption of toxic organic solvents (low microliter
range) are its prominent advantages over conventional extraction techniques (Zhang et al., 2013). Another advantage of
this method is that the chromatogram is clean, mainly due
to the macromolecules are effectively blocked by the pores
of the HF. DLLME was invented by Rezaee et al. (2006). Afterward, improved DLLME has been designed to extract PPCPs.
Ramos et al. (2019) extracted 19 emergent compounds with an
ultrasound-assisted DLLME and GC-MS/MS approach without
a derivatization process, 1,1,2-trichloroethane and 2-propanol
as the extractant solvent and disperser solvent, respectively.
Solvent-assisted de-emulsification DLLME has employed lowdensity solvent compared to DLLME without centrifugation.
The solvent with low surface tension and high surface activity
was usually applied as dispersers to disturb the dispersed system. After the injection of disperser and extraction solvents,
the emulsion was quickly cleared into two phases. Therefore,
the organic phase got separated from the aqueous bulk phase
without centrifugation and evaporation step. How to create
new extraction modes to extract various types of samples and
explore new organic solvents which can extract a large number of analytes is the challenge of this technology.
SPE can extract hundreds of substances at most. The extraction performance of SPME and LPME is more dependent on
the adsorption material and has better selectivity for analytes.
The sample volume required for SPE is usually 50–1000 mL,
and the solvent consumption is more than 10 mL, while the
sample volume required for SPME and LPME is less than 100
mL, and only 1 mL of elution solvent or no solvent is required.
However, SPE has high stability and has been commercialized
at present, while SPME commercialized adsorbents are limited, so SPE is still the most used extraction method at present
(Table 1).

4.1.2.

Solid sample extraction

Solid sample extraction is a process that transfers the solutes
from a solid matrix into a solvent phase. UAE is the most
commonly used method for solid-liquid-extraction (Appendix
A Table S3). The extraction process consists of several parts:
freeze-dry, homogenize, sieving, ultrasonication, centrifuge
and clean up (Li et al., 2018b). MAE allowing a high throughput
extraction compared with many other classical techniques,
reduces sample consumption and extraction time. In some
cases, taking water in place of organic solvent as the extraction phase provided an efficient extraction (Llompart et al.,
2019). The extraction efficiency was affected by the property of
the solvent and its volume, microwave power and irradiation
time (Azzouz and Ballesteros, 2012). High microwave power
and long irradiation time will decompose the target pollutants
(Madej, 2009). PLE improves the extraction of pollutants from
solid samples using conventional solvents at elevated temperature and pressure, but it may result in the co-extraction of
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Table 1 – Comparison of different extraction methods for water samples.
Extraction method

Applicability

Elution solvent

Analysis time

Stability

Sensitivity

Reproducibility

SPE
SPME
LPME

wide
selective adsorption
selective adsorption

large
small
small

long
short
short

high
low
low

poor
high
high

good
good
good

Fig. 8 – The schematic procedure for QuEChERS extraction method (Iqbal et al., 2020)

a high proportion of matrix interference (Huerta et al., 2013).
Pressurized hot water extraction (PHWE) is an alternative environmentally friendly technique because water instead of organic solvent is used as the extraction solvent, and relatively
low ion suppression was highlighted (Saleh et al., 2011).
Microextraction technologies like HS-SPME was also applied to the extraction of PPCPs from sludge, especially volatile
organic pollutants. Vallecillos et al. (2013) proposed that HSSPME was a powerful technique to directly extract macrocyclic musk fragrances from sewage sludge without the traditional extraction, clean-up, and preconcentration procedures.
Vallecillos et al. (2012) developed a quantitative determination
method on ten musk fragrances from sewage sludge using a
PLE combined with an ionic liquid-based HS-SDME and GCMS. In this study, the fully automated HS-SDME was achieved.
Matrix solid-phase dispersion has gained attraction for the
extraction of PPCPs from sludge samples with its advantage of
simplicity, flexibility, and ruggedness. It does not require any
specific instrument (Capriotti et al., 2015). QuEChERS method
is another a new extraction and clean-up technique applied
to the analysis of micropollutants in solid samples including sludge, soil and invertebrates (see Fig. 8). QuEChERS usually use water-soluble solvent salt to separate the phase initially. This method is usually applied to the solid samples
with high water content. If the extracted samples are dry, an
extra rehydration step before QuEChERS is recommended to
enhance their recovery rates. To meet the needs for minimum sample manipulation and high analytical throughput,
automated, online preconcentration, clean-up step prior to
the instrument analysis would be the future of the technique
(Vega-Morales et al., 2012). Rossini et al. (2016) investigated the

combination of QuEChERS with on-line SPE-LC-MS/MS for the
determination of PPCPs in sewage sludge, which remarkably
decrease the total analysis time. Moreover, QuEChERS was
demonstrated to obtain acceptable recoveries when compared
to other methods for solid matrix analysis (Althakafy et al.,
2018).
In summary, factors influencing extraction results include
extraction materials (adsorption materials), extraction conditions, solvents, agitation (microextraction), separation and
detection technologies, etc. Low cost, extraction methods for
simple operation and equipment and functional extraction
materials are the focus of future research.

4.1.3.

Clean-up

The presence of non-target compounds that are co-eluted
in the extracted samples can cause severe ionization inhibition or enhanced ionization of the analyte. This phenomenon,
known as matrix effect, can increase the uncertainty in quantitative analysis. Due to the low selectivity of the extraction
techniques, it is necessary to purify soil, sludge, and other
samples after extraction to minimize interference with matrix
components. Sulfur elimination is the first step of clean-up,
and most of the works added desulfurizing agent, such as copper powder and tetrabutylammonium hydrogen sulfate saturated with sodium sulfite, before extraction (Mascolo et al.,
2010).
SPE is mostly applied as a purification step (Appendix A
Table S2). Reverse-phase SPE, normal-phase SPE or mixedmode SPE have been made in column or cartridge format.
Sorbents in the reverse-phase SPE were well commercialized,
including silica-based C18 or LC-NH2 and polymeric phases
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such as Oasis-HLB or Isolute ENV (Fig. 5). The most common
polar SPE sorbents in normal-phase SPE are silica, alumina,
magnesium silicate or Florisil, which can remove solid matrix
interferences from organic extracts. The target analytes are
eluted from the sorbent by a non-polar solvent, while the hydrophilic matrix components are still retained in the polar sorbent (Zuloaga et al., 2012). Oasis-HLB has been reported for an
optimized SPE for hormones (Guedes-Alonso et al., 2016), benzophenones (Kotnik et al., 2014), antibiotics (Li et al., 2018a),
and non-steroidal anti-inflammatory drugs (Rossini et al.,
2016).
Gel-permeation chromatography (GPC), which can separate the substances according to their molecular weight or
size, has widely been applied as clean-up procedures (PérezLemus et al., 2019). It takes very short time and small amount
of mobile phase. Liu et al. (2012) carried out GPC for clean-up of
the extracts on a S-X3 column with cyclohexane/ethyl acetate
(1:1, V/V) as the mobile phase. Kittlaus et al. (2013) replace the
classical clean-up by GPC, using HILIC separation to remove
the interfering matrix components in a two-dimensional LC
coupled to tandem MS/MS system.
The previously mentioned purification step increased processing time and solvent consumption. Thus, the simultaneous purification step during extraction was studied. Florisil
and neutral alumina were used to be the in-cell clean-up extraction sorbent which was efficient in removing the fatty interferents (Vallecillos et al., 2012; Huerta et al., 2013). HF-LPME
exhibited a good clean up efficiency and high enrichment factor for PPCPs, indicating that microextraction is a reliable purification method (Saleh et al., 2011). QuEChERS extraction
step was coupled with a dispersive SPE stage for the removal
of extracted matrixes (Iqbal et al., 2020). However, the dispersive SPE involves an extra sample manipulation and has significantly increased the analysis time.
Above all, extraction and clean-up may to some extent influence the validation parameters examined (recovery rate,
limit of detection, limit of quantification). Multi-residue analysis is still a challenge in environmental analysis, and the recovery rate span is large. The current methods are not compatible with the analysis of substances with large polar gaps.
Optimization of extraction conditions and matrix effects are
other issues that we need to consider in the extraction process.

4.2.

Instrumental analysis

4.2.1.

Parent compounds

This approach allows one to generate an informative fragmentation pattern that permits the characterization of organic
compounds (Calza et al., 2014). The difference between the GC
and LC is the desorption method of compounds from the stationary phase. GC-MS methods have greatly applied to the detection of (semi)volatile thermostable substances in the water phase. In contrast, LC-MS has permitted to analyze nonvolatile, thermolabile and polar compounds. Parameters for
typical compounds analyzed by GC-MS and LC-MS are shown
in Table S3 and S4.
Faster GC methods have become an appealing approach
due to their reliable results in a shorter time. An alternative
fast GC-MS technique named low-pressure or vacuum outlet
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GC involves the use of short wide-bore capillary columns at reduced pressure. Ylmazcan et al. (2015) used low-pressure GCMS for the fast identification of UV filters, resulting in 2 min
runs, leading to an eightfold decrease in the running time and
a sevenfold increase in the detection limit. The short microbore capillary GC columns became popular because it can
achieve a high throughput. However, the use of a fast duty
cycle mass spectrometer is acquired to solve the problem of
decreased peak widths caused by this method.
However, GC method often requires the derivatization
of thermally labile and polar compounds like pharmaceuticals (Calza et al., 2014). Conventional derivatization was performed using N, O-bis(trimethylsilyl)trifluoroacetamide and
trimethylchlorosilane or N-methyl-N-(trimethylsilyl) trifluoroacetamide heating at 70–80°C for 30–40 min (Arismendi
et al., 2019; Azzouz and Ballesteros, 2012; Rice and Mitra, 2007).
There are two forms of derivatization technique when using
SPME as the pretreatment method, either in the GC injection
port or on the SPME fiber coating to minimize matrix interference and prolong the fiber coating lifetime (Basaglia et al.,
2012). López-Serna et al. (2018) developed a highly automated
instrument consisting of online direct immersion SPME onfiber derivatization and GC-MS for the detection of 19 PPCPs
and their transformation intermediates in sewage and sludge
samples.
As a consequence, LC-MS methods have supplemented the
scope of GC-MS since these clear advantages, such as reduced
sample pre-treatment and the wide capacity to determine polar or thermally stable compounds. Oliveira et al. (2015) measured 185 PPCPs in water samples by direct-injection LCMS/MS which proved to be effective in eliminating matrix effects. Direct-injection methods result in lower matrix component concentrations, which might further decrease
the target compound signals suppression and further increase the signal-to-noise ratio. Celma et al. (2019) used μLCMS/ MS to monitor new active psychotropic substances in
wastewater and observed lower matrix effects and higher
sensitivity. Due to its small injection volume and low flow
rate at several μL/min, the ionization efficiency was high
and the sampling efficiency of the spray source was increased. As a result, diamyl ketone was detected in wastewater for the first time. However, this method has higher requirements for sample composition, injection volume, solubility of solvent and mobile phase, and chromatography
column.
Multi-dimensional chromatography can offer better resolving power and peak capacity and also capable of decreasing matrix effects as a result of advanced separation of analytes in complicated samples (Kittlaus et al., 2013). Twodimensional chromatography (GC × GC or LC × LC) is a separation system composed of two independent chromatographic
columns with orthogonal separation mechanisms in series,
which can reduce the matrix effects and improve the recovery rate. Ouyang et al. (2015) developed LC × LC-TOF/MS system to determine PPCPs in wastewater effluent, with a C18 stationary phase as the first dimension, phenyl-hexyl, pentafluorophenyl, and hydrophilic interaction liquid chromatography
stationary phases were compared as the second dimension.
The C18 × pentafluorophenyl column combination proved to
the most effective one. GC × GC-TOF/MS is also an ideal tool
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for identification and quantification with highly selective detection and deconvolution of overlapping peaks. Besides, it is
also the most effective technique to obtain a high representative fingerprinting of volatile compounds (Cordero et al., 2019).
Lima Gomes et al. (2013) used SPME-GC × GC-TOF/MS achieving a method of automated extraction, separation, and detection of drugs in water without derivatization or internal standard.
Electrospray ionization (ESI) is by far the most widely used
and well suited for the analysis of polar compounds (Appendix
A Table S4). Matrix effects have a great impact on the ESIMS employment, because the ESI source is easily influenced
by other substances in the matrix. Gilart et al. (2013) found
that the ion suppression/enhancement of the influent in the
sewage treatment plant was significantly stronger than that
of the effluent, with a value of −5% to 54%. The atmospheric
pressure ionization (API) provides soft ionization with high efficiency, providing excellent sensitivity and molecular weight
information. Meanwhile, it overcomes a challenge of LC-MS
that the aqueous LC effluent containing polar analytes must
be converted to gas-phase molecules when compared with
GC-MS. Less polar and thermally stable compounds are easily
identified by atmospheric pressure chemical ionization (APCI)
(Kosjek et al., 2008). The more recently developed atmospheric
pressure photoionization (APPI) can ionize many hydrophobic
compounds by charge transfer reactions (Farhan et al., 2016).
The matrix-assisted laser desorption-ionization is used for
the qualification and quantification of macromolecular substances and can be used to analyze the targets in various complex matrices, such as body fluids (Quéro et al., 2020).
The simultaneous determination of suspect and nontarget
screening with quantitative target analysis is a hot trend and
the high-resolution MS (HRMS) will be the foundation of multiple residue analysis with shorter analysis time, a lower detection limit and negligible matrix effect.

4.2.2.

Transformation products

Complex biological and chemical reactions will occur when
PPCPs enter human body, organism and the environment.
Different biological and chemical transformation will cause
different molecular weight changes in the presence of chlorine, chlorine dioxide, ozone, UV, or UV/H2 O2 , or aerobic
and anaerobic microorganisms (Table 2). PPCP might occur
decarboxylation (–CO2 ), dehydration (–H2 O), reductive displacement of chlorine (–Cl+H), loss of nitro group (–NO2 +H),
oxidative displacement of chlorine (-Cl+OH), epoxidation
(+O), glucuronide conjugation (+C6 H8 O6 ), N-acetylcysteine
conjugation(+C6 H8 NO3 S), acetylation (+C2 H2 O), etc. As
demonstrated, certain transformation products may exhibit
more persistent and more hazardous than their parent compounds. Analytical approaches for transformation products
were divided into three categories: target quantitative analysis with reference standards; suspects screening without
references and non-target screening (Evgenidou et al., 2015,
Krauss et al., 2010, Yin et al., 2017).
LC-MS and GC-MS has been used for identifying the known
transformation products of antibiotics (Jiang et al., 2013), nonsteroidal anti-inflammatory drugs (Rossini et al., 2016), βblockers (Rubirola et al., 2014), drugs of abuse (Bijlsma et al.,
2013), psychiatric drugs (Miao and Metcalfe, 2013), disinfec-

tant (Armstrong et al., 2017) and anesthetic (Rúa-Gómez and
Püttmann, 2012). The combination of API-MS with LC has become a good choice for the analysis of small polar organic
molecules in complex matrices (Zonja et al., 2014). Parameters
for some known transformation products analyzed by GC-MS
and LC-MS are shown in Appendix A Tables S3 and S4.
HRMS is a powerful tool available for screening of suspect
and nontarget compounds in complex mixtures due to its
high sensitivity, precision, and fast full scanning rates (ChiaiaHernandez et al., 2014; Schymanski et al., 2014). Commercially
available HRMS instruments include various time-of-flight
instruments (TOF-MS), Orbitrap (Orbitrap-MS) and Fourier
transform ion cyclotron resonance (FT-ICR-MS) (Liu et al.,
2019). Usually, there are two times of instrumental analyses for the screening of suspicious and unknown metabolites/transformation products. The first is preliminary screening to obtain full scan accurate mass data, and then to perform
data processing on the results of first instrumental analysis
to calculate suspicious intermediates based on a database established by a large number of previous accumulations and
literature investigations. The second instrumental analysis is
general screening under MS2 condition and the candidates
that are finally confirmed or initially confirmed judged by
whether there are available reference standards (CamposMañas et al., 2019). The peaks of the ion chromatogram obtained from the preliminary screening of LC-QTOF-MS with
the data acquisition mode of full-scan mode have the following requirements: intensity threshold greater than 10,000
cps, signal-to-noise ratio greater than 10, mass accuracy of
± 5 ppm, isotope fitting <200 mSigma, retention of ± 0.2
min time tolerance (Campos-Mañas et al., 2019; Ibáñez et al.,
2017). Fig. 9a is a full-scan chromatogram of the degraded
ciprofloxacin solution. The exact masses of the intermediate products (P1, P2, P3, P4) were obtained based on retention time and data processing. Then, based on the MS2 data
of the fragment ions (Fig. 9b), combined with calculation
software such as Profile Analysis, Mass Frontier, Chromalynx and Mass Fragment, the suspected intermediate products
were assigned to the molecular formula to infer the structural formula (Chen et al., 2018b; Jiménez-Salcedo et al., 2020).
Ibáñez et al. (2017) used LC-QTOF-MS to identify the metabolites in wastewater, combined with the artificial neural network method in the preliminary screening step to initially
identify the metabolites. Finally, they detected 34 metabolites or transformation products in wastewater. Due to the
lower linear dynamic range of TOF instruments, more recently,
Orbitrap has been widely used for transformation products
(Zonja et al., 2014). An on-line turbulent flow chromatograph
coupled to a hybrid linear ion trap high resolution (TFC-LTQ)
Orbitrap was used to investigate unknown transformation
products of metoprolol generated during degradation experiments. Obtained accurate ionized masses ([M + H]+ = 226.1437
Da (TP1); [M + H]+ = 282.1707 Da (TP2)) of the two new transformation products, and inferred the possible intermediate product structure from the ion fragment information observed by
MS2 secondary scanning (Rubirola et al., 2014). The main disadvantage of Orbitrap is that the scanning speed is inversely
proportional to the mass resolution, and high resolution will
cause the peak shape to deteriorate. FT-ICR-MS is rarely used
for polar organic trace analysis due to its high cost, and

Table 2. – Possible biological and chemical transformation reactions and associated mass changes.
Change in
molecular
formula

Mass change
(Da)

Parent chemical

loss of nitro
group

–NO2 + H

−44. 9851

Chloramphenicol

Hu et al., 2020

decarboxylation

–CO2

−43. 9898

Ibuprofen

Shanavas et al.,
2019

depropylation

–C3 H6

−42. 0468

Ibuprofen

Shanavas et al.,
2019

reductive
displacement of
chlorine

–Cl + H

−33. 9611

Triclocarban

Armstrong et al.,
2017

desethylation

–C2 H4

−28. 0312

Lidocaine

Rúa-Gómez and
Püttmann, 2012

dehydration

–H2 O

−18. 0106

Hydroxylation
ibuprofen

JiménezSalcedo et al.,
2019

reductive
displacement of
fluorine

–F + H

−17. 9906

Ciprofloxacin

Salma et al., 2016

Transformation

Parent structure

Product structure

Reference
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Table 2. (continued)
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Change in
molecular
formula

Mass change
(Da)

Parent chemical

Parent structure

Product structure

Reference

oxidative
displacement of
chlorine

–Cl + OH

−17. 9662

Ceftriaxone

Li et al., 2013

demethylation

–CH2

−14. 0157

Naproxen

Rossini et al.,
2016

hydrogenation
reduction

+H2

+ 2. 0157

Carbamazepine

Miao and
Metcalfe, 2013

alcohol to
carboxylic acid

-2H + O

+ 13. 9792

Odesmethylmetoprolol

Rubirola et al.,
2014

ketone/ aldehyde
formation

-2H + O

+ 13. 9792

2,6-di-tert-butyl4-methylphenol

Liu et al., 2015

N/S-oxidation

+O

+ 15. 9949

2Acetylaminofluorene

Inami and
Mochizuki, 2008

epoxidation

+O

+ 15. 9949

Carbamazepine

Miao and
Metcalfe, 2013;
Huerta et al.,
2013

(continued on next page)
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Table 2. (continued)
Change in
molecular
formula

Mass change
(Da)

Parent chemical

Parent structure

Product structure

Reference

hydroxylation

+O

+ 15. 9949

Diclofenac

Rossini et al.,
2016

hydration

+ H2 O

+ 18. 0106

Carbamazepine

Miao and
Metcalfe, 2013

methyl to
carboxylic acid

–2H + O2

+ 29. 9741

-9tetrahydrocannabinol

Bijlsma et al.,
2013

dihydroxylation

+O 2

+ 31. 9898

Carbamazepine

Miao and
Metcalfe, 2013

chlorination

+Cl - H

+ 33.9612

Methylparaben

Chen et al., 2020

dichlorination

+2Cl

+69.9173

Acetaminophen

Leusch et al.,
2019
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Table 2. (continued)
Change in
molecular
formula

Mass change
(Da)

Parent chemical

Parent structure

Product structure

Reference

acetylation

+ C2 H2 O

+ 42. 0106

Sulfamethazine

Jiang et al., 2013

hydroxyl
chlorination

+Cl + OH

+ 51.9718

Carbamazepine

Leusch et al.,
2019

oxidative
deamination

-NH + O

+ 0. 9840

Amphetamine

Anari et al 2004

methylation

+CH2

+ 14. 0157

Thiouracil

Anari et al 2004

sulfate
conjugation

+SO3

+ 79. 9568

Triclosan

Armstrong et al.,
2017

glycine
conjugation

+ C2 H3 NO

+ 57. 0215

Benzoic acid

Testa et al., 2012

taurine
conjugation

+
C2 H5 NO2 S

+ 107. 0041

Bile acids

Anari et al 2004

(continued on next page)
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Transformation

Table 2. (continued)
Change in
molecular
formula

Mass change
(Da)

Parent chemical

Parent structure

Product structure

Reference

S-cysteine
conjugation

+
C3 H5 NO2 S

+ 119. 0041

2-acetomido-4chloromethylthiazole

Anari et al 2004

N-acetylcysteine
conjugation

+
C6 H8 NO3 S

+ 161. 0147

Naphthalene

Anari et al 2004

glucuronide
conjugation

+ C6 H8 O6

+ 176. 0321

Testosterone

Anari et al 2004

S-glutathione
conjugation

+
C10 H15 N3 O6 S

+ 305. 0682

Oxidation
phenacetin

Testa et al., 2012
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Fig. 9 – HRMS identification for transformation products (a) chromatogram; (b) mass spectrum of a degraded ciprofloxacin
solution (Jiménez-Salcedo et al., 2020).

is mostly used for metabolomics studies of macromolecular
substances.
Furthermore, hybrid instruments can perform continuous
scanning and collect full-scan spectra without discontinuous
application of collision energy in an acquisition mode. An acquisition mode named MSE by Waters, or high-collision dissociation by Thermo. Therefore, all fragmentation information of compounds can be obtained by only one full scan, and
without sample re-injection in MS2 mode (Hernández et al.,
2014). Krauss et al. (2010) combined LTQ with Fourier transform (FT) Orbitrap-MS and demonstrated an excellent detection and identification capability for small molecular compounds in various matrices. Bijlsma et al. (2013) proved that
LTQ-FT Orbitrap MS can carry out a retrospective investigation
of metabolites in samples without further analysis. Among
them, Orbitrap collected full-scan accurate quality data and
LTQ allowed simultaneous MS2 measurements. This technique has great potential in the rapid identification and quantification of PPCPs and their relevant metabolites in sewage.
HRMS combined subsequently with nuclear magnetic resonance (NMR) can be a choice of fast screening possible candidates, in which MS experiments give structural proposals
and NMR is used to confirm the structure for unknown analytes (Liu et al., 2019). Chen et al. (2015) used HRMS-NMR
to elucidate the chemical structure of the triclosan transformation products, in which triclosan-O-sulfate was detected
and 5-hydroxy-triclosan was elucidated. Besides, HRMS allows
retrospective compound identification based on various selective and sensitive methodologies, which enable to search
for more contaminants including unknown metabolites years
after data recording. Campos-Mañas et al. (2019) conducted
a retrospective analysis of surface water samples collected
ten years ago and confirmed a large number of opioids and
metabolites. This study allows us to better understand the migration and transformation of pollutants in the environment.
Thus, HRMS may play a decisive role in the non-targeted environmental analysis field, especially due to its wider dynamic
range.
Although accurate mass screening methods can already be
implemented quickly through calculations, collecting available information and confirming the quality of the screening
is still very time-consuming. Therefore, more knowledge and

technologies, huge databases or reference standards need to
be applied to quickly and unambiguously identify trace compounds in environmental systems.

5.

Quality assurance and quality control

Quality assurance and quality control are important parts to
ensure the accuracy of experimental methods and experimental results, including quantitative methods and method
validation. The external standard and the internal standard
are the most common quantitative methods. The external
standard method is to configure a series of standards based
on the predicted compound concentration in the sample and
then draw standard curves. The external standard method is
easily affected by the stability of the instrument and the matrix of the sample itself. The internal standard can make up
for the interference of instrument stability by addition of compounds or isotopically labeled standards with similar properties to the target substance. For quantitative analysis of transformation products without standards, analogues are selected
as quantitative internal standards based on their ability to
compensate for matrix effects. Generally, at least three MS2
transitions are chosen in mass spectrometry, the one with the
highest intensity or the highest selectivity is used as the quantitative transition, and the other two transitions are used for
qualitative analysis (Celma et al., 2019).
Precision is usually expressed by the relative standard deviation (RSD) of the same sample repeatedly. The limit of detection (LOD) and limit of quantification (LOQ) are usually used
to indicate the sensitivity of the method and calculated from
signal-to-noise ratios of 3 and 10, respectively (Xu et al., 2019).
Another calculation method is to perform seven parallel extraction experiments on samples with known low concentrations to calculate the RSD of the parallel samples. Three times
the RSD is the method detection limit (MDL), and ten times
of the detection limit is the method quantification limit. Precision and sensitivity are closely related to the performance
of the instrument and the chemical nature of the substance.
Chen et al. (2016) found that HRMS offered 2–33 times lower
detection limits than low-resolution mass spectrometer and
had no remarkable matrix effects. Campos et al. (2019) used
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LC-QTOF-MS to analyze illegal drugs and metabolites, and
MDL range is 1–10.7 ng/L; Bijlsma et al. (2013) observed LOQ
of 2–45 ng/L through LC-LTQ-Orbitrap-MS analysis for illegal drugs; Celma et al. (2019) developed a μLC-MS method
to measure the LOQ of illegal drugs to be 4–70 ng/L.
Rubirola et al. (2014) and Kumar et al. (2019) used FC-LTQ Orbitrap (LOD =2.74 ng/L; LOQ =9.12 ng/L) and LC-MS/MS (LOD
=2 ng/L; LOQ =32 ng/L) to analyze metoprolol in sewage treatment plants, respectively. In addition, the LOD and LOQ of the
transformation products were usually higher than the parent
compounds.

6.

Conclusion

The review article focused on the analytical methodology, including sampling, extraction, clean up and analytical methods for the qualification and quantification of PPCPs. There are
significant knowledge gaps in accurately understanding the
PPCPs and their transformation products especially unknown
substances. First of all, there is a need for an automated, integrated, high throughput and sensitive method for simultaneous identification of multiple PPCPs.
Solvent-free extraction methods are the trend of extraction such as MAE-SPME conjunction and microextraction approaches like DLLME, LPME and MSPE. The manufacture of
new fiber coatings with high adsorption capacity and selectivity is the foundation of microextraction technology. Quick,
cost-effective, environmentally friendly sample pretreatment
techniques and instruments are urgently needed. Automated,
online preconcentration, clean-up step prior to the instrument analysis would be the future of the technique. In-situ
SPME is also one of the development trends.
In the future, emerging mass spectrum ionization technique such as APPI could extend the analytical window towards less polar compounds. LC-HRMS will play a more important role in future environmental analysis. This technology will make research on the production and fate of micropollutants in the environment clearer. So far, in the screening of non-target pollutants, judging the exact chemical structure based on the molecular formula is a very challenging step
and requires in-depth research. Although increasing research
efforts have been dedicated to the identification of transformation products, very few analytical methods including the
quantification of transformation products were reported. It is
urgent to develop advanced HRMS to identify unknown contaminants and enlarge the database to meet the needs for additional knowledge, complementary techniques, and authentic reference standards.
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