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A B S T R A C T

Hazard classifications have recently been introduced for persistent, mobile and toxic (PMT) and very persistent and
very mobile (vPvM) substances, which are those that negatively impact water resources if substantially emitted into
the environment. Many pharmaceuticals and personal care products (PPCPs) may meet this classification. Our study
focused on 169 detected PPCPs in surface water, groundwater and drinking water in China among a total of 432
PPCPs that were monitored for across 75 studies. We assessed if these could be classified as PMT/vPvM substances
based on the recent European criteria for industrial substances. For most PPCPs, persistency half-life data were
lacking; therefore, definitive classifications could not be made. In surface water, 52 (37.7 %) of the detected PPCPs
met, or were strongly suspected to meet, the PMT/vPvM criteria. Over half of these were antibiotic compounds. The
industrialized Yangtze, Haihe and Pearl river basins were the most impacted. We hypothesized the proportion of
PPCPs monitored meeting the PMT/vPvM criteria in drinking water and groundwater would be larger than surface
water. This was supported as 44.3 % of PPCPs in these media met, or based on weight-of-evidence likely meet, the
PMT/vPvM criteria; though, a definitive comparison was hindered by a lack of persistence data.
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1. Introduction

Increasing contamination of water resources by synthetic chemicals is
a global concern (De Baat et al., 2020). Synthetic chemicals such as
pharmaceuticals and personal care products (PPCPs) can enter natural
aquatic environments via wastewater discharge (Petrie et al., 2015; Tran
et al., 2018). Recent studies have detected different PPCPs in diverse
water resources, including rivers (Dong et al., 2016; Li et al., 2019; Peng
et al., 2017; Yao et al., 2018; Zhou et al., 2016a), lakes (Wang et al., 2019,
2017; Zhou et al., 2016b), groundwater (Peng et al., 2014; Yang et al.,
2017; Yao et al., 2017), coastal water (Cheng et al., 2016; Du et al., 2017;
Yang et al., 2020) and drinking water (Ben et al., 2020; Feng et al., 2020;
Lin et al., 2016; Lv et al., 2019). In order to protect drinking water
resources, chemicals with high persistency (P) and sub-surface mobility
(M) have been prioritized as pollutants with drinking water concerns,
particularly within Europe as part of the Chemicals Strategy for
Sustainability (EU, 2020). These prioritized substances are named as
persistent, mobile and toxic (PMT) and very persistent, very mobile
(vPvM) substances, and the corresponding draft criteria are currently

being evaluated by the European Commission (EU, 2020; Hale et al.,
2020a; Reemtsma et al., 2016). Once these substances are released into
the aqueous environment, they may potentially pass natural and artificial
barriers, and finally occur in groundwater and drinking water over long
time scales, depending on the emission volume and location (Arp and
Hale, 2019; Hale et al., 2020b). Removal of these substances can become
technically difficult and expensive (Arp et al., 2017; Goldenman et al.,
2019; Reemtsma et al., 2016).

The chemical industry in China has grown sharply during the last
decades (Wang et al., 2020; Zhang et al., 2020). PPCPs are widely
detected in China's freshwater environment (Liu et al., 2020; Su et al.,
2020). In 2018 China initiated a national plan to prevent and remediate
the contamination of drinking water sources (MEE and MWR, 2018).
Herein, we present a screening study to assess how many PPCPs in general
meet the recently introduced European PMT/vPvM criteria, based on
chemical property data and weight-of-evidence (Neumann and Schlieb-
ner, 2019). The specific goal of this study is to identify (high potential)
PMT/vPvM substances among the detected PPCPs in China's surface
water, groundwater and drinking water, and to assess their abundance. As
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the substance properties of P and M collectively enable PMT/vPvM
substances to be transported over long distances from the point of
emission, remain for long time intervals in subsurface waters, and also
potentially penetrate through drinking water treatment facilities (Arp
and Hale, 2019; Hale et al., 2020b), we also test the hypothesis that the
percentage of PPCPs detected in groundwater and drinking water meeting
the PMT/vPvM criteria (i.e., number of PPCP-PMT/vPvM in water
divided by total number of PPCP in water) will be larger than the
corresponding percentage in surface water.

2. Material and methods

2.1. Literature survey

Over 75 relevant publications of freshwater PPCP monitoring data in
China were considered, including 69 for surface water, 7 for groundwater
and 4 for drinking water (see Table S1 in the supplementary material).
Specifically, substance information including their names, reported
concentrations, sampling location and CAS numbers, were obtained. In
total, 432 PPCPs have been monitored within these 75 studies (Table S2);
and of this, only 138 of these PPCPs have been detected in surface water
(see Table S4), and 106 PPCPs in groundwater and/or drinking water (see
Table S8). It is important to mention that the monitoring methods, target
analytes and analytical approaches applied in different studies did vary,
therefore introducing uncertainties to our interpretation of the data,
particularly when testing the hypothesis by comparing surface water data
to ground- and drinking water data.

2.2. P, M and T assessment

First an existing list of PMT substances registered under REACH in
2017 (Arp and Hale, 2019) was consulted to see which of the 432 target
compounds were previously evaluated. Though the REACH regulation
does not explicitly apply to PPCPs but only industrial substances, REACH
does contain some PPCPs if they also have an industrial use (Arp and Hale,
2019). For substances not evaluated, persistency, mobility and toxicity
were assessed sequentially following the recently developed guidelines
for REACH registered substances (Arp and Hale, 2019), as summarized
below.

2.2.1. Persistency assessment
The persistency (P) criteria are adopted from Annex Ⅷ of REACH,

which is based on the exceedance of measured half-lives in specified
environmental media. Substances already on the REACH candidate list of
substances of very high concern (SVHC) for being PBT/vPvB substances
or on the Stockholm Convention’s POP list would automatically receive a
P or vP evaluation. A conclusion of not persistent, "not P", can be based on
standardised tests to show the substances are readily or inherently
biodegradable (European Chemicals Agency, 2017). The primary source
for the experimentally determined degradation half-lives as well as
inherent/readily biodegradable screening tests were from the PubChem
database (NIH, 2021), which were extracted manually by doing
individual queries. In case P assessments were not conclusive for a
substance, a further screening test was carried out either by using the PBT-
BIOWIN Screening approach mentioned in the REACH PBT guideline
(European Chemicals Agency, 2017) or by using the QSAR Toolbox “P”
predictor (OECD, 2021). When P assessments using the above two
screening tools were conflicting, the Arnot-BIOWIN approach (Arnot
et al., 2005) was utilized to help to draw the final P conclusions. If the
target compounds were not assessable by using BIOWIN, the CompTox
Chemicals Dashboard (US EPA, 2021) provided by US EPA was utilized
for the P assessment. It should be noted that these methods to estimate P
have a large uncertainty range (Li et al., 2020). From a comparison with
experimental data it was observed that BIOWIN can predict OECD
screening tests for ready biodegradability with 72 % overall efficiency (n
= 1714), and that comparisons with measured half-life values indicate

geometric standard deviations of a factor 10–20 (Arp et al., 2017). When
there was no experimental half-life evidence of a substance being "not P",
"P" or "vP", two categories were made based on weight-of-evidence using
the above methods: "potential P/vP" and "potential P/vP++", with the
latter having the most weight-of-evidence. Justifications for individual
decisions for each PPCP are provided in the supplementary material,
Table S2, based on the PMT/vPvM guideline (Arp and Hale, 2019).

2.2.2. Mobility assessment
Mobility is a unique criterion for the PMT/vPvM assessment

(Neumann and Schliebner, 2019). Experimental log Koc values (between
pH 4–9) are the basis of the M criteria, with values under 4.0 being the cut
off for mobile (M) and 3.0 for very mobile (vM) (Neumann and Schliebner,
2019). If no such data was available, screening parameters can be used as
part of a weight-of-evidence assessment. These parameters include the
octanol-water partitioning coefficient, log Kow, for neutral compounds or
the pH dependent octanol-water distribution coefficient, log Dow, for
ionizable substances, where a cut-off value of < 4.5 (between pH 4–9) is
an indicator for mobility, depending on the ionic charge (Arp and Hale,
2019). Experimental log Koc and log Kow values were obtained from the
PubChem database, log Dow values at different pH were queried from
Chemaxon software (ChemAxon, 2021). For borderline M cases based on
log Kow/Dow a category "potential M/vM" was utilized, and the suggested
screening cutoffs were shifted based on the uncertainty of correlations
between log Kow/Dowand log Koc (Arp and Hale, 2019). As an example, for
neutral compounds, anions or ionizable compounds with experimentally
determined log Kow/Dow, between 4.5 and 3.5 are considered "Potential
M/vM", between 3.5 and 2.5 as M and less than 2.5 as vM. Further criteria
for zwitterions, ionizable substances with no experimental pKa values
were also implemented (Arp and Hale, 2019).

2.2.3. Toxicity assessment
The criterion for toxicity (T) is based on Annex Ⅷ for PBT assessment

with additional considerations specific for drinking water, including
carcinogenic category 2, cell mutagenic category 2, and endocrine
disrupting properties (Neumann and Schliebner, 2019). Data for the
hazard categories were acquired from the public C&L registry in ECHA
website (ECHA, 2020). No observed effect concentrations (NOEC) were
obtained from the EnviroTox database (HESI, 2020). If a substance
satisfies any above-mentioned criterion it is considered “T”. When the
criteria are not met, a Cramer Class assessment was performed using
QSAR Toolbox (Arp and Hale, 2019), with Cramer Class III being
considered "Potential T". In case a Cramer Class III did not occur, the
substance was assumed to be "not T".

2.2.4. PMT/vPvM assessment
The final categories were as follows: 1) vPvM – both vP and vM criteria

were fulfilled; 2) PMT – the P, M and T criteria were fulfilled (a substance
can be both PMT and vPvM); 3) Potential PMT/vPvM++ – the Potential
P/vP++ category was fulfilled along with either vM or both M and T
(here "++" indicates there is a high likelihood criteria are met based on
weight-of-evidence, even thoughdefinitive experimental data are lack-
ing). Alternatively, the P or vP and were fulfilled along with Potential M/
vM and T; 4) Potential PMT/vPvM – the Potential P/vP criteria were
fulfilled along with either M/vM, or Potential M/vM and/or T; 5) PM – a
combination of either PM, vPM or PvM was concluded for a "not T" or
"Potential T" substance; 6) Not PMT/vPvM – either "not P" or "not M" was
fulfilled; 7) No conclusions possible – data was either missing (e.g. chemical
structures) or too uncertain to make conclusions.

3. Results and discussion

3.1. Availability of data

Detailed information of the 432 PPCPs monitored for in Chinese
surface water studies are provided in Table S3. It was only possible to
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make definitive "not P", P and vP conclusions for 68 substances, due to the
lack of experimental half-lives. Persistence evaluations were mainly
assessed based on weight-of-evidence categories. Persistency being a data
bottle neck is typically observed for such screening studies (Arp et al.,
2017; Strempel et al., 2012). For mobility, by contrast, conclusions of "not
M", M, and vM could be made for 334 substances. For toxicity, there were
144 definitive T and "not T" conclusions (Table S2). Therefore, amongst
the 432 substances, for only 84 could definitive conclusions be made, with
categories being vPvM & PMT (3 substances), PMT (6 substances), PM (3
substances) and not PMT (72 substances). For 343 substances a weight-of-
evidence conclusion of either "Potential PMT/vPvM" and "Potential PMT/
vPvM++" assessments were made, for 203 substances and 140
substances, respectively. "No conclusions possible" occurred for 5
substances, due to a lack of structural information.

3.2. Occurrence of PMT/vPvM substances in surface water

Among the 432 PPCPs, 138 were detected in surface water (Table S4).
The distribution of PMT categories amongst them is presented in Fig. 1a.
Specifically, 3 surface water PPCPs (2.2 %) were assessed as “PMT”, 49
(35.5 %) were assessed as “potential PMT/vPvM++”, 1 as “PM”, and 65
(47.1 %) as “Potential PMT/vPvM”s. Only 19 (13.8 %) of the PPCPs were
identified as “not PMT/vPvM”, with 12 having experimentally deter-
mined short half-lives or deemed ready/inherently biodegradable, and
the other 7 not meeting the “M” criteria. The three substances that

definitively met the PMT criteria are carbamazepine, diazepam,
amantadine (Table S4).

3.2.1. Surface water concentrations
Concentration data of the identified PMT and potential PMT/vPvM+

+ substances in surface water were obtained from different studies and
are summarized in Table S5. The number of monitoring data points where
these substances were detected ranged from 1 to 84, depending on the
substance (see Table S6). This was due in part to the different analytes and
methods used across the different studies. Based on the monitoring data,
the median concentrations of the most abundant PMT and potential PMT/
vPvM++ substances were ranked and plotted in Fig. 1b. Among these
substances the median concentrations ranged from 1 ng/L to 100 ng/L.
The three most abundant ones based on the median concentrations were
triclosan, florfenicol and erythromycin.

3.2.2. Types of PPCPs in surface water
Over 59.6 % of the PMT and Potential PMT/vPvM++ substances

detected in Chinese surface water were antibiotic compounds (Fig. 2a). It
has been previously reported that antibiotic substances were able to break
through Chinese waste water treatment processes (Ben et al., 2020), in
addition to them being increasingly synthesized and consumed in China
in the last decade (Liu et al., 2020; Zhang et al., 2015). According to a
nation-wide monitoring study of PPCPs in surface water in China, about
75 % of the detected pharmaceuticals were antibiotics (Bu et al., 2013).

Fig. 1. PMT/vPvM assessment of PPCPs detected in Chinese surface water (panel a) and box plot of the median concentration for the most abundant PMT and potential
PMT/vPvM++ substances (panel b).
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Moreover, fluoroquinolone-antibiotics and sulfonamide-antibiotics con-
tributed 32.3 % and 22.6 % of the detected substances meeting the PMT/
Potential PMT/vPvM++ criteria, respectively. According to our
literature study, sulfonamides are one of the most frequently detected
PPCPs in Chinese surface water, with 88 % of the studies having detected
them.

3.2.3. Spatial distribution
The monitoring studies have mainly been conducted in Yangtze River

Basin, Pearl River Basin and Haihe River Basin. The three river basins are

the most populated and industrialized areas in China, and they are
impacted heavily by domestic wastewaters. This could be the main reason
for the occurrence of more prioritized substances detected in these three
river basins (Fig. 2). For instance, over 30 PMT and potential PMT/vPvM
++ substances were found in Yangtze river basin and Haihe river basin.
The fact that less PMT and potential PMT/vPvM++ substances were
identified in other river basins also could be due to insufficient monitoring
data, as indicated by the number of studies in Fig. 2b. Erythromycin,
norfloxacin, ofloxacin, oxytetracycline, roxithromycin, sulfamethazine,
sulfamethoxazole, tetracycline, were found in all the eight river basins

Fig. 2. Use type of the 52 detected PMT/vPvM PPCPs in surface water (panel a) and their distribution in Chinese surface water basins. along with the number of the studies
per basin (panel b).

Fig. 3. PMT/vPvM assessment of PPCPs detected in drinking water and groundwater in China (panel a), and the concentration of the most abundant PPCP-PMT/vPvM
substances detected in groundwater (panel b) and drinking water (panel c).
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(see table S7), indicating extensive consumption of these substances in
China.

3.3. Occurrence of PMT/vPvM substances in groundwater and drinking water

In total 106 PPCPs were detected in the drinking water and
groundwater monitoring studies, 75 of which were also detected in the
surface water studies, and 31 were not detected in the surface water
studies. The reason for the 31 substances in drinking water and
groundwater not being detected in surface water is attributed to the
varying target substances included and limits of detection across the
monitoring studies. As presented in Fig. 3a, 47 substances were identified
as the PMT and potential PMT/ vPvM++ accounting for over 44.3 % of
the detected PPCPs. This fraction is higher than that obtained for the
surface water (i.e. 37.7 %) as shown in Fig. 1a. Only one substance
detected in drinking water/groundwater had a measured half-life (
carbamazepine, see Table S8). Fig. 3 b and c present the PMT and
potential PMT/vPvM++ substances that are detected in groundwater
and/or drinking water, and that they were, again, dominated by
antibiotic compounds.

A similarly conducted assessment of 3859 REACH industrial
substances with an organic substituent (and European volumes of
greater than 10 tonnes per year) concluded that 58 % were not PMT/
vPvM, 19 % were "Potential PMT/vPvM", 14 % had no conclusion
possible, and only 4% either met or were strongly suspected to meet the
PM, PMT, and/or vPvM criteria. The much larger fraction of PPCPs
meeting or suspected to meet the PMT/vPvM criteria in this study could
be due to PPCPs in general being more persistent and mobile than
industrial substances. One hypothesis that could account for this is that a
combination of long product shelf lives and rapid depuration rates could
be attractive properties for the design of many PPCPs, and these
properties could, respectively, be correlated with environmental
persistency and mobility. It would be of interest to pursue this hypothesis
in follow-up studies. Similarly, it would be of interest to investigate if
PPCPs tend to be more persistent and mobile than other commercial or
regulatory groups of chemicals.

The corresponding median concentration of the substances detected
in groundwater and drinking water varied from sub ng/L to 10 ng/L. In
order to exemplify the PMT and potential PMT/vPvM++ detected in
both groundwater and drinking water, the corresponding maximum
mean concentration were presented in Table 1. Over half of these
substances occurred at higher concentrations in groundwater compared
with the detected counterparts in drinking water.

This data supports hypothesis that the percentage of PPCPs detected in
groundwater and drinking water that meet the PMT/vPvM criteria is
somewhat larger than the fraction of substances detected in surface water.
However, the discrepancy in target analytes, locations and detection
limits across the studies questions the statistical robustness of testing this
hypothesis; follow-up studies should pursue this hypothesis using a
consistent analytical approach.

4. Implications

These results indicate that a large portion of PPCPs detected in Chinese
surface water, groundwater and drinking water are or potentially are
PMT/vPvM substances. The identified PMT and potential PMT/vPvM+
+ substances are a concern for drinking water and groundwater quality,
since the concentration of these substances may potentially increase with
increasing emissions (Hale et al., 2020b). Collectively, these results
support the need to adopt a national PMT chemical strategy for the
protection of water resources in China (Jin et al., 2020), which can
include better safeguards for lower use or emissions of PPCPs meeting the
PMT/vPvM criteria, and enhanced water treatment strategies. The study
also emphasizes that there is a need for better half-life (persistency)
characterization of the PPCPs detected in surface water, groundwater,

and drinking water, as well as novel, biodegradable PPCPs, to better
safeguard water resources.
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