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ABSTRACT

Pharmaceuticals and personal care products (PPCPs) in wastewater are key indicators of
chemical pollution and community health, yet most wastewater-based epidemiology (WBE)
studies analyze only the dissolved phase and overlook veterinary contributions. Influent
samples in 9 wastewater treatment plants (WWTPs) from Wuhan, China were collected to
analyze 73 PPCPs in both dissolved phase (DP) and particulate phase (PP). The occurrence,
and spatial-seasonal distribution of PPCPs, and their partitioning were investigated. PPCPs
were ubiquitous in both phases, reaching up to 1.65x10* ng/L (DP) and 2.00x10° ng/g (PP).
Inclusion of the PP substantially affected basic measurement of total wastewater concentrations.
Partitioning was temperature-dependent, and showed correlation with physicochemical
properties in winter and spring. The consumption of human, veterinary and shared
pharmaceuticals were separately estimated using WBE. The population-normalized daily
consumption of individual human pharmaceuticals ranged from 0 to 1.17>10° mg/d/1000
inhabitants. Neglecting the PP of pharmaceuticals leads to consumption estimation errors,
reaching up to 96.6%. Statistical analyses indicated that pharmaceutical consumption varied
with disease prevalence, substitution and contraindication practices, and socioeconomic
indicators. Linear mixed-effects models further suggested that aging, social-service maturity,
population density, per-capita output were associated with consumption variability. The daily
Loads of individual veterinary pharmaceuticals ranged from 0 to 1.53x10% g/d. Strong
correlations with shared-use pharmaceuticals indicated clear animal-derived inputs. Under the
two specific source allocation scenarios, human- and veterinary-use Loads of pharmaceuticals
across 9 WWTPs ranged from 3.52x10° to 3.83x10° g/d and 9.77x10? to 4.26x10° g/d,
respectively. These findings demonstrate the need to include particulate-phase PPCPs and

mixed human-animal sources to improve the accuracy of WBE-based research.
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1. INTRODUCTION

Municipal wastewater contains a variety of contaminants, including pharmaceuticals and

personal care products (PPCPs), which are a class of emerging contaminants (Tran et al., 2018;

Yietal., 2023). PPCPs are not efficiently removed from wastewater treatment plants (WWTPs)

(Boxall et al., 2012; Gerrity et al., 2024), resulting in their continuously release to the

environment through effluent discharge and sludge application (Lei et al., 2018; Chen et al.,

2024). PPCPs can bioaccumulate and may have ecotoxicological effects (Yu et al., 2024; Du et

al., 2025). Beyond their environmental impact, PPCPs also function as chemical indicators of

human activity and health conditions (Choi et al., 2020). Wastewater surveillance has therefore

been widely used to track viral outbreaks such as COVID-19 (Randazzo et al., 2020; Morvan

et al., 2022) and assess illicit drug use (Mao et al., 2021; Shimko et al., 2023). Monitoring

PPCPs in untreated municipal wastewater can thus support both pollution mitigation and public
health assessment.
Wastewater-based epidemiology (WBE) is a powerful tool for monitoring population-

level consumption or exposure to various substances (Thomas et al., 2017). Studies have

demonstrated that WBE offers an objective and timely means to monitor illicit drugs (Kim and

Oh, 2020; Ceolotto et al., 2024a), pharmaceuticals (Ceolotto et al., 2024b), alcohol (Chen et

al., 2019), tobacco (Gao et al., 2020) and artificial sweeteners (Li et al., 2021a; Li et al., 2023).
However, WBE estimations carry inherent uncertainty from variability in excretion rates and

in-sewer transformation, which can bias absolute back-calculated consumption (Holton et al.

2022). Beyond these hard-to-control uncertainties, WBE estimations are also affected by two
more tractable yet potentially influential factors: neglecting the particulate phase (PP) and
failing to account for veterinary sources. Most WBE applications quantify only dissolved-

phase PPCPs in influent wastewater (Bernier-Turpin et al., 2025). Increasing evidence indicates

that the sorption of PPCPs onto suspended particulate matter (SPM) is significant (Lin et al.
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2018; Proctor et al., 2021). Current WBE research often neglects PPCPs in particulate phase
(PP) and rely solely on concentrations of those in dissolved phase (DP) for back-calculation,
which may lead to systematic underestimations of consumption.

More critically, the conventional WBE framework faces inherent limitations in identifying
the sources of pharmaceuticals. Human-veterinary shared pharmaceuticals are often

misattributed to human use because their origins are ambiguous (Beldean-Galea et al., 2025).

Although a few studies have suggested that veterinary usage may interfere with consumption

estimations (Xu et al., 2022), the influence has not been systematically characterized or

quantified.

In this study, influent samples were collected seasonally from nine WWTPs in Wuhan,
China, and the concentrations of PPCPs were analyzed in both DP and PP. This study aims to
(1) characterize PPCP occurrence and spatial-seasonal patterns in both phases, and DP-PP
partitioning, (2) estimate pharmaceutical consumption by using WBE methodology that
incorporates both phases, and (3) evaluate the influence of veterinary inputs on human-

veterinary shared pharmaceuticals.

2. MATERIALS AND METHODS

2.1 Chemicals and materials

A total of 73 PPCPs were analyzed, comprising seven categories of pharmaceuticals and
four categories of personal care products (PCPs). The pharmaceuticals included 44 antibiotics,
3 p-blockers, 4 psychiatric medications, 1 antihypertensive drug, 5 estrogens, 5 non-steroidal
anti-inflammatory drugs (NSAIDs) and 1 hypolipidemic drug. The PCPs included 5
preservatives, 1 antioxidant, 3 biocides and 1 bisphenol. Twenty-eight isotope-labeled internal

standards (IL-ISs) were used for the quantification. Detailed information on all compounds,
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their IL-ISs and other chemical reagents is provided in Supplementary data (SD, Text S1,

Tables S1 and S2).

2.2 Study area and sampling campaign

Wuhan, a typical metropolis in central China, is renowned for its complex socioeconomic

structure and demographic composition (Hu et al., 2023). The nine WWTPs were selected

covering urban (BH, ELM, HJH, LBZ, LWZ, NT, SJT), suburban (BX) and industrial areas
(ZL), and serving an area of 637.2 km?. These WWTPs serve a population of about 7.24 million,

accounting for 52.6% of Wuhan’s permanent residents in 2023 (Wuhan Bureau of Statistics,

2024), and are representative of wastewater sources in typical Chinese metropolitan areas.
(Detailed information of WWTPs are listed in Table S3 and Figure S1).

Sampling was conducted quarterly from July 2023 to April 2024, to represent summer,
autumn, winter and spring. To avoid dilution effects, sampling was scheduled at least one week
after rainfall and only conducted on days without precipitation. Influent samples were grab-
collected downstream of the coarse grid at each WWTP. Samples for PPCP analysis were stored
in amber glass bottles, while those for hydrochemical parameters analysis were stored in PET
plastic bottles. All samples were kept at <4°C and transported immediately to the laboratory.
Prior to sampling, all sampling equipment was pre-cleaned with acetonitrile, methanol and

ultrapure water. and rinsed three times with the sample water before sampling.

2.3 Sample pretreatment and analysis

Sample pretreatment for PPCP analysis followed optimized procedures based on previous

studies (Gago-Ferrero et al., 2015; Chen et al., 2016; Song et al., 2017). DP samples were

subjected to solid-phase extraction (SPE) for enrichment and purification. PP samples were
ultrasonically extracted and followed by SPE procedure. Detailed pretreatment procedures for

both phases are provided in Text S1.



124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

PPCPs were analyzed using an ultra-high performance chromatography tandem-mass
spectrometer (UPLC-MS/MS, Vanquish Flex-TSQ Altis Plus, Thermo Fisher Scientific, USA)
equipped with an electrospray ionization (ESI) source. PPCPs were separated using a XBridge
BEH C18 column (2.5 pm, 2.1 mm X 100 mm, Waters). The analytical procedures were

developed based on the previous reported methods (Zhou et al., 2012; Chen et al., 2016; Duan

et al., 2022) with further optimization performed. The details of instrumental methods and
parameters are given in Text S2 and Table S4. Quality assurance and quality control (QA/QC)
included solvent and procedure blanks, field duplicates, isotopically labelled-internal standards
(IL-ISs) and a mixed QC standard (100 ng/L). Detailed information on the QA/QC procedures
is given in Text S3 and Table S5.

For hydrochemical parameters, ammonia nitrogen (NH4-N) concentrations were
measured on-site by using a portable spectrophotometer (DR1900, Hach, USA). Chemical
oxygen demand (COD) was measured using a spectrophotometer (DR 2800, Hach, USA)
according to the manufacturer’s instructions, and total phosphorus (TP) was measured using a
spectrophotometer following the Chinese National Standard GB 11893-89 (Ministry of

Ecology and Environment of the People's Republic of China, 1989).

2.4 Data processing

2.4.1 Partitioning coefficient estimation

The partitioning coefficient (K4, kg/L) was used to quantify PPCP partitioning between

both phases and was calculated by Equation (1):

C
K; = =2 %1000 (1)
Cpp

where Cpp (ng/g) and Cpp (ng/L) are the measured PPCP concentrations in PP and DP samples,

respectively. The Kq values were calculated only when both concentrations (DP and PP)
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exceeded the method detection limits (MDLs, see Table S5). Analytes were excluded when
<20% of the sampling sites showed matching detections in both DP and PP samples.

Physicochemical properties of PPCPs were used to explore factors influencing
partitioning. Specifically, the physicochemical properties include molecular weight (MW),
octanol-water partition coefficient (Kow), calculated octanol-water partition coefficient (Xlog
P3), acid dissociation constant (pKa), hydrogen bond donor count (HBDC), hydrogen bond
acceptor count (HBAC), rotatable bond count (RBC), topological polar surface area (TPSA),
heavy atom count (HAC), complexity (CPL) and biodegradation half-life days (BHD). Detailed
information of each compound is provided in Table S1.

Fugacity fraction (ff) was used as an indicator of partitioning. The ff'value > 0.5 and < 0.5
indicates that the PPCP is prone to migrate from PP to DP and the PPCP tends to diffuse from

DP to PP, respectively (Mao et al., 2025). Detailed calculation process is provided in Text S4.

2.4.2 Consumption estimation

Population served by each WWTP was estimated using a hydrochemical-parameter model

(Zheng et al., 2019). The served population (P;, inh) of WWTP j was estimated by Equation

(2):

Cy X Q;
my

P =Wy X (2)

where Wu is the weight factor of each hydrochemical parameter U (NH4-N, COD and TP). Cu
(mg/L) is the concentration of U in wastewater. O; (m®/day) is the flow rate of raw wastewater
at WWTP . And mu (g/day/inh) is the daily excretion of U per capita. Wu of NH4-N, COD and
TP were set at 0.53, 0.33 and 0.14, respectively, and mu of NH4-N, COD and TP were set at 6,

43.9 and 0.8 g/day/inh, respectively (Zheng et al., 2019). The calculated results are listed in

Table S6.
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Pharmaceuticals were classified into human, veterinary and human-veterinary shared
categories (Table 1) based on the National Medical Products Administration of China (NMPA)

(NMPA, 2025) and the China Institute of Veterinary Drug Control (China Institute of Veterinary

Drug Control, 2025), which list all pharmaceuticals approved for human and veterinary use in

China. Estradiol (E2) and estriol (E3) although listed in NMPA, were excluded from
consumption analysis because they can be endogenously produced and may not reliably reflect

external usage (Stanczyk, 2024).

Table 1. Classification of pharmaceuticals based on intended use.

Category Name of pharmaceuticals

Sarafloxacin (SCM), Lomefloxacin (LFX), Fleroxacin (FLX),
Antibiotic Pefloxacin (PFX), Clarithromycin (CLM), Azithromycin (ATM),
Roxithromycin (RTM), Chloramphenicol (CAP)

f-blocker Atenolol (ATE), Propranolol (PRO), Metoprolol (MTP)
Human Psychiatric Fluoxetine (FLU), Paroxetine (PAX), Carbamazepine (CBZ),
pharmaceutical medication Venlafaxine (VEN)
Estrogen Ethinyl estradiol (EE2)
NSAID Fenoprofen (FEP), Ibuprofen (IBP)
Hypolipidemic Gemfibrozil (GFB)
drug
Veterina Sulfamerazine (SMR), Sulfathiazole (STZ), Enrofloxacin (EFX),
harmace Igcal Antibiotic Marbofloxacin (MFX), Chlortetracycline (CTC), Tylosin (TLS),
p u Florfenicol (FF), Ormetoprim (OMP), Monensin (MON)
Sulfadiazine (SDZ), Sulfamethazine (SMZ), Sulfamethoxazole (SMX),
Human- Sulfaguanidine (SGN), Sulfameter (SM), Trimethoprim (TMP),
veterina Antibiotic Norfloxacin (NOR), Ciprofloxacin (CIP), Ofloxacin (OFX),
share dry Tetracycline (TTC), Oxytetracycline (OTC), Doxycycline (DOX),
pharmaceutical Erythromycin (ERY), Thiamphenicol (TAP), Lincomycin (LIN)

NSAID Ketoprofen (KEP), Diclofenac (DCF), Naproxen (NAP)

Population-normalized daily consumption (PNDC, mg/day/1000 inh) of human and
human-veterinary shared pharmaceuticals were estimated by Equation (3) using a back-

calculation method (Luo et al., 2024):

Cij X Q;

PNDCy; = i

(3)
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where Ci; (ng/L) is the observed concentration of PPCP i in the influent from WWTP . CFi is
the excretion rate of human pharmaceutical i, and the CF data is provided in Table S7.
The daily loads of veterinary pharmaceuticals (Load, g/day) were estimated by using the

following Equation (4) (Luo et al., 2024):

Ck,j X Q]

1000 X CF, @)

Loady ; =

where Ck,; (ng/L) is the observed concentration of veterinary pharmaceutical kK in WWTP j. CFi
is the excretion rate of veterinary pharmaceutical k, which is provided in Table S7. We used
published excretion rates for back calculation. However, uncertainty of excretion rates and
potential in-sewer transformation may introduce additional errors in PNDC.

Socioeconomic indicators, including indicators of economic structure, healthcare resource
and population demographic (Table S8), were obtained from the Wuhan Statistical Yearbook

2024 (WStatistics, 2024). To evaluate source contributions for human-veterinary shared

pharmaceuticals, two extreme attribution scenarios were constructed: (1) Human-dominant
scenario, assuming 100% of the load originated from human use, and (2) Minimal-human
contribution scenario, assuming the maximum contribution from veterinary sources. The
specific results of source allocation for veterinary inputs under two scenarios are discussed and
presented in Section 3.4.

Unless otherwise specified, the concentrations of target compounds in PP samples are
expressed on a dry weight (dw) basis (ng/g) when discussing their occurrence. For PNDC and
Load calculations, PPCP concentrations are expressed as total concentrations per unit water

volume (ng/L), obtained by combining the DP and PP concentrations.

2.5 Statistical analysis

Statistical analyses were conducted in IBM SPSS Statistics 29 with a significance

threshold of 0.05. Data normality was assessed prior to hypothesis testing. The independent-
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sample —test, Wilcoxon rank sum test, Kruskal-Wallis (K—H) test and Mann—Whitney (M—W)
test was used to evaluate group differences. Spearman correlation analysis was applied to assess
associations among concentrations, Ka values, PNDCs, Loads, environmental parameters and
socioeconomic indicators. Hierarchical cluster analysis was performed to group WWTPs based
on PPCP concentration profiles. Linear mixed-effects models (LMMs) implemented by R using
“Ime4” package, were used to capture the complex associations between socioeconomic
indicators and pharmaceutical consumption while accounting for seasonal effects. Figures were
generated using Origin 2023. Concentrations below MDLs were treated as zero for statistical

purposes.

3. RESULTS AND DISCUSSION

3.1 Occurrence of PPCPs in influent from WWTPs

3.1.1 Concentrations of PPCPs

The PPCPs were widely detected in the municipal influent. Seventy of 73 targeted PPCPs
were detected at least once in the influent samples (Table S9), except for sarafloxacin (SFX),
danofloxacin (DAX) and difloxacin (DIX). In DP samples, three were absent, while 32
exhibited a 100% detection rate (Table S9). In PP samples, five compounds were not detected,
and 16 showed a 100% detection rate (Table S9). The high detection rates confirmed the
widespread occurrence of PPCPs in influent from WWTPs in Wuhan.

Total PPCP concentrations in DP samples ranged from 656 to 1.65x10* ng/L (Table S9).

Five categories of PPCPs exhibited average concentrations exceeding 50 ng/L (Figures 1 and
S2), including bisphenols (350 ng/L), NSAIDs (144 ng/L), preservatives (91.6 ng/L),
antibiotics (79.3 ng/L) and S-blockers (68.0 ng/L). Among them, the average concentrations of

RTM (1.32x10° ng/L) and CLM (1.21x10% ng/L) were significantly higher than those of other

target compounds (z—test, p < 0.01) (Table S9), and both compounds are macrolide antibiotics.

11
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The elevated concentrations of these compounds in municipal wastewater reflect their high

usage in Wuhan, consistent with findings from other regions in China (Li et al., 2022; Xu et al.,

2022). Total concentrations of PPCPs in PP samples ranged from 3.06x10% to 2.00x10° ng/g

(Table S9). Five categories of PPCPs exhibited average concentrations exceeding 50.0 ng/g
(Figures 1 and S2), including antibiotics (7.69x103 ng/g), biocides (395 ng/g), bisphenols (91.3

ng/g), antihypertensive drugs (66.5 ng/g) and NSAIDs (51.7 ng/g).
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Figure 1. Concentrations of dissolved-phase (DP) and particulate-phase (PP) PPCPs from influent of

WWTPs (left Y axis) and distribution coefficients (Kq4) of different categories of PPCPs (right Y axis).

3.1.2 Spatial and seasonal variation of PPCPs

Seasonal average concentrations of total PPCPs in DP and PP samples ranged from 4.52
ng/L (ZL) to 6.91x10° ng/L (ELM) and from 5.70x10* ng/g (ZL) to 6.05x10° ng/g (SJT),
respectively. Antibiotics were the dominant group of PPCPs, which accounted for 54.9% (BH)

to 83.0% (ZL) of total PPCPs in DP samples and more than 98.9% in PP samples at all WWTPs.
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Hierarchical cluster analysis of PPCP categories (Figure S3) showed that influent for WWTP
ZL was distinct from those of the other eight WWTPs in both DP and PP samples. This
difference is likely because pretreated industrial wastewater contributed ca. 40% supply of
influent for WWTP ZL, which typically contains lower PPCP concentrations than those in
domestic wastewater, leading to the dilution effect, lower overall concentrations and a distinct
PPCP profile. Differences between DP- and PP-based clustering may also reflect phase-specific
partitioning controls, including pH, dissolved organic matter and organic carbon content (Xu

et al., 2014; Cheng et al., 2016; Aolin et al., 2024). These factors affect the partitioning of

PPCPs between phases, leading to differences in composition observed across the two sample
types.

In DP samples, all PPCP categories except bisphenols exhibited significantly higher
concentrations (K—H test, p < 0.05) in cold seasons (winter and spring) than in warm seasons
(summer and autumn) (Figure S4). This trend aligns with findings from other studies

conducted in China (Sun et al., 2014; Wang et al., 2024), suggesting that seasonal variations in

the consumption of pharmaceuticals. During colder seasons, increased incidences of infectious

diseases such as influenza have been reported in cities including Beijing (Ma et al., 2017),

Suzhou (Luo et al., 2024), and Nantong and Huzhou (Xu et al., 2022), which lead to higher

usage of antibiotics and anti-inflammatory drugs. In addition to usage patterns, dilution,

temperature and biodegradation may also influence the seasonal variability of PPCP

concentrations. According to Sun et al. (2014) increased domestic water use and higher rainfall
during summer and autumn may dilute influent, leading to reduced concentrations of PPCPs.

Similarly, Li et al. (2022) observed higher levels of preservatives during cold seasons and

attributed this to enhanced microbial activity during warmer periods, which promotes
biodegradation of PPCPs before they reach WWTPs. Seasonal trends in PP samples differed
markedly from those in DP samples (Figure S4). Antibiotics, NSAIDs, estrogens and

antihypertensive agents showed significantly higher concentrations (K—H test, p < 0.05) in cold

13
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seasons, whereas psychiatric medications and bisphenols were more abundant during warm
seasons. Other PPCP categories did not exhibit significant seasonal variations (K—H test, p >
0.05). The behavior of PPCPs in PP samples is more strongly influenced by their phase
partitioning. Elevated water temperatures during warm seasons may inhibit the transfer of

PPCPs from DP samples to PP samples (Ohoro et al., 2022).

3.1.3 Partitioning of PPCPs in dissolved and particulate phase

Partitioning behavior strongly influenced compositional differences between DP and PP

samples (Chen et al., 2022). Based on the average log K4 values of each compound group,

biocides were identified as the PPCPs most prone (range -0.03 — 7.96, average 2.36) to adsorb
onto particulate matter, whereas antioxidants were the most soluble (range 0.05 —2.27, average
1.25) in the DP (Figures 1 and S2, and Table S9). Specifically, among the 56 PPCPs with
calculated log K4 values, NOR exhibited the highest median (4.00) and average (4.01) log Ka,
while ethylparaben (ETP) showed the lowest (median: 0.06, average: 0.09), indicating their
strong particle affinity and hydrophilicity, respectively (Table S9). Among antibiotics,
tetracyclines (range 2.64 — 4.87, average 3.84), quinolones (range 2.17 — 5.67, average 3.60)
and macrolides (range 0.71 — 7.96, average 2.44) showed strong affinities for particulates
compared to others (sulfonamides: range -0.01 — 4.33, average 1.75; chloramphenicols: range
-0.03 — 2.37, average 1.21) (Table S9). Previous studies suggested that the adsorption of

macrolides to particulate is lower than that of quinolones and tetracyclines (Harrower et al.,

2021), which is consistent with our findings (Table S9). Quinolones interact with particulates

mainly through cation bridging and surface complexation (Zhao et al., 2023). For tetracyclines,
the presence of multiple functional groups (e.g., hydroxyl, dimethylamino, carbonyl and amide)
along with the zwitterionic properties enhances their adsorption onto particulate (Li and Zhang,

2010; Chen et al., 2022). Given the high prevalence and substantial particulate-phase

14
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concentrations of PPCPs, neglecting particulate-bound fractions in WBE analyses will lead to
substantial estimation errors.

The partitioning behavior of PPCPs between the dissolved and particulate phases may be
influenced by both environmental factors and their own physicochemical properties (Martinez-

Alcald et al., 2017). Correlation analysis with environmental factors revealed that temperature

was the most influential variable affecting the partitioning behavior of PPCPs (Figure SS5).
Among the 56 compounds investigated, 28 (50%) showed a significant correlation between log
Ka and temperature (Figure S5). Since influent temperature is closely associated with sampling
season (Table S6), they were grouped by season to explore the relationship between
physicochemical properties and log K4 values.

During warm season, no physicochemical properties were significantly correlated with
log K4, and linear regressions were largely insignificant except for XLogP3 (R* = 0.116, p =
0.022). In contrast, cold season exhibited distinct patterns: three (HBAC, HAC and MW) and
four parameters (HBAC, HAC, CPL and MW) were significantly correlated with log K4 in
winter and spring (p < 0.05), respectively. And seven parameters (HBDC, HBAC, TPSA, HAC,
CPL, MW and pKa) exhibited significant linear relationships with log K4 values during the cold
season (Figure S6).

The ff values (Tables S10 and S11) revealed that PPCPs were in a non-equilibrium state
between PP and DP for most influent samples. In 93.1% of samples, ff values were <0.5,
suggesting that PPCPs were generally diffusing from DP to the PP. A significant difference (p
<0.05, Wilcoxon rank sum test) was observed between cold and warm season, with the average
of cold season closer to 0.5, indicating that PPCPs tended to be closer to PP-DP equilibrium in
the cold season than in the warm season.

Two mechanisms may explain the seasonal differences in PPCP partitioning: (1) Higher
temperatures in summer and autumn enhance degradation processes, reducing the proportion

of compounds in dissolved phase (Ma et al., 2017; Duan et al., 2022). Consistent with this,
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51.2% of compounds exhibited significantly higher (K—H test, p < 0.05) log K4 values in warm
seasons, and another 22.0% showed higher, though nonsignificant (K—H test, p > 0.05) (Table
S9). The lack of a significant correlation (p > 0.05) between log K4 and biodegradation half-
lives suggested that hydrolysis and photolysis may also jointly influence partitioning (Bonnot
et al., 2023). (2) In the cold season, lower temperatures stabilize the physicochemical
conditions of water, making them closer to ideal laboratory states (equilibrium state, as
confirmed by ff values in Tables S10 and S11), thereby allowing the physicochemical
properties of PPCPs to play a more dominant role in controlling their partitioning behavior.
PPCPs were ubiquitous in wastewater influent in both dissolved and particulate phases,
their partitioning was strongly influenced by temperature and compound physicochemical
properties. Thus, PP substantially contributed to PPCP total concentrations and should not be
neglected. This raises a key question: how much does ignoring the particulate phase
underestimate actual pharmaceutical consumption? To address this, we integrated
concentrations from both phases to quantify the particulate-phase contribution and evaluate the
resulting bias, and to further examine how mixed human—veterinary sources of shared-use

pharmaceuticals affect the estimations.

3.2 Human pharmaceutical consumption

3.2.1 Profiles of human pharmaceutical consumption
Average consumption of different pharmaceuticals ranged from 0.22 (FLX) to 2.15x10*

(ATM) mg/d/1000 inh (Figure S7 and Table S12). The PP contribution to the PNDC values of
all pharmaceuticals ranged from 0.2% (EE2) to 82.5% (PFX) (Table S12), with an overall
average contribution of 24.5%. Several pharmaceuticals, including ATM, RTM, FEP, IBP and
CLM exhibited high consumption levels, each exceeding 1,000 mg/d/1000 inh on average.
Macrolide antibiotics (CLM, ATM and RTM) showed significantly (M—W test, p < 0.05)

higher PNDCs, exceeding those of other pharmaceuticals by 3 to 5 orders of magnitude. Their
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high consumption is consistent with national procurement statistics (Yang et al., 2022) and

clinical prescription patterns in China (Zhu et al., 2021). MTP had a markedly higher PNDC

compared to other f-blockers (PRO and ATE). MTP accounted for ~62.2% of p-blocker

prescriptions in China (Yan et al., 2024), while both PRO and ATE represented less than 5%,

corroborating with the consumption result we found. In the category of psychiatric medications,
CBZ, an antiepileptic drug, exhibited a PNDC of 109 mg/d/1000 inh (74.2 mg/d/1000 inh in
DP sample), which was higher than the average of 31.1 mg/d/1000 inh in DP sample reported

by Shao et al. (2023) across 23 Chinese cities. VEN showed the highest PNDC among the

antidepressant prescriptions (VEN, PAR and FLX). Zhao et al. (2024) reported that VEN

accounted for 6.3% of antidepressant prescriptions in Chinese hospitals, higher than PAR
(4.4%) and FLX (0.5%). Interestingly, FLU (average, 5.39 mg/d/1000 inh) consumption in
Wuhan exceeded that of PAR (average, 1.85 mg/d/1000 inh) in our study, which differs from

trends found in another province of China (Lu et al., 2023). This could be attributed to regional

differences in prescribing habits. For instance, FLU is often preferred among female patients

due to its better tolerability and lower risk of weight gain (Martényi et al., 2001; Dell'Osso et

al., 2022), whereas PAR is associated with adverse effects on fertility (Milosavljevi¢ et al.,

2022). The average PNDC of EE2 was 3.14 mg/d/1000 inh (3.13 mg/d/1000 inh in DP sample),
substantially lower than the national average (14,275.44 mg/d/1000 inh in DP sample) reported

in a previous study (He et al., 2024). However, this study also reported lower EE2 consumption

in Central China (lower than other regions in China by about 1 to 3 orders of magnitude), where
Wuhan is located. IBP, a common over-the-counter antipyretic, had an average PNDC of
1.13x10% mg/d/1000 inh (1.12x10* mg/d/1000 inh in DP sample), lower than the peak

consumption during China’s COVID-19 outbreak (above 1.00x10* mg/d/1000 inh in DP

samples in Changchun), but still higher than pre-pandemic levels (below 200 mg/d/1000 inh in

most cities in China) (Yu et al., 2025). This may reflect increased usage following the surge in
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respiratory infections after the relaxation of China’s “zero-COVID” policy in late 2022

(Goldberg et al., 2023). FEP showed an average PNDC of 1.35x103 mg/d/1000 inh (1.16x103

mg/d/1000 inh in DP sample), and this study provides the first WBE-based estimation of its
usage.

Overall, the PNDCs of the seven pharmaceutical categories in this study were generally
consistent with those reported in previous studies. The pharmaceutical consumption patterns
reflected by the back-calculation results using WBE were consistent with their clinical
application patterns, demonstrating the effectiveness of WBE in assessing pharmaceutical
consumption. Nevertheless, the particulate-phase contribution to the total consumption was

substantial and should not be neglected.

3.2.2 Spatial and seasonal variation of human pharmaceutical consumption
Cluster analysis revealed that WWTP ZL exhibited a distinct pharmaceutical consumption
pattern compared with other WWTPs (Figure 2a). This may be primarily attributed to two
factors: (1) the influent from WWTP ZL contains industrial wastewater according to the on-
site survey from the WWTP, and (2) the service population of WWTP ZL is different from
other WWTPs, the ZL service area is mainly inhabited by an agricultural population. Although
the clustering analysis grouped the suburban-WWTP BX with two urban WWTPs, its PNDC

lower than those of other urban plants. This finding aligns with previous studies (Li et al., 2024),

suggesting higher pharmaceutical consumption in urban areas compared to suburban regions
in China, and indicating higher pharmaceutical loads and higher pharmaceutical discharges into
the environment through the urban WWTPs.

The usage of PPCPs is closely intertwined with economic and social factors (He et al.

2024). In this study, we examined correlations between PNDCs and socioeconomic indicators
across the nine WWTPs (Figure S8a). Gender and age structure may contribute to variability

in pharmaceutical consumption. Eight pharmaceuticals (ATM, PRO, MTP, FLU, PAR, VEN,
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EE2 and FEP) showed significant correlations (p < 0.05) with the proportion of females, and
eight pharmaceuticals (ATM, PRO, MTP, PAR, CBZ, VEN, EE2 and FEP) were significantly
correlated (p < 0.05) with the proportion of the elderly population (aged > 60). Economic
structure may also co-vary with consumption patterns. The number of large industrial
enterprises was significantly associated (p < 0.05) with the consumption of ATM, PRO, MTP,
PAR, VEN and FEP, while the proportion of the tertiary sector was significantly related (p <
0.05) to CAP, MTP, VEN and FEP. Although many other pharmaceuticals showed no
statistically significant (p > 0.05) relationships with the four socioeconomic indicators, most
exhibited similar directional trends, with higher consumption associated with greater
proportions of females, elderly residents, tertiary industry presence and hospital capacity within
the service area (Figure S8a). These results revealed that socioeconomic characteristics
influence pharmaceutical-consumption patterns. For example, regions with larger elderly
populations tended to have more chronic-pharmaceutical (PRO and MTP) consumption, and
districts with higher gross domestic product (GDP) exhibited greater usage of hypolipidemic
drug (GFB) (Figure S8a). Many studies have reported similar correlations between

socioeconomic indicators and pharmaceutical consumption (Rousis et al., 2022; Luo et al.,

2024; Anh et al., 2025), but still, such associations may be arisen from similar distribution

patterns just by chance (He et al., 2024). Notably, these Spearman correlations describe service-

aera-level co-variation. Socioeconomic indicators co-vary with each other and with unavailable
factors, so the observed associations may arise from shared spatial or seasonal gradients rather
than direct effects of any single driver. Besides, interpretations of such results/findings should
be approached with caution, as correlations cannot be directly attributed to the existence of

influence or a causal relationship.
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Figure 2. Spatial variation (a) among nine WWTPs and seasonal variation (b) among four seasons of
human pharmaceuticals, the radar charts illustrate the seasonal variation of individual pharmaceuticals
(min-max normalization was performed for each pharmaceutical across four seasons. Thus, 0 and 1
indicate the lowest and highest seasonal levels). Different categories of pharmaceuticals are presented
in different colors in the radar charts: antibiotic (red), f-blocker (yellow), psychiatric medications

(green), and NSAID (blue).
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To strengthen inference beyond pairwise correlations, we fitted linear mixed-effects
models (LMMs) that accounted for repeated seasonal observations within each WWTP and
used principal components analysis (PCA) to reduce multicollinearity among socioeconomic
indicators (Text S5). PCA yielded two principal components (PC). PC1 captures aging and
social service maturity, whereas PC2 reflects a trade-off between agglomeration pressure and
per-capita affluence (Table S13). The LMM results indicated that PC1 dominated the
socioeconomic signal. PC1 showed significant positive associations (p < 0.05) with
consumption for 7 pharmaceuticals (PRO, FLU, PAX, CAP, RTM, LFX, and ATE, Table S14
and Figure S8b), consistent with higher consumption in service areas with older (and more
female) populations and more developed healthcare and social services. By contrast, PC2
explained variation for only a few pharmaceuticals (CLM and ATE, Table S14 and Figure
S8b). Only FEP and ATE showed a significant PC1 x PC2 interaction (Table S14 and Figure
S8b, p < 0.05), indicating that the interaction effects were limited and that the PC1 and PC2
acted largely additively for the remaining compounds. Overall, the LMMs confirmed the
directions suggested by the correlation analysis and provided a more robust, confounder-aware
assessment of socioeconomic drivers.

Seasonal PNDCs of 19 pharmaceuticals were estimated (Figure 2b and Table S15), and
pairwise seasonal comparisons of each compound are presented in Figure S9. Except for MTP,
FEP and GFB, the seasonal variation in the consumption of other pharmaceuticals was
statistically significant (K—H test, p <0.05). Most of them (e.g., SCM, CLM, ATM, RTM, CAP,
PRO, MTP, FLU, VEN, EE2 and IBP) exhibited higher consumption during the cold seasons.
In contrast, LFX, FLX, PFX, ATE, PAX and CBZ showed greater consumption during the
warm seasons.

Seasonal variation in pharmaceutical consumption largely reflected the clinical
indications of individual pharmaceuticals. Acute illness medications showed seasonal peaks

aligned with disease prevalence. Fluoroquinolones, commonly used for gastrointestinal and
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urinary tract infections (Xu et al., 2022), exhibited higher consumption in summer, whereas
antibiotics used for respiratory tract infections, peaked in winter. EE2, used for emergency
contraception and menstrual regulation, also showed higher winter consumption. This aligns

with observations of birth peaks in October-November in China (Zhang et al., 2023),

suggesting that winter contraceptive use may play a critical role in shaping the reproductive
cycle. In contrast, pharmaceuticals used for chronic conditions, such as antidepressants, /-
blockers (ATE, MTP) and hypolipidemic drug (GFB), are typically taken continuously. As a

result, these compounds exhibited limited or no seasonal variation in consumption.

3.2.3 Correlation of consumption among 19 human pharmaceuticals
Correlation analysis of the PNDC of 19 human pharmaceuticals (Figure 3) highlighted
three types of co-variation in pharmaceutical consumption patterns: co-consumption pattern
(positive correlation), inverse consumption pattern (negative correlation) and independent
consumption pattern (no significant correlation). Several factors may explain the positive
correlations. (1) Therapeutic substitution within pharmaceutical classes: For example, LFX and
FLX, both quinolones, showed significantly correlated (p < 0.05) usage patterns, likely due to

synchronized demand during outbreaks (Adriaenssens et al., 2011). Similarly, FLU and VEN,

or PAR and VEN, may be used sequentially when selective serotonin reuptake inhibitors
(SSRIs) are ineffective and serotonin-norepinephrine reuptake inhibitors (SNRIs) are

introduced (Baldomero et al., 2005). (2) Co-prescription for comorbid conditions:

Pharmaceuticals like ATE and LFX or FLX may be co-administered in elderly patients
experiencing both infections and cardiovascular conditions, such as angina triggered by

infections (Corrales-Medina et al., 2010). (3) Combination therapies for side-effect

management: For instance, EE2 may be co-prescribed with ATE to mitigate contraceptive-

related migraines (Endrikat et al., 1997). These patterns did not demonstrate causal links or

individual-level co-prescription.
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Figure 3. Spearman correlation between consumptions of different human pharmaceuticals (statistical

significance was set at p < 0.05).

Negative correlations in pharmaceutical consumptions can arise from the following: (1)
Contraindicated combinations: For example, co-use of quinolones and PRO can increase the

risk of QT interval prolongation (Maideen et al., 2021); CBZ reduces the efficacy of EE2,

increasing contraceptive failure risk (Davis et al., 2011); and co-administration of CBZ with

CLM elevates CBZ plasma levels, potentially causing severe neurotoxicity (Connor and Fris,

1994). (2) Direct pharmacological substitution: Certain pharmaceuticals, such as ATM and
FLX, are typically used as alternatives rather than in combination, where resistance profiles

guide the selection of one over the other (Li et al., 2020).

3.3 Veterinary pharmaceutical consumption

3.3.1 Profiles of veterinary pharmaceutical consumption

Veterinary pharmaceuticals exhibited a clear stratified consumption pattern across the nine
WWTPs (Figure S10): The primary tier (high consumption, >10.0 g/d) included EFX (average

47.6 g/d), MON (average 30.7 g/d), STZ (average 13.3 g/d) and FF (average 10.1 g/d); the
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second tier (medium consumption, between 1.00 and 10.0 g/d) comprised MFX (average 3.33
g/d) and SMR (average 2.39 g/d), while the third tier (low consumption, <1.00 g/d) included
TLS (average 0.25 g/d), OMP (average 0.18 g/d) and CTC (average 0.10 g/d). The PP
contribution to the Load values of veterinary pharmaceuticals ranged from 0% (OMP) to 95.4%
(EFX) (Table S15), with an overall average contribution of 29.8%.

High consumption of EFX and FF is consistent with their broad-spectrum activity and

extensive use in livestock and aquaculture for infection control (Anadon et al., 2008; Lopez-

Cadenas et al., 2013). In contrast, elevated STZ and SMR consumption reflects their high

dosages requirements to achieve effective inhibitory concentration in animals (Fu, 1959).

In this study, MON was used as an indicator to estimate the number of livestock receiving
veterinary pharmaceuticals. MON is primarily used as a growth promoter in ruminants and

requires daily supplementation (Goodrich et al., 1984). Assuming that MON in Wuhan is

exclusively used for promoting beef cattle growth, and based on a standard dosage of 150

mg/head/day (Lin et al., 2000), the estimated number of cattle treated with MON ranges from

0 to 2.46x10% (average: 204), which is substantially lower than the reported 25,332 head of

beef cattle in Wuhan by the end of 2023 (WStatistics, 2024). Two main factors may account

for this discrepancy: (1) Veterinary pharmaceuticals detected in municipal wastewater may not
fully represent total veterinary pharmaceutical usage. These compounds are excreted via both
urine and feces, but feces are often processed through composting or anaerobic digestion for

use as fertilizer or biogas (Hong et al., 2023), while only a portion of the urine enters the

municipal sewer system. (2) The nine WWTPs selected in this study primarily serve urban
districts of Wuhan, where livestock farming is relatively limited.

Despite the aforementioned limitations, the consistent detection of all eight veterinary-
exclusive pharmaceuticals indicates stable veterinary-related inputs to the influent within the

study aera, likely originating from livestock feed additives, on-farm livestock medication and
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veterinary pharmaceutical use in pet treatment (Zhou et al., 2012; Hong et al., 2023). Notably,
EFX, MFX, CTC, TLS and FF are classified as prescription-only veterinary pharmaceuticals.
Given the increasingly stringent regulations in China regarding the sale and use of such

pharmaceuticals (Zhu et al., 2024), their widespread occurrence suggests the potential

existence of intensive livestock operations in the region, with treated effluents from these

facilities being discharged into the municipal wastewater system.

3.3.2 Spatial and seasonal variation of veterinary pharmaceutical
consumption

Spatial distribution of veterinary pharmaceutical usage (Figure 4a) across the service
areas of the nine WWTPs revealed significant regional differences in usage levels (#test, p <
0.05). Notably, the WWTP LWZ exhibited the highest total veterinary pharmaceuticals
consumption, with an average consumption (559 g/d) approximately 1.3 times greater than the
combined usage of the other eight WWTPs (413 g/d). This result is consistent with the findings
of the cluster analysis (Figure 4a). WWTP LWZ is located in Wuhan’s urban core (Figure S1),

where contributions from small-scale or backyard animal farming are limited (Li et al., 2021Db).

This elevated usage likely results from either the presence of large-scale intensive livestock
operations within its service area or the inclusion of the region’s largest agricultural and forestry
university. WWTPs NT (average, 131 g/d), SJT (average, 88.6 g/d) and BH (average, 85.6 g/d)
formed a second usage tier, while the remaining five WWTPs constituted the third tier (10.6
g/d (ZL) to 32.0 g/d (ELM). This result is consistent with the findings of the cluster analysis
(Figure 4a). These second-tier plants are generally located farther from the urban center,
consistent with the spatial development pattern in Wuhan, where primary industry (including

animal husbandry) is more prominent in suburban and rural areas (Li et al., 2021b).
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Figure 4. Spatial variation (a) among nine WWTPs and seasonal variation (b) among four seasons of

veterinary pharmaceuticals’ daily Loads, the radar charts illustrate the seasonal variation of individual

pharmaceuticals (min-max normalization was performed for each pharmaceutical across four seasons.

Thus, 0 and 1 indicate the lowest and highest seasonal levels). Antibiotics are shown in red in the

radar charts.
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Spatial variability was assessed using coefficients of variations (CV) for each veterinary
pharmaceutical (Table S15). SMR and STZ showed relatively low CV values and were
consistently detected across all WWTPs and seasons. Given that veterinary pharmaceutical
inputs from intensive farms typically behave as point sources characterized by strong temporal
and spatial variability, the widespread and stable presence of certain compounds suggests the
existence of additional non-point source inputs. Such inputs may originate from smallholder
farms, where diffuse discharges could enter municipal sewers via surface runoff or other
indirect pathways.

Seasonal variation in the consumption of nine veterinary pharmaceuticals is shown in
Figure 4b and Table S15. Five (SMR, STZ, MFX, TLS and MON) exhibited significant
seasonal differences (K—H test, p < 0.05, Figure S11), while the remaining four showed no
statistically significant variation (K—H test, p > 0.05). Of the five compounds with significant
seasonal trends, four (STZ, SMR, TLS and MON) showed higher consumption during the cold
season compared to the warm season. This pattern is consistent with that observed for human
pharmaceuticals (Section 3.2.2) and is probably driven by the seasonal prevalence of diseases
in livestock, which influences the demand for specific veterinary pharmaceuticals throughout

the year (Du et al., 2022).

3.4 Human-veterinary shared pharmaceutical consumption

Correlation analysis between the 18 shared-use compounds and the 9 veterinary-exclusive
pharmaceuticals (Table 2) showed that 83% of the shared-use compounds were significantly
correlated (p < 0.05) with at least one veterinary pharmaceutical. Notably, SMX, SGN, SM,
OTC, ERY and TAP exhibited significant correlations with more than 55% of the veterinary
pharmaceuticals, suggesting a strong potential influence from animal-derived sources. Given
the high likelihood of veterinary inputs being present in the influent, we assumed two extreme

scenarios representing the minimum and maximum possible veterinary contributions (Section
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2.4). In Scenario 1, the contribution of veterinary source was set as zero. In Scenario 2, based
on the classification already established in Section 3.3.2, where WWTPs were grouped into
high (LWZ), medium (BH, NT and SJT) and low (BX, ELM, HJH, LBZ and ZL) Load
categories, we assigned contribution of 100%, 50% and 20% to these groups, respectively. For
those WWTPs classified as “low” group, we assumed a non-zero contribution (20%, a
relatively high wvalue to ensure maximum veterinary source), because veterinary
pharmaceuticals were detected in their influent. The 100%/50%/20% values used in Scenario
2 are logic-based parameters designed to define minimal-human cases. We informed these
values by the observed tiering of veterinary-exclusive pharmaceutical loads across WWTPs
rather than by livestock census data, which were not available. Accordingly, Scenario 2
provides bounding conditions to assess the potential bias from veterinary input rather than a
definitive quantitative apportionment.

The total Loads of human-veterinary shared pharmaceuticals were calculated separately
under the two scenarios (Figure S12 and Table S16). The PP contribution to the Load values
of the shared pharmaceuticals ranged from 0.0% (TAP) to 96.6% (TTC) (Table S16), with an
overall average contribution of 35.9%. The PNDC values of pharmaceuticals under Scenario 2
were lower than those under Scenario 1. The highest average PNDCs were observed for two
NSAIDs (NAP and KEP, Figure S12). NAP exhibited the highest average PNDC in both

scenarios (Scenario 1, 5.47x10° mg/d/1000 inh; Scenario 2, 3.43x103 mg/d/1000 inh, Table
S16), significantly surpassing all other compounds (z—test, p <0.05). Despite the more stringent
assumptions in Scenario 2, NAP consumption in this study (average 3.43x10° mg/d/1000 inh,
range 0 —9.17x10° mg/day/1000 inh, Table S16) was still higher than the pre-COVID-19 levels

in Guangzhou, China (average 23.4 mg/d/1000 inh, range <MDL — 160.50 mg/day/1000 inh)

(Yan et al., 2021). The consumption of KEP (average 546 mg/day/1000 inh, range 0 — 1.53x103

mg/day/1000 inh, Table S16) in this study was relatively higher than a nationwide survey
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(average 18.53 mg/day/1000 inh, range 0 — 4.39 mg/day/1000 inh) (He et al., 2024). This
discrepancy may be attributed to the increased demand for NASIDs during the COVID-19

pandemic (Ferreira et al., 2023). Additionally, the inclusion of particulate-phase

pharmaceuticals in the WBE calculation has contributed to the elevated consumption
estimation. ERY, a macrolide antibiotic, had the highest PNDC (Scenario 1, 221 mg/d/1000
inh; Scenario 2, 144 mg/d/1000 inh, Table S16) among antibiotics. Previous studies in southern

China reported comparable PNDCs for CLM and ERY (Xu et al., 2022). However, the average

PNDC of CLM in this study was 5 to 8 times higher than that of ERY (Figure S12). This
discrepancy may be attributed to the higher hydrophobicity of CLM (log Kow = 3.18) relative
to ERY (log Kow=2.37, Table S1), which enhances its adsorption to particulate matter. Earlier
WBE studies that quantified antibiotics only in the aqueous phase may therefore have

underestimated CLM consumption due to the omission of particle-bound fractions.

Table 2. Correlation between consumption of 9 veterinary and 18 human-veterinary shared

pharmaceuticals.

Veterinary pharmaceutical Numbers of significantly correlated shared pharmaceuticals®

SMR 10
STZ 6
EFX 8
MFX 1
CTC 2
TLS 12

FF 7
OMP 0
MON 11

a: p <0.05.

The ranking of shared pharmaceuticals by average Loads was consistent with the PNDC-
based ranking under Scenario 1, whereas discrepancies emerged under Scenario 2. This is
reasonable since the PNDC estimation does not account for the contribution of veterinary usage.
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Further, the relative differences of individual pharmaceutical Loads between Scenario 1 and
Scenario 2 were calculated (Table S16). They showed a significant positive correlation (p <
0.05) with the differences of excretion rates between human and animal. These findings
demonstrated that excretion rate variations between human and animal can markedly influence
Load estimation for shared-use pharmaceuticals. When veterinary contributions are neglected,
the misestimation becomes more pronounced for pharmaceuticals with large interspecies
differences in excretion.

Based on these results, we estimated the total average daily pharmaceutical consumption
used for human- and animal-medication across nine WWTPs in Wuhan from July 2023 to April
2024 (Tables S17 and S18). The consumption of 37 pharmaceuticals used for human

medication ranged from 3.52x10° to 3.83x10° g/d, whereas that of 30 pharmaceuticals used for
veterinary medication ranged from 9.77x10% to 4.26x10° g/d. Although the overall magnitude

of veterinary pharmaceutical consumption was substantially lower than that of human
pharmaceuticals, it still exerted a measurable influence on the estimation of human
pharmaceutical Loads. When individual compounds were examined, this influence became
more pronounced. Comparison of the average PNDC values between Scenario 2 and Scenario
1 showed relative differences of 54% to 109% for individual compounds. These results provide
quantitative evidence veterinary inputs can materially affect WBE-based estimations of
pharmaceutical consumption. They also highlight that the importance of accounting for human-

veterinary shared pharmaceuticals to improve the accuracy of consumption assessments.

3.5 Limitations and practical implications for environmental management
We acknowledge that several limitations should be noted. First, excretion rates were

unavailable for several pharmaceuticals, which prevented comprehensive calculation and

interpretation of all target PPCPs. Moreover, excretion rates are not constant in the real world,

their variability can propagate into fluctuations in back-calculated consumption estimations.
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Holding other inputs constant, a +20% change in excretion rates would translate into an
approximately -16.7% to +25% change in the estimated consumption. Second, detailed
livestock population statistics within each WWTP catchment were not available. As a result,
PNDC:s of animals and specific contribution of veterinary sources cannot be calculated in this
study. Future work integrating GIS-based land-use data, land-cover information, field surveys
and high-resolution imagery to quantify livestock production and the scale of animal hospital
within each catchment, may enable more precise identification and quantitative apportionment
of veterinary pharmaceutical sources.

Although the limitations existed, our results indicated that routine influent surveillance
that targets dissolved-phase PPCPs alone may underestimate loads for particle-associated
compounds, particularly for classes with high measured Kd (e.g., tetracyclines and quinolones),
as current regulatory frameworks provide only limited criteria based on the PPCP
concentrations and methodological guidance for PPCPs, particularly for PP-associated PPCPs.
For example, China’s Standard examination methods for drinking water (GB/T 5750-2023)

(National Standardization Administration, 2023) does not include PPCPs as routine indicators,

and organic-contaminant testing generally targets the dissolved fraction/phase of analytes. In

the EU, the Urban Wastewater Treatment Directive (EU 2024/3019) (EU, 2024) introduces

management/monitoring requirements for selected micropollutants, but it does not provide
explicit analytical guidance or concentration-based criteria for micropollutants in the
particulate phase. Based on our findings, we can now propose a more reliable monitoring
guidance: WWTP monitoring programs should adopt both DP and PP sampling, particularly
for compounds with high Kow or high site-specific Kd4. These additions strengthen the
translational value of our study and underscore the practical need to incorporate PP-associated

PPCPs into routine monitoring.
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4. CONCLUSIONS

This study demonstrated that PPCPs were widely present in both dissolved and particulate
phases in the influent of WWTPs, with partitioning behavior closely related to environmental
temperature and the physicochemical properties of individual compounds. Incorporating
particulate-associated fractions is therefore essential for reducing substantial bias in WBE
back-calculated consumption estimations, especially for compounds with high K4 or Kow.
Human pharmaceutical consumption showed clear regional and seasonal variations driven by
disease prevalence and socioeconomic factors, whereas veterinary pharmaceuticals was linked
to intensive livestock farming in specific regions. Strong correlations between veterinary-
exclusive and shared-use pharmaceuticals confirmed measurable animal-derived inputs. The
daily Loads of human- and animal-medication were estimated under two extreme scenarios
representing the minimum and maximum contribution from veterinary sources. The
incorporation of veterinary sources exerted a non-negligible influence on Load estimations,
with particularly pronounced effects for shared pharmaceuticals that exhibit differing excretion
rates across human and animal. These findings highlight the need to explicitly account for
particulate phase contributions and veterinary inputs to improve the accuracy and robustness
of WBE applications in urban systems. The results further emphasize that for pharmaceuticals
with large differences in excretion rates between humans and animals, unclear source

apportionment could introduce substantial bias into WBE-based research.
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