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In-sewer stability of illicit drug biomarkers has been evaluated by several reactor-
based studies but less has been done in sewer pipes. Experiments conducted in sewer
pipes have advantages over lab-scale reactors in providing more realistic biomarker
stability due to the flow and biological dynamics. This study assessed the
transportation and transformation of seven illicit drug biomarker compounds in a
pilot-scale rising main and a gravity sewer pipe. Biomarkers presented diverse stability
patterns in the pilot sewers, based on which a drug transformation model was
calibrated. This model was subsequently validated using transformation datasets from
literature, aiming to demonstrate the predictability of the pilot-based transformation
coefficients under varying sewer conditions. Furthermore, transformation coefficients for
five investigated biomarkers were generated from four studies and their prediction
capabilities under the pilot sewer conditions were jointly assessed using performance
statistics. The transformation model was successful in simulating the in-sewer stability
for most illicit drugs. However, further study is required to delineate the sources and
pathways for those compounds with potential formations to be simulated in the
transformation model. Overall, the transformation model calibrated using the pilot-

sewer data is a credible tool for the application of wastewater-based epidemiology.

INTRODUCTION

Wastewater-based epidemiology (WBE) has been developed rapidly over the last
decade in a bid to achieve objective and timely assessment of community health and

consumption behaviours via analysing trace levels of substances (termed as
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biomarkers) in wastewater, including illicit drugs, pharmaceuticals and new
psychoactive substances.! Back-estimating the catchment-wide usage of illicit drugs
is an emerging area of WBE, which is demonstrated to be a useful complementary
tool to conventional drug monitoring approaches.?> In order to improve the
accuracy of back-estimation, researches have been widely conducted to address the
uncertainties associated with sampling method and chemical analysis,>? while a
comprehensive understanding of biomarkers stability in real sewers is still ongoing.1°-
17 Biomarkers are subjected to physiochemical and biological processes during their
transport in rising main and gravity sewer pipes, where the hydraulic retention time
(HRT) may last for hours.’® Neglecting the biomarkers transformation (e.g., the
degradation or formation in sewers) will lead to an under- or over-estimation of drug
consumption in a catchment.# 10.12.13,15 19 This uncertainty varies depending on the
stability of biomarkers and the characteristics of sewer systems such as HRT
distributions, which was suggested to be negligible for the stable biomarkers? but
significantly increased for the unstable biomarkers with >40% median mass losses in

the catchments.1>

Depending on the different experimental scales and conditions utilized, research on
biomarker stability can be divided into four categories: 1) in-water study using
clean/sterile bottles or other containers where abiotic processes such as chemical
hydrolysis occur in water;1# 20.21 2) in-wastewater study that is conducted in raw

wastewater where suspended biomass and certain microbial activities contribute to
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the transformation process;!? % 21-2> 3) sewer reactor study employing lab reactors
with intact/suspended biofilms or activated sludge to mimic the biologically active
sewer environments;10-12.14.16.19 4) real sewer pipe study using the sewer pipes with

the same (or similar) size and operational conditions as the real sewer networks.1% >

17, 26, 27

Among the real sewer pipe studies, two of them assessed the change of biomarkers
using 24-h composite samples, however, with limited understanding of the
concurrent in-pipe hydraulics or biological activities.!> 2 Two other studies spiked
biomarkers in a real rising main pipe and evaluated their variations from the pipe
upstream to a downstream sampling point, coupled with the measurements of flow
dynamics and biological activities in the pipe. However, due to the poor accessibility
of real sewer pipes and the narrow HRT windows, the obtained data points were
insufficient for kinetics evaluation.1% 27 In comparison to the inherent limitations of
static lab-reactors and complex real sewers?8, a pilot-scale sewer can be more
beneficial for the study of biomarker stability in sewer pipes by providing multiple
sampling points, online monitoring, controllable flow, and other environmental
factors. This has been demonstrated in a recent real sewer pipe study investigating

the fate of pharmaceutical biomarkers.t’

The temporal transformation data obtained in pilot-scale sewers can be very valuable
for the modelling of biomarker stability. Transformation modelling is a useful

approach with which to utilize information on biomarker stability in the application
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of WBE in reality. So far, three sewer reactor studies investigated the transformation
modelling of illicit drugs,'® 1416 but only one study validated the estimated
transformation coefficients in a real rising main pipe.l° It is thus imperative to
calibrate the illicit drug transformation model using dynamic data from sewer pipes
(e.g. pilot-scale sewers) instead of lab reactors. More importantly, the transformation
coefficients derived from different studies need to be systematically evaluated for

their transferability across diverse sewer conditions.

The first objective of this study is to measure and model the stability of illicit drug
biomarkers in the pilot-scale sewer pipes. Experiments were conducted in a pilot-
scale sewer system, including a rising main pipe and a gravity sewer pipe with online
monitoring and control system. A drug transformation model was calibrated with the
pilot-sewer data and was subsequently validated using literature data under varying
sewer conditions. The second objective is to systematically evaluate the
transformation coefficients generated by previous studies, through the comparison
of the prediction capabilities using performance statistics. Collectively speaking, this
work intends to advance WBE through not only providing valuable data on illicit drug
transformation in sewer pipes, but also enhancing the generalizability and

applicability of the transformation model to the application of WBE.

MATERIALS AND METHODS

Compounds for Investigation

ACS Paragon Plus Environment
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This study investigated the parent compounds of major illicit drug biomarkers by
spiking them into the pilot-scale sewer pipes, including cocaine (COC), ketamine
(KET), 3,4-methylenedioxymethamphetamine (MDMA), morphine (MOR), and
methadone (MTD). According to the analysis results of wastewater samples at the
experiment site, the spiking concentrations (2.5-8 ppb) for most biomarkers were
higher than their native residues in raw wastewater (<0.5 ppb). The native
methamphetamine (METH) was investigated without being spiked because of its
relatively high background concentrations (around 1 ppb). The native
benzoylecgonine (BE) was evaluated as a specific metabolite of COC without being
spiked. Other metabolites of the parent compounds were not spiked in separate
tests. The flow tracer rhodamine was added into the spiking mixture solution.
Rhodamine signal was measured by a portable Cyclops®-7 Submersible Rhodamine

Sensor coupled with a Cyclops® Explorer.

Tests in the pilot-scale sewer system

Experiments were conducted in a pilot sewer system located at the Luggage Point
Wastewater Treatment Plant, Queensland, Australia. This study employed two 300-m
long sewer pipes, one rising main and one gravity pipe, on a controllable platform
equipped with programmable logic controller, pumps, meters, sensors, etc.l”.2? The
experimental procedures in this study were the same as reported previously.!” The
layout and parameters of the sewer system are illustrated in Supplementary

Information S1.1.

ACS Paragon Plus Environment



121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

Environmental Science & Technology Page 8 of 39

The Rising main pipe is completely filled with wastewater and anaerobic biofilm
were cultivates on the pipe’s inner surface with a thickness of 1~2 mm.?° The internal
diameter is 100 mm, leading to a biofilm-area-to-wastewater-volume (A/V) ratio of
40 mL. This rising main pipe is constructed to spiral up from the ground layer (inlet)
to the top layer (outlet) and wastewater is driven by pumping events in a plug-flow
regime. As shown in Figure S1.1, eight sampling ports are distributed along the
sewer pipe, i.e. at 0, 15, 45, 75, 105, 135, 195, and 240 m from the inlet for port #1 to

#8, respectively.

Triplicate batch tests were carried out over 3 consecutive days (Day 1, 2 and 3) in the
rising main. To achieve a typical hydraulic condition, the main pump was turned on
for 1 min every hour with a flow rate of 236 L min-1, producing a wastewater slug of
30 m and an intermittent shear stress of 0.6 N m-2 in the pipe. With the first pumping
event of each test, a mixture solution of biomarkers and rhodamine was spiked into
influent using an external peristaltic pump, resulting in the first and the only spiked
wastewater slug at time 0O (ty). This spiked wastewater slug was pushed 30 m
downstream by the subsequent non-spiked wastewater slugs at every following
pumping event and arrived at the final sampling port after 7 h of HRT in the pipe.
Through matching the length of every wastewater slug with the distance between
two sampling ports (i.e. 30 m), the central area of this spiked slug could be captured
at #1 to #8 sampling ports in sequence after each hourly pumping event. Meanwhile,

during every 1-h pump-off period, samples of the spiked wastewater were collected
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at 15 min intervals through the sampling port where the spiked slug was located.
Concurrently with the transportation of the spiked wastewater slug, a rhodamine
sensor was connected to #1 to #8 sampling ports for the monitoring of the

rhodamine concentration.

The Gravity sewer pipe comprises both water and air phases, between which gas
transfer leads to 1~4 mg L dissolved oxygen in the bulk liquid phase. A removable
section of pipe showed the prevailing existence of sediments at the bottom. This
gravity sewer pipe has an internal diameter of 225 mm and is constructed to spiral
down from the top layer (inlet) to the ground layer (outlet) with a slope of 0.56%,
where wastewater flow is driven by gravitation. The traveling time of wastewater
from the pipe inlet to the outlet ranged around 8~10 min. Moreover, this pilot
gravity sewer pipe has the unique capability of allowing recirculation. Under the
recirculation mode, wastewater effluent at the pipe outlet is collected in a
recirculation tank and re-directed to the feeding tank by a recirculation pump. The
recirculation mode enables wastewater to flow in the gravity sewer pipe as long as
required. The average flow velocity was 0.38 m s%; the in-pipe water depth was
around 5 cm; and the average A/V ratio was approximately 27.5 m! (S1.2 and Figure
S1.2). The average shear stress under this flow condition was 0.5 N m-2. A sampling
port is installed near the outlet, allowing access to wastewater in the pipe (Figure

S1.1).

ACS Paragon Plus Environment
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Triplicate tests were conducted over 3 consecutive days (Day 4, 5 and 6) in the
gravity sewer pipe under recirculation mode. At the beginning of each test, a mixture
solution of biomarkers and rhodamine was directly spiked into the pipe and
continuously mixed with the flowing wastewater. Meanwhile, a rhodamine sensor
was connected to the sampling port for online readings during experimental periods.
As shown in preliminary tests, the spiked rhodamine presented 2~3 signal peaks over
the first few cycles of recirculation and then a sufficiently mixed stage appeared at
1.5 h after the spiking event as indicated by the consistent signal intensity. Therefore,
for experiments in the recirculating gravity sewer, t, of the non-spiked biomarker
commenced at the beginning of each test. However, t, of the spiked biomarkers was
defined when a homogeneously mixed status was reached, in order to minimize the
uncertainty of mixing on the evaluation of the spiked biomarkers stability. The HRTs
of the recirculating wastewater in the gravity sewer pipe were 3~4 h, during which

wastewater samples were collected at 15 min intervals.

The collected samples were pretreated on site for the analyses of biomarkers and
wastewater parameters, including sulfur species, dissolved methane, volatile fatty
acids (VFAs), soluble chemical oxygen demand (SCOD), total and volatile suspended
solids (TSS and VSS) (for sample pre-treatment and analytical methods see S2).
Temperature and pH of samples were measured on site using a portable

pH/temperature meter (TPS Aqua-pH pH/Temp meter).

Calibration of Drug Transformation Model

ACS Paragon Plus Environment



Page 11 of 39

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

Environmental Science & Technology

As widely applied in previous studies,0 14 30-32 3 first-order kinetics is adopted for

illicit drug transformation model in this work (eq 1):

ct=co.e_("w”“’“"é)'t M

C is biomarker concentration (ug L) at time ¢ (h) and Cj is the initial concentration
(ug LY. ky (h71) represents the processes in the bulk liquid wastewater, mainly
chemical hydrolysis assuming that the sorption to suspended solids or biofilm is
limited for investigated biomarkers® 14 16.33 and the biological activity of suspended
solids is negligible compared to the sewer biofilms or sediments.3*-3¢ It is further
postulated that k., remains the same under aerobic and anaerobic conditions,
according to the findings of McCall et al.?# and Ramin et al.1® (about the minor
impact of redox condition on abiotic transformation rates). kj;, (m h1) includes kj;yq
and kj;an representing the biofilm effect under aerobic and anaerobic condition
with the normalization of A/V ratio, respectively. The effects of mass transfer
limitation on kj;, is considered to be negligible for illicit drug compounds under the
experimental conditions as discussed in S1.2. In conclusion, the overall in-sewer
transformation rate (h'!) depends on k,,, and the kj,;, coupled with a specific A/V
ratio. Consequently, the percentage contributions from wastewater and biofilm
processes to the overall transformation of a biomarker are quantified by the ratio of

. A . P :
k. against ky;, - 7. This study assumed that the mature sewer biofilms in the pilot

ACS Paragon Plus Environment
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sewers were under steady state with negligible biomass growth over the course of

experiments.

To calibrate the transformation model, experimental datasets obtained from the pilot
rising main pipe (Day 1 and 2) and the pilot gravity sewer (Day 4 and 5) pipe were
used to estimate kj;oqn and ki respectively, through a Bayesian procedure
described in Li et al.1° The datasets of Day 3 (rising main) and Day 6 (gravity sewer)
were reserved for the subsequent model validation. As shown in a previous field-
scale study,° rhodamine signal was used to normalize the biomarker concentrations
which effectively minimized the potential hydraulic uncertainty during wastewater
transport. Therefore, for the spiked biomarkers in this pilot study, C; is normalized by
the ratio of the initial rhodamine signal against the signal at t. k,,,, is estimated using
the data on biomarkers transformation in the bulk wastewater (Figure S3.1), which is
collected from the experiments using the control sewer reactor without biofilms and
from previous in-wastewater studies.!% 12 The estimation of kj,;, is carried out in R
(Version 3.2) which executes the Bayesian method in OpenBUGS

(http://www.openbugs.net).

Validation of the pilot-based model

In order to evaluate the validity of the transformation coefficients (k values)
estimated by the abovementioned pilot-based model across diverse sewer
environments, experiment datasets obtained from the pilot rising main at Day 3 and

the pilot gravity sewer at Day 6 together with the literature data collected from three

ACS Paragon Plus Environment
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independent sewer reactor studies!® 1416 are used as the observation inputs
representing different testing sewer conditions (datasets in Table S3.2). For each
investigated biomarker, the pilot-based k values are used to generate predictions
(mean with 95% confidence bounds) with the specific A/V ratios of the four studies
(for descriptions of prediction scenarios see Table S3.2). Under each scenario,
rejection probability is determined by counting the percentage of experimental
observations (i.e. the data on biomarker transformation) located outside the
corresponding predictive region. The lower rejection probability reflects the higher

validity of the pilot-based k values.
Performance comparisons of different k-value sets

To date, several lab-scale studies have assessed the in-sewer stability of illicit drug
biomarkers and estimated the transformation coefficients under their specific testing
conditions.10. 14 16 Although these k-value sets demonstrated adequate prediction
performance in the corresponding studies, their predictive abilities have neither been
validated beyond their original testing conditions nor jointly compared under the
realistic sewer conditions. Importantly, measurements of this pilot study are valuable
to model validation, which were obtained from an enlarged pilot-scale system with

typical operations and dynamic hydraulics of real sewer systems.

For this reason, multiple k-value sets (kv"fviv and k})’l.‘f;') are obtained from four different

stability studies, i.e., this pilot study and three sewer reactor studies (defined as

M1~M4 in Table S3.2), and their prediction capabilities are jointly compared under

ACS Paragon Plus Environment
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the conditions of the pilot-scale sewer system. Multiple prediction scenarios (mean
with 95% confidence bounds) under the conditions of the pilot rising main and the
gravity sewer are generated for each investigated biomarker (Table S3.2).
Furthermore, in order to identify the k-value set with the highest agreement of
prediction to the observations, performance statistics are computed for the
predictive scenarios of M1~M4 under each condition, including a stochastic
validation metric (the Bayes factor) and two accuracy measures (Pearson correlation
coefficient r and variance explained by predictive models based on cross-validation

(VEcv)) calculated using RStudio (Version 1.0.143).
1) The Bayes Factor

The Bayes Factor (BF) is a typical model validation metric, which quantitatively
measures the agreement between predictions and measurements together with their
internal uncertainties based on stochastic characteristics.3” As explained by eq 2, the
Bayes Factor quantifies the ratio of the probabilities of observations under null
hypothesis Hy and alternative hypothesis H4, respectively, at each validation site (for

visual illustrations see Figure S3.2):

P(data| Hy) )

BF = P(data | Hy)

where Hy is the null hypothesis representing the better match between the
observations in pilot sewers and the predictions of a calibrated model, e.g. M1; H; is

the alternative hypothesis representing the better match between observations and

ACS Paragon Plus Environment
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the predictions of other competing models, e.g., M2~MA4. For each biomarker under
the pilot gravity sewer or the rising main condition, up to three log(BFs) can be
computed depending on the available k-value sets in literature, i.e., log(BF12),
log(BF13), and log(BF14). At a validation site, log(BF)>0 means Hj is true, indicating
that predictions by the k-value set of M1 is favoured by the observed data. A larger
absolute value of log(BF) suggests the higher preference to the pilot-based M1 when

log(BF)>0, or to the reactor-based M2, M3, or M4 when log(BF)< 0.
2) Accuracy of model predictions

The Pearson correlation coefficient r is widely used to assess model predictions
against observed data via quantifying the strength and direction of a linear
relationship between the two variables (eq 3). When observations x are perfectly
linearly related to model predictions y (i.e., y = Bo + B1x, Bo and B, are coefficients), r

is a suitable indicator of predictive accuracy:*®

X — )i —Y)
r =
\/Z?(xi -’ (yi—¥)°

where n is the number of observations; x; is the observed value i; x is the mean of

the observed values; y; is the predicted value i; y is the mean of the predicted values.

However, when x and y are not well correlated, i.e., when noticeable noise ¢ appears
iny =B+ B1x + & r becomes potentially biased and VEcv (eq 4) is recommended as

the correct measure of predictive accuracy instead:38
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Zrll(xi—}’i)z) %)
VEcv=(1———"—"7) x100(% 4)
Z,(x —x)*

RESULTS AND DISCUSSION
Wastewater Compositions and Biological Activities

The observations of wastewater parameters in this study were the same as reported
in Gao et al.,*” which conducted experiments in the same setup. The sewer
characteristics in the pilot sewer system, in terms of wastewater parameters and
biological activities, are also compared to the literature data. It is found that the
variations of wastewater parameters in the pilot sewers (Figure S1.3) are similar to
those in other sewer studies (Table S1.2).10.39.40 For instance, wastewater pH kept
relatively stable over 8 h in the pilot rising main (6.99+0.11), while pH in the pilot
gravity sewer increased by ~0.25 units during the first 2 h, likely due to the CO, and
H,S stripping. Wastewater temperature remained consistently stable in the pilot
sewers (22.9+0.6 °C). TSS was higher in the pilot gravity sewer (500-800 mg L) than
the pilot rising main (200-410 mg L) due to resuspension of sediments. The interday
deviations of TSS were attributed to the daily variation of real wastewater, while the

intraday changes of TSS were relatively insignificant over the experimental period.

Based on previous studies, sulfate reducing bacteria and methanogenic archaea are
the primary microorganisms responsible for not only the carbon/sulfur

transformation, but also the biomarker stability in biofilms.14 18 4142 In this work,

ACS Paragon Plus Environment
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sulfide and methane production rates are used as the major indicators of biological
activities in the pilot sewers, which are comparable to the literature data (Table S1.2).
The simultaneously increasing pattern of sulfide and methane in the pilot rising main
(Figure S1.3) was also similar to that in real sewers.#3-4 In contrast, sulfide or
methane production was detected to be negligible or even negative in the pilot
gravity sewer, which could be explained by the faster sulfide oxidation than the
concurrent sulfate reduction and/or the emission of sulfide and methane gas into the

air phase.

VFAs and SCOD are the major substrates for heterotrophic bacteria and
methanogens, which present varying consumption rates in different sewer
environments (Table S1.2). Primarily being produced by fermentation process under
anaerobic condition,3% 47 the consumption rate of VFAs in the pilot rising main was
lower than that in the gravity sewer (Figure S1.3). The consumption rate of SCOD was
higher than VFAs in the pilot rising main, while in the pilot gravity sewer, the
concurrent consumption of SCOD and VFAs was generally similar. Overall, this
unique pilot sewer system has an environmental condition representative of real

sewers.

Biomarkers Stability in the Pilot Sewer System

The online monitoring of rhodamine showed the dynamic flow patterns in the pilot
sewer pipes during experiment periods (Figure 1). The rhodamine profiles shared the

same results of Gao et al.l’ In the pilot rising main, the staged profiles of rhodamine

ACS Paragon Plus Environment
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revealed the plug-flow regime as a response to the intermittent pumping events. In
the pilot gravity sewer under recirculation mode, rhodamine profiles reflected the
continuous mixing and indicated the commencing of a sufficiently mixed stage at 1.5

h after the spiking event.

Various patterns were found for the investigated biomarkers in the pilot sewer
system (Figure 1). Over the consecutive tests in the pilot gravity sewer or the rising
main, the interday divergence of the transformations for each biomarker was
relatively limited as indicated by the low standard deviations. COC, MDMA, and MTD
exhibited decreasing trends during the testing periods in both the pilot rising main
and the gravity sewer, where MTD was observed to have the most rapid degradation
with ~25% loss in 3 h, followed by ~20% loss of COC and MDMA. During the longer
HRT periods in the pilot rising main, these biomarkers still presented similar
degradation trends and overall 35~40% losses were observed after 8 h. By contrast,
KET and METH showed relatively good stability with <20% losses in both pipes. In
addition, formations of BE and MOR were observed over the experimental periods,
which were the combined results of multiple concurrent in-sewer processes,
including the transformation of biomarker itself, the back-transformation of parent
compounds and/or the potential deconjugation of glucuronides in the raw
wastewater.'l-12 Data on the transformations of MOR and MTD in the pilot sewers

was also reported previously.r” Similarly, BE and MOR formations were also found in
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other testing sewer conditions, e.g., in lab reactorsl: 12 14,16, 23, 31,48 and real sewer

pipe.10

Drug Transformation Models

Calibration and validation of the transformation model

Calibrations of the transformation model based on the measured data of this pilot
study are presented in Figure S3.3 and the values of transformation coefficients are
reported as mean with 95% credible intervals (CI) in Table S3.1. Among the estimated
ki values, the relatively high kj;,, and/or kj;oqn for COC, MDMA, and MTD suggest
the important effect of biofilm on their stability in sewers. Moreover, for most
biomarkers, their kj;,, values are found to be higher than the corresponding kj;oan
values, indicating the higher biofilm-specific impact in aerobic condition compared
to anaerobic condition. Effect of mass transfer resistance on biodegradation process
(kpio) is considered to be limited for most investigated biomarkers (see discussions in
S1.2). Meanwhile, the relatively high k,,, for COC, KET, and MTD indicate their
comparatively evident decreases in the bulk liquid wastewater due to the processes
such as chemical hydrolysis.1% 12 However, k value was not estimated for BE or MOR,
which showed significant formations in the pilot sewers (Figure 1). This is because the
knowledge on BE or MOR formation was limited since 1) it is difficult to accurately
quantify the various contributing sources, such as the parent compounds and/or
conjugated forms in the raw wastewater and 2) this study did not spike labelled BE or

MOR to exclude the contribution from other precursors and hence to identify their
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specific transformation in sewers. In consequence, the transformation model was not

calibrated for the prediction of the in-sewer formations of BE or MOR.

Validity of the estimated pilot-based k values in diverse sewer environments are
subsequently examined. For each investigated biomarker, the measurement datasets
obtained from different stability studies and the predictive regions generated by the
pilot-based k values under the corresponding scenario (e.g., A/V ratio and redox
condition) are jointly plotted in Figure 2. Through showing whether the literature
data points are encompassed or rejected by the prediction regions, Figure 2 visually
reflects the transferability and applicability of the pilot-based k values to various

sewer conditions. The rejection probability for each scenario is reported in Table S3.3.

The prediction capability of the pilot-based k values is successfully validated for KET
and METH under all sewer conditions. As shown in Figure 2, the predictive regions
almost completely encompass the observations from the four stability studies under
aerobic and anaerobic conditions, except for a few data points over long HRTs.
Validity of the pilot-based k values is successfully demonstrated for COC, MDMA,
and MTD in the pilot sewers but is less successful against the testing conditions of
the three sewer reactor studies. For these three biomarkers, relatively high rejection
probabilities of the pilot-based k values are determined for different reasons: 1) the
overestimation of COC decreases at the very high A/V ratio condition (175 m1) of
Ramin et al.?!; 2) the overestimation of MDMA transformation compared to its

observed insignificant changes in lab reactors,!% 4 suggesting that MDMA could be
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381 partially degraded by certain microbes that existed in the realistic pilot sewers but
382  notin lab-scale reactors. Similarly, McCall et al.}* also found the biofilm specific

383  transformation for MDMA and attributed it to the divergent biofilm growing

384  conditions and the different transformation potentials; 3) the underestimation of
385  MTD losses compared to the observed drastic decreases in the anaerobic reactor of
386 Liet al1l® The diffusion limitation could affect kj,;, in the pilot rising main (with

387  intermittent pumping events) due to the high biodegradability of MTD (full

388  discussion in S1.2).
389  Model performance evaluation I: the different k-value sets

390  Multiple k-value sets (kx‘;/ and k%i) are generated from four stability studies as

391 explained in Table S3.2 and illustrated in Figure S3.3. Figure 3 shows the joint

392 distributions of kﬁf‘;/ and k%f, which visually reflect the consistency or discrepancy

393 among the k-value sets estimated by different studies.

394  For most investigated biomarkers, the close distributions of kﬁlm indicate the general
395  congruence of kx‘i” derived from different stability studies. Such consistency suggests

396  that the processes in the bulk wastewater (mainly the abiotic physicochemical
397  process) of different sewer environments could lead to similar transformation of
398  biomarkers. However, certain deviations are found for COC, KET, and MTD under

399 aerobic and/or anaerobic conditions, where the centroids of kx]; and/or kﬁfjv show

400 relative distances with those of kxjv and/or km. The deviations may be attributed to
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the assumptions about the independent relationship of k,,,, with wastewater
compositions and properties such as the redox potential or suspended solids
concentration. Specific experiments are required to evaluate the effects of

wastewater composition, redox potential, and pH on k,,, and the associated kp;,.

By contrast, distributions of k%" are more deviated for most investigated biomarkers.
Since k;)’l.‘fj represents the contribution of biofilm to biomarker stability in sewers, such

deviations reveal that the biofilm-specific effects in different studies are strongly

related to the microbial communities, functions, and activities in biofilms. Generally

rM4

speaking, k})’i‘zl and/or k}fi‘fj are usually found to be higher than k})’i‘ff and/or k. *,

except for KET with closer distributions of k})%i at minor levels. This could be

explained by the stronger biological activities of biofilms in the pilot sewer pipes and
the sewer reactors of Li et al.1° compared to biofilms in the reactors of McCall et al.1*

and/or Ramin et al.'® Moreover, k})’i‘ﬁl and/or k})%z appear to be generally equivalent

for COC, KET, and METH, while present certain dissimilarity for MDMA and MTD
under anaerobic and/or aerobic conditions. Such discrepancies could be due to the
different microbial communities in biofilms grown in pilot-scale sewer pipes and lab-
scale sewer reactors. Also, the continuous mixing condition in the lab reactors!® 42

could accelerate the transformation of certain biomarkers in biofilms.

The embedded histograms in Figure 3 show the contributions from wastewater and
biofilm processes to the overall transformation of biomarkers in the pilot sewer

system. For most biomarkers, the k-value sets of M1 and M2 usually suggest the
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dominant role of biofilms because of the relatively high k})’i‘zl and k%z values, except

for MDMA and METH under anaerobic condition and for KET under both aerobic and
anaerobic conditions. The k-value sets of M3 and M4 also recognize the governing
effect of biofilms on MTD under anaerobic condition and on KET, MDMA and METH
under both aerobic and anaerobic conditions. The overall KET variation predicted by
M3 is actually negligible and akin to the observed high stability of KET under
multiple experimental conditions of McCall et al.** On the contrary, the k-value sets
of M3 and M4 indicate higher impact of wastewater processes (k,,,) on MTD under
aerobic condition and on COC under both aerobic and anaerobic conditions. These
are consistent with the findings of McCall et al.}* and Ramin et al,'® suggesting that
processes in the bulk wastewater dominated the transformation of MTD (under
aerobic condition) and COC, while sewer biofilms did not significantly enhance their

transformation.
Model performance evaluation II: the Bayes Factor, r, and VEcv values

Figure 4 shows the Bayes Factor, r, and VEcv across the predictive scenarios
generated by the k-value sets of M1~M4 under the pilot sewer conditions (for detail
numbers see Table S3.4 to S3.6). Predictions of M1~M4 versus observations in the
pilot sewer pipes (Day 3 and Day 6) are jointly plotted for each biomarker in Figure

S34.

As indicated by the results of performance statistics, the k-value set of M1 provides

high prediction accuracy for COC under the pilot rising main and for MDMA and
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MTD under both pilot gravity sewer and rising main conditions. In these cases, the
likelihood of log(BFs) locating in the positive area is dominant, suggesting the closer
agreements of pilot-sewer measurements to the outputs of M1 than those of
M2~M4 (Table S3.4). Moreover, experimental observations and the outputs of M1
are more closely matched (i.e., close to y = x) compared to the correlations for
M2~M4. Consistently, higher r and VEcv values are quantified for M1 (Table S3.5 to
S3.6), corroborating the higher prediction accuracy of M1 for the discussed cases. It
should be noted that the datasets of Day 3 and Day 6 from the pilot sewers may

naturally favour M1, which is calibrated under similar conditions.

Meanwhile, all the k-value sets of M1~M4 provide similarly high prediction accuracy
for COC under the pilot gravity sewer condition. The performances of M1~M2 are
also comparable for KET under the pilot rising main condition, where a strong linear
relationship between observations and the predictions of M1 or M2 is found. In these
cases, log(BFs) mainly spread out within the area close to zero, implying the
comparable prediction outputs of M1~M4 (Table S3.4). Moreover, the r and VEcv
values of M1~M4 are similar and high for the discussed cases, which further verify
the comparable and reasonable prediction capabilities of the k-value sets derived

from different stability studies (Table S3.5 to S3.6).

For KET under the pilot gravity sewer and METH under both pilot gravity sewer and
rising main conditions, the predicted overall transformations by all k-value sets are

limited, i.e. <20% as shown in Figure S3.4. The prediction accuracy of M1~M4 is
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found to be deteriorated. In these cases, log(BFs) distribute overwhelmingly in the
positive area or switch between positive and negative at different validation sites
(Table S3.4). Performance statistics reveal that the r values of M1~M4 (Table S3.5)
range from low (0.22 for METH in the pilot gravity sewer), moderate (0.53 for KET in
the pilot gravity sewer) to high (0.75 for METH in the pilot rising main). By contrast,
the VEcv values are low under all scenarios (Table S3.6), which could be interpreted
as a consequence of the poor correlations between predictions and observations of
KET and METH in the pilot sewers. This is because these two biomarkers had limited
but random variations with time, which can hardly be well fitted by the
transformation model. Hence, prediction capabilities of M1~M4 tend to be partially
acceptable for the relatively stable biomarkers without clear temporal variation

pattern in sewers.

On the contrary, validity of the k-value sets derived from different stability studies
cannot be effectively assessed for BE or MOR because their actual stability in the
pilot sewers might be masked by formations from other sources and/or
deconjugation processes. Such in-sewer formations bring uncertainty to the back-
estimation of the drugs that could be metabolized/transformed to BE (i.e., the
consumption of COC) or MOR (e.g., the consumptions of codeine, heroin, and
morphine itself in glucuronide form). Information on the sources contributing to BE

and MOR formation, such as the concentrations and transformation pathways of
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484  their parent compounds and/or conjugated forms, should be determined before the

485  formation processes are incorporated into the transformation model.

486  The comprehensive evaluations of different calibrated transformation models help to
487  choose the k values to give the best predictive performance in the application of

488  WBE. Collectively speaking, for the biomarkers presenting evident losses in sewers
489  (e.g, COC and MTD), both lab-scale and pilot-scale studies estimate relatively high k
490  values to predict such decreases over time. On the other hand, most stability studies
491  suggest the overall insignificant transformation of KET and METH in sewers. Their
492  predicted transformations are also limited over time based on all k-value sets,

493  although with some random variations. Importantly, due to the complex microbial
494  processes in real sewers, the pilot-based k values exhibit advantage in predicting the
495  fate of the biomarkers (e.g., MDMA) which are stable in lab-scale reactors but show
496  partial degradation in the pilot sewer pipes, especially over long HRT. Unfortunately,
497  none of the available k-value sets are capable of simulating the increasing patterns
498  of biomarkers (e.g., BE and MOR) in pilot sewers. In short, the transformation model
499  calibrated by the measurements in the pilot-scale sewer pipes can be applied as a

500 credible tool for the future WBE study.
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Additional information about the layout and parameters of the pilot sewer system,
experimental observations of this pilot study, analytical methods for wastewater
samples, and results of model validation and comparison are provided. Supporting

information is available free of charge via the Internet.
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Figure 1. Transportation of rhodamine as a flow tracer and stability of biomarkers in
the pilot rising main pipe and the pilot gravity sewer pipe. (Transformations of MOR

and MTD in the pilot sewer pipes were also reported recently'’)
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Figure 2. Validation of the pilot-based transformation coefficients through the
predictive scenarios of the corresponding experimental observations in different

stability studies.

ACS Paragon Plus Environment



Environmental Science & Technology

aerobic anaerobic aerobic anaerobic
%] = g = H g fmr
8 g
g by 2 » H H
: ull 1] "
8 - - LI a g 3 —
g g - H ] T
g E 3
© . =) ] 3
@) g ! g = - -
- = g
g 3 g N ~ 5l kg,
5, - = e o A
. — = = YT
g - 8| g 8 £ | 3 bs etir i
s L ' v s E 2 &
ao o ™ s oo e ak i i i 8 o S o  omws  oew  oms  oom  oom  oa
i - W = Bl
L . s s S =
5 =]
2 B £ g =}
g u o~ Ei= I e & - » I
=~ = g g
£ 2
e § | £ gl 2 .I 8 /AN =
g g - - T
B8 2 2 =) g g
E 15: H W e = s =
o g L = E " g
2 8 5 B - H
° - S
e
5 2 g ¢ -
< & = 1 g g
E ; £ § -
g g 5 g # 8
o s om o " w o om  om oW oo @ o W o aw  om  om  om  os e oo
§ - s (!
< K (071

® M and k'™ of the pilot-based model
KM and k'M:, derived from Li et al*

“ % : - !i’ ; &M and k'Ms derived from Ramin er al.®

<
§ . O K and k'™, derived from McCall er al.*
=
] B ratios of the contributions to overall biomarker transformation in the pilot sewers from
g M 8 Il wastewater-mediated process (K", )
oo omi ooz om  ome oo oo s ame was  ewuws | (77 biofilm effect (gravity sewer: k"M - 275, rising main: k'M, - 40)
ki, ()

Figure 3. Joint distributions of the transformation coefficients (kxviv and k%i) derived

from the four stability studies (M1~M4) under aerobic and anaerobic conditions. The
embedded histograms indicate the contributions from wastewater processes against

biofilm effects to the overall biomarker transformation in the pilot sewer pipes.
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Figure 4. Model performance comparison: results of the Bayes factor, r, and VEcv for

comparing the predictive scenarios generated by the k-value sets of four stability

studies (M1 to M4) under the conditions of the pilot sewer pipes.
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