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Highlights

> First transformation tests in a controlled andistial pilot sewer

» Transformation of chemicals observed in both gyaaitd rising main sewers

> Higher loss of biomarkers in the reactors thant@&wers during the same HRT
» Transformation kinetics deviate from zero- andifosder models in our tests



21

22
23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

ABSTRACT:

Transformation of biomarkers (or their stabilityjrohg sewer transport is an important issue for
wastewater-based epidemiology (WBE). Most studiefashave been conducted in the laboratory,
which usually employed unrealistic conditions. he tpresent study, we utilized a pilot sewer
system including a gravity pipe and a rising mapego investigate the fate of 24 pharmaceutical
biomarkers. A programmable logic controller wasdusecontrol and monitor the system including
sewer operational conditions and wastewater prigsei$equential samples were collected that can
represent hydraulic retention time (HRT) of up tb & a rising main and 4 h in a gravity sewer.
Wastewater parameters and biomarker concentratie@ns analyzed to evaluate the stability and
transformation kinetics. The wastewater parametktise pilot system were close to the conditions
of real sewers. The findings of biomarker transfation were also close to real sewer data with
seventeen biomarkers reported as stable while bagkine, caffeine, ethyl-sulfate, methadone,
paracetamol, paraxanthine and salicylic acid degta® variable extents. Both zero-order and
first-order kinetics were used to model the degiiadaf unstable biomarkers and interestingly the
goodness of fit Rfor the zero-order model was higher than the-firsier model for all unstable
biomarkers in the rising main. The pilot sewer sgstsimulates more realistic conditions than
benchtop laboratory setups and may provide a morerate approach for assessing the in-sewer

transformation kinetics and stability of biomarkers

Keywords. Biomarker stability Gravity sewer PPCPs; Rising main; Transformation kinetics;

Wastewateibased epidemiology;
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1. I ntroduction

Wastewater-based epidemiology (WBE) is recognised aomplementary approach to traditional
surveys in monitoring consumption of, or exposuresiibstances in the population (ACIC 2017,
Castiglioni et al. 2014, Cyranoski 2018, EMCDDA 801lllicit drugs were the main targeted
substances in previous WBE studies, but pharmazutiomarkers can also be analysed to
estimate the real time population and access thalation health status (Fattore et al. 2016, Gao et
al. 2016, Ghosh et al. 2010, O'Brien et al. 201%). provide accurate consumption/exposure
estimates by WBE, researchers have to use bionsavk@rse in-sewer loss is negligible or known
(van Nuijs et al. 2018). Therefore, the stabiliyldomarkers has been raised as an important
uncertainty in the early stage of the WBE methodetigment (Castiglioni et al. 2013, van Nuijs
et al. 2012) and studies to understand the biomar&kesformation in the sewer and in the sample
have been carried out in the past decade (McCall @016a).

Transformation of biomarkers in the sewers is nyostestigated under laboratory conditions.
Many laboratory experiments used bulk liqguid wastew in a container to represent the sewer
conditions (Ostman et al. 2014, Senta et al. 2044q, other studies utilized sewer reactors that
have biofilms (Gao et al. 2017, O'Brien et al. 20R@amin et al. 2017, Thai et al. 2014). These
studies have found, for example, that the relativedst degradation of cocaine and 6-
monoacetylmorphine compromised their usability a®smlarkers in WBE. Hence, their
transformation products that are more stable (bgdazgonine and morphine) were used to
estimate consumption of cocaine and heroin (Beeaal. 2016, Du et al. 2017). These laboratory
studies can sometimes underestimate the transfiommadtie to the lack of sewer biofilms (Baker
and Kasprzyk-Hordern 2011, Senta et al. 2014, vamsNet al. 2012) or overestimate the
transformation due to higher biofilm area to wasttr volume ratio (A/V) in sewer reactors (Gao
et al. 2017, O'Brien et al. 2017). In addition, impact of sewer operational parameters (pumping
frequency, flow speed) can be difficult to replean laboratory settings. It is expected that real

sewers and pilot sewer systems can overcome theeatsmtioned limitations to be used to
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investigate the transformation of biomarkers (Gaal.€2018, Jelic et al. 2015, Jin et al. 2015¢tLi

al. 2018).

Real sewers have dynamic operational parametersh (88 pumping frequency), diverse
dimensions and wastewater compositions dependinthercatchment characteristics (Hvitved-
Jacobsen et al. 2013). Studying biomarker transiton in a real sewer has the advantage of
having the most realistic sewer conditions, buttdiesc that can affect the transformation of
chemicals, such as hydraulic retention time (HRIQfilm area to wastewater volume ratio (A/V)
and wastewater pH are usually difficult to monidémd/or control. To our best knowledge, studies
on biomarker stability in real sewers have onlyrbeenducted in Spain, Switzerland and Australia,
three in rising mains (Gao et al. 2018, Jelic eR@ll5, Li et al. 2018), and one in a gravity sewer
(McCall et al. 2017). In addition, sampling in treal sewer experiments is usually limited to the
start and the end of the pipe, resulting in a Behihumber of samples and narrow window of HRT,
which made it difficult to evaluate the transformoat kinetics. For the purpose of studying
processes within sewers under realistic but vagiabld measurable sewer conditions, pilot sewers
were developed (Jin et al. 2018, Shypanski et @182 These pilot sewers are sections of real
sewer pipes that are fed continuously with wastewathey can maintain conditions as in real
sewers and have the capability of controlling andnitoring parameters such as pumping
frequency, flow rate and pH. In addition, multipgampling points along the pipe can be
constructed in the pilot sewers to provide moreasfor in-depth investigations.

In this study, we utilized a unique pilot sewer teys to evaluate the stability of selected
pharmaceutical and personal care (PPCP) biomarkbessystem contains both gravity sewer and
rising main pipes and allows on-line control andnitmring of operational parameters and
wastewater properties. The aims of this study ohelui) characterise the hydraulics and
bioactivities in both gravity sewer and rising maiiy investigate the stability of a suite of PPCPs
in a wide therapeutic categoryi) compare the biomarker transformation kinetlmstween the

gravity sewer and rising main of the pilot systesnwaell as with the data previously observed in
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laboratory conditions and real sewers.

2. M aterials and methods

2.1 Chemicals and Reagents

Twenty-four PPCP parent and metabolites were smledtie to their high use and presence in
wastewater with the potential to serve as biomark&dditionally, the in-sewer stability of most of

those biomarkers have been evaluated in laboratttings and thus will facilitate the comparison
of performances between laboratory and pilot systéon biomarker stability assessment. We
investigated acesulfame, atenolol, atorvastatin,prénorphine, carbamazepine, caffeine,
citalopram, cotinine, codeine, ethyl-sulphate (Et§abapentin, hydrochlorthiazide, ibuprofen,

iopromide, morphine, methadone, paracetamol, meoptinaproxen, paraxanthine, trans-3'-
hydroxycotinine, salicylic acid, tramadol and vdalane. The properties of these biomarkers
(category, formula, solubility, Log 4, human excretion profile and structure) are presem

Table S1 and S2.1.

2.2 Thepilot sewer system

The pilot system has two configurations, one faravity sewer (GS) and one for a rising main
(RM) (Figure 1, Figure S1). Both sewer pipes were made of PVC with a lendtBG® m. The
system was operated with a programmable logic obetr(PLC) that allowed the on-line control
of pumping frequency and flow rate. Wastewater wamped using a Loweara SHE50-12522
2.2kw and a SHES50-16075 7.5 kW 3 phase pump fogthety line and pressure line respectively.
Both pumps were equipped with a Hydrovar variabégjdiency drive for flow control. Each line
was fitted with an inline magnetic resonance floaten covering the expected flow ranges for each
pump (IFM SM2000 (5-600 LPM) ). Both GS and RM weonditioned for a year by pre-screened
influent wastewater from the Luggage Point wastewateatment plant (WWTP) in Brisbane,

Australia. Pre-tests examining the biofilms in teenovable pipe sectiorFigure S2) indicated
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that mature biofilms had developed in both GS aktig®oes.

Gravity sewer (GS): The GS pipe has a diameter of 225 mm (A/V of ~2% mith a slope of
0.56%. There is a recirculation pump together \&itB50 L recirculation tank that can recirculate
the wastewater in a closed circuit. The recircalatnode was achieved by stopping the wastewater
feed from the Equalization tank, so there wouldnbeinfluent flow entering the system and no
effluent was discharged. The recirculation mode wased to achieve a longer HRT that is
important for kinetic studies and represent themreaidence time in a WWTP catchment. The re-
circulation pump was running at 125 L/min and theTHof the wastewater per circulation circle
was approximately 20 min resulting in a 21% filliofthe pipe. The online monitoring of the flow
tracer rhodamine was conducted with a portable dpg®-7 Submersible Rhodamine Sensor
coupled with a Cyclops® Explorer. Temperature aklddwere measured on-site using a portable
pH/temperature meter (TPS Aqua-pH/Temp). Bioagtivitdicators including methane, sulfate
(SO:-S) and sulfide (BEB) were analysed offline. In addition, volatiletyaacids (VFAs), chemical
oxygen demand (COD), total suspended solids (TBSyastewater samples were also analysed
offline. Detailed information is presented in thepflementary Information (S2.2).

Rising main (RM): The RM pipe has a diameter of 100 mm (A/V of 48)rtShypanski et al.
2018). The feed pump was programmed to run forri eneery 1 h at a flow rate of 236 L rifin
(0.51 m/s) to push the “spiked wastewater plug’rapimately 30 m forward in the pipe. There
were multiple sampling points in the middle of e&hm of the pipe, and samples were taken in

the sampling points aiming to catch the “spikedtexaster plug” for HRT up to 8 h.

2.3 Thepropertiesof wastewater

The wastewater used in this study was the infloeW/WTP serving a large urban catchment, so it
can be considered as typical domestic wastewates. t€mperature was 21-24 °C across all
experiments. The pH was stable at around 7.0 aatbdse experiments, similar to the observation

in other studies Table S2). We were unable to measure dissolved oxygen deiwelour GS
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experiments due to practical reasons. However, rutitee same re-circulation mode in other
experiments, it was in the range of 0.5-2 mg/L Wwhstiould be comparable to our experiments
(Shypanski 2018). TSS in the GS experiments wag®B800 mg/L with some fluctuation. Volatile
suspended solids (VSS) in GS were steady aroundiglD, while in the RM, TSS ranged from
300 - 600 mg/L, and VSS was around 200 mdflggre S3). The higher TSS and VSS in GS
indicate there was some erosion of the sedimen@SnA detailed comparison of the sewer and

wastewater parameters in this study and otheresudisummarized ifable S2.

2.4 Chemical spiking and sampling

Standards (unlabelled) of the selected biomarkeraethanol were dissolved in fresh wastewater
and spiked into the system to achieve quantifiablecentrations and at the same time to remain at
a realistic concentration in the upstream of alwaent Table $4). HRT In the GS experiments,
the biomarker mixture, together with the flow trackodamine mixed with raw wastewater, was
spiked into the recirculation tank. Every 15 miteafspiking, a 100 mL wastewater sample was
taken from the recirculation tank until 4 h aftgnking. In the RM experiment, 1 L of spiked
wastewater was pumped into the system in the fitshping event, using a peristaltic pump
synchronized with the major feed pump. The rhodanpnobe was moved according to the
pumping event, to the sampling port where the spikeastewater plug was expected, to
continuously monitor the real-time rhodamine signabamples were taken every 15 min at
different sampling points to catch the spiked plimgthe middle of each layeFigure 1). The last
sample was taken 8 h after the first sample. Tadatre interference of UV light to the stability

from the rhodamine sensor, samples were takemé#fe inlet of rhodamine probe.

2.5 Sample preparation and chemical analysis

Wastewater samples were acidified to pH 2 on stegu2 M HCI immediately after sampling. A
ten mL sample was filtered onsite using a regeadratllulose syringe filter and a 1 mL filtered

sample was pipetted into a 2 mL brown glass imectiial. TenuL of 1 mg/L labelled analogue
7
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mixture was added to each 1 mL sample in the iigectial. The samples were frozen after
collection and stored in a freezer at ‘2@nd were analysed within two weeks. The conceatrat

of biomarkers in the sample was determined by diguiromatography coupled with tandem mass
spectrometry (LC-MS/MS) consisting of a Shimadzwéta HPLC system (Kyoto, Japan) and a
Sciex APl 5500 mass spectrometer (Ontario, Canadajpped with an electrospray (Turbo V)
interface. For all analytes except EtS, al7sample was injected into a 2.6 micron 50 x 2.0 mm
Phenomenex Kinetek Biphenyl column (Torrance, CSA) run at 48C with a flow rate of 0.3
mL/min. A linear gradient of the mobile phase wagedj starting at 5% B, ramped to 100% B in
10.0 min, then held at 100% B for 4.5 min followey equilibration at 5% B for 4.0 min (A =
0.1% formic acid in MilliQ water, B = 0.1% formic@ in methanol). The mass spectrometer was
operated in the positive/negative ion switching medth scheduled multiple reaction-monitoring
(SMRM) using nitrogen as the collision gas. Dethileass spectrometer parameters can be found
in Gao et al. (2017). EtS was analysed by the 4aMS/MS system with a 1.7 micron 50 x 2.0
mm Phenomenex EVO C18 column (Torrance, CA, USA)au45C. A flow rate of 0.27 mL/min
mobile phase with a linear gradient was used,istpét 0% B, ramped to 100% B in 3.0 min, then
held at 100% B for 2.0 min, followed by equilibatiat 0% B for 4.0 min (A = 5 mM dihexyl
ammonium acetate in MilliQ water, B = 5 mM dihexhmonium acetate in methanol). A 50 mm
x 2 mm, 3 micron Gemini NX C18 column (Phenomenea$ inserted between the pumps and the
autosampler. Detailed mass spectrometer paramesgrsbe found in Gao et al. (2018). The
guantification was carried out using internal catibn method with 1/x weighing. Satisfactory
correlation coefficient (r>0.99) within the calibien range was achieved from 0.1 to p@/L.

Method performance data including accuracy andigimtis provided iffable $4.

2.6 Data processing

Transformation was calculated using the concentmafunspiked biomarkers) or concentration

ratio of biomarker to rhodamine (spiked biomarkens)he investigated HRT to their initial value
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when the experiments started. The detailed calonlanethod is provided in th&2.3. The
triplicate transformation results were combinedhigstigate the transformation. Stable biomarkers
in the pilot sewers were defined as having less 2826 loss during the experiments (McCall et al.
2016a). Pearson correlation was applied to theadiagion of unstable biomarkers and bioactivity
indicators and wastewater parameters. The tranatoym of unstable biomarkers in the pilot
sewers was fitted to both zero-order and first-oikdeetics models. The statistical analysis was
performed using GraphPad Prism 7.03.

We found that the goodness of fit B higher in the zero-order model for all the i
biomarkers (seeTable 3 in later section). Therefore, the A/V normalizedansformation

coefficients K, (m-h?) was calculated usingquation 1.

co-Cj
T ] _ Kww

AJV

Kbio= Equation 1

Kpio is the transformation coefficient in zero-ordemdtics, m-H ;

Co is the initial concentration of biomarker (for pised biomarkers) treated as 100%, or the
concentration ratio of biomarker to rhodamine @piked biomarkers) treated as 100% at TO

Ciis the concentration of biomarkertgh) relative to the concentration in TO in pereg# or the
concentration ratio of biomarker to rhodamine impke collected at timé (h) relative to the
biomarker/rhodamine ratio in TO

Kuw is the transformation coefficient in control seweactor in zero-order kinetidy® .

3. Results and discussion

3.1 Characterization of the pilot sewers and wastewater

In the GS experiments, sulfate concentrations,{Sremained constant during the 4 h HRT and
the sulfide decreased from 17 mgS/L to less th&nn@gS/L in the first 2 hKigure S3). This

indicated that the sulfate reducing activity wagliggble and some sulfide may have been oxidized
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to sulfate. In addition, the intensive turbulenceated by recirculation accelerated the release of
hydrogen sulfide (EB) into the sewer atmosphere. The dissolved sutfdeentration in the feed
wastewater was attributed to the fact that the hwaiks of the Luggage Point WWTP receives
discharges from several large RM. However, no ewddehas been identified that such sulfide
concentration would inhibit the biological actie$. Therefore, the impact of high initial sulfide
concentration to the biomarker transformation stidag limited (Sharma et al. 2014). There was
no significant methane formation and the VFAs daseel by approximately 30%, which indicated
that the aerobic and anaerobic bioactivities coruMFAS. In the RM experiments, in contrast,
significant formation of sulfide was observed tdgtwith >50% decrease of sulfate, indicating
strong sulfate reducing activities. In additione tformation of approximately 30 mg COD/L
methane also suggests strong methanogens activitiedecrease of VFAs was much lower in the
RM compared to the GS, suggesting the overall copsion rate of VFAs in strict anaerobic
conditions could be slower than in aerobic condgioThere could also be formation of VFAs in
RM due to anaerobic fermentation. Activities offaté reducing bacteria (1.16+0.45 g S dt)
and methanogens (3.27+0.39 g COF o) in the RM were comparable to the laboratory RM

reactor and the real RM#&ble S2) (Gao et al. 2017, Li et al. 2018, Thai et al. 201
3.2 Hydraulic aspectsin pilot sewers

In the GS, rhodamine concentrations from the ingpke at O hours fluctuated substantially in the
first 1.5 h Eigure $4). The concentration of the spiked biomarkers alsctfiated during the same
period, indicating similar mixing behaviour of sptkrhodamine and biomarkers.

In the RM, there was some degree of diffusion amspedsion for the spiked biomarkers and
rhodamine during the transportation from upstreanddwnstream of the pipes. The mixing and
diffusion were mainly driven by the turbulence ¢eshby the pumping event, and the upstream

plugs (close to the pump) were affected more thardbwnstream plugs.
3.3 Transformation of biomarkersin pilot sewers

Seven out of twenty-four biomarkers were unstalliethe experimental sewer conditions.

10
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Seventeen biomarkers were stable including acesalfaatenolol, atorvastatin, carbamazepine,
citalopram, codeine, cotinine, trans-3'-hydroxyaimte, gabapentin, hydrochlorothiazide,
ibuprofen, iopromide, morphine, nicotine, naproxeamadol and venlafaxine. These biomarkers
were also observed to be stable in other studiesddsated inTable S5. Therefore, they can be
considered stable in a real catchment if the aweHBT in the catchment is comparable to or
shorter than the HRT values mentioned able S5.

3.3.1 Transformation of biomarkersin the GS

Most of the investigated biomarkers were stabléhan GS Figure 2). The degradation of seven
unstable biomarkers, buprenorphine, caffeine, Et8thadone, paracetamol, paraxanthine and
salicylic acid is shown inFigure 3. Paracetamol had the highest degradation rate with
approximately 50% loss in 4 h with a zero-ordemsfarmation coefficient of 0.4185 nith
followed by methadone and caffeinEable 1). The loss of biomarkers in the pilot GS is refaly
lower compare with GS reactors in the same HRTeasohstrated iffable 2.

Fast degradation has been observed for many séthiomarkers in laboratory batch experiments.
The in-sewer loss of biomarkers in the laboratofy i8actor was higher than the pilot GS for all
unstable biomarkers in the same HRT. This can béapgp attributed to the higher A/V in
laboratory GS reactor (65.4hior the GS reactor and ~27rfor pilot GS) as shown ifiable S5.
Although there is both formation and consumptionVé#s in the GS, the overall decrease in
VFAs showed high correlation with the degradatibmimmstable biomarkersréble S6). Therefore,
VFAs can be considered a prediction factor fordbgradation of unstable biomarkers. The soluble
COD (sCOD), had lower correlations with the degtmtaof unstable biomarkers, although its
decrease has been observed in other studies (Me€Call. 2016b, Ramin et al. 2017). The
correlation between the degradation of unstablenbr@ers in GS is not as good as in RM,
indicating that the transformation of biomarkersa8 could be attributed to more diverse biota in
the biofilm.

For a given length and diameter, GSs usually gémenaich shorter HRT than RMs because there

11
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iIs a minimum flow speed of 0.6 m/s for self-cleanand the GSs flow is continuous. Therefore,
the extent of transformation of biomarker in a #nGS pipe can be relatively small due to the
short HRT in the pipe. However, this study suggésas for a whole sewer catchment, especially
large ones with considerable proportion of GSshwliverse diameters and A/V), where the
average HRT can be several hours, the in-sewerchksot be neglected for unstable biomarkers.
3.3.2 Transformation of biomarkersin the RM

The unstable biomarkers observed in GS were alstable in RM Figure 3). Caffeine had the
highest loss of 65% over 8 h and a transformatimefficient of 0.1923 m-f EtS lost up to 23%
over 5 h HRT in the real RM (Gao et al. 2018), whil the pilot RM, the loss was 19%, which is
slightly lower than the real sewer, despite its AAfio being 1.5 times higher. Nicotine, cotinine
and trans-3'-hydroxycotinine were stable in thetpgRM, in contrast with the observed formation
in the real RM. The possible reason is that thd téfehe pilot sewers is the influent of the WWTP
where the amount of conjugates of nicotine metédmlis limited compared to the wastewater in
upstream RM monitored by Gao et al (2018). It adsggested that the significant degradation
observed for cotinine and trans-3'-hydroxycotininethe laboratory RM reactor was an over-
estimation (Banks et al. 2018). Formation of 2-ktlene-1,5-dimethyl-3,3-diphenylpyrolidine
(EDDP) was not observed despite the considerabiel lef methadone degradation. This is in
agreement with the observation in laboratory reacémd real sewers (Gao et al. 2017, Li et al.
2018). Similarly with the GSs, within the same HRT RMs, the overall loss of unstable
biomarkers was higher in the reactor than in that |i#M (Table 3). For most unstable biomarkers,
their transformation had a strong Pearson coroglatoefficient (>0.9) with each otheFgble S7),
indicating the transformation of these biomarkexdikely attributable to similar processes. In
addition, the degradation of biomarkers also haddgBearson correlation (absolute value) with
anaerobic sewer bioactivity indicators such asntie¢hane formation and sulfate reduction, which
suggests that the transformation of biomarkersccdirectly or indirectly relate to the methanogen

and sulfate reducing activities.

12
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Some discrepancies with previous studies was rihtice example, citalopram was observed to
have some degradation in the 7.6 km real RM (&lal 2015), but was stable in the pilot RM for
up to 8 h. In the real WWTP catchment, RMs arerofétely used where the construction of GSs is
not feasible. As a result, there is a much highepgrtion of GSs than RMs for most of the
catchments globally. Nevertheless, this study ssiggthat the loss of biomarkers in the RMs

should be taken into account.
3.4 Transformation kinetics and comparison with previous transformation studies

Most of the biomarker transformations had somellef/éeviation from both first-order and zero-
order kinetics as the goodness of fitwas less than 0.8, especially in G3l{le 3). This could be
attributed to the complexity of the mass transfiethe sewers and the relatively short HRT in GS.
In GS, only paracetamol has af #alue greater than 0.8, and both zero-order arst-dider
kinetics can describe the degradation well, withvRlues of 0.96 and 0.86 respectively. In RM,
zero-order kinetics have good B> 0.8) for the transformation of buprenorphinaffeine, ethyl-
sulphate, methadone paracetamol and paraxantimreanitrast, under more controlled laboratory
conditions and higher A/V, the’Rralue was much higher in the sewer reactors (Ga0. 2017,
O'Brien et al. 2017, Thai et al. 2014).

In previous real sewer studies, the data obtainedewisually not sufficient to establish
transformation kinetics. In some cases, e.g. meotnetabolites, the deconjugation process can
also interfere with the degradation assessment ggab 2018). Overall, we see the comparability
of data from this study with data obtained fromvoas real sewer experiment$aple S5),
reflecting the realistic condition of the pilot semsystem used in this study and the advantage of
using pilot system for kinetic study. A summaryaofvantages and disadvantages of different sewer
settings is presented ihable S8. If investigating the biomarker stability underalistic and
variable sewer conditions is the aim, pilot sewgstam is a good platform although the cost to

build and maintain the system is much higher theapke laboratory reactors.
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3.5 Implicationsfor wastewater -based epidemiology

This study examined the in-sewer stability of sedldcPPCP biomarkers. The stable biomarkers
identified can be further evaluated against thiega proposed by Daughton 2012. If they meet the
other requirements, they can be used for reliablesemption estimations and provide temporal
and geographical profiles as well as estimate #ad-trme population. For unstable biomarkers,
however, if they can meet all the other requiremest Daughton suggested, they can still be used
as biomarkers in WBE if catchment specific cor@ttifactors can be used. Preferably, such
correction factors are derived from modeling wodséd on the understanding of transformation

kinetics and the catchment characteristics (Li.2@L8, McCall et al. 2017, Ramin et al. 2017).

4 Conclusion

Our study demonstrated that the pilot sewer systera good platform for the evaluation of
biomarker stability. It provides more realistic gweconditions than laboratory studies, and the
operational parameters can be controlled for atkinstudy. Among the biomarkers tested,
seventeen were stable, while seven were unstallletimGS and RM, with a realistic level of loss
compared to the sewer reactor data. In realitylahel of loss of unstable biomarkers is dependent
on the proportion of GS and RM in the catchment &RT. In RM, the transformation of
biomarkers correlated well with bioactivity indioa$ including the sulfate reduction, methane

generation and VFAs decrease, which could be us@dedliction factors for in sewer loss.
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Tables

Table 1 A/V normalized transformation coefficients Ky,

Biomarker Kpio m-h™
GS RM
Buprenorphine 0.1193 0.0488
Caffeine 0.1263 0.1923
EtS 0.1185 0.1113
Methadone 0.2322 0.0823
Paracetamol 0.4185 0.1815

Note: Paraxanthine was not calculated due to the lack of K,,,, in the control
reactor; Salicylic acid was not shown since the K,,, value in control reactor is
higher than the overall K in the pilot system.

Table 2 Loss of biomarkers in pilot sewers and laboratory sewer reactors in the same HRT

GS pilot GS reactor Pilot RM 6h RM reactor 6 h
Buprenorphine 18+10%/2h 26+3%/2h 32+18% 61+6%
Methadone 21+7%/2h 25+9%/2h 31+14% 61+7%
Caffeine 19+7%/3h 3716%/3h 51+4% 9412%
EtS 12+6%/3h 27+4%/3h 29+7% 98+1%
Paracetamol 38+6%/3h 88+5%/3h 40+4% 99+1%
Salicylic acid 16+9%/3h 53+11%/3h 331+8% 94+3%




Table 3 Transformation kinetics of unstable biomarkers in pilot sewers and in laboratory sewer reactors

Pilot GS Pilot RM
Biomarker Zero-order First-order Zero-order First-order
Slope R’ half-life h R’ Slope R’ half-life h R’
Buprenorphine -7.01+1.83 0.62 1.0 0.42 -5.74£0.45 0.88 5.0 0.65
Caffeine -3.75+0.50 0.78 10.0 0.46 -8.03+0.38 0.96 14.7 0.90
Ethyl-sulphate -3.53+0.37 0.86 8.59 0.50 -4.78+0.27 0.94 ~1012 0.72
Methadone -8.94+1.48 0.78 1.27 0.62 -5.96+0.45 0.90 4.2 0.69
Paracetamol -11.9+0.59 0.96 18.43 0.86 -7.8610.29 0.97 ~1461 0.86
Paraxanthine -5.01+0.64 0.80 4.86 0.19 -4,98+0.44 0.86 ~403 0.62
Salicylic acid -6.92+0.93 0.79 ~1048 0.58 -4.34+0.54 0.76 ~1011 0.58
GS reactor RM sewer reactor
Zero-order First-order Zero-order First-order
Slope R2 half-life h R2 Slope R? half-life h R?
Buprenorphine -5.32+0.62 0.92 4.4 0.79 -5.59+1.51 0.7 11 0.86
Caffeine -4.10+0.50 0.92 ~2000 0.55 -8.88+1.09 0.92 4.3 0.84
EtS -8.60+0.55 0.96 3.77 0.96 -15.24+3.00 0.77 1.27 0.90
Methadone -5.17+0.61 0.92 3.8 0.86 -5.67+1.58 0.68 1.1 0.88
Paracetamol -8.31+0.96 0.69 1.46 0.92 -6.74+1.20 0.60 0.77 0.99
Paraxanthine NA NA NA NA

Salicylic acid -8.79+0.66 0.85 2.63 0.95 -7.49+1.14 0.64 1.3 0.93

Note: sewer reactor data was extracted from Gao et al. (2017), Banks et al. (2018) and O’Brien et al. (2017).
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Figure2. Profile of stable biomarkersin the pilot sewers
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Highlights

» First transformation tests in a controlled and realistic pilot sewer

» Transformation of chemicals observed in both gravity and rising main sewers

> Higher loss of biomarkers in the reactors than pilot sewers during the same HRT
» Transformation kinetics deviate from zero- and first-order modelsin our tests
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