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Abstract: The potential persistence and migratibhdoantibiotics comprising sulfonamides,
fluoroquinolones, macrolides and tetracyclines wesaducted using a 50-d recirculating
flume study supported by batch attenuation experimevith spiked concentrations. The
study demonstrated that photodegradation was thendmt attenuation process for these
antibiotics in the water environment. The half-Bvef 2 to 26 d were in order of
sulfadiazine > sulfadimethoxine > sulfamerazine ufasnethoxazole > sulfamethazine >
sulfathiazole > ofloxacin > enrofloxacin > norfleom > ciprofloxacin > erythromycin >
tetracycline > roxithromycin > oxytetracycline. Hee modest half-lives meant that the
antibiotics were predicted to travel 30-400 km doantypical river before half the
concentration would be lost. All antibiotics weretected on the surface sediment in the
flume study. Under hyporheic exchange, some of thentinually migrated into the deeper
sediment and also the sediment pore water. Allrfigoinolones were detected in the
sediments. The sulfonamides were detected in the peater with relatively high
concentrations and frequencies. Sulfadiazine, swdthazine and sulfathiazole in the upper
layer pore water were found to be approaching gujwim with the surface water. The high
presence of sulfonamides in the pore water indicHtat their high mobility and persistence
potentially pose a risk to hyporheic zone.

Keywords: attenuation; hyporheic exchange; conseevaracer; water-sediment system;

flume experiment

Capsule: Natural attenuation of antibiotics in atns.

1. Introduction
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Antibiotics are now widely used to treat human andnal infections and to promote animal
growth in China. The current usage of antibiotit€hina recently was estimated at 162 000
tons. The usage with daily doses per 1000 inhatsitaer day (DID) is almost six times
greater than each of those in European countrigég\arerica (Ying et al., 2017). Around half
of the un-metabolized human-sourced antibioticsererwaterways following partially
effective removal in municipal sewage treatmenh{ggdKimmerer, 2009a; Qiao et al., 2018).
Animal-sourced antibiotics move to waterways viafaze runoff from manure applied to
land (Zhang et al., 2015). Therefore, rivers canobee a major sink for antibiotics, and
antibiotics have been widely detected in surfactergaacross the world (Kimmerer, 2009b;
Qiao et al., 2018). Although antibiotics in the araénvironment rarely pose an acute toxicity
risk to aquatic organisms (Johnson et al.,, 201, levels may still induce transfer and
selection of antibiotic resistance genes (Lopaékial., 2016; Wang et al., 2016). Spread of
antibiotic resistance genes via the food chain c¢ddve consequences for the safety and

health of humans (Verraes et al., 2013).

In order to assess the risk caused by water bomibi@tics, the determination of the
dominant attenuation processes and overall attemuattes including biodegradation,
photodegradation, adsorption and hydrolysis areleseCurrently, most research on the fate
of antibiotics in water and sediment have mostuB®d on individual attenuation processes
based on batch experiments (Baena-Nogueras &04l7, Conde-Cid et al., 2018; Li et al.,
2018; Kaeseberg et al., 2018). However, in the-weald water environment, multiple

processes are occurring simultaneously and the ckajlenges are to assess which one
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dominates and to obtain an overall attenuation frate the multiple processes. Although
Luo et al. (2011) provided information on the ocence and overall attenuation rates of 12
antibiotics in rivers, this still did not distinghi which were the dominant mechanisms.
Additionally, the exchange of shallow groundwated aurface water (hyporheic exchange)
might cause antibiotics to move into groundwater. dt al. (2015) has studied

sulfamethoxazole fate in the hyporheic zone. Liteknown about the transport of other

antibiotics in the hyporheic zone.

This study used a recirculating flume to provideldmglynamic simulation system to mimic
material and energy transfer in streams. To comghernthe flume work, a series of batch
experiments were conducted to investigate the mags mechanism. Fourteen antibiotics
which are frequently detected in Chinese riverdugiog the sulfonamides sulfadiazine
(SDZz), sulfamerazine (SMR), sulfamethazine (SMZ)ulfeglimethoxine (SDM),
sulfamethoxazole (SMX), sulfathiazole (STZ), theofloquinolones enrofloxacin (EFC),
ofloxacin (OFC), norfloxacin (NFC), ciprofloxacifCEC), the tetracyclines oxytetracycline
(OTC), tetracycline (TC), and the macrolides ergthycin (ETM) and roxithromycin (RTM)
(Table S1) (Bu et al, 2013; Li et al., 2018) weedested for this study. It is believed EFC is
only used in animal husbandry; the other antibsotice used both in human health and

animal welfare in China (Zhang et al., 2015). Thgectives of this study were:

* Assess overall attenuation rates using a flume Vatal Chinese river water and
sediment.

* Use the same flume set-up to study migration inttaeer-pore-sediments
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» Through batch studies, to identify the dominantratation mechanism causing these
antibiotics to be lost from the water column.
» Assess the consequences of these processes inthi&esport of these antibiotics in

Chinese rivers

2. Materials and methods

2.1. Chemicals and reagents

Target standards Sulfadiazine (SDZ), Sulfameraz{88R), Sulfamethazine (SMZ),
Sulfadimethoxine (SDM), Sulfamethoxazole (SMX), fatlliazole (STZ) and Enrofloxacin
(EFC) were purchased from Sigma-Aldrich (St. LouMQ, USA). Target standards
Ofloxacin (OFC), Norfloxacin (NFC), CiprofloxacirCEC) hydrochloride, Oxytetracycline
(OTC) hydrochloride, Tetracycline (TC) hydrochlaid Erythromycin (ETM) and
Roxithromycin (RTM) were obtained from Dr. Ehren$o GmbH (Augsburg, Germany).
Internal standards Sulfamethazii€s (SMZ-°C) and Enrofloxacin-p (EFC-Dv)
hydrochloride were purchased from Witrga LaboratorBerlin-Adlershof GmbH (Berlin,
Germany); Sulfamethoxazole;liISMX-D,s) was obtained from Dr. Ehrenstorfer GmbH
(Augsburg, Germany); Erythromycii€, D; (ETM-*C, Ds) and Tetracycline-p(TC-De)
were obtained from Toronto Research Chemicals (Néork, ON, Canada)fach antibiotic
standard was dissolved in methanol as standaré swlations (100 mg T%). The standard
stock solutions were stored at -188@d were used within three months of purchasedoce

error caused by antibiotic degradation. Workingndgad mixtures (5, 10, 20, 50, 106 L )
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were freshly prepared by serial dilution of thec&tgolutions with acetonitrile and Milli-Q
water with 0.1% formic acid5/95, v/v) at each batch analysis. A mixture ofeinal
standards including SM#Cs, EFC-D; hydrochloride,SMX-D,, ETM-*C, D; and TC-R

were prepared in methanol (2 mg'L

HPLC-grade methyl alcohol and acetone were purchéieen Tedia Company (Fairfield, OH,
USA). HPLC-grade acetonitrile was obtained from &ker(Darmstadt, Germany).
HPLC-grade formic acid (purity of 99%) was purclthdeom Anaqua Chemicals Supply
(Wilmington, USA). The other analytical reagentsrevebtained from Sinopharm Chemical

Reagent Co. Ltd (Shanghai, China).

2.2. Water and sediment collection and charactgoiza

Water and sediment used in the experiment werentdi@n the upstream tributary of
Tong-yang River in October 2rd 2017 (31°43'14"N7°B5'29"E; Fig. S1). The Tong-yang
River, connecting to the Chaohu Lake in easterm&hwas less influenced by human and
farming activities. No background antibiotics wdoaind in these samples using sample
pre-treatment and instrumental analysis describeatktail in Section 2.5 and 2.6. Water was
collected in amber containers. Physico-chemicahmpaters of water (pH, dissolved oxygen,
temperature, conductivity, and Oxidation-reductfmotential (ORP)) were measured using
handheld water quality monitor (Ultrameter [I™ @®yronl, US) in situ and in the lab-scale
test. Sediment was collected from the top sedirfi30 mm), and wet sieved (2-mm mesh)

in situ. The particle sizes of the sieved sedimegeate analyzed by a Laser Particle Sizer
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(Mastersizer 2000, Malvern, UK). The total organ&rbon contents (TOC) in water and
sediment samples were determined with the TOC AealyMulti N/C 3100, Analytikjena,
Gemany). The cooled water and sediment sample€)4vére transported to the lab located

in Hefei City within 8 hours for use in the flumedabatch experiments.

2.3. Hydrodynamic simulation system using flumes

The migration and occurrence of antibiotics in natwater environment was simulated in a
recirculating flume with a 5-m long, 30-cm wide aBd-cm deep rectangular channel (Fig.
S2). A water pump with 0.75 kw was used to deriaenflow. The structure and parameters
of the flume were based on descriptions by Ellasttl Brooks (1997) and Jin et al. (2010),
which are described in the Sl and Fig. S3. Thensedi was put into the rectangular channel
with an approximately 18-cm thickness and 03sediment. Approximate 0.9%water was
poured into the tank of the flume system with 17water depth in the rectangular channel.
Flow velocity was controlled by a valve at 0.2 i, nd was monitored by a flow meter
(Flowatch, Switzerland). The system was settledadees window to allow natural sunlight to
shine on the apparatus. The system was equilibfated week and then run from October
3rd to November 21st 2017. The amount of water fimgh the system by evaporation was
quantified by using a water gauge every two day® Jame amount of the evaporated water
was added into the system to maintain water balah@ne hundred-milliliter liter standard
solution containing the 14 target antibiotics (9 g of each compound) was added into
water column to obtain an initial concentration aproximately 10ug L™ for each

compound to simulate a high exposure level fortarahwater environment level (der Beek
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et al., 2016).

2.4. Batch experiments

In parallel to the flume experiment, batch experiteewere carried out to explore the
dominant attenuation process of each compound.eThesed water and sediment freshly
collected from the Tong-yang River. The experimemse divided into four groups: 1) the
sterile water-only group to quantify photodegraoiatand hydrolysis; 2) sterile water-only
group in the dark for hydrolysis only; 3) non-sienwater-sediment group in the dark for
biotransformation, adsorption and hydrolysis); #yite water-sediment group in the dark for
adsorption and hydrolysis. Each group was set wuplicate. A one-liter quantity of water
was transferred into each glass bottle for the @ty experiments. In the water-sediment
groups, 400g (wet) of sediment was put into eaesgybottle and then 950-mL water was
added (similar to OECD 308). The steady-state pdetgradation test was conducted in an
illuminated incubator with sunlight simulators (SRB0B-G, Boxun, China). The
illumination intensity and wavelength were set 49 W ni“and 300-800 nm, repectively;
the photoperiod was eight hours per day. The anavatage values of the intensity and
photoperiod for Hefei region during October to Deber were from the NASA Atmospheric
Science Data Center (https://eosweb.larc.nasg.gavthe sterile test, water was autoclaved
at 121 °C for 20 min, and sodium azide (Nafal concentration 0.1%) was added into
water-sediment system of groups 1, 2, 4 for inmbitmicrobial activity. The initial
concentration 50ug L™ of target compounds was spiked with the antibistiandards

solution. All the systems were incubated at 25 ¥@raa 30 d period. The percentages of
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methanolspiked in the batch and flume experiments were agpprate 0.05% and 0.011%,

respectively, thus there was negligible impact acrobial growth (Ramil et al., 2010).

2.5. Sampling and sample pretreatment

The surface water, surface sediment and pore weer sampled at hour 2, day 1, 3, 5, 7, 10,
15, 20, 30, 40, 50 after antibiotic spiking in thane. At each sampling point, three 20 mL of
surface water and three 2 g samples of surfacengediat 2-3 cm depth were collected at the
front, middle and rear position of the flume. Aftershing out residual water in the sampling
pipes, three 20 mL of pore water sample from thgeupmiddle and lower sediment layers
were collected in amber glass bottles at the f(pate 1), middle (pore 2) and rear position
(pore 3) of the flume (Fig. S3). In addition, threey of sediment samples from the upper,
middle and lower sediment layers were collectedugh three column sampling pores (Fig.
S3) at day 10, 20, and 30. The sediments from iffexreht layers were sampled using a steel
grooved sampler inserted into sediment samplingg,pathich did not impede the system
operation for the layer sediment sampling. The ysmé was filled with fresh sediment and
not sampled again. Meanwhile, water samples fragnbtitch experiments were collected at
day 1, 3, 5, 7, 10, 15, 20, and 30 in duplicateQ7A uL sample of water filtered through
syringe filters (0.2tm PTFE, 13 mm, Agilent, US) was transferred toad wiith 25uL of 2

mg L tinternal standards of deuterated and isotope labedintibiotic analogues, and stored

at -18 °C prior to analysis.

The water samples taken from the flume were spikét 25 pL of 2 mg L internal
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standards, filtered through glass fiber filters7{@m GF/F, Whatman, UK). The pH of
filtered samples were adjusted to 3 using €, (30%, v/v). NaEDTA (0.2 g) was added into
the sample to minimize interference from*Cand Md*. An Oasis Hydrophile-Lipophile
Balance (HLB) cartridge (200 mg, 6 mL, Waters, W&conditioned with 5 mL methanol
and 5 mL Milli-Q water was used to extract and oleg each water sample. The water
samples were passed through the HLB cartridgesflatvarate of 5-10 mL mift. The HLB
cartridges were washed by 5 mL Milli-Q water andevdried by vacuum pump for at least
10 min. The target compounds were eluted with 3m@thanol/acetone (85:15, v/v) twice
(Hou et al., 2015). The 6 mL extract was blown &amdryness under a gentle stream of
nitrogen (37 °C) and dissolved in 1 mL of acetoleitand Milli-Q water with 0.1% formic
acid (5:95, v/v). The final extracts were mixedumytex mixer, ultrasonicated for 5 min, and
finally filtered through 0.23tm PTFE syringe filters. The filtered extracts wetered at

-18°C prior to instrumental analysis.

The sediment samples were freeze-dried, groundthemdpassed through a sieve (120 mesh).
Two-grams of sediment was transferred into cergafuubes, and then spiked with the
mixture of internal standards containing 50 ng afkecompound. The spiked samples were
placed at 4 °C overnight. The extraction proce$skswed that of Zhou et al. (2012) with
some small modifications. Ten milliliter of acetoieé and 10 mL of 0.1 M EDTA-Mcllvaine
buffer (Ng@EDTA:citric acid monohydrate:NBIPO,-12H0 = 12.4:4.3:9.2, pH = 4) was
added to each centrifuge tube. The mixture was danpyevortex mixer, ultrasonicated for 10

min, and then centrifuged for 5 min at 6000 rpmisTéxtraction step was repeated twice, and

10
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the supernatant at each step was merged into oitle.bbhe extracts were diluted with
Milli-Q water to 200 mL. The solution was extractadd cleaned up by the same processes

as those of water sample described above.

2.6. Instrumental analysis

The target antibiotic compounds were determinearygilent 1290 rapid resolution liquid
chromatography tandem an Agilent 6460 Triple Qupdi®i mass spectrometer
(RRLC-MS/MS, Agilent, US). The separation of targentibiotics compounds was
accomplished by Agilent Zorbax Eclipse plus-C18ucmh (RRHD, 2.1 x 100 mm, 1,8n,
Agilent, US). The mass spectrometer was operateadultiple-reaction monitoring (MRM)
mode with positive ionization (ESI+). The instrurtedrconditions for the target compounds

analysis are shown in Table S2.

2.7. Quality control and quality assurance

The quantification of 14 antibiotics was achievedusing internal standard method with
calibration of working standard solutions. The etation coefficients (B of calibration
curve were between 0.99 and 0.9999. The recoveses performed by spiking 1 L water
samples and 2 g sediment samples with standartie@uo three concentrations of 10 ng
L™ 20 ng %, 50 ng ! and 10 ng @, 20 ng §*, 50 ng g*, 100 ng @, respectively. The
recoveries of 14 antibiotics in the water sampéegyed from 56 + 1% to 117 + 11% and the
sediment samples ranged from 57 £ 0.1% to 127 +, Svith relative standard deviation

(RSD) less than 15% (Table S3 and Table S4). Thiaodedetection limits (MDLs) of 14

11
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antibiotics ranged from 0.23 - 5.88 ng‘for water samples (Table S3) and from 0.25 — 2.94
ng g~ for the sediment samples (Table S4). The MDLs wletermined by spiking 1 L water
samples with the mixed standard solution to 5 n§ knd then performing the whole
pre-treatment processes. The extracts were grgddidlited until the signal-to-noise ratio

was equal to 3.

2.7. Attenuation rates calculation for the flumedst

After the antibiotics were spiked into the flumestgm, the concentrations would naturally
decrease due to dilution and mixing with sedimerd pore water. Therefore, in order to
obtain the true attenuation rates without the erilce of mixing dilution, concentration
corrections were conducted by using a conservatacer bromide as a reference compound
(Eq. S1 in Sl). One liter potassium bromide sotut{8 g L™) was added into water phase
of the flume system simultaneously with the antibg Bromide concentrations in surface
water and pore water samples were measured by hoomatography (881 Compact,
Metrohm, Switzerland) at the same intervals asatitéviotic determination. Attenuation rate
constants ) and half-life time 13,) of antibiotics in the surface water were calcedaby

fitting a first-order kinetic decay model to thes®rected concentrations (Eq. S2 and Eq.S3).

3. Results and discussion

3.1. Simulation system operation performance

During the whole operating period, pH was aroundnd ORP was within 150-170 mV

(Table S5). The conductivity was stable at aroud@ & cmi*(Table S5) in the flume, which

12
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was higher than the on-site value of |80 cm’. However, the conductivities in this flume
were not beyond the range values in the naturaém@0-500us cmi®), which would not
influence the experiments. The most likely explamrafor the elevated conductivity comes
from the addition of the potassium bromide traddre temperature was maintained around
25 °C and the values of DO were between 7.2 ta@6.* (Table S5). The TOCs in water
and sediment measured at the initial period and @ndhe experiment did not show
significant changes (Table S6). Therefore, the apmral performance of this system was

relatively stable, and close to water quality ctinds of a natural river.

3.2. Dominant attenuation processes

The relative importance of the different attenuatiorocesses for these antibiotics was
investigated with batch studies. These used rivatervand sediment from the Tong Yang
River, which had a pH of 7.8, conductivity of 86 cm? and sediment TOC of 28@kg™.
Photodegradation proved to be the most importathede processes for all the antibiotics
apart from OTC (Fig. 1). Photodegradation was diqdarly important loss (estimated >
70% of the total) for SDZ, SMZ, STZ, EFC, and OFthe half-lives controlled by
photodegradation alone ranged from 4.40 to 32.9Fdy. (S4). The importance of
photodegradation for antibiotics has also beendhbteothers (Baena-Nogueras et al., 2017;
Batchu et al., 2014; Conde-Cid et al. 2018; Lilet 2018). Biodegradation and adsorption
accounted for the rest of the losses from the watdumn. Adsorption was the most
important process for OTC. Hydrolysis, judged oe Hasis of the dark sterile control, was

not found to be important for any of the antibistaver 30 d (< 1%).
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3.3. Attenuation of target antibiotics in the sodavater flume study

After 50 d, most of the macrolides, tetracyclined duoroquinolones had been lost from the
water column whilst the more persistent sulfonamidad around 20% remaining (Fig. 2).
The losses of the 14 antibiotics in the surfaceewatere corrected for dilution by
comparison with the conservative tracer bromidecviwas simultaneously measured in the
surface water (Fig. S5). Thkeandt;, of SMR, SMZ, SDM, SMX, STZ, CFC, and OTC were
calculated using a first-order kinetic model anesth fitted well with the observationg(>
0.8; p < 0.01) ; whilst the fitting for the others presmhrelatively weakly correlated fitting
(0.6 <R? < 0.8;p < 0.01) (Fig. S6). The order of attenuation raeswWTC > RTM > TC >
ETM > CFC > NFC > EFC > OFX > STZ > SMZ > SMX > SMRSDM > SDZ (Table 1).
Among these antibiotics, SDZ was the most perdistéth 25.6-dt;». The fluoroquinolones
presented moderate attenuation rates witanging from 0.06 @ and 0.13 @. OTC and
RTM had the shortest half-lives (Table 1), and wampletely removed after 15 d (Fig. 2).
Overall, the attenuation rates for these antibsotice rather low and would allow them to
travel considerable distances down river. Thisipgsce would increase on cloudy days due

to the low contribution of photodegradation.

Another way of examining the relevance of theses Ioges is to consider the distances
travelled down a river after which 50% would betldshus, for these antibiotics half would
be lost only following a river travel of 31 km td4 km at 0.2 m$ velocity (Table 1). In the
case of the Nanfei River (a typical unban riverseldo the sampling sites) in winter which

has a flow velocity 0.15 m'§ half of the antibiotics loss will take place faliing a travel

14
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distance of 23 km to 333 km. In summer, with a®.5* flow velocity, the travel distance
would range from 55 km to 777 km before half thékaotics would be lost. In fact, for the
Nanfei River, the distance from the urban dischaog€haohu Lake is only 25 km. Thus, a
considerable portion of the antibiotic dischargmrirHefei City would reach this lake without

dissipation.

3.4. Binding and movement of the antibiotics witpore waters and sediment

All antibiotics were detected in the surface seditagwhich was attributed to their migration
and adsorption to sediment from the water phasg. (8). This is consistent with the
adsorption mechanism playing a role in the remowélall antibiotics from the water phase
in the batch experiments. HBFC,NFC, TC, OTC and RTM, adsorption played an impdrtan
role its loss from the water column. This is retate the relatively high hydrophobicity of
these compounds (150 Ky < 889 L kg') (Table S7). Adsorption made a relatively small
contribution to the dissipation of sulfonamidesg(Fi) due to the low adsorption affinit{{

< 80 L kgh). Sulfonamides, as acidic compounds, have a deglisorption capacity with
increasing alkalinity due to electrostatic repuisioom sediment (Gothwal and Shashidhar,
2015). Therefore, their adsorption capacity dea@eas the weakly-alkaline water

environment of the flume (Table S5).

The sulfonamides concentration in sediment contislyoincreased until around day 20
when it stabilized to 10 — 50 ng'gat day 50. Similarly, the concentrations of thheot

antibiotics in the surface sediments increaseddhapbefore day 10, and then quickly

15
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declined until leading to their disappearance at 8@&. The two types of behavior were
attributed to the difference in their persistendée sulfonamides have relatively low
attenuation rates, thus the part transported tonsed only slowly dissipated compared with
the tetracyline, macrolide and fluoroquinolone hitics which have higher attenuation rates.
For OTC adsorption was shown to be particularlyongnt in the batch studies (58.7%) (Fig.
1), which may explain why OTC had the highest cotre¢ion in sediment (Fig. 3). In
addition, due to its relatively high biodegradatiate k = 0.0469 @) (Fig. S4), OTC in
sediment was rapidly dissipated after day 10 ambsi disappeared at day 20 (Fig. 3), thus it
could not be detected in the lower layer sediméhrig. 4). All fluoroquinolones including
EFC, NFC, OFC, and CFC were detected in the lagdingents at 5 cm, 10 cm and 15 cm
depth (Fig. 4), which might be attributed to thiatigely strong adsorption to sediment (Fig.

1) and the low attenuation rates (Fig. 1 and Tahle

Most of these antibiotics were detected in the paater from the upper layer (Fig. 5 and Fig.
S7). The sulfonamides were present in the uppeerlgyre water at the highest
concentrations. SDZ, SMZ, SDM and STZ were foundbéocapproaching equilibrium with

the surface water until day 50, which might beilatited to the higher mobility caused by the
low adsorption (Fig. 1). However, in the middle adogver layer pore water, only a few
antibiotics were detected, which may have two exgtians. One is the limited exchange of
surface and pore water caused by the low flow Vild0.2 m $%). Another is that most

antibiotics were completely retained and dissigaiimthe upper layer due to the relatively

high organic contents and fine texture of sedimdmtdble S6 and Table S8). Currently,
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342

343

344

345

346

347

antibiotics have been detected in groundwater fiéreint regions across the world (Kivits et
al., 2018; Lopez-Serna et al., 2013; Ma et al.,520Thus, further clarification of their

transport paths to groundwater is needed.

4. Conclusions

Photodegradation was the dominant attenuation nmésrha of these antibiotics in a
water-sediment system. These antibiotics had a-veidge of half-lives with 1.28 d and 25.7
d in the water column, which would permit considideatravel distances to take place for
many of them in rivers. The adsorption onto thefesi@ sediment in the flume study
contributed to part of antibiotic removals from thater phase. All fluoroquinolones and two
sulfonamides (SDZ and SDM) migrated further to deep layer sediments, but there was
less presence in the pore water due to the strdagration. Adsorption made a relatively
small contribution to the dissipation of sulfonaesdiue to the low adsorption affinity. Thus,
the sulfonamides were present in the pore wateappdoached equilibrium with the surface
water at the upper layer, which would permit thegh mobility to pore water in hyporheic
zone. Therefore, these sulfonamides due to thein mobility and persistence might be
important candidates for groundwater contamination.
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Figure captions

Fig. 1. Contribution ratio of each individual attenuatioprocesses (including
photodegradation, adsorption and biodegradationthénbatch experiments carried out at
25 °C over 30 d periods.

Fig. 2. Temporal profiles of four classes of antibioticssunface water of the flume study
over a 50 d period (mean + standard deviation).

Fig. 3. Temporal profiles of four classes of antibiotinssurface sediment of the flume study
over a 50 d period (mean + standard deviation).

Fig. 4. Antibiotics in the upper, middle and lower layedsnent at the three sampling time
(day 10, day 20 and day 30). The depth of the yppeatdle and lower layers was 5 cm,
10cm and 15 cm, respectively.

Fig. 5. Dynamic equilibrium relationships of 14 antibitim the pore water with those in the
surface water at pore 1. The depth of the uppetdimiand lower layers was 5 cm, 10 cm and

15 cm, respectively.
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Tablel

Attenuation rate constantk)( half-life time (&2 and half-life distance (§f of 14 antibiotics

in surface water for the flume experiment.

Compound k (dY)  tyo(d) dh (km) Compound Kk (d™) tyz(d) dy(km)
SDZ 0.027 25.7 444 NFC 0.123 5.64 97
SMz 0.040 17.3 299 OFC 0.062 11.1 192
SMX 0.039 17.8 308 CFC 0.130 5.33 92
SDM 0.038 18.2 314 TC 0.167 4.15 72
SMR 0.039 17.9 309 oTC 0.380 1.82 31
STZ 0.052 13.3 230 ETM 0.164 4.22 73
EFC 0.079 8.78 152 RTM 0.251 2.76 48

dn was calculated by the average flow velocity (0.8 fnmultiplying t»



ACCEPTED MANUSCRIPT

SDM
1%

| Photolysis
Adsorption
777 Biodegradation




ACCEPTED MANUSCRIPT

10- —a—SDZ ——STZ ——TC
—»—SMR —e—EFC —~—OTC
—+—SMZ —4—NFC ——ETM
——SDM —— OFC ——RTM
——SMX —«—CFC

o0
1

Concentration (pug L")

0 10 20 30 40 50
Time (d)



ACCEPTED MANUSCRIPT

200 4

&
(=3
1

Concentration (ng g")
8

—8—SDZ —0—STZ —0—TC

—b»b—SMR ——EFC —x—OTC
—%—SMZ —A—NFC —%—ETM
——SDM —v—OFC —>—RTM




BB Upper layer B Middle layer ZZZ Lower layer

- PORT2
SDM EFC‘NFC‘OFC CFC

IR

[RRRZRRRHRRXRRRRRRRKRANNN

RS ANNNNNNNNNNNNNNNNNNNNNNYY

O
&9
L]
O
=
- O
% R
gz
0 C TOTOTOTOTOT0TATeTATeTT0%,
-9 H [ T0TOTOTOTOTOTOTOTOTATOTOTATOTOTOTOTOTOT,
a
L2
N
[a)]
wn
T T T T T T T T T T T T T T T
(=] (=] (=3 (=] (=] (=] (=3 (=]
< N (=) 0 O < N

A_.w Su) uonenuaduU0))

Time (d)



ACCEPTED MANUSCRIPT

Concentration (pg LY
B

*]
|

10—
- D7 8 - SMR 8 SMZ - SDM
6 — 1 )y 43
] @ 8 6 23
2 il 4 4 — 0.7 —
04T -3 2+ ]
0.2 - - f\-—o——-__‘_- 4
- T T T } T 0 f e T T i 0 T T i T T # 00 — T T T i T
0 1D 20 30 40 sp 0 10 2 30 40 S0 0 0 20 I 40 SO i 20 30 40 50
§ o 12
SMX 1 817 10— EFC i NFC
| 8 — - fr —|
1 & - i
1 o _'. ;—:I: 4 —
4 2 y
| ] 5
%= 2 1 |
T .*I__ } d_"_-_-l-.-._.-.! 0— i oo T T T 7 0 A T T T T
0 10 20 30 40 50 0 0 20 30 40 SO 0 0 20 30 40 S0 0 10 20 30 40 S0
10 = - 12
i QFC 8 CFC 4 ™ . aTC
] i 10—
4 3 7 .
13 B £
T 2 | i
L 02 - 4—_
| 2]
0.4 |""T‘A\'F T T Sl e T (0 T 0 # 0 _l T T T T (0
0 10 20 30 40 S0 0 1020 30 40 S0 0 10 20 30 40 S0 o 200 30 a0 50
0
ETM § 3 RTM
6=
4 -
| 24 —s— Surface water
- —s=— Upper layer pore water
0.1 4 /> —<+— Middle layer pore water
ot 0 L - B’ J —<— Lower layer pore water
0 10 20 30 40 50 0 10 20 30 a0 50

Time (d)



Highlight:

® Attenuation of 14 antibiotics was studied for 50 d in a simulated stream.

® Persistence was in order of sulfonamides > quinolones > macrolides >
tetracyclines.

® Photodegradation was the dominant attenuation mechanism.

e All quinolones were detected in the lower layer sediments at15 cm depth.

e Sulfonamides were present in the sediment pore water with high concentrations.
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