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Abstract

Among pharmaceuticals, the occurrence of antitsatidhe environment is a subject of
special concern due to their environmental impa&inely the development of bacterial
resistance. Sulfamethoxazole (SMX) is one of thatnaommonly used antibiotics and
it is regularly found, not only in effluents fronewage treatment plants (STPs), but also
in the aquatic environment. Photodegradation agpaaran alternative process for the
removal of this type of pollutants from contamirthteaters. In order to be used for a
remediation purpose, its evaluation under contisutaw mode is essential, as well as
the determination of the final effluent antibacérctivity, which were assessed in this
work.

As compared with batch operation, the irradiationet needed for SMX elimination
under continuous flow mode sharply decreased, widchery advantageous for the
target application. Moreover, the interrelationvilen SMX removal, mineralization
and antibacterial activity was evaluated before dumihg photodegradation in ultrapure
water. Although mineralization was slower than SMe&moval, bacterial activity
increased after SMX photodegradation. Such an aserewas also verified in
environmental water matrices. Thus, this study grasen that photodegradation is an
efficient and sustainable process for both (i) theediation of waters contaminated

with antibiotics, and (ii) the minimization of thrcterial resistance.

Keywords: Photolysis, Sulfonamides; Continuous flow water treatment; Antibacterial

activity; Vibrio fischeri
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1. Introduction

Water quality constitutes an issue widely discussiede it is essential to human
wellbeing, health and activities, as well as to pheservation of aquatic life. Emerging
contaminants, as antibiotics, end up in aquatione®s at concentrations that, even
though very low, are known to induce undesirabfeat$ on ecosystems (Meffe and
Bustamante, 2014) and negative impact on waterityualhe main cause of the
presence of these contaminants in the aquatic ament is the inefficiency of

conventional treatments applied in sewage treatplants (STPS).

In the European context, there are no regulatethdige limits for pharmaceuticals,
still some directives have been published. The firark in the European water policy
was the Directive 2000/60/EC, which focused on rgrang substances presenting a
high risk. This was amended by the Directive 200B/EC, which settled a group of 33
priority substances or groups of substances. Megently, Directive 2013/39/EU
enlarged this group to 45 priority substances ougs of substances, recommending
attention to either monitoring and treatment opionhen, the Decision 2015/495/EU
set the first watch-list of substances for Europésmon wide-monitoring, which
included three antibiotics amongst 17 organic campie (Barbosa et al., 2016).
Implementing Decision (EU) 2015/495 was next repeédly Decision 2018/840/EU,
which set a new watch-list that added two morebéotics to those already included in
the first list. This evolution shows the concernctwver an ever-increasing group of
compounds as well as to improve and/or develop tneatments and/or strategies for

their removal from water.
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Water treatment processes usually mimic or build natural processes, either
biological, chemical or physical, that have beemsesbed to favour the removal of
contaminants from water. In the case of antibigtiteey may undergo different
processes in the aquatic environment that affest thte and represent the reduction of
their concentration, like biodegradation, sorptidnydrolysis or photodegradation

(Charuaud et al., 2019).

Photodegradation appears to be the major antibiotlegradation pathway in
surface waters (Charuaud et al. 2019). Two typephoftodegradation may occur in
natural waters: direct photolysis (the target aotib absorbs photons able to induce
chemical transformations (Oliveira et al., 2019)Ndaindirect photolysis (other
substances, which are called photosensitizersylalsstar radiation, transferring energy
to the pollutant or generating reactive oxygen Ese(ROS; hydroxyl radicals, OH
peroxyl radicals, ROD singlet oxygen,'0,) (Carlos et al., 2012) that induce the
photodegradation). In any case, photolysis mehaesdegradation of antibiotics and,
therefore, may account for their removal (Lin et, &019; Norvill et al., 2017).
Moreover, solar radiation being plentiful and fresilization of natural light for the

removal of antibiotics is a green, sustainable eamdronmentally-friendly approach.

Regarding the industrial application of photodegtamh, it is important that the
process runs continuously (Suhadolnik et al., 2019herefore, the assessment of
antibiotics’ photodegradation in continuous flow aheois essential for application as
tertiary advanced treatment in STPs. In this selReetto et al. (2018) and Zhong et al.
(2018) assessed the photocatalysis of the antibiatulfamethoxazole (SMX) and

tetracycline (TC), respectively, in flow mode. Reitg, and to avoid photocatalysts
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assistance, Lin et al. (2019) designed a noveksyshat combined sunlight-focusing
coupled with a solar tracking (SFST). These autBacsessfully used the SFST system
for the photodegradation of SMX and ciprofloxacm a quartz reactor tank under
continuous operation. However, to the best of tth@s’ knowledge, there are no
research works dealing with the solar simulatedtgdegradation of antibiotics in
tubular reactors operated under continuous flow enadd in absence of synthetic
materials acting as photocatalysts. This fact ¢nes, therefore, the main novelty of
this work, in which the photodegradation of SMX andimulated solar radiation was
investigated in a tubular reactor operated in caus flow mode. In addition, after
observing that SMX photodegradation was affectednimtrix effects under batch
operation (Oliveira et al., 2019), continuous flowode using different water matrices
(ultrapure, fresh, estuarine and STP effluent) assessed in this work. Another aim of
this study was to gain insight on the bacteriaistaace problem either in what respects
the parent compound and possible photodegradatrodupts. For that purpose,
antibacterial activity of the initial and photodaded SMX solutions using thébrio
fischeri microorganism was evaluated in the different watatrices tested. Finally, the
relation between SMX photodegradation, its mineegion and antibacterial activity

was assessed.

2. Materials and methods

2.1. Reagents and standards

SMX (> 98%) was provided by TCI (Europe). Acetoilet{HPLC grade) and acetic

acid (p.a.) used for high-performance liquid chrtygeaphy with a fluorescence
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detector (HPLC-FD) analysis, were obtained from VVERd Prolabo, respectively.
Ultrapure water, used in the preparation of sohgjovas obtained from a Millipore
system (Milli-Q plus 185). Nutrient Broth n°2 suppiented with 2% of NaCl (Oxoid,

UK) was used to grow the bacteria in the antibaatactivity tests.

2.2. Water matrices

Surface waters (fresh and estuarine) and efflirent a STP were collected in
ambar glass bottles. The latter was collected i8T& designed to serve 159 700
population equivalents, receiving an average dhily of 39 278 mi day’. In this STP,
sewage is subjected to primary and biological tneat and the collection was
performed after the biological decanter, which egponds to the final treated effluent
that is discharged in the environment, which fas 8pecific STP occurs at ~3 km from
the coast, on the Atlantic Ocean. This matrix Ww#l referred onwards as STPF. After
collection, all water matrices were filtered thrbu@.22 um nitrocellulose membrane
filters (Millipore) avoiding bacteria activity argtored at 4 °C prior to use. All the water
matrices were characterized through UV-visible spghotometry, atomic absorption
spectrophotometry and measuring different parametsuch as dissolved organic
carbon (DOC), salinity, pH and conductivity. The mayed methods are detailed
elsewhere (Oliveira et al., 2019) and the corredpwnresults are shown in Table S1 as

supplementary data.

2.3. Chromatographic analysis
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Quantitative analysis of SMX was achieved using BFAD. The device consisted
of a degasser DGU-20A5R, a column oven CTO-10A(ump LC-30AD and an
autosampler SIL-30AC (all from Shimadzu). For threparation, a Kinetex XB-C18
column (2.6um, 100 mm x 4.60 mm) was used. Both the cell arldneo temperature
were maintained at 25 °C and an injection of 20 was used. The mobile phase
consisted of water (acidified with 1% acetic aadgtonitrile mixture (40:604/v) and
the flow rate was maintained at 0.8 mL rhinBefore use, acidified water and
acetonitrile were filtered through a Queh polyamide membrane filters (Whatman). The
detection of SMX was done by using a Prominence2B4&xs fluorescence detector
from Shimadzu with an excitation wavelength of 266 and an emission wavelength

of 343 nm.

The SMX calibration curve was obtained by preparabf standard solutions in
ultrapure water, with concentrations 100, 50, 28, 3 and 1ug L™, by dilution of

proper amounts of the stock solution.

2.4. Photodegradation experiments

2.4.1. Apparatus and experimental procedure description

All SMX solutions were irradiated under simulatedlar radiation using a
Solarbox 1500 (Co.fo.me.gra, Italy). The irradiatdevice contained an arc xenon lamp
(1500 W) and outdoor UV filters that limited thamsmission of light with wavelengths
below 290 nm. The irradiance of the lamp was s&5&V m? (290-400 nm) and was
kept constant during all the experiments. To maonitbe irradiance level and

temperature, a multimeter (Co.fo.me.gra, Italy)uipged with a UV (290-400 nm)

7
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large band sensor and a black standard tempersgasor, was used. Through an air-
cooled system, the device was refrigerated. Furthex, a parabolic reflection system

guaranteed the uniformity of the irradiation insttle chamber.

The apparatus used to study the SMX photodegmadati continuous flow
mode is represented in Fig. 1. In this apparatuadiation and control experiments
were carried out simultaneously. For this purp@®mL reservoirs containing SMX
solutions (one for the solution to be irradiated another for the control) were capped
with Parafilm M® and covered with aluminum foil to protect the $iol from light.
Both solutions were pumped with a Longer Pump BU-10, using a flow rate of 150.1
uL min?, through respective narrow-bore (inner diamete8:rim and outer diameter:
1.6 mm) transparent tubes of fluorinated ethylengpylene from Adtech Polymer
Engineering Ltd (UK). Each of the two tubes hadtaltlength of 2.80 m, however, just
1.50 m were inside the Solarbox, while the restjctvhwas outside to allow for
recirculation, was covered with aluminium foil toopect the solution from light. As
shown in Fig. 1, tubing inside the Solarbox wasthiato 10 loops and arranged
horizontally over a flat plate (18.5 x 27 cm) irder to maximize the exposed surface
area. On the other hand, from the two plates éngié Solarbox, the one corresponding
to the control was covered with aluminum foil tefact the SMX solution from light
while subjected to identical conditions and duriing same time as the irradiated
solution. During the experiments, SMX solutionscalated continuously through the
described apparatus, aliquots being periodicallhavawn in order to determine the
concentration of SMX along time. The simultaneoas-iradiated controls were used
to verify that the SMX concentration remained stabilring the experiments and to

have a reference for the calculation of the peeggnf degradation under irradiation.
8
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This way, the decrease of SMX concentration in egposolutions can be ascribed

solely to photo-induced degradation.
Figurel
2.4.2. SMX photodegradation

A SMX stock solution of 100 mg t was prepared by dissolving SMX in

ultrapure water and then kept at 4 °C in the dark.

SMX photodegradation in ultrapure water and irietldnt water matrices (fresh,
estuarine and STPF) was studied under the expeianprocedure described in the
previous section. SMX solutions of 1Q@ L™ were prepared in ultrapure water by
dilution of the stock solution for the studies anedt photodegradation, which had a
maximum duration of 1 h. For the study of matriXeefts, SMX solutions in the
different filtered water matrices were preparedspiking each of them with 1Qdy L™
of SMX. Irradiation experiments for the study of tnha effects had a maximum

duration of 5 h.

2.5. Antibacterial activity and SMX mineralization

For the evaluation of the SMX mineralization algoigotodegradation and the
antibacterial activity of SMX photoproducts, theedit photodegradation of a 100 mg L
1 SMX solution was performed following the procedatmve described. The relatively
high concentration used was needed to detect vargain the bacterial growth in the
presence of the SMX solution and to follow the migacarbon content during the

irradiation process.



205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

The SMX mineralization and the antibacterial atyiwvere determined at the
beginning of the SMX photodegradation experimems @ h), after 50% of SMX
photodegradationty, 0.74 h), after 95% of SMX photodegradatitf) {4 h) and when
no SMX was detected by HPLC-FLD;,(49 h). A non-irradiated blank of ultrapure
water with no SMX was used as control (sample AsoAa SMX standards with 50%
and 100% of the initial concentration (100 md)lbut not subjected to any irradiation
were used for comparison with irradiated sampleeréfore containing any

photoproducts formed during the irradiation).

In order to assess SMX mineralization, DOC was meakin samples from the
direct photodegradation experiments using a Totaja@ic Carbon analyser, TOC-
Vepr, from Shimadzu. Samples were acidified with 2#)(of HCI 2 mol LY, purged

with nitrogen and covered with Parafilm®\Vvbreviously to the analysis.

Tests of antibacterial activity were performed gswibrio fischeri ATCC 7744
incubated overnight in Nutrient Broth n.2 suppletednwith 2% of NaCl. The strain
was grown to optical density (OD) 0.9 at waveleng@®® nm and then was used in the
bioassays in ultrapure water and in the differemtirenmental water samples. All
assays were performed in triplicate. The cytot@ffect was evaluated considering the
bacterial growth at a wavelength of 600 nm andidduminescence at a wavelength of
420 nm using a MultiskanGO, Thermo Scientific, UK.

Antibacterial tests were also performed for thereat photodegradation of a 100
mg L' SMX in the different water matrices (fresh, ulwa@ and STPF) at the
correspondindy, t;, t; andts. As for the direct photodegradation experimeatson-

irradiated blank of the water matrix with no SMXsvased as control (sample A) and

10
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non-irradiated SMX standards with 50% and 100%hefinhitial concentration (100 mg
LY in the corresponding matrix were used for congmaripurposes.
In all the matrices (ultrapure, fresh, estuarind 8 TPF water), the percentage of

viable cells was estimated at wavelength 420 nmguQg. 1:

0D in test

% of viable cells = ( ) x 100 Eg. 1

OD in sample A
3. Results and Discussion

3.1. Photodegradation kinetics of SMX in ultrapurewater and environmental

water matrices

Photodegradation of SMX in ultrapure water and emmental water matrices
was monitored by the determination of the antibiatoncentration in the aliquots,
experiments enduring untii no SMX was detected I tirradiated solutions.
Experimental results were fitted by non-linear esgion to the pseudo first-order

kinetic model, according to Eq. 2:
CCy = e" Eq. 2

where, C is the SMX concentration in the solution exposedlight at different
irradiation times (ug £); Cy is the SMX concentration in the solution protechemn
light at different irradiation times (ug™); k is the pseudo first-order degradation rate

constant (1); andt is time (h).

Kinetic curves of SMX photodegradation in ultrapusater and in different
environmental water matrices are presented inZighe obtained data for the variation

of SMX concentration along irradiation time werteil to a pseudo first-order kinetic
11



251  model. Moreover, the corresponding parameters ¢ulegfradation ratek (h")) and half-

252 life time (¢t (h), (calculated as In@) are presented in Table 1. No degradation was
253  observed in the non-irradiated control solutionsljgating that, under the experimental
254  conditions employed, and in the matrices used, SMyradation by other means than

255 irradiation (such as microbiological or thermal m&ais negligible.
256 Figure 2

257 Overall, and as it can be seen either in Fig. 2 Badale 1, SMX underwent very
258 fast photodegradation in ultrapure watey, & 0.32 h). However, when present in
259  environmental samples, the SMX photodegradatioa nad&rkedly decreased with the
260 respective increase i (ty2 between 0.95 and 1.5 h). SMX photodegradation rate
261 increased in the order: STRFestuarine water < freshwater < ultrapure waterthin
262 latter, after 45 min of irradiation, a photodegtamia of 81.4% was observed, while for
263  the fresh, estuarine, and STPF water matricespplkgtadation was 47.5%, 42.8%, and
264  37.6%, respectively. As stated in Oliveira et 2019), DOC analysis indicated that the
265 STPF matrix had the greatest content of organibaran26.45 mg [Y). That may
266 account for the complexity of the sample and fdnigher inner filter effect in this
267  matrix, which reduces the available radiation féi>XSphotodegradation, eliciting the
268 lower photodegradation rate.

269 Table 1

270 The STPF matrix was the one showing the lowestieficy to induce the SMX
271 photodegradation, which resulted intg 4.7 times higher than that observed in

272 ultrapure water (1.5 £ 0.1 h and 0.32 + 0.03 hpeetvely).

12
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Overall, it is possible to conclude that the envimental water matrices cause a
great delay in the photodegradation of the SMX. B&iter understand the SMX
photodegradation under environmental conditidfas(h) may be converted to summer
sunny days (SSD). Thesg, (SSD) were calculated using the assumption th@SD
(24 h) will correspond to 3.8 h of irradiation (kmog that the total energy reaching the
ground on a SSD, for 45 °N latitude is 7.5 X 30r?) (Silva et al., 2016). As depicted
in Figure 3, 0.085 £ 0.007 SSD were needed to régach ultrapure water, while in
environmental matrices the SSD varied between #2102 and 0.39 + 0.03.

Figure3

In what regards the comparison between SMX phgi@dation under batch
(Oliveira et al., 2019) and continuous flow modeigtwork), Table 1 and Figure 3
represent the determined parameters correspondiegah operation mode. As shown
in Table 1, the increase k(h™) and the respective decreasésjn(h) under continuous
flow mode as compared with batch is clear. Stilfedences depended on the matrix,
so, for example, in ultrapure water, the (h) is 2.7 times smaller under continuous
flow than under batch conditions, while in freshevat is 5.8 times smaller than under
batch mode (Oliveira et al. 2019). Fig. 3, whiclpresentst;;, (SSD), highlights the
differences between batch and continuous flow modesexample, for the case of the
estuarine sampléy» (SSD) was reduced from 1.4 (batch mode) to O0.®Ww(fmode). It
is therefore noticeable that SMX photodegradatiotgen continuous flow mode is more
efficient than under batch conditions, especiatlyenvironmental water matrices. This
must be related to the enhanced light penetratimhdastribution inside the solution,
which are the dominant factors in the design oicififit photo-reactors. The reduced

optical thickness (0.4 mm) and narrowness (0.8 mtermal diameter) of tubing favours
13
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light penetration while circulation in continuou®vww mode facilitates light intensity
distribution and homogeneous conditions in the Skbiution that is inside. On the
other hand, the arrangement of the tubing in a Ipatiern increases the ratio of
irradiated volume and residence time to the irtadissurface area so improving the

effectiveness of light exposition.

Higher degradation rates, resulting in lowsgy, for the flow mode in comparison
with the batch mode had already been observed byakRdez et al. (2017) for the
photocatalysts-assisted E2 degradation in a chimenedactor. However, to the best of
the authors’ knowledge, this is the first assessnuénthe potential application of
photodegradation under continuous flow mode for d@oval of antibiotics as an
effluent treatment option. Results obtained arempong for the development of an
economically viable green water treatment technplaigning at the photodegradation
of antibiotics under solar radiation, continuousamlsystems being simply integrated as
tertiary treatments in existing STPs. On the otand, a relevant feature of the here
used design lies in the loop arrangement of tubimfich increases the solution
residence time and operating volume of the reawtbile occupying a reduced physical
area. Similar patterns have been reported for algallar photobioreactors used for
water treatment (Lv et al., 2017; Villasefior-Canmeh al., 2018), in which photolysis

might be also involved in the removal of pollutaffe et al., 2019).

3.2. Antibacterial activity and SMX mineralization

Vibrio fischeri ATCC 7744 was chosen to represent bacteria present

environmental waters because it is known to playimportant role in antibiotics’

14
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resistance disseminatigBackhaus and Grimme, 1999; Cabral, 2010; Chavez-dozal et
al., 2013). AlsoMbrio fischeri detection is relatively simple since metabolicalttive
cells emit bioluminescence. Therefore, the badtgrawth was correlated with its
bioluminescenceThe representation of OD at 400 nm (bioluminesegrnersus OD at
600 nm (bacterial growth) showed that the higherhloluminescence, the greater the
bacterial growth. This positive correlation suppatte utilization of bioluminescence
data for the interpretation of the cytotoxic effextthe samples under study. Then

results obtained from the antibacterial activitstseare shown in (Fig. 4 a-d).
Figure4

From the analysis of Fig. 4a, a higher bacterialrgh can be observed in sample
A since no antibiotic was present, only ultrapuratew. Thus, this bacterial growth
corresponds to that of the culture medium wheré/tbheao fischeri bacteria was grown.
On the other hand, in sample D there was the greathibition of bacterial growth,
which corresponds to antimicrobial activity of then-irradiated control, containing the
highest SMX concentration tested (100 m).LAll samples B, C and E have the same
SMX concentration (50 mg1) and similar antibacterial activity. Also, similegsults
obtained for sample C and E, which was subjectedrriadiation, indicate that
photodegradation products that might be produced ), do not influence the
bacterial growth. As for samples F and G, similactbrial activity was observed, which
was higher than the presented by sample D, beiegethesults statistically different

(p value = 0.01).

Results on TOC removal are shown in Fig. 5 togethdth SMX

photodegradation andibrio fischeri viable cells. As may be seen, when 95% of SMX

15



343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

was removed by photodegradation, only 10% of mimei@on occurred (sample F).
However, the % oWibrio fischeri viable cells significantly increased when compared
with the control sample (sample D). In sample Gewmo SMX was detected and
bacterial activity was equivalent to F, only arol8%6 of mineralization was observed.
Therefore, direct photolysis provided for the coetel photodegradation of SMX to
intermediate photoproducts, but not for the mineadion of the latter. The low
mineralization of SMX by direct photolysis has allg been reported by other authors
(Gong and Chu, 2016; Mouamfon et al., 2010; Wul.et2819). Notwithstanding, in
this work, from the results obtained in ultrapuratev, it can be concluded that the
SMX photodegradation, even when not associateduo/alent mineralization, leads to
a loss of the solution antibacterial activity and, the case of formation of
photoproducts, these not exhibit higher antibaatexctivity than SMX. This indicates
that the photodegradation treatment results inntiremization of bacterial resistance.
With regards to SMX mineralization (Fig. S1 in slggpentary data), almost 70% of

TOC reduction was observed after 83 h.

Regarding indirect SMX photodegradation in fresteraFig. 4b evidences that
sample A did not exhibit the highest bacterial gito\ibacterial growth in freshwater
matrix was lower than the obtained in the culturedram) even though SMX was
absent. This indicates that the matrix solution drasnfluence on the bacterial growth.
As previously observed in ultrapure water, samplevd® the one showing the largest
inhibition of bacterial growth, indicating the amicrobial activity of SMX. Although
SMX concentration and irradiation times were défe, samples A, B, C and D did not
statistically differ, which again points out thaetmatrix had a great effect on bacterial

growth. Sample D and E were statistically differéntvalue = 0.01), with a higher
16
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387

388

389

bacterial activity observed for sample E, indicgtthat photodegradation reduced the
antibacterial activity of SMX. Sample E and F walso statistically differenp(value =
0.01), sample F presenting higher activity. Thiggasts that photoproducts may have
higher antibacterial activity than SMX or that timatrix compounds’ photodegradation
may result in harmful compounds with antibacteaelivity (which would need more
irradiation time to photodegrade than SMX). However sample G the bacterial
activity increased with respect to sample F (diati8y different forp value = 0.001),
indicating that possible photoproducts formed imgke F disappeared with the increase
of irradiation time. Once again it was proven thiat;, this particular case study,
photodegradation was efficient in the eliminatidrcompounds that might increase the

bacterial resistance if the time used is sufficient

Results of antibacterial activity obtained in esitua water are presented in Fig.
4c. As observed in freshwater, sample A did notileklthe highest bacterial growth,
indicating once again that the compounds presethiterestuarine water matrix have the
ability to inhibit the bacterial growth. As obsedven Fig. 4a and 4b, the higher
inhibition of bacterial growth was observed in s#&np, which indicates the SMX
antimicrobial activity. Samples A to E were nottistiically different, although SMX
concentration and irradiation times were differddowever, sample D and F were
statistically different (forp value = 0.05), with higher bacterial activity iansple F,

indicating that photodegradation reduced the SMilbanterial activity.

Finally, antibacterial tests were performed in STmE&trix (Fig. 4d). Samples
were not statistically different, which did not @il to reach important conclusions

about the SMX antibacterial activity in this matriRrobably, effects on bacterial
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growth by the STPF matrix and compounds preseiit ane masking those by SMX,

even when the spiked concentration was relativelli.irhis observation may be due to
the fact that the STPF matrix may have in its atntgin other compounds (hamely
other antibiotics) harmful to thibrio fischeri bacteria. Osorio et al. (2016) concluded
that synergistic effects may largely enhance trexaleffects of individual components

in complex matrices, such as wastewater overaititg>of complex.

In literature, few studies dealt with the resis@oéVibrio fischeri towards SMX,
using photodegradation under simulated sunligldiation (Gmurek et al., 2015; Niu
et al., 2013; Trovo et al., 2009). These authotsdothat inhibition oiVibrio fischeri
luminiscence by SMX photodegradation products wasvalent to that by the parent
antibiotic Gmureket al., 2015; Niu et al., 2015) or slightly highmrt not reaching toxic
levels (Trovo et al., 2009). However, these worlegeancarried out for the products from
the direct photolysis of SMX (in ultrapure or ditil water). Therefore, the studies
performed in this work represent a step forwarthenknowledge about the antibacterial

resistance related to SMX and its photodegradati@mvironmental water matrices.

Conclusions

Occurrence of the antibiotic SMX in aquatic envirants is widely discussed in
literature and, being STPs a main source, its ranibom effluents before discharge is
imperative, mainly to prevent the spread of baateesistance. Photodegradation can
be applied as a remediation process, e.g. asiaryeiteatment in a STPs. With this in
mind, SMX photodegradation was here studied undetimuous flow mode, irradiation

being done over circulating solutions through tpament tubing horizontally arranged
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in a loop pattern. Photodegradation of SMX in yltnee water and environmental water
matrices (fresh, estuarine and STPF) was asseBadtiermore, photodegradation of
SMX under continuous flow was compared with batade) proving that the first was
much faster as for the enhanced light penetratimh @distribution. Compared with
ultrapure water, a larger efficiency occurred ia #mvironmental water matrices, with
t12 (h) being 3.8-5.8 times shorter under continutias tbatch mode. Along with SMX
photodegradation experiments in ultrapure waterCT€dncentration and viability of
Vibrio fischeri cells were evaluated, showing that SMX mineraiaratvas slower than
photodegradation but resulted in the increase atebal activity. The increase of
bacterial activity with SMX photodegradation wasaalerified in fresh and estuarine
water. However, in the STPF sample, backgroundbitibh masked photodegradation
effects of SMX photodegradation on bacterial attiaf Vibrio fischeri. From all the
above, photodegradation under continuous flow nrodg be considered a promising,
sustainable and alternative option for applicatiorthe removal of antibiotics from
contaminated effluents (e.g. from STPs, aquacultanterprises, pharmaceutical

companies, hospitals, etc.).
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Fig. 1: Scheme of the apparatus used in this worlstudy SMX photodegradation in
continuous flow mode.

Fig. 2: Kinetics of SMX photodegradation under aamnbus flow mode when present in
ultrapure water (x) and in environmental matridestarine watere(); Freshwater (0);
STPF ()). Experimental results are represented togetitarfittings to the pseudo first-
order kinetic model.

Fig. 3: Comparison betweey, (SSD) obtained in the different water matricesarrhtch
mode (Oliveira et al., 2019) and continuous flowdedthis work), respectively represented
in white and grey.

Fig. 4: Percentage ofibrio fischeri viable cells in a) A - Ultrapure water (matrix) fitut
SMX and without irradiation; B - control withoutrédiation (50 mg £ SMX); C - control
covered with aluminum at of irradiation (50 mg ' SMX); D - control covered with
aluminum att; of irradiation (100 mg & SMX); E - sample at, (50 mg L* SMX); F -
sample at, (<5 mg L' SMX); G - sample at; (no SMX detected); b) A - Freshwater
(matrix) without SMX and without irradiation; B -ontrol without irradiation (50 mg 't
SMX); C - control covered with aluminum &tof irradiation (50 mg L SMX); D - control
covered with aluminum &t of irradiation (100 mg I SMX); E - sample at; (50 mg L*
SMX); F - sample at, (<5 mg L' SMX); G - sample at; (no SMX detected); c) A —
Estuarine water (matrix) without SMX and withoutadiation; B - control without
irradiation (50 mg [* SMX); C - control covered with aluminum fgtof irradiation (50 mg
L™t SMX); D - control covered with aluminum &t of irradiation (100 mg £ SMX); E -
sample at; (50 mg ! SMX); F - sample at, (<5 mg L* SMX); G - sample a (no SMX
detected); d) A - STPF (matrix) without SMX and laut irradiation; B - control without
irradiation (50 mg [* SMX); C - control covered with aluminum fgtof irradiation (50 mg
L™t SMX); D - control covered with aluminum &t of irradiation (100 mg £ SMX); E -
sample at; (50 mg L' SMX); F - sample at, (<5 mg L* SMX); G - sample a (no SMX
detected). Statistical hypothesis tegtvalue = 0.05; *p value = 0.01; **% value = 0.001.

Fig. 5: Mineralization of SMX along with direct ploalegradation expressed as percentage
of total organic carbon reductiorC/Cy). For comparison purposes, results are shown
together with the corresponding percentag¥ibfio fischeri viable cells and percentage of
SMX concentration decreas€/Co) in A - Ultrapure water (matrix) without SMX and
without irradiation; B - control without irradiatio(50 mg L* SMX); C - control covered
with aluminum at; of irradiation (50 mg L* SMX); D - control covered with aluminum at

t; of irradiation (100 mg & SMX); E - sample at; (50 mg ! SMX); F - sample at, (<5

mg L' SMX); G - sample at; (no SMX detected).



Table 1: Parameters for the SMX photodegradatiaeunontinuous flow mode (this work)

and under batch mode (Oliveira et al., 20%0h("), tu» (h)) and respective standard errors,
obtained in ultrapure water and in environmentakewenatrices.

Thiswork Oliveira et al. (2019)

Sample k (™) ty, (h) k (h) typ (h)
Ultrapurewater 2.1£0.2  0.32+0.03 0.81£0.04  0.86+0.04
Estuarinewater 049004 1.4+0.1 0.13+001 5305
Freshwater 0.69 +0.04 1.01+0.06 0.117+0.007 5.9+0.4
STPF 0.47+0.03 1.5+0.1  0.092+0.003 7.54+0.04
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Highlights

- Photodegradation may appear as an alternative process for the removal of antibiotics
- Evaluation of continuous flow mode is essential as well as the antibacterial activity

- SMX photodegradation under continuous flow was much faster than in batch mode
- Photodegradation rate was higher in environmental waters than in ultrapure water

- Bacteria activity increased after SMX photodegradation



