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H I G H L I G H T S

• Antibiotics, bacteria and ARB removal
in secondary treated urban waste-
water.

• Antibiotics are efficiently oxidized by
TiO2-photocatalysis with UVA-LEDs.

• Methanol has a scavenging effect on
the removal of the antibiotics.

• Efficient inactivation of cultivable
bacteria including those antibiotic re-
sistant.

• Bacterial regrowth is observed after 3-
days storage of treated wastewater.
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A B S T R A C T

Secondary urban wastewater samples were spiked with azithromycin (AZT), trimethoprim (TMP), ofloxacin (OFL) and
sulfamethoxazole (SMX) at 100 µg L−1 to investigate the efficiency of a TiO2-photocatalytic treatment using UVA-LEDs.
Different operating parameters were studied, such as the irradiation conditions, catalyst load and the use of methanol as
carrier solvent and radical scavenger. The most efficient conditions to treat spiked urban wastewater (4 LEDs sym-
metrically distributed and 1.00 g L−1 of catalyst) were also assessed on the removal of the antibiotics at real con-
centrations, as well as on the inactivation and regrowth of bacteria after 3-day storage (total and resistant heterotrophs,
Escherichia coli and enterococci). Clindamycin (CLI) was targeted when SMX was not detected. One-hour treatment was
enough to reduce the analysed antibiotics to values below the detection limits and to decrease the bacterial load by 2
log-units. Bacterial regrowth was observed for total heterotrophs, after the storage of photocatalytic treated wastewater,
to values close to pre-treatment. However, the antibiotic resistance percentage of such stored wastewater was always
similar or lower than that of secondary urban wastewater. Thus, the potential of this process as part of the tertiary
treatment is demonstrated, but conditions must be adjusted to minimize microbial regrowth.
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1. Introduction

Antibiotics are frequently found at concentrations ranging from a
few ng L−1 to µg L−1 in many aquatic compartments, namely waste-
water influents and effluents, surface waters, groundwater and even in
drinking water [1–3]. The use of this class of pharmaceuticals in human
and veterinary medicine has triggered the introduction and accumula-
tion of such compounds in the aquatic environment [4]. Given the
potential adverse effects of these contaminants, the European Decisions
2015/495/EU and 2018/840/EU included azithromycin and other an-
tibiotics in the Watch List of environmental concern, which should be
monitored in surface waters [5,6].
Urban wastewater treatment plants (UWWTPs) are considered

gateways of antibiotics into the aquatic environment and hot-spots for
antibiotic resistance proliferation [7–9]. The presence of antibiotics,
antibiotic resistant bacteria and antibiotic resistant genes (A&ARB&
ARGs) in the environment, in particular throughout the urban water
cycle and food chain, is considered a severe public health issue. In this
regard, new approaches to reduce A&ARB&ARGs in water and to avoid
the negative impacts on the downstream environment are necessary, in
particular when the objective is to achieve good quality standards for
possible reuse of urban wastewater (UWW) [10–12].
Ultraviolet (UV) irradiation is widely implemented as part of the

tertiary treatment in UWWTPs [13,14]. Although the market offers a
wide range of UV lamps, medium or low-pressure mercury vapour
lamps emitting UVC light are preferred in UWW disinfection due to
their germicidal power. Nonetheless, bacterial regrowth after water
storage may disturb the original bacterial culture or favour ARB per-
sistence [15–17]. Moreover, lab- and pilot-scale studies have demon-
strated the inefficiency of UVC to remove different antibiotics from
aqueous solutions [18,19]. Thus, oxidants and/or catalysts (e.g., H2O2,
Fe2+/3+, TiO2) have been added in order to attain better treatment
performances, these technologies being known as advanced oxidation
processes (AOPs). UV light emitting diodes (LEDs) have received a great
deal of attention in the last years in this domain, namely for water and
wastewater treatment, especially due to its ecofriendliness (by repla-
cing mercury) and long-life time. In comparison to traditional UV
lamps, the electricity is more efficiently converted into light, with the
possibility of adjusting the irradiance. Emerging applications include
pulsed light in water treatment due to the nearly instantaneous
switching of these irradiation sources [20,21]. UVA-LEDs with emission
around 360–390 nm have been selected in different photocatalytic
studies [20–26]. Efforts to optimize the TiO2-photocatalytic treatment
with UV-LEDs, have been done in the last years [27]. Photocatalytic
disinfection using TiO2 and traditional UV lamps has been widely re-
ported [28–30], but only a few publications have implemented UVA-
LEDs and they are limited to E. coli [21,31].
The aim of the present study is to simultaneously remove antibiotics

and ARB from secondary UWW. Azithromycin (AZT), trimethoprim
(TMP), ofloxacin (OFL) and sulfamethoxazole (SMX) were selected as
model antibiotics because they represent distinct classes and are among
the most used antibiotics to treat human and veterinary infections
[1,4]. The novel aspects of this study include the first evaluation of the
antibiotics and ARB removals from real UWWs using UVA-LEDs in the
TiO2-photocatalytic treatment. The scavenging effect of methanol
(MeOH) as a carrier solvent in photocatalytic kinetic parameters was
also addressed.

2. Materials and methods

2.1. Chemicals and materials

AZT (CAS number 117772-70-0), TMP (CAS number 738-70-5), OFL
(CAS number 82419-36-1), SMX (CAS number 723-46-6), clindamycin
(CLI, CAS number 18323-44-9), and deuterated internal standards
(azithromycin-d3 and ofloxacin-d3), all with> 98% purity, were

purchased from Sigma-Aldrich. A methanolic stock solution containing
AZT, TMP, OFL and SMX (150mg L−1 each) was prepared to be used in
the spiked experiments.
TiO2 (80% anatase, 20% rutile) was supplied by Evonik Degussa

GmbH (P25). MeOH and acetonitrile (MS grade) were obtained from
VWR International (Fontenay-sous-Bois, France). Ethanol (HPLC grade)
was acquired from Fisher Scientific (Leicestershire, UK), whereas
formic and sulfuric acid were obtained from Merck (Darmstadt,
Germany). Oasis® HLB (Hydrophilic-Lipophilic Balanced) cartridges
(150mg, 6mL) used for sample preparation, were purchased from
Waters (Milford, MA, USA). MilliQ water system provided ultrapure
water with resistivity> 18MΩ cm at 25 °C.
The culture media Tryptone Bile X-Glucuronide Agar (TBX) and

Plate Count Agar (PCA) were provided by Sigma-Aldrich, and m-
Enterococcus Agar (m-Ent) was supplied by Difco (Maryland, USA).

2.2. Wastewater sampling and characterization

Secondary UWW was collected at the effluent of the secondary
settling tank of an UWWTP located in Northern Portugal (average
monthly flow of 25,707 ± 3,570m3 day−1), in three sampling occa-
sions: September-December 2017 (spiked tests), January-March 2018
(non-spiked tests), April-May 2018 (disinfection tests). Wastewater
characteristics can be found in Table S1.

2.3. Experimental setup, radiation measurements and absorption–scattering
model

The lab-scale batch experiments were run in a 150mL reactor (5 cm
out diameter, 3.8 cm inner diameter and 16.0 cm height at maximum
filling, Fig. S1a). Four UV high intensity LEDs (working at 9W) and the
respective heatsink/fan cooling systems (1W) were placed on four
lateral sides of a cubic box containing the annular photocatalytic re-
actor (Fig. S1a). Each LED (15.5mm×23mm) had a dominant emis-
sion line at 381 nm (Fig. S1b) and long service life, with an intensity
above 70% after 10,000 h work. The distance between each LED and
the reactor was set at 3.3 cm (at a height of 10 cm). Three main ra-
diation configurations were tested, namely switching on a single LED,
two LEDs placed perpendicularly to each other, or the four LEDs (Fig.
S2a–c). All the radiation measurements were performed using a spec-
trometer (Ocean Optics USB2000+) equipped with cosine corrector
and the software Spectra Suit. The spectral intensity of radiation (W
m−2 nm−1) and the spectral emitted radiant energy (µJ nm−1) of each
LED were measured with the probe at 3.3 cm distance from the LED
(i.e., at the reactor wall). The procedure for the calculation of emitted
radiant energy is reported in Supplementary Information (Text S1.
Emitted radiant energy). Moreover, the irradiance (W m−2) was re-
corded by varying the position of the probe in a parallel plane at the
same 3.3 cm distance. The UV dose provided by each single LED (in the
red zone of Fig. S1c) is given by the time of light exposure multiplied by
the average value of irradiance (considering the irradiated surface). The
procedure for the calculation of average value of irradiance is reported
in Supplementary Information (Text S2. Average irradiance). Optical
thickness (τ) at 10 cm of height (central point of red zone, Fig. S1c) is
calculated through Eq. (1):

= Ccat (1)

where δ is the thickness of wastewater being irradiated, Ccat is the
catalyst load and β is the spectral average value of extinction coefficient
of the photocatalyst given by Eq. (S3) (Text S3. Average extinction
coefficient) [30]. Considering a neglected irradiance gradient across the
wastewater (low thickness annulus), β is only function of radiation field
and specific extinction coefficient values (βλ) of photocatalyst in water
[32].
The reactor configuration is modelled as a thin-film annular pho-

toreactor (thickness of annulus, δ=0.005m, considering radius and
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thickness of internal and external walls) but using external light source
[33]. UVA light absorption of the external wall (PYREX®) is negligible
and spectral intensity after the external wall is expected to be similar.

2.4. Degradation of antibiotics

UWW samples were spiked with the antibiotics following a proce-
dure described elsewhere [25]. Briefly, 0.1mL of the methanolic stock
solution (150mg L−1 of each antibiotic) was added to an empty volu-
metric flask, the residual solvent was evaporated using a nitrogen flow,
and 150mL of UWW were added into the flask, which was stirred and
sonicated for 30 s, giving an initial concentration of 100 µg L−1 of each
antibiotic in the spiked UWW. Dissolved organic carbon (DOC) analyses
were performed to confirm MeOH evaporation, based on the compar-
ison of the values obtained in spiked and non-spiked UWW samples.
Similar values were expected, since the contribution of the spiked an-
tibiotics to the DOC content was considered to be negligible (1.9%).
Different TiO2 catalyst loads (0.10, 0.25, 0.50, 1.00, 1.50, and

2.00 g L−1) and number of LEDs (1, 2 and 4 LEDs) were investigated for
the removal of antibiotics in spiked UWW, under continuous magnetic
stirring and air-sparging (3.5 L min−1). After a 30min dark adsorption
period in the reactor, an aliquot of 15mL was withdrawn for DOC
analysis and the lamp jacked was inserted. Photocatalytic degradation
was studied at regular treatment times (0, 15, 30, 60, 120 and 180min),
by withdrawing 1mL aliquots from the reactor. These aliquots were
centrifuged at 13,500 rpm during 10min, being the supernatant ana-
lysed by Ultra-High-Performance Liquid Chromatography with tandem
Mass Spectrometry (UHPLC-MS/MS). Photolysis was evaluated during
180min, using the conditions described above in the absence of TiO2.
For the scavenging study, 75 µL of MeOH was added to the spiked UWW
sample (reaching a MeOH concentration of 0.4 g L−1, 0.05% v/v,
equivalent to ca. 150mg L−1 of DOC).
Photocatalytic experiments using real non-spiked UWW were car-

ried out with 4 LEDs and 1.00 g L−1 of catalyst. Dark adsorption on
TiO2 suspended in UWW was evaluated in 1 L glass bottles covered by
aluminum foil. After 24 h of adsorption–desorption equilibrium, a vo-
lume of 135mL of UWW was transferred to the annular reactor, where
photocatalytic experiments took place. Different treatment times (0, 5,
10, 15, 30, 60, and 120min) were tested in distinct assays, since the
volume required of filtered treated samples (1.2 µm glass microfiber
filters GF/C, 47mm; WhatmanTM, UK) for solid phase extraction (SPE)
was 100mL. All assays were performed in triplicate.

2.5. Disinfection studies

Disinfection of real UWW was investigated after 60min of photo-
catalytic treatment, using wastewater samples collected in different days.
Freshly collected secondary UWW was stirred for 30min in 1 L bottles in
the dark (with and without TiO2) and aliquots of 135mL were loaded
into the annular reactor. The same operating conditions described in
Section 2.4 for the non-spiked experiments were used in disinfection
studies (4 LEDs and 1.00 g L−1 of catalyst). Control experiments in the
absence of catalyst (photolysis) and in the absence of light but with
catalyst (dark adsorption) were carried out for the same 60min. Volumes
of 1 or 10mL were collected after 60min of photocatalytic treatment.
The potential regrowth of bacteria in photocatalytic treated UWW and in
the respective controls, after 3-day storage in the dark at room tem-
perature (24 °C), was evaluated. Total and antibiotic resistant bacteria
were enumerated based on the membrane filtration method.

2.6. Analytical methods

The antibiotics were quantified by UHPLC-MS/MS, using a Shimadzu
apparatus equipped with a Kinetex™ XB-C18 100 Å column
(100×2.1mm i.d.; 1.7 µm particle diameter) supplied by Phenomenex,
Inc. (Torrance, CA, USA). Ultrapure water and a mixture of MeOH and

acetonitrile (50/50, v/v), both containing formic acid (0.1%, v/v), were
used as mobile phase in isocratic mode (20/80 v/v) at a flow rate of
0.3mLmin−1. Column oven and autosampler temperatures were set at
35 and 4 °C, respectively. The injection volume was 20 µL. For non-
spiked experiments, the samples were previously concentrated and
cleaned-up by SPE before UHPLC-MS/MS analysis, by using OASIS® HLB
cartridges to extract the target antibiotics from 100mL of real UWW
[34]. Briefly, the samples were acidified to pH 3 using sulfuric acid and
supplemented with 20 µL of a solution containing 5mg L−1 of each
deuterated internal standard, consisting of azithromycin-d3 and oflox-
acin-d3. The acidified samples were passed through the cartridges at a
constant flow of 10mL min−1, previously conditioned with ethanol and
ultrapure water (4mL each). After the washing step with 4mL of ultra-
pure water and subsequent drying, 4mL ethanol were used as elution
solvent and the eluate was collected in glass tubes. The extracted solution
was dried in a Centrivap Concentrator® device (LABCONCO® Corpora-
tion, Kansas City, MO, USA), during 120min at 45 °C. The dried extracts
were dissolved in 250 µL of ethanol and the resulting solution was fil-
tered through 0.22 µm polytetrafluoroethylene syringe filters (Membrane
Solutions, Kent, WA, USA), and further analysed by UHPLC-MS/MS
(conditions in Tables S2 and S3).
The DOC of samples was measured before the experiments by using

a Shimadzu TOC-L analyzer.

2.7. Bacterial count

The culture medium PCA (for total heterotrophs), and the selective
media m-Ent (for enterococci) and TBX (for E. coli), supplemented or not
with antibiotics, were used for the enumeration of resistant and total
bacteria, respectively, by the membrane filtration method as described by
Novo et al. [35]. Antibiotics were sterilized by filtration (0.22 µm porosity)
prior to addition to the sterilized culture media. AZT (stock solution pre-
pared in ethanol) was added to TBX to reach a concentration of 32mg L−1;
OFL (stock solution prepared in distilled water adding dropwise 4 g L−1

NaOH until total dissolution) was added to m-Ent for a final concentration
of 4mg L−1; and SMX (stock solution prepared in distilled water adding
dropwise 100 g L−1 NaOH until total dissolution) was added to PCA to
reach a concentration of 512mg L−1. The selected concentrations were in
accordance with epidemiological cut-off values [36].
Samples or serial 10-fold dilutions were filtrated through cellulose

nitrate membrane filters (0.22 µm porosity, Biotech, Germany), which
were placed on the respective culture medium and incubated at tem-
perature and time, as follows: 30 °C and 24 h for PCA and PCA+ SMX;
37 °C and 24 h for TBX and TBX+AZT; and 37 °C and 48 h for m-Ent
and m-Ent+OFL. All assays were performed in triplicate. The ratio
between the number of colony forming units (CFU) on antibiotic sup-
plemented and non-supplemented media was used as an indicator of the
resistance percentage.

2.8. Statistical analysis

CFU (log value) of total bacteria, resistant bacteria and their ratio,
corresponding to each experiment or control were compared by single
factor analysis of variance (ANOVA), followed by post-hoc Tukey’s test
using the software SPSS (Version 25.0 for Windows). The significance
level was set to 0.05.

3. Results and discussion

3.1. Photodegradation of antibiotics

The degradation efficiencies by UVA of the antibiotics spiked in
UWW, in the absence of MeOH and using 4 LEDs, revealed the fol-
lowing resilience order: TMP≈SMX > AZT > OFL (Fig. 1). Owing to
the low absorbance above 290 nm wavelength [37–39], many anti-
biotics are recalcitrant to photolysis (e.g., macrolides, sulfonamides and
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pyrimidine). However, real matrices can play an important role on their
indirect photodegradation, exceptions being found in some cases as
fluoroquinolones, which are reported to be more susceptible to UV
photolysis in pure water than in UWW [38,40]. Thus, indirect photo-
lysis can take place by means of some inorganic species and/or the
effluent organic matter (EfOM) present in UWW, as well as by its ex-
cited triplet sate (3EfOM*) [41]. For instance, degradation of the zwit-
terionic form of OFL at pH 7.7 was reported under solar light [40], the
natural dissolved organic matter and OFL being suggested to compete
for absorption of photons, as fluoroquinolones in general [39]. In
contrast, HO%/CO3%− radicals were proposed as the main species in-
volved in the mechanism of TMP photodegradation in secondary UWW
under solar light, whereas 3EfOM* was responsible for the AZT elim-
ination [42]. Another study has also reported that natural organic
matter (humic acids) favours the degradation of AZT under solar pho-
tolysis in certain conditions [43].
Regarding the effect of MeOH on photolysis (Table 1, Fig. S3), this

solvent (0.05% v/v) did not markedly disturb the above mentioned order
of resilience for these antibiotics (TMP > SMX > AZT≈OFL), but af-
fected the values of the respective apparent first-order reaction rate con-
stants (k): kOFL increased slightly, kAZT and kSMX increased 2.5 and 9 times,
respectively, whereas kTMP decreased 7 times. Because the degradation
rate of AZT and SMX is much higher in UWWwith MeOH (Fig. S3) than in
UWW (Fig. 1a), it seems that MeOH promotes 3EfOM* in UVA photolysis.
On the other hand, TMP was the most resilient to UVA photolysis, but in
the presence of MeOH its degradation is even slower. MeOH did not re-
markably modify the rate in the case of OFL. Accordingly, scavenging
studies have already revealed that singlet oxygen is the main reactive
oxygen species responsible for the degradation of OFL [44], and of most
fluoroquinolones, such as levofloxacin, gatifloxacin, difloxacin and

balofloxacin [39], suggesting also that the 3EfOM* degradation pathway is
not dominant. In fact, photo-oxidation resulting from reactive oxygen
species photochemically generated from the oxygen dissolved in the re-
action mixture was already shown in a previous study [44].

3.2. Radiation absorption-scattering model

The UVA-LEDs (lower cost and higher power efficiency than UVC-
and UVB-LEDs [26]) present the main emission peak at 381 nm (Fig.
S1b), overlapping with the tail of the TiO2 absorption spectrum
(380 nm, [45]). The total emitted radiant energy (11.7 µJ) and its
fraction (4.2 µJ) with photons having an energy higher than the bang
gap of the photocatalyst (3.2 eV, [45]) is shown in Fig. S1b, while the
procedure for its estimation is described in Supplementary Information
(Text S1. Emitted radiant energy).
According to the nature of the LED light (beam) and its viewing half

angle (ca.± 30°), only a part of the external reactor surface (4 cm
diameter circle orthogonally projected on the cylindrical surface) is
irradiated by the UVA light. The main ranges of irradiance (Fig. S1c)
are: 515–250Wm−2 (2 cm diameter red circle), 250–15Wm−2 (3 cm
diameter orange circular crown) and 15–1Wm−2 (4 cm diameter
yellow circular crown). The UV dose provided by a single LED in the red
zone (area similar to a circle in a plane, ca. 3.14 cm2) for an hour of
light exposure is ca. 1,220 kJm−2. Since light uniformity also plays a
key role in the efficiency of the process, systems based on LEDs must be
properly designed in order to illuminate the entire reactor volume [31].
Several studies have shown how important is the catalyst load, with

low amounts permitting radiation losses due to the transparency of the
solution, while an excess promoting screening effects due to the opacity
of the solution, hampering the optimal irradiation of catalyst at the

Fig. 1. Removal efficiencies of AZT, TMP, OFL and SMX spiked in UWW (100 µg L−1 without MeOH) by using 4 LEDs without catalyst (a) and 1 (b), 2 (c) and 4 LEDs
(d) in photocatalytic experiments (catalyst load set at 1.00 g L−1).
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inner side of the reactor [30,33,46]. Thus, to maximize the antibiotics’
removal, it is recommended that all catalyst active sites are available,
the photocatalytic efficiency being governed by the catalyst load, light
irradiation and reactor geometry [46]. Optical thickness (τ, Eq. (1))
considers all these three parameters. Since radiation field is not con-
stant along the reactor, τ is estimated only for the central red parts of
Fig. S1c (irradiance of 515Wm−2). The radiation field (spectral in-
tensity, Fig. S1b) together with the βλ values [32] gives a β of ca. 1,
950m2 kg−1 according to the model proposed by Rizzo et al. [30].
Once calculated δ (0.005m) and β, the values of τ for each catalyst load

are reported in Table 1. According to Li Puma and Brucato [33], for the
scattering albedo of TiO2 (ca. 0.74), radiation transmission factor is
maximized at τ > 6, meaning for the present configuration a catalyst
load between 1.00 and 2.00 g L−1.

3.3. Photocatalytic degradation of antibiotics in spiked UWW

The results obtained for the photocatalytic treatment of spiked
UWW are shown in Figs. 1–3 and Figs. S3–S5. In the absence of MeOH
(Figs. 1b–d and 2), the general resilience order (TMP≈AZT >

Table 1
Apparent first-order reaction rate constant (k), as function of optical thickness and catalyst load, considering different number of LEDs in different matrices.

Matrix Optical thickness
(−)

Catalyst load
(g L−1)

k×103 (min−1)

1 LED 2 LEDs 4 LEDs

AZT TMP OFL SMX AZT TMP OFL SMX AZT TMP OFL SMX

Spiked WW (w/o MeOH) 0.00 0.00 4.8 0.7 11.5 0.9
0.97 0.10 29.2 14.3 47.5 25.5
2.43 0.25 56.8 38.0 108.7 75.7
4.86 0.50 67.6 56.9 180.2 105.0
9.73 1.00 36.3 35.4 149.7 100.3 129.8 66.8 248.5 133.6 129.1 117.1 290.5 212.6

Spiked WW (MeOH) 0.00 0.00 4.8 0.3 3.8 1.3 3.5 0.5 5.7 3.6 12.0 0.1 13.0 8.1
0.97 0.10 a a a a 13.6 2.2 21.6 9.7 13.3 5.2 41.6 14.1
2.43 0.25 6.6 3.4 29.4 17.0 10.9 5.7 39.7 19.1 26.4 8.9 69.8 34.4
4.86 0.50 12.7 4.7 45.1 27.0 18.8 7.6 82.2 48.1 18.3 14.3 111.8 53.5
9.73 1.00 15.4 7.9 76.5 53.7 32.5 13.4 171.1 83.1 67.0 23.5 269.6 144.4
14.59 1.50 27.4 11.7 126.6 100.2 45.8 20.6 211.8 178.8 66.0 29.0 264.3 b
19.46 2.00 19.6 11.5 135.2 104.0 57.6 17.9 273.7 228.8 43.6 33.4 301.9 b

Actual WW 9.73 1.00 64.6d 128.2d 363.7d c

a, not determined; b, lack of data (removal in less than 5 min); c, initial concentration below the limit of quantification; d, C0 is different for each antibiotic.

Fig. 2. Removal efficiencies of AZT, TMP, OFL and SMX spiked in UWW (100 µg L−1 without MeOH) by photocatalysis using 0.10 (a), 0.25 (b), 0.50 (c) and
1.00 g L−1 (d) catalyst load (number of LEDs set at 4).
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SMX > OFL) was slightly different from that obtained by photolysis
(Fig. 1a). Moreover, it was generally observed that the degradation
rates of all antibiotics increased linearly with the number of LEDs and
catalyst load up to 1.00 g L−1, either in the absence or presence of
MeOH (Fig. 3a, b). The 4-LEDs configuration allowed the largest irra-
diated solution volume, since each LED irradiated a specific section of
the reactor (Fig. S2c). Moreover, the k values obtained when using 2
LEDs with 2.00 g L−1 of catalyst (Fig. S4b) and 4 LEDs with 1.00 g L−1

of catalyst (Fig. S4c) were similar for most antibiotics. These observa-
tions support the existence of a heterogeneous photocatalytic regime.
In all the photocatalytic tests performed using MeOH as radical

scavenger, the k values determined for all the antibiotics were lower
than those in the absence of MeOH, but the same order was observed
for the degradation rates (Fig. 3). TMP keeps being the most resilient
compound and its k values were those mostly affected by the presence
of the organic solvent, indicating a higher susceptibility to HO% radicals
than the other antibiotics under study. For instance, using 4 LEDs and
1.00 g L−1 of catalyst, kTMP increased from 0.0235min−1 (in the pre-
sence of MeOH) to 0.1171min−1 (in the absence of MeOH) (Fig. 3a). A
recent study on the influence of carrier solvent [25] highlighted the
influence of MeOH on the photocatalytic degradation of water micro-
pollutants (including SMX and TMP).
Regarding the photocatalytic degradation of OFL (1.00 g L−1 of

catalyst), the difference between kOFL in the presence and absence of
MeOH is not markedly different in the case of 4 LEDs, compared to the
results obtained with 1 and 2 LEDs (Fig. 3a). Interestingly, Hapeshi
et al. [44] suggested that valence band holes are the primary photo-
catalytic oxidation pathway of OFL in ultrapure water, since OFL re-
action rate in neutral and acidic pH was higher than at a basic pH > 8
where OFL molecules (cationic form) are expected to be attracted to
TiO2 (anionic form), and HO% radicals are more likely produced.

3.4. Photocatalytic degradation of antibiotics in non-spiked UWW

Three different sampling campaigns of secondary UWW were per-
formed during the winter of 2017/2018 in a UWWTP located in
Northern Portugal. The initial concentration of SMX was below the
limit of quantification (LOQ) in all samples. Considering that CLI was
always present in the UWW collected in this UWWTP, its concentration
was quantified in the next experiments, together with AZT, TMP and
OFL. The measured concentrations followed the general decreasing
order: AZT > OFL > TMP > CLI, these concentrations being more
variable for AZT (369–1686 ng L−1) and OFL (105–648 ng L−1).
The samples from the first campaign (UWW1, Fig. 4) were used to

compare the effect of 10min photolysis with 10min photocatalysis
after adsorption in the dark for 24 h. Photolysis and adsorption had a

similar performance in removing AZT, TMP and OFL, since photolysis
led to abatements ranging from 33 ± 16% to 47 ± 3%, whereas the
removal by adsorption varied between 41 ± 12% and 62 ± 9%. Both
photolysis and adsorption steps had negligible effect over the CLI
concentration. In contrast, the photocatalytic degradation of TMP, OFL
and CLI was very fast, the concentrations reaching values below the
LOQs in less than 10min. In fact, only AZT could be quantified after the
photocatalytic treatment, but at very low concentrations.
The concentrations were nearly two times higher in the second sam-

pling campaign (UWW2, Fig. 5a), except for CLI which was quantified at
levels similar to that found in UWW1. As in the first campaign, a re-
markable adsorption (28 ± 2% for AZT, 62 ± 13% for TMP and
51 ± 7% for OFL) was found for all the antibiotics except for CLI
(15 ± 1% only in UWW2). After treatment of UWW2 by photocatalysis,
OFL and CLI were removed to levels below the LOQs, AZT and TMP being
quantified at low concentrations after the photocatalytic treatment.
Higher concentrations of AZT and OFL were found in the third

sampling campaign (UWW3, Fig. 5b), an intermediate level of TMP and
the same concentration of CLI. The average removals by adsorption in
UWW3 were similar to those obtained in the other samples (36 ± 1%
for AZT, 38 ± 1% for OFL and negligible in the case of CLI), with
exception of TMP (21 ± 9%) which might be attributed to the sample

Fig. 3. Apparent first-order reaction rate constant (k) of AZT, TMP, OFL and SMX spiked in UWW (100 µg L−1, with (open symbols) and without methanol (solid
symbols)) by photocatalysis: varying the number of LEDs and using a catalyst load set at 1.00 g L−1 (a); and using 4 LEDs and varying the catalyst loads (b).

Fig. 4. Normalized concentrations of AZT, TMP, OFL and CLI in UWW1 after
1 day of adsorption in the dark with TiO2, and 10min of photocatalytic and
photolytic treatment.
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heterogeneity. Once again, the photocatalytic treatment allowed to
decrease the concentrations of OFL and CLI to levels below the LOQs,
whereas AZT and TMP were quantified at low concentrations. The
variations on the concentrations of these antibiotics during the photo-
catalytic treatment of UWW3 is represented in Fig. 5c for AZT and OFL
and Fig. 5d for TMP and CLI. The required treatment time to reach the
antibiotic concentration under the LOQ in UWW3 was 60min and
15min for AZT and TMP respectively, and 10min for both OFL and CLI.
The degradation kinetics of AZT, TMP and OFL at actual con-

centrations in UWW (ng L−1 levels) were compared to those obtained in
spiked UWW (100 µg L−1) when the treatment was performed in the
absence of MeOH. According to Malato et al. [45], the rate constants of
micropollutants usually increase with the initial substrate until
reaching a steady-state (saturation level of Langmuir-Hinshelwood ki-
netic model). However, in the present study, this was observed only for
kAZT (ca. 100% increase). No relevant difference of kTMP (ca. 10% de-
crease) and a significant decrease of kOFL (ca. 20%) were found between
non-spiked and spiked (absence of MeOH) tests (Table 1). In fact, AZT
was also more resilient than TMP in another study using a UVA artificial
lamp and 0.5 g L−1 of TiO2 for the removal of emerging contaminants at
real concentrations in UWW [47]. Moreover, the removal reported for
OFL (84%) was also higher than that achieved for TMP (70%) in other
study, after 8 h treatment using a compound parabolic collector and a
very low amount of TiO2 (0.02 g L−1) in solar photocatalysis [48]. AZT
and TMP have been widely reported as recalcitrant compounds when
using AOPs [13], while quinolones are more susceptible to degradation
than AZT and TMP, for instance by UVC irradiation of UWW [49].

3.5. Disinfection, antibiotic resistance prevalence and bacterial regrowth

AOPs are promising processes for bacterial inactivation in UWW,

although ARGs are detected after treatment, a fact that is worsened by
bacterial regrowth and bacterial community disturbance [16,50–52],
thus increasing the risk of antibiotic resistance spread. Among the dif-
ferent AOPs, photo-Fenton, UV/H2O2 and heterogeneous photocatalysis
(UV/TiO2) have been tested for the inactivation of different bacterial
groups [7,53]. However, the literature reports mainly the assessment of
the efficiency of LEDs-driven TiO2-photocatalysis on disinfection of
UWW based on the monitoring of E. coli suspensions [21,31]. Recently,
it was demonstrated that when using TiO2 as photocatalyst in aqueous
solution, a LED system was more efficient than traditional lamps if the
same UV dose is applied for a shorter period but with higher intensity,
leading to high E. coli inactivation rates [31], an additional advantage
being the possibility of applying a periodic intense radiation [21].
In this study, the performance of 4 LEDs photolysis and 4 LEDs

photocatalysis (using a catalyst load of 1.00 g L−1) to reduce the counts
of viable total heterotrophs, E. coli and enterococci and their antibiotic
resistant counterparts in UWW samples, was assessed. CFUs were en-
umerated before and immediately after treatment, and after 3-day sto-
rage in the dark, at room temperature (Fig. 6). Initial load of total het-
erotrophs, E. coli and enterococci in secondary UWW were 7.7 ± 0.2,
5.9 ± 0.4 and 5.7 ± 0.3 log (CFU / 100mL), respectively. The per-
centage of SMX resistant heterotrophic bacteria and AZT resistant E. coli
in the secondary UWW was 8.7 ± 2.9% and 1.9 ± 1.5%, respectively
(Table S5). These values of sulfonamide resistant heterotrophs [35,54]
and AZT resistant E. coli [55] are in agreement with previous studies. The
percentage of OFL resistant enterococci was lower (1.5 ± 0.2%) (Table
S5) than that reported by Michael et al. [56] (ca. 20%), probably because
a 4 times higher OFL concentration (based on the epidemiological cut-off
values [36]) was used in the culture media in the present study.
A reduction on the load of the analysed bacterial groups was ob-

served for both photolytic and photocatalytic processes, with higher

Fig. 5. Normalized concentrations of AZT, OFL, TMP and CLI after adsorption in the dark (TiO2, 1 day) and 10min of photocatalytic treatment of UWW2 (a) and
UWW3 (b). Evolution of concentrations of AZT and OFL (c), TMP and CLI (d) in UWW3 during photocatalytic treatment.
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inactivation rates for photocatalysis (Fig. 6, Table S4). The efficiency of
photolysis on the bacterial load reduction of the studied bacteria fol-
lowed the order: heterotrophs (1.6 ± 0.6 log reduction) > E. coli
(1.4 ± 0.7 log reduction) > enterococci (1.0 ± 0.3 log reduction).
Regarding antibiotic resistant groups, photolysis performance followed
the order: E. coli (2.5 ± 0.2 log reduction) > enterococci (1.5 ± 0.6
log reduction)≈ heterotrophs (1.4 ± 0.4 log reduction). Concerning
the photocatalytic treatment, the following order was found: hetero-
trophs (2.7 ± 0.6 log reduction) > E. coli (2.3 ± 0.3 log reduc-
tion) > enterococci (2.0 ± 0.2 log reduction) and resistant groups (E.
coli (2.5 ± 0.4 log reduction)≈ enterococci (2.4 ± 0.7 log reduc-
tion) > heterotrophs (2.3 ± 0.5 log reduction)). The bacterial loads
of the control samples, with and without the addition of photocatalyst,
were not observed to vary significantly.
Because of the bacterial load variations, the percentage of ARB

decreased after photolysis for E. coli (from 1.9 ± 1.5% to 0.4 ± 0.4%)
and increased after photocatalysis for heterotrophs (from 8.7 ± 2.9%
to 23.6 ± 18.3%) (Fig. 6, Table S5). Other studies assessing the SMX
resistant fraction of total heterotrophs after UVC irradiation [54] and
OFL resistant fraction of enterococci [56] after solar photo-Fenton did
not report variations with respect to the initial resistance percentage.
Nevertheless, some authors observed faster inactivation of macrolide
resistant E. coli than of susceptible E. coli counterparts in UWW treated
by solar TiO2 photocatalysis [57].
Despite the observed inactivation of the analysed microbial groups,

it was hypothesized that at least some bacteria might have become
transitorily unculturable, although maintaining the capacity to regrow,
as reported before [22,58–60]. Regrowth is mainly attributed to sur-
vival and capacity to use available carbon sources generated during the
oxidation of recalcitrant organic matter [58,61]. When compared to the
UWW immediately after the photolysis treatment, the loads of total
heterotrophs increased (1.1 ± 0.9 log higher), and the loads of total
enterococci decreased (0.8 ± 0.5 log lower) after storage, whereas no
significant changes in the abundance of total E. coli were found. Re-
garding antibiotic resistant counterparts, only enterococci showed a
significant change (0.9 ± 0.6 log reduction) after storage. In the
photocatalytic treated stored water, the loads of both the total hetero-
trophs and total E. coli were higher than immediately after the treat-
ment (3.4 ± 0.7 and 0.7 ± 0.9 log higher, respectively), whereas no

significant changes were observed for total enterococci. Regrowth of
resistant heterotrophic bacteria was observed in the stored water
treated by photocatalysis (2.5 ± 0.6 log increase), while no significant
changes were found for resistant E. coli and resistant enterococci.
Photocatalysis treated water seems to support higher regrowth than
photolysis, suggesting that this treatment may increase the biodegrad-
able organic matter more than photolysis [61]. In the non-treated
controls, the abundance of all analysed microbial groups was main-
tained or decreased with storage.
Due to the variations pointed out above, when compared to sec-

ondary treated UWW, the stored UWW after photolysis showed lower
loads of total E. coli (1.8 ± 0.4 log reduction) and total enterococci
(1.8 ± 0.2 log reduction), with no significant reduction for total het-
erotrophs. Also the loads of the resistant bacterial groups were lower in
the stored water than in the secondary treated UWW: enterococci
(2.5 ± 0.2 log reduction) > E. coli (1.7 ± 0.3 log reduction) >
heterotrophs (0.9 ± 0.9 log reduction). Similarly, in the stored UWW
after photocatalysis only total enterococci and total E. coli were less
abundant than in the original secondary UWW (1.7 ± 0.4 and
1.4 ± 0.7 log reduction respectively), while total heterotrophs did not
show significant changes. A similar trend was found for the antibiotic
resistant groups, with lower loads of enterococci (3.0 ± 0.3 log re-
duction) and E. coli (2.0 ± 0.7 log reduction), and no significant
changes in the load of heterotrophs.
Due to these variations, the percentage of OFL resistant enterococci

in the stored treated wastewaters was significantly lower (photolysis:
0.4 ± 0.4%; photocatalysis: 0.1 ± 0.1%) than in the original sec-
ondary UWW (1.5 ± 0.2%) (Fig. 6, Table S5). Fecal organisms, mainly
enterococci, seem to be more vulnerable to disinfection (photolysis and
photocatalysis) than total heterotrophs, probably due to the fact that
they are at a lower abundance or because bacteria of this bacterial
group are susceptible to permanent damage, as described in the lit-
erature [16,28,62].

4. Conclusion

The variability of antibiotic concentrations for different real UWW
matrices coming from the same UWWTP constitutes no obstacle to their
efficient degradation by TiO2-heterogeneous photocatalysis using UVA-

Fig. 6. Total (coloured) and antibiotic re-
sistant (grey) bacteria inactivation after 1 h
photolysis/photocatalysis evaluated im-
mediately (filled bars) and after 3-day sto-
rage in dark at room temperature (striped
bars). The letters a, b, c, d and e indicate
significantly (p < 0.05) different groups
among the tested treatment conditions. The
letters in black on the top of bars refer to
total bacteria. The letters in white refer to
the antibiotic resistant counterparts. The
letters on the bottom of the graph refer to
the percentage of resistant bacteria with
respect to the total bacteria. (For inter-
pretation of the colour references, the reader
should refer to the electronic web version of
the article).
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LEDs. Bacterial inactivation reached values of about 2 log-units, al-
though this apparent removal was not enough to avoid bacterial re-
growth of total heterotrophs to values close to those observed before
treatment. The prevalence of antibiotic resistance after regrowth was
similar (for total heterotrophs and E. coli) or lower (for enterococci)
than in non-treated UWW, suggesting that resistant bacteria were not
more fitted to regrow than their susceptible counterparts. Nevertheless,
the microbiological risks associated with these effects in UWW treated
by this and other AOPs are still a matter of concern that requires to be
assessed. Even so, the results presented suggest the potential of UVA-
LEDs photocatalysis to be successfully used as part of the tertiary
treatment of UWW. The cost effectiveness in terms of energy con-
sumption per volume of treated UWW, the design of new reactor con-
figurations in what concerns to optimal light distribution, immobiliza-
tion of the photocatalyst on adequate substrates, and the definition of
conditions to minimize microbial regrowth, are critical aspects to
consider for a successful implementation.
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