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ABSTRACT

The heterojunction of zinc oxide (ZnO) and titanium dioxide (TiO,) over a glass substrate was
investigated. The photocatalysts were applied to sulfamethoxazole (SMX) and N-acetyl sulfame-
thoxazole (AcSMX) photodegradation. ZnO/TiO, exhibited a significant photocatalytic activity, vis-
ible light absorption and photo-stability. The best photocatalytic activity was achieved by coupling
Zn0O from zinc nitrate precursor with TiO, (N-ZT). Degradation of 49% for SMX and 32% of AcSMX
were observed after 240 min of irradiation. The degradation efficiency of SMX still reached 85%
and 39% for AcSMX after 12 h under irradiation. For AcSMX metabolite, an interestingly photo-
catalytic back-transformation to SMX was observed, indicating that this metabolite may serve as
an environmental source of the sulfonamide antibiotic. The electrical energy required for SMX and
AcSMX photocatalytic degradation was extremely high, although the results showed that appli-
cation of ZnO/TiO, was efficient in reducing the toxicity of the effluent. The main toxic effect was
the inhibition of root growth for Lactuca sativa seeds, without inhibiting seed germination. Some
byproducts generated by SMX degradation were responsible for cytotoxicity against Artemia salina.
At the same time, no toxicity were found on the treated sample after AcSMX degradation for
both Artemia salina and Lactuca sativa bioindicators.

Keywords: Heterogeneous photocatalysis; Sulfamethoxazole; N-acetyl sulfamethoxazole; Semiconduc-
tor heterojunction

1. Introduction

Sulfamethoxazole (SMX) is an antibiotic drug widely
used in human and veterinary medicines to prevent various
bacterial infections. However, it is not completely metabo-
lized, no matter in human or animal bodies. It can be dis-
charged into the wastewater through its original form and as
a large fraction of metabolites [1-3].

Unfortunately, sulfamethoxazole is one of the most
detected sulfonamides in wastewater and is relatively

* Corresponding author.

difficult to be degraded during conventional treatment pro-
cesses [4-6]. Knowing that some metabolites retain biological
activity and potentially retransform to the parent compound,
Bonvin et al. [7] emphasized the importance of control and
reduction of antibiotics and metabolites from water envi-
ronments. This has become a major public concern.

Given to the wide presence in the aquatic environment,
SMX antibiotic is believed to pose potential dangers to
environmental ecosystems and human health even at trace
levels [8-11].
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The most prominent SMX metabolite is N-acetyl sulfa-
methoxazole (AcSMX), which represents 50% of the excreted
administered dose, given that only 14% of ingested SMX
is excreted in its original form [1]. In addition, there is evi-
dence that AcSMX may be transformed back to the parent
compound during wastewater treatment [12], in water sedi-
ment tests [13] and photolytic degradation in water [7].

Therefore, it is not realistic to treat SMX and its metabolites
through wastewater traditional treatment plants (WWTPs).
In recent years, visible light photocatalytic technique has
provided a promising and environmentally friendly solu-
tion among advanced oxidation processes (AOP) [14-16].

The solar light absorption is essential to a commercial
photocatalytic process, since semiconductors often suf-
fers from low solar energy utilization efficiency. From the
reported studies, the wide band gap of semiconductor pho-
tocatalyst results in a low photocatalytic activity under vis-
ible light irradiation, such as TiO, and ZnO that can only
utilize ultraviolet part of solar spectrum [17,18]. Thus, many
researchers try to prepare narrow band gap photocata-
lyst matching the visible-light spectrum.

Currently, semiconductor-semiconductor heterojunc-
tions can extend the spectral range for light absorption
and enhance electron-hole separation [19]. Previous works
have demonstrated that the heterojunction of TiO, and
ZnO can result in synergic effects due to the injection of
conduction band electrons from ZnO to TiO,, decreasing
the recombination rate and increasing the lifetime of the
electron-hole pair [20]. Besides, their band alignment,
morphology and surface defects play an important role
in photocatalytic performance. Some works reported that
ZnO nanorods exert a swift pathway for the transporta-
tion of photocarriers resulting in better photocatalytic
activity [21-23]. As revealed in various publications, also
ZnO photocorrosion could be minimized by coupling with
chemically stable TiO, [24,25].

The most important works considering ZnO/TiO, pho-
tocatalyst deal with dye discoloration, reduction of hexava-
lent chromium, antibacterial activities and degradation of

Table 1
Characteristic of the commercial compounds [29-31]

organic pollutants [26,27]. However, it should be noted that
most of the work have been conducted under UV irradia-
tion, indicating that there is still possibility for improvement
so that ZnO/TiO, can be efficiently used for visible light
photocatalysis. TiO,-ZnO/clay nanoarchitectures for phar-
maceuticals degradation was reported and regarded as a
potential visible light-promoted catalyst [28].

With this backgound, the objective of this study was to
remove SMX and human metabolite (AcSMX) from water
by photocatalytic oxidation using the ZnO/TiO,. This study
presents the effects of key parameters such as catalyst and
pH, and the required energy consumption, in addition to
toxicity analysis. Possible mechanisms associated with pho-
tocatalytic oxidation of SMX and AcSMX over the photo-
catalyst are also addressed.

2. Materials and experimental methods
2.1. Target compounds

Sulfamethoxazole (SMX, CAS 723-46-6) and N*-acetyl-
sulfamethoxazole (AcSMX, CAS 21312-10-7) used were
of analytical grade. The characteristics of these com-
pounds are given in Table 1. Ultrapure water with a resis-
tivity of 18.2 MQ cm™ was used to prepare the aqueous
compound solutions.

2.2. Preparation of ZnO nanorods by solochemical process

Among the techniques known for ZnO production, the
one chosen in this work was the solochemical. ZnO was
prepared according to studies carried out by Wahab et al.
[32] and Gusatti et al. [33]. Two different precursors were
tested in alkaline solution: zinc acetate (Zn(CH,COO),) or
zinc nitrate (Zn(NQ,),). The precursor solution was pre-
pared by dissolving the precursor in deionized water (DI)
at room temperature at concentration of 0.5 M. The corre-
sponding precursor solution was added dropwise in an
alkaline solution (1.0 mol L' NaOH) under stirring for 1 h,

Compound Molar mass (g mol™) pK, pK, Chemical structure
Q
S—NH
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N-acetyl sulfamethoxazole (C ,H ,N,O,S) 295.3 - 55
0
NH
HsC

Chemical structure was obtained from ChemSketch.
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at 70°C. After complete addition of the precursors to the
NaOH solution, the suspension was aged for 2 h, under the
same temperature and stirring conditions. The materials
were then filtered, washed with DI and dried at 70°C for
12 h. The powders were denoted as ZnO-N for the material
from Zn(NO,), and ZnO-A from Zn(CH,COO), precursor.

2.3. Preparation of ZnO/TiO, thin films

Prior to film deposition, glass microscope slides (3 cm?)
were first mechanically polished with silicate powder.
The slides were then separately cleaned with acetone and
distilled water, submitted to ultrasonic bath for 15 min
and dried at room temperature. The ZnO-N/TiO, and
ZnO-A/TiO, films were prepared according to Melo et al.
[20]. The ZnO-N and ZnO-A powders were dissolved in
water:acetic acid mixture (volume ratio 9:1) at concen-
tration of 1.0 g L. Subsequently, the ZnO solutions were
separately added to a solution containing ethanol:titanium
butoxide:acetylacetone (volume ratio 1.0:1.0:0.5), under vig-
orous stirring for 2 h. A yellowish stable sol solution was
obtained. ZnO-N/TiO, and ZnO-A/TiO, three-layer films
(hereafter named N-ZT and A-ZT, respectively) were depos-
ited from the corresponding sol solutions by a dip-coating
technique at a withdrawal rate of 1 mm s, followed by
dehydration at 100°C for 30 min and calcination at 450°C
for 90 min at a constant heating rate of 3°C min~".

2.4. Characterization techniques

Structural phase was acquired through X-ray dif-
fraction (XRD) measurements that were performed on
a Bruker-AXS D8 Advance X-ray diffractometer with
Ni-filtered Cu Ka radiation at a nominal power source
of 40 kV x 30 mA. Peaks observed from the diffracto-
grams were compared with the data of PDF cards pub-
lished by the International Center of Diffraction Data. The
Raman spectra of the materials were acquired through
a Vertex 70V FTIR (Bruker) spectrometer with exter-
nal measurement accessories RAM II FT-Raman module
and the RamanScope III FT-Raman microscope. Using
a 532 nm-green laser (10 mW) as an excitation source,
the acquisition time was 50 s, in the wavenumber range

(a)

between 50 and 800 cm™ with 10 scans. The Fourier-
transform infrared spectroscopy (FTIR) were acquired
by the same Vertex 70V spectrometer, in the wavenum-
ber range between 4,000 and 400 cm™ with a resolution of
4 cm™. 15 scans were carried out during the measurements.
The morphologies of ZnO powders and ZnO/TiO, films
were observed by scanning electron microscopy (SEM,
FEI Quanta 250 FEG).

The optical band gaps of the films were estimated by
photoacustic spectroscopy (PAS) by using the Tauc method
[34-36]. PAS measurements were performed in an equip-
ment consisting of a monochromatic light provided by a
xenon lamp of 1,000 W (Oriel Corporation 68820), a mono-
chromator (Oriel Instruments 77250), a high-sensitivity
capacitive micro-phone (Bruel & Kjaer 2639) and a lock-in
amplifier (EG&G 5110). The light beam was modulated
with a mechanical modulator (Stan-ford Research Systems
SR540). Photoacoustic spectra were obtained on modula-
tion frequency of 21 Hz, at wavelength range between 200
and 800 nm with 10 scans. Based on the band gap energy
value, it was possible to predict which region of the elec-
tromagnetic spectrum this energy was located in. Thus, the
wavelength corresponding to the band gap energy of the
catalysts were calculated.

In order to investigate the surface charge properties of
the materials the point of zero charge (pH,,.) was deter-
mined. The pH,,. value were determined using the pro-
cedure as follows [37]: 25.0 mL 0.01 mol L NaCl solution
was prepared and divided into 10 vessels. The pH of each
vessel was adjusted from 2.5 to 11 by addition of H,PO,
and NH,OH with suitable molarity. Thereafter, 0.20 mg of
the material was added to the solutions. The mixture was
shaken at 120 rpm and 25°C for 24 h. Then, the pH of each
supernatant solution was measured. The final pHs vs. initial
pHs were plotted to obtain pH,,.. The pH,,. could be deter-
mined at the point where the line of final pH was crossing
the line of initial pH.

2.5. Batch experimental set-up and procedure

An Illustration of the photochemical reactor is shown
in Fig. 1. The irradiation was performed in a glass batch
photoreactor. A germicidal 15 W tubular UV-C lamp

®)

Fig. 1. Representation of the reaction unit with a view: (a) side with open lid and (b) side with closed lid.
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(0.7 mW cm™) or an 15 W actinic tubular visible lamp
(0.47 mW cm™) was placed at the top of the reaction unit, at
a distance of 14 cm from the surface.

In a typical photocatalytic experiment, three vessels
with 50 mL of SMX or AcSMX solution (2, 4 or 6 mg L)
were placed inside the reactor. In each vessel, two glass
slides containing approximately 1.0 mg of catalyst per cm?
were inserted. The tests were carried out at acidic, neuter
or basic medium with pH values (pH 4.0, 7.0 and 9.0). In
order to determine the best operational parameters, prelim-
inary experiments with a solution of SMX (6 mg L) were
performed. Next, AcSMX degradation was also studied.
The initial pH of solution was adjusted by adding H,PO, or
NH,OH. Prior to the reaction, the solution with the photo-
catalyst was kept in the dark for 60 min in order to achieve
adsorption-desorption equilibrium. After that, the lamp
was switched on and 0.5 mL aliquots were taken at defined
time intervals, during a period of 240 min. The tempera-
ture was kept at 25°C + 2°C. The mixing of the medium was
carried out by bubbling air at a flow rate of 0.50 mL s™.

2.5.1. Photolytic batch experimental procedure

Aiming to evaluate the effect of radiation on the degra-
dation of contaminants, photolysis with UV-C and UV-Vis
radiations without catalyst were studied. Emission spectra
of the lamps were acquired in a V5140 linear array UV-Vis
and Vis spectrometer (HORIBA). The intensity of the radia-
tion emitted by the lamps was monitored with a radiometer
(Instrutherm model MRU-201 and MRU-203).

2.6. Analytical determinations

The concentration of the compound in each sample was
measured using a high-performance liquid chromatogra-
phy (DHPLC, Varian 920). A C,; column (4.6 mm x 150 mm,
110 A) with 5 um particles attached to a pre-column
(4 mm x 3 mm) was used. The mobile phase was a mixture
of acidified water (A) with formic acid (1% v/v) and aceto-
nitrile (B) at 70:30 ratio, in a flow rate of 1.0 mL min™. The
injection sample volume was 20 uL. The detection wave-
length was 270 and 254 nm for SMX and AcSMX, respec-
tively, according to the absorption peaks (S2). All analyses
were performed at 30°C. The degradation efficiency (%)
was calculated by Eq. (1).

Removal efficiency (%) = (COC_ C) %100 (1)

0

where C, is the SMX or AcSMX initial concentration, and
C is the concentration at a time “t”. All the experimen-
tal data were expressed in terms of arithmetic averages
obtained from triplicates.

2.7. Kinetic study

Photocatalytic degradation of sulfamethoxazole and
N-acetyl-sulfamethoxazole were adjusted to pseudo-first-
order kinetics. The relationship between the pseudo-first-
order rate constant (kap) and initial concentration of
compound could be described by Eq. (2):

r:—@;k -C 2)
dt

app

Integration of Eq. (2) provides the pseudo-first-order
rate (k, , min™) by equation:

—1nC£ =k, t 3)
0

where C, is the initial concentration of SMX or AcSMX in

mg L7, r (mg L min™) is the rate of surface reaction and

k,,, (min™) is the apparent kinetic constant. Therefore, k

values for each initial concentration were found from the

slope of straight line of In(C/C,) vs. reaction time plot. Finally,

the half-live times (t,,) could be obtained from Eq. (4):

_In2

t 4)

app

2.8. Electrical energy consumption (EE/O)

Among significant factors in selecting a waste-treat-
ment technology, economics is often paramount. Electrical
energy per order (EE/O) is defined as the number of kWh
of electrical energy required to reduce the concentration of a
pollutant by 1 order of magnitude (90%) in 1 m? of contami-
nated water. The EE/O (kWh m™= order) was calculated from
the following equation for pseudo-first-order kinetics [38]:

EE P-t-1,000
e AR )
O V-log(C,/C)

where P is sum of input power (kW), t is irradiation time
(h), V is the volume (L) of the wastewater, C, is the initial
concentration of target compounds and C is the final con-
centration of target compounds.

2.9. Toxicity assay
2.9.1. Toxicological test wit Artemia salina

A brine shrimp (A. salina) assay was applied in order
to perform a screening test for the lethality of the non-
treated and treated effluent solutions based on the LC,,
criterion. Using a nutritive solution described by Garcia
et al. [39], the cyst-like eggs hatched within a few hours.
The most resistant nauplii were used in the toxicity assay.
2 mL of a mixture of effluent sample and nutritive solu-
tion was prepared in a 10 mL glass tube in five dilutions
(15%, 35%, 50%, 75%, and 100%) of non-treated and treated
effluent in triplicates, in which 10 A. salina nauplii were
incubated at room temperature. As a control assay, 10 A.
salina nauplii were also incubated in a pure nutritive solu-
tion. The pH was adjusted when necessary. After 24 h, the
alive nauplii where counted, and lethal concentration for
50% of the organisms (LC, ) could be estimated.

2.9.2. Toxicological test with Lactuca sativa

The residual toxicity of SMX and AcSMX was also
measured using Lactuca sativa seeds (butter lettuce) as a
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producing trophic level test organism according to the
method reported by Ecological Effects Test Guideline —
Seed Germination/Root Elongation Toxicity Test (OPPTS
850.4200) (USEPA, 1996) [40]. Sterilized filter papers were
placed in a Petri dish with 4 mL of the sample (H,0, SMX,
AcSMX and treated effluents) and then twenty L. sativa
seeds were placed over each filter paper. The incuba-
tion was performed at a photoperiod and humidification
equipped chamber during 120 at 25°C + 2°C. The negative
control was distilled water and the positive control was pure
SMX or AcSMX. All the samples were tested in triplicate.

The number of seeds germinated (SG) and the root
elongation (RE) were measured. Samples with more than
50% of inhibition (IC ) in germination or root growth were
considered potentially cytotoxic in relation to the control
group. The studies were carried out without dilution, con-
sidering that the dilution would further decrease the toxic-
ity of the samples [41].

3. Results and discussion
3.1. Catalysts characterization

Diffratograms of the materials are presented in
Fig. 2a. The formation of a crystalline phase in immobilized
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material was observed, in addition to the amorphous struc-
ture attributed to the support (glass). The diffraction peaks
indicated preferential formation of TiO,. The main peaks
at 25.3, 37.9 and 48.4 degrees corresponds to the 101, 103
and 200 planes of tetragonal anatase TiO, structure (ICSD
card n.° 00-001-0562). Previous works have also observed
the formation of anatase phase in mixed ZnO/TiO, catalysts
[42-45]. In fact, it has been reported that ZnO/TiO, cata-
lysts with small Zn content did not show diffraction peaks
corresponding to ZnO [46]. However, the addition of a sec-
ond component to a metal oxide can inhibit or delay the
crystallization because of heterojunction [47]. The decrease
on the intensity of the planes, especially the plane (101), as
shown in Fig. 2b, indicates that zinc is entering the struc-
ture of the anatase phase of TiO,, suggesting an interaction
between the two oxides [44,46,48]. By applying the Scherrer
equation, the average crystallite sizes of TiO, N-ZT and
A-ZT were found to be 22.2, 36.4 and 24.3 nm, respectively.
Micro-Raman spectra of the TiO, N-ZT and A-ZT
films are shown in Fig. 2c. The peaks at 142, 196, 396, 515
and 637 cm™ correspond to anatase phase of TiO, [49-51].
Nonetheless, the intensity decrease of some anatase peaks
were observed. These signals were ascribed to the pres-
ence of wurtzite-type ZnO in the TiO, nanoparticle coating
[52,53]. With the purpose of corroborating the formation of
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Fig. 2. (a) XRD patterns, (b) larger view of the plan [101] in the diffractogram, (c) micro-Raman spectra, and (d) FTIR spectra at

1,000-400 cm™.
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TiO,/ZnO heterostructure, FTIR measurements were per-
formed. TiO,, N-ZT and A-ZT films displayed four absor-
bance bands, representative of vibrations at 3,600; 1,690;
2,800 and 1,300 cm™ associated with O-H stretching and
bending in H,0 molecules, C-H and C-O antisymmetric
and symmetric stretching, respectively (Fig. 2d). The bands
in the range of 400 to 1,000 cm™ provided important infor-
mation about the metal-oxygen bond vibration (Ti-O or
Zn-0) [54,55]. Bands with frequencies of 430, 486, 500 and
708 cm™ were associated with Ti-O stretching and Ti-O-
Ti vibrations [56-58]. For photocatalysts films with ZnO
addition (N-ZT and A-ZT), the absorption band at 420 cm™
can be attributed the Zn-O bending [59], which caused a
displacement at 430 cm™ observed in Ti-O stretching, as
shown in Fig. 2d. The broad absorption peak appearing
at 800-900 cm™ is characteristic for non-reacted products.

SEM images of N-ZT and A-ZT films presented cracked
surfaces (Fig. 3). The surface of a pure TiO, film was also
analyzed for comparative purposes. Cracks appeared due
to capillary pressure increase during drying stage, gener-
ating stress gradients on the surface [60,61]. The thickness
of TiO,, N-ZT and A-ZT films were found to be approxi-
mately 2.6 pm.

The optical properties of the composite films and cor-
responding band gap (E,) estimated by Tauc method can
be seen in Fig. 3d. The E, values of TiO,, N-ZT and A-ZT
films were 3.02, 2.96 and 2.89 eV, respectively, indicating
the extension of the photon absorption to the visible region
[62]. The visible-light harvesting from this kind of mate-
rial has been associated with the formation of intraband
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gap energy levels in the semiconductor. For the composite
films, the metal-oxide heterojunctions promote the forma-
tion of interfacial, donor or acceptor energy states mainly
composed of metal-cation energy levels [63,64]. Melo et al.
[20], reported that individual ZnO nanorods grown from
nitrate and acetate anions also produced intraband gap
energy levels to absorb low-energy photons from the visi-
ble region, with Eg values of 2.09, and 2.03 eV for N-ZT and
A-ZT films, respectively, corresponding to wavelengths
of 593 and 610 nm. The difference on band-gad values of
N-ZT and A-ZT can be assigned to the different ZnO pre-
cursors, leading to different organizations of the electronic
structure. Observing the lamp emission spectra (Fig. S1),
it can be noticed that ZnO/TiO, catalysts can be activated
by absorbing the visible light from the actinic lamp.

3.2. Photolysis

It was expected that SMX and AcSMX easily degraded
under ultraviolet (UV) radiation due to its UV-Vis absorp-
tion spectra (Fig. S2). Fig. 4 shows that the degradation of
SMX and AcSMX under UV-C radiation (germicidal lamp)
was different from that under UV-Vis radiation (actinic
lamp). Recalcitrant behavior of AcSMX was observed for
both treatments. The rapid SMX degradation was mainly
attributed to direct UV photodegradation [65,66]. The
absorption of UV light at 254 nm leads to formation of
excited state of SMX. One of main mechanisms for SMX
degradation by UV is cleavage of S-N bond and C-S bond
[7-67]. Consequently, a functional group of sulfones, an
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Fig. 3. MEV images of (a) TiO,, (b) N-ZT and (c) A-ZT films, (d) optical band gap energy obtained from the Tauc method of catalysts.
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Fig. 4. Photolysis of SMX and AcSMX under UV-C (a, b) and UV-Vis (c, d) radiations at different pH. Initial concentration =6 mg L.

aniline ring and an isoxazole ring are formed. Several rad-
icals produced during the photolysis of SMX cause the
rearrangement of an isoxazole ring from the rupture of
unstable N-O bond in an isoxazole ring.

Actinic lamp promoted 30.5%, 12.6% and 24.8% of SMX
degradation at pH 4.0, 7.0 and 9.0, respectively. Actinic lamp
has peaks of emission at 364, 404, 435, and 556 nm (Fig. S2).
Even if SMX can not absorb visible radiation (>400 nm), it
can absorb radiation at 364 nm. The highest SMX degrada-
tion efficiency was achieved at pH 4.0 (30.55%). According
to Boreen et al. [68], SMX has greater light absorption and
greater photochemical reactivity in its neutral form, lead-
ing to a shorter half-life time and higher decomposition
efficiency. At pH 4.0, neutral SMX is the single dominant
specie, considering by pK_ values (Table 1). Degradation of
AcSMX was 20.52%, 9.42% and 14.31% at pH 4.0, 7.0 and 9.0,
respectively.

On the other hand, when UV-C lamp was applied,
AcSMX metabolite was completely degraded after 30 min
at pH 4.0 and 7.0, and after 45 min at pH 9.0. At the same
conditions, 100% of SMX degradation was also achieved.
These results reaffirm the need to develop visible light active
catalysts to degrade these compounds without the use of
ultraviolet radiation.

3.3. Effects of operational parameters on photocatalysis

After preliminary photolysis tests, actinic lamp was cho-
sen to evaluate the catalytic activity of the prepared materi-
als. Effect of pH and target compound concentration were
investigated.

3.3.1 Effect of pH

It is well known that pH changes not only influences
molecule dissociation or surface charge of catalyst, but
also the formation of *OH radicals in solution [69]. In this
way, photocatalytic degradation would be greatly affected
by pH value. This was confirmed by analyzing photocat-
alytic activity of immobilized catalysts at different pH
values, which are presented in Fig. 5. The pH,,. of cata-
lysts were determined and found to be about 7.0. The sul-
famethoxazole is a diprotic molecule having dissociation
constant values pK  and pK , of 1.85 and 5.6, respectively
(Table 1). At pH 4.0 to 9.0, SMX species are in anionic form
[66]. Indeed, at pH values lower than pH,,., anionic SMX
molecules tend to be adsorbed on the surface of the catalyst.

Concerning to TiO,, SMX degradation was favored at pH
4.0, with maximum degradation efficiency of 57.6%. On the
other hand, SMX showed an apparent degradation decrease
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with the increase of pH solution. At pH 9.0, SMX degrada-
tion efficiency was 28.09% for TiO,, the lowest compared
to other catalysts. Increasing the pH caused an increase of
negative charges sites on catalyst surface and more anionic
SMX species formed, which perhaps favored in electrostatic
repulsing of SMX molecule by the negatively charged TiO,
surface [70,71].

According to Melo et al. [20], the lowest activity observed
for A-ZT can be attributed to its pseudo-capacitive nature,
that leads to charge accumulation on surface, resulting in
high recombination rates. These properties will directly
affect the redox capacity, thus lowering photocatalytic activ-
ity. In other hand, synergistic effect due to heterojunction
was observed for N-ZT [20].

Huang et al. [72], described enhanced photocatalytic
activity of Bi,,FeO, /Cu,0 composite as a result of the effi-
cient separation of photogenerated electrons and holes.
Besides, SMX degradation efficiency of pure Cu,0O merely
reached 45.8%, while for Bi,FeO, /Cu,0 composite 85%
of SMX degradation was achieved. Liu et al. [73] evalu-
ated SMX degradation with CeO,/CN photocatalyst. The
photodegradation efficiency of CeO,/CN was higher than
that for CN or CeO,. In this regard, the better activity of
N-ZT was attributed to the heterojunction. At pH 7.0, SMX
degradation efficiency was 61.04% with N-ZT. At the same
time, it was noted that at pH 4.0, lower efficiencies were
achieved for N-ZT (47%) and A-ZT (38%) when compared
to TiO, (58%). This substantial decrease of photocatalytic
activity for ZnO based photocatalysts can be assigned to
photocorrosion phenomenon occurring in acidic medium
[74], thus compromising the stability of ZnO structures
under UV radiation due to the self-oxidation [75]. Indeed,
after atomic absorption analysis, the presence of Zn in
the effluent treated at pH 4.00 was verified. Although the
Zn concentration was very low (0.02 mg L), close to the
equipment error for a detection limit of 0.01-2.00 mg L7,
this result is an indicative of photocorrosion of ZnO at
acid pH. However, as showed in Fig. 4c, the concentra-
tion of compounds was hardly changed in the absence
of photocatalyst. This clearly demonstrated that the thin
N-ZT or A-ZT films possess characteristics that fairly
enabled to enhance the degradation of sulfamethoxazole.
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3.3.2 Effect of concentration

The effect of initial concentration on degradation
rate in photocatalysis is shown in Fig. 6. A reduction in
degradation efficiency was observed by increasing ini-
tial concentration from 2 to 6 and 10 mg L7, at constant
pH of 7.0, using N-ZT thin film catalyst. Concentration
increase caused a decrease on degradation of sulfame-
thoxazole from 58% (C, =2 mg L™) to 49% (C, = 6 mg L™)
and 36% (C, = 10 mg L) for SMX, and from 42% to 32%
and 20%, for AcSMX at initial concentrations of 2, 6 and
10 mg L, respectively. This behavior can be assigned to the
fact that the catalyst has more available superficial active
sites at lower concentrations. Higher reactant concentra-
tion enhances the scavenging effect, causing a decrease
in degradation efficiency [70]. Indeed, at higher concen-
trations, radiation becomes limiting, since azoxybenzene
actinometry experiments proved that light is absorbed
by the target compound as well as by the produced inter-
mediates [71]. In addition, less active sites are avail-
able to be reached by photons and for adsorbing water
or hydroxyl ions to proceed the generation of hydroxyl
radicals by the catalyst.

3.4. Kinetics of photocatalytic degradation

The exponential decay observed in Fig. 6a and b sug-
gests that the decomposition of SMX and AcSMX follows
pseudo-first-order kinetics with acceptable R? values. In this
sense, apparent first-order kinetics constants (k, ) at differ-
ent initial concentrations of SMX and AcSMX were deter-
mined, and results are shown in Table 2, as well as half-life
times and reaction rates. SMX concentration was reduced
by 50% after 182 min and 248 min for initial concentration
of 2 and 6 mg L7, respectively. Nevertheless, for high con-
centration such as 10 mg L™, more than 6 h of reaction were
needed to reduce the concentration by 50%. For the metab-
olite, similar behavior was observed; however, more than
6 h of reaction would be needed to remove 50% of AcSMX
at initial concentration of 2 mg L. AcSMX proved to be
quite resistant to photocatalytic degradation. Regardless
of the initial concentration, the half-live time (t,,) was high

(b)
= ACSMX = SMX

100
80
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Degradation (%)

4 ' 8 ' 12
Time/h

Fig. 5. Photocatalytic degradation under UV-Vis radiation (a) SMX at different pH value and (b) SMX or AcSMX using
N-ZT as photocatalyst. Initial concentration = 6 mg L, catalyst dose = 1.0 mg cm™.
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Fig. 6. Photocatalytic degradation using different initial (a) SMX or (b) AcSMX concentration over N-TZ under UV-Vis radiation.

Catalyst dose =1.0 mg cm™.

Table 2

Kinetic study of sulfamethoxazole and acetyl sulfamethoxazole (pH = 7.0 and N-TZ catalyst [1 mg cm™])

Concentration (mg L™) SMX AcSMX
7, (mg L™ min™) kaPp (min?) R? t,, (min) r (mgL™" min™) kapp (min?) R? t,, (min)
2 0.0076 0.0038 0.9726 182 0.0038 0.0019 0.9048 526
6 0.0168 0.0028 0.8962 248 0.0078 0.0013 0.9169 769
10 0.0180 0.0018 0.9430 385 0.0090 0.0009 0.7860 1111

when compared to SMX (Table 2). Other authors obtained for
SMX k,, values of 0.0542 min™ ([SMX], ~ 1.23 mg L) with
CoFe,0O,/TiO, [76] and 0.0085 min™ with Zn-TiO,/biochar
([SMX], = 10 mg L) [77], proving that higher initial concen-
trations led to lower apparent reaction kinetics constants.
It is worth to note that the variation on first-order kinetics
constants with initial concentration occurs because its appar-
ent value takes into account the intrinsic kinetics constant
(which does not vary with concentration) and the adsorp-
tion rate, which varies with concentration of the reactant.

3.5. Evolution of photoproducts

The persistence of the degradation products was deter-
mined by running experiments for longer times (up to
12 h). These experiments were carried out with N-ZT pho-
tocatalyst at initial concentration of 6 mg L™ for both SMX
and AcSMX. After 12 h of reaction, 85.50% of SMX and
38.75% of AcSMX were degraded by photocatalytic pro-
cess. This result confirms the higher resistance of metab-
olite AcSMX. Furthermore, the formation of by-products
shown in Fig. 7a and b as seen in the chromatograms, pho-
toproducts with similar retention times of SMX appeared
in AcSMX photocatalysis. This means that metabolite mol-
ecule has been broken down and formed SMX compound
in solution over again as reported in literature [7]. This
result indicates that AcSMX metabolite can actually serve
as precursor of SMX antibiotic into the environment and
explain the lower degradation rates obtained for AcSMX,
since photoproducts compete for photons, for adsorption

sites and oxidizing radicals in the medium. It can be veri-
fied by the reduction on intensity of SMX peak (indicated
by *) when the chromatograms corresponding to 8 h and
12 h of irradiation are compared (Fig. 7a).

3.6. Photocatalytic mechanism

The carrier separation/transport mechanism in N-ZT
heterostructures has been previously established [20]. When
visible light irradiates N-ZT composite, charge carriers are
photogenerated in both TiO, and ZnO-N (Fig. 8). Since the
E, of TiO, was more negative than that of ZnO-N, the pho-
togenerated electrons (e”) of TiO, on the conduction band
(CB) could be easily transferred to the conduction band of
ZnO-N. Then, the photogenerated holes (h*) on the valence
band (VB) of ZnO-N could be injected into the valence
band of TiO, since the E . of ZnO-N was more positive
than that of TiO,. A facile charge carrier separation in the
N-ZT composite enables hole accumulation to perform the
oxidation of SMX and AcSMX. At the same time, the photo-
generated electrons could reduce O, adsorbed in the solu-
tion to produce °*O; radicals. Furthermore, H,O, and *OH
radicals are generated, which further participation in the
photocatalytic reaction.

Dlugosz et al. [78] proposed that the SMX molecule
can undergo isomerization and hydroxylation reactions
both in the aromatic ring and in the isoxazole ring, along
with hydroxylation of the phenyl ring followed by cleav-
age of the N-O bond, leading to the formation of by-prod-
ucts. Additionally, hydrolysis and dimerization of SMX
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Fig. 7. Chromatograms showing the evolution of intermediates during degradation of 6 mg L of (a) AcSMX and (b) SMX

by photocatalytic reaction with 1.0 mg cm= of N-TZ.
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Fig. 8. Scheme of SMX and AcSMX degradation using N-TZ as
photocatalyst.

by-products were also identified. Four hydroxylation prod-
ucts were identified, supporting the mechanism in which
hydroxyl radicals are the active species.

3.7. Electrical energy consumption

The cost of treatment is one of the aspects that need
more attention in advanced oxidative processes (AOP).
Electrical energy per order (EE/O) was applied as a figure
of merit in this study to evaluate and compare the degrada-
tion efficiency based on energy consumption according to
Eq. (4). The results are shown in Table 3. EE/O for AcSMX
photodegradation and photolysis were 1.6-2.9 times higher
than that for SMX.

Operating costs of AOP treatment is highly depen-
dent on the efficiency of a process. When UV-A radia-
tion and TiO, were used by other authors, EE/O values of
21,060.2 kWh m= order™ [78] and 52,115.3 kWh m= order™
[79] for SMX degradation were found. The energy con-
sumption required when immobilized N-ZT was applied

Table 3
EE/O values for photodegradation of sulfamethoxazole and
metabolite over 4 h of reaction

Compound EE/O (kWh m= order™)
UV-Vis UV-Vis/N-ZT

SMX 7,579 4,085

AcSMX 12,149 12,028

in this study is lower than that reported in other studies
of photocatalytic degradation of SMX. The main reasons
for the low energy consumption in this study could be the
enhancement of degradation efficiency by heterojuction of
TiO, and ZnO, which increased the efficiency of the photo-
catalyst. According to the best of our knowledge, EE/O val-
ues for AcSMX degradation by photolysis or photocatalysis
has not been reported so far.

3.8. Residual toxicity assay

Cytotoxicity studies were carried out by applying
Lactuca sativa seeds and Artemia salina as a bioindicators
and the results are presented in Fig. 9. The main toxic
effect to Lactuca sativa seeds was the inhibition of root
elongation, without inhibiting seed germination (Fig. 9a
and b). As it can be seen in Fig. 9b, SMX was more phyto-
toxic than AcSMX. Although the photolysis of SMX under
UV-C radiation proved to be more efficient on reducing
the initial concentration, intermediates generated in this
process proved to be more cytotoxic to L. sativa compared
to UV-Vis photolysis and photocatalysis. Even though
photocatalysis did not remove SMX with high efficiency,
most SMX was transferred into low toxic intermediates
which meant that residual toxicity was reduced.

Table 4 shows percent of live A. salina for different treat-
ment conditions. Determination of the lethal dose for 50%
of A. salina nauplii (LD,;) against SMX and AcSMX was
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Fig. 9. Residual toxicity assay from Lactuca sativa (a) % of germination and (b) root length of initial and treated samples for photolytic

and photocatalytic processes.

Table 4
Absolute (mean) percent of live A. salina for different treatment
conditions

Samples Percentage of effluent
15 35 50 75 100
SMX Initial 100a* 100a 100a 60b  100a
UV/Vis 100a  100a 100a 100a 100a
UV/Vis + N-ZT 97a 100a 97a 87b  57c
AcSMX  Initial 97a 93a 87b 93a  90a
UV/Vis 100a  100a 100a 100a 100a
UV/Vis + N-ZT 93a 93a 97a 97a  100a

*Different letters mean statistically different values.

impossible to be performed since even the raw effluent
did not kill half of the test population.

As it can be seen, for almost all the tests, there was no
significant difference on A. salina lethality. At higher con-
centrations (75% and 100%), some photoproducts of photo-
catalytic degradation might be responsible for cytotoxicity
against A. salina in the presence of catalyst. It is reported that
SMX degradation can produce N-hydroxysulfamethoxazole
(HO-SMX), known to be more recalcitrant than SMX and
may be responsible for cytotoxity [80,81]. At the same
time, AcSMX photocatalytic degradation suggests that its
residual toxicity was eliminated.

4. Conclusions

ZnO/TiO, heterostructured photocatalyst was suc-
cessfully synthesized and characterized. The powder was
immobilized on glass substrate and applied to the photode-
gradation of sulfamethoxazole (SMX) and its metabo-
lite N-acetyl sulfamethoxazole (AcSMX). ZnO/TiO, was
active under visible light, and about 49% and 32% of SMX
and AcSMX degradation were observed after 240 min of

irradiation. Photocatalytic back-transformation of AcSMX
to SMX was observed, indicating that this metabolite may
serve as an environmental source of SMX antibiotic. The
result underlines the importance to study this compound,
since it is a metabolite originated by excretion, after con-
sumption of the SMX antibiotic. Electrical energy required
for antibiotic and metabolite degradation was determined,
as well as toxic effect of treated samples. Some photoprod-
ucts generated by SMX photocatalytic degradation were
responsible for cytotoxicity against A. salina. At the same
time, photocatalytic degradation of AcSMX suggests that its
initial toxicity was reduced.
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Fig. S1. Emission spectra of the lamps: (a) actinic (LUCMAT) and (b) germicide (OSRAM).
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Fig.S2. SMX and AcSMX UV-Vis absorption spectra at 6.00 mg L~
and pH =7.00.



