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ABSTRACT

In this study, the synergistic effect of photocatalysis and ozonation processes to degrade the
sulfamethoxazole (SMX), one antibiotic pharmaceutical compound, has been studied through
the influence of main operational variables such as zinc oxide/montmorillonite (ZnO/MMT) dos-
age, SMX initial concentration, ozone flow rate, pH and the addition of organic and inorganic
scavengers. Synthesized ZnO nanoparticles were immobilized on the montmorillonite surface
to prepare ZnO/MMT catalyst as a photocatalyst. The catalyst was characterized by X-ray fluo-
rescence, X-ray diffraction, scanning electron microscope, high-resolution transmission electron
microscope and N, adsorption/desorption. The highest SMX degradation efficiency (80.84% for
30 min of reaction time) was obtained for the photocatalytic ozonation process compared to
adsorption, single ozonation, catalytic ozonation, and photolysis. ZnO/MMT was more effec-
tive photocatalyst according to ZnO, indicating its usability as a promising photocatalyst for
the removal of organic contaminants in aqueous solutions. The reduced degradation efficiency
with the addition of organic and inorganic scavengers showed the important role of the photo-
produced radicals and holes as well as direct ozonation in SMX degradation. A mechanism is
also proposed for photocatalytic ozonation degradation by using the gas chromatography-mass
spectroscopy (GC-MS) analysis method. Finally, several by-products were identified by GC-MS
analysis, which allowed to depict a possible mechanism for the sulfamethoxazole degradation.

Keywords: Photocatalytic ozonation; Zinc oxide/montmorillonite nanocomposite; Sulfamethoxazole;
Hydroxyl radical; Antibiotic

1. Introduction

The prominent increase in environmental pollution along
with many different types of contaminants has revealed
the growing demand for innovative water treatment tech-
nologies. Advanced oxidation processes (AOPs) for water
purification and recovery have proved to be effective pro-
cesses due to theirs higher capability to degrade permanent

* Corresponding authors.

toxic organic compounds, such as pharmaceuticals, per-
sonal care products, hormones, industrial additives and
household chemicals whose existence even at low con-
centration can be deleterious for living organisms [1,2].
Pharmaceuticals and personal care products constitute the
major class of contaminants due to their widespread usage
and unknown biological and ecotoxicological effects. Some
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of these pharmaceuticals may not be exactly removed or
transformed during conventional wastewater treatment
methods because they show high resistance to these meth-
ods. So, they are continuously discharged into the water
environment, even if they are removed with this waste-
water treatment [3,4]. In the advanced oxidation processes,
the complete degradation and mineralization of such a type
of contaminants in the water is possible through oxidation
reactions with in situ generated the highly reactive, short-life
and non-specific oxidizing species such as hydroxyl radical
("OH), superoxide (*O;), ozonide (*O;), photogenerated elec-
tron-hole pairs [4,5]. Recently, it has been shown that the
combination of ozone and heterogeneous photocatalysis
under ultraviolet light (i.e., photocatalytic ozonation) can
greatly improve pollutant degradation rates attained by
single processes such as ozonation, photolytic ozonation,
catalytic ozonation and photocatalysis and adsorption due
to increased generation of reactive oxygen species (ROS)
as a result of the synergistic effect between photocatalysis
and ozonation [1,6,7]. Catalysts such as zinc oxide, iron
oxide and titanium dioxide are the effective materials in the
removal of metal ions, dyes, drugs by using photocatalytic
degradation processes [8-11]. ZnO-montmorillonite nano-
composite and hybrid nanocomposites are the hybrid mate-
rials used in the removal of the wastes such as arsenic and
methylcobalamin from wastewater [12-14].

The utilization of a suitable catalyst to achieve success
in the photocatalytic ozonation process is an important
factor. TiO, is the most widely used photocatalyst in pho-
tocatalytic ozonation processes due to its higher photocat-
alytic oxidation ability [15-17]. As an attractive alternative
to TiO, for the photocatalytic ozonation processes under
ultraviolet light radiation, ZnO as nontoxic material with
a variety of nanostructures is preferred over TiO, for cata-
lytic treatment of some environmental pollutants in waste-
water due to its high quantum efficiency providing effective
absorption of photons, low-cost and wide bandgap [18,19].
ZnO produces the electron having more negative potential
in comparison with TiO, [20]. However, ZnO is not stable
in the acidic environment and loses activity as aggregate at
high loading. Moreover, its surface area is not so high for
available adsorption [19]. The overcoming of this problem
can be achieved by fixing the ZnO on stable inorganic sup-
port such as bentonite [20], activated carbon [21], sepiolite
[22] and glass spiral [23]. Among them, clays and clay-based
materials represent have an extremely high level of inter-
est as the support material for immobilization of a variety
of photocatalysts because they are cheap, chemically inert,
resistant to deterioration, environmentally friendly, and
widely available [20]. The montmorillonite as a catalyst
and support material has attracted considerable attention
in the last 10 y due to their thermal stability, exchange-
able cations, swellable properties, nanoporous structure,
appropriate surface morphology and large surface area
which are beneficial to the activity of photocatalytic ozona-
tion via enhancing adsorption, the determining step in the
heterogeneous photodegradation reaction [22,24].

In the present study, montmorillonite K10 (MMT) clay
was used as the matrix for the immobilization of ZnO. ZnO
nanoparticles were synthesized and loaded on the surface
of montmorillonite K10 (MMT) via sol-gel method for

degradation of sulfamethoxazole as the target pollutant.
The activity of this MMT-supported ZnO was evaluated in
the oxidation of sulfamethoxazole. For this aim, the com-
bination of heterogeneous photocatalysis and ozonation
have been applied to remove the sulfamethoxazole from
aqueous solutions and compared with other systems such
as single ozonation, photolytic ozonation, catalytic ozona-
tion, photocatalysis and adsorption. The effect of various
parameters such as catalyst amount, initial pharmaceuti-
cal concentration, solution pH, presence of scavengers is
investigated and optimum conditions for the degradation
are identified.

2. Material and methods
2.1. Materials

Sulfamethoxazole, 4-amino-N-(5-methylisoxazol-3-yl)
benzenesulfonamide, (C,;H,,N,O,S) chosen as model organic
pollutants, was provided by Sigma-Aldrich Co., (Sigma-
Aldrich, St. Louis, MO, USA), and dissolved in distilled
water. The characteristics and chemical structure of sulfame-
thoxazole are shown in Table 1. ZnCl,, HCl and NaOH were
bought from Merck Co., (Germany) and montmorillonite
K10 (MMT) from Sigma-Aldrich Co., (USA) which consists
of 5i0,, ALO,, Fe,0, MgO, CaO, Na,O, and K,0O with 66.9,
13.8, 2.8, 1.6, 0.3, 0.2 and 1.7 wt.% respectively. The cation
exchange capacity of the MMT was 120 meq/100 g, which
was determined using the Methylene blue method [25]. All
of the other chemicals were purchased from Sigma-Aldrich
Co., (USA) and they were analytical grade purity. All of
them were used as received in all experiments. Deionized
water was used to prepare aqueous solutions throughout
the investigation.

2.2. Catalyst synthesis and characterization

To prepare zinc oxide/montmorillonite (ZnO/MMT) nano-
composite, the synthesized ZnO nanoparticles was immobi-
lized on the surface of MMT as published elsewhere [26].
To examine the surface morphology of the MMT particles
and ZnO/MMT catalyst, scanning electron microscope
(SEM) model (TESCAN MIRA3 FEG-SEM, Czech) and high-
resolution transmission electron microscope (HR-TEM)
model JEM-2100F, JEOL (Japan) operated at 100 k were
used. The X-ray diffraction (XRD) patterns of pure MMT
and ZnO/MMT composite were collected by PANalytical
X'Pert PRO diffractometer (Germany) with Cu K radiation
(A = 0.15406 nm) at 45 kV and 40 mA in the range from 3°
to 70° of 20. The chemical composition of the MMT and
synthesized ZnO/MMT was assessed by X-ray fluorescence
(XRF) (Rigaku ZSX Primus II, Japan). Textural properties of
the MMT, ZnO and ZnO/MMT samples were determined
from N, adsorption-desorption isotherms at 77 K on a
Gemini 2385 nitrogen adsorption apparatus (Micromeritics
Instruments, USA) and their surface areas and pore size
distributions were analyzed using the Brunauer-Emmett—
Teller (BET) and Barrett-Joyner-Halenda (BJH) method,
respectively. Prior to the nitrogen physisorption measure-
ments, the samples were degassed at 105°C for 15 h in order
to remove physisorbed water without any effect on the
textural properties of investigated samples.
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Table 1
Characteristics of the sulfamethoxazole (SMX)
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Chemical structure Molecular formula M (gmol™) A (nm)  Therapeutic group  Solubility in water
(mg mL™)
C, H,.N,OS 253.27 265 Antibiotic <1

100 7117 7373

-

H,N

2.3. Experimental procedure

Photocatalytic ozonation experiments were carried out
in a 900 mL capacity cylindrical glass photoreactor con-
taining UV-A lamp of 8W (Sylvania, Japan) placed inside
a quartz tube within the reactor, inlet for ozone and outlet
for the non-absorbed ozone gas. A schematic diagram of
the reactor is represented in Fig. 1. The outer surface of
the reactor was sealed with aluminum foil to avoid expo-
sure to sunlight. The reactor contents were stirred continu-
ously with a magnetic stirrer. The ozone gas was generated
using the TOGC2, Triogen (Scotland) ozone generator, and
the produced ozone was continuously bubbled into the
reactor through a diffuser settled at the bottom of the reactor.

In a typical approach, 500 mL of sulfamethoxazole
solution with a known initial concentration containing
the desired amount of catalyst was fed to the reactor. The
experiments were carried out at the natural pH (pH = 5)
and at the ozone gas flow rate of 2 L h™' (except for the
experiments in which the effect of solution pH and gas flow
rate were examined). At desired time intervals, samples
of 5 mL were taken and a small amount of sodium sulfite
was added to the samples to exterminate any progress of
ozone or hydroxyl radical oxidation before the analytical

determination of sulfamethoxazole by using a UV-Vis spec-
trophotometer. After the centrifugation of the samples,
the remaining sulfamethoxazole concentration was deter-
mined using Varian Cary 100 UV-Vis spectrophotometer
(Australia) at a maximum wavelength of 265 nm.

UV-Vis spectral changes of sulfamethoxazole as a func-
tion time during photocatalytic ozonation process in the
presence of initial 20 mg L sulfamethoxazole (SMX) for
0.1 g L ZnO/MMT at pH of 5 under ozone gas flow rate of
2 L h! and UV-A irradiation and the results are illustrated
in Fig. 2. The intensity of the maximum peak located at the
wavelength of 265 nm reduced depending on the reaction
time, and it almost disappeared after the reaction time of
15 min. This result obviously reveals the SMX degradation
on the ZnO/MMT surface via the photocatalytic ozonation
method. Complete degradation of SMX was carried out
after 30 min in the optimized conditions.

2.4. Analysis of sulfamethoxazole degradation products
with gas chromatography-mass spectroscopy

Gas chromatography-mass spectroscopy (GC-MS) anal-
ysis was carried out to determine intermediate prod-
ucts of sulfamethoxazole degradation by photocatalytic
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Fig. 1. Schematic representation of the reactor used for photocatalytic ozonation process.
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ozonation. 1 L sulfamethoxazole solution was treated with
photocatalytic ozonation for 15 min and organic interme-
diates were extracted three times with 30 mL of diethyl
ether. The resulting organic solution was held to evapo-
rate the organic solvent and the remaining solid was dis-
solved in 100 pL of N,O-bis(trimethylsilyl) acetamide,
heating at 60°C and stirring for 10 min. The products
obtained were analyzed by GC-MS device (Agilent 6890
Gas Chromatography and 5973 Mass Spectrometer, Palo
Alto, Canada).

2.5. Thermogravimetric analysis/Differential thermogravimetric/
Differential thermal analysis studies

The thermal degradation process of ZnO and ZnO/MMT
nanocomposite were investigated using thermogravimet-
ric analysis (TGA)/Differential thermogravimetric (DTG)/
differential thermal analysis (DTA) thermogravimetric
analysis (HITACHI STA7300, Japan) under nitrogen atmo-
sphere from 30°C to 900°C with a heating rate of 10°C min™".

3. Results and discussion

3.1. Structural characterization of the MMT and ZnO/MMT
nanocomposite

The obtained chemical composition results of pure
MMT and ZnO/MMT nanocomposite by using an XRF
spectrometer are given in Table 2. When these results are
compared with each other, it is shown that the presence
of ZnO in significant amounts in the composite structure,
such as 48% is evident. On the other hand, 5iO, amount of
66.90% and ALO, amount of 13.80% in MMT were reduced
to 36.30% and 10.30, respectively in the ZnO/MMT struc-
ture. This result clearly shows that the incorporation of ZnO
between the interlayer galleries of MMT and hybridization
with MMT.

Fig. 3 indicates X-ray diffraction patterns docu-
mented for MMT, pure ZnO and ZnO/MMT nanoparti-
cles. In Fig. 3a, the observed peaks at 8.5°, 19.84°, 26.65°,
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Fig. 2. The changes in the absorption spectra of 20 mg L™ of
sulfamethoxazole during different treatment time. Experimental
conditions: [ZnO/MMT]: 0.1 g L7; [SMX];: 20 mg L7; ozone
gas inlet flow rate: 2 Lh™; pH =5.

34.93°, 61.66° of 20 values are specific peaks for MMT
[27,28]. The peak at 26 of 26.65° of the XRD pattern of MMT
(JCPDS Card 35-0652) shown in Fig. 3a, corresponds to
the interlayer spacing of this clay [29,30]. After the immo-
bilization of ZnO onto the MMT surface, the d,, peak at
20 = 8.5 where the intercalation reactions in the clay struc-
ture occur, shifted towards to lower angle side compared
with pure MMT, indicating the enlargement of the basal
spacing of the MMT as a result of the interaction between
MMT and ZnO nanoparticles (Fig. 3c). Moreover, the new
reflections were also seen (Fig. 3b and c) in the XRD pattern
of pure ZnO and ZnO/MMT at 26 of 31.71° (100), 34.41°
(002), 36.21° (101), 47.51° (102), 56.61° (110), 63° (103), 66.08°
(200), 68° (112) and 68.28° (201) which are characteristics
ZnO peaks (JCPDS Card 36-1451) [29,30]. The reflection at
20 = 31.71° could be a reflection of ZnO in the hexagonal
wurtzite crystal structure (Fig. 3b). Based on these results,
it can be said that ZnO/MMT nanocomposite was formed
through the synthesis of ZnO nanoparticles on the MMT.
Using the Debye-Scherrer equation [31], the crystallite
size of ZnO in ZnO/MMT was calculated to be about 25 nm.

To investigate the surface morphology of the MMT and
ZnO/MMT particles, SEM and HR-TEM analysis were used
and the collected results are presented in Figs. 4 and 5. As
can be seen in Fig. 4a, the SEM image of MMT exhibited
a fairly porous structure and heterogeneous surface mor-
phology with cracks and phase separations. Compared
to the pure MMT, the presence of flower-like ZnO parti-
cles on the MMT (Fig. 4b) approved successful immobili-
zation of ZnO into the MMT surface. Fig. 4c shows that
in the energy-dispersive X-ray (EDS) spectrum of MMT,
C (carbon) 21.51%, Si (Silicon) 36.11%, O (oxygen) 35.02%
and Al (aluminium) 6.66% by weight. Fig. 4d shows that
Zn (zinc) 48.60%, C (carbon) 3.3%, Si (silicon) 12.0%, O
(oxygen) 24.3% and Al (aluminum) 3.1% by weight in
the EDS spectrum of ZnO/MMT nanocomposite. As seen
in the EDS spectrum of ZnO/MMT, the high amount
of Zn by weight and the decrease of other components
(G, Si, O, Al) indicate that ZnO particles are immobilized
between the layers of MMT [32].

The obtained HR-TEM images for pure MMT and ZnO/
MMT seem to support this idea (Fig. 5a and b). In Fig. 5b,
plate-like ZnO particles in nm size on porous MMT sur-
face are obvious. HR-TEM images show that the ZnO/

Table 2
Chemical composition of MMT and ZnO/MMT samples

Compound (%) MMT ZnO/MMT
ZnO - 48.01

SiO, 66.90 36.30
ALQO, 13.80 10.30
Fe,O, 2.75 2.23

MgO 1.58 0.92

CaO 0.29 0.22

Na,0 0.15 -

K,0 1.65 1.23

Other 12.88 0.79
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Fig. 3. XRD patterns for (a) raw MMT, (b) pure ZnO and (c) ZnO/MMT nanocomposite.

MMT particles are within the nanoscale. According to the
HR-TEM analysis results, it was clearly understood that the
used method in this study was a reliable and convenient
method for the preparation of ZnO/MMT nanocomposites
with predictable results.

Fig. 6 shows adsorption-desorption isotherms of N, at
77 K for MMT and synthesized ZnO and ZnO/MMT. As can
be seen from the figure, the MMT sample exhibited type II
isotherm with hysteresis loops exhibiting the strong inter-
action between adsorbent and adsorbate molecules and
a mesoporous texture with a uniform pore size distribu-
tion. The isotherm for pristine MMT presents a H4 typed
hysteresis loop, indicating that the sample has narrow
slit pore (Fig. 6¢) [33]. The isotherms for ZnO and ZnO/
MMT exhibited a typical type IV curve with hysteresis
loops according to the IUPAC classification, correspond-
ing to mesoporous materials and associated with capillary
condensation [34]. Both ZnO and ZnO/MMT nanocompos-
ites have a H3 type hysteresis loop with a lamellar pore
structure and disordered slit and wedge shape (Fig. 6a and
b) [35]. It is considered that the location of the inflection
point of P/P° relates to a diameter in the mesopore range,
and the uniformity of the mesopore size distribution has

been shown with the sharpness step [36]. Capillary con-
densation in MMT started approximately at P/P° = 0.40
while the beginning of this action was about at P/P° of
0.25 for ZnO and ZnO/MMT nanocomposite. Compared
with MMT, shifting of the inflection point, which is
the beginning of capillary condensation, in ZnO/MMT
nanocomposite to lower P/P° range can be attributed to
ZnO incorporation into MMT interlayer galleries [37].

The pore size distributions of the samples were cal-
culated from the BJH adsorption branch of the isotherm
(Fig. 7). The average pore size radius of the MMT, ZnO and
ZnO/MMT samples was estimated to be 3.17, 14.96 and
5.45 nm, respectively. Additionally, the BET surface areas
for the MMT, ZnO and ZnO/MMT were 279.27, 38.22 and
70.54 m? g7, respectively. The average pore size of MMT
increased and the specific surface area decreased with
the loading of ZnO, which may be caused by a collapsing
of some part of the MMT porous structure as a result of
the incorporation of ZnO crystallite between the layers of
MMT [38] as shown in Fig. 7.

After heating the ZnO/MMT nanocomposite up to 400°C,
the mass loss occurred. The decrease in the DTA curve at
400°C confirms this transition. A decrease in the DTA curve
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Fig. 5. HR-TEM images of (a) raw MMT and (b) ZnO/MMT nanocomposite
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Fig. 7. BJH pore size distribution of the samples.

of ZnO/MMT nanocomposite was observed from 400°C to
800°C. The decrease in the TG curve of the nanocomposite
confirms the DTA curve. DTA/TGA/DTG analysis results
of ZnO and ZnO/MMT as shown in Fig. 8 [39].

3.2. Comparison of different processes on the
sulfamethoxazole degradation efficiency

In order to evaluate the degradation efficiency of sul-
famethoxazole by different processes, some preliminary
experimental series were conducted in the investigated
systems such as adsorption (ZnO/MMT), ozonation (O,),

photolysis (UVA), catalytic ozonation (ZnO/MMT-O,),
photocatalysis (ZnO/MMT-UVA), and photocatalytic ozo-
nation (ZnO/MMT-UVA-O, and ZnO/UVA-O,). The results
are given in Fig. 9. The values of initial sulfamethoxaz-
ole concentration, catalyst dosage, gas flow rate and pH
were constant as 20 mg L, 0.1 g L, 2 L h™ and pH = 5.0
respectively (Fig. 9).

As presented in Fig. 9, the degradation of SMX was
low (17.64%) by direct photolysis under UV-A irradia-
tion (315-400 nm) exhibiting the inefficient of photoly-
sis in the degradation of SMX. This phenomenon can be
explained that the photocatalyst absorbing the emitted
photons by the UV light source and/or the value of pho-
ton energy released by UV irradiation is not sufficient to
break bonds in SMX [40-42]. Hence, SMX did not degrade
by the photolysis process. Similar results were observed by
previous researchers that have examined the degradation
of phenazopyridine hydrochloride, sulfamethoxazole and
perfluorooctanoic acid by photolysis [40—42]. SMX removal
was only 23.14% in the adsorption process, indicating
the contribution of adsorption onto ZnO/MMT surface is
not considered in SMX degradation. Fig. 9 demonstrates
that the degradation efficiency of SMX by photocataly-
sis process was rather slow and it was carried out within
30 min as 27.92%. According to this, it was understood
that the complete degradation of organic pollutants needs
more reaction times due to probably the rapid recombi-
nation of the produced e/h* pairs on the photocatalyst
surface in the presence of oxygen resulting in a reduc-
tion in the amount of generated hydroxyl radicals [41].
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The degradation efficiency of the SMX is 65.39% after
30 min of reaction using a single ozonation process, which
is importantly higher than that of photocatalytic oxidation.
As discussed in the literature, the oxidation of organic
species by ozone without catalyst takes place principally
in the liquid phase through both direct and indirect mech-
anism processes where the produced hydroxyl radicals
by ozone decomposition react with pollutant [41,43].

As increasing the solution pH, especially in alkaline
conditions, the ratio of indirect oxidation to direct oxida-
tion rises. Hence, pollutant removal efficiency increases due
to the higher reactivity of hydroxyl radicals compared to
ozone [43]. Direct reaction of ozone is great of importance
in acid and neutral media for organic pollutants in a solu-
tion that react very fast with ozone. Therefore, it can be said
that the electrophilic attack of ozone may take place at the
aromatic ring and S=O double bond of SMX under applied
conditions in this study (pH = 5) [44,45]. As can be seen in
Fig. 9, with the addition of ZnO/MMT as a heterogeneous
photocatalyst to the ozonation system, the degradation effi-
ciency of SMX improved compared with a single ozonation
system (74.05% at 30 min). This may be due to the imple-
mentation of the heterogeneous catalytic ozonation on the
surface of the ZnO/MMT surface. When the photocatalyst
is added to the ozonation system, as opposed to ozonation
alone, efficient production of hydroxyl radicals occurs at a
low pH value which results in an improvement in the SMX
degradation efficiency [44,46]. For the photocatalysis and
ozonation combined system, SMX degradation efficiency
was carried out as 69.6% and 80.84% for ZnO and ZnO/
MMT catalysts, respectively within 30 min reaction time,
which suggested the existence of synergistic effect between
photocatalysis and ozonation (Fig. 9). It was reported that
with the addition of ozone to the photocatalytic system, the
quantum efficiency of photocatalysis is improved which
results in the abundantly photoproduced holes partici-
pating in the reaction with SMX rather than recombining
with photo-generated electrons [42]. In the photocatalytic
ozonation processes, the adsorption of both pollutants and
ozone on the surface of the photocatalyst is considered as
a first step of the surface degradation process. Afterwards,
adsorbed molecules may react with each other (direct path-
way) or with the photoproduced electrons (indirect path-
way) in adsorbed phase [44]. On the other hand, it can be
suggested as a second mechanism that the adsorbed pollut-
ant molecules on the surface of the catalyst may react with
dissolved molecular ozone [44]. Ozone which has a higher
absorption coefficient, absorbs the UV radiation with wave-
length below 320 nm, by generating additional hydroxyl
radicals and other oxidants, with enhanced degradation
efficiency [44,45]. [Egs. (1)-(4)].

O,+hv (320nm) - O ('D) + O, (1)
O ('D)+H,0 > H)0, ()
H,0,+hv — 2'OH 3)
O ('D) +H,0 — *OH + *OH 4)

All possible reaction steps during the production of
hydroxyl radicals can be summarized as follows [40-47].
One of them, under UV irradiation, absorption of the pho-
tons with the higher energy of ZnO nanoparticles band gap
leads to oxidant positive hole formation on the valence band
and electron migration to the conduction band as shown
in Eq. (5) [40-47].

ZnO+hv —»>e +h* (5)
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The generation of hydroxyl radicals is possible through
ozonide radical formation in the adsorption layer by means
of direct electron transfer from ZnO under UV light to
the ozone molecule [41-43] [Egs. (6)—(8)].

O,+e > 05~ (6)
O;-+H' - HO; (7)
HO;— O, +*OH (8)

Superoxide anion radical forms with the electron trans-
fer from ZnO to the oxygen molecule which then reacts
with ozone to produce hydroxyl radicals through the forma-
tion of an ozonide radical [Eqgs. (6) and (9)—(11)] [46];

e+0,—- 05" )
O; +H"— HO; (10)
0,+0;-—>0;-+0, (11)

Then, the ozonide radical rapidly reacts with H'* to pro-
duce HO; [Eq. (12)], which in turn generates molecular
oxygen and "OH radicals [Eq. (13)] [43].

O;-+H'— HO; (12)

HO;, — *OH + O, (13)
Photo-generated positive holes react with adsorbed water
molecules to generate hydroxyl radicals by Eqgs. (14)-(15) [46];

h*+H,0O - *OH + O, (14)

h*+OH- — "OH (15)
Hydrogen peroxide as intermediates produces in the

existence of ozone and under UV radiation and then hydroxyl
radicals forms according to Eqs. (16)—(22) [43-45].

0,+H,0+hv—>H,_0, (16)
H,0,+hv — 2°OH 17)
H,0, - HO, + H (18)
HO; - O; +H* (19)
0,+0;-—>0; +0, (20)
O; +H' - HO; 1)
HO; —» *OH + 0O, (22)

According to Eq. (20), the produced superoxide anion
(O;~ from HO;") dissociation (pKa = 4.8) at pH = 5 which is
the pH value in this study, improved the synergistic effect

of the photocatalytic ozonation process by participating in
SMX degradation.

Also, dissolved ozone can easily accept the electrons in
the conduction band [Eq. (23)].
O,+e - 05 (23)

So, the recombination of the positive holes and nega-
tive electron pairs is suppressed. Finally, the increase in the
number of produced radicals leads to the acceleration in
the degradation efficiency [45].

The degradation efficiency of SMX by photocatalytic
ozonation in the ZnO/MMT-O,-UVA system (80.84%)
was higher than that of the ZnO-O,-UVA system (69.6%)
(Fig. 9). The improvement in the degradation efficiency
of SMX by the immobilization of ZnO nanoparticles on
the surface of MMT can be attributed to the trapping abil-
ity of metals the electrons in the conduction band (CB) of
ZnO and the efficient separation of e7/h* pairs which play
a key role in the development of the photocatalytic activity
of the ZnO/MMT [48]. Under UV irradiation, photo-gener-
ated electrons and holes occur on the photocatalyst surface
[Eq. (5)]. Photogenerated electrons over ZnO are received
by the possible d-orbits vacant cations in the galleries of
MMT and/or charges can directly play a role in reduction
and oxidation processes [48]. Thus, the recombination of
the photogenerated electron-hole pairs is inhibited. This
reaction can be given as follows:

MMT (metals) + e;,— MMT (metals) — e (24)

Moreover, the recombination of electron—hole suppresses
through the reactions between the MMT and the superoxide
species [49] [Egs. (25)—(27)]. So, the degradation efficiency of
SMX is increased.

MMT (metals) + O, = MMT (metals) — e+ O, (25)
O,+e; —> 05 (26)
O;~ + SMX — Degradation products (27)

On the other hand, ZnO/MMT catalyst has a higher sur-
face area as a result of ZnO delamination in the interlayer gal-
leries of MMT. Consequently, the more photocatalytic reac-
tion active sites occur on the catalyst surface leading to effi-
ciently light capture, more adsorption and the improvement
in the SMX degradation. SMX degradation pathways in this
study through oxidation by hydroxyl radicals, photo-excited
holes and superoxide ion radicals and direct ozonation were
summarized during photocatalytic ozonation in Fig. 10.

To confirm the synergistic effect between photocatalysis
and ozonation processes in the photocatalytic ozonation of
SMX by using ZnO/MMT catalyst, the synergy factor was
calculated. For this, pseudo-first-order rate constants for
both combined and individual ozonation and photocatalytic
oxidation processes were calculated according to Eq. (28).

k. photocatalytic ozonation
Synergy factor = =

k, ozonation +k_ photocatalytic oxidation
app app
(28)
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Fig. 10. Schematic representation of SMX degradation during photocatalytic ozonation with ZnO/MMT as photocatalyst.

The apparent pseudo-first-order rate constants (k, )
for photocatalytic ozonation, ozonation and photocatalytic
processes were calculated based on Eq. (29) which was
found to be 0.0529, 0.0352 and 0.0091 min™, respectively.

(29)

The synergy factor was found to be 1.19 which is
bigger than 1. These results support a synergistic effect
between combined processes in this study under the
worked conditions (catalyst dosage of 0.1 g L™, the initial
SMX concentration of 20 mg L~ozone flow rate of 2 L h™
and pH = 5), rather than additive behavior in the inte-
grated process.

Consequently, it was understood that the synergistic
effects between photocatalysis and ozonation by using ZnO/
MMT photocatalyst were efficiently increased the SMX
degradation. Based on the above results it can be said that
the treatment of wastewaters involving the pharmaceuti-
cals by photocatalytic ozonation process under UV light
irradiation accompanied with ZnO/MMT as an eccellent
photocatalyst is a promising way. And also, this system
should be a low-cost, efficient, and nontoxic technology
for the removal of similar contaminants in wastewaters.

3.3. Effect of catalyst amount

To determine the optimum catalyst dosage, a series of
the photocatalytic ozonation experiments were carried out
by varying the amount of catalyst from 0.075 to 0.25 g L ata
constant SMX concentration of 20 mg L™, gas inlet flow rate
of 2 L h™ and at natural pH (pH = 5). The obtained results
are illustrated in Fig. 11. As depicted in Fig. 11, the degrada-
tion efficiency of SMX in photocatalytic ozonation increased
with catalyst loading up to 0.1 g L and above this loading

reduced. Many factors play a role in catalyst loading for pol-
lutant degradation efficiencies such as the catalyst surface
and absorption of light by the catalyst molecules [50-52].
As the catalyst amount is increased, the degradation effi-
ciency is increased by up to 0.1 g L™ due to the increase in
the number of available active sites on the catalyst surface.

But, the higher catalyst loadings may not be beneficial
both in terms of increased aggregation tendency of cata-
lyst particles and the enhanced light scattering phenom-
ena leading to the reduced irradiation field. Moreover; the
increase in turbidity of the solution reduces the light pene-
tration through the solution [50-52]. As a result, SMX deg-
radation efficiency is decreased. Taking into account all the
results, a catalyst dosage of 0.1 g L were selected as the
optimal catalyst amount in this study.

3.4. Effect of initial SMX concentration

The effect of initial SMX concentration on the degra-
dation efficiency during photocatalytic ozonation pro-
cess was performed by varying the initial SMX concen-
tration from 5 to 40 mg L' with constant catalyst amount
(0.1 g L), gas flow rate (2 L h™), at natural pH (pH = 5)
and the results presented in Fig. 12. As seen in Fig. 12, the
removal efficiency of the SMX was significantly changed
by the pharmaceutical concentration. The degradation of
SMX relates to the formation of reactive oxygen species
which is the critical species in the degradation process.
Under constant conditions, if the ozone inlet flow rate and
catalyst amount are constant, the dissolved ozone concen-
tration, catalyst surface and the produced hydroxyl radi-
cals remain constant. It should be noted that by enhancing
SMX concentration, the requirement of reactive oxygen
species needed to degrade the molecules of the pharma-
ceutical increases. However, the number of the generated
reactive oxygen species attacking SMX molecules does not
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Fig. 11. Effect of ZnO/MMT amount on the degradation effi-
ciency of sulfamethoxazole at the reaction time of 30 min.
Experimental conditions: [SMX]: 20 mg L; ozone gas inlet flow
rate: 2 Lh™; pH=5.

change for an applied ozone flow rate and time. Therefore,
the concentration of the produced oxidative species was
not enough to degrade the high concentration of SMX.
Consequently, the removal efficiency of SMX decreases with
an increase in SMX concentration increases [50,52].

On the other hand, light absorption by catalyst par-
ticles is very important in photocatalytic reactions, due
to the production of electron-hole pairs by light energy.
By regarding the Lambert-Beer law, when the initial pol-
lutant concentration is increased, the reduced input path
length of photons to the solution leads to the lower pho-
ton adsorption on photocatalyst particles and reduced
reactive oxygen species production. This demonstrates
that the degradation of SMX reduces considerably with an
increase in pollutant concentration [50,52].

3.5. Effect of ozone inlet flow rate

To demonstrate the effect of ozone dosage on the
removal efficiency of SMX, various ozone gas inlet flow
rates from 1 to 5 L h™ were used for degradation of SMX
during photocatalytic ozonation process with and with-
out ZnO/MMT catalyst. Other operational parameters,
involving ZnO/MMT dosage, initial solution pH and ini-
tial SMX concentration, were kept constant at 0.1 g L, 5.0
and 20 mg L, respectively.

The results are given in Figs. 13 and 14. The obtained
degradation rate constants, with and without ZnO/MMT
catalyst along with their corresponding regression coef-
ficients, are presented in Table 3. As can be seen from the
figures, the increase of gas flow rate leads to an increase in
the degradation efficiency and rate of SMX in both of media
indicating the importance of ozone mass transfer from gas
to liquid phase or catalyst surface. However, this trend was
more low at high ozone concentrations in O,/SMX system
because ozone is a poorly soluble gas in water and ozone
saturated water solution occurs even at the low flow rates
of ozone [53,54]. When the obtained rate constants are
compared with each other, it is shown that the increase in

100
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—#4—20 mg/L
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Degradation efficiency ( %)
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Fig. 12. Effect of initial sulfamethoxazole concentration on the
degradation efficiency by ZnO/MMT under photocatalytic
ozonation process. Experimental conditions: [ZnO/MMT];
0.1 g L; ozone gas inlet flow rate: 2 L h™; pH =5.

rate constants by enhancing gas flow rate in the photocat-
alytic ozonation process is more in the ozonation process
(Table 3). This result implies that the internal diffusion and
the mass transfer resistance to the solid surface are more
effective than the gas-liquid mass transfer resistance. On
the other hand, it may be said that the proposed mechanism
for photocatalytic ozonation is dominantly simultaneous
adsorption of ozone and pollutants molecules on the cata-
lyst surface followed by the reaction in the adsorbed phase
through by direct or indirect pathway to produce reactive
oxygen species (ROS) and/or the continuous generation of
the radicals by dissolved ozone in water that is transferred
to the catalyst surface as well as pollutant adsorption on the
catalyst surface [55].

As the gas flow rate is increased, the improvement of the
degradation efficiency of SMX is attributable to an increase
in the amount of reactive oxygen species (ROS), particu-
larly hydroxyl radicals. As seen from Figs. 13 and 14, an
increase of the ozone gas flow rate from 1 to 2 L h™? yields
higher SMX degradation efficiency and rates while a further
enhancement of ozone concentration does not have any sig-
nificant effect. Therefore, the gas flow rate of 2 L h™ was kept
constant at all experiments.

3.6. Effect of initial solution pH

pH of the solution is one of the most prominent vari-
ables affecting the photocatalytic ozonation process
because it determines the surface charge distribution of
the photocatalyst and pollutant, the production of oxidiz-
ing species as well as reaction rate on the photocatalyst
surface [56]. Therefore, the effect of initial solution pH
on the SMX degradation during the photocatalytic ozo-
nation process was studied in the pH range of 3-11 and
the results are exhibited in Fig. 15a and b. It is observed
that the degradation rate was highest at pH = 3, and then
decreased with an increase in pH. The zpc value (zero-point
charge) of ZnO/MMT is 8.4 at pH < 8.4. According to this,
the surface of ZnO/MMT is positively charged at pH < 8.4
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whereas it is negatively charged at pH > 6.8. On the other
hand, sulfamethoxazole has two pKa values including 1.8
(pK,, = 1.8 and pK , = 5.6). It means that SMX is the posi-
tive charged under pH = 1.8 while it is negatively charged
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Fig. 13. Effect of ozone gas inlet flow rate on the sulfamethox-
azole degradation during the ozonation process. Experimental
conditions: [SMX]: 20 mg L™ and pH = 5.
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Fig. 14. Effect of ozone gas inlet flow rate on the sulfamethox-
azole degradation during photocatalytic ozonation process.
Experimental conditions: [ZnO/MMT]: 0.1 g L7; [SMX];:
20 mg L%, pH=5.

Table 3
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when the pH value is higher than 5.6 and it can exist in
neutral form (SMX™) between pH 1.8-5.6 [40]. It is well
known that adsorption is a critical factor in photocatalytic
ozonation processes.

The highest degradation efficiency at pH = 3 may be
attributed to the powerful adsorption of natural SMX
molecules onto ZnO/MMT surface through hydrogen
bonds. SMX removal reduced from 85.36% (pH = 3) to
80.84% with the increasing pH from 3 to 5. Although the
surface charge of catalyst and SMX molecules does not
change at these pH values, the observed decrease in SMX
removal efficiency probably arises from the increase in
aggregation tendency of ZnO/MMT nanoparticles in sus-
pended water resulting in the reduced surface area [57].
As seen from Fig. 15b, percent SMX removal decreased
with the increase of solution pH, due to the weak adsorp-
tion related to the repulsion effect between SMX mole-
cules and the surface of the catalyst which are positively
charged under alkaline conditions.

3.7. Effect of inorganic and organic scavengers

To assay the contribution of the various radical spe-
cies and holes in the SMX degradation mechanism
during photocatalytic ozonation process, which are nor-
mally present in water, the experiments were performed
using a series of scavengers such as chloride, sulfate,
iodide, nitrate and carbonate as inorganic scavengers and
t-butanol, Na,-EDTA and chloroform as organic scaven-
gers (Figs. 16 and 17). These substances have different
possible effects such as adsorption competition for the
active sites on the catalyst surface, reaction with radi-
cal species and holes [58]. In this set of experiments, the
initial concentration of SMX, the photocatalyst dosage,
the salt concentration and the ozone gas inlet flow rate
are constant at 20 mg L', 0.1 g L', 20 mg L' and 2 L h,
respectively. As seen from these figures, in the presence
all of these quenchers, degradation of SMX by photocata-
lytic ozonation process is inhibited. Among the inorganic
scavengers, Nal displayed the most powerfull quenching
effect followed by NaNO,, NaCl, Na,CO, and Na,SQO,.
Scavenger effect of SO ion can be explained that the
depositon of this ion on the positively charged catalyst
surface via van der Waals forces and hydrogen bonds
and/or ligand exchange mechanism resulting the reduced
catalyst activity [59]. On the other hand, sulfate ions exhibit

SMX degradation rate constants with regression coefficients for the various gas flow rates during ozonation and photocatalytic
ozonation processes: [ZnO/MMT]: 0.1 g L™; [SMX]: 20 mg L', pH =5

Gas inlet With catalyst Without catalyst

Flow rate (L h™) kaplp (mg L min™) R? kaplp (mg L min™) R?

1 0.026 0.9730 0.018 0.9901
2 0.056 0.9832 0.035 0.9896
3 0.058 0.9971 0.033 0.9958
4 0.062 0.9763 0.035 0.9943
5 0.094 0.9916 0.048 0.9871
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Fig. 15. Effect of initial solution pH on the sulfamethoxaz-
ole degradation efficiency during photocatalytic ozonation
process (a) at a different time and (b) at 30 min degradation.
Experimental conditions: [SMX], = 20 mg L7; [ZnO/MMT]:
0.1 g L%; ozone gas inlet flow rate=2 L h™.

quenching effect on the photogenerated h* of ZnO/MMT
photocatalyst and produced hydroxyl radicals which cause
to generation of less reactive SO;~ radicals as represented in
Egs. (30) and (31) [60]:

SO +h* — SO;" (30)

SO +*OH — SO;~ + OH- (31)

SMX degradation efficiency decreased from 80.84%
to 74.31% with the addition of COZ ions of 20 mg L, con-
firming the scavenger effect of carbonate ions. The reaction
between hydroxyl radical and carbonate ions produce car-
bonate radical CO;~ which has the lower oxidation potential
than the hydroxyl radicals and therefore, the degradation
efficiency decreases. The possible reactions representing
the quenching effect of sodium carbonate can be repre-
sented via the following equation [61].
COr+*OH - CO;-+H,0 (32)

The existence of chloride ion in the oxidation medium
can inhibit the oxidation process by quenching the gener-
ated hydroxyl radicals as well as the photo-generated h* on
the photocatalyst through the following probable equations

thus decrease the SMX degradation efficiency from 80.84%
to 70.85%.

Cl- + *OH — HOCI* (33)
HOCI*"+H'—» CI'+H,0O (34)
Cl'+Cl' > Cl, (35)
Cl+h*—ClI* (36)

Percent SMX degradation efficiency reduced from
80.84% to 65.27% with the addition of nitrate ions NO; into
the oxidation medium as the scavenger of both hydroxyl
radicals and holes [61] confirming the effective role of
holes, and hydroxyl radicals in the degradation of SMX by
using photocatalytic ozonation process according to the
following equations.

NO; +h* — NO; (37)

NO; + *OH — NO; + OH" (38)
Furthermore, the adsorption of SMX molecules on the
ZnO/MMT decreased due to the higher adsorption ten-
dencies of NO; ions onto the catalyst. Consequently, it
does not cause only a reduction in the utilization efficiency
of ZnO/MMT for UV irradiation but also to inhibits the
contact of SMX with surface active sites on the ZnO/MMT.

To evaluate the contribution of both photogenerated
holes and hydroxyl radicals on the SMX degradation
during the photocatalytic ozonation process, KI was added
to the reaction medium. In the presence of iodide ions in
an aqueous solution, the degradation efficiency of SMX
reduced from 80.84% to 29.59% (Fig. 16). It is well known
that valence band holes and hydroxyl radicals can easily
capture by iodide anions [62,63]. As illustrated in Fig. 16,
as a result of the addition of iodide anion, the consider-
able inhibition of the SMX degradation compared to the
other scavengers may be attributed to the excellent role of
photoproduced holes and hydroxyl radicals in the degra-
dation phenomena during the photocatalytic ozonation
process and stronger scavenging ability of iodide anions.

In addition to the inorganic scavengers, the effect of
some organic scavengers, such as t-butanol, chloroform and
Na,-EDTA was investigated on the SMX degradation during
the photocatalytic ozonation process. 1:1 molar ratios of
scavengers to SMX were studied. Fig. 17 displays that
the addition of t-butanol, chloroform and Na,-EDTA and
p-benzoquinone caused a remarkable decrease in the deg-
radation efficiency of SMX from 80.84% to 75.59%, 62.74%
and 45.87%, respectively.

Fig. 17 illustrates that the SMX degradation via
photocatalytic ozonation process was inhibited with the
addition of t-BuOH as the hydroxyl radical scaven-
ger, exhibiting the dominant role of *OH radicals in the
photocatalytic ozonation process [64]. The consider-
able reduction in SMX degradation in the presence of
chloroform which reacts with the superoxide ion (O,")
was observed. This result can be an indication that
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Fig. 16. Effect of different inorganic salts on the sulfamethox-
azole degradation under photocatalytic ozonation process.
Experimental conditions: [ZnO/MMT] = 0.1 g L7; [Inorganic
salt], = 20 mg L7; [SMX], = 20 mg L™'; ozone gas inlet flow
rate=2Lh™; pH=5.
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Fig. 17. Effect of different organic salts on the sulfamethoxazole
degradation under photocatalytic ozonation process. Experi-
mental conditions: [ZnO/MMT] = 0.1 g L7; [Salt], = 20 mg L7;
[SMX], =20 mg L; ozone gas inlet flow rate =2 L h™"; pH = 5.

O, radicals in aqueous solution have an excellent con-
tribution in the SMX degradation by using photocatalytic
ozonation process. EDTA is well-known scavenger of pos-
itive holes but it gives very slowly reaction with ozone.

This result obviously reveals the significantly degrad-
ing role of photoproduced holes (h') in the photocatalytic
ozonation of SMX. On the other hand, EDTA has adsorp-
tion property on the catalyst surface. Based on these
results, it can be concluded that the inhibitory effect of
EDTA arised from both its competitive adsorption onto cat-
alyst surface which hinder the synergistic reactions and the
consumption of h* by EDTA molecules. It should be noted
that the percent SMX degradation decreases, but is not
totally stopped with the addition of scavengers. This result
can be attributed to the contribution of direct ozonation
reactions in the SMX degradation [65].
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Fig. 18. Reusability of the ZnO/MMT nanocomposite within
five consecutive experimental runs at the reaction time of
30 min. Experimental conditions: [ZnO/MMT], = 0.1 g L7
[SMX],=20 mg L'; pH =5.

3.8. Reusability of the ZnO/MMT nanocomposite catalyst on
the SMX degradation via photocatalytic ozonation process

To evaluate the mechanical and chemical stability of
the ZnO/MMT catalyst used in this study, the photocat-
alytic ozonation experiments were carried out under the
same operational conditions. In each of experimental
run, the applied ZnO/MMT nanocomposite was sepa-
rated from the solution by centrifugation, washed with
water and dried to use in the next experiment. The results
are given in Fig. 18. The obtained results indicated that
the slightly change in the SMX degradation efficiency
occurred after five runs. The percent SMX degradation effi-
ciency reduced from 80.84% to 76.28% in five photocata-
lytic ozonation run, approving the stability of ZnO/MMT
nanocomposite (Fig. 18).

3.9. Analysis of degradation intermediates of SMX
during photocatalytic ozonation

During the photocatalytic ozonation process, it was ana-
lyzed three times with GC-MS produced by the products
after 15 min to reveal the degradation intermediates of sul-
famethoxazole [66]. General peaks obtained for the three
analysis results were selected and evaluated. The result-
ing by-products were evaluated by comparing the spectra
recorded in the library of mass spectra. The data obtained
are given in Table 4.

4, Conclusion

The combination of heterogeneous photocatalysis and
ozonation processes accompanied by ZnO/MMT photocat-
alyst was applied to remove sulfamethoxazole antibiotic
from aqueous solution. To prepare ZnO/MMT catalyst, syn-
thesized ZnO nanoparticles was immobilized onto MMT
surface. The samples was characterized by the analytical
tecniques of XRF, XRD, SEM, HR-TEM and N, adsorption—
desorption. Characterization results confirmed the succes-
full immobilization of ZnO onto MMT surface. The effect
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Identified by-products during the photocatalytic ozonation of 40 mg L SMX

No. Compound name Chemical structure Retention ~ Main fragments
time (min)
L el TSN 10 86.00 (%100.00); 58.00 (%22.30); 101.00
Y _ ' (%18.00); 77.00 (%8.70); 42.00 (%8.10)
NH,
, 59.00 (%100.00); 44.00 (%48.30); 43.00
2 Acetamid 415
cetanide (%48.36); 42.00 (%25.20); 41.00 (%5.8)
N
, , | 98.00 (%100.00); 55.00 (%49.00); 43.00
- 1 -methyl- / 93
3 3dsoxazolamine, 5-methy > (%35.00); 41.00 (%10.20); 42.00 (%9.20)
H2
\\(L |
N
~
,  NN-dimethylformamide j 6o 74.00 (%100.00); 116.00 (%56.70); 75.00
dipropyl acetal )/ ' (%40.80); 44.00 (%33.70); 73.00 (%30.90)
o OH 57.00 (%100.00); 45.00 (%89.90); 41.00
5 Ethanol, 2-(2-butoxyethoxy)- NN TN 7.66
anol, 2-2-butoxyethoxy) (%40.50); 75.00 (%30.00); 44.00 (%26.50)
OH
,  Phenol,2,6-bis 1203 205.00 (%100.00); 220.00 (%24.30); 206.00
(1,1-dimethylethyl)-4-methyl : (%14.90); 57.00 (%11.80); 145.00 (%11.70)
L
o 149.00 (%100.00); 177.00 (%23.30); 150.00
7 Diethyl phthalat 13.04
rethy? phthatate e (%10.90); 44.00 (%10.30); 105.00 (%10.30)
8 Benzene, [3-(2-cyclohexylethyl)- 13.87 92.00 (%100.00); 91.00 (%85.20); 83.00
6-cyclopentylhexyl]- ' (%43.80); 157.00 (%41.20); 44.00 (%23.30)
o OJ
, , 157.00 (%100.00); 115.00 (%34.60); 203.00
9 Triethyl citrat 13.93
riethy’ dirate o N o (%13.70); 43.00 (%12.80); 111.00 (%8.00)
_N N
0
10 1,2-benzenedicarboxylic acid, 1722 149.00 (%100.00); 44.00 (%32.50); 57.00
dibutyl ester O — ’ (%17.70); 41.00 (%16.50); 43.00 (%11.00)
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of the various operational parameters, such as catalyst
dosage, initial SMX concentration, ozone gas flow rate and
pH on the SMX degradation efficiency was investigated.
The role photo generated radicals and holes and direct
ozonation in SMX degradation was understood from the
carried out photocatalytic ozonation experiments with the
addition of inorganic and organic scavengers into reaction
medium. The obtained results for SMX removal with the
various processes involving adsorption, ozonation, photol-
ysis, catalytic ozonation, photocatalysis, and photocatalytic
ozonation revealed the higher efficiency of photocatalytic
ozonation process in SMX degradation. ZnO/MMT catalyst
was more efficient compared with ZnO catalyst for SMX
removal via photocatalytic ozonation method. The higher
efficiency of ZnO/MMT catalyst could be attributed to the
effective electron-hole separation as a result of the captur-
ing of photoexcited electrons of ZnO by MMT and to the
increased surface area of ZnO/MMT with immobilization.
Based on the obtained results from the experiments it can be
said that the treatment of wastewaters involving the phar-
maceuticals by photocatalytic ozonation process under UV
light irradiation accompanied with ZnO/MMT as an eccel-
lent photocatalyst is a promising way. And also, this system
should be a low-cost, efficient, and nontoxic technology
for removal of similar contaminants in wastewaters.
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