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a b s t r a c t
The effects of operational parameters including pH, initial antibiotic concentration, ozone concen-
tration, contact time and catalytic concentration on the degradation of four antibiotics were studied 
through comparing synergistic effects between catalytic and photocatalytic ozonation. Under the 
optimal conditions: pH = 5, [SCT, STZ, SMX, SDZ]0 = 10 mg/L, ozone concentration = 3.67 mg/min 
and catalytic concentration = 1 g/L, 100% of the antibiotics were removed at contact times of 45 and 
15 min. The values of electrical energy per order (EEo) increased from 49.79 to 106.9 (SCT), 53.69 to 
108.84 (STZ), 55.36 to 111.11 (SMX) and 56.14 to 111.62 (kWh m–3) (SDZ). Increased from 30.67 to 59.18 
(SCT), 29.73 to 61.45 (STZ), 30.01 to 62.33 (SMX) and 30.67 to 64.42 (kWh m–3) (SDZ) for catalytic and 
photocatalytic ozonation when antibiotic concentrations increased from 10 to 40 mg/L, respectively. 
The mechanism of catalytic and photocatalytic ozonation degradation of the antibiotics is governed 
by the formation of •OH. In general, the efficacy of the processes in the removal of antibiotics from 
drinking water decreased due to anion scavenger activity. Intermediate products in the removal of 
the antibiotics identified by GC/MS were organic acids. The untreated antibiotics solution had higher 
acute toxicity for Daphnia magna than the treated solution by photocatalytic ozonation. 

Keywords:  Antibiotics sulfonamides degradation; Catalytic ozonation; Photocatalytic ozonation; 
Synergistic effect; Bioassay

1. Introduction

Antibiotics are organic compounds that are synthesized 
by different industries or generated by organisms including 
microorganisms, plants, and animals [1,2]. These compounds 
have the ability to selectively depress or influence the function 
of organisms at low or even micro level concentrations [1,3]. 

Over the last six decades, large quantities of antibiotics are 
being employed worldwide for the prevention and treatment 
of diseases in both humans and livestock, as well as for vari-
ous non-therapeutic purposes such as promoting the growth 
of cattle [1,4]. Antibiotics can enter the environment through 
irrigation with sewage water, disposal of unused drugs, land 
application of biosolids, and through animal manure and 
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are ubiquitous in a variety of environmental media such as 
water, sediments, soils, organism excrement, and so on [5]. 
Freshwater contamination by antibiotics from municipal 
and industrial streams poses a significant threat to human 
health as well as ecosystems [5]. For example, sulphonamide 
antibiotics, which are made from sulphanilic acid, inhibit 
the synthesis of dihydrofolic acid [6,7]. These antibiotics 
have a low biodegradability with a reported water range 
of 0.13–1.9 μg L−1 and can be bioaccumulated in a variety 
of organisms [6,7]. The incomplete elimination of emerging 
pollutants such as pharmaceuticals by means of conventional 
treatment methods can also have adverse effects on ecosys-
tems [8]. However, the extent of these adverse effects is still 
unknown [9]. 

Thus, in order to enhance the degradation rate of anti-
biotics, a few new methods such as advanced oxidation 
processes (AOPs) are needed [10]. A strong oxidant is 
ozone that, under water treatment conditions, can generate 
hydroxyl radicals and act in a direct pathway; as a result, a 
large spectrum of organic materials can be oxidized [11,12]. 
Nonetheless, when single ozonation is utilized solely, a 
suitable mineralization rate of organic compounds cannot 
be attained. Also, refractory by-products are generated, 
which may be more toxic than their parent compounds. 
The mineralization rate of organic matters can be improved 
by means of the UV irradiation with photocatalysts [13,14]. 
In this method, the photogenerated holes and electrons can 
enhance removal efficiency. To this end, molecules such as 
oxygen and water are needed to produce superoxide (O2

•−) 
and hydroxyl radicals (•OH), able to minerlize pollutants 
into end products of H2O and CO2. It should be pointed 
that a few organic compounds cannot be well degraded 
photocatalytically in the absence of oxygen or even sin-
gle photolysis. Thus, to enhance the performance of the 
method, it is essential to add a compound that acts as elec-
tron scavenger. Hence, ozone, which is more reactive than 
oxygen can work effectually. It can be claimed that the com-
bination of photocatalysis and ozone can cause the removal 
efficiency to increase [15]. Therefore, the electron–hole 
recombination declines with ozone because more amount of 
photogenerated electrons are trapped. As a result, the degra-
dation efficiency rate of contaminants improves. Thus, pho-
togenerated electron–holes pairs on the photocatalyst sur-
face increases, declining electron acceptor or oxidize water 
and pollutants, when ozonation, heterogeneous catalysis 
and UV irradiation are combined [16]. In this case, reactive 
oxygen species, such as hydroxyl radicals (•OH), superox-
ide radicals (O2

•−) and ozonide radicals (O3
•−) are produced 

more. By large, photocatalytic ozonation can be considered 
as promising method for water reclamation. The improve-
ment of antibiotic degradation in the presence of AOPs has 
previously been reported [1,6,17–19]. But there is not much 
available information on the removal efficiency and removal 
kinetics of drug materials with illuminated TiO2 from syn-
thetic and real water samples.

In the current study, we employed catalytic and photo-
catalytic ozonation to investigate the effects of solution pH, 
initial antibiotic concentration, ozone concentration, catalyst 
concentration, scavenger type, and ion type on the removal of 
four sulfonamides antibiotics from synthetic and real water. 
In addition, the kinetic, Langmuir–Hinshelwood models 

and EE0 were calculated to determine the reaction rate and 
cost efficiency of the two ozonation processes, respectively. 
Intermediates and the mineralization degradation of the efflu-
ent were also examined by GC/MS and total organic carbon 
(TOC), respectively. The bioassay of the antibiotics was per-
formed by Daphnia magna in solutions containing untreated 
and treated antibiotics via photocatalytic ozonation.

2. Materials and methods

The four antibiotics were purchased from Sigma-Aldrich 
Co., United States. Potassium iodide, sodium thiosulfate, 
sodium hydroxide, sulphuric acid, methanol and acid tri- 
chloroacetic acid were procured from Merck (Germany). 
The chemical structures of the sulfonamide antibiotics (sul-
facetamide [SCT], sulfathiazole [STZ]), sulfamethoxazole 
[SMX] and sulfadiazine [SDZ]) have been shown in Table 
1. A titanium dioxide nanocatalyst (>99.5% purity) with an 
anatase and rutile ratio of 80/20 was bought from Degussa 
Corp., Iran. The specific surface area of the TiO2 particles 
was 50 ± 15 m2/g and the average particle size was 21 nm. 
Ozone was produced by an ozone generator (Tonglin 
Technology, AGN-300, China) from high purity oxygen 
(Fuzhou Lianzhong Industrial Gases Co., Ltd., China). A 
150 W high-pressure UVC lamp with wavelengths shorter 
than 280 nm was served as the light source. The elucidation 
of antibiotics decomposition pathways was done via a gas 
chromatography–mass spectroscopy (Varian-GC-MS 4000, 
Australia) device. A column (HP-5) of 30 m length, 0.25 mm 
internal diameter and 0.25 μm film thickness was utilized. 
The initial temperature was kept at 100°C for 5 min and then 
raised (10°C min–1) to reach 280°C. The interface tempera-
ture was kept at 280°C. And, helium was employed as the 
carrier gas at the rate of 1 mL min–1. The experiment setup 
for the degradation of sulfonamides antibiotics has been 
shown in Fig. 1.

2.1. Nano catalyst TiO2 analyses

The crystallinity and phase, functional surface groups, 
and morphological and chemical composition of the sam-
ple were measured by X-ray diffraction, Fourier transform 
infrared spectroscopy, FE-SEM and energy dispersive X-ray 
spectroscopy, respectively. Details regarding all measure-
ment device models were can be found in our previous 
article [20]. The average crystalline size of the catalyst was 
determined by the Debye–Scherrer formula [21]. In order to 
survey the surface charge properties of the adsorbent, the 
pHpzc was detected and measured according to the method 
explained in a previously published work [22].

2.2. Experiments

A stock solution of the antibiotics was prepared with 
distilled water. The method of one-factor-at-a-time was used 
to study one key variable while holding the other variables 
constant. Studied variables in photocatalytic and catalytic 
ozonation included catalyst concentration (0.1, 0.5, 1 g/L), pH 
(3, 5, 7, 9, 11), initial antibiotic concentration (10, 20, 40 mg/L), 
reaction time (5–60 min), ozone concentration (1.67, 2.5, 
3.67 mg/min), ion type (carbonate, bicarbonate, sulphate, 
nitrate and chloride) equal to 200 mg/L and scavenger type 



A. Esrafili et al. / Desalination and Water Treatment 182 (2020) 260–276262

(t-butanol and ammonium oxalate). In order to adjust the ini-
tial pH of each solution, 0.1 N HCl and 0.1 N NaOH were 
used with a pH meter. The duration of catalytic and photo-
catalytic ozonation was 1 h, and the samples were randomly 
taken from the reactor during these processes for analysis. 
The antibiotic concentration was quantified by means of high 
performance liquid chromatography (Waters, USA) with 

a UV detector at 270 nm and A C18 column (5 ml, 250 mm 
long × 4.6 mm ID). Chemistation software was used to record 
the data. The mobile phase consisted of a mixture of tri-
chloro acetic acid acidified at pH 3 by sulphuric acid addi-
tion and methyl alcohol at 20/80 (v/v). The flow speed was 
set at 1.5 mL/min, and 20 μL injection volumes were used. 
Gas chromatography–mass spectroscopy was used to discern 

Table 1
Chemical structure and characteristics of the four antibiotics

Compound Chemical structure Molecular 
formula

Mw 
(g/mol)

pKa1 pKa2 Solubility in 
water (g/L)

Sulfacetamide

HN

S
O

O

H2N

O

C8H10N2O3S 214.243 2.5 5.27 12.5

Sulfathiazole

 NH2

S

NH

N

S

O

O

C9H9N3O2S2 255.3 2 7.1 0.48

Sulfamethoxazole

 

S
O

O
NH

O
N

NH2

C10H11N3O3S 253.3 1.7 5.6 0.281

Sulfadiazine

 

O
S

NH

N

N

NH2

O

C10H10N4O2S 250.3 2 6.4 0.13
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antibiotic decomposition pathways. In order to determine 
antibiotic mineralization rates, TOC content was detected 
using a Shimadzu TOC-VCSH (Japan) analyzer by directly 
injecting the aqueous solution with 0.05 mL hydrochloric 
acid. Immobilization tests for D. magna were conducted in 
order to assess acute toxicity by observing mobility. The ini-
tial concentration of the antibiotics sample was 10 mg/L. The 
effluent product from the photocatalytic ozonation process 
was prepared with a different dilation (V/V%). Ten neonate 
daphnids were added to the vessel samples at 24, 72 and 96 h 
in order to determine mortality counts, and LC50 and TU val-
ues were computed by the Probit analysis. 

3. Results and discussion

3.1. Effect of operational parameters on antibiotics removal

3.1.1. Effect of initial pH

The effect of the initial pH on the catalytic ozonation deg-
radation of the antibiotics was investigated by varying pH 
from 3 to 11 under the following conditions: antibiotic con-
centration 10 mg/L, influent ozone concentration 3.67 mg/
min and catalyst concentration 1 g/L over a period of 45 min. 
Fig. 2a shows that degradation efficiency enhanced from 
95.2%, 94.3%, 95.2%, and 93.1% to 100% for SCT, STZ, SMX, 
and SDZ by increasing the initial pH from 3 to 5. However, 
the degradation efficiency decreased to 53.6% (SCT), 51.6% 
(STZ), 51.7% (SMX), and 50.7% (SDZ) at pH 11. Fig. 2b shows 
that the degradation efficiency by photocatalytic ozonation 
through varying the initial pH from 3 to 11 increased from 
85.3%, 86.7%, 86.8%, 85.3% to 100% for SCT, STZ, SMX, and 
SDZ, respectively, under the following conditions: initial 
antibiotic concentration 10 mg/L, influent ozone concentra-
tion 3.67 mg/min, catalyst concentration 1 g/L and contact 
time 15 min,. However, it decreased to 44.2% (SCT), 45.7% 
(STZ), 46.2% (SMX), and 46.8% (SDZ) at pH 11. According to 

the data, the pHzpc of the TiO2 nanoparticles was determined 
equal to 4. Nano TiO2 surface is negatively charged in basic 
conditions because force of attraction increases the adsorp-
tion of positively charged contaminants onto the activated 
surface, thereby increasing the tendency of subsequent pho-
tocatalytic reactions [23]. With an increase in the pH value, 
sulfonamides will lose a proton and exist in anionic form. 
Hence, these two negative sulfa pharmaceutical molecules 
cannot easily be adsorbed onto the surface of TiO2 with the 
same negative charges [23]. Under UV illumination, titania 
shows a high oxidizing power at lower pH. At lower pH, 
positive holes are believed to be leading species causing oxi-
dation reactions [24]. Tong et al. [25] reported that the pH 
values for the degradation of sulfosalicylic acid solution by 
photocatalysis ozonation decreased first within a period of 
time and then increased subsequently with the mineraliza-
tion of intermediates. They found that the pH value in the 
system increased an initial pH of 2.2–2.8 for ozonation within 
45 min [25].

3.1.2. Effect of catalyst concentration

The effect of catalyst dosage on the degradation of the 
antibiotics by the O3/TiO2 process was investigated through 
varying the catalyst dosage (0.1, 0.5, 1 g/L) under the con-
ditions as follows: initial pH 5, initial antibiotic concentra-
tion 10 mg/L, ozone concentration 3.67 mg/min and contact 
time 30 min. Fig. 3a shows that the degradation efficiency 
enhanced from 86.4% to 94.1% (SCT), 85.9% to 92.7% (STZ), 
84.3% to 92.1% (SMX), and 84.1% to 91.7% (SDZ) with increas-
ing the catalyst dosage from 0.1 to 1 g/L. The most effective 
decomposition rates of the antibiotics were observed at 1 g/L 
of the nanocatalyst, which were 94.1% (SCT), 92.7% (STZ), 
92.1% (SMX), and 91.7% (SDZ); thus, this value of dose was 
chosen as the optimum amount. Fig. 3b indicates the deg-
radation efficiency of O3/UV/TiO2 by varying the catalyst 

Fig. 1. Schematic diagram of the photocatalytic ozonation reactor.
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dosage (0.1, 0.5, 1 g/L) at initial pH 5 and initial antibiotic 
concentration (10 mg/L), ozone concentration (3.67 mg/
min) at 15 min. The efficiency increased from 86.4%, 85.2%, 
85.9%, and 84.9% to 100% for SCT, STZ, SMX, and SDZ with 
increasing the catalyst dosage from 0.1 to 1 g/L. The most 
effective decomposition rate (100%) of the antibiotics was 
observed at 1 g/L of the nanocatalyst. The higher amount of 

the catalyst, the better the degradation was; this could be due 
to an increase in light absorption, which increases the num-
bers of •OH radicals. However, at quantities higher than the 
optimal value the degradation did not improve probably due 
to stronger competition for the incoming light [26]. Cernigoj 
et al. studied the degradation of thiacloprid using photocata-
lysts with various surface areas and photocatalytic activities; 

(a)

(b)

Fig. 2. Effect of initial pH on (a) catalytic ozonation and (b) pho-
tocatalytic ozonation of four antibiotics ([C]0 = 10 mg/L, ozone 
concentration = 3.67 mg/min, catalytic concentration = 1 g/L, con-
tact times = 45 and 15 min, respectively).

 

(a)

(b)

Fig. 3. Effect of catalyst concentration on (a) catalytic ozonation 
and (b) photocatalytic ozonation degradation of different antibi-
otics (([C]0 = 10 mg/L, pH = 5, ozone concentration = 3.67 mg/min, 
contact times = 30 and 15 min, respectively).
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they showed that the higher surface area of a photocatalyst 
increased the degree of synergy between ozonation and pho-
tocatalysis. This was due to increased amounts of adsorbed 
ozone molecules on the surface and their further reactions 
with photogenerated electrons [27].

3.1.3. Effect of initial antibiotics concentration

We investigated the effect of the initial concentration of 
the antibiotics (10, 20, 40 ppm) on the degradation of antibi-
otics under the conditions as follows: initial pH 5, constant 
catalyst concentration (1 g/L), ozone concentration 3.67 mg/
min and contact time 30 min. Fig. 4a shows that the cat-
alytic ozonation degradation of the antibiotics decreased 
from 94.1% to 73.5% (SCT), 92.7% to 72.8% (STZ), 92.1% to 
72.1% (SMX), and 91.7% to 71.9% (SDZ) when in the ini-
tial concentration increased from 10 to 40 ppm. Also, the 
photocatalytic ozonation degradation of the antibiotics also 
decreased from 100% to 71.9% (SCT), from 100% to 70.5% 
(STZ), from 100% to 69.8% (SMX) and from 100% to 68.4% 
(SDZ) when the initial concentration increased from 10 to 
40 ppm (Fig. 4b). An increase in the initial concentration 
of water pollutants resulted in an increase in the satura-
tion of the catalyst surface with pollutants and a decrease 
in the oxidation rate by photocatalytic ozonation [28,29]. 
Beltrán et al. [30] described an inverse effect for the pho-
tocatalytic ozonation of sulfamethoxazole, which was due 
to an increase in the initial concentration of this pollutant. 
However, the light adsorption of the photocatalyst particles 
is reduced by increasing the amounts of pollutants on the 
photocatalyst surface [30].

3.1.4. Effect of influent ozone gas concentration

The effect of influent ozone concentration on the catalytic 
ozonation degradation of the sulfonamides antibiotics was 
investigated by varying the initial ozone gas concentration 
from 1.67 to 3.67 mg/min, at initial pH 5, with a constant ini-
tial antibiotics concentration (10 mg/L) and constant catalyst 
concentration (1 g/L). Fig. 5a shows that the catalytic ozo-
nation degradation of the antibiotics increased from 84.3% 
to 100% (SCT and STZ), 83.5% to 100% (SMX) and 83.1% to 
100% (SDZ) per increases in the initial ozone concentration 
after 45 min. Fig. 5b shows that the photocatalytic ozonation 
degradation of the antibiotics increased similarly from 80.9% 
to 100% (SCT), 80.1% to 100% (STZ), 81.6% to 100% (SMX) 
and 80.7% to 100% (SDZ) when the initial ozone concentra-
tion was raised from 1.67 to 3.67 mg/min after 15 min. This 
increase in ozone concentration led to increased adsorption 
of ozone molecules [31]. Stabilization of the photogenerated 
positive holes on the photocatalyst surface was a result of 
photocatalytic ozonation enhancing reaction between pho-
togenerated electrons and adsorbed ozone molecules and 
adsorption of pollutants on the positively charged photocat-
alyst surface [31,32]. The results reported by Beltrán et al. [30] 
and Rodriguez et al. [33] illustrated that the photocatalytic 
ozonation of various pharmaceuticals (atenolol, hydrochlo-
rothiazide, ofloxacin, trimethoprim, and sulfamethoxazole) 
at low ozone concentrations where the ozone was increased 
up to a critical concentration level is due to hydroxyl 
radicals and direct ozonation.

3.2. Kinetics and electrical energy per order (EEo) studies

Experiment results obtained at various reaction times 
were fitted with the zero, first and second order equations. For 
catalytic photocatalytic ozonation, the relationship between 
the initial degradation rate (r) and the initial concentration of 
antibiotics can be described by the Langmuir–Hinshelwood 

 

(a)

(b)

Fig. 4. Effect of initial antibiotic concentration on (a) catalytic 
ozonation and (b) photocatalytic ozonation of four antibiotics 
(pH = 5, ozone concentration = 3.67 mg/min, catalyst concen-
tration = 1 g/L, contact times = 30 and 15 min, respectively).
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model. The EEo values for the catalytic and photocatalytic 
ozonation degradation of antibiotics, defined as the number 
of kWh of electrical energy required to reduce the concen-
tration of a pollutant by 1 order of magnitude (90%) in 1 m3 

of contaminated water, were evaluated [34]. To obtain kinetic 
parameters for the catalytic and photocatalytic ozonation 

degradation of antibiotics, C0−Ct, ln [C0/Ct] and 1/Ct−1/C0 
vs. t was plotted. These equations and constants have been 
summarized in Table 2. The kinetic parameters of the zero, 
first and second-order reactions for the catalytic and photo-
catalytic ozonation degradation of the antibiotics at differ-
ent initial antibiotics concentrations have been summarized 
in Tables 3 and 4, respectively. The catalytic and photocat-
alytic ozonation degradation rates of the antibiotics fitted 
well with the first-order model. As shown in Table 3, the 
reaction rate of the pseudo-first order kinetic model (kobs) 
and R2 decreased from 0.0964 to 0.0449 min–1 and 0.968 to 
0.9482 for SCT, 0.0894 to 0.0441 min–1 and 0.9737 to 0.9517 
for STZ, 0.0867 to 0.0432 min–1 and 0.9738 to 0.9545 for SMX 
and 0.0855 to 0.043 min–1 and 0.9739 to 0.9533 for SDZ with 
an increase in the initial antibiotic concentration from 10 to 
40 mg/L, respectively. As shown in Table 4, the reaction rate 
of the pseudo-first order kinetic model (kobs) and R2 decreased 
from 0.1565 to 0.0811 min–1 and 0.9978 to 0.9386 for SCT, 
0.1614 to 0.0781 min–1 and 0.9971 to 0.9484 for STZ, 0.1599 
to 0.077 min–1 and 0.9945 to 0.9588 for SMX and 0.1565 to 
0.0745 min–1 and 0.9951 to 0.9685 for SDZ with increasing the 
initial antibiotics concentration from 10 to 40 mg/L, respec-
tively. KSCT and kc were (17.8 L mg–1) and (2.57 mg/L min–1), 
KSTZ and kc were (20 L mg–1) and (2.63 mg/L min–1), KSMX and 
kc were (20.45 L mg–1) and (2.6) (mg/L min–1), KSDZ and kc 
were (21.6 L mg–1) and (2.63 mg/L min–1) by plotting 1/kobs vs. 
the initial antibiotics concentration, for catalytic ozonation, 
respectively. KSCT and kc were (25 L mg–1) and (5.2 mg/L min–1), 
KSTZ and kc were (21.23 L mg–1) and (4.69 mg/L min–1), KSMX and 
kc were (19.82 L mg–1) and (4.55 mg/L min–1), KSDZ and kc were 
(18.21 L mg–1) and (4.31 mg/L min–1) by plotting 1/kobs vs. the 
initial antibiotic concentration, for photocatalytic ozonation, 
respectively. EEo values at different initial antibiotic concen-
trations have been summarized in Tables 3 and 4, respec-
tively. The EEo values increased from 49.79 to 106.9 (kWh/m3) 
for (SCT), from 53.69 to 108.84 (kWh/m3) for (STZ), 55.36 to 
111.11 (kWh/m3) for (SMX) and 56.14 to 111.62 (kWh/m3) for 
(SDZ) when antibiotic concentrations were raised from 10 
to 40 mg/L for catalytic ozonation, respectively. The EEo val-
ues increased from 30.67 to 59.18 (kWh/m3) for (SCT), from 
29.73 to 61.45 (kWh/m3) for (STZ), 30.01 to 62.33 (kWh/m3) 
for (SMX) and 30.67 to 64.42 (kWh/m3) for (SDZ) with raising 
antibiotic contents from 10 to 40 mg/L for photocatalytic 
ozonation, respectively.

3.3. Comparison of reaction rate

The value of the first order kinetic constant was obtained 
by fitting the experiment data at optimum conditions of 
systems as shown in Fig. 6. These results, summarized in 
Table 5, show that the reaction rate of photocatalytic ozona-
tion to be 3.2 times (SCT), 3.4 times (STZ), 3.47 times (SMX), 
3.62 times (SDZ) higher than those for the catalytic ozona-
tion process under the optimum conditions. In the presence 
of TiO2 under illumination, ozone can generate •OH radi-
cals through the formation of an ozonide radical (O3

•−) [35]. 
In the absence of O3, dissolved O2 itself can accept TiO2 
conduction band electron and generate O2

•−. Therefore, this 
species cannot give •OH radicals in a single step and require 
a total of three electrons for the generation of a single •OH 
species [35]. Sánchez et al. [36] found that the strategy of 

 

(a)

(b)

Fig. 5. Effect of influent ozone concentration on (a) catalytic 
ozonation and (b) photocatalytic ozonation of four antibiotics 
([C]0 = 10 mg/L, pH = 5, catalyst concentration = 1 g/L, contact 
times 45 and 15 min, respectively).
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Table 2
Kinetic models, electrical energy per order equations and parameters for the degradation of the four antibiotics

Kinetic models Electrical energy per order Parameters

Zero order
C C k tt0 0− =

E P
V kEO

obs

=
×

×
38 4.

C0 (mg/L), Ct (mg/L), k0 (mol L–1 min–1), kobs (1/min), 
k2 (L mol–1 min–1), [C]0 (mg/L), kc (mg L–1 min–1), 
KC (L mg–1), P (kW), V (L), EEo (kWh /m3)

First order

ln
C
C

k t
t

0 = obs

Second order
1 1

0
2C C
k t

t

− =

E p t

V
C
C
i

f

EO =
× ×

× ×












1000

60 log

Langmuir–Hinshelwood

−
  =

 
+  

=  
d C
dt

k K C
K C

k Cc

C

C

1
0

obs

1 1 0

k k K k
C

c C cobs

= +
 

Table 3
Kinetic parameters and electrical energy per order for the catalytic ozonation of four antibiotics at different initial concentrations 
(pH = 5, ozone concentration = 3.67 mg/min and catalyst dosage = 1 g/L)

Sulfacetamide (SCT)

[C]0 (mg L–1) Zero order First order Second order

k0 (mol L–1 min–1) R2 kobs (1/min) 1/kobs (min) R2 EEo (kWh/m3) k2 (L mol–1 min–1) R2

10 0.0819 0.0824 0.0964 10.37 0.968 49.79 0.0568 0.8738
20 –0.1137 0.0331 0.065 15.38 0.9568 73.84 0.011 0.9291
40 –0.0771 0.0035 0.0449 22.27 0.9482 106.9 0.0029 0.9527

Sulfathiazole (STZ)

[C]0 (mg L–1) Zero order First order Second order

k0 (mol L–1 min–1) R2 kobs (1/min) 1/kobs (min) R2 EEo (kWh/m3) k2 (L mol–1 min–1) R2

10 –0.0789 0.0753 0.0894 11.18 0.9737 53.69 0.0458 0.8949
20 –0.1114 0.0315 0.0645 15.5 0.9539 74.41 0.0109 0.9279
40 –0.0687 0.0028 0.0441 22.67 0.9517 108.84 0.0028 0.9537

Sulfamethoxazole (SMX)

[C]0 (mg L–1) Zero order First order Second order

k0 (mol L–1 min–1) R2 kobs (1/min) 1/kobs (min) R2 EEo (kWh/m3) k2 (L mol–1 min–1) R2

10 –0.0774 0.0715 0.0867 11.53 0.9738 55.36 0.0422 0.9009
20 –0.1068 0.0293 0.0633 15.79 0.955 75.82 0.0105 0.9312
40 –0.0599 0.0021 0.0432 23.14 0.9545 111.11 0.0028 0.9546

Sulfadiazine (SDZ)

[C]0 (mg L–1) Zero order First order Second order

k0 (mol L–1 min–1) R2 kobs  (1/min) 1/kobs (min) R2 EEo (kWh/m3) k2 (L mol–1 min–1) R2

10 –0.0792 0.0718 0.0855 11.69 0.9739 56.14 0.0403 0.9101
20 –0.1015 0.0266 0.0614 16.28 0.9592 78.17 0.0099 0.938
40 –0.0577 0.0019 0.043 23.25 0.9533 111.62 0.0027 0.9541
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ozonation pre-treatment followed by photocatalysis would 
be a satisfactory route for aniline degradation.

3.4. Comparison of effects of synergistic catalytic and 
photocatalytic ozonation

The combination of two and three oxidation systems 
including ozonation and catalysis and ozonation, catalysis, 
UV radiation for water treatment under optimum condi-
tions are reported to have increased oxidation efficiencies 

(synergy) compared with the sum oxidation efficiencies 
of these two and three oxidation systems separately [37]. 
The results obtained in degradation of sulfonamides antibi-
otics by the TiO2/UV/O3 process showed that the synergistic 
effect was 1.3 (SCT), 1.36 (STZ), 1.36 (SMX), and 1.37 (SDZ) 
times higher than those of O3/TiO2, which were 1.2 (SCT), 
1.23 (STZ), 1.2 (SMX), and 1.2 (SDZ; Fig. 7). The synergistic 
effects of photocatalytic ozonation resulted in an increase 
in the number of electrons on the surface of titanium diox-
ide [38,39]. Consequently, a larger number of radicals are 

Table 4
Kinetic parameters and electrical energy per order for photocatalytic ozonation degradation of the four antibiotics at different initial 
concentrations (pH = 5, ozone concentration = 3.67 mg/min and catalyst dosage = 1 g/L)

Sulfacetamide (SCT)

[C]0 (mg L–1) Zero order First order Second order

k0 (mol L–1 min–1) R2 kobs (1/min) 1/kobs (min) R2 EEo (kWh/m3) k2 (L mol–1 min–1) R2

10 0.209 0.183 0.1565 6.38 0.9978 30.67 0.0478 0.9934
20 0.1408 0.0274 0.1089 9.18 0.9711 44.077 0.0169 0.9363
40 0.5464 0.0743 0.0811 12.33 0.9386 59.18 0.0055 0.9473
Sulfathiazole (STZ)

[C]0 (mg L–1) Zero order First order Second order

k0 (mol L–1 min–1) R2 kobs (1/min) 1/kobs (min) R2 EEo (kWh/m3) k2 (L mol–1 min–1) R2

10 0.199 0.1695 0.1614 6.19 0.9971 29.73 0.0503 0.9902
20 0.15 0.0297 0.1058 9.45 0.9716 45.36 0.0161 0.9427
40 0.5824 0.0861 0.0781 12.8 0.9484 61.45 0.0053 0.9533
Sulfamethoxazole (SMX)

[C]0 (mg L–1) Zero order First order Second order

k0 (mol L–1 min–1) R2 kobs (1/min) 1/kobs (min) R2 EEo (kWh/m3) k2 (L mol–1 min–1) R2

10 0.202 0.1626 0.1599 6.25 0.9945 30.01 0.0495 0.9883
20 0.1388 0.0258 0.1089 9.18 0.9682 44.077 0.0169 0.9338
40 0.5936 0.0911 0.077 12.98 0.9588 62.33 0.0052 0.9591
Sulfadiazine (SDZ)

[C]0 (mg L–1) Zero order First order Second order

k0 (mol L–1 min–1) R2 kobs (1/min) 1/kobs (min) R2 EEo (kWh/ m3) k2 (L mol–1 min–1) R2

10 0.209 0.171 0.1565 6.38 0.9951 30.67 0.0478 0.9906
20 0.1388 0.0259 0.11 9.09 0.9607 43.63 0.0173 0.9225
40 0.6192 0.0988 0.0745 13.42 0.9685 64.42 0.005 0.9649

Table 5
First order kinetic and contact time for the degradation processes of the four antibiotics

O3/TiO2 O3/UV/TiO2

K (min–1) T (min) R2 K (min–1) T (min) R2

Sulfacetamide 0.48939 10 0.968 1.565421 10 0.9978
Sulfathiazole 0.474815 10 0.9737 1.61445 10 0.9971
Sulfamethoxazole 0.460449 10 0.9738 1.599488 10 0.9945
Sulfadiazine 0.432323 10 0.9739 1.565421 10 0.9951
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produced, thereby accelerating the photocatalytic reaction 
[40]. In the study by Rajeswari and Kanmani [41], who 
investigated the degradation of a pesticide carbaryl, it was 
found that the oxidation rate constant using TiO2/UV/O3 was 
2.3 and 4.4 times higher than those of O3/UV and TiO2/UV, 
respectively.

3.4.1. Effect of different inorganic ions

To assess the effect of different inorganic ions on the 
photocatalytic ozonation degradation of the antibiotics, 
equal amounts of inorganic ions (sulphate, sodium, carbon-
ate, phosphate, bicarbonate, and nitrate) were added to the 
reactor before initiating the O3/UV/TiO2 process. The con-
centration of each inorganic ion was adjusted at 200 mg/L 
while the initial antibiotics concentration, influent ozone 
concentration, catalyst concentration, and initial pH were 
constant at 10 mg/L, 3.67 mg/min, 1 g/L, and 5, respectively 
(Fig. 8). The presence of inorganic ions reduces the active 
surface of the semiconductor and exerts a scavenging effect 
on hydroxyl radical oxidation [42,43]. Phosphate ions have 
an inhibitory influence on the photocatalytic ozonation of 
sulfamethoxazole and diclofenac in water [44]. This influ-
ence is due to the reaction of the ions with hydroxyl radicals 
(as a scavenger) as well as the role of ions in the deactivation 
of the photocatalyst surface [44,45].

3.4.2. Effect of different scavengers and possible mechanism

To understand the efficacy of active species in the cata-
lytic ozonation degradation of antibiotics, some experiments 
were run by means of different scavengers such as benzoqui-
none (as a O2

•– trapping), of t-butanol (as a •OH trapping) and 
ammonium oxalate (as a h+ trapping). As shown in Fig. 9, when 
no scavenger was added to the system, the removal efficiency 
was 100%. The figure indicates that the removal rates of four 
antibiotics declined after the addition of scavengers such as 
benzoquinone and t-butanol. This result illustrated that •OH 
and h+were the main active species in the catalytic ozonation 
process. The high decrease in degradation of antibiotics in 
the presence of tert-butanol verifies the generation of •OH. 
Because of the high reaction rate constant (6 × 108 M−1 s−1) of 
tert-butanol with •OH [46], when it was added to the cat-
alytic ozonation processes (COPS), it actively competed 
with the antibiotics molecules to react with •OH in the 
solution bulk and hindered the oxidation of antibiotics [47].

The levels of the removal efficiency of the antibiotics in 
the current study and in other similar studies in which cat-
alytic and photocatalytic ozonation were used have been 
compared in Table 6.

The comparison of the methods illustrated that the 
antibiotics could completely be decomposed. As dis-
played in Table 6, the efficiency observed in catalytic and 
photo catalytic ozonation cannot be explained by the simple 
summation of the single ozonation and photolysis processes. 
Thus, it is expected a higher generation of hydroxyl radi-
cals in the photocatalytic system when ozone is present in 
the media. Ozone is capable of trapping photocatalytically 
generated electrons more efficiently than oxygen, avoiding 
the recombination of the electron–hole pair according to 
the following mechanism (Eqs. (1)–(4)) [55].

TiO hv e h2 + → +− +  (1)

O e O
O e O

Electron trapping2 2

3 3

+ →

+ →







− •−

− •−
 (2)

 

(a)

(b)

Fig. 6. Comparison of first order kinetic constant reaction rate 
(a) catalytic ozonation and (b) photocatalytic ozonation of four 
antibiotics (pH = 5, ozone concentration = 3.67 mg/min, catalyst 
concentration = 1 g/L, contact time = 10 min).
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In the above mechanism, one molecule of ozone neces-
sitates only one electron to produce one hydroxyl radical, 
compared with three electrons required by oxygen to get the 
same •HO yield.

3.5. Removal of antibiotics from natural water samples

In order to investigate the efficiency of photocatalytic 
ozonation degradation in removal of the antibiotics from nat-
ural water, 10 ppm of the antibiotics was added to a natural 
water sample that was obtained from the municipal water 
distribution network in Tehran, Iran. The characteristics of 
the natural water have been presented in Table 7. Generally, 
the natural water contains anions such as sulphates, carbon-
ates and bicarbonates. The removal of the antibiotics from 
natural water was compared with synthetic water (Fig. 10). 
Ion inhibition is due to the ability of ions to act as hydroxyl 
radical scavengers, based on the following reactions [56]:

SO OH SO OH4
2

4
− •− −•+ → +  (5)

CO OH CO HO3
2

3
− • •− −+ → +  (6)

HCO OH CO H O3 3 2
− • •−+ → +  (7)

The reaction between •OH and carbonate and bicarbon-
ate ions produces a carbonate radical (CO3

•−) which in turn 
reacts with a hydroperoxide ion (HO2

–) [49]. This hydroper-
oxide ion is produced as a result of aqueous ozone decompo-
sition and results in the generation of •OH through a series 
of radical–radical reactions [56]. Although the generated 
radical anions have been shown to be oxidants themselves, 
their oxidation potential is less than that of hydroxyl rad-
icals [56]. The pH of natural water containing antibiotics 
increased from 7.27 to 7.81 after photocatalytic ozonation. 
Due to sub-neutral pH conditions, inorganic carbon exists 
primarily in the form of bicarbonate and is found in surface 

Fig. 7. Contribution of each process and of and synergetic effect of combined processes in degradation of four antibiotics (pH = 5, 
ozone concentration = 3.67 mg/min, catalyst concentration = 1 g/L, contact time = 15 min).

Fig. 8. Effects of different anions on the photocatalytic ozona-
tion of four antibiotics ([C]0 = 10 mg/L, pH = 5, ozone concentra-
tion = 3.67 mg/min, catalyst concentration = 1 g/L).
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and ground water at concentrations typically in the range 
of 50–200 mg/L [57]. Higher concentrations may be encoun-
tered in high alkaline water reducing the degree of photo-
catalytic ozonation [58]. The specific conductivity of this 
solution decreases from 403 to 392 following photocatalytic 
ozonation degradation. Bicarbonate ions in reactions with 
hydroxyl radicals in competition with refractory organic 
pollutants are the principal consumers of hydroxyl radicals 
[43,59]. Bicarbonate radicals act as an oxidation species and 
have a much lower reaction rate constant than hydroxyl rad-
icals for the oxidation of organic micropollutants [59].

3.6. Determination of by-products and mineralization

In this study, intermediates were identified from the 
catalytic and photocatalytic ozonation degradation of the 

antibiotics by GC-MS under the following conditions: 
pH = 5, [antibiotics]0 = 10 mg/L, influent ozone concen-
tration = 3.67 mg/min and catalytic concentration = 1 g/L. 
The rate of antibiotics mineralization was performed by 
the TOC analysis. The probable degradation pathways of 
the antibiotics during catalytic ozonation and photocat-
alytic ozonation were proposed based on C–S bond cleav-
age to form C1 and aniline, S–N bond cleavage to form C2 
and sulfanilic acid, hydroxylation of the aniline moiety to 
form C4 and further oxidation of the amino group attached 
to benzene ring to form C3 as shown in Fig. 11. C4 could 
be a hydroxylated (–OH) derivative of the aniline moiety 
of sulfonamides. C3 contained the 5-methylisoxazole moi-
ety and oxygenation forms of the aniline group of sulfon-
amides referring to the addition of –OH and the formation 
of nitroso group (–N=O). It was also reported that the amino 

Table 6
Comparison of removal different of the four antibiotics by catalytic ozonation and photocatalytic ozonation

pH Antibiotics type Catalyst type [catalytic 
concentration]0 

g/L

O3 
influent 
(mg/L)

Time 
(min)

Removal 
efficiency 
(%)

kobs 

(min –1)
R2 Reference

7 Sulfamethoxazole γ-Al2O3/O3 – 20 6–10 100 0.60 – [48]
7 Sulfamethoxazole Co/Al2O3/O3 – 20 6–10 100 0.69 – [49]
4.8 Sulfamethoxazole MWCNTs/O3 100 mg/L 50 g/m3 30 36 – – [50]
4.8 Sulfamethoxazole AC/O3 100 mg/L 50 g/m3 180 46 – – [50]
7 Sulfamethoxazole carbon Darco12-20 /O3 1 20 10 30 0.0035 – [51]
8 Sulfamethoxazole Fe(II)–Mt/O3 1.91 – 20 98–99 0.24 0.965 [52]
8 Sulfamethoxazole Co(II)–Mt/O3 1.91 – 20 97 0.24 0.965 [52]
8 Sulfamethoxazole Ni(II)–Mt/O3 1.91 – 20 95 0.24 0.965 [52]
8 Sulfamethoxazole Cu(II)-Mt/O3 1.91 – 20 92 0.24 0.965 [52]
4.8 Sulfamethoxazole CeO2/AC/O3 0.14 50 g/m3 180 73 – – [50]
7 Sulfamethoxazole Goethite/O3 0.2 15 120 48 – – [53]
6.8 Sulfamethoxazole AC1(LH2c20/48), 

AC2(WH2c8/32), 
AC3(WH5c8/32) /O3

0.5 5–10 60 50 2.2 0.989 [54]
2.5 0.996
3 0.975

6.8 Sulfamonomethoxine AC1(LH2c20/48), 
AC2(WH2c8/32), 
AC3(WH5c8/32)/O3

0.5 5–10 60 50 2.3 0.995 [54]
1.9 0.998
3.3 0.994

6.8 Sulfadimidine AC1(LH2c20/48), 
AC2(WH2c8/32), 
AC3(WH5c8/32)/O3

0.5 5–10 60 50 2.7 0.97 [54]
2.8 0.992
2.5 0.993

6.8 Sulfadimethoxine AC1(LH2c20/48), 
AC2(WH2c8/32), 
AC3(WH5c8/32)/O3

0.5 5–10 60 50 2.6 0.941 [54]
2.5 0.991
2.1 0.991

7 Sulfamethoxazole TiO2 /O3/UV 0.5 10 15 90 1.5 – [49]
5 Sulfacetamide TiO2/O3 1 0.22 g/h 45 100 0.0964 0.968 In study
5 Sulfacetamide O3/UV/TiO2 1 0.22 15 100 0.1565 0.9978 In study
5 Sulfathiazole O3/TiO2 1 0.22 45 100 0.0894 0.9737 In study
5 Sulfathiazole O3/UV/TiO2 1 0.22 15 100 0.1614 0.9971 In study
5 Sulfamethoxazole O3/TiO2 1 0.22 45 100 0.0867 0.9738 In study
5 Sulfamethoxazole O3/UV/TiO2 1 0.22 15 100 0.1599 0.9945 In study
5 Sulfadiazine O3/TiO2 1 0.22 45 100 0.0855 0.9739 In study
5 Sulfadiazine O3/UV/TiO2 1 0.22 15 100 0.1565 0.9951 In study
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group could be transformed to the nitroso group when sul-
fonamides were oxidized by ozone [17]. The initial attack 
on the amino group of sulfonamides probably occurred by 
single electron-transfer from the amino group to O3. Then, 
the formed aminyl radical cation evolved into a radical by 
N–H deprotonation, which could couple with O3 and oxygen 

to form hydroxylamine. The hydroxylamine could be fur-
ther oxidized to form the nitroso group. The oxidation of 
excessive O3 led to the formation of carboxylic acids such as 
(oxamic acid, pyruvic acid, oxalic acids, and maleic acid) [60]. 
The results of the TOC analysis revealed that the removal 
efficiency rates were 87.09% and 85.5% after 45 and 15 min, 
respectively (Fig. 12). Mineralization (95%) of the photocat-
alytic ozonation degradation of pharmaceutical mixtures 
including acetaminophen (Actmph), norfloxacin (Norfx), 
metoprolol (Metp), caffeine (Caff), antipyrine (Antpy), sul-
famethoxazole (SMX), ketorolac (Ketor), hydroxybiphenyl 
(Hdxbiph), and diclofenac (Diclof) was achieved in 120 min 
[61]. Also, Beltrán et al. [45] indicated that 90% of TOC was 
removed by catalytic ozonation with SMX.

3.7. Bioassays experiments

In order to assess the toxicity caused by compounds 
produced before and after the photocatalytic ozonation, 
the acute toxicity of the untreated sulfonamides solution 
and solutions submitted to photocatalytic ozonation during 
15 min were evaluated by Microtox bioassays. The results 
presented in Fig. 13 and Table 8 were obtained after 15 min 
of exposition by calculation of percentage of mortality in the 
D. magna caused by each sample. Ten Daphnia were added to 
each experimental beaker. In the next stage, 0.5, 5, 10, 25, 50 
and 100 effluent dilutions (V/V%) were prepared and obser-
vations were made after 24, 48, 72 and 96 h. At the end of the 
test, the number of live neonates was recorded. The toxicity 
experiments were investigated by the value of LC50, a con-
centration of the compounds causing death to 50% of Daphnia 
during incubation with toxic matter. The results showed 
an increase in the mortality percentage of D. magna before 
the photocatalytic ozonation process than the next have 
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Fig. 9. Effects of different scavengers on (a) catalytic ozo-
nation and (b) photocatalytic ozonation of four antibiotics 
([C]0 = 10 mg/L, pH = 5, ozone concentration = 3.67 mg/min, 
catalyst concentration = 1 g/L).

Fig. 10. Investigation of the efficiency of the photocatalytic 
ozonation on the degradation of four antibiotics from actual 
water ([C]0 = 10 mg/L, ozone concentration = 3.67 mg/min, cata-
lyst concentration = 1 g/L).

Table 7
Characteristics of real water

Parameters Value
pH 7.6
Sulfate concentration (mg/L SO4

2–) 263
Chloride concentration (mg/L Cl–) 169
Specific conductivity (μmhos/cm) 1,416
Nitrate concentration (mg/L NO3

–) 47.43
Nitrite concentration (mg/L NO2

–) 0.00021
Total dissolved solids (TDS) (mg L–1) 707
Sodium concentration (mg/L Na+) 187
Potassium concentration (mg/L K+) 2.35
Bicarbonate hardness (mg/L CaCO3) 282.5
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Fig. 11. Determination of by-products of decomposition of four antibiotics by GC-MS at temperature of 280°C.

Fig. 12. Mineralization of four antibiotics by means of cata-
lytic ozonation and photocatalytic ozonation ([C]0 = 10 mg/L, 
pH = 5, ozone concentration = 3.67 mg/min, catalyst 
concentration = 1 g/L). Fig. 13. Bioassay of the antibiotics by Daphnia magna.
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increased; that is, the intermediates formed in this period, in 
the presence photocatalytic ozonation, have less acute tox-
icity than the sulfonamides untreated solution. Shang et al. 
[62] reported a toxicity increase during the early stages of 
the ozonation of chlorophenols that could be attributed to 
the formation of chlorocatechols, chloromuconic acids and 
other hydroxylated or chlorinated compounds.

4. Conclusion

The degradation of the four antibiotics by the TiO2/O3 
and TiO2/UV/O3 processes was examined. The synergistic 
effects of the two processes showed that the photocatalytic 
ozonation removal efficiency was greater during shorter 
contact times than that of the catalytic ozonation. All inves-
tigated sulfonamides were toxic to D. magna. It was deter-
mined that the lowest LC50 value was 0.63 mg/L at 96 h with 
a maximum toxicity unit of 158.73. The effect of various 
anions on the performance of the photocatalytic ozonation 
was also investigated. Inorganic ions had an inhibitory effect 
on the antibiotics. In addition, the active species reaction 
mechanisms were proposed following the identification of 
scavengers in TiO2/O3 and TiO2/UV/O3 processes. The cat-
alytic and photocatalytic ozonation performed best in the 
removal of antibiotics at pH 5. By-products were identified 
as oxamic acid, pyruvic acid, oxalic acids and maleic acid. 
Mineralization rates resulting from the catalytic ozonation 
and photocatalytic ozonation were 87.09% and 85.5% within 
45 and 15 min, respectively.
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