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a b s t r a c t
The pollution of water with pharmaceutical compounds can cause problems in the ecosystems. 
Antibiotics have special importance due to their induction of bacterial resistance. The aim of this study 
was the investigation the performance of sono-catalytic degradation process of ciprofloxacin (CIP), 
one of the antibiotics. The effects of pH, contact time, dosage and initial CIP concentration on the 
degradation of CIP were examined. The analysis of obtained data revealed that among factors tested, 
the catalyst dose had the greatest impact on the removal efficiency of CIP—under the dose of 0.25 g of 
catalyst CIP removal efficiency amounted to 70.48%. The results of this study allowed us to conclude 
that the sono-catalytic degradation process in the presence of ZnO nanoparticles strongly affects the 
CIP removal from aqueous environments.
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1. Introduction

Antibiotics present in the environment act as a factor 
that could potentially affect microbial communities [1]. 
The antibiotics enter into the waters along with the sewage 
originating from pharmaceutical industries, veterinary 
clinics, hospitals, and agriculture [1,2]. Ciprofloxacin 
(CIP) classified in fluoroquinolone class has been widely 
prescribed for the treatment of intra-abdominal infections, 
the certain type of infectious diarrhea, respiratory tract infec-
tions, and urinary tract infection [2,3]. The accumulation of 
fluoroquinolone in ecosystems resulted in increased resis-
tance of bacteria against antibiotic treatment and chromo-
somal mutation [3,4].

Several treatment methods have been proposed for the 
removal of CIP from contaminated waters, including photo 
decomposition [5], electrolysis [6], adsorption [1,3], oxidation 
[2,6], biodegradation [2], and other processes, involving 
advanced technologies to destroy the CIP structure [6,7]. 

Ultrasonic irradiation of aquatic environment can result 
in the increase and destruction of gas bubbles (cavitation) 
thus producing high transient temperature and pressure, 
what eventually leads to the formation of free radicals 
(OH• and OOH•) via thermal breakup of water and oxygen. 
These radicals penetrate into water and oxidize dissolved 
organic compounds [7]. The amount of heat generated by the 
ultrasound (US) causes the formation of water molecules and 
the production of free radicals (O•, H•, and OH•), or some 
oxidants such as hydrogen peroxide, which can react with 
organic compounds [8]. The mechanism proposed for the 
production of OH by ultrasonic (US) is given by the following 
Eqs. (1) and (2):

H O  OH H2 + → +• •)))  (1)

OH O  HO2 2
• + → −  (2)
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H O  OH OH2 2 + → +− •e  (3)

OH Antibiotic Degradation Products• + →  (4)

Ultrasonic along with catalyst could oxidize the antibiotics 
and change them to less toxic or harmless by-products for 
microorganisms [10]. The presence of silica particles, active 
carbon, active alumina, copper, and zinc oxides (ZnO), for 
example, increase the cavitation effect and the decomposition 
rate of organic molecules [11]. Nanoparticles (NPs) of 
metal oxides include F2O3, ZnO, and TiO2. They provided 
unique optical, catalytic, semiconductor, and piezoelectric 
properties that are developed technologically [8,10]. In order 
to disintegrate and remove the pollutants that have low 
biodegradability, the application of sonochemical process 
with the presence of catalysts compared with other advanced 
oxidation process (AOP) is proposed as new approach in 
sewage treatment. This process, which provided high catalytic 
capacity, could be applied as an effective method [12].

This study aimed on investigating the efficiency of 
sono-catalytic process using ZnO NPs and persulfate in AOP 
to disintegrate and remove the CIP from aqueous solutions.

2. Material and methods

2.1. Materials

CIP (molecular mass 385.8 mol·wt, purity higher than 
99.6% and molecular formula C17H18FN3O3HClH2O) and zinc 
oxide NPs (ZnO NPs) (purity of 99%, specific surface area 
90 m2/g, particle size 20 nm) were supplied by Sigma-Aldrich, 
USA. All reagents (sodium persulfate [Na2S2O8, 99%], sodium 
hydroxide [NaOH, 98%], sulfuric acid [H2SO4, 99.99%]) were 
of analytical grade and purchased from Merck (Germany). 
All the solutions were prepared with chemicals of at least 
analytical grade using deionized water. The stock solutions 
of CIP were prepared daily and stored in amber colored 
glass bottles. To determine the exact diameter of the NP, 
scanning electron microscopy (SEM) (HITACHI Model 
S-3000 H) provided some information about the morphology 
of nanocatalytic surface.

2.2. Ultrasonic procedure

The rector of determining surface included a 
digital ultrasonic (model = Elma CD, Germany, 4820, 
volume = 3.7 L, frequency = 60 kHz, input energy per 
unit = 2.5 W/cm2) appliance that made of Plexiglas with a 
piezoelectric transducer having a diameter of 5 cm fixed at 
the bottom of the vessel including100 mL samples in the bath 
with US waves. It is schematically shown in Fig. 1.

2.3. Batch experiments

The effect of different parameters such as pH (3, 5, 7, 
and 9), contact time (10, 20, 40, 60, 80, and 120 min), pollutant 
concentration (25, 50, 100, and 150 mg/L), and ZnO NPs 
concentration (0.1, 0.15, 0.2, and 0.25 g/L) was studied in 
nano-sono-catalytic process. The pH of the water sample was 
adjusted by adding HCl or NaOH (0.1 or 0.01 N) solutions in 

each bottle. The final pH of the water sample was measured 
using an MIT 65 pH meter. The pH of the water sample was 
adjusted by adding HCl or NaOH (0.1 or 0.01 N) solutions in 
each bottle. The prepared CIP solution was poured into the 
Erlenmeyer flask and ZnO NPs were added. The Erlenmeyer 
flask with its contents was placed inside the ultrasonic appa-
ratus under US waves (60 kHz) according to the set different 
times were refined. The initial and final CIP concentrations in 
the solutions were analyzed by a UV–visible recording spec-
trophotometer (Shimadzu model: CE-1021-United Kingdom) 
at a wavelength of maximum absorbance (λmax) 275 nm [4]. 
The removal R (%) of the studied parameters from CIP was 
calculated based on the following formula [13,14]:

%
( )

R
C C
C

f=
−0

0

100  (5)

where C0 and Ce are the initial and equilibrium-liquid phase 
concentrations of CIP (mg/L), respectively.

3. Results and discussion

3.1. SEM analysis on ZnO NPs

SEM has been a primary instrumentation for 
characterizing the surface morphology. SEM image is shown 
in Fig. 2. The SEM image shows that the ZnO NPs consist of 
lamellar-like structures.

3.2. Changes in UV‑Vis spectrum

Fig. 3 shows the CIP UV-Vis spectrum for different 
reaction times. It is clear that the highest peak of CIP first 

Fig. 1. The schematic illustration of sonochemical process.

Fig. 2. SEM image of the ZnO NPs.
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sample was observed at 275 nm, and it declined gradually 
by passing the time which indicated the decomposition and 
removing the CIP. After the reaction was begun, a sudden 
increase was observed in UV spectrum, which indicated the 
formation of mandatory products with aromatic rings that 
were resistant to degradation.

3.3. Effects of pH on nano‑sono‑catalytic process

Fig. 4 shows that by pH increase, deleting efficiency of 
antibiotics also undergoes an increase. pHzpc of ZnO NPs 
equals 7.5 and pKa CIP is 5.7, which are because there are 
some electrostatic forces at nano-particle level of zinc oxide 
and antibiotics in a way that at high pH of 7.5, ZnO NPs level 
has negative load and antibiotics have too. Therefore, the 
repulsive forces between them have no intention to reveal 
any reaction, which consequently leads to low efficiency. At 
pH lower than 7.5 of ZnO NPs level, a positive load; hence, 
due to electrostatic forces the deleting efficiency increases 
[15]. The implemented studies by Guo and Li [16] also show 
that H+ ions play an influential part in producing OH• and 
H• radicals.

3.4. Effects of ZnO NPs and CIP concentration

The effect of concentration of ZnO NPs on the removal of 
CIP was studied by varying the catalyst concentrations from 
0.1 to 0.25 g/L (Fig. 5). In general, ultrasonic was considered 
as the energy source to activate NP. NPs provided huge 
surface and high energy and they tended to accumulate 
[17]. Although ultrasonic distributes the NPs, its strength 
is not enough to distribute them in high concentration. 
So, the efficiency of a removal is fixed by adding the NPs 
[18]. The obtained results were in accordance with those 
in the studies on varying concentration of TiO2 NPs on the 
disintegration of organic pollutants in different process of 
AOPs [19].

3.5. Effects of Time and CIP concentration

To study the reaction time and primary concentration 
of CIP on its removal efficiency, the different concentrations 
of CIP (25, 50,100, and 150 mg/L) in different retention 
times (10, 20, 40, 60, 80, and 120 min) were compared with 
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Fig. 4. Effect of pH on removal efficiency of CIP (time: 60 min, 
ZnO NPs: 0.15 g/L, initial concentration: 100 mg/L, frequency: 
60 kHz).

Fig. 3. Changes in UV-Vis spectrum of CIP.
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Fig. 6. Effect contact time on removal efficiency of CIP (ZnO NPs: 
0.25g/L, pH: 7, frequency: 60 kHz).
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Fig. 5. Effect of ZnO NPs dosage on removal efficiency of CIP 
(time: 60 min, pH: 7, initial concentration: 100 mg/L, frequency: 
60 kHz).
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ZnO NPs optimal concentration. The results are shown in 
Fig. 6. The rate of removal increased in the time period of 
60–80 min, and then it was fixed and decreased by reducing 
the CIP primary concentration. The efficiency of CIP decom-
position was increased with the decrease of the CIP primary 
concentration in the same conditions of NPs concentration 
and free hydroxyl radical density. Therefore, CIP radical 
reaction with hydroxyl radicals at low concentration 
would be increased, and it resulted in an increase of CIP 
decomposition by free radical [20].

3.6. Kinetic of nano‑sono‑catalytic

To investigate the kinetic of CIP disintegration 
using nano-sono-catalytic, pseudo-first-order kinetics, 
and Langmuir-Hinshelwood (L-H) of different organic 
compounds, especially antibiotics, were studied [20]. 
The test was applied in optimum conditions to study the 
disintegration synthetic (contact time 80 min, pH = 7, and 
concentration of NPs = 0.25 g/L). The reduction of CIP 
concentration was observed as a function of irradiation 
time and data were fitted to a pseudo-first order rate model 
according to following equation [21,22]:

ln 'c
c

k t
0









 = −  (6)

The slope of the plot of ln 
c
c0









 vs. time gives the value of 

rate constant k′, min–1, so the reaction follows a pseudo-first 
order scheme. Here, co denotes the initial concentration, 
mg/L, and c is the concentration value at time t, mg/L.

The applied equation for L-H model is as follows [23]:

1 1 0

K K K
CIP
KC LH Cobs

= +
[ ]

 (7)

In this relation, the preliminary intensity of [CIP]0 initial 
antibiotics CIP (mg/L), KLH is the fixed balanced absorption of 
L-H model and kc is the fixed reaction speed level(mg/L min). 
By drawing 1/Kobs against [CIP]0, a direct line obtained through 
which the fixed balanced of L-H model and reaction–speed 

level could be determined. The results show that 
c
c0









 against 

t means a good relation. The amount of fixing coefficient for 
regression line is 0.9987; hence, antibiotic-deleting reaction 
of pseudo-first-order model follows it (Table 2 and Figs. 7 
and 8).

4. Conclusion

In this study, the high efficiency of CIP removal was in 
pH = 7. It was found that the efficacy of nano-sono-catalytic 
process in the removal of this pollutant was negligible and 
at the best conditions only 70.48%. The results of this study 
showed that the nano-sono-catalytic process using zinc oxide 
NPs (ZnO NPs) is very effective and can be used for removal 
of CIP antibiotics from aqueous solutions.
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