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Abstract
Background: This study examined the removal of ciprofloxacin (CIP), which is a very widely used 
antibiotic, from an aqueous medium by applying AgI/Ag2O photocatalyst under visible light radiation. 
Methods: AgI/Ag2O was synthesized conveniently by applying a two-stage precipitation method. The 
synthesized compound was characterized by X-ray powder diffraction (XRD), FE- field emission 
scanning electron microscopy (FE-SEM), energy dispersive x-ray (EDX), and UV-Vis spectrophotometry. 
Different parameters including initial pH of the solution, initial CIP concentration, reaction kinetics, 
and catalyst reusability were investigated. 
Results: Concurrent use of AgI and Ag2O caused improved photocatalytic properties in the presence of 
UV light. The pH and initial concentration of CIP affected the process efficiency; 95% efficiency was 
achieved within 100 min at pH 9. Furthermore, the process efficiency was still maintained over 90% 
after four consecutive cycles. 
Conclusion: The photocatalytic degradation process using AgI/Ag2O nanocomposite under visible 
light radiation is a suitable method for removing CIP from aqueous media due to its high efficiency 
and stability.
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Introduction
Today antibiotics are widely used in the treatment of 
human and animal bacterial infections. However, once 
the residuals of these compounds leave the body, they 
enter the environment and threaten the health of the 
system (1). Ciprofloxacin (CIP) is an antibiotic belonging 
to the second-generation fluoroquinolones, which can 
treat different bacterial infections (2,3). The entrance of 
this substance into the nature can cause bacterial drug 
resistance. Recently, studies have reported the presence 
of CIP residuals in aqueous resources and effluent of 
wastewater treatment plants (4,5). Unfortunately, the 
conventional methods cannot remove CIP completely, 
therefore, newer methods should be investigated (6). 
Advanced oxidation processes (AOPs) have recently been 
introduced as a promising option for the removal of CIP 
from aqueous media (7). AOPs are the processes based 
on the production of highly oxidizing radical species that 
react with organic matter, and eventually, lead to their 

degradation (8).
One of these methods is photocatalytic processes using 

semiconductor materials, which have shown a high ability 
in degrading organic contaminants (9,10). The electronic 
structure of most semiconductor materials consists of a 
band with the highest electron content called the valence 
band and an unoccupied band called the conduction band 
(11,12). These bands are separated by an area that largely 
lacks energy levels, which is called the band gap. The 
irradiation of these materials with more energy than their 
band gap produces a hole electron pair (h+ e-), which can 
be possible to react with adsorbed species (7,13). These 
processes possess features including being economical as 
well as operability at ambient temperature and pressure 
(14-16). Nevertheless, photocatalytic processes are 
still under study and enhancement. However, various 
compounds have attracted attention to be used as new 
photocatalysts (17,18). In different studies, various 
semiconductors have been explored, mostly introducing 
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silver-based compounds as stable, economical, and 
highly efficient semiconductors (19,20). Among Ag-
based semiconductors, Ag2O (1.2 eV) and AgI (2.26 eV) 
with their appropriate bandgap are very suitable in the 
presence of visible light (21,22). Nevertheless, to find a 
suitable semiconductor with all economic and technical 
features, further studies are required so that all parameters 
affecting the photocatalytic removal process could be 
examined and compared.

Although studies have been performed on examining 
the efficiency of photocatalysts for antibiotic removal, 
most of them have been undertaken based on the UV 
light, and there are sparse studies on the effect of visible 
light on the efficiency of these processes (23). LED lights 
can be a suitable alternative to mercury vapor and xenon 
lamps in this type of process because of their desirable 
features such as long-life span, low energy consumption, 
low toxicity, and being environmentally friendly.

Thus, to explore some of the mentioned issues, in 
this study, AgI/Ag2O photocatalyst was synthesized 
conveniently by applying a two-stage precipitation 
method, and then, utilized for CIP removal. Furthermore, 
the physiochemical properties of the synthesized catalyst 
were investigated plus the effect of important parameters 
on the process efficiency and the catalyst stability in four 
consecutive cycles.

Materials and Methods
Catalyst preparation
AgI/Ag2O was synthesized with an equal mole ratio of 
1:1 by a simple two-stage precipitation method at room 
temperature. Initially, 1.66 g of KI and 1.7 g of AgNO3 
were separately added to 50 mL of distilled water and 
stirred at room temperature. Next, AgNO3 solution was 
added dropwise to the KI solution while being stirred; 
after 30 minutes of mixing, a yellow suspension was 
formed, which was separated from the solution through 
centrifugation, washed several times with distilled water, 
and eventually, dried in an oven at 50°C for 12 hours. 
The AgI of the previous stage was dispersed in 20 mL 
distilled water and stirred for 30 minutes. Subsequently, 
1.7 g of AgNO3 dissolved in 50 mL of distilled water was 
added dropwise to the above-mentioned suspension 
and stirred at room temperature for 30 minutes. Next, 
100 mL of NaOH 1 M solution was added immediately 
to the previously prepared solution and stirred again 
for 30 minutes. Eventually, the obtained suspension was 
separated through centrifugation, and after several times 
of washing with distilled water at 50°C, it was dried in the 
oven for 12 hours (24,25).

Catalyst characteristics
X-ray powder diffraction (XRD) test was performed to 
investigate the structure of the crystalline phase of the 
synthesized samples using an X-ray diffraction device 
(D8 Bruker) and CuKα radiation at the wavelength of 1.54 

Å, voltage 40 kV, current 40 mA, and 2θ angle between 
10 and 80°. Ultraviolet radiation spectrum measurement 
was performed to specify the optical properties of the 
synthesized samples within 200-800 nm using a UV-Vis 
device (Thermo Co., USA) to characterize the optical 
properties of the synthesized samples. The morphological 
features and structure of the synthesized catalyst 
were investigated by field emission scanning electron 
microscopy (FE-SEM) equipped with an energy dispersive 
x-ray (EDX) spectrometry device (TESCAN Co., Model 
III MIRA) to investigate the composition of the elements 
present in the synthesized catalyst.

Photocatalytic activity test
The photocatalytic activity of the synthesized catalyst was 
measured by degrading a solution containing specific 
concentration of CIP under visible light radiation. For this 
purpose, a 500-mL quartz container containing 200 mL 
CIP solution was used with a concentration of 1 mg/L, 
0.2 g AgI/Ag2O, and a 100-W LED lamp. Before initiating 
the photocatalytic process, to achieve the absorption and 
desorption equilibrium of CIP on the catalyst surface, 
stirring was performed for 30 minutes in darkness, 
after which the light was turned on. Here, 2 mL was 
withdrawn from the solution at specific time intervals, 
and after centrifugation at 6000 rpm and passage through 
a head syringe, 0.2 micron was injected into the high-
performance liquid chromatography (HPLC) device to 
determine CIP concentration. The removal efficiency was 
determined by Eq. (1).

0

0

(%) 100tCIP CIPCIP removal
CIP
−

= ×                                      (1)

Analytical methods
CIP concentration was measured using HPLC device 
(KNAUER, Germany) equipped with C18 (5-100) column 
and UV detector at a wavelength of 278 nm. Mobile phase 
containing water and acetonitrile (75 to 25 v/v ratio) 
containing 0.3% formic acid and a flow rate of 1 mL/min 
was used. The peak time wavelength of CIP was between 
1.6 and 1.7 minutes, with the measurement continuing 
up to 10 minutes. To draw a standard curve, 0.1-50 mL/L 
concentrations of CIP were used. The R-squared (R2) 
for the obtained standard curve was 0.99. The limit of 
detection (LOD) and the limit of quantification (LOQ) for 
CIP were 0.05 and 0.2 mg/L, respectively. 

Pseudo-first order kinetic equations were used to 
determine the degradation reaction constant and CIP 
half-life (according to reaction (2)):

0c k
cn t

t

L =                                                                                  (2)

Where k represents the reaction constant (min-1), t 
denotes the reaction time (min), C0 shows the initial 
CIP concentration (mg/L), and Ct indicates the CIP 
concentration at time t.
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Results
Catalyst features
XRD analysis was performed to investigate the structure 
of the crystalline phase of the synthesized samples. 
Figure 1a indicates the XRD pattern associated with AgI 
and Ag2O alongside AgI/Ag2O composite. UV-Vis DRS 
method was applied to specify the optical properties of the 
synthesized samples; the results are shown in Figure 1b. 
The morphological features of the synthesized samples 
were characterized through FE-SEM images. Figure 2a 
indicates the images related to AgI/Ag2O. In addition, 
EDX analysis was also performed to investigate the 
composition of elements present in AgI/Ag2O (Figure 2b).

Assessing the efficiency of the photocatalytic process
The photocatalytic efficiency of Ag2O, AgI, and AgI/
Ag2O was investigated by measuring the extent of removal 

of CIP under visible light radiation (Figure 3). The 
direct CIP photolysis test (control) indicated that CIP 
concentration did not change compared to the initial 
concentration. With regards to AgI, Ag2O, and AgI/Ag2O, 
the CIP removal efficiency after 100 min of reaction time 
was observed 45, 58, and 95%, respectively.

The effect of operational parameters on the CIP 
photocatalytic removal
The effect of CIP initial concentration
To explore the effect of initial CIP concentration on the 
photocatalytic removal efficiency, experiments were 
performed with three different concentrations including 
1, 5, and 30 mg/L. As seen in Figure 4a, the elevation of the 
CIP initial concentration led to a considerable reduction 
of removal efficiency; after 100 minutes of reaction time, 
the removal efficiency was obtained 95%, 76%, and 44% 

Figure 1. XRD pattern (a) and UV-VIS spectra (b) of the synthesized material.

Figure 2. FE-SEM image (a) and EDX spectrum (b) of the synthesized AgI/Ag2O.
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for initial concentrations 1, 5, and 30 mg/L, respectively. 
Also, to investigate the CIP removal reaction constant 
at different concentrations, the first-order kinetics was 
investigated through the linear drawing of ln C/C0 against 
radiation time (t), where the line slope indicated the 
reaction rate constant (Figure 4b). The high correlation 
coefficient of the photocatalytic removal reaction 
(R2>0.98) for different concentrations of CIP indicates 
that the reaction rate could be described by the pseudo-
first-order kinetic model.

Effect of initial pH
The impact of different initial pH on CIP for the catalytic 
removal process was examined at pH levels of 2.5-11. 
The results showed that CIP removal was associated 
with changes in the initial pH of the solution. The 

results indicated that the removal efficiency was higher 
at alkaline pH than at acidic pH; the largest efficiency 
(95%) was obtained at pH 9 (Figure 5a). Furthermore, 
after calculation, the point of pH at which the superficial 
charges of the catalyst are zero (pHpzc) was obtained 10. 
This suggests that the catalyst surface at pH values above 
10 was negatively charged, and at values below 10 was 
positively charged.

Measurement of the catalyst stability during four 
consecutive cycles
To explore the stability of the synthesized catalyst, the CIP 
removal process was measured during four consecutive 
cycles of reaction (Figure 5b). As seen, despite the 
reduction of process efficiency after four consecutive 
cycles, the process has still maintained more than 90% of 
its efficiency compared to the initial state.

Effect of scavengers
To identify the photocatalytic removal reaction mechanism 
of CIP by AgI/Ag2O, the main oxidative species active in 
the photocatalytic process were determined by scavenging 
test using triethanolamine (TEOA, as h + scavenger), 
tert-Butyl alcohol (tert-BuOH, as OH● Scavenger), and 
benzoquinone (BQ, as O2- ● scavenger). The results are 
shown in Figure 6a.

CIP mineralization capability 
CIP mineralization capability was investigated during Figure 3. CIP degradation under visible light with various photocatalysts.

Figure 4. Effect of initial CIP concentration (a) and kinetic curves of initial CIP concentration (b) over photocatalytic process.

Figure 5. Effect of initial pH on CIP removal (a) and the reusability test of AgI/Ag2O.
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different reaction times by measuring the removal 
efficiency of TOC (Figure 6b).

CIP removal from real wastewater medium
A real wastewater matrix (the output of a secondary 
treatment unit) spiked with CIP (1 mg/L) was used to 
investigate the effect of the real wastewater matrix on the 
process efficiency. Table 1 represents the properties of 
the real wastewater matrix. As seen, the real wastewater 
matrix contains some amounts of organic materials and 
anions, which can affect the process efficiency. According 
to the results, the obtained removal efficiency of CIP in an 
aqueous medium decreased from 95% to 54% in the real 
wastewater matrix.

Discussion
The properties of the synthesized samples were 
characterized through XRD, UV-Vis DRS, FE-SEM, and 
EDX methods. The observed peaks associated with AgI 
(including (100), (002), (101), (102), (110), (103), and 
(112)) indicate the formation of the hexagonal β-AgI 
phase (according to JCPDS card No. 09-0374) (26, 27). 
The peaks associated with Ag2O (including (110), (111), 
(200), (220), and (311)) at 2θ angles of 26.8°, 2.33°, 2.38°, 
4.55°, and 65.7° reveal the formation of the Ag2O cubic 
crystalline phase (according to the JCPDS Card No. 41-
1104) (28). The XRD pattern related to the AgI/Ag2O 
composite includes the phases associated with AgI and 

Ag2O concurrently, suggesting the simultaneous presence 
of both compounds in the synthesized sample. According 
to the results obtained from the UV-VIS test, AgI shows an 
absorption edge at the wavelength of 460 nm corresponding 
to the bandgap at 2.69 eV. Considering Ag2O, suitable light 
absorption within a wide wavelength of 200 to 800 nm can 
be observed, suggesting light absorptivity within both UV 
and visible light range as well as its high photocatalytic 
activity (29,30). Regarding the AgI/Ag2O composite, 
the intensity of visible light absorption has grown by 
adding Ag2O to AgI. The wavelength thresholds of the 
composites were calculated to be 520 nm corresponding 
to the bandgap at 2.38 eV. This suggests that the AgI/Ag2O 
composite enhanced light absorptivity compared to pure 
AgI and increased the utilization efficiency of visible light. 
Investigation of FE-SEM images shows the formation of 
all three particles as pseudo-spherical particles with a size 
smaller than 30 nm; the AgI particles have been formed 
with a mean size of 12.98 nm and Ag2O particles with 
a mean size of 20.53 nm. Also, according to the EDX 
results, the peaks related to the constituent elements of 
the composite including Ag, I, and O were detected, well 
confirming that the composite contains the elements 
associated with the utilized compounds. The AgI/Ag2O is 
composed of Ag, I, and O elements with percentages of 
63.2%, 21.4%, and 13.8%, respectively. 

The results of examining the CIP photocatalytic 
removal efficiency by Ag2O, AgI alone, as well as the 
concurrent presence of these compounds as AgI/Ag2O 
composite confirm that the photocatalytic activity of the 
synthesized composite has grown considerably compared 
to that of pure Ag2O and AgI. Indeed, modification of AgI 
with Ag2O has improved its photocatalytic properties in 
the presence of visible light; CIP has been removed by 95% 
within 100 minutes.

The results of exploring the effect of the initial 
concentration of CIP on the process efficiency showed that 
CIP degradation at lower concentrations has occurred more 
rapidly, and with an increase in the initial concentration, 
the time required for its degradation has also been 
prolonged. Specifically, for 1 mg/L concentration, 95% 
degradation was seen after 100 minutes of reaction, while 
for 5 and 30 mg/L concentrations, the removal efficiency 
was obtained 76 and 44% within a similar time. Indeed, 

Figure 6. Effect of different radical scavengers on the CIP removal efficiency by AgI/Ag2O (a) and TOC removal efficiency (b).

Table 1. Characteristics of the real wastewater matrix

Parameter Concentration Unit

COD 57.4 Mg L-1

BOD5 23.8 Mg L-1

TOC 8.94 Mg L-1

TSS 23.7 Mg L-1

TDS 365 Mg L-1

pH 8.1 -

Turbidity 6.2 NTU

Nitrate 1.72 Mg L-1

Sulfate 28.9 Mg L-1

Chloride 35.3 Mg L-1

Bicarbonate 158 Mg L-1
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the active species affecting the reaction are constant, 
while more molecules of CIP exist in the solution with 
the elevation of its concentration. Furthermore, at higher 
CIP concentrations, larger values of the energy irradiated 
to the solution are absorbed by CIP molecules. Thus, 
with the reduction of the energy received by the catalyst 
surface, its photocatalytic activity diminishes (31,32). 
The rate constant values (min-1) for concentrations of 1, 
5, and 30 mg/L were obtained 0.027, 0.014, and 0.005, 
respectively, suggesting that the reaction rate constant 
was far larger for 1 mg/L concentration compared to for 
30 mg/L concentration. This well indicates the effect of 
initial concentration on the reaction rate. Similar results 
with regards to the reduction of reaction constant with the 
elevation of initial concentration have been reported in 
many studies (33,34).

The effect of different initial pH of the solution as 
an important parameter was examined on the CIP 
photocatalytic removal. The results indicated that CIP 
removal was associated with changes in the initial pH of 
the solution. Since CIP has pKa1 of 6.09 and pKa2 of 8.74, 
at pH lower than pKa1, it is positively charged, at pH above 
pKa2, it is negatively charged, and at pH between pKa1 
and pKa2, it has an equilibrium of positive and negative 
charges, known as zwitterionic form (35,36). Thus, at pH 
9, since the catalyst superficial charge is positive and the 
CIP superficial charge is negative, the attraction force 
between the catalyst and CIP is maximum, causing greater 
absorption of CIP onto the catalyst surface, thereby, 
boosting the efficiency. On the other hand, at a pH above 
10, the surface of both the catalyst and CIP is negatively 
charged, therefore, efficiency has diminished in this state 
(37,38).

The reusability of AgI/Ag2O was examined after four 
reuse cycles. After completion of each cycle, the catalyst 
present in the solution was separated from the solution 
through centrifugation, washed with distilled water three 
times, and utilized again for the next cycle. The results 
showed that after the fourth cycle, the efficiency decreased, 
though despite this reduction, the process was still more 
than 90% efficient. This suggests the high stability and 
reusability of the synthesized catalyst. One of the most 
important reasons behind the reduction of efficiency over 
different process cycles is the decline in the absorption 
surfaces of the catalyst because of contamination with CIP 
or the intermediate products that are produced during its 
degradation process (39,40). Eventually, the extent of Ag 
leakage was reported based on the average value measured 
within four reuse cycles. On average, 3.11 ± 1.2 µg/L silver 
leaked off the reactor within four reuse cycles.

The main active oxidative species in the photocatalytic 
process were identified through radical scavenging 
experiments. In the presence of tert-butyl alcohol and 
triethanolamine, the CIP removal efficiency decreased by 
46.1% and 56.4%, respectively, compared to the control 
(no scavengers), which indicates the participation of 

both hydroxyl radicals and hole in the decomposition 
of CIP. Therefore, the hydroxyl radicals and hole as the 
main active species produced by the catalyst have played 
a significant role in the degradation of CIP. The CIP 
removal efficiency in the presence of benzoquinone 
decreased to a much lesser extent than the other two 
mentioned scavengers, and the reduction in efficiency 
of only 15.8% in its presence indicates that superoxide 
radicals are not effectively produced by the catalyst 
during the photocatalytic process. In some similar 
studies, holes formed in the catalyst capacity band and 
produced hydroxyl radicals have been identified as the 
most important active species in the process, although 
their effect on the process efficiency has been reported 
differently (41,42).

The mineralization capability of the CIP by AgI/
Ag2O was investigated using TOC removal efficiency. 
As represented in Figure 6b, TOC removal was raised 
to 48% by rising photodegradation time, indicating the 
efficient mineralization capability of the synthesized 
photocatalyst. Moreover, the result also showed that the 
CIP mineralization has increased with increasing reaction 
time, but more reaction time is required for complete 
mineralization.

The removal efficiency of CIP in the real wastewater 
matrix was obtained as 54% in the optimum condition, 
indicating 41% reduction compared to the aqueous 
medium. This is due to the compounds present in the real 
wastewater medium, which compete with CIP molecules 
in reaction with the active species generated by the 
catalyst, thereby, lowering the efficiency (43). 

Conclusion
AgI/Ag2O composite was synthesized conveniently 
by applying a two-stage precipitation method at room 
temperature. The CIP removal efficiency was higher 
using AgI/Ag2O than by applying each of the components 
embedded in the composite alone. Indeed, modification 
of AgI with Ag2O could improve its photocatalytic 
properties in the presence of visible light. The CIP initial 
concentration and pH affected the process efficiency; 
the highest removal efficiency was obtained at pH 9, as 
much as 95%, at CIP concentration of 1 mg/L after 100 
min. Maintaining high efficiency to more than 90% 
after applying the catalyst during four consecutive cycles 
suggests high efficiency and reusability of the synthesized 
catalyst during the CIP photocatalytic removal process.
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