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a b s t r a c t
A comparative study of Cu-impregnated ZnO and Ag-impregnated ZnO for the sonophotocata-
lytic degradation of cefpodoxime proxetil in aqueous solution under visible light irradiation were 
carried out. Optimum conditions for degradation of cefpodoxime proxetil using Cu-ZnO and 
Ag-ZnO was investigated. The effect of enhancers and scavengers were investigated using optimum 
conditions and hydrogen peroxide as enhancers. 100% degradation was achieved using Cu-ZnO 
and Ag-ZnO. Furthermore, total organic carbon analysis was carried out and 89% using Cu-ZnO 
and 93% using Ag-ZnO removal of total organic compounds were observed. The sonophotocata-
lytic degradation of cefpodoxime proxetil using Cu-ZnO and Ag-ZnO followed pseudo-first-or-
der kinetic and the rate of degradation of cefpodoxime proxetil using Ag-ZnO was found higher 
(k1 = 0.228) than the Cu-ZnO photocatalyst (k1 = 0.185). The method has also been successfully applied 
in samples for sonophotocatalytic degradation.
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1. Introduction

Antibiotics are used to treat and prevent epidemic 
diseases in human’s animals and plants. Antibiotics are 
natural, semi-synthesized or synthesized complexes with 
antimicrobial action [1,2]. Antibiotics are disposed often 
into the sewage system in the form of unused drugs or the 
metabolized [3]. Todays the increasing presence of drugs 
in the environment is a national and international prob-
lem [4]. Although the concentrations of pharmaceuticals 
in the environment may be very low but sufficient to have 
adverse effects on the environment and humans [5]. Long-
term exposure to traces and mixtures of pharmaceuticals 
can affect the vulnerable population, including pregnant 
women, newborns, and children [6]. If the drugs are not 

degraded or eliminated during the treatment or any other 
usage, they will reach surface and ground water and pos-
sibly drinking water [7,8]. The widespread use of the drug 
substance is worrisome to human health, not only in terms 
of the spread of resistant bacteria, but also for other natu-
ral damage. Most pharmaceutical companies and hospitals 
do not have treatment facilities to remove antibiotics and 
other pharmaceutical compounds from their wastewater 
[9,10]. Typically, wastewater from pharmaceutical compa-
nies and hospitals is discharged directly into the sewage 
system, which in turn enters the canals used for crop irriga-
tion. On the other hand, a certain quantity of sewage reaches 
the ponds of stagnant water. These ponds are also a source 
of drinking water for animals. Aquatic life affects most of 
this habit. Due to shortcomings of photocatalytic technique 
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such as long reaction time, [11] the immediate need is to 
develop a simple, economical, reproducible, and accurate 
method for the degradation of residual antibiotic levels in 
these samples [12,13]. From our previous research ultra-
sonic-assisted photocatalytic technique was found to be a 
very promising technique for the degradation of organic 
pollutants therefore for the degradation of cefpodoxime 
proxetil sonophotocatalytic technique was used [14–16].

High photosensitivity, good stability, low cost, and 
non-toxicity have made ZnO photocatalyst widely used 
for photocatalytic degradation of various organic pollut-
ants [17]. Despite all the characteristics and features which 
made metal oxide semiconductors a very useful heteroge-
neous photocatalysts, there are some drawbacks also [18], 
such as the rapid recombination rate of the generated elec-
tron–hole pairs [19] high tendency to agglomeration [20] 
using conventional methods difficulty in centrifugation [21] 
as well as low volume to surface ratio [22]. Catalytic activ-
ity can be further enhanced with doping or impregnation 
of metal ions, as the transition metal cations in ZnO can 
alter the coordination environment of Zn in the lattice [23]. 
ZnO have been modified with different non-metals dop-
ing [24] metal doped [25] also modified with different rare 
earth metals [26–28], addition of transition metals [29–31] 
as well as use of different coupled semiconductors [32,33].

Therefore, ZnO was modified with transition metal cat-
ions to increase its photocatalytic activity by trapping sites 
to decrease the rate of electron-hole recombination and to 
increase the photocatalytic activity and a possible way to 
shift the photosensitive response of ZnO to the visible region 
[34,35]. Interest was to prepare a photocatalysts having 
band gap in visible region. Semiconductors ZnO photocat-
alyst was impregnated with copper (Cu-ZnO) and Silver 
(Ag-ZnO) to increase the catalytic performance of ZnO in 
the visible region of spectrum with the aim to decrease the 
degradation time by combination with ultrasonic waves 
impregnation of Cu and Ag on ZnO shifts the band gap 
from UV to visible region. Furthermore, silver was selected 
because of low cost as compared to other noble metals 
and superior antimicrobial activities making it beneficial 
for the wastewater treatment. Many researchers reported 
impregnation of Cu and Ag to reduce charge transfer 
recombination effect [23]. From the best of our knowledge 
Cu-ZnO and Ag-ZnO is reporting first time for the sonopho-
tocatalytic degradation of cefpodoxime proxetil.

2. Experimental

2.1. Materials and methods

All chemicals used were of analytical grade purity 
and used without further purification. Zinc oxide (ZnO) 
and copper chloride hydrated (CuCl2·2H2O) and silver 
nitrate (Ag(NO3)2) were purchased from BDH Laboratory 
Supplies, Poole, BH151TD, England. Standard references 
of drugs were provided by Cirin Pharmaceutical (Pvt) Ltd., 
Hatter, Pakistan. Commercial formulations of cefpodox-
ime proxetil (molecular formula = C15H17N5O6S2, molecu-
lar weight = 427.458 g mol–1, λmax = 240 nm) magnetic caps 
400 mg, S J & G Fazal Elahi (Pvt) Ltd. Darmstadt. Britton 
Robinson buffer was used to adjusted pH of the dyes.

2.2. Instrumentation

UV/Vis Spectrophotometer (Model SP-3000 plus, 
Optima, Japan), with matched 1 cm quartz cells was used 
for absorbance measurement at maximum wavelength of 
cefpodoxime proxetil (240 nm). Kum Sung ultrasonic bath 
with 40 KH frequencies was used as ultrasonic radiation 
source. Tungsten filament lamp of 200 W was used as a vis-
ible source for photocatalytic degradation of drugs.

Surface morphology of ZnO and impregnated Cu-ZnO, 
Ag-ZnO was analysed by scanning electron microscopy 
(SEM) using JSM5910 (JEOL, Japan). The specimens for 
SEM analysis were prepared by coating the samples with 
a thin layer using double adhesive carbon tape over alu-
minium stubs. The surface area was determined by a sur-
face area analyser (Quanta chrome, Nova Station, A) with 
nitrogen adsorption–desorption isotherms. The samples 
were out gassed prior to analysis at 100°C for 2 h using 
high vacuum line to remove all the adsorbed moisture or 
gases from the catalyst surface and pores. The surface area 
of the sample was calculated using the Brunauer–Emmett–
Teller (BET) method. Phase analysis was carried out with 
an X-ray diffractometer (JEOL model JDX-9C, Japan) at 
room temperature, using monochromatic Cu-Kα radiation 
(λ = 1.5418 Å) at 40 KV and 30 mA in the 2θ range of 10°–80° 
with 1.03°/min. Total organic carbon (TOC)-VCPH analyzer 
(Shimadzu Co., Japan) were used for the measurement 
of contents of TOC.

Magnetic stirrer XMTD-702 was used for stirring. 
Measurement of pH was done by pH meter (Model-7020 
Kent Industrial Measurement Limited Electronic Instrument 
LTD, Chertsey Survey England). The solutions were centri-
fuged on Lab electric centrifuge machine (timer 0–60 min) 
0–4,000 rpm cap: 20 mL × 6 (800-1).

2.3. Photocatalyst preparation

Wet impregnation method was used to prepared met-
als impregnated catalysts over zinc oxide (ZnO) support 
following the procedure reported in our former paper 
[15]. 3% of AgNO3 solutions were prepared and added 
drop wise into the slurry of 97% ZnO and stirred for 1 h 
at 60°C at 900 rpm. The catalyst was dried in an oven for 
12 h and calcined in a furnace at 500°C for 4 h. The cal-
cined material was crushed and passed by mesh size of 
150 µm, same procedure was applied for the preparation 
of Cu-ZnO. 3% of Cu (NO3)2 salt was added into the slurry 
of 97% ZnO solution. ZnO slurry was prepared by using a 
50% distilled water to make it creamy consistency. The mix-
ture was stirred for 1 h and dehydrated at 120°C for 12 h. 
After dehydration the sample was calcined in a furnace at 
500°C for 4 h. The dried sample was ground to powder and 
screened to a particle size ≤150 µm. Impregnation of very 
low quantity of metal ions, that is, 3% of copper and silver 
impregnation on ZnO using a wet impregnation method 
is the novelty of present work.

We were interested to prepare a photocatalyst that has 
excitation energy in a visible EMR region. Impregnation of 
metals like Cu and Ag with ZnO shifted band gap to visi-
ble region. To shift ZnO band gap energy to visible region 
research study was carried out in different conditions 
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which confirmed the conversion of energy gap to visible 
region (Fig. 1) shows that ZnO in presence of UV light show 
decrease in absorbance, while in case of visible light no 
decrease in absorbance take place because ZnO band gap is 
in UV region. Cu-ZnO and Ag-ZnO shows a little decrease 
in absorbance in presence of UV light, it must be because of 
ZnO while in presence of visible light it shows a maximum 
decrease in absorbance, which confirms the shift in a band 
gap from UV to visible region. The performance of both cat-
alysts were same in visible region, although Cu-ZnO shows 
little more increase in performance as compared to Ag-ZnO.

2.4. Sonophotocatalytic study

In a typical experiment 100 mL flask a known concen-
tration of cefpodoxime proxetil with optimized catalyst 
weight (ZnO, Cu-ZnO and Ag-ZnO) were taken in a pho-
toreactor. The suspension in the photoreactor was placed in 
the dark for 30 min to ensure the establishment of adsorp-
tion–desorption equilibrium of the cefpodoxime proxetil on 
the surface of ZnO, Cu-ZnO and Ag-ZnO and then placed 
under tungsten filament lamp in sonicator applying 40 KH 
frequencies of ultrasonic radiations for 1 h at optimized pH 
and oxidizing agent. The intensity of radiations for 200 W 
was measured using digital lux meter and the average light 
intensity was 3,205 Lux. At optimized time 5 mL was taken 
from this solution and diluted up to 25 mL (10 µg mL–1) 
with distilled water. For obtaining a clear solution the 
sample was centrifuge at 900 rpm of centrifuge machine 
for 30–45 min. 30–45 min was a maximum time for obtain-
ing a clear solution. Absorbance was noted at maximum 
wavelength of cefpodoxime proxetil (λ = 240). Degradation 
was calculated using the following equation.

Degradation �
�

�
C C
C
o f

o

100  (1)

where Co and Cf is the initial and final concentration of 
drug solutions after irradiation at time t. Triplicate analysis 
were carried out for all the experiments. The degradation 
conditions were investigated by varying pH, time, cata-
lyst weight, oxidizing agent, radical scavenger, and initial 

drug concentration under sonophotocatalytic degradation. 
TOC analyses were carried out for the real pharmaceutical 
wastewater before and after sonophotocatalytic reaction to 
evaluate the feasibility of this process in the industry and 
% removal of TOC was determined by using equation also 
reported in our previous work [36].

TOC% removal
TOC TOC

TOC
�

�
�

C C
C

o f

o

100  (2)

where TOCCo and TOCCf is the initial and final concentration 
mg L–1 of drug solutions after irradiation at time t.

3. Results and discussion

3.1. Catalyst characterization

The prepared catalysts were characterized using SEM, 
energy-dispersive X-ray spectroscopy (EDX), X-ray diffrac-
tion (XRD) and surface area analyser. SEM analysis con-
firmed that the copper and silver after impregnation was 
effectively dispersed throughout the surface of ZnO. The 
morphology of ZnO, Cu-ZnO, Ag-ZnO, reused Cu-ZnO, 
Ag-ZnO and reused after treatment Cu-ZnO, Ag-ZnO are 
depicted in Fig. 2. The impregnation of Cu on ZnO was con-
firmed from small rods shaped particles present on Fig. 2b 
(Cu-ZnO), oval shape small particles appearance on surface 
of Ag-ZnO confirms impregnation of silver (c) Ag-ZnO, 
as these particles are not present on ZnO.

The EDX spectra for ZnO, Cu-ZnO, Ag-ZnO, reused 
Cu-ZnO, Ag-ZnO and reused after treatment Cu-ZnO, 
Ag-ZnO are given in Fig. 3. The EDX spectra of Fig. 3b 
shows that copper and silver is successfully impregnated 
on ZnO while Fig. 3c shows the concentration of copper 
after three times repeatedly use of Cu-ZnO catalyst for 
photocatalytic degradation. The change in concentration of 
copper is negligible. Ag-ZnO re-used is also shown in Fig. 
3e. The change in concentration of silver after three time 
reused is negligible.

Surface area was determined using BET method and it 
was found 182.27 m2 g–1 for ZnO, 185.73 m2 g–1 for Cu-ZnO 
and 183.73 m2 g–1 for Ag-ZnO (Table 1).

The XRD of ZnO, Ag-ZnO and three cycles used 
Ag-ZnO, Cu-ZnO and reused Cu-ZnO is shown in Fig. 4. 
Height, area of the peak and their respective thickness cal-
culated by the Scheerrer’s equation for ZnO, Ag-ZnO, and 
three cycles reused Ag-ZnO and it was observed that 2θ 
values for major reflections ranges from 28° to 69° in case 
of ZnO, Ag-ZnO, reused Ag-ZnO. The thicknesses of the 
crystal lattice demonstrate that crystal thickness ranges 
from 17.8 to 44.8 nm for ZnO, 20.6 to 61.9 nm of Ag-ZnO 
and 12.2 to 35.5 nm for reused Ag-ZnO. ZnO and its pat-
tern according to ICDD number 11136, 30888, 361451 and 
11244 shows peak at 28°, 31°, 32°, 34°, 36°, 47°, 50°, 56°, 62°, 
66°, 67° and 69° while b is of Ag-ZnO and it shows pattern 
according to ICCD number 11136, 30888, 40783 and 361451, 
whereas Ag shows peak at 36° and 45° Cu-ZnO shows 
pattern according to ICCD number 11136, 30879, 30981, 
50661 and 50664 where as Cu shows peak at 43.6°, 50.7° 
and 74.4°, (e) of reused Cu-ZnO, it shows pattern at ICDD 
number 11117, 11136, 30884, 30888, 250322, 410254, 450912 
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Fig. 1. Degradation of cefpodoxime proxetil using ZnO, Cu-ZnO 
and Ag-ZnO in UV and visible light sources.
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and 501381. By applying Bragg’s law particle to particle dis-
tance (d) was found to be in the range of 0.271 to 0.63 nm 
for both ZnO and Ag-ZnO while it reused from 0.254 
to 0.63 nm for reused Cu-ZnO. In Fig. 4 the correspond-
ing peaks at angle >30° show residue peaks that might 
have been absorbed from any residue present in water.

3.2. Photocatalytic activity

The optical properties of ZnO, Cu-ZnO and Ag-ZnO 
were determined, and the results show that Copper 
and silver impregnation shift the band gap energy from 
UV (ZnO = 3.3 eV) to visible region (Cu-ZnO = 2.6 eV) 
(Ag-ZnO = 2.3 eV). The results revealed that the band gap 
decreased between the valence band and conduction band 
of ZnO after impregnation with copper and silver and lead 
in absorption of wide band of visible region is due to LSPR 
localized surface plasmonic resonance. The promotional 

effect of photocatalysts after impregnation in visible 
light is due to consecutive electron transfer from valence 
band of Cu and Ag to the valence band of ZnO (Fig. 5).

To investigate the degradation of cefpodoxime proxetil, 
various solutions were operated with different conditions 
like photolysis, photocatalysis, sonolysis, sonocatalysis, and 

Fig. 2. SEM of (a) ZnO, (b) Cu-ZnO, (c) Ag-ZnO, (d) reused Cu-ZnO and (e) reused Ag-ZnO.

Table 1
Surface area, pore volume and pore size of ZnO, (Cu-ZnO, 
Ni-ZnO)

Sample Method Surface areas 
(m2 g–1)

Pore volume 
(cc g–1)

Pore size 
(Å)

ZnO BET 182.27 1.43 112.02
Cu-ZnO 185.73 1.43 113.07
Ag-ZnO 183.73 1.42 113.02
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sonophotocatalysis for 1 h with the own pH of drug, the 
weight of photocatalyst was also taken in a very low quan-
tity, that is, 0.005 g and no oxidizing agents were used. Only 
18.5% degradation of the drug was observed using Cu-ZnO. 
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Fig. 3. EDX of (a) ZnO, (b) Cu-ZnO, (c) reused Cu-ZnO, 
(d) Ag-ZnO and (e) reused Ag-ZnO.

Fig. 4. XRD of (a) ZnO, (b) Ag-ZnO, (c) reused Ag-ZnO, 
(d) Cu-ZnO and (e) reused Cu-ZnO.
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Fig. 5. Tauc plot for (a) ZnO, (b) Cu-ZnO and (c) Ag-ZnO.



F. Khitab et al. / Desalination and Water Treatment 256 (2022) 149–162154

It was found that low degradation of drug was observed 
during the photolysis and sonolysis, while it increased to 
22.9%, 26.1% and 26.7% by using photocatalytic, sonocat-
alytic methods and sonophotocatalytic procedure respec-
tively (Fig. 6).

3.3. pH effect

The effect of pH was studied in the range of pH 2–10 in 
the presence of Britton Robinson buffer and pH 4–10 was 
found as the ideal pH for the degradation of cefpodoxime 
proxetil. The degradation of cefpodoxime proxetil was 
93.4% using Cu-ZnO as photocatalyst while it was 94.3% 
using Ag-ZnO (Fig. 7). pH, photocatalyst and ultrasonic 
waves had a significant effect on the degradation of cefpo-
doxime proxetil. As the alkaline pH increases the negative 
charge on the surface of cefpodoxime proxetil, making it 
very reactive to be attacked by a strong electrophile OH•. 
As well as the amide linkage and ester linkage present in 
cefpodoxime proxetil broken down in basic medium, which 
results in the rapid degradation of cefpodoxime proxetil. 
The point of zero charge of Cu-ZnO catalyst were deter-
mined and found pH 9 Cu-ZnO and Ag-ZnO was pH 8. 
The surface of catalyst is positively charged below pH 
9 and 8 and negatively charged above pH 9 and 8. At pH 
higher than point of zero charge, the surface of catalyst 
is negatively charged and below it is positively charge, 

electrostatic attraction between the positive charged catalyst 
and anionic dye occurred, which enhances the rate of OH• 
radicals’ production. Increase in pH also results increase 
in the formation of OH• radicals. Cefpodoxime proxetil 
degradation also occurred in acidic pH, it may be because 
of the hydrolysis of the ester linkage (Fig. 7).

3.4. Time effect

For investigation of optimum time for maximum deg-
radation the reaction time was varied from 10 to 100 min 
with 10 min interval in each case and 30 min was found as 
optimum for the degradation of cefpodoxime proxetil using 
Cu-ZnO and Ag-ZnO. Beyond 30 min time no increase 
in degradation was observed up to 100 min, therefore for 
subsequent studies, 30 min were used (Fig. 8).

3.5. Enhancer’s effect

Various oxidants, such as hydrogen peroxide, sodium 
perchlorate and potassium peroxydisulfate, have been stud-
ied as activators of the sonophotocatalytic degradation of 
cefpodoxime proxetil. Reactions of the hydroxyl radicals 
are given in Eqs. (3)–(9) and mechanism was also published 
by many researchers [37,38]. As these hydroxyl radicals are 
very reacive and they are responcible for the degradation 
of dye by attacking on various positions on dye molecule.

Ag-ZnO h Ag-ZnO h e+ → +( )+ −ν  (3)

H O h us OH H2 2 � � �� �� /  (4)

H O h us OH H2 � � �� �� /  (5)

OH h OH� � �� �  (6)

OH Cefpodoxime Proxetil CO H O2
• + → +2  (7)
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Fig. 7. Degradation of cefpodoxime proxetil at different pH using 
Cu-ZnO and Ag-ZnO as a photocatalyst.
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O e O2 2� �� � �  (8)

O Cefpodoxime Proxetil CO H O2 22 � � �  (9)

Sodium perchlorate effect on the degradation of drug 
is due to capturing the electron which generated on the 
photocatalyst conduction band [Eq. (10)] [39].

ClO e H Cl H O24 8 8 4� � � �� � � �  (10)

Potassium peroxydisulphate as an enhancer also increase 
the degradation of drug due to formation of sulphate 
radicals, which react with water and form OH• radicals 
[Eqs. (11)–(14)] [40].

S O h SO2 8
2

42� ��� ��  (11)

SO H O SO OH H24 4
2�� � � �� � � �  (12)

SO Cefpodoxime Proxetil SO drug H4 4
2�� � �� � � �  (13)

SO Cefpodoxime Proxetil SO CO
H O other inorganics

4 4
2

2

2

•− −+ → +
+ +  (14)

Using Cu-ZnO and Ag-ZnO as photocatalyst at neutral 
pH, catalyst dose = 0.05 g L–1 and the initial drug concen-
tration 10 mg L–1 with reaction time of 30 min. The concen-
tration of each activator ranged from 3 mmol to 8 mmol. 
The degradation of cefpodoxime proxetil increased from 
86.2% to 99% with 8 mmol of hydrogen peroxide and com-
petent to 92.3% with 8 mmol of sodium perchlorate and 
up to 87.2% with 8 mmol of potassium peroxydisulfate, 
respectively, using Cu-ZnO as photocatalyst. Whereas in 
the case of the degradation of Ag-ZnO, it increased to 99.7% 
with 5 mmol of hydrogen peroxide adequate for 92.3% and 
90.6% using 8 mmol of sodium perchlorate and of potas-
sium peroxydisulfate respectively (Fig. 9). Cefpodoxime 
proxetil mineralization was also confirmed using TOC anal-
ysis. The experimental conditions to performed TOC were 
10 mg L–1 drug using 8 mmole of hydrogen peroxide at 
neutral pH for time of 2 h and catalyst dosage of 0.1 g L–1 
of Cu-ZnO and 0.04 g L–1 of Ag-ZnO, under tungsten fila-
ment lamp (200 W). The % removal of TOC before and 
after the degradation were calculated and it was found 
89% and 93% removal using Cu-ZnO and Ag-ZnO, which 
confirms the free radical mechanism of reaction also.

3.6. Catalyst dosage effect

The effect of catalyst dosage on the degradation of cef-
podoxime proxetil was studied to improve the cost effi-
ciency of the sonophotocatalytic degradation process. The 
weight of catalyst was varied in the range of 0.01–0.3 g L–1 
at neutral pH using 10 mg L–1 drug concentration and 
8 mmol of hydrogen peroxide (Fig. 10). It was observed 

that with increasing weight of catalyst (0.01 to 0.1 g L–1 
using Cu-ZnO and 0.01 to 0.04 g L–1 using Ag-ZnO) there 
was an increase in degradation of cefpodoxime proxetil. 
Maximum degradation, that is, 100% was achieved with 
0.1 g L–1 of Cu-ZnO and 0.04 g L–1 of Ag-ZnO. A further 
increase in the weight of catalyst leads to a decrease in the 
degradation of cefpodoxime proxetil. This may be due to 
aggregation of the catalyst particles in solution, resulting 
in a decrease of the active sites of the catalyst for the gen-
eration of OH• radicals. In addition, an excessive amount 
of catalyst leads to light scattering and, in turn, reduces 
the speed of the degradation process. In addition, it also 
leads to a decrease in the transparency of the solution 
that prevents the penetration of radiation.

3.7. Scavenger’s effect

Keeping in view the potential application of the method 
to environmental samples, the effect of scavenger’s has also 
been studied. Three different types of scavengers, such as 
chlorides, sulphates, and carbonates, have been studied 
for the degradation of cefpodoxime proxetil. The possible 
reaction that may occur is shown in Eqs. (15)–(19) [41].

Cl OH Cl OH− •− • −+ → +  (15)

CO OH CO OH3
2

3
� � �� �� � �  (16)

0

20

40

60

80

100

120

2 3 4 5 6 7 8 9

D
eg

ra
d
at

io
n
 (

%
)

Oxidizing agent conc. mmol/L

H₂O₂ K₂S₂O₈ NaClO₄

0

20

40

60

80

100

120

2 3 4 5 6 7 8 9

D
eg

ra
d
at

io
n
 (

%
)

Oxidizing agent conc. mmol/L

H₂O₂ K₂S₂O₈ NaClO₄

(b) 

(a)

Fig. 9. Degradation of cefpodoxime proxetil at different mmol L–1 
of oxidizing agents using Cu-ZnO and Ag-ZnO as a photo-
catalysts.



F. Khitab et al. / Desalination and Water Treatment 256 (2022) 149–162156

2CO H O CO HO OH3
2

2 2 22 2� � �� � � �  (17)

OOH OH OH OOH� � � �� � �  (18)

SO OH SO OH4
2

4
� � �� �� � �  (19)

The concentration of scavenger’s was kept constant, 
that is, 0.1 M. It was observed that the presence of these 
anions reduces the effectiveness of the degradation of 
cefpodoxime proxetil. The decreasing efficiency of chlo-
rides was greater than that of carbonates and sulphates. 
Chloride anions reduce the efficiency of degradation up 
to 63.5%, carbonates down to 71.9% and sulphates up to 
70.3% (Fig. 11).

3.8. Effect of initial drug concentration

For the preliminary investigation and optimization of 
various parameters we used 10 ppm concentration of selec-
ted pollutant due to its discharge after reaction, but when 
all the parameters were optimized effect of concentration 

was checked to 100 ppm. Effect of the initial concentration 
of cefpodoxime proxetil was investigated for sonophotocat-
alytic degradation in the range of 10 to 100 mg L–1. It was 
found that for 10 mg mL–1 at neutral pH, the catalyst dose 
for Cu-ZnO = 0.1 g L–1, Ag-ZnO = 0.04 g L–1, 8 mmol hydro-
gen peroxide, 100% degradation of cefpodoxime proxetil 
was obtained using Cu-ZnO and Ag-ZnO as photocata-
lyst. The percent degradation of the drug decreased with 
increasing initial concentration. It decreased from 100% to 
90.8% with 10 mg L–1 for Cu-ZnO and from 100% to 95.1% 
with 10 mg L–1 using Ag-ZnO as photocatalyst (Fig. 12).

3.9. Catalyst reusability

The reuse of the catalyst is important to evaluate its 
practical utility. For reuse, the sonophotocatalytic activity 
of photocatalysts Cu-ZnO and Ag-ZnO were studied after 
successive uses. For the degradation of cefpodoxime prox-
etil, the catalyst was collected by centrifugation and washed 
with different polar organic solvents (ethanol, methanol, 
acetone, and acetonitrile) and then with distilled water. The 
effect of the solvents used to wash the catalyst was the same 
because of the solubility of the adsorbed drug on the organic 
solvents. Therefore, ethanol was chosen due to low cost, easy 
availability and safety for subsequent catalyst washing. After 
drying, the catalyst was again used with a fresh drug solu-
tion under optimized degradation conditions. In the case 
of Cu-ZnO, the degradation decreased from 100% to 99% 
and increased the degradation time, whereas in Ag-ZnO, 
the degradation efficiency decreases to 99.3% (Fig. S1).

3.10. Sample application

The proposed sonophotocatalytic method was applied 
to the synthetic cefpodoxime proxetil sample. The sono-
photocatalytic degradation of the samples was performed 
under optimized conditions of pH, H2O2, catalyst weight 
and degradation were calculated for each photocatalyst. 
It was observed that the synthetic cefpodoxime proxetil 
sample was degraded up to 99% using Cu-ZnO and 98.8% 
using Ag-ZnO as a photocatalyst with 60 min reaction time 
(Fig. 13).
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3.11. Kinetic models

For the kinetics of the sonophotocatalytic degradation 
of cefpodoxime proxetil was performed, and the rate con-
stants were determined by the different kinetic models [42].

A linear plot of log(qe – qt) against t was plotted to 
determine the rate constant and degradation efficiency for 
pseudo-first-order for Cu-ZnO and Ag-ZnO (Fig. 15) and 
pseudo-second-order kinetic model for Cu-ZnO and Ag-ZnO 
(Fig. S2). The sonophotocatalytic degradation of cefpodoxime  
proxetil using Cu-ZnO and Ag-ZnO followed pseudo- 
first-order kinetic and the rate of degradation of cefpodox-
ime proxetil using Ag-ZnO is higher (k1 = 0.228 min–1) than 
the Cu-ZnO photocatalyst (k1 = 0.185 min–1) (Table S1).

3.12. Adsorption isotherms

Two different adsorption isotherms were applied, that 
is, Freundlich adsorption isotherm and Langmuir adsorp-
tion isotherm. Freundlich based on heterogeneous surface 
of the adsorbent and therefore responsible for multilayer 
adsorption due to the process of energetically heterogeneous 
adsorption sites. Freundlich adsorption isotherm for pho-
tocatalysts was drawn by plotting logqe vs. logCe as shown 

in figure. It was observed that proposed degradation fol-
lowed Langmuir adsorption isotherm as Langmuir model 
assumes that the surface of photocatalyst is heterogeneous 
and a monomolecular layer is formed when adsorption 
takes place without any interaction between adsorbed mol-
ecules. Langmuir adsorption isotherm was drawn by plot-
ting Ce/qe vs. Ce as in figure. It can be concluded from the 
correlation coefficient R2 value that the experimental data 
in accordance with the Langmuir isotherm (Fig. S3) better 
than the Freundlich adsorption isotherm (Fig. S4) for both 
the photocatalysts. This proves that cefpodoxime proxetil 
adsorption onto Cu-ZnO and Ag-ZnO adsorbate is almost 
homogeneously distributed on the surface of the adsorbent 
resulting in monolayer adsorption.

3.13. Comparison with other methods

The proposed method according to which the sono-
photocatalytic degradation of cefpodoxime proxetil using 
Cu-ZnO and Ag-ZnO photocatalysts has been compared to 
other methods using different irradiation sources and pho-
tocatalysts in the literature is presented in Table 2 and it was 
found that our proposed sonophotocatalytic technique is 
superior to the other proposed degradation methods.

3.13.1. Plausible degradation mechanism

The plausible degradation mechanism for the sono-
photocatalytic degradation of cefixime proxetil are given 
in Figs. S5 and S6 and follows three different ways, that 
is, sono-luminescence, hot spot, and oxygen atom escape. 
As ultrasonic radiations overcome the drawbacks of con-
ventional methods like it reduces the chances of agglomer-
ation of nanoparticles by continually dispersion as well as 
increases surface to volume ratio by continuously refreshing 
the surface of catalyst by ultrasonic radiations and enhances 
mass transfer improvement because of active site increase-
ment [42]. Moreover, in emission and formation of hotspot 
leads to dissociation of water molecules which further causes 
the formation of free radicals and enhancement of oxygen 
molecules leads to the degradation of cefpodoxime proxetil.

3.13.2. Nucleation

The physical phenomenon of ultrasonic radiations, that 
is, cavitation bubbles lead to the rapid expansion over the 
compression/rarefaction cycles and these bubbles when 
reached to a critical size result in sono-luminescence (SL) 
upon violent implosions in the liquid medium. SL consist 
of light emitting from 200–700 nm which further increases 
the electron hole pair formation results in generation of 
free radicals. Furthermore, chemical generation of HO•, 
HO2

• and H2O2 free radicals from hot spot as well as elec-
tron hole pair from SL react with cefpodoxime proxetil 
and heat energy from hot spot could participate in excite-
ment of sonocatalyst to form electron hole pairs and gen-
eration of more free oxidizing radicals subsequently [43]. 
Photocatalysis also results in the formation of electron hole 
pair which results in the formation of free hydroxyl radi-
cals. All the reactive species produced from different phys-
ical and chemical phenomenon’s taking place in a reaction 
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chamber react with cefpodoxime proxetil and convert it 
into H2O, CO2 and different mineral acids.

4. Conclusion

A comparative study of Cu-impregnated ZnO and 
Ag-impregnated ZnO for the sonophotocatalytic degrada-
tion of cefpodoxime proxetil in aqueous solution under vis-
ible light irradiation was conducted. pH 4–10 was found to 
be the ideal pH for cefpodoxime proxetil due to which cef-
podoxime proxetil can be degraded in effluent directly in 
30 min. A degradation efficiency of 100% for cefpodoxime 
proxetil was obtained at optimum conditions for Cu-ZnO 
and Ag-ZnO catalyst. The results of photocatalysts reusabil-
ity were very good up to third cycle of reuse. The scaven-
ger’s study shows that the decreasing efficiency of chlorides 
was greater than that of carbonates and sulphates. Chloride 
anions reduce the efficiency of degradation from 100% 
up to 63.5%, carbonates up to 71.9% and sulphates 70.3%. 
The sonophotocatalytic degradation of cefpodoxime prox-
etil using Cu-ZnO and Ag-ZnO followed pseudo-first-order 
kinetic and the rate of degradation of cefpodoxime proxetil 

using Ag-ZnO is higher (k1 = 0.228) than the Cu-ZnO pho-
tocatalyst (k1 = 0.185). The proposed sonophotocataytic 
method allows the analysis of pharmaceutical residues 
containing µg mL–1 levels of the test compound.
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(Cu-ZnO) and (Ag-ZnO) photocatalyst.

Table S1
Comparison of kinetic studies for the sonophotocatalytic degradation of cefpodoxime proxetil

Catalyst Pseudo-first-order Pseudo-second-order

qe(exp) (mg g–1) k1 (min–1) qe (mg g–1) R2 k2 (min–1) qe (mg g–1) R2

Cu-ZnO 0.251 0.185 1.892 0.992 5.8 × 10+4 0.181 0.524
Ag-ZnO 0.253 0.228 4.961 0.977 4.2 × 10+4 0.212 0.785
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Fig. S2. Pseudo-second-order kinetic model for cefpodoxime 
proxetil using (Cu-ZnO) and (Ag-ZnO) photocatalyst.
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Fig. S3. Freundlich adsorption isotherm for cefpodoxime 
proxetil.
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Fig. S4. Langmuir isotherm for cefpodoxime proxetil.
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Fig. S5. Degradation mechanism of cefpodoxime proxetil.

 

Fig. S6. Graphical abstract for the degradation of cefpodoxime proxetil.
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