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 Abstract: Two films of ZnO-Ag/polystyrene (ZnO-Ag/PS) and ZnO/polystyrene 
(ZnO/PS) have been prepared and the photodegradation ability of stabilized catalysts was 
evaluated for methylene blue (MB) degradation. The efficiency of ZnO improved against 
recombination of electron-hole pair by modification of catalyst surface with Ag 
photodeposition to be more resistant towards photocorrosion. ZnO-Ag catalyst was 
characterized by SEM and EDS analysis to show high roughness of this catalyst and Ag 
deposited on the surface was 2% (molar ratio). ZnO-Ag/PS and ZnO/PS composites were 
made as films and were then analyzed by FTIR spectra that showed the interaction of 
ZnO and ZnO-Ag with polystyrene appeared in the range of 400–620 cm–1, XRD pattern 
indicated the presence of Ag nanoparticles on the surface of ZnO and ZnO/PS film has 
maximum absorbance at 376 nm in UV-VIS spectra. This value shifted to 380 nm because 
of the photodeposition. The photocatalytic reaction was depicted using MB in the UV-
irradiation action of stacked films in MB solution. The result showed that both ZnO-
Ag/PS and ZnO/PS films gave efficiency to remove MB by 97% and 70%, respectively. The 
reusability test of the films showed that ZnO-Ag/PS was more resistant than ZnO/PS. The 
presence of Ag also increased the efficiency in photodegradation and resistance against 
photocorrosion. 
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■ INTRODUCTION 

Photocatalysis techniques are new eco-friendly 
methods for environmental treatments to 
decontamination dyes in the wastewater. Metal oxide 
semiconductors as heterogeneous photocatalyst are an 
important material that utilized by many applications in 
industry and many technological processes like 
environmental and biomedical applications [1-2]. One of 
the serious problems in wastewater is contamination with 
an organic and inorganic dye that discharged to aquatic 
habit, which will add high risk to living organisms leading 
to pollution crises. Dyes are powerful coloring agent in 
the textile and leather industry. 

On the other hand, these dyes are non-
biodegradable when expelled to the ecosystem and 
resisted degradation so that it will cause health problems 

according to carcinogenic nature. Also, their presence 
made problem in an aquatic system like low illumination 
reaching the bottom and low oxygen demand [3-4]. 
Dyes can be removed using photocatalysis reaction in 
the presence of titanium dioxide (TiO2) and zinc oxide 
(ZnO), and these catalysts can harvest light energy for 
photodegradation and significantly enhance the rate of 
degradation [5]. 

Semiconductor catalyst such as ZnO, when 
illuminated with photons forms in the valence band 
(VB) a positive hole (h+) and the conduction band (CB) 
an electron (e−). The positive hole oxidized by hydroxyl 
ions to produce hydroxyl radicals (OH•) and causing 
degradation of organic contaminants directly or 
indirectly. In the conduction band, the electron is 
consumed by adsorbed oxygen and forms oxygen 
superoxide. These species enhance the rate of 
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degradation by destroying the chemical structure through 
several steps of oxidation, reaching mineralization the 
dyes converting into CO2 and H2O [6-7]. 

TiO2 is most widely used in photocatalysis to 
decontamination of dyes, but ZnO also has similar activity 
to be useful like TiO2 where its band gap energy is 3.2 eV. 
ZnO has a relatively lower cost of production and ease in 
the separation of electrons and holes charges. Thus ZnO 
can be used as an alternative catalyst instead of TiO2 [8-
10]. However, the capability of ZnO in photodegradation 
opposite its poor chemical stability under photocatalytic 
reaction [11] as it undergoes corrosion by self-oxidation 
under UV irradiation, leading to the loss of the 
photocatalytic activity. Thus, it needs to improve the 
photostability by incorporation into various composites 
like TiO2 or by deposition of noble metals like Ag on the 
surface [5,12]. 

Efficient photocatalytic degradation of organic 
pollutants was reported by depositing TiO2 ultrathin layer 
on Ag-ZnO nanorods, where the addition of Ag work as a 
sink for electron collector and prevent charges 
recombination. The TiO2 layer increases the stability of 
photocatalyst against photo-corrosion under UV 
irradiation [12]. Several studies have designated that the 
photocatalytic rate increases with catalyst loading with 
metal, but at high concentrations of metal load will lose 
its efficiency, because of light scattering and screening 
effects happened [13]. Also, photodegradation is more 
efficient in case of increasing the lifetime of electron-hole 
separation and retarding recombination. According to 
this method, incorporation of species that accept 
electrons at conduction band of the photocatalyst, like 
transition metal ions or oxides increases the activity in 
degradation comparing to bare semiconductors. The 
consuming of a photo-excited hole by photooxidation 
species are expected could reduce the recombination 
process and make it highly efficient [5,12,14]. Usually, 
defect in photocatalyst by doping makes shifting in band 
gap to less value; therefore, the addition of dopants 
decrease the band gap causing surface modification by the 
new site and lifetime charges carriers' recombination is 
retarded and increase the photocatalyst ability in the 
photodegradation process [15-16]. 

In many previous reports, the photocatalytic 
reaction usually constructed according to the common 
protocol, where the photocatalyst is used as a powder 
and added to the dye solution with stirring to get a 
slurry, then illuminated with proper source of light to 
initiate the photocatalytic reaction. This protocol is 
limited to be used in industrial treatment units, because 
the recovery of catalyst and takes more times for 
continuing the treatment units work or expelled the 
catalyst to the environment, leading another problem. In 
our previous study, the photocatalyst is stabilized on a 
surface like cotton fiber by impregnation of in ZnO and 
ZnO-Ag and used for photodegradation of safranin O 
dye [17-18]. In addition, silver incorporation in TiO2 
and a polystyrene matrix was made to remove dye from 
wastewater as a floating photocatalyst [19]. Zinc oxide 
nanoparticles were also fixed on glass plates as a 
photocatalyst to remove Acid Red 88 dye in aqueous 
solution [20]. This strategic way reported that mixing 
the photocatalyst with polymer matrix gives a new 
technique in water purification with characteristic 
features like good photocatalytic activity, low cost in 
consuming of the catalyst and no need to recover the 
catalyst after water treatment [21]. 

Thus in this study, the action of ZnO doped Ag and 
comparison of photodegradation of methylene blue 
solution were demonstrated, where MB is likely used as 
an example to evaluate the photodegradation efficiency 
[22]. In the presence of ZnO/PS and ZnO-Ag/PS, both 
of them are stabilized in the polystyrene matrix 
controlling the photocatalyst to be not expelled to the 
environment. Some analysis like UV Vis, FTIR, XRD, 
SEM, EDS spectroscopy was used. The 
photodegradation of dye solution against time and the 
reusability of the films were also monitored and studied. 

■ EXPERIMENTAL SECTION 

Materials 

Zinc oxide (ZnO) and methylene blue dye was 
supplied by Fluka Co., silver nitrate from BDH, 
polystyrene from local markets, acetone and chloroform 
by GCC, and were used without further purification. 
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Instrumentation 

UV VIS spectra were recorded for polystyrene, 
ZnO/PS and ZnO-Ag/PS films in the range 200-800 nm 
using UV VIS spectrophotometer LF 4030, Scienco 
(Korea) by cutting pieces of the films (2 × 1) cm and 
inserted in the UV VIS holder to record the spectra and 
blank holder was air. FTIR analysis is done directly for the 
films and tested using Affinity IR instrument (Shimadzu, 
Japan) recorded in the range 400–4000 cm–1, where the 
films located directly in the FTIR holder to record the 
spectra. XRD diffraction of ZnO and ZnO-Ag are 
characterized by XRD apparatus (DX-2700 SSC, USA) 
using the films in the range 20–60° of the diffraction angle 
(2theta). ZnO-Ag was analyzed by Scanning Electron 
Microscope Inspect 550, Netherland. EDS of ZnO-Ag was 
tested using energy dispersion X-ray (EDX), Bruker Nano 
GmbH, Germany, where the powder is suspended in 
absolute ethanol, and the suspension dropped on a piece 
of aluminium for SEM and EDS analysis. 

Procedure 

Preparation of composite of ZnO–Ag by 
photodeposition 

ZnO powder about 5 g was weighed and suspended 
in 100 mL of a mixture of distilled water/Acetone (50:50) 
with stirring for 1 h. Silver nitrate was then added to the 
suspension, where the ratio of Ag was 2.5% molar ratio 
related to ZnO weight. The suspension was radiated using 
ultraviolet lamps (Phillips, 70 W) for 4 h, where this time 
all silver ion completely deposited on ZnO surface. 
AgNO3 was added to the filtrate of ZnO suspension to 
ensure no AgCl precipitate is formed. Finally, the white 
suspension turned into grey color and continuing until 
the maximum of the solvent is evaporating. ZnO-Ag 
composite was then filtrated and washed with distilled 
water several times and dried at 80 °C for 12 h. This 
sample is prepared for analysis like SEM and EDS. 

Preparation of ZnO–Ag/PS and ZnO/PS film 
Polystyrene (0.95 g) was dissolved in 20 mL of 

chloroform using magnetic stirrer for 3 h in reflux 
apparatus and followed by the addition of 0.05 g of ZnO 
or ZnO-Ag with continuous stirring for 30 min to get a 
 

 
Fig 1. Photocatalytic degradation reaction installation 
(Petri dishes contain ZnO/PS film on the left and ZnO-
Ag/PS film on the right were immersed in 10 ppm of 
methylene blue solution) 

thick dispersed solution. After a slurry was formed, it 
was then poured in Petri dishes and left to evaporate in 
room temperature for 24 h to get casted films of ZnO/PS 
and ZnO-Ag/PS. The film without catalysts, which is 
polystyrene only, was used as a control film. These films 
are directly characterized by XRD, FTIR, and UV VIS 
spectroscopy. 

Photocatalytic degradation reaction 
Photocatalytic degradation ability of ZnO-Ag and 

ZnO films was evaluated by the degradation of 
methylene blue under 70 watt UV lamp. In the 
degradation procedure, the film of ZnO–Ag/PS, 
ZnO/PS, or PS were stacked in 5 cm diameter Petri dish 
reaching the base of the dish with metal buckle, keeping 
the film against floating and most of the solution will be 
above the film as shown in Fig. 1. Then 10 mL of 
methylene blue solution (10 ppm) was added with 
ensuring most of the solution is above the film; it was 
then stirred for 15 min in the dark until the 
adsorption/desorption equilibrium was reached. This is 
enough time for adsorption according to the amount of 
catalyst in the PS matrix, that is only 5% w/w. The UV 
lamp was applied about 10 cm above the Petri dish, and 
the maximum absorbance of methylene blue was 
measured at 665 nm using UV–vis spectrophotometer 
scan between 200–800 nm wavelengths recorded every 
15 min. 
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■ RESULTS AND DISCUSSION 

ZnO-Ag/PS, ZnO/PS, and PS films were characterized 
by FTIR analysis and appeared in Fig. 2. The common 
main peaks are the same with no shifting, except after 
catalyst mixing leads to strong absorption at 400–550 cm−1. 
Absorption bands at 3100 cm–1 belong to aromatic C-H 
stretching. The values of 2920 cm−1 and 2850 cm−1 
absorption are assigned to CH2 group for the asymmetric 
and symmetric stretching vibrations respectively. 
Aromatic C=C stretching peaks appeared at 1600 and 
1500 cm–1. The C-H deformation vibration band of 
benzene ring hydrogen appeared at 950 cm–1. Also, the 
mono-substituted ring showed absorption peaks at 759 
and 654, while the main peak of ZnO in the ZnO/PS 
composite was observed at the range 400–550 cm−1. When 
compared to this value with recent works of literature, it 
is similar to this work [23-24]. 

UV-Vis spectrum of PS, ZnO/PS, and ZnO-Ag/PS 
are shown in Fig. 3, the PS does not show any appreciable 
absorption, and there is only a broad and less intense 

absorption band in the Vis region, while its absorption 
is 200–250 nm. For the composite films, it can be seen 
that there is UV absorption in all the samples, in the range 
of 240–390 nm, where the presence of zinc oxide 
enhances the UV absorption capacity of PS film. The ZnO 
content enhances the UV shielding properties of the 
polymer. When the number of dopant atoms increased, 
the gap of a semiconductor is lowered. Ag acts as a dopant 
that work as photo-sensitizer, which induce the 
separation of electron-hole pairs and prevent their 
recombination. Thus, the dopant works as a bridge to 
transfer charges between the localized stats [25]. 
Moreover, slight redshifts from 376 to 380 nm for the 
absorption peaks are observed in ZnO-Ag/PS film as a 
result of Ag doping. Such redshifts of the edge of 
absorption peaks of ZnO have also been reported [26]. 

XRD analysis was performed to analyze the degree 
of crystallinity and nature of ZnO and ZnO-Ag 
composites, with CuKα radiation (40 Kv, 30 mA). The 
diffraction of  X-ray  showed  spectra of  ZnO/PS  and  

 
Fig 2. The FTIR spectra of (a) polystyrene films, (b) ZnO/PS films, and (c) ZnO–Ag/PS films 

 
Fig 3. UV VIS spectra of PS, ZnO/PS, and ZnO-Ag/PS 
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ZnO-Ag/PS composites. Characteristic peaks appeared in 
the range of 2θ values of 20–60°, where the presence of 
several peaks indicating that the crystallinity of the 
composite is high, as shown in Fig. 4. 

According to Fig. 4, ZnO-Ag peaks indicating the 
presence of silver and ZnO phases and no other structure 
is formed after doping. This means ZnO and Ag metal are 
the only phases that are found after photodeposition with 
successive reduction of Ag ion on to ZnO surface. XRD 
data for all studied samples are observed that the essential 
peaks occur at Miller indexes (100), (002), (101), (102), 
and (110), where the diffraction peaks are 31.80, 34.41, 
36.21, 47.52, and 56.53. The main peaks of ZnO are 
similar to the ZnO phase liked wurtzite (hexagonal) 
structure, according to JCPDS card no. 36-1451. The new 
peak at 38.05° in ZnO-Ag/ PS spectra does not belong to 
ZnO, but it is an indication of the presence of a silver 
particle in the (111) crystal plane that rapped on ZnO 

surface. As the amount of Ag is low, the x-ray will not be 
sensitive to all diffracted peaks like 44.38 angle, thus 
(200) crystal planes of silver would not appear in the 
spectra [27]. 

ZnO-Ag composite was analyzed by SEM 
instrument to show the morphology of this 
photocatalyst and showed highly roughness, and the 
particles are distributed as dimensional form, which 
gives a good feature in surface area. Fig. 5(a) shows the 
SEM image of ZnO-Ag composite, and Fig. 5(b) is the 
EDS analysis of ZnO-Ag, and according to this test, the 
composite contained Zn, O, and Ag only. The presence 
of Ag peak indicates the successful modification of ZnO 
by Ag using photodeposition method. EDS analysis 
showed the atomic percentage that the amount of silver 
deposit on ZnO was 2%, while the percentage of Ag in 
the solution to prepare ZnO-Ag was 2.5% and this is a 
good result, where the error was low. 

 
Fig 4. XRD of (a) ZnO/PS and (b) ZnO-Ag/PS 

 
Fig 5. (a) SEM image and (b) EDS analysis of ZnO-Ag (the inserted table is weight and atomic elements percentage of 
ZnO-Ag) 
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Photocatalytic degradation activity of ZnO/PS and 
ZnO-Ag/PS were studied by degrading of MB dye under 
UV-irradiation in comparison to PS film. MB dye has 
maximum absorption at 665 nm, and the absorption is 
monitored to evaluate the photodegradation of MB, 
where in case of PS film there is a slight change in MB 
absorption, and this indicates the PS film has poor 
photocatalytic degradation. 

In the case of ZnO-Ag/PS and ZnO/PS films, MB 
absorption is decreased with time due to the vanishing 
color by photocatalytic reaction, and this decreasing is 
continuing until the color of MB is disappeared. Fig. 6 
shows the UV VIS spectra of MB solution with a 
concentration of 10 ppm in the presence of UV 
irradiation with proceeding time. In Fig. 6(a), the 
photodegradation of MB is very low as there is no 
photocatalyst, where PS film without catalyst, and the MB 
absorption was slightly changed related to initial 
concentration. Fig. 6(b) represents the effect of MB 
photodegradation by ZnO/PS film, and it can be seen that 

the absorption of MB is changing in time proceeding. 
This also revealed that MB degraded by the action of 
ZnO/PS film is a good method to eliminate the dyes 
from industrial textile effluent. The degradation of MB 
solution using ZnO-Ag/PS catalyst is shown in Fig. 6(c); 
MB was more degradable in the same conditions in 
comparison with ZnO-Ag/PS and PS films. According to 
this result, the degradation activity will be more efficient 
as much as exposing to UV irradiation. Finally, the color 
tends to be colorless of MB as the full destruction of 
chemical structure. 

PS as a polymer has low degradation activity and 
this regards to wide bandgap; therefore, it did not show 
any degradation of MB solution. ZnO-Ag/PS was more 
effective in MB removal than ZnO/PS film, and this 
attributed to the Ag doping. This modification changed 
the surface nature and made new active sites, increasing 
the surface area. Also, the photocatalytic activity of ZnO-
Ag/PS was enhanced due to metallic Ag deposition on 
the surface of ZnO,  and this metal  works as  electrons  

 
Fig 6. Photodegradation of MB by (a) PS film, (b) ZnO/PS film, (c) ZnO-Ag/PS film, and (d) efficiency of 
photodegradation of the three films 
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collectors. Silver nanoparticles that trapped on ZnO 
surface modify the surface with new geometrical active 
sites. This modification leads to change the electronic 
properties and increase the separation time of the 
electron-hole pair to give more time for electron trapping. 
Electrons trapped tend to move to an oxidized agent like 
the adsorbed molecular oxygen, and this prevents the 
recombination of electron-hole pairs. Thus the 
degradation efficiency was increased [28-29]. 

In addition, the ZnO-Ag/PS ability in MB 
degradation result from the electron-hole could have 
more than one pathway for the formation of electron-hole 
with more time and forbidding recombination as the 
three different interfaces of ZnO-Ag composite. The 
comparison of the photodegradation efficiency of the 
three films is shown in Fig. 6(d), where high efficiency of 
ZnO-Ag/ ps film in the same conditions is reached up to 
97% for 120 min after reaction, while ZnO/ps was 70% 
and PS film alone was 19% and this result is similar as 
reported [30]. 

The photocatalytic reaction of films against MB 
removal kinetics was studied, and it found that this kind 
of reaction follows pseudo-first-order kinetics. The most 
mechanism that fallow this reaction is a Langmuir-
Hinshelwood mechanism. This mechanism can explain 

the degradation activity of heterogeneous photocatalyst. 
Depending on the concentration of MB dye, when the 
concentration of MB dye is low, the rate expression can 
be written as d[C]/dt = k[C]. k is the apparent constant 
of first-order rate calculated by the linear regression of 
the equation the k = ln(CMBo/CMB)/t, where CoMB and CMB 
are the concentrations of MB dyes at the irradiation time 
0 and t min, respectively. Plots of ln(C/Co) against the 
time of irradiation gives a straight line, as shown in Fig. 
7, and the slope of the linear fitted line represents the 
value of k. The calculated k values were equal to 0.0284, 
0.0253, and 0.0007 min–1 for ZnO-Ag/PS, ZnO/PS, and 
PS films, respectively. It is obvious that ZnO-Ag/PS has 
a high degradation rate of MB dye under UV irradiation. 
According to these results, ZnO-Ag/PS can be used as 
treatment techniques to eliminate pollution by dyes 
through effluent wastewater [31-33]. 

The efficiency of MB photodegradation is clearly 
obvious in the presence of the photocatalyst ZnO/PS and 
ZnO-Ag/PS and PS. However, the amount of catalysts in 
the matrix in polystyrene film is low. ZnO/PS and ZnO-
Ag/PS were highly active to diminish the color of MB, 
where ZnO-Ag/PS was very efficient as a result of a 
combination of Ag on ZnO surface. Fig. 8 shows the 
efficiency of photodegradation by UV light only, and the  

 
Fig 7. The first order plot of MB photodegradation (a) PS film, (b) ZnO/Ag film, (c) ZnO-Ag/PS film. The insight 
picture is Petri dishes of MB solution without catalyst on the right and with ZnO-Ag/PS film on the left at the end of 
the reaction 
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Fig 8. Photodegradation efficiency after reusing the (a) 
ZnO/PS and (b) ZnO-Ag/PS films 

catalyst of ZnO/PS and ZnO-Ag/PS efficiency, which was 
20, 80, and 96%, respectively. Another aspect of this study 
was testing the photodegradation activity after several 
runs, reusing the film again to ensure that the films can be 
used several times and measuring their efficiency in the 
degradation of MB. This experiment was accomplished by 
decanting the solution of MB after decolorization and 
replaced by a new solution of MB and illuminated by UV 
light, and the absorbance was measured so that the 
efficiency is calculated. Fig. 8 shows the efficiency of 
ZnO/PS and ZnO-Ag/PS films after were used in the first 
photodegradation and reused three times. ZnO/PS and 
ZnO-Ag/PA films have good reusability of 
photodegradation efficiency. The reusability of the 
catalysts is a benefit for cost-effectiveness to reduce the 
consumption of catalyst films each photodegradation 
process as reported [34-35]. 

■ CONCLUSION 

ZnO and ZnO-Ag stabilized in polystyrene matrix 
give high efficiency in photocatalytic degradation of MB 
and had good reusability. Photodepositon of Ag on ZnO 
surface made a surface modification, according to the 
analysis of XRD, SEM, and EDS, making the MB 
degradation using ZnO-Ag/PS film was higher than 
using ZnO/PS film. In the same period of MB 
degradation, ZnO-Ag/PS efficiency was 97%, while it 
was 70% for ZnO/PS film. ZnO-Ag/PS film can be 
reused three times with the efficiency reached 89% 
compared to ZnO/PS film, which was 76%. 
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