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 Abstract: Due to its toxicity, 4-chlorophenol (4CP) must be removed from the 
wastewater before discharging into open water. In this work, ZnO and Ag-ZnO 
photocatalysts were prepared via a solvothermal method under mild conditions (150 °C), 
followed by calcination at 300 °C and then characterized. The addition of Ag resulted in 
a change of the ZnO morphologies, which exhibited wurtzite structure, from irregular to 
rod-like shape, lower bandgap energy, and a lower electron-hole recombination rate. The 
0.6 Ag-ZnO catalyst showed the highest efficiency in the photooxidation of 4CP under UV 
irradiation. Molecular 4CP exists in acidic and near-neutral conditions (pH 4 and 6) and 
is stable towards UV irradiation. Photooxidation of 2.3 × 10–4 mol/L 4CP by 0.8 g of 0.6% 
Ag-ZnO resulted in 67% removal of molecular 4CP at pH 6 with a rate constant of 4.0 × 
10–3 min–1. Under similar conditions, a complete photooxidation of the anionic 4CP was 
observed at pH 11 with a rate constant of 1.4 × 10–2 min–1. The holes and superoxide 
radicals are the species responsible for molecular 4CP photoooxidation, while hydroxyl 
radicals are the dominant species for anionic 4CP. The prepared Ag/ZnO photocatalyst 
exhibit good potential to efficiently oxidize 4CP in both acidic and alkaline conditions. 

Keywords: Ag-ZnO; photooxidation; 4-chlorophenol; endocrine disruptor chemicals; 
photocatalyst 

 
■ INTRODUCTION 

Semiconductor photocatalysis has been extensively 
studied to degrade non-biodegradable and highly 
persistent pollutants [1]. In principle, when a 
semiconductor photocatalyst absorbs light energy greater 
than or equal to its bandgap energy, it produces electron-
hole pairs, which generate free radicals through a series of 
reactions. These free radicals are responsible for 
degrading organic pollutants to harmless by-products 
such as H2O and CO2 [2]. TiO2, ZnO, CdS, CeO2, GaN, 
WO3, and ZnS, are the most frequently used 
semiconductors. Although TiO2 is the most widely 
studied photocatalyst, several studies have reported that it 
has exhibited a significantly lower degradation rate than 
ZnO since the latter has higher light absorption efficiency 

over a significant fraction of the solar spectrum [2-4]. 
However, the efficiency of ZnO is low due to its fast 
electron-hole recombination rate. 

To suppress the recombination rate and enhance 
the photocatalytic activity, several researchers have 
modified the surface of ZnO via doping with C3N4, silver, 
gold, copper, and cobalt [5-9]. The photocatalytic 
activity of the doped ZnO was superior to pure ZnO due 
to the lower electron-hole recombination rate [10]. 
Silver, Ag, one of the best dopants for ZnO, can act as an 
electron sink, reducing the recombination rate and 
improving the photocatalyst's performance [11]. 

Various methods, including sol-gel [12-13], 
hydrothermal [14-15], co-precipitation [16-18], and 
thermal treatment [19], have been used to prepare Ag-
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ZnO photocatalysts. Although the Ag-ZnO performance, 
under various reaction conditions, has been widely 
evaluated via photodegradation of dyes [20], reports on 
the degradation of chlorophenols by Ag-ZnO are limited. 
Chlorophenols are toxic and recalcitrant compounds 
harmful to human health and aquatic life [21]. The 
production of chlorophenol compounds has increased 
recently with the worldwide increase in industrial and 
agricultural activities. They are widely used to produce 
insecticides, pesticides, and wood preservatives. Their 
presence has been detected in soils, groundwater [1], and 
industrial wastewater [3]. 4CP, a known endocrine 
disruptor chemical, is widely used in manufacturing 
[2,22]. Due to its toxicity and non-biodegradable, 
removing 4CP from the wastewater is imperative. 
Recently, the removal of 4CP via photocatalysis using 
ZnO/ZnS/ carbon xerogel [23] and CuO-ZnO-PANI [24] 
was reported. In this study, ZnO and Ag-ZnO 
photocatalysts were prepared via a solvothermal method 
to photooxidize 4CP under different pH solutions. This 
study aims to investigate the photooxidation of 4CP at 
various pH solutions. At different pH levels, 4CP can exist 
as a parent molecule and anionic 4CP molecules. As of 
now, there has been no report on the photooxidation of 
anionic 4CP available in the literature. 

■ EXPERIMENTAL SECTION 

Materials 

In preparing the ZnO and Ag/ZnO photocatalysts, 
zinc acetate dihydrate (99%, Merck, Germany) and silver 
nitrate (99.5%, Bendosen, Norway) were used as starting 
materials with isopropanol (98%, Merck, Germany) as the 
solvent. A stock solution of 4CP (98%, Fluka Chimie, 
Switzerland), prepared by dissolving 1.0 g of 4CP in 1.0 L 
deionized water, was diluted to produce the working 
solutions for the photooxidation studies. HCl and NaOH 
solutions were added to the 4CP working solution to 
adjust its pH (pH 6) to the desired pH values. 

Instrumentation 

A box furnace (Carbolite, USA) is used to prepare 
the catalyst. Powder X-ray diffractometer (X'pert Pro 
PanAnalytical, Philips), Belsorp Mini I Surface Area 

Analyzer, Perkin Elmer Lambda 35 UV-Vis-NIR, and LS 
55 Perkin Elmer fluorescence spectrophotometer were 
used to characterize the catalyst. A custom-made photo-
reactor with a volume capacity of 1.2 L (Fig. 1) is used in 
the photocatalytic oxidation experiment. Perkin Elmer 
Lambda 35 UV-Vis-NIR was also used to determine the 
concentration of 4CP solution. 

Procedure 

Preparation of ZnO and Ag-ZnO photocatalysts 
In preparing Ag-ZnO photocatalyst, a 

homogeneous solution containing 0.0–0.27 g of silver 
nitrate (0 to 2.0 mol), 14.70 g of zinc acetate dihydrate 
and 200 mL of isopropanol was prepared and sonicated 
for 1 h. The solution was placed into stainless steel 
autoclaves and heated at 150 °C for 3 h. The precipitate 
formed was collected via centrifugation, washed twice 
with ethanol, oven-dried at 80 °C for 24 h, and calcined 
at 300 °C for 2 h. A similar procedure was employed to 
synthesize ZnO particles. 

Catalysts characterization 
The XRD pattern of the photocatalysts was 

recorded at 2θ = 2–60° using a powder X-ray 
diffractometer (CuKα radiation at λ = 1.540 Å, 30 kV, 
and 30 mA) at the scanning rate of 2°/min. The surface 
area was measured by nitrogen adsorption at -196 °C 
using the Belsorp mini I instrument. The UV diffuse- 
reflectance  spectrum  was  recorded using  Perkin  Elmer  

 
Fig 1. The schematic diagram of the photocatalytic 
reactor 
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Lambda 35 UV-Vis-NIR spectrophotometer and used to 
determine the bandgap energy of the photocatalysts. The 
electron-hole recombination was analyzed by LS 55 
Perkin Elmer fluorescence spectrophotometer (PL) with 
an excitation wavelength set at 300 nm. A field emission-
scanning electron microscope (Hitachi SU 8000) was used 
to capture the morphology of the photocatalyst. 

Photocatalytic activity test 
The photocatalytic degradation experiments were 

conducted using a custom-made photo-reactor equipped 
with water circulation to keep its temperature at 28 °C. A 
certain amount of catalyst ranging from 0.2 to 1.0 g was 
added into the photoreactor, containing a 1 L 4CP solution 
of known concentration ranging from 1.56 × 10–4 to 2.3 × 
10–4 mol/L. After stirring the reaction mixture in the dark 
for 30 min to achieve adsorption-desorption equilibrium, 
the 6 W UV-A lamp (365 nm, Hitachi) was switched on 
to irradiate the solution for 240 min under a continuous 
supply of air. At regular intervals, 10 mL of sample were 
withdrawn from the bulk solution and filtered through a 
0.45 μm cellulose nitrate filter to remove the catalysts. The 
residual concentration of 4CP during the photocatalytic 
oxidation experiments at solution pH of 4–9 and pH 11 
was determined at λmax of 225 nm and 244 nm, 

respectively, using a UV-Vis spectrophotometer. The 
percentage of 4CP photocatalytic oxidation (PCO) was 
calculated as follows (Eq. (1)): 

o t

o

C C
4CP PCO (%) 100%

C


   (1) 

where Co and Ct are the concentration of 4CP initially 
and at time t, respectively. 

■ RESULTS AND DISCUSSION 

Catalyst Characterization 

The XRD patterns of the prepared photocatalysts, 
shown in Fig 2, displayed a diffraction pattern matching 
the wurtzite structure of zinc oxide (JCPDS 036-1451). 
Besides, diffraction peaks observed at 2θ = 38.1 and 44.3° 
at Ag loading of 0.6 % corresponded to Ag (JCPDS 4-
0783). Close examination of the XRD pattern (Fig. 2(b)) 
showed no significant shift in peak positions, which 
indicates the segregation of Ag particles in the grain 
boundaries of ZnO and may have formed interstitial as 
a second phase clusters around the ZnO lattices [25-26]. 
Furthermore, the Ag+ ions cannot substitute the Zn2+ 
ions in the crystal lattice due to the difference in the 
oxidation states and ionic radius (r (Ag+) = 0.126 nm, r 
(Zn2+) = 0.076 nm) [27]. 

 
Fig 2. X-ray diffraction pattern of (a) ZnO and Ag-ZnO photocatalysts and (b) comparison of (100), (002), and (101) 
peaks for ZnO, 0.2% Ag-ZnO and 2.0% Ag-ZnO 
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Fig 3. (a) UV-Vis spectra and (b) Tauc plot for determination of bandgap energy of ZnO and Ag-ZnO photocatalysts 
 

The bandgap energy and surface area play an 
influential role in the photocatalytic activity of a 
photocatalyst [28]. Fig. 3 displays the UV-vis diffuse 
reflectance spectra and the Tauc's plot of the 
photocatalysts. The Ag surface plasmon resonance peak 
was observed at about 470 nm [29]. The peak intensity 
increases with the increase of Ag content, confirming that 
Ag has been successfully deposited on the surface of ZnO. 
The photocatalyst's bandgap energy, estimated from the 
intercept of the x-axis of the (Ahv)1/2 versus hv plot, are 
listed in Table 1. The addition of silver shifted the 
bandgap energy to 2.84 eV, changing the catalyst's optical 
properties from UV-activated to visible light-activated 
catalyst. However, the surface area of the photocatalysts 
was not affected by the addition of silver. 

The photoluminescence (PL) study was conducted 
to identify the transfer, separation, and recombination of 
photogenerated electron-hole pairs of ZnO and Ag-ZnO. 
Lower PL intensity indicates a lower recombination rate 
of charge carriers, leading to higher photocatalytic 
activity. The PL spectra of ZnO and Ag-loaded ZnO are 
depicted in Fig. 4. Pure ZnO exhibited two emission 
bands at 380 nm and 420 nm. The former was attributed 
to the ultraviolet emission of the ZnO particles, while the 
latter is due to the charge carrier relaxation through the 
surface-related trap states [30]. As the amount of Ag 
increased, the PL intensity decreased significantly. The 
efficient interfacial charge transfer from ZnO to Ag acts 
as an electron sink that enhances the lifetime of the  
 

Table 1. Surface area and bandgap energy of ZnO and 
Ag-ZnO photocatalysts 

Photocatalyst Surface area 
(m2g–1) 

Bandgap energy 
(eV) 

ZnO 6.54 3.12 
0.2% Ag-ZnO 6.49 3.04 
0.6% Ag-ZnO 8.65 3.00 
1.5% Ag-ZnO 7.71 2.84 
2.0% Ag-ZnO 6.51 2.85 

 
Fig 4. PL spectra of ZnO and Ag-ZnO photocatalysts 

photogenerated charge carriers [31]. The morphology of 
the photocatalysts, depicted in Fig. 5, changed with the 
addition of Ag into ZnO from irregularly shaped 
particles (ZnO) to rod-like particles (2% Ag-ZnO). The 
morphological changes showed that the crystal growth 
of the photocatalyst is affected by the presence of Ag. 
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Fig 5. Micrographs of (a) ZnO (b) 0.2% (c) 0.6% (d) 2.0% Ag-ZnO photocatalysts 

 
Photocatalytic Oxidation Activity 

Fig. 6 shows the performance of ZnO and Ag-ZnO 
photocatalyst in the photocatalytic oxidation of 4CP. The 
percentage of 4CP photocatalytic oxidation increased 
with increasing Ag content up to 0.6% but then decreased 
at higher Ag content, indicating the optimum Ag loading 
of 0.6%. The improvement in the photocatalytic oxidation 

of 4CP was due to the capability of the Ag to trap the 
photogenerated electron hence a better charge 
separation for Ag-ZnO than pure ZnO. However, 
excessive silver may act as recombination centers and 
filters that reduce the light from reaching the ZnO 
surface, consequently decreasing the photogeneration of 
charge carriers [32]. 

 
Fig 6. Photo-oxidation of 4CP by ZnO and Ag-ZnO photocatalysts (Conditions: 0.2 g photocatalysts, 1.94 × 10–4 mol/L 
4CP, pH 6.0) 
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The influence of the mass of 0.6% Ag-ZnO 
photocatalyst on photo-oxidation of 4CP is shown in Fig. 
7. The efficiency of the photo-oxidation increases with 
increasing mass up to 0.8 g (97.12%) and then decreases 
at a higher mass. Increasing the mass of the photocatalyst 
will increase photocatalytic sites, thus enhancing the 
photogeneration of electron and hole pairs. 
Consequently, more hydroxyl and superoxide radicals are 
produced, leading to higher photo-oxidation of 4CP [33]. 
However, when the mass of photocatalyst is higher than 

0.8 g, the solution becomes turbid, thus reducing the 
light penetration into the solution, subsequently 
reducing the photo-oxidation of the 4CP. 

The photocatalytic oxidation of 4CP, at various 
solution pHs, is affected by the surface charge and the 
stability of the catalyst, and the form of the 4CP 
molecule. The UV-Vis spectra of 4CP solution at 
different initial pH were recorded (Fig. 8) before 
performing the photocatalytic oxidation studies. Two 
peaks observed at λmax of 225 and 280 nm showed the 4CP 

 
Fig 7. Photo-oxidation of 4CP by various amount of 0.6% Ag-ZnO photocatalyst (Conditions: 1.56 × 10–4 mol/L 4CP, 
pH 6.0) 

 
Fig 8. UV-Vis absorption spectra of 4CP with different pH solution 
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in its molecular form under acidic and near-neutral 
conditions (pH 4 and 6). 

When the pH of the solution increased to 9, the  
225 nm peak intensity decreased while the 280 nm peak 
became broader and red-shifted to 287 nm. Moreover, 
two shoulders appeared at 244 and 298 nm, showing 
partial dissociation of 4CP to its anionic form. The UV-
Vis spectrum of 4CP at pH 11 displayed only the peaks at 
244 and 298 nm, indicating that 4CP has completely 
dissociated from its anionic form [34]. These observations 
follow the pKa of 4CP, which is 9.4 (Scheme 1). Thus, the 
concentration of 4CP during the photocatalytic oxidation 
experiments at solution pH of 4-9 and pH 11 was then 
determined at λmax of 225 and 244 nm, respectively. 

The photocatalytic oxidation of the 4CP molecule is 
also dependent on the surface charge of the catalyst. The 
pH of the point of zero-charge (pHpzc) of the Ag-ZnO 
catalyst, as determined by the pH drift method [35], was 
7.15. Hence, the Ag-ZnO surface is positively and 
negatively charged at pH below and above 7.15, 
respectively. The effect of the initial pH solution, ranging 
from pH 4 to 11, on the photocatalytic oxidation of 4CP 
is shown in Fig. 9. The photocatalytic oxidation increased 
up to pH 6, decreased slightly at pH 9, then increased 
significantly at pH 11. The lowest photocatalytic 
oxidation of 4CP, was observed at pH 4. 

The progress of the 4CP photocatalytic oxidation 
at pH 6 to 11 is shown in Fig. 10. A steady decrease in 
the band intensity reflected the photocatalytic oxidation 
of 4CP. In the acidic and near-neutral conditions, the 
interaction between the positively charged Ag-ZnO and 
the p electron of the 4CP molecule may facilitate the 
photocatalytic oxidation of 4CP. At pH 9, the initial 
spectra of 4CP consist of 4 peaks at 225, 244 (shoulder), 
287, and 298 (shoulder) nm. After the adsorption 
process, the 244 and 298 nm peaks were slightly visible, 
while the 225 nm peak became more intense. The pH of 
the solution also changed to 7. These changes indicate 
that the acidic site of the Ag-ZnO catalyst may have 
reacted with the added OH–. Hence, it reduces the 
solution pH and causes some of the anionic 4CP 
molecules to return to their molecular form. The loss of 
acidic sites may have contributed to a slight decrease in 
photocatalytic oxidation of 4CP. However, at pH 11, 
complete photocatalytic oxidation of 4CP was observed  
 

OH

Cl

O-

Cl

pKa = 9.41
H++

 
Scheme 1. Dissociation of 4CP and its corresponding 
pKa value 

 
Fig 9. Photo-oxidation of 4CP under different pH of initial solution (Condition: 2.3 × 10–4 mol/L 4CP, 0.8 g of 0.6% 
Ag-ZnO photocatalyst) 
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Fig 10. Progressive photo-oxidation of 4CP at (a) pH 6, (b) pH 9 and (c) pH 11 

 
after 240 min of reaction. Theoretically, a reduction in 
photocatalytic oxidation of 4CP is expected in basic 
conditions. The reduction is due to (i) repulsion between 
the 4CP anion with the negatively charged surface of the 
catalyst and (ii) reduction in the formation of hydroxyl 
radicals, which is due to the competitive reaction between 
the hole (h+) with the 4CP anion, H2O and OH–. 
Photolysis experiments were conducted at pH 6 and 11 to 
confirm that the photo-oxidation of 4CP is due to the 
photocatalytic reaction. The results showed that the 

molecular 4CP was stable towards photolysis at pH 6, 
while 25% of the anionic 4CP photolyzed at pH 11. Thus, 
the photo-oxidation of anionic 4CP at pH 11 is due to 
both photolysis and photocatalytic activity. 

The experimental data, fitted to the Langmuir-
Hinshelwood kinetic model (Fig. 11), showed that the 
photocatalytic oxidation of 4CP followed the pseudo-
first-order reaction. The apparent rate constants, kapp, 
were determined from the slope of the plot and are shown 
in the inset. The photocatalytic oxidation rate of the 4CP  
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Fig 11. First-order kinetic for photo-oxidation of 4CP at different pH and its corresponding rate constant (inset) 

 
Fig 12. The effect of radical scavengers on 4CP oxidation at pH 6 and 11 

 
molecule increased with increasing pH up to pH 6 and 
then decreased slightly at pH 9. The photo-oxidation rate 
of the anionic 4CP is approximately 4 times faster than 
that of molecular 4CP. Hence, the anionic 4CP is more 
reactive than the molecular 4CP towards photo-oxidation. 

The effect of radical and hole scavengers in 
photocatalytic activity was conducted at pH 6 and 11 to 
determine the reactive species responsible for the 
photooxidation of 4-CP, and the results are shown in Fig. 

12. Tert-butanol (t-BuOH) was used as scavengers for 
hydroxyl radical (•OH), p-benzoquinone (BQ) for 
superoxide radical (•O2

–), and EDTA sodium (Na-
EDTA) for the hole (h+). The degradation of 4-CP 
without any scavengers was 67% at pH 6 and 98% at pH 
11. At pH 6, the addition of BQ and Na-EDTA 
scavengers led to a significant decrease in the 
photooxidation of 4-CP compared to the addition of t-
BuOH, indicating that both the •O2

–, and h+ are the main  
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Fig 13. Proposed reaction mechanism for the photo-oxidation of molecular and anionic 4CP over Ag-ZnO catalyst 

 
Fig 14. Reusability of 0.6%Ag-ZnO in photocatalytic oxidation of 4CP (Condition: 0.8 g photocatalyst, 2.3 × 10–4 mol/L 
4CP, pH 6) 
 
reactive species involved in the reaction system. However, 
a different pattern can be seen at pH 11. The 
photooxidation of anionic 4CP became less efficient in the 
presence of t-BuOH and BQ scavengers than Na-EDTA, 
suggesting that the •OH and •O2

–, are the active species in 
the reaction at pH 11. The photodegradation reaction 
mechanism route for molecular and anionic 4CP is 
different. As illustrated in Fig. 13, the photo-oxidation of 
molecular 4Cp proceeded via reaction with the holes and 
superoxide radicals, while photooxidation of anionic 4CP 
occurs via reaction with hydroxyl radicals. 

Reusability 

The reusability test of the photocatalyst was 
investigated at optimum photo-oxidation conditions i.e. 

0.8 g of 0.6% Ag-ZnO catalyst, 2.3 × 10–4 mol/L 4CP 
solution at natural pH (pH 6). At the end of the 
experiment, the catalyst was recovered by filtration, 
washed with deionized water, and then used to degrade 
a fresh 4CP solution. As shown in Fig. 14, no significant 
difference in the percentage of 4CP photo-oxidation was 
observed up to 5 cycles of photo-oxidation experiment, 
thus indicating the Ag-ZnO photocatalyst's stability 
during the photo-oxidation of the 4CP molecules. 

■ CONCLUSION 

ZnO and Ag-ZnO photocatalysts with hexagonal 
wurtzite ZnO structures were successfully synthesized 
under mild solvothermal conditions. The performance 
of ZnO in the photocatalytic oxidation of 4CP was 
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enhanced by the presence of Ag, with 0.6% Ag-ZnO 
exhibiting the highest photocatalytic activity. The 
photocatalytic oxidation of 4CP is affected by the pH of 
the 4CP solution. Approximately 68% of molecular 4Cp 
was photo oxidized at pH 6, while a nearly complete 
photo-oxidation of anionic 4CP was observed at pH 11 
when oxidizing 2.3 × 10–4 mol/L 4CP using 0.8 g catalyst, 
indicating a higher reactivity of the anionic 4CP towards 
photolysis and photocatalysis. The photocatalytic 
oxidation of 4CP followed the Langmuir-Hinshelwood 
first-order kinetic model. The stability and the reusability 
studies showed that the prepared Ag/ZnO photocatalyst 
has good potential to efficiently oxidize molecular and 
anionic 4CP in acidic and alkaline conditions, hence can 
be used to photo-oxidize other chlorophenol compounds. 
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