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ABSTRACT

Silver sulfate (Ag2SO4) was successfully deposited on ZnO via a simple impregnation
method. The as-synthesized sample was characterized by X-ray diffraction, scanning elec-
tron microscopy, transmission electron microscopy, energy dispersive X-ray spectroscopy,
fourier transform infrared spectroscopy, and UV–vis diffuse reflectance spectroscopy. The
photocatalytic activities of pure ZnO and 10 wt% Ag2SO4/ZnO were evaluated for the
removal of indigo carmine and phenol under outdoor light irradiation. The results showed
that the photocatalytic activity of Ag2SO4/ZnO was higher than those of pure ZnO and
commercial TiO2 for both pollutants removal. Identification of intermediate products and
radical scavengers test were also carried out. The effects of process variables such as initial
pollutants concentration and solution pH toward the photocatalytic degradation efficiency
were also investigated. The optimum initial pollutants concentration was found to be
10 mg/L for both pollutants. The photo removal of indigo carmine was favorable at pH 7
while in the case of phenol, maximum degradation rate was observed at pH 5. The excellent
photocatalytic property of Ag2SO4-deposited ZnO suggested its potential usage for practical
applications in wastewater remediation.
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1. Introduction

In the past decades, rapid industrial growth with
lack of proper pollution control has led to the environ-
mental damage by variety of organic and inorganic
pollutants. Indigo carmine (IC) has been widely
employed as colorant in blue jeans textile industry, as
additive in pharmaceutical tablets, and capsules as well

as medical diagnostic aid [1,2]. However, due to its
highly toxic nature, exposures to indigo carmine will
lead to respiratory tract irritation and permanent injury
to cornea and conjunctiva [3,4]. Nevertheless, upon its
visibility in small quantities, the removal of indigo car-
mine from wastewater is greatly in need. Similarly,
phenol and its derivatives are classified as hazardous
components due to their hazard nature and toxicity
even at very low concentration. Phenol is mainly being
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discharged from petroleum refineries, chemical plants,
paper manufacturing industries, and pharmaceutical
industries [5,6]. The direct exposures to phenol will
cause damage to kidneys, livers, and central nervous
system. However, due to the high demand toward
these two chemicals, their release into environment
through effluent stream is unavoidable. Concerning on
these issues, the removal of both pollutants through an
efficient and cost-effective way has received extensive
attention nowadays. The use of conventional biological
treatment is restricted due to their high resistance
toward microbial attack [7]. Other pollutants removal
method such as membrane ultrafiltration is facing
membrane fouling and flux reduction problem. On the
other hand, adsorption and coagulation only involved
the phase transfer of pollutants from water to another
phase which created secondary pollution [8].

In recent years, the introduction of photocatalyst as
pollutants removal agent has raised scientist interest
as it not only eliminated the hazardous pollutants, but
also simultaneously transformed them into non-haz-
ardous components. ZnO has been shown as an effec-
tive photocatalyst due to its high photosensitivity,
stability, low cost, and non-toxicity properties [9,10].
However, ZnO faced two main drawbacks: (1) large
band gap (3.2 eV) that only allowed to response
toward UV light irradiation (λ < 380 nm) and (2) fast
recombination of photogenerated electron–hole pairs
which limited the photocatalytic activity of ZnO
[11,12]. Hence, modification by doping various kinds
of metals on ZnO such as Ag, Na, Fe, Co, Cr, Sn, La,
Ta, and V on ZnO has been carried out to extend its
photo-response into visible light region and to inhibit
the recombination of photogenerated electron/hole
pair [13]. Nobel metal especially silver (Ag) was found
to be a promising metal dopant which can enhance
the performance of photocatalyst due to the Schottky
barrier formed on Ag–semiconductor interface.
Besides, the lower position of Fermi levels and high
electron affinity property of silver ion can effectively
trap the photogenerated electrons and thus prevented
the recombination of photogenerated electron–hole
pair [14–16]. However, many Ag/ZnO photocatalysis
researches were still limited in using UV-light as
energy source [9,17–19]. The introduction of Ag2SO4

as dopant in photocatalysis development is rarely
reported in literature. The Ag2SO4 is foreseen to
improve the photocatalytic activity of ZnO due to its
high cationic conductivity. Therefore, there is a neces-
sity to carry out a detailed study on the modification
of ZnO with Ag2SO4.

In the present study, Ag2SO4 was deposited on
ZnO via a simple impregnation method which does
not involve high temperature and pressure. The

photocatalytic activity of 10 wt% Ag2SO4/ZnO was
evaluated for the removal of indigo carmine and phe-
nol. The effect of Ag2SO4 deposition, initial pollutants
concentration, and pH toward pollutants removal
were investigated under outdoor light irradiation.
Outdoor light was utilized as street light, floodlight,
and beacon light. It was safe, movable, and able to
provide long lasting light. Moreover, it can establish
the similar feature as sunlight which is able to provide
artificial solar energy even at night. Hence, the utiliza-
tion of outdoor lighting as energy source in initiating
photocatalysis process would be a safe and environ-
mental friendly option for wastewater remediation.

2. Materials and methodology

2.1. Chemicals

All the chemicals used in this study were of ana-
lytical grade without further purification. Zinc nitrate
hexahydrate (Zn(NO3)2·6H2O) with 98% purity and
p-benzoquinone (BQ) were obtained from Acros
Organic, potassium hydroxide (KOH) with purity 99%
and ethanol were purchased from Merck, silver sulfate
(Ag2SO4) was obtained from BDH, Indigo carmine
from nacalai tesque, phenol with 99% purity from
Fluka and sodium iodide (NaI) from Hayashi Pure
Chemical Industries.

2.2. Synthesis of Ag2SO4/ZnO

The synthesis of Ag2SO4/ZnO was divided into
two parts. The pure ZnO particles were prepared
according to the method reported in Ref. [20]. To syn-
thesize pure ZnO, the precursor’s solution was pre-
pared separately. First, 2 M zinc solution was
prepared by dissolving 0.1 mol of zinc nitrate hexahy-
drate (Zn(NO3)2·6H2O) in 50 mL deionized water.
Next, 2 M of KOH was added dropwise to the above
solution under continuous stirring to adjust the pH of
the solution to pH 7. After vigorous stirring for
10 min, the mixture was transferred into Teflon-lined
stainless steel autoclaves and heated at 160˚C for 18 h.
After the reaction completed, the as-prepared precipi-
tate was filtered, washed with deionized water and
ethanol, and dried in air at 60˚C for 12 h. The doping
of Ag2SO4 onto ZnO was performed via impregnation
method. Briefly, 0.4 g of prepared ZnO was dispersed
in 40 mL deionized water. Then, 10 wt% Ag2SO4 was
added into above solution and the mixture was being
continuously stirred for 20 h. After stirring, the as-pre-
pared precipitate was filtered, washed with deionized
water for several times, dried in air at 60˚C for 12 h,
and finally calcined at 300˚C in air for 2 h.
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2.3. Characterizations

The composition and purity of prepared samples
were characterized by X-ray diffraction (XRD) using
Philips PW1820 diffractometer equipped with Cu Kα
radiation. Surface morphology and particle size of pre-
pared samples were analyzed by scanning electron
microscope (SEM) via Leo Supra 35Vp-24-58 (supplied
by Carl Zeiss, Inc.). Further determination of particle
size and shape were done by transmission electron
microscopy (TEM) on Philips CM 12 instrument. The
functional groups presented in the samples were ana-
lyzed by Fourier transform infrared spectroscopy
(FTIR) using Thermo Scientific Nicolet iS10 FTIR spec-
trometer. Diffuse reflectance spectroscopy (DRS) of
catalysts was tested in a Perkin Elmer Lambda 35
UV–vis spectrometer.

2.4. Measurement of photocatalytic activities

In this study, indigo carmine and phenol were
chosen as model pollutants to examine the photocat-
alytic activities of pure ZnO and 10 wt% Ag2SO4/
ZnO. The photocatalytic experiment was performed as
follow: 150 mg of catalyst powder was dispersed into
150 mL of 10 mg/L of model pollutant in a 500 mL
beaker. Prior to irradiation, the mixture was magneti-
cally stirred for 30 min in dark in order to achieve
adsorption–desorption equilibrium of pollutant on the
catalyst surface. Then, the mixture was irradiated
under outdoor lamp (Philips, 80 W) and bubbled with
air at flow rate 7 mL/min. The intensity of light strik-
ing on the solution surface was about 11,000 lux, as
measured by digital luxmeter. Samples were with-
drawn at specific time intervals and filtered twice
through 0.02 μm syringe filter in order to remove the
catalyst particles. The change of concentration of
indigo carmine at different time intervals was ana-
lyzed by UV–vis spectroscopy (Agilent, Cary 60) at
maximum wavelength of 609 nm. On the other hand,
the concentration of phenol samples were analyzed by
high-performance liquid chromatography (HPLC, Per-
kin Elmer Series 275). The HPLC analysis was per-
formed at 254 nm using mobile phase mixture of
water and acetonitrile at ratio 70:30 (v/v) at flow rate
of 0.2 mL/min. The total organic carbon (TOC) of
degradation of both pollutants was also measured
using a Shimadzu TOC-VCPH analyzer to determine
the extent of mineralization. The removal efficiency
and TOC removal for both pollutants can be obtained
by the following equations:

g %ð Þ ¼ C0 � Cð Þ=C0 � 100 (1)

g %ð Þ ¼ A0 � Að Þ=A0 � 100 (2)

TOC %ð Þ ¼ TOC0 � TOCð Þ=TOC0 � 100 (3)

where η(%) and TOC(%) are the pollutant removal
efficiency and TOC removal, respectively. C0 and
TOC0 are the initial concentration, C and TOC are the
concentration at specific time, A0 is the initial absor-
bance, and A is the absorbance at specific time.

2.5. Detection of active species

In order to examine the role of active species such
as hydroxyl radicals (�OH), positive charged hole (h+)
and superoxide anion radicals (�O�

2 ) toward the
degradation of IC and phenol, different scavengers
were used to quench the specific active species. The
experimental procedures were similar to the measure-
ment of photocatalytic activity except that 2 mM of
different radical scavengers were added into the
photocatalytic reaction.

3. Results and discussion

3.1. Characterization

Fig. 1 shows the XRD patterns of pure ZnO and
10 wt% Ag2SO4/ZnO. XRD analysis was carried out in
order to indentify the phase structures of the as-pre-
pared samples. In Fig. 1(a), it can be observed that the
diffraction peaks of pure ZnO appeared at 31.8˚, 34.4˚,
36.3˚, 47.5˚, 56.6˚, 62.8˚, 66.3˚, 67.8˚, 69.0˚, 72.5˚, and
76.9˚ which attributed to the crystal plane of ZnO at
(1 0 0), (0 0 2), (1 0 1), (1 0 2), (1 1 0), (1 0 3), (2 0 0),
(1 1 2), (2 0 1), (0 4 4), and (2 0 2), respectively. The
obtained results were in good agreement with the typi-
cal hexagonal wurtzite ZnO phase (JCPDS no. 36-1451)
[21,22]. No impurity peak was observed in pure ZnO.
In addition, the sharp diffraction peak revealed the
well crystalline structure of ZnO. Fig. 1(b) is the XRD
pattern of 10 wt% Ag2SO4/ZnO. The peak at
2θ = 28.0˚, 31.0˚, 33.8˚, 37.1˚ indicated the presence of
silver sulfate (Ag2SO4). This verified that Ag2SO4 were
successfully deposited on ZnO. However, the diffrac-
tion peaks for Ag2SO4 was not significant. This might
be due to the low amount of Ag2SO4 deposited on
ZnO. Besides, the XRD pattern also showed that the
introduction of Ag2SO4 on ZnO surface did not change
the crystalline structure of ZnO. The average crys-
talline sizes of the as-prepared catalysts were calcu-
lated using the Scherrer equation D = (0.94λ/β cos θ),
where D is the crystal size of catalyst, λ is the incident
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X-ray irradiation, β is the full width at half maximum,
and θ is the Bragg angle. The calculated crystalline size
of 10 wt% Ag2SO4/ZnO was 52.2 nm, which was
slightly higher than the pure ZnO (43.5 nm).

Fig. 2(a) and (b) shows the SEM images of pure
ZnO and 10 wt% Ag2SO4/ZnO. Although both images
demonstrated agglomeration of particles, each particle
boundary remained clearly shown. In addition, the
particles were in hexagonal shape with non-uniform
sizes. Therefore, it was hard to distinguish ZnO parti-
cles and Ag2SO4 from the SEM images. Hence, detail
particles morphologies were carried out using TEM
and the results are shown in Fig. 2(c) and (d). From
Fig. 2(c), pure ZnO in hexagonal shape were verified
with size ranging 226–260 nm. The shape of ZnO was
in agreement with the SEM observation. In addition,
clean and smooth surface can be observed on pure
ZnO particles. The Fig. 2(d) exhibits the TEM image of
10 wt% Ag2SO4/ZnO. It was clearly observed that
smaller particles of Ag2SO4 with sizes about 25–45 nm
attached on hexagonal ZnO surface. To further con-
firm the presence of Ag2SO4 on ZnO, the elemental
analysis of pure ZnO and 10 wt% Ag2SO4/ZnO was
also identified using the EDX (Fig. 3). The results con-
firmed the existence of Zn, O, Ag, and S elements
after the modification was done on pure ZnO.

The presence of metal oxide and dopants in as-pre-
pared catalyst were also identified by FTIR analysis.
The FTIR spectra of pure ZnO and 10 wt% Ag2SO4/
ZnO are shown in supplementary material, Fig. S1.
Both FTIR spectra were carried out in the range of
400–4,000 cm−1. It can be seen that the main absorp-
tion band appeared in the region 440 cm−1 for both
pure ZnO and 10 wt% Ag2SO4/ZnO [23,24]. This
strongest absorption peak attributed to the Zn–O
bonding which indicated the presence of ZnO in both
catalysts. Besides, no significant peak appeared within
the region of 500–4,000 cm−1, which demonstrated the
high crystalline of ZnO. On the other hand, there were
new bands which can be observed after the modifica-
tion of pure ZnO. By taking a close look on the region
of 650–750 cm−1 as in the inset of Fig. S1, a new band
located at the region of 660 cm−1 appeared for 10 wt%
Ag2SO4/ZnO. This absorption peak can be repre-
sented in the Ag–O bonding [25]. In addition, there
was a mild broad band at 1,100 cm−1 which denoted
the S–O vibration [26]. The peaks for both Ag–O and
S–O band were weak due to the tiny amount of
Ag2SO4 dopants added, but these two bands once
again verified that Ag2SO4 had been incorporated into
ZnO. While the broad band observed around
3,500 cm−1 revealed the occurrences of OH− on the

Fig. 1. XRD patterns of (a) pure ZnO and (b) 10 wt% Ag2SO4/ZnO.
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surface of both catalysts. This might be assigned by
the small amount of water molecules adsorbed into
the samples during the FTIR analysis.

The UV–vis DRS absorption spectra of pure ZnO as
well as 10 wt% Ag2SO4/ZnO in the range of 370–
700 nm are shown in supplementary material, Fig. S2. It
was clearly demonstrated that the band gap absorption
of both catalysts were around 400–410 nm. The absorp-
tion edge of pure ZnO was at 406 nm while for 10 wt%
Ag2SO4/ZnO was at 401 nm. Hence, the band gap ener-
gies could be calculated using the formula below [27]:

Eg ¼ hc=k ¼ 1240=k (4)

where Eg represents the band gap energy (eV), h is the
plank’s constant (4.135677 × 10−15 eVs), c is the veloc-
ity of light (3 × 108 m/s), and λ represents the wave-
length (nm) of adsorption edge. By using the formula
in Eq. (4), the band gap energies were calculated to be
3.05 and 3.09 eV for pure ZnO and 10 wt% Ag2SO4/

ZnO, respectively. A slight blue shift of 10 wt%
Ag2SO4/ZnO was observed compared to pure ZnO.
However, 10 wt% Ag2SO4/ZnO showed stronger
absorption band in the range of 400–700 nm compared
to pure ZnO. This revealed that the introduction of
Ag2SO4 on ZnO can strongly enhance the visible light
absorption which led to the generation of more elec-
tron–hole pairs under visible light irradiation. Accord-
ing to Ahmed et al. [14], the increase of visible light
absorption was due to the changing of dielectric con-
stant of ZnO surrounding matrix caused by Ag2SO4

doping. Thus, absorption property deduced that the
10 wt% Ag2SO4/ZnO could be promising in solar
photocatalysis.

3.2. Photocatalytic activity of Ag2SO4/ZnO

The photocatalytic activities of the Ag2SO4/ZnO
were evaluated for the removal of IC and phenol
under outdoor light illumination. The results are
shown in Fig. 4. Photolysis and darkness adsorption

Fig. 2. SEM images of (a) pure ZnO, (b) 10 wt% Ag2SO4/ZnO; TEM images of (c) pure ZnO, and (d) 10 wt% Ag2SO4/
ZnO.
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tests were also carried out as control experiments. In
the case of IC removal, the decolorization efficiencies
were almost negligible in both control experiments.
This indicated that the presence of catalyst and light
played essential roles in initiating the photocatalytic
removal of IC. In Fig. 4(a), the results also indicated
that the photocatalytic activity of ZnO was greatly
improved after impregnated with Ag2SO4. After
20 min irradiation, 97.8% of IC removal was achieved
by 10 wt% Ag2SO4/ZnO, which was 4.7 times higher
than commercial TiO2 and 7.2 times higher than pure
ZnO. The performance of 10 wt% Ag2SO4/ZnO can
also be observed from the UV–vis absorbance spectra
profiles of the IC solution collected at different time
intervals as shown in Fig. 4(b). The peak at 609 nm
which was the maximum peak of IC gradually
reduced and nearly disappeared after 20 min irradia-
tion. This indicated that almost complete removal of
IC had been achieved. The suggested degradation
pathway of IC was displayed in supplementary mate-
rial, Fig. S3. Basically, rupturing the chromophore
group of IC will lead to the decolorization of IC. The
active species presented in the reaction will first break
the C–C bond and C–N bond of the chromophore
group into various kinds of intermediate products.
The intermediate products formed including aromatic

intermediates such as anthranilic acid, nitrobenzalde-
hyde, and nitrobenzene, and aliphatic acids such as
fumaric acid. The continuous attacking of active spe-
cies will induce ring opening to form aliphatic acids
and eventually degraded to end products which were
CO2, NO�

3 and SO2�
4 . Since the intermediate products

in the photocatalytic degradation of IC was not identi-
fied in this study, the degradation pathway drawn by
Vautier et al. [28] was proposed in our system.

On the other hand, Fig. 4(c) demonstrated the
degradation of phenol in photolysis and darkness
adsorption tests was extremely low. Besides, it can be
observed that the 10 wt% Ag2SO4/ZnO showed the
highest phenol degradation efficiency (98.7%), which
once again revealed the modification of ZnO by
Ag2SO4 can effectively improve the photocatalytic
activity of ZnO. The degradation efficiency of 10 wt%
Ag2SO4/ZnO was 1.3 times higher than pure ZnO and
2.7 times higher than commercial TiO2. The time-de-
pendent HPLC profiles of phenol solution displayed
in Fig. 4(d) clearly showed that the phenol peak
appeared at retention time (RT) 5.7 min gradually
decreased with the increasing of reaction time. This
indicated the superior photocatalytic activity of 10 wt
% Ag2SO4/ZnO. In addition to the above-mentioned
main compound, the peaks at RT 1.1 and 3.3 min

Fig. 3. EDX of (a) pure ZnO and (b) 10 wt% Ag2SO4/ZnO.
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could be assigned to muconic acid and benzoquinone
intermediates, respectively, when compared with the
standard chemicals. This identification was in agree-
ment with that reported in our previous studies
[29,30]. The suggested degradation pathway of phenol
is shown in supplementary material, Fig. S4. The
attack of active species toward phenol led to the
formation of aromatic intermediate product such as
hydroquinone. It should also be noted that the benzo-
quinone would be generated due to dehydrogenation
reaction of hydroquinone [31]. These aromatic inter-
mediates would undergo ring cleavage reaction to
yield aliphatic acids such as muconic acid, which
would eventually convert to CO2 and H2O due to
decarboxylation [32].

3.3. Effect of initial pollutant concentration

The effect of initial pollutant concentration toward
the photocatalytic removal efficiency was investigated

and the results are shown in Fig. 5. The examined
range of initial concentrations varied from 10 to
50 mg/L for IC removal, while 10 to 40 mg/L for phe-
nol degradation. The results clearly showed that the
removal efficiencies for both pollutants decreased with
the increasing of the initial pollutant concentration.
Therefore, it can be concluded that the highest
removal rate for both pollutants was 10 mg/L.

Two presumed factors could hinder the degradation
of both pollutants when their initial concentration was
high. Firstly, the increased amount of 2,4-DCP may
occupy a greater number of active sites of photocata-
lysts, which then suppressed generation of the active
species and resulted in a lower removal rate [18,33,34].
Secondly, with the increase in the pollutant concentra-
tion, the photons absorbed by the pollutants were more
than that of photocatalyst [35,36]. Consequently, fewer
photons managed to activate the photocatalyst surface
essentially decreased the removal efficiency of the cata-
lysts when high concentrated pollutant was used.

Fig. 4. (a) Photocatalytic performance of Ag2SO4 deposited ZnO with various Ag2SO4 content in IC solution, (b) UV–vis
absorbance spectra of IC solution in the presence of 10 wt% Ag2SO4/ZnO at difference time interval, (c) photocatalytic
performance of Ag2SO4 deposited ZnO with various Ag2SO4 content in phenol solution, and (d) HPLC profile of phenol
degradation by 10 wt% Ag2SO4/ZnO at different time interval. (Amount of catalyst: 1 g/L, concentration of pollutant:
10 mg/L, air flow rate: 7 mL/min, pH 7 (IC); 5 (phenol)).
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3.4. Kinetic study

Since initial pollutant concentration has significant
influence on the pollutant degradation rate, kinetic
studies of photocatalytic removal of different initial
pollutant concentrations were calculated and dis-
played in Fig. 5(c) and (d). The obtained straight lines
revealed that the photocatalytic reaction obeyed
pseudo-first-order kinetics according to Langmuir–
Hinselwood (L–H) kinetic model which could be
expressed in Eq. (5) [37]:

d C½ �=dt ¼ kapp C½ � (5)

where kapp is the apparent pseudo-first-order rate
constant. The integration of Eq. (5) will give Eq. (6).

ln C0=Cð Þ¼ kappt (6)

where C0 refers to initial pollutant concentration, C is
the pollutant concentration at specific time, kapp is
apparent rate constant, and t refers to time (min).

The calculated apparent rate constant (kapp) of dif-
ferent initial concentrations of IC and phenol are shown
in Table 1. The kapp value decreased with the increase
of initial pollutant concentration and maximum value
was obtained at 10 mg/L for both pollutants.

3.5. Effect of initial pH

It was crucial to study the effect of initial pH as it
played an important role in pollutant removal effi-
ciency. In this study, the pH solution for both pollutants

Fig. 5. (a) Effect of initial IC concentration on the photocatalytic decolorization of IC, (b) effect of initial phenol concentration
on the photocatalytic degradation of phenol, (c) kinetics study of photocatalytic removal of IC for different initial concentra-
tion by 10 wt% Ag2SO4/ZnO, and (d) kinetics study of photocatalytic degradation of phenol for different initial concentra-
tion by 10 wt% Ag2SO4/ZnO. (Catalyst: 10 wt% Ag2SO4/ZnO, amount of catalyst: 1 g/L, air flow rate: 7 mL/min, pH 7 (IC);
5 (phenol)).
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was varied from range 3.0–9.0 by adjustment of
hydrochloric acid (HCl) and sodium hydroxide
(NaOH). The natural pH was determined to be 7.0 for
IC and 5.0 for phenol. Fig. 6 illustrates the removal effi-
ciencies of IC and phenol as a function of solution pH.
From Fig. 6(a), the removal efficiency of IC increased
with increase in solution pH from pH 3.0 to 7.0, while
the removal efficiency dropped with further increase in
solution pH to 9.0. In the case of phenol as depicted in
Fig. 6(b), the maximum degradation was attained at pH
5.0. This was in line with the results reported by few
available studies [38,39].

It was known that pH of solution affected the
adsorption of pollutant molecules on ZnO surface.
The point of zero charge (pHzpc) of ZnO was reported
to be 8.6 [40]. When the solution pH was lower than
pHzpc, the catalyst surface acquired a net positive
charge; hence IC anionic dye and phenol molecules
could easily adsorb on the surface of ZnO due to the
electrostatic attraction. It was interesting to note that
the removal for both pollutants reached optimum at
their natural pH. At high acidic condition (pH 3), the
solution was adjusted by HCl, the presence of Cl−

anions in acidic solution might lead to the competition
between pollutant molecules, and Cl− anions for the
adsorption of active site on ZnO surface, thus
decreased the photocatalytic activity of 10 wt%
Ag2SO4/ZnO [41]. However, at natural pH, the solu-
tion did not acquire any pH adjustment, hence Cl−

anions did not exist. In the absence of Cl− anions in
solution, maximum adsorption of anionic dye mole-
cules and phenol molecules on 10 wt% Ag2SO4/ZnO
surface were achieved and led to the high removal
efficiency of both pollutants.

On the contrary, at higher pH, the surface of 10 wt
% Ag2SO4/ZnO was in negatively charge. The electro-
static repulsion between 10 wt% Ag2SO4/ZnO with
anionic indigo carmine dye and phenolate anions
caused the poor adsorption of pollutant molecules
onto the surface of photocatalyst. This led to the low
pollutants removal efficiency. Moreover, the alkaline

solution was adjusted with NaOH. The competition of
Na+ and OH− ions with the pollutant molecules for
the adsorption sites on catalyst surface can also lead
to lower photocatalytic activity [42].

3.6. Mineralization of IC and phenol

In order to investigate the mineralization extent of
IC and phenol over 10 wt% Ag2SO4/ZnO, the irradi-
ated solution also analyzed by TOC. The results of TOC
removal for both pollutants are displayed in Fig. 7. It
showed that the TOC concentration decreased gradu-
ally with reaction time as the pollutants removed. This
verified the progressive mineralization of pollutants
resulting from an effective decomposition of aromatic
intermediates. After 20 min irradiation, 66% of TOC
removal was observed with the removal of IC. In the
case of phenol, maximum TOC removal was observed
at 70% after 300 min irradiation. The slight difference
between the TOC and degradation percentage revealed
the existence of incomplete mineralized organic carbon
in the pollutant solutions [43].

3.7. Role of active species

The role of active species was carried out by per-
forming the radical scavengers test. Different radical
scavengers were loaded into the photocatalytic reac-
tion in order to quench the specific active species. In
this study, ethanol was employed as �OH scavenger in
the photocatalysis reaction [29], sodium iodide (NaI)
was chosen to quench h+ [43], while p-benzoquinone
(BQ) was introduced as �O�

2 scavenger [44]. The effects
of these scavengers toward the pollutants degradation
are shown in Fig. 8.

As can be seen, the photocatalytic degradation of
both pollutants was greatly suppressed in the pres-
ence of scavengers. The extent of decrease in the
degradation efficiency that induced by the scavenger,
indicating the importance of the corresponding active
species. Hence, these results suggested that hole and

Table 1
The value of apparent rate constant (kapp) and correlation coefficient (R2) at different initial pollutants concentrations

Initial pollutants concentration (mg L−1)

kapp (min−1) R2

IC Phenol IC Phenol

10 0.1641 0.6743 0.9238 0.9120
20 0.0337 0.2427 0.9957 0.9670
30 0.0190 0.2254 0.9000 0.9702
40 0.0118 0.1026 0.9448 0.9510
50 0.0097 0.0858 0.9322 0.9858
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�O�
2 were the main active species responsible in

degradation of IC. In the case of phenol, hole, �O�
2 and

�OH were the main active species contributed in
degradation of phenol. The results obtained were in
line with other studies as well [45,46].

3.8. Mechanism study for photocatalytic removal of IC and
phenol

Fig. 9(a) illustrates the mechanism scheme
proposed for the photocatalytic decolorization of IC.

Fig. 6. (a) Effect of solution pH on the photocatalytic removal of IC, and (b) effect of solution pH on the photocatalytic
degradation of phenol. (Catalyst: 10 wt% Ag2SO4/ZnO, amount of catalyst: 1 g/L, concentration of pollutants: 10 mg/L,
air flow rate: 7 mL/min).

Fig. 7. TOC removal of (a) indigo carmine, and (b) phenol over 10 wt% Ag2SO4/ZnO (amount of catalyst: 1 g/L,
concentration of pollutant: 10 mg/L, air flow rate: 7 mL/min, pH 7 (IC); 5 (phenol)).
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Dye had self-sensitized properties under visible light
irradiation, which is known as photosensitized effect
[42,47]. When sufficient photon energy is provided, the
adsorbed dye pollutants are excited (dye*). The photo-
generated electron (e−) will be injected to the conduc-
tion band (CB) of ZnO. At the mean time, ZnO also
received sufficient photon energy that will promote the
excited e− from valance band (VB) to CB of ZnO, leav-
ing holes (h+) behind. According to few available stud-
ies [48,49], Ag2SO4 can receive e- and reduced to Ag.
The presence of Ag on ZnO can effectively trap the e-

from CB of ZnO to inhibit the recombination of photo-
generated electron–hole pairs. The trapped e− was then
transferred to the surface and reacted with the oxygen
molecules (O2) to form reactive superoxide radical
anions (O��

2 ). The O��
2 can undergo a series of reaction

and converted to �OH radicals. On the contrary, the h+

in VB of ZnO can receive e− from hydroxyl ions (OH−),
water molecules (H2O) and sulfate anions (SO2�

4 )
which dissociated from Ag2SO4, generating reactive
�OH and SO��

4 radicals. The dye�þ which lost e− were
extremely unstable and easily degraded upon reacted
with highly reactive �OH and SO��

4 radicals. The
mechanism of IC decolorization for Ag2SO4/ZnO can
be summarized as below [50–53]:

dye + hv ! dye� (7)

dye� þ ZnO ! dye�þ þ ZnO ðe�Þ (8)

ZnO + hv ! ZnO e� + hþ� �
(9)

ZnOðe�Þ þO2 ! O2
�� (10)

O2
�� þHþ ! �HO2 (11)

�HO2 þHþ þ e� ! H2O2 (12)

H2O2 þ e� ! �OHþOH� (13)

OH� þ hþ ! �OH (14)

H2Oþ hþ ! �OHþHþ (15)

SO2�
4 þ hþ ! SO��

4 (16)

SO2�
4 þ �OH ! SO��

4 þOH� (17)

On the other hand, the mechanism for the photocat-
alytic degradation of phenol is slightly different from
photocatalytic removal of IC as phenol does not have
self-sensitized properties as shown in Fig. 9(b). The
mechanism of the charge transfer for phenol degrada-
tion can refer to Eqs. (9)–(17). The Ag deposited in the
ZnO surface which reduced from Ag2SO4 can act as a
good electron sink and promoted the interfacial
charge-transfer between Ag and ZnO. At the same
time, the h+ leaving behind can accept e− from OH−,
H2O and SO2�

4 generating �OH and SO��
4 radicals.

Thus, continual charge transfer and rapid separation
of e−–h+ pairs enhanced the yield of highly reactive
species in the degradation of pollutants, which further
improved the photocatalytic activity of Ag2SO4/ZnO.

4. Conclusion

In summary, Ag2SO4/ZnO was successfully syn-
thesized by a simple impregnation method and con-
firmed by XRD, SEM, TEM, EDX, FTIR, and UV–vis
DRS measurements. The photocatalytic activity of
Ag2SO4/ZnO was tested in IC and phenol removal
under irradiation of outdoor light. The Ag2SO4/ZnO
exhibited superior pollutant removal efficiencies com-
pared to pure ZnO and commercial TiO2. The high
photocatalytic performance of Ag2SO4/ZnO was due
to the cooperative role between photo-reduced Ag and
ZnO enhanced the separation of photogenerated

Fig. 8. Effect of various radical scavengers toward the
photocatalytic removal of (a) indigo carmine, and (b) phenol
over 10 wt% Ag2SO4/ZnO. (Amount of catalyst: 1 g/L, con-
centration of pollutant: 10 mg/L, air flow rate: 7 mL/min,
pH 7 (IC); 5 (phenol)).
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electron–hole pair. The investigation of photocatalytic
ability also showed that the Ag2SO4/ZnO was affected
by initial pollutant concentration and solution pH.
High degradation of both pollutants was observed at
initial pollutant concentration of 10 mg/L and at natu-
ral pH. Furthermore, the as-synthesized Ag2SO4/ZnO
also exhibited a high mineralization capacity of IC
and phenol. Hence, Ag2SO4/ZnO could be a potential
photocatalyst applied in wastewater remediation and
environmental protection.

Supplementary material

The supplementary material for this paper is
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