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a b s t r a c t
Silver-supported zinc oxide catalysts were tested for the photodegradation of methyl orange (MO) 
and methylene blue (MB) dyes under UV irradiation at 25°C. These Ag/ZnO catalysts, which vari-
able silver loadings (1, 2 and 3 wt.%) were prepared by impregnation and characterized by atomic 
absorption spectroscopy, N2 adsorption–desorption, X-ray diffraction (XRD), transmission electron 
microscopy, diffuse reflectance spectroscopy, X-ray photoelectron spectroscopy (XPS), and Fourier-
transform infrared spectroscopy. The XRD, high-resolution transmission electron microscopy and 
XPS results revealed that ZnO was wurtzite phase, and metallic silver (Ag0) was the support in 
ZnO nanorods; the crystal sizes were 72 and 18.4 nm in ZnO and Ag0, respectively. The experi-
mental results showed that the xAg/ZnO catalysts were highly active in MO and MB degradation 
compared with the zinc oxide supports because of the presence of metallic silver, which acted as 
an electron trap, thus inhibiting the electron-hole recombination. The 2Ag/ZnO catalyst exhibited 
greater degradation activity in both dyes, reaching 100% degradation after 30 and 90 min in MB 
and MO, respectively, because of the greater dispersion of the silver and the higher concentra-
tion of hydroxyl groups on the surface compared with the other catalysts. The effects of differ-
ent scavengers of the main species involved, such as hydroxyl radicals, superoxide anions radi-
cals and positive holes, which were studied to determine the photodegradation mechanisms of the 
dyes on these systems. The superoxide radical was the main reactive species during the photocat-
alytic degradation of MB and MO. Moreover, 2Ag/ZnO catalyst exhibited excellent photocatalytic 
stability and activity after five cycles.
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1. Introduction

The most common contaminants in wastewater are 
dyes derived from manufacturing industries as dyestuffs, 

textiles, paper, food, cosmetics, leathers and plastics [1]. 
These dyes in wastewater, even at very low concentrations, 
can potentially harmful to human health [2]. Organic dye 
molecules usually possess one or more benzene rings, which 
resist degradation by conventional biological and chemical 
methods [3,4].
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The technologies implemented to eliminate dyes in 
water are classified into two groups: one includes the 
separation of contaminant by adsorption, ion exchange, 
biological, precipitation [3–6]. Nevertheless, these meth-
ods are not destructive, and they concentrate or change the 
organic pollutions from the aqueous phase to a solid phase. 
Thus, additional costs are required to treat secondary pol-
lutants and regeneration of the used adsorbent [7]. The sec-
ond group includes the degradation the contaminants, by 
advanced oxidation processes based on the generation of 
oxidizing chemical species such as hydroxyl radicals (•OH) 
and superoxide radicals (O2

•–), with UV irradiation, which 
led to their almost complete mineralization them CO2 and 
water [8–10]. In a typical heterogeneous photocatalytic 
process during the ultraviolet irradiation of a semiconduc-
tor in which the photogenerated electron-hole (e–/h+) pairs 
on the valence and conduction band reacted with dissolved 
oxygen and hydroxyl ion to form O2

•– and •OH radicals, 
respectively, these radicals act as strong oxidizing agents 
for dye degradation because rapid oxidation was achieved 
at parts per billion (ppb) levels [11]. In recent years, semi-
conductor mediated photocatalysis has attracted interest 
because of its potential to destroy a wide range of organic 
and inorganic pollutants under ambient conditions without 
the production of harmful products [12]. The application 
of ZnO as a photocatalyst in the degradation of methylene 
blue (MB) and methyl orange (MO) dyes has attracted much 
attention because of its low cost, non- toxicity, high photo-
sensitivity, wide bandgap and high chemical stability in 
association with the degradation of organic compounds [13–
16]. Unfortunately, the recombination of e–/h+ pairs in the 
existing methods reduce its photocatalytic activity ability. 
So far, different methods of doping and supporting of semi-
conductors have been used to increase the photocatalytic 
activity of a single semiconductor [17]. In addition, cata-
lytic improvement in the photodegradation dyes has been 
achieved by incorporating silver into ZnO; the presence of 
silver decreased the bandgap [18–20] and prevented elec-
tron-hole combination. This method has been shown to 
have remarkable catalytic potential, low cost, non-toxicity, 
high electrical, thermal conductivity and antibacterial activ-
ity [16,21]. Therefore, the combination of Ag and ZnO may 
offer an interesting solution. Several Ag and ZnO photo-
catalysts with different morphologies have been studied. 
Saravanan et al. [21] used ZnO/Ag in the degradation of 
MB and MO; Kuriakose et al. [22] used ZnO nanospindles 
with Ag nanoparticles in the degradation of MO; Zhang et 
al. [23] showed the photocatalytic performance of Ag/ZnO 
samples in the degradation of MB with visible light irra-
diation; Ansari et al. [24] used an Ag–ZnO nanocomposite 
in the photodecomposition of MO, MB and 4-nitrophenol 
with visible light; Lu et al. [25] used Ag on ZnO nanorods 
in the degradation of MO with a UV lamp.

In this present study, we studied prepared and char-
acterized Ag/ZnO catalysts that are useful in the photo-
degradation of MB and MO under UV irradiation. When  
photodegradation occurred, silver loading was evaluated. 
The effects of different scavengers of main species involved, 
such as hydroxyl radicals, superoxide radicals anion and pos-
itive holes, were investigated to determine photodegradation 
mechanisms of the dyes. The correlation between structure 

and activity was established to elucidate the parameters 
governing the catalytic activity.

2. Methodology

2.1. Materials

The materials used in our experiments were zinc(II) 
oxide (ZnO, Merck, Kenilworth, New Jersey, United States 
of America), silver(I) nitrate (AgNO3, Sigma-Aldrich, 
St. Louis, Missouri, United States of America), methyl orange 
(C14H14N3NaO3S, Sigma-Aldrich, St. Louis, Missouri, United 
States of America), methylene blue (C16H18ClN3S, Sigma-
Aldrich, St. Louis, Missouri, United States of America), cou-
marin (C9H6O3, Sigma-Aldrich) and ammonium oxalate 
((NH4)2C2O4, Sigma-Aldrich, St. Louis, Missouri, United 
States of America).

2.2. Preparation of photocatalysts

Ag/ZnO catalysts were prepared by incipient wetness 
impregnation at different concentrations 0.09, 0.18 and 
0.28 mol/L of AgNO3 in 1 g of ZnO. After impregnation, the 
solids were dried at 40°C and calcined for 3 h at 500°C at 1°C/
min. The catalysts were labeled as xAg/ZnO, where x refers 
to the Ag wt.% in the catalysts (x = 1, 2 and 3).

2.3. Samples characterization

The quantification of the silver content was determined 
by atomic absorption spectroscopy (AAS) using a Varian 
AA240FS (Palo Alto, California, United States of America). 
The surface area Brunauer–Emmett–Teller (SBET), pore volume 
(Vp) and pore diameter (dp) were obtained from N2 adsorp-
tion–desorption isotherms of the photocatalyst at –196°C 
using a Micromeritics ASAP 2020 system (Micromeritics, 
Norcross, GA, USA). Prior to the N2 adsorption–desorption, 
samples were degassed overnight at 500°C and 10–4 mbar. 
SBET was calculated by the BET method [26]. Powder X-ray 
diffraction (XRD) analysis was performed on Bruker Model 
D8 Advance (Madison, Wisconsin, United States of America) 
using Mo Kαl (070932 Å) at 50 kV and 50 mA over a range 
of 10°–70° at a step time of 2.5 s and a step size of 0.01° to 
identify the crystalline phases and particle size. The crystal-
line sizes were calculated using the Scherrer method [27]. 
The surface morphology of the photocatalyst was examined 
by transmission electron microscopy (TEM) (JEOL 2010 F, 
Peabody, Massachusetts, United States of America). Diffuse 
reflectance spectroscopy (DRS) of the sample were obtained 
using a UV-vis spectrophotometer with an integrating sphere 
(Lambda 20, Perkin Elmer, Waltham, Massachusetts, United 
States of America). The bandgap energy (Eg) was determined 
as the intersection point between the energy axis and the line 
extrapolated from the linear portion of the absorption edge 
in a Kubelka-Munk function (F) plot against energy E (eV) 
[28]. X-ray photoelectron spectroscopy (XPS) were obtained 
using a Physical Electronics PHI 5700 spectrometer (Ulvac-
Phi, Chanhassen, MN, USA) equipped with non-monochro-
matic Mg Kα radiation (500 W, 15 kV and 1,253.6 eV) and 
a multichannel detector. All spectra were measured in all 
cases using a constant pass energy mode at 29.35 eV, and a 
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diameter analysis area of 720 µm. The adventitious carbon (C 
1s at 284.8 eV) was used as a reference. The A PHI ACCESS 
ESCA-V6.0F software package (Ulvac-Phi, Chanhassen, MN, 
USA) was used to collect and analyze the data. The signals 
were subtracted based on a Shirley-type background and fit-
ted using Gaussian-Lorentzian curves to estimate the bind-
ing energies of the different element core levels. The surface 
hydroxyl groups were analyzed using Fourier-transform 
infrared spectroscopy (Perkin Elmer Frontier FTIR).

2.4. Photocatalytic activity

The photocatalytic degradations of MB and MO were 
studied under UV irradiation at 25°C. The reaction was 
carried out in a discontinuous mechanical stirring photo-
reactor at a reaction volume of 500 mL with a 400 W UV 
lamp. The lamp was placed inside a quartz container with 
two cabins: one contained the lamp and the other passed 
water into a recirculation channel for temperature control. 
Before irradiation, 150 mg of catalyst was added to the 
dye solution (0.45 L) and magnetically stirred in the dark 
for 30 min to reach adsorption equilibrium. Afterward, the 
UV lamp was switched on, and aliquots of the aqueous sus-
pension were collected from the reactor every 5 min. The 
concentrations of MB and MO were determined by a UV-vis 
spectrophotometer (Agilent 8453, Santa Clara, California, 
United States of America) at 664 and 463 nm for MB and 
MO, respectively. The degradation efficiency was calcu-
lated as (C0 – C)/C0, where C0 is the initial concentration and 
C is the temporal concentration after degradation.

2.5. Detection of hydroxyl and superoxide radicals and study of 
the positive hole

The concentration of hydroxyl radicals (•OH) gener-
ated by the formation of 7-hydroxycoumarin was traced 
by fluorescence spectroscopy (LS55, Perkin Elmer, 320 nm 
wavelength) [29]. For this purpose, a 2 mM coumarin 
solution was prepared, and 0.166 g of the photocatalysts to be 
studied were added. After the solution was irradiated with 
UV light for 30 min at 25°C, 5 mL aliquots were extracted 
at 5 min intervals. Finally, the fluorescence emission 
spectra of the irradiated solution were analyzed with ZnO  
as reference.

The absence of superoxide radicals (O2
•–) was carried 

out with bubbled nitrogen in a solution containing 20 ppm 
solution of dye and 0.166 g of photocatalyst [30]. The solution 
was irradiated with UV light for 30 min at 25°C, and 5 mL 
aliquots were extracted at 5 min intervals for analysis by 
UV-vis spectrophotometry.

The evaluation of the capture of the positive hole using 
ammonium oxalate as the sacrificial agent was carried by 
bubbled nitrogen and an oxygen atmosphere [31,32] in a 
solution containing 20 ppm of dye, 4 mM of (NH4)2C2O4 
and 0.166 g of the photocatalyst. The solution was irradi-
ated with UV light for 30 min at 25°C, and 5 mL aliquots 
were extracted at 5 min intervals for analysis by UV-vis 
spectrophotometry.

2.6. Determination of nitrate and sulfate ions

Nitrate ions (NO3
–) were analyzed by the cadmium 

reduction method using the NitraVer low range kit Hach 
(Loveland, Colorado, United States of America). Sulfate ions 
(SO4

2–) were analyzed by the turbidimetric method, and the 
results showed that the SO4

2– ions reacted with barium ions to 
form barium sulfate [33]. Turbidity was measured by spec-
trophotometry using a GENESYS 10S UV-Vis spectrometer 
(Thermo Scientific, Waltham, Massachusetts, United States 
of America).

3. Results and discussion

3.1. Characterization

The silver content of each catalyst, as determined by 
AAS, is shown in Table 1. The Ag content of the synthesized 
xAg/ZnO catalysts varied between 0.9 and 3.1 wt.%.

The N2 adsorption–desorption isotherms at –196°C 
for ZnO and ZnO loaded with Ag are shown in Fig. 1. 
All samples are of typical IV isotherms according to the 
International Union of Pure and Applied Chemistry clas-
sification with H3 hysteresis [34]. In the present type of 
hysteresis loop, the pores of the catalysts were slit-shaped, 
which occurred between disordered aggregates of plate-
like particles [34]. The form of the adsorption isotherm of 
ZnO was preserved in the silver-containing catalysts, after 
impregnation and subsequent calcination. The pore size 
was calculated by the Barrett–Joyner–Halenda method 
using the desorption branch of the isotherm which showed 
smaller mesopores [35]. Pore sizes of all catalysts ranged 
from 3–4 nm [23].

The textural parameters of the catalysts revealed that 
SBET progressively decreased with metal loading (Table 1). 
These results can be due to the input limitation of ZnO by 
Ag nanoparticles and the blocking of the ZnO pore openings 
by silver deposition [12].

The XRD powder patterns of ZnO and Ag-containing 
ZnO samples are shown in Fig. 2. For ZnO, XRD peaks at 
2θ(°) = 31.8, 34.5, 47.5, 56.5, 62.9, 66.4, 67.9 and 69.2 were 

Table 1
Physicochemical characterisation of ZnO and xAg/ZnO catalysts

Sample Ag loading (wt.%) ZnO (nm) Ag (nm) SBET (m2/g) dp (nm) Vp (cm3/g)

ZnO – 74.6 – 4.6 14.2 0.01
1Ag/ZnO 0.9 69.9 10.1 4.4 21.1 0.02
2Ag/ZnO 2.0 72.6 18.4 4.0 20.9 0.01
3Ag/ZnO 3.1 74.0 30.0 4.1 20.8 0.02
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observed, corresponding to (100), (002), (101), (102), (110), 
(103), (200), (112) and (201), crystallographic planes of the 
hexagonal wurtzite ZnO phase [JCPDS No. 01–080–0074], 
respectively [22,36]. Moreover, xAg/ZnO photocatalysts 
showed additional diffraction peaks at 2θ(°) = 38.2, 45.0 
and 63.0, which corresponded to (111), (200) and (220), crys-
tallographic planes of the metallic silver (Ag0) cubic phase 
[JCPDS No. 01–087–0597] [36]. The intensity of the Ag0 peaks 
increased as the amount of silver in ZnO increased, which 
indicated that the size of the metal Ag particles increased. 
The particle sizes were calculated using the Scherrer for-
mula [27]. The results of the calculations showed that the 
average crystal size of ZnO in Ag supported in the ZnO 
catalyst was constant at approximated 70 nm (Table 1). The 
increase in the sizes of silver crystallite in xAg/ZnO was 
greater at higher silver loadings, which was due to increases 
in the initial concentration of AgNO3 and to changes in ionic 
radii of 1.26 and 0.74 Å for Ag and Zn2+, respectively, [36,37]. 
The average crystallite size for Ag varied from 10 to 30 nm 
among the sample (Table 1).

Fig. 1. N2 adsorption–desorption isotherms at –196°C and pore size distributions of ZnO (a), 1Ag/ZnO (b), 2Ag/ZnO (c) and 
3Ag/ZnO (d).

Fig. 2. XRD patterns of ZnO, 1Ag/ZnO, 2Ag/ZnO and 3Ag/ZnO.
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The corresponding micrographs of the samples are 
included in Fig. 3. The TEM micrographs revealed that the 
ZnO were nanorods, and the particle sizes were varied. 
Cylindrical and quasi-spherical shapes were observed after 
the incorporation of silver in ZnO. Moreover, Ag nanopar-
ticles were not found in our TEM observations, which indi-
cated that all metallic Ag nanoparticles are dispersed in 
ZnO nanorods. The diameter of the Ag nanoparticles was 
15, 20 and 30 nm for 1Ag/ZnO, 2Ag/ZnO and 3Ag/ZnO, 
respectively.

The surface morphology of the 2Ag/ZnO catalyst was 
analyzed by high-resolution transmission electron micros-
copy (HR-TEM); the images are shown in Fig. 4. The image 
revealed a distinguishable interface and the continuity of 
lattice fringes between the ZnO nanorods and the metallic 
Ag nanoparticles, which confirmed the formation of a chem-
ical bond between them. In Fig. 4, the image also shows the 
uniform lattice structure and the single-crystalline nature 
of the ZnO nanorod. The spacing between adjacent lattice 
fringes was 2.6 Å, which is close to the d spacing of the (002) 
plane of ZnO [24]. In contrast, the Ag nanoparticle showed 
lattice fringes at the interplanar spacing of 2.4 Å, which 
corresponded to the (111) planes of the face-centered cubic 

phase of metallic Ag [22,24]. The fast Fourier transform pat-
tern also confirmed that FCC metallic Ag along the (002) 
plane was 2.04 Å (Fig. 4) [22]. The HR-TEM results agreed 
with the XRD (Fig. 2).

The DRS of ZnO, 1Ag/ZnO, 2Ag/ZnO, and 3Ag/ZnO are 
shown in Fig. 5a. The Ag0 nanoparticles might have inter-
acted covalently interact with ZnO, thus reducing its band-
gap. Metal doping produced some energy levels between 
the valence band and conduction band in ZnO. Therefore, 
the Ag containing ZnO photocatalysts can be ascribed to 
the charge transfer between the valence or conduction 
band and the energy levels formed by silver [37]. In addi-
tion, UV-vis spectra in the diffuse reflectance mode were 
transformed to the Kubelka-Munk function to determine 
the bandgap energy (Eg) in the photocatalysts (Fig. 5b) 
[28]. The Eg values for ZnO, 1Ag/ZnO, 2Ag/ZnO, and 3Ag/
ZnO were 3.20, 3.17, 3.18 and 3.19 eV, respectively, which 
were lower than the 3.20 eV value of ZnO. The observed 
bandgap of ZnO decreased as the silver concentration 
increased from 1% to 3%. These results confirmed than 
the xAg/ZnO catalysts were active in the UV region [38].

To determine the surface components and oxidation 
states of the Ag, Zn and O present in this photocatalysis, the 

Fig. 4. HR-TEM micrograph of 2Ag/ZnO catalyst.

 

(a) (b) (c) (d) 

Fig. 3. TEM micrographs of ZnO (a), 1Ag/ZnO (b), 2Ag/ZnO (c) and 3Ag/ZnO (d).
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XPS of these samples was registered. The binding energy 
values of Ag 3d, Zn 2p and O 1s are presented in Fig. 6. 
The Ag 3d core-level spectra with doublet Ag 3d3/2 and Ag 
3d5/2 at 373.5 and 367.5 eV, respectively, were attributed 
to silver metallic (Ag0) [25,39,40], which was supported 
by the XRD patterns and HR-TEM. In all catalysts, the Zn 
2p3/2 binding energy value was 1,021.6 eV, indicating an 
oxidation state of Zn2+ in the form of ZnO (Fig. 6b) [21,24]. 
Fig. 6c shows that the decomposition of the O 1s core-
level spectra was split into two contributions at 530.1 eV, 
which was attributed to the lattice oxygen of ZnO [41], 
whereas the contribution at 531.8 eV was to the surface OH 
groups [21,25]. The area of 2Ag/ZnO catalyst was greater 
than the areas of 1Ag/ZnO and 3Ag/ZnO, indicating that 
the 2Ag/ZnO sample possessed a greater number of OH 
groups on the surface. Remarkably, the surface hydroxyls 
generate primary active •OH radicals, which are highly 
significant for photocatalyst [23].

FTIR spectra of 1Ag/ZnO, 2Ag/ZnO and 3Ag/ZnO 
are shown in Fig. 7. The spectra are similar in all sam-
ples. The absorption band peak at 436 cm–1 was attributed 
to Zn–O stretching [42]. The peak observed at 3,385 cm–1 
corresponded to the stretching vibration of the O–H bond. 
These stretching vibrations indicated the presence of 
water molecules on the surface of the samples [38].

3.2. Catalytic activity

The results of the degradation of MB and MO under 
UV irradiation with the catalysts at 25°C are presented 
in Fig. 8. Fig. 8a shows the photocatalytic results for the 
degradation of MO; Fig. 8b shows those related to MB. 
The experiments performed without catalyst and with 
illumination showed no dye degradation, which indicated 
that the catalyst was essential for rapid photodegradation. 
Pure ZnO showed lower photocatalytic activity than the 

Fig. 5. Diffuse reflectance spectra (a) and plot of transferred Kubelka-Munk vs. energy (b) of the light absorbed of the catalysts.

Fig. 6. XPS spectra of Ag 3d, Zn 2p and O 1s signals for ZnO, 1Ag/ZnO, 2Ag/ZnO and 3Ag/ZnO.
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xAg/ZnO samples did, which was likely due to the rapid 
recombination of photogenerated electrons-holes pairs 
[23,24]. The higher photocatalytic activity of the xAg/ZnO 
catalysts could be associated with metallic silver, which 
acted as an electron trap and inhibited e––h+ recombination 
[18,22,25,36]. The best performance was achieved by the 
2Ag/ZnO catalyst, which required 30 and 90 min to pho-
todegrade MB and MO, respectively. The degradation of 
MO and MB in 2Ag/ZnO was a function of many physical 
and chemical parameters, including BET surface area, sil-
ver nanoparticles dispersion on ZnO and higher amounts 
of surface OH groups (Fig. 6c). The order of photocatalytic 
activity by the catalyst was as follows: 2Ag/ZnO > 3Ag/
ZnO > 1Ag/ZnO > ZnO. The differences in the degradation 
of both dyes were due to the anionic (MO) and cationic (MB) 
natures of the molecules. MO reacted with cationic elements 
of the catalyst, whereas MB interacted with Columbic forces 
with the anionic elements (OH groups) [43]. The result that 

MB degraded more rapidly than MO indicated the presence 
of a large population of surface hydroxyl groups (Fig. 6c).

The degradation of MB and MO was deemed a pseudo- 
first-order reaction. The photocatalytic process was 
expressed as follows ln(C0/Ct) = kt + A, where t is irradia-
tion time and k is a pseudo-first-rate kinetic constant [44]. 
The kinetics of the catalysts in the photodegradation of the 
dyes are presented in Fig. 9. The k value was decided by lin-
ear fitting for various catalysts. The k values for MO were 
0.017, 0.030, 0.050 and 0.035 min–1 in ZnO, 1Ag/ZnO, 2Ag/
ZnO and 3Ag/ZnO, respectively. The rate constants for MB 
were 0.023, 0.096, 0.184 and 0.114 min–1 in ZnO, 1Ag/ZnO, 
2Ag/ZnO and 3Ag/ZnO, respectively. The results showed 
that the k values of all Ag/ZnO samples were higher than 
those of ZnO. The 2Ag/ZnO catalyst exhibited the largest 
photocatalytic performance in MB and MO.

3.2.1. Detection of hydroxyl and superoxide radicals and the 
study of positive holes

In the mechanism of photocatalytic degradation, the 
2Ag/ZnO catalyst was the most active, so it was selected to 
observe the following (1) the possible formation of •OH radi-
cals; (2) the role of O2

•– radicals based on bubbled nitrogen in 
the reaction; (3) the influence of the positive hole (h+) in the 
photocatalytic process by (NH4)2C2O4 as the hole collector.

The possible production of •OH radicals was evaluated 
by fluorescence spectroscopy using coumarin to capture 
them and form 7-hydroxycoumarin. This compound exhib-
ited a characteristic emission band between 400 and 600 nm, 
as shown in Fig. 10. The intensity of the signal due to the 
7-hydroxycoumarin compound was lower in the 2Ag/
ZnO catalyst, which implies that the amount of •OH radi-
cals was lower than that in ZnO. Therefore, the addition of 
silver decreased the capability of producing •OH radicals.

The presence of O2
•– radicals during degradation was 

elucidated by studying the photodegradation of MB and 
MO with 2Ag/ZnO at 25°C in nitrogen and oxygen. Fig. 11 
shows the UV-visible spectra at different reaction times.

Fig. 7. Fourier-transform infrared spectra of 1Ag/ZnO, 2Ag/ZnO 
and 3Ag/ZnO.

Fig. 8. Photodegradation of (a) MO and (b) MB in the absence and with catalysts under UV irradiation at 90 and 30 min.
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The UV-visible spectra corresponding to MB photodeg-
radation in an oxygen atmosphere (Fig. 12a) showed four 
absorption peaks at 664, 612, 292 and 246 nm, the inten-
sity of which decreased with reaction time. These bands 
corresponded to the UV-vis absorption of the monomers 
(612 and 664 nm) and oligomers (dimers and trimers at 246 
and 292 nm) of MB in aqueous solutions. The latter was 
related to substituted benzenes rings [45]. The spectra did 
not show the appearance of new peaks, thus indicating the 
decomposition of MB during the process. The sharp decrease 
in absorbance intensity after 15 min confirmed that the MB 
monomers, dimers and trimers were broken rapidly [45]. 

The test carried out in a N2 atmosphere, the spectra showed 
that the same absorption peaks corresponded to the MB sig-
nals, but their disappearance occurred much more slowly. 
In MO tests showed that the spectra exhibited two main 
absorption bands at 463 and 272 nm, which were due to the 
dye. Similar observations were made in comparison with 
MB degradation, which, however, was much faster in an 
oxygen atmosphere, and no additional peaks were observed.

The partial degradation of MB and MO in the absence 
of oxygen suggested the participation of the photogenerated 
hole (h+) in the catalyst. However, the generation of O2

•– 
radicals was responsible for the degradation of both dyes.

Fig. 9. The plot of ln(C0/Ct) vs. time (a) MO and (b) MB in the absence and with a catalyst at 25°C.

Fig. 10. Fluorescence spectra of 7-hydroxycoumarin employed to detect •OH radical formation for 2Ag/ZnO (a) and ZnO (b) samples 
at 25°C.
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To corroborate the role of the positive hole (h+) in 
the degradation mechanism, a test was performed using 
ammonium oxalate as the hole scavenger to capture the 
photogenerated holes. In Fig. 12, the UV-visible absorption 
spectra corresponded to the photodegradation of MB and 
MO with 2Ag/ZnO in oxygen and under nitrogen flow. 
As previously observed in the MB spectra, only the dye 
absorption bands appeared, and the photodegradation was 
greater in the presence of oxygen, however, was slower 
when ammonium oxalate was present. These results indi-
cated that the degradation of MB in the 2Ag/ZnO sample 
depended on the presence of superoxide radicals, as well as 
the presence of hydroxyl groups on the surface.

For MO, the degradation degree was slower when 
ammonium oxalate was present in the oxygen atmosphere 
but faster under nitrogen flow. These results indicated that 
positive holes did not play a dominant role in the photodeg-
radation of MO under UV irradiation, which was similarly 

reported by Chen et al. [46]. Hence, the superoxide radical is 
the main reactive species during the photocatalytic degrada-
tion of MB and MO.

Fig. 13 shows the proposed mechanism for the degra-
dation of MB and MO based on the properties of the 2Ag/
ZnO catalyst at 25°C and the different types of •OH and 
O2

•– radicals and holes. The degradation of the MB and MO 
was due to the generation of O2

•– radicals.

3.2.2. Determination of nitrate and sulfate ions

The concentrations of NO3
– observed in the photodegra-

dation products for MB at 30 min were 6.4, 11.7 and 8.4 ppm 
in 1Ag/ZnO, 2Ag/ZnO and 3Ag/ZnO, respectively. The con-
centrations of SO4

2– were 3.0, 5.1 and 4.3 ppm in 1Ag/ZnO, 
2Ag/ZnO and 3Ag/ZnO, respectively. In the case of MO 
photodegradation at 90 min, the NO3

– concentrations were 
7.5, 11.5 and 5.7 ppm in 1Ag/ZnO, 2Ag/ZnO and 3Ag/ZnO, 

Fig. 11. UV-visible spectra of methylene blue and methyl orange degradation with 2Ag/ZnO catalyst in the presence of oxygen or 
nitrogen at 25°C.
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respectively. The concentrations of SO4
2– were 11.1, 22.6 and 

19.1 ppm for 1Ag/ZnO, 2Ag/ZnO and 3Ag/ZnO, respec-
tively. These results indicated that in both dyes, the most 
active catalyst was 2Ag/ZnO, which produced higher con-
centrations of nitrate and sulfate ions.

The FTIR spectra of 1Ag/ZnO, 2Ag/ZnO and 3Ag/ZnO 
catalysts after photodegradation reaction are shown in Fig. 
14. The band at 3,385 cm–1 of O–H bond is observed after 
the reaction, and the new bands appear at 1,605; 1,352 and 
1,117 cm–1 represented the C=O stretching mode, COH and 
CH, respectively, [38]. These compounds may have been due 
to the decomposition of dye molecule.

Fig. 15 shows the XRD patterns of the 1Ag/ZnO, 2Ag/
ZnO and 3Ag/ZnO catalysts after photodegradation reaction. 
The presence of metallic silver on the surface of catalysts after 
the reactions and all the signals of the ZnO was observed, 
indicating that the catalysts exhibited excellent stability.

To understand the stability of the photocatalytic activity 
of 2Ag/ZnO is used to photodegrade MB and MO at 30 and 
90 min five repeated cycles (Fig. 16). After five cycles, the 
2Ag/ZnO sample exhibited remarkable photocatalytic stabil-
ity, clearly demonstrating that the 2Ag/ZnO catalyst present 
favorable photostability under UV irradiation.

The application of heterogeneous catalysis to degrade 
dye molecules present in water is of great interest. Table 2 
presents the results in the literature regarding dye degra-
dation using Ag/ZnO catalysts for comparison with the 
2Ag/ZnO catalyst presented here, which showed increased 
photocatalytic activity.

The degradation of MO and MB in 2Ag/ZnO were a func-
tion of many physical and chemical parameters, including 
BET surface area, silver nanoparticles dispersion on ZnO 
and higher amounts of surface OH groups. Moreover, the 
degradation of MB and MO was due to the formation of O2

•–  

Fig. 12. UV-Vis spectra in the photodegradation of methylene blue and methyl orange in 2Ag/ZnO in the presence of ammonium 
oxalate with oxygen atmosphere or nitrogen flow.
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radicals. The 2Ag/ZnO catalyst exhibited excellent photocat-
alytic stability and activity after five cycles.

4. Conclusion

This work reported the preparation and characteriza-
tion of silver on zinc oxide catalysts for the photodegrada-
tion of MB and MO. The Ag0 was supported on ZnO, which 
was confirmed by XRD, HR-TEM and XPS. Photocatalytic 
degradation showed that the incorporation of Ag0 nanopar-
ticles to ZnO resulted in faster rates of degradation of both 
dyes compared with ZnO alone. The 2Ag/ZnO catalysts 
showed 100% degradation of MB and MO at 30 and 90 min, 
respectively, which was due to its greater dispersion of the 
silver nanoparticles on ZnO and the presence of higher 
concentrations of surface OH groups compared with the 

other catalysts. Moreover, 2Ag/ZnO catalyst exhibited excel-
lent photocatalytic stability and activity after five cycles. 
Based on the results of the present study, the degradation 
mechanism proposed for the photodegradation of methy-
lene blue (MB) and MO blue is the formation of O2

•– radicals.
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