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a b s t r a c t
The TiO2 and Ag/TiO2 solutions were prepared by the sol–gel method. The solutions were coated 
on the quartz tubes by using the dip-coating method. The produced TiO2 and Ag/TiO2 thin-film 
photocatalysts were characterized by using scanning electron microscopy–energy-dispersive 
X-ray spectroscopy, X-ray diffraction, X-ray photoelectron spectroscopy, and chronoamperomet­
ric measurements. The characterization results showed that the photocatalysts were successfully 
synthesized, and the Ag/TiO2 thin-film photocatalyst had a higher photocurrent intensity than the 
TiO2 thin-film photocatalyst. To eliminate the lack of literature in the kinetic study, the synthesized 
photocatalysts were examined on the degradation of the Orange G solution. The effects of initial 
dye concentration, temperature, and light intensity on the photocatalytic degradation kinetics of 
Orange G were investigated. The network kinetic model was applied to determine the appropriate 
kinetic model for the decomposition of Orange G with the produced photocatalysts. The network 
kinetic model was found to be the appropriate kinetic model for the degradation of Orange G using 
the TiO2 and Ag/TiO2 thin film photocatalysts. The calculated activation energies of the TiO2 and 
Ag/TiO2 thin film photocatalysts by using the result of the experiments are 20.02 and 16.16 kJ/mol, 
respectively. Besides, the general rate equations for each photocatalyst were specified.
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1. Introduction

Technology developed to meet increasing human needs 
adversatively affects the environment and water pollution 
[1]. Especially, the water pollution formed by the wastewater 
of textile industries is poisoning the global water resources. 
The decrease of clean water resources endangers the life of 
creatures. Because of this reason, many researchers focus 
on the treatment of wastewater with different types of thin-
film photocatalyst such as TiO2 [2], Mg–Al layered double 
hydroxide [3], etc.

Although the different type of materials can be used as 
a photocatalyst, TiO2 is the most preferred semiconductor 
because of its cheapness [4], great chemical stability, and 
high photocatalytic activity [5]. Though TiO2 is being used 
effectively as a photocatalyst, its interest in a commercial 
sense is gradually diminishing. Because it is very difficult 
to remove this photocatalyst from the solution medium. 
Some separation methods such as filtration have been used 
to remove the photocatalysts from the reaction media, but 
the losses of photocatalyst have not been eliminated. As a 
result, the photocatalytic activity decreases due to these 
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losses of the amount of the photocatalyst. The best-found 
solution to overcome this problem is the use of thin-film 
photocatalysts [6]. The use of thin-film photocatalysts pre­
vents the photocatalyst losses in the reaction medium and 
allows the photocatalyst to be easily removed from the 
reaction medium.

In addition to photocatalyst losses that cause the 
photocatalytic activity to decrease, there is a natural disad­
vantage in titanium dioxide. TiO2 has a large bandgap of 
about 3.2 eV which prevents the absorption of visible light 
under solar irradiation [7]. Besides, the recombination of 
radiation-induced electrons and holes decreases its pho­
tocatalytic efficiency [8]. Many studies have attempted to 
overcome these disadvantages by doping different metals or 
oxide, such as Fe [9], Cu [10], Ag [11], and CuO [12]. Among 
these metals and oxides, TiO2 is widely coupled with Ag, 
which might promote the generation of Schottky barriers 
of the Ag/TiO2 contact region. The formation of Schottky 
barriers prevents the electron-hole recombination and con­
sequently increases the photocatalytic activity of TiO2 [13].

Textile industries have used different types of dyes. The 
majority of dyes used in the textile industry are azo dyes, 
which have one or more azo bonds (−N≡N–). Orange G has 
frequently been used in textile dyeing processes [14].

In this study, the solutions of TiO2, and Ag/TiO2 thin 
film photocatalysts, which were prepared by the sol–gel 
method, were coated on the quartz tubes by the dip-coating 
method. The obtained photocatalysts were characterized by 
scanning electron microscopy (SEM) for the determination 
of surface morphology, energy-dispersive X-ray spectros­
copy (EDS) for the definition of elemental analysis, X-ray 
photoelectron spectroscopy (XPS) for the surface elemen­
tal composition and the chemical states, X-ray diffraction 
(XRD) for the analysis of crystal structures, and chrono­
amperometric measurements for the identification of pho­
toelectrochemical properties. Orange G dye was chosen as a 
target pollutant due to its frequent use in the textile indus­
try. To resolve the literature deficiency in the kinetic study 
and to determine the photocatalytic activity, the synthe­
sized photocatalysts were examined on the decomposition 
of the Orange G solution.

2. Experimental

2.1. Materials

The used chemical materials for the synthesis of TiO2 
and Ag/TiO2 photocatalysts are titanium(IV) isopropoxide 
(TIP, purity above 97%) silver nitrate (purity above 99%), 
acetic acid (purity above 99.7%), acetone (purity above 
97%), ethanol (99.9% purity), and methanol (99.8% purity). 
Orange G dye was used for the photocatalytic experiments. 
All used chemicals were purchased from Sigma-Aldrich 
(Darmstadt, Germany).

2.2. Preparation of TiO2 solution

The preparation procedure of the TiO2 solution consists 
of two solutions. In the first solution, 39 mL of titanium(IV) 
isopropoxide was dissolved in 450 mL of ethanol under the 
magnetic stirring at 1,000  rpm for 1.5 h. The prepared sec­
ond solution, containing 90  mL of acetic acid and 45  mL 

of pure water, was slowly added dropwise into the stirred 
first solution. After 3 h, 500 mL of solution was taken for use 
in the dip-coating process.

2.3. Preparation of Ag/TiO2 solution

The preparation procedure of the TiO2 solution is 
exactly applied in the preparation of the Ag/TiO2 solu­
tion. Differently, 7.8  g of AgNO3 was added in the second 
solution [15].

2.4. Coating of thin-films

Before the dip-coating procedure, quartz tubes to be 
coated were ultrasonically cleaned in acetone, methanol, 
ethanol, and deionized water successively, and dried in an 
air stream. The dip-coating procedure was similarly applied 
for each thin-film photocatalysts. The cleaned quartz tubes 
were immersed in the previously prepared thin film solu­
tions at a rate of 10  cm/min and a 4° angle, withdrawn at 
the same rate without delay and pre-calcined for 10  min 
at 125°C in an oven. The coating process was repeated 
10  times. The calcination temperatures of the coated pho­
tocatalysts were determined using the calcination tempera­
tures given in the literature. The calcination of thin-film 
TiO2 and Ag/TiO2 photocatalysts was carried out at 500°C 
to form the anatase phase [16,17]. The amount of coated 
photocatalyst on the quartz tube was about 13.58 mg.

2.5. Experimental system

The prepared thin-film photocatalysts (the area of 
coated quartz tubes is approximately 30  cm2) were used 
for photocatalytic degradation of the Orange G dye. As 
shown in Fig. 1, the photocatalytic degradation of Orange 
G was carried out using a photocatalytic reactor. The reac­
tor temperature was kept constant at the desired tempera­
ture with a programmable water circulator. The saturated 
O2 concentration in the reaction medium was provided by 
an air pump. To investigate the effect of dye concentra­
tion, temperature, and light intensity, the different values 
of dye concentration (20, 30, 35, and 40 ppm), temperature 
(20°C, 30°C, 40°C, and 50°C) and light intensity (44, 88, and 
132 W/m2) were used in the experiment. For the quantitative 
analysis of Orange G concentration, roughly 3 mL of sam­
ples were withdrawn from the reaction medium, and their 
absorbance was measured by using UV-vis spectrophotom­
eter at 474  nm (Evolution 500, Thermo). All experiments 
were carried out within 120 min.

2.6. Characterization

The crystal structures of the photocatalysts were exam­
ined by X-ray diffraction (XRD) (D/Max-2200, Rigaku, 
Japan). The surface morphologies of the prepared photo­
catalysts were investigated by using SEM and EDS (Inspect 
S50, Field Electron and Ion Company, Czech Republic). The 
surface elemental composition and the chemical states of 
the photocatalysts were characterized by XPS diffraction 
(Specs-Flex, Darmstadt, Germany). The linear sweep vol­
tammetry experiments of the photocatalysts were carried 
out by VersaSTAT3 potentiostat system (Amedek, Ireland).
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3. Results and discussion

3.1. XRD analysis

The XRD patterns of the TiO2 and Ag/TiO2 thin film 
photocatalysts are shown in Fig. 2. As shown in Fig. 2a, the 
most intense peaks of TiO2 thin film photocatalyst belong to 
the anatase phase at the plane (111) at 2θ  =  40° and rutile 
phase at the plane (004) at 2θ = 37.8°. The anatase phase dif­
fractions which have the angles of 25.28 in-plane of (101), 
53.89 in-plane of (105), and 62.69 in-plane of (204) show 
conformity with 21-1272 JCPDS card number.

The XRD results of the Ag/TiO2 thin film photocatalyst 
are shown in Fig. 2b. The XRD pattern of Ag/TiO2 thin film 
has a similar XRD pattern of the TiO2 thin film photocata­
lyst. Both the anatase and rutile phases were found in the 
XRD analysis. It is observed that the anatase phase which 
is crystallized is more and higher than the rutile phase. 
Depending on the amount of Ag added, non-dispersed Ag 
nanoparticles are observed at the angles of 38°, 66°, and 77°. 
In addition, the intensity of anatase peaks softly shrinks, 
and the intensity of rutile peaks slightly raises. These 
changes show that the crystallization of TiO2 phases was 
impressed by the deposited Ag nanoparticles.

3.2. SEM and EDS analysis

Fig. 3a shows the SEM image of TiO2 coated on the 
quartz glass surface. TiO2 crystals have a spherical shape 
and measurable grain sizes are in the range of 155–214 nm. 
The nanoparticles do not have a homogeneous size distri­
bution on the surface, and the emptiness between particles 
on the coated surface is observed prominently. The EDS 
result of the thin-film TiO2 photocatalyst in Fig. 3b shows 
the presence of Ti and O in the catalyst. The presence of a 
low amount of carbon (C) in the sample indicates that there 
is some contamination on the surface of the catalyst. At the 
same time, the presence of Ti and O indicates the successful 
coating.

Fig. 3c shows the SEM image of Ag doped TiO2 photo­
catalyst. The measured grain sizes are in the range of 

80–160 nm. The Ag deposition on TiO2 appears to result in 
grain size shrinkage compared to the SEM image of Fig. 3a. 
This shows that the large size TiO2 nanoparticles and the 
small size Ag particles are synthesized. The EDS result of the 
Ag/TiO2 photocatalyst shown in Fig. 3d shows the presence 
of Ti, O, and Ag in the photocatalyst. The presence of Ti, O, 
and Ag from the elementary analysis of the prepared thin-
film photocatalyst is an indication of the successful coating 
process. The amount of Ag doped in TiO2 is 2.31 wt.%.

3.3. XPS analysis

The XRD patterns of the Ag/TiO2 thin film photocata­
lysts are shown in Fig. 4. As shown in Fig. 4a, the survey 
scan of the Ag/TiO2 shows the presence of Ti, O, Ag, and C 
on the surface. The existence of C shows that there are some 
impurities. Figs. 4b–d show the high-resolution spectra of 
Ag 3d, Ti 2p, and O 1s, respectively. Although the binding 
energy of metallic silver (3d5/2) was reported at 368 eV, the 
observed peaks at 368 and 374 eV can be ascribed to Ag 3d5/2 
and Ag 3d3/2 of the metallic silver, respectively, as shown 
in Fig. 4b [18]. As shown in Fig. 4c, the observed peaks at 
459 and 464.5 eV correspond to 2p3/2 and 2p1/2 of Ti4+ ions, 
respectively [19]. The Schottky junction between metallic 
Ag and TiO2 can be proven by the shifted peak positions 
of the Ag 3d and Ti 2p [20]. The peaks at 530 and 531.5 eV, 
which is corresponding to O 1s, were associated with lattice 
oxygen and surface hydroxyl groups, respectively [21].

3.4. Linear sweep voltammetry analysis

In Fig. 5, the linear sweep voltammetry was carried 
out using the UV irradiation and dark medium. The mea­
surements were carried out using periodic irradiation. 
The current value decreased to approximately zero in the 
dark medium. This is an indication that the current obtained 
under the UV irradiation is generated by the effect of UV 
irradiation. It can be concluded that the generated current 
is due to the photocatalytic activity of the photocatalyst and 
the charge transfer takes place very quickly. The current 

Fig. 1. Photocatalytic reactor system.
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Fig. 2. XRD patterns of (a) TiO2 and (b) Ag/TiO2.

Fig. 3. SEM and EDS results of (a and b) TiO2 and (c and d) Ag/TiO2.



D. Tekin et al. / Desalination and Water Treatment 198 (2020) 376–385380

density of the prepared thin film TiO2 photocatalyst is 
approximately 50 µA/cm2.

For the Ag/TiO2 photocatalyst, the photocurrent forma­
tion is approximately 270  µA/cm2 under UV irradiation; 
however, any current is not observed in the dark environ­
ment. A high increase in current density was observed when 
compared with the thin-film TiO2 photocatalyst.

Ag deposition into TiO2 nanomaterials has been demon­
strated by previous studies that improve the separation 
of photo-generated electron-hole pairs and consequently 
prevent its recombination [21,22]. As shown in Fig. 6, after 
the Ag/TiO2 nanomaterials were illuminated by UV light, 
the valance band (VB) electrons of TiO2 were transferred 
to the conduction band (CB), and the holes were produced 
in VB. Because of the localized electric field at the inter­
face of Ag/TiO2 nanostructure, the transferred electrons 
of TiO2 CB were mobilized to deposited Ag nanoparticles 
on the TiO2. The electron transfers from Ag to TiO2 were a 
remote possibility because the transfers are prevented by 
the Schottky barrier in the Ag/TiO2 interface. Consequently, 
the electron-hole pairs were formed efficiently. The pro­
duced electron-hole pairs were reacted with O2 and –OH 
and generated the hydroxyl and superoxide radicals which 
have an effective role in the decomposition of organic 
materials and charge transfer. Ag deposition on TiO2 has a 
more effective production of electron-hole pairs compared 
to TiO2. The Ag/TiO2 photocatalyst showed higher current 
density than the TiO2 photocatalyst because of more pro­
duced electron-hole pairs.

3.5. Kinetic model

When the TiO2 photocatalyst is exposed to UV irradia­
tion in an aqueous medium, hydroxide radicals are formed. 

Fig. 4. XPS analysis: (a) survey spectrum of Ag/TiO2; the high-resolution spectra of (b) Ag 3d, (c) Ti 2p, and (d) O 1s.

Fig. 5. Linear sweep voltammetry results of TiO2 and Ag/TiO2 
photocatalyst.
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Hydroxyl radicals are strong oxidizing agents and act on 
organic compounds to form intermediate products. These 
intermediate products react with OH radicals to form the 
final products (P). Hydroxyl radicals can be consumed by 
inactive species. The photocatalytic degradation mecha­
nism of dye solutions with TiO2 photocatalyst is simply 
expressed as follows [23,24]:

TiO  hv  nm TiO e TiO2 2 2390 1+ < ← → +( ) ( ) ( )− +λ k h 	 (1)

TiO h H O TiO OH H2 2 2
2+ • +( ) ( )+  → +k 	 (2)

TiO e  O TiO O H22 2 2
3− • − +( )  → ( )+ +k 	 (3)

TiO OH Products TiOdye2 2
4•( )  →+ +C k 	 (4)

TiO O Products TiOdye2 2 2
5• −( )  →+ +C k

	 (5)

It is accepted that the reaction step between the dye-
adsorbed OH• radicals (reaction 4) is determining the 
total reaction rate [25]. As a result, for the photocatalytic 
degradation of the dye, the following (Model-1) pseudo-
first-order kinetic equation was obtained:

r
dC
dt

k CB P=
−







 = ( )Dye

Dye 	 (6)

Since the pseudo-first-order kinetic model (Model-1) 
used for the degradation kinetics of dyes was not sufficient 
to define the kinetic data in various literature [8,26], the new 
kinetic model was given below (Model-2):

− =
+( )

dC
dt

k C

k C
a

b

dye dye

dye1
	 (7)

where ka and kb are the constants of Model-2. This kinetic 
model called the network model was reported to be more 
appropriate for the kinetics of dye degradation [17,26].

The network kinetic model (Model-2) was used for the 
photocatalytic degradation of Orange G dye. Eq. (7) was 

integrated with the initial condition of Cdye = C0 at t = 0 was 
obtained.
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k
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01
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Eq. (8) was linearized and the following Eq. (9) was 
obtained. The model constants (ka and kb) were calculated, 
and the model compatibility was tested.

t
C C

k
k k

C C

C C
b

a a0

0

0

1
−( )

= +
( )
−

dye

dye

dye

 
ln /

( )
	 (9)

To determine whether Orange G dye is adsorbed on 
photocatalysts without photocatalytic effect, the exper­
iments were repeated in the dark medium for each pro­
duced photocatalysts. The results showed that there was 
no decrease in the dye concentration due to adsorption 
on the catalyst surface and the values remained approxi­
mately constant. This situation showed that the reduction 
of dye concentrations in the experiments is only due to the 
photocatalytic decomposition.

In the photocatalytic degradation of Orange G dye with 
the TiO2 and Ag/TiO2 thin-film photocatalysts, t/(C0  –  Cdye) 
values were plotted against ln(C0/Cdye)/(C0/Cdye) values using 
the experimental parameters of initial dye concentration, 
temperature, and light intensity. The graphs, which were 
drawn for the temperature parameters, are given in Figs. 7 
and 8. The model constants (ka and kb) were calculated using 
the intercept and slope values of the graphs and are given 
in Table 1. The linearity of the graphs shows the compati­
bility of the photocatalytic decomposition kinetics of Orange 
G dye to the Model-2 for all experimental parameters.

As can be seen from Table 1, it is determined that only 
the ka model constant was changed with experimental 
parameters and the value of kb remained constant. For the 
value of ka, the following Eq. (10) can be used, which gives 
the variation of the rate constant in the literature with the 
model parameters [8,24,25].

k
k Ea RT I

K Ca
o a

B

=
−( )
+

exp /
1 Do

	 (10)

where k0 is a constant depending on temperature, Ea is the 
activation energy of the reaction, Ia is the light constant, KB 
is the adsorption equilibrium constant, and CDo is the initial 
dye concentration.

3.6. Effect of initial dye concentration on the kinetic model

As shown in Eq. (11), the reaction rate constant (ka) 
derived using the Langmuir adsorption model is inversely 
proportional to the initial dye concentration. While the 
effect of initial dye concentration was studied in the 
experiments, all other parameters were kept constant 
(T = 20°C, I = 44 W/m2).

k
k
K Ca
B

≈
+











1

1 Do
	 (11)

Fig. 6. Schematic diagram of electron-hole pairs separation of 
Ag/TiO2 photocatalyst.
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where k1 is a constant depending on the light intensity. 
When the equation was linearized was obtained.

1 1

1k k
K
C

a

B= +  
k1

Do 	 (12)

In the photocatalytic degradation of Orange G using 
TiO2 and Ag/TiO2 thin-film photocatalysts, the ka val­
ues, calculated values of 20, 30, 35, and 40 ppm initial dye 
concentrations, were used and the values of 1/ka vs. the ini­
tial dye concentrations (CDo) were plotted, and shown in 
Fig. 9. The adsorption equilibrium constant (KB) value was 
calculated as 0.014 and 0.05 for TiO2, and Ag/TiO2, thin-film 
photocatalysts by using the intercept and slope values of 
the graphs, respectively.

3.7. Effect of temperature on the kinetic model

To calculate the activation energy of the photocatalytic 
degradation reaction of Orange G on the TiO2 thin-film pho­
tocatalyst, the Arrhenius equation given below was used. 
As seen in Eq. (13), the reaction rate constant (ka) was observed 
to be inversely exponential to the temperature. While the effect 
of temperature was studied in the experiments, all other 
parameters were kept constant (C0 = 20 mg/L, I = 44 W/m2).

k k
E
RTa
a≈ −









2 exp 	 (13)

The values of 1/T vs. ln(ka) were plotted using the ka 
model constant values obtained from the photocatalytic 

Fig. 7. Model-2 graph of degradation experiments of Orange G dye using TiO2 thin-film photocatalyst for temperatures.

Table 1
The ka and kb model constants for the degradation experiments using TiO2 and Ag/TiO2 thin-film photocatalyst

Initial dye  
concentration (mg/L)

TiO2 thin-film photocatalyst Ag/TiO2 thin-film photocatalyst

ka model Constant  
(1/min)

kb model constant  
(L/mg)

ka model constant  
(1/min)

kb model constant  
(L/mg)

20 0.00973 0.0086 0.0129 0.00971
30 0.00917 0.0087 0.0108 0.00994
35 0.00848 0.0086 0.0097 0.00962
40 0.00801 0.0087 0.0092 0.00991

Temperature (°C)
20 0.00973 0.0086 0.0129 0.00971
30 0.0116 0.0084 0.0180 0.00972
40 0.0153 0.0086 0.0200 0.00924
50 0.0208 0.0085 0.0253 0.00966

Light intensity (W/m2)

44 0.00973 0.0086 0.0129 0.00971
88 0.0130 0.0084 0.0195 0.00975
132 0.0210 0.0085 0.0284 0.00980
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experiments performed to examine the effect of the tem­
perature parameter, shown in Fig. 10. From the slope of the 
graph, the activation energies (Ea) of the decomposition reac­
tion with the TiO2 and Ag/TiO2 thin-film photocatalysts were 
calculated as 20.02 and 16.16 kJ/mol, respectively.

3.8. Effect of light intensity on the kinetic model

While the effect of light intensity was studied in the 
experiments, all other parameters were kept constant 
(C0 = 20 mg/L, T = 20°C). The light intensity (Ia) changes lin­
early with the ka as seen from Eq. (10). In the photocatalytic 
degradation experiments of the Orange G dye using the TiO2 
thin-film photocatalyst, the values of ka were plotted against 
the different light intensities (44, 88, and 132 W/m2), shown 
in Fig. 11. Obtaining the linear curves in the graph shows the 
suitability of model-2.

The k0 values in Eq. (10), giving the relationship 
between the ka model constant and the experimental param­
eters, were calculated by using the Levenberg–Marquardt 
method and non-linear regression analysis. The values 

of k0, calculated by statistical analysis, were determined 
as 0.97  ±  0.04 for the TiO2 thin-film photocatalyst and 
0.374 ± 0.02 for the Ag/TiO2 thin-film photocatalyst.

The general rate equation given below was determined 
for the photocatalytic degradation kinetics of Orange 
G dye with the produced photocatalysts.

•	 The general rate equation for the decomposition reaction 
using the TiO2 thin-film photocatalyst:

dC
dt

CT
C C

dye a dye

dye

I
=

−( )
+ +

0 907 2409
1 0 014 1 0 00860

. exp /
. . 	 (14)

•	 The general rate equation for the decomposition reaction 
using Ag/TiO2 thin-film photocatalyst:

− =
−( )

+ +

dC
dt

CI T
C C

adye dye

dye

0 374 1944 8
1 0 05 1 0 00970

. exp . /
. .

	 (15)

have been determined.

Fig. 8. Model-2 graph of degradation experiments of Orange G dyestuff using Ag/TiO2 thin-film photocatalyst for temperatures.

Fig. 9. Graph of the values of 1/ka vs. the initial dye concentrations.
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4. Conclusions

The solutions of TiO2 and Ag/TiO2 thin film photocat­
alysts, which were prepared by the sol–gel method, were 
coated on the quartz tubes by the dip-coating method. The 
obtained photocatalysts were characterized by SEM–EDS, 
XRD, and chronoamperometry. To clarify the lack of litera­
ture in the kinetic study, the synthesized photocatalysts were 
examined on the degradation of the Orange G solution. The 
Ag/TiO2 thin-film photocatalyst showed the most effective 
decomposition on Orange G. To determine the appropri­
ate kinetic model for the decomposition of Orange G with 
the produced photocatalysts, the kinetic model of network 
(Model-2) was examined. Model 2 was determined as the 
most appropriate kinetic model for the decomposition of 
Orange G by using TiO2 and Ag/TiO2 thin-film photocatalysts.
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