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Abstract: In the present study, Ag-doped Titanium dioxide (Ag-TiQ,) photocatalyst was prepared by wet
inpregnation method. The effect of dopant concentration, incubation temperature and incubation time on the
photocatalytic degradation of Methyl Orange (MO) m aqueous suspension under Ultra Violet (UV) light
iradiation were studied systematically. The synthesized photocatalyst was characterized using XRD and
SEM-EDX mapping. The characterization results confirmed that Ag was successfully doped into TiO, with
anatase phase structure. The Ag-T10, photocatalyst extubited the highest dye removal of 85% efficiency with
5 wt.% dopant concentration when the mcubation temperature and time were 70°C and 8 h, respectively. The
kinetic study revealed that photocatalytic reaction follows Langmuir Hinshelwood (I.-H) Model and
pseudo-first order law with the highest regression coefficient of 0.992. Ag-TiO, was found to be an
efficient photocatalyst showing enhanced photocatalytic activity for MO decolorization under UV

irradiation.
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INTRODUCTION

Dyes are used primarily in the production of
consumer products including paints, textiles, cosmetics,
plastics and papers. Dye contaimng waste waters are
usually recalcitrant to degradation by the conventional
biological treatments due to its high toxicity as these
compounds are often hardly biodegradable or even
biocides (Oller et al., 2011). The main 1ssue 15 dyes
contain a number of dangerous chemical substances such
as dioxin, formaldehyde and heavy metals. These
substances can potentially cause acute and chronic
effects on the exposed living orgamsms and due to their
stability, dyes remain in the environment for a long period
of time. Besides, the presence of dyes on water surface
prevents the sunlight from penetrating into the water and
thus retards algae photosynthesis.

There are several decrement technologies including
adsorption (Kyzas and Matis, 201 5), microbial degradation
(Casalatto et al.,, 2011) and advanced oxidation processes
(Zuorro and Lavecclua, 2014) which have been proposed
for removal of aze dyes from textile discharges.
Photocatalysis, however, offers better solutions compared

to the other technologies for the removal of azo dyes due
to its ability to mineralize the pollutants completely. T10,
is feasible in terms of its inexpensiveness, non-toxicity
and high redox potentials (Tan et al., 2017). Nevertheless,
pure unmodified TiO, has several drawbacks including its
wide band gap energy level 3.0~3.2 eV resulting in poor
absorbance of visible light (Hou et al., 2009), low quantum
efficiency derived from the high recombination rate of
photo-induced electron-hole (e/h”) pairs (Gou et al,
2017), rapid recombination rate of photo-generated
electron-hole pairs and inefficient utilization of UV light
(Zhao et al, 2016). In this regard, modification of Ti0,
surface by metal doping was proven to enhance its
photocatalytic activity (Mohamed et al., 2013) through
electrons trapping which can greatly increase the
efficiency of charge
recombination of electron-hole pairs. Behnajady and
Eskandarloo (2013) showed that Ag-doped TiQ, by liquid
impregnation method improved the photocatalytic
performance in the degradation of AREE. Zuas and

separation and also prevent

Budiman (2013) used co-precipitation method to dope 3
wt% of Cu with Ti0,. 90% of Congo Red dye was
decolorized over Cu-TiO, photocatalyst, compared to
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53% using pure Ti0, (Leiet al., 2016). Lei et al. (2016)
also showed better photocatalytic performance for the
mnpregnated CwTiO, in the degradation of both
decabromodiphenyl ether (BDE209) and
Tetrabromodipheny! ether (BDEA7) when exposed to UV
uradiation in an anoxic atmosphere. Besides, Wang et al.
(2016) reported the degradation of salicylic acid over
iodine and nitrogen co-doped Ti0Q, photocatalyst.
Presence of iodine increased the rate constant of the acid
removal and 78.3% of total organic carbon was eliminated
upon 180 min under visible light irradiation. Although,
these studies aimed to improve TiQ, activity by metal
doping, investigation of the process parameters during
metal-doped T10, experiments 1s still lacking. Therefore,
this study was camried out with the aim to synthesize
nanostructured Ag-doped titama at different dopant
concentration, mcubation time and temperature by the wet
imnpregnation method. The synthesized Ag-doped Ti0,
photocatalysts their phase
structures and surface morphologies and subsequently
investigated for their photocatalytic activity. The
photocatalytic activity of the synthesized samples was
investigated to decolorize MO dye as the model
compound in aqueous solution under UV irradiation.

were characterized for

MATERIALS AND METHODS

Chemicals and materials: Commercial Ti0, (reported
surface area 10 m*/g) was used as the starting material for
the synthesis Ag-Ti0, photocatalyst. Sodium hydroxide
and silver mitrate were purchased from Merck all chemicals
were used without further purification. Methyl Orange
(MO) ((CH,),NC,HNNC,H,SO,Na) with formula weight of
327 g/mol was obtamned from Sigma Aldrich. All the
reagents used were of analytical grade and solutions were
prepared using distilled water.

Preparation of Ag-TiO, photocatalyst: The Ag-Ti0,
photocatalyst was prepared according to the procedures
adopted by Lei et al. (2016) using wet umpregnation
method. The optimum concentration of Ag was firstly
determined with varying Ag concentration between
5-20 wt.%. To prepare 5 wt.% Ag/T10,, 9.2126 g of T10,
was dispersed in 50 ml. of distilled water. Under
continuous stirring, 0.7874 g of silver nitrate was added to
the diluted TiO, solution. The mixture was next incubated
in a water bath for 2 h at 90°C. The product was then
washed and calcined overnight in a furnace at 450°C. The
aforesaid preparation steps were repeated by varying the
mcubation temperature between 25-70°C and incubation
time of 1-24 h, respectively by using the optimum Ag

concentration obtained. For comparison purposes, TiO,
without dopant was prepared through the same method
and calcined at 450°C.

Characterization of Ag-TiQ, photocatalyst: Ttis important
to characterize the calcined photocatalysts in order to
determine their chemical and physical properties and
relate these properties to therr photocatalytic
performance. The morphology of selected samples were
characterized using a Field Emission Electron Microscope
(FESEM) (Carl Zeiss SUPRA 40VP) and an Energy
Dispersive X-ray (EDX) (Carl Zeiss SUPRA 40 VP).
Meanwhile, the X-Ray Diffraction (XRD) (X Pert
Pro-MPD, PAN alytical ) system was operated at 40 kV and
30 mA with a scanmng range of 26 = 10-90° using Cu Ko
(A =1.504A) to determine the phases of the photocatalyst.
The crystallite sizes were calculated with the Scherrer
equation (® = KA/PcosB) where @ is the crystallite size,
K is usually taken as 0.89, 0 is the wavelength of
the X-ray radiation (0.154 nm), P is the Full Width at
Half-maximum Tntensity (FWHM) and 6 is the diffraction
angle of the 101 peak for anatase at 20 = 254°
Brunauver-Emmett-Teller (BET) was used to mvestigate the
surface area of the photocatalyst. The sample was
preheated at 200°C for 5 h and degassed under vacuum
before measurements.

Control study: For adsorption study, the sample was
conducted in the dark. Tn each test, 1 g of Ag-TiO,
photocatalyst sample was added into a 200 mL of 10 ppm
MO dye to form suspensions into a glass cell with
dimension 150x100x100 mm (I.xBxH) and aerated as
shown in Fig. 1. An aquarium pump model NS 7200 was
used as the aeration source. The degradation efficiency of
MO was determined at specific time mterval until
saturation time was achieved (180 min). For photolysis
study, siumilar experimental conditions with adsorption
study were adopted under UV wradiation in the absence
of Ti0, photocatalyst. The absorbance was measured
by using UV-Vis spectrometer (Shimadzu, UJV-210A) at
476 nm to detect the changes in MO concentration. A
linear calibration of absorption vs. concentration was
obtained. Subsequently, degradation efficiency was
determined using the following Eq. 1.

a::fgaf§£><10096 (N
CD
Where:
£ = MO degradation efficiency
C, = Initial concentration of MO
C, = Final concentration of MO
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Photocatalytic degradation of Methyl Orange (MO): The
photocatalytic degradation of MO was carried out in a
photoreactor equipped with 15 W UV lamp at the
height of 5 ¢cm from the surface of MO solution. The
solution was magnetically stirred for 15 min m the dark to
reach adsorption-desorption equilibrium with Ag-TiO,
photocatalyst before the lamp was turned on to start the
photo reaction. The 3 mL of sample solution was with
drawn using syringe at a fixed time interval of 15 min and
the collected sample was filtered through a 0.5 um
filter to obtain clear solution prior to analysis. The
photocatalytic degradation experiment was repeated using
the bare Ti0,.

RESULTS AND DISCUSSION

Characterization of Ag-TiO, Photocatalyst: Figure 1
and 2 shows the XRD pattern of bare TiO, and Ag-TiQ,
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Fig. 1: Schematic diagram of photocatalytic degradation
of MO
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photocatalyst. Bare Ti0, matches JCPDS 00-021-1272
which indicates the anatase structure. There is no trace of
rutile and brookite phases which 1s favorable as anatase
has better photocatalytic activity than other phases. The
XRD resultrevealed at 20 = 25.28, 37.8, 48.05, 53.89, 55.06
and 62.69° corresponding to crystal planes of (101), (004),
(200),(105),(211) and (204) (JCPDS 21-1272). Mogal et al.
(2014) also obtained the anatase structure of Ti0, at the
same peaks corresponding to crystal planes of (200) and
(220) (JCPDS 01-1164) (Mogal et al., 2014). After the
addition of Ag, it can be seen that most of the 26 peak
positions of the major diffraction pattern in all samples
show no shifting, having similar values of bare TiO,. The
diffraction peak at 44.1° of metallic Ag was detected in
Fig. 2, however, at 10 wt.% Ag and above. It could be
probably Ag is situated in the bulk (inside the TiO,
crystals) at lower concentrations. The result 13 in
agreement with the research worlk by Melian et al. (2012),
Mohamed and Al-Sharif (2013). In addition, another
spotted at 64.2°. The
intensity of the Ag peaks increases gradually as the

additional peak was also
weight percentage of Ag mcreases. The presence of
Ag phase does not change the crystalline structure
of the Ti0, substrate. This may mdicate that Ag 1s
formed on the crystal borders and on the swrface of the
Ti0,.

The crystallite size for Ag-T10, prepared at various Ag
loading was estimated from Scherrer equation and is
tabulated in Table 1. From Table 1, the crystallite size for
bare TiO, is approximately 94 nm and the size generally

A
Ag A
| __ BareTiO,
HIJH—GW 5 Wt.%
10 wt.%
 1Bwt%
20 wt.%

[\ | | |
0 e R || N—| | — \.__...,Jl..l\._..a ! N

20 30 40 50
2q°

70 80 90

Fig. 2: XRD pattern of Ag/T10, at different Ag concentration (Ag = Silver, A = Anatase)
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Table 1: Crystallite size for Ti(, and AgTi(: prepared at various

concentrations
Sample Crystallite size (nm)
Bare Ti0, 9.9
5 wt.% AgTi0, 574
10 wt.% AgTiO, 66.8
15 wt.% AgTiO, 5.1
20 wt.% AgTi0, 73.8

decreases to 57-86 nm upon incorporation of Ag particles.
However, the crystallite size for AgTi0, increases with
increasing Ag concentration from 5-20 wt.%.

On the other hand, the correlation between elemental
composition and morphological changes of particles can
be identified by EDX, since, the composition is very
sensitive for the application. Figure 3 shows the EDX
spectra of bare Ti0Q, and Ag-TiO, photocatalyst. From
Figure 3a, T1 peaks were observed at 0.45 and 4.51 keV
while the O peak was detected at 0.52 V. These peaks were
originated from TiO, Meanwhile, the Ag peak was
successfully identified at 2.9 and 3.15 keV as shown in
Fig. 3b. Even though, the peaks of Ag are insignificant
owing to its content in T10, matrix, they indicate the Ag
present in the photocatalyst and thus, support XRD
findings. The presence of Ag onginated from the Ag
precursor (AgNO,) used in the preparation of Ag-TiO,
photocatalyst. The atomic percentage of Ti, O and Ag in
Ag-Ti0, were 33.07, 66.58 and 0.34 wt.%, respectively.
Mapping analysis was performed to observe the
dispersion of Ag on Ti0, surface. From Fig. 4, the EDX
mappings show the uniform dispersion of Ag onto the
surface of T10, and present in the form of metal oxides
(Ag oxides).

FESEM analysis was performed mn order to observe
the changes of the TiO, morphological structure when Ag
was incorporated. Figure 5 shows the FESEM images of
bare T10, and Ag-Ti0,. Bare T1i0, comprises of spherical
and square-like shape with irregular sizes. Tt can be seen
that slightly agglomeration occurred in the certain spot.
There were no distinct changes on the shape of T10, after
Ag was impregnated. However, it can be observed that
the color changed from white to grey upon impregnation.
The changes in the color proved that Ag was
successfully impregnated on Ti0, surface in agreement
with the existence of Ag peaks in EDX spectra. TEM
analysis was performed to observe the Ag-TiO, particles
at higher magnification (50 kX)) and the TEM micrograph
is shown in Fig. 6. Apparently, spherical-like shaped TiQ,
particles could be seen and this observation is tally with
the one observed using FESEM. However, a close
inspection of the TEM image showed that tiny round
particles was observed to deposit on the surface of the
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Fig. 3: EDX spectra of: a) Bare Ti0O, and b) Ag-TiO, with
2 h of incubation time
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Fig. 4: EDX mappings of: a) Bare Ti0, and b) Ag-TiO,

Fig. 5: FESEM images of: a) Bare TiO, and b) Ag-TiO,
photocatalyst

T10, particles and 1t 1s presumably to be the Ag particles.
Nevertheless, the tiny particles were not distributed
homogenously on the surface of TiO,
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Fig. 6: TEM 1mages of Ag-Ti0, photocatalyst

In order to get better photocatalytic activity, high
surface area of the catalyst is often desired. The BET
surface area of bare TiQ, was found to be 9.71 m*/g which
15 close to the value reported in the technical datasheet
(10 m*g). Tt was cbserved that when Ag was introduced,
the surface area decreased slightly to 9.32 m*/g. Surface
area decreased with the mereasing Ag loading n Ag-Ti0,
photocatalyst. This could be due to partial pore
obstruction caused by the deposition of Ag aggregates
on the TiO, surface (Sakthivel et al., 2004, Zhao et al.,
2011).

Photocatalytic performance of Ag-TiQ, photocatalyst:
The photocatalytic performance of Ag-TiQ, photocatalyst
for the removal of MO was studied based on the reaction
kinetics at different parameters.

Effect of Ag concentration: From Fig. 7, it can be clearly
seen that the optimum metal loading of Ag-TiO, iz at 5
wt.% with MO removal efficiency of 68.2%. Compare to
bare TiQ,, Ag-TiO, photocatalyst show higher removal
efficiency up to Ag loading of 15 wt% and then
decreases. At 5 wt.% Ag, the metallic Ag particles
deposited on T10, surfaces acted as electron scavengers
and contributed to the decrease of -electron-hole
recombination in Ti0,. In contrast in high Ag content, it
has been reported that the probability for the hole capture
1s mcreased by a large number of negatively charged Ag
particles on TiO, which reduces the efficiency of charge
separation (Hosseini ef al., 2011). Moreover, the dopants
could behave as electron‘hole recombination center thus
lowering the performance of photocatalytic activity.
Melian ef al. (2012) also found that excess in Ag loaded
into TiQ, leads to low photocatalytic activity. A similar
finding was also reported by Vamathevan et al. (2002)
who used sucrose as model compound 1n his study.

| —m— 5 wt.% Ag-TiO,
70 { —A— 10 Wt% Ag-TIO,
—— 15 wt.% Ag-Ti0y,
60 | —e— Bare TiO,

| —o— 20wt Ag-Ti0,

MO removel effciency (%)
I
s
H

0 T T T T 1
i) 30 60 90 120 150 180
Time (min)
Fig. 7: MO removal efficiency with different Ag
concentration
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70 1
g w1
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Fig. 8 Comparison of removal efficiency of MO at
different incubation temperature

Effect of incubation temperature: The condition of
preparation of Ag-TiO, also influences the reaction of the
catalyst. Figure 8 illustrates the percentage removal of
MO solution at different incubation temperature. After
3 h of degradation process, the mcubation temperature at
25°C showed the lowest removal efficiency of MO which
was 27.4% while the highest MO removal efficiency was
at 70°C with 73.5%. The mcubation temperature of 70°C
could have changed the surface properties of the Ag-T10,
photocatalyst which is in agreement with BET swurface
area analyses. Ag-TiO, at 5 wt.% Ag loading has the
largest BET surface area among all modified T10, samples
{(9.53 m’/g). The larger surface area as well as the increase
in pore volumes provides a more interfacial area for the
reaction to occur, thus, increasing the photo-degradation
activity of MO.

Effect of incubation time: Based on Fig. 9, the degradation
rate of MO was improved with increasing incubation time
between 1-8 h and then decreased thereafter. The highest
MO removal obtained was 84.9% at 8 h of mcubation time.
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Fig. 9. Removal effiency of MO at different incubation
tme
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Fig. 10: Comparison of MO removal efficiency between
Ag-Ti0Q, and control tests

Prolonging the mcubation time promoted the growth of
photocatalyst particles, thus, lead to agglomeration
(Reli er al, 2002). As a result, this would reduce the
surface area of photocatalyst as well as its photocatalytic
activity due to weakening interaction between Ag-TiO,
photocatalyst (Cheng et al., 2007).

Figure 10 compares the optimum performance of
Ag-TiQ, photocatalyst on the removal of MO with control
experiments. The control experiments were conducted
under the same conditions for MO photo-degradation test
except for photolysis which was carried out without the
presence of catalyst and without the presence of UV
light source for adsorption. The order of degradation
of MO was as follows, Ag-TiO, (UV)>bare TiQ,
(UV=photolysis>adsorption. Photolysis and adsorption
led to the little removal of MO. Thus, it can be
established that the photocatalytic performance can be
enhanced by reacting the photocatalyst samples under
UV light wradiation as it can excite more electrons
and holes in TiO,.

Kinetics study of photodegradation of MO: The
photocatalytic degradation of MO fitted well with the

2 -
—e—Bare TiO,

-5 wt.% Ag/TiO,
—i— 5 wt%, 70C Ag/TiO,
—o- 35 wt%, 70C, 8 h Ag/Ti0,

y = 0.0108x-0.051
R =0.9925

154
%]
g 17
=
y=0.0053x+0.1354
m R*=0.8352
0.5 1

y=0,0017x+0.0616
R*=0.8274

0 30 60 90 120 150 180
Time (min)

Fig. 11: Kinetics of photodegradation of MO at optimum
parameters

pseudo-first-order kinetic model for both bare TiO,
and Ag-TiO, The reaction rate is written in the form
of:

=% e )
dt
Where:
k= The pseudo-first order reaction rate coefficient

C = The concentration of MO

The mtegration of the expression with C=C att=0
gives:

jc 4C_ fat (3)
Cy c
«(InC-InC, ) = kt (4)
kg (5)
C

The half-life of Ag-Ti0, photocatalyst which was
described as the time taken for the amount of
photocatalyst to decrease by half can be obtained from
the reaction rate coefficients. Tt was calculated using the
following Eq. 6:

L (6)

Plotting the natural loganthm of the ratio of MO mtal
concentration and the concentration after photocatalytic
degradation (In C;/C) versus irradiation tume (min.) yields
a linear relationship as shown in Fig. 11. The rate
constants, k are obtained from the slope of the graphs.
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Table 2: Rate coefficients, R® values and half-lives at different parameter

Parameters k (mint) R2 Half-life (min)
Concentration (ppm) 5.3x10° 0.835 130.77
Tncubation temperature (°C) 7.2x10° 0.981 96.25
Incubation time (h) 1.08x102 0.992 64.29

Table 2 summarizes the reaction rate coefficients
obtained from the slope of the graphs with its respective
R-squared values (R’) and the half-lives of the
photocatalyst. From Table 2, the degradation of MO using
Ag-TiO, photocatalyst prepared at 5 wt.% of Ag, 70°C of
mcubation temperature and 8 h of incubation time
demonstrated the highest rate constant of 1.08%10” min
and R* value of 0.992. The half-life was 64.29 min.

CONCLUSION

The objectives of the study were to prepare hybrid
Ag-T10, photocatalyst by wet impregnation method using
different Ag concentration, incubation temperature and
incubation time as well as to investigate the
photocatalytic activity on the degradation of MO. The
prepared photocatalyst was characterized using XRD,
BET, EDX and FESEM analyses. The XRD analysis
illustrated the anatase structure of TiO,. The EDX spectra
showed the composition of Ag on Ti0O, surface while the
mappings showed the presence of Ag with uniform
distribution on Ti0, surface. The FESEM images showed
the spherical and square-like shape of Ti0, The colour
also changed from grey to white when Ag was
mcorporated. This study also proved that Ag-TiO,
photocatalyst has better photocatalytic performance over
bare TiO,, photolysis and also adsorption in the removal
of MO dye. The photocatalyst prepared using 5 wt.% of
Ag at 70°C and 8 h of incubation temperature and time
showed an optimum result in which the photocatalyst was
able to remove 84.94% of MO with in 3 h. The reaction
kinetics also showed that the rate coefficient of Ag-Ti0,
was 1.08x10” min" and the half-life obtained was 64.29
min. The study suggested that Ag-TiO, is a promising
photocatalyst for the degradation of organic pollutants
under UV irradiation.
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