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ABSTRACT

Facile in situ synthesis and characterization of stable Ag PO,/TiO, nanoparticles for visible light
photocatalytic water treatment has been reported. The surface morphology, crystal structure and
chemical properties of the photocatalyst were characterized by using UV-Vis-NIR spectroscopy,
field emission scanning electron microscopy, X-ray diffraction, X-ray photoelectron spectroscopy,
transmission electron microscopy and nitrogen physisorption. The synthesized powder nanoparticles
were polycrystalline in nature with calculated energy band gap in the range of 2.3-2.5 eV. Deposition
of Ag PO, over the surface of TiO, resulted in increased stability of the photocatalyst and a significant
shift in the UV absorption spectrum toward visible region. The photocatalytic experiments were
performed in a batch reactor under 112 W cool white visible light irradiation with A > 400 nm. The
degradation of 2-chlorophenol (2-CP) as a model pollutant was investigated and reaction parameters
for best catalyst performance were optimized. The catalyst showed complete degradation of 15 mg-L
2-CP within 120 min while 92.5% degradation of 25 mg-L™ 2-CP was achieved within 180 min under
optimized conditions (i.e., 1 g-L ! catalyst dose, at solution pH 3 and irradiation time of 180 min). The
experimental results showed that the photocatalytic degradation results followed pseudo-first-order
reaction kinetics and confirmed that Ag,PO,/TiO, has high potential for degradation of 2-CP from
wastewater under visible light irradiation.
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1. Introduction

Recently, application of heterogeneous photocatalysis as
an advance oxidation process has been seen as a potent solu-
tion for eradication of toxic organics from wastewater [1,2].
TiO, has become the most extensively studied photocatalyst
since its use by Fujishima and Honda [3] for water splitting.
However, the large energy band gap of TiO, (i.e., 3.2 eV) lim-
its its use only to ultraviolet (UV) light driven photocatalysis
which comprises only about 4% of solar spectrum incident

* Corresponding author.

on earth [4-8]. Current research focuses on the development
of modified photocatalysts able to harness the visible spec-
trum of light which comprises the larger portion (~46%) of
sunlight [9-11]. The strategies adopted to achieve such goal
for instance may include creation of low energy impurity
states within the TiO, band gap through noble metal doping
or co-deposition that may promote electron hole pairs forma-
tion [12-15].

Ag PO, has been reported to effectively utilize visible
light for water splitting and organic contaminants degrada-
tion [16-19]. A few studies suggest that Ag.PO, shows up to
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12 times faster degradation of certain dyes compared with
commercially available TiO, N and BiVO, with up to 90%
quantum efficiency upon exposure to light with wavelength
over 420 nm [19,20]. However, the instability and photocorro-
sion of Ag PO, in aqueous medium have been associated with
the loss in photocatalytic efficiency over time, making cata-
lyst recycling and reuse difficult [21,22]. It is therefore highly
desirable to synthesize modified and stable photocatalysts
that can effectively utilize the visible light harnessing power
of Ag PO, nanoparticles with minimal consumption of expen-
sive Ag precursors. Recently, a facile in situ preparation route
for Ag PO, nanoparticles deposition onto the TiO, (Degussa
P25) surface has been reported to increase both the stability
and photocatalytic activity of TiO,-based photocatalysts [23].
The current study comprises of in situ synthesis, characteri-
zation and evaluation of photocatalytic activity of stable and
highly visible light active Ag,PO,/TiO, nanocomposite. The
visible light photoactivity of the synthesized nanoparticles
has been evaluated through degradation of 2-chlorophenol
(2-CP) as a model organic pollutant. The choice of 2-CP was
made due to the fact that phenol and its derivatives are com-
monly encountered organic pollutants in petrochemical, phar-
maceutical and chemical industry wastewater causing severe
environmental problems [24]. 2-CP is included in the prior-
ity pollutants list of United States Environmental Protection
Agency (USEPA) and the European Union Water Framework
Directive list of priority substances [25,26]. Also, the biologi-
cal, physical and physicochemical water treatments are often
ineffective or environmentally incompatible for degradation
of such organic contaminants [27]. To best of our knowledge
this is the first successful attempt to degrade 2-CP in visible
light using an Ag.PO,/TiO, nanocomposite. The photocata-
lytic degradation pathways as a linear function of the concen-
trations of chlorophenol and catalyst have been considered
for the interpretation of the kinetic data in this work.

2. Experimental
2.1. Materials

Silver nitrate, Degussa Titania (P25), and sodium phos-
phate (Sigma-Aldrich, USA) were used for catalyst prepara-
tion while 2-chlorophenol (2-CP) procured from Merck, USA,
standard grade was utilized as pollutant. Deionized water
was used for solution preparation. All other chemicals were
also analytical grade.

2.2. Synthesis of Ag,PO,/TiO, photocatalyst

Synthesis of 0.3 M silver phosphate doped onto Degussa
Titania (P25) was carried out using the in situ precipitation
method reported by Zhang et al. [23]. Degussa P25 (0.02 mol)
was dispersed in 50 mL distilled water and the solution was
sonicated for 5 min. Silver nitrate (0.018 mol) was then added
to the sonicated P25 solution and the resulting solution mag-
netically stirred for 10 min at 250 rpm. Sodium phosphate
(0.006 mol) was dispersed in 50 mL distilled water and was then
added dropwise to the previously prepared solution. The final
solution was then magnetically stirred at 250 rpm for 5 h. A
color change was observed from white to yellow. The resulting
solution was then filtered, washed and dried in air overnight.

2.3. Material characterization

Characterization of the synthesized Ag.PO,/TiO, was
performed by powder X-ray diffraction (XRD) measured
with a Philips PANalytical Xpert PRO X-ray diffractometer
using Cu Ka radiation under 45 kV accelerating voltage and
20 mA applied current. The surface area was determined
by Quantachrome Autosorb IQ. After degassing the sample
at a temperature of 200°C for 180 min, nitrogen porosime-
try was performed at a temperature of 77 K over the 0 to 1
pressure ratio. X-ray photoelectron spectroscopic (XPS) sur-
face analysis was performed using PHI 5000 VersaProbe II.
Transmission electron microscopy (TEM) was performed
on a Morgagni Transmission Electron Microscope and the
images were obtained at an accelerating voltage of 60 kV.
Field emission scanning electron microscopy (FESEM) was
done by JSM-7500 F; JEOL, Japan, using parallel beam geom-
etry and a multi-purpose thin film attachment. The optical
reflectance of the synthesized powder material was recorded
by PerkinElmer UV/Vis/NIR, Lambda 750 UV-Vis-NIR spec-
trophotometer equipped with integrating sphere, to record
the diffuse reflectance spectra of the synthesized powder
nanocomposite in the wavelength range of 200-900 nm.
Kubelka-Munk (K-M) transformation was applied on the %
R values to calculate the band gap of the synthesized Ag,PO,/
TiO, by plotting (F(R) x hv)*and (F(R) x hv)"? vs. hv (eV).

2.4. Photocatalytic experiments

To examine the visible light photocatalytic performance
of AgPO/TiO, in terms of 2-CP degradation; Luzchem
photochemical reactor (LZC4) system was used. In a typical
experiment, fixed amount (varying from 0.5 to 1.5 g-L™") of the
photocatalyst was added in the 2-CP solution in a cylindrical
quartz rector cell (250 mL capacity) provided with air circulation
and magnetic stirring was provided to ensure thorough mixing.
The reaction contents were irradiated with visible light lamps
from top and sides with spectral range from 400 to 700 nm and
spectral irradiance of 17.45 mW-m™ monitored by Luzchem
power monitor at a distance of 12 cm from the light source
for a duration of 180 min irradiation time. For analysis 2.5 mL
samples were drawn after every 30 min and analyzed by using
UV-visible spectrophotometer (HACH LANGE DR6000) at
A =274 nm. The 2-CP degradation efficiency was calculated,
after analysis, using the following relation:

. (CDC[)
Degradation % = N %100 (1)

o

where C, and C, denote initial and residual concentration of
2-CP (mg-L™), respectively, and t is the irradiation time (min).

3. Results and discussion
3.1. Morphology, structural and optical properties of Ag,PO,/TiO,

The X-ray diffraction (XRD) peaks corresponding to the
body-centered cubic (bcc) phase of Ag.PO, are presented in
Fig. 1 for Ag,PO,/TiO, composite. The diffraction peaks for
Ag PO, nanoparticles are represented in black font color at
20 values 21.8°,29.6°, 33.5°, 36.7°, 48.2°, 55.0°, 57.5°, 60.9° and



J. Rashid, M.A. Barakat / Desalination and Water Treatment 101 (2018) 193-202 195

72.1° corresponding to the diffractions from the (110), (200),
(210), (211), (310), (222), (320), (321) and (332) crystal planes.
Results shown exhibit crystalline integrity as reported by
Zhang et al. [23]and Wang et al. [28] and the XRD peaks for
Degussa P25 are easily distinguishable from the XRD pat-
terns with representative (101), (004), (200), (211) and (002)
crystalline planes represented in red font color.
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Fig. 1. XRD patterns of the prepared Ag,[PO,/TiO, (molar
ratio = 3:10) powder; Ag,PO, (black font) and Degussa P25 (red
font).
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The porosity and surface area of the photocatalyst were
analyzed by nitrogen physisorption using Quantachrome
Autosorb 1Q. After degassing the sample at a temperature
of 200°C for 180 min, nitrogen porosimetry was performed
at a temperature of 77 K over the 0 to 1 pressure ratio.
Table 1 shows that TiO, exhibited a much higher surface
area of 50 m? g with a relatively higher pore volume of
0.1 cm?® g'compared with lower pore volume of 0.002 cm?® g™
and surface area of 1.6 m? g-' of Ag PO, particles which pro-
vides suitable dispersion of Ag PO, within TiO, particles.
The decline in surface area for Ag.PO,/TiO, nanocomposite
to 15 m* g™' could be attributed to smaller size of Ag PO, that
can clog the pores of TiO, [29].

The FESEM and TEM images of synthesized Ag,PO,/TiO,
nanoparticles are shown in Figs. 2(a) and (b), respectively,
while Fig. 2(c) represents the TEM image of TiO,. From the

Table 1
Porosimetric determinations of Ag.PO 4/TiO2

Catalyst BET SSA (m?g™) Pore volume (cm® g™')
Degussa P25 50 0.1

Ag PO, /TiO, 15 0.0358

Ag PO, 1.6 0.002

Fig. 2. (a) FESEM and (b) TEM images of Ag,PO,/TiO, and (c) TEM image of TiO,.
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TEM image of the composite Ag PO,/TiO, photocatalyst,
two distinct particles are identified. The TiO, particles fairly
appear in nanometer scale while with average particles size
of 20-30 nm diameters represent while the finer particles
mainly deposited on the surface of TiO, in the Ag PO /TiO,
nanocomposite belong to Ag PO,. The smaller size of Ag,PO,
nanoparticles can be attributed to the adsorption of silver ions
onto the negatively charged surface of TiO, thus limiting the
growth of Ag PO, particles concurrent with the Brunauer-
Emmett-Teller (BET) surface area determinations [29].

The XPS survey analysis of the Ag.PO,/TiO, shown in
Fig. 3(a) confirms the presence of Ag, P, Ti and O as sample
constituents. Fig. 3(b) shows the high resolution XPS spectrum
of Ag 3d characterized by two peaks with binding energy val-
ues of 367.55 and 373.65 corresponding to the Ag 3d,, and
3d,,, respectively. Deconvolution of Ag 3d peaks resulted
high intensity peaks at 367.72 and 373.73 eV representing Ag*
and two low intensity peaks at 368.26 and 374.26 eV repre-
senting metallic silver Ag® in the Ag PO, /TiO, as reported by
other studies [23,28,30]. The high resolution XPS spectrum of
Ti 2p with 2p,, peaks at 458.69 and 459.29 eV suggests the
presence of TiO, (Fig. 3(c)). The O 1s peak was observed at
530 eV with a shoulder toward high binding energy value as
shown in Fig. 3(d). On deconvolution three component peaks
with different intensities were identified. The highest inten-
sity peak with binding energy value of 529.78 eV belongs
to the anionic O, from Ag PO, and TiO, [31]. The shoulder
peaks include peaks with 531.04 and 532.43 eV identified as
bound oxygen with Ag O and oxygen from adsorbed H,O
on the surface of TiO, [32]. Similarly, the peak at 133.15 eV
(Fig. 3(e)) represents the P 2p core level peak characteristic of
(PO,)* group [33]. The XPS results suggest that in situ depo-
sition of (PO,)* and Ag" ions on the surface of TiO, yielded
stable precipitated Ag,PO,/TiO, composites. XPS binding
energies of Ag 3d, Ti 2p, O 1s, C 2p and P 2p along with the
atomic % determined by quantitative XPS analysis of Ag.PO,/
TiO, nanocomposite are provided in Table S1.

The solid state absorption and diffuse reflectance spec-
tra of the Ag PO /TiO, showed two strong absorption edges
around 420 and 520 nm corresponding to the absorption
edges reported for TiO, (P25) and Ag,PO,, respectively [34].
Kubelka-Munk transformation was applied to the UV reflec-
tance data of the synthesized nanoparticles to calculate the
values of F(R). The direct and indirect energy band gap of
the synthesized Ag PO,/TiO, nanoparticles was calculated by
plotting (F(R) x hv)? and (F(R) x hv)"? vs. hv, respectively. The
indirect energy band gap of TiO, Degussa P25 and Ag, PO,/
TiO, is shown in Fig. 4. From the plot the band gap energy
(E)) was determined by extrapolating the linear region of
the plot on x-axis. Compared with the energy band gap
of ~3.18 eV for Degussa P25 the direct energy band gap of
the synthesized nanoparticles was found to be at ~2.52 eV
while the indirect band gap was found to be ~2.3 eV which
is consistent with the values reported by Huang et al. [35] for
Ag PO,. These results suggest that Ag PO,/TiO, is an indirect
band gap semiconductor.

4. Photocatalysis

Photocatalytic degradation is a light dependent pro-
cess where the photocatalyst material utilizes the energy of

incident photons equal to or greater than its energy band gap.
The valence band (VB) electrons upon absorption of such
photon energy are excited to the conduction band (CB) and
leave behind a positively charged hole. The electron hole pair
(e7/h") thus formed is responsible for generation of reactive
oxidizing species (e.g., OH* and O, radicals) through a series
of oxidation reduction reactions in aqueous medium [36] and
eventually breakdown the organic pollutants adsorbed on
the catalyst surface. In case of Ag,PO,/TiO,, upon exposure
to visible light irradiation, the electrons in CB of Ag PO, may
move to the surface of reduced TiO, that acts as a photoin-
duced electrons acceptor. This charge transfer from Ag PO,
may result in unavailability of electrons to remaining Ag.PO,
particles that may result in increased photostability [29]. The
absorbed oxygen on TiO, surface, however, may react with
electrons forming reactive oxygen species such as afore-
mentioned superoxides (O,*") which may further degrade
the 2-CP molecules. Moreover, photoinduced holes in the
VB of Ag PO, transfer to the VB of TiO, and can directly
oxidize 2-CP molecules thus enhancing photocatalysis.
Compared with Ag PO, and TiO, Degussa P25 the Ag PO,/
TiO, nanocomposite showed significant increase in the pho-
tocatalytic activity validating the importance of Ag,PO, dop-
ing over TiO, surface (Fig. S1) for the visible light initiated
photocatalysis.

Ag,PO, +ho(E2E ) —>eg, +hy, @)
H,0+h* - H,0" - HO°+H" ®)
TiO, (e(,B + Oz)ads +e >0, (4)
H,0 > HO +H" (5)
HO +h" — HO® (6)
0, +H — HOO® 7)
2HO® —» H,0, + %[02] )
H,0,+H"+e” »>OH°+H,0 ©)

2-CP + OH° — Intermediates — CO, + H,0 + HCl (10)

Solution pH is one of the main controlling factors that
determine the photocatalytic degradation process. The solu-
tion pH values lesser than point of zero charge of the pho-
tocatalyst material has been reported to facilitate hydroxyl
radical and H,O, formation [37]. Fig. 5 shows the effect of
solution pH on the Ag,PO,/TiO, catalyzed degradation of
2-CP. For 50 mg-L" of initial 2-CP concentration and visible
light irradiation for 180 min variation in solution pH values
showed significant change in 2-CP degradation %. With the
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change in solution pH from 3 to 5 and 7; the corresponding
values of 2-CP degradation varied from 70% to 55.68% and
53.5%, respectively. At pH values higher than 6 TiO, surface
bears negative charge and existence of electrostatic repulsion
between aqueous phenolate ions and TiO, may be responsible
for lower adsorption rates and corresponding degradation

efficiency. Higher pH values have also been reported to
decrease the degradation rates due to OH- ions scavenging
by thus formed carbonate ions [38]. The electrostatic binding
of 2-CP at pH 3 facilitates adsorption of the pollutant onto
the positively charged surface of Ag PO, /TiO, that resulted
in maximum degradation efficiency.
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Fig. 3. (a) XPS scan of Ag,PO,/TiO,; (b)—~(e) XPS spectra of Ag 3d, Ti 2p, O 1s and P 2p.
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Fig. 5. Effect of pH change on photocatalytic degradation of 2-CP
(catalyst dose = 1 g-L!, 2CP concentration = 50 mg-L™, visible
irradiation =112 W).

In a separate series of experiments 0.5-1.5 g-L™' of Ag PO,/
TiO, was added to 50 mg-L' 2-CP solution to evaluate the cat-
alyst dose effect on photocatalytic degradation. As shown in
Fig. 6, an initial increase in catalyst dose from 0.5 to 1 g-L-!
showed increase in degradation efficiency from 56% to 70.3%
attributed to increased number of catalyst active sites with
catalyst dose. However, further increase in catalyst dose to
1.5 gL' showed decrease in degradation efficiency up to
41.4%. At high catalyst dose catalyst agglomeration becomes
significant, thus reducing the overall surface area and sub-
sequently the availability of catalyst active sites for reaction
[39]. Also at higher catalyst dose decline in penetration of
light and increased outward scattering becomes more signif-
icant thus manifesting in lowered photocatalytic degradation
rate [39].

The photocatalytic performance of Ag PO,/TiO, under
optimized conditions was investigated over a wide initial
pollutant concentration range from 15 to 50 mg-L™ (Fig. 7).
Keeping the catalyst dose of 1 g-L™!, 100% degradation effi-
ciency was observed when 15 mg-L™ of 2-CP was exposed
to visible light for 120 min. However, further increase in
2-CP concentration to 25 and 50 mg-L™ resulted in decrease
in degradation efficiency from 92.5% to 70.3%, respectively,
for 180 min of irradiation time. This can be attributed to the
decreased probability of 2-CP molecules to react with the
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Fig. 6. Effect of catalyst dose on photocatalytic degradation
of 2-CP (pH = 3, 2CP concentration = 50 mg-L7, visible
irradiation =112 W).
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Fig. 7. Effect of catalyst dose on photocatalytic degradation of
2-CP (pH = 3, catalyst dose =1 g-L7, visible irradiation = 112 W).

active species on the surface of Ag.PO,/TiO, with increase in
initial pollutant concentration.

In order to evaluate the structural stability of the photocat-
alyst, Ag.PO,/TiO, was recovered after use from the solution
by decanting and centrifugation followed by washing with
distilled water, filtration and drying at 40°C for 180 min. The
recovered catalyst was subjected to reuse for three times with
fresh 2-CP solution whereby it retained stability and showed
100% visible light degradation efficiency for 15 mg-L of 2-CP
as shown in Fig. 8(a) while the recyclability of pristine Ag.PO,
is provided in Fig. 8(b). The movement of photoexcited elec-
trons from Ag.PO, to TiO, nanoparticles results in reduction
in metallic Ag® formation that is apparent as stabilization of
the Ag PO,/TiO, nanocomposite and higher recyclability of
the photocatalyst as demonstrated by similar studies [40].

The rate of reaction at very low pollutant concentration
(mg-L" level) is dependent on the initial pollutant concentra-
tion as evidenced by similar studies [41,42]. The variation in
the rate of photocatalytic degradation of 2-CP with experi-
mental parameters was evaluated by fitting the experimen-
tal data with the pseudo-first-order reaction kinetic model.
Eq. (11) represents the simplified version of the generally
adopted model for degradation of organic pollutants in
solution [43].
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(11)

The apparent rate constant k,_ was calculated from the
plot of (In(C /C)) vs. irradiation time ¢ as shown in Fig. 9. The
values of rate constant decreased from 0.0231 to 0.006 min™
with increase in initial 2-CP concentration from 15 to
50 mg-L™" which is interpreted as the decrease in photocata-
lytic efficiency. Increasing the number of 2-CP molecules per
unit volume resulted lower light penetration to the surface of

100 - (a)
90 -
80 -
70 -
50 .
50 -
40 -
30 -
20 -
10 -

0 T T 1

1st use

Degradation (%)

2nd use 3rd use

Degradation (%)

the photocatalyst particles thus slowing the rate of photocat-
alytic degradation. The observed values of kinetic parameters
as a function of 2-CP initial concentration, pH and catalyst
dose are provided in Table 2.

5. Conclusions

In situ precipitation method was adopted to synthesize
stable visible light active Ag[PO,/TiO, nanoparticles
photocatalyst. The photocatalytic activity of the synthesized
catalyst was successfully tested for degradation of 2-CP under
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Fig. 8. Catalyst reuse (a) Ag,PO,TiO, and (b) Ag,PO, (catalyst dose = 1g-L™", pH = 3, 2-CP concentration = 15 mg-L", visible

irradiation = 112 W).

14 -
+pH3 (a)
1.2 -
1 - HmpH5
% 08 ApH7
O
= 0.6 - |
0.4 -
0.2 -
0 T T T T T 1
0 30 60 Q0 120 150 180
Time (min)
3 -
+ 15ppm
2.5 -
B 25ppm
—_ 2
% 4 50ppm
S 1.5 -
[
= 4
0.5 -
O T T

1.4 (b)
+0.5g/L
1.2 s/
1 | ].gfL
o
) 0.8 4 1.5g/L
Sos
c
- 0.4
0.2
0 T T T T T 1
0 30 60 20 120 150 180
Time (min)

(c)

0 30 60

120 150 180

Time (min)

Fig. 9. Pseudo-first-order kinetic plots for degradation of 2-CP by Ag PO,/TiO, under variable (a) solution pH, (b) catalyst dose and

(c) pollutant concentration.



200 J. Rashid, M.A. Barakat / Desalination and Water Treatment 101 (2018) 193-202

Table 2

Effects of catalyst dose, solution pH and initial 2-CP concentration on the photocatalytic activity of Ag,PO,/TiO,
Catalystdose k. R? Solution k| R? Initial 2-CP Ko R?
(gL (min™) pH® (min™) concentration (mg-L7)*  (min™)
0.5 0.0037 0.98 3 0.006 0.9956 15 0.0231 0.9998
1 0.006 0.9956 5 0.0037 0.9496 25 0.0137 0.9926
1.5 0.0026 0.9896 7 0.0036 0.9767 50 0.006 0.9956

2-CP =50 mg-L™, pH = 3, time = 180 min, visible light lamp =112 W.
P2-CP =50 mg-L™, catalyst dose =1 g-L™, time = 180 min, visible light lamp = 112 W.
“Catalyst dose =1 g-L™, time = 180 min, pH = 3, visible light lamp =112 W.

visible irradiation. The XRD and TEM studies suggested that
the nanocrystals obtained were polycrystalline with average
particle size for Degussa P25 in the range of 28-78 nm while
10-17 nm for Ag,PO,. The XPS analysis results confirmed the
presence of Ag, P, O and Ti elements with their respective
oxidation states corresponding to AgPO,/TiO,. The
synthesized photocatalysts showed high photoactivity with
complete degradation of 15 mg-L™ 2-CP achieved at pH 3
within 120 min and 92.5% degradation of 25 mg-L™" within
180 min of visible light irradiation. The kinetic interpretation
of experimental results suggests that the photodegradation of
2-CP closely followed the pseudo-first-order reaction kinetics
with maximum k__value of 0.0231 min™.
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Fig. S1. Comparison of photocatalytic activities for degradation of 2-CP (solution pH = 3, catalyst dose = 1 g-L!, Vis. Irradiation =
112 W, pollutant concentration = 50 mg-L™).

Table S1
XPS binding energies of Ag 3d, Ti 2p, O 1s, C 2p and P 2p determined by quantitative XPS analysis for Ag,PO,/TiO, nanocomposite
Elements Binding energy position (eV) Atomic %
Peak 1 Peak 2 Peak 3 Peak 4 Peak 5 Peak 6
Ag3d 367.1 367.7 368.26 373.1 373.7 374.26 5.482
Ti2p 458.7 459.7 464.25 12.384
Ols 529.8 530.17 531 532.4 49.181
Cls 284.95 286.67 288.92 28.464
P2p 131.15 2.521




