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Abstract

This work has observed and reported solar photocatalytic oxidation of A in an

aqueous solution by Ag-SrTiOs. The effect of pH, catalyst loading, initial concentration of A53+,

and sacrificial reagent was investigated. The thermodynamics and kinetics of conversion of As '

to As’ were determined by the change in As”" concentration by utilizing UV-Vis

spectrophotometry as a function of irradiation time. The observed kinetics of photocatalytic

oxidation of As™ follows a pseudo-first-order kinetic model. The results showed a significant

dependence of the photocatalytic oxidation of As” on the functional parameters.
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1. Introduction

Arsenic is one of the most toxic and
carcinogenic elements [1] and is occupied in
the VA group in the periodic table. The most
common oxidation state is trivalent (As™)
but less in the pentavalent (As”") state. As™
is presented in the form of both organic and
inorganic species in natural water. The
species of inorganic arsenic are dependent
on the redox conditions and the pH. It is
known that As™" is high and more toxic than
those As . Many countries have geological
environments conducive to the generation
of high-arsenic groundwater [2]. Wild-spread

contamination of arsenic in groundwater has
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led to a massive epidemic of arsenic
poisoning. Based on the World Health
WHO’s

concentrations have to be under 10 ppb but

Organization; standards, arsenic
it is estimated that more than 57 million
people from around the world are drinking
arsenic-contaminated groundwater above
that standard concentration [3]. Therefore, it
is important to find new methods or
technology to access this regulation. A large
number of technologies have been tested
for the removal of arsenic from groundwater
[4]. The methods include coagulation and
precipitation [5], membrane separation [4],

ion exchange [6], and adsorption [7].
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However, these methods also contain a
waste stream of As and need further
methods to oxidize As to As’ before
release to the environment. According to the
slow rate of oxidation by oxygen, more
oxidizing species such as chlorine, ozone, or
permanganate are needed. Unfortunately,
the use of those oxidizing species may cause
toxic species by-products, for example, the
use of chlorine can generate organochlorine
compounds which are toxic substances.

In recent areas, advanced oxidation
processes (AOPs) have been found as an
effective and alternative way for the
treatment of organic and inorganic
substances. AOPs result in the generation of
hydroxyl radicals (OHe) as main oxidizing
agents which can remove even
nonbiodegradable organic and inorganic
compounds from the wastewater stream.
The AOPs based on photocatalysts are
valuable in completely degrading organic
pollutants to CO, and H,O. Similarly,
photocatalysts have easily converted the
inorganic pollutant from highly toxic species
to less toxic species. The best methodology
for the treatment of toxic organic and
inorganic effluents is using the oxide of
semiconductors as photocatalyst such as
TiO,, Zn0O, ZnS, WO, CdS, Fe,0s, and SrTiO;
[8-13]. Among them, TiO, has been widely
applied as a photocatalyst due to its high
activity, nontoxicity, chemical stability, lower
costs, optical and electrical properties, and
environment-friendly characteristics.

Photocatalytic activity of TiO, can be
improved by doping metal and/or forming

composite with other materials. SrCO5; can

be used as a composite for the oxide of
semiconductors in the field of photocatalysis
based on its high adsorption ability. So, in
this work, solar photocatalytic oxidation of
A in aqueous solution by TiO,/SrCO; and
Ag-TiO,/SrCO; has been reported. The effects
of parameters such as pH, catalyst loading,
and initial concentration of As’ were
investigated. The kinetic conversion of As™
to As" was determined by the change in
As” concentration by employing a UV-Vis
spectrophotometer as a function of
iradiation  time.  The  thermodynamic
quantities of the photocatalytic reaction

were also determined and reported.

2. Experimental
2.1 Overview of photocatalytic oxidation

The photocatalytic oxidation of SrTiO; and
AgSITIO; is  described in Fig. 1. The
photocatalytic process occurs with 3 main steps
including:

1) Charge separation step; a step in
which photocatalyst absorbs photon then
electrons from the valence band are excited
to conduction band forming an electron-

hole as eq. 1 separation:

SITIOy/Ag.SITIO; + hv —>  SITiOs/Ag.SITIiO;
e +h) (1)

2) Radical formation; The important step
that strong oxidizing species such as OH,
Hand O, are formed via equation (2)<(8)

h"+OH — OH 2)

(

h"+H,0 — OH +H' 3)
e_+ 02 — OZ._ (4)
H'+ O — OH (5)
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2H,0 + O,  — 2H,0, (6)

H,0, — 20H )

H +e” — H (8)
when

h' is  valence band hole

e is  conduction electron)

OH is  hydroxyl radical

O, is superoxide ion radical

OH, s perhydroxyl radical

H is  hydrogen radical

3) Electron-hole recombination;

conduction  band electron can be

recombined with a valence hole as
equation:

e +h"  — Heat 9)
OH', Oz'_, OHZ', and H are strong oxidizing
species that can be formed by both valence
hole and conduction band electrons.

Conduction Band

Valence Band

Schematic

Figure 1 representation  of
photocatalytic  oxidation

TiO,/SrCO5

of arsenic by

2.2 Synthesis of TiO,/SrCO; and Ag.TiO,/

SrCO,

The composite TiO,/SrCO;  powders
were synthesized by sol-gel method by using
TiO, and SrCO; as starting materials. The
amount of starting materials was calculated

with a 1:1 mole ratio. The two materials
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were mixed well in HCl solution pH 1. The
slurry was stirred well and then dried in the
air oven at 100 °C for 12 hrs. The dried solid
was grounded in an agate mortar and then
calcined at 600 °C for 6 hrs in a furnace.

The photocatalysts; Ag.TiO,/SrCO; was
synthesized by the photodeposition method.
2 g of obtained TiO,/SrCO; was dissolved in
50 mL of deionized water. The solution was
adjusted to pH 1 by HCl solution. The
amount of AgNO; (QReC Co, Ltd) with a
1-mole ratio versus SrTiO5; was required to be
added into a slurry. The slurry was stirred
well under UV irradiation for 3 hrs and then
dried in the air oven at 100 °C for 12 hrs. The
dried solid was grounded in an agate mortar
and then calcined at 600 °C for 6 hrs in a
furnace.

2.3 Photocatalytic determination

Photocatalytic activity of TiO,/SrCO; and
Ag.TiO,/SrCO5 were performed by the batch
technique. The parameters affecting the
photocatalytic efficiency of the
photocatalysts were studied including initial
concentration of As3+, amount of
photocatalyst, pH of solution, and
temperature. Each photocatalytic experiment
was performed in a 500 mL beaker. During the
experiment, the test solution in the beaker was
constantly stired and illuminated by the sun.
One gram of photocatalyst was added into 250
mL of NaAsO, (QRec Co, Ltd) solution sample.
Concentrations of NaAsO, solution were 0.5, 1,
5, 10 and 50 ppm. Each experiment was run
within 1 hour. All experiments were carried out
at ambient temperature. The radiation density
flux on the reactor was determined by a light

meter for each run.
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2.4 Determination of As™ concentration

The oxidizing species can oxidize s
0, to H,AsO, as in equation:

AsO; —2% 5 |7 450, (10)
The concentration of residual As™ in the
solution at various times was determined
colorimetric method. The method employs
oxidation of H,AsO, by | then |, (eq. 2) which
is a product of the reaction was reduced by
rhodamine B. The disappearance of rhodamine
B is related to the concentration of As™* (eq. 3).
The absorbance of rhodamine B  was
determined at 543 nm by UV-Vis
model  UV-Vis

spectrophotometer, PG Instrument Ltd)

spectrophotometer  (T80+

H,AsO, +2H" +2I" — H,4s0; + H,0+1, (11)
I, + RhB(colored) — 21~ + RhB(colorless) (12)

2.5 Photocatalytic oxidation efficiency
The efficiency is calculated based on

the equation:

Yefficiency = %xl 00 (13)

t

where C, and C; are initial and variable

. 3+ .
concentrations of As™ , respectively.

2.6 Photocatalytic oxidation kinetics

The kinetics of the photocatalytic
oxidation of As™* by the photocatalysts was
analyzed in terms of pseudo first- and
second-order kinetic models. A plot of In(Cy-
Cy versus times is used to describe the
pseudo-first-order kinetic model as the
following equations (14):

In(C, —C,) =In(C,)— kit (14)

when k; is a pseudo-first-order rate constant

obtained from the slope of the straight line.

-

The plot of 1/C; versus times is described by
the pseudo-second-order kinetic models as
shown in the equation:

11 (15)

a:a+k2t
2.7 Photocatalytic oxidation
thermodynamics
The thermodynamic properties of the
photocatalytic oxidation of TiO,/SrCO; and
Ag. TIOy/SrCO;

equation. A plot between inkyand Lgiven a
T

employed the  Arrhenius

strength line and activation energy (g ) can

be found in the equation (16).

In(k) = ;fr (16)

A plot between )and 1given a strength
T T

line and activation enthalpy (ax') can be
calculated from slop and as'can be found in
the equation (17).

In(k) _AHT AS" (17)
T RT R
The free energies (aG') at various

temperatures can be calculated from eq.
(18)
AG' =AH' ~TAS' (18)

3. Results and discussion
3.1 Characterization

The synthesized composite photocatalysts
were obtained and characterized by scanning
electron  microscope (SEM).  Figure 2
represents the SEM images for TiO,, SrCO;
and photocatalyst. It was found that the SEM
images of SrCO; and photocatalyst are similar
and TiO, is distributed on the surface of

SICO,.
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Figure 2 SEM images of TiO,, SrCO; and
TiO,.SrCO; photocatalyst.

3.2 Effect of pH

The effects of wvarious pH were
investigated and the results are shown in
Fig. 3. The experiment was conducted with
an arsenic initial concentration of 1 ppm
and 1 g of TiO,/SrTiOs. As shown in Fig. 4,
the maximum removal of arsenic of 97%
was observed in pH 1 and decreased
gradually when pH was higher at 2, 3 and 5.
As a result, the acidic condition, especially
pH 1 led to the TiO,/SrTiO; surface being
mostly positive and attracted arsenic which
possesses a negative charge to the surface
via electrostatic force. This accelerates the

conversion rate of arsenic [14].
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Figure 3 Effect of pH on the photocatalytic

efficiency

3.3 Effects of initial arsenic concentration
The effect of different initial NaAsO,
concentrations of its removal in pH 1 is
shown in Fig. 3. It is shown that initial
arsenic concentrations strongly affected its
removal. The removal decreased as the
initial concentration gradually increased
from 0.5 to 50 ppm. When the amount of
electron-hole
archived.  The

photogenerated electrons efficiently transfer

arsenic is  small, the

separation  would be

from the catalyst to adsorbed oxygen
forming a larger number of reactive O,
radical. The water molecules act as electron
donors for hole regeneration then forming
OH. These radicals react with arsenic
effectively and accelerate the oxidation of
arsenic. However, a higher amount of
arsenic leads to its deposition which could
cover more on TiO,/SrCO5; surface and
hinder the contact between TiO,/SrCO5 and
arsenic  which  would increase diffuse
distance and decrease the number of
received photons. In addition, as the radical
densities were equal in all solutions, a
solution with a low concentration of arsenic

with the same OH and O, formation rate



would have a higher conversion rate than a
higher concentration of arsenic. The result is
in agreement well with the previous
experiment [15].
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Figure 4 Effect of initial concentration of

arsenic on photocatalytic efficiency

3.4 Effect of photocatalyst loading

The effects of different TiO,/SrCO;
loading on  arsenic  removal  were
investigated in Fig. 5. The concentration of
arsenic is 1 ppm, pH 1. As shown in the Fig.
5, as the amount photocatalyst increased
from 1 ¢ to 1.5 ¢, the removal of arsenic is
increased but the removal is decreased
when the amount of photocatalyst is higher
than 1.5 ¢. This may be due to the larger
amount of photocatalyst obscuring the
penetration of light leading to a decrease of
photocatalytic oxidation of arsenic on

photocatalyst surface.

3.5 Photocatalytic efficiency between
TiO,/SrCO5; and Ag.TiO,/SrCO;

Based on the optimum condition for
TiO,/SrCO;5

concentration of arsenic 1 ppm, and catalyst

including  pH 1, initial

loading 1 ¢, the photocatalytic efficiency of
Ag.TiO,/SrCO; was observed in the same

condition. The photocatalytic efficiency of

the two photocatalysts is shown in Fig. 6. As
a result, the doping of silver accelerates the
photocatalytic oxidation of arsenic from
92% to 96% which very high initial rate of
removal  (90%). The higher
efficiency of Ag.TiO,/SrCO; than TiO,/SrCO;

is due to the Ag atom

removal

capturing
photogenerated electrons and transferring
the electron effectively to oxygen molecule
to form radical. In addition, the doping of
the Ag atom can prohibit or decrease the
electron-hole recombination which
enhances the number of the
photogenerated electrons in the conduction

band of the photocatalyst.
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Figure 5 Effect of photocatalyst loading on
photocatalytic
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Figure 6 Photocatalytic oxidation of
TiO,/SrCO5 and Ag.TiO,/SrCO;5 and interval

time
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3.6 Kinetics of photocatalytic efficiency
between TiO,/SrCO; and Ag.TiO,/SrCO4
Kinetics of the photocatalytic oxidation
of As”" by TiO/SICO, and Ag.TiO/SrCOs
were observed. The kinetic data at various
temperatures are shown in Table 1.
Concentrations of As”" in the test solution at
the available time were determined from
the standard concentration curve. Figure 7
represents a plot of (n ([A53+]0/([A53+]) Versus
time and 1/[As3+] versus time to follow the
first-order  and second-order  kinetic
reactions, respectively. Based on the R2 of
the linear plots, the kinetic of photocatalytic
oxidation of TiO,/SrCO; follows the second-
order (R° 0.9542) while of Ag.TiO,/SrCO5
follows the first-order (R* 0.8675) model. It
suggests that doping metal can change the

kinetic of the photocatalyst.

Table 1 Rate constants of the kinetic
models of photocatalytic oxidation of
arsenic of TiO,/SrCO; and Ag.TiO,/SrCO,

photocatalysts T Pseudo Pseudo
first order second order

(K ky(m'™) koM )

33 3.50x10° 3.70x10”°

TiO,/SICO; 43 1.50x10” 6.90x10"
53 8.00x10°” 6.00x10"

AgTION/SICO; 33 2.30x10°” 1.30x10~
43 8.00x10" 2.40x10"

53 2.60x10°7 1.60x10°
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Figure 7 Linear plot of the first- and second-
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3.7 Thermodynamics of photocatalytic -
efficiency between TiOZ/SrCO3 and :Z_ZEJ.UOM 0.0031 0.0032 0.0032 0.0033. 0.0033
AgTIOz/SrCO3 =24
En 960 < 7693.5x - 34.234
A plot of In(k) at various temperatures & s Rt~ 09959
. £ -1000
versus 1/T based on eq.16 of photocatalytic 165
" . . -10.40
efficiency of the two photocatalysts is s
shown in Fig. 9. The corresponding 080 T KD
activation energies are obtained from the
slop. In addition, a plot of In(k)/T at various 600
0.0031 0.0031 0.0032 0.0032 0.0033 0.0033
temperatures versus 1/T based on eq.17 of 800
photocatalytic  efficiency of the two 1000 y = 33823 12072,
~ R? = 0.9917
photocatalysts is also shown in Fig. 8. The }712_00
corresponding  activation enthalpy and ;E-m,oo
entropy were obtained from the slope and -
y-intercept, respectively. The kinetic and .
thermodynamic data are tabulated in Table ke
2. Gibbs free energy of activation (AG#), (a)
determines the rate at which a certain 000
0.0031 0.0031 0.0032 0.0032 0.0033 0.0033
reaction will underco at a given 100
temperature, and as we see the reaction is 63
possible under the conditions considered. Fam e
The high values of AG" reveal that the . /
formation of the activated complex is slow. -
Amount of binding energy; AH" s gained in »
the transition state relative to the ground e
state (including solvent effects). For a e
# 1 -9.000.0031 0.0031 0.0032 0.0032 0.0033. 0.0033
bimolecular reaction AS <<<0 J/mol.K . The 920

-9.40

: #o .
large negative value of AS in this reaction C7693.5¢ - 30234

Eﬂ -9.60
suggests a considerable degree of charge f 1223 o
separation in the activated complex. This o
results in an immobilization of a large | .
number of solvent molecules, reflected in o o
loss of entropy. The plots are based on eq. ©)

16 and 17 are in agreement well with [16].
. Figure 8 A plot of Ink) at various
Doping of Agclearly accelerates the
) o ) temperatures versus 1/T and a plot of
catalytic activity of the TiO,/SrCO; system. .
In(k)/T at various temperatures versus 1/T
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Table 2
photocatalytic oxidation of arsenic by
TiO,/SrCO5 and Ag.TiO,/SrCO,

Thermodynamic  data  of

Ag.TiO,/SrCO,
Temp.  Af AH As* AG'
CO  (k/mob)  (kJ/mol) (J/mol.K)  (kJ/mol)
33 88.03
43 0.86 73.53 -287.33 90.91
53 93.79
Ti0,/SrCO,
Temp.  AE' AH' As’ AG"
CO  (/mobd  k/mo)  (/molK)  (ki/mol)
33 106.62
43 352.21 325.11 -347.19 110.09
53 113.56

4. Conclusion

Photocatalytic removal of A from
agueous synthesized
TiO,/SrCO; and Ae.TiO,/SrCO; under solar

light irradiation was studied. The effect of

solution  using

the initial concentration of A53+, solution pH,
photocatalyst loading, and temperature was
taken into account. Maximum removal of
As” was observed at pH 1, 1 ppm initial
of A" and 1 g of
photocatalysts at ambient conditions. The
removal efficiency of AsT by Ag.TiO,/SrCO; is
higher than those of TiO,/SrCOs. The kinetics
of both different  which
photocatalytic kinetic of TiO,/SrCO; followed
the second-order while of Ag.TiO,/SrCO;

followed the first-order reaction.

concentration

systems are
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