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Investigation of the photocatalytic activity of BaTiOs, a perovskite wideband gap semiconductor has been
done in comparison with a widely used photocatalyst TiO, for the degradation of 4-chlorophenol (4-CP),
4-chloroaniline (4-CA), 3,4-dichloronitrobenzene (3,4-DCNB), and 2,4,5-trichlorophenol (2,4,5-TCP). BaTiOs/
TiO, nanoparticles were prepared by gel-to-crystalline conversion method. BaTiOj; has exhibited better catalytic
efficiency and process efficiency compared with TiO, in most of the cases. The present research focuses
mainly on two aspects: first the photocatalytic activity of BaTiOs3, as there are very few reports in the literature,
and second the reactivity/orientation effects of substituent groups of the pollutant molecules on the degradation
rate. The above chloroorganic compounds have at least one chlorine substituent in common, along with other
functional groups such as —OH, —NH,, and —NO,. Furthermore, the effect of electron acceptors and pH on
the rate of degradation is presented. The reactions follow first-order kinetics. The degradation reaction was
followed by UV—vis, IR, and GC-MS spectroscopic techniques. On the basis of the identification of the

intermediates, a probable degradation reaction mechanism has been proposed for each compound.

Introduction

Contamination of the earth’s environment by toxic chemicals
from various means in a larger extent is a serious threat to the
entire world. The contamination of the aquatic environment
largely contributes to the total pollution. The present research
is pertained to mineralization of water contaminants by advanced
oxidation processes (AOPs) using two different semiconductor
photocatalysts. In the present research, BaTiOs3, a wide band
gap perovskite semiconductor photocatalyst is used in com-
parison with extensively used TiO,.!

The influence of the substituent groups of some selected
chloroorganic compounds, especially their position and orienta-
tion on the aromatic ring, affects the degradation rate. There
are only a few studies on these compounds in this regard.> The
use of BaTiO; as photocatalyst for the mineralization of
chloroorganic compounds and the influence of substituents is
less attempted.>* Therefore, this kind of study may gain separate
scope in photocatalysis.

The chloroaromatic compounds such as chlorinated benzenes,
phenols, amines, and so on are well-known long persisting
pollutants, which contaminate the aqueous environment.’”’
These chemicals may also be formed by the reaction between
naturally occurring chlorine with humic and fulvic substances
in the environment. The other sources may be the synthetic
chloroorganic compounds, which are used as pesticides, labora-
tory reagents, and so on. The waste containing these chemicals
from the industries and other manufacturing units enter the
nature with/without treatment, thereby polluting the environ-
ment. Even if they implement effluent treatment, it may not be
to the extent of complete mineralization of the toxicants, and
thus they do contribute to the environmental pollution. The
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chlorinated compounds are more stable because of the presence
of a strong C—Cl bond. They are all possibly carcinogens. They
persist in nature for a longer duration and pollute the aquatic,
air, and soil environment. As a mark of awareness in the
environmental protection, the researchers have shown interest
in degrading such hazardous chlorinated compounds.®® This
photochemical advanced oxidation processes of mineralization
of toxic compounds in heterogeneous systems on the reactive
surfaces, such as titania or metal oxides, is a promising process
for the environmental clean up, especially at parts per million
concentrations.'!!

The degradation of simple aromatic compounds such as
4-chlorophenol (4-CP), 4-chloroaniline (4-CA), 3,4-dichloroni-
trobenzene (3,4-DCNB), and 2,4,5-trichlorophenol (2,4,5-TCP),
which are highly carcinogenic and environmentally hazardous, '?
has been attempted. The aim of selecting the above compounds
for the research is to study the effect of the substituents on the
aromatic ring and their influence on the rate of degradation.
The study also focuses on the aspects of understanding the
mechanism of photodegradation via the formation of various
intermediate products. In all of these compounds, one of the
common substituents is a reactive functional chloro —CI) group
at the para position. For the comparative study, the compounds
containing a chloro group at the meta/ortho position in di/
trichloro compounds are also chosen. These are mono, di, and
trichloro compounds along with different functional groups such
as —OH, —NH,, and —NO, groups. The presence of rigid C—Cl
bond in the molecule along with the other functional groups
makes the molecule more stable. The rate of degradation
depends on the nature of substituents, the stability of the
molecule, and the type of intermediate compounds formed
during the process of degradation.
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Experimental Section

1. Materials. 1.1. BaTiOj; and TiO,. Titanium tetrachloride,
ammonium hydroxide, sulphuric acid, barium hydroxide, am-
monium persulphate, hydrogen peroxide, nitric acid, and sodium
hydroxide were all obtained from E-Merck chemicals. The
solutions are prepared using distilled water.

1.2. Chloroorganic Compounds. The samples of 4-CP,
4-CA, 3,4-DCNB, and 2,4,5-TCP were obtained from E-Merck
chemicals and are used as obtained from the company.

2. Analytical Methods and Characterization of Photo-
catalysts. TiO, and BaTiO; photocatalysts were prepared by
gel-to-crystalline conversion method.'>'* BaTiO; is obtained by
reaction of gels of hydrated titania with barium hydroxide, as
reported by Kutty et al.'* The recovered solids from both
processes were oven-dried at 105—120 °C. BaTiO; is further
annealed at 450 °C, and TiO, is further annealed at 600 °C for
4 h.

The above powders were characterized by X-ray diffraction
studies.* The diffractograms were obtained using Phillips PW
1050/70/76 X-ray diffractometer. The Cu Ka radiation was used
with a nickel filter. The scanning range employed was 260 =
5—80°. The normal scanning speed was 2°/min, and the check
speed was 2 mm/min. The diffraction pattern shows anatase
polymorph for TiO, and tetragonal phase for perovskite BaTiOs.
The crystallite sizes were obtained using Scherrer’s equation
(Dwa = KA/If cos 0) relating the pure diffraction breadth (half
bandwidth) to the crystallite size normal to the plane 4 k I, where
Dy, is the mean dimension in angstroms, A is the wavelength,
B is the pure diffraction line broadening, 6 is the Bragg’s angle
of the reflection 4 k [, and K is the constant approximately equal
to unity.!® Full width at half-maximum depends on crystallite
size and microstrain in the lattice. The crystallite sizes were
found to be 17.9 and 19.2 nm for TiO, and BaTiOs, respectively.

The particle size is determined by scanning electron micro-
scope (SEM) using JEOL-JSM 840 A. A uniform film thickness
of ~0.1 mm was maintained for both samples. The average
particle size of TiO, and BaTiO; from the SEM analysis is found
to be 57—251 and 85—286 nm, respectively.

The diffused reflectance spectrum of anatase TiO, and
BaTiOs* was taken using the Shimadzu UV—vis-160 model
spectrophotometer. The reflectance data obtained were relative
to percentage reflectance with respect to the nonabsorbing
material BaSO4, which can optically diffuse the light. According
to P. Kubelka and F. Munk theory, the diffused reflectance of
the powdered samples for an infinitely thick layer is given by
eq 1, as used by Fuller et al."®

(=R g
MR =g — 75

oo

)]

where R.. is the absolute reflectance of the layer, s is the
scattering coefficient, and k is the molar absorption coefficient.
The Amax values for TiO, and BaTiO; were found to be 413 and
372 nm, respectively, from Kubelka—Munk plots of relative
reflective intensity (1 — R..)’/2R.. versus wavelength, and the
corresponding band gaps are 3.0 and 3.3 eV, respectively.

The energy dispersive X-ray (EDX) analysis using the JSM-
840A EDX analyzer shows the following results: Ti/O atom %
in TiO, is found to be 33.25/66.75, and Ba/Ti/O in BaTiO; is
found to be 19.63/20.25/60.12.

The surface area and the pore volume of the catalyst powders
by BET method are determined using NOVA-1000 high gas
sorption analyzer (Quanta Chrome Corporation) version 3.70.
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The average pore diameter and the specific surface area for TiO,/
BaTiOj is found to be 147.18/104.95 A and 50.54/34.14 m%/g,
respectively.

The degradation reaction was followed by UV-—visible
spectrophotometer (Shimadzu UV —vis-160 model), FTIR (Nico-
let Impact 400 D FTIR), and GC-MS (17A Shimadzu GC-MS
QP-5050 A) techniques for analyzing the intermediates.

3. Photocatalytic Degradation Procedure. Photodegrada-
tion experiments were carried out in a reaction cell of 1 L
capacity with the exposure area of 92.2 cm”. The experiments
are performed by direct exposure of UV-light into the reaction
mixture at a height of 29.5 cm in the presence of atmospheric
oxygen. A medium pressure 125 W mercury vapor lamp is used
as the light source (wavelength &~ 350—400 nm). The photon
flux is found to be 7.76 mW/cm?, as determined by ferrioxalate
actionometry.

Photocatalytic degradation experiments of 4-CP, 4-CA, 3,4-
DCNB, and 2,4,5-TCP at 10 ppm concentration have been
carried out under UV light in the presence of TiO,/BaTiO3
catalyst suspensions in ~0.75 g L™!. The 2000 ppm stock
solution of each chloroorganic compound was prepared using
methanol. The 10 ppm reaction solution of these compounds
was prepared using distilled water from the above stock
solution. The reaction solution in all experiments is stirred
for 15 min at the rate of 120 rpm before the start of
illumination to ensure adsorption of substrate on catalyst
particles. The temperature was normally maintained around
25 °C. The samples were withdrawn at different time intervals
and centrifuged to remove suspended TiO,/BaTiO; particles
to analyze residual concentration and the intermediates
formed during the process of degradation by various spec-
troscopic methods.

Results and Discussion

1. Process Efficiency and Catalytic Efficiency. In the
heterogeneous photocatalysis it is often very difficult to
measure the intensity of the absorbed light accurately and to
obtain a value for the quantum yield (®) of the photosystem
under test.'®!” Instead, many researchers are content in
quoting the formal quantum efficiency (® = v/I) for their
photosystem, where the quantum efficiency can also be
defined in terms of initial rate vy of the reaction and the
number of photons (or intensity / of light) absorbed by the
reaction system.'® It is to be noted that the quantum yield
for most of the heterogeneous systems is usually much greater
than the above formal quantum efficiency because a sub-
stantial amount of incident light is often lost to reflection
and scattering rather than being absorbed.!” Therefore, in the
present work, the process efficiency # as an alternate has
been calculated. The process efficiency (7 = Cy — C/tIS) is
defined as the change in the concentration per time divided
by the amount of the energy in terms of intensity of light
and the exposure surface area,”® where C, is the initial
concentration of the substrate and C is the concentration at
anytime ¢. The term (Cy — C) represents the change in the
concentration in mg L™! or ppm at any time ¢ (min), [ is the
intensity of the light in Einstein s~! m~2, and § is the exposure
surface area in m?2

The rate of photocatalytic degradation primarily depends on
the generation of e”—h™ pairs and their involvement in the
oxidation/reduction process. In addition to this, the rate of
formation of several reactive species such as O,”, 0,*, "OH,
and so on in the aqueous solution also determines the rate of
photodegradation.?"?> In turn, the production of these reactive
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radicals depends on the number of photons absorbed by the
system. These events can be represented by the following
equations.

BaTiO,/TiO, + hv — e, + h*, 2)
0,+e,— 0, A3)

O, +ey— 022_ “4)
H,0+h', — OH +H" 5
OH +h', — OH (6)

where e, is the conduction band electron and h'y, is the
valence band hole. The time taken for complete mineralization
of 4-CP, 4-CA, 3,4-DCNB, and 2,4,5-TCP under UV-irradiation
with various experimental conditions is given in the Table 1.
The process efficiency values calculated for the degradation of
these chloroorganic compounds in the presence of both of the
photocatalysts are given in Table 2.

The catalytic efficiency (Cer = k/C.y) of the photocatalyst is
the ratio of the apparent rate constant for the degradation process
to the concentration of the catalyst, where Ce is the catalytic
efficiency in L mg~' h™!, k is the rate constant (h™'), and C,
is the concentration of the catalyst in mg L™'. The catalytic
efficiency and process efficiency of BaTiOj; is higher than that
of TiO, (except in the case of 4-CA).

The higher reactivity of BaTiOs; can be due to: (i) the
coordination environment of the surface atoms, (ii) red-ox
properties of the oxide, and (iii) oxidation state of the metal
ions. These factors may be more favorable, for BaTiO;
compared with the TiO,. Another important factor that can
influence the degradation rate is pH, which in turn can influence
the catalytic efficiency and process efficiency. The pH of the
solution is found to be high (~ 8.5) in BaTiO; suspensions
compared with TiO, suspensions (slightly acidic or neutral),
which can alter the band edge positions of the semiconductor
particles, directly influencing the rate of degradation.

The catalytic efficiency and the process efficiency are found
to be high for the degradation of 4-CA with TiO, as the
photocatalyst in the presence of H,O,. The reason could be the
acidic pH (~5.5), at which the TiO, surface possesses more
positive charges. The 4-CA molecules get effectively adsorbed
from the negative end (NH,™ of the 4-CA) on the positively
charged catalyst surface by the electrostatic force of attraction.
Because the adsorption is one of the important parameter that
enhances the interfacial charge transfer process in the hetero-
geneous photocatalysis, the rate of degradation increases.
Furthermore, the presence of electron acceptors like H,O, traps
the conduction band electrons, which effectively suppress the
recombination rate, which additionally contributes to the overall
enhancement in the process. Therefore, a higher rate of
degradation for 4-CA is observed on the TiO, surface.

2. Effect of pH and Oxidizing Agent. 2.1. Effect of pH.
Semiconductor (TiO,/BaTiO;) particles suspended in water
behave similar to diprotic acids. The adsorptive properties of
these particles depend significantly on the solution pH. At lower
pH, the catalyst surface will be positively charged and hence
preferentially attracts and adsorbs anionic species. At higher
pH, the surface becomes negatively charged, favoring the

Devi and Krishnamurthy

adsorption of cationic species on the surface. The ions such as
Cl~, HCO;™, and SO,*" can be adsorbed on the positively
charged catalyst surface by electrostatic attraction, leading to
competitive adsorption.

A series of experiments has been carried out to study the
effect of pH on the degradation rate of 4-CP, 4-CA, 3,4-DCNB,
and 2,4,5-TCP. The initial pH of the solutions was adjusted
using 1 M H,SO4/HNO; and 1 M NaOH solutions in each case.
However the pH maintenance was not done during the process
of degradation.

The alkaline pH in the presence of APS/H,0; is found to be
favorable for the faster degradation of all these compounds in
the presence of both the catalysts. The results can be better
understood by taking into account both the surface states of
titania and the ionization state of the substrate molecule.”® The
hydroxylated TiO, surface can be protonated under acidic
medium and deprotonated under alkaline conditions since its
point of zero charge (pzc) is ~6.25. In our study, moderate
degradation rate was observed in a slightly acidic pH (~5.5, as
prepared solution) in the TiO, suspensions. The decrease in the
degradation rate of these compounds with TiO, shows the
following order of pH: ~11 > ~5.5 > ~2.

The pH of as-prepared BaTiO; suspensions is found to be
8.8 and drops to 8.2 after the addition of H,O, in the presence
of UV light. Higher rates of degradation were observed with
the addition of APS as an oxidant with BaTiOs in all of the
cases except TCP, where both of the catalysts show similar
efficiencies. This can be attributed to more negative charges
on the BaTiOs; particle surface, which create a better coordina-
tion environment for the molecular adsorption. Further alkaline
pH may alter the band edge positions of the semiconductor,
which results in the faster degradation of the molecules. Under
alkaline conditions, excess hydroxyl radicals are generated by
the hydroxyl anions in the solution under UV illumination. The
acidic pH does not show any significant effect on the rate of
degradation, whereas the experiments under alkaline conditions
show higher efficiency in the case of BaTiO;.

2.2. Effect of Oxidizing Agents. Photocatalytic oxidation of
organic pollutants in the presence of oxidizing agents mainly
involves the generation and subsequent reaction of hydroxyl
radicals. The hydroxyl radicals produced are nonselective and
can therefore oxidize all the pollutants.?*?> In the present study,
symmetrical peroxides like H,O, and APS are added as
oxidizing agents to enhance the generation of ‘OH radicals, and
they also inhibit charge carrier recombination. In the case of
APS, sulfate radicals are also produced along with hydroxyl
radicals, which may also actively participate in the degradation
mechanism. The rate of degradation is found to enhance
appreciably in the presence of APS/H,0,.

$,05 +eqy —SO,7 +8S0,7 (7

SO, + H,0 —~ SO,” + 'OH + H" (8)

3. Kinetics of Degradation. The rate of degradation of the
pollutant can be defined in terms of the decrease in the
concentration of the substrate (chloroorganic compound) as a
function of time. This change in concentration was monitored
mainly by UV —visible absorption spectral study. The photo-
catalytic degradation of these compounds over illuminated
aqueous suspensions of TiO,/BaTiO; photocatalysts in the
presence of atmospheric oxygen can be represented by the
following general equation
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T,0,/BaTiO,

ArXCl, + O, intermediates — aCO, +

UV light

bH,O + nHCL + XY (9)

where Ar is an aromatic ring, n is the number of chlorine atoms
on the aromatic ring, a and b represent the number of CO, and
H,0 molecules formed, respectively, and X is substituent groups
such as —OH, —NO,, and —NH,. XY is the product formed
after degradation of ArXCl, in the solution. Figure 1 represents
the C/Cy (where C and C, are the concentrations at r = ¢ and ¢
= 0) versus time plots for the TiO,/H,0, (plot A) and BaTiOs/
APS (plot B) systems, respectively, for all of the above-
mentioned chloroorganic compounds. These kinds of plots are
extensively used to represent the residual concentration during
irradiation.?®"% The irradiation time on the abscissa at which
the C/C ratio becomes zero is the time taken for the complete
mineralization. The highest rate for the degradation is observed
for DCNB in a time period of 0.75 h. The irradiation times for
the complete degradation of these compounds are listed in Table
2.

Figure 2 shows the plots of negative logarithmic residual
concentration (—In C/Cy) versus irradiation time. The slopes of
the line give k, implying the first-order kinetics in all of the
reactions.’*"32 Table 3 gives the calculated rate constants and
time taken for complete degradation of 2,4,5-TCP, 4-CA, 4-CP,
and 3,4-DCNB in the presence of catalyst and oxidizing agents
for chosen efficient systems. In the study of reaction kinetics,
the initial rates and initial concentrations are considered.?~38
The procedure of dealing with initial rates avoids the possible
complications due to the interference by products and leads to
an order that corresponds to the simplest type of situation, and
this order is referred to as order with respect to the concentration
or true order.?

Because the rate of degradation is found to depend on the
substrate concentration (Cyy), the first-order photodegradation
reaction can fit to the Langmuir—Hinshelwood (L—H) kinetic
model*¥%3337 for the above chloroorganic compounds and is
represented by the following equation

_d_C _ kobdeappCsub

T T T T Ky Ca

(10)

where vy is the L—H Kkinetic rate, K,,, is the apparent
adsorption equilibrium constants, and kg is the observed rate
constant.

4. Structure and Reactivity. The rate of degradation of these
chloroaromatic compounds depends on the reactivity and
orientation of the substituent groups on the aromatic ring. Certain
groups can activate the benzene ring on direct substitution at
ortho and para positions. The other groups (except halogens)
on direct substitution at meta position deactivate the ring. In
the present studies, the compounds commonly contain one or
more —Cl group(s) along with the groups like —OH, —NO,,
and —NH,, which are mostly para oriented.

The group attached to the benzene ring will affect the stability
of the carbocation by dispersing or intensifying the positive
charge, depending on its electron-releasing or electron-
withdrawing nature and tendency. The groups like —NH,, —OH,
and so on tend to neutralize the positive charge of the ring
(electron-releasing inductive effect), and this dispersal of the
charge stabilizes the carbocation. The groups like —NO,, —CI,
and so on have an electron-withdrawing inductive effect. This
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Figure 1. Plots of C/C, versus irradiation time for TiO; in the presence
of H,O, (plot A) and that for BaTiOs in the presence of APS (plot B)
for (a) 4-CP, (b) 4-CA, (c) 3,4-DCNB, and (d) 2,4,5-TCP.
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Figure 2. Plots of —In C/Cy versus irradiation time for TiO, with H,O,

(plot A) and that for BaTiO; in the presence of APS (plot B) for (a)
4-CP, (b) 4-CA, (c) 3,4-DCNB, and (d) 2,4,5-TCP.

tends to intensify the positive charge and destabilizes the
carbocation.*

A group that releases electrons usually activates the ring,
which exactly means that the molecule becomes more stable
and resists the degradation, and the group that withdraws
electrons deactivates the ring, thereby enhancing the degradation
rate. The presence of a greater number of electron-withdrawing
groups such as —Cl strongly deactivates the benzene, leading
to the faster rate of degradation. However, it is important to
note that the halogens are unusual in their effect in stabilizing
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TABLE 1: Time Taken for Complete Mineralization of 2,4,5-TCP, 4-CA, 4-CP, and 3,4-DCNB under UV Irradiation with
Various Experimental Conditions

degradation time (h)

expt no. experimental condition TCP 4-CA 4-CP DCNB

1 solution of compound without catalyst and other reagents (partial ~6 ~5 ~5 ~4
degradation)

2 solution of compound with TiO, suspension 2.25 2.5

3 solution of compound with TiO, along with 50 ppm of ammonium 1.5 1.25 1 1.25
persulphate

4 solution of compound with TiO, along with 20 ppm of hydrogen 1.25 0.75 1.25 1.25
peroxide

5 solution of compound with BaTiO; suspension 2.75 2.5 2.5 2

6 solution of compound with BaTiO; along with 50 ppm of 1.5 1.25 1 0.75
ammonium persulphate

7 solution of compound with BaTiOs along with 20 ppm of hydrogen 1.5 1.5 1.25 1.5
peroxide

8 solution of compound with only ammonium persulphate 4.5 3.75 3.75 3.25

9 solution of compound with only hydrogen peroxide 5.0 4.25 4.0 35

TABLE 2: Catalytic Efficiency (CE) and Process Efficiency (PE) Values for the Photocatalytic Degradation of 2,4,5-TCP, 4-CA,
4-CP, and 3,4-DCNB in the Presence of TiO,/BaTiO; Catalysts and (NH,),S,0s (50 ppm)/H,0,(20 ppm) for Experiments 1—7
As Mentioned in Table 1

expt. no. TCP 4-CA 4-CP DCNB
PE (x 107° PE (x 107° PE (x 107° PE (x 107
CE (x 107 mg L™! CE (x 107 mg L™! CE (x 107° mg L™! CE (x 107° mg L™!
mg2h™'L™?)  Einstein™!) mg2h 'L  Einstein™') mg2h™'L™2)  Einstein') mg2h 'L  Einstein™')
1
2 0.937 1.029 3.65 4.00 2.32 2.782 2.18 2.358
3 1.345 1.476 4.41 4.832 2.538 3.042 2.424 2.623
4 2.094 2.297 5.12 5.61 1.99 2.385 2.587 2.80
5 2.301 2.525 3.10 3.398 1.755 2.104 1.503 1.647
6 2.052 2.252 3.860 4.232 3.762 4.123 3.337 3.655
7 2.628 2.89 3.144 3.445 3.328 3.647 1.273 1.395

TABLE 3: Calculated Rate Constants (Obtained from the Slope of Cy/C versus Irradiation Time Plot) and Time Taken for
Complete Degradation of 2,4,5-TCP, 4-CA, 4-CP, and 3,4-DCNB in the Presence of Catalyst and Oxidizing Agents

expt. no. pollutant (10 ppm) experiment with k(x 10 2h™ time taken for complete degradation (h)
1 TCP TiO, (750 mg L™")/H,0, (20 ppm) 0.072 1.25
TCP BaTiOs (750 mg L™1)/H,0,(20 ppm) 0.12 1.5
2 4-CA TiO, (750 mg L™")/H,0, (20 ppm) 0.408 0.75
4-CA BaTiO; (750 mg L™1)/APS (50 ppm) 0.22 1.25
3 4-Cp TiO, (750 mg L™')/APS (50 ppm) 0.14 1
4-Cp BaTiOs (750 mg L™")/APS(50 ppm) 0.196 1
4 DCNB TiO, (750 mg L™')/APS/(50 ppm) 0.08 1.25
DCNB BaTiOs (750 mg L™")/APS(50 ppm) 0.14 0.75

the aromatic ring; that is, halogen can both withdraw and release
the electrons. It withdraws the electrons through its inductive
effect and releases electrons through its resonance effect.’
Therefore, the reactivity of the molecule is controlled by the
stronger inductive effect, and orientation is controlled by the
resonance effect; however, the inductive effect is stronger than
the resonance effect, causing net electron withdrawal, and hence
destabilizes the aromatic ring.

As per the above facts, the order of reactivity of the functional
groups in the above compounds is represented in the following
way: —NH, > —OH > —NO,. Accordingly, CIAr-NH, is the
most stable molecule, and CLLAr—NO, is the least stable.
However in the present study, the degradation process follows
a slightly different order. The rate shows dependence on the
nature of the intermediates formed during the irradiation.

The degradation of TCP takes place through the formation
of several stable, intermediate products. Hence the complete
degradation takes a longer time. In TCP molecule, the electron-
withdrawing effect of —Cl is more effective in the presence of
—OH group on the aromatic ring. During the photodegradation,

the —Cl may be replaced by the —OH group, leading to the
formation of para-substituted dihydroxy compounds, which are
highly stable and take longer duration for degradation.

In the 3,4-DCNB molecule, both —NO, and —CI groups are
electron-withdrawing in nature, which strongly deactivates the
ring. Therefore, 3,4-DCNB degrades at a faster rate when
compared with the other molecules.

In the case of 4-CP and 4-CA, there is one electron-donating
group (—OH and —NH,, respectively) and one electron-
withdrawing —Cl group. Therefore, the molecules are stable
when compared with 3,4-DCNB and less stable than 2,4,5-TCP
for the degradation.

According to G. Palmisano et al.***! the nature of substituent
group strongly influences: (i) the adsorption of aromatic substrate
on the surface of the catalyst and (ii) the position of —OH group
entering the aromatic ring giving rise to a regioselectivity in
the monohydroxylated products. The adsorption of aromatic
compounds containing electron-donating group on the catalyst
surface is negligible. A notable adsorption is instead observed
with strongly electron-withdrawing groups. The presence of
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Figure 3. GC-MS spectra of 2,4,5-TCP after 0.5 h of irradiation: (a) GC and (b) MS.

certain additional electron density induced in the aromatic ring
by the presence of electron-donating group is not beneficial for
the molecule for adsorption. On the contrary, the presence of
strongly electron-withdrawing group induces a delocalized
electron density in the aromatic ring that promotes the adsorption
of the molecule on the surface. The same effect supports the
reaction pathway for the complete and efficient mineralization
of 3,4-DCNB due to the presence of electron withdrawing —NO,
and —Cl groups where hydroxylation can takes place at any
position. In summary, they had concluded that the reaction of
monohydration of an aromatic ring occurs in all three possible
positions, whereas the formation of ortho and para isomers
virtually occurs when an electron-donating group is present. The
observed results in our case also fall in the line of the same

discussion. In the case of 2,3,5-TCP and 4-CP, the —OH group
is an electron-donating group and hydroxylation can take place
at the para position. In the case of 4-CA, —NH, is an electron-
donating group and hydroxylation was expected at the ortho or
para position. However, hydroxylation initially takes place at
the meta position, which is a short-lived, but subsequent
hydroxylation takes place at para positions only.

In the degradation reaction, the process of both cleavage and
substitution simultaneously take place in the aqueous medium.
Breaking of the ring structure is less probable (not the first step)
when the substituent groups are present on the aromatic ring.
Furthermore, the rate of degradation of the molecules also
depends on the nature and the number of the intermediates
formed during degradation process.

SCHEME 1: Probable Photodegradation Reaction Mechanism of 2,3,5-TCP
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Figure 4. GC-MS spectra of 4-CA after 0.5 h of irradiation: (a) GC and (b) MS.

5. Spectroscopic Analysis. 5.1. UV—Visible Spectral Study.
The UV —visible absorption spectrum of the sample 2,4,5-TCP
(Amax = 204 nm) taken after 0.25 h of irradiation shows a small
blue shift (from 300 to ~285 nm) with increased intensity,
indicating the break down of the parent molecule and the
formation of the intermediate compound. This band at 300 nm
in the initial sample spectrum is the R-band due to the n — *
transition of —Cl/—OH of 2,4,5-TCP.***323 The shift in
absorption in the intermediate sample spectrum may be due to
the replacement of —Cl by —OH. The spectrum of the sample

SCHEME 2: Probable Photodegradation Reaction Mechanism
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with the —NH, and —ClI substituents. The intensity of the peaks
decreases with illumination; finally, after 1 h of irradiation, no
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bands at 195(Ainax), 225, and 285 nm. The spectrum after 0.25 h
of irradiation shows a new band at 250 nm, and the band at

HCI \

s -HN,OZ |
OH =
OH

(8)

(,

o |

\/“_

L

OH

C
HCI

Qm

|
1
OH .
C HNO,

CO, +H,0

co2 +H,0

1]



TiO,- and BaTiOs-Assisted Photocatalytic Degradation

J. Phys. Chem. A, Vol. 115, No. 4, 2011 467

x107 GCMS Chromatogram
5
(@)
'E J\, L
=t r L : — A —
4 6 8 10 ‘ 12 14 16 18 20
min —=
x 108 GCMS Spectrum
(b) % L
0 - T t 2 120
T l 11 : ] L] o T l T J T T T T L
40 B0 80 100 120 140 160 180
miz —

Figure 5. GC-MS spectra of 4-CP after 0.5 h of irradiation: (a) GC and (b) MS.

285 nm has completely disappeared. The former is due to the
replacement of the —Cl group by the —OH group, and the latter
is due to the formation of >C=O group in the molecule.
Complete mineralization of 4-CP can be achieved in 1 h.

The solution of 3,4-DCNB (initial sample) has displayed two
characteristic bands at 210(4,,,,) and 275 nm. The absorption
intensities of all of the bands decrease continuously on irradia-
tion, indicating the mineralization of 3,4-DCNB.

5.2. IR Spectral Study. The details of the characteristic
functional groups of the molecules are obtained from IR spectral
study.*> In the spectrum taken for 2,4,5-TCP after 0.5 h of
irradiation, the peak at 3503—3462 cm™! (present in the initial
sample spectrum) has become more prominently wide, which
could be due to substitution of —OH by the cleavage of one of
the chlorine on the aromatic ring. The peak at 741
cm™'completely disappears after 1 h of irradiation, indicating
the cleavage of C—Cl bond of the aromatic ring.

The intermediate IR spectrum of 4-CA shows peaks at 3364
and 2919—2857 cm™! after 0.5 h of irradiation due to the
stretching vibrations of O—H and aromatic C—H, respectively.

The peak at 1693 cm™! may be assigned to C—N bending
vibration of 4-hydroxy aniline, or it may be due to >C=0 of
quinone. The peak at 767 cm™' disappears completely, indicating
the cleavage of C—Cl bond.

After 0.5 h of irradiation, the intermediate IR spectrum of
4-CP clearly shows the disappearance of peak at 829 cm™!,
which indicates the cleavage of the C—Cl bond in the molecule.
The new peak appearing at 1724 cm™' can be attributed to the
formation of the >C=O group of quinone.

The cleavage of the C—CI bond (741 cm™!) of 3,4-DCNB
occurred in the time duration of 0.5 h of irradiation. The triplet
peaks in the region 1600—1560 cm™! have merged to become
a prominent peak, which may correspond to the —OH group.

5.3. GC-MS Analysis. The GC-MS analysis has been carried
out to confirm the intermediate products formed during the
degradation process using TiO, and BaTiOs;. On the basis of
the similar major intermediates formed during the process of
degradation, the probable schemes have been proposed. Al-
though there were different minor intermediates for both TiO,
and BaTiOs, the major degradation pathway is almost similar.

SCHEME 3: Probable Photodegradation Reaction Mechanism of 4-CP
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Figure 6. GC-MS spectra of 3, 4-DCNB after 0.5 h of irradiation: (a) GC and (b) MS.
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The gas chromatograph for the sample 2,4,5-TCP taken after
0.5 h of irradiation has three peaks (Figure 3a) corresponding
to the retention time (R;) values of 8.9, 11.0, and 15.45 min.
The peak corresponding to the R, value of 8.9 min has the
molecular ion peak at m/z value of 177 and the base peak at
m/z value of 148 (Figure 3b). This corresponds to the intermedi-
ate product (1) 2,5-dichloro-1,4-dihydroxy benzene. The other
peaks in the GC spectrum correspond to the products (2) 2,5-
dichlorobenzene (m/z = 147), (3) 4-chlorophenol (m/z = 128),
(4) hydroquinone (m/z = 109), and (5) phenol (m/z = 93). The
above intermediates are indicated in Scheme 1.

The sample of 4-CA after 0.5 h of irradiation shows four peaks
at the R, values: 8.852, 8.875, 10.946, and 12.0 min in the GC
spectrum. The peak at R, value 8.875 min in the GC spectrum
corresponds to the intermediate product (6) 3-hydroxy-4-chloroni-
trobenzene,”® which is a major product with the m/z value 173.
The GC and mass spectra are given in Figure 4a,b respectively.
The other intermediate products identified are (7) 4-hydroxy
nitrobenzene (m/z = 138), (8) phenol (m/z = 93), and (9) aniline
(m/z = 92). On the basis of the intermediates formed, a probable
reaction mechanism has been proposed in Scheme 2.

The GC spectrum of the intermediate sample of 4-CP after
0.25 h of irradiation shows the new peak at the retention time
8.85 min, which corresponds to (10) hydroquinone (m/z = 108),
a major product.** The GC spectrum taken at 0.5 h shows the

peaks at the R, value 4.85 min, which corresponds to the product
(11) phenol (m/z = 93). Figure 5a,b corresponds to GC and
mass spectra of 4-CP, respectively. Compounds 10 and 11 are
indicated in the Scheme 3.

The GC spectrum of the sample of DCNB after 0.5 h of
irradiation has the peaks at the R, values 7.67, 8.48 and a strong
peak at 8.892 min. The mass spectrum has given the molecular
ion peak for the intermediate product at the m/z value 173 and the
base peak at the m/z value 149 (Figure 6a,b). It shows that one of
the products (12) formed is 3-hydroxy-4-chloronitrobenzene. The
other products identified are (13) 4-hydroxy nitrobenzene (m/z =
138), (14) nitrobenzene (m/z = 123), and (15) phenol (m/z = 93).
The reaction mechanism is represented in the Scheme 4.

Some of the intermediate products formed from the above
chloroorganic compounds are found to be the same. For
example, the intermediate compounds 5, 8, 11, and 15 cor-
respond to phenol, 4 and 10 correspond to hydroquinone, 6 and
12 correspond to 3-hydroxy-4-chlorobenzene, and 7 and 13
correspond to 4-hydroxy nitrobenzene. Although the same
products are observed, the reaction pathways are found to be
completely different. The above mechanisms proposed in the
present research are for TiO,/BaTiO;. The schemes have been
proposed on the basis of the similar major intermediates formed
during the process of degradation, which could be identified.
Although there were different unidentified minor/major inter-
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mediates for both TiO, and BaTiOs;, the major degradation
pathways are the schemes that we have proposed in each case.

Conclusions

Higher catalytic efficiency and quantum yields are observed
for the perovskite wide band gap semiconductor BaTiOs,
especially in the presence of ammonium persulphate when
compared with TiO,. This can be accounted because of (i) the
favorable coordination environment of surface atoms, (ii) red-
ox properties of the oxides, and (iii) oxidation state of the metal
ions at the surface of the photocatalyst. These conditions seem
to be more favorable for BaTiO; when compared with TiO..
Another important factor that can influence the degradation rate
is pH, which in turn influences the catalytic and process
efficiencies. The pH can alter the band edge potentials/red-ox
potentials of the semiconductor-substrate system in the reaction
solution. The efficient degradation of the above chloroorganic
compounds is achieved in alkaline medium.

The rate of photocatalytic degradation of the target chloro-
organic compounds is of the order TCP < 4-CA < 4-CP <
DCNB. A higher rate is observed for the degradation of DCNB,
whereas TCP is found to be more stable for degradation. The
4-CP and 4-CA shows almost equal resistance for the degrada-
tion when compared with DCNB. TCP shows more resistance
for the degradation among these molecules because it contains
an electron-releasing —OH group and three electron-withdraw-
ing —ClI groups. The deactivating nature of —CI atoms is more
in TCP compared with 4-CP and 4-CA. Therefore the stability
of the aromatic ring is expected to be low in TCP, but TCP
degrades at slower rate compared with the other compounds
because one of the chlorines (ortho to —OH) is replaced by a
—OH group in the immediate intermediate that makes the
molecule more stable. Later, the cleavage of both of these —OH
groups leads to the formation of para-dichlorobenzene. Further-
more, it is converted to para-dihydroxybenzene. Therefore, deg-
radation takes place via the formation of a greater number of stable
intermediates. Hence the complete degradation of TCP takes longer
time compared with that of other compounds. In addition to this,
the resonance effect of —Cl atoms (electron releasing nature) to
some extent may stabilize the aromatic ring. This can be another
cause for the slower rate of degradation of TCP.

The chloroaromatic compounds with more electron-donating
groups (—OH, —NH,, etc.) are found to be more resistant for
degradation, and those having an electron-withdrawing group
like —NO, tend to degrade at a faster rate. The intermediate
products formed during the degradation of these compounds
have been identified, and the probable reaction mechanisms have
been proposed.
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