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ABSTRACT

Nitroaromatic compounds are suspected hormone disrupter and considered as toxic priority
pollutants. In the present study, different amounts of titanium dioxide impregnated zeolite
Y (Si/Al ratio 5.5) was modified by silver metal ion exchange and its photocatalytic activity
was studied for the mineralization of p-nitrotoluene (PNT) in aqueous medium. The synthe-
sized catalysts were characterized by XRD, SEM, inductively coupled plasma, diffuse reflec-
tance spectroscopy, and N2 adsorption techniques. The analysis of degradation
intermediates and mineralization pathways were established using high performance liquid
chromatography and mass spectroscopy. The mineralization of PNT into final products:
CO2, H2O, NO�

3 , and NHþ
4 was assessed by chemical oxygen demand (COD) analysis.

Langmuir–Hinshelwood kinetic model was proposed for the degradation and the reaction
rate constant values were determined from the experimental data using the model. TiO2

loading was optimized from the percentage degradation, rate constant, and mineralization
values. COD study reveals up to ~60% mineralization in 240 min of irradiation to 75 mg L−1

PNT with TiO2/AgY2 catalyst.
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1. Introduction

Aromatic byproducts with low biodegradability
released from various chemical industries during their
manufacturing processes and their use as chemical

intermediates in chemical processes has emerged as
major environmental pollutants. Especially nitro and
amino groups containing aromatics are toxic in nature
[1–3] and inhibit biodegradation of other compounds
of waste [4–7]. These pollutants lead to diseases like
cyanosis and increased respiratory rate from
methamoglobinemia. Regardless of exposure route or*Corresponding author.
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length, they affect the blood as the primary target
organ and need to be stringently controlled. Com-
plete mineralization of these byproducts is one of the
major issues in wastewater pollution. Simplicity and
complete mineralization based on the generation of
highly reactive hydroxyl radicals [8–10] makes
photocatalytic degradation a better alternative to
conventional methods for the degradation of organic
pollutants in water and air. The photocatalytic
decomposition of organic compounds especially from
aqueous media has attracted a great deal of attention
[7,11–18].

TiO2 photocatalysis for degradation and mineral-
ization of organic and inorganic pollutants is widely
studied [19–23]. The photocatalytic activity of TiO2 is
significantly influenced by its crystallite structure and
crystallite size, surface area, porosity, and band gap
[24]. The high surface area results in higher catalytic
active sites which is vital for efficient adsorption and
thus higher photocatalytic activity. This can be
achieved by either synthesis of fine TiO2 particles or
dispersion of TiO2 on a high surface supporting mate-
rials, such as zeolite. Furthermore, the intermediates
formed during degradation process may be adsorbed
and retained for complete mineralization to CO2 and
water. The zeolite framework could also participate
actively in electron transfer processes, either as elec-
tron acceptor or electron donor for charge separation
[25–27].

Adsorption of molecules on porous adsorbents
strongly depends on their pore characteristics such as
their shape, size, and chemical aspects [28–32]. Zeo-
lites are microporous materials consisting of anionic
framework (AlO�

2 ) and exchangeable cations with
anion–cation pairs from strong electrostatic fields
which strongly interact with polar adsorbates [33,34].
These attributes of zeolites make them good adsor-
bents and supporting materials [35]. Because of the
presence of accessible cavities, zeolites can be modi-
fied through the incorporation of active species in
pores by various techniques such as ion exchange and
impregnation [36–39]. Ag+ ion incorporated and
exchanged zeolites have been reported to exhibit
higher photocatalytic activity for decomposition, pho-
tochemical cleavage of water, photodimerization,
photo-oxygen production from water, and photocat-
alytic degradation of various organic compounds
including nitroaromatic compounds and dyes
[31,40–56]. The photocatalytic activity of silver-doped
titania was found increased significantly for the degra-
dation of oxalic acid, sucrose, methyl orange, and
phenol, while the activity was observed mildly
enhanced for 4-chlorophenol, 1,4-dicholorobenzene
and some dyes [57,58].

In the view of above, we attempt to study the
effect of impregnation of titania and silver exchange
in zeolite Y for the photocatalytic degradation of p-ni-
trotoluene (PNT). Langmuir–Hinshelwood kinetic
model is proposed for the degradation and a possible
path for mineralization has been suggested on the
basis of identification of a wide range of compounds
analyzed by high performance liquid chromatography
(HPLC) and ESI–MS [59,60]. Photocatalytic degrada-
tion schemes for many aromatic compounds have also
been suggested by various studies [48–51,61,62]. Our
study is focused on PNT as nitroaromatic compounds
are detected as pollutants as a result of their release in
industrial effluents [63–66]. The p-nitrotoluene (PNT),
a common pollutant and a suspected hormone dis-
rupter is formed as an intermediate during the
production of trinitrotoluene (TNT). TiO2 loading was
optimized from the percentage degradation, rate
constant, and mineralization values.

2. Experimental section

2.1. Chemicals and materials

Titanium(IV) tetraisopropoxide (97%) was pro-
cured from Sigma–Aldrich, India. Zeolite NaY with
Si/Al ratio 5.5 was procured from United Catalysis
India Ltd, India. Silver nitrate, AR grade was procured
from Ranbaxy, India and used for the silver ion
exchange. Chemical oxygen demand (COD) standard
chemical reagents and p-nitrotoluene (PNT), AR grade
were purchased from E. Merck, India. p-aminophenol,
p-nitrophenol, phenol, and toluene from RANKEM,
benzene from Qualigens, India, benzaldehyde,
nitrobenzene, benzoic acid, and p-toluidine from s. d.
fine-chem. Ltd, India, Hydroquinone and benzo-
quinone from S.D.S. Lab chem. Industry, India were
used as standards for HPLC analysis. Deionized dis-
tilled water was used for catalyst synthesis as well as
for reaction and analysis purposes.

2.2. Synthesis of the catalysts

Synthesis of catalysts was done as described earlier
[47]. Prior to the TiO2 impregnation, zeolite NaY was
activated by calcination at 723 K for 4 h under nitro-
gen flow to remove the water content present in the
zeolite cavities. The solutions of calculated amount of
titanium tetraisopropoxide for 1, 2, 4, and 10 w/w %
TiO2 in NaY zeolite were prepared in dry ethanol. The
solutions were stirred for 30 min followed by the
addition of calculated amount of activated zeolite.
This slurry was stirred for 2 h and solvent was
removed using rotavapour (Buchi Rotavapour R-205).
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The samples were dried in oven at 393 K for 12 h. The
hydrolysis was done by adding water to this sample
and dried for a second time in oven at 393 K for 12 h.
Thus obtained samples were calcined at 723 K for
11 h. These catalysts were named as TiO2/NaY1,
TiO2/NaY2, TiO2/NaY4, and TiO2/NaY10 for 1, 2, 4,
and 10 (w/w %) impregnation of TiO2 on NaY zeolite,
respectively.

TiO2-impregnated catalysts (2 g) were treated with
5 M silver nitrate solutions at 353 K for 4 h in dark.
The residue was filtered and washed with distilled
water several times. This cycle was repeated three
times. Thus obtained samples were dried at 353 K for
12 h and calcined at 753 K for 6 h. These catalysts
were named as TiO2/AgY1, TiO2/AgY2, TiO2/AgY4,
and TiO2/AgY10 for 1, 2, 4, and 10 (w/w %) impreg-
nation of TiO2, respectively.

2.3. UV irradiation experiments

Photocatalytic degradation of PNT was carried out
using two components reactor as reported earlier [7].
First component was inner quartz double wall jacket
with inlet and outlet for the water circulation to main-
tain the temperature of the reaction mixture and sec-
ond component was outer borosilicate glass container
(volume 250 ml after insertion of the inner part). The
125 W mercury vapor lamp (Crompton Greaves Ltd,
India) was used as the UV irradiation source. The
reaction mixture was continuously stirred by keeping
a magnetic stirrer below the reactor and temperature
was maintained at 293 K for all the reactions. The pho-
tocatalytic activity of the catalysts was evaluated by
measuring the decrease in concentration of PNT in the
reaction aqueous solution using UV–vis spectroscopy.
The calibration curve was plotted for PNT using stan-
dard samples of known concentration in distilled
water viz. 5, 10, 20, 30, 40, and 50 mg L−1. The absorp-
tions of these samples were measured and the calibra-
tion curve was plotted between absorption values
with respect to their relevant concentrations. The slope
of the curve was calculated and used to determine the
PNT concentration using Beer–Lambert’s law.

Prior to commencing irradiation, a suspension con-
taining 50 mg of the catalyst and 250 mL of aqueous
solution of ca. 30, 50, and 75 mg L−1 of PNT was stir-
red continuously for 30 min in the dark followed by
the collection of the 5 mL sample and its analysis to
measure the adsorption effect of the catalysts. After
the irradiation, 5 ml reaction samples were withdrawn
for analysis by a syringe from the irradiated
suspension at intervals of 10 min for the first hour and
every hour thereafter. The catalysts were separated by

centrifugation from the aqueous solution and concen-
tration was determined by UV–vis spectrophotometer
(Cary 500, Varian, Palo Alto, CA). The absorbance was
measured at λmax 284 nm for PNT. The mineralization
of PNT in aqueous solution was confirmed by COD
analysis of the samples taken at different reaction time
intervals. The detail of COD analysis procedure is
described later. Two sets of reactions were performed
for each catalyst because of the volume restriction of
reaction mixture. First set was for degradation, miner-
alization, and kinetic study up to 4 h. Second set was
to study mineralization pathways up to 24 h (longer
time) which was required for complete mineralization
and analyze final products.

2.4. Catalyst characterization and analytical methodology

Powder X-ray diffraction patterns were recorded
using Cu Kα1 (λ = 0.15405 nm) radiation at 295 K with
Phillips X’pert MPD system. Diffraction patterns were
taken over 2θ range of 5–40˚ at the scan speed of
0.1˚sec−1. The crystallinity of the catalysts was calcu-
lated with reference to pure NaY zeolite by taking the
average of six major peaks of the catalyst (2θ = 6.28,
15.72, 20.42, 23.70, 27.10, and 31.45).

The Brunauer–Emmett–Teller (BET) surface area,
total pore volume of pores (P/Po = 0.974655453), and
adsorption average pore width (4 V/A by BET) of the
calcined samples was determined from N2 adsorp-
tion–desorption data measured at 77.4 K using volu-
metric setup (ASAP 2010, micrometrics, USA).

Diffuse reflectance spectroscopy (DRS) was used to
determine the band gap energy as well as the oxida-
tion state of silver in the catalysts. The spectra were
taken at room temperature in the range of 225–700 nm
by Shimadzu UV-3101PC spectrophotometer. The spec-
trophotometer was equipped with an integrating
sphere [67] and BaSO4 was used as a reference.

The morphology of the synthesized catalysts was
studied using Scanning Electron Microscopy (Leo
Series VP1430) equipped with INCA, Energy Dispersive
System (EDX), Oxford instruments. An inductively
coupled plasma-optical emission spectrophotometer
(Optima 2000 DV, Perkin–Elmer, Eden Prarie, MN) and
EDX were used to determine the percentage of Ti and
silver metal ion present in the catalyst.

Chemical oxygen demand (COD) was measured
using HACH DR 2800 Photometer. The reagents for
COD analysis and 3 ml of sample taken at different
time were mixed together in glass cells and digested
in HACH DRB 200 Thermodigester for two hours at
421 K. After digestion, mixture was cooled down to
room temperature and the COD was measured using
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the photometer. The COD was measured for both the
original PNT solution and the centrifuged reaction
samples taken at different time intervals.

The liquid chromatography–mass spectroscopy
(LC–MS) experiments were performed on a Q-Tof
micro Y A-260 (Micromass, USA) tandem quadruple–
orthogonal Tof instrument, fitted with a lock spray
source using Waters Mass Lynx Version 4.0 software.

Samples taken at different times of irradiation were
filtered through 0.45 μm filters to remove the catalyst
particles before analysis by HPLC-UV at 250 nm. The
analysis was carried out using C-18 column 3.5
symmetry (2.1 × 100 mm column). The mobile phase
was acetonitrile–water (80:20 v/v) with 1 mL min−1

flow rate.

3. Results and discussion

3.1. Structural, textural and electronic properties

Fig. 1(a) shows the X-ray diffraction pattern of
TiO2/NaY and TiO2/AgY catalysts. The XRD patterns
of all TiO2/AgY and TiO2/NaY catalysts match with
pure NaY zeolite and no extra peak was observed.
This indicates that the zeolite framework is unaltered
during the TiO2 impregnation and silver ion-exchange
process. However, the crystallinity of the zeolite was
found to decrease with increasing amount of impreg-
nated TiO2 (Table 1). The decrease in crystallinity
could be either due to leaching of Al in the zeolite
structure [68–70] or due to occupation of cavity pores
by TiO2 particles [71]. The latter seems to be the main
reason as leaching of Al from the framework under
TiO2 coating or silver ion-exchange conditions seems
unlikely. The diffraction peak due to TiO2 was not
observed in the XRD pattern even at 10% coating,
which may be because of high dispersion and low
amount of TiO2 in the zeolite [30].

The BET surface area, total pore volume, and
adsorption average pore widthof all catalysts after
impregnation of TiO2 and exchange with Ag+ ion
exchange were observed to decrease as compared to
bare NaY zeolite sample (Table 1). This suggests the
occupation of zeolite pores by TiO2 particles. The
decrease in the surface area was very high after
the Ag+ ion exchange (Table 1). This decrease may be
due to the development of Ag0n and Agnþm (size of Ag+

ion is 1.29 Å as compared to 0.89 Å of Na+.) species as
confirmed by DRS analysis.

The DRS spectra of TiO2/NaY, TiO2/AgY, and
bare NaY are shown in Fig. 1(b) and (c). All TiO2/
AgY catalysts show a band in wavelength regions
larger than 250 nm that is at around 288 and 322 nm.
No peak was observed below 250 nm. This shows that

silver is present in the form of Ag0n and Agnþm clusters
and not present as isolated Ag+ ion. This indicates that
the reduction and aggregation of Ag+ ions have
occurred in the zeolite cavities [41,72,73]. This reduc-
tion is due to autoreduction process in which O2 from
zeolite framework is released. The reports explained
that oxide ions of the zeolite framework could have
been oxidized to O2, and that Ag+ ions could have

Fig. 1. XRD patters of all synthesized catalysts (a), diffuse
reflectance spectra of TiO2/NaY (b), and TiO2/AgY zeolite
catalysts (c).
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been correspondingly reduced [26,74]. However, the
absence of band at 410 nm confirms the lack of
aggregation of the metallic silver particles up to
several nanometer or larger size [41,75–77]. Due to
the small amount of TiO2 in all catalysts, the band
edge position and band-gap energies could not be
determined from the DRS spectra after taking the
differential.

The morphology of synthesized catalysts is shown
in Fig. 2. The SEM images confirm that the morphol-
ogy of the synthesized catalysts was not changed after
the silver exchange and particles were hexagonal in
shape.

The inductively coupled plasma (ICP) and EDX
analysis (Table 2) were used to confirm the percentage
loading of Ti and the percentage of Ag+ ion exchange.

Table 1
Crystallinity, surface area, total pore volume, and adsorption average pore width

Catalyst Crystallinity (%) Surface area (m2 g−1) Total pore volume (cm3 g−1) Adsorption average pore width (Å)

NaY 100 737 0.401135 22.9385
TiO2/NaY1 99 688 0.383876 22.1734
TiO2/NaY2 98 682 0.376465 21.3772
TiO2/NaY4 90 676 0.365324 21.7783
TiO2/NaY10 87 639 0.327924 20.7576
TiO2/AgY1 99 506 0.270343 21.8499
TiO2/AgY2 89 505 0.254417 20.2694
TiO2/AgY4 80 502 0.251209 19.8327
TiO2/AgY10 74 494 0.223434 17.6543

Fig. 2. SEM images of synthesized catalysts: (a) Bare NaY, (b) TiO2/NaY1, (c) TiO2/NaY2, (d) TiO2/NaY4,
(e) TiO2/NaY10, (f) TiO2/AgY1, (g) TiO2/AgY2, (h) TiO2/AgY4, and (i) TiO2/AgY10.
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The loading amount of metal depends upon the poros-
ity of support. Thus the actual amounts of Ti content
measured by EDX and ICP analysis are mentioned in
Table 2. The results confirm silver ions exchange in
zeolite. The Si:Al ratio also found constant with
increase in Ti content and silver exchange in zeolite
material.

3.2. Photocatalytic activity

The mechanism of the photocatalytic oxidation can
be described with consecutive steps initiating with
illumination with UV light at the active catalyst
surface > TiO2, generating charge carriers.

[TiO2 !hm hþ
VB þ e�CB (1)

hþ
VB þ e�CB ! heat (2)

[TiO2 �OH� or[TiO2–H2Oð Þ þ hþ
VB

$ [TiO2–
�OH or[TiO2–

�OHþHþð Þ (3)

[TiO2 þ PNT $ [TiO2–PNT (4)

[TiO2 þ I $ [TiO2–I (5)

[TiO2 þ �OH $ [TiO2–
�OH (6)

[TiO2–PNTþ hþ
VB ! [TiO2–PNT�þ

! Mineralized species (7)

[TiO2–Iþ hþ
VB ! [TiO2–I

�þ ! Mineralized species (8)

[TiO2–PNTþ [TiO2–
�OH

! [TiO2 þ [TiO2–PNT�þ þOH–

! Mineralized species (9)

[TiO2–Iþ [TiO2–
�OH !

[TiO2 þ [TiO2–I
�þ þOH–

! Mineralized species

(10)

[TiO2–PNTþ �OH ! [TiO2–PNT�þ þOH–

! Mineralized species (11)

[TiO2–Iþ �OH ! [TiO2–I
�þ þOH–

! Mineralized species (12)

The generated e−/h+ pair can undergo charge transfer
to the adsorbate on photocatalyst surface or recombine
to each other leading low quantum yield of photocat-
alytic reaction (step 2). The photocatalyst TiO2 exist in
hydroxylated form in aqueous suspension with cover-
age of 5–15 OH nm−2 [78]. The generated hole can
react with these surface hydroxyl group or water to
produce strong oxidizing agents hydroxyl radicals
(step 3). However, initially the original compounds
(“PNT”) and later intermediate species (“I”) also com-
pete with �OH radical and can be adsorb on photocat-
alyst surface (step 4–6) where they can capture the
generated hole (step 7–8) as the competition with the
step (3). The �OH radical can attack on adsorbed
organic species at catalyst surface which either may be
PNT or intermediate. This attacking �OH radical may
be free or adsorbed on catalyst surface (steps 9–12).
The kinetics of the organic compound degradation can
be determined by the applying elementary stoichio-
metric balance and steady state approximation on the

Table 2
Elemental analysis results by EDX and ICP

Catalysts

Percentage of element (weight %)

Na Ag Si Al Ti
O

EDX ICP EDX ICP EDX ICP EDX ICP EDX ICP EDX

NaY 6.23 6.29 – – 32.48 33.15 5.87 5.90 – – 52.56
TiO2/NaY1 6.17 6.25 – – 28.96 29.13 5.25 5.31 0.62 0.98 53.65
TiO2/NaY2 6.34 6.35 – – 28.18 28.68 5.15 5.23 1.28 1.92 55.23
TiO2/NaY4 6.39 6.22 – – 27.42 27.89 5.18 5.11 2.89 4.11 56.08
TiO2/NaY10 6.25 6.12 – – 26.67 27.24 4.74 4.80 6.08 6.98 56.25
TiO2/AgY1 5.02 5.16 1.12 1.08 29.44 28.94 5.37 5.31 0.56 0.96 54.74
TiO2/AgY2 4.94 5.23 1.10 1.05 28.74 28.56 5.22 5.17 1.25 1.86 55.06
TiO2/AgY4 5.13 5.15 1.15 1.13 28.68 29.25 5.14 5.34 2.83 3.95 56.54
TiO2/AgY10 5.20 5.20 1.06 1.00 26.06 28.96 4.70 5.18 5.84 6.21 57.14
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intermediates and radicals formed during the process.
The rate expression obtained by these processes is as
expressed in Eq. (A14) as given in Appendix A and
The L–H parameters can be evaluated by simplify and
linearizing this equation as Eq. (A17). From the equa-
tion, we can find the values of reaction kinetic con-
stant “k” and adsorption constant “K”. The intercept
determines the reaction kinetic constant “k” that varies
with the rate of degradation and the value of adsorp-
tion constant “K” can be obtained by the slope of the
curve. The higher value of k implies the higher rate of
degradation.

The photocatalytic activities of the synthesized cat-
alyst were monitored at pH value (5.96–6.00) without
addition of any acid or alkali, at catalyst dose of
200 mg L−1 and 293 K temperature, while initial con-
centration of PNT was varied as 30 (2.2 × 10−4 M), 50
(3.7 × 10−4 M) and 75 mg L−1 (5.5 × 10−4 M). The values
of reaction kinetic constants, adsorption constants and
initial rates are listed in Table 3. The initial rates of
degradation were determined from the initial slope of
the concentration profile.

When the blank study i.e. direct photolysis reaction
was carried out (without catalyst), the concentration of
PNT was found reduced with low extent and less per-
centage degradation value (Fig. 3(a)). From the data in
Table 3, it is clear that initial rate and final degrada-
tion was highest for the reaction using TiO2/AgY2 cat-
alyst. The percentage degradation was observed 92,
84, and 74% with 30, 50, and 75 mg L−1 initial concen-
tration of PNT, respectively, using TiO2/AgY2
catalyst. These values were highest among all other
values observed using other catalysts and the blank
study (Fig. 4).

The decrease in the concentrations due to adsorp-
tion is reported in Table 4. These values suggested that

the adsorption was highest with bare zeolite because of
its higher surface area. As the surface area decreases in
TiO2 coated and silver-incorporated catalysts, the
adsorption values also decrease compared to bare zeo-
lite. Moreover, the extent of percentage concentration
decrease due to adsorption was lowered with the
increase in initial concentration of PNT and observed
least decrease with 75 mg L−1. Earlier study demon-
strates that the activity of the TiO2 impregnated zeolite
is higher than that of synthesized TiO2 photocatalyst
[30]. This is due to the higher surface area and fine dis-
persion of TiO2 in cavities of the zeolite which are
mainly the responsible factors for the facilitation of
higher photocatalytic activity. Fine dispersion on the
zeolite surface results in higher photocatalytic active
sites on the zeolite surface. Above-mentioned factors of
the supported titania results into enhanced concentra-
tion of substrate molecules near TiO2 particles which
increases the rate of photocatalysis as compared to the
bare TiO2 catalyst. The reaction sample was analyzed
by ICP analysis after the reaction. The absence of
exchanged silver and impregnated Ti metal in the reac-
tion sample confirms the lack of leaching of these met-
als during the reaction.

3.2.1. Effect of substrate concentration

The influence of initial concentration of substrate
on degradation and mineralization kinetics of PNT
was studied using three different initial concentration,
viz., 30, 50, and 75 mg L−1 (Table 3). It is clear from
the data that as the initial concentration increases, the
rate of disappearance of PNT also increases but the
final percentage degradation after 4 h decreases as
shown in Fig. 4. In all the cases, catalyst TiO2/AgY2

Table 3
Kinetic fit results (r0, k and K) of the experimental data to the Langmuir–Hinshelwood model

Catalyst

Initial rate of reaction (r0 × 106 mol L−1 min−1)

Reaction rate constant
(k × 10 6) (mol L−1 min−1)

Adsorption constant
(K × 10−3) (L mol−1)

2.2 × 10−4

(30 mg L−1)
3.7 × 10−4

(50 mg L−1)
5.5 × 10−4

(75 mg L−1)

Blank 1.93 2.60 2.87 – –
NaY 2.06 3.13 3.40 6.08 2.56
TiO2/NaY1 2.93 3.80 5.23 9.55 1.97
TiO2/NaY2 3.57 5.00 5.70 9.98 2.56
TiO2/NaY4 3.32 4.90 5.30 9.86 2.36
TiO2/NaY10 3.10 4.30 5.10 9.17 2.33
TiO2/AgY1 4.00 5.87 6.00 10.25 3.00
TiO2/AgY2 4.53 6.00 6.80 10.48 3.49
TiO2/AgY4 3.80 5.67 5.80 10.30 2.74
TiO2/AgY10 3.37 4.93 5.30 9.57 2.53
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exhibited highest photocatalytic activity. Similar
results were observed in mineralization processes
(Table 5). At higher initial concentration of PNT, all
catalytic sites of the semiconductor catalyst surface are
occupied by the reactant molecules and the substrate
may come to a saturation adsorption. When the

Fig. 3. The Langmuir–Hinshelwood (L–H) plot of the reac-
tions with (a) blank i.e. photolysis and NaY (b) TiO2/
NaY1 to TiO2/NaY10 and (c) TiO2/AgY1 to TiO2/AgY10
catalysts.

Fig. 4. Percentage degradation of the PNT (a) 30 mg L−1,
(b) 50 mg L−1, and (c) 75 mg L−1 concentration in the
presence of different synthesized catalysts after 4 h
reaction.
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substrate concentration was lower than the saturation
adsorption concentration, the reaction rate would
increase with increasing concentration, and it would
decrease after the substrate was higher than the satu-
ration adsorption concentration. Further increase in
initial concentration does not affect the actual catalyst
surface concentration. Therefore, this dwindle the cata-
lyst surface to reactant ration and may result in the
decrease of observed final degradation at higher initial
concentration.

Another factor which governs the degradation is
generation and migration of the photogenerated e−/h+

pair, and reaction between these photogenerated h+

(�OH radical) and organic substrate molecules. These
both processes occur in series and each step may
become the rate-determining step for overall process.
At low concentration the later process dominants,
resulting high degradation values while at high con-
centration, the former process dominants, and result-
ing low degradation values. The high concentration
reduces the diffusion rate of intermediates from the
catalyst surface as well as the transfer rate of the
substrate towards catalyst which is another reason for
the decrease in the final degradation values.

3.2.2. Effect of TiO2 concentration

The removal efficiency of PNT was observed to
decrease with increased TiO2 concentration. After cer-
tain concentration level, the TiO2 particles block the
pores of zeolite material which results in decrease in
adsorption capacity of the catalyst towards organic
substrate molecules. This could make the decomposi-
tion less effective. According to the principle of the
photocatalytic reaction, the main step in process occur
on the surface of solid semiconductor photocatalyst,
so the adsorption of organic compounds on the

catalyst surface certainly affects the reaction and
usually high adsorption capacity favors the reaction.

3.2.3. Effect and role of silver

Ag particle in contact with TiO2 surface can act as
e−/h+ separation center as the Fermi level of TiO2 is
higher than that of silver metal [79,80]. This makes it
feasible to thermodynamically transfer an e− from con-
duction band to metallic silver particles, enhancing
the e−/h+ separation and the subsequent transfer of
the trapped e− to the adsorbed O2 acting as e− accep-
tor [81]. Higher Fermi level of TiO2 than that of Ag
metal results in the formation of Schottky barrier at
metal–semiconductor contact region, which improves
the stability of charge separation and thus enhance the
photocatalytic activity of TiO2 [57]. There are different
oxidizing entities responsible for breaking the bonds
of the organic species. These entities may either be
hydroxyl radicals [82,83] or valence band holes [84].
The reactor configuration and experimental conditions
could play a role in controlling the performance of
Ag/TiO2 [57,85–87]. The different research groups
have been reported varied range of sliver loading for
the improvement of efficiency [57,87,88]. It was also
observed that as Ag loading increases, the photocat-
alytic efficiency did not improve proportionally. This
was due to reduction in the TiO2 surface active sites
available for redox reaction which leads to a decrease
in the concentration of photogenerated charge carrier
and photocatalytic activity of photocatalyst. This inad-
vertently reduces the rate of mineralization [89,90]. In
this work, we observed all Ag-exchanged catalysts
better performed comparative to their respective unex-
changed catalysts (Tables 3 and 5). This confirms Ag
particles are helping in charge separation and thus
photocatalytic activity of catalysts.

3.2.4. Role of zeolite framework

The zeolite with higher surface area increases the
adsorption of the substrate and hence increases its effi-
ciency towards degradation by taking h+. Electron-rich
zeolite surface function as h+ scavenger to stop the
e−/h+ recombination. This increases the electron donor
capacity of TiO2 site for reduction of adsorbed species
[12]. Upon irradiation of TiO2 on zeolite by UV light,
the conduction band electron generated can react with
adsorbed PNT from TiO2 site before charge recombi-
nation. The oxygen tetrahedron in zeolite framework
has in its center either an atom of silicon, SiO4�

4 or
aluminum AlO5�

4 . Since the charge on the aluminum
oxygen tetrahedron is five minus while that on the

Table 4
Adsorption properties of the catalysts

Catalyst

Decrease in concentration
with adsorption (%)
Initial concentration

30 (mg L−1) 50 (mg L−1) 75 (mg L−1)

NaY 27 14 10
TiO2/NaY1 25 12 09
TiO2/NaY2 24 12 09
TiO2/NaY4 22 11 09
TiO2/NaY10 21 11 08
TiO2/AgY1 16 11 09
TiO2/AgY2 15 10 08
TiO2/AgY4 13 10 08
TiO2/AgY10 12 09 07
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silicon tetrahedron is four minus, this excess negative
charge on the aluminum tetrahedra is responsible for
the electron rich property of the zeolite surface.

3.3. Mineralization

The mineralization during the photocatalytic pro-
cess of PNT was confirmed by COD value determina-
tion (Table 5). The decrease in COD values was found
minimum when blank experiment was run, and
observed highest when TiO2/AgY2 was used as a cat-
alyst. The decrease in COD values with the blank
study were 28, 26 and 21% while using TiO2/AgY2
catalyst the observed decrease in the COD values were
67, 45, and 60% with 30, 50, and 75 mg L−1 PNT,
respectively. The presence of silver ion in zeolite

framework was found to increase the mineralization
capacity. In all the cases, COD values could not reach
to zero in 4 h irradiation. These COD data as well as
UV–vis spectra data confirm that an optimum amount
of TiO2 on zeolite material is required for higher pho-
tocatalytic activity. However, COD decrease was lower
than degradation values observed from UV data. It
confirms that some intermediate organic and nitro-i
ntermediates are still present in reaction samples.

3.4. Tentative mechanism

The mass spectra were performed for the samples
taken at different time intervals of the reactions.
Reaction of a suspension containing 50 mg of the
TiO2/AgY2 catalyst and 250 mL of aqueous solution

Table 5
COD of reaction mixture with respect to irradiation time using different catalysts

Initial concentration Catalysts

COD (mg L−1)
Irradiation time (min)

0 30 60 120 180 240

30 mg/L Blank 69 66 65 60 56 50
NaY 69 63 61 55 52 45
TiO2/NaY1 69 50 47 45 38 33
TiO2/NaY2 69 47 44 42 34 28
TiO2/NaY4 69 48 46 44 36 31
TiO2/NaY10 69 49 48 45 39 36
TiO2/AgY1 69 44 42 41 31 26
TiO2/AgY2 69 43 40 39 24 23
TiO2/AgY4 69 38 37 35 34 29
TiO2/AgY10 69 55 48 46 41 40

50 mg/L Blank 100 96 92 88 82 74
NaY 100 90 85 78 74 71
TiO2/NaY1 100 85 81 76 69 65
TiO2/NaY2 100 81 76 70 64 61
TiO2/NaY4 100 82 77 73 68 64
TiO2/NaY10 100 84 78 74 69 66
TiO2/AgY1 100 78 70 69 66 58
TiO2/AgY2 100 62 61 57 56 55
TiO2/AgY4 100 62 61 60 59 58
TiO2/AgY10 100 65 64 61 58 57

75 mg/L Blank 145 140 132 124 119 115
Na 145 137 126 118 110 103
TiO2/NaY1 145 95 88 81 77 74
TiO2/NaY2 145 80 74 72 69 65
TiO2/NaY4 145 90 83 79 76 74
TiO2/NaY10 145 93 86 79 74 68
TiO2/AgY1 145 83 75 73 72 70
TiO2/AgY2 145 70 68 64 60 57
TiO2/AgY4 145 78 77 74 73 72
TiO2/AgY10 145 101 99 93 89 88
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of ca. About 50 mg L−1 of PNT was used for this pur-
pose. The m/z values present in these mass spectra
are used to propose the major intermediates while the
HPLC analysis was used to confirm the major inter-
mediates along with the mass spectra analysis. The
different m/z values in the mass spectrum either may
be due to the fragmentation of molecular ion peak in
the ionization process or the intermediate present in
the sample formed during the mineralization process
of PNT. This may also be the resultant of both phe-
nomena, however, these are considered to propose a
mechanism assuming the intermediates of these m/z
values are formed during the mineralization in some

or more quantity. Few of these proposed intermediates
are confirmed by HPLC using their standard sample
solutions.

The HPLC analysis was carried out to confirm the
intermediates suggested in the proposed fragmenta-
tion pathway. The compounds were confirmed on the
basis of their retention time in the HPLC analysis. The
suggested intermediates which were defined are
nitrobenzene, 4-aminophenol, benzoic acid, benzalde-
hyde, 4-aminotoluene, toluene, benzoquienone, and
hydroquinone. However, all the compounds could not
be confirmed as their standards were not available.
The HPLC analysis revealed that, after few minutes

Fig. 5. Proposed fragmentation pattern of p-nitrotoluene.
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irradiation, some intermediates were present together
with the unreacted substrate.

All the starting structures involved, and intermedi-
ates, detected by ESI-MS and HPLC are considered in
Figs. 5 and 6 and demonstrate the plausible fragmen-
tation path and intermediates. Although not quantified
precisely, some of the proposed intermediates were
clearly identified. Fig. 5 starts with the parental PNT

molecule. The mineralization of this parental molecule
can occur by both oxidation and reduction processes
as these are possible in heterogeneous photocatalysis
in aqueous media.

The oxidation process is supposed to occur at
methyl group which result in the formation of the
intermediates shown in path “a” by removal and
addition of different radicals mainly hydrogen and

Fig. 6. Proposed fragmentation pattern of 4-methyl-4´´-nitrobiphenyl.
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hydroxyl radicals which are very common in this
aqueous photocatalytic system. Apart from the prelim-
inary transformation of the substrate, mainly involving
their functional group, the progressive attack of the
aromatic ring can be indicated by the detection of sev-
eral hydroxylic and quinonoid derivatives [7,91,92].

The selectivity of the HO� radical attack to the aro-
matic ring in o-, m- and p- position strongly depend
on the kind of substituent present on the ring [50].
The oxidation of this parent compound can produce
the 4-nitrobenzaldehyde and 4-nitrobenzoic acid of
m/z = 151 and 167, respectively. Further oxidation and
decarboxylation of this 4-nitrobenzoic acid can give 4-
nitro phenol (m/z = 139), phenol (m/z = 94) and
nitrobenzene (m/z = 123), respectively. These com-
pounds are believed to mineralize in CO2, H2O and
NO�

3 by oxidation and removal of various possible
radicals respectively. The intermediates resultants of
reduction process are shown in path “b.” The first step
is the reduction of nitro group into amino group giv-
ing the m/z value 107. The 4-aminotoluene further can
convert to 4-hydroxytoluene and 4-aminophenol by
replacing amino and methyl groups by abundant
hydroxyl groups, respectively. These intermediates
also approach to complete mineralization by subse-
quently addition and removal of hydrogen, hydroxyl,
and amino radicals. The intermediates suggested in
this process are 4-hydroxytoluene, toluene, 4-
aminophenol, and aniline having m/z values 108, 94,
109, and 93, respectively.

However, the peak at m/z = 213 is observed in all
mass spectra. This peak in mass spectra is proposed
by the formation of 4-methyl-4´-nitrobiphenyl (com-
pound (A), Fig. 5). The proposal for 4-methyl-4´-nitro-
biphenyl formation is feasible in aqueous media
because in photocatalytic degradation of PNT, forma-
tion of toluene, and nitrobenzene radicals and their
combination is common. The protonation of this com-
pound followed by removal of methyl and hydroxyl
groups gives the m/z values 198 and 197, respectively
(Fig. 6). The peak of m/z = 197 further by removal of
NO� radical can give the m/z value 167 and by
hydroxylation of this compound at 184. The proposed
compound of peak at 198 further can give peaks at
123, 107, and 78 by removal of benzene and further
radicals, respectively. The last step involve oxidative
opening of the aromatic ring, leading to small organic
ions and inorganic species. These intermediates
further attain mineralization by elimination of hydro-
carbons, nitroso, nitro, and hydroxyl groups. The
overall mineralization process is a multi-step and mul-
ti-directional which involves various intermediates
and radicals formed during the process.

4. Conclusions

The study on the photocatalytic activity of TiO2-
coated NaY zeolite with and without silver ion
exchange towards degradation and mineralization of
p-nitrotoluene shows that the optimum loading of
TiO2 is required for the higher activity and the pres-
ence of silver ion enhances the photocatalytic activity.
The catalyst TiO2/AgY2 with 2 w/w % loading of
TiO2 exhibited the highest photocatalytic activity for
the degradation as well as the mineralization of p-ni-
trotoluene among the studied catalysts. The higher
loading of TiO2 can block the pores of zeolite material
which results in decrease in adsorption capacity of
p-nitrotoluene in the catalyst. This could make the
decomposition less effective. The presence of the silver
ion improves the charge separation and thus enhances
the photocatalytic activity of TiO2. The intermediates
suggested were confirmed by the HPLC and decreas-
ing COD values confirmed the mineralization occur-
ring in the process. The kinetics of the photocatalytic
oxidation of the p-nitrotoluene was successfully mod-
eled by an approximation of the Langmuir–Hinshel-
wood (L–H) rate equation based on the hydroxyl
radicals and direct hole attack. The reaction rate con-
stants and adsorption constants were determined
based on this L–H model.
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Appendix A

In the mechanism presented in Section 3.2, there are
four possibilities of the mineralization shown from Eqs.
(9)–(12). Out of these four possibilities, we can select Eq.
(11) for kinetic study. There are two reasons behind it:

(1) The intermediates are in very less concentration
as compared to initial compound PNT, showing
the less possibility of reaction (10) and (12).

(2) By the reaction–diffusion model, the average
rate of reaction between photogenerated �OH
and semiconductor surface is far less than the
diffusion rate. Thus, it is plausible for the radi-
cal to diffuse away from the surface and to react
subsequently in solution with less possibility of
Eq. (9).

So the case of Eq. (11) is a typical mechanism since the
surface �OH group must diffuse into solution and the
organic reactant PNT must adsorb on catalytic surface
after generation in bulk phase. Thus, the rate disappear-
ance of reactant PNT may be represented as:

rPNT ¼ k11
�OH½ � [TiO2–PNT½ � (A1)

The balance for the total �OH radical concentration from
above discussion can be written as:

d �OH½ �
dt

¼ k3 [TiO2–OH�½ � hþ
VB

� �

� k�3 [TiO2–
�OH½ �k11 [TiO2–PNT½ � �OH½ �

�
Xn

i¼1

ki [TiO2–I½ � �OH½ �

(A2)

However, the concentration of [>TiO2–OH−] should be rel-
atively constant in aqueous media as in Eq. (3), equilib-
rium lies far to right. So taking this:

d �OH½ �
dt

¼ k03 hþ
VB

� �� k�3 [TiO2–
�OH½ �

� k11 [TiO2–PNT½ � �OH½ �
�
Xn

i¼1

ki [TiO2–I½ � �OH½ � (A3)

The surface concentration of PNT, intermediates, and radi-
cal can be obtained by the adsorption equilibrium so from
Eqs. (4)–(6):

[TiO2–PNT ¼ KP [TiO2½ � PNT½ � (A4)

[TiO2–I ¼ KI [TiO2½ � I½ � (A5)

[TiO2–
�OH ¼ KOH [TiO2½ � �OH½ � (A6)

where KP = k4/k−4, KI = k5/k−5 and KOH = k6/k−6.
Using the values of (A4)–(A6), Eq. (A3) can be written

as:

d �OH½ �
dt

¼ k03 hþ
VB

� �� k�3KOH TiO2½ � �OH½ �
� k11KP TiO2½ � PNT½ � �OH½ �
�
Xn

i¼1

kiKOH TiO2½ � I½ � �OH½ � (A7)

Thus, the bulk �OH radical can be obtained by applying
quasi-steady state approximation on Eq. (A7):

Here “n” represents the number of different organic
intermediate species present. Similarly, the h+ concentra-
tion balance by quasi steady state approximation can be
written as:

d Hþ½ �
dt

¼ k1 [TiO2½ � � k2 hþ
VB

� �
e�CB
� �

� k3 [TiO2–OH�½ � hþ
VB

� �þ k�3 [TiO2–
�OH½ �k7

� [TiO2–PNT½ � hþ
VB

� �� k8 [TiO2–I½ � hþ
VB

� �

(A9)

However, the photogenerated holes are removed by
recombination faster than any other trapping process
[42,47], so considering this Eq. (A9) can be written as:

d Hþ½ �
dt

¼ k1 [TiO2½ � � k2 hþ
VB

� �
e�CB
� �

(A10)

As the photogeneration rate of h+ and e– are equal, then
we can assume that [h+] = [e−], using this and by applying
quasi-steady state approximation, the hole concentration
from Eq. (A10):

�OH½ � ¼ k03 hþ
VB

� �

k�3KOH [TiO2½ � þ k11KP [TiO2½ � PNT½ � þ Pn
i¼1

kiKI [TiO2½ � I½ �
(A8)
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½hþ
VB� ¼ k1=k2½ �1=2½[TiO2�1=2 (A11)

Putting this value in Eq. (A8):

rPNT¼ kK PNT½ �
1þ K PNT½ �þPn

i¼1

Ki I½ �
(A14)

where k ¼ k03 k1=k2½ �1=2, K ¼ k11KP
k�3KOH

, Ki ¼ kiKI
k�3KOH

.

k is the reaction kinetic constant (mol L−1 min−1) and K
(L mol−1) is the adsorption constant of reactant PNT. Ki

(L mol−1) is the adsorption constant of intermediate
products adsorbed on catalyst surface. Since the adsorp-
tion constant and concentration on intermediates are
difficult to measure, two distinct approximations can be
made [76,77].

Approximation (1): The concentration of intermediates
adsorbed on the catalyst surface can be neglected as com-
pared to primary substrate PNT, and then Eq. (A14) can
be simplified as:

rPNT ¼ kK PNT½ �
1þ K PNT½ � (A15)

This is assumed to be valid for very low degree of
conversion.

Approximation (2): The photocatalytic degradation process
is a stepwise process where adsorption constant of

intermediates and main substrate (PNT) are the same
Ki=1 = Ki=2 = ——— = Ki=n = K, thus Eq. (A14) becomes:

rPNT ¼ kK PNT½ �
1þ K PNT½ �0

(A16)

where [PNT]0 represent the initial concentration of reactant
PNT.

Since in initial condition [PNT] = [PNT]0, then using
Eq. (A15):

1

rPNT
¼ 1

k
þ 1

kK
� 1

PNT½ �0
(A17)

From the plot of 1/rPNT vs. 1/[PNT]0, we can get the val-
ues of k and K. All the parameters were determined using
the initial rates and initial concentration data where the
effect of the intermediates can be conveniently neglected
(Approximation 2). The intercept determines the reaction
kinetic constant “k” that varies with the rate of degrada-
tion and the value of adsorption constant “K” can be
obtained by the slope of the curve.

½�OH� ¼
k03

k1
k2

h i1=2
½[TiO2�1=2

k�3KOH½[TiO2� þ k11KP½[TiO2�½PNT� þPn
i¼1 kiKI½[TiO2�½I� (A12)

Using the Eq. (A12) in Eq. (A1), the rate of PNT
degradation:

rPNT ¼
k11KP½[TiO2�½PNT� � k03 k1

k2

h i1=2
½[TiO2�1=2

k�3KOH½[TiO2� þ k11KP½[TiO2�½PNT� þPn
i¼1 kiKI½[TiO2�½I� (A13)
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