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ABSTRACT

A nitrogen-doped photocatalyst (N-TiO2) is prepared from 15% TiCl3 and 25% aqueous NH3

solution as precursor. The synthesised material is characterised by XRD, BET, TEM, DRS and
XPS and is used for photocatalytic decolourisation of Metanil Yellow under visible-light illu-
mination. The experimental parameters, viz, photocatalyst dose, initial dye concentration and
solution pH influence the decolourisation process. At pH 3.5, N-TiO2 can decolourise almost
89% of the dye at equilibrium within 240min. COD study reveals �92% mineralisation of
the dye in 360min of irradiation. The photocatalytic reaction is allowed to proceed only after
the attainment of adsorption equilibrium between N-TiO2-Metanil Yellow. The adsorption is
carried out by batch process under different experimental conditions, namely, N-TiO2 dose,
initial dye concentration and solution pH. The adsorption process attains equilibrium within
60min and follows Lagergren first-order kinetics. On the other hand, the photocatalytic
decolourisation of Metanil Yellow is suitably fitted with the modified Langmuir–Hinselwood
model. Modification of TiO2 improved the decolourisation of the dye by �8 times compared
to TiO2 P25.
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1. Introduction

Dyes are common constituents of effluents
discharged by various industries, namely, leather,
cosmetics, paper, printing, plastic, pharmaceuticals,
food, etc. Colour in water is aesthetically unpleasant
and may contain appreciable concentration of materi-
als with high oxygen demand and suspended solids.
Many dyes have toxic as well as carcinogenic, muta-
genic and teratogenic effects [1] on aquatic life and
human beings [2]. Moreover, coloured water has less

light penetrating power, which hinders photosynthesis
in aquatic plants, adversely affects their growth and
decreases the natural purification process. On the
other hand, coloured effluents often contain a spec-
trum of heavy metals.

Metanil Yellow is a highly water-soluble dye
having azo group. Skin contact of the dye causes
allergic dermatitis [3]. On the other hand, methaemo-
globinaemia is caused by oral exposure of the dye [4].
The intestinal and enzymic disorders in man by the
consumption of Metanil Yellow have already been
established [5,6]. Prasad and Rastogi [7] reported the
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possibility of haematological changes by this dye. The
animal study indicates that chronic consumption of
Metanil Yellow can predispose both the developing
and the adult central nervous system [8]. The
long-term chronic toxicosis of Metanil Yellow causing
histopathological alterations in liver and kidney in
albino rat indicates that the long-term use of this dye
can harm human system, not only causing kidney and
liver failure but sometimes it may also cause
carcinoma.

Considering the toxic nature of dyes, various
physical and chemical processes are tried by different
group of workers for their removal, namely,
nanofiltration [9–11], coagulation/flocculation [12],
electro-coagulation [13,14] and electro-flocculation
[15], ion-flotation [16], Fenton oxidation process
[17–19], precipitation [20,21], adsorption [22–31],
catalysis [32–35] and photo-catalysis [36–46], etc.

Out of all these techniques, the use of visible-
light active photocatalyst for degradation of environ-
mental pollutants has attracted considerable attention
in last few years. Being the renewable source of
energy, sunlight plays an important role in making
the pollutant abatement processes cost-effective and
sustainable. Titanium dioxide (TiO2), a metal-oxide
semiconductor, has been studied widely as a photo-
catalytic material [47] due to its high efficiency, low-
cost, chemical intentness and photo-stability [48].
However, the use of TiO2 as photocatalyst is limited
by its wide band gap (�3.2 eV for anatase) allowing
only a small fraction of the solar spectrum (�4–5%)
to be absorbed in the photo-excitation process.
Hence, some modifications are to be made so that
TiO2 can act as an effective visible-light photocata-
lyst. Doping of TiO2 has been found to be a feasible
approach for extending its light absorption into the
visible region. The non-metal-doped TiO2 has
attracted considerable attention due to its photocata-
lytic activity in the visible-light region [49–55].
Among all these dopents, N has been found to be
one of the most attractive and widely used anions
for TiO2 modification [56–61]. Both electronic and
surface structure of TiO2 can be changed by N-dop-
ing, the electronic structure determines the light
response range and redox power of carriers while
the surface structure controls surface transfer of car-
riers [62]. Asahi et al. [63] suggested that doping of
N causes a band-gap narrowing by mixing of N 2p
states with O 2p states. However, the observation of
Irie et al. [64] did not support the narrowing of the
band gap and suggested the formation of an
isolated narrow band above the valence band, which
is responsible for visible-light response of the
photocatalyst.

Adsorption is one of the most important physico-
chemical processes that occur at the solid–liquid and
solid–gas interfaces. As photocatalytic declourisation
is accompanied by adsorption, the photocatalytic reac-
tion is generally allowed to start after attainment of
adsorption equilibrium in dark. In the present study,
nano-sized (610 nm) N-doped TiO2 was synthesised
and characterised. The material was then used to dec-
olourise Metanil Yellow dye in aqueous system under
visible-light irradiation after attainment of adsorption
equilibrium in dark. The percentage mineralisation of
the dye was studied through Chemical Oxygen
Demand (COD) measurement at different intervals of
time.

2. Materials and methods

2.1. Materials

TiCl3 (15%, Loba Chemie) and 25% NH3 solution
(E Merck) were used as sources of titanium and nitro-
gen, respectively. The TiO2 P25 (AEROXIDE) was pro-
cured from Evonik (Degussa) Industries AG,
Germany. Metanil Yellow [sodium salt of m-(p-anilin-
ophenyl-azo) benzenesulphonic acid] (C.I. number:
13065, molecular formula: C18H14N3NaO3S) was pro-
cured from Loba-Chemie and was used without fur-
ther purification. The structure of the dye is given in
Fig. 1.

All other reagents were of analytical grade.

2.2. Preparation of the catalyst

150ml of TiCl3 was taken in a Teflon beaker and
100ml aqueous NH3 solution was added drop-wise
with constant stirring at 353K. The process took about
2 h, after which the mixture was stirred for an addi-
tional period of 1 h. The colour of the mixture first
changed to blue and then became brownish-yellow.
The solid precipitate was separated and washed with
distilled water for several times and finally dried in
air oven at 343K. The sample was then calcined at
623K for 4 h in a muffle furnace to get a yellowish-
brown powder.

Fig. 1. Structure of Metanil Yellow.
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2.3. Characterisation methods

The characterisation of the sample was done by
taking XRD (Rigaku Miniflex diffractometer using
nickle-filtered CuKa radiation), TEM (JEOL JEM 2100
instrument operating at an accelerating voltage of
200 kV), XPS (ThermoScientifc ESCALAB 250 instru-
ment with monochromatised Al X-ray source) and
DRS (HITACHI-400 spectrophotometer). The BET sur-
face area of the catalyst was measured by nitrogen
adsorption method at 77K with the help of Quanta-
chrome Autosorb-1C surface area analyser, using BET
equation.

2.4. Determination of adsorption efficiency

The adsorption of Metanil Yellow on N-TiO2 was
carried out in 100ml Erlenmeyer flasks by mixing
together a fixed amount of N-TiO2 dose (0.50 gL�1)
with a constant volume of aqueous dye solution. The
mixture in the flask was agitated by placing them in a
constant-temperature water bath thermostat shaker for
a known time interval under dark. It was then centri-
fuged (Remi R 24) and the concentration of dye solu-
tion remaining unadsorbed in the supernatant liquid
was determined with spectrometer (Elico SL 177,
India) at kmax = 502 nm. The influences of N-TiO2 load
(0.25–2.0 gL�1), initial dye concentration (18.0–
36.0lmol L�1) and pH (3.5–11.0) on dye adsorption
were studied.

2.5. Determination of photocatalytic activity

The catalytic reaction was carried out in a glass
reactor having water circulation facility. A 250W halo-
gen bulb was used as the source of visible light fitted
with a glass filter to cut-off short wavelengths
(k< 420nm). The schematic diagram of the photocata-
lytic reactor is given in Fig. 2.

In a typical reaction, 200ml (18 lmolL�1) of the
dye solution was taken with requisite amount of the
catalyst and kept in dark for 60min under stirring to
attain the adsorption–desorption equilibrium. The
mixture was then exposed to visible light under con-
stant stirring with the help of a magnetic stirrer. The
concentration of dye after adsorption (60min) was
considered as the initial concentration for photocata-
lytic study. Eloquent was collected at a regular inter-
vals and the concentration of the dye was measured
with the help of a spectrometer as before.

2.6. Determination of percentage mineralisation

COD is an index of water pollution by organics
and it is a parameter used for quality discharge. COD

differences with irradiation time are exclusively
related to the degree of oxidation of the organic mat-
ter as a whole. The dichromate reflux method is used
to estimate COD [65,66].

3. Results and discussion

3.1. Photocatalyst characterisation

The details of the characterisation of the nitrogen-
doped titania catalyst, N-TiO2, was published else-
where [67]. The main features of the findings are
listed below:

• X-ray powder diffraction showed that N-TiO2

was in a highly crystalline anatase phase. The
average particle size calculated on the basis of
Scherrer equation was found to be approxi-
mately 6.2 nm.

• Diffuse reflectance UV–visible spectroscopy
showed considerable absorption of radiation in
the visible range that extends up to 600 nm.
There was a red shift in the band gap energy in
N-TiO2 compared to undoped TiO2. The nar-
rower band gap was assumed to be responsible
for relatively easier excitation of electron from
the valence band to the conduction band in N-
TiO2, which in turn increases the photocatalytic
activity of the material.

• The TEM images revealed the presence of
agglomerates of primary particles with crystallite
size ranging from about 6 to 10 nm.

• The surface area of N-TiO2 determined with the
help of BET method was found to be 176m2/g.

Fig. 2. Schematic diagram of the photocatalytic reactor.
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• X-ray photoelectron spectroscopy of N-TiO2

showed a binding energy peak at 400 eV, which
was attributed to the presence of N1s electron in
the sample in O–Ti–N environment.

3.2. Influence of experimental parameter on dye adsorption/
decolourisation

3.2.1. Influence of N-TiO2 load on adsorption

The adsorption of Metanil Yellow was rapid on
the onset of the process and the uptake of dye
increased with the increase in the interaction time.
The process attained equilibrium within 60min. With
initial dye concentration of 18.0lmolL�1, the uptake
increased from 18.88 to 26.75% for N-TiO2 dose of
0.25–1.5 gL�1, although the amount of dye adsorbed
per unit mass of N-TiO2 decreased from 6.82 to
1.62mgg�1 for the same variation of N-TiO2 dose.
While the higher amount of titania provided more
surface for the dye to get adsorbed on it, a large
amount of adsorbent effectively reduces the unsatura-
tion of the adsorption sites and, correspondingly, the
number of such sites per unit mass comes down
resulting in comparatively less adsorption at higher
adsorbent amount [68]. Moreover, it was observed

that further increase of adsorbent dose (2.0 g L�1)
decreased the percentage adsorption to 21.78%, which
may be due to particle agglomeration [69] (Table 1).
Fig. 3 represents the % removal vs. time plots for dif-
ferent doses of N-TiO2.

3.2.2. Influence of N-TiO2 load on decolourisation

The decolourisation of the dye on different doses
of N-TiO2 is given in Fig. 4, where the equilibrium
was attained within 240min. The decolourisation of
Metanil Yellow increased with the increase in N-TiO2

loading from 0.25 gL�1 (86.21% at 240min) to
1.50 gL�1 (96.96% at 240min). However, a reverse
trend was observed by increasing N-TiO2 dose above
1.50 gL�1 (for 2.0 g L�1: 90.20% at 240min) (initial dye
concentration 18 lmol gL�1

, time 240min; Table 1).
This variation of dye decolourisation is observed in
Fig. 5.

The result revealed that increase in the catalyst
amount increased the decolourisation process, which
was due to the larger amount of photo-electrons that
accelerate the dye decolourisation [37]. On the other
hand, the increase in the catalyst load beyond the
optimum amount might result in the agglomeration of
catalyst particles, making a part of the catalyst surface

Table 1
Influence of experimental parameters on extent of adsorption (%) and decolourisation (%) of Metanil Yellow on N-TiO2

Parameters Extent of adsorption
(%)

Extent of
decolourisation (%)

At
10min

At
60min

At
10min

At
240min

N-TiO2 dose (g L�1) (Initial dye concentration 18lmol L�1, pH 3.5) 0.25 15.93 18.88 3.25 86.21

0.50 16.77 23.38 5.89 89.48

0.75 18.21 24.07 8.33 91.70

1.0 19.29 24.97 11.29 94.08

1.25 20.49 26.24 28.45 95.76

1.50 20.98 26.75 31.62 96.96

1.75 19.02 25.24 24.25 93.87

2.0 15.29 21.78 22.49 90.20

Initial dye concentration (lmolL�1) (N-TiO2 dose 0.50 gL�1, pH
3.5)

18.0 16.77 23.38 5.89 89.48

22.5 14.39 22.20 5.01 87.00

27.0 14.01 21.10 4.98 85.80

31.5 12.23 19.40 4.71 84.78

36.0 10.77 18.10 4.00 82.90

pH (N-TiO2 dose 0.50 gL�1, Initial dye concentration 18lmolL�1) 3.5 16.77 23.38 5.89 89.48

4.0 2.11 4.83 4.77 64.18

4.5 1.11 4.11 3.59 23.50

7.0 0.81 3.43 3.01 14.39

9.0 0.73 2.74 2.49 6.86

11.0 0.02 0.12 0.01 2.46
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unavailable for light absorption, lowering the
efficiency of decolourisation [70]. According to Sun
et al. [71], the concentration of �OH radical, a primary
oxidant in the photocatalytic system, decreases due to
the obstruction offered to the incident light by the
excess catalyst. This in turn decreased the efficiency of
the dye decolourisation. Moreover, the rate of deacti-
vation of activated molecules by collision with
ground-state N-TiO2 increases with the increase in the
amount of N-TiO2 in reaction medium, which reduces
the site density for surface holes and electrons. This
can also hinder the dye decolourisation process
[72,73].

3.2.3. Influence of initial concentration of Metanil
Yellow on adsorption

The extent of adsorption varies from 23.38 to
18.10% (4.23–5.33mgg�1) (Table 1) by increasing the
initial concentration of dye from 18.0 to 36.0lmol L�1.
Initial higher uptake was observed for first 10min and
equilibrium was attained within 60min for all the
cases (Fig. 6).

At low initial concentration of Metanil Yellow, the
ratio of the number of dye molecules to the number
of available adsorption sites was small and thus the
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adsorption was independent of the initial concentra-
tion, which depends on the driving force that was
determined by the concentration gradient. At higher
concentration of the dye, the active sites of the N-TiO2

were surrounded by a large number of dye molecules
and were likely to take up their full quota of dye mol-
ecules depending upon the degree of unsaturation
[74].

3.2.4. Influence of initial concentration of Metanil
Yellow on decolourisation

Fig. 7 shows the influence of initial concentration
of dye on decolourisation process. The % decolourisa-
tion decreases from 89.48 to 82.90% on increasing the
dye concentration from 18.0 to 36.0lmol L�1 (for N-
TiO2 0.50 gL

�1, time 240min; Table 1).
At high dye concentration, the active sites are cov-

ered by the dye molecules hindering the production
of �OH radicals on the surface of catalyst. Conse-
quently, the photocatalytic decolourisation decreases
as fewer �OH radicals are available to oxidise large
number of dye molecules [75]. On the other hand,
Daud et al. [19] suggested that increase in the dye
concentration allows more dye molecules to be scav-
enged by the same amount of �OH generated, leading
to a decrease in the decolourisation efficiency. More-
over, the reaction of Metanil Yellow can form some

intermediates that may interfere in the process. The
increase of initial dye concentration may produce
more intermediates, thus creating more competitions
resulting in the decrease of decolourisation of dyes
[76].

3.2.5. Influence of pH on adsorption

The adsorption of Metanil Yellow on N-TiO2 was
studied by varying the solution pH from 3.5 to 11.0
(Fig. 8). The uptake was maximum at pH 3.5 [23.38%
(4.23mgg�1) at 240min) and then went down with
the increase in pH (Table 1).

At lower pH, the high electrostatic attraction
between the positively charged surface of N-TiO2

and anionic dye facilitates the adsorption process.
As the solution pH increases, the surface charge
turns towards negative and adsorption of dye
anions comes down [77]. In an alkaline solution,
there may be competition between OH� ions and
dye anions for negatively charged adsorption sites
on the surface of the adsorbent and the adsorption
of bulky dye anions get suppressed by the highly
mobile OH� ions.
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3.2.6. Influence of pH on decolourisation

The extent of decolourisation of dyes on N-TiO2

was found to be more at lower pH and decreased
with increase in pH (Fig. 9). At pH 3.5, 0.5 g L�1 N-
TiO2 could decolourise 89.48% of Metanil Yellow (ini-
tial dye concentration 18 lmolL�1) in 240min. On the
other hand, only 2.46% decolourisation was observed
at pH 11.0 (Table 1).

The formation of the electrical double layer at the
solid–electrolyte interface affects the sorption–desorp-
tion processes and thus separates the photogenerated
electron–hole pairs on the surface of the semiconduc-
tor particles [78]. The �OH radicals can be formed by
the reaction between OH� ions and positive holes.
The positive holes are considered as the major oxida-
tion species at low pH, whereas �OH radicals are con-
sidered as predominant species at neutral or high pH
levels. In alkaline medium, the coulombic repulsion
between the negative-charged surface of photocatalyst
and the OH� ions prevents the formation of �OH and
thus decreases the photo-oxidation [78]. The adsorp-
tion of Metanil Yellow with sulphonate group favours
at lower pH which might also have helped the decolo-
urisation [76].

At pH 3.5, the decolourisation of Metanil Yellow
on N-TiO2 was almost six times higher compared to
that at pH 7.0. A similar decolourisation trend over

TiO2 photocatalyst under UV illumination was
reported [76].

3.3. Kinetic study

3.3.1. Kinetics of adsorption

The adsorption of dye was studied by using Lager-
gren pseudo-first-order model [79,80],

logðqe � qtÞ ¼ log qe � k1t ð1Þ
where qe and qt are the amounts adsorbed per unit
mass at equilibrium and at any time t and k1 is the
first-order adsorption rate constant. The log (qe�qt) vs.
t plots (Fig. 10) are linear (r� �0.92 to �0.99) for all
the experimental variables.

First-order rate constants increased from
3.63� 10�2 to 12.20� 10�2min�1 for the N-TiO2 dose
varied from 0.25 to 1.50 gL�1 and then again decreased
to 4.88� 10�2min�1 for N-TiO2 2.0 gL

�1. Similarly, the
k1 values were in the range of 9.19� 10�2 to
4.92� 10�2min�1 for the variation of initial dye con-
centration from 18 to 36.0lmol L�1 and 9.19� 10�2 to
1.01� 10�2min�1 as the solution pH changed from 3.5
to 11.0. All k1 values are listed in Table 2.
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3.3.2. Kinetics of decolourisation

The kinetics of Metanil Yellow decolourisation on
N-TiO2 was studied by modified Langmuir–Hinshel-
wood (L–H) mechanism, given by,

�dc=dt ¼ ðkKeCÞ=ð1þ KeCÞ ð2Þ

where C is the concentration of dye, k is the apparent
reaction rate constant (min�1), Ke is the apparent equi-
librium constant for the adsorption of the dye on the
catalyst surface.

Eq. (2) can be written as,

t ¼ 1=ðKekÞ lnðC0=CtÞ þ ð1=kÞðC0 � CtÞ ð3Þ

where C0 and Ct are the concentration of dye at initial
and at any time t, respectively.

For the sufficient low concentration of dye, Eq. (4)
can be expressed as,

lnðC0=CtÞ ¼ kKet ¼ kt0 ð4Þ

where kt´ is the overall rate constant (min�1). By
plotting ln (C0/Ct) as a function of irradiation time
through regression, we obtained for each catalyst
sample the kt´ (min�1) constant from the slopes.

The overall rate constant for dye–N-TiO2 interac-
tions was studied for the variation of catalyst load,
initial dye concentration and solution pH. All the
plots can be roughly considered as straight line
(Fig. 11). Although the curves did not pass through
the origin as required by the model, the intercepts
were close to zero (varied from �0.001 to + 0.659).

The kinetic study revealed that the decolourisation
rates depend on the catalyst amount.

The rate constant increased from 9.7� 10�3min�1

to 14.68� 10�3min�1 when the catalyst load was
increased from 0.25 gL�1 to 1.50 gL�1. When the
catalyst load was further increased to 2.0 gL�1, the rate
constant decreased to 9.0� 10�3min�1. Similarly, the
rate constants decreased from 11.0� 10�3 to
8.5� 10�3min�1 as concentration of Metanil Yellow
was increased from 18.0 to 36.0 lmol L�1. These results
were consistent with the influence of variation in dye

Table 2
Lagergren first order rate constants (for dye adsorption)
and Langmuir-Hinselwood first order rate constants (for
dye decolourisation) on N-TiO2

Parameters Lagergren
rate
constants

Langmuir-
Hinselwood
rate constants

k1� 102

(min�1)
kˊ� 103

(min�1)

N-TiO2 dose (g L�1)
(Initial dye
concentration
18 lmolL�1, pH 3.5)

0.25 3.63 9.7

0.50 9.19 11.0

0.75 9.53 11.7

1.0 9.78 12.8

1.25 10.52 13.0

1.50 12.20 14.6

1.75 6.54 10.7

2.0 4.88 9.0

Initial dye
concentration
(lmolL�1) (N-TiO2

dose 0.50 g L�1, pH
3.5)

18.0 9.19 11.0

22.5 8.98 10.0

27.0 7.92 9.4

31.5 7.59 9.1

36.0 4.92 8.5

pH (N-TiO2 dose
0.50 g L�1, Initial dye
concentration
18 lmolL�1)

3.5 9.19 11.0

4.0 3.24 5.0

4.5 2.78 4.2

7.0 2.32 2.0

9.0 2.09 1.1

11.0 1.01 1.0
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concentration on photocatalytic decolourisation. It was
observed that the decolourisation rates were pH
dependent and lower pH favoured the process more
efficiently as was evident from the overall rate constant
calculated at different pH levels: kt´pH 3.5 (11.0� 10�3)
> kt´pH 4.0 (5.0� 10�3) > kt´pH 4.5 (4.2� 10�3) > kt´pH 7.0

(2.0� 10�3) > kt´pH 9.0 (1.1� 10�3) > kt´pH 11.0 (1.0�
10�3). All k´ values are given in the Table 2.

3.4. Adsorption isotherms

The adsorption capacities of undoped TiO2 and N-
TiO2 was studied by the well-known Langmuir iso-
therm [81] given by,

Ce=qe ¼ ð1=bqmÞ þ ð1=qmÞCe ð5Þ

where Ce = concentration of dye at equilibrium,
qe = amount of dye adsorbed per unit mass of adsor-
bent at equilibrium, qm=Langmuir monolayer adsorp-
tion capacity.

The linear Langmuir plots were obtained by
plotting Ce/qe vs. Ce (r� 0.97). The qm values were
calculated as 2.79� 10�4 and 1.84� 10�3 mgg�1 for
pure P25 and modified TiO2, respectively, indicating
that N-TiO2 was much better adsorbent for Metanil
Yellow than TiO2 P25.

3.5. A comparative study of decolourisation of Metanil
Yellow on N-TiO2 and pure TiO2 P25

The decolourisation of Metanil Yellow by N-TiO2

was compared with pure TiO2 P25. Fig. 12 reveals that
at equilibrium time of 240min, 0.5 g L�1 of N-TiO2

could decolourise �89.48% of dye from an initial dye
concentration of 18 lmol L�1. Under the same experi-
mental conditions, only 10.98% dye decolourisation
was observed in presence of undoped TiO2. The
results show that the modified TiO2 can decolourise
Metanil Yellow �8 times more than pure TiO2 P25. In
the blank experiment (carried out with the dye in
absence of catalyst under visible light), only 2.56%
decolourisation was observed in 240min of irradiation
(Fig. 12). Besides this, the Langmuir–Hinselwood rate
constant of Metanil Yellow decolourisation by N-TiO2

was found to be 55 times higher compared to the rate
constant of the dye decolourisation by undoped TiO2
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under similar experimental conditions (kt´ for N-TiO2:
11.0� 10�3min�1; TiO2 P25: 2.0� 10�4min�1).

3.6. Mineralisation studies of dyes

The reduction of COD reflects the extent of degra-
dation or mineralisation of an organic species. In this
study, for Metanil Yellow (Initial concentration of dye
18.0lmol L�1, catalyst load 0.5 gL�1), a steady
decrease in COD with the increase in the irradiation
time was observed (Fig. 13). In one hour of irradia-
tion, the percentage mineralisation was found to be
17.91% and it went up to 92.54% in 6 h. It was
observed that the percentage decolourisation was
more than the percentage mineralisation. While the
reduction in COD in four hours of irradiation time
was 85.07%, the percent decolourisation for the same
period of time was 89.48%. This might be due to the
formation of smaller uncoloured products, which con-
tribute to the COD but did not impart any colour.

4. Conclusions

The photocatalytic decolourisation of Metanil Yel-
low was studied using N-doped TiO2 as catalysts,
synthesised by a very simple method using TiCl3 and
aqueous NH3. The results of the study can be summa-
rised as follows:

(1) Adsorption of Metanil Yellow was influenced
by N-TiO2 dose, initial dye concentration and
solution pH.

(2) The experimental variables (N-TiO2 dose, initial
dye concentration and solution pH) also influ-
enced the dye decolourisation process.

(3) The decolourisation efficiency increased with
the increase in N-TiO2 load from 0.25 to
1.50 gL�1 and then again decreased when the
load was increased to 2.0 gL�1. The decrease
in initial dye concentration enhanced the
decolourisation process. Moreover, the acidic
pH favoured the decolourisation of dye com-
pared to neutral and alkaline pH.

(4) Adsorption interactions followed Lagergren
first-order kinetic model.

(5) The photo-catalytic decolourisation of dye fol-
lowed first-order kinetics, which fitted the mod-
ified Langmuir–Hinshelwood model.

(6) Parameters, such as N-TiO2 dose, initial dye
concentration and solution pH played an
important role affecting the reaction rate con-
stants for both the processes, i.e. adsorption as
well as decolourisation.

(7) Adsorption isotherm for N-TiO2 was much
higher compared to undoped TiO2 P25.

(8) Modification of TiO2 improved the decolourisa-
tion compared to TiO2 P25. The N-TiO2 decol-
ourised the dye almost eight times more
compared to TiO2 P25.

(9) The percentage mineralisation of the dye was
found to be 17.91% in one hour and it went up
to 92.54% in six hours.

Acknowledgements

The authors are thankful to Dr. C.V.V. Satyanara-
yana, Scientist, Heterogeneous Catalysis Division,
NCL, Pune for his support in various stages of this
work. We gratefully acknowledge the use of CAM-
COR facilities of University of Oregon, USA, which
have been purchased with combination of federal and
state funding. The authors are also thankful to U.G.C,
New Delhi for financial assistance through a Major
Research Project grant.

0

15

30

45

60

75

90

105

0 1 2 3 4 5 6

C
O

D
 (

m
g/

L
)

Time (h)

0

25

50

75

100

0 1 2 3 4 5 6

%
 m

in
er

al
is

at
io

n

Time (h)

(b)

(a)

Fig. 13. (a) Variation of COD with irradiation time (b)
Variation of percentage mineralisation with irradiation
time (Initial dye concentration 18.0 lmolL�1, N-TiO2 dose
0.5 gL�1, temperature 303K).

D. Chakrabortty and S. Sen Gupta / Desalination and Water Treatment 52 (2014) 5528–5540 5537



References

[1] G. McKay, M.S. Otterburn, D.A. Aga, Fuller’s earth and fired
clay as adsorbent for dye stuffs, Equilibrium and rate con-
stants, Water Air Soil Pollut. 24 (1985) 307–322.

[2] A.R. Gregory, S. Elliot, P. Kluge, Ames testing of Direct Black
3B parallel carcinogenicity, J. Appl. Toxicol. 1 (1991) 308–313.

[3] B.M. Hausen, A case of allergic contact dermatitis due to
Metanil Yellow, Contact dermatitis 31 (1994) 117–118.

[4] S.M. Sachdeva, K.V. Mani, S.K. Adval, V.P. Jalpota, K.C. Ras-
ela, D.S. Chadha, Acquired toxic methaemoglobinaemia,
J. Assoc. Physicians India 40 (1992) 239–240.

[5] M. Das, S. Ramchandani, R.K. Upreti, S.K. Khanna, Metanil
Yellow: A biofunctional inducer of hepatic phase I and phase
II xenoblastic-metabolising enzymes, Food Chem. Toxicol. 35
(1997) 835–838.

[6] S. Ramachandani, M. Das, A. Joshi, S.K. Khanna, Effect of
oral and parental administration of Metanil Yellow on some
hepatic and intestinal biochemical parameters, J. Appl. Toxi-
col. 17 (1997) 85–91.

[7] O.M. Prasad, P.B. Rastogi, Haematological changes induced
by feeding common food colour, Metanil Yellow in albino
mice, Toxicol. Lett. 16 (1983) 103–107.

[8] T.N. Nagaraja, T. Desiraju, Effects of chronic consumption of
Metanil Yellow by developing and adult rats on brain regio-
nal levels of noradrenaline, dopamine and serotonin, on ace-
tylcholine esterase activity and on operant conditioning, Food
Chem. Toxicol. 31 (1993) 41–44.

[9] S. Cheng, D.L. Oatley, P.M. Williams, C.J. Wrigh, Character-
isation and application of a novel positively charged nanofil-
tration membrane for the treatment of textile industry
wastewaters, Water Res. 46 (2012) 33–42.

[10] E. Ellouze, N. Tahri, R.B. Amar, Enhancement of textile
wastewater treatment process using nanofiltration, Desalina-
tion 286 (2012) 16–23.

[11] S. Yu, Z. Chen, Q. Cheng, Z. Lü, M. Liu, Application of thin-
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