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ABSTRACT

In this paper, we report the detailed kinetic and mechanistic study using N, Fe codoped
TiO2 for the degradation of Reactive Red dye 198 (RR dye 198) under visible light. The N,
Fe codoped TiO2 was prepared by sol–gel method using urea and ferric nitrate as the
dopant source and well characterized by XRD, FTIR, DRS, TEM, XPS, EDX, and BET tech-
niques. The N, Fe codoped TiO2 nanoparticles were found to be 95.55% anatase and 4.45%
rutile phase, with a narrow particle size distribution of 4–7 nm, having band bap of 2.4 eV,
surface area of 98.01 m2 g−1, and are cubic in shape. The process conditions for photocat-
alytic degradation of RR dye 198 using N, Fe codoped TiO2 under visible light have been
optimized by varying operational parameters such as catalyst loading, pH, initial concentra-
tion of the substrate, and the effect of electron acceptors have been examined. The addition
of H2O2 as a co-oxidant showed an anomalous behavior in the degradation pattern. The
degradation followed first-order kinetics with r0 of 3.036 mg L−1 min−1 at natural pH and
obeyed the Langmuir–Hinshelwood model. The mechanism of degradation has been
investigated with the help of radical quenchers. The GC–MS analysis of the residue after
degradation depicted the degradation pattern of the dye under optimized conditions.
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1. Introduction

Various physical, chemical, and biological
pre-treatment and post-treatment techniques have
been developed over the last two decades to remove
color from dye-contaminated wastewaters in order to
meet environmental regulatory requirement, but these
treatment methods have their own disadvantages.

These methods do not bring down the pollution
parameters to the satisfactory level, and simply trans-
fer the pollutants from one medium to another.
Merely transferring toxic materials from one medium
to another is not a long-term solution to the problem
of hazardous waste loading on the environment. The
recent developments in water decontamination
processes are concerned with the oxidation of these
bio-recalcitrant organic compounds. These methods
rely on the formation of highly reactive chemical*Corresponding author.
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species that degrade more number of recalcitrant
molecules into biodegradable compounds and are
called advanced oxidation processes (AOPs).

In AOPs, the efficient utilization of solar energy is
one of the major goals that will influence the future
technological applications [1–3]. Among the various
materials being developed for photocatalytic applica-
tions, TiO2 remains the most promising because of its
high efficiency, low cost, chemical inertness, and
photostability [4,5]. However, the major drawback of
TiO2 lies in their ineffective use of visible light as
irradiation source because of the large band gap of
anatase TiO2 (3.2 eV). Due to this, it can absorb and is
excited by only UV light having λ less than 387 nm,
which occupies only 4.6% of global solar radiation.

Many studies have been devoted to solve this
problem via doping of TiO2 to change its electronic
structure [6]. Asahi et al. [7,8] successfully synthesized
N-doped TiO2 by heat treatment of TiO2 in N2 or NH3

atmosphere, which showed high activity under visible
light irradiation. Besides nitrogen doping, other anions
such as C, S, and F were also found to be effective to
enhance the photocatalytic activity under visible light
irradiation [9–14]. However, non-metal doping brings
in the serious problem of massive charge carrier
re-combination which largely limits the photoactivity
of doped TiO2 under visible light.

Doping with metal cations is also a typical
approach to extend the spectral response of TiO2 to
the visible light region by providing defect states in
the band gap. Metal ions such as Fe, Cr, Co, Mo, V to
mention a few have been reported to be effective in
enhancing visible light photocatalytic activity of TiO2.
Choi et al. [15] have reported that TiO2, doped with
21 different metal ions prepared by sol–gel method,
exhibited various colors depending on the ion used.

Recently, codoping with metals and non-metals
has also been widely investigated [16–20]. To study
the synergistic effect of both metal and non-metal ions
which can extend the absorption edge of TiO2 into
visible light range more efficiently, various combina-
tions of metal and non-metal have been reported in
literature [21,22]. Among metal and non-metal
codoped TiO2 catalysts, N, Fe codoped TiO2 is consid-
ered to be an effective combination [23].

Till date, the focus of research in this area has been
mainly toward developing new synthetic methods for
doping of TiO2 with metals, non-metals, and combina-
tion of both. However, the detailed kinetic and mecha-
nistic study for degradation of reactive dyes using
metal and non-metal codoped TiO2 has not been
reported in literature. In continuation to our work in
the area of photocatalytic degradation of reactive dyes
[24] and our efforts to harness the solar light, in this

paper we report the detailed kinetic and mechanistic
study using N, Fe codoped TiO2 under visible light
for degradation of RR dye 198 for optimization of
reaction parameters and evaluation of the degradation
pattern.

2. Materials and methods

2.1. Materials

(a) Sample: Commercially available Reactive Red
dye 198 (RR dye 198) was gifted from a Textile
Industry, Nahar Fabrics, Derabassi, Punjab,
India and was used as such without any
purification.

(b) Reagents and chemicals: Hydrogen peroxide
(30% v/v solution) was used as an oxidant.
Hydrochloric acid and sodium hydroxide
(Merck, India) were used to adjust pH. The radi-
cal quenchers used were sodium azide (NaN3),
1,4-diazobicyclo [2,2,2] octane (DABCO), 1,4-
benzoquinone (Sigma Aldrich).

2.2. Preparation method of codoped TiO2 catalyst

N, Fe codoped TiO2 powder was synthesized by
sol-gel method. Firstly, tetrabutyl titanate (10 ml) and
acetic acid (10 ml) were added in 50 ml absolute etha-
nol (solution A). Secondly, 0.1765 g of ferric nitrate [Fe
(NO3)3·3H2O], 3.6 g urea, 5 ml acetic acid, and 6.25 ml
distilled water were added in 25 ml absolute ethanol
(solution B). The solution B was added dropwise into
solution A with vigorous magnetic agitation. The
obtained mixture was stirred for 3 h, and then kept at
room temperature in air for 24 h to form a homoge-
neous gel. The as-prepared gel was dried at 80˚C in
the oven, then it was porphyrized into powder and
annealed at 500˚C at a rate of 3˚C min−1 in a pro-
grammable furnace for 3 h. Finally, a light yellow
powder was obtained. The material was characterized
by XRD, FTIR, DRS, TEM, XPS, EDX, and BET
techniques.

2.3. Characterization

The XRD patterns (Fig. 1) of N, Fe codoped TiO2

catalyst indicates that the structure consists of anatase
and rutile phases while undoped TiO2 exhibits the
pure anatase phase. The anatase and rutile phase
contents of the codoped TiO2 were calculated by
analyzing the intensities of anatase 101 peak at
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2θ = 25.5˚ and rutile 110 peak at 2θ = 27.5˚. The
anatase fraction (FA) was found by the following
equation:

FA ¼ 100� 1

1þ 0:8IA
IR

� 100 (1)

where IA is the intensity of the 101 peak of anatase
and IR is the intensity of the 110 peak of rutile. From
this equation, anatase phase has been found to be
95.55% and rutile phase was 4.45% in the N, Fe
codoped TiO2.

The average crystallite size of the sample has been
estimated using Debye–Scherer equation:

d ¼ 0:89k
bcosh

(2)

where d represents the crystallite size, λ is the wave-
length of incident X-ray, β is the full width at half
maximum of diffraction formula, and θ represents the
scattering angle. The mean grain size of the N, Fe
codoped TiO2 has been estimated as 4 nm by Scherer’s
equation.

As shown in the TEM image (Fig. 2) of the pow-
der, most of the particles were of approximately
spherical morphology, and the grain size was found
to be in the range of 4–7 nm, which is in good agree-
ment with that obtained from the Scherer’s method.

Fig. 3 shows the particle size distribution of N, Fe
codoped TiO2. The average particle size was 252.5 nm,
larger than the result of XRD and TEM analysis. This

attributes to the agglomeration of the powder at the
concentration at which analysis has been done.

The specific surface area of codoped TiO2 was
measured and found to be 98.01 m2 g−1 by BET
method. The physicochemical properties have been
summarized in Table 1.

Fig. 4 shows FT-IR spectra of the photocatalyst
wherein the peak at 3,400 cm−1 (stretching vibration)
and the peak around 1,640 cm−1 (bending vibration)
for the sample corresponds to the adsorbed water
molecules over the sample. The peak at 742 cm−1 was
due to the stretching vibration of Ti–O bond. The
peaks at around 1,450, 1,230, and 1,090 cm−1 can be
attributed to the nitrogen atoms embedded in the TiO2

network.
The UV–vis diffuse reflectance spectra (Fig. 5)

showed that the absorption edge of the N, Fe codoped
TiO2 was red shifted up to 700 nm which means that
the light absorption range expanded to the visible
region. The band gap energy of N, Fe codoped TiO2

was determined from the Tauc relationship and was
found to be 2.4 eV as shown in Fig. 5.

Fig. 6 shows the XPS spectra of N 1s at 399.8 eV
which can be attributed to N–O bonds. This indicates

906030

undoped TiO2

N,Fe codoped TiO2

2

counts

Fig. 1. XRD pattern of N, Fe codoped TiO2.

Fig. 2. TEM image of N, Fe codoped TiO2.

Fig. 3. Particle size distribution of N, Fe codoped TiO2.
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that the nitrogen atoms were weaved into the crystal
structure of titania, which was further confirmed by
DRS analysis. The binding energies of the peaks
located at 723.5 and 709.7 eV in XPS spectra of Fe 2p

indicated the existence of Fe–O bond on the surface of
the sample.

The chemical composition of the sample was deter-
mined by energy-dispersive spectroscopy (Fig. 7). The
intense peak is assigned to the bulk TiO2. The peaks
due to Fe are clearly distinct at 0.5, 6.5, and 7.0 keV.
The peaks due to N do not come up, which may be
due to the low doping content.

2.4. Experimental procedure and techniques

2.4.1. Photodegradation experiments

Photocatalytic experiments were performed with
200 ml of dye solution in an immersion well type reac-
tor. The experiment was carried out under visible light
irradiation using 100 W halogen lamp with the circula-
tion of 2 M NaNO2 solution for absorption of any
irradiation below 400 nm and vigorous bubbling was
done to increase dissolved oxygen concentration. The
solution was stirred continuously. An aliquot of 5 ml
was taken from the reactor at regular intervals of time
with a syringe. The suspension was centrifuged for
five min at 4,000 rpm and subsequently filtered
through a Millipore filter (pore size 0.45 μm) to
remove TiO2 particles. These samples were analyzed
at λmax = 515 nm by Perkin-Elmer Lambda 35 UV–vis
spectrophotometer.

2.4.2. Adsorption experiments

The adsorption studies were performed using an
aqueous solution of dye. For this purpose, dye
solution (50 ml) of different concentrations of 10, 20,
30, 40, and 50 ppm were kept in dark for 2 h in the
presence of 100 mg of N, Fe codoped TiO2 photocata-
lyst at room temperature. The dye concentration (Ce)
in the supernatant liquid was measured spectrophoto-
metrically. The amount of dye adsorbed (qe) onto the
surface of TiO2 photocatalyst was estimated by sub-
tracting the value of equilibrium dye concentration
(Ce) from the initial dye concentration (C0).

Table 1
Physicochemical properties of N, Fe codoped TiO2 catalyst

Surface area
(m2 g−1)

Pore diameter
(Å)

Band gap
(eV) Phase (%)

Particle size
(nm) FTIR (cm−1)

98.01 65.11 2.4 95.55 anatase, 4.45
rutile

XRD-4 3,400, 1,640—H2O stretching,
bending vibrationTEM-4-7
742—stretching vibration of Ti–O
1,450, 1,230, 1,090—N–Ti–O

4000 3500 3000 2500 2000 1500 1000 500
A

undoped TiO2

N,Fe codoped TiO2

% T

Fig. 4. FTIR spectra of N, Fe codoped TiO2.

Fig. 5. UV–vis DRS and Tauc plot of N, Fe codoped TiO2.
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3. Kinetic studies

3.1. Kinetics of adsorption

The adsorption tests were carried out under dark
conditions as per the procedure mentioned above.
Fig. 8(a) shows that adsorption of dye from aqueous
solution strongly depends on the pH of solution.

The equilibrium constants were determined by
fitting the experimental data to the Langmuir equation
(Eq. (3)) to describe the adsorption of the dye on the
homogeneous surface of N, Fe codoped TiO2

qe ¼ qmbCe

1þ bCe
(3)

Ka ¼ qmb (4)

where qm is the maximum amount of dye adsorbed
forming a complete monolayer, b is the equilibrium
parameter, Ce is the concentration of dye in aqueous

solution, and qe is the concentration of dye on the
solid. The plot of 1/qe vs. 1/Ce has been found to be
linear in each case as shown in Fig. 8(b) for natural
pH 4.6. The Langmuir equilibrium constants as per
Eq. (4) are shown in Table 2.

3.2. Kinetics of degradation experiments

The photocatalytic degradation of RR dye 198 con-
taining N, Fe codoped TiO2 obeys pseudo-first-order
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Fig. 6. XPS spectra of N, Fe codoped TiO2 (a) N 1s (b) Fe 2p.

Fig. 7. EDX spectra of N, Fe codoped TiO2.
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Fig. 8. (a) Adsorption isotherms of RR dye 198 on N,
Fe codoped TiO2 surface at different initial pH (b) Plot of
1/qe vs. 1/Ce for adsorption of RR dye198, cata-
lyst = 100 mg, pH 4.6.

Table 2
Langmuir equilibrium constants for the adsorption of RR
dye 198 on N, Fe codoped TiO2 in dark

pH Ka (g L−1)

3 15.87
4.6 0.6851
5 0.3283
7 0.1992
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kinetics. At low initial dye concentration, the rate
expression is given by

�dC

dt
¼ k0½C� (5)

where k0 is the pseudo-first-order rate constant.
The influence of initial concentration of the solute

on the degradation rate of RR dye 198 can be
described by a pseudo-first-order kinetics, which is
given in terms of the Langmuir–Hinshelwood model
Eq. (6), modified for heterogeneous catalytic reactions:

R0 ¼ �dC

dt
¼ kvKeC0

1þ KeC0
(6)

where kv reflects the limiting rate of the reaction at
maximum coverage under the given experimental
conditions. Ke represents the equilibrium constant for
adsorption of dye on to illuminated TiO2. In Eq. (6), kv
represents the apparent rate constant because it is also
dependent on the source of visible light and the radia-
tion field inside a photocatalytic reactor.

The kinetics of photodegradation as a function of
pH has also been described using Langmuir–Hinshel-
wood model Eq. (6). The photocatalytic degradation of
RR dye 198 follows first-order kinetics as shown in
Fig. 9 depicting a linear fit between ln (C0/C) and
irradiation time.

4. Results and discussion

4.1. Effect of catalyst loading

The effect of concentration of the photocatalyst on
the degradation rate of RR dye 198 has been investi-
gated by employing different concentrations of N, Fe
codoped TiO2 varying from 0.9 to 3 g L−1 under visi-
ble light. It was observed that initial rate (r0) increased

with increase in photocatalyst concentration, wherein
the most appreciable change of r0 came when photo-
catalyst concentration increases from 0.9 to 1.2 g L−1

beyond which up to 3 g L−1 there was no appreciable
change as shown in Table 3. Therefore, the optimum
catalyst concentration chosen for the degradation was
1.2 g L−1. This can be attributed to the fact that the
number of photons absorbed and the number of dye
molecules adsorbed are known to increase with the
increase in catalyst concentration, thereby enhancing
the rate of degradation. Beyond a minimum catalyst
concentration, the rate does not increase to appreciable
extent which is because of the opacity and screening
effect of excess catalyst that acts as a shield to hinder
the light penetration.

Based on the empirical relationship, r0 α [TiO2]
n[dye],

Fig. 10 depicts the dependence of TiO2 concentration on
the initial decolorization rate when catalyst concentration
is less than 1.2 g L−1 [25].

4.2. Effect of initial substrate concentration

The effect of initial concentration of dye solution
on the degradation rate of RR dye 198 has been
investigated by varying the dye concentrations from
10 to 40 mg L−1 in the presence of 1.2 g L−1 of N, Fe
codoped TiO2 under visible light as shown in Fig. 11.
It has observed that for the same time period, the
photo-degradation process is effective at low concen-
tration as degradation decreases from 94 to 70% when
initial substrate concentration increases from 10 to
40 ppm. This can be explained by the adsorption
behavior of dye in which the concentration of unad-
sorbed dye in solution increases leading to lesser
penetration of light through the solution onto the sur-
face of catalyst. In spite of this, as the concentration of
dye increases, the requirement of reactive species
(�OH and �O�

2 ) needed for the degradation also
increases. However, the formation of �OH and �O�

2 on
the catalyst surface remains constant for a given light

y = 0.0271x
R² = 0.9219

0

0.5

1

1.5

2

2.5

3

0 40 80 120

ln
 C

0/
C

time (in minutes)

Fig. 9. Kinetics of photocatalytic degradation of RR dye
198; C0 = 10 ppm, pH 4.6, catalyst = 1.2 g L−1.

Table 3
Effect of N, Fe codoped TiO2 loading on the degradation
rate during the photocatalytic oxidation (C0 = 30 mg L−1,
pH 4.6)

N, Fe codoped TiO2 (g L−1) r0 (mg L−1 min−1)

0.9 2.675
1.2 3.036
1.5 3.097
1.8 3.127
2.1 3.329
3 3.625
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intensity, catalyst amount, and duration of irradiation
that decreases the degradation rate at higher concen-
tration [26]. In addition, slow diffusion of the gener-
ated intermediates from the catalyst surface can result
in the deactivation of active sites of the photocatalyst,
and, consequently, a reduction in the degradation rate.

The influence of the initial concentration of solute
on the degradation rate of most of the organic
compounds can be described by a pseudo-first-order
kinetics in terms of Langmuir–Hinshelwood equation
(Eq. (6)) modified to accommodate reactions occurring
at a solid–liquid interface. A linear expression can be
obtained by plotting the reciprocal of initial rate
against the reciprocal of initial concentration as shown
in Fig. 12.

4.3. Effect of initial pH of the solution

Employing 1.2 g L−1 N, Fe codoped TiO2 as a
photocatalyst, the degradation of RR dye 198 was
studied in the pH range between 3 and 9 as shown in
Fig. 13. At pH 3, complete adsorption of dye takes
place while at pH 9, negligible adsorption takes place
resulting in decreased rate of degradation of the dye.
It was found that maximum degradation of the dye

took place at the natural pH of 4.6. This can be
accounted to the effective adsorption and generation
of reactive radicals for efficient degradation because
N, Fe codoped TiO2 acquires a positive charge in
acidic media. Since the dye has negatively charged
sulfonate group in its structure, the acidic solution
favors the adsorption of the dye onto photocatalyst
surface; thus, the photodegradation efficiency
increases [27].

The results are summarized by the Ke and kv val-
ues of the Langmuir–Hinshelwood equation as shown
in Table 4.

4.4. Effect of H2O2 addition

The addition of H2O2 increases the concentration
of .OH radicals and thereby is known to enhance the
rate of degradation of dye [28]. Fig. 14 shows the
change in degradation rate by varying the amount of
H2O2 concentration at natural pH and at optimum
catalyst loading. It was observed that the addition of
H2O2 decreases the degradation rate of the RR dye
198. This is an unusual result indicating a possibly dif-
ferent mechanism for degradation at the surface of N,
Fe codoped TiO2 wherein the excess hydroxyl radicals
provided by the addition of H2O2 are not effective in

y = 0.2494x + 1.0128
R² = 0.9865

0
0.2
0.4
0.6
0.8

1
1.2
1.4

-0.5 0 0.5 1 1.5

ln
 r

o
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Fig. 10. Relationship between r0 and the amount of
catalyst; pH 4.6, C0 = 30 ppm.
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Fig. 11. Kinetics of photodegradation of RR dye 198 at
different initial concentrations.
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Fig. 12. Representation of Langmuir–Hinshelwood
equation: pH = normal, [TiO2] = 1.2 g L−1.

y = -0.7203x + 7.0111
R² = 0.9918
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Fig. 13. Effect of pH on initial rate of degradation of RR
dye 198: [TiO2] = 1.2 g L−1, C0 = 30 ppm.
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enhancing the degradation. Rather, it decreases the
effect of the other oxidative species, particularly the
superoxide radical which has been found to be active

in the degradation process as indicated during the
mechanistic studies by the addition of various radical
quenchers.

4.5. Mechanism of degradation of RR198 under visible light

4.5.1. Effect of radical quenchers

To understand the role of various oxidative species
involved in the degradation process, few radical
quenchers have been used. Three different com-
pounds, NaN3, DABCO, and 1,4-benzoquinone were
added in three individual experiments as shown in
Fig. 15 and the suspension was irradiated under

Table 4
Langmuir–Hinshelwood constants for the degradation of
RR dye 198 at different pH values

pH Ke (L mg−1) kv (min−1)

4.6 0.02191 7.9365
7 0.02674 4.1323
9 0.05445 1.0163

r o

0

0.5

1

1.5

2

2.5

0 0.5 1 1.5

H2O2 (ml)

Fig. 14. Effect of H2O2 concentration on the initial rate at
C0 = 20 ppm, pH = natural, catalyst = 1.2 g L−1.
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Fig. 15. The effect of radical quenchers on the photocat-
alytic degradation rate C0 = 20 ppm, N, Fe codoped
TiO2 = 0.24 g/200 ml, quencher = 0.02 g/200 ml.
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Fig. 16. Reaction pathway of photocatalytic degradation of RR dye 198 under visible light.
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identical conditions. It has observed that in the pres-
ence of DABCO, which is a singlet oxygen quencher,
photobleaching of RR dye 198 is completely sup-
pressed, indicating that the singlet oxygen is an active
oxidative intermediate. The inhibiting effect of NaN3,
which is an 1O2 quencher but may also interact with
•OH radical, becomes significant after 1 h indicating
the delayed formation of singlet oxygen (and possibly
hydroxyl radical) species. Similar results were
obtained after addition of 1,4-benzoquinone, which is
known to be a superoxide quencher.

4.5.2. GC–MS analysis of degradation intermediates

An attempt was also made to identify the inter-
mediate products formed in the photocatalytic
degradation of the dye after decolorization through
GC–MS analysis. The GCMS analysis of the solution
after complete decolorization in 12 h showed the
formation of the intermediates as depicted in Fig. 16.
The cleavage of the azo bond results in formation of
intermediate I, which on further oxidation by singlet
oxygen and other reactive species, results in formation
of intermediates II, III, IV as confirmed by MS frag-
mentation pattern. These benign intermediates can be
further mineralized to form CO2 and H2O.

4.6. Photodegradation by solar irradiation

After optimizing the process parameters for the
degradation of dye under artificially simulated visible
light in the lab, the degradation of the RR dye 198
was also studied under sunlight in a shallow pond
slurry reactor. It was observed that degradation of dye
under sunlight was 100% in 3 h as compared to 94%
degradation under artificial visible light in the same
duration of time as shown in Fig. 17. The enhanced

degradation under sunlight is due to the combined
effect of UV and visible light.

5. Conclusion

In this paper, the process optimization with exten-
sive kinetic and mechanistic detail for the degradation
of RR dye 198, a reactive dye, using a synthesized
visible light active N, Fe codoped TiO2 catalyst has
been presented. The rate of photodegradation was
found to be dependent on pH, initial substrate concen-
tration, catalyst loading, and H2O2 addition. An unu-
sual result was observed as the rate of degradation
decreases with the addition of H2O2. The pho-
todegradation follows first-order kinetics and obeys
the Langmuir–Hinshelwood model. The most active
oxidative species has been found to be the superoxide
radical and the major degradation product formed by
the cleavage of the chromophoric group has been indi-
cated by GC–MS analysis. This study is significant for
the implementation of metal, non-metal doped TiO2

for harnessing the visible light component for solar
detoxification of industrial wastewaters mainly from
textile industry.
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