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electron microscopy (SEM), Transmission electron microscopy (TEM), X-ray
diffraction (XRD) and Fourier Transform Infrared Spectroscopy (FT-IR). The
effect of various dopants (Fe, Co and Ni) on band gap and photocatalytic
properties of TiO, was investigated. The decolorization abilities of the as-
prepared M-TiO, nanostructures (M = Fe, Co and Ni) under UV and visible
irradiation were investigated using three dyes: Acid Red 1, Reactive Blue 21 and
Indigo Carmine. The role of pH value and reaction time on photocatalytic
performance of products was also studied. The results showed that the
degradation of dyes in lower pH is more and photocatalytic performance Fe-
doped TiO, is better than the others. Kinetic investigation of the
photodegradation illustrated reactions were following the Langmuir-
Hinshelwood mechanism. Prog. Color Colorants Coat. 11 (2018), 209-220©
Institute for Color Science and Technology.

1. Introduction

Dyes and pigments are widely applied in various
industries such as textiles, paper, rubber and plastics,
but often create severe environmental pollutions. In
addition, the consumption of dyes and pigments
impress the quality of life by causing health problems
like reproductive, developmental, neuron and acute
toxicity [1-4]. By considering the volume and chemical
composition of the wastewater discharge, technologies
and methods that can remove or decrease these
pollutants have been extensively received considerable
attention in recent years. The treatment of waste water

*Corresponding author: mhosseini@icrc.ac.ir

in recent years. Various technologies are used for waste
water treatment such as biological oxidation, physical-
chemical, ozonation, chemical precipitation and
electrocoagulation, each of them has limitations and
advantages. For instance, most physicochemical dye
removal methods are expensive and greatly interfered
by other wastewater constituents andthey have limited
versatility [2]. Recently, semiconductors are used as
photocatalysts for the removal of organic and inorganic
species from aqueous or gas phase [1, 5-8].

Among the various photocatalysts, TiO, has been
investigated because of its properties such as low cost,
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readily available, nontoxic and excellent stability and
anticorrosion [12, 13] various applications in many
fields such as photovoltaic cells, batteries, chemical
sensing [9], optical emissions, photonic crystals,
catalysis, photocatalysis [10] and environmental
purification [11].

In recent years, scientists tried to enhance
photoactivity in both ultraviolet and visible light. Since
Ti0O, has a large band gap (3.2 eV), its photocatalytic
activity is in the range of UV irradiation. Hence,
considerable efforts have been made to reduce band
gap including TiO, coupling with other semiconductors
having narrow band gap, combining noble metals with
TiO,, and TiO, doping with metal and nonmetal
elements. The results showed that the doping of metal
ions such as Ni*" [14], Fe’" [15] and nonmetal ions
such as N* [16], F [17] in TiO, lattice has improved
photocatalytic activity by trapping photo-generated
electrons. Ranjitha et al. modified TiO, nanoparticles
utilizing Ni*" jonby sol-gel coating method. Their
successful attempts caused improvement
ofphotocatalyst activity of TiO, under visible light
[18]. In addition, Zhao et al. prepared mixed phase
Co**-doped TiO, and they could decrease adsorption
edge into the visible region [19]. Gupta et al. prepared
modified CoFe,04@TiO, particles mounted on reduced
graphene oxide [20] and investigated the removal
under UV
illumination by Ag/TiO, catalyst. Almeida et al.
reported 98.8% degradation performance in an
optimum condition [21]. At this study, M-doped TiO,

(M = Fe, Co and Ni) nanostructures were synthesized

performance of terephthalic acid

by reverse microemulsion. The products were

(SO Na)x

x+y=3.5

Reactive blue 21

characterized by SEM, FT-IR, TEM and XRD
methods. The photocatalytic performance of products
under UV and visible irradiation were studied by
degradation of three dyes: Acid blue 74 (Indigo
carmine), Acid red 1, and Reactive blue 21 dyes. The
effect of
photocatalyst dosage, dye concentration, pH, and time

various  parameters, including the
were investigated. The results showed that the
activity of products in acidic
better than the others. The

performance of products was compared and the results

photocatalytic
environmental is

illustrated that Fe-TiO, is more active than the others.

Kinetic investigation of the photo-degradation
illustrated reactions were following the Langmuir-

Hinshelwood mechanism.

2. Experimental

2.1. Characterization

Titanium tetraisopropoxide (TTIP, > 99%) and 1-
Hexanol (>99% obtained from Merck, code8. 04393.
1000) were obtained from Sigma-Aldrich. Iron sulfate
(1.03965.0500), Cobalt sulfate (1.02546.1000) and
nickel sulfate (1.06727.1000) were obtained from
MERCK. Three industrial dyes, i.e. Acid Red 1
(A.R.1), Reactive Blue 21 (R.B.21) and Acid blue 74
(A.B.74), which were used as organic pollutants, were
purchased from Isfahan Polyacryl Inc. Hydrochloric
acid (HCl) and Sodium hydroxide (NaOH) were
supplied by Merck Co. The chemical structures and
main characteristics of the dyes are shown in Figure 1
and Table 1, respectively.

( j CH,
N O NAO

|
Cupe_('SozNH@SOZCHZCHZOSOBNa)y N\
NaO,S SO,Na

Acid Red 1

Acid Blue 74

Figure 1: The chemical structure of the dyes.
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Table 1: Main characteristics of the dyes.

Molecular Formula Molecular Weight Molecular Structure

Acid red 1 C]gH]}Nj,NﬂzOgSz
Reactive blue21 CsH;sN;0S
Acid blue 74 CmHgNzNazOgSZ

The XRD patterns of products was recorded by a
Rigaku D-max C III XRD using Ni-filtered Cu Ka
radiation. SEM and TEM images were obtained on
Philips CM120. UV-visible absorption spectra were
also measured by a Cecil CE9200 spectrophotometer.
The TUV 15W SLV/25 was used as the source of UV
irradiation to perform photocatalytic tests. It was
obtained from Philips lighting company. Fourier
transform infrared (FT-IR) spectrometer (Equinox 55,
from Bruker; Germany) was used to analyze the
chemical and/or physical interactions over the wave
number range of 450 — 4000 cm™'. Diffuse reflectance
spectra were taken using a

spectrophotometer (CECIEL 2021).

scanning UV-vis

2.2. Preparation of pure TiO, and M-doped
TiO, (M = Fe, Co and Ni) nanostructures

CTAB, as a
phase (precursor), were added to the solution to produce
02 M
CTAB is dissolved in the organic solvents under

surfactant, and iso-octane, as a continuous

microemulsion reaction medium. Afterwards,

ultrasonic stirring, and then a sufficient amount of TTIP
was added to the microemulsion solution, resulting in
the formation of thermodynamically stable reverse
micelles, containing a hydrophilic core, categorized in
the hydrophilic head group extracted from the substance
CTAB, and a hydrophobic alkyl tail, extending into the
nonpolar continuous phase solvent (precursor). After
preparation of TiO, seed nanoparticles in reverse
microemulsions, depending on what dopant
produced, Iron Sulfate, Cobalt Sulfate or Nickel Sulfate
was dissolved in a sufficient amount of water and added

was

drop-wise into the microemulsion. The particle size was
dependent on the droplet size of microemulsion. The
stability of the emulsion was directly affected by water
to surfactant ratio. In this work, this ratio for all the
experiments was fixed at 2. According to former work,
excess water may result in instability of emulsion [22].
In other words, the eventual particles size depended on

509.42
377.43
466.36

Single azo class

Phthalocyanine class 663 RB21

Indigo class 610 AB74

the size of the microemulsion droplets. The doped TiO,
was prepared based on calculating the formula, as shown
in Table 2. For example, Iron-doped titania ultrafine
particles was coded as TiO,-Fe and it was prepared
based on the following formula:

1 TiO,-0.02 Fe into the microemulsion solution.
Then, 15 mL water and 15 mL ethanol were added to
25 mL of the microemulsion solution, so the solution
The obtained gel,
extracted from the lower phase of solution, was dried at
100 °C for 1 h. The resulted powder was calcined at
300 and 500 °C for 1 h. Then, the obtained product was
collected and characterized by various techniques.

was separated into two phases.

2.3. Photocatalysis experiments

The of M-doped TiO,
nanostructures (M = Fe, Co and Ni) were evaluated by

photocatalytic  activity
photocatalytic decolorization of dyes into a batch
photoreactor (light source: a UV lamp of 15 W or
visible irradiation) containing 0.03 g photocatalyst into
1000 mL of 20 mg/L dye. The mixture was aerated for
30 min to reach adsorption equilibrium. Next, the
mixture was placed inside the photoreactor in that the
vessel was 15 cm away from the UV source (mercury
Photocatalytic
temperature. The mixtures were exposed to radiation

lamp). tests were done at room
for certain times and then analyzed by UV-vis
The effects

photocatalytic performance of products were studied.

spectrometer. of pH and time on
The effect of each parameter was investigated by
keeping the other parameters constant. The equation
used to calculate the dye decolorization efficiency in
the treatment experiments is as follows:

DEC%:(I—C/C )XIOO

In this equation Cy and C are the initial and present
of the
respectively [23].

M

concentrations dye in solution (ppm),

Prog. Color Colorants Coat. 11 (2018), 209-220 211
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3. Results and Discussion

3.1. XRD pattern

Figure 2 depicts the XRD patterns of heat-treated M-
doped TiO, (M = Fe, Co and Ni) at 350 °C. At this
temperature, the formation of anatase phase was
confirmed for all the samples. According to the results,
it should be said that the gels obtained from
microemulsion method were amorphous and the
formation of anatase phase occurs at about 300 °C. On
the other word, increasing the calcination temperature

increases the crystallinity and particle size of the
products [24].

3.2. TEM and SEM images

In Figure 3, TEM images of M-doped TiO, (M = Fe, Co
and Ni) nanostructures prepared at 350 °C are shown.
The particles have spherical shape with uniform size
distribution about 40-50 nm. The formation of
agglomerated secondary particles in the samples
calcined at 300 °C is clearly observed in Figure 4.
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Figure 2. XRD patterns of TiO»-Fe, TiO2-Ni, and TiO,-Co.

Figure 3: TEM images of TiO2-Fe, TiO2-Ni and TiO2-Co after calcination at 300 °C.
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Figure 4: SEM images of TiO,-Fe, TiO2-Ni and TiO2-Co after calcination at 300 °C.

These samples contain shrinkage and inter crystal
pores. It was very difficult to verify the primary
particles, since the grain growth might have been
incomplete at 300 °C. The 100 nm size secondary
particle were derived from inter-agglomerate
densification [25]. It has to be mentioned that water
content in the reverse micelles system can results in
aggregation of the particles.

3.3. FT-IR Analysis

The FT-IR spectra are shown in Figure 5. The
absorption peaks at 3370-3525 cm™ and 1623 cm’
were corresponding to stretching vibrations of the —OH
and bending vibrations of the adsorbed water
molecules, respectively. The main transmittance peak
at 616.3 cm” was assigned to the Ti—O and Ti—O-Ti
bonds. Bands at about 1170 cm™ and 1650 cm™ were
assigned to carbon-related contaminants such as Ti—-O—
C and adsorbed water, respectively [26]. The FT-IR
spectrum exhibited the peak at 644cm™ for C—C bond
vibration, 780 cm™ for C—H stretching vibration for

aromatic compounds and 1620 cm™ for C=C aromatic
stretching vibration. These banding vibration were
detected due to residual carbon-related contaminants
because of surfactant and oil. Fe doping FT-IR shows
the peak at 1639 cm™ and 3200 cm™ because of —OH
bending and stretching vibration of OH groups. The
537 cm' band was related to the Ti—O stretching
vibrating which has been shifted to the lower
wavelength by the introduction of Fe*" ions. The FT-IR
spectra of Fe—TiO, do not show any band
corresponding to the Fe=O bonding. It may be due to
this reason that the content of the incorporated Fe is
slight. Also, the bending frequency of the Fe—O
bonding might be overlapped with the Ti—O bonding
frequency below 850 cm™. Therefore, overlapped
peaks were observed in this region. Ni doping revealed
that the peaks at 3421, 2804, and 1263 cm ' were
attributable to C—H bond stretching, whereas the peaks
at 1263, 899, and 807 cm’ were attributable to the
C—H vibration band and C—H bending (out of plane),
respectively [27-29].

Prog. Color Colorants Coat. 11 (2018), 209-220 213
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Figure 5: FT-IR spectra of TiO2-Fe, TiO2-Ni and TiO,-Co.

3.4. Effect of pH

The effect of pH on the ability of products for
decolorization of dyes was studied by changing pH in
the range of 3-8. As shown in Figure 6, pH can be
effective on decolorization of dyes in the presence of
the as-prepared products (M-doped TiO, (M = Fe, Co
and Ni) nanostructures). Herein, T = 25 °C, reaction
time = 80 min, dosage of dopants = 0.03 g, and pH of
solution was adjusted by HCI and/or NaOH. According
to Figure 7, decreasing the pH values of solution
increases the decolorization percentage, so the best
efficiency is observed at pH = 3. The isoelectric point
of TiO, is 6.6, so TiO, surface will be positively
charged in lower pH [30] and will be negatively
charged due to adsorption of OH™ on TiO, surface in
higher pH. So, the decolorization efficiency increases
in the acidic condition (pH < 7), and decreases in
alkaline condition (pH > 7). Since the dye molecules
having sulfonic groups (SO”) are negatively charged it
is possible that the electrostatic attraction occurs
between the positively charged catalyst surface and
color molecules in acidic condition, whilethe
electrostatic repulsion occurs between the dye and the
negatively charged catalyst in alkaline condition [30].

3.5. Effect of TiO, content on decolorization
process

The effect of photocatalyst dosage on decolorization
efficiency was investigated by using various amounts
(0.01 to 0.04 g) of M-doped TiO, (M = Fe, Co and Ni)
nanostructures as photocatalyst. As shown in Figure 7,

214  Prog. Color Colorants Coat. 11 (2018), 209-220

increasing the photocatalyst to a certain amount
increases the decolorization efficiency, butthe rate of
photocatalytic reaction and decolorization efficiency
decrease by further increasing the TiO, content. So, the
optimum amount of photocatalyst should be chosen to
achieve the highest efficiency of decolorization [30,
31]. Herein, 0.03 g of M-doped TiO, (M = Fe, Co and
Ni) nanostructures was considered as optimum amount.

3.6. Kinetics of decolorization

By considering the obtained results, it can be said that
photocatalytic reaction follows the pseudo first-order
kinetic model. A modified Langmuir—Hinshelwood (L—
H) was adopted to rationalize the dye degradation
kinetics. The equation is given below:

_dC_ kkC

= 2
d  1+kC @

where kr is the apparent reaction rate constant, k. is
the apparent equilibrium constant for the adsorption of
the dye onto illuminated photocatalyst and C is the dye
concentration at time t (mg/L).

The integrated form of Eq. (2) is given as below:

1 C, o1
t=——In—+—(C,-C 3
7ot (G0 (€)

e T T

where Cy and C are the initial dye concentration
(mg/L) and dye concentration at time t (mg/L), t is
reaction time (min) and k' is the first-order rate
constant (min™) [32, 33]. In Figure 8, the values of &
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and R (correlation coefficient) of dye decolorization by
M-doped TiO, (M = Fe, Co and Ni) nanostructures are
shown in Table 2. Linear relationship with the
0.9 in 20 mg/L
the other hand,
decreasing the rate constant of dye decolorization

correlation coefficient R’ for
concentration was shown. On
reaction by increasing the dye concentration indicated
that the decolorization reaction follows the first-order
kinetics. According to Figure 8, M-doped TiO, (M =
Fe, Co and Ni) nanostructures have higher initial rate
and catalytic activity. So, decolorization of dyes was
done in existence of them, quickly. The reduced rate of

reaction decreased after 80 min, this is induced by
following the kinetics of reactions from pseudo-first-
order [32].

the

3.7. decolorization in

presence of daylight lamp

Photocatalytic

After optimizing the parameters such as pH and
concentration of photocatalyst for the decolorization of
dye under UV lamp in the batch reactor, decolorization
of A.B.74 was also studied under daylight lamp in the
batch reactor. The degradation of A.B.74 solution
under a daylight lamp is illustrated in Figure 9.

100
TiONi 100 TiO,Fe
: : 300°C,500°C
i 300°C, 500°C = :
60 60
g &
*
® 40
20
20
0
0 3 a 5 6 7 8
3 4 5 pH 6 7 8 pH
B AR1-300C B RB21-300C AB74-300C BAt=0OC: W0 RASIN0.C
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o 60
.
a
* 40
20
0 1
3 4 5 6 7 8
WAR1-300°C WRB21-300°C AB74-300°C
WARI - 500° WRE21 - 500° W AB74 - 500°

Figure 6: Effect of pH on photo-degradation efficiency of A.R.1, R.B.21, A.B.74, C= 20 mL, Dosagerio2= 0.03 g,
V=1000 mL, T=25 °C.

Table 2: The characterization of the synthesized photocatalyst nanoparticles.

Iron doped titania
Cobalt doped titania

Nickel doped titania

1TiO,-0.02 Fe
1Ti0,-0.02 Co

1TiO,-0.02 Ni

TiO,-Fe (300,500)
TiO,-Co (300,500)

TiO,-Ni (300,500)

Prog. Color Colorants Coat. 11 (2018), 209-220 215
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Figure 7: Effect of Dosage doping TiO; on photo-degradation efficiency of A.R.1, R.B.21, A.B.74, C= 20 mL,
V=1000 mL, T=25 °C.
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Figure 8. Pseudo First-order plots of photocatalytic decolorization of dyes under UV lamp.
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Figure 9: Decolorization efficiency of A.B.74 under daylight, C= 20 mL, DosageTiO»= 0.03 g, V=1000 mL, T=25 °C.
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As shown, the existence of Ni, Fe, and Co as
dopants in TiO, lattice can increase the photocatalytic
activity under visible irradiation (day-light lamp) by
decreasing the band gap of pure TiO, [34]. As shown
in Figure 10, the reaction kinetics of decolorization of
the dye under day light lamp also followed the pseudo
First-order kinetic model [13, 32].

3.8. Mechanism

The obtained results showed that M-doped TiO, (M =
Fe, Co and Ni) can be considered as effective
photocatalysts under UV and day light irradiation. As
shown in Scheme 1, substitution of Fe, Ni and Co as
dopants with Ti in TiO, lattice can decrease the band
gap of TiO, by creating the secondary levels, so
photocatalytic activity of M-doped TiO, increases
under visible irradiation [35].

When a photocatalyst is exposed to irradiation,
electron-hole pairs are formed and the excited electrons
are transferred to the conduction band (CB), but the
holes (h") remain in valence band (VB). Electrons and

holes are active agents for photocatalytic activities, but
the
quickly,

recombination of electron-hole pairs
photocatalytic
Doping retards therecombination of the electron-hole

occurs
so decreasesthe activity.
pairs, hence increasingtheir activities.

In general, the metal could enhance photocatalytic
activity of TiO, by creating a Schottky junction
between metal and semiconductor. The metal particle
acts as a sink for photo-generated electrons, so the rate
of the

photocatalytic activity increases [35, 36] (Scheme 1).

recombination process decreases and
In this work, Fe, Ni and Co metals were used as dopants
in TiO, lattice. The photocatalytic activity of the TiO,
doped with these metals was better than pure TiO, under
UV and daylight irradiation. It can be said that the
separation of electrons and holes occurs due to the
trapping of electrons [35-37]. The holes can scavenge
surface adsorbed water or hydroxyl molecules,
generating highly reactive hydroxyl radical species. On
the other hand, scavenging oxygen molecules are very

reactive superoxide radicals [35].
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Figure 10: Pseudo First-order plots of photocatalytic decolorization of dyes under day light.
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Scheme 1: The Proposed photocatalytic mechanism for M-doped TiO, (M = Fe, Ni and Co) photocatalyst under UV and
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4. Conclusions

In this paper, M-doped TiO, nanostructures (M = Fe, Co
and Ni) were synthesized by reverse microemulsion
method. The decolorization ability of the as-prepared
products under UV and visible irradiation was
investigated using three dyes: Acid Red 1 (A.R.1),
Reactive Blue 21 (R.B.21) and Indigo Carmine
(A.B.74). The results showed that TiO, doped with Fe,
Ni and Co presents better photocatalytic performance
than pure TiO, under UV and visible irradiation. The

photocatalytic performance improved due to the

presence of dopants which can create inhibitors for
electron-hole recombination. On the other hand, the
dopants can decrease the band gap of TiO, through the
secondary levels that are formed by substituting dopants
with Ti in TiO, lattice, so the photocatalytic activity of
TiO, will be increased under visible irradiation. The
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