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TiO,-Graphene Oxide-Hemin (TiO,/GO/Hemin) ternary composite hybrid material was prepared by the
sol-gel method and used as a heterogeneous catalyst for the photocatalytic degradation of organic
contaminants. The catalytic activity of GO-TiO,-Hemin was evaluated by the degradation of Rhodamine B
(RhB) under the UV-visible light irradiation and in the presence of hydrogen peroxide. The ternary
composite of (TiO2/GO/Hemin) shows an excellent activity over a wide pH range from 3 to 11 and also a

stable catalytic activity after five recycles. The increase in the efficiency of TiO»-GO-Hemin-UV processes

Keywords:

Photocatalysis

Advance oxidation processes (AOPs)
Metal ligand charge transfer processes
(MLCTs)

Rhodamine B

is attributed to the Fe?>" ions produced from the cleavage of stable iron complexes, which participate in

the continuous cyclic process for the generation of hydroxyl radicals resulting from the heterogeneous

photocatalytic reactions and the adsorption power of GO.
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1. Introduction

Nowadays, wastewater is a great challenge for all societies,
mostly caused by organic pollutants [1]. Organic dyes being used
in industries have been identified as one of environment haz-
ardous chemical wastes. Therefore, there is an urgent need of
removal of organic dyes from the polluted waste water [2]. To
control the water pollution, various technologies have been
developed, including physical, chemical, biological, and electro-
chemical methods [3,4]. Among the available technologies, the
advanced oxidation processes (AOPs) have emerged as one of the
promising alternative strategies for the effluent treatment and
decontamination of water. AOPs have their own unique advan-
tages including a high photocatalytic efficiency, the environ-
mental benign nature, low cost, safe application and a mass scale
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accessibility. AOPs are characterized by the capability of
exploiting the high reactivity of hydroxyl radicals in driving
oxidation processes [5,6]. Hydroxyl radicals have very high
oxidizing power, and are able to degrade organic hazardous
dyes. It has a potential of resolving the energy crisis as well.
However, the traditional Fenton system requires highly acidic
conditions to avoid the Fe** and Fe3* hydrolysis. Moreover, the
removal of the sludge containing iron ions complicates the
process and makes the method expensive [7,8]. To overcome
these disadvantages of the homogeneous Fenton process, there
is the demand for a heterogeneous catalyst including iron-
containing materials [9].

Graphene, an attractive carbon material, has gained great
attention due to its excellent electronic properties and great
application potential [10]. Graphene is being widely used as an
active support for the detection and treatment of wastewater [11].
Graphene based hybrid materials are prepared by using graphene
oxide (GO), which contains various oxygen functionalities on the
surface. Functional groups on GO are favourable for the immo-
bilization of metals, biomolecules, drugs and inorganic nano-
particles [12]. Compared to graphene, GO has attracted due to a
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great deal of its easy availability, environmentally benign nature,
chemical functionalization, good dispersion in water and high
biocompatibility [13]. It also has been found that the graphene
oxide composite generates electron-hole pairs while decompos-
ing the pollutants. Most of the industrial pollutants are aromatics
in nature, and they get adsorbed with reduced graphene through
the m-m interactions. This adsorption process significantly in-
creases the concentration of the organic pollutant molecules near
the catalytic surface. The enriched environment of the substances
very closed to the catalytic surface is an important factor
contributing to the higher photocatalytic activity.

Titanium dioxide (TiO,) is one of the conspicuous materials as
photocatalyst in the field of environmental applications. TiO; is
used as one hybrid component coupled with many semiconductors
like TiO2—Sn0y, TiO2—ZnO TiO,-RGO etc. For better performance,
the composite of TiO, and reduced graphene oxide is another good
photocatalyst for organic pollutants [14,15].

Hemin is an active center of heme-proteins, such as cyto-
chromes, peroxidases, myoglobins and hemoglobins, which has
peroxidase like activity. Hemin enables a free radical mechanism
induced by the addition of H,0,, which leads to the formation of
covalent bonds between the halogenated phenols and humid
substances [16]. However, the catalytic coupling reaction is studied
in UV-visible irradiation, thus implying a contribution of photo-
oxidation to the Rhodamine B (RhB) dye.

In the present work, the photocatalytic degradation of Rhoda-
mine B (RhB) is investigated by using the ternary composite TiO/
GO/Hemin as a photocatalyst. The degradation process is further
studied by spectroscopic techniques, such as High Performance
Liquid Chromatography (HPLC) and Liquid Chromatography Mass
Spectrometry (LCMS). Probable degradation mechanism of RhB is
proposed based on intermediates.

2. Experimental
2.1. Materials

Titanium (IV) chloride (TiCl4), Rhodamine B, Acetonitrile (HPLC
grade), Hydrogen peroxide (30% w/v), Graphite powder (Graphite
India) NaNOs, KMnO4 and Dimethyl sulfoxide (SD Fine Chemicals),
and Hemin (Sigma Aldrich) were used as starting materials. All the
chemicals were of analytical grade and used as received. Double
distilled water was used for all experiments.

2.2. Preparation of graphene oxide (GO)

For the preparation of GO, graphite powder was first converted
into graphite oxide using the procedure described by Hummers
and Offeman [17]. In brief, graphite powder (3.0 g) was added to
69 ml of concentrated H,SO4 with 1.50 g NaNO3 dissolved in it.
The mixture was stirred for 1 h at ambient temperature. The
container was cooled in an ice bath, and 9.0 g KMnO4 was slowly
added while vigorously stirring the contents by a magnetic stirrer
for about 15 min. Two aliquots of 138 ml and 420 ml double
distilled water were slowly and carefully added in about 15 min
intervals. Subsequently, 30% H,0, was added and the color of the
suspension changed from light yellow to brown indicating the
oxidation of graphite. The product of graphite oxide was sepa-
rated by centrifugation, then washed with warm water and
ethanol several times, and finally dried at 50 °C for 12 h. Graphite
oxide (100 mg) was transferred into 600 ml double distilled water
and sonicated for 3 h. The graphite oxide was exfoliated to gra-
phene oxide by sonication, which was separated by centrifuga-
tion, washed with double distilled water and ethanol, followed by
drying at 50 °C for 12 h.

2.3. Preparation of TiOy/Graphene oxide/Hemin composite

Anatase TiO2 nanoparticles were synthesized by a sol-gel tech-
nique [18]. For the preparation of the hybrid composite material,
25 mg GO was dispersed in 20 ml ethanol using sonication to form a
colloidal suspension. 75 mg of TiO, was added to the GO solution to
get the desired dopant concentration of GO. This mixture was
ground in a mortar and dried in oven at 50 °C for 3 h. The process of
grinding was repeated for five times, and the resulting product was
dried in a vacuum oven at 50 °C for 24 h.

Accurately weighed TiO,/GO was immersed in the freshly pre-
pared Hemin solution made up of 1:1 ratio of dimethylsulfoxide
and acetonitrile (DMSO/CH3CN), at acidic pH for 24 h, and then
centrifuged to remove the solvent. The resulting TiO/GO/Hemin
composite was dried at room temperature.

2.4. Physico-chemical characterization

The powder X-ray diffraction (PXRD) patterns were recorded
using a Philips ‘X’ PERT PRO diffractometer with Cu-Ka radiation
(A = 1.5438 A) with a Ni filter as the X-ray source. The diffraction
patterns were recorded at room temperature in two theta range
10—80° at a scan rate of two degree per min. Fourier Transform
InfraRed (FTIR) spectra of synthesized catalysts were recorded on a
1000 Perkin—Elmer FTIR spectrometer in the range of
400—4000 cm~ . To study the light absorption characteristics of the
photocatalysts, the UV-visible absorption spectra were recorded
using the Shimadzu UV-3101 PC UV-VIS-NIR UV-Visible spectro-
photometer in the range 200—800 nm. The electrochemical mea-
surements were performed using PARCEG & G potentiostat/
galvanostat mode versastat Il in a three-electrode system with the
semiconductor working electrode, a Pt foil and a standard calomel
electrode (SCE) as the working, the counter and the reference
electrode, respectively. Further, for the identification of the
oxidized products of Rhodamine B (RhB) the liquid chromatog-
raphy mass spectroscopy (LCMS), Thermo, and LCQ Deca XP MAX
LC-MS analysis were used.

2.5. Photocatalytic degradation procedure

AOPs were performed in a Pyrex glass reactor (150 x 75 mm)
with a surface area of 176 cm?. The experimental design constitutes
of an 125 W high pressure mercury vapor lamp, whose photon flux
is 7.75 mW/cm? as determined by the Ferri Oxalate actinometry,
and the wavelength of it peaks in the range 500—600 nm. The light
source is made to focus directly on the reactor, and the distance
between the lamp housing and the reactor is 29 cm. In a typical
experiment, 250 ml of the 10 ppm dye solution along with the
desired amount of photocatalyst was added into the reaction so-
lution. The lamp was warmed for 5 min to reach constant output
and then the oxidant was added. The electro-chemical deposition
was carried out by the potentiodynamic method on the fluorine
doped tin oxide (FTO)-coated glass electrodes. The FTO electrodes
were well cleaned by sonication for 15—30 min consecutively in
water, acetone and isopropanol. Subsequently, they were dried in
the Ny flow and stored under vacuum at room temperature.

The pH of the solution was measured at the beginning and at the
end of each experiment.

3. Results and discussion
3.1. Powder XRD

The powder XRD patterns of the samples of TiO,, GO, TiO,/GO,
TiOz/Hemin, and TiO/GO/Hemin composite are shown in Fig. 1. The
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Fig. 1. (a) Powder XRD pattern of graphite oxide (i), graphene oxide (ii), and (b) (ii)
TiO,, (ii) TiO,/GO, (iii) TiO,/Hemin, (iv) TiO,/GO/Hemin.

pattern of the anatase TiO; exhibits peaks at 26 values of 25.30
(101),38.57 (112), 48.04 (200), 53.88 (105), 55.07 (211), 62.69 (204)
and 68.75 (116). Graphite (Fig. 1a (i)) is characterized by the strong
(002) reflection at 26.51 corresponding to the hexagonal graphitic
structure. The interlayer distance of the (002) reflection obtained
from graphite is 3.38 A. This is comparable with the reported values
[19]. In the pattern of GO, the (002) reflection is shifted to 10.31
(Fig. 1a (i) (ii)). This value corresponds to an interlayer distance of
8.48 A, indicating the expansion of graphite due to the presence of
the oxygen containing functional groups on both the sides of the
graphene sheets and also due to the atomic scale toughness
because of the sp> bonding in carbon. There is a shift in the (002)
reflection of graphite oxide, indicating the conversion of graphene
oxide to graphite oxide. XRD patterns of the TiO, GO, TiO,/GO,
TiOz/Hemin, and TiO,/GO/Hemin peaks corresponding to the
anatase phase at 26 values of 25.30 (101), 38.57 (112), 48.04 (200),
53.88 (105), 55.07 (211), 62.69 (204) and 68.75 (116) (JCPDS, FILE
NO.21-1272) along with the respective crystal planes of anatase
phases are shown in (Fig. 1b).

3.2. FTIR spectra

FTIR spectra of TiO,, GO, TiO,/GO, TiO/Hemin, and TiO»/GO/
Hemin are represented in Fig. 2b. TiO, shows strong and broad
characteristic absorption peaks at 3399 cm ™' and 1635 cm’l, which
can be attributed to the stretching and bending modes of vibration
of adsorbed water and hydroxyl groups, respectively (Fig. 2b). FTIR
spectral analysis of the functionalized GO and TiO,/GO are shown in
Fig. 2a. This important observation revealed that the band at
3620 cm 'present in the spectrum of GO originated from the
stretching of the O—H bond on the GO surface. The bands at 1709,
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Fig. 2. FTIR pattern of (a) graphene oxide, and (b) TiO, (i), TiO,/GO (ii), TiO/Hemin
(iii), TiO,/GO/Hemin (iv).

1584, 1222 and 1039 cm ™ are assigned to the C=0, C=C, C—OH and
C—0 stretching vibrations, respectively. The IR spectra of the TiO,/
Hemin show a highly intense band at 1019 cm~! due to the C—0
stretching vibration and a split peak around 1435-1400 cm’l, cor-
responding to the C=0 vibrations of the surface bound carboxylic
acid and the hydrogen bonded carboxylic acid, and another small
peak appears at 1317 cm~! due to C—O, respectively. FTIR charac-
terization confirms the binding of the Hemin porphyrin complex to
the TiO2/GO surface through the O=C—0—Ti bond [Scheme 1]. The
strong band in the range of 400—900 cm™! corresponds to the
stretching vibrations of the Ti—O—Ti bond [20].

3.3. TEM analysis

Fig. 3 (a) and (b), respectively, show the Transmission Electron
Microsopy (TEM) images of the GO and the TiO,/GO/Hemin. It is
clear that in the synthesized catalysts there is a direct interaction
between the TiO; nanoparticles, the Hemin molecule and the gra-
phene oxide sheets, and that interaction prevents the reaggregation
of the graphene oxide sheets. The TEM images also provide an easy

i
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o

Scheme 1. (a) Uncomplexed carboxylic acid linkage and (b) complexed carboxylate
linkage.
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Fig. 3. TEM image of GO (a), and TiO,-GO-Hemin (b).

distinction of TiO,/GO and Hemin molecules with lighter and
darker shades. The Hemin molecules are highly dispersed on the
surface of GO and are bound of the TiO, particles with a distin-
guishable grain boundary.

3.4. LCMS characterization

The LCMS experiment was used to characterize the formation of
thintermediates during the photocatalysis with TiO,/GO/Hemin/
UV. The sample before the UV irradiation shows an m/z peak at 443
of a high intensity corresponding to the parent dye molecule. The
parent molecule structure of these intermediates was then identi-
fied by the LCMS, HPLC and UV visible spectrophotometry. The
main intermediates corresponding to the m/z values are summa-
rized in Table 1. The RhB dye molecules lost the ethyl groups step by
step to transform to the products as DMRh™, DRh*, MMRh™, MRh*
and Rh™, and the final mineralization of CO, and H0. The
adsorption modes of the RhB on the surface of TiO,/GO/Hemin
greatly influence the photocatalytic degradation mechanism of the
RhB as shown in LCMS mechanism [Scheme 2]. Our results indicate
that the photo-oxidation process, the major active oxygen species
and the hydroxyl groups attacking at the RhB dye are highly se-
lective. The proposed reaction mechanism can be considered as an
evidence supporting the suggestion that hydroxyl radicals and the
active oxygen species are responsible for the chromophore
destruction [21].

3.5. Photoelectrochemical studies

Photoelectrochemical studies were carried out using TiO,, TiO3/
GO,TiOz/Hemin and TiO,/GO/Hemin samples under the UV light
illumination (Fig. 4). The life time stability of the photocatalytic
efficiency of the photocatalysts was elucidated with the transient
photocurrent generation of charges. The photocatalytic activity is
dependent on the efficiency of current. The higher the current, the
higher will be the photocatalytic activity. The observed photocur-
rent magnitude is higher for the TiO,/GO/Hemin under the UV light

Table 1

Degraded products of LCMS.
S. No. Retention Corresponding Mass (m/z)

time, RT intermediates
of RhB Compound

1 133 Rhodamine B (RhB+) 4433
2 8.4 (DMRh") 415.2
3 5.6 DRh+ 387.2
4 5.6 MMRh-+ 387.2
5 4.5 MRh+ 359.3
6 3.8 Rh+ 331.2

irradiation compared to that for the TiO,, TiO2/GO and TiO,/Hemin.
The observed photocurrent for TiO,/GO/Hemin under the UV light
is due to the charge transfer process from the excited hemin moiety
to the CB of TiO,, TiO2/GO and TiOz/Hemin. The transient photo-
current density of TiO2/GO/Hemin is much higher than that of the
TiO,, TiO2/GO,TiOz/Hemin and that is highly reproducible in
numerous on/off cycles under the light on and light off conditions.
These electrons are expected to move in the external circuit to
generate the photocurrent. The magnitude of the photocurrent was
tested for several light on and off cycles repetitions and it was
observed to be constant, determining the separation efficiency of
the catalyst in the reaction medium [22].

3.6. Recycling studies

Recycling reactions were used to evaluate the photo stability
and reusability of the TiO,, TiO,/GO, TiOz/Hemin, and TiO,/GO/
Hemin samples. As shown in Fig. 5, five consecutive values of the
degradation rates of TiO5, TiO»/GO,TiO/Hemin and TiO,/GO/Hemin
samples are found to decrease from 96.45%(1st) to 90.72% (5th).
The photocatalytic efficiency was only slightly lower, considering
the loss of catalysts in each cycling process and the test error. At the
end of each experiment the catalyst particles were washed thor-
oughly and air dried. The experimental results imply that the ma-
terials have great potential and are photostable with a good
reusability for the promising practical applications.

3.7. Effect of the initial dye concentration

The degradation efficiency depends on the initial concentration
of the substrate. The effect of the concentration on the degradation
of the RhB dye was studied in the concentration ran from 10 ppm to
100 ppm. The influence of the initial dye concentration on the rate
of degradation were performed at different initial dye concentra-
tions while keeping the other parameters constant. As the initial
dye concentration increases, the rate of degradation decreases, due
to the non-availability of a sufficient number of hydroxyl radicals
and also due to the impermeability of the UV rays [23]. Several
factors like dye concentrations serve as an inner filter for shunting
the photons away from the catalyst surface, the collision probability
between the dyes and the decrease in oxidising species can also
account for the decrease in the degradation rate. Another impor-
tant reason could be assigned to the adsorption and oxidation of
more dye molecules on the catalyst surface covering the catalytic
active sites which are required to absorb the photons, and hence,
decreasing the overall rate of degradation. It was found that the
efficiency was maximum for the 10 ppm concentration. Therefore,
it is desirable to have lower initial dye concentrations for the
effective degradation by AOPs (Fig. 6).
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Scheme 2. The probable degradation mechanism of LCMS technique for RhB.

3.8. Effect of pH

The experimental results show that the Hemin catalyst has an
excellent photocatalytic activity in pH which tolerates over a wide
pH range from 3 to 11. The rate of degradation and percentage of
degradation of RhB were observed to be constant irrespective of the
pH value for the given reaction conditions. As reported earlier in the
literature, most of the Fenton reactions are effective only at pH = 3,
when Fe3*/Fe?* or Fe® was used as catalyst along with H,0,. Lower
or higher pH conditions resulted in the precipitation of iron as iron
oxyhydroxide and in the appearance of turbidity in the reaction
mixture. In case of Hemin, pH restrictions were not found, and the
system is varied in a wide pH range from pH 3 to 11. This is an

important result showing the efficiency of the photocatalytic pro-
cess where Hemin can be used under all pH conditions.

3.9. Effect of the oxidants on the degradation of RhB

The oxidizing agents enhance the production of hydroxyl radi-
cals under the UV irradiation and affect to improving the photo-
catalytic degradation of the RhB dye. Hydroxyl radicals originate
from either the excited holes in the valence band of the semi-
conductor or the oxidant accepting electron in the conduction band
of the semiconductor, thereby these oxidants increase the number
of the trapped electrons, which prevents electron — hole recom-
bination and generates oxidizing species, to increase the oxidation
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Fig. 4. Transient photocurrent responses of photocatalysts.

rate of the intermediate compounds. H,0; is more electropositive
than free O,, implying that H,0, is a better electron acceptor than
the molecular oxygen that ultimately leads to CO,. The reactions
taking place when H,0, is present in the TiO, suspension can be
represented by the following equations [24].

H,0, + h* — HOy + H* (1)
H,0, + HO — HO, + H,0 (2)
HO, + HO — H,0 + Oy (3)

However, when H;0, is added to the TiO,/GO/Hemin system,
there is a significant enhancement in the rate of the photocatalytic
degradation. The efficiency of the various processes for the degra-
dation of the RhB dye is of the following order: GO/H,0,< TiO;/
H202<Hemin/H202<Ti02/GO/H202<Ti02/Hemin/H202<Ti02/GO/
Hemin/H;0.

3.10. Kinetic study and the process efficiency

The kinetic studies of the degradation for all the above oxidation
processes are summarized and presented in Table 2. The degrada-
tion in the presence of TiO,/GO/Hemin/H;0,/UV may be attributed
to the formation of Hemin complexes between the iron ions and the
dye molecules preferably with the chromophore of the RhB
[Scheme 3]. The generation of the hydroxyl radicals via the
photolysis of H,O, and the degradation of the dye molecules
through the direct photolysis additionally contribute to the overall
enhancement in the mineralization. The calculation of the apparent
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Fig. 5. Recyclable photodegradation of the photocatalyst TiO,/GO/Hemin for 1st to 5th
cycle.
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Fig. 6. The plot of concentration of RhB dye versus time under UV illumination for
various Degradation processes.

first order constant ‘k’ for the RhB degradation by the above
mentioned processes was studied for the time period of 40 min. The
results suggest that Hemin is an efficient catalyst and can be used in
the heterogeneous photocatalysis. The process efficiency (@) in all
the above cases can be defined as the change in the concentration
by the amount of energy in terms of the intensity and the exposure
surface area per time.

= @

In the equation above, Cp is the initial concentration of the
substrate and C is the concentration at time‘t’; (Co—C) denotes the
residual dye concentration in mg/liter or ppm; ‘I’ is the irradiation
intensity 125 W; ‘S’ denotes the solution irradiated plane surface
area in cm? and ‘t’ represents the irradiation time in minutes.

The process efficiency calculated from the various processes are
given in Table 2. It is observed that the process efficiency is highest
for the system of TiO2/GO/Hemin/H,0,. From the kinetics data the
extent of the degradation with the various systems is presented in
the following order: GO/H,0,<TiO2/H,0,<Hemin/H20,<Ti0,/GO/
H,0,<TiO2/Hemin/H,0,<TiO2/GO/Hemin/H,0 (Fig. 7).

3.11. Comparison of the photocatalysts

The Rhodamine B dye is indeed a pollutant but it is extensively
used in the textile and leather industry. However, the existence of
this hazardous dye in the water causes serious health problems. It is
therefore necessary to remove the RhB from the wastewater so that
it can be reused. For the removal of RhB and mineralization, the
composite of Titania, Graphene Oxide and the Hemin ternary
hybrid nanoparticle semiconductor photocatalyst was investigated.
Photocatalytic experiments were conducted on the samples with
the definite dye concentration (10 ppm) in an attempt to compare
the efficiency of the various photocatalysts. The concentration of
the RhB dye is considered as the sink of the linear part of the
absorbance—desorbance curve (Beer's Law). The ternary composite
(TiO2/GO/Hemin) was found to show the highest photocatalytic
activity. The reduction in the electron and hole recombination due
to the separation of the photogenerated electrons on the conduc-
tion band of TiO; that can transfer to the graphene oxide. Because
the Fermi energy of graphene is much lower than the conduction
band of TiO,, the graphene can act as a sink for the photo generated
electrons. The excited electrons can be stored in the huge mw—m
interaction of graphene oxide in the composite, which can retard
the photogenerated electron hole recombination on TiO,. This
process facilitates the effective interface charge separation and
hinders the carrier recombination. The electron transfer between
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Rate constant and process efficiency calculated for various oxidation processes on the degradation of RhB.

Oxidation processes system

Processes efficiency

x 1078 ppm min~'W~'ecm—2

Rate constant x 107> min~

1

Time in minutes

% Degradation

TiO; + H,0,

GO + Hx0,

Hemin + H,0,

TiO, + GO + H,0,

TiO, + Hemin + H,0;

TiO2 + GO + Hemin + H,0;

0.25
0.22
3.80
5.71
7.72
11.51

0.25 180 10
0.20 180 9
4.40 120 100
7.10 80 100
9.60 60 100
14.7 40 100

TiO, and graphene oxide nanoparticles is expressed in Egs. (5) and

(6).
TiO, + hy — e (CB TiO3) + h* (VB TiO) (5)
GO + e (CB TiO) — e (GO) + TiO, (6)

This proposes a reaction mechanism involving the dechlorina-
tion of the alkyl halides (R-X), with X = Cl which occurred via the
abstraction of the chlorine atom by the Fe?*centre in the Hemin
molecule to form the Fe** complex along with the formation of the
free radicals and this mechanism is referred to as the inner sphere
electron transfer mechanism [25,26]. Such inner sphere electrons
transfer mechanism can be proposed in the present case for the
degradation of the RhB in the following way:

Fe'' + RhB < Fe' (RhB) — [Fe--RhB] * — Fe'l _RhB

complex + Free radicals (7)
Or
Fe!' + RhB — Felll + Degradation products (8)

Alternatively, the dehalogenation of polyhalomethanes and
ethanes (including CCI3R where R = H, Cl, CHCl,, CCl3, and CH3) in
the presence of an iron (II) porphyrin (meso-tetrakis[N-methyl-
pyridyl] iron porphyrin) and the cysteine was studied. The authors
proposed an outer-sphere electron transfer, in which as the first
step an electron was transferred to the halogenated alkanes (R-X),
followed by either the generation of a carbanion [R-X]™ or the
dissociation of the weakest carbon-halogen bond or both. If one
proposes this outer sphere electron mechanism for the degradation

Scheme 3. Schematic representation of the proposed reaction mechanism.

of the RhB, a free radical anion of the RhB is formed from the
electron obtained by the Hemin molecule [27].

RhB + e~ (from Hemin) — [RhB]~ — Free radical + ion 9)

Alternatively, the authors in Ref. [28] proposed a cyclic mecha-
nism in which iron has the +3 oxidation state [HOFe"-L] and forms
a peroxo complex of the type [HOOFe!-L] in the presence of H,0,.
This complex, under the UV-visible light irradiation, forms the
high-valence iron-oxo species of the type [OH~O=Fe!V-L] [27].
This complex reacts with substrate to regenerate the [HOFe'-L].
This cyclic process continuously sustains the degradation reaction.
This type of oxo species is formed by the metal ligand charge
transfer (MLCT) process along with the active hydroxyl radical,
which was shown to positively enhance the degradation rate
immensely. The authors have used cyclodextrin as an extremely
attractive component of an artificial enzyme and the attachment of
this simple hemicatalytic group to this cyclodextrin affords the
interesting enzyme mimics. Although the cyclodextrin is not used
in this study, such complex formation cannot be ruled out
completely and the presence of iron in a higher oxidation state is
yet to be explored. However, the active involvement of the hydroxyl
radicals were explored by performing the degradation reaction. The
results showed that the hydroxyl radicals were actively partici-
pating in the degradation mechanism. The OH free radicals gener-
ated in the present case predominantly react with the substrate
RhB molecules and degrade them effectively. The electron transfer
from the excited state of Hemin to the conduction band of TiO, is
thermodynamically favorable, as the oxidation potential of the
excited state of Hemin is higher than the conduction band energy
level of TiO, [29], and the continuous photo irradiation absorption
of the TiO3/GO electrons occurs, which absorbs light throughout
the experimental conditions. Valence band holes are known to
reversibly oxidize to carboxylates that allow the concentration of

—O— Ti0,/H;0,/UV-light
—O— GO/H0,/UV-light
—— Hemin/H,0/UV-light

—— Ti0,/GO/H,0/UV-light
—V— TiO,/Hemin/H,0,/UV-light
—0— Ti0,/GO/H,0/Hemin/UV-light

Concentration RhB dye (ppm)

1 | 1 1
0 20 40 60 80 100 120 140 160 180
Time (min)

Fig. 7. Percentage degradation of the RhB dye for different oxidation processes.
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Scheme 4. The photogenerated electron — hole transfer from TiO,/GO to Hemin to molecular oxygen.

TiO2/GO electrons to enhance the photocatalytic activity. The band
gap excitation produces a photo generated electron hole pair, the
conduction band electron reduces the ferric Hemin to the ferrous
Hemin and the valence band hole oxidizes the RhB dye molecules.
The UV illumination took place after the ferric Hemin was quanti-
tatively reduced to the ferrous Hemin [Scheme 4]. According to the
crystal field theory, Fe>* and Fe** ions are comparatively unstable
compared to Fe>* jons and hence detrap the electrons and holes to
adsorb the molecular oxygen and the surface hydroxyl groups,
respectively, to restore its half filled electronic configuration and
thereby suppress the electron hole recombination. On the UV-
visible light illumination, the photogenerated charge carriers are
generated as shown the following Egs. (10)—(12).

Hemin-TiO2/GO(e~) + Fe''(Hemin)— Fe'(Hemin) (electron traping
Hemin) (10)

Hemin-TiO,/GO(e~) + O,— O3 (electron traping oxygen) (11)

Fe'(Hemin) + 0,— 03 + Felll(

Hemin) (electron detraping) (12)

Due to the continuous cyclic process the ferric Hemin was
quantitatively reduced to the ferrous Hemin in the presence of UV-
visible light. The ferrous Hemin includes the source for the gener-
ation of hydroxyl radicals, thereby draws on the increase of the
efficiency of the process. These hydroxyl radicals, the superoxide
and the various other reactive oxygen species of graphene oxide
can attack the chromophore of the dye molecules. Hemin serves as
the electron transfer mediator playing the key role in the entire
process of the photocatalytic degradation. The cleavage of the hy-
droxylase products is responsible for decolorization as shown in
Scheme 2.

4. Conclusion

The GO-TiO,-Hemin ternary hybrid composite was used as a
photocatalyst in the photooxidative system for the degradation of
the RhB in the presence of H,0, The Hemin is anchored to the TiO,
surface by the carboxylic group as confirmed by the FTIR technique.
The system is found to be efficient under all pH conditions (ranging
from 3 to 11). The mode of the Hemin molecule binding depends on
the interfacial pH. The inner and outer sphere electron transfer
process lead to the efficient degradation of the pollutant molecules.
Based on their intermediates as analyzed by UV-visible spectros-
copy and LC-MS techniques in the presented mechanism, a prob-
able degradation pathway has been proposed. The proposed cyclic
mechanism in which the iron-oxo species are formed by the MLCT
along with the active hydroxyl radicals, positively enhanced the

degradation rate immensely. Hence, the cyclic process sustains the
reaction continuously. The results of this study suggest our pho-
tocatalyst approach can be photocatalyt considered as a novel,
highly photocatalytic active, simple, safe, nontoxc, chemically sta-
ble and cost effective technology for the heterogeneous photo-
catalytic degradation of the RhB dyes using eco friendly TiO,/GO/
Hemin as a catalyst.
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