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for the photodegradation of Indigo Carmine in aqueous solutions
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ABSTRACT

The industrial revolution although has reached its unprecedented altitude benefiting mankind in
various aspects yet the resulting pollution is a serious threat to the environment. Dyes are among
the major pollutants that contaminate water resources. Hence, a facile synthesis of PANI/MgFe,O,
nanoferrite composite and its hybrids as photocatalysts for the degradation of Indigo carmine in
aqueous solutions is described. The photocatalysts were designed in situ through self-polymer-
ization of monomer aniline. The catalytic activity of each composite was studied by evaluating
its efficiency to photodegrade water soluble carcinogenic indigo carmine dye in aqueous solu-
tion. Different parameters like dye concentration, dose of photocatalyst, contact time and pH have
been studied to optimize reaction conditions. The FTIR, SEM and XRD studies were carried to
determine chemical as well as morphological feature characteristics of nanoferrite composite
(MgFe,O,+PANI) and hybrid nanoferrite composites (MFe,O, + PANI + silica gel). The XRD con-
firmed the cubic structure of nano ferrite. The SEM image of polyaniline/composite suggested
porous surface and highly agglomerated granular shape. The FTIR spectra of polyaniline and
its composites evinced the formation of composite possessing spinal ferrite structure. The single
coated PANI/MgFe,O, composite presented higher photo-degradation percentage i.e. 97.52% as
compared to hybrid nanoferrite composites i.e. 94.36% and hence presented promising results to
purify water contaminated with respective dye.

Keywords: Polyaniline; Polyaniline/magnesium nanoferrite composite; Hybrid nano-composites;
Photodegradation
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1. Introduction

An efficient photocatalytic process demands a suffi-
cient and sustainable absorption of solar light. This can be
achieved by implying a synthetic scheme that can result in
the attaining of photocatalysts with low band gap. Ferrites
are one of the facile approaches to such materials and their
characteristics can be tuned by incorporating new moieties
to their structure either through chemical means or by
physical methods in order to enhance their desired prop-
erties [1-3]. They offer an advantage of being thermally
and chemically stable magnetic materials. Hence, the pro-
cess of doping has received considerable attention to intro-
duce metal oxides and polymers for acquiring modified
nanoferrite composites [4,5]. These materials have found
vast applications in various fields especially for the photo-
degradation of drugs, dyes and other organic pollutants.
Imprinting of specific template over these photocatalysts
can result in the degradation of selective compounds.
Following this approach, Lu et al. synthesized imprinted
cobalt nanoferrites for the selective photodegradation of
ciprofloxacin [6].

The principal goal for designing composites is to obtain
distinctive properties in single material through integration
of the compounds having required characteristics, therefore
by combining the two properties like conductivity of poly-
mers with the magnetic properties of the metal oxides; we
can get the conducting polymers with magnetic properties
[7-11].

Advanced techniques e.g. micro-encapsulation, electro-
plating, thermal spraying, flame spraying, physical vapour
deposition (PVD), co-precipitation etc. for the coating of
various polymers for the surface modification of nano fer-
rites have been successfully introduced [6,12,13]. The coat-
ing of the polyaniline (PANI) can provide the healing effects
to make the surface of the nanoparticles smooth related to
their surface defects, as the polyaniline provides the coating
effects to the substances even which are in contact with the
reaction mixture by forming the 100-200 nm thick film [14].
This fact makes polyaniline an appropriate polymer for the
coating of ferrite [15] and is also explained by Lu et al. in
microwave synthesis of TiO, for photodegradation study of
enrofloxacin hydrochloride residues solution [16].

As these nanoferrite composites also exhibit excellent
photocatalytic properties, therefore, can be employed for
the purpose of water remediation due to their ability to
degrade organic pollutants especially dyes [17-19]. The
degradation mechanism involves the attack of hydroxyl
radicals which are generated upon exposure to UV light in
the presence of photocatalyst. The mechanism suggests the
activation of the surface of the photocatalyst by UV light
due to the excitation of electron from valence band to the
conduction band leaving a hole. The water molecules inter-
act with the electron and the hole to generate OH, OH™ and
H* which cause the photodegradation reaction traps and
making them available for the reactions occurring at the
surface of photocatalyst and avert their recombination [20].
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This work aims to synthesize the magnetic nanoferrites
coated with the conducting polymer polyaniline, because
in the family of intrinsically conducting polymers (ICPs),
polyaniline is a salient member with potential electrical
and magnetic as well as conductive properties. Therefore,
doubly coated polyaniline nano-composites of silica gel
and PANI/ferrite are reported in this work. The developed
photocatalysts (nanoferrite coated with PANI and silica gel)
were then applied for the photodegradation of dye Indigo
carmine which is being extensively used in leather and
textile tanning industries for many purposes like biologi-
cal stain, antibacterial agent, additive to poultry feed and
dermatological agent [21,22]. However, it is highly toxic to
mammalian cells, recalcitrant and potent carcinogenic [23].
These effluents released from the textile and leather tanning
industries impart color to the water thus making it non-po-
table for daily use.

The technology used to treat dyes is based on physical,
chemical, and biological methods. Precipitation, coagula-
tion, filtration, floatation, electrochemical degradation, and
advanced oxidation techniques are considered as chemical
methods [24]. Indigo carmine is an acidic dye and is called
5, 5’-indigodisulfonic acid sodium salt or indigotine [25].

In indigoid class of dyes, indigo carmine is highly
toxic dye which causes eyes and skin irritation, and may
also cause the permanent injury to conjunctiva or cornea.
Consumption of the indigo carmine can lead to the devel-
opmental, reproductive or neural toxicity. Its use may also
cause the gastrointestinal inflammation, nausea, vomiting,
and diarrhea [26].

Therefore, the synthesis of such kind of novel photocat-
alysts with enhanced photodegradation ability can deem
an efficient way to remove the dye from water, turning the
procedure facile as well as cost effective.

2. Experimental
2.1. Reagents

Ammonium peroxy disulphate (98.0%) was pur-
chased from DUKSAN, ferrous chloride (99.7%) ferric
chloride (99%) were obtained from UNI-CHEM, magne-
sium chloride (98.5%), anilinium hydrochloride (99.0%),
silica gel (99.0%), potassium dichromate (99.0%) were
purchased from MERCK, Germany. Acetone (99.5%),
Indigo carmine (96.0%), sulphuric acid (98.0%) from
BDH, ammonia (25.0%) from Honeywell and potassium
bromide (99.5%) was obtained from Riedel-de Haen, Ger-
many. All these chemicals were used as such without fur-
ther processing.
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Fig. 1. Schematic representation of potential applications of synthesized nanoferrites.

2.2. Synthesis of nanoferrites

Nanoferrites were prepared by the co-precipita-
tion method. Solutions of ferric chloride (0.4 M), ferrous
chloride (0.1 M) and magnesium chloride (0.1 M) were
mixed in a beaker (1000 mL) and heated at 100°C for half
an hour, at constant stirring speed of 80 rpm. Then pH
of the solution was adjusted to 10-11 by the drop wise
addition of 2 M ammonia solution at a constant stirring
speed of 140 rpm. This resulted in the formation of dark
brown precipitates. After completion of the reaction, the
precipitates were allowed to settle down for about 24 h.
Mother liquor was removed from the sample solution by
filtration. Sample was filtered with Whattman’s (42 mm)
filter paper. The obtained precipitates were washed with
deionized water, until pH became neutral. The sample
was dried at 100°C and ground to fine powder with the
help of pestle and mortar. Prepared sample was stored in
air tight bottle.

2.3 Synthesis of polyaniline

100 mL of aniline hydrochloride (0.2 M) solution was
taken in a beaker and was stirred continuously at speed of
80 rpm. 100 mL ammonium peroxydisulphate (0.2 M) was
added drop wise from the burette into the solution which
resulted in the formation of blue green precipitates. Stir-
ring was continued for 1 h even after the completion of the
reaction. The solution was kept for 24 h for settling of pre-
cipitates. These precipitates were filtered with Whattman’s
(42 mm) filter paper and washed firstly with the deionized
water and then with the acetone. Drying of precipitates
was carried out at 60°C overnight. Finally the sample was
ground to fine powder and stored.

2.4. Synthesis of core-shell nanoferrite composites

A typical in situ chemical polymerization reaction for
the PANI/MgFe,O, core shell nanocomposite was done by
the routine synthesis [27]. Same procedure was repeated for

the synthesis of nanoferrite composites as used in section
2.3. The only difference is addition of anilinium hydrochlo-
ride solution in 0.1 g of the nanoferrite.

2.5. Synthesis of doubly coated nanoferrites

For the synthesis of hybrid nanoferrite-composites, the
same procedure was repeated as mentioned in section 2.3.
The nanoferrites and silica gel, both in equal amounts i.e.
0.1 g were added in 100 mL solution of anilinium hydro-
chloride (0.2 M). Solution was stirred for 10 min. Then
100 mL of freshly prepared ammonium peroxydisulphate
solution (0.2 M) was added.

2.6. Parametric studies

Different analytical parameters were optimized to study
the photodegradation of dyes using the three synthesized
materials. i.e. polyaniline, single coated MgFe O, and dou-
bly coated MgFe,O, composites.

2.6.1. Preparation of dye solution

20 mg/L stock solution of the dye was prepared by dis-
solving 20 mg of the dye in 1 L of the deionized water. This
solution was shaken well and stored in dark place. Further
dilution of the dye solution (1 mg/L, 2 mg/L, 3 mg/L,
4 mg/L) was made from the stock solution as necessary.
The experiment was performed by scanning the appropri-
ate wavelength of indigo carmine dye at 608 nm.

A photodegradation study was carried out on the dye
to check the efficiency of the prepared sample in the UV
reactor which consists of a UV lamp. It is basically the study
of degradation of the dyes in the presence of ultra-violet
radiations with the help of suitable catalyst. Prior to irra-
diation, catalyst and dye solution mixture was stirred for
about 15 min. A magnetic stirrer was used in this method to
ensure the uniform mixing of the sample. Four parameters
i.e. optimization of dye concentration, catalytic dose, time
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and pH were studied using prepared samples (pure poly-
aniline, ferrite composites, doubly coated sample).

Percentage of dye degradation dye was estimated by
following formula [28]:

. (C.-©)
Photodegradation rate (%) = X 100 7)

0

where C is the initial concentration of the dye solution
(before degradation) and C is the final concentration (after
degradation).

2.6.2. Optimization of concentration of dye

Initial concentration of the dye solution was varied from
1-4 mg/L. 50 mL of each dye solution was taken in a beaker
and 0.1 g of the catalytic sample was added in it and before
irradiation, mixture was stirred on magnetic stirrer. Then
sample was irradiated by U.V radiations. 5 mL aliquots of
the sample were taken from the solution after every 10 min
and their absorbance was noted by U.V spectrophotometer
atA__ 608.

2.6.3. Optimization of catalytic dose

In photocatalytic study, catalytic dose is an important
parameter that is extensively studied. The catalytic activ-
ity of the sample material was calculated by changing
the amount of the catalyst from 0.05-0.25 g by keeping
the concentration of dye solution constant. 50 mL of the
4 mg/L dye solution was taken in a beaker and 0.05 g of
the sample was added in it. Sample was stirred for about
15 min and kept in UV light. 5 mL of the aliquots were
taken from the sample at regular time intervals and the
absorbance was measured using the UV /visible spectro-
photometer.

2.6.4. Optimization of time

Time is the major factor which influences the rate of
photocatalytic phenomenon. Optimized time is required to
attain efficient photodegradation activity. In order to study
the influence of the time on photodegradation of dye, 50 mL
of dye solution was taken in a beaker; optimized amount
of the sample dose showing maximum activity was added
in the solution and stirring was carried out for 15 min. The
resulting mixture was then kept under UV light in a pho-
toreactor. Experiment was carried out for about 60 min.,
aliquots were taken at regular intervals of 10 min from the
reactor and absorbance was determined by UV/visible
spectrophotometer.

2.6.5. Optimization of pH

The effect of pH was studied in the range of 1-14. The
pH of the solutions was adjusted by adding sulphuric acid
(2 M) or NaOH (2 M). 50 mL of the optimized dye solu-
tion was taken in a beaker and optimized catalytic dose was
added in it. The sample mixture was stirred for 15 min and
UV /visible was irradiated for 10 min. Absorbance of dye
solution was then noted at each pH. The same procedure

was followed to optimize the conditions of analysis for the
three synthesized materials.

2.6.6. Stability studies

Stability studies were performed using the procedure
described in the literature [29]. The FT-IR spectrum of the
photocatalyst was taken before use and then was run for
5 cycles. The photocatalyst was washed and dried before
applying for the next cycle. The FI-IR spectrum was then
taken after 5 runs. Moreover, the percentage degradation of
the dye was measured for the five consecutive cycles.

3. Results and discussion

Ferrites are the compounds which are generally com-
posed of the combination of iron oxide (Fe,O,) with metals
[30] and both are ferrimagnetic and non-conducting. The
general chemical formula of the simple ferrites is MeFe O,
where Me represents the divalent metal ion with ionic
radius of 0.6-1 A and Me is the divalent metal ion of tran-
sition metal elements Mn, Co, Ni, Zn, Cu, Mg, Cd [31-34].
Other trivalent cations like APP* or Cr** can replace the tri-
valent ferric ions Fe** partly or completely giving rise to the
mixed crystals with aluminates and chromates respectively.

In the present study polyaniline (PANI), PANI/MgFe,O,
nanoferrite composite and PANI/MgFe O, coated with sil-
ica samples are prepared by co-precipitation method. These
samples have been characterized by FTIR technique. The
PANI/MgFe O, nanoferrite composite presented the high-
est photodegradation efficiency and hence were further
characterized using XRD and SEM-EDS techniques. Then a
photodegradation study of Indigo carmine has been carried
out with these synthesized samples.

3.1. FTIR analysis

The FTIR spectroscopy was used to identify the func-
tional groups present in (PANI), PANI/MgFe,O, nano
ferrite composite and PANI/MgFe O, coated with sil-
ica samples. FTIR studies were carried out by FTIR 400
SHIMADZU. The prepared samples were characterized
in the range of 650-4000 cm™ (Fig. 2). The FTIR spectra
clearly show the formation of composite. In the latter,
the characteristic bands of PANI appeared and shifted to
the lower wavenumber. The characteristic main bands of
PANI are assigned at 827 cm™, 860 cm™, 1190 cm™, 1361
cm™, 1507 cm™, 1627 cm™, 2030 cm™. In case of polyaniline,
the band at 827 cm™ attributes to the para-substituted aro-
matic rings showing polymer formation. The band below
860 cm™ represents the aromatic C-H out-of plane bending
vibrations and at 1190 cm™ represents the C-H in-plane
bending vibrations. The band at 1361 cm™ is typical for the
emeraldine base, attributed to the C-N stretching vibra-
tions in the neighborhood of a quinoid ring and at 1507
cm™ is due to the benzonoid ring stretching. The band at
1627 cm™ represents the Aryl substituted C=C bond. It is
characteristic for the polymers and above 2000 cm™ is due
to the absorption of the free charge-carriers in the proton-
ataed polymer. It is characteristic for the conducting poly-
mer (polyaniline) [35].
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Fig. 2. FTIR spectra of (a) PANI, (b) MgFe,O,, (c) PANI/MgFe,O,
(black) and PANI/MgFe O, /Silica (blue).

In MgFe,O,, generally the metal oxide vibrations occur
below 1000 cm™. The peaks appearing around 700 cm™ are
due to the spinel structure of the ferrites. The peak at the
3660 cm™ represents the presence of the -OH group in the
sample.

The FTIR spectrum of the silica, region of 1200-
1000 cm™ represents the intense silicon-oxygen covalent
bonds vibrations, revealing the existence of a dense silica
network, in which the oxygen atoms play role of bridges
between two silicon sites. The broad and intense band
appearing at 1090 cm™ and the shoulder at around 1200
cm™ are due to the transversal optical and longitudinal
optical modes of the Si-O-5i asymmetric stretching vibra-
tions. The symmetric stretching vibrations of Si-O-Si are
present in the spectrum at 800 cm™. Their bending modes
appear on 496-467 cm™ [36].

The characteristic bands of PANI and MgFe,O, were
observed in the spectrum of single coated photocatalyst
(PANI/ MgFe,O,) while in case of double coated photo-
catalyst (hybrid-nano-composite: PANI/MgFe O,/Silica),

the silica band was also observed along with the other two
above mentioned bands which confirm the successful syn-
thesis of both nanoferrite-composites.

3.2. XRD analysis

The structural study of photocatalysts was carried out
using X-Ray Diffraction analysis with the help of Philips X
Pert PRO 3040/60 diffractometer. XRD patterns are given
in Fig. 3.

The technique was used to examine the cryatallite size,
lattice constant, cell volume of the as synthesized PANI,
PANI/MgFe,O, nanocomposites. The XRD pattern presents
the peaks with the reference patterm of PANI and MgFe O,
(00-053-1717) (00-010-0325) which confirms the succesful
synthesis of the nanocomposite with cubic strucuture. The
particle size was calculated to be 47 nm using Scherer’s
equation. The XRD data was employed to study cell con-
stant with approximate value, A which is in agreement with
the reference pattern.

3.3. SEM/EDS analysis

The surface morphology and elemental composi-
tion were studied by SEM/EDS analysis. SEM images of
MgFe,O, and PANI/MgFe,O, are shown in Fig. 4. The SEM
images clearly present a difference in the morphology of the
materials. The SEM image of MgFe,O, shows some small
and less agglomerated particles as compared to PANI/
MgFe,O, nanoferrite composite which are highly agglomer-
ated granular in shape and has amorphous nature. The EDS
analysis was populated and results are presented as mass
% of the elements (Tables 1 and 2). The presence of higher
carbon mass in case of PANI/MgFe,O, confirms the coating
of the particles.

3.4. Parametric studies

Photodegradation study of Indigo carmine dye is car-
ried out with PANI, PANI/MgFe O,, and PANI/ MgFe, O,/
silica coated samples. The process is optimized at condi-
tions such as time, catalytic dose, concentration and pH.

The photocatalytic degradation of Indigo carmine dye
was studied at 2,608 nm to check the maximum photo-
degradation with four parameters given below:

2400 4

2000 4
1600

1200

Intensity/a.u.

800

Vi

|

do o A |
(LN S ST L By ol g )‘A”W,“*ww‘ i

400

20 30 40 50 60 70
2° [Theta]

Fig. 3. XRD Pattern for MgFe O, (black), PANI/MgFe O, (red),
PANI/ MgFe,O,/Silica (green).
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3.4.1. Concentration effect

Concentration of the dye present in the effluent water
is the major factor causing problems in the aquatic life.
Therefore effective concentration of the dye solution was
examined to evaluate maximum capacity of photocatalysts
to degrade dye. The effect of concentration is shown in
Figs. 5-7 and it is observed that by increasing the concen-
tration of the dye, photodegradation activity increases and
is maximum in the case of polyaniline as catalyst which is
about 92.08 %, after polyaniline it is observed that the sin-
gly coated sample shows good results than doubly coated
sample, 88.07% and 86.25 %r respectively. At the low dye
concentration, the number of the active charge carriers is
low on the surface of the conducting polymer, therefore
by increasing the concentration of the dye, catalyst surface
occupied with dye molecules so it increase the concentra-
tion degradation rate.

3.4.2. Effect of dose of catalyst

Effect of catalyst dose is shown in Figs. 8-10 for the
photodegradation of the indigo carmine dye with polyani-
line and its nanocomposites. Just like the optimization of
the dye concentration, the effect of catalytic dose for the all
three composites is different. It is observed that the pho-
todegradation is maximum in the case of PANI/MgFe O,
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Fig. 4b. SEM/EDS analysis of PANI/MgFe,O,.

(0.05 g) about 97.52%, then 94.36% with PANI/MgFe O,/
silica (0.20 g) and least in the case of polyaniline (0.15 g)
about 92.43%. It means that for photodegradation activity
with respect to catalytic dose, PANI/MgFe O, /silica nano-
composites are affective materials which are actually a good
effort to clear the wastewater of many industries.

3.4.3. Contact time

The effect of time is shown in Figs. 11-13 for indigo
carmine dye with prepared samples. It is observed that
photocatalytic degradation is maximum in the case of
polyaniline i.e. 99.15 % after 20 min. PANI/MgFe O, pre-

Table 1
Mass % of different elements in MgFe, O,
Element C o Mg Fe
Mass % 7.53 23.13 0.06 69.28
Table 2
Mass % of different elements in PANI/ MgFeZO A
Element C (@) Mg Fe S
Mass % 3091 41.29 0.22 24.40 3.19
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sented a photocatalytic activity of 92.58 after 10 min and
91.93% is obtained in the case PANI/MgFe,O,/silica at
60 min. Initially surface of photocatalyst is not efficiently
activated therefore catalytic activity is slow but as the
photocatalyst surface gets activated, rate of degradation
increases rapidly. As the maximum concentration of dye is
degraded from aqueous solution, the rate of degradation
reaches at equilibrium.

3.4.4. pH effect

The analysis of the role of pH on the efficiency of the
photodegradation process is a strenuous task. This is
because three possible reaction mechanisms can contribute
to dye degradation, (1) hydroxyl radical attack, (2) direct
oxidation by the positive hole, and (3) direct reduction by
the electron in the conducting band. The contribution of
each one depends on the substrate’s nature and pH. The
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Fig. 8. Percent degradation of indigo carmine dye as a function
of catalytic dose of pure PANI sample.

pH of the solution modifies the electrical double layer of
the solid electrolyte interface, and consequently affects the
sorption—desorption processes and the separation of the
photogenerated electron-hole pairs in the surface of cata-
lysts [37].

The effect of pH is shown in Figs. 14-16 for indigo car-
mine dye with PANI and its composites. Photodegradation
is maximum with PANI/MgFe O, composites i.e. 96.14 % at
pH 2, then with PANI/MgFe,O, /Silica 95.35% at pH 2 and
least in the case of pure polyaniline 90.69% at pH 13.

The optimum conditions for the removal of the indigo
carmine dye after parametric optimization are initial con-
centration 4 mg/L with polyaniline (92.08 %), photocata-
lyst dose 0.05 g with PANI/MgFe,O, (97.52%), time 20 min
with polyaniline (99.15%) and pH 2 with PANI/MgFe O,
(96.14 %).

The stability studies did not present prominent change
in the FT-IR spectra of photocatalyst before and after use
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Fig. 11. Percent degradation of indigo carmine dye as a function
of time with pure PANI sample.
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Fig. 12. Percent degradation of indigo carmine dye as a function
of time with PANI/MgFe,O, sample.
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Fig. 13. Percent degradation of indigo carmine dye as a function
of time with PANI/MgFe,O, /silica coated sample.

which suggests that the catalyst’s structure hasn’t under-
gone structural variation during the repetitive cycles. Sim-
ilarly, the percentage photodegradation of the dye in five
cycles varied between a narrow range of 96.5-98% with a
RSD 0.63% and hence the photodegradation ability was not
affected by its reuse.

4. Conclusion

PANI, PANI/MgFe O, and PANI/MgFe O, coated with
silica composites are prepared by the oxidation of aniline
chloride in the presence of NPs by ammonium peroxydi-
sulphate via co-precipitation method. Results obtained by
FTIR, XRD and SEM are comparable as given in literature.
It is observed that photocatalytic degradation by PANI/
MgFe,O, is a more effective and faster mode of removing
dyes as compared to the other materials studied in this
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of pH with PANI/MgFe,O, sample.
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Fig. 16. Percent degradation of indigo carmine dye as a function
of pH with PANI/MgFe, O, /silica coated sample.
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Fig. 17. FT-IR spectra of PANI/MgFe,O, original sample before
applying as photocatalyst (blue) and after five runs as photocat-
alyst (black).

work. Its catalytic dose of 0.05 g was sufficient to degrade 4
mg/L of the dye. The FTIR, XRD and SEM-EDS studies are
carried for morphological and elemental feature character-
istics of PANI-MgFe,O, coated nanoferrite-composite.

The present study shows that conducting PANI/
MgFe,O, can be used as photocatalyst for the degradation
of indigo carmine dye from aqueous solution.
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