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ABSTRACT

In the present work, different composites of polyaniline (PANI) with various contents of
Zr-Co-substituted nickel ferrite with formula (NiFe1.2Zr0.4Co0.4O4) (12.5, 25, 37.5, and 50%
w/w) nanoparticles (NPs) were synthesized. These composites were characterized by X-ray
diffraction (XRD), UV/Visible, Brunauer–Emmett–Teller (BET), X-ray photoelectron spec-
trometer (XPS), and scanning electron microscopy (SEM) analysis, and are used for the
photodegradation of methylene blue (MB) from aqueous media. Effects of reaction time, NPs
concentration, and degradation kinetics studies have been investigated. The structure of
nickel ferrite was confirmed by XRD analysis while surface area, pore size, and morphology
were investigated by BET and SEM analyses. The elements oxidation states were confirmed
by XPS analysis while the optical studies were investigated by UV/Visible analysis. The
degradation rate was observed fast at initial stages and then became slow. The degradation
of MB follows the first-order kinetic. The NPs amount present in the composite shows
remarkable influence on the degradation efficiency and is increased with the increase in
nickel ferrite contents. The maximum degradation of MB was found to be 97% for the
PANI/NPs composite containing 50% w/w NPs. The percentage degradation in the present
work is much higher as compared to other photocatalysts reported earlier in the literature.
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1. Introduction

In the recent years, nanomaterials like metals (gold,
silver), carbon, and polymers (especially conducting

polymers) have received great attention because of
their unique optical, electronic, chemical, and mechani-
cal properties [1]. Conducting polymers such as
polyaniline (PANI) have generated much interest in
scientific research as suitable candidates for the
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replacement of metals. Among the various conducting
polymers, PANI has a special representation due to its
easy synthesis, environmental stability, low cost, and
high conductivity [2]. PANI exhibits dramatic changes
in its electronic structure and physical properties at
protonated state. Depending on the oxidation level,
PANI can be synthesized in various insulating forms
such as the fully reduced leucoemeraldine base (LEB),
half-oxidized emeraldine base (PANI-EB), and fully
oxidized pernigraniline base (PNB). Among these three
forms, PANI-EB is the most stable and widely investi-
gated polymer in this family. PANI-EB differs substan-
tially from LEB and PNB in the sense that its
conductivity can be tuned via doping from 10−10 to
100 s/cm and more, whereas the LEB and PNB form
cannot be conducting [3].

Organic–inorganic nanocomposites with an orga-
nized structure has been extensively studied because
they combine the advantages of the inorganic materi-
als (mechanical strength, electrical and magnetic
properties, and thermal stability) and the organic
polymers (flexibility, dielectric, ductility, and processi-
bility), which are difficult to obtain from individual
components [4]. To obtain materials with syncretistic
advantage between PANI and inorganic nanoparticles
(NPs), various composites of PANI with inorganic
naonoparticles such as Cu [5], tellurium [6], lithium
[7], and TiO2 [8] have been reported. Micrometer-sized
manganese zinc ferrites particles have recently been
reported with PANI by chemical oxidation of aniline
[9]. Very recently, Mahyar et al. reported the degrada-
tion of C.I. Basic Violet 2 (BV2; New Fuchsin) by using
TiO2–SiO2 NPs as photocatalyst synthesized by the
sol-gel method [10]. Similar work has been reported
such as, degradation of azo dyes by using synthesized
NPs (ZnO, CaAl2O4, and CaZnO2) as photocatalysts
under natural sunlight [11–13].

In order to obtain materials with superior stability
against the environment, we have synthesized PANI/
Zr-Co-substituted nickel ferrite composites. They were
characterized by X-ray diffraction (XRD), UV–vis, and
scanning electron microscopy (SEM), and were used
as photocatalyst for the degradation of methylene blue
(MB). The effects of nickel ferrite concentrations in the
composite on photodegradation have also been
investigated in the present work.

2. Experimental

2.1. Chemicals

The chemicals used for the synthesis of PANI and
their composites with nanomaterial were Fe
(NO3)3.9H2O (98%, Aldrich), Co(NO3)2.6H2O (96%,

Harris Reagent), NiCl2.6H2O (>99.5%, Merck),
ZrOCl2.4H2O (96%, BDH), ammonia solution (26%,
Riedel Dehaen), aniline chloride (99%, Merck),
ammoniumperoxy disulfate (97%, Merck), methanol
(99.8%, Merck), and acetone (98%, Merck). These were
used as such without further purification.

2.2. Preparation of Zr-Co-substituted nickel ferrite

Zr-Co-substituted nickel ferrite (NiFe1.2Zr0.4-
Co0.4O4) nanomaterial was prepared by the chemical
co-precipitation method. For this purpose, the stoichio-
metric molar solutions for different metal salts were
prepared in the deionized water. Then all these solu-
tions were mixed in a beaker and heated up to 60˚C
with continuous vigorous stirring. Ammonia solution
(2 M) was added drop wise under vigorous stirring
until pH reached above 11.0. The mixture was stirred
continuously for further 4 h to obtain the homogeneity
in the samples. The brown color precipitates were
obtained after addition of precipitating agent and
were washed repeatedly with deionized water until
the pH reduced to 7.0. The precipitates were dried in
an oven at 100˚C and finally annealed at 850˚C in a
box furnace (Vulcan, A550) for 8 h. The obtained pow-
der was used for further analysis.

2.3. Preparation of PANI/ Zr-Co-substituted nickel ferrite
composite

The 0.2 M aniline chloride solution was taken in a
beaker and in this beaker weighed amount of Zr-Co-
substituted nickel ferrite powder was added. After
that 0.2 M ammonium peroxydisulphate was added in
the solution mixture drop wise with continuous stir-
ring for 4–6 h at temperature of 2–5˚C. Polymerization
of aniline chloride was allowed to take place in the
presence of fine graded Zr-Co-substituted nickel fer-
rite particles. The resulting precipitates were filtered
and washed with acetone and finally with deionized
water until the filtrate becomes colorless. Acetone is
used to dissolve any unreacted aniline chloride. After
washing, the precipitates were dried at 60–70˚C in an
oven. The dried samples were grinded into a fine
powder in agate mortar pestle. These materials were
stored in desiccator and were used as photocatalyst
for the degradation of MB.

2.4. Degradation of MB

In the photodegradation experiments, 40 mL of MB
solution with the concentration of 10−5 mL−1 was pre-
pared. Four samples containing 40 mL of MB and 0.2 g
of each composite having different (%) age of Nps
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12.5, 25, 37.5, and 50%, with 5%, 25%, 5%, and 50% wt
were taken and the solutions poured into photo reac-
tor. The UV lamp model Philips HPK 300 W was
turned on and after every 30 min the dye solution was
taken out and it was centrifuge at 2,000 rpm. The
absorbance of the solution was measured at wave-
length of 665 nm which is the λmax of MB. The decol-
orization efficiency (%) has been calculated as:

Efficiency ¼ ci � cr
ci

� 100 (1)

where ci is the initial and cr is the remaining concen-
tration of the dye.

2.5. Characterization

The phase and purity of nickel ferrite was deter-
mined using powder XRD analysis by using BRUKER
D8 focus X-ray diffractometer which uses Cu Kα as
radiation source operated at 40 kV and 40 mA. The
crystallite size of samples was estimated by Scherer’s
equation. The optical properties were performed by
using UV–Visible/NIR spectrophotometer (Lambda
750 Shimadzu). The surface morphology of the synthe-
sized composite was determined by using field emis-
sion SEM (HitachiS-4800 FESEM). The specific surface
area and pore volume of the synthesized materials
was determined by Brunauer–Emmett–Teller (BET)
analysis (Micromeritics, tristar II 3020). The oxidation
states of the elements were determined by using
ESCALAB 250Xi X-ray photoelectron spectrometer
(XPS) analysis. The UV irradiation was provided by a
high-pressure mercury lamp (OSRAM 300 W).

3. Results and discussions

3.1. XRD

Fig. 1 show XRD patterns for PANI and PANI/Zr-
Co-substituted nickel ferrite composites. XRD pattern
of PANI suggests that it exhibits a semi-crystalline
behavior. The broad peaks at 2θ = 20.4, 25.4, and 28.2˚
are the characteristic peaks for PANI as reported ear-
lier [14]. The prominent peaks at 2θ = 20.4, 25.4, and
28.2˚ in XRD pattern of composite indicate the pres-
ence of PANI and the extra peaks at 2θ = 35.83, 37.20,
43.5, 50.1, 54.3, 57.2, 63.0, and 74.8˚ with miller indices
311, 222, 400, 331, 422, 511, 440, and 533, respectively,
match with standard pattern (ICDD-00-003-0875)
which confirms that these peaks are related to the sub-
stituted nickel ferrite. The presence of peaks for both
the materials i.e. PANI and Zr-Co-substituted nickel
ferrite confirms the formation of composite.

It is also observed that with the increase in concen-
tration of NPs in composite, the intensity of NPs
peaks increases while that of PANI decreases. The
crystalline size of the substituted nickel ferrite has
been calculated by using well-known Scherer’s for-
mula which is found to be 43 nm. The values of lattice
constant and cell volume are also calculated and are
found in the range of 8.363Å and 584.91 Å3, respec-
tively. The values of lattice constant and cell volume
are slightly higher than the standard values which is
due to higher atomic radii of substituents i.e. Co2+

(0.74Å) and Zr4+ (0.80 Å) than that of Fe3+ (0.64 Å).

3.2. UV/Visible spectroscopy

The UV/Visible spectra for PANI and its compos-
ites are shown in Fig. 2. It is clear from the figure that
two distinct peaks appeared at 373 and 417 nm which
correspond to exciton absorption of the quinoid ring
and the π–π* transition of the benzenoid ring, respec-
tively. These results are in agreement with already
reported in the literature [15,16]. The peaks’ intensity
slightly decreases with an increase in nickel ferrite
NPs in the PANI which is due to the decrease in
PANI concentration. The band gap for PANI is calcu-
lated by Tauc Plot and is found to be 2.2 eV which is
in agreement with that of reported earlier [17]. The
value of band gap increases from 2.2 to 2.4 eV with an
increase in NPs contents which is due to the slightly
shift in peaks to lower wavelength [18].

10 20 30 40 50 60 70 80
Position [°2Th.]

 PANI

A1

A2
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A4

Fig. 1. XRD patterns for PANI and its composites (PANI)
= PANI, (A1) = 12.5% NiFe1.2Zr0.4Co0.4O4, (A2) = 25%
NiFe1.2Zr0.4Co0.4O4, (A3) = 37.5% NiFe1.2Zr0.4Co0.4O4, and
(A4) = 50% NiFe1.2Zr0.4Co0.4O4.
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3.3. Scanning electron microscopy

The surface morphology and particles size was
investigated by SEM analysis. Scanning electron
micrographs of pure PANI, substituted nickel ferrite,
and their composites are shown in Fig. 3((a)–(e)). SEM
image of pure PANI shows the formation of smooth
sheet and their surface is plane (Fig. 3(a)). The NPs
are round shaped (Fig. 3(b)) and the particle size is
found in the range of 40–50 nm. Some of the particles
agglomerate into larger particles. The SEM images for
the composites are shown in Fig. 3((c)–(e)) which
shows that the NPs are decorated on the surface of
PANI. The surface of the composite is porous and
porosity increase with the increase in NPs in the com-
posite which is beneficial for the adsorption of MB
and its degradation.

3.4. BET studies

The BET study has been used to investigate the
surface area and pores volume for the PANI and
the substituted nickel ferrite/PANI composites. The
parameters such as BET and Langmuir surface area
and pore volume are shown in Table 1. It is clear from
the table that the surface area and pore volume
increase with the increase in substituted ferrite con-
tent. The increase in surface area and pore volume
suggests that composite materials are more beneficial
for the photodegradation as compared to PANI.

3.5. XPS study

The XPS analysis was carried out to determine
oxidation states of the elements present in the synthe-
sized materials. The XPS survey for PANI and its

composite with Zr-Co-substituted nickel ferrite (50%
content) is shown in Fig. 4. The XPS analysis indicates
that the all the peaks are related to the elements pre-
sent in the synthesized material which confirm that
there is no other elemental impurity. The peak at
532 eV corresponds to the adsorbed oxygen [19] while
the peak at around 400 eV corresponds to N1s indicat-
ing the trivalent oxidation state of nitrogen.

The XPS spectra for Ni2p, Zr3d, Co2p, Fe2p, and
C1s are shown in Fig. 5(a)–(e), respectively. The Ni2p
spectrum shows two peaks at around 855 and 862 eV in
Fig. 5(a) that correspond to the signals from Ni 2p3/2
and Ni2p1/2, respectively, in the divalent oxidation
state. The Zr3d spectra (Fig. 5(b)) consist of two peaks
with binding energies around 182 and 184 eV which
correspond to the signal from Zr3d3/2 and Zr3d5/2,
respectively, which are in the tetravalent oxidation
state. The peaks appeared at 781 and 796 eV correspond
to Co2p3/2 and Co2p1/2, respectively, and revealing
the divalent oxidation state of cobalt (Fig. 5(c)). The
peak appears at around 711 and 725 eV (Fig. 5(d)) indi-
cates the existence of Fe2p3/2 and Fe2p1/2, respec-
tively, with trivalent oxidation state. The C1s spectrum
is shown in Fig. 5(e); a peak appeared at 285 eV which
correspond to the carbon in the aniline. The surface
composition of the composite has also been investigated
by the XPS analysis and the results are given in Table 2.
It is clear from Table 2 that all the elements are in agree-
ment with the composite composition.

3.6. Degradation of MB

3.6.1. Influence of reaction time

Residence time in light is one of the most impor-
tant parameter that affects the photo-degradation of
MB. The relationship between degradation and reac-
tion time is shown in Fig. 6. It is clear from figure that
the degradation of MB increases with the increase in
reaction. It was also observed that the degradation
was very rapid during the initial stage of the reaction
and after 30 min it began to slow down. The ultimate
degradation was found beyond 97% during the
investigated reaction time of 150 min.

When PANI and its composites were illuminated
with UV light, it absorbs photons to generate electron–
hole pairs. These electrons and hole react with water
molecules to generate hydroxyl radicals (OH�). The
rate of degradation relates to the formation of OH
radical which is the critical species in the degradation
process. The equilibrium adsorption of reactants on
the catalyst surface and the rate of reaction of OH
radicals with other chemicals plays significant role in
the rate of degradation [20].
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Fig. 2. UV/Visible spectra for PANI and its composites.
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The surface of PANI/NPs composite is porous as
shown in SEM image and BET analysis (Table 1).
These pores act as active sites to adsorb the MB
molecule. These adsorbed molecules of MB could
easily captured by photogenerated oxidizing species

OH� and degraded immediately, resulting a rapid
degradation of MB in first 30 min. As the time pre-
cede, availability of these active sites decreased and
also oxidizing species (OH) which results in decrease
in rate of degradation of MB.

Fig. 3. SEM images for (a) = PANI, (b) = NiFe1.2Zr0.4Co0.4O4 NPs, (c) = 12.5% NiFe1.2Zr0.4Co0.4O4, (d) = 37.5% NiFe1.2Zr0.4-
Co0.4O4, and (e) = 50% NiFe1.2Zr0.4Co0.4O4.
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3.6.2. Effect of nanomatrial (%) age in composite

The effect of Cr-Co-substituted nickel ferrite NPs
concentration into the composite was also examined.
The increase in Nps concentration from 12.5%, 25%,
37.5% to 50% wt in composite increases the degrada-
tion rate. It is important to mention that bubbles were
observed during the experiments. These bubbles are
expected because of O2 produced from photolysis by
composite and CO2 produced from complete degrada-
tion of MB. The generation of bubbles increased with
an increase of the Nps (%) age in composite. The
increase in the rate of degradation is due to the fact
that as the ferrite content increase in the composite,
the surface area as well as the pore volume increase
(Table 1) which is responsible for the increase in the
photodegradation rate of MB.

In photodegradation reaction, electron excited from
valence band to the conduction band and leaving hole,
this hole reacts with water molecules to generate OH�.
With the increase in NPs (%) age in composite, the
light penetration through the solution also increased
and more OH� was generated. The SEM images and
BET analysis reveal that the surface of the catalyst
becomes more porous which increase the adsorption
of MB and as a result the degradation increases.

The maximum photodegradation was observed in case
of 50% content of nanomaterials into the composite.

The percentage degradation of MB which is 97%
for the composite having 50% nickel ferrite content is
compared with the other photocatalysts reported in
literature. It is clear from Table 3 that percentage
degradation in the present work is much higher as
compared to other photocatalysts which suggest that
the present materials (PANI/Zr-Co-substituted nickel
ferrite composite) with 50% content can be efficiently
used for the degradation of MB.

3.6.3. Photocatalytic degradation kinetics

Data are fitted to first- and second-order kinetic
model to investigate the mechanism for the degrada-
tion of MB. The first-order equation is given as:

log qe � qtð Þ ¼ log qe � k1
2:303

t (2)

where qe and qt are amount of MB degrade at equilib-
rium and time “t”, respectively, and k1 is the specific
rate constant for first-order reaction [28]. A plot of log
(qe – qt) vs. t for first-order kinetic is shown in
Fig. 7(a). The value of specific rate constant increases
from 9.6 × 10−3 to 17 × 10−3 s−1 (shown in Table 4) with
the increase of NPs (%) age which is due to increase
in the porosity of the surface and surface area of mate-
rial (as indicated by SEM and BET results) which act
as active sites and increase the adsorption of MB. As a

Table 1
BET and Langmuir Surface area and maximum pore size of substituted PANI and nickel ferrite/PANI composites

Samples BET surface area (m2/g) Langmuir surface area (m2/g) Maximum pore volume (cm3/g)

PANI 6.8971 11.2720 0.002854
A1 14.2641 37.3429 0.004377
A2 34.2377 53.8788 0.004871
A4 53.4599 91.9178 0.005172
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Fig. 4. XPS survey for PANI composite with 50%
NiFe1.2Zr0.4Co0.4O4.

Table 2
The amount of element (atomic%) for Zr-Co-substituted
nickel ferrite/PANI composites investigated from XPS
analysis

S. No Element Atomic (%)

1 Zr 4.839
2 C 85.564
3 Fe 4.865
4 Co 2.098
5 Ni 2.634
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result, the degradation as well as the specific rate
constant increase. The linear regression correlation
coefficients (R2) varied in the range of 0.9358–0.9947.

The second-order equation is given as:

t

qt
¼ 1

k2q2e
þ 1

qe
t (3)

The graph has been plotted between t/qt vs. t (shown
in Fig. 7(b)) and the value of qe and k2 are calculated
from the slope and intercept, respectively and their
values are given in Table 4. Linear regression correla-
tion coefficients (R2) value calculated from plot of t/qt
vs. t for second-order kinetic model that ranges from
0.7396 to 0.9556 indicate that experimental data does
not obey second-order kinetic model. From above
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Fig. 5. XPS spectra for (a) Ni2p, (b) Zr3d, (c) Co2p, (d) Fe2p, and (e) C1s.

12174 M. Aamir et al. / Desalination and Water Treatment 57 (2016) 12168–12177



discussion, it can be suggested that rate of degrada-
tion of MB follows first-order kinetic.

The rate of degradation of MB increases with the
increase of NPs (%) age in PANI/NPs composite as
shown in Table 4 as indicated by value of first-order
specific rate constant. The controlling factor of this
oxidation reaction is the concentration of NPs which
produce OH� radical during course of reaction. The
proposed mechanism is:

PANI=NPs Composite þ hv ! e�cb þ hvþ
vb (4)

hvþvb þ OH� ! �OH (5)

Hþ þ e�cb ! H� (6)

O2 þ e�cb ! O�
2 !H

�
HO�

2 (7)

HO�
2 þ hvþ

vb ! HO�
2 (8)

Dye þ OH� ! Degradation Product (9)

PANI/NPs composite involved in oxidation-reduction
process becomes excited by UV-light as it activates the
composite surface by exciting an electron from valence
band to the conduction band and leaving hole. This
electron and hole reacts individually with water mole-
cules to generate OH�.

OH− and H+ are involved in the photodegradation
reaction traps hþ

vb and e�cb and make them available for
the reactions taking place at the surface of PANI/NPs
and prevent the recombination of e�cb and hþ

vb.
Hydroxyl radicals attack is assumed to be the primary
mechanism for photo oxidation as suggested by
Turchi and Ollis [29]. And holes are likely to react
with OH− because it is readily absorbed to the catalyst
surface.

By summing it up, in degradation process, light
energy was adequately absorbed by NPs present in
PANI/NPs composite; therefore, composite having
high percentage of NPs produces large amount of
OH� radical groups rapidly and oxidation reaction
proceed very quickly.
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Fig. 6. Influence of time of the photodegradation of MB.

Table 3
Comparison of investigated photocatalyst with other reported in literature

S. No. Catalyst Degradation (%) References

1. PANI 28.00 [21]
2. PANI/ZnO 79.00 [21]
3. TiO2 (nano-tube arrays) 53.00 [22]
4. N + S co-doped TiO2 66.00 [22]
5. N-doped TiO2 67.00 [23]
6. TON-3 70.00 [24]
7. TON-2 92.00 [24]
8. PANI/TiO2 (1:500) 81.74 [25]
9. P25 82.00 [26]
10. (PANI-NiFe2O4) 88.13 [27]
11. PANI/Nickel ferrite 97.00 Present work

Table 4
First-order specific rate constant for k1, second-order specific
rate constant k2, and correlation coefficient R2

Sample

First order Second order

k1 (sec
−1) R2 k2 (L

−1 mol sec−1) R2

PANI 0.0077 0.9815 0.0605 0.8677
A1 0.0096 0.9914 0.3799 0.7396
A2 0.0087 0.9947 0.055 0.9556
A3 0.0120 0.9626 0.0726 0.9293
A4 0.0170 0.9358 0.1535 0.8508
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4. Conclusion

The PANI/Zr-Co-substituted nickel ferrite com-
posite was synthesized by adding nanomaterials dur-
ing polymerization reaction of aniline chloride by
ammonium peroxydisulphate. The XRD confirmed
the formation of polymer/NPs composites. SEM
images indicate that nanoparticals decorate the sur-
face of PANI which is in the form of sheets and
increase the porosity on the surface of PANI which
act as active sites for the adsorption and degradation
of MB. The BET analysis confirmed that the surface
area increases with the increase in ferrite content in
the composite. The XPS studies confirmed the oxida-
tion state of different elements in the composite and
NPs. The kinetics studies showed that the degrada-
tion process follow the first-order kinetic model. The
photodegradation of MB increases with the increase
in nanoparticle content in the composite and maxi-
mum 97% degradation is observed for the sample
with 50% ferrite nanoparticle composite which is
much higher as compared to other photocatalyst
reported in the literature. The high degradation per-
centage by present composite indicates that this can
be used as photocatalyst for the removal of MB from
water.
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