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ABSTRACT

In the last years, a great deal of attention has been paid to use nano-sized ferrites as advanced additives
in conducting polymers. The embedding of the ferrite materials into polymeric matrices is the simplest
way to take advantage of some novel physical characteristics. In the present work, the preparation of a
polyaniline/Co;_xMgyFe,04 nano-composite (x=0, 0.5, 1) with good magnetic and electrical properties
was described. The structure, morphologies and properties of the samples were characterized by XRD,
FT-IR, TEM, TGA, VSM and conductivity measurements. Nano-particles appear well dispersed in the poly-
mer matrix and the results of TGA indicated that the ferrite nano-particles could improve the composite
thermal stability. The electrical conductivity of the pure polyaniline decreased while the saturation mag-
netization (Ms) and coercivity (H.) increased with ferrite. The ability of the composites to remove the

Cobalt magnesium ferrite
Core-shell

Magnetic and electrical properties
Dye adsorption

toxic dyes from waste water was investigated.

© 2010 Published by Elsevier B.V.

1. Introduction

Polymer nano-composites synthesis is a hybridization process
between polymer matrices and nano-particles. The main idea in a
composite is to integrate several component materials and their
properties in a single material. As a result, considerable efforts
currently have been directed by many researchers towards the
conducting polymer nano-composites because of their unique
properties, as well as their well applicable multi-functionality
in various fields [1]. Polyaniline (PANI) is a conducting polymer
so it has many potential applications in various fields such as
electrical-magnetic shields, microwave absorbing materials, bat-
teries, sensors and corrosion protections [2-10]. The development
of the PANI properties has received considerable attention lately.
The fabrication of PANI/ferrite nano-composite has been reported
by using different methods such as in situ polymerization of ani-
line in the presence of ZnggCug4CrgsFe; 504 nano-particles [11],
micro-emulsion process used to prepare PANI/NiZn ferrite nano-
composite [12] and oxidative electro-polymerization of aniline in
an aqueous solution in the presence of MnZn ferrite and NiMnZn
ferrite [13], these studies created organic materials possessing both
conducting and ferromagnetic functions.

The electromagnetic measurements of the PANI/ferrites were
improved and tailored by controlling the addition of the ferrite in
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the composite [14,15]. Also, the contribution of ferrite to the PANI
led to an increase in its thermal stability, however, it decreased
its electrical conductivity [16-18]. Jiang et al. introduced a novel
poly(aniline-co-o-toluidine)/BaFe{,019 composite [19], which was
successfully synthesized by a facile, general and inexpensive in situ
polymerization method. Ting et al. had reported the microwave
absorption of the PANI/BaFe;,019 [20] and noticed that Microwave
absorbing properties can be modulated simply by controlling the
content of PANI on the samples for the required frequency bands.
Another new routes for synthesizing the PANI nano-composites,
hollow Fe304-PANI spheres with uniform cavity size and shell
thickness suggested [21], PANI nanotubes containing Fe304 nano-
particles synthesized under ultrasonic irradiation [22] where the
Fe304 nano-particles embedded in PANI nanotubes. The PANI nano-
composites focus not only on ferrites but they extended to other
materials such as titanium dioxide, zinc oxide, manganese oxide,
vanadium pentaoxide, clinoptilolite, nafion, carbon nanotubes and
silicon [23-30].

In this work, an approach was reported to synthesize the
PANI/Co;_xMgxFe, 04 nano-composites (x=0,0.5, 1) by in situ poly-
merization of aniline with Co;_xMgxFe,04 particles. The obtained
composite was characterized by various experimental techniques.
The removal of the pollutants from waste water by using the
PANI/ferrite nano-composites was investigated. The electrical con-
ductivity of the pure polyaniline, the saturation magnetization (Ms)
and coercivity (H.) were measured and found to be affected dramat-
ically with ferrite addition. The ability of the composites to remove
the toxic dyes from waste water was also investigated.
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2. Experimental
2.1. Preparation of Co;_xMgxFe;04

Coy_xMgFe,04 (x=0, 0.5, 1) nano-particles were prepared by mixing a solu-
tion of Co(NO3),-6H,0, Mg(NO3),-6H20 and Fe(NO3)3-9H;0 in stoichiometric ratio
with a solution containing NaOH +NaCOs [31,32] ([NaOH] = 1.6[Mg2* + Co?* + Fe3*],
[CO32-]1=2.0[Fe3*]) in de-ionized water (pH~9). The solutions simultaneously
added to a colloid mill [33,34] and mixed for 2 min. The resulting slurry was placed
in a three neck flask and aged at 100°C for 6 h. The final precipitate was filtered,
washed thoroughly with de-ionized water and dried at 100°C for 24 h. The result-
ing sample was then calcined at 900°C for 2 h and then grinded to obtain a fine
powder.

2.2. Synthesis of PANI/Co;_xMgyFe,04

A typical in situ chemical polymerization method for the PANI/Co;_yMgyFe;04
was carried out by the routine synthesis [17]. 0.5 g of Co;_xMgyFe,04 was added
to 50 ml of freshly prepared reaction mixture (0.2 M aniline and 0.25 M ammonium
peroxydisulphate in 1 M HCI) at 20 °C. The mixture was stirred during the polymer-
ization of aniline for 12 h. The ferrite coated with PANI was separated on a filter
paper, rinsed with 1M HCl and warm de-ionized water, and dried at 70°C in an
electrical oven.

2.3. Sample analysis

The Co;_xMgyFe, 04, PANI and PANI/Co;_xMgyFe;04 NC were identified by X-ray
diffraction technique JSX-60P JEOL diffractometer. The average crystallite size was
calculated using software TOPAZ 2 through the diffractions peaks from Scherer’s
formula [35] as shown below:

_ 091
= Bcosh

where D is the crystal size, A is the X-ray wave length, § is the broadening of the
diffraction peak and 6 is the diffraction angle. The FT-IR spectra measured using
FT/IRJASCO 6100. Morphology of the nano-composite was observed using TEM (JEOL
JEM-1230) and reflected light microscopy (Meiji-CK3900 reflected light microscope
with video camera), the magnetic properties were investigated by Vibrating Sam-
ple Magnetometer model 9600 while the thermal analysis was performed using
MAC-science model DTA-TG2000. UV-vis spectra of the samples dissolved in N,N-
dimethylformamide (DMF) and the adsorption rate of the bromopyrogallol red dye
on the samples were recorded with JASCO V-530 UV-vis Spectrophotometer. The
electrical measurements were performed by using computerized avometer BK pre-
cision 390A, powder is compressed at 6 tons to pellets and coated by silver past.

3. Results and discussion
3.1. X-ray diffraction

3.1.1. X-ray diffraction of Co;_yMgxFe;04

The room temperature powder XRD patterns of as-prepared
Coq_xMgyFe, 0,4 ferrite particles are shown in Fig. 1. The well
resolved broad diffraction peaks corresponding to (220), (311),
(222),(400),(422),(511)and (440) reflection planes show that
all the ferrites have attained single phase, all the peaks can be
indexed to a single phase spinel structure. The crystal sizes (L)
of the Coi_xMgxFe,04 ferrite are 115, 94 and 33 nm for x=0, 0.5
and 1, respectively. The values of lattice parameters of the ferrites
as described by Ahmed and El-khawlani [36] decrease with the
increasing concentration of Mg2* and the grain size also shows a
similar trend. The decreasing trend in the lattice parameter values
is due to the smaller Mg2* ion (0.72 A) replacing the larger Co2*
ion (0.745 A). Also, the X-ray density decreases with Mg2* concen-
tration because the decrease in mass overcomes the decrease in
volume of the unit cell. On the other hand this may be due to the
difference in atomic weight of the CoZ* and Mg2* ions (58.933 and
24.312 amu), respectively [36].

3.1.2. X-ray diffraction of PANI/Coy5Mgy 5Fe>04

Fig. 2(a-c) shows the XRD pattern of PANI/Cog s Mgq sFe;04 NC.
It is observed that the two broad diffraction peaks centered at 260
values of 20.1° and 25.3° are the characteristic peaks of the doped
PANI (Fig. 2a), which can be ascribed to the periodicity parallel
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Fig. 1. X-ray diffraction pattern of MgFe,04 (a), CopsMgosFe204 (b) and CoFe,04
(c).

and perpendicular to the polymer chains, respectively [37]. The
diffraction pattern for PANI/Cog5MggsFe;04 composite is shown
in Fig. 2c. It shows the characteristic peaks of CogsMggsFe;04 as
well as the broad diffraction peaks of PANI. The peaks intensities
for PANI/Cog 5 Mg 5Fe, 04 NC become weaker than that for the pure
Cog5Mgg5Fe;04, which reveals that the PANI coating layer (shell)
affects the crystalline structure of CogsMggsFe;04.

3.2. FT-IR spectra

Fig. 3 compares the FT-IR absorption spectra of PANI and
PANI/Coq_xMgxFe,04 NC. The main characteristic peaks of the PANI
are assigned as follow: The bands at 1558 and 1471 cm™! are the
characteristic C=C stretching of the quinoid and benzonoid rings
while the bands observed at 1294 and 787 cm~! may be assigned
to the C-N stretching of the secondary aromatic amine and an
aromatic C-H out-of-plane bending vibration, respectively. The rel-
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Fig. 2. XRD pattern of PANI (a), CopsMgo5Fe;04 (b) and PANI/CopsMgosFe;04 (C).
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Fig. 3. FT-IR spectra of PANI (a), PANI/MgFe,04 (b), PANI/CopsMgosFe;04 (c) and
PAN[/COF8204 (d)

atively small peak observed at 3432 cm~! may be attributed to the
N-H stretching vibration mode. In the region of 1010-1170 cm™!
aromatic C-H in-plane bending modes were usually observed. In
addition, the peak at 2922 cm~! resulted from cross-linking moi-
eties [38]. The IR spectra of PANI/Co;_yMgxFe,04 NC (Fig. 3b-d)
are almost identical to that of PANI, due to the higher mass of the
participating atoms, vibrations of transitional metal-oxygen bonds
appear in the far-infrared region (Table 1) [11].

3.3. TEM

The nano-particles of Coj;_xMgyxFe;04 and modified
PANI/Coi_xMgxFe, 0,4 are revealed by the TEM image (Fig. 4),
from which it was found that PANI/Co;_xMgyxFe;04 do not change
the size of Co;_yMgxFe, 04 significantly, as shown in Fig. 4(a)-(c),
and the crystal sizes of the samples are in agreement with that
obtained from XRD patterns. TEM images (Fig. 4) show also that
the ferrite particles are embedded in the PANI matrix forming the
core-shell structure, the dark core is the ferrite particles, and the
light colored shell is the PANI as a result of the different electron
penetrability.

3.4. TGA measurements

The composition of PANI/CogsMggsFe,04 composite can be
analyzed from TGA. Fig. 5 shows the TGA and DTG curves for a pure
PANI and PANI/Cog5Mgp5Fe;04. The pure PANI undergoes three
weight loss steps. The first step indicates a weight loss at a tem-
perature up to 120°C which may be attributed to the expulsion
of water molecule and the dopant (HCI) from PANI chains. The sec-

(a)

Fig. 4. TEM images of PANI/CoFe;04 (a),

PANI/MgFe, 04 (c).

PANI/CogsMgosFe;04 (b) and

Table 1

FT-IR absorption peaks for PANI and PANI/Co;_xMgFe;04.
Peak assignment Wavenumber (cm~)

PANI PANI/CoFe;04 PANI/Cog.5Mgo.5Fe; 04 PANI/MgFe, 0,4

N-H stretching vibration 3432 3436 3436 3432
Cross-linking moieties 2922 2922 2922 2922
Quinoid ring stretching 1558 1566 1579 1564
Benzenoid ring stretching 1471 1486 1490 1480
Aromatic C-N stretching 1294 1297 1295 1294
C-H out-of-plane bending vibration 787 797 794
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Fig. 5. TGA and DTG curves of PANI (a) and PANI/Cog5MgosFe;04 (b).

ond step is observed in the temperature range of 200-350 °C which
may be due to the volatilization of lower weight PANIL. The final step
at higher temperatures may be due to the thermal degradation of
PANI chains. As revealed from Fig. 5, the thermal stability of the
composite is higher than that of pure PANI. For instance, the TGA
curve of the PANI/Cog sMgg sFe, 04 composite reveals a weight loss
of 50% at 629.1 °C. In contrast, the pure PANI shows the same weight
loss at 510.5°C. Also in the inserted DTG curves the temperature of
pure PANI at the minimum of the DTG curve is at 542.12 °C, but the
minimum temperature in the case of the PANI/Cog sMgg 5Fe;04 NC
is significantly shifted to higher temperature by about 67 °C. This
would be explained by the fact that a strong interaction between
PANI and CogsMgg sFe;04 restricts thermal motion of the PANI in
the composite and enhances a thermal stability of the composite
[39].

3.5. Magnetic properties

Fig. 6 shows the magnetization, M, versus the applied magnetic
field, H, for Co,_xMgxFe,0,4 at room temperature. The magnetiza-
tion of Co1_xMgxFe,04 exhibits a clear hysteretic behavior. Table 2
gives the magnetic parameters such as saturation magnetization

Table 2

Magnetic parameters of PANI, Co;_yMg,Fe;04and PANI/Co;_yMgyFe;04.
Sample M; (emu/g) M, (emu/g) H¢ (Oe)
PANI 0.0463 0.01051 18.97
CoFe;04 81.94 38.09 678
PANI/CoFe;04 19.08 7.634 688.9
MgFe,04 21.33 2.108 88.66
PANI/MgFe;04 5.905 0.6659 81.6
CoosMgosFez04 54.18 27.51 649.5
PANI/Cog5Mgo5Fe;04 13.67 6.806 640
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Fig. 6. Hysteretic loops of CoFe;04 (a), CogsMgosFe;04 (b) and MgFe,04 (c).

(M), coercivity (H¢) and remnant magnetization (M;) that deter-
mined by hysteresis loops measurement. We can observe that the
values Ms, M, and H. for Co;_yMgyFe,0, decrease with Mg2* con-
centrations, this is attributed to that Co?* and Mg2* ions have a
strong preference to occupy the B-sites, it is known that the mag-
netic moment of Co?* in spinel ferrite is 3 wB [40]; however, the
magnetic moment of Mg2* is zero. Since both of these ions occupy
the octahedral sites, thus the subsequent substitution of Co2* ions
by non-magnetic Mg2* ions is expected to decrease the saturation
magnetization and the net magnetic moment.

It is observe that the values M, M, and H, for
PANI/Co;_xMgxFe,04 NC (Fig. 7) have the same order in pure
Coq_xMgyFe,04 with MgZ* concentrations as above but, these
values for the composites are less than those obtained for pure
Coq_xMgyFe;0y4, this behavior is due to the non-magnetic coating
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Fig. 7. Hysteretic loops of PANI/CoFe,04 (a), PANI/CopsMgosFe;04 (b) and
PANI/MgFe, 04 (c).
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layer, can be envisaged as a magnetic dead layer on the surface,
thus affecting the magnitude of magnetization due to quenching
of the surface moment [41] and also, according to the equation
M;s = @ms, where (¢) is the volume fraction of the particles and
(ms) is the saturation moment of a single particle, it is clear that
Ms of the composite is dependent on the volume fraction of the
magnetic ferrite particles (¢), and hence, due to the contribution
of the non-magnetic PANI coating layer to the total magnetization,
the PANI/Co;_xMgxFe,O4 NC has less magnetization than that
observed for the pure cobalt magnesium ferrite nano-particles.

The coercivity is dependent on surface anisotropy and interpar-
ticle interactions so, the coating of the ferrite by PANI will affect
on the participation of these anisotropy mechanisms to the net
anisotropy (K) [42]. K results from low coordination symmetry
for spin-orbit couplings at the surface of nano-particles and con-
tributes to K:

K=K,+ (S)KS 1)
where K}, is the bulk anisotropy and d is the particle diameter. K; is
usually maximum for free surfaces and is reduced by solid coverage.

According to the Stoner-Wohlfarth theory, H. of a single domain
particle is proportionally related to the anisotropy:

He = (uﬁ&) 2)

where pq is the permeability of the vacuum. The decrease in K
resulting from the particle coverage by the PANI shell reduces
the effective magnetocrystalline anisotropy (K) and therefore
decreases H.

3.6. Electrical measurements

The presence of Coi_yMgxFe,04 nano-particles significantly
affects the conductivity of the resulting composite, the conductiv-
ity of pure PANI was reduced from 5.7 x 10~2 to 4.2 x 1072 S/cm,
2.7 x 1072 and 3.4 x 1072 S/cm for PANI/Co;_,MgxFe,04 (x=0, 0.5,
1), respectively. This behavior is due to: (1) the Co;_yMgxFe;04
nano-particles are embedded in the PANI matrix, thus the inter-
action between the polymer matrix and iron oxide nano-particles
will increase the charge carrier scattering and thus decreases the
conductivity of the sample; (2) an increase of the charge carrier
trapping, either by the nano-particles themselves or by morpho-
logical changes and defects induced by them [43]; (3) a decrease
of the doping degree [12]. The values of the measured conductivity
proved that there was an interaction between Co;_yMgyFe,04 and
PANI backbone.

3.7. Dye removal from waste water by using PANI and its
composites

The effect of Co;_xMgxFe,04 on PANI in the adsorption of bro-
mopyrogallol red (BPR) as sulfonate and toxic dye was investigated,
The UV-vis spectra of (BPR) is represented by Fig. 8 that indicates
two characteristic wavelengths for BPR, one in visible light region at
555 nm and the other in UV region at 282 nm. The adsorption reac-
tion is followed by the change of the concentration of BPRat 555 nm.
As reported mechanism [44], when [BPR.]-SO3H is dissolved in

Table 3
Kinetic parameters for the adsorption of BPR on PANI and PANI/Co;_xMgxFe;04.
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Fig. 8. UV-vis spectra of bromopyrogallol red dye.
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Fig. 9. Adsorption of bromopyrogallol red dye 4 ppm at different time intervals of
PANI and its composites.

water, it dissociated to anionic form bearing -SO3~ group which
is adsorbed by chemical interaction with the positively charged
backbone of PANI emeraldine salt, and H* ions interact with the
chloride ions that are invariably present in doped PANI.

The concentration change of BPR with time in case of PANI,
PANI/Coq_xMgxFe, 04 and Coq_yMgyFe;04is shown in Fig. 9 where
C, is the initial concentration and C; is the concentration at time
t which indicates that the rapid uptake of the dye by PANI is
more than that of PANI/Co;_xMgxFe;04. A second-order model for
adsorption indicates [44,45]

t 1 1

— = 4+ —t 3
qr ksqgz Qe (3)

where ¢, is the amount adsorbed at equilibrium, k; is the rate con-
stant in mg of PANI/[(mg of dye)min] and q; is the amount adsorbed
at time t in mg of dye/mg of PANI Thus, a plot of t/q: versus t
should be linear for various composites. The values of kg2 and
ge, determined from the slope and intercept of the plot, respec-

Sample ge (mg of dye/mg of PANI) ksq? {mg of dye/[(mg of PANI)min]}
PANI 0.5225 0.1799
PANI/CoFe,04 0.4965 0.1786
PANI/MgFe;04 0.4916 0.1423
PANI/Cog5sMgo5Fe;04 0.4908 0.1133
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tively, are reported in Table 3, these values indicate that the ks and
ge of PANI are higher than that of PANI/Co;_yMgxFe,04. From the
above data, it is clear that the presence of Coj_yMgxFe,04 with
PANI affected its adsorption rate to BPR. This behavior is due to
the doping degree in PANI is greater than PANI/Co_,MgxFe;04and
as described, the role of the dopant in adsorption mechanism,
the positively charged backbone and chloride ions (active sites)
that are invariably present in the emeraldine salt are lower in
PANI/Co;_xMgxFe,04 than PANI leading to the adsorption rate
of the composite to be slightly lower than that of PANI Also,
it is noted that the rate of adsorption on the composites in
the order PANI/CoFe,04 > PANI/MgFe,04 > PANI/Cog 5Mgo 5Fe;04,
which reflects the degree of doping (conductivity).

4. Conclusions

The pure PANI and PANI/Co;_xMgxFe,04 (x=0, 0.5, 1) com-
posites have been prepared by chemical oxidative method in the
presence of aniline and Co;_yMgyxFe;04 by ammonium peroxy-
disulphate oxidant in HCl medium. The obtained data shows that
there is an interaction between the ferrite and PANI in the obtained
composites which have core-shell structure, the presence of the
ferrites with the PANI increases the thermal stability of the PANL
The magnetic properties of PANI were improved by adding the
ferrites, the variation in the saturation of magnetization (Ms) for
Coq_xMgyFe,04 (x=0, 0.5, 1) facilitated the production of compos-
ite materials with considerable properties. The conductivity of the
nano-composites was found to be decreased by adding the ferrite.
The adsorption of bromopyrogallol red dye (BPR) on the PANI was
investigated and the adsorption rate was affected by presence of
Coq1_xMgxFe;04.
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