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Conducting Polyaniline/lron Oxide Composite: A Novel Adsorbent for the

Removal of Amido Black 10B
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In this work, a polyaniline/iron oxide (PANIIO) composite was prepared and evaluated for its amido black
10B (AB10B) dye adsorption characteristics from agueous solution. Adsorption equilibrium kinetic and
thermodynamic experiments of AB10B onto PANIIO were studied in a batch system. The effects of solution
pH, initial dye concentration, contact time, and temperature on the adsorption capacity of PANIIO for AB10B
have been investigated. The pseudofirst-order and pseudosecond-order kinetic models were used to describe
the kinetic data. It was found that adsorption kinetics followed the pseudosecond-order kinetic model at all
of the studied temperatures. The Langmuir and Freundlich adsorption models were used for the mathematical
description of adsorption equilibrium data, and the best fit was obtained using the Freundlich isotherm with
an R? value of 0.9948. The change of Gibbs energy, enthalpy, and entropy of adsorption was also evaluated

for the adsorption of AB10B onto PANIIO.

1. Introduction

Synthetic dye stuffs are extensively used as coloring agents
in the textile, paper, leather, gasoline, pharmaceutical, and food
industries. Their discharge into the hydrosphere presents a
significant source of pollution due to both their visibility even
at very low concentrations and recalcitrance, giving undesirable
color to the water, reducing sunlight penetration, and resisting
photochemical and biological attack, and their degradation
products being toxic or even mutagenic.™? Synthetic dyes
usualy have a complex aromatic molecular structure which
possibly comes from codtar-based hydrocarbons such as
benzene, naphthal ene, anthracene, toluene, xylene, and so forth.
The complex aromatic molecular structures of dyes make them
more stable and more difficult to biodegrade.®* The main
technologies employed for the treatment of dye-containing
effluents are chemical precipitation, adsorption, ion exchange,
biodegradation, membrane filtration, coagulation, flocculation,
and so forth. However, only adsorption is the most versatile
and widely used because other methods require high capital
investment and have low efficiency.>®

Recently, composite materials have been emerging as aterna
tive adsorbents for the scavenging of dyes from wastewater.
They have unusua hybrid mechanical, thermal, physical, and
chemical properties. They also have alarge surface area, which
makes the composite materials as good adsorbents as the parent
materials.”

Polyaniline (PANI), a well-known conducting polymer, has
been subjected to extensive use in lightweight battery electrodes,
sensors, electromagnetic shielding devices, and anticorrosion
coatings.® PANI has been studied most extensively sinceit has
a unique doping mechanism, excellent physicochemical proper-
ties, and good stability and its raw material can be obtained
easily.®® PANI is a selective adsorbent for the anionic dyes.
These characteristics are mainly due to the interaction between
the negatively charged anion of the dye and the positively
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charged PANI backbone.** Therefore, PANI has much potential
as an inexpensive and effective adsorbent for almost all anionic
dyes, because of its innate cationic nature.

The objective of the current study was to improve the
selective capabilities of PANI for anionic dyes. To accomplish
this endeavor, PANI was doped with iron oxide because iron
oxides also have a selective adsorptive nature for the anionic
dyes.**3 In this work adsorption properties of polyaniline/iron
oxide (PANIIO) for the removal of amido black 10B (AB10B)
from agueous solution was investigated. Kinetics, equilibrium
isotherms, and thermodynamic parameters were evaluated to
find the adsorption mechanism.

2. Materials and Methods

Aniline, dodecyl pyridinum bromide, and AB10B of anayti-
cal grade were purchased from the Central Drug House, India.
Potassium persulfonate and ferrous sulfate was supplied by the
Loba Chemic-Indo Austranal Co. Ltd. and Qualigenus Fine
Chemical, India, respectively. A stock solution of dye was
prepared by dissolving the appropriate amount of AB10B in
double-distilled water.

2.1. Synthesisof Iron Oxide. The iron oxide was synthesized
by a coprecipitation method.™® A portion of 20 g of FeSO,+ 7H,0
was dissolved in 100 mL of distilled water, and 50 mL of 5.0
M NaOH was added. The reaction mixture was stirred for 24 h.
The precipitate was heated at 80 °C and sonicated for 1 h. The
precipitated iron oxide was filtered out and washed thoroughly
with distilled water and then dried at 100 °C.

2.2. Synthesis of Polyaniline/lron Oxide Composite. PA-
NIIO was prepared by the reported method.” The PANIIO
composite was prepared by the chemical oxidative polymeri-
zation of aniline in the presence of iron oxide. A portion of 8 g
of iron oxide was mixed with acidic solution (0.1 M HCI) of
20 mL of 0.1 M aniline. To this 0.5 g of dodecyl pyridinum
bromide was added and stirred for 30 min. The oxidant
potassium persulfonate (0.1 M) was added drop by drop keeping
the temperature at 4 °C with vigorous stirring for 8 h. The
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resulting precipitate was washed with methanol, acetone, and
distilled water and dried at 80 °C.

2.3. Selectivity Study. The primary adsorption study was
performed on both anionic (AB10B, alizarin red S, congo red)
and cationic (methylene blue, crystal violet, malachite green)
dyes. However, the PANIIO composite did not show any
adsorption ability for cationic dyes. Therefore, the anionic
AB10B dye was selected as a model adsorbate to study the
adsorption potential of the synthesized PANIIO composite.

2.4. Batch Adsorption Studies. 2.4.1. Kinetic Experiments.
Batch kinetic experiments were performed by mixing 0.015 g
of adsorbent to each 20 mL of dye solution of 50 mg-L !
concentration at (30, 40, and 50) °C, respectively. A series of
such conical flasks were then shaken at a constant speed of 80
rpm in a water bath shaker, and samples were collected at
different time intervals. Then the concentration of AB10B in
the supernatant solution was analyzed using a double beam
UV —visible spectrophotometer (Elico SL 164) at awavelength
of maximum absorbance (618 nm). The equilibrium adsorption
capacity of PANIIO for AB10B was caculated from the
relationship:

Ge = (Co — CIVIM @

where g is the equilibrium adsorption capacity (mg-g™1), Ceis
the dye concentration (mg-L %) at equilibrium, V isthe volume
(L) of solution, and M is the weight (g) of adsorbent.

2.4.2. Equilibrium Experiments. The effect of theinitial dye
concentration was determined by placing 0.015 g of the
adsorbent in 20 mL of dye solution of different initial
concentrations [(30 to 80) mg-L 1] for 180 min at 30 °C. The
concentration of AB10B left in the supernatant solution was
determined by spectrophotometry.

2.4.3. Effect of pH on AB10B Adsorption. The influence
of pH on the AB10B adsorption was studied over the pH range
from 2 to 10. The pH was adjusted using dilute NaOH and HCI
solutions. In this study, 20 mL of dye solution of 50 mg-L*
was agitated with 0.015 g of adsorbent for 180 min at 30 °C.
The concentration of AB10B left in the supernatant solution
was analyzed by spectrophotometry.

2.5. Desorption and Regeneration Studies. Desorption stud-
ies were performed in batch with 0.1 M HCI, 0.1 M CH3;COOH,
0.1 M NaCl, 0.1 M NaOH, and 99 % CH3OH. Initialy, 0.015
g of adsorbent was agitated with the dye of concentration of 50
mg-L~! for 180 min. After the equilibrium time, the dye
saturated adsorbent was separated, washed with distilled water
to remove the traces of unadsorbed dye, and agitated with 20
mL of eluent for 180 min. The amount of the dye released into
the eluent solution was determined by:

% desorption = (C/C,)100 2

where C, is the concentration of dye adsorbed on adsorbent,
while Cq is the concentration of dye in the eluent solution after
its desorption from the adsorbent.

The regeneration study was performed by a column process.
The column of dimensions 30 cmin length and 1 cmin internal
diameter was packed with 0.1 g of PANIIO. Then the column
was |oaded with the dye solution of concentration 50 mg-L !
at the flow rate of 1 mL -min~%. The column was operated until
the effluent concentration matched the concentration of the
loaded dye. After complete saturation of the adsorbent, distilled
water was passed through the column to remove traces of
unadsorbed dye. The 0.1 M NaOH was used as an eluent to
regenerate the adsorbent.
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Figure 1. Effect of contact time on AB10B adsorption.
3. Results and Discussion

3.1. Effect of Contact Time and Kinetics. The adsorption
of AB10B from aqueous solution onto PANIIO as a function
of contact time and temperature is shown in Figure 1. The
adsorption of AB10B increases with increasing contact time and
temperature. Figure 1 shows that the adsorption of AB10B
consisted of two phases. (i) an initial rapid phase where
adsorption was fast and contributed significantly to the equi-
librium uptake (external surface adsorption) and (ii) a slower
phase whose contribution to the total dye adsorption was
relatively small (internal surface adsorption). From Figure 1, it
is clear that the adsorption capacity increased with an increase
in temperature. Thisindicated that a higher temperature favored
AB10B removal and the adsorption was endothermic in nature.

Adsorption kinetics data were simulated with a pseudofirst-
order model and pseudosecond-order model. The linear pseud-
ofirst-order and pseudosecond-order equations were:

log(g, — o) = log g, — k,t/2.303 (3

tlg, = (k) + t/ge (4)

where g and g, are the amounts of dye adsorbed at equilibrium
andtimet (mg-g™Y), respectively. k; and k, are the rate constants
for the pseudofirst-order and pseudosecond-order kinetics
models.

The experimental data in Figure 1 have been applied to the
pseudofirst-order and pseudosecond-order rate equation kinetics
at (30, 40, and 50) °C, respectively, expressed as the equations
below:

For the pseudofirst-order model:

log(g, — g) = 1.3193 — 0.0048t 0. = 20.43

R = 09692 (5)
log(g, — @) = 1.4156 — 0.0061t . = 26.03

R =0.9781 (6)
log(g, — @) = 1.1570 — 0.0070t 0, = 26.04

R = 09913 (7)
and for the pseudosecond-order model
t/q, = 0.0238t + 0.1695 g, = 42.01

R = 0.9980 (8)
t/q, = 0.0810t + 0.1307 . = 55.55

R = 0.9910 (9)
t/q, = 0.0162t + 0.0967 0, = 61.72

R = 0.9946 (10)

From the above equations, it is evident that the experimental
data showed a good compliance with the pseudosecond-order



model. The values of coefficient of determination for the
pseudosecond-order equations were higher than the pseudofirst-
order equations at all of the experimental temperatures, and on
the other hand, the calculated g, values are close to the
experimental g, datafor the pseudosecond-order model than the
calculated values of the pseudofirst-order model. These observa
tions suggested that the overal rate of AB10B adsorption was
controlled by pseudosecond-order kinetics.

3.2. Thermodynamic Studies. The thermodynamic param-
eters, standard Gibbs free energy change (AG®), enthalpy change
(AH°®), and entropy change (AS°) were estimated to evaluate
the feasibility of the adsorption process by the following
equations:

AG® = RTInK, (11)
InK, = —(AH°/RT) + AS’/R (12)

where K is the distribution coefficient for the adsorption, R is
the universal gas constant (8.314 J-mol~*-K™1), and T is the
absolute temperature (K). On the basis of the experimental data
in Figure 1, at different temperatures, the van't Hoff equation
of AB10B adsorption onto PANIIO was given as follows:

R? = 0.999
(13)

The negative AG® values, (1.233, 4.15, and 7.389) kJ-mol 1
for (303, 313, and 323) K, respectively, increased with tem-
perature, indicating the feasibility and spontaneity of the
adsorption process of AB10B onto PANIIO. The positive value
of AH° (8.953 kJ-mol %) confirmed the endothermic nature of
the adsorption process, while the positive value of AS® (249.6
J-mol~*K™Y) revealed the increase in randomness at the
solid—solution interface during the adsorption process.

3.3. Effect of Concentration and Adsorption | sotherms. The
dye adsorptive capacity of PANIIO at equilibrium increased
from (27 to 56) mg-g~* when increasing the initial concentration
from (30 to 80) mg-L 1. This was obvious because a more
efficient utilization of the adsorption capacities of the adsorbent
was expected due to a greater driving force by a higher
concentration gradient pressure.**

Langmuir and Freundlich adsorption isotherms were used to
fit the experimental data. The linear Langmuir and Freundlich
equations were

InK, = 30.022 — 1076.9/T

Cd0e = (1/00na) + CdfOmax (14)
Ing, = InKg + 1/nInC, (15)

where C, is the equilibrium concentration of the dye solution
(mg-L™Y), g is the amount of dye adsorbed at equilibrium
(mg-g™Y), and gme and b are the Langmuir constants related to
the monolayer adsorption capacity (mg-g~?) and surface energy
(mg-L 1), respectively. K is the Freundlich constant (mg-g™?)
(mg-L~H)¥", and Ln is the heterogeneity factor.

From the experimental data, the Langmuir and Freundlich
equations were, respectively, expressed as the equations below:

R’ = 0.9695
(16)
R = 0.9948
(17)

From egs 16 and 17, the Freundlich model was found to
precisely fit the equilibrium data as evidenced by a higher
correlation coefficient of determination vaue than the Langmuir

CJq, = 0.0068C, + 0.8918

Ing, = 0.7888In C, + 0.036
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Figure 2. Effect of pH on AB10B adsorption.
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Figure 3. Proposed mechanism for the adsorption of AB10B onto the
PANIIO surface. =N, —NH, and —OH representing the functiona groups
present on the PANIIO composite.

model. Itisaso clear from eq 17 that the value of the Freundlich
exponent n (1.269) was greater than one, illustrating that AB10B
was favorably adsorbed onto PANIIO.*>

3.4. Effect of pH. The effect of dye solution pH onto AB10B
adsorption was studied in the pH range 2 to 10. The results
indicate that the maximum uptake of AB10B takes place at pH
2.0 as shown in Figure 2. This behavior can be explained on
the basis of change in surface charge of the PANITO composite.
At lower pH, the H' ion concentration in the system increases,
and the surface of PANIIO acquires a positive charge by
adsorbing H* ions. Positively charged surface sites on PANIIO
favored the adsorption of the anionic dye molecules due to
electrostatic interaction, leading to maximum dye adsorption.
As the pH of the system increases, the number of negatively
charged sites increases by absorbing OH™ ions. Asthe PANIIO
surface is negatively charged at high pH, a significantly high
electrostatic repulsion exists between the negatively charged
surface of PANIIO and the anionic dye molecules, causing the
decrease in dye adsorption. Similar results were reported for
the adsorption of anionic fluoride ions onto PANI/alumina
composite’ and anionic dyes onto doped PAN| 118

3.5. Desorption and Regeneration. As is evident from the
pH studies that an acidic medium favors the adsorption most,
hence no desorption was achieved with 0.1 M HCl and 0.1 M
CH3COOH. The desorption percentage of AB10B from PANIIO
was 94 % for 0.1 M NaOH, 38 % for 99 % CH3;OH, and 8 %
with 0.1 M NaCl. The higher desorption of dye with 0.1 M
NaOH was likely due to the high basicity of 0.1 M NaOH as
compared to 99 % CH3OH and 0.1 M NaCl.

The regeneration of PANIIO for AB10B adsorption was
tested by performing five cycles of adsorption/desorption.
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Column regeneration was carried out using 0.1 M NaOH. Only
30 mL of eluent was enough for complete desorption of the
dye from the saturated adsorbent. The breakthrough and
exhaustive capacities were (40, 35, 35, 35, and 35) mg-g~* and
(135, 115, 110, 110, and 110) mg-g* during the first, second,
third, fourth, and fifth cycles, respectively.

3.6. Adsorption Mechanism. There are many factors that may
influence the adsorption of the dye such as charge and structure
of dye, adsorbent surface properties, hydrophobic and hydro-
philic nature, hydrogen bonding, electrostatic interaction, steric
effect, and van der Waal forces, and so forth. The interaction
between AB10B and PANIIO can be explained by the following
process.

Hydrophobic—hydrophobic interaction exists between the
hydrophobic part of the dye molecule and the hydrophobic

regions of adsorbent. In agueous solution, nonpolar molecules
or groups have atendency to associate. This tendency, governed
mainly by entropy, is called hydrophobic interaction.®

Hydrogen bonding interactions are possible between nitrogen
and oxygen containing functional groups on the dye molecule
and adsorbent surface. The amine, imine, and hydroxy! groups
of the adsorbent form a hydrogen bond with the azo, hydroxyl,
and amine groups of dyes as shown in Figure 3.

Electrostatic interaction between the anionic sulfonic groups
of the dye and positively charged amine, imine, and hydroxyl
groups of the adsorbent. At low pH (< 4), nitrogen atoms, mainly
on the imine group, which are relatively easier to get protonated
than the amine group, interact quickly with the sulfonic group
of the dye by electrostatic forces. The adsorption behavior of
the dye in acidic and basic media can be shown as follows:

electrostatic
-
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where R is used to indicate the surface of adsorbent containing
=N, —NH groups of PANI, and the —OH group of iron oxide.

The energy released during the adsorption process compen-
sates for the entropy loss of adsorbed molecules. The stronger
the force, the more energy is released. The energy release by
different forces during adsorption is unequal®* and ranges from
van der Waals forces of (4 to 10) kJ-mol %, hydrophobic bond
forces of about 5 kJ-mol~?, hydrogen bond forces of (2 to 40)
kJ-mol 2, coordination exchange of about 40 kJ-mol 2, dipole
bond forces of (2 to 29) kJ-mol %, and chemical bond forces
of > 60 kJ-mol L. In this study, the enthalpy change for AB10B
adsorption was 8.953 kJ-mol ™%, suggesting that all types of
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Figure 5. FTIR spectra of PANIIO composite (a) before adsorption and (b) after adsorption.



forces were involved except for coordination exchange and
chemical bond forces.

3.7. Surface Morphology and FTIR Analysis. The scanning
electron microscopy (SEM) image of PANIIO is shown in
Figure 4. It can be seen from the figure that the surface is
irregular and porous, which provides agood platform for AB10B
adsorption.

The Fourier transform infrared (FTIR) spectra of PANIIO
before adsorption (a) and after adsorption (b) are shown in
Figure 5. The major changes are the following: the absorption
band at 3436 cm™* (Figure 5a), corresponding to the stretching
vibration of —N—H, diminish after adsorption of the dye, and
the appearance of a new absorption band at 1008 cm™,
attributed to the S=O stretching of the dye (Figure 5b). The
absorption bands at (1585 and 1498) cm™* can be assigned to
the quinonoid ring and the benzenoid ring, respectively.?” Bands
at (1298 and 1150) cm™* are due to C—N bending and in-plane
bending of the C—H bond. The appearance of the C—H out-
of-plane bending vibrational band of the 1,4-ring at 834 cm™
suggests that a head-to-tail configuration is taken by PANI
prepared in the current reaction system.?*?* The peaks observed
between (400 and 700) cm™* correspond to Fe—O bonding of
iron oxide.

4. Conclusion

PANIIO composites showed considerable potential for the
removal of the anionic dye AB10B from agueous solution. The
adsorption takes place by the complexation between the amine,
imine, and hydroxyl group of composite material and the azo,
hydroxyl, and sulfonic groups of dye molecules. The adsorption
capacity of PANIIO for AB10B decreased with increasing pH
but increased with increasing temperature. The adsorption
process of the AB10B dye on PANIIO followed pseudosecond-
order kinetics and the Freundlich isotherm model.
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