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ABSTRACT

The aim of this work was to develop simple, efficient, and environmental friendly adsorbent,
polyaniline (PANI)-modified magnetic nanoparticles (Fe,O,@PANI) for the removal of 2,4-dichlo-
rophenol and 2,4,6-trichlorophenol from wastewater. Magnetic nanoparticles were synthesized by
co-precipitation method and coated with PANI through oxidative polymerization of aniline mono-
mers. The morphology, elemental composition, and crystallinity of (Fe,O,@PANI) were determined
using scanning electron microscopy, energy dispersion X-ray, X-ray diffraction spectroscopy, and
Fourier-transform infrared spectroscopy for functional group analysis, respectively. The parameters
effecting the adsorption efficiency such as pH, temperature, contact time, adsorbent dosage, and initial
concentration of 2,4-dichlorophenol and 2,4,6-trichlorophenol were studied. The experimental adsorp-
tion results were evaluated by different isotherms, and the Freundlich isotherm model was found to
best fit the data. Three kinetics models were applied to the data and the pseudo-second-order kinetic
model was found leading the kinetics of adsorption process. Thermodynamics evaluation of the
adsorption parameters showed that the adsorption is exothermic and spontaneous at low temperature.
This research elucidated that (Fe,O,@PANI) is efficient, low cost, and environmental friendly adsor-
bent to remove to 2,4-dichlorophenol and 2,4,6-trichlorophenol from wastewater.
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1. Introduction

The polyaniline (PANI) refers to a very important class
of electronic/conducting polymers, commonly referred as
a “synthetic metal”. PANI is a polyaromatic amine that can
be easily synthesized chemically from Brensted acidic aque-
ous solutions [1]. They can be considered as being derived
from a polymer, the base form of it (emeraldine base) and
protonated emeraldine base (emeraldine hydrochloride) has
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the generalized composition given in the scheme (Fig. 1). It
consists of alternating reduced, and oxidized, repeat units,
which appears to have significant pi delocalization in the
polymer backbone. It is an organic polymer from relatively
a new class that has shown its functions covering a great
range from its use as an insulator to its use as a metal and
also depicting the properties of conventional polymer. One
of its advantages is the presence of large amounts of amine
and imine functional groups [2], porous structure and, there-
fore, high surface area to volume ratio; and this polymer is
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reported to have interactions with some metal ions and pes-
ticides having strong affinity to nitrogen [3]. Based on these
facts, methods have been developed on utilizing PANI as
adsorbent to solve environmental problems with excellent
selectivity and sorption capacity for the pollutants [4,5].
Likewise PANI and its copolymer nanofibers have shown to
have potential for the removal of Co(II) and Cr(VI) ions from
aqueous solutions [6-8]. Fe,O0,@Si0,@PANI-graphene oxide
composite prepared through a simple noncovalent method
has been reported to be used for magnetic solid-phase
extraction of trace rare earth elements in tea leaves and
environmental water samples [9]. Adsorption interaction of
many organic dyes [10-16] is also being demonstrated using
emeraldine salt. Some of its other applications include sol-
id-phase extraction of pesticides [17-21]. Among the other
most toxic produce of the industries, phenols and pheno-
lic compounds are very important [22]. Because the toxic-
ity and potential harm that it has brought to aquatic life,
plants, and human beings, even at low concentrations, phe-
nols and its compounds are considered as main concerned
pollutants by the United States Environmental Protection
Agency [23]. Chlorophenols are phenolic derivatives with
chlorines (between one and five) added to phenol. These
compounds are largely provided by chemical industries of
pesticides, petroleum refineries, pharmaceuticals, plastics,
and wood preservation. They are among the most hazard-
ous anthropogenic compounds, because of their mutagenic,
carcinogenic, and teratogenic behavior. 2,4-Dichlorophenol
(24-DCP) and 2,4,6-trichlorophenol (2,4,6-TCP) are the
most commonly used ones. These have been described to
create chronic effects on human respiratory and nervous
systems. The carbon-chloride bond and its relative position
with respect to the hydroxyl group are responsible for their
toxicity and persistence in the biological environment. The
maximum acceptable concentrations and aesthetic objectives
for four chlorophenols in drinking water are given in Table
1 [24]. Due to the high toxicity, carcinogenic properties,
structural stabilization, and persistence in the environment,
the removal of 2,4-DCP and 2,4,6-TCP from the environ-
ment is, therefore, crucial, and the methods reported for its
removal includes materials such as heterogeneous catalysts
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Fig. 1. Generalized chemical composition of PANI as emeraldine
base and salt.

like Pd/Fe-Fe,O,@MWCNTs, Ni/Fe-Fe O, and graphene
oxide/Fe,O, [25-28]. However, there are limited methods
reported on the removal of this hazardous pollutant from
aqueous solutions using Fe,O,@PANL

The objective of this research work was to prepare iron
magnetic nanoparticles by co-precipitation method and the
surface coating/stabilization of magnetic nanoparticles with
PANI and to explore its use as a solid-phase extraction mate-
rial for the removal of 2,4-DCP and 2,4,6-TCP from environ-
mental wastewater samples.

2. Experimental setup
2.1. Reagents and chemicals

All chemicals used were of analytical grade or similar
purity. Iron(Il) sulfate hepta hydrate (M = 278.02 g/mol,
Merck, 64274, Dermstadt, Germany), iron(Ill) chloride
(M =162.21 g/mol, BDH Laboratory Supplies), and ammonia
solution (32%, M = 17.03, Merck KGaA, 64271, Darmstadyt,
Germany) were used for the preparation of iron magnetic
nanoparticles. Hydrochloric acid (M = 36.64%, 35.4%, BDH
Laboratory Supplies, Poole, England), potassium persul-
phate (M =270.32 g/mol, Merk, 216224, Dermstadt, Germany)
as polymerizing agent and aniline (M = 93.13 g/mol,
242284, Sigma-Aldrich, Steinheim, Germany) as mono-
mer were used for the PANI coating of the Fe,O, mag-
netic nanoparticles. Methanol and acetonitrile (494291 and
270717, Sigma-Aldrich, Steinheim, Germany) were used for
high-performance liquid chromatography (HPLC) purpose.

2.2. Instruments used

JDX-3532 JEOL (Tokyo, Japan) diffractometer with
monochromatic Cu-Ka radiation (A = 1.5418 A) at 40 KV and
30 mA in the 20 range of 5°-80° with 1.03°/min was used to
obtain X-ray diffraction (XRD) designs of the adsorbents. For
elemental analysis, energy dispersive X-ray (EDX) analysis
mapping of the adsorbents were obtained using EDX-INCA
200, Oxford Instruments, UK. The surface morphology and
physical nature of the adsorbent were examined by scanning
electron microscope (SEM). For this purpose, small amount
of adsorbent particles were taken on stubs with adhesive car-
bon taps (1.15 cm x 0.9 cm), and SEM images of the adsorbent
were taken using 30 KV SEM (JSM5910, JEOL, Tokyo, Japan).
UV/Vis spectrophotometer (sp-3000 plus, optima Tokyo,
Japan) and pH meter (WTW pH 422) were used in this study.

Table 1
The maximum acceptable concentrations and aesthetic objectives
for four chlorophenols in drinking water

Chlorophenols Maximum acceptable Aesthetic
concentrations objectives
mg/L pg/L mg/L  ug/L

2,4-Dichlorophenol 0.9 900 <0.0003 <0.3

2,4,6-Trichlorophenol 0.005 5 <0.002 <2
2,3,4,6- 0.1 100 <0.001 <1

Tetrachlorophenol

Pentachlorophenol  0.06 60 <0.030 <30
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2.3. Conditions of HPLC

A Perkin Elmer HPLC series 200, with UV/Vis detector
was operated at 25°C using a flow rate of 1 mL/min and
wavelength 254 nm for the simultaneous analysis of 2,4-DCP
and 2,4,6-TCP with acetonitrile:methanol:water (40:35:25)
as mobile phase. The volume of sample injection used was
20 pL. A representative chromatogram for the separation of
the two phenols is shown in Fig. 2. The analytical parameters
of the HPLC method are given in Table 2.

2.4. Synthesis of Fe,O, magnetic nanoparticles

Fe,O, magnetic nanoparticles were prepared by
co-precipitation method. Iron(II) sulfate hepta hydrate (4.2 g)
and iron(IlI) chloride (6.3 g) were mixed in a ratio of 1:2 in
400 mL of distilled water. The mixture was heated at 80°C

Fig. 2. Representative chromatogram for the simultaneous
separation of 2,4-DCP and 2,4,6-TCP.

Table 2
Analytical parameters of the HPLC method

for 1 h on water bath. To this solution (wine red in color) was
added 40 mL of ammonia, which resulted in the formation of
black precipitate of Fe,O,. It was further heated for 30 min at
80°C on water bath for digestion. Fe,O, nanoparticles were
then filtered out, washed with ethanol and dried in furnace
at 150°C. The dried precipitates were crushed and grinded
using pestle and mortar to obtain uniform particle size and
stored in the glass veils at room temperature.

2.5. PANI coating over iron magnetic nanoparticles

Iron magnetic nanoparticles (1 g) were added to a 200 mL
of distilled water. About 0.6 mL of aniline was added to it.
The pH was adjusted to 3 with hydrochloric acid (0.1 N) solu-
tion, and then added 50 mL of 1.2% potassium persulphate.
The solution was left for 10 h at room temperature for the
completion of polymerization reaction. After 10 h, the solu-
tion appeared to be green which was filtered, Fe,O,@PANI
nanocomposite were washed first with ethanol to remove the
organic impurities and then with water to remove inorganic
impurities and excess acid. Washing was continued till neu-
tral point was reached (pH =7). Then, Fe,O,@PANI nanocom-
posite was dried, stored, and used for adsorption study. The
schematic representation for the preparation of Fe,O,@ PANI
nanocomposite is shown in Fig. 3.

3. Results and discussion

3.1. Surface area determination for iron magnetic nanoparticles
and Fe,0,@ PANI nanocomposite

Accurately weighted iron magnetic nanoparticles of
0.5 g was taken in 100 mL of titration flask, to this was added
10 mL (0.1 N) of standardized iodine solution and then stirred
for 30 min on orbital shaker. After stirring it was diluted to
final volume of 50 mL with distilled water and kept for 0.5 h.

Analytes  Linearity range  Calibration equation =~ Correlation RSD %  Limit of detection ~ Limit of quantification
(ug/mL) coefficient (ug/mL) (ug/mL)
2,4-DCP  0.5-20 y=0.0122x — 0.0036 0.9986 0.56 0.03 0.09
2,4,6-TCP  0.5-20 y=0.0101 + 0.0039 0.9983 0.27 0.02 0.05
+HCl

O

—
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Iron magnetic nanoparticle

Fe;04@PANI nanocomposite

Fig. 3. Schematic representation for the preparation of Fe,O,@ PANI nanocomposite.
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After equilibration, solutions were filtered with Whatman fil-
ter paper 42, and unadsorbed iodine was determined by tak-
ing 10 mL of filtrate and titrated with standardized sodium
thiosulphate solution, using starch as an indicator. The sur-
face area of uncoated iron magnetic nanoparticles was found
to be 186.086 m’g™, and Fe,0O,@ PANI nanocomposite was
found to be 168.0156 m?g™.

3.2. XRD analysis

The XRD patterns of both iron magnetic nanoparticles
and Fe,0,@ PANI nanocomposite were taken. The XRD for
iron magnetic nanoparticles and Fe,O,@ PANI nanocom-
posite is shown in Fig. 4 and its pattern according to ICDD
number 11053, 130088, 130091, 130458, 130534, and 160653
shows peak from 5° to 80°. Height, area of the peak, and their
respective thickness was calculated by the Scherer’s equation,
it was observed that 20 values for major reflections ranges
from 7.5° to 77°. The thicknesses of the crystal lattice calcu-
lated by Scherer’s equation demonstrated that crystal thick-
ness ranges from 1.287 to 654.60 nm. By applying Bragg’s law,
particle to particle distance (d) was found to be in the range
of 0.247 to 2.355 nm.

3.3. EDX analysis

The EDX analysis of both iron magnetic nanoparticles and
Fe,O,@ PANI nanocomposite is presented in Fig. 5, where it
can be seen that the carbon content of Fe,O, increased from
2.36% to 28.24% after being coated with PANI.

3.4. Surface morphology

The size and morphology of the Fe,O,@PANI nanocom-
posite were determined by SEM at 10,000 magnification. As
shown in Fig. 6, the Fe,O,@PANI nanocomposite has a nearly
spherical shape with a smooth and uniform surface morphol-
ogy. The particles seemed agglomerated and having size of
about 1 um.

Fe304@ PANI nanocomposite
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Fig. 4. XRD spectra of iron magnetic nanoparticles and Fe,O,@
PANI nanocomposite.

3.5. FTIR analysis

Fourier-transform infrared spectroscopy (FTIR) spectral
analysis shows the surface chemistry of the iron magnetic
nanoparticles and Fe,O,@PANI nanocomposite (Fig. 7). The
FTIR spectra shows the presence of Fe,O, through the presence
of two strong adsorption bands at 403 and 667 cm™, which
correspond to Fe-O bonds depicting stretching frequencies
of tetrahedral and octahedral sites, respectively. The bands at
3,030.16 and 3,167.11 cm™ have been assigned to the stretching
and bending vibrations of H-O-H bond, respectively, showing
the physical adsorption of water molecules on the surface of the
nanoparticles. The strong IR peaks at 555.499 nm correspond to
the stretching vibration mode of Fe-O bands in iron magnetic
nanoparticles. In the spectra, there are some additional peaks,
which belong to PANI coating of iron magnetic nanoparticles.
The peak appeared at 1,465.9 nm is related to C-N absorption
band. The peak at 1,604.77 nm is attributed to the bending
vibration of aromatic C-C bonds of PANI. The peaks centered
at 2,322.29 and 1,049.86 nm are due to the stretching and bend-
ing vibrations of C-H bonds of PANI, respectively. A broad
absorption band resulted from the N-H bonds can be observed
at 3,433.763 nm. The results revealed the presence of PANI
coating on the iron magnetic nanoparticles.

3.6. Point of zero charge determination for iron magnetic
nanoparticles and Fe,O,@PANI nanocomposite

pH 2-10 was adjusted (by using hydrochloric acid [0.05 M]
and sodium hydroxide [0.05 M] solution) in separate titration
flasks containing 20 mL solution of sodium chloride (0.1 M).
Then 0.1 g of iron magnetic nanoparticles was added to each
flask. For thorough mixing, solutions were placed on orbital
shaker for 1 h at 200 rpm, and its pH was measured. Then these

e

Iron magnetic Element Weight % Atomic %
nanoparticles
Fe CK 236 524
OK 40.64 67.60
FeK 57.00 27.16
Totals 100.00
Fe
0 2 H 6 8 10 12 14 16 18 2
Full Scale 1311 cts Cursor: 20.194 keV (0 cts) keV
) Fe Element Weight % Atomic %
Fe30s@ PANI
nanocomposite CK 2824 4487
OK 35.76 4266
SK 0.67 040
FeK 3533 12.07
J Totals | 100.00
0 2 H 6 8 1 42 14 118 18
Full Scale 776 dds Cursor: 20194 ke (0 cts) keV

Fig. 5. Elemental composition of iron magnetic nanoparticles and
Fe,0,@PANI nanocomposite.
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Fig. 6. SEM of iron magnetic nanoparticles and Fe,O,@PANI nanocomposite.
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Fig. 7. FTIR spectra of iron magnetic nanoparticles and Fe,O,@
PANI nanocomposite.

solutions were left for 24 h without shaking and its pH was
measured again, initial pH was plotted against ApH to deter-
mine the point of zero charge. The same procedure was used
for determining the point of zero charge for Fe,O,@PANI nano-
composite. The results for iron magnetic nanoparticles and
Fe,O,@PANI nanocomposite are shown in Fig. 8. The point of
zero charge for iron magnetic nanoparticles and Fe,O,@PANI
nanocomposite was found to be 4.9 and 3.5, respectively.

3.7. Effect of pH on adsorption of 2,4-DCP and 2,4,6-TCP on iron
magnetic nanoparticles and Fe,O ,@PANI nanocomposite

Briton Robinson buffer solutions of pH in the range of
2-10 were prepared and used for this purpose. Fe,O,@PANI
nanocomposite of 0.05 g were weighed in a series of beakers,
5 mL of 100 pg/mL solution of 2,4-DCP was added to each
beaker, followed by the addition of 2 mL of Britton Robinson
buffer in the range of 2-10 pH, respectively, and diluted up to

—&—Fe;0,@PANI nanocomposite —&— Iron magnetic nanoparticles

ApH
T T R

Initial pH

Fig. 8. Point of zero charge for iron magnetic nanoparticles and
Fe,O,@PANI nanocomposite.

25 mL with distilled water. All the solutions were equilibrated
for 1 h. After filtration, the filtrate was obtained which con-
tained the unadsorbed 2,4-DCP. The filtrate was injected to
HPLC and the absorbance was checked. As can be seen from
the graph (Fig. 9(b)), there is no effect of pH on adsorption.
The same procedure was repeated for adsorption of 2,4,6-
TCP on Fe,O,@PANI nanocomposite, percentage adsorption
was almost the same (~94%) at all pH. The adsorbent (Fe,O,@
PANI nanocomposite) is negatively charged at pH greater
than its point of zero charge (3.5). Therefore, it is positively
charged at pH < 3.5 and negatively charged at pH > 3.5. This
indicates that adsorption of 2,4-DCP and 2,4,6-TCP on Fe,O,@
PANI composite may be due to hydrogen bonding of -OH
group from phenols and -N of PANI. It may be also be due
to van der Waal'’s forces or it may be due to a donor—accep-
tor complex formation, the lone pair of electrons is donated
by nitrogen of Fe,O,@PANI composite, whereas the aromatic
ring of phenol act as an acceptor. Therefore pH 6 was selected
for simultaneous adsorption of these chlorophenols.

3.8. Effect of contact time on adsorption of 2,4-DCP and
2,4,6-TCP on Fe,O,@PANI nanocomposite

Adsorbent (0.1 g) was taken in series of beakers, 10 mL
of 100 pg/mL 2,4-DCP solution was added to each beaker.
Britton Robinson buffer of pH 6 (2 mL) was added to it, then
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Fig. 9. (a) Effect of contact time on adsorption of 2,4-DCP and 2,4,6-TCP on Fe,O,@PANI nanocomposite, (b) effect of pH on adsorption
of 2,4-DCP and 2,4,6-TCP on Fe O,@PANI nanocomposite, (c) effect of the concentration of 2,4-DCP and 2,4,6-TCP on adsorption of
Fe,O0,@PANI nanocomposite, and (d) effect of adsorbent dose as a function of adsorption of 2,4-DCP and 2,4,6-TCP.

solutions were diluted up to 25 mL with distilled water. The
solutions were placed on orbital shaker at 120 rpm to equil-
ibrate for 30-90 min at room temperature. With increase in
contact time, there is no increase in adsorption capacity. The
same procedure was repeated for adsorption of 2,4,6-TCP on
Fe,O,@PANI nanocomposite. The result is shown in Fig. 9(a).
As can be seen from the result that contact time has no effect
on adsorption of 2,4,6-TCP on Fe,O,@PANI. Therefore an
equilibration time of 30 min was used for simultaneous
adsorption of these chlorophenols.

3.9. Effect of adsorbent dose (Fe,O,@PANI nanocomposite) for
adsorption of 2,4-DCP and 2,4,6-TCP

Weights of adsorbent in the range of 0.05-0.3 g were
taken in separate beakers. 10 mL from 100 pug/mL of 2,4-DCP
and 2 mL of buffer of pH 6 was added to each beaker and
diluted up to 25 mL with distilled water. All the solutions
were agitated for 30 min and the filtered and the unadsorbed
2,4-DCP was monitored on HPLC.

The same procedure was repeated for adsorption of 2,4,6-
TCP on Fe,0,@PANI nanocomposite. The results (Fig. 9(d))
showing that adsorbent dose has no effect on percent-
age adsorption of 2,4-DCP and 2,4,6-TCP on Fe,O,@PANI
nanocomposite.

3.10. Adsorption on Fe,O,@PANI nanocomposite as a function of
adsorbate (2,4-DCP and 2,4,6-TCP) concentration

Fe,O,@PANI nanocomposite (0.05 g) was taken in a series
of beakers. 2,4-DCP solutions in the range of 10-40 ppm were
prepared from 100 ppm solution and were added to the bea-
kers followed by the addition of 2 mL of buffer of pH 6 to
each beaker. The solutions were diluted up to 25 mL with dis-
tilled water and equilibrated for 30 min at room temperature.
The same procedure was repeated for adsorption of 2,4,6-
TCP on Fe,0,@PANI nanocomposite. The results are shown
diagrammatically in Fig. 9(c). As can be seen from the results
sorption capacity of Fe,O,@PANI nanocomposite decreases
with increase in the concentration of 2,4-DCP and 2,4,6-TCP,
which shows that at the surface of adsorbent, active sites are
occupied by the chlorophenols molecules. At a concentra-
tion up to 25 pg/mL for 2,4-DCP and 2,4,6-TCP, the sorption
remains 100%, further increase in the concentration resulted
in slight decrease of sorption by the nanocomposites.

3.11. Effect of temperature for adsorption of 2,4-DCP and
2,4,6-TCP on Fe,O,@PANI nanocomposite

Fe,O,@PANI nanocomposite was weighed (0.05 g) in a
series of beakers. 5 mL of 2,4-DCP solution from 100 ppm was
added to each beaker, and 2 mL of buffer of pH 6 was added
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to each beaker and diluted up to 25 mL with distilled water.
Water bath was heated at constant temperature in the range
of 30°C-60°C. After heating for 30 min, the solutions were fil-
tered. Adsorption was maximum at room temperature and
then it decreases with increase in temperature which shows
that adsorption of 2,4-DCP on Fe,O,@PANI nanocomposite is
an exothermic process. Same results were obtained for 2,4,6-
TCP. This suggests that energy is taken up by the nearby mol-
ecules adsorbed on active site, due to this thermal agitation
these molecules get desorbed and adsorption decreased. In
the adsorption process, a point is reached at which both forces
balance each other and a dynamic equilibrium is established.

3.12. Adsorption kinetic models

The kinetic adsorption data were processed to under-
stand the dynamics of the adsorption process of 2,4-DCP and
2,4,6-TCP in terms of the order of the rate constant. Three
kinetic models were used (Fig. 10).

3.13. Pseudo-first-order kinetic model

Kinetic data were treated with pseudo-first-order kinetic
model and the linear form is as follows:

Log (q9-q,) = log q-k,t/2.303, g, or q, = (C-C)/m x v,
where g, = amount of phenols adsorbed at equilibrium
(30 min), g, = amount of phenols adsorbed at any time,
k,=pseudo-first-order rate constant for adsorption, C, = initial

Pseudo-first-order kinetic model
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concentration of phenols, C, = final concentration of phenols,
m = weight of sorbent used in time studies, and v = final
volume of the filtrate, optimum time = 50 min. Values of
the rate constant, k,, equilibrium sorption capacity, g, and
the rate correlation coefficient, R?, were calculated from the
plot of log (q9,-q,) vs. t. The value of sorption rate constant
(k) for 2,4-DCP sorption on Fe,O,@PANI nanocomposite was
—0.0078302 min! and for 2,4,6-TCP was 0.0364 min™'. The cal-
culated g, was not in agreement with the experimental g, and,
therefore, the sorption of 2,4-DCP and 2,4,6-TCP on Fe,O,@
PANI nanocomposite sorbent is not ideal pseudo-first-or-
der reactions, also confirmed by the R? values of 0.0134 and
0.1266 for sorption of 2,4-DCP and 2,4,6-TCP, respectively.

3.14. Pseudo-second-order kinetic model

Kinetic data were further treated with the pseudo-sec-
ond-order kinetic model. The linear form is given as
t/q,=1/k,g, + t/q, where g, = amount of phenols adsorbed at
equilibrium, g, = amount of phenols adsorbed at any time,
and k, = pseudo-second-order reaction rate constant for sorp-
tion. The linear plot of t/g, against ¢ showed a good agree-
ment of experimental data with the pseudo-second-order
kinetic model for sorption of phenols. The second-order rate
constant, k,, and the equilibrium sorption capacity, g, were
calculated from the intercept and slope of the plots of t/g,
against t. The calculated g, (9.7287 and 9.5602 mg g™') value
agrees very well with the experimental data for 2,4-DCP

Intrapartical-diffusion-kinetic model
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Fig. 10. Pseudo-first-order kinetic model, pseudo-second-order kinetic model, and intraparticle diffusion kinetic model for the
adsorption of 2,4-DCP and 2,4,6-TCP on Fe,O,@PANI nanocomposite.
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and 2,4,6-TCP. The correlation coefficient (R?) for sorption
of phenols on Fe,O,@PANI nanocomposite is higher for
pseudo-second-kinetic (R? = 1.00). All of these facts indicate
that the sorption of phenols on Fe,O,@PANI nanocomposites
sorbent obeys second-order sorption kinetic reactions.

3.15. Intraparticle diffusion kinetic model

Intraparticle diffusion resistance affecting sorption can
be explored by using the intraparticle diffusion model, g,_K, ,
tY2 + C, where C is the intercept and related to the thickness
of the boundary layer, that is, the larger the value of C, the
greater is the boundary layer effect. K is the intraparticle
diffusion rate constant (mg g™ min™), and its value is calcu-
lated directly from the slope. The figure shows that the plot
of g, vs. t¥2 is not passing through the origin and the value
for intraparticle diffusion rate constant (K, , =-mg g min™)
which indicates that the intraparticle diffusion is not the
controlling step during sorption of phenols on Fe,O,@PANI
nanocomposite.

3.16. Thermodynamic study

To estimate the effect of temperature on the sorption of 2,4~
DCP on Fe,O,@PANI nanocomposite, the free energy change
(AG®), enthalpy change (AH®), and entropy change (AS°) were
determined using the equation, In K, = -AH°/RT + AS°/R.
Thermodynamic parameters were calculated for determina-
tion of sorption process, to see if the sorption occurred spon-
taneously or not. The values of K, and AG® were calculated
from sorption of phenols on Fe,O,@PANI nanocomposite
from the slope and intercept of van't Hoff’s plot. The results
for In of K, values are given in Table 4. The negative value of
AH® indicates the exothermic sorption process. The negative
value of AS° shows decrease in randomness at solid/solution
interface during sorption of 2,4-DCP and 2,4,6-TCP on Fe,O,@
PANI nanocomposite. The negative AG® value of phenols at
different temperatures is due to the spontaneous sorption of
process of these chlorophenols on Fe,O,@PANI nanocompos-
ite, and the negative value of AG° decreased with an increase
in temperature, indicating that the spontaneous nature of
2,4-DCP and 2,4,6-TCP adsorption is inversely proportional
to the temperature.

Table 3
Isotherms parameters for the adsorption of 2,4-DCP and
2,4,6-TCP on Fe,O,@PANI nanocomposite

Parameter Values

2,4-DCP 2,4,6-TCP
Freundlich sorption isotherm
K, 0.00007967 3.389
n 0.2206 3.134
R? 0.9681 0.9124
Langmuir sorption isotherm
K (Lgh 0.06566 1.379
at (L mg™) -0.06944 0.0979
Q°(mg g™) —0.9455 14.085
R? 0.8737 0.9694

3.17. Sorption equilibrium study

The analysis of sorption process requires equilibrium study
to better understand the sorption process. Equilibrium isotherm
equations are used to describe the experimental sorption data.
Sorption isotherms also provide fundamental physiochemi-
cal data for evaluating the applicability of sorption process.
Analysis of the equilibrium data is important to develop an
equation which accurately represents the results which could
be used for design purpose. An adsorption isotherm is charac-
terized by certain constants, the value of which expresses the
surface properties, and affinity of the sorbent can also be used
to find the sorptive capacity of sorbent. The two common equi-
librium models, that is, Freundlich equilibrium isotherm and
Langmuir equilibrium isotherm models have been applied.

3.18. Freundlich sorption isotherm

Freundlich isotherm model can be used for non-ideal
sorption and describes sorption for heterogeneous surfaces. It
is expressed as follows: log q,=log K.+ 1/n log C . Freundlich
sorption isotherm was drawn for sorbent Fe,O,@PANI nano-
composite by plotting log g, vs. log C, as shown in Fig. 11.
Where, K, = maximum sorption capacity, 1/n = adsorption
intensity, n = deviation from linearity, and C, = equilibrium
concentration. Freundlich sorption isotherm was drawn
for Fe,O,@PANI nanocomposite by plotting log g, vs. log C,
(Fig. 11). The Freundlich model in this case does not provide
information of maximum sorption capacity.

3.19. Langmuir sorption isotherm

Langmuir sorption isotherm is one of the widely used
sorption isotherm for the sorption of a solute from liquid
solution. A basic assumption of the Langmuir theory is that
sorption takes place at specific homogeneous sites within the
sorbent. It is expressed in its linear form as follows: C/q, =
1/K, +a,C /KL, where K, and 4, are the Langmuir sorption iso-
therm constants and are related to the maximum capacity
(L/g) and bonding strength (Lg/mg), respectively. Q° is the
maximum sorption capacity and is numerically equal to K, a,.
The values of K| a,, and Q° were calculated from linear plot of
C/q, vs. C,. The different values of C, and C/q, are shown in
Fig. 11, while the plot of C, vs. C /g, is shown in figure. Table 3
summarizes the results of the two isotherms for sorption of

Table 4
Thermodynamic parameters for adsorption of 2,4-DCP and
2,4,6-TCP on Fe,O,@PANI nanocomposite

Adsorbate Temperature AH° AS° AG®
type ) (KJ/mol)  (KJ/mol)  (K]J/mol)
2,4-DCP 313.15 -6.9814 -23.768  —6,783.86
323.15 -7,000.76
333.15 -7,217.66
343.15 —7,434.56
2,4,6-TCP  313.15 -48.4848  -0.15919 -0.65939
323.15 —-0.849271
333.15 -1.829031
343.15 —4.376381
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phenols on Fe,O,@PANIL. The maximum sorption capacity
was found with Langmuir isotherm for these phenols.

3.20. Desorption study

Desorption studies help to elucidate the mechanism and
recovery of the adsorbate and adsorbent. Depending on the
nature of the absorbent/adsorbent-to-surface bond, there are
a multitude of mechanisms for desorption. The surface bond
of adsorbent can be cleaved thermally, through chemical
reactions or by radiation, all of which may result in desorp-
tion of the species.

3.21. Desorbing solvent

For desorption, 0.2 N sodium hydroxide, pure ethanol,
methanol, mixture of ethanol and sodium hydroxide (50:50),
mixture of methanol and sodium hydroxide (50:50) were used
as desorbing solvents. The process was carried out in two steps:
adsorption step and desorption step. In desorption step, the
already loaded Fe,O,@PANI nanocomposite were agitated
with the desorbing solvents. The percentage desorption for
each desorption solvent was calculated from equation; data are

desorbed g

given in Table 5, D = x 100. The results indicated

adsorbedpg

that mixture of ethanol with sodium hydroxide is an effective
desorption solvent for the recovery of phenols from Fe O,@
PANI nanocomposite. It is evident from the adsorption equi-
librium studies that physisorption (multilayer formation) is a
dominant phenomenon whereas chemisorption (monolayer
formation) may also occur simultaneously side by side, which
is irreversible as compared with physisorption. Therefore, only
physically adsorbed 2,4-DCP is desorbed while chemically
adsorbed is left behind as such. With the mixture of ethanol +
sodium hydroxide maximum amount of adsorbed phenols are
removed. As these two chlorophenols are organic polar com-
pound and their solubility is high in methanol and ethanol,

Langmuir adsorption isotherm

©2,4-DCP m24,6-TCP

Log qe

o
S e
o
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Frendlish adsorption isotherm

©2,4-DCP W24,6-TCP
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Fig. 11. Freundlich and Langmuir adsorption isotherm
models for adsorption 2,4-DCP and 2,4,6-TCP on Fe O,@PANI
nanocomposite.

whereas sodium hydroxide convert acid into salt (2,4-dichloro-
sodium phenolate ion), thus increasing its solubility by break-
ing H-bond (physical adsorption).Therefore, ethanol + sodium
hydroxide mixture was used for recovery of sorbent.

3.22. Application

Matrix effects can influence the ability of an analytical
method to qualitatively identify and quantitatively measure
target compounds in environmental and other samples by
indirectly affecting the intensity and resolution of observed
signals. The most common approach accounting for matrix
effects is to plot a calibration curve using standard samples
with known analyte concentration and which try to approx-
imate the matrix of the sample as much as possible by stan-
dard addition method.

3.23. Salt effect

Wastewater contains different cations, and it is import-
ant to study the competitive adsorption of these coexisting
cations. For example, K, Na, Ca(II), Mg(II), Cr(III), and Cu(II)
can be present in any water sample and may affect adsorption
capacity of chlorophenols on Fe,O,@PANI. For studying salt
effect, two types of salts were studied, monovalent salt and
divalent salt, that is, sodium chloride and calcium chloride.

As can be seen from the results given in Table 6, there
is no effect of coexisting cations on the adsorption capacity
of chlorophenols (500 pg) when the concentration of sodium
chloride and calcium chloride salt solutions was 0.2 M.

Table 5
Effect of various desorption solvent on percentage recovery of
2,4-DCP and 2,4,6-TCP from Fe,O,@PANI nanocomposite

S.no. Desorbing solvent Recovery (%)
2,4-DCP  2,4,6-TCP
1 Ethanol 25.301 30.02
2 NaOH and ethanol (50:50) 45.619 18.75
3 Methanol 25.460 22.26
4 NaOH and methanol (50:50) 4.190 10.27
5 NaOH (0.2 M) 8.634 15.40
Table 6

Adsorption of 2,4-DCP and 2,4,6-TCP on Fe,O,@PANI magnetic
nanocomposite in the presence of interference ions using tap
water

Adsorbate  Interfering ug ug Adsorption
type ions added adsorbed (%)
2,4-DCP and Control 500 500 100
2,4,6-TCP
2,4-DCP NaCl (0.01 M) 500 500 100

NaCl (0.1M) 500 500 100

NaCl (0.2M) 500 500 100
2,4,6-TCP CaCl, (0.01 M) 500 500 100

CaCl, (0.1 M) 500 500 100

CaCl, (0.2M) 500 500 100
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4, Conclusions

This work shows that Fe,O,@PANI is a good choice to be
used asadsorbent for removal of 2,4-DCP and 2,4,6-TCPinaque-
ous medium. The results showed that adsorption of 2,4-DCP
and 2,4,6-TCP is pH independent. The equilibrium data for
adsorption revealed Freundlich isotherm model. Moreover
adsorption of phenols followed pseudo-second-order kinetic
model with R?= 1.0. Intraparticle diffusion is not controlling
step for the adsorption of 2,4-DCP and 2,4,6-TCP on Fe,O,@
PANI nanocomposite. The thermodynamic parameters indi-
cated that the adsorption process of phenols was exother-
mic and spontaneous but at low temperature with decrease
in randomness at the solid/liquid interface. The presence of
coexisting metals ions has no effect on the removal efficiency of
2,4-DCP and 2,4,6-TCP from the aqueous solution. The method
is highly selective as there are no significant interferences at
all from matrix cations even at high concentration up to 0.2 M.
Fe,O,@PANI nanocomposite not only showed high adsorption
capacity and rapid kinetics but also follows a simple inexpen-
sive adsorbent preparation, which is environment friendly.
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