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Abstract—Synthesized polyaniline (PANI) powder mixed with ENR-PVC polymer blend adhesive was immobilized
on glass plates for the adsorption of methyl orange (MO) dye. The immobilized PANI composite was made up of plas-
ticized PANI aggregates and was in a doped state. The incorporation of ENR-PVC blend in PANI slightly reduced the
surface area from 9.2 to 8.5m’ g ', and its presence was confirmed through FTIR. The adsorption process was highly
dependent on the aeration rate, and the pH of MO solution in which 40 mL. min™' and ambient pH (6.5) was selected
as the working conditions. The process of MO uptake onto the immobilized PANI obeyed the pseudo-second-order
kinetic model, while intra-particle diffusion was found to dominate the adsorption process. The q,, of the immobilized
PANI was 77.3 mg g ' for MO uptake and obeyed the Freundlich isotherm model. The thermodynamic study revealed
that the adsorption process of immobilized PANI was spontaneous and unfavorable at high temperature. The immobi-
lized PANI was found to be comparable with other PANI based adsorbents in term of cost, recyclability and adsorp-

tion efficiency.
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INTRODUCTION

Water pollutants, such as dyes [1,2], heavy metals [3], herbicides
[4,5] and pharmaceutical wastes [6,7], have been polluting water
sources and mainstreams globally. Dyes, for instance, are pro-
duced annually by 450,000 tons in which 40,000 tons of the overall
amount end up as effluent [8]. Due to the toxicity of the pollut-
ants, especially dyes, many treatment techniques have been devel-
oped to remove them from the waterways, including electroco-
agulation [9], magnetic separation [10], photocatalytic oxidation
[11,12] and ion exchange [13]. Despite so, the adsorption process
still fascinates the global researchers due to its simplicity, high re-
moval efficiency and the availability of a wide range of adsorbents
such as bagasse fly ash [14], activated carbon [15], chitosan [16],
clay [17], iron nano [18,19], beach sand [20] and newspaper waste
[21].

Amongst the preferred adsorbents in wastewater treatment is
polyaniline (PANI), which is a conjugated polymer. PANI has been
used as an adsorbent for the removal of humic acid [22], dyestuffs
[23,24] and heavy metals [25,26]. Structurally, PANI is a phenyl-
ene-based polymer having -NH- group on either side of the phenyl-
ene ring. It exists in three oxidation states, which are leucoemeraldine
base (fully reduced), emeraldine base (partially oxidized) and per-
nigraniline base (fully oxidized) [27]. The attractive applications of
PANT are due to the redox reaction that takes place on this -NH-

"To whom correspondence should be addressed.
E-mail: nazihah.noor@yahoo.com
Copyright by The Korean Institute of Chemical Engineers.

1450

group in which various forms of PANI can be obtained from the
number of imine and amine segments in the PANI chains [28]. In
addition, the ease of synthesis, high stability in the environment
and high electrical conductivity make PANI as one of the future
valuable materials [22]. PANI can be also synthesized via various
methods, such as seeding [29], metathesis [30], self-assembling
[31], electrochemical [32,33] and sonochemical [34]. Recently, the
synthesis of PANI via a facile route of chemical polymerization in
an acidic medium has received attention, as it can avoid the unnec-
essary formation of precipitation and use of sophisticated instru-
ments [35]. Moreover, PANI powder produced by this method is in
a bulk quantity, more pure, uniform, porous and can be produced
at room temperature [35-38].

The conventional suspended mode is frequently utilized for the
application of PANI powder, which requires tedious post-treatment
and difficult recovery steps consuming time and money [3,39]. In
this case, immobilization of PANI powder on the supporting materi-
als seems to be the best solution, while the blending of two polymer
adhesives is suitable for binding the PANI powder on the support
materials. For this study; the selection of epoxidized natural rubber-
poly (vinyl) chloride blend (ENR-PVC) is based on the successful
immobilization of TiO, powder on the glass supports [11,40]. It has
been reported that PVC has an excellent chemical and physical
properties, low cost, robust and high stiffness, while ENR is a good
elastomer due to its flexibility; hydrophilicity and high shearing [41].
The interaction of ENR and PVC is induced by the highly polar
epoxide groups within the ENR, whereby ENR offers elasticity and
gel properties while PVC provides mechanical strength to the poly-
mer blend [41,42]. Their individual properties eventually improve
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the properties of the polymer blend in terms of mechanical, envi-
ronmental and rheological [12]. This polymer blend is also misci-
ble at all compositional ranges [43]. Hence, it is very attractive to
use this ENR-PVC polymer adhesive for the purpose of immobili-
zation of PANI powder as there is no published work on PANI-
ENR-PVC composite, at the time this article is written.

This study came out with the aim to show that the synthesized
PANI powder can be immobilized on the solid supports using ENR-
PVC adhesive and has good adsorption efficiency towards methyl
orange (MO) in aqueous solution. The effect of selected parame-
ters that would influence the adsorption process by immobilized
PANI was extensively studied. The kinetic, isotherm and thermo-
dynamic data were evaluated accordingly based on the respective
adsorption modeling to better understand the MO adsorption mech-
anism, and the results were compared against PANI in suspended
mode. In addition, the reusability of the immobilized PANI for
three consecutive cycles without effective desorption process was
also presented.

EXPERIMENTAL

1. Materials and Reagents

Aniline (C;H;NH,, >99.5%) and ammonium persulfate (APS,
>98%) were purchased from Sigma Aldrich. Concentrated sulfu-
ric acid (H,SO,, 95-97%) from Merck was diluted to 0.5M with
ultra-pure water (18.2 MCxm ). Epoxidized natural rubber (ENR,
50% epoxidation) and polyvinyl chloride (PVC) powder were sup-
plied from Guthrie Group Sdn. Bhd. and Petrochemical (M) Sdn
Bhd, respectively. ENR was refluxed in 250 mL toluene at 88-90 °C
until all solids dissolved in the viscosity range of 11-13% (w/v).
Toluene (C,H,) and dichloromethane (CH,CL,) for ENR and PVC
dissolution, respectively, were obtained from Q Rec. Methyl orange
(Fig. 1), (MO, color index no: C.I 13025, molecular weight: 327.33
g mol ', molecular formula: C,,H;,;N;NaO,S) was a product from
BDH Ltd. Hydrochloric acid (HCI, 37.0%) and sodium hydroxide
(NaOH) pellets for the pH adjustment were purchased from Q
Rec and Merck, respectively. All chemicals were analytical grade
and used as received without purification.
2. Synthesis of PANI Powder

6mL of aniline was pipetted into a beaker containing 100 mL
of 0.5M H,SO, and the mixture was stirred for 30 min at room
temperature. In a different beaker, 15g of APS was dissolved in
100 mL of 0.5 M H,SO, and was added in dropwise into the aniline
solution under constant stirring. The dark green solution emerged
after 5 min, indicating polymerization had begun and the solution
was left being stirred for another 7 h. Then, the precipitate PANI
solution was dried in an oven at 60 °C. To remove excessive acid,
the dried PANI was washed with enough distilled water by centrif-
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Fig. 1. Molecular structure of methyl orange (MO).

ugation until the filtrate water increased to pH 3 and was rinsed
with methanol and lastly with acetone. The rinsed PANT was dried
completely in the oven at 60 °C. PANI powder was obtained after
grinding and sieving the dried PANI with a 150 pm mesh siever.
This preparation yielded about 5+1 g of dark green PANI powder.
3. Preparation of Immobilized PANI

0.8 g of PVC powder was dissolved in 35 mL of dichlorometh-
ane by sonication while 4 g of ENR solution was dissolved in 65 mL
of toluene, separately following the published method by Nawi and
Zain [40]. Both solutions were mixed homogeneously in a bottle
before adding 5 g of the synthesized PANI powder. The bottle con-
taining PANI powder and ENR-PVC solution was sonicated for
3h and then ground using a ball-mill grinder for 2h at 40 rpm.
Plates with 4.7 cmx7.0 cmx0.2 cm of dimension were coated with
the PANI-ENR-PVC formulation by a dip-coating method for
desired loadings as determined by the difference in weight before
and after dip-coating [40]. The coated plates, later known as im-
mobilized PANI, were then neutralized (pH 7) by 0.1 M NaOH solu-
tion in distilled water to eliminate residual acid and were dried com-
pletely before use.
4. Physical Characterization

The surface morphology of PANI powder and immobilized
PANI (PANI-ENR-PVC composite) was examined under a scan-
ning electron microscope, SEM (LEO Supra 50 VP Field Emission
model) equipped with the energy dispersive X-ray, EDX (XPert
PRO). The BET surface area and porosity of the samples were ana-
lyzed using a physisorption analyzer (ASAP 2010, Micromeritics)
while the Fourier transform infrared (FTIR) (Series 2000, Perkin
Elmer) was used to investigate the corresponding functional groups
in the range of 400-4,000 cm ™' and resolution scans of 4 cm™". The
optical property of PANI powder and immobilized PANI was ob-
served via a UV-visible diftuse reflectance spectroscopy, UV-vis DRS
(Lambda 35, Perkin Elmer) using a magnesium oxide (MgO) disc
as the blank in the range of 350-800 nm. Meanwhile, the X-ray dif-
fraction (XRD) analysis was done on a single-crystal Supernova
with dual Mo and Cu sources and a Bruker D8 powder diffrac-
tometer equipped with a Cu source.
5. Adsorption Experiment and Data Evaluation

20 mL of MO solution each, with respective concentration, was
aerated in a glass cell containing either an immobilized PANT or
PANI powder as shown in Supplementary Fig. 1. Briefly, the ad-
sorption process was initialized when aeration was supplied via a
Pasteur pipette attached to an aquarium air pump by PVC tubing,
whereby the air flow rate was controlled using a Gilmont flow meter.
Several experimental variables were chosen, such as aeration flow
rate (0-100 mL min "), initial pH of MO solutions (3-11), and ini-
tial MO concentrations (20-60 mg L"), while the loading of im-
mobilized PANI and PANI powder was fixed at 0.63 mg cm ™' and
20 mg, respectively. pH of MO solution was adjusted using either
0.1 M HCl or 0.1 M NaOH and was measured using a pH meter
(pH 211, HANNA Instruments). For the thermodynamic study,
the temperature of the water bath was adjusted to 30-60 °C. A reus-
ability study of immobilized PANI was done for three cycles,
whereby at the beginning of each reuse cycle, ultra-pure water was
used to clean up the film surface for 30 min and a new solution of
20mg L' MO was added into the reactor cell. The absorbance
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Fig. 2. SEM images of PANI powder under; (a) 5,000 x, (b) 30,000 x of magnifications, and immobilized PANI under; (c) 5,000 x, (d) 30,000 x

of magnifications.

change in MO dye solution was measured at 464 nm using a di-
rect reading spectrophotometer (DR2100, HACH).

The amount of dye adsorbed, q,, and the percentage of MO re-
moved (R) were calculated as follows:

. (C,—C)V
q. (mgg 1)=% 6))
R(%)=(C"C;Ce)><100 (2)

o

where, C, is the initial concentration of the dye, C, is the concen-
tration of the dye at equilibrium in mg L™, V is the volume of MO
solution in liter (L) and W is the mass of PANI powder or immo-
bilized PANI in grams (g).

The statistical analysis, coefficient of determination (R?) and
Chi-square (7°) test were applied to the experimental data to deter-
mine the best fitted criteria of the adsorption kinetic model. The
equations are defined as the following:

n 2
2_4 Z:n:l(qe, exp.n e, cal.n)

R=1- m— )
Z"n=1(qe, exp.n q, exp.n)
2
ZZ =Z::1(qe, exp.n 9, cal.n) (4)
qe, eprn
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where, q,,.; (mg g ') is the amount of dye adsorbed at equilibrium
calculated from the model and q, ., (mg g ') is the experimental
values of the amount of dye adsorbed at equilibrium.

RESULTS AND DISCUSSION

1. Physical Characterization
1-1. Surface Morphology and Elemental Composition

Fig. 2 shows the SEM images of PANI powder under low (5,000x)
and high magnification (30,000x). As seen in Fig. 2(a), the synthe-
sized PANI powder particles exhibit irregular granular shape and
flakes with sharp edges, while the immobilized PANI is observed
to be made up of stacks of plasticized PANI aggregates as seen in
Fig. 2(c). The mixing of ENR-PVC adhesive and PANI powder
induced a plasticizer effect, as seen in Fig. 2(d), whereby the parti-
cles of the immobilized PANI were observed to be smaller than
the PANI powder in Fig. 2(b). The percentage of the elements in
PANI powder and immobilized PANI as detected by EDX is pre-
sented in Table 1. The chemical structure of PANI essentially should
be made up of only carbon (C), nitrogen (N) and hydrogen (H).
However, the presence of sulfur (S) and oxygen (O) elements was
detected due to the addition of ammonium persulfate (N,H,O,S,)
during the synthesis. The percentage of C increased in the PANI
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Table 1. Percentage of elements presents in PANI powder and im-

mobilized PANI
Elements PANI powder (%) Immobilized PANT (%)
C 67.63 70.83
N 12.10 9.15
(@] 16.26 15.19
S 4.01 3.00
Cl - 1.83
Total 100.00 100.00

Table 2. BET results for PANI powder and immobilized PANI

Samples Sger Pore volume  Average pore
P (m*g™") (em’g™" diameter (nm)

PANI powder 9.18 0.362 15.8

Immobilized PANI 8.50 0.312 14.7

composite was due to additional C content within ENR and PVC,
while other elements (N, S and O) slightly declined. Meanwhile,
Cl element was detected due to the presence of chloride ions from
PVC.
1-2. Surface Area and Porosity

The effect of adding ENR-PVC blend as the adhesive in the PANI
formulation was analyzed via BET results in Table 2, while the cor-
responding isotherms of PANI powder and immobilized PANI are
shown in Fig. 3. It can be observed that the presence of ENR-PVC
blend in the PANI composite reduced the corresponding BET sur-
face area, Spzp; average pore volume and pore diameter. The Spzr of
the synthesized PANT powder declined from 9.18 m* g ' to 8.50
m’ g ' meaning that the ENR-PVC blend aggregated and covered
up the PANI surface. Meanwhile, the pore volume decreased from
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Fig. 3. Nitrogen adsorption and desorption isotherms of (a) PANI
powder and (b) immobilized PANL

0.362 to 0.312cm’ g while the average pore diameter reduced
from 15.8 to 14.7 nm. According to Nawi et al. [16], the reduction
in the surface area and pore volume reflects low porosity and incre-
ment in the adsorbent density of the system, respectively, while the
average pore diameter decreased due to the coverage of ENR-PVC
adhesive on the PANI surface. The pore diameter of the synthe-
sized PANI powder before and after the ENR-PVC addition con-
sists of mesopores (2-50 nm) according to IUPAC dassification. The
isotherms of both samples in Fig. 3 show isotherm Type IV, which
is associated with capillary condensation taking place in meso-
pores and the limiting uptake over a range of high P/P, [44].
1-3. Fourier Transform Infrared (FTIR) Spectroscopy

Fig. 4 shows the FTIR spectra of synthesized PANI powder and
immobilized PANT in the 4,000-400 cm ™" range. For PANI pow-
der, the broad peak at around 3,428 cm™" is contributed from N-H
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Fig. 4. FTIR spectra of (a) PANI powder and (b) immobilized PANI.
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stretching vibration. The stretching of C=C in the quinoid ring and
C-C stretching in benzenoid ring appear at 1,644 and 1,611 cm™,
respectively [45]. Meanwhile, C-N stretching band of aromatic
amine is observed at 1,474 cm ™, the peak at 1,222 cm ™ is for C-N
stretching for the benzenoid unit, and a strong band at 1,166 cm™"
is assigned to the electronic vibration of N quinine [46]. The peak
at 872cm" is observed due to C-H stretching for benzenoid unit
[11].

For the immobilized PANT in Fig. 4(b), all the typical peaks of
PANTI are observed as of within the PANI powder spectrum, but
the peaks are either shifted to a longer wavenumber or become less
intense. However, a new peak at 1,401 cm " appears due to the over-
lapping peaks of C-H bending vibrations of ENR and PVC poly-
mers within the formulation. Meanwhile, the presence of PVC,
which corresponds to the C-H stretching and vibrations of the
-CHCI groups in the formulation, is assigned by the peak at 1,219
cm ' [40]. The peak at 1,068 cm ™" is due to C-O groups of ENR,
while the intense peak that appears at 1,166 cm™" is due to the for-
mation of aliphatic ether, suggesting a cross-linking interaction be-
tween the two adhesive polymers [12].

1-4. UV-visible Diffuse Reflectance Spectroscopy

The UV-vis DRS spectra of the synthesized PANI powder and
immobilized PANI within the wavelength range of 350 to 800 nm
are shown in Fig. 5. Both types of PANI material show a similar
absorption pattern throughout the wavelength range. According to
Fredrick [47], the intense peak at 386 nm corresponds to the 7-7*
electronic transition in the benzenoid structure involving electrons
from the highest occupied molecular orbital (HOMO) to the low-
est unoccupied molecular orbital (LUMO). The shoulder peak at
537 nm in both types of PANI describes the benzenoid to quinoid
ring excitonic transition of the n-7* of quinine-imine groups.
Meanwhile, the absorption band in the visible region around 800
nm is assigned as the polaron band, whereby polarons are the cat-
ion radicals with unpaired electron spins and are linked to the con-
ductivity of PANI. The broad peak around 700-800 nm for both
types of PANTI indicates that they were in a doped state [11].

1-5. X-ray Diffraction (XRD)

Fig. 6 shows the XRD pattern of synthesized PANI powder and

immobilized PANL. A typical broad peak of amorphous scattering
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Fig. 5. UV-vis DRS spectra of; (a) PANI powder and (b) immobi-
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Fig. 6. XRD diffraction pattern for (a) PANI powder and (b) immo-
bilized PANI.

of pure PANI powder was observed at around 26=26" [48]. On
the other hand, the XRD peak of pure ENR should be at 18° [49],
while the diffraction peaks of PVC appeared at 17.4° and 25.1° [50].
The corresponding peak of PANT almost disappears in the immo-
bilized PANI pattern due to the coverage of ENR-PVC polymer,
which caused the change in the crystallinity of pure PANI. This par-
allel XRD pattern was also observed by a carbon nanotube/PANI/
PVC composite [50].
2. Effect of Operational Parameters
2-1. Effect of Aeration Flow Rate

In this study, the aeration as supplied from the aquarium air
pump took over the function of stirring in the conventional ad-
sorption set-up. The first reason is to provide a better way of pro-
viding the mass transport of dye to the vertically placed immobi-
lized PANI The second reason is aeration was more favorable
than the stirring mode in achieving higher removal of adsorbate

Amount adsorbed (mg g)

Aeration flow rate (mL min")

Fig. 7. The amount of MO adsorbed onto immobilized PANI under
different given aeration flow rate (PANI loading=0.63 mg cm ’;
[MO],=20 mg L"'; pH=6.5; t=90 min and T=30 °C).
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as proven by Jia et al. [51] in the adsorption study of atrazine on
powdered activated carbon. Thus, the aeration flow rate was con-
trolled within the range of 0 to 100 mL min™".

As shown in Fig. 7, the immobilized PANT could still adsorb
MO without any aeration with corresponding q, of 6.2 mg g ' due
to the existing electrostatic attraction and concentration gradient
in nature between the vacant adsorption sites of PANI and MO
molecules in the bulk solution. However, a slight increment in the
q. values was observed from 89 to 9.1 mg g ' when the aeration
flow rate was increased from 20 to 40 mL min™'. Within this region,
the maximum contact of immobilized PANI and MO molecules
was achieved as indicated by the increased q, values. The aeration
increased the intimate contact between the solid PANI and MO
liquid solution as the bubbles produced certain turbulence and
enhanced the mass transfer of MO molecules [51]. Eventually; the
adsorption process became faster and the time to reach the ad-
sorption equilibrium was reduced [52]. However, when the aera-
tion rate was increased up to 100 mL min™', the q, value started to
decline slightly to 8.8 mg g™ as the excessive and vigorous bub-
bles created a boundary layer, which reduced the contact between
the MO molecules and immobilized PANI. Hence, 40 mL min ™'
of flow rate was selected as the optimum aeration rate and was used
throughout the whole experiment.

2-2. Effect of Initial pH Solution

The adsorption activity of immobilized PANI is highly depen-
dent on the pH of the solution. For this experiment, the initial pH
of MO solution in a range of 3-11 was adjusted using either HCl
or NaOH where the corresponding results are shown in Fig. 8. It
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Fig. 8. The amount of MO adsorbed onto immobilized PANI at dif-
ferent initial pH of MO solution (PANI loading=0.63 mg cm;
[MO],=20 mg L; aeration flow rate=40 mL min™; t=90 min
and T=30°C).

can be seen that the amount of MO adsorbed was enhanced from
132 to 13.5mg g ' at the corresponding pH 3 to 4, after 90 min of
adsorption. However, the q, decreased to 11.8mg g ' at ambient
pH (6.5) and decreased further to 6.6 mg g ' as the initial pH was
increased to pH 11. Two factors have to be considered in explain-
ing the adsorption result. Firstly, the property of the adsorbent sur-
face charge which is highly dependent on the point of zero charge
(pH,.) and secondly; the adsorbate charges in the pH-adjusted solu-
tion. The interaction between MO and immobilized PANI can be

Acidic

ENR-PVC SN

Basic

Fig. 9. The proposed mechanism of interaction between MO and immobilized PANI at different pH solution.
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well understood by referring to Fig. 9. As shown in Supplemen-
tary Fig. 2, the immobilized PANT has a pH,,. of 5.0. Therefore, at
pH,..<5.0, the surface of immobilized PANTI is positively charged
while at pH,,.>5.0, the surface is negatively charged. In this case,
any negatively charged dyes can be attracted to the immobilized
PANI under pH<5, while it is the opposite for the positively charged
dyes which adsorb over pH 5. The second factor is the effect of
the dye acid dissociation constant (pKa) on the adsorption. It is
known that the pKa of MO solution is 3.8 [48]. Below pH 3.8, the
amine functional group of MO will be protonated. A slight reduc-
tion in the amount of MO adsorbed at pH 3 was observed due to
the repulsion of the protonated amine groups in MO and the pos-
itively charged PANI, which existed in emeraldine salt form (ES)
[48].

When the pH of the MO solution is greater than 3.8, the sulfon-
ate functional group of MO (-SO;Na) dissociates and produces
anionic species that are negatively charged (-SO;). At pH 4, the
electrostatic attraction between the positively charged amino groups
of PANT and the negatively charged sulfonate groups of MO is sig-
nificant, which explains the higher amount of MO adsorbed onto
the immobilized PANI in that region. At higher pH than pH,,.
(pH 5), the amount of MO adsorbed onto PANI declined, espe-
cially in a very basic pH solution, since the negatively charged sul-
fonate groups of MO dye experienced electrostatic repulsion by
the negative backbone of PANI. Another functional group of MO,
the amine group would be unchanged under neutral and alkaline
condition [48]. The presence of more HO™ ions in MO solution in
this pH region further inhibited the adsorption occurrence. Nev-
ertheless, the ambient pH was chosen as the working pH to avoid
changes in molecular structure (color change) of MO.

3. Adsorption Studies
3-1. Adsorption Kinetic
A Kkinetic study of immobilized PANI was conducted at dye

concentrations of 20-60 mg L' and was compared against PANT
powder in the suspended mode. The collected data were fitted into
the Lagergren’s pseudo-first (Eq. (5)), Ho and Mc Kay’s pseudo-sec-
ond (Eq. (6)) [53] and Weber and Morriss intra-particle diffusion
(Eq. (7)) [54] kinetic models that were shown below. A good coef-
ficient of determination (R?) and small Chi-square () value be-
tween the experimental data and calculated data explain the actual
adsorption mechanism of the system.

k
log(q,—q,)=logq,— (2.3:)3jt ?

where, g, and q, are the sorption capacity at equilibrium and at time
(t), respectively (mg g ') and k; is the rate constant of pseudo-first
order sorption (min"). A straight plot of log (q,—q,) against time
(t) will give k; and q, from the slope and intercept, respectively.

t 1 1

—_—_— | =t 6

& Kq (q) ©
where, k, is the rate constant of pseudo-second order (g mg 'min ).
A straight plot of log t/q, against time (t) will give k, and q, from
the slope and intercept, respectively.

qt:kditm"'c @)

where, k, (mg g™ min~"?) is the intra-particle diffusion rate con-
stant and is calculated by plotting g, versus t", i is the adsorption
stage while C is the y-intercept corresponding to the degree of bound-
ary layer thickness.

As shown in Table 3, the adsorption of MO onto the immobilized
and suspended PANI system is best described by the pseudo-sec-
ond-order model since all R* values at different MO concentra-
tions exceed 0.99. Furthermore, the q, ., of all concentrations and
systems were closely agreeable with q, ., as indicated by the smaller
Chi-square values. The pseudo-second-order rate constants (k,)

Table 3. Kinetic parameters for the adsorption of MO onto immobilized and suspended PANI (PANI loading=0.63 mg cm™ or 20 mg by
weight; aeration flow rate=40 mL min"} pH=6.5; t=90 min and T=30 °C)

Model Parameters Immobilized Suspended
C,(mgg™) 20 30 40 60 20 30 40 60
Pseudo-first-order Qe (MG ) 16.6 26.8 36.0 46.8 16.3 263 36.1 46.4
Qecat (Mg g7 14.6 219 279 388 10.1 17.5 247 333
k, (min) 0020 0022 0029  0.022 0082 0074 0066  0.046
R? 0892 0882 0863 0770 0.866  0.883  0.882  0.755
7 5.34 7.07 3.64 104 239 294 3.62 3.69
Pseudo-second-order Qeca (Mg g™ 9.60 16.7 25.5 27.0 13.0 27.9 38.2 48.5
k,x107 (g mg 'min”") 7.01 8.20 1.95 0.08 0.36 0.21 0.08 0.03
R’ 0995 0995 0995  0.995 1.00 1.00 0997  0.999
7 0418 1.16 1.47 2.60 0.69 0.11 0.12 1.85
Intra-particle diffusion kg, (mg g min™"?) 1.67 3.05 4.74 5.80 3.86 591 7.74 9.47
R? 0985 0993 0969  0.992 0916 0915 0883  0.796
C - - - - 234 3.69 5.82 9.87
k,, (mg g min"'?) 0.932 1.34 145 247 0.285 0.559 1.13 2.58
R? 0995 0992 0999  0.968 0762 0714 0873 0976
k, 5 (mg g min"?) 0.533 0.858 1.13 1.79 0.051 0.140 0.446 0.960
R’ 0987 0994 0998  0.998 1.00 1.00 1.00 1.00

July, 2018



Physical and adsorptive characterizations of immobilized polyaniline for the removal of methyl orange dye 1457

decreased as the initial concentration increased for both immobi-
lized and suspended PANI The k, values reduced from 7.01 to
0.01x10° g mg 'min "' and 0.36 to 0.03x10° g mg 'min"" for im-
mobilized and suspended PANI, respectively. Comparatively, im-
mobilized PANT has higher k, values than suspended PANI for all
the concentrations, which means that PANI powder in immobi-
lized form has a higher affinity for MO adsorption than in pow-
dered form. However, the amount of MO adsorbed was less than
its counterpart suspended mode due to fewer adsorption sites of
PANI in immobilized form.

As Ho and Mc Kay’s pseudo-second-order kinetic model can
only explain the process on the surface of PANI, the adsorption
data were then plotted according to Weber and Morris’s intra-par-
ticle diffusion kinetic model (Eq. (7)). According to this model,
the intra-particle diffusion controlled solely the adsorption pro-
cess if the plot crossed the origin. Both figures show multilinear
portions, suggesting that there is more than one process for the
adsorption process [55]. For immobilized PANI in Fig. 10(a), the
linear plot for all concentrations crossed the origin at stage 1, which
obeys the Weber and Morris statement that the intra-particle dif-
fusion is the predominant mechanism throughout the adsorption
process. Minimal and negligible effect of external film control was
observed at this stage. At the second stage, low diffusion rates were
observed, indicating slow diffusion of MO from the adsorbent
surface to the intra-particle active sites within the PANI layer [56].

(a) 50
45 | O60mgL™
40 | Ad0mg L™
O30 mg L™
35 -4
Q20mg L™ AAA—AA'M
a0 0 o
] [e] ]
= 25 EEDDEEI
E/E__B,Q—B"wﬂa |
6 8 10 12 14 16
12 (min'?)
b 60
(b) 60 mg L e—
50 Ad0mg L™ /
D30 mg L™
2 ‘2
40 0 mgl A—/'ﬁ'/A A—A
o ~
g 30 g—8—10 58
20
O ¢
10
0+

0 2 4 6 8 10
2 (min'?)

Fig. 10. Intraparticle diffusion plots for the adsorption of MO onto;
(a) immobilized PANI and (b) suspended PANI.

The diffusion resistance increased; thus, the rate decreased during
this stage. As the remaining MO in bulk solution was reduced, the
diffusion process rate became slower and reached final equilib-
rium, denoted as the third stage [17]. According to Ngoh and Nawi
[17], when the system is immobilized on a flat surface support mate-
rial, intra-particle diffusion will dominate the rate-controlling step.
They added that the effective adsorption process depends on the
mobility or diffusion of the dye molecules from the outer surface
of the adsorbent through the inner layers until no more diffusion
can occur due to the low concentration of the remaining solution.

For suspended PANI in Fig. 10(b), stage 1 started from 1-15 min,
stage 2 from 30-60 min and stage 3 from 75-90 min of adsorption.
Stage 1 did not cross the origin, so there was no intra-particle dif-
fusion involved in the adsorption process. The order of adsorp-
tion rate is k >k, >k,; for the three stages, while the rates for each
stage became faster with increased concentrations. The C values
also increased with the increasing concentrations, which corre-
sponded to thicker boundary layer or external mass transfer resis-
tance for the adsorption of MO onto the suspended PANI. Hence,
the adsorption of MO via suspended mode was controlled pre-
dominantly by film diffusion. At stage 1, the fastest rate was due to
rapid adsorption of MO onto the abundant adsorption sites of
PANI powder with minimal or negligible external mass transfer
resistance. The rates became slower at stage 2 as the diffusion by
the internal layers of PANI powder reached saturation. At the
third stage, the diffusion was the slowest as the MO concentration
in the solution decreased and the system reached equilibrium.
3-2. Adsorption Isotherm

Langmuir isotherm (Eq. (8)) assumes that the adsorption is
monolayer coverage, homogeneous, and all adsorption sites are
equal [57].

C_C, 1 o

9 Qu Qubr
where, q,, is the maximum amount of MO adsorbed (mg g ") and
b, is the Langmuir constant (L mg'). The values of g,, and b,
were obtained from the slope and intercept of the plot of 1/q, ver-
sus 1/C,.

Freundlich isotherm (Eq. (9)), on the other hand, is applicable to
a heterogeneous multilayer surface, has different adsorption affin-
ity which is suitable for middle and high concentrations of solutes
but not for low concentration [58].

logq,=logK,+ llogCe )
np

where K;. is the Freundlich constant (L g ') and n; is the adsorp-
tion intensity. A plot of log q, and log C, would give linearity with
the slope and intercept given as ny and K, respectively.

Dubinin-Radushkevich (D-R) isotherm (Eq. (10)) can be used
to distinguish whether physisorption or chemisorption governs
the adsorption process [57].

Ing,=Inq,— B¢,
_ 1 (10)
&= RTln(1+ C)'

where q, is the maximum capacity (mg g '), ¢is the Polanyi poten-
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tial, R is the universal gas constant (8.314] mol 'K™"), T is the abso-
lute temperature (K) and E is the mean adsorption energy as
derived from E=1/./23. The plot of log q, versus &* would pro-
vide the fand q, from the slope and intercept, respectively.

Temkin isotherm (Eq. (11)) assumes that the heat of adsorption
of all the molecules in the layer decreases linearly with coverage
due to the adsorbent-adsorbate interactions, and that the adsorp-
tion is characterized by a uniform distribution of binding ener-
gies, up to some maximum binding energy [57].

RT

_ RT
9= bT

InK,+ b

InC, 1)
where K; is the Temkin isotherm equilibrium binding constant (L
g ') and by is the Temkin isotherm constant. The plot of q, versus
In C, would give K; and by as the slope and intercept, respectively.
Fig. 11(a)-(d) shows the plotted data based on the isotherm mod-
els, while Table 4 tabulates their parameter constants. The immo-
bilized and suspended PANI systems obeyed the Freundlich iso-
therm than the other models based on the best value of the coeffi-
cient of determination, R* with 0.927 and 0.999, respectively. Accord-
ing to this model, the adsorption sites in both systems are hetero-
geneous, multilayer and have a different affinity. The value of n;
represents the favorability of the system: one is unity, more than
one means the adsorption is favorable at high concentrations, and
less than one indicates the unfavorability of the system [10]. In addi-
tion, 1y can also be represented as 1/n, which shows the degree of
surface heterogeneity [58]. The ny value and the calculated 1/n

(b) 45

(d) 33

InC,

(a] 0.40
0.35 &
0.30
0.25 ¢
"‘Ei 0.20
0 <
0.15 -
©
0.10 4
W Suspended PANI
0.05 4
Qlmmobilized PANI
0.00 T T
0 5 10 15 2
C,
©
4.0
3.5
30
[
L 2.5
=
= 2_0 4
1.5
1.0
W Suspended PANI
0.5
©lmmobilized PANI
0.0 T
0 1000000 2000000 3000000 4000000 5000000

5
e

6000000

Table 4. Isotherm parameter constants for the adsorption of MO
onto immobilized and suspended PANI (PANI loading=
0.63 mg cm™ or 20 mg by weight; aeration flow rate=40 mL
min"'; pH=6.5; t=90 min and T=30°C)

Isotherm models Parameters ~ Immobilized Suspended
Langmuir b, (Lmg™) 0.01 0.06
q, (mg g’l) 77.5 125
R? 0.838 0.950
Freundlich ng 1.89 1.26
Ke(Lgh) 124 8.15
R’ 0.927 0.999
Dubinin Radushkevich q, (mgg™) 473 35.1
L (k] mol™) 0.71 091
R’ 0.860 0.853
Temkin Ky (Lg™h 1.00 1.00
b, (KJ mol™) 22.1 23.0
R’ 0.860 0.940

were 1.89 and 0.53 for immobilized PANI, while they were 1.26
and 0.79 for suspended PANI, respectively, which means that the
adsorption sites in the immobilized and suspended PANI were
favorable at high concentration and showed heterogeneity. This also
shows that the presence of ENR-PVC adhesive did not affect the
characteristics of the adsorption sites within the PANI composite.
Supplementary Table 1 lists the comparison of maximum adsorp-

4.0 4

354

3.0 4

25 4

Ing,

2.0 4

WSuspended PANI
0.5 4 & lmmobilized PANI

0.0 . . . i i
0.0 0.5 1.0 1.5 2.0 25 3.0

3.0 4

25 4

2.0 4

W Suspended PANI
©Immobilized PANI

0 10 20 30 40 50 60 70

Fig. 11. Isotherm plot for the adsorption of MO onto immobilized and suspended PANI based on (a) Langmuir, (b) Freundlich, (c) Dubi-

nin-Radushkevich and (d) Temkin model.
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tion capacities (q,,) of PANI-based adsorbents for the adsorption
of MO. It can be seen that the q,, of PANI powder produced in
this study was 125mg g and was comparable with other adsor-
bents such as PANI-attapulgite and PANI-cobalt oxide. This is im-
portant since the powdered adsorbent utilized for immobilization
which needed to have high q,, as its BET surface area was expected
to be reduced after immobilization [15]. Interestingly, the g, of the
immobilized PANI in this study was still better than the magnetic
PANI and PANI/polyamide 6 adsorbents in the suspended mode,
which shows that PANI in the immobilized form is possible to be
used in the dye waste treatment.
3-3. Adsorption Thermodynamic

Adsorption studies at different temperatures are essential to see
the relationship between the given heat towards the adsorption
characteristics of an adsorbent and its adsorbates. The adsorption
study was done in a water bath adjusted to the desired tempera-
ture of 30-60 °C. The thermodynamic variables such as the changes
in Gibbs free energy (AG’), enthalpy (AH’) and entropy (AS°) are
determined from the following equations [16]:

C
Ke=2*

(12)

AG’=-RTlogK, 13)

AS° AH’

logKc= 2303 ~ 2303RT (14)

where, K¢ is the equilibrium constant, C,, is the concentration of
MO adsorbed on PANI solid at equilibrium (mg L™), C, is the con-
centration of MO in the liquid phase (mg L") at equilibrium, T is
the absolute temperature (K) and R is the universal gas constant
(8.314] mol 'K ™). The values of AH’ and AS® were calculated
from the slope and intercept of the van't Hoff plot of log K. versus
/T, respectively.

The negative and increasing in AG’ values with temperature in
Table 5 show that the adsorption process of MO onto the immo-
bilized PANI was spontaneous but became increasingly unfavor-
able at high temperature. Meanwhile, the negative value of AH’ and

Table 5. Thermodynamic parameters for the adsorption of MO onto
immobilized and suspended PANI (PANI loading=0.63 mg
cm™? or 20 mg by weight; [MO],=20 mg L™"; aeration flow
rate=40 mL min"'; pH=6.5; t=90 min and T=30°C)

Immobilized
Temperature - -~ -
(mg g’l) (kf mol™) (K mol™) (Jmol' K™
303 126  9.10 -2.74 -29.7 —96.0
318 1.08 5.1 -2.08
333 037 441 —0.59
Suspended
Temperature - -~ -
(mg gﬁl) (kf mol™) (K mol™) (Jmol' K™
303 381 142 -3.70 376 135.8
318 708 158 -5.18
333 173 171 -7.19

smaller K. and q, suggest that the adsorption process was exother-
mic and MO would rather be in the bulk solution than being
adsorbed onto immobilized PANT at high temperatures. In addi-
tion, the negative value of AS’ value indicates the decrease in the
randomness and affinity of a solid/liquid interface during the
adsorption of MO onto the immobilized PANI at elevated tem-
peratures. For suspended PANI, the decreasing AG’ values with
temperature explains that the adsorption process became increas-
ingly spontaneous as more MO was adsorbed onto suspended
PANIL. The positive values for AH’ and AS’ in the case of suspended
PANI were related to the endothermicity of adsorption MO at
high temperature. This phenomenon increased the randomness of
MO and suspended PANI as the water molecules were being
replaced by the dye molecules during the adsorption process [20].
Nevertheless, the thermodynamic study of MO onto suspended
PANTI was in line with the reported works on methylene blue [20],
reactive black 5 [59] and Congo red [60].
4. Reusability of Immobilized PANI

The conventional suspended system suffers from the need of
filtration after treatment, which is tedious, costly and time-con-
suming. With the immobilized system, all those works can be
avoided. The reusability and efficiency of immobilized PANI were
evaluated for three cycles in terms of percentage removal as seen
in Fig. 12. During the first, second and third cycles, the percentage
of removal was 97.6%, 95.9% and 93.4%, respectively. The reduced
uptake by the immobilized adsorbent for the second and third
cycles was due to fewer accessible adsorption sites for a new fresh
solution of MO. In addition, the process of cleaning the surface of
immobilized PANI with water between each cycle could not effec-
tively desorb the adsorbed MO on the PANI surface. However, as
proven, a high removal efficiency of MO can still be achieved for
the three cycles, showing that the immobilized PANI is recyclable
and highly effective for real scale applications.

CONCLUSION

Immobilized PANI powder was successfully fabricated on glass

Removal (%)

;
%

I 2 3
No of cycles
Fig. 12. The removal efficiency of immobilized PANI for the adsorp-
tion of 20 mg L' MO for three cycles of application (PANI
loading=0.63 mg cm’™; [MO],=20 mg L™; aeration flow rate=
40 mL min'; pH=6.5; t=90 min and T=30°C).

Korean J. Chem. Eng.(Vol. 35, No. 7)



1460 N. N. Bahrudin et al.

plates for the removal of MO dye. The immobilization of PANI
powder produced plasticized PANI aggregates which reduced its
Sper> pore volume and pore diameter. The adsorption kinetic and
isotherm studies showed that the adsorption of MO onto immo-
bilized and suspended mode of PANI obeyed the pseudo-second-
order and Freundlich model. These implied that the adsorption
sites of immobilized PANI were heterogeneous and the adsorp-
tion occurred in multilayer state. Meanwhile, the intra-particle dif-
fusion was the rate-controlling step for immobilized PANI, while
the external film resistance controlled the adsorption in suspended
mode. The thermodynamic study of immobilized PANI also elu-
cidated that the adsorption process could reduce the operation cost
as it works better at room temperature, which was in contrast to
the suspended PANI. The immobilization of PANI powder elimi-
nates the need for filtration of post-treatment and proves that
immobilized PANI can become another potential adsorbent that
has high capacity, recyclability and removal efficiency for wastewa-
ter treatment.
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