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ABSTRACT

In this work, a polyaniline@iron oxide (PANI@iron oxide) composite was synthesized by using an eco-
friendly hemin-based biomimetic method at mild conditions. The PANI@iron oxide composite was char-
acterized with scanning electron microscopy, UV-Vis, Fourier transform infrared spectroscopy, X-ray
diffraction and thermal gravimetric analysis, and its adsorption behavior was further tested. Results
showed that PANI@iron oxide can efficiently remove both anionic and cationic dyes from aqueous solu-
tion. For adsorption of dyes of methyl orange (MO) and rhodamine B (RhB) on PANI@iron oxide, the
kinetic data match well with pseudo-second-order model. The adsorption data were evaluated using
Langmuir, Freundlich and Dubinin-Radushkevich isothermal models. For MO, high correlation coef-
ficients (R?) confirmed the validity of Langmuir isotherm, with monolayer adsorption capacity of 63.89
mg g'. For RhB, the Freundlich isotherm was precisely fit the equilibrium data. The values of AH® and
AG?® in the thermodynamic parameters indicated that the adsorption of dyes is endothermic and sponta-
neous. The value of AS° revealed that randomness at the solid—solution interface increases. NaOH solu-
tion was effective for desorption of dyes from PANI@iron oxide. For PANI, dedoping process happened
during desorption, and then the structure and charge changed during desorption process.
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1. Introduction

Dye removal from industrial effluents has received
intense attention because of stringent environmental leg-
islation and discharge standards. Generally, dyes are toxic,
mutagenic as well as carcinogenic [1-3]. Among various
methods for treating dye effluent, adsorption is one of the
most effective and economic ways [4,5].

Polyaniline (PANI) is regarded as a potential adsorbent
due to it exhibits remarkable surface area and porosity, good
stability and low cost [1,6]. For adsorption of dyes, chemi-
cally synthesized PANI shows high selectivity. Cationic dyes
can be preferentially removed by the base-treated PANI
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[7] while the anionic dye is predominately removed by the
acid-treated one [7-9]. Effluent of dyes industries contains
different kinds of dyes, so the selective adsorption limits its
application in wastewater treatment. Furthermore, the direct
use of PANI powder as absorbent is also limited by the fine
particle size, complicated diffusion process, hard separation
after adsorption and very low optimal pH values [10].

Iron oxide is an abundant material in nature and can
adsorb dyes containing secondary and tertiary amines, carbox-
ylic group, oxygen and sulfur atoms due to hydrogen bond-
ing, van der Waal forces and others [11]. So the introduction
of iron oxide in the composite can improve the application
performance of PANI [12,13]. It was reported that the poly-
aniline/iron oxide (PANIIO) remained the selectivity of PANI
for anionic dyes at low pH (2.0) [12]. The core-shell structure
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Fe,O,/PANI was used to adsorb DNA [13] and anionic dye, but
the equilibrium adsorption capacity in near neutral solution is
relatively low [14]. So new effective PANI-based adsorbents
are needed for the practical utility on wastewater treatment.

As mentioned above, the most widely used synthesis
methods of PANI-based absorbents now are chemical oxi-
dative polymerization in strong acid solution. The chemi-
cal methods are rather unfavorable ecologically because the
large amount of strong oxidants such as peroxydisulfate and
ferric chloride are consumed [12,13,15,16]. Enzymatic oxi-
dative polymerization catches the attention of researchers
because it is a clean and eco-friendly process. Peroxidase
and laccase are main enzymes related to PANI synthesis
[17]. In our previous study, laccase-catalyzed preparation of
polyaniline/graphene oxide composite provided an environ-
mental benign method for the polymerization of PANI [18].
However, the drawbacks for enzyme’s oxidative polymeriza-
tion are obvious with its high cost, low activity, narrow pH
optimum range and low stability of enzymes. So, using syn-
thetic systems to mimic natural enzymes with high catalytic
activity has attracted interest recently. Hemin is the catalytic
active center of peroxidase and has been reported to catalyze
a variety of oxidation reactions like peroxidase [19-21]. So
hemin-based biomimetic synthesis provides an eco-friendly
method for the preparation of PANI/iron oxide.

In this paper, PANI/iron oxide was prepared by
hemin-catalyzed polymerization in the presence of iron
oxide at mild conditions. The PANI/iron oxide showed a
good adsorption capacity for both anionic and cationic dyes.
The characterization of absorbent and its adsorption proper-
ties were investigated and the adsorption kinetics, isotherms
and thermodynamics were studied.

2. Experimentals
2.1. Material

Aniline was purified by distilling before use. Hemin was
purchased from Bioduly Co., Ltd., Nanjing, China, and stored
in the dark at 4°C. Hydrogen peroxide (30% w/v; Sinopharm
Chemical Reagent Co., Ltd., Shanghai, China) was used and
the initial concentration was determined by titrating with stan-
dardized potassium permanganate (KMnQO,) solution. Methyl
orange (MO) and rhodamine B (RhB) were purchased from
Tianjin Chemical Reagents Co., Ltd., Tianjin, China. Other
chemicals were of analytical grade.

2.2. Biomimetic synthesis of PANI@iron oxide

Iron oxide was synthesized by co-precipitation method.
Typically, 1 M ferrous sulfate and 2 M ferric chloride were dis-
solved into 0.01 M HCl solution, then the mixture was slowly
dropped into 250 mL of 1.5 M aqueous sodium hydroxide
under continuous stirring at 60°C and the reaction was car-
ried out for 30 min. The black power obtained was washed
sequentially with water and ethanol and then was dried at
60°C. The formation of maghemite (iron oxide) was con-
firmed by X-ray diffraction (XRD).

For biomimetic synthesis of PANI@iron oxide, 0.05 M ani-
line, 0.01 g-L ™" hemin and 2.5 g-L™ iron oxide were added into
sodium citrate—citric acid buffer solution (pH = 4.00). Then
0.2 mL 0.06 M H,O, was injected every 15 min. After total

1.4 mL H,O, solution was added, the polymerization pro-
ceeded for 0.5 h at room temperature. Then 25 mL of 37%
HCI was added and the mixture was kept stirring for 0.5 h,
and was placed at room temperature for 16 h. The formed
PANI@iron oxide was collected via centrifugation at 3,500
rpm and washed sequentially with water and ethanol and
the washed PANI@iron oxide was dried at 60°C.

2.3. Characterization of PANI@iron oxide

The morphological feature was collected by field emission
scanning electron microscopy (FE-SEM, FEI Quanta 250FEG)
at high voltage of 30 kV and Fourier transform infrared
(FT-IR) spectrum was recorded with an FT-IR spectrometer
(PerkinElmer FT-IR spectrophotometer CA, USA). XRD pat-
terns were recorded on a Bruker D8 Advance diffractometer.

PANI and PANI@iron oxide were dissolved in
N-methylpyrrolidone, respectively, and UV-Vis spectra
were recorded by UV-Vis spectrophotometer (Lambda 25,
PerkinElmer, USA). Thermal gravimetric analysis (TGA)
curves were recorded on a TGA/SDTA 851e diffractometer.
Surface area and pore size were determined with an ASAP
2020 surface area and porosity analyzer (Micromeritics, USA).

2.4. Adsorption experiments

Batch adsorptions were performed by shaking (150 rpm)
50 mg PANI@iron oxide in 100 mL different initial concen-
trations (10-50 mg-L™) of dye solution at a fixed temperature
(25°C-55°C) in a shaker bath for 3 h. For each adsorption
experiment, the supernatant was filtrated with syringe fil-
ter at certain intervals and analyzed. Removal ratio (%) and
adsorption capacity Q (mg-g™) were calculated according to
the following equations:

(G,-C)
C

0

Removal ratio = x100% (1)

_¥(G,-C)

m

Q 2

where C; and C, are the concentrations of dyes (mg-L™) ini-
tially and at time ¢, Vis the volume of solution (L) and m is the
mass of PANI@iron oxide used (g).

The experiments were performed in triplicate for all the
operating variables studied. The mean and standard deviation
of the removal ratio were determined. For adsorption kinetics
and isotherms, only the average values were considered.

2.5. Desorption and recycling experiments

The dyes loaded adsorbent was treated with 100 mL of
0.1 M NaOH or HCl solution for desorption. After equilibrat-
ing, the mixture was filtered and the filtrate was analyzed.
The desorption ratio D (%) was calculated using Eq. (3):

D = M« 100% 3)

mda

where m,_is the mass of dye adsorbed on adsorbent and m,,
is the mass of dye returned into solution at desorption equi-
librium time.
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At the same time, the adsorbent was washed with water
and dried at 60°C for reuse. The adsorption—-desorption pro-
cesses were carried out for three times.

3. Results and discussion
3.1. Characterization of PANI@iron oxide

The morphologies of the synthesized PANI@iron
oxide were investigated by scanning electron microscopy
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(SEM). The typical micrographs are presented in Fig. 1(A).
It is evident that the composites are irregular fine gran-
ules from 0.5 to 50 pm with rough surface and pleats. The
BET surface area is 22.9 m*g™ and the BET average pore
width is 10.9 nm. The size and surface can provide good
possibilities to trap and adsorb dyes.

In UV-vis spectra (Fig. 1(B)) of PANI and PANI@iron
oxide, the absorption band at 354 nm are attributed to m—m*
transitions in the benzene ring and the shoulder at 590 nm
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Fig. 1. SEM, UV-Vis spectra, FT-IR spectrum, XRD patters and TGA curves: (A) SEM images of PANI@iron oxide, (B) UV-Vis spectra
of PANI and PANI@iron oxide, (C) FT-IR spectrum of PANI@iron oxide, (D) XRD patterns of PANI, iron oxide and PANI@iron oxide,

(E) TGA of PANI and PANI@iron oxide.
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to the benzene to quinoid ring excitonic transition [22,23].
Compared with the band at 354 nm in pure PANI, the band
in PANI@iron oxide is weaker. It is well-known that the posi-
tion of this peak is sensitive to the nature of the counter ions
and solvent and to the chemical structure of the polymer [24].
In this case, the observed weak peak is associated with the
latter factor, which indicates the interaction between PANI
and iron oxide.

The FT-IR spectrum of the PANI@iron oxide is shown
in Fig. 1(C). Peaks observed at 2,359, 1,506, 1,290, 1,147
and 827 cm™ can be assigned to N-H bending, benzenoid
or quinonoid C=C, C-N bending, C-H in-plane bending
and C-H and/or N-H out-of-plane bending vibrations in
PANI, respectively. The weak peak during 540-700 cm™
corresponds to Fe-O vibration [13,25-28]. The spectrum
is featured with dramatical sloping line at wave numbers
higher than 2,000 cm™, which signals the conducting form
of PANI [24,29]. The peaks at 1,506, 1,290 and 1,147 cm™
redshift in peak position as compared with the peaks at
1,585.71, 1,298.98 and 1,150.89 cm™ in PANIIO chemically
synthesized [12]. The results indicate that the increase of
delocalization in PANI@iron oxide synthesized in hemin-
based biomimetic method. More compact combination of
iron oxide and N in PANI strengthens the corresponding
C-N bond due to donation of electrons from benzenoid
or quinonoid rings, and concurrently weakens the bond
strength of C=C, N-H and C-H.

The XRD patterns of PANI, iron oxide and PANI@iron
oxide are shown in Fig. 1(D). The Bragg diffraction peaks of
20 = ~15.5°, ~20.7° and 25.4° can be found in PANI, which
shows that PANI has a partly crystalline structure. The peaks
in PANI prepared by hemin-catalyzed polymerization are
similar to that in PANI by chemical oxidation [30,31]. The two
characteristic peaks of PANI salts, which centered 26 = 20°
and 25°, are remained in PANI@iron oxide with weaker sum-
mit and broader range comparing with those in pure PANI
[31,32]. The changes indicate that main structure of PANI
retains, but the crystalline is distorted during the polymer-
ization in the presence of iron oxide. At the same time, the
peaks at 20 = 30.3°, 35.6°, 43.3° and 63.0° show the character-
istics of maghemite in PANI@iron oxide pattern, but decrease
in intensity due to PANI coating. The decrease in intensity is
also found in other PANI and Fe,O, composites synthesized
by chemical oxidation [13,14].

From Fig. 1(E), the mass loss below 100°C is attributed
to the deintercalation of water. The TGA curves for PANI
show a two-step weight loss because of the elimination of the
doped acid bound to PANI chains (200°C-350°C) and decom-
position of the pristine PANI backbone (>350°C), respectively
[32,33]. The TGA curve of PANI@iron oxide shows similar
weight loss step, while the mass loss is lower than that of
PANI. This lower mass loss is in accordance with previous
reports when an inorganic oxide was introduced into PANI-
based composite [32,33].

It can be concluded from the above characteristics of
PANI@iron oxide that the PANI coat on the surface of iron
oxide is partly in PANI@iron oxide and there is a compact
combination between polymer and iron oxide. The partly
coating of PANI on iron oxide particles can protect iron oxide
from leaching and remain functional groups of PANI and
iron oxide.

3.2. Adsorption for anionic and cationic dyes

The primary adsorption study on dyes removal by
PANI@iron oxide was carried out on anionic (MO) and
cationic (RhB) dyes, and the removal profiles are shown in
Fig. 2. The adsorption removal ratios of two dyes increase
with contact time and there is an initial rapid phase and a
slower phase for adsorption removal. The optimized contact
time is selected as 120 min. MO is removed 55.4% in 10 min
and 94.0% in 120 min by PANI@iron oxide. It should be noted
that the PANI@iron oxide can remove 41.4% in 10 min and
66.5% in 120 min RhB from solution, respectively. The facts
prove that PANI@iron oxide can remove both anionic and
cationic dyes effectively.

It has been reported that chemically synthesized PANI
and PANI/iron oxide had no adsorption for cationic dyes
[8,9,12]. In contrast, our results showed that the biomimetic
synthesized PANI@iron oxide can adsorb cationic dyes RhB.
The capacity of RhB on PANI@iron oxide is about 35 mg g'.
This adsorption capacity is much higher than that of some
reported absorbent, such as natural materials [3,5,34], fly ash
[11] and is comparable with that of kaolinite [4] and biomass
of Rhizopus oryzae [35].

That is to say, as-prepared PANI@iron oxide has wider
adsorption range for dyes. However, the removal ratio of MO
is much higher than that of RhB, so the adsorption behaviors
of MO are analyzed in detail. The results of RhB adsorption
are presented in Supporting information. The possible reason
is that the PANI@iron oxide contains more abundant adsorp-
tion sites of amine, imine (PANI) and -OH (iron oxide).
Compared with chemical polymerization of PANI [7], the
synthesis conditions are mild in hemin/H,0O, system. There
are at least four idealized forms of PANI, emeraldine salt,
emeraldine base, leuco salt and leuco base according to the
synthesis condition and subsequent treatment [7]. This bio-
mimetic synthesized product might be the mixture of differ-
ent doping level forms of PANI and iron oxide. For anionic
dye, MO, the electrostatic interaction between the anionic
sulfonic groups and the positive charged N in PANI is the
main force of adsorption; for cationic dye, RhB, the hydro-
phobic interaction and hydrogen bonding play the roles.
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Fig. 2. Removal profile of MO and RhB. Initial concentrations
of dyes 20 mg L7, temperature 25°C, PANI@iron oxide dosage
0.5 g L™, without pH adjustment.
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3.3. Adsorption kinetics
The pseudo-second-order model is given by Eq. (4):

t 1 1

= +—t
Qt kZQf Qe

4)

where Q and Q, (mg-g™) are the amounts of dye adsorbed at
equilibrium and time ¢ (min), respectively. k, (g'mg™"-min™) is
the order rate constant. The plot t/Q, vs. t at different initial
MO is shown in Fig. 3 and the values of Q,, k, and the correla-
tion coefficients are summarized in Table 1.

At all studied initial dye concentrations, the straight lines
with extremely high correlation coefficients (20.997) were
obtained. The results suggest that the adsorption of MO
onto PANI@iron oxide is governed by pseudo-second-order
rate kinetics. The rate constant is much bigger than that of
some reported adsorbent followed the pseudo-second-order
kinetics, such as nanoparticle Fe,O,/PANI [14] and hyper-
cross-linked polymer [36] (see Table 2). From the point of the
adsorption rate, PANI@iron oxide is a kind of ideal adsorbent.

Similarly, the adsorption of RhB onto PANI@iron oxide
is also governed by pseudo-second-order rate kinetics (see
Supporting information).

3.4. Adsorption isotherms

Three isotherm models (Langmuir, Freundlich and
Dubinin-Radushkevich (D-R)) were applied to describe
adsorption and the equations are as follows:

1
10 v 10mgL’
9l o 20mglL’
8] s 30mglL’
7] * 40mng

6 4 50mgL

g s
4
3
24
14
0
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Fig. 3. Pseudo-second-order kinetic plots at different MO con-
centrations at 25°C.

Table 1

Adsorption kinetic parameters of MO
MO Q, k,(x107) R?
(mg-L™) (mg-g) (g'mg"-min™")
10 21.93 1.27 0.9975
20 39.97 2.61 0.9995
30 52.38 1.46 0.9983
40 64.14 1.08 0.9980
50 64.47 0.93 0.9977

Langmuir:
C__1 G ©)
Qe anax : K L Qmax
Freundlich:
1
InQ =InK, +—-InC, (6)
n
D-R:
InQ, =InQ__ —K,, & (7)

where Q_ is the maximum adsorption capacity (mg-g™), K,
is the Langmuir constant (L-mg™) and C, (mg-L™) is the equi-
librium concentration of MO in solution. K, is the Freundlich
constant. K. (mol*kJ™?) is the D-R model constant. ¢ is the
Polanyi potential, which is related to the equilibrium concen-
tration using Eq. (8):

_ 1
s-Rﬂn(1+ c J 8

e

where R is the ideal gas constant (8.314 J-Kmol™) and T
is the absolute temperature (K). The constant K, gives the
mean free energy E (k]-mol™). E can be calculated using the
Eq. 9) [37]:

Tl( ©)

By comparing the correlation coefficients of three
models in Table 3, it is concluded that the adsorption data
followed the Langmuir isotherm model at temperature
25°C-55°C. Langmuir isotherm is valid for monolayer
adsorption, so the fitting indicates the monolayer cover-
age of MO on the surface of PANI@iron oxide. The results
are similar to the adsorption of MO on nanoparticle Fe,O,/
PANI and Fe,O,. The value of n in Freundlich isotherm is
greater than 1, which indicates that the MO is favorably
adsorbed onto PANI@iron oxide. The values of E in D-R
model are 2.89-3.03 k]J-mol™. It is reported that when E is
less than 8 kJ-mol™, the process follows physical adsorp-
tion [38]. Therefore, the adsorption of MO on PANI@iron
oxide can be mainly considered to be influenced by phys-
ical force.

As far as RhB is concerned, the Freundlich isotherm
model was precisely fit the equilibrium data at tempera-
ture ranging from 298 to 328 K. And the values of n are
greater than 1, which also indicate that the RhB is favor-
ably adsorbed onto PANI@iron oxide (see Supporting
information).

E=

3.5. Adsorption thermodynamics

Gibbs free energy (AG°) is the fundamental criterion
of spontaneity of a process and can be determined by
Eq. (10):

AG®=—RTInK (10)
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Table 2
Comparison of MO adsorption with some reported adsorbent
Absorbents  Kinetics Isotherms Thermodynamics Capacity (mg g”') Reference
PANI@iron  Pseudo-second-order: Langmuir: K, =1.089 L mg™ Spontaneous: 63.89 This study
oxide k,=1.08 x 10° g mg''min™ (T =298 K) AH =10.51 k] mol™,
(T=298 K) endothermic
Activated Pseudo-first-order: Freundlich: K, =0.0013 mol g™, Spontaneous: 9.41 [40]
carbon k,=9.68 x10°(T=303K)  1/n=0.3761 (T =303 K) AH =82.15 k] mol™,
endothermic
Banana Pseudo-first-order: Freundlich: K, =1.73 mg g™, 21 [34]
peels k,=0.39 min™'; intraparticle 1/n=2.20 (T =303 K)
diffusion: K =2.42 mg
g—],min—l/Z
Orange Pseudo-first-order: Freundlich: K. =0.26 mg g™, 20.5 [34]
peels k,=0.4 min; intraparticle ~ 1/n=0.17 (T = 303 K)
diffusion: K =1.68 mg
gfl,min%/Z
Hyper- Pseudo-second-order: Freundlich: K. =5.4075 L mg™, Spontaneous: 70.92 [36]
cross-linked  k,=1.82x10°g mg''min" n=215(T=293 K) AH =-24.28 k] mol™,
polymer (T =293 K) exothermic
Nanoparticle Pseudo-second-order: Langmuir: K, =2.33 L mg™ 105.8 [14]
Fe,O,/PANI  k,=3.91x10*gmg'min" (T=288K)
(T=298 K)
Fe,O, Langmuir: K, =3.25 L mg™ 2.38 [14]
(T=288K)
Table 3
Fitting parameters for MO adsorption on PANI@iron oxide based on isotherm models
T(K) Q(mggh Langmuir Freundlich D-R
(experimental o K, R? K, R n K., (x10%) E R
value) (mg-g™) (kJ-mol)
298 63.89 64.14 1.089 0.9972 3142  0.9581 3.693 5.69 2.96 0.9406
308 58.78 61.61 1.365 0.9977 30.31  0.9313 3.939 5.45 3.03 0.9632
318 59.28 60.50 1.445 0.9977 30.46  0.9478 3.801 5.98 2.89 0.9452
328 61.52 64.27 1.634 0.9980 33.41  0.9814 2.980 5.86 2.92 0.8928

Enthalpy change (AH®) and entropy change (AS°) are
calculated by Eq. (11):

_AS°  AH®

InK -
R RT

(11)

Here K= Q /C, is the distribution coefficient.

According to the linear plot of InK vs. 1/T, AG°, AH° and
AS° were calculated and the results are shown in Table 4.

The positive value of AH® shows that the adsorption of
MO on PANI@iron oxide is endothermic in nature. Similar
findings were observed during the adsorption of AB10B
onto a composite of PANIIO [12]. It has been reported that
AH?® for a physical adsorption rarely exceed 16.75 kJ-mol™
[39], so this value implies that the nature of MO adsorp-
tion is a physical adsorption. The result is in accord with
that in D-R isotherm model analysis. But the AH° of RhB
adsorption is a little higher (see Supporting information),
which indicates there are different adsorption forces from
MO adsorption on the PANI@iron oxide.

Table 4
Thermodynamic parameters for the adsorption of MO at differ-
ent temperatures

TK) K AG® AS° AHP
(kJ-mol™) (J-K"mol™) (kJ-mol™)

298 109 -17.33 93.68 10.51

308 136 -1848

318 145  -19.24

328 164 -20.19

For MO and RhB adsorption, the positive value of AS°
reveals the increasing randomness at the solid—solution
interface during the adsorption process. The values of AG®
are negative and decrease with an increase in temperature,
which indicate that the adsorption process is spontaneous.

A comparison of characteristics in the present study
with some reported adsorbent for MO removal is summa-
rized in Table 2. The capacity of PANI@iron oxide is much
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higher than that of some kinds of natural adsorbent [34,40]
and Fe,O, [14], and is similar to that of the hypercross-linked
polymer [36]. In general, as-prepared PANI@iron oxide is a
potential adsorbent.

3.6. Desorption and recycling use

HCI and NaOH solution were used for desorption in
this study. As shown in Fig. 4, over 95% MO is released from
adsorbent after 60 min in 0.1 M NaOH solution, but only
17.3% of MO desorption is achieved when 0.1 M HCI solu-
tion is used.

Three cycles of adsorption and desorption for MO
were tested to assess the reusability of PANI@iron oxide.
The results are shown in Fig. 5. The removal ratio of MO
decreased by 14.0% and 26.8% at second and third round
adsorption, respectively.

3.7. Adsorption and desorption mechanism

The FI-IR spectrum and XRD curve after adsorption of
MO on PANI@iron oxide is shown in Fig. 6. The new or over-
lapped peaks in FT-IR after adsorption at 1,578, 1,305 and
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Fig. 4. Desorption profile of MO in NaOH and HCl solution.
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1,140 cm™ can be assigned to the MO adsorbed on the PANI@
iron oxide. After desorption by NaOH, the peaks related
to MO disappear or become much weaker, which indicate
that adsorbed MO return into solution from the surfaces of
absorbent. The adsorption of MO seldom alerts the crystal-
line nature of the PANI@iron oxide, which is illustrated from
the curves before and after adsorption in Figs. 1(D) and 6(B).
However, the structure of PANI@iron oxide changes obvi-
ously after three cycles, just as shown in the curves of XRD
in Fig. 6(B).

The structure of dye and the surface properties of adsor-
bent can influence the adsorption process. In acid medium,
PANI chains can be protonated or oxidized and acquire posi-
tive charges localized over the polymeric backbone [7,29,41].
The counter ion, CI, is attracted near the backbone to ensure
overall charge neutrality of PANI [42]. During synthesis of
PANI@iron oxide, the PANI is from partially to fully pro-
tonated form. When the composite was added into the MO
solution, pH decreased dramatically from 5.89 to 2.96 and
maintained stable afterward because H" is partly released into
solution, as shown in Fig. 7. So, the -SO,H in MO is present
in the form of anion, -SO,7, and the electrostatic interaction
between —SO,~ and the positively charged amine, imine and
hydroxyl groups of the adsorbent can take place quickly, as
shown in Fig. 8. The electrostatic force becomes the main role
for adsorption of MO on PANI@iron oxide, so the removal
ratio of MO is much higher than that of RhB.

Desorption with NaOH is the dedoping process for PANI
and makes PANI discharged, so the electrostatic interaction

after desorption
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T
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Fig. 6. FT-IR spectra (A) and XRD curves (B) after adsorption and
desorption.
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Fig. 7. pH profile during the adsorption of MO.
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Fig. 8. The reaction of PANI during adsorption and desorption.

decreases until disappears, and MO can be released from
the surface of PANI@iron oxide. It is concluded that the
changes of structure and charges after desorption make
the adsorption capacity decrease when PANI@iron oxide
is reused. Chowdhury et al. [7] found that the acid-treated
PANI matrix has the greatest adsorption capacity for the
anionic dye Procion red, and base-treated PANI matrix has
relatively fewer capacities. Wang et al. [14] also reported that
the dedoped Fe,O,/PANI with ammonia water decreased
adsorption capacity for MO dramatically comparing to that
of Fe,O,/PANI prepared in acid mediums. So the decreased
adsorption capacity of PANI lies in the dedoping process
caused by NaOH treatment (see Fig. 8). So it is necessary to
find new ways to desorb the adsorbed dyes or to regenerate
the adsorbent. Our recent study showed that the alcohol-
water system can be selected as desorbent.

4. Conclusion

PANI@iron oxide was synthesized at mild conditions
in biomimetic hemin/H,O, system, and it can adsorb both
anionic and cationic dyes in aqueous solution. The adsorp-
tion behaviors for dyes of MO and RhB indicated that the
pseudo-second-order kinetics rate equation were suitable to
depict the adsorption kinetics. The Langmuir isotherm and
Freundlich isotherm can characterize the adsorption of MO
and RhB on PANI@iron oxide, respectively. The values of

AH® and AG° show that the adsorption is endothermic and
spontaneous and the AS° reveals that randomness at the
solid—solution interface increases.

The electrostatic interaction between the anionic sulfonic
groups of the dye and positively charged groups of adsorbent
is the main force for anionic dye, while hydrophobic interac-
tion and hydrogen bonding make it possible for adsorption
of cationic dye.
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Supporting information

S1. Adsorption kinetics of RhB

It can be seen that at all studied initial dye concentrations,
the straight lines with high correlation coefficients (20.991)
were obtained, as seen in Fig. S1 and Table S1. The results
suggest that the adsorption of RhB onto PANI@iron oxide is
governed by pseudo-second-order rate kinetics.

S2. Adsorption isotherms of RhB

Compared the correlation coefficients of three models in
Fig. 52 and Table S2, it was concluded that the Freundlich
isotherm model was precisely fit the equilibrium data at
temperature ranging from 298 to 328 K. And the value of 7 in
Freundlich isotherm was greater than 1, which indicates that
the RhB is favorably adsorbed onto PANI@iron oxide.

S3. Adsorption thermodynamics of RhB

The thermodynamic parameters for the adsorption of
RhB are calculated and shown in Fig. S3 and Table S3. The
positive value of AH® shows that the adsorption of RhB on
PANI@iron oxide is endothermic. The positive value of AS°
reveals the increasing randomness at the solid—solution
interface during the adsorption process. The values of AG®
are negative and decrease with an increase in temperature,
which indicate that the adsorption process is spontaneous.
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Fig. S1. Plots of t/Qf vs. t at different initial RhB.

Table S1

Adsorption kinetic parameters of RhB
RhB Q, k, (x10°%) R?
(mg-L™) (mg-g™) (g'mg"-min™)
10 16.18 4.92 0.9971
15 21.72 4.95 0.9975
20 26.11 4.08 0.9998
25 33.42 2.65 0.9912
30 36.19 3.26 0.9989
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Fig. S2. Fitting plots for RhB adsorption based on isotherm models.
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Table S2
Fitting parameters for RhB adsorption based on isotherm models
TK) Q(mggh Langmuir Freundlich D-R
(experimental value) g, R K, R n Ko (x10%) E (kJmol") R
298 35.26 0.0286 0.9128 5.515 0.9698 1.309 3.10 0.40 0.9443
308 37.38 0.1994 0.9758 12.18 0.9762 2.103 1.00 0.71 0.9176
318 39.81 0.6841 0.9848  21.23 0.9853 3.624 0.22 1.52 0.8206
328 42.85 0.9401 0.9778 24.55 0.9791 3.837 0.14 1.87 0.8541
Table S3
. Thermodynamic parameters for the adsorption of RhB at differ-

ent temperatures

T(K) K AG® (kJ-mol!)  AS° AH°
o (J-K'-mol™) (kJ-mol™)
£ 298 333 298 79.90 20.92
81 308 402  -345
. 318 542  —4.19
328 711  -4.86
1.24 L]
0.0030 0.0‘031 0.0‘032 0.0;]33 0.0034

1T

Fig. S3. Plots of InKvs. 1/T of RhB.



