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In this study, polyaniline was synthesized using two methods; in-situ polymerization using tartaric acid
as a dopant (PANI/TA) and emulsion polymerization in the presence of hexadecyltrimethylammonium
bromide as a surfactant (PANI/HTAB). Samples were characterized by SEM-EDX, FTIR, and XRD analyses.
Subsequently, materials were evaluated for the adsorption of Mordant Black 11 (MB11) dye in aqueous
media under different experimental conditions. Kinetic data were analyzed by pseudo-first-order,
pseudo-second-order and intraparticle diffusion models. Equilibrium isotherm data were fitted to
Freundlich, Langmuir, Temkin, and Dubinin-Radushkevich (D-R) models. Sample prepared by emulsion
polymerization shows a higher monolayer capacity of 232 mg/g compared to 115.9 mg/g obtained for
the sample prepared by in-situ polymerization. Thermodynamic study indicated an endothermic and
spontaneous process. Besides, the adsorbents displayed good regeneration performance using 0.1 N
NaOH solution. In addition, quantum chemical parameters were calculated by DFT and the agreement
between these parameters and experimental observations was analyzed. Also, the interactions between
the dye molecule and the PANI (00 1) surface were simulated by molecular dynamics (MD) simulation. It

was found that the dye was adsorbed onto the PANI (001) surface in a nearby parallel position.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

Water purification and reuse is one of the most significant envi-
ronmental challenges confronting humanity in the 21st century [1]
due to the limitation of hydraulic sources, the rapid growth of the
world’s population, and water consumption rates. Therefore, the
development of cost-effective, reliable, and environmentally
friendly wastewater treatment technologies that would lead to
the reuse of a considerable amount of effluent generated by differ-
ent industries is highly recommended. Among different pollutants,
dyes contribute to approximately 18-20 % of the total industrial
water pollution, despite their high toxicity and hazards to the envi-
ronment and human life [2-5].

Mordant Black 11 (MB11), also known as eriochrome black T, is
an azo dye widely used in many industries, including textile, print-
ing, and cosmetics. It is also used in laboratories as a complex met-
ric detector to determine the total hardness of water [6]. This dye is
known as irritant to eyes, skin, and lungs. In addition, it may
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induce nausea, vomiting, and gastrointestinal issues [7]. For these
reasons, it is necessary to examine its removal from effluents
before discharging them into the environment [8].

Several methods have been investigated in the treatment of
dye’s containing effluent, including precipitation, membrane sepa-
ration, ion exchange, electrocoagulation, and photodegradation
[9,10]. Despite being efficient, these methods are subject to several
drawbacks, such as high investment, high operational costs, low
efficiency, as well as the disposal problem of recyclability for real
application in wastewater decontamination. On the contrary, the
adsorption is a simple, effective, and economical technique that
can effectively reduce the presence of several dyes in wastewater
[11]. Many materials have been used, including biomaterials [12],
waste materials [13], nanomaterials [14] and nanocomposites
[15]. Despite all the efforts made in this direction, research in
design and synthesis of cost-effective materials with excellent sta-
bility, efficiency, remarkable reusability and recyclability for ideal
application in wastewater decontamination is still a subject of
great interest.

Conducting polymers (Cp) such as polypyrrole, polyaniline and
polythiophene have been used for various applications due to their
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distinguishable properties. Being one of the most important Cp,
polyaniline (PANI) has attracted great interest due to its simple
synthesis, thermal stability, high electrical conductivity and inex-
pensive monomer [16]. Furthermore, the presence of amine and
imine groups provides active sites for scavenging organic and inor-
ganic contaminants from aqueous media [17,18]. Generally, PANI
is prepared using both chemical and electrochemical methods.
The morphology of PANI prepared by the polymerization of aniline
depends on the reaction conditions, such as the nature of the
dopant, oxidant, temperature and the presence of surfactant.
Therefore, different PANI nanostructures have been prepared and
used for the removal of anionic and cationic dyes from aqueous
media. For example, Ai et al. [19] studied the adsorption of methyl
orange over PANI microspheres which exhibited a high removal
capacity of 154.56 mg/g. Similarly, nanopolyaniline prepared in
the presence of sodium dodecyl benzenesulfonate showed an
adsorption capacity of 76 mg/g for the same dye [20]. In another
study, polyaniline nanotubes were prepared under weak acidic
media using acetic acid as a dopant and the material was used to
remove methylene blue [21]. Lyu et al. [22] synthesized three-
dimensional coral-like polyaniline hierarchical micro/nanostruc-
tures for removing acid red G dye with a high removal capacity
of 310 mg/g. Likewise, Maruthapandi et al. [23] synthesized PANI
by a facile carbon dot-initiated polymerization instead of an oxi-
dant and tested it for the removal of methylene blue. PANI nanofi-
bers synthesized with three different aromatic carboxylic acids as a
dopant was reported by Mondal et al. [24]. They displayed an opti-
mum indigo carmine dye adsorption capacity of 300 mg/g.

In this paper, PANI was synthesized by in-situ polymerization in
the presence of tartaric acid as a dopant (PANI/TA) and by emulsion
polymerization via hexadecyltrimethylammonium bromide sur-
factant (PANI/HTAB). The PANI structures were investigated by
FTIR, XRD, and SEM-EDX techniques. The Mordant Black 11
(MB11) was chosen as an anionic dye to investigate the adsorption
performance of the prepared PANI/TA and PANI/HTAB. To the best
of our knowledge, the current study is the first investigation of
MB11 adsorption over PANI. The quantum chemical descriptors
(QCD) obtained by the DFT method were used to correlate and
interpret the experimental results. Finally, molecular dynamics
simulation was investigated to determine the energies and interac-
tions between MB11 molecules and the PANI (001) surface.

2. Materials and methods
2.1. Materials

The chemicals used in this study were of analytical grade and
were used as obtained. Aniline monomer (CgHsNH;), tartaric
acid, hexadecyltrimethylammonium bromide (HTAB), sodium
hydroxide (NaOH), nitric acid (HNOs3), Ethanol (EtOH) and Mordant
Black 11 were purchased from Sigma Aldrich (Germany). Sodium
persulfate (NaS,0g) was supplied from Loba Chemie PVT.Itd
(India).

2.2. Synthesis of PANI/HTAB and PANI/TA.

The general procedure for the preparation of PANI by emulsion
polymerization (PANI/HTAB) is as follows: 5 mL of aniline were
dispersed in 50 mL of distilled water. Afterward, 1.25 mmol of
HTAB surfactant were added to the solution. The emulsion was
sonicated for 30 min, and then the pH was adjusted to 3 by adding
desired amount of tartaric acid. Polymerization was initiated by
addition dropwise of sodium persulfate (with a molar ratio ani-
line/oxidant of 1) to the emulsion under stirring at 2 °C. The result-
ing solution was maintained in an ice bath at 2 °C under stirring for
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10 h. The precipitate was centrifuged, washed with ethanol and
deionized water several times, then dried at 60 °C for 24 h. The
same protocol was used to synthesize polyaniline doped tartaric
acid in the absence of surfactant (PANI/TA).

2.3. Characterization

XRD patterns were recorded on an EMPYREAN diffractometer.
The data were recorded by scanning the samples in the 20 ranges
from 10° to 80°. SEM observation coupled EDX analysis were per-
formed on a JEOL JSMIT200 spectroscope at an accelerating voltage
of 20.00 kV. FTIR spectra were collected on a Perkin Elmer (FTIR-
2000) spectrophotometer using KBr pellets.

2.4. Adsorption experiments.

MB 11 adsorption was performed in a batch system under dif-
ferent conditions of solution pH (2-12), agitation time (5-
360 min), adsorbent dosage (0.1-1.2 g/L), initial dye concentration
(25-500 mg/L) and temperature (10-50 °C). For adsorption kinet-
ics experiments, the optimized mass of adsorbents was mixed with
250 mL of MB 11 solution of an initial concentration of 50 mg/L at
20 °C. After reaction time intervals, the solid was removed by cen-
trifugation at 4000 rpm for 10 min, and the residual concentration
of MB 11 was determined at 530 nm using a UV-vis
spectrophotometer.

The removal percentage (% Removal) and the adsorbed amounts
Qi(mg/g) were calculated using the following equations:

Co— G

% Removal = .

x 100 (1)

Q.= C @)

where C, and C; represent, respectively, the initial and residual
concentration at a time (t) and W(g/L) is the adsorbent mass per
liter of dye solution.

For adsorbents regeneration experiments, the saturated PANI
with MB11 was dispersed in different sodium hydroxide solutions
from 0.1 to 2 M. Then, the solid was filtred and washed repeatedly
with deionized water and dried at 60 °C for 24 h. Afterward, the
solid was transferred into 100 mL of MB11 solution with a concen-
tration of 50 mg/L. These adsorption-desorption cycles have been
repeated for three consecutive cycles.

2.5. Error analysis

Several models were used to correlate the equilibrium, kinetics
and mechanism of adsorption experimental results. For this reason,
the accordance of fit of the chosen nonlinear models was evaluated
by two error functions; sum of square error (SSE) and chi-square
(x?) analysis expressed mathematically by the given equations
respectively:

n

SSE = Z (qi,exp - qi,mod)2 (3)
i=1
XZZ zn: (qi.expiqi.mocl)2 (4)
i=1 qLeXp

where @ exp is the value of the experimental adsorbed capacity
and g moq is the modeled value.
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2.6. Conceptual DFT based calculations

The electronic structure properties were evaluated using quan-
tum calculation. This helps to interpret and explain the mechanism
of adsorption of an organic molecule on the polymeric surface. The
HOMO and LUMO energies were calculated using the DFT method
on the LanL2DZ basis set. All quantum chemical descriptors were
calculated using the Gaussian 09 W program package.

Conceptual DFT (CDFT) is accepted as a powerful tool for ana-
lyzing global and local chemical reactivities of molecular systems.
Parr’s group introduced the aim of this theory to use simple and
useful equations/approaches to predict chemical reactivity and sta-
bility. In this theory, popular quantum chemical parameters and
their relations with total electronic energy (E) and the total num-
ber of electrons (N) at a constant external potential, v(r), are given
below [25]:

OE
h= _X N (87[\]) v(r) (5)
_(PE\ _ (ou
"= (8NZ> W) B <8N> v(r) (6)
o=1/n (7)

where, L is the chemical potential,  is the electronegativity, n
is the hardness and © is the softness.

By applying the finite differences method to the above formu-
lae, Parr derived the following equations from calculating the
well-known quantum chemical parameters from the ground state
ionization energy (I) and electron affinity (A) of chemical systems
[26]:

p=-1=-("3") ®

n=1-A ©
1

=i 4 10

In organic chemistry, estimating molecules’ electrophilic and
nucleophilic behaviors is essential. In this way, reaction mecha-
nisms are easily predicted. At the end of the 1990 s, Parr et al.
[27] mathematically derived and introduced the electrophilicity
index () as:

o= )*/2n=1?/2n (11)

It can be seen from this equation that the authors defined the
electrophilicity index as the ratio of the square of the electroneg-
ativity to twice the hardness. Recently, Szentpaly and Kaya rein-
vestigated the physical basis, validity, and limitations of the
Minimum Electrophilicity Principle. Here, they introduced the
Maximum Composite Hardness Rule (MCHR) and noted that the
second electrophilicity index (m,), given by Eq.12, provides more
compatible results with the Minimum Electrophilicity Principle
compared to Parr’s electrophilicity index in solid-state double
exchange reactions. Szentpaly has already published some impor-
tant papers showing the usefulness of the second electrophilicity
index [28].

w; = (LA)/(I - A) (12)

In some papers regarding the analysis of chemical reactivity and
stability, new and useful descriptors were introduced. In 2007,
Gazquez et al. [29] derived the following equations from calculat-
ing the electrodonating power (") and electroaccepting power
(@") of chemical systems:
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ot = (I+3A)%/(16(1 - A)) (13)

= 31 +A)>2/(16(I - A)) (14)

Gomez and coworkers [30] proved that the back-donation
energy (AEpack-donation) Of @ chemical system is closely related to
its absolute hardness and can be calculated from the following
formula:

AEback—danan‘on = _’1/4 (1 5)

The ionization energy (I) and electron affinity (A) of the chem-
ical systems in this study were predicted with the help of Koop-
mans Theorem [31], giving the following relations:

I = —Exowo (16)

A= —Eumo (17)

2.7. Molecular dynamic simulation

Molecular dynamic (MD) simulation is an effective method for
studying intra and intermolecular interactions, such as polymer-
dye [32]. The MB11 dye has active sites that can interact with
the PANI (001) surface. The Monte Carlo simulation was per-
formed using the Adsorption Locator, CASTEP, and Forcite models
included in the Materials Studio 8.0 software [33]. This simulation
was run in a box (45*45*1) with periodic boundary conditions, and
a vacuum layer (45) filled with 250 H,O and MB11 molecules. The
MD simulation was carried out at NVT ensemble with an Andersen
thermostat, 1 fs time step, 500 ps total simulation time with 298 K
simulated temperature, and COMPASS used as the force field [34].

The interaction energy (Einteraction) Was calculated using equa-
tion (18).

Einteraction = Etotal - (Esurface + Epollutant) (18)

herein, Eiy, represents the total energy of the PANI surface
with adsorbed MB11 molecule and water, Egyrface and Epoiiutant
are, respectively, the total energy of the PANI-slab and isolated
MB11 molecule. The binding energy between the dye and polymer
substrate is defined as:

Ebinding = _Einteraction (19)

The radial distribution function (RDF or g, (1)) used to predict
the distance between two atoms, o and B, is calculated by equation
(20).

vV N

gxﬂ(r) = N“N/f niﬁ(r)

“~ 41 r?Ar

) (20)

where N is the number of particles; n; B(r) is the total number of
atoms B in the spherical distance r from atom o; and V is the vol-
ume of the simulation box.

3. Results and discussion
3.1. Adsorbents characterization

Fig. 1 shows SEM micrographs of PANI/TA and PANI/HTAB
materials. From the images, it can be seen that PANI/TA displayed
large rods with an unordered aggregated structure. In contrast,
PANI/HTAB exhibited a well-defined nanorod structure with an
average diameter of 200 nm. This morphology changes and direc-
tional growth of nanorods in the presence of the surfactant is due
to the formation of a three-dimensional network from the self-
assembly of aniline, tartaric acid and HTAB before the addition of
the oxidant in the reaction media [35]. The chemical composition
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Fig. 1. SEM-EDX analysis PANI/TA (a,c) and PANI/HTAB (b,d).

a)

(020)

——PANI/TA
——PANI/HTAB

Intensity (u.a)

(001)

T T T T T

30

4IO 5I0 GIO ' 7I0
2 Theta (°)

80

Transmittance (a.u)

T b T = T ¥ T T
3000 2500 2000 1500
Wavenumber (cm™)

——
4000 3500

Fig. 2. XRD patterns (a) and FTIR spectra (b) of PANI/TA and PANI/HTAB.

of PANI/TA and PANI/HTAB was investigated using EDX analysis
(Fig. 1 c-d). The results indicated that the weight percentages of
C and N in PANI/HTAB are higher than in PANI/TA. This means that
the polymer chain in PANI/HTAB is longer than in PANI/TA. Besides
carbon and nitrogen, oxygen was also present, which is related to
some moiety of tartaric acid, while sulfur may be due to the excess
of sodium persulfate used as an oxidant. Fig. 2(a) illustrates the
XRD patterns of PANI/HTAB and PANI/TA. As it can be seen, the
XRD diffractograms of both samples look almost similar. The PANI
peak diffracted at 26 of 8.66, 20.08, and 24.94°, are indexed to the
Emeraldine salt form of polyaniline [36]. The main two peaks at 26
of 20.08 and 24.94° with a d spacing of 3.74 and 1.54 A, indicated
the low crystallinity of the prepared samples. This result is due to
the repetition of benzenoid and quinoid rings in PANI chains [37].

The FTIR spectra of the materials presented in Fig. 2(b) are sim-
ilar and all exhibit the distinctive bands of PANI. The band at 3241-

3030 cm ! is assigned to the N—H stretching of an aromatic amine.
The band at 2986 cm ™' is related to an aromatic C—H stretching.
The band centered at 1585-1496 cm™! refers to the C=C stretching
deformation of benzene and quinoid rings. The 1313-1242 cm™!
bands correspond to C—N and C=N stretching vibrations of an aro-
matic amine, and peaks at823and 1156 cm!are related
to aromatic C—H out of plan bending and aromatic C—H in-plan
bending. The peaks at 700 and 600 cm™' are assigned to the 1,3-
coupling and 1,2,3-coupling of the aromatic ring, indicating that
the polymer has a branched-chain structure. On the other hand,
peaks in PANI/TA spectra are smaller compared to those of PANI/
HTAB, suggesting that PANI/HTAB nanorods are more branched
than PANI/TA. Besides, no peaks related to the stretching vibration
mode of methylene or ammonium groups were present, indicating
that the cationic surfactant (HTAB) has almost no chemical interac-
tion with PANI [38]. The only observed difference between PANI/
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TA and PANI/HTAB spectra is the peak intensity, indicating that
PANI/HTAB has more quinonoid and benzoic rings [39]. This result
is in agreement with EDX results.

3.2. Adsorption performance

3.2.1. Effect of pH

In order to evaluate the effect of solution pH on the adsorption
of MB11, experiments were done at different initial pH values in
the range of 2-12. The effect of the solution pH on the removal
of MB 1 by PANI/HTAB and PANI/TA adsorbents is depicted in
Fig. 3. The figure indicates that the adsorption of MB11 was effi-
cient in the pH range from 2 to 10 for both adsorbents. The
decrease in MB11 adsorption in highly alkaline solutions is due
to competition between OH™ and MB11 ions on the adsorbent sur-
face. In acidic media, the amine groups of PAN/HTAB and PANI/TA
are protonated, which creates a strong electrostatic attraction
between the positively charged emeraldine salt of polyaniline
and the negatively charged (-SO3) group of MB11. Moreover,
polyaniline emeraldine salt is converted to emeraldine base, the
neutral form of polyaniline in alkaline media [40]. From the
obtained results, we can conclude that electrostatic attraction
wasn’t the primary mechanism responsible for MB11 adsorption
onto PANI/HTAB and PANI/TA. Three mechanisms can be sug-
gested: the bond between MB11 dye and PANI, hydrogen bonds
between active sites of MB11 and amine and imine groups of the
nanocomposites, and electrostatic interaction [41]. Accordingly,
further experiments were performed using the initial solution pH.

3.2.2. Effect of adsorbent dosage

The effect of PANI/HTAB and PANI/TA dosage on the MB11 dye
uptake was studied by varying the amount of the adsorbents from
0.1 to 1.2 g/L using an initial MB11 concentration of 50 mg/L, initial
solution pH, and 240 min of contact time. The results illustrated in
Fig. 4 showed that increasing the adsorbent dosage from 0.1 g/L to
0.5 g/L for PANI/HTAB and from 0.1 to 0.7 g/L for PANI/TA, resulted
in an increase in the removal efficiency from 43.47 to 94.27 % and
from 19.82 to 68.71 %, respectively for PANI/HTAB and PANI/TA.
These results could be due to an increase in the available adsorp-
tion sites [42]. However, an increase in the dosage over 0.5 g/L
for PANI/HTAB and over 0.7 g/L for PANI/TA didn’'t change the
adsorption performance. This can be explained by the decrease in
mass transfer at low concentrations of dye molecules in the solu-

100
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5 e,
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0 : . : - - '
0 2 4 6 § 10 12
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Fig. 3. Removal efficiency of MB11 by PANI samples as function of pH. (Cp = 50 mg/
L, W=0.5g/L T=293K).
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Fig. 4. Evolution of the MB11 removal efficiency as function of PANI samples
dosage (Co = 50 mg/L, pH = pH;, T = 293 K).

tion [43]. Consequently, further experiments were performed
using 0.5 g/L for PANI/HTAB and 0.7 g/L for PANI/TA, respectively.

3.2.3. Effect of the initial concentration of MB11

Fig. 5 illustrates the variation of MB11 uptake by PANI/HTAB
and PANI/TA as a function of initial MB11 concentration during
240 min. The figure indicates that the removal efficiency decreased
by increasing the initial concentration of MB11. This result could
be explained by the saturation of the active sites of the adsorbents
at high MB11 concentrations [44]. In comparison, the adsorbed
amount increased from 47.68 mg/g to 233.83 mg/g and from
32.38 to 115.58 mg/g when the dye concentration was increased
from 25 to 500 mg/L, respectively, for PANI/HTAB and PANI/TA.
This significant improvement with increasing initial MB11 concen-
tration could be attributed to the presence of more MB11 mole-
cules available for the adsorbents [45].

3.3. Kinetic studies

The adsorption kinetic provides information about the adsorp-
tion rate, equilibrium time, and adsorbent performance. As illus-
trated in Fig. 6, the adsorption capacity increased by a rise in the

100 { o,
e Y «+++@--- PANI/HTAB
20 - ceee@--« PANI/TA
§ 2
S 60 A
£ 3 -
& '...‘ o,
K407 T
9. ®..ee....
.......... '-.....‘“.-
20 a ke ®cccecncnnnnnn,,, *
........ °
0 - - ' ) '
0 100 200 300 400 500

Initial concentration (mg/L)

Fig. 5. MB11 removal by PANI/HTAB and PANI/TA as function of its initial
concentration (W = 0.5 g/L, pH = pH;, T = 293 K).



H. Hajjaoui, M. Khnifira, A. Soufi et al.

100

80

60

Q,(mg/g)

40

. v
.
° Experimental data PANI/TA

20 ®  Experimental data PANI/HTAB
P
————— Pseudo first order kinetic model
0 Pseudo second order kinetic model

0 50 100 150 200 250 300 350
Time (min)

Journal of Molecular Liquids 364 (2022) 120045

100 + b /
]
80 - /
o J
F 60
~=
I 4]
20 4 ® PANI/HTAB
o PANI/TA
0 T T T
0 5 10 15 20
t1/2

Fig. 6. Kinetics of MB11 adsorption by PANI/HTAB and PANI/TA (a) and Weber-Morris intraparticle diffusion plots (b).

contact time. Within the first 5 min, the uptake was fast due to the
excessive number of active sites initially available on the surface of
the adsorbent. However, a further decrease in the adsorption rate
is observed due to a decrease in the number of active sites of
PANI/HTAB and PANI/TA and the decrease of MB11 concentration
in the aqueous solution [46]. The adsorption was completed within
240 min for PANI/HTAB and 180 min for PANI/TA, and the system
reached equilibrium. As observed, PANI/HTAB has higher adsorp-
tion performance than PANI/TA.

To study the adsorption kinetics, the common pseudo first order
and pseudo second order kinetic models were used to fit the exper-
imental data. Pseudo first order assumes that adsorption is limited
by the formation of reversible bonds between adsorbate and adsor-
bent active sites. Although pseudo second order takes into account
chemical adsorption between adsorbate and adsorbent. The non-
linear forms of the two models can be written respectively as
[47,48]:

Q¢ =Qc(1—exp ™) (21)
- l(ngt
Q= 1+kQ%t 22)

where, k{(1/min) is the rate constant of the pseudo first order,
ko(g/mg/h) is the rate constant of the pseudo second order. Q.
and Q; both in mg/g, are the amounts of MB11 adsorbed at equilib-
rium and at time t, respectively.

The plots of the models’ curves are shown in Fig. 6(a), and their
corresponding constants are recapitulated in Table 1. Based on the
results, we observe that Q. calculated from pseudo second order is
close to the experimental value. Moreover, the correlation coeffi-
cients R? of pseudo-second-order model are higher. On the other
hand, the chi-square test and the sum of statistical analysis were

Table 1
Kinetic constants for the adsorption of MB11 onto PANI/HTAB and PANI/TA.

applied to further investigate kinetic data. It can be observed that
pseudo second order displays lower SSE and chi-square. Conse-
quently, this model was more suitable for describing MB11 adsorp-
tion by PANI/HTAB and PANI/TA. In addition, the pseudo second
rate constant for PANI/TA (k, = 1.69 1072) is higher than that
obtained for PANI/HTAB (k, = 1.87.10°3). Therefore, PANI/TA exhi-
bits an excellent affinity for MB11 dye compared to PANI/HTAB.
Similar findings have been reported in the literature for MB11
adsorption onto different adsorbents [49,50].

The Weber and Morris intraparticle diffusion kinetic model
allows the analysis of the kinetic data and verifies whether the
intraparticle diffusion is the rate-controlling mechanism of adsorp-
tion. The mathematical expression of this model can be written as
[51]:

Q. =y, + kit (23)

where y is a constant related to the thickness of the boundary
layer, and k; is the intraparticle diffusion rate constant (mg/g.
min'/?).

The plot of Q; versus ty, illustrated in Fig. 6(b) indicated that
the MB11 adsorption onto PANI/HTAB and PANI/TA involved two
distinct regions. The first region represents external surface
adsorption, and the second part involves intraparticle (pore) diffu-
sion. On the other hand, the k; values are much higher than the k;
values for both PANI/HTAB and PANI/TA. Therefore, external diffu-
sion plays a significant role in the adsorption kinetics. Besides, the
curve does not cross the origin (Ci-0), which explains that the
intra-particle diffusion mechanism did not control the adsorption;
boundary layer diffusion and external mass transfer are also
involved in the adsorption of MB11 over PANI/HTAB and PANI/TA
[52]. By comparing the constant rates for PANI/HTAB and PANI/
TA, the adsorption on PANI/HTAB was faster.

Pseudo first order

Pseudo second order

Qexp (Mg/g) Qe(cary (Mg/8) ki (1/min) R? x SSE Qe(can (Mg/g) ko (g/mg/h) R x>  SSE
PANI/HTAB 101 94.46 0.097 0.978 1.80 161.61 99.5 1.87 107 0994 046 41.89
PANI/TA 50 47.28 0.338 0.962 1.70 76.079 48.95 1.69 107 0984 0.74 3244

Intraparticle diffusion

Initial linear portion Second linear portion

% k (mg/g.min'/?). R? X2 k (mg/g.min'?).  R>
PANI/HTAB 58.805 4.508 0.989 136.953 1.2287 0.871
PANI/TA 36.372 1.2636 0.989 47.443  0.1635 0.904
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3.4. Isotherm and thermodynamic studies

In order to analyze the adsorption equilibrium data, Langmuir,
Freundlich, Temkin, and Dubinin isotherm models were investi-
gated. The Langmuir isotherm model assumes a homogeneous sur-
face coverage of the adsorbent and is expressed as follows [53]:

_ QmBLCeq
1 + BLCeq

where Ceq (mg/L) is the MB11 equilibrium concentration, Q.
(mg/g) and Q,, (mg/g) are the adsorbed amounts at equilibrium
and at saturation, respectively, and B, is the equilibrium constant
that is related to the energy of adsorption.

The separation factor Ry is used to judge if the adsorption sys-
tem is favorable or not favorable and is given by [54]:

_ 1
1 + BLCO

where Cy (mg/L) is the initial MB11 dye concentration. When
R, = 0, the adsorption is irreversible; (0 < Ry < 1), the adsorption
is favorable; R. = 1, linear adsorption, and R; greater than 1, the
adsorption is unfavorable.

The Freundlich isotherm considers that adsorption occurs on a
heterogeneous surface and assumes multilayer adsorption [55].
This model is mathematically expressed by:

Qe = k" (26)

Q. (24)

Ry (25)

250

e PANI/HTAB
PANI/TA

0 100 200 300 400
C.(mg/L)

Fig. 7. Non-linear plots of isotherm models for MB11 adsorption onto PANI/HTAB
and PANI/TA.

Journal of Molecular Liquids 364 (2022) 120045

where, ke (mg~"/"L'"g=') and n are the Freundlich model
parameters related to adsorption capacity and intensity.

The Temkin isotherm assumes that the adsorption energy
decreased linearly with the adsorbent coverage. This model is
defined as:

Qe = prLn(AC,) 27)
T

where, R is the universal gas constant, and T is the temperature
in (K). A (L/g) is related to the equilibrium binding constant, and
the by isotherm constant is linked to the heat of adsorption.

The Dubinin-Radushkevich isotherm considers a Gaussian
energy distribution onto the heterogeneous surface of the adsor-
bent [56]. The D-R isotherm model is given by [57]:

Q.= Qmexp(-p¢?) (28)

where Q,, is Dubinin-Radushkevich adsorption capacity, B is a
constant coefficient related to mean adsorption energy (mol?/
kJ?), and ¢ is Polanyu potential expressed as follows:

6= RTLn(14 1) (29)
Ceq

To evaluate if the adsorption of MB11 is chemical or physical
adsorption, the free energy of adsorption E (kJ/mol) was calculated
as follows:

E-_ L (30)

V2B

The plots of the nonlinear equation of the isotherm models are
illustrated in Fig. 7. Besides, the parameters of each model are pro-
vided in Table 2.

The comparison of regression coefficient values and error anal-
ysis for the studied isotherms showed that MB11 adsorption on
PANI/HTAB and PANI/TA follows this order:
Freundlich > Temkin > Langmuir > Dubbibin-Radushkevich. There-
fore, the adsorption obeys the Freundlich hypothesis and conse-
quently PANI/HTAB and PANI/TA surfaces contain heterogeneous
active sites. The maximum monolayer adsorption capacities calcu-
lated from Langmuir were 232 and 115.9 mg/g, respectively, for
PANI/HTAB and PANI/TA. Besides, the n values obtained from the
Freundlich isotherm are higher than 1. In the case of the Langmuir
isotherm, R; is between 0 and 1, indicating favorable adsorption of
MB11 on PANI/HTAB and PANI/TA. Further, the calculated values of
the adsorption heat are<20 kJ/mol, suggesting a physisorption pro-
cess [58]. The By value related to PANI/HTAB is higher than that for
PANI/TA, indicating higher binding energy between MB11 and
PANI/HTAB than between MB11 and PANI/TA [59]. E,q4s calculated
from Eq.30 were 609.75 and 1079.58 J/mol (E < 8 kj/mol), respec-
tively for PANI/TA and PANI/HTAB, confirming the physical adsorp-
tion of MB11 onto both PANI/TA and PANI/HTAB [60].

To study the thermodynamics of the adsorption of MB 11
on PANI/TA and PANI/HTAB, Gibbs free energy (AG®), enthalpy

Table 2
Isotherm parameters for MB11 adsorption over PANI/HTAB and PANI/TA.
Adsorbent Langmuir Freundlich
Qm B. RL R? SSE x? n K¢ R? SSE x2
(mg/g) (Ljmg) (mg "Ll
PANI/HTAB 232 0.0709 0.03/0.22 0.757 5183.9 101.54 4.77 68.740 0.982 386.7 34
PANI/TA 115.9 0.0368 0.05/0.52 0.836 895.2 165.90 4.08 26.623 0.984 87.9 1.2
Temkin Dubinin-Radushkevich
Qexp br Ac R? SSE x? Qm E R? SSE x2
(mg/g) (J/mol) (mg/g) (J/mol)
PANI/HTAB 233.8 77.88 4.12 0.936 1355.4 11.70 188.3 609.75 0.349 13,905 75.1
PANI/TA 115.6 167.62 3.99 0917 3050.5 35.75 90.80 1079.5 0.442 454.3 9.8
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Table 3
Thermodynamic parameters for MB11 adsorption onto PANI/HTAB and PANI/TA.
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Thermodynamic parameters

T(K) AG®° kJ/mol AH° KkJ/mol AS° KJ/mol'K
283.8 293.6 303.7 312.6 323
PANI/TA —4.66 -7.29 -9.99 -12.32 -15.17 71.40 0.27
PANI/HTAB -2.35 -3.29 -4.33 -5.38 —6.43 27.45 0.10
100
WPANI/HTAB

% Removal

BPANI/TA

2 3

Cycle

Fig. 8. Regeneration of PANI/HTAB and PANI/TA using NaOH 0.1 N.

(AH?), and the entropy (AS°) changes were calculated using the
following equations [61]:

AG = RTIn(Ky) (31)
AG AS AH
InK)= -2 =%~ RT 32)

where R is the universal gas constant, T is the temperature of
the solution (K), and KL is defined as the distribution coefficient
expressed as: KL:%:.

Table 3 demonstrates that the AG values at all temperatures are
negative, indicating that the MB11 molecules were spontaneously
adsorbed on PANI/HATB and PANI/TA surfaces, and that the reac-
tion is thermodynamically feasible. The positive values of AH sug-
gest an endothermic adsorption process. Besides, the positive
values of AS indicate that randomness increased at the PANI/TA
or PANI/HTAB-MB11 solution interface during the adsorption.

3.5. Regeneration

After MB11 dye adsorption, PANI/HTAB and PANI/TA were
regenerated in three NaOH solutions with concentrations of 0.1,
1 and 2 mol/L. The result indicates that the highest NaOH concen-
tration displayed the highest desorption percentage, with no sig-
nificant enhanced percentage compared to low concentration.
However, considering the cost of the process, the desorption was
carried out using 0.1 N NaOH solution. As shown in Fig. 8, the
removal efficiency slightly decreased after each cycle, which can
be explained by the irreversible blockage of some adsorbent’s
active sites after adsorption. Hence, PANI/TA and PANI/HTAB mate-

rials could be used repeatedly with a slight loss in MB11 dye
removal efficiency.

3.6. Comparison with other reported adsorbents

A comparison study between the obtained result from the pre-
sent study and different reported results of MB11 dye adsorption
using other materials is illustrated in Table 4. The table indicates
that PANI/HTAB nanorods display high removal capacity for
MB11 dye adsorption compared to PANI/TA and many other adsor-
bents. Therefore, PANI/HTAB is an efficient adsorbent with
enhanced structural properties for MB11 adsorption.

Table 4
Comparison of the adsorption capacities of PANI/HTAB and PANI/TA with other
adsorbents.

Adsorbent Qm (mg/ Reference
g)
Chitin 167.31 [62]
Ni/Al Layered double hydroxide 37.71 [63]
Alginate/basil seed mucilage biocomposite 9.52 [45]
Waste rice hulls 160.36 [64]
Ceria decorated porous diatom-xerogel 42.07 [65]
CTAB@ZnO 59.16 [14]
Polyaniline-Zirconium phosphoborate 72.70 [66]

nanocomposite
CoFe,04 82.6 [67]

Hemoglobin/Fe;04 178.6 [68]
Polyaniline/ZnO nanocomposites 18.69 [41]
Magnetic graphene oxide 210.53 [69]
Graphene 102.04 [70]
PANI/HTAB 232 This study
PANI/TA 115.9 This study
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3.7. Electronic structure analysis by DFT

The electronic structure analysis based on the DFT theorem was
used to investigate the adsorption behavior of MB11 onto the PANI
(001) surface. The optimized structures, HOMO and LUMO orbi-
tals, molecular electrostatic potential (MEP) and electrostatic
potential (ESP) 2D maps of MB11 dye and PANI are shown in
Fig. 9. The LUMO and HOMO densities of the MB11 molecule are
apparently distributed over some atoms; the LUMO is located in
the nitro group. In contrast, the HOMO is located on carbon atoms
(€2, C3, C4, C5, €9, C10). Fig. 9 (b) and (c) show that both HOMO
and LUMO orbitals were scantily distributed on the nitrogen atoms

(@)

(b)

()

O]

(¢)
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of the PANI, which suggests that these sites could be probable
active sites of interaction.

The ESP and MEP can confirm these findings. In general, the
MEP surface analysis gives a visual outline for understanding the
reactive sites of molecular systems [71]. Moreover, MEP is impor-
tant in designing efficient receptors for anion binding [72]. As
shown in Fig. 9 (d) and (e), ESP is characterized by blue and red col-
ors that stand for the positive and negative electrostatic potential
regions, respectively. It is clear that the total density (red color)
is located on the oxygen and nitrogen atoms. The 032, 033, and
037 atoms of the -SO3 group are rich in electrons, which facilitate
the sharing phenomenon with atoms poor of the electrons in

Fig. 9. Optimized structure (a), HOMO (b), LUMO (c), MEP (d) and ESP (e) of molecular systems.

9
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Table 5

Values of the quantum chemical descriptors of MB11 and PANIL

Quantum chemical descriptors MB11

Etota (€V) —39999.7 —32709.2
DM (Debye) 37.703 1.321
Enomo (eV) -5.978 —6.608
ELumo (eV) —3.483 0.812
x 4.73 2.89
n 2.49 7.42
0] 4.48 0.56
(@73 8.34 -0.72
o* 6.75 0.14
[on 11.49 3.044
AEpq -0.62 -1.85

Acidic medium

Journal of Molecular Liquids 364 (2022) 120045

polyaniline. The results also show that the negative regions of the
MEP and ESP, red and yellow were located on the benzene rings,
which are the most appropriate for electrophilic attacks. Also, it
is evident from Fig. 9 (d) and (e) that the nitrogen atoms in PANI
have the majority of the positive charges.

Quantum chemical parameters calculated are presented in
Table 5. The HOMO and LUMO orbitals play a fundamental role
in the qualitative interpretation of chemical reactivity. The values
and signs of the frontier orbital coefficients are an important clue
to favoring the attack mode. Thus, the electrophilic attack reagent
will preferentially occur at the site with the most significant coef-
ficient in HOMO. Alternatively, the nucleophilic attack will prefer-

Aqueous medium Basic medium

Fig. 10. Most stable low energy configurations for MB11 adsorption on PANI (001) surface in three mediums (Inset: on-top view) (a) and Density field distribution (b).

10
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ably take place on the molecular sites with the highest LUMO den-
sity values. Usually, the stability and the reactivity of a molecular
system can be evaluated by the total energy; a low value of Eroa
indicates low stability and more reactivity. Moreover, the calcula-
tion of the energy gap characterizes the chemical reactivity and the
kinetic stability, which is also in favor of a stable MB11 adsorption
onto the PANI surface. A molecule possessing a low value of AEg,,
is polarizable and associated with high reactivity and low kinetic
stability and is called a soft molecule. The low AE,,;, is associated
to MB11 molecule with a value of 2.495 eV, so MB11 is less stable
and more reactive. The low value of E v indicates stronger elec-
tronic acceptance capacity, which allows MB11 to more easily
accept electrons from PANI and to form an anti-bond orbital.

The dipole moment (L) is associated with the adsorptive capac-
ity. The high value of p can facilitate electrons transfer from the
MB11 dye to the PANI surface. In addition, the MB11 adsorption
on the PANI surface resulted in the modification of the size and
direction of the p vector. Moreover, the softness and global hard-
ness values can determine the chemical reactivity and stability.
Chemical hardness indicates the resistance of a molecular system
to electron transfer. Generally, low values of the global hardness
and elevated values of the global softness of a molecule can help
its adsorption process on an appropriate surface. Furthermore,
the electrophilicity index (w) indicates the capability of MB11 to
capture electrons. The adsorption capacity can be increased with
the decrease of the ® values [73]. Then, the positive value of
ANmax (1.896) shows the highest capacity of MB11 to give elec-
trons to the PANI surface [74].

In the analysis of the reactivity and stability of chemical sys-
tems, the maximum hardness, minimum polarizability, and mini-
mum electrophilicity principles are widely used. Chemical
hardness is the resistance against the polarization of the electron
cloud of atomic and molecular systems [75]. This concept, intro-
duced by Pearson [76], is quite useful in estimating the nature of
the interactions between chemical species. The maximum hard-
ness principle (MHP) states that “There seems to be a rule of nature
that molecules arrange themselves to be as hard as possible” [77].
It can be easily understood from this explanation that MHP pre-
sents a remarkable relationship between stability and hardness.
The lower chemical hardness value supports the idea that MB11
acts as an effective electron donor against PANI. According to the
minimum polarizability principle (MPP) of Chattaraj, in a stable
state, polarizability is minimized [78]. Some authors noted that
the dipole moment could be considered a measure of polarizabil-
ity. A high dipole moment value for MB11 implies that this mole-
cule is a reactive. Another electronic structure principle is the
minimum electrophilicity principle. A few years later, after intro-
ducing the minimum polarizability principle, Chamorro, Chattaraj,
and Fuentealba laid the foundation of the minimum electrophilic-
ity principle, which suggests that in a stable state, electrophilicity
is minimized like polarizability [79]. The minimum electrophilicity
principle also predicts the high reactivity of MB11 like MHP and
MPP. In summary, the calculated quantum chemical parameters
indicated the high electron transfer from MB11 to the PANI surface,
confirming the experimental findings.

3.8. MD simulation

MD simulation was used to understand and interpret the inter-
actions between the MB11 and the PANI surface. Fig. 10 shows the
most stable equilibrium configurations of the adsorption of MB11
molecule onto the PANI (001) surface in various mediums. The fig-
ure shows that the MB11 adsorption on the PANI (001) surface
was parallel, confirming the strong interactions. The analysis of
the molecular structure of MB11 and PANI indicates that MB11
adsorption onto the PANI surface can be related to the contribution

11
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of the electrons of oxygen and nitrogen. Moreover, the aromatic
rings of MB11 in parallel interaction mode can support the maxi-
mum coverage. The analysis of density field of MB11 molecule
on a PANI (001) substrate (Fig. 10 (b)) indicates that the dye was
effectively adsorbed on the PANI surface by forming a strong bond.
This condition supports the high adsorption capacity of the anionic
dye by polyaniline.

Furthermore, the radial distribution function (RDF) (or pair cor-
relation function; g(r)) is a useful method for estimating the length
of the bond between the molecule and the substrate. The peaks
between 0.25 A and 3.5 A correspond to chemisorption, while
the coulomb and Van der Waals interactions are associated with
peaks greater than 3.5 A [80]. Fig. 11 shows that the distance
between the oxygen (O) heteroatom of the MB11 and the nitrogen
(N) atoms of the PANI (001) is near 1.15 A, which suggests that
chemical bonds can be formed between this dye and the PANI sur-
face in the three mediums. This result confirmed the greater ability
of PANI to adsorb MB, which is due to its greater ability to donate
and accept electrons to the PANI surface. Moreover, the Van Der
Waals dispersion forces can also contribute to catching the MB11
molecule towards the polymer surface (physical adsorption),
which confirms the results obtained in the experimental results.
X-ray analysis of the MB11-PANI complex in three media is shown
in Fig. 12. Big X-ray scattering angle characterizes the structures of
the compounds obtained.

)
N

30 F - — = Acid medium
25 E e Aqueous medium
F —— Basic medium
20 F
ﬁj 15 -
10 F
.y "
0 J RJ'J- )Me LA ARy
-5 E PR T ST SR TN TR A SR TR T SR ST SR S SN SR ST S S ST
0 1 2 3 4 5

r(A)

Fig. 11. Radial distribution functions of MB11 dye on PANI (001) surface in three
solutions.
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Fig. 12. Forcite Analysis-X ray Intensity vs Scattering Vector.
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Table 6

Adsorption energies of MB11 on the PANI surface in acidic, neutral and basic mediums.

Journal of Molecular Liquids 364 (2022) 120045

Erotal Enads RAE Eper dEags/dNinvg 11 dEags/dNizo dEags/dNifiz0 dEnds/dNion
PANI (001)/MB/125H50", 125CI (acidic medium)
—481.923 —1202.562 —638.343 —564.219 —100.136 — —5.669 —
PANI (001)/MB/250H,0 (neutral medium)
—366.125 —709.264 —523.949 —185.315 —105.141 -1.306 — —
PANI (001)/MB/125H0", 125Na* (basic medium)
—92.460 —291.409 —249.296 —42.114 —92.342 — — -0.318
70 90
Acidic medium Aqueous medium
70
£ ] 3
- -
2 2 50 -
- . —
; 30 o
& g .
q 'g 30 4
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» 50
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Fig. 13. DOS for isolated PANI surface and adsorbed complexes in acidic, neutral and basic mediums.

The values of the different energies of MB11 adsorption onto
the PANI are presented in Table 6. The RAE (rigid adsorption
energy) represents the energy released when the adsorbed MB11
is not released prior to the geometry optimization step. The defor-
mation energy (Eper) reflects the energy released when the
adsorbed dye is released on the PANI (001) surface. The high value
of deformation energy suggests that the conformational rearrange-
ment caused by MB11 adsorption leads to a stable MB11 molecule
and PANI surface.

The highest negative value of the adsorption energy indicates
the spontaneity and the high stability of the adsorptive system
[81,82]. In addition, the maximum value of adsorption energy (-
1202.56 kcal/mol) shows that MB11 adsorption in an acidic med-
ium is adsorbed in the presence of the H;0" molecules on the PANI
substrate, and electron sharing between the heteroatoms is due to
the presence of free doublets on the nitrogen and oxygen atoms,
resulting in the overlap of the larger adsorption. The desorption
energy (dEads/ dNi) represents the energy of the adsorbate-sub-
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Fig. 14. Interaction and binding energies of the complex (MB11-PANI) (in kcal/mol)
in acidic, neutral and basic mediums.
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Fig. 15. Adsorption mechanisms of MB11 over PANI.

strate configuration where one of the adsorbed molecules has been
released. The dynamic modeling analysis confirmed that the PANI
is more efficient for removing anionic dye, which confirms the
experimental data.

3.9. Density of states analysis

To better understand the electronic interactions between MB11
and the PANI (001) surface, the density of state (DOS) of the sur-
face atoms in the most stable adsorption configuration was calcu-
lated. The DOS of the unit cell (in electrons/eV) for PANI and the
adsorbed complexes in acidic, neutral, and basic media are illus-
trated in Fig. 13. In the case of adsorption, the DOS peaks of the
complexes move to the left, indicating a lowering of energy level.
Furthermore, the intensities of the shifted peaks are found to be
bigger than those of the isolated PANI surface. A large change in
DOS for complex can be observed in the range of —25 to —60 eV,
in the basic medium, which indicates that the adsorption of the
MB11 on the surface of PANI (001) imposes an important influence
on its electronic properties. Also, the polarity of the DOS at any
point in the graph defines the bonding behavior of the orbitals at
that point. A positive DOS value represents a bonding character
for the molecular orbitals (MOs) [83]. A conclusion can be drawn
that MB11 molecule adsorption on the polyaniline surface can
cause a change in the density of states.

3.10. Interaction energies

The nature of the interaction between MB11 and the PANI sub-
strate was highlighted by using the molecular dynamic method as
implemented in the Forcite module of the Material Studio soft-
ware. Fig. 14 shows the interaction and binding energies of the
complexes (MB11-PANI) in acidic, neutral and basic media.

The high negative values of interaction energies for the three
media suggest that MB11 can strongly adsorb onto the PANI
(001) surface. We can see that the MB11 molecule has a higher

13

interaction energy in the acidic medium than in the other medi-
ums. The highest positive value of the binding energy can be
assigned to the most stable and best adsorption process [84]. Based
on the binding energy values obtained from the molecular dynamic
calculation, the adsorption capacity of anionic dye on PANI surface
in three media can follow the order: acidic > neutral > basic. This
ranking is also compatible with experimental findings. The pro-
posed adsorption mechanisms of the MB11 dye on PANI, based
on both theoretical and experimental results are shown in Fig. 15.

4. Conclusion

In this research, polyaniline was prepared using in-situ poly-
merization (PANI/TA) and emulsion polymerization method in
the presence of HTAB surfactant (PAN/HTAB). Polyaniline with uni-
form nanorods structure was obtained when using HTAB as a
structure-directing agent. The comparison between the adsorption
performances of PANI/HTAB and PANI/TA indicated that PANI/
HTAB exhibited a higher removal efficiency for MB11 than PANI/
TA. Isotherm data are more fitted to the Freundlich model. Maxi-
mum adsorption capacities of 232 mg/g and 115.9 were obtained
for PANI/HTAB and PANI/TA, respectively. The thermodynamic
study indicated a feasible, endothermic, and spontaneous adsorp-
tion process. The pseudo second order model better elucidates
the adsorption kinetics. The quantum chemical descriptors calcula-
tions are well correlated to the experimental data. Moreover, MD
simulations show that MB11 dye is adsorbed on the PANI (001)
surface in a nearby parallel position. This encouraging result
demonstrated that PANI/HTAB could be used as an effective and
recyclable adsorbent to remove MB11 dye from aqueous media.
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