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A natural amino acid-doped polyaniline nanostructure was prepared by a simple in situ chemical polymerization method in an
aqueous medium. The structure and morphology of composite material were characterized by FESEM, TEM, FT-IR, and XRD.
The results showed that the product possesses a large aspect ratio and a hollow tubular morphology. As-synthesized products were
further applied to remove dyes and heavy metal ions from the aqueous solution, which exhibited good removal capacity toward
Congo red (955.6 mg~g_1) and Cr(VI) (60.0 mg~g_1). The adsorption data for the former were found to be well described by the
pseudo-first-order kinetic and Langmuir adsorption isotherm model. Thermodynamic studies show that the adsorption of Congo
red by GluP is a spontaneous and endothermic process. Moreover, cyclic experiment results show that the polyaniline composites
exhibited good recyclability. Therefore, these amino acid-doped polyaniline nanotubes can be expected to be an ideal candidate for
the removal of organic dye and heavy metal ions from wastewater.

1. Introduction

With the rapid development of the global economic situa-
tion, the global problem of water pollution has become a
serious challenge for human society. On the one hand, the
increasingly frequent discharge of organically polluted
wastewater during various human activities continues to
pollute freshwater systems and terrestrial ecosystems. Or-
ganic contaminants are widespread in the environment,
including pesticides, personal care products, pharmaceuti-
cals, and organic dyes [1-5]. Generally, these emerging
pollutants are harmful, bioaccumulating, and persistent and
pose a potential threat to aquatic organisms and human
beings. On the other hand, rapid industrialization led to a
transitional release of heavy metals into the environment.
They are usually toxic and carcinogenic and originate mainly
from mining activities, petroleum refining, battery manu-
facture, smelting, and printing. Even more important is
the fact that heavy metals can be accumulated in living

organisms for the long term without degradation [5].
Therefore, more and more researchers have been looking for
suitable methods to obtain high-quality drinking water free
from organic pollutants and heavy metals over the past few
decades.

To date, several techniques have been developed for the
purification of industrial wastewater, such as biological,
physical, and chemical methods. Among the different
treatment strategies, physical adsorption is often regarded as
one of the most economical and competitive options due to
its low cost, high efficiency, and ease of operation [3-5].
Different types of adsorbents, including mesoporous silica
composites, metal-organic frameworks, biomass materials,
polymer-based materials, and carbon materials, have been
applied for pollutant removal from industrial wastewater.
However, the development of green and efficient adsorbents
remains an ongoing challenge considering ease of operation,
cost-effectiveness, eco-friendliness, and reusability for
water treatment. Among various water treatment materials,
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polymer and polymer-based adsorbents have emerged as
effective and promising candidates for removing different
pollutants from the environment due to their advantages
such as low cost, rich active sites, durability, and easy
modification. Inherently conducting polymers, such as poly
(phenylenevinylene) (PPV), polyaniline (PANI), poly-
pyrrole (PPy), and polythiophene (PTH), are a special class
of synthetic polymers and are extensively studied due to
their tunable electrooptic properties and mechanical
properties via bearing functional groups of the conjugated
chains. As a representative conducting polymer, PANI has
been widely explored for diverse applications, including
separation, catalysis, sensing, thermoelectric generator, and
corrosion protection [6-8]. Meanwhile, PANI is currently
one of the most promising adsorbent materials due to its low
price, easy synthesis, environmental friendliness, and unique
doping/dedoping property [9]. Typically, the molecular
structure of polyaniline contains large amounts of amine and
imine functional groups, which enable them to interact with
various organic/inorganic pollutants present in wastewater.
Nonetheless, the adsorption capacity can be limited due to
the poor porosity of pure PANI nanomaterials. Further
preparation of polyaniline-based adsorbent materials with
porous structures (e.g., nanotubes) by simple solutions is
therefore particularly important for the continued promo-
tion of efficient wastewater treatment.

Recently, Rana et al. prepared different polyaniline
nanostructures with aromatic dopant acids via a facile
chemical polymerization in the presence of ammonium
persulfate. Results show that the symmetrical positioning of
carboxyl groups plays an important role in the formation of
polyaniline nanotubes [10]. Inspired by this strategy, we
have prepared polyaniline nanotube composites using
amino acids as dopant acids for the removal of toxic pol-
lutants from water environment. As an acidic amino acid,
glutamate (with two carboxyl groups) is a kind of desirable
dopant for regulating the morphology of polyaniline. In this
work, therefore, natural glutamic acid was used as a dopant
for fabricating polyaniline-based adsorbent with hollow
tubular morphology in an aqueous solution at a low tem-
perature. As-synthesized GluP nanotubes were further
employed to remove organic dyes (Congo red, methyl or-
ange, indigo carmine, orange G, and crystal violet) and
heavy metal ions (Cr®*, Pb*", and Ni*") from the aqueous
solution. The effects of adsorbent dose, contact time, pH
value, and the initial dye concentration were investigated.
Meanwhile, adsorption kinetic, isotherm, and thermody-
namics of GluP were also studied using Congo red as a
model dye molecule. Importantly, the prepared material
exhibited a good cycle performance in batch experiments.

2. Experimental

2.1. Materials. Glutamic acid (Glu) and ammonium per-
sulfate (APS) were purchased from Sigma Chemistry
(Shanghai, China). Aniline, K,Cr,0;, Pb(NOs),, and
Ni(NO;),-6H,O were obtained from Energy Chemical
(Shanghai, China). Dyes used, including Congo red (CR),
methyl orange (MO), indigo carmine (IC), orange G (OG),
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and crystal violet (CV), were purchased from Innochem
(Shanghai, China). All chemicals were used as received
without further treatment. Deionized water was used for
solution preparation throughout the work.

2.2. Preparation of Amino Acid-Doped Polyaniline Nanotubes.
In a typical reaction, the glutamic acid powder (0.35 mmol)
was dissolved in 15 mL of water with continuous stirring at
room temperature. Then, the solution of aniline (100 uL,
1.1 mmol) was added and stirred vigorously for 1 hour
before being placed in a refrigerator freezer for 30 minutes.
After the temperature of the mixtures was reduced to 4°C,
the APS (1.1 mmol) aqueous was added dropwise without
stirring, and the color of the solution slowly turned from
yellow to brown. Eventually, a dark green precipitate was
formed after standing for another 24 hours at 4°C. The pellet
was washed with water and methanol several times to wash
out the oligomers and excess APS from the reaction mix-
tures. Finally, the product was obtained by vacuum drying at
60°C overnight, named GluP. The same sample without
adding amino acid was used as a control (PANI), and the
preparation process was similar to the procedure described
above.

2.3. Characterization. The morphology and structure of the
products were characterized by using field emission scan-
ning electron microscopy (FE-SEM, Zeiss Ultra 55, Ger-
many) and Transmission Electron Microscopy (TEM,
HT7800, Hitachi, Japan). X-ray powder diffraction (XRD)
patterns were recorded using an XRD diffractometer
(Bruker, D8 ADVANCE) at a scan rate of 4min ' and
equipped with Cu K« radiation (A =0.15406 nm) at room
temperature in the 26 range of 10-40°. The surface structure
and functional groups of the samples were determined by the
Fourier-transform infrared (FT-IR) spectroscopy (Shi-
madzu, FT-IR-8400S) with the KBr disk method.

2.4. Adsorption Investigation. Typically, the adsorption of
the dyes studies was performed with the batch mode in glass
vials. An equal amount of adsorbents was added to the
reaction mixture with known concentrations of dyes or
metal ions and gently stirred continually. Then, an aliquot of
the reaction solution was taken out at an appropriate time
interval and separated via centrifugation at 12000 rpm for
1 min. The concentration of dyes was monitored by a UV-
Vis spectrometer according to the maximum wavelength
(Aax 611, 588, 478, 499, and 464 nm for IC, CV, OG, CR,
and MO). The metal ion concentration was measured by
inductively coupled plasma-optical emission spectroscopy
(ICP-OES). The effects of experimental variables affecting
adsorption, including the adsorbent dosage, pH value, and
the initial dye concentration, were investigated. Besides, the
recycling performance of GluP composites was also studied.
For the adsorption kinetic studies, 5mg of amino acid-
doped polyaniline nanocomposites was added to 10 mL of
dye solution to initiate the reaction, and the pH was fixed at
neutral. The adsorption capacity, g;, and removal efficiency,
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R%, were calculated based on equations (1) and (2),
respectively.

C,-C,)V
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R%:@xmo, (2)

0

where “C,y” and “C,” are the concentration (mg/L) of dye
solution at the time “0” and “#,” respectively, “V” is for the
total volume of reaction solution (L), and “m” is the mass of

adsorbents (g) [3].

3. Results and Discussion

3.1. Characterization of PANI and GluP. GluP nano-
composites were obtained by simply mixing glutamic acid
with aniline monomer reaction solution under low-tem-
perature conditions. As a comparison, undoped PANI was
also prepared under the same conditions. SEM and TEM
images of PANI and GluP products are shown in Figure 1.

As shown in Figures 1(a) and 1(c), the morphology of
undoped polyaniline (PANI) exhibited inhomogeneous
spherical particles with serious agglomeration. This phe-
nomenon is consistent with previously reported results that
polyaniline tends to aggregate during the polymerization
reaction. In the presence of glutamic acid, the product of
aniline oxidation was mainly composed of one-dimensional
linear nanotubes with a diameter of ~200 nm (Figures 1(b)
and 1(d)). Compared with nondoped PANI, the amino acid-
doped GluP with a hollow tubular structure and a large
aspect ratio may be beneficial in increasing its specific
surface area, thereby affecting the adsorption performance.
As can be seen, the EDS spectra showed that the polyaniline

Figure 1: FESEM and TEM images of PANI (a, ¢) and GluP (b, d), respectively.

Element Atomic (%) Wt (%)
© 82.88 79.86
N 11.47 12.88

5.65 7.25

h e A 0 0

FIGURE 2: EDS spectra and element content analysis table of GluP
composites.

tubes were composed of carbon, nitrogen, and oxygen el-
ements (Figure 2), where the oxygen element (7.25%) may be
derived from the carboxyl groups of doped glutamic acid.
Fourier-transform infrared (FT-IR) spectra of polyaniline-
based adsorbents in the doped and undoped states are shown in
Figure 3(a). As can be seen, the different adsorbents have similar
adsorption band profiles in the infrared spectrum over the
wavelength range of 400-4000cm ™. The typical stretching
vibration bands of polyaniline are observed at 3443, 1581, 1501,
1299, 1148, and 823 cm ™" [11]. The broad band in the spectra of
the samples at around 3443cm ™" was attributed to the stretching
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FIGURE 3: FT-IR spectra (a) and XRD patterns (b) of PANI and GluP, respectively.

vibration of N-H bond for polyaniline molecular chains. Peaks
at 1581 and 1501 cm™' can correspond to the stretching vi-
bration of the C=C bond in the quinoid and benzenoid rings.
The characteristic stretching bands at 1299 cm™" for the C-N
bond were associated with the secondary aromatic amine
[10-13]. Moreover, the absorption bands at 1148cm™ and
823 cm™" correspond to the C-H vibration of aromatic in-plane
and aromatic out-of-plane deformation, respectively [14, 15].
Figure 3(b) shows the powder X-ray diffraction (XRD) patterns
of PANI and GluP. Similarly, there is no obvious change in the
XRD spectrum from each other, which indicates that the crystal
structure had not been significantly altered after doping amino
acids. All samples exhibited three main broad diffraction peaks
at 20=18", 20.4°, and 25.8", assigned to (004), (100), and (110)
planes of polyaniline. The latter two peaks correspond to the
periodicity in parallel and perpendicular directions to the
polymer chain of polyaniline, respectively [16, 17]. Meanwhile,
the broad diffraction peak of the two samples demonstrates its
poor crystallinity.

3.2. Adsorption Results. At first, Congo red (CR) was selected
as a model dye molecule to explore the adsorption performance
of PANI and GluP. Compared to the adsorption capacity of
undoped PANI, glutamic acid-doped GluP has shown higher
dye adsorption capacity as shown in Figure 4(a). According to
the SEM and TEM images, this result could be explained by the
morphological difference between the two types of absorbent
material. For doped GluP, the tubular structure with a large
aspect ratio provides more adsorption sites for enhancing the
adsorption capacity. To obtain the optimal adsorption capacity
between the amount of adsorbent and dye, the concentration of
adsorbent (GluP) was changed, while the dye concentration
(CR) was kept constant. Results of the UV-Vis absorption
spectrum after treatment with different concentrations of ad-
sorbent are presented in Figure 4(b). It is observed that the
characteristic UV-Vis absorption of the CR dyes
(Amax =499 nm) in the reaction system gradually decreased and

then somewhat increased as the amount of adsorbent increased.
Compared with a lower adsorbent concentration, the excess
adsorption sites will not be fully utilized at a higher adsorbent
dosage [18, 19]. Meanwhile, the background absorbance of
samples was slightly increased beyond a certain concentration of
adsorbent 0.25g-L™". This may be caused by oligomers of
polyaniline in the supernatant after centrifugation. Overall, with
the increase of the dosage of GluP, the percentage removal for
CR was also increased over a range of concentrations. Maxi-
mum adsorption capacities and removal efficiencies are
111.3mgg "' and 92.8%, respectively. And 0.25gL™" was
chosen as the fixed dose of GluP for subsequent experiments.

Normally, industrial effluents contain a variety of toxic
dyes. To further test the adsorption performance in a broad
sense of GluP adsorbent, more dyes were selected for ad-
sorption studies, namely, Congo red (CR), methyl orange
(MO), indigo carmine (IC), orange yellow G (OG), and
crystalline violet (CV), whose structures are shown in Figure 5.

The adsorption capacity for different dyes has been
monitored with different contact times by UV-Vis spec-
troscopy (Figures 6(a)-6(e)). Figure 6(f) shows the in-
stantaneous adsorption capacity with different contact times
calculated by equation (1) for five model dye molecules. The
results show that the adsorption efficiency is influenced by
the properties of the dye molecule, including the intrinsic
charge nature and chemical structure, and the adsorption
capacity of anionic dyes is better than that of the cationic
type. Among different dye molecules, CR has shown higher
uptake efficiency. It is well known that the hydrophobic and
electrostatic interactions play a significant role in dye ad-
sorption, while Congo red is an anionic dye with two sul-
phonic acid groups, two naphthalene rings, and a biphenyl
structure in the chemical constitution. This is probably the
main reason for its high removal efficiency compared with
other dye molecules. In contrast, CV is a cationic dye that
has the same positive charge as the polyaniline chain
(emeraldine salts). Therefore, it produces the lowest rate of
uptake among all dye molecules due to the electrostatic
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FIGURE 5: Chemical structure of different dyes (CR, MO, IC, OG, and CV).

repulsion between positive charges. Although OG, IC, and
MO are anionic molecules, the MO dye has only one
negative charge (sulfonic acid group) in comparison with the
first two (OG and IC). At the same time, OG and IC with two
sulfonic acid groups have comparable dye adsorption effi-
ciency. On the whole, the approximate order of dye ad-
sorption capacity is as follows: CR>O0G>IC>MO >CV,
and the results are summarized in Table 1.

To improve the adsorption performance of adsorbent
GluP for dye CR, two important experimental parameters,
including pH value and the initial dye concentration that are
relevant for this assay, were also studied. The effect of so-
lution pH on adsorption capacity was first investigated by
batch adsorption experiments. During the adsorption pro-
cess, the environmental pH has a direct impact on the
surface charge of the adsorbent and the adsorbate [19]. As
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TaBLE 1: Adsorption efficiency for different dyes.

Dye Amax (Nm) Dye nature Adsorption (mg/g)
CR 499 Anionic 112.0
oG 478 Anionic 69.2
1C 609 Anionic 66.8
MO 464 Anionic 54.8
CV 588 Cationic 50.0

shown in Figure 7(a), dye removal slightly elevated at pH
values ranging from 3 to 5, followed by a rapid decrease in the
pH range from 5 to 13. It is observed that the maximum
adsorption capacity (about 117.0mg-g™") is reached under a
weakly acidic medium (pH 5). With the pH switch from
neutral (pH 7) to alkaline (pH 13), the adsorption capacity
drops sharply to zero. This indicates that electrostatic at-
traction and repulsion dominate the interaction between the
adsorbent and adsorbent at pH 5 and pH 13, respectively. It is
well known that Congo red is a typical anionic diazo dye (pKa
4.5) with two sulfonate functional groups, while the poly-
aniline is positively charged when the pH value is lower than
10 as its isoelectric point is as high as 10 [20]. At lower
ambient pH (pH 3), therefore, the decrease in dye adsorption
is likely due to the electrostatic repulsion between adsorbate
and adsorbent, both positively charged. As the pH increases,
the electrostatic attraction is the main force for the adsorption
of dye in the solution (pH 5). When the pH of the reaction
solution exceeds the isoelectric point of GluP composites, the
adsorbents become negatively charged and cause a decrease in
dye adsorption capacity, especially under strongly alkaline
conditions (pH 13). This also means that the dye molecules
can be eluted, and the adsorbent can be regenerated at a high
pH value. Besides, previous studies have also found that the
zwitterionic dye molecules tend to aggregate under alkaline
conditions, thereby further hindering the adsorption of dye.

Figure 7(b) plots the curve of adsorption capacity at
different initial dye concentrations. It is evident that the
removal efficiency increases gradually with increasing initial
dye concentration in the range of 10-100 mg-L™". When the
dye concentration is further increased to 200 mg-L™, the
adsorption capacity of the adsorbent does not increase any
further. The reason for this is that there are sufficient ad-
sorption sites on the surface of the GluP adsorbent at lower
initial concentrations, and as the concentration of the added
dye increases, the adsorption sites are gradually saturated.
That can also be explained by an increase in the adsorbate to
adsorbent ratio [18]. Previous studies have found that the
initial dye concentration is the main driver of mass transfer
from the solution to the adsorbent [21]. With higher initial
dye concentrations, the driving force for adsorption is
greater, resulting in a stronger affinity of dye molecules to
the adsorbent surface. At higher dye concentrations, the
decrease in CR adsorption suggested that GluP may be
approaching the saturation limit of adsorption [22]. On the
other hand, the conductive state of polyaniline (emeraldine
salt) contains a considerable quantity of amine and imine
functional groups and interacts with some metal ions. Based
on this consideration, GluP has been further studied for the
removal of heavy metal ions (Cr®", Pb*", and Ni*") from

aqueous solutions (Figure 7(c)). It can be seen that the
adsorption capacity for Cr®* is 60.0 mg-g~' with a removal
efficiency of 100%. For Pb>" and Ni**, the adsorption ca-
pacities are about 40 mg-g~' with removal efficiencies of
around 67% under identical conditions. This result also
implies that the GluP has a good adsorption capacity for
hexavalent chromium.

3.3. Adsorption Behavior of GluP. To evaluate the possible
mechanisms of adsorption, the adsorption kinetics of CR
onto GluP were fitted by the pseudo-first-order (PFO) and
pseudo-second-order models (PFO), as shown in equations
(3) and (4), respectively.

g = q.(1-¢), (3)
kgt

= =€ 4

=1y k,q,t’ “

where g, and g, are the adsorption capacity (mg-g ') at time ¢
(min) and equilibrium and k; (min~") and k, (g mg_l-min_l)
are the rate constants of PFO and PSO, respectively.
Figure 8(a) illustrates the plots of g, versus t for PFO and
PSO models. The equilibrium adsorption capacity, rate
constant, and correlation coeflicients are determined by
corresponding kinetic models, and the results are presented
in Table 2. According to the results, it is clearly demonstrated
that this adsorption process fitted well with both pseudo-
first-order and pseudo-second-order models, while the
theoretical g, value (110.4 mg~g’1) calculated by the PFO
model agrees better with the experimental data
(112.0mg-g™") compared with the PSO model
(1154 mg-g™"). Therefore, the pseudo-first-order model is
more suitable for describing the adsorption kinetic behavior
of GluP on dye CR [18, 23].

The adsorption isotherms of Congo red on GluP were
obtained at a constant temperature as shown in Figure 8(b).
The experimental data were fitted by two well-known
adsorption isotherm models, including Langmuir and
Freundlich. The Langmuir model is commonly used to
describe monolayer adsorption processes at homogeneous
sites of the adsorbent, and the form can be represented by
equation (5), while the latter describes multilayer ad-
sorption on a heterogeneous system and can be defined by
equation (6).

C 1 C
+

e

= - (5)
9e KLqm Im

q, = KFC”" (6)

e
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TaBLE 2: Kinetic parameters for the adsorption of CR on GluP at 298 K.
Pseudo-first-order model Pseudo-second-order model
Adsorbent ) .1 > 1 1. 1 5
q. (mg-g™) ki (min™") R q. (mg-g™") k, (g mg™ -min™") R
GluP 110.35 0.14 0.99 115.41 0.14 0.99
TasLE 3: Langmuir and Freundlich isotherm fitting parameters at 298 K.
Adsorbent Langmuir Freundlich
sorben _ — —-@/n n_—
K, (Lmg ™) 4 (mg:g ") LS n Kg (mg' /" LVg71) R
GluP 0.007 955.6 0.99 1.61 36.9 0.97

where C, (mg-L™") is the equilibrium concentration of dye
and gq,, (mg-g™') is the maximum adsorption capacity. K
(Lmg™") and Kp (mgl’(”")‘L”"g’l) are constants for
Langmuir and Freundlich models, respectively. All corre-
sponding parameters are calculated by these two isotherms,
and the results are listed in Table 3. As we can see, the
correlation coefficient (R?) of the Langmuir model (0.99) is
better than that of the Freundlich model (0.97), and the value
of n is less than 2, which suggests that the adsorption be-
havior of CR onto the as-synthesized GluP follows the
Langmuir monolayer adsorption model [18, 24]. The the-
oretical maximum adsorption capacity calculated by equa-
tion (5) is 955.6 mg-g~" with 0.25gL™" adsorbent at 298 K.
Therefore, the glutamate acid-doped polyaniline is a
promising adsorbent for dye (especially Congo red)
wastewater treatment. As shown in Table 4, the maximum
adsorption capacity of different polyaniline-based adsor-
bents for Congo red was compared with the values from
other reported results.

Moreover, the adsorption behavior of Congo red on
GluP composites at different temperatures was also in-
vestigated for a better understanding of the adsorption
process and the underlying mechanisms. Thus, three sets of
adsorption experiments were carried out at three different
temperatures (323, 333, and 343 K). The thermal param-
eters, for instance, the change of Gibbs free energy (AG),
enthalpy (AH), and entropy (AS), were calculated by fitting
the data to the following thermodynamic equations (7) and

(8) [3]:

AG = -RT In K, (7)
AH AS

In K = -~ 4 22 8

n TR (8)

where R is the universal gas constant (8.314 J-mol K ™), Tis the
absolute temperature in Kelvin, and K represents the thermo-
dynamic equilibrium constant (L-mol™"). The corresponding
thermodynamic parameters are presented in Table 5. As can be
seen, the values of AG (kJ-mol ') were negative (-12.54, —14.93,
and —17.80kJ/mol at 323, 333, and 343 K, resp.) and decreased
with increasing temperature in all tests. These results indicated
that the adsorption process was favorable and spontaneous.
Meanwhile, the values of AH and AS for GluP were
74.57kJ-mol™! and 0.27 kJ-mol™", which implies that the ad-
sorption process for Congo red dye molecule was endothermic.
This also reflects a good affinity between the adsorbent and the

TaBLE 4: Comparison of the adsorption capacity of different ad-
sorbents for Congo red.

Maximum adsorption

Entry Materials capacity (mg/g) References
1 PANI 250.01 [25]
GS/PANI/Fe;0, 248.12 [26]
pTSA-pani@GO-
3 ONT 66.66 [27]
PANI@TiO2
4 PANI@SIO2 9371 (28]
5 PANI-GO-Fe;0, 252.67 [29]
PNHM/MnO,/
6 Fes0, 599.49 [30]
7 PANI nanotubes 955.6 This work

TaBLE 5: Thermodynamic parameters for removal of Congo red by
GluP (adsorbent: 0.25g.L™"; dye: 60 mg-L™"; pH =7; and volume:
20 mL).

AH AS

-1
AG Imol ™)y ol (ol K

Adsorbent

323K 333K 343K

GluP ~12.54 —14.93 —17.80

74.57 0.27

adsorbate during adsorption. Additionally, the positive value of
AS also represents a good affinity between adsorbent (GluP
composites) and adsorbate (Congo red) [3, 30].

3.4. Adsorption Mechanisms and Recyclability Study. In
general, the main driving forces for the dye adsorption
process are combined intermolecular interactions, including
hydrogen bonding, m-m stacking interaction, and electro-
static attraction/repulsion. Therefore, the adsorption ca-
pacity is closely related to the chemical structure and
external environment of adsorbent and adsorbate. If the
electrostatic interaction dominates in Congo red dye mol-
ecule adsorption process in aqueous solution, the GluP
composites will exhibit a lower adsorption capacity due to
electrostatic repulsion between adsorbent and adsorbate at
pH 3 because the amine and imine functional groups of
polyaniline and Congo red are positively charged in such an
acid environment. However, this speculation does not match
the experimental data since the adsorption uptake of GluP
composites was maintained at a fairly high level at pH=3
(Figure 7(a)). On the other hand, intermolecular hydrogen
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FIGURE 9: Plausible mechanism of Congo red adsorption by GluP composites.
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F1GUrE 10: Recyclability study (0.5 g/L absorbent, 30 mg-L™" dye,
pH 7, RT, t=60 min).

bonding of dye molecules usually results in multilayer ad-
sorption [3], while the adsorption of Congo red follows the
Langmuir monolayer adsorption model based on previous
results (Table 3). This indicates that hydrogen bonding is not
the dominant force for adsorption. According to the above
analysis, the most likely driving force for Congo red is the
n-m stacking interaction between benzene rings of poly-
aniline and dye molecules. Specifically, electrostatic attrac-
tion also plays an important role in dye adsorption, and
hydrogen bonding will also be involved in dye-binding
(Figure 9).

From a practical application point of view, the reus-
ability of the adsorbent is an important indicator. After
adsorption of the Congo red dyes, PANI and GluP

composites were washed appropriately with dilute NaOH
solution (1 M) and regenerated by washing with HCI so-
lution (1 M) and rinsed with deionized water. Subse-
quently, the two adsorbents were recovered by
centrifugation and dried in the oven overnight at 60°C.
Then, the next round of the same adsorption experiments
was repeated several times. The cycle stability of adsorbents
was monitored and analyzed by UV-Vis absorption
spectrometry, as shown in Figure 10. The results show that
GluP still has a very high adsorption efliciency and no
significant decrease was observed after five consecutive
adsorption cycles. On the contrary, the removal efficiency
of pure polyaniline nanomaterials (PANI) rapidly de-
creases to 74% after two repeated experiments. As the
number of cycles further increases, the removal efliciency
rapidly drops to zero (during the fourth cycle). This
demonstrates that glutamic acid-doped polyaniline nano-
tubes (GluP) have much better cycle stability than pure
polyaniline nanomaterials (PANI) and possess more
promising applications.

4. Conclusions

In conclusion, we have successfully prepared an amino acid-
doped polyaniline-based adsorbent material with a hollow
tubular structure. In the adsorption experiments, the ad-
sorbent presented a good dye removal capacity, as well as
better adsorption efficiency for anionic dye molecules. The
maximum adsorption capacity was around 117.0mg-g " at
pH 5. Besides, the GluP nanocomposites also have excellent
adsorption capacity for metal ions, especially hexavalent
chromium with an equilibrium adsorption capacity of
60.0 mg-g~". The adsorption kinetic behavior of GluP was in
line with the pseudo-first-order model and Langmuir
monolayer adsorption model for the dye Congo red at 298 K.
In particular, the material did not significantly reduce the
adsorption capacity after five reuses and showed good
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recycling performance. Thus, this work not only offers a
simple method to prepare polyaniline-based nanomaterials
but also presents a promising adsorbent for organic dyes and
heavy metal ions.
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