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ABSTRACT: Polyaniline (PANI) nanofibers have been
developed by an in situ polymerization technique using
three different aromatic carboxylic acids as dopant. All
dopants have the same aromatic core containing different
numbers of carboxylic acid groups. Four (B4CA), three
(B3CA), and two (B2CA) carboxylic acid functionalized
organic acids have been selected as a dopant for polymer-
ization of aniline in the presence of ammonium persulfate and
the corresponding polyaniline composites are named as
B4CAP, B3CAP, and B2CAP respectively. With increasing
number of —COOH groups in the dopant, the aspect ratio of

Contaminatglj water droplets

the fiber increases. Interestingly, all composites revealing nanotubes have shown very good adsorbing behavior toward water-
soluble anionic dyes and dye uptake capacity varies with the aspect ratio of the nanofibers. The maximum dye adsorption
efficiency achieved for the B4ACAP matrix is ~300 mg/g toward indigo carmine dye in aqueous solution. The dye uptake ability
also depends on the size as well as the charge of the dye molecule. Interestingly, PANI hollow nanotubes show good
recyclability with several times by simple washing with diluted ammonia and acid solution. By taking advantage of
hydrophilicity, polyaniline composites are subsequently employed to the oil/water separation. Polyaniline composites are able
to separate different oil/water mixtures in a single-unit operation with >98% separation efficiency.
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1. INTRODUCTION

Water pollution by toxic dye is a serious environmental issue
throughout the world today.'™* Many industries like textile,
printing, leather, paper, etc. release a large amount of colored
effluent to wastewater. All organic dyes that are toxic and
nonbiodegradable cause several serious human health prob-
lems."”” Hence, carcinogenic dyes need to be removed from
industrial wastewater to solve ecological, biological, and
environmental problems. To remove hazardous dyes from
wastewater, many techniques have been developed, like
chemical, physical, biological, etc. Among them, the physical
adsorption technique is considered one of the most effective
methods due to its easy handling, high efficiency, and
simplicity.”"® Several efficient adsorbents such as polymers,”"’
supramolecular gel,“’12 metal—organic frameworks (MOF),"?
graphene or graphene/metal oxide composite,'* activated
carbon,'® metal oxide,'® CNTs,"” etc. have been used for
organic dye adsorption from industrial wastewater. However,
the design of an efficient adsorbent is still undergoing
challenge in the sense of product cost, eco-friendliness, easy
disposal, and reusability for the separation of toxic dye.

Water is polluted not only by toxic dyes but also contaminated
by different kinds of industrial waste oils, lubricants, etc. This
kind of water pollution affects the lifestyle of animals, birds,
human beings, and even whole ecosystems. At this vital
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situation, people have already prepared many porous, polymeric,
thin film membranes, gels, and sponge-based materials for oil
separation from water.' ' However, several limitations are still
present in materials and techniques, in terms of efficiency, low
environmental and thermal stability, reusability, mechanical
stability, high production cost of materials, low toxicity, etc.
There is room for improvement, with respect to loading
percentage, cost, stability, and reusability. Therefore, prepara-
tion of material that separates dye from wastewater as well as oil
from oil/water mixtures is important to solve environmental
problems.

It is well established that various synthetic polymers as well as
natural polymers are widely used as an efficient adsorbent for the
treatment of wastewater in dye industries.””°">® Actually,
polymers have some advantages, like a large number of
adsorbent sites, good environmental stability, durability, etc.,
over small molecules. We have chosen polyaniline (PANI), one
of the conjugated polymers due to its easy synthesis, low
production cost, eco-friendliness, good environmental and
thermal stability, simple doping/dedoping chemistry, and
nontoxic nature.”* > However, synthesis of PANI nanstructure,
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Scheme 1. Schematic Presentation of PANI Nanostructures Synthesis
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particularly nanotube without using any an external template is a
really challenging task. Polyaniline nanotubes (PNTs) have
many advantages over carbon nanotubes (CNTs). PNT is
economically cheap and easy to synthesize; apart from this it has
large specific surface areas, a hollow tube and porous structure
that makes excellent adsorbent material. As PNTs are high
specific surface area (SSA) and hollow tubular in nature, enough
adsorption sites for wastewater treatment would be available
owing to the presence of the large number of amine and imine
groups and we may expect PNTs as good materials for water
purification.””” Although the SSA of activated carbon is higher
than that of PNTs, activated carbon has several disadvantages
like flammability and difficult reuse for dye uptake application
from polluted water.”>*”

Recently, Wang et al. prepared kapok fiber oriented
polyaniline and used it as an adsorbent for sulfonated dye
removal with maximum adsorbed capacity ~190 mg/g after 4
h."’ Xu et al. reported an organic/inorganic hybrid material of
polyaniline/a-zirconium phosphate (PANI/aZrP) and showed
maximum adsorption capacity 377 mg/g.”° Patra et al. reported
Potash Alum-doped polyaniline for anionic dye removable from
aqueous solution.”" Ayad et al. designed a polyaniline nanotube
base/silica composite as a powdered form for the removal of
cationic dye.”” Ding et al. revealed a membrane combining
cellulose acetate (CA) nanofibers and a fluorinated polybenzox-
azine (F-PBZ) layer incorporating silica nanoparticles for oil/
water separation.”> Men et al. incorporated polyaniline into
cotton fabrics via a facile vapor phase deposition process, and
composites were used for oil/water separation.'® All these
above-mentioned studies have utilized the hard templated
polyaniline nanostructure for dye adsorption. So far, none has
utilized directly the polyaniline nanostructure prepared by the
soft template method for dye adsorption as well as oil/water
separation, though the soft template method is simple, cost-
effective, and stable for large scale synthesis of the PANI
nanostructure. Therefore, the present work aims to develop the
synthesis of a high aspect ratio polyaniline nanotube and
subsequently to apply these fibers to dye separation from
wastewater as well as oil separation from oil/water mixture with
good efliciency, stability, and easy reuse.

In this article, we have reported a facile method for PANI
nanostructure preparation in large scale by the chemical
polymerization method as well as for wastewater treatment
and oil/water separation. Three organic dopant acids (B4CA,
B3CA, and B2CA) with different numbers of —COOH groups
have been selected for the synthesis of nanostructures. After
characterization with FTIR, UV—vis, FESEM, TEM, TGA, etc.,
synthesized PANI nanostructures are utilized for dye adsorption
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studies. Different dyes are used like Congo red (CR),
Eriochrome Black T (EBT), Methyl orange (MO), Indigo
carmine (IC), N,N’-bis(4-benzosulfonic acid)perylene-3,4,9,10-
tetracarboxylbisimide (PRSA), Methylene blue (MB), and
Crystal violet (CV) for the dye adsorption study and toluene,
kerosene, diesel, hexane, and petroleum ether are used for the
oil/water separation study. Indigo carmine (IC) is chosen as the
model dye for the detailed adsorption study. The prepared
B4CAP nanostructure shows good recyclable property for
adsorption of colored dye molecules by simple washing with
diluted ammonia and acid solution. The dye separation study
has indicated that the recyclable PANI nanotubes may be used
as a desirable adsorbent for environmental remediation in bulk
amounts. Furthermore, the prepared matrix is also applicable for
oil/water separation from a mixture.

2. EXPERIMENTAL SECTION

2.1. Materials. 1,2,4,5-Benzenetetracarboxylic acid (B4CA), 1,3,5-
benzenetricarboxylic acid (B3CA), 1,4-benzenedicarboxylic acid
(B2CA), and ammonium persulfate [(NH,),S,05 (APS)] were
purchased from Sigma-Aldrich and used without further purification.
Merck Chemicals provided aniline (distilled under reduced pressure
and stored at S °C in a dark place before use), and hydrochloric (HCI)
acid was purchased from commercial sources as analytical pure
reagents. All dye molecules were purchased from local chemical
companies. All solutions were prepared in deionized water (18 MQ cm,
Millipore Milli Q water system).

2.2. Instrumentation. 2.2.1. Microscopy. The surface morphology
of synthesized composites was observed by FESEM. A small amount of
samples was dispersed in water by sonication and was drop casted on a
glass coverslip and then dried at room temperature. A JEOL, JSM
6700F instrument operating at S KV was used for imaging. Samples were
coated with platinum for 90 s to reduce the surface potential.
Transmission electron microscopy (TEM) was performed with an
HRTEM (JEOL, 2010EX) instrument at an accelerating voltage of 200
kV. The water dispersed composite samples were drop casted over a
200 mesh Cu-grid coated with a holey carbon supported film, and
images were taken using a CCD.

2.2.2. Spectroscopy. UV—vis studies of PANI composite samples
were recorded using a Hewlett-Packard UV—vis spectrophotometer,
model 8453, in a 1.0 cm path length quartz cell. Samples were dispersed
in water prior to investigation of the sample under UV-—vis
measurement. FTIR studies of PANI samples were done using an
FTIR-8400S (Shimadzu) instrument by making KBr pellets.

2.2.3. Structural Study. XRD measurements of PANI composite
samples were performed using a Bruker AXS diffractometer (D8
advance), a generator voltage of 40 kV, and a current of 40 mA with Cu
Ka radiation (1 = 1.54 A). Samples were scanned in 26 = 10—40°
ranges with a scan rate of 0.4 s per step with a step width of 0.02°.
Thermogravimetric analysis (TGA) of B4CAP was performed with a
TA thermal analysis instrument with a temperature range from 25 to
800 °C at a heating rate of 10 °C/min under a nitrogen environment.
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Figure 1. FESEM images of synthesized PANI nanostructures namely (a) B4CAP, (b) B3CAP, (c) B2CAP, and (d) HDP.

BET surface area measurements were performed using a Quantach-
rome Autosorb-1C to get the surface area of the PANT matrix.

2.3. Preparation of B2CAP, B3CAP, and B4CAP. The synthesis
procedure for PANI nanostructures was followed by our early report
(Scheme 1).***° In the typical reaction, the required amount of
different dopant acids (like B2CA, B3CA, and B4CA) was dissolved in
15 mL of water with continuous stirring at room temperature for the
synthesis of PANI nanostructures, namely, B2CAP, B3CAP, and
B4CAP (Table S1). Aniline (100 yL, 1.02 g/cm?, 1.1 mmol) was added
to each solution with an additional 1 h of vigorous stirring. After the
reaction temperature was cooled to 10 °C, an aqueous solution of APS
was added drop by drop to the reaction mixture. Immediately, the
solution color changed from yellow to brown and the mixture was
allowed to stand at 0—5 °C temperature for 24 h. The resulting deep
green color precipitate was washed with water followed by methanol
several times to remove oligomers and excess APS from the reaction
mixture. Finally, the product was dried in a vacuum oven at 60 °C to get
PANI nanostructures in powdered form.

2.4. Adsorption Investigation. Dye adsorption studies were
carried out by the batch reaction technique in glass vials. The dye
concentration of different batch reactors was determined colorimetri-
cally by measuring absorbance maxima (4,,,, 611, 502, 540, 464 nm for
IC, PRSA, EBT, and MO) of the dyes using the UV—vis spectrometer.
Concentration of dye in solution at different batch reactors (different
times, different adsorbent dose, etc.) was determined by Beer—
Lambert’s law expression. For the kinetic study, 3.5 mg of PANI
nanostructures was added to 20 mL of dye solution. An aliquot of
sample was taken out from reaction mixture with an appropriate time
interval. Supernatant liquid was separated by centrifuging at 5000 rpm
for S min, and adsorption of supernatant liquid was determined by UV—
vig 2s&);ctroscopy. The amount of dye adsorbed was calculated by eq
1.777

(Co -G
R - (M
The dye removable percentage (% R) was calculated from eq 23738
C, — C
R% = G=-0) X 100
Co (2)

where “C,” and “C,” were dye solution concentration (mg/L) at time
“0” and “t” respectively, “V” was the total volume of solution (L), and
“m” was the mass of PANI nanostructures (g).

2.5. Oil-Water Separation. The oil—water separation study was

made from a toluene/water mixture, which was considered as a model

1626

mixture of oil/water for detailed study. In the typical experiment, a
mixture of S mL of toluene and 5 mL of water was poured into a column
packed with PANI nanostructures solid materials. The oil part was
marked by red color with Sudan IV dye and the water part remained
transparent colorless. Once the oil/water mixture was poured into the
column, the high density water part went to the bottom of the column
and the oil part was on top. After some time, the water part (colorless)
passed through the PANI nanostructure; however, the oil part did not
pass through it. The se?aration efficiency (Qseparation) Of @ variety of oils
was expressed by eq 37

m. .
seperation
Qsepeartion = . X 100
Minitial (3)
where “m 7 and “myy.” were the weight of water after each

separation
separation {g) and weight of water initially (g) in the oil—water mixture.

3. RESULTS AND DISCUSSION

3.1. Morphological Study. FESEM images of different
acid-doped PANI nanostructures are shown in Figure 1.

Table 1. PANI Nanostructures Nature and Adsorption
Capacity

aspect dye uptake after a fixed time”
nanostructure  fiber nature ratio (mg/g)
B4CAP tube ~118 300
B3CAP tube ~35 245
B2CAP tube ~20 230
HDP agglomerate 170
(control)

“After 90 min to get the equilibrium level.

Excellent fibrous-like morphologies are observed for B4CAP,
B3CAP, and B2CAP composites and almost all B4CAP fibers
are tube-like in nature. For comparison, HCI-doped polyaniline
(HDP) that has been synthesized under identical conditions
produces spherical agglomerate-like morphology. A careful
observation of each nanostructure provides information about
fiber diameter, length, and the nature of the fiber. The highest
aspect ratio (length/diameter) is ~115 for B4CAP nanostruc-
tures. Values of same ratio for B3CAP and B2CAP are ~35 and
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Figure 2. (a) UV—vis study (inset image for nanotube of PANI), (b) FTIR spectra, (c) powdered XRD pattern, and (d) digital image of solid large
scale synthesized PANI nanostructures for B2CAP, B3CAP, and B4CAP.

~20, respectively (Table 1), indicating that these fibers have the
same tube-like hollow pattern morphology as B4CAP. The fiber
patterns of B4CAP are very uniform, with hollow tubes and high
aspect ratios that may facilitate the adsorption of toxic dye
present in an aqueous medium.

3.2. Spectroscopic Study. UV—vis spectra of the PANI
nanostructures from disperse aqueous solution (Figure 2a)
show three absorption peaks centered at ~350, 435, and 910 nm.
Two peaks at ~350 and 435 nm are assigned to the 7—7* and
polaron—z* transitions of benzenoid rings, respectively.
Another peak at ~910 nm with a free tail extendeing to the IR
region is assigned to the 7—polaron transition.””** These three
characteristic PANI peaks are present in the three B4CAP,
B3CAP, and B2CAP nanostructures. It means that PANTI chains
remain in the emeraldine salt state in all nanostructures. The
absorption intensity of the z—polaron transition (peak at
~880—910 nm) is sharp for BACAP compared to the same in
B3CAP and B2CAP, revealing the decrease of the conjugation
length of PANI chains in the B3CAP and B2CAP nanostruc-
tures.

3.3. FTIR Study. To confirm the PANI formation in all
nanostructures, an FTIR study was performed for B4CAP,
B3CAP, and B2CAP composites (Figure 2b). The presence of
stretching vibration bands at ~3430, 2930, 1620, 1570, 1475
1275, 1125, and 798 cm™! reveals the PANI formation. The
characteristic stretching bands at 3430 cm™" for yN—H of the
PANI chain, 2930 cm™" for yfC—H of the phenyl rings, 1620
cm™ for yC=C of the quinoid rings, 1440 cm™" for yC=C of
the benzenoid rings, 1297 cm™" for yC—N of the secondary
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aromatic amine, 1125 cm™" for yC—H aromatic in-plane, and
798 cm™' yC—H aromatic out-of-plane deformation for 1,4
disubstituted benzene prove PANI formation in the nanostruc-

30,34,35,40
tures.” "

3.4. XRD Study. Powder X-ray diffraction (XRD) patterns of
B4CAP, B3CAP, and B2CAP samples are shown in Figure 2c.
The XRD patterns show peaks at 26 =~ 15°, 20.3°, and 25.6° for
(011), (100), and (110) planes, revealing the small crystalline
nature of PANI composites. The peak responses at 26 = 20.3°
and 25.6° are for periodicity in parallel and perpendicular
directions to the PANI chain, respectively.””*' The peak at 25.6°
corresponds to d-spacing ~3.48 A for the face-to-face interaction
of phenyl rings of PANI chains.>* The highest intensity peak at
25.6° is observed for B4CAP, suggesting a greater extent of 7—7
staking of the polymer chain in B4CAP than in the other two
nanostructures.

3.5. TGA Study. The thermogravimetric analysis (TGA) of
the B4CAP matrix was done under a N, atmosphere from 25 to
800 °C (Figure S1). Nanostructures show a three-step weight
loss behavior. The first weight loss at ~100 °C relates to the
presence of moisture in samples. The second and third weight
losses at ~250 and 535 °C are for dedoping of dopant acids and
decomposition of the polymer main chain, respectively.*”** The
nature of the TGA curve shows good thermal stability of the
B4CAP matrix due to the good packing density of the B4CAP
nanostructures.

3.6. Dye Adsorption Study. Currently, many industries are
widely using several dyes and these are directly drained into
water in such a way that they contaminate not only rivers, ponds,
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Scheme 2. Chemical Structure of Different Dye Molecules Used in the Adsorption Studies
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material for dye removal, we have judiciously picked up three
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aromatic acid-doped PANI nanotubes (B4CAP, B3CAP, and
B2CAP, Figure 2d) for dye removal study and HCl-doped
polyaniline (HDP) has been used for the control experiment.
Indigo carmine (IC) dye is chosen as a model dye for detailed
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CR, (d) EBT, and (e) PRSA. (f) Rate of dye uptake with all the selected dyes with B4CAP. (g) Plot for the rate of dye uptake of different dye molecules

with PANI nanostructures (B4CAP, B3CAP, B2CAP, and HDP).

adsorption study at room temperature (Figure 3). UV—vis
spectra for dye adsorption for these three polymers are shown in
Figure S2.

Among four PANI composites, B4CAP has shown higher dye
uptake capacity and it is ~300 mg/g to IC compared with
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capacities of B3CAP, B2CAP, and HDP (~245, ~230, and
~107 mg/g respectively) (Table 1). The reason can be
explained from the aspect ratio of the nanotubes. The aspect
ratio of the B4CAP fiber is higher and every fiber shows uniform
hollow tube-like morphology (Figure la and S3), which has
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Table 2. Different Dye Molecule Specification and
Adsorption Efficiency

dye  molar mass (g/mol) A, (nm) dye nature adsorption (mg/g)
IC 466.36 609 anionic 300
MO 327.33 464 anionic 285
CR 696.68 499 anionic 194
EBT 461.38 53§ anionic 288
PRSA 702.67 502 anionic 192
MB 319.85 664 cationic 22.6
(&A% 407.97 588 cationic 21.1

produced more specific surface area (SSA) for dye adsorption
than that of the B3CAP and B2CAP fiber along with the
agglomerate morphology of HDP. The higher SSA of B4CAP
(83.93 m*/g) compared to the same of B3CAP (41.5 m*/g) and
B2CAP (15.7 m*/g) is also confirmed by BET studies (Figure
S4). In the adsorption or separation study, the adsorption
capacity (Q,) is another important parameter. To obtain the
optimum adsorption capacity between the adsorbent dosage and
the the amount of dye, we have changed the adsorbent mass
(PANI) and kept the dye concentration (mg/L) constant. The
characteristic UV—vis absorption maxima of the IC dye (4 =611
nm) decreases gradually with increasing the amount of B4CAP
nanostructure (Figure 3b). With an increasing PANI (adsorbent
dose) to dye (w/w) ratio, the dye removable percentage
increases. After a certain ratio of adsorbent dose to dye (w/w), it
becomes 100% and it is considered the optimum condition for
the adsorbent dose. It is found from Figure 3¢ that the optimum
condition for the adsorbent dose (B4CAP) to IC ratio is 3.5:1
(w/w).

Various types of toxic dyes are present in industrial
wastewater. To apply our synthesized PANI nanostructure in
a broad sense of applications, seven different dyes have been
chosen in the adsorption or separation studies, these are Congo
red (CR), Eriochrome Black T (EBT), Methyl orange (MO),
Indigo carmine (IC), PRSA, Methylene blue (MB), and Crystal
violet (CV) (Scheme 2).

The amount of dye uptake of B4CAP has been monitored by
UV—vis absorption spectroscopy at different time intervals
(Figure 4a—e). It has been found that the dye uptake rate of the
B4CAP nanostructure depends on the charge as well as the size
of the dye molecule. Anionic dye molecules (like IC™, CR",
MO~, EBT", PRSA™, etc.) are adsorbed more rapidly than
cationic dye molecules (MB*, CV", etc., Figure SS). The charge
of the dye molecule is not the only factor; molecular size also
plays an important role on the rate of dye uptake. As shown in
Figure 4f, the rate of IC dye uptake is more than that of other
selected dyes, calculated from the UV—vis study of selected dyes
with different time intervals. It is possibly due to the smaller size
as well as the presence of two negative charges (two sulfonated
unit) in the IC dye molecule. Though the size of EBT and MO
are comparable to IC, only one negative charge (one sulfonated
unit) on each molecule results from the slower rate of adsorption
than that of the IC dye molecule. PRSA and CR have two
negative charges (two sulfonated unit), these are bigger in size
than other selected dye molecules. The larger size causes lower
diffusion of dye in solution,and as a result, slow rates of dye
uptake are observed. As MB and CV are positively charged dye
molecules, they are adsorbed at slower rates.** The rate of dye
adsorption follows the order IC > MO > EBT > CR > PRSA >
MB =~ CV (Table 2). Rates of dye uptake of seven dyes with all
nanostructures have been investigated, and the results are
summarized in Figure 4g. The mechanism of dye adsorption on
the PANI surface occurs via electrostatic interaction between
dye molecules and the PANI surface, as shown in Figure S6
(Supporting Information). The sulfonated (—SO;”) dye
molecules electrostatically interact with the positively charged
backbone of PANI (emeraldine salt), leading to the adsorption
of various sulfonated dyes on the PANI surface. For the dye
adsorption study, B4CAP is the best PANI nanostructure among
four. The effect of pH for adsorption has also been observed
(Figure S7). With increasing pH from neutral to basic pH, the
adsorption capacity is sharply decreased. Decreasing the pH
from neutral to acidic, the adsorption capacity little decreases.
Therefore, the maximum adsorption capacity is observed at

i
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Figure S. Presentation of dye separation process (IC as a model dye, ~5 mg/mL) on a large scale by a glass column packed with B4CAP nanostructures

sandwiched between cotton layers.
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Figure 7. Schematic presentation of (a) column design packed with
B4CAP nanotubes between two cotton layers, (b) oil/water separation
from a mixture, (c) oil and water collection after 6 h by two different
containers, and (d) separation efficiency of different oil form oil /water
mixtures at room temperature by a column packed with B4CAP.

neutral pH (pH = 7). To show the performances of B4CAP
nanostructures, an aqueous solution of IC dye (typically S mg/
mL) has been passed through the B4CAP matrix sandwiched
between cotton layers, as pictorially represented in Figure 5. IC
dyes are adsorbed on the surface of B4CAP nanatubes and fresh
water (checked by UV-vis spectra) is stored at the bottom. Fur-
thermore, we have compared maximum dye adsorption capacity
of our PANI matrix with some reported polyaniline related work
(Table S2, Supporting Information)

3.7. Recyclability Study of B4CAP Nanostructure.
Recyclability or regeneration is an important factor from the
practical application point of view.*** After dye adsorption,
solid PANT has been properly washed with diluted NH; solution
followed by acid and water for the next adsorption study.
Desorption of dye from PANI nanostructures has been
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monitored by UV—vis absorption spectroscopy. Figure 6
shows the recyclable study results of IC dye (model dye), and
after five consecutive adsorption cycles, the B4ACAP has showed
the retention of 85% efliciency. The tube-like morphology of
B4CAP remains intact even after fifth cycle of dye adsorption
studies, as evidenced from the FESEM investigation (Figure S8)

3.8. Oil—Water Separation Study. Oil/water separation is
an area of high impact study in recent days from different points
of view like industrial benefits, green environment, etc. For the
oil/water separation study, a column packed with B4CAP matrix
sandwiched between two cotton layers has been prepared
(Figure 7). Demonstration of the separation has been performed
by using toluene, kerosene, petroleum ether, diesel, hexane,
chloroform, and xylene as the oil part. Initially, the toluene/
water mixture has been demonstrated as model oil/water
mixture for our experiment. After pouring the toluene/water
mixture into the column, the water part (transparent part) of the
mixture easily passes through the B4CAP packed column by
gravimetric force, whereas the toluene part (oil part marked as
pinkish color with sudhan IV dye) cannot pass (Figure 7c). The
strong hydrophilic nature of synthesized PANI due to the
presence of a large number of amine and imine groups in the
PANI chain dislikes the oil part (i.e., toluene). The percentage of
separation efficiency (% R) has been calculated for each mixture
by following eq 3. The calculated % R values for toluene,
kerosene, petroleum ether, diesel, hexane, chloroform, and
xylene are 97.8,95.2,97.0,96.0, 96.1, 94.1, and 94.9, respectively
(Figure 7d). Therefore, the separation procedure is highly
energy efficient because the methodology is solely gravity-
driven; no external force or high voltage is required for
separation.

4. CONCLUSION

We have successfully demonstrated PANI nanotubes in large
scale to develop a method for adsorption of dye from a water
contaminated dye solution as well as separation of oil form an
oil/water mixture. The aspect ratio of PANI fibers depends on
the nature of the dopant acid used. The maximum aspect ratio
has been achieved for the B4CAP nanotube, where B4CA is the
dopant acid. Synthesized PANI nanostructures are able to
adsorb anionic dye molecules in an aqueous solution with
maximum adsorption efficiency ~300 mg/g. The dye adsorption
ability of PANI nanostructure is also controlled by tuning the
aspect ratio of the PANI fibers. The rate of dye uptake
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significantly depends on the size as well as the charge of the dye
molecule. PANI shows good reuse property upon treatment
with dilute ammonia for dye adsorption up to several cycles. The
hydrophilic property of the PANI nanostructure facilitates oil/
water separation from a mixture by gravitational means and,
thus, is energetically favorable. We believe that our synthesized
PANI nanotubes will be useful for numerous applications,
including industrial dye adsorption, wastewater treatment, fuel
purification, and separation of commercially relevant emulsions.
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