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Superhydrophobic/superoleophilic materials have shown great potential for applications in oil/water
separation. However, practical applications of these materials are restricted due to their toxicity and
complicated, expensive, and non-eco-friendly fabrication procedures. Here, we have successfully
developed an easy, simple, cost-effective, and environmentally friendly strategy towards the synthesis of
superhydrophobic and superoleophilic porous polypyrrole nanotubes. Such wettability has been
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Accepted 29th August 2020 introduced into polypyrrole by co-doping with sodium dodecylbenzenesulfonate, a surfactant for
lowering surface energy and controlling the morphology of the nanotubes. These non toxic and
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Introduction

Accidental oil spillages constitute a significant source to pollute
and imbalance the marine ecosystem."* Oil spill or leakage
frequently occurs during exploration in the sea, transportation
through pipelines or tankers by the sea, storage of oil, and from
industrial waste-oil discharge.® The gravity of oil spills to marine
water could be understood from the 1989 Exxon Valdez oil spill
(EVOS) which had disastrous consequences.” Therefore, effec-
tive and efficient oil remediation is needed to save marine
ecology.>™*°

Many conventional techniques are used for oil/water sepa-
ration, including booms, skimming, oil burning etc.>**> These
energy intensive and time-consuming techniques have issues of
inefficient separation and secondary pollutants. For example,
use of oil booms requires a water velocity of less than 1
knot.***** Similarly, the skimming of oil from water requires
vacuum pumps, relatively calm water, and chemical surfactants
that are harmful to the marine ecosystem.®**> Therefore, to
overcome these shortcomings, many new materials or tech-
niques have been explored.

Recently, bioinspired superhydrophobic/superoleophilic
(SHSO) materials have attracted significant interest in oil/

“Technical Physics Division, Bhabha Atomic Research Centre, Mumbai 400085, India
*Homi Bhabha National Institute, Mumbai-400094, India. E-mail: spkoiry@barc.gov.
in; akchau@barc.gov.in

available. See DOL

T Electronic  supplementary  information

10.1039/d0ra06409b

(ES)

This journal is © The Royal Society of Chemistry 2020

a reasonable efficiency with good reusability.

water separation owing to their unique surface wettability
properties of having an extremely high water contact angle (CA)
>150°, and very low oil CA < 10°.>*"> When SHSO materials are
dipped in an oil-water mixture, oil permeates easily through
these but water is rejected at the surface. In addition, these
materials also have advantages of self-cleaning, corrosion
resistance, anti-fouling, anti-bacterial, and UV resistance etc.>™*°

These special materials are synthesized by making hierar-
chal micro or nano structures such as nanotubes/nanofibers.
The air could get trapped in such structures, which contrib-
utes to increasing water contact angle or hydrophobicity.'”'®
The contact angle can further be increased by coating with low
surface energy materials."”” Based on these properties, filters or
oil absorbers have been developed using various porous mate-
rials, which include membranes, polymer fibers, metal mess
cloths, cotton hydrogels/aerogels, and sponges, etc.>%31%:2¢
The membranes are used to separate oil from oil/water mixture
by filtration, making the process efficient, simple, and cost-
effective.>* On the other hand, polymer nanofibers are used as
sorbents which separate water by selectively absorbing/
adsorbing oil from the oil/water mixture. These sorption char-
acteristics of polymer nanofibers arise from: (a) superoleophilic
and superhydrophobic properties of the fibers, (b) the porosity
of the fibers (for retaining oil), and (c) capillary effect/
adsorption by the fibers (for oil absorption).”* The absorbed
oil can be collected by squeezing, solvent extraction, or centri-
fugation. For oil spillage in open water systems where collection
of contaminated water is difficult, such oil sorbents are applied
by hand on the polluted water.”'>'%2°
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The fabrication processes of these superhydrophobic mate-
rials are complex, time-consuming, and require sophisticated
instruments.”>**** Therefore, quest for a cheaper, efficient,
reusable, and environment friendly oil-water separator is
a need of the time, and new strategies need to be devised for
fabrication of SHSO materials.”*®

Synthesis of nano/microtubes or fibers of conjugated poly-
mer materials could be a prospective option. These nanofibers
can be cost-effectively synthesized by chemical methods using
predesigned templates (porous alumina) or soft template
method, where self-assembled nanostructures of organic
molecules, surfactants, and dyes act as templates.>?* The
specialty of this class of polymers is that the positive charges are
delocalized in the conjugated system counterbalanced by
anions called dopants. The wettability properties of such poly-
mers can be tuned by dopants, for illustration, perfluorinated
doped polypyrrole (PPy) is hydrophobic whereas ClO, doped
PPy is hydrophilic.** Since these polymers are conducting
polymers, studies of their hydrophobic properties were mainly
focused for electrical, opto-electrical, and sensors applica-
tions.>**” However, conjugated polymers such as polyaniline,
polythiophene, and polypyrrole are hardly explored exclusively
for oil-water separation despite their potential for the same.

Here, we are reporting the strategy for the synthesis of
superhydrophobic/superoleophilic polypyrrole (PPy) nanotubes
network for separating oil from water and the collection of the
separated oil efficiently. The objectives of present work are: (1) to
develop a cost-effective environmentally friendly method for
synthesizing conjugated polymer nanotube networks similar to
polymer nanofibers, (2) synthesized polymer should be self-
standing, which could be spread in the open area and collected
easily, and (3) the polymer should be environment friendly. For
this purpose, polypyrrole is a suitable candidate as it is
biocompatible and can be easily synthesized from monomers
with varying morphologies by chemical oxidation.?***?*3* We
followed the ferric chloride-methyl orange soft template method
for synthesizing polypyrrole (PPy) nanotubes.”” The PPy was co-
doped with a surfactant, sodium dodecylbenzenesulfonate
(SDBS) to enhance hydrophobicity and control its morphology.
The surface wettability properties of these PPy-SDBS co-doped
nanotubes networks were studied. These nanotubes were
utilized for oil/water separation and exhibited a robust absorp-
tion capacity, reusability, and retrievability of absorbate.

Experimental
Materials

Pyrrole (Sigma-Aldrich, reagent-grade 98%) was vacuum distilled
and stored at 4 °C. Sodium dodecylbenzenesulfonate (SDBS)
(Sigma-Aldrich, technical-grade), ferric chloride (FeCl;) (Thomas
Baker, Anhydrous, AR grade), methyl orange (Sigma-Aldrich, ACS
reagent, dye content, 85%) were used as purchased.

Method

Polypyrrole (PPy) nanotubes were synthesized using ferric
chloride-methyl orange template method with SDBS as a co-
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dopant at room temperature. For this, 5 mM of methyl orange
aqueous (50 ml) solution was prepared in a beaker. To this,
ferric chloride (0.406 g) was added under constant stirring. After
10 minutes, 17.4 mg of SDBS was added under continuous
stirring followed by drop wise addition of 170 ul of pyrrole. After
2 hours, the reaction was stopped, and PPy powder was ob-
tained by filtration. The PPy powder was washed with deionized
water and ethanol. After drying at 50-55 °C for 30 minutes and
PPy flakes were obtained by peeling off from the filter paper.
Fig. 1 shows the schematic of the experimental procedure for
synthesizing PPy nanotubes.

Characterization

Fourier transform infrared (FTIR) spectra of the PPy were
recorded in reflection mode using 80 V Bruker FTIR Spectro-
photometer. The surface wettability properties of the polymer
were investigated by measuring the water contact angle (WCA)
using OCA 200 of Data Physics. The surface morphology of
synthesized PPy was studied by field emission scanning elec-
tron micrographs (Zeiss make).

Oil-water separation

For oil-water separation studies, the flakes were crushed to
powder and spread on the hexane/water mixture. To make two
layers distinctly visible BODIPY dye was added to the hexane
layer for coloration. For studying the retrievability, hexane-
absorbed polymer was heated in a sealed bottle, which con-
tained an empty tube for collecting the evaporated hexane. The
oil absorption capacity was evaluated by saturating the known
amount of polymer with hexane.

Results and discussion
Synthesis and characterization of the polypyrrole nanotubes

Our strategy is inspired by superhydrophobic properties shown
by polymer nanofibers or carbon nanotubes functionalized with
low surface energy materials such as fluorinated silane,
PTFE."?® Thus, in present work, we replicated this carbon
nanotube/nanofiber design by choosing polypyrrole nanotubes

&7o
Q ~Na*

After 10 mins

2hrs stirring

Polypyrrole

Fig. 1 The schematic of the experimental steps involved and the
photograph of the synthesized polypyrrole.

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 FTIR spectra of polypyrrole showing the characteristics vibra-
tion bands in the spectra.

doped with SDBS. The choice of SDBS, a non-fluoro compound
with a long hydrophobic alkyl chain, was made to use it as a low
surface energy material to increase the hydrophobicity of PPy.*
Moreover, SDBS is one of the important surfactants used in oil/
water separation.** For synthesizing polypyrrole nanotubes, we
adopted a soft template method in which ferric chloride-methyl
orange (FeCl;-MO) template was used. The formation of PPy
nanotubes using this soft template is well reported.***> Our
group also reported the synthesis of polypyrrole acicular
nanorods using ferric chloride-methyl orange template.*® Thus,
the mechanism of the formation of nanotubes is briefly
described in two steps. Under first step, FeCl3;-MO nanorods are
prepared for templates, and in second step, pyrrole gets poly-
merized by ferric chloride present in the template during which
ferric ions convert to ferrous ions resulting in the decomposi-
tion of the template. Therefore, the polymerized pyrrole repli-
cates the template structure resulting in polypyrrole nanotubes,
which is obtained after washing the decomposed templates.
The absence of the template in PPy is confirmed from the
missing -N=N- stretching vibration at 1608 cm ™" in the FTIR
spectra of PPy, as shown in Fig. 2.*® The formation of PPy is
confirmed from its characteristics vibrations such as the anti-
symmetric and symmetric pyrrole ring C=C stretching vibra-
tions at 1581 cm ™' and 1482 cm ™', C-N stretching vibration at
1448 ecm™!, C-H deformation vibrations at 1240 cm™ ' and
1059 c¢cm™', and ring bending vibrations at 948cm ‘and
979 em "% The band from 1300 em™" to 1440 cm™' is
assigned to C-N and C-H in-plane deformation vibration
modes.*® The band at 1604 cm™" and 1490 cm ™" are attributed
to aryl C=C anti-symmetric and symmetric stretching and
693 cm™ " to -SO;~ bending vibration modes of dodecylbenze-
nesulfonate and corresponded to doping state of PPy.>%37

Surface morphology

The surface morphologies of PPy doped with SDBS were studied
by field emission scanning electron microscope (FESEM).
Fig. 3(a) shows nanotube-like structures that are uniformly
distributed and are interconnected to make porous structures.
These tubes have an average length of 4.5 + 0.2 pm and
diameters of 200 £+ 50 nm. The high-magnified SEM images
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Fig. 3 SEM images of the PPy flakes with different doping concen-
tration (a) 1 mM, (b) 5 mm of SDBS, and (c) without SDBS. The insets
show the magnified images.

show small branches or initiation of branching as dots that
increase the roughness of the tubes (inset of Fig. 3(a)). Such 3D
nanoporous structures are reported for polymer nanofibers
synthesized by electrospinning technique, which we could get
using a simple soft template method."** We also studied the
effect of concentration of SDBS on the morphology of the PPy.
Broadly, the morphology has tubular-structure for PPy with or
without SDBS as expected due to the template effect (Fig. 3(a)-
(c))- Besides, the variation of the concentration of SDBS from
1 mM to 5 mM does not affect the morphology significantly, as
shown in Fig. 3(a) and (b), respectively. However, the variation
in morphology is observed for PPy without SDBS, where the
length of nanotubes (10 &+ 0.1 pm) and their diameters (500 +
50 nm) get doubled as compared to SDBS doped PPy
(Fig. 3(c)).Consequently, its morphology appears more compact
and less porous than that for the SDBS doped PPy.

These morphological studies suggest that the presence of
SDBS affects the extent of polymerization and agglomeration of
PPy nanotubes. Thus, the SDBS acts as a stabilizer for the PPy
nanotubes, which could be explained as follows. During doping
of SDBS, its anionic part (sulphonate group) along with CI™
generated during the reduction of FeCl; act as counter ions for
polarons present in the oxidized PPy, and the tail part (alkyl
chain) lies away from the polymer chain as schematically shown
in Fig. 4(a). After a certain doping concentration of SDBS, the
presence of the long alkyl chains (C12) around PPy becomes
prominent. Then these SDBS chains prevent the monomer from
approaching the polymerization sites. Thus, this causes the
termination of chain propagation, which leads to small polymer
tubes (Fig. 4(a)). Similarly, the presence of long alkyl chain
prevents nanotubes from getting agglomerated (Fig. 4(b)). Such
steric effects are not present in the PPy without SDBS causing
chain propagation and agglomeration, as shown schematically
in Fig. 4(c). In this case, only Cl™ acts as the counter ion for
polaron present in the PPy. Moreover, the reduced diameter for
PPy polymerized tubes in the presence of SDBS may be attrib-
uted to partial dissolution of FeCl;-MO nanorod template on
the addition of SDBS.**
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Monomer: M (Pyrrole), Polaron: P+ (in polypyrrole nanotube)

Dodecylbenzenesulfonate : ———___9 (Anionicpartof SDBS)
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Fig. 4 Schematic representation of the effect of concentration of
SDBS on morphology of PPy with SDBS causes (a) termination of chain
propagation and (b) agglomeration. (c) Without SDBS causing chain
propagation and agglomeration. In situ chloride (Cl™) doping arises
from the reduction ferric chloride to ferrous chloride during oxidation
of pyrrole.

Contact angle measurement

The surface wettability of synthesized PPy film was evaluated by
the water contact angle (WCA) and oil contact angle (OCA). As
shown in Fig. 5, the water drops on PPy are perfectly spherical
with water contact angle (WCA) 157° + 5°confirming its
superhydrophobic nature. When a drop of hexane was placed
on PPy, the organic drop was immediately absorbed, exhibiting
excellent superoleophilicity. We also carried out a control
experiment in which PPy was synthesized without SDBS as
dopants. Such polymer was found to be hydrophilic possessing
low WCA, although they have nanotube structure. The effect of

33750 | RSC Adv, 2020, 10, 33747-33752
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(a) (b)

CA left: 161.8°
CA right: 161.8°

Fig. 5 Optical images of (a) water droplet on PPy flakes doped with
SDBS and (b) water contact angles (161.8°) measurement.

: S
Clear water

(d)

Fig. 6 Photographs of (a) water hexane mixture, (b) and (c) the addi-
tion PPy nanotubes and PPy nanotubes + hexane layer, and (d) filtra-
tion. The BODIPY dye was added for coloration of hexane layer.

concentration of SDBS (1 mM and 5 mM) was also studied on
the wettability of PPy, and found to be superhydrophobic. These
results suggest that the presence of SDBS alters the morphology
of PPy as discussed above and also lowers the surface energy of
the PPy. Since these qualities of the PPy nanotube doped SDBS
match with superhydrophobic oil/water separators, this poly-
mer should be useful for oil recovery.

Oil/water separation and absorption

For exploring its actual potential in oil/water separation,
a model system of hexane/water mixture was chosen. Owing to
lower density, the hexane layer floats over the water layer. The
hexane was also dyed with BODIPY so that two distinct layers of
water and oil are visible (Fig. 6(a)). When the powder of SDBS co-
doped PPy was added in the liquid mixture, the colored layer
was absorbed by PPy powder within a few seconds, as seen in
Fig. 6(b) and (c). The mixture was then filtered, and the filtrate
did not show any coloration, confirming the total separation of
hexane (Fig. 6(d)). Since surfactants are generally used to
remove slick oil from the water, we explored further the possi-
bility to remove the thin oil layer from water using PPy nano-
tubes. For this, in a similar fashion a few drops of hexane were
spread on the surface of the water, and then the nanotubes were
added (Fig. 7(a)-(c)). Within a few seconds, this polymer
absorbed the colored layer (hexane) leaving behind the colorless

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 Photographic images of thin layer of hexane (dyed with BOD-
IPY) on water (a) side view and (b) top view; (c) PPy naotubes on the
hexane layer, and (d) after absorption hexane layer (disappearance of
color) by PPy.

water, as shown in the photographs (Fig. 7). No polymer powder
was observed in the water layer, owing to its superphydrophobic
nature. These results confirm the good oil absorption and
separation properties of SDBS co-doped PPy.

The absorption capacity of PPy was calculated using eqn (1),

Mgyt — My
- - 1
my ( )

Absorption capacity =

where, m, and mg, represent the polymer before and after
saturation by oil.

The absorption capacity was found to be 8 g ¢~ *. The measured
absorption capacity of PPy is comparable to other reported
absorbents for hexane viz. polypropylene sponges (~8g g '),
polypropylene aerogel material (3-5 g g~ *).*

Further, absorbate retrievability and recyclability were also
studied as these are important attributes for an ideal
absorber.”">** Fig. 8 shows the retrieved hexane in a tube, ob-
tained from hexane absorbed PPy nanotubes powder after
heating at 70 °C. This low retrieval temperature indicates very
weak interactions between hexane and PPy network, making it
a low energy process. The powder was reused to absorb hexane
for 10 cycles and exhibited consistent repeatability. As far as
hexane retrievability is concerned, very little difference (<0.5%)
was observed between 1°* and 10™ cycle. These results clearly
demonstrate that the hexane was stored in voids and nano-
tubes. The morphology of PPy after retrieving the hexane was
also investigated. However, surface morphographs of the used
PPy were found the same as before the oil/water separation

&= Heatingat

hot plate (70°C)

I 5 ‘ﬁdexane

PPy powder

Empty bottle s J

Hexane - absorbed
PPy powder

Fig. 8 The photographs showing the collection of hexane by heating
the absorbed PPy powder. The empty tube was perforated to collect
the condensed hexane.

This journal is © The Royal Society of Chemistry 2020

View Article Online

RSC Advances

(Fig. S1f). This study confirmed robust reversibility in
absorption/retrieval and, therefore a good reusability of PPy for
oil/water separation applications.

Although the absorption capacity of PPy is less than the
commonly used oil absorbers like sponges, hydrogel aerogel,
polypropylene/PVC  nanofibers, these absorbers require
complex, expensive fabrication process and also these are not
environmentally friendly.”** In contrast, PPy is freestanding and
does not require any additional support material. The prepa-
ration method discussed in this paper is simple and easy, and
the raw as well as product materials, are environmentally
friendly and cheaper, making the process cost-effective. There-
fore, these many advantages of PPy compensate for its limita-
tion in the present absorption capacity and place it in the league
of many options available for cleaning oil spills.

Conclusions

In conclusion, we have successfully demonstrated a strategy for
synthesizing superhydrophobic and superoleophilic conjugated
polymers by tuning the dopants for oil-water separation and
absorption. For this purpose, we have synthesized super-
hydrophobic polypyrrole nanotubes co-doped with SDBS,
a surfactant using an easy and cost-effective soft template
method. It is proposed that the wettability properties of the
polypyrrole arise due to SDBS, which acts as a stabilizer for
nanotubes and lowers their surface energy. This environment-
friendly and non-toxic polymer was tested for the oil/water
separation and showed a reasonable efficiency with good
reusability.

Thus, in this paper, the potential of PPy nanotube doped
with surfactants is demonstrated as a probable contender for
the application in oil/water separation. These results will also
inspire synthesis of conjugated polymer nanofibers doped with
different surfactants using soft template methods for oil/water
separation.
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