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Abstract

Candle soot (CS) nanoparticles exhibit excellent superhydrophobic and

superoleophilic properties, making them an ideal absorbent for separating oil

and oil/water mixtures. Although their cost-effectiveness is attractive, the chal-

lenges associated with recovering soot nanoparticles after oil absorption and pro-

ducing secondary pollutants have limited their attention. Our study demonstrates

the synthesis of CS nanoparticles embedded polystyrene (PS) nanofibrous

membranes with excellent stability, surface-to-volume ratios, and flexibility.

CS-incorporated composite membrane with a rough surface showed a water con-

tact angle (WCA) of 156� ± 1.5�, about 20% higher than the smooth pristine PS

membrane. The CS-based composite membrane also demonstrated improved per-

formance as an absorbent, owing to its hydrophobic characteristics linked with

surface roughness when employed for separating oil from oil/water mixtures. Fur-

thermore, when exposed to four different oils, the CS-based membrane displayed

a higher absorption capacity (up to ≈120 g oil/g membrane) than the pristine

membrane. Using a gravity-assisted continuous oil/water separation setup, we

measured the oil permeate flux using nanofiber mats as a membrane. Compared

to the original membrane, the modified membrane showed enhanced oil permeate

flux of�2873 ± 122 L m�2 h�1 and separation efficiency of over 99%.
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1 | INTRODUCTION

Over the past few years, oil spills have been reported
frequently in oceans and rivers. For instance, a massive
accident in the Gulf of Mexico in 2010 dumped approxi-
mately 4.9 million barrels of oil into the sea.[1] Oil pollu-
tion, which has perpetually increased around the globe,
also results from oily wastewater disposal from petro-
chemical, textile, metal, and food industries, etc.[2–5] Con-
sequently, oil spills and oily substances from wastewater

severely damage marine and aquatic ecosystems and
coastal environments.[6] Various physical, chemical, and
biological methods have been used to address oil recovery
from oil/water mixtures.[7–12] Conventional methods
(in situ burning, skimming, ultrasonic separation, chemi-
cal dispersion, etc.) have several demerits, such as gener-
ating secondary pollutants, low efficiency, high operating
costs, low energy utilization, and poor reusability.[11–14]

Membrane-based oil/water separation with profound
absorption capacity is attractive among the numerous
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oil/water separation techniques due to its excellent
removal efficiency.[15–17] The ability of membrane mate-
rials with adjustable porosity and pore size distribution to
separate miscible oil/water mixtures (emulsions) is an
advantage over sponges and aerogels that have relatively
large pores.[18,19] Furthermore, aerogels and sponge-
based materials suffer from low absorption capacities, the
inability to separate oil and water from miscible mix-
tures, and complex preparation methods. Various mem-
branes are available for separating oil from oil/water
mixtures, including oil-removing (superhydrophobic/
superoleophilic) or water-removing (superhydrophilic/
superoleophilic).[20–22] However, it is more economical to
use the oil-removing type over the water-removing mem-
brane since the extent of oil separation is relatively more
straightforward than the large quantity of water from the
given oil/water immiscible mixture.

In oil/water separation, the decontamination is usually
accomplished via the following two routes: removing oil
from (i) the immiscible oil/water mixtures and (ii) the mis-
cible oil/water emulsions.[23,24] Several methods have been
developed to separate oil from immiscible oil/water mix-
tures. However, separating oil from miscible oil/water
emulsions is especially challenging since the mixtures are
stable and the droplets are smaller than 20 μm.[25] Further-
more, the stabilized emulsions offer enhanced resistance to
oil transport from the pores to the bulk. Therefore, it is
imperative to devise a technique to remove oil traces from
both immiscible and miscible oil/water mixtures.

There is a growing trend to use electrospun nanofiber
membranes to deal with oil contamination.[26–30] The
increase in interest in nanofiber-based membranes may
be attributed to the ability of the membranes to separate
oil from miscible and immiscible oil/water mixtures
because of their tunable porosity, physicochemical prop-
erties that can be adjusted, flexibility, and large surface
area.[28,31,32] Several electrospun nanofibrous membranes
were prepared using polyvinylidene fluoride (PVDF), PS,
polyacrylonitrile (PAN), poly(vinyl alcohol) (PVA), and
agar/PVA for the separation of oil and water mixtures.[33–37]

These nanofibers, however, showed poor efficiency, low
mechanical strength, and low WCA values (< 150�).[23] In
order to enhance WCA, porosity, surface area, and absorp-
tion capacity, various nanoparticles such as Fe2O3, SiO2,

Fe3O4, and TiO2 were added into the polymer precursor
before electrospinning to obtain the composite nanofi-
bers.[34,38,39] These composites displayed considerable per-
formance due to their higher WCA, good chemical
resistance, and high hydraulic stability compared to other
polymer-based pristine membranes. Recently, CS nanoparti-
cles were also demonstrated to be an active material for dif-
ferent applications due to their uniform particle size of
between 30 and 50 nm, ease of synthesis, and low cost.[40]

These soot particles displayed superhydrophobic and super-
oleophilic properties owing to their low surface energy
hydrocarbon and methyl functional groups.[41,42] Although
these soot particles showed remarkable properties, their
poor adhesion and difficulty in recovery hinder the use of
these particles for oil/water separation. One way to over-
come these challenges could be depositing CS particles on
paraffin wax, polydimethylsiloxane, methyltriethoxysilane-
based surfaces or combining the same with a polymer
solution before electrospinning to fabricate stable
superhydrophobic surfaces.[43–47] In several studies, stable
superhydrophobic surfaces have been obtained using CS
nanoparticles. However, these materials have not been eval-
uated as oil/water separation absorbents. The soot-
embedded polyvinylidene fluoride (PVDF) nanofibrous
membrane,[47] CS-coated nickel foam,[48] copper mesh,[10]

melamine sponge,[49] and egg carton materials[50] are exam-
ples. However, CS particles have fragile adhesion to sub-
strate materials in most cases, which must be addressed to
make them robust and reusable for oil/water separation.

To this end, we propose demonstrating the oil/water sep-
aration using a CS-PS nanofiber-based composite membrane.
The proposed strategy combines the synergistic effect of
superhydrophobicity and three-dimensional complex chan-
nels to offer a novel yet straightforward membrane with
improved flexibility, porous structure, and stability. Although
several studies have been reported on PS-based nanofibers,
no studies on soot-incorporated PS nanofibers are found in
the literature. To the best of our knowledge, it is the first
time that a membrane modified with soot particles has been
used to demonstrate the removal of oil from immiscible
oil/water mixtures and miscible oil/water emulsions.

2 | METHODOLOGY

2.1 | Materials

Polystyrene, Mw: 350,000 g/mol, purchased from Sigma-
Aldrich Chemicals Pvt. Ltd., India, was used to prepare
nanofibers. N,N-Dimethylformamide (DMF), and tetrahy-
drofuran (THF), used to dissolve PS in a suitable volume
ratio, were purchased from Sigma-Aldrich Chemicals Pvt.
Ltd., India. The non-aqueous phase-based absorbate (Peanut
oil, bean oil, sunflower oil, and diesel), used to measure
membrane oil absorption capacity, was procured from Tara-
nath Scientific & Chemical, India. Span 80, an emulsifier,
was purchased from SRL chemicals, India. The paraffin-
based candle, procured from Taranath chemicals, India, has
been used in preparing the soot particles. The coloring
agents, methylene blue and Sudan IV, purchased from
HIMEDIA chemicals, were used to stain water and oil
phases. Deionized water (18.2 MΩ) obtained from a Milli-
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Q™ was used for all experiments that involved aqueous
phases. All the chemicals and the reagents were utilized as
received without further purification.

2.2 | Preparation of superhydrophobic/
superoleophilic surface

Figure 1 shows the schematic of the membrane synthesis
process using electrospinning. First, CS was deposited uni-
formly on the stainless-steel foil by directing the soot flame
straight into the substrate. The deposited CS particles were
scraped off the foil and dried at 200�C for an hour inside
the vacuum oven to remove wax content; this step is essen-
tial to prevent soot particle agglomeration during solution
preparation. In a separate set of experiments, we prepared
the polymer solution by dissolving 15 wt% of PS in a binary
solvent mixture containing DMF and THF solvents at a
ratio of 4:1 (by volume). The precursor solution was then
gradually introduced with 10 wt% soot particles in powder
form. In order to achieve a uniform solution, a magnetic
stirrer was used to stir the mixture at 300 RPM for 8 h. The
obtained PS solution containing CS was used as a precursor
to electrospinning. Under 45% relative humidity and room
temperature conditions, the electrospinning process param-
eters such as voltage, flow rate, and needle-to-rotating
drum collector (RPM: 300) distance were optimized as
15 kV, 0.8 mL/h, and 10 cm, respectively. We used a 5-mL
syringe fitted with an 18-gauge needle for discharging the
polymer solution. The fibers deposited over the drum for
6.5 h were removed as a mat and used as an absorbent.

2.3 | Oil absorption

We conducted a series of experiments to gauge the perfor-
mance of the membrane. In a separate set of experiments,
four different oils (peanut oil, sunflower oil, diesel oil, and

bean oil) were considered to determine the absorption
capacity of the as-synthesized PS and CS-PS nanofiber-
based membrane. We placed membranes weighing about
0.1 g in a beaker containing oil and allowed them to absorb
oil. The membranes reached equilibrium and showed a
sluggish increase in the absorption capacity, as shown in
Figure S1. Hence the absorption time was maintained as
2 min in absorption studies. The absorption capacity was
then calculated using the following expression.

Absorption capacity¼M2�M1

M1
ð1Þ

In the equation above, M1 and M2 refer to the mass of
the membrane before and after absorption, respectively.

2.4 | Oil/water separation

2.4.1 | Immiscible oil/water system

We conducted a series of experiments with PS and CS-PS
membranes to determine the separation efficiency and per-
meate flux. For the study, we first prepared an immiscible
oil/water mixture using sunflower oil and water in a vol-
ume ratio of 1:1 (25 mL each). We stained the water and oil
phase using methylene blue and Sudan IV to visualize the
aqueous and oil phase. The mixture was then slowly poured
into a lab-scale oil/water separation setup, where liquid
passes through a membrane and collects in a flask below,
as shown in Figure S3. Oil flowed through the membrane
solely by gravity, without the aid of any external forces.

2.4.2 | Miscible oil/water system

In the case of the emulsion mixture, we performed the
study using the stabilized oil dispersed in the form of

FIGURE 1 Illustration of the preparation methodology of the CS-incorporated PS nanofiber-based composite membrane.

THOTA ET AL. 3
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droplets in the aqueous phase. Initially, 1 mL of water
was added to 50 mL of sunflower oil containing 0.1 g of
surfactant (Span 80). Subsequently, the entire oil/water
mixture was vigorously stirred for 3 h at 1200 RPM to
obtain oil/water emulsion. After that, the oil/water sepa-
ration was performed following a similar procedure
described in the immiscible oil/water separation men-
tioned earlier. Before emulsification, we stained the aque-
ous phase using methylene blue to visualize the aqueous
and oil phase. As mentioned in the earlier section, no
additional forces were introduced to improve the flux.
The ratio of the volumetric flow rate (L/h) of the oil col-
lected at the bottom using gravity-assisted separation and
the membrane's effective surface area is reported as the
membrane permeate flux. In addition, a separation effi-
ciency calculation was performed based on the equation
below for both immiscible and emulsified oil/water mix-
ture separation.

Separation efficiency %ð Þ¼
Amount of oil removed via separation

Total amount of oil added
�100%

ð2Þ

2.5 | Characterization

High-resolution scanning electron microscope (HRSEM;
Carl Zeiss, EVO 18), studies were performed to character-
ize the CS-laden PS nanofibers. The membrane's WCA
measurement has been realized through the sessile drop
experiments using the optical tensiometer (Biolin Scien-
tific, Theta Flex) under static mode. The WCA of each
sample has been obtained by capturing the images at sev-
eral locations in X and Y planes using the optical tensi-
ometer and then averaging the measured values obtained
at different spatial coordinates. Fourier transform infra-
red (FTIR) spectroscopy (Thermo Scientific Nicolet, iS50)
was used to identify the functional groups of the pristine
and composite membrane and confirm the presence of
CS nanoparticles. A thermogravimetric analysis (TGA)
and derivative thermogravimetric analysis (DTA) were
conducted with the TGA instrument (SDT650) to investi-
gate the thermal stability of CS-incorporated and pristine
PS nanofiber membranes.

3 | RESULTS AND DISCUSSION

First, we examined the structural morphology of CS
incorporated and pristine PS nanofiber membrane by
obtaining a three-dimensional projection of surface fea-
tures using SEM. Figure 2A–C depicts the scanning elec-
tron microscopic images corresponding to the modified

PS membrane, while the pristine nanofiber membrane's
surface morphology is distinctly shown in Figure 2E–G.
As illustrated by Figure 2C, the surface of nanofiber mod-
ified by soot particles appears to have a significant level
of roughness compared to the smooth pristine nanofibers
(Figure 2G). Consequently, it is expected to enhance the
wettability nature demonstrated by the surface's nano-/
microscale features, that is, hydrophobicity in this
case.[51] The nanoscale surface features in CS mixed
fibers are attributed to the rippled structures distended
from the surface, which resulted from incorporating the
soot nanoparticles in the matrix of PS nanofibers. The
changes in the surface morphology of composite mem-
branes can be attributed to the difference in the evapora-
tion rates of solvent-rich PS and solvent-less CS during
the whipping of fibers between needle and collector,
which leads to shrinkage of the nanofibers. Unlike other
soot-based superhydrophobic membranes that have been
reported, these nanofibers do not just have soot particles
sitting on the surface. Instead, the soot particles are
spread out throughout the polymer matrix.[46–49] On the
other hand, the uniform evaporation rate in the case of
pristine PS nanofibers leads to smooth surface morphol-
ogy, as shown in Figure 2E–G.

The wettability of the membrane plays a crucial role
in oil recovery application. To this end, we demonstrate
the influence of surface roughness on the wettability of
the membrane. Figure 2D,H reveals the WCA of a droplet
deposited on the surface of a modified and pristine PS
membrane. The average WCA of CS incorporated and
pristine PS nanofibers measured by the sessile drop stud-
ies are 156� �1:5� and 129� �1�, respectively. We infer
that the modified nanofiber mat shows an improvement
in WCA of 27�, that is, an increase of up to 21%, com-
pared to the pristine PS nanofiber membrane. This
enhancement in WCA (hydrophobic to superhydropho-
bic) signifies the substantial role of nano-/microscale sur-
face roughness coupled with a reduction in surface
energy tuned by the proposed CS–PS matrix.

The molecular vibrations of functional groups in CS-
incorporated PS and pristine PS nanofibers were investi-
gated using FTIR spectra. Figure 3 shows the FTIR spec-
trum of pristine and CS-incorporated PS membranes. The
appearance of characteristic peaks at three different
regions, (1) 400–900 cm�1, (2) 900–2000 cm�1, and
(3) 2800–3200 cm�1, establish the existence of the unique
chemical composition of PS. Aromatic rings with C H
band vibrations exhibit peaks at 759 and 690 cm�1. Peaks
at 1584 and 1030 cm�1, lying between 900 and
2000 cm�1, indicate aromatic deformation of C C and
C H bonds. The peak at 2916 cm�1 corresponds to the
C H stretching vibration of the CH2 and CH groups.[52]

On the other hand, the strong peaks observed at 3694

4 THOTA ET AL.
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and 1587 cm�1 for CS-incorporated PS composite sam-
ples denote the existence of a hydroxyl group due to the
profound stretching of the O H bond due to the pres-
ence of the absorbed water phase.[40] Furthermore, we
confirm the presence of the CS nanoparticles in the PS
membrane by observing the characteristic peak for the
carboxylic group at 1048 cm�1.[53] Thus, the FTIR results
discussed earlier clearly indicate that the composition of
the modified membrane is different from pristine PS due
to the incorporation of CS nanoparticles in the matrix.

Figure 4A,B shows the thermogravimetric analysis
(TGA) and derivative thermogravimetry (DTG) curves of
pristine PS and CS-incorporated PS nanofibers. The mem-
brane samples were heated from room temperature to
800�C with a heating rate of 10�C/min. The TG analysis of
both samples shows one-step degradation; however, the
decomposition temperature of CS-incorporated PS fibers is

slightly higher than pristine PS fibers (i.e., �10�C) due to
enhanced thermal stability. After degradation, the remaining
weight (≈8 wt%) of the CS-embedded PS nanofiber mem-
brane can be attributed to embedded CS nanoparticles in
the composite nanofibers. DTG peak of maximum weight
loss shifted to a higher temperature for CS-embedded PS
nanofibers compared to pristine nanofibers, as shown in
Figure 4B (inset). A rise in decomposition temperature can
be attributed to the interaction between PS and CS, which
inhibited the process.

Furthermore, we show that the performance of the
modified membrane over the removal of oil from the
oil/water mixtures is higher than the unmodified one.
Figure S2a–c shows the snapshots of the glass beakers
containing the oil/water mixtures with and without the
addition of nanofiber-based absorbents. Figure S2b,c dis-
plays the pictures of the efficient removal of CS-modified
PS absorbent at t = 0 (Figure S2b) and t = 2 min
(Figure S2c). It can be inferred from the figures
(Figure S2b,c) that the CS-incorporated PS nanofibers-
based membrane has almost removed the absorbate (tar-
get pollutant). The oil phase is stained using Sudan IV to
visualize the oil phase distinctly. Similar experiments
were performed using a pristine PS nanofiber-based
membrane to assert the efficiency in terms of oil separa-
tion. It is evident from the images shown in Figure S2a–f
that the composite membrane absorbed the entire
amount of oil in 2 min while the pristine PS membrane
equal in weight exhibited a lesser absorption capacity in
a given time.

Next, we present the absorption capacity of the pure
and composite membranes based on four different oils.
The change in density of these four oils is insignificant
(see Table S1), and the viscosity is in the range of
4.75 mPa s (diesel) to 78.45 mPa s (peanut oil). The plot
depicting the absorption capacity based on different types

FIGURE 2 The representative SEM images: (A–C) CS incorporated PS nanofibers at different magnifications; (E–G) Pristine PS
nanofibers at different magnifications; (D, H) WCA for CS incorporated PS and Pristine PS nanofibers, respectively.

FIGURE 3 FTIR spectrum of CS incorporated PS and pristine

PS nanofibers.
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of oil is shown in Figure 5. We infer from the bar graph
(Figure 5) that the performance of the composite mem-
brane is better than the pristine PS membrane in terms of
absorption capacity, irrespective of any oil type. The sorp-
tion capacities of CS-incorporated PS nanofibers-based
sorbent performed over four different types of oil are
119.78 (peanut), 113 (bean), 108 (sunflower), and 56 (die-
sel) g/g. On the contrary, we found the performance of
pristine PS membrane absorption capacity to be lowest
irrespective of any oil. The oil sorption capacity is also
related to viscosity; the oil sorption capacity increases as
viscosity increases. This could be due to higher resistance
to the flow of oil in the entangled nanofibrous structure
for high-viscosity oils.

The sorption capacities of pure PS membrane based
on four different oil types achieved, in descending order,
are 96 (bean), 86 (sunflower), 77 (peanut), and 50 (diesel)
g/g. A tremendous increase is found in the composite

membrane when applied to a specific type of oil. For
instance, we found a maximum of 154% increase in sorp-
tion capacity for the composite membrane when per-
formed to separate peanut oil from the mixture. This
exceptional performance of the CS-modified membrane
may be ascribed to the enhanced WCA and nano/micro-
scale surface roughness induced by the CS particles in
the matrix of PS nanofibers. The reusability of the mem-
brane was conducted for the CS-embedded membrane.
The separation efficiency reduced significantly with the
number of cycles, as depicted in Figure S4.

Following the absorption studies, we determined the
oil-permeability of composite and pristine membranes
based on gravity-driven oil/water separation using the
setup shown in Figure S3. The experiment involves admit-
ting the oil/water mixture at one end and collecting the
permeate at the other end through the membrane.
Figure S3a,d (left) shows the initial state of the immiscible
oil/water and homogeneous w/o emulsion mixture before
separating. Furthermore, we examined how well the CS–
PS composite membrane permeates excess oil in an
extreme scenario where oil is present in large quantities
compared to water by exposing the membrane to w/o
emulsion instead of o/w. We found that the proposed com-
posite membrane shows excellent oil permeability even
when oil is in a large volume. The permeate flux studies
revealed that CS-based composite membrane performance
is relatively higher than the pristine PS membrane.

Figure S3c,f illustrates the process of separating oil
from the immiscible and miscible (w/o emulsion) mix-
ture. The permeability and separation efficiency of the
composite membrane applied over an immiscible mixture
were 2873�122Lm�2 h�1 and 99�0:1%, respectively.
Likewise, the permeability of the CS–PS nanofiber-based
membrane determined for the case of w/o emulsion was
1602�93Lm�2 h�1. In contrast, the permeability and

FIGURE 4 (A) TGA and (B) DTG curves of CS incorporated PS (CS+PS) & pristine PS nanofiber membranes.

FIGURE 5 Plot showing the pristine and composite membrane

performance based on different types of oil.
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separation efficiency of the pristine membrane found
were 1262:62�89Lm�2 h�1 and 85%�0:1%, respec-
tively, which is significantly lower than the performance
of the composite membrane in any mixture. The
enhanced permeability of the composite membrane could
be attributed to the high permeable membrane's
increased superhydrophobicity and surface area.
Figure 6A,B shows the optical images of w/o emulsion
droplets stabilized by surfactant and the microgram of
the resulting mixture after separation. Inset pictures of
Figure 6A,B shows the particle size analysis of water in
sunflower oil before and after the separation. It is clear
from Figure 6 that the CS-incorporated electrospun PS
membrane has entirely removed the emulsion droplets
(dispersed phase).

Here, we present a comparison of the performance of
various PS and its composite nanofiber membranes as an
absorbent in oil/water separation applications. A compre-
hensive review of Table 1 indicates that the studies on per-
meate flux of immiscible oil based on the CS-modified PS
nanofiber membrane have not been reported elsewhere.
Although few studies were reported based on the Fe3O4-
modified PS membrane,[23] absorption capacity is

significantly lower than CS-based composite membrane.
We only looked at the performance of PS-based mem-
branes to show how the PS–CS composite membranes we
proposed in our work are better. The proposed study is the
first of its kind. It is expected to provide various opportuni-
ties to develop new avenues under nanofiber-based mem-
branes for water/oil separation.

4 | CONCLUSION

In summary, using a novel yet straightforward technique,
we have fabricated a flexible CS-incorporated PS and
pristine PS-based nanofiber membranes. The experimen-
tal results confirm that the oil absorption capacity, WCA,
and permeate flux were significantly improved for CS-
loaded PS-based membranes. The CS-incorporated nano-
fibers displayed a significant rise in WCA of 156� �1:5�.
This enhanced hydrophobicity promoted the affinity of
the membrane towards oil and helped achieve a consider-
able permeate flux (2873�122Lm�2 h�1) with
99�0:1%. We observed maximum absorption capacities
in the case of soot-incorporated nanofibers-based PS

FIGURE 6 Optical microscopic images of w/o emulsion (A) before separation (B) after separation.

TABLE 1 Performance of different PS and its composite nanofiber-based membranes.

S.No. Material Oil absorption capacity (g/g) WCA (�) Reference

1 PS-SiO2 composite micro/nanofiber 122.7 153 [39]

2 PVC/PS composite nanofibers 146 Not reported [54]

23 PS/ Fe3O4 composite nanofibers Not reported 162 [38]

4 PS/PAN composite nanofibers 194.85 144.32 [33]

40 PS on stainless steel mesh Not reported 155 [55]

6 PS nanofibers 113 Not reported [56]

7 PS/PU composite nanofibers 64.4 Not reported [57]

8 CS incorporated PS nanofiber membrane 120 156 This work

9 Pristine PS nanofiber membrane 96.9 128 This work

THOTA ET AL. 7
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sorbent compared to pristine PS membrane. Further-
more, the as-prepared composite membrane displayed an
excellent performance in applying the removal of emul-
sion droplets stabilized by surfactant with an excellent
permittivity of 1602�93Lm�2 h�1. A detailed study is
being done to figure out how the surface roughness
depends on the concentration and type of CS particles.
We believe that the proposed route will create a new ave-
nue in dealing with oil/water separation using a soot-
based composite membrane and provide ample opportu-
nities for scientists to revisit interfacial science to explore
further what is in store.
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