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Abstract
Present study reports polycarbonate (PC) nanofibers functionalized with industrial grade activated charcoal for emphatic 
oil–water separation and recovery of petroleum oils and organic solvents from oily wastewater. The developed PC 
nanofibers demonstrate hydrophobicity (water contact angle of 133°) and oleophilicity (oil and/-or solvent contact angle 
is equal to 0°), simultaneously. The functionalized PC nanofibers exhibit average permeation flux of 10,834.5 L m−2 h−1 
and 39,886.5 L m−2 h−1 toward diesel, and n-Hexane solvent, respectively. Developed PC nanofibers demonstrated an 
excellent oil recovery toward petroleum oil products like petrol, diesel, and engine oil, which was found to be 308%, 872%, 
and 1738%, respectively, till 10 washing cycles. Thermogravimetric analysis of developed PC nanofibers revealed thermal 
stability up to 350 °C, thereby demonstrating its applicability in harsh environmental conditions. Functionalization of 
PC polymer nanofibers with activated charcoal was confirmed using FTIR study. The morphological analysis of charcoal 
functionalized PC nanofibers revealed a heterogeneous rough patterned textures with a porosity (which facilitate the 
air-pockets for improved hydrophobicity) manifesting inside the fibers. The pH-based performance (pH range of 2–14) 
demonstrated that the developed microfibers maintain its hydrophobicity ad service durability under harsh acidic and 
alkaline mediums (corrosive environments). The PC nanofibers demonstrate simultaneous hydrophobic–oleophilic behav-
ior which is well explained using principal Cassie–Baxter’s theory. The successive results demonstrate that the activated 
charcoal functionalized PC microfibers could be successfully utilized for practical recovery of oil/organic solvents from 
oily wastewater, and for the oil-spill cleanups.
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1 Introduction

The ever increasing need of petrochemical products 
and organic solvents in energy, automobiles, and 
chemical-based industries has accelerated the develop-
ment of word economies [1, 2]. During transportation 
of these petroleum products through sea-based routes, 

frequently, oil-seepage accidents occur which release 
nearly 1.7–8.8 MT of oils per year in the oceans [2, 3]. 
Moreover, discharge of organic solvent contaminated 
toxic industrial wastewater in an environment is pol-
luting the ground and surface-based water sources, 
and endangering the health of living species in the 
ecosystem [4–7]. Lack of light and oxygen, chemical 
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noxiousness, and physical asphyxiation are some of the 
hazards of the oil-spills and polluted wastewater. There 
are some conventional methods like gravity-based sep-
aration, membrane-based filtration, ultrasonic-based 
separation, flocculation-coagulation, and adsorption, 
which have been utilized by the industries and scien-
tific fraternity. However, these conventional techniques 
possess limitations like poor separation performance 
over the long period, high operation costs, and the 
resultant pollution [5, 6, 8]. Recently, scientific com-
munity has been exploring new methods based on oil/
solvent–water absorption, and separation, which utilize 
nano-functional materials [2, 5, 8–15]. In this sense, more 
recently, materials exhibiting simultaneous oleophilic-
ity-hydrophobicity (absorption tendency toward oil/
solvents and repulsion toward water) have fascinated 
the researchers, which demonstrate greater selectivity 
and separation productivity [2, 10, 12, 16]. Researchers 
have explored various foam and sponge-based materi-
als, however, considering the reusability, flexibility, and 
easier surface functionalization, fiber-based materi-
als are strong contenders for oil recovery application, 
since they facilitate the incorporation of heterogene-
ous wetting toward various oil/solvents, which can be 
rendered by its modifications via surface architecture 
(patterns) and/or surface chemistry [2, 10, 12]. Modifi-
cation via surface patterns requires multiscaled textures, 
which helps in imparting of hydrophobicity as it facili-
tates air-pockets on surface i.e. beneath water droplet, 
and oleophilicity due to capillary pressure effect. The 
modification via surface chemistry requires regulation 
of surface tension between oils (30 mN/m), and organic 
solvents (18.4 mN/m), and water (72.8 mN/m), thereby 
allowing only oil/solvent absorption but avoiding water 
wetting [2, 10, 12, 16]. In present study, the authors 
have utilized engineering polycarbonate (PC) polymer 
for oil recovery, as it is mechanically strong (izod impact 
strength = 600–850 J/m), thermal stability (up to 350 °C), 
ability to facilitate solution formation, and maintaining 
its structural rigidity up to its high glass transition tem-
perature (140 °C) [17–22]. The activated charcoal was 
utilized in conjunction with PC polymer, since it exhib-
its functionalized surface encompassing functional 
groups like C=O, –CO3, O–H, and C–O which facilitates 
bonding with polymer matrix, and is readily available 
in commercial market at low cost [23, 24]. Furthermore, 
the activated charcoal inherently exhibits porous nature, 
and some polarity imparted by functional groups, which 
help in facilitating the absorption of various solvents 
and liquids, due to which is it is widely used in water 
treatment applications [25, 26]. In order to fabricate the 
nanofibers, the electrospinning technique was utilized 
as it facilitates formation of nanofibers with control over 

diameter, surface morphology, smooth and facile opera-
tion [27–30].

Recently, Wang et al. have reported a polylactic acid-
based superhydrophobic material for effective oil–water 
separation [31]. The developed foam exhibited a hon-
eycomb-shaped porous structure, which was fabricated 
using dioxane and water as a solvent using freeze-drying 
process (skin-peeling mechanism). The reported porous 
PLA material exhibited a stable adsorption performance 
toward petroleum oils, and organic solvents over 10 oil 
absorption and 10 permeation flux cycles. They claimed 
that the reported foam exhibited oil absorption capacity 
of 11–26 times of its original weight, and a permeation 
flux of 50.9 m3 m−2 h−1. They claimed that the high per-
formance of the developed PLA material was attributed 
to its superhydrophobic nature, and porous honeycomb 
structure generated at the micro-level [31]. In another 
similar study, Wang et al. have studied the superhydropho-
bic PLA-based foams prepared via freeze-drying method 
(skin-peeling) for recovery of the oils from oily wastewater 
[32]. They claimed that the reported PLA foam exhibited 
superhydrophobicity (water contact angle of 151°), with 
highest adsorption capacity of 31.5 g/g and oil–water 
separation efficiency of 98% till 10 cycles, and continu-
ous performance for more than 15 h under pressure. They 
noted that the improved oil adsorption performance of 
the PLA foam was attributed to its swelling properties. 
They claimed that the 3D interrelated porous configura-
tion of the reported PLA foam most probably facilitated 
the continuous transportation i.e. entry and exit, of the 
oil through the foam, thereby improving its recycling per-
formance. They further asserted that the micro- and nano-
hybrid type structures (observed in the SEM micrographs) 
are responsible for imparting the hydrophobic effect into 
the PLA foam [32]. Zhang et al. [33] reported 3D porous 
high density polyethylene (HDPE) shaped in bundle forms 
and prepared by melt extrusion, leaching technique, and 
skin-peeling, for practical oil recovery. They reported that 
the prepared porous HDPE bundles exhibited hydrophobic 
nature (WCA = 139°) which was attributed to the porous 
nature and villi structures [33]. In another study, Wang 
et al. reported a polyurethane-based foam which exhib-
ited hydrophobic nature with WCA of 147°, high poros-
ity (higher than 90%), outstanding compressibility (more 
than 1000 cycles), high oil recovery performance (more 
than 98%) [34]. They claimed that the porous nature and 
the porosity distribution in the foam are responsible for 
the generation of the hydrophobic nature, whereas the 
inherent elastic nature of the PU facilitated the high com-
pressibility [34].

In this sense, the authors have fabricated nanofibers-
based PC polymer functionalized with activated charcoal 
in weight concentrations of 0.5%, 1%, and 1.5% (wt/wt), 
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using facile electrospinning method. The developed PC 
nanofibers hydrophobicity (WCA = 133°), and oleophilic 
nature (oil and solvent contact angle is 0°), simultaneously. 
The developed functionalized PC nanofibers exhibit aver-
age permeation flux of 10,834.5 L m−2 h−1 and 39,886.5 
L m−2 h−1 toward diesel, and n-Hexane solvent, respec-
tively. The developed PC nanofibers demonstrated an 
excellent average oil recovery for petroleum oil products 
like petrol, diesel, and engine oil, which was found to be 
308%, 872%, and 1738%, respectively, till 10 washing 
cycles. The developed functionalized PC nanofibers were 
characterized using thermogravimetric analysis, FTIR 
study, and morphological analysis (FE-SEM micrograph 
study). The successive results indicate that the developed 
PC nanofibers could be proficiently utilized for practical 
recovery of oil/organic solvents from oily wastewater, and 
for the oil-spill cleanups which frequently occur in oceans 
during transportation of oils.

2  Experimental section

2.1  Materials

Polycarbonate (grade-Lexan 143 R) was purchased from 
SABIC Innovative Plastics, India, Pvt Ltd. Activated char-
coal in powder form was purchased from Merck Spe-
cialties India, Pvt. Ltd. Japan. Dichloromethane (DCM) 
(purity-99.8%, synthesis grade) and n-Hexane (purity 
> 99%, synthesis grade) were acquired from Sigma-Aldrich, 
Pvt Ltd, India. Petrol, engine oil, and diesel were obtained 
from Hindustan Petroleum Corporation Ltd., India. Deion-
ised water (purity-18.2 MΩ cm) was obtained from Barn-
stead Nano-Pure Water System (Cole-Parmer, India). All uti-
lized chemicals were of high purity grade and were used 
without additional treatment. The details of all utilized 
chemicals are provided in Table 1.

2.2  Electrospinning setup

The standardized uniform solution for electrospinning was 
formulated by liquifying polycarbonate (PC) in DCM sol-
vent at a loading of 12 wt/wt% in a magnet-based stirrer 
(stirring speed of 200 rpm, and stirring time of 2 h at room 
temperature). After 2 h of magnetic stirring, the electro-
spinning solution was ultrasonicated (sonication time of 
05 s, and interval time of 05 s) for 10 min for uniform dis-
tribution of the additives. Activated charcoal was added 
in situ during preparation of the electrospinning solutions, 
at a concentration of 0.5, 1, and 1.5 wt/wt%, respectively. 
The PC + AC solutions did not show any agglomeration 
or suspended particles of the activated charcoal powder, 
thereby confirming the homogeneous nature of the elec-
trospinning solution. Electrospinning is a distinctive and 
versatile technique for generation of the nanofibers. The 
electrospinning experiment was conducted in a horizontal 
electrospinning instrument (Model Name = ESPIN-Nano, 
Manufacturer = Physics Equipments, India) (Fig. 1).

During electrospinning operation, solution was taken 
in a 10 mL volume syringe (Needle diameter of 0.55 mm), 
the voltage was maintained at 18 kV with a needle to 
collector plate distance at 15 cm, and feed/flow rate of 
1.5 mL/hr. The viscosity of the solution was measured 
using Brookfield viscometer (Model Name = DV2T Pro, 

Table 1  Details of utilized 
chemicals (chemical sample 
table)

Chemical name CAS number Chemical formula Molar mass Mass fraction

DI water 7732-18-5 H2O 18.02 g/mol > 0.99
Polycarbonate 25037-45-0 (C15H16O2)n 254.3 g/mol > 0.95
Activated charcoal 7440-44-0 C (Hill) 12.01 g/mol > 0.98
Dichloromethane 75-09-2 CH2Cl2 84.93 g/mol > 0.99
n-Hexane 110-54-3 C6H14 86.18 g/mol > 0.99
Petrol 8006-61-9 mixture of hydrocarbons 82.2 g/mol > 0.98
Diesel 68476-30-2 C13–C18 Not available > 0.98
Engine oil Not available Gasoline fraction Not available > 0.95

Fig. 1  Setup assembly for electrospinning operation



Vol:.(1234567890)

Research Article SN Applied Sciences (2020) 2:1786 | https://doi.org/10.1007/s42452-020-03609-x

Maker = Brookfield Engineering Inc., USA) with a spindle 
no. SC4-21, and a rotational speed of 10 rpm (experiment 
running time was 60 s). The solution viscosity was found to 
be 80 cP. The obtained nanofibers were obtained in a non-
woven shape, which were consequently dried at a tem-
perature of 140 °C for 2 h, for the confirmation of complete 
exclusion of the solvent.

3  Characterization study

3.1  FTIR analysis

FTIR analysis was performed on the electrospun nanofib-
ers of pristine polycarbonate (PC), activated charcoal 
(AC), polycarbonate functionalized with activated char-
coal (at various concentrations) to evaluate the actual 
present functional groups before their utilization in the 
oil–water separation experiments (Fig. 2). The FT-IR inves-
tigation of pristine PC shows characteristic intense peaks 
at 1768 cm−1 associated with carbonyl group which pos-
sesses oxygen atoms attached to carbon atom via double 
bond. Peak at 1506 cm−1 is attributed to the stretching 
of phenol ring, where the resonance frequency of two 
phenol rings is attained. Peak at 1223 cm−1 corresponds 
to asymmetric O–C–O carbonate stretching, while adja-
cent peaks at 1187 cm−1, and 1156 cm−1 correspond to 
stretching of C–O present in polycarbonate structure. The 
last peak at 824 cm−1 is attributed to the para-substituted 
phenol rings present in the back bone of the PC polymer 
structure [17–22, 35].

FTIR analysis of activated charcoal shows characteris-
tic broad peak in 1500–1600 cm−1, and 1100–1300 cm−1 
range corresponds to C=O, and C–O stretching, and O–H 
bending, respectively, thereby indicating the surface 

activation of carbon present in activated charcoal [25, 
26, 36, 37]. FTIR analysis of polycarbonate functionalized 
with activated charcoal i.e. 0.5%, 1%, and 1.5% (wt/wt), 
shows dominating characteristics peaks associated with 
C=O stretching, and C–O stretching, most probably due 
to higher quantity of polycarbonate as compared to acti-
vated charcoal.

Considering, the characteristic adjacent crowded peaks 
appearing between 4000 cm−1 to 3500 cm−1 belonging to 
activated charcoal reappear with reduced peak intensity 
in PC + AC(0.5%) PC + AC(1%), and PC + AC(1.5%) electro-
spun microfibers, thus confirming the molecular inter-
action between activated charcoal and polycarbonate. 
Furthermore, the small characteristic peaks of activated 
charcoal appearing near to 3000 cm−1 re-occur with small 
intensity in PC + AC(0.5%) PC + AC(1%), and PC + AC(1.5%) 
electrospun microfibers, thereby indicating the interaction 
between activated charcoal and polycarbonate at molecu-
lar level.

In a summary, FTIR study revealed the presence of 
polar functional groups like C=O, C–O, and O–C–O, which 
bring polarity onto molecules, thereby repelling the polar 
groups present in water, which in turn helps in improving 
the hydrophobicity of nanofibers, and oleophilicity toward 
oil during oil–water separation experiments [2, 5, 8–15].

3.2  Thermogravimetric analysis (TGA)

Thermal stability of the pristine PC and activated charcoal 
functionalized PC nanofibers was performed using ther-
mal gravimetric analysis (TGA) instrument (Model—TGA 
400, Make—PerkinElmer, USA) as shown in Fig. 3. During 
TGA experiment nitrogen gas flow rate, heat scanning rate 
was maintained at 50 mL/min, and 20 °C/min, respectively. 

Fig. 2  FTIR analysis of pristine and activated charcoal functional-
ized PC nanofibers

Fig. 3  TGA analysis of pristine and activated charcoal functional-
ized PC nanofibers
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TGA analysis revealed that the pristine and functionalized 
PC nanofibers exhibit thermal stability up to 350 °C, and 
beyond that it undergoes degradation with onset degra-
dation starting at 380 °C.

The nanofibers show average weight loss of 5% till 
350 °C, which is attributed to the entrapped solvent mol-
ecules which release upon relaxation of PC polymer chains 
when it crosses its glass transition temperature i.e. 147 °C. 
The weight loss from zone I to zone II is found to be around 
68%, which is in line with the developed literature [17–21, 
35]. From zone II to zone III, the pristine PC, PC + AC(0.5%), 
and PC + AC(1.5%) nanofibers show weight loss of 8%, 3%, 
and 6%, respectively. The slightly improved heat stability 
by PC + AC(0.5%) nanofibers is possibly due to the uni-
form distribution of the charcoal particles, and their heat 
sustaining ability (melting temperature > 3000 °C) in the 
PC matrix. At the end of TGA experiment, pristine PC, and 
PC + AC(0.5%) nanofibers show complete degradation; 
however, PC + AC(1.5%) nanofibers show residual mass 
(uncombusted material) of 9.7%, which is attributed to the 
higher loading of activated charcoal which binded with PC 
polymer chains, and prevented their complete degrada-
tion [17–20, 38]. In a summary, it was observed that the 
activated charcoal helped in improving the thermal stabil-
ity of the PC polymer.

3.3  Morphological analysis

The morphological study was performed on the pristine 
and charcoal functionalized PC nanofibers for determining 
its microstructural attributes, using a field emission scan-
ning electron microscopy (FE-SEM) (Model Name = JSM-
6700F, Maker = Carl Zeiss AG, Germany). The FE-SEM analy-
sis of activated charcoal showed a randomly an oriented 
flake-type morphology (Fig. 4a), possibly due to its surface 
activation which helps in keeping the carbon molecules 
binded together. The morphological analysis of pristine 
and charcoal functionalized nanofibers showed multi-
scaled heterogenous rough surface exhibiting porous 
morphology, as shown in Fig. 4b–e, where the average 
pore diameter of the generated pores was found to be 
141 ± 64 nm (determined using ImageJ software). The elec-
trospinning operation requires extending of fibers mov-
ing from needle tip to collector plate, and simultaneously, 
the evaporation of solvent takes place during movement 
of the fibers, which leads to generation of micro-sized 
pores due to escaping of the solvent molecules. After 
electrospinning operation, PC nanofibers were dried in 
an air-oven at a temperature of 140 °C (glass transition 
temperature of 147 °C) for 2 h to facilitate the relaxation 
PC polymer chains thereby helping the evaporation of any 
entrapped solvent molecules operation [17–20, 38]. Thus, 
in addition to pore generation during electrospinning 

operation, the drying treatment also leads to generation of 
micro-pores during heating at 140 °C [35, 39–41]. Consid-
ering the FE-SEM micrographs (Fig. 4), it is observed that 
the microfiber diameter of Pristine PC (2 ± 1 μm) increased 
with PC + AC 0.5% (4 ± 1 μm) and PC + AC 1% (7 ± 1 μm) 
loading of activated charcoal; however, the fiber diameter 
was found to be decreased (4 ± 1 μm) for 1.5% loading of 
activated charcoal. The decrease in fiber diameter for 1.5% 
loading could probably be due to the threshold loading of 
activated charcoal into the PC matrix.

The activated charcoal molecules exhibit functional 
groups like C=O, –CO3, O–H, and C–O which imparts polar-
ity unto it, and the effect of these polar charges probably 
becomes more pronounced when the activated charcoal 
molecules try to organize themselves in the polymer 
during fiber formation (stretching of polymer chains) 
in electrospinning process [2, 5, 8–15], thereby helping 
improving the water repellency characteristics. Since the 
electrospinning process parameters are constant, the acti-
vated charcoal molecules at 1.5% loading get probably 
less space to relax and re-organize during fiber formation, 
as compared to PC + AC(0.5%), and PC + AC(1%) microfib-
ers. Thus, the collective effect of these parameters tends 
in improving the hydrophobic property, and decreasing 
the fiber diameter in PC + AC(1.5%) microfibers [2, 5, 8–15].

Considering the FE-SEM micrographs shown in Fig. 4, 
it is observed that average diameter of the electrospun 
microfibers has increased for the loading of activated char-
coal at 0.5% and 1%. The FE-SEM micrograph of PC + AC 
0.5% microfibers shows pores possessing larger diameter, 
but less porosity distribution as compared to PC microfib-
ers exhibiting 1wt% and 1.5wt% loading. This is attributed 
to the more relaxation space available for the activated 
charcoal molecules, which probably leads to less repulsion 
of polar charges present in the functional groups of the 
activated charcoal molecules. When the loading of acti-
vated charcoal i.e. 1 wt% and 1.5 wt%, increases in the PC 
microfibers, then probably the available relaxation space 
decreases and the effect of polar charges becomes more 
pronounced in less confined space, thereby decreasing the 
diameter of the space and limited porosity distribution in 
the electrospun microfibers [2, 5, 10, 34, 41]. The porosity 
distribution histograms of the PC microfibers for Pure PC, 
PC + AC(0.5%), PC + AC(1%), and PC + AC(1.5%) have been 
represented in Fig. 5.

3.4  Surface wettability investigation

In order to claim the utilization of functionalized PC 
nanofibers for retrieval of petroleum oils from oily waste-
water, it requires study on its wetting behavior toward 
oils, and solvents. The wetting performance of pristine 
and activated charcoal-engineered PC nanofibers was 
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investigated via sessile drop-based method using contact 
angle goniometer (Model Name = DSA 25, Kruss GmbH, 
Germany) for water, petrol, diesel, and engine oil. The 
static water contact angles of pristine PC, PC + AC(0.5%), 
PC + AC(1%), and PC + AC(1.5%) nanofibers were found to 

be 123° ± 1°, 133° ± 3°, 129° ± 0.5°, and 117° ± 0.5°, respec-
tively (Fig. 6a–d). The wetting performance of petroleum 
oils viz. petrol, diesel, and engine oil, toward PC nanofib-
ers was studied, which showed an instant oil wetting i.e. 
oleophilic (Fig. 6e).

Fig. 4  FE-SEM micrographs of a activated charcoal, and nanofibers of b pristine PC, c PC + AC(0.5%), d PC + AC(1%), and e PC + AC(1.5%)
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The surface patterns of the electrospun PC nanofibers 
are similar to the surface exhibiting heterogeneity, as it 
possesses porous nature and rough patterns, simultane-
ously, which is evident from the morphological analysis 
of the PC nanofibers (randomly oriented) described in 
previous section.

The porosity generated in the PC nanofibers helps 
in the development of air-compartments i.e. pockets, 
between pores and heterogeneously patterned rough 
surface textures, thereby holding the water droplet on 
its surface, and maintaining the hydrophobicity [10, 12, 
42, 43]. This phenomenon is well elucidated by the Cas-
sie-Baxter’s theory, which interprets the hydrophobicity 
of heterogeneous rough patterned textures exhibiting 
porous nature.

The principal equation for Cassie–Baxter’s theory is 
elucidated as follows [44]:

where �c = contact angle (apparent), f1 and f2 = fractions 
of surface exhibiting, phase 1 and phase 2, correspond-
ingly, �1 = phase 1 contact angle.

The improvement in hydrophobicity of PC + AC(0.5%), 
and PC + AC(1%) nanofibers i.e. 133° and 129°, respec-
tively, as compared to pristine PC nanofibers i.e. 123°, 
is possibly due to the uniform distribution of the sur-
face activated charcoal in the PC polymer matrix, which 
exhibits small amount of polarity and inherent porous 
nature [2, 5, 35, 36, 38]. However, in case of PC + AC(1.5%) 
nanofibers, the WCA was found to be decreased i.e. 117°, 
is possibly due to higher loading of activated charcoal 
which leads to formation of clusters i.e. coalescing of 
particles, thereby restricting its uniform distribution in 
the polymer matrix [5, 18].

(1)cos �c = f1cos �1 − f2

Fig. 5  Pore size distribution histograms of microfibers for a pure PC, b PC + AC(0.5%), c PC + AC(1%), and d PC + AC(1.5%)
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Fig. 6  Water contact angles (WCA) of nanofibers of a pristine PC, b PC + AC(0.5%), c PC + AC(1%), d PC + AC(1.5%), and e oil wetting i.e. oleo-
philic nature, behavior of PC + AC(0.5%) nanofibers
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Further, the hydrophobicity of PC nanofibers toward 
water is attributed to its greater surface tension i.e. 72.8 
mN/m, whereas its oleophilic nature toward petroleum 
oils is attributed to the low surface tension of engine oil, 
petrol (29 mN/m), and diesel (29.5 mN/m) [2, 8, 10, 12]. 
Thus, considering the above-described attributed of pris-
tine, and activated charcoal functionalized PC nanofibers, 
it shows hydrophobic effect toward, while simultaneously 
maintaining the oleophilic nature toward petroleum oils.

3.5  Oil–water separation analysis

The ability of the developed hydrophobic PC nanofibers 
for practical recovery of petroleum oils is important for 
establishing its functioning for oil–water separation.

The practical recovery of petroleum oil from oily waste-
water, and the pictorial representation for oil–water sepa-
ration mechanism owing to the hydrophobic-oleophilic 
nature of the PC nanofibers has been depicted in Fig. 7a, 
b. As pronounced in the earlier section, the synergistic 
influence of the porosity, the air-pockets, and the heter-
ogenous rough surface on the PC nanofibers for exhibiting 
the simultaneous hydrophobic-oleophilic nature has been 
represented in Fig. 7b.

Considering the oil-liking nature of the PC nanofibers, 
its maximum oil absorption performance of toward diesel, 
petrol, and engine oil was evaluated for practical oil recov-
ery from oily wastewater. Figure 8a–c reveals that func-
tionalized PC nanofibers maximum oil recovery toward 
engine oil (average oil absorption was found to be 1738% 
for PC + AC (1.5%)), whereas, toward diesel, and petrol, it 
showed average oil recovery of 872% (PC + AC (1.5%)), and 
308% (PC + AC (0.5%)), respectively, against the original 
weight of PC nanofibers (0.15 gms for all samples). The 
maximum oil recovery toward engine oil, and diesel by 
PC nanofibers could be attributed to their high density, 
and high surface tension (> 29.5 mN/m) as compared to 
petrol [2, 8, 10, 12].

Researchers have developed that during oil recovery, 
the hydrophobic nature and the active capillary forces pro-
duce combined influence on the porous heterogeneous 
surface of the microfibers, thereby enhancing its instant 
oil absorption i.e. recovery. Further, the pores manifest-
ing inside the microfibers and cavities i.e. voids, present 
between the microfibers facilitate the storage space for 
the absorbed i.e. recovered oils/solvents [2, 5, 9, 10, 12].

The oil recovery of the activated charcoal functional-
ized PC nanofibers toward petroleum oils was calculated 
expending following equation:

Fig. 7  a Practical oil–water 
separation using PC nanofib-
ers, and b pictographic 
representation of oil–water 
separation mechanism
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where W1 = weight of the PC nanofibers (gms), W2 = weight 
of the oil recovered by PC nanofibers (gms).

The transportation of the petroleum oils though the PC 
nanofiber membrane sheet was analyzed by measuring its 
permeation flux using following equation [10]:

where Q = permeation flux (L m−2 h−1),  V = volume of the 
oil/solvent (L), A = active surface area of the membrane 
sheet  (m2), t = time (h).

The permeation flux experiment was performed for die-
sel (Fig. 8d), petrol, and engine oil; however, the study was 
found to be feasible only for diesel oil, because the volatile 
nature of the petrol, and high density of the engine oil did 
not allow it to pass immediately through the membrane 

(2)Oil Recovery =
W2

W1

× 100

(3)Q =
V

A ⋅ t

sheet. In order to briefly check the recovery performance 
of the PC nanofibers toward organic solvent, the permea-
tion flux investigation was also performed for n-Hexane 
solvent.

The PC nanofibers showed an average permeation flux 
of 10,834.5 L m−2 h−1 and 39,886.5 L m−2 h−1 toward diesel, 
and n-Hexane solvent, respectively. The high permeation 
flux demonstrated by n-Hexane solvent could be assigned 
to its lower surface tension (18.4 mN/m), which facilitated 
instant absorption, and immediate transportation through 
the PC nanofiber membrane sheet [10].

3.6  pH‑based chemical stability analysis

The pH-based stability of the developed PC + AC microfib-
ers was performed for determining its chemical resistance 
performance under corrosive (acidic and alkaline) environ-
ments. The pH-based study was performed at various pH 
levels (pH = 1 to 14) to establish its service robustness. The 

Fig. 8  Oil absorption analysis of PC nanofibers toward a petrol, b engine oil, c diesel, and d permeation flux analysis
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results shown in Fig. 9 reveal that the electrospun pure 
PC, PC + AC(0.5%), PC + AC(1%) and PC + AC(1.5%) have 
maintained average statistical contact angles of 121°, 131°, 
and 115° over the pH rage of 1 to 14 under highly corro-
sive environments (acidic and alkaline). Thus, the results 
demonstrate that the developed electrospun microfibers 
maintain their hydrophobicity and service durability in a 
wide pH range of corrosive environments [45, 46].

4  Conclusion

Present study demonstrated utilization of polycarbon-
ate (PC) nanofibers engineered with activated char-
coal for practical oil recovery from oily wastewater. The 
developed PC nanofibers demonstrated simultaneous 
hydrophobicity (WCA of 133°), and oleophilicity (oil/sol-
vent contact angle ≤ 0°). The developed functionalized 
PC nanofibers exhibited oil recovery toward petroleum 
oil products like petrol, diesel, and engine oil, which was 
found to be 308%, 872%, and 1738%, respectively, till 10 
washing cycles. Further, the developed PC nanofibers 
revealed average permeation flux of 10,834.5 L m−2 h−1 
and 39,886.5 L m−2 h−1 toward diesel, and n-Hexane sol-
vent, respectively. TGA study of developed PC nanofibers 
revealed its thermal stability up to 350 °C. The pH-based 
performance (pH = 2–14) demonstrated that the devel-
oped microfibers maintain its hydrophobicity ad service 
durability under harsh acidic and alkaline mediums (cor-
rosive environments). The morphological analysis of the 
charcoal functionalized PC nanofibers showed heteroge-
neous rough patterned textures with porosity manifesting 
inside the fibers. The successive results demonstrate that 

the activated charcoal functionalized PC nanofibers could 
be effectively utilized for practical recovery of oil/organic 
solvents from oily wastewater, and for the oil-spill cleanups 
which often occur in the oceans during transportation of 
the petroleum oils.
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