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Abstract

The main aim of this paper is to evaluate the effect of graphene nanoplatelets (GNPs) on the desulfurization of the polystyrene 

nanofibers. Hence, different loadings of GNP, 0.5, 1, 1.5, and 2 wt.% GNP was incorporated into the polystyrene nanofibers using 

electrospinning technique. Several characteristics of the electrospun membranes were investigated. The obtained field emission 

scanning electron microscopy (FE-SEM) images confirmed the formation of uniform fibers and proper distribution of the particles in 

the electrospun structures. In addition, thinner fibers with smaller pore sizes were formed by addition of the GNPs into the nanofibrous 

mats. Moreover, the hydrophobic behavior reduced by increment of GNP content in the polystyrene nanofibers. Fourier transform 

infrared spectra (FTIR) confirmed the interaction of the polymer chains with the loaded filler particles. Furthermore, introduction of 

the GNP nanofillers in the decrease of the crude oil sulfur content from 2.8% to 2.6% via addition of 0.5 wt.% of GNPs into the as-spun 

fibers. Further reduction of the sulfur content (to 1.8%) was also obtained by embedding 2 wt.% of GNPs. Overall, the obtained data 

manifested that the electrospinning composite membranes are good candidate material for removing sulfur from crude oil.
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1 Introduction
Since the first usage of polymer nanocomposites, they 
have been gaining attention as the most important cat-
egory of composite materials due to superior material 
characteristics [1]. Polymer-based nanocomposites have 
displayed significant enhancement in various aspects of 
material properties [2–6]. Introduction of nanomaterials 
into the polymer composites leads to reduction of the final 
material weight, as well as facilitation of the preparation 
process in comparison with addition of the micro-sized 
ones (e.g., carbon or glass fibers) [7]. The aforementioned 
valuable characteristics of the polymer nanocomposites 
have caused progress of their applications in numerous 
fields [8]. In recent years, different types of nano-additives 
were incorporated into the polymer-based materials [9]. 
Among them, graphene-based structures have appro-
priate mechanical, electrical and thermal characteristics 

due to their great aspect ratio [10–14]. Graphene is one 
of the most usage allotrope of carbon. This nanomaterial 
arranges in two dimensions which formed a lattice struc-
ture as a monolayer with sp2-hybridized [15, 16]. Since the 
discovery of this wonder nanostructure in 2004, studies 
on it and its derivatives have drastically enhanced [17, 18]. 
Regarding to the mentioned desirable features, they have 
been widely used as nano filler in nanocomposite mate-
rials such as solar cells [19], sensors [20], hydrogen stor-
age [21], and capacitors [22].

Polymer nanocomposites is recently employed to fabri-
cate membranes used to achieve various purposes. One of 
the applications of polymer-based membrane is desulfur-
ization. Desulfurization is a method communally applied 
for reduction of sulfur content in crude oil and overcome 
its adverse action. Sulfur is known as an impurity in crude 
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oil which has resulted in air pollution in several countries, 
and its components are unwanted in fuels because its unde-
sirable effects that may cause many issues in various refin-
ing stages. In desulfurization process, an absorbent mate-
rial leads to sulfur removal through physical or chemical 
reactions [23]. It has been widely shown that materials 
with more active surfaces, higher specific surface area and 
proper pore sizes could act as more ideal adsorbents [24]. 
Desulfurization techniques by adsorption are more ade-
quate since it is providing a high removal efficiency with 
little operating requirements, several lines of evidence sug-
gest that activated carbon [25], zeolites [26], sludge [23], 
and bentonite [27] could be applied as versatile adsor-
bent materials. During desulfurization procedure, adsorp-
tion complexes could be formed through π−π interacting 
between sulfur components and applied adsorbent material.

Compared with van der Waals interactions, the 
π−π stacking reveals stronger binding. However, such 
interactions could be easily broken resulting from tem-
perature increment or pressure decrement leading to 
regeneration of the adsorbent material [26]. Several 
researchers claimed modification and enhancement of the 
sulfur removal through incorporation of a cation into the 
adsorbent materials [28]. Alhamed and Bamufleh [29] rep-
resented a model for desulfurizing of diesel by utilizing 
carbon-based adsorbent material modified with zinc chlo-
ride cations. In another attempt, Shah et al. [30] confirmed 
superior desulfurizing of diesel by embedment of tin cat-
ion into the activated carbon adsorbent compared with that 
of the untreated activated carbon.

Electrospinning has been introduced as a promising 
technology for fabrication of continuous fibers in a wide 
tunable diameter range from nano to micro scales [31]. 
Application of electrospun fibers in various fields has been 
evaluated mainly due to high aspect ratio of the nano-
sized fibers [32]. Tissue engineering [33, 34], exchanger 
proton membranes [35], filtration [36], electrochemical 
devices [37, 38], and solid phase microextraction (SPME) 
applications [39, 40] are of the well-known application 
fields of the electrospun fibers.

In this study, polystyrene membranes consisting of 
electrospun nanofibers incorporated with different amount 
of graphene nanoplatelet (GNP) fillers have been inves-
tigated. The membranes were fabricated through a stan-
dard electrospinning technology. These membranes were 
characterized under different tests to explore their prop-
erties. Then, the potential of the as-prepared membranes 
was employed as adsorbent materials for reduction of sul-
fur content in crude oil.

2 Experiment
2.1 Materials
Polystyrene with an average molecular weight 
Mw = 250,000 g mol−1 was provided from Sigma 
Aldrich (USA). N,N-dimethylformamide (DMF) was 
purchased from Central Drug House Ltd. (India). GNPs 
with an average lateral size of 15 nm and a thickness of 
6–8 nm were provided from SkySpring Nanomaterials, 
Inc. (Canada).

2.2 Membrane preparation
In this study, electrospinning technique was employed to 
fabricate the membranes. To fabricate the membrane, the 
following steps were performed. First, polystyrene poly-
mer was added to DMF solvent with a constant concen-
tration of 20 wt.%. The mixture was prepared by stirring 
vigorously for 2 h at lab temperature to obtain a homog-
enous polymeric solution. Then, 0.5, 1.0, 1.5, and 2 wt.% 
of GNP was added to the obtained solutions. The GNPs 
were dispersed in the as-prepared polymeric solutions 
through magnetic stirring for 30 min. Subsequently, the 
suspension was sonicated (Model 300VT Ultrasonic 
Homogenizer, USA) for 3 min. An electrospinning device 
(Bio-electrospinning/electrospray system ESB-200, 
South Korea) was applied to fabricate the electrospun 
fibers from the prepared solutions [41]. The electrospin-
ning solutions were placed in 10 mL syringe. A stain-
less-steel needle (22 gauge) was conjugated with the 
syringe. The polymeric solutions were fed by the syringe 
pump to the electrospinning electrical field with a constant 
feed-rate of 1 mL h−1. The collector was placed at a dis-
tance of about 15 cm from the syringe needle. The elec-
trical field (about 20 kV) between the syringe needle and 
collector was generated by a high power supply. The elec-
trospinning process was continued for 2 h for fabricating 
the membranes, as illustrated in Fig. 1 [42].

2.3 Characterization
Field emission scanning electron microscopy (FE-SEM) 
device (MIRA 3-XMU) was utilized to examine the fiber 
morphology, porosity, size distribution, and the fibers 
surface roughness of the electrospun polystyrene nano-
fibers membranes, by taking images at higher magnifi-
cation. Histograms were obtained by using image ana-
lyzer [43] and Auto CAD software [44] to illustrate the 
average fiber diameter and average porosity. SEM-EDX 
device (MIRA 3-XMU) was employed for estimating 
chemical composition of the electrospun polystyrene mem-
branes. FT-IR device (BRUKER, TENSOR-27) to identify 
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the chemical bonds within the GSP filled polystyrene mem-
branes. The wettability of the membranes was measured 
through estimation of contact angle between water/crude 
oil and the as-prepared membranes using a contact angle 
instrument (CAM 110, Germany). During this examina-
tion, water and crude oil were automatically dispensed 
from a syringe onto the membrane surface and the device 
analyzed the taken image for the contact angle in about 
3 sec. At the end, to evaluate the sulfur content in crude oil 
before and after passing through the prepared electrospun 
composites, a sulfur analyzer device (XRF-EDX 3000, 
Sindie OTG) was used.

3 Results and discussion
3.1 Morphology of the electrospun fibers
The surface morphology of the electrospun polystyrene 
fibers is shown in Fig. 2. As observed, the as-spun fibers 
exhibited a bead-on-string structure. This may be linked with 
the low polymer concentration. So, the incomplete entangle-
ment of the polymer chains led to breaking of the solution 
components, and therefore formation of droplets (not fibers) 
during the electrospinning procedure [45].

The fiber diameter distribution and the pore size histo-
gram of the polystyrene fibers are displayed in Fig. 3. As it 
is apparent, the electrospun membrane contains fibers with 
the average diameter of 1.68 ± 0.02 µm and mean pore size 
of 1.28 ± 0.02 µm. The as-spun fibers were selected for 
fabrication of composites due to several advantages such 
as high surface area, thin fibers, high porosity, and simple 
spinning process.

Fig. 4 illustrates the morphology of the electrsopun poly-
styrene fibers with incorporated GNP filler. As observed, 
the bead-shaped deformations are significantly reduced. 
This could be attributed to the improvement of the solution 
conductivity which has resulted in the formation of more 
uniform fibers. In other words, increment of the elongation 

force and subsequently the elongation rate resulted finer 
fibers without any beads in their structures [46, 47]. These 
results are well displayed in Figs. 5 and 6. As observed, 
by increasing the GNP content, both average fiber diam-
eter and average pore size were degraded remarkably. 
For example, by incorporating 2 wt.% of GNPs into poly-
styrene fibers, the average diameter of the fiber is reduced 
from 1.7 to 0.89 ± 0.02 μm. The obtained results in the cur-
rent research are in good agreement with the study carried 
out by Li et al. [48].

According to [48], the morphology of the neat polysty-
rene fibers differs from that of the polystyrene/GNP ones. 
Adding GNP filler to the as-spun membrane, the fabricated 
structure changes from a smooth structure to a rough mem-
brane due to the proper dispersion of the GPN additive in the 

Fig. 1 Polystyrene membrane manufacturing by electrospinning following Ref. [42]

Fig. 2 FE-SEM image of the electrospun polystyrene membrane
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polystyrene matrix [48]. It is well observed that by increas-
ing the GNP content, the roughness of the polystyrene fiber 
surface is significantly increased (refer to Fig. 7).

3.2 Energy dispersive X-ray spectroscopy
The result of the energy dispersive analysis (EDS) of the 
electrospun polystyrene fibers is demonstrated in Fig. 8.

According to the obtained spectrum, low energy peaks 
appeared in the range of 0.1 to 0.6 keV. The aforemen-
tioned peaks are attributed to carbon and oxygen, respec-
tively. In addition, the observable peaks in the range of 
1.5 to 2.2 keV correspond to the elemental gold applied for 
coating the membranes.

Fig. 9 (a) and (b) display the EDS spectra of the elec-
trospun polystyrene membranes with different loadings of 
GNP filler. Increasing the GNPs concentration from 0.5 to 
2 wt.% in the electrospun fibers, the intensity of carbon 

was enhanced from 2500 to 5000 and this result confirm 
that carbon is the main component in the membrane, also 
oxygen was present confirming existence of the GNP filler 
in the as-spun fibers and the reason of existing was from 
environmental conditions. Gold present in EDS spectra is 

Fig. 3 Fiber diameter and pore size distribution histograms of the 
electrospun polystyrene

Fig. 5 The mean fiber diameter and pore size for the as-spun fibers with 
various loadings of GNP filler

Fig. 4 FE-SEM images of the polystyrene membranes loaded by various 
concentrations of GNP filler (a) 0.5, (b) 1, (c) 1.5, and (d) 2 wt.%
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related to coating the electrospun membranes with a con-
ductive layer to produce high resolution FE-SEM images.

3.3 Fourier transform infrared spectroscopy
FTIR spectra of the polystyrene nanofibrous mat is dis-
played in Fig. 10. According to the obtained spectra, 

Fig. 6 Fiber diameter and pore size distribution histograms for the  
as-spun fibers incorporated with various loadings of GNP filler

Fig. 8 EDS spectra of the electrospun polystyrene membrane

Fig. 9 EDS spectra of the polystyrene membranes incorporated with 
different GNP concentrations (a) 0.5 and (b) 2 wt.%

(a)

(b)

Fig. 7 Effect of GNP content of (a) 0.5, (b) 1, (c) 1.5, and (d) 2 wt.% on 
the roughness of the polystyrene fibers taken by FE-SEM
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aromatic C–H bond stretching vibration was appeared in 
the wave numbers of 3082 cm−1 and 3025 cm−1. In addi-
tion, aromatic C=C bond stretching vibration is observed 
at 1601 cm−1, 1492 cm−1, and 1451 cm−1, which indicates the 
existence of the benzene rings. Moreover, the transmittance 
peaks at the wave numbers of 753 cm−1 and 696 cm−1 cor-
respond to C–H out-of-plane bending vibration, confirm-
ing that there is only one substituent in the benzene ring. 
Furthermore, the peaks at the wave numbers of 2921 cm−1 
and 2850 cm−1 are linked to the  methylene group which is 
tied well with the observations of Fang et al. [49].

Fig. 11 shows the FTIR spectra of the electrospun poly-
styrene fibers incorporated with various amounts of GNP 
filler. In general, the peak intensities were increased by 
loading more filler particles into the electrospun fibers, 
specifically in the cases of C–H out-of-plane bending and 
aromatic C=C stretching vibrations. In addition, C–H 

out-of-plane bending vibration was shifted from 753 cm−1 
to 750 cm−1 by incorporation of 2 wt.% GNP filler. Based 
on Chayad et al. [50] this could be referred to locating the 
carbon atoms in structure of the polystyrene fibers.

3.4 Contact angle measurement
The effect of GNP introduction into the electrospun 
fibers on the contact angle is been presented in Fig. 12. 
Apparently, the contact angle was increased from 128° 
to 139° by addition of 2 wt.% of GNP to the nanofibrous 
mats. The observed trend of the contact angle feature 
could be attributed to the effect of GNPs on the morphol-
ogy of the fabricated fibers. In fact, in the polystyrene/GNP, 
the surface roughness of the fibers enhanced significantly. 
Subsequently, a lower surface energy was resulted in the 
electrospun membranes. Similar behaviors were obtained 
by the other researchers [51–53]. Notably, polystyrene/GNP 
membranes showed hydrophobic behavior. However, they 
represented high affinity for the crude oil. Therefore, a value 
of zero was obtained for contact angle in the case of using 
crude oil droplet instead of water.

3.5 Sulfur analyzer
The influence of the GNP concentration on the sul-
fur removal from the crude oil is illustrated in Fig. 13. 
Based upon the obtained results, the sulfur content de- 
clined from 2.8% to 2.55% via addition of 0.5 wt.% GNP 
into the as-spun fibers. Further reduction of the sulfur con-
tent (1.8%) was also approached by embedding 2 wt.% of 
GNP into the electrospun mat. Hence, desulfurization effi-
ciency was enhanced from 4.3 to 35.7% by incorporation 
of more GNP nanofillers into the electrospun fibers. This 

Fig. 10 FTIR spectra of the electrospun polystyrene membrane

Fig. 11 FTIR spectra of the electrospun polystyrene fibers loaded by 
various concentrations of GNP

Fig. 12 The effect of GNP concentrations on the measured contact 
angle property
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could be due to the sp2 configuration of the GNP additives 
which results in π−π interactions and therefore improves 
the desulfurization efficiency [54–57].

Fig. 14 shows the EDS analysis of the electrospun poly-
styrene membrane after passing through the crude oil. 
This test confirms which types of contamination the elec-
trospun polystyrene membrane can capture. As observ-
able, the as-examined membrane contained elemental sul-
fur and aluminum.

Fig. 15 demonstrates the EDS analysis of the electro-
spun mat when incorporated with 2 wt.% GNP after passing 
through the crude oil. As displayed, the as-examined mem-
brane capturing ability enhanced with incorporated with 

graphene and can capture several elements (sulfur, sodium, 
calcium, chloride, molbidium, aluminum and silicon) com-
pared to the electrospun membranes without additives.

4 Conclusion
In summary, electrospun polystyrene fibers incorporated 
with various ratios of the GNP were successfully fabricated 
through a standard electrospinning technique. Various fea-
tures of the electrospun membranes were evaluated.

The results showed the formation of fine and uniform 
composite fibers along with homogenous distribution of 
the loaded GNP particles in the fiber structures. In addi-
tion, finer fibers, smaller pore size, and rougher surfaces 
were created by increasing the GNP amount in the electro-
spun fibers. Moreover, introduction of 2 wt.% GNP filler 
into the electrospun fibers led to increase the hydropho-
bicity from 128° to 139°. Furthermore, the sulfur content 
decreases from 2.8% to 2.6% in the presence of 0.5 wt.% of 
GNPs. Further reduction of the sulfur content was obtained 
by incorporating 2 wt.% of GNP into the electrospun poly-
styrene fibers, resulting in enhancing desulfurization effi-
ciency from 4.3 to 35.7%. At the end, these fabricated mem-
branes work well as filters, reducing the percentage of sulfur 
in crude oil in places where the sulfur content is very high.
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Fig. 13 Sulfur content and desulfurization efficiency of various 
electrospun membranes

Fig. 15 EDS analysis of the polystyrene fibers loaded by 2 wt.% GNP 
filler after passing through crude oil

Fig. 14 EDS analysis of the polystyrene fibers after passing through 
crude oil



8|Oleiwi et al.
Period. Polytech. Chem. Eng., 69(1), pp. 1–10, 2025 

References
[1] Schaefer, D. W., Mark, J. E. (eds.) "Polymer Based Molecular 

Composites", Materials Research Society, 1990. ISBN 
1-55899-059-3

[2] Oleiwi, A. H., Hasan, M. T., Hashim, H. A. "Investigation of the 
hybridization effect of glass fibers and diboron trioxide epoxy 
composites on some mechanical properties", Journal of Physics: 
Conference Series, 2857,  012045, 2024.

 https://doi.org/10.1088/1742-6596/2857/1/012045
[3] Zeinedini, A., Mahdi, A. S. "The effect of temperature on the 

spherical nanoparticles debonding stress", Composites Part A: 
Applied Science and Manufacturing, 173, 107669, 2023.

 https://doi.org/10.1016/j.compositesa.2023.107669
[4] Zeinedini, A., Sahib Mahdi, A. "Energy dissipated by spherical 

nanoparticles debonding in nanocomposites under cryogenic and 
steady state conditions", Cryogenics, 136, 103763, 2023.

 https://doi.org/10.1016/j.cryogenics.2023.103763
[5] Oleiwi, A. H. "Study some properties for UPS composites rein-

forced by sunflower husk ash", AIP Conference Proceedings, 
2437(1), 020028, 2022.

 https://doi.org/10.1063/5.0092290
[6] Shokrieh, M. M., Zeinedini, A., Ghoreishi, S. M. "On the mixed 

mode I/II delamination R-curve of E-glass/epoxy laminated com-
posites", Composite Structures, 171, pp. 19–31, 2017.

 https://doi.org/10.1016/j.compstruct.2017.03.017
[7] Jabur, A. R., Najim, M. A., Abd Al-Rahman, S. A. "Study the 

effect of flow rate on some physical properties of different poly-
meric solutions", Journal of Physics: Conference Series, 1003, 
012069, 2018. 

 https://doi.org/10.1088/1742-6596/1003/1/012069
[8] Khan, I., Khan, I., Saeed, K., Ali, N., Zada, N., Khan, A., Ali, F., …, 

Gupta, R. K. "7 - Polymer nanocomposites: an overview", In: 
Ali, N., Bilal, M., Khan, A., Nguyen, T. A., Gupta, R. K. (eds.) Smart 
Polymer Nanocomposites: Design, Synthesis, Functionalization, 
Properties, and Applications, Elsevier, pp. 167–184, 2023. ISBN 
978-0-323-91611-0

 https://doi.org/10.1016/B978-0-323-91611-0.00017-7
[9] Barhoum, A., García-Betancourt, M. L., Jeevanandam, J., Hussien, 

E. A., Mekkawy, S. A., Mostafa, M., Omran, M. M., S. Abdalla, M., 
Bechelany, M. "Review on Natural, Incidental, Bioinspired, and 
Engineered Nanomaterials: History, Definitions, Classifications, 
Synthesis, Properties, Market, Toxicities, Risks, and Regulations", 
Nanomaterials, 12(2), 177, 2022.

 https://doi.org/10.3390/nano12020177
[10] Yee, K., Ghayesh, M. H. "A review on the mechanics of graphene 

nanoplatelets reinforced structures", International Journal of 
Engineering Science, 186, 103831, 2023.

 https://doi.org/10.1016/j.ijengsci.2023.103831
[11] Jabur, A. R. "Effect of polyaniline on the electrical conductivity 

and activation energy of electrospun nylon films", International 
Journal of Hydrogen Energy, 43(1), pp. 530–536, 2018.

 https://doi.org/10.1016/j.ijhydene.2017.04.005
[12] Belyaeva, L. A., van Deursen, P. M. G., Barbetsea, K. I., Schneider, 

G. F. "Hydrophilicity of Graphene in Water through Transparency 
to Polar and Dispersive Interactions", Advanced Materials, 30(6), 
1703274, 2018.

 https://doi.org/10.1002/adma.201703274

[13] Mareai, B. M., Marshdi, Q. S. R., Hussein, H. M., Al-Khafaji, Z. S., 
Al-Husseinawi, F., Abdulrahim, F. R., Janabi, A. S. K. "Inves- 
tigation of Wastewater Treatment Plant Behavior for Residential 
Community within 1 Year", International Journal of Environmental 
Health Engineering, 13(1), 19, 2024.

 https://doi.org/10.4103/ijehe.ijehe_13_23
[14] Chen, C., Fei, L., Lu, L., Li, B., Raza, S., Shen, L., Lin, H. 

"Superwetting graphene-based materials: From wettability regu-
lation to practical applications", Materials Today Chemistry, 29, 
101452, 2023.

 https://doi.org/10.1016/j.mtchem.2023.101452
[15] Maio, A., Pibiri, I., Morreale, M., Mantia, F. P. L., Scaffaro, R. 

"An Overview of Functionalized Graphene Nanomaterials for 
Advanced Applications", Nanomaterials, 11(7), 1717, 2021.

 https://doi.org/10.3390/nano11071717
[16] Lee, S. J., Yoon, S. J., Jeon, I.-Y. "Graphene/Polymer 

Nanocomposites: Preparation, Mechanical Properties, and 
Application", Polymers, 14(21), 4733, 2022.

 https://doi.org/10.3390/polym14214733
[17] Bhatt, S., Punetha, V. D., Pathak, R., Punetha, M. "Graphene in 

nanomedicine: A review on nano-bio factors and antibacterial 
activity", Colloids and Surfaces B: Biointerfaces, 226, 113323, 
2023.

 https://doi.org/10.1016/j.colsurfb.2023.113323
[18] Xing, R., Huang, R., Su, R., Qi, W. "Facile fabrication of a print-

able conductive self-healing hydrogel for human motion and elec-
trocardiogram monitoring", New Journal of Chemistry, 47(23), 
pp. 11063–11070, 2023.

 https://doi.org/10.1039/D3NJ01425H
[19] Maghrabie, H. M., Elsaid, K., Sayed, E. T., Radwan, A., Abo-

Khalil, A. G., Rezk, H., Abdelkareem, M. A., Olabi, A. G. "Phase 
change materials based on nanoparticles for enhancing the perfor-
mance of solar photovoltaic panels: A review", Journal of Energy 
Storage, 48, 103937, 2022.

 https://doi.org/10.1016/j.est.2021.103937
[20] Al-Khafaji, Z. S., Radhi, S. S., Mahdi, M. M., Radhi, N. S., 

Mareai, B. M. "Measuring radiation in space with bubble detectors 
and the effect of radiation on health system of human body", AIP 
Conference Proceedings, 2839(1), 020037, 2023.

 https://doi.org/10.1063/5.0170939
[21] Rather, S. U. "Preparation, characterization and hydrogen stor-

age studies of carbon nanotubes and their composites: A review", 
International Journal of Hydrogen Energy, 45(7), pp. 4653–4672, 
2020.

 https://doi.org/10.1016/j.ijhydene.2019.12.055
[22] Liu, L., Qu, J., Gu, A., Wang, B. "Percolative polymer compos-

ites for dielectric capacitors: a brief history, materials, and multi-
layer interface design", Journal of Materials Chemistry A, 8(36), 
pp. 18515–18537, 2020.

 https://doi.org/10.1039/D0TA05876A
[23] Aribike, D. S., Usman, M. A., Oloruntoba, M. M. "Adsorptive 

desulfurization of diesel using activated sewage sludge: kinetics, 
equilibrium and thermodynamics studies", Applied Petrochemical 
Research, 10(1), pp. 1–12, 2020.

 https://doi.org/10.1007/s13203-019-00239-2

https://doi.org/10.1088/1742-6596/2857/1/012045
https://doi.org/10.1016/j.compositesa.2023.107669
https://doi.org/10.1016/j.cryogenics.2023.103763
https://doi.org/10.1063/5.0092290
https://doi.org/10.1016/j.compstruct.2017.03.017
https://doi.org/10.1088/1742-6596/1003/1/012069
https://doi.org/10.1016/B978-0-323-91611-0.00017-7
https://doi.org/10.3390/nano12020177
https://doi.org/10.1016/j.ijengsci.2023.103831
https://doi.org/10.1016/j.ijhydene.2017.04.005
https://doi.org/10.1002/adma.201703274
https://doi.org/10.4103/ijehe.ijehe_13_23
https://doi.org/10.1016/j.mtchem.2023.101452
https://doi.org/10.3390/nano11071717
https://doi.org/10.3390/polym14214733
https://doi.org/10.1016/j.colsurfb.2023.113323
https://doi.org/10.1039/D3NJ01425H
https://doi.org/10.1016/j.est.2021.103937
https://doi.org/10.1063/5.0170939
https://doi.org/10.1016/j.ijhydene.2019.12.055
https://doi.org/10.1039/D0TA05876A
https://doi.org/10.1007/s13203-019-00239-2


Oleiwi et al.
Period. Polytech. Chem. Eng., 69(1), pp. 1–10, 2025 |9

[24] Mguni, L. L., Yao, Y., Nkomzwayo, T., Liu, X., Hildebrandt, D., 
Glasser, D. "Desulphurization of diesel fuels using intermediate 
Lewis acids loaded on activated charcoal and alumina", Chemical 
Engineering Communications, 206(5), pp. 572–580, 2019.

 https://doi.org/10.1080/00986445.2018.1511983
[25] Al-Khodor, Y. A. A., Albayati, T. M. "Real heavy crude oil desul-

furization onto nanoporous activated carbon implementing batch 
adsorption process: equilibrium, kinetics, and thermodynamic 
studies", Chemistry Africa, 6(2), pp. 747–756, 2023.

 https://doi.org/10.1007/s42250-022-00482-6
[26] Huang, E., Xu, Y., Ren, Y., Zhang, P., Zeng, Y. "Cu(I)-faujasite-

type zeolites with hierarchical structure for adsorption desulfur-
ization", Microporous and Mesoporous Materials, 348, 112397, 
2023.

 https://doi.org/10.1016/j.micromeso.2022.112397
[27] Alcaraz, M. G. T., Choi, A. E. S., Dugos, N. P., Wan, M.-W. "A Re- 

view on the Adsorptive Performance of Bentonite on Sulfur Com- 
pounds", Chemical Engineering Transactions, 103, pp. 553–558, 
2023.

 https://doi.org/10.3303/CET23103093
[28] Othman, C. S., Salih, Y. M., Hamasalih, L. O., Saleem, H. J. 

"Influence of different nanocomposite carbon-based adsorbers 
on the adsorption desulfurization of dibenzothiophene in model 
oil and diesel fuel: a comparative study", Reaction Kinetics, 
Mechanisms and Catalysis, 136(2), pp. 919–936, 2023.

 https://doi.org/10.1007/s11144-023-02378-z
[29] Alhamed, Y. A., Bamufleh, H. S. "Sulfur removal from model die-

sel fuel using granular activated carbon from dates' stones acti-
vated by ZnCl2", Fuel, 88(1), pp. 87–94, 2009.

 https://doi.org/10.1016/j.fuel.2008.07.019
[30] Shah, S. S., Ahmad, I., Ahmad, W. "Adsorptive desulphurization 

study of liquid fuels using Tin (Sn) impregnated activated char-
coal", Journal of Hazardous Materials, 304, pp. 205–213, 2016.

 https://doi.org/10.1016/j.jhazmat.2015.10.046
[31] Jalal, N. M., Jabur, A. R., Hamza, M. S., Allami, S. "Sulfonated 

electrospun polystyrene as cation exchange membranes for fuel 
cells", Energy Reports, 6, pp. 287–298, 2020.

 https://doi.org/10.1016/j.egyr.2019.11.012
[32] Oleiwi, A. H., Jabur, A. R., Alsalhy, Q. F. "Morphology of poly-

styrene nano-fiber membranes reinforced with copper oxide and 
zirconium oxide nanoparticles as a sulfur absorbent materials", 
AIP Conference Proceedings, 2769(1), 020065, 2023.

 https://doi.org/10.1063/5.0129144
[33] Lin, W., Chen, M., Qu, T., Li, J., Man, Y. "Three‐dimensional elec-

trospun nanofibrous scaffolds for bone tissue engineering", Journal 
of Biomedical Materials Research Part B: Applied Biomaterials, 
108(4), pp. 1311–1321, 2020.

 https://doi.org/10.1002/jbm.b.34479
[34] Alven, S., Buyana, B., Feketshane, Z., Aderibigbe, B. A. "Electro- 

spun Nanofibers/Nanofibrous Scaffolds Loaded with Silver Nano- 
particles as Effective Antibacterial Wound Dressing Materials", 
Pharmaceutics, 13(7), 964, 2021.

 https://doi.org/10.3390/pharmaceutics13070964

[35] Liu, D. S., Ashcraft, J. N., Mannarino, M. M., Silberstein, M. N., 
Argun, A. A., Rutledge, G. C., Boyce, M. C., Hammond, P. T. 
"Spray Layer‐by‐Layer Electrospun Composite Proton Exchange 
Membranes", Advanced Functional Materials, 23(24), pp. 3087–
3095, 2013.

 https://doi.org/10.1002/adfm.201202892
[36] Chigome, S., Torto, N. "A review of opportunities for electrospun 

nanofibers in analytical chemistry", Analytica Chimica Acta, 
706(1), pp. 25–36, 2011.

 https://doi.org/10.1016/j.aca.2011.08.021
[37] Bagheri, H., Asgari, S., Piri-Moghadam, H. "On-line Micro 

Solid-Phase Extraction of Clodinafop Propargyl from Water, Soil 
and Wheat Samples Using Electrospun Polyamide Nanofibers", 
Chromatographia, 77(9), pp. 723–728, 2014.

 https://doi.org/10.1007/s10337-014-2660-6
[38] Qi, F.-F., Cao, Y., Wang, M., Rong, F., Xu, Q. "Nylon 6 electrospun 

nanofibers mat as effective sorbent for the removal of estrogens: 
kinetic and thermodynamic studies", Nanoscale Research Letters, 
9(1), 353, 2014.

 https://doi.org/10.1186/1556-276X-9-353
[39] Bagheri, H., Najarzadekan, H., Roostaie, A. "Electrospun poly-

amide–polyethylene glycol nanofibers for headspace solid‐phase 
microextration", Journal of Separation Science, 37(14), pp. 1880–
1886, 2014.

 https://doi.org/10.1002/jssc.201400037
[40] Wu, Q., Wu, D., Guan, Y. "Polyaniline sheathed electrospun nano-

fiber bar for in vivo extraction of trace acidic phytohormones in 
plant tissue", Journal of Chromatography A, 1342, pp. 16–23, 2014.

 https://doi.org/10.1016/j.chroma.2014.03.055
[41] Oleiwi, A. H., Jabur, A. R., Alsalhy, Q. F. "Preparation of 

Polystyrene/Polyacrylonitrile Blends by Electrospinning 
Technique", Journal of Physics: Conference Series, 1879(2), 
022065, 2021.

 https://doi.org/10.1088/1742-6596/1879/2/022065
[42] Huan, S., Liu, G., Han, G., Cheng, W., Fu, Z., Wu, Q., Wang, Q. 

"Effect of Experimental Parameters on Morphological, Mechanical 
and Hydrophobic Properties of Electrospun Polystyrene Fibers", 
Materials, 8(5), pp. 2718–2734, 2015.

 https://doi.org/10.3390/ma8052718
[43] ImageJ "ImageJ analyzer", [computer program] Available at: 

https://imagej.net/ij/ [Accessed: 29 August 2024]
[44] Autodesk "Auto CAD, (2010)", [computer program] Available at: 

https://www.autodesk.com/campaigns/autocad-family [Accessed: 
29 August 2024]

[45] Jabur, A. R. "Antibacterial activity and heavy metal removal effi-
ciency of electrospun medium molecular weight chitosan/nylon-6 
nanofibre membranes", Biomedical Materials, 13(1), 015010, 2017.

 https://doi.org/10.1088/1748-605X/aa9256
[46] Nitanan, T., Opanasopit, P., Akkaramongkolporn, P., Rojanarata, T., 

Ngawhirunpat, T., Supaphol, P. "Effects of processing parameters on 
morphology of electrospun polystyrene nanofibers", Korean Journal 
of Chemical Engineering, 29(2), pp. 173–181, 2012.

 https://doi.org/10.1007/s11814-011-0167-5

https://doi.org/10.1080/00986445.2018.1511983
https://doi.org/10.1007/s42250-022-00482-6
https://doi.org/10.1016/j.micromeso.2022.112397
https://doi.org/10.3303/CET23103093
https://doi.org/10.1007/s11144-023-02378-z
https://doi.org/10.1016/j.fuel.2008.07.019
https://doi.org/10.1016/j.jhazmat.2015.10.046
https://doi.org/10.1016/j.egyr.2019.11.012
https://doi.org/10.1063/5.0129144
https://doi.org/10.1002/jbm.b.34479
https://doi.org/10.3390/pharmaceutics13070964
https://doi.org/10.1002/adfm.201202892
https://doi.org/10.1016/j.aca.2011.08.021
https://doi.org/10.1007/s10337-014-2660-6
https://doi.org/10.1186/1556-276X-9-353
https://doi.org/10.1002/jssc.201400037
https://doi.org/10.1016/j.chroma.2014.03.055
https://doi.org/10.1088/1742-6596/1879/2/022065
https://doi.org/10.3390/ma8052718
https://imagej.net/ij/
https://www.autodesk.com/campaigns/autocad-family
https://doi.org/10.1088/1748-605X/aa9256
https://doi.org/10.1007/s11814-011-0167-5


10|Oleiwi et al.
Period. Polytech. Chem. Eng., 69(1), pp. 1–10, 2025 

[47] Yin, J.-Y., Boaretti, C., Lorenzetti, A., Martucci, A., Roso, M., 
Modesti, M. "Effects of Solvent and Electrospinning Parameters 
on the Morphology and Piezoelectric Properties of PVDF 
Nanofibrous Membrane", Nanomaterials, 12(6), 962, 2022.

 https://doi.org/10.3390/nano12060962
[48] Li, Y., Porwal, H., Huang, Z., Zhang, H., Bilotti, E., Peijs, T. 

"Enhanced Thermal and Electrical Properties of Polystyrene-
Graphene Nanofibers via Electrospinning", Journal of 
Nanomaterials, 2016(1), 4624976, 2016.

 https://doi.org/10.1155/2016/4624976
[49] Fang, J., Xuan, Y., Li, Q. "Preparation of polystyrene spheres in 

different particle sizes and assembly of the PS colloidal crystals", 
Science China Technological Sciences, 53(11), pp. 3088–3093, 
2010.

 https://doi.org/10.1007/s11431-010-4110-5
[50] Chayad, F. A., Jabur, A. R., Jalal, N. M. "Effect of MWCNT 

addition on improving the electrical conductivity and activation 
energy of electrospun nylon films", Karbala International Journal 
of Modern Science, 1(4), pp. 187–193, 2015.

 https://doi.org/10.1016/j.kijoms.2015.10.004
[51] Khudhayer, W. J., Sharma, R., Karabacak, T. "Hydrophobic metal-

lic nanorods with Teflon nanopatches", Nanotechnology, 20(27), 
275302, 2009. 

 https://doi.org/10.1088/0957-4484/20/27/275302
[52] Moradi, R., Karimi-Sabet, J., Shariaty-Niassar, M., Koochaki, 

M. A. "Preparation and Characterization of Polyvinylidene 
Fluoride/Graphene Superhydrophobic Fibrous Films", Polymers, 
7(8), pp. 1444–1463, 2015.

 https://doi.org/10.3390/polym7081444

[53] Wang, S., Zhang, Y., Abidi, N., Cabrales, L. "Wettability and 
Surface Free Energy of Graphene Films", Langmuir, 25(18), 
pp. 11078–11081, 2009.

 https://doi.org/10.1021/la901402f
[54] Svinterikos, E., Zuburtikudis, I., Al-Marzouqi, M. "Carbon 

Nanomaterials for the Adsorptive Desulfurization of Fuels", 
Journal of Nanotechnology, 2019(1), 2809867, 2019.

 https://doi.org/10.1155/2019/2809867
[55] Hernández-Maldonado, A. J., Yang, R. T. "Desulfurization of 

Commercial Liquid Fuels by Selective Adsorption via π-Complex-
ation with Cu(I)−Y Zeolite", Industrial & Engineering Chemistry 
Research, 42(13), pp. 3103–3110, 2003.

 https://doi.org/10.1021/ie0301132
[56] Oleiwi, A. H., Jabur, A. R., Alsalhy, Q. F. "Polystyrene/MWCNTs 

Nanofiber Membranes characterizations in Reducing Sulfur Con- 
tent in Crude Oil", Key Engineering Materials, 886, pp. 86–96, 
2021.

 https://doi.org/10.4028/www.scientific.net/KEM.886.86
[57] Laborde-Boutet, C., Joly, G., Nicolaos, A., Thomas, M., Magnoux, P. 

"Selectivity of Thiophene/Toluene Competitive Adsorptions onto 
NaY and NaX Zeolites", Industrial & Engineering Chemistry 
Research, 45(20), pp. 6758–6764, 2006.

 https://doi.org/10.1021/ie060168e

https://doi.org/10.3390/nano12060962
https://doi.org/10.1155/2016/4624976
https://doi.org/10.1007/s11431-010-4110-5
https://doi.org/10.1016/j.kijoms.2015.10.004
https://doi.org/10.1088/0957-4484/20/27/275302
https://doi.org/10.3390/polym7081444
https://doi.org/10.1021/la901402f
https://doi.org/10.1155/2019/2809867
https://doi.org/10.1021/ie0301132
https://doi.org/10.4028/www.scientific.net/KEM.886.86
https://doi.org/10.1021/ie060168e

	1 Introduction
	2 Experiment
	2.1 Materials
	2.2 Membrane preparation
	2.3 Characterization

	3 Results and discussion
	3.1 Morphology of the electrospun fibers
	3.2 Energy dispersive X-ray spectroscopy
	3.3 Fourier transform infrared spectroscopy
	3.4 Contact angle measurement
	3.5 Sulfur analyzer

	4 Conclusion
	Acknowledgement
	References

