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Abstract
Environmental pollution, energy consumption, and greenhouse gas emissions are critical global issues. To address these challenges, optimizing 
skimmer coatings is a major step in commercializing cleaning oil stains. This research presents a novel approach to creating and refining oil-
absorbent coatings, introducing a unique oil spill removal skimmer enhanced with a super hydrophobic polyaniline (PANI) nanofiber coating. 
The goal of this study was to improve oil absorption performance, increase the contact angle, lower drag, reduce energy consumption, achieve 
high desirability, and lower production costs. PANI treated with hydrochloric acid was a key focus as it resulted in higher porosity and smaller 
pore diameters, providing a larger surface area, which are crucial factors for boosting oil absorption and minimizing drag. To optimize optimal 
nanofiber morphology, PANI synthesized with methanesulfonic acid was first dedoped and then redoped with hydrochloric acid. After 
optimization, the most effective skimmer coating was achieved using a formulation consisting of 0.1% PANI, an ammonium persulfate/aniline 
ratio of 0.4, and an acid/aniline ratio of 9.689, along with redoped PANI nanofibers. The optimized skimmer exhibited a remarkable contact 
angle of 177.477°. The coating achieved drag reduction of 32%, oil absorption of 88.725%, a cost of $1.710, and a desirability rating of 78.5%. 
In this study, an optimized skimmer coat containing super hydrophobic coat–PANI nanofibers was fabricated. By enhancing contact angle and 
reducing drag, these coatings increased the skimmer performance by improving oil absorption and reducing fuel consumption.
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1  Introduction

Over the past decades, the rise in oil exploration and pro‐
duction has resulted in numerous environmental challenges. 
Each year, millions of tons of petroleum products are trans‐
ported across global open waters, leading to frequent oil 
spills and significant ecological harm (Abidli et al., 2020; 
Singh and Jelinek, 2020). Oil residues undergo gradual 
physical and chemical changes over time. These changes 

include spreading across water surfaces, dissolving into the 
water, forming oil-water emulsions, evaporating, breaking 
down under sunlight through photolysis, and gradually 
decomposing. These processes can significantly impact 
the water’s properties, such as its viscosity, density, and 
surface tension.

Given the potential long-term effects of hazardous water-
soluble, light hydrocarbons (Kukkar et al., 2020) on both 
aquatic organisms and humans, the immediate removal of 
oil spills is essential. Various methods have been imple‐
mented to address this issue, including mechanical, chemi‐
cal, and biological approaches (Singh and Jelinek, 2020). 
The choice of the optimal method relies on factors such as 
the size and location of the oil spill, the type of oil involved, 
and the regional climate. External elements such as wave 
activity and weather conditions can affect oil evaporation, 
diffusion, and biological breakdown, potentially leading to 
the spread of oil slicks (Kukkar et al., 2020). Nevertheless, 
on a larger scale, physical methods such as booms, skim‐
mers, absorption, and in situ burning are widely used for 
cleaning oil spills. Despite their popularity, these methods 
face several drawbacks. These are often costly, inefficient 
in separation, slow in processing, and may yield impure 
reclaimed water or oil. Many of these tools are also non‐
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biodegradable, and their efficacy and suitability depend on 
various factors, such as the viscosity of the spilled oil, pre‐
vailing climate conditions, and environmental conditions. 
Among physical methods, surface absorption methods are 
particularly common. These involve tools such as skimmers, 
oil-absorbing foams, and different nanofibers.

Skimmers are mechanical devices designed to collect oil 
pollution from the water surface. They perform optimally in 
clean and calm waters, but their efficiency diminishes in the 
presence of impurities or ice fragments in the water (Abidli 
et al., 2020). Moreover, when the wind blows toward the 
skimmer, it helps accumulate more oily substances. The 
thickness of the oil layer on the water surface significantly 
impacts absorption effectiveness, with an optimal thick‐
ness improving oil extraction. Multiple skimmer varieties 
are accessible, including oleophilic, weir, elevating, sub‐
mersion, suction/vacuum, and vortex/centrifugal methods 
(Sarbatly et al., 2016). Skimmers rely on absorbent materi‐
als to collect and convert the petroleum mixture into a 
semisolid or solid phase. For an absorbent to be effective 
in oil skimmers, it must have suitable hydrophobic‒oleo‐
philic properties, a high absorption capacity, a high absorp‐
tion rate, and acceptable flotation. Materials used as absor‐
bents include natural organic materials, natural inorganic 
materials, and synthetically synthesized organic fibers (Yin 
et al., 2020). Polypropylene fibers are among the most com‐
monly used synthetic fibers. They are easy to produce, pos‐
sess excellent physical properties, float well, and can absorb 
various hydrocarbons in oil spill cleanups. However, their 
low porosity and large diameter solid fibers result in limited 
oil absorption (OA) capacity (10–30 grams of oil per mate‐
rial). Therefore, researchers should focus on developing 
improved absorbent foams (Zhu et al., 2011). Polyurethane 
(PU) has emerged as a promising synthesized absorbent.

PU is a commercially available, three-dimensional porous 
material widely studied for creating highly hydrophobic 
absorbents for water and oil separation. However, like other 
hydrophobic foams, PU foams face a major challenge, 
namely low mechanical durability under extreme physical 
and chemical conditions (Baig et al., 2021). This is often 
attributed to weak adhesion between the porous three-
dimensional skeleton of the foam. An innovative way to 
improve oil stain separation is by adding adsorbent nanofi‐
bers. Immersing PU foam in a superhydrophobic (SH) 
solution has shown promise in producing an absorbent 
foam with high porosity, enhanced durability, and improved 
OA capacity (Khodakarami and Bagheri, 2021). Recently, 
researchers have developed methods to fabricate pure, uni‐
form, and mold-free PU nanofibers with small diameters 
(<100 nm) in scalable quantities (Hosseini and Mousavi, 
2021). Owing to their exceptional physical properties, 
nanofiber absorbents are effective solutions for OA. These 
nanofibers have emerged as valuable options for cleaning 
oil stains owing to their physical and mechanical proper‐

ties, such as very high specific surface (SS) areas and 
small pore sizes (Sarbatly et al., 2016; Xiong et al., 2019). 
The use of various nanofibers in the structure of absorbing 
foams has been investigated. In this regard, Lü et al. 
(2016) developed ultrahydrophobic PU foams by coating 
them with silica/graphene oxide nanohybrids. These modi‐
fied foams demonstrated excellent potential as adsorbents, 
quickly absorbing organic solvents and hydrocarbons. To 
further improve the performance of PU foams and address 
their limitations in oil spill isolation, incorporating synthe‐
sized compounds such as nanomaterials has gained atten‐
tion. In this context, polyaniline (PANI) with unique fea‐
tures can be used in this field.

PANI is a conductive polymer valued for its impressive 
properties as an absorbent material. Its effectiveness depends 
on factors such as its oxidation state and impurities. It 
stands out for its environmental stability, low-cost synthesis, 
ease of forming nanostructures, flexible doping mechanism, 
simple concentration/dilution process, adjustable electrical 
properties, and physicochemical properties (Mendieta-
Rodríguez et al., 2021; Ghorbankhani and Zahedi, 2022). 
The presence of large amounts of amine groups (NH-) in 
PANI makes it particularly suitable for removing heavy 
metals. For example, it has proven effective in adsorbing 
chromium (VI) ions (Karthik and Meenakshi, 2015). 
Among various PANI nanostructures, nanofibers have a 
high potential to increase performance for removing con‐
taminants from water (Ghorbankhani and Zahedi, 2022). 
PANI nanofibers, with diameters between 50–80 nm, have 
been successfully used as highly effective adsorbents for 
removing RB5 from aqueous solutions through the rapid 
mixing polymerization method (Bhaumik et al., 2016). Fur‐
thermore, doped acid purification methods have enhanced 
the metal ion adsorption capabilities of PANI nanofibers. 
Such nanofibers doped with phosphoric acid (PH-PANI) 
performed significantly better at adsorbing Cu2+ than 
those doped with hydrochloric acid. This improvement is 
attributed to the higher capacity and strong absorption prop‐
erties provided by phosphoric acid or phosphate groups. 
PANI nanofibers doped with phosphoric acid have a larger 
number of sites (increased porosity), offering more trap‐
ping sites for aqueous metal cations owing to the hydroxyl 
functional groups in phosphoric acid (Kim et al., 2017). 
Ghorbankhani and Zahedi (2022) produced absorbent 
polyurethane foams containing PANI nanofibers to clean 
oil stains and separate water by optimizing nanofiber mor‐
phology. The best sample of polyurethane foam containing 
PANI nanofibers was formed with an aniline/ammonium 
persulfate (APS) molar ratio of 1.43, an aniline/acid ratio 
of 0.105, and a concentration of 0.433. This foam exhibit‐
ed an oil sorption coefficient (OSC) of 5.038 at a cost of 
$1.748. Polyurethane foam containing optimized PANI 
nanofibers was 69% more efficient than pure commercial 
polyurethane foams.
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Energy consumption during skimmer activity is a criti‐
cal factor, largely influenced by drag force. Drag resists 
the movement of objects through fluids (Tian et al., 2022) 
and is mainly caused by friction, which depends on the sur‐
face morphology (Feng et al., 2020). Friction drags cause 
energy loss, especially in floats (Heo et al., 2021). Reduc‐
ing the frictional force applied to ships and submarines 
can reduce fuel consumption, increase the speed of marine 
vehicles, and lower greenhouse gas emissions. As a result, 
reducing drag is necessary. An effective and efficient method 
to reduce drag is the use of SH coatings (SHCs) (Gose 
et al., 2021). These coatings can significantly reduce the 
drag applied to floats. SH surfaces are characterized by an 
extensive contact angle (CA, higher than 150°) and a slight 
slip angle (lower than 10° ), which allow water drops to 
easily slide off without sticking. Polymeric materials are 
inherently hydrophobic. The SH surfaces have distinct prop‐
erties, including oil and water separation, self-cleaning, 
antifouling, increased heat transfer, and antibacterial and 
antiwear effects (Liravi et al., 2020).

This study focuses on developing and optimizing oil-
absorbent coatings to improve OA performance, enhance 
the CA, reduce drag reduction (DR), boost overall desir‐
ability, and lower costs. For the first time, an SHC was 
modified with PANI nanofibers and used to separate oil 
stains and reduce drag simultaneously in the skimmer. Key 
benefits include SH properties, a high SS area, high porosity, 
easy synthesis, low price, availability of raw materials, and 
environmental compatibility. PANI was doped with various 
compounds, and the structure and morphology of the result‐
ing nanofibers were thoroughly analyzed. Their perfor‐
mance was tested in separating oil stains. The higher-per‐
forming sample was then dedoped and redoped for further 
evaluation. The results showed that increasing the CA, 
accompanied by reduced drag, significantly lowered the 
energy required for the process. This, in turn, reduced fuel 
consumption and greenhouse gas emissions. This is achieved 
by using a hybrid renewable energy system, which com‐
bines the energy from a parabolic solar collector and the 
heat and water from a solar still desalination unit. This sys‐
tem not only reduces the environmental impact of the pro‐
cess but also significantly cuts production costs. Finally, 

the structure of a modified coating for skimmers with opti‐
mal and economic performance is introduced.

2  Materials and methods

This study utilized library research to select materials 
that complemented each other and aligned with the primary 
goal of designing SH OA skimmers modified with PANI 
nanofibers. Aniline was utilized as the base material for 
nanofiber synthesis, while APS served as the oxidizing agent. 
Various catalysts, including methanesulfonic acid (MSA), 
nitric acid (NA), sulfuric acid (SA), and hydrochloric acid 
(HCA), were used to produce PANI. Hydroxyl ammonium 
served as a doping agent. For testing purposes, deionized 
water was used as the testing medium, while acetone, 
sourced from Merck, as acted as the the solvent (Germany). 
Additionally, a light crude oil refinery was prepared from 
Tehran oil as the target material for absorption experiments.

2.1  Heat and water supply system

This study used a hybrid system combining a parabolic 
trough collector and a solar still desalination system 
(Figure 1) designed by Mirnezami et al. (2020) to provide 
heat and water. The parabolic trough collector used Ther‐
mia B heat transfer oil (USA) as its primary operating fluid. 
MgO nanoparticles (20–30 nm and 99% purity) and multi‐
walled carbon nanotubes (20 nm, with over 95% purity) 
made by Pishgaman Nanomaterials Company of Iran were 
used to prepare nanofluids in oil-based fluid as hybrid 
nanofluids to increase system efficiency. The two parabolic 
mirrors had a reflection coefficient of 0.9. An inner copper 
tube of 2 mm and an outer glass tube with a thickness of 
2 mm were used as the absorber tube. The heat and water 
supply system also incorporated a single-slope solar still 
desalination component, selected for its capacity to inte‐
grate into the hybrid system.

2.2  PANI Preparation

To ensure material purity, aniline was distilled before 
the synthesis process as its transparent color tends to turn 

Figure 1　Hybrid system
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dark brown over time due to exposure to light and air, intro‐
ducing impurities. Therefore, it was subjected to distilla‐
tion to purify aniline before the synthesis stage. Aniline 
has a boiling point of 184 °C, but high temperatures could 
impact its structure. Therefore, it was distilled three times 
under vacuum conditions at 70 °C and 0.2 atm.

PANI was synthesized using the dialysis tubing method. 
First, 0.184 g of APS was dissolved in 200 ml of 1 M MSA 
and subjected to an ultrasonic bath for 30 min to create the 
oxidant solution. According to findings from Chuah et al. 
(2016) on the effect of aniline-to-acid ratios on polymer‐
ization outcomes, 150 mg of distilled aniline and 3 ml of 
1 M acid were gradually added to the oxidant solution over 
24 h. This process was carried out at 25 °C using a 3 500 Da 
dialysis bag.

After polymerization, the product was washed and puri‐
fied. The solution was placed in 12 000 Da dialysis tubing 
and immersed in 4 liters of distilled water for 24 h. The 
pH of the PANI solution was monitored every 24 h, and if 
not neutral, the process was repeated for another 24 h. 
This ensured the removal of residual acid and allowed the 
polymer to settle inside the tubing. Once the pH stabilized 
at 7, the polymer was collected and dried in a vacuum oven 
at 60 °C for 8 h, resulting in a water-soluble PANI powder. 
Three additional types of PANI were synthesized using 
HCA and NA at a concentration of 0.2 M. The synthesis 
process followed the same steps as those used for PANI 
with MSA, utilizing 3 500 Da dialysis tubing with similar 
washing and drying stages. Three other types of PANI 
were washed and prepared using HCA, SA, and NA at 0.2 M, 
following precisely the steps outlined for the synthesis of 
PANI with MSA by 3 500 Da dialysis tubing with similar 
washing and drying stages.

2.3  Superhydrophilic color

A commercial SHC was used as the base coating. Spe‐
cifically, the NANOMYTE SuperCN Plus product, which 
has a CA of 150°, was used. Scanning electron microscopy 
(SEM) images of the samples, taken at 50× and 200× mag‐
nification, are shown in Figure 2.

2.4  Governing equations

The ASTMF726 standard was used to evaluate the per‐

formance of the skimmer as an absorbent. In this context, 
OSC was utilized, representing a crucial and pragmatic ele‐
ment in assessing the effectiveness of skimmers in absorb‐
ing all kinds of possible oil spills. Equation (1) calculates 
the OSC.

OSC = ( GOS − GO

GO + Gwu ) (1)

where OSC is expressed in g/g, GOS denotes the weight of 
the absorbing material after OA (g), and GO represents the 
original dry absorbent weight (in grams). At the same 
time, Gwu signifies the water weight that the foam absorbs. 
Equation (2) is as follows:

Gwu = ( )Gws − GO

GO

(2)

where Gws refers to the dry absorbent weight after water 
absorption. Friction torque was measured using a parallel 
plate rheometer to investigate the DR performance of the SH 
surfaces. The DR rate is calculated via Equation (3) (Lv 
et al., 2021):

Drag reduction rate (%) = ( )1 − M1

M2

× 100 (3)

where M1 and M2 are the friction torques of the coatings 
with and without SH properties, respectively.

2.5  Design of the experiment

The synthesis of PANI synthesis through polymeriza‐
tion using a semipermeable membrane depends on numer‐
ous factors. These include the molarity ratios of monomer 
to oxidant, oxidant to catalyst, and monomer to catalyst, in 
addition to the temperature and duration of polymeriza‐
tion. Additionally, various laboratory conditions, such as the 
polymer-to-foam concentration ratio, foam formation pres‐
sure and temperature, and the mixing ratios of different 
components, are essential for developing PANI nanofiber 
foams. The main goals of synthesizing these absorbent foams 
include achieving cost-effectiveness, high absorption effi‐
ciency, tailored hydrophobic or hydrophilic properties, and 

Figure 2　SEM tests for SHC
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scalability for industrial applications. To reach these goals, 
a thorough investigation and optimization of the process 
using experimental design techniques are crucial. Optimi‐
zation was performed using test designs and a sensitivity 
analysis of the effective parameters on the optimized responses 
via Design Expert 10.

Key factors in the PANI synthesis process include the 
molarity ratio between aniline and APS and the molarity 
ratio between aniline and the doped acid. Moreover, PANI 
concentration within the raw SHCfoam emerged as a cru‐
cial factor influencing the absorption rate. Table 1 outlines 
these critical parameters within the test design.

The main goal of this research was to achieve the high‐
est rate of crude OA. Consequently, the OSC was identi‐
fied as one of the key responses. Notably, as the amount of 
absorbed crude oil increases, the OSC also rises, making it 
a favorable outcome. Another crucial solution influencing 
the commercial success of the end product is cost. Reduc‐
ing the product’s final cost is beneficial; however, this 
goal presents a trade-off with the OSC, as it acts as a con‐
straining factor. Table 2 highlights the selected responses 
for this study. After identifying the effective design param‐
eters and desired output responses, along with determining 
appropriate variation ranges, an efficient experimental design 
can be created to meet the research goals. The variation 
range of the design parameters is listed in Table 3.

After evaluating the experimental results and thoroughly 
investigating the library, the chosen range of variations 
was set. Adjusting these variations within the chosen ranges 
allows for achieving reasonable and acceptable results. 
Design Expert 10 software (Stat-Ease, Inc. Minneapolis, 
USA.) was subsequently used to fit and optimize the research, 
laboratory, and practical experiments. The test design table 
was created using the response surface methodology with 
a central composite design, encompassing 2 central points 
and 14 noncentral points.

2.6  Tests

Various tests were employed to characterize, measure, 
and assess the effectiveness of both the PANI nanofibers 
and the absorbent SH skimmers.

2.6.1 Specifications evaluation
To confirm the formation of PANI and SHCs, Fourier 

transform infrared spectroscopy (FTIR) (S8400, Shimadzu 
Company, Japan) was performed. SEM analysis was con‐
ducted via TESCAN VEGA/XMU to examine the features 
of synthesized PANI and various types of produced skim‐
mers. The structure of the synthesized PANI was assessed 
through porosity and SS measurements, including SS area, 
pore volume, and pore size. These parameters were ana‐
lyzed using high-accuracy gas and vapor adsorption instru‐
ments. The process involved measuring the nitrogen vol‐
ume absorbed and released by the material at a steady liq‐
uid nitrogen temperature (−196 °C).

2.6.2 CA test
The CA test was used to evaluate sample superhydro‐

phobicity. The CA was measured using the sessile drop 
method with a goniometer connected to a computer. A 5 µL 
water droplet was placed on the surface at room tempera‐
ture to take the measurements. The rate of DR of the pre‐
pared coatings was measured via a rotary rheometer. In the 
rotating rheometer, water occupied the space between the 
sample coating bed and the rotating plate. The upper plate 
was positioned 0.2 mm from the lower plate (H = 0.2 mm). 
The rheometer measured the friction torque of various 
coatings at rotational speeds ranging from 0 to 1 000 r/min. 
Additionally, the produced samples underwent crude OA 
and DR tests according to the specifics outlined in the gov‐
erning equations section.

2.6.3 OA test
A mixture of water and oil was employed to measure 

OA in SHCs. In a 250 ml container, a blend of 100 ml of 
water and 50 ml of light crude oil was combined and homog‐
enized using a magnetic stirrer for an hour. Small SHC 
samples, each measuring 1 cm × 1 cm × 1 cm, were im‐
mersed in this solution for an hour. During this time, the 
samples absorbed both water and oil. The absorbed water 
weight was evaluated according to the ASTM D4006 

Table 1　 Parameters affecting the polymerization test as a design 
variable

Design parameter

Ratio of aniline to APS 
(Aniline/APS) (mol/mol)

Ratio of aniline to MSA 
(Aniline/MSA) (mg/ml)

PANI concentration in SH foam 
(PANI concentration) (%)

Reason for selection

Nanofibers morphology 
investigation

Simultaneous investigation of 
nanofiber morphology and cost

Investigating the effect on oil 
stain absorption

Table 2　Selected response as the dependent variable

Response

OSC

CA

Cost

Reason for selection

Examining the effectiveness of the absorbent sample

Investigating the SH property of coatings

Investigating the commercialization and operability 
of the absorber

Table 3　Variations in the design parameters

Design variables

Aniline/APS

Aniline/MSA (mg/ml)

PANI Concentration (%)

Variation range

0.75 ≤ X ≤ 2.5

0.029 4 ≤ X ≤ 0.147

0.1 ≤ X ≤ 0.5
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standard. Using this data, the weight of the oil absorbed 
by the skimmer was determined.

3  Results and discussions

To enhance the OA and DR of the synthesized PANI, 
four issues have been investigated: 1) nanofiber morphology, 
2) high porosity, 3) lower polarity of functional groups on 
the PANI chain (to accommodate more hydrocarbon chains), 
and 4) high CA.

3.1  Synthesized PANI

3.1.1 Chemical specification
FTIR was used to assess the chemical properties and 

accuracy of the synthesized polyaniline. The results were 
drawn via IRsolution 1.1 software, and peak analysis was 
performed via Origin Pro 2018. The results revealed that 
the spectrum of the synthesized polyaniline closely resem‐
bled that of the source PANI (Turan et al., 2021). The spec‐
tra, displayed in Figures 3‒6, feature characteristic absorp‐
tion bands associated with the quinoid and benzene cycles, 
which reflect the backbone structure across different dop‐
ants. Each dopant caused slight shifts in the position of 
these bands, reflecting its unique influence on the electronic 
environment and protonation state of the polymer. The 
annotated spectra clearly demonstrate these shifts, offering 
a comprehensive comparison of how each dopant modifies 
the molecular structure of PANI. These differences con‐
firm the structural versatility of PANI, tailored by dopant-
specific interactions, which could potentially influence its 
performance in OA and DR applications.

3.1.2 Physical specification
To investigate the physical properties and structural 

morphology of the synthesized PANI with different dop‐
ants, SEM images of the samples were captured, as shown 
in Figure 7. Before imaging, the samples were coated with a 
layer of gold, as shown in Figure 7 (a) and (b). SEM images 
of PANI-MSA reveal that the morphology of PANI synthe‐
sized with the dopant MSA was more regular and uniform 

than that of the other dopants, forming well-defined nano‐
fibers with a fibrous structure. These nanofibers had a par‐
ticle size of 60 nm, attributed to the low permeability of 
the 3 000 Da membrane. The MSA-based PANI nanofibers 
exhibited entanglement and crowding of the formed fibers. 
Further results from porosity and SS area measurements, 
discussed in the next section, confirm that polyaniline–
MSA had the smallest SS area among all tested materials. 
As shown in Figure 7 (c) and (d), the morphology of PANI–
NA was highly porous and irregular. The approximate 
diameter of the formed nanofibers was 90 nm. PANI–NA 
had a smaller pore size compared to PANI–MSA As shown 
in Figure 7 (e) and (f), the morphology of PANI–sulfonic 
acid was porous and irregular, similar to that of polyani‐
line–NA. This sample had a shorter fiber length and larger 
hole diameter compared to other samples. The fiber diameter 
was approximately 100 nm. As Figure 7 (g) and (h) shows, 
the PANI–HCA morphology was highly porous and irregu‐
lar, yet more porous than that of PANI–MSA. It had a 
higher porosity percentage than PANI–MSA and PANI–NA 
but featured smaller pore diameters compared to those of 

Figure 3　FTIR spectrum of PANI–MSA

Figure 4　FTIR spectrum of PANI–HCA

Figure 5　FTIR spectrum of PANI–SA

Figure 6　FTIR spectrum of PANI–NA
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the other dopants. Reducing the pore diameter and size 
increases the specific surface area. According to this theory, 
PANI–HCA is expected to exhibit the highest specific sur‐
face area among other samples. This theory is confirmed 
in the next section.

The differences in the morphology observed in PANI 
samples synthesized with various dopants can be attributed 
to the unique molecular interactions each dopant introduces 

during the polymerization process. These interactions affect 
the fiber formation, porosity, and overall structural charac‐
teristics. For instance, PANI–NA’s smaller pore size than 
PANI–MSA could be attributed to the specific polymeriza‐
tion kinetics induced by NA, creating a denser network 
with narrower pores. By contrast, PANI–SA displays larger 
pore diameters and shorter fibers. This may be attributed 
to SA’s influence on the polymer growth environment, pro‐

Figure 7　SEM images of PANI synthesized with dopant
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moting a more open structure. PANI–HCA stands out with 
its highly porous and compact structure, benefiting from 
the molecular interactions provided by HCA, which con‐
tribute to a maximized specific surface area and enhanced 
porosity. These morphological variations directly impact 
each sample’s OA and DR capabilities, as discussed fur‐
ther in the subsequent sections.

3.1.3 Porosity and specific surface area of PANI
The structural attributes of the synthesized PANI, such 

as the specific surface area, pore volume, and dimensions, 
were analyzed using porosity and specific surface area 
assessments. Figure 8 presents the adsorption and desorp‐
tion isotherms of PANI samples synthesized with different 
dopants. The absorption isotherm of PANI–MSA shows 
that at a low relative pressure of up to approximately 0.8, 
the absorption isotherm shows a steady increase, with a 
gradual slope. However, beyond a relative pressure of 
approximately 0.9, the slope becomes steeper, indicating a 
rapid increase in adsorption. As shown in Figure 8, the 
absorption isotherms of PANI–HCA, PANI–SA, and PANI–
NA follow a similar pattern. In all three graphs, up to a rel‐
ative pressure of approximately 0.4, the curve indicates a 
consistent increase in absorption. Between relative pres‐
sures of 0.4–0.9, the slope flattens, resulting in almost con‐
stant graphs, through absorption continues to rise substan‐
tially. A comparison of the isotherm patterns of the doped 
PANI samples revealed that PANI–MSA has a different 
absorption isotherm than that of other samples of the fibrous 
structure of the MSA-based PANI nanofibers, as observed 
via SEM in Section 3.1.2.

Table 4 displays the structural characteristics of the syn‐
thesized PANI samples, including the specific surface area, 
pore size (d spacing), and total pore volume (Vp). Notably, 
the MSA-based PANI nanofiber has the lowest specific 
surface area among the samples. These nanofibers exhibit 
smaller pore volumes compared to those of other variants, 
though their average pore diameters are larger. This leads 
to a reduced OA percentage. PANI synthesized with sul‐
fonic acid and HCA dopants shows the highest specific 

surface area, indicating the highly porous nature of these 
samples. However, the relationship between high specific 
surface area and the efficiency of hydrocarbon absorption 
is not entirely straightforward. This is because the porosity 
and specific surface area analyses are based on nitrogen 
adsorption/desorption, whereas hydrocarbon chains are larger 
than nitrogen molecules. Hydrocarbon chains may not be 
able to access the pores that nitrogen gas can access. For 
this reason, relying solely on the SS area might be insuffi‐
cient, and assessing the surface porosity volume of the par‐
ticles is necessary. Similarly to the SS area findings, PANI 
doped with HCA and sulfonic acid has the largest pore vol‐
ume, indicating a potentially higher sorption capacity than 
that of other samples. Additionally, this table shows that 
PANI with the HCA dopant has a smaller average hole diam‐
eter than the SA-doped variant. As a result, the holes of 
this sample have smaller dimensions than those of the 
SA-doped PANI.

3.2  Pure SH Film & PANI-SHC specification

3.2.1 Chemical specification
To investigate the chemical properties of the pure SHC 

and SHCs coatings doped with PANI, FTIR analysis was 
performed. Figure 9 presents the FTIR spectrum of a pure 
SHC, confirming the precision of the polymerization process 
through peak alignment with reference spectra. Figure 10 
displays the spectra of the two-component SHC samples, 
incorporating PANI nanofibers with different dopants. The 
four vibrational bands observed at 1 234, 1 714, 1 595, and 
2 889 cm−1 represent the absorption features of the SHC, 
while additional bands at 790, 1 470, 1 560, and 2 850 cm−1 
provide clear evidence of PANI integration within the 
SHC matrix. Despite its low concentration, the bands were 
influenced by characteristic peaks (Tamsilian et al. 2021).

The spectra reveal distinct absorption peaks correspond‐
ing to the quinoid and benzenoid structures of PANI. 
Shifts in transmittance are noticeable, indicating interac‐
tions with the SHC coating matrix. These shifts, particularly 
around key functional groups, suggest hydrogen bonding 
and potential electron–donor interactions that enhance the 
compatibility and functionality of PANI within the SHC 
coating structure. The dopants significantly influence molecu‐
lar interactions by modifying the electronic and structural 

Figure 8　PANI dopant absorption and desorption isotherms

Table 4　Results of porosity and SS analysis

Sample

PANI with dopant MSA

PANI with dopant HCA

PANI with dopant SA

PANI with dopant NA

Vp (cm3/g)

0.207 3

0.383 6

0.425 6

0.284 6

d spacing 

( nm )

4.214

3.593 6

4.525 8

3.749 7

SS area 
(m2/g)

192.01

425.16

741.82

315.46
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properties of PANI, leading to a more stable and integrated 
composite. The enhanced bonding between PANI nanofi‐
bers and the SHC coating matrix not only optimizes the 
skimmer performance but also improves hydrophobicity, 
OA, and durability. These findings highlight the crucial 
role of dopant selection in shaping molecular architecture 
and reinforce the advantage of using doped PANI in SHC 
coatings for advanced oil spill recovery applications.

The FTIR analysis of SHC coating–PANI composites 
reveals significant interactions between PANI and the 
SHC coating matrix, evident through key peak shifts and 
the emergence of new absorption features. These findings 
align with prior studies. For instance, Qu et al. (2024) and 
Shen et al. (2024) identified peak shifts and the disappear‐
ance of certain groups as evidence of chemical bonding and 
crosslinking, findings that align with the peak shifts observed 
here. Similarly, Guo et al. (2024) and Chen et al. (2024) 
reported strong hydrogen bonding and condensation reac‐
tions stabilizing nanocomposites, which are corroborated 
by the enhanced bonding and distinct peak shifts observed 
in this study. The presence of reactive groups and nano-
rough structures, as noted by Chen et al. (2023), improved 
compatibility and functionality in the SHC-coating–PANI 
composite. Moreover, Nie et al.’ s (2024) observation of 

new functional groups forming through chemical reactions 
mirrors the modifications evident in FTIR results. These 
findings underscore the effectiveness of dopant incorpo‐
ration in optimizing molecular interactions. This not only 
enhances the stability and hydrophobic properties of the 
material but also supports its potential as a cutting-edge 
solution for advanced SH applications, including efficient 
oil spill recovery.

3.2.2 Physical specification
SEM analysis was employed to examine the morphology 

of the SHC samples, with a gold coating applied before 
imaging. SEM images of the pure SHC revealed the spher‐
ical structural morphology of the SHCs. Figure 11 shows 
SEM images of SHC coatings containing PANI nanofibers 
with different dopants. These SEM images revealed its 
spherical structural morphology, along with an increase in 
the SS area compared to that of the pure SHC coating. The 
improved morphology and increased SS area resulting 
from the incorporation of PANI are expected to greatly 
enhance OA and DR. Notably, the PANI–HCA dopant pro‐
duced a finer pore distribution with smaller pore diame‐
ters, which led to a higher pore density per unit area. This 
structure offers more active sites for oil capture and boosts 
DR by reducing fluid resistance across the SHC surface. 
Supporting this, Wu et al. (2024) noted that smaller pore 
sizes, even at the same porosity, can improve performance 
and mechanical properties. These findings confirm that 
embedding PANI nanofibers into the SHC matrix optimizes 
its physical structure for environmental applications.

3.3  CA tests

The physical and chemical properties of the pure SHC 
coating and PANI – SHC coating samples with different 
dopants were analyzed, followed by measuring their CA to 
assess the superhydrophobicity of the coatings, as shown 
in Table 5. The results indicate that the PANI-SHC coating 
with the HCA dopant exhibited a significantly higher CA 
than the pure SHC. This increased CA suggests enhanced 
superhydrophobicity, likely resulting from the unique micro-/
nano-structured surface formed by the PANI nanofibers 
and the chemical interactions introduced by the HCA dop‐
ant. The porous structure and smaller pore diameters observed 
in the HCA-doped PANI–SHC create an uneven surface 
topology that traps air, reducing the contact area between 
water droplets and the surface. This feature enhances hydro‐
phobicity. Additionally, the chemical properties of the HCA-
doped PANI contribute to a low surface energy, further pro‐
moting water repellency. This combination of surface mor‐
phology and chemical interactions is expected to enhance 
DR, as further discussed in the DR test section.

Recent advancements in SH materials underscore sub‐
stantial progress in achieving high CAs. For example, modi‐
fied silicone surfaces (Pan et al., 2025) have gained atten‐
tion for their cost-effectiveness and scalability. Guo et al. 

Figure 10　 FTIR spectrum of SHC containing dopant PANI 
nanofibers

Figure 9　FTIR spectrum of a pure SHC coating
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(2020) achieved a CA of 158.4° using hybrid ammonium 
polyphosphate/graphene oxide-coated polyurethane foam 
with silane functionalization. Similarly, Wu et al. (2023) 
reported silane-modified MXene/polybenzazole aerogels 
demonstrating a CA of 141° . Mao et al. (2022) designed 
biomimetic MXene-based networks achieving a CA of 152° 
owing to uniform silane molecule distribution. Zhang et al. 
(2021) achieved CA values exceeding 155° using micro‐
wavy nanosilica rough structures on polydimethylsiloxane 
foams. Furthermore, Chen et al. (2023) developed self-adhe‐
sive polydimethylsiloxane foams with MXene/CNF nano-
coatings, reaching a CA of 159°. Compared to these studies, 

the HCA-doped PANI – SHC in this research demonstrated 
even higher hydrophobicity with CA measurements surpass‐
ing 169°, underscoring the superior performance and poten‐
tial of this coating for advanced SH applications.

3.4  DR tests

To comprehensively assess the impact of different dop‐
ants on the DR properties of PANI-coated skimmers, a 
series of DR tests were conducted. These tests assess how 
changes in the physical and chemical structures of PANI 
nanofibers, influenced by specific dopants, can reduce fric‐

Table 5　Results of CA, DR, and OA tests

Sample

A1

A2

A3

A4

A5

PANI synthesis method

Pure SHC

SHC PANI synthesized with dopant MSA

SHC containing PANI synthesized with dopant NA

SHC containing PANI synthesized with dopant SA

SHC containing PANI synthesized with dopant HCA

CA (°)

150

153

159

163

169

DR (%)

13

18

19

23

28

OA (%)

5.6

7.8

8.4

9.6

11.2

Water absorption (%)

1.8

1.4

1.2

1

0.6

OSC

1.5

2

3.9

4

4.2

Figure 11　SEM images of SHC containing PANI with dopants
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tional resistance and enhance skimmer efficiency. Optimiz‐
ing the performance of these coatings is critical in optimiz‐
ing skimmer systems for effective oil spill recovery, as 
reduced drag directly correlates with energy efficiency and 
operational effectiveness. Key surface characteristics such 
as hydrophobicity, pore size, and surface roughness play a 
central role in determining DR. Modifying these properties 
with dopants changes how the skimmer surface interacts 
with water, potentially creating thinner, lower-friction bound‐
ary layers. In particular, a high CA associated with SH sur‐
faces can facilitate air entrainment and minimize water 
contact, thereby decreasing drag. This section presents a 
comparative analysis of the DR performance across differ‐
ent dopant-modified PANI coatings, aiming to identify the 
dopant that optimally improves skimmer efficiency through 
enhanced hydrodynamic properties. The results provide 
insights into scaling PANI-coated skimmers for industrial 
applications that prioritize DR and energy efficiency.

Table 5 presents the DR rates of various coatings, reveal‐
ing that PANI nanofiber coatings with various dopants sig‐
nificantly enhanced skimmer efficiency. The HCA-doped 
coating (A5) achieved the best results, reducing drag by 
28%, compared to reductions of 23% with SA (A4) and 
19% with NA (A3). These results underline the key role of 
the HCA dopant in improving the hydrodynamic proper‐
ties of the coatings, while other dopants delivered less sub‐
stantial improvements. Differences in DR performance across 
samples arise from variations in the microstructural and 
chemical characteristics of the PANI nanofibers. Dopants 
influence the surface CA, thereby adjusting the hydropho‐
bicity of the coating and its interaction with water flow. 
The unique microstructure of the HCA-doped PANI increases 
the CA, resulting in a more effective DR. Reduced friction 
not only enhances oil spill recovery efficiency but also 
decreases energy consumption, making skimmers with opti‐
mized PANI-coated surfaces more energy-efficient. These 
findings demonstrate the potential for scaling up PANI-
coated skimmer systems in industrial applications, offer‐
ing both economic and environmental benefits.

3.5  Crude OA tests

To thoroughly evaluate the OA capacity and selectivity 
of PANI-enhanced SHC coatings, a series of crude OA 
tests were conducted on samples modified with different 
dopants. These tests are crucial for evaluating the coatings’ 
oleophilic (oil-attracting) and hydrophobic (water-repellent) 
properties of each coating, both of which are essential for 
effective oil spill recovery applications. By measuring the 
amounts of oil and water each sample absorbs, this test 
provides insights into the role of dopant-induced changes 
in the microstructure, pore size, and surface chemistry of 
the coatings. Enhanced surface roughness and pore distri‐
bution through certain dopants may increase the coating’s 
oil affinity while minimizing water uptake. The results pre‐

sented in this section compare the crude OA performance 
of PANI–SHC coatings doped with MSA, NA, SA, and 
HCA to identify the dopant that yields the highest OA 
efficiency with minimal water uptake, an ideal combina‐
tion for environmental remediation and resource recovery 
applications.

The crude OA test results (Table 5) revealed notable dif‐
ferences among the samples. The pure SHC absorbed 5.6 ml 
of oil and 1.8 ml of water. SHC coatings with PANI nano‐
fibers doped with MSA showed absorption of 7.8 ml of oil 
and 1.4 ml of water. Additionally, SHC containing PANI 
nanofibers doped with NA absorbed 8.4 ml of oil and 1.2 ml 
of water. The SHC with PANI nanofibers doped with SA 
absorbed 9.6 ml of oil and 1 ml of water, while that con‐
taining PANI nanofibers doped with HCA absorbed 11.2 ml 
of oil and only 0.6 ml of water. Table 5 presents the crude 
OA test results, indicating that the use of HCA-doped 
PANI nanofibers achieved the most favorable outcomes in 
terms of OA and minimal water uptake, consistent with the 
CA and OA results.

3.6  Redoped PANI-SHC

To optimize the OA, CA, and DR properties of PANI–
SHC coatings, a dedoping – redoping process was applied 
to the PANI structure originally doped with MSA. This 
process involves removing the initial MSA dopant (dedop‐
ing) and then introducing HCA as a new dopant (redop‐
ing). These changes are designed to refine the coating’s 
porous structure, specifically by achieving smaller, more 
uniformly distributed pores that increase the SS area and 
enhance interactions with oil while repelling water. The 
introduction of HCA as a dopant aims to elevate the CA by 
increasing surface roughness and reducing surface energy, 
which is essential for achieving superhydrophobicity. This 
refined pore structure and enhanced hydrophobic proper‐
ties create an air-trapping layer that significantly minimizes 
water interaction, reduces friction, and improves DR. This 
section presents a detailed comparison of the performance 
metrics (CA, DR, and OA) of the redoped PANI–SHC 
sample, highlighting its enhanced efficiency in oil spill recov‐
ery applications compared to previously tested samples.

The SH–PANI coating doped with MSA originally exhib‐
ited a fibrous nature and densely woven structure with large 
pores and greater diameters compared to other samples. To 
improve its performance, the structure was modified to 
achieve smaller and more uniform pores, optimizing both 
OA and CA. This modification involved a dedoping pro‐
cess for the MSA-doped PANI, followed by redoping with 
HCA. The dedoping was conducted using 0.1 M hydroxyl 
ammonium to remove the MSA dopant. This was followed 
by redoping with 0.5 M HCA using dialysis tubing to intro‐
duce a new HCA dopant into the PANI structure. This 
modification refined the PANI fibers, resulting in a smaller, 
optimized pore diameter to improve OA and achieve a 
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higher CA. After the procedure, new PANI nanofibers 
were obtained after washing and drying, and an SH–PANI 
film containing new nanofibers formed. Tests were con‐
ducted for CA and DR evaluation. The CA test revealed a 
measurement of 175° for this sample, indicating a higher 
CA than those of previous samples. The drag test exhibited 
a measured DR of 32%, surpassing previous results. Dur‐
ing OA testing, the coating absorbed 6.6 ml of oil with 
minimal water uptake of only 0.3 ml. The OSC for this 
specific sample was determined to be 4.6. A comparison 
between this sample’s results with prior results under‐
scores the effectiveness of combining a well-structured 
porous composition along with reduced pore diameters 
among the PANI fibers. This enhanced structural compo‐
sition significantly improved performance across CA, 
DR, and OA metrics.

3.7  Optimization of the PANI-Added coating

To maximize the performance of PANI-coated SHCs for 
OA and hydrophobicity, a systematic optimization was 
conducted using response surface methodology (RSM). 
This approach enabled the evaluation of key factors—such 
as PANI concentration, APS/aniline ratio, and acid/aniline 
ratio—that impact the CA, OA, and cost, essential for devel‐
oping an efficient and cost-effective coating. Sixteen sam‐
ples were prepared using a factorial design to examine the 
effects of these variables and their interactions. The opti‐
mization process involved modeling the responses (CA, 
OA, and cost) using regression analysis and validating the 
model accuracy through analysis of variance (ANOVA). 
RSM helped identify models that closely matched experi‐
mental data, highlighting the most influential parameters 
for each performance metric. This section presents the 
ANOVA results, including model fit values (R2, p-values) 
and the optimal conditions that achieved the highest OA 
and CA values while minimizing costs. SEM images of the 
optimal sample are included to illustrate the microstructural 
features contributing to the enhanced performance. This opti‐
mized composition offers potential for large-scale applica‐
tions, balancing oil recovery efficiency, water repellency, 
and cost-effectiveness. Detailed experimental methods and 
ANOVA results can be found in Appendix A.

The analysis highlights how the key design parameters 
impact the fundamental properties of the skimmer coating, 
specifically its hydrophobicity, oil absorption capability, 
and cost. Figures 12‒14 present insights into the roles of 
PANI concentration, APS/aniline ratio, and acid/aniline 
ratio in influencing CA, OA, and cost. Figure 12 shows 
that increasing any parameter leads to a linear reduction in 
CA, with the highest sensitivity observed for PANI con‐
centration. This suggests that higher PANI concentration 
levels reduce surface hydrophobicity by altering the coat‐
ing’s microstructure and surface energy. Figure 13 illus‐
trates that the acid/aniline ratio positively affects OA, 

enhancing oil sorption capabilities, while the APS/aniline 
ratio has minimal influence on OA. This indicates that 
higher acid concentrations are critical for improving oil 
retention by meeting the microstructural requirements for 
porosity. Conversely, Figure 14 shows that the acid/aniline 

Figure 12　Impact of design parameters on CA outcomes

186



A. Zahedi et al.: Optimized Skimmer Design for Enhanced Oil Spill Recovery and Marine Environmental Protection: Addressing Key Challenges

ratio significantly affects cost owing to the higher price of 
acid, while PANI concentration has little effect on cost. This 
suggests that optimizing the acid/aniline ratio is crucial for 
achieving superior OA and cost efficiency. By contrast, 
fine-tuning the PANI concentration is crucial for maintaining 

the desired hydrophobic properties, as it significantly influ‐
ences the CA. This multi-faceted optimization enables the 
development of a high-performance, cost-effective skim‐
mer coating tailored for effective oil spill management.

The results presented in Figures 15 through 17 highlight 

Figure 13　Impact of the design parameters on the OA response Figure 14　Impact of the design parameters on the cost response
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the interactions among key design parameters and their 
effects on CA, OA, and cost, critical factors for optimizing 
the performance and economic feasibility of the coating. 
Figure 15 illustrates how reducing PANI concentration and 
increasing the APS-to-aniline ratio positively impact the 
CA, improving superhydrophobicity. This enhancement 
indicates that optimizing PANI concentration and adjust‐
ing the APS-to-aniline ratio can significantly enhance the 
coating’s water-repellent properties, which is beneficial for 
reducing drag force on the skimmer. Achieving a higher 
CA is crucial for maximizing oil spill recovery efficiency, 
as it enhances the coating’s ability to repel water while 
selectively absorbing oil. Figure 16 examines the influence 
of these parameters on OA. Increasing the APS-to-aniline 
ratio while keeping the PANI concentration constant linearly 
increases oil sorption. However, increasing PANI concentra‐
tion causes a notable decrease in oil sorption, indicating a 
complex relationship between these parameters and the 
coating’s OA efficiency. This finding suggests a trade-off 
between the two factors; while a higher APS-to-aniline ratio 
supports greater oil uptake, excessive PANI concentration 
can hinder the coating’s absorptive capacity. Balancing 
these parameters is, therefore, essential for achieving maxi‐
mum OA efficiency. Figure 17 explores the cost implica‐
tions of these design parameters. The results indicate that 
production costs initially rise and then decline with increases 
in the APS-to-aniline or acid-to-aniline ratios. The acid-to-
aniline ratio has the largest impact on cost owing to the rel‐
atively high cost of acid. This indicates that optimizing 
these ratios is crucial for developing a cost-effective coat‐
ing. Achieving high-performance coatings with minimized 
production costs is vital for potential large-scale commer‐
cial applications, where economic viability is as important 
as performance efficiency. This comprehensive analysis 
underscores the importance of balancing design parameters 
to optimize coating performance while managing costs.

Figure 15　Effects of APS/aniline and PANI on the CA Figure 16　Interactions between key parameters
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Table 6 presents the optimal values using response sur‐
face methodology. The best-performing coating containing 
PANI nanofibers achieved a CA of 177.477°, an OA effi‐
ciency of 88.725%, a production cost of $1.710, and a 
desirability rate of 78.5%. A test was conducted to validate 
and confirm the optimization based on the values outlined 
in Table 6. Figure 18 presents SEM images of the optimal 
coating sample incorporating PANI nanofibers. As shown 
in Figure 18, the coating’s high CA, and consequently its 
enhanced DR and OA, can be attributed to its morphology, 
which features a regular spherical structure and an accept‐
able SS area.

3.8  Comparison with other novel methods

Efforts to develop advanced oil spill recovery methods 
have grown significantly in recent years, focusing on inno‐
vative solutions that leverage advanced technologies. One 
promising method involves the use of carbon nanofiber 
foams produced by electrospinning. These foams feature 
an exceptionally high surface area of nanofibers, enabling 
rapid and effective OA. Studies have demonstrated that 
these materials can absorb more than 20 times their weight 
in oil. However, despite their impressive performance, this 
approach faces challenges. High production costs and com‐
plex manufacturing processes make these foams less prac‐
tical for widespread use. Additionally, their mechanical 
properties often limit their reusability, further limiting 
their potential for large-scale industrial applications.

Another popular technique utilizes SH polymeric mate‐
rials, such as polyurethane, which is modified to repel 
water while effectively absorbing oil. This method enhances 
the polyurethane surface with SHCs, allowing it to selec‐
tively absorb oil while repelling water. However, these 
materials lose efficiency in harsh environmental conditions, 
such as areas with strong waves or large contaminants. More‐
over, owing to the intrinsic limitations of polymer-based 
materials, their durability is often compromised, leading to 
shorter lifespans and a need for frequent replacement.

By contrast, the method proposed in this study, employ‐
ing PANI nanofibers, offers several key advantages over 
these methods. The structure of PANI nanofibers, with 
their high surface area and hydrophobic properties, greatly 
boosts OA efficiency. Unlike carbon-based materials, which 
are expensive to produce, PANI nanofibers are derived 
from more affordable materials, simplifying their fabrica‐
tion process. Moreover, PANI coatings exhibit superior 
mechanical properties and excellent resistance to harsh 
environmental conditions, resulting in a longer operational 
life than SH polymeric materials.

A standout feature of this approach is its DR capability, 
which leads to lower energy consumption. The SHCs cre‐
ated with PANI improve OA and reduce drag on skimmer 
surfaces, cutting fuel consumption. This addresses a critical Figure 17　Interactions between key parameters
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gap in many other modern techniques, which often over‐
look energy efficiency during the oil collection process. 
Consequently, by combining high absorption capacity, lower 
production costs, and energy efficiency, the proposed method 
presents a competitive and sustainable alternative to exist‐
ing oil spill collection technologies.

4  Conclusions

This study focused on optimizing a novel oil spill re‐
moval skimmer using SH–PANI nanofiber coatings. The 
key goals were to maximize OA, CA, and DR while mini‐
mizing production costs. Among the dopants used, HCA-
doped PANI demonstrated the highest porosity, smallest 
pore diameter, and superior SH properties, contributing 
significantly to OA and DR performance. To enhance the 
fibrous structure and hydrophilic properties, an adjustment 
was made to the doping process. Initially, MSA was used 
to dope the PANI nanofibers, but it was later removed in a 
dedoping step and replaced with HCA in a redoping pro‐
cess. This change led to smaller pore sizes, increased hy‐
drophobicity, and improved OA. Following these modifi‐
cations, the optimized coating achieved a CA of 177.5°, an 
OA of 88.7%, a DR rate of 32%, and a cost of $1.71. 
These results highlight the skimmer’s potential as a cost-
effective, efficient solution for oil spill cleanup, aligning 
with global environmental goals to reduce energy con‐
sumption and emissions.

Appendix A　
This appendix details the experimental design and optimi‐

zation process aimed at maximizing OA and CA while 
minimizing cost. 16 SHC samples with MSA-based PANI 
nanofibers were prepared and optimized through a dedoping-

Table 6　Optimal values derived from response surface methodology

Sample

Optimal sample

A: PANI 
(%)

0.1

B: APS/
Aniline

0.4

C: Acid/Aniline 
(ml/mg)

9.689

R1: CA 
(°)

177.477

R2: Percentage 
of OA

88.725

R3: Cost 
($)

1.710

Desirability
(%)

78.5

Figure 18　SEM images of the optimal nanofiber coating

Nomenclature

PANI

PU

NA

SA

MSA

APS

SEM

SS

SH

HCA

DR

CA

OA

OSC

FTIR

M

SHC

Polyaniline

Polyurethane

Nitric acid

Sulfuric acid

Methanesulfonic acid

Ammonium per sulfate

Scanning electron microscope

Specific surface

Super hydrophobic

Hydrochloric acid

Drag reduction

Contact angle

Oil absorption

Oil sorption coefficient

Fourier transform infrared spectroscopy

Molar

Super hydrophobic coat
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redoping process with HCA. Tables A1 to A6 present the 
key findings from RSM and an ANOVA, highlighting the 
most impactful design parameters.

In this section, the objective is to find the optimal values 
of the effective parameters to reach the highest percentage of 
OA and CA with the lowest cost. After the experimental 
design values were determined, 16 samples of MSA-based 
PANI nanofibers were first dedoped and then redoped with 
HCA. Sixteen samples of SHC containing PANI nanofibers 
were subsequently prepared. To comprehensively assess and 
examine the efficacy of the produced coatings, all 16 samples 
were tested for OA and CA. Table A1 lists the operational 

expenses, OAs, and CAs associated with the 16 samples.
Once the test design table is finalized, leveraging response 

surface methodology tools enables the attainment of the most 
favorable outcome by considering independent input param‐
eters. This methodology’s primary goal involves imple‐
menting and adjusting the regression model to align with 
the outcomes derived from the conducted test. Consequently, 
for scrutinizing practical outcomes, the utilization of analy‐
sis of variance (ANOVA) becomes crucial, serving as a piv‐
otal tool to validate the regression model’s adherence to 
each response. The outcomes of this analysis are presented 
in Table A2.

Table A1　Test design

No.

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

Factor 1

A: PANI

%

0.1

0.2

0.2

0.2

0.2

0.3

0.3

0.3

0.3

0.3

0.3

0.3

0.4

0.4

0.4

0.4

Factor 2

B: APS/Aniline

ml/mg

0.6

0.4

0.4

1

1

1.4

0.6

0.6

0.6

0.4

0.6

0.6

1

0.4

0.4

1

Factor 3

C: Acid/Aniline

ml/mg

11.4

20.4

7.9

20.4

7.9

11.4

11.4

6.8

11.4

11.4

34.5

11.4

7.9

7.9

20.4

20.4

Response 1

CA

°

176

174

177

170

173

168

169

171

169.5

173

168

170

167

172

169

166

Response 2

Percentage of OA

%

88.8

92.4

84

87.6

81.6

82.8

85.2

83.4

87.6

81.6

84

80.4

86.4

82.8

79.2

84

Response 3

Cost

$

1.802

1.927

1.653

1.967

1.695

1.585

1.802

1.529

1.802

1.786

2.076

1.802

1.695

1.653

1.927

1.967

Table A2　ANOVA outcomes related to the created models

Response

R1: CA (°)

R2: Percentage of OA (%)

R3: Cost ($)

Model

Linear

2FI

Quadratic

Linear

2FI

Quadratic

Linear

2FI

Quadratic

R2

0.869 9

0.872 6

0.948 7

0.26

0.723 9

0.811 4

0.798 8

0.812 5

0.946 9

Adj-R2

0.837 4

0.787 7

0.871 7

0.075

0.539 9

0.528 5

0.748 5

0.687 5

0.867 3

Pre-R2

0.803 7

0.675 0

−0.925 7

−0.307 6

0.171 8

0.206

0.519 4

0.187 4

0.165 2

p value

<0.000 1

0.977 7

0.119 5

0.289 1

0.025 5

0.482 8

0.000 2

0.881

0.044

Selection

Selected

Selected

Selected
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The main elements within ANOVA, such as R2, which 
represents the model’s correlation coefficient (tends to 1), 
and the p value, which indicates the model’s significance 
( p value < 0.05), were employed in choosing the most suit‐
able model. According to the components, the linear model 
( p value ≤ 0.000 1, R2 = 0.869 9) was used for the CA 
response, the 2FI model ( p value = 0.025 5, R2 = 0.723 9) 
was used for the percentage of OA response, and the qua‐
dratic model ( p value = 0.044, R2 = 0.946 9) was selected 
for the cost response. Tables A3, A4, and A5 show the 
results of the ANOVA for the CA response (R1), percentage 
of OA response (R2), and cost response (R3).

The p value of the model, as illustrated in Table A4 is 
significantly less than 0.05, indicating strong alignment 
between the model and the experimental outcomes of the 
CA test. Moreover, the lack of fit p value, associated with 
the pure error and indicative of the model’s repeatability 

and error measure, surpassed 0.05 ( p value=0.122 1), 
indicating that the selected model fully matches the input 
data. The higher F values for each parameter indicate 
the more significant effect that the parameter has on the 
model. Hence, the PANI concentration has the most sig‐
nificant effect on the CA, followed by the molarity ratio of 
APS to aniline and the molarity ratio of acid to aniline.

On the basis of the outcomes presented in Table A5, the 
model’s p value falling below 0.05 suggests a complete 
alignment between the model and the practical data acquired 
from the OA test. Additionally, the lack of fit values asso‐
ciated with the pure error, which exceeds 0.05, further sig‐
nifies the complete correspondence between the model 
and the practical outcomes. The F values for the param‐
eters indicate that the PANI concentration parameter, fol‐
lowed by the M ratio of acid to aniline, has the most sub‐
stantial influence on the percentage of OA.

Table A3　Results of ANOVA for the CA response (R1)

Source

Model

A-PANI

B-APS/Aniline

C-Acid/Aniline

Residual

Lack of Fit

Pure Error

Cor Total

Sum of squares

130.04

70.29

36.54

16.66

19.44

18.94

0.50

149.48

df

3

1

1

1

12

10

2

15

Mean square

43.35

70.29

36.54

16.66

1.62

1.89

0.25

F value

26.75

43.38

22.55

10.28

7.58

p value

< 0.000 1

< 0.000 1

0.000 5

0.007 5

0.122 1

Selection

Significant

Not significant

Table A4　Results of ANOVA for the percentage of OA response (R2)

Source

Model

A-PANI

B-APS/Aniline

C-Acid/Aniline

AB

AC

BC

Residual

Lack of Fit

Pure Error

Cor Total

Sum of squares

125.73

31.11

2.59

20.16

35.37

48.54

0.18

47.95

21.07

26.88

173.68

df

6

1

1

1

1

1

1

9

7

2

15

Mean square

20.95

31.11

2.59

20.16

35.37

48.54

0.18

5.33

3.01

13.44

F value

3.93

5.84

0.49

3.78

6.64

9.11

0.034

0.22

p value

0.032 8

0.038 8

0.503 3

0.083 6

0.029 9

0.014 5

0.858 4

0.943 8

Selection

Significant

not significant
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As depicted in Table A5, the model’s p value is sig‐
nificantly below 0.05, suggesting a solid alignment between 
the model and the practical results. The highest F value 
is related to the molarity ratio of acid to aniline, indicat‐
ing that it has the most significant effect on the cost. A 
pure error value of zero and an undefined F value for 
LOF indicate the absence of errors in repetitions. Upon 
creating a model that exhibits an excellent fit for the 
responses of CA (R1), percentage of OA (R2), and cost 
(R3), a polynomial equation incorporating the influen‐
tial design parameters and their interactions was derived 

(Table A6).
Based on the experimental design and ANOVA analysis, 

the optimization results were further validated by compar‐
ing the model’s predictions with actual experimental data. 
Figure A1 shows the alignment between the model’s pre‐
dicted results and the experimental outcomes. Upon com‐
paring the experimentally obtained results with the pre‐
dicted outcomes derived from the model, considering the 
coefficients for each response, it becomes evident that the 
developed model effectively aligns with the experimental 
results for CA, OA, and cost.

Table A6　Calculated coefficients corresponding to each response term

Factor

Constant

A-PANI

B-APS/Aniline

C-Acid/Aniline

AB

AC

BC

A2

B2

C2

R1: CA

Coefficient EST

+183.387 05

−24.516 59

−5.197 83

−0.142 40

Standard error

0.53

0.56

0.55

0.62

R2: Percentage of OA

Coefficient EST

+88.026 19

−14.138 65

−21.509 07

+1.174 64

+68.953 73

−3.829 49

+0.074 158

Standard error

1.38

1.93

1.96

2.02

2.01

2.64

2.80

R3: Cost

Coefficient EST

+1.147 85

−0.366 66

+0.736 94

+0.046 177

−0.023 254

−1.473 38×10−3

−1.311 38×10−3

+0.707 86

−0.475 77

−7.167 91×10−4

Standard error

0.040

0.052

0.055

0.054

0.049

0.065

0.071

0.040

0.043

0.045

Table A5　Results of ANOVA for the cost response (R3)

Source

Model

A-PANI

B-APS/Aniline

C-Acid/Aniline

AB

AC

BC

A2

B2

C2

Residual

Lack of Fit

Pure Error

Cor Total

Sum of squares

0.33

1.068×10−4

6.003×10−3

0.045

3.936×10−6

6.914×10−6

4.985×10−5

4.981×10−4

0.023

0.028

0.018

0.018

0.000

0.35

df

9

1

1

1

1

1

1

1

1

1

6

4

2

15

Mean square

0.037

1.068×10−4

6.003×10−3

0.045

3.936×10−6

6.914×10−6

4.985×10−5

4.981×10−4

0.023

0.028

3.080×10−3

4.620×10−3

0.000

F value

11.90

0.035

1.95

14.65

1.278×10−3

2.245×10−3

0.016

0.16

7.52

9.22

p value

0.003 5

0.858 4

0.212 2

0.008 7

0.972 6

0.963 7

0.902 9

0.701 5

0.033 6

0.022 9

Selection

Significant
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