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Abstract: The presence of oil-related contaminants in water has emerged as a severe threat to the
environment. The separation of these contaminants from water has become a great challenge, and
extensive efforts are being made to develop suitable, environmentally friendly materials. Highly
hydrophobic materials are effective in the selective separation of oil from water. In this work,
silver (Ag)-incorporated, highly hydrophobic dopamine-modified cellulose sponge was prepared by
functionalizing with the range of alkyl silanes. The Ag nanoparticle-incorporated dopamine provided
the appropriate roughness, whereas the alkyl component provided the low surface energy that made
it selective towards oil. It was found that the alkyl groups with a longer chain length were more
effective in enhancing the hydrophobicity of the Ag nanoparticle-incorporated, dopamine-modified
cellulose. The developed materials were characterized by Fourier transform infrared spectroscopy
(FTIR), field emission-scanning electron microscopy (FE-SEM), energy-dispersive X-ray spectroscopy
(EDX), elemental mapping, and contact angle goniometry. The maximum water contact angle on
the functionalized surfaces was observed at 148.4°. The surface of the C18s-Ag-DA-Cell-F showed
excellent selectivity towards the oily component that rapidly permeated, and water was rejected
wholly. The developed material showed a separation efficiency of 96.2% for the oil/water mixture.
The C18s-Ag-DA-Cell-F material showed excellent reusability. Due to their environmentally friendly
nature, excellent selectivity, and good separation efficiency, the functionalized cellulose materials can
be used to separate oil and water effectively.

Keywords: polymers; separation; nanoparticles; oil pollution; water; environment

1. Introduction

The separation of oil-related organic contaminants from water has emerged as a
critical environmental problem. The significant contributors to oil-related contaminants in
water are oily discharge from industry [1], occasional oil spills, and household waste. The
risk of oil spills is increasing due to the increasing marine oil exploration and the rapid
offshore movement of oil. Oil spills can cause severe health and environmental impacts
and enormous economic losses [1]. Oil spills in water may cause oxygen deficiency in
aquatic systems, leading to the death of living organisms [2]. The separation of oil-related
contaminants from water has received significant importance due to their substantial
adverse impact on the economy and the environment. It has become an area of great
interest to develop materials and methods to remove these contaminants from water with
high efficiency [3,4].

The specific wettable surfaces proved effective for the separation of oil from water [5].
The surface wettability term defines the interaction between the liquid and the solid
phases [6]. Nature provides several examples of special wettable surfaces such as lotus
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leaves [7] and fish scales [8]. The materials with special wettability generally operate by
allowing one phase to infiltrate while rejecting the opposite one [9]. The surfaces famous
for separating oil and water usually appear as either (a) hydrophilic/oleophobic or (b)
oleophilic/hydrophobic in nature. Hydrophilic and oleophobic surfaces show an affinity
towards water [10], whereas oleophilic and hydrophobic surfaces show an affinity towards
oil, rejecting water [11]. The switchable materials are also being used to separate oil from
water efficiently [12].

In recent years, great attention has been given to the fabrications of highly hydropho-
bic materials to separate oil and water [13]. Hydrophobic materials are used to remove
oil from water, selectively. Various hydrophobic materials reported in the literature for
the separation of oil and water include, but are not limited to, aerogels [14], xerogels [15],
brass filters [16], meshes [17], sponges [18], woven fabrics [19], filter papers [20], porous
ceramics [21] and membranes [22]. Several methods have been used to produce superhy-
drophobic materials, such as dip coating [23], spray coating methods [24], chemical vapor
deposition [25], hydrothermal methods [26], and layer-by-layer assembly [27].

The literature has revealed that the interest in compounding the inorganic and organic
moieties to achieve highly effective oil and water separation has been increasing [28]. There
are several examples in the literature in which the combination of organic moieties and
inorganic materials have been used to produce the highly hydrophobic surfaces for oil and
water separation. The Maiping Yang group [29] produced fluorine-free superhydrophobic
surfaces by combining polydimethylsiloxane (PDMS) and titanium dioxide (TiO,). In
another work, TiO, was deposited on the fabrics by a hydrothermal method and, later,
functionalized with the 1H,1H,2H,2H-perfluorodecyltriethoxysilane to produce a low-
energy surface for oil and water separation [30]. A superhydrophobic absorber was
developed to effectively collect oil by painting SiO; particles/polythiophene on cotton
fabrics [31]. The hydrophobic ZnO was synthesized by autoclaving zinc chloride and
treating the ZnO at room temperature with stearic acid [32]. These efforts were continued
in order to produce the best material with a combination of inorganic and organic materials
to effectively separate oil and water.

Cellulosic polymer materials are considered superior in oil/water separation due
to their biodegradability, low cost, and abundance in nature [20]. Cellulose is inherently
hydrophilic in nature [33], and chemical modification is required to achieve the hydropho-
bic surface [34]. To fabricate highly hydrophobic surfaces, generally, rough surfaces are
required. The rough surfaces can be produced by etching or coating with various micro- or
nanoparticles [35,36]. The functionalization of rough surfaces with low-energy materials
results in hydrophobic surfaces, showing the incredible ability to resist water penetration.
In this work, the highly hydrophobic cellulose sponge is developed to separate oil and wa-
ter. An Ag-PDA layer is produced on the surface of the cellulose. The Ag nanoparticles are
introduced to produce the roughness on the surface of the cellulose foam and polymerized
dopamine provides the stability to the surface. Then, the Ag-PDA modified cellulose foam
is functionalized with the range of Cn-silanes to find the optimum hydrophobic cellulose
for the effective separation of oil and water. The developed C18-Ag-DA-Cell-F shows
excellent performance in the separation of oily contaminants from water.

2. Materials and Methods
2.1. Materials

AgNO;3 (purity > 99%), Triethoxyoctylsilane (purity > 97.5%), Isobutyl (trimethoxy)silane
(purity 97%), Octadecyltrichlorosilane (>90%) and Trimethoxymethylsilane (purity 98%)
was purchased from Sigma Aldrich, St. Louis, MO, USA. Ethanol (99.8%) was received
from Honeywell Riedel-de-Haén™, Seelze, Germany. Cellulose foam was collected from
the local market. Toluene (purity 99.8%) was received from ALPHA CHEMIKA, Mumbai,
India. Methylene blue (purity 90%) was obtained from BDH Chemicals Ltd., Poole, Eng-
land. Dichloromethane (purity 99.5%) was purchased from the EM Science, Darmstadt,
Germany. The deionized water was used to conduct the various experiments and to pre-
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pare the various required solutions. The deionized water was collected from the PURELAB
flex with a resistance of 18.2 M(Q).

2.2. Instrumentation

Various characterization tools were used to characterize the functionalized materials.
Functional groups on the surface of the Cell-F were established by scanning the FTIR
of the materials with the Thermo Scientific Nicolet i510 spectrometer. The lens surface
of the Thermo Scientific Nicolet iS10 spectrometers was cleaned with isopropanol. The
solid samples were directly placed on the sample holder space for recording FTIR. The
samples were scanned over the range of 400 to 4000 cm ™. Each sample result was collected
after 60 scans at a spectral resolution of 32 cm ™!, and peak repeatability was confirmed
by repeating the samples two times at different places. The Goniometer DSA25 KRUSS
(Hamburg, Germany) was used to measure the water contact angle on the surface of the
various non-functionalized and functionalized Cell-F. The contact angles were recorded
by placing a 5 pL drop of deionized water on the material surfaces. Before measuring the
contact angle, the stabilization time of 15 s was given before measurements were started.
A Thermo Scientific™ Quattro field-emission scanning electron microscope was used to
study the surface morphology. Before scanning, the samples were coated with gold by
sputtering of the Au sources. All SEM images were recorded in the secondary electron
mode at the accelerating voltage of 20 kV. The Samsung camera was used to capture the
various images of the materials used throughout the experiment.

2.3. Development of Functionalized Cellulose Foam

The Cell-F was cut into appropriate pieces, cleaned well with deionized water, and
dried. The 0.01 M solution of the dopamine was prepared and adjusted pH of about 8.5.
The pH of the solution was adjusted with the help of the dilute NaOH solution. The dried
Cell-F was dipped into the dopamine solution and placed in the water shaker bath at
room temperature. After 3 h, the DA-Cell-F was taken out and dried in the oven at 50 °C.
The 0.1 M solution of AgNO3 was prepared in deionized water. The DA-Cell-F dipped into
the 0.1 M solution of AgNOj3; and was kept on the water shaker bath for better interaction
of the DA-Cell-F surface and the AgNOj5 solution for 4 h. After 4 h, the Ag-DA-Cell-F was
taken out and dried at 50 °C. A 2% solution of Trimethoxymethylsilane (C1s), Isobutyl
(trimethoxy)silane (C4s), Triethoxyoctylsilane (C8s), and Octadecyltrichlorosilane (C18s)
were prepared in the toluene. The solutions of the various silanes were sonicated for
15 min. The Ag-DA-Cell-Fs were kept in the 2% solution of the Cns for 3 h. The various
functionalized Cell-F (Cls-Ag-DA-Cell-F, C4s-Ag-DA-Cell-F, C8s-Ag-DA-Cell-F, and C18s-
Ag-DA-Cell-F) were washed with ethanol to remove the excess and unreacted Cns. After
washing, the functionalized Cell-Fs were dried and preserved for further characterization
and experimental evaluations for the oil/water separation. The schematic illustration of
the fabrication of the various functionalized foam can be seen in Scheme 1.

2.4. Functionalized Cellulose Foam for Oil/Water Separation

For oil/water separation, highly hydrophobic C18s-Ag-DA-Cell-F was fitted into
the separation assembly by placing it between the funnel and base containing the PFTF
support. The funnel and base were kept tight with the help of the anodized aluminum
clamp. The whole separation setup was adjusted into the 400 mL Pyrex glass receiving
beaker. The oil/water mixture was prepared by taking 50 mL of dichloromethane and
50 mL of water. The coloring agent in the water was methylene blue to make a sharp
distinction from the colorless, oily component. The oil/water mixture was slowly poured
into the separation assembly. The water was repelled by C18s-Ag-DA-Cell-F and stayed
in the funnel; however, the oil passed through the C18s-Ag-DA-Cell-F into the collector
beaker.
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Scheme 1. Schematic illustration of the fabrication of the various Cls-Ag-DA-Cell-F materials.

3. Results and Discussion
3.1. FTIR

FTIR spectroscopy proved a powerful tool in determining the successful functional-
ization of the various surfaces over time. From the cellulose structure, it is clear that the
cellulose is full of hydroxyl groups. The FTIR spectrum showed the strong presence of
the hydroxyl groups at 3355 cm ! (Figure 1a). Due to the hydrophilicity of the cellulose,
some of the water adsorbed on the surface of the cellulose; therefore, the HOH bending
band appears at 1642 cm !, and this value is close to the reported HOH bending band
for bulk water [37,38]. The absorption band that appears at 1031 cm~! is attributed to
the C-O stretching. The absorption band that is observed at 668 cm ™! is assigned to the
-OH out of plane bending vibrations [39,40]. After introducing the various alkyl silanes,
a dramatic change in the FTIR spectra of the Cell-F can be observed. The intensity of the
-OH absorption band at 3355 cm~1is substantially reduced, and this is observed in the
case of all silanes interacting with Cell-F such as C1s-Ag-DA-Cell-F, C4s-Ag-DA-Cell-F,
C8s-Ag-DA-Cell-F, and C18s-Ag-DA-Cell-F (Figure 1).
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Figure 1. FTIR spectra of (a) Cell-F, (b) DA-Cell-F, (c) C1s-Ag-DA-Cell-F, (d) C4s-Ag-DA-Cell-F, (e)
C8s-Ag-DA-Cell-F, and (f) C18s-Ag-DA-Cell-F.

The sharp reduction in the -OH absorption band’s intensity proves that most of the
hydroxyl groups interacted with the various silanes. Furthermore, the H-OH bending
vibrations after interaction with silanes almost disappear. It seems that moisture adsorption
on the Cell-F is discouraged after functionalization with various silanes. The absorbance
band at 2977 cm~! appears due to the -C-H stretching of the terminal -CHj groups, and it
appears more prominent in the case of Cl1s-Ag-DA-Cell-F and C4s-Ag-DA-Cell-F compared
to the C8s-Ag-DA-Cell-F and C18s-Ag-DA-Cell-F. In the case of C8s-Ag-DA-Cell-F and
C18s-Ag-DA-Cell-F, the -CH, stretching vibration absorption band dominantly appears at
2924 cm~! and 2917 cm !, respectively. The absorption band appearing at 1089 cm~! and
1086 cm ! is assigned to the Si-O vibrations in the C8s-Ag-DA-Cell-F and C18s-Ag-DA-
Cell-F, respectively [41]. The sharp reduction in the hydroxyl absorption band of the Cell-F
and DA-Cell-F after introducing the silanes and appearance of the Si-O vibrations shows
the successful functionalization of the Cell-F with the various silanes.

3.2. Morphological and Elemental Characterization of the Functionalized Cell-F

The surface morphology of the Cell-F, DA-Cell-F, Ag-DA-Cell-F, Cls-Ag-DA-Cell-
F, C4s-Ag-DA-Cell-F, C8s-Ag-DA-Cell-F and C18s-Ag-DA-Cell-F is characterized with
the help of field emission-scanning electron microscopy. The Cell-F surface in Figure 2A
appears relatively smooth at higher magnification. After modification with dopamine,
some layers appear on the surface of the DA-Cell-F. The formation of polydopamine is
also evident from the photograph, in which sharp color changes can be observed after the
formation of the polydopamine layer. The SEM images of the Ag-DA-Cell-F, Cls-Ag-DA-
Cell-F, and C4s-Ag-DA-Cell-F can be seen in Figure S1. In elemental mapping, the nitrogen
also appears that is absent in the case of the Cell-F. In Ag-DA-Cell-F mapping, the Ag also
appears in addition to the C, O, and N (Figure S2). Polydopamine contributes the N in the
mapping of the Ag-DA-Cell-F. Polydopamine is helpful in the incorporation of the various
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metal and metal oxide nanoparticles on the surface of the various materials [42]. In the
case of Cls-Ag-DA-Cell-F, C4s-Ag-DA-Cell-F, C8s-Ag-DA-Cell-F, and C18s-Ag-DA-Cell-F,
the presence of Ag is seen in the SEM images that result in the formation of the rough,
hierarchal structure with polydopamine. It is also seen in the SEM images that on the rough
surface of the Ag-DA-Cell-F, some rough extensions can be seen after interaction with the
C8s and the C18s (Figure 2C,D). The rough extension might be produced after interaction
with the various alkyl silanes. In elemental mapping of the C18s-Ag-DA-Cell-F (Figure 3),
C, O, N, Ag, and Si is observed, and these elements appear after functionalization of
the Cell-F. The silicone is contributed from the silane. The morphological changes and
elemental mapping analysis provide the successful functionalization of the Cell-F.

Figure 2. SEM images of (A) Cell-F, (B) DA-Cell-F, (C) C8s-Ag-DA-Cell-F, and (D) C18s-Ag-DA-Cell-F at a different
magnification of 1500, 12,000, 25,000 and 100,000 x.
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Figure 3. Elemental mapping of the C18s-Ag-DA-Cell-F (A) C, (B) O, (C) N, (D) Ag, (E) Si, and (F) EDX spectrum. Red
color indicated C, cyan color O, green N and Ag, and purple color Si.

3.3. Surface Wettability Analysis

The surface wettability behavior of the dopamine-modified Cell-F is evaluated after
each modification step to find out the suitability for the selective separation of the oil-related
contaminants from the water. The Cell-F and DA-Cell-F show a strong affinity for water,
and their surfaces appear strongly hydrophilic in nature. The water drop immediately
penetrates the foam as it comes in contact with them. Similar behavior is observed for
Cls-Ag-DA-Cell-F and C4s-Ag-DA-Cell-E. It is found that the modification of the Ag-DA-
Cell-F with the Cls and C4s alone is insufficient to prevent water penetration into the
Ag-DA-Cell-F when water drops come in direct contact in air with Cls-Ag-DA-Cell-F and
C4s-Ag-DA-Cell-F. A big blue mark is observed on the surface of the Cl1s-Ag-DA-Cell-F and
C4s-Ag-DA-Cell-F in Figure 4C,D. The blue marks appeared due to the penetration of the
methylene blue-colored water into Cls-Ag-DA-Cell-F and C4s-Ag-DA-Cell-F. It is observed
that water slowly penetrates the C4s-Ag-DA-Cell-F compared to the C1s-Ag-DA-Cell-F.
Modifying the Ag-DA-Cell-F surface with the C8s improves the surface hydrophobicity,
and the surface shows some resistance to water drops. The surface of the Ag-DA-Cell-F,
after functionalization with the C18s, has to become stably hydrophobic, and water drops
remain circular on the surface of the C18s-Ag-DA-Cell-F. No blue stains are observed after
the removal of water drops from the surface of the C18s-Ag-DA-Cell-F. Furthermore, the
water drops freely move on the surface of the C18s-Ag-DA-Cell-F, which is not sticky
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anymore. Alkyl chain length has a positive effect on the hydrophobicity of the materials.
The longer alkyl chain provides a better shield from the water than the smaller alkyl
chains [43].

Figure 4. The behavior of water drops of the volume of 30 uL on the surface of the various cellulose
foam (A) Cell-F, (B) DA-Cell-F, (C) C1s-Ag-DA-Cell-F, (D) C4s-Ag-DA-Cell-F, (E) C8s-Ag-DA-Cell-F,
and (F) C18s-Ag-DA-Cell-F.

In-depth analysis of the surface hydrophobicity is further confirmed by measuring the
water contact angle on the surface of the various Cell-F functionalized materials. According
to the wettability criteria, the surfaces are hydrophilic if the static contact angle is less than
90°, and hydrophobic if the water static contact angle is greater than 90°. On the surfaces of
the Cell-F, DA-Cell-F, C1s-Ag-DA-Cell-F, and C4s-Ag-DA-Cell-F, the water drops penetrate
quickly; that is why zero water contact angle is observed (Figure S3). The water contact
angle on the surface of the C8s-Ag-DA-Cell-F is found at the first stage at about 118°. On
the surface of the C18s-Ag-DA-Cell-F, the WCA is observed at 148.4° (Figure 5). The uneven
surfaces may cause some change in the contact angle. It is essential to note that it is difficult
for the flat surface’s contact angle to exceed 120° even after introducing the low surface
energy materials [30]. It is critical to introduce surface roughness, which helps to achieve
highly hydrophobic surfaces. The Ag nanoparticles are incorporated into cellulose foam
with the help of polydopamine to enhance the surface roughness. This is the reason for the
high water contact angle of 148.4° that is observed on the surface of the C18s-Ag-DA-Cell-F.
The highly hydrophobic surface of the C18s-Ag-DA-Cell-F is the combined effect of the
surface roughness and low surface energy materials.

A B

Figure 5. Water contact angle on the surface of (A) Cell-F and (B) C18s-Ag-DA-Cell-F, measured after
15 s by placing 5 pL drop of water.
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The water contact angle study indicates that the alkyl length of the silanes has a
significant impact on the wettability of the Ag-DA-Cell-F. The alkyl silane interacts with
the surface through the hydroxyl group. Some of the hydroxyl groups remain unreacted,
which is observed in the FTIR spectra of the various Cns-Ag-DA-Cell-F. In the Cls-Ag-
DA-Cell-F and C4s-Ag-DA-Cell-F, the water drops might make easy contact with the
residual hydroxyl group, which helps them to penetrate the Cls-Ag-DA-Cell-F and C4s-
Ag-DA-Cell-F. However, the penetration is a little bit slower compared to the Cls-Ag-
DA-Cell-E. The surface shielding effect becomes more pronounced in the case of the
long-chain alkyl functionalized C18s-Ag-DA-Cell-F. The water does not directly contact
the residual hydroxyl groups, resulting in a highly hydrophobic water resistance surface.
The functionalization of the hydrophilic surface, such as DA-Cell-F, with the alkyl chain
containing fewer carbons atoms is not enough to turn the surface hydrophobic to such an
extent where it can reject the water without leaving any watermark. The increasing chain
length results in enhanced hydrophobicity [44].

3.4. Separation of the Oil/Water Mixture

The C18s-Ag-DA-Cell-F was used to separate the oil/water mixture due to its high
hydrophobicity among the other Cn-Ag-DA-Cell-F and excellent capability to reject the
water from its surface. The separation performance of the developed C18s-Ag-DA-Cell-F
was evaluated by pouring a mixture of oil and water. A representative model of oil/water
was developed with the help of dichloromethane (heavy oil) and water [45]. The water was
colored blue by adding the methylene blue to make it recognizable from the oil component.

The C18s-Ag-DA-Cell-F was adjusted into the filtration setup (Figure 6A). The oil /water
mixture was slowly poured into the separation assembly setup. The surface showed a
selective response towards oily components and water. During the separation process, the
surface rejected the water, and it kept collecting on the upper surface of the C18s-Ag-DA-
Cell-F (Figure 6C). However, the behavior of the surface was found wholly opposite for the
oily component. The oily component penetrated the spongy network of the C18s-Ag-DA-
Cell-F and permeated to the collecting component of the separation setup. As can be seen
in Figure 6D, the methylene blue-colored water stayed in the funnel part, whereas the oily
component moved through the C18s-Ag-DA-Cell-F. The separation process was continued
until the water and oily components completely separated from each other. The separation
process of the oil/water mixture can be seen in Video S1.

The developed C18s-Ag-DA-Cell-F showed significant separation efficiencies of the oil
and water mixture. The separation efficiencies of the C18s-Ag-DA-Cell-F were calculated
by using the following equation [24]:

Separation efficiency (E%): M; /M, x 100 1

M, is the weight of the oil in the mixture before separation, whereas M is the weight of
the oil after separation. Before performing the separation efficiency analysis, the hydropho-
bic C18s-Ag-DA-Cell-F was saturated with the oily component to avoid oil absorption
during the separation process. Upon pouring the oil/water mixture, the oil permeated
while the water was rejected. The permeated oil was collected, and its weight was measured
for the evaluation of the separation efficiency. The maximum separation efficiency was
achieved at 96.2%, and the average separation efficiencies of the ten cycles of reusability
were found at 94.0 & 1.3% (Figure 7).
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Figure 6. Illustration of the separation of oil and water mixture by using the C18s-Ag-DA-Cell-F. “A”
indicates the starting point and “I” is the complete separation of the oil and water mixture.
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Figure 7. Separation efficiency and reusability of the C18s-Ag-DA-Cell-F.
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4. Conclusions

In this work, we successfully fabricated a range of Ag nanoparticle-incorporated
dopamine-modified cellulose foams. The Ag nanoparticles provided roughness, whereas
the dopamine provided stability on the surface of the cellulose foam. The surface selectivity
of the Ag nanoparticle-incorporated dopamine-modified cellulose was investigated by
functionalization with the alkyl groups. Functionalized surfaces were characterized with
advanced instrumentation. It was found that the functionalized cellulose foam Cls-Ag-
DA-Cell-F and C4s-Ag-DA-Cell-F were not effective in rejecting water. The surface of
the C18s-Ag-DA-Cell-F was observed as suitable for separating oil and water due to its
remarkable selectivity for oil in the mixture of oil and water. When the surface of the C18s-
Ag-DA-Cell-F was exposed to the mixture of oil and water, the oil selectively permeated,
whereas the surface rejected the water. The separated oil was found to be colorless, and
no methylene blue-colored water was observed in the separated oil. The surface of the
C18s-Ag-DA-Cell-F appeared highly hydrophobic, with a water contact angle greater than
148°. The maximum separation efficiency of the C18s-Ag-DA-Cell-F was found to be about
96.2%. Among various functionalized cellulose materials, the C18s-Ag-DA-Cell-F was
suitable for separating oil from water due to its high hydrophobicity, excellent separation
efficiency, and reusability. Due to the extensive natural availability of cellulose and the
environmentally friendly nature of the material, the synthesized materials can be produced
at a large scale to clean spilled oil from water.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/polym13183163/s1, Figure S1: SEM images of (A) Ag-DA-Cell-F, (B) Cls-Ag-DA-Cell-F, (C)
C4s-Ag-DA-Cell-F, Figure S2: Elemental mapping of Ag-DA-Cell-F (A) C, (B) O, (C) N, (D) Ag and
(E) EDS layered image, Figure S3: Water contact angle on (A) DA-Cell-F, (B) Cls-Ag-DA-Cell-F, (C)
C4s-Ag-DA-Cell-F, (D) C8s-Ag-DA-Cell-F, Video S51: Demonstration of the separation of oil and water
mixture by using the C18s-Ag-DA-Cell-F.

Author Contributions: Conceptualization, N.B. and L.K.; Methodology and Synthesis, N.B. Writing—
Original Draft Preparation, N.B. and L.K.; Funding Acquisition, N.B. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the Deanship of Scientific Research (DSR) at King Fahd
University of Petroleum and Minerals (KFUPM) under Award No. SR201005.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: The authors gratefully acknowledge the support provided by the Deanship of
Scientific Research (DSR) at King Fahd University of Petroleum and Minerals (KFUPM) through
Project No. SR201005. The authors also extend sincere acknowledgement to Grayson Dennis at the
University of South Alabama for helping to edit the grammatical errors during manuscript revision.

Conflicts of Interest: The authors declare no conflict of interest.

1.  Zhang, Y.; Zhang, Y.; Cao, Q.; Wang, C.; Yang, C.; Li, Y.; Zhou, J. Novel porous oil-water separation material with super-
hydrophobicity and super-oleophilicity prepared from beeswax, lignin, and cotton. Sci. Total Environ. 2020, 706, 135807.

[CrossRef] [PubMed]

2. Cai, Y.; Zhao, Q.; Quan, X.; Feng, W.; Wang, Q. Fluorine-free and hydrophobic hexadecyltrimethoxysilane-TiO, coated mesh for
gravity-driven oil/water separation. Colloids Surf. A Physicochem. Eng. Asp. 2020, 586, 124189. [CrossRef]

3. Zhang, J.; Wang, S.; Wu, Y.; Fu, B.; Cao, Q.; Hang, T;; Hu, A.; Ling, H.; Li, M. Robust CuO micro-cone decorated membrane with
superhydrophilicity applied for oil-water separation and anti-viscous-oil fouling. Mater. Charact. 2021, 179, 111387. [CrossRef]

4.  Xie, H,; Wu, Z; Wang, Z.; Lu, J.; Li, Y;; Cao, Y.; Cheng, H. Facile fabrication of acid-resistant and hydrophobic Fe;O4@SiO,@C
magnetic particles for valid oil-water separation application. Surf. Interfaces 2020, 21, 100651. [CrossRef]

5. Deng, Y.; Peng, C.; Dai, M.; Lin, D.; Ali, I.; Alhewairini, S.S.; Zheng, X.; Chen, G.; Li, J.; Naz, I. Recent development of
super-wettable materials and their applications in oil-water separation. J. Clean. Prod. 2020, 266, 121624. [CrossRef]


https://www.mdpi.com/article/10.3390/polym13183163/s1
https://www.mdpi.com/article/10.3390/polym13183163/s1
http://doi.org/10.1016/j.scitotenv.2019.135807
http://www.ncbi.nlm.nih.gov/pubmed/31862593
http://doi.org/10.1016/j.colsurfa.2019.124189
http://doi.org/10.1016/j.matchar.2021.111387
http://doi.org/10.1016/j.surfin.2020.100651
http://doi.org/10.1016/j.jclepro.2020.121624

Polymers 2021, 13, 3163 12 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Kung, C.H.; Sow, PK.; Zahiri, B.; Mérida, W. Assessment and Interpretation of Surface Wettability Based on Sessile Droplet
Contact Angle Measurement: Challenges and Opportunities. Adv. Mater. Interfaces 2019, 6, 1900839. [CrossRef]

Jiang, L.; Zhao, Y.; Zhai, J. A Lotus-Leaf-like Superhydrophobic Surface: A Porous Microsphere/Nanofiber Composite Film
Prepared by Electrohydrodynamics. Angew. Chemie 2004, 116, 4438—4441. [CrossRef]

Zhang, H.; Yu, L.; Ma, X,; Peng, Y.; Hu, J.; Ruan, S. Self-cleaning poly(L-dopa)-based coatings with exceptional underwater oil
repellency for crude oil/water separation. Appl. Surf. Sci. 2020, 510, 145402. [CrossRef]

Niu, L.; Kang, Z. Spray deposition process to fabricate Cu,O superhydrophobic surfaces on brass mesh for efficient oil-water
separation. Mater. Lett. 2018, 210, 97. [CrossRef]

Guo, Q.; Zhang, T.; Xu, Z.; Li, X.; Zhao, Y. A single covalently grafted fluorolayer imparts intrinsically hydrophilic foams with
simultaneous oleophobicity and hydrophilicity for removing water from oils. Colloids Surf. A Physicochem. Eng. Asp. 2020, 605,
125380. [CrossRef]

Sankaranarayanan, S.; Lakshmi, D.S.; Vivekanandhan, S.; Ngamcharussrivichai, C. Biocarbons as emerging and sustainable
hydrophobic/oleophilic sorbent materials for oil/water separation. Sustain. Mater. Technol. 2021, 28, €00268. [CrossRef]

Zhang, X,; Liu, C; Yang, J.; Huang, X.-J.; Xu, Z.-K. Wettability Switchable Membranes for Separating Both Oil-in-water and
water-in-oil emulsions. J. Memb. Sci. 2021, 624, 118976. [CrossRef]

Mao, M.; Xu, H.; Guo, K.-Y;; Zhang, J.-W.; Xia, Q.-Q.; Zhang, G.-D.; Zhao, L.; Gao, J.-E; Tang, L.-C. Mechanically flexible,
super-hydrophobic and flame-retardant hybrid nano-silica/ graphene oxide wide ribbon decorated sponges for efficient oil/ water
separation and fire warning response. Compos. Part A Appl. Sci. Manuf. 2021, 140, 106191. [CrossRef]

Li, Y.; Zhu, L.; Grishkewich, N.; Tam, K.C.; Yuan, J.; Mao, Z.; Sui, X. CO,-Responsive Cellulose Nanofibers Aerogels for Switchable
Oil-Water Separation. ACS Appl. Mater. Interfaces 2019, 11, 9367-9373. [CrossRef]

Li, K.; Luo, Q.; Xu, J.; Li, K.; Zhang, W.; Liu, L.; Ma, J.; Zhang, H. A Novel Freeze-Drying-Free Strategy to Fabricate a Biobased
Tough Aerogel for Separation of Oil/Water Mixtures. J. Agric. Food Chem. 2020, 68, 3779-3785. [CrossRef]

Bakhtiari, N.; Azizian, S.; Mohazzab, B.F.; Jaleh, B. One-step fabrication of brass filter with reversible wettability by nanosecond
fiber laser ablation for highly efficient oil/water separation. Sep. Purif. Technol. 2021, 259, 118139. [CrossRef]

Baig, N. Recent Progress on the Development of Superhydrophobic and Superoleophilic Meshes for Oil and Water Separation: A
Review. In ACS Symposium Series; American Chemical Society: Washington, DC, USA, 2020; Volume 1352, pp. 175-196.

Zeng, Z.S.; Taylor, S.E. Facile preparation of superhydrophobic melamine sponge for efficient underwater oil-water separation.
Sep. Purif. Technol. 2020, 247, 116996. [CrossRef]

Wen, H.; Raza, S.; Wang, P.; Zhu, Z.; Zhang, J.; Huang, W,; Liang, L.; Hu, H.; Deng, L.; Liu, C. Robust super hydrophobic cotton
fabrics functionalized with Ag and PDMS for effective antibacterial activity and efficient oil-water separation. J. Environ. Chem.
Eng. 2021, 9, 106083. [CrossRef]

Wu, R; Li, Y;; Shi, J.; Wang, Q. Functionalization of cellulose via ATRP and “click” chemistry to construct hydrophobic filter
paper for oil/water separation. Cellulose 2021, 28, 9413. [CrossRef]

Han, L.; Wu, W.; Huang, Z.; Lei, W.; Li, S.; Zhang, H.; Jia, Q.; Zhang, S. Preparation and characterization of a novel fluorine-free
and pH-sensitive hydrophobic porous diatomite ceramic as highly efficient sorbent for oil-water separation. Sep. Purif. Technol.
2021, 254, 117620. [CrossRef]

Wang, F.; Zhao, X.; Wahid, F.; Zhao, X.; Qin, X.; Bai, H.; Xie, Y.; Zhong, C.; Jia, S. Sustainable, superhydrophobic membranes based
on bacterial cellulose for gravity-driven oil/water separation. Carbohydr. Polym. 2021, 253, 117220. [CrossRef]

Sriram, S.; Singh, R.K; Kumar, A. Oil-water separation through an ultrahydrophobic filter paper developed by sol-gel dip-coating
technique. Mater. Today Proc. 2020, 26, 2495-2501. [CrossRef]

Cheng, Q.-Y,; Liu, M.-C.; Li, Y.-D.; Zhu, |.; Du, A.-K,; Zeng, ].-B. Biobased super-hydrophobic coating on cotton fabric fabricated
by spray-coating for efficient oil/water separation. Polym. Test. 2018, 66, 41-47. [CrossRef]

Wang, H.; Zhang, C.; Zhou, B.; Zhang, Z.; Shen, J.; Du, A. Hydrophobic Silica Nanorod Arrays Vertically Grown on Melamine
Foams for Oil/Water Separation. ACS Appl. Nano Mater. 2020, 3, 1479-1488. [CrossRef]

Wang, ].; Han, F; Liang, B.; Geng, G. Hydrothermal fabrication of robustly superhydrophobic cotton fibers for efficient separation
of oil/water mixtures and oil-in-water emulsions. |. Ind. Eng. Chem. 2017, 54, 174-183. [CrossRef]

Lin, D.; Zeng, X,; Li, H.; Lai, X. Facile fabrication of superhydrophobic and flame-retardant coatings on cotton fabrics via
layer-by-layer assembly. Cellulose 2018, 25, 3135-3149. [CrossRef]

Wang, N.; Zhang, H.; Liu, S.; Peng, B.; Deng, Z. Composite polydopamine-based TiO, coated mesh with restorable superhy-
drophobic surfaces for wastewater treatment. J. Mater. Sci. 2021, 56, 7321-7333. [CrossRef]

Yang, M.; Jiang, C.; Liu, W.; Liang, L.; Xie, Y,; Shi, H.; Zhang, F; Pi, K. A water-rich system of constructing durable and
fluorine-free superhydrophobic surfaces for oil/water separation. Appl. Surf. Sci. 2020, 507, 145165. [CrossRef]

Huang, ].Y,; Li, S.H.; Ge, M.Z.; Wang, L.N.; Xing, T.L.; Chen, G.Q.; Liu, X.E; Al-Deyab, S.S.; Zhang, K.Q.; Chen, T.; et al. Robust
superhydrophobic TiO 2 @fabrics for UV shielding, self-cleaning and oil-water separation. |. Mater. Chem. A 2015, 3, 2825-2832.
[CrossRef]

Bai, W.; Lin, H.; Chen, K.; Zeng, R.; Lin, Y.; Xu, Y. Robust and Durable Superhydrophobic Polythiophene/SiO, Coated Cotton
Fabric for Versatile Oil-Water Separation. Adv. Mater. Interfaces 2021, 8, 2100725. [CrossRef]


http://doi.org/10.1002/admi.201900839
http://doi.org/10.1002/ange.200460333
http://doi.org/10.1016/j.apsusc.2020.145402
http://doi.org/10.1016/j.matlet.2017.08.105
http://doi.org/10.1016/j.colsurfa.2020.125380
http://doi.org/10.1016/j.susmat.2021.e00268
http://doi.org/10.1016/j.memsci.2020.118976
http://doi.org/10.1016/j.compositesa.2020.106191
http://doi.org/10.1021/acsami.8b22159
http://doi.org/10.1021/acs.jafc.9b07629
http://doi.org/10.1016/j.seppur.2020.118139
http://doi.org/10.1016/j.seppur.2020.116996
http://doi.org/10.1016/j.jece.2021.106083
http://doi.org/10.1007/s10570-021-04128-7
http://doi.org/10.1016/j.seppur.2020.117620
http://doi.org/10.1016/j.carbpol.2020.117220
http://doi.org/10.1016/j.matpr.2020.02.531
http://doi.org/10.1016/j.polymertesting.2018.01.005
http://doi.org/10.1021/acsanm.9b02303
http://doi.org/10.1016/j.jiec.2017.05.031
http://doi.org/10.1007/s10570-018-1748-9
http://doi.org/10.1007/s10853-020-05729-6
http://doi.org/10.1016/j.apsusc.2019.145165
http://doi.org/10.1039/C4TA05332J
http://doi.org/10.1002/admi.202100725

Polymers 2021, 13, 3163 13 of 13

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Xu, H.; Wang, S.; Wang, M.; Ge, B.; Ren, G.; Li, W,; Zhao, L. Application of superhydrophobic ZnO rod composites with
environmentally-friendly and photodegradation properties in water environment treatment. Colloids Surf. A Physicochem. Eng.
Asp. 2021, 618, 126437. [CrossRef]

Esfahani, M.R; Taylor, A.; Serwinowski, N.; Parkerson, Z.].; Confer, M.P.; Kammakakam, I.; Bara, ].E.; Esfahani, A.R.; Mahmoodi,
S.N.; Koutahzadeh, N.; et al. Sustainable Novel Bamboo-Based Membranes for Water Treatment Fabricated by Regeneration of
Bamboo Waste Fibers. ACS Sustain. Chem. Eng. 2020, 8, 4225-4235. [CrossRef]

Wei, D.W.; Wei, H.; Gauthier, A.C.; Song, J.; Jin, Y.; Xiao, H. Superhydrophobic modification of cellulose and cotton textiles:
Methodologies and applications. J. Bioresour. Bioprod. 2020, 5, 1-15. [CrossRef]

Baig, N.; Kammakakam, I.; Falath, W. Nanomaterials: A review of synthesis methods, properties, recent progress, and challenges.
Mater. Adv. 2021, 2, 1821-1871. [CrossRef]

Bae, G.Y.; Min, B.G.; Jeong, Y.G.; Lee, S.C.; Jang, J.H.; Koo, G.H. Superhydrophobicity of cotton fabrics treated with silica
nanoparticles and water-repellent agent. J. Colloid Interface Sci. 2009, 337, 170-175. [CrossRef]

Venyaminov, S.Y.; Prendergast, F.G. Water (H,O and D,0) Molar Absorptivity in the 1000-4000 cm ! Range and Quantitative
Infrared Spectroscopy of Aqueous Solutions. Anal. Biochem. 1997, 248, 234-245. [CrossRef]

Wang, S.-L.; Johnston, C.T.; Bish, D.L.; White, J.L.; Hem, S.L. Water-vapor adsorption and surface area measurement of poorly
crystalline boehmite. . Colloid Interface Sci. 2003, 260, 26-35. [CrossRef]

Oh, S.Y.; Yoo, D.I; Shin, Y.; Kim, H.C.; Kim, H.Y.; Chung, Y.S.; Park, W.H.; Youk, ].H. Crystalline structure analysis of cellulose
treated with sodium hydroxide and carbon dioxide by means of X-ray diffraction and FTIR spectroscopy. Carbohydr. Res. 2005,
340, 2376-2391. [CrossRef] [PubMed]

Kondo, T.; Sawatari, C. A Fourier transform infra-red spectroscopic analysis of the character of hydrogen bonds in amorphous
cellulose. Polymer 1996, 37, 393-399. [CrossRef]

Saharudin, K.A.; Sreekantan, S.; Basiron, N.; Chun, L.K.; Kumaravel, V.; Abdullah, TK.; Ahmad, Z.A. Improved super-
hydrophobicity of eco-friendly coating from palm oil fuel ash (POFA) waste. Surf. Coatings Technol. 2018, 337, 126-135. [CrossRef]
Zhu, Q.; Pan, Q. Mussel-Inspired Direct Immobilization of Nanoparticles and Application for Oil-Water Separation. ACS Nano
2014, 8, 1402-1409. [CrossRef] [PubMed]

Chen, W.; Karde, V.; Cheng, TN.H.; Ramli, S.S.; Heng, ].Y.Y. Surface hydrophobicity: Effect of alkyl chain length and network
homogeneity. Front. Chem. Sci. Eng. 2021, 15, 90-98. [CrossRef]

Marczak, J.; Kargol, M.; Psarski, M.; Celichowski, G. Modification of epoxy resin, silicon and glass surfaces with alkyl- or
fluoroalkylsilanes for hydrophobic properties. Appl. Surf. Sci. 2016, 380, 91-100. [CrossRef]

Su, Y.; Fan, T.; Bai, H.; Guan, H.; Ning, X.; Yu, M.; Long, Y. Bioinspired superhydrophobic and superlipophilic nanofiber
membrane with pine needle-like structure for efficient gravity-driven oil/water separation. Sep. Purif. Technol. 2021, 274, 119098.
[CrossRef]


http://doi.org/10.1016/j.colsurfa.2021.126437
http://doi.org/10.1021/acssuschemeng.9b07438
http://doi.org/10.1016/j.jobab.2020.03.001
http://doi.org/10.1039/D0MA00807A
http://doi.org/10.1016/j.jcis.2009.04.066
http://doi.org/10.1006/abio.1997.2136
http://doi.org/10.1016/S0021-9797(02)00150-9
http://doi.org/10.1016/j.carres.2005.08.007
http://www.ncbi.nlm.nih.gov/pubmed/16153620
http://doi.org/10.1016/0032-3861(96)82908-9
http://doi.org/10.1016/j.surfcoat.2017.11.070
http://doi.org/10.1021/nn4052277
http://www.ncbi.nlm.nih.gov/pubmed/24404889
http://doi.org/10.1007/s11705-020-2003-0
http://doi.org/10.1016/j.apsusc.2016.02.071
http://doi.org/10.1016/j.seppur.2021.119098

	Introduction 
	Materials and Methods 
	Materials 
	Instrumentation 
	Development of Functionalized Cellulose Foam 
	Functionalized Cellulose Foam for Oil/Water Separation 

	Results and Discussion 
	FTIR 
	Morphological and Elemental Characterization of the Functionalized Cell-F 
	Surface Wettability Analysis 
	Separation of the Oil/Water Mixture 

	Conclusions 
	References

