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Underwater superoleophobic coatings, known for their anti-oil-fouling properties, have garnered significant
interest in the context of oily wastewater remediation. However, these coatings encounter challenges in pre-
venting viscous oil contamination and structural damage, and easily become ineffective when treating crude oil/
water pollutants. Additionally, the non-renewable and non-biodegradable components pose a huge risk to
environmental safety and sustainable development. Herein, a cellulose-based coating that combines robust un-
derwater superoleophobicity with anti-viscous oil-fouling characteristic is designed via the extraction of micro/
nanoscale heteromorphic cellulose crystals (EHCC) and subsequent crosslinking with carboxymethyl chitosan
(CCS). Leveraging the hierarchical micro/nanostructures constructed by EHCC and intensified hydration capa-
bility facilitated by multiple hydrogen bonding interactions, the EHCC-CCS coating demonstrates excellent
superhydrophilicity/underwater superoleophobicity and ultralow-viscous oil-adhesion property. Moreover, the
EHCC-CCS coating exhibits robust chemical resistance and mechanical tolerance. Importantly, it adapts effec-
tively to various flat and porous substrates, offering outstanding anti-oil-fouling and self-cleaning performances.
Notably, the EHCC-CCS-coated textile is applied in separating immiscible oil/water mixtures with varying oil
viscosities, and the EHCC-CCS-coated PVDF membrane achieves to purify surfactant-stabilized crude oil/water
emulsion. The findings provide a straightforward and cost-effective approach for large-scale production of fully
biobased coatings with durable underwater superoleophobicity and excellent anti-viscous oil-fouling capability
for complex oily wastewater remediation.

1. Introduction which is important to obstruct direct contact and adhesion of oil pol-

lutants to the coating surface.

Oily wastewater pollution originating from industrial sewage and
crude oil leakage poses a significant threat to human health and
ecological environment. In comparison to conventional techniques for
oily wastewater remediation, membrane filtration has received bur-
geoning interest for the advantages of easy operation, high efficiency,
and energy savings [1-3]. Specifically, membranes modified with hy-
drophilic/underwater superoleophobic coatings are popular, which
strongly repel oil to prevent adhesion and further ensure stable oil/
water separation [4-7]. Inspired by the self-cleaning property of fish
scales in oily wastewater, constructing a hydrophilic/underwater
superoleophobic coating involves hierarchical morphologies and
intrinsically hydrophilic components [8,9]. The micro/nano rough
structure of such a coating easily traps water to create a hydration layer,
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Oily wastewater remediation includes the removal of immiscible oil
slicks from water and purification of oil/water emulsions. In recent
years, a series of membranes with hydrophilic/underwater super-
oleophobic property have been developed for oily wastewater separa-
tion [10-13]. For example, Peng et al. [14] constructed an antibacterial
nanocomposite membrane by vacuum-assisted filtration of the hydro-
thermally produced silver nanoparticles@tunicate cellulose nanocrystal
suspension onto a support film. The membrane efficiently separated oil/
water microemulsions with a water flux over than 324 L-m~2-h~!-bar~}
and oil rejection exceeding 99 %. Yang et al. [15] proposed a facile
surface diffuse atmospheric plasma method to functionalize the nylon
mesh with micro/nano composite structures, enabling large-area
immiscible oil/water separation with an efficiency larger than 99.9 %
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and intrusion pressure of ~3 kPa. However, the targeted oils by most
hydrophilic/underwater superoleophobic membranes are low-viscosity
oils and organic solvents. The viscous crude oil with complex compo-
sition and strong adhesion poses challenges in oil/water separation due
to the serious membrane pollution [16,17]. This issue is particularly
pronounced when dealing with surfactant-stabilized crude oil/water
emulsions, resulting in membrane pore blockage and rapid decline in
separation performance [18-20]. Unfortunately, there are limited re-
ports to date on fabricating the hydrophilic/underwater super-
oleophobic coatings that can effectively resist the intrusion of viscous oil
and achieve efficient crude oil/water remediation.

Theoretically, the stronger the hydration capability of the hydro-
philic/underwater superoleophobic coatings, the better the barrier ef-
fect in forming a hydration layer and preventing oil fouling [21,22].
Accordingly, hydrogels, inorganic minerals, metal compounds and hy-
drophilic polymers have been proposed to modify the porous mem-
branes, aiming to strengthen the hydration capability and achieve
efficient crude oil/water separation [23-26]. For instance, Jiang et al.
[27] employed synergistic segment orientation and covalent anchoring
strategies to design underwater superoleophobic hydrogel coatings on
various substrates, which demonstrated long-term antiswelling and
antibiofouling properties for crude oil self-cleaning. Xiang et al. [28]
developed a robust superhydrophilic/underwater superoleophobic
PVA/GO@MOF membrane with a chemically crosslinkable structure,
exhibiting extraordinary anti-oil adhesion for high-viscosity crude oil
slick and emulsion purification. However, majority of the hydrophilic/
underwater superoleophobic coatings rely on non-renewable and non-
biodegradable inorganic micro/nanoparticles and petroleum de-
rivatives, thus posing significant risks to environmental safety, recy-
clability and sustainable development. In contrast, cellulose and its
derived micro/nanoscale materials have garnered interest in superwet-
table coatings due to their renewability, biodegradability, and ease of
surface modification [29,30]. Nevertheless, challenges persist in
achieving chemical/physical stability, substate adaptability and large-
scale preparation of the hydrophilic/underwater superoleophobic
coatings for practical application.

In this study, a fully organic underwater superoleophobic coating
with robust anti-viscous oil-fouling property was fabricated by extract-
ing the micro/nanoscale heteromorphic cellulose crystals from Enter-
omorpha prolifera (EHCC) and crosslinking them with carboxymethyl
chitosan (CCS). By combining the hierarchical micro/nanostructures
constructed by EHCC with strong hydration capability contributed to
multiple hydrogen bonding interactions, the EHCC-CCS coating pre-
sented superhydrophilicity with a water contact angle (WCA) below 5°
within 10 s and underwater superoleophobicity with oil contact angles
(OCAs) above 153°. The EHCC-CCS coating exhibited an ultralow
adhesion force to crude oil underwater of nearly 0 pN, and demonstrated
high repellence toward viscous silicone oil with a viscosity of 20,000
mPa-s (25 °C). Importantly, the EHCC-CCS coating showed robust un-
derwater superoleophobic stability to resist various chemical and
physical damages. Moreover, the EHCC-CCS coating adapted well to
various substrates (e.g., glass slide, iron sheet, textile, stainless-steel
mesh, and PVDF membrane) with great anti-viscous oil-fouling and
self-cleaning performances. Delightedly, the EHCC-CCS-coated textiles
effectively removed immiscible oil slicks from water with high water
collection efficiency and permeation flux, and the EHCC-CCS-coated
PVDF membranes realized efficient surfactant-stabilized crude oil-
in-water emulsion separation with remarkable oil rejection. Our find-
ings highlight a straightforward and cost-efficient strategy to fabricate
fully organic hydrophilic/underwater superoleophobic coatings with
outstanding durability and anti-viscous oil-fouling property for complex
oily wastewater remediation.
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2. Experimental section
2.1. Materials

Enteromorpha prolifera (EP) was collected from the beaches of
Qingdao (China). Carboxymethyl chitosan (CCS, deacetylation degree
>90 %) was bought from Shanghai Macklin Reagent Co., Ltd. (China).
Glutaraldehyde (GA, AR, 50 % in water), ethanol (AR), sodium hy-
droxide (NaOH, 96 %), sodium chlorite (NaClO3, 80 %), and glacial
acetic acid (AR, 36 %) were purchased from Aladdin Reagent Co., Ltd.
(China). Hydrochloric acid (HCI, 36-38 %) and n-hexane (AR) were
supplied by Guangzhou Chemical Reagent Factory (China). Crude oil
(viscosity = 780 mPa:-s at 25 °C) was obtained from Sinopec Maoming
Petrochemical Co., Ltd. (China). Vegetable oil was got from the local
market, and silicone oil (viscosity = 20,000 mPa-s at 25 °C) was pro-
vided by Shenzhen Jipeng Silicon Fluorine Material Co., Ltd. (China). All
chemicals were used as received without further purification.

2.2. Extraction of micro/nanoscale heteromorphic cellulose crystals from
EP

Cellulose crystals were extracted using a modified version of a pre-
vious work [31]. Firstly, the sun-dried EP was washed with water to
remove sediment impurities, and then grounded into powdered form in
an electric blender after oven drying. Next, 10 g of fine EP power was
degreased through Soxhlet extraction with ethanol as solvent at 115 °C
for 6 h. Subsequently, the degreased EP was dispersed in a buffer solu-
tion consisting of 10 mL of glacial acetic acid, 4 g of NaClO3 and 200 mL
of water, and then stirred at 65 °C for 6 h to destruct the cell walls and
remove pigments from EP. After centrifugation and washing with water
for several times, the obtained bleached EP was reacted in 200 mL of 0.5
M NaOH solution at 65 °C for 12 h to remove non-cellulose substances,
and then underwent repeated water rinsing until the solution pH
reached 7. Finally, the alkali treated sample was subjected to boiling HCL
solution (5 wt%) for 20 min, and then kept stirring overnight at 35 °C to
hydrolyze cellulose. After repetitive centrifugation and water washing,
the sample was evenly dispersed in water via vigorous ultrasonic
crushing to obtain the micro/nanoscale heteromorphic cellulose crystals
(EHCC) dispersion with a concentration of 2 mg/mL.

2.3. Fabrication of underwater superoleophobic coatings on flat substrates

Briefly, CCS was dissolved in water to generate a CCS solution with a
concentration of 2 mg/mL under magnetic stirring for 6 h. Subsequently,
the EHCC and CCS solutions were mixed through an ultrasonic treat-
ment for 15 min, and the EHCC/CCS mass ratio was controlled at x (x =
1, 2, 3, 4, and 5). Next, the glutaraldehyde was added and continuously
stirred for 30 min to prepare a uniform EHCC/CCS dispersion, where the
glutaraldehyde/CCS mass ratio was maintained at 10 wt%. For flat
substrates including glass slide, polyethylene terephthalate (PET) film
and iron plate, the EHCC/CCS dispersion was directly drop-coated on
the oxygen plasma-treated surfaces, and then cured at 40 °C for 1 h to
obtain the crosslinkable coating (denoted as EHCC-CCS-x).

2.4. Fabrication of underwater superoleophobic coatings on porous
substrates

For porous substrates including textile, steel mesh and polyurethane
(PU) sponge, the EHCC/CCS dispersion (x = 4) served as the modifica-
tion liquid, and the detailed modification process proceeded as follows.
An oxygen plasma-treated substrate was dipped into the EHCC/CCS
dispersion, and then taken out and dried at 40 °C for 1 h. The dipping-
drying process was repeated four cycles to produce a stable underwater
superoleophobic porous substrate with desired EHCC-CCS loading.
Additionally, to modify the polyvinylidene fluoride (PVDF) membrane,
different volumes (0.5, 1, and 1.5 mL) of the EHCC/CCS dispersion (x =
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4) were filtrated on the membrane, and then transferred into an oven at
40 °C for 1 h to obtain the EHCC-CCS-coated PVDF membrane.

2.5. Separation for immiscible oil/water mixtures

A piece of EHCC-CCS-coated textile was utilized as a filter mem-
brane, securely positioned between two glass tubes to build a simple
filtration device. Detailedly, low-viscosity n-hexane, medium-viscosity
vegetable oil, and high-viscosity crude oil were selected as the repre-
sentative oils. Next, the immiscible mixtures containing 20 mL of oil and
80 mL of water were poured into the device to achieve oil/water sepa-
ration. The water collection efficiency was defined as the mass ratio of
the separated water to that initially added into mixture. The permeation
flux was calculated according to the following equation:

Vi

P tion flux = —— 1
ermeation flux s (€8}

where A; was the effective area of the EHCC-CCS-coated textile, and V;
and t; represented the volume and separation time of oil/water mixture,
respectively.

2.6. Separation for surfactant-stabilized oil-in-water emulsions

To thoroughly investigate the emulsion separation performance of
the EHCC-CCS-coated PVDF membrane, oils with varying viscosities
(including n-hexane, vegetable oil, and crude oil) were chosen for the
study. The surfactant-stabilized n-hexane-in-water, vegetable oil-in-
water, and crude oil-in-water emulsions were respectively prepared by
violently ultrasonicating the mixture of oil (1 mL), water (99 mL), and
sodium dodecyl sulfate (SDS, 0.025 g) for 1 h. To separate the oil-in-
water emulsions, an EHCC-CCS-coated PVDF membrane was fixed
within a filtration device for filtering, with a circulating water vacuum
pump to provide pulling force. Next, 30 mL of the oil-in-water emulsions
were poured into the device to achieve separation. The permeation flux
was calculated according to the following equation:

%4
P tion flux = — 2
ermeation flux AP (2)

where A was the effective area of the EHCC-CCS-coated PVDF mem-
brane, P represented the pressure provided by vacuum pump, and V and
t were the volume and separation time of oil-in-water emulsion,
respectively.

2.7. Characterizations

Microscopic morphologies were captured by a Sigma 500 scanning
electron microscope (SEM, Carl Zeiss Jena, Germany) at 5 kV, and the
accompanied X-Max 20 energy dispersion spectroscopy (EDS, Oxford
Instruments, UK) was used to test elemental distributions at 10 kV.
Chemical compositions were obtained from Escalab 250Xi X-ray
photoelectron spectroscopy (XPS, Thermo Fisher, USA) with an Al Ka
monochromatic X-ray source and Nicolet iS10 Fourier transform
infrared spectroscopy (FT-IR, Thermo Fisher Scientific, USA) from 4000
to 500 cm ™! with a scanning time of 32. Surface roughness was evalu-
ated using a Dimension Icon atomic force microscopy (AFM, Bruker,
Germany) in tapping mode with a scanning rate of 0.977 Hz. X-ray
diffraction (XRD) spectra were conducted on a diffractometer (Bruker
D8 Advance, Germany) to test crystal structure with a scanning rate of 5
°/min at room temperature. Water contact angles (WCAs, 3 pL) and
underwater oil contact angles (OCAs, 8 pL) were recorded on a SDC-
200S CA meter (Dongguan Shengding Precision Instruments Co., Ltd.,
China). Underwater adhesion force of crude oil was carried out by an
automatic tension gauge (JK99M1, Shanghai Zhongchen Digital Tech-
nology Equipment Co., Ltd) using 8 pL of crude oil as probe liquid.
AMEX1000 EVOS XL core imaging system (Thermo Fisher Scientific,
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USA) was utilized to collect optical microscopy images of emulsion
droplets. Oil contents in filtrates were measured on a total organic
carbon analyzer (Aurora 1030 W, USA).

3. Results and discussion

As natural renewable resources, the EHCC was extracted from
abandoned Enteromorpha prolifera to construct hierarchical roughness
and provide abundant -OH groups to interact with water, and the CCS
was derived from marine organisms to strengthen chemical and me-
chanical stability. Through a crosslinking reaction between EHCC and
CCS, the underwater superoleophobic EHCC-CCS coating with anti-
viscous oil-fouling property was obtained. The schematic illustration
of the fabrication process is presented in Fig. 1.

3.1. Extraction and characterizations of the EHCC

The fabrication process of the EHCC involved several steps including
Soxhlet extraction for degrease, CH3COOH/NaClO5 treatment for
depigmentation, NaOH treatment to remove non-cellulose substances,
and HCl hydrolysis and ultrasonic crushing to separate micro/nanoscale
cellulose crystals (Fig. 2a). The obtained EHCC was uniformly and stably
dispersed in water. The pristine EP exhibited continuous block-like
structure without obvious micro/nanoscale particles (Fig. 2b, by).
After depigmentation, the lignin in cell wall of the blenched EP was
removed to eliminate pigments. The surface became rougher, while the
overall appearance remained blocky (Fig. Sla, a;). Besides, the alkali
treated EP removed hemicellulose and proteins. The intramolecular and
intermolecular hydrogen bonds of cellulose were largely weakened by
swelling, leading to the formation of microcrystalline cellulose (Fig. S1b,
bi). After further HCl hydrolysis and ultrasonic separation, the EHCC
presented a sheet-like structure with uneven sizes ranging in length from
400 nm to 3.5 pm and a thickness of <50 nm (Fig. 2¢, ¢;). Notably, the
EHCC dried using different ways displayed similar morphologies of
micro/nanoscale heteromorphic sheets (Fig. Slc-d;). Compared with
regular shapes, such an uneven morphology was more effective to create
hierarchical roughness.

Compared with the XRD spectrum of EP, several peaks appeared in
the EHCC at 17.7°, 22.1°, and 35.0°, corresponding to (110), (200), and
(004) crystal planes of cellulose I crystal pattern, respectively (Fig. 2d)
[32,33]. The strong diffraction peak at 22.1° illustrated the high crys-
tallinity of EHCC prepared by acid hydrolysis. In the FT-IR spectrum of
EP, several typical peaks were observed at 3300 cm ™! (O—H stretching),
2900 cm™! (C—H stretching), 1635 cm™! (bound H0), 1543 cm*
(skeletal vibration of phenyl ring), 1410 em™! (C—H bending), 1211
em ™! (C-O-C stretching in syringyl ring of lignin), 1015 cm™! (C—O
vibration of cellulose), and 845 cm! (C—H bond deformation out of
plane of aromatic ring) [34]. Obviously, the EP consisted of cellulose,
lignin and other chemicals. Comparatively, the peak intensities at 3300,
1635, 1543, 1211, and 845 cm™' of the bleached EP were greatly
weakened, illustrating that part of lignin in EP was removed. In the
spectrum of the alkali treated EP, the lignin and hemicellulose were
totally cleaned for the disappearance of the characteristic peaks at 1543,
1211, and 845 cm ™. After HCI hydrolysis and ultrasonic crushing, the
obtained EHCC presented a new peak at 903 cm ™, ascribing to the
oscillation of $-1,4-glycosidic linkage between the dehydrated glucose
units of cellulose. Additionally, a peak appeared at 1705 cm ™!, which
was probably attributed to the carboxylic acid groups in D-glucuronic
acid of Ulva plants (Fig. 2e) [31]. The FT-IR results was consistent with
the XPS analysis (Fig. S2), demonstrating the successful extraction of
cellulose crystals from natural EP. As shown in Fig. 2f, the EHCC formed
a uniform film on the filter membrane after filtration. Due to the
intramolecular and intermolecular hydrogen bonds of cellulose, the
EHCC film demonstrated a great flexibility with no obvious damages
after repeated bending deformations, which provided practical feasi-
bility for application in flexible polymer composite materials.
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Fig. 1. Schematic diagram for fabricating the underwater superoleophobic EHCC-CCS coating.

3.2. Preparation and characterizations of the EHCC-CCS coatings on
glass substrate

The superhydrophilic/underwater superoleophobic EHCC-CCS
coating was constructed by incorporating EHCC to create micronano
roughness and a cross-linkable structure with CCS to ensure stable hy-
drophilicity. Obviously, the EHCC-CCS mass ratio (x) greatly affected
the microscopic morphology. When the x was 1 and 2, numerous
microscale bulges were clearly observed on the EHCC-CCS coatings.
However, due to the complete encapsulation of EHCC within CCS,
constructing a nanoscale architecture was challenging for the high
content of CCS (Fig. 3a-b;). With the x increasing to 3 and 4, the EHCC
contributed significantly to create nanosized roughness. This dense
accumulation of EHCC led to the formation of protuberances on the
EHCC-CCS coatings (Fig. 3c, ¢; and S3a, a;). The resulting micronano
morphology played a crucial role in achieving superhydrophilicity/un-
derwater superoleophobicity. The coating surface exhibited uniform
distribution of C, O, and N elements with atomic ratios of 67.2 %, 30.7
%, and 2.1 %, respectively (Fig. S3b, c). As the x rose to 5, the EHCC-CCS
coating maintained a similar hierarchical structure, and the surface
roughness was difficult to further improve (Fig. 3d, d;).

AFM was adopted to demonstrate the 2D and 3D architectures of the
EHCC-CCS coatings with the x at 1 and 4. Compared with the EHCC-CCS-
1 coating with relatively flat surface and inapparent nanoscale rough-
ness, the EHCC-CCS-4 coating presented hierarchical micro/nano-
structures (Fig. 3e, f and S4). The roughness factor (r), a critical
parameter to evaluate the coating roughness, was calculated according
to the ratio of actual surface area to projected surface area [35]. The r of
the EHCC-CCS-1 and EHCC-CCS-4 coatings were respectively 1.052 and
1.112, illustrating the increasing roughness with the improving EHCC/
CCS mass ratio (Fig. S5a, b). Clearly, the AFM analyses were consistent
with the SEM results.

The EHCC-CCS coating featured a multiple crosslinkable structure, in

which the -NH;, groups reacted with glutaraldehyde to form C=N bonds,
and the functional groups such as -OH and -COOH interacted to generate
hydrogen bonds. XPS and FT-IR were conducted to demonstrate the
chemical composition of the EHCC-CCS-4 coating. The O 1s,N1s,and C
1 s peaks were detected at 533, 399, and 286 eV, respectively (Fig. 3g).
Detailedly, the C 1 s spectrum was deconvoluted at binding energies of
284.6, 285.4, 286.6, and 288.6 eV, belonging to C—C, C—N, C-O/C=N,
and C=0 bonds, respectively (Fig. 3h) [36]. Additionally, the N 1 s
spectrum exhibited a C—N peak at 400.2 eV, a N—H peak at 399.5 eV,
and a C=N peak at 398.6 eV, respectively (Fig. 3i) [37]. Compared with
the FT-IR spectrum of CCS, a new peak appeared at 1645 cm ™! in the
EHCC-CCS coating, corresponding to the stretching vibration of C=N
bonds (Fig. S5¢). The XPS and FT-IR results confirmed the Schiff base
reaction between -NH, groups and glutaraldehyde [38,39]. The multiple
crosslinkable structure with chemical bonds and hydrogen bonds
endowed the EHCC-CCS coating with excellent underwater stability
even after 7 days of storage (Fig. S6).

3.3. Underwater superoleophobic behavior of the EHCC-CCS coatings on
glass substrate

To comprehensively evaluate the surface wettability of the EHCC-
CCS coatings, the WCAs, underwater OCAs, and anti-viscous oil-adhe-
sion behavior were measured. Fig. 4a presents the WCA optical images
on the EHCC-CCS coatings with varying EHCC/CCS mass ratios (x).
When water droplet came into contact with the coating surface, it
quickly spread for the strong water affinity of hydrophilic groups and
micronano roughness constructed by EHCC. Unfortunately, the EHCC-
CCS-1 and EHCC-CCS-2 coatings failed to achieve superhydrophilicity
with the WCAs at 28° and 17° at 10 s, respectively. Comparatively, the
EHCC-CCS-3, EHCC-CCS-4, and EHCC-CCS-5 coatings demonstrated
superhydrophilicity with the WCAs reaching 9°, 4°, and 0° at 10 s,
respectively. Additionally, the EHCC-CCS coatings displayed an
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outstanding repellency to viscous crude oil with the underwater OCAs at
152° for EHCC-CCS-1, 153° for EHCC-CCS-2, 154° for EHCC-CCS-3, 155°
for EHCC-CCS-4, and 156° for EHCC-CCS-4 (Fig. 4b). With the
increasing x, the roughness of the EHCC-CCS coatings gradually
improved, thus enhancing the hydrophilicity and underwater oleopho-
bicity. Notably, the underwater superoleophobic surfaces might not
necessarily exhibit superhydrophilicity [40,41]. When the microscopic
morphology of the EHCC-CCS coating was sufficiently rough, the hy-
drophilic groups rapidly captured water, forming a stable hydration
layer both inside and outside the rough structure to achieve underwater
superoleophobicity. Additionally, various oils with different viscosities
and surface tensions were utilized to characterize the oil resistances.
Delightedly, the EHCC-CCS-4 coating displayed the underwater OCAs
larger than 150° for dichloromethane, hexane, mineral oil, kerosene,
petroleum ether, toluene, silicone oil, machine oil, light crude oil, and
vegetable oil (Fig. 4c). Moreover, the crude oil droplet easily rolled off
the EHCC-CCS-4 coating at a tilting angle of ~3°, demonstrating the
strong oil repellence (Fig. 4d).

To measure the anti-viscous oil-adhesion behavior of the EHCC-CCS
coatings in aqueous environment, the crude oil (780 mPa-s at 25 °C) and
silicone oil (20,000 mPa-s at 25 °C) were adopted to contaminate the
coating surface. As shown in Fig. 4e and f, a crude oil droplet suspended
on a ring and a dyed silicone oil droplet hanged on a dropper moved to
contact the EHCC-CCS coating under water, and then were compelled to
compress against the surface. When the oil droplet departed from the
coating, no visible deformation was observed, and the adhesion force
was nearly 0 pN (Fig. S7). The great capability to resist viscous oil
adhesion arose from the pronounced hierarchical roughness of the
EHCC-CCS coating constructed by the irregularly shaped EHCC particles
at micro/nanoscale dimensions. Furthermore, the EHCC-CCS coating
contained abundant functional groups including -NHj,, -OH and -COOH

groups, which readily interacted with water to form multiple hydrogen
bonds. Through the synergistic interplay of the physical morphology and
chemical structure, the EHCC-CCS coating effectively entrapped water,
forming a stable and robust hydration layer. Consequently, the highly
viscous oil was difficult to break through the hydration layer to contact
and pollute the EHCC-CCS coating even during the extrusion deforma-
tion process.

3.4. Chemical and physical robustness of the underwater superoleophobic
EHCC-CCS coatings

The EHCC-CCS coating fabricated with x at 4 was selected for the
following study. In practical terms, the chemical and physical robustness
of the underwater superoleophobicity plays a crucial role in long-term
application. To assess the pH stability of the EHCC-CCS coating, the
samples were immersed into the aqueous solutions with varying pH
values for 72 h (Fig. 5a). Remarkably, the EHCC-CCS coating maintained
its underwater superoleophobicity within the pH range of 1 to 10, and
the underwater crude oil CAs kept above 155° after acid/alkali treat-
ment. Despite the highly viscous nature of silicone oil, it exhibited an
ultralow adhesion to the treated EHCC-CCS coating at pH levels of 1 and
10. Notably, the EHCC-CCS coating kept excellent underwater super-
oleophobicity and anti-crude oil-fouling performance even after the
immersion in acidic solution (pH = 1) for 15 days. However, exposure to
solutions with a pH exceeding 11 for 12 h led to the lamination of the
EHCC-CCS coating from the glass substrate (Fig. S8a). This susceptibility
to strong alkalinity might result from the swelling damage caused by the
-NH; groups of CCS reacting with NaOH [42]. Furthermore, immersion
in NaCl solution (3.5 wt%) and SDS solution (1 g/L) for 72 h revealed
that the EHCC-CCS coating displayed an underwater superoleophobicity
and exceptionally low adhesive force toward silicone oil (Fig. S8b, c).
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Additionally, following storage at temperatures of 10 and 80 °C for 72 h,
the EHCC-CCS coating maintained the underwater crude oil CAs at 158°
and 155°, respectively (Fig. 5b). Notably, no silicone oil residue was
observed on the surface after being forced to sufficiently contact the
treated coating (Fig. S8d, e). To assess the long-term stability, the EHCC-
CCS coating was stored in ambient environment for 6 months.
Throughout this period, the underwater crude oil CAs consistently
remained above 155° and the EHCC-CCS coating maintained its
anti-silicone oil-adhesion performance after 6 months (Fig. 5c). The
above results indicated the great chemical resistance of the EHCC-CCS
coating, which mainly arose from the stable chemical structure
formed through crosslinking via chemical and hydrogen bonding be-
tween EHCC and CCS.

The mechanical robustness of the underwater superoleophobicity of
the EHCC-CCS coating was evaluated by the finger wipe, sandpaper
abrasion, bending and water impact tests (Fig. 5d). After undergoing
200 cycles of finger wipe, the EHCC-CCS coating exhibited no significant
changes in overall appearance. Under the function of the persistent
micro-nano hierarchical structure of the EHCC, the underwater crude oil
CA remained at 152° (Fig. 5e). When subjected to pressure from the
high-viscosity silicone oil, the EHCC-CCS coating demonstrated excel-
lent resistance to oil contamination (Fig. S9a). As for the sandpaper

abrasion, the EHCC-CCS coating was abraded with a 2000 mesh sand-
paper under a loading weight of 100 g (Fig. S9b). Noticeable scratches
appeared on the coating surface after 40 cycles, while the overall micro-
nano graded rough structure remained intact (Fig. 5f). The underwater
crude oil CA of the treated EHCC-CCS coating maintained at 151°, and
the silicone oil struggled to adhere to the scratched areas (Fig. S9c).
Moreover, the water impact test was carried out using a water jet to
attack the EHCC-CCS coating with water flow velocity of ~100 mL/min
and vertical distance of ~19 cm (Fig. 5g). After impacting for 30 min,
the EHCC-CCS coating remained underwater superoleophobicity and
great anti-crude oil-adhesion performance (Fig. S9d). Furthermore, an
EHCC-CCS coated PET film was respectively bent upward and down-
ward to above 90° to measure the coating flexibility. After bending for
200 cycles, the underwater crude oil CA kept at 154°, and the coated
film preserved excellent oil repellency (Fig. S9e, f). Notably, the EHCC-
CCS coating presented excellent mechanical stability. On one hand, the
multiple cross-linkable chemical structure formed by EHCC and CCS
strengthened the bonding forces within the coating [4,43]. Thus, the
EHCC was resistant to detachment under weak external forces. On the
other hand, the high EHCC doping level ensured a consistently rough
structure throughout the coating. Therefore, even if the severe external
forces caused wear, the internal hierarchical roughness remains intact to
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preserve the superwettability [26].

3.5. Adaptability of the EHCC-CCS coating on various porous substrates

In addition to the suitability for flat substrates, the EHCC-CCS
coating was easily applied to porous substrates, including textile,
stainless-steel mesh, and polyurethane sponge. Delightedly, the EHCC-
CCS coating exhibited a strong affinity for the oxygen plasma-treated
substrate surfaces, and provided a robust bonding force through chem-
ical bonding and physical adsorption. The pristine cotton textile
exhibited superhydrophilicity with a WCA at 0°, while the original
stainless-steel mesh (400 and 80 meshes) and polyurethane (PU) sponge
(density = 30 kg/m>) were hydrophobic with the WCAs at 118°, 115°,
and 123° respectively. Comparatively, all the modified porous sub-
strates transformed into a superhydrophilic state. The WCAs of the
EHCC-CCS-coated textile, EHCC-CCS-coated steel mesh of 400 meshes,
EHCC-CCS-coated steel mesh of 80 meshes, and EHCC-CCS-coated PU
sponge rapidly decreased to 0° within 0.13, 0.27, 2.4, and 0.4 s,
respectively (Fig. S10).

Delightedly, combining the roughness of the EHCC-CCS coating with
the microscale skeleton of textile and steel mesh, the EHCC-CCS-coated
textile and steel mesh (400 meshes) achieved underwater super-
oleophobicity with the crude oil CAs at 155° and 154°, respectively
(Fig. 6a-bs). Despite the severe deformation experienced by viscous
crude oil and silicone oil, no obvious adhesion occurred, and the EHCC-
CCS-coated textile and steel mesh (400 meshes) presented ultralow oil
adhesion forces (Fig. S11a, b). The C, O, and N elements of the coated
EHCC-CCS coating were evenly distributed on the skeleton of porous
substrates (Fig. 6d-ds). Comparatively, the underwater crude oil CAs of
the pristine cotton textile and steel mesh (400 meshes) were only 148°
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and 100°, respectively, with apparent oil adhesion and residue observed
on the uncoated surfaces (Fig. S11c, d). Unfortunately, due to the large
holes in the steel mesh (80 meshes) and PU sponge, oil easily infiltrated
these openings. Thus, the EHCC-CCS-coated steel mesh (80 meshes) and
PU sponge exhibited low underwater crude oil CAs of 144° and 147°,
respectively, with strong silicone oil adhesion occurring on the porous
surfaces (Fig. 6¢c-c3 and S12). Accordingly, the matched hierarchical
structure created by the EHCC-CCS coating and porous skeleton played a
crucial role in realizing underwater superoleophobicity and excellent
anti-oil-adhesion performance [44].

3.6. Anti-oil-fouling behavior and immiscible oil/water separation of the
EHCC-CCS-coated substrate

The anti-oil-fouling performance of the EHCC-CCS-coated substrates
was investigated in relation to various oils. The dyed dichloromethane
droplets presented sphere-like shape on the EHCC-CCS-coated iron
plate. Upon jetting a riptide of dichloromethane onto the underwater
EHCC-CCS-coated iron plate, numerous micro/nano droplets formed,
forcefully bouncing off the superoleophobic surface. Notably, no oil
droplets adhered to the plate (Fig. 7a). Furthermore, a patch of silicone
oil was extruded onto the prewetted EHCC-CCS-coated steel mesh (400
meshes) in an air environment. When submerged in water, the silicone
oil effortlessly levitated off the steel mesh without leaving any trace,
while the oil on the untreated steel mesh remained firmly adhered
(Fig. 7b). Additionally, a prewetted EHCC-CCS-coated textile experi-
enced severe fouling by immersion in crude oil. However, upon im-
mersion in water, the crude oil was promptly repelled, showcasing the
excellent self-cleaning capability of the EHCC-CCS-coated textile. In
contrast, the pristine textile only partially released the adhered crude oil

Fig. 6. Photographs, SEM images, and underwater anti-silicone oil-adhesion processes of the EHCC-CCS-coated (a-a3) cotton textile, (b-bs) steel mesh (400 meshes),
and (c-c3) PU sponge. (d-d3) Mapping images of Fe, C, O, and N elements on the EHCC-CCS-coated steel mesh (400 meshes).
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(Fig. 7c). The exceptional anti-oil-fouling performance was attributed to
the strongly and sufficiently hydrated layer that prevented oil adhesion
on the EHCC-CCS-coated substrates in a water environment.

To assess the immiscible oil/water separation performance of the
EHCC-CCS coating, the porous EHCC-CCS-coated textile was employed
as a filtration membrane, and representative oily wastewater with
various viscous oils (n-hexane/water, vegetable oil/water, and crude
oil/water mixtures) was selected for evaluation. Under the influence of
gravity, the water effortlessly permeated the EHCC-CCS-coated textile
due to its superhydrophilicity and was collected in the beaker. Mean-
while, the oils were effectively rejected and remained on the textile
surface due to its underwater superoleophobicity (Fig. 7d-ds).
Leveraging the hierarchical micro/nanostructures and intensified hy-
dration capability facilitated by multiple hydrogen bonding in-
teractions, the EHCC-CCS-coated textile successfully achieved to purify
the immiscible oil/water mixture even with a high oil viscosity. Signif-
icantly, the water collection efficiencies for the n-hexane/water, vege-
table oil/water, and crude oil/water mixtures highly reached 99.4 %,
99.0 %, and 97.8 %, respectively. The permeation fluxes presented a
gradual increase with the higher oil viscosities, which were 4.3 x 10,
4.9 x 10% and 5.1 x 10* L-m~2-h~! for n-hexane/water, vegetable oil/
water, and crude oil/water mixtures, respectively (Fig. 7e). Evidently,

the high-viscosity oil floating on water would force the water to passage
across the EHCC-CCS-coated textile and promote the separation veloc-
ity. As a control experiment, the immiscible oil/water separation of the
pristine textile was also measured. Except for the n-hexane/water
mixture, the pristine textile failed to separate the vegetable oil/water
and crude oil/water mixtures (Fig. S13). The weak and unstable hy-
dration layer allowed the viscous vegetable oil and crude oil to displace
water at surface and further penetrate the textile, resulting in serious
membrane pollution and ineffective oil/water separation.

To further investigate the separation capability of the EHCC-CCS-
coated textile, the intrusion pressures (P) of oils flowing through the
textile were calculated (P = pghmqx, Where p represented the oil density,
g denoted the gravity acceleration, and hyq, was the maximum height of
oil that the EHCC-CCS-coated textile could support) [45]. The intrusion
pressures presented a similar trend to the variation of permeation flux
with viscosity (Fig. S14). Encouragingly, the intrusion pressures for the
n-hexane, vegetable oil, and crude oil all exceeded 0.9 kPa, demon-
strating the great oil resistance during the oil/water separation process.
Additionally, the repeatability of the EHCC-CCS-coated textile for
separating crude oil/water mixture was tested. After 10 of separation
cycles, the crude oil/water mixture was still stably separated, and the
water collection efficiency and permeation flux retained at 97.1 % and
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4.82 x 10* L-m~2h ™, respectively. Besides, the underwater crude oil
CA remained stable at 152° and no significant oil adhesion was
observed on the EHCC-CCS-coated textile surface (Fig. 7f). Furthermore,
the used EHCC-CCS-coated textile still kept the exceptional underwater
superoleophobicity and anti-oil-fouling property after 100 cycles of
sandpaper abrasion (Fig. S15). Thanks to the strong hydration layer, the
EHCC-CCS-coated textile exhibited outstanding crude oil/water sepa-
ration performance with high efficiency and reusability.

3.7. Oil-in-water emulsion separation of the EHCC-CCS-coated PVDF
membrane

Practically, the purification of crude oil/water emulsion is difficult
due to the emulsion stability and high viscosity of crude oil. To measure
the separation performance of the EHCC-CCS-coating in crude oil-in-
water emulsion, different volumes of the EHCC/CCS solution were fil-
trated on a commercial PVDF membrane to prepare an EHCC-CCS-
coated PVDF membrane. Unlike the morphology of the original PVDF
membrane, a large number of EHCC particles were clearly observed on
the porous EHCC-CCS-coated PVDF membrane (Fig. 8a-ay). As the vol-
ume of the EHCC/CCS solution increased, the EHCC-CCS coating on the
PVDF membrane became significantly thicker and rougher, resulting in
fewer pores and narrower pore channels (Fig. 8b-c,). However, when the
volume of the EHCC/CCS solution further improved to 1.5 mL, the
porous structure was largely obstructed due to the sufficient incorpo-
ration of EHCC particles (Fig. 8d, d;). The AFM images revealed the
hierarchical micro/nanostructures of the EHCC-CCS-coated PVDF
membrane fabricated with 1 mL of EHCC/CCS solution (Fig. 8e). The r
reached 1.256, which was advantageous for resisting the attack and
adhesion of highly viscous crude oil.

The commercial PVDF membrane exhibited a great super-
hydrophilicity with the WCA rapidly reaching 0° within 1.2 s. Despite
the excellent water absorption capability, the PVDF membrane was
susceptible to adhesion by viscous crude oil and silicone oil, and the
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underwater crude oil CA was only 139°. Due to the coverage of the
EHCC-CCS coating, the porous EHCC-CCS-coated PVDF membrane
demonstrated the improved water absorption time as the volume of the
EHCC/CCS solution increased (Fig. 9a and S16). Specifically, the WCAs
of the EHCC-CCS-coated PVDF membranes deceased to 0° within 1.4,
2.2, and 4.0 s for EHCC/CCS solution volumes at 0.5, 1, and 1.5 mL,
respectively. Notably, the EHCC-CCS coating imparted excellent un-
derwater superoleophobicity to the PVDF membrane, achieving the
underwater crude oil CAs exceeding 155° (Fig. 9b). When the EHCC/
CCS solution volume was 0.5 mL, the EHCC-CCS coating was too thin to
fully cover the PVDF membrane, leading to the silicone oil fouling on the
EHCC-CCS-coated PVDF membrane (Fig. S17a, b). However, at volumes
of 1 and 1.5 mL, the EHCC-CCS-modified PVDF membranes exhibited
minimal adhesion to crude oil and silicone oil, with an adhesion force
close to 0 pN (Fig. 9c and S17c, d).

Three types of SDS-stabilized oil-in-water emulsions, composed of n-
hexane, vegetable oil, and crude oil, were provided as examples to
evaluate the emulsion separation performance of the EHCC-CCS-coated
PVDF membranes (Fig. 9d). Initially, pure water filtration was con-
ducted, and the obtained pure water fluxes decreased from 17,000 to
8060 L-m 2h lbar! as the volume of the EHCC/CCS solution
increased from O to 1.5 mL. Similarly, the permeation flux of the n-
hexane-in-water emulsion displayed a reducing trend, ranging from
14,800 t0 1100 L-m~2h~.bar . Clearly, the pore sizes and porosities of
the filter membrane significantly influenced the separation velocity of
the organic solvent-based emulsions. Accordingly, the pristine PVDF
membrane demonstrated the optimal performance in separating the n-
hexane-in-water emulsion. However, the changing trend of permeation
fluxes differed markedly for the viscous vegetable oil-in-water and crude
oil-in-water emulsions. With the EHCC/CCS solution volumes at 0, 0.5,
1, and 1.5 mlL, the permeation fluxes for the vegetable oil-in-water
emulsion were 203, 1120, 2285, and 724 L-m 2h '.bar ', and the
permeation fluxes for the crude oil-in-water emulsion were 12, 69, 159,
and 185 L-m~2h~L.bar™}, respectively. Obviously, the anti-oil-adhesion

Fig. 8. SEM images of the EHCC-CCS-coated PVDF membrane fabricated with different EHCC/CCS solution volumes: (a-a;) 0 mL, (b, b;) 0.5 mL, (c-c3) 1 mL, and (d,
d;) 1.5 mL. (e) AFM images of the EHCC-CCS-coated PVDF membrane fabricated with 1 mL of EHCC/CCS solution.
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separation performance of the crude oil-in-water emulsion with cycles.

performance played a crucial role in determining the separation velocity
of viscous oil-in-water emulsions. The PVDF membrane experienced
serious fouling by viscous oil, resulting in pore blockage and hindering
water passage through the membrane. For the EHCC-CCS-coated PVDF
membrane modified with 1 mL of EHCC/CCS solution, its strong hy-
dration capability provided an excellent anti-viscous oil-fouling prop-
erty (Fig. S17e). The combination of this hydration effect with the
porous structure featuring suitable pore channels led to outstanding
separation performance for treating the surfactant-stabilized viscous
emulsions.

The SDS-stabilized n-hexane-in-water and vegetable oil-in-water
emulsions appeared milky white, and the SDS-stabilized crude oil-in-
water emulsion exhibited a murky brown color. Following filtration
by the EHCC-CCS-coated PVDF membrane (using 1 mL of EHCC/CCS
solution), all opaque emulsions became transparent and clear, and the
existed micro/nanoscale oil droplets in emulsions disappeared in the
corresponding filtrates (Fig. 9e-e;). The 'H NMR spectrum of the
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collected oil demonstrated the water was nearly removed from the
surfactant-stabilized oil-in-water emulsion (Fig. S18). To test the cyclic
performance of the EHCC-CCS-coated PVDF membrane, pure water and
crude oil-in-water emulsion were sequentially filtered for each cycle.
After 10 of repeated cycles, the water flux decreased from the original
12,477 L-m 2h Lbar ! to 1124 L.m 2h lbar l. Additionally, the
permeation flux for the emulsion reduced from the pristine 159
L-m 2h lbar ! to 103 L-m 2h l.bar ! with a retention of 64.4 %
(Fig. 9f). Importantly, the separation efficiencies were above 99.8 %
during the repeated filtration processes (Fig. 9g). Despite the flux
decline due to the irreversible fouling, the separation performance for
the crude oil-in-water emulsion of the EHCC-CCS-coated PVDF mem-
brane still outperformed that of the commercial PVDF membrane.
Importantly, the EHCC-CCS coating presented good thermal stability
below 200 °C even after the immersion in the surfactant-stabilized crude
oil-in-water emulsion for 24 h (Fig. S19). Table S1 compares the
chemical composition, superwettable stability, substrate adaptability,



X. Su et al

and emulsion separation performance of the EHCC-CCS coating with
other reported underwater superoleophobic materials in the literature.
Consequently, the EHCC-CCS coating with excellent anti-viscous oil-
fouling behavior holds great potential for separating stable oil-in-water
emulsions.

4. Conclusions

In summary, we demonstrated a biobased coating with durable un-
derwater superoleophobicity and excellent anti-viscous oil-fouling per-
formance based on the hybrid of natural EHCC and CCS. Under the
synergistic effect of hierarchical roughness and multiple hydrogen
bonding interactions with water, the EHCC-CCS coating presented the
strong hydration capability to achieve superhydrophilicity with a WCA
of 4° within 10 s, underwater superoleophobicity with a crude oil CA
reaching 156°, and ultralow adhesion force against viscous crude oil and
silicone oil. Additionally, the EHCC-CCS coating behaved good super-
wettable stability to resist chemical and mechanical damages such as pH
variations, temperature fluctuations, finger wipe, sandpaper abrasion,
and water impact. Delightedly, the EHCC-CCS coating was versatile for
various flat and porous substrates to enable superior super-
hydrophilicity/underwater superoleophobicity and anti-viscous oil-
fouling performance. Furthermore, the EHCC-CCS-coated textile suc-
cessfully separated the immiscible oil/water mixtures with varying oil
viscosities, and the EHCC-CCS coated PVDF membrane realized the
surfactant-stabilized crude oil-in-water emulsion separation with high
efficiency, permeation flux, and reusability. The fabrication is simple,
cost-effective, and available for large-scale production, and the green
EHCC-CCS coating with durable underwater superoleophobicity and
outstanding anti-viscous oil-fouling property represents a significant
advancement for complex oily wastewater remediation.
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