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ARTICLE INFO ABSTRACT

Keywords: Two-faced characteristics and performance of materials driven by asymmetric physical or chemical properties
Janus exist in Janus hybrid materials which show synergistic and improved properties for a variety of applications.
Cellulose nanofibers sponge Here, we report a facile synthesis of Janus hybrid sustainable cellulose nanofibers (CNFs) sponge with asym-
Oil-water separation . s . . . . . .
metric wettability and strong mechanical property for excellent separation efficiency of oil-water emulsions.
Briefly, the CNF Janus hybrid sponge was fabricated by freeze-drying of two separate CNF suspensions into one,
each prepared separately by introducing CNFs in methyltrimethoxysilane (MTMS) or 3-glycidoxypropyltrime-
thoxysilane (GPTMS) for hydrophobic or hydrophilic performance, respectively. The sponge demonstrated
satisfactory mechanical stability with an excellent recovery from 80% compressive strain and high pore tortu-
osity. When employed for oil-water separation, the Janus hybrid sponge could selectively be used to collect water
or oil by just switching its side facing the oil-water mixture feed via unidirectional gravity-assisted separation,
with recyclability. The fabrication of such Janus hybrid sponge is one of the many approaches for utilizing

nanofibers in structurally adaptive, self-supported asymmetric membrane structures in a 3D network.

1. Introduction

Materials science and engineering research is strongly driven and
inspired by natural materials, organisms, insects, animals and processes
existing enormously in nature. For example, cactus, lotus, spider fibers
and desert beetles exhibit properties stemming from their asymmetric
physical assembly or asymmetric chemical nature, both in bulk and in
thinfilms [1-3]. Such materials with multiple-in-one properties are
interesting for a variety of engineering applications. Materials fabricated
with double-faced behaviors (asymmetric properties) are named Janus
with the name coming from Roman god Janus, due to a belief (according
to Roman mythology) that Janus is double-faced, with the two faces
placed back to back, enabling him to simultaneously see the past and the
future [4,5]. In this sense, therefore, Janus hybrid materials can be
described as a class of materials with opposing properties on both sides.
They can be prepared by asymmetric layers fabrication or asymmetric
surface adjustment. The structure of Janus materials allows oppositely-
differing material properties at the interface to work together leading to
a distinct transport behavior with in the material. The opposite inter-
action between the different sides of the Janus membrane makes it

synergistic and promising in applications such as switchable ion trans-
port, droplet manipulation, bubble aeration, unidirectional oil-water
separation, interfacial mass transfer and many others [4-8]. In fluid
separation applications, hydrophobic-hydrophilic porous hybrid Janus
membranes are fluid management materials with diode-like properties
such as unidirectional fluid transport across the porous media allowing
one-way flow of liquids with negligible pressures, but capable of
opposing it in reverse directions up to very high pressures. This
controlled application of the opposite sides of the absorbent porous
sponges imparts tunable fluid diodicity, made possible by competing
capillary forces.

Focusing on oil-water separation application, recently, there is an
increase in the production of oil/water mixtures from both domestic and
industrial, [9] such as petroleum, manufacturing, food, steel and many
others. Therefore, efficient separation of oil-water mixtures is a pre-
requisite for a sustainable economy, which is an important challenge
requiring fast viable solutions. Indeed, oil spill incidents and/or a
combination of oily waste liquids in existing water resources not only
disrupts the natural ecosystem balance and intimidate human health but
also is a waste of precious resources [10]. Janus membranes can be an
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efficient solution. This is because traditional existing separation
methods [11] for the separation of oil-water mixtures such as gravity
separation, membrane separation, air flotation, electro-coalescence, and
many others have consistent drawbacks like high cost (energy), low
efficiency, additional secondary pollution, complicated mode of appli-
cation (especially if it is a spill). In addition, they are not capable of
separating well stabilized (with surfactants) oil-water mixtures with
droplet sizes below 20 pm due to the tendency of the emulsion droplets
exhibiting a lower surface energy [12].

The techniques of oil spill clean-up currently employed involve; (1)
using dispersing agents to disperse oil phase in water which facilitates
natural degradation [13,14], (2) directly burning the floating oil
[15,16], and (3) using suitable adsorbents to extract the oil phase from
the water surface [17]. Amongst these, the use of adsorbents is
economical, efficient and eco-friendly as oil can be properly reclaimed
or discarded without any secondary pollution. Functional sorbents made
from polymers, graphene, silica aerogels, organophilic clays, carbon
nanotubes, nanocellulose have been applied for oil-water separation
[17]. However, the absorption efficiency of many these existing absor-
bents is limited, and come with increased production costs especially for
the case of silica aerogels and exfoliated graphite. However, nano-
cellulose based sorbents stand out. Cellulose is a good candidate mate-
rial because of many reasons. It is abundant in nature, sustainable and
environment friendly [18,19] and thus if employed to fabricate porous
highly adsorbent sponge/aerogel materials, it will be cost effective. In
the previous past, various research groups reported hydrophobic, flex-
ible, and ultra-light sponges and aerogels from cellulose nanofibers
(CNFs) for oil clean-up fabricated via octadecyltrichlorosilane modifi-
cation [20], a silylation process in water [21], freeze-drying and sub-
sequent triethoxy(octyl) silane vapor deposition [22,23] with excellent
ultra-high absorption capacity. However, in their reports, the
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absorption material reuse, oil recovery, structure integrity (mechanical
and chemical properties) were key issues especially for all-CNF based
materials.

In this work, a facile approach to fabricate a Janus hybrid sustainable
all-CNF sponge for oil-water separation is reported. The CNF Janus
hybrid sponge with opposing surface wettability and strong mechanical
property showed excellent separation efficiency of oil-water emulsions
and oil spill removal. Briefly, the CNF Janus hybrid sponge was con-
structed via a frozen hydrophilic CNF membrane with a single side hy-
drophobic CNF suspension coating. The resultant sponge possessed
hierarchical porous structure with low surface energy endowing the
hydrophobic side with a water contact angle of up to 156°. The sponge
also exhibited satisfactory integrated mechanical and chemical stability
properties with a rapid recovery from 80% compression strain and high
pore tortuosity.

2. Materials and methods
2.1. Materials

n-Hexane, THF, acetic acid, toluene, dichloromethane, paraffin oil,
oil red (an organic dye) sodium dodecyl sulfate (SDS), Methyl-
trimethoxysilane (MTMS), 3-glycidoxypropyltrimethoxysilane (GPTMS)
were all sourced from Aladdin Chemical Reagent Co. Ltd. (China). CNFs
were purchased from Tianjin Haojia Cellulose Co., Ltd. (China). Milli-Q
deionized water was used in all the experiments. All solvents and re-
agents were used without further purification.

Hydrophobic side

Janus Hybrid
CNFs Sponge

Freeze-dry

Cure and Crosslink
120 °Cfor1h

.

Hydrophilic side

Fig. 1. Preparation of Janus hybrid sustainable all-CNF sponge. The schematic depict the techniques and steps employed to obtain Schematic CNF Janus hybrid
sponge. Initial stages involved adding CNFs to MTMS and GPTMS, followed by stirring to obtain their homogenized solutions on opposite sides. The separately
prepared homogenized solutions were then frozen into CNF-based dispersions which were later freeze-dried for 48 h and cured at 120 °C for an hour to promote
further crosslinking. The final product was a Janus hybrid CNF sponge with asymmetric wettability and strong mechanical properties.
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2.2. Methods

2.2.1. Preparation of CNF Janus hybrid sponge

To design Janus hybrid sustainable all-CNF sponge with asymmetric
wettability, CNF suspensions were stirred in both Methyltrimethox-
ysilane (MTMS) and 3-glycidoxypropyltrimethoxysilane (GPTMS) in
separate glasses (Fig. 1). The resulting homogeneous mixtures were
frozen and then freeze dried. Thereafter, the obtained sponge was
further cured and then dried to promote further crosslinking. CNF was
chosen as building blocks for making Janus hybrid sponge due to its high
aspect ratio and excellent chemical, and barrier properties. MTMS was
used as hydrophobic modification reagent to decrease the surface energy
of cellulose nanofibers. As a reference, pristine CNF sponge was also
prepared by freeze-drying of pristine cellulose nanofibers suspension
without any modification. In detail, first CNF suspensions, MTMS and
GPTMS solutions were prepared separately. The optimized experimental
contents involved CNF suspensions made by adding 24 g of CNFs in 150
g of distilled water, followed by pH adjustment with acetic acid to pH 4.
MTMS and GPTMS solutions were made by adding 5.2 g of MTMS or
GPTMS in 100 g of water. Then, CNF suspensions were stirred with
either MTMS and GPTMS solutions in separate glasses at 500 rpm for 6 h
at ambient temperature in water. The resulting homogeneous mixtures
were half frozen and then freeze dried at -50 °C on Labconco FD5-3, USA
for 48 h. Thereafter, the obtained sponge was further cured and main-
tained at 120 °C for 1 h to promote further crosslinking. The sponges had
good interaction courtesy of the Si-O-Si bonds at the interface, due to the
presence both GPTMS and MTMS with Si—O components.

2.2.2. Preparation for oil-water emulsions and separations

Fine oil-water mixtures were prepared by adding some surfactants to
the oil-water mixture and then stirring at 300 rpm for 12 h. n-hexane
was dyed with oil red before mixing with deionized water to enhance
experiment visibility and the mixture was stabilized with SDS. The as-
prepared CNF Janus hybrid sponge was clipped into a home-made
filtration device of 2 cm in diameter. The oil-water mixture was
poured into the glass funnel and the water or oil permeated automati-
cally under the influence of gravity. This procedure was repeated for
different types of oil-water mixture separations.

2.2.3. Separation measurements

To calculate the separation flux (F) of collected oil or water, Eq. (1)
was employed, where V is the volume of the permeate, A is the valid
filtration area of the sponge and T is the testing time.

F=Viur

Also, the separation efficiency was calculated by considering the
rejection efficiency in percentage (E%) using Eq. (2), where Cfrqee and
Cfeeq are concentrations of permeate and the original oil-water feed after
one-time separation, respectively.

E(%) =1- Cﬂltrme/cﬁled

@

(2

For oil-water absorption capacity measurements, the CNF Janus
hybrid sponges were first weighed with the value recorded followed by
dipping the sponge in the organic solvent or oil for about 2 min. Organic
solvent (oil)-saturated sponges were removed with excess solvent on the
surface allowed to drip, and then immediately weighed and value
recorded. To determine the mass adsorption capacity (C,) of the Janus
hybrid sponge Eq. (3) was employed, where M is the mass of the sponge
before absorption and M; is the mass of the sponge after absorption,
respectively.

M, — M,

3
M 3)
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2.3. Characterization

The surface morphology of the sponges was analysed using scanning
electron microscopy (SEM Hitachi TM-3030). All samples were sprayed
with a layer of gold prior to the measurements. N3 adsorp-
tion—desorption isotherms were done at 77K °C using V-Sorb 2800P,
China porosimetry system. The specific surface areas and pore size dis-
tributions were calculated using multipoint Brunauer-Emmett-Teller
(BET) method and Barrett-Joyner-Halenda (BJH) method. Fourier
transform infrared spectra (FTIR) were done on PerkinElmer Spectrum
Two, USA spectrophotometer with a spectral range of 4000-400 cm ™!
and a step of 4 cm™L. The compressive stress-strain tests were obtained
using Changchun Xinke universal testing machine, China equipped with
a 50 N loading cell. The thermal stability of the sponges was done on a
TG 209 F3 Tars thermogravimetric analysis (TGA) equipment with start
sample weight of 20 mg heated from room temperature to 800 °C at a
rate of 10 °C/min under nitrogen atmosphere. The surface wettability of
the CNF Janus hybrid sponges were evaluated by the static water contact
angle (WCA) measurements at 25 °C. The obtained contact angle was
analysed using contact angle software which measures the droplet angle
from the shape of its image.

3. Results and discussion
3.1. AlI-CNF sponge characterization

3.1.1. Surface morphology

The morphologies of the CNFs sponges on opposite sides modified
with MTMS and GPTMS were observed using SEM, by taking the mi-
crographs of the top and bottom of the self-supporting sponge sample
(Fig. 2A). Also, pristine CNFs sponge SEM was captured (Fig. S1). The
GPTMS-modified SEM showed numerous and larger pores as compared
to MTMS-modified side of the sponge which were smaller in size. Critical
observation of GPTMS-modified CNF sponge side in comparison pristine
CNF showed various wide pore walls and thin sheets. This is attributed
to the aggregation of CNFs during freezing and ice crystal growth, which
is responsible for the migration of CNFs around the crystal boundaries
[24]. The same mechanism is expected for pristine CNFs. However, we
observed numerous nanofibers within the pristine SEM image in addi-
tion to the thin sheets. The difference in morphology can be attributed to
the open-ended structure (unlike in modified sponge with one being less
porous and hydrophobic) which facilitates solvent exchange. The
modified sponge also had improved crosslinking due to the GPTMS
unlike pristine CNFs, and thus reduced bonding of the nanofibers in
pristine CNFs sponge as a result. For MTMS-modified side, a porous
structure having thin nanosheets, nanofilaments, and nanoparticles was
observed. The nanosheets are attributed to agglomeration of CNFs
during the freezing as explained above. The nanoparticles observed in
the MTMS-modified side are of silica in MTMS, which also confirms the
successful modification CNFs with MTMS. The rough morphology on the
MTMS-modified side of the sponge is key to obtaining hydrophobic
CNFs. Overall, the modified CNF sponge exhibited a hierarchical 3D
open cell geometry interconnected with minor cellular pores, thin
sheets, nanoparticles, and nanofilaments. It is also important to note
that, without SEM images, both sides of the modified CNF sponges with
naked eyes appeared same.

3.1.2. FTIR analysis

The dual surface chemical behavior of the sponges was also char-
acterized by Fourier transform infrared (FTIR) spectroscopy (Fig. 2B).
First, neat CNFs sponge showed several peaks in the FTIR spectra at
3345 cm ™}, 2920 cm ™}, and 1020-1160 cm ™! which are ascribed to the
-OH, C—H and C—O stretching vibrations [25]. In addition to the
identified peaks, both modified sides of the sponge showed extra peaks
signifying successful modification of cellulose by MTMS and GPTMS. For
example, the spectra of MTMS-modified CNF side of the sponge showed
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Fig. 2. Chemical and physical properties of Janus
hybrid sponge. (A) Photographic images of the two
sides of the sponge. Top image depicts the hydro-
phobic side (MTMS-modified) and bottom is the hy-
drophilic side (GPTMS-modified) together with the
corresponding SEM images in (B). Both sides looked
similar when observed using naked human eyes. (C)
FTIR spectra of neat CNF and modified-CNF nano-
sponge sides. (D) Water contact angle and the
behavior of the Janus hybrid sponge towards water
on hydrophobic and hydrophilic surfaces. The water
drops are presented in different colors for clear visi-
bility. All photographic images' scale bars are 1 cm
and SEM images scale bars are 25 pm.
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new peaks at 766, 2925, and 1273 cm ! which are assigned CHj vi-
brations in silicane, Si-CHsz bonds, and Si-O-Si bonds, respectively
[26,27]. For the case of GPTMS-modified CNF side, the spectra showed
two sharp peaks at 904 cm™! and 851 cm™! which are ascribed to the
epoxide groups from GPTMS [28] and in addition to the peak at 2925
cm ! from Si-CH; bond. Overall, the results confirm existence of cova-
lent bonds and the strong interfacial interactions between cellulose and
organosilanes. The strong interfacial interactions are beneficial in many
practical applications.

3.1.3. Water contact angle measurements

We also analysed the surface properties of the modified CNF sponge
towards liquids. The MTMS-modified side of CNF sponge demonstrated
superhydrophobicity, opposite to superhydrophilicity of the GPTMS-
modified side (Fig. 2C) when different liquids were introduced on
their surfaces. This makes our sponge Janus hybrid due to the asym-
metric wettability of the two sides [4,5]. To quantify whether we had a
good Janus hybrid CNF sponge, we performed water contact angle
measurements (Fig. 2D). For the hydrophilic layer, the water droplet
spread rapidly on the sponge surface giving a water contact angle of 0°,
attributing the highly porous nature of the sponge. In contrast, the hy-
drophobic side of the sponge showed a water contact angle of 156° with
a round shape retention of the water droplet. This is attributed to suc-
cessful silane modification. Also, the surface roughness and low surface
energy are beneficial in improving the hydrophobicity. In addition, the
hydrophobic side of CNF sponge could support water droplets to stand

2000

1000

1000

on its surface while the oil droplet could be immediately absorbed.
Excellent hydrophilicity usually leads to oleophobicity in a water envi-
ronment. The water contact angles strongly depend on the functional
groups on the adsorbent surfaces. Therefore, in this case, it is likely that
MTMS coating induced by the functional groups (such as -Si-O-CHs-)
facilitated the hydrophobicity. Neat CNF is known to be hydrophilic.
Therefore, we compared its hydrophilicity with the GPTMS-modified
sponge side (Fig. S2). From the results, compared to the GPTMS-
modified sponges, CNF hydrophilicity was relatively inferior and
generally fragile (Fig. S3) when in contact with water. When the evo-
lution of hydrophilicity with time was measured, neat CNFs water
droplet attained a minimum angle of ~5° after 6 s, whereas GPTMS-
modified sponges showed a superhydrophilicity with water contact
angle of 0° within 3 s.

3.1.4. Mechanical properties

For a material to be employed in the separation of oil-water mixtures
it should exhibit some important properties. One of the key property is,
it should be shape-stable with proper pore sizes to repel oil, allow water
penetration and also avoid fouling [29]. During our experiments, we
noted that pristine CNF sponges were fragile and showed a water
induced-shape recovery while the Janus hybrid sponges emulated
higher flexibility and could be manipulated without breaking. At low
compressive strains of 40% (Fig. 3A), both the Janus hybrid and pristine
CNF sponge showed similar compressive stress-strain behaviors with
three distinct regions. For example, the initial low and linear strain
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Fig. 3. Mechanical, thermal and porosity behaviors of Janus hybrid sponge. (A) Comparative compressive tress-strain behaviors of pristine CNF and Janus CNF
sponge. (B) Photographic images of both the Janus hybrid sponge and pristine CNF after compression. (C) TGA curves of CNF GPTMS- and MTMS-modified CNFs in
nitrogen atmosphere, together with their corresponding derivative TG. (D) Comparison of the N, adsorption-desorption isotherms and (E) pore size distribution of

pristine CNF and Janus hybrid sponge.

region corresponds to elastic buckling and stretching of the cellulose cell
walls. The intermediate strain area where the cell walls tend to fail and
an abrupt stress increasing regime (high-strain region) corresponds to
the densification of cells because opposite cell walls tend to come in
contact with each other [30]. Moreover, the Janus hybrid sponge was
stronger than the pristine CNFs in the densification regime with some
differences observed in the initial compression stages ascribed to the
different mechanisms of distributing stress in the sponges. The modified
sponge has nanoparticles, nanofibers, and nanofilms which all take part
in the efficient stress distribution within the sponge as opposed to the
pristine CNF sponge. Overall, with 60% compressive strain, the Janus
hybrid CNF sponge could take in 29 kPa of stress as compared to only 15
kPa for the CNF sponge. This is strongly attributed to the strong cross-
linking effect, enabling good structural robustness. More still, the
compression stress-strain curve demonstrated that the Janus hybrid
sponge recovered almost back to its original shape (even after 80%
strain, Fig. S4) of which neat CNF sponge could not, showing good
mechanical properties (Fig. 3B). Therefore, due to excellent compressive
elasticity, the Janus hybrid sponge can be regenerated and easily used
through mechanically squeezing out of the oil (if used for spill cleaning).

3.1.5. Thermal gravimetric analysis

All the tested CNF sponges exhibited a three-step thermal gravi-
metric analysis (TGA) degradation profile (Fig. 3C). Generally, the
initial weight loss (T < 250 °C) was attributed to dehydration or evap-
oration of adsorbed moisture without thermal degradation. The second
degradation step starting from 250 °C to 400 °C is associated with
accelerated weight loss and is attributed to oxidative decomposition of
CNF chains. During a TGA measurement, it is expected that the silica

1001

content on the CNF and carbon will remain after 800 °C as silica is stable
up to 1700 °C. From TGA data, we were able to determine higher
amount of residue from GPTMS and MTMS modified samples, which
also confirmed the presence of additional silica residue to ash in the
modified CNFs as opposed to ash only in CNFs. More still, the increased
presence of carbon yield and silica during thermolysis tends to facilitate
the formation of a protective heat-resistant layer [31], capable of
impeding the heat transport which as a result hampers the formation of
flammable gases, consequently decreasing the amount of heat travelling
around in modified CNFs (with MTMS and GPTMS), making them better
candidates than pristine CNFs towards various high-temperature
applications.

3.1.6. Porosity analysis

Ny adsorption—desorption isotherms provided important details
about the pore structures of pristine and modified CNF sponges
(Fig. 3C). The Janus hybrid sponges displayed IV-type adsorption
isotherm according to IUPAC classification and the evident adsorption-
desorption hysteresis loops originating from capillary condensation. The
pore size distribution (Fig. 3D) was in the range of 1-100 nm and 1-70
nm for the pristine CNF and Janus hybrid sponges, respectively. This
indicates the presence of macropores (>50 nm mesopores (2-50 nm)
and micropores (<2 nm)) [27,32]. The BET results indicated a much
lower specific area for the Janus hybrid sponge (3.9 m?/g) as compared
with the pristine CNF sponge (8.5 m?/g). Also, BJH results showed that
the Janus hybrid sponge had a higher pore volume of 0.06 m>/g as
compared to 0.03 m>/g from pristine CNF sponge. This can be attributed
to the functionalization of CNFs in modified samples in which new
molecules were deposited on CNFs, which resulted into the increased
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density of the sponge, which overall decreased the specific surface area
and increased the pore volume of the Janus hybrid sponge. More
notably, we observed a steady suppression in BET surface area with
increased MTMS or GPTMS content (not shown), signifying that the void
volume fraction was suppressed within the sponge as a result of
condensing of the cellulosic scaffold after silylation. Nevertheless, the
Janus hybrid CNF sponge remained highly porous and light.

3.2. Application of all-CNF sponge in oil-water separation

3.2.1. Sorption efficiency of the sponges

In the next section we utilized the Janus hybrid CNF sponge in oil-
water separation application. Preliminary tests were performed to
determine the sorption efficiency of the sponges on several organic
solvents (Fig. 4). Briefly, oil red was added to organic oil solvents (n-
Hexane, toluene, dichloromethane (DCM), tetrahydrofuran (THF), and
paraffin) and the mixture was sonicated to give a homogeneous oil so-
lution. Then, 1 mL of dyed oil mixture was added to water (Fig. 4A).
Then, the Janus hybrid sponge was placed in contact with oil-water
mixture until the oil was completely absorbed on the hydrophobic
side of the CNF sponge (Fig. 4B). The same procedure was repeated for
sorption of other oil-water mixtures. After the absorption process, the
Janus hybrid CNF sponge was immersed in ethanol for 1 h to reclaim the
organic solvent. The absorption efficiency data is shown in Fig. 4B, with
the Janus hybrid sponge showing excellent absorption efficiency for
toluene. Generally, the oil absorption performance was rapid in about
30 s, which can be explained by the high porosity of the Janus hybrid
sponge offering more porous channels for oil within the sponge. The flat
shapes of the curves after 90s is ascribed to maximum absorption ca-
pacity the Janus hybrid CNF sponge when its surface area was almost
occupied fully by absorbed oils, hence preventing the sponge from
taking in extra oil. The maximum oil absorption capacity of the Janus
hybrid sponge was achieved in less than 30 s for DCM. The performance
observations of the Janus hybrid sponge are due to its effective pores and
the 3D enhanced networked morphology facilitated by the crosslinkers.
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The high porosity gives huge storage space to the Janus hybrid sponge
for oils and 3D morphology provides channels for oil to readily enter the
interior of Janus hybrid sponge.

3.2.2. Unidirectional gravity-driven separation

For gravity-driven oil-water separation application, the CNF Janus
hybrid sponge was placed between 2 glass tubes (d = 2 cm) with flange
and fastened with a masking tape. The Janus hybrid CNF sponge was
switched between hydrophilic side (Fig. 5A) and hydrophobic side
(Fig. 5B) facing the oil-water feed. The oil-water mixture was separated
from the upper to the lower tube. Fig. 5A shows the gravity-driven
separation of water from water-oil emulsion with the Janus hybrid
CNF sponge having its hydrophilic layer on the feed side of the oil-water
mixture. In Fig. 5B, the orientation of the Janus hybrid CNF sponge was
flipped with the hydrophobic side facing the feed. This is because the
sponge could allow water to pass through (for hydrophilic side facing
the feed) but repelling oil. The same with the hydrophobic side facing
feed, which allowed oil to pass through but repelling water. In the earlier
case (Fig. 5A), we could collect only pure water, and in the latter case
(Fig. 5B) only oil. The optical microscope images before and after sep-
aration of water from oil-water mixture is shown in Fig. C. Here, the
Janus hybrid CNF sponge acted as a switchable barrier courtesy of the
observed two-faced properties on each side. Due to the asymmetric
surface wettability, each side of the sponge performs individually during
oil/water separation, and thus the Janus hybrid sponge demonstrates
switch ability by facilely changing the oil-water mixture feed. A sum-
mary plot of the separation performance/permeate flux and their sep-
aration efficiency (in Fig. S5) with facile gravity-driven separation of oil-
water emulsion using the Janus hybrid CNF sponge is provided in
Fig. 5D, respectively. The general mechanism of separation goes as
follows; in scenario one (Fig. 5A) where the hydrophilic layer of the
Janus hybrid sponge is in contact with the feed of the oil-water mixture,
the sponge allows continuous water phase flow through it. However, the
rejected oil (if much) tends to accumulate and can easily form a barrier
layer on the sponge surface impeding water penetration [33,34]. This is
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Fig. 4. Sorption of organic solvents. (A) Demonstration of the performance of Janus hybrid sponge towards removal of organic solvents from water. (B) A plot of the
mass absorption kinetics depicting the absorption capacity across 120 s for different organic solvents.
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emulsions using the Janus hybrid CNF sponge together.

the reason as to why we see the water flux decreasing when the con-
centration of oil in water is high (Fig. S6). The opposite is true when the
Janus hybrid sponge is flipped exposing the hydrophobic side to the feed
which allows the oil phase to flow through. This reason explains why the
Janus hybrid sponge was very effective for the separation of low-
viscosity oils (Fig. S7). At last, the reusability of the sponges was eval-
uated by rinsing the samples three times with 50 mL of ethanol for 10
min. More interestingly, the squeezed sample could quickly absorb oil
again and regained most of its volume. We quantified the effectiveness
of oil-water (water permeate) separation after 3 cycles with same sponge
for n-hexane, toluene, DCM and THF emulsions. The performance of the
sponge was 93, 53, 100, and 76% for n-hexane, toluene, DCM and THF
emulsions, respectively (Fig. S8).

4. Conclusion

In summary, we have successfully demonstrated a facile and repro-
ducible approach to fabricate and design Janus hybrid sustainable
hybrid all-CNF sponge with asymmetric wettability by combining two
differently modified CNF suspensions via freeze-shape drying approach,
curing to further promote crosslinking. The process induced a
superhydrophobic-superhydrophilic wettability with a water contact
angle of up to 156°, super elasticity and high pore tortuosity. The Janus
hybrid sustainable all-CNF sponge could effectively separate oil-water
emulsions under gravity up to high flux values of 3300 L m 2 h™! (oil
flux) and 2687 L m~2 h™! (water flux) by simple switching of Janus
hybrid sponge faces. More still, our sponge exhibited superior anti-
fouling property with ease in application. It is anticipated that such
fabricated sponge can find applications in oil spill clean-up, fuel puri-
fication, wastewater treatment and many others.
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