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Oil-water separation materials have been deeply developed to solve oil spill problems. However, mechanical
strength and separation efficiency remain challenging. Based on the electrostatic repulsion, we design and
prepare oil-water separation materials to enhance the separation flux and resistance to pressure by adding so-
dium lignosulphonate nanoparticles (LSs) to the reduced graphene oxide (rGO), followed by surface modification
with trimethoxymethylsilane (MTMS). XRD patterns prove the positive action of LSs for improving interlayer
spacing of rGO, which contributes to an excellent separation flux (carbon tetrachloride/water, 43209.71
L-m2h) of MLNGA. The compressible recovery ability is enhanced to 49.91 kPa under 80 % strain. The MLNGA
presents excellent separation efficiency (~99.12 %) on a continuous oil-water separation device. All these results
indicate the outstanding performances and potential of MLNGA in oil-water separation applications. Moreover,
this design concept involves electrostatic repulsion and may be promoted to other anionic macromolecules such

as sodium alginate, tannic acid, and pectin.

1. Introduction

The marine oil spills and discharge of organic pollutants have caused
significant harm to the ecological system and the economy. Thus, it is
urgent to implement efficient oil-water separation to reduce the resul-
tant environmental pollution and promote resource restoration [1]. The
current treatment methods for oil-water mixture contamination include
membrane separation [2], centrifugal separation [3], in-situ combustion
[4], and oil skimmer [5]. However, efficiency or energy consumption is
the bottleneck in the application. Due to their low surface energy and
high hydrophobicity, three-dimensional (3D) porous material adsor-
bents can overcome these disadvantages [6].

Graphene oxide (GO) has been widely employed to form 3D porous
materials via the hydrothermal self-assembly method [7], template
method [8], chemical crosslinking method, and sol-gel method [9]. The
resultant GO-based 3D porous materials are suitable for the adsorption
of hydrophilic components due to the abundant oxygen-containing
groups on the carbon skeleton, such as carboxyl, hydroxyl, and

carbonyl groups. To improve the hydrophobicity, the reduced graphene
oxide (rGO) came into being via the hydrothermal method in the pres-
ence of reductants. The oxygen-containing functional groups conse-
quently reduce, along with a partial reduction of the sp® carbon. This
process contributes to the stacking among GO layers, which induces
structural collapse [10], viz., the essential interactions for 3D network
structure are destroyed, including the n-m conjugation, electrostatic
interaction, and hydrogen bonding [11]. Thus, the as-prepared rGO
generally presents poor separation flux and compressive strength in oil-
water separation. Upholders inserted among the layers can effectively
improve the above issues and are added to strengthen the close packing
between graphene oxide sheets, such as cellulose [12], double cross-
linked networks [13], and metal particles [14]. Deng et al. [14] pre-
pare aerogels from silver phosphate and graphene oxide with significant
3D structures (e.g., specific surface area and pore structure). However,
introducing nano-metal particles generally needs suitable functional
groups on the metal source, thus showing complexity and challenge
[15].

Abbreviations: NGA, EDA/GO aerogel; LNGA, LSs/EDA/GO aerogel; MLNGA, MTMS/LSs/EDA/GO aerogel; MNGA, MTMS /EDA/GO aerogel; GO, Graphene
oxide; LSs, Sodium lignosulphonate nanoparticles; EDA, Ethylenediamine; MTMS, Trimethoxymethylsilane.
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Fig. 1. Schematic of preparation of LNGA and MLNGA.

Natural and synthetic polymers can form nanoparticles to support
the rGO layers [16-18]. Thereinto, natural macromolecules have
attracted abundant attraction due to their sustainability, low cost, and
easy availability. Lignin, a biomacromolecule with a unique aromatic
structure, has been one of the most productive natural macromolecules,
and 225 million tons of lignin will be produced per year in 2030 because
of the incremental requirement of biofuel [19]. It is currently a by-
product of the pulping industry, although the “lignin-first” strategy
has been proposed for several years. The condensation and electrophilic
substitution reactions occur during the cooking process, and the tech-
nical lignin accordingly possess a complex chemical structure that limits
their high-value utilization. Nevertheless, lignin and lignin derivates
contain unique aromatic structures among the natural macromolecules,
facilitating physical interactions (e.g., T-t conjugation and hydrogen
bonding) with rGO. The phenol unit can also be a reducing agent based
on the phenol-quinone conversions. Moreover, the nanoparticle-type
lignin improved the mechanical performances of as-prepared bio-
materials, such as the strength and elongation at break. Thus, lignin
nanoparticles may favor the formation of the 3D pore structure of the
resultant rGO-based materials with enhanced mechanical properties.

Yue et al. [20] have prepared aerogels with ultra-lightweight and
good mechanical performances from diethylene triamine-functionalized
alkali lignin and GO. The electron-rich N atoms can facilely form non-
covalent forces with the rGO layer, such as the p-n conjugation and
hydrogen bonding. However, these attractions undoubtedly reduce the
layer spacing of rGO and the consequent flux in oil-water separation.
Sodium lignosulfonate is also a by-product but contains abundant sul-
fonic acid groups. The existing aromatic rings may endow it to form n-n
conjugation with rGO that contributes to preparing bulk; the sulfonic
acid groups may support electrostatic repulsion toward rGO layers that
favor larger interlamellar spacing and the resultant high separation flux.

The objective of the present study is to verify the role of sodium
lignosulfonate based on the abovementioned hypothesis. Thus, sodium
lignosulfonate nanoparticles LSs/EDA/GO aerogel (LNGA) are prepared
from the LSs and rGO via the hydrothermal method in the presence of
ethylenediamine (EDA). The LNGA is further modified by trimethox-
ymethylsilane to obtain high-hydrophobic bulks (noted as MLNGA). The
as-prepared MLNGA shows much higher separation flux and compres-
sive strength than the rGO aerogel and other rGO-based aerogel due to
the addition of LSs. We believe this economical, new-type, high-effi-
ciency, and environmentally-friendly oil-water separation material has
great potential for oil spill treatment.

2. Materials and methods
2.1. Materials

EDA is provided by Beilian Fine Chemical Development Co., Ltd.
(Tianjin, China). MTMS is purchased from Rhawn Chemical Technology
Co., Ltd. (Shanghai, China). Sodium lignosulfonate is provided by
Damao Chemical Reagent Factory (Tianjin, China). Sodium tripoly-
phosphate is purchased from Hefei Tianjian Chemical Co., Ltd. (Anhui,
China), and graphene oxide is purchased from Suiheng Technology Co.,
Ltd. (Shenzhen, China).

2.2. Preparation of LSs

The LSs were prepared according to the published data with few
modifications [21]. Sodium lignosulfonate is dissolved in deionized
water to obtain a suspension with a concentration of 2.4 mg/mL. Then,
sodium tripolyphosphate solution with a concentration of 0.8 mg/mL
was added to the suspension at a volume ratio of 1:1. The mixture is
stirred at a speed of 350 rpm for 15 min and subject to ultrasonic
treatment. Then, a suspension of lignin nanoparticles is obtained.

2.3. Preparation of NGA, LNGA, and MLNGA

The GO is dispersed in deionized water for 30 min to obtain a sus-
pension (50 mL, 5 mg/mL), followed by ultrasonic treatment for 45 min.
A specific amount of LSs (10 mL) and EDA (0.8 g) is added to the GO
suspension and stirred for 1 h. Then, the mixture was transferred into a
Teflon-lined hydrothermal reactor to obtain LSs/EDA/GO hydrogel at
200 °C for 24 h. The resultant hydrogel was immersed in deionized
water to remove impurities, followed by freeze-drying for 48 h to obtain
the LNGA. To address the importance of LSs, we also obey the same
route abovementioned to prepare EDA/GO (NGA) without adding LSs.

The hydrophobic modification of LNGA is performed via the
coupling reaction in the presence of MTMS. In detail, the LNGA are
immersed in 0.4 mL of MTMS in an oven at 105 °C for 10 h. Then, a
beaker containing deionized water is placed in the oven once the tem-
perature drops to 60 °C, and the reaction is performed for another 24 h
to obtain high hydrophobicity aerogel (referred to as MLNGA). The
preparation process of MLNGA is shown in Fig. 1.
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Fig. 2. Physicochemical characteristics of GO, NGA, LNGA, and MLNGA: (a) FTIR spectra, (b) XRD patterns, and (c) Raman spectra.

2.4. Characterization of MLNGA

Fourier transform infrared spectroscopy (FTIR) was used to distin-
guish the chemical variation of the GO, NGA, LNGA, and MLNGA on a
Nicolet iN10 MX spectrometer (Thermo Scientific, USA). D8 Advance X-
ray diffractometer (Bruker, Germany) was used to determine the
changes in the layer spacing of the prepared materials in the range of 0-
80°. The chemical elements in the prepared materials were determined
by X-ray photoelectron spectroscopy (XPS, Thermo Scientific, K-Alpha
instrument). Raman spectra of the materials were tested with a Raman
spectrometer (Raman, LabRAM HR Evolution). The thermogravimetric
analyzer (TGA, STA499F3, Netzsch, Germany) was used to determine
the thermal stability of the materials in the range of 30-800 °C at a
heating rate of 10 °C/min. After spraying gold treatment, the surface
microstructure of NGA, LNGA, and MLNGA was scanned by scanning
electron microscopy (SEM, JSM-7610Fplus, Japan). The distribution of
chemical elements on the surface of MLNGA was investigated by an
energy dispersion spectrometer (EDS, INCX-MAX, Japan). Cylindrical
aerogel with a gauge of 25 mm and a radius of 22 mm was compressed
by a universal tensile and compressive testing machine at a controlled
value of 10 mm/min (ZHIQU-990A, China). The water contact angle
tester (WCA, SL200B/K, Kono, USA) was used to analyze the wettability
of the materials at room temperature.

2.5. Oil-water separation

2.5.1. Determination of adsorption capacity toward oil

The adsorption capacities of MLNGA toward different oils are
determined by the immersion method. The MLNGA is immersed in the
selected oil until equilibrium adsorption (i.e., saturation) is reached.
During this process, the initial weight (Wp) and weight at equilibrium
(W3) of MLNGA are recorded to calculate the adsorption capacity ac-
cording to the following formula.

Q = W;-Wy /W, 1)

In the present study, the adsorption capacities toward oils with
different polarity are determined, such as n-hexane, xylene, dichloro-
methane, chloroform, carbon tetrachloride, soybean oil, rapeseed oil,
and dimethy] silicone oil. Each operation is performed in triplicate.

2.5.2. Gravity-driven oil-water separation

This separation system is self-constructed using a funnel, a beaker,
and an iron frame. The beaker is placed at the outlet of the funnel and
fixed onto the iron frame to collect the separated crude oil. MLNGA is
placed at the horn mouth of a 2.0 mm radius glass funnel. The oil-water
mixtures are prepared from an equal volume of organic solvents
(dichloromethane, chloroform, and carbon tetrachloride) and water,
which are subsequently poured into the separator; the time for the oil to
drain is recorded to calculate the oil-water separation flux of MLNGA.
The separation flux (L-m2-h™), viz., permeable volume per unit time, is
determined according to Eq. (2).

J = V/AT (2)

where A (m?) is the filtration area of the aerogel, i.e., the cross-sectional
area of oil passing through aerogel at the funnel in the present study; V
(L) denotes the volumes of the collected oil in the beaker, and T (h) is the
time required to separate the oil finally. For all the oil-water mixtures,
the abovementioned operations are performed ten times to evaluate the
material in terms of recycling performance.

2.5.3. Pump-driven oil-water separation

The pump-driven oil-water separation device system consists of a
beaker, a vacuum pump, and a suction filter bottle. The vacuum pump
and filter bottle are connected with a rubber tube seal, and the MLNGA is
fixed at the far end of the vacuum pump. When the pump starts working,
the MLNGA is placed into the oil-water mixture that is prepared ac-
cording to the proportion in 2.5.2. The separation efficiency is evaluated
according to Eq. (3).

T](%) = (mg-ml)/mo x 100 (3)

where my is the total mass of oil-water mixture and beaker, m; is the
mass of beaker and oil-water mixture after separation, and my is the
initial mass of oil.

3. Results and discussion
3.1. Chemical structure analyses of aerogel

FT-IR technique is used to analyze the chemical variability among
GO, NGA, LNGA, and MLNGA. In the GO spectrum (Fig. 2a), the typical
absorption peaks located at 1719 cm™!, 1424 cm™, 1613 em™, and 1046
em’! are attributed to the stretching vibrations of C=0, -OH, C=C, and
C-O bond [22]. Whereas the peaks at 1719 cm™ disappear in NGA,
LNGA, and MLNGA spectra, indicating the reduction reaction during the
hydrothermal reaction. Different from the NGA spectrum, the LNGA
spectrum shows characteristic peaks at 2926 cm™, 2846 cm™, and 1097
cm’! that are ascribed to the stretching vibrations of -OCHs, -CHs, and
S=0 bonds in LSs [23]. The LNGA is further treated by MTMS, and the
as-prepared MLNGA appears to have new peaks. Stretching vibration
peaks of C-O-Si and 0-Si-O linkages can be found at 1126 cm™, 1039
em™, 850 cm™, and 764 cm! [24], thereby providing evidence for the
silane modification.

The structural changes of different aerogels are compared through X-
ray diffraction patterns (Fig. 2b). GO exhibits a distinct characteristic
diffraction peak at 11.46°, which can be ascribed to the (001) crystal
plane. This observation indicates that the spacing between adjacent
graphene oxide sheets is more significant than that of the original
graphite due to the presence of oxygen atoms [25]. Simultaneously, a
characteristic diffraction peak corresponding to the (100) crystal plane
appears at 42.25°. The diffraction peak at 11.42° disappears in the XRD
pattern of NGA, and the new diffraction peak appears at 24.71°,
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Fig. 3. (a) XPS survey spectra of MLNGA. High-resolution XPS spectra of (b) C 1s, (¢) N 1s, (d) O 1s, (e) S 2p, and (f) Si 2p in MLNGA.

indicating an effective reduction of the oxygen-containing functional
group of GO and a decrease in the layer spacing of the rGO. This peak
shifts to 23.92° in the XRD pattern of LNGA, indicating the increase in
the interlamellar spacing of rGO sheets. According to the 2d xsin6 = na,
the interlayer spacings of NGA, LNGA, and MLNGA can be calculated as
0.369, 0.380, and 0.379 nm, indicating the positive effect of LSs on
increasing interlamellar spacing. These results proved our hypothesis,
viz., electrostatic repulsion between LSs and rGO can contribute to the
interlamellar spacing that can decrease the fluid resistance in oil/water
separation. Moreover, a moderate-intensity peak is found at 10.93°,
which contributes to the silicon dioxide [26]. This result proves the
successful modification by MTMS, and the consequent interlamellar
spacing of MLNGA has shown a slight decrease in LNGA (0.380 nm V.S.
0.379 nm).

Raman spectra for GO, NGA, LNGA, and MLNGA are shown in
Fig. 2c. It is evident that there are two classic peaks at 1583 and 1345
cm™ that correspond to the G and D peaks of carbon, respectively.
Among them, the G peak represents the plane stretching vibration of sp?
hybridized carbon atoms, while the D peak represents the defects of the
lattice of carbon atoms. The intensity ratio of D peak to G peak (Ip/Ig) is
usually used to assess the degree of structural defects, and the increasing
ratio indicates the increased structural defects. The Ip/Ig values of GO,
NGA, LNGA, and MLNGA are 0.84, 1.05, 1.11, and 1.16, respectively. In
comparison, the rGO-contained materials show increased Ip/Ig values,
which show the increasing disorder degree caused by the sp>-hybridized
carbon and structural defect, etc. [27]. Moreover, the Ip/Ig value of
MLNGA is approximate to that of LNGA, indicating that hydrophobic
modification does not enhance the degree of disorder.

3.2. Element composition of MLNGA

XPS analysis aims to characterize the chemical element composition
and the surface functional groups of MLNGA. Fig. 3a shows the
elemental composition of MLNGA, revealing two obvious characteristic
peaks at 532.2 eV and 284.8 eV that correspond to O 1s and C 1s
characteristic peaks. Additionally, MLNGA exhibits N 1s and S 2p
characteristic peaks at 399.5 eV and 167.9 eV, indicating the existence

of nitrogen-containing compounds and the successful doping of LSs
[28,29]. The appearance of Si 1s and Si 2p characteristic peaks at 153.2
eV and 102.3 eV further confirm the successful coating reaction of
MTMS [17].

The high-resolution XPS spectra of C 1s, N 1s, O 1s, S 2p, and Si 2p in
MLNGA are analyzed to further investigate the elemental composition of
MLNGA. The high-resolution spectrum of C 1s of MLNGA is shown in
Fig. 3b, which exhibits characteristic diffraction peaks corresponding to
C-N (286.9 eV), C-C/C=C (284.8 eV), C=0 (288.5 eV) and O-C=0
(287.8 eV) of MLNGA [30]. Fig. 3c presents the spectrum of N 1s in
MLNGA, in which the peaks at 405.5 eV, 399.5 eV, and 398.5 eV are
ascribed to the existence of graphitic N, pyrrolic N, and pyridinic N [31].
The high-resolution spectra of O 1s in MLNGA are depicted in Fig. 3d,
where the peaks of C=0, C-O, and Si-O-Si can be found at 531.3 eV,
532.2 eV, and 532.8 eV, respectively [32]. Also, the characteristic
diffraction peaks corresponding to C-S-O (169.1 eV), O=S=0 (167.8
eV), S-0O (166.5 eV), and C-S (164.5 eV) are observed in the S 2p spectra
(Fig. 3e). Furthermore, the Si-C and Si-O linkages can be identified from
the Si 2p spectra with the binding energies at 102.0 eV and 102.8 eV
(Fig. 3f), these two peaks further prove that MLNGA has been hydro-
phobically modified. All these results align well with FT-IR analysis.

3.3. Morphology of aerogel

The porous structures of NGA, LNGA, and MLNGA using scanning
electron microscopy are shown in Fig. 4. All the aerogels exhibit highly
porous microstructures with an ordered orientation. NGA shows a
typical rGO structure, i.e., an extensive spacer layer that appears as a
smooth parietal layer with obvious fractures (Fig. 4a; and 4ay). More-
over, the thickness of the NGA parietal layer is thinner than that of LNGA
and MLNGA (Fig. 4a-4c), dooming that NGA can not have excellent
mechanical properties. As a comparison, the LNGA and MLNGA show a
well-bedded multilayer structure internally (Fig. 4b and 4c). This phe-
nomenon may be induced by the fact that the LSs disperse among the
lamellae, play a role of support inside the aerogel, and further prevent
the collapse of the aerogel [33]. In addition, MLNGA shows a significant
increase in surface roughness while maintaining its structural integrity
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spectrum of MLNGA.

(Fig. 4c; and 4cp). The EDS mapping indicates the existence of C, S, O, Si,
and N elements (Fig. 4d-4i) with a percentage of 65.33 %, 2.01 %, 20.34
%, 8.92 %, and 3.14 % (Fig. 4j). These results prove that the successful
modification by LSs and MTMS.

3.4. Thermal stability and mechanical properties of aerogel

The thermostability of GO, NGA, LNGA, and MLNGA is investigated
using the weight loss curves, as presented in Fig. 5a. The initial mass loss
below 100 °C can be attributed to the loss of adsorbed water. The un-
stable oxygen-containing components pyrolyzed in the temperature
range of 100-270 °C. Moreover, the thermal weight losses of LNGA and
MLNGA are higher than those of NGA in the whole temperature range.
This phenomenon may be induced by an increased degree of disorder in
rGO, as proved by the Raman spectra. MLNGA has a higher residual
quantity than LNGA due to the formation of silicious compounds that act
as thermal cracking barriers and effectively prevent damage to the
aerogel structure [34].

3.5. Mechanical properties analyses of aerogel

The excellent mechanical properties of aerogels are crucial in oil-
water separation, and the results are shown in Fig. 5b-5f. Compressive
stress-strain curves show that the stress tolerance under a strain of 30 %
of NGA, LNGA, and MLNGA are approximately 2 kPa, 4 kPa, and 4.2
kPa, respectively (Fig. 5b). Thus, the LSs show a positive effect on the
mechanical strength. The modification of MTMS does not reduce the
mechanical strength of aerogel. Subsequently, compression experiments
are conducted on MLNGA under strains of 20 %, 30 %, 40 %, 50 %, 60 %,
70 %, and 80 %, respectively. The corresponding results are presented in
Fig. 5¢, from which MLNGA can withstand maximum stress of 49.91 kPa
under 80 % strain and exhibits sufficient elasticity to restore its shape
effectively. Fig. 5d shows that MLNGA demonstrates the ability to
recover its original shape even after 50 cycles of compression. All these
results indicate that MLNGA possesses excellent mechanical properties
and anti-fatigue ability. The flexibility of MLNGA is further confirmed in
Fig. 5f1-f3 and video S1, from which we can find that the MLNGA can still
be restored to its original condition when the 200 g weights are
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removed. As shown in Fig. 5g;-g3, MLNGA displays remarkable resil-
ience by recovering nearly its original height even after undergoing 50
cycles of compression at a strain of 30 %. Moreover, the resultant ma-
terials have a low density and can be supported on soft leaves or green
bristlegrass (Fig. Se).

3.6. Wettability of aerogel

The wettability of aerogel is the critical condition for the oil-water
separation technique. The initial contact angle of NGA is 59.20°, and
the water gradually penetrates the pore, indicating a hydrophilic surface
(Fig. 6aj-as). As a comparison, the initial contact angle of LNGA in-
creases to 103.22° (Fig. 6b;-bs), showing that the LSs can increase the

hydrophobicity of the bulk. This phenomenon may be attributed to an
increase in the amount of n-n conjugation provided by lignin nano-
particles [35]. These findings indicate that the modification by LSs
effectively adjusts the wettability of aerogel. However, it has not yet
achieved the high hydrophobicity state, thus necessitating silane
modification. The contact angle of MLNGA reaches 148.85°, indicating
excellent high hydrophobicity (Fig. 6¢1-c3) due to the surface coating of
methylsilanol groups [36]. When the highly hydrophobic aerogel is
forced into the water by an external force, a layer of air forms on its
surface, causing refraction and reflection and giving it a good luster.
This phenomenon can be found in (Fig. 6d;-dy and video S2), which
proves the remarkably high hydrophobicity of the MLNGA. We also drop
milk, HCl solution (pH=1.8), coffee, NaOH solution (pH=12.7), and tea
on the upper surface of MLNGA, and all the drops show a perfectly
spherical shape (Fig. 6e). These results reflect the high hydrophobicity
surface that can resist corrosion by acids and bases [37].

Due to the hydrophobicity of MLNGA, we refer to the concept of
intrusion pressure formula to further explain the separation mechanism
of the oil-water mixture by MLNGA [38].

Ap = Ay/d = C,(cosb,)/A 4

where y is the interfacial tension, d is the diameter of aerogel pores, C is
the perimeter of pores, A is the cross-sectional area of pores, and 6, is the
contact angle of liquid on the surface of aerogel. Because the contact
angle of water in the air of MLNGA is greater than 90°, the intrusion
pressure of water on the surface of aerogel is greater than 0 (i.e., Ap > 0),
which makes it difficult for water to penetrate into aerogel. On the
contrary, because of the lipophilicity of MLNGA (6, < 90° and Ap < 0),
oil can penetrate into aerogels.

3.7. Oil-water separation performance

Dichloromethane and n-hexane are mixed with oil red and injected
into the water, respectively. The sinking red liquid (i.e., dichloro-
methane) and floating red liquid (i.e., n-hexane) can be rapidly adsorbed
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Fig. 7. (a) Image of MLNGA adsorbing dichloromethane in water (oil red staining); (b) image of MLNGA adsorbing n-hexane in water (oil red staining); (c) ab-
sorption capacity of MLNGA for xylene, n-hexane, dichloromethane, chloroform, carbon tetrachloride, soybean oil, rapeseed oil, and dimethyl silicone oil; (d) image
of MLNGA continuous separation by gravity; (e) schematic diagram of MLNGA continuous separation by gravity; (f) the separation flux and efficiency of MLNGA for
dichloromethane, chloroform, and carbon tetrachloride; (g) recovery of carbon tetrachloride by MLNGA after 10 cycles of separation; and (h) recovery of chloroform
by MLNGA after 10 cycles of separation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 1
Comparison between MLNGA aerogel and other reported oil-water separation
materials.

Materials Oil Flux (L'm" Separation Sources
2hh efficiency (%)

LSs/GO/ Carbon 43,209 99.12 The present
MTMS tetrachloride study

SiOy/PDA Diesel oil 4000 - [42]

PC-a/ Chloroform 9300 ~90 [43]
$i020.6

PS/CA Petroleum ether 11,400 ~99 [44]

PDMS/PVP Chloroform 7500 ~99 [45]

PVDE/ Chloroform 42,402 99.96 [18]
Si02/GO

by MLNGA (Fig. 7a-7b and videos S3-S4). Moreover, the MLNGA just
adsorbs the low polar solvents and leaves the water phase, indicating its
excellent ability of oil-selective adsorption/permeation. The MLNGA
can also adsorb dichloromethane from alkaline or acidic mixtures
(videos S5-56), which further reflects that MLNGA has good environ-
mental adaptability. The oil adsorption capacity of MLNGA is further
evaluated using solvents with different polar. The absorption capacities
of MLNGA to p-xylene, n-hexane, dichloromethane, chloroform, carbon
tetrachloride, soybean oil, rapeseed oil, and dimethyl silicone oil are 38,
22, 43, 51, 58, 43, 37, and 49 g/g (Fig. 7c), respectively. These
adsorption effects are much better than the other reported materials
such as wood/epoxy biocomposite (6-15 g/g) [39], PFS@GC@PDMS
(12-27.8 g/g) [40], and MTMS-modified wood aerogel (M-WA) (12.3-
25.1 g/g) [41].

A gravity-driven oil-water separation system is employed to deter-
mine the separation efficiency of MLNGA (Fig. 7d and video S7).
Methylene chloride/water mixture (20 mL, V:V = 1:1) is poured into the
glass mouth of the glass funnel. The red oil phase can easily permeate
and stream down through the MLNGA while water is trapped above the
horn mouth of the funnel (Fig. 7e). This separation effect is achieved by
the high hydrophobicity surface of MLNGA. Additionally, the separation
fluxes of carbon tetrachloride/water, chloroform/water, and dichloro-
methane/water mixtures are 43209.71, 41328.44, and 36012.78
L-m2h?, respectively. The corresponding efficiencies are 98.35 %,
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98.61 %, and 98.57 %, respectively (Fig. 7f).

To further elucidate the excellent performance of MLNGA, we
determine the separation fluxes of MNGA, as shown in video S8. How-
ever, MNGA is unsuitable for oil-water separation due to its weak me-
chanical properties and is broken during this process. Moreover, the
separation capacity of MLNGA far exceeds that of other materials
and has excellent separation efficiency (Table 1). As illustrated in
Fig. 7g-7h, MLNGA maintains high separation flux and efficiency even
after repeated separation of carbon tetrachloride/water and chloro-
form/water mixtures 10 times.

As shown in Fig. 8a;-8a4 and video S9, MLNGA has excellent me-
chanical properties and thus can be used for pump-driven oil-water
separation. After the device is started, the hexane continuously separates
from the mixture without any significant residual oil droplets in the
water. The pressure difference between air and oil facilitates the
adsorption of oil into the pores of MLNGA (Fig. 8b). Fig. 8c presents that
MLNGA exhibits remarkable separation efficiency for n-hexane/water
(98.91 %), benzene/water (98.73 %), cyclohexane/water (98.46 %),
and xylene/water mixtures (99.12 %). The pump-driven oil-water sep-
aration device also confirms the continuous and efficient recovery of oil
spills facilitated by the MLNGA. At the same time, we evaluated the
stability of MLNGA. After 30 cycles of separation (Fig. S10a), the sep-
aration flux of aerogel decreased from 45472.82 L-m2h’! to 33862.7
L-m2hl. It can be clearly observed that after the tenth adsorption
process, the adsorption capacity decreased obviously and then remained
relatively stable, indicating that its internal structure was also stable,
which was mainly due to the contraction and collapse of the pore
structure.

4. Conclusion

We design and prepare MTMS-functionalized LSs/rGO oil/water
separation materials. The LSs have been proven to have a positive effect
on the interlamellar spacing of rGO, viz., the electrostatic repulsion
between LSs and GO may play an important role. Thus, the MLNGA has
shown mechanical properties, separation flux, and separation efficiency.
The high hydrophobicity surface shows a contact angle of 148.85°, and
the compressible recovery ability is also enhanced (49.91 kPa under 80
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Fig. 8. (a;-a4) separation of an oil-water mixture by MLNGA under vacuum pump; (b) schematic diagram of separation of oil-water mixture by MLNGA under the
function of vacuum pump; and (c) separation efficiency of benzene, n-hexane, cyclohexane, and xylene by MLNGA.
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% strain). The separation flux of MLNGA to carbon tetrachloride/water
can achieve 43209.71 L-m2h!, and MLNGA remains highly efficient
after ten cycles. It also shows excellent separation efficiency (~99.12 %,
xylene/water mixtures) on a pump-driven oil-water separation device.
All these results indicate the excellent performances and potential of
MLNGA in oil-water separation applications.
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