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KEYWORDS Abstract In this study, a reduced graphene oxide (rGO)@sodium lignosulfonate (NaLS) compos-
Reduced graphene oxide; ite material was fabtricated using a one-step method and then mixed with natural polysaccharide
Calcium alginate; calcium alginate (CaAlg) to prepare the rGO@NaLS/CaAlg pervaporation membrane. The appear-
Pervaporation; ance and physical properties of the rGO@NaLS/CaAlg membrane were characterized by scanning
Membranes; electron microscopy and water contact angle. The swelling performance of the membrane and its
Alcohol dehydration performance to organic solvents were evaluated. The results indicate that the addition

of rGO@NaLS can increase the hydrophilicity of the rGO(@NaLS/CaAlg membrane and reduce its
degree of swelling in the ethanol solution. The membrane incorporated with 6 wt% rGO@NaLS
exhibits the best pervaporation performance, and ethanol can be purified to 99.8%.
© 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction
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E-mail address: wangly@bjfu.edu.cn (L. Wang). Graphene is a new material in which carbon atoms connected

Peer review under responsibility of King Saud University. by sp (Zhao et al., 2021) hybridization are closely packed into
a single-layer two-dimensional honeycomb lattice structure
(Liu et al., 2019). Graphene exhibits excellent characteristics
such as low density and high specific surface area, and exhibits
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Mirabedini et al., 2020; Zhao et al., 2019; Tong et al., 2020; Yu
et al., 2020), energy (Liu et al., 2019; Chen et al., 2021), and
biomedicine (Shende and Pathan, 2020; Ma et al., 2019). Gra-
phene is a perfect network composed of infinitely conjugated
carbon—carbon double bonds (Fig. 1a), which is the reason
for the excellent performance of graphene materials. Graphene
oxide (GO) is dotted with a large number of oxygen-containing
groups on this network, which destroys the conjugated struc-
ture of graphene and causes pore damage (Fig. 1b). That by
the reduction process of graphene oxide it can be eliminated
its oxygen-containing groups and thus form a rGO. (Eigler
and Hirsch, 2014) (Fig. l¢)

Liet al (Qiu et al., 2011). used vacuum filtration to prepare
a reduced graphene membrane for liquid phase separation, and
the water flux reached 4 m—>-h~"-bar™!, indicating good selec-
tivity for nano-gold and nano-platinum particles. The carbon-
rich regions between adjacent rGO layers can form hydropho-
bic channels similar to carbon nanotubes (Sheng et al., 2020),
and there are pores on the surface of each layer, which is a
superior water-permeable material. Based on the structural
characteristics of rGO, it can also be used as an excellent mate-
rial to improve performance of dehydration membrane.
(Hamzah et al., 2020; Fan et al., 2019; Zhang et al., 2018;
Safarpour et al., 2015) However, the distance between rGO
sheets is short, has strong Van der Waals force, easy to
agglomerate, and exhibits poor dispersion in water (Guo
et al., 2013), considerably limiting the application of rGO.
Improving the dispersion of rGO and widening the spacing
of rGO layers are problems that need to be solved present.

Lignin is a general term for a large number of aromatic
polymers produced by the oxidative combinatorial coupling
of 4-hydroxyphenylpropanoids and is one of most abundant
biopolymers on the planet (Kai et al., 2017). Lignosulfonate
is a lignin derivative derived from papermaking waste, it has
a three-dimensional molecular structure and amphiphilic prop-
erties, and is highly sensitive to water molecules (Li et al., 2016;
Liu et al., 2015). There have been studies using lignosulfonate
as a modified filler to improve membrane performance (Li
et al., 2021; Guan et al., 2018). This study mainly uses lignosul-
fonate as a surfactant to modify rGO. As shown in Fig. 2, the
rGO@NaLS composite material can be prepared simply and
quickly by a one-step method. Lignosulfonate is compounded
with rGO sheets to destroy the van der Waals force between
the rGO sheets, expand its pores, and increase the hydrophilic-
ity of the rGO material (Chen et al., 2018), making full use of
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the pores on the rGO layer, combining the advantage of both,
can be used as an efficient water-permeable filler for pervapo-
ration membrane.

Alginate is a natural polysaccharide extracted from brown
algae, which exhibits good biodegradability and hydrophilic-
ity. Kuzminova et al (Kuzminova et al., 2021). developed a
dense and supported (polyacrylonitrile substrate) mixed matrix
membrane based on sodium alginate, modified with UiO-66 to
improve the pervaporation dehydration performance of the
isopropanol. The transmission characteristics of dense and
supporting membranes were tested, and the permeation flux
reached 0.47-3.38 kg~m’2-h’1, and the water content in the
permeate was 99.9-97.5 wt%. However, pure alginate has an
uneven structure and poor strength (Li et al., 2019), and its
separation performance requires further improvement. One
of the effective ways to enhance its performance is by introduc-
ing nanomaterials into alginate (Kuzminova et al., 2021; Liu
et al., 2019; Park et al., 2019; Cao et al., 2019). The previous
also tried to use nano-sheet materials to improve the perfor-
mance of the CaAlg membrane, and the pervaporation perfor-
mance was significantly improved (Li et al., 2021). However,
the surface of the MXene sheet material is dense and there
are no pores (Ding et al., 2018), so rGO@NaLS composite
material has the potential to further improve the CaAlg
membrane.

In the current study, an rGO@NaLS composite material
was prepared by chemical reduction and incorporation into
sodium alginate (NaAlg). By calcium alginate cross-linking,
a NaAlg-based rGO@NaLS/CaAlg membrane was fabricated.
The addition of rGO@NaLS composite material improved the
flexibility and water permeability of pure CaAlg membrane,
allowing molecules to quickly diffuse into the three-
dimensional space of the membrane. These characteristic pro-
viders the ability to overcome the “trade-off” effect during
membrane separation, thereby obtaining a superior pervapora-
tion membrane.

2. Experimental

2.1. Materials

NaAlg was supplied by Aladdin Industrial Corporation.
(Shanghai, China). NaLS was purchased from Sigma-Aldrich
Chemicals Co, Ltd. (USA). GO suspension was received from

Reduced graphene oxide

Schematic diagram of graphene structure material.
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Fig. 2 Comparison chart showing the preparation of GO. rGO, and rGO@NaLS composite material.

Hengqiu Technology Industrial Corporation. (Suzhou,
China). Ethanol (>99.7%) was supplied by Modern Oriental
(Beijing) Technology Development Co, Ltd. (Beijing, China).
Calcium chloride (CaCl,-2H,0) was supplied by Aladdin
Industrial Corporation. (Shanghai, China). Vitamin C was
offered by Coolaber Science & Technology Co, Ltd. (Beijing,
China). Polyacrylonitrile (PAN) ultrafiltration membrane
was obtained from Shanghai Lanjing Membrane Technology
Engineering Co, Ltd. (Shanghai, China).

2.2. Preparation of rGO@NalLS composite material

Dissolve GO nanosheets and NaLS in deionized water (40 ml)
at a certain mass ratio (1/16), and sonicate for a period of time
to make them uniformly mixed. Add vitamin C (0.1 mg-ml™")
to the above mixture, and reacted at 95 °C for 2 h (vigorous
stirring). Cool the reacted mixed solution to room temperature
and sonicate for 1 h to obtain a black homogeneous solution,
namely rGO@NaLS mixed solution, which can be further
obtained by vacuum filtration to obtain rGO@NaLS power.
(Chen et al., 2018).

2.3. Preparation of rGO@NaLS|CaAlg membranes

Approximately 1 wt% NaAlg powder was dissolved in the
rGO@NaLS composite material, magnetically stirred until
uniformity was reached, and allowed to stand for 24 h to elim-
inate bubbles. The obtained rGO@NaLS/NaAlg membrane
solution was cast on the PAN ultrafiltration membrane to
form a membrane, and then placed in a 0.5 M CaCl, aqueous
solution for cross-linking for 1 h. The cross-linked membrane
was then rinsed repeatedly with deionized water, and the excess
water on the membrane surface was removed with filter paper

to obtain the rGO@NaLS/CaAlg membrane. The rGO@-
NaLS contents were 0, 2, 6, 8 and 10 wt%.

2.4. Swelling experiments

The stability of the membrane in the ethanol solvent was eval-
uvated. CaAlg, rGO/CaAlg and rGO@NaLS/CaAlg dense
membrane were prepared (the dense membrane was prepared
by casting directly on the glass plate). After being dried at
room temperature, the membrane was placed in an oven to
dry for 72 h (100°C) and then weighed. The membrane was
immersed in 80 wt%, 85 wt%, 90 wt% and 95 wt% ethanol
solutions, respectively, and then allowed to stand for 72 h.
The excess solvent was quickly removed from the surface
and then weighed. To reduce the error, the experiment was
repeated several times. The swelling degree S (Wt%) is
expressed by the following formula:
Ws— Wp

S = W, x 100% (1)

where Ws (g) and Wp (g) are the weights of the rGO@-
NaLS/CaAlg membrane after and before swelling experiments.

For a scientific analysis membrane pervaporation process,
the CaAlg, rGO/CaAlg and rGO@NaLS/CaAlg membranes
were placed in deionized water to measure the swelling. The
process and calculation formula are consistent with the above
aforementioned swelling experiment.

2.5. Characterizations

The crystal structure and molecular structure of the rGO@-
NaLS composite material were characterized by X-ray diffrac-
tion (XRD, Ultima IV, Japan) and Fourier transform infrared
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spectroscopy (FTIR, Nicolet iS 10, Germany). Atomic force
microscopy (AFM, Brook, Multimode 8, Brook, USA) was
used to observe the flake structure of the rGO@NaLS com-
posite material. The morphology of the rGO@NaLS/CaAlg
membrane was characterized by scanning electron microscopy
(SEM, JSM-7610, Japan). The water contact angle of the
membrane was measured with a contact angle measuring
instrument (CA, LAUDA Scientific, Germany).

2.6. Pervaporation experiments

The rGO@NaLS/CaAlg membrane was placed in the perme-
ation cell, and the temperature of the digital display was set
to 40-70°C. The feed liquid was 90 wt% ethanol solution, the
feed flow rate was 2 L/min, and the cycle was repeated from
the feed liquid pump via the membrane side. The pervapora-
tion device used a plane cross-flow, the effective membrane
area was about 0.0023 m?, and the permeated vapor was col-
lected by a liquid nitrogen cold trap. To reduce errors, each
test was collected at least 3 times. Gas chromatography was
performed to analyze the ethanol concentration, and the
weight of the permeation was determined using an electronic
analytical balance. The performance analysis of the membrane
usually adopts the following formulae

o
=0 )

where J represents the permeation flux, Q (g) is the total
mass of the permeate collected during time ¢ (h), and A (m?)
denotes the effective area of the membrane.
YA XB
o=
XA YB

J

3)

where o represents the separation factor, X 4 and X denote
the ethanol and water concentrations (wt%) in the feed solu-
tion respectively, and Y, and Yjp are the ethanol and water
concentrations (wt%) in the permeate.

3. Results and discussion
3.1. Characterization of the rGO@NaLS composite material

3.1.1. rGO composite material dispersibility

As shown in Fig. 2, rGO and rGO@NaLS composite materi-
als are prepared by reducing graphene oxide (GO). Compared
with GO, rGO substantially reduces hydrophilic groups, exhi-
bits poor dispersion, and is agglomerated and suspended in
water. After NaLS is added during the reduction, by the com-
bination of NaLS and rGO, the hydrophilic group of rGO@-
NaLS increases, and the dispersibility is considerably
improved. The composite material shows excellent water dis-
persion, and can be used fully mixed with the CaAlg matrix.

3.1.2. X-ray diffraction and Fourier transform infrared
spectroscopy

The crystal structure of the rGO@NaLS composite material
was characterized by X-ray diffraction. As shown in Fig. 3a,
when GO and NaLS are directly mixed, there is a clear GO
characteristic peak at about 10" (Guan et al., 2018; Sharma
et al., 2017). A diffraction peak is observed at 20°, combined
with the peak at 27°, which represents the characteristic peak

of NaLS (Zhou et al., 2018; Chen et al., 2016; Xia et al.,
2018; He et al., 2015). Compared with the XRD diagram of
rGO@NaLS composite material, the GO characteristic peak
at about 10° disappear, and multiple continuous peaks appear
at about 15°-25° (Fig. 3a). It is preliminarily believed that this
is caused by the coincidence of the characteristic peaks of rGO
with different d values and the above-mentioned NaLS charac-
teristic peaks. The d value of these continuous sharp peaks in
the rGO@NaLS composite material is about 4 ~ 6 A (Accord-
ing to Bragg’s equation, 2dsin = nl), which exhibits an
increasing trend compared with the d value of ordinary rGO
(Chen et al., 2018; Sharma et al., 2017). This observation
proves the NaLS is inserted into rGO nanosheets.

Moreover, qualitative analysis of the composite material
was conducted by Fourier transform infrared spectroscopy.
As shown in Fig. 3b, the adsorption peaks of GO present char-
acteristic bands at 3300, 1720 and 1410 cm™!, which are
ascribed to the oxygen-containing functional groups on GO,
which are caused by the stretching vibrations of hydroxyl, car-
boxyl and carboxylate groups (Liu et al., 2011). In the infrared
spectrum of the rGO@CaL$ composite, the peak at 3300 cm ™'
is reduced, and the peaks at 1720 and 1410 cm™' disappear,
which proves that the —OH, —COOH and other oxygen-
containing functional groups on GO are significantly reduced,
which proves that GO is reduced. At the same time, the
absorption peak of -SO;H appeared in the composite material
at 1190 and 1068 cm ™' (Tang et al., 2018), which proved the
existence of NaLS in the composite material.

3.1.3. Tyndall effect and atomic force microscopy

The rGO@NaLS composite material was tested by AFM
(Fig. 4a), and a clear rGO flake structure appeared, with a
height of 5 ~ 6 nm (Fig. 4b) (Pisarkiewicz et al., 2020; Ma
et al., 2016). This observation preliminarily verifies the success-
ful compounding of NaLS with rGO nanosheets during GO
reduction. As shown in Fig. 4¢, the rGO@NaLS solution exhi-
bits uniformity and the Tyndall occurrence is observed (The
Tyndall effect diagram of rGO solution is shown in Supporting
Information Figure S2), which proves the presence of lamellar
materials. Compared with the rGO solution in Fig. 2, the
lamellar rGO is poorly dispersed in the aqueous solution and
in a suspension state. This finding proves that the addition
of NaLS largely alleviates the poor dispersion of rGO and
thereby facilitates its full mixing with the CaAlg solution, as
well as reduce the agglomeration of rGO, thus forming pores
with increased uniformity.

3.2. Characterization of a rGO@NalLS/CaAlg dense membrane

To observe the adsorption performance of the rGO@NaLS
membrane on ethanol, the degrees of swelling of CaAlg,
rGO/CaAlg and rGO@NaLS/CaAlg membranes in the etha-
nol solution were characterized. Fig. 5 presents, a schematic
of pure CaAlg (a), NaLS/CaAlg (b), and rGO@NaLS/CaAlg
(c¢) membranes. With the addition of NaLS, the color of the
membrane turns dark, and it is yellowish brown; with the addi-
tion of rGO@NalLS, the color of the membrane turns dark,
and it is black. Three kinds of membranes are used, and the
stability of each in the ethanol solution is evaluated.

As shown in Fig. 6, with increases in ethanol concentration,
the degree of swelling of the three kinds of membranes
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Fig. 3 XRD pattern (a) and FTIR spectra (b) of rGO@NaLS composite material.
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Fig. 4 AFM image (a), thickness distribution (b) and Tyndall effect (c) of the rGO@NaLS composite material.

decreases. In the 90 wt% ethanol, the degree of swelling of the
CaAlg membrane is 0.27, whereas that of the rGO@NaLS/
CaAlg membrane is 0.17, reflecting a 37% reduction relative
to that of the CaAlg membrane. The rGO@NaLS composite
material improves the stability of the membrane in the ethanol
solution. The membranes, rank by overall degree of swelling
are listed as follows: CaAlg > rGO/CaAlg > rGO@NaLS/
CaAlg. This sequence indicates that the rGO@NaLS/CaAlg
membrane exhibits the highest stability in the ethanol solution

and the lowest ethanol adsorption. Both characteristics facili-
tate ethanol and water separation. The results on the degree
of swelling of the CaAlg, rGO/CaAlg and rGO@NaLS/CaAlg
membranes in water are shown in Figure S1 of the Supporting
Information. The results indicate that the membranes exhibit
higher degrees of swelling in water and quickly reach swelling
equilibrium within 2 h. Further, CaAlg, rGO/CaAlg and
rGO@NaLS/CaAlg membranes more effectively adsorb water
than ethanol.

Fig. 5 Schematic of the membranes (a: pure CaAlg membrane; b: NaLS/CaAlg membrane; c: rGO@NaLS/CaAlg membrane.)
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Fig. 6 Degrees of swelling of the CaAlg, rGO/CaAlg and
rGO@NaLS/CaAlg  membranes at  different  ethanol
concentrations.

3.3. Characterization of the rGO@NalLS/CaAlg composite
membrane

3.3.1. Scanning electron microscopy

As shown in Fig. 7, the morphology of the rGO@NaLS/
CaAlg membranes with different contents of rGO@NaLS

were characterized by scanning electron microscopy. Fig. 7a
shows a pure CaAlg membrane without rGO@NaLS compos-
ite material. When the content of rGO@NaLS is 6 wt%
(Fig. 7b), only slightly changed on the surface of the mem-
brane. and the graininess is slightly higher than that of the pure
CaAlg membrane (Fig. 7a). When the rGO@NaLS content
was increased to 10 wt% (Fig. 7¢), a large lamella structure
appeared on the surface.

The cross-sectional thickness of membranes after dewater-
ing is around 10 um. When the content of rGO@NaLS is
6 wt%, the cross-sections of the membrane are arranged
tightly, no large gaps are found, and only some denser layered
structures are shown (Fig. 7bl); meanwhile, adding 10 wt%
rGO@NaLS (Fig. 7c¢1) membrane shows apparent cross-
sectional defects in the membrane. The effect of rGO@NaLS
on the inside of the membrane was observed by higher resolu-
tion SEM (Fig. 7a2, b2 and ¢2). Different rGO@NaLS/CaAlg
membranes show apparent internal differences. When the
rGO@NaLS content is 6 wt%, the structure is uniform and
the layered pores are clearly visible (Fig. 7b2); moreover, the
excessive rGO@NaLS, internal collapse and structural pores
are messy (Li et al., 2021) (Fig. 7¢2).

3.3.2. Water contact angle

Fig. 8 presents the hydrophilic characterization results of the
rGO@NaLS/CaAlg membranes of different rGO@NaLS
composite materials. As shown in the figure, when the content

Fig. 7 SEM images of the membrane surfaces and cross-section with the rGO@NaLS/CaAlg membrane. (different rGO@NaLS

content: 0% (a, al, a2); 6 wt% (b, b, bz); 10 wt% (c, !, 02)).
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of the rtGO@NaLS composite material ranges from 0 ~ 8 wt
%, the contact angle of the membrane gradually decreases
and the hydrophilicity gradually increases. The reason is that
NaLS is hydrophilic, and when compounded with the rGO
sheet, it increases the hydrophilicity of rGO@NaLS composite
material, and adding to the CaAlg matrix can increase the
hydrophilicity of the CaAlg membrane. In accordance with
the dissolution and diffusion mechanism of the membrane,
the hydrophilicity of the rGO@NaLS/CaAlg membrane
increases, the ability to dissolve water increases, and the water
flux gradually increases; when the content of rGO@NaLS
reaches 10%, the contact angle abruptly decreases to 17°, This
reduction is due to the excessive content of rGO@NaLS,
which led to defects on the surface of the membrane, increased
roughness (Fig. 7¢), and significantly increase hydrophilicity.

3.4. Separation performance of the composite membrane

3.4.1. Effect of rtGO@NaLS content

As shown in Fig. 9, the pervaporation performance of the
rGO@NaLS/CaAlg membrane was characterized using the
dehydration experiment of the ethanol solution. The effect of
the content of rGO@NaLS on the selectivity and permeability
of the membrane were preliminarily studied. As shown in
Fig. 9a, when the content of rGO@NaLS ranges from 2 wt
% to 6 wt%, the selectivity and permeability of the CaAlg
membrane can be simultaneously improved. Moreover, When
the content of rGO@NaLS is 6 wt%, the separation factor is
5780, and the permeation flux is 712 gm >-h~'. Under the
aforementioned condition, the highest selectivity is exhibited
(the separation factor and permeation flux of the pure CaAlg
membrane 6 and 1.5 times, respectively). Subsequently, the
content of rGO@NalLS increases, the selectivity of the rGO@-
NaLS/CaAlg membrane decreases, and the permeation flux
exhibits an upward trend. When the content of rGO@NaLS
reaches 10 wt%, and the permeation flux is 938 gm >h~".
The changes in ethanol and water fluxes of the rGO@-
NaLS/CaAlg membrane are shown in Fig. 9b. Moreover, with
an increase in the rGO@NaLS content, the water flux

80

- Water contact angle

Water contact angle/®
-~ (o))
(=) (=]
1 1

]
(=}
1

0 2 4 6 8 10
Content of IGO@NaL$

Fig. 8 Water contact angles of the rGO@NaLS/CaAlg mem-
branes with different contents of rGO@NaLS.
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Fig. 9 Pervaporation performance of the rGO@NaLS/CaAlg
membranes. (separation factor and permeation flux (a); ethanol
and water flux (b)).

increases from 502.1 gm >h~! to 971.8 gom 2h~!, which is
consistent with the change trend of the total flux in Fig. 9a.
The flux of ethanol initially shows a decreasing trend and then
increases. When the content of rGO@NalLS is 6 wt%, the flux
of ethanol is as low as 1.1 g-m~2h~'. The best dehydration
performance is thus exhibited, and the rGO@NaLS/CaAlg
membrane shows the highest selectivity. Subsequently, the
excessive content of rGO@NaLS causes membrane defects
and increases the ethanol flux.

In accordance with dissolution-diffusion mechanism of the
pervaporation membrane, adding rGO@NaLS increases the
hydrophilicity of the CaAlg membrane (Fig. 8), and enhances
the dissolution/adsorption of water molecules by the mem-
brane. Meanwhile, NaLS combines with rGO sheets to form
rGO@NaLS with certain interlayer channels, increasing the
diffusion channels of permeating molecules. This allows water
molecules to quickly pass through the membrane, and the
water flux increases rapidly. The rGO@NaLS/CaAlg mem-
brane is more stable in a high-concentration ethanol solution,
and the swelling effect is poor (Fig. 6), and the ethanol mole-
cules are limited by the channel size, when rGO@NaLS is
added, the ethanol flux decreases (Fig. 9b). The rapid transmis-
sion of water molecules also hinders the ethanol molecules to a
certain extent. At this time, the total flux and the water flux are
consistently increasing. When the rGO@NaLS content
exceeds 6 wt%, large gaps appear in the cross-section of the
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membrane (Fig. 7cl), the molecular transmission channel fur-
ther expanded, and both the ethanol flux and the water flux
increase. When rGO@NaLS content is 6 wt%, the highest sep-
aration factor of the membrane was the observed.

3.4.2. Effect of temperature on the rGO@NalLS/CaAlg
composite membranes

As shown in Fig. 9, the best pervaporation performance is
observed when the rGO@NaLS composite material content
is 6 wt%, so this type of membrane is selected for analysis in
the following discussion. As shown in Fig. 10, the influence
of operating temperature (40 ~ 70) on ethanol dehydration
performance is illustrated. As the temperature rises, the selec-
tivity and permeability of the rGO@NaLS/CaAlg membrane
increase. As shown in the figure, the separation factor and per-
meation flux reach 5569 and 802 g-m~2-h~!, respectively, at 70
‘C (Fig. 10a). However, the ethanol and water flux of the
rGO@NaLS/CaAlg membrane varies, and the water flux
changes from 494.7 gm 2h~! to 798.5 gm >h~!, and the
ethanol flux from 3.2 gm~>h~! to 3.5 g¢m~>h~", but such a
change is not significantly. (Fig. 10b)

With regard to changes in ethanol and water flux, fitting
according to the Arrhenius equation, the activation energy of
the water flux is 14.1 kJ/mol, and the activation energy of
the ethanol flux is 2.34 kJ/mol (Fig. 11). The positive and neg-
ative values of the activation energy are consistent with the flux
change, that is, water and ethanol flux increase with the
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Fig. 10 Dehydration effects of the rGO@NaLS/CaAlg mem-

brane at different operating temperatures.
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increase in temperature. (The detailed calculation process has
been added to the Supporting Information)

€The reason for this occurrence is that as the temperature
rises, high temperature provides a driving force for molecular
transport and accelerates the diffusion of molecules inside
the membrane. The addition of rGO@NaLS improves the
swelling resistance and hydrophilicity of the membrane in the
ethanol solution, and the change in water flux is more
significant.

3.4.3. Analysis of pervaporation performance

The aforementional experiments confirm that the rGO@NaLS
composite material can improve the selectivity and permeabil-
ity of the CaAlg membrane. This study also considers whether
the addition of rGO alone affects the permeability of the
CaAlg membranes. As shown in Fig. 12, after the addition
of rGO nanosheets, the lamellar structure of the rGO broadens
the molecular transport channels, and the selectivity and per-
meability are improved (the selectivity and permeability are
increased by 50% relative to that of pure CaAlg membranes).
However, owing the strong affinity between the rGO
nanosheets, poor dispersion, and easy stacking in polymer
CaAlg, the degree of improvement is low. After adding

6000 1000
Il scparation factor
I Permeation flux

5000

4000

2000 4

Separation factor
8
8
1
Permeation flux (g-m'2~h")

1000 +

CaAlg rGO/CaAlg

rGO@NaLS/CaAlg

Fig. 12 Comparison of the performance of the pure CaAlg,
rGO/CaAlg and rGO@NaLS/CaAlg membranes.
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Table 1 Dissolution coefficients, diffusion coefficients and permeability coefficients of water in the membranes.

Membrane Swater Dyuier X 1014/m2~s’1 Parer X 1014/m2~s’1 R’
CaAlg 1.298 1.483 1.924 0.9985
rGO/CaAlg 1.186 1.877 2.226 0.9986
rGO@NaLS/CaAlg 1.425 4.034 5.723 0.9990

rGO@NaLS, the selectivity and permeability of the membrane
are improved. Compared with pure CaAlg membrane, the
selectivity and permeability are increased by 418% and 75%,
respectively. The reason is that the LS group of NaLS$ exhi-
bits an affinity for the aromatics of rGO, and can be assembled
with the flat layer of rGO to form a composite structure, which
improves the dispersion of rGO@NaLS in the CaAlg matrix.
According to the principle of dissolution and diffusion, the
hydrophilicity of rGO@NaLS can improve the dissolution of
water molecules, and the hydrophobic channels between rGO
sheets can quickly diffuse water molecules, considerably
improving the transmission of water molecules.

3.4.4. Calculation of the dissolution and diffusion coefficients of

the membranes

On the basis of the dissolution-diffusion theoretical model, the
formula can be expressed as follows:

S = wy (4)
7 ho,
T (4(»% (5)
o, 4
on i VP! (©
P=DxS (7)

where w, (g/g) is the dissolved amount in ¢ seconds, w.,
(g/g) is the equilibrium dissolved amount / (m) is the thickness
of the cross-linked membrane, S is the solubility coefficient, D
is the diffusion coefficient, and P is the permeability
coefficient.

Table 1 lists the solubility coefficient (Syater), diffusion coef-
ficient (Dyaer) and permeability coefficient (Pyaee,) of the three
kinds of membranes in an aqueous solution. The rGO/CaAlg
membrane has a Sy, ., value of 1.186, which is lower than that
of the CaAlg membrane, which may be attributable to the
hydrophobicity of rGO nanosheets; the Dyger of the
rGO/CaAlg membrane is 1.877, which is higher than that of
the CaAlg membrane that is the addition of rGO nanosheets
expands the rapid molecular transport channel. This result
shows that the addition of rGO enhances the diffusion of per-
meating molecules and hinders the dissolution of water mole-
cules, but the permeability coefficient increases, indicating
that rGO improves the performance of the CaAlg membrane
and positively affects its diffusion. Both the solubility and dif-
fusion coefficients of the rGO@NaLS/CaAlg membrane
improve, especially the diffusion coefficient, which is 2.6 times
that of the pure CaAlg membrane, and the permeability coef-
ficient is significantly improved. The addition of the rGO@-
NaLS composite material improves the hydrophilicity of the
CaAlg membrane (Fig. 8), and the adsorption/dissolution
capacity is considerably enhanced. The rGO@NaLS compos-

ite material not only widens the diffusion channel in the CaAlg
matrix, but also NaLS combines rGO nanosheets to form
interlayer channels, further improving the diffusion of
molecules.

The permeation performace of rGO@NaLS/SA membrane
was further tested for long time (test conditions: 70°C, 90 wt%
ethanol solutions). The rGO@NaLS/SA membrane can still
maintain a relatively excellent separation effect after 180 h of
experiment, with the separation factor of 5125 and the perme-
ation flux of 791.2 gom~2h~". The legend analysis of this part
of the experiment is in the Supporting Information Figure S3

4. Conclusion

In summary, we prepared rGO@NaLS composite materials
using a reduction method, and fabricated rGO@NaLS/CaAlg
membranes for pervaporation. The introduction of NaLS into
rGO not only improves the dispersion of rGO, but also further
broadens the interlayer channels of rGO, so that water mole-
cules are transported quickly in the rGO@NaLS/CaAlg mem-
brane, which significantly improving the permeability and
selectivity of the CaAlg membrane. The membrane incorpo-
rated with 6 wt% rGO@NaLS shows the best performance,
and the ethanol concentration reaches 99.8% (the separation
factor is 5780 and the permeation flux is 712 g¢-m~2h~"). These
results indicate that the manufactured rGO@NaLS can effec-
tively improve the dehydration performance of the CaAlg
membrane and may benefit from practical applications. More-
over, rTGO@NaLS composite materials are expected to be
applicable in other membrane separation fields such as nanofil-
tration and forward osmosis.
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