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A new type of hybrid membrane was prepared by blending sodium alginate (SA) with benzenesulfonic-
grafted graphene oxide (BS@GO), which showed higher hydrophilicity and more defects or edges than
GO to create channels for the transfer of water molecules. BS@GO was synthesized by reacting aryl
diazonium salts with graphene oxide (GO). The BS@QGO sheets were aligned parallelly to the membrane
surface and affected the interactions between the SA chains. BS@GO could improve the hydrophilicity
and pervaporation properties of SA-based hybrid membranes. Also, compared to GO fillers, BS@GO
fillers could supply higher water permeance to improve the pervaporation flux and separation factor. For
the pervaporation of 90 wt% aqueous ethanol at 343 K, the optimum hybrid membrane with 1.5 wt%
BS@GO in the SA matrix showed the maximum permeate flux of 703 + 89 g m~2 h™! (1.4 times higher
than that of an SA membrane), and the highest separation factor was 5480 + 94 (5.6 times higher than
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DO 10.1035/d0ra02668a that of the SA membrane). Moreover, the hybrid membrane exhibited good stability and separation ability
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1. Introduction

Pervaporation is a progressive and high-efficiency separation
technology for the dehydration of organic aqueous solutions to
replace some traditional separation methods (such as distilla-
tion, azeotropic distillation, and adsorption) due to its simple
operation, low energy consumption, high sustainability and
high selectivity.'” Effective separation membranes should
possess good selectivity, permeability and stability.*® Currently,
pervaporation membranes mainly include organic membranes,
inorganic membranes and organic-inorganic  hybrid
membranes. The organic membranes usually consist of poly-
mer materials with excellent treating ability; however, they
suffer from easy swelling and mediocre selectivity. Inorganic
membranes (zeolite, silica, ceramic, etc.) have good chemical
stability and excellent separation performance; however, they
are brittle and expensive and show poor workability. Reddy et al.
revealed different nano-fillers used in the functionalization of
various polymer matrices with enhanced properties.”** Inor-
ganic fillers such as carbon nanotubes (CNTs),'**® graphene
oxide (GO)," cerium oxide (CeO,),"® zirconium oxide (ZrO,),"
titanium dioxide (TiO,),?® graphitic carbon nitride (g-C5N,)*"*
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and metal-organic frameworks (MOFs)* have been introduced
into polymer matrices to form hybrid membranes in order to
overcome the intrinsic limitations of organic or inorganic
polymers as membrane materials.

Graphene oxide (GO) has atomic thickness, high specific
surface area and extraordinary physical properties. The unique
structure of GO, which is composed of hydrophilic regions
(including hydroxyl, carboxyl and epoxy groups) and hydro-
phobic regions (aromatic rings), can realize the rapid trans-
mission of water molecules; therefore, it has attracted wide
attention.**¢ Self-assembly is an effective and popular method
to prepare GO-based membranes. The membranes composed of
GO sheets showed high flux for ethanol dehydration by perva-
poration.”” Membranes were fabricated through the layer-by-
layer self-assembly of gelatin and GO and utilized for ethanol
dehydration by pervaporation.”® The double-crosslinking
strategy was used to adjust the interlayer spacing of GO-based
pervaporation membranes to improve their performance in
isopropanol dehydration.*

However, self-assembled GO membranes reveal poor
stability in high-concentration aqueous solutions. Organic—
inorganic hybrid membranes show excellent stability and per-
vaporation properties for dehydration. Cha-Umpong et al
fabricated GO-based composite membranes to desalinate
concentrated inland brine by pervaporation and investigated
the transport of water molecules and hydrated cations through
them.*** Cao et al. prepared reduced GO (rGO) to blend with
a sodium alginate (SA) matrix. The rGO-based SA hybrid
membrane showed increased separation factors and unusual
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changes in its permeation fluxes.*” Both cation-functionalized
GO (lignin-decorated GO) and zwitterionic GO (PSBMA@GO)-
based SA matrix hybrid membranes expressed much more
promising pervaporation performance compared with bare SA
polymer membrane.>** Carboxyl graphene (CG) obtained by
the carboxylation reaction of GO was incorporated in the PVA
matrix via high-power ultrasonic treatment and showed high
separation performance for ethanol/water and methanol/MTBE
mixtures.?*

Benzenesulfonic group-modified GO with large electronega-
tivity showed stronger hydrophilic and ethanol repellence than
pristine GO (provided only by -COOH, -OH and epoxy
groups).*** The benzenesulfonic groups on the modified GO
surface could bind abundant water molecules to form a hydra-
tion layer, which preferentially accelerated the transport of
water molecules and repelled ethanol molecules in the feed
solution.®® At the same time, the interlayer spacing of the inner
GO sheets increased along with the connection of -SO;H groups
and large-volume benzene rings. The stability and dispersibility
were enhanced for the same reasons.*® Furthermore, the
establishment of covalent bonds between the benzenesulfonic
groups and grafted GO could produce more defects and edges
on the GO sheets, which endowed the channels with high
selectivity and fast transport for water molecules.”* Therefore,
the hybrid membranes prepared by blending benzenesulfonic-
grafted GO with hydrophilic polymers show potential to
improve the performance of pervaporation separation.

In this paper, benzenesulfonic-grafted GO (BS@GO) was
prepared by modifying GO with 4-aminobenzenesulfonic acid.
The physicochemical structure and hydrophilicity of BS@GO
sheets and SA-BS@GO hybrid membranes were characterized.
The performance of the hybrid membranes in pervaporation
dehydration was evaluated with ethanol aqueous solutions. The
influences of the BS@GO content, operating temperature and
feed solution concentration on the separation performance were
studied. The mechanism of SA-BS@GO hybrid membranes for
improving pervaporation performance was discussed as well.

2. Experimental
2.1 Materials

Graphene oxide (GO, membrane diameter 0.5-5 m) was
purchased from XFNANO Ltd (Nanjing, China). Sodium algi-
nate (SA, CP), 4-aminobenzenesulfonic acid (AR), hydrochloric
acid (GR), and absolute ethanol (AR) were purchased from
Shanghai Aladdin Biochemical Technology Co., Ltd (Shanghai,
China). Anhydrous calcium chloride (AR), sodium nitrite (AR)
and sodium hydroxide (AR) were supplied by Sinopharm
Chemical Reagent Co., Ltd (Shanghai, China). Nylon micro-
filtration membranes (pore size 0.2 um) were purchased from
Tianjin Jinteng Experiment Equipment Co., Ltd (Tianjin,
China).

2.2 Synthesis of BS@GO

BS@GO was synthesized by reaction of a synthetic aryl diazo-
nium salt with graphene oxide, as shown in Fig. S1.* First, 4-
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aminobenzenesulfonic acid (1 g), HCI solution (12 mL, volume
of ice water : concentrated HCl = 5 : 1) and NaNO, (0.4 g) were
sequentially added to NaOH (20 mL, 2.0 wt%) solution with
stirring. The reaction was maintained at 273 K for 15 min to
form an aryl diazonium salt. The product was then added to
a GO suspension (200 mL, 1 mg mL ") and stirred for 4 h in an
ice bath, then washed with water and centrifuged until the pH
of the solution was near neutral. The freeze-drying process
afforded BS@GO.

2.3 Fabrication of hybrid membranes

A nylon filter with an average pore diameter of 0.2 pm was used
as a substrate of the composite membrane. A BS@GO aqueous
dispersion was prepared and dispersed by sonication for 1 h.
Then, magnetic stirring was carried out at 303 K for 4 h to
obtain a uniform SA-BS@GO casting solution. The concentra-
tion of SA in the obtained casting solution was 1.5 wt% and the
concentration of BS@GO in SA was 0 wt%, 1.0 wt%, 1.5 wt%,
2.0 wt%, or 3.5 wt%. The casting solutions were placed at room
temperature for 1 h to remove bubbles from the solution. The
cast membrane droplets were coated on a porous nylon
membrane substrate and dried at room temperature. The dried
membranes were immersed in CaCl, solution (0.5 M) for
10 min, rinsed several times with deionized water, and then
dried at room temperature again. The resulting membranes
were named SA-BS@GO-X (X represents the mass ratio of
BS@GO to SA). The corresponding homogeneous membranes
for the characterization tests were prepared on glass plates
instead of nylon filters by a similar preparation procedure.

2.4 Measurement of separation performance

The permeation separation performance of the composite
membranes was evaluated by a pervaporation separation tech-
nique using water/ethanol mixtures. The pervaporation experi-
ments were carried out on a self-made device in the laboratory.
Under the action of the vacuum pump, the absolute pressure on
the downstream side of the membrane was controlled under 0.4
kPa. The effective area of the membrane was 9.62 cm?, and the
flow rate of the feed liquid was controlled at 25 L h™'. The
membrane reached a steady state, and the permeate was
collected in a cold trap immersed in liquid nitrogen. The
permeate was weighed and the composition was measured by
gas chromatography. The main pervaporation data of perme-
ation flux (J, g m > h™") and the separation factor («) were
calculated separately as follows:**

0
J:A X t (1)
_Pw/PE
aiFW/FE (2)

In eqn (1) and (2), Q (g) is the mass of the permeate (g), ¢ is the
time interval (h), and P and F are the mass ratios of water
(subscript W) and ethanol (subscript E) of the feed and
permeate, respectively.
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2.5 Calculation of activation energies by the Arrhenius
equation

The relationship between the operating temperature and
permeate flux was determined by the Arrhenius equation.*

Ji = Jo 67E"'/RT (3)

In eqn (3),/; (g m~2h™ ") is the rate constant, J, (g m > h ™) is the
pre-factor (also called the frequency factor), E, (k] mol ') is the
apparent activation energy, R (k] mol™" K™') is the molar gas
constant and 7' (K) is the thermodynamic temperature. Take R =
8.314 x 102 kJ mol ' K, and take the logarithm of the
equation as in eqn (4):

E, 1000
W

ani:lnA78_314 X (4)

Therefore, by plotting the line graph of In J; vs. 1000/7, the value
of E, can be obtained.

2.6 Driving force normalized form of permeation flux and
selectivity calculation

In order to prove the intrinsic properties of the hybrid
membrane, the permeability was further calculated by the
equation (P/l); (gas permeation unit (GPU), 1 GPU = 7.501 X
107" m?® (STP) m > s' Pa™') and the selectivity (8) as
follows:***

Ji

(P/1), = PO TR (5)
_ (/)
=, (6)

In eqn (5) and (6),J; (g m~>h™ ") is the flux of substance I and v;,,
Xio and P3* are the activity coefficients, mole fraction and
saturated vapor pressure of component i in the feed, respec-
tively. P;, and P; (Pa) are the partial pressure of the feed side and
the permeate side of component i, respectively; they can be
considered to be zero under high vacuum conditions. v;, and
P5" were calculated by Aspen simulation and the Antoine
equation, respectively.

2.7 Characterization

The roughness data of the membrane surfaces were obtained by
atomic force microscopy (AFM, Dimension, Germany) in the X-Y
direction; the typical scanning range was 90 pm x 90 um, and the
height distribution range of the GO or BS@GO sheets was 10 um
x 10 pm. X-ray photoelectron spectroscopy (XPS, ESCALAB 250Xi,
Japan) was used to analyse the elements contained in the samples.
The zeta potentials of the samples were measured by a Zetasizer
Nano (Nano-ZS90, England). The morphologies of the
membranes were observed by a field emission scanning electron
microscope (FESEM, SU8020, Japan). X-ray diffraction (XRD,
X'Pert PRO MPD, Netherlands) with a scan range between 5° and
60° and a scan speed of 5° min~" at room temperature was used to
study the chemical compositions of GO and BS@GO to determine
the crystal structure of the successfully grafted and mixed
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membrane of 4-aminobenzenesulfonic acid. Raman spectroscopy
(Raman, LabRAM HR Evolution) was carried out with an incident
laser with a 514 nm wavelength. The chemical structures of GO,
BS@GO and the membranes were analysed by Fourier transform
infrared spectroscopy (FT-IR, Nicolet 67, America) with a scan
range of 4000-500 cm™*. Thermal performance was obtained in
a temperature range of 298-873 K (heating rate 10 K min~ ") using
thermogravimetric analysis (TGA, STA 449F5, Germany) and
differential scanning calorimetry (DSC, DSC 214, Germany) with
a temperature range of 303-473 K. The hydrophilicity of the
membranes was measured by a static contact angle meter with
about 5 puL pure water drop (CA, Jinzhitang, China). The perva-
poration unit tested the separation properties and the effects of
the operating conditions.

3. Results and discussion
3.1 Characterization of BS@GO

The FT-IR spectra of GO and BS@GO are shown in Fig. 1a. The
stretching vibration peaks of the C-H bonds in the benzene ring,
hydroxyl group (-OH), carboxyl group (-COOH), and carboxylate
salt (-COO™) are located at 2919 cm ™', 2853 cm™*, 3364 cm ™,
1727 cm™ " and 1616 cm ™', respectively.’>** For BS@GO, two new
peaks appeared at 1219 cm ™' and 1064 cm ™', which are related
to the stretching vibrations of S=O and S-O bonds, respectively;
this indicates the successful introduction of benzenesulfonic
groups. The addition of benzenesulfonic groups increased the
disorder of carbon in the graphite plane (Fig. 1b), and BS@GO
exhibited a higher Ip/I; value (1.03) than GO (0.94); this indicates
that more sp® hybridized carbon and more structural defects
appeared on BS@GO than on GO.**** The elemental composition
was further investigated by X-ray photoelectron spectroscopy
(XPS), as shown in Fig. 1c and S2.} S element was introduced into
the GO by benzenesulfonic group functionalization. In Fig. 1c,
the peaks of S 2s and S 2p appear in the spectrum of BS@GO. For
the S 2p spectral fitting peaks, denoted in Fig. S2, a main peak at
around 168 eV corresponds to sulfonate functional groups,
indicating that S was in the form of sulfonic acid.*® These results

(b)
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GO p/ige094

Intensity (a.u.)

1000 800 600 400 200 0 ] 2 » ® & “
Binding energy (¢V)

Fig. 1 (a) FT-IR spectra of GO and BS@GO; (b) Raman spectra of GO
and BS@GO; (c) XPS surveys of GO and BS@GO; and (d) XRD patterns
of GO and BS@GO.

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Surface morphologies of (a) SA; (b) SA-BS@QGO-1.5; (c) SA-
BS@GO-3.5 and (d) cross-section morphology of the SA-BS@GO-1.5
membrane.

indicate that BS@GO contained benzenesulfonic groups. This
result could be confirmed by the XRD spectra (Fig. 1d). Because of
the relatively large molecular size of the benzenesulfonic groups
between the sheets, the interlayer spacing of BS@GO calculated
using the Debye-Scherrer equation was 0.931 nm, which was
larger than that of GO (0.835 nm).

BS@GO showed a higher zeta potential absolute value than
GO, as shown in Fig. S3; 1 thus, BS@GO can be stable in
aqueous solution. Therefore, BS@GO showed excellent water
dispersion compared to GO, as shown in Fig. S4.1 Just as GO
had been successfully modified by benzenesulfonic groups,
BS@GO showed poorer affinity to ethanol.***” The BS@GO
precipitated easily while GO tended to remain suspended in
ethanol, as shown in Fig. S4.1

3.2 Physiochemical properties of the SA-BS@GO-X
membranes

The morphologies of the hybrid membranes SA-BS@GO-1.5 and
SA-BS@GO-3.5 were compared with that of SA membrane. From
the surface morphology pictures in Fig. 2(a—c), all the membranes
were smooth and dense. However, the SA-BS@GO-3.5 membrane
showed wrinkles due to its plentiful BS@GO sheets.” The cross-
sectional morphology of SA-BS@GO-1.5 revealed that a dense
layer about 5 um thick was tightly supported by the honeycomb
nylon substrate (Fig. 2d). The porous honeycomb nylon substrate
endowed the hybrid membranes with sufficient mechanical
strength and negligible permeate resistance. The dense layer
should act as the active layer during the pervaporation progress.
AFM images in the 4 x 4 um? scanning area (Fig. S5T) confirmed
the SEM results, with inconspicuous differences in both the
surface roughness and morphology between the SA and SA-
BS@GO-1.5 membranes. As shown in the XRD patterns in
Fig. S6,1 neither new bonds of BS@GO nor bond shifts appeared

SA-BS@GO-1.5
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Fig. 4 FT-IR spectra of the SA and SA-BS@GO-X hybrid membranes:
(a) whole spectra; (b) spectra of region (i); (c) spectra of regions (ii) and
(iii).

with the different dosages of BS@GO in SA; it can be ascertained
that the BS@GO sheets were distributed homogeneously inside
the SA matrix, which is identical to results in published papers.>>*

The cross-sectional images captured from the active layer
showed differences in the membranes of SA and SA-BS@GO-X,
as shown in Fig. 3. The cross-section of SA was relatively smooth
and homogeneous, as shown in Fig. 3a. Fig. 3b and c denote
that the BS@GO sheets tended to arrange horizontally in the
membrane surface of the SA matrix.”® In the SA-BS@GO-1.5
matrix, the filler sheets were arranged in an orderly manner
parallel to the membrane surface (the yellow dashed lines mark
the parallel direction of the BS@GO sheets in Fig. 3b). Fig. 3c
revealed that the filler sheets may suffer from overlapping and
curving (called agglomeration) at the SA-BS@GO-3.5 matrix.
When agglomeration occurs, the advantages of the filler sheets
cannot be fully exploited.*

The chemical structures of the pure SA and SA-BS@GO-X
hybrid membranes were studied by FT-IR, as shown in Fig. 4.
For all of the membranes, similar characteristic peaks of the
stretching vibration of the -OH group (i region), symmetric
stretching vibration of the -COO™ group (ii region), and asym-
metric stretching vibration of the -COO™ group (iii region)

S-m

S.um

SA-BS@GO-3.5

Fig. 3 Cross-section images of the matrices of (a) SA; (b) SA-BS@GO-1.5; (c) SA-BS@GO-3.5.

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 DSC curves of the SA and SA-BS@GO-X hybrid membranes.

could be designated at ~3400 ¢m™', ~1610 cm ', and
~1425 cm™*, respectively (Fig. 4a). The peaks at 1100 cm™ " and
822 cm™ ! can be attributed to C-O-C of aliphatic ether and
cyclic ether from the SA matrix and were identical among the
different membranes. Meanwhile, in region (i), the band shifted
from 3390 cm™' (pure SA membrane) to 3406 cm "
(SA—BS@GO-1.5 membrane) and then to 3400 cm ™' (SA-
BS@GO-3.5 membrane). Also, in regions (ii) and (iii), red shifts
were observed from 1611 cm ' and 1426 cm ' (pure SA
membrane) to 1603 ecm ™' and 1424 cm ™! (SA-BS@GO-1.5 and
SA-BS@GO-3.5 membranes), respectively. It can be deduced
that H-bonds were formed between the -COO™ groups of SA and
the -phSO;H groups of the BS@GO sheets in the hybrid
membranes, as shown in Fig. S7.f The H-bonds between the
hydroxyl groups inside the SA matrix were weakened, and the
weakened effect was decreased by the agglomeration of exces-
sive BS@GO sheets. These results were reinforced by the T, and
DSC data (Fig. 5).

As shown in Fig. 5, as the H-bonds weakened with increasing
dosage from 0 to 1.0 wt% and 1.5 wt% inside the SA matrix, the
glass transition temperature (T,) of the hybrid polymers
decreased from 412.6 K to 410.5 K and 400.3 K, then enhanced
again to 405.5 K and 409.6 K when the mass contents of BS@GO
were 2.0 wt% and 3.5 wt%, respectively. The stronger the H-
bonds between SA chains, the higher the T, revealed by the
membrane. Therefore, the filler of BS@GO sheets could mobi-
lize the SA matrix at no more than 1.5 wt% in the hybrid
membranes. However, large amounts of filler (more than
1.5 wt%) agglomerated to obstruct the chain mobility.*®

100

92

80 |-

70

Mass (%)

60 |-

50F—--- SA SR
— = SA-GO-1.5 ey

40 | ——SA-BS@GO-1.5

L ! I I I
300 400 500 600 700 800
Temperature (K)

Fig. 6 TGA curves of the different membrane samples.
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90

SA-GO-1.5

Contact angle ()

Fig. 7 Contact angles of the SA, SA-GO-1.5 and SA-BS@GO-1.5
membranes.

3.3 Comparing the SA-based hybrid membranes with GO
fillers

As reported in the literature, GO can improve the pervaporation
properties of SA-based hybrid membranes by improving not
only the permeation fluxes but also the separation factors.**** A
control membrane with a GO doping amount of 1.5 wt% was
accordingly fabricated for comparison and labelled SA-GO-1.5.

The thermal stabilities of the SA, SA-GO-1.5 and SA-BS@GO-
1.5 hybrid membranes were evaluated by TGA under a nitrogen
atmosphere. The TGA results are shown in Fig. 6. The DTG
results are shown in Fig. S8,1 and the parameters are shown in
Table S1.f From the thermogravimetric results, the decompo-
sition process of the hybrid membrane involves three
stages.**>** The first stage (under 473 K) is the evaporation of
trace water within the polymer. The functional groups on the SA
chains with the oxygen-containing functional groups in GO or
BS@GO (e.g. -SO;H, -OH, -COOH and epoxy groups) mainly
decomposed in the second stage (473-673 K). The third stage
from 673 K to 873 K was due to the pyrolysis of the SA polymer
backbone. The different hybrid membranes exhibited nearly the
same thermal stability and thermal decomposition behaviour
as the SA membrane. This testing temperature was much higher
than the actual separation operating temperature (=343 K),
ensuring sufficient thermal stability of the membranes. The
weight loss rate increased in the order of SA, SA-GO-1.5, SA-
GO@BS-1.5 in the second stage of 473-673 K, which can be
explained by the maximum functional groups on GO@BS and
the minimum functional groups in pure SA. SA and the added
sheets are both hydrophilic substances. The contact angle order
of SA-BS@GO-1.5 < SA-GO-1.5 < SA can be seen in Fig. 7.
Therefore, it can be confirmed that BS@GO filler can improve
the hydrophilic properties of SA-based membranes more than
GO.

SA and the added sheets are both hydrophilic substances.
The contact angle order of SA-BS@GO-1.5 < SA-GO-1.5 < SA can
be seen in Fig. 7. Therefore, it can be confirmed that BS@GO
filler can improve the hydrophilic properties of SA-based
membranes more than GO.

The pervaporation properties (90 wt% ethanol/water mixed
solution feed, 323 K) of the SA, SA-GO-1.5 and SA-BS@GO-1.5
membranes are shown in Fig. 8. Both the flux and separation

This journal is © The Royal Society of Chemistry 2020
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Fig. 8 Pervaporation properties of the SA, SA-GO-1.5 and SA-BS@GO-1.5 membranes: (a) total flux and separation factor; (b) water flux and

ethanol flux.
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Fig. 9 Pervaporation results at different operation temperatures: (a) flux and (b) separation factor.

were promoted in the order of SA, SA-GO-1.5, SA-BS@GO-1.5
(Fig. 8a). In the literature, GO plays a similar role to BS@GO
in SA-based hybrid membranes during dehydration by perva-
poration with its transport pathways consisting of hydrophobic
aromatic rings and hydrophilic oxygenated groups.>****
Benefiting from the high hydrophilicity and ethanol repellence
endowed by the benzenesulfonic groups of BS@GO, the water
flux increased and the ethanol flux decreased more obviously
than with GO (Fig. 8b).

In Fig. 9, the SA, SA-GO-1.5 and SA-BS@GO-1.5 membranes
show gradually increasing fluxes and separation factors as the
temperature increases from 303 K to 343 K. As the pervapora-
tion of the three membranes was operated in the same condi-
tions of temperature and feed content, the pervaporation
characteristics can be explained by the permeance (GPU) and
selectivity (Fig. S9t) as well as by the normalized driving force
and membrane thickness calculated by eqn (5) and (6).

In the range of 303-343 K, the water permeance value of the
SA-BS@GO-1.5 membrane was obviously larger than that of the
SA-GO-1.5 membrane, while the water permeance value of the
SA-GO-1.5 membrane was slightly larger than that of the SA
membrane. On the other hand, the ethanol permeance value of
the SA membrane was significantly higher than that of the SA-
GO-1.5 membrane, while the SA-BS@GO-1.5 membrane
showed a lower value than the SA-GO-1.5 membrane in the
operation temperature range. Therefore, it was determined that
the GO filler hindered permeation of ethanol, while the ben-
zenesulfonic structures on BS@GO accelerated the water

This journal is © The Royal Society of Chemistry 2020

transmittance. Thus, the flux of the SA-GO-1.5 membrane was
slightly higher than that of the SA membrane and remarkably
smaller than that of the SA-BS@GO-1.5 membrane, especially at
higher temperature. The separation factor of the SA-GO-1.5
membrane was larger than that of the SA membrane, and this
gap gradually enlarged as the temperature rose. At the same
time, the SA-BS@GO-1.5 membrane showed the highest sepa-
ration factor in the operation temperature range.

3.4 Properties of the SA-BS@GO-X membranes

The effects of the BS@GO content in the hybrid membranes were
determined by studying their hydrophilicity and pervaporation.
Fig. 10 shows that the hydrophilic BS@GO fillers could
decrease the contact angle of the SA-BS@GO-X hybrid matrix
when the content was no more than 1.5 wt%; however, excessive

- \K\/éfé/l’/a

Contact angle (°)

L L s L L L L L
0.0 0s 1o 1.5 20 25 30 3s
Mass ratio of BS@GO in hybrid membranes (wt%)

Fig. 10 Contact angles of the SA-BS@GO-X membranes with
different mass ratios.
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(more than 1.5 wt%) fillers had the opposite effect. Therefore,
appropriate hydrophilic BS@GO fillers can enhance the water
affinity of the hybrid membranes, but agglomeration may be
counterproductive. The addition of BS@GO was beneficial to
the enrichment of water molecules on the surface of the sepa-
ration membrane.*

The dehydration results by pervaporation of the SA-BS@GO-
X membranes are displayed in Fig. 11. The pervaporation was
performed with 90 wt% ethanol/water mixed solution feed at
323 K. The sample SA-BS@GO-1.5 with moderate BS@GO
doping content showed the highest factor and flux. The ethanol
flux decreased monotonically from 3.5 gm > h™"' t0 0.6 g m >
h™" as the BS@GO doping increased from 0 to 3.5 wt%. This was
due to the synergy of ethanol repellence (Fig. S41) and the
hindering effect of BS@GO. The water flux increased from
3165 g m > h™" to 460.1 ¢ m > h™' due to the improved
hydrophilicity of the BS@GO filler and promoted the mobility of
the SA matrix (from the T, results, Fig. 5). More BS@GO could
decrease the water flux to 153 ¢ m > h™"' (SA-BS@GO-3.5).
Therefore, the separation factor increased from 781 (SA) to
4969 (SA-BS@GO-1.5) sharply, then decreased to 2240 (SA-
BS@GO-3.5).

3.5 Effects of the operation conditions on the pervaporation
performance

The optimized membrane of SA-BS@GO-1.5 was used to study
the effects of the operation conditions on the pervaporation
performance.

20364 | RSC Adv, 2020, 10, 20358-20367

The effects of the operation temperature (303-343 K) were
investigated with a feed of 90 wt% ethanol/water mixed solution
and are shown in Fig. 12(a and b). The water flux, ethanol flux,
total flux and separation factor increased with increasing
temperature. The increments of the fluxes with higher opera-
tion temperature were attributed to the improved driving force
(higher partial pressure on the upstream side while the down-
stream side remains under vacuum), accelerated polymer chain
mobility and enhanced thermodynamic movement of the
permeate molecules.****** As shown in Fig. S9,t for the SA-
BS@GO-1.5 membrane, the ethanol permeance showed low
absolute values and decreased obviously with increasing
temperature, while the water permeance fluctuated in a rela-
tively small range with very high absolute values. This suggests
that the driving force is the dominant parameter for the
permeation flux.>®> Meanwhile, the membranes showed slight
swelling in 90 wt% ethanol-water, as in the literature; therefore,
membrane swelling was not the primary cause of the per-
meance.” The selectivity (6) showed a rapidly rising trend with
increasing temperature, which indicates that the ethanol
molecules encountered higher transport resistance under high
temperature.>

The apparent activation energy (E,) is described by the Arrhe-
nius equation in eqn (3). The E, value of water (39.28 k] mol™")
was larger than that of ethanol (15.34 k] mol "), as shown in
Fig. 12c. The positive E, value indicates that the transmembrane
process was endothermic, and the permeation processes of both
water and ethanol were dominated by diffusion.*® It can be seen

This journal is © The Royal Society of Chemistry 2020
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that water was more sensitive towards temperature variation.
Therefore, it can be ascertained that a higher temperature resul-
ted in a higher separation factor.*

Fig. 13 shows the effects of the feed composition at 323 K on
the separation performance. The study found that the total flux
(Fig. 13a) and water flux (Fig. 13b) increased while the ethanol
flux (Fig. 13b) decreased in the water concentration range from
5 wt% to 25 wt%. An obvious increase in the water concentra-
tion in the feed caused increasing water pressure; therefore, the
driving force of the water increased and the driving force of the
ethanol receded. Moreover, a higher water concentration in the
feed liquid can cause slight swelling of the polymer membrane,
which facilitates the penetration of both the water and ethanol
molecules.* The separation factor should be elevated signifi-
cantly with the combined effect of a remarkable increase in
water flux and a slight decrease in ethanol flux due to partial
pressure and membrane expansion.
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Fig. 14 An illustration of the transport pathways inside the BS@GO
membranes.
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3.6 Transport mechanism in the hybrid membrane

The transport mechanism in the hybrid membranes is proposed
and schematically diagrammed in Fig. 14. The BS@GO sheets
with moderate contents were aligned parallel to the membrane
surface in the SA matrix. The BS@GO sheets showed excellent
hydrophilicity, benefitting from the benzenesulfonic groups.
Furthermore, the BS@GO fillers could weaken the H-bonds
between the SA chains to diminish the water molecule transport
resistance in the SA matrix. During the pervaporation process: (1)
the hydrophilic membrane should absorb more water molecules
than ethanol molecules; (2) water molecules should be trans-
ported through the SA matrix and the low-friction “highways” in
the hydrophobic regions of the BS@GO sheet edges and defects,
as in GO filler-based membranes;*** (3) the diffusion of ethanol
with a larger kinetic diameter should be restricted by the basal
plane (graphene-like area).

3.7 Long-term operation stability

Long-term operation of the SA-BS@GO-1.5 membrane was per-
formed to observe its stability. The SA-BS@GO-1.5 membrane was
operated continuously for 200 hours in the pervaporation dehy-
dration process using a 90 wt% ethanol/water feed solution at 323
K. As Fig. 15 shows, because the hybrid membrane had excellent
mechanical and thermal properties, the permeate flux of the
polymer membrane floated slightly but finally stabilized at about
430 g m~> h™", and the water content in the permeate was
generally greater than 99.7 wt%. As shown in Fig. 15, the hybrid
membrane was expected to be used in practical applications.

3.8 Comparison of the pervaporation performance of
recently reported membranes

The separation performance of the polymer membrane in this
study was compared with that of recently reported separation
membranes, as shown in Fig. 16 and Table S2 (detailed exper-
imental datat), including SA-based, GO-based, and PVA-based
membranes. It can be seen that the hybrid membranes
prepared in this work exhibit higher permeation fluxes and
separation factors due to the construction of fast transport
channels of solvent molecules in the SA matrix and the prefer-
ence for water molecules. For the membrane in this study, the
flux was higher than those of about half of the reported
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membranes, and the separation factor was higher than those of
most of the reported membranes. The SA-BS@GO-1.5
membrane shows excellent comprehensive properties.

4. Conclusions

In this study, GO modified with benzenesulfonic groups
(BS@GO) was prepared to construct hybrid membranes with SA
to dehydrate ethanol aqueous solutions by pervaporation. The
modified BS@GO showed higher hydrophilicity than GO. The
SA chains in the hybrid membranes showed higher mobility
than those in the SA membrane by the H-bond effect. By means
of its ability to block the permeate of ethanol arising from the
GO structure and the hydrophilicity originating from benzene-
sulfonic groups, the hybrid membrane with BS@GO as a filler
(SA-BS@GO) showed better properties than the hybrid
membrane with GO as a filler (SA-GO) with respect to hydro-
philicity, pervaporation fluxes and separation. Overabundant
content of BS@GO should be avoided to prevent agglomeration.
The optimum BS@GO mass content was 1.5 wt% in the SA
matrix. The optimal hybrid membrane, SA-BS@GO-1.5, showed
the highest pervaporation flux of 703 + 89 g m > h ™" (1.4 times
that of the SA membrane) and a separation factor of 5480 (5.6
times that of the SA membrane). The hybrid membrane
exhibited excellent long-term separation operation stability.
This study provides a versatile and simple method for preparing
dense, highly water-selective separation membranes.
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