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Synthesis of Highly Hydrophilic Cellulose
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ABSTRACT: Combining highly ionic and very insoluble materials can be used to separate
solvents with high water miscibility. In this work cellulose and Graphene Oxide (GO) were
cross-linked by highly ionic N, N'-bis-(2-aminoethyl)-4,4'-dipyridinium bromide (BAEB)
molecules to the preparation of CELL-BAEB and GO-BAEB membranes for alcohol dehydration.
Fourier Transform InfraRed (FT-IR), proton nuclear magnetic resonance (*HNMR), X-Ray
Photoelectron Spectroscopy (XPS), Field Emission Scanning Electron Microscopy (FE-SEM),
Energy Dispersive X-ray Spectroscopy (EDS), and Thermogravimetric Analysis (TGA) analyses
were used to characterize the synthesized compounds. For ethanol, isopropyl alcohol (IPA), and
n-butanol in a feed water concentration of 5-40 wt% and at a temperature range of 40-70°C,
sorption parameters, including water content in the membrane, alcohol content in the membrane,
swelling, and selectivity also pervaporation parameters, including water content in permeate,
total flux, and separation factor, have been evaluated. The water content in the membrane was
as high as 269 wt%, 276 wt%, 287 wt% for CELL-BAEB, and 188 wt%, 193 wt%, and 211 wt%
for GO-BAEB in 40 wt% feed water at room temperature, and the separation factor was 3951,
4491, and 5616 for CELL-BAEB, and 2423, 3094, and 3741 for GO-BAEB in 10 wt% feed water
at70 °C, for ethanol, IPA, and n-butanol, respectively. It was shown that the high flux and
selective CELL-BAEB and GO-BAEB membranes are highly effective in separating water from
alcohol.
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INTRODUCTION

Cellulose and GO are two compounds that are
abundantly available in natural sources. The possibility of
a wide variety of surface modifications and the abundance
of natural resources will make these compounds more
prominent in the future [1,2]. The modification of various
materials in order to purify organic solvents, especially
high-consuming alcohols, has been discussed in many
articles [3-6]. A number of studies have been carried out

to react GO with other molecules to obtain high
performance membranes. Additionally, membranes made
with pure GO showed a lot of special separation properties
thanks to their 2D structure [7]. The unique structure and
high charge density of viologen compounds have attracted
much attention in recent years, and their use in molecular
design continues to grow [8]. As a cross-linker, N,N'-bis-
(2-aminoethyl)-4,4'-dipyridinium bromide (BAEB) was
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synthesized and used due to its high reaction tendency with
aldehyde groups of dialdehyde cellulose (DAC) and epoxy
groups of GO. Solvents such as ethanol, isopropyl alcohol (IPA),
and n-butanol are important in industry and laboratories [9,10].
The use of ethanol as a replacement for fossil fuels is regarded
as a potential green energy source in the coming years.
The dehydration of ethanol is therefore crucial to obtaining
high-purity ethanol for energy applications [11]. Propanol
due to its miscibility, high flammability, and biocompatibility
has a diverse range of application such as: use as solvent, fuel,
electronic uses and medical uses [12]. For example, a large
amount of IPA is used in the cleaning of semiconductors [13].
Butanol is also used in large quantities as a renewable biofuel [14].
The impurity of the water in these alcohols may cause adverse
effects, so many attempts are made to dehydrate them.
Convectional routes for the production of ethanol, IPA and n-
butanol are through fermentation or chemical reaction [15,16].
However, there is usually some amount of water present
in the produced alcohols. The common extraction process,
such as distillation, suffers from low separation efficiencies,
and other methods are required for purifying in industrial
and laboratory scale [17]. A variety of mixtures can be separated
by pervaporation, including miscible liquid mixtures,
mixtures of isomers, and thermally unstable mixtures.
In modern industry, pervaporation has been commercialized
as a membrane-based separation technology that combines
permeation and evaporation of liquid components across
a membrane [18,19]. Pervaporation offers many advantages
over conventional separation technologies, including energy
efficiency, environmental friendliness, and high separation
efficiency, particularly for the separation of azeotropic liquid
mixtures [20,21]. For the dehydration of alcohols, two major
types of membranes including: hydrophobic membranes [22]
and hydrophilic membranes [23] are used. Due to the fact that
water molecules cannot enter hydrophobic membranes, these
membranes are not very efficient for separation in aqueous
systems, and on the other hand, organic solvents cannot pass
through membrane pores due to their larger molecular size [24].
Therefore, hydrophilic membranes can be used to separate
organic solvents from water much more effectively [25].
A wide variety of hydrophilic membranes are used in the last
decade such as: polyvinyl alcohol [26], organic-inorganic
hybrids [27], polyimide [28], polyamides [29], and
polyelectrolytes [30]. Hydrophilic groups are mostly
responsible for the hydrophilicity of membranes. However,
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these groups may cause excessive swelling of the membrane,
which eventually reduces its selectivity [31]. Viologen
compounds have a high affinity for adsorbing water molecules,
but they don’t tend to dissolve even in short-chain alcohols
due to their high ionic properties [32]. By using BAEB
molecules as cross-linkers, a high level of selectivity
and swelling can be achieved. A wide variety of chemical
reactions are applied to prepare covalently cross-linked
materials [33]. There have been a variety of research studies
on alcohol dehydration membranes based on cross-linked
polymers in recent years, such as Cross-linked poly(vinyl
alcohol) with fumaric acid for pervaporation dehydration
of 90/10 wt% IPA/water solution with separation factor
of 550 and permeation flux of 1150 g/m2h at 60 °C [34],
thermally cross-linked polyimide used for pervaporation
dehydration of 85/15 wt% ethanol /water solution with
separation factor of 670 and total flux of 110 g/m%h at 60°C
[35], cross-linked GO by sulfonated cyclodextrin for butanol
pervaporation dehydration of 90/10 wt% n-butanol/water
solution with separation factor of 1250 and permeation flux
of 12490 g/m?.h at 80°C [36] and GO cross-linked by diamine
monomers to for pervaporation dehydration of 90/10 wt%
ethanol/water with separation factor of 1790 and total flux of
2297 g/m?.h at 80°C [37]. The reaction between amine and
aldehyde groups of dialdehyde cellulose (DAC) and epoxy
groups of GO is versatile due to the high reactivity of these
functional groups [38]. Due to the high hydrophilicity
of BAEB molecules, their grafting on the highly insoluble
substrate of cellulose and GO, can be an innovative idea
for producing a highly insoluble membrane with a strong
tendency to separate water from high-consuming alcohols
of ethanol, IPA, and n-butanol which are the key
characteristics of efficient CELL-BAEB and GO-BAEB
membranes. The highly hydrophilic synthesized membranes
are very effective compared to other similar membranes
in swelling and pervaporation parameters including: swelling,
selectivity, water content in permeate, total flux, and
separation factor.

EXPERIMENTAL SECTION
Materials

The following chemicals were used in the present
study: N,N-dimethylformamide (DMF, Merck), potassium
hydroxide (KOH, Merck), polyethersulfone (PES)
was purchased from BASF (Ultrason-S6010, Germany),
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Scheme 1: Structure of BAEB, CELL-BAEB and GO-BAEB.

ethanol (>99%, Merck), 2-propanol (>99%, Merck),
n-butanol (>99%, Merck), HCI (37%, Merck).

Characterizations

The morphology of the prepared materials was
determined using a Field Emission Scanning Electron
Microscope (FE-SEM, MIRA IIl, TESCAN, and the Czech
Republic), and Energy Dispersive X-ray Spectroscopy (EDS)
was carried out using SAMx EDS (France). The concentration
of alcohol-H,0 in the solution was determined using a GC-14C
gas chromatograph equipped with a flame ionization detector.
Fourier-transform infrared (FT-IR) spectra were recorded
on a SHIMADZU 8400 spectrophotometer using KBr pellets
(4000-400 cm™). A powder X-Ray Diffractometer (XRD,
Philips PW1730) equipped with a Cu X-ray tube (1 = 1.54 A,
40 kV and 30 mA) was run at 0.05° sec?® scan speed
in the range of 20 = 5 to 90°. X-ray Photoelectron
Spectroscopy (XPS, Thermo Scientific, K-Alpha, USA) equipped
with a monochromatic Al Ko radiation source was applied
to study functional groups and the chemical composition
of the compounds. ThermoGravimetric Analysis (TGA)
was performed using a TGA (Q600 SDT, TA Instruments)
with a heating rate of 10 °C/min at the temperature range from
40 °C to 900 °C in an N, atmosphere.

Synthesis procedures
Preparation of CELL-BAEB

BAEB (4.12 mmol), DAC (1 g), and 50 mL of distilled
water were added to a 250 mL flask, and the pH was adjusted
to 8 by adding NaOH (1 mol/L) to the solution. Then the mixture
was heated in a water bath at 40°C for 8 h. Yellow-milky
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insoluble product was filtered and washed with distilled water,
and then dried in a vacuum at 60°C for 4 h [39].

Preparation of GO-BAEB

The mixture of 0.25 g of GO, 0.90 g of BAEB,
and 0.5 g of KOH was sonicated for 1 hour, then refluxed
at 80 °C for 24 h. Synthesized GO-BAEB was centrifuged
and washed with DI water, and then dried under
a vacuum [40]. Scheme. 1 has shown BAEB, CELL-BAEB,
and GO-BAEB structures.

Membranes preparation
Preparation of CELL-BAEB membrane

To prepare the CELL-BAEB membrane, a suspension
of 2 wt% of CELL-BAEB in water at pH 7 was sonicated
for 30 min. The resulting mixture was cast onto the PES
filtration membrane (supplementary information). In order
to remove residual solvent, the membrane was dried
at 40 °C for 24 h, then dried again at 60 °C for 2 h.

Preparation of GO-BAEB membrane

For fabrication of the GO-BAEB membrane, GO-BAEB
powder (1 mg/mL) was dispersed in water for
30 min wusing the ultrasonic device. GO-BAEB
suspensions were filtered using a PES filter and then dried
at 60 °C overnight to remove any remaining.

Swelling and sorption experiments

GO-BAEB and CELL-BAEB solutions were cast
on a smooth glass substrate and dried under reduced
pressure at 50°C to measure membrane swelling [41].
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Fig. 1: Diagram of the experimental pervaporation setup.

GO-BAEB and CELL-BAEB were weighed and
immersed in ethanol, IPA, and n-butanol solutions at various
concentrations and allowed to reach sorption equilibrium
at 30°C in a sealed glass flask. After a few minutes, the excess
solvent on the membrane surface was quickly removed
with filter paper and the degree of swelling was determined
by the following equation:

Ws-wd

DS = ——— x 100 (1)

The W and Wy indicate the weights of swollen and
dried membranes, respectively. Water and alcohol
concentrations in membranes can be determined by separating
the sorbed solution. For this purpose, the swollen
membrane was immersed in liquid nitrogen under reduced
pressure and the collected solution was analyzed using
a GC. The selectivity of membrane sorption (sor) is calculated
as follows:

MH20 /Malcohol
aAsoY = ———— (2)
FH20 /Falcohol

Mz, Matconot, @nd Frzo, Faiconol represent the weight fraction
of water and alcohol in membrane and feed, respectively [42].

Pervaporation experiments

Fig. 1 shows the diagram of the homemade apparatus used
to measure the pervaporation performance of membranes.

The feed temperature was maintained at 70 °C with
continuous stirring. Using a centrifugal pump, the feed
was circulated over the membrane with a flow rate
of 220 1/h and a pressure of 1 bar. The permeate was collected
every 20 min through suction by a vacuum pump (with
a vacuum level below 300 Pa) in a glass cold trap within
a Dewar flask containing liquid nitrogen. The active area
of the used membrane was 10.2 cm?. An electronic balance
with an accuracy of 10 g was used to measure the total
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Fig. 2: FT-IR spectrum of CELL-BAEB and GO-BAEB.
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volume of permeate [43]. Under the same operating conditions,
the measurements were repeated three times. The following
equations were used to calculate the permeation flux (J)
and membrane separation coefficient:

w
J=u ®3)
__ PH20 /Pethanol
asep = FH20 /Fethanol (4)

Where A(cm?) is the effective membrane area, W(g) is the
permeation weight at the operation time t; Puzo, Pethanol,
and Fuzo, Fethanol represent the weight fractions of water
and alcohol in the permeate and the feed, respectively.

RESULTS AND DISCUSSION
Characterizations of synthesized compounds
IR Spectroscopy

The FT-IR spectra of GO-BAEB and CELL-BAEB are
shown in Fig. 2. The epoxy band in GO (Fig. S1b) has
disappeared and a new absorption peak has been observed
in GO-BAEB at 1554 cm™, associated with bending
vibrations of N-H, resulted from nucleophilic substitution
reaction of the epoxide group with the amine group [44].
The band at 1641 cm™ is assigned to v(C=N). New peaks
confirmed the successful bonding of the amine-terminal of
BAEB (Fig. S1b) to GO nanosheets. Compared to DAC
(Fig. Sib), the peak at 1741 cm? of C=0 stretching
vibration has disappeared in the spectrum of CELL-BAEB.
The strong absorption peak at 1640 cm-1 and the missing
absorption band at 1741 cm™ confirm the reaction of the
aldehyde group of DAC with the amino groups of BAEB
and the formation of Schiff base.

XPS analysis

A further investigation of GO and BAEB reactions
was carried out with X-ray Photoelectron Spectroscopy (XPS).
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Table 1: The elemental composition of GO and GO-BAEB analyzed by XPS.

4 sample C (at. %) N (at. %) 0 (at. %) clo CN
GO 57.53 42.46 1.35
\ GO-BAEB 75.97 6.68 17.34 4.38 11.37 /
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Fig. 3: The XPS survey curves of GO and GO-BAEB (a), inset: the higher resolution curves of the C1s region of GO (b) and C1s

region of GO-BEAB (c) and N1s region of GO-BEAB (d).

S1a

Transmittance (a.u.)

—— N-H

C-Br

Wavenumber (cm™)

— T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

S1b

400
Binding energy (eV)

Transmittance (a.u.)

W

i}

C=C 3

DAC

6=0

CNWs O-H (absorbed water)

—— P
4000 3500

—
3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig. S1: a) FT-IR spectra of 2-BEA, 4,4-BP, and BAEB, S1b) FT-IR spectra of GO, CNWs and DAC.

Fig. 3. Shows the survey spectrum of the cross-linked
compound as well as the higher-resolution spectra of
the C1s and N1s areas. For GO and GO-BAEB, the survey
spectra (Fig. 3a) yielded C/O atomic ratios of 1.35 and 4.38
(Table 1). In GO (Fig. 3b), four distinct peaks are clearly
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identifiable as carbon atoms located in different functional
groups, including carbon in the GO sheet (284.28 eV),
carbon in C-OH (285.38 eV), carbon in epoxy/ether groups
(287.48 eV) and carbon in carbonyl groups (288.87 eV) [45].
XPS GO-BAEB spectrum (Fig. 3c) also confirms the oxygen
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Table 2: Elemental composition of DAC and CELL-BAEB analyzed by EDS.

4 Sample C (at. %) N (at. %) 0 (at. %) clo CN )
DAC 53 47 113
\_ CELL-BAEB 61.5 7.22 31.27 1.97 852 )

functional groups; there was a clear decrease in C amount
in epoxy/ether groups. A new component corresponding
to the C bond to N was observed at 286.68 eV while epoxy
groups decreased significantly, indicating that BAEB and
GO are covalently interacting. Four peaks can be fitted
to the N 1s core-level spectrum of GO-BAEB (Fig. 3d).
A peak at 401.69 eV can be assigned to the positively
charged nitrogen (N+) in BAEB, a peak at 399.23 eV is
related to an amine group (-N-C=) from BAEB and GO
reactions, and a radical cation (Ne+) probably formed
during X-ray excitation [46], the peak at 400.19 eV with
low intensity can be explained by the nitrogen (N)
introduced into the graphene ring during the reaction with
BAEB [47]. Contrary to GO, the GO-BAEB spectrum
exhibits N1s peak, showing that BAEB is covalently
functionalized by GO (Fig. 3a). In Table 1, N content
for GO-BAEB is 6.68 atomic% [48].

SEM and EDS studies

The morphology of GO, GO-BAEB, CNWs, DAC, and
CELL-BAEB was investigated by FE-SEM. The FE-SEM
image of the GO shows a large number of nanosheets
(Fig. 4a). The FE-SEM images of GO-BAEB (Fig. 4b) show
that the sample consists of stacked nanosheets that appear
to be formed by cross-linking GO sheets to BAEB
molecules [48]. After oxidation and reaction with BAEB,
the short rod-like structures of CNWSs (Fig. 4c) exhibit
a relatively dense structure, which may be the result of
cross-linking between cellulose chains. A morphological
difference was observed between the CELL-BAEB (Fig. 4e)
and the DAC (Fig. 4d) [49]. When DAC reacts with BAEB,
the bead shape of DAC disappears and CELL-BAEB
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Fig. 4: FE-SEM images of a) GO, b) GO-BAEB, c) unmodified CNW, d) DAC and e) CELL-BAEB.

exhibits a relatively dense surface structure, which may
have been caused by cross-linking of the DAC [50]. EDS
results in Table 2 indicate an increase in the C/N ratio and
a decrease in the C/O ratio.

XRD studies

GO showed an intense peak at 20 = 12.4°, showing
an interlayer distance of 0.71 nm (Fig. S2a) [51]. GO-BAEB
exhibits a peak at 26 = 8.8°, which corresponds to
the interlayer distance of 1.01 nm [52]. In GO-BAEB,
the diffraction peak shifts to a lower angle, and the interlayer
spacing increases as a result of intercalation (Fig. S2a) [37].
CNWs exhibited a strong peak at 22.7°, indicating high
crystallinity; however, after oxidation, this peak became
broad (Fig. S2b) [53]. There was a broad diffraction peak
(17°-27°) in the XRD pattern of CELL-BAEB (Fig. S2b).
CELL-BAEB has a relatively low crystallinity compared
to DAC, indicating that Schiff base formation between DAC
and BAEB can reduce the crystallinity of DAC [54].

TG analysis of GO, GO-BAEB, DAC, and CELL-BAEB
TGA analysis was performed to determine the weight
losses of GO, GO-BAEB, DAC, and CELL-BAEB with
temperature (Fig. 5). When GO is heated to 144 °C, it loses
approximately 17% of its weight, which indicates
evaporation of adsorbed and bounded water. At 200 °C,
however, GO loses 37% of its mass due to the
decomposition of oxygen-containing groups on its surface;
hydroxyls, epoxy groups, and carboxyl groups [55].
Further, GO-BAEB showed a mass loss of 10% between
40°C and 137°C as well as a gradual mass loss of 26%
between 245°C and 342°C, possibly due to the removal of
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BAEB molecules. Compared to the GO, the GO-BAEB
appears to be more thermally stable, likely due to the
reduction of oxygen-containing groups of the GO during
reaction with diamine molecules [56]. In Fig. 5b, a small
weight loss for both DAC (9%) and CELL-BAEB (17%)
samples are observed below 100°C, which is due to the
removal of absorbed water [57]. The DAC initiates
decomposition around 355 °C while for CELL-BAEB,
the more obvious decomposition occurs at 320°C.
CELL-BAEB was less thermally stable than un-grafted
DAC beads, which is related to the disruption of hydrogen
bonds in unmodified DAC due to the reaction of the aldehyde
groups with BAEB molecules [58]. Compared to DAC,
the CELL-BAEB initiated thermal decomposition
at a lower temperature, indicating that the grafting
of BAEB on the DAC decreased its thermal stability.

Sorption and pervaporation measurements

Before using a membrane, it is important to evaluate its
performance. The total flux, separation factor, swelling
degree, and adsorption selectivity are some criteria used
to evaluate membrane performance.
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Sorption of alcohol-water mixtures

Sorption behavior study is one of the most important
factors in evaluating a compound's efficiency in separating
miscible solvents. The swelling of CELL-BAEB and GO-BAEB
membranes as a function of water content is shown
in Fig. 6¢ and Fig. 6f. As can be seen, swelling and water
sorption increase with the increase of water content in the
alcohol-water mixture. Moreover, the CELL-BAEB
membrane has a higher swelling and water adsorption
capacity. Ethanol sorption is different from other alcohols
even when the ethanol content in the liquid decreases,
the alcohol content in CELL-BAEB and GO-BAEB membranes
continues to increase (Fig. 6b and Fig. 6e). It may be
due to the high swelling degree of CELL-BAEB and GO-BAEB
membranes as a result of their high hydrophilicity [59].
Fig. 6¢c and Fig. 6f, also show the sorption selectivity of
CELL-BAEB and GO-BAEB membranes as a function
of water content. There is a higher sorption selectivity
for both membranes even at lower water contents.
Additionally, CELL-BAEB membranes exhibit a greater
decrease in sorption selectivity with increasing water
content than GO-BAEB membranes,
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Fig. 6: The sorption behavior of CELL-BAEB and GO-BAEB in alcohols-water mixture vs. water content in solution; a and d)
absorbed water (wt%) for CELL-BAEB and GO-BAEB membranes, b and e) absorbed alcohols (wt%) by CELL-BAEB and GO-
BAEB membranes and ¢ and f) swelling (wt%) and sorption selectivity of CELL-BAEB and GO-BAEB membranes.

which can be attributed to their higher hydrophilicity.
DAC-BAEB has more grafted BAEB than GO-BAEB, and
consequently, has higher hydrophilicity than GO-BAEB.
Additionally, cellulose tends to absorb more water than GO
due to its higher O-H groups, causing it to more swell in an
alcohol-water solution [6]. The swelling of the IPA-water
and n-butanol-water mixtures (Fig. 6¢ and Fig. 6f), also
show a similar trend to those of the ethanol-water mixture,
except that the slope of the water sorption and swelling
graphs for the ethanol-water is greater than the slopes for the
IPA-water and n-butanol-water solutions. The slope of
the water in the membrane and the swelling graphs increase
as ethanol-water < IPA-water < n-butanol-water. Polyionic
materials do not only have an affinity to absorb water
molecules but also exhibit repulsion to organic solvents
through dipole-dipole interactions. Accordingly, with an
increasing number of carbon atoms in alcohols, water
sorption and swelling increase [60]. For CELL-BAEB,
the water content was as high as 269 wt%, 276 wt%,
287 wt%, and for GO-BAEB, it was as high as 188 wt%,
193 wt%, and 211 wt% with 40 wt% water in the feed
for ethanol, IPA, and n-butanol, respectively (Fig. 6a and Fig. 6d).
The results show that these types of membranes have
a high adsorption capacity and a high water selectivity.

Pervaporation measurements

An evaluation of a membrane's efficiency in separating
solvents should be conducted in order to determine its

3806

pervaporation performance. Three parameters including 1)
flux (Eq. (3), (2) water in permeate, and 3) separation factor
(Eq. (4)) are widely used in pervaporation evaluation [61].
Fig. 7c and Fig. 7f illustrate the effect of feed temperature
on the pervaporation performance of CELL-BAEB and
GO-BAEB membranes (temperature range 40 to 70 °C)
in the dehydration of 10% ethanol, IPA, and n-butanol.
Both membranes exhibit an increased permeation flux with
increased feed temperatures, which is attributed to increased
driving forces of water molecules into hydrophilic
membranes. Over the entire temperature range, the water
content in permeate is almost constant. This high-
temperature stability can be assigned to the highly ionic
cross-linking structure. CELL-BAEB and GO-BAEB
membranes exhibit a progressive increase in total flux when
the feed temperature increases while the water content in the
permeate remains above 99 wt%. Using this characteristic,
the total flux can be improved without compromising
selectivity even at higher operating temperatures. The effect
of feed composition with a water concentration of 5% to 40%
was investigated at 70 °C on the separation performance of
the CELL-BAEB and GO-BAEB membranes. As shown in
Fig. 7, the total flux and water in permeate for CELL-BAEB
and GO-BAEB membranes increased with the increasing
percentage of water in feed, however, the total flux
of CELL-BAEB was larger than that of GO-BAEB.

In both membranes, the total flux and the amount of water
in the permeate increase due to an increase in the driving
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Fig. 7: Effect of feed composition (Wt%) on a, d) water content in permeate (Wt%), b, €) separation factor, and total flux (g/m2.h) for CELL-
BAEB and GO-BAEB membranes, and c, f) effect of feed temperature (°C) on total flux (g/m?.h) and water in permeate (wt%) for CELL-
BAEB and GO-BAEB membranes. in dehydration of 10 wt% of ethanol, IPA and n-butanol in the temperature range 40 to 70 °C.

force of water into the membranes. The CELL-BAEB and
GO-BAEB membranes exhibit a high attraction to water,
resulting in extensive swelling [62]. Water absorption
by CELL-BAEB and GO-BAEB membranes may cause
them to swell to such a degree that some alcohol
molecules are transferred into the membranes, resulting
in decreased selectivity [63]. However, even at 5 wt%
feed water content at 70 °C, the permeate water content
remains above 99 wt%, showing that the cross-linked
membranes are chemically stable and highly selective.
Because the membranes are much hydrophilic, the
separation factor also increases, and as expected, CELL-BAEB
has a higher separation factor than GO-BAEB since there
are more cross-linker molecules and water is more easily
able to enter cellulose chains than GO sheets. The cross-
linking with highly ionic molecules may change, not only
their hydrophilicity but also their density, resulting
in a decrease in the absolute free volume for the diffusion
of permeate across the membranes. Thus, water molecules
with relatively small molecular sizes may diffuse across
membranes more easily than larger molecules of alcohol.
Therefore, following expectation, the separation factor
increases with increasing order of ethanol<IPA<n-
butanol (Fig. 7b and Fig. 7e) [60]. Table 3 lists the
pervaporation performance of some GO and cellulose-
based membranes for dehydration of ethanol, IPA,
and n-butanol. As compared to other membranes,
the CELL-BAEB and GO-BAEB showed high

Research Article

performance for the dehydration of ethanol, IPA,
and n-butanol.

CONCLUSIONS

In this research, CELL-BAEB and GO-BAEB
membranes with highly ionic BAEB cross-linkers were
synthesized and were shown as an efficient water-alcohol
separation. The GO-BAEB and CELL-BAEB membranes
exhibit high selectivity and permeability in the
dehydration of ethanol, IPA, and n-butanol, a unique
characteristic of these highly ionic membranes. The
CELL-BAEB and GO-BAEB membranes showed
excellent sorption and pervaporation performance
in dehydration of 5-40 wt% water-alcohol mixtures.
For example, the water content in the membrane was as
high as 269 wt%, 276 wt%, 287 wt% for CELL-BAEB,
and 188 wt%, 193 wt%, and 211 wt% for GO-BAEB
in 40 wt% feed water at room temperature, and the separation
factor was 3951, 4491, and 5616 for CELL-BAEB, and
2423, 3094, and 3741 for GO-BAEB, in 10 wt% feed water
at 70 °C for ethanol, IPA, and n-butanol, respectively.
Water content in the permeate was maintained above 99%
in various feed water contents, indicating the high
hydrophilicity of these membranes. This study provides
a new strategy for designing dehydration membranes
with optimized performances by the introduction of
a highly hydrophilic cross-linking molecule into insoluble
membrane matrixes.
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Table 3: Alcohol dehydration performance comparison of GO-BAEB and CELL-BAEB membranes with some cellulose and GO-

based membranes.

/ Membrane type Binary mixture Temperature (°C) | Separation factor | Total flux (g/m?.h) | References
Current work, CELL-BAEB Ethanol/H20 (90:10) 70 3951 2453
Current work, CELL-BAEB IPA/H20 (90:10) 70 4491 4950
Current work, CELL-BAEB n-butanol/H20 (90:10) 70 5616 6050
Current work, GO-BAEB Ethanol/H20 (90:10) 70 2423 2055
Current work, GO-BAEB IPA/H20 (90:10) 70 3094 3576
Current work, GO-BAEB n-butanol/H20 (90:10) 70 3741 4906
Chitosan/poly (sodium vinyl-sulfonate) Ethanol/H20 (90:10) 70 2700 1980 [64]
Chitosan cross-linked with sulfate IPA/H20 (85:15) 80 200 1600 [65]
QP4VP/CMCNa n-butanol/H20 (90:10) 60 1100 2241 [60]
Sodium alginate coated PEGylated GO Ethanol/H20 (90:10) 70 660 2500 [66]
GO/ceramic IPA/H20 (90:10) 70 2700 1800 [67]
K GO/mPAN n-butanol/H20 (90:10) 60 1791 4340 [68] /
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