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ma b s t r a c t

Amphiphilic carbonaceous material (ACM) was blended with sodium alginate (SA) and then deposited
onto the polyacrylonitrile (PAN) porous support layer to fabricate SA-ACM/PAN hybrid membranes. As a
two-dimensional material, ACM provided anisotropy, horizontal stacking orientation and high aspect
ratio. The abundant oxygen-containing functional groups (–NO2, –SO3H, –OH, –COOH and epoxy group)
on the edge of ACM (proved by X-ray photoelectron spectroscopy and scanning electron microscope with
energy dispersive X-ray (EDX) spectrometer) offered the hydrophilic region, while the unoxidized part on
the surface of ACM offered hydrophobic region. The hydrophilic region on ACM could preferentially
adsorb water molecules and then facilitate water molecules entering the transport channel due to the
hydrogen bond, while the hydrophobic region could realize the fast diffusion of water molecules. The
small nanosheet size (200–400 nm, observed by atomic force microscopy) could interfere the arrange-
ment of polymer chains more efficiently. The hybrid membranes exhibited the optimal permeation flux
of 1778 g/m2 h and separation factor of 1816 for ethanol dehydration under 76 °C and 10 wt% feed water
concentration, which is much higher than that of SA membrane (increased by 139% and 306%, respec-
tively).

& 2016 Elsevier B.V. All rights reserved.
p
www.s1. Introduction

Dimensionality plays an essential role in influencing their
fundamental properties, in addition to the composition and ar-
rangement of atoms in materials [1]. Two-dimensional (2D) ma-
terials provide a vast and diverse untapped source of layered
substance with anisotropy, horizontal stacking orientation and
high aspect ratio, which are essential for separation, sensing, cat-
alysis and energy storage applications [2]. Novoselov et al. estab-
lished a convenient method to prepare a variety of free-standing
atomic 2D crystals (especially graphene) by using micro-
mechanical cleavage in 2004, which has made the application of
2D materials in diverse fields a research hotpot [3]. Among those
fields, polymer-inorganic hybrid membrane by incorporating 2D
materials into the polymer to enhance the separation performance
een Chemical Technology of
ing and Technology, Tianjin
has received tremendous attention [4–7]. In the hybrid mem-
branes, 2D materials prefer to accept the configuration parallel to
the membrane surface, which can improve interfacial interactions
between polymer-inorganic interfaces more effectively to optimize
the structure and property of hybrid membrane [8–11]. The space
between stacking layers of 2D materials could form the molecule
transport channels, which is beneficial for the separation perfor-
mance [12]. Meanwhile, the processability and flexibility of poly-
mer could offset the defects generated from the accumulation of
2D materials [13]. Polymer-2D inorganic material hybrid mem-
branes have achieved extensive application in separation perfor-
mance, due to it can combine the advantages of polymer and 2D
inorganic material.

2D materials used for the preparation of polymer-inorganic
hybrid membrane mainly include molecular sieve, zeolite, metal
organic framework (MOF) and graphene oxide (GO). Among var-
ious 2D materials, GO, usually coming from flake graphite, has
been widely used due to its special properties, such as high spe-
cific surface area (2600 m2/g), single atomic layer and handy sur-
face modification [14]. It has been proved that both the functional
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groups and size of GO nanosheets have a significant influence on
the performance of the polymer-GO hybrid membranes. Compared
with graphene, GO with plenty of oxygen-containing groups in-
cluding hydroxyl, carboxyl and epoxy groups are beneficial for
dehydration separation in membranes [15]. Zhao et al. introduced
additional oxygen-containing groups, such as –SO3H, onto GO by
grafting zwitterionic PSBMA. The PSBMA@GO nanosheets en-
hanced the hydrophilicity of the sodium alginate (SA) membrane
by hydrogen bonds to endow the high-efficiency water permea-
tion [16]. Meanwhile, the small nanosheet size can provide more
edge-to-edge slits as penetration paths for water, which construct
molecular-sieving channels and structural pores to enhance the
separation performance more efficiently [17]. Chen et al. prepared
GO membranes consisting of small GO sheets (lateral size of 200–
400 nm) for the dehydration of butanol. Benefited from removing
the larger GO sheets (lateral size of 4–6 mm), the membrane ex-
hibited better separation performance [18]. Therefore, it can be
envisaged that if a novel 2D material is synthesized with more
oxygen-containing groups (especially more hydrophilic groups)
and smaller size, the performance of the fabricated polymer-in-
organic hybrid membranes will be further enhanced.

Amphiphilic carbonaceous material (ACM), as another typical
2D GO-like material, was firstly synthesized by Fujii et al. [19–22].
Besides the typical 2D characters, ACM nanosheets are amphi-
philic: the region connected with oxygen-containing functional
groups is hydrophilic, while the unoxidized region is hydrophobic.
The abundant oxygen-containing groups attached on the na-
nosheets of ACM mainly contain –NO2, –SO3H, –OH, –COOH and
epoxy group [23]. The hydrophilicity of –NO2 and –SO3H is
stronger than that of –COOH and –OH, due to their larger elec-
tronegativity providing stronger ability to attract electron and
form hydrogen bonds with water molecules. Due to the in-
troduction of oxygen-containing groups (–NO2, –SO3H) with larger
volume, the distance between ACM layers is large enough to make
the material dispersing steadily in water [24]. Meanwhile, the
small nanosheet size (200–400 nm) could enhance the interaction
between inorganic filler and polymer to interfere the arrangement
of polymer chains more efficiently [25]. Last but not least, the raw
material of ACM is green needle coke, refined from petroleum
residual oil. By means of the mixed acid process, no organic sol-
vent is used in the preparation of ACM [24]. This can realize the
recycling of the industry trash, in order to save resources and
protect the environment. It is rare to find the applications of ACM
nanosheets in fabricating hybrid membrane in the existing
researches.

In this study, the ACM was blended with SA and deposited onto
polyacrylonitrile (PAN) ultrafiltration membranes to prepare the
hybrid membranes. Due to the hydrophilic property, SA polymer
had been widely used as membrane material in pervaporation
dehydration [26]. The physical morphology, chemical structure
and thermal stability of both the ACM nanosheets as well as the
SA-ACM hybrid membranes were characterized. The pervapora-
tion dehydration performance of the hybrid membranes was
evaluated using ethanol-water mixtures. The effects of ACM con-
tent, operation temperature and feed concentration on the mem-
brane separation performance were investigated, and the long-
term operation stability was also evaluated.
2. Experiment

2.1. Materials

Green needle coke (NC) was supplied by Jinzhou Petrochemical
Co. Ltd. (Jinzhou, China). Sodium alginate (SA) was supplied by
Qingdao Bright Moon seaweed Group Co. Ltd. (Shandong, China).
m
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Calcium chloride dihydrate (CaCl2 �2H2O), absolute ethanol and
silver nitrate (AgNO3) were bought from Tianjin Guangfu Tech-
nology Development Co. Ltd. (Tianjin, China). Concentrated sul-
furic acid (H2SO4, 98 wt%), concentrated nitric acid (HNO3), hy-
drochloric acid (HCl) and sodium hydroxide (NaOH) were gained
from Tianjin Kewei Ltd. (Tianjin, China). Polyacrylonitrile (PAN)
ultrafiltration membranes used as membrane substrates with a
molecular weight cut-off of 100 kDa were obtained from Shanghai
Mega Vision Membrane Engineering & Technology Co. Ltd.
(Shanghai, China).

All the reagents were of analytical grade and used without
further purification. Deionized water through a Millipore system
(MillisQ) was used in all experiments.

2.2. Membrane preparation

2.2.1. Preparation of ACM nanosheets
ACM was prepared from green needle coke with high carbon

content, low volatile and ash content, by the mixed acid process.
NC of 20–50 mm prepared by crushing and sieving was blended
uniformly with a mixture of concentrated nitric acid and sulfuric
acid. The reaction was terminated by putting the reactant into cold
distilled water. The mixture was washed with distilled water until
the filtrate was neutral. The solid collected from the mixture was
mixed with NaOH solution (pH412) and stirred to dissolve at
80 °C. Then hydrochloric acid was added to the filtrate (pHo1.8).
ACM was washed by distilled water and gained after stoving [27].

2.2.2. Fabrication of SA-ACM hybrid membranes
The hybrid membranes were fabricated by spin-coating mem-

brane casting solutions blending with SA polymer and ACM na-
nosheets onto PAN ultrafiltration membranes. The PAN ultra-
filtration membranes soaked in deionized water were cut into si-
zes of 0.1 m�0.1 m, then hung up and dried at room temperature
for 3 h for preparation to serve as support layers. In a typical
procedure, an appropriate amount of SA polymer was dissolved in
deionized water stirring at 30 °C for 1 h. Certain amounts of ACM
nanosheets were dispersed in aqueous solution by ultrasonic vi-
bration (achieved by Noise Isolating Tamber SCIENTZ-IID) for
5 min. The solution was dropwise added into the SA solution and
stirred vigorously for another 5 h. After filtration and deaeration
by gauze, the membrane casting solution was spin-coated onto
PAN substrates, with the spin coating at 500 rpm for 25 s then
800 rpm for 40 s using WS-400BZ-6NPP/LITE spin coater. The hy-
brid membranes were placed at room temperature for 24 h to
evaporate the solvent. After immersed in 0.5 M CaCl2 solution for
10 min and rinsed with abundant water, the cross-linked mem-
branes were obtained.

For simplicity, the hybrid membranes were designated as SA-
ACM-X/PAN, where X represented the content of ACM in SA (wt%).
The X varied from 1 to 3 for SA-ACM-X/PAN. For characterization
and swelling study, the corresponding homogeneous membranes
were fabricated on glass plates instead of PAN substrates following
a similar preparation procedure and denoted as SA-ACM-X.

2.3. Characterizations

The morphology of the ACM nanosheets was determined by
transmission electron microscopy (TEM, JEOL JEM-100CXII) and
atomic force microscopy (AFM, CSPM5000). The apparent and
cross-section morphologies of the ACM nanosheets and hybrid
membranes were measured using field emission scanning electron
microscope (FESEM, Hitachi S-4800, Japan), while the category
and distribution of atoms on the ACM surface were probed in
combination with energy dispersive X-ray (EDX) spectrometer
(SEM/EDX).
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The chemical structure of the ACM was measured using Raman
spectra (2400–350 cm�1, DXR Smart Raman Spectrometer-Thermo
Fisher Scientific Co, USA, with an excitation source of Nd:YAG laser
532 nm). The chemical properties of ACM and hybrid membranes
were performed by FTIR spectra (Nicolet-560 Fourier transform
infrared spectrometer with a scan range of 4000–500 cm�1 and
resolution of 1.93 cm�1). The chemical compositions of ACM were
analyzed by X-ray photoelectron spectroscopy (XPS, Kratos Axis
Ultra DLD with a monochromatic Al Kα source and charge neu-
tralizer) and elemental analysis (Elementar, Vario Micro cube). The
crystallization properties of ACM and membranes were in-
vestigated by X-ray powder diffraction (XRD, D/MAX-2500 X-ray
diffractometer, CuKα, 40 kV, 200 mA) with a range of 3–70° and
speed of 3 °C/min at room temperature. Thermogravimetric ana-
lysis (TGA) of ACM nanosheets and membranes was determined by
a thermogravimetric analyzer (NETZSCH-TG209 F3). The phase
transition behavior of the hybrid membranes was measured by a
Pyris Diamond differential scanning calorimetry (DSC, Netzsch 204
F1). About 10 mg of membrane samples were cut into small pieces,
heating from room temperature to 150 oC for 0.5h, then cooling to
0oC to eliminate the influence of the adsorbed water in the
membranes. Then the samples were heated from 0 to 170 oC at a
rate of 10 oC /min with nitrogen protection.

The free volume property of membrane was observed by po-
sitron annihilation lifetime spectroscopy (PALS) measurements
using an EG&G ORTEC fast-slow coincidence system with a re-
solution of 209 ps. The positron source (22Na, 13 μci) was sand-
wiched between two pieces of samples with a size of 1 cm�1 cm
and thickness of approximately 0.5 mm. The assumed model of the
free volume was a spherical potential surrounded by an electron
layer with thickness Δr, which accepted 0.1656 nm as an esti-
mated value. The apparent fractional free volume (fapp) of mem-
branes could be calculated by the following semiempirical equa-
tions, which revealed the correlation between o-Ps annihilation
lifetime (τ3) and radius of the free volume cavity (r3) [28].
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Mechanical stability of the membranes was obtained by an
electronic stretching machine (Xinke WDW 3020) at a strain rate
of 5 mm/min. The membrane surface hydrophilicity was measured
by static contact angle meter (JC2000C). By dropping water dro-
plets onto at least 10 different sites of each membrane surface, an
average value was acquired. Swelling degree (SD) was gained by
weighing the homogenous membranes dried in vacuum oven
(WD). To achieve sorption equilibrium, the samples were sub-
merged in 90 wt% ethanol aqueous solution under 350 K for 48 h
and weighed after quickly removing the surface liquid (WS). The
SD value was determined from this equation
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2.4. Pervaporation experiments

Pervaporation for removal of water from the organic solvent is
an important membrane process. In this study, pervaporation ex-
periments were performed on the P-28 membrane module (CM-
Celfa AG Company, Switzerland) with an effective membrane area
of 37.38 cm2. The temperature of feed solution (90 wt% ethanol-
water) was kept at 349 K by a thermal bath and the vacuum on the
permeate side was maintained below 0.1 kPa by a vacuum pump.
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m
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The retentate was recycled back to the feed tank with a flow rate
of feed solution kept at 60 L/h. The permeate vapor was condensed
in liquid nitrogen cold traps at 30 min intervals after reaching
steady state. HP4890 gas chromatograph was employed to analyze
the composition of collected samples and feed solution. The per-
meation flux (J, g/m2 h) and separation factor (α) were estimated
from equations below to assess the separation performance

=
× ( )J
Q

A t 4
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/
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where Q was the weight (g) of permeate collected during a time
interval t (h) and A was the effective membrane area (m2); P and F
represented the mass fractions of water (W) and ethanol (E) in
both permeate and feed solutions, respectively. Take reliability and
accuracy as considered, each experiment was repeated by three
duplicated membrane samples fabricated under the same condi-
tion, and each sample was tested for three times. The testing re-
sults of all nine measurements were averaged as the final data and
deviations were shown as error bars to determine the separation
performance parameters. The permeance ((P/l)i GPU, where
1 GPU¼7.501�10�12 m3 (STP)/m2 s Pa), and selectivity (β) were
calculated from [29].
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where Ji was the permeation flux of component i (g/m2 h), l was
the membrane thickness (m), Pio and Pil were the partial pressures
(kPa) in the feed side and permeate side, respectively. Pil could be
considered as approximately zero, due to the high vacuum in the
permeate side. γi0 and χi0 were the activity coefficient and mole
fraction in the liquid feed, respectively, and pi

sat
0 was the saturated

vapor pressure (kPa) of the pure component. The permeation flux
of every component was transformed into volumes under stan-
dard temperature and pressure (STP): 1 kg of water vapor at
STP¼1.245 m3 (STP); 1 kg of ethanol vapor at STP¼0.487 m3 (STP)
[30]. The detailed description of pervaporation measurements
could be found in our previous work [31].
3. Results and discussion

3.1. Characterization of ACM

The morphology of ACM was characterized by TEM and AFM.
The TEM image in Fig. 1(a) clearly showed that ACM had 2D
morphology and nanosheet structure with a number of wrinkles
and grooves. The lateral size of ACM nanosheets was approxi-
mately 200–400 nm, which was generally smaller than GO (The
horizontal sizes of GO in different references were listed in Table
S1). The lateral dimension and nanosheet thickness of ACM were
also observed by AFM. Fig. 1(b) further showed the small lateral
size of ACM nanosheets and Fig. 1(c) revealed the thickness of ACM
nanosheets was approximately 14 nm from the height profile.

The distribution of elements on the ACM nanosheet surface
was explored by SEM/EDX images. Fig. 2(a) exhibited the SEM
image of ACM nanosheets, while Fig. 2(b)–(e) illustrated the dis-
tribution of carbon, oxygen, sulfur and nitrogen atoms on the
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Fig. 1. (a) TEM and (b) (c) AFM images of ACM.
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nanosheet surface, respectively. According to the SEM/EDX ana-
lyses, these elements were dispersed throughout the ACM na-
nosheets and the distributions of S, O and N at the edge were
higher than that at the center.

Raman spectroscopy was used to acquire the structural mes-
sage and oxidation extent of ACM. Fig. 3(a) showed that both the
ACM and its homogeneous membranes had two characteristic
bands. D band (1346 cm�1) represented cavities and grain
boundaries of ACM caused by the oxidation process from needle
coke [32]. G band (1615 cm�1) referred to the non-oxide region,
which had the carbon framework of sp2 hybridization [33]. The
intensity ratio of D band to G band (ID/IG) of ACM was 0.97, which
was higher than GO (ID/IG¼0.94), indicating that ACM had higher
oxidation extent than GO [34].

Characteristic peaks of functional groups in ACM were ob-
served by the FT-IR spectra shown in Fig. 3(b). The peaks at 1235,
1723, 1298, 1625 and 3482 cm�1 were attributed to the C–O, H–O
stretching vibration, CQO symmetrical stretching vibration of
carboxyl group, C–O–C stretching vibration of epoxy group, CQC
stretching vibration of aromatic ring and H–O stretching vibration
of hydroxyl group, respectively. Other than these common che-
mical bonds, the peaks at 1357, 1534 cm�1 (symmetrical and
asymmetrical stretching vibration of NO2) and 1039, 1087 cm�1

(symmetrical stretching vibration of SO2) were the unique oxygen-
containing groups of ACM nanosheets. The oxygen-containing
functional groups of ACM nanosheets were generally more abun-
dant than GO. Fig. 3(b) also exhibited that, when ACM was blended
into the SA matrix, the characteristic peaks of functional groups
occurred blue shift for approximately 210 cm�1. This was due to
the carboxyl and hydroxyl functional groups of SA could form
strong hydrogen bonds with oxygen-containing groups of ACM.

The zeta potential analysis of ACM dispersed in deionized water
(0.05 wt%) was �38.07 mV, which represented sufficient mutual
mrepulsion to ensure dispersion stability [35]. The oxygenic groups
connected with the edges of ACM could give the nanosheets ne-
gative charge after ionization, which led to electrostatic repulsion
among nanosheets to maintain favorable dispersity in water and
remained steady for approximately 7 days [19,20,27,36].

More detailed elemental composition and chemical bonds in-
formation of ACM were further revealed by XPS. The percentage
composition of elements in ACM was C 72.60%, O 25.65%, S 1.75%,
respectively. The low C/O ratio of 2.83 shown Fig. 4(a) indicated a
high oxidation degree [37,38]. The high-resolution C 1s spectra of
ACM in Fig. 4(b) could be divided into three peaks at binding en-
ergies of 284.6, 286.0 and 287.4 eV, which were attributed to C–C/
CQC (48.72%), C–O/C–O–C (38.40%) and O–CQO (12.89%), re-
spectively [39]. The high proportion of hydroxyl C (C–O), epoxy C
(C–O–C) and carboxylate C (O–CQO) revealed that ACM possessed
large accounts of oxygen-containing groups. The elemental ana-
lysis demonstrated N element occupied 3.49%.

3.2. Characterization of membranes

3.2.1. Morphology of hybrid membranes
The cross-section morphologies were characterized by FESEM

and shown in Fig. 5. Fig. 5(a)–(b) exhibited the active layers with
thickness approximately 300 nm were deposited firmly on the
PAN support layer. Fig. 5(c)–(h) showed that compared with the
smooth cross-section of pure SA homogeneous membrane, the
configuration of ACM in hybrid membrane gradually turned into
brick-and-mortar architectures [40], along with the filling content
increased. The ACM nanosheets exhibited horizontal stacking or-
ientation. The surface SEM images in Fig. S1 showed that the hy-
brid membrane surface was as smooth as the pure membrane. It
was hard to observe nanosheets on the surface due to the low
content of ACM.
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Fig. 2. (a) SEM image of the ACM nanosheet and (b-e) EDX mappings of carbon, oxygen, sulfur and nitrogen atoms on the ACM nanosheet, respectively.
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The XRD patterns of ACM in Fig. 6 showed the (002) and (100)

diffraction peaks at 2θ¼26° and 44°, respectively. The XRD pat-
terns of hybrid membranes exhibited only the typical diffraction
peak of SA (2θ¼22.6), while none characteristic peak of ACM
(2θ¼26°, 44°) was observed. It indicated that ACM nanosheets
were dispersed in polymer matrix homogeneously. Polymer crys-
tallinity had a significant influence on the mass transfer process.
Higher crystallinity of polymer matrix led to diffusion paths of
penetrant molecules more tortuous [41]. The trend of diffraction
peak intensity in hybrid membranes decreased at first (1.5, 2 wt%)
and then increased (2.5, 3 wt%) as the ACM content increased. The
effect of ACM content on diffraction peak intensity of hybrid
membranes was shown in Fig. S2. When the filling content of ACM
was low, the inorganic nanosheets could disturb the arrangement
of polymer, induce more amorphous regions and enlarge the inter-
chain distance [42]. Therefore, the crystallinity declined when the
content of ACM increased at first. As the filling content became
higher, the slight aggregation of nanosheets weakened its ability
to disturb the arrangement of the polymer. Meanwhile, SA chains
on the surface of nanosheets were induced to be ordered arranged
by 2D ACM nanosheet, acting as nucleating agent, which led to the
rise of crystallinity.
3.2.3. Free volume property of hybrid membranes
The free volume property of membranes listed in Table 1 was

assessed by PALS characterization. Accompanied by the increasing
ACM content, the fractional free volume of hybrid membranes
increased firstly and then decreased, which were all higher than
pure SA membrane. At the same content of 2D material, smaller
nanosheet size would provide higher specific surface and offer
more diffusion paths for molecule transport, which formed more
free volume cavities in the SA-ACM interfaces and increased the
fractional free volume. Meanwhile, more oxygen-containing
groups of ACM could provide stronger interfacial interaction be-
tween polymer and inorganic filler to avoid the non-selective
defects at the interface, which was beneficial to form free volume
cavities to enhance the selectively of membranes. In this study, as
the content increased, the number and radius of free volume
cavities in the interfaces increased slightly. When the content of
ACM was 2 wt%, the hybrid membrane had largest free volume
radius (0.251 nm). As the ACM content increased continuously, the
re-stacking of ACM nanosheets led to the decrease of fractional
free volume. The larger radius was beneficial for molecule trans-
port, which could enhance the permeability of the hybrid
membrane.

3.2.4. Hydrophilicity
As shown in Table 2, the contact angles of water on the surface
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Fig. 3. (a) Raman and (b) FT-IR spectra of ACM. Fig. 4. (a) XPS wide-scan spectra and (b) high-resolution C 1s spectra of ACM.
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drophilicity. On account of most ACM nanosheets were embedded
in the SA matrix, which had a slight influence on the hydro-
philicity of hybrid membrane surface, contact angles mainly
maintained at approximately 38°, similar to the SA pure mem-
brane. To research the stability of membranes, swelling experi-
ment were conducted. Table 2 exhibited that the swelling degrees
of hybrid membranes decreased accompanied by the increasing
ACM content. All the hybrid membranes exhibited lower swelling
degree than SA pure membrane. This was because the strong in-
terface interaction between SA polymer and ACM filler restricted
the stretching of the SA chains in aqueous solution and enhanced
the swelling resistance of membranes.

3.2.5. Thermal properties analysis
Thermal stability of the ACM nanosheets and SA-ACM homo-

geneous membranes was evaluated by TGA under nitrogen at-
mosphere. Fig. 7(a) demonstrated that the decomposition process
of the hybrid membranes involved three stages, as the reference
[9,43] described. The vapor evaporation below 200 °C in the first
stage corresponding to the traces of moisture mainly contained
the weight loss of free water and bound water in SA polymer and
ACM nanosheet. The decomposition of oxygen-containing
functional groups in SA and ACM, such as –NO2, –SO3H, –OH, –
COOH and epoxy group, mainly occurred in the second stage be-
tween 200 and 400 °C. And the pyrolysis of SA polymer chains
appeared in the third stage in the range of 400–600 °C, which
resulted in the degradation of SA backbone. The thermal stability
was evaluated by the first stage of decomposition temperature,
which was approximately 205 °C to all the membranes and 260 °C
to ACM nanosheets. These results indicated that ACM nanosheets
displayed a better thermostability than SA matrix. The ACM-filled
membranes exhibited almost similar thermal stabilities and ther-
mal decomposition behaviors to SA pure membrane. Such tem-
peratures were much higher than the typical operation tempera-
ture (around 70 °C), which ensured the thermal stabilities of
membranes.

Glass transition temperature (Tg) could be used to investigate
the mobility of the polymer chains. The DSC curves of SA-ACM and
SA pure membranes were shown in Fig. 7(b), respectively. Tgs of
all the SA-ACM membranes were lower than the SA pure mem-
brane. As the content of ACM increased, Tg of hybrid membrane
declined first and then increased. These results illustrated that
ACM was dispersed well at low content, which could interfere the
order packing of polymer in the crystalline region to enhance the
mobility. The interfacial interaction sites did not increase
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Fig. 5. SEM images of the cross-section of (a) SA/PAN, (b) SA-ACM-2/PAN, (c) SA pure, (d) SA-ACM-1, (e) SA-ACM-2 and (f) SA-ACM-3.
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proportionally to the content of ACM at higher ACM content in the
hybrid membranes because of the agglomeration of nanosheets,
which weakened the influence of nanosheets on polymer chains
mobility.
 w3.2.6. Mechanical property of hybrid membrane

The tensile strength and tensile modulus of homogeneous
membranes listed in Table 3 were significantly enhanced com-
pared to SA pure membrane when ACM was added. The brick-and-
mortar formation and interfacial interaction enhanced the struc-
tural strength and declined the flexibility of SA chains. The tensile
strength and tensile modulus of SA-ACM-2 increased by 31.76%
and 111.83%, respectively. By the influence of nanosheet agglom-
eration, the tensile strength and tensile modulus of SA-ACM-2.5
and SA-ACM-3 declined gradually.
4. Pervaporation performance of the membranes

4.1. Effect of ACM content

In order to investigate the influence of ACM content on mem-
brane separation performance, pervaporation experiments of hy-
brid membranes were conducted with 90 wt% ethanol aqueous
solution at 350 K. Fig. 8 showed the separation factor and per-
meation flux of the SA-ACM/PAN. Accompanied with the increase
of ACM content, both the separation factor and permeation flux
first increased and then decreased. When the content of the ACM
increased from 0 to 2 wt%, the permeation flux increased from
1279 to 1778 g/m2 h and the separation factor also increased from
594 to 1816.

The transport of penetrant molecules through SA-ACM hybrid
membrane was proposed and schematically diagramed in Fig. 9.
The adsorption-diffusion process was profited from amphiphilicity
of ACM nanosheets. Each oxygen-containing functional group at
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Fig. 6. XRD patterns of ACM, SA pure, SA-ACM-X.

Table 1
Free volume property of pure SA and SA-ACM-X homogeneous membranes.

Membrane I3 (%) τ3 (ns) r3 (nm) fapp

Pure SA 8.0970.27 1.61370.020 0.24670.002 0.50770.030
SA-ACM-1 8.5670.29 1.57670.016 0.24270.002 0.51070.028
SA-ACM-2 8.0270.28 1.65270.023 0.25170.002 0.52970.034
SA-ACM-3 8.1970.30 1.61770.020 0.24770.002 0.51670.032

Table 2
Water contact angle and swelling degree of different membranes.

ACM content (wt%) Water contact angle (°) Swelling degree (%)
SA-ACM-X/PAN SA-ACM-X

0 3972 7.0470.50
1 3973 6.6370.46
1.5 3872 6.3270.48
2 3872 6.1470.50
2.5 4073 5.7270.50
3 3972 5.4170.48

Fig. 7. (a) TGA and (b) DSC curves of SA pure, SA-ACM-X.

Table 3
Mechanical property of membranes.

ACM content (wt%) Strength of extension (MPa) Elasticity modulus (GPa)

0 85 3.38
1 105 4.13
1.5 106 5.58
2 112 7.16
2.5 107 6.99
3 105 6.16
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www.the edge of ACM nanosheets acted as a hydrophilic kernel. Water
molecules were adsorbed preferentially to these hydrophilic ker-
nels by hydrogen bonds and then penetrated into the interval
between the ACM nanosheets. The pressure in the downstream
side actuated water molecules diffused rapidly through the un-
oxidized region to the next hydrophilic kernel, due to its low
friction contact with the hydrophobic carbon framework. While
the smaller polarity of ethanol molecules gave it higher friction
resistance, which led to the difference between water and ethanol
in transport rate. The oxygen-containing functional groups dis-
persed throughout the ACM nanosheets and their distributions at
the nanosheet edge were higher than at the center (shown in
Fig. 2), which indicated the hydrophilicity of the nanosheet edge
was higher than the center. Therefore, the adsorption and diffu-
sion process took the leading role at the nanosheet edge and
center, respectively. By means of repeating this process, water
transport channels were formed, which realized preferential ap-
peal and fast transport of water molecules in the membrane. The
interplanar distance corresponding to the crystallographic plane
(002) of ACM was 0.36 nm, which was between the kinetic dia-
meter of water (0.26 nm) and ethanol molecules (0.45 nm). The
proper distance between stacking layers could sieve water and
ethanol molecules in some extent. The transport efficiency and
speed of ethanol molecules were lower than water molecules,
which enhanced the selectivity. Meanwhile, the small nanosheet
size of ACM could enhance the interaction between inorganic filler
and polymer and decrease inter-chain interaction, which enlarged
the inter-chain distance more efficiently. Small nanosheet size
could also reduce the crystallinity of ACM and increase the frac-
tional free volume to enhance permeation flu [44]. Therefore,
benefited from the amphiphilicity and small size of ACM na-
nosheets, SA-ACM hybrid membrane exhibited higher perme-
ability and selectivity.

The performances of pervaporation dehydration with hybrid
membranes containing 2D material from literature were shown in
Table 4 in comparison to the results of this investigation. It can be
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Fig. 8. Pervaporation performance of SA pure/PAN and SA-ACM-X/PAN.
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seen that the membranes in this study exhibited higher permea-
tion flux and selectivity, which were an important feature for in-
dustrial application.

4.2. Effect of operation temperature

As a representative, SA-ACM-2/PAN was selected to investigate
the effect of feed temperature ranging from 313 to 350 K on per-
vaporation performance with 90 wt% ethanol aqueous solution. It
could be seen from Fig. 10(a)–(b) that the separation factor and
total flux increased accompanied with the temperature increasing,
while the water partial flux increased much faster than ethanol
partial flux. This indicated that high temperature was more ben-
eficial to the permeation of water, which resulted in the en-
hancement of separation factor. According to solution-diffusion
mechanism, the molecular transport was controlled by the ad-
sorption process at membrane surface and the diffusion process
across membrane bulk. On one hand, the increasing temperature
was beneficial to the diffusion of water and ethanol molecule. On
the other hand, higher temperature weakened the adsorption of
these two components. Due to the effect of hydrogen bond, water
molecule had stronger interaction with the hybrid membrane than
ethanol molecule, which made ethanol adsorption decrease more
www.s

Fig. 9. Schematic representation for selective transport proc
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pronouncedly with the increasing temperature [53]. The elevated
driving force and molecule diffusion rate with increasing tem-
perature contributed to the enhanced flux [54]. In addition, the
temperature dependence of the partial water and ethanol fluxes
was measured quantitatively by the apparent activation energy,
which could be determined from the Arrhenius equation by

= −
( )

⎛
⎝⎜

⎞
⎠⎟J A

E

RT
exp

8
p

0

where J, A0, Ep, R and T were the permeation flux, pre-exponential
factor, apparent activation energy, gas constant, and feed tem-
perature, respectively. As shown in Fig. 10(c), the apparent acti-
vation energy of water (EpW) and ethanol (EpE) were 45.7 and
24.5 kJ/mol, respectively. The higher EpW value indicated that
water permeation increased faster than ethanol permeation with
the increasing temperature [55,56]. And the positive EpW and EpE
value indicated that the permeation process of both water and
ethanol were dominated by diffusion. Higher temperature loo-
sened the membrane and increased the permeability. However,
higher temperature also restricted the adsorption of ethanol mo-
lecules on the membrane surface, so that the permeability rate of
ethanol increased slower than water.

To eliminate the influence of vapor pressure, driving force of
mass transport through the membrane was normalized and the
results were shown in Fig. 10(d). With regard to both water and
ethanol, the permeant solubility would decrease and permeant
diffusivity would enhance when temperature increased. The dif-
ference lied in that the enhanced diffusivity of water could com-
pensate the decrease of solubility, while the decreased solubility of
ethanol was bigger than the increase of its diffusivity [53]. The
weakened coupling effect between water and ethanol restricted
ethanol transport along with water molecules [57]. Therefore,
higher temperature was beneficial for water permeation, which
endowed the hybrid membrane with higher selectivity.

4.3. Effect of feed water concentration

To investigate the effect of feed concentration on SA-ACM-2/
PAN membrane performance, the total flux and separation factor
at 350 K of feed water concentrations ranging from 5 to 30 wt%
were shown in Fig. 11. Fig. 11(a) showed that the separation factor
ess of water permeation through the ACM nanosheets.
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Table 4
Comparison of the pervaporation performance among membranes containing 2D materials.

Membrane Alcohol Feed concentration of water (wt%) Total flux (g/m2 h) Separation factor Temperature Reference

GO/AAO Butanol 10 3100 230 50 [45]
ZIF-8/PBI Butanol 15 81 3417 60 [46]
Naþ-MMT/CS Isopropanol 10 142.3 14,992 30 [47]
(GE/GO)/H-PAN Ethanol 20 2275 304 76 [48]
MFI-type zeolite Ethanol 5 9800 58 60 [49]
ZIF-90/P84 Isopropanol 15 166 449 60 [50]
GO/PECs Ethanol 5 268 394 50 [51]
ZIF-8/PI Ethanol 10 260 300 42 [52]
SA-ACM/PAN Ethanol 10 1778 1816 76 This study

Fig. 10. Effect of feed temperature on separation performance of SA-ACM-2/PAN: (a) total flux and separation factor; (b) water flux and ethanol flux; (c) Arrhenius plots of
water and ethanol; (d) water permeance, ethanol permeance and selectivity.
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wwwincreased first and then decreased as the feed water concentration
increased. During the low feed water concentration period, the
increasing concentration brought about higher driving force to
improve the diffusion of water, which enhanced the selectivity
[53]. Then as the concentration increased to a high degree, the
influence of membrane swelling surpassed the growing driving
force, which led to the decline in selectivity. It also could be seen
that the total flux increased continuously with increasing feed
water concentration. This might be explained that, the increasing
concentration not only resulted in higher membrane swelling, but
also led to higher permeant molecules diffusion throughout the
membrane, which both enhanced the total flux.

The partial flux of water and ethanol plotted in Fig. 11
(b) displayed the increasing water flux approximately proportional
to total flux and general steady ethanol flux, as the concentration
increased. Higher water permeations than that of ethanol, was
attributed to the small size and strong interaction of water mo-
lecules with the membranes. The general steady ethanol flux
suggested that the influence of membrane swelling was balanced
with the driving force for ethanol permeation. Fig. 11
(c) normalized the membrane thickness and driving force, which
further corroborated the swelling effect on the permeation of
water and ethanol. As the concentration increased, percolation
rate of water and ethanol both increased, while the selectivity first
increased and then decreased, which further improved the swel-
ling of the membrane.

4.4. Long-term operation stability

The long-term operation stability of membrane was an im-
portant parameter in practical application. The SA-ACM-2/PAN
membrane was operated continuously with 90 wt% ethanol aqu-
eous solution at 350 K for over 190 h. Fig. 12 showed that the
permeation flux decreased slightly at the beginning and the water
content in permeate remained above 99 wt%. Therefore, the
membrane exhibited favorable operation stability.

5. Conclusion

In this study, ACM nanosheets were incorporated into SA
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Fig. 11. Effect of feed composition on separation performance of SA-ACM-2/PAN: (a) total flux and separation factor; (b) water flux and ethanol flux; (c) water permeance,
ethanol permeance and selectivity.

Fig. 12. Long-term separation performance of SA-ACM-2/PAN.
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wwmatrix to fabricate hybrid membrane by physical blending meth-
od. The amphiphilicity of ACM nanosheets was utilized to intensify
adsorption-diffusion process. The hydrophilic region (connected
with oxygen-containing functional groups) and hydrophobic re-
gion (unoxidized surface) of nanosheets formed water transport
channels. The abundant functional groups at the edge of ACM
nanosheets preferentially adsorbed water molecules and then al-
lowed water molecules to enter the transport channel due to the
hydrogen bond, while the hydrophobic region at the center of
ACM nanosheets realized the fast transport of water molecules.
Meanwhile, the small nanosheet size with 200–400 nm enhanced
the interaction between inorganic filler and polymer to interfere
the arrangement of polymer chains more efficiently. The perva-
poration experiments manifested that the membrane containing
2 wt% ACM exhibited an optimum performance with permeation
flux of 1778 g/m2 h (139% of SA control membrane) and separation
factor of 1816 (3.06 times of SA control membrane) for 90 wt%
ethanol aqueous solution at 350 K. Moreover, the interfacial in-
teractions between ACM nanosheets and SA chains achieved
higher swelling resistance, thermal property and mechanical sta-
bility of hybrid membranes, which conferred the desirable long-
term operation stability. This study may offer a generic and effi-
cient approach utilizing the amphiphilicity of nanosheets to pre-
pare highly water-selective membranes for diverse separation
processes.
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Nomenclature

Variables

A membrane area (m2)
l membrane thickness (m)
Q mass of permeate (g)
t time interval (h)
SD Swelling degree (%)
FE mass fraction of ethanol in feed solution (wt%)
FW mass fraction of water in feed solution (wt%)
PE mass fraction of ethanol in permeate solution (wt%)
PW mass fraction of water in permeate solution (wt%)
J permeation flux (g/m2 h)
Ji permeation flux of component i (g/m2 h)
(P/l)E ethanol permeance (GPU)
(P/l)W water permeance (GPU)
(P/l)i the permeance of component i (GPU)
pi0 partial pressures of component i in the feed side

(Pa)
pil partial pressures of component i in the permeate

side (Pa)
pi

sat
0 saturated vapor pressure of pure component i at

operation temperature (Pa)
WD the mass of dry membrane (g)
WS the mass of membrane immersed in the feed

mixture (g)
xi0 mole fraction of component i

Greek letters

α separation factor
β selectivity
γi0 activity coefficient of component i
θ diffraction angle (°)
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