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Abstract Cellulose-based mixed-matrix membranes
containing  polyethylenimine-modified  graphene
oxide (PEI-GO) and Zn*" jons were fabricated and
used for gas separation. The incorporation of PEI-GO
effectively hinders the crystallinity of regenerated
cellulose, and PEI-GO was compatible with cellulose
matrix and uniformly distributed within the matrix.
X-ray photoelectron spectrum revealed the amino
group on GO surface can effectively coordinate with
Zn** ions in the membrane. The Zn>" ions content in
the membranes increased when increasing the PEI-GO
addition. The optimum separation performance was
achieved over the membrane with 17 wt%o PEI-GO
(RC-17) wiht the highest zinc content of 24.2 wt%.
The corresponding permeability of CO; is as high as
268.9 Barrer, and the CO,/N, and CO,/CH, ideal
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selectivities could reach 48.9 and 57.4, respectively.
The enhancement of CO, transportation was attributed
to both the regulated microstructure of cellulose
membrane by PEI-GO and the n-complexation mech-
anism of Zn*>" ions with CO, molecules. The prepared
membranes would have a highly potential use in the
field of CO, separation.
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Introduction

Over the past decades, there has been a rising concern
on global warming caused by the emission of
enormous amounts of CO, gases (Adewole et al.
2013; MacDowell et al. 2010). It is extremely urgent to
seek a new and efficient separation technology to
achieve the collection, purification and reuse of CO,.
Nowadays, gas separation membrane technology
shows good prospects in CO, capture owing to the
advantages of low investment, low energy consump-
tion and easy operation (Olajire 2010; Zhang et al.
2017). Synthetic polymers such as polysulfone,
polyethersulfone and polydimethylsiloxane are the
mostly applied materials in the fabrication of gas
separation membranes. Although they have excellent
processing ability, a major limitation is the
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permeability—selectivity trade-off effect (Brunetti
et al. 2010). In order to solve this problem, CO,
transfer-promoting fillers could be introduced into the
membrane to simultaneously enhance its permeability
and selectivity.

In general, mixed matrix membranes (MMMs) are
constructed by loading nanofillers as a dispersed phase
into the polymer to form a membrane, which promotes
the transport of CO, in the polymer membrane (Chung
et al. 2013). At present, nanofillers that can construct
CO, transfer channels mainly include metal-organic
frameworks (MOFs), carbon nanotubes (CNTs),
graphene oxide (GO), and zeolites, due to their well-
defined nanostructure that can serve as high-speed
transport channel with high perm-selectivity for gas
molecules (Lin et al. 2014; Quan et al. 2017). In our
previous work, a composite MOF/cellulose membrane
was prepared by wrapping UiO-66-NH, (Zr-based
MOF) into the densely packed cellulose nanofibrils
(CNF-COOH) (Zhang et al. 2018a). The optimum
membrane is endowed with enhanced separation
performance with CO, permeability of 139 Barrer
and CO,/N, ideal selectivity of 46. Prior studies
proved that GO and its derivatives are ideal inorganic
nanofillers for their excellent mechanical properties,
atom-thick structure and high aspect ratio (> 1000)
(Li et al. 2013, 2015; Wang et al. 2017), which
increase the length of the tortuous path of gas diffusion
and the selectivity (Zulhairun and Ismail 2014). Zhang
et al. (2019) fabricated MMMs by introducing
aminosilane  functionalized  graphene  oxide
nanosheets (f-GO) into Pebax 1657 matrix. Particu-
larly, Pebax/f-GO-0.9% membrane showed a high
CO, permeability of 934 Barrer and a CO,/N,
selectivity of 41.

Recently, a number of studies have demonstrated
that metal ions can act as CO, facilitated transport
carriers on the basis of m-complexation mechanism,
such as Ag", Cu®", Au™, Co®", Fe*", K* and Zn**
ions (Ebadi Amooghin et al. 2016; Lee et al. 2012;
Liao et al. 2014; Wang et al. 2016a). By the reversible
complexation interactions with CO,, zinc ions can
form an unstable Zn—CO, complex, so that zinc ions
are regarded as good candidate for CO, facilitating
carrier. Chung and co-workers immobilized zinc ions
into polyimide to fabricate composite membrane. The
CO,/CH, selectivity of Zn*" ion embedded membrane
was 70% greater than that of metal-free membranes
(Li and Chung 2008). In our previous work,
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regenerated cellulose membrane with high zinc ions
loading was prepared by dissolving cellulose with
ZnCl, hydrate salts, and exhibited a CO, permeability
of 155 Barrer with a CO,/N, ideal selectivity of 27
(Zhang et al. 2018b). In Ca—Zn-cellulose system, Zn
ions would weaken hydrogen bonds and Ca ions
crosslink the Zn-cellulose chains (Sen et al. 2013).
However, the CO, permeability and separation ratio of
the cellulose membrane still have room to improve.
The key point is that the cellulose nanofiber mem-
branes obtained via physical dissolution and regener-
ation were densely packed (Wang et al. 2016b; Yang
et al. 2011). It is a challenge to simultaneously
increase the gas permeate flux and separation ratio of
CO,/Ns.

In this work, we report a facile approach to
preparation of mixed matrix membranes by incorpo-
ration of PEI-GO and Zn*" ions into cellulose matrix.
With the introduction of PEI-GO, the hydrogen
bonding network and the crystalline regions of the
cellulose were partially destroyed, which increased the
length of the tortuous path of gas diffusion and the
selectivity. Meanwhile, the content of Zn>* ions,
which serve as a fixed carrier to construct a facilitated
transport pathway for CO,, can be regulated by the
addition of PEI-GO, taking advantage of the coordi-
nation between the grafted amino group and Zn*"
ions. To the best of our knowledge, cellulose-based
MMMs in this work have the highest permeability and
selectivity in terms of CO, transport. This strategy
could bring new insight in the preparation of gas
separation membranes.

Experimental
Materials

In this study, microcrystalline cellulose (DP,: ~ 380)
and polyethylenimine (PEI, 99%, molecular weight:
10 kDa) were purchased from Aladdin Chemical
Reagent Company. ZnCl, (99%) and CaCl, (99%)
were supplied by Sinopharm Chemical Reagent
Company. All chemicals used in this study were of
analytical or reagent grade and were used without
further purification. Graphene oxide suspension (GO,
2.4 wt%) was bought from the Sixth Element Mate-
rials Technology Co., Ltd.
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Preparation of PEI-modified GO

Pristine GO was synthesized by the Hummer’s method
(Hummers and Offeman 1958). Illustration for the
preparation of PEI-GO is showed in Scheme 1. In a
typical process, 20.8 g of GO suspension (2.4 wt%)
was dispersed in 200 mL of deionized water and
subjected to ultrasonic treatment for 1 h. Then, the
suspension was introduced into a three-necked flask.
1.0 g of PEI was dissolved in 5 mL of deionized water
and then added into the above suspension, and the
reaction was conducted at 90 °C for 24 h. Subse-
quently, the obtained suspension was washed by
ethanol/water and the water slurry of PEI-GO was
formed (Shi et al. 2018). The PEI-GO powder was
obtained by centrifugation and the freeze-drying for
24 h.

Preparation of MMMs

Dissolution of cellulose and preparation of membrane
were conducted according to the phase-inversion
method as described in literatures (Xu et al. 2016;
Zhang et al. 2018b). In brief, 9.87 g of ZnCl, and 0.2 g
of CaCl, were dissolved in deionized water (3.63 g) at
65 °C for 15 min. Simultaneously, 0.45 g of o-
cellulose and 1.05 g of deionized water were mixed to

solution was poured into the cellulose suspension and
stirred for another 45 min to obtain cellulose casting
solution. Different volume of PEI-GO was added into
cellulose casting solution with different filler contents.
The solution was degassed under vacuum for 30 min to
remove bubbles and cast by a knife (200 pm) over a
glass plate. The glass plate was fully immersed into
500 mL of ethanol for 30 min. For convenience of
description, the membrane denoted as RC-x and x
(=10, 13, 16, 17, 18 wt%o) refers to the mass
percentage of PEI-GO to cellulose. For comparison,
pure cellulose membrane, cellulose membrane incor-
porating by unmodified GO (17 wt%o) as the filler were
fabricated following the same method and denoted as
RC-0 and RC-GO, respectively.

Characterization of nanofillers and MMMs

Fourier transform infrared (FT-IR) analysis of GO and
PEI-GO were obtained by Brucker Vertex-80 V
spectrometer. X-ray diffraction (XRD) experiments
were conducted by Rigaku Ultima IV with Cu Ka
radiation at 40 kV and 30 mA. The elements of
nanofillers and the corresponding chemical state were
analyzed by X-ray photoelectron spectroscopy (XPS,
AXIS UltraDLD). Morphology of the GO and PEI-GO
nanosheets were observed by a transmission electron
microscope (TEM, JEM-1400, JEOL, Japan). Scan-

obtain cellulose suspension. Then, the ZnCl,/CaCl, ning electron microscopy and X-ray energy
H,N NH2\NH HAN
= = H *{,\
Ny~ N AN~ N A, !
H
HoN~N~~NH,
PEI 90 °C
—>

Scheme 1 Reaction mechanism diagram of PEI modified GO.

Stirring for 24 h
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spectrometer (SEM + EDX, JSM-7600F, JEOL,
Japan) were used to explore the morphologies and
the distribution of elements of the MMMs.

Gas separation experiments

The gas separation behavior of the MMMs was
evaluated from the permeance of single gas. A flat-
sheet permeation cell with an effective area of 2.83
cm? was used for all tests at room temperature (25 °C)
and 0.1 MPa. Before tests, the residual gas in MMMs
and pipeline was removed by vacuum pump. The
permeability, Pi (Barrer) was calculated as Eq. 1
(Xiang et al. 2017a; Xiang et al. 2017b),

Pi = NiL/(A - APi) (1)

where Ni (cm® s~ 1), L (cm), A (cm?) and APi (cmHg)
refer to the volume permeate rate of gas, the film
thickness, the test area of membrane, and the pressure
drop, respectively.

The ideal selectivity (S;j;) was acquired from Eq. 2,

where Pi and Pj correspond to the permeability of
single gases of i and j, respectively.

Results and discussion
Characterization of nanofillers

The functional groups of GO and PEI-GO were
investigated by FT-IR. According to Fig. la, GO
exhibits a prominent peak at around 3300-3400
ecm™ !, which is assigned to the O-H stretching. The
peaks at 1722 and 1060 cm™ ' are due to the stretching
vibration of C=0 and the stretching vibration of C-O
in epoxy groups, respectively. In addition, the peak at
1223 cm™ ! corresponds to stretching vibration of C—
O in carboxyl groups and the peak at 1610 cm™ ! is
assigned to vibration of C—C. In contrast, it is obvious
that PEI-GO shows new peak at 3438 cm™ ', which is
due to N-H stretching vibration (Shan et al. 2013).
Moreover, the intensity of the peak at 1060 cm™ ' has
been remarkably reduced, indicating that epoxy
groups of GO had a nucleophilic reaction with the
amino groups of PEI. This further demonstrated that
PEI molecules are successfully grafted onto the
surface of GO nanosheets (Scheme 1). It should be
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noted that free PEI displays a poor compatibility with
membrane matrix and cannot form separation mem-
branes with good uniformity and stability.

The crystalline structures of pristine GO and PEI-
GO nanosheets were investigated by XRD (Fig. 1b).
The sharp characteristic diffraction peak at 11.6° is
ascribed to the (001) plane of GO (Liu et al. 2015). In
contrast, the XRD pattern of PEI-GO displays an
obvious wide diffraction peak at 21.0°, and the
original peak at 11.6° is disappeared, proving that
the modified GO was in a disordered state, thereby
proving the successful grafting of PEI on GO
nanosheets.

PEI-GO illustrates a higher thermal stability than
GO and has a mass loss only about 17.8% before 300
°C (Fig. S1, TG details in supporting information).
XPS analysis confirm the grafting of PEI on to the
surface of GO (Yuan et al. 2016; Zhang et al. 2013). In
PEI-GO, the element contents of C, N and O are
66.6%, 20.5% and 12.9%, respectively, successfully
endowed GO with PEI functionalization (Fig. S2, XPS
in supporting information).

The morphology of GO and PEI-GO was observed
by TEM. As shown in Fig. lc, GO presents multi-
layered two-dimensional sheet-like structure with a
smooth surface (Zhang et al. 2010). When the GO
sheets are grafted with PEI, the sheets of GO are
stretched, resulting in the obvious crumpled nanos-
tructure (Fig. 1d). The modification of GO by PEI
weakens the agglomeration of GO and enhances the
dispersion in the cellulose matrix.

Membrane characterization

The crystallinity changes of the membranes were
examined by XRD. From Fig. 2, RC-0 displays peaks
at approximately 12.0° and 22.5° indicating the
crystal transformation from cellulose I to cellulose II
during the regeneration process (French 2014; Sai
et al. 2015). Compared to RC-0, the peak intensity of
MMMs are all weakened, which indicates that the
incorporation of GO breaks the pristine hydrogen
bonding network and destroys the crystalline regions
of the cellulose. RC-GO exerts the lowest crystallinity
compared with other membranes. With the increase of
molecular chain spacing, more transport channels are
formed in the membrane, which can facilitate the
permeability of gas molecules. TG analyses indicate
that the decomposition temperature of the membranes
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starts at 213, 229 and 253 °C for RC-0, RC-GO and
RC-17, respectively. Among them, RC-17 has a higher
decomposition temperature which is attributed to the
fact that the modified GO contains a large amount of
amino groups that can generate strong hydrogen
bonding with hydroxyl of cellulose (Sen et al. 2016).
The residual mass of membranes follows the order of
RC-17 (49.0%) > RC-GO (42.2%) > RC-0 (27.2%)
(details in Fig. S3).

The surface and cross-section morphology of the
membranes were examined by SEM. As presented in
Fig. 3a, a smooth and homogeneous surface can be
observed in RC-0 membrane. With the addition of GO
(Fig. 3b), although a few inconspicuous GO particles
with size about 1 um appear on the surface of RC-GO
membrane, the membrane still maintains a uniform
surface due to the excellent compatibility of GO with
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Fig.3 Surface (a—c) and cross section (d) SEM images of membranes: RC (a), RC-GO (b) and RC-17 (¢, d), GO-PEI particles shown

in red circles

the cellulose. As for RC-17 membrane in Fig. 3c, it can
be found that there is no apparent difference with RC-
GO membrane. The presence of GO can be observed
from the surface and cross-section images of RC-17
membrane (Fig. 3c, d) as designated in red circle.

XPS measurement was used to further provide
more details about the elemental composition and
chemical bonds of RC-17. Figure 4a shows that Zn
element is successfully loaded into the MMMs. To
ascertain the Zn?" coordination bonds, the XPS
spectrum of Zn 2p is divided into two peaks by Origin
software. As presented in Fig. 4b, two peaks centered
at 1022.64 and 1023.06 eV can be assigned to Zn-O
and Zn-N bonds, respectively (Liu et al. 2016),
suggesting the coordination of Zn?* and PEI-GO
nanosheets.
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Gas separation tests

Gas permeation over different MMMs was tested by a
feed pressure of 0.1 MPa and 25 °C. The pristine RC-0
membrane has a CO, permeability of 26.0 Barrer. In
terms of RC-GO membrane, the CO, permeability is
127.6 Barrer. The improvement of gas permeability is
attributed to the incorporation of GO in the matrix
(Table S1). The GO sheet structure with high-aspect
ratio leads to the highly tortuous diffusion path in the
cellulose matrix and generates a rigidified interface
between cellulose matrix and fillers (Jia et al. 2019),
leading to a significant improvement the CO,/N,
selectivity of RC-GO membrane.

With the introduction of PEI-GO, the MMMs show
a higher permeability and selectivity to CO,, while
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Fig. 4 XPS spectrum (a) and Zn 2p spectrum (b) of RC-17

there is no significant change of the permeability of N,
and CH,4 except for RC-18 membrane (Fig. 5). It can
be observed that the CO, permeability and CO,/N,
selectivity increase substantially with the increase of
PEI-GO content. The membrane containing 17 wt%o
PEI-GO exhibits an optimal separation performance
with a CO, permeability of 268.9 Barrer and a CO,/N,
ideal selectivity of 48.9 (Fig. 5a). The same tendency
was observed for CO,/CHy. As shown in Fig. 5b, CHy
exhibits lower permeabilities due to the large kinetic
diameter of CH4 (3.8 IOA). However, when the PEI-GO
content increases to 18 wt%, both CO,/N, and CO,/
CH, selectivities were sharply decreased (more PEI-
GO loadings can be found in Table S1), which should
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relate to the presence of interfacial defects. Such
defects were caused by the excess amount of PEI-GO,
which formed agglomerates and reduced the unifor-
mity of as-prepared membranes. The pressure effects
were investigated by elevating the feeding pressure
from 0.1 to 0.4 MPa. The permeability of CO, for RC-
17 increases (Table S2), which is ascribed to interac-
tion between CO, molecules and zinc ions located on
cellulose chains.

In order to explore the effect of amino on Zn>" ions
loading capacity in MMMs, energy-dispersive X-ray
(EDX) analysis was recorded. The results shows that
Zn>" jons content is significantly increased by 83%
from 13.2 to 24.2 wt% with the increase of PEI-GO
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Fig. 5 Permeability and selectivity over mixed-matrix membranes with PEI-GO, gas separation performance of CO,/N, (a) and CO,/

CHy (b)
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loading from 10 (RC-10) to 17 wt% (RC-17). This is
sufficient to verify that the increase of amino group
can effectively carry more Zn>" ions, thus effectively
promote the CO, permeability (details summarized in
Table S3). More Zn*" ions in the membranes will
provide more transport carrier to CO, via a 7-
complexation mechanism, as depicted in Fig. 6 (Peng
et al. 2017). In addition, it should be mentioned that —
NH; groups may provide effective CO, adsorption site
and increase the affinity toward CO, (Wu et al. 2014).
Amino groups would act as non-ionic CO, carriers
through covalent connection to cellulose chains and
facilitate CO, transport. Nevertheless, due to the small
change of N contents (Table S3), the impact on CO,
permeability should be negligible. It is proposed that
PEI-GO nanofillers not only construct more tortuous
gas diffusion path, but also provide effective transport
carrier to CO,. The designed RC-17 membrane breaks
the trade-off relationship between permeability and
selectivity due to the synergistic effect of Zn>" ions
and PEI-GO.

Conclusion
In this work, a novel facilitated transport membrane

for effective CO,/N, separation was successfully
fabricated by incorporating PEI-modified GO
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nanofiller into regenerated cellulose membranes. The
enhanced CO, transport through membrane is attrib-
uted to the synergistic effect of Zn*" ions and PEI-GO.
The incorporation of PEI-GO breaks the pristine
hydrogen bonding networks and destroys the crys-
talline regions of the cellulose. The abundant —-NH,
groups over PEI could interact with the hydroxyl
groups over cellulose, giving to a good dispersion of
fillers in the membrane matrix. High Zn** ions
loading on membranes was achieved via the coordi-
nation with -NH, functional groups. The CO, perme-
ability increased substantially with the increase of
PEI-GO content. However, the maximum of CO,/N,
separation ratio was achieved when the PEI-GO
content was at 17%o. The optimum cellulose mem-
brane exhibited an excellent CO, permeability of
268.9 Barrer with a high CO,/N, ideal selectivity of
48.9, breaking through the permeability-selectivity
trade-off. This innovative preparation strategy makes
it possible to use regenerated cellulose membranes on
a large scale for gas separation.
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