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Incorporating metal-organic frameworks into cellulose matrix to prepare composite membranes is promising in
gas-separation applications. In this study, UiO-66-NH, (Zr-based MOF) nanoparticles are wrapped into the
densely packed cellulose nanofibrils (CNF-COOH) via a facile vacuum filtration process. The existence of acid-
base interactions and electrostatic forces between UiO-66-NH, and CNF-COOH renders ideal interfacial mor-
phology. Results show that UiO-66-NH, is cross-linked by -COOH groups and well-dispersed in the CNF matrix.

The porous UiO-66-NH, strengthens the diffusion process of CO, molecules, thus elevating the permeation flux
and separation factor simultaneously. The optimum separation performance is achieved over CM-1 membrane
with a CO, permeability of 139 Barrer and a CO,/N, selectivity ratio of 46.

1. Introduction

Membrane based gas-separation techniques are one of the key ways
to achieve green chemical processes [1]. Metal-organic frameworks
(MOFs) have been emerging as a new class of membrane materials
distinguished by their high surface area, controllable pore size and
versatilities in group modification [1-3]. The difficulty in fabricating
pure MOF membranes without defects and voids limits the practical
application of MOF materials [4,5]. A promising strategy is to unite
inorganic MOFs with polymers, which combines the size/shape sieving
effect of MOFs and membrane forming property of the polymer matrix
[6,7]. Various polymer/MOF composite membranes containing MOFs
such as MOF-5, MIL-101, zeolitic imidazolate frameworks (ZIFs), oc-
cupied much attention in the field of gas separation [8,9]. The simple
dispersion or mechanical mixing of MOF powders into polymer matrix
frequently induces undesirable gas leakage at the interface due to the
poor compatibility [10]. UiO-66 (Universitet of Oslo), a zirconium-
based MOF, featuring triangular pores of approximately 6 A, is an at-
tractive candidate for the fabrication of composite membranes as al-
ready shown for CO,/N, and CO,/CH, separation [11,12]. The CO,
binding affinity of UiO-66 can be potentially enhanced through con-
trolled and proper functionalization. However, the problems for poor
polymer-MOF affinity, interfacial defects and gas leakage still remain
unsolved [8,13,14].

Cellulose nanofibrils (CNFs) are eco-friendly and degradable
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biomass materials [15,16]. Recently, interests in the fabrication of
membranes or nanopapers using CNFs are on continuous rise because of
numerous applications ranging from optical devices, electromagnetic
shielding, medical carrier, food package and separation [17,18].
2,2,6,6-tetramethylpiperidine-1-oxyl radical (TEMPO)-oxidized CNFs
developed by Isogai's group (the University of Tokyo) exhibited ex-
cellent transmittance, high mechanical properties, small width
(3-5nm) and large aspect ratios (200-500) [19,20]. The entangled
web-like structures of CNFs is effective to reduce the voids in the
membranes. In terms of gas separation, the densely packed membranes
consisting of nanosized cellulose fibrils make such membranes excellent
matrices for MOFs [10]. The abundant carboxylate groups (-COO") lo-
cated on the CNFs provide a possibility for CNFs to cross-link with
functional groups on MOFs. We previously reported that UiO-66-NH,
can be intercalated into graphene oxide (GO) nanosheets and the non-
selective voids between UiO-66 and GO are effectively avoided [2].

Here, the conjugation of MOFs with flexible CNFs was performed by
utilizing CNF-COOH to cross-link UiO-66-NH,. The -NH, groups of MOF
can be easily anchored to -COOH groups through acid-base interaction
and electrostatic forces. The host matrix enhances interfacial mor-
phology and the dispersed MOF is cross-linked by the -COOH groups of
the cellulose matrix. The porous structure of UiO-66-NH, offers fast
transport channels for CO, and enhanced CO, separation performance
is expected.
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Fig. 1. TEM image of the CNFs (a), SEM image of UiO-66-NH, (b), optical view (c¢) and bendable behavior (d) of CM-1 membrane.

2. Experimental
2.1. Materials

TEMPO-oxidized (2,2,6,6-tetramethylpiperidine-1-oxyl radical)
cotton cellulose nanofibril suspension (CNF-COONa, 0.6% w/v) was
obtained from QiHong Company (Guilin, China). The sodium carbox-
ylate groups (CNF-COONa) can be changed into free protonated car-
boxyl groups (CNF-COOH) via the facile soaking (0.01 M HCI, pH =
4.5) and successive water washing treatment. Zirconium (IV) chloride
(ZrCly, 98%) was bought from Aladdin Chemical Comapany. 2-
Aminoterephthalic acid (ATA, 99.5%), 1,4-benzendicarboxylic acid
(BDC, 98%), N,N-dimethyl formamide (DMF, 99.5%), acetic acid (HAc)
and ethanol were supplied by Sinopharm Reagent Company. Mixed
cellulose ester (MCE, @ 0.22 um) filter support was purchased from
Xingya Materials Company (Shanghai, China).

2.2. Preparation of UiO-66 and UiO-66-NH,

Ui0O-66 nanocrystals were prepared via solvothermal method as
described in our previous work [21]. For the synthesis of UiO-66-NH,, a
slight modified method was employed based on literature [2]. In a ty-
pical synthesis, 191 mg of ZrCl, and 146 mg of ATA were added to DMF
solution (82 mL). Afterwards, 4.83 g of HAc was added to the mixed
solution. The solution with a ZrCl,: ATA: HAc: DMF molar ratio of 1: 1:
100: 500 was stirred for 1h and subjected to ultrasonic treatment for
10 min for three cycles. The solution was transferred into a Teflon-lined
stainless steel autoclave (150mL) and heated at 120°C for 24h.
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Subsequently, the synthesized UiO-66-NH, powder was washed by
DMF/methanol and dried at 60 °C overnight.

2.3. Membrane fabrication

The MOF/CNF composite membranes were fabricated by a vacuum
filtration method. Taking UiO-66-NH,/CNF-COOH as an example, pre-
determined amount (24 mg) of UiO-66-NH, particle was dispersed in
20 mL water and sonicated for 30 min. The UiO-66-NH, dispersion was
then added to the 0.6% (w/v) CNF/water suspension (20 mL) under
vigorous agitation (800 rpm). After 30 min, the mixture was homo-
genized in an ultrasonic bath for 30 min. The stirring and sonic treat-
ments were repeated for three times. The composite membrane was
obtained by filtration of the mixed suspension on MCE filter, dried at
room temperature for 24 h and denoted as CM-1. For comparison, pure
CNF membrane, UiO-66/CNF-COOH composite membrane and UiO-66-
NH,/CNF-COONa composite membrane were fabricated by the same
method with different starting materials and denoted as CM-0, CM-2
and CM-3, respectively.

2.4. Characterization

X-ray diffraction (XRD) experiments were carried out by using
Rigaku Ultima IV. Fourier transform infrared spectra (FT-IR, Thermo
Electron Nicolet-360, USA) were recorded to explore the chemical
groups of as-prepared membraned. Scanning electron microscopy
(SEM) images were obtained by utilizing a JSM-7600F (JEOL Ltd.,
Japan). The dimensions of cellulose nanofibrils were detected by
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Fig. 2. XRD patterns of CNF-COOH, UiO-66-NH, and CM-1 membrane (a), FT-IR spectra of CNF-COOH, UiO-66, and CM-1 membrane (b).

transmission electron microscopy (TEM, JEM-1400, JEOL, Tokyo,
Japan). Atomic force microscopy (AFM, Dimension Edge, Bruker,
Germany) was performed to investigate the surface morphology of the
membranes. The thickness of the as-prepared membranes was obtained
from a micrometer and the final value was calculated from five mea-
surements. Zeta Potential Analyzer (Zetasizer Nano ZS, Malvern
Instruments Ltd, UK) was used to reveal the charge of the suspension.

2.5. Gas separation experiments

The gas separation performance was measured from the permeances
of single gases with a standard apparatus (Fig. S1) at 25°C [4,13].
Vacuum pump was applied to remove the residual gas in the system.
The flux was evaluated with a bubble flow meter. The permeability, Pi
(Barrer) is calculated as Eq. (1).

P, = Nil/(A « Api) (@]

where Ni (cm® s™), I (cm), A (cm?) and Ap; (cmHg) refer to the gas flow
rate, the film thickness, the membrane area, and the pressure drop,
respectively. The ideal selectivity (Sy) is acquired from Eq. (2).

Sy = Pi/Pj @

3. Results and discussions
3.1. Membrane characterization

Generally, the TEMPO-mediated process can selectively transform
glucosyl units (C6 position) into sodium glucuronosyl groups and break
the cellulose chains [22]. As depicted in Fig. 1a, the obtained ribbon-
like TEMPO-oxidized cotton CNFs possess mostly uniform widths of
4-6 nm and lengths of about 1000 nm. The high aspect ratio of CNFs
favors the formation of entangled network in the membranes. CNF-
COOH suspension is obtained through the CNF-COONa dispersion via
the dilute HCI treatment and the CNFs can be dispersed uniformly
through mutual electrostatic repulsion [23]. The suspension presents
ultra-high light transparency (inset in Fig. 1a) due to the small inter-
stices between the fibrils restrict light scattering [24,25]. Fig. 1b dis-
plays the SEM morphology of as-synthesized UiO-66-NH, particles,
showing cubic-like structure with an average particle size of ca.
150 nm. The 3D structure of UiO-66-NH, (inset in Fig. 1b) has centric
octahedral cages, which is linked with eight corner tetrahedral cages
[6,26]. The aperture size of UiO-66-NH, is suitable for CO, pass [26].
The quality of starting UiO-66-NH,, particles is further confirmed by N,
sorption (Fig. S2). The UiO-66-NH; crystals follow type I isotherm with
a BET surface area of 737 m?/g.

The CM-1 (CNF-COOH/UiO-66-NH,) composite membrane is

fabricated via facile vacuum filtration on a MCE filter with micrometer-
sized pores (0.22 um). The appearance and the morphology of obtained
membrane are shown in Fig. 1c. The optical observation of the yellow
membrane reveals smooth and glossy appearance without noticeable
cracks and wrinkles. Generally, the CNFs have a low strain-at-failure
under tension, but the obtained membrane is quite damage-tolerant. As
displayed in Fig. 1d, CM-1 membrane can keep intact without sig-
nificant cracks when it was bended 180° for several times under the
folding tests. The high aspect ratios and entangled network of CNFs
impart the membrane excellent mechanical flexibility [27]. TG ex-
periments were conducted to verify the MOF/CNF ratios in the com-
posite membrane (Fig. S3). Results demonstrate that the measured ratio
of 1:4.1 is close to the theoretically calculated value of 1:5.

In this study, a designed method was employed to utilize electro-
static interactions as the main driving forces to induce the membrane
self-assembly process. The surface charge measurements reflect that the
CNF-COOH and UiO-66-NH, dispersion have zeta potential values of
—67 and 41 mV, respectively. Suitable electrostatic repulsion gave rise
to the homogeneous dispersion of CNF-COOH [3]. The negatively
charged CNF-COOH groups are likely to behave as anchor sites for the
positively charged UiO-66-NH, nanoparticles. The electrostatic force
facilitates the incorporation of UiO-66-NH, into the membrane matrix
and restrains the mobilization of MOF particles [2]. The porous MOFs
are expected to enhance the permeability of hybrid membranes due to
the additional molecular transport pathways created.

The crystalline structure and chemical structure of the CNF/MOF
composite membrane were investigated by XRD and FT-IR, respec-
tively. As illustrated in Fig. 2a, CNF-COOH preserves typical cellulose I
crystalline structure. The TEMPO oxide treatment exerts no influence
on the crystalline pattern of cellulose [19]. The diffraction peaks at
16.2°, 22.7° and 34.5° correspond to (110), (200) and (004) planes of
cellulose I structure, respectively [28,29]. The XRD pattern for the as-
synthesized UiO-66-NH, shows two sharp peaks at 7.2° and 8.3°, which
are in good agreement with the simulated reference for UiO-66-NH,
[2]. In the CM-1 composite membrane, CNF-COOH and UiO-66-NH,
maintain their pristine topology [30]. The strong arc diffractions cen-
tered at 22.7° is assigned to the (200) plane of CNFs, proving that the
cellulose I crystallites is highly oriented parallel to the membrane sur-
face [20]. The arrangement of CNFs might promote the formation of
close-packed layers in the final membranes.

FT-IR experiments were carried out to further explore the composite
membranes. According to Fig. 2b, the peak from 1503 to 1600 cm™ in
the FT-IR spectrum of UiO-66-NH, is ascribed to stretching vibration of
C=O group [31,32]. Comparing FT-IR spectra for UiO-66-NH, and
pristine UiO-66, it is concluded that the main absorption bands assigned
to the amine (-NH,) groups are at 1657 cm™ [2]. The striking peak at
1657 cm™! associated with -NH, group of UiO-66-NH, is preserved in

12



X.-F. Zhang et al. Journal of Membrane Science 568 (2018) 10-16

(a)

“1pm.

X 20,000 15.0kV SEM

Fig. 3. SEM surface and AFM surface images of CM-0 (a and b), CM-1 (c and d); SEM images of cross-section of CM-1 (e and f).
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CM-1 membrane. The peak located around 1000 cm™ implies the hy-
drogen bond interaction between -NH, group of UiO-66 and -OH group
or -COOH group of CNF-COOH, indicating the occurrence of linking
reaction and MOFs are chemically linked to the cellulose matrix [33].
The hydrogen bond network can effectively avoid the non-selective
space between MOF particles and CNF nanosheets. Moreover, the in-
teraction between -NH, and -COOH groups confines the MOF particles
into restricted area and improve the membrane stability.

SEM cross-section image of the neat CNF membrane (CM-0) is
presented in Fig. 3a. The surface morphology of CM-0 clearly displays a
flat surface without obvious agglomeration. The fracture surface (Fig.
S4) of CM-0 is constituted by laminated and densely packed nanolayers.
The hydrogen bonds between crystalline CNFs contribute to forming
closely packed structure [20]. To obtain more information of pristine
CM-0 membrane, AFM image was recorded (Fig. 3b). The CNFs are
interconnected, tightly cross-linked with each other and paralleled to
the membrane surface, which is in agreement with XRD results. CM-0
has a low surface roughness with maximum roughness depth of 6 nm
and root mean square roughness of 2 nm. The entangled web-like net-
work makes CNFs a promising polymer matrix for inorganic materials
[28].

UiO-66-NH, nanoparticles can be clearly observed over the CM-1
composite membrane (Fig. 3¢). The MOF crystals are individually em-
bedded into the membrane and attached tightly with the cellulose
matrix. The appeared cracks are generated from the energy of electrons
during the SEM imaging process. The optimum arrangement and or-
ientation of CNFs reduce the excessive agglomeration of MOF particles
and facilitate attachment and incorporation of UiO-66-NH,. The AFM
image of CM-1 (Fig. 3d) is highly consistent with SEM observations,
confirming that the MOF crystals are uniformly wrapped into the ma-
trix. The homogeneous dispersion of MOFs is further proved by the
membrane cross-section. Fig. 3e and f roughly visualize laminated CNF
nanosheets buried a large number of MOF crystals [34]. As a striking
feature, the embedded UiO-66-NH, nanoparticles in the membrane are
entangled with CNFs. No obvious interfacial void is observed as the
MOF particles are encapsulated by cellulose layers. Besides, CM-1 ex-
hibits a thickness of ca. 24 ym, and the thickness can be controlled
through the rational design of preparation conditions. The introduction
of -NH, groups leads to an improvement in the uniformity of the par-
ticle distribution and CNF-MOF adhesion, thus constructing a nearly
defect-free interface. The -COOH groups of CNFs react with amino
groups in the cellulose matrix to enhance the compatibility between the
phase boundaries. The compact and uniform dispersion of UiO-66-NH,
nanoparticles on the membrane matrix offers continuous pathways for
CO, [35,36].

3.2. Gas separation tests

The gas-separation performance of the MOF/CNF hybrid mem-
branes are evaluated from the gas permeances of CO, and N,. The ex-
periments were conducted at steady state and each permeance is kept
nearly constant during the measurements. To effectively avoid the
swelling and distortion of the crystallographic aperture sizes, a relative
small pressure (0.2MPa) is employed in this study. There is no se-
paration selectivity for CO, and N, for bare MCE substrate (pore size,
0.22 um). As summarized in Table 1, the pristine CM-0 has a CO,
permeability of 7 Barrer with a CO,/N, ideal selectivity of 6. Prior
studies revealed that self-standing TEMPO-oxidized wood CNF-COONa
membranes have free volumes homogeneously present from the mem-
brane surface to inside with an average diameter of 0.47 nm [22]. In
contrast, the average hole diameters present between nanofibrils in the
cotton CNF-COOH layers may be somewhat smaller due to the pre-
vailing inter-and intra fibril hydrogen bond network. The small pore
size of the membrane and the crystalline structures of CNFs are prob-
ably responsible for the high N,-barrier properties. The N, molecules
are likely to pass through the CNF layers via the traditional diffusion

14

Journal of Membrane Science 568 (2018) 10-16

Table 1
Comparison of single gas permeance over different membranes.

Sample Permeability (Barrer) Ideal selectivity (CO2/N2)
CO, N,

CM-0 7 * 0.6 1.2 = 0.1 6 + 0.4

CM-1 139 = 1.2 31 = 0.1 46 + 2.6

CM-2 50 + 0.9 1.8 = 0.1 28 + 1.2

CM-3 29 + 0.4 2.6 + 0.2 11 = 0.7

mechanism. The CO, permeability is relatively higher than N, sug-
gesting that the solubility factor of CO, molecules may not be negli-
gible. The introduction of MOF particles (UiO-66 or UiO-66-NH,) re-
sults enhanced gas permeability of N, and CO, with a simultaneous
increase in selectivity. CM-1 (UiO-66-NH,/CNF-COOH) has a CO,
permeability of 139 Barrer and a CO,/N, ideal selectivity of 46. These
values are comparable to those previously reported for UiO-66-NH,/
polymer composite membranes (Fig. S5) and other cellulose derived
gas-separation materials (Table S1) [26,37,38]. In addition, the pre-
paration procedures have good reproducibility and the membranes
prepared using the same protocol present similar permeability and se-
lectivity values (an allowable error of = 3%).

Three factors contribute strongly to the superior performance of
CM-1: (a) close interfacial contact derived from acid-base interaction
(-NH, and —COOH groups) avoids the formation of non-selective gaps;
(b) CNF-COOH cross-links the amine groups leading to well-dispersion
of UiO-66-NH, among CNF layers and (c) the high permeance and af-
finity of nanoporous UiO-66-NH, for CO, due to the interaction be-
tween CO, and -NH, groups [39]. Amino groups can act as non-ionic
CO,, carriers through covalently connected to cellulose chains and fa-
cilitate CO, transport. To clarify that and provide more evidence, CM-2
(Ui0-66/CNF-COOH) and CM-3 (UiO-66-NH,/CNF-COONa) composite
membrane were prepared as controlling samples. CM-2 shows a CO,
permeability of 50 Barrer and a CO,/N, ideal selectivity of 28. The CNF
nanolayers are densely packed and the intercalation of UiO-66 particles
enlarges the CNF layers to offer fast pathways for gas molecules. And
CM-2 exerts a better separation performance than that of neat CNF
membrane. However, the lack of amine groups and poor interfacial
adhesion limits its further boost in performance. CM-3 composite
membrane has a CO, permeability of 29 Barrer with a CO,/N, ideal
selectivity of 11. The relatively high CO, permeance is assigned to the
functional -NH, groups, which provide more CO, adsorption sites and
increase the affinity toward CO, [40,41]. Trade-off effect between gas
flux and separation performance has been reported as each upper
bound in the famous 2008 Robeson curve [42,43]. The designer CM-1
membrane breaks the trade-off relationship between permeability and
selectivity due to high affinity and nearly ideal compatibility between
MOFs and CNFs.

The combination of UiO-66-NH, and CNF-COOH prevents gas
leakage at the interface and gives high flux and selectivity of CO,. As
illustrated in Fig. 4, a possible mechanism is proposed. The intercala-
tion of UiO-66-NH, expands the CNF layers, providing fast pathways for
gas molecules. Porous CO,-philic UiO-66-NH, prefers the passage of
CO,, molecules with a lower hindrance [6,26]. Amino groups are the
typical non-ionic CO, carriers. Moreover, the favorable acid-base in-
teraction between UiO-66-NH, and CNF-COOH nanosheets promotes
close interfacial contact. The high affinity and good compatibility result
connective pathways for CO, [9,44,45].

4. Conclusion

In this study, MOF/CNF composite membranes were constructed via
a facile vacuum filtration over MCE support. The membrane is prepared
by using UiO-66-NH, as dispersed nanoparticles and CNF-COOH as the
continuous phase and cross-linking agents. The contribution of the
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Fig. 4. Mechanism illustration of the transport of CO,.

inter-molecular MOF/CNF interaction is discussed. CNF-COOH cross-
links UiO-66-NH, nanoparticles, leading to homogeneous dispersion of
MOFs and excellent compatibility with cellulose matrix. The acid-base
interaction and electrostatic force formed between UiO-66-NH, and
CNF-COOH nanosheets promotes the close interfacial contact and ideal
interfacial morphology. The optimum separation performance was
achieved over CM-1 (UiO-66-NH,/CNF-COOH) with a CO, permeability
of 139 Barrer and a CO,/N, selectivity ratio of 46. The functional -NH,
groups of CM-1 membranes is considered as crucial factor governing the
CO, transport behavior. The strategy of incorporating MOFs into cel-
lulose matrix through chemical bonding is promising in fabricating high
performance separation membranes.
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