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ABSTRACT: This study first develops a facile method to synthesize zeolitic imidazolate framework cuboid (ZIF-C) nanosheets with
tunable thickness from 70 nm to 170 nm from an aqueous polymer solution. The obtained ZIF-C nanosheets were characterized by various
techniques, including X-Ray Diffractometer (XRD), Scanning Electron Microscope (SEM), Atomic Force Microscopy (AFM), Fourier-
Transform Infrared Spectroscopy (FTIR), X-ray Photoelectron Spectroscopy (XPS), N2 adsorption and Thermogravimetric analysis (TGA),
to understand their compositional and structural properties. The synthesized ZIF-Cs nanosheets with different thicknesses were further
applied as nanofillers to prepare Pebax-based mixed matrix membranes (MMMs) to study the effect of the morphology on membrane
properties and CO./N; separation performances under different relative humidity conditions. Results reveal that the incorporation of these
ZIF-Cs simultaneously enhances CO, permeability and CO2/N; selectivity in the mixed matrix membranes. In addition, MMMs with the
thickest ZIF-C nanosheet presents better performance. A CO, permeability of 387.2 Barrer accompanied with a CO/N; selectivity of 47.1
has been documented, nearly doubled in CO, permeability with slightly increased selectivity compared with membranes containing thinner

nanosheets.

INTRODUCTION

Owing to the intrinsic porous structures, metal-organic frame-
works (MOFs), a class of crystalline materials constituted of metal
ions/clusters linked by organic ligands, have drawn extensive atten-
tions in diverse fields during the past decades, such as energy stor-
age, catalysis and separation/storage.l* The nanoscale caves with
tunable sizes (from angstrom to nanometre range), high surface area
and adjustable surface make them promising as molecular sieving
materials to overcome the trade-off relationship® between permea-
bility and selectivity of traditional polymeric membranes, which also
known as the Robeson upper bound.® &8 Therefore, enormous effort
has been devoted to developing new MOFs and MOF-based mem-
branes aiming for enhanced separation performances.®*®

Incorporating MOFs into polymeric membranes to fabricate
mixed matrix membranes (MMMs) is one of the most studied ap-
proaches considering the combination of the processability of poly-
meric substrates and the molecular sieving capability of MOFs, the
advantages from both sides.? 1* > For instance, Bae et al. reported
that the addition of sub-micrometer zeolitic imidazolate framework
(ZIF) -90 into 6FDA-DAM realized around 85% and 61% increment

in CO, permeability (from 390 to 720 Barrer) and CO./CH, selec-
tivity (from 24 to 37), respectively.’® In another work reported by
Hwang et al., the CO, permeability benefits an 8.9-fold enhancement
(70 to 623 Barrer), with a slight loss in selectivity.” This significant
gain in CO; permeation is contributed by the increased CO; diffu-
sivity from the hollow structure of fillers, the pore inside ZIF-C crys-
tals, and the enhanced solubility from the imidazole organic linkers.

Despite these great improvements, the performances of the major-
ity of the MMM s are still far below the theoretically predicted val-
ues.> 381821 Among various reasons, the filler geometry is a crucial
factor affecting the interfacial morphology between fillers and the
polymer matrix.?? Sphere 2 24 is the most common shape of the fill-
ers used in MMMs. Researchers have found that the size of fillers
has a significant influence on the final performance of MMMs. As a
rule of thumb, MOFs with smaller sizes have higher external surface
areas, and thus, larger interfacial areas between polymer and nano-
particles can be anticipated. However, the fabrication of highly crys-
talline MOF nanoparticles is thermal-dynamically unfavourable and
technically challenging. On the other hand, the tendency of agglom-
eration for small particles is more significant than their larger anal-
ogies, leading to poor filler dispersion.??” Therefore, the optimiza-
tion of nanoparticle size should be taken into consideration. Zheng
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et al. prepared a series of MMMs containing Pebax and ZIF-8 nano-
particles with different sizes (40 — 110 nm) and found out that the
larger nanoparticles are preferable for both CO, permeability and
CO,/N; selectivity, with the studied ZIF-8 loadings.?” It is believed
that the presence of larger ZIF-8s in MMM s leads to a higher free
volume and thus higher permeability, and the higher specific surface
area of ZIF-8 nanoparticles benefits the selectivity. Similar results
have been reported in several research works,? 2® but further in-
creases in particle size may not bring positive results; the visible sed-
imentation of particles inside membranes and the voids between fill-
ers and polymer matrix were observed in MMMs containing 10 wt.%
MIL-53(Al) particles with a size of 3.2 pm. 2

Very recently, MOFs with a higher aspect ratio, such as sheet-,
flake-, or platelet-like MOFs, have been considered as potentially
more promising fillers due to the increased permeation resistance for
rejected gas (and hence the enhanced separation factor) as well as
the shortcut path for desired molecules (and therefore the elevated
flux).?- 252931 However, only limited literature can be found apply-
ing MOF nanosheets in MMMs for gas separation applications.® 1%
32-3% Gascon and co-workers®® synthesized 2D copper 1,4-benzenedi-
carboxylate (CuBDC) nanosheets with the thicknesses of 5 — 25 nm
and added them into Matrimid membranes. The resultant MMMs
display an improved CO,/CHy, selectivity (30 — 80%) compared to
the neat polymer. Moreover, the presence of the nanosheets counter-
acts the plasticization due mainly to the superior separation perfor-
mance of the 2D structure. It is worth mentioning that the MMMs
containing bulk or nanocrystal CuBDC do not display this enhanced
performance. Under the same conceptual framework, Zhao et al.
also found similar results in membranes comprising of PBI and
[Cuz(ndc)z(dabco)] nanosheets for H,/CO, separation.® Wang and
co-workers employed two-dimensional ZIF-L into polyimides; the
incorporation of ZIF-L into the membrane greatly improved both the
H. permeability and H,/CO, selectivity.®

The above studies have revealed the great potential of MMMs
with lamellar MOFs as nanofillers. Up to now, most of the MOF
nanosheets were prepared via a top-down or bottom-up approach.?
The top-down method normally refers to exfoliating lamellar MOF
sheets from bulky MOFs by mechanical forces (e.g., ultrasoni-
cation), while the bottom-up approach means a direct synthesis of
lamellar MOFs by precisely controlling the reaction conditions (e.g.,
adjusting solvents or employing surfactants). Despite the diversity
of synthesis methods developed for lamellar MOFs, a facile and eco-
nomical way of synthesis lamellar MOFs with controllable thickness
and morphology is still highly desirable.

Hence, in this work, a simple fabrication method for ZIF cuboids
(ZIF-Cs) nano-sheets was developed for the first time. The reaction
was conducted in an aqueous solution at room temperature with the
presence of poly(vinyl alcohol) (PVA) in addition to the ZIF precur-
sors (zinc ions and imidazolate ligands). The material properties of
the as-synthesized ZIF-Cs were analyzed by various characterization
approaches: Scanning Electron Microscope (SEM), Atomic Force
Microscopy (AFM), Fourier-Transform Infrared Spectroscopy
(FTIR), X-ray Photoelectron Spectroscopy (XPS), N, adsorption and
X-Ray Diffractometer (XRD). Later, these ZIF-Cs were incorpo-
rated into Pebax 1657 to study their influences on morphology,
chemistry nature and crystallinity of MMMs. Mixed gas permeation

tests were conducted to reveal the impact of nanocuboids thicknesses
on the CO; separation performance of resultant MMMs.

EXPERIMENTAL

MATERIALS

Zn(NOs),-6H,0 and 2-methylimidazole (Hmim) were purchased
from Sigma, Norway. Poly(vinyl alcohol) (PVA, Mn= 30000 —
70000, 72000, and 85000 — 124000 g/mol) were ordered from
Sigma, Germany. Pebax 1657 pellets were ordered from Arkema,
France. Ethanol (96%) was purchased from VWR, Norway. All the
chemicals were used without further treatment.

ZIF-C SYNTHESIS

In brief, PVA was dissolved in DI water at 80 °C with reflux to
prepare 1 wt.% PVA solution. After the solution cooled down to
room temperature, 0.59 g Zn(NO3),-6H,0 and 1.32 g of Hmim were
added into 40 ml PVA solution, respectively. After the
Zn(NOs3)2-6H,0 and Hmim had been fully dissolved, the two solu-
tions were mixed, and the reaction was carried out at room tempera-
ture for 3 hours. Afterwards, the ZIF-C was separated using a cen-
trifuge with 10000 rpm for 10 mins. Obtained ZIF-C particles were
re-dispersed in DI water and centrifuged two times more to remove
the residual PVA. Finally, the ZIF-C particles were dispersed in DI
water to prevent possible aggregation. The ZIF-C content in the dis-
persion was calculated by drying 0.5¢g of the dispersion at 40 °C in a
vacuum oven for 1 night. Three PVAs with different molecular
weights have been used; hence the ZIF-Cs prepared from PVA with
a molecular weight of XX are defined as “ZIF-C XX”.

MEMBRANE PREPARATION

MMMs were prepared through a knife-casting method similar to
those in the literature.® Typically, Pebax 1657 was dissolved in
EtOH/H,0 mixture (70/30 vol%) with reflux at 80 °C for ~ 3 hours
with a concentration of 8 wt.%. Pebax solution was mixed with the
desired amount of ZIF-C aqueous dispersion under stirring for at
least 6 hours. The mixture was then cast on a glass plate using a
casting knife (PA-4302, BYK-CHEMIE GMBH, Germany) with a
wet gap of ~ 600 um. The cast membrane was then placed in a ven-
tilated oven at 40 °C for at least 6 hours. After the membrane was
removed from the glass plates, it was dried in a vacuum oven at 60
°C for another 6 hours before further characterization.

CHARACTERIZATION

The topography of ZIF-C nanosheets was characterized by an
AFM (Dimension Icon, Bruker) using the ScanAsyst mode. The as-
prepared nanosheets were dispersed in ethanol and dried on micro-
scope cover glasses for AFM analysis. An SEM (TM3030 tabletop
microscope, Hitachi) was also employed for the morphology study
of these ZIF-C nanosheets and the resultant MMMs. For MMM,
cross-section specimens were obtained by breaking the samples in
liquid N2. A sputter coating with gold (2 mins) was conducted for all
samples before SEM characterization.

The thermal stability tests for the ZIF-C nanosheets and the
MMMs were performed by employing a TGA (TG 209F1 Libra, Ne-
tzsch). Samples with a weight of 10 — 20 mg were used. All samples



were heated from room temperature to 800 °C with a heating rate of
10 °C / min. N, was used as both protective and sweep gas.

A Tristar 11 3020 (Micromeritics Instruments, USA) was used for
N, sorption isotherms. Before the measurements, ZIF-C samples
were degassed at room temperature overnight with vacuum.

The crystallinity of the prepared nanosheets and MMMs was an-
alyzed by a Bruker D8 A25 DaVinci X-ray Diffractometer (Bruker)
with characteristic wavelength A=1.54 A (Cu Ko radiation). The
scans were taken in the 26 range from 5° to 75°.

FTIR spectroscopy was performed employing a Thermo Nicolet
Nexus spectrometer. The obtained spectra were an average of 16
scans with wavenumber from 550 cm™ to 4000 cm™.

X-ray photoelectron spectroscopy (XPS) was performed on a
PHI-560 ESCA (Perkin Elmer) using a nonmonochromatic Mg Ka
excitation source at 15 kV. The C 1s peak position was set to 284.6
eV as an internal standard.

Gas permeation performance of MMMs was conducted using a
mixed-gas permeation setup reported in our previous work.* * Feed
gas was the CO,/N; (10/90 vol%) gas mixture, whereas pure CH,
was used as the sweep gas. The water vapor was introduced by hu-
midified feed and sweep gas, and the humid gases were mixed with
dry gases with accurate flow ratio to achieve the desired humidity.
All gas permeation tests were carried out at room temperature with
a feed pressure and sweep pressure of 2.0 and 1.05 bar, respectively.
The compositions of permeate and retentate streams were analyzed
by a calibrated gas chromatograph (490 Micro GC, Agilent)
throughout the tests.

The permeability coefficient (Pi) of the ith penetrant species can
be calculated from equation (1):

p = Nperm(l - yHZO)yi

= 1

' A(pi,feed - pi,perm) ( )
where Nperm IS the total permeate flow measured by a bubble flow
meter (ml/min), y,, o refers to the molar fraction of the water in the
permeate flow (calculated according to the relative humidity value
and the vapor pressure at the tested temperature), y; is the molar frac-
tion of the gas i in the permeate flow (%), and piseed @Nd Pi perm Stand
out the partial pressures of the gas i in feed and permeate streams,
respectively. In the present work, the gas permeability is expressed
in the unit of Barrer (1 Barrer = 101° cm*(STP)-cm-cm2-s™.cmHg
). The separation factor was determined from equation (2):
g = Yalve

Xa/XB

where ya and ys are the mole ratio of gas A and B in the permeate
stream, while xa and xg are the mole ratio of gas A and B in the feed
side.

RESULTS AND DISCUSSION

ZIF-C SYNTHESIS AND CHARACTERIZATION

It is well-known that additives, such as small molecules,* surfac-
tants, %! or polymers, 4>*4 play a very important role on nanoparticle
morphology because of the competition of the reactants between
other reactants and the additives, the adjusted pH, and the restricted
regions for crystal growth or selective absorption.* To investigate
the effect of PVA addition on the formation of ZIF-Cs, the morphol-
ogies and material properties of the as-prepared ZIF-Cs were char-
acterized via various technics, and the results are shown in Figure

1, Figure S1-S2 and Table S1-S2. The XRD curves of these ZIF-C
generated in PVA solution have almost identical patterns with the
one from H,0O “, as shown in Figure 1 (F), suggesting that the ob-
tained product has the same crystal structure with the ZIF-L, and the
presence of PVA does not affect the crystal structure. The only dif-
ference between these XRD results is that the ZIF-C 85-124 has
slightly higher intensity, followed by ZIF-72 and ZIF-C 30-70, indi-
cating its highest crystallinity. N, adsorption results (Figure S2)
show that insignificant pores exist inside these ZIF-Cs, indicating
ZIF-Cs’ non-porous crystal structure similar to that of the leaf-like
ZIF-C. The presence of PVA seems to have insignificant influence
from this respect.

However, all ZIF-Cs synthesized in PVA solutions display cuboid
morphology, different from the leaf-like ZIF-L reported by Wang et
al..*® In addition, all these ZIF-Cs have a similar size compared with
their analogue prepared in H,O, except for the different thickness.
For example, the dimensions for ZIF-C 30-70 are 5 um x 2 um x 70
nm, as listed in Table S1, while the leaf-like ZIF-L has the similar
length and width (5 um x 2 pum) but larger thickness (150 nm).*®
Moreover, the length and width of these cuboid ZIF-Cs are nega-
tively related with the molecular weight of the used PVA, even
though the same concentration was used. On the other hand, with
respect to the thickness, a totally opposite trend is observed that, the
longer PVA chain is used in synthesis solution, the thicker the ZIF-
Cs are (85-124: 170 nm, 72: 120 nm and 30-70: 70 nm). Moreover,
the difference between the thickness of these ZIF-Cs prepared in
PVA solution and the one from H,O (150 nm) is much less. It is
speculated that the PVA chains may attach on the surface of small
crystals by the interaction between the dangling Zn center® and OH
groups® and inhibit the growth among certain directions, leading to
the cuboid 2D morphology. In addition, the results indicate that the
shorter PVA chains have the higher possibility to attach on some
surfaces of ZIF-C crystals as a result of the higher mobility in solu-
tion, generating more inhibition and thus the thinner ZIF-C. To con-
firm this speculation, XPS tests were conducted and the results are
present in Figure S3-S5. The main peak in the C 1s spectra of the
ZIF-C 3070 has been correlated to the C-C bond at 284.8 eV. The
shoulder peak at higher binding energy is assigned to PVA (Figure
S3 (A)). Significant peak shifts in Zn 2p and N 1s spectra have been
observed when comparing with neat ZIF-C, suggesting the for-
mation of coordination bond between Zn and O. Similar behavior

(2) has been also reported in the literature for the ZIF-L system.*” These

results indicate the interactions between PVA and ZIF-Cs.

The chemistry of the ZIF-Cs synthesized in PVA solutions are
evaluated by FT-IR, and the resultant spectra are shown in Figure 1
(D). Considering the chemical structure of ZIF-Cs, their characteris-
tic peaks are mainly derived by the imidazole ring. For example, the
one at 1565 cm* associates with the vibrations of C=N bond in im-
idazole ring, as well as the peaks at 1143, 992 cm (C-N) and 2925
cm? (C-H).*8 4 All these peaks are agreed with the spectrum of the
ZIF-L synthesized in H,O. Moreover, a board peak between 3500 —
3100 cm™ and the peaks at 1420 and 1375 cm™ exist in three ZIF-Cs
spectra, usually referring to the presence of OH bonds, CH; blend,
and C-H deformation, respectively, which confirms the existence of
PVA inside the ZIF-Cs nanosheets- the residue from the synthesis
procedure.®
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Figure 1. The morphology of A) ZIF-C 30-70, B) ZIF-C 72 and C) ZIF-C 85-124 nanosheets, and D) FTIR spectra, E) TGA curves and F) XRD
results of ZIF-C nanosheets prepared in PVA solutions

The thermal properties of 2D ZIF-Cs prepared in different PVA
solutions are also evaluated by TGA, and the results are shown in
Figure 1 (E). As can be seen, all the ZIF-Cs synthesized in PVA
solution have similar three-stage decomposition curves. The first one
is shown below 100 °C, and only < 3% weight is observed from the
weight profiles, which corresponds to the removal of the remaining
solvent (H,0). Following a small plateau between 100 and 200 °C, a
steep reduction in the weights of these ZIF-Cs occurred at around
220260 °C. The possible reason may be loss of the structural water
molecules®” and the residual PVA. During crystal growth, because
of the interaction between zinc ions and the OH groups, PVA poly-
meric chains may be absorbed on the surface of the developing crys-
tals, then inlaid inside the later growing ZIF-C crystal and change
the shape. In addition, it is worth mentioning that the remaining
weight of ZIF-Cs at around 220 °C matches with the order of PVA
molecular weight (85-124 > 72 > 30-70), indicating longer PVA pol-
ymeric chains have less mobility and absorb less onto ZIF-C crys-
tals; hence less PVA is contained in ZIF-C nanosheets. All ZIF-C
nanosheets begin to collapse and are carbonized from 500 °C, which
fits the profile of ZIF-L crystal reported in the literature.5:-> These
results are also in agreement with the FTIR results.

PEBAX/ZIF-C MEMBRANE CHARACTERIZATION

For mixed matrix membranes, the interfacial relationship between
the polymeric matrix and inorganic fillers is crucial for the overall
performance.? For example, the poor interface between fillers and
polymeric chains may cause nanoscale interface voids, further caus-
ing the lower transport resistance and low or even non-selectivity in
the membrane. Inorganic fillers, especially nano-fillers, may be
more easily aggregated, which also leads to the formation of pin-
holes inside the membrane, thus resulting in the deteriorated selec-
tivity.

The surface and cross-section SEM images of MMMs with vari-
ous ZIF-C 85-124 loading are present in Figure 2 (A-D). The neat
Pebax membranes have smooth, defect-free surface and cross-sec-
tion, as expected. For the ones containing ZIF-C 85-124 of up to 20
wt.%, the ZIF-C 85-124 is uniformly dispersed in the membrane
without noticeable agglomeration. Similar morphology of MMMs
with the other ZIF-Cs were also observed from SEM, as shown in
Figure S6 and Figure S7. These images demonstrate the good pol-
ymer-filler contact between the ZIF-C prepared from PVA solution
and Pebax matrix, which may be attributed by the PVA chains
around ZIF-Cs. The influence of different ZIF-C on the morphology
of MMMs was also investigated, as shown in Figure 2 (D-E). The
membrane contained ZIF-C 30-70 has the smallest nanofillers, while



the fillers in MMMs with ZIF-C 85-124 has the biggest size among
these three, which matched the morphology of ZIF-Cs. Moreover,
these three ZIF-Cs are generally uniformly distributed on the surface
and cross-section of MMMs with a loading of 20 wt. %. However,
some ZIF-C 30-70 sheets are observed to be stacked from the cross-
section, due probably to the aggregation tendency of these thin
nanosheets.

The chemistry nature of these MMMs with different ZIF-Cs is
studied by FT-IR. The typical peaks of neat polymer (3303 cm for
N-H, 2871 cm for C-H, 1731 cm™ for C=P, 1638 cm™ for -C=0
and 1095 cm for C-O) are apparent in the spectrum of Pebax mem-
brane, as evidenced in Figure S8 (C), which is in accordance with
its chemical structure and the peaks reported in the literature.® With
the increasing ZIF-C 85-124 content, the intensities of these peaks
decrease while those from ZIF-Cs, like C-N bond in imidazole ring
(1143 cm*and 992 cm't), become more and more significant in the
FTIR curves, as present in Figure 3 (A), indicating that the content
of ZIF-Cs 85-124 inside MMM s increases as expected. The other
MMM s containing ZIF-C 72 or ZIF-30-70 have a similar trend with
the addition of ZIF-C nano-sheets and the spectra are presented in
Figure S8. Meanwhile, no peaks have been generated or disappeared
in the spectra of MMMs compared with those of the neat polymer or
the ZIF-Cs; hence we conclude there is no chemical reaction be-
tween ZIF-C 85-124 and the Pebax polymeric matrix. The ZIF-C
nano-sheets are physically embedded into the Pebax polymeric ma-
trix. For the MMM s containing different ZIF-Cs with the same load-
ing, their spectra are found to be almost identical, demonstrating the
chemical similarity of these ZIF-C nano-sheets and thus the resultant
MMM, as shown in Figure 3 (D).

TM3030Plus

TM3030Plus NMMD45 x20k  30um  TM3030Pius

The thermal stability of MMMs containing ZIF-C nano-sheets has
been investigated by TGA. The neat polymer starts decomposed
around 330 °C with a single-stage behavior, which is higher than that
of ZIF-Cs. As a result, the thermal stability of MMMs deteriorates
with the increasing content of ZIF-Cs, as shown in Figures 3 (B)
and Figure S9. For the MMMs with 5% ZIF-C 85-124, the Tonst iS
still higher than 300 °C, but the value for MMMs with 20% ZIF-C
decreases to around 200 °C with only 4% loss at this stage. From
these results, the addition of ZIF-C into Pebax matrix is also con-
firmed, agreed with the FTIR results. However, most of the mem-
branes for post-combustion CO, capture are operated at a tempera-
ture lower than 80 °C, depending on the process. Therefore, these
membranes are still qualified in terms of thermal stability. For the
membranes containing different ZIF-Cs, their thermal stabilities are
very similar, as shown in Figure 3 (E). The only difference is the
slightly lower weight loss between 200 and 300 °C in the one with
ZIF-C 85-124 because of the marginally better thermal stability of
ZIF-C 85-124 compared with the other ZIF-Cs.

The crystallinity analysis of the MMMs was also conducted by
XRD, as shown in Figure 3(C), (F) and Figure S10. The XRD pat-
tern of Pebax displays an amorphous structure, as expected, with the
broad pattern shape from 9° to 27°. From Figure 3(C), it is clearly
observed that the incorporation of ZIF-C 85-124 into MMMs intro-
duces sharp peaks into the broad curve of the neat polymer. These
peaks become clearer with the increasing ZIF-C loading. A similar
trend is also observed for MMMs with different ZIF-Cs. The one
with ZIF-C 85-124 has slightly sharper ZIF-C peaks compared with
the MMMs containing the other ZIF-Cs because of the higher inten-
sity of ZIF-C 85-124.

NMMD4.4 x2.0k 30 um TM3030PIus NMMD4.5 x2.0k 30 um

Figure 2. Morphology of MMMs with A) 0%, B) 5%, C) 10% and D) 20% ZIF-C 85-124, E) 20% ZIF-C 72 and F) 20% ZIF-C 30-70.
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Figure 3. The A) FTIR spectra, B) TGA curves and C) XRD results of Pebax +ZIF-C 85-124 MMM s with different ZIF-C content, and D) FTIR
spectra, E) TGA curves and F) XRD results of MMMSs with 20% different ZIF-C nanosheets. The scale of Pebax” XRD results are 9 times
smaller than the others.

GAS PERMEATION PROPERTIES

The mixed gas permeation tests are conducted to study the
effects of different ZIF-C nanosheets on the CO, separation per-
formance of Pebax + ZIF-C MMMs. As shown in Figure 4, the
CO; permeability (P(CO,)) of neat Pebax 1657 membrane un-
der dry condition is 71.3 Barrer with a CO2/N; selectivity of
around 30, which is in agreement with the literature value.* Re-
gardless of the different morphologies, the addition of these
ZIF-C nanosheets increases the P(CO2) and CO,/N, separation
factor of MMM s under dry condition within ZIF-Cs contents of
up to 10 wt.%. The CO; permeability of MMMs with 10 wt.%
ZIF-C 85-124 is found to be 141.7 Barrer, almost twice of value
from the neat Pebax membrane, with a slightly enhanced
CO./N; selectivity of 32.8. These results may be explained from
several aspects. Firstly, the interlayer channels inside ZIF-C en-
dows a fast transportation shortcut for CO; and therefore bene-
fits the CO, permeability.>* Meanwhile, for N, the presence of
ZIF-C rigidifies the polymer chains®® % and increases tortuosity
and thus the transport pathway for gases, leading to enhanced
CO2/N; selectivity. In addition, the increment in CO./N selec-
tivity implies the absence of interface voids between polymer
and filler phases at low ZIF-C loading.® However, the existence
of interface voids was observed with further addition of ZIF-

C,* as the result of the decreased CO, permeability and CO/N.
in all MMM:s. In the case of CO, permeability, the contribution
of this pathway counteracts the benefit from the selective sorp-
tion of ZIF-Cs, causing a slight loss in CO, permeability rather
than a further increment.

In addition to the nanofiller loading, the morphology of these
ZIF-C nanosheets also affects the final performances of
MMMs. It has been reported that for fillers with a high aspect
ratio, like the ones used in this work, the nanoscale dimension
plays a much greater role in the material properties of the neat
fillers and the resultant MMMs. & 2030 Considering the rela-
tively smaller changes in the length and width of these ZIF-Cs
than in thickness, and only the thicknesses are in nanoscale, the
morphology effects discussed here are only related to the
changes in thickness. The membranes with ZIF-C 85-124 show
the highest CO, permeability within all studied filler contents
in this work, followed by ZIF-C 30-70 and ZIF-C 72, while the
selectivities show a reverse order. The highest improvement in
CO; permeability may be explained by the greater effects of the
selective CO, adsorption of thicker ZIF-C nanosheets due to the
more available pathway for gases between layers. Moreover,
the membranes containing thicker 2D nanosheets may have
lower tortuosity and thus lower gas transport resistance, leading
to higher gas permeability. On the other hand, lower tortuosity



is usually less favorable to the selectivity, so as the relative
lower CO,/N; selectivity of MMMs with ZIF-C 85-124 com-
pared to the other membranes. These trends match the results of
the Pebax+ZIF-72 membranes, in which the higher tortuosity
caused by the thinner ZIF-C leads to less increment in the gas
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permeability but higher CO,/N, selectivity. However, for the
MMM s containing thinnest ZIF-C 30-70, the lower CO, perme-
ability and the lower CO,/N; selectivity may be ascribed to the
stacked nanosheets inside MMMs, as observed from SEM im-
ages, leading to the less selective voids between nanosheets.
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Figure 4. The (A) CO2 permeability and (B) CO2/Nz2 selectivity of Pebax + ZIF-C MMMs as a function of filler content at the dry state.
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Figure 5. (A) CO2 permeability and (B) CO2/Nz selectivity of Pebax + ZIF-C 85-124 MMM s as a function of RH.

As a hydrophilic material, the gas separation performance of
Pebax is affected by the relative humidity of the tested gases.
58,5 The CO, permeability of the neat Pebax membrane (71.3
Barrer at dry condition) decreases (54.7 Barrer at 70 RH%) and
then increases with the increasing relative humidity (105.6 Bar-
rer at 100 RH%), and a similar trend is also observed for CO2/N,
selectivity, as shown in Figure 5. Water vapor first occupies the
original free volume, leading to the decreased gas permeability
and then swells Pebax polymeric chains, resulting in enhanced
gas flux. The fully swollen polymer matrix also benefits the sol-
ubility and diffusivity of CO5, thereby obtaining the simultane-
ous increment in CO, permeability and CO2/N; selectivity. 58 60
This trend is also observed in MMMs containing ZIF-Cs
nanosheets, as presented in Figure 5. For instance, the Pebax +
10% ZIF-C 85-124 membrane has a CO; permeability of 141.7

Barrer with a selectivity of 40.1 at dry condition. With humidity
increasing to 70 RH%, the CO, permeability decreases to 108.6
Barrer. However, further humidification from 70 RH% to 100
RH% leads to an around 2-fold increment in CO, permeability
(259.2 Barrer) and the CO,/N; selectivity (57.2). Apart from the
benefits as mentioned, the rigidification of Pebax chains around
ZIF-C MMM s could be eased due to the increased flexibility of
polymeric chains at the swollen state. However, despite the low
CO, permeability and CO./N; selectivity under dry conditions,
the membrane with 20% ZIF-C 85-124 has the most significant
increase in CO, permeability (4.6-flod, 387.2 Barrer) and
CO./N; selectivity (2.4-fold, 47.1) when the separated gas is
fully saturated with water vapor. The increased performance is
because that the swollen Pebax chains expand and fill the inter-
facial voids between polymeric matric and ZIF-C nanosheets,



which reduces the nonselective elements and increases the se-
lectivity. In addition to the benefit from humidified membranes,
the selective adsorption via ZIF-Cs also benefits the CO, per-
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meation, while the transportation of N, only depends on the so-
lution-diffusion mechanism. Similar results are obtained for
MMMs with ZIF-C 30-70 and ZIF-C 72, as shown in Figure
S11 and S12.
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Figure 6. The (A) CO2 permeability and (B) CO2/Nz2 selectivity of Pebax + ZIF-C MMMs as a function of filler content at 100 RH%

Therefore, under the fully water vapor saturated condition,
CO, separation performance of the Pebax + ZIF-Cs nanosheets
has different behavior compared with that under the dry condi-
tion. Increment has been observed in both CO, permeability and
selectivity for all MMMs as shown in Figure 6. The influence
of morphology for CO, separation performance under the fully
water vapor saturated condition is quite similar to that under the
dry condition. As discussed above, the membranes containing
ZIF-C 72 have relatively higher tortuosity compared to the other
analogies and thus display the highest CO2/N; selectivity and
relatively low gas permeability under dry condition. The same
trend has also been observed in the results under fully humid
condition. But due to the presence of more stacked nanosheets,

100

the MMMs with ZIF-C 30-70 display the lowest CO, permea-
bility and CO/N; selectivity when the ZIF-C nanosheet loading
is higher than 5 wt. % even though they are the median under
the dry condition.

These performances are evaluated in comparison with the
2008 Robeson bound,’ as shown in Figure 7, and some Pebax
1657-based MMM s in the literature, -3 27356170 a5 presented in
Table 1. It is clearly seen that the incorporation of ZIF-C 85-
124 pushes the performance close to the upper bound with the
loading of up to 10 wt.%, and then move along the upper bound
with the higher ZIF-C loading. In addition, it is clearly shown
that the addition of ZIF-Cs into Pebax greatly improved both
CO, permeability and CO,/N; selectivity.
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Figure 7. CO2/N2 separation performances of Pebax 1657-based MMMs at 100% RH condition separation.
Table 1 The start-of-art of the CO2/N2 performance of the Pebax 1657-based MMMs
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Fillers P(COz) / Barrer CO2/N2 selectivity Tested condition Ref
Zeolite-4A2 129.5 94.2 Single gas, 24.5 Bar, R.T. 62
Fumed silica 74.12 101.53 Mixed gas, 12 Bar, 25 °C 70

ZIF-8 (90 nm) 99.7 59.6 Single gas, 1 Bar, 20 °C 2

MIL-53 95.7 49.9 Single gas, 10 Bar, 35 °C 68

~ 180 52 Humid single gas, 35 °C 67
Attapulgite Humid mixed °
N N gas, 35 °C n
250 GPU 0 (25 vol% CO» in N»)
Humid mixed gas, 35
PEG-g-CNT 369.1 110.8 2 Bar, 24 °C
Graphene oxide (GO) 100 91 Single gas, 3 Bar, 25 °C 2
Porous reduced GO 119 104 Single gas, 2 Bar, 30 °C 65
Imidazole GO 76.2 105 Single gas, 8 Bar, 25 °C 66
MoS:2 64 93 Single gas, 2 Bar, 30 °C 73
Multi-walled carbon : ° 63
nanotubes (MWCNTS) 361 52 Single gas, 7 Bar, 35 °C
MWCNTSs 262.2 58.5 Single gas, 1 Bar, R.T. 61
ZIF-C 85-124 387.2 47.1
Humid mixed gas, .
ZIF-C 72k 205.1 61.6 2 Bar, 24 °C This work
ZIF-C 30-70 194.2 53.0
CONCLUSIONS 85-124, the thickest nanosheet prepared in this work, is found

In this work, a simple preparation method for cuboid ZIF-C
nanosheets with controllable morphology has been developed.
Three PVA with different molecular weights were employed to
investigate its effect on the morphology of the nanosheets. The
results show that the molecular weight of the additive PVA has
a significant influence on the thickness and size of the as-syn-
thesized ZIF-C nanosheets, as well as the material properties.
The higher MW the PVA has, the thicker and smaller in both
length and width the ZIF-C nanosheets are formed. The crystal
structure of the ZIF-C is proven by the N adsorption experi-
ment and XRD tests. During the growth of crystals, PVA chains
are selectively attached to some surfaces of the crystals and in-
hibit the growth along with the particular directions. Thus, the
shape and the size of these nanosheets can be manipulated. The
existence of PVA inside the ZIF-C nanosheets is confirmed by
FTIR and TGA analysis. In addition, the one made from PVA
85-124 solution has the best thermal stability and highest crys-
tallinity among the as-synthesized ZIF-C nanosheets.

With the Pebax 1657 as the polymeric matrix, the effect of
these ZIF-C nanosheets in mixed matrix membranes has been
systemically studied by various techniques. The results from
FTIR, XRD, and TGA tests confirm the successful incorpora-
tion of the ZIF-C nanosheets into the Pebax phase. The surface
and cross-section images from SEM analysis show that these
nanosheets are generally well-dispersed in the MMMs. How-
ever, stacked ZIF-C 30-70s, the thinnest nanosheet obtained in
this work, are noticeable from SEM images. Moreover, the
mixed gas permeation results show that the addition of the ZIF-
C nanosheets increases the permeability and CO,/N; selectivity,
regardless of the kind or the content of the nanosheets. ZIF-C

to be the most efficient nanofiller in promoting CO- transport
compared with the others because of the selective adsorption of
CO: inside the ZIF-C nanosheets. Furthermore, the presence of
water vapor significantly enhances the gas transport property,
and the CO, separation efficiency of these MMM s. The highest
CO; permeability (387.2 Barrer) with a CO2/N; selectivity of
47.1 is obtained from the Pebax + 20% ZIF-C 85-124 MMM.

Overall, this method provides a facile approach to the fabri-
cation of ZIF-C nanosheets with controllable size and thickness.
The as-synthesized ZIF-C nanosheets can be used as promising
nano-fillers in MMM s to enhance CO, separation performance.
The preparation methods reported here may be further studied
by using different additives to form other shapes of nanoparti-
cles, or to better understand the effect of the additives on the
crystal formation and growth, and the morphology of the nano-
particles. Other polymers may also be applied as the membrane
polymer phases for MMMs with even better CO, separation
performance or for different applications.
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