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Abstract:

Developing membrane material with both high CO2 permeability and high CO2/N> selectivity
is always desired for CO> capture while improving the sustainability of the membrane
preparation process is of equal importance. In the current work, nanocellulose crystal (CNC)
was blended with hydrophilic Pebax™ 1657 for CO, separation application. The CO2/N;
separation performance of Pebax 1657/CNC hybrid membranes with up to 40 wt.% CNC was
tested by mixed-gas permeation test under both dry and humid conditions. Humid test condition
simultaneously increases CO2 permeability and CO2/N2 selectivity of all CNC/Pebax hybrid
membranes, compared to those in dry conditions. Introduction of only 5 wt.% CNC into Pebax
1657 realizes 42% and 18% increments in CO, permeability (305.7 Barrer) and CO2/N2

selectivity (41.6), respectively. However, further increasing CNC loading increases the touristy
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of the membrane and results in the self-assembly of CNC in the Pebax matrix, which is

observed by SEM, thus leading to both reduced gas permeability and CO2/N selectivity. The
CO2/N2 separation results of 5 wt.% CNC/Pebax locates close to Upper Bound 2008, showing

its potential as CO2/N2 separation membrane materials.

Highlights:

* CNC was blended into Pebax 1657 to improve CO2 separation performance.

* CNC/Pebax 1657 hybrid membranes with up to 40% CNCs showed no phase separation;

* P(COz2) and CO2/N2 selectivity improved 42% and 18% by adding only 5% CNC in Pebax;

* CO2 permeability of 305.7 Barrer and CO2/Nz2 selectivity of 41.6 were achieved.

Graphic abstract:
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1. Introduction

Carbon capture, Utilization, and Storage (CCUS) is widely considered as one of the most
economical and feasible strategies for effectively curbing greenhouse gas emissions and
mitigating climate change.! 2 Membrane separation has been believed as an effective approach
for post-combustion CO> capture accounting for low cost for both operation and maintenance,
high separation performance, remarkable energy efficiency, etc.> # For gas separation
membrane technology, the performance of a process is largely dependent on the membrane
material.> Therefore, materials with improved separation performance can enhance the process

efficiency and thus lower the cost.®®

Nanocellulose, as a representative biomaterial, attracted researchers’ attention due to its unique
properties (e.g., remarkably high mechanical properties, excellent surface area, and a great
number of hydroxyl groups available for functionalization).® 1° Although nanocellulose is well-
known for its gas-barrier property (impermeable for gas & water vapor) due to its crystalline
nature,'! recently researchers have noticed the gas transport in nanocellulose is actually greatly
affected by the test conditions and the type of nanocellulose. For example, the CO>
permeability of self-standing nanocellulose fiber (CNF) membrane is around 0.04 Barrer, at
room temperature and dry conditions.*? However, once the feed is humid, nanocellulose is
plasticized by the sorbed water vapor, resulting in orders of magnitude improvement in CO>
permeability.® 1 Ansaloni et al. observed the CO, permeability of neat CNF self-standing
membrane increases by more than 1000 times when relative humidity (RH) increased from 30%
to 85%.1% More importantly, its ideal CO2/N; selectivity at 85 RH% can reach the order of 500,
compared to 30-60 of conventional CO. separation membrane materials. These features of
nanocellulose, combined with excellent mechanical property, abundance in nature, and low
cost, have attracted extensive attention from membrane fields, especially for flue gas

purification, where CO2 needs to be removed from humid feed (mainly Ny).

In flue gas purification, the feed volume needed to be purified is large, which requires a high
working capacity of the membrane (i.e., high gas flux). It is even suggested high CO:
permeability is preferred over high CO2/N; selectivity.!* Despite the impressive enhancement
in gas transport property under humid conditions, the CO> permeability of neat nanocellulose
is still not high enough. To further raise CO. permeability, nanocellulose has been blended
with polymers, especially hydrophilic ones. In 2017, Ansaloni et al. fabricated
CNF/polyvinylamine (PVAmM) hybrid membranes and investigated their gas permeability
under different relative humidity conditions.*® The hybrid material with 50 wt.% CNF exhibits


https://doi.org/10.1021/acs.iecr.2c01402

Postprint:
Zhongde Dai, et al., Industrial & Engineering Chemistry Research, 2022, 61, 25, 9067-9076
https://doi.org/10.1021/acs.iecr.2c01402

a COz permeability of 190 Barrer at 90 RH%, compared to 25 Barrer of neat nanocellulose
membrane at the same condition. However, the corresponding ideal CO2/N selectivity drops
to around 40. The same research group continued this study by using another kind of
nanocellulose (i.e.: nanocellulose crystal, CNC),** the length of which is generally one order
of magnitude lower than CNF.*® Under optimized humid conditions (35 °C, 90 RH%), the neat
CNC membrane has lower CO2/N2 and CO2/CHgs ideal selectivities (65 and 52, respectively),
but a higher CO permeability (i.e., 130 Barrer), compared to that of the neat CNF membrane,
due to its less entangled network, resulting from the short length of CNC. Surprisingly,
blending with PVAm improved both CO> permeability (187 Barrer) and CO2/N ideal
selectivity (100) at 35 °C and 80 RH%, when the CNC amount in the membrane is 30 wt.%.
The different trends of CNC and CNF-based membrane, after blending with PVAm, may be
reasoned by both higher water sorption and lower tortuosity in CNC than in CNF.

Similar results have also been reported by Dai et al.,® which employed polyvinyl alcohol (PVA)
as the polymer phase instead of PVAm. Similar to the nanocellulose/PVAmM membrane, PVA-
based hybrid materials containing CNC displayed higher CO2 permeance than those with CNF.
For example, the addition of 80 wt.% CNC into PVA results in a 65% enhancement in CO>
permeance, while this value for the analog with CNF is only 15%, compared to the neat PVA
membrane. Additionally, the kind of nanocellulose has little influence on the CO2/N2
selectivity in the PVA/nanocellulose hybrid materials. It is worth mentioning that the 80 wt.%
CNC/PVA membrane exhibits excellent long-term stability, which shows no decline in CO>
permeance and CO2/N; selectivity for more than 1 year. Improved CO; separation performance
by adding nanocellulose into the PVA phase has been observed and reported by several other

authors.1’-20

From these results, it is clear that blending with hydrophilic polymers and humid permeation
tests are of great benefits for nanocellulose-based hybrid membranes. Besides PVA and PVAmM,
Pebax is also well-known for its hydrophilicity, which has been even employed as natural gas
dehydration membrane, because of the high water vapor permeability?’. Additionally, due to
its excellent CO> separation performances, it has also been widely accepted in CO> separation
field?2. Therefore, to continue these studies, in this work, the potential of Pebax as continues
phase for CNC-based hybrid membranes was exposed and reported targeted CO2/N> separation.
More specifically, Pebax 1657 was chosen as it is one of most studied Pebax. Various
techniques were employed to systematically characterize the obtained CNC/Pebax hybrid

membranes. The nanoscale morphology and chemical structure of the CNC/Pebax hybrid
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membrane were evaluated by scanning electron microscope (SEM), and fourier-transform

infrared (FTIR), respectively. Both thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC) were employed for studying the hybrid material’s thermal
properties. While X-ray crystallography was chosen to study the crystalline properties of
CNC/Pebax hybrid materials. CO2/N, separation properties of hybrid membrane were

thoroughly explored by mixed-gas permeation tests under both dry and humid conditions.
2. Experimental
2.1. Materials

Pebax® MH 1657 (Pebax®1657, consisting of 60 wt.% polyethylene glycol and 40 wt.%
polyamide), chemical structure of which is shown in Figure 1, was purchased from Arkema
Inc. CNC aqueous slurry with a concentration of 12.1 wt. % made from wood pulp was ordered
from the University of Maine, USA. Absolute ethanol (EtOH) was obtained from Sigma,

Norway. All chemicals were used as received without further purification.

A) Pebax 1657 B) CNC

HO  oH
fyronoens e 58

Figure 1. Chemical structure of A) Pebax 1657, and B) CNC
2.2 Membrane preparation

Pebax 1657 was dissolved in the EtOH/water (70/30 wt.%) mixture at 80 °C for around 4 hours
with a concentration of 4 wt.%. Then the Pebax solution was mixed with the desired amount
of CNC aqueous slurry (12.1 wt.%), and further diluted to a total solid concentration of ca. 2
wt.%. Afterward, the mixture was poured into a Teflon petri dish and dried at 40 °C in a
convective oven until a self-standing membrane formed. The thickness of these self-standing

membranes is 70-100 pm.

The CNC content (wey¢ ,» Wt%) in membranes was calculated from equation (1):

WCNC
w =— X 100 1
CNe WceNCctWpebax ( )
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where weye and wp,pq, are the weights of CNC and Pebax, respectively.

2.3 Characterization

Various characterization techniques have been used to characterize the resultant CNC/Pebax
membranes. TGA (TG 209F1 Libra, Netzsch, Germany) and DSC (214 Polyma, Netzsch,
Germany) were used to characterize the thermal properties. In the TGA test, approximately 10
mg of sample was heated from room temperature to 800 °C with a rate of 10 °C /min. In the
DSC test, around 5 mg of samples were placed in the crucible, with a heating and cooling rate
of 10 °C /min in the temperature range between -100 °C to 250 °C. For both TGA and DSC
tests, N> was employed as both sweep gas and protective gas. A Nicolet iS-50 FTIR
spectrometer (Thermo Scientific, USA) equipped with a Specac ATR unit (Golden Gate high
performance single reflection monolithic diamond ATR) was chosen to study the chemical
structure of the hybrid materials. All FTIR spectra were obtained by averaging 32 scans.
Membrane morphology was investigated using an SEM (TM3030 tabletop microscope, Hitachi,
Japan). All samples were sputter-coated with gold for around 60 seconds before the SEM test
to improve the conductivity. Membrane samples for cross-section were prepared by breaking
the membranes in liquid N2 to preserve the morphology. A D8 A25 DaVinci X-ray
Diffractometer (Bruker, Germany) was used to carry out the XRD measurements, which were
taken in the 20 range from 5° to 75° with a step size of 0.045°.

2.4 Gas permeation test

Gas-separation test was conducted using a mixed-gas permeation apparatus, as shown in
Scheme 1, described in our previous work.'® Briefly, a CO2/N2 (10/90 v/v) gas mixture was
employed as the feed gas, whereas pure CH4 was used as the sweep gas instead of the inert gas
Helium since Helium was used as the carrier gas for the gas chromatograph (GC). Humidifiers
were equipped for both feed and sweep streams. In both feed and sweep streams, by adjusting
the flow ratio between dry and wet streams through mass flow controllers (EI-Flow series,
Bronkhorst), a desirable humidity can be achieved. The feed pressure was set to ~2 bar using
a back-pressure regulator (El-Press series, Bronkhorst) and monitored by a pressure sensor
(Wika, S-10). The pressure of the permeate side remained at 1.05 bar, recorded by a pressure
sensor mounted on the permeate side. The compositions of retentate and permeate streams were
tested by a calibrated gas chromatography (490 Micro GC, Agilent). All tests were conducted

at room temperature (R.T.). For each test, at least 6 h is needed to ensure the steady-state was
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Scheme 1 Mixed-gas permeation apparatus. MCF: mass flow controller; HT: humidity and temperature sensor;
PI: pressure indicator; BPR: backup pressure regulator; NV: needle valve; MWV: multiway valve; GC: gas
chromatograph; 1: safety trap; 2: humidifier; 3: droplet trap; 4: membrane module; 5: oven; 6; water knockout;

7: bubble flow meters.

The permeability (Pi) of the ith penetrant species was calculated by equation (2):

P = Nperm(l_YHZO)Yil (2)
mt A(<pi,feed:pi,ret)_pi,perm)

where Nperm is the permeate flow measured with a bubble flow meter, yn,o is the molar fraction

of water in the permeate flow (calculated according to the RH value and the vapor pressure at
the given temperature), yi is the molar fraction of gas i in the permeate, and pifeed, Piret and

Piperm identify the partial pressures of the ith species in the feed, retentate and permeate,

respectively. The CO2/N2 selectivity is presented by the separation factor (a;,; = %) Itis
J77]

worth mentioning that for all the gas permeation tests, at least two membrane samples were
tested with a standard deviation value lower than 10%, thus the average value was reported

without an error bar.
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3. Results and discussion

3.1 Membrane morphology study

To investigate the dispersion of CNC in the Pebax matrix, the morphologies of CNC/Pebax

hybrid membranes were investigated by SEM, and the results are shown in Figure 2.

C) 5% CNC " D)5%CNC

H) 20% CNC

Figure 2. SEM image of: surface (A) and cross-section (B) of neat Pebax, surface (C) and cross-section (D) of 5
wt.% CNC/Pebax, surface (E) and cross-section (F) of 10 wt.% CNC/Pebax, surface (G) and cross-section (H)
of 20 wt.% CNC/Pebax, surface (I) and cross-section (J) of 40 wt.% CNC/Pebax, and surface (K) and cross-
section (J) of neat CNC. The scale bars in all images represent 5 pm.

The neat Pebax membrane shows both smooth surface and cross-section, typical for a dense
polymeric membrane. While in the CNC/Pebax hybrid membranes, it is clearly shown that the
CNC is evenly distributed in the Pebax matrix within the studied range. With increasing CNC
content, the observed CNC on both surfaces and in the cross-section increases. No obvious
phase separation is observed for CNC/Pebax system, even when a CNC content is up to 40
wt.%. However, the tendency of the CNC alignment notably increases with increasing CNC
contents, especially that of the 40% CNC sample.

For the pure CNC sample, no individual nanocellulose crystal can be identified from the surface
at the same magnification (i.e., 10k) used to observe other membrane samples, but from the

cross-section images of the neat CNC film, it is seen that the CNCs were self-assembled and
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formed the regular layered structure, which is in good agreement with the literature.? 2* A

tendency to form a similar regular structure between CNCs is also found in the membrane with
40% CNC. This layered structure is believed the result of strong hydrogen bonding between
CNCs.2> %

3.2 Thermal properties

To investigate the thermal property of the CNC/Pebax hybrid membranes, TGA and DSC tests

of the obtained samples were carried out.
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Figure 3. TGA results of the Pebax membrane with different content of CNC.

Figure 3 shows the TGA results of the CNC/Pebax hybrid membranes. Neat Pebax 1657
decomposes in the range of 300 ~ 450 °C with a Tonset Of around 420 °C, in line with the
literature’s report?’. While CNC starts fast decomposition at around 200 °C until 270 °C. Some
related studies?® 2° rationalized this decomposition by the treatments needed in CNC
fabrication, such as acid-hydrolysis®. Afterward, CNC experiences a slower decomposition
until the highest temperature investigated in this work (i.e., 700 °C). In the case of the hybrid
membranes, TGA curves of the ones with less than 10 wt.% CNC are similar to the neat Pebax,
suggesting that the overall thermal stability of these hybrid membranes is mainly dominated
by the Pebax phase. As the CNC content further increases to up 40 wt.%, the Tonset Of the hybrid
material reduces from 420 °C to approximately 320 °C, matching the fact that CNC is less
thermal stable than Pebax. Nevertheless, the overall thermal stability of the hybrid still fulfills
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the requirement of most CO> separation processes (e.g., post-combustion CO, natural gas

sweetening, and biogas upgrade), which are generally operated lower than 100 °C.

As temperature rise above 450 °C, Pebax completely decomposes (the residual is less than 3
wt.%), while the residual of CNC still remains 30-40 wt.% of initial mass even at 700 °C, due
possibly to forming complex cross-linked or carbon-like structures at high temperature. In
terms of the hybrid materials, their residual masses at corresponding temperature (> 450 °C)
increase with the CNC content. More interestingly, the residual mass fraction at 700 °C of
CNC/Pebax membranes exhibits a nearly linear relationship with the original CNC loading,
which indicates the actual CNC contents in the hybrid membranes match with the ones as
expected.
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Figure 4. DSC curves of the Pebax membrane with different content of CNC (A), and comparison of

melting temperature (Trm) for PE and PI segment in Pebax with different CNC content (B).

The DSC curves from the second cooling scan of CNC/Pebax hybrid membranes are presented
in Figure 4A. Pebax 1657 has two exothermic peaks, which locates at -40 ~ -10 °C and 150
~170 °C, respectively, corresponding to the melting temperatures of soft polyether block (Tm-
pe) and rigid polyamide block (Tm-pa).® Adding CNC into Pebax affects the melting
temperatures of the Pebax matrix: as shown in Figure 4B, there exists a maximum for both
melting temperatures within the studied CNC loading. It is worth mentioning that, when CNC
loading reaches 20 wt% or higher, both Tm-pe and Tm-pa in the hybrid membranes are lower

than those in neat Pebax. The decreased melting temperatures of polymer caused by blending
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generally can be ascribed to the increased flexibility of polymer chains, hinting that CNC may

work as a physical plasticizer for Pebax 1657 matrix. A similar trend has been also reported in
the case of blending POSS into Pebax.3! Despite the position of Tm-pe being slightly changed:;
its peak shape was not significantly changed by CNC content. But, the Tm-ra peak of all the
hybrid membranes became broader compared to the neat Pebax, with an obvious shoulder
presented at the higher temperature. This possibly denotes that the CNC might not be
homogeneously mixed into the polyamide domains at higher loadings.®!

3.3 Fourier-transform infrared spectroscopy (FTIR)

FTIR was used to characterize the CNC/Pebax samples and the results are shown in Figure 5.
The two representative groups in the Pebax polymer chain, namely the amine and the ketone
group, correspond to the peaks at 1657 and 1640 cm™, respectively, in its FTIR spectrum. The
peak at 3300 cm™* can be also assigned to the stretching vibration of N-H.3? Detailed peak

assignment can be seen in Table 1.
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Figure 5. FTIR spectrum of CNC/Pebax hybrid membranes

Table 1. Peak assignment of Pebax and CNC/Pebax membranes

Peak position (cm™) Peak assignment
844 OH stretching vibration
1090 C—O-C stretching vibration
1640 H-N-C=0

1730 C=0 stretching vibration
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3300 N-H
2860 CHs symmetric stretching vibration
2940 aliphatic -C-H

As the CNC content in the membrane increases, the intensity of representative peaks for Pebax
reduces (3300 cm™), while the corresponding CNC peaks increase (~1030 cm™). In the entire
investigated range, no new peaks or peak position shifts were observed, denoting no chemical
interaction between Pebax and CNC exists.

3.4 X-ray Diffraction (XRD)

The crystalline properties of CNC/Pebax hybrid membranes were measured by XRD, and the

results are shown in Figure 6.

Pure CNC

40% CNC
20% CNC

10% CNC
5% CNC
NP S . Pebax

10 20 30 40 50 60 70
20 (degree)

Intensity (a.u)

Figure 6. XRD spectra of CNC/Pebax hybrid membranes with different CNC content.

The neat Pebax has wide diffraction peaks at 12°, 24°, and 56° of 26, and a typical low
crystalline nature. The crystalline zones in Pebax1657 are mainly contributed by the polyamide
segment, which will display a sharp peak at around 26 of 21°. However, it is not observed in
current work, probably thanking to the relatively thick thickness®*, indicating the low

crystallinity of the Pebax phase.

On the contrary, the CNC shows several narrow and sharp peaks in its XRD spectrum, due to
its more crystalline nature. Since the Pebax phase shows little crystalline nature, the

crystallinity value of CNC phase can provide qualitative information about the overall
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crystalline nature of the hybrid materials. Therefore, the crystallinity of the cellulose in hybrid

membranes was calculated using the “Segal’s method”, a commonly used method to calculate
the crystallinity index (CI) of cellulose.®® The CI value of cellulose phase was calculated via
equation (3):

CI = 100 % ‘200"lam 3)

200

In which Ix0 represents the highest diffraction intensity of the (200) lattice (i.e., 26 of 22.6°)
and corresponds to the amount of crystalline cellulose, Iam is the height of the minimum
intensity of the major peaks (i.e., 20 of 18.4°) and matches the amorphous content of the

cellulose.®® The Cl values in hybrid membranes are listed in Table 2.

Table 2. Crystallinity value of cellulose phase in CNC/Pebax hybrid membrane with different CNC contents

Material ClI of cellulose phase (%0)
5% CNC 33.63
10%CNC 41.97
20% CNC 56.39
40% CNC 64.19
Pure CNC 82.90

As indicated in Table 2, for pure CNC, a relatively high CI value (i.e., 82.90%) was obtained,
which was comparable with other nanocellulose (e.g., 70%-85%).%% 37 It has been found that
nanocellulose preparation methods, as well as drying conditions, could make significant
differences in the crystalline value of the resultant samples,® thus in our work, all the hybrid
membrane samples were prepared and dried in the same procedure. From Table 2, as expected,
the CI value increases with the CNC content. Surprisingly, the cellulose crystallinity in
membrane (Cl value x CNC loading) is concave to the CNC loading axis, and the ideal mixing
rule over-estimates the contribution of CNC phase to the overall crystallinity of hybrid
membranes. This indicates that less crystalline cellulose existed in CNC phase of the hybrid

membrane compared to the neat CNC.
3.5 Mixed gas permeation results

Mixed gas permeation was carried out under dry and fully humid conditions with 10 vol% CO>

in N2 as feed, and the results are presented in Figure 7.
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Figure 7. CO, permeability (A) and CO2/N; selectivity (B) of CNC/Pebax membranes under dry (O0RH%) and
fully humid (L00RH%) conditions, respectively.

As shown in Figure 7, in a dry state, the Pebax membrane presented a moderate CO>
permeability (80.7 Barrer) and CO./N> separation factor (35.0), which is comparable with other
reported literature.3%-*2 Loading only 5 wt% CNC into Pebax matrix resulted in a 29% increased
CO- permeability (104.0 Barrer), but with slightly reduced selectivity (30.2). Attempts were
made to further increase the CNC content in the membrane. However, further increasing CNC
content from 10 wt% to 40 wt% resulted in both reduced CO2 permeability and CO2/N>

selectivity.

The gas transport property of CNC-based membranes is largely influenced by humidity. In this
work, the CNC/Pebax membrane has been evaluated using fully humid feed gas. As can be
seen, increasing the RH value from 0% to 100% results in a sharp increment in CO:
permeability and CO./N> selectivity of both neat Pebax and hybrid membranes. For instance,
the CO2 permeability of the neat Pebax increases from 80.7 Barrer to 214.5 Barrer. Similar
results have been reported for Pebax membranes in several works.*® 4 In the case of
CNC/Pebax samples, a CO, permeability of 305.7 Barrer with a CO2/N> selectivity of 41.6 was
observed for the hybrid membranes with 5 wt.% CNC at humid conditions, exhibiting a 42%
and 18% improvement, respectively, compared the neat Pebax membrane. However, further
increasing the CNC content results in both reduction in CO2 permeability and CO2/N>
selectivity, similar to the gas permeation results obtained from the dry state. Increasing CNC
content to 20 wt.% or 40 wt.% even further reduces CO- permeability and CO2/N> selectivity,

simultaneously.
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These results are distinctive from the enhancement observed in CO> separation performance of
both PVAM/CNC ** and PVA/nanocellulose,'® of which the CO2 permeability increases with

CNC loading. A possible explanation of this phenomenon may come from the membrane

morphology shown in the SEM image. As can be seen from SEM images (Figure 2), at a lower
CNC content, the CNC is randomly dispersed in the Pebax matrix. However, as the CNC
content increases in the CNC/Pebax hybrid membranes, the CNC tends to form a more
orientated alignment, resulting in a much highly packed structure. This alignment of CNC has
been widely reported in the literature, and these aligned CNCs can further self-assembly into
various complicated hierarchical structures under different conditions?®, which can be
beneficial for other applications, but not in this work. Moreover, the XRD results revealed that
the CNC phase contains more crystalline zone with increasing CNC amount in membranes.
These features limit the gas diffusion and thus the transport through, as noticed in several
studies™® #°, in the CNC/Pebax hybrid membranes. Therefore, it is reasonable to conjecture that
at high CNC content, the formation of well-packed highly-crystalline CNC inhibits overall gas
transport in the CNC/Pebax hybrid membranes. But at low CNC loading, the abundant hydroxy
groups on the CNC surface attract a higher-than-average amount of water near CNC, which

facilitates the CO; transport. These two transport mechanisms are expressed in Scheme 2.

Feed ? |
Membrane { ? [>

{ \L_YNf
Permeate [ "= CNCcontentincrease

Pebax CNC fiber = Water-rich CNC fiber surface @) CO,

Scheme 2. CO;transport in CNC/Pebax hybrid membranes with low (left) and high (right) CNC loading,

respectively.
3.6 Comparison of nanocellulose-based membrane separation performances

Some CO2/N2 separation results of nanocellulose-based hybrid membranes have been
summarized and presented in both Figure 8 and Table 3. Since humidity greatly affects the
gas transport in nanocellulose-based materials,'® ** most of these membranes were evaluated
under humid conditions. Compared to other nanocellulose-based hybrid membranes,

CNC/Pebax has relatively high CO2 permeability with moderate CO./N. selectivity, especially
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compared to the nanocellulose/PVA and nanocellulose/PVAmM. This may be explained by the

hydrophilicity of the polymer phase, which affects the water amount sorbed by membranes.
For example, 1 g of PVAm and PVA can sorb > 1g * and 0.75g water,*® respectively, from a
fully saturated gaseous feed. While this value of Pebax 1657 is around 0.2-0.4 g.*"*8 The lower
water concentration in Pebax 1657 membranes limits the swelling degree of nanocellulose,
resulting in less improvement in the CO. separation performance. Despite this, its CO2/N>

separation remains close to Upper Bound 2008, which is still attractive for CO2/N. separation.

1000 [

100 |

This work

CO,/N, selectivity(-)

10

A Upper Bound 2008
A IA M [ i L M

0.1 1 10 100 1000 10000

CO, permeability (Barrer)

Figure 8. Comparison separation performances of nanocellulose-based hybrid membranes for CO2/N>
separation to Upper Bounds.*® % M : neat nanocellulose self-standing membrane,’> 4 @ : nanocellulose/PVAmM
blended membrane,*® 1451 A: CNF/polyetherimide (PEI) membrane,® ¥ : CNF/cellulose acetate (CA)

membrane,>? 4: nanocellulose/PVA composite membrane.16: 18 19

Table 3. CO»/N; separation performances of the nanocellulose-based membrane.

Membrane Pcoz(Barrer)  acoanz(-) Test conditions Refs.

CNF 17.66 515.79 Single gas, 1. bar, 35°C, 13

i 0,

CNF 127.07 64.25 Single gf(’) ]Iéiltﬁ;o 35°C, 14
PVAM+30 W% CNF 209.16 86.55 Sinole gas, L ban 35°C. 14
PVAM+50 W% CNF 182.86 50.83 Single gg‘géﬁg 35°C, 13
PVAM+70 wt% CNF 79 32.93 Single gas, 1 bar, 35 °C, 14

80 RH%
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27.5 Wt.% PVAmM + 27.5 Wt.% . . . 5
CNC + 45 Wt %Arg 340 50 Single gas, 35 °C, 100 RH%
63 wt.% sterically hindered . 0 ,
PVAM + 7 Wt.% PVA+ 30 195.6" 413 M'Xf‘i%f‘r %g L’CO' /i’O'B'ZF;”HgOZ)’ 51
Wt.% PEG-modified CNF e ’ °
PEI+0.28 wt% CNF 9.65" 15.57
PEI + 0.28 wt% bleached CNF 31.69" 31.48 Single gas, feed: 6.8 bar, .
CA + 0.40 wt% CNF 03" 67.38 permeate: 1 bar
CA + 0.29 wt% bleached CNF 0.39" 62.93
PVA+ 4 wt.% low charged "
ENC 92.6 375
PVA+ 4 wt.% high charged "
CNC 90.7 42 Mixed gas (10 vol% CO; in N), "
PVA+ 4Wt.% 100" 4o 1.2 bar, 23 °C, 95 RH%
Phosphorylated CNC
PVA+ 4wt.% CNC 128" 39
PVA+80 wt.% CNC 671.95" 436 Mixed gas (10 vol% CO in Ny), .
PVA+80 wt.% CNF 470.79" 34.57 2 bar, R.T., 100 RH%
PVA+ 10 wt.% high charged 117 36 Mixed gas (10 vol% COz in N2), 19
CNF 2 bar, R.T., 100 RH%
. , .
Pebax 165745 Wt.% CNC 305.7 116 Mixed gas (10 vol% CO in N2),  Current

2 bar, R.T., 100 RH% study

*: Calculated from permeance; PEG: polyether glycol

4. Conclusion

In the current study, up to 40wt.% CNC was successfully embedded into the Pebax 1657 matrix
to fabricate self-standing hybrid membranes. The CNCs are evenly distributed in the polymeric
matrix without obvious agglomeration at low CNC loading. While, at high CNC loading, CNCs
show self-assembly in hybrid membranes and form an orientated structure, similar to those in
neat CNC films. From the thermal property analysis, adding CNC into the Pebax matrix
significantly changes the thermal properties of the mixture. The presence of CNC firstly
increases both the Tm-pe and Tm-pa, denoting the CNC changes the polymeric chain packing in
the hybrid membrane. In addition, the Tonset Of hybrid membranes is over 300 °C, which is

much higher than most of the post-combustion CO> capture conditions (< 100 °C).

The hybrid membranes were evaluated with significantly improved performance compared
with the neat Pebax 1657 membranes. From the mixed gas permeation results, an optimized
CNC content exists for both CO, permeability and CO2/N> selectivity. Adding only 5 wt.%
CNC could effectively improve the CO, transport in the hybrid membranes. However, if the
CNC content further increases, the regular structure formed by CNC limits CO> transport and

thus lowers CO2 permeability. Under optimized conditions, a CO2 permeability of 305.7 Barrer,
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accomplished with a CO2/N> selectivity of 41.6 can be obtained, which are 42% and 18%,

respectively, increased compared to the Pebax under the same conditions.

The high performance of the CNC/Pebax hybrid membrane makes it a competitive candidate
for CO> capture from flue gas. The separation performance of the membrane could be further
improved by the functionalization of CNC, such as introducing more CO>-philic groups onto
the CNC surface or a third facilitated transport media (e.g., ionic liquids, amino acid salts) into
the hybrid membranes. Given the excellent film-forming properties and compatibility with
several commercially available porous substrates, fabricating TFC membranes from the
CNC/Pebax hybrid materials is promising. Further optimization of the fabrication and
upscaling for this hybrid material into TFC and hollow fiber configuration is ongoing.
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