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Abstract

The transition towards sustainable processing entails the use of bio-based alternatives as
functional materials to reduce overall carbon footprint. Nanocellulose, due to its natural
availability, biodegradability, excellent mechanical properties, tunable surface, and high aspect
ratio, is attracting more and more interests as nanoscale additive in polymeric membranes. In
this work, an effective way to modify nanocellulose fibril surfaces for performance
enhancement in CO; separation membranes has been demonstrated. The functionalization
promptly triggered intrinsic property responses in favour of nanofiber dispersion and CO;
transport. Thin composite membranes containing the modified nanofibers in water-swelling
polyvinyl alcohol (PVA) as well as in the blend of sterically-hindered polyallylamine (SHPAA)
and PVA were fabricated and tested using humid gas permeation tests. Defect-free ultrathin
(300 nm) hybrid selective layers containing evenly distributed nanofibers were successfully
coated. The addition of nanocellulose exhibited enhanced CO; permeance and CO2/N2
selectivity compared to the neat PVA membranes; CO> permeance up to 652 GPU with a
CO2/N2 selectivity of 41.3 were documented. Functionalization plays a categorical role in the
dispersion of nanocellulose fibrils in the SHPAA/PVA blend, increasing the steric stabilization
and interface compatibility with the polymer matrix. The tuned interface with PEG groups act
as sites for water clusters retention and increased CO- solubility, thus creating fast diffusion

pathways for CO» transport.
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1. Introduction

Nanocellulose largely constitute an interesting class of natural nanomaterials that are derived
from the crystalline cellulosic domains of biomasst. Primarily because of the bio-based origin
and ability to be functionalized due to the presence of a large number of hydroxyl groups,
nanocellulose is of increasing interest for the synthesis of novel functional materials 23, In
recent years, nanocellulose, both as nanocrystals (CNC) or nanowhiskers (CNW) and as
microfibrillated cellulose (MFC), is used as an engineering material in a wide range of products
ranging from packaging industries to medical applications *°. Particularly, nanocellulose fibrils
are being used as a structural additive in various other chemicals to produce novel products®’.
The motivation behind such usage is attributed to the reduction of environmental impacts and
carbon footprint in the production process since nanocellulose can be classified as renewable

polymer.

Although cellulose acetate has been commercially used in gas separation membranes for
decades, in recent times, nanocellulose has been increasingly studied as additives in polymeric
gas separation membranes®. As a 1D material with a high aspect ratio and semi-crystalline
nature due to H-bonding capacity, nanocellulose enhances the mechanical properties of
membranes 8. While their long lateral dimension impels effective disruption of polymer chain
packing along the length, their negligible thicknesses (diameter) hardly affects the overall
selective layer thickness. Thus, the nanoscale property changes arising due to filler addition
help in enhancing both transport properties and durability of the membrane® Additionally, their
affinity towards CO- and high hydrophilicity can also be leveraged to function as enhancement
additives in membranes for CO- capture. Ansaloni et al. *° reported the use of nanocellulose
fibrils in Lupamin (PVAmM) matrix with an increased separation performance of both CO2/N>
and CO2/CHa gas pairs. At high humidity, Lupamin contributes to the facilitated transport of
CO:2 while the intrinsic separation ability of nanocellulose could not be efficiently utilized.
Venturi et al. 1 further established a relationship between permeability and relative humidity
in terms of water solubility modeled using the Park model 2. The promising composite
containing 30% MFC in Lupamin exhibited a performance of CO, permeability around 90
Barrer with a selectivity of 218 and 184 for CO2/N2 and CO2/CHa, respectively.

While nanocellulose has been added to polymers in membrane applications for other separation
applications 315, their application in CO2 capture membranes is still not widely investigated.

Since selective layer thickness of less than 500 nm is usually preferred for an attractive CO>



capture membrane?®, as a 1D material with sub-50 nm diameter, their potential as nanofillers
in these ultrathin layers is noteworthy. However, a recurring analogy of challenges when using
nanocellulose in hybrid membranes and their application as reinforcements in composites is
the complexity over the control of the polymer/nanocellulose interface. The surface chemistry
of nanocellulose fibrils determines the establishment of the interface morphology and depends
on the process of synthesis, which is the isolation of nanocellulose from native fibrils by
chemical, mechanical or enzymatic methods. An ideal interface (i.e., perfect adhesion between
the polymer phase and the fibrils'” is generally preferred for better exploitation of filler's
properties in composites. Surface chemistry plays a major role in determining the properties of
the filler-polymer interface, and efficient surface modification acts as a tool to tailor these
properties 8. In CO; capture membranes, fillers' functionalization has been found to influence
both the morphology and transport properties of hybrid membranes. Although
functionalization is a well-explored strategy for efficient use of nanocellulose in different
applications!®2, functionalization of nanomaterials in CO2 capture membranes has been
widely limited to Carbon nanotubes (CNTs) , Graphene oxide(GO nanosheets), Polyhedral
Oligomeric Silsesquioxanes (POSS) and Metal Oxide Frameworks (MOFs) 822, Shen et al. 3
functionalized GO nanosheets with PEI prior to incorporation in PVAm matrix, increasing both
CO2 permeance and CO2/N> selectivity. The PEI groups contributed to increased stability of
nanofillers in the polymer matrix. Li et al. ?* increased both diffusivity selectivity and solubility
selectivity by functionalizing GO with PEG and PEI functional moieties and using the
functionalized fillers in Pebax matrix. In a study by Ansaloni et al. %, amine functionalization
of CNTs was found to increase the compatibility of Multiwalled CNTs in PVAmM matrix thus
helping to achieve long-term reliable high-pressure separation performance. In most cases, the
functional moieties are chosen to improve dispersibility and other CO2-philic properties and to

simultaneously strengthen the polymer matrix and aid CO transport.

The current work focuses on the use of nanocellulose in facilitated transport membranes and
the effects of the nancellulose addition on the gas transport through the membranes. A facile
surface modification procedure to introduce functional moieties of varying properties was
developed as a "one-pot" process to manipulate the nanocellulose surface. The role of
functionalized surfaces in hybrid membranes has been systematically investigated using
various filler-phase characterization techniques like TGA, XRD and water uptake tests. Given
that the industrial realization of hybrid membranes requires ultrathin coating of selective layer

on a porous polymeric support to enhance the transmembrane flux 6, composite membranes



containing functionalized fillers with selective layer thicknesses less than 300 nm were
successfully fabricated and tested. The high aspect ratio of the nanocellulose fibrils enabled
spatial distribution of fibres along the surface leading to ultrathin defect-free selective layers.
The influence of modified fillers on the morphology of hybrid membranes with different
polymer matrices and their corresponding gas permeation properties have been systematically
investigated. To the best of our knowledge, the present study is the first to investigate the
influences of surface properties of nanocellulose-based 1D nanofillers when used in facilitated

transport polymers from fabrication until application in CO2 capture.

2. Materials and methods
2.1. Materials

Poly(allylamine hydrochloride) (Mw=120,000-200,000) was purchased from Thermo Fisher
Scientific, Sweden and was purified and modified prior to use. Potassium hydroxide (pellets,
85%-100%), polyvinylalcohol (Mw=89,000-98,000, 89% hydrolyzed), 1-Ethyl-3-(3-
dimethylaminopropyl) carbodiimide, N-hydroxysulfosuccinimide, 2-bromopropane, Methanol
(anhydrous, >99.8), 4arm-poly(ethylene glycol)-NH2 (Mn=5,000), 8arm-poly(ethylene
glycol)-NHz> (hexaglycerol core, Mn=10,000), Trimethylolpropane tris[poly(propylene
glycol), amine terminated] ether (Mw=1368), B-Alanine (99%), 1-(2-Aminoethyl) piperazine
(99%) and Sarcosine (98%) were used as received from Sigma-Aldrich, Norway.
Microfibrillated cellulose (MFC, originated from eucalyptus pulp) and sodium
carboxymethylated cellulose (CMC, Na* content 2830 umol/g) were provided by INOFIB,
France, as suspensions in water with a solid content of 3.3 and 1.7 wt%, respectively.
Polyvinylidene fluoride (PVDF) Ultrafiltration membrane (50k MW) with polypropylene (PP)
substrate was provided by Synder Filtration, USA. 3M™ Fluorinert™ Electronic Liquid FC-
72 was used as received from Kemi-Intressen, Sweden. The gases used in the gas permeation
tests included a CO2/N2 mixture (10 vol.% CO; in N2) and CH4 (99.95%) were purchased from
AGA, Norway and used as received.

Synthesis of sterically hindered polyallylamine (SHPAA)

Purified polyallylamine is obtained by the reaction of poly(allylamine hydrochloride) with
equivalent KOH in the methanol at room temperature for 48h. The precipitated salt is removed
by centrifugation followed by filtration to obtain a clear solution of PAA in methanol. The

solution is then dried in a ventilated oven at 60 °C to obtain dry polymer if needed. In order to
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sterically hinder the primary amines present in the backbone chain of PAA, PAA solution in
methanol is treated with one equivalent of 2-bromopropane with a stoichiometric equivalent of
KOH by refluxing at 50 °C for 48h as reported by Zhao and Ho 6. Similar purification
procedure was adopted to result in a dry polymer which is then stored in a desiccator to prevent
adsorption of water. Successful modification of PAA to SHPAA was confirmed by FTIR

spectrum that is in agreement with the literature 2°.

Modification of nanocellulose fibrils

Carboxymethylation is a process that imparts negative charges on the surface of nanocellulose
to increase the electrostatic stability of the nanofibrils in dispersions #. The carboxymethylated
nanocellulose (CMC) used in this study was provided by Inofib SAS as a 3.7 wt% dispersion
in water. Modification of MFC surfaces by grafting of different moieties was achieved by
EDC/NHS activation reaction, where EDC represents 1-Ethyl-3-(3-dimethylaminopropyl)

carbodiimide, and NHS is N-hydroxysulfosuccinimide.

EDC/NHS coupling is particularly advantageous due to the use of aqueous medium thus
avoiding hazardous reagents. Retention of fibers in aqueous dispersion is required to avoid
aggregation, thereby preserving the 1D nano-morphology, and for compatibility when added
to aqueous polymer solutions. Additionally, with the availability of CMC, the carboxyl groups
in the fibril surface are directly available for coupling with the amine-containing reactants
through a simple mechanism as described in Scheme 1. The versatility of this methodology to
graft numerous small molecules with primary amine groups is also noteworthy. To activate the
carboxyl groups, 750 mg of EDC and 500 mg of NHS was added to 100 g of 2 mg/g CMC
dispersion and the solution was stirred for 30 mins. The large amount of catalyst EDC was used
to compensate for possibilities of deactivation due to the presence of impurities arising from
the cellulose fibrillation process. The activated dispersion was used for grafting with different
chemicals. Hence, the number of sites available for grafting was assumed to be the same in
each case. The reactive component containing a primary amine was then added in
stoichiometric quantities to the activated dispersion and the reaction was left to proceed at room
temperature for 24h. Three polymeric variants and one amino acid-based reactants were chosen
for grafting as seen in Figure 1. After the reaction, the products were separated by
centrifugation into gel-like precipitates with similar solid contents. The centrifugation was

repeated by rinsing with DI water until the supernatant was clear of EDC and the reactants



were added by verification using FTIR to ensure that no free reactants were present in the final

product.
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Scheme 1: EDC/NHS Chemistry of coupling carboxylic group with primary amine to form a
stable amide linkage.
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Figure 1. Nanocellulose fibril surface modification performed in this study.

2.2.  Fabrication of composite membranes

PVA pellets are dissolved in water at 80 °C in reflux conditions to obtain 4 wt% solution. The
solution of PAA or SHPAA in water is obtained by stirring a known amount of dry polymer in
the required amount of water for 24h at room temperature. The cast solution used for thin film
coatings was 2.5 wt% polymer in case of PVA and 1-2 wt% polymer in case of SHPAA/PVA
blends. The blend ratio was 90% SHPAA and 10% PVA to make use of the excellent film

forming abilities of PVA. The mobile carrier was synthesized by reaction of equimolar 1-(2-



Aminoethyl) piperazine with Sarcosine in water for 24h at room temperature. The chosen
concentration of mobile carriers was 40 wt% of the total polymer content in the casting

solution.

In the case of cast solution for the hybrid selective layer, nanocellulose fibrils were considered
as additives and hence the ratios were taken as the ratio of total polymer phase. For example,
10% MFC in PVA solution contained 10% MFC and 90% PVA in water with total solids of
2.5 wt%.

The thin composite materials were fabricated by bar coating technique on PVDF ultrafiltration
support. The supports were treated at 45 °C in running tap water for 1 h followed by rinsing in
DI water at room temperature for 30 min to remove the pore-protection chemicals. After
coating, the membranes are dried in a vacuum oven at 60 °C for 2 h to remove residual solvent.
The thin composite membranes were used for gas permeation tests. For characterizations in
XPS, FTIR, TGA, and water sorption tests, dense bulk films of functionalized nanofillers were

made by solvent evaporation of casting solution on Teflon dish.
2.3. Membrane characterization

SEM

The morphological analysis for membrane surfaces and cross sections were performed by a
TM3030 table top scanning electron microscope (SEM, Hitachi High Technologies America,
Inc.). Cross sections were obtained by fracturing membrane samples into liquid nitrogen. In
order to get conductive surfaces, all the samples were coated by gold in Argon atmosphere for
1 min before SEM analysis. Secondary electron and backscattered electron beams with the

intensity of 15kV were used as mixed electron signal.

High-resolution SEM for determining thicknesses were carried out using Field Emission SEM
APREO (FEI, Thermo Fisher Scientific, USA) using in lens detector in Immersion mode. The

samples were coated with 4nm Pd/Pt alloy prior to measurement.

S(MEM

Structural characterization of the nanoparticles was analyzed by Hitachi S-5500 S(T)EM
(Hitachi High Technologies America, Inc.). S-5500 is an in-lens cold field emission electron
microscope using secondary and low/high-angle backscattered electrons with achievable

resolution down to 0.4 nm. Bright field and dark field detectors were used for transmission



measurements. STEM samples were prepared by dropping ultra-dilute nanoparticle suspension
(0.1 wt%) on 300 mesh Cu grids (Electron Microscopy Sciences, FCF300-Cu).

Water uptake

A pressure decay apparatus was used to measure the water uptake of different dense
nanocellulose films at 35 °C. A description of the setup is reported elsewhere 2”.A small test
piece of dry sample was initially held at vacuum in an isolated volume (35.1 + 0.2 cm®). Water
at necessary activity was stabilized in a pre-chamber volume (49.7 + 0.2 cm?) whose pressure
was closely monitored with a precision pressure sensor (full scale of 100 mbar 121A, MKS
Instrument, USA). Once the conditions in the pre-chamber are stable, the two chambers are
connected (by opening a valve) and the pressure decline to the equilibrium value is noted. The
drop in pressure in the calibrated volume is associated with with the water uptake of the sample
(9/9p01) at that particular water activity 1%22° The procedure is repeated in progressive steps,
increasing the water vapor pressure surrounding the sample. Multiple samples were tested in

order to ensure the tests repeatability.

Thermal properties

The dense films of different nanocellulose were analysed in thermogravimetric analyser (TGA,
TG 209 F1 Libra, Netzsch, Germany). 5 mg of the samples were loaded onto a sample holder
and heated from room temperature to up to 800 °C at a constant rate of 20 K min™ under N2
atmosphere (purge rate 60 ml mint). The mass change was recorded for each sample as a

function of temperature.

FTIR

The dense films of functionalized nanocellulose were analysed with Thermo Nicolet Nexus
spectrometer (smart endurance reflection cell in attenuated total reflectance (ATR) mode with
a diamond crystal) for the Fourier-transform infrared (FTIR) spectroscopy. The spectra were
built on the average of 16 scans with a resolution of 4 cm™ wavenumber between the

wavenumbers of 4000 cm™ to 800 cm™.

XRD

Bruker D8 A25 DaVinci X-ray Diffractometer (Bruker Corporation, USA) was used to analyze
the crystallinity and phase structures of samples (with CuKa radiation, LynxEye™ SuperSpeed
detector). The diffraction signal was collected at the range of 5°<26< 75° during the test with

a scanning speed of 0.044 °/step. Square film samples (1 cm x 1 cm) were tiled on a Si wafer


https://www.thermofisher.com/order/catalog/product/912A0760

sample holder and fixed with vacuum grease. The influences on the crystallinity of cellulose-
based nanoparticles after EDC functionalization were compared by analyzing XRD spectra
between pure nanocellulose and other functionalized nanocellulose types. All the tests were

carried out with dry dense films and performed at room temperature and indoor humidity.

AFM

The topographic analysis was carried out using an Atomic Force Microscope (AFM), Veeco
diMultimode V (Veeco Instruments, Inc., USA). A silicon nitride tip was employed in a Scan
Asyst QNM tapping mode. The samples were prepared on Mica sheets by drying a drop of

casting solution and drying under similar conditions to that of the membrane.
2.4, Mixed gas permeation

The CO- separation performance of the fabricated hybrid membranes was measured by a mixed
gas permeation rig with controlled humidity similar to our previous studies®. The feed side
had a flow of 200 ml min** of 90/10 v/v CO2/N2 mixture at an upstream pressure of 1.7 bar.
The sweep gas consisted of CH4 flowing at a rate of 100 ml min™ at a pressure of 1.05 bar.
Both feed and the sweep streams are bubbled through a tank containing water to get saturated
gas streams. A gas chromatograph (490 Micro GC, Agilent) calibrated at the range of operation
was used to analyse the real-time composition of retentate, permeate and feed streams
periodically. The permeance of the i-th component was calculated using the following
equation:

o Vp(1-YH,0)Yi
L (pif—Dir)-Dip)A

1)

Where V, is the total permeate flow (ml/s) measured using a bubble flow meter at steady state
conditions. yy,o and y; are the molar fraction of the water and permeating species in the
permeate flow respectively. p;f, p;, and p;, are the partial pressures (cmHg™) of the i-th
species in the feed, retentate and permeate, respectively. A is the permeation area (cm?). The
permeance is reported in GPU (1 GPU = 10 ®cm?STP)cm?stcmHg? = 3.35 x
10 molm2stPa?) By using gaseous mixture, it was also possible to calculate the
separation factor, as given in Equation 2:

Yi/xi (2)

Air:i =
Y1 il



In order to provide a proper description of the permeance values, the stage cut was always kept
below 5% for all the experiments.

3. Results and discussion

3.1. Characterization of nanocellulose

Chemical interactions due to functionalization of the MFC fibril surface with polymeric
moieties are determined by FTIR spectroscopy of the dry films. The spectra of various modified
fillers in comparison with native MFC fibrils are shown in Figure 2. Typical absorption peaks
of the nanocellulose structure are the C-O-C stretching (1060 cm™), the C-H symmetrical
stretching (2800 cm™) and the broad peak associated with -OH stretching in polymeric
hydrogen bonding (~ 3200-3500 cm™). The characteristic strong broad peak at 1605 cm™
confirms the presence COO™ groups in the CMC (stretching in sodium form 3%). Additionally,
there is reduced intensity of —OH stretching which indicates partial substitution of surface

hydroxyl groups by —COO- groups.

Successful functionalization of MFC using carbodiimide-catalyzed reaction (MFC-PPG) is
also confirmed by the FTIR spectra. The peak at 1097 cm™ can be attributed to the
antisymmetric C-O-C stretching of the PPG moiety in addition to the C-O-C groups present in
the cellulose. Large amounts of methyl groups are marked as peaks at around 2865 cm™, 1453
cmt and 1342 cm™ due to both C-H stretching and C-H bending. The intensity of bending
vibrations at ~ 2850 cm™ is more pronounced in the case of PPG- and PEG-functionalized
nanofillers while, in other cases, this is inherited from the cellulosic backbone. Very few
differences in the spectra were observed between the PEG-functionalized systems owing to
their close resemblance in chemical structure. The broad peak on the spectrum of -Alanine
(MFC-B-Alanine) between 3200 cm™ to 2300 cm™* consists of the band of O-H stretching on
carboxylic acid, overlapping with the peaks of C-H stretching and N-H stretching.

It can be concluded that all the functional moieties successfully reacted with CMC because of
the formation of an amide bond (NH deformation at 1530 cm™* and C=0 stretching of secondary
amine at 1643 cm™) in the spectra of all modified celluloses *2. No obvious peaks corresponding
to other components can be found in the spectra, meaning that unused reactants and catalysts
have been effectively washed out. Free COO™ groups can still be observed from the small
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characteristic shoulder of C=0 at 1605 cm™, which is possibly related to the incomplete

conversion limited by the availability of reactants containing the functional groups.
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Figure 2. FTIR Spectra of various nanofillers.

Both native nanocellulose (MFC) and functionalized-nanocellulose fibrils (MFC-PEG4) are
seen as fibrous bundles in S(T)EM images shown in Figure 3. Only MFC-PEG4 was shown
as representative for functionalized fibrils owing to the similarity of all functionalized-
nanocellulose fibrils; All the individual fibers were a few hundred nanometers long with
diameters less than 50 nm, revealing their characteristic 1D structure 8. A classical web-like
network of fibril clusters can be seen with entangled filaments of cellulose as observed in the
typical TEM analysis of cellulose nanofibrils in literature 3, H-bonding capacity is believed

to be increased with the functionalized fibrils, leading to densification of the matrix while
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drying in the copper grid, as clearly seen in Figure 3. The fibril morphology is preserved
despite the functionalization of moieties, which shows corroborating existence through a stable
dispersion with negligible agglomeration at the fibril level.

Figure 3. STEM imaging of unmodified (MFC) and modified (PEG4-MFC) nanocellulose
fibrils.
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Figure 4. TGA of modified and unmodified nanofibrils

Thermal properties of the films of native and functionalized MFC are analysed by TGA and
the mass loss profiles are shown in Figure 4. The process of functionalization induces marked

differences in the onset degradation temperature of the fillers with CMC beginning as early as
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273 °C. This is due to the effect of lower ionic bond strength which leads to rapid
decarboxylation. In contrast, the accompanying residual mass was 43% of the initial weight.
This change in weight may be attributed to the carbonized material and inorganic sodium salt
used to stabilize anionic charges. Compared to the other functionalized celluloses, MFC-PEG8
showed the best tolerance towards degradation, possibly due to the higher molecular weight of
the grafted polymer. MFC-PEGS8 exhibited the highest onset at 327 °C and end set at 447 °C.
Additionally, the residual mass decreases with increasing molecular weight of the grafted
component, due to the lower amounts of pyrolyzed solid residue, which is sourced mainly from
cellulosic material®*. In general, nanocellulose fibrils functionalized with polymer moieties are
found to have higher onset temperatures than those of the MFC with B-Alanine and CMC.
Additionally, CMC and B-Alanine are also found to exhibit considerable mass loss at relatively
lower temperatures when compared to other fillers. Both MFC-PEG4 and MFC-PEGS are seen
to have two inflection points exhibiting a second onset temperature at 393 °C and 399 °C,
respectively. This can be attributed to the fact that the amide bond ruptures at relatively lower
energy (C-N bond energy = 305 kJ/mol) while a large amount of ethylene oxide (EO) groups
present in the polymer backbone disrupt after that (C-O bond energy = 358 kJ/mol). The amide
bond formation using EDC chemistry can be considered as a powerful tool for functionalization
since the bond disruption happens only at high temperature. Additionally, sensitive thermal

profiles also give further proof to the occurrence of functionalization.
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Figure 5. XRD pattern of modified and unmodified nanocellulose fibrils

The crystal structure of the modified nanocellulose films was studied by X-Ray diffraction of
the films made of fillers as shown in Figure 5. Two types of crystalline forms of cellulose,
cellulose 1 (parallel chains) and cellulose Il (anti-parallel chains) have been found in the
samples, reflecting characteristic peaks on the XRD spectrum at different positions . These
conformations of cellulose depends on the nature of intramolecular and intermolecular
hydrogen bonding formation. Usually, the crystalline region and the amorphous region both
co-exist in the microstructure of nanocellulose. The crystalline index (CI) of samples are

estimated by Segal’s method without normalizing the original data :

ooz — 1

X, ™ x 100

1002

where X, is the crystallinity degree of samples, Iy, IS the maximum intensity taken at 002
peak where around 20 = 22.8 °, I, is the minimum intensity of between 18° and 20° which
is due to the amorphous part of cellulose. This method was used to calculate the ratio of the
intensity of crystalline peak to the total intensity. The calculated X. is summarized in Table 1.

Table 1. The characteristic peaks and crystallinity index of nanocellulose and

functionalized nanocellulose.

Filler 20 (°) Miller indices loo2 lam Cl (%)
(a.u.) (a.u.)
12.4 -110 (cellulose 1)
MEC 15.1 -110 (cellulose 1) 15.07 452 70.0
16.6 110 (cellulose 1)
22.5 200
CMC 15.7 110 (cellulose I) 796 357 551
22.6 200
11.9 -110 (cellulose 1)
MFC-PPG 15.3 -110 (cellulose 1) 5.26 3.41 35.2
22.6 200
11.9 -110 (cellulose 1)
MFC-PEG4 15.3 -110 (cellulose 1) 7.38 4.23 42.6
22.5 200
MFC-PEGS 12.3 -110 (cellulose 1) 1980 641 407
15.8 -110 (cellulose 1)
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22.3 200

12.3 -110 (cellulose 1)
MFC-g-Alanine 15.1 -110 (cellulose 1) 8.55 4.04 52.7
22.6 200

Both MFC and CMC show typical peaks of cellulose structure at 22.6° and 15.6° while the
sharp peaks at 31.8° and 45.5° in the CMC spectrum correspond to inorganic content
constituting the sodium salts 337, The sharp prominent peak of the 002 plane, characteristic of
pure MFC, is found to be notably influenced by functionalization. Small molecules (CMC and
B-Alanine) are found to elicit no obvious shifts in the peaks; therefore, they present only small
changes in the crystal structure. Nevertheless, both result in about 20% reduction in
crystallinity compared to MFC. MFCs that have been modified with high MW polymers
display broader and indistinct peaks, indicating the formation of smaller crystal sizes. A slight
shift towards lower angles is observed for the 002 peak as the MW of the bonded polymer is
increased, suggesting increased d-spacing 3. Although linear PEG has been reported to have
high crystallinity (especially for high MW 3°), the MFC-PEGS8 sample obtained in this work
showed slightly lower crystallinity than MFC-PEG4. This is possibly because the highly
branched structure intrudes to the cellulose lattice planes disrupting the crystallinity due to
hydrogen bonding. In general, the functionalized MFCs are found to be characterized by lower
crystallinity when compared with the pristine nanocellulose fibrils. Although the hydrogen
bonding capacity of nanocellulose fibrils facilitates formation of films, the high crystallinity
often leads to increased brittleness in the films. Thus, through functionalization, the reduced
crystallinity also helped in the fabrication of softer nanocellulose films. Furthermore, the
reduced overall crystallinity is a positive asset to both gas permeation (crystalline domains are
assumed to be impermeable to gases) and mechanical flexibility (easier selective layer

manufacturing and processing) of the hybrid matrix.

Water uptake

Figure 6 shows the absorption of water in the various nanocellulose samples prepared in the
study. The measurements were performed at 35°C, and the water uptake is expressed as the
total amount of water per sample mass (gw/gpol) as a function of water activity (p/p*"). MFC-
PEG8 and MFC-B-Alanine were excluded from the study as they resulted in unstable
dispersions in SHPAA/PV A matrix (discussed in later sections). The water sorption of all other
four nanofillers (MFC, CMC, MFC-PPG and MFC-PEG4) exhibited mostly sigmoidal curves
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typical of cellulose-based materials. The uptake capacity (0.08 gw/gpor at 75% RH) of MFC was
found to be in agreement with literature!®. On the other hand, the CMC used in the current
study which is derived from Eucalyptus pulp (0.08 gw/gpor at 47% RH) exhibits higher water
sorption than CMC derived from pine and spruce (0.08 gw/gpoi at 70% RH) 0. As already
pointed out in a previous study!?, the raw material used for the MFC fabrication may have
significant impact on the mass transport properties.

While all functionalized nanofillers had increased water sorption at higher humidity ranges, it
should be noted that the behaviour at high humidity conditions is found to be largely dependent
on the functionalized moiety type. While CMC and MFC-PEG4 exhibited an upturn with a
steeper slope starting at around 50% RH, the other two variants showed a quite linear
increase®!. The behaviour is attributed to the swelling of the matrix with the formation of water
clusters, according to the Park model 2, as an extension of dual-sorption model. Given the
polarity of charged moieties and the high hydrophilicity, PEG, CMC and MFC-PEG4 are
characterized by excessive swelling, leading to the formation of water clusters formation.
Similar results were obtained by Minelli et al. “° in water sorption studies on MFC plasticized
with glycerol. Interestingly, when compared to the MFC, PPG has increased the hydrophilicity
of the nanofibrils while delaying the dilation. This delay led to incomplete swelling of the
matrix (decreased water uptake *?) due to the presence of larger alkyl groups when compared
to PEG. The uptake of both CMC and MFC-PEG4 was as high as 0.18 gw/gpol 67% RH and
0.16 gw/gpol at 65%RH, which translates to an increase of about 140% and 110% increase with
respect to unmodified MFC at a similar water activity.
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Figure 6. Water uptake capacities of select-modified and unmodified nanofibrils measured at

35 °C. Dashed lines are used to connect the data points for approximate trends.
3.2. Hybrid membranes

Preparation of coating solutions

Two types of membranes were fabricated by incorporating the functionalized nanofillers into
two different polymer matrices: the hydrophilic PVA, and the SHPAA blended with 10%PVA
containing 40 wt% mobile carrier 2-(1-piperazinyl)ethylamine sarcosinate. The latter is
considered to provide facilitated transport effect for CO; transport. Physical blending followed
by mechanical stirring was used to disperse the nanofillers in the polymer matrices. All
functionalized fillers formed homogeneous casting solutions with PVA. Homogeneous
dispersions were also observed in the case of the SHPAA/PVA blend, except for MFC-PEG8
and MFC-B-Alanine, which formed visible white aggregates in the SHPAA/PVA blend. When
compared to PVA, the environment of SHPAA/PVA can vastly affect the dispersion stability
of fillers, partly due to the basic environment and partly due to the presence of amino acid salts
that are used as mobile carriers (according to DLVO theory*®). Functionalization with
polymeric moieties tends to increase the steric stabilization while the charged CMCs are
stabilized by electrostatic repulsion. Although branched PEGs have been used to increase the
dispersion stability of cellulose and various other nanofillers in aqueous solutions*#°, with the
nanofibrils acting as the supports, the 8-arm PEG used in this study tends to form continuous

gel network owing to its higher molecular weight. The network is believed to accumulate
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together upon the change of environment from an aqueous system to a basic polymer solution
containing salt. On the other hand, in the case of B-Alanine, the functionalization leads to
decreased charges and lowered acidity of the COOH group of the amino acid. These
characteristics play little role in dispersibility in agueous/PVA solutions, but they decrease the
electrostatic interactions in SHPAA/PVA solutions, consequently reducing the overall energy
barrier, thus leading to self-aggregation. Surprisingly, MFC had no visible aggregates in
macroscopic scale when dispersed in both matrices, which can be attributed to the native

charges arising from the hemicellulose content 6.

Fabrication of thin composite membranes

Composite membranes were fabricated from the resulting stable dispersions and were
examined in SEM for morphological analysis. Fluorinert™ FC72 was used as pore-filling
agent, to avoid pore penetration by the polymer matrix. The compatibility of PVDF with the
dispersions led to defect-free coating in large flat sheet membranes (up to 20 x 30 cm). The
cross-sectional analysis revealed that the selective layer is approximately 100 — 300 nm thick
(Figure 7). It is expected that with increasing nanofiller content in the dispersion, the thickness
of the selective layer increases, owing to the increased viscosity and decreased density of the
dry solids, which is similar to results from other studies #’. Composite membranes with such
defect-free ultrathin selective layer help in achieving high trans membrane flux to achieve
targets of CO, separation®. Additionally, use of versatile bar coating method for coating also
demonstrates potential of scaling up to large area as flat sheet modules “¢. SEM surface images

show no clear difference between neat polymer and surfaces of hybrid membranes.




Figure 7. Cross-section SEM images of (A) porous PVDF support (B) Neat SHPAA/PVA

composite membrane

AFM

Distribution of fibrils in polymer matrix was studied with AFM imaging for topography and
adhesion. Typical entangled network of 1D fibrils were seen in all hybrid surfaces**#°. Figure
8 shows a comparison of AFM height and adhesion images of MFC and MFC-PEG4 dispersed
in SHPAA/PVA matrix. The neat polymer matrix of SHPAA/PAA showed a smooth topology
with high adhesion. No visible phase separated the polymeric domains, confirming the
homogeneity in the blend of SHPAA/PVA in the presence of amino acid salt. The roughness
of the hybrid surfaces containing nanocellulose fibrils was considerably higher than the neat
polymer surface. Nanoscale aggregates of unmodified MFC were clearly seen in the AFM
imaging although no visible aggregates were seen at the dispersion level. The binding of the
fibrils at the nano-level due to their poor stability also results in increased self-adhesion which
causes the formation of local crystalline phases in the matrix. This binding may also be due to
increased H-bonding within the fibrils (inter-fibrillar) leading to formation of bundles because
of the increased orderliness at the fibril level. In addition, the highest roughness measured also
ascertains possibilities of defects when coated in large areas. By contrast, all modified
nanofibrils exhibited random-in-plane swirled orientation and the web-like network is found to
coexist synergistically with the polymer matrix surrounding the fibrils, as confirmed by
increased adhesion around the fibril edges®™. This gives evidence of the increased compatibility
of the fillers when functionalized with polymer moieties®’. The functionalized polymer
moieties act as bridges which coherently adhere with the polymer matrix upon drying while
overcoming the inter-fibrillar hydrogen bonding that leads to compaction of fibres into thick
dense fibre bundles. Furthermore, such a web-like dispersion of fibres with retention of

individual surfaces gives rise to a more exposed surface area of nanofiller in the hybrid matrix.
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Figure 8. AFM imaging of MFC (A, B) and MFC-PEG4 (C, D) in SHPAA/PVA

matrix (A and C are height images; B and D are Adhesion images)

3.3.  Permeation properties

Mixed gas permeation tests

The gas permeation tests on the fabricated composite membranes were performed using 90/10
v/v CO2/N2 mixture under fully (100% RH) humidified conditions at 35°C. The separation
performances of the hybrid membranes based on PVA are shown in Figure 9. As can be seen,
the membrane of neat PVA exhibits a CO, permeance of 240 GPU and a CO2/N selectivity of
40. The addition of nanocellulose fibrils increased the CO, permeance in all cases except for
the matrix containing 10% of original nanocellulose, MFC, in which a slight decrease is

observed.
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Figure 9. Mixed gas permeation performance of various PVA-based hybrid

membranes measured at 35 °C.

Nanocellulose fibrils are renowned for their barrier property in dry conditions or in the low
humidity range. However, when nanocellulose fibrils are added to PVA, particularly in low
quantities, and under high humidity conditions, their long lateral dimension plays a cogent role
in disrupting the H-bonding thereby influencing the local cross-linking of PVA surrounding
the fibrils. This disruption of polymer chains surrounding the fibrils bolsters enhanced swelling
of the matrix, consequently increasing the diffusion of small molecules®?. The hydrophilic
polymer-filler interface also leads to the retention of water-rich domains around the fibrils. The
surface groups in the modified fibrils act as CO. transport agents, increasing CO- transport in
the hybrid matrix. Although the water uptake of PVA is much higher than that of all the studied
fibrils 3, the sorption kinetics of nanocellulose fibrils are much faster, leading to faster
equilibrium sorption %%, Hence, the faster kinetics can also contribute to easier diffusion of
water molecules into the surrounding PVA thereby influencing the gas transport in the hybrid

matrix.

Among all the samples, the highest increase was found from the hybrid membrane with 10%
CMC, where the CO2 permeance increased about 43% (345 GPU) with the simultaneous
increase in CO2/Nz selectivity (from 40 to 50). This improvement may be related to the effect
of ionic salt and deprotonated —COO" groups that become inherently more affinitive to polar

CO2 molecules. The nanofillers functionalized with polymeric moieties displayed positive
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effects in increasing both CO> permeance and selectivity, but in different extents, possibly
related to the different water sorption behaviour (Figure 6), decreased filler phase crystallinity
(Table 1), as well as the increased CO> affinity resulting from the presence of the EO groups
in PEG and PPG functionalities. As a COz-philic amino acid, p-Alanine possibly led to
increased CO- solubility in the hybrid matrix, thus increasing the CO> permeance marginally
up to 263 GPU and CO2/Nz selectivity to 50.
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Figure 10. Mixed gas permeation performance of various SHPAA/PVA-based hybrid

membranes measured at 35 °C.

Unlike PVA, the functionalized fillers showed unique effects in gas permeation properties
when added to a matrix of SHPAA/PVA as shown in Figure 10. The membranes containing
sterically-hindered PAA and PV A with amino acid mobile carriers showcased CO, permeance
of 425 GPU and a CO/N: selectivity of 38. The amine groups present in both the main chain
and the mobile carriers contributed to an increase in the CO. permeance compared to the neat
PVA, due to the facilitated transport mechanism involving the reversible reaction of these
amino-groups with CO; in presence of water %57, While none of the fillers have such reactive
carriers, they help in sorption and retention of water, which is equally an important component
in the facilitated transport 2> and help to increase the separation performance. Hence, the
addition of hydrophilic nanofillers serves a dual purpose of increasing gas permeation due to
increased water retention and mechanical reinforcement of the fully swollen polymer matrix at

high humidity conditions?>°%°, The amine groups, together with the KOH from the synthesis
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and purification of the SHPAA polymer, results in a basic polymer solution with a pH close to
12. The fibrils' surface properties play a vital role in the behaviour of nanofillers in basic
SHPAA/PVA environment thus influencing the transport properties of the hybrid matrix.
Clearly, in the case of MFC, the decreased surface charges led to increased unstable dispersion
forming highly crystalline bundles as confirmed with AFM (Figure 7). Both the increased
crystallinity and decreased exposed surface due to agglomeration lowered the CO> permeance
(227 GPU) and CO2/Nz2 selectivity (25).

On the other hand, the functionalized MFCs were well-dispersed in the polymer matrix
exploiting the active surface of the nanofillers. In the case of CMC, the charged moieties
deprotonate to a larger extent due to the basic amine groups in polymer®. While this helps in
dispersibility due to electrostatic stabilisation, deprotonation leads to lowered efficiency of
amine groups that now stabilize the counter Na* ion rather than being involved in the facilitated
transport mechanism. Although MFC-PPG had the lowest filler-phase crystallinity, the lower
water sorption of MFC-PPG associated with the higher alkyl chain could lead to lower water
uptake in the hybrid matrix. Given that the PPG moieties help in dispersion by acting as bridges
between the fillers and the polymeric matrix, the interface is still less hydrophilic than that of
PEG, thus negatively affecting the CO2 permeance (237 GPU). Only MFC-PEG showed an
increase in both CO> permeance and CO2/N2 selectivity to about 490.8 GPU and 50.5,
respectively. PEGlyation of MFC serves three purposes in the SHPAA-based membrane:
firstly, the PEG chains increase the steric stability of the fibrils, as the charges are significantly
lower after functionalization; secondly, the EO groups directly contribute to increased surface
COz sorption, creating enhanced surface diffusion pathways for CO2 transport; thirdly, the high
hydrophilicity of the PEG chains creates water reservoirs along the surface, enabling swelling

of the hybrid matrix and enhancing the facilitated transport effect.
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Figure 11. Mixed gas permeation performance of SHPAA/PVA- MFC-PEG4
membranes as a function of filler loading measured at 35 °C

As the most promising filler, MFC-PEG4 was chosen to study the effect of filler loading on
permeation properties. The results are presented in Figure 11. Increasing the filler loading led
to a sharp rise in CO2 permeance up to 30 wt% (to about 652 GPU), after which a decline in
the trend was pronounced. Increase in filler loading leads to an increase in polymer chain
disruption, thus enabling higher water retention and availability for gas transport due to
decreased polymer crosslinking and increased small molecule diffusion. While the increased
loading aids the facilitated transport of CO> through the membrane, it should be noted that this
is accompanied by a decrease in the number of reactive amine groups. Hence, it is expected
that there exists an optimum loading where the local environmental changes triggered by the
fibrils are just enough for effective utilization of the reactive amines present in the polymer
matrix and the mobile carriers. Below this optimum, the reactive carriers are under-exploited,
and the lower availability of water and increased amount of crystalline polymer phase would

lead to decreased selectivity.

The overall swelling of polymer matrix is reduced due to the increased reinforcement of the
hybrid matrix caused by fibre entanglement. This effect leads to domains of the dense fibre
network and sparse fibres in water-rich regions that decrease the selectivity. The dense regions
also inherit the barrier property of nanocellulose fibrils thus lowering the permeance. At the
concentration of around 50% MFC-PEG, the dispersion was stable only for a short time, which
may be attributed to the critical transition concentration where the dispersion changes from

polymer-rich solution to MFC-rich solution. On the other hand, increased loading of nanofibers
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may result in increased local defects in the membrane due to the lower density and higher

viscosity of the nanocellulose phase.

Additionally, it has to be noted that the nanocellulose fibrils tend to increase the selective layer
thickness due to increased viscosity and low density. Since the permeance is dependent on the
selective layer thickness, the lower permeance at the loading of 70 wt% may also be related to
a thicker selective layer. However, it is not feasible to coat membranes of the same thickness
with different ratios of polymers and nanocellulose; for membranes with a higher nanocellulose
loading, lowering concentration in cast solution in order to reduce the thickness may cause

defects in the selective layer.

Although several studies have been reported using nanocellulose as fillers in hybrid matrices,
most performance evaluation of the materials has been as self-standing films. There exists few
studies with nanocellulose fibrils-based hybrid membranes in the form of thin film composite
membranes. Dai et al. 4’ reported a maximum permeance of 470.8 GPU with a CO2/N;
selectivity of 34.6 as hollow fiber membranes with 80 % MFC in PVA matrix. In another study
as flat-sheet membrane, Torstensen et al. ®* reported a performance of 100 GPU with a CO2/N2
selectivity of 42 using phosphorylated nanocellulose fibrils as fillers in PVA matrix. The
fabricated membrane with 30 wt% MFC-PEG4 with a CO2 permeance of 652 and CO2/N2
selectivity of 41.3 surpasses performance of all reported hybrid membranes that use MFC in

the form of composites.
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Figure 12. Permeation stability tests with forced breaks of SHPAA/PVA- 30 wt%
MFC- PEG4 membranes measured at 35 °C

In order to demonstrate the stability of the fabricated hybrid membrane, SHPAA/PVA hybrid
with 30 wt% loading of MFC-PEGA4 filler was subjected to humid mixed gas permeation tests
for an extended period of about 175 h. Stable performances were recorded throughout the
period with minimal changes to both CO. permeance and CO2/N> selectivity as seen in Figure
12. Humidity fluctuations play a major role in the performance of facilitated transport
membranes as small changes in RH conditions of the feed stream leads to significant drop in
fluxes®2%3, As the addition of nanocellulose helps in water retention, the superstructure of the
hybrid matrix is expected to be less prone to changes due to exposed humidity fluctuations. In
order to demonstrate this phenomenon, two forced breaks of 24 h each were introduced where
the membrane was stored in room temperature conditions. It can be clearly seen that the
performance of the fabricated membranes is recoverable after such breaks, which can be
considered analogous to disruptions in feed gas conditions. Similar long-term stability of

nanocellulose-based hybrid membrane has also been reported in our previus work?’.
4. Conclusions

A rapid one-pot functionalization procedure was used to successfully modify the surface of
nanacellulose fibrils additives in membranes for enhanced CO. separation. The modification
led to profound changes in specific properties of the nanofibers, like crystallinity, water uptake
and thermal stability. The functional groups attached to the surface acted as manipulative tools
to control interface properties in favour of application in COz transport membranes, depending
on their characteristics.

Hybrid composite membranes containing both modified and unmodified fibrils with two
different polymer matrices (PVA and SHPAA/PVA blend) was successfully fabricated and
tested. Functionalization of fibrils surfaces was found to play a crucial role in dispersibility of
fibrils in facilitated transport polymers like SHPAA. All functionalized moieties were found to
act as a bridge to form a compatible interface between cellulosic surface and the main polymer
matrix, thus preventing self-aggregation of these fillers. The CO> transport properties in the
hybrid matrices were largely dependent on the dispersibility and interface properties of the
nanocellulose, which was manipulated with the type of functional moieties used in this work.
A correlation between the tuned surfaces and the transport properties was clearly established.

At 30 wt% loading, MFC-PEG4 showed the most profound influence on the separation
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performance of the facilitated transport membranes by increasing the CO permeance to about
50% (up to 652 GPU) while retaining the selectivity of the neat polymer matrix. The membrane
was also found to be stable over long-term period of 175 h with fluctuations in operating
conditions. While standalone nanocellulose exhibits barrier property, the synergetic interaction
of these bio-nanofillers with facilitated transport resulted in hybrid materials with interesting
separation performances. The importance of surface properties of nanofillers in hybrid
materials for gas separation has been successfully demonstrated. This foreruns potential studies

on tuning of nanofillers for applications in various hybrid gas separation membranes.
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