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Abstract: Herein, we report the performances of crosslinked facilitated transport membranes based
on carboxymethylated nanofibrils of cellulose (cmNFC) and polyvinylamine (PVAm) with the use
of 3-(2-Aminoethylamino) propyltrimethoxysilane (AEAPTMS) as second fixed carrier for CO2

selectivity and permeability. The grafting of AEAPTMS on cmNFC was optimized by following
the hydrolysis/condensation kinetics by 29Si Nuclear Magnetic Resonance (NMR) analyses and two
different strategies of the process of membrane production were investigated. In optimized conditions,
around 25% of the -COOH functions from cmNFC have crosslinked with PVAm. The crosslinked
membranes were less sensitive to liquid water and the crystallinity of PVAm was tuned by the
conditions of the membrane elaboration. In both processes, CO2 selectivity and permeability were
enhanced especially at high water vapor concentration by the use of PVAm and AEAPTMS suggesting
the existence of a facilitation effect due to amine-CO2 interaction, while the mechanical integrity of
the swollen membranes remained intact.

Keywords: amine-based fixed site carrier crosslinked facilitated transport membranes;
carboxymethylated nanofibrils of cellulose; carbon capture utilization and storage

1. Introduction

Over the last few decades, one of the major environmental challenges has been reducing emissions
of greenhouse gases to the atmosphere—especially carbon dioxide (CO2)—and minimizing the carbon
footprint due to anthropogenic activities [1]. In the foreseeable future, industries will need to comply
with increasingly strict regulations on CO2 emissions. Thus, carbon capture, utilization, and storage
(CCUS) technologies appear to be a viable industrial low-cost alternative to prevent its dispersion in
the environment towards a zero-emission pathway for energy production [2,3].

Several technologies have been proposed to capture CO2 from power plant emissions,
including absorption, adsorption, cryogenic distillation, and membrane separation [2].
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Traditionally, for post-combustion processes, packed columns have been used for absorption but this
technique is energy consuming and suffers from various problems including flooding, foaming, and/or
solvent degradation [4]. Membrane separation presents many advantages, like compactness, and easy
integration in already installed facilities [2–9].

In the current commercial gas separation membranes, mainly based on dense polymer,
the transport can be described by a solution-diffusion mechanism, depending on the kinetic diameter
and condensability of the gas molecules [10]. This mechanism, however, tends to suffer from
an inherent trade-off between permeability and selectivity, which limits the separation performance
of the materials [11,12]. A number of strategies has been developed over the years to overcome this
limitation, using, for example, mixed matrix membranes [13–15] or polymer and block copolymers with
high CO2 affinity [16–19]. As an alternative to conventional polymeric membranes, facilitated transport
membranes (FTMs) have attracted attention because of the potential to achieve both high permeability
and high selectivity [20,21]. FTMs selectively permeate CO2 by adding to the transport of free CO2

molecules an additional mechanism of facilitated diffusion through complexation with an agent
incorporated in the membrane, named carrier [22–25], whereas gases such as H2, N2, and CH4 will
permeate exclusively by a solution–diffusion mechanism. For CO2 separation, amine moieties represent
a quite reasonable choice as carriers which was exploited in several works [26–30]. The mechanism,
which regulates the interaction between aminated molecules and CO2, is not yet completely understood,
even though two main reactions are commonly considered to occur within the matrix [30–32].
When unhindered amines are present, carbon dioxide tends to form a carbamate ion through
a zwitterion mechanism, a pathway originally described by Caplow [33] and presented in Figure 1a.
If a hindered amine is present, a second mechanism is preferred, due to the carbamate ion instability,
related to its large steric hindrance as presented in Figure 1b [30].

Figure 1. Preferential pathways and mechanisms of CO2 molecules through unhindered (a) or hindered
(b) amines groups across the membranes.

In both schemes, the reaction starts at the upstream side of the film, which represents the
complexing of CO2 to the carrier molecule once the gas is dissolved. The opposite reaction will take
place at the downstream side, leading to the decomplexation of the carbon dioxide and allowing the
molecule to pass once again into the gaseous phase.

Historically, the earliest examples of FTMs were supported liquid membranes (SLM), introduced by
Ward and Robb [23]; they impregnated the pores of a microporous support with a carrier solution
enabling the CO2 molecules to bond with functional group capable of permeating through the film and
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releasing them on the downstream side. With this system, they managed to achieve excellent separation
performances. For instance, selectivity of 1500 was reported for CO2/O2 [23,34]. Despite high selectivity
and permeability performances, these membranes lacked severely in terms of stability, mainly because
of carrier leakages and deactivation due to evaporation or entrainment with the gas stream [35].

To tackle this instability issue, recent research has been focused on fixed site carrier (FSC)
membranes. These membranes have functional carriers that are covalently bonded to the matrix
polymer backbone or to a dispersed secondary phase restricting their mobility but drastically improving
the membrane stability [21,31,36]. Both approaches showed strengths and weaknesses: small mobile
carriers tend to leak and evaporate, while fixed carriers can struggle to achieve the same diffusion
rates due to their lack of mobility. However, the diffusivity of a swollen FSC membrane should display
performances between that of a mobile and a fixed carrier.

Among the numerous amine-based FTMs used for CO2 separation and extensively investigated
in last decades [20,21,37–42], polyvinylamine (PVAm) is an attractive aminated common polymer
to prepare FSC membranes [29]. Thanks to its hydrophilicity and high amount of amine moieties,
PVAm presented good separation performances in various conditions [43–45]. In presence of water,
these amine groups are able to interact with CO2 [31]. Moreover, as presented in the mechanisms
above, the amine groups can also play the role of catalyst in the CO2 hydration reaction [46].
However, PVAm can also suffer from instability issues, due to the poor mechanical properties achieved
at high humidity [47].

This problem is usually overcome by blending PVAm with a ‘structural’ polymer, which can
increase the mechanical properties of the matrix under high humidity conditions, still allowing the
facilitated transport mechanism. In several works, PVAm has been blended with different materials such
as (i) polyvinyl alcohol (PVA) [48–50], (ii) carbon nanotubes [44,46,49,51], and (iii) native nanofibrillated
cellulose (NFC) [52,53], showing positive results in term of stability and separation performance.
Other approaches to obtain more stable materials can rely on the use of a high molecular weight PVAm,
as proposed by Chen and Ho [54].

In this work, carboxymethylated nanofibrillated cellulose (cmNFC) was chosen as a ‘structural’
polymer. Actually, for sustainability and green technology development, it appears essential to
prepare new membranes for carbon capture using bio-based materials such as cmNFC. Cellulose
is the most abundant biopolymer on earth. Extracted most often from wood or annual plants,
cellulose fibers are composed of several fibrils which were firstly isolated by Turbak et al. [55] in 1983
and are usually used as microfibrillated cellulose (MFC), cellulose nanofibrils (CNF), or nanofibrillated
cellulose (NFC) obtained after mechanical disintegration. Since 2008, the development of NFC,
which represents one of the most studied bio-based materials [56–59], attracts exponential interest
from researchers, as well as industrial companies, with more than 60 producers worldwide. More
recently, in 2016, NFC was identified as the second bio-economy priority in Europe thanks to its
properties. Indeed, NFC displays high mechanical resistance and excellent barrier properties, and
it is also biodegradable and biocompatible, highlighting this bio-based material as an excellent
candidate in several applications such as packaging [58], paper and board [60], composites [61],
printed electronics [62], biomedical devices [63], etc. Also, in the field of membranes, nanocellulose
is gaining attention; in the last three years, several papers appeared using this material as a base for
the production of gas separation membranes [52,53,64–66]. To isolate NFC from fibers, an enzymatic
or chemical pretreatment is performed in order to weaken cellulosic fibers interactions, as well as to
reduce the energy consumption of the production process during the mechanical step [67–70]. The
fibers have diameters within the nanometric scale and lengths in the order of few micrometers [58,59],
thus resulting in a very high aspect ratio, and can show an individual tensile modulus up to 100
GPa [71]. In several works, this material has been successfully employed as a reinforcing agent for
polymeric structures [71,72], especially due to its ability to achieve the percolation threshold already
at few percent of loading, when opportunely dispersed in a matrix [59,72]. As already mentioned, a
previous work [52] investigated the gas transport properties of different type of NFC pure and in a 50/50
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wt % blend with PVAm, showing that the resulting film has very interesting separation performances
(CO2/N2 larger than 400 and CO2/CH4 larger than 350) at an intermediate relative humidity. At higher
humidity, though, the material showed a strong decrement of the separation performances, most likely
due to excessive water sorption, which caused a severe loss of mechanical integrity. To tackle this issue,
one of the solutions is to functionalize the cellulosic fibers with a carboxymethylation process [73,74].
This modification was already reported in numerous papers with specific properties attributed to
carboxymethylated NFC, i.e., highly charged surface (which can lead to ionic interactions with other
molecules), and more acid groups at the surface (for post-modification purpose) in comparison to
neat NFC [75,76]. Thanks to their many carboxylic functions on the surface, cmNFC fibers are able
to be easily crosslinked with several amino compounds. For instance, at high temperatures they can
be crosslinked with the amine functions of PVAm forming amide bonds [77], which improves the
mechanical strength of the swollen PVAm membrane at high humidity, and thus, should enhance the
gas transport properties of CO2 through the swollen membranes with increasing water content present
in the gas stream.

To further improve the compatibility between PVAm and cmNFC, aminosilanes can be used [78,79],
such as 3-(2-Aminoethylamino) propyltrimethoxysilane (AEAPTMS). In this work, this aminosilane
will be grafted on the cellulosic material by the reaction between the remaining hydroxyl moieties of
cmNFC and the alkoxysilanes groups through silylation after hydrolysis/condensation reactions [78].
Beside, AEAPTMS bears two amine groups, one hindered and one unhindered, which can participate
in the two pathway mechanisms presented in Figure 1, and thus, can enhance the CO2 selectivity and
permeability through the membrane in addition.

In the current report, new bio based materials for CO2 separation have been developed, based on
cmNFC-PVAm crosslinked membranes with the presence of an aminosilane as a second fixed carrier to
enhance the CO2 permeability compared to the use of neat NFC [52,65,79], amino acids [64] or other
type of aminosilane [79] in literature. The grafting of aminosilane has been optimized by following the
hydrolysis/condensation reactions by 29Si NMR analyses. Different strategies have been employed to
produce performant and water-swellable crosslinked membranes. While Fourier-Transform InfraRed
(FTIR) spectroscopy was used in order to observe the covalent bonds between amine and carboxylic
functions, Differential Scanning Calorimetry (DSC) analyses were carried out to confirm the crosslinking
and determine the thermal characteristics of the membranes. Mechanical tests were also performed to
assess the mechanical strength of the membranes and then, water uptake were investigated to identify
their swelling properties in presence of liquid water. Air permeability and surface hydrophilicity
were also studied. The morphology and the composition of the novel biobased membranes were
examined using field emission gun (FEG-SEM), energy-dispersive X-ray (EDX), and elemental analyses
techniques. Finally, CO2 and N2 permeability measurements were carried out on the facilitated
transport membranes at 40 ◦C and 75% and 95% of relative humidity.

This overall combination represents an interesting approach to facilitate gas separation in
membranes and the use of sustainable cellulosic materials. To the best of our knowledge, there are
very few papers and amine-based functional groups in carbon capture membranes, mainly dealing
with cmNFC–aminated polymers blends [52,64,65] or with NFC grafted with aminosilanes [79].

2. Materials and Methods

2.1. Materials

Cellulose pulp was originated from soft wood provided by Fibre Excellence
Saint-Gaudens. Highly pure sodium hydroxide (NaOH) was bought from Fisher Scientific.
Sodium hydrogenocarbonate 99% (NaHCO3), sodium chloroacetate 98% (ClCH2COONa),
3-(2-Aminoethylamino) propyltrimethoxysilane 96% (AEAPTMS) were purchased from Alfa Aesar,
acetic acid (CH3COOH) from Carlo Erba and both ethanol 96% and isopropanol 99% from Revol.
The products were not further purified before their use. Lupamin 9095 was provided by BASF and
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dialyzed in a 1 kDa cut-off bag for 7 days in distilled water bath replaced two times per day to remove
the sodium formate salt from the commercial product and obtain a purified aqueous solution of
poly(vinyl amine) (PVAm).

2.2. Preparation of Carboxymethylated NFC

Carboxymethylated nanofibrils of cellulose (cmNFC) were prepared following two main steps.
First, cellulose pulp was functionalized by carboxymethylation with the protocol adapted from
Wagberg et al. [73]. A suspension of 30 g of cellulose pulp was prepared in water at 2 wt % and solvent
exchanges were carried out in triplicate by mixing and filtration to replace water by ethanol. The
amount of reagent is given by the number of equivalents of OH groups accessible onto cellulose
(eq/OH). Two solutions of 1.8 eq/OH of NaOH (4.42 g) in isopropanol (136 mL) and 3 eq/OH of
ClCH2COONa (17.48 g) in isopropanol (291 mL) were separately prepared by magnetic stirring.
The cellulose pulp suspension in ethanol was put in the round-bottom flask, supplemented with 550
mL of isopropanol and the solution of NaOH, mechanically stirred for 30 min and heated in the
oil bath at 60 ◦C. Then, the solution of sodium chloroacetate was added and the chemical reaction
occurred for 1.5 h at 60 ◦C. After the carboxymethylation, the pulp was filtrated to extract isopropanol.
Then, the pulp was successively washed with distilled water, a solution of acetic acid (0.1 M) and
distilled water again. Finally, the modified cellulosic pulp was soaked in a solution of NaHCO3 at 4 wt
% for 1 h before a final washing step with distilled water. Secondly, the carboxymethylated cellulose
(CMC) was mechanically fibrillated using a Masuko Grinder at 2 wt % for 1.5 h until reaching a
percentage of fines superior to 99%. The amount of anionic charges was determined by conductimetric
titration around 1540 ± 190 µmol·g−1 corresponding to a degree of oxidation around 0.26.

2.3. Elaboration of Amine-Functionalized cmNFC-Based Crosslinked Membranes

Amine-functionalized cmNFC-based crosslinked membranes were elaborated at 20 g m−2 with
80 wt % of cmNFC and 20 wt % of PVAm. 25.12 g of a suspension of cmNFC at 2 wt % was diluted to
0.5 wt % with distilled water and homogenized by Ultra Turrax. After adding 9.52 g of the solution
of dialyzed PVAm at 1.32 wt %, the suspension was pH-adjusted at 4 with acetic acid and stirred for
20 min. A solution of 1 eq/OH of AEAPTMS (0.23 g) was previously prepared at 10 wt % in a mixture
of EtOH/H2O in 80/20 (w/w) at pH 4 and stirred for 1.5 h at room temperature before being added to
the suspension. The mixture was then stirred for 5 min, filtrated on a 1-µm Nylon mesh, dried at 90 ◦C
for 10 min and cured at 100 ◦C for 2 h on a sheet dryer.

2.4. Kinetics Followed by 29Si NMR Spectroscopy

All compounds and solvents were weighed directly into clean tubes. An appropriate amount
of glacial acetic acid was added in D2O to reach a pH equal to 4. AEAPTMS (10 wt %) was first
added to the absolute ethanol and the zero reaction time was set immediately after the addition
of acidic D2O. The weight ratio of EtOH:D2O was determined at 80:20. The kinetic studies were
carried out directly in NMR tubes by following the evolution of the relevant NMR signals in situ.
All experiments were performed by using 29Si NMR spectroscopy to monitor the modification of the
chemical environment of the central silicon atom of the silane molecule. The 29Si NMR spectra of the
silane solutions were obtained with Varian UNITY 400 and MERCURY 400 spectrometers equipped
with a 10-mm BB probe operating at 79.455 MHz. This probe was used to optimize the signal-to-noise
ratio, in order to minimize the acquisition times and thus follow adequately the relatively fast kinetics.
All chemical shifts were measured with respect to a coaxial insert tube containing tetramethylsilane
(TMS) solution as an external reference. The spectral width was 12 kHz and the relaxation delay 100 s,
with proton decoupling applied only during the acquisition time in order to avoid negative NOE
effects. The number of scans was increased with kinetic reaction time. The T1 measurements were
made with the inversion–recovery method. The intensity of each peak (surface area) was calculated
and used to construct the kinetic curves.
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2.5. FTIR Spectroscopy

Infrared spectra of the membranes were determined by using a Perkin-Elmer spectrum 65.
Films were analyzed with 16 scans and a resolution of 2 cm−1. The baseline of the FTIR spectra
was corrected and the data tuned up. Each spectrum containing NFC was normalized at 1105 cm−1,
which corresponds to the peak of the C-O stretching vibration of the glucopyranose ring that is not
impacted by the chemical modification, and the absorbance value of this peak is set to 1 in order to
qualitatively compare the intensity of the peaks from one FTIR spectrum to another.

2.6. Tensile Tests

The mechanical properties of the films were measured in an Instron Universal Testing Machine
Model 4507 (Instron Engineering Corporation, Canton, MA, USA) equipped with pneumatic jaws.
The properties were measured at tensile speed of 10 mm.min−1 following the French standard NF Q
03-004 (July 1986). This testing was carried out using 10 × 1.5 cm samples from each film type after
thickness measurement on average at ten locations. The samples were preconditioned at 23 ◦C and
50% RH.

2.7. Intrinsic Air Permeability Measurements

Air permeability was measured with a ‘Mariotte system’ using a permeation cell of 10 cm2 at room
temperature (25 ◦C and 50% RH) following the International standard ISO 5636-2:1984. The depression
was imposed between 15 and 20 cm water column. Intrinsic permeability (K) was calculated following
the Darcy’s law Equation (1).

Q =
K ×A× ∆P

e× τ
, (1)

where Q is the volume flow rate (m3 s−1), K is the intrinsic permeability (m2), A is the area tested (m2),
∆P is the depression imposed (Pa), e is the thickness (m), and τ is the dynamic viscosity (kg m−1 s−1).

2.8. Water Contact Angle Measurements

Contact angle measurements were carried out by depositing 5 µL of water droplets at the surface
of the nanocellulosic substrate at room temperature. Optical Contact Angle (OCA) dataphysics system
equipped with Charged Coupled Device (CCD) camera was used to record the angles between the
solvent and the substrate. The acquisition of contact angle was collected for the first 60 s after deposition

2.9. Water Absorption Measurements

Water absorption measurements, commonly named Cobb60 tests, were performed using a ring
of 10 cm2 (S) and all samples were cut around the ring in order to avoid errors associated with the
capillarity. The samples were first weighed (m1), 10 mL of deionized water was added into the ring for
60 s, following the International standard ISO 535. Then, ‘wet samples’ were pressed once between two
absorbent papers with a roll of 10 kg in order to remove residual water and weighed with a four-digit
balance (m2). The Cobb60 (g m−2) was then calculated via Equation (2).

Cobb60 =
m2 −m1

S
, (2)

2.10. DSC Analysis

Differential scanning calorimetry analysis was performed on cmNFC-PVAm composite materials
using a DSC TA Q100-RCS instrument with Indium calibration. 5–10 mg of samples were undergone
a cycle of temperature: one first heating ramp from 25 ◦C to 170 ◦C at 10 ◦C/min (to eliminate humidity),
then a cooling ramp from 170 ◦C to 0 ◦C and finally a second heating ramp from 0 ◦C to 300 ◦C. The DSC
curves were plotted from 30 ◦C to 300 ◦C during the second heating ramp with exothermic variations



Appl. Sci. 2020, 10, 414 7 of 21

in up orientation. The melting temperature (Tm) and enthalpy (Hm) were respectively determined as
the temperature of the endothermic peak and by integrating the area under the endothermic curve.

2.11. Field Emission Gun-Scanning Electron Microscopy

The membranes surfaces were observed by scanning electron microscopy with a microscope
ZEISS Ultra 55 equipped with a field emission gun (FEG-SEM) to get the highest picture resolution.
For imaging, the samples were metallized by sputtering with about 2 nm of Au-Pd layer (Gatan
PECS metallizer). Pictures were recorded at an accelerating voltage of 3 kV using in-lens detection of
secondary electrons.

2.12. Energy-Dispersive X-ray Spectroscopy

Elemental analyses were performed by energy-dispersive X-ray spectroscopy (EDX) with a silicon
drift detection from Bruker (SDD-30 mm2) equipped with a detection window of light elements
(5 < atomic number < 11) and using FEG-SEM microscope. Spectra of the intensity of X-radiation
emitted by the sample under an electron beam were recorded in function of the energy on one point
or a delimited area. Samples were metallized with 5–10 nm carbon layer to ensure their electron
conductivity (Evaporateur Baltec with Carbon braiding). Spectra and X mapping were acquired with
an accelerating voltage of 5 kV. The X mapping was carried out on one image and at low magnitude
(x1000) for each sample to have an overview. Image processing was applied on the mapping pictures
with Image J software.

2.13. Elemental Analysis

Elemental analysis was carried out by the “Institut des Sciences Analytiques (Villeurbanne,
France)” of the “Centre National de la Recherche Scientifique” (CNRS). Carbon, Hydrogen, Nitrogen,
Oxygen and Silicon contents were measured for neat and modified NFC. The data collected has allowed
to determine the degree of substitution (DSa) which is the number of grafted hydroxyl groups per
anhydroglucose unit according to the following Equation (3) from Missoum et al. [80]

DSa =
6 ×MC −%C×MAGU

Mgra f ting ×%C − MC gra f ting
, (3)

where MC is the molecular mass of Carbon (g mol−1), %C is the corrected relative carbon weight
content in the sample and MAGU, Mgrafting and MC grafting correspond respectively to the molecular mass
of anhydroglucose unit, the molecular mass of the grafted moieties and the carbon mass of the grafted
moieties (all in g mol−1).

2.14. Gas Permeability Measurements

Gas permeability measurements were performed with a mixed gas–continuous flow permeation
cell designed in our laboratory (Figure 2). Pure gases (CO2 or N2) (120 Ncc/min) were fed to the
system with mass flow controllers (Bronkhorst Company, Ruurlo, The Netherlands). The stream
was humidified (RH = 75% and 95%) using a controlled evaporating and mixing system (Bronkhorst
Control Evaporator Mixer W-202A-221-K). The total pressure of the humid feed and retentate streams
were controlled by a back pressure controller (Bronkhorst Company, Ruurlo, The Netherlands) and
the permeate stream was collected using a helium sweep gas with a controlled flow rate (10 Ncc/min,
Bronkhorst Company, Ruurlo, The Netherlands). The permeation cell was placed in a heating cabinet
(Carbolite PF030-230SN) in order to maintain a constant temperature (40 ◦C). All the tubing was heated
with heater ropes in order to avoid any condensation in the rig.
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Figure 2. Mixed gas–continuous flow permeation cell.

The relative humidity and the gas concentration of the streams were measured using respectively
a humidity sensor (developed in-house based on the Honeywell HIH4000 chip) and a mass spectrometer
(Proline, AMETEK, Berwyn, PA, USA). The temperature of each stream was measured using
a thermocouple (K insulated 1.5 mm thermocouple).

The temperature, the relative humidity and the gas composition of the permeate stream were
recorded until the system equilibrium was reached (typically 2–3 h). The flow rates of the retentate and
permeate were measured using mass flow meters (Bronkhorst Company, Ruurlo, The Netherlands),
after passing through a water trap.

The permeability of each gas species passing through the membrane was calculated by

Perm(G) =
e · FlowP

·XP

A ·(pF − pP)
, (4)

where e is the thickness of the membrane (cm), FlowP the permeate flowrate (cm3 (STP)/s), XP the mole
fraction of the gas in the permeate stream, A is the effective membrane area (cm2), pF and pP are the
partial pressure of the gas in the feed and permeate stream respectively (cmHg).

The ideal selectivity between two gas species i and j was calculated as the ratio of the
two permeabilities.

αi j =
Perm(i)
Perm( j)

, (5)
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A fresh membrane was used for each experimental run that consisted in firstly the measurement
of the dry mixture, and secondly the wet mixture at the chosen water vapor activity. Between two
runs, the rig was evacuated until the humidity sensor detects no water, approximately 10 h.

3. Results and Discussion

3.1. Membrane Preparation

In this report, we combined cmNFC raw material and an amine-based polymer to improve the
compatibility between the nanofillers and the PVAm matrix by crosslinking with the use of amine-based
fixed carriers to enhance the CO2 permeability performance. Indeed, carboxylic acid functions of
the cmNFC nanofillers can react with primary amine functions of the PVAm matrix to create a new
covalent bond between the filler and the matrix by amidation [77]. AEAPTMS were also grafted
onto cmNFC surface to enhance the compatibility between the filler and the matrix and to add new
potential site for CO2 capture. Such membranes were elaborated according the following strategy
(Figure 3). The elaboration of the membranes was performed either in a one-step process (process
A) or in a two-step process (process B). In process A, all components were mixed together in one
pot, whereas in process B, the crosslinking between the nanofillers and the matrix was first carried
out and then the grafting of the aminosilane was performed by dipping the crosslinked membranes
inside the aminosilane solution. Process A could provide different type of crosslinking reactions.
Indeed, the aminosilanes can react either with their amine end-chain groups (towards -COOH groups)
or their siloxanes (towards -OH groups) inducing a second network but reducing the amount of
potential free -NH2 site for CO2 capture. Process B was more controlled; all the carboxylic acid
functions of the cmNFC nanofiller should first react with the pendant amine functions of the PVAm
matrix and then the aminosilanes should only be grafting onto -OH groups by dipping for 5 min
and curing for 2 h at 100 ◦C [81]. The approach of crosslinking chosen consisted in first creating ionic
bonds between deprotonated -COO- groups of the cmNFC and the protonated NH3

+ at pH 4 and then
forming the covalent bond by a heat-induced step at 100 ◦C for 2 h [81].

Figure 3. Strategies of elaboration of amine-functionalized cmNFC-PVAm crosslinked membranes.

The chemical modification of cmNFC with AEAPTMS was optimized by following the
hydrolysis-condensation kinetics of the aminosilane in acidic D2O/EtOH (20/80) medium followed by
29Si NMR (Figure 4) [78,82,83]. Different species were observed in the reaction medium: silanes (T0R),
silanols (T0H), dimers (only T1), linear oligomeric chains (T1 and T2), and 3D-chains (T1, T2, and T3).
In order to simplify the evaluation of the reactivity of the aminosilane solution over time, the active
silanol reactivity (Active-SiO) of the solution was proposed as a measurement parameter. This simple
parameter reflected the probability of number of SiO-sites that could be grafted onto the cmNFC
surface. This parameter was adapted from an empirical expression proposed by Beari et al. [84]

Active− SiO =
(3×%T0) + (2×%T1) + (1×%T2)

3
, (6)
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Figure 4. Hydrolysis-condensation kinetics curves of AEAPTMS in acidic D2O/EtOH (20/80) medium
followed by liquid 29Si NMR in-situ. Chemical structures and assignments of the different species
obtained: dimers (a), linear oligomers (b), and three-dimensional species (c).

We opted for the chemical hydrolysis-condensation reactions occurring for 1.5 h in order to obtain
mostly linear oligomers (presence of T1 and T2 species) with a probability of grafting superior to 50%
and avoiding the presence of three-dimensional T3 species.

3.2. Characterizations of the Membranes

Four membranes were studied and compared: cmNFC, cmNFC-PVAm,
cmNFC-PVAm-AEAPTMS-A, and cmNFC-PVAm-AEAPTMS-B. The respective weight per
surface unit and thickness of the membranes are displayed in the Table 1. The weight per surface unit
was similar, around 20.9 ± 0.5 g m−2, and very close to the planned value (20 g m−2). The thickness
varied from 23 to 35 µm. The incorporation of PVAm increased the thickness of the membranes because
the water-soluble polymer might widen the distance between the nanofibers creating higher porosity.

Table 1. Characteristics of the amine-functionalized cmNFC-based crosslinked membranes.

Membranes Weight Per Surface Unit (g m−2) Thickness (µm)

cmNFC 20.3 23.3 ± 2.8
cmNFC-PVAm 21.2 35.5 ± 3.2

cmNFC-PVAm-AEAPTMS-A 21.3 34.7 ± 3.5
cmNFC-PVAm-AEAPTMS-B 20.7 30.8 ± 3.0

The FTIR spectra of amine functionalized cmNFC-PVAm membranes are showed in the Figure 5.
The peaks at 1745 and 1615 cm−1 were respectively assigned to the stretching vibration of the C=O
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carboxylic bond and the ionized C=O carboxylic bond of the cmNFC material. The broad peak
at 1600–1500 cm−1 was assigned to the deformation vibrations of the N-H bonding of the grafted
aminosilane and the PVAm [81]. Regarding the cmNFC-PVAm-AEAPTMS-B membrane elaborated
from the two-step process, the broad peak assigned to N-H bonding was slightly shifted from 1580 cm−1

to 1530 cm−1 corresponding to secondary amide bonding resulting in the presence of more crosslinking
of cmNFC with PVAm and/or AEAPTMS. Moreover, the peak at 1745 cm−1 assigned to the C=O
carboxylic bond disappeared, meaning that the carboxylic acid functions have reacted assuming the
crosslinking between the nanofillers and the matrix by amidation.

Figure 5. FTIR spectra of cmNFC, cmNFC-PVAm, and cmNFC-PVAm-AEAPTMS-A and -B membranes.

The DSC curves of the amine functionalized cmNFC-PVAm membranes are showed on Figure 6
with the corresponding melting temperatures and enthalpies in Table 2. The cmNFC nanofiller
had no melting temperature and the PVAm matrix melted at around 179 ◦C, whereas the blends
of functionalized amine or neat cmNFC and PVAm had upper melting point shifted by 46 ◦C.
The increase in melting temperature of the PVAm inside the composite membranes was induced
by a higher crystallinity of PVAm [47,85], which is a key parameter for gas transport properties.
This could also prove the crosslinking between the cellulosic fillers and the polymer matrix [28] but
no apparent glass–rubber transition temperature was found for the different membranes to confirm
the crosslinking even at lower heating speed rate or using modulated DSC technique. Regarding the
cmNFC-PVAm-AEAPTMS-B membrane elaborated from the two-step process, the melting point
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was only shifted by 28 ◦C instead of 46 ◦C for the membrane elaborated with the one-step process.
It also displayed a lower melting enthalpy. This difference of thermal characteristics between the two
processes of membrane elaboration could be explained by: (i) the crosslinked density between the
filler and the matrix was lower, (ii) there was a leakage of some free PVAm polymer chains during
the step of dipping into the aqueous solution of aminosilanes (as PVAm is soluble in water), or (iii)
an amorphization of the cmNFC-PVAm membranes was created by dipping the membrane inside the
water-based aminosilane solution [47,85].

Figure 6. DSC curves of cmNFC, cmNFC-PVAm, and cmNFC-PVAm-AEAPTMS-A and -B membranes.

Table 2. Values of melting temperature (Tm) and enthalpy (Hm) obtained by DSC.

Materials Tm (◦C) Hm (J/g)

cmNFC - -
PVAm 179 71.4

cmNFC-PVAm 225 96.1
cmNFC-PVAm-AEAPTMS-A 221 106.1
cmNFC-PVAm-AEAPTMS-B 207 42.3

3.3. Properties of the Membranes

Mechanical properties were determined for the neat and amine functionalized cmNFC-PVAm
membranes (Figure 7a). cmNFC membranes displayed a Young’s Modulus around 7.5 GPa.
This modulus decreased until 6.2 GPa with the addition of PVAm which could be inconsistent
with crosslinking but could be explained by the lower value of the Young’s Modulus of PVAm which
has less rigid polymer chain [47]. Besides, the Young’s Modulus were divided by 2 when the membrane
was elaborated by the two-step process. This could be explained by the dipping of the cmNFC-PVAm
membranes into an aqueous solution of AEAPTMS during the second step of the elaboration of the
membrane, which lowered the mechanical performance.
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Figure 7. Properties of cmNFC, cmNFC-PVAm, cmNFC-PVAm-AEAPTMS-A and -B membranes:
Young’s modulus (a), intrinsic air permeability (b), water contact angle (c), and Cobb60
measurements (d).

The intrinsic air permeability was measured for the neat and amine functionalized cmNFC-PVAm
membranes (Figure 7b). cmNFC membranes displayed an intrinsic air permeability value around
1.1 10−17 m2. The intrinsic air permeability was multiplied by around 5 with the addition of PVAm.
This observation confirmed that PVAm has a higher permeance that pure cmNFC films. The polymer
chains were dispersed in the cmNFC network and increased the distance between the nanofibers.
The network was less dense and the pore size slightly increased. Consequently, air can cross the
membrane more easily. On the contrary, the addition of aminosilane improved the barrier properties
of the membranes against air with similar results to cmNFC membrane is probably because of the
formation of a denser second network.

The water contact angle (WCA) on the upper surface of the neat and amine functionalized
cmNFC-PVAm membranes was measured (Figure 7c). The WCA value on cmNFC surface was measured
at 80◦ confirming that the surface was still hydrophilic due to the presence of carboxylic acid functions
on the surface of the nanofibers. The WCA values of the films prepared with amine-functionalized
cmNFC-PVAm were above 90◦—around 105◦ for both membranes—meaning that the surface of the
films became hydrophobic despite their hydrophilic amines groups, which reinforced the hypothesis
that the amine groups have reacted. The addition of PVAm enhanced the hydrophobicity of the
surface with WCA values around 120◦ due to the presence of grafted linear polymer chains with
an olefin backbone.

The liquid water absorption measurements (Cobb60) on neat and amine-functionalized
cmNFC-PVAm membranes are showed on Figure 7d. The Cobb60 value for cmNFC membrane
was high around 50 g m−2. Despite their hydrophobic surface, the membranes absorbed a large
amount of liquid water with Cobb60 value above 30 g m−2, since PVAm has a good affinity to water.
Moreover, a visual swelling of the membranes in presence of liquid water was observed while the
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integrity of the sample remained intact. This observation supports the crosslinking effect between the
filler and the matrix as suggested.

3.4. Morphology of the Membranes and Elemental Quantification

The SEM pictures of neat and amine-functionalized cmNFC based membranes are showed on
Figure 8 and observed on the top surface. The diameter of the individual cmNFC fibers was estimated
between 10 and 30 nm. Nanopores were observed on the cmNFC films. The diameter of the nanopores
was estimated at 24 ± 10 nm (calculation by Image J from FEG-SEM pictures (x30,000) over 100 pores).
No nanoporosity was observed for cmNFC-PVAm and cmNFC-PVAm-AEAPTMS-A in one-step process
maybe due to the covering of the nanopores by the polymer. However, nanoporosity was observed
for the membrane cmNFC-PVAm-AEAPTMS-B elaborated in a two-step process. The diameter of the
nanopores was estimated at 22 ± 9 nm (similar to cmNFC nanopores diameter). The step of dipping
inside water in two-step process might cause the solubilization of free PVAm polymer chains and
generated nanoporosity as observed for cmNFC.

Figure 8. FEG-SEM pictures of cmNFC (Ai), cmNFC-PVAm (Bi), cmNFC-PVAm-AEAPTMS-A (Ci),
and cmNFC-PVAm-AEAPTMS-B (Di) on individual fibers (i = 1) and surface (i = 2) [x30,000].

The FEG-SEM pictures with EDX mapping on C, O, N, and Si elements of cmNFC, cmNFC-PVAm,
and cmNFC-PVAm-AEAPTMS-A and -B with the corresponding EDX spectra are showed on Figure 9.
The elemental semi-quantitative calculation from FEG-SEM-EDX characterization was reported on
Table 3. All the membranes presented the characteristic C and O elements of cellulose respectively
observed at 0.28 and 0.53 keV. The IO/C value of the cmNFC film was lower than the theoretical one
(expected at 0.83) certainly because of the carbon layer deposited on the film essential for the EDX
characterization. The membranes containing PVAm polymer displayed the characteristic peak of N
element at 0.39 keV with good dispersion of the element on the mapping pictures. This result proved
the effective dispersion of the polymer matrix inside the membranes. The N atomic percentages were
similar (around 11 ± 1%) since the same amount of PVAm was used and the IO/C value decreased
because only C and N elements were added by the polymer in the calculation. The presence of the
aminosilane was observed with the appearance of the Si peak at 1.74 keV and some Si dots spread out
on the mapping pictures for both one-step and two-step processes. However, its intensity was low and
its atomic percentage close to the detection limit of the apparatus, but the one-step process seemed to
be better for the grafting of the aminosilane with higher Si content. Traces of Na and Cl elements were
also observed on the EDX spectra, which were originated from tap water used to prepare cmNFC.
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Figure 9. FEG-SEM pictures with EDX mapping on Carbon, Oxygen, Nitrogen and Silicon elements of
cmNFC (1), cmNFC-PVAm (2), and cmNFC-PVAm-AEAPTMS-A (3) and -B (4) surfaces. Spectra of
the intensity of X-radiation emitted by the sample under an electron beam were also presented in
function of the energy on the delimited area of the membranes with the assignment of the energy of the
different elements.

Table 3. Elemental semi-quantitative calculation from FEG-SEM-EDX characterization with atomic
percentage of each element and their intensity with respect to carbon.

Materials % C % O % N % Si I O/C I N/C I Si/C

cmNFC 62.1 37.9 - - 0.56 - -
cmNFC-PVAm 63.6 24.3 12.2 - 0.32 0.09 -

cmNFC-PVAm-AEAPTMS-A 62.0 26.7 11.1 0.2 0.36 0.08 0.005
cmNFC-PVAm-AEAPTMS-B 62.6 26.8 10.4 0.1 0.36 0.08 0.003

The elemental analyses of C, H, O, N, and Si atoms were performed on cmNFC, cmNFC-PVAm,
and cmNFC-PVAm-AEAPTMS-A and -B membranes. The results in terms of elemental weight
concentration are summarized in Table 4. The proportion in oxygen in all samples was higher than the
theoretical value. The difference could be explained by the presence of some O-rich impurities and by
experimental errors [86]. The degree of substitution of OH groups from cellulose by COOH in cmNFC
materials was estimated at 0.32 using the Equation (3) and was very close to the value of the degree of
oxidation equal to 0.26 obtained by titration for cmNFC with 1540 µmol g−1 as charges rate. The degree
of substitution of the COOH groups from cmNFC by amide functions obtained by the crosslinking
between cmNFC and PVAm was calculated using the following equation adapted from Equation (3)

DSb =
12 ×MC −%C×MAGU

cmNFC

Mgra f ting ×%C − MC gra f ting
, (7)
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where 12 is the number of carbon in the anhydroglucose unit of fully substituted cmNFC, MC is
the molecular mass of Carbon (g·mol−1), %C is the corrected relative carbon weight content in the
sample and MAGU

cmNFC, Mgrafting, and MC grafting correspond respectively to the molecular mass of
anhydroglucose unit for totally substituted cmNFC, the molecular mass of a PVAm unit and the Carbon
mass of a PVAm unit.

Table 4. Elemental weight concentration of each element obtained by elemental analysis.

Samples Elemental Weight Concentration
DS a,b

%C %O %H %N %Si

cmNFC
44.1 50.0 5.9 0.0 -

0.32 a
(44.1) * (49.8) * (6.0) * (-) * (-) *

cmNFC-PVAm
44.0 41.5 8.1 6.4 -

0.76 b
(46.6) * (39.7) * (7.1) * (6.5) * (-) *

cmNFC-PVAm-AEAPTMS-A
43.8 42.4 7.6 6.1 0.1

0.64 b
(43.4) * (36.6) * (7.6) * (8.7) * (3.8) *

cmNFC-PVAm-AEAPTMS-B
44.2 42.8 7.8 5.0 0.2

0.92 b
(43.4) * (36.6) * (7.6) * (8.7) * (3.8) *

* (theoretical values), DS a,b values relative to carboxymethyl groups a or amide groups b.

The degree of substitution for cmNFC-PVAm-based membranes was estimated
at 0.76, 0.64, and 0.92 respectively for cmNFC-PVAm, cmNFC-PVAm-AEAPTMS-A,
and cmNFC-PVAm-AEAPTMS -B. The maximum of degree of substitution is equal to 3 for
100% of substituted moieties. Indeed, there are three OH groups per anhydroglucose unit of the
cellulose that could be substituted. So, the results led to 25 ± 5% of COOH moieties from cmNFC
have been crosslinked with PVAm whatever the process. Unfortunately, the detected amount of Si
was very low compared to the theoretical value. The process A and B did not allow to correctly graft
the aminosilanes onto the cellulosic substrate probably because of less competitive reaction kinetics
compared to the PVAm crosslinking, steric hindrance, less reactive available functions, and/or the
filtration step.

3.5. Separation Performance

The permeability coefficients of pure CO2 and N2 have been determined for two different feed
humidity contents (75% and 95%) at 40 ◦C and 1.5 bar. The Table 5 summarized the permeation data
for the pure and modified cmNFC-based membranes mixed with 20% PVAm.

Table 5. Permeation data for cmNFC, cmNFC-PVAm, cmNFC-PVAm, AEAPTMS-A and
cmNFC-PVAm-AEAPTMS-B at 40 ◦C and 1.5 bar (Error calculated by sample repetition).

PermCO2[Barrer]
[+/−5%] Selectivity CO2/N2

RH = 75% RH = 95% RH = 75% RH = 95%

cmNFC [64] 3 40 25 56
cmNFC-PVAm 10 50 20 71

cmNFC-PVAm-AEAPTMS-A 20 92 40 131
cmNFC-PVAm-AEAPTMS-B 20 90 40 128

The gas transport properties of cmNFC were relevantly affected by the water content within
the membrane matrix. The Table 5 showed that at RH = 75% the membrane presented low CO2

permeability, 3 Barrer, whereas at high humidity content the permeability increased by 15 times,
reaching a value of 40 Barrer. For hydrophilic materials, such as cmNFC, the presence of water
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induced an increase in gas permeability due to an extensive swelling and dilation of the membrane.
The ideal selectivity for CO2/N2 pairs increased also along with the water content in the membrane.
The N2 permeability seemed to be less affected by the water content due larger kinetic size and smaller
solubility in water [52].

The addition of PVAm had a positive effect on the separation performance. The presence of PVAm
induced an increase in CO2 permeability, with a noticeable improvement at the lower humidity content.
At 75% of humidity, the CO2 permeability coefficient was increased by 233%, whereas at 95%, it was
only by 25%. The addition of PVAm brought hydrophobicity, which induced clusters formation of
water and a decrease of gas transport at high water content. The same behavior has been observed
by Ansaloni et al. [52], the permeability of their MFC-Lupamine nanocomposite appeared to be less
affected by the water content in the high activity range. The selectivity for CO2/N2 pairs increased as
well with the presence of PVAm within cmNFC but only by 27%, which could be related to higher air
permeability of the cmNFC-PVAm membrane.

When cmNFC was crosslinked with PVAm and aminosilanes, a clear enhancement of the separation
performance was observed with respect to pure cmNFC membranes. The CO2 permeability coefficient
reached a maximum value of 92 Barrer and 90 Barrer at 95% RH, for cmNFC-PVAm-AEAPTMS-A
and cmNFC-PVAm-AEAPTMS-B respectively. This improvement was due to the presence of the
amino group which could react with CO2 molecules. As the EDX and elemental analysis showed,
the percentage of grafted amino group were similar for the two processes, which was consistent
with the fact that the sample A and B had a similar CO2 permeability coefficient. Similarly to the
cmNFC-PVAm membrane, the presence of water in the membrane induced a large increase in the
CO2 permeability, but with a lower impact as pure cmNFC, due to the hydrophobicity of PVAm and
aminosilanes. The selectivity for CO2/N2 was also improved by the crosslinking with values 2.3 times
larger than what observed in pure MFC. In particular, at the high humidity content, the selectivity
grew from 56 to 130. Actually, the presence of water enhanced the ideal selectivity. As said before,
the N2 permeability was less affected by the water content within the membrane.

4. Conclusions

The compatibility between an amine-based polymer and a cellulosic carboxymethylated nanofillers
was enhanced by a crosslinking reaction. The process of the functionalization of cmNFC with
AEAPTMS was optimized by following their hydrolysis-condensation kinetics in 29Si NMR spectroscopy.
The membranes were less sensitive to liquid water and the crystallinity of PVAm was tuned by the
conditions of the membrane elaboration. Around 25% of the -COOH functions from cmNFC have
crosslinked with PVAm. Unfortunately, the introduction of PVAm during the process disrupted the
grafting reaction of AEAPTMS as they reacted with the same function. Only a few grafted aminosilane
oligomers were detected. Nevertheless, the presence of PVAm and aminosilane allowed to obtain
better CO2 permeability and CO2/N2 selectivity at a given high water concentration in the membrane
suggesting the existence of a facilitation effect due to amine-CO2 interaction, while the mechanical
integrity of the membranes remained intact. These stable bio sourced membranes were proposed
as good candidates to be tested in real conditions in the framework of the European NanoMEMC2

collaborative project.
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