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Bio-based polymers have recently emerged as a promising alternative to conventional materials for carbon di-
oxide (COg2) separation, offering a sustainable and environmentally friendly approach to mitigating greenhouse
gas emissions. This review explores recent advancements in the design and application of bio-based polymeric
membranes for CO, capture, focusing on their structural properties, separation performance, and scalability. The
unique characteristics of bio-based polymers, including tunable functional groups, high processability, and
biocompatibility, make them highly suitable for selective CO2 separation in various industrial applications,
provided that key challenges such as improving permeability-selectivity trade-off and enhancing chemical sta-
bility under harsh conditions, are properly addressed. Additionally, the integration of bio-based polymers with
other advanced materials, including nanocomposites and hybrid membranes, is examined as a strategy to further
enhance separation efficiency. This review provides a comprehensive overview of the current state of bio-based
polymers in membrane technologies for CO, separation, highlighting both their potential and the technical

challenges that need to be addressed for large-scale implementation.

1. Introduction

It is difficult to imagine a world without plastics or synthetic poly-
mers today, since they have been thriving in global industries over the
past 60 years because of their adaptability, durability and price [1].
Polymers, and synthetic polymers in particular, are crucial to modern
society, especially in markets such as packaging, automotive, textile,
electronics, but they come with significant environmental costs. The
production of plastics is energy-intensive and heavily relies on fossil
fuels like oil and natural gas. As a consequence, as shown in Fig. 1,
synthetic plastic emits huge amounts of greenhouse gas (GHG) in all step
of their life [2].

Studies suggest that the plastic industry accounts for about 6 % of
global oil consumption, and by 2050, plastics could account for up to
20 % of oil demand. The production and incineration of plastics emit
over 850 million tons of greenhouse gases annually, which could in-
crease to 2.8 billion tons by 2050 [3].

The manufacturing process releases large quantities of carbon diox-
ide (CO2) and methane (CHy), both potent greenhouse gases (GHG) and
their disposal contribute to global warming too as the majority of
monomers used to make plastics, such as polyethylene, polystyrene and
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polypropylene, are not biodegradable [4]. Plastic waste, in fact, de-
grades very slowly and, when they are dispersed into landfills or in the
ocean, they are reduced to microplastics and accumulate, thus releasing
methane into the atmosphere, or disrupting entire ecosystems [5,6]. On
the other hand, when plastics are incinerated for waste management,
they release greenhouse and harmful gases such as CO,, carbon mon-
oxide (CO), and toxic chemicals like dioxins, which contribute to air
pollution and global warming [7].

The global CO; emission, currently estimated in more than 36 billion
tons/year, contributes greatly to the accumulation of so-called green-
house gases (GHGs) in the atmosphere, which trap heat and block out-
ward radiation [8,9]. Its alarmingly increasing levels (from its
preindustrial baseline of approximately 280 ppm to around 408 ppm in
recent years [10]) are therefore considered as one of the main driver of
climate change and global warming which are causing today serious
environmental problems [11,12].

Addressing these impacts requires innovation in bio-based alterna-
tives, recycling technologies, and better waste management practices to
mitigate the long-term effects of polymer use on the environment and to
meet the needs of people living today without compromising the needs
and wellness of future generations [13].

To facilitate the transition to more sustainable polymers, research
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List of abbreviations

[EMIM][Ac] 1-ethyl-3-methylimidazolium acetate
AEAPTMSP 3-(2-Aminoethylamino) propyltrimethoxysilane
BCP Block copolymer material

BECCS  Bioenergy with carbon capture and storage
Bio-PE  bio-polyethylene

Bio-PET Bio-poly(ethylene terephthalate)

Bio-PP  Bio-polypropylene

BNC Bacterial nanocellulose

CA Cellulose acetate

CDA Cellulose diacetate

CCS Carbon Capture and Storage

cm-Chitosan Carboxymethylated chitosan
cm-CNF  Carboxymethylated cellulose nanofibrils
CMC Carboxymethylated cellulose

CNC Cellulose nanocrystals

CNF Cellulose nanofibrils

CNT Carbon nanotube

CS Chitosan

CTA Cellulose triacetate

DS Degree of acetylation

EC Ethyl cellulose

FTM Facilitated transport membranes
GHG Greenhouse gases

GNP Graphene nanoparticle

GO Graphene oxide

HPEI Hyperbranched polyethyleneimine
HT Hydrotalcite

IL: Ionic liquid

IPCC Intergovernmental Panel of Climate Change

Lignin (SW) Softwood Lignin

Lup: Lupamin
MEFC Microfibrillated cellulose
MOF Metal-organic frameworks

MWCNT Multi-walled carbon nanotube

MWCNT-$-CD Multi-walled carbon nanotube functionalized with f
cyclodextrin

NFC Nanofibrillar cellulose

PAMAM Polyamidoamine

PBT Poly(butylene terephthalate)

PEBA poly(ether-block-amide)
PEG Polyethylene glycol

PEI Polyethyleneimine

PEO Poly(ethylene oxide)
PES Poly(ether sulfone)

PESF Poly(ether-sulfone)

PHA Polyhydroxyalkanoate

PIM Polymer of intrinsic microporosity
PLA Poly lactic acid

PM or PI Polyimine

PPG Polypropylene glycol

PU Polyurethane

PVAm  Polyvinyl amine

PVA Poly vinyl alcohol

PZ Piperazine

SF Silk fibroin

SHPAA sterically hindered polyallylamine

TPS Thermoplastic starch

UiO-66-NH, Amine-functionalized Zirconium-based metal-organic
framework

ZIF Zeolitic imidazolate framework
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Fig. 1. Estimated total annual greenhouse gas emissions from EU and global
plastics value chains reworked from reference [2].

efforts have long focused on converting bio-feedstocks into compounds
identical to those derived from petroleum [14] as well as on producing
new polymeric materials obtained from renewable resources that can be
processed to engineer plastic-like products of desired structural and
functional properties for applications [15].

The latter bio-based polymers, which can be either biodegradable or
not, are derived from renewable resources like chitosan, cellulose, and
starch, and can reduce the environmental footprint by reducing our
reliance on finite fossil fuels [16]. This necessitates the attainment of
physico-chemical properties and mechanical performance attributes
—including flexibility, brittleness, and rigidity—that are analogous to
those found in conventional plastics [14].

In present years biopolymers are a reality which is slowly entering
the market. Many renewable materials are today used in packaging
applications [17-19] and there has been an increase in the use of
biopolymer-blended materials in composites because of their desirable
characteristics as a renewable material reinforced by growing environ-
mental concerns [4,14,20]Currently, the most significant bio-based
polymers in terms of production volume are poly lactic acid (PLA),
starch-based plastics and cellulose acetate (CA) materials [18,21-24].
However, the prevailing trend aims to promote and expand the global
production capacity of various types of bio-based plastics [25]. As an
example, bio-based polymers analogous to petroleum-derived ones, such
as bio-polyethylene (Bio-PE), bio-polypropylene (Bio-PP), and bio-poly
(ethylene terephthalate) (Bio-PET) have known an increasing interest
as sustainable alternatives to conventional polymers in packaging ap-
plications [19]. On the same line, Bio-PU was indicated as possible
substitute in foam for footwear, packing and biomedical applications
and in functional textiles, thanks to possibility to produce electrospun
nanofibrous membranes with promising features [26]. This is, however,
not the only output of bio-based polymers since these renewable mate-
rials can be used in a wide variety of applications such as fabric in-
dustries, drug delivery, pharmaceutical technologies and as membranes
for carbon capture [10,27-29].

Carbon capture, in particular, has been broadly studied worldwide in
recent years since it could represent the quicker and more straightfor-
ward solution to limit climate change [30-32]. In order to meet the
1.5 °C temperature increase limit set by the Intergovernmental Panel of
Climate Change (IPCC) in 2018 [33], it has therefore become imperative
to develop and implement novel strategies to limit CO4 emissions arising
from combustion of fossil fuels, including Carbon Capture and Storage
(CCS) system [34-36].

Membrane technology, in this concern, is an innovative method for
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gas separation with respect to more classical technologies such as ab-
sorption and adsorption, as its industrial applications started only in the
second half of the last century [37]. Membranes can optimize the gas
separation process by (i) reducing the equipment size and the capital
costs, (ii) improving the process safety and operational simplicity,
thanks to the absence of complex control systems, and (iii) lowering
energy requirement, especially when pressurized gas is already available
[31,32,38].

Polymers have taken the spotlight among the various membrane
materials for gas separation because they present a compact configura-
tion, a large-scale reproducibility, and low material and manufacturing
cost [37]. Polymeric materials offer indeed several advantages,
including solution-processability and precise control over chemical
functionality. In this regard, bio-based polymers have gained an
increasing interest as an alternative material for membrane develop-
ment, offering unique advantages such as sustainability, biodegrad-
ability, and tunable properties.

The present review summarizes some of the most interesting current
trends in biobased polymeric research for membrane separation.
Following this line of thought, studies about gas transport properties of
self-standing and hybrid films of commercial bio-based materials have
been investigated for CO5/N3, CO2/CH4 and Hy/COs separation, as re-
ported in the following sections of this work, to understand their sepa-
ration properties for carbon capture applications [18,23,24].

The focus is primarily on biodegradable biobased polymers, which
promise a lower end of life issues with respect to their synthetic coun-
terparts. In particular, recent advancements involving nanocellulose and
chitosan-based membranes will be taken into account, considering both
as pure materials and as composites, often enhanced with different
fillers to improve transport properties and CO5 separation efficiency. On
the other hand, it was decided not to analyze in detail the case of cel-
lulose acetates as the extensive body of literature existing on these
polymeric membranes suggests that they are well-explored due to their
excellent film-forming ability, high chemical and mechanical stability,
and in general excellent gas separation properties, which makes them
still today an ideal candidate for gas separation applications, as pre-
sented below in Table 1 [23,86].

In this review, therefore, the fundamentals of gas transport in poly-
mers and the benchmark performance of conventional petroleum-
derived membranes are first briefly recalled. The attention then moves
to bio-based and biodegradable polymers, with discussion of their
chemical characteristics, advantages and limitations with respect to
synthetic analogues, followed by a critical examination of the available
literature concerning membranes produced from such materials. The
present work aims, indeed, at exploring new and potentially innovative
bio-based membrane to go beyond the established research and explores
newer materials that hold promises for improving separation perfor-
mance, particularly in the context of carbon capture.

In this concern, it should be noted that in this review advancement
related to biopolymers ability to obtain enhanced cost-efficiency, envi-
ronmental sustainability with respect to fossil fuel-based plastics, will be
considered only in a qualitatively literature-based sense: the primary
focus remains on gas-transport performance (permeability and selec-
tivity) and not on detailed techno-economic analysis or scalability and
sustainability assessments.

2. Mass transport in polymers for gas separation
2.1. Solution diffusion membranes

In recent years, membranes and polymeric membranes in particular,
have become more and more of interest in gas separation with particular
reference to applications related to CO» purification, due to the
increasing interest for carbon capture. The low energy consumption and
intrinsic simplicity of the process indeed make it particularly appealing
for this kind of application provided that more performing materials and
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modules become available [37,87-90].

Gas separation with polymeric membranes is a pressure-driven
process, where a gas is flown on a thin selective layer that has the
ability to separate different chemical species according to their different
size and interactions with the material [91]. For dense, non-porous
membrane, the transport is usually governed by solution-diffusion
mechanism, through which each component in the gas feed dissolves
in the membrane polymer at its upstream surface and then diffuses
through the polymer layer along a chemical potential gradient to the
opposite side where they emerge into the downstream gas phase [92].
Accordingly, the permeation rate depends on thermodynamics factors
(partitioning of species between feed phase and membrane phase), ki-
netics properties (diffusivity, D), thickness of the selective layer, and the
interaction between the polymer and the penetrant [37,93]. In this
concern, membrane material and structure have an important role in
determining the suitable materials for gas separation membranes:
resistance, durability, pores, channels formations (which exhibit diverse
sizes and topologies) and polymer’s free volume (the “unoccupied”
space between the polymeric chains) directly influence the transport
properties of low molecular weight species and gases [37,94,95].

The separation performance of polymeric membranes is described by
two key parameters: permeability (P) and selectivity (a). Permeability is
the rate at which any compound permeates through a membrane, while
selectivity is the ability of a membrane to accomplish a given separation
and to achieve high product purity and high recovery [96,97]. Perme-
ability is generally defined as follows, through its relationship with
permeation flux:

RGP~ pt)
l

Ji= (€]
Where J; is the molar flow per unit surface of the ith component across
the membrane, [ is the membrane thickness, (pi? — pf°*™) is the partial
pressure difference of the ith component through the membrane (up for
upstream and down for downstream).

On the other hand, the separation capability of a membrane, by
means its selectivity respect to a gas mixture can be determined as re-
ported in Eq. (2):

o e,
el

ijj = P,
J

where the y refers to the molar fraction of the components of interest (i
or j) at the two sides of the membrane and can be approximated to the
ratio of components permeability for pure gas measurements, when the
downstream pressure is close to zero (ideal selectivity).

Since permeability is an intrinsic material property, gas flux can be
enhanced by minimizing membrane thickness to submicron scale, by
using porous support to sustain mechanical stress related to pressure
gradients across the membrane.

In industrial applications, achieving high gas flux is often prioritized
over selectivity, highlighting the importance of fabricating membranes
with minimal thickness [98]. Performance is typically assessed using
permeance, which accounts for the permeability relative to the mem-
brane’s thickness. The most common units used are Barrer for perme-
ability and gas permeance units (GPU) for permeance, represented in SI
units as follows:

3(STP). 3(STP).
1 Barrer—7.5.. 10-#M STP)M _ o jocm’ (STP).cm
m?.s.Pa cm?.s.cmHg
3(STP) cm®(STP)  barrer
16PU=7.5.102" TP _ 156 -
GPU=7.5.10 m?.s.Pa 0 cm?s.cmHg — pum

Achieving the right balance between permeability and selectivity is
essential for maximizing membrane performance, ensuring high product
purity, and enabling efficient gas recovery. As noted by Robeson [87,96,
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Table 1
Separation properties for biobased polymeric membranes.
Membrane Temperature  Feed Thickness CO, Selectivity Ref.
Pressure Permeability
Biopolymer Additive °C bar pum Barrer CO5/Ny Hy/ CO4/CHy4
CO,
CA (DS1.75) - 35 1 3000 to 1.84 32.3 - 35.6 [39]
5000
CA (DS2.84) - 35 1 3000 to 6.56 28.52 - 32.8
5000
CDA - 35 7.5 50-60 6.15 - - 30.4 [40]
CTA - 35 7.5 50-60 6.51 - - 25.3
Swollen CDA - 35 7.5 50-60 5.31 - - 24.5
Swollen CTA - 35 7.5 50-60 5.46 - - 22.7
CA ZIF-62 glass nanoparticles (2- 25 3 60-65" 15.8 to 84.8 - - 12.2 to [41]
12 wt %) 35.3
CA Co*"-Sodium ZeoliteY (15 wt %) 25 2to 10 30 2.5t03.5 25 to 35 - - [42]
CA CNT 25 2 30 to 40° 3.41t07.76 7.75 to 9.94 - 12.72 to [43]
16.23
CA Carboxylated CNT 25 2 30 to 40° 6.53 to 14.21 13.60 to - 21 to
16.8 21.81
CA MWCNT 25 1to3 N/A - 5.5 - - [44]
CA MWCNT-p CD 25 1to3 N/A - 39.5 to 40 - -
CA Silica (5-20 wt %) 25 10 40 to 60° 6.32t0 7.3 32 to 80 - - [45]
CA Pebax (2-8 wt %) 25 2 N/A 2.2t0 2.7 19 to 29 - - [46]
CA Pebax (8 wt %) 25 2to 10 N/A 2.3t02.7 24 to 29 - -
CA PM-4 (3 wt %) 35 3 115 3000 59 - 33.7 [471
CTA NH,-ZIF-8 (10 wt %) N/A 4 24.77 218 13.84 - - [48]
EC - 25 2 24.77 67.7 21.3 - 11.1 [49]
- 55 2 24.77 90 21.8 - 6.97
EC GO (1.1 wt %) 25 2 50 75 30 - - [50]
EC ZIF-8/GO (20 wt %) 25 2 50 203 33 - -
CNF - 35 1 20 0.5to 18 520 to 610 - 265to 420  [51]
Lup+50 %CNF - 35 1 20 0.85 to 190 50 to 210 - 25to 75
CNF - 35 1 50 5to 126 64 to 225 - 265 to 420  [52]
Lup/CNF - 35 1 50 7 to 77 30 to 136 - 20 to 100
(30:70 wt %)
Lup/CNF - 35 1 50 70 to 213 85 to 220 - 30 to 135
(70:30 wt %)
cm-CNF - 35 1 15 to 20° 3 to 30 26 to 55 - - [53]
cm-CNF L-Arginine (15 wt%) 35 1 35 to 45 5 to 60 7to17 - -
cm-CNF L-Arginine (30 wt %) 35 1 35 to 45 75 to 225 38 to 40 - -
cm-CNF L-Arginine (45 wt %) 35 1 35 to 45 70 to 230 75 to 190 - -
cm-CNF PVAm 35 1 50 to 60° 160 20 - 10 [54]
PVAm + Arginine (25 wt %) 35 1 50 to 60 250 50 - -
PVAm + Arginine (45 wt %) 35 1 50 to 60 340 45 - 20
cm-CNF - 40 1.5 23.3+28 3to 40 25 to 56 - - [55]
PVAm 40 1.5 35.5+3.2 10 to 50 20to 71 - -
PVAm-AEAPTMSP 40 1.5 34.7 £ 3.5 20 to 92 40 to 131 - -
CNF [EMIM][Ac] (20 wt %) 35 1 50 2to 155 35 to 127 - - [56]
[EMIM][Ac] (35 wt %) 35 1 50 6 to 300 54 to 370 - -
[EMIM][Ac] (50 wt %) 35 1 2 60 to 330 60 to 98 - -
Tunicate CNF Starch+5 %Lignin (SW) 25 0 2 59.8 1315 1.2 - [57]
Tunicate CNF Starch 25 0 2 2.6 96 1 -
CNF ZIF-8 (70 wt %) 25 3 N/A 550 45.5 - 36.2 [58]
CNF UiO-66-NH2 25 N/A N/A 139 46 [59]
PVAm CNC (10 wt %) 35 1.7 0.2 69" 50 - - [60]
CNF (10 wt %)+p-alanine 35 1.7 0.2 52.6" 50 - -
PVA CNC (80 wt %) 25 2 0.2 671.95 43.6 - - [61]
CNF (80 wt %) 25 2 0.2 470.79 34.57 - -
PVA CNC (1 wt %) N/A 5 0.9 96.3" - 43 [62]
PVA CNC-low charge (4 wt %) 23 1.2 0.89 92.6 37.5 - - [63]
CNC-high charge (4 wt 23 1.2 0.89 90.7 42 - -
CNC-phosphrylated (4 wt %) 23 1.2 0.89 100 42 - -
CNC (4 wt %) 23 1.2 0.89 128 39 - -
CNF-high charge (10 wt %) 23 1.2 0.89 117 36 - -
PVA Phosphorylated CNF (10 wt %) 25 1.2 0.82 77 42 - - [64]
Phosphorylated CNF-high charge 25 1.2 0.82 100 50 - -
(10 wt %)
Phosphorylated CNF-high charge- 25 1.2 0.82 117 46 - -
screened (10 wt %)
PVA/L-Arginine Phosphorylated-CNC (1 wt %) 23 1 0.85 21177 - - 33 [65]
Phosphorylated -CNC (2 wt %) 23 1 5 25772 - - 10
PVA/L-Arginine cm-CNC (1 wt %) 23 1 1.88 11705 - - 19 [66]
Pebax 1675 CNC (5 wt %) 25 2 1.88 305.7 41.6 - - [67]
PEBA CNC (1 wt %) 25 4 1 7.10 £ 5.2 53.2 + 5.4 - - [68]
PU CNC (1 wt %) 25 4 1 6.233 + 4.5 48.1 + 4.4 - - [68]

(continued on next page)
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Table 1 (continued)
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Membrane Temperature  Feed Thickness CO, Selectivity Ref.
Pressure Permeability
Biopolymer Additive °C bar pum Barrer CO5/Ny Hy/ CO4/CHy4
CO,
Chitosan - 22 2.53" 17 3to 10 55to 75 - - [69]
Chitosan 20 to 110 0.5 65 213 to 483 69 to 250 19 to - [70]
43
- 150 0.5 65 399 194 29 -
- 20 to 150 4 65 156 to 286 150 to 131 12 to -
17
Chitosan Na Alginate 20 to 150 1.5t05 65 1050 to 1500 630 to 730 45 to - [71]
133
cm-Chitosan - 80 to 90 2 3 30 to 40 40 to 50 - - [72]
cm-Chitosan PZ (20 wt %) 80 2 3 216" 102 - -
cm-Chitosan PAMAM (10 wt %) 90 0.8° 2to3 254.8" 149 - - [73]
60 to 110 0.8" 2to3 81.5 to 253" 51 to 145 - -
cm-Chitosan PAMAM + HT (10 wt %) 90 2 1 123° 67 - - [74]
60 to 110 2 1 67 to 123" 39 to 67 - -
cm-Chitosan PEI (30 wt %) 30 0.2 16 10080" 325 - - [75]
Chitosan SF + GNP 90 2 1 159° 93 - - [76]
90 2 1 126" 104 52¢ -
Chitosan GNP 90 2 1 46" 54 - - [76]
90 2to0 5.91 1 27 to 46" 57 to 26 - -
Chitosan [EMIM][Ac] (5 wt %) 25 0.5 N/A 1293 4.6 - - [77]
50 0.5 N/A 1338 4.6 - -
Chitosan L-tyrosine (grafted) 85 2.2 0.6 61.8" 31 - - [78]
25to 115 2.2 0.6 18 to 61.8" 9to 31 - -
Chitosan Phenylalanine-grafted (20 wt %) 85 2.21 4 424" 89 - - [79]
Phenylalanine-blended (20 wt %) 85 2.21 4 288" 97 - -
Chitosan/PVAm HPEI-GO (3 wt %) 25 1 3.5 112° 107 - - [80]1
PLA Easy Fil-White - 25 1to 12 27 70 - 2 285 [81]
PLA (Nature Green - 25 1 26 1 - 26.5 - [82]
100D)
PLA (Nature Green — 25 1 26 11 - - 221 to 231 [83]
2100D)
PLA - 25 0.2 to 09° 50+ 2 1.12 + 0.05 22.4 - - [84]
PES Amino Starch (2 wt %) 20 27 N/A 2.89 - - 61.2 [85]

2 Pressure difference is considered.
b permeability is calculated based on reported thickness and permeance.

¢ The selectivity reported is calculated for CO2/H, based on a ternary (CO,/H»/N5) mixed gas permeation test.

4 Average value is considered for permeability.

99-101], polymeric membranes typically face a trade-off between these
two parameters: increasing selectivity, indeed, often reduces perme-
ability, and vice versa. The primary challenge in optimizing gas sepa-
ration processes lies in overcoming this limitation, which is indeed
crucial for enhancing both separation efficiency and practical applica-
tion viability. To visualize this trade-off, Robeson introduced the
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CO, Permeability (Barrer)

concept of an upper bound, a benchmark that defines the empirical
relationship between permeability and selectivity for various gas pairs
in polymeric membranes. He established this by extensively surveying
literature data and graphing the available permeability/selectivity
combinations. First proposed in 1991 [101] and later revised in 2008
[102], this upper bound - which represent the performance frontier of a
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Fig. 2. Robeson Upper-bound plot from 2019 for (a) CO2/N5 [104-110]and (b) CO,/CHy4 [104,111-116] gas pairs.
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membrane, above which virtually no data points exist-is based on a
log-log plot of a; versus P;. Moreover, in 1999, Freeman provided a
theoretical prediction supporting this empirical relationship, as
expressed in Eq. (3):

oxijj = (ﬁﬁ@) (3

Based on the solution-diffusion mechanism, f; /i and /;; are empirical
constant, in which the latter depends on the size of the penetrant gas
molecules, suggesting that the slope of the upper bound is a natural
consequence of the strong size-sieving nature characteristic of stiff-chain
glassy polymeric materials [97,103].In 2019, updated upper bounds
were specifically introduced for COy/CH4 and COy/N, separations
(Fig. 2), offering a more relevant benchmark for current materials and
applications [104]. In this review, both the 2008 and 2019 upper bounds
are used as reference points to evaluate the performance of bio-based
membrane materials, with the goal of identifying systems that
approach or surpass this established trade-off.

In these plots, each data point represents a membrane material, with
the x-axis showing permeability and the y-axis selectivity; thus, optimal
performance is achieved by shifting towards the top-right corner-
—indicating enhancement of both properties. Surpassing the upper
bound is considered a key goal in membrane development, particularly
for emerging materials like bio-based systems. It should be noted,
however, that Robeson plots do not directly refer to thin film mem-
branes usually considered in industrial separations. Optimal mem-
branes, in real application, may result from different considerations
related for example to pressure ratio available which may lead to the
need of increasing permeability rather than selectivity of a membrane
[117]. As an example, in post combustion carbon capture, where pres-
sure differences are usually limited, commercial membranes focus on
increasing permeability (even above 4000 GPU), while giving less
attention to selectivity which typically remains in the range of 50-170
[118,119].

2.2. Facilitated transport membranes

Among the different strategies to obtain better performances, facil-
itated transport membranes (FTMs) are particularly promising in
different separations. FTMs enhance selective permeation by combining
conventional solute diffusion with a reversible chemical reaction
mechanism. Unlike traditional solution-diffusion membranes, FTMs
integrate a carrier-mediated pathway that significantly improves both
flux and selectivity for specific target gases or vapors [120]. The
mechanism involves two concurrent transport phenomena: (i) physical
diffusion of the free solute across the membrane, and (ii) chemical
diffusion via reversible complexation between the solute (A) and a
mobile or fixed carrier (C) within the membrane phase (Eq. (4)). On the
high-pressure (feed) side, the solute reversibly reacts with the carrier to
form a transient complex (AC). This complex diffuses through the
membrane and dissociates on the low-pressure (permeate) side, regen-
erating the carrier and releasing the solute while unbound solute mol-
ecules and non-reactive species permeate solely through Fickian
diffusion [121]. This cycle effectively mimics absorption and desorption
processes within a membrane matrix, enhancing mass transport
efficiency.

A+C < AC @

The efficacy of this mechanism relies critically on the reaction ki-
netics, the selectivity of the carrier for the target species, and the
reversibility of the binding. In most industrial processes, which involve
COo, feed streams are saturated with water vapor; hence, CO, perme-
ation will be exposed to a competitive sorption of water in the mem-
branes. However, when facilitated transport occurs, the presence of
water vapor causes an enhancement of the CO; transport through the
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membrane due to the reversible reaction between the carrier and CO5 in
the feed gas [122].

Most common solution for facilitated transport membranes in CO,
separation is indeed based on the use of basic carriers such as amine
groups which interact with acidic CO, by forming carbamate or car-
bonate ions [121,123-125]. Other approaches were however also
considered based on the use of different additives such as amino acid,
inorganic salts and mimic enzymes [71,126-128].

2.3. State of the art in CO, separation membranes

Materials currently used for the separation of CO, are indeed various,
but commercial ones are usually well below the target suggested by
Robeson upper bounds as performance alone is not sufficient to guar-
antee suitability for market deployment [87,99]. Indeed, in addition to
high permeability and selectivity, polymeric membranes must also be
durable and present high enough thermal and chemical stability under
the operating conditions expected in the application environment, that
means to be able to withstand different processes such as CO; plastici-
zation or ageing, to maintain performance in the operative conditions
for an extended period of time [102,129,130].

In fact, when membrane technologies are used in post-combustion
Carbon Capture systems, CO; is captured from a flue gas mixture, con-
sisting of mainly CO,, No, and water vapor, produced after the com-
bustion of hydrocarbons with temperature ranging between 50 and
200 °C and pressure up to 1.5 bar [131,132], while higher temperatures
and pressures are expected when precombustion capture is considered,
where CO; needs to be separated mainly from CO, Hy and water vapor
[133-135]. Finally, several applications of CO separation are related to
separation from methane in natural gas sweetening and biogas
upgrading [136,137]. While not usually considered in CCS approaches,
these processes have indeed a great importance as today natural gas
treatment coupled with enhance oil recovery is likely the most common
CCS application at industrial scale while biomethane production is
gaining more and more interest in BECCS (Bioenergy with Carbon
Capture and storage) solutions [117,138-141].

Gas separation membranes have been commercially proven to work
in the sweetening of natural gas (removal of COy and H,S) and are
commonly used for Hy recovery in refineries [114,142-147].

In natural gas sweetening system, many polymeric membranes, both
rubbery and glassy reported to have great separation factors [148].
Polyimide (PIs) are reported to have CO, permeabilities between 7 and
20 Barrer and COy/CHy selectivity comprises 58 to 102 [149-151],
while Fluorinated polymer, i.e. PFSA, Hyflon, cytop, modified Teflon
and ionic liquid PVDF membrane, showed CO, permeability laying from
32 to 250 Barrer and selectivity in the range of 9-38, depending on
temperature and relative humidity present in the stream [152-157].
PDMS, on the other hand, presents CO; permeability of 3250 Barrer but
low CO9/CH4 (about 3.4), on the contrary of poly lactic acid (PLA)
which exhibited low CO2 permeability (in the range of 11-13 Barrer)
shows an extremely high selectivity, up to 220-230 [83].

Hpy-selective polymeric membranes are largely studied for pre-
combustion capture where fossil fuels are reformed into synthesis gas
(syngas) first and then in high pressure CO, and Hy. Separation of these
two components allows for the storage of CO,, while Hy can be used for a
number of processes, such as power generation or chemical synthesis. In
general, glassy polymeric membranes, which operate below the glass
transition temperature [158] provide high Hy/CO> selectivity due to a
larger void fraction within the polymeric matrix. In their review, Scholes
et al. [159], reported a large number of Hy/CO, separation perfor-
mances for membrane materials, such as Polybenzimidazole (PBI)/nano
porous silicate mixed matrix with selectivity up to 45 [160], poly-
benzimidazole, with a selectivity of 20 and CO, permeability approxi-
mately of 0.65 Barrer at 200 °C [145], and Matrimid [161], which
instead presented lower selectivity in the order of 4. Regarding instead
COy-selective membrane in pre-combustion capture, rubbery polymer
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resulted to be the most performing materials, such as poly(ethylene
oxide) [162] and PDMS [163], which reported CO2 permeability of 17
Barrer and 3100 Barrer and COy/H; selectivity of 9.9 and 3.4, respec-
tively, as well as chitosan membranes that, thanks to their facilitated
transport mechanism, reported to have COy permeability up to 482
Barrer and COy/H> selectivity of 43 [70,71]. The high temperature of
the steam reforming process, however, usually limits the applicability of
polymeric membranes for this application.

On the other hand, many works reported CO; separation data with
respect to Ny in view of applications in post combustion capture. Las-
seuguette et al. [164], for example, characterized PIM-1 (polymer of
Intrinsic Microporosity) membranes for COy/Ny separations deter-
mining CO, permeability around 7000 Barrer and selectivity of 19, both
for pure and mixture streams. In terms innovative materials, indeed,
looking at Fig. 2a the upper bound is dominated by high free volume
glassy polymers such as PIM, thermally rearranged materials or tripty-
cene based polymers [104] which, while structurally diverse, achieve
exceptional performance as a result of their rigid backbones that prevent
efficient molecular packing [165,166]. As occurs for PTMSP (which has
the highest free volume of hydrocarbon-based polymers [93,97], this
high FFV allows for significantly enhanced gas permeability, although
their backbone stiffness and their tendency toward premature aging,
stem not from a radical shift in their ability to differentiate gas solubility
[167-170]. This loss of the necessary size-sieving capability and a severe
drop in selectivity make those types of material still far from industrial
deployment.

Polyamides are also quite promising for this application due to their
good CO; separations performances with respect to No and to their
inherent chemical, thermal and mechanical stability, although they are
subjected to aging [171,172]. In this concern, Tsvigu et al. [173] re-
ported COy permeability in 6FDA —-6FpDA polyimide in the range of
50-80 Barrer, depending on pressure, temperature and relative hu-
midity, with selectivity changing accordingly from 20 to 40. Those
performances were an improvement with respect to more classical
polyamides such as Matrimid, whose permeability toward CO, is from 4
to 10 Barrer, although selectivity lies between 30 and 50 [174,175].
Moreover, as already observed for previous applications, membranes are
often bonded together to create block copolymer materials (BCPs) to
improve separation performances, such for Pebax (PA-PEO) which is
highly permeable to CO, (350 Barrer and CO,/Nj of 24, as reported by
Casadei et al. [176]), polystirene-poly ethylene oxide BCPs (CO;
permeability 25 and COy/Ny 37.7 at 35 °C [177] and poly(ethylene
oxide) poly(butylene terephthalate) (PEO-PBT) whose permeability at
25 °C changes between 30 and 200 according to the PEO volume frac-
tion content in the material, and selectivity up to 150 [178].

Although membrane technology is inherently low-energy and
considered environmentally benign during operation, most synthetic
polymers are not [179]. Synthetic polymers (from PIMs, to polyamides,
rubbers and fluoropolymers), coupled with molecular-level design and
hybrid architecture, can surely achieve competitive CO2/Ny perfor-
mance, still relies on petrochemical feedstocks and exhibits
non-negligible environmental burdens in production and end-of-life
management. Consequently, the next development step in the field is
not only to enhance transport properties, but to do so within more
sustainable material platforms. For this reason, interest in bio-based
polymeric membranes has rapidly increased in order to maintain sepa-
ration performance while improving the overall sustainability of carbon
capture processes [180]. Biopolymers are indeed abundant and diverse,
and they have reportedly exhibited immense potential for carbon cap-
ture even if they require further investigation for application on a
commercial scale [180,181]0n this basis, the following section focuses
specifically on the use of bio-based materials in gas-separation mem-
branes, highlighting how bio-based polymers can match or complement
the performance of synthetic systems.
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3. Bio-based materials for gas separation membrane

Building on the considerations above regarding sustainability limi-
tations of synthetic polymers, a growing research trend explores bio-
based materials as membrane matrices or functional additives for CO,
capture to reduce the use of oil-based plastics and to increase the sus-
tainability of the process.

Bio-based membranes present an eco-friendlier option and can be
engineered to enhance CO; selectivity over other gases, such as nitrogen
(N;) and methane (CH4) [182]. Nanocellulose, Chitin and chitosan,
polysaccharides, lignin, poly lactic acid (PLA), polyhydroxyalkanoate
(PHA) and thermoplastics starches (TPS) are just some examples of these
groups. Plants, animals, and microbes can all be used to make bio-based
biopolymers although not all of them are biodegradable [183]. In fact,
even though PLA, PHA and TPS are made from renewable sources, they
are only partially biodegradable, meaning they can only be destroyed
under certain conditions [184].

These materials can be used to prepare not only self-standing
membranes but also as fillers to increase CO, transport properties (i.e.
facilitated transport) or membrane resistance. Gas separation using
biomaterials such as PLA, chitosan and Nanocellulose, for example, can
be highly improved by adding aminated moieties (such as PVAm),
amino acids, lignin or ionic liquid fillers to the substrate material, thus
obtaining a membrane with high CO. affinity that result in high
permeability and high selectivity [51,53,185]. As a matter of fact,
nanocellulose and chitosan can be used to prepare self-standing mem-
brane with good mechanical properties, but thanks to their strong ability
to form hydrogen bonding, they are also considered excellent reinforced
nanofiller for polymeric materials [186,187].

Different studies reported a fast increase of gas transport rate and
permeability in bio-based materials upon water exposure [51,53] thus
allowing the achievement of high gas selectivity by controlling the
evolution of the membrane characteristics from barrier to highly
permeable.

In essence, the principal reason to utilize bio-based materials for
membranes is because one can potentially exploit their high stiffness
and mechanical resistance together with their high separation perfor-
mances with respect to CO,, especially in the presence of humidity, still
ensuring sustainability, green chemistry and eco-efficiency of the
process.

Among these biomaterials, cellulose and chitosan seem the most
promising biopolymers because they are biodegradable and biobased.
Moreover, they are among the most abundant polymers present in na-
ture and can be obtained from waste, strengthening the idea of the
circular economy.

3.1. Cellulose

Cellulose is the most abundant and renewable biopolymer on Earth
extracted from plant cells. It is predominantly found in vascular plants,
where it serves a critical structural role in the composition of plant cell
walls. The chemical structure of this material consists of a linear
homopolysaccharide consisting of p-(1 — 4)-linked D-glucose units
(Fig. 3a). The isolation process plays a significant role on the material’s
structural characteristics, such as the degree of inter- and intra-
molecular hydrogen bonding, chain length distribution, crystallinity,
and the arrangement of functional groups along the polymer chains
[188]. The hydrogen bonding network, both within and between cel-
lulose chains, is considered the primary determinant of its physico-
chemical properties, including its crystallinity, mechanical strength, and
chemical reactivity.

To exploit the structural benefits of cellulose more effectively,
various derivatives have been developed through chemical modification
or functionalization. Common derivatives of cellulose are obtained via
acetylation, carboxymethylation and phosphorylation of this material.
This category of cellulose-based materials is known for their enhanced
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Fig. 3. Structure of Bio-based polymers (a) Cellulose, (b) Chitosan, (c) PLA, (d) Starch (made of Amylose and Amylopectin), (e) Silk Fibroin, (f) Lignin.

reactivity, improved stability and controllability as properties such their
hygroscopic nature can be tuned accordingly [189,190]. Many
commonly used cellulose derivatives, such as cellulose acetates (CA) and
carboxymethyl cellulose (CMC), lack proper chemical and thermal sta-
bility which limits their operating range for gas separation applications;
nonetheless they have been widely used and considered for membrane
production [191,192].

Cellulose acetate (CA), a product of cellulose acetylation, is produced
by substituting hydroxyl groups on the cellulose backbone with acetyl
groups, identified by degree of substitution or degree of acetylation.
Depending on the degree of substitution of cellulose, other derivatives
such cellulose diacetate (CDA) and cellulose triacetate (CTA) can be
obtained. In this cellulose derivative, water solubility is strongly influ-
enced by the degree of substitution, decreasing significantly once the
substitution level exceeds 0.5 —highlighting the critical role of substi-
tution degree in determining its physicochemical properties [86,193].

The substitution of abundant hydroxyl groups on cellulose leads to
the formation of carboxymethylated cellulose, thus modifying the
characteristic properties of this material including its hydrophilicity,
surface properties and mechanical strength [194,195].

Ethyl cellulose (EC) is another cellulose derivative that has been
studied for gas separation application. This material is a product of
replacing hydroxyl groups of cellulose with ethyl groups through a re-
action with ethyl chloride. This derivative is characterized by its hy-
drophobicity and chemical stability [196].

Other cellulose derivatives have been widely investigated for their
properties and applications, with several reviews on the topic [23,191,
196-198]. Among them, nanocellulose has been extensively studied in
recent years and identified as a promising bio-based alternative for gas
separation.

Nanocellulose, a nanoscale form of cellulose, offers unique proper-
ties such as low density (around 1.6 g/cm®), exceptional mechanical
strength, a high aspect ratio, and an expansive surface area rich in hy-
droxyl functional groups. Due to its origin, nanocellulose also retains
many of cellulose’s inherent advantages, including renewability,
biodegradability, hydrophilicity, low toxicity, and biocompatibility
[199,200].

Nanocellulose is identified as a natural fiber with various hydroxyl
groups and strong hydrogen bonding network creating a matrix of both
crystalline and amorphous structure. [199,201]. On the downside, it can
increase the chance of aggregation of these nanoparticles. This effect can
be magnified with higher specific surface area and smaller particle size
[202].

Nanocellulose can be classified into three main groups based on its
shape and origin: cellulose nanocrystals (CNC), cellulose nanofibers
(CNF), and bacterial nanocellulose (BNC). Each category is identified by
different morphological characteristics and particle size depending on
their source of origin and extraction method while sharing the same
chemical composition as cellulose [201-203]. [201,203].

Cellulose nanocrystals (CNCs) and cellulose nanofibrils (CNFs) are
two major forms of nanocellulose with distinct structures and produc-
tion methods. CNCs are rod-shaped, highly crystalline nanoparticles
(2-20 nm in diameter, 100-500 nm in length) obtained primarily
through acid hydrolysis, which removes the amorphous regions of cel-
lulose fibers [201]. Alternative methods include enzymatic hydrolysis,
TEMPO oxidation, gaseous acid hydrolysis, and ionic liquid treatment
[202]. CNFs, on the other hand, are long, flexible, and entangled fibrils
(1-100 nm in diameter, 500-2000 nm in length) produced by me-
chanical delamination of cellulose fibers [200]. Due to the high energy
demand of this process, pretreatment steps such as acid hydrolysis or
enzymatic reactions are often used [202]. CNFs contain both crystalline
and amorphous regions, with morphology and particle size depending
on the processing conditions. They are commonly referred to as micro-
fibrillated cellulose (MFC) and nanofibrillar cellulose (NFC) in the
literature. Here, the term CNF is used to refer to this category for
consistency.

Bacterial nanocellulose is a specific category of nanocellulose iden-
tified by their specific source of production which is via bacterial
fermentation pathways [204]. The diameter of BNC is reported to be
within 20-100 nm [205]. BNC is significantly different from other cat-
egories based on its nanofiber network with higher crystallinity
compared to the others [206,207]. BNC has been reported to be utilized
in different field like packaging, biomedical field and energy storage
[208-210]. However, to the best of our knowledge, up to now there has
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been no report of separation performance of BNC in gas separation other
than one study reporting CO5 permeability of this category as the main
polymer matrix or additive [211].

3.2. Chitosan

Chitosan (CS) is a derivative of poly(f-(1-4)-N-acetyl-D-glucos-
amine, the second most abundant bio-based polymer known as chitin, a
naturally sourced polysaccharide which can be found in shellfish waste
and shells of crustaceans [212]. Characteristics such as low-cost (it is
well established as one of the main byproducts of marine processing),
non-toxicity, biocompatibility, biodegradability, presence of multiple
functional groups, and ease of processibility have made chitin and its
derivatives an interesting bio-based polymer for many applications,
including gas separation [212,213].

Chitosan (Fig. 3b) is obtained through the deacetylation reaction of
chitin, where some acetyl groups (-COCHj3) are replaced by amine
groups (-NH3), and its properties strongly depends on its deacetylation
degree (DD%). Both molecular weight and deacetylation degree of chi-
tosan are controlled via processing condition [212]. Furthermore, like
any other naturally based biopolymers, chitin samples contain different
amounts of N-acetyl group depending on their origin and isolation
procedure which will affect the structure of chitosan as well [214].

The existence of both amino and hydroxyl groups in the structure of
this biopolymer has made it an interesting choice of biopolymer for
separation applications. Beyond membrane applications, chitosan has
also been explored as a CO; adsorbent due to its inherent amine groups.
Foong et al. reviewed different studies on integration of chitosan with
other materials to develop effective COy adsorbents, highlighting key
factors influencing enhanced adsorption performance, including syn-
thesis operating conditions [215]. Due to its small specific area and low
porosity, chitosan alone is considered unsuitable as a CO2 adsorbent.
Consequently, various studies have attempted to combine this
biopolymer with other materials, such as multi-walled carbon nanotubes
[216], graphene oxide [217,218], MOFs [219], and Zeolites [220], to
leverage chitosan’s biodegradability and inherent amine contents.

The hydroxyl group of chitosan gives it a hydrophilic nature result-
ing in unique properties such as swelling and solvent stability as a basis
for membrane production. Although this biopolymer is insoluble in
water, the basic nature provided by its amino groups allows it to dissolve
in dilute aqueous acetic acid. [69]. Yet, structural modification of chi-
tosan is more challenging than cellulose as chitosan has stronger inter-
molecular forces [214]. Therefore, chitosan shows lower affinity
towards most organic solvents which are crucial for chemical modifi-
cation reactions which makes it a difficult task to do compared to
cellulose.

3.3. Polylactic acid

Polylactic acid (Fig. 3c) derived from lactic acid (2-hydroxy propi-
onic acid) is a linear aliphatic thermoplastic polyester synthesized
entirely from renewable agricultural resources. The building block of
this biopolymer is known as lactic acid (2-hydroxy propionic acid)
existing in two optically active configurations known as the L(+) and D
(—) isomers. The ratio of these two isomers defines the material prop-
erties such as crystallization tendency. In general, higher crystallinity is
promoted by a greater portion of L isomers, giving the material a greater
stereochemical purity [182,221-223]. Production involves bacterial
fermentation of simple sugars like dextrose obtained from plant-based
carbohydrate sources such as corn, rice starches and sugar feedstocks
[21,221]. Among the various rigid bioplastics, PLA is one of the most
commercially used bio-based polymers due to its compostable nature
[224]. Moreover, this polymer is also considered as a promising alter-
native to petrochemical-derived products since it presents good pro-
cessibility, mechanical strength and transparency in addition to its
environmentally benign characteristics such as its bio-based,

Materials Today Sustainability 33 (2026) 101279

biodegradable, and biocompatible nature [18,24,224].
3.4. Other bio-based polymers

Many others bio-based polymers can be considered and have been
considered to enhance the separations properties of membranes for
carbon capture and are worthy of mention even if they were not used as
membrane but more as filler or additives. In the following section, a
brief presentation will be given of those materials, which were used, in
conjunction with nanocellulose and chitosan, or as substrates for ionic
liquids.

3.4.1. Lignin

Lignin (Fig. 3f) constitutes 10-30 % of the mass in lignocellulosic
feedstock, depending on the type of the source, acting as a reinforcement
for the cell wall [225,226]. Naturally, lignin is produced from poly-
merization of units, called monolignols, which are cinnamy! alcohols in
the cell wall of the plants as a protector against physical damage and
water. These monolignols are transferred into 3 types of units found as
structural units of lignin: hydroxyphenyl, guaiacyl and syringyl phe-
nylpropane [227,228]. Functional groups like phenolic and aliphatic
hydroxyl groups contribute to its potential for chemical modification
and moisture sensitivity. Depending on the source of the lignin and
pretreatment method used, the proportions of three building blocks may
vary, resulting in variations in properties of this biopolymer, like
enhancing its hydrophilicity or facilitating the chemical modifications
on this biopolymer [228-230].

Despite the presence of hydroxyl groups in the structure of lignin,
this biopolymer is less responsive to humidity. This behavior can be
explained by the presence of phenolic groups on its main chain. In case
of exposure to humidity, lignin structure is affected through elimination
of hydrogen bonds among lignin molecules and formation of new H-
bonds between water and hydroxyl groups on lignin [227]. The sensi-
tivity to humidity for different types of lignin can vary since the phenolic
hydroxyl groups change depending on the pretreatment methods used
for each type [231].

3.4.2. Starch

Starch (Fig. 3d) is a renewable and biodegradable polysaccharide,
containing about 30 % amylose, 70 % amylopectin and less than 1 %
lipids and proteins from plants. Starch is predominantly extracted from
agricultural sources such as corn, potatoes, rice, and wheat. Its wide-
spread availability and low cost contribute to its appeal in sustainable
material development. As a main component, amylose is composed of a
linear chain and constituted the amorphous part of starch granule. In
contrast, amylopectin represented branched molecules and contributed
to the crystalline component [185]. While pure starch membranes offer
environmental benefits, they often exhibit limitations in mechanical
strength and gas permeability. To address these issues, modifications
such as blending with other polymers, i.e. grafting starch with poly
(vinyl alcohol) (PVA) and methacrylate, or chemical cross-linking are
employed resulting in greater transport properties, tensile strength and
modulus [22,232].

Moreover, the hydroxyl groups (-OH) of starch, that surround the
aromatic ring of the polymer chain (Fig. 3d), enhances its affinity for
polar gases (such COy), thus improving solubility and selectivity [233,
234].

3.4.3. Silk fibroin

Derived from silkworm cocoons, silk fibroin is a natural fibrous
protein known for its distinctive mechanical robustness, sufficient sup-
ply, ease of processing and biocompatibility [76,235]. Silk fiber for-
mation occurs under mild conditions, such as room temperature and in
an aqueous environment, making it a compelling material for devel-
oping nanomaterials with significant potential [236]. From structural
point of view, silk fibroin is a block co-polymer rich in hydrophobic
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B-sheets linked by small hydrophilic linker segments or spacers, result-
ing in both crystalline and amorphous regions in the structure [76,237].
The amino acid composition of this material mainly consists of glycine,
alanine and sericin accounting for 43 %, 30 % and 12 % of its compo-
sition respectively. As illustrated in Fig. 3e, the repeating amino acid
sequence in silk fibroin polypeptide chains promotes the formation of a
well-organized crystalline structure composed of p-sheets. The f-sheets,
also known as high molecular weight chain of SF, are connected to this
structural feature which is also the primary driver of the material’s
self-assembly behavior, while the proportion of crystalline and amor-
phous regions in the extracted silk fibroin dictates its final property
including brittleness from the f-sheet structure [236,237].

On the other hand, the inherent amine groups present in the struc-
ture of silk fibroins can serve as a bio-based carrier for CO4 separation in
polymeric membranes, regulatable by temperature and humid condi-
tions [76,238].

4. Bio-based membranes for CO; separation

As discussed in previous sections, numerous studies have aimed to
characterize bio-based polymeric membranes for this application. A
summary of the studies involving the bio-based polymers discussed in
this review is provided in Table 1. Most research has focused on char-
acterizing chitosan and nanocellulose, often combined with various
fillers, including bio-based ones. This section provides a summary of the
properties investigated in each study, such as the effects of temperature,
pressure, humidity, and filler/additive load. Some options may not be
completely biobased and biodegradable, but they have been mentioned
as reference and comparison, to offer a more complete and valuable
insight into the properties of biopolymers and to present broader un-
derstanding of their potential in the field of carbon capture.

4.1. Cellulose-based membrane for carbon capture applications

Cellulose acetate (CA) is one of the first cellulose-based membranes
established as a promising choice for CO5 separation from CHy, also at
industrial scale [90]. As mentioned before, the degree of substitution
plays a determining role in characteristics of cellulose acetate, including
its gas separation performance. A study by Puleo et al. shows that higher
CO, permeability can be achieved with a higher degree of acetylation
due to the presence of higher free volume in the structure [39]. At
operating conditions of 1 atm and 35 °C, an increase in the degree of
substitution from 1.75 to 2.85 led to a rise in CO, permeability from 1.84
to 6.56 Barrer. However, this enhancement was accompanied by a slight
decrease in COy/CHy4 selectivity, from 35.6 to 32.8 respectively.
Different strategies have been put into work to improve the separation
performance of this material, including incorporating MOFs [41,48],
carbon nanotubes [43,48], and thiazole-based polyimines [47].

This material has been reported for separation of COy from Ny as
well. In this case, CO2 separation is maintained by implementing addi-
tives into cellulose acetate polymer matrix in order to achieve a
reasonable selectivity regarding the mentioned gas pair. Several addi-
tives have been evaluated for using cellulose acetate-based membranes
for this application, such as multi-walled carbon nanotubes [43,44],
silica [45], Pebax [46], ion-exchanged zeolites [42], MOFs [41], and
thiazole-based polyimines [47]. High CO5 permeability (3000 Barrer at
3 bar and 35 °C) was achieved by incorporating 3 wt% thiazole-based
polyimines (PMs), resulting in a COy/Na permeability-selectivity
slightly above the 2019 upper bound, while the COy/CHy
permeability-selectivity remained just below the line set by both the
upper bounds [47]. Although cellulose acetate has a long history of
commercial application, the performance reported in the
above-mentioned studies generally falls below the upper bounds, high-
lighting the need for continued efforts to optimize cellulose-based
membranes.

Ethyl cellulose (EC) is another cellulose derivative that has been
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investigated for gas separation applications. Although it exhibits rela-
tively high CO, permeability compared to other cellulose derivatives
(113 Barrer at 25 °C and 2 bar), its overall performance remains below
the upper bounds for various gas mixtures [49]. Attempts to enhance
EC’s properties by incorporating nanofillers to form mixed matrix
membranes with ZIF-8-modified GO plates, have not successfully
elevated its status despite improvements in CO; permeability and
CO9/Nj selectivity (up to 200 Barrer and 33 respectively) as reported in
Table 1 [50].

Distinctive features of cellulose-based derivatives have long been of
interest for packaging due to their barrier properties. Further studies on
this application revealed that the material’s hydrophilicity presents a
limitation for its intended use [203,239]. Based on a study by Minelli
et al. on mass transport properties of CNF films [240], humidity can
result in an adverse decrease of barrier properties through increasing
oxygen permeability about two orders of magnitude. However, this
challenge can be turned into an advantage by exploiting its hydrophilic
nature to enhance the gas separation properties of the biopolymer.

As visible from the data reported in table one, the potential of CNF-
based membrane is investigated by means of permeation tests for COo,
N2 and CH4 under various relative humidity in a few studies [51,52].
The swelling caused by water sorption in the polymer matrix enables
size-selective gas transport, which gets more pronounced as the
water-induced swelling increases. As reported by Ansaloni et al. [51],
the highest CO5 permeability achieved by this study for pure CNF sample
is approximately 25 Barrer at 90 % relative humidity, representing a
two-order-of-magnitude increase compared to its permeability at 50 %
relative humidity, as reported in Fig. 4, while COy/Ny selectivity
remained constant and extremely high (in the order of 500). The severe
water-induced plasticization, therefore, drastically reduces the superior
barrier performance observed in anhydrous environments due to the
high gas diffusivity in water. However, the substantial matrix swelling
and rearrangement under humid conditions does not decrease mem-
brane selectivity allowing to reach performance well above the 2019
Robeson upper bound. No data are, however, available for thin film
membranes which are indeed usually considered in industrial
separations.

The same material was tested by Venturi et al. resulting in different
separation performance due to a difference in the casting procedure.
Skipping a vacuum stage prior to casting in this study resulted in an
increase of permeability followed by decrease in selectivity as the size
sieving effect becomes less pronounced in a less compact polymer matrix
for larger molecules such as N [52]. To enhance separation perfor-
mance, the transport mechanism can be shifted to facilitated CO,
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Fig. 4. Permeability of CO;, CH4 and N, in nanocellulose membranes at
different relative humidity at 35 °C and 1 bar [51]. Reprinted with permission.
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transport by incorporating amine carriers into the membrane matrix.
This approach relies on a reversible chemical reaction between CO, and
the amine-based carrier sites. In these conditions, the presence of water
is essential as facilitates the CO2 transport process in fixed-site carrier
systems by promoting the formation of carbonate and/or carbamate ions
and enhancing the regeneration of free amine carriers. This accelerates
the “hopping” mechanism of CO; between carrier sites [241]. The pro-
cess is illustrated by the following reactions:

CO, +R — NH, + H,0= HCO; +R — NH; (5)
R—NH;COO™ +R — NH,=R — NH— COO™ + H;0" ©)
R—NH, — COO~ + H,0=R — NH, + HCO; %)

The addition of polyvinyl amine (PVAm) to a nanocellulose matrix,
therefore, can induce a facilitated transport mechanism of COy (as
depicted in Egs. (5)—(7)), resulting in a significant improvement in CO3
permeability thanks to facilitated transport mechanisms. Increase of up
to 5 times has been reported which however was accompanied by
reduction of the selectivity [51,52]. This result has been justified via the
excessive swelling of the membrane due to water sorption as PVAm is
indeed strongly increasing the hydrophilicity of the developed samples
and increase the free volume of the nanocellulose membrane.

Carboxymethylated CNF (cm-CNF) has properties such as surface
with a high charge, presence of numerous acidic groups, which can in-
crease the probability of interaction between this biopolymer with other
molecules including amino acids often used as CO; carrier [53]. Mem-
branes based on cm-CNF with addition of L-arginine were studied for
CO, separation from Ny under different relative humidity. The results
point to the primary role of L-arginine in improving COy separation
performance compared to the effect of water sorption, leading to a
seven-fold increase of CO, permeability (220 Barrer at 94 % RH) and
COy/Nj, selectivity of maximum 187 with 45 wt% loading of L-arginine
[53]. However, increasing the concentration of amino acid mobile car-
rier causes a loss of mechanical stability in the film, raising serious
concern about the long-term stability and durability required for in-
dustrial applications [53]. None of the membranes considered was
indeed tested as thin film and still result far from industrial applications.

A recent study evaluated an innovative polymeric combination,
termed “artificial wood,” incorporating nanocellulose derived from tu-
nicates, combined with lignin and starch [57]. The main polymer matrix
in this study is composed of CNF combined with starch, aimed at
achieving a densely packed polymer chain structure. The study explored
the effects of different types of lignin to better understand the in-
teractions between CNF and lignin in these composite membranes.
Notably, the composite membrane containing 5 wt% softwood lignin
exhibited extremely high CO5 permeability, around 1300 Barrer. Based
on the permeability results, this membrane demonstrated selectivity for
Hj with respect to CO; of 3.7, but surprisingly it appeared ineffective for
separating COz from Ny (acoz/n2 < 1).

Janakiram et al. [56] developed nanocellulose-ionic liquid (IL)
hybrid membranes that exhibit humidity-responsive CO,/N2 separation
performance, highlighting a unique molecular gate-opening mechanism
triggered by water molecules. The incorporation of 1-ethyl-3-methylimi-
dazolium acetate ([EMIM][Ac]) into CNF matrix significantly enhanced
the membrane’s affinity for CO,, leading to exceptionally high selec-
tivity values. At 50 wt % [EMIM][Ac] and 90 %RH, the membrane
achieved the maximum in CO; permeability of 330 Barrer and a selec-
tivity of about 60, which however was not the maximum values
observed. At 35 wt % [EMIM][Ac] and 60 % RH, due to
humidity-responsive gate-opening mechanism within the 50-70 %
relative humidity range, the membranes achieved a acoz/n2 of 370
coupled with a CO, permeability in the order of 40 Barrer as demon-
strated by mixed-gas permeation tests conducted at 35 °C, 1.7 bar.

Nanocellulose in its various forms has been often used to increase
membrane stability and performance due to mechanical properties,
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abundance of charge on its surface and hydrophilicity, acting in favor of
COq separation ability, as reported in Table 1 where nanocellulose-based
membrane reported great selectivity of CO, versus other gases. Many
studies have been carried out to investigate the effect of cellulose
nanocrystals as a filler for membranes based on polyvinyl alcohol (PVA)
for both carbon capture application and biogas purification [62-64].
The results indicate a higher permeability of CO2 upon introducing CNC
as a filler. This conclusion is further supported by another study con-
ducted by Janakiram et al. [60], which included an evaluation of the
impact of incorporating CNF versus carboxymethylated nanocellulose
(cm-CNF) as a filler in PVA-based membranes. Addition of 10 wt %
c¢m-CNF in a PVA-based membrane resulted in a 43 % increase in CO5
permeance reaching a value of 345 GPU with an increase in COy/Ny
selectivity from 30 to 40 at T = 35 °C and P = 1.7 bar. Such effect was
not observed in case of adding CNF as a filler to the thin-composite PVA
matrix, in which a slight decrease of 8 % in CO2 permeance was
observed. This effect is attributed to the presence of ionic salt and
deprotonated -COO™ in carboxymethylated nanocellulose causing higher
affinity for CO2 molecules. A significant improvement was observed by
functionalizing CNF using amine-containing moieties like PPG, PEG and
f-alanine. Among them, -alanine was chosen as a CO»-philic amino acid
to act as the bio-based amine carrier and managed to further increase
CO4, solubility, resulting in a moderate enhancement of CO, permeance
up to 263 GPU and COy/Nj selectivity to 50 compared to neat PVA (240
GPU).

The results also indicate that changing the matrix highlighted the
effect of these nanofillers on separation performance of the studied
membranes. A flat-sheet thin film supported membrane composed by
sterically hindered polyallylamine (SHPAA) and PVA, reached per-
meance of 227 GPU at T = 35 °C and P = 1.7 bar, but they further
improved it with the addition of polyethylene glycol (PEG) which
created sites for water cluster retention, enhancing CO» solubility. This
modification led to a significant increase of CO2 permeance of up to 652
GPU coupled with a CO2/Nj selectivity of 41.3 [60]. These results, albeit
of interest, are still below the commercial membranes usually consid-
ered for post combustion carbon capture applications. For example,
Polaris® Gen 1, produced by MTR, is endowed with CO, permeance of
1000 GPU and COy/Nj, selectivity in the order of 50 [119,242].

The study conducted by Helberg et al. [64] emphasized on the role of
the charge and size of CNF in PVA membrane. Phosphorylated CNF was
used as an additive in this study to utilize the high charge of phosphoryl
groups thanks to an additional milling step, which promoted the intru-
sion of chemicals for higher final charge. The chemically modified fibers
were also further processed via ultracentrifuge for size screening of the
fibers in order to select only finer fibers for the membrane preparation.
The modifications described in this study led to a 160 % increase in CO,
permeability compared to neat PVA, for both the batch with increased
surface charge and the batch subjected to an additional size-screening
step, reaching values of 100 and 116 Barrer, respectively.

Further studies on incorporating nanocellulose (in both forms of CNC
and CNF) into a PVA polymer matrix have demonstrated the stability of
these systems for industrial applications [61]. The fabricated hollow
fiber membranes maintained stable performance for 40 h of continuous
operation without any decline. Additionally, tests conducted after
storing the material for one year confirmed its long-term stability.

As indicated in Table 1, other studies have also emphasized the role
of the charge made available by nanocellulose to PVA membrane [63]. A
TEMPO-oxidized CNF was employed to introduce varying surface
charges on the fibrils, enabling the investigation of charge effects on gas
separation performance. This was compared with phosphorylated CNF,
which carries a higher surface charge. Among the tested materials, the
PVA/CNC nanocomposite exhibited the most promising performance,
achieving a CO, permeance of 127.8 GPU and a COy/N; separation
factor of 36—making it a competitive bio-based alternative to carbon
nanotube-based membranes. In this system, CO2 transport is facilitated
through specific diffusion pathways influenced by the nanocellulose’s



Z. Maghazeh et al.

surface charge and dispersibility. These pathways are further affected by
the hydrophilicity and charge of the nanocellulose, which lead to the
formation of non-uniform water-rich regions concentrated around the
nanocellulose surface (as illustrated in Fig. 5). A higher surface charge
on nanocellulose promotes greater water accumulation and, due to
COy’s polar nature, enhances its dissolution, resulting in the highest CO5
permeance observed with CNC.

The addition of CNC to the PVA matrix was also investigated for
CO4/CH4 separation [62]. In addition to exploring the influence of CNC
concentration, the effect of pH variation was also studied. Higher CNC
content positively impacted CO; transport by improving the swelling
behavior, which facilitated CO, transport through high solubility of CO,
in water and by increasing the free volume within the system. Increasing
the pH by adding NaOH further enhanced CO; transport through a
reversible reaction, as described in Eq. (9) and Eq. (10). Moreover, the
higher pH promoted greater swelling, which contributed to higher CO2
transport via solution diffusion. The system was evaluated for CO,/CHy4
separation, with the optimal performance achieved by the sample con-
taining 1 wt % CNC at pH 10, resulting in a CO, permeance of 107 GPU
and a COy/CHy selectivity of 43 (under 5 bar pressure and 93 % RH).

CO, + H,O<=H,CO4 (8)
H,CO3 + NaOH=NaHCO; + H,O 9
NaHCO3;=NaOH + CO, (10)

Dai et al. [67] has reported that only 5 wt % CNC addition to Pebax
structure causes 42 % and 18 % increase of humid COy permeability
(305.7 Barrer) and COy/Nj selectivity (41.6), respectively, compared to
neat material. A recent study investigated a mixed matrix membrane
(MMM) composed of polyethylene oxide (PEO), specifically poly
(ether-block-amide) (PEBA), and polyurethane (PU), incorporating cel-
lulose nanocrystals as a filler to enhance mechanical and thermal sta-
bility. The findings revealed that, even without functionalization to
improve interfacial adhesion between CNCs and the polymer matrix, the
membrane maintained a satisfactory level of structural integrity [68].
Transport properties were also positively affected by the addition of
nanocrystals with optimal results obtained at 1 wt % loading. In this
condition, PEBA MMMs showed a CO, permeability of 22 Barrer with an
ideal CO2/Nj selectivity of 73.6 corresponding to an increase of 30 % for
both quantities with respect to the neat polymer values.

The effect of different derivatives of CNC, such as phosphorylated
and carboxymethylated CNC, as fillers in PVA/L-arginine-based mem-
branes have been also evaluated for biogas purification application [65,
66]. In this study, a hollow fiber membrane configuration was used,
where a highly porous poly(ether-sulfone) (PESF) substrate was coated
with the selective layer. Gas permeation tests conducted at 1 bar and
90 % of relative humidity revealed that incorporating phosphorylated
CNC resulted in higher CO, permeability (21177 Barrer) and CO3/CH4
selectivity of 33. Moreover, the CO, permeance was significantly higher
when phosphorylated CNC was used compared to carboxymethylated
CNC (13072 GPU vs. 6226 GPU); this fact was attributed to both
improved CO5 transport properties and the formation of thinner

® Water = N, ®CO, ® HCOé /CO32' Nanocellulose Il PVA crystal— PVA

Fig. 5. Redistribution of water in PVA matrix due to charge available by
nanocellulose [63]. Reprinted with permission.
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selective layers. The overall results are indeed of high interest and sur-
pass those usually considered suitable for highly efficient carbon capture
membranes [119,242-245].

Research on nanocellulose-based membranes for CO3 separation has
also focused on enhancing separation performance by incorporating
other non-biobased carriers to selectively improve CO» transport like
MOFs. Dispersing amine-functionalized Zirconium-based MOF (UiO-66-
NHy) in carboxymethylated CNF polymer matrix created acid-based
interactions and electrostatic force resulting in an ideal interfacial
morphology. The passage of CO, in this system is favored by amine
groups acting as carriers as well as by the precise expansion in CNF
structure by introduction of UiO-66-NH,. The gas permeation tests
conducted at 25 °C demonstrate CO, permeability of 139 Barrer and
CO2/Ny selectivity of 46 under dry condition [59]. A similar study
achieved promising results under dry conditions by in-situ growth of a
zinc-based MOF (ZIF-8) on TEMPO-oxidized CNF. Single-gas permeation
tests at 25 °C and 1 bar of feed pressure showed separation performance
exceeding 2008 Robeson upper bound, with a CO, permeability of 550
Barrer and separation factors of 45.5 and 36.2 for CO3/N5 and CO5/CHy
respectively [58].

4.2. Chitosan-based membrane for carbon capture applications

In open literature, several studies can be found, evaluating the sep-
aration performance of chitosan-based membranes either used as pure,
or in composite or even as a filler in other structures; the corresponding
results have been already summarized in Table 1 and will be discussed
more in detail in this section.

Early studies of chitosan for gas separation applications were carried
out in 1997 with the recognition that humidity can result in a signifi-
cantly improved CO5 permeability with respect to the poorly permeable
dry chitosan. However, the presence of water vapor may accelerate
degradation due to swelling of the polymer matrix, which reduces its
mechanical stability [246,247]. In addition, some thermogravimetric
studies have shown that elevated temperatures also have a detrimental
effect on chitosan membranes by identifying thermal decomposition
above 200 °C [248,249]. Despite the use of synthetic support for casting
the membrane (Polypropylene), this study reported an increase of CO»
permeability under humid conditions - from 3 to almost 10 Barrer — as
relative humidity increases from 80 % to 100 %. This CO5 permeability,
however, corresponded to a decrease in CO2/Nj selectivity from 73 to 54
due to the membrane swelling in humid conditions [69].

In the same period, Bae et al. [250] evaluated the CO, permeability
of pure chitosan membranes in both dry and humid state by casting a
self-standing film with a thickness of 50 pm under constant pressure.
They stated that the permeability of CO, and Ny in pure chitosan
membrane in presence of vapor-saturated gas feed increased more than
15 times compared to dry condition values. Lower increase was instead
observed for COy/Nj selectivity which never exceeded the value of 40.
Thereby, the presence of water vapor increases the driving force for CO,
transport, still maintaining the membrane thermal and chemical sta-
bility even at high humidity.

Prior research clearly highlights the important role of water in the
transport of CO3 across chitosan-based membranes. This effect is largely
attributed to the presence of amine groups in the chitosan backbone,
which enables facilitated transport for CO, in the membranes (as re-
ported in Eq. (5)). This mechanism is strongly favored by the presence of
water through the reactions presented by Eq. (6) and Eq. (7). Unlike
many other polymeric systems that require the addition of aminated
carriers, chitosan can inherently support facilitated CO, transport due to
its intrinsic amine functionalities and the presence of water favors the
complex-formation reaction between carbon dioxide and amines as it
could help in catalyzing carbamic acid reactions.

This effect was indeed investigated in the open literature, as recalled
in Table 1, where several studies are found analyzing how water alters
the CO5 gas transport mechanism in chitosan membrane [65,72-75,78,
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244,245]. The presence of water results in the swelling of chitosan and
induces a facilitated transport of CO5 through the membrane thanks to
the amine groups, which act like fixed site carriers activated by water
[70,251]. Based on the study of El-Azzami & Grulke [252], two states of
water are present in swollen chitosan: free and bound through hydrogen
bonding. Bound water has a significant contribution to the increase of
free volume upon sorption and, as a result, to the increase in permeation.
This statement can be further verified based on the experimental results
performed by the same group using a feed gas mixture of CO,, N and Hy
over temperature and pressure range of 20-150 °C and 1.5-5 atm. The
permeability of CO, reaches a maximum of 482 Barrer at temperature of
110 °C and pressure of 1.5 atm where all free water has evaporated, and
the effect of bound water can be observed. The maximum CO5/N5 and
CO9/H; selectivity (250 and 43.4 respectively) is at the same point of
reaching maximum permeability considering the feed relative humidity
[70]. Above this temperature, the loss of free water in the swollen
membrane drastically reduces the facilitated transport pathway, causing
a decline in stability and mechanical integrity resistance [70].
Although the permeability-selectivity of the mentioned membrane
by El-Azzami & Grulke [70] is significantly high and beyond the 2008
Robeson upper bound, they were able to further enhance the separation
efficiency through the addition of Sodium Arginine as a filler [71].
Arginine salts, indeed, act as an additional mobile carrier in the mem-
brane, which increases both transport efficiency and water uptake of the

a) b)

Defective regions

C) N:  Co,
/)

///mummm\"%”.'ﬂ'“!"\
- \erBnnnnnwe

eSS s [RESN [Vy
PP UTTUTIANY

LIPRSIITHUWON.  HPELLGO

SR FRFR RO

Possible PS support
diffusion membrane
pathway

Materials Today Sustainability 33 (2026) 101279

membrane. Permeation experiments conducted over a temperature
range of 20 °C-150 °C at around 40 % of relative humidity revealed a
maximum CO, permeability of 1500 Barrer obtained at 1.5 bar and
110 °C. This modification also resulted in high selectivity values, with
CO2/Ny and COy/Hj selectivity reaching 852 and 144 respectively,
hence the better placing with respect to the upper bound.

Similar to Arginine, other naturally found amino acids have been
used as amine carriers in chitosan-based membranes, including L-tyro-
sine and phenylalanine. Katare et al. [79] conducted mixed gas
permeation tests at 85 °C and 2.2 bar to evaluate the influence of
chemical grafting and blending of phenylalanine on the separation
performance of thin-layer membranes for CO3/N; mixture. Amine
blending has resulted in a higher CO, permeance (106 GPU compared to
72 in case of chemical grafting) while the CO2/N3 selectivity on both
blending and grafting methods is rather similar (89 and 97 respectively).
The robustness of the fabricated membranes was also evaluated through
a 400-h long permeation test, which indicated a more stable perfor-
mance for the blending method since the membrane maintained suffi-
cient durability and mechanical strength for operational use. The same
group also investigated the efficiency of an amine-grafted chitosan for
membrane-based post combustion carbon capture [78]. L-tyrosine--
grafted chitosan was cast on a porous PES support creating a selective
layer of 600 nm thickness. The developed membrane was tested at
temperatures ranging from 25 °C to 115 °C at 2.2 bar as well as variable
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Fig. 6. Scheme and mechanism of gas transport through a) cm-Chitosan/PAMAM [73] b) cm-Chitosan/PAMAM/Hydrotalcite [74], ¢) PVA/Chitosan/HPEI-GO [80].

Reprinted with permission.
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moisture content of the sweep flow. Unfortunately, even the optimal
performance of the developed membrane (permeance of 103 GPU and
CO4/Nj selectivity of 31 at 85 °C and 2.2 bar) was not able to surpass the
2008 Robeson upper bound and remained well below commercially
available membranes for post combustion carbon capture [242,243].

Chitosan-based membranes have also been studied in combination
with ionic liquids to enhance CO; separation. The addition of 5 wt %
[EMIM][Ac] to chitosan resulted in high CO, permeability, from 1293 to
1338 Barrer at 25 and50 °C, respectively, under a pressure difference of
0.5 bar. However, the CO2/Nj selectivity remained relatively low at 4.6
[771.

Shen et al. [80] developed a mixed matrix membrane based on PVAm
and chitosan, incorporating GO nanosheets modified with hyper-
branched polyethyleneimine (HPEI) as nanofiller (Fig. 6¢). Similar to the
study by Prasad et al. [76], the graphene derivative serves to enhance
membrane durability under humid conditions by intercalating water
within its layers. Facilitated CO, transport is enabled by the primary
amine groups in both PVAm and HPEL The improved separation per-
formance is primarily attributed to these amine-rich components, while
chitosan mainly contributes to higher water uptake, promoting optimal
CO,, transport conditions. Gas permeation tests at 25 °C, 1 bar, and 80 %
relative humidity yielded a CO, permeance of 112 Barrer and a CO2/Ny
selectivity of 107 for the PVAm/CS membrane with 3 wt % HPEI-GO.

Shen et al. also employed PEI as the amine carrier in a chitosan-based
membrane [75]. To improve miscibility, however, they used carbox-
ymethylated chitosan, taking advantage of its amine and carboxylic acid
functionalities. For mixed gas permeation tests at 30 °C under a 0.2 bar
partial pressure difference they reported a CO, permeance of 630 GPU
and a CO2/Nj selectivity of 325. Membranes however were very sensi-
tive to feed gas pressure, which when increased up to 0.4 bar substan-
tially reduced both permeance and separation factor.

Further studies using carboxymethylated chitosan incorporated
other amine carriers such as piperazine (PZ) [72] and polyamidoamine
(PAMAM) [73,74]. In such studies, Borgohain et al. evaluated the effect
of PZ loading and reported CO, permeances of 72 GPU and 47 GPU, with
selectivity of 102 and 55 for 20 wt % and 40 wt % PZ, respectively. The
reduced separation performance at higher loadings was attributed to
agglomeration of PZ, which hindered CO, transport by disrupting the
membrane structure.

The same research group also investigated PAMAM as amine carrier,
revealing additional mechanisms beyond conventional facilitated
transport (Fig. 6 a and b). They discovered a pH-responsive molecular
gate effect, where the formation of carbamates between CO; and amines
leads to dendrimer crosslinking, inhibiting Ny permeation [73]. Addi-
tionally, chitosan’s polyelectrolyte nature induces a salting-out effect,
further suppressing No solubility and enhancing CO, selectivity. Gas
permeation tests from 60 °C to 110 °C at 2 bars showed optimal COy
permeance of 98 GPU and a COy/N; selectivity of 149 for samples
containing 10 wt % of PAMAM. It has been observed that the higher
content of this amine carrier deteriorates the gas separation due to
self-aggregation of PAMAM at higher percentages, leading to suppres-
sion of amine active sites. Subsequent modification of the system with
hydrotalcite (HT) as inorganic filler introduced hydrated carbonate
anions into the membrane [74]. The hydrated carbonate anions facili-
tate CO; transport by surfing through HT interlayers based on the re-
action described in Eq. (11).

CO, + CO3™ + H,0=2HCO;, an

This modification slightly improved CO;, permeance (to 123 GPU),
but also led to a decline in selectivity, reducing the CO2/N; separation
factor to 67.

As mentioned in Section 3.4, silk fibroin (SF) is another bio-based
material with inherent amine groups that can serve as a carrier in the
development of fully bio-based membrane systems. Prasad et al. [76,
238] developed a MMM using chitosan as the polymer matrix, silk
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fibroin contributes to the CO, facilitated transport and graphene nano-
particles (GNP) to mitigate support pore blockage and enhance the
long-term stability of membrane separation performance. In this system,
the incorporation of SF facilitates CO, transport via its amine groups,
increasing CO, permeance from 46 GPU (for chitosan/GNP) to 159 GPU
at 90 °C and 2 bar feed pressure. Mixed-gas permeation tests using a
ternary gas mixture of COs, Ny, and Hy showed a maximum CO; per-
meance of 126 GPU, with a COy/N3 selectivity of 104 and a CO2/H,
selectivity of 52, highlighting its potential for fuel cell applications.

4.3. PLA-based membrane for carbon capture applications

Early studies on PLA properties for gas separation were carried out
by Lehermeier et al. through evaluating the effect of crystallinity on
permeation of gases (N3, Oz, CO3 and CHy4) both in pure and mixtures,
showing good results for H; separation [223]. However, PLA in its pure
form exhibits limitations in gas separation applications due to its rigidity
and brittleness that reduces the gas permeability and selectivity.
Moreover, PLA membranes are susceptible to environmental degrada-
tion, including hydrolytic and microbial degradation, especially at
elevated temperatures (above 60 °C) and neutral pH (pH 7.4), thus
limiting its long-term stability [253]. The properties of these materials
are typically inadequate for efficient CO, separation, especially when
compared to other high-performance polymers commonly used in this
field. To overcome these limitations, further research has been carried
out on modifying PLA-based membranes to enhance their performance
as mentioned in Table 1. Indeed, the solubility of PLA in many non-polar
solvents gives this polymer the advantage of simple membrane fabri-
cation via solvent evaporation or phase inversion [254].

Several strategies have been explored, such as blending PLA with
other polymers, incorporating fillers like nanocellulose, carbon nano-
tubes and chemical modifications to improve PLA’s properties. The
incorporation of those fillers increases the chain mobility and the
polymer’s fractional free volume, potentially affecting both the dura-
bility, mechanical stability and separation performance of the hybrid
membranes [255].

Most studies have focused on evaluating PLA as a barrier material for
packaging applications, where low gas permeability is essential. As a
result, PLA has been reported to exhibit CO, permeability values below 1
Barrer, with some studies indicating values several orders of magnitude
lower [255-259]. Other studies, however, also focused on the perfor-
mance of this material for membrane-based gas separation via single-gas
permeation tests under dry conditions unlike other biopolymers dis-
cussed in this review. The difference in experimental condition can be
attributed to the high sensitivity of PLA-based materials to humidity and
possibility of degradation as evaluated for packaging applications
despite the hydrophobic nature of PLA compared to other biopolymers
[260,261]. The permeability and selectivity of different gases have been
seen to depend on the membrane fabrication method and on the type of
PLA, affecting the final application significantly. It should be mentioned,
in this regard, that no post-combustion application for PLA-based
membranes were identified and as a result mainly data regarding sep-
aration of CO, from CH4 were found in the literature.

A CO3 permeability of 11 has been reported, by Iulianelli et al., for a
PLA-based membrane at ambient temperature, corresponding to a COy/
CHy4 selectivity between 220 and 230 [83]. The same research group also
reported data related to pre-combustion capture, where PLA-based
membranes also in this case were able to surpass the upper bound for
Hy/CO3 separation, though with relatively low permeabilities, such as
25 Barrer for Hy [82]. To emphasize the type of PLA used for developing
the membrane, Iulianelli et al. [81] fabricated dense symmetric mem-
branes from a commercial grade PLA using the phase inversion tech-
nique. No further information on the modification of PLA was reported
in this case. Gas permeability and selectivity performances of the
membrane were evaluated for different single gases (Ho, CHy4, CO5, and
He) at room temperature (Table 1). Single-gas permeation tests revealed
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the significant deviation of CO permeability from the theoretical cor-
relation within permeability and critical volume, confirming the strong
influence of solubility on enhanced permeability of CO, while the
behavior of other gases was mostly controlled by diffusion. The authors
reported a COy permeability of up to 70 Barrer at 25 °C under dry
condition, surpassing the Robeson upper bound for CO5/CH,4 separation
with a selectivity of 285, indicating promising potential for biogas
separation applications (Fig. 7).

This biopolymer was also evaluated for the transport properties of
COa-rich mixtures, specifically for CO5/CO separation. Checchetto et al.
[84] conducted mixed-gas permeation tests using ternary mixture
(CO2/C0O/02) and reported the CO, permeability of 1.1 Barrer at 25 °C.
Based on single-gas permeation tests conducted, a CO2/N> selectivity of
22.4 can be achieved (at 25 °C and feed pressure between 20 and
90 kPa).

Among the various applications of PLA, its use in gas-liquid mem-
brane contactors for carbon capture processes are particularly note-
worthy. The results of this study highlight the potential of this
biopolymer to achieve greener, more sustainable CCU technologies
[262].

5. Performance of polymeric membranes against upper bounds
for carbon capture

As discussed in Section 2.1, the performance of polymeric mem-
branes is commonly assessed by their placement against the upper
bounds, which depicts the well-known trade-off between the two mains
properties: CO, permeability and selectivity. In this review, the bio-
based membranes have been plotted against the CO5/N3 and CO2/CHy
upper bounds, presented in Figs. 8 and 9, respectively. While Section 4
focused on the role of different transport mechanisms and carriers in
enhancing the separation performance of bio-based materials, the pre-
sent section evaluates the overall trends followed by both fossil-derived
and bio-based polymeric membranes with respect to the upper bounds.

Apart from the number of studies reported in these two figures, it is
clear that research on bio-based membranes for carbon capture has
predominantly centered on CO»/N, separation. The outcome is also
more promising for this gas pair based on the number of cases surpassing
the upper bounds as depicted in Fig. 8.

When COy/N; performance is plotted against the upper bounds, a
different behavior clearly emerges between fossil-derived polymers
(Fig. 2a) and bio-based systems (Fig. 8). In conventional petroleum-
based membranes, only a limited subset of high free-volume materials
(most notably PIMs and their derivative with high FFV) are able to cross
the Robeson upper bound thanks to their extremely high permeability
which offset their average values of selectivity; the majority of com-
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Fig. 7. Selectivity of CO2, He, H2 and CH4 at 25 °C in PLA Easy Fil TM - White
membranes from Ref. [81]. Reprinted with permission.
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polycarbonates, etc.) remain below the envelope, despite the broad CO,
permeability which ranges from 10 to 10° Barrer. In contrast, bio-based
materials generally operate in a lower permeability range (between 10
and 300 Barrer) where these bio-derived polymers are able to surpass
the upper bound by enabling facilitated transport which boost their
selectivity.

The upper bounds have been surpassed by neat biopolymers by
different materials based on both CNF and Chitosan. CNF under humid
conditions in particular exhibited exceptionally high selectivity for COy/
Nj separation despite low CO, permeability, resulting in its position in
top left part of the plot presented in Fig. 8, but surpassed the upper
bounds also when added with different components such as amino-acids,
zeolites and ionic liquids, which presents both permeability and selec-
tivity above 100. However most performing materials are based on
chitosan. Membranes where it was coupled with amine carrier as PEI
reached extremely high permeability and separation factors in the low
pressure range, while when mixed with arginine salt managed to surpass
this limit at high temperature (up to 150 °C) as amine groups can
accelerate the facilitated transport of CO5 in these conditions.

These observations indicate that for bio-based systems, performance
enhancement is not primarily achieved via high free-volume architec-
tures but rather through specific chemical affinity to CO2, meaning that
the upper bounds can be surpassed through sorption-selectivity mech-
anisms (facilitated transport) rather than solution-diffusion.

For CO2/CH4 separation, on the other hand, only a limited number of
bio-based polymers overcome the upper bounds, particularly cases
based on CNF and PLA. The properties of these membranes however do
not overcome those of synthetic membrane reported in Fig. 2b, where
polyimides (e.g. PI, Matrimid), poly(p-phenylene oxide), and different
grades of PIMs dominate the upper-right region of the plot.

Very likely most of the facilitated transport membranes tested for
CO9/Ny will show very interesting performance also in the case of
methane separation but they were not tested for that purpose. Therefore,
in the lack of actual experimental data, petroleum-derived polymers still
represent the most competitive class of materials, primarily due to their
intrinsically high CO, permeability. This kind of separation on the other
hand is already a mature market for membranes and that makes it even
more difficult for new materials to find their spot.

In this concern, it should be noted that, despite the promising results,
only a few of the biopolymers tested were successfully processed into
thin-film configurations, and even fewer demonstrated encouraging
performance in terms of mechanical integrity and thermal stability,
thereby surpassing the membranes currently used at industrial scale
[242-244]. Moreover, to the best of the author’s knowledge, none have
yet been evaluated at pilot or semi-pilot scale, making any commercial
application still a distant prospect.

6. Conclusions

The escalating need to reduce CO2 emissions has intensified global
efforts toward developing sustainable carbon capture technologies.
Among these, membrane-based gas separation presents a promising low-
energy alternative to conventional processes and possibly also a green
solution when membranes based on sustainable bio-materials are
considered. The use of bio-based polymers has indeed attracted growing
attention, also in the field of membranes not only for their environ-
mental compatibility, biodegradability, but also for the possibility of
tuning their physicochemical properties to obtain high selectivity and
permeability in liner to those typical of fossil-based polymers.

This review has explored a wide range of bio-based membrane ma-
terials, focusing mainly on cellulose derivatives, nanocellulose, chitosan
and polylactic acid (PLA) even if other naturally derived polymers have
been also considered. These materials have demonstrated varying de-
grees of potential for CO5 separation, based on gas transport properties
such as permeability and selectivity being evaluated against the well-
known upper bounds, depicting their performance with respect to the
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trade-off effect. While conventional cellulose acetate is already used
industrially, other derivatives such as carboxymethylated or phosphor-
ylated cellulose have shown extremely interesting results.
Nanocellulose-based materials have also emerged as one of the most
extensively studied and versatile bio-based polymers for membrane
development. Owing to their unique combination of renewability, me-
chanical strength, high surface area, and tunable surface chemistry, both
cellulose nanocrystals (CNCs) and cellulose nanofibrils (CNFs) have
been successfully integrated into polymeric matrices and mixed matrix
membranes for CO, separation. Nanocellulose based materials have
proven to be able to surpass Robeson’s Upper Bound, especially if
coupled with selective carriers able to activate facilitated transport in-
side the membrane.

Chitosan, stands out as well, among the different biomaterials, due to
its intrinsic amine functionality, which enables facilitated transport of
CO, without the need for additional carriers. This characteristic, along
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with its hydrophilic nature and pH responsiveness, makes Chitosan an
ideal platform for developing membranes that operate efficiently under
humid or chemically dynamic conditions. Its integration with ionic
liquids, polyimines, and advanced fillers like graphene oxide or MOFs
has led to remarkable improvements in COy permeability and selec-
tivity. Also, in this case several of these membranes were able to obtain
superior performances with respect to the Robeson upper bound.

PLA has been investigated in view of its application as gas separation
membrane, even if to a lower extent with respect to previous materials.
This is likely due to the lower performance which made this biopolymer
less appealing than the Chitosan and Nanocellulose.

In general, several bio-based membranes have approached or even
surpassed Robeson’s 2008 and 2019 upper bounds for gas pairs like
CO2/CH4 and COy/Ng, suggesting that the long-held per-
meability—selectivity trade-off may be overcome with optimized bio-
hybrid designs.
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Despite these advancements, challenges remain. Issues such as me-
chanical stability, long-term durability, processability, and compati-
bility with synthetic additives must be further addressed. Most current
studies are still limited to lab-scale evaluations under controlled con-
ditions. For broader adoption, future work must focus on.

e Understanding long-term membrane behavior under real flue gas or
biogas compositions

e Optimizing interfacial compatibility between bio-based matrices and
functional fillers

¢ Developing fully bio-based or recyclable composite systems based on
industrial application

In this concern, a complete lifecycle assessment should be considered
for the most promising materials to understand and quantify the envi-
ronmental benefit that their use can bring with respect to synthetic
polymer in the field of CO5 removal.

In summary, bio-based polymeric membranes surely represent a
viable and environmentally sustainable pathway toward next-
generation CO5 separation technologies, even if a lot of research is
still needed to make them a real alternative to other industrially avail-
able solutions.
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