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A B S T R A C T

Biopolymer membranes, hybridized by non-toxic or renewable fillers are gaining attention on the preparation of 
membranes for CO2 separation, providing their flux and mechanical endurance is improved to provide envi
ronmental and economic viability as real alternatives in the decarbonization of the chemical industry. Cellulose 
acetate is the most commonly found natural biopolymer but its preparation needs organic solvents and it is prone 
to plasticization. Chitosan biopolymer can be produced from fish waste, but its mechanical resistance is limited 
due to its high hydrophilicity. In this work, chitosan was blended with cellulose acetate or starch, which can also 
be obtained from biowaste. The membranes were characterized by single N2, CH4 and CO2 gas permeation and 
also CO2/CH4 mixture separation. The CO2 permeance of CS:ST membranes was closer to commercial PDMS 
membrane, and the CO2/CH4 selectivity of CS:CA membranes was in the range of selective polymer membranes 
for this application. A sustainability assessment of the membrane fabrication was performed using Life Cycle 
Assessment with three environmental impact categories (ReCiPe midpoint method): Global warming, energy and 
materials depletion. A multi-objective optimization model was applied to optimize the process conditions in the 
simultaneous CO2 and CH4 recovery from model biogas feed stream optimal mass and energy balances. The 
optimized energy consumption for the separation was utilized on the evaluation of the cradle-to-gate environ
mental performance for the membranes attaining 90 % purity and recovery in CO2 and CH4 in the permeate and 
retentate outlet streams, respectively.

1. Introduction

The application of bio-based technologies in CO2 separation for the 
decarbonization and energy transition is a major setting worldwide. Bio- 
based technologies are increasingly recognized for their potential to 
maximize the defossilization/decarbonization synergy. Carbon capture 
and utilization (CCU) is currently accepted as a sustainability approach 
in the transition to a circular bioeconomy [1]. The circular economy 
targets closing flows throughout the entire energy and material life cy
cles by more recycle and reuse efforts. This ultimately should result in 
increased sustainability [2]. However, considering the entire life cycle 
there are still gaps in sustainability [3]. In this context, gas separation 
membrane technology has long been accepted as a sustainable alterna
tive to other separation processes in industrial and environmental ap
plications. However, the membrane modules are mainly based on 

materials like polyacrylamide or polysulfone and a more environmen
tally friendly approach would help the transition towards a real circular 
economy [4,5]. Therefore, the circular economy itself might not be 
sustainable whereas increasing need for materials and energy is forcing 
societies to shift not only to renewable sources and environmentally 
friendly or efficient technologies, but also look to bio-based resources in 
a circular approach [6].

Biopolymer-based membranes for CO2 separation offer the unique 
properties of biopolymers, such as biodegradability and renewability, 
making them an attractive alternative to conventional petroleum-based 
polymers, whose benefits go beyond reducing the global warming po
tential (GWP). These benefits may counterbalance the challenges due to 
the low scale of fabrication and implementation in CCU applications. 
These challenges arise from the uncertainty of their long-term stability 
of performance and cost of fabrication and replacement of membrane 
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modules. Stability and selectivity of the biopolymers can be overcome 
by making a mixed matrix membrane (MMM), introducing a small 
loading of non-toxic or renewable fillers into the continuous biopolymer 
matrix, providing new mixed matrix membranes with synergic proper
ties with improved permeability and selectivity and mechanical endur
ance while keeping the processability of the polymers, in comparison 
with the inorganic fillers cost of fabrication as a continuous membrane. 
These benefits as well do not have to overcome existing membranes 
performance, but only approach technical, environmental and economic 
viability as real alternatives in the decarbonization of the chemical in
dustry in the circular bioeconomy [3].

The understanding of biopolymer-based membranes is also attract
ing a very recent interest in literature, using increasingly complex 
phenomenological models [7,8], multi-scale approaches and 
data-science [9] to predict membrane performance of novel renewable 
or less toxic materials than the conventional membrane materials in gas 
separation.

The sustainability of production and consumption patterns is a cen
tral topic in the scientific literature and policy debate as social and 
economic development pressures on the environment are gaining the 
public sphere [10]. A systematic and holistic tool as life cycle assessment 
offers the possibility to evaluate the environmental hotspots from ma
terials fabrication to end-of-use, providing the necessary recommenda
tion to produce better energy and waste management policies by 
decision makers [11]. Application fields of LCA are (i) identification of 
hot spots within the product’s life cycle, (ii) comparison of different 
products with the same function (functional unit), (iii) comparison of 
different design, manufacturing, process and materials options within 
one product’s life cycle with the aim of lowering the environmental 
impacts [12].

Harnessing a green fabrication strategy together with the gas sepa
ration membrane performance could be a sustainable remedy both to 
avoid the amount of oil-based solvents and reactants as well as end-of- 
life possibilities of the membranes, leading to environmental burdens 
of the technology [13]. A multi-objective optimization model was 
established to optimize the process conditions of simultaneous CO2 and 
CH4 separation in biogas upgrading scenarios using chitosan biopolymer 
membranes hybridized with an ionic liquid of non-reported toxicity and 
surfactant-free ETS-10 nanoparticle fillers [14]. The environmental life 
cycle approach has been implied so far by the use of chitosan biopolymer 
as membrane matrix and non-toxic surfactant free filler on the mixed 
matrix membranes, or the replacement of toxic organic solvents in cel
lulose acetate membranes by green solvents [15,16]. Although specific 
data to evaluate the environmental prospects including detailed pro
duction, use, and disposal of membrane units is still scarce in the liter
ature, its interest grows in order to bridge the gaps between laboratory 
and scale-up of cleaner membrane practices. Common background data 
are generic or extrapolated thus compromising the accuracy of LCA re
sults [17]. Multi-objective optimization has been applied to the pro
duction of green solvents, or the simulation of membrane technology 
potential in CO2/CH4 separation processes, but so far membrane fabri
cation has not included into the analysis [18].

Therefore, a few papers are appearing in literature using multi- 
objective optimization for evaluating the process performance and 
LCA to investigate the environmental feasibility of different emerging 
technologies. Table 1 collects the papers found in literature using in one 
way or another LCA to include the membrane fabrication in the envi
ronmental assessment of membrane technology, although it should be 
remarked that the most specific calculations are still reported only for 
the membrane fabrication and not operation performance [13,19].

In this sense, we agree with [20] in the fact that, when it comes to 
novel processes, ‘bio-based’ is not synonymous of environmentally 
sustainable. They used Aspen Plus to simulate different separation 
process scenarios. The system boundaries of the LCA study were the 
process units in the process simulation. This was the approach followed 
by Luis et al. [21] to compare the performance of a hybrid purification 

process with the conventional stand-alone distillation. The most 
frequent impact categories collected in Table 1 can be divided in four 
categories related to human health (HH), ecosystem quality (EQ), 
climate change (CC) or resource depletion (RD). The energy consump
tion is the most common way of quantifying the environmental impact 
thus the process modeling results in the determination of the cumulative 
energy demand (CED) by the membrane production process [22]. 
Markewitz et al. [23] used LCA to analyze the environmental impact of 
BSCF membrane modules in the O2 separation for oxyfuel power gen
eration, including the membrane production as well as the performance 
data on the assessment. Likewise, Khaki et al. [24] used CED to intro
duce the CO2 capture capacity of three different polymer membranes 
whose inputs and outputs in membrane fabrication were the only entries 
of the Life Cycle Inventory taken into account. As observed in Table 1, 
the conventional approach of these studies is either devoted to the 
environmental assessment or the process optimization. Recent works 
have begun implementing the environmental impact of a membrane 
process configuration into the multi-objective optimization [25].

Regarding the sustainability assessments of membrane fabrication 
and operation in literature, Giordano et al. [26] used the LCA tool to 
compare non-commercial high permeability membranes based on 
PIM-1, with commercial CO2 capture membranes and chemical ab
sorption, reflecting in the limitations of conventional polymers to be 
implemented as sustainable alternative technology. Mixed matrix 
membranes, combining the synergistic properties of a highly novel filler 
into a known polymer matrix, has been widely studied in literature. 
Tuning of permeability and selectivity was attempted by small loadings 
with commercial 4 A zeolite, which is a commonplace nanoporous 
available filler for the design of gas separation MMM [30]. The otucome 
of biopolymers in membrane technology has boosted the use of LCA tool 
to evaluate the environmental assessment of membrane fabrication in 
comparison with conventional membrane materials [19,22], especially 
cellulose acetate, which is fabricated from the most abundant poly
saccharide in nature (cellulose fiber) [15] and also with high potential 
to incrase the viability of biogas upgrading plants through membrane 
technology [31]. Chitosan, or poly[β(1→4)-2-amino-2-deoxy-d- 
glucopyranose] is a linear polysaccharide obtained from the deacetyla
tion of chitin, an abundant natural polymer cheap and present in 
renewable resources including fish food waste. Together with cellulose 
acetate, CS is one of the most studied biopolymers for CO2 separation 
membranes [32]. The lack of mechanical resistance can be overcome by 
blending with other polymers and hybridizing with small amounts of 
porous particles into a MMM, which may be achieved by focusing on the 
sustainability of the filler dispersed phase in the CS continuous matrix 
[33]. The study of the structure-property relationship effect of chitosan 
and film forming derivatives is relevant to the separation performance. 
Multi-objective optimization providing feedback to advance in mem
brane and process design have been evaluated in our group [14,29]. 
Recently, an integrated approach evaluating the environmental and 
economic performance of the production of UiO-66-NH2 adsorbents 
with affinity for CO2 capture [26] included in PIM-1 polymers to study 
their potential in membrane separation [13] considering lab-scale syn
thesis first and then applying LCA to hypothetical pilot-scale pro
ductions to evaluate the overall environmental impact.

The novelty of this research deals on the combination of environ
mental analysis of the fabrication of new CO2-selective chitosan-based 
membranes with the optimization of these membranes’ performance 
in the simultaneous recovery of CO2 and CH4 from a typical biogas 
effluent from anaerobic digestion plant. This way, the optimized energy 
consumption and membrane are introduced in the LCA model to eval
uate the environmental hotspots of the cradle-to-gate system. This 
methodology provides a flexible approach that includes scalability fac
tors and the consideration of the complexity of supply chains, such as an 
accurate accounting of the biological sources and processing methods. In 
addition, chitosan -based membranes are blended with cellulose acetate 
(CA) and starch, CA is the most common biopolymer in CO2/CH4 
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Table 1 
Scientific publications dealing with LCA and multi-objective studies using membranes.

Ref. Process Multi-objective optimization LCA scope Functional unit Impact factors**

[19] Preparation of PVA-based porous 
supports using aqueous solutions

N.A.* LCA cradle-to-gate, with Simapro and eco- 
invent 3 databases

1 m2 membrane 
surface area

11 CML impact categories: ADPE, ADPF, ODP, TEP, GWP, HTP, FWAEP, 
MAEP, POP, EP, AAP

[17] CO2/N2 separation by chitosan-based 
MMMs

N.A. The potential of bio-based membranes in 
CO2 separation

1000 m2 of 
permeation area

GWP, ODP, AC, EUT, EUF, EUM, HTC, HTNC, ECFM, LU, WU

[23] BSCF OTM for ASU in oxyfuel power 
generation

Needed [25] Environmental assessment of membrane 
fabrication and performance

1 kWh electricity 
produced

GWP, AP, EP, POCP, HTP, MAEP, FAEP

[26] CO2 capture post-combustion process Needed. Environmental impact comparison of CO2 

capture using three different 
configurations of 2-stage membrane unit

1 t CO2 from exhaust 
flue gas

CML-IA baseline method for 11 impact categories: ADPE, ADPF, ODP, TEP, 
GWP, HTP, FAEP, MAEP, POP, AP, EP.

[24] CO2 capture by high permselective 
polymer membranes based on PAN, 
PVIM P(AN-co-VIM)

Cumulative energy demand (CED) 
method

Specify the environmental impacts of CO2 

separation (EF)
CO2 adsorption 
capacity

ADP, GWP, ODP, HTP, FAEP, MAEP, TEP, POP, AP, EP

[27] CO2 adsorption by UiO− 66-NH2 

adsorbents vs MEA absorption
TEA (capital cost and operating cost, 
space-time yield STY)

Comparison of solvothermal and aqueous 
synthesis of UiO− 66-NH2 adsorbents

1 MWh electricity 
exported (t CO2eq/ 
MWh)

GWP

[21] Separation of methanol/THF Design of hybrid distillation- 
pervaporation process: energy 
requirements

Compare environmental impact of hybrid 
with stand-alone distillation process

1 kg solvent ReCiPe 2008 midpoint categories: GWP, ODP, TEP, FEP, MAEP, HTP, POFP, 
PMP, TEP, FAEP, MAEP, ionising radiation, agricultural land occupation, 
urban land occupation, natural land transformation, water depletion, MRD, 
FD.

[20] Separation of 2,5-furandicarboxylic 
acid by crystallization (A) and 
distillation (B)

Process modeling by Aspen Plus v9 
considering two scenarios of product 
purification

Comparison of scenarios. Gate -to-gate 1 kg/h FDCA GHG, NREU

[28] CA UF membrane fabrication Parametrized model to obtain 
material and energy flows from 
operating conditions

Evaluate environmental hotspots of 
membrane fabrication

1 m2 filtration 
surface in the HF 
module

ReCiPe endpoint: LU, GWP, FD, natural land transformation

[22] Cellulose membrane manufacturing by 
electrospinning

N.A. CED, IMPACT2002 + 1 batch electrospun 
membrane

15 ReCiPe midpoint categories: AAP, AEP, AEUP, GWP, IRP, MEP, HCTP, 
HNCTP, LUP, NREP, OLDP, RIP, ROP, TANP, TEP

[13] Production of UiO− 66-NH2-PIM 
MMMs

Techno-economic analysis, CED Cradle-to-gate 1 kg dry basis 
product

GWP, PMFP, TAP, FEP, HTP, WDP

[14, 29] Chitosan-based membranes for 
biogas upgrading

Techno economic analysis on purity and 
recovery targets for retentate and 
permeate streams

N.A. N.A.

specific energy consumption, 
membrane area needed (material 
requirements)

* N.A.: not available.
** AD: Abiotic depletion; GWP: Global warming; ODP: ozone layer depletion; HTTP: human toxicity; FAEP: Freshwater aquatic ecotoxicity; MAEP: marine aquatic ecotoxicity; TECP: terrestrial ecotoxicity; POP: 

photochemical oxidation; AP/ACI: acidification; EU/EP: eutrophication; FU: land use; FD: fossil fuel depletion; RINP: respiratory inorganics; NREU: non-renewable energy; MRD: mineral resources use; AC: acidification; 
EUT: eutrophication, terrestrial; EUF: eutrophication, freshwater; EUM: eutrophication, marine; HTC: human toxicity, carcinogenic; HTNC: human toxicity, non-carcinogenic; ECFM: ecotoxicity, marine; LU: land use; WU: 
water use.
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separation, and starch another biopolymer that can be obtained, such as 
chitosan, from biowaste.

2. Methodology

2.1. Experimental section

2.1.1. Materials
Chitosan (CS, from crab shells), starch (ST, potato starch), cellulose 

acetate (CA, 30 molecular weight) and zeolite A nanoparticles (Molec
ular sieves 4 A) were purchased from Sigma-Aldrich (Spain). Acetic acid 
glacial (CH₃COOH, M=60.05) was obtained from PANREAC (Spain), 
and deionized water was produced using Elix® technology. Poly
ethersulfone (PES) supports of 0.1 and 0.2 µm pore size were provided 
by Micromeritics (PALL, France), was used to provide with further 
mechanical robustness to the composite membranes.

2.1.2. Membrane preparation and characterization
Membranes were prepared from equimolar blends of CS:CA and CS: 

ST, from CS 1 wt% solutions in 1 wt% acetic acid/H2O, 1 or 4 wt% ST 
dissolved in water at 90ºC and 1.5 wt% CA in acetone. In a typical 
membrane preparation, the biopolymer solution was prepared by dis
solving equal amounts of CS and ST (0.5 g each) in 1 wt% aqueous acetic 
acid under reflux at 90◦C for 24 h with constant stirring, followed by 
vacuum filtration to remove impurities. Blends of CS:ST were prepared 
from 1 and 4 wt% starch solutions, in order to observe the effect on the 
membrane robustness and the selective membrane thickness, but the CS 
and ST were in an equimolar base ratio in all cases. For the CS:CA blends, 
the polymers were mixed from the previously prepared solutions, under 
stirring at room temperature for 24 h, also in an equimolar basis with 
respect to CS. Biopolymer membranes were fabricated via solution 
casting onto the PES support, and subjected to solvent evaporation at 
room temperature and further dried at 50ºC in oven without convection. 
The resulting membranes were peeled off for further analysis.

In order to try to tune up the swelling resistance and selectivity of the 
CS-based membranes, mixed matrix membranes were prepared in a 
similar way as reported elsewhere [8,33] using a commonplace nano
porous commercial zeolite 4 A as filler. Typically, a dispersion of zeolite 
nanoparticles in 2 mL H2O was added to each CS polymer blend solu
tions, to make up for a total loading ratio of 2.5 and 5 wt% with respect 
to the total solid polymer matrices. The nanoparticles were dispersed in 
6–8 mL polymer solutions and stirred for homogenization.

2.1.3. Characterization of the membranes
The thickness of the prepared membranes was measured using a 

Mitutoyo digimatic micrometer (IP 65, Japan) with an accuracy of 
0.001 mm. Measurements were taken at five points across the effective 
membrane area, and the average thickness along with the standard 
deviation was calculated.

Thermal stability was evaluated through thermogravimetric analysis 
(TGA) using a Shimadzu DTG-60H thermobalance in air and nitrogen 
atmospheres (50 cm3(STP) ⋅ min− 1). Membrane samples (1–5 mg) were 
placed in alumina pans and heated at a rate of 10 ºC/min up to 650 ºC.

Attenuated Total Reflectance Fourier-Transform Infrared Spectros
copy (ATR-FTIR) was performed using a Perkin Elmer Spectrum 65 FT- 
IR spectrometer to study molecular interactions on the membrane sur
face. The absorbance of membranes with varying compositions was 
recorded in the 500 cm⁻¹ range.

Scanning electron microscopy (SEM) images of the membrane cross- 
section were captured with an Inspect F50 model scanning electron 
microscope (FEI, operated at 10 kV).

X-ray diffraction (XRD) membrane patterns were collected in the 
range 2θ = 2.5 – 40º using a scanning rate of 0.01º s− 1 in an Empyrean 
PANalytical diffractometer (Malvern Panalytical) using a CuKα radia
tion (λ = 1.5406 Å).

2.1.4. Gas permeation measurement
The performance of the mixed matrix composite membranes was 

characterized using a custom-built gas separation setup reported else
where [33]. Membranes were cut to an effective area of 15.55 cm² and 
mounted in a stainless-steel module comprising two compartments. The 
membrane was positioned over a microporous stainless-steel disk sup
port with a pore size of 20 µm and sealed with Viton rings to prevent 
leakage. Pure gas streams of nitrogen (N2), methane (CH4), and carbon 
dioxide (CO2) were sequentially introduced in that order into the 
module to evaluate gas permeation at 20ºC and 4 bar feed pressure. The 
feed flow rate was set at 50 cm3(STP) ⋅ min− 1 by mass flow controllers 
(KOFLOC 8500, Sequopro S.L., Madrid, Spain). Each permeation 
experiment lasted for at least 1.5 h for every individual gas under 
investigation. The permeate flow rate was quantified using a bubble 
flow meter installed at the outlet of the membrane module. Mixed gas 
experiments were measured in the same plant by adjusting the CO2 and 
CH4 flowrate at the required composition, 50/50 (v/v%) or model 
biogas (35/65 v/v%). The permeate stream was finally measured using a 
BIOGAS5000 analyzer (Fonotest, USA).

The gas permeance is a measure of the pressure-normalized flux of 
the gas through the membrane, calculated by Eqn 1 and expressed in 
GPU, 
(

P
δ

)

i
= 10− 6⋅

Qp
(

pr − pp

)
⋅A

(1) 

where i denotes each gas molecule (N2, CH4 or CO2), δ, the membrane 
thickness (cm), Qp, the permeate flowrate measured at the exit of the 
plant (cm3(STP) ⋅ s− 1), A, the effective membrane area for permeation 
(cm2), pr and pp, the retentate and permeate pressure, respectively 
(cmHg). P is the intrinsic permeability of the membrane material for 
each gas (cm3(STP) cm cm− 2 cmHg− 1 s− 1). The permeability, when 
calculated, is given in Barrer (1 Barrer = 1010 ⋅ cm3(STP) cm cm− 2 

cmHg− 1 s− 1).
The ideal selectivity of the membrane is determined by the ratio of 

the permeability of two individual gas permeation fluxes, as 

α =
(P/δ)i

(P/δ)j
(2) 

Upon mixed gas separation experiments, the separation factor of the 
membrane unit is calculated by Eqn 3 from the mass fractions of i and j in 
the permeate (y) and retentate (x), as 

S.F. =

(
yi

/
yj

)

(
xi
/
xj
) (3) 

Since we have observed in previous works that the intrinsic selec
tivity of the membrane material in pure gas experiments and the sepa
ration factor in mixed gas experiments at the relatively low pressure of 
this work have similar values, we will use the values of ideal selectivity 
from Eq. (2) in the results and discussion section.

2.2. Life Cycle Assessment (LCA)

In this study, the methodological framework outlined by the Inter
national Organization for Standardization (ISO) 14040–44 [34,35] was 
employed to conduct a LCA. This methodology follows the systematic 
steps: goal and scope, life cycle inventory life cycle impact assessment 
and interpretation.

The goal of this LCA is to evaluate the environmental impacts asso
ciated to the biopolymer membrane fabrication and operation. The 
functional unit (FU) was defined as 1 m² of membrane surface area to 
compare the relative environmental impacts of the membrane fabrica
tion, and 1000 Nm3 ⋅ h− 1 to assess the environmental impacts in the 
optimized CO2/CH4 separation in a large-scale biogas upgrading plant 
capacity. This choice facilitates the comparison with existing literature 
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and ensures consistency in evaluating environmental impacts.
The analysis was performed from a cradle-to-gate perspective, as 

illustrated in the schematic diagram in Fig. 1. System boundaries include 
raw material extraction, the production of polymers, solvents and re
actants for the fabrication of membranes (e.g. chitosan from shrimp 
shells or heating-drying steps upon membrane fabrication).

The Life Cycle Inventory (LCI) step involved gathering both primary 
and secondary data. Primary data on membrane fabrication and 
permeation testing, were taken from the laboratory data as explained in 
the previous section. Secondary data, representing the background 
processes which complement the primary data to complete the assess
ment, were obtained from the literature on chitosan and starch fabri
cation from food waste, namely, chitosan shrimp shells and potato peels, 
respectively [36,37]. For the rest of the secondary data, the Ecoinvent 
v3.11 database [38] was used, with the geographical context set to 
Europe (EU-28) or global (GLO) depending on availability. This 
approach allowed the retrieval of existing data aligned with the objec
tives of the study, ensuring that the background processes were accu
rately represented in the LCA framework. The calculations for energy 
and material consumption upon membrane fabrication are based on the 
experimental data, with a scale-up approach applied following the 
methodology outlined by [39]. According to this, the heat and stirring 
energy consumption (Fig. 1) aimed to dissolve starch at 363 K under 
agitation at 300 rpm for 24 h can be calculated by Eqn 4. 

Qheat = Cp⋅mmix⋅(Tr − T0) (4) 

where Qheat is the energy to reach the set point temperature (J), Cp the 
specific heat capacity of the main solvent (J kg− 1⋅K− 1), mmix, the mass of 
the mixture (kg), Tr, the heating temperature (K) and T0 the starting 
temperature, usually 294.15 K.

Likewise, the energy consumption upon stirring is calculated 
assuming that the density of the mixture (ρmix) is the ratio of the mmix 
and the volume of the mixture (Vmix), and assuming an axial flow 
impeller, hydrofoil type is used for stirring. Then we can use the 
following equation, 

Estir =
Np⋅ρmix⋅N3⋅d5⋅t

ηstir
(5) 

where Np is a power dimensionless number according to the theory of 
dimensional analysis, specific to a certain type of impeller and constant 
at turbulent flow. For this study, stirring at turbulent flow is considered, 
so the power number is constant in Eqn 5. N, the rotational speed of the 
agitator, (s− 1), d, the impeller diameter (m), t, the time duration for the 
stirring process (s) and ηstir, the efficiency of the stirring.

The drying of the membrane involves evaporation of the main sol

vent, i.e. water, in this work. The calculation of the energy consumption 
for drying the membranes is carried out by Eqn 6, considering the energy 
required to raise the temperature of the liquid to boiling temperature, or 
373.15 K in this case, and the enthalpy for the evaporation of water at 
373.15 K, assuming that 80 % of the water bound in the membrane 
matrix is evaporated. 

Qdry =
Cp⋅mliq⋅(Tboil − T0) + ΔHvap⋅mvap

ηdry
(6) 

where Qdry is the heat necessary for drying (J), mliq, the mass of liquid of 
the solution (kg), Tboil, the boiling temperature of the liquid (K), ΔHvap, 
the evaporation enthalpy of water (solvent) (J kg− 1 ⋅ K− 1), mvap, the 
mass of the liquid that is evaporated (kg), ηdry, the drying efficiency.

After collecting the Life Cycle Inventory (LCI) data, the next step is to 
evaluate environmental impacts using the Life Cycle Impact Assessment 
(LCIA) methodology. This involves classifying emissions and resource 
use into the selected impact categories and characterizing them into 
standard units for comparison. The life cycle inventories of the fabri
cation of the chitosan blend composite membranes and mixed matrix 
membranes based in experimental and literature data are collected in 
the supplementary information. The ReCiPe Midpoint (H) method [40]
was applied to calculate these impacts, ensuring standardized and 
comparable results. The environmental impacts account for raw mate
rials, solvents, and energy and heat consumption throughout the 
manufacturing. The analysis focuses on key environmental indicators, 
including climate change (GWP), energy resource consumption 
(non-renewable, fossil; FD), and material resource depletion (metals and 
minerals; MD), relevant to identify the hotspots of the membrane syn
thesis in comparison with the synthesis of a fossil-fuel based commercial 
membrane. Then, the selected midpoint categories include climate 
change (GWP), energy resource consumption (non-renewable, fossil; 
FD), and material resource depletion (metals and minerals; MD). The 
influence of location, transportation and end of life falls outside the 
scope of the current study which is focused on the separation process 
itself. The analysis was performed in Excel and openLCA software [41]
with comparable results.

2.3. Multi-objective process optimization

In the membrane-based separation of CO2, N2 and CH4 from different 
sources, the purity and recovery of permeate and retentate streams are 
crucial to determine the technical viability of the process. However, in 
order to analyze the potential scalability, economic cost and energy 
consumption are critical indicators of technical feasibility. A diagram of 
the research strategy is shown in Fig. 2, summarizing these objectives 
and the steps proposed in the methodology applied to biogas upgrading.

Fig. 1. LCA system boundary of membrane module fabrication model.
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Multi-stage configurations are needed to achieve a high trade-off in 
purity and recovery in gas separation processes. The requirement of 
multiple membrane stages for effective gas separation processes implies 
the design of membrane networks and interconnections in superstruc
tures, to be solved using different programs or commercial packages of 
mathematical programming for optimization. Based on the experience 
of previous works [29,42], we propose a 3-stage membrane network for 
the separation of CO2 and CH4 from a typical biogas composition, shown 
in Fig. 3. This setup consist of 3-stage membrane units in series as 
regards the CO2-enriched permeate line, while the retentate is obtained 
from the mixing of the retentate outputs of all the membrane units, to 
recover simultaneously CO2 and CH4 from the biogas stream. The pro
cess optimization procedure applied to the separation of CO2 and CH4 is 
based on the maximizing purity and recovery of CO2 in the permeate 
outlet, with values ≥ 90 % as target objectives of the separation 
performance.

Membrane units are described by a cross-flow membrane model 
based on a cell-in-series assumption, where the membrane is divided 
into 100 equal-sized cells. The transport mechanism across the mem
brane is described by the solution-diffusion model, with the partial 
pressure difference as driving force [42].

Compression units, compressors and associated heat exchangers, are 
included in the permeate line to set the feed pressure and temperature at 
the inlet of each membrane unit, as well as in the feed line to the process. 
The use of an expander for the CH4 enriched product is also included in 
the calculation of total process costs.

The three-stage process is modelled as a custom-built programming 

of a nonlinear problem using GAMS software, which is one of the leading 
tools for algebraic modelling and optimization [43,44]. It consists of a 
language compiler and a stable of integrated high-performance solvers 
(GAMS Development Corp., GAMS Software GmbH).

Following the procedure detailed in previous studies [14,29,42], the 
formulation in mathematical terms is given by Eqn 7 as 

max f (x)                                                                                       (7)

s.t. hm(x) = 0, ∀ m                                                                              

gn(x) ≤ 0, ∀ n                                                                                     

x ∈ Rn, XL < x < XU                                                                            

where the objective function f(x) is defined as the sum of purity and 
recovery of components from the feed stream to the separation process, 
and subject to equality constraints hm(x) such as the material balances, 
separation process design equations, cost equations and correlations 
used in the economic analysis; as well as inequality constraints gn(x) to 
specify the lower and upper bound of operational variables.

The resulting NLP problem is solved in GAMS (v39.3.0) employing 
the CONOPT3 solver. Fig. 3 includes the main fixed and calculated 
variables at each stage and the multistage process outlet for CO2 and CH4 
separation and recovery. The input parameters correspond to the char
acterization of the membrane related to the separation performance, 
given by the CO2 permeance and the selectivity of the CO2/CH4 pair. 
Fixed variables are those corresponding to the feed stream (flowrate, 
composition and pressure), as well as the pressure ratio at which each 

Fig. 2. Schematic diagram of the research strategy for the techno-economical optimization of a membrane separation process, involving membrane and process 
design. Adapted from Abejón et al. [29].

Fig. 3. Flowsheet of a 3-stage membrane separation systems for the simultaneous separation of CO2 and CH4 from biogas. Summary of variables calculated at each 
stage and the multistage process outlet.
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membrane unit operates (p/po). The calculated variables are the related 
to the outlet streams at each stage (flowrate, composition, as well as 
purity and recovery of both components, CO2 and CH4); as well as the 
operation of membrane units, in terms of the membrane area required 
for the separation in each stage. The stage-cut variable, defined as the 
ratio of the permeate flowrate and the feed flowrate, is highlighted as a 
decision variable to achieve product specifications, with values ≥ 90 % 
purity and recovery of CO2 in the permeate outlet, as target objectives of 
the separation performance. Boundary conditions applied to stage-cut 
are 0.05–0.95,

The economic evaluation of the separation process is performed to 
estimate the total costs (TC) and its specific term per plant capacity 
(TCspecific), referred to the feed flowrate to the separation process (QFeed) 
and taking into account the on-stream factor (OSF, value 0.96) [29]. 
Total Costs are calculated from the contributions of cost terms related to 
capital costs (CC), operational costs (OC), and the cost of CH4 loss in the 
permeate at process outlet (LSC), according to equations Eqn 8, 9, 10 
and 11. 

TC = CC+OC+ LSC (8) 

TCspecific =
(CC + OC + LSC)

QFeedOSF
(9) 

FC = MEC+TUC+HEC+COC (10) 

OC = MRC+UC+ LC+ IC+MC (11) 

The capital costs (CC) are mainly based on the fixed costs (FC, Eq.10) 
corresponding to the investment in equipment, with the contributions of 
membrane modules (MEC), compressors (COC), heat exchangers (HEC) 
and turbines (TUC). Aspects such as project contingency and start-up 
costs are also included in capital costs.

The operation costs (OC, Eq. 11) are based on the consumption of the 
corresponding resources in terms of utilities (UC, electricity and cooling 
water), membrane replacement (MRC) and labor (LC); while the main
tenance and insurance costs (MC, IC) are functions of the total capital 
costs.

Table S1, in the Supporting Information, details the costs equations 
and related terms in the economic evaluation of the three-stage mem
brane separation process. The Chemical Engineering Plant Cost Index 
(CEPCI) is used, and those corresponding to the performance of the 
equipment are also referenced.

The results of process performance are then summarized per plant 
capacity (considering the feed flowrate basis), in terms of the total 
membrane area requirement (m2 ⋅ (Nm− 3 h− 1)), the specific total cost (€ 
Nm− 3), as well as the contributions of cost terms in fixed and operating 
costs, and the specific energy consumption (kWh Nm− 3).

3. Results and discussion

3.1. Membrane characterization

The membranes are experimentally characterized regarding thick
ness, thermal and microstructure properties among other techniques, 
that influence the morphology, i.e., thickness and homogeneous 
dispersion of the components in the membrane matrix and has an effect 
on the gas permeation performance. For the CS:ST unsupported mem
brane, the thermogravimetric analyses in Fig. 4 show the two degra
dation steps characteristic of chitosan and potato starch composite 
materials, corresponding to the loss of bound water (50–120ºC) and the 
polymer chain degradation (mainly between 498 and 623 K) [45,46]. 
When the CS:ST membrane is deposited on the PES support, the weight 
losses of CS:ST previously mentioned are maintained but now there is a 
predominant weight loss starting at 748 K, which corresponds to the 
degradation of PES. CS:CA and CS:ST supported membranes degrade at 
similar temperatures, although with CA it seems that the degradation of 

PES is slightly accelerated. The thermal stability seemed improved by 
the use of 4 wt% ST solution instead of 1 wt%, since the degradation 
temperatures are slightly shifted to higher values upon blending. The ST 
was more hydrophilic than CS, and thus these observations may be 
masked by the water sorption even after weeks after membrane testing.

More on this water uptake properties may be discerned in Fig. 5. The 
ATR-FTIR spectra CS:ST composite membranes reveal the characteristic 
bands of chitosan and starch dominate the scenery, as expected given the 
low zeolite 4 A ratio used in this work. The broad OH- band at around 
3335,8 cm− 1 due to the stretching of -OH groups in the biopolymers 
diminishes with increasing zeolite loading, together with the bands at 
around 1648 an 1373 cm− 1 assigned to the amide I band and amide II 
[47]. This responds to the hydrophilic character of this zeolite that 
partially adsorbs water in its porous framework [48] and contributes to 
the faster drying of the composite membrane upon preparation [49]. 
The weakening of the polymer peaks hints to the adhesion between the 
zeolite 4 A and the CS:ST blend matrix in agreement with the broad 
diffraction observed in the XRD patterns (Figure S1 of the Supplemen
tary information) and the thermograms of Fig. 4, leading to a defect-free 
membrane layer. A small band at 660 cm− 1 appears on the CS:CA mixed 
matrix membranes that may be attributed to the presence of the zeolite 
filler.

More insight of the homogeneity of the CS:ST top layer and the 
compatibility with the porous PES support can be discerned in the 
electron microscope images of Fig. 6. Fig. 6(d) is a larger magnification 
image of Fig. 6(c) to see the compatibility between the CS:ST top layer 
and the support. Furthermore, the MMM shows good adhesion between 
the zeolite and the polymer blends in the selective layer.

Using SEM micrographs, although the cut may make measurements 
difficult, the thickness of the selective layer can be estimated after gas 
permeation tests. The thickness of the CS:ST selective layer prepared 
with 4 wt% ST solution in the CS:ST(1:1) blend is approximately 3 µm, 
with a value for the MMM. The membrane prepared with 1 wt% ST 
shows a greater thickness of 6 µm. The thickness values of the top layers 
observed by SEM images are nevertheless lower than the thicknesses 
measured in the laboratory before the gas permeation experiments (see 
Table 2). These differences could be due to inaccuracies between both 
measurement methods and the compaction occurring during the gas 
separation measurements [50].

Table 2 collects the average results of the CS blend composite 
membranes regarding CO2 permeability and CO2/CH4 selectivity. CS:CA 
blend membranes observed CO2/CH4 selectivities commonly reported 
for CA membranes in literature, at the cost of a lower permeance. Cel
lulose acetate membranes generally have a CO2/CH4 selectivity of 
35–40 in single CH4 and CO2 permeation tests, while thin membranes 
measured with binary CO2/CH4 mixtures are usually reported at selec
tivity values of 15–20 [51], because of the high tendency of CA to 

Fig. 4. TGA of the CS:blend composite membranes prepared in this work.
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undergo plasticization. This phenomenon was not observed in our work 
at pressures up to 5 bar, but the permeability was low even though it was 
slightly improved by the addition of the porous zeolite 4 A filler, with 
affinity to water vapor and CO2 streams. On the other hand, CS:ST 
composite membranes showed a permeance closer to the commercial 
PDMS membrane at high selectivities.

We will analyze the sustainability and scalability of the fabrication 
and the scalability for biogas upgrading in the following sections.

3.2. Impacts of membrane fabrication

This section shows the results of the Life Cycle Assessment (LCA) 
conducted for the fabrication of the CS-blend membranes in Table 2. The 
experimental mass and energy inputs observed upon membrane fabri
cation in the laboratory are collected in Table 3 and Table 4 for CS:CA/ 
PES, and CS:ST/PES membranes. The energy consumption upon mem
brane fabrication was calculated as explained in Section 2.1.2 by Eqs. 
(4)-(6). The synthesis of chitosan was estimated as reported in literature 
to account for the fabrication of CS from fish residues. Likewise, for the 
synthesis of starch from potato peels the methodology of Fronza et al. 
[52] was followed.

The reference scenario in this case is the fabrication of the com
mercial PDMS-base membrane. The material and energy input flows 
were calculated from the composition and structural information pro
vided by the supplier, estimated for a membrane size equivalent to the 
CS:blend membranes prepared in the laboratory. The main parameters 
are given in Table 5.

Yet few LCA studies on membrane-based systems address membrane 
fabrication so it is difficult to compare the inventory the environmental 
impacts of the fabrication of the CS-based composite membranes in this 
work and the commercial fossil based PDMS membrane characterized as 
reference. The environmental impacts of the CS-blend composite 
membranes to global warming are dominated by the fossil energy con
sumption stages upon membrane preparation, quantified by Eqs. (4)-(6)
after Piccinno et al. [39]. While in the reference situation, the ReCiPe 
midpoint scores for the fabrication of 1 m2 conventional membrane 
reaches nearly 11 kg CO2-eq, and 7 kg oil-eq, respectively, in agreement 
with literature [28], the CS:CA based composite membranes give 5.2 kg 
CO2-eq and 2.7 kg oil-eq, and the substitution of organically dissolved 
CA by hydrophilic starch, 1.9 kg CO2-eq and 0.6 kg oil-eq. Much lower is 
the impact due to the fossil-based material resources of the preparation 
of the commercial membrane, except for the background processes 
associated with the obtention of chitosan polymer from fish waste, i.e., 
the NaOH and HCl needed for the extraction and neutralization of chitin 
from shrimp shells and the NaOH for the deacetylation of chitin to 
chitosan [36], or the acetone used to dissolve cellulose acetate before 
blending.

The environmental hotspots of membrane fabrication are high
lighted by the relative contribution of material and energy flows in 
Table 3 to the different environmental impact categories in Fig. 7. The 
flows with values of the environmental indicators lower than 0.01 kg 
equivalent per functional unit are not taken into account in this dis
cussion according the cut-off criteria. The functional unit for the eval
uation of the sustainability of membrane fabrication is 1 m2 surface 
area, to allow comparison with the literature. The major contributions 
are due to the polymers and solvents used, for the commercial mem
brane and also chitosan, because the production of HCl and NaOH still 
relies in energy intensive chemical processes. Also, the acetic acid that 
has been added to dissolve the chitosan in the membrane fabrication is 
derived from fossil resources. This agrees with literature. Among the 
first reports on LCA for membrane module fabrication were Lawler et al. 
[53], who observed that the membrane sheet in the whole RO module 
was responsible for the largest environmental impacts, due to the 
polymers and solvents used. CS:CA composite membranes were also 
prepared in our laboratory in an effort to improve both the mechanical 
and water-swelling resistance of CS and the plasticization tendency of 
CA. CA is not soluble in aqueous mixture, so acetone was employed in 
opposition to traditional organic solvents with environmental or human 
toxicity as studied by Prézélus et al. [28]. This allows us to confirm the 
effect of the fossil-derived organic solvents on the environmental im
pacts of membrane fabrication, because the impact of acetone used to 
dissolve CA before blending with CS surpasses that of the acetic acid 
used to facilitate the aqueous solution of CS. In fact, the contribution of 
acetone to GWP is equivalent to that of n-hexane in the commercial 
membrane. The impact of the CS and CA polymer fabrication to GWP is 
much lower than the PDMS used in the fabrication of the commercial 
membrane. In a future work, given the difficulty of dissolving CS in 
non-protonated form, acetic acid substitution by less intensive acids 
such as citric or lactic acid will be considered [54]. Likewise, the ad
vancements in the use of green solvents in conventional gas separation 
polymer, as PEBAX [55] can be also applied to reduce the significant 
impact of acetone in the CA solution preparation [56]. The impact cat
egories selection for this study agrees with the study of Prézélus et al. 
[28] for assessing the sustainability of CA membranes.

The contribution to overall impact categories of the energy con
sumption calculated for the scale-up of membrane fabrication is similar 
in all the membranes under study, as expected, since the calculations 

Fig. 5. ATR-FTIR of the CS-based composite membranes where CS was blended 
with ST (a) and CA (b), respectively.
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were adapted for the same dimensions and geometry of the laboratory- 
scale membranes [56].

3.3. Multi-objective optimization for biogas upgrading

Fig. 8 summarize the results of the optimization of the three-stage 
separation process for treating a biogas effluent of 1000 Nm3 h− 1 as 
reference composed by 35/65 (v/v%) CO2/CH4, to achieve the product 
specifications set at 90 % purity and recovery of CO2 in the permeate 
line (Fig. 3) while attempting to reach at least that target for the CH4 in 

the retentate line. Numerical data are collected in the Supporting In
formation, in Tables S2 and S3 of the economical assessment.

The multi-objective optimization runs of the CO2/CH4 separation are 
focused on the selected membranes with high selectivity (2.5 wt% 
zeolite 4 A/CS:ST), comparable to the membranes based on zeolite 4 A/ 
CS:CA blends, for which the optimization targets are more restrictive 
(95 % recovery and purity of CO2 and CH4 in the permeate and reten
tate, respectively). The pressure ratios for the operation of the mem
brane units considered in this study are set to 8 and 16, while the stage- 
cut is the decision variable, in a range of 0.05–0.95.

From the observation of results in Fig. 8(a) for an operation perfor
mance of the 1000 Nm3 h− 1 biogas treatment plant at a pressure ratio of 
p/p0 = 8 in each membrane unit, it is highlighted that the CO2 purity 
and recovery targets are reached by all the membranes under study, but 
the CH4 target is not reached by the pure polymer membranes, neither 
the CS:ST(1:1) or the commercial fossil fuel-based PDMS membrane. 
The MMM loaded with the small-pore commercial zeolite 4 A achieved 
the highest CH4 purity and recovery. This allowed the MMM to over
come the set target purification and recovery upon doubling the oper
ating pressure ratio to p/p0 = 16.

The lower permeability of CS:CA membranes induces a higher 
membrane area requirement [18], aggravating the fabrication impacts 
due to the acetone and acetic acid commented above seen that the flux of 
CS:ST blend membranes is larger than that of CS:CA blends, we specu
late the cased of a hypothetical membrane with the same selectivity as 
the fossil-based reference PDMS membrane and a permeability larger 
than 20000 Barrer, provided the advancements in the research of highly 
porous CO2-adsorbents [27,57] (see Figure S2 in the Supplementary 
information). In this case, in terms of specific costs, membrane area 

Fig. 6. SEM images of CS:ST/PES (1:1) membrane (a), 2.5 wt% zeolite 4 A/CS:ST membranes (b), both prepared from 4 wt% ST solution, and CS:ST/PES (1:1) 
prepared from 1 wt% ST solution (c,d).

Table 2 
Gas permeation through the biopolymer composite membranes measured in the 
laboratory.

Membrane Polymer 
matrix

Filler 
loading 
(wt%)

Active 
layer 
thickness 
(μm)

P 
(CO2)a

(GPU)

Selectivity 
(-)

Pervap4060 PDMS 0 3.25 419.7 
± 23

4.95

Zeolite 4 A CS:CA 
(1:1)

0.0 
2.5 
5.0

29 ± 7 
26 ± 12 
46 ± 9

2.6 
± 0.0 
4.5 
± 0.01 
5.2 
± 0.01

27.8 
22.8 
29.1

Zeolite 4 A CS:ST 
(1:1)

0.0 
2.5 
5.0

32 ± 7 
40 ± 5 
100 ± 0

137 ± 0 
316 ± 1 
150 ± 0

24.24 
30.7 
45.42

a The error is estimated from the measurement of two membranes.
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requirements and energy consumption, it is pointed out the technical 
and economic competitiveness of such a high permeability membrane 
makes the process viable despite the low selectivity, based on signifi
cantly low costs and membrane area requirements. In contrast, the 
operation at high-pressure ratios (p/p0 =16 versus 8) favored the eco
nomic competitiveness when working with the high selectivity mem
brane (2.5 wt% Zeolite 4 A/CS:ST), because the greater energy 
consumption due to the increase of pressure ratio is highly compensated 
by the reduction of the required membrane area, leading to lower total 
costs. Therefore, the choice of the operating pressure is a key analysis to 
address in order to reduce the processing costs.

The process performance and calculations of specific upgrading costs 
as well as energy requirements in Fig. 8. The lowest specific cost was 
0.31 € Nm− 3 for the case of the zeolite 4 A/CS:CA and 0.275 € Nm− 3 

when using the Zeolite 4 A/CS:ST membrane, corresponding to a plant 
capacity (1000 Nm3 h− 1 feed), operated with a pressure ratio of 16. This 
cost was considered competitive when compared to the reported costs in 
the literature for conventional polymer-based and zeolite type mem
branes [58]. The energy requirements in terms of specific energy con
sumption results ranged 0.48–0.77 kWh Nm− 3 (pressure ratios of 8 and 
16, respectively), which strengthen the competitiveness of the multi
stage membrane process compared to other technologies [59].

3.4. Environmental feasibility of CS-blend membranes in biogas upgrading

In Fig. 9 the absolute environmental impacts of the CS:ST based 

membranes including the optimization of membrane requirement and 
specific energy consumption for the 1000 Nm3 h− 1 biogas upgrading 
plant optimized in Section 3.3 are represented. Only the flows where 
the indicators present a value higher than 0.01 kg equivalent per func
tional unit are considered in the plot. Among the evaluated membranes, 
those blended with cellulose acetate (CS:CA) even filled with 2.5 and 
5 wt% zeolite show the highest GWP values, exceeding 400 kg CO₂-eq 
(Nm³⋅h⁻¹ )⁻¹ at 2.5 wt% loading. This is primarily attributed to their 
lower permeability and selectivity, which translates into significantly 
higher required area 159 m2⋅(Nm3 h− 1)− 1 than the commercial PDMS 
membrane. The use of acetone to dissolve the CA 1.5 wt% solution prior 
to blending with CS, contributes approximately 40–45 % of the total 
GWP. This is the reason why the energy for fabrication, particularly in 
the CS:CA membranes, contributes up to 30 % of the total impact, 
further exacerbating the environmental burden. In contrast, the 2.5 wt% 
zeolite A/CS:ST-PES membrane exhibit considerably lower GWP values, 
around 60 kg CO₂-eq (Nm³⋅h)⁻¹ ),⁻¹ closer to the commercial PDMS 
membrane GWP value of (10 kg CO₂-eq (Nm³⋅h⁻¹)⁻¹ ), due to improved 
membrane transport properties, which are translated into lower area 
requirements (Fig. 8(a)). For CS:ST-PES, the energy consumption upon 
fabrication still represents a major contributor (~45 %), but the overall 
impact remains moderate due to improved efficiency. The energy for 
operation stands out with a negligible contribution (<5 %) indicating its 
high potential for a future sustainable operation. Polymer matrix and the 
support layer contribute approximately 15–25 % of the total GWP, 
depending on the membrane. The incorporation of the inorganic 
dispersed phase is negligible at such a low loading (< 5 wt%).

As in the GWP results, the highest FD values are observed for the CS: 
CA-based membranes, particularly with 2.5 wt% zeolite, reaching 
values above 250 kg oil-eq Nm³⋅h⁻¹)⁻¹ . A major contributor to this 
impact category is the solvent, followed by the energy consumption 
upon membrane fabrication. The support and the polymer matrix 
contribute around 10–15 % and 10 %, respectively, while again the 
inorganic dispersed phase impact is negligible.

These observations are also proved by observing the total fossil re
sources demand, FD, of CS:ST/PES falls to 40 and 20 kg-oil (Nm³⋅h⁻¹)⁻¹ , 

Table 3 
Experimental input material and energy values for the CS:CA membranes (per 1 m2).

Membrane CS:CA 2.5 wt% Zeolite /CS:CA 5.0 wt% Zeolite /CS:CA Units Data source

Synthesis of chitosan NaOH 389.0 384.1 384.1 g [37]
HCl 62.30 62.18 62.18 g

Water 2011 1986 1986 g
Energy 329.6 325.4 0.325 kWh

Zeolite 4 A (commercial) Zeolite 4 A 0 1.029 2.058 g This work
Cellulose acetate (commercial) Cellulose acetate 23.15 22.86 22.57 g This work

Acetone 1520 1520 1520 g This work
Membrane Fabrication Water 1285 4279 4279 g This work

Acetic acid 61.74 61.74 61.74 g This work
PES 41.80 41.80 41.80 g This work
Energy 3087 3087 3.087 kWh This work

Table 4 
Experimental input material and energy values for the CS:ST membranes (per 1 m).

Membrane CS:ST 2.5 wt% Zeolite /CS:ST 5 wt% Zeolite /CS:ST Units Data source

Synthesis of chitosan NaOH 512.2 505.8 499.4 g [37]
HCl 82.90 81.87 81.87 g

Water 2648 2615 2615 g
Energy 433.9 428.5 0.4285 kWh

Synthesis of starch Water 30.86 30.48 30.10 g [38]
Energy 1.702 1.681 1.66 ⋅ 10− 3 kWh

Zeolite 4 A (commercial) Zeolite 4 A 0 1.029 0.003 g This work
Membrane Fabrication Water 5082 5082 5082 g This work

Acetic acid 61.74 61.74 61.74 g This work
PES 41.80 41.80 41.80 g This work
Energy 3093 3093 3.093 kWh This work

Table 5 
Main parameters for the reference membrane.

Parameter Value Units Data source

Polydimethylsiloxane 0.3 g Sulzer 
datasheet.Polyacrylonitrile (intermediate 

support)
0.07402 g

Polyester interwoven fibrous support 0.1518 g
Solvent (n-hexane) 9.7 g
Energy 6.01 ⋅ 10− 3 kWh This work.
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at 0 and 2.5 wt% filler loading, respectively, closer to the commercial 
PDMS membranes (10 kg oil-eq-Nm3 h)− 1), despite the higher perme
ability of the latter. In the case of CS:ST-PES, an improved membrane 
performance help minimize both operational and material-related 
burdens.

In contrast, MD contribution differs for each membrane, closely tied 
to material composition and performance. The dominant contributor in 
these systems is the polymer, which accounts for approximately 
45–50 % of the total impact and CS:CA based membranes exhibit the 
highest MD impact. This is followed by the contributions due to the 
solvent used (~30 %), i.e. the acetic acid used to facilitate the dissolu
tion in water during solution preparation and the acetone employed to 
dissolve the 1.5 wt% CA prior to blending with CS. Lower contributions 
pertain to the support layer (~10 %). The energy consumption upon 
fabrication represents a minor but non-negligible share (~5–8 % com
bined), with a slight increase observed in the zeolite-containing variants, 
likely due to added processing steps (Fig. 1). The filler contributes 
minimally in the second case (<3 %), though its role in improving 
selectivity and reducing operational demands may be beneficial as far as 
it is observed at this low loading of 2.5 – 5 wt%. In fact, the incorpo
ration of filler into CS:CA composite membranes slightly reduces the 
overall MD impact (~13–14 kg Cu-eq), due to improved membrane 
performance that reduces the necessary active area and hence the 
polymer and solvent demands. Membranes based on chitosan–starch 
(CS:ST) show lower MD values, around 8 kg Cu-eq (Nm³⋅h⁻¹)⁻¹ , due to 
their moderate permeability and reduced demand of fossil derived sol
vent (only acetic acid for the CS dissolution because ST is dissolved in 
water). In fact, the major contributor to all environmental impacts for 
CS:ST membranes is the energy employed for starch dissolution, which 
requires higher temperature. while the solvent for the dissolution of CA 
prior to the polymer blending (see Figure S3 in the Supplementary 
Information.

If we observe the environmental impacts of the best membrane 
achieved in this work, that is, the 2.5 wt% CS:ST composite membrane 
with the fossil-based PDMS commercial membrane and the hypothetical 
membrane included in Fig. 8, considering a similar sustainable polymer 
blend with high permeability and low selectivity, the CS background 
production becomes relevant in GWP, whereas the energy and solvent 
devoted for membrane fabrication becomes comparable to the com
mercial membrane in the other environmental impacts. The impact of 
the gas separation is no longer negligible in comparison with the com
mercial membrane. This exercise highlights the observations of previous 
works that pointed the higher impact of permeability than selectivity on 
CO2 separation performance [17]. Nevertheless, the process optimiza
tion revealed that the target objectives for biogas upgrading were hardly 
attained for a highly permeable, low selective membrane as for the 
commercial fossil-derived membrane.

4. Conclusions

This work provides an integrated experimental, multi-objective 
optimization, and life cycle assessment (LCA) study of membrane- 
based biogas upgrading. Chitosan (CS) membranes were prepared by 
blending with different biopolymers as starch (ST) and cellulose acetate, 
and hybridized by small-pore zeolite A to make mixed matrix composite 
membrane on compatible PES supports. The characterization revealed 
that the selective layer on was quite homogenous and the mechanical 
robustness improved by the loading ratio of zeolite particles, which 
showed good adhesion with the polymer matrices. The membranes 
performance was tested on the separation of a simulated biogas 
composition of 35:65 (v/v% CO2/CH4). The results demonstrate that 
membrane permeability and selectivity are critical drivers of the envi
ronmental impacts during operation. Membranes with lower transport 
properties, particularly the pure cellulose acetate (CS:CA) membrane, 
exhibited the highest environmental burdens in the three impact cate
gories (GWP, FD, MD). This is associated with increased area and 

Fig. 7.. Relative contributions of the membrane fabrication to the ReCiPe 
midpoint indicators: (a) GWP, (b) FD, and (c) MD, respectively. Light gray, gray 
and black: polymers (CS, CA, PDMS); Blue and light blue: Solvents (acetic acid 
or n-hexane); Violet: zeolite filler; Red and magenta: support (PES or PAN+PE); 
Green: Energy consumption upon membrane fabrication.
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material requirements upon fabrication. The solvent choice specially 
emerged as a major contributor, accounting for up to one-third of the 
fossil and mineral resource impacts.

The incorporation of small loading of inorganic fillers (2.5–5 wt%) 
into CS:CA membranes slightly improved separation performance, 
leading to lower environmental impacts. Chitosan–starch (CS:ST) mixed 
matrix supported membranes improved the environmental profile of CS- 
based membranes, due to reduced organic solvent burden and improved 

transport properties that reduced both material and operational energy 
requirements.

High environmental impacts are not solely a function of raw material 
use, but are strongly driven by efficiency-related parameters such as 
permeability and selectivity, which are key performance parameters for 
reducing the area required and then, energy and solvent consumption, 
improving the overall sustainability of membrane-based separation 
processes. These findings underscore the importance of combining 

Fig. 8. Summary of the results of the multistage separation process to achieve product specifications for 90 % purity and recovery of CO2. Plant capacity= 1000 Nm3 

h− 1: (a) p/p0 = 4:0.5 (bar), (b) p/p0 = 8:0.5 (bar). Light grey: CS:CA membrane, red: 5 wt% zeolite/CS:CA membrane, green: 5 wt%/CS:CA membrane; grey: CS:ST 
membrane, magenta: 2.5 wt% zeolite/CS:ST membrane; blue: hypothetical membrane; black: PDMS reference.
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material innovation (e.g., high-performance polymers, fillers [57] and 
green solvents [16,60]) with process optimization (e.g., solvent recov
ery, reduced membrane thickness) to develop sustainable membrane 
systems for gas separation applications.

Nomenclature

A Effective membrane area for permeation (cm2)
ACI Acidification
AD Abiotic depletion
AP Acidification
ATR-FTIR Attenuated Total Reflectance Fourier-Transform Infrared 

Spectroscopy
BSCF Oxide perovskite
CA Cellulose acetate
CC Climate change
CCU Carbon capture and utilization
CED Cumulative energy demand
CS Chitosan
CH4 Methane
CO2 Carbon dioxide
Cp Specific heat capacity of the main solvent (J kg− 1⋅K− 1)
d Impeller diameter (m)
ECFM Ecotoxicity, marine
EP Eutrophication
EQ Ecosystem quality
ETS-10 Microporous titanosilicate
ERDP Energy resource depletion potential
EU Eutrophication
EUF Eutrophication, freshwater
EUM Eutrophication, marine
EUT Eutrophication, terrestrial
FAEP Freshwater aquatic ecotoxicity
FD Fossil fuel depletion
FU Functional unit
GWP Global warming potential
HCl Hydrochloric acid
HH Human health
HTC Human toxicity, carcinogenic
HTNC Human toxicity, non-carcinogenic
HTTP Human toxicity
H2O Water
ISO International organization for standardization
LCA Life cycle assessment
LCI Life cycle inventory
LCIA Life cycle impact assessment
LU Land use
MAEP Marine aquatic ecotoxicity
MD Material depletion
MMM Mixed matrix membrane
MRD Mineral resources use
MRDP Energy resource depletion potential
mmix Mass of the mixture (kg)
mliq Mass of liquid of the solution (kg)
mvap Mass of the liquid that is evaporated (kg)
NaOH Sodium hidroxide
NREU Non-renewable energy
N rotational speed of the agitator (s− 1)
Np Power dimensionless number
N2 Nitrogen
P Intrinsic permeability of the membrane for each gas 

(cm3(STP) cm cm− 2 cmHg− 1 s− 1).
PAN Polyacrylonitrile
PDMS Polydimethylsiloxane
PES Polyethersulfone
PIM-1 Intrinsic Microporous Polymer 1

Fig. 9. GWP (a), FD (b) and MD (c) impact assessment of gas separation by 
membrane, for the system cradle-to-gate for a plant capacity treating 1000 Nm3 

h− 1 biogas at p/p0 = 8:0.5 pressure ratio. Light gray, gray and black: polymers 
(CS, CA or PDMS); Blue or light blue: Solvents (acetic acid or n-hexane); Violet: 
zeolite filler; Red and magenta: support (PES or PAN+PE); Green: Energy 
consumption upon membrane fabrication; Yellow: energy consumption upon 
gas separation.
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POP Photochemical oxidation
PVA Polyvinyl alcohol
PVIM Polyvinylimidazole
pp permeate pressure (cmHg)
pr retentate pressure (cmHg)
Qdry Heat necessary for drying (J)
Qheat Energy to reach the set point temperature (J)
RD Resource depletion
RINP Respiratory inorganics
SEM Scanning electron microscopy
S.F Separation factor, Eq. (3).
ST Starch
t Time duration for the stirring process (s)
TECP Terrestrial ecotoxicity
TGA Thermogravimetric analysis
THF Tetrahydrofuran
Tboil Boiling temperature of the liquid (K)
Tr Heating temperature (K)
T0 Starting temperature (K)
UF Ultrafiltration
UiO-66-NH2 Metal organic framework (MOF) University of Oslo 66
Vmix Volume of the mixture (cm3)
WU Water use
XRD X-ray diffraction
α Ideal Selectivity, Eq. (2).
δ Membrane thickness (cm)
ρmix Density of the mixture (g cm− 3)
ηdry Drying efficiency
ηstir Efficiency of the stirring
ΔHvap Evaporation enthalpy of water (J kg− 1⋅K− 1)
p/p0 Pressure ratio
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