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Abstract: The effective separation of CO, and CHy mixtures is essential for many applications,
such as biogas upgrading, natural gas sweetening or enhanced oil recovery. Membrane separations
can contribute greatly in these tasks, and innovative membrane materials are being developed for
this gas separation. The aim of this work is the evaluation of the potential of two types of highly
CO,-permeable membranes (modified commercial polydimethylsiloxane and non-commercial ionic
liquid—chitosan composite membranes) whose selective layers possess different hydrophobic and
hydrophilic characteristics for the separation of CO,/CH4 mixtures. The study of the technical
performance of the selected membranes can provide a better understanding of their potentiality. The
optimization of the performance of hollow fiber modules for both types of membranes was carried
out by a “distance-to-target” approach that considered multiple objectives related to the purities and
recovery of both gases. The results demonstrated that the ionic liquid—-chitosan composite membranes
improved the performance of other innovative membranes, with purity and recovery percentage
values of 86 and 95%, respectively, for CO, in the permeate stream, and 97 and 92% for CHy in the
retentate stream. The developed multiobjective optimization allowed for the determination of the
optimal process design and performance parameters, such as the membrane area, pressure ratio
and stage cut required to achieve maximum values for component separation in terms of purity
and recovery. Since the purities and recoveries obtained were not enough to fulfill the requirements
imposed on CO, and CHy streams to be directly valorized, the design of more complex multi-stage
separation systems was also proposed by the application of this optimization methodology, which is
considered as a useful tool to advance the implementation of the membrane separation processes.

Keywords: gas separation; membranes; COy; CHy; hollow fibers; “distance to target” multiobjec-

tive optimization

1. Introduction

Membrane separation processes are considered to be of great potential in addressing
the drawbacks of conventionally based amine processes for CO; capture and for natural
gas sweetening or biogas upgrading [1,2]. For the separation of CO, from CHy, the
first biogas upgrading plants were installed with technologies used in the natural gas
industrial processing. For biogas upgradation, several technologies are currently available,
ranging from absorption, adsorption and membrane-based gas permeation; in addition,
advancements are being made in the direction of cryogenic separation, in situ methane
enrichment and hybrid membrane-cryogenic technologies. The market situation for biogas
upgrading has changed rapidly in recent years, making membrane separation achieve a
significant market share with traditional biogas upgrading technologies [3,4]. Membrane
gas separation is a mature and expanding technology, as covered in the perspective analysis
performed by Galizia et al. [5], who pointed out that the availability of better membrane
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materials, meaning a higher permeation without compromising selectivity and stability,
would promote faster growth.

The separation mechanism of a membrane gas permeation is usually a compromise
between selectivity and permeability, which are the key parameters of the membrane
performance. Remarking some studies that compiled and reviewed membrane materials
for CO,/CHy, separation [6-10], the characteristics of some representative materials were
given in terms of CO, permeability and ideal selectivity (CO,/CHy). Among the most
representative materials studied for CO,/CHy,4 separation, it was pointed out that cellulose
acetate was the most used polymer for large scale CO, separation, despite a significant se-
lectivity reduction when processing a highly pressurized natural gas mixture in comparison
to single gas permeability data. This is due to a possible effect of plasticization, it being the
scope for investigating other polymeric materials that are more stable at process conditions,
such as polydimethylsiloxane (PDMS) [11]. The development of new membrane materials,
including polymers and hybrid materials, will rely on a multidisciplinary approach that
embraces the broad fields of chemical and materials engineering, polymer science and
materials chemistry, as well as accurate process understanding in order to close the gap
with their implementation in large scale applications [5,12].

A major challenge for developing effective gas separation membranes is overcoming
the well-known permeability—selectivity trade-off for light gases in polymeric materials,
which leads to an upper bound that serves as reference for evaluating the advances in highly
permselective membrane materials, and, in turn, influencing the material design [13-16].
The efforts for enhanced CO,/CH, separation have been focused on the development of
large-scale projects by improving stability and efficiency, which are linked to the innova-
tion of materials, thermally rearranged (TR) polymers, polymers of intrinsic microporosity
(PIM), which are two types of polymers that consistently perform at or beyond the polymer
upper bound for certain gas pairs (O, /N; and CO,/CHy,), biopolymer-based membranes
and mixed matrix membranes (MMM) formulations and blending systems, where ionic
liquids were included [14,15,17-24]. The routes to develop better membranes were cov-
ered in these referenced reviews, which introduce some large-scale applications where
better membranes based on new advanced materials could be implemented. Five different
approaches to better materials have been described: (i) unconventional-conventional poly-
mers, (ii) nano-porous polymers with PIMs and TR polymers as examples, (iii) facilitated
transport materials, (iv) mixed matrix membranes that are also revitalized by new sieve
materials, such as metal-organic frameworks (MOFs), and (v) inorganic membranes with
excellent stability but scale-up difficulties. From a series of large gas separation applica-
tions where better membranes would either greatly expand their use or allow for entry
into a new market, an estimation of the membrane permeance and selectivity required to
achieve commercial viability was included [5]. The target membrane performance for the
competitive separation of CO,/CH, in CO; removal from natural gas required a selectivity
in the range of 20-30 and a CO, permeance above 100 GPU in order to capture a portion of
the much larger amine absorption market.

Superglassy membranes have also been proposed in hybrid membrane/amine pro-
cesses for natural gas sweetening, as reported recently [25], with recommendations for
further research on producing mixed matrix membranes of superglassy polymers with
anti-aging properties, mixing superglassy polymers with porous and non-porous fillers to
overcome physical aging and thin film composite membranes.

The hydrophobic or hydrophilic character of the membranes was also considered
of relevance, as they were affected differently to the CO, and CH, permeances in the
presence of impurities (such as water vapor or other non-methane hydrocarbons as minor
components). The hydrophilicity can be tuned up by modifying the membrane mate-
rial composition, covered in more detail in recent publications related to mixed matrix
membranes [26-28], resulting in the innovation of materials that may contribute to the inte-
gration of the membrane technology in real scale production plants. Multilayer composite
membranes also offer the possibility to optimize membrane layer materials independently,
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allowing for the transfer of the selective layer properties to different geometries, which
could be more easily implemented at a large scale [29].

The outlook related to the opportunities for advancing membranes given by Park
et al. [16] included the tasks of modeling at all length scales as needed in order to develop
a coherent molecular understanding of key features, from membrane properties, which
provide insight for future materials design, to membrane configuration and module design,
as well as the membrane process optimization (operating conditions, product quality
targets). Remarking the efforts toward the modeling and optimization tasks in conjunction
with the materials innovation aspects, Ohs et al. [30] demonstrated the use of upper-bound
properties of membranes coupled with process modeling to identify economically optimal
combinations of permeability and selectivity in the reported study for nitrogen removal
from natural gas. Such studies for other gas separations of interest would be desirable
in order to provide appropriate targets for materials design, show the opportunities for
membranes in both existing and emerging applications and implement the methodologies
to scale promising membranes from laboratory studies to the thousands of square meters
needed for large applications. All of these purposes need the modeling and optimization
tasks for the process design to effectively address separation requirements.

Taking into account the remarked keys, the main objective of this work is to realize a
complete comparison of the performance of different non-commercial CO,/CHy selective
membranes (modified commercial hydrophobic PDMS and non-commercial hydrophilic
ionic liquid—chitosan (IL-CS) composite membranes previously developed and character-
ized by this research group) and to identify the optimal design and operation conditions
that maximize their technical performance.

The membranes used for this study are flat-sheet composite membranes, the com-
mercial PERVAP 4060 (DeltaMem AG, CH-Allschwil) with a 1-1.5 pm thick PDMS top
layer and a total thickness of 180 um, which was also modified by a NaOH treatment in
order to enhance the attraction of CO, more preferentially and a self-prepared IL-CS/PES
composite membrane fabricated in our laboratory with a similar selective layer thickness
as the commercial hydrophobic membrane.

These membranes were selected due to their promising permeance and selectivity
from gas permeation studies covering the separations of CO,/N; and CO,/CHy, in pre-
vious works of the research group [24,28], focusing, in this study, on (i) the modification
of a commercial PDMS membrane by a NaOH treatment to attract CO, preferentially,
and (ii) the use of a biopolymer-based membrane (with ionic liquid inclusion) in a robust
support as the proposed options for tuning up the membrane separation properties. The
performance of these membranes from single gas permeation tests and the surface charac-
terization studies by ATR-FTIR were also reported elsewhere, the NaOH treatment being
remarkable, and the enhanced CO,/CHy separation ability of the membranes containing
ionic liquid due to the strong absorption selectivity towards CO,. The effect of the ionic
liquid addition was also reported in the literature [31,32], with the use of room temperature
ionic liquids to improve the interphase morphologies of membranes in mixed matrix mem-
branes, and the study of gas transport properties of tailored CO,-philic anionic poly (ionic
liquid) composite membranes. The hybridization effect of chitosan (CS) by introducing
a determined percentage by weight of a highly CO;-absorbing ionic liquid was further
considered in order to improve the selectivity of pure CS membranes.

Since the optimization of the performance of a membrane module for gas separation
is not a trivial task (multiple objectives related to the purities and recoveries of the dif-
ferent gases present in the mixture must be considered), a “distance-to-target” approach
can provide valuable results. Standard multiobjective optimization methods, such as ¢-
constraints, result in Pareto fronts when applied to two objectives, or Pareto surfaces when
three objectives are considered [33,34]. In these Pareto solutions, none of the conflicting
objective functions can be improved in value without degrading some of the other objective
values. However, when more than three objectives are simultaneously considered, the
corresponding Pareto sets of solutions become more complex and cannot be translated as a
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simple graphical representation. Besides, if additional subjective preference information is
not defined, all of the Pareto solutions can be considered equally good, and the selection of
the optimal conditions of a preferred unique solution is not direct. In contrast, a “distance
to target” approach provides some advantages when compared to the mentioned standard
multiobjective optimization methods [35]. For example, this approach provides a single
Pareto solution rather than Pareto sets of solutions regardless of the numbers of objectives
defined. As this optimization approach provides practical guidelines by measuring and
quantifying the magnitude toward previously defined targets, this single Pareto solution is
determined by the minimization of its distance to the objective values. Consequently, the
“distance to target” approach applied in this work provides a better scenario for the direct
comparison of the several alternative membranes for the separation of gas mixtures.

2. Modeling
2.1. Model Development

Although there are numerous models reported in the literature for gas separation by
hollow fiber permeators, most of them are based on a differential approach [36]. Typically,
a set of coupled nonlinear differential equations are solved to define the module perfor-
mance. The resulting set of differential equations, together with the specified feed flow
rate, pressure and composition, as well as the permeate outlet pressure, form a boundary
value problem. Iterative techniques can be used to solve these problems, but this method-
ology can be burdensome when complex considerations are taken into account, such as
multicomponent mixtures, non-constant permeability coefficients, temperature effects or
multi-stage configurations. As a result of these reasons, an alternative strategy has been
adopted in this work. The representative hollow fiber is divided into a series of n perfectly
mixed stages in the axial direction, and mass balances are enforced in each section. This
procedure is formally equivalent to using first order finite differences to develop a set of
coupled difference equations from the differential mass balances for this problem [37]. The
bore-side feed countercurrent flow arrangement is the most frequently used configuration
for gas separation using asymmetric hollow fiber membranes, and a mathematical model
is thus developed here for this configuration (Figure 1). The main assumptions employed
in the model development are:

—  The deformation of the hollow fibers under pressure is negligible;

— The membrane permeability is independent of the concentration and pressure;

—  The pressure changes in the retentate and permeate streams in the lumen and shell
sides are negligible;

— The concentration polarization on both sides of the membrane is negligible;

—  The gas flows are evenly distributed, and the end effects resulting from flow direction
changes are negligible;

— The gas on the lumen and shell sides of the hollow fibers is in a plug flow;

— The membrane module is operated at a steady state.

Cell1 Cell 2 Celli-1 Celli Celli+1 Celln-1 Celln
P, Pe
Fin Xa1 Xa2 Xai-1 Xai Xais1 Xan-1 Xan Fout
—_— —— FITT TN S —— —— A P o> ——
Xain | I | Ja2 1 A1 | Jai | Jaisa 1 Jan-1 | Jan [ Xaout
Qo v v v v v v v
— —t— PR wee -—— —t— PR TR . ——
Y Ya1 Ya2 Yai1 Yai Yais1 Yan-1 Yan
Aout
Py Pq

Figure 1. Scheme of the bore-side feed countercurrent flow arrangement considered in this work.

The model is based on the corresponding global and by components material balances
to the module and the n stages, coupled with the definition of the gas permeation through
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the membrane. Only the equations for the most permeable component A are described
here in details, and the equations of the least permeable compound B are equivalent:
Material balances on the module

Fin = Fout + Qout 1
Fi X pin = Fout*X pout + Qout']/Aout ()
Fi-xBin = FoutXBout + Qout‘yBout (©)]

Material balances on the cell (global, on the tube side and on the shell side)

Fin(i) + Qin(i) = Fout(i) + Qout(i) 4)
Fintiy = Four(iy + J i) ®)
Qin(iy T Ji) = Qout(i) (6)
Flow across the membrane
ity = Jaa) + s @)
Ja@y = Perma-Ap- (PF'XA(i) - PQ'yA(i)) 8
JB(iy = Permp-Ap- (PF'xB(z’) - PQ'yB(i)) )
Cell continuity
Fin(i) = Fout(i—l) (10)
XAin(i) = XA(i-1) (11)
Qin(i) = Qout(i+1) (12)
Yain(iy = YA(i+1) (13)
Relationship between individual and total flows (definition of molar fractions)
Fpin(iy = Fin(iy X a(i-1) (14)
FAout(i) = Fout(i)'xA(i) (15)
Qain(i) = Qin(i) Y A(i+1) (16)
QAout(i) = Qout(i) Y A(x) (17)

Membrane transport properties: the number 2736 in Equation (18) is the conversion
factor from the membrane permeability (Perm) expressed in GPU to specific gas perme-
abilities (Permy4 and Permp) expressed in m3(STp) /m?-h-atm (1 m3 stP)/ m?-h-atm = 2736

GPU)
Permy = I;;% (18)
Permp = % (19)
Definition of process design and performance parameters.
Purity, = 100-% = 100.% = 100y gour (20)
Recovery 4 = 100- Qaout _ 100-M (21)

Fpin Fiyx pin
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F Fout:
Purityp = 100- 224 — 100.~24 2B _ 100,50, (22)
out Fout
F Four:
Recoveryg = 100- 224 — 100. 2t XBout (23)
Fgin Fin-Xpin
Stage cut = %‘M (24)
i

These defined purities and recoveries must be considered as the main indicators
of the performance of the separation process, and specifications can be fixed to these
parameters. Therefore, the optimization of the process will focus on the achievement
of maximal purities and recoveries as functions of the optimal pressures on both sides
of the membrane and the module stage cut (which defined the total membrane area of
the module) for each feed composition. However, the optimization of the design and
operation of a hollow fiber module for gas separation is not a trivial task. In most cases,
both gases are considered products, and, consequently, purity and recovery requirements
will be imposed. In these circumstances, contradictory objectives must be counterbalanced,
since it is not possible to maximize purity and recovery simultaneously. Therefore, a
multiobjective problem must be defined, with at least four different conflicting targets
(purities and recoveries of both gases), although a higher number of objectives could
appear if the membrane area, energy consumption or economic aspects are considered
as additional relevant targets. The discarding of standard multiobjective optimization
methods, such as e-constraints, can be justified in order to overcome this drawback, by
proposing a methodology based on a “distance-to-target” approach. For example, this
approach can provide a single Pareto solution rather than Pareto sets of solutions based
on the distance to the objective values. In addition, this approach is more adequate in
identifying the best way to improve suboptimal solutions by finding minimal projections
onto the optimal limits [38]. The Euclidean distance between the individual solutions
and the optimization targets of a problem can be used as base of this approach [39]. The
Euclidean distance D in an n-dimension space is defined by Equation (25):

D= i(ci -G;)* (25)

1

where C; are the components of the vector to be optimized and G; are those of the specified
target. In this work, the components of the vector target include the purities and recov-
eries of both gases present in the CO, /CH4 mixture. In the current study, a normalized
equally weighted distance Dy was employed as the main indicator to identify the optimal
performance of the gas separation process, applying Equation (26):

be__ D __YEG-G)
N7 900/ 100v/n

where n represents the number of dimensions of the space (number of objectives). Since
the four objectives considered in this work were percentages, the presence of 100 in
the denominator implied that the definition of Dy warranted the distance values to be
normalized in the range between 0 (closest to the target) and 1 (furthest to the target),
so a direct and easily comparable outlook of the results was obtained (another clear
advantage over conventional multiobjective optimization methods). In this case, since
the four objectives must be maximized, all of the components of the normalized target
vector were equal to 100. The modelling and optimization tasks were performed by using
the GAMS programming language (The General Algebraic Modeling System), the CONOPT
solver being selected.

(26)
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2.2. Model Validation: Determining the Number of Cells from a Reference System

Before the validation of the model developed in this work, an internal parameter
that determines the performance of the model must be defined: the number of cells to
comprise each membrane fiber, taking a reference system. Figure 2 shows the evolution
of the recovery of O, (permeate) and the corresponding purity for the separation of air
with fibers made of cellulose acetate as function of the number of cells considered in the
model [40].

100

90 4
80
I I B S ® ®
S e e
g
g 604
o
o
2
T
&
> 40 4 P P
% —
-8 30 A
20 A
—&—Purity O2
10 1
—&—Recovery 02
0 I | —
1.0 10.0 100.0

Number of stages

Figure 2. Evolution of the recovery and purity of O, (permeate) as function of the modelled number
of cells considered in the membrane module.

The selection of the number of cells must take into account the balance between the
precision of the model and its calculation load. On the one hand, when a low number of
cells was chosen, the corresponding calculation load is light and the model can be run fast,
but the obtained result can be imprecise and inadequate in representing the system. As an
example, if the design selected 10 cells, the number of equations required was 321, with
882 non-zero elements in the model. On the other hand, a high number of cells can obtain
much more precise results, but at the expense of heavy calculation loads. For instance, the
consideration of 300 cells increased the number of equations to 9891, and 27,562 non-zero
elements were included in the model. Under these higher load conditions, the model
obtained a 40.0% purity and 76.1% recovery, whereas the corresponding values in the case
of 10 cells were 39.2% and 74.5%, respectively (the underestimation of the parameters was
above 2% in both cases). The selection of 100 cells was preferred in this work, as it provides
an adequate compromise between the model load (3291 equations and 9162 non-zero
elements) and its precision (underestimation not higher than 0.15% when compared to the
selection of 300 cells).

In order to validate the developed mathematical model, the values predicted by
the model were compared to experimental data previously published for air separation
employing cellulose-acetate-based asymmetric hollow fibers [40]. Figure 3 presents the
experimental and calculated O, and N, molar fractions in the obtained permeate and
retentate streams, respectively, as a function of the stage cut (which correlates the feed
and retentate streams through the total membrane area available for permeation) for the
bore-side feed countercurrent flow conditions.
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Figure 3. Experimental and calculated O, and N, molar fractions in the obtained permeate and
retentate streams, respectively, as a function of stage cut.

The agreement between the experimental data and the modeled predictions is satis-
factory. The R? values of the correlation lines between the concentrations obtained from
the model and the experimental ones were 0.993 and 0.998 for O, and Ny, respectively. The
comparative analysis of the results revealed that the model underestimated the productiv-
ity of the membrane, with modeled O, concentrations slightly lower than the experimental
ones (below 2% in average), especially for the lowest stage cut values. Therefore, this case
was not subjected to the overestimation of the membrane productivity that was previously
reported by some authors when the pressure losses of the lumen side of the membrane
were not considered [31].

3. Case Study to Optimize: Separation of CO,/CH, with Both Components as Targets

This study is focused on the estimation of the potential of different non-commercial
membranes for the separation of CO,/CH,, working with two types of highly CO;-
permeable membranes whose selective layers possess different hydrophobic and hy-
drophilic characteristics. These membranes may be employed for different applications
where the separation of both gases is required, such as biogas upgrading, natural gas
sweetening or enhanced oil recovery [31,32,41]. The study of the technical performance of
the selected membranes can provide a better understanding of their potentiality.

The two types of membranes selected for this study were: (i) a modified commercial
hydrophobic membrane with a polydimethylsiloxane (PDMS) top layer (DeltaMem AG,
CH-Allschwil) and (ii) a hydrophilic flat sheet composite membrane with a hydrophilic
ionic liquid—chitosan (IL-CS) thin layer on a commercial polyethersulfone (PES) support
developed in our laboratory. The chitosan biopolymer (CS matrix hybridized with 1-ethyl-
3-methylimidazolium acetate ([emim][ac]) ionic liquid (IL) as filler) was coated on the
polyethersulfone (PES) support, as the surface modification of robust supports provided the
option of tuning up the membrane separation properties and decreasing the probability of
defects when the thickness of the membranes was significantly reduced. Both membranes
were immersed in NaOH 1M solutions and washed thoroughly before characterization.
The NaOH treatment was used to enhance the affinity towards acid gas molecules, such
as CO,, contributing to increasing the CO, separation properties from other gases and,
therefore, leading to a higher selectivity.

These membranes were selected due to their promising permeance and selectivity
parameters among different flat sheet dense and thin film composite membranes after gas
permeation experiments covering the gas mixtures CO, /N, and CO,/CHy carried out in
previous studies of the research group [24,28,42]. The configurations of the polymeric dense
layer on a porous support in the type of thin film composite membrane, flat-sheet or hollow
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fiber, were considered, as multilayer composite membranes also offer the possibility to
optimize membrane layer materials independently, allowing for the transfer of the selective
layer properties to different geometries that could be more easily implemented at a large
scale.

The membranes used for this study are flat-sheet composite membranes, the com-
mercial PERVAP 4060 (DeltaMem AG, CH-Allschwil) with a 1-1.5 pm thick PDMS top
layer and a total thickness of 180 um, which was modified by a NaOH treatment, and a
self-prepared hydrophilic IL-CS/PES composite membrane fabricated in our laboratory
with a similar selective layer thickness and the same NaOH treatment as the commercial
hydrophobic membrane. The performance parameters were obtained from gas permeation
experiments, in a laboratory stainless-steel cell, which provided an effective membrane
area of 15.6 cm?, operating at 298 K and a feed pressure of 2 atm (pressure ratio 4).

The permeance and selectivity parameters for the two types of membranes are com-
piled in Table 1. The performance of these membranes in terms of the Robeson’s upper
bound, as a useful screening tool for the development or innovation in membrane materials,
and the surface characterization studies by ATR-FTIR, were also reported elsewhere [24],
the NaOH treatment being particularly remarkable in attracting CO, preferentially. These
data sets are required for the evaluation of the process performance, focusing on the tasks
of (i) membrane system modelling (flow patterns), (ii) sensitivity analysis in the simulation
of a single stage process, multistage or hybrid configurations and (iii) process optimization
objectives of the product quality (given in terms of purity and recovery variables), as
well as the separation process costs. The permeance of the most permeable component
(CO5 in this case) in GPU (1 GPU = 107 cm3(STP) cm 2 s~ ! CmHg_l) was defined as the
pressure-normalized flux of the gas component through a membrane. The selectivity was
calculated as the ratio between the permeance of the fast and slow gas components in a gas
pair; in the case of this work, CO, and CHy, respectively.

Table 1. Characterization in terms of permeance and selectivity of the selected membranes for the
CO,/CHj, separation process. Test type: single gas experiments, laboratory cell, pressure = 2 atm,
temperature = 298 K.

CO, Permeance CO,/CHjy Selectivity

Membrane (GPU) © Reference
PDMS (commercial) 266 3.1 [24]
PDMSt (modified) 73.7 10.7 [24]
IL1 (IL-CS
self-standing) 85 27 [28,42]
IL2 (IL-CS/PES) 102 54.8 [28,42]

From the data included in Table 1, it can be pointed out that (i) the CO,/CHjy sepa-
ration factor of the commercial PDMS membrane was increased by the NaOH treatment
(from single and mixed gases permeation experiments) and (ii) the hydrophobic PDMS
membrane showed a lower CO, /CHy selectivity than the improved hydrophilic IL-CS/PES
composite membrane (IL 2), considering this fact as key for the selection of this type of
membrane to achieve the product quality targets in further implementation, contributing
to providing highly CO,-permeable and thermally robust polymers.

4. Results and Discussion
4.1. Module Simulation

The developed model was applied to the comparison of the performance of the
four membranes selected as the case study. These CO,/CHjy-selective membranes can
be employed for different application where the separation of both gases is required,
such as biogas upgrading, natural gas sweetening or enhanced oil recovery. The study
of the technical performance of hollow fiber modules made of the selected membranes
can provide a better understanding of their potentiality. The influence of the main design



Processes 2021, 9, 1871

10 of 25

CO, purity in permeate (%)

CO, recovery in permeate (%)

100

80

70

60

50

40

30

20

10

100

80

70

60

50

30

20

10

and operation variables (applied pressures and stage cut) on the simulated modules was
studied by means of a sensitivity analysis. The scale of the process was fixed to provide
enough of a membrane area to treat a feed flowrate of 1 m3 /h (STP) with an initial molar
composition of 35% CO, and 65% CHy. The influence of varying the feed pressure in the
range from 2 to 10 atm (permeate side at atmospheric pressure) while keeping the stage cut
constant at 0.5 over the purities and recoveries is graphed in Figure 5.
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Figure 4. Cont.
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Figure 4. Influence of the feed pressure on (a) CO; purity, (b) CO, recovery, (¢) CHy purity and (d) CHy recovery for the
different membranes (Pg = 1 atm, stage cut = 0.5, CO, /CHyj feed composition = 0.35/0.65).

The results revealed the expected trend: the higher the feed pressure, the higher
the recoveries and purities for both gases. All of the membranes took advantage of
high pressures, but the most important increment corresponded to the membrane that
showed the best performance: the IL2 membrane. It was able to achieve a 69.8% CO,
purity with practical total recovery (greater than 99.7%) and losses of CHy in the permeate
below 25%, working at 10 atm. On the contrary, IL1 was the membrane that exhibited
the worst performance. Under maximal pressure operation conditions, the achieved
percentage of CO, purity was 49.0% and the corresponding recovery was below 70%. The
PDMS membrane was just slightly better than the IL1 membrane, whereas the PDMSt
membrane showed a performance more similar to the IL2 membrane. Therefore, once
again, the effectiveness of the followed treatment of the virgin membrane was confirmed.
Nevertheless, for all of the membranes, the purities and recovery trend to attain chateau
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values and the increment in the feed pressure did not imply a relevant increase in the
performance parameters. Although the purities and recoveries did not rise significantly
once a critical feed pressure was achieved, another advantage of the implementation of
high pressures even above these critical vales was the reduction in the membrane required
to obtain a fixed stage cut. Once the ratio of the feed pressure to permeate pressure was
fixed (which assured that the performance parameters were maintained constant, as shown
in Table 2), the membrane area required was directly proportional to the feed pressure,
and the membrane could be reduced by half just by doubling the feed pressure. Taking
this into account, the use of a vacuum in the permeate side of the membrane to allow the
feed at atmospheric pressure implies an increased membrane area, which can be difficult
to compensate by the savings due to the avoided feed pressurization [43].

Table 2. Process performance parameters of the IL2 membrane under different pressure conditions
(1 m3 /h (STP) feed stream with CO,/CHy4 composition = 0.35/0.65).

Pressure Ratio

(PF/PQ) 2.0/0.5 4.0/1.0 8.0/2.0
CO;, purity (%) 67.0
CO; recovery (%) 95.8
CHy purity (%) 97.0
CHj recovery (%) 74.6
Membrane area (m?) 167.6 83.8 41.9

In a similar way, the stage cut was modified in the range from 0.2 to 0.8 to evaluate the
evolution of the module performance, while the feed pressure was fixed at 4 atm (retentate
side at atmospheric pressure). The obtained results can be observed in Figure 5. In this case,
the contradictory effects of increasing the stage cut must be highlighted. On the one hand,
high stage cut values implied a higher membrane area, which promoted the permeation
of CO; to the permeate stream and the achievement of high CO; recovery values. For
example, a total recovery of CO, (corresponding recovery value above 99.9%) was obtained
when a 0.80 stage cut was applied to the PDMSt membrane or 0.65 stage cut in the case
of the IL2 membrane. The other two membranes (PDMS and IL1) attained CO; recovery
values of around 95% for the maximal considered stage cut. Moreover, these high recovery
values corresponded to the high purity of the CHy retentate stream (just pure CHy when
total CO; recovery was possible and values around 90% for the PDMS and IL1 membranes).
However, on the other hand, as a consequence of the great amount of gas permeated, the
purity of the CO;, permeate stream was low for high stage cut values. At the maximal
stage cut value (0.80), the CO, purity values ranged from 41.1% for the IL1 membrane
to 43.8% for the IL2 membrane. This fact corresponded to unaffordable losses of CHy in
the permeate stream, with recovery values for this gas in the range of 27.5-30.8%. These
results gave a clear idea about the balance between the different objectives for the technical
optimization of the separation process based on these types of membrane modules.

Finally, the sensitivity analysis investigated the performance of the membrane mod-
ules under different compositions of the feed stream, in the range from a 0.2 to 0.8 molar
fraction of CO,, with a feed pressure of 4 atm and a constant stage cut equal to 0.5. Once
again, as in the case of the stage cut, opposing effects appeared (Figure 6). Whereas the se-
lection of enriched CO, feed streams favored the production of high-purity CO, permeate,
the corresponding CO, recoveries decreased, since more CO; escaped from the module
in the retentate stream. The opposite situation occurred in the case of CHy: the treatment
of CO,-rich streams implied a low purity of CHy in the retentate stream, but with high
recovery values (reduced losses of this gas to the permeate stream) [44]. For example, the
IL2 membrane was able to attain a 96.6% CO; purity from the initial 0.65 molar fraction,
whereas the IL1 achieved a 76.6% purity, but the corresponding CH, purities were 66.6%
and 46.6%, respectively.



Processes 2021, 9, 1871 13 of 25

100
o4 e PDMS
—— e L1
- . —— PDMSt
S 70
= e IL2
©
@
£
[
Q
£
2 .-;
£
3
o
N
o
(8]
20 A
10 {
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Stage cut
(a)
100
90 A
80 -
S
o 704
©
)
£
g
Q
£
2
o
>
o
o
2
N
o
O | L1
20 A
—— PDMSt
10 1 —2
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Stage cut
(b)

Figure 5. Cont.



Processes 2021, 9, 1871 14 of 25

100

80 -

70 A

40

CH, purity in retentate (%)

20 A1

10 4

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Stage cut

(©)

100

80 -

70 A

CH, recovery in retentate (%)

20 1

10 1

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Stage cut

(d)

Figure 5. Influence of the stage cut on (a) CO, purity, (b) CO; recovery, (¢) CHy purity and (d) CH, recovery for the different
membranes (Pr = 4 atm, Pg = 1 atm, CO,/CHj, feed composition = 0.35/0.65).
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Figure 6. Influence of the feed CO, molar fraction on (a) CO, purity, (b) CO, recovery, (c) CHy purity and (d) CHy4 recovery
for the different membranes (Pr = 4 atm, Pg = 1 atm, stage cut = 0.5).

4.2. Module Optimization

The sensitivity analysis provided a clearer idea about the influence of the main design
and operation variables of the membrane modules. It could be considered as a previous
step to the optimization covered in this section. The results of the optimization of the
PDMS, PDMSt and IL2 membranes are compiled in Tables 3 and 4 for the vacuum permeate
(0.2 atm) and pressurized feed (20 atm), respectively.



Processes 2021, 9, 1871

17 of 25

Table 3. Process performance parameters under optimal conditions (considering different objectives) of the PDMS, PDMSt

and IL2 membranes (vacuum permeate at 0.2 atm).

Objectives Values
Membrane Stage Pg Po Area Dy
CO, CO, CH,4 CHy CO, CO, CH,4 CH, Cut (atm)  (atm) (m?)
Purity Recovery Purity Recovery Purity Recovery Purity Recovery

PDMS X 56.2 8.0 66.1 96.6 0.050 1.0 0.2 12 0.537
X 36.8 99.9 99.2 7.6 0.950 1.0 0.2 28.7 0.560
X X 40.5 97.9 95.3 22,5 0.846 1.0 02 24.7 0.489
X 36.8 99.9 99.2 7.6 0.950 1.0 0.2 28.7 0.560
X 56.2 8.0 66.1 96.6 0.050 1.0 0.2 12 0.537
X X 56.2 8.0 66.1 96.6 0.050 1.0 0.2 12 0.537
X X X X 46.2 85.9 85.8 46.2 0.650 1.0 0.2 17.9 0.393
Minimal Dy 49.8 69.0 78.9 62.6 0.485 1.0 0.2 12.9 0.365
PDMSt X 76.5 10.9 67.2 98.2 0.050 1.0 0.2 7.6 0.489
X 422 100.0 * 100.0 26.3 0.829 1.0 0.2 253.0 0.468
X X 56.1 95.3 96.0 59.9 0.594 1.0 0.2 144.3 0.299
X 422 100.0 100.0 * 26.3 0.829 1.0 02 253.0 0.468
X 76.5 10.9 67.2 98.2 0.050 1.0 0.2 7.6 0.489
X X 719 48.6 76.4 89.8 0.237 1.0 0.2 40.8 0.320
X X X X 61.0 88.4 91.7 69.6 0.507 1.0 0.2 111.9 0.257
Minimal Dy 64.9 79.1 87.2 77.0 0.426 1.0 0.2 86.8 0.243
L2 X 92.6 132 68.0 99.4 0.050 1.0 02 8.3 0.464
X 55.6 100.0 * 100.0 56.9 0.630 1.0 0.2 526.6 0.310
X X 73.0 94.0 96.2 81.3 0.450 1.0 0.2 234.6 0.168
X 55.6 100.0 100.0 * 56.9 0.630 1.0 0.2 526.6 0.310
X 92.6 132 68.0 99.4 0.050 1.0 0.2 8.3 0.464
X X 80.5 82.7 90.5 89.2 0.360 1.0 02 139.0 0.149
X X X X 76.0 90.5 94.3 84.6 0.417 1.0 0.2 194.9 0.153
Minimal Dy 78.9 85.7 91.9 87.7 0.380 1.0 0.2 157.2 0.147

* Consideration of minimal area required to achieve complete (greater than 99.99%) recovery of CO5.

Table 4. Process performance parameters under optimal conditions (considering different objectives) of the PDMS, PDMSt

and IL2 membranes (pressurized feed at 20 atm).

Objectives Values
Membrane Stage Pg Pg Area Dy
CO, CO, CH, CH,4 CO, CO, CH, CHy Cut (atm) (atm) (m?)
Purity Recovery Purity Recovery Purity Recovery Purity Recovery
PDMS X 60.6 8.7 66.3 97.0 0.050 20 1 0.050 0.525
X 36.8 99.9 99.6 7.7 0.950 20 1 1.206 0.559
X X 42.7 97.2 95.1 29.8 0.796 20 1 0.957 0.454
X 36.8 99.9 99.6 7.7 0.950 20 1 1.206 0.559
X 60.6 8.7 66.3 97.0 0.050 20 1 0.050 0.525
X X 60.6 8.7 66.3 97.0 0.050 20 1 0.050 0.525
X X X X 49.1 84.8 86.6 52.7 0.604 20 1 0.681 0.362
Minimal Dy 52.7 70.9 80.7 65.8 0.470 20 1 0.511 0.340
PDMSt X 82.8 11.8 67.5 98.7 0.050 20 1 0.260 0.478
X 45.7 *100.0 100.0 36.0 0.766 20 1 4.334 0.420
X X 64.7 94.4 96.0 72.3 0.511 20 1 4.392 0.227
X 45.7 100.0 *100.0 36.0 0.766 20 1 4.334 0.420
X 82.8 11.8 67.5 98.7 0.050 20 1 0.260 0.478
X X 73.4 77.7 87.6 84.9 0.370 20 1 2.579 0.199
X X X X 68.1 90.2 93.6 77.2 0.464 20 1 3.696 0.205
Minimal Dy 715 83.3 90.1 82.1 0.408 20 1 2.987 0.194
L2 X 95.9 13.7 68.2 99.7 0.050 20 1 0.225 0.460
X 68.5 *100.0 100.0 75.2 0.511 20 1 12.959  0.200
X X 85.5 95.5 974 91.3 0.391 20 1 4.858 0.088
X 68.5 100.0 *100.0 752 0.511 20 1 12.959 0.200
X 95.9 13.7 68.2 99.7 0.050 20 1 0.230 0.460
X X 87.4 93.3 96.2 92.7 0.374 20 1 4114 0.082
X X X X 86.2 94.8 97.0 91.9 0.385 20 1 4.560 0.085
Minimal Dy 88.0 92.3 95.7 93.2 0.367 20 1 3.865 0.082

* Consideration of minimal area required to achieve complete (greater than 99.99%) recovery of CO,.

When only one optimization objective was considered, the individual distance of
that objective was minimized, whereas when the simultaneous optimization of more than
one objective was taken into account, the target was the minimization of the sum of the
individual distances to each specific objective. Finally, the results were compared to the
situation where the objective was the minimization of the normalized distance for all of the
objectives.

As expected, the consideration of just a single objective resulted in extreme values of
the stage cut. On the one hand, the maximization of the CO; purity (or the CH4 recovery)
matched with the selection of the lowest cut stage value (0.05 was imposed as a restriction
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of the system). On the other hand, the maximal allowed value of the cut stage (0.95) was
required to achieve the maximal CHy purity (or the CO; recovery). As the cut stage and
corresponding membrane area increased, so did the CH, purity as a consequence of the
preferential permeation of CO,. Nevertheless, this reduced CO, partial pressure promoted
CH, permeation through the membrane and decreased CH, recovery [9]. In the case of the
PDMS membrane, the design of a module with a 0.95 stage cut resulted in a CHy purity of
99.2% and 99.8% for vacuum and pressurized conditions, respectively, with a CO, recovery
equal to 99.9% in both cases. The other two membranes, PDMSt and IL2, were able to
able to attain a total CO, recovery and pure CHy (higher than 99.99%) for stage cut values
below the imposed upper limit in both vacuum and pressurized conditions: from 0.551 in
the case of IL2 in pressurized conditions to 0.829 for PDMSt under vacuum conditions.

When multiobjective optimization was taken into account, the system required com-
promised optimal conditions that counterbalanced the different targets. Nevertheless, in
the case of the PDMS membrane, extreme cut stage values were still an optimal solution
under specific circumstances. For instance, the simultaneous optimization of CHy purity
and recovery was obtained when the stage cut value was equal to 0.05 (lowest allowed
limit) for both vacuum and pressurized conditions. However, the optimization of CO,
purity and recovery required a reduction in the stage cut from its maximal allowed limit
to 0.846 and 0.796 for vacuum and pressurized conditions, respectively. In all cases, for
all membranes, the stage cut value to optimize CO; purity and recovery was higher than
the one resulting from the optimization of CH, purity and recovery, although these values
were close when the IL2 was employed under pressurized conditions. For this membrane,
whereas the value of the stage cut of 0.391 optimized CO, purity and recovery, the opti-
mization of CHy purity and recovery occurred for a stage cut value equal to 0.374. Within
this interval, the optimal value that minimized the sum of the individual distances of the
four objectives simultaneously was found: a cut stage value equal to 0.385 allowed for the
achievement of recovery percentages above 90% for both gases, with purity values equal to
86.2% and 97.0% for CO, and CHy, respectively. The recovery and purity values attained
with the PDMS and PDMSt membranes were lower than those of the IL2 membrane, which
clearly demonstrated its higher potentiality.

The analysis of the values of the normalized distance of all of the solutions compiled in
Tables 3 and 4 revealed some interesting facts. Firstly, the consideration of just an individual
objective resulted in very extreme values, which were able to optimize the objective selected,
but at the expense of the other objectives. These objectives that were not taken into account
were maintained very far away from their targets, and the corresponding Dy value was
high. Moreover, the consideration of the conditions to minimize the sum of the individual
distances did not match with the optimal conditions to attain the minimal Dy value. In all
cases, the optimal stage cut values for the minimal distance were lower than the values
obtained to minimize the sum of the individual distances. Under these circumstances, the
four recovery and purity values were more counterbalanced, avoiding the presence of a
lower single value that can result in a distance penalty. In fact, the consideration of the four
objectives simultaneously without the “distance-to-target” approach resulted in Dy values
higher than the case that considered only two objectives. For instance, the IL2 membrane
showed lower Dy values for the optimization of CH, recovery and purity (0.149 and 0.082
for vacuum and pressurized conditions, respectively) than for the optimization of the four
objectives (0.153 and 0.085 for vacuum and pressurized conditions, respectively). This fact
confirmed the importance of the selection of a very effective tool to define the optimal
conditions in multiobjective scenarios.

The pressure restrictions and feed composition had a great influence on the optimal
conditions of the membrane modules. When the system operated under vacuum condi-
tions, extensive membrane areas were required. Besides, since an adequate separation
performance required a sufficient high pressure ratio (the ratio between feed and permeate
pressures), severe vacuum conditions became necessary [45]. The influence of the maximal
pressure value allowed in the feed side of the module on the optimal stage cut, recovery and



Processes 2021, 9, 1871

19 of 25

purity values, as well as the resulting membrane areas, is shown in Figure 7. Once again,
since the higher the upper limit for pressure, the higher the recovery and purity values, the
value of Dy decreased continuously as the maximal allowed pressure was increased (from
0.147 to 0.082 for 5 and 20 atm, respectively). Only small variations in the optimal stage
cut values appeared, ranging from 0.367 to 0.380 for 20 and 5 atm, respectively. However,
the most relevant issue was the membrane area required under optimal conditions. In
addition to reduced recovery and purity percentages, the operation under lower pressure
conditions implied the requirement of a huge membrane area. The required area increased
from 3.9 m? for 20 atm to 31.4 m? in the case of 5 atm. This great difference pointed to
the selection of the highest possible pressure in the feed side of the membrane module in
order to minimize the amount of membrane required to carry out the separation, which, in
addition, resulted in the highest performance in terms of recovery and purity.
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Figure 7. Influence of the maximal pressure value allowed in the feed side of the module on the
optimal (a) recovery and purity and (b) stage cut and membrane area for the IL 2 membrane.

Another important factor that must be taken into consideration for the multiobjective
optimization of the membrane modules is the feed composition. The influence of the feed
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composition on the optimal stage cut, recovery and purity values, as well as the resulting
membrane areas, is shown in Figure 8. In this case, the multiobjective optimization revealed
a different trend when compared to the case of the sensitivity analysis under the constant
stage cut previously presented. Although the contradictory effects of the increased CO,
molar fraction in the feed composition were maintained, the process performance parame-
ters affected were different. While both purities maintained the previously identified trend
(COy purity increased and CHy decreased), the recovery values changed their tendencies.
On the one hand, higher CO, feed fractions involved an increased CO; recovery, mainly as
a consequence of increased values for the corresponding optimal stage cuts (from 0.244
with 0.20 feed fraction to 0.808 with 0.80 feed fraction). On the other hand, CH, recovery
followed the opposite trend, and lower values were obtained for high CO; feed fractions
(which is also a direct result of increased stage cuts, which implied a higher permeation of
CH4 through the membrane).
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Figure 8. Influence of the feed CO, molar fraction on the optimal (a) recovery and purity and
(b) stage cut and membrane area for the IL2 membrane.
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As a result of the different evolutions followed by the purities and recoveries, the
identification of the optimal feed composition for the IL2 membrane is not obvious (the
optimal Dy values for 0.20, 0.35, 0.50, 0.65 and 0.80 CO, feed fractions were 0.132, 0.082,
0.063, 0.056 and 0.058, respectively). Therefore, the search for the optimal feed composition
was carried out, and the result was a composition with a 0.69 CO, molar fraction. The
resulting optimal CO, feed fraction was far away from the typical biogas characteristics,
with a CO; content below 0.40 [46,47], so the application of the IL2 membrane to other
applications, such as the oil enhanced recovery, where feed streams with a CO, fraction of
around 0.75 are common [48], can also be suggested.

Another relevant aspect that must be highlighted is the evolution of the required
membrane area. Although there was a continuous increasing of the optimal stage cut value,
the membrane area followed a slight reduction: 4.0 m? was required for a feed composition
with 0.20 CO,, whereas only 2.6 m? was required when the module was fed with 0.80 CO,.
This fact can be explained by the enhanced permeation of CO, when the CO,-rich stream
was fed, which allowed for a higher partial pressure gradient of CO, between both sides of
the membranes.

Lastly, a comparison of the performance of the main membranes selected in this study
to that of other CO,/CH,4 mentioned by other researchers in some recent publications
was carried out [49-51]. These referenced membranes were a generic polymeric blend
membrane, an asymmetric polysulfone membrane and a polysulfone coated with a PDMS
membrane, respectively. The results are compiled in Table 5 and clearly demonstrate the
competitiveness of the IL2 when compared to other available membranes, since it showed
the best technical performance in terms of the distance to the target. The comparison
also revealed that, although the treatment of the virgin PDMS membrane was effective in
significantly improving its performance, the resulting PDMSt was not yet able to surpass
the performance of the other referenced membranes. Nevertheless, in all cases, the values
of the purities obtained were not enough to fulfill the requirements imposed on CO, and
CHy streams in order to be directly valorized, taking into account that purity values above
90% and 98% may be required for CO, and CHy, respectively [52,53]. Therefore, the design
of more advanced separation processes based on multiple stages of membranes modules
would also be proposed [54], so further work to consider the design of this type of layouts
with the most promising membrane modules will be performed.

Table 5. Comparison of the optimal process performance parameters of the PDMS, PDMSt and IL2 membranes to other

innovative membranes from referenced studies.

Permeabilit Selectivit CO, CO, CH,4 CH,4 Pr P Area
Membrane (GPU) Y COZ/CH4y Purity Recovery Purity Recovery Stage Cut (atm) (at?n) (m?) Dy

PDMS 266 3.1 49.1 84.8 86.6 52.7 0.604 20 1 0.681 0.362
PDMSt 73.7 10.7 68.1 90.2 93.6 77.2 0.464 20 1 3.696 0.205

L2 102 54.8 86.2 94.8 97.0 91.9 0.385 20 1 4.560 0.085
Ref [49] 37 24.8 78.9 93.0 95.8 86.6 0.412 20 1 9.654 0.131
Ref [50] 103 39 83.4 94.1 96.6 89.9 0.395 20 1 4.023 0.103
Ref [51] 158 27 79.8 93.2 96.0 87.3 0.409 20 1 2.324 0.125

5. Conclusions

The mathematical model developed in this work has been successfully applied to
represent the performance of membrane separation units with two types of innovative
membranes for CO, /CHy separation. After the validation of the model with experimental
data, it was used to simulate the performance of the separation process by modified
commercial PDMS and non-commercial IL—chitosan composite membranes under different
design and operation conditions, paying attention to the effects due to different pressures,
stage cuts and feed compositions.

The optimization of the separation process, considering both gases in the feed mixture
as targets, resulted in the definition of different multiobjective scenarios. A “distance-to-
target” approach was selected for the simultaneous consideration of all of the objectives,
and the results demonstrated that the maximal allowed feed pressure must be selected for
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the optimization of the separation, while the optimal stage cut was dependent on each
specific membrane.

The obtained results allowed us to conclude that the ionic liquid—chitosan compos-
ite membranes (IL-CS/PES) improved the performance of other innovative membranes,
with purity and recovery percentage values of 86% and 95%, respectively, for CO, in the
permeate stream, and 97% and 92% for CHy in the retentate stream. The multiobjective
optimization calculations allowed us to determine the process design and performance
parameters, such as the membrane area, pressure ratio and stage cut required to achieve
maximum values for components separation, in terms of purity and recovery for both
components.

In addition, each membrane presented an optimal feed composition, which should be
taken into account to select the most adequate membrane for a determined application. The
modification of the PDMS membrane by treatment with NaOH represented an effective way
to improve the separation performance, and the improved IL-chitosan membrane appeared
more competitive than other innovative membranes presented in referenced previous
studies. If the separation process performance in terms of purity and recovery would not
be enough to obtain streams that fulfill the requirements imposed on CO, and CH4 direct
valorization, further efforts would also be considered toward the design of more complex
multi-stage separation processes. The applied optimization methodology was proposed
as a useful tool to advance the implementation of the membrane separation systems, in
conjunction with the development and innovation efforts of membrane materials.
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Nomenclature

Ci Components of the vector to be optimized

D Euclidean distance

Dn Normalized distance to target (-)

Fin Total feed flowrate to the module (m3(STp) /h)

Fain Flow of the most permeable compound A in the feed (m? stp)/h)

Fgin Flow of the least permeable compound B in the feed (m? stp)/h)

Finy  Total feed flowrate to the cell i (m3 stp)/h)

Fout Total retentate flowrate leaving the module (m3 stp)/h)

Faout  Flow of the most permeable compound A in the final retentate (m3 stp)/h)

Fpout  Flow of the least permeable compound B in the final retentate (m3 stp)/h)

Foujy  Total retentate flowrate leaving the cell i (m3(5Tp) /h)

G; Components of the target vector

Iy Total gas flowrate through the membrane in cell i (m?3 stp)/h)

Jag) Flow of the most permeable compound A through the membrane in cell i (m® stp)/h)
IBG) Flow of the least permeable compound B through the membrane in cell i (m3 stp)/h)
n Number of objectives to be optimized (-)

Pr Pressure in the retentate lumen side (atm)
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Pg Pressure in the permeate shell side (atm)

Perm Membrane permeability (GPU)

Perm,  Specific permeability of the most permeable compound A (m? stp)/ h-m?-atm)
Permp  Specific permeability of the least permeable compound B (m? stp)/ h-m?-atm)
Qingi) Total permeate flowrate entering the cell i (m3 stp)/h)

Qout Total permeate flowrate leaving the module (m3 stp)/h)

Qaout  Flow of the most permeable compound A in the final permeate (m3 stp)/h)
QBout Flow of the least permeable compound B in the final permeate (m3 stp)/h)
Qouti)  Total permeate flowrate leaving the cell i (m3(STP) /h)

XA() Molar fraction of compound A in the lumen side of cell i (-)

XpAin Molar fraction of compound A in the feed stream to the module (-)

XainG) ~ Molar fraction of compound A in the feed stream to cell i (-)

X Aout Molar fraction of compound A in the final retentate (-)

Xp(i) Molar fraction of compound B in the lumen side of cell i (-)

XBin Molar fraction of compound B in the feed stream to the module (-)
XBinGy ~ Molar fraction of compound B in the feed stream to cell i (-)

XBout Molar fraction of compound B in the final retentate (-)

YAG) Molar fraction of compound A in the shell side of cell i (-)

YainG)y ~ Molar fraction of compound A in the permeate stream entering the cell i (-)
YAout Molar fraction of compound A in the final permeate (-)
YB() Molar fraction of compound B in the shell side of cell i (-)

YBinG)  Molar fraction of compound B in the permeate stream entering the cell i (-)
YBout Molar fraction of compound B in the final permeate (-)
% Membrane selectivity (-)
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