Accepted Manuscript

Separation of CO,-N, gas mixtures: Membrane combination and temperature Sep aratmn

influence

BPurification

Ana Fernandez-Barquin, Clara Casado-Coterillo, Angel Irabien

Technology

PII: S1383-5866(17)31756-2

DOI: http://dx.doi.org/10.1016/j.seppur.2017.07.029
Reference: SEPPUR 13886

To appear in: Separation and Purification Technology
Received Date: 1 June 2017

Revised Date: 11 July 2017

Accepted Date: 11 July 2017

Please cite this article as: A. Ferndndez-Barquin, C. Casado-Coterillo, A. Irabien, Separation of CO,-N, gas mixtures:

Membrane combination and temperature influence, Separation and Purification Technology (2017), doi: http://
dx.doi.org/10.1016/j.seppur.2017.07.029

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and
review of the resulting proof before it is published in its final form. Please note that during the production process
errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.


http://dx.doi.org/10.1016/j.seppur.2017.07.029
http://dx.doi.org/http://dx.doi.org/10.1016/j.seppur.2017.07.029
http://dx.doi.org/http://dx.doi.org/10.1016/j.seppur.2017.07.029

Separation of CO,-N, gas mixtures: Membrane combination and
temperature influence
Ana Fernandez-Barquin', Clara Casado-Coterillo®”, Angel Irabien
! Department of Chemical and Biomolecular Engineering, Universidad de

Cantabria, Av. Los Castros s/n, 39005 Santander, Spain

*Corresponding author: casadoc@unican.es

Abstract

Novel mixed matrix membranes (MMM) with different characteristics are
experimentally evaluated in a two-stage membranes-in-series bench-scale setup for the
separation of CO,-N, gas mixtures. For stage 1, a high permeability (higher than 1000
Barrer) and low selectivity (about 5-10) membrane is chosen: the [emim][Ac]-Chitosan
(IL-CS) hybrid membrane developed in our laboratory and the Pervap 4060 (Sulzer)
composite membrane. For stage 2, we chose our Zeolite A/IPTMSP MMM, whose
selectivity is higher than 20 even at up to 343K, the CO, permeability not lower than
5000 Barrer, which allows skipping the use of the intermediate compressor. The
influence of membrane intrinsic properties (i.e. selective membrane material), number
of modules in series, and feed concentration on separation performance is evaluated
experimentally. In this system, a 10% CO,, feed is concentrated to 43%, 26 and 40% for
the Zeolite AIPTMSP MMM - Zeolite AIPTMSP MMM, IL-CS - Zeolite A/IPTMSP
and Pervap 4060 — Zeolite A/PTMSP in stage 1 and stage 2, respectively. The agreement
of the experimental results with a mathematical model at the low CO, feed

concentration of flue gas allows estimating the membrane area needed for each
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membrane material to achieve a given CO, purity and removal efficiency. The very
large membrane areas needed to reach the 90% CO, purity and removal efficiency target
are drastically reduced if the CO, removal efficiency required is set to 70%, especially
for the combinations with different membranes in each stage, which gives scope for

attempting further development of novel membrane materials for CO, capture processes.

Keywords: CO;, capture; Experimental gas separation; Mixed matrix membrane

materials; Temperature; Two-stage configuration

1. Introduction

Global warming and climate change are environmental issues resulting from the
rise on worldwide energy consumption that releases increasing levels of greenhouse
gases to the atmosphere. The EU especially urges that technologies for the CO, capture
from flue gases are developed to achieve the climate targets by 2030 and limit the

average global temperature to 2°C [1].

Despite the research efforts dedicated to the different strategies of CO, capture
from large emission sources such as chemical industries and power plants, it is still
post-combustion the only feasible option for implementation at large scale, because it
enables retrofitting [2]. The main challenges of post-combustion capture are the low
CO; concentration, i.e. low pressure of the feed gas, and the huge gas flow rates to be
treated. Nowadays, the most mature CO, post-combustion capture plants are based on
chemical absorption with chemical solvents, usually amines. However, the high energy
requirements, solvent losses by flooding, solvent deactivation or secondary CO.

production, as well as the huge equipment requirements, make retrofitting far from real
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implementation [3] and systematic materials and process research is required to

intensify the post-combustion carbon capture process [4,5].

Membrane technology has been continuously studied in the last decade as a
potential alternative in terms of scalability, energy saving and modularity, low capital
investment, small carbon footprint and reduced energy requirement [6]. However,
available gas separation membranes use at commercial scale for CO, capture is still
limited to pilot plant studies [7-9]. The sensitivity of existing membrane materials
towards harsh process conditions, such as temperature, pressure or the presence of
impurities has prevented so far the development of membrane technology to high
technology readiness level (TRL) and justify a worldwide search on the development of
membrane materials [10] and process designs [11,12].

The main parameters that influence the choice of a gas separation membrane are
the intrinsic transport properties of the membrane, i.e. the permeability and selectivity.
Polymer membranes usually face a generally acknowledged trade-off in selectivity and
permeability, defined by Robeson’s upper bound [13], including blends and mixed
matrix membranes (MMMs) [14]. When dealing with CO,-N, gas mixture separations,
the effect of operation conditions (partial pressure and feed composition) and the
engineering design leading to integrate membranes in CO, capture (module
configuration, stage cut and flow management), depend on the membrane material that
provides the optimized permeability and selectivity [10,12,15]. Regarding the process
design approach, simulated approaches reported state that current membranes cannot
offer high purity and high CO, recovery at the same time in one stage due to the partial
pressure driving force limitation, irrespective of the membrane selectivity and

permeability [16-20].
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Therefore, in order to reach with membranes the high removal efficiency and
CO; concentration in the permeate that would allow membrane technology to be
competitive with conventional processes, different multi-stage process configurations
have been simulated [21]. Most simulation and optimization approaches use data from
the Polaris® membrane from MTR, whose CO, permeance of 1000 GPU (1 GRPU =10®
cm®(STP) - cm? - s* - cmHg™) and moderate CO,/N, selectivity, at<an-affordable
pressure ratio [22]. The selectivity loses significant if recycling to pre-concentrate the
flue gas before the membrane is enabled [23]. One step further in this negligibility of
the selectivity was the consideration of Nj-selective instead of CO, selective
membranes, simulated by Yuan et al. [24], arriving to the conclusion that the feed
compression required in the single stage becomes optional in the two-stage system.

Van der Sluijs et al. were the first to simulate a two-stage membrane system
where different intrinsic permeability and selectivity membranes were considered for
each stage. Using available data for commercial polymeric membranes, they also
concluded that the two membrane system is necessary to reach a CO; purity over 80%,
but that the single membrane stage was the most economic configuration if only a CO,
purity lower than 70% was required. Gerber [25] patented the concept of a two-stage
system combining a membrane of high permeability in the first stage and a different
membrane of high selectivity in the second stage in order to improve the CO, capture
from natural gas to reach the 90% purity target at the exit. Using a similar concept,
Brunetti et al.[26] simulated the intensification of CO, capture from biogas by
considering the intrinsic values of a Hyflon AD60 high permeability membrane material
in the first stage and a high selectivity Matrimid membrane in the second stage.
Actually, the development of CO, separation using membrane technology is more

developed for natural gas than flue gas [27].
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The results of all these simulations should be taken with caution since there are
relatively few papers comparing them with real CO2/N, mixture separation experiments
at bench or pilot scale. As far as we know, the experimental evaluation of CO,
separation from CO,-N, gas mixtures has not been reported for multi-stage membrane
systems [18,20,28]. This lack of demonstration of CO, capture from industrial plants
outside simulation work implies that it is too early to identify which  CO, capture
technologies may become dominant [29].

In this work, we will use the concept of combining a high permeability and
moderate selectivity membrane (permeability higher than 1000 Barrer) in stage 1 and a
high selectivity (in the range 20-50) membrane in stage 2 to evaluate the CO,/N,
separation performance of novel membrane materials developed in our group [30,31]. In
addition to the aforementioned concept, the membrane material selected for stage 2
provided high selectivity (up to 50) and high permeability even at 343 K (about 5000
Barrer), which allows avoiding the use of the intermediate compressor. The effect of the
membrane combination and the number of modules, the CO, concentration in the feed
stream and temperature has been experimentally evaluated and studied by a
mathematical model. This model will then be applied to the estimation of the necessary
membrane area to fabricate of each material to reach the coupled purity in the permeate

and CO; removal efficiency established as design target.

2. Experimental
2.1. Gas separation experimental system

Gas separation experiments are carried out by means of CO2/N, mixed gas
separation tests using the experimental setup described elsewhere [32], and represented

in Figure 1. The membrane modules consist of two parts pneumatically pressed onto
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each other, where the membranes are placed on a 316L.SS macro porous disk support of
20 um nominal pore size (Mott Corp., USA) and sealed by Viton rings. The effective
membrane area is 15.55 cm? in each module. The permeate of the stage 1, working at
ambient temperature, is fed to the membrane module in stage 2 at 343 K set at a
convection oven (Memmert UNE 200, Germany), without the use of a compressor

between both stages.

Figure 1. Experimental setup. (1) Mass flow meters, (2) pressure regulators, (3)
pressure gauges, (4) module for membrane in stage 1, (5) module for membrane in stage

2, (6) bubble flowmeter and (7) CO; analyzer.

The feed mixture is controlled using two MC-50SCCM-D mass flow controllers
(Alicat Scientific, USA) and varied from 5 to 66 CO, mol % in N,. The gases used in
the experiments were carbon dioxide (99.97%) and nitrogen (>99.9999%) (Air Liquide,
Spain). The pressure is regulated at the feed and retentate of the membrane modules to

6
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generate the transmembrane pressure for separation. Pressure gauges are installed at the
permeate side of stage 1 and stage 2 to measure the pressure difference in each stage.
The details of the operating conditions used in the laboratory for the binary CO,-N, gas
mixture separation experiments simulating flue gas streams conditions are summarized
in Table 1. Please note the absence of an intermediate compressor between the

membrane stages in series.

Table 1. Experimental conditions in each stage of membrane modules in series. Fy is the
feed flow rate, T, the operating temperature, pr and p, the feed and retentate pressures

and g; the pressure ratio of stage j (j = 1,2).

Stage 1 Stage 2
Fr (mol/s) | T (K) pr (bar) o1 T (K) pr (bar) @,
3.47 -10° 208 3.9 1.8 343 2.1 1.7

The permeate flow rate is measured at the exit of the entire system using a
bubble flow meter. The CO, concentration is measured by an infrared gas analyzer
G100 (Fonotest, USA). The permeate stream is mixed with a N flow as carrier before
entering the analyzer, in the conditions given in Table 2, whose maximum CO,

concentration is 20 %. N, concentration is calculated by mass balance.

Table 2. N, dilution flow rate for the different feed concentrations.

CO; feed content [mol%o] N dilution flow rate [mol/s]
4,57 3.46-10°
8.33 6.93 -10°
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10.1 6.93 -10°

175 6.93 -10°
39 6.93 -10°
66.7 1.04-10°

2.2. Membranes

The membranes selected for stage 1 are a Pervap 4060 commercial membrane
with a permeability higher than 1000 Barrer and a selectivity below 10 [7], a IL-CS
hybrid membrane, whose permeability is larger than 1000 Barrer and its selectivity is
constant around 5 in the range of 298 — 323 K. For stage 2, a Zeolite AAPTMSP MMM
developed in our laboratory, whose permeability and selectivity is larger than 5000
Barrer and 20-50, respectively, in the range 298 — 343 K. Table 3 shows the different

membrane configurations evaluated in this work.

Table 3. Membrane configurations.

Single —stage system (stage 1): Two-stage system (stage 1 + stage 2)
IL-CS IL-CS + ZA/PTMSP
ZA/IPTMSP ZA/PTMSP + ZA/IPTMSP
Commercial PDMS (Pervap4060) Pervap 4060 + ZA/PTMSP

The mixed matrix membranes (MMM) were prepared by the solution casting
method, as reported elsewhere [30,31]. The polymers were PTMSP (ABCR GmbH,
Germany) and Chitosan (CS, Sigma-Aldrich Quimica S.L., Spain). Zeolite A (ZA,

molecular sieves 4A, Sigma-Aldrich Quimica S.L., Spain) or the ionic liquid (IL, 1-
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ethyl-3-methylimidazolium [emim][Ac]) 97%, Sigma-Aldrich Quimica S.L., Spain)
were used as fillers in 20 wt.% and 5 wt.% loadings, for the ZA/PTMSP MMM and the
IL-CS hybrid membrane, respectively.

The average thickness of the membranes is 128 + 4.0 um, 101.60 £ 7.3 um and
180 £ 5.0 um for IL-CS, ZA/PTMSP and Pervap 4060 (Sulzer GmbH, Germany)
membranes, respectively.

The main assumptions considered for the mathematical model presented in
Appendix A, as an initial tool for the analysis on the perspectives of new membranes in
CO,-N; separation [33], are justified below by the references in literature using them in
the context of the experimental conditions employed in our laboratory (Table 1):

o The model only for a binary CO,-N, gas mixture, which is the
simplifying assumption first employed to evaluate the prediction of a multicomponent
model [33,34].

o The process is considered at steady and isothermal conditions[6,12,35—
38].

o The influence of temperature on the intrinsic permeability and selectivity
of the membranes is stronger than that of the CO, concentration and pressure [39-41].

o The gases behave ideally and there is no concentration polarization,
given the low pressure of the system and the thickness of the membranes involved
[35,42].

o The feed side pressure drop is measured experimentally, and it is

negligible since the membrane modules employed have flat geometry [17].

The parameters used in the mathematical model equations in Appendix A are

summarized in Table 4. The permeability, P, and ideal selectivity, a, were measured by
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single gas permeation in a constant-volume setup and reported in our previous works, as

a function of temperature in the range 298 — 343 K, which allowed the determination of

the activation energies given in Table 4.

Table 4. Membrane thickness, intrinsic permeability and selectivity and permeation

activation energies.

298 K 383K
Membrane | P(CO;) | a(CO2/Ny) | P(CO,) | a(CO2/Ny) | Ea(CO2) | Ea(N2) o
[Barrer] [-] [Barrer] [-] [kd/mol] | [kI/mol] | [um]
128
IL-CS 1,146 3.0 N.A.. N.A. 7.09 2.78
+4
101.6
ZA/PTMSP | 10,184[39] 25 32,493 60 5.34 20.21
+7
Pervap 180
47,376 10 N.A. N.A. 3.04 18.9
4060 +5

N.A.: Not Available.

The permeability, P, and ideal selectivity, a, were measured by single gas

permeation in a constant-volume setup and reported in our previous works, as a function

of temperature in the range 298 — 343 K, which allowed the determination of the

activation energies given in Table 4.

10



http://www.tracker-software.com/buy-now
http://www.tracker-software.com/buy-now

4. Results and discussion

Table 5 collects the experimentally obtained values for permeate flux,
concentration and CO, removal efficiency at each stage over the entire CO, feed
composition under study, in terms of CO; purity and CO; recovery at the exit, for stage
1, stage 2 and the global system, as evaluated experimentally in the bench-scale pilot

plant schematized in Figure 1 above.

11
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Table 5. CO,/N; separation performance using different membrane material combined in a two-stage membrane system different contents of CO,

in feed.
Stage 1 Stage 2 Global
Feed Permeate Permeate Removal
CO; CO; Efficiency Efficiency, . COs flux
Stage 1 Stage 2 [mol%], | [mol2e], [%], €1 Cg)z [mol & [%] eff:)uency [molim?-h]
X¢ Y1 /0]1 Y2 [/0], e
4.57 6 28 10 31 9 0.38
8.33 10 26 20 56 15 0.86
10.10 13 18 26 49 9 1.17
IL-CS | ZAPTMSP 17 56 21 17 40 44 8 1.28
38.89 48 17 64 35 6 2.24
65.63 75 16 97 45 12 7.42
4.57 10 23 17 38 9 0.38
8.33 18 30 37 58 18 0.95
ZA/PTMSP | ZA/PTMSP | 10.10 22 30 43 33 10 1.41
17.50 33 32 52 28 9 1.50
38.89 58 42 83 22 9 3.39
65.63 79 39 99 29 11 7.22
4.57 9 18 17 51 9 0.40
8.33 18 19 38 61 11 0.91
Pervap 10.10 21 20 40 64 13 1.25
4060 ZAIPTMSP 17.50 37 23 52 36 8 1.39
38.89 68 30 86 29 9 3.29
65.63 88 38 99 31 12 7.36

12
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The feed stream with a CO, content of 10% is enriched to a CO, concentration
in the permeate of 26% (IL-CS — ZA/PTMSP), 43 % (Zeolite AIPTMSP — ZA/PTMSP)
and 64% (Pervap 4060 — ZA/PTMSP).

From Table 5, the ZA/PTMSP — ZA/PTMSP and Pervap 4060 — ZA/PTMSP
configurations allow higher CO, purity at the exit of stage 2 regardless the feed
concentration and IL-CS — ZA/PTMSP and Pervap 4060 — ZA/PTMSP configurations
give a slightly higher global CO, removal efficiency. The CO, removal efficiency by
each membrane stage j (j = 1,2) has been calculated by Eq. (1), and the global removal

efficiency of the whole system, e, is described by Eq. (2).

_ 0y, (1)
e, =——
ij
e= ‘91"92')/2 (2)
Xy

The CO; removal efficiency obtained at a 10% CO, concentration in the feed is
13% (Pervap 4060 — ZA/PTMSP). The global CO, concentration in the permeate is
between 64 % (IL-CS — ZA/PTMSP) to 86% CO, (ZA/PTMSP — ZA/PTMSP), for
50:50wt% feed mixtures of CO2-N; only varying the membrane in the stage 1. As
expected, in the case with the lowest CO, content in the feed stream (4.6 %), the
permeate enrichment is the lowest, because the lower CO, content in the feed the lower
the partial pressure and driving force through the membrane. This agrees with the well-
known fact that membranes perform most efficiently when the concentration of the

target component in the feed is high [36,43].

13
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CO, permeate concentration [mol%], Y,
\\ \\
‘\
\
‘\
Ol

CO, concentration in the feed [mol%], X,
Figure 3. Comparison of experimental and model predicted CO, permeate
concentration from stage 1, versus COz concentration in the feed for the different
configurations under study: IL-CS - ZA/PTMSP (void black squares), ZA/PTMSP -

ZA/PTMSP (filled dark gray triangles) and Pervap 4060 - ZA/PTMSP (half-filled gray

circles).

As expected, the performance of a membrane material in one stage configuration
is enhanced by the incorporation of a second membrane stage [44].

From Figure 3, as the CO, concentration in the feed increases, the concentration
in the permeate increases and the enrichment in one stage agrees with literature. For
instance, Lin et al. [8] reported a CO, enrichment in a single stage membrane system
from 9 to 33% using the Polaris® membrane. The shape of the curves in Figure 3
indicates that the type of membrane material (rubbery PDMS, semi-crystalline IL-CS or

amorphous PTMSP -based membranes) influences the membrane performance. In

14
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Figure 4, the CO, concentration of the permeate from stage 2 increases with increasing

the CO; concentration coming from stage 1.
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CO, concentration from stage 1 permeate [mol%], Y,

Figure 4. Comparison of experimental and model predicted CO, concentration of the

permeate of the stage 2, versus CO; concentration in the permeate of the stage 1 for the

different configurations under study: IL-CS — ZA/PTMSP (black squares), ZA/PTMSP-

ZA/PTMSP (dark gray triangles) and Pervap 4060 — ZA/PTMSP (gray circles).

The dependence of CO, permeate concentration on feed concentration differed

in stage 1 with the type of membrane: Pervap 4060, with a thin rubbery PDMS layer,

the semi-crystalline IL-CS hybrid membrane and the ZA/PTMSP MMM (from the

amorphous glassy PTMSP), as shown in Figure 3, while this difference is attenuated in

the stage 2 represented in Figure 4. The only membrane used in stage 2 was the

ZAIPTMSP MMM.
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The experimental data obtained in one and two stages are compared in Figure 3

and Figure 4 with the model predictions (dashed lines) for the CO, permeate

concentration in stage 1 and stage 2, respectively, versus CO, feed concentrations in

order to characterize the different membrane systems under study. The error bands.in

Figure 3 and Figure 4 reflect the reproducibility of the experimental results obtained. in

the laboratory. The proposed model agrees acceptably well with the experimental

results, with errors in the CO, concentration in the permeate as collected in Table 6.

Table 6. Deviation of the experiments and model predictions for the CO, concentration

in the permeate as a function of the number of stages and membrane configurations.

Stage 1 Stage 2

IL-CS — ZA/PTMSP 5-18% 18 - 23%
ZA/IPTMSP — ZA/PTMSP 9-23% 0.7 - 16%
Pervap 4060 — ZA/PTMSP 0.5-8% 18-9%
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Figure 5. Experimental and simulated CO, permeate purity versus CO, concentration in
the feed: IL-CS — ZA/PTMSP (void black squares), ZA/PTMSP — ZA/PTMSP (filled

dark gray triangles) and Pervap 4060 — ZA/PTMSP (half-filled gray circles).

Figure 5 illustrates the effect of CO, concentration in the feed gas on the global
permeate purity for the different two-stage membrane combinations. As expected, when
the CO, concentration in the feed increases, the purity of the permeate increases
accordingly. The trend is a combination of the dependences shown above in Figure 3
and Figure 4 for stage 1 and stage 2 separately. This agrees with the fact that at lower
feed concentrations the partial pressure difference across polymer-based membranes is
usually low, causing a smaller driving force through the membrane [8,45,46]. In this
way, the increment in the CO, permeate concentration is attributed to the increasing
driving force due to the increment in the CO, feed composition leading to higher CO,

partial pressure [36].

— 50x10°
K o~ 50a0°
(72} K
o E 4,010* }
£ 40x10° E '
E s0x0° - Lour
; S okl T
—_— 0 2 4 6 8 10 12 14 .
qq__, 2 OX10—3_ CO, concentration in the feed [mol%], x, . i
o _
E 10x0%
(]
Q- - B - —
o 0’0_ _'—-'-_T_'__|_—-—-|--:-_| T T T
($) 0 10 20 30 40 50 60 s

CO2 concentration in the feed [mol%], X,
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Figure 6. Comparison of experimental and simulated CO, permeate flux versus CO;
concentration in the feed: IL-CS - ZA/PTMSP (black squares, dashed lines),
ZA/PTMSP — ZA/PTMSP (dark gray triangles, dotted lines) and Pervap 4060 -
ZA/PTMSP (gray circles, continuous lines). The area at lower CO, concentration in the

feed is zoomed in the inset.

Figure 6 shows how the CO, permeate flux increases with CO, concentration in
the feed and that the proposed model agrees with the results at low CO, feed
concentration. At high CO, concentration in the feed, the model prediction only adjusts
the ZA/PTMSP — ZA/PTMSP system, while the Pervap 4060 — ZA/PTMSP system is
the one showing the worst agreement with the model simulation. This may be attributed
to the fact that the selective layer thickness of the Pervap 4060 membrane is only 1.5
pum thick, versus the self-standing IL-CS and ZA/PTMSP MMM. Besides, there may be
an antiplasticization effect due to competition between plasticization and compaction in
the self-standing IL-CS or ZA/PTMSP MMM, larger than that offered by the substrate
of the Pervap 4060 membrane [47-49].

The agreement between the model predictions and experimental permeation flux
data, especially at low concentrations of CO; in the feed, allows the use of this
mathematical model for a first analysis on the perspectives of new membranes in CO,-
N, separation [33]. The discrepancies between the model and the experimental data in
CO; and N, fluxes may be attributed to the opposite influences of competitive sorption
and plasticization in mixed gas separation experiments compared to single gas
experiments [50], which depend on the membrane material. There is a different
preferential sorption behavior of Zeolite A, the IL, and the polymers for CO; versus N3

[32]. The simplifying assumptions used for this preliminary assessment are not

18
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completely valid and the expressions including the permeability dependence on
concentration should be taken into account in a future work [39,47,48,50,51].

To our knowledge this is one of the first works that study experimentally the
CO,-N; gas mixture separation performance of a two-stage membrane system connected
in series investigating the influence of membrane materials with different intrinsic

transport properties in each stage.

3.2. Application to process design

The mathematical model allows estimating the required area of each membrane
material that would be necessary to achieve a certain CO; purity and removal efficiency;,
as the coupled design targets in CO; - N separation to consider membrane technology
as a potential alternative to conventional CO, capture methods and direct future
investigations regarding membrane development and fabrication [16]. The operating
conditions considered for this calculation are the same as those in Table 1.

In Figure 8, the membrane areas required for stage 1 and stage 2 of the two-stage
membrane systems under study are plotted as a function of pressure ratio and
temperature, for-a 90% CO, concentration in the permeate and 90% CO, removal
efficiency, since this is the design target usually required for membrane—based CO,
capture processes to be competitive with chemical absorption [52]. As expected, high
pressure ratios reduce the membrane area requirements but increase the energy
consumption [40]. Low pressure ratio generally results in low driving force [45],
existing a trade-off between the energy used to achieve the required pressure ratio and
the membrane area [20]. Energy considerations will limit the maximum pressure ratio
attainable by feed compression or permeate vacuum to about values of 10, which makes

high membrane permeability being more important than high CO2/N; selectivity [21], as
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observed for the CO,-selective Polaris® membrane, whose selectivity is in the range
12-50 [8], since the membrane separation performance is determined by the membrane
properties and operating conditions.

When the ZA/PTMSP is the same membrane material used in both stages, the
area required for the stage 1 doubles that of the stage 2 in all the temperature range
under study, in agreement with other systems in literature [53,54]. Brinkmann et al.[55]
reported that for the Polyactive ® membrane, an area of 300 m? and slightly more than
8 m® were needed in stage 1 and stage 2, which was enabled by using different types of
module configuration in each stage to separate CO, from flue gas. Hussain and H&gg
[45] analyzed an inlet stream with 700 MMSCFD, 10 % CO,, with pressure ratios of
100 and 80 for stage 1 and stage 2, respectively, and concluded that the effective area of
membrane 1 and 2 should be should be 8.20-10° m? and 2.32:10°> m? in the first and the
second membrane module, even for a CO,/N; selectivity of 200. In this work, when the
two stages are operated with different membrane materials and temperatures, 298 K and
343 K in stage 1 and stage 2, respectively, the required membrane area in stage 2 (IL-CS
— Zeolite A/IPTMSP and Pervap 4060 — Zeolite A/PTMSP configurations, in this work),
dominates the total membrane area of the system. The reason may be that ZA/PTMSP
MMM is the membrane material with the highest CO,/N, separation and permeation
flux, and its high thermal stability allows increasing the operating temperature in stage 2
without losing permselectivity. Figure 8 shows that this increase from 298 K to 343 K
reduces the membrane area of stage 2 to a 67 % in the, ZA/PTMSP —ZA/PTMSP and
Pervap 4060 — ZA/PTMSP, respectively, without the need of intermediate compressor or
final vacuum [41]. It should be remarked that the use of the hybrid IL-CS membrane in
stage 1 is able to reduce the influence of temperature even on the ZA/PTMSP MMM

performance in stage 2, as plotted in Figure 8(a). This results reflects the translation of
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the negligible influence of temperature on the ideal CO2/N; selectivity through IL-CS

hybrid membrane material [30] to a separation process performance.
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Figure 8. Analysis of the membrane area required of the membrane materials in stage 1
and stage 2, as a function of the global pressure ratio and the temperature in stage 2 for

the system configurations studied. Membrane in stage 1 operates at 298 K.

Thus, to obtain 90% permeate concentration in CO, and 90% CO, removal
efficiency, the membrane area in the stage 1 should be 39, 22 and 4 times that at
laboratory scale, for the IL-CS — ZA/PTMSP, ZA /PTMSP — ZA/PTMSP and Pervap
4060 — ZA/PTMSP system configurations, respectively. The membrane area of the
necessary ZA/PTMSP membrane at stage 2 should be 279 + 4 times the lab-scale
membrane, both at 298 K and 343 K, for the IL-CS — ZA/PTMSP system, 39 and 15
times the lab-scale membrane, for the ZA/PTMSP — ZA/PTMSP system and 87 and 43

times the lab-scale membrane for the Pervap 4060 — ZA/PTMSP system.
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The CO, purity of the permeate is enhanced with increasing operating
temperature in the stage 2 (not shown), due to the positive activation energies for CO,
permeability of the ZA/PTMSP MMM used in stage 2 (Table 4) because the CO,/N,
selectivity of the ZA/PTMSP MMM is higher than those of the others [32]. By placing a
high permeability and selectivity membrane material in stage 2, it is possible to increase
the CO, purity in the permeate even at low CO, concentration in the feed (i.e., 10%),
instead of increasing the pressure ratio [56]. Besides, this makes the use of a compressor
between the stages unnecessary [57].

Likewise, operating at high temperature in ‘the stage 2 with a highly
permselective membrane material, the required area to reach the 90% separation targets
is reduced. From the system configurations studied in this work, the one that requires
the least total membrane area to reach the 90% purity and removal efficiencies targets,
is that of Pervap 4060 at stage 1 and ambient temperature and ZA/PTMSP MMM at 343
K at stage 2. For a removal efficiency of 70%, however, the membrane area required in
stage 1 and stage 2 would be only 291 and 18 cm?, for the ZA/PTMSP — ZA/PTMSP
system, 54 and 22 cm?, for the Pervap 4060 — ZA/PTMSP system, and 721 and 41 cm?,
for the IL-CS — ZA/PTMSP system, respectively, with CO, removal efficiencies in the
range 89 — 95%, 87 — 94% and 80 — 90%, respectively. These values give scope to the
further development and scalability of novel CO,-selective membrane materials for

carbon capture processes.

4. Conclusions
The experimental evaluation of the binary CO,-N, separation performance using
a two-stage membrane system with two different membranes in series has been carried

out to see whether a high permeation flux in stage 1 and high permeation and selectivity
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in stage 2, can lead to acceptable CO, removal efficiency and CO, concentration in the
permeate, as design targets, avoiding the use of intermediate compressor or vacuum
simultaneously, as well as introducing novel mixed matrix membrane materials in gas
separation. When the system is fed with a CO, content of 10 %, the permeate. is
enriched to a CO; concentration from 26 to 43 % with a global removal efficiency up to
13% with the Pervap 4060 membrane in stage 1. The final permeate is enriched to 26,
43 and 40 % when the membrane in the first stage is IL-CS, ZA/IPTMSP or Pervap
4060, respectively. The CO, removal efficiency of stage 2 is 49 and 64% for the IL-CS
— ZA/PTMSP and Pervap 4060 — ZA/PTMSP systems. These experimental data agree
well with a mathematical model, as a function of the membrane material and
temperature in stage 2, for each two-stage system combination, at low CO;
concentration in the feed.

Applying this model, we can estimate that, to attain a 90% CO, purity and
removal efficiency at the exit, the lowest total membrane area required is obtained for
the Pervap 4060 — ZA- PTMSP system, although the agreement is the worst. When the
CO;, removal efficiency is set to a lower target like 70%, the membrane area that would
have to be fabricated so that these materials reach the goal in the experimental
conditions of this work, would be only 291 and 18 cm? for ZA/PTMSP in stage 1 and
stage 2, and 721 and 41 cm? for IL-CS and ZA/PTMSP in stage 1 and stage 2, and 54
and 22 cm? for Pervap 4060 and ZA/PTMSP for stage 1 and stage 2, respectively. These
values of area are really feasible, thus giving scope to pursue the research and
development of novel robust membrane materials and their potential in CO, capture
processes. Since we have observed that the permeability and selectivity of this novel

membrane materials are not greatly affected by the reduction in thickness in composite
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membranes [58], we can expect an improvement of the performance. Further work on

the effect of impurities such as water vapor is being conducted in our group.

Appendix
A. Mathematical model

The applied mathematical model used in this work is composed of a set of
equations implemented using two different models: one covering the equations
governing the membrane in stage 1 and the other used to describe the membrane in
stage 2. As the permeate stream of the first stage feeds the second one, both models are
connected by means of port and stream types. All the set of equations are solved using
the software Aspen Custom Modeler by Aspentech ®.

The overall mass balance and the component mass balance are carried out for
each stage in Figure A.1, considering Xz as y1, S0 that the permeate stream of the stage 1
is the feed to stage 2. Since the gas separation performance depends on the membrane
material, gas components in the mixture and the process conditions, the governing flux
equation for the-gas permeation mechanism follows Fick’s law, where the driving force
is the difference in partial pressures over the membrane:

h: qp'yp,i (Al)

A A

=3, =%(pf X, = Py)
i i

where J (m*(STP)/m? h) is the flux of gas component i, Qp Is the volumetric flow rate of
the permeating gas i (m*(STP)/h), P; is the intrinsic permeability of the membrane
material for gas (i = CO; or Nz) (m*(STP)-m/m® h bar), A is the effective membrane
area (m?) of stage j (j = 1,2), 6 the membrane thickness (m), ps and pp the pressure in the

feed and permeate side, respectively, and xs and y the molar fractions of the desired

component in the feed and permeate side, respectively.
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Figure A.1. Schematic diagram of the two step membrane system used in this work.

Symbols are described in Appendix B.

In order to account the particularity of the experimental system validated in this
work, the i component flow across the membrane in Eg. (A.1) can only occur if the
partial pressure of i on the feed side of the membrane (ps-Xy) is greater than the partial
pressure of i on the permeate side (pp-y;) [21,59]. Consequently, the maximum
separation reached by the membrane cannot exceed the pressure ratio (¢), regardless the
selectivity of the membrane [22], as mentioned before:

RIPLING T (A2
ij ppj ij J

This is related to the different strategies possible in membrane technology are
present here so that two limiting cases to be considered. On one stage, the membrane
ideal selectivity is greater than the pressure ratio (¢), the performance is determined
only by the pressure ratio across the membrane and independent of the membrane
selectivity, i.e. the pressure ratio limited region. On the other stage, the membrane

selectivity may be smaller than the pressure ratio, which is named as the membrane
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selectivity limited region, the membrane separation is determined only by the membrane
selectivity and independent of the pressure ratio [59], as in Eq. (A.3)

aj - Xrj (A.
1-x5-(1-a)

Vi =

3)
The flow rate of the different gases passing through the membrane has to be
evaluated. Eq. (A.4) describes the CO, transport as function of the membrane area.

When Fg= Fpl,

yo=p| Y oo =Y, ) [P
% yi=h /Ffj Prit\ % ( /¢j> /(Fp,-+Fd,-) Ad)

where P; is the CO, permeability, Fg the feed flow and pg the pressure of the feed

stream.

For a given feed flow rate and feed composition, the membrane properties
(permeability and selectivity), effective membrane area, and fixed operating conditions
such as pressures, pressure ratios and temperature of each stage are fixed as design
parameters and the solution of system equations provides the overall performance in

terms of the CO,, purity and the recovery in the final permeate stream.

B. List of Symbols

Table B.1. Variables used in the mathematical equations.

Variable description Units Symbols

Input variables

CO, feed molar fraction - X

Feed pressure (experimentally obtained from bar Pf;
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Variable description Units Symbols
backpressure regulator (2) in Figure 1)
Permeate pressure (experimentally obtained bar Ppi
from pressure gauge (3)
Pressure ratio - D;
Feed flow rate (experimentally obtained from mol-s™ Fg
mass flow controllers (1) in Fig. 1)
Permeate flow rate (experimentally obtained mol-s™ Foi
from flowmeter (6) in Fig. 1)
Dilution flow rate (measured in mass flow mol-s™ Fa
controller (1) in Figure 1)
Output variables
CO; permeate molar fraction (experimentally - Yj
obtained from gas analyzer (7) in-Figure 1)
CO; retentate molar fraction (set in mass flow - Xj
controllers (1) in Figure 1)
CO; removal efficiency - e
Flow rates ratio - 0= Fpif/ Fr
J =stage 1 or 2, respectively.
Table B.2. Other symbols appearing in the text and equations.
Description Units Symbols
Other variables
Area m* A
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Description Units Symbols
Permeability m>(STP)/m* h bar P
Solubility cm’(STP)-cm/cm?-s-cmHg S
Diffusivity cme/s D
Selectivity - a
Activation energy kJ/mol Ea
Thickness m 0
Temperature K T
Flux m>(STP)/m” h J
\Volumetric flow rate of the permeating gas m>(STP)/h dp
Acronyms

Poly(trimethyl-1-silylpropyne) - PTMSP
Mixed matrix membranes - MMM
Zeolite 4A - ZA
Poly(dimethylsiloxane) - PDMS
lonic liquid - IL
Chitosan - CS
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Highlights

e Introduction of novel mixed matrix membranes in CO,-N, separation systems.

o Three cascade schemes with two different membrane types are analyzed.

e High permeability and low selectivity membrane is placed in stage 1.

e High permselectivity and thermally resistant MMM in stage 2 avoids the use of compressor.

e Fora70% CO, purity, affordable membrane areas are required.
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