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ARTICLE INFO ABSTRACT
Keywords: Amine-containing facilitated transport membranes (AFTMs) hold great potential in CO, separation and show
Membrane gas separation remarkable separation performance under the existence of water. Conventional membrane gas separation models

Amine-containing facilitated transport

b that mainly consider the effect of temperature and pressure are less effective for modeling AFTMs. In this study,
membranes

Variable gas permeance we present a model tha.t involves variab¥e. C..Oz perme.ance in AFTM.S concerning relative humidity (R.H), t.err‘l-

Relative humidity perature, and CO, partial pressure. Sensitivity analysis and comparison of the proposed model and simplistic

Modeling model highlight the significance of considering the effect of RH and CO, partial pressure on gas permeance of
AFTMs. Case study results of post-combustion carbon capture indicate that variations in CO3 concentration and
feed pressure bring more pronounced changes on the separation performance of AFTMs than in temperature.
Besides, the results of RH along the membrane module provide evidence of membrane area for module design
with required RH, and the results can also be used to guide the humidification of multistage separation processes
using AFTMs. Overall, the proposed model can be integrated into commercial process simulators to study the
separation process with consideration of variations in operating conditions within the membrane module,
overcoming the lack of rigorous models for supporting the design of membrane systems for carbon capture.

membrane that have been developed for CO, separation,
amine-containing facilitated transport membranes (AFTMs) are prom-

1. Introduction ising as the transport of CO5 can be enhanced by the amine carriers via
facilitated transport mechanism (Han and Ho, 2018), allows to over-
CO. separation is receiving increasing research attention over the come the trade-off between permeability and selectivity, known as
past years as it is an important means for industrial gas treatment pro- Robeson upper bound (Robeson, 2008). Besides, AFTMs favor the wet
cesses as well as mitigating global climate change (N.Borhani and Wang, flue gases as they experience higher reaction kinetic of facilitated
2019; Guandalini et al., 2019; Siagian et al., 2019). Current CO; sepa- transport with the formation of hydrogen carbonate ion by the presence
ration technologies in many industrial gas treatment processes are ab- of H,O (Wang et al., 2017), which is suitable for many industrial gas
sorption, adsorption, and cryogenic distillation (Song et al., 2018). treatment applications as the exhausted gases contain saturated water
These technologies have been developed for decades and are applied (Brunetti et al., 2010).
successfully in industrial applications. However, more efforts are Mathematical modeling is an essential tool for engineering design
required to be made as those technologies are energy-intensive and and process optimization of membrane gas separation. Accurate esti-
cost-ineffective (Rodrigues et al., 2018; Ohs et al., 2019; Song et al, mation of gas permeance is of great importance for the advancement of
2019). As a potential alternative, membrane gas separation technology modeling membrane gas separation. Over the years, mathematical
received considerable attention within the past few years due to its modeling efforts have been focused on describing the AFTMs. Paul and
advantages such as low cost, easy to scale-up, operation simplicity, and Koros (Paul and Koros, 1976) derived a permeance equation by the

environmental friendliness (Tomé et al., 2015). Among different kinds of
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Nomenclature Vv Volume flow rate on the permeate (m>/h)
w Gas work during separation (J)
Symbols x Gas mole fractions on the feed side
A Membrane segment area (m?) y Gas mole fractions on the permeate side
An Total membrane area (m?) Ypurity Product CO, purity (%)
G Molar heat capacity (kJ/kmol~1.°C™)
Cx Carrier concentration(mol cm>) Greek symbols . .
Dco, CO, diffusion coefficient (cm?s™1) a Separation selectivity
Dco,-x  COp—carrier complex diffusion coefficient (em?>s™h) ¢ Stage cut . .
E, Gas permeation activation energy (kJ/mol) H Joule-Thompson coefficient ("C/bar)
F Molar flow rate (mol/h) Subscripts
H Enthalpy (J) i i-th component
Heo, Henry’s law constant of CO, (MPa cm®mol™) in Feed side
J Permeation flux (m3/h) j j-th component
JT Joule-Thompson mix Gas mixtures
K Reaction equilibrium constant k k-th membrane segment
l Membrane selective layer thickness (cm) N Number of membrane segments
L Volume flow rate on the retentate (m>/h) p Permeate side
Pco, CO,, partial pressure R Retentate side
Py Pressures on the feed side (bar)
P, Pressures on the permeate side (bar) Acronyms
Pgqr Water saturated pressure (kPa) AFTMs Amine-containing facilitated transport membranes
Q Gas permeance (m® (STP) m2h! bar!) CH,4 Methane
Q. Conductive heat transfer (J) CO, Carbon Dioxide
r Pressure ratio H>0 Water
R Molar gas constant (8.314J mol 1K) N, Nitrogen
Re Overall recovery (%) PVA Polyvinyl alcohol
RH Relative humidity (%) PVAm Polyvinylamine
T Temperature (K or °C) STP Standard temperature and pressure

partial immobilization model, the model can reflect the permeability
decrease with partial pressure decrease. Ebadi Amooghin et al. (Ebadi
Amooghin et al., 2018) modeled the CO; facilitated transport in AFTMs
by the finite element method, the effect of partial pressure on gas
permeation was considered, modeling results were in good agreement
with experimental data. Scholz et al. (Scholz et al., 2013) developed a
model to study the effect of temperature and pressure on membrane gas
separation performance. Hosseini et al. (Hosseini et al., 2016) also
presented a comprehensive model for membrane gas separation in
which temperature and pressure effects can be taken into account.
However, these models do not include the effect of water vapor in the
flue gas on separation performance. Recently, Li et al. (Li et al., 2014)
developed a facilitated transport model for AFTMs through reaction
kinetics based on the reaction of CO5 with amine carriers under the
existence of HpO. However, they did not include the effect of water
vapor in the gas permeance. Pfister et al. (Pfister et al., 2017) conducted
a comparative analysis of dry versus humid flue gas on polymeric glassy
membrane and AFTMs to study the water vapor effect on CO; separa-
tion. Gas permeance under high relative humidity (RH) was used in the
simulation for AFTMs. However, the model did not present the gas
permeance equation as a function of RH, instead, the model used con-
stant gas permeance. For AFTMs, gas separation performance is strongly
dependent on RH apart from the temperature and pressure (Tong et al.,
2015). Thus, it is necessary to include the effect of RH into the gas
permeance estimation.

Moreover, high separation performance requires not only advanced
membrane materials but also modularized membrane systems. In terms
of membrane modules applied in large-scale membrane gas separation
applications, temperature and pressure drop within the membrane
module normally occur. Pressure drop occurs between the feed side and
the retentate side of a membrane module (Hosseini et al., 2016). The
CO4, partial pressure decreases along the membrane due to the perme-
ation of CO,. The temperature of the permeate side would decrease as a

result of the Joule-Thompson (JT) effect (Ahmad et al., 2013), while the
temperature decrease occurs from the feed side to the retentate side is a
direct consequence of heat transfer along with the gas permeation across
the membrane (Rautenbach and Dahm, 1987). Ahmad et al.(Ahmad
etal., 2013) proposed a cross-flow model for the hollow fiber membrane
to describe the effect of temperature and pressure on membrane gas
permeance, the variable gas permeance dependent on temperature and
pressure is included in the model. However, their model did not consider
the effect of water vapor content and its variation effect on gas per-
meance. In our recent work (Yang et al., 2020), we developed a model
that considered the effect of water vapor content on gas permeance, the
gas permeance is described as a function of gas RH. Whereas isothermal
condition was assumed and pressure drop along the membrane was
taken to be negligible, the model considered exclusively the effect of RH
variation on gas permeance.

Therefore, the existing models may not give an effective estimation
of a separation process using AFTMs. This study aims to address the lack
of a suitable model for AFTMs by developing a model considering the
simultaneous effect of RH, temperature, and CO» partial pressure for
AFTMs. The effect of these parameters on gas permeance as well as
separation performance was studied through sensitivity analysis and
comparison of the proposed model and simplistic model. Moreover,
variations of operating parameters along the membrane and its effect on
separation performance were also taken into consideration through a
case study of post-combustion carbon capture.

2. Model development

In this study, the calculation of multicomponent gas separation is
done by applying the mathematical model derived by Shindo and co-
workers (Shindo et al., 1985). The model has been validated with
experimental data in previous studies (Pan, 1983; Xu et al., 2019a).
Unlike their model, this study considers variable gas permeance.
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Tanks-in-series approach (Coker et al., 1998; Bouton and Luyben, 2008;
Katoh et al., 2011; Lee et al., 2017) is adopted to reflect the variable gas
permeance as well as the variation of gas compositions along the
membrane module. The cross-flow pattern is chosen for simulation as
Yang et al. (Yang et al., 2017) compared the membrane gas separation
results of three flow patterns (cross-flow, co-current flow, and
counter-current flow), the difference between these three flow patterns
is quite limited, and cross-flow is widely used for many applications.
Fig. 1 schematically demonstrates a cross-flow model using the
tanks-in-series approach for the spiral-wound membrane module.

Since the main objective of this study is to model the impacts of RH,
temperature, and pressure on variable CO, permeance and separation
performance, modeling governing equations are derived based on
several assumptions to avoid an excessively complex modeling stage.
The assumptions for the proposed model are as follows (Shao et al.,
2012; Soroodan Miandoab et al., 2020):

1 The membrane operates at steady-state;

2 The thickness of the membrane dense layer remains constant along
the membrane during the separation process.

3 Concentration polarization is negligible.

Modeling governing equations are based on our previous study (Yang
et al., 2020). The difference from the previous study is that the effects of
RH, temperature, and partial pressure are simultaneously included here.
Appendix in this article provides detailed information for model devel-
opment. The model equations can be implemented in MATLAB and
solved by Newton iterative method with an initial guess of permeate gas
composition. Determination of gas permeance equation that enables to
reflect the effects of RH, temperature, and CO; partial pressure together
can be seen in the following sections.

2.1. RH, temperature, and partial pressure-dependent gas permeance

In AFTMs, the transport of CO, follows facilitated transport mecha-
nisms, while other non-reactive gas components (such as Ny, Ha, CHy4)
follow the solution-diffusion mechanism. In the absence of H,O, re-
actions between CO; and sterically unhindered amines follow a zwit-
terion mechanism (Caplow, 1968; Danckwerts, 1979). As described by
Egs. (1) and (2), one amine reacts with CO to form a zwitterion inter-
mediate, the zwitterion intermediate reacts with another amine subse-
quently to generate a carbamate (Ansaloni et al., 2015). In total, one CO4
requires two amines to transport from the feed side to the permeate side
of the membrane.

RR’NH + CO, < RR°"'NHTCOO~ (€8]

RR°'NH"COO™ + RR°’NH < RR'NCOO™ + RR’NH; (2)
Combining Eq. (1) and (2), yields Eq. (3):

2RR’NH + CO, <X RR'NCOO™ + RR’NH; 3)

The CO, permeance equation based on the above reversible chemical
reactions can be demonstrated as follows (Friedlander and Keller, 1965):

Permeate out
Ist 2nd 3rd 4th

n-2th n-1th nth

Vi 3 v, 3 Vi 3 Vv, Vi : Evn—ZéVn-li Va

ViV iV iV Ty §yu.z§yn.. P
Feed in I?, L*q ]? Lk* 1Ly 117 L?n-l z]; Retentate

Fig. 1. Cross-flow model using tanks-in-series approach.
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Dco, Dco, xCxK.
Ql(pcgz_g) :&_}r COo,—-x Lx A (4)

IH,,, I(ZKlpcoz.o + K H(?()zpCOz.O)

while in the presence of H,O, HO makes the carbamate unstable to form
bicarbonate, as described in Eq. (5).

RR’NCOO™ + H,0 < HCO; + RR’'NH 5)

Combining Eq. (1), (2), and (5), yield Eq. (6). As a result, one CO4
requires one amine to transport to the permeate side of the membrane.

RR’NH + CO, + H,0 <" HCO; + RR’'NH; (6)

The CO; permeance equation based on Eq. (6) is as follows (Li et al.,
2014):

Do, Dco,—xK; [\/1 +4CxH,,, /szcoz,o — 1}

N @)

QZ (pCOQ.U) = lH(;uz 21Hm2

where Dco, (em?s™Y) is CO, diffusion coefficient, Dco,-x (em?s™1) is
diffusion coefficient of COy—carrier complex, Cx (mol em™) is carrier
concentration in the AFTMs. K; and K, are the reaction equilibrium
constant of Eq. (3) and Eq. (5), respectively. [(cm) is the thickness of the
membrane selective layer. H,,, (MPa cm?® mol D is Henry’s law constant
of CO3, which can be calculated as a form of temperature (Chakma and
Meisen, 1987),

2 4 7 9
exp(222819 _ 138.3(?r6x10 +691.34712><10” _ 155.879§><10 + 120,0;Zx10 )

He, = 7.50061 ®

Table 1 listed the diffusion coefficient, reaction equilibrium con-
stant, and other simulation parameters based on the experimental re-
sults (Way and Noble, 1989).

Both Egs. (4) and (7) derived from the two different reactions only
consider the effect of gas partial pressure on the gas permeance, while in
the real gas separation, the gas temperature is also another key impact
factor that affects the gas permeance. Therefore, the Arrhenius equation
(Safari et al., 2009) is included to explicitly describe the dependence of
gas permeance to temperature, which can be presented by Eq. (9):

Qir = Qi exp { - &(1 - i)} )

where T is the reference temperature (in Kelvins), which is 298 K (25
°C) in this study, Q;r, is determined reference gas permeance at the
reference temperature, R is the molar gas constant (8.314J mol 1K™,
E, is the gas permeation activation energy, the E, value of CO, is
38.7 kJ/mol, while the E, value of N is 62.7 kJ/mol (Han et al., 2019).

By integrating the effect of partial pressure and temperature yields:

E, 1 1
Q1(Pco,0,T) = Q1(pcoyo)exp { - Ep(? - FU)} (10)
0:(peoso. T) = Qulpeoso)esp| — 21— ) an
2 \Pco,0,1) = €2(Pco,0)exp R'T T,

Egs. (10) and (11) can describe the effect of temperature and

Table 1
Diffusion coefficient and reaction equilibrium constant and other known
parameters.

Parameters Value Unit

Dco, 1x10°8 cm?s !

Dco, x 4.34x107° cm?s7?

K; 1.1 x 108 cem® mol !

K> 1.2 x 10° Dimensionless
l 3x107* cm

Cx 8.4x1073 mol cm 3
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pressure on gas permeance. However, it is believed that the reaction of
CO4 with hindered amines and unhindered amines takes place simul-
taneously in AFTMs (Zarca et al., 2017). Therefore, neither of these two
equations (Egs. (10) and (11)) can individually describe the gas per-
meance in AFTMs. It is believed that gas permeance is a form of a
combination of those two equations. Besides, as indicated by experi-
mental studies, water vapor in the gas stream can benefit the facilitated
transport of COy in AFTMs (Saeed and Deng, 2015; Saeed and Deng,
2016; Olivieri et al., 2017; Saeed et al., 2017). Various experimental
results indicated that the gas permeance shows an exponential rela-
tionship with RH (Deng et al., 2009a; Deng et al., 2009b; Deng and
Hagg, 2010). Therefore, to model for AFTMs, it is desired to include the
water vapor effect (in the form of RH) in the permeance equations.

For CO3, the CO, permeance as a function of RH is as follows (Deng
and Hagg, 2010):

Ocoyrn = Ae®FH) 12)

Where A and B are factors with different values according to different
membrane systems, RH (%) is gas RH, RH is usually expressed as:

P X xp,0

RH = 1
Poar a3

where, xp,0 (%) is gas water vapor content, Py (bar) is water vapor
saturated pressure, P (bar) is the gas pressure. P, depends on the gas
temperature (T, °C) (Xu et al., 2019b), Buck equation (Buck, 1981) is
adopted here to calculated Psq as it has lower at a temperature lower
than 100 °C, as shown in Eq. (14):

a L)) 14)

P — 0_611216)6p(<18‘678 "33 55 T

By integrating Eq. (12) into Egs. (10) and (11), the gas permeance
equation for AFTMs that reflects the simultaneous effects of tempera-
ture, pressure, and RH is obtained, as shown in Egs. (15) and (16).

01 (pcoro, T,RH) = {1 — P*®H10I 0, (peg, o, T) (15)

0> (pcoyo, T, RH) = B*®H=1000, (5, 0, T) (16)

In summary, a new gas permeance model in the form of a combi-
nation of two reactions that take place in AFTMs is proposed, as indi-
cated as follows:

O(T, pco,,RH) =M x Qy(pco,0.T,RH) + N x Q>(pco, 0, T,RH) a7
2.2. Variable gas permeance within the membrane module

In real membrane gas separation, RH, temperature, and partial
pressure vary along the membrane during the separation process, this is
particularly true when the membrane is applied to a large-scale appli-
cation. In terms of the partial pressure, the partial pressure of CO, drops
along the module due to permeation. RH of the gas also decreases as a
result of HoO permeation. For gas temperature, as mentioned previously,
JT effect is always adopted to describe the temperature decrease from
the feed side to the retentate side. Eq. (18) shows the energy balance in
the membrane:

Fy,H;, + Q. +W = F,H, + FrHy (18)

where F indicates the molar flow rate, Q. indicates the conductive heat
transfer of membrane, W is the work during the separation, H indicates
the enthalpy. Subscripts in, p, and R represent feed side, permeate side,
and retentate side, respectively. Membrane gas separation can be
regarded as adiabatic and there is no work done on the system, so the Q
and W are equal to zero, the energy balance equation is shown in Eq.
(19).

FinHiy, = FpH, + FrHg (19)
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Energy balance in the form of enthalpy, the sum of permeate
enthalpy and retentate enthalpy is equal to the feed enthalpy. Therefore,
membrane gas separation is an isenthalpic process.

The stage cut @ is defined by:

— Fl’

o= Fi 20)
From Egs. (19) and (20), the following relation can be obtained:
H,, = (1 —0)Hr + 6H, 2D

Gorissen (Gorissen, 1987) proposed a practical method to estimate
the temperature change along the membrane during the separation, the
retentate temperature change can be expressed as follow:

Tg = Ty + fyin(Pin — Pp)In(1 — 6) (22)

Ui 18 the JT coefficient of permeate gas mixture, which can be
calculated with molar heat capacity at constant pressure and JT coeffi-
cient y; of each component, as shown in Eq. (23):

Z Xi Cp.[ﬂi
Ponie =~ (23)
Z Xi C/?J

where Cp; (kJ/kmol~'-°C1) and u; (°C/bar) are the molar heat capacity
at constant pressure for a pure component and JT coefficient, respec-
tively. The value of C,; and y; for each component is shown in Table 2
(Gorissen, 1987; Cornelissen, 1993).

3. Modeling experiments and results
3.1. Permeance equation coefficient determination

In this study, the gas permeance at various RH is fitted by Eq. (17) to
calculate parameters B, M, N. Since permeance data at various RH of
different AFTMs available in the literature is quite limited, hence, this
study takes experimental data of PVAm/PVA membrane (Deng et al.,
2009b) as an example for nonlinear curve fitting to calculate permeance
equation parameters. The experiment in literature (Deng et al., 2009b) is
conducted by using the feed gas contains 10 % CO and the feed gas
pressure is 2 bar while the temperature is 25°C. The sweep gas used in
the experiment for better recording the permeation fluxes and gas
compositions is considered to have less effect on the permeance results,
thus neglected in this study. The experiment adjusted the RH of the feed
gas from 50 % to 92 % by attaching a bypass line with the valve to obtain
CO4 permeance at various RH. The CO2 permeance result (expressed in
m? (STP)/m? h bar) is demonstrated as dots in Fig. 2.

As a result, it can be seen that the proposed permeance equation
shows good fitting performance, the coefficient B, M, N are determined
and the values are listed in Table 3.

3.2. Sensitivity analysis

For most gas separation applications, operating parameters (RH, CO5
partial pressure, temperature) would generally decrease along the
membrane due to the gas permeation. Given this circumstance, it is of
importance to evaluate the effect of variations of these parameters on
the gas permeance, or more precisely, the separation performance.

Table 2
Heat capacity at constant pressure and JT coefficient of each gas component.

Gas compositions Cpyi (kJ/kmol~1.°C™) 4; (°C/bar)
COy 37.22 1.016
(2% 29.38 0.271
Ny 29.09 0.215
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0.6 ®  Experimental data
Fitting curve of Eq.(17)

Gas permeance,m3(STP)/m?-h-bar
o
1

0.0 T T T T T T T T T
50 55 60 65 70 75 80 85 90 95

RH/%

Fig. 2. Experimental data and fitting curves at feed gas pressure = 2.0 bar,
temperature = 25°C, CO, composition =.10 %.

Table 3

Coefficient obtained from fitting curve results.
Parameters Value
B 0.12734
M 0.23208
N 3.23837

Therefore, it can provide useful information for engineering design and
process optimization. For this purpose, a sensitivity analysis on gas
permeance to a variation of these parameters has been conducted, gas
permeance results are calculated for a decrease of 5 %, 10 %, 20 %, and
30 % for each independent parameter while keeping the other two pa-
rameters unchanged, as shown in Fig. 3. All the parameters used for
calculation are listed in Table 4. Qr represents variable gas permeance
with temperature changes, Qgry represents variable permeance by the
change of RH, and Qp represents the variable permeance caused by CO2
partial pressure change.

From the sensitivity analysis in Fig. 3, it is clear that temperature
change has the least impact on gas permeance, with a 30 % change of
temperature, the gas permeance result only changes by 4.46 %. Partial
pressure decrease leads to an increase of gas permeance, within a 30 %

30 +41.58%

+24.26%

Ind
o
1
)
o

95% +10.89%
+4.95% |

-0.50% -1.49% -2.97%

g
o
1

-4.46%

o
1

-45.54%

Gas permeance, m%m?-h-bar
P
1

-69.5Y%

-88.919%
% -94.31
0.0

T T T T T
Base Case -5% -10% -20% -30%

o
o
1

Fig. 3. Sensitivity analysis for different parameters effects.

International Journal of Greenhouse Gas Control 108 (2021) 103327

Table 4
Parameters used for sensitivity analysis.
Indicators ~ Units  Base —5% —10 % —20 % —30 %
case Scenario Scenario Scenario Scenario
T °C 40 38 36 32 28
RH % 100 95 90 80 70
Pco,.0 bar 0.2 0.19 0.18 0.16 0.14

decrease, the gas permeance will increase by around 42 %. In terms of
RH, the change of RH has the most obvious effect on gas permeance than
partial pressure change and temperature. With RH changing only by 10
%, the gas permeance decreases nearly half. When the RH decreases to
70 %, the gas permeance decreases by more than 90 %. In summary, RH
change has the largest impact on the variation of gas permeance, fol-
lowed by partial pressure change, while the temperature change brings a
limited impact on gas permeance.

3.3. RH- and partial pressure-dependent gas permeance

As indicated in the last section, both RH and partial pressure have a
pronounced effect on gas permeance. Since CO; permeance in AFTMs is
a sum of the combination of Egs. (15) and (16), it is intended to inves-
tigate the effect of various RH on gas permeance of different mecha-
nisms. As shown in Fig. 4a. Q; represents the gas permeance that follows
the mechanism without the presence of HoO (Eq. (15)), while Q3 rep-
resents gas permeance under the presence of HyO (Eq. (16)). Qtotal
represents the total permeance. Q; shows an increasing trend with
increasing of RH, while Q; decreasing with increasing in RH. The total
gas permeance is increasing with higher RH. At the RH below 80 %, gas
permeance is extremely low, indicates membrane drying occurs. The
results can be used to guide the membrane module design, where the
membrane module area should be designed to a certain range to main-
tain the RH larger than 80 %. Moreover, under RH around 70 %, Q;
exceeds Q,, indicates that the reaction of CO, with amine carriers
without the presence of HoO becomes dominant, which should be
strictly prohibited. Fig. 4b presents the effect of RH on the relationship
between gas permeance and partial pressure. Gas CO5 composition is 10
% and the temperature is 40 °C. It is found that increasing RH is an
effective way to improve gas permeance. Gas permeance decreases with
rising CO4, partial pressure. However, the effect becomes less remarkable
as CO,, partial pressure increases.

4. Case study: post-combustion carbon capture simulation

To evaluate the separation performance under different operating
conditions, a case study involving post-combustion carbon capture has
been conducted. Single-stage membrane gas separation is adopted in
this study. The CO, compositions in different exhausted flue gases may
vary, gas CO5 compositions from 10 % to 30 % are investigated in this
study, gas specifications used in this simulation study are listed in
Table 5. Flue gas entering the membrane module is saturated with water
vapor at corresponding pressure and temperature to ensure the sepa-
ration performance.

Eq. (17) is used to determine the variable CO, permeance, the Ny,
H50, and O, permeance is assumed to be constant as 1.35 x 1072m?
(STP)m?h™ bar?, 1 m® (STP)m>h ' bar?, 3.37 x 1072 m® (STP) m 2 h
! bar! respectively as assumed previously (Higg and Lindbrathen, 2005;
Low et al., 2013).

4.1. Comparison of the proposed model and simplistic model: effect of
RH, temperature and CO partial pressure

Product CO purity and overall recovery are two major parameters
that have always been used to characterize the membrane CO, separa-
tion performance. Besides the overall recovery and permeate CO» purity,
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Gas permeance, m*m?-h-bar

0.0 T T
0.1 0.2 0.3 04 0.5
Partial pressure/bar

Fig. 4. Gas permeance at various (a) RH (b) CO, partial pressures.
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Table 5
Gas properties used for simulation.
Specifications Value Units
Gas flow rate 30 Nm®/h
CO, composition 10~30 Mol%
O, composition 8 Mol%
H,0 composition 1.8~7.7 Mol%
N, composition 52.3~78.2 Mol %
Feed pressure 2~5 Bar
Permeate pressure 0.5~1.25 Bar
Temperature 40~70 °C

the required membrane area is also essential to evaluate the membrane
separation performance as it directly links to the cost of membrane CO,
capture. This section compares the required membrane area and product
purity obtained by the proposed model (solid line) and simplistic models
(dash line) as a function of recovery, as shown in Fig. 5. Compared to the
simplistic model that merely taking temperature and CO partial pres-
sure change into account in Fig. 5a, RH decline along the membrane
module due to HyO permeation in the proposed model predicts
approximately 100 m? higher in required membrane area and 5 % lower
in product purity at largest recovery. Compared to the simplistic model
that neglects the CO; partial pressure change in Fig. 5b, the proposed
model predicts a lightly higher product purity and lower required
membrane area, and the difference of results obtained by both models
becomes more pronounced as the recovery increases. However, the
difference between the proposed model and the simplistic model that
does not consider JT effect is negligible, as demonstrated in Fig. 5c,
implies that the temperature decrease due to JT effect brings limited
impact on the separation performance of AFTMs when compared to the
effect of RH and CO,, partial pressure.

4.2. RH profiles along the membrane at various operating conditions

It has been investigated that gas permeance decreases as the RH
decreases. In engineering design, a membrane module should be fabri-
cated in a suitable size, and a cascade of multiple membrane modules in
series is used to meet the separation requirements. Fig. 6 depicts the RH
profiles along the membrane as a function of membrane area at various
feed conditions. By keeping the feed pressure as 2 bar to exclude the
effect of total pressure, the feed gas CO5 composition varies from 10 % to
30 %. Meanwhile, a 10 % concentration of CO, with feed pressure 4 bar
so to keep the same CO, partial pressure is also investigated. With the
same operating pressure, the RH decreases faster with the enrichment of
COs, which can be explained by the higher driving force for CO, as well
as higher COz concentration in the permeate side. Therefore, the

concentration of other components like HyO in the permeate side rea-
ches a lower value, leading to a higher driving force for HyO and a faster
reduction of RH. Moreover, with a consistent CO partial pressure (2 bar,
20 % CO4 and 4 bar, 10 % CO,) to exclude the impact of partial pressure,
an increase of feed gas pressure from 2 bar to 4 bar leads to a faster RH
decreases along the membrane module, which can be attributed to the
higher driving force for HyO permeation obtained from higher feed
pressure. As shown in Fig. 6b, higher operating temperature also results
in a faster decrease of RH along the membrane. This is because
increasing temperature slightly increases HoO permeance, a small
higher H,0 permeation is then obtained.

It is obvious that the RH results as a function of membrane area are
far to be specific, but the results can still be used to guide the membrane
module design. For example, with a required RH at 80 % for the mem-
brane to maintain high separation performance, the largest membrane
area is around 30 m? for a gas stream contains 10 % CO, under 4 bar feed
gas pressure. While for 10 % CO; under 2 bar feed pressure, the largest
membrane area at this operating condition is around 50 m?.

4.3. Temperature drop along the membrane at various operating
conditions

Fig. 7 illustrates the temperature decreases along the membrane
module as a function of CO5 recovery at different operating conditions.
It can be observed that temperature decreases faster with an increase in
product recovery. This is because CO5 is the dominant permeating
component and has the highest heat capacity as well as JT coefficient
over other gas components, and heat is transferred from the feed side to
the permeate side during CO5 permeation. As shown in Fig. 7a, for a
given CO3 recovery with the same feed pressure 2 bar, feed gas with
higher CO5 concentration has a higher reduction of temperature along
the membrane module. The reason is that more heat is transported to the
permeate side since the gas mixture JT coefficient is higher with
increasing flue gas CO2 concentration. As for temperature drop under
different inlet gas temperatures over a wide range of recovery shown in
Fig. 7b, feed gas with higher temperature has a slightly higher decrease
in temperature. However, the reduction of temperature is relatively
limited as the gas permeance did not change significantly by the effect of
different temperatures. Overall, the temperature drop along the mem-
brane module over a wide range of recovery among different operating
conditions is within 1.2 °C.

4.4. Partial pressure drops along the membrane at various operating
conditions

Fig. 8 demonstrates CO partial pressure drop under various
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Fig. 5. Required membrane area and product purity as a function of recovery obtained by the proposed model (solid line) and simplistic model (dash line).
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operating conditions. As shown in Fig. 8a, with the same inlet pressure, decreases faster, resulting in lower CO, permeance as well as selectivity.
gas stream with higher CO5 concentration has a lower CO5 partial Therefore, the CO5 permeation of the gas stream contains higher CO,
pressure drop rate, which can be explained by the RH result presented in concentration becomes slower, resulting in a lower partial pressure drop

Fig. 6a, the RH of the gas stream with higher CO; partial pressure rate. Elevating the feed gas total pressure while keeping CO, partial
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pressure the same would significantly increase the CO, partial pressure
drop rate, which is because higher permeation flux is obtained at higher
pressure. This indicates that feed gas pressure is the controlling factor
for CO, partial pressure drop along the membrane. Interestingly, at a
low recovery, CO, partial pressure drop turns to be slower with
increasing recovery, while it becomes faster at a higher recovery.
Because at a low recovery, RH is the controlling factor for CO, per-
meance and gas permeation, while at high recovery, the RH decreases to
a relatively low extent and CO; partial pressure becomes the controlling
factor for CO, permeance. As CO; partial pressure decreasing, the CO5
permeance slightly increases, leads to a faster CO, permeation and CO2
partial pressure drop. Fig. 8b indicated that higher temperature has a
lower CO; partial pressure drop rate, but the difference within the
different temperatures is quite limited compared to different CO5 con-
centrations, which indicates that different operating temperatures have
a minor impact on CO; partial pressure drop. Overall, the results indi-
cate that feed pressure affects more on the CO, partial pressure changes
along the membrane module.

5. Discussion

In this study, a new membrane gas separation model has been pro-
posed for AFTMs. The model utilizes a gas permeance equation
considering the effects of RH, temperature, and CO, partial pressure
simultaneously. Sensitivity analysis suggests that the effect of RH and

CO, partial pressure on gas permeance of AFTMs should not be
neglected when modeling AFTMs. RH-dependent gas permeance implies
that it is of importance to maintain the gas RH above 80 % for effective
separation performance. Partial pressure-dependent gas permeance in-
dicates that higher feed gas pressure is required for stable gas permeance
and higher driving force, gas permeance is RH-sensitive at a high level of
RH and partial pressure-sensitive at low partial pressure. However,
higher operating pressure also results in a reduction of gas permeance,
and requires higher energy consumption for compressors, techno-
economic analysis should be further conducted to obtain the optimal
operating conditions.

The effect of variable permeance on separation performance as a
result of operating conditions changes along the membrane module has
also been included in the model. A comparison of the proposed model
and simplistic model again highlights the significance of taking the ef-
fect of RH and CO; partial pressure into account when modeling for
AFTMs. Results of RH along the membrane module can be used to guide
the engineering design, providing evidence for the membrane area
required to maintain a high RH (80 % in this study) within the mem-
brane module. Temperature drop along the membrane module is mainly
controlled by CO, partial pressure, while COy partial pressure drop
along the membrane is mainly controlled by total feed gas pressure.
Comparatively, different inlet gas temperature brings less deviation on
operating conditions along the membrane as well as separation perfor-
mance. However, the temperature change could be more pronounced
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when separation operates at high-pressure conditions. Moreover, stra-
tegies to enhance the gas separation performance should be directed to
maintaining the RH level within the membrane module or introducing
gas humidification to increase the gas RH. Humidification can reduce
the membrane area required for separation but increase the operating
cost and energy consumption. In the future study, a techno-economic
optimization analysis directed to investigate the energy consumption
and economics of the overall process with humidification would be
interesting.

6. Conclusion

This study presents a new membrane gas separation model with
variable gas permeance for AFTMs. Whereas conventional models
mainly consider the effect of temperature and pressure, this model en-
ables to describe the effect of RH, temperature, and pressure simulta-
neously, as well as their variations along the membrane module.
Sensitivity analysis and comparison of the proposed model and
simplistic model emphasis the significance of considering effects of RH
and CO,, partial pressure for more accurate estimation on AFTMs. A case
study of post-combustion carbon capture has then been involved and
systematically evaluated. Results indicate that RH decreases faster with
elevated partial pressure and temperature. Besides, CO, partial pressure
is the controlling factor for temperature drop, while feed gas total
pressure is the controlling factor for CO, partial pressure decrease. In-
crease in inlet gas temperature results in an insignificant variation in
operating conditions along the membrane.

Appendix A

Mass balance equations:
Ly = Ly + Vie
Lixig = LigaXiger + Vidig

Permeation flux of gas component i through the membrane:

Jy = Z Qix(Prxix — Pryix)A

i=1
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The preliminary results provide an insight on the modeling works on
AFTMs, enabling to help in recognizing the best condition of separation
as well as in providing useful information for the overall process opti-
mization. By referring to this model, the results can be utilized to guide
the membrane module as well as process design, such as humidification
of the flue gas for multistage gas separation processes using AFTMs.
Overall, the model proposed in this study can be integrated into the
commercial process simulators to investigate the separation perfor-
mance with the consideration of operating conditions changes along the
membrane module, supporting the design of membrane systems for
carbon capture.
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(A-1)

(A-2)

(A-3)

The sum of the gas mole fractions of permeate and retentate is equal to 1:

ixi.k =1
i=1
iyi.k =1
i=1

For any two components i and j:
Yik _ Oix(Prxix — Pryix)
Vie  OQix(Puxix — Piyjx)
_ Xix Qi / Ojx
r(Qix/Oix — 1) + xix /Y
Replace (A-5) by (A-7):

_ %1401k / O
r(Qix/ Qi — 1) + Xia /v

Yik

Yik

where r = P)/Py,.
Newton iterative equations:

i %1401k / Oj

(v.,) = —1
/ ()M) = r(Qi.k/Qj.k - 1) +xj,k/y/‘.k

(A-4)

(A-5)

(A-6)

(A7)

(A-8)

(A-9)
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oy - (xixQia/ Qi) Xik /i
f (y./-,k) Z [V(Qi.k/Qj,k _ 1) +xj,k/y;:k]2

=1

y(m) _ y(_r) _ f(y/',k<r))
* " f (yj.k(r))
Modeling solving equations
Qix(Puxjx — Pryja)A
y, = L gk T PO
Yik
Ly =Ly — Vi
S Lixig — Viyik
i.k+1 Lk — Vk
Product purity and recovery
> veo, x Vi
Ypurity = k:lni x 100%
> Vi
k=1
> yeo, x Vi
Re =% x 100%
1X1
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