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climate change. The membrane contactor is an emerging and promising membrane technology for PCC as
it integrates the benefits of both liquid absorption (high selectivity) and membrane separation (mod-
ularity and compactness). This review aims to provide a state-of-the-art assessment of the research work
carried out so far on membrane contactor technology in PCC. It details common aspects of membrane

Keywords: contactors, such as technological advantages, membrane wetting, mass transfer and module design, as
Membrane contactor well as new advances (e.g., new membranes and absorbents used in absorption processes) and novel
Carbon capture applications (e.g., direct CO, stripping and integrated heat recovery in desorption processes). Moreover,

Gas separation
Flue gas
Post-combustion carbon capture

the difference in performance between membrane absorption and conventional absorption is also
compared and discussed. Lastly, we discuss the status and progress of membrane contactors in PCC and
offer some recommendations for future work. This paper provides a clear overview on the recent de-
velopments of membrane contactor technology in PCC.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Carbon dioxide (CO,) is the major greenhouse gas contributing
to global climate change. CO, concentrations in the atmosphere
have increased by more than 100 ppm since their pre-industrial
levels (~280 ppm), reaching 384 ppm in 2007 [1-3]. Worldwide,
fossil fuel-fired power plants are the largest point sources of CO,
emissions [4]. Therefore, CO, capture from power stations is of
great importance in addressing the global concern of climate
change.

1.1. Post-combustion carbon capture

Currently, there are three widely studied technologies for car-
bon capture: pre-combustion capture, post-combustion capture
(PCC) and oxy-fuel combustion. Of these, PCC holds the greatest
promise because it can be retrofitted to existing units in power
plants.

However, there are several challenges in capturing CO, from
flue gas because of its special properties (Table 1). These include
low flue gas pressure (~1 atm), low CO, concentration in the flue
gas (typically < 16%), and small size difference among the gas
molecules. All these factors reduce the effectiveness of current
separation technologies and increase costs [5].

Liquid absorbent based PCC is recognized as the state-of-the-
art carbon reduction technology, to a large extent due to its high
CO, removal efficiency (usually > 80%) from flue gas even at low
CO, concentrations [6,7]. A typical liquid absorbent based PCC
system is illustrated in Fig. 1. The flue gas from the power plant
undergoes pretreatment and cooling before entering the absorber.
Pretreatment aims to remove undesirable particles, SO, and NO,
that adversely affect CO, absorption. The flue gas temperature
should be cooled to 45-50 °C to minimize evaporated solvent loss

and maximize CO, absorption [2]. The cooled flue gas is absorbed
by the solvent in the absorber, forming CO, rich solvent. The
scrubbed gas, along with a small amount of solvent is then water
washed and vented to the atmosphere. The CO, rich solvent is
preheated via a lean/rich heat exchanger by the regenerated CO,
lean solvent, and then pumped to the top of the desorber. CO; is
thermally released in the desorber where substantial amounts of
thermal energy are supplied via the reboiler.

Currently, amine-based absorption is the leading technology
for CO, capture, which occupies more than 90% of the market. In a
conventional absorption plant, acid gas is brought in direct contact
with lean solvent inside an absorber (usually a high column),
where mass transfer takes place at the gas-liquid interface [8]. As
absorption of CO-, in a liquid is a process with equilibrium lim-
itation, vapor-liquid equilibrium, operating conditions, physio-
chemical properties, and reaction equilibrium and kinetics play
important roles in determining the required interfacial areas, and
thus the height of an equilibrium stage and the design of the

Table 1
Typical properties of coal-fired flue gas after SO, scrubbing in post-combustion
carbon capture (modified from [5,233]).

Flue gas Composition or condition Kinetic diameter (A)
CO, 10-16 wt% 3.30

N, 70-75 wt% 3.64

H,0 (vapor) 5-7 wt% 2.65

0, 3-4 wt% 345

Cco ~20 ppm 3.75

NOy <400 ppm

SOy <400 ppm

Temperature 45-120 °C

Pressure ~ 1 bar

Note: the water vapor content is dependent upon the flue gas temperature.


https://www.researchgate.net/publication/238229606_The_increase_of_atmospheric_CO2_in_the_last_two_centuries_Evidence_from_polar_ice_caps?el=1_x_8&enrichId=rgreq-d5457c1eb9929536e93142ec88ef7311-XXX&enrichSource=Y292ZXJQYWdlOzI5OTU5MzA1NTtBUzozNDg0ODg1MDk0NzY4NjZAMTQ2MDA5NzU0MzkzMA==
https://www.researchgate.net/publication/null?el=1_x_8&enrichId=rgreq-d5457c1eb9929536e93142ec88ef7311-XXX&enrichSource=Y292ZXJQYWdlOzI5OTU5MzA1NTtBUzozNDg0ODg1MDk0NzY4NjZAMTQ2MDA5NzU0MzkzMA==
https://www.researchgate.net/publication/null?el=1_x_8&enrichId=rgreq-d5457c1eb9929536e93142ec88ef7311-XXX&enrichSource=Y292ZXJQYWdlOzI5OTU5MzA1NTtBUzozNDg0ODg1MDk0NzY4NjZAMTQ2MDA5NzU0MzkzMA==
https://www.researchgate.net/publication/null?el=1_x_8&enrichId=rgreq-d5457c1eb9929536e93142ec88ef7311-XXX&enrichSource=Y292ZXJQYWdlOzI5OTU5MzA1NTtBUzozNDg0ODg1MDk0NzY4NjZAMTQ2MDA5NzU0MzkzMA==
https://www.researchgate.net/publication/null?el=1_x_8&enrichId=rgreq-d5457c1eb9929536e93142ec88ef7311-XXX&enrichSource=Y292ZXJQYWdlOzI5OTU5MzA1NTtBUzozNDg0ODg1MDk0NzY4NjZAMTQ2MDA5NzU0MzkzMA==

182 S. Zhao et al. / Journal of Membrane Science 511 (2016) 180-206

Vent gas

Gas wash
column

Water
cooler

pump

CO,
absorber

Blower

-
Flue gas Water
atel

pretreatment @t‘n(ller
column

Flue gas

Lean solvent Lean solvent

Cooling
water
Knockout

drum
Condenser

\i}
(]

m St

Enriched
CO,

cooler

Reboiler

Rich solvent
pump

Fig. 1. Typical process configuration of a liquid absorbent based post-combustion carbon capture process.

contacting equipment. Current industrial absorbers (gas-liquid
contactors) can be classified into two main categories [9]:

. Differential gas-liquid contactors: including packed columns,
bubble columns and spray towers, where mass transfer happens
within the entire length of the contactor and gas-liquid equi-
librium is not reached in any point of the equipment.

ii. Stage-wise gas-liquid contactors: such as plate columns and ro-

tating disc contactors, in which gas-liquid equilibrium is

reached within each stage of the equipment, thus mass transfer
happens only in a part of the volume at each stage.

In particular, the gas-liquid interfacial area and the liquid
holdup are important factors in contactor design [9]. Usually, a low
value of liquid holdup in a gas-liquid contactor is not optimal due
to the economy of the process, as a large contactor is then re-
quired. However, if the interfacial area of the contactor is high,
then low liquid holdup becomes an advantage, because it enables
the use of more costly absorbents (e.g., ionic liquids and enzyme-
based absorbents).

Although liquid absorbent based PCC is a relatively efficient and
mature technology for carbon capture, it still faces some crucial
problems. These include its sizeable energy consumption, large
footprint, equipment corrosion, foaming and solvent loss through
degradation and by entrainment. Membrane contactor technology is
a promising alternative that could overcome these problems [10-13].

1.2. Membrane contactors

Membrane contactor technology for gas absorption is also well-
known as membrane (gas) absorption. Membrane contactors have
attracted considerable research interest since the 1980s, with Qi
and Cussler being the first to use hollow fiber membrane con-
tactors for CO, absorption [14,15]. In practice, membrane con-
tactors can capture CO, as well as other gases/vapors, such as SO,
[16], H2S [17] and volatile organic compounds (VOCs) [18]. Mem-
brane contactors have also been successfully commercialized in a
number of gas-liquid applications, such as CO, and O, removal in
beer production, production of ultrapure water in the semi-
conductor industry, and membrane distillation [10].

Compared with conventional absorption systems, membrane
contactors have significant advantages [10,19-21]. The advantages
and disadvantages of membrane contactors in gas absorption are

summarized in Fig. 2. Membrane contactors are non-dispersive
contacting systems in which the membranes do not provide se-
lectivity for separation but instead act as barriers to separate two
phases and increase the effective contact area for mass transfer.
One of the most noticeable advantages of membrane contactors is
their extremely high interfacial area, which can significantly re-
duce equipment size and thus lead to process intensification
[15,19,22-24]. Membrane contactors can offer around 30 times
more interfacial area than conventional gas absorbers [10], and
they could reduce absorber size by 10-fold [25,26].

Falk-Pedersen et al. [23] reported a CO, removal membrane
contactor unit for the absorption of exhaust gas from a LM 2500+
gas turbine on an offshore installation, which provides a good
example of the advantages. The absorbent employed is the con-
ventional aqueous amine solution containing 30 wt% mono-
ethanolamine (MEA). The use of membrane contactors in the same
process eliminated or significantly reduced many operating pro-
blems, such as foaming and corrosion. Several benefits have been
quantified [23], including

operating cost savings of 38-42%;

dry equipment weight reduction of 32-37%;
operating equipment weight reduction of 34-40%;
total dry weight reduction of 44-47%;

total operating weight reduction of 44-50%;
footprint requirement reduced by 40-50%;

capital cost reduction of 35-40%.

The advantages of membrane contactors are principally at-
tributed to integration of the benefits of both liquid absorption
(high selectivity) and membrane separation (modularity and
compactness) [10,27]. The major disadvantage of membrane con-
tactors is the increased mass transfer resistance, particularly when
membranes are wetted. Nevertheless, reduced mass transfer
coefficients can be outweighed by the numerous advantages (e.g.
significantly increased interfacial area), which makes membrane
contactors strongly competitive with conventional systems in CO,
capture.

1.3. Aim and novelty of this paper

This paper aims to provide a state-of-the-art assessment of
research work carried out to date on membrane contactor
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Fig. 2. Summary of the advantages and disadvantages of membrane contactors in gas absorption.

technology in PCC, starting with a brief overview of pilot plant
demonstrations. We revisit the frequently mentioned challenges,
such as membrane wetting, mass transfer and module design in
previous relevant review papers [19-21]. We also compare the
performance difference between membrane absorption and con-
ventional absorption, and detail new developments (e.g., on new
membranes and absorbents used in absorption processes) and
novel applications (e.g., for both direct CO, stripping and in-
tegrated heat recovery in desorption processes) of membrane
contactors.

2. Major PCC pilot plant demonstrations with membrane
contactors

2.1. Early trials by Kvarner Process Systems (KPS) in Norway

Over 20 years ago, motivated by the introduction of a North Sea
carbon tax (~US $53/tonne CO,) in 1991, for the first time KPS
initiated a joint program of developing membrane contactor
technology for CO, capture in 1992 [28,29]. W.L. Gore & Associates
GmbH (GORE) provided polytetrafluoroethylene (PTFE) mem-
branes, SGL Carbon Group (SGL) made the modules and Ottestad
Breathing Systems (OBS) made the membrane protection system.
The first application of interest was the removal of CO, from gas
turbines on off-shore oil and gas platforms, where conventional
gas-liquid contactor technology was too bulky and heavy to be
applied. Membrane contactor technology provided the opportu-
nity for size and weight reductions which would enable the cap-
ture and storage of CO,, thus avoiding the tax on these emissions.

Membrane contactor performance tests were started in 1995.
Large scale pilot trials were performed between 1998 and 2001 for
a total of 7000 h with 8 membrane modules (~5000 h for the
longest running time with one module) [23]. The exhaust gas flow
rate was 2610 kg/h and the membrane contactor showed a CO,
capture efficiency of 85% (195 kg/h) without decline in membrane
performance. The project demonstrated that membrane contactor
technology was the best alternative to conventional absorption
columns, with significant reduction in size, weight, operating and
capital costs [23,29]. Further work was carried out using the MHI
KS-1 solvent at the Nanko PCC pilot plant operated by Kansai

Electric in Japan, which was supported by the CO, Capture Project
(CCP), global partnership of mainly oil and gas companies [30].
Performance in the pilot plant was validated by a dedicated pro-
cess model and this enabled scale-up studies, showing an 8-fold
size reduction in absorber size, and a 5-fold reduction in weight
compared to a conventional packed column. Despite these massive
technical improvements, capital costs were reduced by only 9%
and operation costs by nearly 30%, the latter reduction most likely
due to the use of an improved absorption liquid, KS-1 solvent. KPS
also initiated a significant development program in natural gas
treatment, which not only covered CO, but also H,S removal and
dehydration applications.

Despite the apparently successful demonstration projects, the
technology did not reach commercial status. While the underlying
reasons have not been clarified, it appears that the technical ad-
vantages of the membrane contactor technology did not fully
translate into overall cost reductions for the applications con-
sidered. Moreover, for the application that the membrane con-
tactor technology was originally proposed, i.e. reduction of off-
shore, taxed CO,-emissions, increasingly the electricity require-
ments of the oil and gas platforms have been met by supply from
on-shore power generation which has a very low carbon intensity
in Norway.

In similar time periods, researchers in Japan also employed
PTFE membrane contactors with a 5 M MEA solution as the ab-
sorbent for CO, capture. It was confirmed that the PTFE membrane
was stable during long-term operation ( > 6600 h) and that the
overall volumetric mass transfer coefficient of the membrane
contactor was more than 5 times larger than of the a conventional
packed bed [31]. The early pilot scale experiments proved that
membrane contactor technology with robust membranes is pro-
mising for CO, capture.

2.2. Early pilot plant development work at the Netherlands Organi-
zation for Applied Scientific Research (TNO)

Throughout the 1990s, TNO conducted an extensive program of
membrane contactor development. The program involved a large
number of applications, including separation of CO, from different
source streams [32]. Building on successful early trials for SO,
removal from flue gases [33], TNO established a pilot plant for CO,
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capture from flue gases from a gas-fired power station in the
Netherlands in 1997 [25]. The CO, capture trials used an aqueous
amino-acid salt solution as the liquid absorbent that was devel-
oped to avoid wetting of the porous polypropylene membranes
used. TNO selected this type of membrane because of its low costs
and its large production base derived from medical applications.
This was an important technology attribute for the achievement of
lower cost technology compared to conventional packed columns.
The technological development was aimed at the provision of CO,
to greenhouses with the aim of promoting plant growth and hence
increasing horticultural productivity at reduced costs. This is
common practice in the Netherlands with CO, provided by in-
dustrial gas companies or through the combustion of natural gas.
Apart from the cost prerogative, the CO, quality was an important
performance determining factor and the pilot plant trials were
primarily aimed at assessing the CO,-quality from the membrane
contactor and amino-acid salt based technology. In addition to the
dedicated liquid absorbent development, TNO also focused its ef-
forts on the development of a transversal flow membrane module,
which was considered to be beneficial for scale-up and mass
transfer optimization [33,34]. The CO, development program in-
corporated a series of niche applications such as CO, removal from
enclosed spaces such as submarines [35]. Although the technology
commercialization was not successful in the 1990s, TNO maintains
activities in the membrane contactor domain.

2.3. Trials by the Cooperative Research Center for Greenhouse Gas
Technologies (CO2CRC) in Australia

Australia relies heavily on coal resources for its power, emitting
considerable amounts of greenhouse gases. To reduce CO, emis-
sion, the government initiated a fund under the Energy Technol-
ogy Innovation Strategy (ETIS), and established the CO2CRC in
2003 [36]. In 2009, researchers from the CO2CRC started CO, ab-
sorption trials with three types of membrane contactors, including
porous polypropylene (PP), porous PTFE and non-porous poly-
dimethylsiloxane (PDMS). An amino acid based commercial sol-
vent PuraTreat™ F was used as the liquid absorbent. It was found
that the PP membrane contactor suffered from severe pore wet-
ting, the PTFE contactor experienced minor wetting, and the non-
porous PDMS contactor was free of wetting but had two orders of
magnitude lower mass transfer coefficient that the PP membrane
contactor [37]. It does not appear that these trials had a com-
mercialization follow-up.

2.4. Recent trials by Gas Technology Institute (GTI) in the United
States (US)

Since 2010, the US Department of Energy (DOE) has funded GTI
to develop the membrane contactor technology for CO, capture
with new polyether ether ketone (PEEK) membrane materials
provided by the PoroGen Corporation [38]. The PEEK membrane
contactor has excellent thermal and chemical stabilities, ensuring
high absorption performance. The membrane absorption tech-
nology is called Carbo-Lock™, which can be used for cost-effective
separation and capture of CO, from various emission sources. GTI
has considerable experience in membrane contactor technology
development through its collaboration with KPS in the 1990s.

Activated methyldiethanolamine (aMDEA) and activated K,CO3
solvents were respectively used as the absorbent in the test for
~120 h. CO, capture efficiency was always higher than 90% with
95% CO-, purity even in single stage trial [39]. It was also demon-
strated that the measured volumetric mass transfer coefficient of
the membrane contactor was more than 20 times higher than that
of a conventional packed column and that gas contaminants (in-
cluding O, NO, and SO;) had insignificant effects on CO, capture

performance [39,40]. The CO, capture cost was ~US $55/tonne
CO, when using aMDEA as the solvent at a membrane cost of $30/
m?. The capture cost could be further reduced to reach the DOE's
goal in 2025 ($40/tonne CO,) by decreasing membrane module
cost and using advanced solvents [40].

2.5. Evaluation from membrane contactor pilot plant results

The pilot plant projects discussed in the previous section have
demonstrated that despite ongoing concerns around membrane
wetting, the technology can operate in actual gas treatment ap-
plications. The three main approaches to membrane wetting, i.e.
maximization of hydrophobicity of the membrane, use of high
surface tension liquid absorbents with negligible vapor pressure
and use of non-porous high-flux membranes have all been suc-
cessfully demonstrated in pilot plant projects. Some of these ap-
proaches might reduce the benefit of mass transfer intensification
and the subsequent potential for reduction of the equipment
footprint. The resulting benefit of these improvements of the
membrane contactor technology robustness will most likely out-
weigh a loss in mass transfer efficiency and enable commercial
deployment. Such benefits need to be confirmed in continued pilot
plant experiments incorporating long-term evaluation of the
technology.

In all large-scale demonstrations with membrane contactors,
wetting is still a problematic concern, which limits the selections
of membrane materials and absorbents. Inexpensive but robust
membrane materials, less corrosive and environmentally friendly
absorbents, and smart selection of membrane-solvent combina-
tions are of great significance in future studies. It is worth noting
that new systems/devices may be required to carefully control gas
pressure drops and fluctuations, particularly for carbon capture
from gas plants where gas pressure is much higher than the
pressure of flue gas in coal-fired power plants [41,42]. Controlling
gas pressure drops and fluctuations along and across the mem-
brane might be very challenging in long-term operations. Failure
to control differential pressures may cause critical wetting
problems.

Although membrane contactors for CO, capture have been
proposed for more than three decades [14,15], it appears that
commercial applications of this technology are still lacking, pos-
sibly due to the following limitations:

e The membrane brings an extra mass transfer resistance to the
process, which becomes particularly severe when the pores of
the microporous membranes become wetted.

e Transmembrane pressure must be precisely controlled when a
microporous membrane is used in the contactor, otherwise the
pore-wetting and even flow of fluids across the membrane
(breakthrough) will occur.

e The lack of long-term stability or poor compatibility of the
membrane and sealing materials with some organic solvents
may limit the life time of the membrane module. Periodic re-
placement of membranes may incur a substantial extra cost.

3. Membrane contactors for CO, absorption

The use of membrane contactors for CO, absorption has con-
tinued to be a research focus in recent years [43]. The relevant
studies can be categorized into the following groups: mass transfer
and simulation, membrane wetting, membrane development, ab-
sorbent selection, and module design.
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3.1. Mass transfer fundamentals

In a membrane contactor, gas and liquid phases are separated
by porous membranes. Mass transfer through the porous mem-
brane is illustrated in Fig. 3. It generally includes three consecutive
steps: (i) diffusion from the bulk gas to the gas-membrane inter-
face, (ii) diffusion through the membrane pores from the gas-
membrane interface to the liquid-membrane interface, and (iii)
transfer from the liquid-membrane interface to the bulk liquid
followed by physical and/or chemical absorption. This is well
known as the resistance-in-series model (Fig. 3).

Fig. 3A shows the mass transfer through a porous membrane in
the non-wetted mode, which is more widely studied and preferred
than the wetted mode. Gas flux (N) for the three regions (i.e., gas,
membrane and liquid) can be expressed by:

N = ky( B, = Bym) = kin( By = Pim) = Ki( G = Ci) M

where kq, ki, and k; are the individual mass transfer coefficients for
gas, membrane and liquid, respectively. P and C are the gas partial
pressure and liquid concentration, respectively. The subscripts gb,
gm, Im and Ib represent gas bulk, gas-membrane interface, liquid-
membrane interface and liquid bulk, respectively.

According to Henry's Law, the gas partial pressure above the
liquid at equilibrium is related to the gas concentration dissolved
in the liquid [44]:

le = l-Iclm 2)

where H is the Henry's Law constant.
The overall mass transfer coefficient Kg based on the gas phase,
and K; based on the liquid phase can be written as

N = Ky(By, = P*) = Ki( C* = Gp) 3)

where

P* = HGy, and By, = HC* 4
Based on Egs. (1)-(4), we obtain:

1r_1,1_ H

Ky kg kn K (5-A)

i1 _1 .1 .1

K~ HK,  Hk, ~ Hk, K (5-B)

In practical operations, a membrane contactor module might
consist of a number of small hollow fibers where the tube wall
thickness generally cannot be ignored. The mass transfer through a
hollow fiber membrane is shown in Fig. 3C. Taking the membrane
wall thickness into consideration, we obtain:

N= kg(Pgb - Pgm)(it dOL) = km( Pgm - le)(7t dlnL)
= k(G — Gp)(n diL) 6

N = Ky(By, — P*)(n d,L) = Kj( C* = Gp)(n diL) )

where d,, d; and dy, are the outer, inner and logarithmic mean
diameters of the membrane, respectively.

The overall mass transfer coefficient K based on the gas phase,
and K; based on the liquid phase can be respectively expressed as:
1 1 d, Hd,

— = — 4+
kg kmdln kldi

(8-A)

(A) Non-wetted mode
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Fig. 3. Mass transfer mechanism through a porous membrane in (A) non-wetted mode
(with gas filled pores); (B) wetted mode (with liquid filled pores); (C) through a hollow
fiber (gas on the shell side and liquid on the tube side). P and C are the gas partial pressure
and liquid concentration, respectively. The subscripts gb, gm, Im and Ib represent gas bulk,
gas-membrane interface, liquid-membrane interface and liquid bulk, respectively.
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I<l Hd01<g Hdokg Hdlnkm kl (8_8)

When considering the enhancement factor (E) due to chemical
reaction, we obtain:

1 1 d, Hd, .. . .
—=—+ + (Liquid on the tube side)
Ky kg kydy  Ekd; (9-A)
1_ d _ 4 d;
K Hd K, - Hdok, = Hdik,

1 .. . .

+ —— (Liquid on the tube side
Ekl( a ) (9-B)

The above equations stand when the liquid phase is on the tube
side without wetting (i.e. gas phase is on the shell side). If the
liquid phase flows on the shell side (i.e. gas phase is on the tube
side), then:

1 1 1 H .
— = + + (Gas on the tube side)

K, dikg dinky  Edok, (10-A)
1 d, d, d,

K~ HdK, HdZk, ~ Hdydik

+ 1 (Gas on the tube side)
Edik, (10-B)

Some researchers [45] take a different format of Henry's Law in
membrane processes, i.e., G,,=HP,,,, obtaining

1 1 d, d, o .
— = + —2— (Liquid on the tube side)
Ky kg dpk,  EHdik, (11-A)
1 _ Hd _ Hd; =~ Hd | 1 (Liquid on the tube side)
K dOKg dokg dipk,  Ek (11-B)
1 1 d; d .
— =+ + (Gas on the tube side)
Ky kg dipk  EHdk, (12-A)
1 _Hd, Hd, = Hd, + 1 (Gas on the tube side)
K diKg dikg dink . Ek (12-B)

The mass transfer fundamental in membrane contactors can be
well explained with the above equations. Eqgs. (9)—(12) or their
derivative formulae have been adopted in a number of studies [46—
50]. However, because the format of Henry's Law used or the
membrane-fluid orientation was not always clear in the literature,
the equations were sometimes confusing. Egs. (9)-(12) clarify the
general mass transfer in membrane contactors under different
flow orientations.

3.2. Major challenges for membranes

The main challenges faced when using membrane contactors
include membrane wetting, fouling and degradation. These are
discussed in detail below.

3.2.1. Membrane wetting

Wetting in membrane contactors is the most important chal-
lenge to overcome, because it can significantly increase the mass
transfer resistance and thus lead to a sharp drop in absorption
performance [51-55]. Rangwala [52] reports that membrane re-
sistance can be up to 60% of the total mass transfer resistance
when the membrane has marginal wetting ( <2%). Wang et al.

|56] observed that the CO, absorption in non-wetted mode is six
times higher than that in wetted mode, and that the reduction in
overall mass transfer coefficient can reach 20% even when the
membranes are 5% wetted.

3.2.1.1. Fundamental of membrane wetting. For a liquid absorbent,
its wettability to a membrane is generally evaluated via the liquid
entry pressure (LEP, also called breakthrough pressure) [57,58].
LEP, defined as the minimum pressure applied on the liquid to
enter the membrane pores, can be estimated by the Laplace-Young
equation [59,60]

_4Bycosd
dmax (] 3)

where B is the pore geometry coefficient (B=1 for perfectly cy-
lindrical pores; 0 < B < 1 for non-cylindrical pores), y is the liquid
surface tension, @ is the contact angle between the liquid absor-
bent and the membrane surface, and d,ax is the maximum pore
diameter of the membrane.

Once the LEP has been achieved, the largest pores become
wetted first, followed by successively smaller pores until the
membrane structure becomes completely wetted. Once all the
pores are wetted then the solvent flow into the gas phase will
follow Darcy's law, driven by the transmembrane pressure differ-
ence [61].

Recently, wetting phenomenon were comprehensively re-
viewed by Mosadegh-Sedghi [51]. Three modes of wetting in
membrane contactors have been discussed [20,21,51,62]: (A) non-
wetting mode, (B) complete-wetting mode and (C) partial-wetting
mode. A membrane contactor with highly hydrophobic hollow
fibers may undergo all three wetting patterns over prolonged
operation. In the first few hours, the membrane module may be
non-wetted (Fig. 3A) and thus have high absorption efficiency.
After a few days, it may become gradually wetted (i.e., partially
wetted), at which time the absorption efficiency reduces drama-
tically. Over a few months or years of operation, the membrane
pores could be completed filled with the liquid absorbent (i.e.,
completely wetted, Fig. 3B). In real conditions, membrane pores
are most likely to be partially filled with liquid absorbents (i.e., in
partial-wetting mode).

Wetting is influenced by membrane characteristics (e.g., pore
diameter, tortuosity, porosity and surface roughness), solvent
properties (e.g., surface tension), the interaction between the
solvent and the membrane (e.g., the liquid contact angle), and
operating conditions (e.g., pressure on the liquid side).

LEP=

3.2.1.2. Mechanisms of wetting. Membrane wetting has been ex-
plained by several different mechanismes. It is widely accepted that
chemical reactions between the membrane and the absorbent in a
membrane contactor will lead to membrane degradation and thus
wetting. Wang et al. [56] observed that aqueous diethanolamine
(DEA) solutions change the morphology of the membrane, sug-
gesting that membrane degradation is caused by the chemical
reaction between DEA and the membrane. Lv et al. [63] observed
significant changes in membrane surface morphology, surface
roughness and hydrophobicity after wetting, and claim that
membrane wetting results from the absorption-swelling me-
chanism. Rangwala [52] report that ionic species and trace im-
purities in the absorbent can modify the membrane surface and
allow liquid penetration into the pores by a necking phenomenon.
Pore enlargement is also considered as the main reason for
membrane wetting in chemical absorption [50].

Based on these explanations for membrane wetting, we en-
visage the following wetting process in most laboratory
investigations:
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i. Liquid absorbents contact the membrane surface at a contact
angle above 90° (i.e., non-wetted).

ii. Liquid absorbents physically and/or chemically change the
membrane surface properties (e.g., hydrophobicity, morphol-
ogy, roughness and chemical compositions).

iii. Liquid absorbents penetrate into the pores and further change
the pore properties, resulting in wetting.

In addition to direct water and/or absorbent penetration into
the pores, wetting may be caused by capillary condensation of
water vapor in the membrane pores [49]. Particularly, capillary
condensation can be a real issue in membrane desorption, when
there is a significant water vapor flow into the colder section of the
fiber.

3.2.1.3. Prevention of wetting. To prevent pore wetting, the trans-
membrane pressure should be always maintained below the LEP.
According to the Laplace-Young equation, LEP can be increased by
employing absorbents with high surface tension, increasing the
cosine of contact angle, and using membranes with small pore
size. Li and Chen [19], and Mosadegh-Sedghi et al. [51] summar-
ized several more specific measures for wetting prevention:

i. using hydrophobic membranes, or hydrophobic modification
(i.e., large cos ),
ii. using composite membranes with dense skin layers (i.e., small
dmax)‘
iii. selecting liquids with high surface tension (i.e., large y),
iv. increasing the compatibility between membranes and absor-
bents (i.e., avoiding membrane degradation),
v. optimizing operation conditions (i.e., maintaining transmem-
brane pressure < LEP).

=

=

Details of these anti-wetting methods will not be explored in
this review as they can be found elsewhere [19,51].

In practical membrane contactor applications, controlling
pressure gradients throughout the membrane module is a major
operational problem, as unequal and uneven pressure drops in
both the gas and solvent phases can lead to localized regions
where the LEP is reached [37]. In a counter-current configuration,
wetting often occurs near the solvent entry to the membrane
module due to the pressure drop on the gas side. Therefore, in
practical PCC applications the pressure drop on the gas side is
generally limited to ~30 kPa, depending upon the feed gas pres-
sure, the liquid phase pressure, and the membrane properties (e.g.
pore size), to avoid membrane wetting and upstream compression.
This requirement severely limits the type of modules that can be
used. Standard hollow fiber bundles, which may be effective at
bench scale, will not work on a larger scale. Significant pressure
drops along the module length should be prevented because they
can lead to significant changes in the transmembrane pressure,
exacerbating membrane wetting.

3.2.2. Membrane fouling

Fouling (e.g., pore plugging) in membrane contactors receives
much less attention than wetting. This is most likely because that
membrane contactor technology for CO, removal from flue gas has
not been commercialized, and most of the relevant research work
is at bench or pilot scales, in which the flue gas is generally syn-
thesized without contaminants (e.g., dusts or particles). A recent
study introduced contaminants in flue gas and the results show
that SO,, water vapor and fine particles reduce CO, absorption
performance in the membrane contactor [64]. In practical CO,
removal from flue gas, fouling (including pore plugging) in
membrane contactors may be a critical concern, because fine
particles in flue gas can significantly increase mass transfer

Table 2
The glass transition temperature (Tg) and melting temperature (Ty,) of polymers
used as membrane materials in membrane contactors [234,235].

Polymer Type Ty (°C) T (°C)
Polytetrafluoroethylene (PTFE) Semi-crystalline 127 327
Polypropylene (PP) Semi-crystalline —-20 176
Polyvinylidene fluoride (PVDF) Semi-crystalline ~-30 ~170
Polyethylene (PE) Semi-crystalline -115 137
Polyether ether ketone (PEEK) Semi-crystalline 145 335

resistance [64,65]. Therefore, flue gas pre-treatment is needed to
remove the contaminants and thus avoid fouling in membrane
contactors. Further studies on membrane fouling in membrane
contactors are important and would be well worth conducting.

3.2.3. Membrane degradation

Ideally, the membranes used in contactors should be thermally
and chemically stable enough to maintain reasonable performance
in long-term operations. In reality, however, the membranes are
more likely to be attached by the chemical solvents [66,67]. The
liquid absorbents after absorption of CO, are generally more cor-
rosive [68,69], and they have stronger tendencies to change the
membrane morphology, hydrophobicity and chemical structures,
leading to membrane degradation and wetting, particularly at
higher absorbent concentrations. The degradation products of
solvents (e.g., amines) could also further damage the membrane.

In addition to chemical degradation, thermal degradation can
be another problem. Not all membranes used in contactors have
excellent thermal stabilities. Their dimensional stabilities depend
upon the glass transition temperature (Tg) or the melting tem-
perature (Ty,) as discussed in Section 3.3.1 (Table 2). To avoid
thermal degradation, robust polymers with relatively high Ty and
Tm, such as PTFE and PEEK, should be selected for use in mem-
brane contactors. Note that degradation of the glues used as the
potting medium can be another problem when membrane de-
gradation occurs.

3.3. Membranes in membrane contactors

In membrane contactor applications, membranes play an im-
portant role in absorption performance, even though they acting
as non-dispersive barriers are not selective to CO,. Typical mem-
branes in membrane contactors are hollow fibers that are pre-
pared with the selective skin layer on the outside. As a result, the
solvent must be on the shell side to avoid membrane wetting, and
the gas must flow on the lumen side. This configuration can also
help minimize flow resistance of the solvent, particularly for the
absorbent with a high viscosity.

Membranes in membrane contactors should have the following
properties:

i. good thermal resistance to elevated
temperature
ii. excellent chemical stability to the absorbent
iii. high hydrophobicity (i.e. low wetting tendency)
iv. high porosity to minimize the mass transfer resistance.

degradation at

In the following sections, we will discuss research progress into
the membranes used in membrane contactors, including hydro-
phobic microporous membranes, composite membranes with a
dense skin layer, membranes incorporated with nanoparticles, or
enzymes, and surface modified membranes.

3.3.1. Hydrophobic microporous membranes
Hydrophobic microporous membranes for use in membrane
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Factors affecting the structure-performance in membrane fabrication for CO, absorption.

Factors-membranes Examples Main remarks Ref.
Additive-PVDF Phosphorous acid, phosphoric acid, Pore-inducing agents; cause large pores (e.g. finger-like structures). [49,83]
and glycerol
Additive-PVDF Phosphoric acid, PEG, and glycerol  Pore-inducing agents; but cause sponge-like structures due to high viscosity of the dope [84]
solution.
Additive-PVDF Ethanol Pore-inducing agents; cause finger-like structures. [84]
Additive-PVDF LiCl Pore-reducing agents; change the pore structure from finger-like to sponge-like and thus [73]
improve the long-term stability of the membrane.
Addictive-PES O-xylene Pore-reducing agents; reduce membrane pore size and permeability but increase the [85]
strength and contact angle.
Additive-PVDF Hydrophobic macromolecules Hydrophobicity-enhancing agents; improve the membrane hydrophobicity and wetting [86,87]
resistance as well as pore size, porosity and absorption performance.
Polymer concentration-PVDF PVDF polymer Membrane pore size and porosity reduce with an increase in polymer concentration. [88]
Post-treatment-PTFE Heating Change membrane pore size distribution and porosity, and improve wetting resistance  [76]
and absorption performance.
Inner coagulant-PVDF Water, ethanol solution and DMAc 30 wt% DMACc solution can achieve inner skinless surface and higher CO, absorption flux; [72]
solution the inner skin layer is unavoidable when using ethanol solution or water as the internal
coagulant.
Inner coagulant-PVDF NMP solution Increasing NMP concentration shifts the membrane morphology from a double-skin to a [74]
single-skin structure.
Fluid flow rates-PVDF Dope and inner coagulant High dope flow rates suppress the formation of macrovoids in inner region; high bore  [74]
fluid flow rates suppress macrovoids in the sublayer.
Operating temperature-PVDF Quenching and extrusion High operating temperature causes large pore size and porosity. [90,91]
temperatures
Air-gap length-PVDF Air-gas length Achieve smaller pore size but best surface porosity, wetting resistance and absorption  [92]

flux at the air-gas length of 10 cm.

contactors for CO, capture have been fabricated from many dif-
ferent polymers, such as PP [46-48,54,70,71], polyvinylidene
fluoride (PVDF) [16,47-50,54,72-75], PTFE [23,47,70,76-78] poly-
ethylene (PE) [79,80], and PEEK [38,81]. Khaisri et al. [47] com-
pared the performance of the three most common materials (PP,
PVDF and PTFE) used in membrane contactors and found that in
physical absorption with water the PVDF membrane had a higher
absorption rate than PP membranes, while in chemical absorption
with MEA solutions absorption performance ranked in the order
PTFE > PVDF > PP. These performance differences can be ex-
plained by the fact that membrane materials and structures de-
termine the wetting tendency and thus affect absorption perfor-
mance. PTFE membranes showed better long-term stability in 60-
h of operation than PVDF, and better absorption performance [70]
and wetting resistance [77] than PP over long-term operation.
Mosadegh-Sedghi et al. [79] report that low density PE mem-
branes are not compatible with amine solutions such as MEA due
to absorbent intrusion and auto-oxidation. Addition of piperazine
could effectively mitigate PE degradation due to its stabilizing
effect.

Although these membrane materials have been intensively
investigated in membrane absorption, they are not all thermally
stable in desorption where the temperature can be 100-150 °C.
Dimensional stability is generally indicated by T for amorphous
polymers, or T, for crystallized polymers (i.e., semi-crystalline
with some degree of crystallinity). The Ty and T, of the polymers
commonly used in membrane contactors are shown in Table 2,
which shows that all typical polymers used in membrane con-
tactors are crystallized polymers. In practical operations, PP, PE,
PVDF and potting glues may not be able to withstand the high
temperature of desorption due to their relatively low melting
temperatures. PTFE and PEEK are two excellent polymers for
durable membrane contactor applications due to their relatively
high T,,. Compared with PTFE, PEEK is less commonly used in
membrane contactors for CO, capture. Recently, The GTI employed
robust PEEK hollow fiber membrane contactors from PoroGen for
CO, absorption and desorption [38,81].

A great deal of research has focused on hydrophobic micro-
porous membrane fabrication. During membrane fabrication,

many factors significantly affect membrane structure, thereby in-
fluencing the ultimate membrane performance. Such factors in-
clude additives [49,73,82-87], polymer concentration [88], post-
treatment [76], coagulant types, concentrations and flow rates
[72,74,89], dope flow rates |74], operating temperature [90,91] and
air-gap length [92,93]. These factors (including common ex-
amples) are summarized in Table 3, from which the following
conclusions can be drawn:

i. Additives in the dope solution have four main roles:
a. inducing membrane pore size and porosity,
b. reducing membrane pore size and porosity,
c. increasing membrane hydrophobicity,
d. altering membrane pore size and porosity by changing the
viscosity of the dope solution.

ii. Increasing polymer concentration (essentially the viscosity of

the dope solution) decreases the membrane pore size and

porosity, and vice versa.

Post-treatments such as asymmetric heating can improve

wetting resistance and absorption performance by altering the

pore size distribution and membrane porosity.

iv. Inner coagulant type and concentration determine whether an
inner skin occurs; an inner skin free structure offers lower mass
transfer resistance and thus better absorption performance.

v. High dope flow rates or bore fluid (i.e., inner coagulant) flow

rates can suppress macrovoid formation in the membrane and

thus affect CO, absorption performance.

High operating (e.g., quenching and extrusion) temperature

leads to large membrane pore size and porosity.

=

iii.

—

V1.

3.3.2. Composite membranes with a dense skin layer

Since the hydrophobic microporous membrane in a membrane
contactor is prone to being wetted by the liquid absorbent, se-
lecting composite membranes with dense skin layers may improve
both wetting resistance and chemical and/or thermal resistance of
the membrane. This idea is proposed and validated by Kreulen
et al. [55]. In their study, a membrane module coated with a thin
(0.7 um) permeable silicone rubber layer had comparable ab-
sorption rates to those with uncoated membranes. The dense skin
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Fig. 4. CO, hydration mechanism of carbonic anhydrase [115].

layer should meet the following requirements:

i. be very thin (i.e., have negligible mass transfer resistance)
ii. have high CO, permeability
iii. have good chemical and thermal stabilities.

The most studied membrane materials for the dense skin layer
are PDMS (Ty;=—-125°C) and poly(1-trimethylsilyl)-1-propyne
(PTMSP, Tg > 250 °C), which have CO, permeability of 4550 and
280,000 Barrer at ambient temperature, respectively [94-96].

Kneifel et al. [97] reported that a thin dense PDMS layer coated
onto a polyetherimide surface can reduce the membrane perme-
ability (by ~20%). However, the reduction in membrane perme-
ability after coating can be compensated for by the elevating the
feed gas pressure (i.e., increase in driving force) due to the ex-
istence of the dense barrier. Li and Teo [98] observed that with an
ultrathin skin layer, the feed gas side pressure can be maintained
200 kPa higher than the liquid pressure without any noticeable
bubble formation in the liquid phase. Several elastomers, such as
PDMS, ethylene propylene terpolymer, butadiene rubber, and
styrene butadiene rubber have been tested as the dense skin layer
materials in membrane contactors [99-102]. In reality, many
commercial hollow fibers in membrane contactors are asymmetric
composite membranes that have dense skin layers to prevent
wetting and increase the range of their applications [18,55,103].

In addition, non-porous membrane contactors made of silicone
rubber [104] or PDMS [37,102,105] have also been tested for CO,
absorption. Even though the wetting issue of membrane con-
tactors in long-term operations can be effectively solved, dense
membranes incur significant mass transfer resistance and thus
decreased absorption flux. Scholes et al. [37] observed that the
non-porous PDMS membrane has an overall mass transfer coeffi-
cient two or three orders of magnitude less than PP or PTFE
membranes, respectively.

More recently, Nguyen et al. fabricated a dense membrane
contactor by coating two highly CO, permeable glassy polymers
(PTMSP and Teflon-AF 2400) on porous PP supports [106]. The
resultant membrane contactor has improved wetting resistance
without sacrificing the overall mass transfer coefficient. The thin,

permeable, dense skin coating offers new opportunities for cheap
supports (e.g., PP) to be used stably in membrane contactors over
long time scales [77].

3.3.3. Nanoparticle incorporation

To improve membrane hydrophobicity and minimize mass
transfer resistance, Zhang and Wang developed a highly porous
polyetherimide hollow fiber membrane that incorporates fluori-
nated SiO, nanoparticles, and then performed surface hydro-
phobilization [107,108]. The resultant membrane exhibits im-
proved hydrophobicity, absorption flux, mechanical strength and
long-term stability. Rezaei et al. [109,110] fabricated new mixed
matrix membranes (MMMs) by incorporating clay particles (e.g.,
general montmorillonite and Cloisite 15A) into PVDF. The resulting
membrane contactors have better wetting resistance and CO, ab-
sorption rates.

3.3.4. Enzyme promotion

Recently, carbonic anhydrase (CA) has attracted growing in-
terest in CO, capture processes [111-116]. CA is a metalloenzyme
containing zinc metal ion as the active site, and known to catalyse
the reversible hydration of CO, into bicarbonate (HCO3) in aqueous
solutions at extremely high turnover rates (up to 1x 106s~1)
[117]. Therefore, CA has great potential to significantly enhance
CO, absorption rates in PCC. The catalytic mechanism of CA works
via a two-step process (Fig. 4) [115]. In the first step, the Zn?* ion
of CA combines with the hydroxide ion from a water molecule,
releasing a proton; in the second step, the negatively charged
hydroxide ion can attack the partially positive carbon atom on a
solubilised CO, molecule, forming a bicarbonate (HCO3) ion. The
reaction mechanism of CO, hydration can also be expressed by the
following equations [112,118,119]:

Zn** + H,0 & Zn**OH™ + H* 14

CO, + Zn**OH™ & + HCO3 + Zn** 15)

One of the most pronounced advantages of using CA in carbon
capture is the ability to use environmentally benign solvents, such
as water and potassium carbonate, which generally have slow
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Fig. 5. Schematic of connection between membrane fouling mechanisms and enzyme immobilization strategies [123].

absorptive kinetics to CO,. In membrane contactors, these solvents
typically have lower wetting propensities than chemical solvents
with higher CO, absorption rates. Thus, immobilizing CA in a
membrane contactor may help overcome critical wetting
problems.

There are few studies on enzymatic membrane contactors.
Early attempts of using CA in membrane contactors started with
liquid membranes: CA was dissolved in a liquid layer between two
hydrophobic gas permeable membranes [120,121]. However, trace
contaminants in flue gas, such as SO, and NO,, will gradually
dissolve in the liquid membrane and denature the enzyme. In
addition, evaporation of the liquid will deteriorate the long-term
operational stability of the liquid enzymatic membrane contactor.
Enzyme immobilization has been proved as an effective approach
to improve the reusability and stability of the biocatalyst.

Enzymes can be immobilized into or onto the membrane by
entrapment (e.g. direct filtration) [122-124], physical adsorption
[116,125,126], cross-linking [127] or covalent bonding [128-130].
These immobilization strategies are similar to membrane fouling
mechanisms (Fig. 5) [123]. The entrapment method causes little
enzyme activity loss [131], but significantly increases membrane
resistance [124]. Physical adsorption based on the relatively weak
physical forces (e.g., van der Waals and electrostatic) is a simple
way to immobilize enzymes, but faces some issues, such as des-
orption and low enzyme activity [116]. Cross-linking and covalent
bonding with multifunctional reagents offer stable enzyme im-
mobilization; however, initial enzyme activity loss can be sig-
nificant due to the activation of interface between the enzyme and
the functional groups [132].

Various supports have been employed for CA immobilization,

Membrane
Polymer
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€ Anhydrase

H,0 H,0,+CO%

Fig. 6. Schematic diagram of the carbon nanotube functionalized Janus membrane
for CO, hydration. Reproduced from [136] with permission from the Royal Society
of Chemistry. FTCS: perfluorodecyltrichlorosilane; CNTs: carbon nanotubes.

such as hydrogels [115,130,133], polymeric membranes [127,129]
and nanoparticle-incorporated membranes [116,134,135]. Hydro-
gels were selected as the immobilization support in which CA was
filled into the interstitial space between two bundles of intimately
commingled hydrophobic microporous PVDF hollow fiber mem-
branes [115]. However, the major issues with the evenly dis-
tributed CA in the liquid phase are the low CO, diffusional gradient
and large mass transfer resistance, which limit the full use of CA
for hydration. Polymer membranes are also not ideal for enzyme
immobilization due to the limited surface area and unfavorable
interaction between the hydrophobic surface and the hydrophobic
cores of the enzyme molecule, which would lead to enzyme dis-
tortion. Nanoparticles have high interfacial surface area, favorable
hydrophilicity and controllable nanostructures, therefore offering
great opportunity for enzyme immobilization. TiO, nanoparticles
have been incorporated onto the membrane surface or into the
membrane matrix for enzyme immobilization, achieving relatively
high enzyme activity and stability [116,134,135].

In membrane contactor applications, it is difficult to preserve
an intimate contact between CO,, water and the enzyme im-
mobilized on the hydrophobic membrane surface due to the
naturally repulsive interaction between the hydrophobic surface
and water. To overcome this issue, a “Janus” membrane config-
uration was proposed [136], where a hydrophobic layer acts as the
fixed interfacial layer between gas and liquid, and a hydrophilic
layer provides enzyme immobilization support that ensures in-
timate contact between CO,, water and the immobilized CA
(Fig. 6). With such a configuration the CO, hydration rate is almost
doubled that of pure hydrophobic membranes within a gas-liquid
membrane contactor.

The use of enzymes in CO, absorption systems is a biomimetic
approach for improving CO, capture efficiency. The systems use
enzymes (e.g. CA) to mimic the mechanism of the mammalian
respiratory system, which dramatically increases CO, capture ef-
ficiency. CA can speed up the conversion of CO, to bicarbonate
hydration and the reverse bicarbonate dehydration, and can cat-
alyze the hydration of 600,000 molecules of CO, per molecule of
CA per second: 4000 times faster than MEA in terms of catalytic
activity [137].

In addition, CA can absorb CO, at neutral pH with very low heat
of sorption. Since CA acts as a catalyst and has negligible capacity,
it has been considered as the promoter for carbonate/tertiary
amine systems [138-140]. However, CA is a natural enzyme with a
limited life time (~6 months), and is sensitive to temperature and
impurities. Loss of enzyme activity and long-term stability is the
major drawback of CA membranes. As CA is either extracted from
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mammals or cultured in labs, it is very costly and hence not fea-
sible for use in large scale applications in conventional absorption
columns. An alternative option is the use of CA in supported liquid
membranes or membrane contactors [113,141]. A liquid mem-
brane system (contactor) catalyzed by CA was developed by Car-
bozyme Inc. through a National Energy Technology Laboratory
project (US). Preliminary results show the potential for significant
decreases in energy penalty and costs compared with amine based
systems [6]. An illustration of the process using CA in a contained
liquid membrane is shown in Fig. 7 [6]. Both absorption and des-
orption occur simultaneously in the same contactor.

CA and mimic CA both increase the absorption rate of CO,,
rather than the equilibrium loading. A membrane contactor using
20% K,CO3 promoted by mimic enzyme (e.g., Zn-cyclen) was found
to increase the CO, absorption rate by ~10 times [142].

Carbozyme Permeation Process
Sweep Gas Out
CO2 Rich

Flue Gas In

CO2 Lean
Flue Gas Out

Sweep Gas In

Membrane

Fig. 7. Schematic illustration of the Carbozyme permeation process, modified from
[6]. CA: carbonic anhydrase.

Enzymatic membrane contactors have the potential to employ
environmentally benign solvents for efficient CO, absorption.
However, they still face some challenges, such as increased mass
transfer resistance after enzyme immobilization, and long-term
enzyme stability and activity, which must be carefully considered
before their use in CO, absorption.

3.3.5. Surface modification

A number of surface modification techniques have been in-
vestigated to improve membrane performance (e.g., wetting re-
sistance, long-term stability and mass transfer coefficient). These
techniques include plasma modification [71,143,144], non-solvent
assisted deposition [145,146], sol-gel coating [147] and ultraviolet
(UV) photografting [148].

PP membranes are frequently used as the substrate in surface
modification, due to their low costs, good availability, well-con-
trolled porosity and pore size and relatively high thermal and
chemical stabilities. Lin et al. [71] employed CF4 plasma to modify
PP hollow fibers, showing that absorption flux, membrane dur-
ability and mass transfer coefficient of the treated membrane is
significantly improved. Franco et al. [ 143,144] sputtered PTFE onto
the PP membrane surface via plasma technique, forming an ul-
trathin fluorinated hydrophobic layer, and achieved improved
absorption performance in short term (~45h) due to the en-
hanced resistance to amine absorbent degradation and wetting
after surface modification. However, the improved performance
was not maintained for long. Lv et al. [145] deposited a rough PP
layer onto the PP membrane surface using a mixture of cyclo-
hexanone and methyl ethyl ketone (MEK) as the non-solvent. The
modified surface showed superhydrophobicity (contact angle up
to 158°) and long-term stability (minimal CO, absorption flux
decline over 20 days).

More recently, Lin et al. [147] fabricated hydrophobic poly-
methylsilsesquioxane (PMSQ) aerogel membranes onto an Al,O3
membrane support via sol-gel coating for CO, absorption in
membrane contactors. The prepared membranes exhibited good
durability and reusability. Yu et al. [149] developed a super-
hydrophobic ceramic membrane via surface modification as the
membrane contactor for CO, absorption. The modified membrane
had a water contact angle up to 153°, and showed anti-wetting
and anti-fouling properties. Since membrane contactors are ex-
pected to be operated over many months (preferably years) in
practical CO, absorption, long-term performance stability after
treatment is of great importance in adopting these surface mod-
ification techniques.

3.4. Absorbent selection

3.4.1. Absorbent selection criteria

Theoretically, any absorbents used in conventional absorption
processes can be used in membrane contactors. However, some
absorbent are more suitable when one considers their physical
and/or chemical properties.

An ideal CO, absorbent should firstly have an appreciable ab-
sorption capacity (i.e., CO, loading), fast reaction rate, and pre-
ferably low heat of reaction. It should also be chemically stable,
have negligible thermal and oxidative degradation, and be easily
regenerated for recycling [8,150]. The solubility of CO, is a key
parameter in the screening of potential solvents. A solvent with
high CO, absorption capacity can effectively reduce the solvent
volume and surface area required and hence the operational cost.
High reactivity is another key factor, which leads to a high ab-
sorption rate and hence high mass fluxes, thus reducing the liquid
phase resistance, which is usually the main contribution factor to
the total resistance in a membrane contactor. From the environ-
mental point of view, the absorbents and their degradation
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compounds should be non-toxic to avoid harmful emission. Low
vapor pressure or volatility, and good thermal stability will mini-
mize solvent loss during operation and thermal degradation. Last
but not least, the absorbent should preferably be commercially
available at a low cost.

When selecting absorbents for membrane contactors, the in-
teractions between absorbents and the membrane materials as
well as configurations are primary considerations. An important
prerequisite is good compatibility with the membrane materials
used; the liquid absorbents should not damage the membrane
either physically or chemically. If absorbents swell the membrane
materials or attack the chemical structure of membrane materials,
the surface/pore morphology of the membranes will be changed.
In addition, an absorbent should preferably have high surface
tension to provide a high critical LEP if a porous membrane is used.
This will improve the pore-wetting resistance of the membrane. To
reduce the overall mass transfer resistance, absorbents with low
viscosity are favorable. High viscosity not only reduces the mass
transfer rate, but also increases the pressure drop of the absorbent
through the membrane contactor. Particularly, when a hollow fiber
module is used or at reduced temperatures, high viscosity results
in high energy consumption for absorbent circulation. The absor-
bents and their degradation compounds should not precipitate
during the absorption because the solids formed may block the
pores of the membranes, or even completely block the liquid path,
resulting in a complete loss of efficiency.

As yet, no absorbent meets all these requirements. Some
properties must be prioritized while others are sacrificed. In recent
years, several less commonly “preferred” absorbents have been
studied in membrane contactors to take advantage of their unique
properties, such as ammonia (despite its high volatility), ionic li-
quids (ILs, despite their high viscosity) and enzymes (may be
costly and difficult to produce).

3.4.2. CO, absorbents in membrane contactors

Both chemical and physical absorbents have been widely stu-
died for CO, capture using membrane contactors. To date, che-
mical absorption of CO, (especially using amine aqueous absor-
bents) is the major PCC technology that has been practiced in the
industry. Apart from amines, chemical absorbents such as am-
monia, carbonates, alkali, amino acid salts and some types of ILs
have also been investigated. However, these absorbents are still in
the development or demonstration stage that needs to be com-
missioned before they can be implemented on a large scale.

Amines and their mixtures are the most investigated chemical
absorbents for CO, capture. An amine is basically an organic
compound derived from ammonia (NHs), where one or more hy-
drogen atoms have been substituted with an alkyl or aromatic
group. The (-NH;) functional group of the amine molecule pro-
vides a weak base to react with acid gases. The reactivity of amines
to CO, follows the order: primary > secondary > ternary amines
[151]. MEA is the most widely used commercial CO, absorbent,
usually in a 30 wt% aqueous solution. Most of the membrane
contactors for PCC reported employ 30 wt% MEA as absorbents at
temperatures between ambient and 313 K, offering a better com-
parison with the reference baseline conditions in a commercial

Table 4
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absorption process [20,77,152].

Recently Chabanon et al. reported a membrane contactor op-
erated with concentrated MEA solutions (up to 90 wt%) to in-
tensify the process. They found that the intensification factor
reached maximal with a MEA concentration of 70 wt% at 60 °C
[153]. Investigation on a phase changing binary and ternary aqu-
eous solutions of 2-(diethylamino)ethanol (DEEA) and 3-(methy-
lamino)propylamine (MAPA) was reported to have significantly
reduced energy consumption in desorption [154,155]. However,
high volatility of these so-called 3rd generation solvents hinders
their further applications. Most recently, the 3rd generation sol-
vents have been employed in a membrane contactor with com-
posite membranes consisting of a robust and highly gas permeable
dense layer on the porous support for PCC [156].

The use of ammonia to remove acid gases was first reported in
the 1950s. Since then, many publications have presented ammonia
as a promising candidate for CO, capture from flue gas [8,157-
159]. However, ammonia is a poisonous volatile gas with an in-
tense odor and even small emissions may cause environmental
issues. The feasibility of an ammonia based CO, capture process
using hollow fiber membrane contactors was investigated [160].
Their CO, absorption experiments with ammonia were performed
using two dense skin composite hollow fiber membranes, i.e. tailor
made Teflon AF2400 and commercial TPX® (Polymethylpentene,
PMP). Stable, good performance with reduced ammonia slip and
intensified CO, mass transfer compared with a conventional
packed column was reported. McLeod et al. report an aqueous
ammonia absorbent for CO, capture with membrane contactors, in
which ammonium bicarbonate crystals (as by-products) grow on
the shell-side of the membrane by surface tension regulation
[105].

Carbonate (alkali salt) is recognized as a green CO, absorbent.
The reaction rate of potassium carbonate (K,CO3) with CO, could
significantly be increased by raising the absorption temperature
from 25 to 75 °C [161]. The main challenge in using this absorbent
in a membrane contactor is the scaling of K,CO3; on and/or in
membranes. Other challenges include the high loss of water when
elevated temperature is applied, which results in humidification of
the process stream and the requirement for a downstream dehu-
midifier. The industry has added amines (e.g., MEA, DEA and pi-
perazine) to the absorbent to overcome these challenges, where
the amine group acts as a promoter and the operating temperature
can be lowered [162]. Most recently, enzymes have also been used
to promote the CO, absorption rate of K,CO3; in membrane con-
tactors [142].

A number of new solvents (e.g., amino acid salts and ILs) have
been developed and studied in membrane contactors to enhance
CO, absorption performance. Aqueous amino acid salts have been
regarded as a new type of absorbents favorable for membrane
contactors, as they provide both high active reaction with CO, and
good compatibility with the membrane (i.e., friendly to membrane
materials and low pore-wetting tendency) [163]. In addition,
aqueous amino acid salts are nontoxic, thermally stable, easy to be
regenerated, commercially available and have low vapor pressure.
The reaction mechanism of amino acid salts with CO, is con-
sidered a zwitterionic mechanism, similar to primary and

Properties and process conditions of typical physical solvents at ambient temperature [174].

Solvent Viscosity (Pas) x 10° Surface tension Tradename Absorption conditions
Propylene carbonate 25 42 Fluor T < ambient T, P: 3-7 MPa
Methanol 0.54 222 Rectisol T: =10 to —70°C, P> 1 MPa
N-methyl-2-pyrrolidone 1.7 344 Purisol T: —20 to 40 °C, P: 1 MPa
Dimethylether polyethylene glycol 58 40.7 Selexol T: 0-20 °C, P: 2-14 MPa
Ionic liquids 38-607 33-65 - -
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secondary amines [164,165].

The use of ILs as CO, absorbents has become a research high-
light in recent years. ILs are commonly defined as organic salts
with melting temperatures less than 100 °C, generally consisting of
a large bulky and asymmetric organic cations and inorganic or
organic anions. ILs can be classified into two categories: room-
temperature ILs and task-specific ILs.

Luis et al. proposed a “zero solvent emission process” concept
using ILs in membrane contactors for PCC [166,167]. They used a
commercially available cross-flow membrane contactor supplied
by Liqui-Cel and 1-ethyl-3-methylimidazolium ethylsulfate as the
IL solvent, and reported that the bottleneck of the membrane
absorption process is the slow interfacial chemical reaction be-
tween CO, and ILs. Deng et al. [168] reported a closed loop, con-
tinuous pressure swing absorption/desorption process for CO,
capture at elevated temperatures by using ILs with relatively low
viscosity, including room-temperature ILs and IL-based solvents
consisting of task-specific ILs (e.g., amino acid ILs) and low mole-
cular weight polymers polyethylene glycol (i.e., amino acid ILs/
PEG). Sirkar et al. [169,170] developed a pressure swing, mem-
brane absorption/desorption process with viscous chemical sorp-
tion ILs in a stationary phase as CO, absorbent (poly(amidoamine)
dendrimer-[bmim|[DCA] mixture), and a process mimicking the
conventional pressure swing adsorption cycle. Good CO, separa-
tion performance is reported [169-171]. Recent advances in the
combination of ionic liquids with membrane absorption technol-
ogy for CO, capture have been reviewed [172].

Well-known physical absorbents include propylene carbonate
(a.k.a. Fluor Solvent), methanol (a.k.a. Rectisol), dimethyl ethers of
polyethylene glycol (DMPEG, a.k.a. Selexol) and N-methyl-2-pyr-
rolidone (a.k.a. Purisol), which are mostly used in different in-
dustrial sectors for CO, separation or purification at high pres-
sures, and the absorption usually processes at a temperature lower
than the ambient temperature. For instance, when using Selexol as
CO, absorbents, the process generally takes place at 0-5 °C. A re-
cent research reported that the optimal operating temperature in
the lean Selexo solvent is — 10 °C [173]. The properties and process
conditions of major physical solvents are summarized in Table 4,
where ionic liquids are included as one category of solvent for
comparison [174].

3.5. Module design

The membrane module configuration plays an important role
in determining the performance of membrane contactors. In a gas—
liquid membrane contactor, the membrane module should provide
an efficient gas-liquid interface without convective flow of fluid
through the membrane (i.e., non-dispersive gas-liquid contact).
Both flat sheet and tubular membrane modules can be used in a
gas-liquid membrane contactor.

A flat sheet membrane module can be mounted in a plate-and-
frame configuration for membrane contactor applications. As the
membrane area in a flat sheet membrane module is much lower
than that in a hollow fiber module, few studies reported the use of
flat sheet membrane contactors for CO, separation applications
[150,175-177]. Their main advantages over hollow fiber membrane
contactors are ease of membrane fabrication and module
assembly.

A tubular membrane module generally refers to the hollow fi-
ber membrane module (inner diameter < 1.0 mm) [178]. Hollow
fiber membrane contactors have been widely investigated for CO,
capture with a broad range of absorbents. It should be noted that
in a few cases tubular membranes with an inner diameter
(>5mm) larger than that of a hollow fiber membrane are also
used to minimize the pressure drop in PCC, for both polymeric and
inorganic membranes.

A hollow fiber module is typically a bundle of fibers packed
parallel in a shell, similar to the configuration of a shell and tube
heat exchanger. As most hollow fiber membranes have the skin
layer on the outside, the liquid phase in a hollow fiber membrane
contactor is usually on the shell side to minimize membrane
wetting; whereas gas flows on the lumen side, which is also
beneficial for the reduction of pressure drop along the membrane.
Although many different kinds of membrane module configura-
tions have been developed, hollow fiber membrane modules with
longitudinal flow or cross flow are the most extensively studied for
CO, capture. Yang et al. [179] studied both longitudinal and cross
flow hollow fibers for gas liquid contact and found that the cross
flow membrane contactors show better absorption performance.
Nevertheless, most research work has been carried out using
longitudinal module design, due to its simplicity [179].

3.5.1. Longitudinal flow module

Longitudinal flow is also called parallel flow. In this config-
uration, both fluids (gas and liquid) flows parallel to each other on
the opposite sides of a membrane, either in a co-current or
counter-current flow (Fig. 8A) [19,21]. deMontigny et al. [70]
showed that the mass transfer rate in counter-current mode is 20%
higher than that in co-current mode, and that absorbents flowing
on the lumen (tube) side of the fiber perform better than the other
orientation when the inner diameter of the fiber was not prohi-
bitive to flow. Most lab-scale studies have been conducted with
longitudinal design membrane contactors due to the ease of pre-
paration, well-defined fluid dynamics and simple approach to-
wards mass transfer calculations. However, compared with a cross
flow module, a longitudinal module offers limited efficiency [20].
Channeling and bypassing of fluid on the shell side and high shell-
side pressure drop may affect the overall performance of the
system, while fluid flow is restricted by the non-uniform packing
and small internal diameter of hollow fibers, which also limits
mass transfer and gives relatively low mass transfer coefficients
[180]. These are the major barriers to the use of this type of
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Fig. 8. (A) Parallel flow module (counter current flow); (B) Liqui-Cel Extra-Flow
membrane contactor [183].
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Fig. 9. Cross-flow membrane contactor modules developed by (A) Aker Kvaerner
[187]; (B) the Netherlands Organization for Applied Scientific Research (TNO) [21].

module in industrial applications [12,181,182].

Modifications to longitudinal modules have been made to
combine the advantages of cross-flow and improve mass transfer
in the module. A well-known commercial example is the Liqui-Cell
Extra-Flow module offered by CELGARD LLC (Charlotte, NC; for-
merly Hoechst Celanese) [183]. An illustration of this gas-liquid
hollow fiber membrane contactor module is given in Fig. 8B.

A central baffle in the shell side of the membrane contactor
minimizes shell-side bypassing and provides a velocity towards
the membrane surface, which results in a higher mass transfer
coefficient than that achieved with a strictly parallel flow (Fig. 8A).

Membrane

Gas phase

CO:2

l

N2

Liquid phase

This module allows both counter-current contacting and flow
perpendicular to the well-spaced hollow fibers. The counter-cur-
rent contacting increases the number of transfer units involved in
a given separation, and the perpendicular flow gives mass transfer
coefficients typically five times larger than those available with
other modules [184].

3.5.2. Cross-flow module

Although longitudinal flow modules have been the most stu-
died, the cross-flow module is considered more efficient. Experi-
ments with a rectangular cross flow membrane contactor were
carried out for physical absorption of gas to study the effects of
various operating parameters (e.g., gas and liquid flow rates and
solute concentration in the feed stream) on overall performance of
the system [185]. The performance of the longitudinal and cross-
flow membrane contactors was compared based on the flow per
membrane area and the equal module volume [186]. It was found
that counter-current cross-flow membrane contactors are more
efficient. Two examples of cross-flow membrane contactors in-
dividually patented by Aker Kvaerner (Norway) and TNO (the
Netherlands) are respectively presented in Fig. 9A [187] and Fig. 9B

[21,25,185].
3.6. Mass transfer and process simulation

In this section, we aim to define the modeling conditions and/
or different notations used by researchers to avoid confusion, and
discuss four types of modeling approaches in detail, which are
widely used for CO, absorption with membrane contactors. The
modeling and simulation of membrane contactors for PCC appli-
cations has been extensively investigated for decades
[10,19,21,152,188,189]. The modeling framework is basically si-
milar to that used for absorption column simulation, but the
membrane mass transfer description requires dedicated ap-
proaches. A general sketch of mass transfer of different com-
pounds in membrane contactors (Fig. 10). It should be stressed
that, for the sake of simplicity, CO, absorption is almost system-
atically considered as the only mass transfer phenomenon in
modeling approaches.

A considerable amount of knowledge and experience can be
gained from the literature dedicated to CO, absorption into che-
mical solvents by packed columns, including at industrial scale

Membrane

Gas phase

Liquid phase

Fig. 10. Framework of mass transfer modeling in membrane contactors for post-combustion carbon capture. Absorption of CO, from the gas phase to the liquid phase is the
major target of the process. Mass transfer of N, solvent and water vapor is considered to be insignificant. Water vapor transfer is complex because it is likely to occur either
from the gas to the liquid (condensation) or from the liquid to the gas phase (evaporation) depending on the operating condition and location.
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Fig. 11. General sketch of process modeling and simulation for membrane contactor applications in a post-combustion carbon capture framework. CCS: carbon capture and

storage.

[190-195]. Many publications have addressed the modeling/si-
mulation problem for the specific case of membrane contactors for
CO, absorption in a chemical solvent and a large portfolio of
models has been reported. The ultimate target of these studies is
to predict experimental results through a large range of operating
conditions and systems with a minimal number of adjustable
parameters. A key problem with modeling is finding a balance
between model complexity, numerical resolution and the possi-
bility of precisely estimating the maximal number of variables in
the simulation set, to completely predict process performances.

Fig. 11 summarizes the key variables that must be defined
when simulating the absorption performance of a membrane
contactor for PCC and the different targets of modeling/simulation
studies. Generally speaking, a large number of studies are limited
to a comparison of a set of experimental data to the predictions of
one type of model. Several publications make use of a given model
for parametric sensitivity studies (e.g. prediction of the influence
of gas or liquid velocity, or membrane mass transfer coefficient on
absorption performances). Very few comparative studies evaluat-
ing different models have been published. Similarly, optimization
and scale-up problems are largely unreported.

3.6.1. Modeling approaches: overall framework

The starting point of any modeling problem corresponds to the
definition of a set of hypotheses concerning the physical and
chemical characteristics of the system. The steady state condition
hypothesis is almost systematically applied, similarly to the ab-
sorption column reference case. As proposed in Fig. 11, the input
variables in a modeling and simulation study can be classified into
three main categories: (i) operating conditions, (ii) membrane and
module characteristics, and (iii) solvent characteristics.

The absorption of CO, from a dry CO,/N, gaseous stream into
an aqueous solution of MEA through a lab-scale membrane con-
tactor unit is by far the most often investigated system and will be
taken as the reference case (a dry CO,/N, mixture is often em-
ployed as the flue gas in modeling). In many cases, flue gas with a
CO,, content of 10-15 vol% is selected to mimic the real situation in
a coal-fired power plant. Temperature is usually close to ambient
conditions (2040 °C) and gas pressure is atmospheric, which is
similar to packed column operation for CO, absorption. The
module geometry is most often of hollow fiber type, with

dimensions of a few centimetres in diameter and 10-30 centi-
metres in length in most cases. Flat or spiral module geometry is
rarely applied. A broad range of fiber geometries, membrane ma-
terials and structural characteristics can be found, with membrane
thicknesses ranging from 20 to 500 pm. The module packing ratio
typically varies between 0.1 and 0.6. In terms of fluid flow condi-
tions, two major options are possible:

® Liquid inside: liquid solvent on the lumen side and gas flowing
on the shell side. This configuration is advantageous for in-
dustrial applications, because it can better fit the very large gas
flow rate (possibility to provide a larger cross-section area for
gas flow). Note: in this configuration, wetting is more likely to
occur due to the high lumen-side pressure caused by the con-
strained liquid flow; limited liquid flow may be another issue
particularly when the liquid is viscous.

® Liquid outside: liquid solvent on the shell side and gas flowing
on the lumen side. This option is also widely studied because
standard hollow fibers need liquid solvent on the shell side to
minimize the flow resistance of the liquid. It offers a larger gas—
liquid interfacial area, at the expense of an increased pressure
drop on the gas phase and risk of fiber blocking by dust particles
in practical flue gas application.

When the operating conditions and membrane and module
characteristics are defined, mass (and, in some cases, energy)
balances and transfer equations can be developed, according to a
specific set of hypotheses.

3.6.2. Modeling approaches: state of the art

An exhaustive analysis and description of the different mod-
eling options offered through the combination of possibilities is far
beyond the scope of this review. A critical description of four fa-
milies of models with gradual complexity, which are the most
often encountered in the literature, is proposed as follows.

Note that regardless of the level of complexity of the mathe-
matical approach selected, the models are developed based on a
single hollow fiber representative approach (Fig. 10) [196].

3.6.2.1. Model based on constant overall mass transfer coefficient
(K). The constant overall mass transfer coefficient approach is the
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first and simplest model reported in the literature dedicated to
membrane contactors [14,15,186,197]. In this approach, K is sup-
posed to stay constant between the inlet and outlet of the mem-
brane module. For a membrane contactor with an effective length
of L, the differential CO, mass balance can be easily integrated. The
effective CO, capture ratio (), the key performance indicator of
the process, can be expressed as follows:

1—exp| AL
= u

g (16)

where a is the interfacial area and ug is the gas velocity. Ka
corresponds to the inverse of the CO, transfer time in the process,
which is a key parameter allowing comparison of gas absorption
technologies and evaluation of scale-up possibilities. The term KULL
determines the process mass transfer performance. ’

This model is easy to use once the evolution of the capture ratio
(n) with the gas velocity (ug) is experimentally determined. Its
major limitation comes from the fact that K is often by no means a
constant but depends on the operating conditions. In most cases, K
varies along the axial position and the direction of the driving
force. In such situations, Eq. (16) no longer applies and more rig-
orous models (e.g. the following ones) are required.

3.6.2.2. Resistance-in-series (1D) model. The resistance-in-series
model was detailed in Section 3.1. This modeling approach is
based on the film theory. The local overall mass transfer coefficient
(K) is expressed for a flat geometry as follows:

1 1 1 1

—_—=— 3 — 4+ ——
K ky kn mEk a7
where m is the CO, gas-liquid partition coefficient (-).
Theoretically, each local mass transfer coefficient (kg, ki, and ki)
can be estimated based on correlations. For kg and k;, expressions
based on the Sherwood number have been reported in the lit-

erature [10,48]:

k Sh Dy

ky = Sy (18)
_ D,

ki=Shg (19)

where Dg and D; are the CO, diffusion coefficients in the gas and
liquid phases, respectively (m? s~ '), and d is the diameter (m).

Generally, the membrane mass transfer coefficient is supposed
to be constant and used as the only adjustable parameter to fit the
data. It can be theoretically calculated by:

\
Hollow fiber '~._.-°

e
' 9 ®
/

Circular approximation

Fig. 12. Cross-section of the membrane module and circular approximation of the
fluid surrounding the fibers according to the Happel's free surface model, modified
from [201].

5 (20)

where Dy, is the CO, diffusion coefficient in the membrane
(m?s~1), e is the membrane porosity (-), = is the membrane tor-
tuosity (-) and & the membrane thickness (m).

The local enhancement factor (E) due to the reaction between
the MEA and CO, in the liquid phase can be determined by the
Hatta number (Ha) and the infinite enhancement factor (E..)
[59,198]:

IDikr Cyga,

ky 21
1/3 -2/3

b= (2 ]’ e (D ’
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where kr is the kinetic constant (m® mol~' s~1), Cyga, is the MEA
concentration in the liquid phase (mol m~3), Dyga is the MEA
diffusion coefficient in the liquid phase (m?s~') and Ccoa pint iS
the CO, concentration in the liquid phase at the membrane in-
terface (mol m~—3).

Hence, according to the reaction regime, the enhancement

factor is expressed as follows:

(22)

e The diffusion of MEA is not limiting (the reaction is distributed
but located in the vicinity of the gas-liquid interface):

E[—z > 50, then E=y1+Ha?~Ha

® The diffusion of MEA is limiting (a sharp reaction front is
formed in the vicinity of the gas-liquid interface) :

L < 0.02, thenE= E_
Ha

e Partial limitation of MEA diffusion (intermediate situation) :
Ha /(E,—E)/(E.—1)
tanh( Ha [(E~E)/(E.~1))

0. OZSESSO, then E=
Ha

The resistance-in-series model requires the boundary condi-
tions at the inlet and outlet of the module to be defined (i.e., c and
P at z=0 and z=L) to solve these equations.

3.6.2.3. Convection diffusion (2D) model. Instead of the 1D effective
mass transfer coefficient description, more refined models have
been proposed based on a general convection diffusion approach
[54,59,196,199,200]. Convection and diffusion are then separately
taken into account in the gas and liquid phases.

Generally, the convection diffusion model considers the solvent
concentration gradient in the liquid phase and the CO, con-
centration gradient in both liquid and gas phases, the chemical
reaction between CO, and MEA in the liquid phase and the de-
crease of the gas velocity due to CO, absorption.

The set of differential mass balance equation system for CO, in
the gas and liquid phases, and MEA in the liquid phase in cy-
lindrical coordinates are respectively expressed as:

oG, oC
g COpg _ D, 10 €08
' 0z ror or (23)
oC oC
u, ol _ D, 10 r €0y, +Reo
' [o74 ror or 2 (24)
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where the stoichiometric constraint due to the chemical reac-
tion between CO, and MEA can be described by:

Cueat_ - 9Ceo,g
0z & oz (26)

z,1

CO, transfer in the membrane is assumed to result from the
contribution of diffusion. Consequently, mass balance in the
membrane can be expressed through Fick's law:

oC,
Dmeff = li r C0zm =0
ror ar (27)

The flow on the lumen side of the membrane is assumed to be a
fully-developed laminar parabolic flow, as confirmed by the low
Reynolds number:

ulumen=2<v>[ 1_( % )2] 28)

The flow on the shell side of the membrane contactor is often
modeled using the Happel's free surface model (Fig. 12) [201,202]:

ushell=2<v>[]_( E)Z][ (r/1)’ = (rJr+2In(r/r)

) ]| 34(refr) ~4(r/r.) +4In(rr.) 29)

with

1-¢ 30)

In the convection diffusion approach, the boundary conditions
are:

® Axial direction (assuming counter-current flow pattern)

2=0, ¢/*™"=0 for i=CO,, & ¢/"™" = c/4men for i=MEA

z =1L, ¢ = ¢hellfor i=CO,, & ¢®"=0, for i=MEA

e Radial direction

0C]umen
r=0, — =0 for i=all species,
or
lumen
a¢; . . . .
r=r, 'a =0 for i=amine species & ¢;*™" = mc™™ for i=CO,
r
r=r, /™ = ¢fMllfor i=CO, & ¢M*™=0, for i=MEA

shell

r=r é—r=0 for i=C0O, & cM®=0, for i=MEA

g

3.6.2.4. Model for non-isothermal systems. A few authors [203,204]
report a similar convection diffusion approach but under non-
isothermal conditions. In this case, a set of differential energy
balances has to be added to the mass balances:

Kshell[ o2 shell 1 gshell ]

shell
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— + ——— yohell 2
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In the non-isothermal approach, the mass balance equations
are the same as those in the convection diffusion model, thus the
same boundary conditions are used. However, with the added
energy balance equations, the following set of boundary condi-
tions is required:

® Axial direction

lumen
z=0, Tlumen - Tin

hell
n

Z = L Tshell — T
=1, =T
e Radial direction

lumen
=0, "o
ar

r=r, Tlumen — Tmem

r=r, Tmem _ Tshell

shell
r=r, aTar =0

The different sets of assumptions for the above four approaches
are summarized in Table 5. A tentative analysis of the corre-
sponding situation that best fits the set of hypotheses is also
proposed.

3.6.3. Unexplored issues

Despite considerable efforts made into modeling and simula-
tions of membrane contactors in PCC, several issues remain largely
unexplored. We propose here a tentative list of important needs
and challenges in this area.

3.6.3.1. Tackling non-isothermal conditions. The isothermal condi-
tion, which is extensively employed in membrane contactor stu-
dies, is one of the major differences between membrane models
and standard models for packed columns. The incidence of non-
isothermal behaviors in simulation results has only recently been
investigated [78,199,203-207]. Experimental evidence and basic
calculations show that a significant temperature difference occurs
in a membrane contactor, principally due to the heat of reaction
contribution (i.e. CO, reaction with amines in the liquid phase).
Nevertheless, the good prediction efficiency of models based on an
isothermal hypothesis suggests that compensation effects may
take place. Further studies, ideally combining simulations and
experiments (with temperature profile monitoring), are required
to better understand the need to take temperature changes in the
membrane contactor into account. Note that temperature increase
is overestimated when CO, absorption and reaction is taken as the
sole phenomenon.

A completely different picture is obtained when the role of
water is considered in the simulation package. Water condensa-
tion and/or evaporation generate large energy fluxes, which can in
some cases significantly counterbalance the heat of reaction in-
cidence on temperature variation. In such cases, both non-iso-
thermal hypothesis and water behaviors should be taken into ac-
count to achieve relevant and effective description. This point is
discussed further below.

3.6.3.2. The role of water. In most simulations of membrane


https://www.researchgate.net/publication/null?el=1_x_8&enrichId=rgreq-d5457c1eb9929536e93142ec88ef7311-XXX&enrichSource=Y292ZXJQYWdlOzI5OTU5MzA1NTtBUzozNDg0ODg1MDk0NzY4NjZAMTQ2MDA5NzU0MzkzMA==

198 S. Zhao et al. / Journal of Membrane Science 511 (2016) 180-206

Table 5

Summary of the four types of models proposed in membrane contactor modeling and the corresponding situations.

Modeling strategy Assumptions

Remarks (pros/cons) Ref.

Constant overall mass trans-
fer coefficient (K)

1. T, P, K and Qg are constants;
2. Low Ccoz,

3. Plug flow in the gas phase;
4, Adjusted parameter K

Fresh solvent at the inlet with a large excess (o~ aout~0).

Pros: simplest approach; minimal information needed; enables com-
parison with literature data.

Cons: not rigorously applicable to industrial situations; lumped K vari-

[14,15,186,197]

able combining solvent and membrane mass transfer performances.

Resistance-in-series (1D) 1. T, kg and k; are constants
2. Cvea, AC and P are variables

. Plug flow in the gas and liquid
phases

. Chemical reaction considered

. Adjusted parameter: ky,

T and P are constants

. Axial convection and radial diffu-
sion in the liquid and gas phases

. Chemical reaction considered

4. Adjusted parameter: ky,

w

Convection diffusion (2D)

No= U

w

Classical approach for various inlet and outlet solvent conditions.
Pros: good prediction of mass transfer when K, is known.
Cons: not rigorously applicable to industrial situations.

[198,236]

Classical approach for various inlet and outlet solvent conditions; be [54,59,196,199,200]
equivalent to the resistance-in-series approach reported by some

researchers.

Pros: applicable to real absorption situations (no assumption of fresh

amine excess); roles of the membrane, solvent and hydrodynamic can be

evaluated separately; probably the best compromise in terms of com-
plexity and prediction efficiency.

Non-isothermal system (2D) 1. P is a constant

Complicated and rarely reported; many variables required; water and non- [203,204,237]

2. Axial convection and radial diffu- isothermal behaviors should be considered simultaneously; could be used

sion in the liquid and gas phases
3. Chemical reaction considered
4, Adjusted parameter: Ky,

for better prediction and/or pilot scale studies; experimental temperature
profile remains difficult to predict.

contactors for PCC, CO, is regarded as the only compound trans-
ferring from the gas to the liquid phase. This hypothesis con-
siderably simplifies the set of equations to be solved and overlooks
the influence of water in modeling of lab-scale data (dry gas is
typically used). In reality, flue gas from power stations contains
water vapor. Water transfer also occurs in membrane contactors,
either from the gas to the liquid phase (i.e., condensation) or from
the liquid to the gas phase (i.e., evaporation). The local water
driving force (partial pressure difference between the liquid phase
and gas phase) can effectively generate evaporation effects (e.g., at
the gas inlet when a dry feed gas mixture is used in the experi-
ments), or condensation effects (e.g. at the liquid outlet when
temperature drops below the dew point of the gas mixture). Visual
observations of water droplets at the outlet of membrane con-
tactors have been occasionally reported and support this
statement.

Unfortunately, water balance studies have not been experi-
mentally performed and the modeling of water behaviors requires
a complex set of equations to be added to the simulation package.
More specifically:

® water pressure calculations require an effective thermodynamic
model for the liquid phase (activity coefficient calculation),

® water transfer in the membrane can be complex due to capillary
condensation effects,

e the calculation of local temperature conditions through energy
balance computations requires coupled heat and mass transfer
systems to be solved.

It is worth to note that water transport is even more important
in membrane desorption, particularly for understanding the en-
ergy balance.

Overall, water plays an important role in modeling CO, capture
via membrane contactors, but relevant investigations are scarce
due to experimental limitations (gas phase humidity and tem-
perature measurements, and water balance calculations) and
model complexity (coupled processes with numerous variables).
Alternative mass transfer models, such as the Maxwell-Stefan
approach used for multicomponent systems, could be of interest
for better prediction [208].

3.6.3.3. Prediction of membrane mass transfer coefficient considering
local variations, long time scales and wetting effects. The membrane
mass transfer coefficient (k) is most often taken as an adjustable
parameter in membrane contactor modeling. An overall effective
mass transfer coefficient is thus assumed, with a large uncertainty
in terms of prediction mostly due to wetting effects [152]. Minor
and even local partial wetting can significantly affect the overall
km, value [77]. Given the impossibility of determining the exact
wetting intensity throughout the membrane radial and axial di-
rections, a global approach has been logically employed [51,54,66].
The intrinsic complexity of the underlying situation that gives rise
to the global ki, value is presented in Fig. 13A. The effect of wetting
intensity on the membrane mass transfer coefficient is shown on
Fig. 13B.

Accurate prediction of the partial wetting effects is extremely
challenging because of the complexity of the membrane pores (e.g.
pore size distribution and pore geometry). To our knowledge, no
in-situ measurement of local wetting in a membrane contactor
under operation has been reported to date. This target could
possibly be achieved by non-invasive measurement techniques,
like nuclear magnetic resonance, similar to studies of the wetting
of polymeric membranes used in fuel cells. Given the sensitivity of
membrane wetting to the local transmembrane pressure, the ef-
fective k., value could depend on operating conditions (even for
the same membrane); for example, variation in the gas or liquid
velocity will change the pressure gradient [204]. This hypothesis
can partly explain the large variation in effective mass transfer
coefficients reported in different studies.

Apart from the variation and difficulty of prediction of the
membrane mass transfer coefficient under steady-state operation,
the rapid or gradual change of k, over time is another major
challenge. The majority of experiments on membrane contactors
are performed over limited time scales (typically a few days).
Studies over longer time scales (e.g., months) are scarce and show
that significant changes in mass transfer performance occur in
some cases [77]. Membrane degradation from solvent exposure is
the main reason, particularly for PP and PVDF membranes [66].
Conversely, a composite membrane with a dense skin layer has
stable mass transfer performance over time, most likely due to the
wetting protection effect of the dense skin layer [77].

Currently, no theoretical approach is available to quantitatively
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Fig. 13. (A) Schematic illustration of the local wetting likely to occur in a mem-
brane contactor under steady state operation, modified from [239]. Due to local
variations in transmembrane pressure, a local wetting ratio is expected to take
place. The effective overall k;, value used in simulations can thus be seen as a
lumped parameter that integrates the different local mass transfer performances.
(B) Influence of the wetting ratio on the effective membrane mass transfer coeffi-
cient (ky,) based on the resistance-in-series model [152]. The diffusion coefficients
in the gas and liquid phases are assumed to be 107> and 10~° m? s, respectively.
The curves correspond to different values of HE, where H is the gas-liquid Henry
coefficient and E is the enhancement factor. For CO, absorption in MEA, HE usually
varies from 100 to 300.

predict the evolution of the membrane mass transfer coefficient
over time. This limitation could be seen as a major problem in
membrane contactor simulation. However, time-dependent per-
formance is also observed in other unit operations, caused by
fouling (in heat exchangers and suspended liquids filtration),
poisoning (in heterogeneous catalysis) or degradation (in gas-li-
quid absorption). Identification of the system and operating con-
ditions that offer the most stable performance, together with an
empirical expression with time evolution, is likely to be the most
pragmatic answer to the tricky and hardly predictable situation.

3.6.3.4. Shell side mass transfer and fluid flow predictions. While the
bore side mass transfer conditions in hollow fibers are generally
estimated through consistent approaches (i.e. laminar flow of a
Newtonian fluid in a smooth tube), a very broad spectrum of
correlations is available for shell side mass transfer predictions.
This peculiarity reflects the huge variations in terms of system
structure; hollow fiber arrangement and spatial organization can

significantly differ from one membrane module to another.
Channeling effects, complex distribution of cross-sections de-
pending on local bundle repartition, and turbulence promoters
strongly affect the hydrodynamic conditions from one module
type to another, and thus influence the mass transfer character-
istics. For liquid flowing on the shell side, precisely estimating the
mass transfer coefficient is a challenge, because the liquid mass
transfer resistance often predominates over the resistance of the
membrane and the gas phase. As a result, significant discrepancies
may occur when evaluating the performance of carbon capture.

This limitation can, in principle, be overpassed when the con-
vection diffusion approach is employed, because fluid flow con-
ditions can be precisely taken into account in that case (e.g. Navier
Stokes equation resolution). However, this requires a rigorous
description of the spatial organization of the fiber packing, ideally
through a 3D grid. This strategy has not been employed to date
and would represent a substantial effort into module character-
ization through imaging techniques and computational fluid dy-
namics 3D simulations.

3.6.3.5. Which type of model is better for scale-up predictions? In
principle, scale-up is one of the major motivations in membrane
contactor simulations (Fig. 11). This point is of key importance for
PCC because of the huge volume of flue gas to be treated, requiring
large membrane contactors. Unfortunately, very few studies have
been reported on pilot scale investigations with membrane con-
tactors for model or real flue gas treatment [31,204]. The ability of
many existing models to effectively predict the performance at a
large scale is essentially unexplored. We expect that the 1D model
does not offer enough prediction possibilities, due to fluid dis-
tribution peculiarities at a large scale. Pressure drop and mem-
brane wetting effects can also complicate the prediction efficiency
at large scale.

3.6.3.6. Comparison of different models. Many modeling ap-
proaches are available for membrane contactor simulations and it
would be of major interest to identify the most efficient and re-
levant modeling strategy that best fits each of the targets (Fig. 11).
The knowledge of the most adequate model complexity level,
which is based on suitable simplifications in a justified manner, is
a common problem in chemical engineering [208]. The situation is
still not clear in membrane contactor simulation, where a broad
spectrum of model complexity has been reported. Increased ef-
forts focused on more complex developments are a recent re-
search trend in this area. However, very few model comparison
studies exist [204], which impedes a clear, systematic vision of the
best use of the model portfolio summarized in Table 6.

3.6.3.7. Systematic optimization of module. The optimal design of a
membrane contactor should ideally address the interplay between
membrane (mass transfer coefficient), fiber (length, inner and
outer diameter) and module characteristics (packing fraction, fiber
spatial organization) to attain target performance in areas, such as
maximal process intensification with minimal energy require-
ments [153]. Numerous parametric sensitivity analyses rely on one
parameter, and global optimization studies are still lacking.

3.6.3.8. Beyond MEA (novel or hybrid solvents). The interest in and
the potential of membrane contactors partly depend on solvent
properties. Therefore, the conclusions drawn from MEA in terms of
intensification performance, pressure drop limitations and energy
requirements could be significantly different when a new solvent
with different characteristics (e.g. kinetics, capacity, viscosity and
surface tension) is employed.
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Table 6
Summary of membrane contactors used for CO, stripping.
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Membrane Experimental conditions (e.g. absorbent-orienta- Main remarks Ref.
tion; flow mode; stripping gas, and temperature)
PP and PMP Polyamidoamine dendrimer and MEA-tube side; 1. First continuous absorption-stripping system. [209]
counter-current; humidified He; ambient 2. No wetting for PP-polyamidoamine system after 55 days.
temperature 3. Wetting for PMP-MEA system after 55 days (membrane resistance
dominates).
Ceramic (hydrophobic) MEA-tube side; counter-current; N,; 80-100 °C 1. Mass transfer resistance is dominated by the liquid phase. [210]
2. Mass transfer coefficients increase with the rise in liquid velocity.
3. Stripping efficiency improves with increasing gas velocity.
PTFE MEA-tube side; counter-current; N,; 90-100 °C 1. Higher liquid flow rate, temperature and liquid concentration lead to [217]
higher stripping efficiency; too high liquid concentration reduces strip-
ping flux due to the high viscosity.
2. Gas flow rate has a minor effect on striping flux.
3. High porosity leads to high flux but also high wetting tendency.
PTFE K,COs-flatsheet; Ny; 60-100 °C High temperature may cause wetting up to 72% of the membrane, and vapor [218]
condensation within the support layer.
PP MEA-tube or shell side; low temperature steam; 1. MEA-tube side mode achieves better performance. [212]
40-70 °C 2. Liquid side resistance is dominant.
3. Low vacuum improves stripper performance, but also increases pore size
and thus wetting risk.
PVDF DEA-tube side; Ny; 80-90 °C 1. Higher liquid flow rate, temperature and absorbent concentration lead to [238]
higher stripping efficiency.
2. Gas flow rate has a minor effect on stripping flux.
pPsf Water-tube side; N; 80 °C 1. Higher liquid flow rate and temperature lead to higher stripping [224]
efficiency.
2. Gas flow rate has a minor effect on striping flux.
PTMSP, TFC MDEA-flatsheet; no stripping gas; 100 °C Good stability after 250 h at temperature and pressure (i.e., 100 °C and [227]
30 bar).
PP outside coated with Ionic liquids with polyamidoamine dendrimer-shell 1. Continuous absorption-stripping system. [213]
fluorosiloxane side; cross flow; He, air or vacuum; 80-90 °C. 2. CO, transfer rates vary with different stripping methods.
PSf with SMMs DEA and water-tube side; counter-current; N,; 25- Membranes spun at 15 cm air-gas have the best stripping flux. [225]

80 °C

PP: polypropylene; PMP: poly(4-methyl-2-pentyne); MEA: monoethanolamine; PTFE: polytetrafluoroethylene; PVDF: polyvinylidene fluoride; DEA: diethanolamine; PSf:
polysulfone; PTMSP: poly(1-trimethylsilyl)-1-propyne; MDEA: N-methyldiethanolamine; TFC: thin-film composite; SMMs: surface modifying macromolecules.
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Fig. 14. Mass transfer mechanism of CO, from the liquid phase to the gas phase in
desorption.

4. Membrane contactors in CO, desorption

Compared with the intensive studies on CO, absorption,
membrane contactors have not been well developed in CO, des-
orption. In the CO, desorption process of PCC, gas-liquid mem-
brane contactors can be used for direct CO, stripping (i.e. re-
generation of liquid absorbents) and integrated heat recovery

during the stripping.

4.1. CO, stripping

The mechanism of CO, desorption from the liquid absorbent
through a non-wetted porous membrane (Fig. 14). Similar to the
absorption process, mass transfer resistance in desorption can also
be predicted by the resistance-in-series model, which considers
the resistances from the membrane and gas and liquid boundary
layers. However, CO, transfer direction is reversed from the liquid
phase to the gas phase under the driving force of CO, partial
pressure difference across the membrane.

Studies on CO, desorption via membrane contactors are rela-
tively scarce, even though the desorption stage is responsible for
the majority of energy consumption in PCC. One of the main rea-
sons is that efficient CO, stripping generally occurs at higher
temperatures that the absorption process. As a result, most poly-
mer membranes are not stable enough under the relatively high
temperatures. This reduces the technical and economic feasibility
of employing polymer membrane contactors for CO, desorption.

Studies on membrane contactors for CO, stripping under dif-
ferent experimental conditions are summarized in Table 6. Ko-
saraju et al [209] were the first to employ hollow fiber membrane
contactors for continuous CO, absorption-stripping. They reported
that the issue of wetting can be successfully overcome by using a
novel non-volatile amine (i.e., polyamidoamine dendrimer of
generation 0) in conventional PP membrane contactors even for a
long period of 55 days. However, there was no clarification in re-
gards to the regeneration temperature, which is thought to be the
ambient temperature. Similar to the selection of membrane con-
tactors for absorption, careful selection of the membrane-absor-
bent combination can effectively reduce the wetting risk of the
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membrane in CO, stripping. The first investigation on CO, strip-
ping via inorganic membrane contactors was carried out in Li's
group [210]. Compared with polymer membranes, inorganic
membrane contactors are much more thermally and chemically
stable. However, surface hydrophobic modification is essential to
CO, desorption [210,211].

From Table 6, the following findings can be summarized:

® [n most CO, stripping studies, N, is used as the stripping gas
under counter-current flow.

e Compared with the temperature of a conventional desorber, the
stripping temperature in membrane contactors is lower
(<100 °C). The lower regeneration temperature may allow for
the use of low-grade heat (e.g., waste heat), and thus reduce the
regeneration energy and cost.

e Absorbents are generally fed on the tube (i.e. lumen) side of the
hollow fiber because of the better performance of this or-
ientation [212]. However, it is reasonable to avoid this orienta-
tion when viscous absorbents (e.g. ILs) are used, due to the large
friction and slow flow [213]. This orientation is more likely to
lead to wetting due to pressure rise on the liquid side.

e The stripping flux and efficiency improve with increasing liquid
velocity, suggesting that mass transfer resistance is dominated
by the boundary layer on the liquid side.

e The stripping flux and efficiency increase slightly with the rise
in gas velocity, but increase significantly with the rise in ab-
sorbent temperature, concentration and CO, loading.

Modeling work on CO, stripping is scarce. Wang et al. [214]
investigated the effects of operational variables (e.g., liquid flow
velocity, gas flow rate, regeneration pressure and temperature)
and membrane properties (e.g., membrane length, diameter and
thickness) on CO, desorption performance. Their model confirms
that increasing liquid flow velocity and temperature improves
desorption performance, and that membrane wetting can sig-
nificantly deteriorate CO, stripping performance. They also report
that reasonably increasing membrane length while reducing the
diameter can improve stripping performance.

Due to the relatively low regeneration temperature in mem-
brane contactors, stripping flux and efficiency may be sacrificed.
To improve the regeneration rate, vacuum-assisted CO, stripping
via membrane contactors has recently been investigated in Fang's
group [212,215,216]. They found that better regeneration perfor-
mance in terms of lower energy consumption and minimized
absorbent loss can be achieved by vacuum-assisted regeneration.
Although vacuum can effectively increase the regeneration rate, it
also increases the risk of wetting due to the enlarged membrane
pore size [212]. Therefore, more mechanically, thermally and
chemically stable membranes are essential to the implementation
of vacuum-assisted regeneration technology.

A number of polymer membranes have been investigated in
membrane contactors for CO, stripping, using materials such as PP
[209,212], PTFE [217,218], PVDF [82,219-223], and polysulfone
(PSf) [224,225]. However, most of these membranes are tested for
CO, desorption under moderate temperatures ( <90 °C) in short-
term operation. Information on the stripping performance of
polymer membranes at high temperatures in the long-term is very
scarce. In practical operation, efficient stripping is generally per-
formed at elevated temperatures and pressures in the desorber,
which makes most polymeric membranes unsuitable for contactor
applications.

Recently, some efforts have made to develop more thermally
and chemically robust membranes for CO, stripping. Trusov et al.
[226] fabricated dense membranes with hydrophobic glass poly-
mers with high free volume, such as PTMSP, poly[1-(tri-
methylgermil)-1-propyne] (PTMGP) and PMP. These dense
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Fig. 15. Schematic diagram of the Membrane Assisted Liquid Absorbent Re-
generation (MALAR) system [58].

membranes show excellent long-term stabilities with various ab-
sorbents under high temperature and pressure, offering great
promise for CO, stripping by pressure and temperature swing in
membrane contactors. More recently, the same group developed
thin film composite PTMSP membranes for desorption by a novel
two-layer coating technique [227]. The prepared membranes have
good, stable regeneration behaviors at high temperature (100 °C)
and pressure (30 bar) in 100-h test. The group also fabricated
another robust glass polymer membrane for CO, stripping via
membrane contactors  poly[bis(trimethylsilyl)tricyclononene]
(PBTMST), which has a T, ( > 370 °C) [228].

Practical CO, stripping requires membranes with excellent
mechanical, thermal and chemical stabilities for use in the con-
tactors. Several strategies can be employed to develop such
membranes, such as

i. hydrophobic modification of inorganic membrane surfaces
[211],
ii. selection of polymers with high T, and CO, permeabilities
[226-228],
iii. incorporation of hydrophobic macromolecule [222,225],
iv. surface modification using novel polymers [213],

v. careful selection of membrane-absorbent combination
[209,213],

vi. development of hybrid organic-inorganic membranes
[229,230].

Relevant studies on robust membrane development for CO,
stripping in membrane contactors are still rare, and this area
needs more attention in the future.

4.2. Integrated heat recovery

In addition to direct CO, stripping, gas-liquid membrane con-
tactors can also be used for heat recovery in the desorption pro-
cess. A novel membrane assisted liquid absorbent regeneration
(MALAR) process that employs gas-liquid membrane contactors
for latent heat recovery in desorption has been investigated
[58,231]. The process concept is schematically illustrated in Fig. 15.
The MALAR system has two gas-liquid membrane contactors: one
as the membrane condenser on top of the desorber, and the other
one as the membrane evaporator at the bottom of desorber. The
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membrane condenser aims to recover the latent heat within the
water vapor saturated CO, stream exiting from the desorber. In the
membrane condenser, one side of the membrane is a high tem-
perature gas stream and the other side is a low temperature liquid
stream (i.e., absorbent bypass). The membrane evaporator aims to
transfer partial heat from the hot lean absorbent back to the
desorber, thus improving the energy efficiency of the system. In
the membrane evaporator, a high temperature liquid stream is on
one side of the membrane, while low temperature gas stream is on
the other side. In these gas-liquid membrane contactors (i.e.,
membrane condenser and membrane evaporator), the driving
force for mass transfer is the water vapor partial pressure differ-
ence across the membrane.

Theoretical thermodynamic analysis of mass and heat transfer
in the membrane condensation system (i.e., membrane condenser)
has been recently carried out [232]. The study reveals that the
optimal split mass flow rate is determined by the inlet gas tem-
perature and the overall heat-transfer coefficient of the mem-
brane. The required membrane area is strongly dependent on the
overall heat-transfer coefficient, particularly at higher inlet gas
temperatures. It is also found that mass transfer across the
membrane has an insignificant effect on heat transfer and heat
recovery, suggesting that membrane wetting (the major issue in
conventional membrane contactors) may not become an issue in
the membrane condenser.

Zhao et al. [58] experimentally investigated the effects of op-
erational parameters on mass and heat transfer in the membrane
evaporator. They report that vapor and heat fluxes increase sig-
nificantly with the rise in evaporation temperature and gas flow
rate, and that the liquid flow rate has a minor effect on the mass
and heat transfer. This suggests that the mass transfer resistance in
the membrane evaporator is dominated by the boundary layer on
the gas side, which is contrary to the dominant mass transfer re-
sistance in membrane contactors for CO, stripping as discussed in
Section 4.1. Similar to the membrane contactors for CO, stripping,
a sweep gas or vacuum on the permeate side can be applied in the
membrane evaporator application as long as there is sufficient
water vapor partial pressure gradient across the membrane as the
driving force.

Both theoretical and experimental studies show that gas-liquid
membrane contactors (e.g., membrane condenser and membrane
evaporator) offer great promise for heat integration in CO, deso-
rption [58]. However, more thermally and chemically robust
membranes are needed for the higher working temperature
compared with the absorption temperature. Inorganic membranes
with high heat transfer coefficients can be good candidates for
such integrated heat recovery [232].

5. Concluding remarks and recommendations

This review offers a state-of-the-art assessment of the research
work carried out to date on membrane contactors in PCC. As a
promising technology, the membrane contactor has attracted
considerable interest for CO, capture, principally because it in-
tegrates the benefits of both liquid absorption (high selectivity)
and membrane separation (modularity and compactness). Most
research on membrane contactors CO, capture is still conducted at
the laboratory scale, because of the critical challenge from mem-
brane wetting. Even slight wetting can significantly increase the
mass transfer resistance, reducing CO, absorption performance. To
successfully minimize membrane wetting, a better understanding
of the interactions between membranes and absorbents, as well as
the developments of both new membranes and novel green sol-
vents, is required. Membrane contactors with non-porous mem-
branes have been a new research direction in recent years. Novel

solvents with desirable physicochemical characteristics (e.g., low
viscosity and fast reaction kinetics) for CO, capture via membrane
contactors should be further explored. The conditions that make
membrane contactors more attractive than conventional absorp-
tion technology are not clearly defined yet, and more efforts
should be made into this aspect.

In practical industrial scale demonstrations, to maintain suffi-
cient and stable absorption performance in long-term operations,
hollow fiber membrane contactor modules with more robust
membrane materials (e.g., PTFE, PEEK, fluorinated polyamides and
inorganic ones) should be developed. With more thermally and
chemically stable membrane modules, CO, absorption perfor-
mance over a long timescale (e.g., years) at large pilot or industrial
scales should be fully studied before this membrane-based ab-
sorption technology can be commercialized. In laboratory scale
membrane contactor studies, recent attention has been paid to
integration of new materials (e.g., enzymes and nanoparticles) on
or in the membranes, and combination of novel green solvents
(e.g., ILs and amino acid salts).

Apart from high performance membrane materials, search for
better module geometries could also be of interest. Mass transfer
resistance from the liquid phase is often dominant in gas ab-
sorption with membrane contactors. Optimizing fluid flow condi-
tions, beyond the fiber array solution (hollow fiber module) and
providing turbulence promotion with a minimal supplementary
energy requirement, can increase the overall module productivity.
Optimal geometries can offer efficient heat and mass transfer
performance in the system, but relevant investigations remain
largely unexplored to date.

Most studies on membrane contactors are still focused on CO,
absorption, and very limited research on their applications in the
solvent regeneration process has been carried out so far, although
membrane contactors have shown potential in both direct CO,
stripping and integrated heat recovery. In the future, more efforts
(including both lab-scale investigations and pilot-scale demon-
strations) should be made to study the applications of membrane
contactors in the regeneration process since this process princi-
pally determines the energy consumption and thus costs of PCC.
The pilot plant activities conducted thus far indicate the techno-
logical viability of the membrane contactor concept for CO, cap-
ture. Work is continuing to translate this experience into a com-
mercial membrane product.

Nomenclature

interfacial area (m? m—3)
pore geometry coefficient (dimensionless)
concentration (mol m~3)
diameter (m)
diffusion coefficient (m?s~1)
enhancement factor (dimensionless)
Henry's Law constant
a Hatta number (dimensionless)
individual mass transfer coefficient (ms~1!)
overall mass transfer coefficient (ms~1)
kinetic constant (m> mol~'s™ 1)
effective module length (m)
gas-liquid partition coefficient (dimensionless)
molar mass (kg mol~1)
molar flux (mol m~2s~1)
pressure (Pa)
distance in radial direction from the fiber axis; ra-
dius (m)
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Rcoz CO, absorption rate per unit volume of the con-
tactor (molm—3s~1)

Sh Sherwood number (dimensionless)

T temperature (K)

u velocity (ms~—1)

v interstitial fluid velocity (ms~')

Subscripts

b bulk

e external

g gas

i component i; inner

0 outer

l liquid

In logarithmic mean

m membrane

z axial coordinate (m)

Greek symbols

£ membrane porosity (dimensionless)

5 membrane thickness (m)

T membrane tortuosity (dimensionless)

P density (kg m~3)

y liquid surface tension (dynes cm™!)

0 contact angle

n CO, capture ratio (dimensionless)
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