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Abstract

This chapter introduces the basics of membrane technology and the application of mem-
brane separation in carbon capture processes. A number of membranes applicable in pre-
combustion, post-combustion or oxy-fuel combustion have been discussed. An economic
comparison between conventional amine-based absorption and membrane separation
demonstrates the great potential in membrane technology.

Keywords: membrane separation, carbon dioxide capture, pre-combustion, post-
combustion, oxy-fuel combustion

1. Introduction

Gas separation by membrane is attractive in low carbon emission technologies, as it can be
operated in a continuous system, which is preferred by industry, other than the conventional
batch systems such as adsorption and absorption. Feeding of mixed gas and exiting of puri-
tied gas can happen at the same time. Membrane selectively permeates the desired compo-
nents and retains the unwanted, resulting in separation of gas mixtures. In carbon capture
and storage (CCS) processes, CO, has to be separated from the exhaust gas streams before the
subsequent transportation and storage. Membrane separation technology is one of efficient
solutions for carbon capture.

There have been a number of books regarding membrane technology. However, most of them
are about liquid separation and very few are found for CCS. This chapter aims at introducing
and demonstrating the membrane technology in CCS. The application of membrane in carbon
capture mainly includes H,/CO, separation for pre-combustion, CO,/N, separation for post-
combustion and O,/N, separation (air separation) for oxy-fuel combustion. There is a wide
variety of membrane types based on its physical and chemical property. Many of them have
showed great potentials to fulfill the need of CCS.
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2. Overview of membranes

Membrane performs as a filter. It allows certain molecules to permeate through, while blocks
other specific molecules from entering the membrane as demonstrated in Figure 1. Membrane
has already been widely used in liquid separations such as micro-filtration, ultra-filtration,
reverse osmosis, forward osmosis, desalination and medical application. However, gas sepa-
ration using membrane is still developing. Membrane gas separation has attracted intensive
researches in CCS field during recent years.

Gas permeation flux across unit membrane area under unit pressure difference through unit
membrane thickness is called permeability (mol s m™ Pa™) and the ratio of permeabilities
of different gases through the same membrane is defined as selectivity. The gas separation
mechanism varies from membrane to membrane. The selectivity of different gases may result
from the difference in molecular size, affinity to membrane material, molecular weight, etc.,
depending on the gas and membrane of interest.

In order to achieve high permeate flux, the feed gas is pressurized, while the permeate gas
is connected to atmosphere or vacuum to obtain a higher driving force. However, since the
thickness of a membrane is only several hundred nanometers to several microns, it is impos-
sible to resist this force. So a membrane is normally coated onto a thick, porous substrate to
achieve enough mechanical strength. The supporting substrate should offer minimum flow
resistance, thus containing large pores, which allows free flow of gas that has permeated the
top layer. In case of too large pores and highly rough surface on the substrate, membrane
defects such as cracking and peeling may occur. An interlayer with much smaller pore size
(than substrate pore size) can enable smoother transition in between. This design is referred
to as asymmetric structure as shown in Figure 2.

In the current Research & Developments (R&Ds) of membrane, the most popular mechanism
is size sieving separation. Therefore, the key parameter of a membrane is its pore size. By

Feed gas

Figure 1. The schematic of membrane separation for binary gas mixtures.
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Figure 2. The asymmetric structure of membrane coated on a substrate.

pore size, membranes are classified into three categories that are listed in Table 1. In addi-
tion, one more type of membrane that is nonporous, therefore called dense membrane, is also
discussed in this chapter.

2.1. Advantages of membranes

Compared to conventional CO, removal technologies, membrane has shown great potential
in CCS owing to its characteristics listed below:

Low capital cost

Membrane requires little material to coat. It does not need additional facilities such as large
pretreatment vessel and solvent storage.

Low operating cost

The main operating cost for membrane separation unit is only membrane replacement. Due
to the smaller size and weight of membrane, the cost is much lower than the conventional
techniques, which replace the large amount of solvent or sorbent.

Simplicity and reliability

Since membrane does not show fast decay in performance that most likely occurs to the tradi-
tional solvents or sorbents, it can be running unattended for long periods. Another character
of membrane is that gas does not stay and reacts with membrane, so membrane has no satura-
tion and thus avoids frequent shut down and start-up.

Pore classification Pore size range (nm)
Micropore <2

Mesopore 2-50

Macropore >50

Table 1. Membrane classification by pore size.
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Adaptability

Membrane system is designed and operated to remove the required percentage of CO,
instead of the absolute quantity of CO, removal. Variations in the feed CO, concentration can
be adjusted by varying the space velocity to keep constant product quality.

Design efficiency

Membrane system can integrate a number of processes into one unit, such as Hg vapor
removal, H,S removal and dehydration. Traditional CO, removal techniques have to operate
these steps separately.

Easy for remote area

Multiple membranes could be packed into one module to reduce size and weight, which not
only increases membrane area in unit volume but also makes it easier to transport to remote
locations. Simple installation is feasible at which spare parts are rare, labors are unskilled and
additional facilities (such as solvent storage, water supply and power generation) are short

in supply.

2.2. Membrane fabrication

Membrane fabrication involves how to coat the selective layer onto the porous substrate.
The fabrication process has significant influence on the membrane property such as mem-
brane uniformity and thickness. The membrane coating technique includes dip-coating,
chemical vapor deposition (CVD), spinning and spraying. Among them, the most popular
and mature methods are dip-coating and CVD. This section will demonstrate these two
technologies.

2.2.1. Dip-coating

Dip-coating involves dipping the macro-porous substrate in a solution and in turn, the solution
is coated on the substrate, which is followed by a dehydration process at a lower temperature.
It is the oldest and the simplest film deposition method. The dip-coating process can be sepa-
rated into five stages: immersion, start-up, deposition, drainage and evaporation (Figure 3).

Immersion: The substrate is immersed in the solution of the coating material at a constant
speed to avoid jitter.

Start-up: The entire substrate has remained inside the solution for a while and is starting to
be pulled up.

Deposition: The thin layer of solution deposits itself on the surface of the substrate when it is
pulled up. The withdrawing speed is constant to avoid any jitters. The speed determines the
thickness of the coating. Faster withdrawal speed gives thicker layer and vice versa.

Drainage: Excess liquid will drain from the surface back to the solution due to the gravity.

Evaporation: The solvent evaporates from the liquid, forming the thin layer. Evaporation nor-
mally accompanies the start-up, deposition and drainage stages.
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Figure 3. Dip-coating stages: (a) immersion; (b) start-up; (c) deposition; (d) drainage and (e) evaporation. Reproduced
from Brinker [1].

2.2.2. Chemical vapor deposition (CVD)

Another common membrane coating technique is CVD. CVD modifies the properties of a sub-
strate surface by depositing a thin layer of film via chemical reactions in a gaseous medium
surrounding the substrate at elevated temperatures.

The process of CVD includes transporting the reactant gases and/or carrier gas into a reac-
tion chamber, which is followed by a deposition process to form a film. The film coating
could be performed by decomposition, oxidation, hydrolysis or compound formation. The
reactions normally take place in the gaseous phase and the intermediate gases adsorb on the
substrate followed by surface reactions. The detailed steps of CVD process are demonstrated
in Figure 4.

1. Reactant feeding: Delivering the reactant gaseous species into the reaction chamber.

2. Reaction: Chemical reactions of the reactant gas species under heating condition to form
intermediates.

3. Diffusion to substrate: Diffusion of gases through the boundary layer to the substrate
surface.

4. Adsorption on the substrate: Adsorption of reactant species or intermediates on substrate
surface.

5. Surface migration: Inclusion of coating atoms into the growing surface and formation of
by-product species.

6. By-product desorption: Desorption of by-product species of the surface reaction.
7. By-product diffusion: Diffusion of by-product species to the bulk phase.

8. By-product exiting: Transport of by-product gaseous species away from substrate and exit
the reaction chamber.
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Figure 4. Schematic model of a CVD process. Reproduced from Khatib et al. [2].

As illustrated above, CVD is more complicated technique than dip-coating, thus the man-
ufacture cost of a membrane is relatively higher than that of dip-coating. The advantage
of CVD is good reproducibility over dip-coating as the latter may suffer from a lack of
reproducibility.

2.3. Membrane separation mechanism

A membrane can separate gas mixture because different gases have different permeability
through the membrane. The permeate flux across unit membrane area under unit pressure
gradient is called permeability and the ratio between permeability of gas A and that of gas B
is defined as selectivity of A to B. In order to achieve separation, a greater difference between
gas permeabilities is preferred. This difference comes from their physical and/or chemical
properties as well as the interaction with membrane.

2.3.1. Size sieving

The most widely known separation mechanism is size sieving. The membrane pore size is
just between the smaller gas molecule and larger gas molecule as depicted in Figure 5. The
smaller gas molecule A passes the pore channel freely, while the counterpart gas B is not
able to enter the pore. As a result, pure component A is obtained in the permeate stream
from the gas mixture A-B. This mechanism applies to separating gas mixtures with very
different molecular sizes such as H, and CO,, H, and hydrocarbons, etc. Some common
gas kinetic diameters are given in Table 2. Size sieving basically performs in micro-porous
membrane.
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Figure 5. Size sieving separation mechanism.

2.3.2. Surface diffusion

When the membrane material has higher affinity to one particular component than the other,
this affinitive component is preferentially adsorbed on the membrane surface and then the
adsorbed gas molecules move along the pore surface to the permeate side until desorbing
to the permeate gas. Since the membrane is occupied by the highly adsorbable component,
the less adsorbed component has lower probability to access the pore, which results in a
much lower permeability. In such a way, the more adsorbable gas is separated from the gas
mixture (Figure 6). This type of mechanism is generally used to separate adsorbing gas with
non-adsorbing gas such as CO, with He, CO, with H,. Surface diffusion generally acts in
micro- and meso-porous membranes.

Gas o (nm)
He 0.26
H, 0.289
CO, 0.33
Ar 0.341
0, 0.346
N, 0.364
CH 0.38

Table 2. The kinetic diameter of different gases.
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Figure 6. Surface diffusion separation mechanism.

2.3.3. Solution diffusion

Unlike membranes discussed above, dense membrane has no pore channel for gas transpor-
tation. However, it follows solution diffusion model. The process of gas separation using
dense membranes occurs in a three-step process, which is similar to surface diffusion. The
dense membrane has no pore to accommodate gas molecules, however, it can solve specific
gas component. As shown in Figure 7, due to the difference in solubility or absorbability in
the membrane material, gas A solves or absorbs in the membrane after they contact at the
feed interface, while gas B still remains as gas phase at the interface. The second step is the
solved A component diffusing across the membrane driven by the concentration gradient
from feed interface to the permeate interface. Finally, component A desorbs from the perme-
ate interface under a low pressure. This is a common mass transfer mechanism in polymeric
membrane.

2.3.4. Facilitated transport

The solution-diffusion process is often constrained by low permeate flux rates due to a
combination of low solubility and/or low diffusivity. In contrast, facilitated transport that
delivers the target component by a carrier can increase the permeate flow rate. As dem-
onstrated in Figure 8, the gas A and carrier C form a temporary product A-C that is from
a reversible chemical reaction. The product diffuses across the membrane under the con-
centration gradient of this product A-C instead of the concentration gradient of A. At the
permeate interface, the reverse reaction takes place and A is liberated from this reverse
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Figure 7. Solution diffusion separation mechanism.
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Figure 8. Facilitated transport separation mechanism.

reaction. A is released to the permeate stream and C diffuses back to the feed interface
again to attach and deliver a new A. Facilitated transport mechanism normally exists in
liquid membrane.

2.3.5. lon transport

Ion transport is usually applied in air separation (O,/N,). As Figure 9 shows, only oxygen gas
molecule (O,) can be converted into two oxygen ions (20*) by the surface-exchange reaction
on the feed interface. Nitrogen retains in the feed side. Oxygen ions are transported across by
jumping between oxygen vacancies in the membrane lattice structure. At the permeate inter-
face, electrons liberated as the oxygen ions recombine into oxygen molecules. To maintain
electrical neutrality, there is a simultaneous electrons flux going back to the feed interface
neutralizing the charge caused by oxygen flux.
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Figure 9. Ion transport separation mechanism.

3. Membranes for pre-combustion capture

Pre-combustion capture is a process that separates CO, from the other fuel gases before the
gas combustion. First, it involves the processes of converting solid, liquid or gaseous fuels into
a mixture of syngas (H, and CO) and CO, by coal gasification or steam reforming. Afterwards
water-gas shift (WGS) reaction is conducted to reduce the content of CO, thus more H, and
CO, are generated. Membrane separation is then applied to separate H, and CO,. Upon com-
pression, the CO, rich stream is transported to a storage or utilization site. Meanwhile, the
nearly pure H, stream enters the combustion chamber for power generation that emits mainly
water vapor in the exhaust.

Coming from the upstream gasification, reforming and WGS, the feed gas of pre-combustion
CO, capture is hot with a temperature between 300 and 700°C. In addition, the pre-combus-
tion separation can happen at high pressures up to 80 bar.

Pre-combustion membranes are basically classified into two categories: H,-selective mem-
brane and CO,-selective membrane. The former favors H, permeation but retains CO, in the
feed side, while the latter preferentially permeates CO,.

In principle, metallic membrane is the ideal candidate for separating H,/CO, due to the infi-
nite selectivity. H, molecule dissociates as two H atoms at the membrane surface and then the
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atomic H diffuses to the permeate side of the membrane driven by the partial pressure drop,
which is followed by the association and desorption at the permeate interface. The permeate
flux is given by

P

HZ

]H2 L (\/pfeed B \/ppermeate)' (1)

This mechanism is similar to solution diffusion and ion transport. The reason for the infi-

nite selectivity of H, over CO, is that this dissociation-diffusion mechanism only applies to
diatomic gases such as H, and CO, cannot permeate by the same mechanism. For ultrathin
membrane, the rate-limiting step is the dissociation of hydrogen on the membrane sur-
face and Pd material performs the best in hydrogen dissociation. Consequently, Pd mem-
brane was intensively investigated in the past several decades. H, permeability through
palladium membrane varies in the range between 107 and 10®mol s™ m™ Pa™*® (Table 3).
However, the permeability was not satisfactory for the industrial requirement yet. This is
due to the slow permeation of H atom in the lattice of Pd, which is one order of magnitude
lower than in other metals. In order to promote the permeability, a number of palladium-
based alloys have been examined. A list of reported permeability data are summarized in
Table 4. The alloy membranes dramatically improve the H, permeability by 2-3 orders of
magnitude.

Still, a few barriers need to be overcome for the commercialization of palladium-based
membrane. First, the cost of palladium is around 18,000 US$/Ounce (in June 2016), which is
150 times more expensive than silica membrane. Second, the H, permeation driving force
is not from pressure; instead, it is from the root square of pressure (Eq. (1)). Therefore, the
effect of compressing feed gas is not as significant as in other permeation mechanisms. In

Membrane Permeability Temperature (°C) Reference
(mol s m™ Pa%)

Pd 9x107 227 [3]
Pd on sliver disk 1.47 x 107 407 [4]
Pd disk 1.08 x 1077 300 [5]
Pd disk 1.06 x 107 350 [6]
Pd disk from Pd sheet 7.25x 107 400 7]
Pd on Vycor support 3.10 x 107 350 [8]
Pd on Nickel 2.00 x 102 200 [9]
Pd on Vycor support 1.18 x 107 500 [10]
Pd on vy alumina 1.47 x 107 480 [11]
Pd on alumina 6.27 x 10°® 300 [12]
Pd on alumina 3.75x10°® 400 [13]

Table 3. Hydrogen permeability through palladium membrane.
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Membrane Permeability Temperature (°C) Reference
(mol s m™ Pa™?)

Pd_Cu,, 1.59 x 107 400 [6]

Pd,Cu,, 1.57 x 107 350 [5]

Pd, Cu,, 1.78 x 107 400 [5]

Pd,Cu, 3.65x 10 400 [14]
Pd_Ni,, 7.00 x 10°¢ 450 [15]
Pd Ag,Ru, 1.03 x 10°¢ 400 [13]
Pd, Ag,, 2.35x 107 400 [13]
Pd, Ag,, 1.35x 107 350 [16]
Pd_Ag,, 5.00 x 10° 450 [17]
Pd,Ag, 7.25 x 10°% 400 [14]

Table 4. Hydrogen permeability through palladium-based alloy.

addition, at temperatures lower than 300°C, hydrogen embrittlement causes catastrophic
failure. Furthermore, the contaminations such as CO, NH, and sulfur compounds inhibit H,
permeation through palladium membrane. Currently, palladium membrane separation still
remains in small laboratory scale.

Besides metal membrane, inorganic membrane also plays an important role in separating H.,/
CO, at elevated temperatures. The separation by inorganic membrane is generally achieved
by the molecular size sieving effect. Carbon molecular sieve membrane has demonstrated
in pilot scale to separate H, from refiner gas streams in the early 1990s. The disadvantage of
carbon membrane is that it is only feasible in non-oxidizing condition. Another type of inor-
ganic membrane is alumina membrane. However, the majority pore size is not in the range of
micropore and cannot separate gas by the size sieving mechanism. Due to the large pore size,
the selectivity of alumina membrane is fairly low.

Silica membrane shows great commercial potential for separating H, and CO,. It is one of
the most abundant materials on the planet, thus the cost is significantly reduced. Also the
good thermal and chemical stability makes it possible to work in long term without frequent
replacement or maintenance. The pore diameter could be controlled around 0.3 nm by proper
coating-calcining process, which is the ideal size for separating H, (o = 0.26 nm) and CO,
(0 =0.33 nm). The performance of some reported silica membranes is summarized in Table 5.
Due to the difficulty in measuring the membrane thickness on porous substrate, permeability
of H, divided by thickness is lumped together as permeance.

The H, permeance of silica membrane could reach up to the order of 10 mol s m™ Pa™,
which strongly suggests that silica membrane is competitive in pre-combustion capture.
However, exposure to high concentration water vapor leads to a decline in performance of
silica membrane. Such a steady decay over long time can cause the H, permeance decrement
by an order of magnitude. This still inhibits the commercialization of silica membrane.
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Membrane Permeance H,/CO, selectivity Temperature (°C)  Reference
(mol s m™?Pa™)

Silica (Si400) 2.01x10° 7 200 [18]
Silica (hydrophobic) 1.51 x 10°® 6 200 [19]
Silica on zirconia 1.34 x 10 4 300 [20]
Silica 1.34 x 10 8 300 [20]
Silica (Si600) 5.02 x 107 200 [18]
Silica (hydrophilic) 6.70 x 107 11 200 [19]
Silica with Co 5.00 x 107 1000 250 [21]
Silica 1.80 x 108 15-80 150 [22]
Silica with Co&Pd 6.00 x 10°° 200 500 [23]
Silica (ES40) 1.01 x 10°® 12 450 [24]
AKP-30 tubular silica 1.8x10° 35 200 [25]
Silica with C6 surfactant 1.5x10° 6 200 [19]
Silica without C6 surfactant 7.0x107 10 200 [19]

Table 5. H,/CO, separation performance by silica-based membrane.

As a nonporous membrane, polymeric membrane permeates gases via the solution-diffusion
mechanism. Permeability is a function of gas diffusivity and solubility. The hydrogen mole-
cules diffuse faster than other gases due to the small molecular size. However, the lower solu-
bility of hydrogen within the polymeric membrane reduces its permeability. For H,-selective
polymeric membranes, the permeability is limited by the low solubility of H,. There is a wide
range of polymeric membranes available for H, separation from CO,. The performance of
some polymeric membranes is shown in Table 6. High permeabilities are observed for poly-
imides such as 6FDA-durene. Higher selectivities are reported for polybenzimidazole and
poly(vinyl chloride), but H, permeability is compromised.

Membrane Permeability H,/CO, selectivity Temperature (°C) Reference

(mol s m™?Pa™)
6FDA-Durene 1.89 x 107 1 35 [26]
Polybenzimidazole 3.15x 10712 45 35 [27]
Poly(vinyl chloride) 5.36 x 1072 11 35 [28]
Poly(vinyl chloride) 6.30 x 102 11 30 [29]
Polybenzimidazole 2.89 x 1071 9 20 [30]

4.10 x 10™ 20 270

3.41x10™ 3 300

Table 6. H,/CO, separation performance by polymeric membrane.
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The only shortcoming of polymeric membranes is the poor thermal stability at operating
temperatures more than 100°C. Only polybenzimidazole was examined at the temperature
range (300-700°C) for syngas purification. For polybenzimidazole membrane, the great-
est performance in H, permeability and H,/CO, selectivity is observed between 200 and
270°C. This peak performance can be related to the increasing diffusivity of the smaller H,
molecule as temperature increases. More importantly, the performance of polymeric mem-
branes depends on its stability in the environment of the real process. For example, expo-
sure to gases such as CO,, water vapor and H,S may results in plasticization and mechanical
fouling.

Due to the good thermal and hydrothermal stability, zeolite membranes were also viewed
as another possible candidate for separation of H, and CO,. Zeolite has ordered pore struc-
ture. If the pore channel size is proper, efficient size sieving could be achieved. Despite the
relative simple concept, only a few types of zeolite are workable since this molecular sieve
mechanism requires perfect membranes. This remains a challenge for zeolite membranes.
The performance of a number of reported H,/CO, separation using zeolite membranes is
summarized in Table 7. In general, neither H, permeance nor H,/CO, selectivity can exceed
~10° mol s m™Pa™ and ~50 to meet the industrial demands.

Metal organic framework (MOF) membrane has been an emerging candidate for H,/CO, sep-
aration. In MOF materials, metal or metal oxide cluster cations are interconnected by organic
anions. The coordination polymers form flexible frameworks, therefore such MOFs are called
‘soft porous crystals’. Table 8 summarizes the H, permeance and H,/CO, selectivity using

Membrane Permeance® (mol s m? H,/CO, selectivity Temperature (°C) Reference
Pa™) or Permeability®
(mol s m™Pa™)

MFI 2.82 x 107 42.6 500 [31]
MFI 1.50 x 107 5 200 [32]
MFI template free 1.50 x 108 3 500 [33]
DDR 5.00 x 108 5 500 [34]
DDR by CVD 224 x10% 5.9 500 [35]
Zeolite-A 9.45 x 10710 10 35 [36]
MFI 1.76 x 10 18 450 [37]
AIPO,-5 Zeolite 3.15x 10 24 35 [38]
ZSM-5 5.68 x 107 110 [39]
ZIF-69 6.60 x 1078 1.8 25 [40]
13X with PI 6.93 x 1071 2.8 25 [41]
*Permeance.

"Permeability.

Table 7. H,/CO, separation performance by zeolite membranes.
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Membrane Permeance H,/CO, selectivity Temperature (°C) Reference
(mol s m?Pa™)

MOF5 2.80 x 10 43 25 [42]
MOF5 4.40 x 107 44 25 [43]
MOF5 8.00 x 107 35 25 [44]
Ni-MOF-74 1.27 x10° 9.1 25 [45]
NH,-MIL-53 (Al) 1.98 x 10°¢ 30.9 25 [46]
MIL-53 5.00 x 107 4 25 [47]
ZIF-7 7.40 x 107 6.7 200 [48]
ZIF-7 455 x 107 13 220 [49]
ZIF-7 457 x10°¢ 9.6 25 [50]
ZIF-7 3.05% 107 18.3 170 [50]
ZIF-8 5.00 x 10°8 35 25 [51]
ZIF-8 1.80 x 107 3 25 [52]
ZIF-8 2.66 x 1073 8.8 100 [53]
ZIF-22 2.00 x 107 7.2 25 [54]
ZIF-90 2.95 x 107 16.9 225 [55]
ZIF-95 1.90 x 10°¢ 25.7 52 [56]
JUC-150 1.83x 107 387 25 [57]
HKUST-1 1.10 x 10 55 190 (58]
MMOF 2.00 x 10 5 190 [59]

Table 8. H,/CO, separation performance by MOF membranes.

different MOF membranes. Despite relatively moderate permselectivity, attractively high per-
meances are observed. The operating temperature for MOF membranes is normally lower
than the pre-combustion temperatures, owing to organic ligands. The synthesis of MOF mem-
branes is relatively sophisticated so that the cost has to be notably reduced toward commer-
cialization. There is still a long way for MOF membranes to fulfill the demands of industrial
applications.

Unlike H_ -selective membranes, CO,-selective membranes preferentially permeate CO, and
thus they also enable the separation of CO, and H,. Separating CO, from H, can only be real-
ized through surface diffusion or solution diffusion driven by the difference in adsorb-ability
or solubility between the gases. However, retaining the small molecules of H, but permeat-
ing the larger CQO, is really challenging. To maximize the difference of adsorption or solution
between the two gases, the temperature is required to be low, however, low temperatures are
not favored by pre-combustion processes. From this point of view, CO -selective membranes
are much less applicable than H,-selective ones.
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4. Membranes for post-combustion capture

Another situation where we need to separate CO, is after the fuel combustion. The exhaust
gas (flue gas) mainly contains CO,, H,O and N,. H,O vapor is easy to be removed by conden-
sation. More efforts are required to separate CO, and N, prior to further treatments such as
compression. Unlike pre-combustion capture, post-combustion capture separates CO,/N, at
moderate temperatures and ambient atmosphere pressure. Such operating conditions seem
less severe than those of pre-combustion processes. As a result, post-combustion capture has
encountered much less difficulties and is therefore rather closer to practical application. The
major challenge for post-combustion capture is the low CO, volumetric fraction in flue gas,
that is, ~15%, which results in a low driving force of CO, permeation.

The separation of CO,/N, mainly rely on surface diffusion and solution diffusion, which is
driven by the difference in adsorb-ability and solubility between the gases. The good thing is
that, compared to N,, CO,is more likely to be favored by majority of the membrane materials
via adsorption or absorption. Furthermore, the diameter of CO, is slightly smaller than that
of N, which also enhances the diffusion of CO, (see Table 2). Therefore, for post-combustion
capture, CO,-selective membranes are generally used.

To capture CO, from flue gas, a membrane should satisfy a few requirements such as high
CO, permeability, high CO,/N, selectivity, high thermal and chemical stability and accept-
able costs. So far, polymer-based membranes are the only commercially viable type for CO,
removal from flue gas. The membrane materials include cellulose acetate, polymides, poly-
sulfone and polycarbonates. Table 9 shows the performance of several such membranes.

Membrane Permeance® (mol s m™Pa™) CO,/N, selectivity Temperature (°C) Reference
or Permeability® (mol s™ m™
Pa™)
Cellulose acetate 248 x 107 40.17 Not reported [60]
Polymides-TMeCat 6.30 x 1071 25 30 [61]
Polymides-TMMPD  1.89 x 10 17.1 Not reported [62]
Polymides-IMDDM  6.17 x 1071® 18.1 Not reported [62]
Polysulfone-HFPSF-o- 3.31 x 1071® 18.6 35 [63]
HBTMS
Polysulfone-HFPSF-  3.47 x 1071® 18 35 [64]
TMS
PolysulfoneTMPSE- ~ 2.27 x 1071® 214 35 [65]
HBTMS
Polycarbonates- 3.50 x 1071 15 35 [66]
TMHFPC
Polycarbonates-FBPC  4.76 x 107! 255 35 [67]
*Permeance.
PPermeability.

Table 9. CO,/N, separation performance by polymer-based membranes.
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Selectivity larger than 20 was observed for all the polymer-based membranes with decent
permeability. The high solubility of CO, in polymers ensures sufficient CO,/N, selectivity.
Furthermore, polymers with a high fractional free volume present excellent gas transport
properties.

Mixed-matrix membrane is a new option to enhance the properties of polymeric mem-
branes. The microstructure consists of an inorganic material in the form of micro- or nano-
particles in discrete phase incorporated into a continuous polymeric matrix. The addition of
inorganic materials in a polymer matrix offers improved thermal and mechanical properties
for aggressive environments and stabilizes the polymer membranes against the changes in
chemical and physical environments. Carbon molecular sieves membranes also show inter-
esting performance for CO, separation applications. Polyimide is the most used precur-
sor for carbon membranes. Carbon membranes improved gas transport properties for light
gases (molecular size smaller than 4.0-4.5A) with thermal and chemical stability. The major
disadvantages of mixed-matrix and carbon membranes that hinder their commercialization
include brittleness and the high cost that is 1-3 orders of magnitude greater than polymeric
membranes.

5. Membranes for oxy-fuel combustion

In oxy-fuel combustion, oxygen is supplied for combustion instead of air. This avoids the
presence of nitrogen in the exhaust gas, the major issue to be solved by post-combustion CO,
capture technologies. With the use of pure oxygen for the combustion, the major composi-
tion of the flue gases is CO,, water vapor, other impurities such as SO,. Water vapor can be
easily condensed and SO, can be removed by conventional desulphurization methods. The
remained CO,-rich gases (80-98 vol.% CO, depending on fuel used) can be compressed, trans-
ported and stored. This process is technically feasible but consumes large amounts of oxygen
coming from an energy intensive air separation (O,/N,) unit.

The O,/N_ separation follows the ion transport mechanism as depicted in Figure 9 for air
separation membrane. Oxygen molecules are converted to oxygen ions at the surface of
the membrane and transported through the membrane by an applied electric voltage or
oxygen partial pressure difference; these ions are reverted back to oxygen molecules after
passing through the membrane. These membranes are O,-selective in principle. Generally,
fluorite-based and perovskite-based membranes are used to deliver oxygen through this
mechanism.

Air separation is mostly carried out at atmosphere and meanwhile the permeate side con-
nects to high speed sweep gas or vacuum. So, for convenience, the membrane performance is
generally described as permeate flux instead of permeance. Table 10 shows a list of oxygen
permeation flux for the fluorite membranes. The oxygen permeation flux of fluorite-based
membranes ranges from 10 to 10° mol s™! m™ between 650 and 1527°C. The highest oxygen

flux was observed for Bi, .Y ,Sm ,O, compounds.
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Membrane O, flux (mol s m™) Thickness (mm) Temperature (°C) Reference
Bi,.Y,.Cu,,.0, 2.80 x 10°-1.06 x 10™* 2 650-850 [68]
Bi, .Y, ,Sm O, 4.40 x 10°-6.36 x 107 1.2 825-875 [69]
Ce, P10, 1.33 x 10#-3.35 x 10* 1 850-950 [70]
(ZrQ,),45(Ca0), ;s 1.70 x 10™* 1 870 [71]
[(ZrO,), (Ce0,), ,],,(Ca0),, 1.36 x 10-9.44 x 107 2 1127-1527 [72]

Table 10. Oxygen permeation flux data for fluorite membranes.

Membrane O, flux Thickness (mm) Temperature (°C) Reference

(mol s m™)

BaBi, Co, Fe,,O,, 3.064 x 10°-5.985 x 10° 1.5 800-925 [73]
BaCo, ,Fe, Zr, O, 1.908 x 10°-6.813 x 10° 1 700-950 [74]
CaTi, Fe, 0, 7.976 x 10°-2.185x 10+ 1 800-1000 [75]
Gd,,Sr,,CoO,, 1.179 x 10 15 820 [76]
LaCo, Fe, ,0, 1.786 x 107 1.5 860 [76]
La, Sr,,Co,,Cu,,0,, 1.417 x 102 1.5 860 [76]
SrCo, Fe,,0,., 2485 x 107 1 870 [77]

Table 11. Oxygen permeation flux data for perovskite membranes.

Performance of perovskite membranes are displayed in Table 11. Oxygen permeation flux
with the magnitude of 102-10° mol s m™ between 700 and 100°C was reported. The overall
oxygen flux through perovskite membrane is superior to fluorite membrane. SrCoFe O,
exhibits the best oxygen flux.

In spite of a great number of works that attempt to efficiently separate air using mem-
brane, the membrane technology for oxy-fuel combustion is still at its early stage of
development. Compared to the conventional cryogenic air separation technique, the high
temperature requirement and the resulting high costs of air separation membrane are
unfavorable for commercialization. Some other issues such as high temperature sealing,
chemical and mechanical stability and so on also need to be addressed prior to practi-
cal application. At present, there has not been any full scale oxy-fuel membrane project
reported.

6. Summary of membranes applied in CCS

The aforementioned membranes are compared in Table 12. Their application situation,
advantages and disadvantages are summarized accordingly.
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Membrane type

Application

Advantages

Disadvantages

Metal membrane

Carbon membrane

Alumina membrane

Zeolite membrane

MOF membrane

Silica membrane

Polymeric membrane

Fluorite membrane

Perovskite membrane

Pre-combustion
Pre-combustion
Pre-combustion
Pre-combustion and

post-combustion

Pre-combustion and
post-combustion

Pre-combustion

Post-combustion

Oxy-fuel combustion

Oxy-fuel combustion

Infinite H,/CO, selectivity

Size sieving effect; high H,/
CO, selectivity

Low cost; chemical and
physical stability
Low cost; chemical and
physical stability
Large pore volume and

surface area

Proper pore size; low cost;
high thermal stability

Low cost; high CO,/N
selectivity

2

High O,/N, selectivity

High O,/N, selectivity

High cost; poisoning; low
driving force

High cost; susceptible to
oxygen; brittleness

Low H,/CO, selectivity
Low H,/CO, selectivity
High cost

Poor hydrothermal stability
Low chemical and physical
stability; too thick

Energy intensive; hard to seal

Energy intensive; hard to
seal; poisoning

Table 12. The summarization of membranes in CCS.

7. Membrane mass transfer theory

Membrane separation technique has been intensified with the growing needs for CCS. The
major two targets of membrane are chasing high permeability and selectivity. The under-
standing of gas transport through membrane is of great importance in providing the guidance
of membrane material design and synthesis improvement.

For all mass transfer problems, a general form is always expressed as a coefficient multiplied
by a driving force as

J=Cf ()

where | is the mass transfer flux, C is the general transfer coefficient and f is the general driv-
ing force. The driving force can be the gradient of pressure, concentration, chemical potential
or even electrical potential depending on the mass transfer mechanism. The coefficient can
be permeability, diffusivity or other term depending on the term of driving force. For mem-
brane mass transfer, the pressure difference and permeate flux are generally determined from
experimental measurements, so the most common form in membrane industry is

J = (7). ©)

Membrane thickness [ is lumped together with permeability P into a term called perme-

ance (B) which is a convenient form of addressing permeation due to the difficulty in

l 7
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measuring the exact thickness of thin films. Generally, membrane films interpenetrate into
the pores of the interlayer or substrate (interlayer-free membrane). Hence, the thickness is
not homogenous.

7.1. Viscous flow model

When the pore size is large, the gas molecule-molecule collision is relatively dominant than
gas molecule-wall collision. That means the mean free path is far less than the pore size

A
7«1 4)
where A is the mean free path and d is the diameter of the pore.

In such situation, viscosity plays an important role in the mass transfer and the permeate flux
across the membrane is described by viscous flow model:

] = %8 RTaz ()

where 7 is the viscosity, R is the gas constant, T is the temperature, p is the pressure, €, is
the porosity of the pore, 7, is the tortuosity of the pore and r, is the pore radius. Viscosity
increases with temperature for gases. From Eq. (5), it should be noted that if the transporta-
tion is in the viscous regime, the flux is a decreasing function of temperature. Although the
viscosity is different from gas to gas, gas mixtures share a singular viscosity value when they
are well mixed due to the intensive intermolecular collision. Therefore, there is no selectivity
for all gases in the viscous regime even if they have different viscosities.

7.2. Knudsen diffusion model

When the pore size is reduced down to the scale much smaller than mean free path, the
molecular-wall collision is more dominating than intermolecular collision. In this situation,
the viscosity is not playing a role for the gas transportation. Instead, the pore geometry and
gas molecule velocity influence more significantly in the mass transfer. This type of transport
is called Knudsen diffusion. If the molecule to wall collisions is dominant over intermolecular
collision, the Knudsen number must be much higher than 1.

>~

Kn =21, (6)

U

where Kn is called Knudsen number. The permeate flux is described by the Knudsen diffusion
model

j--25b[8 _d_ 25h [ 8 4 %
3 Tr \nRTM dz 3 Tr Y\mRTM [’

where M is the molecular weight.

Based on Eq. (3) the permeance of Knudsen diffusion is
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gl’ rp 8 (8)
.l \mRTM *

(B) -2
I 37,
For the same pore at a fixed temperature, the permeate flux is determined by the molar weight
and in principle, the selectivity is the root square of the reciprocal of molar weights. However,
due to the limited selectivity, Knudsen diffusion is rarely used in practice for separating real

gas mixtures.

7.3. Surface diffusion model

For ultra-micro-porous (dp < 5A) material, the Lennard-Jones (L-]) potential from atoms,
which forms the pore wall starts to overlap inside the pore. Consequently, there is a very
deep potential well around the wall and the distance from wall to the well is around the scale
of gas molecule diameter. In this situation, the gas molecule’s motion is significantly affected
by the potential fields. Since the intrinsic nature of gas is seeking for lower potential, thus
adsorption preferentially takes place around the pore wall due to the existence of the poten-
tial well. As such, the model is called surface diffusion. A brief introduction has been given
in Section 2.3.2. of this chapter, but here a more analytical and mathematical description of
surface diffusion will be provided.

The original expression of mass transfer across the membrane is given by

] = 4D RT3 ©)

where g is the molar concentration of gas in the pore, D is the diffusivity, y is the chemical
potential and z is the space coordinate in the membrane thickness direction.

Assuming equilibrium between the membrane surface concentration and the bulk gas phase,
the following relationship for the chemical potential is applicable

Hy = p+RTInp, (10)
where p is the absolute pressure.
Using Eq. (10), Eq. (9) is converted to
: dlnpdg dg
] = _D—dlan =-DI' 3. (11)

dIn
I = dan is defined as thermodynamic factor. In micro-porous material, the adsorbed gas

concentration generally follows Langmuir isotherm,

bp

9= 9uTrop’ (12)

where b is Langmuir equilibrium constant. Bring Eq. (12) to Eq. (11) gives

1 do
] = _qsatD1—@E' (13)
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where 0 = qq is called occupancy. Thermal dynamic factor I' = ﬁ is derived from
sat

Langmuir isotherm. Surface diffusion is often applied in separating gas mixtures, which has

very different adsorption capacity in the same material.

However, with elevated temperature, the adsorption is getting weaker and Langmuir iso-
therm is approaching to Henry’s law.

q = Kp, (14)

where K is Henry’s constant. Bring Eq. (14) to Eq. (11), we get Fick’s first law

dq
J=-D. (15)

Diffusivity D is a function of temperature. The temperature dependence usually obeys an
Arrhenius relation

D = D, exp(-2), (16)

where D, is a pre-exponential coefficient depending on the average distance, the frequency
and average velocity of gas jump and E is diffusion activation energy. Henry’s constant is a
function of temperature according to a van’t Hoff relation:

Q
K = K,exp (ﬁ), (17)
where K is a pre-exponential coefficient, Q is the heat of adsorption.

Egs. (14)—-(17) can be combined as

E,-Q\dp E \dp
] = =D, K, exp(— ‘}{T )d_z = -D, K exp (_RT) FEE (18)
E, is called apparent activation energy, which is defined as
E =E -Q. (19)

Apparent activation energy determines whether the permeate flux is an increasing function to
temperature or not, so this type of diffusion is called activated transport.

Assuming a uniform pressure gradient, Eq. (18) is simplified to

Ea)AP

] = —DOKOeXp(—RT -

(20)

The permeance (%) is the coefficient between flux and pressure drop according to Eq. (3)

(7) = 28 expl-z2). (21)
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Activated transport is generally used to separate gas mixtures, which has different sign of
apparent activation energy and the separation performance will be enhanced at elevated
temperatures.

7.4. Gas translation diffusion model

If the pore size is further reduced to the molecular level, there is no potential well inside the
pore. Instead, the positive potential overlaps, which forms a potential barrier. Only the gas
molecules, which have kinetic energy higher than the potential barrier, are possible to make
a successful jump to complete permeation. This model is called gas translation diffusion. The
permeate flux of gas translation follows Fick’s first law as derived in Eq. (15) with the differ-
ence in diffusion coefficient term.

A |8RT Ea
Der = 5 8RT expli, (22)

where A is the jump length, Z is the number of available jump directions and E_, is the poten-
tial barrier. By considering ideal gas law

p = cRT. (23)

Gas translation permeance should rewrite as

(B) = 242 exph®). (24)

n

7.5. Oscillator model

If we assume the pore is a cylinder, the gas molecules are hopping in the pore cylinder from
entrance to the exit. The gas molecule trajectory looks like oscillating on the pore cross section.
The gas travels with speed between collisions and loses all the momentum when colliding
on the wall. This model is a more recent development in mass transfer theory by Bhatia et al.
[78, 79].

From Newton’s law,

(V) = xS - L, (25)

the gas diffusivity in the pore is derived

kT

D = (), (26)

where (v ) is the average velocity in the permeation direction, k, the Boltzmann constant, f

the force, m the molecule mass and () the average hopping time. The hopping time of each
molecule depends on the pore potential distribution, its radial coordinate and momentum

dr
= Ty(TPyPy) ——04 ——— —
T(T, pr’ p@) merm(r,pr,po) P,(”'/ rp, p@) (27)
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p(r', 1, p, p,) is the radial momentum at 7' of a molecule, which had radial momentum p, at r.
r(r,p,p,)and r (7, p, p,) are the ' solution of radial momentum p (v, r, p ,p,) = 0. The radial
momentum is derived from the conservation of total energy or Hamiltonian

2

r: P
E(,P,Pe) = ¢ + 5+ 5 =, (28)

where ¢(r) is the radial L-] potential, which could be derived from pore structure and gas
property. The force in radial direction is the partial derivative of total energy with respect to r

dp, B OE,
&= @)

Combining Egs. (28) and (29) gives the radial momentum

, , p 21172
p(r 1P, py) = {Zm[¢<r> - o] +p, 0+ 741~ 7)} : (30)
Considering a canonical distribution for p, and p,, we have

2

1 p: Py
_ﬁ(qb(r) tom T strz)]' (31)

V(1 Py Py) = Pyexp

The diffusion coefficient expression is obtained from Egs. (26), (30) and (31)

= ; w 20 o +1’2 £ —% (TP Pg) d—i’
D(r’“’ T) m/; rexr dr f" ¢ drfo ezt d p’f o ¢z d pef'n-w,rm) pAr TP, Pe) (32)
Oscillator model is a pure theoretical and analytical approach without any empirical or semi-
empirical factors. It takes account adsorption effect and applies to all pore sizes, pressure and

temperatures.

Besides the mass transfer models introduced above, there are some other methods to study the
membrane gas transport from a theoretical perspective. Monte Carlo and molecular dynam-
ics are also major techniques to investigate the micropore mass transfer. Because this chapter
focused on membrane CCS technology rather than transport phenomena, other sophisticated
theories are not demonstrated here.

8. Current status of membrane application

8.1. Membranes for pre-combustion

The membrane separation for pre-combustion is not a mature technology so far. There has not
been industry-scale membrane system. However, a few pilot scale pre-combustion membrane
systems have demonstrated the potential of extending the system to enlarged scale.

Eltron Research & Development Inc. developed a pilot-scale pre-combustion membrane with
100 kg day™ H, production from 2005. They employed alloy membrane to separate H, accord-
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ing to Sieverts’ Law. This project successfully improved membrane-based integrated gasifica-
tion combined cycle (IGCC) flow sheets, achieving carbon capture greater than 95%.

Another pilot-scale pre-combustion membrane set-up was constructed by Worcester Polytechnic
Institute’s (WPI) in 2010. More than 566 L H, was produced per day. Stable H, fluxes were
achieved in actual syngas atmospheres at 450°C for more than 470 h under 12 bar pressure
difference. The implement MembraGuardTM (T3’s technology) inhibited surface poisoning by
hydrogen sulfide (H,S) and H, permeation showed good stability for more than 250 h.

8.2. Membranes for post-combustion

Membrane separation for post-combustion is a relatively mature technique. In 1995, the largest
membrane-based natural gas processing plant in the world was built in Kadanwari, Pakistan.
Cellulose acetate membrane was applied in this project to separate CO,. The Kadanwari sys-
tem is a two-stage unit designed to treat 25 x 10° m’> h™" of feed gas at 90 bar. The CO, content
is reduced from 12% to less than 3%.

After Kadanwari plant, the Qadirpur plant started in the same year and the processing capac-
ity exceeded Kadanwari plant with 31 x 10° m® h™' of feed gas at 59 bar. The CO, content is
reduced from 6.5 to 2%. The Qadirpur plant was upgraded to 64 x 10° m®> h™ of feed gas in 2003.

8.3. Membranes for oxy-fuel combustion

Air separation membrane is still in its early stage. In view of the high energy requirement of
ion transport mechanism, air separation membrane can hardly challenge the traditional cryo-
genic air separation for large scale product.

Air products, which have been developing ion transport membrane technology since 1988 and
the DOE (US Department of Energy) are collecting data from a pilot plant near Baltimore in
Maryland, with the capacity of 5 tons of oxygen per day. This facility will lead to the next step
of designing and building a larger membrane air separation unit (150 tons oxygen per day).

9. Techno-economic of membrane

The conventional CO, capture process is absorption (with ammines). Amine-based absorp-
tion is the most common technology. However, the corrosion, degradation and high regen-
eration energy of amine significantly increase the electricity cost. Substantial technological
improvements and alternative technologies are highly needed to lower the CO, capture cost.

The economic indicator CO, avoided ($/ton) is an established term for measuring and com-
paring different CO, capture strategies such as absorption, adsorption, cryogenic separation
and membrane separation. It is the additional cost of establishing and running a CO, capture
facility for an industrial plant or power plant compared to the respective plant without CO,
capture. The CO, avoided is expressed as:

LCOE(capture) -~ LCOE(ref.)
CO, emission(ref.) - CO, emission(capture) ’

CO, avoided =

(33)
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where ref. and capture mean the reference plant without capture and the respective plant
with CO, capture facility. LCOE is the levelized cost of electricity which is expressed as:

_ sum of cost over lifetime
LCOE = sum of electrical energy produced over lifetime (34)

A brief techno-economic comparison was made between two power plants using conven-
tional amine scrubbers in and a power plant using polymer membrane (Table 13). The esti-
mates are subject to uncertainty because we cannot accurately predict all input parameters
such as fuel price, operational and maintenance cost. The aim of the comparison is not to give
absolute costs, but to illustrate indicatively that the costs per ton CO, avoided. The overall
comparison indicates that the case employing membrane separation results in slightly lower
LCOE and CO, avoided than traditional amine-based solvent scrubbing. Although this can-
not judge the membrane economical advantage, the comparison at least indicates that mem-
brane separation is competitive to the amine-based solvent scrubbing. However, significant
efforts are still required to improve the membrane properties so as to achieve higher stability,
permeate purity and recovery.

Organization Carnegie Mellon Electric Power Membrane Technology
University Research Institute and Research, Inc
CCS technology Amine-based Amine-based Membrane-based
Location USA USA USA
Coal type Bitcoal Bitcoal linois#6
Plant size (MW) 575 600 580
Designed CO, capture 90 85 90
rate (%)
CO, emission (kg/MWh) Reference 811 836 760
Capture 107 126 87
Net power output (MW) Reference 528 600 550
Capture 493 550 461
Net plant efficiency Reference 414 40 41.4
(LHV %) Capture 315 29.1 34.4
Efficiency penalty (%) 9.9 10.9 7
Capital costs ($/kW) Reference 1696 2104 1727
Capture 2759 3516 2627
LCOE ($/MWh) Reference 62 77 62
Capture 104 127 93
CO, avoided ($/ton) 58 71 46

Table 13. Techno-economic comparisons between amine-based CO, removal and membrane separation.
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