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Carbon capture from point source emissions has been recognized as one of several strategies necessary
for mitigating unfettered release of greenhouse gases (GHGs) into the atmosphere. To keep GHGs at
manageable levels, large decreases in CO, emissions through capturing and separation will be required.
This article reviews the possible CO, capture and separation technologies for end-of-pipe applications.
The three main CO; capture technologies discussed include post-combustion, pre-combustion and

oxyfuel combustion techniques. Various separation techniques, such as chemical absorption, physical
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absorption, physical adsorption, cryogenics, membrane technology, membranes in conjunction with
chemical absorption and chemical-looping combustion (CLC) are also thoroughly discussed. Future
directions are suggested for application by oil and gas industry. Sequestration methods, such as
geological, mineral carbonation techniques, and ocean dump are not covered in this review.
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1. Introduction

Environmental issues due to emissions of pollutants from
combustion of fossil fuels have become global problems, including
air toxics and greenhouse gases (GHGs). The use of fossil fuels for
energy contributes to a number of environmental problems glob-
ally. According to the Intergovernmental Panel on Climate Change
(IPCC) [1], approximately three-fourths of the increase in atmo-
spheric COs is attributable to burning fossil fuels. Table 1 shows the
harmful pollutants released into the atmosphere from burning of
fossil fuels. If the carbon in all of the estimated fossil fuel reserves
were emitted to the atmosphere, the carbon concentration would
rise to more than 5 times pre-industrial levels [2]. The generic
combustion reaction for hydrocarbon fuel is represented by the
chemical equation below (eqn. (1)), where v is the molar ratio of air
required in excess of stoichiometric oxygen required.

n

CunH + v (m + g) (03 +3.77)N, = mCO; + 5H,0
n n
+(7—1)<m+Z)02+7(m+Z>3.77N2 1)

Studies have shown that increased GHG levels in atmosphere
are believed to cause global warming. Among these GHGs, CO;
makes up a high proportion in respect of its amount present in the
atmosphere, contributing 60 percent of global warming effects [3],
although methane and chlorofluorocarbons (CFC’s) have much
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higher global warming potential as per mass of gases. There are
increasing concerns for global warming caused by the effects of
GHGs, particularly CO,. Going by the prediction of IPCC, by year
2100, the atmosphere may contain up to 570 ppm of CO», causing
a rise of mean global temperature of around 1.9 °C and an increase
in mean sea level of 3.8 m [4]. The IPCC special report [5] on CO;
capture and storage gives global CO, emission in 2000 at 23.5 GT
with nearly 60% of this attributed to 7887 sources above 100,000
tonne/year including 4942 electrical power stations which emitted
10.5 GT/year CO,. The remaining 40% emissions were mainly from
transportation systems.

Reduction of anthropogenic CO, emissions into the atmosphere
can be achieved by variety of means, which has been summarized
by Professor Yoichi Kaya of the University of Tokyo and can be
expressed as:

' GDP BTU _COJT
Co, = POPXWXmX—BTU
where CO%I is the total CO, released to the atmosphere, POP is
population, GDP/POP is per capita gross domestic product and is
a measure of the standard of living, BTU/GDP is energy consump-
tion per unit of GDP and is a measure of energy intensity; COQ /BTU
is the amount of CO, released per unit of energy consumed and is
a measure of carbon intensity; and cozﬂ is the amount of CO, stored
or sequestered in biosphere and geosphere sinks. Of the first two
measures, reducing the population or the standard of living is not
likely to be considered. Consequently, the only three remaining
options of reducing total CO, emission into the atmosphere are: (1)
reducing energy intensity; (2) reducing carbon intensity, i.e, use of

- Co; (i)
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Table 1

Fossil fuel emission levels (pounds/billion BTU of energy input).
Pollutant Natural gas Oil Coal
Carbon dioxide 117,000 164,000 208,000
Carbon monoxide 40 33 208
Nitogen oxides 92 448 457
Sulphur dioxide 1 1122 2591
Particulates 7 84 2744
Mercury 0.00 0.007 0.016
Total 117,140 165,687.007 214,000.016

Source: EIA — [6].

carbon-free fuel; and (3) enhancing the sequestration of CO,. The
first option requires efficient use of energy. The second option
requires switching to using non-fossil fuels such as hydrogen and
renewable energy. The third option involves the development of
technologies to capture and sequester more CO,. It is clear that
implementation of all the above-mentioned options will be
necessary if CO, emission abatement becomes a serious global
priority. However, at the current state of development, and the
levels of risks and cost of non-fossil fuel energy alternatives such as
nuclear, biomass, solar energy, etc, these energy sources cannot
meet our need for energy fed by fossil fuels. Additionally, any rapid
change to non-fossil energy sources, even if were possible would
result in large disruptions to the existing energy supply infra-
structure with substantial consequences to the global economy.
Thus to meet mid-to long-term CO, reduction targets, cost-effec-
tive CO, capture from fossil fuel uses and subsequent sequestration
options need to be evaluated, in view of the growing world demand
for energy. This paper provides a status review of the existing and
emerging technology options for the separation and capture of CO,
from point source emissions.

To enhance the sequestration of CO,, carbon dioxide capture and
storage (CCS) technologies must be improved with development of
new approaches of CO, separation and capture. Active CCS tech-
nologies require carbon emissions to be captured and stored in
a form or location that is isolated from the atmosphere on
a millennial time scale.

2. Carbon capture technologies

Capturing CO, from flue gas streams is an essential parameter
for the carbon management for sequestration of CO, from our
environment. Irons et al. [7] show that CO, emissions can be
reduced for power generation by three capture technologies:
post-combustion, pre-combustion decarbonization and oxyfuel
combustion as illustrated in Fig. 1. The concentration of CO, in the
gas stream, the pressure of the gas stream and the fuel type (solid
or gas) are important factors in selecting the capture system. The
current status and potential of these technologies are summarized
in Tables 2 and 3 respectively.

2.1. Post-combustion CO, capture

This involves separating CO; from the flue gas produced by fuel
combustion. Post-combustion capture is a downstream process and
in many respects is analogues to flue gas desulphurization (FGD),
which is widely used to capture SO, from flue gas in coal and oil
fired power plants. This method requires separating the CO; from
other flue gases because sequestration of combustion gases is not
feasible due in part to the cost of gas compression and storage.

The low concentration of CO; in power-plant flue gas (typically
4—14%) means that a large volume of gas has to be handled, which
results in large equipment sizes and high capital costs. Post-

combustion capture offers a significant design challenge due to the
relatively low partial pressure of the CO, in the flue gas. In addition,
the relatively high temperature of the flue gases offers an additional
design challenge. A further disadvantage of the low CO, concen-
tration is that powerful chemical solvents have to be used and
regeneration of the solvents to release the CO, will require a large
amount of energy. There are several separation technologies that
can be employed within this category. Chemical absorption, gas-
separation membranes and low temperature distillation are among
the separation technologies discussed in this review.

2.2. Pre-combustion carbon capture

In pre-combustion capture, fuel is reacted with oxygen or air,
and in some cases steam, to give mainly carbon monoxide and
hydrogen. This process is known as gasification, partial oxidation or
reforming. The mixture of mainly CO and Hj, is passed through
a catalytic reactor, called a shift converter, where the CO reacts with
steam to give CO, and more H,. The CO, is separated and the Hj is
used as fuel in a gas turbine combined-cycle plant. This technology
is usually used for coal gasification (IGCC), however it could be
applied to liquid and gaseous fuel. Typical reaction for IGCC is
shown in the following equations [8].

2C + 0, + H,0 — Hy + CO + CO, )
C + H,0 - Hy + CO 3)
CO + H,0 — CO, + Hy (4)

Biomass and natural gas can also be used for pre-combustion
capture technology. As gasification of biomass is similar to IGCC, for
gasification of natural gas, several methods, which include steam
reforming, partial oxidation and autothermal reforming are used.
Steam reforming method converts CH4 and water vapor into CO and
H, (eqn. (5)), the process is endothermic and needs temperatures
from 700 °C to 850 °C. Partial oxidation uses exothermic reaction of
oxygen and methane (eqn (6)), while autothermal is combination
of both methods [9].

CH, + H,0 — CO + 3H, (5)

2CH4 + 05 — 2CO + 4H, (6)

After shift reaction, gas mixture is cooled and Selexol acid gas
removal unit separates CO, and sulphur compound steams [8].

The profit of pre-combustion capture is based on transformation
of carbon fuel to carbonless fuel. Gasification process uses chemical
energy of carbon and transforms it to chemical energy of hydrogen.
Hydrogen combustion doesn’t emit any sulphur dioxide. Hydrogen
seems to be useful fuel, as it could be used for gas boilers, gas
turbines, fuel cells and other technologies. The CO, concentration
and pressure are both higher in pre-combustion capture than in
post-combustion capture, so the CO, capture equipment is much
smaller and different solvents can be used, with lower energy
penalties for regeneration.

Pre-combustion capture offers a more moderate energy penalty
of 10% based on gasification or steam reforming. The high partial
pressure of CO; could allow for the use of more efficient capture
technologies (i.e, physical absorption), which would further reduce
the energy penalty. Pre-combustion capture also has more poten-
tial for future use. The primary disadvantage of pre-combustion
capture is that total capital costs of the generating facility are very
high.
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Fig. 1. Block diagrams illustrating post-combustion, pre-combustion and oxyfuel combustion techniques.

2.3. Oxyfuel combustion

Oxyfuel combustion is actually modified post-combustion
method. Fuel is combusted in almost pure oxygen instead of air,
which results in high concentration of CO; in flue gases. If fuel is
burnt in pure oxygen, the flame temperature is excessively high, so
some CO5-rich flue gas would be recycled to the combustor to make
the flame temperature similar to that in normal air-blown
combustor. The advantage of oxygen-blown combustion is that the
flue gas has a CO, concentration of over 80%, so only simple CO,
purification is required. Another advantage is that NOx formation is
suppressed, with attendant benefits in the post-combustion
removal of NOy, and the volume of the gas to be treated in the flue
gas desulphurization plant is greatly reduced. Additionally, other
than a need for the gas desulphurization, oxyfuel combustion relies
mainly on physical separation processes for O, production and CO,
capture thereby avoiding the use of any reagent and/or solvents
that contribute to operating costs and environmental disposal of
any related solid or liquid wastes. The main disadvantage of oxyfuel
combustion is that a large quantity of oxygen is required, which is
expensive, both in terms of capital cost and energy consumption.

Table 2

Current status of CO, capture technologies.
Post-combustion capture Pre-combustion capture Oxyfuel combustion
Amine scrubbing is well  Integrated gasification Oxygen production is
established for natural gas combined cycle (IGCC) well established.
Solvent degradation isa and ammonia production Small scale combustor
problem. are well established. test rigs operating
Some small power plants Physical solvent separation
operating is well established.

Gas turbines must be
capable of using H,-rich fuel

Advances in oxygen production processes, such as new and
improved membranes that can operate at high temperatures could
improve overall plant efficiency and economics [10]. Oxyfuel
combustion has so far only been demonstrated in small scale test
rigs [11]. The pros and cons of each of these capture technologies
are presented in Table 4.

3. Sources of carbon

The pathways for carbon capture derived from three potential
sources are given in Fig. 2. Many industrial processes produce
highly concentrated streams of CO, as a by-product. Although
limited in quantity, these by-products constitute a good capture
target, because the captured CO, is integral to the total production
process, resulting in low incremental capture costs. For example,
natural gas ensuing from wells often contains a significant fraction
of CO, that can be captured and stored. Other processes that lend
themselves to carbon capture include ammonia manufacturing,
fermentation process and hydrogen production during oil refining

The largest potential sources of CO, today are fossil-fueled
power production plants (Table 1). Power plants emit more than
one-third of the CO, emissions worldwide. These plants are usually
built in large centralized units, typically delivering 500—1000 MW
of electrical power. A 1000-MW pulverized coal-fired power plant
emits between 6 and 8 Mt/yr of CO», an oil fired single-cycle power
plant emits about two-thirds of that and a natural gas combined-
cycle power plant emits about one-half of that (Table 1).

Future opportunities for CO, capture may also arise from
decarbonization, i.e, production of hydrogen from carbon-rich
feedstock, such as natural gas, coal and biomass. The CO, by-
product will be relatively pure, thus lowering the incremental cost
of carbon capture. The hydrogen can be used in fuel cells and other
hydrogen fuel-based technologies.
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Table 3
Potential of CO, capture technologies.

Post-combustion

Pre-combustion decarbonization

Oxyfuel combustion

Applicable to the majority of existing coal-fired plants.
Low CO-, partial pressure.

Significantly higher performance or circulation volume
is required for high capture levels.

requirements.

Retrofit technology option.

Efficiency and cost penalties for coal-fired power plants
(IGCC) with conventional MEA scrubbing are reasonably
well known.

Improved solvents may reduce energy losses.
Significant cost savings are possible.

Generally higher CO, concentration than for
post-combustion capture

Higher driving force for CO, separation.

Fuel processing is needed.

CO, produced at low pressure compared to sequestration Potential for reduction in compression costs/loads.
For coal plants, efficiency and cost penalties are
generally lower than for post-combustion capture.
Barriers to commercial application of gasification
are common to pre-combustion capture.
Extensive supporting systems requirements.

Very high CO, concentration in flue gas.
Combustors would be fairly conventional.

Large cryogenic oxygen production requirement
may be cost prohibitive.

Need to recycle large quantities of flue gas to
avoid excessively high combustion temperatures.
CO,, is recycled to the compressor to provide the
expansion medium, instead of air.

Novel turbine cycles have been proposed including
IGCC, which eliminates shift reaction/fuel gas CO,
separation.

Potential for advanced oxygen separation membranes
with lower energy consumption.

Retrofit and repowering technology option.
Decreased process efficiency.

4. Review of possible CO, separation techniques

Capture of CO, contributes 75% to the overall CCS cost and CCS
increases the electricity production cost by 50% [12]. Although
these numbers may vary with different CCS schemes, reducing the
capture cost is the most important issue for the CCS process to be
acceptable to the energy industry. Hence, this article mainly focuses
on the progress in technologies of CO, separation techniques from
a flue gas. There are many options for CO, separation, and these
include absorption, adsorption, membrane and cryogenics. The
optimum CO, capture scheme could be determined by analyzing
costs or the context of power generation. The captured CO; is used
for various industrial and commercial processes, e.g., urea
production, fertilizer production, foam blowing, carbonation of
beverages and dry ice production. A wide range of technologies
currently exist for separation of CO, from gas streams (Fig. 3),
although they have not been designed for power-plant scale
operations [13]. They are based on different physical and chemical
processes including absorption, adsorption, cryogenics and
membranes [14,15]. The choice of a suitable technology depends on
the characteristics of the flue gas stream, which depend mainly on
the power-plant technology. The conditions for CO, separation in
pre-combustion capture processes will be quite different from
those in post-combustion capture. For example, in a coal IGCC
process, modified for capture, the CO, concentration would be
about 35—40% at a pressure of 20 bar or more. In that case, physical
solvents, such as Selexol, could be used for pre-combustion capture

Table 4
Pros and cons of CO, capture technologies.

Capture technology Pros Cons

Post-combustion capture Existing Technology
Retrofit to existing
power-plant designs
Extra removal of
NOy and SOy

Energy penalty due to
solvent regeneration.
Loss of solvent

Pre-combustion capture Existing Technology
Very low emissions

Cooling of gas to capture
CO, is necessary.
Efficiency loss in
water—gas shift section

Oxyfuel combustion
capture

Existing Technology High energy input for
Absence of nitrogen air separation.
eliminates NOx emissions. Combustion in pure
Absence of nitrogen oxygen is complicated.
provides low volume of

gases and so reduced

size of entire process

of CO,, with the advantage that the CO, can be released mainly by
depressurization, thereby avoiding the high heat consumption of
amine-scrubbing processes. However, depressurization of the
solvent still results in a significant energy penalty. Various CO;
separation techniques are discussed below; and the summary of
their current status is given in Table 5.

4.1. Chemical absorption technology

Chemical absorption is preferred for low to moderate CO, partial
pressures. Because CO; is an acid gas, chemical absorption of CO,
from gaseous streams such as flue gases depends on acid—base
neutralization reactions using basic solvents. The CO, reacts with
chemical solvents to form a weakly bonded intermediate
compound, which is then broken down by the application of heat,
regenerating the original solvent and producing a pure CO; stream.

Specialized solvents were developed more than 60 years ago to
remove CO, from impure natural gas, and natural gas operations
continue to use these solvents today. In addition, several power
plants and other industrial plants use the same or similar solvents
to recover CO, from flue gases for applications in the food pro-
cessing and chemical industries. Finally, a variety of alternative
methods are used to separate CO; from flue gas mixtures during
production of hydrogen for petroleum refining, ammonia produc-
tion and in other chemical industries [16].

The selection of a technology for a given capture application
depends on many factors, i.e partial pressure of CO; in the gas
stream, extent of CO, recovery required, regeneration of the
solvent, sensitivity to impurities, such as acid gases, particulates,
purity of the desired CO, product, capital and operating costs of the
process, the cost of additives necessary to overcome fouling and
corrosion and where applicable, the environmental impacts [17]. A

’ Hydrocarbons ‘

l ! i

Industrial | Products Power Electricity Fuel Hydrogen
processes > | production decarbonization|
002 CO2 Co2

Sequestration

Fig. 2. Sources of CO, for sequestration.
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schematic of a chemical absorption technology for power-plant flue
gas is depicted in Fig. 4.

4.1.1. Amine absorption technology

The absorption/stripping technology, using amine solution such
as monoethanolamine (MEA), is a commercialized technology used
in natural gas industry for 60 years and is regarded as the most
mature technology. Natural gas industry uses MEA to absorb CO,
from natural gas. There are commercial MEA absorption processes
with which CO; is removed from combustion flue gas stream. Such
processes allow the MEA solution to be contacted with flue gas in
an absorber where CO5 is absorbed by the solution. When used in
a power plant to capture CO,, the flue gas is bubbled through the
solvent in a packed absorber column, where the solvent preferen-
tially removes the CO, from the flue gas. Afterward, the solvent
passes through a regenerator unit, where the absorbed CO, is
stripped from the solvent by counterflowing steam at 100—200 °C.
Water vapor is condensed, leaving a highly concentrated (over 99%)
CO; stream, which may be compressed for commercial utilization
or storage. The lean solvent is cooled to 40—65 °C and is recycled
into the absorption column [4]. The process is generally uneco-
nomical as it requires large equipment size and intensive energy
input. The CO, recycle rate is 98% for MEA [3]. The fundamental
reaction for this process is:

Table 5
Summary of current status of CO, separation techniques.
Separation techniques Type Status
Chemical absorption MEA Commercially available
KS-1
Physical adsorption PSA method Under research
PTSA method
Membranes Polymeric Commercially available
Inorganic
Zeolite
Silica

Amine and membranes Amine solvent + membrane Under research
CLC MeO {Me = Ni, Cu, Mn or Fe} Commercially available
Cryogenic Cryogenic Commercially available

system
L__| Membrane/DEA
Electrical swing
Washing
C,H40HNH, +H,0 + CO, < C;H4OHNH] + HCO3 (7)
MEA

During the absorption process, the reaction proceeds from left to
right; during regeneration, the reaction proceeds from right to left.

The MEA process suffers the following disadvantages for CO,
separation from flue gases: (1) low carbon dioxide loading capacity
(g CO, absorbed/ g absorbent); (2) high equipment corrosion rate;
(3) amine degradation by SO,, NO,, HCI and HF and oxygen in flue
gas which induces a high absorbent makeup rate; and (4) high
energy consumption during high temperature absorbent regener-
ation [18—20]. When capturing CO, from coal or petroleum-derived
combustion flue gas, the MEA process requires that SO, be removed
first from the flue gas stream, since MEA is degraded by SO, and
oxygen, forming irreversible degradation products [21] as shown in
reaction Scheme 1:

The cost of MEA makeup is high because of degradation, even
after most of the SO, is removed from the flue gas in an upstream
flue gas desulphurization unit. NOy must also be eventually
removed from the flue gas before it is discharged into the air in
order to meet present and future gaseous emission limits.

Besides MEA, diethanolamine (DEA) and methyl diethanol-
amine (MDEA) are often used as absorbents. The proposed mech-
anism of reactions between CO, and amines are shown below
(Scheme 2) [22]. According to this mechanism, the majority of the
CO, captured will result in the formation of bicarbonate in the
liquid amine capture system. In aqueous media, there is a require-
ment of 2 mol-amine/mol-CO, for the formation of stable bicar-
bonate compounds resulting in the capture of CO,.

Mixed amines have been reported to maximize the desirable
qualities of the individual amines. Idem et al. [23] reported
substantial reduction in energy requirements and modest reduc-
tion in circulation rates for amine blends relative to the corre-
sponding single amine system of similar total amine
concentration. They compared the performance of aqueous
5 kmol/m> MEA with that of an aqueous MEA/MDEA (4/1 molar
ratio) of 5 kmol/m> total amine concentration as a function of the
operating time using two pilot CO, capture plants. Their results
indicate that a huge heat duty reduction can be achieved by using
a mixed MEA/MDEA solution instead of a single MEA solution in
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an industrial environment of a CO, capture plant, although this
benefit depends on whether the chemical stability of the solvent
can be maintained.

In recent years, a lot of effort has been put to develop new
absorption solutions with enhanced CO, absorption performance.
The use of sterically hindered amines, including aminoethers,
aminoalcohols, 2-substituted piperidine alcohols and piperazine

CO, - induced MEA Degradation :

_
2 <<

HO
NN, + CO

MEA

derivatives, in solution to remove carbon dioxide from acidic gases
by scrubbing process has been the focus in chemical absorption
technology [24]. Sterically hindered amines have an amino group
attached to a bulky alkyl group, e.g, 2-amino-2-methyl-1-propanol
(NH—C(CH3),CH20H). The nitrogen reacts rapidly and directly
with CO; to bring the CO; into solution according to the following
reaction sequence:

H +

O/_\N H,0
W

o)

2-Oxazolidone

NH + CO,
" \NH,
N-(2-hydroxyethyl)-ethylenediamine

O, - induced MEA Degradation:

HO s HO
\/\NH2 \// *
1
-0
Ho\// = N 2.

HO~ A\

NH
NH, —— HO\/\ NH/L_O

N,N'- di (hydroxyethyl) urea

i
= HN/\_/\N\/\OH

1-(2-hydroxyethyl)-2-imidazolidinone

+

H,O

NH,

(e}
\(
OH
acetic acid

Scheme 1. Degradation MEA by CO, and O,.
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Scheme 2. Proposed reaction sequence for the capture of carbon dioxide by liquid
amine-based systems [22]; (R = CH,CH,OH for MEA).

2RNH, + CO; — RNHCOO™ + RNH# (8)

where R is an alkanol group.

The above reaction is the cornerstone of the present invention,
as it is the one accelerated by carbonic anhydrase. The carbamate
reaction product (RNHCOO™) can then hydrolyzed to bicarbonate
(HCO3) according to the following reaction:

RNHCOO™ + H,0 — RNH, + HCO3 9)

Reactions (8) and (9) play major roles on the CO, absorption
process using sterically hindered amines. The idea behind
hindered amines is based on attaching a bulky substitute to the
nitrogen atom of the amine molecule. This molecular configura-
tion plays an important role in process performance, by affecting
the capacity of absorption and desorption temperature. In the
case of CO, removal, and in contrast with the alkanolamines, the
rotation of the bulky alkyl group around the aminocarbamate
group is restricted in sterically hindered amines; and these result
in considerably low stability of the carbamate compound. The
carbamate compound is thus likely to react with water and forms
free amine and bicarbonate ions (eqn. (9)). Stoiciometrically from
eqn. (3); 1 mol. of the sterically hindered amines instead of 2 mol.
of alkanolamine is required to react with 1 mol. of CO,. The
overall reaction for sterically hindered amine can be written as
follows:

RNH, + CO, + H,0 — RNH$ + HCO3 (10)

The International CO, capture centre in Regina, Saskatchewan,
Canada has developed a series of proprietary designer solvents
designated as PSR solvents [25]. The PSR solvents have been
designed specifically for the separation of CO, from flue gas
streams. The key features claimed for the PSR solvents are lower
regeneration temperature, lower solvent circulation rate, lower
solvent degeneration rate and lower corrosion rate.

Major players in the amine arena include Mitsubishi Heavy
Industries (MHI) and Fluor, which offers its Economine FG
process. The development of sterically hindered amine is seen as
a breakthrough because of the significant number of advantages
it offers, which include an exceptionally low corrosive nature;
and unlike MEA, does not require a corrosive inhibitor. Addi-
tionally, it offers superior CO, absorption and regeneration, lower
degradation, lower circulation rate and has less solvent loss when
compared to other amine-based systems. All of these features
lead to decreased operating cost. Examples of sterically hindered
amines include 2-amino-2-methyl-1-propanol (AMP), and the
proprietary solvents marketed by Mitsubishi Heavy Industries,
KS-1, KS-2 and KS-3 [17]. A large research effort is being directed
at improved solvents to improve the CO; loading, reduce the
energy requirement for solvent circulation and regeneration and
to overcome solvent degradation [26—29]. There is evidence that
the capture process efficiency can be substantially improved by
careful design of a mixture of solvents [17,30].

4.1.2. Aqua ammonia process

It is envisioned that the widely utilized MEA process could be
replaced with aqueous ammonia process to capture all three major
acid gases (SO;, NOy, CO3) plus HCl and HF, which may co-exist in
the flue gas. Since SO, and NOy emissions must comply with certain
emission limits, a single process to capture all acidic gases is
expected to reduce the total cost and complexity of emission
control systems. Unlike the MEA process, the Aqua Ammonia
Process (AAP) is not expected to have absorbent degradation
problems that are caused by sulphur dioxide and oxygen in flue gas
nor is it expected to cause equipment corrosion. The application of
ammonia for simultaneous reduction of SO,, NOx and mercury has
also been reported [31].

The major by-products from the aqueous ammonia process
include ammonium bicarbonate, ammonium nitrate and ammo-
nium sulfate. Ammonium sulfate and ammonium nitrate are well
known fertilizers for certain crops. Ammonium bicarbonate has
been utilized by certain developing countries as a crop fertilizer for
over 30 years with proven results in farmland practice which
enhanced crop root development and leaf growth [32].

Research reports in the usage of ammonia for CO, capture are
scanty, but the most noted ones are from Bai and Yeh [33] and Yeh
and Bai [34]. Also reported by Bai [35] was a crystalline solid of
NH4HCOs3, which was obtained by sparging CO, loading capacity
into ammonium hydroxide solution and data published were
comparing maximum CO; loading capacity in MEA and in ammo-
nium hydroxide solution on equal weight of absorbent basis. It was
concluded that the maximum CO, removal efficiency by NHj3
absorbent can reach 99% and the CO; loading capacity can approach
1.20 g COz/g NHs. On the other hand, the maximum CO, removal
efficiency and loading capacity by MEA absorbent are 94% and
0.409 g CO,/g MEA respectively under the same test conditions.

Preliminary research on aqueous ammonia scrubbing of CO, in
a packed bed absorber produced similar CO; removal results [36] as
compared to Yeh et al. [20]. The aqueous ammonia scrubbing
technology seems to have avoided the shortcomings of the MEA
process. In comparison, aqueous ammonia scrubbing technology
has high loading capacity, does not pose a corrosion problem,
tolerance to oxygen in the flue gas, low cost, there is no absorbent
degradation problem, thus reducing absorbent makeup rate; and
the energy requirement for absorbent regeneration is predicted to
be much lower than in the MEA process. There is also the possibility
of reaction with SOy and NOy — criteria pollutants found in flue gas
— to form fertilizer (ammonium sulfate and ammonium nitrate) as
a salable by-product.

4.1.2.1. Process chemistry of aqueous ammonia scrubbing tech-
nology. The absorption chemistry of CO, in aqueous ammonia
solutions can be described by equations (6)—(8). The reaction with
CO; and NH3 in the dry condition occurs very easily and forms the
ammonium carbamate (NH,COONH,4), which is very soluble in
water. Under moist air, it can form ammonium carbonate
((NH4)2C03) under room temperature [36], and then converts to
ammonium bicarbonate (NH4HCO3). The above reactions are as
follows:

COy(g) + 2NHsq) = NH,COONHys) (11)
NHzCOONH4(S) + HZO(g) Ad (NH4)2CO3(S) (12)
NHzCOONH4(S) + HZO(I) < NH4HC03(S> + NH3(g) (13)

The actual steps of the chemical reaction are complex and must
pass through several intermediate reaction steps. Under the state of
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the ammonia injection, the reaction with CO,, H>O and NHj3 is as
follows:

COz(g) + 2NH3(g) <= CO(NHy)s) + H20(g) (14)
COyg) + 2NHs() — NH + NH,CO0[, (15)
2NH3(g) + COy(g) + H20(g) = (NH4),CO3) (16)
NHs(g) + COy(g) + Hy0(q) < NH4HCO3 ) (17)
2NH3j) + COyg) + Hy0, = (NHy),CO3) (18)
NHsj) + COyg) + Hy0y, < NH4HCO3) (19)

Under high pressure and with temperature greater than 140 °C, the
CO,—NHj3 reaction is directed to the formation of urea [CO(NH>),]
[37]. At room temperature and atmospheric pressure, the forma-
tion of ammonium (NHZ) and carbamate (NH,COO™) ion is very
fast, and reaction equation (15) is irreversible [38]. On the other
hand, reaction equations (16)—(19) are reversible; with ammonium
carbonate [(NH,4),C03] and ammonium bicarbonate (NH4HCO3) as
products [39]. The forward reactions are dominant at room
temperature [40,41]. The backward reactions occur at temperatures
of around 38—60 °C [42,43]. The solid ammonium carbonate and
bicarbonate can either be dry powders or exist in an aqueous
solution as crystalline solids.

Although reaction equation (14) may also be used to reduce
CO, emission from flue gas since concentration of CO; in flue gas is
high, the process needs a large amount of NH3, which leads to the
increase of operation cost. When the concentration of CO; in the
flue gas is high, it will explode with the dry CO,—NH3 reaction if
the process is not properly designed. The explosive limit for NH3
gas is 15—28% (v/v) [44]. Therefore, for the sake of safety and
simplicity, the wet method (i.e, using ammonia scrubbing instead
of ammonia injection) is the most probable, as represented by
reactions (18) and (19), for CO, removal by NH3 scrubbing.

Spraying aqueous ammonia into flue gas not only captures CO,
but also absorbs traces of SOy and NOy from the flue gas in accor-
dance with the following chemical equations:

NOx + SOy + H,0 — HNO3 + H,S04 (20)

HNO; + HyS04 + NH3 — NH4NO3 | + (NH,),S0, (21)

The product formed in equation (21), i.e ammonium bicarbonate
(NH4HCOs3) has been used as a nitrogen fertilizer in China for over
30 years. It has been well demonstrated that when NH4HCOs is
placed into deep soil, its nitrogen fertilization effect on crops is
similar to that of other nitrogen fertilizers, such as (NH4)2SO4 and
urea [45]. It is also known that carbonates can react with alkaline
earth metals such as calcium and magnesium, and be deposited as
carbonate minerals. The bicarbonate HCO3 from NH4HCOs3; can
neutralize alkaline species and reduce salt content by forming
stable species as follows:

HCO3 + Ca?* (or Mg?*) + OH~ — H,0 + CaCOs | (or MgCOs |)
(22)

Solid products like CaCO3 (or MgCOs3) are perfectly stable form of
sequestered CO,. Furthermore, soils could potentially serve as

a “smart” screening material that will retain NHZ but allow HCO3 to
percolate with natural rainfall and/or irrigation down into
groundwater, which is often rich in alkaline mineral species such as
Ca** or Mg?+.

4.1.3. Dual-alkali absorption approach

A modified Solvay dual-alkali approach was proposed [46]. The
Solvay process employs a dual-alkali approach with ammonia
(primary alkali) as a catalyst to aid the reaction of CO, with sodium
chloride for the production of sodium carbonate. The reaction was
performed by first saturating brine with ammonia, and then with
carbon dioxide.

C02 + NaCl + NH3 + Hzo d NaHC03l + NH4C] (23)

Product sodium carbonate is obtained by heating sodium
bicarbonate.

2NaHCO3 A NayCO3(5) + Hy0 + COyq (24)

The ammonia is recovered by reacting ammonium chloride with
lime (Ca(OH),), a secondary alkali, where limestone serves as the
source of lime.

2NH,4Cl + Ca(OH), — 2NH; + CaCl, + 2H,0 (25)

However, this scheme poses several drawbacks when applied to
capture CO, from flue gas. The use of limestone for the regeneration
of ammonia renders the process ineffective because of the
consumption of limestone, production of CO, and extensive energy
requirement during calcinations. In the Solvay process, for every two
moles of CO, captured from flue gas, one mole of CO; is released from
calcinations of limestone as given in the following overall reaction.

CaC03 — Ca0 + CO, (26)

2NaCl + 2C0, + Ca0 + H,0 — 2NaHCO; + CaCl, (27)

To circumvent the drawbacks of the Solvay process, a new dual-
alkali method was developed using monoethanolamine (MEA) to
replace ammonia as primary alkali. The monoethanolamine (MEA)
was used as an effective primary alkali with the following reaction.

C02 + NaCl + HOCHchz(CH3)NH + H20 Aad NaHCO3l
+ HOCH,CH, (CH3)NH-HCl (28)

The CO, absorption capacity of methylaminoethanol (MAE)
(0.75 mol-CO,/mol-MAE) is greater than that of MEA (0.5 mol-CO,/
mol-MEA). The maximum CO, absorption capacity of an amine is
0.5 mol-COz/mol-amine if the reaction product is carbamate and
1.0 if the reaction product is bicarbonate. So theoretically, the CO,
absorption capacity of an amine increases with an increase of
bicarbonate in the products.

The second step of the dual-alkali approach involves
a secondary alkali to regenerate the first alkali. In order to regen-
erate ammonia, and to make the process effective, activated carbon
(AC) was replaced with limestone to serve as secondary alkaline to
regenerate ammonia, the primary alkaline in the Solvay process, at
ambient temperature (25 °C), according to the following equation.

NH4Cl + AC < NH3 + AC-HCl (29)

The basicity of the activated carbon is responsible for the adsorp-
tion of HCl molecules from NH4Cl solution with the liberation of
ammonia. The by-product being HCI adsorbed on AC. This group of
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researchers had not identified the secondary alkali to regenerate
the primary alkali, MAE.

4.2. Physical absorption process

For physical absorption, CO; is physically absorbed in a solvent
according to Henry’s Law, which means that they are temperature
and pressure dependent. Physical solvent processes use organic
solvents to physically absorb acid gas components rather than
reacting chemically. Removal of CO, by physical absorption processes
are based on the solubility of CO, within the solvents and the solu-
bility depends on the partial pressure and on the temperature of the
feed gas. Higher CO, partial pressure and lower temperature favor
the solubility of CO; in the solvents (Absorbent). The solvents are
then regenerated by either heating or pressure reduction. The
interaction between CO, and the absorbent is weak relative to
chemical solvents; decreasing the energy requirement for regener-
ation. Physical absorption is used commercially to remove acid gas,
(CO3z + HyS), from natural gas and to remove CO; from syngas in the
production of hydrogen, ammonia and methanol. Physical solvents
scrubbing of CO, are commercially available. Selexol (dimethylether
of polyethylene glycol), a liquid glycol based solvent, has been used
for decades to process natural gas, both for bulk CO, removal and H;S
removal [47]. Glycol is effective for capturing both CO, and H,S at
higher concentration. The Rectisol process, based on low tempera-
ture methanol (cold methanol), is another physical solvent process
that has been used for removing CO,. Glycol carbonate is interesting
because of its high selectivity for CO, but it has relatively low capacity
[48]. Other physical solvents for CO, removal include propylene
carbonate (FLUOR process) and N-methyl-2-pyrollidone (Purisol).
The physical absorption process is illustrated in figure below (Fig. 5).
CO; dissolved in the solvent is recovered by reducing pressure in
various flash drums. No heat is required to release CO; due to the low
heat of absorption. After depressurization, pure CO, streams are
released at different pressures.

Some CO, capture applications benefit from a mixture of phys-
ical and chemical solvents. The most commonly used examples are
Sulfinol, a mixture of the physical solvent sulfolane and the amines
such as diisopropyl amine (DIPA) or methyl diethanolamine
(MDEA); and Amisol, a mixture of methanol and secondary amines.
These hybrid solvents attempt to exploit the positive qualities of
each constituent under special conditions.

4.2.1. Selexol process
Selexol has been used since 1969 to sweeten natural gas, both
for bulk CO, removal and H,S removal. The Selexol process uses

Cooler
®
Lean solution
Absorber
Compressor
Syngas 4—D4,
—

T

Rich
solution

Flash 1 Flash 2 Flash3 |—
Flash drums

Expander Pump

Fig. 5. Physical absorption to capture CO, from syngas.

Union Carbide Selexol solvent, a physical solvent made of dime-
thylether polyethylene glycol [CH3(CH,CH,0),CHs]; where n is
between 3 and 9 [49]

Absorption takes place at low temperature (0—5 °C). Desorption
of the rich Selexol solvent can be accomplished either by letting
down the pressure (CO, removal) or by stripping with air, inert gas
or steam. The solvent can be used to selectively or simultaneously
remove sulphur compounds, carbon dioxide, water as well as
aromatic compounds (BTEX). Dehydration of the feed gas is
required before entering the Selexol unit.

4.2.1.1. Advantages of Selexol process.

(i) The heat rise of the solvent in the absorber is low since there is
no heat of chemical reaction

(ii) The sweet gas from the absorber comes out dry because of the
high affinity of Selexol solvent with water

(iii) The initial plant and operating costs are minimal

(iv) Regeneration of the solvent is by air stripping, it required no
re-boiler’s heat

(v) Selexol process allows for construction of mostly carbon steel
due to its non-aqueous and inert chemical characteristics.

(vi)The process could be operated at low pressure

4.2.1.2. Disadvantages of Selexol process.

(i) The solvent has high affinity to heavy hydrocarbon which will be
removed with CO; and essentially result to hydrocarbon losses.

(ii) The process is more efficient at high operating pressure

4.2.2. Rectisol process

Rectisol has mainly been used to treat synthesis gas, hydrogen
and town gas streams and removes most impurities. Rectisol
process uses chilled methanol as a solvent, because of high vapor
pressure of methanol, the process is normally operated at
temperature range of —30 to —100°F. The process is best suited
where there are limited quantities of ethane and heavier compo-
nents [50]. There are many possible processes configurations for
Rectisol process depending on process requirement/specifications
and scalability. Rectisol process is extensively used in natural gas
industry to remove CO; [51].

4.2.2.1. Advantages of Rectisol process.

(i) The solvent (methanol) does not foam and completely
miscible with water and thus reduces losses.

(ii) They have high thermal and chemical stability

(iii) It is non-corrosive

(iv) There are no degradation problems

(v) The carbon steel can be widely used for the equipment

(vi) The rich solvent can be easily regenerated by flashing at low
pressure, therefore eliminate the need for re-boiler’s heat.
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4.2.2.2. Disadvantages of Rectisol process.

(i) Chilled methanol solvent used is capable of absorbing metallic
trace components such as mercury (Hg) to form amalgams in
the low temperature of the process

(ii) Rectisol complex scheme and the need to refrigerate the
solvent result in high capital and operating cost of the plant

4.2.3. Fluor process

The Fluor solvent process is one of the most attractive processes
for gas treating when the feed gas CO, partial pressure is high
(>60 psig), or where the sour feed gas is primarily CO,. The process
is based on the physical solvent propylene carbonate (FLUOR™) for
the removal of CO,. Propylene carbonate (C4HgO3), is a polar solvent
with high affinity for CO,.

4.2.3.1. Advantages of fluor process.

(i) Fluor process required no fired duty for solvent regeneration

(ii) The FLUOR solvent has high CO, solubility and enhance CO,
loading

(iii) It required no makeup water
(iv) The operation is simple and a dry gas as output product

(v) Since propylene carbonate freezes at —57°F, winterization
modification is minimal

(vi) Modification for increasing CO; in the feed is low

4.2.3.2. Disadvantages of Fluor process.

(i) Solvent circulation for the FLUOR solvent process is high
(ii) The FLUOR solvent is very expensive

(iii) The solvent has high affinity to heavy hydrocarbons which will
be removed with CO, and essentially results to hydrocarbon
losses.

4.3. Physical adsorption

Adsorption relies on the thermodynamic properties of
a substance to shift from the gas phase to attach itself to a solid
material. This attachment can be either physical (physisorption) or
chemical (chemisorption). Adsorption encompasses the selective
removal of CO, from a gas stream to the adsorbent (zeolite or
charcoal), followed by regeneration (desorption), which can be
achieved either by reducing pressure (Pressure-Swing Adsorption
or PSA), or by increasing temperature (Temperature Swing
Adsorption, or TSA) or by passing an electric current through the
adsorbent (Electrical Swing Adsorption, or ESA) or process hybrids
(PTSA) or washing.

4.3.1. Molecular sieve adsorption

Molecular sieves are a range of specially designed sieves that
separate molecules based on their molecular mass or molecular
size. This technology is believed to be cost-effective and can be
adapted to a variety of carbon sequestration schemes [4]. There

were many research activities targeted at improving the CO;
adsorption by chemical modification of the molecular sieve surface.
Adsorbents based on high surface area inorganic supports that
incorporate basic organic groups, usually amines, are of particular
interest. The interaction between the basic surface and acidic CO,
molecules is thought to result in the formation of surface ammo-
nium carbamates under anhydrous conditions and in the formation
of ammonium bicarbonate and carbonate species in the presence of
water as given in the scheme of reactions below (Scheme 3) [52].
Similar to amine absorption process, the CO, adsorption capacity is
0.5 mol CO,/mol surface-bound amine group without the presence
of water, 1.0 mol CO,/mol surface-bound amine with the presence
of water. Mesoporous substrates, such as silica [52,53], SBA-1 [54],
SBA-15 [22], MCM-41 [54—56] and MCM-48 [46] are attractive
because they possess pores that are large enough to be accessed by
molecules with amino groups. Both the porosity and surface
functionalized groups facilitate the capture of CO,.

Chaffee et al. [57] also developed novel adsorbents for vacuum
swing adsorptive (VSA) based CO, separation fro flue gas. The
adsorbents are insensitive to moisture and capable of operation at
above ambient temperature. The authors focused on development of
inorganic—organic hybrid adsorbents where the mesoporous inor-
ganic substrate provides both substantial pore volumes and high
surface area into and onto which basic organic group can be incor-
porated [52,53,58,59]. The amine groups react with the acidic CO; in
the absence of water to form surface-bound ammonium carbamates
(zwitterionic ammonium carbamate) with an apparent stoichio-
metric limit of 1 CO, molecule for every 2 N atoms (Scheme 3).
However, in the presence of water, the adsorption capacity is
sometimes improved further, towards a theoretical limit of 1 CO,
molecule for every N atom via the formation of bicarbonates
(ammonium bicarbonates) after proton exchange. Thus, the chem-
istry is analogous to that which occurs by absorption in solution. The
mechanism of adsorption involves chemical bond formation and is
therefore quite different to conventional adsorbents which operate
according to the principle of physisorption.

4.3.2. Adsorption by activated carbon

Activated carbons have well developed micro- and meso-
porosities which are applied in a wide range of industrial and
technological processes [60]. The surface chemistry of activated
carbons is governed by the presence of heteroatoms, such as
oxygen, nitrogen etc. These heteroatoms exist in the form of acidic,
basic or neutral organic functional groups [61]. Delocalized
electrons of aromatic rings and unsaturated valences also
contribute to the basicity of carbonaceous sorbents. In order to
enhance the specific adsorbate—adsorbent interaction, the surface
chemistry can be modified by the incorporation of heteroatoms
such as nitrogen. The presence of nitrogen within the carbon matrix
causes an increase in the number of basic groups, which changes
the charge distribution in the grapheme layers. The adsorption
capacity of activated carbons to adsorb CO,, which is based on
physical adsorption, can be increased by introducing nitrogen
functional groups into their structure [62,63]. The incorporation of
these functionalities may be achieved by impregnating the surface
with appropriate chemicals or introducing nitrogen into the carbon
structure.

Maroto-Valer et al. [64] studied the CO; capture behavior of
steam-activated anthracite. The adsorption capacity of the acti-
vated anthracite decreases rapidly with increasing adsorption
temperature. The highest CO, adsorption capacity was 65.7 mg
CO/g adsorbent for the anthracite activated at 800 °C for 2 h
with a surface area of 540 m?/g. The anthracite with the highest
surface area of 1071 m?/g only had a CO, adsorption capacity of
40 mg CO,/g adsorbent. Also, chemical modification with NHj3
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Scheme 3. Surface reaction of amine groups with CO, [52].

and polyethylenimine (PEI) impregnation increased the CO;
capture capacity of the activated anthracite at higher tempera-
ture, due to the introduction of alkaline nitrogen groups on the
surface.

Pevida et al. [65] reported that any surface modifications of
commercial activated carbons should be carefully performed, so
that nitrogen functionalities that promote the CO, capture capac-
ities of adsorbents can be incorporated without altering the
textural properties of the parent carbon.

4.3.3. Adsorption based on lithium compounds

Lithium zirconate (LiZrOs), with favorable CO, sorption char-
acteristics, has been investigated as a high temperature CO,
absorbent [18]. This technology, based on the chemical reaction
using Li»ZrOs to capture CO,, is illustrated in the following reaction:

Li22r03(5) + COZ(g) g L12C03(5) + ZrOz(S) (30)

The reaction is reversible in the temperature range of 450—590 °C;
and the direction is reversible easily by a simple temperature swing
approach. The formation of eutectic carbonate composed of Li;CO3
and K,COj3 can accelerate the CO, absorption reaction. A number of
binary and ternary eutectic salt-modified lithium zirconate
sorbents were identified and evaluated for high temperature CO,
capture [66]. Their results showed that the combination of binary
alkali carbonate, binary alkali/alkali earth carbonate, ternary alkali
carbonate and ternary alkali carbonate/halide eutectic to Li;ZrOs
significantly improved the CO, uptake rate and CO, sorption
capacity. Formation of a eutectic molten carbonate layer on the
outer surface of reactant Li,ZrOs particles facilitates the transfer of
gaseous CO, during the sorption process.

Lithium silicate (LigSiO4) was also studied for their CO,
adsorption behaviors [67,68]. They found that the capacity of
lithium silicate is much larger than that of lithium zirconate.
Lithium silicate adsorbs CO, below 720 °C and releases CO, above
720 °C by the following mechanism:

Li4SiO4 + CO, < Li,SiO3 + Li,CO3 (31)

Features, such as large capacity, rapid absorption, wide range of
temperature and concentrations of CO; and stability, make lithium
silicate a strong candidate for developing commercially competitive
CO, adsorbent.

4.4. Cryogenics

The cryogenic method of purification involves the separation
of the gas mixtures by fractional condensation and distillation at
low temperature. Low temperature distillation (cryogenic sepa-
ration) is a commercial process commonly used to liquefy and
purify CO; from relatively high purity (> 90%) sources. It involves
cooling the gases to a very low temperature (lower than
—73.3°C) so that the CO; can freeze out/liquefied and separated.
The process has the advantage that it allows recovery of pure CO,
in the form of a liquid, which can be transported conveniently or
pumped to the injection site for enhance oil recovery (EOR) or
enhance coal-bed methane (ECBM).

Hart and Gnanendran [69] reported cryogenic CO, capture in
natural gas. The authors had researched into CryoCell CO, removal
technology, tested in a demonstration plant and successfully
demonstrated in a field trial. The CryoCell technology uses a cryo-
genic process to remove CO, from the natural gas, while avoiding
the shortcomings of the conventional acid gas treatment process.
The CryoCell technology eliminates water consumption, usage of
chemicals and corrosion related issues. The field test programme
has demonstrated the technical viability of solid phase CO, sepa-
ration and cost comparison studies with amine absorption process
indicate improved economic viability for high CO, gas field
developments.

4.5. Membrane technology

A relatively novel capture concept is the use of selective
membranes to separate certain components from a gas stream,
which can be CO; from flue gas (post-combustion system), CO,
from natural gas (natural gas processing), and CO, from hydrogen
(pre-combustion systems) or oxygen from nitrogen (in oxyfuel
combustion system).

Membranes are semi-permeable barriers able to separate
substances by various mechanisms (solution/diffusion, adsorption/
diffusion, molecular sieve and ionic transport). They are available in
different material types, which can be either organic (polymeric) or
inorganic (carbon, zeolite, ceramic or metallic) and can be porous to
non-porous. Membranes act as filters to separate one or more gases
from a feed mixture and generate a specific gas rich permeate as
shown in Fig. 6 below. Two characteristics dictate membrane
performance; permeability, that is the flux of a specific gas through
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Fig. 6. Schematic of gas-separation membrane.

the membrane, and selectivity, the membrane’s preference to pass
one gas species over the other.

There are five possible mechanisms for membrane separation
[70—73], they are Knudsen diffusion, molecular sieving, sol-
ution—diffusion separation, surface diffusion and capillary conden-
sation, of which the first three are schematically shown below (Fig. 7).

Molecular sieving and solution—diffusion are the main mecha-
nisms for nearly all gas separating membranes. Knudsen separation
is based on gas molecules passing through membrane pores. The
relationship between permeability, diffusivity and solubility can be
described by:

P = DS (ii)

where P is the permeability coefficient, a measure of the flux of the
membrane (cm®(STP)cm2s 'cmHg™!). The common unit of
permeability is the barrer (1071 cm?3 (STP)ecm2s~'emHg ™ !). D is
the diffusivity coefficient (cm?s~!), the mobility of molecules
within the membrane and S is the solubility coefficient (cm> (STP)
cmHg™ 1), which measures the solubility of gas molecules within
the membrane.

For ideal gas, the driving force across a gas-separation
membrane is the pressure differential (Ap) between the feed side

and the permeate side, as given by Fick’s law:

P; P;
Ji= TIAm (Xipf _yipp) = TIAmAP (iii)

where J; is the flux across the membrane (cm? (STP)s™ 1), P; is the
permeability value for component i, I is the membrane thickness
[m], A, is the membrane area [m?], x; and y; are the mole fractions
of the component i in the feed and the permeate sides respectively;
prand p;, are the pressures in the feed side and the permeate side
respectively.

The ideal selectivity («) of one gas, A, over another gas, B, is
defined as:

_Pa

OL—PB
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Fig. 7. Schematic representation of three of the different possible mechanisms for
membrane gas separation, Knudsen diffusion, molecular sieving and
solution—diffusion.

One option for achieving the driving force across the membrane
is to set the permeate stream at atmospheric pressure and
compress the feed gas to a higher pressure. This has been the
assumption of the majority of previous studies that have investi-
gated the feasibility of membrane technology for CO, capture
[74—76].

Although membranes have several advantages over absorption
and adsorption processes (no regeneration energy required, simple
modular systems, no waste streams), membranes cannot always
achieve high degrees of separation, which makes multiple stages or
recycling necessary. Another disadvantage of membranes is the
sensitivity to sulphur compounds and other trace elements.
Membranes can be used for separation only, but can also be inte-
grated with chemical reactors, benefiting often both separation and
reaction characteristics as will be discussed in the later section.

4.5.1. Polymeric membrane

Generally, the transport of gas molecules through a polymeric
membrane is by a solution—diffusion mechanism. Others include
molecular sieve effect and Knudsen diffusion mechanisms [77].
Polymeric membranes are classified as rubbery or glassy, depen-
dent on operating temperature relative to the glass transition
temperature of the polymer [78]. Rubbery membranes, operating
above the glass transition temperature, are able to rearrange on
a meaningful time scale and are usually in thermodynamic equi-
librium. Therefore, gas solubility within the polymer matrix follows
Henry’s Law and is linearly proportional to the partial pressure, or
fugacity, f:

Cp = Kpf (v)

where Cp is the concentration of gas in the polymer matrix and is
proportional through the Henry’s Law constant (Kp).

Conversely, glassy membranes operate below the glass transi-
tion temperature and therefore polymer rearrangement is on an
extraordinarily long time scale, meaning that the membrane never
reaches thermodynamic equilibrium. Hence, the polymer chains
are packed imperfectly leading to excess free volume in the form of
microscopic voids in the polymeric matrix. Within these voids,
Langmuir adsorption of gases occurs that increases the solubility.
Therefore, the total concentration of adsorbed gas within glassy
membrane (Cr) can be described by the following equation [72];

Cr =Cp+Cy (vi)
where Cy is the standard Langmuir relationship;
C,bf
Cy = - vii
H = 1+bf) (vii)

Cy is the maximum adsorption capacity, b is the ratio of rate coef-
ficients of adsorption and desorption, defined as;

Cy
b=-—""— (viii)
(Cy = Cu)f
Hence, the dual-mode sorption for glassy membranes is written as;
C,bf
Cr = Kpf + =—H-"— i
T pf + (1 + bf) (ix)

Membrane permeability is inversely proportional to the
membrane area required for separation. Thus high permeability
leads to lower cost. However, for most membranes, there is trade-
off between selectivity and permeability. A highly permeable
membrane tends to have low selectivity, and vice versa. Robeson
[79] has suggested that this trade-off may be represented as an
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upper bound to membrane performance. Overcoming of this upper
bound is the focus of many researchers in polymeric membranes,
because achieving both high carbon dioxide permeability and
selectivity is desirable.

Improving the performance of the CO,-selective polymeric
membrane is achievable by two approaches; first is by increasing
the solubility of carbon dioxide in the membrane through changes
in polymeric composition, and secondly, increasing the diffusion of
carbon dioxide by altering the polymer packing within the
membrane. The combination of these approaches has produced
a wide range of polymeric membranes with reasonable perme-
ability and selectivity to provide good carbon dioxide separation.
Polymers studied by various researchers include polyacetylenes
[80], polyaniline [81], poly(arylene ether)s [82], polyarylates [83],
polycarbonates and polyphenylene ethers [84], polyetherimides
[85], poly(ethylene oxide) [86], polyimides [87], polypyrrolones
[88] and polysulfones [89]. They all have reasonable permeability
and selectivity, with some achieving performance around Robe-
son’s upper bound. Fig. 8 shows the molecular structures of some
commonly used polymers.

Ostwal et al. [90] recently reported the transport and sorption
properties of poly (fluoroalkoxyphosphazene) (PFAP) membranes
for carbon dioxide and nitrogen in both pure and mixed gas
experiments. The CO; permeability was reported to decrease from

336 to 142 Barrers with an increase in the CO,/N; ideal separation
factor from 12 to 21 as the membrane temperature was decreased
from 303 K to 258 K at feed pressure of 209 bars. Their report
compares favorably well with that of Stewart et al. [91], who also
reported CO, permeability of 376 Barrers and CO;/N; ideal sepa-
ration factor of 17 for PFAP at 303 K.

The performance of some polymeric membranes is summarized
in Table 6, mainly separating post-combustion flue gas with CO2/N,
being the main components [77]. Single-stage membrane systems
are not capable of high capture efficiency and CO, can be further
concentrated by a second membrane stage.

4.5.2. Inorganic membrane

There are two major categories of inorganic membranes, porous
and non-porous. Non-porous membranes are generally used in
highly selective separation of hydrogen, where transportation is
through alloys of palladium [92] or oxygen through perovskite
systems [93]. In porous inorganic membranes, a porous thin top
layer is casted on a porous metal or ceramic support, which
provides mechanical strength but offers minimum mass-transfer
resistance. Porous inorganic membranes are generally cheaper but
less selective.

Alumina, carbon, glass, silicon carbide, titania, zeolite and
zirconia membranes are mainly used as porous inorganic
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Fig. 8. Examples of polymer molecular structures used for CO, separation.
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Table 6

Performance of polymeric membranes separating CO,/N,.
Material Permeance Selectivity

[m3/(m2Pas) *C0O,/N,

Polyimide 735 43
Polydimethylphenylene oxide 2750 19
Polysulfone 450 31
Polyethersulfone 665 24.7
Poly (4-vinylpyridine)/polyetherimide 52.5 20
Polyacrylonitrile with poly (ethylene glycol) 91 27.9
Poly (amide-6-b-ethylene oxide) 608 61

Source: Powell and Qiao [77].

membrane supported on different substrates such as a-alumina,
v-alumina, zeolite or porous stainless steel. Surface modification
by covalently bonding a layer of selected compounds with
appropriate functional groups is one of the more convenient ways
to alter membrane performance. These functional groups have
a high chemical affinity for carbon dioxide and therefore the pore
walls become saturated, which increases the permeability. These
membrane performances approach Robeson’s upper bound for
carbon dioxide separation and are therefore compatible with
polymeric membranes.

4.5.3. Zeolite membrane

Zeolites are inorganic crystalline structures with uniform-sized
pores of molecular dimensions. Small-, medium-, and large-pore
zeolites have been used to prepare membranes that separated CO,
from CH4 [94—98]. Because both CO; (0.33 nm kinetic diameter)
and CH4 (0.38 nm) molecules are much smaller than the pores of
large-pore and medium-pore zeolites, separation with these
membranes was mainly based on competitive adsorption. For
ZSM-5 membranes, the CO,/CH4 separation selectivity at room
temperature was 2.4—5.5 [99]. For Y-type membranes, CO,/CHg
separation selectivities were ~10 [100], for X-type membranes,
CO,/CH4 separation selectivities as high as 28 were obtained [96].
Sebastian et al, [101] also prepared MFI-type zeolite membranes
(Na-ZSM-5 and B-ZSM-5) on y-alumina and stainless steel tubular
supports, and were tested for separation of CO,/N; mixtures. The
separation between CO, and N was reported to take place
because of the preferential adsorption of CO,, which hinders the
permeation of N through the zeolite pore network. Boron
substituted ZSM-5 (B-ZSM-5) membrane prepared over a porous
stainless steel support was reported to give the best results, with
COy/N, separation selectivities of 13 and a CO, permeance of
2.66 x 10~/ mol/(m? s Pa).

In contrast, the small-pore molecular sieves such as zeolite T
(0.41 nm pore diameter), DDR (0.36 x 0.44nm) and SAPO-34
(0.38 nm) have pores that are similar in size to CH4 but larger than
CO,. High CO3/CH4 selectivities were observed for these
membranes due to a combination of differences in diffusivity and
competitive adsorption. Cui et al. [102] using a T-type zeolite
membrane, obtained a CO,/CH,4 separation selectivity of 400 and
a CO, permeance of 4.6 x 1078 mol/(m? s Pa) at 308 K for a trans-
membrane pressure drop of 0.1 MPa and a vacuum on the permeate
side. Tomita et al. [103] using DDR zeolite membrane on porous
alumina tubes, obtained a CO,/CH4 selectivity of 220 and a CO;
permeance of 7 x 108 mol/(m? s Pa) at 301 K for pressure drop of
0.5MPa. Some authors have also reported that SAPO-34
membranes selectively separate CO; from CHy [94,97,104]. The
SAPO-34 is a silicoaluminophosphate having the composition: Six.
AlyP,0;, where x=0.01-0.98; y =0.01-0.60; z=0.01-0.52; and
Xx+z =y [98]. Li et al. [104] reported that SAPO-34 membranes had
a CO,/CH4 selectivity of 67 and a CO, permeance of 1.6 x 10~/ mol/
(m? s Pa) at 297 K. Adsorption isotherm showed that CO, adsorbs

more strongly than CH4 on SAPO-34 crystals and thus, preferential
adsorption of CO, is partially responsible for the CO,/CH4 selec-
tivity. These membranes were reported to be selective for CO, in
the presence of H,0, Ny, C;Hy, C3Hg and n-C4Hqg impurities. In the
presence of the five impurities in the feed, Li et al. [104] reported
that the CO,/CHy4 selectivity was 48 and the CO, permeance was
0.88 x 10~ mol/(m? s Pa) at 297 K.

4.5.4. Silica membrane

Amorphous silica with pores smaller than 1 nm is suitable as
a material for highly selective membranes. However, diffusion
through such narrow pores is usually slow. In order to improve both
the performance and the selectivity of silica membranes, a number
of studies have been reported on attempts to control the pore
structures. Chemical vapor deposition (CVD) and sol—gel methods
are used to prepare silica membranes, which provide pore prop-
erties that, are appropriate for gas separation. The latter is
frequently adopted in membrane synthesis or membrane pore
modification because of its controllability and homogeneity
[105—107]. Gas permeation rates through inorganic membranes
prepared by sol—gel process are relatively high, because of the very
thin top layers of 50—200 nm thick. Brinker et al. [108] and Raman
and Brinker [109] used methyltriethoxysilane (MTES) to modify
silica membranes that were formed by using tetraethoxysilane
(TEOS) and reported that the resulting membranes showed both
high CO, permeances and CO,/CHy4 selectivities.

4.5.5. Membranes in conjunction with chemical absorption

The combination of chemical absorption and selective
membranes has also been suggested, so as to perform absorption
and desorption in a single unit [110,111]. Guha et al. [112] modeled
and measured the permeabilities and separation factors through
a liquid membrane for a CO,—N; system over a wide range of CO,
partial pressures. In their approach, an immobilized liquid
membrane (ILM, also referred to as supported liquid membrane or
SLM) and an aqueous solution of diethanolamine (DEA) was used.
In this system, DEA was immobilized in the pores of hydrophobic
microporous polypropylene membrane, and helium gas was used
as the sweep. Their combined CO; absorption and desorption into
a single unit that require no external energy was reported to ach-
ieve CO,/N; separation factors of 230—516. The model developed by
Guha et al. [112] was adopted by Bao and Trachtenberg [113] to
evaluate the performance of hollow fiber, contained liquid
membrane (HFCLM) permeator for the separation of CO, from
a COy—air mixture, using a DEA solution as the liquid membrane by
means of both experimental and numerical methods. A permeance
of 1.51E—8 mol/m? s Pa was reached and CO,/N- selectivity of 115,
with a 20% (wt) DEA liquid membrane and a feed of 15% CO; in
CO,—air mixture at atmospheric pressure. Their model predictions
compared well with the experimental results at CO, concentrations
of industrial importance.

4.6. Chemical-looping combustion

Chemical-looping combustion (CLC), proposed by Richter and
Knoche in 1983 [114], divides combustion into intermediate
oxidation and reduction reactions that are performed separately
with a solid oxygen carrier circulating between the separated
sections. Suitable oxygen carriers are small particles of metal oxide
such as Fe;03, NiO, CuO or Mn;0s. A basic CLC system is shown in
Fig. 9 [115]. The CLC has two reactors, one each for air and fuel. The
oxygen carrier circulates between the reactors. In the air reactor,
the carrier is oxidized by oxygen according to reaction (32). In the
fuel reactor, the metal oxide is reduced by the fuel, which is
oxidized to CO; and H,0 according to reaction (33).
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Combustion products
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Fig. 9. Chemical-looping combustion [113].

0, + 2Me — 2MeO (32)

CoHom + (2n 4+ m)MeO— nCO, + mH,0 + (2n + m)Me (33)

The amount of energy released or required in the reactors depends
on these two reactions, as well as the temperature of reactions.

CLC has several advantages compared with conventional
combustion. The exhaust gas stream from air reactor is harmless,
consisting mainly of N». In a well-designed system, there should no
thermal formation of NOy since the regeneration of oxygen carrier
takes place without flame and at moderate temperatures. The
exhaust gas from the fuel reactor consists of CO, and H;0. Sepa-
ration of CO; can be done by a condenser, a major advantage with
CLC which avoids the huge energy penalty necessary in traditional
amine-scrubbing process to capture CO, and thus leads to less
operational cost.

Research in metal oxide air separation is focused on cost and the
physical and chemical stability of the oxygen carriers over many
cycles. The particles usually consist of a reactive oxide and a sup-
porting inert oxide. While various oxygen carrier particles are
under consideration, copper, iron, manganese and nickel are the
most promising reactive metals [116]. No large-scale demonstra-
tion has been performed but models predict that a power system
utilizing metal oxide air separation has significant advantages. The
lower irreversibilities associated with the regeneration step relative
to conventional combustion add to the already low energy
requirement of the inherent separation of CO, from nitrogen.
Brandvoll and Bolland [117] reported that the resulting overall
energy penalty could be as low as 400 kJ/kg CO, for a natural gas
combined-cycle plant, assuming idealized chemical stability of the
oxygen carrier.

The pros and cons of CO, separation techniques discussed above
is summarized in Table 7.

5. Technical and economic barriers of CO, capture and
separation technologies

Carbon capture and separation each have many technical
barriers remaining to be scaled in the future. The idea of separating
and capturing CO, from the flue gas of power plants did not start
with concern about the greenhouse effect. Rather, it gained atten-
tion as a possible economic source of CO,, especially for use in
enhanced oil recovery (EOR) operations where CO; is injected into
oil reservoirs to increase the mobility of the oil and, therefore, the
productivity of the reservoir. The three main general technological
approaches discussed in this review for CO, capture include
post-combustion, oxyfuel combustion and pre-combustion

decarbonization. Each technology has advantages and disadvan-
tages. Some have been proven in the chemical production industry
and others, while holding much future promise, are still in the
laboratory development stage.

Post-combustion CO, capture is the most straightforward
technique. End-of-pipe treatment of flue gases produced by
conventional fossil fuel-fired plants belongs to this category.
However, the technique’s economic efficiency is rather low. The
huge volumes of the flue gas containing relatively little CO, must be
handled by conventional absorption processes requiring very large
and expensive equipment. Though the efficiency penalty that the
technique imposes on the power plant is huge, on the order of
25—35% [118]; yet post-combustion capture seems eminently
suitable for retrofitting to existing facilities because it does not
affect the upstream (fuel) part of the plant.

The second approach to carbon capture is oxyfuel combustion,
which is also called oxyfuel decarbonization or 0,/CO; firing. It is
a much more elegant technique than post-combustion CO; capture
because pure oxygen is used as the oxidant instead of air. Nitrogen
is completely eliminated from the process. Oxyfuel combustion is
much more promising for new installations than post-combustion
CO; capture. Although the air separation (oxygen generation) unit
consumes a lot of energy, its overhead is mitigated by the elimi-
nation of the need for final CO, separation. There is a broad,
ongoing and worldwide R&D effort to reduce the cost of oxygen
generation. Most advanced processes being investigated are based
on operating membranes at high temperatures. Scale—scale test
rigs have confirmed that overall plant efficiency and economics can
be improved by oxyfuel combustion; and it appears that oxyfuel
combustion could be retrofit to existing steam power plants
without incurring exorbitant costs [118].

The third carbon capture option, pre-combustion decarbon-
ization, involves removal of the carbon prior to the combustion
stage of an IGCC plant. First, a fossil fuel is transformed to
a synthetic gas (syngas), essentially a mixture of CO + H». Next, the
CO in the syngas is converted to Hy +CO, by a water—gas shift
(WGS) reactor. Finally, the CO, is separated by conventional
methods. The big advantage of pre-combustion carbon removal is
that the CO, separation step consumes much less energy than in
other processes because it takes place in a smaller reaction volume
and at lower volumetric flow rates, elevated pressure and higher
component concentration. The higher concentrations make the
capture process far less energy-intensive. The energy generation
penalty, typically 10—16%, is roughly half that of post-combustion
CO, capture. Pre-combustion carbon capture is a lot more cost-
effective than post-combustion capture and slightly more effective
than oxyfuel capture [118]. The primary disadvantage of pre-
combustion capture is that total capital costs of generating facility
are very high. Operating costs are higher than for standard plants
due to the energy penalty, but they are lower than for post-
combustion capture. Affordable pre-combustion capture will
require significant Research and Development investment. Hot gas
cleanup technology and improved oxygen production processes are
the two areas of development. While several carbon capture
methods are commercially mature for use, application on a scale
necessary to impact global CO, emission may lead to unacceptable
increases in the costs of plant operations unless current technolo-
gies can be significantly improved upon or new approaches are
developed. Wright et al. [119] has carried out simulations to eval-
uate the use of sorption-enhanced-water—gas shift (SEWGS) for
power generation from natural gas with carbon capture. Their
modeling results show that using SEWGS process could signifi-
cantly reduce the cost of capturing CO; versus a reference design
that uses amine absorption. van Selow et al. [120] also developed
a technology using potassium-promoted hydrtalcite-based
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Table 7
Pros and cons of CO, separation technologies.
CO, separation technology Pros Cons
Chemical absorption technology
Ammonia process e Lower heat of regeneration than MEA e Ammonium bicarbonate decomposes at 140°F, so
e Higher net CO, transfer capacity than MEA temperature in the absorber must be lower than 140°F
e Stripping steam not required e Ammonia is more volatile than MEA and often provides
e Offers multipollutant control an ammonia slip into the exit gas.

Amine scrubbing

Physical absorption

Applicable to CO, partial pressures.
Recovery rates of up to 95% and product
purity >99 vol. % can be achieved.

Low utility consumption

Rectisol uses inexpensive, easily available methanol.
Selexol has a higher capacity to absorb gases than amines.
Selexol can remove H,S and organic sulphur compounds.
Both provide simultaneous dehydration of the gas stream

Ammonia is consumed through the irreversible formation
of ammonium sulfates and nitrates as well as removal
of HCl and HF.

Process consumes considerable energy.

Solvent degradation and equipment corrosion occur in
the presence of O,.

Concentrations of Sox and NOy in the gas stream combine
with the amine to form nonregenerable, heat-stable salt.
Rectisol refrigeration costs can be high.

Hydrocarbons are coabsorbed in Selexol, resulting in
reduced product revenue and often requiring recycle
compression.

Refrigeration is often required for the lean Selexol solution.
More economical at high pressures.

Membrane technology

No regeneration energy is required
Simple modular system
No waste streams

CLC

No thermal formation of NOx

Exhaust gas stream for air reactor is harmless

Membranes can be plugged by impurities in the gas stream.
Preventing membrane wetting is a major challenge.
Technology has not been proven industrially

No large-scale demonstration has been performed.

e Avoids huge energy penalty; and thus less operational cost

material; and has been shown to reversibly take up CO, at
temperatures near 400 °C with associated promising breakthrough
capacities of 1.3—1.4 mmol/g under realistic conditions. Total
capacities for this material can exceed 8 mmol/g if feed partial
pressures of CO, and H,O0 are sufficiently high. However, this high
capacity was presumably associated with formation of MgCO3 and
the kinetics of this chemisorption is too slow to exploit in a pres-
sure-swing adsorption process such as SEWGS. Sorbent develop-
ment reactor development and process improvement are
imperative to meet cost targets for commercialization of the
SEWGS technology in power plants and hydrogen production
plants.

Various technologies have also been discussed for CO, separa-
tion, and these include chemical absorption using ammonia and
amine, physical absorption, physical adsorption, membrane
systems, cryogenic fractionation, chemical-looping combustion.
Each of these technologies may be combined with various methods
for fuel pre-processing and combustion. For example, the removal
process may be applied directly to the flue gas from a conventional
power plant; it may be combined with a coal gasifier as an add-on
to an integrated coal gasifier combined facility; or it may be inte-
grated into a system based on fuel cells. The precise form of the
separated CO, (purity, solid, liquid or gaseous state; and the
temperature and/or pressure) is a function of the total system
design, including the disposal methods (deep oceans [121];
depleted oil and gas fields [122], deep saline formations (aquifers)
and recovery of enhanced oil, gas and coal-bed methane [122] and
mineral carbonation [123]). The costs of each of these individual
technical approaches are highly uncertain, particularly at the scale
of a modern fossil power plant. Moreover, costs estimates may
differ greatly depending on the type of fossil fuel used.

By and large, opportunities for advances in materials to improve
current capture technologies include higher capacity adsorbents
and increased membrane selectivity. Research enabling improved
compounds for chemical separation processes could reduce energy
requirements and increase stability. Chemical solvent separation

could benefit from compound with high capacity and lower
regeneration energy.

6. Improvement opportunities in CO, separation technology

The new demand from climate change concerns has stimulated
research efforts to examine new opportunities in this area.
Improvements to amine-based systems for post-combustion CO,
capture are being pursued vigorously by a number of process
developers; a few of these include Fluor, Mitsubishi Heavy Industry
(MHI) and Cansolv Technologies. Fluor Econamine FG plus is
a proprietary acid gas removal system that has demonstrated
greater than 95% availability with natural gas fired power plants. It
is currently the state-of-the-art commercial technology baseline
and is used in comparing other CO; capture technologies. MHI has
developed a new absorption process, referred to as KS-1. A key
factor in this development is the utilization of a sterically hindered
amine solvent for the capture of CO, from flue gas [124].

Cansolv Technologies, Inc., also proposes to reduce costs by
incorporating CO, capture in a single column with processes for
capturing pollutants, such as SO,, NOy and Hg. Their new DC103R
tertiary amine solvent has demonstrated fast mass transfer and
good chemical stability with high capacity — a net of 0.5 mol of CO,/
mole of amine per cycle compared to 0.25 mol/mol for mono-
ethanolamine (MEA) [125].

Research and Development pathways to improve amine-based
systems include modified tower packing to reduce pressure drop
and increase contacting, increased heat integration to reduce energy
requirements, additives to reduce corrosion and allow higher amine
concentrations and improved regeneration procedures.

Another ammonia-based system, under development by Als-
tom is Chilled ammonia process (CAP). This process uses the same
AC/ABC absorption chemistry as the aqueous system described
above, but differs in that no fertilizer is produced and a slurry of
aqueous AC and ABC and solid ABC is circulated to capture CO;
[126]. The process operates at near freezing temperatures



2626 AA. Olajire / Energy 35 (2010) 2610—2628

(32—50°F), and the flue gas is cooled prior to absorption using
chilled water and a series of direct contact coolers. Technical
barriers associated with the technology include cooling the flue
gas and absorber to maintain operating temperatures below 50°F
(required to reduce ammonia slip, achieve high CO, capacities, and
for AC/ABC cycling), mitigating the ammonia slip during absorp-
tion and regeneration, achieving 90% removal efficiencies in
a single stage, and avoiding fouling of heat transfer and other
equipment by ABC deposition as result of absorber operation with
a saturated solution. This process and aqueous ammonia scrubbing
technology have the potential for improved energy efficiency over
amine-based systems, if the barriers can be overcome.

Better improvement in gas—liquid contact can also reduce the
size of absorber and costs; improve practical CO, loading and
reduce the sorbent circulation and regeneration energy require-
ment. This becomes more important for new sorbents that have
lower reaction rate constants along with their lower regeneration
energy requirements. A study has indicated that structured packing
in an absorber can provide a much higher overall mass-transfer
coefficient than the currently used random packing [127]. Using the
membrane technology can reduce absorber size because
membranes provide large contact surface between the gas and the
liquid. A study has also indicated that an absorber using membrane
technology can reduce its size by 72% and its weight by 66%
compared with a conventional absorption column [128].

Chemical modification of polymeric membranes is one of the
most promising approaches for greatly enhancing separation
performance. Therefore, further development of existing modifi-
cation methods or invention of new modification technique for
existing gas-separation materials may accelerate the commercial-
ization of polymeric membranes for the hydrogen economy.
However, long-term stability and performance of the polymeric
membranes at elevated temperature are necessary to maintain the
robusteness of the membrane-based systems [129].

Biologically based capture systems are another potential avenue
for improvement in CO;, capture technology [130]. These systems
are based upon naturally occurring reactions of CO, in living
organisms. Carbozyme, Inc., has developed a biomimetric tech-
nology that promises significant cost and performance advantages
over amine-scrubbing systems for the capture of CO; from
combustion flue gases [131] The Carbozyme technology has three
key features: 1) a rapid catalyst, CA; 2) a high efficiency mass-
transfer hollow fiber design; and 3) low energy requirement that
does not use high value steam. The process, utilizing carbonic
anhydrase (CA) in a hollow fiber contained liquid membrane, has
demonstrated at laboratory scale the potential for 90% CO, capture
followed by regeneration at ambient conditions. Thus is a signifi-
cant technical improvement over the MEA temperature swing
absorption process. The CA process has been shown to have a very
low heat of absorption that reduces the energy penalty typically
associated with absorption processes. Carbozyme biomimetric
process can afford a 17-fold increase in membrane area or a 17
times lower permeance value and still be competitive in cost with
MEA technology [132].

7. Conclusion

The fundamentals of combustion and separation processes
suggest that the capture of high purity, high concentrated CO, from
fossil fuels require energy. Improved energy efficiency and fuel
switching are thus clearly superior strategies for curtailing CO,
emissions. The possibility of capturing carbon and fixing it as a solid
(to be disposed of at low cost) or use it as a secondary product of
commercial value, is also attractive. Carbon capture and separation
from large point source such as power plants can be achieved

through continued research, development and demonstration.
Research to develop technologies and processes that increase the
efficiency of capture system with reduction in overall cost and
energy efficiency is critical to creating a feasible GHG control
implementation plan, covering not only power plant and industrial
facilities but also the infrastructure required to support such
implementation.

MEA has been the most commonly chosen solvent so far for
absorption process, and has often been enhanced with additives to
improve its performance. Improvement must still be made,
however, for post-combustion solvent absorption/regeneration
processes to be a competitive option for CO, capture. Aqueous
ammonia scrubbing technology is a promising technology for CO;
separation but the fate of bicarbonate after the spreading of ABC
onto soil is a key issue. The use of sterically hindered amine, such as
AMP or Mitsubishi Heavy Industry (KS-1, KS-2) provides another
option which has an exceptionally low corrosive nature and unlike
MEA, does not require a corrosion inhibitor. Gas-separation
membranes have the potential to capture CO; from pre-combustion
and post-combustion gas stream. However, improvements in
membrane CO, permeability, CO2/N, selectivity, membrane cost
reductions, degradation of performance over times due to a variety
of factors are some of the challenges that will be needed to over-
come to make CO, separation using membrane technology
a competitive option. Solvent assisted membranes are also being
developed to combine the best features of membranes and solvent
scrubbing. CLC, a novel capture technique whereby a fuel is con-
tacted with a metal oxide which releases oxygen for combustion;
and regenerating the oxide by reaction with air in a separate vessel.
Degradation of the oxide material is a concern in CLC.

Utilization of technological options for separation and/or
capture of CO; from combustion flue gas and other industrial
effluents will make the world oil and gas industry realize their
vision in future by moving from “CO, threatening”, due to the
global warming potential (or “the greenhouse effect”) of CO; to
“opportunities” from the use of the captured CO; as a secondary
product to produce chemical substances through the application of
organic chemistry, biofuels, etc or injecting the pure streams of CO,
captured into the underground for enhanced oil recovery (EOR),
enhanced gas recovery (EGR) and enhanced coal-bed methane
(ECBM), although not covered in this review.

There are a lot of uncertainties about which technologies could
lead to real improvements and which really have no real prospects
for reducing the cost of capture. When reviewing the literature, it is
difficult to compare technologies that have been studied by
different groups of researchers because they each have different
bases for analysis and optimism were often injected into their
analysis. According to Steeneveldt et al. [133], IEA [134] and Irons
et al. [7], post-combustion is the only most feasible technology to
implement in near future especially for existing power plants with
amine solvents. Technologies should be carefully and objectively
analyzed, and efforts should be made to reduce uncertainty and
bias before implementation.
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