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A synopsis of the published literature on removal of CO2 from a flue gas is given. A
novel thermal swing chemisorption (TSC) process concept is proposed for removal and
recovery of compressed CO2 from a flue gas without precompression, predrying, or
precooling. The process uses Na2O promoted alumina as a reversible CO2 selective
chemisorbent in conjunction with the principles of rapid thermal swing adsorption for
direct production of compressed CO2 from a flue gas. Several complementary process
steps are used in the design to compress the product CO2 and to achieve high CO2

recovery and sorbent capacity utilization. Judicious steam purge steps are used for
highly efficient sorbent regeneration and to minimize the steam requirement. The CO2

chemisorption characteristics of the sorbent are reviewed and a model simulation of
the TSC process performance is reported. � 2008 American Institute of Chemical Engineers

AIChE J, 54: 2293–2302, 2008

Keywords: carbon dioxide, chemisorption, flue gas, promoted alumina, removal, com-
pression

Introduction

Carbon dioxide emission to the atmosphere is one of the
main causes of global warming. Approximately 6.0 billion
metric tons (bmt) of CO2 was released into the air in the
USA alone during the year of 2005, and it is estimated to
reach 8.0 bmt per year by 2030.1 CO2 constitutes about
83.8% of total US greenhouse gas emission, others include
CH4 (9.3%), N2O (5.2%), and HFCs (1.7%). Nearly 98% of
all CO2 emission sources in the USA are energy related.
They include (1) the residential sector (e.g. combustion of
natural gas for home heating), (2) the commercial sector
(e.g. combustion of coal and natural gas for electricity pro-
duction), (3) the industrial sector (e.g. chemical production
of cement, lime, iron and steel, etc.), and (4) the transporta-
tion sector (e.g. combustion of gasoline and diesel).1,2 Figure
1 shows the relative amounts of CO2 emissions by these

sectors. It is likely that CO2 will continue to be emitted from
the fossil fuel based energy infrastructure for the next several
decades.3

The electric power generation industry (EPGI) approxi-
mately produces 40% of the total CO2 in the USA. The
shares of the electric power consumption by the above-
described sectors are, respectively, 37.1, 34.5, 27.8, and
0.7%, and the primary sources of CO2 for the EPGI are coal
(;82.2%), natural gas (;13.5%), and petroleum (;4.2%).1

The CO2 is currently vented into the atmosphere as a waste
(flue) gas after the necessary scrubbing and removal of acid
gas contaminations (SOx and NOx). However, the CO2 man-
agement goals by EPGI call for removal and sequestration of
;15, 30, and 80% CO2 by the years 2015, 2025, and 2050,
respectively.

Table 1 shows the CO2 concentration of typical flue gases
from various sources.2–4 The balance is N2, dilute O2 (1–
3%), and traces of the acid gases at a near ambient pressure
and a temperature of 130–1808C.2–4 The gas is generally sat-
urated with water. The need for developing an efficient
and economic method for recovering the CO2 from a
waste gas and its subsequent compression and sequestration
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in geological formations (e.g. under ground caverns, fossil
fuel reservoirs) or water bodies (e.g. lakes, oceans) has been
a subject of much debate and discussions during the last dec-
ade. This has resulted in numerous studies and reviews on
the subject.3,5–8

Some of the crucial technical issues for removal of CO2

from a flue gas are that:
l The flue gas is generally produced at a near ambient

pressure, and the volumetric flow rate is large. The separa-
tion process must not require much or any compression of
the gas to be economically viable.

l The CO2 partial pressure of the flue gas is low (0.05–
0.3 atm). The separation process must be efficient under that
low CO2 driving force condition.

l The gas is saturated with water. Use of a separate drier
prior to CO2 removal from that gas (other than simple con-
densation of water) may be costly.

l The gas is generally produced at an elevated tempera-
ture of 130–1808C. It may be beneficial to treat the gas at its
source temperature.

Three different generic separation technologies have been
extensively studied for capture and recovery of CO2 from
flue gases during the past 15 years.4 They include:

l Absorption of CO2 in a physical or chemical solvent fol-
lowed by regeneration of the solvent for production of CO2.

l Physical or chemical adsorption of CO2 on a solid adsorb-
ent followed by regeneration of the sorbent to produce CO2.

l Selective permeation of CO2 through a porous or non-
porous membrane.

Some of these technologies are fairly well developed for
the application of interest and they continue to be further
developed. The following sections highlight the key features.

Absorption of CO2

Continuous absorption systems (scrubbers) use physical,
chemical, or hybrid solvents for CO2 removal. The flue gas
is cooled to near ambient temperature and passed through a
wet scrubber system (limestone or gypsum process) for re-
moval of SOx, and then passed through an absorber. The
CO2 free gas is vented. The solvent is counter-currently

passed through the absorber and continuously regenerated in
a stripping tower. Physical solvents like selexol or rectisol,
which can be easily regenerated by pressure reduction with-
out additional heat energy, are used when the partial pressure
of CO2 is moderately high. However, that often requires ex-
pensive compression of the flue gas.4 Chemical solvents like
alkanol-amines [e.g. monoethanolamine (MEA)], which are
thermally regenerated by heating with steam, are preferred
solvents for low partial pressure CO2 removal. High heat of
CO2 reaction, limited CO2 absorption capacity by the sol-
vent, additional removal of the trace chemical solvents from
the CO2 free effluent gas and the waste water generated by
condensation of the regenerating steam, and significant corro-
sion problems are some of the key design and cost issues.3

Presence of O2 in the flue gas can cause degradation of these
amines during the thermal regeneration process,3 and chemi-
cal inhibitors are added to the amine solution to counter this
effect.9,10 Removal of O2 from the amine solution prior to its
thermal regeneration by heating the solution and passing it
through a flash tank under vacuum is also proposed.3

The typical energy consumption for thermal regeneration
of MEA is ;4–5 MM BTU (4200–5300 MJ) per ton of CO2

recovered3 and the typical amine consumption is ;4.5 lbs
(2.05 kg) per ton of CO2.

11 Use of formulated amines (new
structures, mixed amines, amine additives, etc) and improv-
ing process efficiency are active R&D areas.11–14 A proprie-
tary formulation, [aqueous solution of R1R2N(CHR3)n
CH2NH2, where R1 and R3 5 H or alkyl; R2 5 OH-substi-
tuted alkyl; and n 5 1, 2], to reduce the amine loss to ;0.8
lb (0.36 kg) per ton of CO2 from a steam reformer flue gas
has been pilot tested in recent years.11,12 The CO2 product
purity is better than 99.9% and its recovery is ;90%. An
economic evaluation of the CO2 removal and recovery from
a flue gas by the MEA absorption process can be found in
Ref. 15.

Adsorption of CO2

Several pressure swing adsorption (PSA), thermal swing
adsorption (TSA), and combined PSA-TSA processes have
been designed for removal and recovery of CO2 from a CO2

containing gas.16–21 They generally use a CO2 selective phys-
ical adsorbent like an activated carbon or a zeolite, and con-
sist of a sequence of cyclic unsteady-state process steps. A
number of parallel adsorbers are employed to achieve contin-
uous operation. These adsorbents require that water and other
highly polar compounds be removed from the feed gas prior

Table 1. Typical Examples of CO2 Content of Flue Gases
from Various Sources

Source of Flue Gas
CO2 Concentration

(mole %)

Pulverized coal fired power plant 13–15
Natural gas fired combined

cycle power plant 3–9

Integrated gasification combined
cycle power plant using coal slurry 7

Steam reformer 8
Petrochemical plant 7
Steel mill 25
Cement plant 30

Figure 1. Annual CO2 emissions by various sectors in
the U.S.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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to selective adsorption of CO2. A layer of a desiccant mate-
rial, such as alumina, is generally used for this purpose.

A four-step pressure-vacuum swing adsorption process
using NaX zeolite was commercialized for removal of CO2

from a landfill gas containing ;57% CH4 1 43% CO2.
16

Using a feed gas pressure of 5.8 atm (588 kPa) and a final
evacuation pressure level of 50–200 torr (6.7–26.7 kPa), the
process could produce a ;99% pure CO2 product with a re-
covery of ;98%.16 The same process was used to recover
CO2 (;99% purity at a recovery of ;63%) from a steel mill
flue gas at ;1.12 atm (113.5 kPa) by using zeolite X as the
adsorbent.17 The CO2 recovery could be raised to above 80%
by modifying the process.17 Simultaneous use of pressure
reduction and heating of the adsorbent (CaX zeolite) to facil-
itate CO2 desorption have also been used to produce 99%
CO2 with a recovery of 90% from a thermal power station
flue gas.18

Research on improved adsorbents for CO2 is ongoing.
Examples include zeolites impregnated with azides (NaN3)
for use at elevated temperatures,22 and hydrophobic, molecu-
lar sieve carbon (MSC) made by carbonizing poly-vinyl-alco-
hol/phenol resin.23

More recently, a novel pressure swing chemisorption
(PSC) concept was developed for removal and recovery of
CO2 from a hot waste gas without cooling or predrying the
feed gas.24 The concept used a CO2 selective chemisorbent
(Na2O promoted alumina) and a five-step cyclic PSA process
consisting of (a) adsorption at feed gas pressure and tempera-
ture to produce a CO2 depleted gas, (b) cocurrent CO2 rinse
with recycling of the effluent gas as feed, (c) counter-current
depressurization to produce a CO2 rich stream for use in step
(b) after recompression, (d) counter-current evacuation and
purging the adsorber with super-heated steam at feed temper-
ature, and (e) repressurization of the adsorber to feed pres-
sure using a part of the gas from step (a). The cycle is then
repeated. The high purity CO2 product is obtained by con-
densing out steam from the effluent of step (d). Using a feed
pressure of ;8.6 atm (871 kPa) at a temperature of 2008C,
and a steam purge at a pressure of ;130 torr (17.3 kPa) at
the same temperature, the process could produce a CO2

stream of 991% purity with a recovery of ;78% when a
feed gas mixture containing 10% CO2 1 90% N2 was
used.24 This process can potentially be tailored to recover
CO2 from flue gases.

All of the above described adsorptive processes can be
adjusted to deliver a ;99% CO2 product gas with high CO2

recovery from a flue gas. They have the advantage of being
dry processes (no solvent) without any corrosion problems.
However, they will require additional equipments like com-
pressors and vacuum pumps.

Membrane Separation of CO2

Removal of greenhouse gases (e.g. CO2) by using mem-
branes has been the subject of many works because of their
dry and continuous operation.4,25–27 Polymers exhibiting
promising properties for this application include phenylene
oxide, trimethylsilylpropine, and polycarbonates.4 Nanopo-
rous adsorbent membranes (zeolites and carbons) have also
been produced for selective permeation of CO2.

28–31 MSC
membranes, which selectively permeate the smaller mole-

cules of a gas mixture, exhibited fairly high permeance and
permselectivity for removal of CO2 from mixtures with
CH4.

29 Another nanoporous carbon membrane called selec-
tive surface flow (SSF) membrane, which selectively perme-
ates more polar CO2 from non or weakly polar gases by
selective adsorption on the pore walls, has also been made
and pilot tested.30,31

The feed gas containing low concentrations of CO2, how-
ever, needs to be compressed for membrane separation,
which can be very costly. In addition, the CO2 permselectiv-
ities of these membranes are not high enough to achieve the
desired CO2 purity and recovery in the permeate side of the
membrane in one stage. Multistage membranes with or with-
out gas recycles of permeate gases after recompression will
significantly add to cost.4

A more promising application of membrane technology for
CO2 removal is the so-called gas absorption membrane
which uses the conventional membrane architecture such as
the hollow fiber membrane as an efficient gas–liquid contac-
tor. The separation mechanism is essentially absorption. The
gas flows through one side of the membrane while a CO2

selective solvent like an amine solution flows through the
other side.4,32,33 The CO2-laden solvent leaving the mem-
brane is thermally regenerated in a separate unit to produce
the high purity CO2 gas. The solvent is then recirculated.

The above sections provide a glimpse of the state of the
art for CO2 separation from a gas using absorption, adsorp-
tion, and membrane technologies. Some of these technologies
have been tested in bench, pilot, or semicommercial scale
units. Thus, removal and recovery of CO2 from a flue gas is
at least technically feasible and several choices exist. The
recovered CO2 must then be compressed to a very high pres-
sure (;2000 psig, 13.9 MPa) for sequestration or delivery to
the pipe lines.

The cost of CO2 separation and sequestration is a crucial
issue. Some of the published comments on this topic, such
as, ‘‘Doubling of the cost of power generation and more than
a 30% reduction in net power output,’’7 ‘‘Cost of power gen-
eration can increase by ;60% due to CO2 removal from the
flue gas,’’5 ‘‘Capture of CO2 adds substantially to the cost of
power generation and reduces plant efficiency,’’6 and
‘‘Storage of CO2 in deep aquifers, the oceans, or in ex-
hausted oil and gas fields is unproven but would be relatively
inexpensive. There are major uncertainties about disposal in
terms of environmental impact and long term security of
storage,’’6 etc, are worth mentioning.

Novel Thermal Swing Chemisorption
Process for Removal and Recovery of
Compressed CO2 from Flue Gas

The objective of this work is to propose a novel thermal
swing chemisorption (TSC) concept for removal and recov-
ery of compressed CO2 from a flue gas without precooling,
predrying, and precompressing the gas. It employs the previ-
ously mentioned Na2O promoted alumina as a CO2 selective
chemisorbent for removal of CO2 from the flue gas.24 The
material offers reversible and extremely high selectivity of
chemisorption of CO2 from an inert gas such as N2 in pres-
ence of steam at a temperature of 200–4508C.34 The TSC
process uses a shell and tube arrangement of a CO2 chemi-
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sorbent column where the tubes are packed with Na2O pro-
moted alumina particles (diameter 5 dp) and the shell side is
used for indirect heating and cooling of the tubes using a
crossflow of super-heated steam at different temperatures and
ambient pressure. The tubes undergo the following five-step
cyclic process in a sequential manner:

(a) Sorption step where the CO2 contaminated flue gas
(mole fraction of CO2 5 yoF) is passed through the packed
tubes at near ambient pressure (PF ;1.1 atm, 111.4 kPa) and
a temperature of TF ([1508C). The CO2 is selectively chemi-
sorbed on the promoted alumina and a sharp CO2 mass trans-
fer zone is formed inside the tube which progressively moves
toward the exit-end of the column as more feed gas is
passed. A CO2 depleted gas is produced during this step
which is vented after heat recovery. The step is continued
until the CO2 concentration in the effluent gas rises to a pre-
set level so that the average CO2 concentration of the vented
gas is ;1%.

(b) CO2 rinse step where an essentially pure CO2 stream
(dry basis) is cocurrently passed through the packed tube at
pressure PF and temperature TF to remove the interparticle
void gas. Another sharp CO2 mass transfer zone is formed
inside the tube which progressively moves toward the exit-
end of the column. The mole fraction of CO2 in the effluent
gas during this is ;yoF, and it is optionally recycled as feed
gas to step (a) or vented to the atmosphere. The column is
saturated with essentially pure CO2 (dry basis) at the end of
this step.

(c) Heating step where the tubes are indirectly heated in a
batch-wise fashion to a temperature of TH when some of the
chemisorbed CO2 is thermally desorbed. The void gas pres-
sure rises from PF to PH (�PF) at the end of this step.

(d) High pressure steam purge step where the tubes are
counter-currently purged with super-heated steam at tempera-
ture TH and pressure PH while indirectly heating the tubes at
TH. The step causes isobaric and isothermal desorption of
chemisorbed CO2 from the tubes at a total gas pressure PH

and temperature TH.
35 The effluent gas consists of CO2 1

steam. The CO2 is initially pure then the mole fraction of
CO2 progressively decreases. Heat is partly recovered from
the effluent gas by heat exchange and then the steam is con-
densed out in a constant pressure device to produce a com-
pressed CO2 product at pressure PH. The step is continued
until the CO2 mole fraction in the desorbed gas reaches a
preset value. A portion of the chemisorbent at the steam inlet
end is freed of CO2 at the end of this step.

(e) Multitasking regeneration step where the tubes are
counter-currently depressurized from PH to PF and purged
with steam initially at temperature TH and pressure PF and
thereafter at temperature TF, while simultaneously cooling
the tubes (indirectly) from TH to TF. The purge steam flow
rate is initially large and then it is significantly reduced. The
effluent gas (CO2 1 steam) containing a progressively
decreasing concentration of CO2 is recycled as rinse gas to
step (b) after cooling and condensing out the steam, and then
reheating the gas. The chemisorbent in the tubes is cooled
down to TF and a significant amount of the chemisorbent at
the steam inlet end is freed of CO2 at the end of this step.
The cycle then repeats itself starting from step (a).

Figure 2 schematically depicts an example of the opera-
tional sequence of the five-step TSC cycle described above.

It corresponds to a case where PF 5 1.1 atm (111.4 kPa), TF
5 2008C, yoF 5 0.15, TH 5 5008C, and PH 5 13.5 atm (1.37
MPa). The key benefits of this process design are (a) removal
of CO2 from the flue gas at near ambient pressure without
predrying or precooling the gas, (b) direct production of a
compressed CO2 product gas, (c) high recovery of com-
pressed CO2, (d) high utilization of the CO2 sorption
capacity of the chemisorbent, and (e) use of steam as the
purge gas for desorption of chemisorbed CO2. Many of these
advantages were generated by the application of the princi-
ples of TSA in the TSC process in conjunction with the com-
plementary process steps like (b), (c), and (d).

Examples of TSC process embodiments

Figure 3 shows the arrangement of multiple sorbers to
introduce the poly-bed concept in the TSC process where
three parallel sorbers simultaneously receive the feed flue gas
and undergo other steps of the process to substantially reduce
the size of each adsorber. The poly-bed concept is a com-
mercially successful option for the design of (PSA) processes
when a very large feed gas rate is involved.36 Figure 4
describes an operational plan for the poly-bed TSC system of
Figure 3. Each process step is operated in a continuous fash-
ion. The cleaned effluent gas and the high pressure CO2

product gas are withdrawn continuously from the system. All
recycle streams are also continuous.

CO2 Chemisorption on Na2O
Promoted Alumina

The recently measured CO2 chemisorption characteristics34

on Na2O promoted alumina are briefly summarized below
because they were used in the model simulation of the TSC
process.

CO2 chemisorption isotherm

A novel, analytical, chemisorption-surface complexation
reaction model can be used to describe the equilibrium sorp-

Figure 2. Schematic drawing of the operational
sequence of the TSC process concept.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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tion of CO2 on the chemisorbent in the temperature range of
200–5008C34:

n�ðP; TÞ ¼ mKCP½1þ ðaþ 1ÞKRP
a�

½1þ KCPþ KCKRPðaþ1Þ� (1)

where n* is the amount of CO2 sorbed (mol/kg) at a partial
pressure of P (atm) and temperature T (K). The model pa-

rameters are the saturation CO2 chemisorption capacity of
the chemisorbent surface, m (mol/kg); the equilibrium con-
stant for surface chemisorption of CO2, KC (atm21); the equi-
librium constant for the additional surface complexation reac-
tion between the gaseous and chemisorbed CO2, KR (atm2a);
and the stoichiometric coefficient for the complexation reac-
tion, a. The parameter m is independent of temperature while
the other model parameters are exponential functions of T.
Table 2 reports the values of the model parameters at three
different temperatures. The isosteric heat of chemisorption
and the heat of surface reaction of CO2 were estimated to be,
respectively, 64.9 and 37.5 kJ/mol.34 The relatively low heats
are unique properties of this chemisorbent. They permit
reversible chemisorption and easy desorption of CO2.

CO2 chemisorption kinetics

The kinetics of chemisorption and desorption of CO2 on
the promoted alumina could be described by the conventional
linear driving force (LDF) model37:

dnðtÞ
dt

¼ k½n�ðtÞ � nðtÞ� (2)

where n(t) is the specific amount (mol/kg) of CO2 chemi-
sorbed at time t and n*(t) is the specific equilibrium adsorp-

Figure 3. Schematic flow sheet of a poly-bed TSC system.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

Figure 4. Plan for operation of poly-bed TSC scheme,
cyclic steps: S 5 sorption of flue gas; R 5
cocurrent CO2 rinse; BH 5 indirect batch
heating; HPSP 5 counter-current high pres-
sure steam purge; MTR 5 multitasking
regeneration.

Table 2. Model Parameters for Equilibria and Kinetics of
Chemisorption of CO2 on Na2O Promoted Alumina at

Various Temperatures

T (8C) m (mol/kg) a Kc (atm
21) KR (atm2a) kLDF (min21)

250 0.295 2.0 536 8 4.0
350 0.295 1.7 48.3 2 5.0
450 0.295 1.5 8.47 0.73 5.8
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tion capacity of CO2 (given by Eq. 1) at the prevailing gas
phase conditions. The parameter k (time21) is the LDF mass
transfer coefficient for CO2 ad(de)sorption. Their values at
different temperatures are reported in Table 2.34

Cyclic thermal stability of promoted alumina

We tested the thermal stability of the Na2O promoted alu-
mina in a commercial thermogravimetric apparatus (TGA) by
cyclically measuring the pure CO2 sorption capacity at ;1.0
atm (101.3 kPa) pressure and 2508C (4 h contact) and then
completely desorbing the CO2 by flowing pure N2 at
;ambient pressure and 5008C (10 h contact) over a few par-
ticles of the promoted alumina placed on the pan of the
microbalance. Figure 5 plots the relative cyclic CO2 capacity
of the material over a period of nine cycles. It may be seen
that there was an initial ;10% lowering of the CO2 cyclic
capacity followed by a fairly stable cyclic capacity after
three cycles of thermal swing regeneration at 5008C. Thermal
stability of the material in presence of wet CO2 was also
tested in past at 2008C during the cyclic operation of the
PSA process mentioned earlier.24 Nevertheless, it should be
emphasized that more extensive testing of the thermal stabil-
ity of the chemisorbent in presence of CO2 and H2O at a
temperature of ;5508C will be necessary.

Simulation of the TSC Process

The above described thermodynamic and kinetic models
for describing the chemisorption of CO2 on the promoted
alumina were used in conjunction with a ‘‘CSTR in series
model’’ to simulate each individual steps of the TSC process.
It was assumed that the effluent gas from the column during
step (b) of the process was not recycled because the amount
of CO2 in that gas was relatively small. Details about the
model framework and methods of solution can be found else-

where.38 The model was adapted for dynamic simulation of
(a) sorption and desorption of CO2 from a packed bed of
promoted alumina and (b) thermal regeneration steps of the
TSC process. The model simultaneously solved the algebraic
and ordinary differential equations describing the component
and overall mass balances and the energy balance for each
tank in series. The model could simulate isothermal or adia-
batic operation. It could also account for heat exchange
between the packed bed and the surroundings using an over-
all wall-heat transfer coefficient. The Matlab function
ODE15s, which is a variable-order solver based on the nu-
merical differential formulas, was used for the mathematical
integration process. It was found that 250 tanks in series
were adequate to simulate the sharp sorption-column break-
through data for sorption of CO2 on promoted alumina.

Simulation results

The simulations were carried out using a shell and tube
configuration of the sorber column [tube inside diameter (d)
5 1.73 cm, tube length (Lc) 5 184 cm]. This length was
chosen to guarantee a total pressure drop of ;1 psi (6.9 kPa)
during the step (a) of the process. The bulk density of the
chemisorbent was 0.697 g/cm3 and the helium void fraction
in the column was 0.70. The feed gas was a mixture of 15%
CO2 1 N2 at a pressure of 1.1 atm. The feed gas and sorber
temperatures for step (a) were 2008C. The feed gas flow rate
for step (a) was ;20.4 mol/m2/s (;15 lbmoles/ft2/h).

Figure 6 shows the simulated CO2 loading (mol/kg) pro-
files on the promoted alumina inside the column as functions
of the distance from the feed gas end (L) at the end of each
step of the TSC process. The CO2 mass transfer zone par-
tially breaks through the exit end of the column at the end of
the step (a) so that the average mole fraction of CO2 in the
column effluent gas during this step is ;1%. About 70% of
the column at the feed gas end is equilibrated with CO2 at

Figure 5. Cyclic thermal stability of Na2O promoted alumina measured by TGA at 2508C adsorption and 5008C
regeneration.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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the feed gas conditions (CO2 partial pressure 5 0.165 atm,
temperature 5 2008C) when step (a) stops. About 90% of
the column at the feed gas end is equilibrated with CO2 at
the rinse gas conditions (CO2 partial pressure 5 1.1 atm,
temperature 5 2008C) at the end of step (b). The CO2 load-
ing in the column rises above the loading at feed gas condi-
tions and the interparticle void space in the column is filled
with pure CO2 during step (b). The CO2 loading on the sor-
bent in the entire column uniformly decreases during the
batch-wise thermal desorption step (c) but the gas phase
pressure increases substantially to ;13.5 atm from the start-
ing pressure of ;1.1 atm. The CO2 loadings in the entire
column decrease during the desorption steps (d) and (e) by
steam purge. About 44% of CO2 present in the column at the
end of step (c) is desorbed during step (d), and about 97% of
CO2 present in the column is removed by the end of step (e).
The residual CO2 in the column at the end of step (e) is
pushed toward the feed end of the column, thereby creating a
substantially CO2 free zone (;30% of the column at the exit
end) before the next cycle begins. The total integrated
amount of residual CO2 in the column at the end of step (e)
is only ;0.0275 mol/kg.

The gas phase pressure rise in the column during the batch
heating step (c) of the process is explained by Figure 7
which plots the total specific equilibrium amount of pure
CO2 in the column (void gas 1 sorbed) as a function of CO2

pressure at 200 and 5008C. They were estimated by using
the CO2 chemisorption isotherm model (Eq. 1) and the physi-
cal properties of the packed column. Batch heating causes
thermal desorption of CO2 from the sorbent and its accumu-
lation in the gas phase, thereby raising the gas pressure,
while the system remains in thermodynamic equilibrium
during the process.

Figure 8 shows the simulated midpoint temperature-time
profiles inside the sorbent column during the nonisothermal
steps (c) and (e) of the process where the shell side was
heated and cooled by crossflow of super-heated, ambient
pressure steam at, respectively, 520 and 1558C. A period of
3 min was used for these steps. The tubes were heated during
the entire period of step (c). The tubes were maintained at
5008C for the first minute, and then cooled down to 2008C
in 2 min during step (e). A realistic shell to tube side heat
transfer coefficient of ;50 watts/m2/8C was used for the
design. Thus, Figure 8 shows that steps (c) and (e) can each

be realistically carried out within 3 min. Shorter times may
be feasible if different shell side steam temperatures are used
during these steps. This concept of rapid thermal swing
adsorption (RTSA) for bulk gas purification has recently
been proposed.39

Indirect heating and cooling of the sorbent permits the
TSC concept to be operated with a cycle time of several
minutes as opposed to a cycle time of several hours for a
conventional TSA process, where the sorbent is directly
heated or cooled by flowing a gas over the sorbent. Conse-
quently, the TSC concept having a cycle time comparable to
that of a PSA process, can be scaled-up to a very large size
since the net cyclic CO2 removal capacity of the TSC pro-
cess can be much larger than that of a PSA process. This
point is illustrated later by example given in Table 4.

Figure 9 shows the simulated CO2 concentrations of the
column effluent gas during the regeneration steps (d) and (e)
of the TSC cycle. The effluent gas is pure CO2 during the
initial part of the high pressure steam purge step (d). The
CO2 mole fraction then progressively decreases to ;0.3 at
the end of this step. The gas temperature is 5008C and the
average mole fraction of CO2 is ;0.59. This mixture of CO2

and steam is produced at a pressure of 13.5 atm (1.37 MPa).
The steam can be condensed out in a constant pressure

Figure 6. CO2 loading profiles inside the sorber at the
end of each step of the TSC cycle.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.] Figure 7. Total specific equilibrium amount (void gas 1

sorbed) of pure CO2 in the column at differ-
ent temperatures and pressures.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 8. Heating and cooling profiles of sorber tubes.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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condenser to directly produce a pure, compressed CO2 gas at
;13.5 atm (1.37 MPa). The CO2 mole fraction of the efflu-
ent gas during step (e) is initially ;0.4, and then it progres-
sively decreases as the ambient pressure steam purge step is
continued. This gas is also a mixture of steam and CO2 and
it is produced at nearly ambient pressure at a temperature
varying between 500 and 2008C. The average CO2 mole
fraction of the effluent gas during step (e) is ;0.13. This gas
is used as the rinse gas in step (b) after condensation of
steam by cooling to 308C and then reheating to 2008C.

Figure 10 describes the integrated CO2 desorption charac-
teristics from the sorber by the TSC concept. It plots the
fraction of CO2 remaining inside the column at the end of
step (c) that is removed during steps (d) and (e) of the pro-
cess as functions of steam purge quantities expressed as tons
of steam per ton of CO2 produced as high pressure product
gas during step (d). It may be seen that desorption of CO2

from the column consumes a relatively smaller amount of
high pressure steam (\0.5 tons/ton of CO2 product) during
step (d). The amount of low pressure steam needed to
remove most of the CO2 (upto 90% of total residual amount)
during step (e) is also relatively small (;1.5 tons/ton of CO2

product). However, a relatively larger amount of low pres-
sure steam (;1.5 tons/ton of CO2 product) is used to achieve
;97% desorption of the residual CO2. Thus, the total amount
of steam required to obtain 97% desorption of the residual
CO2 under the conditions of operation of the TSC concept is
;3.5 tons of steam/ton of compressed CO2 product. The re-
covery of compressed CO2 from the feed flue gas is
;93.5%.

Table 3 summarizes the overall simulated performance of
the proposed TSC process concept for removal and recovery
of compressed CO2 from the flue gas. The concept is capable

of removing CO2 from a flue gas without predrying and pre-
compression of the gas, and directly producing a highly com-
pressed, nearly pure CO2 product gas with high recovery of
CO2. Consequently, some of the key advantages of the pro-
posed concept over an existing MEA absorption system
include (a) dry operation, (b) elimination of solvent loss, (c)
direct production of compressed CO2 product with high re-
covery from feed gas, (d) subsequent reduction of compres-
sion energy and compressor capital investment for CO2

sequestration, and (e) relatively low steam duty for regenera-
tion. It should be emphasized here that the object of this
work was to describe a novel process concept for removal
and direct recovery of compressed CO2 from a flue gas at
near ambient pressure without predrying, precooling, and
precompressing using a TSC concept. No attempt is made to
optimize the operation or to integrate heat recovery systems.
They must be done to appreciate the full value of the pro-
posed concept. Only one example of the model simulation of
the concept is presented. For example, it should be obvious
from Figure 10 that the low pressure steam purge quantity
can be reduced at the cost of higher residual CO2 in the col-
umn at the end of step (e), which will lower specific feed
gas handling capacity of the system and CO2 recovery.

Comparison Between Pressure and Thermal
Swing Chemisorption Concepts

It may be interesting to compare the performance of the
previously reported PSC process24 and the currently proposed
TSC process for removal and recovery of CO2 from a flue

Figure 9. CO2 mole fractions in the effluent gases of
steps (d) and (e) of the TSC process.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 10. Simulated CO2 desorption characteristics of
the TSC concept.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Table 3. Summary of Simulated Performance of the TSC Concept

Feed Flue Gas

Effluent Waste Gases
Recovered CO2

Product Gas

Steam Requirement

Step a Step b High Pressure Low Pressure

Average CO2 concentration 15.0% ;1.0% 99.91%
Pressure (atm) 1.1 1.1 1.1 13.5 13.5 1.3
Temperature (8C) 200 200 200 30 500 500–200
Quantity of CO2 (mol/kg) 0.431 0.0263 0.0017 0.402
Quantity (tons/ton of CO2 product gas) 0.44 3.06
CO2 recovery from feed gas 93.4%
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gas using the same chemisorbent. Some of the striking differ-
ences in the performances of these concepts are summarized
in Table 4. Both processes recover nearly pure CO2 from the
flue gas and both processes use steam as the desorbing gas.
However, the TSC concept does not require an external vac-
uum pump and a compressor needed by the PSC process for
CO2 desorption and CO2 rinse steps, respectively. Further-
more, the TSC concept offers (a) approximately an order of
magnitude increase in the specific productivity of CO2 on the
chemisorbent, (b) a significantly higher CO2 recovery, and
(c) a remarkably increased CO2 product pressure without
external compression, compared to the PSC concept.

These striking advantages are achieved by employing
more elaborate hardware like shell and tube type sorbers,
heat recovery systems, rapid thermal swing concepts, etc.
The TSC process also facilitates the subsequent sequestration
of compressed CO2 by substantially reducing the capital cost
and the energy required for compression of the recovered
CO2 from the flue gas.

Summary

A novel TSC process concept is proposed for removal and
production of pure, compressed CO2 with high recovery
from a flue gas without precompression and predrying. Na2O
promoted alumina, which is a reversible CO2 chemisorbent,
is employed in the TSC process. The chemisorbent selec-
tively removes CO2 from a wet gas at an elevated tempera-
ture. Cyclic process steps like CO2 purge following the sorp-
tion step, batch-wise heating of the sorbent, and desorption
of CO2 by high and low pressure steam purges permit direct
production of compressed CO2 product with high recovery.
The chemisorptive properties of CO2 on the promoted alu-
mina are reviewed and new data on its thermal stability at
5008C is reported. The performances of the individual steps
of the TSC process are simulated using a ‘‘continuous stirred
tank reactors in series model.’’ Operating between a sorption
temperature of 2008C and a final desorption temperature of
5008C, the TSC process simultaneously produces (a) an efflu-
ent vent gas stream containing ;1% CO2 and (b) a 991%

CO2 product stream at a pressure of 13.5 atm (1.37 MPa)
from a wet flue gas containing 15% CO2 at a pressure of 1.1
atm (111 kPa). The recovery of compressed CO2 product
from the flue gas is ;93%. The amounts of high (;13.5
atm, 5008C) and low (1.3 atm, 200–5008C) pressure steam
consumed by the process are, respectively, 0.44 and 3.06
tons/ton of CO2 product. A shell and tube heat exchanger
type sorber design, where the shell side is cyclically heated
or cooled by crossflow of steam, may be used to operate the
rapid TSC cycle. A train of parallel sorbers operated in the
fashion of the poly-bed sorber design may be used to reduce
the sizes of the individual sorbers. The TSC concept offers
significant performance advantages over a PSC concept.
However it requires a more elaborate hardware design.

Acknowledgments

A portion of this work covering the characterization of CO2 chemi-
sorption on the promoted alumina was carried out under the U.S. depart-
ment of energy cooperative agreement DE-PS26-04NT-42454. The
authors are also grateful to Mr. S. Lwin for carrying out the TGA
experiments.

Literature Cited

1. Energy Information Administration. Annual Energy Outlook 2007
with Projections to 2030. Report No. DOE/EIA-0383, 2007.

2. GHG. Sources of carbon dioxide-industry. Available at: www.ghgon-
line.org/co2industry.htm.

3. Chakravarti S, Gupta A, Hunek B. Advanced technology for the cap-
ture of carbon dioxide from flue gases. In First National Conference
on Carbon Sequestration, Washington, DC, May 15–17, 2001.

4. IEA GHG. Carbon dioxide capture from power stations. IEA Green-
house Gas R&D Programme, Cheltenham, UK. Available at:
www.ieagreen.org.uk.

5. Mathieu P. Near zero emission power plants as future CO2 control
technologies. In: Maroto-Valer MM, Song C, Soong Y, editors.
Environmental Challenges and Greenhouse Gas Control for Fossil
Fuel Utilization in the 21st Century. New York: Kluwer Academic/
Plenum, 2002:161–173.

6. Riemer P. Greenhouse gas mitigation technologies, an overview of
the CO2 capture, storage and future activities of the IEA greenhouse
gas R&D programme. Energy Convers Manage. 1996;37:665–670.

7. Daniels EJ, Body BJ, Brockmeir NF, Wolsky AM. CO2 capture
from fossil fueled power plants. In: Meyers RA, editor. Encyclope-
dia of Environmental Analysis and Remediation. New York: Wiley,
1998:890–913.

8. US Environmental Protection Agency. Inventory of U.S. Greenhouse
Gas Emissions and Sinks: 1990–1997. EPA Report, March, 1999.

9. Barchas R, Davis R. The Kerr-McGee/ABB Lummus Crest technol-
ogy for the recovery of CO2 from stack gases. Energy Convers Man-
age. 1992;33:333–340.

10. Sander MT, Mariz CL. The Fluor Daniel econamine FG process:
past experience and present day focus. Energy Convers Manage.
1992;33:341–348.

11. Mimura T, Shimojo S, Suda T, Iijima M, Mitsuoka S. Research and
development on energy saving technology for flue gas carbon diox-
ide recovery and steam system in power plant. Energy Convers
Manage. 1995;36:397–400.

12. Karasaki M, Iijima M, Shigeaki M. Removal of CO2 from flue
gases. Japan Patent No. 7,313,840 (1995).

13. Honda M, Tooru S, Shigeaki M, Iijima M. Absorbents for removing
CO2 from flue gases. Japan Patent No. 4,349,921 (1992).

14. Chakravarti S, Gupta A. Carbon dioxide recovery with composite
amine blends. U.S Patent No. 6,165,433 (2000).

15. Desideri U, Paolucci A. Performance modelling of a carbon dioxide
removal system for power plants. Energy Convers Manage. 1999;40:
1899–1915.

16. Sircar S. Separation of methane and carbon dioxide gas mixtures by
pressure swing adsorption. Sep Sci Technol. 1988;23:519–529.

Table 4. Comparative Performance of PSC and TSC
Concepts for CO2 Recovery

PSC
Process24

TSC
Process

Feed flue gas conditions
CO2 mole fraction 0.10 0.15
Pressure (atm) 8.6 1.1
Temperature (8C) 200 200
Quantity of CO2 per cycle (mol/kg) 0.0536 0.458

Effluent vent gas conditions
CO2 concentration ;2.8% ;1.0%

Final regeneration conditions
Temperature (8C) 200 500
Pressure (atm) 0.17 1.1

Recovered CO2 product gas
CO2 mole fraction (dry basis) 0.991 0.991
Pressure (atm) 1.0 13.5
Recovery from feed (%) 78 93
Quantity per cycle (mol/kg) 0.041 0.402

AIChE Journal September 2008 Vol. 54, No. 9 Published on behalf of the AIChE DOI 10.1002/aic 2301



17. Chue KT, Kim JN, Yoo YJ, Cho SH, Yang RT. Comparison of acti-
vated carbon and zeolite 13X for CO2 recovery from flue gas by
pressure swing adsorption. Ind Eng Chem Res. 1995;34:591–598.

18. Ishibashi M, Otake K, Kanamori S, Yasutake A. Study on CO2 re-
moval technology from flue gas of thermal power plant by physical
adsorption. In: Eliasson B, Riemer P, Wokaun A, editors. Proceed-
ings of International Conference on Greenhouse Gas Control Tech-
nologies, Interlaken, Switzerland. New York: Elsevier, 1999:95–
100.

19. Suzuki M. Application of adsorption technology for environmental
control. In: Levan MD, editor. Proceedings of 5th International Con-
ference on Fundamentals of Adsorption, Pacific Grove, California.
Boston: Kluwer, 1996:1–14.

20. Ishibashi M, Ota H, Akutsu N, Umeda S, Tajika M, Izumi J, Yasu-
take A, Kabata T, Kageyama Y. Technology for removing carbon
dioxide from power plant gas by physical adsorption method. Energy
Convers Manage. 1996;37:929–933.

21. Makita T, Hirayama K, Higuchi K, Nawata H, Izumi J, Oshima K.
Basic test results on CO2 removal from boiler flue gas by PSA
method. Enerugi Shigen. 1993;14:62–66.

22. Asano Y, Kuramoto M. Method and agents for removing CO2 from
waste gases and manufacture of the agents. Japan Patent No.
4,313,328 (1992).

23. Kumita M, Watanbe F, Hastani M. Effect of water vapor on CO2-
PSA separation performance. Trans Mater Res Soc Japan. 1994;
18A:329–332.

24. Sircar S, Golden CMA. PSA process for removal of bulk CO2 from
a wet high temperature gas. U.S. Patent No. 6,322,612 (2001).

25. Kenji H. Possibility of utilization of gas separation membranes as
counter measure for global warming. Bunri Gijutsu. 1998;28:299–
303.

26. Feron PHM, Jansen AE, Klaassen R. Membrane technology in car-
bon dioxide removal. Energy Convers Manage. 1992;33:421–428.

27. Ishibashi M, Ota H, Akutsu N, Kitamura H, Ando Y, Matsumoto H,
Kageyama Y. Removal of CO2 from flue gases. Japan Patent No.
9,070,521 (1995).

28. Okamoto KI, Kita H, Horii K, Tanaka K, Kondo M. Zeolite NaA
membrane: preparation, single-gas permeation, and pervaporation
and vapor permeation of water/organic liquid mixtures. Ind Eng
Chem Res. 2001;40:163–175.

29. Koresh JE, Soffer A. Molecular sieve carbon permselective mem-
brane. I. Presentation of a new device for gas mixture separation.
Sep Sci Technol. 1983;18:723–734.

30. Paranjape M, Clarke PF, Pruden BB, Parrillo DJ, Thaeron C, Sircar
S. Separation of bulk carbon dioxide-hydrogen mixtures by selective
surface flow membrane. Adsorption. 1998;4:355–360.

31. Naheiri T, Ludwig KA, Anand M, Rao MB, Sircar S. Scale-up of
selective surface flow membrane for gas separation. Sep Sci Technol.
1997;32:1589–1602.

32. Matsumoto H, Kitamura H, Kamata T, Nishikawa N, Ishibashi M.
Fundamental study of CO2 removal from thermal power plant flue
gas by hollow-fiber gas-liquid contactor. Kagaku Kogaku Ronbun.
1992;18:804–812.

33. Leci CL, Goldthorpe SH. Assessment of CO2 removal from power
station flue gas. Energy Convers Manage. 1992;33:477–485.

34. Lee KB, Beaver MG, Caram HS, Sircar S. Chemisorption of carbon
dioxide on sodium oxide promoted alumina. AIChE J. 2007;53:
2824–2831.

35. Sircar S, Golden TC. Isothermal and isobaric desorption of carbon
dioxide by purge. Ind Eng Chem Res. 1995;34:2881–2888.

36. Fuderer A, Rudelstorfer E. Selective adsorption of gases. U.S. Patent
No. 3,986,849 (1976).

37. Sircar S, Hufton JR. Why does the linear driving force model for
adsorption kinetics work? Adsorption. 2000;6:137–147.

38. Lee KB, Beaver MG, Caram HS, Sircar S. Novel thermal swing
sorption enhanced reaction process concept for hydrogen production
by low temperature steam methane reforming. Ind Eng Chem Res.
2007;46:5003–5014.

39. Sircar S. Rapid thermal swing adsorption. U.S. Patent No.
20030037672 (2003).

Manuscript received Nov. 30, 2007, and revision received Mar. 11, 2008.

2302 DOI 10.1002/aic Published on behalf of the AIChE September 2008 Vol. 54, No. 9 AIChE Journal


