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ABSTRACT
Integrated gasification combined cycle with CO 2 capture and sequestration (IGCC-CCS)
emerges as one of the most promising technologies for reducing CO 2 emission from coal
power plant without reducing thermal efficiency significantly. However the high capital
cost of these plants has limited their deployment. The current solvent-based lowtemperature CO 2 capture process (Selexol process) is energy and capital intensive
contributing to the problem. Sorbent-based warm CO 2 capture has been predicted to be a
key enabling technology for lowering down the costs of IGCC-CCS. However, no
commercial adsorbents or processes exist for these warm CO 2 separations.
My thesis work has been devoted to developing a solid sorbent and CO 2 capture process
which can capture CO 2 at an elevated temperature in IGCC system. By combining
experimental methods and quantum calculation, I have successfully identified and
invented one new sorbent material. The sorbent for warm CO 2 capture containing
magnesium oxide was developed using incipient wetness impregnation. The reversible
adsorption isotherm, cyclic stability, and sorption rate were measured using a custombuilt high pressure microbalance system and a thermogravimetric analyzer. Experimental
data indicate the sorbent has a fairly large regenerable capacity in 180-240 *C
temperature range, fast kinetics, low heat of adsorption, and stable working capacity for
at least 84 cycles. The new sorbent performs better than synthetic hydrotalcite and
K2CO 3 -promoted hydrotalcite in the temperature range of interest.
To assess the applicability of CO2 removal technology to IGCC via a warm pressure
swing adsorption (PSA) process based on our newly invented sorbent which has good
cyclic sorption-desorption performance at an elevated temperature, a 16-step warm PSA
process was simulated using Aspen Adsorption based on the real sorbent properties. I
used the model to fully explore the intercorrelation between hydrogen recovery, CO 2
capture percentage, regeneration pressure of sorbent, and steam requirement. Their tradeoff effects on IGCC efficiency were investigated by integrating the PSA process into the
plant-wide IGCC simulation using Aspen Plus. On the basis of our analysis, IGCC/warm
PSA using our new sorbent can produce slightly higher thermal efficiencies than
IGCC/cold Selexol. In order to achieve this, warm PSA needs a narrow range of process
parameters to have a good balance between the hydrogen loss, steam consumption and
work requirement for CO2 compression.
3

Sensitivity analysis is finally conducted to point out the future direction for making warm
syngas cleanup more applicable. Further research is needed toward synthesizing new
sorbent materials with higher working capacity and improved mass transfer, a better PSA
configuration with higher H 2 recovery and less steam consumption, new desulfurization
process with reduced H 2 consumption, and better heat integration. The development in
this research would help further improving the efficiency and economics of IGCC/CCS.
Overall, my thesis work provides a rigorous analysis framework for identifying and
assessing warm CO 2 capture by sorbents in an IGCC system. This adsorbent-based warm
CO 2 capture technology developed in my work can potentially help make IGCC/CCS
more affordable and acceptable.

Thesis Supervisor: William H. Green, Jr.
Title: Hoyt C. Hottel Professor of Chemical Engineering.
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Chapter 1.

1.1

Introduction

Global warming and fossil fuel usage

Global warming, defined as the increase in global average air and ocean temperatures, is
unequivocal, as evidenced by numerous geological and meteorological observations.
Since 1900, the mean global surface temperature has increased by about 0.8 0 C, with two
thirds of the increase occurring after 1980' . As for the causes for global warming, the
authoritative report' (Fourth Assessment report, AR4) released by Intergovernmental
Panel on Climate Change (IPCC) concluded that 'most of the observed increase in global
average temperature since the mid-20' century is very likely ( > 90 % possibility) due to
the increase in anthropogenic GHG (greenhouse gas) concentrations'.
Burning of fossil fuel for electricity generation, transportation, industry and buildings
usage accounts for more than 2/3 of the total world GHG emissions'. In US, the
3

percentage is more than 92%, as shown in Figure 1-1, according to EPA.

Commercial and

Agriculture
8%

Residential
11%

Figure 1-1.The total U.S. Greenhouse Gas Emission by Economic Sector in 20113
21

At the same time, world primary energy consumption is projected to grow by 36% before
203045', with the increase of world population and income growth, especially from non-

OECD (OECD, Organization for Economic Co-operation and Development) countries,
like China and India. Although the renewable energy, nuclear and hydro energy will have
a significant increase, fossil fuels are projected to maintain their dominant position in the
global energy mix to 2030 and beyond, accounting for 70 %of total usage, as shown in
Figure 1-2.
Population

GDP

Billion

Trillion $2011

8

1018

a OECD

By fuel
Billion toe

100 *OECD
u Non-OECD

it
Non-OECD
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ydro
Nuclear

75
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50
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25
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6

3
0

0
1990

2010

2030

1990

2030

2010

0
1990

2010

"Includes biofuels

2030

Figure 1-2. Projection of population GDP and energy usage by fuel to 2030, from BP Statistics
Review of World Energy4 .

With fossil fuels remaining the dominant energy source in our energy mix, technologies
are needed for continuing utilizing fossil fuel while reducing CO 2 emission significantly.
Currently, CCS (Carbon capture and storage) is the only available technology for
achieving this target, especially mitigating CO 2 emission from large-scale power
generation plants6.

1.2

Coal usage in a carbon-constrained world

As discussed in previous section, there is a growing consensus that global warming is
caused by anthropogenic CO 2 emission. It is imperative to mitigate this problem. My
thesis work is devoted to the CO2 emission reduction from coal-fired power plants for
two important reasons.
22

Firstly, coal is the most carbon intensive fossil fuel. It accounts for 20% of total energy
usage but contributes to 37 % of total CO 2 emission in US. Coal-fired power plant also
represents the largest point-source for CO 2 emission. In US, 41% of CO 2 emission came
from electricity generation sector, 80% of which arises from coal power plante. In China,
the largest C0 2-emission country, this number is even bigger. Around 68% of electricity
in China comes from coal combustion, which contributes to 80% of CO 2 emission from
all fossil fuels 7. It makes more economical sense to capture CO 2 from these large and
stationary sources.

(b) 20

(a) 120

16 -

80 212 -

40

8-

ro'

Y4

0

0
Oil

Gas

Oil

Coal

Gas

Coal

Figure 1-3. The R/P ratio and prices for oil gas and coal from BP annual energy outlook
Secondly, coal is the most abundant and cheapest fossil fuel. As shown in Figure 1-3,
with a more than 100 years of R/P (Reserve/Production) ratio, the coal costs only around
$3.5/MMBtu. Coal will remain an important component of electricity production even
with the recent reduction in natural gas prices and is still projected to account for 38% of
the electricity generation in 2035. As shown in Figure 1-4, the coal demand will increase
and most of which comes from power sector and from developing countries like China
and India. Coal is still projected to be the main energy component of the energy portfolio.

23

Coal demand by sector

Coal demand by region
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Figure 1-4. Projected coal increase by region and sector.

Facing this 'energy vs. environment' dilemma, clean coal technology is needed to utilize
coal with significantly reduced carbon emission. CCS (Carbon Capture and Sequestration)
technology has been proposed as a key enabling technology for solving this problem. As
the name indicated, CCS technology is to capture CO 2 from large stationary emission
source, and store the captured CO 2 in geological formation. Specifically for coal-fired
power plants, currently-available CO2 capture technologies can be broadly categorized
into four types: post-combustion, oxy-combustion and pre-combustion., and chemical
looping combustion.
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Figure 1-5 Diagrams for CO2 capture systems: post-combustion, pre-combustion, oxy-combustion
and chemical looping.

1.2.1

Post-combustion

Post-combustion CO 2 capture is a downstream process, which refers to the capture of
CO 2 from flue gas of a pulverized-coal (PC) power plant. A schematic of postcombustion is presented in Figure 1-5.
25

PC power plant, including subcritical, supercritical or ultra-supercritical are still the
dominant technology in coal power plants. Post-combustion CO 2 capture is thus
especially applicable to retrofit the majority of existing coal-fired coal plants.
The post-combustion CO 2 capture progress is extremely energy intensive. This is the
main disadvantage of this process. The reason for that is the oxidant for coal combustion
is air, and thus the flue gases are diluted significantly with nitrogen. The CO2
concentration is normally between 12-14%. In addition, since the flue gases are at
atmospheric pressure, a large volume of gas has to be treated. The state-of-the art CO2
capture technology for post-combustion is based on solvent absorptions using
Monoethanolamine (MEA)8 or N-Methyldiethanolamine (MDEA) 9"10. It is estimated that
the efficiency of PC plant will decrease by 1/3 after employing the CO 2 capture process
using MEA"'1. Researchers are now focusing on developing better solvent, or
optimizing the solvent-based process parameters to lower the costs. Other CO 2 capture
methods based on sorbent are also being investigated.
1.2.2

Oxy-combustion

Oxy-combustion13-is is using pure oxygen rather than air as oxidant for coal combustion
to increase the CO 2 concentration in the exhaust gas stream. The burning of coal in an
atmosphere of oxygen leads to extremely high temperatures, say 3500 'C, which is far
beyond the temperature the boiler material can withstand. To solve the problem, a
fraction of the exhaust flue gas is recycled back to the furnace to moderate the
temperature to a normal level, as shown in Figure 1-5. This also avoids full resizing of
the boiler and its associated exchanger. Thus, oxy-combustion can also be used to retrofit
current PC power plants13 16
The principal advantage of oxy-combustion is that it significantly increases the partial
pressure of CO 2 in the exhaust gas compared with post-combustion, because it avoids the
dilution of exhaust gases with nitrogen1' 18. The concentration of CO 2 in the exhaust
gases is around 75% on wet gas. Thus it is relatively easier to separate the CO 2 from the
flue gas. Normally, the flue gas is cooled down to condense the water and the purity the
CO 2 can be larger than 90%. To produce even higher purity C0 2, a cryogenic separation
process is needed, which can produce a CO 2 stream with a purity up to 99.99%.
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The biggest disadvantage for oxy-combustion is the extremely high costs of air separation
process. The currently-available cryogenic air separation process is capital and energy
intensive. A PC plant retrofitted with oxy-combustion CO 2 capture have an efficiency
decrease of 20 %.13 Currently, the main research focuses developing energy-efficient air
separation process. Now, ion-transport membrane process is shown big promises in
reducing the cost for air separation'4
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. But it is still in the development stage. Overall,

oxy-combustion is very promising candidate for retrofitting PC plant or be used as a nextgeneration power plant. Oxy-combustion has been chosen as the technology for
FutureGen plan

1.2.3

21,22

Pre-combustion

Pre-combustion CO 2 capture is to remove concentrated CO 2 from a gas stream at high
pressure prior to gas combustion. This scenario is closely related with a technology called
IGCC (Integrated Gasification Combined Cycle). As shown in Figure 1-5, a synthesis gas
is produced in the gasification step, which is then converted to H 2/CO 2 mixture using
shift reactors. Then the CO 2 is separated using solvent-scrubbing process, followed by the
H 2 combustion. Pre-combustion decarbonization can be used to produce hydrogen or
generate electricity or both.
The main advantage of this technique is the CO 2 concentration of the gas stream is
significantly increased, which provides a much stronger driving force for CO 2 separation.
The state-of-the-art CO 2 separation technology for pre-combustion is scrubbing the gas
stream with physical solvent like Selexol or Rectisol2 3-2 7 . This separation process
consumes less energy than the MEA(DMEA)-based process. When incorporating CO 2
capture to the IGCC plant, the efficiency drop is only 13%21-30
However, pre-combustion is still handicapped by low availability and extremely large
investment and production costs. Current demonstration plants required 3-5 years to
reach 70-80% availability32 IGCC also requires more maintenance than a PC plant.
Overall, IGCC system is not mature enough for coal-based electric generation at this
stage. Significant research and demonstration projects are needed to lower down its costs.
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1.2.4

Chemical looping

Chemical looping combustion3 3 is an indirect combustion system that avoids the direct
contact of coal with the gaseous oxidant. Oxygen is supplied by a solid oxygen carrier,
rather than by air or gaseous oxygen. As shown in Figure 1-5, the chemical looping
combustion system is split into two reactors. In the reduction reactor (fuel reactor), the
fuel reduces the solid oxide material which is then transported to the oxidation reactor
where the reduced metal oxide is oxidized with air. The flue gases from the reduction
reactor consists mainly of CO2 and H20 and a pure stream of CO 2 can be obtained by

condensing the water. The flue gas can be integrated with a steam boiler to generate
electricity. Depending on the choice of solid material, the chemical looping process can
also be used to produce syngas or H2 . Chemical looping combustion enables the
production of a concentrated CO 2 stream without the need for an expensive air separation
unit. Currently, chemical looping combustion is still in the very early stages of process
development.
In overall, this section gives a brief summary of the features, advantages and
disadvantages of each of CO 2 capture pathways. Post-combustion captures applies
primarily to retrofitting the current PC plants. Oxy-combustion can be applied to new
plants or retrofitted to existing plants. Pre-combustion is especially fit for gasificationbased new power plants. Chemical looping, as a new concept, can be applied to building
new power plants. However, it is worth noting that none of the CO 2 capture process are
economically feasible at this time. The currently-available CO 2 capture process,
especially solvent-based process, consumes a large amount of parasitic power and
significantly increases the cost of the electricity, which make it politically impossible to
implement carbon capture in coal-fired power plant on a worldwide scale. Thus,
improved CO 2 capture technologies are essential for mitigating global warming. Figure
1-6 indicates that as innovative CO 2 capture technologies advance, significant cost
reduction benefits can potentially be realized once they are commercialized.
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1.3

Integrated gasification combined cycle with carbon capture and
sequestration (IGCC/CCS)

As discussed in the previous section, gasification-based pre-combustion can potentially

have a higher thermal efficiency than PC plant with post-combustion. Thus, IGCC has
been identified as the promising candidate for the future-generation clean coal technology

for power generation. There are several types of configurations of IGCC/CCS systems,
but all operate on the similar premise3 5 . Figure 1-7 shows the major components of an
IGCC power plant. Coal is gasified at high temperature and pressure with steam and

oxygen which is provided by air separation unit (ASU). The produced syngas is
converted to H2/C0

2

mixture in the water gas shift reactor. The gas mixture is then

cooled, cleaned of sulfur, particulates and CO2, and burned in a gas turbine for power. A

portion of the heat remaining in the exhaust gas from the turbine is used to make steam in
a HRSG (heat recovery steam generator), which drives steam turbine generating
additional power. The CO 2 separated is compressed to supercritical state and is used for
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geological sequestration, enhanced oil recovery (EOR), or enhanced coal bed methane
(ECBM) recovery.
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Figure 1-7. IGCCICCS with cold syngas cleanup

IGCC has several advantages over traditional PC power plant. Firstly, because of the
advanced gasification technology and combined cycle, IGCC potentially achieves a
higher energy efficiency. The traditional PC plant based on steam turbine is a relatively
mature technology. The increase of steam pressure and temperature, from subcritical state
to supercritical or even ultra supercritical state can enhance the overall thermal efficiency.
But the marginal benefits are limited. However, IGCC is a completely new technology
and has great potentials for improvement. With the development of gasification and gas
turbine, the overall thermal efficiency can be as high as 55-60%, as shown in Figure 1-8.
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A second advantage for IGCC is the potentially lower energy penalty when employing
CCS. Without CCS, the efficiency of current IGCC is around 39-42 %, which is larger
than subcritical PC plant (36-37%), and is similar to supercritical PC plant. If employing
CCS, the efficiency of IGCC/CCS drops to 31-33 %. In contract, supercritical PC/CCS is
27-28%, and subcritical PC/CCS is only 25%
Thirdly, the gas stream in IGCC system has very high pressure which facilitates the
capture of sulfur, mercury, nitride oxide, and particulate, leading to a lower cost of
pollution control. As shown in Figure 1-9, the current IGCC or new IGCC plants have a
lower emission in NOR, SO 2, particulate and mercury. Process simulation also indicates
that IGCC has lower water consumption36
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However, IGCC/CCS is still facing big problems: low availability and extremely high
capital cost. IGCC is based on gasification technology and gas turbine technology, both
of which are mature technologies. However, the successful integration of these two
technologies for power generation is extremely difficult. Current IGCC demonstration
projects meet numerous problems in operation, most of which cannot be explained by a
single unit failure.

Operation experience on IGCC reveals a very low availability, which

need to be resolved before a large scale deployment. Second problem of IGCC is the
large capital investment. The operation of IGCC relies on expensive gasifier, gas turbine
and air separation unit. The lack of construction experience also contributes to the high
cost. A preliminary calculation by DOE/NETL indicates a 30% increase of the cost of
electricity (COE) for IGCC38 compared with COE from traditional PC plant. Latest news
on Kemper Country IGCC plant shows that the overall cost has risen to $3.42 Billion
after DOE grants and cost cap exception are included3 9
Noticing the obstacles mentioned above, there have been significant efforts from
governments, industry and academia on tackling these challenges. Currently, there are six
IGCC demonstration projects worldwide, as shown in Table 1-1. Several more projects
are being built in US, Europe, Japan and China. The accumulation of experience in
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construction and operation will help improve the availability and lower the cost. For
example, the IGCC plant in Japan has successfully moved to the commercial operation
stage after six years of demonstration operation40 . In addition to the pure IGCC projects,
several IGCC/CCS projects around the world are also in the design or construction
stage 41 . These efforts would help make IGCC/CCS more affordable and practical.
Table 1-1. Coal IGCC projects around the world
Projects Site

Gasifier Type

Coal
consumption

Gross output

Demonstration
test start

Buggenum,

0 2-blown

2000 t/d

284MW

Jan. 1994

Netherlands

Dry-feed

Puertollano,
Spain

Shell
0 2-blown
Dry-feed

2600 t/d

335 MW

Dec. 1997

2500 t/d

297 MW

Oct. 1995

2500 t/d

315 MW

Sep. 1996

1700 t/d

250 MW

Sep. 2007

2000 t/d

265 MW

Dec. 2012

PrenfloTM

Wabash River,
USA

0 2-blown
Slurry-feed
E-GasTM

Tampa, USA

0 2-blown
Slurry-feed

Nakoso, Japan

Tianjin, China

1.4

GE
Air-blown
Dry-feed
MI
0 2 -blown
Dry-feed
TPRI

CO 2 capture technology for IGCC/CCS: from 'Cold' to 'Warm'

To make IGCC/CCS more affordable, significant efforts have been put into developing
more efficient CO 2 capture process. Currently, the state-of-the-art CO 2 capture process is
scrubbing the gas stream with physical or chemical solvents, such as MEA, Rectisol or
Selexol.
Gas absorption using solvent, as an industrial technology, has been used for decades to
treat relatively clean gas mixtures containing few impurities such as dust, SO, NOx,
oxygen in ammonia industry and fertilizer industry, and separation of CO 2 from natural
gas. Selexol process has been widely accepted as a good candidate for CO 2 and H2S
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capture in IGCC power plant. The process flowsheet is shown in Figure 1-10. Shifted
syngas is introduced to a H2S absorber, which uses C0 2-rich Selexol to absorb H2S. The
H2S-rich Selexol is then introduced to a H 2S concentrator, where most of the CO 2 will be

removed. The H2S-rich Selexol is then regenerated in a Stripper to generate a H2S stream
and lean Selexol stream. The H2S stream is fed to a Claus unit, and the lean Selexol is
introduced to the CO2 absorber.
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Figure 1-10. A two-stage Selexol process for the removal of H2S and

Srpe

C02.

The H2S-free stream exiting from H2S absorber is fed to the CO2 absorber, which uses
both lean and semi-lean Selexol to absorb C02. Clean syngas is produced from the CO2
absorber. The CO2-rich Selexol is then undergoing a series of pressure drops in three
flash drums. The gas stream from high pressure flash is fed back to the CO2absorber to

increase the H2 recovery. The CO 2 generated from medium pressure and low pressure
flash are sent to the sequestration unit.
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Overall, the Selexol process can achieve 91.2% CO 2 capture (an overall 90.3% CO 2
capture for the IGCC plant) and 99.98% H2S capture. The hydrogen recovery is 99.87%.
There are several challenges associated with Selexol process. Selexol process operates at
fairly low temperature, thus the gas stream coming from water gas shift reactor must be
significantly cooled down, which leads to a high energy loss and high capital costs for
heat recuperation. The clean gas coming out the process needs a reheating unit before
entering the gas turbine which requires extra heat exchangers. In addition, because of the
low operating temperature, steam contained in the gas mixture gets condensed during
cooling down step, thus the clean gas from Selexol process is mainly hydrogen. Burning
pure hydrogen with oxygen in a gas turbine generates too high temperature which can
lead to excessive NOx production and turbine failure. To avoid this, extra nitrogen is
needed to dilute the gas stream in order to lower the burning temperature; providing this
high pressure nitrogen consumes significant amount of compression work. If one could
avoid condensing the pressurized steam coming from the gasifier, one could use that to
replace most of the nitrogen, significantly improving the efficiency.
It would be very desirable to reduce the parasitic energy load and operating costs
associated with the traditional low-temperature CO2 capture process. Prior studies have
proposed that high temperature CO 2 separation process could be better integrated into
IGCC system and significantly improve the IGCC efficiency. As indicated in Table 1-2,
warm syngas cleanup has the biggest potential in improving IGCC efficiency and
reducing cost of electricity.
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Table 1-2. Potential benefits from next-gen technology3

Change in

Lower Plant

Lower Cost of

Efficiency

Cost

Electricity

Dry coal feed pump

0.8%

$7/kW

0 0.09/kWh

Gasifier materials

0%

$0/kW

0 0.41/kWh

Warm gas cleanup

3.7%

$418/kW

$ 1.34/kWh

Advanced 250MW H2 turbine

1.8%

$192/kW

0 0.66/kWh

ITM

0.3%

$131/kW

00.40/kWh

1.7%

$41/kW

0 0.13/kWh

Advanced sensors and controls

0%

$0/kW

0 0.25/kWh

Application of all advances

8.3%

$789/kW

0 3.28/kWh

Technology Pathway

2 nd

Gen 370 MW adv turbine

Warm temperature CO 2 capture technology, such as H2-permeable membranes42,43, Co 2permeable membranes44, and pressure swing adsorption (PSA) 45'46 has been proposed to
improve IGCC efficiency. A more recent study 47' 48 in our group extended previous
analyses to compare a variety of warm separation methods for IGCC-CCS, namely
sorbents and membranes, on a unified basis. That study concluded that pressure swing
adsorption operated at warm gas temperatures (200-300*C) could be potentially more
efficient compared with other approaches, as shown in Table 1-3.
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Table 1-3. Comparisons between Cold cleanup and Warm cleanup technologies.

Power Summary (MW)

Warm Cleanup

Cold Cleanup
Selexol

H2 Membrane

CO 2 Membrane

Sorbent

Total Power Generated

737.1

749.7

733.8

737.6

Nitrogen Compression

-34.8

-39.6

-15.2

-9.8

CO 2 Compression

-28.3

-9.7

-36.3

-35.1

Auxiliary Power Loads

-124.0

-125.9

-112.9

-111.8

Net Power Output

550.0

574.5

569.4

580.9

Thermal Efficiency

32.6%

32.9%

32.3%

33.3%

Widely used in oil and chemical industry, pressure swing adsorption49 (PSA) of gases
onto solid sorbents provides some key advantages, such as low energy requirements, low
costs, and ease of applicability. In despite of these advantages, there have only been a few
studies related to regenerable sorbents of CO2 at 200-300

0

C in literature. To be

applicable in a PSA process in the desired temperature range, the sorbent needs to
maintain a regenerable sorbent capacity, fast kinetics, and low heat of adsorption. The
commercially available sorbents such as activated carbon, zeolites, and alumina lose their
50
CO 2 adsorption properties at temperatures higher than 150 *C. Super activated carbon

can maintain sufficient capacity at temperature as high as 220

0

C, but the C0 2/N 2

selectivity is low. Basic zeolites 5,52 obtained by doping with electropositive ions were
also tested for this purpose, but showed poor performance in the presence of other polar
gases such as SO 2 and steam.
Some inorganic materials have also been proposed in the literature for carbon capture at
an elevated temperature,

such as calcium oxide 53 '54, lithium zirconate5 5, lithium

silicate5 6' 57 , sodium-based sorbent5 8 , hydrotalcite-like compounds (HTls) 59'60 and double
salt sorbent6 l. Calcium oxide demonstrated high capacity even at 700 *C, but suffered
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from poor regenerability, slow kinetics and extremely large heat requirement. Lithiumbased materials can capture CO2 at 450-550 *C range, but suffer from slow sorption
kinetics. Sodium-based materials showed good adsorption at 200-400 *C range, but the
materials can only be regenerated at 700 *C, and so are not suitable for pressure swing
adsorption. Double salt sorbent shows extremely high capacity at high temperature, but it
is very hard to produce reproducible samples62 . Among such inorganic materials, HTls
stand out as the most promising candidate for warm CO 2 capture, and they have been
widely studied for sorption-enhanced water gas shift reaction63,64. But the working
temperature range for HTls is slightly above our temperature range of interest and their
applicability for our purpose has not yet been demonstrated. Recently, DOE/NETL
reported a magnesium hydroxide based sorbent65 , which has large capacity in the 200300 'C range, and can be regenerated at 375 'C. But regeneration via thermal treatment is
still not desirable for our purpose. In addition, the breakthrough curve of this sorbent
indicates slow sorption kinetics which could arise from the very low surface area of the
sorbent.
It is essential to develop a sorbent for CO2 with good regenerability, fast kinetics and low
heat of adsorption that can be applied in a PSA process at warm temperature range. In
addition, a corresponding PSA process needs to be designed to utilize this material.

1.5

Thesis objectives

Based on the discussions above, my thesis work aims to 'identify sorbent materials and
sorption process which can capture CO 2 at an elevated temperature in IGCC system, and
assess their feasibility in lab-scale apparatus and plantwide process simulation'.
To reach my research targets, I have a 4-step research approach, as shown in Figure 1-11.
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IGCC-PSA process integration

Figure 1-11. My research approach.

Step 1: Sorbent screening (Chapter 2). Firstly, establish the screening criteria based on
the analysis of requirements for warm CO 2 sorbent and adsorption process in IGCC
system. Secondly, build a sorbent pool using quantum calculations and literature reviews.
Then, a testing apparatus, high-pressure microbalance (HPMB) system and experimental
screening procedure are established to help the screening. Finally, one promising
candidate material is identified using this screening procedure.
Step 2: Sorbent optimization and testing (Chapter 3). Once the most promising candidate
material is identified, its preparation procedure will be optimized to increase the working
capacity and sorption rate. Then, the sorbent's properties, such as working capacity,
sorption rate, heat of adsorption and other physical properties are measured using HPMB
and a TGA. The measured properties will be useful for the next-step process simulation.
Step 3: PSA process design and simulation (Chapter 4). After the sorbent is characterized
and tested, the next step is to find a proper sorption process which can utilize the material.
The PSA process is finally chosen based on sorbent properties. Then, an 8-bed 16 step
PSA process model is built and simulated to evaluate the performance of the PSA process
in CO 2 separation. PSA process simulation will generate information like CO 2 capture,
H2 recovery, steam requirement etc.
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Step 4: IGCC/PSA process integration (Chapter 5). The PSA process model is finally
integrated with the IGCC flowsheet in Aspen Plus. This plantwide process simulation
will be used to assess the feasibility of the sorbent-based warm CO 2 capture technology,
by comparing the thermal efficiencies of IGCC/Selexol with IGCC/warm PSA.
This 4-step approach will provides a framework for identification and analysis of sorbentbased warm CO 2 capture technology for IGCC power plant.
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Chapter 2. Sorbent Screening

2.1

Introduction

In this chapter, we used a combination of quantum calculation and experimental method
to screen a large pool of possible warm CO 2 sorbents. Several candidate sorbents showed
acceptable reaction thermodynamics, but magnesium oxide stands out as a candidate
which achieves a good balance between working capacity and ease of regeneration at
warm temperature range.

2.2

Screening Criteria

Carbon dioxide is an acidic gas, thus theoretically any solid with basicity could capture
CO 2 . But to be applicable for CO 2 capture in large scale in IGCC system, some extra
factors which include surface chemistry, ease of regeneration, and economics should be
considered. For example, the development of sorbent is linked with the choice of reactor
type. For gas separation via adsorption, there are two types of process: temperature swing
adsorption

(TSA)

and pressure

swing adsorption

(PSA).

The PSA

process

is

advantageous compared to TSA as the reactor configuration is relatively easier, it only
needs a series of sorbent beds. It has a much faster cycle time which facilitates gas
treatment with large volume flow rate. On the contrary, TSA needs to operate like a
transport reactor which is expensive and has a higher requirement for sorbent strength. If
the TSA operates in packed-bed, then the cycle time is too long as TSA process operates
at very high temperature during regeneration step which requires longer time for bed to
cool down to adsorption temperature. Thus, we prefer the solid sorbent can be
regenerated by pressure change only without too much temperature variation. This type
of consideration is critical during the initial stage of sorbent screening.
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Figure 2-1. Screening criterion

The criteria of screening of sorbents are shown in Figure 2-1 which is combination of
surface chemistry 6 and some more practical considerations. The criteria is detailed below:
(a) the sorbent should capture/desorb C02 in the proper operating window with a
pressure range of 0.1-20 bar and a temperature range of 180 - 300 *C. The upper bound
of pressure is the partial pressure Of C02 in the gas mixture of IGCC system. The lower
bound is the potential lowest pressure needed to regenerate the bed. Further lower
pressure will consume energy for vacuum pump and is not economically feasible. The
upper bound of temperature is set as it is associated the ease of sorbent regenerability. A
too high regeneration temperature means a large energy consumption and lower cycle
time which does not make economic sense. The lower bound of temperature is the dew
point of steam in the gas mixture in IGCC system. The steam would condense below
180 *C, thus the sorbent needs to have the capacity to capture C02 above this critical
temperature to avoid steam condensation.
(b) The sorption capacity is directly linked with the size of adsorber. If the capacity is too
low, then we will need a very large amount of sorbent to achieve a desired C02 capture,
leading to a big capital investment. Thus, the sorbent capacity should be large enough.
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(c) Sorption rate is another important factor which affects the separation performance, as
well as the size of the bed. A much higher adsorption rate would lead to a sharp
concentration front in the sorbent bed, which increases the usable volume of sorbent bed,
leading to a saving in capital cost and a better H2/CO 2 separation performance.
(d) Regenerability is a particularly important factor to consider. The CO 2 emission from a
coal-fired power plant is normally in the range of 3 million tons per year, which indicates
a large flowrate, and a large sorbent bed. The sorbent needs to be regenerated using the
easiest and fastest way to reduce the cycle time, aiming to reduce the size of sorbent bed.
In addition, good regenerability also means a stable working capacity after many cycles
of usage, as the usage time is related with the operating costs for sorbent replacement.
(e) Heat of adsorption should be as low as possible. As we scale up the process, a lower
heat of adsorption could ensure a lower temperature variation during adsorption and
desorption, which helps maintains an pseudo-isothermal condition. This would be helpful
reducing the cycle time. On the contrary, a large heat of adsorption means a large heat
release during adsorption and a large heat requirement for regeneration. Because of the
inherently slow heat transfer in packed bed, it will need a longer cycle time to facilitate
the heat transfer.
In reality, sorbent properties have trade-offs. It is hard to find an adsorbent which can
perform best in all these five aspects. To identify a potentially good candidate in an
efficient way, we need one single strong criterion to quickly screen sorbent materials.
Among these five criteria, the working capacity at warm temperature range was picked as
the fundamental criterion. All candidate sorbents will be tested on their working capacity
using a custom-built high pressure microbalance system and a thermogravimetric
analyzer (TGA). Once the sorbent screening criterion is established, then the next step is
to identify the pool of potential sorbents which has the capability to capture CO 2 at the
warm temperature range, which is detailed in the next two sections.

2.3

Sorbent screening using literature reviews

Separation by gas adsorption process has been proposed as a tool for CO 2 capture for
different purposes. As shown in Figure 2-2, there are different candidate materials
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working at different temperatures to meet the CO2 capture requirement. A straightforward
way to pool together the potential warm CO2 sorbents is literature review, which helped
me understand different mechanisms of CO2 capture using different sorbent at varied
temperature range. The literature review identified warm CO 2 sorbents which were
previously studied for other purposes.
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Figure 2-2. CO2 sorbent capacity vs. their working temperatures

According to the nature of sorption process, sorbents for CO2 capture can be broadly
categorized into two types: physisorbents and chemisorbents.

2.3.1

Physisorbents based on weak surface interaction

By definition, physisorbents refer to materials which capture CO2 based on purely
physical interactions, which include van der Waals attraction between CO 2 and sorbent
surface as well as pole-pole and pole-ion interactions between CO2 quadrupole and the

polar and ionic sites of the sorbent surface. Typical physisorbents are zeolites 67-69,
activated carbons

70-72

, and activated alumina73 which feature highly porous structures

and large surface area.
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The physisorbents have around 1-6 mol/kg capacities at room temperature and under 1
atm CO 2 partial pressure. The biggest advantage of physisorbents is fast kinetics: the
adsorption can reach equilibrium in a few minutes. Actually, at the initial stage of
adsorption, CO 2 can fill up most of active sites even within tens of seconds. This is much
faster than chemisorbents. Moreover, because of the weak interaction between sorbent
and CO 2, it is not necessary to provide large amount of energy to break the bond to
release the attached CO 2 in desorption step. Thus, the energy requirement for
regeneration is low. The adsorption and desorption of CO 2 only involve the surface
attachment and detachment. It will not affect the structure of sorbent. Thus, the
physisorbents can recover almost all their active sites even after numerous cycles of
adsorption and desorption.
However, physisorbents have some inherent drawbacks. First of all, the CO 2 capacity will
decrease dramatically when temperature increases. When temperature is larger than
150 *C, the adsorption capacities are often so low that the adsorption process is totally
impractical. Super activated carbon could be an exception, but it suffered from low
selectivity. Secondly, for zeolites and certain types of activated carbon, the adsorption of
CO 2 is highly dependent on the polar interaction. Thus, in the gas mixture containing
large amount of water steam, the sorbent will prefer adsorb H 20 rather than CO 2, because
the former has a large permanent dipole. Consequently, the presence of water vapor will
dramatically reduce the capacity of physisorbents. Both these problems mentioned above
will hinder the usage of physisorbents in IGCC conditions.
Considering the intrinsic weakness mentioned above, physisorbents are not good
candidates for warm CO2 capture technology. But their large surface area and high
porosity make them good supports for loading amine or other reactive groups to capture
CO2 at an elevated temperature and in moisture environment.

2.3.2

Chemisorbents based on bulk or surface chemical reactions

Chemisorbents represent another large class of materials. They capture CO 2 based on
chemical reactions which could avoid some drawbacks of physisorbents mentioned above.
These kinds of materials are especially useful to absorb CO 2 from gas mixture containing
water vapor at a relatively high temperature, say larger than 200 *C. To be further
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specific, the chemisorbents can absorb CO2 based on either surface reaction or bulk
reaction.
Metal oxide
The metal oxides can capture acidic CO 2 using their basic sites. Commonly studied
materials include CaO and MgO. Calcium-based minerals are the most abundant in
nature. CaO is obtained through high temperature treatment of limestone or dolomite.
Because of its low cost and wide availability, CO 2 capture using CaO has been widely
reported. The CaO adsorb and desorb CO2 based on the following reactions74:
Equation 2-1.

CaO+CO2 <->CaCO 3

Because the adsorption is based on stoichiometric carbonation reaction, the theoretical
adsorption capacity can be as high as 17.8 mol/kg. But in reality, considering the effect of
mass transfer and surface product layer, the real measured values are far below this value
depending on the preparation and measurements methods. Barker75 studied the effect of
surface area and particle size on capacity. He found the 10-um particles can have a 13.4
mol/kg capacity; comparatively, the capacity of 10-nm particles can be 16.6 mol/kg.
One important feature for CaO adsorption kinetics is that the reaction has apparent two
stages: a fast reaction followed by slower reaction. It is believed that homogeneous layers
of CaCO 3 are generated in the shell at the gas/solid interface 76 , which make the second
stage a solid-state diffusion-limited process. In result, the adsorption kinetics for CaO is
far slower compared with physisorbents. Sometimes, it would need several hours to
achieve 70% of equilibrium capacity.
One big problem for CaO sorbent is its regenerability. A rapid degeneration of capacity is
widely observed. Researchers explained the decay as the loss of microporosity along with
the accumulation of mesoporosity 77 . This explanation suggests CaCO 3 product fills the
micro-sized pores at every adsorption step, and more and more big macro-sized pores
formed. This process can be thought as the increase of particle size and decrease of
surface area.
Another big problem involving CaO is the high regeneration temperature. The commonly
reported regeneration temperature is larger than 850 *C. A huge amount of high-quality
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energy is needed for this desorption process, so it is probably not practical. But it is
worthwhile to test its regenerability and capacity at warm temperature range.

Lithium zirconate and Lithium orthosilicate
Recently, this new class of materials has attracted more and more interests because of
their lower energy requirement for regeneration 6' 57. The capture and regeneration are
based on the following chemical reactions.
Equation 2-2

Li 4 SiO4 +C0

2

Equation 2-3

Li2 ZrO 3+C0

2 <>

++ Li2 CO 3 +L 2SiO 3
Li2 CO 3 +ZrO 2

These new materials can hold up to 4.5 mol/kg at 400 *C. Li 2ZrO 3 can be completely
regenerated at a lower temperature (750 'C) compared with CaO-based sorbents. One
major problem with these materials is their slow kinetics. In one example, the halftime
for Li2ZrO 3 is nearly 12 h and needs around 2 days to reach equilibrium at 600 *C. Much
of work has been targeted to improve their kinetics. One strategy is to prepare sorbent
with smaller particles. It has been reported that the 1-um particle has 10 times faster
reaction rate than the 45-um particle. Another strategy is to introduce dopants such as
Li2 CO 3 , K 2CO 3 or Na 2ZrO 3 to the materials. It was reported that Li2ZrO 3 doped with 5 %
of Na exhibited adsorption rate that is 20 time faster than the non-doped Li2 ZrO 3. The
specific reason for the enhanced kinetics from doping is still being studied. But these
preliminary results show that Li 2ZrO 3 and Li2 SiO 4 are very promising in warm CO2
capture. These materials will be an important study point of my thesis.

Metal hydroxide
Researchers in NETL5 8' 65 '7 8developed sorbent materials based on metal hydroxides:
NaOH and Mg(OH) 2. They capture and desorb CO2 based on the following reactions:
Equation 2-4

Mg(OH) 2+C0

Equation 2-5

2NaOH+CO 2

2 <->

<->

MgCO 3+H 20

Na 2CO 3+H 20

Their results showed that Mg(OH) 2 has a relatively high capacity 2-4 mol/kg at 200 *C
and under 10 atm CO 2 partial pressure. The capacity can be maintained at least 10 cycles.
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The biggest advantage of these materials is the low regeneration temperature. They
compared the heat of reaction for the following two adsorption reactions:

Equation 2-6

Mg(OH) 2 + CO 2 =MgCO 3 + H2 0

AH= -19.657 kJ/mol

Equation 2-7

CaO + CO2 =CaCO 3

AH= -178.175 kJ/mol

It is important to note that the Mg(OH) 2 system has the far lower heat of sorption. This
indicates that the regeneration heat required for the reverse reaction of decomposition of
carbonate

to form Mg(OH) 2 is

significantly

lower than

that required for the

decomposition of CaCO 3. They reported the sorbents can be completely regenerated at
450 *C. This is far lower temperature compared with MgO, whose regeneration
temperature is larger than 800 *C.

Hydrotalcite-like materials
Hydrotalcite-like compounds (HTls), also known as layered double hydroxides (LDHs)
are layered materials with positively charged layers and charge balancing anions located
in the interlayer region. They are commonly composed of positively charged brucite-like
Mg(OH) 2 layers with trivalent cations substituting for divalent cations at the centers of
octahedral sites of hydroxide sheet whose vertex contains hydroxide ions, and each -OH
group is shared by three octahedral cations and points to the interlayer regions. The
excess positive charge of LDHs is compensated by anions and water molecules. They can
be represented by the formula [(M

mH2 O)-,

where M2 +=Mg2+,

Ni2+, Zn2+, Cu2+, Mn 2+, or others; M 3+=Al , Fe3+, Cr+, or others; A"n=CO 3
Cl-, 0H-, or others; with x ranging between 0.17 and 0.33.
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Figure 2-3. 3-D structure of hydrotalcite-like compounds

HTIs were presented as CO2 sorbents only recently

'

.

In general, these materials have

lower capacity (typically < 1 mol/kg) than other chemisorbents. Extensive researches
have been focused on the effects of M2 , M3+ contents and types, anion type, water steam,

and temperature. It was found that HTls are favorable for wet CO 2 adsorption since their
adsorption capacities are positively affected by the presence of water.
As for the regenerability, HTIs have been shown to lose 30%-40% of their capacities in
the first 10 cycles, but the capacity will keep constant after that. HTIs have faster kinetics
compared with metal oxide, with it usually requiring several tens of minutes to reach
equilibrium capacity. More detailed researches on their adsorption process are highly
needed.
Active sorption materials can be introduced to highly porous supports to work as CO 2
sorbents. The advantages of these materials are fast mass transfer and tunable
performance. One of the most widely-studied material is amine-supported silica.
Amine-loaded CO 2 sorbent
Amine solvents are widely used for large-scale CO 2 capture. A logical inference would be
to load amine materials onto solid support with large surface area to enhance the
resistance to high temperature 69. Extensive researches have been done in this field to
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explore the proper support and loaded amine combination, as well as the preparation
technologies 79-81 .
The simplest way to load amine on silica or other support is to physically mix the amine
and the support. The measured capacity for these materials can be around 2-3 mol/kg at
70 'C. By increasing the surface area and loading amount of amine, this value can be
further increased.
A more widely investigated class of materials is amine covalently tethered to solid
support. Commonly, the amine is attached to the support through alkyl-silyl linkage. The
capacity for these materials is generally similar to the physically-absorbed amine
materials at lower temperature. But its operating temperature can be as high as 100 'C.
But of course, this temperature is still lower than the requirement for CO 2 capture in
IGCC conditions. The advantage of these materials is good tenability. The capacity and
operating temperature can be optimized by the choices of support materials and amine
choice. Now, numerous materials including small molecules, polymer, and dendrimer
have been studied as the supported materials. This class of material has certain potential
for warm CO 2 capture.
To summarize the literature review, the commercially available physical sorbents such as
activated carbon, zeolites, and alumina lose their CO 2 adsorption properties at
temperatures higher than 150 *C. Super activated carbon5 0 can maintain sufficient
capacity at temperature as high as 220 'C, but the CO2/N 2 selectivity is low. Basic
zeolites5 1 5, 2 obtained by doping with electropositive ions were also tested for this purpose,
but showed poor performance in the presence of other polar gases such as SO 2 and steam.
So, these materials are not good candidates for warm CO2 capture.
Some inorganic materials have also been proposed in the literature for carbon capture at
an elevated temperature, such as calcium oxide
silicate

'57 ,

5

, lithium zirconate,

lithium

sodium-based sorbent 5, hydrotalcite-like compounds (HTls)59'60 and double

salt sorbentl. Calcium oxide demonstrated high capacity even at 700 'C, but suffered
from poor regenerability, slow kinetics and extremely large heat requirement. Lithiumbased materials can capture CO 2 at 450-550 *C range, but suffer from slow sorption
kinetics. Sodium-based materials showed good adsorption at 200-400 *C range, but the
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materials can only be regenerated at 700 *C, and so are not suitable for pressure swing
adsorption. Double salt sorbent shows extremely high capacity at high temperature, but it
is very hard to produce reproducible samples 62. Among such inorganic materials, HTIs
stand out as the most promising candidate for warm CO 2 capture, and they have been
widely studied for sorption-enhanced water gas shift reaction

63,64

. But the working

temperature range for HTls is slightly above our temperature range of interest and their
applicability for our purpose has not yet been demonstrated. A magnesium hydroxide
based sorbent6 5 has large capacity in the 200-300 'C range, and can be regenerated at
375 *C. But regeneration via thermal treatment is still not desirable for our purpose. In
addition, the breakthrough curve of this sorbent indicates slow sorption kinetics which
could arise from the very low surface area of the sorbent. Finally, MgO, CaO, HTls and
Lithium-based sorbents have potential as warm CO2 capture sorbents in IGCC.

2.4

Sorbent screening using DFT

Quantum calculations are quite useful in identifying favorable properties of materials and
chemicals when experimental data is not readily available. In this section, density
function theory method is used to screen CO 2 sorbent, mainly metal oxides and metal
hydroxides. The sorbent metal oxide or metal hydroxide captures CO 2 based on a generic
reaction shown below.
Equation 2-8

M(s) + CO 2 ++ N(s) + D(s/g)

The partial pressure of CO 2 and the reaction temperature can be linked together by the
reaction Gibbs free energy change. For a CO 2 sorbent which liberates a gas phase species

D:
Equation 2-9

1 =ep( AG 0 (T) X 1
2
Pc
P0 = PD
Kq
R
T

While sorbents which do not release a gas phase product satisfy this equation:

Equation 2-10

Pco2
---PO

1

-=exp(
Kq

AG 0 (T) 1
X )
R
T
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The equilibrium relationship between Pc02 and temperature is vital in identifying the
potential sorbent. As elaborated in section 2.2, the sorbent needs to work at a proper
operating window, as shown in Figure 2-4.

20 bar

Ol1bar
I

180 *C

450 *C

Tads

Figure 2-4. Operating window for the warm CO 2 sorbent

If the sorbent has a favorable P-T curve, like the black line in Figure 2-4, the sorbent can
capture CO 2 at condition A, and desorb CO 2 at condition B, C or D via a pressure
decrease, temperature increase, or a combination of both. However, if the P-T curve of a
potential sorbent is like the yellow line in Figure 2-4, then the sorbent can only be
regenerated by a combination of temperature increase and pressure decrease, which
means more energy consumption and operating complexity. If the P-T equilibrium line of
one sorbent is outside the window, then that indicates the sorbent either binds CO 2 too
strong or too weak, and is not proper for CO 2 capture at all in this specific operating
condition. From this analysis, it is clear that the calculation of AGO is critical in
determining an appropriate candidate material. Then the next problem is how to calculate
AGO fast and accurately for many possible candidate materials.
All the quantum calculation work was done by Dr. Ujjal Das and the details of the
causations can be found in a paper by Ujjal 8. Here is a brief summary of the calculation
method. The reaction Gibbs free energy change can be obtained from the density
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functional theory calculations. The gas phase thermo data were taken from National
Institute of Standards and Technology (NIST) database8 2 . The enthalpy of each solid was
approximated by
Equation 2-11

H (T) = G(T) + TSPH(T) = Eei + Ezp + FPH(T) + TSPH(T)

The small molar volume of the solid makes pV negligible at low pressure. The internal
energy (U) is sum of the electronic energy and lattice phonon enthalpy. The electronic
energy Eci is obtained by optimizing the lattice unit cell of each solid in its electronic
ground state. The initial lattice parameters are taken from the Inorganic Crystal Structure
Database (ICSD)8 3,84 . The calculation of Eei is performed using the GGA+U method.
Here, GGA represents the gradient corrected density functional PW91 and U is the
Hubbard potential used to describe the interaction of localized 3d electrons of the
transition metal hydroxides. The core electrons of the atoms were described by projected
augmented wave (PAW) pseudopotentials8 5 . The energy minimization was achieved by
setting the plane-wave energy cutoff at 500 EV and 8 x 8 x6 k-point mesh defined by the
Monkhorst-Pack

86

scheme . Structural

optimization

and energy calculations

were

performed using the Vienna Ab Initio Simulation Package (VASP)87.
The terms Ezp, FPH and SPH in equation are the zero-point energy, phonon free energy and
entropy of solid, respectively. These three terms and the heat capacity of solid (Cv)
depend on the phonon density of states and the phonon dispersion frequency, and they are
defined by equations reported elsewhere. These phonon properties were evaluated within
the harmonic approximation using the direct method of Parlinski et al. as implemented in
the software program Phonopy88 ' 89.
All these thermodynamic calculations are based on the bulk materials. However, in
practice, adsorption of CO 2 takes place on the exposed surfaces of these materials. Dr.
Das proposed that since the mode of CO 2 binding does not change significantly between
the bulk lattice and surfaces, the adsorption enthalpy also will not change much. Previous
experimental studies on CO 2 adsorption on the metal oxide surface also support the claim.
The accuracy of the DFT calculations has been verified against available experimental

AHads for two of the five hydroxides Dr. Ujjal identified.
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Dr. Das's calculation has been applied to many different metal oxides and metal
hydroxides, and the direct output of his research is the diagram shown in Figure 2-5.
Some of the best candidates are ZnO, NiO, FeO, and MnO.
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Figure 2-5. Predicted sorbent binding for metal oxides and metal hydroxides. Those labeled with
green circles are candidates for reversible CO 2 binding at IGCC warm capture conditions.

2.5

Experimental screening of available sorbents

For the materials identified in previous sections, their performances were evaluated in
Thermogravimetric analyzer (TGA) experiment or/and a high pressure micro-balance
(HPMB). The advantage of this method is ease of operation. The only required controlled
variables were temperature and pressure in the chamber. One only needs to place the
sorbent in the enclosed chamber and introduce gas steam. By monitoring the mass change
of the solid, the kinetics and capacity would be measured.
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2.5.1

Testing apparatus

The HPMB is custom-built in my lab, as shown in Figure 2-6. HPMB can measure the
saturation capacity, working capacity, and kinetics at dry or wet atmosphere. A simple
steam generator is incorporated, which can produce low concentration steam. A
homemade condenser and air-liquid separator are also incorporated to separate water and
analysis gas after the adsorption. The HPMB system is equipped with a heating unit,
which can heat up the system up to 450 *C. A specification of the system is shown in
Table 2-1.
He
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WCUUM Pumnp
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Figure 2-6. Diagram

MFC

of custom-built high pressure microbalance system
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Table 2-1. Specification of High-pressure Microbalance system

HPMB system

Temperature ('C)

25 -400

Pressure (bar)

0.01- 100

Sorbent loading

10 mg - log

Gas mixture

C0 2 /N 2

Internal standard

NO

Accuracy

0.1 mg

Steam generator system

YES

Pressure control

0.1 bar

Temperature control

0.1 *C

Signal monitored

Mass change

Safety is key consideration when building the reactor system, which includes the
following:
1) relief valves are installed to avoid over-pressurization.
2) Check valve is installed after the mass flow controller and before the steam
generator to protect mass flow controller in case of reverse liquid flow.
3) Filter is added before the pressure controllers and mass flow controller to avoid
clogging.
4) The HPMB system is placed in an enclosure to protect the user from unexpected
problems e.g. toxic gas release.
5)

All the gas outlets shown in the diagram are vented to the hood.
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2.5.2

Preliminary results and discussions

From the previous sorbent screening, the following materials have been identified and
tested in TGA and/or HPMB. They include 3 types of amine-supported silica, 4 types of
metal hydroxide, 8 types of metal oxide, and 2 type of hydrotalcite.
Here are some key results from the first-stage sorbent screening:
1. The amine-supported silica is most studied for post-combustion CO 2 capture because
of the high reactivity of amine even at low partial pressure of CO 2 and the complete
regenerability. But its high temperature reactivity is potentially a problem. There is no
publication so far about the high temperature adsorption of CO2 using these sorbents. In
this test, three types of amine-supported silica are tested. All of them can capture CO 2 at
room temperature range as expected. But the sorption capacity at warm temperature
range is very low. Only amine-supported MCM-41 exhibited large capacity, but it has a
regenerability problem. The sorbent capacity drops nearly to zero just after one cycle.
The testing results are shown in Table 2-2.
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Table 2-2 Sorption properties of amine-supported silica

PEI-supported
silica gel

Amine-supported
MCM-41

Amine-supported
SBA-15

Impregnation

Surface grafting

Surface grafting

PEI

Primary amine

Tri-amine

Not measured

-300

-13

Loading amount of amine
(determined by TGA)

14%

31%

29%

Capacity @ 25 *C, 1 bar

1.47

2.1

2.0

Pressure-swing

Pressure
swing/temperature
swing at 75 'C

Pressure
swing/temperature
swing at 75 *C

0.9

0.1

Not reversible

NA

Preparation method
Active amine
Surface area (m2/g)

CO 2 (mmol/g)

Regenerability after
sorption @ 25 'C
Capacity @ 200 'C, 16

-

0

bar CO2 (mmol/g)

Regenerability after
sorption @ 200 *C

NA

2. Dr. Ujjal Das's theoretical calculation suggests three promising metal hydroxide
sorbents: Zn(OH) 2, Ni(OH) 2 , and Co(OH) 2. In addition, researchers at NETL also
identified Mg(OH) 2 as a very promising sorbent. These four materials are tested in the
HPMB systems. All four sorbent materials have surface area less than 24 m2/g, and no
material has capacity larger than 0.2 mmol/g at IGCC condition.
3. Two types of hydrotalcite were tested in the lab: K2C0 3 promoted hydrotalcite
produced by Sasol Ltd, and synthetic HTls from Sigma Aldrich. The largest measured
capacity of synthetic HTIs is about 0.87 mmol/g at IGCC condition. The details of this
study will be presented in Chapter 3.
4. Quantum calculations also identified five types of metal oxide as candidate sorbents:
MgO, MnO, ZnO, CoO and NiO. In addition, because of the low sorption enthalpy for
CuO and FeO, these two materials were also tested. The sorbent CaO is tested as
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reference. The sorption experiments are done in a standard TGA and some key data are
shown in Table 2-3.
Table 2-3 Sorption properties of several metal oxides

CaO
CaO /A1203

Surface area (m2/g)

Capacity @ 200 'C 1 atm CO 2 (mmol/g)

12

< 0.1

Not measured

MgO

11

MgO (porous)

60

0.26

-

-0
0.3

1.0

-

0

CuO

Not measured

FeO

Not measured

< 0.1

MnO

Not measured

< 0.1

CoO

10

-0.14

NiO

Not measured

-0

ZnO

Not measured

< 0.1

-

From the preliminary sorbent test, we have several observations. Amine-supported silica
are not fit for warm CO2 capture application. Firstly, the reaction between amine and CO 2
is not favored at warm temperature range. The coarse calculation suggests the adsorption
could possibly happen, which is partially confirmed by some solution phase experimental
data. But the reality is the reactivity did not provide enough capacity, as evidenced by the
low measured capacity at even high pressure. Amine supported MCM 41 has a good
capacity, but it has a problem mentioned next. The second problem is the side reactions at
high temperature. Urea can be a product of the adsorption process, which leads to amine
degradation. The final problem is the cost. So far, the most promising capacity data
comes from materials prepared through surface grafting which needs expensive precursor
and functionalized amine-silane. A cheaper way to prepare sorbent is using impregnation
based on physical interaction of PEI in porous media. But research shows the capacity
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decreases with time at high temperature. Thus, this approach is more meaningful to postcombustion capture scenario. Even though the amine-on-silica has good kinetics, but the
three disadvantages above basically kick amine out of the candidate list.
The result about metal hydroxide sorbent is very interesting. Extensive work has been
conducted on Ca(OH)2 and LiOH before, which are used for post-combustion CO2
capture and also in some life-support systems. Mg(OH) 2 is also identified as a promising
candidate for warm CO 2 capture. But the sorption data reported in the literature cannot be
reproduced in our HPMB test. Part of the reason is the sorption test needs the presence of
large amount of steam, which HPMB system cannot handle. Metal hydroxide sorbent also
suffers from an inherent problem. The sorption is based on a bulk reaction to form
carbonate. During the regeneration step, bulk phase decomposition results in the structure
change which tends to transform sorbent particles to sorbent powder, which could be a
big problem in real application.
Among the tested sorbent materials, HTls stand out a good candidate. It has a good
working capacity at the warm temperature range. Some more tests concerning these two
types of HTIs are shown in Chapter 3.
Metal oxide especially CaO has been extensively studied since even 1950s. But the main
problem about this material is the regenerability. One thing is the decomposition
temperature of CaCO 3 is too high; another thing is the working capacity will generally
decrease to 50% of the original value after even several cycles. In the sorbent screening
test, the CaO was initially not considered as candidate at all. Instead, the metal oxides
which have much lower regeneration temperature are tested, such as CoO, ZnO, NiO,
CuO, FeO etc. But the experimental data in Table 2-3 clearly shows that the reactivity of
these metal oxides at mild temperature (200 *C) is way too low. Some sorbents such as
ZnO and NiO even do not have detectable mass increase when exposed to CO 2.
Among all metal oxides candidates, high surface area MgO and CaO can achieve a
capacity larger than 0.5 mmol/g. It indicates the importance of surface area on sorption
capacity, as the reaction takes place mainly on surface at this mild temperature range.
Then, MgO and CaO were impregnated onto support material. The testing data are shown
in Table 2-4. Both supported MgO and supported CaO can be regenerated when
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temperature are raised by 50 *C. Another finding is that, for both sorbents, the sorption
can reach 80% capacity within 2 minutes. But comparatively, supported MgO is a better
candidate, as it has a larger working capacity even after several cycles. Because the
basicity of CaO is too strong, the supported CaO can only be partially regenerated below
300 'C, which results in a lower working capacity. Thus, for this specific purpose of CO2
capture at warm temperature range, supported MgO stands out the best candidate as it
balance the capacity and regenerability. This material will be fully investigated in the
next Chapter.
Table 2-4. Sorption performance of supported MgO and supported CaO

2.6

Conclusion

Several promising candidate materials were identified using quantum calculation and
literature review. These materials were tested using TGA and a custom-built HPMB
system. By analyzing the experimental data, supported MgO has been identified as the
most promising candidate which achieves a good balance between working capacity and
regenerability. The activated carbon supported MgO will be optimized, characterized and
tested, details of which are in Chapter 3.
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Chapter 3. Synthesis, Characterization and
Testing of MgO/C Sorbent

3.1

Introduction

Activated carbon supported magnesium oxide is identified as the most promising
candidate for achieving good balance between capacity and regenerability among the
candidates materials we screened. In this section, MgO/C is prepared via incipient
wetness impregnation method, several important preparation parameters are tested, and
one best procedure is suggested. Then the sorbent is fully characterized and tested in its
CO 2 sorption/desorption behavior at warm temperature range. Some of the discussion
below mirrors reports in our journal paper 90 and patent application 91 .

3.2

Sorbent synthesis

92 94
The sorbent material was synthesized using incipient wetness impregnation method - ,

which has been widely adopted for preparing heterogeneous catalysts. To achieve the
best performance, different magnesium precursors (nitrate, citrate, acetate, oxalate) were
tested and compared. Nitrate was finally chosen as the precursor. Several key preparation
conditions, such as precursor concentration, support materials, calcination temperature
and time were also studied to figure out the optimal preparation procedure.

impregnation

icropores

Active material

Precursors

Functional groups

M

Heattreatment

support

Support

Incipient Wetness Impregnation

Figure 3-1. Simplified procedure of incipient wetness impregnation
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Support

As shown in Figure 3-2, the sorbent prepared with different precursor concentration and
different steps were tested in TGA. It is clear that for low precursor concentration, multistep impregnation can enhance the loading and increase the dispersity which is good for
sorbent capacity. However, for higher precursor concentration, the multi-step
impregnation adversely affect the performance as it may lead to over-loading and a loss
of surface area. In overall, one-step impregnation is preferred.
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Figure 3-2. Impregnation using different steps and different precursor concentrations (upper left) 0.5
M, (upper right) 1.5 M, (lower left) 2.5 M, (lower right) 3.8 M.

If we picked one-step impregnations, then we noticed that the sorbent capacity is
positively dependent on the precursor concentration as shown in Figure 3-3. It is clear
that one-step impregnation with high precursor concentration would lead to maximum
sorbent capacity.
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Figure 3-3. One-step impregnation with different precursor concentrations.

From the above mentioned tests, we identified that one-step impregnation using a high
concentration of precursor would be the optimal condition. The finalized impregnation
procedure is as follows: activated carbon (DARCO®, from Sigma Aldrich) was dried in

an oven at 80 *C overnight. Then 3.8 M solution of Mg(N0 3) 2 (from Sigma Aldrich, 98.5%
purity) was added dropwise at room temperature to the dry activated carbon to reach the
required MgO loading (15% in weight). The as-prepared material was first dried for 12 h
in open air, and was further dried in an oven at 100 *C for another 12 h. The material was
finally calcined in a muffle furnace at 500 *C for 3 h under a flow of pure nitrogen.

3.3
3.3.1

Sorbent characterization
Thermal treatment

The formation of the sorbent from the supported magnesium precursor was characterized
by thermogravimetric analysis (TGA) in a thermogravimetric analyzer (Q500 TGA, TA
Instruments). A sample of air-dry material (-15 mg) was placed on the platinum plate of
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the TGA system. The heating rate is 4 'C /min from 25 *C to 750 *C under pure N 2
atmosphere at a flow rate of 90 sccm.
The thermal evolution of the supported magnesium nitrate to the supported magnesium
oxide

is

used

to

identify

the

proper

calcination

temperature.

The

typical

thermogravimetric profile of the material is shown in Figure 3-4. The material showed
three decomposition steps leading to the corresponding sorbent. A first region showed
water loss with a broad peak from 80 'C - 120 *C. Most of the loosely held water in the
precursor was lost before the materials reached 180 *C. The second region (180 *C 450 'C) showed an intense endothermic peak which corresponds to decomposition of
magnesium nitrate to magnesium oxide. The third region (> 450 'C) has no observable
peak, and the small weight change might arise from the weight loss of the carbon support.
A temperature of 450 'C was finally chosen as the calcination temperature, as this would
ensure the minimum sintering and complete decomposition of magnesium nitrate.
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Figure 3-4. Thermogravimetric diagram of formation of sorbent from precursor
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3.3.2

Helium density

Measurement of helium density of sorbent was performed in the high pressure
microbalance shown Figure 3-8. Initially, an empty pan was placed in the chamber.
Helium gas was introduced to the whole chamber and the temperature was maintained at
200 *C. Three weights at different pressure 2, 14 and 24 atm were recorded as data series
M 1 . Then the chamber was purged and a given amount of dry sorbent was loaded into the
pan. The same measurement procedure was repeated to get a new data series M 2 at the
same pressure. The mass change Am was fitted to the pressure and the helium density of
the sorbent was calculated based on the following formula 5 .
d Ami

Equation 3-1

d (pHeVSple)

dP

Psample =

Equation 3-2

=

dP

Mle

RT

V
s

dpHe

msa,,le

MHe

dP

psnple

RT

e

dAm
dP

The true density of the sorbent was important in measuring the sorbent capacity at high
pressure. A recent paper9 6 indicates that the true density measurement depends on the
temperature of the test. A high temperature (200 *C) was chosen as it would ensure there
was no helium adsorption.
Based on Equation 3-1 and Equation 3-2, the helium density of the sorbent is determined
to be 1.25 g/cm 3 , which is slightly smaller than the reported data corresponding to
activated carbon (1.5-2.2 g/cm 3). This is probably due to pore closure after impregnation
which makes certain inner pores unavailable to helium gas which makes the excluded
volume of the material larger, thus leading to a smaller true density. Another thing worth
noting is the helium molecule is smaller than the testing gas CO2 . Some pores accessible
to helium molecules may not reachable by CO 2 , which leads to an underestimation of
excluded volume. This will result in a slightly conservative estimation of the sorbent
capacity.

3.3.3

BET test

The surface area and pore size distribution of the sorbent were determined by N 2
adsorption-desorption isotherms at 77 K on a Micromeritics ASAP 2020 instrument. A
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sample of calcined materials (200 mg) was first outgassed in vacuum at 200 *C for 4 h.
Then the sample holder with the dry sorbent was transferred into the liquid nitrogen for
the adsorption-desorption analysis.
The surface areas and average pore diameters (Dp) were calculated using the BrunauerEmmett-Teller (BET) method. The pore size distributions and pore volumes (Vp),
between 170 and 300 nm, were determined from the desorption branch using the BarrettJoyner-Halenda (BJH) method.
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Figure 3-5. N 2 sorption-desorption tests for support and sorbent at 77K
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The surface areas and pore volumes of the materials were determined by nitrogen
adsorption-desorption isotherms at 77 K of both support and sorbent. Both of the
materials show characteristic hysteresis loop of the type IV isotherm 97 , which is
associated with capillary condensation taking place in mesopores. This type of isotherm
is very common in mesoporous industrial adsorbents.

Analysis of the hysteresis loops indicates that samples synthesized by incipient wetness
impregnation did not exhibit any limiting adsorption at high relative pressure, which is
characteristic of type H3 hysteresis loops, corresponding to aggregates of plate-like
particles giving rise to slit-shaped pores97 . In general, the porous structure patterns
measured by BET were maintained after the impregnation and the subsequent thermal
treatment despite the observed decreases in surface area.
The morphological properties of the support and sorbent are summarized in Table 1. As
expected, heat treatment of the samples reduced their specific surface areas and
mesopores volumes. But the average pore diameter does not have a significant change.
These values ensure that the pore size is not limiting with respect to the subsequent CO 2
adsorption studies. The total volume was contributed mostly from mesoporosity volume.
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Table 3-1. Summary of morphological data for the support and sorbent
BET surface area

Total pore volume

V_2nm-300nm

(m2/g)

(cm3/g)

(cm3/g)

Support

978

0.82

0.55

6.84

Sorbent

532

0.48

0.34

6.93

3.3.4

Dp (nm)

Sorbent characterization using SEM

The surface morphology and microstructure were studied using a JEOL JSM 6060
Scanning Electron Microscope. The topologies of the materials were shown in Figure 3-7.
It is apparent that both the support material (DARCO®, from Sigma Aldrich) and the
sorbent have similar particle morphology. Particles have an average size of 1 pm.
Because the support material is used as purchased without further specific modification
and treatment, no well-developed plate-like particles were obtained or no uniform shaped
platelet structure is visible9 8 . And there is no significant morphology change on the
surface after the impregnation.

Figure 3-7. Surface morphology visualized using SEM (x1600): (Left) Support, (Right) Sorbent.
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3.4
3.4.1

Sorbent Testing
CO 2 adsorption measurements

The measurements of sorption capacity and cyclic stability of the sorbent were performed
in a high pressure microbalance shown in Figure 3-8 (D110, from THASS company,
Germany) and a TGA analyzer (Q 500 TGA, TA Instruments).
For a typical capacity measurement, 10-20 mg of sorbent was placed in a platinum
sample pan which was then placed into the testing chamber. A custom-built heater was
used to heat up the chamber to the desired adsorption temperature and stabilize the
temperature in ±0.2 'C range. Initially, pure helium at flow rate of 100 sccm was
introduced to the whole chamber. When the weight signal got stable, an initial weight m,
was recorded. Then pure CO 2 at flow rate of 300 sccm was introduced to the testing
chamber (left), while the balance chamber (right) was still purged using pure He. The
pressure in the testing chamber was controlled by a back pressure controller. When a
desired pressure was reached, a weight signal was recorded as M 2. The weight change
was denoted as Anmeasred. Note here, the measured weight change is not the real
adsorbed amount. A buoyancy correction is needed, discussed in section 2.4.
Isotherms were measured using the above procedure by measuring a series of weight
increase at different CO 2 partial pressures ranging from 2 atm to 16 atm.
The sorption capacity has two distinct components: reversible adsorption and irreversible
adsorption. To differentiate these two parts, the following measurement procedure was
used. The isotherm for total adsorption combining both reversible and irreversible
components was first measured at a specific temperature. Then the whole chamber was
held under vacuum at the same temperature for 24 h. After that, the isotherm
measurement procedure was repeated again. The isotherm obtained the second time was
attributed to the reversible adsorption. Subtracting the reversible isotherm from the 'total
isotherm' yields the irreversible isotherm.
For the adsorption-regeneration cyclic stability test, a given amount of sorbent was
placed onto the platinum plate in the testing chamber. The adsorption step lasted for 30
min at 200 *C with a CO 2 partial pressure of 13 atm. After the adsorption, the testing gas
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was switched to pure N2 from pure CO 2 for 30 min. The testing chamber was maintained
at the same temperature. This adsorption-regeneration cycle was repeated 84 times.
The measurement of capacity of the sorbent was also studied in a TGA. A sample of 1020mg was placed onto a platinum plate. The built-in heater raises the sorbent to the
desired adsorption temperature under a N2 atmosphere. When the weight and temperature
stabilize, an internal switch automatically changed the testing gas from N2 to CO 2. Note
that, for measurement using TGA, the partial pressure of CO 2 was always maintained at 1
atm.
3.4.2

Buoyancy correction

The weight change Ammeasred mentioned in previous section is not the real sorption
amount because of the nonnegligible buoyancy effect. Another two terms were needed to
obtain the real capacity, shown in Equation 3-3.
Am

Equation 3-3

The second term

=A

Ambuoyancy-pan

A

+

lo .

wym,,pie

is buoyancy contribution arising from the imbalance

between the sample pan and the balance pan at high pressure. To correct this, a control
experiment is needed. Just repeat the capacity measurement shown in previous section by
using an empty sample pan without sorbent loading. A series of weight correction data at
different pressures can be obtained.
The third term Ambuoyancy-sample is the buoyancy contribution from the sample, which can
be calculated as

PCo2Vexclued.

The excluded volume is calculated through the true density

of the sorbent. The measurement of the true density is described in section 2.5.
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Figure 3-8. Diagram of high pressure microbalance system

3.4.3

Adsorption isotherm

The combined isotherm containing reversible and irreversible components was first
determined, and the sample was then evacuated to remove only the reversibly adsorbed
CO 2 . The adsorption isotherm was then measured again, yielding the reversible
adsorption only. The irreversible adsorption was determined by the difference between
the total isotherms and reversible isotherm at different pressure points. The capacities for
reversible and irreversible adsorption at different temperatures are summarized in Table
3-2.

73

Table 3-2. Capacity at different temperature and pressure (mmol CO 2/g Sorbent)
Pressure

T = 180'C

T = 200*C

T = 220*C

T = 240*C

(atm)
Reversible

Irreversible

Reversible

Irreversible

Reversible

Irreversible

Reversible

Irreversible

3

0.6416

0.2386

0.5595

0.2064

0.4775

0.2235

0.4438

0.1648

4
5

0.7803
0.9002

0.2481
0.2689

0.7004
0.8097

0.2159
0.2386

0.5909
0.6876

0.2159
0.2311

0.5615
0.6518

0.1761
0.1913

6
7
8

0.9969
1.1189
1.2410

0.3011
0.3011
0.3068

0.9211
1.0347
1.1442

0.2424
0.2557
0.2633

0.7780
0.8769
0.9779

0.2462
0.2576
0.2765

0.7296
0.8306
0.9232

0.2121
0.2178
0.2292

9
10

1.3273
1.4200

0.3106
0.3220

1.2200
1.3106

0.2803
0.2898

1.0579
1.1422

0.2803
0.2917

0.9927
1.0707

0.2311
0.2462

11
12
13
14
15
16

1.4959
1.5697
1.6436
1.7028
1.7788
1.8865

0.3371
0.3428
0.3485
0.3655
0.3598
0.3580

1.3864
1.4645
1.5342
1.6081
1.6652
1.7813

0.3011
0.3106
0.3106
0.3163
0.3295
0.3163

1.1992
1.2835
1.3490
1.4082
1.4800
1.5793

0.3049
0.2992
0.3049
0.3144
0.3125
0.3163

1.1318
1.2141
1.2816
1.3555
1.4232
1.5056

0.2443
0.2443
0.2557
0.2424
0.2405
0.2462

Concerning the effect of temperature, it was observed that the capacity of the adsorption
decreases as the temperature increases, because high temperature shifts the adsorption
reaction equilibrium. The reversible adsorption capacity shows a strong dependence on
partial pressure of CO 2 , and the trend can be fitted to an empirical isotherm model which
yields a type I isotherm shape with good precision. The irreversible adsorption capacity
reaches a relatively high value even at a low pressure, and the pressure increase does not
significantly increase the irreversible adsorption capacity. The irreversible adsorption
sites get saturated even at lower pressure, suggesting the irreversible adsorption arises
from a strong chemical reaction, which is sharply different with the reaction mode
contributing to the reversible adsorption.
Recent research 9

on magnesium oxide surfaces tried to correlate the adsorption

reversibility to the different adsorption modes. The research based on thermogravimetric
and calorimetric studies, as well as FTIR analysis, revealed different surface species were
formed on the oxide surface when exposing the sorbent to CO2 . Bicarbonates are formed
through reaction between surface hydroxyl groups and CO 2, whereas carbonates are
formed on surface oxygen atoms of different coordination degree, leading to unidentate
and bidentate, chelating or bridging, carbonates.
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Leon et al.'s FTIR study indicates bridging bidentate carbonates disappear above 50 *C,
while chelating bidentate carbonate and bicarbonates disappear above 100 and 200 *C,
respectively, whereas a fraction of unidentate carbonates remain even after evacuation at
400 'C. This result indicates that the strongest sites are correlated with unidentate modes
of adsorption and are chiefly responsible for the irreversibility of the adsorption. These
modes, however, have no positive effect on reversible adsorption capacity, which is
mainly controlled by the weakest adsorption sites.
Only the reversible adsorption would contribute to PSA performance. The reversible
adsorption isotherm at four different temperatures was measured in the high pressure
microbalance, and the measurement has been corrected by considering buoyancy effects.
aexp(b/T)P
exp(IT)P
'1+cexp(d/T)P

0
.=

Equation 3-4

A temperature-dependent empirical isotherm model (Equation 3-4) which yields a Type I
isotherm was adopted to fit the isotherm data, where a=5.013x10 3 mmol/(g-bar),

b=1.753x103 K, c=1.268x10-3 bar, d=1.802x10 3 K. As shown in Figure 3-9, the model
captures the shape and temperature-dependent behavior. The small difference between
parameters b and d indicates there are no strong interactions between adsorbed molecules
on adjacent sites.
If we assume one magnesium oxide lattice captures one CO 2 molecule, and the surface of
the sorbent was completely covered by magnesium oxide, then the maximum monolayer
capacity can be calculated as roughly 5 mmol/g, based on Equation 3-5.
Equation 3-5

n,

mx

1

_1

a2

SBET

1
N
NA

where a is the lattice constant for magnesium oxide;
sorbent;

NA

SBET

is the surface area of the

is Avogadro constant. From our isotherm model Equation 3-4, the maximum

capacity is calculated as a/c = 3.95 mmol/g. The similarity of these two numbers suggest
the adsorption is based on surface binding, not bulk reaction nor multilayer adsorption,
and most but not all magnesium oxide on the surface contributes to the reversible
adsorption. This is consistent with the analysis about the correlation between adsorption
reversibility and the different adsorption modes described early in this section.
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Figure 3-9. Reversible adsorption isotherm at (0): 180*C, (O):200'C, (*): 220*C, (*): 240*C. The
solid lines are empirical isotherm model given by Equation 3-4.
The reversible CO 2 adsorption of support material was also studied using the high
pressure microbalance and TGA, according to the method mentioned in section 3.4.1.
The adsorption isotherm measured at 200 *C for the support and the sorbent are shown in
Figure 3-10. At constant pressure, the CO2 adsorption on support represents about 22% of
the adsorption capacity of the sorbent. But considering the significant difference of the
support and sorbent in surface area (around 1000 vs 500 m2/g), we would conclude that
the contribution to total reversible adsorption from the support would be 10% or less, as
the MgO containing probably blocks many of the binding sites of the support. The
adsorption capacity and sorption behavior of the sorbent is dominated by the MgO on
sorbent surface.
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Figure 3-10. Reversible CO 2 adsorption isotherm measured at 200 *C for (0): support, and (0):
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The heat of adsorption is rigorously derived in the literature, 10

1

2 as shown in Equation

3-6.. Once a temperature-dependent equilibrium isotherm is established, the heat of
adsorption can be theoretically derived from an isotherm model based on Equation 3-7,
where nP is the capacity. The heat of adsorption for this sorbent is shown in Figure 3-11,
which is consistent with the experimental data on magnesium oxide surface 99 . The value
14 kJ/mol is very close to the enthalpy of reaction between magnesium hydroxide with
CO 2 (19.6 kJ/mol)6. This is consistent with the hypothesis that the reversible adsorption
arise from the reversible reaction between a surface hydroxyl group and CO 299 .
Equation 3-6

q. = RT 2 [InP

Equation 3-7

qj = -R

E t

3
(

'

))P(anP)
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Figure 3-11. Heat of adsorption calculated based on equation 3-6 has a weak dependence on loading.

3.4.4

Regenerability

As stressed in the introduction, to be applicable in the pressure swing adsorption process,
regenerability is a key property. To study the adsorption reversibility, an 84-cycle tests
was performed in the high pressure microbalance. The temperature was maintained at
200 *C. The sorption step was at 13 atm and the desorption was at 1 atm.
It was observed (Figure 3-12) that the capacity at the 1st cycle is large, which is
attributed to the combination of reversible and irreversible adsorption. The capacity
decreases dramatically after the first cycle. Roughly 30% of the capacity cannot be
regenerated using pressure change only as discussed in the previous section. The sorbent
can only be completely regenerated at high temperature (450*C).
After the first cycle, the sorbent maintains a capacity of roughly 1.4mmol/g. According to
the study on magnesium oxide surface 99, the reversible adsorption around 200 *C is due
the formation of a surface chelating bidentate carbonate and bicarbonates, while the

78

irreversible adsorption arises from the formation of unidentate carbonates. The decrease
of surface area could also contribute to the capacity reduction.
The new sorbent's capacity is significantly lower than values of commonly reported
activated carbon and zeolites. But note that, these sorbents are working at much lower
temperature, and at low temperature, multilayer adsorption contributes to the high
capacity. Calcium oxide and lithium based materials have a very large capacity at high
temperature, but in these cases, the sorption is based on bulk reaction. The drawback of
that sorption mode is the extremely slow kinetics associated with bulk reaction and
species diffusion in solid. The new sorbent presented in this paper apparently captures
CO 2 based on purely a surface reaction. One can treat it as a pseudo-single layer
adsorption. Considering the moderate surface area of the sorbent, the capacity data is
reasonable.
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Figure 3-12. Cyclic working capacity of sorbent at 200 'C
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3.4.5

Sorption rate

Adsorption rate is another key criterion in selecting sorbent. To be applicable in pressure
swing adsorption, the sorption rate needs to be fast to reduce the overall cycle time.
Figure 3-13 and Figure 3-14 indicate significant CO 2 sorption to its saturation value by
the new sorbent in less than 1 min. Concerning the effect of temperature, we note that the
sorption capacity decreases as temperature increases, while the sorption rate has less
dependence on temperature. At higher temperature, the sorbent rate reaches its maximum
value earlier. But the difference in adsorption at different temperatures is very small.
Compared with the sorption rate of commercially-available PSA sorbents, like activated
carbon and zeolites, the sorption rate of our new sorbent is slower. That is because these
sorbents normally work at much lower temperature, and capture CO 2 purely based on
weak physical interaction. However, in our case, the sorption mechanism is based on
surface chemical reaction. It is reasonable to observe a relatively slower sorption rate.
It should be noted that it is a common problem for high temperature sorbents to have
slow sorption kinetics, because the sorption is based on chemical reaction, surface or bulk,
rather than a weak physical interaction with lower energy barrier. Sorbents like calcium
oxide and lithium-based materials capture CO 2 based on bulk reaction. The sorption
kinetics can only be improved by increasing the working temperature or by doping which
improves the bulk phase mass transfer. But the drawback for this sorption mode is bulk
reaction normally leads to a change of crystal structure of sorbent. The sorbent needs a
higher temperature to be regenerated, which always results in a decreasing working
capacity. The material shown in this paper captures CO2 based on surface reaction.
Surface sorption is less invasive, and results in a much more stable regenerable capacity
as shown in the previous section. What we want to stress here is, a sorbent with high
surface area, high surface biding site density which captures CO 2 based on a weaklyexothermic surface reaction would reasonably be the better candidate for PSA process in
our temperature of interest (200 - 300 'C).
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3.4.6

Comparisons with HTis

Hydrotalcite-like compounds consist of positively-charged brucite (MgOH)-like layers
balanced by hydrated anions. The most common type is Mg-Al-CO 3 , in which stacked

layers of magnesium hydroxide [Mg(OH) 2] in which some of the divalent cations (Mg2+)
are substituted by trivalent cations (Al3+) at the centers of octahedral sites of the
hydroxide sheets. HTls are often promoted with K2 CO 3 to improve its performance in the
presence of high pressure steam. These two classes of materials after calcination have
been widely studied for CO 2 capture at high temperature103,104 (350 - 500 *C). Here we
compare our new sorbent with these two materials.
A reversibility and kinetics comparison was performed in a TGA at 200 'C and 1 atm
CO 2 . As shown in Figure 3-15, all materials show a large capacity in the first cycle, but
the capacity of HTls dramatically decrease after the first cycle, indicating most of the
surface reaction is irreversible at this temperature. The capacity for HTIs keeps
decreasing in the 10-cycle tests, while the MgO/C sorbent maintains a stable and larger
reversible capacity. The sorption rate for these three samples was also compared. As
shown in Figure 3-16, the MgO/C has a much faster sorption rate compared with HTls at
200*C. These two comparisons indicate MgO/C is a better candidate for warm CO 2
capture in the temperature range of interest.
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Note that MgO/C only shows advantage around 200 *C. At higher temperature, 400 *C,
the comparisons indicate HTls show a much larger reversible capacity show in Figure
3-17, which is why HTls are widely studied for its application in sorption-enhanced water
gas shift reaction, an application which runs at a higher temperature 10,4. But again, for
the desired sorption properties for warm CO 2 capture purpose, MgO/C shows significant
advantages over HTls in both regenerable capacity and sorption rate.
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Figure 3-17 Cyclic working capacity comparisons at 400 'C, latm CO 2

3.4.7

CO 2 adsorption at the presence of steam

Due to the limitation of our testing facilities, we were unable to test the CO 2 adsorption in
the presence of high partial pressure of steam. But we did test its performance at a partial
pressure of 23.78 torr of steam. Using the method suggested by Costa 05, we added steam
generator upstream of TGA. We measured the cyclic adsorption capacity of the sorbent
with and without water vapor. Figure 3-18 shows the combined cyclic adsorption of
water vapor and CO 2 (upper line) on the sorbent. To identify the CO 2 sorption capacity
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only, we did one control experiment to test the sorption capacity of steam in the presence
of an inert gas N2, as shown in the lower line of Figure 3-18. By deducting the adsorption
of water vapor, we can obtain the CO 2 adsorption capacity in the presence of water vapor.
The comparison between CO 2 capacity at wet and dry conditions are shown in Figure
3-19. Except the first cycle, the cyclic capacity under wet conditions is slightly larger.
Adjusting for the dilution of CO2 at wet conditions, the working capacity under wet
conditions is around 6% larger than that under dry conditions.
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Figure 3-18. Cyclic weight change measured at 200 *C and
C0 2, 3% water vapor; (0): 97% N 2, 3% water vapor.
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Figure 3-19. Cyclic working capacity measured at 200 'C and latm C0 2, (0): with 3% of water
vapor; (0): without water vapor.

Steam tolerance of sorbent
To test the sorbent stability, we use pure steam to pass through the sorbent at 95 *C and 1
atm for 36 h. After the steam treatment, its cyclic capacity was measured and compared
with samples without steam treatment. As shown in Figure 3-20, the cyclic capacity
decreases by about 18% after the long-time steam treatment. The effects of high pressure
high temperature steam on sorbent performance would be further studied using a packed
column which is now under construction.
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Figure 3-20. Cyclic working capacity measured at 200 'C, latm CO 2. (O)sorbent without steam
treatment. (0) Sorbent treated with steam at 95 *C for 36 h.

3.5

Conclusion

A new pressure-swing absorption sorbent for CO 2 containing supported magnesium oxide
was developed in this paper using incipient wetness impregnation. The new sorbent
showed large regenerable capacity in the temperature range 180-240C. A multicycle test
conducted in a high-pressure microbalance at 200 'C shows the sorbent maintains stable
capacity for at least 84 cycles. In addition, in this temperature range, the new sorbent
also has larger working capacity and sorption rate than synthetic-HTls and K2CO3
promoted HTls. These results suggest the material could be a promising candidate
sorbent for warm CO2 capture by PSA process.
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Chapter 4. Modeling and Simulation of Warm
CO 2 Capture via a Pressure Swing Adsorption
Process

4.1

Introduction

Once we developed a new sorbent material, the next step to identify a proper adsorption
process which can utilize the new sorbent and be integrated into the overall IGCC
flowsheet. The process selected is pressure swing adsorption process. This section will
include a description of an 8-bed 16-step PSA process design and the governing
equations describing the CO 2 adsorption process. Through the use of this model we can
predict the influence of various process parameters e.g. the regeneration pressure,
residence time adsorption for the sorbent materials on the separation performance,
including hydrogen recovery, steam consumption and CO 2 capture percentage. The
discussion below mirrors our recently submitted article for Ind. Eng. Chem. Res.

4.2

.

Introduction to PSA process

Pressure swing adsorption has been be widely used for air separation, drying and
hydrogen purification"-"'.

But its applicability

for CO 2 capture is still under
112

investigation and has not been demonstrated in commercial scale'2

The essential requirement for PSA operation is an adsorbent which can preferentially
adsorbs one gas component from gas mixture. The selectivity may depend on a difference
in adsorption equilibrium or on a difference in sorption rate.
The most important feature of a PSA process is that, during the regeneration step, the
preferentially adsorbed gas species are removed by reducing the partial pressure, rather
than by increasing the temperature (temperature swing adsorption, TSA). The difference
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between PSA and TSA can be best explained using Figure 4-1. PSA process operates
under approximately isothermal conditions so that the working capacity is the difference
in loading between two points Pads and

Pdes,

corresponding to the feed and regeneration

pressures on the same adsorption isotherm. In contrast, TSA process operates at different
temperatures of the adsorption isotherms. So the working capacity is the difference in
capacity between two temperatures, Tads and

Tdes,

which correspond to the adsorption

temperature and regeneration temperature.
A major advantage of PSA over TSA is that the pressure change can be implemented
much more rapidly than the temperature change, as the heat transfer in the packed bed
needs relatively longer time. Thus the cycle time for PSA process is much shorter than
TSA process, which enables PSA to have a larger throughput per unit of adsorption bed
volume. This advantage is extremely useful for large-volume gas treatment, like CO2
capture in coal fired power plant.

qT
Tads
qads
9& T Swing

qdes

-..............

T

e

~~des

Pdes

Pads

Figure 4-1. The concept of a PSA and TSA process: change in equilibrium loading with pressure and
temperature.

Adsorption-based PSA process is significantly different with some other conventional
separation process, like extraction, absorption and distillation. PSA process operates
under transient conditions, whereas most other processes operate under steady-state
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conditions. Because of the transient nature of PSA operation, normally at least two beds
are needed to make the process operate in a continuous mode. The simplest PSA cycle is
Skarstrom cycle which contains 2 sorbent beds and 4 steps. However, the 2-bed system
suffers from lower recovery and lower purity. Thus, true industrial processes has much
more complexity by incorporating multiple beds and adding several pressure equalization
steps. Any PSA operation can be considered as a sequence of elementary steps. The most
commonly used steps are as follows.
1. Pressurization with feed or raffinate product;
2. High-pressure adsorption with raffinate withdrawal;
3. Depressurization to a lower pressure (Blowdown);
4. Desorption at a lower pressure;
5. Pressure equalization: the high- and low- pressure beds are connected with each other;
6. Rinse: the bed is purged with the preferentially adsorbed species after adsorption step.
The key for PSA process design lies in creating a sequence of these elementary steps in a
proper way to meet the specifications on gas recovery and purity. But it has never been
an easy job. As explained by Rutheven

,

a steady-state process can be described

mathematically by an ordinary differential equation (or a set of ODEs), and to obtain the
relationship between the operating variables and the process performance requires only
the integration of this set of equations. By contrast, a transient process, like PSA process
is described by a set of partial differential equations and this requires a more complex
solution procedure. As a result, the design and scale-up of PSA units are essentially more
difficult and the relationship between the process performance and the operational
variable is generally less obvious. The design, simulation and optimization of PSA
process is now still a very open question.

4.3

Process description

In my thesis, PSA process is picked for CO 2 capture because PSA has the potential to
treat large volume of gas mixture without the requirement for too large adsorbent beds. In
addition, the sorbent developed in Chapter 3 meet the requirement of PSA operation: fast
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kinetics, lower heat of adsorption (which facilitate lower temperature variation during
adsorption and regeneration).
The fractional recovery of the PSA process, is relatively lower compared with processes
such as distillation, absorption or extraction. The recovery can be increased by including
additional steps in the cycle and by increasing the number adsorbent beds, but both these
moderations increase the capital costs. In this purpose, to reach a balance between capital
cost and hydrogen recovery, a modified process is proposed which modified hydrogen
purification PSA process. A simplified process diagram is shown in Figure 4-2.
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Figure 4-2.Flowsheet the 8-bed 16-step pressure swing adsorption process
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Table 4-1.Switching sequence for 8-bed 16-step PSA process.
Time (min)
1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

1

A

A&P

ElD

I

E2D

I

E3D

I

BD

P

ER

I

E2R

I

EIR

PP

2

EIR

PP

A

A&P

EID

I

E2D

I

E3D

I

BD

P

E3R

I

E2R

I

3

E2R

I

EIR

PP

A

A&P

ElD

I

E2D

I

E3D

I

BD

P

ER

I

4

E3R

I

E2R

I

E1R

PP

A

A&P

ELD

I

E2D

I

E3D

I

BD

P

5

BD

P

BR

I

E2R

I

EIR

PP

A

A&P

ElD

I

E2D

I

E3D

I

6

E3D

I

BD

P

BR

I

E2R

I

E1R

PP

A

A&P

ElD

I

E2D

I

7

E2D

I

E3D

I

BD

P

BR

I

E2R

I

EIR

PP

A

A&P

ElD

I

8

ElD

I

E2D

I

E3D

I

BD

P

E3R

I

E2R

I

ElR

PP

A

A&P

PC

A: Adsorption; A&P: Adsorption and product depressurization; I: Idle; P: Purge; BD: Blowdown; PP:
Product pressurization; EID: Pressure equalization I - concurrent depressurization; E2D: Pressure
equalization II - concurrent depressurization; E3D: Pressure equalization III - concurrent depressurization;
E1R: Pressure equalization I - countercurrent re-pressurization; E2R:

Pressure equalization

I -

countercurrent re-pressurization; E3R: Pressure equalization III - countercurrent re-pressurization.

The cyclic 8-bed 16-step PSA process, shown in Figure 4-2, contains three pressure
equalization steps, and one steam purge step, similar to the commercial process for
hydrogen purification in petrochemical industry. The usage of three pressure equalization
steps can achieve a good balance between capital cost and hydrogen recovery. The steam
purge rather than hydrogen purge is chosen because high hydrogen recovery is essential
for energy efficiency in IGCC. It is worth noting that hydrogen recovery can be further
increased by adding extra pressure equalization steps, but that would require larger bed
size (i.e. more capital costs). The 8-bed 16-step PSA process cycle for a regeneration
pressure of 1 atm is detailed below using bed 1 as an example.
Step (1): Adsorption. Gas mixture consisting of mainly H2 , CO 2 and steam is introduced
from one end (Feed end) of the packed column which is initially full of freshly
regenerated sorbent. Decarbonized stream which is mainly H2 and steam is withdrawn
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from the other end (Product end). When CO2 concentration front moves to roughly 1/3 of
the bed, step one stops. The pressure is maintained at 40 atm for this step.
Step (2): Adsorption and product pressurization. The CO 2 concentration front initially 1/3
of the way down the bed moves further toward the product end. Part of the product
stream is used to pressurize bed 2. The pressure of the bed is maintained at 40 atm.
Step (3): Pressure equalization I - concurrent depressurization. The product end of the
bed is connected to and pressurizes bed 3. The CO 2 concentration front initially about 2/3
of the way down the bed moves to the product end. But, most of the gas exiting the bed is
H2 and steam. During this step, the pressure of the bed is decreased to around 30 atm.
Step (4): Idle. The bed maintains current state for 1 min.
Step (5): Pressure equalization II - concurrent depressurization. The product end of the
bed is connected to and pressurizes bed 5. The bed pressure initially at 30 atm drops to 20
atm during the process.
Step (6): Idle. The bed maintains current state for 1 min.
Step (7): Pressure equalization III - concurrent depressurization. The product end of the
bed is connected to bed 7. The CO2 initially in the bed moves out of the end of the bed
and into bed 7. At the end of the step, the pressure of the bed is around 11 atm.
Step (8): Idle. The bed maintains current state for 1 min.
Step (9): Countercurrent blowdown. The product end of the bed is closed. The feed end
opens and is connected to the waste stream, going to CO 2 sequestration. The bed
undergoes countercurrent depressurization. The pressure of the bed is dropped to the
regeneration pressure of 1 atm.
Step (10): Countercurrent desorption with steam purge. Steam is introduced from the
product end of the bed. The sorbent undergoes regeneration and the adsorbed CO 2 will be
released to gas phase and flushed to the waste stream.
Step (11): Pressure equalization III - countercurrent pressurization. The clean bed initially
at 1 atm is pressurized by the H2/Steam gas mixture in bed 3. At the end of this step, the
pressure increases to 11 atm.
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Step (12): Idle. The bed maintains current state for 1 min.

Step (13): Pressure equalization II - countercurrent pressurization. Similar to step (11).
The bed is connected to and pressurized by bed 5. At the end of this step, the pressure
increases to 21 atm.
Step (14): Idle. The bed maintains current state for 1 min.
Step (15): Pressure equalization I - counter current pressurization. Similar to step (13).
The bed is connected to and pressurized by bed 7. At the end of this step, the pressure
increases to 31 atm.
Step (16): Product pressurization. The bed is connected to and pressurized by bed 8. After
this step, the bed and gas phase conditions will be back to the original clean high-pressure
state at the beginning of step (1), which finalizes the whole cycle.
The PSA performance depends on the sorbent properties and operating parameters. In
this study, we use the sorbent properties from a material developed in our lab recently90 .
We limited our study of process parameters to the residence time, regeneration pressure
and steam consumption. We change the residence time by varying the bed length, which
will affect the position of concentration front. Regeneration pressure will affect the steam
requirement as well as the CO2 compression work requirement. The following
regeneration pressures have been studied: 10 atm, 5 atm, 1 atm, 0.75 atm, 0.5 atm, and
0.25 atm. The intermediate pressures of the pressure equalization steps were adjusted
appropriately depending on the regeneration pressure.

4.4

Model description

Each bed of the PSA system would undergo the same procedure during the cyclic
operation but with different phasing, thus the simulation of the cyclic process can be
modeled using single-bed approach. In this study, the singe bed was modeled as a
transient, adiabatic fixed bed. To simplify the model, the adsorption process was assumed
to be 1-dimensional with no radial gradients, and the Peclet number was considered to be
sufficiently high (and the bed sufficiently uniform) that axial diffusion and dispersion
could be neglected. Previous work 7 ' 48 modeled the bed as adiabatic or isothermal, which
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effectively create upper and lower bounds for the temperature effects within the bed. But
considering the practical issues regarding the heat transfer, the adiabatic model is chosen,
as it is more practical for the very large beds required by a full scale IGCC plant. The
resulting model equations47'48 are listed below, assuming that the only adsorbing species
in the system is CO 2 .

(1) Bed type: vertical, 1-D model, no internal heat exchanger, adiabatic.
(2) Material balance: convection only, no axial or radial dispersion.
Equation 4-1

aci =

(v Ci )

at

az

dq

'dt

(3) Momentum balance: Ergun equation.
Equation 4-2

DIp

2
150p(1-E)
vg
3

&Z

sdp

- -

1.75(1- E)Pgv2

E

(4) Kinetics: lumped resistance, linear driving force approximation.
Equation 4-3

d
dt

= k.D

i - qi

(5) Isotherm: temperature-dependent Langmuir model.

Equation 4-4

ae(bIT)P
q =
' 1+ce(d1TI '
*

(6) Energy balance: Non-isothermal with no conduction; constant heat of adsorption; no
heat transfer to environment.

Equation 4-5

DT

(Cpg.sCPgas+pCP

=
)P-,AH
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a(v pga C

T)

ga p,gas

az

dq
dt

Table 4-2. Symbols used in the adsorption model

Description

Units

Gas phase capacity

J/mol/K

Solid phase heat capacity

J/mol/kg

C.

concentration

mol/m3

d,

Sorbent particle diameter

m

D

Bed diameter

m

Heat of adsorption

J/mol

a

Isotherm parameter

mol/(kg- atm)

b

Isotherm parameter

K

c

Isotherm parameter

atm'

d

Isotherm parameter

K

k LDF

Linear driving force rate constant

L

Bed length

m

P

Pressure

Pa

Pi

Partial pressure of species i

atm

Sorbent Loading of species i

mol/kg

q,*

Sorbent Loading of species i at equilibrium

mol/kg

T

Temperature

K

t

Time

s

V8

Gas phase velocity

m/s

Dynamic Viscosity

Pa- s

Symbol
Cp,gas

Greek Symbols

16
Pgas
PA

Void fraction
3

Gas phase molar density

kg/m

Adsorbent bulk density

kg/M

3
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The above equations and proper conditions were then evaluated using a numerical
integrator within Aspen Adsorption. Because we were interested more in the steady-state
operation rather than the transient effects of startup in the adsorption beds, we simulated
a large number of cycles (150) to attain cyclic steady state.
The model parameters chosen for the sorbent bed are shown in Table 4-3. The values of a,
Cps, and d4 were all chosen to represent a porous sorbent dispersed upon a solid support.
The isotherm parameters a, b, c, d, kLDF, and AHas were measured from experiments
based on the new sorbent developed in our lab9o.
Table 4-3.Parameters Used in Adsorption Model
Parameter

Value

g

0.719

Ps

720 kg/m3

d,

0.002 m

kLDF

C,,,

1000 J/mol/K

D

0.055 m

L

1.2-1.6 m

AHads

-15 kJ/mol

a

5.013x10-3 mol/(kg-atm)

b

1.753x10 3 K

c

1.268x10- 3 atn-'

d

1.802x10 3 K

2.3 Integration of PSA Models with Aspen Plus.
The 16-step pressure swing adsorption process model was simulated using Aspen
Adsorption and integrated in Aspen Plus to predict their performance for CO 2 capture in
IGCC system. A USER2 block in Aspen Plus linked to an Excel file was used to model
warm PSA process. Because the PSA simulation is a dynamic simulation, the cyclic
steady state results from the simulation were tabulated in Excel. These main results
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include the CO 2 capture percentage, H 2 recovery, steam/feed ratio and steam recovery,
which are defined below.
Equation 4-6

Total moles of CO2 in waste stream per cycle
Total moles of CO 2 in feed stream per cycle
Equation 4-7
2

Recovery = Total moles of H 2 produced in product stream per cycle
Total moles of H2 in feed stream per cycle

Equation 4-8
Steam/Feed Ratio = Total moles of steam fed in regeneration step per cycle
Total moles in feed stream per cycle
Equation 4-9

Steam Recovery

=

Total moles of steam in production stream per cycle
Total moles of steam in feed stream per cycle

A total of 36 cases were studied which represent different operating conditions: Pregeneration
= 10 atm (cases 1-10); Pregeneration = 5 atm (cases 11-22), Pregeneration = 1 atm (cases 23-33),
Pregeneration = 0.75 atm (case 34), Pregeneration = 0.5 atm (case 35), and Pregeneration = 0.25 atm

(case 36). Details of each case are shown in supporting information. The strategy of using
purpose-built unit operation models for adsorption process and integrating them into
Aspen Plus flowsheet models of the entire IGCC process as USER2 models has proven to
be an effective means of exploring the performance of new technology options. The
details of process integration will be discussed in Chapter 5.

4.5
4.5.1

Simulation results
Cyclic steady state test

PSA process is a dynamic process. To incorporate its performance into a steady-state
simulator, we need to make sure the PSA operation has reached the cyclic steady state.
Here we monitored the cyclic temperature change and flowrate to determine the required
cycle numbers which can guarantee the cyclic steady state.
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Temperatures changes with time at different positions of the bed are shown in Figure 4-3.
Because of the exothermic nature of the adsorption process and the adiabatic nature of the
bed, there is big temperature variation during the PSA cycle. As discussed in previous
sections, most of the adsorption takes place in the first half of the bed, thus the
temperature change for the feed end and the midpoint is larger compared with the product
end.
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Figure 4-3. Temperatures change at different positions of the bed: feed end(blue), midpoint(Green),
product end (Red).

To identify the proper cycles number which is large enough to reach steady-state. The
temperatures at these three different positions of the bed at the beginning of the each
cycle are plotted in Figure 4-4. It clearly shows that cyclic steady state is achieved after
about 50 cycles. Throughout the research, we ran the PSA simulations for 150 cycles.
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Figure 4-4. Temperature in the beginning of each cycle at different positions of the bed: feed
end(blue), midpoint(Green), product end (Red).

The flowrates of H 2 in product stream is also monitored, as shown in Figure 4-5. The
production of H 2 has a large value at step 1, which is because the bed is initially saturated
with a pure H 2 in this study. The fluctuations might arise from the numerical integration.
Despite the fluctuation, at steady state, the mass closure for all species is within 0.5%.
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Figure 4-5.Total flow of H2 in product stream as the system approaches cyclic steady state.
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4.5.2

Intercorrelation between H2 recovery, CO 2 capture percentage,
steam requirement and regeneration pressure

The main factors contributing to the overall efficiency of IGCC-CCS process are the
amount of steam required for sorbent regeneration, H2 recovery, and regeneration
pressure (which affects works requirement for CO 2 compression). Here, we study the
intercorrelation between these factors in the PSA process.
Here is how we studied the problems. Firstly, the regeneration pressure was fixed as one
of the following numbers: l0atm, 5 atm, latm, 0.75atm, 0.5atm and 0.25atm. At high
pressure scenarios (10 atm, 5 atm and 1 atm), we tried five different bed lengths which
affect the residence time and the position of concentration front during pressure
equalization steps. At each fixed pressure and fixed bed length, different steam flowrate
(steam/feed ratio, defined in Equation 4-8.) were used and the corresponding CO 2 capture
percentage and H2 recovery were recorded. For low pressure regeneration scenarios (0.25
atm, 0.5 atm and 0.75 atm), these is no need for steam purge. So, the bed length is
adjusted to achieve a CO 2 capture in the range of 92.5% ± 1%. And the corresponding
steam recovery and H2 recovery were recorded.
The relationship between CO2 capture and steam consumption at different residence
times and regeneration pressures are shown in Figure 4-6
(Pregeneration = 5 atm) and Figure 4-8

(Pregeneration =

(Pregeneration =

latm), Figure 4-7

10 atm). It is clear that at a fixed

regeneration pressure and fixed residence time, the CO2 capture percentage increases
with the steam/feed ratio. That is because more purging steam dilutes the gas phase CO 2
concentration which facilitates desorption of CO 2.
If we fixed the purging pressure and CO 2 capture percentage, we noticed that shorter bed
needs larger steam/feed ratio to achieve the same CO2 capture. That is because during the
pressurize equalization step(III), the concentration front would move out of the bed and
enter another bed for shorter bed case. Thus, large amount of CO 2 would bypass the
desorption step and be kept in the bed. Then, more steam is needed in the regeneration
step to have more CO 2 to be released from the sorbent surface, in order to reach the same
CO2 capture as the longer bed case.
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As for the effect of purging pressure on steam requirement, it is pretty straightforward.
As indicated in the three figures, in order to achieve same CO2 capture, the number of
moles of steam required increases with the regeneration pressure. That is because high
pressure regeneration would need high pressure steam, requiring a larger molar flowrate
to maintain a similar volumetric flowrate.
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4.5.3

Effect of carbon capture on H2 recovery

When the steam flowrate during the regeneration step is large enough, a maximum CO 2
capture percentage would be reached. The relationship between CO 2 capture and H 2

recovery at different regeneration pressures is shown in Figure 4-9. In the figure, the area
below the line is the feasible region for possible CO 2 and H2 separation at the fixed
sorbent performance and PSA configuration.
There is an obvious tradeoff between H2 recovery and CO 2 capture. To achieve high H2
recovery, the bed length needs to be shorter enough that the concentration front will reach
then end of bed during the pressure equalization steps. The side effect of the short bed is
significant amount of CO 2 will accompany the H2 during this step, which results in a
lower CO2 capture percentage.
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Figure 4-9. The best achievable H2 recovery vs the CO 2 capture percentage at different regeneration
pressure: (0)1 atm, (0)5 atm, (0)10 atm.
The feasible region shrinks when the regeneration pressure is larger. That is because a
larger regeneration pressure means a larger initial pressure during blowdown step. At
high pressure, there are more moles of hydrogen in the gas phase, which blows down into
the waste stream, resulting in a lower H 2 recovery. If we fix the CO 2 capture to be 92.5%,
the relationship between average H 2 recovery and regeneration pressure is shown in

Figure 4-10.
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Figure 4-10. Average hydrogen recovery at different regeneration pressure, with CO2 capture
percentage constant at 92.5%.

4.5.4

Summary of tradeoffs

To make the IGCC-warm PSA comparable with IGCC-Selexol on the same basis, we
fixed the CO2 capture percentage as 92.5% ± 1% for the PSA process, which corresponds

to an overall 90% ± 1% of carbon capture for the whole IGCC process, defined in
Equation 5-4. Then a total of 36 cases which has 92.5% ± 1% CO 2 capture were studied.
The 36 cases with similar CO 2 capture have sharply different H 2 recovery, steam
requirement and regeneration pressure, as shown in Table 4-4. These parameters have
very different influence on the IGCC efficiency. Higher hydrogen recovery increases the
hydrogen supplied to the gas turbine and thus increases the thermal efficiency. A lower
steam requirement would increase the steam flowrate fed to the steam turbine and thus be

beneficial to IGCC efficiency. A higher regeneration pressure reduces the work
requirement for CO2 compression, and thus improves efficiency. However, as discussed
above, high H 2 recovery, low steam requirement, and large regeneration pressure are not

simultaneously achievable. Here is a summary for the tradeoff effects.
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The tradeoff can be best summarized in Figure 4-11. The trend of the line indicates a
positive correlation between hydrogen recovery and steam requirement. The position of
the three lines in the figure clearly shows higher regeneration pressure is linked with a
lower hydrogen recovery and higher steam consumption. Among the factors contributing
to IGCC efficiencies, any pair of the factors has tradeoffs. And only a plant-wide
simulation can reveal their effects on IGCC efficiency and identify the potentially
'optimal' operating conditions, which will be discussed in Chapter 5.
Table 4-4. Separation performance for 36 warm PSA cases

Case Regeneration

CO2 capture

H2 recover

pressure

#

Ste'am

Steam/Feed

recovery

ratio

(atm)
1

10

0.8417

0.9267
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1.1910

0.1781

lVlS6'0

t7ZS6O0

0000,0

169ff 0

E900,0

8696*0

TE000O

47t86,0

88T100

LSL6'0

SZT0O*

1Z66*0

sz90.0

1686*0

ttE00

LS66 0

OSZT.0

06L01T

E90z0o

601

E696f 0

I9tV6"O

SZTE'O

66L01T

SST110

96E6*0
0ST6'0

0E96'0
OE9ff 0

V4E6"0
S116*0

E6S6*0

tLE6*0

9SS6*0

tLW60

t,096'0
0SS6'0

tFSE6'0
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OZZ6*0
ESZ6'0

V"160
Et460

90E6*0

t7Zt76O0

oOSZ.0

86E6*0

OSZT.0

t7tV6*0

SLST*O

E0176*0

ETST10

19L01T

Lt7E6*O
E6Z6'0
ZEIE6'0
Z9t6*0

80t,60

t7TZ6*0

0SZ9,0

VZ06*0

ZLEOT

8890,0

LOSO'T

ETS8*0

16901T

SZ11.0

S9901T

E9OVOO

09L01T

SEtVT?0

t4tE6*0

LSE6*0

9616*0
17SE6"O

179E6'0
S616'0

Z616*0
6TE6*0
90Z6"0

szg8T
69T6*0

E90V,*0

9LS1TT

LE6T*0

TL8T

SZTZ.0

SLUT1

00SZ.0

6L811T

EISZ*O

t7SS~T*

L~t'V0O

998T

SZTE*O

LLSVT

SLEt7O

ES16*0
ZSE6*0

LST6'0
6016*0

StZ6'0

E806'0

ZLE6*0
66Z6'0

ET06O

TEZ6*0

L9LS'O

S9Z6*0

SE68*0

LLS80

ESZ6*0

4.6

31

1

0.9232

0.9632

0.9924

0.0937

32

1

0.9210

0.9634

0.9915

0.0625

33

1

0.9257

0.9674

0.9965

0.1250

34

0.75

0.9300

0.9647

0.9655

0.0000

35

0.50

0.9304

0.9654

0.9651

0.0000

36

0.25

0.9233

0.9689

0.9691

0.0000

Conclusion

In this chapter, a 16-step warm PSA process is simulated using Aspen Adsorption based
on the real properties of our new sorbent which has good cyclic adsorption-desorption
performance. I used the PSA model to fully explore the trade-offs between hydrogen
recovery, regeneration pressure of sorbent, and steam requirement, which are the main
factors affecting the overall thermal efficiency. To study their influence on IGCC
efficiencies and identify the potentially optimal operating conditions, we integrated the
PSA model with IGCC flowsheet in Aspen Plus, which will be detailed in the next
chapter.
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Chapter 5. Process Simulations of IGCC Systems

CO 2 Adsorption Models
5.1

Introduction

In this chapter, we integrate the pressure swing adsorption model developed in the
chapter 4 with an overall IGCC process flowsheet in Aspen Plus. The IGCC/warm PSA
process model is used to explore the optimal PSA operating conditions for maximizing
the thermal efficiency of IGCC power plant. The IGCC/warm PSA will be also compared
with IGCC/Cold Selexol process to identify the potential advantages and disadvantages.
Some of the discussion in this chapter mirrors our recent submission to Ind. Eng. Chem.
Res.".

5.2

Base Case IGCC Process Simulation.

The base case model of IGCC with low-temperature Selexol process for CO 2 capture was
developed in Aspen Plus by Field and Brasington 14. The overall design is based on the
NETL report1'"5 on bituminous coal to electricity conversion. The purpose of the
baseline model is to provide a foundation upon which various new process technologies
can be compared on a fair and consistent basis. A simplified diagram of IGCC-CCS
flowsheet is shown in Figure 5-1.
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Figure 5-1.IGCC-CCS with cold syngas cleanup

In the base case process, coal is fed into an entrained-flow, oxygen-blown, slurry-fed
gasifier whose characteristics reproduce the Texaco-GE Energy gasification technology.
The coal slurry and the oxygen react in the gasifier at 5.6 MPa and 1643 K to produce
syngas, which contains mainly H2 and CO, with lesser amounts of water vapor and
carbon dioxide, and even smaller amounts of hydrogen sulfide, carbonyl sulfide, methane,
argon, and nitrogen. The oxygen fed to the gasifier is supplied from a cryogenic air
separation unit (ASU). Nitrogen is also produced in ASU to be fed into the gas turbine as
a diluent. Syngas produced in the gasifier is then cooled down in a radiant cooler, and the
heat collected is used to generate high-pressure steam. The raw syngas is then quenched,
that is, cooled by direct contact with a large liquid water stream, and gets saturated with
water vapor. It then passes through a scrubber to remove chlorides and particulate matter.
The syngas exiting the scrubber is adjusted to an H 20:CO molar ratio of 2:1 by adding
high-pressure steam prior to the first water gas shift (WGS) reactor, where its temperature
increases to 693 K due to the exothermic nature of the reaction. Heat released at this

112

temperature is also used to generate high-pressure steam. A second, cooler stage of WGS
is added to achieve higher overall conversion of CO to CO 2. The WGS catalyst also
serves to hydrolyze COS, thus eliminating the need for a separate COS hydrolysis reactor.
The syngas exiting from the WGS reactor is then cooled to 312 K, removing most of the
water present in the stream.
The cooled syngas is fed to a two-stage Selexol process for acid gas removal, where H2S
is removed in the first stage and CO 2 is removed in the second stage of the absorber. The
process results in three product streams: the clean syngas, a CO 2 -rich stream and an H2 S
stream. The CO 2-rich stream is obtained at two different pressure levels and compressed
to a final pressure of 150 bar for sequestration while the H 2S stream is sent to the Claus
unit for sulfur recovery. The clean syngas, composed primarily of H2 with small amount
of CO 2 and CO, and trace amount of CH 4, N2 and water, is then passed through an
expansion turbine to recover energy and bring the pressure down to the delivery pressure
of the gas turbine. The clean syngas is then diluted with N2 from the ASU and enters the
gas turbine burner. The amount of N2 diluent to be added is determined by the
requirement of maintaining the appropriate lower heating value (4.81 MJ/Nm 3) of the
syngas feeding into the gas turbine burner to achieve sufficiently low NOx emissions (1535 ppmv at 15%

02) 116

and to keep the temperature of the gas low enough to avoid blade

failure.
The decarbonized, diluted fuel undergoes combustion and power generation in an
advanced GE 7FB class gas turbine. The amount of coal fed to the gasifier is specified
around actual size of two GE 7FB gas turbine, which has a volume of 4.60005x102 cc/hr
per combustion turbine (such that the amount of thermal input is variable for each case
simulated in this work). High-temperature flue gas exiting the gas turbine is conveyed
through the heat recovery steam generator (HRSG) to recover the large quantity of
thermal energy that remains in the exhaust.
The HRSG plus heat sources in upstream processes produce steam at three different
pressures by heating high pressure (HP), intermediate pressure (IP) and low pressure (LP)
boiler feedwater. The heat exchange between various streams in the HRSG section is
modeled in Aspen Plus using two MHeatX blocks, which allow heat exchange between

113

multiple process streams. The steam generated undergoes expansion through a series of
steam turbine to produce electricity. The steam exiting the low pressure turbine is
condensed and sent to a boiler feedwater mixer, where it is reheated and recycled. It is
worth noting that although the MHeatX blocks help to make the heat transfer in the

HRSG as efficient as possible, a full optimization of the heat integration was not
performed in this work (either for the base case or warm syngas cleanup models
described in future sections). Deeper analyses 1

7

of the heat integration in the IGCC plant

have shown an efficiency improvements of 1.7 % (HHV). Because all models were
evaluated on this consistent basis in the HRSG, all simulation are. Further details on
Aspen Plus modeling of each process can be found in the report by Field and
Brasington' 1 4 . A full table that summarizes the assumptions and operating conditions
used in the base case model is given in its Supporting Information. These parameters
were also adopted to generate results from our simulations of IGCC with warm syngas
cleanup, described in future sections.
It is worth noting that the base case model uses a physical solvent-based process for H2S
and CO2 capture. The process flowsheet is shown in Figure 5-2. Shifted syngas is
introduced to a H2S absorber, which uses C0 2-rich Selexol to absorb H 2S. The H 2S-rich
Selexol is then introduced to a H2S concentrator, where most of the CO 2 will be removed.
The H 2S-rich Selexol is then regenerated in a Stripper to generate a H2 S stream and lean
Selexol stream. The H2 S stream is fed to a Claus unit, and the lean Selexol is introduced
to the CO 2 absorber. The H 2S-free stream exiting from H2S absorber is fed to the CO 2
absorber, which uses both lean and semi-lean Selexol to absorb CO 2. Clean syngas is
produced from the CO 2 absorber. The C0 2-rich Selexol is then undergoing a series of
pressure drops in three flash drums. The gas stream from high pressure flash is fed back
to the CO 2 absorber to increase the H 2 recovery. The CO2 generated from medium
pressure and low pressure flash are sent to the sequestration unit. Overall, the Selexol
process can achieve 91.2% CO 2 capture (an overall 90.3% CO 2 capture for the IGCC
plant) and 99.98% H2S capture. The hydrogen recovery is 99.87%.
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5.3

IGCC-warm PSA flowsheet

For the warm syngas clean-up process, carbon capture and sulfur removal are
accomplished using high temperature sorbent processes 4748. Thus an important difference
between the warm syngas cleanup flowsheet, as shown in Figure 5-3, and the base case 11 4,
is the removal of both the cooling section, and the reheating unit. In the warm cleanup
flowsheet (Figure 5-3), the gas cleanup is done differently with a sorbent-based sulfur
removal unit (RTI/Eastman process) placed upstream of the CO 2 capture process. The
sulfur-free syngas is then fed into a sorbent bed for CO 2 capture at a temperature above
the dew point of the steam in the syngas. The fuel content of the decarbonized syngas is
primarily H2, with small amount of unconverted CO and hydrocarbons present as well.
This warm syngas clean-up process can retain a significant amount of inerts, especially
steam in the gas stream fed to the turbine. This reduces the requirement for supplying
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pressurized N2 diluent to the turbine, which is a significant energy cost in the base case.
The warm PSA cases simulated here cannot recover more than 98% of the H2. A low
temperature oxy-burner burns the H2 and CO slipped in the CO 2 waste stream. This heat
is used to generate extra steam to propel the steam turbine.
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Figure 5-3.IGCC/CCS with warm syngas cleanup

A note on warm sulfur removal process
In the IGCC-warm PSA flowsheet, a high temperature ZnO-based adsorbent process
developed by RTI118 is simulated for H2 S removal (Equation 5-1). The sorbent is then
regenerated by oxidation (Equation 5-2) using a stream of 02 supplied from the ASU to
form SO 2, which is reacted with a slip stream of syngas to yield elemental sulfur
(Equation 5-3)via the direct sulfur recovery process (DSRP).
Equation 5-1

ZnO + H2S -ZnS

+ H20

Equation 5-2

ZnS + 2

Equation 5-3

S02 + 2H 2 -S +2H 20

-+ ZnO + SO2
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The operating conditions for this process were estimated using documentation available
from Eastman Chemical and RTI"'. This process can also removes COS119 . Sulfur is a
salable byproduct, so it is worthwhile to process elemental sulfur from the economical
point of view. However, the process is losing 2 moles of H2 for every mole of sulfur
captured, decreasing the power output of the gas turbine. And the ASU unit must supply
3/2 moles of 02 per mole of sulfur removed. This amount of hydrogen loss to sulfur
removal is around 2.4% of the total hydrogen generated. To overcome this problem, it
was proposed to replace the DSRP step with a simple wet flue gas desulfurization step
(FGD) or converting sulfur dioxide to sulfuric acid 47 . Previous research has indicates airfed FGD can improve IGCC HHV efficiency by about 1 percentage point (i.e. about a 3%
increase in electricity produced) compared with DSRP47 . However, the FGD requires
limestone, releases CO 2 and makes a different product gypsum, making it difficult to
compare this approach with the base case on an equal basis. Here our evaluation of the
various warm CO 2 removal technologies has been based on the DSRP process making
sulfur.
Additional modifications to the IGCC flowsheet.
The Selexol process model is substituted with a USER 2 block which is linked to an
Excel workbook containing the PSA simulation results. A oxy-burner model is placed
downstream of PSA unit to burn all H2 and CH 4 in the waste stream. Steam generated
using the heat from the oxy-burner is used for sorbent regeneration. Excessive steam is
used for electricity generation. Extra oxygen generated from ASU unit is provided to
oxy-burner. Heat integration system is adjusted properly to reflect the change of steam
requirement.

5.4

Carbon capture and specific CO 2 emission

By integrating the PSA model into the IGCC process, we can compare the different
aspects of IGCC performance for both IGCC/warm PSA and IGCC/Selexol. To make the
comparisons on a fair basis, all 36 cases which represent warm CO 2 capture with
different operating conditions have a carbon capture percentage (defined in Equation 5-4)
in the range of 90.8 ± 1.7%, which replicate the carbon capture percentage of the base
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case, which is 90.3%. The slight variation comes from the fact that it is hard to accurately
control the CO 2 capture in PSA simulation.
Equation 5-4

Carbon Capture

of CO 2 fed to sequestration
Flowrate of carbon-containing speices exiting gasifier

=Flowrate

Equation 5-5

Specific

C

2

emission = CO 2 emission flowrate
Net power output

As for the specific CO 2 emission, defined in Equation 5-5, the range is 0.0931±0.0116
kg/kWh for IGCC-warm PSA, which is very similar to the base case as 0.0931 kg/kWh.
These two specifications confirmed our simulation replicates the requirement for carbon
capture and carbon emission regulation as the base case.
It is worth noting that a slightly higher CO 2 capture is needed for IGCC-warm PSA to
achieve a similar specific CO 2 emission with IGCC-Selexol. That is because the overall
efficiency of most IGCC-Warm PSA cases are slightly lower than base case, as illustrated
in the next sessions. Thus, for the same amount of CO 2 emission, IGCC/warm PSA

would produce slightly smaller amount of electricity. More capture is needed to
compensate this efficiency decrease.
5.5

Hydrogen usage

Hydrogen recovery is the main factor contributing to the IGCC efficiency. For the base
case, a two-stage Selexol process is configured to recover up to 99.87% of hydrogen.
However, in a typical PSA operation, the hydrogen recovery is normally less than 92%.
To recover more hydrogen, as suggested by the previous work, steam purge rather than
hydrogen purge is used. But the overall hydrogen usage in gas turbine is still significantly
lower than the base case, as shown in Table 5-1. There are several sources for the
hydrogen loss. Firstly, the PSA process will lose 6%-10% of H2 for the high pressure
regeneration cases (cases 1-10). Even though the hydrogen would be burned in an oxyburner, but the electivity recovered would be lower than that from hydrogen which goes
through the combined cycle. Secondly, the sorbent-based warm desulfurization process
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would consume a constant of 2.36% of H2 . As discussed in the previous sections on
desulfurization, (Equation 5-1 Equation 5-2 Equation 5-3), two moles of H2 is consumed
to capture one mole of sulfur. Because of the coal simulated is relatively high-sulfur coal
(approximately 3 wt %, Illinois No. 6 Bituminous Coal), this amount of H 2 is significant.

Third part of the loss is extra H2 is needed in the burner to generate enough steam for
sorbent regeneration (denoted as Extra H2 burning in Table 5-1). These requirements only
exist for certain high pressure regeneration cases, but could be a significant number.
Table 5-1. Hydrogen

usage (%) in different units for base case and warm PSA cases (1-36)

Case Regeneration
#

Desulfurization

Oxy-bumer

Pressure (atm)
Base case

Extra H2

Gas turbine

burning
0.00

0.00

0.00

99.87

1

10

2.36

15.46

0.00

82.19

2

10

2.36

13.90

0.00

83.75

3

10

2.35

12.04

0.00

85.61

4

10

2.36

10.40

0.00

87.25

5

10

2.36

9.64

1.65

88.00

6

10

2.36

8.96

5.68

88.68

7

10

2.36

8.70

4.26

88.94

8

10

2.36

7.93

11.73

89.71

9

10

2.35

8.12

9.86

89.53

10

10

2.36

7.67

21.98

89.97

11

5

2.36

9.53

0.00

88.11

12

5

2.35

7.86

0.00

89.78

13

5

2.36

6.21

0.00

91.43

14

5

2.36

6.27

0.00

91.37

15

5

2.36

5.78

0.00

91.87

16

5

2.36

5.88

0.00

91.77

17

5

2.36

5.72

0.78

91.92

18

5

2.36

5.83

0.34

91.81
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19

5

2.35

5.62

4.22

92.02

20

5

2.36

5.44

2.73

92.21

21

5

2.35

5.43

2.05

92.21

22

5

2.36

5.27

7.91

92.38

23

1

2.36

4.64

0.00

93.00

24

1

2.35

4.40

0.00

93.25

25

1

2.36

3.87

0.00

93.77

26

1

2.35

4.04

0.00

93.61

27

1

2.35

3.97

0.00

93.67

28

1

2.35

3.61

0.00

94.04

29

1

2.35

3.61

0.00

94.04

30

1

2.35

3.00

0.29

94.65

31

1

2.36

3.62

0.00

94.03

32

1

2.36

3.63

0.00

94.01

33

1

2.35

3.19

0.08

94.46

34

0.75

2.36

3.41

0.00

94.23

35

0.50

2.36

3.41

0.00

94.23

36

0.25

2.36

3.04

0.00

94.60

5.6
5.6.1

Gas compression work requirements
CO 2 compression work requirement

Gas compression is the main contributor for electricity consumption in IGCC system. For
the base case IGCC process, Selexol can produce two CO 2 streams which have a high
pressure 1.1 MPa and a low pressure 0.15 MPa with a molar flowrate ratio of 2:3. As

shown in Table 5-2, the CO 2 compression work is 28.35 MW for the base case. As for the
IGCC-warm PSA, one potential advantage of PSA process is the customized regeneration
pressure. And the increased pressure could reduce the power requirement for the CO 2
compression. As shown in Table 5-2, the CO 2 compression work is much lower for high
pressure regeneration (case 1-10). Case 10 needs more CO 2 compression work, because
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there is an extremely low hydrogen recovery in this case which needs a much more coal
flowrate, resulting in an abnormally large amount of CO 2 in the waste stream. For cases
with Pregeneation =5 atm (cases 11-22), the compression work requirement is similar as the
base case. And it is not surprising that for the low-pressure regeneration case, like VSA
(case 34, case 35, case 36)or Pregenearion =1 atm (cases 23-33), there is a significantly
larger CO 2 compression work requirement than the base case.

5.6.2

N2 compression work requirement

For both IGCC-Selexol and IGCC-warm PSA, the N 2 diluent is compressed and added to
the gas turbine to maintain the appropriate heating value of the syngas entering the gas
turbine burner. The purpose for the diluent is to reduce the burning temperature and
achieve a low NO, emission. For the base case process, the syngas cleanup is performed
using low temperature Selexol process. Gas entering the process needs a cooling down
step which removed almost all steam in the gas stream. Thus there is a need for large
flowrate of N 2 diluent, which results in a significant work requirement for N 2
compression, as 34.80 MW.
The warm Syngas cleanup process not only eliminate the need for cooling down and
reheating step (as shown in Figure 5-3), but more importantly, it can significantly reduce
the requirement for N 2 diluent as a large amount of steam was retained in the gas stream.
As shown in Table 5-2, the compression work reduction is enormous (>50%).
We also noticed that the N 2 compression work is lower for PSA processes with higher
pressure regeneration (case 1- 10). The reason is linked with the fact that PSA with high
pressure regeneration has higher steam recovery (defined in equation Equation 4-9,).
High pressure regeneration needs higher amount of steam, and some amount of steam is
trapped in the gas phase during the regeneration step, which will be entering the product
stream during the stepi of the PSA cycle. Our simulation indicates high-pressure
regeneration can yield a higher steam recovery than the low-pressure regeneration.
Regardless of the different steam recovery, for all IGCC-Warm PSA cases, there is a
significant amount of saving on N2 compression. This is the main advantage of warm
PSA over cold Selexol process.
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5.6.3

02 compression

Throughout the simulation, the amount of coal fed to the gasifier is adjusted to a system
designed around actual size of two GE 7FB gas turbine, which has a volume of
4.60005x1012 cc/hr per combustion turbine based on Case 2 of NETL report 1

The gas
turbine has a power output around 462 MW for all cases simulated. But because of the
.

variation of hydrogen recovered in different cases, the amount of thermal input is variable
for each case simulated in this work.
340

320-

0-

300-

0
0

0

280-

I-

0
0

0
260-

240-

220
65

70

75

85

80

90

95

100

H2 used in the gas turbine (%)
Figure 5-4. Relationship between heat in and H2 usage in gas turbine: (0) IGCC/Warm PSA cases,

(O)IGCC/Selexol base case.

As discussed in previous sections, IGCC-warm PSA has much lower hydrogen burned in
gas turbine because of the large hydrogen loss in PSA process and desulfurization. Thus,
all IGCC/warm PSA cases require a larger thermal input than the base case to achieve the
same power output in gas turbine. Figure 5-4 shows the correlation between heat input
and the percentage of H 2 actually burned in gas turbine.
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The flowrate of oxygen stream is positively linked with the coal flowrate, and thus the
thermal heat input. Not surprisingly, the

02

compression work requirement for IGCC-

warm PSA cases is larger than the base case, as shown in Table 5-2.
Table

5-2.Gas compression work requirements for base case and warm CO 2 capture (cases 1-36)

Case Regeneration
pressure (atm)

#

CO2 compression

N 2 compression

02 compression

(MW)

(MW)

(MW)

28.35

34.80

11.27

1

22.87

9.92

13.73

2

22.33

9.98

13.47

3

21.72

10.02

13.18

4

21.31

10.27

12.94

5

21.67

10.46

13.06

6

22.94

10.66

13.59

7

22.12

10.19

13.33

8

24.75

10.39

14.47

9

23.88

10.03

14.16

10

28.93

9.26

16.59

11

28.22

12.01

12.80

12

27.53

12.19

12.56

13

27.14

12.43

12.34

14

26.69

12.08

12.34

15

26.94

12.39

12.27

16

26.46

12.03

12.29

17

27.19

12.31

12.38

18

26.96

12.23

12.33

19

28.50

12.21

12.85

20

27.74

12.22

12.60

21

27.33

12.14

12.51

22

29.53

11.84

13.36

Base case
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5.7

23

1

44.50

15.04

12.12

24

1

44.74

14.92

12.09

25

1

44.02

14.90

12.02

26

1

44.81

14.87

12.04

27

1

44.02

14.57

12.03

28

1

44.28

14.62

11.99

29

1

43.51

14.30

11.99

30

1

44.50

14.84

11.94

31

1

43.90

14.42

11.99

32

1

43.80

14.38

11.99

33

1

43.84

14.52

11.94

34

0.75

46.68

14.49

11.95

35

0.50

51.60

14.49

11.95

36

0.25

59.63

14.42

11.90

Overall thermal efficiency (HHV)

After discussing the main aspects of IGCC system, the thermal efficiencies for all
IGCC/warm PSA cases and the cold Selexol base case are summarized in supporting
information. There are several PSA cases which can achieve higher energy efficiency
than the base case (32.58 %). Table 5-3 summarizes the best cases achieved by warm
PSA under different regeneration pressures, which are case 4, case 14, case 25, and case
34 respectively.
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Table 5-3. Comparisons between Cold and Warm CO 2 capture technology

Power summary (MW)

Cold cleanup

Warm cleanup
10 atm

5 atm

1 atm

0.75atm

737.01

768.58

760.28

762.81

761.41

Gas turbine

464.32

460.81

461.63

462.01

462.12

Steam turbine

264.46

28669

270.21

266.18

265.62

Auxiliary

8.23

21.08

28.44

34.62

33.68

Total power consumed

-187.16

-155.16

-157.01

-174.32

-175.91

N2 compression

-34.80

-10.27

-12.08

-14.90

-14.49

02 compression

-11.27

-12.94

-12.34

-12.02

-11.95

CO2 compression

-28.35

-21.31

-26.69

-44.02

-4668

Air Compression

-71.32

-84.47

-80.55

-78.48

-77.99

Auxiliary

-41.42

-26.17

-25.35

-24.90

-24.80

Net power output

549.85

613.42

603.27

588.49

585.50

Thermal input (as coal)

1688.00

1936.39

1848.74 1800.23

HHV Thermal efficiency

32.58%

31.68% 32.63%

Regeneration Pressure
Total power generated

1789.87

32.69% 32.71%

There are several trends observed from the table. Compared with Selexol, warm PSA
provides a significant energy saving in N2 compression for all cases, and reduces energy
needed for CO 2 compression as well in some cases. But the reduced hydrogen recovery
for PSA requires a much larger coal flowrate and related work requirement for air
separation and oxygen compression. The auxiliary power generation for IGCC/warm
PSA cases is larger and arises from the expansion turbine in the warm desulfurization
process and also energy from steam generated from the slipped H2 in the oxy-burner. The
auxiliary power consumption for IGCC/warm PSA is lower than the base case, because
the PSA process virtually requires no power compared with Selexol process.
Even though the IGCC/warm PSA cases produce more electricity and consume less
energy for N2 compression than the base case, the required thermal input (as coal) is
much larger because of the lower H2 recovery. The final result is that the IGCC-PSA and
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IGCC-Selexol efficiencies are comparable. We acknowledge that due to the limitations of
the numerical models, a lack of optimization of the overall IGCC flowsheet and some
uncertainties surrounding many of the model parameters, the absolute HHV efficiencies
of the IGCC processes calculated in this work are not exact. However, because many of
these limitations are the same in each model studied, we feel that the efficiency
differences between the different technologies captured within this study are correct.
Because of the complex trade-offs between hydrogen recovery, steam consumption and
regeneration pressure, there exists a narrow operating window for warm PSA to beat
Selexol in thermal efficiency. There are some trends which can be observed from our
simulation. Firstly, as shown in Figure 5-5 and Figure 5-6, those cases with too high a
regeneration pressure have lower thermal efficiencies. Previous research45 reported an
efficiency improvement of 1.5 % HHV using high-pressure sorbent regeneration.
However, that report is not validated in this research. As discussed in the previous
sections, high pressure regeneration is linked to higher H2 slip through the PSA unit, and
extremely large steam requirement for sorbent regeneration. At 10 atm regeneration,
hydrogen recovery is less than 92%, and the steam needs to be high pressure steam (high
quality), which significantly reduces the energy used for the steam cycle. These losses are
not well compensated by the energy savings in the CO 2 compression.
Secondly, there is a strong trade-off between hydrogen recovery and steam consumption.
As mentioned earlier, the increase of steam consumption can have a positive effect on
hydrogen recovery, but there are diminishing returns. As shown in Figure 4-11, a small
increase in steam consumption can significantly improve hydrogen recovery when the
hydrogen recovery is low. But as the hydrogen recovery increases, the marginal benefit
of increasing steam consumption drops, and eventually the energy lost by using the steam
outweighs the energy gained by capturing more of the H2. Thus, it is not surprising that
we observe an 'up-and-down' trend in Figure 5-5 and Figure 5-6. Our simulation indicates
that there exists an optimal operating condition which can balance the hydrogen recovery
and steam consumption, leading to a maximum efficiency at fixed regeneration pressure.
In addition, as shown in Figure 5-5 and Figure 5-6, there exists an efficient operating
window from about P = 0.75 atm up to about P = 5 atm, with various levels of steam and
corresponding bed sizes and H2 recoveries. Inside this window one can choose which
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design one prefers, e.g. to minimize capital cost, maintenance costs, or to increase
reliability. To the accuracy with which we can perform the simulations, the HHV
efficiency is approximately the same across this window, and it is similar to the
efficiency of the IGCC/Selexol base case process. Moreover, a rough estimation of the
capital costs for the PSA process along with the sorbents indicates a cost around $15 M,
which is significantly cheaper than the Selexol process, which is estimated to be around
$110 M based on NETL report'". Warm PSA process can achieve a similar separation
performance as the Selexol process but it appears to have a much lower cost, so this is a
promising technology. However, we note that changes in the total capital cost of the
entire IGCC-CCS plant may outweigh the direct cost difference between Selexol and
PSA quoted here, since each scenario will have a different coal throughput, require
different compressors, etc.
33
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Figure 5-5. Thermal efficiency of IGCC/PSA v.s. steam consumption at different regeneration
pressures: (*) 10 atm, (0) 5 atm, (0) 1 atm, (V) 0.75 atm, (A) 0.5 atm, (* ) 0.25 atm. The peak
efficiencies are comparable to the IGCC/Selexol base case efficiency (32.58%)
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Figure 5-6. Thermal efficiencies of the IGCC/Selexol base case and IGCC/PSA vs. hydrogen recovery
at different regeneration pressures: (e) base case, (0) 10 atm, (0) 5 atm, (0)1 atm, (V) 0.75 atm,
(A)

0.5 atm, (*) 0.25 atm.

Even though the warm PSA in this work is not outperforming the Selexol process
significantly, it is worth noting that there is a lot of room for improvement in the IGCC-

warm PSA process. Firstly, earlier work identified additional gains of at least 1% HHV
17

could be achieved through better heat integration" . Secondly, as discussed in the section
on desulfurization process, an alternative sulfur recovery process, like FGD can also
reduce the H 2 loss and increase the overall thermal efficiency4 7 . Thirdly, the analysis in
this paper is based on a not-so-perfect sorbent. With the development of new warm CO 2
sorbent materials, IGCC-warm PSA is very promising to outperform the base case
significantly. As shown in Figure 5-7, an imaginary sorbent with 10 times larger kLDF

(Green line) or with 3 times larger capacity per unit bed volume (Red line), can shift the
steam requirement-H 2 recovery curve to the right, which means with the same amount of

steam consumption, a better sorbent can achieve a higher H2 recovery. (We note that
these increases in sorbent performance may be possible by increasing the surface area or
altering the morphology of the sorbent support.) Full process simulation of these
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imaginary sorbents indicates a thermal efficiency improvement of 0.2 and 0.9 HHV%
points, respectively. In addition, our simulation indicates the capacity improvement can
also decrease capital costs significantly by reducing the volume of a single bed from
-530 nm

to 180 m3 . Fourthly, the PSA cycle used in this paper is not specifically

optimized for CO2 capture'
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. Considering the requirement for a higher hydrogen

recovery, more pressure equalization steps could be added to the cycle which could
further enhance the hydrogen recovery and IGCC/PSA thermal efficiency. Of course,
more pressure equalization steps means more beds, and a larger capital investment. A
good balance between capital investment and hydrogen recovery could be achieved based
on the recent progress12-12 on the study of CO 2 capture using PSA. Fifthly, if properly
chosen, the warm PSA sorbent can also work as a catalyst for the water gas shift reaction.
Thus the warm PSA process can combine with a water gas shift reactor to form a new
process called sorption enhanced water gas shift (SEWGS). The reactor is configured like
a PSA cycle but can achieve syngas conversion and CO2 capture at the same time.
Process

simulation2

HTIs3,125,126

can

312 4

indicates

improve the

based

IGCC/SEWGS

thermal

efficiency

on

significantly

K 2C0 3-promoted
compared

with

IGCC/Selexol.
Because

the IGCC/warm

PSA process discussed

here already has performance

competitive with the conventional IGCC-CCS technology, even modest improvements
could make this the preferred technology option. Further research is needed.
To summarize: this paper shows that IGCC/warm PSA using an existing sorbent is
competitive with conventional IGCC-CCS with cold solvent CO 2 capture, and there is
significant room for improvement in efficiency of the PSA-based process. It also appears
that the IGCC/warm PSA process could be significantly cheaper than the conventional
approach. We recommend further research in this area to improve the CO 2 sorbent, the
PSA process, and the sulfur capture process - each of these could significantly improve
the energy efficiency - and a more detailed study of the capital cost differential between
the competing technologies.
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Figure 5-7. The relationship between steam requirement and H2 recovery at regeneration pressures 1
atm for (0) Base Case, (0)a sorbent with faster kinetics (kLDF increased by 10 times), (0) Sorbent
Capacity increased by 3 times.

5.8

Conclusion

In this chapter, we integrated the PSA model developed in Chapter 4 with IGCC
flowsheet in Aspen Plus. Based on the plant-wide simulation. To study their influence on
IGCC efficiencies and identify the potentially optimal operating conditions, we noticed a
significant energy savings achieved by PSA process in N2 compression and CO2
compression (for certain cases). But the relatively-large hydrogen loss makes the total
thermal input and related oxygen compression very large. In terms of the overall
efficiency, IGCC-warm PSA can produce higher thermal efficiencies than IGCC-cold
Selexol. And warm CO 2 capture has been confirmed to be a more efficient alternative for
CO 2 capture in IGCC system. In order to achieve this, warm PSA needs a narrow
operating range of process parameters to balance the tradeoff between the hydrogen loss,
steam consumption and work requirement for CO2 compression. This work provides a
framework for assessing the feasibility of sorbent-technology for warm CO 2 capture in
IGCC system. New sorbents could be tested and evaluated using this framework.
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Our finding indicates conducting the gas cleanup at high temperature is only slightly
advantageous compared to the Selexol process. But it is worth noting that all our analysis
is based on a not-so-perfect warm desulfurization process, a new sorbent which still has
lots of room for improvement, and a PSA process without process optimization. To make
warm syngas cleanup applicable, further research are needed toward synthesizing new
sorbent materials with higher working capacity and improved mass transfer, a better PSA
configuration with higher H 2 recovery and less steam consumption, new desulfurization
process with reduced H 2 consumption, and better heat integration. The development in
this research would help make the IGCC/CCS more affordable and acceptable.12 7
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Chapter 6. Conclusions and Recommendations
for future work

6.1

Conclusion

IGCC/CCS is promising technology for utilizing coal with significantly reduced CO2
emission. However, its wide deployment is handicapped by several limitations, one of
which is the high energy/capital costs and difficulty of integration of low-temperature
solvent-based CO 2 capture process into IGCC system. To address this problem, an
adsorbent-based warm CO 2 capture is proposed and developed in my thesis.
Through quantum calculation, literature review and preliminary experimental tests, I
identified MgO/C as a promising warm CO 2 sorbent in the desired temperature range.
The new sorbent containing supported magnesium oxide was further improved by
optimizing the operating conditions of incipient wetness impregnation. The new sorbent
was fully characterized and tested, and showed large regenerable capacity in the
temperature

range

180-240'C.

A multicycle

test conducted

in

a high-pressure

microbalance at 200 *C shows the sorbent maintains stable capacity for at least 84 cycles.
In addition, in this temperature range, the new sorbent also has larger working capacity
and sorption rate than synthetic-HTIs and K2 CO 3 promoted HTls. These results suggest
the material could be a promising candidate sorbent for warm CO 2 capture by PSA
process.
Next, we then evaluated the suitability of sorbent-based warm CO2 capture technology in
IGCC system using a computational approach. A 16-step warm PSA process is simulated
using Aspen Adsorption based on the real properties of our new sorbent which was
developed in my lab and has good cyclic adsorption-desorption performance. We used
the PSA model to fully explore the intercorrelation between hydrogen recovery,
regeneration pressure of sorbent, and steam requirement, which are the main contributing
factors affecting IGCC thermal efficiencies. We noticed there is a tradeoff between these
factors. To study their influence on IGCC efficiencies and identify the potentially optimal
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operating conditions, we integrated the PSA model with IGCC flowsheet in Aspen Plus.
Based on the plant-wide simulation, we noticed a significant energy savings achieved by
PSA process in N2 compression and CO2 compression (for certain cases). But the
relatively-large hydrogen loss makes the total thermal input and related oxygen
compression very large. In terms of the overall efficiency, IGCC-warm PSA can produce
higher thermal efficiencies than IGCC-cold Selexol. And warm CO 2 capture has been
confirmed to be a more efficient alternative for CO 2 capture in IGCC system. In order to
achieve this, warm PSA needs a narrow operating range of process parameters to balance
the tradeoff between the hydrogen loss, steam consumption and work requirement for
CO2 compression. This work provides a framework for assessing the feasibility of
sorbent-technology for warm CO 2 capture in IGCC system. New sorbents could be tested
and evaluated using this framework.
Our finding indicates conducting the gas cleanup at high temperature is only slightly
advantageous compared to the Selexol process. But it is worth noting that all our analysis
is based on a not-so-perfect warm desulfurization process, a new sorbent which still has
lots of room for improvement, and a PSA process without process optimization. To make
warm syngas cleanup applicable, further research are needed toward synthesizing new
sorbent materials with higher working capacity and improved mass transfer, a better PSA
configuration with higher H2 recovery and less steam consumption, new desulfurization
process with reduced H2 consumption, and better heat integration. The development in
this research would help make the IGCC/CCS more affordable and acceptable.
6.2
6.2.1

Future work
Sorbent screening and synthesis

Some inorganic amides and amines could possibly work as CO 2 sorbents for warm CO2
capture. This class of material should be theoretically screened using the quantum
calculation method mentioned in Chapter 2.
The proposed sorbent preparation method in this thesis is incipient wetness impregnation
using magnesium nitrate precursor and activated carbon support. A modification to this
method could potentially reduce the costs of sorbent preparation.
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Activated carbon (AC) is produced via either steam activation or chemical activation.
Research should be directed to study how to use magnesium-based reagent to activate the
raw carbon material for AC production. In that case, the MgO/C sorbent can be prepared
via a one-step approach, yet still have a good porosity and high surface area. This onestep method is potentially more cost effective, more energy efficient and easier to scale
up than the incipient wetness impregnation method which involves a separate step for AC
production.

6.2.2

Sorbent testing

To be applicable for CO 2 capture in IGCC system, the sorbent needs to operates at high
partial pressure of steam and have a good mechanical strength. In this thesis, sorption
performance in presence of small amount of steam has been tested. But we encountered
difficulties in testing its performance under high partial pressure of steam. A separate
apparatus which can handle high amount of steam needs to be built and preferably, it
would be very desirable to have a bench-scale PSA system to observe the sorbent
performance at continuous operation mode. In addition, extra tests are needed to measure
the mechanical strength of the adsorbent.

6.2.3

Understanding the adsorption mechanism

The reaction mechanism between hydroxyl groups on MgO surface and C02 should be
studied. The surface reaction model would help understand how surface hydroxyl group
interact with C02, and what surface geometry is needed for reaction to happen. The
mechanism would reveal the deactivation mechanism. The thermochemistry data would
indicate a more preferred regeneration temperature and pressure. In addition, this study
could also help screen other metal oxides sorbent.

6.2.4

Improving the PSA design

The current PSA configuration used in my thesis is a modification of hydrogen
purification process. It is not optimized for CO 2 capture yet. It could be desirable to add
one more pressure equalization step, and a separate rinse step to increase the hydrogen
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recovery further. This part of research strongly needs input from expertise of major gas
separation companies which have more PSA design experience.
In addition, the PSA process model in this thesis excludes the axial heat transfer, which
would be an issue for a large vessel. The non-isothermal effects in PSA should be
accounted for in future work.
6.2.5

]Improving the process integration

The current desulfurization process consumes lots of hydrogen. Thus a H2-free warm
desulfurization process is needed for process integration, which is better suited for power
generation purpose.
The warm C02 capture process has potential to be integrated with water gas shift reactor
to form a sorption-enhanced water gas shift reactor. It would be desired to test the sorbent
performance in this new reaction/separation complex. This improved process integration
has potential to improve IGCC efficiency.
The efficiencies of warm PSA calculated using the process model is very similar to the
base case. Thus, it would be very desirable to do uncertainty analysis and check the
uncertainty propagation. The rigorous uncertainty analysis would reveal if the warm PSA
can really beat Selexol process and which parameter of PSA operation would have
biggest impact from a thermal efficiency standard.
Finally, it would be very valuable to perform a more rigorous heat integration
optimization to see the potential gains from it. The PSA process consumes a large amount
of steam. Improved heat integration might give a more reasonable source for steam
extraction which benefits the overall IGCC system efficiency.
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