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ABSTRACT

Sorbent-based CO, capture technology is considered as one of the potential scientific
techniques for mitigating greenhouse gas emission. Major advantages of sorbent based
adsorption are its low regeneration energy coupled with the elimination of corrosion and
equipment degradation characteristic of amine based solvent CO, capture systems which are the

preferred industrial methods.

Different CO, capture configurations, processes, and operational parameters for different
sorbents were reviewed and summarized. Efficient industrial applications for CO, capture
require that solid sorbents possess an adsorption capacity between 1000-2000umol/g or more
together with a long-term regeneration capacity. Economical consideration necessitates that the
cost of CO, sequestration be less than $10 per ton of CO,. Scientific literature identifies various
kinds of sorbents, examples include: activated carbon, modified activated carbon, zeolite, metal-
organic framework (MOF) and amine grafted sorbents on silica support. Literature review
reveals that amine-grafting process can boost CO, adsorption on silane sorbent support. The
larger surface area of the sorbent support means a greater number of active sites available for
grafting which results in a higher CO, adsorption capacity. The presence of water vapor in the
gas stream during grafting and/or during CO; adsorption can also improve CO, adsorption of

amine-grafted sorbents.

Huang reported that MCM-48 silica grafted with 3-aminopropyltriethoxysilane had the

greatest CO, adsorption capacity under anhydrous conditions with 2.30mmol/g sorbent. While



Harlick reported that TRI-PE-MCM-41 had the greatest CO, adsorption capacity under wet

conditions with 2.94mmol/g sorbent.
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1 INTRODUCTION

Greenhouse gases (GHG) are gases in the atmosphere that allow solar radiation to reach
the earth’s surface but trap thermal radiation leaving the earth’s surface !'). With the exception of
water vapor, these gases are present in trace amount in the atmosphere. According to the Kyoto

Protocol '), the most commonly reported greenhouse gases include:

e (Carbon dioxide (CO,)

e Methane (CHy)

e Nitrous oxide (N,O)

e Hydrofluorocarbons (HFCs)
e Perfluorocarbons (PFC)

e Sulfur hexafluoride (SF¢)

These gases enter the atmosphere both as part of the natural cycle and as a result of

human activities (mostly fossil fuel use) !,

According to DOE’s Energy Information Administration (EIA) report, fossil fuel
accounts for approximately 71 percent of the current total US electricity generation. Thus over
40 percent of the 5.8 billion metric tons of total US anthropogenic CO, emission was produced
(21 Of this figure, coal based power plants currently accounts for about 50 percent of US
electricity generation (see Figure 1-1), and this is expected to continually play an important role

in the national electricity generation in the foreseeable future ',



DOE’s Energy Information Administration (EIA) also projects that the current 308GW
electricity generation of coal-based power plant is expected to increase to approximately 323GW

by 2030 12,

Recent concerns about the anthropogenic emission of greenhouse gases such as CO; and
its adverse effect on the global climate change, place electricity production from coal-based
power plants to be under serious scrutiny. Thus, federal legislation/regulation could be enacted

that would limit CO, emissions from the US power sector in addressing these concerns 2.

Renewable __Others
9% 0%

oil Others oil

0% 1%

Base Case 2008 Reference Case 2030

Figure 1-1: US Electricity Generation by Fuel Type %!

Figure 1-2 reveals three major sources of US anthropogenic CO, emissions i.e. by fuel
type. Of this breakdown, Coal-based power plants which currently consume over 1 billion metric
tons of coal, produces approximately 1.9 billion metric tons of CO, emission which comprises 37

percent of the total US anthropogenic CO, emissions . Moreover, EIA estimates that 95 percent



of the CO; emission from coal-based power plant to be released from date till 2030 is projected
to come from existing and new coal-based power plants, thus making this sector a major target
for reduction should federal legislation/regulation be enacted in reducing CO; emission from the

power sector .

Figure 1-2: Source of US CO, Emissions by Fuel Type in 2008 %!

Zhang et al.’) in their report stated that fossil fuel supplies accounted for 85 percent of
the world’s energy needs and that as a result of the world’s heavy reliance on fossil fuel coupled
with the ever increasing emission of large amount of GHG (CO, among others) from this source,
the ambient concentration of CO, is projected to increase from about 280ppm dating back to the
pre-industrial revolution period (1900s) to about 450ppm by 2050 if actions are not taken or put

in place to mitigate GHG emissions.

In this light, several options have been considered and are being considered in either:



e Decreasing CO; emission from the power/other sectors or

e Improving the efficiency of energy use

by increasing the use of low carbon energy sources as potential ways of reducing CO, emission

from these sectors. Some of these options include:

e Increases in nuclear and renewable energy supplies [ and

e Implementation of carbon capture and storage (CCS) on coal, oil, and natural gas power

plants %3],

DOE/NETL! and other scientific organization or experts such as Environmental
Protection Agency (EPA), the Electric Power Research Institute (EPRI), and the
Intergovernmental Panel on Climate Change (IPCC) — believe CCS presents the sole practical
option in achieving considerable reduction in CO, emission from the various fossil fuel power

plants !,

Carbon Capture and Sequestration technologies option is fast becoming a major issue

being addressed by the scientific community. The CCS process involves three major steps:

e (CO; capture and concentration of the CO; produced either from the industries or other

energy related sources > ¥

e Compression and transportation '/

e Storage i.e. away from the atmosphere for a long period of time .

In a coal-based power plant, three general categories of CO, capture technologies are

applied %), namely:



e Pre-combustion
e Post-combustion and

e Oxy-combustion

Research in the area of carbon capture involves several technologies such as sorbent-
based separation (adsorption) ), solvent-based separation (e.g. amine-based absorption),

. . .2
cryogenic separation and membrane-based separation 3],

CO; capture via sorbent-based technologies has been identified as one of the potential
scientific techniques for greenhouse gas emission ). The success of this technique is dependent

on the development of:

e A low cost adsorbent with
e High selectivity and

e High adsorption capacity

Along this path, DOE/NETL’s CO, capture overall goal is to “develop advanced
technologies to achieve 90 percent CO, capture at less than 10 percent increase in the leveled
cost of energy (COE) of pre-combustion capture for integrated gasification combined cycle
(IGCC) power plants and less than 30 percent increase in COE of post- and oxy-combustion

capture for new and existing conventional coal-fired power plants.”

With the exception of plants located directly above geological formations, captured CO,

at the point of capture can be transported to its storage site either through !

e Pipeline or



e Via ship, rail and roads (tank cars).

Transportation through pipelines is a more common method in conveying CO, to its
storage site. In doing this, CO, is compressed above 8MPa in order to avoid two phase flow
regimes thus, increasing the density of the gas and in effect making it cheaper to transport 1. In
transporting CO; via ships, rail or road, the vessels used are insulated at temperature below

ambient and at a much lower pressure [,

Finally, storage of the captured CO; could be in:

e Aquifers (Saline formation) especially oceans and seas ©°). This could be done either by
increasing microalgae biomass or using CaCOjs like coral reefs.
e Depleted oil and gas fields (underground reservoirs) "> and

e Unmineable coal seams .

The object of this study is the review of the various sorbents for CO, capture in flue gas,
review the importance of the various cost-effective advanced CO, capture technologies on the
existing or new coal based, natural gas or oil fired power plants, and recommend an optimal
sorbent based on cost of energy (COE) with low cost, high CO, selectivity and adsorption

capacity.



2 LITERATURE REVIEW
2.1  Sorbent Characterization

Yang ® reported that all microporous materials could serve the all-important purpose of
being used as sorbents for gas and liquid purification and separation. Examples of these include:
chars from bones, biomass, coal, calcined clays, iron oxide, calcined bauxite etc. Sorbents are
broadly characterized in terms of their physical and chemical properties. In the use of sorbents
for adsorption purposes, the physical properties of the sorbent plays a more important role

compared to its chemical properties.

Of the various physical properties being considered, the most important characteristic of

a sorbent for adsorptive purpose is its high porosity ®. In a broader concept, sorbents are

characterized for ™ ®:

Pore textural properties: include Specific Langmuir and Bruauer-Ennett-Teller (BET
surface area), pore volume, pore size distribution

e Adsorption capacity

e Bulk density

e Crushing strength (structural stability)

e Crystal phase structure: via XRD (X-ray Diffraction)

e Thermal stability: could be done by using a Thermogravimetric analyzer (TGA)

e Surface morphology and crystal particle size: via Scanning Electron Microscope (SEM)

e Sorbent cost

e Reaction rate and

e Cycle time



. 12 . .
Furthermore, sorbents from carbonaceous materials (12 guch as activated carbon, biochar

etc. are classified based on:

e Volatile matter
e Fixed carbon and

e Ash content

These properties are measured according to ASTM D1762-84 (ASTM-2007) and are

called proximate analysis.

2.2 Types of Sorbents

For adsorptive purposes, literature reveals various kinds of industrial sorbents as

followings.

2.2.1 Activated Carbon

The raw material for the production of activated carbon are carbonaceous materials such

(6]

as peat, wood, coals, petroleum coke, coconut shell ™ etc. The following basic steps are involved

in the modern manufacture of this sorbent, including:

e Preparation of the raw material
e Pelletizing
e Low-temperature carbonization and

e Activation



In contrast to other major sorbents, the unique surface property of activated carbon is its
non-polar or slightly polar surface which is as a result of the surface oxide groups and inorganic

impurities. This unique property gives activated carbon the following advantages:

e Processes requiring separation and purification without prior stringent moisture
removal.

e It adsorbs more non-polar and weakly polar organic material than any other sorbent

]

due to its large accessible internal structure '°.

e Lower heat of adsorption or bond strength than any other sorbent .

2.2.2  Molecular-sieve Carbon
Molecular-sieve carbon can be employed in separation processes involving wet-gas
stream and they are less hydrophilic than zeolite [\, It is largely applied in the production of

nitrogen from air.

2.2.3 Activated Alumina

Activated alumina has one of the greatest affinities for water. Industrially, it is an
important sorbent applied for drying of gases and liquids, because of its hydrophilic property and
large surface area. It also finds an important application in chromatography and in drying
hydrocarbons produced by thermal cracking of petroleum fractions. With prolong use; it suffers

loss of adsorption capacity due to coking and contamination.

2.2.4 Silica Gel

Silica gel is a rigid continuous network of spherical particles of colloidal silica, which is

one of the synthetic amorphous silica. Commercially it is prepared by mixing sodium silicate



solution with mineral acids such as a hydrogen tetraoxosulphate VI or hydrochloric acid. As a
result of its high surface area and unique surface properties, silica gel is a desirable sorbent for

drying °1,

2.2.5 Zeolite
Zeolites are natural or synthetic crystalline aluminosilicates of alkali or alkali earth
elements such as sodium, potassium, and calcium . Commercial zeolite pellets are produced in

the following sequence:

e Synthesis i. e gel formation between sodium hydroxide, sodium silicate and sodium
aluminate in aqueous solution at room temperature.
e Pelletizing and

e (Calcination

Some important applications of zeolite in gas separation process are air separations for
the production of nitrogen and oxygen, hydrogen purification, recovery of n-paraffins from

branched-chain and cyclic hydrocarbons, aromatic hydrocarbon separation and drying .

2.2.6 Metal Organic Frameworks (MOFs)

Metal Organic Frameworks are crystalline compounds consisting of metal ions and
clusters coordinated in rigid organic molecules forming one, two and three dimensional porous
structures 2. According to DOE/NETL report %), they represent a class of porous materials
offering several advantages for CO, capture due to their ordered structure, high thermal stability,

adjustable chemical functionality that can be manipulated by modifying the metal group or

10



[2, 9, 10]

organic linker , extra-high porosity, and availability of hundreds of crystalline, well-

characterized porous structures.

MIL-101(an acronym for Material Institute Lavoisier) is one of the most promising
MOFs for gas capture due to its large surface area and pore volume, especially its stability upon

water adsorption [,

2.2.7 Biochar

According to the advisory committee of the International Biochar Initiative, biochar is a
fine grained charcoal high in organic carbon and largely resistant to decomposition. The
production of biochar is through the pyrolysis of plant materials and waste feedstock. Literature

shows various important application of biochar, which includes:

1. Soil amendment due to its highly porous structure thus having the following soil

restoration properties '

e Improvement of chemical and physical properties of the soil

e Improve fertility for crop establishment

e Increase biomass productivity

e Increase water holding capacity

e Increase pH, electrical conductivity and cation exchange capacity

e Increase population of phosphate solubilizing and nitrogen-fixing bacteria
e Decrease bulk density and

e Increase percentage of 1-2mm water stable aggregates

11



2. Carbon stabilization and sequestration (carbon sink): apart from its major role as carbon

sink, biochar also prevents N,O and CH, releasing from the soil ',

Bagreev and Hitoshi !'> '

reported the heterogeneous nature of the biochar surface, with
complex defect structure and significant quantity of organic and metallic compounds, see Figure

2-1. It showed that N,O, CO, and methane can also be adsorbed on the highly porous surface of

biochar.

Ry pore

organic
matter

®  mineral

Q matter

@ clay particles

.30 sand particles
i

Agents of axidation:
O UV-oxidation
- oxygen
@ water
@R~ microbe

@ fungal hyphae

Figure 2-1: A Basic Model of a Complex Biochar Particle in the Soil *!'"!

Note: Surface oxidation via various agents and the adsorption of organic matter from the soil
characterizes a very important property of biochar "1 Biochar’s most important surface oxidation
products are shown in the figure above include phenol, carbonyl and carboxylic acid groups 1]

* According to Lehmann, this biochar model consists of “two main distinguished structures, crystalline

graphene-like sheets surrounded by randomly ordered amorphous aromatic structures and pores of various
e [11]

sizes

12



2.3 Configurations for CO, Capture

The DOE-NERL’s CO, capture research and development covers a wide variety of

advanced CO; capture technologies, namely:

e Pre-combustion CO; capture
e Post-combustion CO; capture
e Oxy-combustion CO; capture

e Chemical-looping

2.3.1 Pre-combustion CO, Capture

Sulfur

Shifted Syngas
H, ~50%
Cryogenic CO ~2%
AsSU C02 >40%
Steam >400 Psi/100°F Sulfur
95% Recovery
Oxygen
g Gasier Syngas Cooler] s Water G s co
’ yngas Cooler/ | yngas _| Water Gas yngas A
Coal 15%%612%%(';5}:' Quench "] Cleanup i " Shift Cooler Separation
i Flue Gas|
Steam Water :
Flue Gas #—— Reheat %
CO,
CO; to Storage
=" Power Block
A,
|
| .
Power O—l—{Steam Turbine}<—{ HRSG ‘47 Comb.ustlon @ Power
! Turbine(s)

Figure 2-2: Block Diagram of Pre-Combustion System

In gasification plants, fuel is converted into syngas (H, and CO), along with minor
amount of other gases (see Figure 2-2). After CO is processed to produce H; in a water-gas shift

(WGS) reactor, the other product CO; should be removed from the syngas, which is at a higher

13



pressure compared to the flue gas. The CO, removal should be easier and less cost for pre-

combustion than for post combustion 1.

]

2.3.2 Post-combustion CO, Capture

CO; capture is for the flue gas from combustion before emitted into the air. This process

is the downstream of the conventional pollutant controls (see Figure 2-3), which is challenging

because the flue gas to be treated is at low pressure (15-25 psi), and it has a relatively large

volume with a low concentration of CO, (13-15 vol% in coal-fired power plants, 3-4 vol% in

gas-fired turbines), and trace impurities (particulate matter, sulfur oxides, nitrogen oxides, etc.)

21

Flue Gas
Flue Gas
CO, 12-14%
N, ~65%
H,0 ~18%
0, 2%
15 Psi/150°F
Optional Bypass
(<90% Capture)
] »
Air —»
. Particulate Sulfur y CO; to Storage
PC Boiler >
Coal Removal Removal Process
I A
> ¥ Ash !
o_______lowPressuweSteam |
I
I
i
@ o C02
Comp.
CO, tovStorage

Figure 2-3: Block Diagram of Post-Combustion System '*!
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2.3.3 Oxy-combustion CO, Capture

With flue gas (CO, or CO,/steam) recycle, coal is burnt with relatively pure O, (>95%).
By condensing H,O vapor through cooling and compression, CO, is separated from the flue gas
(see Figure 2-4). Because the partial pressure of CO; is ~60% in the flue gas, it is much easier
and costs less for the CO, purification and compression process than a conventional post-

combustion capture system .

Steam
4&3 Power

Cryogenic
ASU Recycle
Compressor
9% + 0, QL
PC Boiler > Partcuiate Sufur > CO0; to Storage
Removal Removal
Coal —»
D €0,
L Fans Purification & Compression

» Ash

Figure 2-4: Block Diagram of Oxy-Combustion System *

2.3.4 Chemical looping

Chemical-looping combustion (CLC) thermal cycle has been proposed, combining
chemical energy release with CO, recovery, which can highly utilize chemical energy of fuels

and pay no energy penalty for CO, recovery simultaneously [100]
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Figure 2-5 illustrates CO, recovery in CLC. It consists of two reactors: a reduction
reactor (or fuel reactor) and an oxidation reactor (or air reactor). The novel combustion manner

decomposes traditional combustion of fuel into two-step reactions, using CHy as fuel.

Power

Turbine I;

1
1

Feature 1
Recovery CO,

Co,
H.,0, Liq.
without energy penalty
|

-

o,
HO |
|
]
1

Saturator

" Feature2:
No NOx formation

CH,+4 Ni0 =
CO,+2H,0+4Ni L

Ni+0.50, = NiO

Feature 3 ©
High thermal efficiency

N, (0,)
|

Power

Figure 2-5: Concept Diagram of a Gas Turbine Cycle with Chemical-looping Combustion !'*"!

CLC achieves the integration of chemical energy release from fuel and CO; recovery. In

this process [100]

, reactions of fuel gas and air with solid materials are carried out in separated
reactors. Thus, CO, from reduction reactor does not mix with nitrogen, and its concentration is
much higher than that in the case of conventional combustor. It becomes easy for CO, capture by
condensing vapor into water. So CLC system does not require CO, separation device, which

means that it has the characteristic of inherent CO, recovery without additional energy

consumption. The temperature of non-flame reaction is much lower than general combustion
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temperature, which could make great contribution to completely eliminating another greenhouse

gas NOx (not just reduced to some extent).

2.4 CO; Capture R&D Programs

With coal-fired power plants contributing about 40 percent of anthrogenic CO, emitted
into the atmosphere ", clean coal research programs aiming at either reducing or eliminating the
emission by cost-effective CO, capture technologies become of great energy, environmental and
[2]

economic interest. Clean Coal Research program currently comprises of nine distinct areas

namely:

e Innovations for Existing Plants (IEP)

e Advanced Turbines

e Advanced Integrated Gasification Combined Cycle (IGCC)
e Carbon Sequestration (CS)

e Solid State Energy Conversion Alliance (SECA) Fuel Cells
e Fuels

e FutureGen

e CCPland

e Advanced Research (AR)

The IEP program area basically focuses on developing post-combustion, oxy-combustion
and advanced compression technologies applicable to new and existing pulverized coal (PC)

power plants 2.
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The Carbon Sequestration program area plays a leading role in pre-combustion CO;
emissions control for IGCC power plants and also focuses on the development of CO, storage
technologies in geological sequestration and its associated monitoring, verification and
accounting '*!. Additional research and development in pre-combustion CO, capture technologies
are done in the IGCC and Fuels program areas, while the Membrane-based systems for the

separation of H, and CO, in coal derived syngas is the major focus of the Fuels program area %),

2.5 Basic Scientific Principles and Important CO, Capture Technologies

DOE-NETL ™ approaches CO; capture in three ways. Figure 2-6 below gives a summary

of the four technological approaches.
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Figure 2-6: CO, Capture Technologies
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2.6 Operational Processes for CO, Capture

The basic scientific principles ' of the four major CO, capture technologies can be

approached in the following ways namely:

e The sorbent based process

e The solvent based process

e The membrane based process

e The low temperature of cryogenic process and

e The oxy-combustion process

The focus of this review is on the sorbent based process.

2.6.1 The Sorbent Based Process

In the cryogenic separation of air into nitrogen and oxygen, at least CO, and water have
to be removed from the feed gas to form a pure gas for subsequent separation by cryogenic
treatment. The removal of CO, and water as well as trace amount of hydrocarbon such as
acetylene from the feed gas prior to the cryogenic separation of oxygen and nitrogen is necessary

to:

e Prevent the freezing of CO, and water vapor which may interfere with the subsequent
cryogenic treatment and
e Prevent the risk of explosion due to possible accumulation of hydrocarbons such as

acetylene during the cryogenic treatment.

Three methods generally used in separating CO, and water from a feed gas by adsorption
onto a sorbent are:
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e Pressure swing adsorption
e Temperature swing adsorption and

e Electric swing adsorption

2.6.1.1 Pressure Swing Adsorption (PSA)

The pressure swing adsorption is a technology used in separating some gaseous species
from a mixture of gas under pressure. It can be achieved by taking advantage of the species
molecular characteristics and affinity for the adsorbent material. Unlike cryogenic distillation

techniques of gas separation, PSA is operated at near ambient temperature "'*’.

Yang ® reported the existence of a multitude of sophisticated PSA processes and design
which are being implemented for various separations. The performance of the PSA separation

process is a measure of three quantities name:

e Product purity: which is the volume-average quantity of the effluent concentration and
flow rate from the PSA process,

e Product recovery: which is a measure of the amount of component that is contained in the
product stream divided by the amount of the same component in the feed stream, and

e Adsorbent productivity: is a measure of the amount of the product to feed mixture

processed per unit amount of sorbent per unit time.

For any given separation, the product purity is predetermined, the energy requirement is
usually proportional to the recovery, and the size of the sorbent bed is inversely proportional to

the sorbent productivity .
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The pressure swing adsorption processes rely on the fact that under pressure, gases tend
to be attracted towards the solid surfaces i.e. they tend to be adsorbed. More gas is adsorbed on
the solid surface at a higher pressure and on a reduction in pressure the adsorbed gas is desorbed.
Thus, the PSA process can be used to separate gases in a mixture because different gases tend to

be attracted to different solid surfaces either more or less strongly.

Figures 2-7 (a) and (b) gives a summary of two basic PSA cycles, i.e. the Skarstrom cycle

and the Guerin-Domine cycle.

The Skartrom cycle also referred to as heatless adsorption with original patent filed in

1958 by Esso Research and Engineering Company ']

, after the adsorption step the first bed is
depressurized to atmospheric pressure and at the same time, the compressed feed mixture is
switched to the second bed to repressurize it. Thus the adsorption step starts at the feed pressure,
with a fraction of the purified effluent from the second bed passed through the second bed in a
countercurrent direction to the feed direction, so as to purge the bed at atmospheric pressure.

After this purge the unit is ready for the next cycle, with each bed undergoing two half cycles at

equal times.

For a purification process, steady and continuous flows of both feed and purified products

are achieved.

The Guerin-Domine cycle !'* is a versatile one that depends on the nature of the mixture
to be separated. It varies in the number of beds, interconnections, and operational scheme.
Designs of one to six beds have been proposed '*.. Figure 2-7 (b) is a two-bed model, with each

bed going through three steps:
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e Pressurization, i.e. with only the feed end open
e Depressurization, i.e. through the other beds, both a concurrent direction with the feed
when oxygen is formed, and

e Evacuation from the midpoint of the bed when nitrogen is withdrawn.

0, A|R=
T x

A _}E B i Vacuum N,

A B

N>

——— -

X

f *
AIR

[17] [18]

(a) Skarstrom Cycle (b) Guerin-Domine Cycle

Figure 2-7: Schematic of Two Basic PSA Cycles

One technical advantage of pre-combustion sorbent technology is that CO, can be

recovered via pressure swing adsorption.
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2.6.1.2 Temperature Swing Adsorption (TSA)

Like the pressure swing adsorption the temperature swing adsorption is also a technology
employed in separating some gaseous species from a mixture of gas under pressure. This is also
achieved by taking advantage of the species molecular characteristics and affinity for the
adsorbent material. Like PSA, in TSA the bed is exposed to the feed gas for a period for the
gases of interest to be adsorbed, but unlike PSA, TSA requires heat to be supplied for the
adsorbed gas to be desorbed from the sorbent during the regeneration phase and this heat is

supplied by the heated generating.

In the TSA process, the adsorption phase is carried out over a prolonged period and the
liberated heat of adsorption of the adsorbate on the sorbent is displaced out of the bed by the
flowing gas. It is also necessary that the adsorbent bed has substantial capacity for adsorbing the

adsorbate of interest ['”!,

Kalbassi et al reported that in the removal of CO, and water vapor in air prior to
cryogenic air separation process, the common practice is to use molecular sieve sorbents such as
zeolite 13X for both TSA and PSA "2, According to the report, the temperature difference
between the regenerating gas and the adsorption should not exceed 50°C and can be substantially
less provided the flow of the regenerating gas is sufficient in providing the heat of desorption

required '),

Furthermore, in his report, Kalbassi stated that the TSA invention is preferably applied
towards the removal of water and CO, from feed gas streams in which the CO, concentration is

present at a low level such as 400ppm prior to the adsorption process !,
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Table 2-1 below presents a summary of the preferred process conditions for operating
TSA. The regenerating gas should be fed to the adsorbent bed at a temperature which exceeds
the temperature of the feed gas. The regenerating gas is preferable fed at temperature between
30°C to 150°C and at a pressure range between 0.5 to 0.8bara. This is not more than 50 percent
of the pressure at which the feed gas is supplied. More preferably the regenerating gas is fed to

the adsorbent at pressure from 1 to 3bara .

Table 2-1: Optimum Operating Condition for TSA !'*!

Item Range of operation Preferred range
Feed gas supply pressure (bara) 2-20 2-15
Feed gas supply temperature (°C) 5-50 10-40
Ratio of molar flow rate of regenerating gas to feed gas 0.1-0.8 0.2-0.5
Duration of feed gas to adsorbent prior to regeneration (min) 60 - 600 70 -300"°

* Though the generally preferred range is 30 to 300mins, The most advantageous time period depends on the size

of the adsorbent bed used.

Note: however, the system could be designed with the regenerating gas pressure higher than the feed gas pressure

provided the purge to feed ratio and the purge temperature are high enough !*.
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Figure 2-8: Schematic of a TSA Cycle "]

Figure 2-8 above shows a schematic of the TSA comprising of the followings:

1. At least two pairs of adsorbent beds containing columns or vessels.

2. Purified air supplied by air compressor 6.

3. Heat exchanger 8 and 10 for removing heat produced during air compression.

4. The compressed air is supplied to the inlet manifold 12 containing control valves 14 and
16 to which is connected the pair of adsorbent bed containing columns 2 and 4.

5. The inlet manifold is bridged downstream of the control valve 14 and 16 by a venting and
depressurizing manifold 18 containing valves 20 and 22 which serve to close and open
connection between the upstream ends of respective adsorbent column 2 and 4 and a vent
line 30 fitted with a silencer 32.

26



6. 34 is the outlet for the purified gas connected to the downstream ends of the two
adsorbent columns 2 and 4 by an outlet manifold 36 containing control valves 38 and 40
upstream of which the outlet manifold 36 is bridged by a regenerating gas manifold 42
connected to line 44 supplying the regenerating gas and containing valves 46, 48 by
which the flow of the regenerating gas may be connected selectively to either of the
adsorbent containing columns 2, 4.

7. The manifold 50 containing control valve 52 bridges the downstream ends of the columns
2, 4 for the purpose of repressurization.

8. The produced purified gas is supplied to the cold box of an air separation unit which
separates air into oxygen and nitrogen. Dry CO, free gas from the cold box supplied to an
inlet 56 which is connected to the inlet of the regenerating gas 44 via two selectable paths
58 and 60 controlled by respective control valves 62 and 64.

9. Line 58 leads the regenerating gas directly to the regenerating gas inlet 44 while line 60
leads through the heat exchanger 66 which supplies heat to the regenerating gas through
water circulated by pump 68 through heat exchanger 8 and 66.

10. Heat exchanger 10 has a cold water inlet and outlet for controlling the temperature of the

supplied feed gas.

For flue gas with low CO, content, Ishibashi et al. **!

reported the use of combined
temperature and VPSA (Vacuum Pressure Swing Adsorption). Merel et al. ! proposed the use
of TSA. The main inconvenience of the TSA process is the long time for desorption cycles that

can be reduced by maximizing the contact area of the hot gas and the adsorbent *>27),
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2.6.1.3 Electric Swing Adsorption

The electric swing adsorption is a process that can increase the temperature of the
adsorbent at a very fast rate *'1. In this, a low voltage electric current is employed to heat the
adsorbent by the direct joule effect 1. One disadvantage of the ESA compared to the TSA is
that temperature increase is achieved by using electric power while waste heat is employed for

the TSA.

In a natural gas combined cycle (NGCC) plant, for the CO, produced and due to the
complex energetic integration already implemented, the amount of waste heat may not be enough
to be employed in a TSA process as a result, the ESA may be an interesting alternative ** 2% %]
reported as a case of TSA and ESA comparison for the recovery of volatile organic compounds
that could be removed by ESA process with much higher unit productivity. Desorption of CO,

from flue gas with ESA was proposed by Ettlili et al. *®! by employing an indirect heating system

for the bed filled with zeolite 13X.

Grande et al. *! in the study of the operation of ESA process in the capture of CO, from
natural gas combined cycle power station with low CO, concentration in the feed stream reported
the use of activated carbon honeycomb monolith with low electrical resistivity as a selective
adsorbent. Figure 2-9 below is a schematic diagram of the set up employed for the measurement

on the adsorption and desorption breakthrough curve for an ESA cycle.
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2.6.2 Amine Based Adsorption (Solvent Based)

Solvent based CO, capture generally involves CO, absorption either chemically or
physically from combustion flue gas or other sources into a liquid carrier '*!. The absorption
liquid is regenerated by increasing its temperature or reducing its pressure. The development of
low cost, non-corrosive solvents with high CO, loading capacity, low regeneration energy,
improved reaction kinetics and resistance to degradation defines the goal of DOE/NETL’s

current research and development objectives .

Generally, amines and ammonia based solvents are used for CO, capture. Figure 2-10

below shows a schematic diagram of a MEA process .
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Figure 2-10: Schematic Diagram of Post-combustion MEA CO, Capture Process *!

In this figure, the combustion flue gas enters an absorber reactor and flows counter-
currently to a COs-lean MEA solution where CO, is absorbed into, and chemically reacts with
MEA. Nitrogen gas being the primary component of the treated flue gas is discharged to the

atmosphere while the CO,-rich solution is pumped to a stripper reactor for regeneration.

In the stripper, the solution rich in CO; is heated in order to reverse the amine- CO,
chemical reaction thus, stripping the CO; out of solution. The reboiler, supplied with extraction
steam from the turbine cycle, provides the heat for regeneration of the MEA solvent in the

stripper. Consequently, CO is released, producing a concentrated stream which exits the stripper
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and is then cooled and dehumidified in preparation for compression, transport, and storage. The

CO,-lean solution from the stripper is cooled and returned to the absorber for reuse.

The amine solvents currently used are corrosive and susceptible to degradation by trace
flue gas constituents (particularly SOx); thereby necessitating significant amounts of energy, in
the form of low-pressure steam, for sensible heating, heat of reaction, and stripping for CO,
regeneration. According to the DOE report %!, installing the current state-of-the-art MEA post-
combustion CO; capture technology on new conventional PC power plants would increase the
COE by about 75 percent. Furthermore, the large quantity of energy required in regenerating the

MEA solvent would reduce the net efficiency by approximately ten percentage points .

In addition to amines, ammonia-based solvents can be used for CO, capture. Ammonia
based solvents rely upon temperature swing cycle between ammonia carbonate and ammonia
bicarbonate. This reaction has a significantly lower heat of reaction than amine based systems,
thus resulting in energy savings, provided the absorption/desorption cycle can be limited to this

mechanism ).

Ammonia-based absorption has a number of advantages over amine-based systems, such

as the potential for high CO, capacity, lack of degradation during absorption/regeneration,

tolerance to O, in the flue gas, low cost, and potential for regeneration at high pressure .

2.6.3 Membrane Based Separation

Membrane-based post-combustion CO, capture process involves the use of permeable or

semi-permeable materials that allow for the selective separation of CO, from flue gas.
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Membranes are more advantageous for separating CO, in high-pressure applications, such as

coal gasification .

DOE/NETL focus on membrane based separation is on developing highly-selective and
permeable membrane systems designed specifically for CO, separation from low partial pressure,
post-combustion flue gas streams. Potentially, membranes could be a more cost-effective
technology option for post-combustion CO, capture than solvents or sorbents that require a large
amount of regeneration energy to separate CO,. Membranes constructed of polymeric materials
are currently being used in a number of industrial gas separation processes including air
separation; hydrogen recovery from ammonia; dehydration of air; and CO, separation from
natural gas. In general, membrane processes offer several potential advantages compared to other

post-combustion CO, capture technologies including

1. Simple passive operation with no moving parts,
2. Immunity to chemical contaminants,
3. Energy-efficient with low operating costs, and

4. A small footprint that is easily expandable due to modular design components.

2.7 Operational Parameters for CO, Capture

Operational parameters that effect the sorbent materials application on post-combustion
CO, adsorption include, but are not limited to, sorbent properties, sorbent cost, operation
conditions of adsorption (i.e. temperature and pressure), sorbent regeneration, and contaminants

in the flue gas.
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Sorbent properties include the mechanical/thermal/chemical stability, surface area,
particle size, CO, adsorption capacity, and heat of adsorption etc. These properties will impact
the design and cost of an adsorption process. Adsorption capacity, heat of adsorption and sorbent
regeneration will impact energy consumption. Major factors that influence the performance and
cost of a sorbent are listed below. A summary of process parameters of different sorbents is

shown in Table 2-2.

1. Surface Area

It is the exposed area on the surface of the sorbent which can adsorb gas. The more
adsorption can take place per unit sorbent if a sorbent has larger surface area. It is desirable for
sorbents to be porous so as to maximize adsorption with the smallest amount of sorbent resulting
in lower sorbent costs and lower process equipment costs. Reported values vary between 0.5 -

1,500 m*/gram of sorbent .

2. Pore volume

Pore volume is defined as the ratio of the void spaces in a porous material to the total

volume of a porous material. Its value is between 0-1.

Surface area and pore volume of the sorbents can be measured by BET, and Langmuir

methods etc.

3. Selectivity
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The ability of a sorbent to separate a gas from other gases is measured as the selectivity,
which is the ratio of the individual gas permeability or permeance. Sorbent selectivity and

pressure ratio determine CO; purity.

4. Thermogravimetric analysis

Thermal gravimetric analysis (TGA) is a type of testing performed on samples that
determines the relation of weight change based on temperature change. Such analysis relies on a
high degree of precision in three measurements: weight, temperature, and temperature change. It
can characterize thermal stability of a sorbent. Various literatures have reported the use of TGA
in isothermal measurements of sorption studies. Huang et al. ®! reported the adsorption of CO,

and H,S on amine modified silica xerogel and MCM-48 supports. In this report B31]

, a rapid
weight gain was observed in the uptake of CO, on 3-aminopropyl functionalized MCM-48
sample. At 80% completion, the amount of CO, adsorbed at room temperature was 50mg/g of
sorbent and this was accomplished in the first 30 minutes. Under similar conditions, the reported
uptake of CO; on unmodified MCM-48 sample was 14mg/g of sorbent. Thus indicating a
stronger affinity for CO; for the amine modified MCM-48 surface, which is as a result of a weak
chemical interaction between the basic amine groups and CO,. The TGA results reported by

Huang et al., shows the thermal reversibility of the adsorption-desorption reaction of CO, on the

amine modified surface.

5. Chemical structure

The chemical structure of the sorbents can be determined by the following common

methods:
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e X-ray diffraction (XRD)
e Proton NMR

e Carbon-13 NMR

e Mass spectrometry

e Infrared spectroscopy

6. Adsorption capacity

Adsorption capacity, which is the CO, loading difference between the inlet flue gas and
outlet gas passing through the sorbent, will influence the required sorbent amount of the process
and equipment size. If TSA is used for regeneration, then the energy consumption will also be
affected. A higher adsorption capacity is always beneficial on a basis of other sorbent properties
being the same. Adsorption capacity can be measured by how much CO; is captured per gram of

sorbent. Reported CO, adsorption capacity can achieve as high as 21 percent by weight .

7. Heat of adsorption

Heat of adsorption determines the energy demand during sorbent regeneration (i.e.,
desorption). A higher heat of adsorption means more energy required for regeneration. Heat of
adsorption also impacts the regeneration mode of an adsorption process. Higher heat of
adsorption also implies that the adsorption working capacity is more sensitive to the regeneration
temperature (i.e., a small change in temperature will result in a great change in capacity, and thus
TSA regeneration is more favorable). Typically a chemical sorbent uses a TSA regeneration
design, while a physical sorbent uses PSA regeneration more. Reported values for heat of

adsorption can range at 11.7 - 1760 kJ/mole 1.
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8. Crush strength

The stress strength of the sorbent is important in a process, such as a fluidized bed. A
physically weak sorbent undergoes attrition too quickly that can crush it to ineffective powder,

which will cause more frequent replacement of the sorbent.

9. Cycle time

The cycle time of an adsorption process is vital for fixed-bed configurations, especially
when the process scale is large. If the sorbent remains very long time in the adsorption reactor
for a cycle, it will result in very little CO, being captured, more amount of sorbent, larger
equipment size, and a larger plant area being needed, in spite of the sorbent has a very large CO,

working capacity.

10. Number of expected cycles

It is expected that sorbents degrade over time, either through physical attrition or
chemical degradation such as from sulfur or oxygen. It is desirable for a sorbent to be cycled for
a great amount of times before replacement. The reported expectation of the cycles ranges at

1800 - 10000 before needing to be replaced .

11. Sorbent costs

A promising sorbent would be produced with a low cost and would be composed of
materials that are readily available, i.e. a material that could be mined and put into service with

minimal processing requirements.
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12. Contaminant resistance

Flue gas contains various gases, i. €. CO,, N2, SO,, and H,O etc., which impact the CO,

adsorption on the sorbents.

All favorable properties such as large surface area, low cost, short cycle times, and small
swings between pressure and temperature should be exhibited in an ideal sorbent. However, it is
not expected that any one sorbent can exhibit all of the best properties, which means economic
analyses will be critical in the determination of which sorbent and which combination of
properties will cost lowest for a particular plant. The total capture cost for each sorbent and
associated process can come from a number of different factors and be greatly influenced by
various properties of the sorbents, while the final aim is to capture CO, with minimal impact on

COE.

2.8  Technical challenges for CO, capture technologies

The key technical challenges for CO, capture on coal-fired power plants include the
application of presently available CO, capture technologies, energy integration, flue gas

contaminants, water use, CO, compression, and oxygen supply for oxy-combustion systems.

2.8.1 Key technical challenges for CO, capture technologies

1. Scale-up

Current commercially available CO, separation processes have not been applied at large

scale power plants, whose application could dramatically increase costs of electricity generation.

2. Cost-effectiveness
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Present CO, capture technologies are expensive and energy-intensive according to NETL
studies, which significantly degrade the overall energy efficiency of existing and future coal-
based power plants. For instance, the levelized cost of energy (COE) of the current aqueous
MEA solution chemical adsorption for post-combustion CO, capture is estimated to have an

increase of about 75-80%.

3. Auxiliary power

To operate presently available increase capture technologies, it requires great quantity of

auxiliary power, which reduces the net electricity production of the power plant.

4. Steam usage

The solvents or sorbents used for commercially available CO, capture technologies
demand a significant amount of energy for regeneration (~3605 kJ/kg of CO, removal), which

greatly decreases net power output.

5. Energy integration

Steam extraction from the power generation would be provided for the regeneration of
the solvents or sorbents in commercially available CO, capture technologies, which brings out
the requirement for efficient energy integration of the steam cycle to the CO; capture part in the

power generation system.

6. Flue gas contaminants
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Flue gas components other than CO, especially sulfur and water vapor can cause

additional operational costs to remove.
7. Water use
CO; capture and compression cooling requires a lot of water use.
8. CO; compression

It requires large quantity of energy to compress the captured CO; to typical pipeline
levels for sequestration (10-15 MPa relying on the scheme and location of CO, sequestration). It
is essential to decrease this energy consumption to upgrade the overall plant energy efficiency

and achieve CO; sequestration in present and new power generation systems.
9. Oxygen supply

High purity oxygen is required to supply for an oxy-combustion power plant, e.g.
cryogenic air separation unit (ASU), a presently available technology, which is energy

consumptive and cost intensive.

2.8.2 Technical advantages and challenges for sorbent-based CO, capture technologies

Both pre- and post-combustion CO, capture technologies could apply sorbent-based

processes, whose technical advantages and challenges are summarized as following .

2.8.2.1 Pre-combustion Sorbent CO, Capture Technologies

1. Technical advantages

e (CO; recovery is principally carried out on a basis of pressure swing (versus heat energy).
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H,S usually has high solubility in the same sorbent as CO,, which means both H,S and
CO; can be combined to remove from the flue gas.

Some system concepts, like being recovered with some steam stripping instead of
flashing, CO; could be delivered at an increased pressure, which is going to optimize the

power system performance.

Technical challenges

Loss of CO; pressure could happen during flash recovery.
Syngas must be cooled for CO; recovery before being heated back up again and re-
humidified for burning to turbine.

Some loss of H;, could present with CO,.

2.8.2.2 Post-combustion sorbent CO, capture technologies

1.

Technical advantages

With large capacities and fast kinetics provided by chemical sites on the sorbents, it is
able to capture CO, from flue gas at a low CO, partial pressure.

The capacities on a unit mass or volume basis are higher than similar wet-scrubbing
chemicals.

It requires less heating compared to wet-scrubbing in many cases (depending on CO, and

heat capacity).

Technical challenges
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Heat is required to regenerate the sorbent (although generally lower than in wet-
scrubbing cases).

When adsorption is an exothermal reaction, it is difficult to manage heat in a solid system,
which can limit the capacity and/or cause operational problems.

It could have a large pressure drop in flue gas applications.

Sorbent attrition.
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3 THE CHEMISTRY OF GRAFTING — AMINE IMPREGNATION (REVIEW)
3.1 The chemistry of grafting — amine impregnation
3.1.1 General review
CO; capture and separation has been achieved via using solvents, membranes, cryogenic
techniques and solid sorbents. When applied to CO, capture in dilute stream such as flue gas

containing 15 vol.% of CO, for most coal combustion systems ™"

or in acid gas sweeten process
in nature gas production 'l large scale operations of these technologies could be capital

intensive %, As a result, the development of highly efficient method for the removal of acid gas

with lower economic cost becomes imperative.

Conventionally, sweetening of natural gas steam [32-36]

, or removal of CO, from flue gas
stream from coal combustion plants is established by gas-liquid absorption i.e. stripping of the
acid gas components of the gas stream by aqueous solutions of alkanolamines 2% Commonly
used amines include monoethanolamine (MEA), diethanolamine (DEA) and
methyldiethanolamine (MDEA). Despite the extensive application of current state of the art
technology, the gas absorption process is not only highly energy intensive during solvent
regeneration but also plagued with corrosion or degradation of the equipment through

. . 1
oxidation [*!-37-381,

39431 5olid sorbents

In enclosed habitable environment such as submarines and spacecraft
have been employed in the removal of CO, from the enclosed air. Though solid sorbent offers a

number of advantages such as:

e Low energy requirement during regeneration [**

43



e Elimination of problems associated with degradation or equipment corrosion due to

. [31,37,39,45
oxidation [!:37:3% 431,

Their potential in terms of large scale applications such as CO; removal from flue gas of
[46, 47] . . . [48-51]

power plants and coal plant has not been fully exploited. Recent literature review
reveals that most sorbent studied for natural gas clean-up have at least one major problem that
negates their industrial usage. For example zeolite and activated carbon which are most widely

used as solid sorbent materials are limited because of the low selectivity of activated carbon

toward acidic gases and the strong water inhibiting effect of zeolite materials.

Khatri et al. reported that “the cost of CO; capture can be drastically reduced if effective
low-cost sorbents are designed that have a CO, adsorption capacity of more than 1000umol/g of
sorbent and a long-term regeneration capacity”. In a similar angle, Chang et al. reported that
“preliminary analysis has suggested that an economically feasible approach should cost less than
$10 to sequester a ton of CO, from stationary sources”. They further stated that the
“development of an economic CO, separation process requires a highly efficient CO, sorbent.
The sorbent must possess high CO, capture and long-term regeneration capacity at the level
above 2000umol/g with a small difference in adsorption and desorption temperatures in the flue

gas environment”.

3.1.2 Silica substrate support

Several groups have reported the preparation on amine based silica sorbents from
mesoporous amorphous silica gels [, and mesoporous periodic framework structures such as

SBA-15 %481 NMcM-4112 MCM-48 B! and HMS (62,
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The development of high surface area solid sorbents and catalysts has been of widespread
interest. This may be connected to the fact that exceptionally high surface areas allow the
binding to occur at a large number of highly dispersed active sites with the framework P>°',
Huang et al. reported that silica and ordered mesoporous silica were ideal solid supports for the
active functions because of their large surface area and pore volumes which are well defined.
More significantly, the hydroxyl groups on the surface of the support are important for a number

of surface phenomena, such as surface modification, gas adsorption, wetting etc. (**%],

Huang et al. P! reported the preparation of silica xerogel from tetraethoxysilane, ethanol,
water, HCl and NH4OH in the ratio of 1:3:1:0.0007 under constant reflux for 1.5 hours at 333K,
with a surface area of 816m?/g after degassing at 200°C, and MCM-48 obtained after 550°C
calcinations in air for 10 hours with a surface area of 1389m?/g. According to Huang et al, the
choice of silica xerogel or MCM-48 was due to their high surface areas and high surface

densities of the surface -OH groups.

The preparation of mesoporous material SBA-15 using tetraethyl orthosilicate as the

1. ¥ and Gray et al. *%. In both papers, the

silica precursor was reported by Chang et a
procedures involved were well spelt out. The surface area of the SBA-15 support by Chang et al.
was reported to be between 200-230 m*/g, thus spelling the need for the surface area to be

increased in order to bring it up to the level of economical CO, separation.

In line with the above findings, a large surface area, a well-defined pore structures and
high surface densities of surface hydroxyl groups are important factors to be considered in the

preparation of solid sorbent support %> *¥. Other examples of such solid supports include:
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e Silica xerogel !

e PE-MCM-4] [¢%]

These supports are impregnated with primary, secondary or tertiary amine-based
compounds. The idea of grafting the amine functionality onto the pore walls of the solid support

is a known strategy for the design of promising new adsorbents and catalysts.
The general procedures employed in the preparation of a solid sorbent include:

e Substrate (solid precursor) preparation: this being the solid support and involves the use
of a structural directing agent '®' (e.g. Pluronic 123), pore expander (e.g. 1,3,5-
trimethylbenzene), and pH controller (e.g. HCI).

e Amination of the substrate: this involves the grafting of the substrate with primary,

secondary or tertiary amine.

For obvious reasons, the use of solid sorbent could be a low cost alternative in the capture
of CO; from power plant flue gas, natural gas stream because of its low heat capacity, high CO,
adsorption capacity, and simplicity of operation. The total cost and utility cost could be used to

determine the economic potential of the CO, capture process '),

In terms of mass transfer limitation in comparing gas-sorbent interaction and gas-liquid
interaction, the capture of CO; on solid sorbent involves direct adsorption of the gas on the solid
surface of the sorbent which in this case could be the amine functional group on the surface. The
rate limiting step for adsorption on solid sorbent is the diffusion of the gas (CO,) from the bulk
stream of the flue gas into the internal pore of the sorbent. For an aqueous amine process the rate

limiting step is the mass transfer of CO, across the gas liquid interface '*’). The rate of the gas-
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solid mass transfer is usually three orders of magnitude higher than the gas-liquid interaction °®.

The higher mass transfer rate and adsorption capacity results in a smaller bed thus significantly

minimizing construction and equipment cost [63],

3.2 Amine grafting process

One potential approach to sorbent preparation is grafting CO, adsorption sites on high
surface area support *>*47], Recent research and development 2! shows a widespread interest
in the development of high surface area solid sorbents and catalysts which would allow bonding
to occur at a large number of highly active sites within the framework. This is achieved by
exploiting the positive properties of gas-liquid adsorption through the grafting of the amine

functional group on a mesoporous solid support 2.

The reason for the above research in developing energy and cost effective solid sorbent is
due to the fact that the previous sorbents were designed for low levels of CO, capture and
separation and the eventual use of these sorbents will make power generation from either coal

3]

combustion ') or natural gas facilities *"! prohibitively expensive.

In the preparation and characterization of APTS-SBA-15 sorbent, by Chang et al. the y-
(aminopropyl)triethoxysilane (APTS) was prepared by impregnating an APTS/toluene solution
into SBA-15. In the surface modification of silica-xerogel or MCM-48, Huang et al. reported the
immobilization of the amine functional group on the silica surface by refluxing 1.0g of silica
(silica-xerogel or MCM-48) with 50.0ml of toluene and 5.0ml of 3-aminopropyltriethoxy-silane.
The quantitative determination of the amine functionality on the surface was obtained by a

combined DTGA and weight gain measurements. Coverage of 2.3 and 1.7 mmol of
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—CH,CH,CH;NH, per gram of sorbent were reported for MCM-48 and silica xerogel,

respectively ',

[94] [95]

Stein and Sayari extensively examined the modification of periodic mesoporous
silica surfaces. A review of literatures concerning grafting of amine on silica based support under
dry conditions reveals that the most promising result was that of Huang et al. ®'\. In using the
common dry grafting technique, Huang et al. grafted 3-aminopropyltriethoxysilane on periodic
mesoporous MCM-48 silica thus obtaining an amine loading of 2.30mmol/g on a basis of total
adsorbent weight. On exposure to feed gas mixture of 5% CO; in nitrogen, the equilibrium
adsorption capacity obtained was 1.14mmol/g which translates to about 50mg/g. For a 100%
CO, flow at 1.0atm total pressure 2.05mmol/g adsorption capacity was determined. In this same

work it was reported that the adsorption capacity of the sorbent doubled in the presence of water

vapor.

In more recent publications, Knowles et al grafted 3-aminopropyltrimethoxysilane onto a
hexagonal mesoporous silica support (HMS), obtaining 2.29mmol(N)/g loading. The
corresponding adsorption capacity for a 90% CO,/Argon gas feed at 20°C was 1.59mmol/g.
Compared to the result presented by Huang et al. ®') Knowles et al. [ showed significantly
lower adsorption capacity for a similar monoamine loading. When the grafting material was
further challenged with a 30% of relative humidity (RH) humid stream of CO,, the adsorption

capacity decreased slightly.

Harlick et al ' grafted dry TRI with PE-MCM-41 silica. Thus obtaining an amine
loading of 5.98mmol(N)/g (1.99mmol(organic)/g) with a corresponding dry 5% CO,/N;

adsorption capacity of 1.41mmol/g (62mg/g). However, unlike the result presented by Huang et
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al. P!, the grafted triamine material did not exhibit a doubling CO, adsorption capacity in the

presence of a moist feed of CO,. Rather a modest 8% increase was exhibited.

Khatri et al. 1) studied the adsorption and desorption of CO, on diamine - grafted SBA-
15 via infrared spectroscopy coupled with mass spectroscopy. In this report, a secondary amine
(diamine) was grafted onto a SBA-15 surface via the reaction of [N-(2-aminoethyl)-3-
aminopropyl] trimethoxysilane with the surface hydroxyl functional group. At 25°C CO, was

adsorbed on the diamine grafted SBA-15 surface as:

¢ Bidentate carbonate
e Bidentate bicarbonate and

e Monodentate bicarbonate.

During the concentration swing adsorption/desorption process at 25°C of the above
process the bidentate bicarbonate and monodentate bicarbonate were observed to be the major
surface species formed and decomposed. The temperature-programmed-desorption revealed that
the monodentate and bidentate bicarbonate are bounded stronger to the diamine grafted SBA-15

surface than the bidentate carbonate.

Khatri et al. transmission IR spectra reveals the isolated hydroxyl groups (Silanol groups)
with wavenumber 3750cm™ in Figure 3-1, which reacts with a variety of functional groups. This

is usually tailored towards the surface chemistry of silica and glass material.
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Figure 3-1: Transmission IR spectra of SBA-15 during Heating from 25°C to 150°C 1!

Figure 3-2 reveals the decrease in the isolated surface hydroxyl group at wavenumber
3745cm’™, suggesting the reaction of the surface hydroxyl groups (Si-OH) with highly active

methoxy groups of the secondary amine (diamine) compound. The reaction for the above

reaction is presented below [+ ®:

(CH,0),SiCH,CH,CH,NHCH,CH,NH, + 3SiOH —

(8i0),SiCH,CH,CH,NHCH,CH,NH, + 3CH,0H (1)
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Figure 3-2: Transmission IR Spectra of SBA-15 Disk during Grafting of

Amine with an Amine-toluene Mixture at 100°C ¢!
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This was further verified by the small amount of methanol formed, which is evident by

the OH bending vibration of methanol at wavenumber 1346cm™.

Khatri et al. ! concluded that the isolated surface hydroxyl functional group were the
active moieties on the SBA-15 surface for the reaction with the methoxy groups on the “diamine-
containing silanes” and that the capture of CO, on the grafted diamine surface was twice that of

the mono-amine grafted SBA-15 in the TSA process of 25 C to 120 C temperature range.

Gray et al. B

studied CO; capture from simulated gas stream on immobilized and
aminated SBA-15 solid sorbent. The results obtained suggested that immobilized secondary

amines had stronger affinity for CO; capture from flue gas stream than primary amines, though

the performance of the sorbent decreased with regeneration.

In comparing the various sorbents, Tables 3-1, 3-2 and 3-3 present the following:

e A summary of amine-grafted silica-based adsorbent prepared under anhydrous conditions

and applied for CO, adsorption 1.

e A summary of water-aided amine-grafted silica adsorbents applied to CO, adsorption !
and

e A summary of amine-grafted silica based adsorbents for CO, adsorption performance [,

One important concept involved in the grafting process was considered by Harlick et al
1621 Herein, they compare the use of water during the grafting process and anhydrous grafting. In
terms of concept, dry grafting procedure could be considered as a reaction between the surface
hydroxyl groups and the alkoxy ligands of the silane compound, thus leading to the formation of

a tethered surface layer of amine functionalities. Invariably, it is assumed that the entire alkoxy
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ligands would ideally react with the hydroxyl groups on the surface to release the corresponding
alcohol, thereby leading to the formation of (SiO);Si-R species, See Figure 3-3. (Note: this is
under the assumption of the formation of (SiO);Si-R surface species, where the support

chemistry (SiO)x was systematically represented by the pore wall for simplicity).

T [
JIN IV TN TN
POCTTIIT TS0y

Pore wall

Figure 3-3: Ideal Pore Surface Obtained from Anhydrous Alkoxy-silane Grafting **!

Normally, the reaction should occur with a 3:1 ratio of surface OH to silane grafted on
the compound. However, this is not often achieved, reason being that one or two alkoxy groups
per silane may not react; see Figure 3-4. (Where the support chemistry (SiO) was represented as

pore wall for simplicity).

i [
SV I TN I
(|)(|)(|)OH CH30(|)(|) (|)(|)(|)CH30(|) CH50

Pore wall

Figure 3-4: Structure of Proposed Surface Obtained with Anhydrous Grafting *
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For a complete consumption of the free alkoxy ligands and total surface coverage, water
may be added to the support material in order to produce a hydrated surface °*. This increases
the surface density of the hydroxyl groups or initiates the hydrolysis of unreacted alkoxy groups
with the free silane present in the solvent phase. Invariably, this enhances the surface coverage of

the amine bearing species, unlike the perfect monolayer concept proposed by Feng et al. (). See

Figure 3-5.
TR I N
AAVALVARVAAVARVAR
OO0 O OO0 OO0 OO O o oo
| | | | l |
Pore wall

Figure 3-5: Proposed Idealized Fully Cross-linked Pore Surface
Obtained for Alkoxy-silane Grafted in the Presence of Water !

Harlick et al. () was of the opinion that grafting in the above process i.e. under these
conditions is more complex. Thus, the grafting should be considered as a coating since there is a
possibility that the aminosilanes are not directly attached to the surface, rather only through the
Si-O-Si bridges to the other grafted aminosilane; see Figure 3-6. (Note: The akyl (R) group
denotes the triamine chain, with the dash lines representing the out of plane orientation of the

bold groups; thus approximating the depth).
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Figure 3-6: Proposed Early Stage Growth of a 3-D Polyaminosilane Layer Occurring during
Grafting of Alkoxy-silane Compounds in the Presence of Water (%)

3.3 Amine grafted sorbent CO, interaction
With reference to the gas-liquid absorption process, the proposed reaction sequences [**!

for the reaction of primary or secondary alkanolamines with CO, are shown in Figure 3-7 below.

RNHCO, + RNH;"

Carbamate
Low temp A
2RNH, + CO, 2RNH;" + CO5™
H,O

Carbonate

eat
\ A

RNH;" + HCO; + RNH,

Bicarbonate

Figure 3-7: Proposed Reaction Sequence for CO, Capture by Liquid Amine-based System "
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From Figure 3-7, majority of the CO, captured results in the formation of bicarbonate in
the liquid amine capture systems. In aqueous media, 2 moles of amine/mole of CO; is required

for the formation of stable bicarbonate compounds resulting in the capture of CO, %],

Generally, primary aqueous alkanolamines can react stochiometrically with CO; by the

following reaction '*!;

C,H,0HNH, + CO, + H,0 «—>C,H,OHNH! + HCO; )

Gray et al. stated that “solid-amine CO, sorbents should have similar reaction with

gaseous CO,, water vapor and the amine site on its surface”.

From the IR analysis on the mechanism of diamine grafting on SBA-15 by Khatri et al, it
was reported that the isolated surface hydroxyl groups where the active moieties on the surface
of the SBA-15 for the reaction with methoxy groups of the diamine-containing silanes. (See
Figures 3-1 and 3-2). The adsorbed CO; on the primary and secondary amine groups resulted in
the formation of carbonate, bicarbonate and carbamic acids (See Figure 3-7 above). The IR
spectra by Chang et al, (Figure 3-8) shows the adsorption of CO;, on a fresh APTS-SBA-15.
Wavenumber 1634cm™ represents the bidentate bicarbonate product formed via the surface
reaction of CO, with the sorbent™*¥. The bidentate carbonate has peak at wavenumbers 1575 and

1390cm™ and monodentate carbonate at 1337cm™ 44,

Bands in 1595, 1440, and 1330cm’ regions may be associated with carbamic acid 144,
The bond energy reported for the carbamic acid C-N bond was at the level of 300kJ/mol

which is higher than the heat of adsorption of CO; on the surface of the sorbent.
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The carbamic acid (RNHCOOH) was suggested as the precursor for the formation of R-

NH; " species involving the following steps **:

RNH, + CO, - RNHCOOH 3)

R in Equation (3) above symbolizes the alkyl group.

RNHCOOH +RNH, —> RNCOO™ + RNH; )

0.2

S
<
[1}]
o
| =
801
e
(o]
w
©
<

-0.1 :
1800 1700 1600 1500 1400 1300
Wavenumber (cm™)

Figure 3-8: Infrared Spectra of CO, Adsorbed on Fresh APTS-SBA-15 Sorbent (441
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The CO, also reacts with HoO and OH to form HCO;™ and CO32' 931,

CO,+H,0 - HCO; +H" (5)
CO, +0OH™ — HCO; (6)
CO, +20H™ — CO; +H,0 (7)

Chang et al, suggested that the interaction between HCOs;™ and COs* with (Si-O);-
SiCH,CH,CH,NH;" could result in the formation of adsorbed carbonate and bicarbonate. See

Table 3-4 below.

According to Khatri et al, the major species formed by the surface adsorption of CO, on
the diamine grafted SBA-15 sorbent are the monodentate bicarbonate, bidentate bicarbonate and
bidentate carbonate. A stronger bond exists between the bidentate bicarbonate species and the

diamine grafted SBA-15 than bidentate carbonate.
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4

CONCLUSION AND RECOMMENDATION

Based on the review of the various literatures, the following can be concluded:

Compared to amine-based liquid solvents, solid sorbents have higher mass transfer rate
and adsorption capacity, thus resulting in smaller bed thereby significantly minimizing
construction and equipment cost. They also require less energy for regeneration thereby
eliminating the problems related to corrosion and equipment degradation, thus making
sorbent more cost-effective.

For efficient and economical CO, capture technology, sorbent should have a CO,
adsorption capacity of within the range of 1000-2000umol/g or above, together with a
long-term regeneration capacity, and a small difference in adsorption and desorption
temperatures in a flue gas environment. For economic viability, the cost of sequestration
should be $10 a ton of CO; from stationary sources for solid sorbents. The CO, capture
unit of a power plant should be located after the flue-gas desulfurization unit. Based on
some assumptions, a rough estimate was made with regards to the size of both the
adsorption and regeneration units for a S00MW coal fired power plant. Check the
appendix for their estimated size.

The larger surface area of the sorbent support, the greater amount of active sites available
for grafting, thus implying a sorbent support with larger surface area would result in more
active sites for amine functionality and a higher CO, adsorption capacity.

Higher CO; adsorption capacity has been reported for solid sorbent support grafted with
secondary amines compared to grafting with primary amine.

Compared with activated carbon, amine-grafted sorbents have a higher CO; selectivity.
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6. The presence of water vapor in the gas stream during grafting and/or during CO;
adsorption can improve the CO, adsorption capacity of the amine-grafted sorbents, which
is an advantage of amine-grafted sorbents over conventional zeolite.

7. The most promising result under anhydrous grafting condition was that of MCM-48 silica
grafted with 3-aminopropyltriethoxysilane by Huang et al *'!, having a CO, adsorption
capacity of 2.30mmol/g sorbent on a basis of total adsorbent weight.

8. The most promising result under wet grafting condition was that of TRI-PE-MCM-41 by

Harlick et al 1!, having a CO, adsorption capacity of 2.94mmol/g.

Based on literature review, it is reported that amine-grafting process can boost CO,
adsorption on a silane sorbent support B* 3! #6291 Alg0 the presence of a significant amount of
organic and silica compounds on the heterogeneous surface of biochar has been reported !,
which could potentially make biochar a promising sorbent support for amine grafting. Biochar
can be obtained from plant materials and waste feedstock, such as sorghum, switchgrass,
miscanthus, bamboo, corn stover etc., which are relatively available. Hence, it is highly
recommended that the impregnation of amine on the surface of biochar for CO, adsorption be

considered for future research purpose.
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In estimating the size of CO, capture unit of a power plant, the following assumptions

were made.

1. 500MW power capacity from a coal-fired power plant
2. COj emission rate of 2249 1b/MWh [%6]

3. CO, adsorption capacity of 3.5 mmol/g sorbent "}

4. The density of the sorbent of 0.3 g/cm’

5. A mean gas residence time of 2 seconds was assumed for complete combustion in the

pulverized coal boiler P***!

6. CO; adsorption in the adsorber of 5 minutes [88]
7. The sorbent was filled within 1/3 of the volume of the adsorber

8. The desorber had the same size as the adsorber %%

Based on the above assumptions the size of CO, adsorption and desorption units was

estimated to be approximately 2760 m® for both. See the Mathcad calculation on the next page.
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mmol = 0.001mol

CO» emission rate from coal-fired power plant in US

b
MW-hr

R CO2:= 2249

Assume a coal-fired power plant with a capacity of 500 MW

Capacity _power := 500MW

The mass of CO) generated in one second is:

m_CO2:= R CO2-Capacity power-1s = 141.685kg

Molecular mass of CO is: M _CO2 := 44 ri_I:l

The amount of CO7 generated in one second is:

m_CO2

3
=322x1 |
M _CO2 3.22x 10" mo

n CO2:=

Assume the power plant is using a sorbent whose CO» adsorption capacity is:

) mmol
CO2_capacity := 3.5-

gm
The mean gas residence time in a pulverized coal boiler is about 2 seconds.
t boiler := 2s

Assume the CO7 adsorption takes time of 5 minutes

t adsorption := Smin
The ratio of the CO» adsorption time to gas residence time in the boiler is:

t ad ti
_ta smrp jon 150
t_boiler

The mass rate of sorbent for COy capture from the power plant is

n CO2

= = 138x10°ke
CO2_capacity

m_sorbent :=

Assume the density of the sorbent is:
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gm
p_sorbent := 0.3 —
cm
The volume of the sorbent is:

m_sorbent 5

V_sorbent := =4.6x10"L

p_sorbent
Assume the sorbent occupies 1/3 of the adsorber, the volume of the reactor is:

V_adsorber := 3-V_sorbent = 1.38 x 103 m>

Assume the desorber has the same size as the adsorber

V_desorber := 1-V_adsorber = 1.38 x 10° m?
The size of the CO» adsorption/desorption sector of the power plant is:

V _sorber := V_adsorber+ V_desorber = 2.76 x 10> m>
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