
CHAPTER II
THEORETICAL BACKGROUND AND LITERATURE REVIEW

2.1 Motivation for Carbon Dioxide Capture

Global climate change caused by green house gas emission from human 
activities, is one o f the most concerning problems. The primary greenhouse gases 
include carbon dioxide (CO2), methane (CH4 ), nitrous oxide (N2 O), water vapor 
(H2 O), ozone (O3 ) and chorofluorocarbons (CFC’s). Carbon dioxide is clearly 
a major greenhouse gas that contributes to global warming. In addition to rising 
levels of atmospheric carbon dioxide, the earth’s temperature is increasing. Since 
carbon dioxide acts às a trap for heat (similar to the glass in a greenhouse), reduction 
o f carbon dioxide emission is an important objective. Global warming potential 
(GWP) is an indicator used as a relative measure o f how much heat a greenhouse gas 
traps in the atmosphere. It compares the amount o f heat trapped by a certain mass of 
the gas in question to the amount o f heat trapped by a similar mass o f carbon dioxide. 
GWP is calculated over a specific time interval, commonly 20, 100 or 500 years. 
GWP is expressed as a factor o f carbon dioxide (whose GWP is set as standard to 1). 
Table 2.1 shows the global warming potential (GWP) of CH4 , N2 O and HFC-23, 
relative to CO2 .

Table 2.1 The global warming potential of greenhouse gases (CH4 , N2 O, HFC-23) 
relative to carbon dioxide

GWP value
time horizon of time horizon o f time horizon of

2 0  years 1 0 0  years 500 years
Methane 72 25 7.6
Nitrous oxide 289 298 153
HFC-23 1 2 , 0 0 0 14,800 1 2 , 2 0 0
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For example, the 20-year GWP of CH4 is 72, meaning that if the same mass 
of CH4 and CO2 were introduced into the atmosphere, the CH4  will trap 72 times 
more heat than the CO2 over the next 2 0  years.

From Table 2.1, CH4  and other gases are strong greenhouse gases trapping 
more heat than CO2 . But the reason why carbon dioxide is still the major greenhouse 
gas is that there are less amount o f CH4 and other gases in the atmosphere than CO2 

(over 70 % o f  greenhouse gas emission is from carbon dioxide), as shown in 
Figure 2.1.
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Figure 2.1 Shares o f global anthropogenic GHG emission (IPCC, 2007).

Carbon dioxide emission can be quantified in sectors based on human 
activity, such as industries (chemical and petrochemical manufacturing, cement 
production, etc), transportation and fossil fuel electric power generation, as shown in 
Figure 2.2. A large amount o f CO2 is produced from the electricity and heat sectors, 
responsible for 41 % of world carbon dioxide emission in 2010. Worldwide, this 
sector relies heavily on coal, the most intensive o f fossil fuel, as shown in Figure 2.3. 
Countries such as Australia, China, India, Poland and South Africa produce between 
6 8  % and 94 % o f their electricity and heat through the combustion of coal 
(IEA, 2012).
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Figure 2.3 Carbon dioxide emissions by fuel in 2010 (IEA, 2012).

Carbon dioxide emission from electricity and heat generation sector accounts 
for over one third o f the total world emission. Therefore, CO2 capture technologies 
are significantly needed in this sector to lower CO2 emission concentrations. 
The details o f CO2 capture systems are presented in the next section.
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2 .2  C a r b o n  D io x id e  C a p tu r e  P r o c e s se s

The main competing technologies for CO2 capture from fossil fuel usages are:
1) Post Combustion Capture (PCC) from the flue gas of combustion-based

plants;
2) Pre Combustion Capture from Syngas in Gasifiction based plants; and
3) Oxy Combustion -  the direct combustion of fuel with O2 .
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F ig u r e  2 .4  Technical options for carbon dioxide capture from coal power 
plant(Global CCS Institute).'

2.2.1 Post-Combustion Carbon Dioxide Capture Process
Post-combustion capture is a downstream process. It involves the 

removal of CO2 from the flue gas produced after combustion of the fuel. A diagram 
of post-combustion capture is shown in Figure 2.4. The oxidant used for combustion 
is typically air and hence the flue gases are diluted with N2 . The principle of 
post-combustion capture is to remove CO2 at a low temperature, low pressure 
(near atmospheric pressure) and low CO2 concentration. Since flue gases are at 
atmospheric pressure, a large volume of gas has to be treated, resulting in large *
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equipment size and a high capital cost for this process. Typical CO2 percentage in the 
flue gas usually depends on combustion systems, as shown in Table 2.2.

T a b le  2 .2  Carbon dioxide partial pressure in flue gas of different combustion system

CO2 concentration, CO2 partial pressure,
Flue gas source vol % (dry) MPa

Natural gas fired boilers 7-10 0.007-0.01
Gas turbines 3-4 0.003-0.004
Oil fired boilers 11-13 0.0 บ -0.013
Coal fired boilers 12-14 0.012-0.014
IGCC after combustion 12-14 0.012-0.014
IGCC synthetic gas after 8 - 2 0 0.16-0.14
gasification (before shift)

There are a number of methods for post-combustion CO2 capture for 
flue gas. These include:

Absorption 
Adsorption 
Cryogenic separation 
Membrane separation
2.2.1.1 A bsorp tion

The process of carbon dioxide absorption by a liquid solvent 
or solid matrix is currently being investigated for scrubbing carbon dioxide from flue 
gas streams. Absorption is a process that relies on a solvent’s chemical affinity with 
solutes to preferably dissolve one species over another. In carbon dioxide absorption 
process, a solvent is used to dissolve carbon dioxide, not oxygen, nitrogen gas, or 
any other components of a flue gas stream. The C0 2 -rich solution is pumped to 
a regeneration column, where the carbon dioxide is stripped from the solution and 
the solvent recycled. The absorption equipment should be placed after the flue gas 
desulfurization (FGD) step and before the stack. Optimal conditions for absorption
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are low temperature and high pressure, making this the best location of absorption to 
occur. In addition, most solvents are easily degraded by compounds such as fly ash, 
other particulates, SOx (SO2 , SO3, and SO4 ) and NOx (N02 and NO3), so the 
absorption step must take place after electrostatic precipitation (ESP) and flue gas 
desulfurization unit (FGD). In a typical absorption process, the C02-lean flue gas is 
either emitted to the atmosphere or possibly used in other applications (e.g., chemical 
production)

2 .2 .1 .2  A d so rp tio n
Adsorption is another method that can be used to separate 

carbon dioxide from flue gases generated by fossil fuel power plants. 
While absorption involves dissolution of carbon dioxide in the solvent, adsorption is 
a heterogeneous process. Due to interactivity between sorbent and guest molecules, 
carbon dioxide molecules are attracted and trapped by surface groups of the sorbent 
or physic-sorbed. Conditions can be manipulated to facilitate adsorption or 
desorption. Flue gases typically contain N2, C02, H2 0, NOx, SOx, CO, 0 2 and 
particulate matter when entering the stack, with concentration varies, depending on 
the location of the sampling point. Many solids have the capability to selectively 
adsorb carbon dioxide through small cracks, pores, or just their external surfaces 
under specific temperature and pressure conditions. Adsorption can be performed on 
natural substance such as coal or more complex human-made sorbents such as 
activated carbon, molecular sieves, and zeolite. Figure 2.5 shows an example of 
an adsorption process.

I M age 1 J C O j  lean  g a se s  I s ta g e  2 I (  O ] O as^

F ig u r e  2 .5  Single chamber adsorption system (Douglas, 2005).
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The two main methods for adsorption are pressure swing 
adsorption (PSA) and temperature swing adsorption (TSA). In either case, adsorption 
rate depends on temperature, partial pressure of carbon dioxide, surface forces 
(interaction between sorbent and carbon dioxide), and pore size or available surface 
area of adsorbent. It has been established that PSA is superior to TSA due to its 
lower energy demand but higher regeneration rate.

2 .2 .1 .3  C ryogenic Separa tion
Cryogenic is another option for separating carbon dioxide 

from flue gas in post-combustion carbon dioxide capture system. Flue gas entering 
the cryogenic system relies on the assumption that all components of the flue gas are 
removed except for the nitrogen and carbon dioxide prior to-cooling. When the other 
gases and particulates are completely removed, the flue gas that contain mainly 
carbon dioxide _ and nitrogen entering to the cryogenic chamber where the 
temperature and pressure are manipulated in right condition, which is 5.2 bar and 
-56.6 ๐c, the triple point for carbon dioxide leading carbon dioxide to condense, 
while nitrogen remains as a gas and allowing nitrogen to leave the cryogenic '  
chamber. The advantage of this technique is it provides highly concentrated liquid 
carbon dioxide which can be collected at the bottom of the chamber, but high energy 
for cooling system is required. Figure 2.6 shows schematic of cryogenic separation 
process.

F ig u r e  2 .6  Cryogenic separation (Douglas, 2005).



2 .2 .1 .4  M em brane Separa tion
Membrane separation works on the principle of selective gas 

permeation with membranes, generally used are polymeric membrane. The flue gas 
mixture is introduced to the membrane that has two sides. The selective gaseous 
component will dissolve into the membrane material and diffuses from one side to 
the other side, while the remaining gas cannot permeate through the membrane. 
Figure 2.7 shows a schematic of the membrane gas separation.
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F ig u r e  2 .7  Schematic of membrane gas separation (Colin e t a l, 2 0 0 7 ).
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Table 2.3 Advantages and drawbacks of the technologies for carbon dioxide 
separation

CO2 separation 
technology

Advantages Drawbacks

Absorption - Recycling of the sorbent 
-Non dependence on human 
operators

-Corrosion of carbon steel 
facilities due to oxygen 
-Degradation of the solvent 
due to SOx and NOx

Adsorption - Recycling of the sorbent
- High operation flexibility

- Not able to handle large 
concentrations of CO2

- Adsorption also of gases 
smaller than CO2

Cryogenic - No requirement of chemical 
absorbents

- Several costly steps 
required to remove all water 
traces
- Increasing layer of solid 
CO2 onto heat exchanger 
surface

Membrane - No moving parts and 
modularity
-Instantaneous response to 
variations

- Current low selectivity of 
membrane material
- Limitation on the suitable 
operating temperature
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T a b le  2 .4  Comparison among the four units as function of feed and 
product conditions (Piewkhaow, 2011)

- Absorption Adsorption Cryogenic Membrane
systems

cc>2 in the feed* (mole %) >5 > 1 0 >5 >15
CO2 purity, % >95 75-90 99.99 80-95
CO2 recovery, % 80-95 80-95 99.99 60-80
Energy requirement, 
MJ/kgCCh

4-6 5-8 6 - 1 0 0.5-6

2.2.2 Pre-Combustion Carbon Dioxide Capture Process
The technology for pre-combustion is widely applied in fertilizer, 

chemical, gaseous fuel (แ 2 , CH4 ), and power production. In these cases, the fossil 
fuel is partially oxidized, for instance a gasifier. The resulting syngas (CO, H2) is 
shifted into carbon dioxide and hydrogen. The resulting carbon dioxide can be 
captured from a relatively pure exhaust stream. The hydrogen can now be used as 
fuel; the carbon dioxide is removed before combustion takes place. 
In pre-combustion process, carbon dioxide concentration and carbon dioxide partial 
pressure are both higher than in post-combustion process, so the equipment for the 
capture process can be smaller than the equipment for the post-combustion capture 
process.

2.2.3 Oxy-Combustion Carbon Dioxide Capture Process
In oxy-fuel combustion, the fuel is burned in oxygen instead of air. 

To limit the resulting flame temperature to common levels during conventional 
combustion, cooled flue gas is re-circulated and injected into the combustion 
chamber. The flue gas consists mainly carbon dioxide and water vapor, the latter of 
which is condensed through cooling. The Jesuit is an almost pure carbon dioxide 
stream that can be transport to the sequestration site and stored. Power plant process
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based on oxyfuel combustion are sometimes referred to as “zero emission” cycles, 
because the carbon dioxide stored is not the fraction removed from the flue gas 
stream (as in the cases of pre- and post-combustion capture) but the flue gas stream 
itself. The main concerns of the oxyfuel-combustion process are the cost and energy 
penalty related to its high oxygen requirement.

2 .3  S o lv e n ts  fo r  C h e m ic a l A b so r p t io n  P r o c e ss

Amine-based carbon dioxide capture from natural gas is well known in the oil 
and gas industry. Similar plants can be used in the electricity production where 
carbon dioxide is captured from the flue gas and could be used in several 
applications. In post-combustion carbon dioxide capture system, amine is one of the 
most promising solvent to capture carbon dioxide from the flue gas. Carbon dioxide 
is removed by chemical absorption process by exposing the flue gas to the aqueous 
amine solution. Carbon dioxide in the flue gas is chemically absorbed with aqueous 
amine and transformed to a soluble carbonate salt. This reaction is a reversible 
process. When carbonate salt in the solution is heated in the regeneration step, the 
reverse reaction occurs. Carbonate salt is transformed back to amine and releases 
carbon dioxide.

Amines are chemicals that can be described as derivative of ammonia in 
which one or more of hydrogen atom on the ammonia has been replaced by alkyl 
group. Amines are classified as primary, secondary and tertiary amines. They are 
named according to the number of carbon attached to nitrogen. Primary, secondary, 
and tertiary amines have nitrogen bound to one, two and three carbons, respectively, 
as shown in Figure 2.8.
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Figure 2.8 Amines: named according to the number of carbons bound to nitrogen.

The most commonly used amines in cajbon dioxide capture are Monoethano- 
lamine (MEA), Diethanolamine (DEA), Methyldiethanolamine (MDEA), Diisopro- 
panolamine (DIPA) and Diglycolamine (DGA), their molecular structures are shown 
in Figure 2.9.
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Figure 2.9 Chemical structures of amine commonly used in carbon dioxide capture.

The selection of using aqueous amine depends on many factors, such as 
physical properties, their performances and cost. Each type of amines has their own 
advantages and drawbacks.
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Primary alkanolamine has the advantage over the other alkanolamines, due to 
the highest reaction rate with carbon dioxide. One of the most traditional and feasible 
primary alkanolamine used for carbon dioxide capture and acid gas removal process 
is monoethanolamine (MEA). Moreover, advantages of MEA are the lowest 
molecular weight and MEA is the least expensive. Low molecular weight means low 
viscosity of solvent that is preferable for almost all conventional process. 
Some drawbacks of monoethanolamine are the highest vapor pressure, strong 
complex formation between monoethanolamine and carbon dioxide, and high 
corrosion. High vapor pressure causes a significant loss of solvent; thus a water 
scrubbing has to be applied to remove some trace of monoethanolamine from 
CC>2 -Iean gas back to the system to reduce the solvent loss. Strong complex 
formation can be described in terms of heat of reaction. Higher strong complex 
formation means higher heat of reaction that causes more energy required to break up 
the formation between MEA and CO2 . Due to the high corrosion, the solvent 
concentration of MEA is limited to 30 wt%.

Table 2.5 Property comparison between primary, secondary and tertiary 
alkanolamine (Piewkhaow, 2011)

Amines
Reaction
rate
constant
(mol/L.s)

Heat of 
reaction 
(kJ/mol CO2 )

stoichio­
metric

C02
loading

Monoethanolam ine 
(MEA), Primary amine

7,000 90 0.5 0.4

Diethanolamine (DEA), 
secondary amine

1,000 80 0.5 0.4

Methyldiethanolamine 
(MDEA), tertiary amine

7 60 1.0 0.5
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Secondary alkanolamine has lower reaction rate than primary alkanolamine, 
but its advantages are less corrosion and lower heat of reaction, so lesser energy is 
required for the regeneration step than primary alkanolamine.

Tertiary alkanolamine has the lowest reaction rate compared to both primary 
and secondary alkanolamines. Lower reaction rate causes high circulation rate. 
An increasing circulation rate is to retain the absorption performance of tertiary 
alkanolamine. The advantages of this amine are less corrosion and tendency of 
solvent degradation compared to primary and secondary alkanolamines. Moreover, 
low heat of reaction of tertiary alkanolamine causes low energy required in the 
regeneration.

2 .4  M o n o e th a n o la m in e  (M E A ) C a r b o n  D io x id e  C a p tu r e  P r o c e s s

Aqueous amine scrubbing is currently considered the most effective, 
economical and traditional technology that can be used to capture carbon dioxide 
from post-combustion. Monoethanolamine is one of the most feasible solvent for this 
purpose. Monoethanolamine carbon dioxide capture process using simple absorption 
and stripping configuration is shown in Figure 2.10.

CO;
liberation

F ig u r e  2 .1 0  Typical chemical absorption process (Douglas, 2005).
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The flue gas from the post combustion is cooled prior to entering the 
absorption column to the temperature between 38 to 50 °c. The pressure can be 
atmospheric or higher. The temperature of the inlet flue gas is of significant 
concern. The minimum temperature should be above the condensation point of the 
gas and the solvent’s freezing point. The flue gas entering the column (12-14 vol. %. 
CO2 , for coal fired boilers) moves upwards countercurrently with lean-amine solvent 
that enters the top of the column, separating carbon dioxide from the other gases and 
meeting the specification of the outlet flue gas (such as less than 1.0 vol. % at the 
exit of the absorber). The flue gas that exits from the absorber is passed through a 
water scrubber to remove some trace of MEA. Rich-amine solution exits the bottom 
of the absorber and is pumped through the rich-lean heat exchanger (process heat 
exchanger) to recover some heat from the hot stream coming from the regenerator 
and enters the top of the stripping column. In the stripping column, rich-amine is 
regenerated by hot steam from the reboiler, hence carbon dioxide desorbs from the 
rich-amine and goes upwards to the top of the stripping column, passing through the 
condenser to remove trace of water back to the stripping column. The lean-amine 
after being regenerated exits the bottom of the stripper and is pumped through the 
rich-lean heat exchanger to transfer heat to rich-amine solvent, and cooled before 
entering the absorption column for reuse (reusing solvent allows cost reduction; 
it has no bearing on performance of the solvent unless the solvent degrades with 
heating). Carbon dioxide with high purity exiting from the stripper is then 
compressed, cooled and liquefied by a multi-stage compressor before storage and 
shipment.

Due to the economical and environmental concerns, solvent used for the 
chemical process must be economical and environmentally friendly. Currently, CO2 

capture is dominated by amine-based technologies, especially MEA, which are high 
energy intensive and far from environmental point of view due to the emission of the 
used volatile solvent components. Ionic liquids have been suggested as the promising 
alternative to conventional volatile solvents due to their low volatility and the other 
interesting properties. There are many research studies in this area that show the 
possibility of ionic liquid for ÇO2 capture.
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2.5 Ionic Liquids

Ionic liquids are a new class of pure ionic, salt-like materials that are liquid at 
low temperature. Currently, the “official” definition of ionic liquids uses the boiling 
point o f water as a point o f reference: “ionic liquids are ionic compound which are 
liquid below 100 °C”. More commonly, ionic liquids have melting points below 
room temperature; some of them even have melting points below 0 °c are usually 
called “Room Temperature Ionic Liquid (RTIL).” These new materials are liquid 
over a wide temperature range (300-400 °C) from the melting point to the 
decomposition o f the ionic liquid.

Compared to a typical ionic liquid, like l-ethyl-3-methylimidazolium 
ethylsulfate (m.p. < -20 °C), a typical inorganic salt, e.g., table salt (NaCl, m.p. > 801 
°C), is much different in boiling point. The ionic liquid has a significantly lower 
symmetry, as shown in Figure 2.11. The combination between a bulky unsymmetric 
cation and an organic or inorganic anion, causes a lower lattic energy compared to 
ones from typical inorganic salt, resulting in low melting point and becoming a liquid 
at room temperature. Furthermore, the charge o f the cation as well as the charge of 
the anion is distributed over a large volume of the molecule by resonance. As a 
consequence, the solidification of the ionic liquid will take place at lower 
temperatures. In some cases, especially for long aliphatic side chains, a glass 
transition is observed instead o f a melting point.

SL * 1
large

cation,
ayrrmetiic,
small

พ

# >

Figure 2.11 Comparison between the configuration of typical inorganic salt (left) 
and typical ionic liquid (right) (Sigma-Aldrich, US).
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The strong ionic interaction within these substances results in a negligible 
vapor pressure (green solvent), a non-flammable substance, and in a high thermally, 
mechanically as well as electrochemically stable product. Due to the nonvolatile 
solvent o f ionic liquid, the solvent vapor loss from the system is negligible, making 
them retain quantitatively in the system and act as a green solvent.

The properties o f ionic liquids depend on the combination between the cation 
and the anion. The type o f the cation has a strong impact on the properties of the 
ionic liquid and will often define the stability, while the type o f anion is responsible 
of the impact on chemistry and functionality (such as gas solubility). This is a unique 
characteristic o f ionic liquids, which can be described as designer solvent due to their 
structure tunability. The combination o f a broad variety o f cations and anions leads 
to a theoretically possible number o f 108 ionic liquids. However, a more realistic 
number will be lower magnitude, and approximately 300 are commercially available. 
Typical structures combining organic cations with inorganic or organic anions are 
shown in Figure 2.12.
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Figure 2.12 Typical structures combine organic cations with inorganic or organic 
anions (Sigma-Aldrich, US).
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Ultimately, the possible combinations o f organic cations and anions place 
chemists in the position to design and fine-tune physical and chemical properties by 
introducing or combining structural motifs and, thereby, making tailor-made 
materials possible. Figure 2.13 shows the summary of important properties o f ionic 
liquids and their potential and current applications.
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Figure 2.13 Use and application of ionic liquids (Wang et al., 2004).
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2 .6  T h e r m o d y n a m ic  M o d e lin g

In r e c e n t  y e a r s , s e v e r a l  d iffe r e n t  th e o r e t ic a l  a p p r o a c h e s , c o r r e la t io n s  and  
e q u a tio n  o f  s ta te  (E o S )  h a v e  b e e n  u se d  to  p r o v id e  a c c u r a te  m o d e ls  fo r  a p p ro p ria te  
d e sc r ip t io n  o f  th e r m o d y n a m ic  p r o p er tie s  o f  io n ic  l iq u id s . C la s s ic a l  c u b ic  e q u a tio n s ,  
a c t iv ity  c o e f f i c i e n t  and  g r o u p  c o n tr ib u tio n  m e th o d s ,  q u a n tu m  c h e m is tr y  c a lc u la t io n s  

an d  s ta t is t ic a l m e c h a n ic s  b a s e d  m o le c u la r  a p p r o a c h e s  a re  th e  m o d e ls  w h ic h  h a v e  
b e en  a p p lie d  to  d e s c r ib e  th e  th e r m o d y n a m ic  b e h a v io r  a n d  c h a r a c te r is t ic  o f  io n ic  
liq u id  and th e  s o lu b i l i ty  o f  g a s e s  in th em  ( V e g a  et al., 2 0 1 0 ) .  It h a s  b e e n  rep o rted  th at 
se v e r a l  s tu d ie s  e s t im a te d  th e  c r it ic a l p r o p e r t ie s  o f  io n ic  l iq u id s  b y  g r o u p  c o n tr ib u tio n  
m e th o d s  a n d  u s e d  s im p le  c u b ic  e q u a tio n s  o f  s ta te  to  e x p la in  th e  p h a s e  b e h a v io r  o f  
C 0 2 in  io n ic  l iq u id s  (S h in  a n d  L e e , 2 0 0 8 ;  S o n g  et al., 2 0 0 9 ;  Y im  et a l.,  2 0 1 1 ) .  In th is  
s e c t io n , a g r o u p  c o n tr ib u t io n  m e th o d  fo r  c r it ic a l p r o p e r ty  e s t im a t io n , e q u a t io n s  o f  
s ta te  and  an  a c t iv it y  c o e f f i c i e n t  m o d e l u se d  in  th is  w o r k  w i l l  b e  e x p la in e d .

2 .6 .1  M o d if ie d  L y d e r s e n -J o b a c k -R e id  G ro u p  C o n tr ib u tio n  M e th o d
T h e  k n o w le d g e  r e g a r d in g  th e  cr it ic a l p r o p e r t ie s  a n d  o th e r  p h y s ic a l  

p a ra m eters  o f  IL  is  n e c e s s a r y  to  d e v e lo p  th e r m o d y n a m ic  m o d e ls  fo r  p u re  c o m p o n e n t  
an d  m ix tu r e s . F o r  io n ic  l iq u id s  and  m ix tu r e s  c o m p r is in g  io n ic  l iq u id s ,  th e  cr itica l 
p r o p e r tie s  c a n n o t  b e  e x p e r im e n ta l ly  m e a su r e d  s in c e  m o s t  o f  th e  io n ic  l iq u id s  start to  
d e c o m p o s e  w h e n  th e  te m p e r a tu r e  a p p r o a c h e s  th e  n o rm a l b o i l in g  p o in t , b u t su c h  
p r o p e r tie s  a re  s t i l l  r eq u ired  to  c o rre la te  e x p e r im e n ta l  d a ta  w ith  th e r m o d y n a m ic  
m o d e l to  ca rry  o u t  th e  s im u la t io n  o f  io n ic  l iq u id -b a s e d  C O 2 c a p tu r e  p r o c e s s .  
T h e  m o s t  c o m m o n  m e th o d  to  e s t im a te  th e  c r it ic a l p r o p e r t ie s  fo r  m a n y  s u b s ta n c e s  is  
th e  s o -c a lle d  g r o u p  c o n tr ib u t io n  m e th o d , w h ic h  is  u se d  w h e n  th e  c r it ic a l  p r o p er tie s  
are n o t a v a i la b le . S e v e r a l  g r o u p  c o n tr ib u tio n  m e th o d s  w e r e  p r o p o s e d  in  th e  literatu re . 
A p p a r e n t ly , a  “m o d if ie d  L y d e r s e n -J o b a c k -R e id ” m e th o d , p r o p o s e d  b y  V a ld erra m a  
an d  R o b le s  ( 2 0 0 7 ) ,  c o m b in e d  th e  b e st  r e s u lts  fo r  m o le c u le s  h a v in g  h ig h  m o le c u la r  
w e ig h t .  T h is  a p p r o a c h  c o n s id e r s  th e  e q u a t io n s  o f  L y n d e r se n  fo r  th e  c r it ic a l  p ressu re  
an d  cr it ic a l v o lu m e , an d  th e  e q u a tio n s  o f  J o b a c k -R e id  fo r  th e  n o r m a l b o i l in g  
tem p era tu r e  an d  th e  c r it ic a l  tem p era tu r e . T h e  m e th o d  L y n d e r se n -J o b a c k -R e id  
m e th o d  is  s u m m a r iz e d  b y  th e  f o l lo w in g  fo u r  e q u a t io n s .
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Tb = 198.2 + JnATbfd (2.1)

Tc = Tb
Am + BmI hATm -  Q hATm)2 (2.2)

Pc = M
- (Cm + XiiAPm)2 (2.3)

Vc = Em + XnAVM (2.4)

In th e s e  e q u a t io n s , ท is  th e  n u m b e r  o f  t im e s  th a t a  g r o u p  a p p e a r s  in  th e  
m o le c u le s ,  Tb is  th e  n o rm a l b o i l in g  tem p era tu r e , ATbM is  th e  c o n tr ib u t io n  to  th e  
n o r m a l b o i l in g  te m p e r a tu r e , T c is  th e  cr itica l te m p e r a tu r e , ATm is  th e  c o n tr ib u t io n  to  

c r it ic a l  te m p e r a tu r e , Pc is  th e  c r it ic a l p r essu re , APm is  th e  c o n tr ib u tio n  to  th e  cr itica l  
p r e ssu r e , vc is  th e  cr itica l v o lu m e , AVm is  th e  c o n tr ib u tio n  to  th e  c r it ic a l v o lu m e ,  
M is  th e  m o le c u la r  m a s s , and A m, Bm, Cm and  Em are c o n s ta n ts . T h e  v a lu e s  o f  th e se  
c o n s ta n t  are A m =  0.5703, Bm =  1.0121, Cm -  0.2573, and  Em =  6.75. T h e  v a lu e s  o f  
th e  c o n tr ib u t io n s  to  Tb, Tc, p c , a n d  v c are s u m m a r iz e d  in T a b le  2.6.
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T a b le  2 .6  G r o u p s  c o n s id e r e d  fo r  th e  M o d if ie d  L y d e r s e n -J o b a c k -R e id  m e th o d

G r o u p s ATbivi(K) A T m(K ) A P M(b a r) A V m

(c m 3/m o l)
W ith o u t

r in g s
-c h 3 2 3 .5 8 0 .0 2 7 5 0 .3 0 3 1 6 6 .8 1
-C H 2- 2 2 .8 8 0 .0 1 5 9 0 .2 1 6 5 5 7 .1 1
> C H - 2 1 .7 4 0 .0 0 0 2  - 0 .1 1 4 0 4 5 .7 0
>c< 1 8 .1 8 - 0 .0 2 0 6 0 .0 5 3 9 2 1 .7 8
= C H 2 2 4 .9 6 0 .0 1 7 0 0 .2 4 9 3 6 0 .3 7
= C H - 1 8 .2 5 " 0 .0 1 8 2 0 .1 8 6 6 4 9 .9 2
=c< 2 4 .1 4 - 0 .0 0 0 3 0 .0 8 3 2 3 4 .9 0
=c= 2 6 .1 5 - 0 .0 0 2 9 0 .0 9 3 4 3 3 .8 5
- C H 0 .0 0 7 8 -  0 .1 4 2 9 4 3 .9 7
= C - 0 .0 0 7 8 0 .1 4 2 9 4 3 .9 7
-O H  ( a lc o h o l ) 9 2 .8 8 0 .0 7 2 3 0 .1 3 4 3 3 0 .4 0
- 0 - 2 2 .4 2 0 .0 0 5 1 0 .1 3 0 0 15.61
>00 9 4 .9 7 0 .0 2 4 7 0 .2 3 4 1 6 9 .7 6
-C H O 7 2 .2 4 0 .0 2 9 4 0 .3 1 2 8 7 7 .4 6
-C O O H 1 6 9 .0 6 0 .0 8 5 3 0 .4 5 3 7 8 8 .6 0
-C O O - 8 1 .1 0 0 .0 3 7 7 0 .4 1 3 9 8 4 .7 6
H C O O - - 0 .0 3 6 0 0 .4 7 5 2 9 7 .7 7
= 0  (o th e r s ) - 1 0 .5 0 0 .0 2 7 3 0 .2 0 4 2 4 4 .0 3
-N H 2 7 3 .2 3 0 .0 3 6 4 0 .1 6 9 2 4 9 .1 0
> N H 5 0 .1 7 0 .0 1 1 9 0 .0 3 2 2  ' 7 8 .9 6
> N - 1 1 .7 4 - 0 .0 0 2 8 0 .0 3 0 4 2 6 .7 0
-N = 7 4 .6 0 0 .0 1 7 2 0 .1 5 4 1 4 5 .5 4
-C N 1 2 5 .6 6 0 .0 5 0 6 0 .3 6 9 7 8 9 .3 2
- N 0 2 '  1 5 2 .5 4 0 .0 4 4 8 0 .4 5 2 9 1 2 3 .6 2
-F -0 .0 3 0 .0 2 2 8 0 .2 9 1 2 3 1 .4 7
-C L 3 8 .1 3 0 .0 1 8 8 0 .3 7 3 8 6 2 .0 8
-B r 6 6 .8 6 0 .0 1 2 4 0 .5 7 9 9 7 6 .6 0
-I 9 3 .8 4 0 .0 1 4 8 0 .9 1 7 4 1 0 0 .7 9
W ith  r in g s
-C H 2 - 2 7 .1 5 0 .0 1 1 6 0 .1 9 8 2 5 1 .6 4
> C H - 2 7 .1 8 0 .0 0 8 1 0 .1 7 7 3 3 0 .5 6
= C H - 2 6 .7 3 0 .0 1 1 4 0 .1 6 9 3 4 2 .5 5
>c< 2 1 .3 2 - 0 .0 1 8 0 0 .0 1 3 9 1 7 .6 2
=c< 3 1 .0 1 0 .0 0 5 1 0 .0 9 5 5 3 1 .2 8
- 0 - 3 1 .2 2 0 .0 1 3 8 0 .1 3 7 1 17.41
-O H  (p h e n o l) 7 6 .3 4 0 .0 2 9 1 0 .0 4 9 3 -1 7 .4 4
> N H 5 2 .8 2 0 .0 2 4 4 0 .0 7 2 4 2 7 .6 1
> N - 0 .0 0 6 3 0 .0 5 3 8 2 5 .1 7
- N = 5 7 .5 5 -0 .0 0 1 1 0 .0 5 5 9 4 2 .1 5
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S in c e  n o  e x p e r im e n ta l  c r it ic a l p r o p e r tie s  w e r e  a v a i la b le  to  e v a lu a te  
th e  a c c u r a c y  o f  th e  e s t im a te d  v a lu e s ,  th e  liq u id  d e n s i ty  o f  th e  io n ic  l iq u id s  are  
d e te r m in e d  a s  c o n s i s t e n c y  te s t  fo r  th e  e s t im a te d  p r o p e r t ie s  u s in g  a  g e n e r a liz e d  
c o r r e la tio n  b a s e d  o n  th e  e q u a tio n  o f  S p e n c e r  a n d  D a n n e r  (S p e n c e r  and  D a n n e r ,  
1 9 7 2 ) , w h ic h  r eq u ire s  o n ly  th e  n o r m a l b o i l in g  te m p e r a tu r e , th e  m o le c u la r  w e ig h t ,  
and th e  c r it ic a l  p r o p e r t ie s .

PL =  MPc (0 .3445P cV c10135)n (2.5)
RTr (RTÔ

Q = - (l +(1 - T r)2")
( 1 + 0 -TbR)2'-) (2.6)

In th e s e  e q u a t io n s , PL is  th e  liq u id  d e n s i t y  ( g /c m 3) , R  is  th e  u n iv e r sa l  
id ea l g a s  c o n s ta n t , T r i s  th e  red u ce d  te m p e r a tu r e  (T r =  T /T c), a n d  TbR is  th e  r e d u c e d  
tem p era tu r e  a t th e  n o rm a l b o i l in g  p o in t  (TbR = T t/T c) .

N o t  o n ly  th e  cr it ic a l p r o p e r t ie s  bu t a ls o  th e  a c e n tr ic  fa c to r  (๓ ) o f  th e  

io n ic  l iq u id s  is  req u ired  in  ord er to  c a lc u la te  th e  p a ra m eters  o f  th e  e q u a tio n  o f  s ta te . 
T h e  a c e n tr ic  fa c to r  is  c a lc u la te d  b y  th e  f o l lo w in g  e x p r e s s io n  d e r iv e d  fro m  th e  
d e f in it io n  o f  th is  p rop erty :

CO =  Ob -  4 3 )(T c  -  4 3 )  lo g  (Pc/Pb) -  (Tc -  4 3 )  lo g  (Pc/Pb) +  lo g  (Pc/Pb) -1 ( 2 .7 )  
(T c  -  T b ) (0 .7 T c  -  4 3 )  ( T c - T b )

In th is  e q u a t io n , th e  c a lc u la te d  c r it ic a l p r o p e r t ie s  a n d  th e  c a lc u la te d  
n o rm a l b o i l in g  p o in t te m p era tu r e  are  n e e d e d . T h e  n o rm a l b o i l in g  te m p e r a tu r e  is  
c o n s id e r e d  at th e  n o rm a l b o i l in g  p r e s su r e  (Pb = 1.01325 b ar).

V a ld e r r a m a  and  R o b le s  ( 2 0 0 7 )  d e te r m in e d  th e  c r it ic a l  p r o p e r tie s  

(T c , P c , V c ) ,  th e  n o rm a l b o i l in g  te m p e r a tu r e s  (T b ), a n d  th e  a c e n tr ic  fa c to r s  ((£>) o f  5 0  

io n ic  l iq u id s  u s in g  an  e x te n d e d  g r o u p  c o n tr ib u tio n  m e th o d s  b a se d  o n  th e
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w e l l- k n o w n  c o n c e p ts  o f  L y d e r se n  a n d  o f  J o b a c k -R e id . A s  fo r  th e  a c c u r a c y  a n d  
c o n s is t e n c y  o f  th e  e s t im a te d  v a lu e , th e  liq u id  d e n s ity  c a lc u la t io n  w a s  p e r fo r m e d  to  
te s t  th e  e s t im a t io n . T h e  re su lts  s h o w e d  th at th e  e s t im a te d  c r it ic a l p r o p e r t ie s , n o rm a l  
b o il in g  tem p e r a tu r e , a n d  a c e n tr ic  fa c to r s  w e r e  a c c e p ta b le  fo r  e n g in e e r in g  
c a lc u la t io n s , fo r  g e n e r a liz e d  c o r r e la t io n , and  fo r  e q u a t io n  o f  s ta te  m e th o d s  w ith  th e  
a v e r a g e  d e v ia t io n  a n d  th e  a v e r a g e  a b s o lu te  d e v ia t io n  o f  1 .6  a n d  5 .2  % , r e s p e c t iv e ly .  
V a ld e r r a m a  et al. ( 2 0 0 8 )  fu rth er  d e te r m in e d  th e s e  p r o p e r t ie s  fo r  2 0 0 j o n i c  l iq u id s  a n d  
su m m a r iz e d  s o m e  s ta t is t ic a l  v a lu e s ,  s u c h  a s  th e  a v e r a g e , a b s o lu te , a n d  th e  m a x im u m  
d e v ia t io n s  o b s e r v e d  b e tw e e n  p r e d ic te d  and e x p e r im e n ta l  d e n s i t ie s .  T h e  o v e r a ll  
d e v ia t io n s  w e r e  le s s  th an  -0 .4  % an d  th e  o v e r a ll  a b s o lu te  d e v ia t io n s  w e r e  le s s  th an
5 .9  % , w h e r e a s  o n ly  3 6  o f  th e  2 0 0  io n ic  l iq u id s  p r e se n te d  d e v ia t io n s  g rea ter  th an
1 0 % .

2 .6 .2  E q u a t io n  o f  S ta te  ( E o S l
N u m e r o u s  in d u str ia l a p p lic a t io n s  req u ire  k n o w le d g e  o f  th e  p h a s e  

e q u ilib r iu m  m ix tu r e s . T h e  p h a se  é q u ilib r a  c a n  b e  p r e d ic te d  fro m  a p r o p er  
th e r m o d y n a m ic  m o d e l .  S u c h  m o d e ls  a re  n e c e s s a r y  to  c o r r e la te  e x i s t in g  e x p e r im e n ta l  
data  a n d  to  p r e d ic t  p h a s e  é q u ilib r a  in  r e g io n s  w h e r e  e x p e r im e n ta l  d ata  are n o t  

a v a ila b le . A n  e q u a t io n  o f  s ta te  is  a  th e r m o d y n a m ic  e q u a tio n  d e s c r ib in g  th e  s ta te  o f  '  
m a tter  u n d e r  a g iv e n  se t  o f  p h y s ic a l  c o n d it io n s .  T h e  e q u a t io n  p r o v id e s  
a m a th e m a tic a l r e la t io n s h ip  b e tw e e n  tw o  o r  m o re  s ta te  fu n c t io n s  w ith  th e  m a tter  su c h  
as p r e ssu r e , v o lu m e  a n d  tem p era tu r e . In g e n e r a l, c u b ic  e q u a tio n  o f  s ta te  g iv e  p r e ssu r e  

in te r m s  o f  v o lu m e  a n d  tem p era tu r e  o f  su b sta n c e  a re  th e  m o s t  c o m m o n ly  u se d  
m o d e ls  to  p r e d ic t  p h a s e  é q u ilib r a . S e v e r a l  e q u a t io n s  o f  s ta te  h a v e  b e e n  p r o p o se d  

su c h  a s  th e  van  d e r  W a a ls  e q u a t io n , th e  R e d ic h -K w o n g  (R K )  eq u a tio n , th e  
S o a v e - R e d lic h - K w o n g  ( S R K )  e q u a t io n , th e  P e n g -R o b in s o n  (P R )  e q u a tio n . O f  a ll  
e q u a t io n s , th e  van  d e r  W a a ls  e q u a t io n  is  th e  m o s t  im p o r ta n t s in c e  th is  m o d e l  
p r o v id e s  a  b a s is  fo r  th e  re st o f  e q u a t io n  o f  s ta te . A l l  c u b ic  e q u a t io n  o f  s ta te  c o n ta in s  
tw o  c o n s ta n ts  w h ic h  a re  an  a ttra c tiv e  p a ra m eter  (a )  a n d  a  r e p u ls io n  p a ra m eter  (b ) . 
H e n c e , th e y  are n a m e d  tw o -c o n s ta n t  e q u a tio n s  o f  s ta te . T h e  la tter  p a ra m eter  

in v o lv in g  r e p u ls io n  a ls o  r e fe r s  to  th e  c o - v o lu m e  p a r a m e te r  w h ic h  is  s o m e t im e s  c a l le d  
th e  e f f e c t iv e  m o le c u la r  v o lu m e . C o m p u ta t io n  b y  th e  c u b ic  e q u a t io n s  o f  sta te  w ith  a
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r e le v a n t m ix in g  ru le  c a n  y ie ld  a  r e a so n a b le  p r e d ic t io n  fo r  v a p o r - l iq u id  e q u ilib r iu m  o f  
f lu id s  (W a la s ,  1 9 8 5 ; S a n d le r , 1 9 9 9 ;  M u sh r if , 2 0 0 4 ) .  W ith  r e sp e c t  to  
m u lt i-c o m p o n e n t  m ix tu r e , b in a r y  in ter a c tio n  in  th e  m ix in g  ru le , w h ic h  ta k e  in to  
a c c o u n t th e  d if fe r e n c e  in  th e  in ter a c tio n  o f  u n lik e  m o le c u le s ,  w e r e  o p t im iz e d  from  
p h a s e -e q u ilib r iu m  d a ta  r e g r e s s io n , su c h  a s  V L E  d a ta . In g e n e r a l, th e  in tera c tio n  
p a ra m eters  h a v e  s o m e  k in d s  o f  tem p era tu r e  d e p e n d e n c y . T h e  d e p e n d e n c y  o f  
tem p era tu re  is  u s u a lly  a l in e a r  fu n c tio n , a lth o u g h  in  s o m e  c a s e  p o ly n o m ia ls  c o u ld  b e  
u sed .

O n e  o f  th e  m a in  a d v a n ta g e s  o f  u s in g  th e  e q u a t io n s  o f  s ta te  is  th at th e y  
are s tr a ig h tfo r w a r d  to  u s e  a n d  th e y  are p r e se n t in a n y  p r o c e s s  s im u la to r . In m o s t  

c a s e s , s e v e r a l  p a r a m eters  in c lu d in g  tem p era tu r e , p r e s su r e , and  c o m p o s i t io n  are  
req u ired  fo r  io n ic  l iq u id  c a lc u la t io n s . H o w e v e r ,  th e  e q u a t io n s  o f  s ta te  a re  m is s in g  
s o m e  im p o r ta n t parts o f  th e  p h y s ic a l  n a tu re  o f  io n ic  l iq u id s .  F o r e x a m p le ,  th e  c a t io n s  
and a n io n s  o f  io n ic  l iq u id s  a re  c o n s id e r e d  a s  a  n eu tra l p a ir , bu t th e y  s t i l l  e x h ib it  th e  
p r e se n c e  o f  p o la r ity  a n d  h y d r o g e n  b o n d in g  a b ility . N e v e r t h e le s s ,  th e  e q u a t io n s  o f  
sta te  d o  n o t  ta k e  th e s e  t w o  fa c ts  in to  a c c o u n t . M o r e o v e r ,  th e  e q u a t io n s  o f  s ta te  
p resen t a  m a jo r  d r a w b a c k  s in c e  th e y  req u ire  c r it ic a l p a ra m eters  o f  io n ic  l iq u id s  
w h ic h  can  b e  o n ly  o b ta in e d  in d ir e c t ly  a n d  w ith  la r g e  u n c e r ta in t ie s . T h e s e  e q u a tio n s  
can  b e  u se d  fo r  c o r r e la t io n  p u r p o se s  bu t th e  p r e d ic t iv e  a b i l ity  is  l im ite d  b y  th is  fa c t  
(V e g a  et al., 2 0 1 0 ) .  T h is  s e c t io n  w ill  p r o v id e  and  d is c u s s  s e ts  o f  e q u a t io n  fo r  th e  
stand ard  P e n g -R o b in s o n  ( P R -E o S ) ,  a n d  th e  R e d lic h - K w o n g - A s p e n  ( S R K -E o S )  
e q u a tio n s  o f  s ta te , w h ic h  a re  a v a ila b le  in  th e  A s p e n  P lu s  s im u la to r .

2 . 6.2.1 The S ta n d a rd  P eng-R obinson  E qua tion  o f  S ta te  (P R -E oS)
P e n g  a n d  R o b in s o n  ( 1 9 7 6 )  d e v e lo p e d  th e  e q u a t io n  o f  s ta te  in  

w h ic h  th e  a ttr a c t iv e  p r e s su r e  term  o f  th e  s e m i-e m p ir ic a l  v a n  d er  W a a ls  e q u a t io n  h a s  
b e en  m o d if ie d . In A s p e n  P lu s ,  th e  sta n d ard  P e n g -R o b in s o n  e q u a tio n  o f  s ta te  is  th e  
o r ig in a l fo r m u la t io n  o f  th e  P e n g -R o b in s o n  e q u a tio n  o f  s ta te  w ith  th e  sta n d a rd  a lp h a  
fu n c tio n . It i s  a ls o  r e c o m m e n d e d  fo r  h y d ro ca rb o n  p r o c e s s in g  a p p lic a t io n s  s u c h  a s  g a s  
p r o c e s s in g , r e f in e r y , an d  p e tr o c h e m ic a l  p r o c e s s e s . T h e  stan d ard  P e n g -R o b in s o n  
e q u a tio n  o f  s ta te  (P R -E o S )  is  p r o p o se d  a s  f o l lo w s :
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p =  R T  a a
V m - b  v 2m +  2 b Vm -  b 2 (2.8)

T h e  p u re  c o m p o n e n t  p a ra m eters; a  a n d  b , fo r  th e  P R -E o S  are  

c a lc u la te d  b y  E q u a tio n  2 .9  an d  2 .1 0 ,  r e s p e c t iv e ly .

a =  0 .4 5 7 2 3 5 R 2T c2 ( 2 .9 )
Pc

b  =  0.077796RTc
Pc (2.10)

T h e  p a r a m e te r  ai is  a  fu n c t io n  o f  te m p e r a tu r e . It w a s  g e n e r a lly  

in tr o d u c e d  b y  S o a v e  ( 1 9 7 2 )  in  th e  R e d lic h -K w o n g  e q u a tio n  o f  s ta te . T h is  p a ra m eter  
im p r o v e s  th e  c o r r e la t io n  o f  th e  p u re c o m p o n e n t  v a p o r  p r e ssu r e . T h e  r e la t io n s h ip  
b e tw e e n  ai an d  T r ca n  b e  l in e a r iz e d  b y  th e  E q u a tio n  2 .1 1 .

a  =  ( l + K ( l - T r0 5 ) )2 ( 2 .1 1 )

T h e  p a r a m e te r  K ca n  b e  co r r e la te d  a g a in s t  th e  a c e n tr ic  fa c to r  
as s h o w n  in  E q u a t io n  2 .1 2 .

K =  0 .3 7 4 6 4  +  1 .5 4 2 2 6 G O  -  0 . 2 6 9 9 2 O 2 ( 2 .1 2 )

T h e  m ix in g  p a ra m eters; a  and  b , fo r  th e  stan d ard  P R - E o S  are  
d e f in e d  b y  th e  m ix in g  ru le s  a s  s h o w n  in E q u a tio n  2 .1 3 ,  a n d  2 .1 4 ,  r e s p e c t iv e ly .

a =  I t2 jX iX j( a ia j) 0 î ( l -  k ÿ )

b  =  XiXibi
( 2 .1 3 )
( 2 .1 4 )
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In th e s e  e q u a t io n , kjj is  a b in a r y  in te r a c tio n  p a ra m eter , w h e r e  
k,j =  kjj. F or th e  sta n d a rd  P R  -E o S , kjj is te m p e r a tu r e  d e p e n d e n t term , as s h o w n  in 
E q u a tio n  2 .1 5 .

k yW  =  k j /2)T  +  k y ^ / T  ( 2 .1 5 )
kij =  kji (2.16)

A ls o ,  a  lin e a r  fu n c t io n  o f  kjj d e p e n d in g  o n  te m p e r a tu r e  w i l l  b e
ta k en  in to  a c c o u n t .

2 .6 .2 .2  The R e d lic h -K w o n g -A sp e n
In A s p e n  P lu s , th e  R e d lic h - K w o n g  A s p e n  e q u a t io n  o f  s ta te  is  

th e  b a s is  fo r  th e  R K - A S P E N  p r o p er ty  m e th o d . It c a n  b e  u s e d  fo r  h y d ro ca rb o n  
p r o c e s s in g  a p p lic a t io n s .  It is  a ls o  u s e d  fo r  m o r e  p o la r  c o m p o n e n ts  a n d  m ix tu r e s  o f  
h y d r o c a r b o n s , and  fo r  lig h t g a s e s  at m é d iu m  to  h ig h  p ressu re . T h e  tw o -p a r a m e te r  
c u b ic  e q u a t io n  o f  R K - A S P E N  is  b a se d  o n  a  th e o r y  o f  th e  S o a v e - R e d lic h - K w o n g  

(S R K )  e q u a tio n  w h ic h  w a s  d e r iv e d  fro m  th e  R e d lic h -K w o n g  (R K )  e q u a tio n  o f  s ta te  
(R e d lic h  a n d  K w o n g ,  1 9 4 9 )  an d  fu r th er  d e v e lo p e d  b y  S o a v e  ( 1 9 7 2 ) .  T h e  f o l lo w in g  
e q u a tio n  o f  th e  S R K - E O S  is  e x p r e s s e d  w ith  a  m o r e  g e n e r a l te m p e r a tu r e  d e p e n d e n t  
term  a (T ):

P  =  R T  a a
V m - b  V m (V m  +  b )  (2 -1 7 )

T h e  p u re c o m p o n e n t  p a r a m e te r s  fo r  S R K - E o S  are c a lc u la te d  
b y  E q u a tio n  2 .1 8  an d  2 .1 9 .

a =  0 .4 2 7 R -T C -
Pc ( 2 .1 8 )

b  =  0 .0 8 6 6 4 R T C 

Pc ( 2 .1 9 )
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T h e  p a ra m eter  d j  is a  tem p era tu r e  fu n c tio n  in tr o d u c e d  b y  
S o a v e  ( 1 9 7 2 )  in  th e  R K - E o S  to  e n h a n c e  th e  c o r r e la t io n  o f  th e  c o m p o n e n t  
v a p o r  p ressu re :

a  = (1 + k(1 — Tra-5))2 (2.20)

R e p la c in g  w ith  p a r a m e te r  K, p a ra m eter  dj w i l l  b e  e x p r e s s e d  in 
th e  fo rm  o f  th e  c o r r e la t io n  w ith  th e  a cen tr ic  fa c to r , a s  s h o w n  in  E q u a tio n  2 .2 1 .

<x= (1 +(0.48508 + 1 .5 51710-0.15613GD2X 1-T ,0-5))2 (2.21)

F or m u lt i -c o m p o n e n t  é q u ilib r a , m ix in g  ru le s  a n d  c o m b in in g  
ru le s  w h ic h  r e la te  to  th e  p r o p e r t ie s  o f  th e  p u re  c o m p o n e n ts  and  th e  m ix tu r e s  are  
a p p lie d . T h e  m ix tu r e  p a r a m e te r s  in  liq u id  p h a s e  are c a lc u la te d  fro m  th e  s o -c a lle d  
q u a d ra tic  m ix in g  r u le s , a s  s h o w n  in  E q u a tio n s  2 .2 2  and  2 .2 3 .

a =  Zi5jXiXJ(aiaj)0 5( l  - k^ij) (2.22)
b = ZiZjXiXjOi + bjXl - kb,ij) (2.23)

2

ka,jj a n d  kb,jj in e q u a tio n  2 .2 2  and  2 .2 3  are b in a r y  in ter a c tio n  
p a ra m eters . In th e  R e d lic h - K w o n g - A s p e n  e q u a tio n  o f  s ta te , th e  in ter a c tio n  
p a r a m eters  a re  l in e a r ly  te m p e r a tu r e  d e p e n d e n t, a s  s h o w n  in E q u a t io n s  2 .2 4  a n d  2 .2 5 .

ka.ij = k°a,ij + k^ij T (2.24)
1000

Kb,tj = k°b,ij + k \ij T (2.25)
1000

c o n s ta n t .
In th e s e  e q u a t io n s , p a ra m eters  k a ,ij° , k a , i j ‘, k b ,ij°  a n d  k b ,i j ! are
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2.6.3 Activity Coefficient Model
As a result of the limitations mentioned previously for the equations 

of state, several excess Gibbss free energy models, such as the Wilson’s equation, the 
Non-Random Two-Liquid (NRTL), and the Universal Quasi-Chemical (UNIQUAC), 
have been used to describe the system involving ionic liquids (Vega et a l., 2010). 
In this work, we did regression on the CO2 solubility data using the NRTL model.

2.6 .3 .1  The N on-R andom  T w o -L iq u id  (NRTL)
The NRTL model is an activity coefficient model that 

correlates the activity coefficient of a compound with its mole fraction in the liquid 
phase concerned. In Aspen Plus, the NRTL model will calculate the liquid activity 
coefficients. It is recommended for highly non-ideal chemical system, and can be 
used for VLE and LLE applications. The model for the derivation of the NRTL 
equation of excess Gibbs’s free energy is a two-cell theory. The assumption is that 
the liquid has a structure made up of molecules of type 1 or of type 2  being 
surrounded proportionally by molecules of both types in a binary mixture. Gibbss 
free energies of interaction between molecules, gjj are defined, where subscript j 
refers to the central molecule (Walas, 1985). The concept of NRTL is that the 
local concentration around a molecule is different from the bulk concentration. This 
is due to a difference between the interaction energy of the central molecule with the 
molecules of its own kind gii and that with molecule of the other kind g jj. The energy 
difference introduces non-randomness at the local molecular level.

The binary activity coefficients of the NRTL model are given 
by Equations 2.26 and 2.27.

In 71 =  x22 T i i (  G 2 1  ) 2 +  ( T n G u )

(xi +  x j G j i Ÿ  (X2 +  xiGn)2 _ (2.26)

In 72 =  X"1 Ti?( G12 Ÿ  + (T2 1 G2 1 )
(X2 +  x jG n )2 (xi +  X2G21)2 _ (2.27)
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Where, G|2 , G2 1 , T12 and T21 are calculated by Equations 2.28, 
2.29, 2.30 and 2.31, respectively.

G 12  =  -CU2 T 1 2 (2.28)
G 2 1  =  -(X2 1 T 2 I (2.29)
T 12  =  A g i 2 — บ น - บ 22

R T  R T (2.30)
T 2 1  =  A g 2 l =  บ 21  -  บ 22

R T  R T (2.31)

In these equation, the Gibbs’s free energies of the pure 
substances, g i2  and g 2 i, are presumed to be equivalent (g !2  = g 2i) . โไ2, X2I and a i2  are 
three binary parameters adjusted to the experimental solubility data of ionic liquids. 
In general T12 and X21 are temperature dependent, while (X12 is usually set as a constant 
unique value (น12 =  021). The parameter d)2  depends on the chemical nature, which is 
assumed to be characteristic of the non-randomness of the mixture. It is typically in a 
range of 0.2-0.47, but mostly set as a value of 0.3. It was reported that the correlation 
with ot12 = 0.3 produced more accurate results according to root-mean-square 
deviation (rmsd) values (AI-Rashed et al., 2012).

2.6.4 Henry’s Law Constant
In 1803, William Henry stated that at a constant temperature, the 

amount of a given gas that dissolves in a given type and volume of liquid is directly 
proportional to the partial pressure of that gas in equilibrium with that liquid. 
An equivalent meaning of this statement is that the solubility of a gas in liquid is 
directly proportional to the partial pressure of the gas above the liquid. Henry’s law 
constant can be defined in several ways. According to Husson-Borge et al. (2003), 
the Henry’s law constant is defined as shown in Equation 2.32.

H2 .i(p =T) — limx 2 f2(p,T:y)
X 2 (2.32)
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In this work, we define an ionic liquid as component 1 and cc >2 as 
component 2. Therefore, f2 L(p2 ,T,X2) is the fugacity of CO2 dissolved in the ionic 
liquid phase, x2 is the mole fraction of CO2 in the liquid phase, P2 is the partial 
pressure of CO2 and T is the temperature. At equilibrium, the fugacity of each 
component in the liquid phase equals to those in the vapor phase, which can be 
expressed as shown in Equation 2.33.

l~2liq(p,T,X2) = f2vap(p=T,V2 ) = 4>2(p,T,y2)y2P ( 2 .3 3 )

Where (|)(p2 ,T,y2 ) is the fugacity coefficient of CO2 as shown in 
Equation 2.34. For the (ionic liquid + CO2) system, the ionic liquid is considered to 
have negligible vapor pressure.

3>2(p=T:y 2 )y 2 p  =  <j>2 (p :T )p  (2 -3 4 )

For very low concentrations of CO2 in the ionic liquid, Henry’s law 
constant can be expressed as in Equation 2.35.

H 2 , i ( p :T )  =  1น่ฑ*2 f 2 (p :T,V 2 )  =  l im x 2 4>2(p;T )p  ะะ <j>2 (p ;T )p
X2 X2 X2 (2 -3 5 )

According to Anthony (2004), the Henry’s law constant, in general, 
shows the dependency on temperature. However, it is relatively intensive to pressure, 
especially over a range of low pressure. For an ideal system, knowing the fugacity of 
CO2 in the CO2 phase is able to approximate the gas phase fugacity as-the gas phase 
pressure. The following form of Henry’s law can be obtained by Equation 2.36.

P2 = H2:l(T)X2 (2.36)
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Where H2 i(T) has a unit of pressure and is inversely proportional to 
the mole fraction of CO2 in the ionic liquid.

2.6.5 Chemical Equilibrium and the Equilibrium Constant
The concept of chemical equilibrium was developed 

after Berthollet (1803) found that some chemical reactions are reversible. For any 
reaction mixture to exist at equilibrium, the rates of the_forward and backward 
(reverse) reactions are equal. In the following chemical equation as shown in 
equation 2.37 to indicate equilibrium, A_and B are chemical reactant species, c  and 
D are product species, and a, b, c, and d are the stoichiometric coefficients of the 
respective reactants and products:

aA + bB ► cC + dD (2.37)
The equilibrium position of a reaction is said to lie "far to the right" 

if, at equilibrium, nearly all the reactants are consumed. Conversely the equilibrium 
position is said to be "far to the left" if hardly any product is formed from the 
reactants.

The equilibrium constant, Kc, is the ratio of the equilibrium 
concentration of products over the equilibrium concentrations of reactants each 
raised to the power of their stoichiometric coefficient as follows:

Kc= [C]c[D]d
[A]a[B]b (2.38)

[C], [D], [A], and [B] represent the molar concentration of species c , 
D, A, and B at equilibrium. For a given reaction, the concentrations at equilibrium 
would have to be determined experimentally. Value of Kc depends on the 
temperature, but does not depend on the initial concentrations of reactants and 
products.

Magnitude of Kc can be described as follows:
1) If the Kc value is large (Kc »  1), the equilibrium lies to the right 

and the reaction mixture contains mostly products.
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2) If the Kc value is small (Kc «  1), the equilibrium lies to the left 
and the reaction mixture contains mostly reactants.

3) If the Kc value is close to 1 (0.10 < Kc < 1), the mixture contains 
appreciable amounts of both reactants and products.

2.7 Literature Review

The primary amine especially monoethanolamine (MEA) is the most 
common solvent used to capture carbon dioxide from post-combustion (PC) system 
(Baltus e t a l., 2005). About 75-90 % of the carbon dioxide is captured using 
MEA-based technology, producing i  gas with high purity of carbon dioxide (>99 %) 
(Rao and Rubin, 2002). However, the CO2 absorption using MEA present some 
drawsbacks; high volatility, equipment corrosion and intensive energy usuage during 
the regeneration step (Ma’mum e t a l ., 2005).

According to the stateDepartment of Energy (DOE), the post combustion CO2 

capture process should be able to achieve 90 % of CO2 and limit the increase in cost 
of electricity to less than 35 %. However, the current situation of amine-based 
scrubbing system does not meet the regulations in terms of energy requirement, 
stated by DOE (Shiflett e t a l., 2010)

Among the alternative technologies for CO2 capture, ionic liquid (IL) has 
recently attracted widespread attention for CO2 capture because of their unique 
properties such as non-volatility, high thermal stability and tunability of their 
structure and properties. The rivalling of ionic liquid for CO2 capture with 
conventioanl amine system can be seen due to their non-volatility. Because of lower 
vapor pressure of ILs compared to MEA, lower energy requirment during 
regeneration step can be observed (Wapple e t a i ,  2 0 1 0 )

Shiflett e t al. (2010) compared the energy requirement and economic 
investment between MEA and IL-based for post combustion CO2 capture using 1- 
butyl-3-methylimidazolium acetate [bmim][Ac] as IL solvent. The results show that 
[bmim][Ac] can reduce energy usage by about 16 %, the investment about 11 % and 
the equipment size about 12 %. This is an example that confirms the feasibility of IL 
for post combustion CO2 capture when compared with MEA.
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Maginn e t al. (2004) investigated the possibility of using ionic liquid for PC 
CO2 capture process by modeling to reach the economic viability. Ionic liquid 
“100X’ which is assumed to be a physical solvent with 100 times the capacity of 
base-ILs is used for the simulation. Without any process optimization and assuming 
realistic properties of the liquid, the results indicate that ILs have the potential to be 
more economically attractive than MEA-based systems.

Figure 2.14 IL-based scrubbing process flow diagram (Shiflett et al., 2010).

Many researchers have studied on [bmim][Ac]. Shiflett et al. (2008) studied 
phase behavior of (C02 + [bmim][Ac]) mixtures. The [bmim][Ac] shows an 
extremely rare phase behavior ,which CO2 solubility is highly asymmetric with 
respect to CO2 concentration. At low CO2 concentration (below 20 mol %), hardly 
any vapor was observed, reflecting a strong attractive interaction (chemical 
absorption) between CO2 and [bmim][Ac]. Furthermore, the study of thermodynamic 
excess function (excess Gibbs free energy, enthalpy and entropy) was done to ensure 
the presence of chemical absorption between [bmim][Ac] and CO2 . The result shows 
all large negative excess functions, thus clearly indicating the possibility of 
intermolecular complex formations or chemical reaction.

TA*
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Besides the study of Shiflett et al. (2008), Maginn (2005) reported the 
solubility of CO2 in [bmim][Ac] in terms of Henry’s law constant. The acetate anion 
shows very low Henry’s law constant, indicating the complex formation between 
[bmim][Ac] and CO2 . Moreover, Maginn (2005) also showed the intermolecular 
complex formations (chemical reaction) mechanism between [bmim][Ac] and CO2 , 
as shown in Figure 2.15.

Shiflett et a l. (2009) studied the solubility (vapor-liquid equilibria) of CO2 

for two ILs, l-ethyl-3-methylimidazolium acetate [emim][Ac] and l-ethyl-3- 
methylimidazolium trifluoroacetate [emim][TFA]. The results show that [emim][Ac] 
has strong chemical CO2 absorption with low vapor pressure above the mixture with 
20 mol % fraction of CO2 . The result of using [emim][Ac] is similar to one of using 
[bmim][Ac] that had been done before. However, the [emim][TFA] show physical 
absorption on CO2 .

Figure 2.15 Proposed chemical reaction of [emim][Ac] by (Maginn et a l., 2005).

The effect of pressure and temperature on CO2 solubility in IL was studied 
and the same trends of CO2 solubility were observed in most studies. It has been 
established that CO2 solubility increased with an increase of pressure and decrease of 
temperature.

Kim et a l. (2011) studied the solubility of CO2 in l-butyl-3- 
methylimidazolium hexafluorophosphate [bmim][PF6 ]. The result shows an

\= J



37

increase of CO2 solubility when pressure is increased and temperature is decreased. 
This can be confirmed by CO2 solubility data of Anthony et al. (2002) in 
[bmim][PF6 ] ,the CO2 solubility decreased with an increasing in temperature.

Due to the tunability of ILs, the combination between cation and anion can 
create many types of ionic liquid with different properties. The choice of cation is 
responsible to their property and stability, while anion is responsible to the impact on 
chemistry and functionality (such as gas solubility). Imidazolium, phosphonium, 
ammonium and pyridinium are the example of cation which widely received 
attention in CO2  separation, while anions include triflate (TfO), dicyanamide (DCA), 
tetrafluoroborate (BF4 ) and bis(trifluoromethane)sulfonimide (Tf2N) (Bara et al.,
2009).

The tunability on the structure of ILs leads to many studies published on the 
effect of structural variations of ILs on CO2 solubility.

Aki et a l. (2004) studied the solubility of CO2 in ILs at high pressure up to 
150 bar. His study can be divided into four sections; the effect of pressure and 
temperature on CO2  solubility in ILs using [bmim)[Tf2N]; the effect of anion on CO2 

solubility in imidazolium-based ILs, using 7 different types of anion including 
[BFf], [PFô'J, [TfO], [N O 3 ] ,  [Tf2N], [methide] and [DCA]; the effect of alkyl chain 
length on the cation using three ILs, [hmim][Tf2N], [hmmim][Tf2N] and 
[omim][Tf2N], and the effect of substitution at C2 position.

For the first study, the consistence was observed with the other literature. 
The solubility of CO2 is increased with increasing pressure and decreasing 
temperature. They also concluded that enthalpy can represent the strength of 
interaction between IL and gas, and the entropy provides a measure of effect of the 
dissolved gas on the liquid structure.

The effect of anion shows that the highest solubility of CO2 are in ILs with 
anion containing fluoroalkyl group, [TfO‘], [Tf2N] and [methide]; and lowest 
solubility in two ILs with nonfluorinated anion, [NO3] and [DCA]. In fact, CO2 

solubility increase with increasing number of CF3 groups in the anion.
The results of alkyl chain length show that the CO2 solubility increases with 

an increasing in the alkyl chain length. at all pressure (0.72 mole fraction for 
[hmim][Tf2N] and 0.763 for [omim][Tf2N] at instance pressure). They concluded



38

that the density of ILs is decreased with an increasing of alkyl chain length, thus 
would anticipate greater free volume in the ILs and hence an increasing of CO2 

solubility.
The effect of C2 substitution shows that the substitution of methyl group 

replacing hydrogen atom at C2 position causes slightly decreasing in CO2 solubility. 
CO2 solubility of [hmmim][Tf2N] is slightly lower than [hmim][Tf2N],

Sanchez (2008), studied the anion effect on the CO2 solubility and conclud­
ed that anion had an impact on CO2 solubility due to the strength of the interaction 
between CO2 and anions. He also concluded that, anion modifications that enhance 
CO2 solubility (decrease Henry’s law constant) included the presence of 
fluoroine-containing anions and longer alkyl chain length.

Sumon and Henni (2011) also studied the effect of structure on CO2 

solubility. Based on the anion modification, the increase in alkyl chain length of the 
cation; the alkylation of ammonium and phosphonium cation; changing the cation 
family from imidazolium to pyridium and pyrrolidinium; and the substitution on 
C2 position of the cation, are all the solutions that increase CO2 solubility. 
Likewise, anions with the presence of fluorine atom show high solubililty of CO2 

([MeS04]<[BF4]<[0cS04]<[PF6]<[Tf2N]). They also studied the effect of molar 
volume and polarity. The increasing of CO2 solubility is observed when molar 
volume is increased and polarity of the ionic liquid is decreased. The selectivity of 
CO2 in ionic of the gas mixture (CO2 + N2) is decreased when the temperature is 
increased. The selectivity is also affected by the anion. Fluorine-containing anions 
are comparatively low on the selectivity, while high in the ILs such as [bmim][BF4] 
and [bmim][DCA]. The least negative enthalpy of N2 , indicates lower solubility of 
N2 in the ionic liquid.

The selectivity of CO2 in the ILs has also been studied by other researchers. 
Husson-Borge et al. (2003) reported the solubility of CO2 and O2 in l-butyl-3- 
methylimidazolium tetrafluoroborate [bmim][BF4]. It was observed that CO2 is one 
order of magnitude more soluble in the IL than O2 . This result agrees with 
Sumon and Henni (2011) who have shown a high selectivity of CO2 in [bmim][BF4],

Galan Sanchez (2008) measured the solubility of CO2 , CH4, C2 H4, and C2 H6 

with imidazolium, pyridinium and pyrrolinium; and anion, tetrafloroborate [BF4],
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hexafluorophosphate [PF6 ],dicyanamide [DCA], thiocyanate [SCN], methysulfate 
[MeSC>4 ], bis(trif!uoro methylsulfonyl)imide [Tf2N] and trifluoroacetate [TFA]. 
The results showed that CO2 exhibited the highest gas solubility combined with a 
good selectivity of all studied gases.

Pressure (bar)
Figure 2.16 Isotherm gas solubility (CO2 , O2 and N2 ) in pyridium-based IL at 
ambient temperature (Maginn et a l., 2004).

Muldoon e t a l. (2007) studied how to improve CO2 solubility in ILs. They 
studied an imidazoilum-based IL with the three different levels of fluoronation on 
anion. The result shows an improvement of CO2 solubility withr increasing number of 
fluorination: ([bmim][CF3 SC>3]< [bmim][(CF3 S0 3 )2 ]< [bmim][(CF3 S0 3 )3]).
The fluorination of anion, the replacement of three fluorine atoms with fluoroalkyl 
group (CF3) increased CO2 solubility considerably: ([hmim][PF6 ]<[hmim][eFAP]). 
The solubility of CO2 in [p5mim][bFAP] is the highest that they have observed for 
any IL when the dissolution is by physical absorption, in agreement with the study of 
Sumon and Henni (2011). A similar result was found in Zhang e t al. (2008). They 
screened ionic liquid for capture CO2 by using COSMO-RS method to predict the 
Henry’s law constant of CO2 in 408 ILs. The screening results show that more CO2
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can be absorbed in ILs with [FEP] anion. It also showed that a value of 0.2 MPa (20 
at 0.1 MPa) seems the lowest limit of the Henry’s law constant of CO2 in ILs at 298 
K in physical absorption. They also conclued that the [FEP]-based ILs are the most 
promising candidates for the capture of CO2 at ambient temperature.

Bara e t a l. (2009) studied CO2 separation in imidazolium-based room 
temperature ionic liquids (RTILs). The results show the greatest CO2 solubility is 
achieved when the [TF2N] anion is present,~as there is a greater degree of CO2 

interactions with the anion. The other advantages of [Rmim][Tf2N] are hydrophobic, 
stable and highyl tunable molten salts (many of [C2 mim][X] salts are hygroscopic 
and completely miscible in water, thus their performance can change in the presence 
of water). According to the study of Marsh et al. (2004), cation with the PT2N] anion 
will have low water solubility, while replacing with [BF4 ] anion can dramatically 
increase the water solubility in ILs.

The miscibility of ILs in water is strongly dependent on their anion. Cl", Br", 
F, NO3", CH3COO" and CF3COO" are anions that make ILs miscible with water. ILs 
composed of anion such as PFô" and Tf2N" are immiscible with water. Miscibility of 
water of ILs based on anion such as BF4 ' and CF3SO3" is depedent on the structure of 
the cation, even though they are generally miscible with water. The miscibility is also 
decreased with the increasing of cation chain length.

Bara et a l. (2009) also reported the correlation among solubility parameter, 
CO2 solubility, CO2 selectivity and molar volume of ILs. Higher values of solubility 
parameter and CO2 selectivity were observed when CO2  solubility and molar volume 
of ILs are decreased. The solubility of CO2 in ILs was found to be at maximum when 
the ILs solubility parameter was 21.8, which is the solubility parameter of CĈ T

Magfnn (2004) studied the solubility of CO2 and the other gases (N2 , O2 , NO, 
NO2 , N2O and SO2) on nine ILs including l-n-butyl-3-methylimidazolium acetate, 
1 -n-hexyl-3-methylimidazolium bis[(trifluoromethyl)sulfony]imide, 1 -n-hexyl-3- 
methylimidazolium tris(pentafluoroethyl)trifluorophosphate, l-butyl-3-
methylimidazolium 2-(2-methoxyethoxy)sulfate, Tetrabutylammonium bis(2- 
ethylhexyl) sulfosuccinate, 1 -methyl-3-(nonafluorohexyl)-imidazolium
bis[(trifluoromethyl)sulfony]imide, l-methyl-3-tetread3ecyfluorooctylimidazolium 
bis[(trifluoromethyl)sulfony]imide, and l-n-butyl-3-methylimidazolium
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perfluoroctonate using a gravimetric microbalance at the isotherm between 10 and 
70 °c. The results show that bis[(trifluoromethyl)sulfony]imide (TfîN') anion has 
higher CO2 solubility than small anion such as tetrafluoroborate (BF4).

Cadena et al. (2004) studied CO2 solubility in six imidazolium-based ILs, 
l-butyl-3-methylimidazolium hexafluorophosphate ([bmim][PF6]), 1-butyl-2,3-
dimethylimidazolium hexafluorophosphate ([bmmim][PF6]), l-butyl-3- 
methylimidazolium tetrafluoroborate ([bmim][BF4]), l-butyf-2,3-
dimethylimidazolium tetrafluoroborate ([bmmim][BF4]), l-ethyl-3- 
methylimidazolium bis[(trifluoromethyl)sulfony]imide ([emim][Tf2N]), and 1 -ethyl- 
2, 3-dimethylimidazolium bis[(trifluoromethyl)sulfony]imide ([emmim][Tf2N]) at 
three isotherms at 10, 20 and 50 °c and pressure up to 13 bar. The results show that 
(Tf2N ) anion has the highest affinity with C02. They also conclued that the anion 
has the greatest impact on the CO2 solubility, while cation played the secondary role.

Kim e t al. (2005) studied the CO2  solubility of six room temperature ionic 
liquid (RTILs), [bmim][PF6], [C6mim][PF6], [emim][BF4], [C6mim][BF4], 
[emim][Tf2N] and [C6 mim][Tf2N] at 298.15 K and up to 1 MPa. The results show 
that, l-hexyl-3-methylimidazolium bis(trifluoromethysulfonyl)imide [hmim][Tf2N] 
has the highest CO2 solubility.

Qchedzan-Siodlak et al. (2013) studied the viscosity of imidazolium and 
pyridinium chloroaluminate ILs. The results show that, the viscosity of ILs are 
decreased with an increasing of temperature. They concluded that molar mass, 
van der Waals interaction, chain tangling and H-bonding interaction are main factors 
influencing the viscosity of ILs. Increasing of alkyl chain length makes the ILs more 
viscous due to the increasing of van der Waals interaction, but not in the linear trend. 
Based on the imidazolium and pyridinium ILs, increasing of alkyl chain length from 
C4 to C6 causes the greater change on the viscosity than changing from C6 to C8, 
but the diverse order can be seen in methylpyridinium-based ILs. Isomer “meta” is 
found to have higher viscosity than “para”.

Sanchez et al. (2007) compared the viscosity between conventional solvent 
for CO2 capture (MEA) and RTIL. The,viscosity of 1 -butyl-3-methylimidazolium 
tetrafluoroborate ([bmim][BF4]) was 40 times higher compared to aqueous solution 
of 30 % MEA. Both viscosity of MEA and [bmim][BF4] decrease with an increasing



4 2

o f  tem p era tu r e  fro m  3 0  to  7 0  °c b y  th e  fa c to r  o f  4 .5  fo r  [b m im ][B F 4] an d  2 .7  fo r  
M E A . [ b m im ][B F 4] s h o w s  h ig h e r  d e c r e a s in g  in v is c o s i t y  c o m p a r e d  to  M E A  at th e  
s a m e  te m p e r a tu r e  ra n g e .

B a ltu s  e t al. ( 2 0 0 5 )  c o n c lu d e d  th at, th e  v is c o s i t y  o f  im id a z o liu m -b a s e d  IL s is  
g o v e r n e d  b y  v a n  d e r  W a a ls  and  H - b o n d in g  b e tw e e n  a n io n  a n d  im id a z o liu m  c a tio n  
rin g . F o r  a n io n  [T f 2N ] ,  H - b o n d in g  is  s u p p r e ss e d , th u s v a n  d e r  W a a ls  in ter a c tio n  is  
th e  o n ly  fa c to r  th at d ic ta te s  to  th e  v is c o s i t y .- I n c r e a s in g  o f  th e  a lk y l  c h a in  len g th  
in c r e a s e s  v a n  d e r  W a a ls  in ter a c tio n  a n d  c a u s e s  h ig h e r  v is c o s i t y  o f  IL s. 
T h e  in c r e a s in g  o f  v is c o s ity -  b y  in c r e a s in g  o f  a lk y l ch a in  le n g th  ca n  b e  e x p la in e d  b y  
th e  in c r e a se  in th e  b u lk in e s s  o f  im id a z o liu m  rin g  w ith  b u lk y l  fu n c tio n a l  g ro u p s . 
A n  in c r e a se  in  b u lk in e s s  o f  th e  ca tio n  r e d u c e s  th e  m o b i l ity  o f  th e  c a t io n , th ere fo re  
in c r e a s in g  th e  IL s  v is c o s i t y .

M E A  c a p tu r e  p r o c e s s  is  k n o w n  a s  th e  m o s t  f e a s ib le  p r o c e s s  fo r  C O 2 ca p tu re  
t e c h n o lo g y . E v e n th o u g h  m a n y  e ffo r ts  h a v e  b e e n  m a d e  to  f in d  n e w  t e c h n o lo g y  to  
r e p la c e  M E A -b a s e d  s y s t e m , th e s e  e m e r g in g  a lte r n a tiv e  t e c h n o lo g ie s  h a v e  n o t  
b e c o m e  c o m m e r c ia l ,  s o m e  o f  th e m  are e v e n  in th e  resea rch  s te p . S o , th e  o p t im iz a t io n  
o f  c u rren f t e c h n o lo g y ,  M E A  s t i ll  req u ired .

K o th a n d a r a m a n  ( 2 0 0 5 )  s tu d ied  th e  c h e m ic a l  a b s o r p t io n  p r o c e s s  b y  u s in g  
m o n o e th a n o la m ie ,  p o ta s s iu m  c a r b o n a te  a n d  c h il le d  a m m o n ia . H e" a lso  f o c u s e d  o n  th e  
o p t im iz a t io n  o f  M E A -b a s e d  s y s te m , s tu d ie d  th e  e f f e c t s  th a t in f lu e n c e  th e  r e b o iler  
d u ty ; lean  lo a d in g  (m o l C C V m o l M E A ), C O 2 cap tu re  p e r c e n ta g e , a b so r b e r  h e ig h t, 
s o lv e n t  te m p e r a tu r e , d e so r b e r  p r essu re  a n d  e f f e c t  o f  c r o s s  h e a t  e x c h a n g e r .

I n c r e a s in g  lea n  lo a d in g  c a u s e s  th e  d e c r e a s in g  in r e b o ile r  d u ty , b e c a u s e  le s s  
a m o u n t o f  s te a m  h a s  to  b e  a p p lie d  in  th e  str ip p er . W h e n  th e  C O 2 p e r c e n ta g e  is  

in c r e a se d , th e  s o lv e n t  f lo w  rate n e e d s  to  in c r e a s e  to  m a in ta in  th e  C O 2 r e c o v e r y .  
T h e  in c r e a se  o f  f lo w  rate c a u s e s  an in c r e a s e  o f  s e n s ib le  h e a t th at le a d s  to  h ig h e r  
r e -b o ile r  d u ty . A b s o r b e r  h e ig h t  is  in c r e a se d  c a u s in g  th e  d e c r e a s e  o f  r e b o ile r  d u ty , 
d u e  to  th e  h ig h e r  r ich  lo a d in g . L o w  s o lv e n t  tem p era tu r e  is  a p p ro p r ia te  for  th e  
a b so r p tio n  p r o c e s s ,  b e c a u s e  it e n h a n c e s  th e  d r iv in g  fo r c e  o f  th e  a b so r p tio n  p r o c e s s ,  
b u t th e  r e a c tio n  ra te  and  d i f fu s ity  are lo w  at lo w  s o lv e n t  te m p e r a tu r e . H ig h , d e so r b e r  
p r essu re  is  g o in g  w ith  h ig h  tem p era tu r e .
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Figure 2.17 V a r ia t io n  o f  r e b o ile r  d u ty  and r ich  lo a d in g  w ith  L /G  fo r  8 5 % ไ2 (ว 2  
ca p tu re  from  c o a l  f lu e  g a s;  e q u ilib r iu m  s im u la t io n . (K o th a n d a r a m a n , 2 0 0 5 ) .

D u e  to  th e  e x o th e r m ic  r e a c t io n  o f  d e s o r p t io n  s te p , th e  d r iv in g  fo r c e  o f  th e  
a b so r p tio n  w il l  in c r e a s e  w ith  in c r e a s in g  tem p e r a tu r e , bu t th e  te m p e r a tu r e  is  l im ite d  
to  1 2 2  ๐c  d u e  to  th e  d e g r a d a tio n  o f  M E A . T h e  a p p ro a ch  te m p era tu r e  o f  c r o s s -h e a t  
e x c h a n g e r  a ls o  a f f e c t s  th e  r e b o ile r  d u ty . L o w e r  a p p ro a ch  te m p e r a tu r e  c a u s e s  the  

d e c r e a s e  o f  r e -b o ile r  d u ty , b u t la r g e r  su r fa c e  a rea  o f  h ea t e x c h a n g e r . A l l  o f  th e s e  -  
r e su lts  w e r e  c o n f ir m e d  b y  o th e r  s tu d ie s  (F r e g u ia , 2 0 0 3 ;  P ie w k h a o w , 2 0 1 1 ) .

L u  e t al. ( 2 0 1 2 )  im p r o v e d  M E A -b a s e d  p r o c e s s  b y  u s in g  a  m ix e d  a b so r b e n t  
c o m p o s e d  o f  M E A  and  [ b m im ][B F 4 ] .  T h e  o p tim u m  m o le  ra tion  o f  M E A  to  
[b m im ][B F 4 ]  w a s  fo u n d  to  b e  7 :3  T h e  a b so r p tio n  c a p a c ity  o f  th e  m ix e d  a b so rb en t  
w a s  s ig n if ic a n t ly  h ig h e r  th an  p u re  M E A  a q u e o u s , a p p r o a c h in g  0 .6 3 8  m o l o f  C O 2 per  
m o l o f  M E A . A l l  th e  r e su lts , th e y  c o n c lu d e d  th a t th e  m ix e d  a b so r b e n t  e m p lo y e d  in 
th e ir  C O 2 ca p tu re  p r o c e s s  c a n  h e lp  to  im p r o v e  th e  s ta b i l ity  a n d  r e l ia b i li ty  o f  th e  
s y s t e m , w h ic h  is  b e n e f ic ia l  to  in d u str ia l a p p lic a t io n s .
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