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2.1 Io n ic  L iq u id s

Ionic liquids (ILs) are a new  generation o f  solvents that have been 
considered as environm entally  benign solvents and dem onstrated , successfully, as 
potential replacem ents for conventional m edia in chem ical processes, especially  in 
reactions and separations (K im  e t  a l ,  2005; Zhang e t  a l ,  2011). Ionic liquids refer to 
organic salts entirely  com posed o f  ions (Petkovic e t  a i ,  2011), w hich in this sense 
resem ble the ionic m elts produced by heating norm al m etallic salts such as sodium  
chloride to h igh tem perature (e.g. N aC l to over 800 °C) (H uddleston  and Rogers, 
1998). Ionic liquids rem ain liquids in their pure states at am bient conditions (Seddon, 
1997). M any refer to any salt w ith  a m elting point less than 100 ๐c  as an ionic liquid. 
Particularly, ionic liquids having m elting points at room  tem perature are usually 
called “R oom  T em perature Ionic L iquid (R T IL )” . The term s, nonaqueous ionic 
liquid, m olten  salt, liquid organic salt and fused salt have been em ployed to describe 
ionic liquids as well (A rshad, 2009).

Figure 2.1 show s the ionic configuration o f  inorganic salts and ionic liquids. 
The factors w hich affect the m elting point are the charge d istribution  on the ions, H- 
bonding ability , the sym m etry o f  the ions, and van der W aals interactions. W hen 
com pared to typical inorganic salts, ionic liquids have a significantly  low er 
sym m etry. The com bination  o f  bulky asym m etric organic cations (usually  l-a lky l-3- 
m ethylim idazolium , 1-alkylpyridinium , 1-m eth y l-1-alky lpyrrolidinium  or 
am m onium  ions) and inorganic (halides, tetrafluoroborate, hexafluorophosphate and 
b is(trifluorosulfonyl)im ide) or organic anions (triflate, tosylate and alkylsulfate) are 
not capable o f  m aking the resulting salts pack com pactly , thus low ering the lattice 
energy and having low  m elting points. As a result o f  noncrystalline salts, ionic 
liquids can rem ain  liquids through a w ide range o f  tem perature. In som e cases, the 
relatively  large anions play a crucial role in low ering the m elting  point (M arsh e t  a l ,  

2004; Laus e t  a l ,  2005; K eskin e t  a l ,  2007).
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F ig u re  2.1 Ionic configuration  o f  inorganic salts (left) and ionic liquids (right) 
(S igm a-A ldrich , US).

F igure 2.2 represents som e cations and anions being able to form  ionic 
liquids. C om m only used cations include im idazolium , pyridinium , pyrroridinium , 
tetra alkylphosphonium , quaternary am m onium  and sulfonium  based. For anions, 
tetrafluoroborate (B F4~), hexafluorophosphate (PF6~), acetate (CFI3C O 2 ), 
trifluoroacetate  (C F3C O 2 ), nitrate (N C V ), triflate (C F3SO 3 ), 
b is(trifluorom ethylsulfonyl)im ide (Tf2TT), chloride (Cl ), brom ide (B r ) and iodide 
(I~) have vastly  been reported in m any publications. The capability  o f  tailoring the 
size, shape, and functionality  o f  the com ponent cations and anions during the 
syntheses m akes ionic liquids highly flexible. A num ber o f  com binations o f  cations 
and anions offer m any great opportunities to create ionic liquids w ith  specific 
physicochem ical properties for any particular application. O ne o f  the m ost 
fascinating  areas o f  research has been concerned w ith the structural design o f  ionic 
liquids (T okuda e l  a i ,  2006). R esearchers have found that large effects on m any 
properties including m elting points, v iscosities, densities, as well as gas and liquid 
solubilities rely on the adjustm ent o f  the structure o f  either cations or anions 
(H olbrey and Rogers, 2002; A nthony e t  a i ,  2003). The choice o f  cations is generally 
responsib le for the properties and the stability o f  ionic liquids, w hich is finely tuned 
by varying  the length and branching o f  alkyl groups in the cation. On the other hand, 
the choice o f  anion has an im pact on the chem istry and functionality  o f  ionic liquids. 
For exam ple, replacing the [PF6~] anion o f  l-alky l-3-alkylim idazolium  cation with 
[BF4~] anion can dram atically  increase the w ater so lubility  in the ionic liquid while 
replacing w ith  the [T f2N ]  anion decreases the w ater solubility  (M arsh e t  a l ,  2004).
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D ifferent com binations o f  a variety  o f  cations and anions lead to a theoretically  
feasible num ber o f  1018 ionic liquids with unique physicochem ical properties but 
only som e o f  them  can be synthesized. A t present, approxim ately  1,000 ionic liquids 
are described in the literature and about 300 ILs are sold com m ercially.

Thanks to their unique characteristics, ionic liquids present various 
advantages over conventional organic solvents. The m ajor advantage w hich m akes 
them  gain interest as green solvents is their neglig ibly  low  vapor pressure. This non­
volatile property  decreases the risk o f  w orker exposure and the loss o f  solvent to the 
atm osphere, w hich is safer than other traditional organic solvents. In addition, ionic 
liquids are considered as designer solvents due to their tunable properties (K eskin e t  

a i ,  2007; H asib-ur-R ahm an e t  a l ,  2010). The structural tunability  such as varying 
cations, anions and substituents on ionic liquids can tailor for specific applications in 
order to optim ize selectivities, capacities, solubilities and rates o f  reaction 
(B rennecke e t  a i ,  2008). As designer solvents, choosing the correct ionic liquid can 
obtain high product yields and produce a reduced am ount o f  w aste in a given 
reaction  (Earle and Seddon, 2002).

N evertheless, an im portant draw back o f  som e ionic liquids is their high 
viscosity. M ost RTILs are generally  viscous liquids w hose v iscosities are com parable 
to oils. Their relatively  high viscosity, about five folds higher than that o f  
m onoethanolam ine (M EA ), will have an adverse im pact on m ass transfer and pow er 
requirem ent. D uring the C O 2 absorption process, h igher viscosities o f  ionic liquids 
due to an increase in C O 2 loading require additional energy for pum ping system . The 
viscosities can be w ithin  an acceptable range by choosing proper cations and anions 
(M arsh e t  a l ,  2004; K eskin e t  a l ,  2007; H erzog e t  a l ,  2009; H asib-ur-R ahm an e t  a l ,  

2 0 1 0 ) .
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F ig u re  2 .2  Som e cations and anions present in ionic liquids (S igm a-A ldrich , US).

2 .2  P h y s ic a l P ro p er tie s

Ionic liquids have several unique physicochem ical properties, w hich enable 
them  to overcom e conventional organic solvents and suit to m any specific 
applications. The properties o f  ionic liquids are determ ined by the structure and 
interaction o f  ions. For com m only used ionic liquids, they have a w ide range o f 
liquid up to about 200 ๐บ, high therm al stability  up to about 300 °c, negligible vapor 
pressure, structural tunability , non-flam m ability, high therm al conductivity , large 
electrochem ical w indow , im m iscibility  w ith m any organic solvents, high บ บ 2
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solubility  and recyclability  (M arsh e t  a l ,  2004; K eskin e t  a l ,  2007; H erzog e t  a l ,  

2009; H asib-ur-R ahm an e t  a l ,  2010).

2.2.1 M elting Point
A ccording to the definition, ionic liquids are referred  to have m elting 

points below  100 ๐c  and m ost o f  them  rem ain in liquid state at room  tem perature. 
Both cations and anions influence the m elting points o f  ionic liquids. Low  sym m etry, 
w eak interm olecular interactions, and a good distribution  o f  charge are outstanding 
features in the cation  o f  low -m elting salts. The large size and the increased 
asym m etry  o f  the cation result in a m elting poin t reduction. M oreover, the m elting 
poin t increases as the branching on the alkyl chain increases. In regard  to the anion, 
an increase in the size o f  the anion leads to a decrease in the m elting  point o f  pure 
ionic liquids (W asserscheid and Keim , 2000; M allakpour and D inari, 2012). 
B asically , ionic liquids based upon halide anions have h igher m elting  points than 
those w ith  larger and m ore com plex anions (D om anska e t  a l ,  2007). A  series o f  
novel hexafluorophosphate salts based on N ,N ’-dialkylim idazolium  and substituted 
N -alkylpyrid in ium  w ere studied to explain  the liquid crystalline behaviour at 
tem perature above their m elting points. It w as show n from  Figure 2.3 that the 
m elting point o f  salts increased slightly  w ith increasing alkyl chain length, and the 
salts based  on the pyridinium  cation d isplayed higher m elting  points than 
im idazolium  salts o f  equivalent alkyl chain length cations. Furtherm ore, alkyl 
substitu tion  at the 3- and 4-positions on the pyrid inium  ring resulted  in a decrease in 
the m elting point com pared w ith the equivalent unsubstitu ted  salt (G ordon e t  a l ,  

1998). M elting points o f  som e ionic liquids are sum m arized in T able 2.1.
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F ig u re  2 .3  Plots show ing the m elting and clearing  tem peratures observed on heating 
o f  (a) [Cn-m im ][PF6], (b) [C„-py][PF6], (c) [Cn-3-M epy][PF 6], and (d) [C„-4- 
M epy][P F 6] (G ordon e t  a l ,  1998).

T a b le  2.1 M elting  points data for several ionic liquids (H uddleston  e t  a l . ,  2001)

Ionic liquids M elting point (๐C) Ionic liquids M elting point (๐C)
[C4m im ][Cl] 41 [C2m im ][C H 3C 02] 45
[C4m im ][I] -72 [C2m im ][PF6] 58-60
[C4m im ][PF6] 10 [C2m im ] [TfO] 9
[C im im ][A lC l4] 125 [C2mim] [NfO] 28
[C2m im ][A lC l4] 84 [C2mim] [Tf2N] 4
[C3m im ][A lC l4] 60 [C2m im ][TA ] 14
[C4m im ][A lC l4] 65 [C3m im ][PF6] 40
[C4C4m im ] [A1C14] 55 [i-C3m im ][PF 6] 102

[C2m im ][N 03] 38 [C4m im ][B F4] -81
[C2m im ][N 02] 55 [C6m im ][PF6] -61
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2.2.2 D ensity
The densities o f  ionic liquids are typically  h igher than the density o f  

w ater w ith  the values ranging betw een 1 and 1.6 g /cm 3 (M arsh e t  a l ,  2004). Seddon 
e t  a l .  (2002) reported the density o f  l-alky l-3-m ethy lim idazo lium  salts w ith various 
anions, [BF4_], [PF6“], [C f ] ,  [CF3SO 3”] and [N O 3”]. The density  decreases w ith 
increasing tem perature and longer alkyl chain length. In six ionic liquids, l-buty l-3- 
m ethylim idazolium  hexafluorophosphate ([bm im ][P F 6]), l-butyl-3-m ethyl 
im idazolium  tetrafluoroborate ([bm im ][B F4]), l-buty l-3-m ethylim idazolium  
b is(trinuorom ethylsu lfonyl)im ide ([bm im ][T f2N ]), 1 -ethyl-3-m ethylim idazolium
bis(trifluorom ethylsulfonyl)im ide ([em im ][T f2N ]), l-e thy l-3-m ethylim idazolium  
ethylsulfate ([em im ][E tS 0 4]) and buty ltrim ethylam m onium  bis(trifluorom ethyl 
sulfonyl)im ide ([N 4m ][T f2N ]), the densities w ere m easured  as a function o f 
tem perature and ranging from  293 K to 393 K (20-120 ๐C) using a v ibrating tube 
densim eter from  A nton Paar. The density decreases linearly  w ith  tem perature in the 
tem perature range studied (Jacquem in e t  a l . , 2006b). K im  e t  a l .  (2005) calculated the 
density  o f  the studied [bm im ][PF6], [C6m im ][PF6], [em im ][B F4], [C6m im ][B F4]. 
[em im ][Tf2N] and [C6m im ][T f2N] by a group contribu tion  equation o f  state at the 
tem peratures ranging from  293 to 343 K (20-70 °C). The resu lts suggested that an 
increase in the tem perature and the alkyl chain length o f  the ionic liquids led to a 
decrease in the density, as depicted in Figure 2.4. D ensities o f  various ionic liquids at 
a tem perature o f  25 ๐c  are listed in Table 2.2.

In general, the densities o f  ionic liquids depend on the m olar m asses 
o f  the ions. Ionic liquids containing heavy atom s are denser than those containing 
lighter atom s. For the sam e cation species, the densities o f  the ionic liquids w ith 
different types o f  anions can be arranged in this sequence: [Tf2N  ] > [P Ffil > [BF4-]. 
N evertheless, this is not true for strongly asym m etric cations. The density  decreases 
w ith increasing the alkyl chain length on the im idazolium  cation (Jacquem in e t  a l . , 

2006b). A  correlation  w ith tem perature is usually  expressed in term s o f  a linear 
equation  (equation  2.1 ):

p  ( g / c m 3 )  =  a  +  b ( T / K  -  2 7 3 .1 5 ) 
w here a and b are the correlation param eters.

( 2 . 1 )
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F ig u re  2 .4  C om parison o f  experim ental densities o f  ionic liquids w ith  calculated 
values (K im  e t  a l . , 2005).

T a b le  2 .2  D ensities (25 °C) o f  several ionic liquids (H uddleston e t  a l ,  2001)

Ionic liquids D ensity  (g /cnr3)
[C4m im ][Cl] 1.08
[C4m im ][I] 1.44
[C4m im ][B F4] 1.12

[C4m im ][PF6] 1.36
[C4m im ][T f2N] 1.43
[C6m im ][Cl] 1.03
[C6m im ][PF6] 1.29
[C 8m im ][Cl] 1.00

[C8m im ][PF6] 1.22

[C4mim] [CF3C O 21 1.209
[C4m im ][C F3S03] 1.290
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2.2.3 V iscosity
V iscosity  is one o f  the m ost im portant physical properties o f  ionic 

liquids w hen used as solvents for any process because it influences som e practical 
issues such as stirring and pum ping. As know n, ionic liquids have relatively  high 
v iscosity  com pared to o ther com m on organic solvents. S tirring often m ight cause a 
problem  in reactions that use ionic liquids as solvents (T om ida e t  a l . , 2007). For 
these reasons, a low  viscosity  is generally  required in order to m inim ize pum ping 
costs and increase m ass transfer rates. For o ther applications such as lubrication or 
use in m em branes, h igher viscosities m ay be m ore favorable (G ardas and Coutinho, 
2008).

The viscosity  o f  ionic liquids depends on the type o f  cations and 
anions. The contro lling  factors affecting the viscosity  o f  ionic liquids m ainly include 
hydrogen bonding, V an der W aal forces, m olecular w eight and m obility. W ith 
respect to the influence o f  tem perature, the viscosity  o f  ionic liquids decreases 
significantly  w ith  increasing tem perature as observed from  Figure 2.5. For exam ple, 
[C4m im ][PF6] had a v iscosity  o f  270.3 cP at 298.15 K (25 °C), w hich decreased to
80.4 cP at 323.15 K (50 °C) and 23.5 cP at 353.15 K (70 °C) (G ardas and Coutinho, 
2008). Evidently, F igure 2.6 also show ed a drastic decrease in the v iscosity  w ith 
increasing tem perature (Jacquem in e t  a l ,  2006b). For the effect o f  pressure as 
presented in Figure 2.7, the v iscosity  increases as pressure increases; the viscosities 
o f  [C4m im ][PF 6], [C6m im ][PF6], [C8m im ][B F4j, and [CsmimJfPFô] are m ore 
sensitive to pressure than [C4m im ][B F4] and [C4m im ][N T f2] (Y u e t  a l ,  2012).
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F ig u re  2.5 V iscosities o f  im idazolium - and pyrid inium -based ionic liquids w ith 
butyl chain length and different anions at 298.15 and 323.15 K  (25 and 50 °C) 
(G ardas and C outinho, 2008).

300 320 340 360 380 400

77K

F ig u re  2.6 V iscosities o f  ionic liquids as a function  o f  tem perature: ( • ) 5 

[bm im ][PF6]; (o), [bm im ][Tf2N ]; (■ ), [bm im ][B F4]; (□ ), [N4iii][T f2N]; (A ), 
[em im ][Tf2N ]; (A), [em im ][E tS 0 4] (Jacquem in e t  a l . ,  2006b).
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F ig u re  2.7 V iscosity  o f  ionic liquids as a function  o f  pressure at 323.15 K (50 °C) 
(Y u ๙ ๔ .,  2012).

For ionic liquids paired w ith the im idazolium  cation, the viscosity  
increased w ith  different anions in the order o f  [Tf2N  ] < [CF3SO 3 ] < [BF4 ] < 
[E tSC U l < [M e S 0 4“] < [PF6 ] < [CH3C O O '] < [C f] ,  Ionic liquids containing highly 
sym m etric or alm ost spherical anions are m ore viscous, w hereas those containing 
less sym m etric anions have low er viscosity. For ionic liquids w ith  a sim ilar alkyl 
chain length on the cation, the v iscosity  increases w ith  different cations in this 
sequence: im idazolium  ([Im +]) < pyridinium  ([py+]) < pyrrorid in ium  ([pyr+]) (Gardas 
and C outinho, 2008). It w as reported that the a lkylam m onium -based ionic liquids 
exhibited  a higher viscosity  com pared to the im idazolium -based ionic liquids w ith 
the sam e anion (Jacquem in e t  a l . , 2006b). The effects o f  characteristic  atom /group o f 
cation also influence the v iscosity  o f  ionic liquids. All cations w ith  atom s or groups 
such as -O H , -S R , -C O O H , -C B N , and - F  will increase the v iscosity , except the 
ionic liquids w ith  alkyl ether, -O R , on cation: they generally  have low er viscosity. 
The fluorination o f  cation is likely to increase the viscosity  as a result o f  an increase 
o f  cationic size and interionic Van der W aals interaction. M eanw hile, the fluorinated 
anion generally  contributes to low er viscosity, resulting  from  an im proved charge 
distribution  and thus the w eakness o f  interionic electrostatic  (including possible 
hydrogen bonding) interaction  (Y u e t  a l ,  2012). C oncerning the effect o f  the alkyl
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chain length, the v iscosity  increases w ith  an increase in the length o f  alkyl chain on 
the cation. For instance, the v iscosity  at 298.15 K (25 °C) increases m onotonously 
from  172.3 to 677.4 cP in the series o f  [Cnm im ][PF6] w ith  ท from  2 to 8 (G ardas and 
C outinho, 2008). It can be described that increasing the length o f  alkyl side chain 
will increase van der W aals interaction and thus the v iscosity  (Y u e t  a l ,  2012). The 
increm ent o f  the viscosity  w ith  the alkyl chain length o f  im idazolium  cation appears 
to decrease w ith  the sym m etry o f  anion as the follow ing trend: [Cl ] > [CPI3COO ] > 
[PF6~] > [M eSO /f] > [EtSO C] > [BF4“] > [CF3S 0 31  >  [Tf2N “] (G ardas and 
C outinho, 2008).

The com m on correlation  used to express the variation  o f  viscosity 
w ith  tem perature is the A rrhenius law:

ฦ  =  ๆ œ e x p ( - E a / R T )  (2.2)
w here v iscosity  at infinite tem perature (ๆ00) and the activation  energy (E a) are the 
characteristic param eters adjusted to fit the experim ental data. The A rrhenius law  can 
generally  be applied only w hen the cation presents a lim ited  sym m etry. A part from 
this case especially  in the presence o f  sm all and sym m etrical cations w ith  low  m olar 
m ass, the V og e l-F u lch er-T am m an  (V FT) equation, an em pirical extension o f  the 
A rrhenius law, is recom m ended to correlate the viscosity  varying  w ith  tem perature 
(Jacquem in e t  a l . , 2006b).

ๆ  =  A T ° - 5 e x p ( k / ( T  -  To)) (2.3)
w here A, k and To are adjustable param eters. T om ida e t  a l .  (2007) m easured the 
viscosities o f  l-hexyl-3-m ethyIim idazolium  hexafluorophosphate ([hm im ][P F 6]) and 
l-octy l-3-m ethy lim idazo lium  hexafluorophosphate ([om im ][P F 6]) using a rolling 
ball v iscom eter at tem peratures from  293.15 to 353.15 K (20-80 °C) and pressures 
up to 20.0 M Pa (200 bar). The V TF equation  w as em ployed to correlate the 
experim ental v iscosités o f  [hmimjfPFô] and [om im ][PF6] w ith  m axim um  deviation o f 
1.2% and 1.6 %, respectively. Flarris e t  a l .  (2007) m easured the viscosities o f  the 
ionic liquids 1-m ethyl-3-hexylim idazolium  hexafluorophosphate, [hm im ][PF6], and 
1-butyl-3-m ethylim idazolium  bis(trifluorom ethylsulfonyl)im ide, [bm im ][Tf2N],
betw een (0 and 80) ๐c  and at m axim um  pressures o f  238 M Pa ([hm im jfPFg]) and 
300 M Pa ([bm im ][T f2N ]) at 75 °c w ith a falling body viscom eter. A m odified
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V ogel-Fulcher-T am m ann (V FT) equation w as used to represent the tem perature and 
pressure dependence. B esides, other equations, such as the Tait-form  equation 
(T om ida e t  a l ,  2007) and the L itovitz equation (H arris e t  a l ,  2007), w ere also used 
to correlate the experim ental data o f  viscosity. Table 2.3 sum m arizes viscosities o f 
som e ionic liquids.

T a b le  2.3 V iscosity  data (25 °C) for various ionic liquids (H uddleston  e t  a l ,  2001)

Ionic liquids V iscosity  (cP)
[C4m im ][I] 1110

[C4m im ][B F4] 219, 233
[C4m im ][PF6] 450, 312
[C4m im ][T f2N] 69
[C6m im ][Cl] 716
[C6m im ][PF6] 585
[C8m im ][Cl] 337
[C8m im ][PF6] 682
[C4m im ][T f2N] 52
[C4m im ][C F3C 0 2] 73
[C4m im ][C F3S03] 90
[C4m im ] [CF3C F2C F2C F2S 0 3] 373
[C2m im ][B F4] 43
[C2mim] [Tf2N] 28

2.2.4 V apor Pressure
The volatility  o f  ionic liquids is a key property  responsib le for their 

escalating  popularity. The essentially  null volatility  enables ionic liquids to be the 
recognition  as environm entally  friendly “green” solvents, eventually  facilitating  their 
uses in m any reactions and separations. This feature m akes ionic liquids retain 
quantitatively  in the reaction vessels and separation  equipm ent. Therefore, the 
environm ental im pact is m inim al (M allakpour and D inari, 2012). O w ing to green
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chem istry  concerns and econom ic reasons, solvents used for chem ical processes 
should be not only “green” but they should also be capable o f  being recovered for 
reuse and recycle. Tw o m ain problem s have been technically  faced by researchers: 
The low  vapor pressures o f  ionic liquids are not m easurable at room  tem perature, 
w hereas som e o f  them  m ay decom pose at high tem peratures through processes such 
as the transfer o f  an alkyl group or through deprotonation  in the case o f  protic ionic 
liquids. For this reason, com m only used l-alky l-3-m ethy lim idazo lium  
bis(trifluorom ethylsulfonyl)im ide ([C nm im ][N T f2]) w ith  ท ranging betw een 2 and 8 

are m ostly  perform ed experim entally  because o f  its relatively  h igh therm al stability 
up to 600 K (Ludw ig and K ragl, 2007).

It w as hereinbefore believed that ionic liquids exerted negligibly 
im m easurable vapor pressure and could not be distilled. N onetheless, Earle e t  a l .

( 2 0 0 6 )  reported  that m any ionic liquids could be d istilled  at 2 0 0 - 3 0 0  ° c  and low 
pressure (under vacuum  condition) w ithout decom position  using tw o types o f 
experim ental apparatus including the K ugelrohr apparatus (F igure 2.8) and the 
sublim ation apparatus, and they could finally be recondensed at low er tem peratures.

F ig u re  2.8 The K ugelrohr oven and distillation apparatus (Earle e t  a l ,  2006).

In recent years, T aylor e t  a l .  (2010) investigated  the vaporisation  o f  1- 
alkyl-3-m ethylim idazolium  bis(trifluorom ethylsulfonyl)im ide ionic liquids, 
[Cnm im ][T f2N] (ท = 2, 8), using tem perature program m ed desorption  (TPD ) and 
ultra-h igh vacuum  (U H V ) distillation. Ionic liquids have been distilled  at UHV and T
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> 500 K in a specially designed still. From this perspective, such physicochemical 
properties including vapor pressures, enthalpies of vaporization and boiling points 
obviously depend on the cation-anion combination of a given ionic liquid. Adjusting 
these properties becomes a part of finding the best ionic liquids for any specific 
application (Ludwig and Kragl, 2007).

2.2.5 Thermal Stability
Another most important factor is the thermal stability of ionic liquids, 

which also determines the applicability in different separation processes and 
reactions. Ionic liquids typically have thermal stability up to 450 ๐c . Most ionic 
liquids can withstand such high temperatures for a short time. Long time exposure 
will lead to thermal decomposition eventually. In general, most ionic liquids have 
negligibly low vapor pressures, suggesting that water can be simply removed by 
heating under vacuum. Ionic liquids with good thermal stability can be purified to 
attain water contents below 1 ppm easily (Endres and Zein El Abedin, 2006). Many 
imidazolium salts are liquids at room temperature and have minimal vapor pressure 
up to their thermal decomposition temperature (>400 ๐C), as investigated by thermal 
gravimetric analyses. Thermal decomposition is found to be endothermic with the 
inorganic anions and exothermic with the organic anions. Halide anions can 
drastically reduce the thermal stability of these imidazolium salts below 300 °c. The 
thermal stability of the imidazolium salts increases with increased alkyl substitution. 
Moreover, the imidazolium cations are thermally more stable than the tetraalkyl 
ammonium cations due to the reason that the presence of nitrogen substituted 
secondary (and likely tertiary) alkyl groups diminishes the thermal stability. The 
trend of anion stabilities have been suggested in the following order: [PF6~] > 
[Tf2N ] ~ [BF<f] > halides (Ngo et  a l . , 2000) . Thermal stability data are shown in 
Table 2.4. The onset of thermal decomposition temperatures is similar for the 
different cations. The increased cation size from [C4mim+] to [C8mim+| does not 
appear to have a profound effect on thermal stability. Even dramatic changes in 
cation size from [C4mim+] to [Cigmiirf] still give the same results. However, the 
thermal decomposition temperatures seem to decrease with an increase in the anion
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hydrophilicity (Huddleston e t  al., 2001). Bonhôte et  al. (1996) determined the 
thermal stabilities of [C2mim][CF3S0 3 ] and [C2mim][Tf2N] using a 
thermogravimetric balance. These two ionic liquids exhibited the thermal stability up 
to 400 °c  and decomposed rapidly between 440 and 480 ๐c . [C2mim][TA] was much 
less stable, beginning to decompose at 150 °c and lasting up to 250 ๐c .

Ionic liquids can alter their colors during thermal decomposition. All 
of the ionic liquids were investigated to darken from colorless to amber during 
sonication. The investigations were reported that ionic organic liquids could 
decompose under ultrasonic conditions. The primary decomposition products for the 
imidazolium ionic liquids were N-alkylimidazoles and 1-alkylhalides. For instance, 
during the sonication at 135 ๐c , 1-butyl-3 methylimidazolium chloride produced the 
thermal decomposition components such as chlorobutane, chloromethane, and 
imidazole decomposition products (IDP). 1-butyl-3 methylimidazolium 
tetrafluoroborate andl-butyl-3-methylimidazolium hexafluorophosphate produced 
only IDP. The imidazole decomposition products comprise 1,3-butadiene (0.4%), 
1,3-butadiyne (2.2%), acetonitrile/isocyanomethane (21.9%), 2-methylpropane 
(60.7%), 2-propenenitrile (7.4%), pent-3-en-l-yne (7.4%) (Oxley et  a l ,  2003).
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T a b le  2.4 Thermal decomposition temperatures of several ionic liquids (Huddleston 
e t  a l ,  2 0 0 1 )

Ionic liquids Temperature onset for decomposition (๐C)
[C4mim][Cl] 254
[C4mim][I] 265
[C4mim][BF4] 403
[C4mim][PF6] 349
[C4mim][Tf2N] 439
[C6mim][Cl] 253
[C6mim][PF6] 417
[C8mim][Cl] 243
[C8mim][PF6] 376
[C2mim][Cl] 285
[C2mim][I] 303
[C2mim][PF6] 375
[C2mim][BF4] 412
[C2mim][Tf2N] 455
[C2mim][CF3COO] -150
[C2mim][CF3S 0 3] -440
[C3mim][Cl] 282
[C3mim][PF6] 335
[€ 3mim][Tf2N] 452
[Ci8mim][BF4] 360

2.2.6 Surface Tension
Another application of ionic liquids as solvents is to use them in 

multiphasic homogeneous catalytic reactions, which takes place at the interface 
between the ionic liquids and the overlying organic phase. The determination of the 
surface properties of the ionic liquids is required to understand the mechanisms 
occurring at the interface between two liquids. Measurement of surface tension
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therefore plays a crucial role in knowledge of the catalytic mechanisms. Surface 
tension data for several ionic liquids have been obtained and these are shown in 
Table 2.5.

T a b le  2.5 Surface tension data (25 °C) for several ionic liquids (Huddleston et a l ,  
2 0 0 1 )

Ionic liquids Surface tension (dyn/cm)
[C4mim][I] 54.7
[C4mim][BF4] 46.6
[C4mim][PF6] 48.8
[C4mim][Tf2N] 37.5
[C6mim][Cl] 42.5
[C6mim][PF6] 43.4
[C8mim][Cl] 33.8
[C8mim][PF6] 36.5

Several experimental methods can be used to measure the surface 
tension such as du Noiiy ring (Huddleston et a l ,  2001; Law and Watson, 2001; 
Freire et  a l ,  2007; Zhang et a l ,  2007; Klomfar et  a l ,  2009), pendant drop (Jiqin et  
a l ,  2007), hanging drop (Pereiro et al., 2007), capillary rise (Ghatee and Zolghadr, 
2008), Wilhelmy plate (Klomfar et a l ,  2009), and spinning drop (Muhammad et  a l ,  
2008). Law and Watson (2001) first measured the surface tensions of various 1- 
alkyl-3-methylimidazolium ionic liquids with different anions using a ring 
tensiometer. A linear variation of surface tension with temperature can be observed 
from Figure 2.9. It can be found that the surface tension decreases with increasing 
the alkyl chain length for [Cnmim] ionic liquids containing the same anion. For 
alkylimidazolium ionic liquids with the anion [PF6~j at temperature of 363 K, the 
surface tension diminishes from a value of 42.9 mj/m 2 for [bmim] to 32.8 mJ/m2 for 
[omim] to 23.6 mJ/m2 for [Ci2mim] as the alkyl chain of the cation increases. A 
similar variation can be observed for the alkylimidazolium salts with [ B F 4  ] as well.
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For a fixed cation, ionic liquids containing the larger anion have the higher surface 
tension at the same temperature. At 336 K, the surface tension of [bmim][PF6] is 
higher than that of [bmim][BF4] and that of [omim][Br] is higher than that of 
[omim][Cl], However, It is observed from the figure that [Ci2mim][PF6], which has 
larger anion, exhibits a slightly lower surface tension than [Ci2mim][BF4], Freire et  
al. (2007) concluded that the surface tensions were dependent on the strength of the 
interactions between the anions and cations, mostly the hydrogen bonds. An increase 
in the size of the anion led to a decrease on the surface tensions in the following 
sequence of [BF4~] > [PF6“] > [CF3SO3']  > [Tf2N“].

Figure 2.9 Surface tensions (mJ/m2) of several ionic liquids as a function of 
temperature (Law and Watson, 2001).
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2.2.7 Miscibility with Water
The miscibility of ionic liquids with water depends primarily on the 

choice of anion as indicated in Figure 2.10. At room temperature, all [Cnmim][PF6] 
and [Cnmim][(CF3S0 2 )2N] ionic liquids are insoluble in water. In particular, 1-alkyl- 
3-methylimidazolium hexafluorophosphate ionic liquids are commonly regarded as a 
hydrophobic ionic liquid by many researchers in this field because it forms biphasic 
systems with water. All halide, ethanoate, nitrate, and trifluoroacetate based ionic 
liquids are fully water-soluble. However, ionic liquids based on [BF4 ] and 
[CF3SO3”] have moderate water miscibility and locate somewhere in between. In 
addition to the anion’s point of view, the water miscibility also relies on the alkyl 
chain length on the cation, which is a secondary effect. For instance, ionic liquids 
based on [BF4~] are either fully miscible with water (e.g., [C2mim][BF4] and 
[C4mim][BF4]) or form biphasic systems ([Cnmim][BF4], ท > 4) (Seddon et a l ,  
2000). In three ionic liquids: l-n-butyl-3-methylimidazolium hexafluorophosphate 
([bmim][PF6]), l-n-octyl-3-methylimidazolium hexafluorophosphate
([CgmimJfPFô]), and l-n-octyl-3-methylimidazolium tetrafluoroborate 
([C8mim][BF4]), the affinity for water was investigated to be greater for ionic liquids 
with [BF4~] anion than those with [PF6~], and the water affinity decreased with an 
increase in the alkyl chain length on the cation (Anthony et  a l ,  2001). Recently, 
mutual solubilities of 1,500 ionic liquids (50 cations, 30 anions) with water at 25 °c 
were predicted by using the conductor-like screening model for real solvents 
(COSMO-RS) as a thermodynamic model, which are very helpful for fast 
prescreening and for guiding the molecular structure design of ionic liquids. The 
strong influence of anions on water solubilities was analyzed. With regard to cations, 
short and monobranched alkyl groups were recommended for enhancing the 
miscibility of ionic liquids with water (Zhou et  a l ,  2012).
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F ig u re  2.10 Some commonly used ionic liquids and the level of water miscibility 
(Seddon e t  a i ,  2000).

2.3 U ses a n d  A p p lica tio n s

As a result of the properties mentioned above, research areas on ionic 
liquids are having a rapidly escalating growth. Ionic liquids have become potential 
candidates in many applications as illustrated in Figure 2.11. Recently, researchers 
have discovered many applications dealing with ionic liquids such as solvent 
replacement, purification of gases, homogeneous and heterogeneous catalysis, 
biological reactions media, and removal of metal ions (Thuy Pham et  a l ,  2010). 
Currently, research progress on ionic liquids shows that functionalized ionic liquids, 
supported ionic liquid membranes, polymerized ionic liquid, and the mixtures of 
ionic liquids with molecular solvents have possible prospects for CO2 capture. The 
future research on ionic liquids in this area would be concentrated on three issues. 
First, the absorption mechanism of CO2 and ionic liquids should be obviously 
understood by combining molecular simulation and experimental characteristics. 
Second, the new ionic liquid with low cost, low viscosity and high absorption 
capacity with high selectivity should be developed to reduce the energy demand for
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regeneration. Third, the transport phenomena which is very important for designing 
and operating an industrial unit, especially at low pressure and high temperature, 
should be studied (Zhao e t  a l ,  2012).

F ig u re  2.11 Applications of ionic liquids (Thuy Pham e t  a l ,  2010).

2.4 M e th o d s  fo r  M e a su rin g  G as S o lub ilities

For gas separation and storage applications, such as the removal of CO2 

from post-combustion flue gas or produced natural gas, knowing gas solubilities can 
determine the capacities and selectivities. Similarly, the gas solubility in solvents 
must be known in order to indicate the kinetics when reactions are involved. With the 
potential uses of ionic liquids in gas separations and reactions, gas solubilities have 
been extensively studied and measured. Various methods can be used to measure gas 
solubility in ionic liquids, namely, stoichiometric technique, pressure drop technique 
and gravimetric methods. Moreover, close cell (static) method, chromatography and 
several spectroscopic techniques such as Fourier transform infrared spectroscopy 
(FTIR) are able to determine gas solubility in ionic liquids. Among these techniques,
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2.4.1 Stoichiometric Technique
The concept of this method is to meter known amounts of liquid and 

gas into a high-pressure viewcell and further determine the gas solubility in that 
liquid. A simplified schematic of the stoichiometric apparatus is shown in Figure 
2.12. The major components of this apparatus are composed of a feed pump, 
temperature and pressure indicators as well as controllers, a water bath to keep 
temperature constant, a cathetometer to measure the volume of the liquid in the cell, 
an optically transparent cell and cell holder, and an agitation system. After loading 
ionic liquids, adding a known amount of gas into the cell, and leaving the system 
until thermal equilibrium is reached, the volume of gas remaining in the gas phase is 
measured, subsequently an accurate equation of state is used to determine the number 
of moles of gas remaining in the gas phase. Consequently, the amount of gas 
dissolved in the liquid can be determined by the difference between the known 
number of moles of gas introduced and the measurable number of moles of gas 
remaining.

the most widely used method to measure gas solubility is gravimetric (Brennecke et
a l ,  2008; Soriano et al., 2009b).

P r e s s u r e  g a u g e
P r e s s u r e  g a u g e

G a s  v e s s e l  w a t e r  b a t h  j;....... -T

IL
S a m p l e  ce ll

F ig u r e  2 .1 2  The schematic of the stoichiometric apparatus (Brennecke et a l ,  2008).
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In addition to the technique mentioned above, there is another 
technique for measuring gas solubility by stoichiometric. This technique involves 
loading known amounts of gas and liquid into the cell and after that increasing the 
pressure at constant temperature until all the gas dissolves in the liquid. Accordingly, 
the solubility at various different pressures and pressures can be determined by 
varying different loadings of the gas (Brennecke e t  a l ,  2008).

2.4.2 Pressure Drop Technique
This technique uses the concept of measuring the difference in 

pressure drop. A known number of moles of gas are stored in a gas vessel and a 
known amount of ionic liquids is also kept in another liquid vessel. When the valves 
open, the gas expands and dissolves in the ionic liquid as shown in Figure 2.13. 
Flaving reached equilibrium, the measurement of pressure drop will represent the 
number of moles of gas in the gas phase. The difference between the number of 
moles of gas in the gas phase and that in the liquid phase can determine the solubility 
of gas in the ionic liquid (Brennecke et a l ,  2008).

Gas in

Vacuum pump

IL in
บ

□ Equilibration vessel

F ig u r e  2 .1 3  The schematic of the pressure drop apparatus (Brennecke et a l ,  2008).
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2.4.3 Gravimetric Methods
The gravimetric method is extensively used and is well suited to 

determine gas solubilities in ionic liquids due to their unique property (negligible 
vapor pressure). The gravimetric determination of gas solubility involves feeding the 
gas through a sample bucket containing the ionic liquid and then weighing the bucket 
before and after.

Gravimetric microbalances can make the gravimetric measurements 
more accurate. Figure 2.14 presents the appearance of the Hiden Intelligent 
Gravimetric Analyzer (IGA003) and Figure 2.15 shows a schematic of the IGA003. 
The IGA is well-designed to integrate computer control and measurement of mass 
change, pressure and temperature together, leading to completely automatic and 
reproducible determination of gas sorption-desorption isotherms and isobars in 
diverse operating conditions. It can be allowed to operate at a range of temperatures 
from -196 to 1,000 °c  and at pressures ranging from ultra-high vacuum to 20 bar. 
The microbalance is, in general, composed of a sample bucket and counter weight 
designed symmetrically so as to minimize buoyancy effects. In an experiment, a 
small amount of 65-75 mg of ionic liquid samples can be used since the balance has 
a 1 pg stable resolution. The sample should be predried in-situ by evacuating the 
chamber to 10"9 bar and heating it to approximately 70-75 °c  in order to get rid of 
contaminants. Afterwards, the weight of the sample is now stabilized and the gas is 
fed into the chamber at a specified pressure as well as the set point temperature. 
While the ionic liquid is absorbing the gas, the weight is monitored as a function of 
time. The weight change is observed until equilibrium is reached. This process will 
be further iterative through a set of pressures until the maximum set pressure is 
attained.
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F ig u re  2.14 The IGA003 gravimetric analyzer (Hiden Analytical Limited, England).

C o u n te r  w e ig h t è

c  >

W a te r  ja c k e t

S a m p le  b u c k e t

G a s  In le t

F ig u re  2.15 The schematic of the intelligent gravimetric analyzer (Brennecke et  a l ,  
2008)

However, there are two major concerns in performing experiments by 
using a gravimetric microbalance. First, buoyancy effects must be taken into 
consideration even if a symmetric balance is used. Second, the CO2-IL system should 
have enough time to reach equilibrium due to the fact that the microbalance does not 
have any stirring system, depending merely on the diffusion of gas into the ionic
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liquid. If the sample is relatively viscous, it will take very long time to achieve 
equilibrium.

solubility in ionic liquids by a gravimetric method. The Rubotherm magnetic 
suspension balance (Rubotherm, Germany) works on the same principle but can be 
operated up to 500 bar. The balance which is magnetically coupled to the sorption 
chamber and not contacted by the gas allows investigation of more toxic and 
corrosive gases, such as SO2 . Another balance is a quartz crystal microbalance which 
is based on the principle of the piezoelectric effect. Figures 2.16 and 2.17 present the 
schematics of Rubotherm magnetically coupled microbalance (Rubotherm, 
Germany) and quartz crystal microbalance apparatus, respectively (Brennecke et a l ,  
2008).

Moreover, there are other apparatuses capable of determining gas

Counter weight

Sam ple cham ber  sealed trom balance

Gas inlet

F ig u r e  2 .1 6  The schematic of Rubotherm magnetically coupled microbalance
(Brennecke et a l ,  2008).
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F ig u re  2.17 The schematic of quartz crystal microbalance apparatus (Brennecke et  
a l ,  2008)

2.5 C lass ifica tio n  o f Ion ic  L iq u id s  fo r  C O 2 C a p tu re

A number of experimental studies on gas separation process using ionic 
liquids have been conducted by researchers and are available in the literature. 
Various investigations have shown that CO2 is significantly soluble in ionic liquids. 
In accordance with the structural characteristics and absorption mechanism, ionic 
liquids can be generally classified into two categories; conventional ionic liquids 
(second generation) and task-specific ionic liquids (third generation ) (Bates et a l ,  
2002). Usually, conventional ionic liquids can absorb less amount of CO2 because of 
the physical CO2-IL interactions. On the other hand, task-specific ionic liquids with 
alkaline groups can capture greater amount of CO2 than conventional ones because 
the chemical interactions or reactivities between CO2 and ionic liquids are present. 
This work will concentrate on the solubility of CO2 in conventional ionic liquids, 
which will be discussed in the next section in detail.
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2.6 C O 2 S o lub ility  in C o n v en tio n a l Ion ic  L iq u id s

The gaseous solubility in any solvent plays a crucial role in solvent selection 
for CO2 capture. Ionic liquids are, in general, physical solvents displaying the 
feasibility to be utilized for capturing CO2 . Research on solubilities of CO2 in ionic 
liquids has been burgeoning in recent years. Among the ionic liquids investigated, 
methylimidazolium-based ionic liquids are favorable species for investigation 
because of their air and water stability, their wide liquids range, the fact that they 
remain liquid at room temperature, and their relatively favorable viscosity and 
density characteristics (Huddleston and Rogers, 1998).

Blanchard et al. (1999) firstly reported that CO2 was highly soluble in 1- 
butyl-3-methylimidazolium hexafluorophosphate ([bmim][PF6]), reaching a mole 
fraction of 0.6 at 8  MPa (80 bar) as shown in Figure 2.18. Meanwhile, the solubility 
of [bmimjfPFftl in CO2 was less than 10"5 mole fraction at 13.8 MPa (138 bar) and 40 
๐c , indicating the composition of C0 2 -rich phase was essentially pure CO2 . Among 
the six ionic liquids tested, large quantities of CO2 was found to dissolve in the ionic 
liquid phase, but no appreciable amount of ionic liquid solubilized in the CO2 phase 
(Blanchard et a l ,  2001). Since an unexpectedly large solubility of CO2 in ionic 
liquids and the strongest CO2-IL interactions compared to other gases such as C2H4 , 
C2H6, CH4 , Ar, O2, CO, H2 , and N2 were observed, an interest in development to 
explore and understand the solubility of diverse gases in ionic liquids has been 
growing significantly during the past ten years (Anthony et a l ,  2002; Herzog et al.,
2009). The literature surveys for the solubility of CO2 in numerous ionic liquids are 
summarized in Table 2.6.
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F ig u re  2.18 CO2 solubility in [bmim][PF6 ] at 25 ๐c  (Blanchard et al . , 1999).

According to literature surveys, the solubility data of CO2 in imidazolium 
based ionic liquids are the most widely reported. Soriano et  al. (2009b) categorized 
research on CO2 solubility of imidazolium based ionic liquids into three groups: ( 1 ) 
low pressure (below 10 bar), (2) moderate pressure (10-70 bar), and (3) high pressure 
(above 70 bar) (Soriano et al., 2009). For low pressure research, Husson-Borg et al.
(2003) reported the solubility of C 0 2 and O2 in a commonly used l-butyl-3- 
methylimidazolium tetrafluoroborate ([bmim][BF4]) as a function of temperature 
ranging from 303.15 K to 343.15 K (30-70 °C) and at pressures ranging from 0.015 
MPa to 0.1 MPa (0.15-1.0 bar). The experimental approach was based on an 
isochoric saturation method. It was observed that CO2 was one order of magnitude 
more soluble in the ionic liquid than O2 . Kim et al. (2005) experimentally studied the 
solubility of CO2 in [bmim][PF6], [C6mim][PF6], [emim][BF4], [C6mim][BF4], 
[emim][Tf2N] and [CômimjlTf/N] at 298.15K (25 ๐C) and up to 1 MPa (10 bar). Kim 
et al. (2007) measured the solubilities of pure CO2 and propane and those of the 
mixed gases CO2 + N2 and CO2 + propane in l-hexyl-3-methylimidazolium 
bis(trifluoromethylsulfonyl)imide ([C6mim][Tf2N]), at 298.15 K (25 °C) and up to 1 
MPa (10 bar). They applied the group contribution non-random lattice fluid equation
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of state (GC-NLF EoS) to fit the experimental data and the results of both studies 
were in good agreement. Mostly, research on the CO2 solubility in ionic liquids 
containing the imidazolium cation has been extensively investigated at moderate 
pressures. Kim e t  al. (2011) measured the solubility of CO2 in l-butyl-3- 
methylimidazolium hexafluorophosphate ([C4mim][PF6]) and l-nonyl-3- 
methylimidazolium hexafluorophosphate ([C9mim][PF6]) at temperatures of 293.15 
and 298.15 K (20 and 25 ๐C) and pressure up to 4 MPa (40 bar) using a 
stoichiometric phase equilibrium apparatus. The measured data were well correlated 
using GC-NLF EoS in the low pressure region. Nevertheless, the group parameters 
of GC-NLF EoS were slightly modified for better prediction at higher pressure and 
longer alkyl chain.
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Table 2.6 Literature surveys for the solubility of CO2 in numerous ionic liquids

Ionic liquids T (°C ) p  (bar) M ethod Reference
Im idazolium  based ionic liquids

20, 25 40 stoichiometric Kim e t  a l .  (2011)
25 10 equilibrium cell Kim e t  a l .  (2005)

10, 2 5 ,5 0 , 75 20 gravimetric
microbalance

Shiflett and 
Yokozeki (2005)

30 close to atm surface tension Kilaru e t  a l .  
(2008)

10, 2 5 ,5 0 13 gravimetric
microbalance

Anthony e t  a l .  
(2005)

40, 50, 60 320 high-pressure 
view  cell Lim e t  a l .  (2009)

25 to 60 20 gravimetric
microbalance

Galân Sanchez 
(2008)

[bmim][PF6] 40, 50, 60 95
static high- 
pressure phase 
equilibrium

Blanchard e t  a l .  
(2001)

25, 40, 60 150 stoichiometric Aki e t  a l .  (2004)
24 to 55 0 to 110 high-pressure

cell
Zhang e t  a l .  
(2005)

30 1.07 to 1.20 - Camper e t  a l .  
(2004)

40 1.07 to 1.20 - Camper e t  a l .  
(2005)

10 ,25 , 50 13 gravimetric
microbalance

Anthony e t  a l .  
(2002)

10, 25, 50 13 gravimetric
microbalance

Cadena e t  a l .  
(2004)

20 to 140 100 high-pressure 
view  cell

Kumelan e t  a l .  
(2006b)

[bmmim][PF6] 10, 25, 50 13 gravimetric
microbalance

Cadena e t  a l .  
(2004)

25 10 equilibrium cell Kim e t  a l .  (2005)
[hmim][PF6] 1 0 ,2 5 ,4 0 , 60 up to 13, 13 to 

100
gravimetric
microbalance,
stoichiometric

Muldoon e t  a l .  
(2007)

[omim][PF6] 40, 50, 60 95
static high- 
pressure phase 
equilibrium

Blanchard e t  a l .  
(2001)

[C9mim][PF6] 20, 25 40 stoichiometric Kim e t  a l .  (2011)
25 10 equilibrium cell Kim e t  a l .  (2005)

[emim][BF4] 60 - pressure drop B lath e t  a l .  
(2011)
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(co n t.)

Ionic liquids T (°C ) p (bar) M ethod R eference

[bmim][BF4]

60 - pressure drop Blath e t  a l .  
(2011)

10, 2 5 ,5 0 , 75 20 gravimetric
microbalance

Shiflett and 
Yokozeki (2005)

10, 25, 50 13 gravimetric
microbalance

Anthony e t  a l .  
(2005)

40, 50, 60 320 high-pressure 
view  cell Lim e t  a l .  (2009)

25 to 60 20 gravimetric
microbalance

Galân Sanchez 
(2008)

25, 40, 60 150 stoichiometric Aki e t  a l .  (2004)
10 to 70 close to atm isochoric

saturation
Jacquemin e t  a l .  
(2006a)

40 1.07 to 1.20 - Camper e t  a l .  
(2005)

10, 2 5 ,5 0 13 gravimetric
microbalance

Cadena e t  a l .  
(2004)

30 to 70 close to atm isochoric
saturation

Flusson-Borg e t  
a l .  (2003)

32 to 52 10 to 90
high-pressure 
stainless steel 
cell

Chen e t  a l .  
(2006)

up to 100 300
high-pressure 
variable-volume 
visual cell

Revelli et a l .  
(2010)

[bmmim][BF4] 10, 2 5 ,5 0 13 gravimetric
microbalance

Cadena e t  a l .  
(2004)

[hmim][BF4]
25 10 equilibrium cell Kim e t  a l .  (2005)

32 to 52 10 to 90
high-pressure 
stainless steel 
cell

Chen e t  a l .  
(2006)

[omim][BF4]

40, 50, 60 320 high-pressure 
view  cell Lim e t  a l .  (2009)

25 to 60 20 gravimetric
microbalance

Galân Sanchez 
(2008)

40, 50, 60 95
static high- 
pressure phase 
equilibrium

Blanchard e t  a l .  
(2001)

32 to 52 10 to 90
high-pressure 
stainless steel 
cell

Chen e t  a l .  
(2006)

[hemim][BF4] 30 to 80 11 equilibrium cell Shokouhi e t  a l .  
(2009)
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(co n t.)

Ionic liquids T (°C ) p  (bar) M ethod R eference
25 10 equilibrium cell Kim e t  a l .  (2005)
60 - pressure drop B lath e t  a l .  

(2011)
30 close to atm surface tension Kilaru e t  a l .  

(2008)
30 to 70 close to atm isochoric

saturation
Hong e t  a l .  
(2007)

37 to 177 0 to 150 Cailletet set-up Schilderman e t  
a l .  (2007)

[emim][Tf2N] 25 to 60 20 gravimetric
microbalance

Galân Sanchez 
(2008)

10 to 70 close to atm isochoric
saturation

Jacquemin e t  a l .  
(2007)

30 1.07 to 1.20 - Camper e t  a l .  
(2004)

40 1.07 to 1.20 - Camper e t  a l .  
(2005)

10 ,25 , 50 13 gravimetric
microbalance

Cadena e t  a l .  
(2004)

[emmim][Tf2N] 1 0 ,2 5 ,5 0 13 gravimetric
microbalance

Cadena e t  a l .  
(2004)

10,25, 50 13 gravimetric
microbalance

Anthony e t  a l .  
(2005)

10 to 70 close to atm isochoric
saturation

Jacquemin e t  a l .  
(2007)

[bmim][Tf2N] 40, 50 80 to 220 isochoric
saturation

Manie e t  a l .  
(2012)

2 5 ,4 0 , 60 150 stoichiometric Aki e t  a l .  (2004)

1 0 ,2 5 ,4 0 , 60 up to 13, 13 to 
100

gravimetric
microbalance,
stoichiometric

Muldoon e t  a l .  
(2007)

25 10 equilibrium cell Kim e t  a l .  (2005)
60 - pressure drop Blath e t  a l .  

(2011)

lhm im ]lTf2Nl 9, 24, 50, 75 20 gravimetric
microbalance

Shiflett and 
Yokozeki (2007)

25, 40, 60 150 stoichiometric Aki e t  a l .  (2004)

10, 2 5 ,4 0 , 60 up to 13, 13 to 
100

gravimetric
microbalance,
stoichiometric

Muldoon e t  a l .  
(2007)
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(co n t.)
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[hmmim][Tf2N]
25, 40, 60 150 stoichiometric Aki e t  a l .  (2004)

10, 2 5 ,4 0 , 60 up to 13, 13 to 
100

gravimetric
microbalance,
stoichiometric

Muldoon e t  a l .  
(2007)

[omim][Tf2N] 25, 40, 60 150 stoichiometric Aki e t  a l .  (2004)
[Ci0mim][Tf2N] 40, 50 80 to 220 isochoric

saturation
Manic e t  a l .  
(2012)

[emim][TfO]

60 - pressure drop B lath e t  a l .  
(2011)

30 close to atm surface tension Kilaru e t  a l .  
(2008)

30 to 70 59 thermogravimetric
microbalance

Soriano e t  a l .  
(2009a)

30.7 to 71.4 400 volume cell Shin and Lee 
(2008)

30 1.07 to 1.20 - Camper e t  a l .  
(2004)

40 1.07 to 1.20 - Camper e t  a l .  
(2005)

[bmim][TfO]
30 to 70 65 thermogravimetric

microbalance
Soriano et a l .  
(2009b)

30.7 to 71.4 400 volume cell Shin and Lee 
(2008)

2 5 ,4 0 , 60 150 stoichiometric Aki e t  a l .  (2004)
[hmim][TfO] 30.7 to 71.4 400 volume cell Shin and Lee 

(2008)
[omim][TfO] 30.7 to 71.4 400 volume cell Shin and Lee 

(2008)
[desmim][TfO] 30 close to atm surface tension Kilaru e t  a l .  

(2008)

[em im ][EtS04]

30 to 70 65 thermogravimetric
microbalance

Soriano e t  a l .  
(2009b)

10 to 70 close to atm isochoric
saturation

Jacquemin e t  a l .  
(2008)

40, 50, 60 95
static high- 
pressure phase 
equilibrium

Blanchard e t  a l .  
(2001)

[emim][DCA]

30 to 70 65 thermogravimetric
microbalance

Soriano e t  a l .  
(2009b)

30 1.07 to 1.20 - Camper e t  a l .  
(2004)

40 1.07 to 1.20 - Camper e t  a l .  
(2005)
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(co n t.)
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[bmim][DCA] 25 to 60 20 gravimetric
microbalance

Galân Sanchez 
(2008)

2 5 ,4 0 , 60 150 stoichiometric Aki e t  a l .  (2004)
[bmim][B(CN)4] 60 - pressure drop B lath e t  a l .  

(2011)

[hmim][eFAP]

60 - pressure drop B lath e t  a l .  
(2011)

1 0 ,2 5 ,4 0 , 60 up to 13, 13 to 
100

gravimetric
microbalance,
stoichiometric

Muldoon e t  a l .  
(2007)

10, 2 5 ,5 0 18 gravimetric
microbalance

Zhang e t  a l .  
(2008)

[hmim][pFAP] 10, 25, 40, 60 up to 13, 13 to 
100

gravimetric
microbalance,
stoichiometric

Muldoon e t  a l .  
(2007)

[C5mim][bFAP] 10, 2 5 ,4 0 , 60 up to 13, 13 to 
100

gravimetric
microbalance,
stoichiometric

Muldoon e t  a l .  
(2007)

[bmim][SCN]
25 to 60 20 gravimetric

microbalance
Galân Sanchez 
(2008)

up to 100 300
high-pressure 
variable-volume 
visual cell

Revel li e t  a l .  
(2010)

[bm im ][M eS04]
25 to 60 20 gravimetric

microbalance
Galân Sânchez 
(2008)

20 to 140 100 high-pressure 
view  cell

Kumetan e t  a l .  
(2006b)

[bmim][C8S 0 4] 10 to 70 close to atm isochoric
saturation

Jacquemin e t  a l .  
(2008)

[dmim][Me2P 0 4]
40 to 60 close to atm isochoric

saturation
Palgunadi e t  a l .  
(2009)

up to 100 300
high-pressure 
variable-volume 
visual cell

Revel li e t  a l .  
(2010)

[emim][Et2P 0 4] 40 to 60 close to atm isochoric
saturation

Palgunadi e t  a l .  
(2009)

[bmim][Bu2P 0 4] 40 to 60 close to atm isochoric
saturation

Palgunadi e t  a l .  
(2009)

[bm im ][N 03] 40, 50, 60 95
static high- 
pressure phase 
equilibrium

Blanchard e t  a l .  
(2001)

25, 40, 60 150 stoichiometric Aki e t  a l .  (2004)
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[emim][Ac] 25, 50, 75 20 gravimetric
microbalance

Shiflett and 
Yokozeki (2009)

[bmim][Ac]
10, 2 5 ,5 0 , 75 20 gravimetric

microbalance
Shiflett e t  a l .  
(2008)

1 0 ,2 5 ,4 0 , 60 up to 13, 13 to 
100

gravimetric
microbalance,
stoichiometric

Muldoon e t  a l .  
(2007)

[emim][TfAc] 25, 50, 75 20 gravimetric
microbalance

Shiflett and 
Yokozeki (2009)

[bmim][methide]
25, 40, 60 150 stoichiometric Aki e t  a l .  (2004)

10, 2 5 ,4 0 , 60 up to 13, 13 to 
100

gravimetric
microbalance,
stoichiometric

Muldoon e t  a l .  
(2007)

[bmim][C7F15C 0 2] 1 0 ,2 5 ,4 0 , 60 up to 13, 13 to 
100

gravimetric
microbalance,
stoichiometric

Muldoon e t  a l .  
(2007)

[C6H4F9mim][Tf2N] 10, 25, 40, 60 up to 13, 13 to 
100

gravimetric
microbalance,
stoichiometric

Muldoon e t  a l .  
(2007)

[C8H4FI3mim][Tf2N] 10, 2 5 ,4 0 , 60 up to 13, 13 to 
100

gravimetric
microbalance,
stoichiometric

Muldoon e t  a l .  
(2007)

[hmim][SAC] 10, 2 5 ,4 0 , 60 up to 13, 13 to 
100

gravimetric
microbalance,
stoichiometric

Muldoon e t  a l .  
(2007)

[hmim][ACE] 10, 2 5 ,4 0 , 60 up to 13, 13 to 
100

gravimetric
microbalance,
stoichiometric

Muldoon e t  a l .  
(2007)

[Et3N BH 2mim][Tf2N] 1 0 ,2 5 ,4 0 , 60 up to 13, 13 to 
100

gravimetric
microbalance,
stoichiometric

Muldoon e t  a l .  
(2007)

[(ETO)2im][Tf2N] up to 100 300
high-pressure 
variable-volume 
visual cell

R evelli e t  a l .  
(2010)

Pyridinium  based ionic liquids
[M eBuPy][BF4] 25 to 60 20 gravimetric

microbalance
Galân Sanchez 
(2008)

[N-bupy][BF4] 40, 50, 60 95
static high- 
pressure phase 
equilibrium

Blanchard e t  a l .  
(2001)
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[C4py][Tf2N] 25, 40, 60 0.25 to 10
magnetic
suspension
balance

Yunus e t  a l .  
(2012)

Pyrrol id l[Tf2Nl 60 - pressure drop B lath e t  a l .  
(2011)

[hmpy][Tf2N] 10, 2 5 ,4 0 , 60 up to 13, 13 to 
100

gravimetric
microbalance,
stoichiometric

Muldoon e t  a l .  
(2007)

[H-pyrid][Tf2N] 60 - pressure drop B lath e t  a l .  
(2011)

[C8py][Tf2N] 25, 40, 60 0.25 to 10
magnetic
suspension
balance

Yunus e t  a l .  
(2012)

[C10py][Tf2N] 25, 40, 60 0.25 to 10
magnetic
suspension
balance

Yunus e t  a l .  
(2012)

[C12py][Tf2N] 25, 40, 60 0.25 to 10
magnetic
suspension
balance

Y unus e t  a l .  
(2012)

[C4py][TfAc] 25, 40, 60 0.25 to 10
magnetic
suspension
balance

Yunus e t  a l .  
(2012)

[C4py][DCA] 25, 40, 60 0.25 to 10
magnetic
suspension
balance

Yunus e t  a l .  
(2012)

[M eBuPy][DCA] 25 to 60 20 gravimetric
microbalance

Galân Sanchez 
(2008)

[M eBuPy][SCN] 25 to 60 20 gravimetric
microbalance

Galân Sanchez 
(2008)

[M eB uPy][M eS04] 25 to 60 20 gravimetric
microbalance

Galân Sânchez 
(2008)

Phosphonium  based ionic liquids

[P(14)66ô][Cl]

30 - lag-time Ferguson and 
Scovazzo (2007)

30 close to atm surface tension Kilaru e t  a l .  
(2008)

20 to 90 1 to 720 high pressure 
equilibrium cell

Carvalho e t  a l .  
(2010)

40, 50 80 to 220 isochoric
saturation

Manie e t  a l .  
(2012)

30 1.07 to 1.20 - Camper e t  a l .  
(2004)
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[P( 14)666] [DCA]
30 - lag-time Ferguson and 

Scovazzo(2007)
30 close to atm surface tension Kilaru e t  a l .  

(2008)

[P(14)666][Tf2N]

30 - lag-time Ferguson and 
Scovazzo (2007)

30 close to atm surface tension Kilaru e t  a l .  
(2008)

20 to 90 1 to 720 high pressure 
equilibrium cell

Carvalho e t  a l .  
(2010)

40, 50 80 to 220 isochoric
saturation

Manic e t  a l .  
(2012)

[P2444] [DEP]
30 - lag-time Ferguson and 

Scovazzo (2007)
30 close to atm surface tension Kilaru e t  a l .  

(2008)
[P( 14)444] [DBS] 30 - lag-time Ferguson and 

Scovazzo(2007)
[P( 14)666] [PAP] 60 - pressure drop Blath e t  a l .  

(2011)
A m m onium  based ionic liquids
[N(4)„3][Tf2N] 30 close to atm surface tension Kilaru e t  a l .  

(2008)
[N(6)„3][Tf2N] 30 close to atm surface tension Kilaru e t  a l .  

(2008)
[N(,0,ii3][Tf2N] 30 close to atm surface tension Kilaru e t  a l .  

(2008)

[N „,888][Tf2N]
30 close to atm surface tension Kilaru e t  a l .  

(2008)
40, 50 80 to 220 isochoric

saturation
Manie e t  a l .  
(2012)

[N(4),„][Tf2N]

30 close to atm surface tension Kilaru e t  a l .  
(2008)

10 to 70 close to atm isochoric
saturation

Jacquemin e t  a l .  
(2007)

40, 50 80 to 220 isochoric
saturation

Manie e t  a l .  
(2012)

10, 25, 40, 60 up to 13, 13 to 
100

gravimetric
microbalance,
stoichiometric

Muldoon e t  a l .  
(2007)

[N(6), 11] [Tf2N] 30 close to atm surface tension Kilaru e t  a l .  
(2008)
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[N(10)m ][T f2N] 30 close to atm surface tension Kilaru e t  a l .  
(2008)

[N(6)222][Tf2N] 30 close to atm surface tension Kilaru e t  a l .  
(2008)

[M eBu3N ][Tf2N] 25 13 gravimetric
microbalance

Anthony e t  a l .  
(2005)

[N4444][doc] 1 0 ,2 5 ,4 0 , 60 up to 13, 13 to 
100

gravimetric
microbalance,
stoichiometric

Muldoon e t  a l .  
(2007)

m-2-HEAA 20 to 80 800 high pressure 
equilibrium cell

Mattedi e t  a l .  
(2011)

m-2-HEAF 20 to 80 800 high pressure 
equilibrium cell

Mattedi e t  a l .  
(2011)

HEF 30 to 50 0 to 110 high-pressure
cell

Yuan e t  a l .  
(2007)

HEA
30 to 50 0 to 110 high-pressure

cell
Y uan e t  a l .  
(2007)

2 5 ,4 0 ,5 5 1 to 16 pressure drop Kumia e t  a l .  
(2009)

HEL
30 to 50 0 to 110 high-pressure

cell
Y uan e t  a l .  
(2007)

2 5 ,4 0 ,5 5 1 to 16 pressure drop Kumia e t  a l .  
(2009)

THEAA 30 to 50 0 to 110 high-pressure
cell

Yuan e t  a l .  
(2007)

THEAL 30 to 50 Oto n o high-pressure
cell

Yuan e t  a l .  
(2007)

HEAF 30 to 50 0 to 110 high-pressure
cell

Yuan e t  a l .  
(2007)

HEAA 30 to 50 Oto 110 high-pressure
cell

Y uan e t  a l .  
(2007)

HEAL 30 to 50 Oto n o high-pressure
cell

Yuan e t  a l .  
(2007)

BHEAA 2 5 ,4 0 , 55 1 to 16 pressure drop Kumia e t  a l .  
(2009)

BHEAL 2 5 ,4 0 , 55 1 to 16 pressure drop Kumia e t  a l .  
(2009)

HHEMEA 25, 40, 55 1 to 16 pressure drop Kumia e t  a l .  
(2009)

HHEMEL 25, 40, 55 1 to 16 pressure drop Kumia e t  a l .  
(2009)
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[choline][Tf2N] 1 0 ,2 5 ,4 0 , 60 up to 13, 13 to 
100

gravimetric
microbalance,
stoichiometric

Muldoon e t  a l .  
(2007)

Sulfonium  based ionic liquids
[ร222] [Tf2N] 60 - pressure drop Blath e t  a l .  

(2011)
Piperidinium  based ionic liquids

piperid][Tf2N] 60 - pressure drop Blath e t  a l .  
(2011)

Pyrrolidinium  based ionic liquids
[MeBuPyrr] [T f2N] 10,25 13 gravimetric

microbalance
Anthony e t  a l .  
(2005)

[MeBuPyrr] [DCA] 25 to 60 20 gravimetric
microbalance

Galân Sanchez 
(2008)

[MeBuPyrr] [SCN] 25 to 60 20 gravimetric
microbalance

Galân Sanchez 
(2008)

[MeBuPyrr] [TfAc] 25 to 60 20 gravimetric
microbalance

Galân Sânchez 
(2008)

[C1C4pyrr][Tf2N]
30 to 70 close to atm isochoric

saturation
Hong e t  a l .  
(2007)

40, 50 80 to 220 isochoric
saturation

Manie e t  a l .  
(2012)

[bmpyrr][eFAP] 10, 2 5 ,5 0 18 gravimetric
microbalance

Zhang e t  a l .  
(2008)

G uanidium  based ionic liquids
TMGL 24 to 55 0 to 110 high-pressure

cell
Zhang e t  a l .  
(2005)
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Among the gas solubility measurement methods mentioned before, 
gravimetric is the most widely used and more accurate method (Soriano et al, 
2009b). Soriano et al. (2009b) reported the solubility data for CO2 in three ionic 
liquids namely: 1 -butyl-3-methylimidazolium trifluoromethanesulfonate
([bmim][triflate]), l-ethyl-3-methylimidazolium ethylsulfate ([emim][EtS0 4 ]), and 
1-ethyl-3-methylimidazolium dicyanamide ([emim][C2N3]) for temperature ranging 
from 303.2 K to 343.2 K (30-70 °C) and pressure up to 6.5 MPa (65 bar) by using 
thermogravimetric microbalance. Among the ionic liquids studied, [bmim][triflate] 
was observed to have the highest CO2 solubility. Galân Sanchez (2008) 
experimentally measured the solubility of CO2, CH4, C2H4 and C2H6 into different 
cations (imidazolium, pyridinium and pyrrolinium) and anions (tetrafluoroborate 
([BF4”]), hexafluorophosphate ([PF6-]), dicyanamide ([DCA”]), thiocyanate 
([SCN~]), methylsulfate ([MeSCL”]), bis(trifluoromethylsulfonyl)imide ([Tf2N ]) and 
trifluoroacetate ([TFA-])) using a static method with a gravimetric balance IGA-003 
at pressures lower than 20 bar and at temperatures between 298 K and 333 K (25-60 
°C). It was shown that CO2 exhibited the highest gas solubility combined with a 
good selectivity of all studied gases. During the past seven years, Shiflett et al. has 
performed CO2 absorption measurements in many potential ionic liquids with a 
gravimetric microbalance IGA-003 under 2 MPa (20 bar) and correlated the 
experimental CO2 solubility data using a simple cubic equation of state (EoS). First, 
the CO2 solubility in 1 -butyl-3-methylimidazolium hexafluorophosphate 
([bmim][PFé]), and l-butyl-3-methylimidazolium tetrafluoroborate ([bmim][BF4]) 
were measured at temperatures of 283.15, 298.15, 323.15, and 348.15 K (10, 25, 50 
and 75 ๐C) (Shiflett and Yokozeki, 2005). Later, Shiflett and Yokozeki (2007) 
determined the CO2 solubility in l-hexyl-3-methyl imidazolium 
bis(trifluoromethylsulfonyl)imide ([hmimJfTfiN]) at temperatures of about 282, 297, 
323, and 348 K (9, 24, 50 and 75 °C). As reviewed, the gas solubility, especially 
CO2, in conventional ionic liquids containing the imidazolium cation have mostly 
been found in many articles so far. In terms of CO2 absorption, conventional ionic 
liquids can absorb and separate CO2 effectively to a certain extent due to physical 
absorption mechanism. The CO2 absorption of these conventional salts, which is far
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below that of traditional alkanolamine solutions, is an important drawback even in 
the fluorinated salts (Zhao et al, 2012). After the high solubility of CO2 in l-butyl-3- 
methylimidazolium acetate ([bmim][Ac]) was known, Shiflett et al. (2008) examined 
the CO2 solubility in [bmim][Ac] at four isotherms of 283, 298, 323, and 348 K (10, 
25, 50 and 75 ๐C). They obviously found an extremely unusual behavior that 
[bmim][Ac] could strongly chemically absorb C 02 at high concentrations up to about 
20 mole % of CO2 with almost no vapor pressure above the mixtures. The result 
suggested that CO2 evidently formed a reversible non-volatile molecular complex 
with [bmim][Ac]. After that, 1-ethyl-3-methylimidazolium acetate ([emim][Ac]), 1- 
ethyl-3-methylimidazolium trifluoroacetate ([emim][TFA]), and a mixture containing 
a fixed mole ratio of 49.98 [emim][Ac]/50.02 [emim][TFA] at three temperatures of
298.1, 323.1, and 348.1 K (25, 50 and 75 °C) were investigated. They reported that 
[emim][Ac] also exhibited strong chemical CO2 absorption, which had the phase 
behavior similar to [bmim][Ac], However, [emim][TFA] did not show the same 
behavior and physically absorbed CO2 due to the replacement of the acetate anion 
methyl group (CH3~COO~) with a fluorinated methyl group (CF3~COO~), resulting in 
the significant reduction of high CO2 solubility. Further explanation was that the 
electron density could be withdrawn by the CF3 group, decreasing the Lewis basicity 
of the anion and consequently reducing the chemical complex formation and CO2 

solubility (Shiflett and Yokozeki, 2009). Recently, vapor-liquid equilibria of CO2 in 
1 -ethyl-3-ethylimidazolium acetate ([eeim][Ac]) was examined at four temperatures 
of 283, 298, 323, and 348 K (10, 25, 50 and 75 °C). The result indicated the 
formation of a molecular complex with [eeim][Ac], which was similar to 
[bmim][Ac] and [emim][Ac], and identified the structure of the molecular complex 
of C 02 and [eeim][Ac] to be [eeim]-2-carboxylate (Shiflett et a l, 2012). Besides the 
research of Shiflett et al. on chemically-absorbing ionic liquids, Maginn (2005b) 
reported the solubility of CO2 in 1 -butyl-3-methylimidazolium acetate 
([bmim][acetate]) in terms of Henry’s law constant at temperatures of 25 and 60 °c. 
The acetate anion showed very low Henry’s law constant due to chemical complex. 
NMR results indicated that the acetate anion extracted a proton from the C2 position 
of the imidazolium ring to form acetic acid as proposed in Figure 2.19.
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F ig u re  2 .1 9  Proposed mechanism for enhanced CO2 solubility in imidazolium 
acetate (Maginn, 2005b).

Apart from the commonly used imidazolium cations, ionic liquids with 
hydroxylammonium cations have been gaining interest by many researchers as well. 
Yuan et al. (2007) determined the solubility of CO2 in eight hydroxylammonium 
ionic liquids, namely, 2-hydroxyethylammonium formate (HEF), 2-
hydroxyethylammonium acetate (FIEA), 2-hydroxy ethylammonium lactate (HEL), 
tri-(2-hydroxy ethyl)-ammonium acetate (THEAA), tri-(2-hydroxy ethyl)-ammonium 
lactate (THEAL), 2-(2-hydroxy ethoxy)-ammonium formate (HEAF), 2-(2-hydroxy 
ethoxy)-ammonium acetate (HEAA) and 2-(2-hydroxy ethoxy)-ammonium lactate 
(HEAL) at the temperatures ranging from 303 to 323K (30-50 °C) and the pressures 
ranging from 0 to 11 MPa (0-110 bar). The comparison presented that the solubility 
of CO2 in these hydroxyl ammonium ionic liquids was in this sequence: THEAL > 
HEAA > HEA > HEF > HEAL > THEAA ~ HEL > HEAF. Kurnia et al. (2009) 
reported CO2 solubility in six hydroxyl ammonium ionic liquids, 2- 
hydroxyethanaminium acetate (hea), bis(2-hydroxyethyl)ammonium acetate (bheaa), 
2-hydroxy-N-(2-hydroxyethyl)-N-methylethanaminium acetate (hhemea), 2-
hydroxyethanaminium lactate (hel), bis(2-hydroxyethyl)ammonium lactate (bheal), 
2-hydroxy-N-(2-hydroxyethyl)-N-methylethanaminium lactate (hhemel) at
temperatures of 298.15, 313.15, and 328.16 K (25, 40 and 55 °C) and pressures
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ranging from 100 to 1600 kPa (1-16 bar) using pressure drop method. The CO2 

solubility was arranged in the following order: [hea] > [bheaa] > [hel] > [bheal] > 
[hhemel] > [hhemea]. The enthalpy and entropy of CO2 absorption were also 
investigated and both results exhibited negative values, indicating stronger CO2 

interaction and higher ordering degree of CO2 dissolution, respectively. Recently, 
Mattedi et al. (2011) studied on the high pressure solubility in N-methyl-2- 
hydroxyethylammonium formate (m-2-HEAF) and N-methyl-2-hydroxyethyl 
ammonium acetate (m-2-HEAA) at temperatures from 293 to 353 K (20-80 °C) and 
pressures up to 80 MPa (800 bar) using a high pressure equilibrium cell. It also could 
be concluded that ionic liquids comprising the formate presented no specific 
interaction towards CO2, whereas those comprising the acetate exhibited the 
chemical CO2-IL interaction at low CO2 mole fractions. Aparicio et al. (2011) 
reported a computational study using quantum chemistry and molecular dynamics 
methods to analyze CO2 absorption in two hydroxylammonium ionic liquids, 2- 
hydroxyethyl-trimethylammonium L-(+)-lactate ([HE3MAJLAC) and tris(2- 
hydroxyethyl)methylammonium methylsulfate ([3HEMAJMS). The COSMO-RS 
method was used as a thermodynamic model to predict Henry’s law constant as a 
function of temperature. The predicted Henry’s law constant at 298.15 K (25 ๐C) are
7.5 and 16.2 MPa (75 and 162 bar) for [HE3MAJLAC and [3HEMAJMS, 
respectively, indicating higher CO2 solubility in [HE3MAJLAC than in 
[3HEMA]MS. Even though the hydroxylammonium-based ionic liquids exhibit 
moderate CO2 absorption ability due to the presence of hydroxyl groups in the 
cation, they show more favorably economical and environmental properties than 
other types of ionic liquids.

2.6.1 Effect of Pressure and Temperature on CO? Solubility
It has been established that the solubility of CO2 increases with an 

increase in pressure and decreases with an increase in temperature (Zhang et al,
2011). These could be confirmed by the C 02 solubility data of Anthony et al. (2002) 
in [bmim][PF6] at three temperatures of 283.15, 298.15, and 273.15 K (10, 25 and 50 
°C) and pressures up to 13 bar. As observed in Figure 2.20, the solubility decreased



4 9

with an increase in temperature and these curves exhibited a nonlinear trend as the 
CO2 pressure was increased. The curves started to flatten out, suggesting that the 
ionic liquid was beginning to reach its maximum capacity for CO2.
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F ig u re  2 .2 0  CO2 solubility in [bmim][PF6] at 283.15, 298.15, and 273.15 K (10, 25 
and 50 °C) (Anthony et a l, 2002).

The effect of temperature and pressure could also be noticed from the 
determination of CO2 solubility by Yunus et al. (2012). They examined the solubility 
of CO2 in six pyridinium-based ionic liquids, namely, 1-butylpyridinium, 
bis(trifluoro -methylsulfonyl)imide ([C4py][Tf2N]), 1-octylpyridinium
bis(trifluoromethyl sulfonyl) imide ([Cgpy][Tf2N]), 1-decylpyridinium, bis(trifluoro- 
methylsulfonyl)imide ([Ciopy][Tf2N]), 1-dodecylpyridinium, bis(trifluoro- 
methylsulfonyl)imide ([Ci2py][Tf2N]), 1-butylpyridinium trifluoroacetate 
([C4py][TfAc]), and 1-butylpyridinium dicyanamide ([C4py][Dca]) at temperatures 
of 298.15 K, 313.15 K and 333.15 K (25, 40 and 60 ๐C) and in the pressure range 
from 0.25 to 10 bar by using a magnetic suspension balance (MSB). Figure 2.21 
shows that the CO2 solubility linearly increased as pressure increased at low 
pressures up to 10 bar but exhibited a nonlinear trend at higher pressures. As 
expected for the effect of temperature, the CO2 absorption in ionic liquids decreased 
with an increase in temperature as depicted in Figure 2.22.
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F ig u re  2.21 The CO2 solubility as a function of pressure up to 28.98 bar in ■  
[C4py][Tf2N], and x[C|2py][Tf2N] at 298.15 K (Yunus et a i, 2012).

P ressu re(b ar)

F ig u re  2 .22  The C 02 solubility in [C4py][Tf2N] at: ■  298.15 K (25 °C), A 313.15 K 
(40 °C) and X  333.15 K (60 °C) (Yunus et ai, 2012).
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2 .6 .2  E ffect o f  Structural Variation on CO? S olu b ility
2 . 6 . 2 . 1  A n i o n  E f f e c t

M aginn (2 0 0 4 ) syn th esized  and acquired nine ion ic  liquids 
including l-n -b u ty l-3 -m eth y lim id azo liu m  acetate, l-n -b u ty l-3 -m eth y lim id azo liu m  
trifluoroacetate, 1 -n -h exy l-3 -m eth y lim id azo liu m  b is[(tr iflu orom eth y l)su lfon y l]im id e, 
l-n -h ex y l-3 -m eth y lim id a zo liu m  tris(pentafluoroethyl)trifluorophosphate, 1-butyl-3 - 
m ethyl im id azoliu m  2 -(2 -m eth oxyeth oxy)eth y lsu lfa te , T etrabutylam m onium  bis(2- 
eth y lh exy l) su lfosu ccin ate , 1 -m eth y l-3 -(n on aflu oroh exy l)-im id azo liu m
b is[(tr iflu orom eth y l)su lfon y l]im id e, l-m eth y l-3 -tetread ecy lflu oroocty lim id azo liu m  
b is[(tr iflu orom eth y l)su lfon y l]im id e, and 1 -n -b u ty l-3-m eth ylim id azoliu m  
perfluoroctonate. The so lu b ilities o f  C O 2, N 2, O 2, N O , N O 2, N 2O and SO 2 were  
m easured b etw een  2 8 3 .1 5  and 3 43 .15  K (10  and 70 °C ) using  a gravim etric  
m icrobalance. The sim ulation  result cou ld  exp la in  that the 
b is[(tr iflu orom eth y l)su lfon y l]im id e (T f2N~) presented higher C O 2 so lu b ility  than 
sm all an ions such as the tetrafluoroborate (B F 4~). C adena e t  a l .  (2 0 0 4 ) conducted the 
experim ental and m olecu lar m od elin g  studies for the so lu b ility  o f  C O 2 in six  
different im idazolium -based  ionic liquids, l-b u ty l-3 -m eth y lim id azo liu m
hexafluorophosphate ([b m im ][P F 6]), 1-b u ty l-2 ,3 - d im ethylim idazolium
hexafluorophosp hate ([bm m im ][P F 6]), l-b u ty l-3 -m eth y lim id azo liu m
tetrafluoroborate ([b m im ][B F 4]), 1-b u ty l-2 ,3 -d im eth y lim id azo liu m  tetrafluoroborate 
([b m m im ][B F 4]), l-eth y l-3 -m eth y lim id azo liu m  b is(tr iflu orom eth ylsu lfon yl)im id e  
([em im ][T f2N ]) and 1 -eth y l-2 ,3 -d im eth y lim id azo liu m  b is(trifluorom ethylsu lfonyl)- 
im ide ([em m im ][T f2N ]). The C O 2 absorption isotherm s w ere reported at 
tem peratures o f  2 8 3 .1 5 , 2 9 8 .1 5 , and 27 3 .1 5  K (10 , 25 and 50 °C ) and pressures up to 
approxim ately 13 bar. T hey concluded  that the anion had the greatest im pact on the 
so lu b ility  o f  C O 2 and the cation played a secondary role. M oreover, it w as  
experim enta lly  observed  that the b is(tr iflu orom eth ylsu lfon yl)im id e anion ([T fîN  ]) 
had the h ighest affin ity  for C O 2, w hereas the tetrafluoroborate an ion  ([B F 4- ]) or 
hexafluorophosphate anion ([PFô ]) had little d ifference in C O 2 so lub ility . Later, 
Galân Sanchez (2 0 0 8 ) studied that the anion had a profound im pact on C O 2 so lubility  
in ion ic liquids due to the strength o f  the interaction b etw een  C O 2 and anions. It 
could  be sum m arized that the anion m od ification s that enhance C O 2 so lubility
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(d e c r e a s e  H e n r y ’s la w  c o n s ta n t)  in c lu d e d  th e  p r e s e n c e  o f  f lu o r in e - c o n ta in in g  a n io n s , 
lo n g e r  a lk y l  c h a in  le n g th , a n d  th e  p r e s e n c e  o f  e th e r  g r o u p  ( S u m o n  a n d  H e n n i ,  2 0 1 1 ) . 
M a g in n  (2 0 0 5 b )  d e te r m in e d  th e  s o lu b i l i ty  o f  C O 2 in  1 - p r o p y l - 3 - m e th y l im id a z o l iu m  
t r i s ( h e p ta f lu o r o p r o p y l ) t r i f lu o r o p h p o s p h a te  ( [ p m im ] [ b F A P ] )  a t  te m p e r a tu r e s  o f
2 9 8 .1 5  a n d  3 3 3 .1 5  K  (2 5  a n d  6 0  °C )  a n d  r e p o r te d  v e r y  h ig h  C O 2 s o lu b i l i ty  (v e ry  lo w  
H e n r y ’s la w  c o n s ta n t)  in  th e  h ig h ly  f lu o r in a te d  “ F A P ”  a n io n s  a m o n g  p h y s ic a l  
a b s o rb e n ts .  B la th  e t al. ( 2 0 1 1 )  s e le c te d  io n ic  l iq u id s  w i th  d i f f e r e n t  k in d s  o f  c a t io n s  
a n d  a n io n s . T h e  r e s u l t  s h o w e d  th a t  H e n r y ’s la w  c o n s ta n ts  fo r  d i f f e r e n t  a n io n s  c o u ld  
b e  a r r a n g e d  b y  th e  f o l lo w in g  o rd e r :  [ F A P - ] <  [T f2N  ] »  [ B ( C N ) 4 ] <  [C F 3S O 3 ] <  
[B F 4~], m e a n in g  th a t  m o r e  C O 2 s o lu b i l i ty  in  io n ic  l iq u id s  c o n ta in in g  [F A P  ] c o u ld  b e  
o b s e r v e d  a s  p r e s e n te d  in  F ig u r e  2 .2 3 . S is t l a  e t al. ( 2 0 1 2 )  e m p lo y e d  H i ld e b r a n d  
s o lu b i l i ty  p a r a m e te r  (ร )  to  s c re e n  io n ic  l iq u id s  b y  m o le c u la r  d y n a m ic  s im u la t io n s  a n d  
th e y  f o u n d  th a t  a n  in c re a s e  in  th e  a n io n  f lu o r in a t io n  d e c r e a s e d  th e  6  v a lu e  in  th e  
f o l lo w in g  o rd e r :  [C F 3C O O ”] >  [T f 2N ]  >  [ m F A P 'l  >  [e F A P ~ ] >  [ p F A P ”] >  [ b F A P ”]. 
T h a t  m e a n s  th e  8  v a lu e  o f  th e  [ b F A P ”] a n io n  w a s  c lo s e r  to  th a t  o f  C O 2 , 
d e m o n s t r a t in g  h ig h  C O 2 s o lu b i l i ty  in  [ b F A P ”] a n io n - b a s e d  io n ic  l iq u id s .  B a s e d  o n  
th e  e f f e c t  o f  a n io n , it  c o u ld  b e  c o n c lu d e d  th a t  th e  s o lu b i l i ty  in  th e  io n ic  l iq u id s  w ith  
f lu o r in a te d  a n io n s  is  h ig h e r  th a n  th e  n o n - f lu o r in a te d  a n io n  o n e s .

1 / 5

Figure 2.23 H e n r y ’s la w  c o n s ta n ts  fo r  C O 2 in  v a r io u s  io n ic  l iq u id s  a t  3 3 3 .1 5  K  (6 0  
°C )  ( B la th  e t a l ,  2 0 1 1 ) .
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2 .6 .2 .2  C a tio n  E ffec t
O n  th e  o th e r  h a n d , t r e n d s  to  e n h a n c e  C O 2 s o lu b i l i ty  ( d e c re a s e  

H e n r y ’s la w  c o n s ta n t)  d u e  to  s t ru c tu ra l  v a r ia t io n s  r e le v a n t  to  th e  c a t io n  c o n s is t  o f  an  
in c re a s e  in  th e  a lk y l  c h a in  le n g th  o f  c a t io n ,  th e  a lk y la t io n  o f  a m m o n iu m  a n d  
p h o s p h o n iu m  c a t io n , th e  c h a n g e  in  c a t io n  f a m i ly , a n d  th e  s u b s t i tu t io n  o f  m e th y l 
g ro u p  in  C 2 p o s i t i o n  ( S u m o n  a n d  H e n n i ,  2 0 1 1 ) . T h e  e f f e c t  o f  a lk y l  c h a in  le n g th  w a s  
a ls o  in v e s t ig a te d  b y  B la th  e t al. (2 0 1 1 ) .  A s  th e  a lk y l  c h a in  le n g th  o n  c a t io n s  
in c re a s e d , th e  lo w e r  H e n r y ’s la w  c o n s ta n t  c o u ld  b e  o b ta in e d ,  r e s u l t in g  in  h ig h e r  C O 2 

s o lu b i l i ty .  M o re  in te r e s t in g ly ,  th e y  fo u n d  th a t  th e  p r e s e n c e  o f  p h o s p h o n iu m  c a t io n  
w a s  l ik e ly  to  h a v e  s m a l le r  H e n r y ’s la w  c o n s ta n t ,  th u s  h ig h e r  C O 2 s o lu b i l i ty .  Y u n u s  et 
al. ( 2 0 1 2 ) s tu d ie d  o n  th e  e f f e c t  o f  a lk y l  c h a in  le n g th  o f  p y r id in iu m - b a s e d  io n ic  
l iq u id s ,  [C 4p y ] [ T f 2N ] , [C 8p y ] [ T f 2N ] , [ C ,0p y ] [ T f 2N ] a n d  [ C 12p y ] [ T f 2N ] , a n d  d e s c r ib e d  
th a t  th e  C O 2 a b s o r p t io n  m a rg in a l ly  in c re a s e d  w i th  a n  in c re a s e  in  th e  a lk y l  c h a in  
le n g th  a s  i l lu s t r a te d  in  F ig u r e  2 .2 4 . F u r th e rm o r e ,  th e y  o b s e r v e d  th a t  c h a n g in g  th e  
c a t io n  ty p e  f ro m  im id a z o l iu m -  to  p y r id in iu m -  b a s e d  io n ic  l iq u id s  w i th  th e  s a m e  
a n io n  h a d  n o  d i f f e r e n c e  in  th e  C O 2 s o lu b ili ty .

0.250 r~ ----------
• • •

+0.200 ■ • •
4 n อ □ ♦  1 bàr

๐0 0.150 - □ X X X ■  2 bar
0 A 3  barc0 X X X X X 4 bar’■ 0nj X
"5 0.100 - A A A X 5 bar
E A □  b  bar

■ ■ ■ ■ *  7 bar
0.050 - •  i: bar

♦ ♦ ♦ ♦

0.000 ---------- 1---------- 1---------- ---------------------- 1---------- 1----------
2 4 b 8 10 12 14 16

Alkyl diain lenfjth (ก)

Figure 2.24 T h e  e f f e c t  o f  a lk y l  c h a in  le n g th  o f  c a t io n s  o n  th e  C O 2 s o lu b i l i ty  in  

[C 4p y ] [ T f 2N ] ,  [C 8p y ] [ T f 2N ] , [ C ,0p y ] [ T f 2N ] a n d  [ C ,2p y ] [ T f 2N ]  a t 2 9 8 .1 5  K  (2 5  °C )  
( Y u n u s  e t a l . , 2 0 1 2 ) .
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2.7 Thermodynamic Modeling

In  r e c e n t  y e a r s ,  s e v e ra l  d i f f e r e n t  th e o r e t ic a l  a p p ro a c h e s ,  c o r r e la t io n s  a n d  
e q u a t io n s  o f  s ta te  (E o S )  h a v e  b e e n  u s e d  to  a t ta in  a c c u ra te  m o d e ls  f o r  th e  a p p ro p r ia te  
d e s c r ip t io n  o f  th e r m o d y n a m ic  p r o p e r t ie 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 t io n s , 
a c t iv i ty  c o e f f ic ie n t  a n d  g ro u p  c o n t r ib u t io n  m e th o d s ,  q u a n tu m  c h e m is t r y  c a lc u la t io n s  
a n 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 r e  th e  m o d e ls  w h ic h  h a v e  
b e e n  a p p l ie 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 i s t ic  o f  io n ic  
l iq u id s  a n d  th e  s o lu b i l i ty  o f  g a s e s  in  th e m  ( V e g a  et a l ,  2 0 1 0 ) .  I t h a s  b e e n  re p o r te d  
th a t  s e v e ra l  w o rk s  p e r f o r m e d  th e  e s t im a t io n  o f  th e  c r i t 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 ro u p  c o n t r ib u t io 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 t io 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 O 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  e t a l ,  2 0 0 9 ; 
Y im  e t a l ,  2 0 1 1 ) .  In  th is  s e c t io n , a  g ro u p  c o n t r ib u t io n  m e th o d  f o r  c r i t 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  a n d  a n  a c t iv i ty  c o e f f ic ie n t  m o d e l  u s e d  in  th is  w o rk  w ill 
b e  e x p la in e d  in  m o re  d e ta i l .

2 .7 .1  G r o u p  C o n tr ib u t io n  M e th o d s  fo r  C r i t ic a l  P ro p e r t ie s
T h e  k n o w le d g e  r e g a r d in g  th e  c r i t 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 r a m e te r s  is  n e c e s s a r i ly  u s e d  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 ts  a n d  m ix tu r e s .  F o r  io n ic  l iq u id s  a n d  m ix tu r e s  c o m p r i s in g  io n ic  l iq u id s , 
th e  c r i t ic a l  p r o p e r t ie s  c a n n o t  b e  e x p e r im e n ta l ly  m e a s u r e d  s in c e  m o s t  o f  th e  io n ic  
l iq u id s  s ta r t  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  s u c h  p r o p e r t ie s  a re  s t i l l  r e q u i r e d  to  c o r r e la te  e x p e r im e n ta l  d a ta  in  
th e r m o d y n a m ic  m o d e l in g .  T h e  c o m m o n  m e th o d  to  e s t im a te  th e  c r i t 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 l le d  g ro u p  c o n t r ib u t io n  m e th o d s ,  w h ic h  a re  u s e d  w h e n  
th e  c r i t ic a l  p r o p e r t ie s  a r e  n o t a v a i la b le .  S e v e ra l  g r o u p  c o n t r ib u t io n  m e th o d s  w e re  
p r o p o s e d  in  th e  l i te r a tu 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 e r r a m a  a n d  R o b le s  (2 0 0 7 ) ,  w h ic h  c o m b in e d  th e  b e s t  r e s u lt s  o f  
L y d e r s e n  m e th o d  w i th  th e  b e s t  r e s u l t s  o f  J o b a c k - R e id  m e th o d ,  g a v e  g o o d  r e s u lt s  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 e d  th e  e q u a t io n s  o f  
L y d e r s e n  fo r  th e  c r i t ic a l  p r e s s u r e  a n d  th e  c r i t ic a l  v o lu m e , w h i le  th e  e q u a t io n s  o f  
J o b a c k - R e id  f o r  th e  n o rm a l  b o i l in g  te m p e r a tu r e  a n d  th e  c r i t i c a l  te m p e ra tu re .  T h e
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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  is  s u m m a r iz e d  in  th e  f o l lo w in g  fo u r  
e q u a t io n s :

Tb =  1 9 8 .2  +  £ n A T bM (2 .4 )

Tc =  A m +  B m ร ิn A T M -  ( ร  ทA T My
(2 .5 )

c [Cm  +  X r c A f V ] 2
(2 .6 )

vc =  E m +  ร  n A l/M (2 .7 )
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 ,  Tb is  th e  n o rm a l  b o i l in g  te m p e r a tu r e ,  ATbM is  th e  c o n t r ib u t io n  to  th e  

n o rm a l  b o i l in g  te m p e ra tu re ,  T c is  th e  c r i t ic a l  te m p e r a tu r e ,  A T m is  th e  c o n t r ib u t io n  to  

th e  c r i t ic a l  t e m p e r a tu r e ,  p c is  th e  c r i t ic a l  p r e s s u r e ,  A P m  is  th e  c o n t r ib u t io n  to  th e  

c r i t ic a l  p r e s s u r e ,  v c is  th e  c r i t ic a l  v o lu m e , A V m  is  th e  c o n t r ib u t io n  to  th e  c r i t ic a l  
v o lu m e , M  is  th e  m o le c u la r  m a s s ,  a n d  A m , B m , C m , a n d  E m a re  c o n s ta n ts .  T h e  v a lu e s  
o f  th e s e  c o n s ta n ts  a re  A m  =  0 .5 7 0 3 , B m =  1 .0 1 2 1 , C m =  0 .2 5 7 3 ,  a n d  E m =  6 .7 5 . T h e  
v a lu e s  o f  th e  c o n t r ib u t io n s  to  Tb, T c, p c, a n d  v c a re  s u m m a r iz e d  in  T a b le  2 .7 .

S in c e  n o  e x p e r im e n ta l  c r i t ic a l  p r o p e r t ie 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  l iq u id  d e n s i t i e s  o f  th e  io n ic  l iq u id s  a re  
d e te r m in e d  a s  a  c o n s is te n c y  te s t  fo r  th e  p r e d ic te d  p r o p e r t ie s  u s in g  a  g e n e ra l iz e d  
c o r r e la t io n  b a s e d  o n  th e  e q u a t io 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  a n d  D a n n e r ,  
1 9 7 2 ), w h ic h  r e q u i r e s  o n ly  th e  n o rm a l  b o i l in g  t e m p e r a tu r e ,  th e  m o le c u la r  w e ig h t ,  
a n d  th e  c r i t ic a l  p r o p e r t ie s :

_ M P C 
P l = ~RTc

(2 .8 )

0 .3 4 4 5 P CEC1'0135
RTr

1 +  ( 1  -  TRy / 7 
1 +  (1  -  ThRy n

(2 .9 )
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In these equations, P l is the liquid density (g/cm3), R is the universal
ideal gas constant, T r is the reduced temperature ( T r = T/Tc), and T bR is the reduced
temperature at the normal boiling point (TbR = Tb/Tc).

T a b le  2.7 G r o u p s  c o n s id e re d  fo r  th e  M o d i f ie d  L y d e r s e n - J o b a c k - R e id  m e th o d  a n d  
e q u a t io n s  d e s c r ib in g  th e  m o d e l  ( V a ld e r r a m a  e t a l ,  2 0 0 8 )

G r o u p s A T bM A T m A P m A V „
w i t h o u t  r i n g s

-C H j 2 3 .5 8 0 .0 2 7 5 0 .3 0 3 1 6 6 .8 1
-C H j- 2 2 .8 8 0 .0 1 5 9 0 .2 1 6 5 5 7  11
> C H - 2 1 .7 4 0 .0 0 0 2 0 .1 1 4 0 4 5 7 0

> o  [>C -]- 1 8 .1 8 -0 .0 2 0 6 0 .0 5 3 9 21  7 8

II o X to 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

- o -  [ -0 ]- 2 2 .4 2 0 .0 0 5 1 0 .1 3 0 0 1 5 .6 1
> c = o 9 4 .9 7 0 .0 2 4 7 0 .2 3 4 1 6 9 .7 6
- c o o - 8 1 .1 0 0 .0 3 7 7 0 .4 1 3 9 8 4 .7 6

>N- [ > N < r 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

-F  [FT - 0 .0 3 0 .0 2 2 8 0 .2 9 1 2 31  4 7
-C l [C l] 3-9.13 0 .0 1 8 8 0 .3 7 3 8 6 2 0 8

[1] 9 3 .8 4 0 .0 1 4 8 0 .9 1 7 4 1 0 0 .7 9
w i th  r i n g s

-C H j- 2 7 .1 5 0 .0 1 1 6 0 .1 9 8 2 51 6 4
= 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

> N - [ > N < f 6 8 .1 6 0 .0 0 6 3 0 .0 5 3 8 2 5 .1 7
-N =  [ » N = r 5 7 .5 5 -0 .0 0 1 1 0 .0 5 5 9 4 2 .1 5

N e w  g r o u p s
-B - 2 4 .5 6 -0 .0 2 6 4 0 .0 3 4 8 2 2 .4 5
- p 3 4 .8 6 0 .0 0 6 7 0 .1 7 7 6 6 7  01

- s -  [ > s - r 1 1 7 .5 2 -0 .0 0 0 4 0 .6 9 0 1 1 8 4 .6 7
- s o - - 1 4 7 .2 4 - 0 .0 5 6 3 -0 .0 6 0 6 1 1 2 .1 9

M o d e l  e q u a t i o n s C o n s t a n t s

Tb = 1 9 8 .2  ฯ- v a i T bfl(t p  - M A v  =  0 . 5 7 0 3  
B v  =  1 .0 1 2 1  
C v  = 0 . 2 5 7 3Tb [Cm - z  l A f ^ l f

;* M  -  BM l n i T พ -  X n ATM v c =  -V I - z  nAVM
h M =  b . / b
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N o t  o n ly  th e  c r i t ic a l  p r o p e r t ie s  b u t  a ls o  th e  a c e n tr ic  f a c to r s  ((ช) o f  th e  
io n ic  l iq u id s  a r e  r e q u i r e d  in  o r d e r  to  c a lc u la te  th e  p a r a m e te r s  o f  th e  e q u a t io n  o f  s ta te . 
T h e  a c e n t r ic  f a 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  f ro m  th e  
d e f in i t io n  o f  th is  p ro p e r ty :

( T , - 4 3 ) ( r c - 4 3 )  
œ  ~  (T c — Tb) ( 0 .7 T c — 4 3 )  0 3

(Tc -  4 3 ) lo g(T c - T b ) a  พ +  lo g ■ Pç_
K

(2 .1 0 )
In  th is  e q u a t io n ,  th e  c a lc u la te d  c r i t ic a l  p r o p e r t i e s  a n d  th e  c a lc u la te d  

n o rm a l  b o i l in g  te m p e r a tu r e  a r e  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 re d  
a t  th e  n o rm a l  b o i l in g  p r e s s u r e  (Pb =  1.01325 b a r) .

V a ld e r r a m a  a n d  R o b le s  (2007) d e te r m in e d  th e  c r i t i c a l  p r o p e r t ie 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  (Tb), a n d  th e  a c e n tr ic  f a c to r s  (co) o f  50 io n ic  
l iq u id s  u s in g  a n  e x te n d e d  g r o u p  c o n t r ib u t io n  m e th o d s  b a s e d  o n  th e  w e l l - k n o w n  
c o n c e p ts  o f  L y d e r s e n  a n d  o f  J o b a c k  a n d  R e id . A s  f o r  th e  a c c u r a c y  a n d  c o n s is te n c y  o f  
th e  e s t im a te d  v a lu e s ,  th e  l iq u id  d e n s i ty  c a lc u la t io n  w a s  p e r f o r m e d  to  te s t  th e  
e s t im a te s  w h e th e r  o r  n o t  th e y  w e r e  a c c e p ta b le .  T h e  r e s u l t s  s h o w e d  th a t  th e  c a lc u la te d  
c r i t ic a l  p r o p e r t ie s ,  n o rm a l  b o i l in g  te m p e ra tu re s ,  a n d  a c e n tr ic  f a c to r s  w e r e  s u f f ic ie n t ly  
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 ra l iz e d  c o r r e la t io n s ,  a n d  fo r  e q u a t io n  
o f  s ta te  m e th o d s  w i th  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  e t al. (2008) f u r th e r  d e t e r m in e d  th e s e  p r o p e r t ie s  
fo r  2 0 0  io n ic  l iq u id s  a n d  s u m m a r iz e d  s o m e  s ta t is t i c a l  v a lu e s ,  s u c h  a s  th e  a v e ra g e , 
a b s o lu te ,  a n d  m a x im u m  d e v ia t io n s  o b s e rv e d  b e tw e e n  p r e d ic te d  a n d  e x p e r im e n ta l  
d e n s i t ie s .  T h e  o v e ra l l  d e v ia t io n s  w e re  fo u n d  to  b e  le s s  th a n  -0.4% a n d  th e  o v e ra l l  
a b s o lu te  d e v ia t io n s  w e r e  le s s  th a n  5.9%, w h e re a s  o n ly  36 o f  th e  200 io n ic  l iq u id s  
p r e s e n te d  d e v ia t io n s  g r e a te r  th a n  10 % .

2 .7 .2  E q u a t io n s  o f  S ta te  (E o S )
N u m e r o u s  in d u s tr ia l  a p p l ic a t io n s  r e q u i r e  k n o w le d g e  o f  th e  p h a s e  

e q u i l ib r ia  o f  m ix tu r e s .  T h e  p h a s e  e q u i l ib r ia  c a n  b e  p r e d ic te d  f ro m  a  p r o p e r  
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  
d a ta  a n d  to  p r e d ic t  p h a s e  e q u i l ib r ia  in  r e g io n s  w h e r e  e x p e r im e n ta l  d a ta  a r e  n o t 
a v a i la 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 t io n  d e s c r ib in g  th e  s ta te  o f



58

m a tte r  u n d e r  a  g iv e n  s e t  o f  p h y s ic a l  c o n d i t io n s .  T h e  e q u a t io n  p ro v id e s  a 
m a th e m a t ic 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  f u n c t io n s  a s s o c ia te d  w ith  th e  
m a t te r  s u c h  a s  p r e s s u r e ,  v o lu m e  a n d  te m p e ra tu re .  In  g e n e ra l ,  c u b ic  e q u a t io n s  o f  s ta te  
g iv e  p r e s s u r e  in  te r m s  o f  v o lu m e  a n d  te m p e ra tu re  o f  a  s u b s ta n c e  a re  th e  m o s t  
c o m m o n ly  u s e d  m o d e ls  to  p r e d ic t  p h a s e  e q u i l ib r ia .  S e v e ra 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 s e d  s u c h  a s  th e  v a n  d e r  W a a ls  e q u a t io n ,  th e  R e d l ic h - K w o n g  (R K )  
e q u a t io n ,  th e  S o a v e - R e d l ic h - K w o n g  (S R K )  e q u a t io n ,  a n d  th e  P e n g - R o b in s o n  (P R )  
e q u a t io n . O f  a ll e q u a t io n s ,  th e  v a n  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  f o r  th e  r e s t  o f  th e  e q u a t io n s  o f  s ta te . A l l  c u b ic  e q u a tio n s  
o f  s ta te  c o n ta in  tw o  c o n s ta n ts  w h ic h  a re  a n  a t t r a c t iv e  p a r a m e te r  (a )  a n d  a  r e p u ls io n  
p a r a m e te r  (b ) . H e n c e , th e y  a re  n a m e d  tw o - c o n s ta n t  e q u a t io n s  o f  s ta te . T h e  la t te r  
p a r a m e te r  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 tim e s  c a l l e 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  s ta te  w i th  a  r e le v a n t  m ix in g  ru le  c a n  y ie ld  r e a s o n a b le  p r e d ic t io n s  fo r  
v a p o r - l iq u id  e q u i l ib 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 s h r i f ,  2 0 0 4 ) .  W ith  
r e s p e c t  to  m u l t ic o m p o n e n t  m ix tu r e ,  b in a r y  in te r a c t io n  p a r a m e te r s  in  th e  m ix in g  
ru le s ,  w h ic h  ta k e  in to  a c c o u n t  th e  d i f f e r e n c e  in  th e  in te r a c t io n  o f  u n l ik e  m o le c u le s ,  
w e re  o p t im iz e d  f ro m  p h a s e -e q u i l ib r iu m  d a ta  r e g r e s s io n ,  s u c h  a s  V L E  d a ta . In  
g e n e ra l ,  th e  in te r a c t io n  p a r a m e te r s  h a v e  s o m e  k in d  o f  t e m p e r a 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  t e m p e r a tu r e  is  u s u a l ly  a  l in e a r  fu n c t io n , a l th o u g h  in  s o m e  c a s e s  
p o ly n o m ia ls  c o u ld  a ls o  b e  u s e d .

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 a t  th e y  
a re  s t r a ig h t f o r w a r d  to  u s e  a n d  th e y  a re  p r e s e 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 ra l  p a r a m e te r s  in c lu d in g  te m p e ra tu re ,  p r e s s u r e ,  a n d  c o m p o s i t io n  a re  
r e q u i r e d  fo r  io n ic  l i q u id s ’ 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  p a r ts  o f  th e  p h y s ic a l  n a tu r e  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  
a n d  a n io n s  o f  io n ic  l iq u id s  a re  c o n s id e re d  a s  a  n e u tr a l  p a ir ,  b u t  th e y  s ti l l  e x h ib i t  th e  
p r e s e n c e  o f  p o la r i ty  a n d  h y d r o g e n  b o n d in g  a b i l i ty .  N e v e r th e le s s ,  th e  e q u a t io n s  o f  
s ta te  d o  n o t  ta k e  th e s e  tw o  fa c ts  in to  a c c o u n t .  M o re o v e r ,  th e  e q u a t io n s  o f  s ta te  
p r e s e n t  a  m a jo r  d r a w b a c k  s in c e  th e y  r e q u i r e  c r i t ic a l  p a r a m e te r s  o f  th e  io n ic  l iq u id s  
w h ic h  c a n  o n ly  b e  o b ta in e d  in d i r e c t ly  a n d  w ith  la rg e  u n c e r ta in t ie s .  T h e s e  e q u a t io n s  
c a n  b e  u s e d  f o r  c o r r e la t io n  p u rp o s e s  b u t th e  p r e d ic t iv e  a b i l i ty  is  l im i te d  b y  th is  fa c t
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( V e g a  e t a l ,  2 0 1 0 ) .  T h is  s e c t io n  w ill  p r o v id e  a n d  d i s c u s s  s e ts  o f  e q u a t io n s  fo r  th e  
s ta n d a r d  R e d l ic h - K w o n g - S o a v e  ( S R K - E o S ) ,  th e  s ta n d a r d  P e n g - R o b in s o n  ( P R -E o S ) , 
a n d  th e  R e d l ic h - K w o n g - A s p e n  e q u a t io n s  o f  s ta te  (T h e  S R K  w i th  q u a d r a t ic  m ix in g  
r u le s ) ,  w h ic h  a re  a v a i la b le  in  th e  A s p e n P lu s  s im u la to r .

2 .7 .2 .1 The S ta n d a rd  R e d lic h -K w o n g -S o a v e  (S R K -E o S )
R e d lic h  a n d  K w o n g  ( 1 9 4 9 )  p r o p o s e d  a n  e q u a t io n  o f  s ta te  

c o m p r is in g  tw o  in d iv id u a l  c o e f f ic ie n ts ,  w h ic h  e n h a n c e s  r e s u l t s  s a t i s fa c to r i ly  
( R e d l ic h  a n d  K w o n g , 1 9 4 9 ). A f te r w a r d s ,  S o a v e  ( 1 9 7 2 )  p r o p o s e d  th e  m o d if ie d  
R e d l ic h - K w o n g  e q u a t io n  b y  p r e s u m in g  th e  p a r a m e te r  a  in  th e  o r ig in a l  e q u a t io n  to  b e  
t e m p e r a tu r e - d e p e n d e n t .  A  g e n e ra l iz e d  c o r r e la t io n  fo r  th e  m o d if ie d  p a r a m e te r  c a n  b e  
d e r iv e d  b y  in t r o d u c in g  a n  a c e n tr ic  f a c to r  a s  a  th i r d  p a r a m e te r  ( S o a v e ,  1 9 7 2 ). In  
A s p e n P lu s ,  th e  S R K -E o S  is  r e c o m m e n d e d  fo r  h y d r o c a r b o n  p r o c e s s in g  a p p l ic 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 ry , a n d  p e t ro c h e m ic a l  p r o c e s s e s .  T h e  o r ig in a l  R e d lic h -  
K w o n g  (R K )  e q u a t io n  o f  s ta te  is:

R T  a / T 0-5 
p  = V — b ~ V ( V  +  b )

(2 .1 1 )
T h is  e q u a t io n  w a s  d e v e lo p e d  b y  r e p la c in g  th e  te r m  a /T 0 5 w i th  a  m o re  g e n e ra l  
d e p e n d e n t  te r m  a (T ) :

R T  a ( T )
p  ~  V  -  b ~  V (V  +  b )

(2 .1 2 )
T h e  p u re  c o m p o n e n ts  p a r a m e te r s  f o r  S R K -E o S  a re  c a lc u la te d  a s :

a ;  =  ctjO.42747

bi =  0 .0 8 6 6 4  - ^ —
*ci

(2 .1 3 )

(2 .1 4 )
T h e s e  e x p r e s s io n s  a r e  d e r iv e d  b y  a p p ly in g  th e  c r i t ic a l  c o n s t r a in t  to  th e  e q u a t io n  o f  
s ta te  u n d e r  th e s e  c o n d i t io n s :



60

a i ( T ci) =  1 .0  (2 .1 5 )
T h e  p a r a m e te r  a i is  a  t e m p e ra tu re  f u n c t io n  in t r 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 r e s s u r e :

a t ( ท  =  [ l  +  m i ( l - T r°i ๆ ] 2 (2 .1 6 )
T h e  p a r a m e te r  m j is  e x p re s s e d  in  th e  fo rm  o f  th e  c o r r e la t io n  w i th  th e  a c e n tr ic  fa c to r : 

771 i =  0 . 4 8 5 0 8  +  1 .5 5 1 7 1 o ) j  -  0 . 1 5 6 1 3 w f  (2 .1 7 )
E q u a t io n s  2 .1 3 - 2 .1 7  a re  th e  s ta n d a r d  S o a v e - R e d l ic h - K w o n g  ( S R K )  f o rm u la t io n s .

T h e  m ix in g  p a r a m e te r s  fo r  th e  s ta n d a r d  S R K -E o S  a re  d e f in e d  
b y  th e  m ix in g  r u le s  th a t  a re  m o s t  c o m m o n ly  u se d :

a  =  Y1i 'Z j X i xj a ij  (2 .1 8 )

a i j  — ( a iay)05( l  — k i j )  (2 .1 9 )

^  — S i  x i bi (2 .2 0 )
In  th e s e  e q u a t io n s ,  kjj is  a  b in a r y  in te r a c t io n  p a r a m e te r ,  w h e re  kjj =  kjj. F o r  th e  
s ta n d a r d  S R K -E o S , kjj is  t e m p e ra tu re  d e p e n d e n c y  a s  o b s e r v e d  f ro m  th e  f o l lo w in g  
e q u a t io n :

k i j  =  k l j  +  k f jT  +  k f j / T  (2 .2 1 )

U s u a l ly ,  a  l in e a r  f u n c t io n  o f  kij d e p e n d in g  o n  te m p e r a tu r e  w il l  b e  ta k e n  in to  a c c o u n t .

2. 7 .2 .2  The S ta n d a rd  P e n g -R o h in so n  (P R -E o S )
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 t t r a c t iv e  p r e s s u r e  te rm  o f  th e  s e m ie m p i r ic a l  v a n  d e r  W a a ls  e q u a t io n  h a s  
b e e n  m o d if ie d .  In  A s p e n P lu s ,  th e  s ta n d a rd  P e n g - R o b in s o n  e q u a t io n  o f  s ta te  is  th e  
o r ig in a l  f o 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 t io n  o f  s ta te  w i th  th e  s ta n d a r d  a lp h a  
fu n c t io n . I t  is  a ls o  r e c o m m e n d e d  fo r  h y d r o c a r b o n  p r o c e s s in g  a p p l i c 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 ry ,  a n d  p e t ro c h e m ic a l  p r o c e s s e s .  T h e  r e s u l t s  o f  th e  s ta n d a r d  P e n g -  
R o b in s o n  e q u a t io n  a re  c o m p a ra b le  to  th o s e  o f  th e  s ta n d a r d  R e d l ic h - K w o n g - S o a v e  
e q u a t io n . T h e  s ta n d a r d  P e n g - R o n b in s o n  e q u a t io n  o f  s ta te  ( P R - E o S )  is  p r o p o s e d  a s  
f o l lo w s :

R T  a ( T )
p  =  F  -  b ~  V (V  + b )  +  b ( V  -  b )

(2 .2 2 )
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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  th e  P R -E o S  a re  c a lc u la te d  as:

a ,  =  a . 0 . 4 5 7 2 4 ^

bi  =  0 .0 7 7 8 0  - ^ —

(2 .2 3 )

(2 .2 4 )
T h e s e  e x p r e s s io n s  a r e  d e r iv e d  b y  a p p ly in g  th e  c r i t ic a l  c o n s t r a in t s  to  th e  e q u a t io n  o f  
s ta te  u n d e r  th e s e  c o n d i t io n s :

t f ; (T c i)  =  1 .0  (2 .2 5 )
T h e  p a r a m e te r  otj is  a  f u n c t io n  o f  te m p e ra tu re .  It w a s  o r ig in a l ly  in t r 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  . T h is  p a r a m e te r  im p ro 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 s s u r e .  T h e  r e la t io n s h ip  b e tw e e n  (Xj a n d  T r c a n  b e  l in e a r iz e d  b y  
th e  f o l lo w in g  e q u a t io n  w h ic h  is  s im ila r  to  th a t  o b ta in e d  b y  S o a v e  ( 1 9 7 2 ) :

a i ( T )  =  [ l  +  m i ( l - T ? i s ) ] 2 (2 .2 6 )
T h e  p a r a m e te r  irij c a n  b e  c o r r e la te d  a g a in s t  th e  a c e n tr ic  f a c to r :

ไท1 =  0 . 3 7 4 6 4  +  1 .5 4 2 2 6 û J (  -  0 . 2 6 9 9 2 m 2 (2 .2 7 )
E q u a t io n s  2 .2 3 - 2 .2 7  a re  th e  s ta n d a r d  P e n g - R o b in s o n  (P R )  f o rm u la t io n s .

T h e  m ix in g  p a r a m e te r s  f o r  th e  s ta n d a r d  P R - E o S  a re  d e f in e d  
b y  th e  m ix in g  r u le s  th a t  a re  m o s t  c o m m o n ly  u se d :

a  =  'Z i 'Z jX i X ja ij  ( 2 .2 8 )

a-ij =  ( a i a / ) ° '5 (  1 -  k i j )  (2 .2 9 )

b — H i  Xi bi (2 .3 0 )
In  th e s e  e q u a t io n s ,  kij is  a  b in a r y  in te r a c t io n  p a r a m e te r ,  w h e r e  kij =  kjj. F o r  th e  
s ta n d a r d  P R - E o S , kjj is  t e m p e ra tu re  d e p e n d e n c y  a s  o b s e rv e d  f ro m  th e  fo l lo w in g  
e q u a t io n :

k tj =  k i j  +  k f j T  +  k f j / T  (2 .3 1 )

A ls o , a  l in e a r  fu n c t io n  o f  kij d e p e n d in g  o n  te m p e r a tu r e  w ill  b e  ta k e n  in to  a c c o u n t .
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2. 7.2 .3  The R e d lic h -K w o n g -A sp e n  (T he S R K  w ith  Q u a d ra tic  M ix in g  
R u les)
In  A s p e n P lu s ,  th e  R e d l ic 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 e r ty  m e th o d .  I t c a n  b e  u s e d  f o r  h y d r o c a r b o n  
p r o c e s s in g  a p p l ic a t io n s .  I t is  a ls o  u s e d  f o r  m o re  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 ,  a n d  fo r  l ig h t  g a s e s  a t  m e d iu m  to  h ig h  p r e s s u r e .  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 s e d  o n  a  th e o r y  o f  th e  S o a v e -R e d l ic h - K w o n g  
(S R K )  e q u a t io n  w h ic h  w a s  d e r iv e d  f ro m  th e  R e d l ic h - K w o n g  ( R K )  e q u a t io n  o f  s ta te  
( R e d l ic h  a n d  K w o n g , 1 9 4 9 )  a n d  f u r th e r  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 t io n  o f  th e  S R K -E o S  is  e x p re s s e d  w i th  a  m o re  g e n e ra l  te m p e r a tu r e - d e p e n d e n t  
te rm  a (T ) :

R T  a ( T )  
p  =  V  -  b ~  V (1/ +  b )

(2 .3 2 )
T h e  p u re  c o m p o n e n ts  p a r a m e te r s  fo r  S R K -E o S  a re  c a lc u la te d  as:

01 =  0 ,10 . 4 2 7 4 7 ^

bi =  0 . 0 8 6 6 4  - ^ —
*ci

(2 .3 3 )

(2 .3 4 )
T h e s e  e x p r e s s io n s  a re  d e r iv e d  b y  a p p ly in g  th e  c r i t ic a l  c o n s t r a in t  to  th e  e q u a t io n  o f  
s ta te  u n d e r  th e s e  c o n d i t io n s :

a i(T c i)  =  1 .0  (2 .3 5 )
T h e  p a r a m e te r  (Xj is  a  t e m p e ra tu re  f u n c t io n  in t r 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 re s s u r e :

a t  ( ท  =  [ l  +  m i ( l - 7 V ° j 5 ) ] 2 (2 .3 6 )
T h e  p a r a m e te r  m i is  e x p re s s e d  in  th e  fo rm  o f  th e  c o r r e la t io n  w i th  th e  a c e n tr ic  fa c to r : 

ไท1 =  0 .4 8 5 0 8  +  1 .5 5 1 7 1 m ;  -  0 .1 5 6 1 3 m ?  (2 .3 7 )
F o r  m u l t ic o m p o n e n t  e q u i l ib r ia ,  m ix in g  r u le s  a n d  c o m b in in g  

r u le s  w h ic h  r e la te  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  to  th e  p r o p e r t ie s  o f  th e
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m ix tu r e s  a re  a p p l ie d .  T h e  m ix tu r e  p a r a m e te r s  in  l iq u id  p h a s e  a re c a lc u la te d  f ro m  th e
s o - c a l le d  q u a d r a t ic  m ix in g  ru le s .

CL S i  ร j  x i xjQ-ij (2 .3 8 )

0-ij — ( a t a y)  ( 1  — k j j ) (2 .3 9 )

b Y liY ij x i xjb i j (2 .4 0 )

( b j  +  b j)  , .
‘ 1/ = ^ ( 1 - 0

(2 .4 1 )
In  e q u a t io n  2 .4 0 ,  bjj =  bj a n d  bjj =  bj. kij a n d  ljj in  e q u a t io n s  2 .3 9  a n d  2 .41  a re  b in a ry  
in te r a c t io n  p a r a m e te r s .  In  th e  R e d l ic h - K w o n g - A s p e n  e q u a t io n  o f  s ta te , th e  
in te r a c t io n  p a r a m e te r s  a re  l in e a r ly  t e m p e ra tu re - d e p e n d e n t :

k ‘i  =  k ?i +  k  O ' ï o ô ï ï

=  ( f . +  I j  T  
ij ij +  1 0 0 0

In  th e s e  e q u a t io n s ,  p a r a m e te r s  kij0, k ij1, ljj0 a n d  ljj1 a re  c o n s ta n t .

(2 .4 2 )

(2 .4 3 )

2 .7 .3  A c t iv i ty  C o e f f ic ie n t  M o d e l
A s  a  r e s u l t  o f  th e  l im i ta t io n s  th a t  m e n t io n e d  p r e v io u s ly  fo r  th e  

e q u a t io n s  o f  s ta te ,  s e v e ra l  e x c e s s  G ib b s  e n e r g y  m o d e ls ,  s u c h  a s  th e  W i l s o n ’s 
e q u a t io n ,  th e  N o n - R a n d o m  T w o -L iq u id  ( N R T L ) , a n d  th e  U n iv e r s a l  Q u a s i- C h e m ic a l  
( U N I Q U A C ) , h a v e  b e e n  u s e d  to  d e s c r ib e  th e  s y s te m s  in v o lv in g  io n ic  l iq u id s  (V e g a  
e t a l . , 2 0 1 0 ) .  In  th is  w o rk , w e  c o r r e la te  th e  C O 2 s o lu b i l i ty  d a t a  u s in g  th e  N R T L  
e q u a t io n s ,  w h ic h  w il l  b e  e x p re s s e d  in  th is  s e c tio n .

2. 7 .3 .1 The N o n -R a n d o m  T w o -L iq u id  (N R T L )
T h e  N R T L  m o d e l  is  a n  a c t iv i ty  c o e f f ic ie n t  m o d e l  th a t  

c o r r e la te s  th e  a c t iv i ty  c o e f f ic ie n ts  o f  a  c o m p o u n d  w i th  i ts  m o le  f r a c t io n  in  th e  l iq u id  
p h a s e  c o n c e rn e d .  In  A s p e n P lu s ,  th e  N R T L  m o d e l  w i l l  c a lc u la te  th e  l iq u id  a c t iv i ty  
c o e f f ic ie n ts .  I t is  r e c o m m e n d e d  fo r  h ig h ly  n o n - id e a l  c h e m ic a l  s y s te m s ,  a n d  c a n  b e
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u s e d  fo r  V L E  a n d  L L E  a p p l ic a t io n s .  T h e  m o d e l  fo r  th e  d e r iv a t io n  o f  th e  N R T L  
e q u a t io n  o f  th e  e x c e s s  G ib b s  e n e r g y  is  a  tw o - c e l l  th e o ry . T h e  a s s u m p t io n  is  th a t  th e  
l iq u id  h a s  a  s t r u c tu r e  m a d e  u p  o f  m o le c u le s  o f  ty p e  1 o r  o f  ty p e  2  b e in g  s u r ro u n d e d  
p r o p o r t io n a l ly  b y  m o le c u le s  o f  b o th  ty p e s  in  a  b in a r y  m ix tu r e ,  a s  r e p r e s e n te d  in  
F ig u r e  2 .2 5 . G ib b s  e n e r g ie s  o f  in te r a c t io n  b e tw e e n  m o le c u le s ,  gij, a r e  d e f in e d , w h e re  
s u b s c r ip t  j  r e fe r s  to  th e  c e n t ra l  m o le c u le  (W a la s ,  1 9 8 5 ). T h e  c o n c e p t  o f  N R T L  is  th a t  
th e  lo c a l c o n c e n t r a t io n  a r o u n d  a  m o le c u le  is  d i f f e r e n t  f ro m  th e  b u lk  c o n c e n t ra t io n . 
T h is  d i f f e r e n c e  is  d u e  to  a  d i f f e r e n c e  b e tw e e n  th e  in te r a c t io n  e n e r g y  o f  th e  c e n tra l  
m o le c u le  w i th  th e  m o le c u le s  o f  its  o w n  k in d  gij a n d  th a t  w i th  th e  m o le c u le  o f  th e  
o th e r  k in d  gij. T h e  e n e r g y  d i f f e r e n c e  in t r o d u c e s  n o n r a n d o m n e s s  a t  th e  lo c a l 
m o le c u la r  le v e l.

(a ) . T y p e  1 m o le c u le  a t  th e  c e n te r  o f  th e  c lu s te r .

(b ). T y p e  2  m o le c u le  a t  th e  c e n te r  o f  th e  c lu s te r .

Figure 2.25 T w o  ty p e s  o f  m o le c u la r  c lu s te r s  o r  c e l l s  o f  b in a r y  l iq u id  m ix tu re s .
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T h e  b in a r y  a c t iv i ty  c o e f f ic ie n ts  o f  th e  N R T L  m o d e l  a r e  g iv e n  b y :

(2 .3 3 )

( x 1 +  x 2G21y
t 21^21

(2 .3 4 )

w h e re ,

G12 =  e x p C - o q 2 โ12) (2 .3 5 )

G21 =  e x p ( —oc12 โ 21) (2 .3 6 )

r12 =  (ฟ ้ 12 — Q i z i / R T (2 .3 7 )

r 21 =  (ฟ ้21 — d l l ) / R T (2 .3 8 )

In  th e s e  e q u a t io n s ,  th e  G ib b s  e n e r g ie s  o f  th e  p u re  s u b s ta n c e s ,  g i 2 a n d  g 2 i, a re  
p r e s u m e d  to  b e  e q u iv a le n t  ( g i 2 =  g 2 i). X i 2 , โ21 a n d  a \2 a re  th r e e  b in a r y  p a r a m e te r s  

a d ju s te d  to  th e  e x p e r im e n ta l  s o lu b i l i ty  d a ta  o f  io n ic  l iq u id s .  In  g e n e ra l ,  โ;12 a n d  โ21 a re  
t e m p e r a tu r e  d e p e n d e n t ,  w h i le  a \2 is  u s u a l ly  s e t  a s  a  c o n s ta n t  u n iq u e  v a lu e  (น เ2 = 0เ2 1 ). 
T h e  p a r a m e te r  0Ci2 d e p e n d s  o n  th e  c h e m ic a l  n a tu re ,  w h ic h  is  a s s u m e d  to  b e  
c h a r a c te r i s t ic  o f  th e  n o n r a n d o m n e s s  o f  th e  m ix tu r e .  It is  ty p ic a l ly  in  a  r a n g e  o f  0 .2 -
0 .4 7 , b u t  m o s t ly  s e t  a s  a  v a lu e  o f  0 .3 . It w a s  r e p o r te d  th a t  th e  c o r r e la t io n  w i th  0เ 12 =
0 .3  p r o d u c e d  m o r e  a c c u ra te  r e s u l t s  a c c o rd in g  to  r o o t - m e a n - s q u a r e  d e v ia t io n  ( rm s d )  
v a lu e s  ( A l- R a s h e d  e t a l ,  2 0 1 2 ) .

2.8 Derivation of Henry’s law constant

In  1 8 0 3 , W il l ia m  H e n ry  s ta te d  th a t  a t  a  c o n s ta n t  t e m p e r a tu r e ,  th e  a m o u n t  o f  
a  g iv e n  g a s  th a t  d is s o lv e s  in  a  g iv e n  ty p e  a n d  v o lu m e  o f  l iq u id  is  d i re c t ly  
p r o p o r t io n a l  to  th e  p a r t ia l  p r e s s u r e  o f  th a t  g a s  in  e q u i l ib r iu m  w i th  th a t  l iq u id . A n  
e q u iv a le n t  m e a n in g  o f  th is  s ta te m e n t  is  th a t  th e  s o lu b i l i ty  o f  a  g a s  in  a  l iq u id  is 
d i r e c t ly  p r o p o r t io n a l  to  th e  p a r t ia l  p r e s s u r e  o f  th e  g a s  a b o v e  th e  l iq u id . H e n r y ’s la w
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c o n s ta n t  c a n  b e  d e f in e d  in  s e v e ra l  w a y s . A c c o r d in g  to  H u s s o n - B o r g  e t al. (2 0 0 3 ) ,  th e  
H e n r y ’s la w  c o n s ta n t  is  d e f in e d  as:

H  2 , i ( p 2. T )  =  J im
f 2 {P2J  ̂ 2)

*2
(2 .3 9 )

In  th is  w o rk , w e  d e f in e  a n  io n ic  l iq u id  a s  c o m p o n e n t  1 a n d  C O 2 a s  c o m p o n e n t  2. 
T h e r e fo re ,  f2L( p 2.T ,X 2 ) is  th e  fu g a c i ty  o f  C O 2 d i s s o lv e d  in  th e  io n ic  l iq u id  p h a s e , x 2 is 
th e  m o le  f r a c t io n  o f  C O 2 in  th e  l iq u id  p h a s e , P 2 is  th e  p a r t ia l  p r e s s u r e  o f  C O 2 , a n d  T  
is  th e  te m p e ra tu re .  A t e q u i l ib r iu m , th e  f u g a c i t ie s  o f  e a c h  c o m p o n e n t  in  th e  l iq u id  
p h a s e  a r e  e q u a l  to  th o s e  in  th e  v a p o r  p h a s e ,  w h ic h  c a n  b e  e x p r e s s e d  as:

f:2 i.P2J . X 2 )  =  f l  ( P ï . T . y i )  =  0 2{ p 2j  , y  2) y 2p 2 (2 -4 0 )
w h e re  <t>2(P 2 ,T ,y 2) is  th e  f u g a c i ty  c o e f f ic ie n t  o f  C O 2 . F o r  th e  ( io n ic  l iq u id  +  C O 2) 

s y s te m , th e  io n ic  l iq u id  is  c o n s id e re d  to  h a v e  n e g l ig ib le  v a p o r  p r e s s u r e .

02(p2.T.y2)y2p2 =  02(P2.T)P2 (2 .4 1 )
F o r  v e r y  lo w  c o n c e n t r a t io n s  o f  C O 2 in  th e  io n ic  l iq u id , F le n ry ’s la w  c o n s ta n t  c a n  b e  
e x p r e s s e d  as:

H  2 , i ( p 2, T )
1.m  f 2 (.P2. T . * 2 )  _  1.m  0 2( p 2j ) p 2 _  1.m  0 2( p 2. T ) x 2p

x2->0 x 2 x2->0 x 2 x2->0 x 2
(2 .4 2 )

A c c o r d in g  to  A n th o n y  ( 2 0 0 4 ) ,  th e  F le n ry ’s la w  c o n s ta n t ,  in  g e n e ra l ,  s h o w s  
th e  d e p e n d e n c y  o n  te m p e ra tu re .  H o w e v e r ,  it is  r e la t iv e ly  in s e n s i t iv e  to  p re s s u re ,  
e s p e c ia l ly  o v e r  a  r a n g e  o f  lo w  p re s s u re s .  F o r  a n  id e a l s y s te m , k n o w in g  th e  fu g a c i ty  
o f  C 0 2 in  th e  io n ic  l iq u id  p h a s e  e q u iv a le n t  to  th e  f u g a c i ty  o f  C O 2 in  th e  C 0 2 p h a s e  is 
a b le  to  a p p r o x im a te  th e  g a s  p h a s e  fu g a c i ty  a s  th e  g a s  p h a s e  p r e s s u r e .  T h e  f o l lo w in g  
fo rm  o f  H e n r y ’s la w  c a n  b e  o b ta in e d :

P 2 =  พ 2 , 1 0 0  ■ * 2  (2 .4 3 )
w h e re  H 2ji (T )  h a s  a  u n i t  o f  p r e s s u r e  a n d  is  in v e r s e ly  p r o p o r t io n a l  to  th e  m o le  f ra c t io n  
o f  C 0 2 in  th e  io n ic  liq u id .
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In  a c c o r d a n c e  w i th  A n th o n y  ( 2 0 0 4 ) ,  e n th a lp ie s  a n d  e n t r o p ie s  o f  a b s o rp t io n  
c a n  b e  fo u n d  b y  ta k in g  te m p e r a tu r e  e f f e c t  o n  g a s  s o lu b i l i t ie s  in to  c o n s id e ra t io n .  T h e  
e n th a lp y  is  r e la te d  to  th e  s tr e n g th  o f  in te r a c t io n  b e tw e e n  th e  d i s s o lv e d  g a s  a n d  th e  
l iq u id , w h i le  th e  e n t r o p y  d e m o n s tr a te s  th e  le v e l o f  o r d e r in g  th a t  ta k e s  p la c e  in  th e  
l iq u id /g a s  m ix tu r e .  T h e s e  p r o p e r t ie s  c a n  b e  e x a m in e d  f ro m  th e  f o l lo w in g  
th e r m o d y n a m ic  re la t io n s :

w h e re  h 2 a n d  ร ิ2 a r e  th e  p a r t ia l  m o la r  e n th a lp y  a n d  e n t ro p y  o f  th e  g a s  w h ic h  is  C O 2 

in  th e  s o lu t io n  o f  io n ic  l iq u id  a n d  C O 2 , h f  a n d  ร 123 a r e  th e  e n th a lp y  a n d  e n t ro p y  o f  

th e  p u re  C O 2 in  th e  id e a l  g a s  p h a s e , a n d  a i is  th e  a c t iv i ty  o f  C O 2 in  th e  m ix tu re :

T h e s e  p r o v id e  A h 2 a n d  AS2 a t a  s p e c i f ic  m o le  f r a c t io n  o f  C O 2 in  th e  io n ic  l iq u id  (X2 ). 

In  th e  H e n r y ’s la w  r e g io n  ( i.e . w h e n  7 2  is  in d e p e n d e n t  o f  X2 ) , th e  la s t  te r m s  in  
e q u a t io n s  2 .4 4  a n d  2 .4 5  a re  u n ity ,  th u s  b e in g  a b le  to  r e d u c e  to  th e  f a m i l ia r  v a n ’t 
H o f f  fo rm s :

(2 .4 4 )

(2 .4 5 )

a-2 =  Y 2 - *2
E q u a t io n s  2 .4 4  a n d  2 .4 5  a re  e q u iv a le n t  to

(2 .4 6 )

(2 .4 7 )

(2 .4 8 )

(2 .4 9 )
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A s 2 V o ln T  Jp
(2 .5 0 )

E q u a t io n s  2 .4 9  a n d  2 .5 0  y ie ld  A h2 a n d  A s2 w h ic h  a re  v a l id  a t  in f in i te  d i lu t io n . T h e s e  
e q u a t io n s  w i l l  a ls o  g iv e  th e  s a m e  À h2 a n d  A s2 c a lc u la te d  b y  e q u a t io n s  2 .4 7  a n d  2 .4 8  
a s  th e  x 2 b e c o m e s  a d e q u a te ly  s m a ll  to  b e  in  th e  in f in i te  d i lu t io n  ra n g e .
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