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Abstract
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The UNIQUAC activity coefficient model and fugacity coefficient model of modified Redlich-Kwong
predicted vapor-liquid equilibrium between carbon dioxide and water efficiently. The activity coefficient
model needed the energy interaction parameters between molecules of carbon dioxide and water. Those
parameters can be obtained by non-linear regression method of the experimental data of the vapor-liquid
equilibria of carbon dioxide and water (Lide, 1992). The fugacity coefficient model of modified Redlich-
Kwong needed only some physical properties of carbon dioxide and water without any interaction para-
meters. The experimental data had ranges of temperature and partial pressure of carbon dioxide between
10 to 100°C and 5 to 1,200 kPa, respectively. The parameters for the activity coefficient model are temper-
ature dependent but are not concentration dependent. The regression results gave good agreements with
the experimental data in which the mean absolute error (MAE) between experiment and calculated partial
pressure of carbon dioxide was 2.72% and the mean absolute standard deviation (MAD) of that error was
1.35%. Comparing the effects of activity coefficients and fugacity coefficients, we found that the non-ideality
in vapor phase was more influential than the non-ideality in liquid phase.

Key words : carbon dioxide, UNIQUAC, modified Redlich-Kwong, VLE

'"Ph.D.(Chemical Engineering), Department of Chemical Engineering, Faculty of Engineering, Prince of
Songkla University, Hat Yai, Songkhla 90112 Thailand ?M.E.(Chemical Engineering), Process Engineer, Thai
Bridgestone Co., Ltd. Bangna-Trad Rd. Muang, Chonburi, 20000 Thailand 3Ph.D.(Chemical Engineering),
Assoc. Prof., Department of Chemical Engineering, Faculty of Engineering, Thammasat University, Klong
Luang, Pathum Thani, 12121 Thailand.

Corresponding e-mail: lupong.k@psu.ac.th

Received, 20 April 2004  Accepted, 12 June 2004



Songklanakarin J. Sci. Technol.
Vol. 26 No. 6 Nov.-Dec. 2004

908

UNANYD
= < v A [ = 2 v v 3
ADNIA LLNIAIVUNI ﬂ]l'l?.‘ﬁ lfllf.l'ﬂﬂi LLa ‘lﬁﬂ‘]&l ﬂﬁ]‘]&lﬁ'ﬁéiﬂ}l
wuudaee ulsz nsuen@da UNIQUAC waz ums a1usuuuvensves Redlich-Kwong
M5 wgaud -vedtmarvesszuumiveulasenlya-u
3. UAIUASUNS NN, 2547 26(6) : 907-916

wiyaes sz N3 UenA3n UNIQUAC wazuyudaes “uilss “n3Thmaauvesves Redlich-
Kwong lfikamsinnedianessuy uaadgmaun —vouwmmvesszuumivenlasenled-th  wyudines
“ulsz n3uendia luumanuiifesmammniiimefvemdsnusunsimazihaluanavesmsvevlasenlad
wazTutanaveath masmnammndimeivesnianusunsisomaiie:1#iimaannesbitia “uiudoya
NMINADIVBY uqa%’gmﬂmaﬁzwminaﬁlﬂaan"l,mﬂ‘-‘t% (Lide, 1992) Tz wvusiass ‘sz~ ns
fhmdaluumanuil Gesmstam: aiimememmveud e eslaghidesmamniiaeiau 4 mnmsin
aAA0Y 1I9VBIIUNATUAZTIIVBIANNGUVBITEYARINMINAReIMINAY 10-100C waz 5-1,200 kPa
MAUAAY dmé’wmé’umﬁ%ﬂﬂuu;unﬁmm“uﬂﬁz“'wﬁeuanﬁ?ﬁtﬂumﬁ%uﬁ’nqmﬂgﬁum"hi%uﬁ’nmmﬁj'wil'u
dlehmmndimeiildnnmanaasesbitta Wlumssnnamanududesveamsvenlasenled  wa
‘1]31n£]3'1"l,€1'ﬂ'1m1ma1ﬂl,ﬂﬁlau"uylitﬁm?llﬂ (MAE) 994/af19551I19ANHAUE8DINNTNAADILAZDINMNT
snauniy 272% wasanisauumnasgu yseiindsvesanuamanaeuiiy 135% wieuSeuisy
sznnamves “ulsz " nduenddauaza “udse niThmEavetaszy  nuhszduvesandsawulian
aMzaanafves 1sazangluigmaun M _annves 1sazangluigmavesivad

1 a a = a ¢ a o a ¢ o YY) 2 av a ¢
MadrmnsIuil AmzdanIum a3 amIneds suauasuns enewalug Jania 9a1 90112 uSHnuad-
Tau (szimalng) 91 auunan-ana sneiies JamTavays 20000 *maIx3ansseadl auzdmnssum as
1NINGIAYTITNA A3 91LNBAABINAN danTadlnamil 12121

UNIQUAC activity coefficient model

Kaewsichan, L., et al.

Chemisorption of CO, by amine aqueous
solutions in gas purification process is very
important in petrochemical industries (Kohl and
Nielsen, 1997). The process is conducted due to
CO, reduced heating value of natural gases or may
damage downstream industrial plants. Prior to
reaching a complicated system of chemisorption,
the less sophisticated physisorption systems of
CO, in water should be investigated. The binary
system of CO_-water was important to study first
because the system would give the basic appear-
ance of the solubility of CO, in water. Consequent-
ly, the complicated model of CO, + water + amine
system needed the sub-model of CO,+ water to
be accomplished. In this study, we selected
UNIQUAC activity coefficient model for the sub-
model of the CO,+ water + amine system. The
UNIQUAC model is suitable for these systems

since it accounts for the molecular volume and
surface area properties of all chemical species in
the system.

This study investigated UNIQUAC inter-
action parameters for the binary system of CO,-
water. Those parameters can be obtained by a non-
linear regression method from the experimental
data. The parameters were dependent on temper-
ature but were not dependent on concentration.
Importantly, the interaction parameters of CO,+
water systems could be used in the ternary system
of CO,-water-amine without any re-adjustment.

Assumption of the Models

The fluid phase equilibrium system of
CO, + water was found by equations to be related
to partial pressure (P) and vapor mole fraction (y,)
as follows:
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P — xlyl HIZ P — xZYZP; (1)
1 , 2 o,
xy H X v.P
= e o

Note that, according to Dalton’s law, the total
pressure of the system (P) can be written as: P =
P +P,

Where subscripts 1 and 2 refer to CO, and
water respectively

P is a partial pressure of component

Y, is an activity coefficient of component
i

is a fugacity coefficient of component

is a mole fraction in vapor phase of

component i

X is a mole fraction in liquid phase of
component i

H  is the Henry's constant of solubility of

solute 1 in solvent 2

P is the vapor pressure of water

Superscript * is an unsymmetric convention
of activity coefficient. The Henry's constant of CO,
as a function of temperature and vapor pressure of
pure water in water as functions of temperature
are shown in Table 1.

Activity coefficients calculated from the
UNIQUAC model were developed by excess Gibbs
free energy equation (Abrams et al., 1975)

E

g gE (Combinatorial) gE (Residual)
RT = RT TTRT

3)

where gE is the excess Gibbs free energy and R
is the gas constant. For a binary system, activity
coefficients are derived by differentiation of the
total excess Gibbs function with respect to mole
fraction of different species. The contribution to
the activity coefficient of CO, was given by un-
symmetrical UNIQUAC equation and that of H,O
was given by symmetric UNIQUAC equation

(Prausnitz et al., 1999).
In these two cases, the use of a standard
state as a pure solvent is often called symmetrical
normalization. On the other hand, if the infinite
dilution standard state is used for the solute, it is
obvious that the unsymmetrical normalization
would apply to the solute. Those two normaliza-
tions can be expressed as follows:
v, > 1, as

Symmmetric: x —1

Unsymmetric: 7,—>1,as x —0
The unsymmetrical normalization is given by the
following:

-7
h=o “)
1
where ¥, = 1}123 Y, (%)

Therefore, the activity coefficients of CO, and
water were obtained as (Sander et al., 1986):

n ﬂ—ﬂ—ln 4
X X r
1 1 2

r
+
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r
2

Iny, =1
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91 '{121 _ 92 9)
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where z is coordination number equal to 10.
(Prausnitz et al., 1999)

The activity coefficients of the both un-
symmetric and symmetric conventions are shown
below:

Iny =lny“+Iny" (10)

Iny,=lny +Iny, (11)
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Table 1. Henry's constant of CO, in water (H,,) and vapor pressure of water (P;)

Expression Range Source
9624.41
H, InH, = 192.876 — — - 273-473 K Kamps et al., 2001
28.7488 In(T) + 1.44074x10°T
PZS In PZS = 72.55-7206.7T - 7.1385 In (T) + 273-650 K Posey and Rochelle, 1997

4.04x10°T *

Other variables used in UNIQUAC equations can
be written as:

xlrl x2r2
O =xrvxr, "Txrvxn, (12
11 22 11 22
— xlql — x2q2 (13)
Vg g, g g,

where r and g, are volume parameters and surface
area parameters of pure components (Bondi, 1968).
In this research r, and g, were evaluated from van
der Waals group parameters and are shown in
Table 2 as follows:

Interaction energy parameters ¥, and ¥,
related to internal energy, u , were estimated by
non-linear regression method. The relationship
between these parameters and internal energies
were shown as follows:

u_ —u T
e R AR

w o_ u, —u,\_ 23
= exp| ——r ! |=exp| =25 | (1)

Where R is equal to 8.31451 J-mol K.
According to equations 14 and 15, it is obvious

Table 2. Volume parameters (r), surface area
parameters (¢g,) and molecular weight of
CO, and water. (Abrams et al., 1975)

that ¥, = ¥, = 1.0. In this work, the parameters
7, and 7, were set to be dependent on temperature.
Therefore, 7, and 7, were related to temperature
by means of independent parameters (f8's) as
follows:

f12=ﬁ1+% (16)
fﬂ=ﬁ3+% (17)

Besides activity coefficient calculation, we can
estimate fugacity coefficients of CO, and water in
vapor phase. Since the systems were not agree-
able with ideal gas behavior, the fugacities were
required to represent the gas behavior. Fugacity
coefficient model in this work was presented by
the modified Redich-Kwong Equation of State

(Soave, 1972):
RT %0,5
AT )]
Then fugacity coefficients were calculated by:

(18)

vl 1 1 [dP
e =!y &T|@ | |?"%a9)

i

Table 3. Critical temperatures (T ), critical pres-
sures (P ) and dimentionless factors (o)
of CO, and water. (Prausnitz et al., 1999)

Component r, q, MW. Component T, (K) P (bar) a
CO, (1) 1.3 1.12 44 CO, (1) 304.1 73.8 1.30
H,0 (2) 0.92 1.40 18 H,0 (2) 647.3 221.2 1.354
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b
Ing =, ~D~In(z,-B)

A a?’s b, B
_F 2F—? In 1'|'Z—e (20)

Many variables to calculate fugacity coefficients
in equation (20) were obtained by:

P.f Ta"Y
A= 042747F2(y’ a1 )
i=1

S 21)
P, T,
B=0.0866472, 3" 22)
PR L
ao.s - iyAOC.O'ST ./PO,’S (23)
i=1 1 1 cl cl
TL’i
b, P
(24)

b T
_ﬂyi CIP__

The compressibility factor (z), used in equation
(20) and (21), was obtained by solving in one of
three real roots in equation (25). The largest root
of equation (25) was the solution of z .

Z'-7Z'+Z(A-B-B)-AB=0  (25)
The specific properties of each component are
critical temperature (T ), critical pressure (P _) and

dimensionless factor () that were shown in Table
3.

Estimation of Parameters

The experimental data CO_ -water system
(Lide, 1992) were the relationship between partial
pressure and concentration of CO, at the temper-
ature ranges of 10 to 100°C. The total number of
data was 90.

The evaluation of parameters 7, and 7, in
equation (16) and (17) were obtained by non-linear
regression method that was set mole fraction as
independent variable and partial pressure as de-
pendent variable. The regression used least square
method to obtain 7, and 7, by the following
equation:

Least Square = i (x:'"l - )2 + En‘,(Pl_""l -P” )z
i=1 i=1

(26)
where i was a data number, x was mole fraction of
CO, in liquid phase, n was the total number of
data, P, was partial pressure of CO,, superscript,
cal was mole fraction or partial pressure of CO,
from calculation and superscript, exp was mole
fraction or partial pressure of CO, from experi-
ments. Least square calculation can be used by
Fortran 77 with subroutine ODRPACK (Boggs
et al., 1992a,b) to determine 3, B,, 3, and f3, in
equation (16) and (17) respectively. The simula-
tion flow chart is illustrated in Figure 1.

Calculation Results and Discussion

The regression results of independent para-
meters 3, B,, B, and B3, in equation (16) and (17)
can be written again as:

B B
le :ﬁl +Tz and TZI :ﬁ3+T4
The obtained values of 3, f,, B, and 3, are
listed as follows (Katawut, 2002):

B, =708.96173 J/mol, B,= 319.76499x10° J-K/mol

B, = -4597.4706 J/mol, B, = 1670.9929x10" J-K/mol

Substituting B, B, B, and B, into the
UNIQUAC equation, one would obtain activity
coefficients of all species in the systems. The
calculation of mean absolute error (MAE) for all
experimental data of carbon dioxide partial pressure
and mean absolute standard deviation of the
errors (MAD) gave 2.72% and 1.35% respectively.
Appendix 1 and Appendix 2 show the comparison
of partial vapor pressure of CO, obtained from the
model with their experimental values. Furthermore,
Appendix 1 also illustrates the calculation results
of activity and fugacity coefficients.

Use of the model is widely applicable due to
the wide ranges of temperature and pressure. The
model should apply the whole system of CO,
aqueous solutions. Moreover, the model should be
a good basis for the other systems of solubilities
of CO, such as the solubilities of CO, in sucrose
solutions, the solubilities of CO, in beverage
industries and the solubilities of CO, in scrubbers
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Read Data: r, g, 1=1,2; TJ., Pj,j =1,..,n

v

Set initial values for parameters B, k=1, ..., 4

!

Call ODRPACK

b

Subroutine FCN

Select first data point with j = 1 for first iteration

_Setj =j+1 and select next data

Calculate ]/1* A

'

Calculate @, @,

'

Calculate Pi’Ca

!

Yes . No
< i=n

Return to ODRPACK

1

Figure 1. Flow chart of the non-linear regression to determine the energy interaction
parameters ().

of natural gas plants. known chemical engineers' handbook (Lide, 1992)
whereas the shape and size parameters of the
UNIQUAC model were obtained from the original
work of the model (Abrams and Prausnize, 1975).
The non-linear regression subroutine, ODRPACK,
to obtain energy interaction parameters was well-

known free software from the National Institute of

Conclusions

The use of UNIQUAC activity coefficient
model and the modified Redlich-Kwong EOS can
predict the VLE system of CO, aqueous solutions

satisfactorily. The calculation was applied to wide
ranges of temperature and CO, pressure. The
experimental data were obtained from the well-

Standards and Technology (Boggs et al., 1992a.b).
The use of the activity coefficient model and
fugacity coefficient model provided satisfactory
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low mean absolute error and low mean absolute
deviation of CO, partial pressure from the experi-
mental data. Future work related to these results
should address other systems of CO, solubilities
which are based on aqueous solutions such as in
the beverage industry or in electrolyte solutions.
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Appendix 1.

Aqueous solubility data of carbon dioxide at various temperatures (Lide, 1992) including the calculation
results of activity coefficients, fugacity coefficients and CO, partial vapor pressures.

Data # T (K) x, Yuo Ve, Puo ., P, (kPa) P, (kPa)
1 283.15  4.80e-05  0.999784 1.000000 0.999533  0.999216 5 5.11
2 283.15  9.60e-05  0.999569  1.000000 0.999152  0.998592 10 10.22
3 283.15  191e-04 0999142 1.000000 0.998401  0.997355 20 20.35
4 283.15  2.87¢-04  0.998711 1.000000 0.997641  0.996106 30 30.60
5 283.15  3.82¢-04  0.998285 1.000000 0.996889  0.994869 40 40.76
6 283.15  4.77¢-04 099786  1.000000 0.996137  0.993632 50 50.93
7 283.15  9.50e-04  0.995743  1.000002 0.992385  0.987466 100 101.75
8 283.15 0.001 0.99552  1.000002 0.991988  0.986814  100.97  107.15
9 283.15  0.0019 099151  1.000008 0984821 0975045  201.07  204.86
10 283.15  0.0038 0983111 1.000032 0969564 095004  398.81  415.37
11 283.15  0.0056 0975238 1.000070 0954931 092611  592.52  620.54
12 283.15  0.0072 0968308 1.000116 0941754 0904601  782.11  808.06
13 283.15  0.0088 0096144 1.000174 00928394  0.882826  967.02  1000.90
14 288.15  4.10e-05  0.999823  1.000000 0.999517  0.999183 5 5.11
15 288.15  820e-05  0.999646 1.000000 0.99915  0.99858 10 10.23
16 288.15  1.64e-04  0.999291 1.000000 0.998418  0.997373 20 20.48
17 288.15  2.45¢-04  0.998941 1.000000 0.997694  0.996182 30 30.61
18 288.15  3.27e-04  0.998587 1.000000 0.996961  0.994975 40 40.89
19 288.15  4.09¢-04  0.998233  1.000000 0.996228  0.993767 50 51.17
20 288.15  8.14e-04  0.996487 1.000002 0.992601  0.987795 100 102.17
21 288.15 0.001 0.995686  1.000002 0.990932  0.985048  119.67  125.70
22 288.15 0.002 0991396 1.000009 0.981915 0.970222 23937  253.43
23 288.15  0.0039 0098331 1.000033 00964574 0941768  479.05  502.15
24 288.15  0.0057 0975728 1.000070 0.947856  0.914405  717.35  745.76
25 288.15  0.0074 0968635 1.000118 00931768 0.888122  954.84  983.81
26 288.15  0.0091 0961609 1.000179 00915339 0861324 1189.77  1230.54
27 293.15  3.50e-05  0.999823  1.000000 0.999517  0.999183 5 5.06
28 293.15  7.10e-05  0.999646 1.000000  0.99915  0.99858 10 10.27
29 293.15  1.41e-04 0999291 1.000000 0.998418  0.997373 20 20.40
30 293.15  2.12¢-04  0.998941 1.000000 0.997694  0.996182 30 30.69
31 293.15  2.83e-04  0.998587 1.000000 0.996961  0.994975 40 40.99
32 293.15  3.53¢-04  0.998233  1.000000 0.996228  0.993767 50 51.16
33 293.15  0.0007  0.997082 1.000001 0.992853  0.988183 9726  101.77
34 293.15  7.04e-04  0.996487 1.000002 0.992601  0.987795 100 102.36
35 293.15  0.0014 0994176 1.000004 0985817  0.976589 19439  204.85
36 293.15  0.0027 0988807 1.000015 0972616  0.95487  387.06  399.90
37 293.15 0.004 0983475 1.000033 0.959221 0932877  579.57  600.00
38 293.15  0.0052 0978586 1.000057 0.946666 0912299  711.7  789.60
39 293.15  0.0064 0973729 1.000085 0.933905 0.891415  960.1  984.29
40 298.15  3.10e-05  0.999875 1.000000 0.999457  0.999065 5 5.14
41 298.15  6.20e-05  0.99975  1.000000 0.999113  0.998499 10 10.27
42 298.15  1.23e-04  0.999503 1.000000  0.99844  0.997388 20 20.40

43 298.15 1.85e-04  0.999253  1.000000 0.997757  0.996258 30 30.69
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Data # T (K) me 'J’Hzo 7’“,2 ¢H20 q)m2 Pexp (kPa) P_ (kPa)
44 298.15 2.47e-04 0.999003  1.000000 0.997073  0.995128 40 41.01
45 298.15 3.08e-04 0.998756  1.000000 0.9964 0.994016 50 51.17
46 298.15 0.0006 0.997579  1.000001 0.993173  0.988684 98.5 99.96
47 298.15 6.14e-04 0.997523  1.000001  0.993018  0.988428 100 102.31
48 298.15 0.0012 0.995167 1.000003 0.986508  0.977679 196.77 201.15
49 298.15 0.0024 0.990363  1.000011  0.973026  0.955459 394.57 407.38
50 298.15 0.0035 0.985987  1.000025 0.960477  0.934815 590.1 601.25
51 298.15 0.0046 0.981635 1.000043 0.947723  0.913872 787.18 800.14
52 298.15 0.0057 0.977308  1.000066 0.934744  0.892589 984 1004.47
53 308.15 2.40e-05 0.999909  1.000000 0.999355  0.998866 5 5.07
54 308.15 4.80e-05 0.999817  1.000000 0.999037  0.998342 10 10.15
55 308.15 9.70e-05 0.999631  1.000000 0.998393  0.997276 20 20.51
56 308.15 1.45e-04 0.999448  1.000000 0.997764  0.996233 30 30.68
57 308.15 1.93e-04 0.999266  1.000000 0.997135 0.99519 40 40.86
58 308.15 2.42e-04 0.999079  1.000000 0.996493  0.994126 50 51.27
59 308.15 0.0005 0.998099  1.000000 0.993105  0.988509 98.91 106.26
60 308.15 4.81e-04 0.998171  1.000001  0.993355  0.988924 100 102.20
61 308.15 0.0009 0.996581  1.000001 0.987828  0.979764 198.28 192.21
62 308.15 0.0019 0.9928 1.000007  0.97448 0.957682 397.18 41091
63 308.15 0.0028 0.989414  1.000015 0.962265  0.937512 597.79 612.73
64 308.15 0.0037 0.986042  1.000026  0.949839  0.917027 798.1 819.66
65 308.15 0.0045 0.983058  1.000039  0.938598  0.898523 998.48 1008.23
66 348.15 1.20e-05 0.999962  1.000000 0.998072  0.996377 5 4.89
67 348.15 2.50e-05 0.99992 1.000000 0.997808  0.995941 10 10.20
68 348.15 4.90e-05 0.999844  1.000000 0.997325  0.995141 20 19.99
69 348.15 7.40e-05 0.999764  1.000000 0.996828  0.994314 30 30.21
70 348.15 9.90e-05 0.999683  1.000000 0.996334 0.99349 40 40.43
71 348.15 1.23e-04 0.999607  1.000000 0.995862  0.992701 50 50.26
72 348.15 2.45e-04 0.999218  1.000000 0.993475  0.988699 100 100.33
73 348.15 0.0005 0.998405  1.000000  0.98849 0.980325 211.08 205.74
74 348.15 0.001 0.996813  1.000002 0.978634  0.963774 422.54 41542
75 348.15 0.0015 0.995224  1.000003  0.968639 0.94701 633.7 629.27
76 348.15 0.0019 0.993956  1.000006 0.960533  0.933428 845.88 803.52
77 348.15 0.0024 0.992374  1.000009  0.950252  0.916221 1058.17  1025.53
78 373.15 1.00e-05 0.99997 1.000000  0.99599 0.992292 5 5.08
79 373.15 2.00e-05 0.999941  1.000000 0.995769  0.991926 10 10.17
80 373.15 3.90e-05 0.999885  1.000000 0.995352  0.991234 20 19.84
81 373.15 5.90e-05 0.999825  1.000000 0.994917  0.990508 30 30.03
82 373.15 7.90e-05 0.999766  1.000000 0.994484  0.989786 40 40.22
83 373.15 9.80e-05 0.99971 1.000000  0.994075  0.989101 50 49.92
84 373.15 1.96e-04 0.99942  1.000000 0.991985  0.985587 100 100.04
85 373.15 0.0002 0.999408  1.000000 0.9919 0.985444 102.37 102.09
86 373.15 0.0004 0.998816  1.000000 0.987673  0.978302 204.45 205.01
87 373.15 0.0007 0.99793 1.000001  0.981331 0.967561 408.86 360.98
88 373.15 0.0011 0.99675 1.000002  0.972809  0.953124 614.31 572.01
89 373.15 0.0015 0.995571  1.000003 0.964186  0.938523 820.92 786.71

90 373.15 0.0018 0.994689  1.000005 0.957644  0.927455  1028.75 950.25
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Appendix 2.

Comparison of model predictions with experimental data of CO, partial pressures at various temper-
atures of water-CO, system
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