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Abstract

The extended UNIQUAC model, and the modified Clegg-Pitzer equation were separately applied to the vapor-liquid
equilibrium of CO: in aqueous monoethanolamine (MEA) solutions [15 and 30 mass% of MEA has been used over the

temperature range of 313 - 393°K], the data results predicting such equilibrium were analyzed and compared. As Hybrid
algorithm, the genetic algorithm (GA) and as deterministic model, the Nelder-Mead Simplex (NMS) method was used. In
general, these models have been found suitable regarding the adjustments of experimental results of VLE measurement of

this work as well as those in the cited hterature. However, the UNIQUAC model gives more satisfactory results

comparatively to Pitzer model.

Keywords:Alkanolamine; CO.; solubility; MEA; Optimzation; Uniquac,

1. Introduction

Alkanolamines are among the most frequent chemical
absorbent used for the removal of carbon dioxide, which
can be the consequence of industry activities or just
naturally present in gas reservoirs. The gas capture
combines chemical reaction with physical absorption of
CO2, the acido-basic reaction between carbon dioxide and
alkanolamine is reversible making possible the separation
of the gas from the absorbent solution (Arcisand al, 2009)

[1].

The development of thermodynamic models for
(CO2+H20+alkanolamine) systems is not always an
effortless task. Rigorous models that take mto account
non-ideality are based on adequate equations for phase
and chemical equilibria, charge, and mass balances. In
literature, some works uses the(y-@)approach such as the
models of Deshmuk and Mather, 1981 [2], Kuranov and
al, 1997 [3], Kundu and al, 2008[4], Faramarzi and al,
2009 [5], Tong and al, 2012[6], and Wagner and al, 2013
[7]1. However, these models differ on the choice of the
activity model and equation of state. In this work, the
extended UNIQUAC model and the modified Clegg-
Pitzer equation were used to correlate and predict the
vapor-liquid equilibrium of the carbon dioxide in aqueous
solution of MEA system. In these models the fugacity
coefficients @ were calculated from a truncated virial
equation of state.

2. Modeling of phase equilibria

The modeling of phase equilibria in ternary system is
based on equations related to chemical reactions in the
liquid phase, mass and charge balances, and vapor-liquid
equilibria relations. Standard state of acid gas 1s taken as
ideal gas at temperature of reaction, standard state of
alkanolamine 1s considered hypothetically one molar
solution at infinite dilution, and standard state of water 1s
supposed pure water on a molality basis.

2.1 Chemical reaction equilibria in aqueous solution of

CO: and MEA

In the aqueous phase for theCO,- MEA-H,0 system,
chemical reactions (1) to (5) take place in the liquid phase
as following:

K
MEAH* < MEA + H* (1)
K3
CO, + H,0 - HY + HCO3 )
K3
HCO3 & H + €03~ &)

K.
MEA + HCO; &MEACO0~ + H,0 (4)
Ks
H,0 & H* + OH™ (5)

The expressions of equilibrium constants for chemical
reactions (1) to () are defined as:
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2.2 Henry’s law and equilibrium constants

Usually the equilibrium reaction constants are given as
temperature function, Eq. (11) was used to calculate the
equilibrium reaction constants since it gives good results,
according to results of previous works Djaballah and

Kabouche, 2015 [8].

InKy

b e
=a+7+c.lnT+d.T+— (11)

TZ
The related coefficients to this equation for deprotonation
of MEA (Eq.1), formation of bicarbonate (Eq. 2) and

formation of carbamate (Eq.4) are summarized in Table 1.

Reactionl Reaction2 Reaction4
Reactions
[7] 9] [10]

a - 1.73782 -1203.01 - 5.9680
b -6092.85 68359.6 2888.6
c 0 188.444 0

d 0.001157 -0.206424 0

e 0 - 4712910 0

The Henry’s constant of CO.in water 1s calculated using
the following equation given by Rumpf and Maurer, 1993

[L11]:

In Heopw

2.8  Balance equations in the liquid phase

MEA balance :

—9624.4
=—F "~ 28.749 InT + 0.01441.T

+192.876

(12)

0o _ _
Myga = Mygacoo~ + Mygan+ + Mypa = m, (13)

CO: mass balance in the liquid phase:

dis
mco,

= ma

The electroneutralityequationis :

= Muygacoo~ + Mucoy + Meoz- + Mo,

(14)
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Mygacoo~ + Mucoy + 2Mpoz-+ Mop— = Mypapy+

(15)

+ my+

2.4. Thermodynamic Framework

In (CO, — MEA — H,0) system, there are only four main
MEA, H.O,HCO3
MEACOO™ in liquid phase at equilibrium state. One can

species, pure alkanolamine and
note from literature: the concentration of molecular CO,,
and ionicCO%3~and OH™ species in the liquid phase are
very low compared to the other species present in the
equilibrated liquid phase. It was found that not taking into
account of the free molecule of CO., OH~andC0% ions in
the liquid phase for CO: loading below 1 does not lead to
a significant error in predictions of vapor-liquid equilibria
[12, 13, 14]. Consequently, it 1s supposed that almost all of
the dissolved CO:. 1s converted into HCO3 ions.

3. Vapor phase equation

It is assumed a physical solubility (Henry’s law) relation for
the (noncondensible) acid gases and a vapor pressure
relation for water. Thus, the following relations apply:

$co,-Yco,-P = Hco,-Yco,-Mco, (16)
Thus :
Heo
Peo, = —Z-Vcoz-mcoz 17)
¢C02

Where ¢, s the fugacity coefficient of COy, y¢o,is mole
fraction, H¢g,1s a Henry’s constant for the acid gas in pure
water, P 1is the total pressure. MEA 1s considered as non-
volatile compound.

The truncated virial equation of state 1s used to evaluate
pressure of the vapor phase considering the non-ideality
for molecular species.

Substitution and arrangements of equilibrium constants
equations 6, 7, 9 and balance equations 13-15 with
equation 17, the expression for partial pressure of CO.
may be given by the following relation (Mondal [15]):

Heo, Ki Ymean+ Mumean+ YMEACOO ~TMMEACOO -

Po, = ) ) (18)
€02 bco, KoK, (Ymeamuga)?

4. Activity coefficient model

In this work, two models are applied for modeling
solutions containing electrolytes.

4.1. Uniquac model

The extended UNIQUAC thermodynamic model applied
to electrolyte systems was considered to calculate the
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activity coefficients for all species (Thomsen et al [16]).The
model consists of three terms: a combinatorial, a residual
and the electrostatic term (Debye-Huckel).

The Debye-Huckeltermused in the extended UNIQUAC
model is given by the expression:

()
RT i

x. and M. are the mole fraction and molar mass of water,

My 5 [ln(l +bVI) — bV
b1
—] (19)

respectively. The parameter b is equal to 1.5 (kg"” mol™).
A 1s the Debye-Huckelparameter given by:

1/2)

47N, [Z(SOSrRT)3] (20)

Where F (C mol’) is the Faraday’s constant, N. (mol’) is
Avogadro’s number, £y(C’J"m") is the vacuum permittivity,
R (J mol' K') is the gas constant and T(K) is the
temperature, d(kg m”) and g.are the density and the
relative permittivity of the solution, respectively.

1 (mol/kg H.O) isthe ionic strength.

The electrostatic part as contributions to the activity
coefficients for ions and for water is given by:

1
A
myP™ = —z2. A —— (21)
(1+0b.12)
-1
{1+b.1%—<1+b.l%) —2ln(1+b.l%)l
InyP=H = Mm,,.24A. (22)

b3

The combinatorial and the residual parts as contribution
to the activity coefficient of component 1 are:

Inyf = lrz<(fc))+1—ﬂ

Xi
Lafn(®)e-# e

nyf = g [1 ~in (Z 9%)
l
- Z (@‘Pij/z 91"’1})
l l

Where xi 1s the mole fraction, ¢; 1s the volume fraction,

(24)

and®;is the surface area fraction of component 1.

Wjiis defined by :
¥ = exp[_(uji - uii)/T] (25)
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With u;; (interaction parameters) are assumed to be
temperature dependent given by :

w; = u +u : (T —298.15) (26)

The expression for the solute activity coetficient and for
the water activity coefficient is calculated by:

27)

Iny; = In(yf /v M)+ ln(le/yl )+ nyl

Iny,, = myS + Inyf + Iny2" (28)
4.2. Pitzer model

The Pitzerequation(32) is used [17]:

- )
Iny; = —Ayz —In(1+ 1.2V
Yi ¢L<1+12\/— 1.2 ( )
+22mj<ﬂf}
JjFw

B” 11— (1 + 2VDexp(-237)])

-Z?ZZW;?B

Jj#Fw k#w

—(1+2VI+2Dexp(=2VI)] (29)

Where 1 is ionic strength of the solution, z and m: are
charge and molality of species i. Agis Debye-Huckel
limiting slope of osmotic coefficient and Bg and Bﬁ are
interaction parameters. Agls calculated using the equation
proposed by Chen and al [18].

5. Data regression

In this work, the solubility data of CO. in aqueous
solutions of MEA, in a wide range of CO. partial pressure
and temperatures and below a carbon dioxide loading of
1.0 mol COy/mol amine, have been used to estimate the
by regression analysis. The
solubility data [6,7,18, 21] were used to extend the range of
application of the model.

Interaction  parameters

The data regressions were carried out in the temperature
range from (313 to 393) K. The objective function for
regression is given by:

Z {(Pcoz)cal B (Pcoz)exp}
P,
( c Oz)exp
The numerical values of interaction parameters were

ivestigated by difference  observed
between the measured values of equilibrium partial

(30)
minimizing the

pressure of CO:. in alkanolamine solutions and the values
predicted by the model (UNIQUAC or Clegg-PITZER).
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The objective function has been optimized using a hybrid
algorithm (the
minimization/genetic algorithm).

unconstrained nonlinear

6. Results

UNIQUAC volume parameters r and surface area
parameters q for MEA, H.O, MEAH', MEACOOQO" and
HCO: are given in Tab. 2. Interaction paramt:tersuﬂ and
uitifor UNIQUAC model and Bgi and Billifor Pitzer model
are adjusted with experimental points using the literature
expression  of equlibrium constant Ky, K.and
K,correlation cited above.

Table2: The constants of equation (11) (Molality Scale)

Components r Source

q

H.O 0.9200 1.4000 [20]

MEA 4.2800 4.2800 [5]

MEAH' 1.0241 2.5150 [18]

MEACOOr 1.0741 0.1106 [18]

HCO» 9.157 6.3461 [18]

In this work 159% and 309 mass MEA solutions in the
temperature range of 313-393K were considered, as well as
the experimental data of CO. solubility from several
workers (Tong et al; 2012, Wagner et al; 2013, Aronu et
al; 2011and Ma’mun et al; 2005), and also from of this

study have been compared and presented in Figures 1-5.

From Fig. 1-3, one can conclude that the UNIQUAC
model show a good ability to predict partial pressure of
CO:. with the experimental data taken from Wagner et al
[7] and Aronu et al [18] especially at temperature of 313K
and a concentration of 15% mass of MEA. Figure 4, show
that the UNIQUAC model provides good results for an
aqueous solution of 30 mass% of MEA at 313K as
compared to that for a temperature of 393K.

From Fig. 1 one can observe that the Clegg-PITZER
Model underestimates the partial pressures of CO. for the
data of Wagner et al [7] for 15 and 30 mass% solution at
313K comparatively to UNIQUAC model especially when
the CO. loading is high.
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Figure 1. CO. partial pressure as function of loading a , in
aqueous 15 30 mass% MEA 313 K, A:
Experimental data of Wagner et al [7]
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Figure 2. CO: partial pressure as function of loadinga .in aqueous 15 and 30 mass9% MEA at 393 K, A Experimental data of
Woagner et al [7]
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Figure 8. CO. partial pressure as function of loadinga . in aqueous 15 and 30 mass% MEAat 818 K *: Experimental data of

Aronu et al [18].
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Figure 4. CO. partial pressure as function of loadinga . in aqueous 30 mass% MEAat 393 K;l Experimental data of Tong et
al [6].
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Figure 5. CO. partial pressure as function of loadinga . in aqueous 30 mass% MEAat 393 K;X : Experimental data of

Ma’mun et al [21].

7. Conclusion

Two thermodynamic models were considered to correlate
solubility data from literature. The extended UNIQUAC
thermodynamic modified Clegg-PITZER

model were applied to molecular and ionic species

model and

described by equilibrium relationships of equations 1 to 5
for calculating activity coeflicients, these coeflicients may
be calculated by the accurate knowledge of interaction
parameters values. The solubility data regression uses
complex optimization method (hybrid method) following
the steps of the algorithm given by (Kabouche et al, 2011)
[22]. The fugacity coefficient was calculated using the
Virial equations of state. As conclusion, in this work, the
models give good correlation particularly when the loading
1s low. However the UNIQUAC model gives the more
suitable results comparatively to PITZER model. As
Hybrid algorithm, the genetic algorithm (GA) and as
deterministic model, the Nelder-Mead Simplex (NMS)
method was used. In general, the optimization models
used in this work gives good approximations compared
with experimental data for system (CO. + H.O + MEA) at
313 K and 333 K considering the solubility of CO. in
aqueous solutions of 15 and 30 mass % of MEA especially
for low values of CO:. loading for modified Clegg-Pitzer
model and good approximations were given by extended
UNIQUAC model.

References

[1] H. Arcis, L. Rodier, K. Ballerat-Busserolles, J .-
Y.Coxam, J. Chem. Thermodyn, 41 (2009) 783-
789.

[2] R.D. Deshmukh, A. E. Mather. Chem. Eng. Sci,
36 (1981) 355-362.

[3] G. Kuranov, B. Rumpf, G. Maurer, N.Smirnova,
Fluid Phase Equilibr, 136 (1997) 147-162.

[4] M. Kundu, A. Chitturi, S. S.Bandyopadhyay,
Can. J. Chem. Eng, 86 (2008) 117-126.

92

[56] L. Faramarzi, G. M. Kontogeorgis, K. Thomsen,
E. H. Stendy, Fluid Phase Equilibria, 282 (2009)
121-132.

[6] D.Tong,]J. P. Martin Trusler, G. C. Maitland, J.
Gibbins, P. S. Fennell, Inter. J. Gre. Gas.Contr, 6
(2012) 37-47.

[71 M. Wagner, 1. Harbou, J. Kim, I. Ermatchkova,
G. Maurer, H. Hasse, Chem. Eng. Data,58
(2013) 883-895.

[8] M. L. Djaballah, A. Kabouche, Chem. Eng.
Trans, 43 (2015), 1837-1842.

[9] C. Patterson, G. Slocum, R. Busey, R. Mesmer,
Geochim. Cosmochim.Acta, 46 (1982) 1653-
1663.

[10] N. McCann, (2012), Personal communication.

[11] B. Rumpf, G. Maurer. Ber. Bunsen. Phys.
Chem. 97 (1993) 85-97.

[12] Y. G. Li, A. E. Mather, Ind. Eng. Chem. Res, 33
(1994) 2006-2015.

[13] M. Z. Haji-Sulaiman, M. K. Aroua, M. 1. Pervez,
Gas. Sep. Purif, 10 (1996) 13-18.

[14] M. L. Posey, PhD Thesis, University of Texas,
Austin, (1996).

[15] T. M. Kumar, Dissertation of Master
of Technology, Chem. Eng. Dep, National Institute
of Technology, India, (2009).

[16] K. Thomsen, P. Rasmussen, R. Gani, Chem. Eng.
Sci, 51 (1996) 3675-3683.

[17] T.]J. Edwards, G. Maurer, J. Newman, J. M.
Prausnitz. AICHE J, 24 (1978) 966-976.

[18] U. E. Aronu, S. Gondal, E T. Hessen, T. Haug-
Warberg, Ardi. Hartono, K A. Hoff, H F.
Svendsen, Chem. Eng. Sci. 66 (2011) 6393-6406.

[19] C. C. Chen, H. L. Britt, J. F. Boston, L. B. Evans.
AICHE ], 28 (1982) 588-596.

[20] D. S. Abrams, J. M. Prausnitz.AIChL journal
21(1975) 116-128.

[21] S. Ma’mun, R. Nilsen, H. F. Svendsen, J. Chem.
Eng. Data. 50 (2005) 630-634.

[22] A. Kabouche, A.H. Meniai, A. Hasseine, Chem.
Eng. Technol, 34 (2011) 784-790.



