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A thermodynamic model was developed for representing the solubility data of hydrogen sulfide (H2S) and/for carbon dioxide (CO2) in
aqueous solutions of monoethanolamine (MEA), diethanolamine (DEA), diglycolamine (DGA), and methyldiethanolamine (MDEA). In
order to determine the true compositions of all liquid-phase species. ionic and molecular, the model accounts for chemical equilibria in a
rigorous fashion by using the nonstoichiometric formulation for nonideal solutions proposed by Smith and Missen. In this work., the system is
assumed to be a solution formed of molecular (H2S and/or CO2) and ionic solutes in a mixture of two solvents (water and alkanolamine). The
cquilibrium properties of the ionic and nonionic species in aqueous-nonaqueous solvent mixtures were represented with the Electrolyte-NRTL
excess Gibbs function which treats both long-range ion-ion interactions and local interactions between all liquid-phase species, while the
vapor-phase was represented with the PRSV (Peng-Robinson-Stryjek-Vera) equation of state. Interaction parameters of the Electrolyte-NRTL
equation were estimated upon the representation of vapor-liquid equilibrium data of water-alkanolamine and acid gas-water-alkanolamine
systems. On the whole, good agreement was found between experimental and calculated partial pressures of H2S and CO; for aqueous
solutions of either one acid gas in MEA, DEA, DGA, and MDEA.

Kevwords: Phase equilibria; chemical equilibria; equation of state: solution model

Se desarrollé un modelo termodinamico para representar los datos de solubilidad del dcido sulfthidrico (H2S) y/o bioxido de carbono (CO2)
en soluciones acuosas de monoetanolamina (MEA), dietanolamina (DEA), diglicolamina (DGA) y metildietanolamina (MDEA). Con la
finalidad de determinar las composiciones reales de todas las especies en la [ase liquida, 16nicas y moleculares, el modelo considera en forma
rigurosa el cilculo del equilibrio quimico a partir de la formulacion no estequiométrica para soluciones no ideales propuesto por Smith y
Missen. En este trabajo se considera que el sistema bajo estudio es una solucion formada de solutos iénicos y moleculares (H2S y/o CO2)
en una mezcla de dos disolventes (agua y alcanolamina). Las propiedades de equilibrio de las especies ionicas y moleculares en mezclas de
disolventes acuosos-no acuosos fueron representadas con la funcion de Gibbs de exceso NRTL-electrolitos, la cual trata las interacciones
ion-ion de largo alcance y las interacciones locales entre todas las especies de la fase liquida, mientras que la fase vapor fue representada con
la ecuacion de estado PRSV (Peng-Robinson-Stryjek-Vera). Los pardmetros de interaccion del modelo NRTL-electrolitos fueron estimados a
partir de la representacion de datos de equilibrio liquido-vapor de los sistemas agua-alcanolamina y gas dcido-agua-alcanolamina. En general
se obtuvo buen acuerdo entre las presiones parciales experimentales y calculadas de H2S y €O, para las soluciones acuosas de un gas dcido
en MEA, DEA, DGA y MDEA.

Descriprores: Equilibrio de fases; equilibrio quimico; ecuacion de estado; modelo de solucion

PACS: 05.70.-a: 05.70.Ce; 64.70.-p; 64.70.Fx

1. Introduction

Acid gases such as hydrogen sulfide and carbon dioxide ex-
isting in natural gas and refinery process streams, among oth-
ers. are usually removed using aqueous solutions of alka-
nolamines in absorption/stripping operations. Hydrogen sul-
fide, due mainly to its high toxicity and corrosive effects,
must be removed completely from the source gases to avoid
catalyst poisoning in refinery operations, while carbon diox-
ide is removed from natural gas because it acts as a diluent,
increasing transportation costs and reducing the energy value
per unit of gas. In addition, carbon dioxide is separated from
reformer product gas in the production of ammonia to avoid
poisons synthesis catalyst in the ammonia converter.

Actually, there is a variety of processes for removal of
acid gases from the soumce gas streams known as gas-treating
processes. In particular, the process of absorption/stripping is
one of the most widely used in the gas industry. This process
is characterized as mass transfer enhanced by chemical reac-
tion in which the presence of an alkanolamine enhances the
solubility of an acid gas in the aqueous phase at a constant
value of the equilibrium partial pressure. Thus, based on a set
of chemical reactions with the acid gases, the use of aqueous
solutions of alkanolamines, increases the absorption in these
processes.

The absorption/stripping operations are applied mainly
for the purification of sour gas streams, which have low and
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FIGURE 1. Simplified flow schematic of a typical gas treating oper-
ation which employs an aqueous alkanolamine solution in absorp-
tion/stripping.

moderate concentrations in acid gases (1-40% mol). Figure 1
shows a simplified gas treating process that employs an aque-
ous alkanolamine solution in absorption/stripping operation.
In this process, a sour gas containing H,S and/or CO, is
introduced at the bottom of an absorber where it rises and
contacls in countercurrent with an aqueous solution of alka-
nolamine that is introduced at the top of the absorber at about
40°C. The pressure of the absorber varies depending upon the
sour gas stream being treated. The aqueous alkanolamine so-
lution selectively absorbs the acid components from the sour
gas to produce a “sweet” gas stream. The alkanolamine solu-
tion rich in absorbed acid gases is pumped from the bottom of
the absorber through heat exchangers where its temperature
is raised. The amine solution is then introduced at the top of
a stripper where it countercurrently steam at a reduced pres-
sure and at temperature of about 120°C. The steam produced
in a reboiler, provides the energy necessary to reverse the re-
actions of the acid gases with alkanolamine, increasing the
acid gas partial pressure and, simultaneously, stripping the
acid gases from the solution. The lean alkanolamine solution
is then pumped through a heat exchanger, where it is cooled
and reintroduced at the top of the absorber.

Alkanolamines are characterized as containing both hy-
droxyl groups and amino groups in their molecular struc-
ture. The hydroxyl groups of the alkanolamines allow re-
ducing the vapor pressure and increasing water solubility
while the amino groups provide the necessary alkalinity in
the aqueous solution to react with the acid gases [1]. Cur-
rently, amines of interest in the gas industry include the
monoethanolamine (MEA), diethanolamine (DEA), diglyco-
lamine (DGA), methyldiethanolamine (MDEA), and diiso-
propylamine (DIPA). Aqueous solutions of (MEA) have been
extensively used due to their high reactivity as well as the low
cost of solvent and low solubility of hydrocarbons; however,
the loading capacity of MEA solutions is lower than that of
MDEA solutions due, mainly, to the formation of a rather sta-

ble carbamate. MDEA, on the contrary, has a higher loading
capacity and low heat of reaction with the acid gases leading
with this to lower requirements for regeneration; however,
due to the low reaction of CO, with tertiary amines, the use
of MDEA solutions is limited. Therefore, it seems that mix-
tures of primary (MEA) and tertiary (MDEA) amines, can be
an alternative to enhance the loading capacity and the absorp-
tion rate of CO,, bringing an improvement in absorption and
in saving energy requirements (see Refs. 2 and 3).

Thus, design of gas treating absorption/stripping systems
by the equilibrium stage approach requires a correct knowl-
edge of the vapor-liquid equilibria behavior of the aqueous
acid gas-alkanolamine system. That is, the equilibrium solu-
bility of the acid gases in aqueous alkanoamine solutions al-
lows to determine the minimum quantity of solution to treat
a given sour gas, and to determine the maximum concentra-
tions of the acid gases which can be left in the regenerated
solution to meet the gas specifications of the product. Fortu-
nately, there exists a large body of vapor-liquid equilibrium
data for aqueous acid gas-alkanolamine systems reported in
the literature; however, due to that most of these data were
measured at high acid gas loading, only a little quantity of
them corresponds to the low acid gas pressure range where
it is most important because in this range, the vapor-liquid
cquilibria determines the limitation of the sweet gas purity.
Consequently, an efficient and thermodynamically rigorous
model is needed to represent the experimental data so that it
can be confidently used to interpolate between and extrap-
olate beyond the available data, which results in the reduc-
tion of experimental effort required to characterize the vapor-
liquid equilibria behavior of systems for which no data have
been reported.

In this context, the research group of the Thermophysics
laboratory of the Mexican Petroleum Institute has carried out
a systematic study over the past 15 years to develop efficient
natural gas treating processes, which involved the search of
new solvents to improve the selectivity, absorption capacity,
and low energy requirements. However, because the proper
selection of a solvent for the treating of a given sour gas is
difficult and requires of the evaluation of several thermody-
namic properties as well as the knowledge of the vapor-liquid
equilibria behavior of the systems. Since then, this group
has measured and reported solubility data of H,S, CO,, and
methane in pure physical (N-methylpyrrolidone, sulfolane,
and propylene carbonate) solvents and mixed physical and
chemical (MEA and DEA) solvents (see Refs. 4-10). Typ-
ically, the solubility data were measured in the temperature
range from 25 to 100°C. Conclusions derived of this study
showed that the blend of N-methylpyrrolidone with DEA
presented a larger absorption capacity for both acid gases
than those aqueous diethanolamine solutions used tradition-
ally in natural gas treating. More recently, this group has un-
dertaken a study concerning measurements of vapor-liquid
equilibria of H,S and CO, in both aqueous and nonaqueous
alkanolamines (DEA and MDEA) solutions with and without
physical solvent (N-methylpyrrolidone).
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FIGURE 2. Phase and chemical equilibria in a closed weak elec-
trolyte system.

Mixed amine systems have become widely used during
the past decade or so, due mainly to their considerable com-
mercial importance; however, only the model of Deshmukh
and Mather [11] and the Electrolyte-NRTL model of Chen
and Evans [12] have been extended to systems of mixed
amines by Chakravarty [13] and by Austgen ef al. [14,15],
respectively.

In this work, we have chosen the Austgen et al.’s im-
plementation of the Electrolyte-NRTL model of Chen and
Evans to represent the vapor-liquid equilibria in acid gas-
alkanolamine-water systems. This thermodynamic model, al-
though somewhat more complex than that of Deshmukh and
Mather model, accounts for chemical equilibria in a rigorous
manner (o determine the true compositions of all liquid-phase
species, ionic and molecular; the system being assumed (o
be a solution formed of molecular (HoS and/or CO2) and
ionic solutes in a mixture of two solvents (water and alka-
nolamine).

The validity of the representation will be tested against
experimental results while the extension of the model to cor-
relate and predict the solubility of acid gases in mixed alka-
nolamine solutions will be presented in a forthcoming paper.

2. Thermodynamic model

As mentioned above, acid gases and alkanolamines are weak
electrolytes which are partially dissociate in the aqueous
phase to form a complex mixture of nonvolatile or moder-
ately volatile solvent species (water and alkanolamine), high
volatile molecular species (H2 S and/or CO,), and nonvolatile
ionic species. Figure 2 illustrates thc phase and chemical
equilibria of a weak electrolyte system such as the acid gas-
alkanolamine-water system. In a closed system, at constant
temperature and pressure, the phase equilibria governs the
distribution of electrolytes and molecular species between the
liquid and vapor phases, while chemical reactions are carried
out in the liquid phase between acid gases and alkanolamines
to produce a number of ionic species. As shown in Fig. 2,
phase and chemical equilibria are highly coupled in this sys-
tem so that the degree of dissociation of the weak electrolytes
in the liquid phase is influenced by the partial pressure of
an acid gas in the vapor phase and vice versa. Hence, repre-
sentation of the vapor-liquid equilibria behavior of acid gas-
alkanolamine-water systems is complicated due to the large

number of chemical reactions that occur in this system. On
this basis, it is clear that representation of phase equilibria
for such systems requires that both phase and chemical equi-
libria be rigorously accounted for.

2.1. Chemical equilibria

In the aqueous phase, the dissociation of the acid gases and
alkanolamines can be expressed according to the following
reactions [16]:

(ionization of water)
2H,0 «» H;0" + OH™ (1)
(dissociation of hydrogen sulfide)
H,0 + H,S « H;07 + HS™ (2)
(dissociation of bisulfide)
H,O + HS™ & H;OF + 57 (3)
(dissociation of carbon dioxide)
2H,0 + CO, + H;O" + HCO4 (4)
(dissociation of bicarbonate)
H,0 + HCO; + H;0™ + CO3 (5)
(dissociation of protonated alkanolamine)
H,O + RRR'NH* & H;0* +RRR'N  (6)

where the term RR' RN denotes the chemical formula of the
alkanolamine and R represents an alkyl group, alkanol group,
or hydrogen. It is worth noting that reactions (2)—(6) are pro-
ton transfer reactions so that they occur very rapidly and are
often assumed instantaneous with respect to mass transfer.
It is well-known that primary and secondary amines react
directly with CO, to form stable carbamates; however, as
suggested by Austgen er al. [14], we consider the following
reversion of carbamate to bicarbonate instead of the direct
formation of carbamate,

(carbamate reversion to bicarbonate)
RNHCOO™ + H;0 + RNH, + HCO, ()

On the contrary, tertiary amines having no hydrogen on the
amino group available for extraction, are unable to react with
CO» to form carbamates.

Molecular electrolytes react or dissociate in the liquid
phase to produce ionic species to an extent of [ indepen-
dent reactions governed by chemical equilibria according to
the following expression:

N N N
Z Vi oy = Z Vi R Z vijlna;
=1 i=1 i=1
=, = N - (8)
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TABLE . Temperature dependence of equilibrium constants for reactions given by Eqs. (1)~(7) and Henry’s constants for HzS and CO, "/,

Equation Component C &F 'y Cy Temperature
number range (°C)
Equilibrium constants: In X' = €'y + Co /T + Caln T + C4T
1 132.899 —13445.90 —22.4773 0.0 0-225
2 214.582 —12995.40 —33.5471 0.0 0-150
3 —32.000 —3338.00 0.0 0.0 14-70
4 231.465 —12092.10 —-36.7816 0.0 0-225
5] 216.049 —12431.70 —35.4819 0.0 0-225
6 MEA 2.1211 —8189.38 0.0 —0.007484 0-50
6 DEA —6.7936 —5927.65 0.0 0.0 0-50
6 MDEA —9.4165 —4234.98 0.0 0.0 25-60

6 DGA® 1.6957 ~8431.65 0.0 —0.005037
MEA{®) 3.29243 —3805.34 0.0 0.0 25-120
DEA(®) 3.28074 —2048.87 0.0 0.0 25-120
DGA‘C) 8.84892 —5198.3 0.0 0.0 25-100
Henry's constants: In H”" = ¢ + Cof/T + CalnT + CyT
2 H2S 358.138 —13236.8 —55.05510 0.059565 0-150
4 CO, 170.7126 —8477.711 —21.95743 0.005781 0-100

(a)

Austgen et al. [14,15] (b)Dingman etal. [31]

where a;, v;, and p; are, respectively, the activity, the stoi-
chiometric coefficient, and the chemical potential of species
i. In terms of mole fractions, 2;, and activity coefficients, ~;,
Eq. (8) can be written as

N

K; = H(.r,f,,)””

=1

N
1 .
= exp (W E Vij#?) J= ]_l

1=1

Eq. (9) relates the equilibrium constant, /\;, of reaction j to
the N values of the reference state chemical potentials, y5.
For reactions given by Eqs. (1)—(7), the temperature depen-
dence of the equilibrium constants, I\, are represented by

InK =C, +Cs/T+Cs3InT + C4T, (10)
where coefficients ',—C for all reactions considered are
given in Table L.

2.2. Phase equilibria

Phase equilibria governs the distribution of molecular species
between the liquid and vapor phases, f) = fF , where f; is
the fugacity of component : in the mixture and superscripts 1/
and L stand for vapor the and liquid phases, respectively. For
molecular solutes H,S and CO», Henry’s constants represent

“JEstimated from reported VLE data

the reference-state fugacities expressed as follows:
v (P = P)
RT '
i = HaS, CO»,

yidi P = wiyf H exp [

(1)

where H”" and v are, respectively, the Henry's constant
and partial molar volume at infinite dilution for molecular
solute 7 in pure water at the system temperature and at the
vapor pressure of water. Temperature dependence of Henry’s
constants were estimated by the same functional form given
by Eq. (10). Coefficients C'}—C'y for HyS and CO, Henry's
constants are also given in Table 1. Partial molar volumes of
H,S and CO, at infinity dilution in water were estimated by
the correlation of Brelvi and O’ Connell [17],

o = (1 —CP) K5 RT; 1 =HsS,004:

2 =H,0, (12)

where coefficients €'Y, and /'S are estimated by the follow-
ing relations:

ey 0.62
—0°, ' =
12 ol

1 .
In |14+ ————| = —0.42704(5 — 2.089(5 — 1)2
n { + pf\'jf?T} 1(p—1)+2.089(5—1)

—2.4467 + 2.12074 p
if 2<5<2.785
3.02214 + 1.87085 p
+0.71955 p*
if2.785 < p <

(13)

3.2

- 0.42367(p—1)3  (14)
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TABLE I1. Temperature dependence of pure component vapor pressures of water and alkanolamines'®’,

Component Dy D, D3 Dy D- Dy D+ Temperature

range (°C)
Vapor pressures: In P° = Dy + Do /(T + D3) 4+ Dy + Ds InT + DgT77

H.O 72.55 —7206.7 0.0 0.0 —7.1385 4.0460 x 10 2 0-374

MEA 172.78 —13492.0 0.0 0.0 —21.914 137793 1H~" 2 10-365

DEA 286.01 —20360.0 0.0 0.0 —40.422 3.2378 x10~* | 28-269

MDEA " 26.137 —7588.5 0.0 0.0 0.0 0.0 0 120-240

DGA!) 20.86 —3314.83 0.0 0.0 0.0 0.0 0

“IDaubert and Danner [32] (") Daubert and Hutchinson [33] ) Austgen [34]
TapLE IT1. Pure component properties of water, acid gases, and alkanolamines,
Component MW T: P, Ve ZRA w K1
(K) (kPa) (m*kmol )

H,Ste) 34.07 3732 8926.9 0.0986 0.100 0.071494)

coy 44.01 304.2 7376.5 0.0939 0.225 0.04285'¢)

H,0'@) 18.02 647.3 22090.0 0.0568 0.2338 0.344 —0.06635'¢)

MEA®) 61.08 638.0 6870.0 0.2250 0.2488 0.797 —0.28351{d

DEA® 105.14 715.0 3270.0 0.3490 0.2527 1.046 —0.28351@

MDEA') 119.16 677.8 3876.1 0.3932 0.2522 1.242 —1.09940f)

DGA! 105.14 674.6 4354.9 0.3270 0.2540 1.046 —0.51278D

fIReid er al. [35] () Daubert and Danner [32]

“)Taken from Stryjek and Vera [21]

In these equations, g = pv;, where p and v; are the mo-
lar density and characteristic volume of water which was
set equal to 0.0464 m*Kmol ™!, while characteristic vol-
umes, vj, for HoS and CO, were fixed at 0.0939 and
0.0887 m*Kmol~!, respectively.

Vapor-liquid equilibria for the solvent species, water and
alkanolamine, are given by,

P——P)] (15)

- -~ v
Yss P = 257, Pg b5 exp [ o T

v, being the molar volume of the pure solvent at the system
temperature and saturation pressure. The temperature depen-
dence of pure-component vapor pressures is represented by
the following function,

Dy
=R T D T b DT, (15
D3+T+ 4 sInT + Dy (16)

where coefficients D—D- for water, MEA, DEA, MDEA,
and DGA are given in Table II. The vapor pressure has the
unit of Pascals while temperature is expressed in Kelvins.
Molar volumes for alkanolamines were estimated by the
modified correlation of Rackett (¢f. Ref. 18),

RT,
2,
where Z g4 1s a characteristic constant for each compound.
Molar volume of water was taken from steam table data [19].

I P¥i= 5 =+

1—(1-T,.)*/7
. ZEM( ) ]‘

(17

() Austgen [34]
(/)Taken from Carroll et al. [36]

() Estimated in this work

Relevant pure-component properties for molecular species
are presented in Table ITI.

2.3. Reference states

In this work, both water and alkanolamines are treated as sol-
vents. Consequently, the standard state associated with each
solvent is the liquid pure at the system temperature and pres-
sure. For ionic solutes, the adopted standard state is the ideal,
infinitely dilute aqueous solution (infinitely dilute in solutes
and alkanolamine) at the system temperature and pressure.
The reference state chosen for molecular solutes (H»S and
CO») is also the ideal, infinitely dilute aqueous solution at
the system temperature and pressure. This leads to the fol-
lowing unsymmetric convention for normalization of activity
coefficients: for solvents, v, — 1 as xy, — 1; for ionic and
molecular (neutral) solutes, v* — 1 as x,, — 1, where the
subscript s refers to any nonaqueous solvent, i refers to ionic
or neutral solutes, and w refers to water. Activity coefficients
of all species are assumed to be independent of pressure.

2.4. Fugacity coefficients

In this work, the vapor-phase fugacity coefficients for molec-
ular solutes, ¢;, and solvent species, ¢, and ¢y, in Eqgs. (11)
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and (15) were calculated by using the Peng-Robinson cubic
equation of state [20],
RT a
P = - (18)
v—>0 wv(v+b)+blv-1>)

although any other equation could be used as well. In this
equation, P, T', v, and R are the pressure, temperature, molar
volume, and a gas constant, respectively.

For pure components, parameters a and b are expressed in
the usual way as a function of critical properties and acentric
factors,

BT
a = 0457235—[)—‘(‘(1(2—'), (19)
RT,
b= 0.0777 : 20
h = 0.077796 P (20)

Since it is important that the pure component vapor pres-
sures be correct for accurate vapor-liquid calculations and
since some of the components considered here do not fit the
generalized correlation for the equation of state parameters
of Peng-Robinson equation, we use instead the correlation of
Stryjek and Vera [21] to calculate parameter (1),

7\ 05 5
alT)=<1+k|1- (i) ; (21)
T7\%5 T
K = Ko + K1 |i1+ (T—,r) } (O.T—i), 22)
with

Ko = 0.378893 + 1.4897153w — 0.17131848 u*
+0.019655w°, (23)

where x; is a constant specific for each fluid, and they are
also given in Table ITT. We refer to this as the PRSV equation
of state.

For mixtures, parameters a and b are given by

@i= Z Z-’fimj\/ai“j(l - k;;),
L |
b= Z:ribi, (25)

1

(24)

where k;; is the interaction parameter characterizing the bi-
nary ¢ and j. For the HyS-CO;-water-alkanolamine system,
these interaction parameters were fixed at zero, except for the
binary H,S-CO, where this parameter was set equal to 0.1,

For the PRSV equation of state and the mixing rules given
by Egs. (24) and (25), the fugacity coefficient of component
¢ in a mixture can be written as

Ind; = %(- —1)—In(z — B)

F g :
A ( 2 Tjaij bt)ln

b z+(1++v2)B
228

:-i-(lf\/EB

. (26)

a b

where z is the compressibility factor defined as,
_ &
~ RT

(27)

and
aP - bP

T RTY T T RT (28)

2.5. Activity coetficients

The Electrolyte-NRTL model of Chen and Evans [12], modi-
fied for mixed solvent electrolyte solutions (see Ref. 14), was
used to represent liquid phase activity coefficients. This is
a generalized model of the excess Gibbs energy, which al-
lows accounting for both ionic and molecular interactions be-
tween all true liquid-phase species. In general, the modified
Electrolyte-NRTL model assumes that the excess Gibbs en-
ergy of a mixed solvent electrolyte solutions can be expressed
as the sum of two contributions, one related to the local or
short-range (ion-molecule, ion-ion, molecule-molecule) in-
teractions that exist in the immediate neighborhood of any
component (ion or neutral molecule), and the other related
to the long-range ion-ion interactions that exist beyond the
immediate neighborhood of a central ionic species, i.e.,

9™ _ ok | Yl
e 29
RT ~ RT ' RT’ e
For the long-range ion-ion interactions, Chen and Evans [12]
adopted the modified Pitzer-Debye-Hiickel equation [22],

. . 1
W ) /1000 2
RT ~ (;"*) (,‘-I,,,

4A41, 1
> (L> In(1+ pl?), (30)
P

where M, is the average molecular weight of water plus
nonaqueous solvents, I, is the ionic strength on mole frac-
tion scale,

1 2
L= EZ:,-;I:,‘, (51)

i

and A, is a function of the mixed solvent dielectric constant,
D,,,. and mixed solvent density, d,,,, which is estimated by

A = 1 -')""T"Nodm l) (’2 % (32)
¢~ 3\ 1000 D kT ) ° ?
with
dm = (‘I'TLQI'IIEO o 'r?ﬁ]nz\q “nonaq)ila (33)

where vy, is the molar volume of saturated water and
Unonagq 1S the saturation molar volume of the nonaqueous sol-
vent fraction (ie., alkanolamine or mixture of amines), while
ril,0 and x5 are the solute-free mole fractions of water
and total nonaqueous solvent, respectively.
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TABLE V. Temperature dependence of dielectric constants of alka-
nolamines.

Alkanolamine A B
Dielectric constants: D = A+ B(1/T —1/373.15)

MEA(®) 36.76 14836.0
DEA() 28.01 9277.0
MDEA " 24.74 8989.3
DGA® 28.01 9277.0

) Austgen et al. [14] (*) Austgen [34]
(“JCoefficients fixed at same value as DEA

In order to make the Pitzer-Debye-Hiickel contribution,
Eq. (31), consistent with the adopted reference state for ions
(the infinitely dilute aqueous solution), the Born equation
(see Ref. 22, was introduced into the long-range contribu-
tion to accoun: for the excess Gibbs energy of translerring an
ion at infinite dilution in the mixed solvent to infinite dilution
in the agueous phase,

<(](T?:'n’|| . ¢ L - _L i]'.’z':;z
RT ~— 2kT (D,,, D) Z r

where ¢ is the electronic charge (4.803 x 10~ 10 esu), z; is the
valence of jonic species 7, r; is the radius of ionic species 7,
D, is the dielectric constant of pure water estimated by the
correlation of Helgeson and Kirkham [24], and D,,, repre-
sents the dielectric constant of the mixed solvents which can
be estimated by the following linear mass fraction average

x1072,  (34)

mixing rule,

B3 4 D (35)

1

where % is the solute-free mass fraction of solvent ¢, and
D, is the dielectric constant of solvent i. Table IV presents
the dielectric constants for all alkanolamines as a function
of temperature. It should be noted that Eq. (34) was derived
from consideration of the work required to transferring an ion
from a solvent of dielectric constant D, to dielectric constant
D,, at extreme dilution.

Expressions for the excess Gibbs energy are generally
developed with respect to symmetrically normalized activ-
ity coefficients; however, if the ideal dilute state is to be used
as the reference state for solutes leading to unsymmetrically
normalized activity coefficients, then the excess Gibbs energy
must also be normalized to reflect the standard state of both
solvent and solutes. Following Prausnitz and Chueh [25], the
unsymmetric excess Gibbs energy is defined by

rilnvy; + Z

all solute
components

ex”

g
RT Z

all solvent
components

zilnyl.  (36)

If the unsymmetrically normalized activity coefficients
are expressed in terms of the respective symmetrically nor-

malized activity coefficients, then Eq. (36) can be written as

fj?’j‘ = Z r;Iny; + Z

all solvent all solute
components components

= Z T lnsy — Z

all components all solute
components

zi(lny; — InyP®)

AR (37)

where 47 is the symmetrically normalized activity coef-
ficient of solute ¢+ at infinite dilution in the solvent, i.e.,
¥7® = limy, p7;. Thus, the unsymmetrically normalized ex-
cess Gibbs energy can be related to its symmetrically normal-
ized counterpart by

pi
AEX ex

g* g
RT ~ RT 2,

all solute
components

Using this equation, the long-range contribution to the excess
Gibbs energy can then be expressed as

Ih _ 9PpH Z v I A4 (39)
RT RT st 1. Born- 7

i

where the symmetrically normalized activity coefficient of
solute 7 at infinite dilution in the solvent, 775, 15 given
in Appendix A.

The local contribution to the excess Gibbs energy derived
by Chen and Evans [12] was based on the local composition
concept of the nonrandom two-liquid hypothesis proposed
by Renon and Prausnitz [26]. In a straightforward extension
of the original NRTL theory, these authors adopted an elec-
trolyte solution to be consisted of three types of cells: one
lype consisting of a central neutral molecule surrounded by
other molecules as well as anions and cations, where it is
assumed that the distribution of cations and anions around
a central solvent molecule is such that the net local ionic
charge is zero (local electroneutrality assumption), while the
other two types of cells have either a cation or an anion at
the center which are surrounded by molecules and oppositely
charged ions, but not by ions of the same charge type (like-
ion repulsion assumption). This implies that the local con-
centration of cations (anions) around cations (anions) is zero.
Therefore, the NRTL contribution to the excess Gibbs energy
is expressed as

i, _ 5 x, Dy XiGom T
RT o Z;\. A\-kG.‘.‘m

m
< Z X Z “ @ Z-’ (rJf'e"-“’f:TJr',n.'(‘
oot Y Fd r 1
¢ il Lu“ ‘\n“ ZJ; ‘\kGA‘r',u’r‘

X X5 GiaetaTjar’
N Y, Eeal oL BES (40)
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with
- Z ‘X'n.("r‘q m Z . ‘Y('G(:a.m,
Gem = =" Gum==F——"—, (41)
o Zu' ‘\ n.' 2(" ‘\ C’

- r T
Zﬂ -\u“ru.m Z,. -‘r*Gca.m

— g e y
o — S X, y Ogm = 5, X, (42)
and
Gjrna’c = exp(_ajc,a':‘T_,ir,nf{-)?
T jacla = BXP(—0y, 2. T o) (43)
(;f'fl.??l = ‘-’XD(—Oca.m Tl‘u.m)-
C:im = ('XD(_O-’z‘m'Tim)- (44)
Ymaca = Tam — Teaym + Tmcas
Xpcac = Tem — Team + Tmcas (45)

where X; = z;C;(C; = Z; forions and C; = 1 for
molecules), o is the nonrandomness parameter, and 7 is the
binary energy interaction parameter.

Since Eq. (40) reduces to the original NRTL model [26]
when no ionic species are present in the solution, then binary
interaction parameters for nonionic pairs can be obtained
from analysis of thc corresponding nonelectrolyte mixtures.

It should be pointed out that the NRTL contribution to the
excess Gibbs energy, girpr,. must also be normalized to the
desired reference states using Eq. (38) and infinite dilution
activity coefficients of molecular solutes, cations, and anions
Therefore, the NRTL contribution to the unsymmetric excess
Gibbs energy becomes

ex” ex
INRTL _ YNRTL e i
B Ty 1N 'm
R RT

m#w

- Z T Iny P = Z Toln2®,  (46)

a

where v77, 72°. and . are the symmetrically normalized ac-
tivity coefficients of, respectively, molecular solutes, cations,
and anions at infinite dilution in the solvent. The subscript
refers to water. Thus, the sum of Egs. (39) and (46) constitute
the Electrolyte-NRTL equation for mixed solvent electrolyte
system,

g _ EIF;(.H

BRI’ |\ RT

ex

-1 foe] gl‘:IxP;TL 47
*Zii N YiBorm | T o (47)
(4
Activity coefficient for ionic, molecular, solute, and solvent
species, can be obtained by applying the following thermo-
dynamic equation:

Anig®™ /RT
gy = | AOET $ BT a8)
n;
.”,’I',n,-;g;
All activity coefficients derived by the use of this equation
are presented in Appendix A.

3. Solution approach

In this section, the developed algorithm to represent vapor-
liquid equilibria data for the acid gas-alkanolamine-water
system is described. The algorithm, similar to that of Aust-
gen er al. [14], can be used to calculate total pressure and
vapor partial pressure of all molecular components, given the
temperature, 1", the vector of liquid phase apparent mole frac-
tions of water and all alkanolamines on an acid gas free ba-
sis, x28'_and the vector of loading, e, of HyS and/or CO,, in
moles of acid gas per mole total alkanolamine (this quantity
must be not confused with the nonrandomness parameter of
the NRTL equation). It is worth noting that the mole fraction
of any component is its mole fraction calculated by assum-
ing that no reaction occurs in the liquid phase (apparent mole
fraction of all ions are zero). x25' is the vector of solvent mole
fractions corresponding to the alkanolamine concentration of
interest.

The algorithm is divided into two subalgorithms: the
chemical equilibrium algorithm, which is responsible for de-
termining the true composition of the liquid phase wt equi-
librium given temperature and the apparent composition of
the liquid phase (i.e., composition of the liquid phase cor-
responding to the equilibrium distribution of species), and
the phase equilibrium algorithm, which is used to calculate
the total pressure, P, and the vapor composition, y, once the
equilibrium distribution of components in the liquid phase
has been determined.

3.1. Chemical equilibrium algorithm

In general, 1o solve for the equilibrium composition ol a
system composed of NV species and for which R indepen-
dent reactions can be writien, nonlinear algebraic equations
of the form as given by Egs. (9) and N — R linear alge-
braic equations representing mass balances, must be simul-
taneously solved for N equilibrium values of z;. This tra-
ditional approach is sometimes classified as a stoichiometric
formulation of the equilibrium problem in which the closed-
system constraints and the elemental balance equations are
treated by means of stoichiometric equations leading to an
unconstrained mirimization of the Gibbs free energy prob-
lem. However, this problem can be reformulated in such
a way that fewer equations must be solved simultaneously
so that Egs. (9) are not used directly to solve for the lig-
uid phase equilibrium composition. Toward this end, the ap-
proach adopted in this work was that developed by Smith
and Missen [27]. This approach, classified as a nonstoichio-
metric formulation of the equilibrium problem, is based on
constrained minimization of the Gibbs free energy, i.e., at a
constant temperature and pressure, the most stable state of a
system is the state at which the Gibbs free energy, (7, is a
minimum.
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Therefore, the condition of chemical equilibria can be
found by minimizing G, at constant temperature and pres-
sure, in terms of n mole numbers and subject to M elemental
balance constraints,

N
minG(n) = Z T g (49)
=1
subject to
N
Z il = IJ;\:, k= ]., e ,.“-‘{1 (5(})

=t

where NV is the number of components in the system (exclud-
ing inerts), M is the number of elements in the system, ag;
is the subscript to the k-th element in the molecular formula
of species i, and by, is some fixed amount of element & in the
system.

In the Smith and Missen algorithm, the constrained
minimization problem is transformed into an unconstrained
minimization problem by formulating the Lagrangian from
Eqgs. (49) and (50), i.e.,

N

z Thp bz Z Ak (b — Zahn,

=1 1=1

Lin,X) 51)

where A is a vector of M unknown Lagrange multipliers,

A = (A,-...Ax)T. By applying the necessary conditions
for a minimum in L(n, A), we have
M
i — Z“‘f\'i/\k = (; =z 1, N, (52)
Rzl
N
b — Zahu, = k = lywun oM (53)
=1

Equations (52) and (53) represent a set of N + M

nonlincar algebraic equations in N + M unknowns
(11, s 1IN AL, ... . Aa). However, these equations are

difficult to solve due to the nonlinear dependence of the
chemical potentials on mole number. To overcome this
problem, Smith and Missen adopted an iterative procedure
whereby Eqs. (52) are linearized in mole numbers by expan-
sion in a Taylor series truncated after the linear term, and
used with Egs. (53) to solve for mole numbers. The proce-
dure is then repeated until the difference between mole num-
bers of the constituents on consecutive iterations is less than
a prescribed convergence criterion. Briefly, linearization of
Eqs. (52) about an estimate of the equilibrium state solution
(nlm), iy gives,

(m) N (m)
Hy m) 1 aﬂi 5 (:m)
RT ap; ¥ b ol e RT Z (———B”J ) n;

- Z (l-kiﬁq’i_ril) — 0, IS [T JV,
=1

(54)
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with

o ) [ (m)
m:J =n; —n; (55)
and

su" = o,

— g™, (56)
where the subscript (m) denotes evaluation at the point
(n'™) Wty and U = N\, /RT. nis related to the current es-
timate of n'™) through the clemental abundance constraints,

[Egs. (50)], by

N
Y agin{™ = —o™, k=1, M, (5T)
j=!
where
N
-'Ji_'”} :Zu“nﬂm’. k= oo oM (OB)
=1

Equations (54) and (%S) are a set of N + M linear equations
in the unknowns mi "and 6T}, which can be reduced to
a system of M lmmr equations in M unknowns by combin-
ing Egs. (54) and (57) to yield an explicit expression for the
variables 6n'™). That is, introducing the expression of the
chemical potential of an ideal solution, defined as

i = (T, P+ RTInz;, (zi=mi/m) (59)

into Eq. (54), and rearranging yields

M
: (m) _ () }p ()
dng =ny ( T +T + E Py, )

k=1
§ =T 5 N, (60)
with
N (m) - (m)
’ an on
[ - Z [Jm\ - [’m) “)1)
=1 Ny n,

where 11, represents total moles in the phase including inerts.
Introducing Eq. (60) into the modified element abundance
constraint, [Eq. (57)], and after rearrangement, we have

M N

ZZ((ILJG,]H )g;; +i(”1)1—'\

1=1.9=1

N
m)
)

1
= | — nMn
BT

g=1

k=1,...,M. (62)
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Summing Egs. (60) over j (the number of components ex-
cluding inerts) and using Eq. (61), yields

M N

1 ,
Zl: bgqu}i . ninertsr = RT ; “S;n)#gm)a (63)

where 1iher1s 18 the number of inert components.

Equations (62) and (63) represent a system of M +1 equa-
tions in M + 1 unknowns, the M Lagrange multipliers, ¥,
and I'. Nonetheless, as suggested by Smith and Missen, a
system of M equations in M unknowns can be obtained by
setting I" to zero. These authors proved that this variation still
leads to a descent algorithm.

It should be noted that the nonstoichiometric algorithm
presented above was developed for ideal solutions, [Eq. (59)],
in which it is possible to express dyu;/dn; analytically.
Therefore, in order to use algorithms for nonideal solutions,
Smith and Missen used an indirect approach. That is, the
chemical potential for a nonideal solution is expressed as

pi = p (T, P)+ RTInv;(T,P,n) + RTInz;. (64)

Combining the first two terms, Eq. (64) can formally be writ-
ten as,

pi = i5(T, P,n) + RT Inz; (65)

where p is now a function of 7" and P through the un-
known equilibrium solution n. The calculation procedure is
iterative. On the first iteration, the equilibrium composition
is calculated assuming an ideal behavior, i.e., v; = | and
pi(T.P.n) = uf(T, P), obtaining the mole numbers of the
system, n'!’. Using the composition of the system on the first
iteration, activity coefficients are calculated for all species
through the excess Gibbs energy function. On the next iter-
ation, a new value of u? (T, P,n) is computed by Eq. (65)
such that

pSM = p¢ 4+ RTIn (T, P,nV). (66)
Note that in applying the approach for an ideal solu-
tion, '™ is not treated as function of composition, i.e..
9™ [an is assumed to be zero. The procedure is repeated
until the composition does not change significantly on con-
secutive iterations, so that Eq. (66) becomes

pS™ = 1 4 RTInyi(T, P,n™), m=1,2,.... (67)

2

The algorithm described above for calculating the equi-
librium composition of the system requires from the knowl-
edge of the standard state chemical potentials, pf, for all
species participating in the independent set of chemical reac-
tions. Equations (9) provides a connection between standard
state chemical potentials for all components participating in
a reaction and the equilibrium constant for that reaction,

(V
RTInK; == Z Vi fbg

=]

j=1,....R  (68)

Here, the main problem is to determine a suitable vec-
tor ;1° which gives the correct value of K through Eqgs. (68)
to obtain the correct equilibrium composition of the system.
Therefore, for a system consisting of NV species and R in-
dependent reactions, any vector p° which satisfies Egs. (68)
can be used to determine the equilibrium composition of the
system by the nonstoichiometric algorithm. Since NV is gen-
erally greater than R, then there are an infinite number of
vectors 1 that are consistent with the j values of K. One
such a vector results from setting N — R values of p° to zero
and using Egs. (68) to solve for the remaining R values. This
single method was used here to determine a consistent set of
Bl = Ly o g V).

The chemical equilibrium algorithm used in this work for
determining the true mole liquid phase composition can be
summarized as follows: given the temperature, T', appar-
ent mole fractions of all solvents on an acid gas free basis,

x38 the acid gas loading ay,s and/or ace,. the element
dhundmce matrix, A, and the stoichiometric coefficient ma-
trix, N, for a set of independent chemical reactions, R, all
thermodynamic variables that depend on temperature, K(7'),
Bivent(T): H aomlgas(]"), are determined on the first itera-
tion of each bubble point calculation. From the equilibrium
constants, a suitable set of standard-state chemical potentials
is calculated from the procedure outlined above. Apparent
mole fractions of the acid gases are then determined from the
acid gas free apparent mole fractions of alkanolamines and
the acid gas loading (in moles of acid gas per mole of total
amine).

Assuming a total of one mole of the liquid phase on an
apparent basis, the apparent mole fractions are mapped into
the true mole number vector. All other mole numbers (i.e.,
mole numbers of all ionic species) are set to an arbitrary
small number, which serves as an initial estimate of the true
mole numbers. Apparent mole numbers of water, all alka-
nolamines, and all acid gases are used to calculate the total
mole numbers of all elements by Eqs. (50). Here, the ele-
ments are taken to be H, O, C, S, and amine rather than N, to
simplify the element abundance matrix, A.

From the initial guess of the true mole number vector, the
chemical potentials of all species are calculated by Eq. (59).
Thus, given the initial estimates of all mole numbers and all
chemical potentials as well as the element abundance and sto-
ichiometric coefficient matrices, A and N, the Smith and
Missen algorithm was applied to update the mole numbers
which, in turn, are used to calculate the chemical potentials.
The mole fractions of all liquid phasg species are renormal-
ized on each iteration so lhalz —; *; = 1. Tterations are con-
tinued until true mole numbers do not change significantly on
consecutive iterations. That is, convergence is achieved when

- (m)

| S 1 107°, foralli, (69)
1

2

max

where n; is the true mole number of component i and dn!™

is given by Eq. (60). The converged mole number vector in
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conjunction with temperature are used to calculate a new es-
timate of the activity coefficients of all species by using the
Electrolyte-NRTL equation. The new estimate of the activity
coefficient vector is used to calculate a new true mole fraction
vector. This calculation is repeated until the mole numbers of
all species do not change significantly on consecutive itera-
tions, i.e., convergence is attained when,

. (m41) (m)

max “’i i

(m)
n;

< 1078 foralli. (70)

3.2. Phase equilibrium algorithm

Once having calculated the true liquid phase composition and
activity coefficient vector, then the phase equilibrium algo-
rithm is applied to calculate the vapor phase composition by
using this information together with Egs. (11) and (15). In
this algorithm, the total pressure is needed for determina-
tion of the fugacity coefficients of all vapor phase species,
0 (T, P,y), as well as for evaluation of the exponential terms
in these expressions, i.e., the Poynting pressure correction
factors.

Initially, the vapor phase fugacity coefficients and Poynt-
ing factors of all molecular components are set to unity while
the total pressure is set to zero. The phase equilibrium al-
gorithm is then applied to determinate an initial estimate
of the partial pressures. p;, of all molecular components by
Egs. (11)and (15). The total pressure, P =, p;, and vapor
mole fractions, y; = p;/P (i = 1,... ,N) , which satisty
Z;ll y; = 1, are then calculated. Using the estimate of I°,
the Poynting pressure correction term in Eqs. (11) and (15)
are evaluated and the liquid standard state fugacities are ad-
justed for the effect of pressure. The partial pressures of all
molecular species are then recalculated and a new estimate of
the total pressure is made.This iterative calculation continue
until convergence is achieved when

P = P g (1)
Pim) =
From the converged estimates of P and (i =
1,...,N), the fugacity coefficients, ¢;(T, P y), of all
species are re-estimated using the PRSV equation of state.
The updated fugacity coefficients are then used to give new
estimates of total pressure and vapor phase composition.
Again, ilerations continue until attain the following conver-
gence criterion
.U?Em—#l) . yl(m)

—8 =p .
_y(m) < 1077, foralli. (72)

max

4. Data regression

The parameters required by the Electrolyte-NRTL equation
for the acid gas-alkanolamine-water system include the dis-
tance of closest approach, p, in the Pitzer-Debye-Hiickel

term, Eq. (31), and pure-component dielectric constants, 1);,
and ionic radii, 1, in the Born term, Eq. (34), while the pa-
rameters in the NRTL term, Eq. (40), are the binary param-
cters, 75, and the nonrandomness lactors, a;;. In this work,
the closest approach parameter was setting to 14.9 [14] while
default values of 3A were assigned to all the ionic radii.

For the NTRL equation, there are three types of binary
interaction parameters that represent the energies of inter-
action between liquid phases species: molecule-molecule
(1, v and 7 ), molecule-ion pair (7, .o and Teq m),

e, o
ion pair-ion pair with a common cation (7, . and 7 ),
and ion pair-ion pair with a common anion (7., . and

T y.eq)- I order to reduce the data regression problem for
mixed-solvent electrolyte systems to the determination of
molecule-molecule and molecule-ion pair parameters only,
the ion pair-ion pair (Tml‘(,uv B S T,,:n‘m) param-
eters were set to zero. Chen and Evans [12] showed that this
assumption does not affect significantly the representation of
the vapor-liquid equilibrium data. In addition, the nonran-
domness parameters, o;;, were fixed at 0.2 for molecule-
molecule (o, ) and water-ion pair (a, o OF Qpq ) in-
teractions, while for alkanolamine-ion pair and acid gas-ion
pair interactions, these parameters were setting to 0.1 (see
Refs. 10 and 28). Hence, the only adjustable parameters of
the Electrolyte-NRTL equation are the molecule-molecule
TN and T”!f}m), and molecule-ion pair (7., .o and 7.4 m)
interaction paramelters.

Vapor-liquid equilibrium data were regressed to obtain a
set of interaction parameters characterizing the interactions
between species, which were assumed to be temperature de-
pendent according to the following function:

T=a+b/T. (73)

(op

The optimum values of constants a and b, including the
estimation of the carbamate stability equilibrium constant,
were obtained by minimization of the following objective
function

M exp cale
q o Pi N Pi
i = E exp ’
==l Pi

(74)

where the term P77 — PS¢ represents the residual between
experimental and calculated bubble-point pressures for ex-
periment i, and M is the total number of experimental mea-
surements. The Simplex optimization method (see Ref. 29)
was used for minimization of Eq. (74), subject to the vapor-
liquid equilibrium constraints on acid gases, Eq. (11), and
chemical equilibrium constraints for all reactions included in
the model, Eq. (9).

The agreement between experimental and calculated
pressures at the bubble-point of the mixture, was established
through the absolute percent relative deviation in pressure,
op, given by

100 i BV ppate

Op = y exXp
AV P

1=1

(75)
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TABLE V. Electrolyte-NRTL parameters, 7 = a + b/T, for the
alkanolamine-water and acid gas-water systems, and absolute per-
cent relative deviation in pressure, op.

Molecular pair a b(I) ap
H.,O-MEA 1.0352 93.329
MEA-H,0O 0.3237 —694.920 2.8
H.O-MDEA 13.1980 —3554.40
MDEA-H-0 =5123 182.86 17
H.0-DEA —3.0740 1527.00
DEA-H,0) 0.5090 829.00
H.0-DGA 0.5840 418.00
DGA-H-0'"! 0.6130 —930.00

H.0-CO, 10.0640 —3268.10
CO3-H,0" 10.0640 —3268.10

H.0-H.S —3.6740 1155.90
H2S-H,0®) —3.6740 1155.90

“Chang er al. [30] ) Chen y Evans [12]

where a,, was obtained for each system by using the optimal
values of the estimated interaction parameters.

4.1. Binary systems

For the acid gas-alkanolamine-water system, there ex-
ist three constituent binary subsystems, which can be
tormed: alkanolamine-water, acid gas-water, and acid gas-
alkanolamine mixtures. Since the systems alkanolamine-
water and acid gas-water are aqueous single weak electrolyte
ones, and the degree of dissociation of electrolyte in each is
negligible, except a high dilutions, then chemical equilibria
can be ignored. Notwithstanding, to test the ability of our
model in representing phase equilibria for such systems, we
have correlated the vapor-liquid equilibrium data for MEA-
H,O and MDEA-H,O systems. Results of the regression for
these nonelectrolyte systems are presented in Table V. This
table show that the data sets of these systems are fit well
with absolute percent relative deviations in pressure, op, of
2.8 and 1.7% for and MEA-H,0 and MDEA-H,0, respec-
tively. Austgen et al. [15] did not include fitted parameters
for the binary MDEA-H,0O system. They set the parame-
ters for MDEA-H50 to the default value of zero. Table V
also provides parameters for the binary molecular interac-
tions. DEA-H»0 and DGA-H» 0 parameters were taken from
Chang et al. [30]. The acid gas-water parameters CO5-H,0
and H,S-H,0) were taken from Chen and Evans [12] and all
other unlisted binary interactions parameters were assumed
to be zero. These parameter values were included in the full
Electrolyte-NRTL model and were not re-regressed.

As outlined above, because the Electrolyte-NRTL equa-
tion reduces to the original NRTL model [26] when no ionic

species are present in solution, then it is valid to assume that
no lonic species are present in aqueous solutions of either
an alkanolamine or an acid gas for purposes of modeling the
vapor-liquid equilibria behavior of these binary systems. The
NRTL binary interzction (molecule-molecule) parameters fit-
ted on the binary system data are entirely consistent with
corresponding parameters of the Electrolyte-NRTL equation.
The NRTL cquation also contains a single nonrandomness
parameter corresponding to each pair of interaction parame-
ters. Hence, to be consistent with the approach adopted for
acid gas-alkanolamine-water system, these parameters were
set to 0.2 for all binary molecular pairs.

4.2. Ternary systems

[n order to determine the best values of the molecule-ion pair
and ion pair-molecule parameters, the molecule-molecule in-
teractions parameters were fixed at values estimated from bi-
nary (acid gas-water and alkanolamine-water) vapor-liquid
cquilibrium data. The thermodynamic model was then fitted
to ternary (alkanolamine-acid gas-water) vapor-liquid equi-
librium data. According to Austgen et al. [14], because there
is a large body of H,S and CO, solubility data reported for
aqueous alkanolamine solutions, then only those solubility
measurements published after 1956 were used in the estima-
tion ol molecule-ion pair parameters.

Since vapor-lizuid equilibrium data for alkanolamine-
acid gas-water systems are usually reported as equilibrium
acid gas partial pressures and equilibrium acid gas loadings
(f.e.. moles acid gas/mole amine) in an aqueous solution of
specified amine concentration, then the molecule-ion pair pa-
rameters were fitted on acid gas phase equilibria only. Liter-
ature sources used in fitting all parameters are summarized
in Table VL. An examination of the experimental data pre-
sented in this table shows that there is significant scatter of
experimental data both within and between the different data
sources. Thus, by using several sources of experimental data
for parameter estimation, the best parameter values were de-
lermined to represent the data as a whole.

Fitted values of the coefficients of Eq. (73) for
Electrolyte-NRTL binary molecule-ion pair and jon pair-
molecule interaction parameters corresponding to the regres-
sion of the vapor-liquid equilibrium data for systems H,S-
MEA-H;0, CO3-MEA-H»0, H,S-DEA-H,0, CO»-DEA-
H,O, HiS-DMEA-H,0, CO,-MDEA-H50, H>S-DGA-
H,0O, and CO»-DGA-H-0, are given in Table VII. This ta-
ble also includes their corresponding absolute percent relative
deviations in pressure, op. Paramelters not listed here were
set to the default values given in Table VIIT. That is, all water-
ion pair and ion pair-water parameters were fixed at default
values of 8.0 and —4.0, respectively, while all alkanolamine-
ion pair and ion pair-alkanolamine, and all acid gas-ion pair
and ion pair-acid gas binary parameters were fixed at default
values of 15.0 and —8.0, respectively. The non-randomness
parameter, «v, was not regressed and was set to the default
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TABLE VI. Sources of experimental vapor-liquid equilibrium data for estimating molecule-ion pair binary parameters in ternary acid gas-

alkanolamine-water systems.

Reference Amine Temperature Acid gas
concentration'®’ range(°C) loading range
MEA-CO;-H;0
Lee et al. [37] 1.0,2.5,3.75,50M 25-120 0.090-2.00
Isaacet al. [38] 25M 80, 100 0.040-0.32
Lawson and Garst [39] 15.2, 30.0 wt% 40-140 0.110-1.00
Jones et al. [40] 15.3 wt% 40-140 0.130-0.73
Muhlbauer and Monaghan [41] 25M 25,100 0.460-0.74
MEA-H28-H.0
Lee et al. [42] 2.5,50M 40,100 0.120-1.55
Lee et al. [43] 2.550M 25-120 0.210-1.61
Lawson and Garst [39] 15.2, 30.0 wt% 40-140 0.005-1.63
Jones et al. [40] 15.3 wt% 40-140 0.025-0.97
Muhlbauer and Monaghan [41] 25M 25,100 0.200-0.93
DEA-CO:-H20
Lee et al. [44]) 05,2.0,3550M 25-120 0.030-3.326
Lee et al. [45] 20M 40, 100 0.005-0.37
Lawson and Garst [39] 25, 50 wt% 38120 0.320-1.17
DEA-H2S-H20
Lee et al. [46] 2.0,35M 25-120 0.070-1.55
Lee et al. [47] 0.5,50M 25-120 0.020-3.29
Lal et al. [45] 2.0M 40-100 0.007-0.22
Atwood er al. [48] 10, 25, 50 wt% 27-60 0.005-1.00
Lawson and Garst [39] 25, 50 wt% 38-150 0.004-1.58
MDEA-CO,-H,0
Jou et al. [49] 2.0,428M 25-120 0.001-3.22
Jou et al. [50] 3.04 M 40, 100 0.002-0.80
Bhairi [51] 1.0,20M 25-116 0.160-1.51
MDEA-H,S-H,0
Jou et al. [49] 1.0,2.0,428M 25-120 0.001-1.83
Jou et al. [50] 3.04 M 40, 80 0.004-1.08
Bhairi [51] 1.0,2.0M 25-116 0.180-2.17
DGA-CO2-H20
Matin et al. [52] 60 wt% 50, 100 0.130-0.80
Dingman et al. [31] 65 wt% 38-82 0.003-0.59
DGA-H3S-H,0
Matin et al. [52] 60 wt% 50, 100 0.060-1.09
Dingman er al. [31] 65 wt% 38-82 0.003-0.85

(@) Amine concentrations are acid gas free

values recommended in Austgen et al. [14]. All default val-
ues were assumed to have no temperature dependence, i.e.,
& =

Figures 3 and 4 summarize the ratios of the calculated
to the measured equilibrium partial pressures for CO,-MEA-
H»>O and H,S-MEA- H»O systems in the temperature range
25-120°C. Figures summarizing the ratios of the calculated
to the experimental partial pressures for the other six ternary

systems considered in this work show similar behavior so that
they were not included here. In all, most of the vapor-liquid
equilibrium data was fit within £25%.

5. Model predictions

As stated earlier, the main goal of any developed model is to
provide a means that can confidently be used for interpola-
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TABLE VII. Electrolyte-NRTL parameters, T = a-+b/T', for the HzS-alkanolamine-H, O and CO»-alkanolamine-H, O systems, and absolute

percent relative deviation in pressure, op.

System No. data a b(K) op
H:S-MEA-H,0 184 13.5
H;O-(MEAH', HS ) 6.9023 401.24
(MEAHT, HS™)-H20 —3.4406 —215.85
CO,S-MEA-H-.0 193 14.8
H:0-(MEAH™, HCOJ ) 4.0563 581.65
(MEAH™T, HCO3)-H20 —~2.8773 0.00
H.O-(MEAH', MEACOO™) 9.2732 0.00
(MEAHT, MEACOO™)-H,0 —4.8766 0.00
H.S-DEA-H,0 186 22.3
H.O-(DEAHT, HS ™) 5.0738 1337.30
(DEAH™", HS7)-H,0 —2.3518 —755.55
C0,-DEA-H,0 174 18.5
H.0-(DEAHT, HCO; ) 20153 1568.40
(DEAHT, HCOZ)-H,0 —2.4157 —423.80
H,O-(DEAH', DEACOO™) 7.9962 165.49
(DEAH", DEACOO™)- H,0 —3.8412 —186.20
H.S-MDEA-H,0 182 24.0
H,O-(MDEAH*, HS ") 8.9443 —850.86
(MDEAH™", HS™)-H20 —5.7352 931.19
CO;-MDEA-H,0 187 19.0
H2O0-(MDEAH™, HCO; ) 15.713 —2543.60
(MDEAH™, HCO3 )-H.0 —9.1233 1783.20
H.S-DGA-H,0 100 22.5
H,0-(DGAH*, HS ™) 7.0321 425.59
(DGAHT, HS7)-H,0 —3.7153 —148.24
C0,-DGA-H,0 80 16.1
H20-(DGAH™, HCO3 ) 1.5759 1972.40
(DGAH™, HCO; )-H20 —2.8742 —290.50
H,0-(DGAH*, DGACOO™) 9.7715 581.73
(DGAH", DGACOO™)-H:0 —4.5484 —291.56

TABLE VIII. Default Electrolyte-NRTL parameters, 7 =

b/T (b =0), specified in this work‘®),

T =t

a o
H,0O (ca) 8.0 0.2
(ca) H20 —-4.0 0.2
amine (ca) 15.0 0.1
(ca) amine —-8.0 0.1
solute (ca) 15.0 0.1
(ca) solute —8.0 0.1
c a’) (c“ a“) 0.0 0.1
c'a"y (ca) 0.0 0.1
my ms 0.0 0:2
ma m; 0.0 0.2

(@Igolute = COz or H3S, (ca) = cation, anion pair, m; = solvent or

solute

tions of the data or extrapolations in regions beyond where
measurements have been made. This is important due to the
lack of experimental data at low acid gas partial pressure
range where it is a priori most important for design gas treat-
ing operations.

Figures 5 and 6 show the model application to the pre-
diction of CO, and H,S equilibrium partial pressures as a
function of acid gas loading of the liquid phase, respectively.
These figures were generated at 50°C over 2.0 kmol m~3
MEA, DEA, MDEA, and DGA aqueous solutions using our
model for the eight ternary systems considered above.

An inspection of Fig. 5 shows that at these conditions of
temperature and total amine concentration, the CO, equilib-
rium partial pressure varies depending upon the acid gas load-
ing. In particular, in the CO» loading range from 0.01 to 0.40,
it is seen that the CO,-MEA-H,0 system presents the low-
est CO; equilibrium partial pressure while the CO,-MDEA-
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FIGURE 4. Regressed fit of H»S partial pressure data as a function
of H2S loading for the H2S-MEA-HO system.

H, O system presents the highest one. This means that MEA
and MDEA aqueous solutions have, respectively, a greater
and a lower absorption capacity with respect to the other
aqueous alkanolamine. On the contrary, in the CO; load-
ing range from 0.40 to 0.75, the aqueous solution with DGA
presents the lowest CO» equilibrium partial pressure.

Due to that MDEA does not react directly with CO, 1o
form a carbamate, then we can expect that its capacity (o
absorb this acid gas is lower than for other three amines
considered here. However, when the CO» loading is greater
than 0.75 moles CO»/mole of amine, then MDEA aqueous
solution has a lower CO, equilibrium partial pressure than
for other aqueous alkanolamines. For instance, if a sour gas
containing a CO, loading of about 0.40 moles COy/mole of
amine is introduced at the bottom of the absorber in an ab-
sorption/stripping operation at 50°C, the amines with lower
CO5 equilibrium partial pressure will be DGA and MDEA.

It should be noted that the complicated behavior shown
for the CO,-alkanolamine-H,O systems is due to the forma-
tion of carbamate for MEA, DGA, and DEA, besides to the
dissociation of CO». It is also known that the formation of
carbamate dominates the chemical equilibria below loadings
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FiGure 5. Model prediction of CO2 equilibrium partial pressures
at 50°C over 2.0 kmol m~* MEA, DEA. MDEA and DGA aque-
ous solutions as functions ot acid gas loading in the liquid phase.
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FiGure 6. Model prediction of H2S equilibrium partial pressures
at 50°C over 2.0 kmol m—* MEA, DEA, MDEA, and DGA aque-
ous solutions as functions of acid gas loading in the liquid phase.

of 0.5 moles COs/mole amine, and that reversion of carba-
male to bicarbonate dominates equilibria above a loading of
0.5, as shown in Fig. 3.

Conversely, Fig. 6 clearly illustrates that the behavior
for the H,S-alkanolamine-H»O systems is less complicated
than that reported for the CO,-alkanolamine-H»0 systems.
This figure shows a regular trend of the H,S equilibrium
partial pressure for all alkanolamines considered here. This
is because the HuS does not react directly with the amine.
This figure shows that in the H»S loading range from 0 to
1 moles H.S/mole amine, the HsS equilibrium partial pres-
sure curves are similar for the systems HaS-MEA-H»0 and
H.S-DGA-H,0. i.e., the HsS predicted equilibrium partial
pressure curves for MEA and DGA are superimposed to each
other.

Overall, it is seen that MEA and DGA aqueous solutions
have the greatest absorption capacity, while the aqueous so-
lution has the lowest one, along all the H, S loading range.
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6. Conclusions

A thermodynamic model was developed to represent
vapor-liquid equilibrium data of acid gas (HzS, COg)-
alkanolamine(MEA, DEA, DGA, MDEA)-water systems.
This model accounts for chemical equilibria in a rigorous
fashion to determine the true compositions of all liquid-phase
species, ionic and molecular, and phase equilibria to deter-
mine the equilibrium distribution of molecular species be-
tween the vapor and liquid phases. In general, the system is
modeled as a solution of molecular and ionic solutes in a mix-
ture of water and alkanolamines.

Liquid-phase activity coefficients were represented with
the Electrolyte-NRTL equation to account for long-range ion-
ion interactions and short-range (local) interactions between
all true species in the liquid phase, while vapor-phase fugac-
ity coelficients were represented with the PRSV equation of
state.

The equilibrium distribution of liquid-phase species was
determined by a Gibbs free energy minimization technique
in which the values of the free energy are constrained by the
clemental abundance equations. The minimum in the Gibbs
free energy was found by the method of Lagrange multipli-
ers. Due to the non-linearity in mole numbers, the necessary
conditions for a minimum in the free energy were satisfied
by solving iteratively a linearized set of the necessary con-
ditions. Overall, this procedure converged in a few iterations
without any difficult for all systems so far studied.

Binary interaction parameters of the Electrolyte-NRTL
equation and carbamate stability constants were fitted on
binary system (MEA-H,0O and MDEA-H50) and ternary
system (HoS-MEA-H,0, CO3-MEA-H,0, H2S-DEA-H,0,
CO,-DEA-H»0, HsS-DGA-H20, CO;-DGA-H20, H,S-
DMEA-H>0 and CO,-MDEA-H,0) vapor-liquid equilib-
rium data in temperature range from 25 to 120°C.

Ternary vapor-liquid equilibrium data used to estimate
the model parameters ranged in alkanolamine concentration
from | to 5 M, in liquid phase acid gas loading from 0 to 1.5
moles of acid gas per mole of amine, and in acid gas partial
pressure from 0.1 to about 100 bar.

|

NRTL contribution:
Molecular species
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Estimates of equilibrium partial pressures and liquid
phase apparent mole [ractions for HoS and COs, were found,
in general, to be in good agreement with ternary (H,S-
alkanolamine-H->O and CO5-alkanolamine-H-O) experimen-
tal data for aqueous solutions of MEA, DEA, DGA, and
MDEA. That is, the model correctly represents the solubil-
ity of H»S and CO, in aqueous solutions of these amines as
exhibited by op in Tables V and VII, and Figs. 3 and 4.

In addition, predictions performed for CO,-alkano-
lamine-H>0 and H,S-alkanolamine-H,O systems show that
the developed model can be used for interpolations of the
data or extrapolations in regions beyond where measurements
have been made.

Finally, an extension of the model has been made to rep-
resent Hy S and CO» solubility in aqueous solutions of mixed
amines data. Results obtained with the fitted parameters for
various mixed amines systems will be reported in a forthcom-
ing paper.

Appendix A
Activity coetficients for the Electrolyte-NRTL equation
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Activity coefficients given by Egs. (A-4), (A-6) and (A-
8) are symmetrically normalized. Therefore, to obtain the
unsymmetrically normalized activity coefficients for which
the solute (molecular or ionic) reference state is the ideal in-
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finitely dilute aqueous solution, Eqs. (A-5), (A-7) and (A-9)
must be subtracted from the corresponding expressions for
the symmetrically normalized activity coefficients.
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