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Abstract
Chemical absorption with alkanolamines processes are commonly applied for natural gas
purification. The knowledge of CO2, H2S, hydrocarbons and mercaptans solubilities in
aqueous alkanolamine solutions is important in acid gas removal process simulation and
design. In previous works, alkanes, aromatics and mercaptans solubilities in different
aqueous alkanolamine solutions have been successfully represented by using the PR-CPA
EoS. In this work, the PR-CPA EoS with a pseudo-chemical reaction approach is
developed and applied to describe the solubility of acid gases in aqueous alkanolamines
solutions. The results are in good agreement with a wide range of experimental data.
Other relevant properties such as water content, electrolytes speciation and enthalpy of
absorption are accurately predictd by PR-CPA EoS.
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Introduction

Among fossil fuels, natural gas is the cleanest, in terms of CO2 emission, burn efficiency
and amount of air pollutant [1]. Methane is the prevailing element of natural gas;
therefore, it contains other volatile molecules and a variety of impurities. In fact, it
contains usually considerable amounts of acid gases (CO2, H2S) which can lead to
corrosion in equipment and pipelines if water is present. Mercaptans (mainly Methyl
Mercaptan (MM) and Ethyl mercaptan (EM)) are known as toxic molecules with
undesirable odour, and fuel combustion of mercaptans and other sulphur components can
produce SO2 which is an undesirable chemical, and they can cause environmental issues.
Acid gases and mercaptans are needed to be removed from natural gas until they reach
acceptable standard. The treated natural gas contains a maximum of 2% of CO2, 2–4 ppm
of H2S and 5–30 ppm of total mercaptans [2]. Chemical absorption with alkanolamines [3]
(such as monoethanolamine (MEA), diethanolamine (DEA), methyldiethanolamine
(MDEA)) is the most well-established method to separate acid gas from natural gas. Acid
gases react with alkanolamines in the absorber via acid-base chemical reactions to form
electrolyte species. Mercaptans and hydrocarbons do not react with alkanolamines
molecules, and they are physically absorbed by aqueous alkanolamine solutions.
Thermodynamic models are of high importance for the design of the process, as they are
linked directly to the accurate determination of the Vapor-Liquid Equilibrium and energy
balances. Reliable thermodynamic models can allow designers not only to confirm their
regulatory limits, but also to determine the best operation minimizing the loss of valuable
hydrocarbons components. Our aim in this study is to develop an accurate
thermodynamic model to describe alkane, aromatic and mercaptans solubilities (methane,
ethane, propane, n-butane, n-pentane, n-hexane, benzene, toluene, MM, EM) in aqueous
alkanolamine solutions, to estimate acid gases (CO2, H2S) solubilities in aqueous
alkanolamine solutions, and to estimate other crucial properties such as electrolytes
concentration and vapor phase composition (mostly water content).
In previous works (Wang et al. [4,5]), the PR-CPA EoS has been applied to describe the
solubilities of hydrocarbons (including methane, ethane, propane, n-butane, n-pentane, n2

hexane, benzene, toluene, and ethyl-benzene) and mercaptans (including methyl
mercaptan and ethyl mercaptan) in aqueous MDEA, DEA and MEA solutions in Vapor
Liquid Equilibrium (VLE), Liquid Liquid Equilibrium (LLE), and Vapor Liquid Liquid
Equilibrium (VLLE) conditions. Parameters of associating compounds were determined
by regression from experimental data. With optimized parameters, hydrocarbons and
mercaptans solubilities in aqueous alkanolamine solutions were successfully represented
by the model; the ARDs (Average relative deviation) are under 10% for alkanes, 18% for
aromatics and 20% for mercaptans.
In this work, we focus on the solubility of acid gases in aqueous alkanolamines solutions.
Unlike hydrocarbons, aromatics and mercaptans, the chemical reactions between CO2 /
H2S – alkanolamine - water and the formation of electrolyte species must be considered.
The thermodynamic models used to resolve this problem can be grouped into three
categories. The first and the simplest are the empirical models. Thanks to their simplicity,
they are quite popular for early phase studies. These models utilize simple mathematical
correlations for phase equilibria and fitted chemical equilibrium constants (Posey et al.
[6]). The Kent–Eisenberg model [7] is an example of such a model. This kind of model is
unsuitable for estimating the speciation and rigorous energy balances. More rigorous
models can be divided into two categories: asymmetric approaches (excess Gibbs energy
model for the liquid phase and EoS for the vapour phase) and symmetric approaches
(equation of state-based models). For the asymmetric approach, the Desmukh–Mather
model [8] has been widely used. This model utilizes the extended Debye–Hückel
expression to estimate the activity coefficients of electrolyte species for long-range
interactions. Dicko et al. [9] have applied this model for the modelling of equilibrium
properties of CO2 –H2S-MDEA-water system. This model uses empirical terms to
represent short-range interactions. The electrolyte-NRTL [10] and UNIQUAC [11]
models, which are rather more complex activity based models, can also be used. For the
symmetric approach, the Fürst and Renon [12] EoS is one of the most widely used
approaches. In this work, a new symmetric approach for accounting for the chemical
reaction is developed and it is combined with the PR-CPA EoS.
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Thermodynamic model

Due to their simplicity, accuracy and computational efficiency, classical Cubic EoS are
widely used in the petroleum and chemical industries. In the beginning of 1980s,
Wertheim [13] has developed a theory for chain and associating molecules. This theory is
implemented in the Statistical Associating Fluid Theory EoS [14], which is based on
perturbation theory and includes the hard sphere model as reference.
In 1996, Kontogeorgis et al. [15] have proposed to combine Wertheim’s theory with an
adapted radial distribution function and SRK EoS. This model is called Cubic Plus
Association EoS (CPA EoS), expressed by Equation (1):
ACPA ACubic A Association


RT
RT
RT

(1)

The cubic term can be any cubic EoS e.g. SRK or PR. As these two EoS are both widely
used cubic EoS, and as a continuity of the previous work [16], the PR-CPA EoS has been
applied in this work, expressed by Equation (2):
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Wertheim term

The CPA model is presented in detail in Appendix.
While the PR EoS accounts for the physical interaction contribution between the species,
the association term takes into account the specific site-site interaction due to hydrogen
bonding. Therefore, it is suitable for describing systems where water and alkanolamines
molecules form hydrogen bonds (including self- and cross-interactions as well as
solvation / induced association effects). Moreover, Dowell et al. [17] have successfully
developed a simplified approach which allows treating chemical reactions with the
Wertheim theory. In this approach, the chemical reactions between alkanolamine and
CO2 have been treated as pseudo-cross association between them.
4

Conventional configurations for alkanolamine and acid gas are not suitable to represent
the chemical reaction between acid gas and alkanolamines. Nevertheless, Dowell et al.
[17] have successfully represented the phase behaviour of CO2-water-MEA systems by
using SAFT-VR [18] without any consideration of electrolytes species. They proposed
that chemical reactions can be treated as strong associating physical interactions.
Association sites that allow the pseudo-chemical reaction of CO2 and MEA are
introduced in Weirtheim part of SAFT. This approach has been successfully applied with
SAFT-VR to estimate CO2 solubility in MEA, MDEA, DEA, AMP, DEtA as
multifunctional alkanolamine [17] [19], and some n-alkyl amines [20]. Recently, they
applied this approach in process simulation and optimization for CO2 capture by aqueous
solution of MEA [21]. Their approach for treating the chemical reactions is employed in
this study. However, the solvation between CO2 and water was neglected in their work.
But according to Tsivintzelis et al. [22], the solvation effect between CO2 and water
should be considered for representing the CO2 - water binary system. The effect of
considering the solvation effect between CO2 and water for describing the
multicomponent CO2–alkanolamine-water system is investigated in this work, see
supplementary information. The results shows the solvation effect gives better results,
and it lead to less temperature dependent on kij. In this paper, results are obtained by
considering the solvation effect. A new conception of association schemes for acid gas
and alkanolamines is developed and investigated in this work, as can be seen in Figure 1.

Figure 1 association schemes developed in this research a) CO2 , b) H2S, c) water and symmetric model for
alkanolamine, d) asymmetric model for alkanolamine.
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Figure 1.a shows the association scheme for CO2, the e site is assigned as a solvation site
which allows the cross association between CO2 and water, α1 and α2 are dedicated
reaction sites which only react (cross-associate) with the electron site on alkanolamine.
Depending on the nature of alkanolamine, 1 α site can be activated for MDEA, and 2 α
sites are activated for MEA.
Figure 1.b is the association scheme for H2S, the two e sites are given as solvation sites
which allows the cross association between H2S and water, α1 and α2 are dedicated
reaction sites which only react (cross-associate) with the electron site on alkanolamine.
Depending on the nature of alkanolamine, the α1 site is activated for MDEA, and both α1
and α2 sites are activated for MEA.
Figure 1.c is the association scheme of water and also the symmetric model of
alkanolamine. There are four sites in total including: two e sites and two H sites
representing different functional groups. In this symmetric model, there is no distinction
between e and H sites, i.e. the association behaviour of the different functional groups are
identical.
Figure 1.d is the asymmetric model of alkanolamine, one e* site is added based on the
symmetric model of alkanolamine (4C) in order to distinguish the –NH from –OH
functional groups (NH group reacts with CO2 and H2S) . In this asymmetric model, e*
site on alkanolamine react only with the the α sites on acid gas.
The choice of symmetric model and asymmetric model for alkanolamine has been
investigated. The asymmetric model has been finally chosen because it gives significantly
better results than the symmetric one, and this fact has been proved by Dowell et al. [20].
As an example, the reaction between MEA and CO2 can be represented by Figure 2.
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Figure 2 Reaction mechanism between CO2 and MEA (asymmetric model).

Reaction products can be determined from a statistical analysis of the molecules notbonded at given sites, by using Equation (3) and (4):

[MEACOO ]  [ xCO2 ][(1  X 1,CO2 ) (1  X  2,CO2 )]

(3)

[HCO31 ]  [ xCO2 ][ X 1,CO2 1 X  2,CO2 ]

(4)

Where xCO2 is the molar concentration of total CO2 in the liquid phase in equilibrium, it is
related to the concentration of alkanolamine and loading ratio and X

 i ,CO 2

is the mole

fraction of CO2 not bonded at αi site.
For alkanolamine- acid gas mixtures, modified CR1 combining rules are applied, their
cross-association volume 

Ai B j

and the cross-association energy 

Ai B j

are fitted from

VLE experimental data:



Ai B j

  cross ( fitted )

(5)



Ai B j

  cross ( fitted )

(6)
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kij is the binary interaction parameter in the van der Waals combining rule, and it is
considered as an adjustable parameter. The influence of kij and its temperature
dependency will be studied in this work.  cross , 

cross

,and

kij are considered as adjustable

parameters, they are fitted simultaneously for acid gas-alkanolamine-water systems using
ternary VLE data by minimizing objective function which is detailed in next the section.

3

Model Parameterization

3.1 Pure component
For self-associating components (water, MEA and MDEA), their parameters are taken
from previous work (Wang et al. [4]). For acid gases, their parameters are calculated
from critical properties and acentric factors, where the data are taken from NIST [23].
Pure component parameters used in this work are presented in Table 1.

Table 1. PR-CPA EoS parameters for compounds for association compounds considered in this work .

Compoun
d
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mol-1
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0.69
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0.67
4
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For
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0.014
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0.008

76
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74

8
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0.38
0.63

0.43

0.43

-

-

0.95

0.95

ρL

1.

0.

8

6

0.
9

1

2

1.
6

8
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CO2

0.397

2.661

H2S

0.492

2.957

0.70

30

1

4

0.51

37
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3

ARD% = 1/np× Σ|1 − χicalc/χiexp| × 100%.χ: Psat or ρL

3.2 Binary Interaction Parameters
To the best of our knowledge, experimental data for the acid gas solubility in
alkanolamine solutions are only available in the form of acid gas-water-alkanolamine
ternary systems. Therefore, 3 BIPs (binary interaction parameters) listed in Table 2 are
required to represent each acid gas-water-alkanolamine ternary systems.

Table 2 Overview of BIPs required representing alkane-water-alkanolamine ternary systems.

Alkanolamine

Alkanolamine

Water

Acid gas

NA

Previous work (Wang et al. [4])

This worka

NA

This workb

Water
Acid gas

NA

a: Fitted from acid gas-water-alkanolamine ternary systems data
b: Fitted from acid gas-water binary systems data

3.2.1 Acid gas-water Binary system

Before investigating the solubility of acid gas in aqueous alkanolamine solution, the
solubility of acid gas in pure water is studied by using the PR-CPA EoS. Rodriguez et
al.[24] have neglected the solvation effects between CO2 and water with SAFT-VR when
they consider CO2 solubility in different alkanolamine solutions. However, according to
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Tsivintzelis et al. [22], it is important to consider the solvation effect between CO2 and
water in order to represent correctly CO2 - water binary systems (at least when the CPA
equation of state is used). Therefore, the solvation between acid gases (H2S and CO2)
withwater has been taken into account. kij and two cross association parameters (εAiBj
and βAiBj) are included for such systems. εAiBj is assumed to be a non-adjustable parameter
using the experimental values proposed by Tsivintzelis et al. [22] [25]; 108.78 and
142.00 /bar.L.mol-1 for H2S-water and CO2-water respectively. In this work, kij and βAiBj
have been fitted to experimental data using the following objective function:

 x1cal  x1exp
f  100   
x1exp
i 1 

n




i

(7)

Table 3 summarizes the adjustable parameters and the ARD for the VLE data of acid gaswater binary systems; the ARDs for acid gas solubility in water are 2.1% and 5.4% for
H2S-water and CO2 -water binary systems respectively. Figure 3 shows the comparison
between model results and the experimental data from Valtz et al. [26] for the CO2 –
water binary system, while Figure 4 shows the comparison between PR-CPA results and
the experimental data from Selleck et al. [27] for the H2S-water binary system.

Table 3. BIP values and ARD of liquid compositions (xacid

gas)between

PR-CPA EoS results and

experimental data for CO2-water binary system.
System

kij (a+b/T)
T /K

ARD xacid gas

a

b×103 /K-1

βAiBj

References

H2S-water

283-443

2.1

0.0998

NA

0.01427

[27,28]

CO2-water

278-479

5.4

0.0052

0.397

0.0136

[26,29,30]

ARD% = 1/np× Σ|1 − χicalc/χiexp| × 100%.χ: solubility of acid gas in water, Np: number of point
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Figure 3 Comparison of experimental CO2 solubility in water and PR-CPA EoS results, solid line: PR-CPA EoS
symbols: experimental data from Valtz et al. [26] ; (○)=298 K, (□)=308 K, (*)=318 K.
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Figure 4 Comparison of experimental H2S solubility in water and PR-CPA results, symbols: experimental data
from Selleck et al. [27];, solid lines: PR-CPA EoS, (□)=311K (x)=344K, (○)=377 K.

3.2.2 Acid gas-alkanolamine binary system
In order to have the best model performance to represent acid gas solubility in
alkanolamine solution, different model configurations considering the association scheme
of alkanolamine, the influence of kij between acid gas-alkanolamine and the solvation
effect between acid gas-water have been investigated.
The kij between acid gas-alkanolamine is assumed to be temperature dependent and is
estimated from ternary acid gas-alkanolamine-water data as there is not relevant binary
data. The difference between MEA and MDEA is that a second reaction forming
carbamate should be considered in the case of MEA only. Therefore, the two α sites are
both active in the MEA case, and two additional parameters βAiBj’ and εAiBj’ are involved in
order to represent the formation of carbamate. There is a quantity of experimental data
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for acid-gas-water-alkanolamine ternary systems, the chosen experimental data in this
work covers a wide range of temperature and a wide range of acid gas loading ratio.
The binary interaction parameters estimated from the experimental data are summarized
in Table 4. The objective function used is given by Equation (8):

 Pcal  Pexp
f  100   
Pexp
i 1 

n




i

(8)

where P is the total pressure of acid gas-alkanolamine-H2O ternary systems.

Table 4 BIP values and ARD of total pressure between PR-CPA EoS results and experimental data

for acid gas -alkanolamine binary system

Binary

CO2-MEA
CO2-MDEA
H2S-MEA
H2S-MDEA
a:

T /K

298393
313413
298413
311388

kija

ARDPt%

βAiBj

εAiBj
/bar.L.mol-1

εAiBj’
βAiBj’

/bar.L.mol1

Referen
ces

a

b×103 /K-1

c×106 /K-2

12

-6.99

29.90

-23.73

0.00411

408.62

0.00106

361.17

[31]

11

6.51

-40.4

68.7

0.00486

340.97

NA

NA

[32]

30*

-6.426

38.15

-49.94

0.00380

411.51

0.0170

178.26

[33]

13

0.8489

-2.834

8.461

0.01846

316.42

NA

NA

[34]
[35]

, ARDPt ARD on total pressure of acid gas-water-alkanolamine ternary systems

*: ARD% on partial pressure of H2S
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Results and discussion

4.1 Acid gas solubility in aqueous alkanolamine solutions

4.1.1 CO2-MEA-water ternary system

Figure 5 shows the comparison between the total pressure of the CO2-MEA-water ternary
system and the results obtained from PR-CPA with 30 wt% aqueous MEA solution. It can be
highlighted that PR-CPA can accurately represent the total pressure of CO2-MEA-water ternary
system in the temperature range from 298 to 398K, and CO2 loading ratio from 0 to 0.95.
100
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0.001

0.0001
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0.8

0.9

1

Figure 5 Comparison of experimental total pressure of CO2-MEA-water ternary system with 30 wt% MEA and
PR-CPA results. Solid lines: PR-CPA EoS. Symbols: experimental data from Jou et al. [31]. (▲)=298 K, (●)=333
K， (×)=353 K, (+)=393 K

4.1.2 CO2-MDEA-water ternary system
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Figure 6 and 7 show the results for the CO2-MDEA-water ternary systems for 32 and 19 wt %
MDEA aqueous solution respectively. PR-CPA shows excellent representation for the CO2
solubility in aqueous MDEA solutions in a wide range of temperature from 313 to 413 K. Our
model is more accurate than the Desmukh–Mather model with less parameter. The comparison
between our model and Desmukh–Mather model is presented in supplementary information.

Figure 6 Comparison of experimental total pressure of CO2-MDEA-water ternary system with 32 wt% MDEA
and PR-CPA results. Solid lines: PR-CPA EoS. Symbols: experimental data [32]. (◆)=313 K, (▲)=333 K,
(■)=373 K, (●)=393 K，(×)=413 K.
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Figure 7 Comparison of experimental total pressure of CO2-MDEA-water ternary system with 19 wt% MDEA
and PR-CPA results. Solid lines: PR-CPA EoS. Symbols: experimental data Kuranov et al. [32]. (◆)=313 K,
(▲)=333 K, (■)=373 K, (●)=393 K，(×)=413 K

4.1.3 H2S-MEA-water ternary system

Figure 8 shows the comparison between H2S partial pressure for the H2S-MEA-water
ternary system and the PR-CPA results with 30 wt% aqueous MEA solution. It can be
seen that PR-CPA can accurately represent the H2S partial pressure of the H2S-MEAwater ternary system within the temperature range from 298 to 393K, when the H2S
loading ratio is greater than 0.2. However, PR-CPA overestimates the H2S partial
pressure when the H2S loading rate is low (<0.2).
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Figure 8 Comparison of experimental H2S partial pressure of H2S-MEA-water ternary system with 30 wt%
MEA and PR-CPA results. Solid lines: PR-CPA EoS, symbols: experimental data from Lee et al. [33]. (♦)=298 K,
(▲)=313 K, (■)=333K, (●)=353 K， (×)=373 K, (+)=393 K.

4.1.4 H2S-MDEA-water ternary system
Figure 9 and 10 show the comparison between the total pressure of H2S-MDEA-water
ternary system and the results from PR-CPA at different concentrations (20 and 48 wt %).
It can be seen that PR-CPA can accurately represent the total pressure of H2S-MDEAwater ternary system in the temperature range from 311 to 388K, and in the whole H2S
loading ratio from 0 to 0.988.
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Figure 9 Comparison of experimental total pressure of H2S-MDEA-water ternary system with 48 wt% MDEA
and PR-CPA results. Solid lines: PR-CPA EoS. Symbols: experimental data from Sidi-Boumedine et al. [34] .
(◆)=313K, (■)=373 K.
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Figure 10 Comparison of experimental total pressure of H2S-MDEA-water ternary system with 20 wt% MDEA
and PR-CPA results. Solid lines: PR-CPA EoS. Symbols: experimental data from Bhairi et al. [35] . (◆)=311 K,
(▲)=338 K, (■)=388 K.

4.2 Model validation
In this section, PR-CPA EoS developed

will be validated by comparing

exploration/prediction results with different type of experimental data not used in
parameter estimation including acid gas solubility in aqueous alkanolamine solution,
vapour phase composition, liquid phase speciation, enthalpy of absorption, and acid gas
mixture solubilities.
4.2.1 Acid gas solubility in aqueous alkanolamine solution
Experimental data with 25 wt % MDEA aqueous solution [34] is used to validate the
model extrapolation as this data were not used in parameter estimation. These data are at
a temperature range of 298-348K, and the results are shown in Figure 11. It can be seen
that the total pressure is correctly estimated by PR-CPA with an ARD about 12%.
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Figure 11 Exploration of total pressure of CO2-MDEA-water ternary system with 25 wt% MDEA using PRCPA. Solid lines: PR-CPA EoS. Symbols: experimental data from Sidi-Boumedine et al.[34]. (◆)=298 K,
(▲)=313 K, (■)=348 K.

For the H2S-MDEA-water ternary system, it can be seen in Figure 12 that, the tendency
of total pressure is correctly estimated by PR-CPA with ARD of 17 %. However, the total
pressure is overestimated for low H2S loading ratio (<0.2).
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Figure 12 Exploration of total pressure of the H2S-MDEA-water ternary system with 35 wt% MDEA using PRCPA. Symbols: experimental data from Jou et al. [36] . Solid lines: PR-CPA EoS. (◆)=313 K, (▲)=373 K.

4.2.2 Vapour phase concentration
Accurate estimation of MEA concentration in the vapour phase is necessary in process
design in order to estimate the amount of solvent loss. Moreover, the water content is
crucial for the design of drying units. As the concentration of MDEA is very low in the
vapour phase (about 10-6 in mole composition), there are no available experimental data
for those systems. However, in this work we have chosen the CO2 –MEA-water ternary
system for model validation. Figure 13 and 14 show that PR-CPA can satisfactorily
estimate vapour phase composition for water and MEA at 333 and 313 K.
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Figure 13 Comparison of vapour phase composition of the CO2-MEA-water ternary system with 30 wt % MEA
at 333.15 K using PR-CPA. Lines: PR-CPA predictions, Solid line: ywater, dashed line:yMEA, symbol:
experimental data from Hilliard et al. [37] (▲)=ywater,(◆)= yMEA.
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Figure 14 Comparaison of vapour phase composition of CO2-MEA-water ternary system with 30 wt % MEA at
313.15 K using PR-CPA. Lines: PR-CPA predictions, Solid line: ywater, dashed line:yMEA, symbol: experimental
data from Hilliard et al. [37] (▲)=ywater,(◆)= yMEA

4.2.3 Liquid phase speciation
Another important aspect in the model validation is the description of the degree of
speciation of the system. For the CO2-MDEA-water, the main products of reactions in
the model are the MDEAH+ and HCO3-1,. The concentration of these products can be
obtained from the ratio of unbonded α sites on the CO2 as follows:

[MDEA   xCO2 ][(1  X 1,CO2 ) ]

(9)

[HCO31  xCO2 ][ X 1,CO2 ]

(10)

where xCO2 is the molar concentration of total CO2 in the liquid phase in equilibrium.
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The analysis of the degree of speciation for CO2-MDEA-H2O at 313 K is presented in
Figure 15. PR-CPA EoS provides very good estimations of the composition in MDEA
and bicarbonate at 313 K.

Figure 15 Prediction of liquid phase electrolyte speciation of CO2-MDEA-water ternary system with 30 wt %
MDEA at 313K using PR-CPA. Solid line: MDEA, dotted line: HCO3-1 symbols: experimental data from
Jakobsen et al. [38]: (△)=HCO3-1, (○)=MDEA.

For the CO2 –MEA-water, the reaction mechanism is more complex, and the
concentration of different electrolytes was calculated from the fraction of molecules of
CO2 not bonded at the site α (X α, CO2) by using equations (3 and 4):
The PR-CPA EoS can accurately predict the speciation of acid gas reacting with aqueous
alkanolamine solutions. Figure 16 shows the excellent agreement between PR-CPA
estimation and experimental data for the speciation for carbamate and bicarbonate for the
CO2-MEA-water ternary system at 313 K.
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Figure 16 Prediction of liquid phase electrolyte speciation of CO2-MEA-water ternary system with 30 wt %
MEA at 313.15 K using PR-CPA. Solid line: HCO3-1, dashed line: MEACOO-, dotted line: MEA+MEAH+,
symbols: experimental data from Hilliard et al. [39] (△)=HCO3-1,(◇)= MEACOO- (○)=MEA+MEAH+ from
Hilliard [37], (▲)=HCO3-1,(◆)= MEACOO- (●)=MEA+MEAH+.

4.2.4 Enthalpy of absorption
In the context of acid gas removal processes, another important property to consider is
the enthalpy of absorption of CO2, as the major source of heat in the system is the heat
that is released when CO2 is absorbed by alkanolamine. The enthalpy of absorption is
calculated by using the following equation:

 d ln( P) 
H abs  

 d1/ T  x

(11)
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For MDEA, the heat of absorption is not greatly affected by pressure [40]. The
comparison between the PR-CPA EoS estimations and the experimental data for the
enthalpy of absorption of CO2 in MDEA is shown in Figure 17. At 20 wt% MDEA, and
in the temperature range from 298 to 333 K, which is a typical temperature range for CO2
absorbers, the PR-CPA EoS is able to accurately predict the enthalpy of absorption of
CO2. The overall ARD is 14.5 %. However, the increase of -ΔHabs with temperature is not
correctly predicted with PR-CPA EoS.

Figure 17 Prediction of enthalpy of absorption of CO2-MDEA-water ternary system with 20 wt % MDEA
loading ratio of 0.5 using PR-CPA EoS. Lines: PR-CPA EoS prediction, symbols: experimental data from Gupta
et al. [41]

For MEA, the enthalpy of absorption of CO2 in aqueous MEA is predicted by PR-CPA
EoS at 313 and 393 K, as shown in Figure 18 and 19 respectively. At 313 K, which is a
typical operational temperature in the absorber, it can be seen that the enthalpy of
absorption is accurately predicted when the CO2 loading ratio is lower than 0.4, ie. before
the formation of carbamate. However, PR-CPA EoS underestimates the enthalpy of
absorption by 49% when the carbamate is formed. At 393 K, which is an operational
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temperature in the desorber, the enthalpy of absorption can be considered as the opposite
value of enthalpy of desorption. The trend of enthalpy of absorption variation as function
of CO2 loading ratio is correctly predicted. The value is, however, underestimated by 25
kJ/mol CO2 over the whole CO2 loading ratio. Brand [42] has investigated the enthalpy of
absorption of CO2 in aqueous MEA solution with SAFT-VR EoS. These values of
enthalpy of absorption are also underestimated by 50 kJ/mol CO2 using the SAFT-VR
mode. Uyan et al. [43] and Wangler et al. [44] have obtained better results with ePCSAFT with explicit electrolyte and chemical reaction terms to predict the enthalpy of
absorption. Adding ion species terms could lead to a better description of enthalpy,
however the main objective of this work is to present acid gas-water-water systems with a
minimum number of parameters. As a solution, they proposed to reduce the deviation by
adding a constant which does not seem to be a very consistent approach.

Figure 18 Prediction of enthalpy of absorption of CO2-MEA-water ternary system with 30 wt %
MEA at 313.15 K using PR-CPA. Solid line PR-CPA EoS, symbol: experimental data from Hilliard
et al. [37]
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Figure 19 Prediction of enthalpy of absorption of CO2-MEA-water ternary system with 30 wt % MEA at 393.15
K using PR-CPA. Solid line: PR-CPA EoS, symbols: experimental data from Hilliard et al. [37].

4.2.5 Mixtures of CO2 and H2S in alkanolamine solutions
CO2 and H2S are usually both present in the natural gas reserves. It is important to have a
reliable thermodynamic model which is able to accurately estimate partial pressures of
CO2 and H2S in aqueous alkanolamine solutions. With the parameters presented in
previous sections (and summarized in Tables 4), PR-CPA estimations are compared with
the experimental data of CO2-H2S-H2O-MEA by Lee et al. [45] and CO2-H2S-H2OMDEA by Jou et al. [46]. The temperature range is from 311 to 393 K. PR-CPA EoS is in
very good agreement with the experimental data, both for MEA and MDEA, figures are
shown in suppelementary information.
In the context of statistical error, we considered that for the parity graph, if adjustment is
perfect, we have Yexp  Ycal . The hypothesis H0 for this study is the null hypothesis (no
difference).
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As the estimated value Ycal can be either larger or smaller than the experimental value
Yexp, two tailed students t-test [47] have been carried out for those systems, results are
shown in Table 5. The P value is between 0.001 and 0.073. P-values are computed based
on the assumption that the null hypothesis is true. The obtained results lead to conclude
that the PR-CPA EoS is able to well predict the acid gas mixture partial pressure for those
two systems.

5

Conclusion

Following an approach previously proposed for SAFT-VR model, we have used PR-CPA
EoS without explicitly accounting for the reactions for the modeling of CO2 and H2Swater-alkanolamine solutions. The reactions between acid gases and water are treated as
strong associations by adding dedicated associations sites on water and acid gases.
Adjustable parameters are obtained from some binary and ternary data and are in some
cases temperature dependent. It can be concluded that PR-CPA EoS can accurately
represent the solubility of acid gas in aqueous alkanolamine solutions over a wide range
of conditions (temperatures and loadings). Less satisfactory results are obtained at high
loadings. Furthermore, vapor phase compositions of importance to the estimation of
solvent loss and the speciation in the liquid phase have been successfully predicted using
the same adjustable parameters fitted to phase equilibria data. On the other hand, the
estimation of enthalpy of absorption was only partially satisfactory, indicating that the
temperature dependency of the model requires improvement. Finally, PR-CPA EoS has
been further validated by correctly estimating multi-component systems containing acid
gas mixture, alkanolamine, water, and methane.
In conclusion, PR-CPA EoS provides a convenient platform for performing calculations
for mixtures with acid gases, water and alkanolamine with few adjustable parameters and
without use of extensive experimental data. The PR-CPA EoS could be integrated into
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simulation software such as Prosim® or Aspen PlusTM, in order to solve the challenges in
process design in the context of acid gas treatment from natural gas.
One limitation is that as the reactions between acid gases and water have been neglected,
the pH value of the loaded solvent cannot be calculated with present version of the model.
A solution to this is to use an electrolyte equation of state e.g. by combining PR-CPA
EoS with explicit electrolyte terms such as MSA or Debye Huckel and possibly adding a
Born contribution as well. Such an approach is significantly more complex compared to
the approach we proposed in this study.
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Appendix The PR-CPA EoS

P

 ln gr 
RT
a(T )
1 RT 


1  
  xi  1  X Ai
v  b v(v  b)  b(v  b) 2 v 
  i
Ai





(A1)

Where v is the molar volume, b is the molar co volume parameter, a(T) the temperature
dependent energy parameter of the equation of state, ρ the molar density (ρ=1/ v), gr the
radial distribution function, and XAi is the fraction of sites A on molecule i (hence the
subscript Ai) that do not form bonds with other hydrogen bonding sites. XAi is dependent
on the association strength ΔAiBj between association sites belonging to the different
molecules. XAi is given as

X Ai 

1

1    x j  X Bj 
j

B

(A2)

Ai B j

j

XBj is the fraction of sites B on molecule j that do not form hydrogen bonds with other
association sites. The association strength ΔAiBj is dependent on the radial distribution
function gr, the association energy εAiBj, and the association volume βAiBj between sites Ai
and Bj. The relation is given by equation:


Ai B j


  Ai B j
 g r exp 

 RT

 
Ai B j
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(A3)

The equation for the radial distribution function is:
gr 

1
1  1.9

(A4)

1
b
4

(A5)

Where  is the reduced fluid density given as:
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and the co-volume parameter b is assumed to be temperature independent.
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