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In the present study, new experimental equilibrium data are reported on the solubility of carbon dioxide
into aqueous solutions of N-methyldiethanolamine (MDEA) and piperazine (PZ) over a wide range of con-
ditions. These data not only include CO2 solubilities and their corresponding partial pressures, pH, and
conductivities, but also a limited number of liquid speciation data obtained using NMR spectroscopy.
The present data, and other data reported in the literature, were correlated with the Electrolyte Equation
of State, as originally introduced by Fürst and Renon. The final model was able to describe the thermo-
dynamics of the quaternary CO2–PZ–MDEA–H2O reasonably well over a wide range of experimental
conditions.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

The technology of adding small amounts of an accelerator to an
aqueous solution of a tertiary (alkanol)amine has found wide-
spread application in the selective or bulk removal of carbon diox-
ide from process gas streams. The principle behind the use of these
solvents is based on the relatively high rate of reaction of carbon
dioxide with the accelerator, usually a primary or secondary
amine, and the low reaction enthalpy of CO2 with the tertiary
amine. This leads to higher absorption rates in the absorber sec-
tion, while maintaining a low energy penalty due to regeneration
of the solvent in the desorber column. One commonly used solvent
nowadays is a piperazine (PZ) activated aqueous solution of
N-methyldiethanolamine (MDEA). Indispensable for a good under-
standing of the behavior of these amine solutions in the absorp-
tion–desorption process is a detailed knowledge on the
thermodynamics of the solvent. On one hand, the CO2 equilibrium
partial pressure over a loaded amine solution determines the oper-
ating window in absorber and stripper, while, on the other hand, a
thermodynamic model can provide information on the speciation
of the solvent, which – among other things – determines (local)
ll rights reserved.

ing BV, P.O. Box 328, 7500 AH
: +31 537112599.
ks).
driving forces, reactions rates and hence rates of absorption.
Although a piperazine activated aqueous MDEA solution is a com-
monly used solvent these days, only few studies on the thermody-
namics of this system have been reported in the literature.

Xu et al. [1] investigated the effect of the addition of piperazine
on the equilibrium partial pressure and liquid loading of carbon
dioxide in aqueous MDEA solutions. They reported CO2 liquid load-
ings and corresponding partial pressures over solutions containing
4.28 kmol �m�3 MDEA and PZ concentrations up to
0.515 kmol �m�3. Liu et al. [2], from the same research group as
Xu et al. [1], determined experimental CO2 solubilities over a wide
range of conditions. They varied both the piperazine and the MDEA
concentrations, as well as the temperature in their experiments.
Moreover, they described their data using two modelling ap-
proaches: a thermodynamic model that incorporates an extended
Debye–Hückel expression, and a more simple Kent–Eisenberg ap-
proach. Neither of the models derived, however, included any of
the carbamated piperazine species ½PZCOO�, þHPZCOO�, and
PZðCOO�Þ2�.

Bishnoi and Rochelle [3] reported experimental carbon dioxide
solubilities in a 4.0 kmol �m�3 MDEA aqueous solution activated
with 0.6 kmol �m�3 PZ at temperatures of (313 and 343) K and par-
tial pressures up to approximately 7.5 kPa. In addition to the solubil-
ity data, they also measured the speciation of the liquid for one
MDEA–PZ solution loaded with CO2 using NMR spectroscopy. They
applied the Electrolyte NRTL model to describe their solubility data

http://dx.doi.org/10.1016/j.jct.2009.07.025
mailto:peterderks@procede.nl
http://www.sciencedirect.com/science/journal/00219614
http://www.elsevier.com/locate/jct
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and NMR (speciation) data. The obtained model was able to predict
the experimental data of Xu et al. [1] and Liu et al. [2] reasonably well.

Pérez-Salado Kamps et al. [4] studied the experimental solubil-
ity of CO2 in aqueous solutions of 2 mol � kg�1 MDEA and
2 mol � kg�1 PZ at a temperature of 353 K, and at total pressures
ranging from (0.18 to 6.4) MPa. Also, a thermodynamic model,
based on Pitzer’s equation, was developed and model predictions
were compared to the experimental data available at that time. It
was found that the model was not able to accurately describe the
experimental data taken at CO2 partial pressures below 100 kPa.
It should be noted, however, that no additional (fit) parameters
were present in the model to account for the interactions between
PZ- and MDEA-species, such as, e.g. between PZCOO� and MDEAH+.

Si Ali and Aroua [5] studied the effect of piperazine on the equi-
librium CO2 liquid loading in an aqueous MDEA solution experi-
mentally. Hereto, they determined the CO2 loading – at constant
temperature and CO2 partial pressure – in aqueous MDEA solutions
at concentrations of (2.0, 1.98, 1.90, and 1.80) kmol �m�3 with
respectively (0, 0.01, 0.05, and 0.1) kmol �m�3 PZ (hence keeping
the total ‘‘amine-group” concentration constant in all experi-
ments). They concluded that the addition of PZ increased the solu-
bility of CO2 in the low partial pressure region when compared to
‘pure’ MDEA solutions.

This study will focus on the thermodynamics of the equilibrium
solubility of CO2 in aqueous solutions containing both PZ and
MDEA. Firstly, new experimental CO2 solubility data will be pre-
sented to extend the existing experimental database on this sys-
tem. These new data not only include equilibrium pressure data,
but also corresponding information on the liquid pH and conduc-
tivity of the loaded solvent. Also, a limited number of experimental
speciation data will be presented that have been obtained using
NMR spectroscopy. Secondly, in this work a thermodynamic model
is developed to correlate the experimental data currently available
in the literature. The thermodynamic model used in this work is
based on the Electrolyte Equation of State (EoS), as originally intro-
duced by Fürst and Renon [6]. This approach has been used to suc-
cessfully describe CO2 and/or H2S solubilities in aqueous systems
containing MDEA, MEA or DEA [7–10], and in Derks et al. [11], it
was also proven to be suitable for describing the solubility of car-
bon dioxide in aqueous piperazine solutions.
Ti

pH cd

Ti
Pi

CO2

Ti

Pi

‘Continuous’
gas phase - inlet

To vacuum / IR

FIGURE 1. Schematic drawing of the reactor part in the experimental setup.
2. Experimental

As mentioned in the previous section, this work includes exper-
imental VLE data, which provide information on the solubility and
corresponding partial pressure of CO2 in aqueous MDEA/PZ solu-
tions, as well as a limited number of liquid speciation data ob-
tained with NMR spectroscopy for these solutions. The
experimental methods and procedures that have been used to ob-
tain these data will be described in this section.

2.1. (Vapor + liquid)-equilibrium experiments

The experimental setup used in this work was essentially the
same as the ‘continuous setup’ used in a previous study [11], and
will therefore not be described in detail. However, some modifica-
tions were made to make the setup suitable for the determination
of pH and conductivity for the experiments in the present work.

� Firstly, the reactor was connected to a calibrated gas vessel, which
was equipped with both a digital pressure transducer and a ther-
mocouple. The presence of the gas vessel made it possible to sup-
ply a certain amount of pure CO2 to the solution in the reactor.

� Secondly, a sampling loop (total volume about 200 mL) was
attached to the reactor for measuring the liquid’s pH and con-
ductivity during an experiment. In the sampling loop, a small
liquid pump was installed and operated in such a way that the
average residence time inside the loop was well below 60 s.
Insulation was applied to the entire sampling loop to avoid heat
loss, and, to be able to verify this, also the ‘returning’ liquid tem-
perature was measured with a thermocouple. The actual mea-
suring electrodes were placed straight-up inside a small glass
vessel within the loop. The liquid’s pH was determined with a
Mettler DG 111-SC pH electrode, which was calibrated using
standard buffer solutions with known pH. A Radiometer CDC
104 (nominal cell constant 1.0 cm�1) type electrode connected
to an analogous conductivity meter type CDM 2d was used to
measure the conductivity of the solution.

A schematic drawing of the setup is shown in figure 1. For a de-
tailed picture of the setup, the reader is referred to Derks et al. [11].

In a typical experiment, known amounts of both piperazine
(99%, Aldrich) and MDEA (99%, Aldrich) were dissolved in water
and transferred to the reactor. Here, the solution was degassed
by applying vacuum for a short while, and subsequently allowed
to equilibrate at the desired temperature, after which the (vapor)
pressure was recorded. Simultaneously, the gas supply vessel
was filled with pure CO2 and the initial pressure in this vessel
was noted. Now, the stirrer in the reactor was switched on and a
desired amount of carbon dioxide was fed from the gas supply ves-
sel to the reactor. Then, the gas supply vessel was closed and the
contents of the reactor was allowed to reach equilibrium, which
was achieved, usually within about 30 min, when the reactor tem-
perature and pressure as well as the pH and conductivity measured
in the sampling loop remained constant. The total amount of car-
bon dioxide fed to the reactor was then determined by the initial
and end pressure in the gas supply vessel, according to

nCO2 ¼
VGVDpGV

RTGV : ð1Þ

The use of the ideal gas law in equation (1) is allowed, as the max-
imum pressure in the gas supply vessel never exceeded 4 bar. The
corresponding liquid loading at a certain CO2 partial pressure is
then determined by

aCO2 ¼
1

VR
liqðcMDEA þ cPZÞ

� nCO2 �
pR

CO2
VR

gas

RTR

 !
: ð2Þ
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The method that was used to determine the corresponding partial
pressure depended on whether the setup was operated in a
batch-wise or continuous mode of operation during the experiment.
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FIGURE 2. CO2 partial pressure pCO2
as a function of loading aCO2 in 2.0 kmol �m�3

aqueous MDEA at T = 313 K: d, this work; } Austgen and Rochelle [12]; �, Mac
Gregor and Mather [13];M, Huang and Ng [14]; �, Si Ali and Aroua [5].
2.2. Procedure ‘continuous experiments’

In experiments where the equilibrium partial pressure of CO2

was expected to lie below about 10 kPa, the setup was operated
in a continuous mode with respect to the gas phase. During these
experiments, a gas flow consisting of N2 and CO2 was – after pre-
saturation by an amine solution and water respectively – sent to
the reactor, and the CO2 concentration in the outgoing gas stream
was measured using an IR analyzer, type UNOR 610. The composi-
tion of the inlet gas stream was adjustable and controlled by two
calibrated mass flow controllers (MFCs). Now, upon attainment
of equilibrium in the reactor, initially a small sweep stream of pure
N2 gas was passed through the reactor, and the CO2 content of the
outgoing gas stream was measured. The sweep stream was suffi-
ciently small – and hence the gas phase residence time sufficiently
large – to ensure that the outgoing gas concentration was at near-
equilibrium. Next, the MFC controlling the carbon dioxide gas flow
was set to such a value, that the composition of the inlet flow
would match the measured outlet composition. This ‘trial & error’
procedure of adjusting the carbon dioxide MFC (and hence inlet
composition) to the detected CO2 content in the outlet, was re-
peated until the IR analyzer did give a stable signal. At this point,
usually attained within about (20 to 30) min, the inlet gas compo-
sition (set by the MFCs) matched the outlet composition, which in
turn determines the equilibrium composition of the gas in this
experiment.
2.3. Procedure ‘batch experiments’

In experiments where the equilibrium partial pressure of CO2

exceeded 10 kPa, the reactor was operated batch-wise with respect
to the gas phase. Now, the CO2 partial pressure was directly calcu-
lated from the total equilibrium pressure in the reactor corrected
for the lean solution vapor pressure. Hereby, it was implicitly as-
sumed that the vapor pressure was not influenced by the amount
of CO2 present in the solution.
2.4. Validation

The experimental setup and procedures were validated by mea-
suring the carbon dioxide solubility in an aqueous solution of
2.0 kmol �m�3 MDEA at 313 K, a system for which results are
extensively reported in the literature. Results are listed in table 1
and compared to literature sources in figure 2.

Figure 2 shows that the new experimental data are well in line
with solubility data reported in the literature and therefore the re-
TABLE 1
CO2 partial pressure pCO2

as a function of loading aCO2 in 2.0 kmol �m�3 aqueous
MDEA at T = 313 K.

aCO2 pCO2=kPa Gas phase mode of operation

0.122 1.25 Continuous
0.213 3.24 Continuous
0.294 5.97 Continuous
0.361 8.5 Batch
0.382 9.2 Batch
0.478 15.4 Batch
0.610 30.0 Batch
0.627 32.4 Batch
0.807 93.6 Batch
0.810 91.6 Batch
sults obtained with the current experimental setup and using the
experimental procedures can be considered to be reliable.
2.5. NMR spectroscopy experiments

Carbon dioxide partial pressure data are generally the kind of
equilibrium solubility data used in the regression of (thermody-
namic) parameters present in acid gas equilibria modelling. How-
ever, the ability of a model to describe or predict equilibrium
pressures, does not automatically imply that it can also correctly
predict the liquid phase speciation – which in turn is a vital input
in the rate-based rigorous modelling of both the absorption and
desorption column. The model predicted speciation can, partly
and indirectly, be validated with the use of experimental pH and
conductivity data, if available, as these data provide information
on the activity of the H3Oþ (and the OH�) ion and on the total
ion concentration present in solution. Even more specific informa-
tion on the liquid phase composition of a loaded (alkanol)amine
solution can be obtained using NMR spectroscopy, as illustrated
in the literature [3,15–17]. To obtain more information on the li-
quid phase speciation as a function of carbon dioxide loading also
in this study the liquid phase composition of an aqueous
4.0 kmol �m�3 MDEA, 1.0 kmol �m�3 PZ has been determined
using NMR measurements at 298.15 K. The experimental proce-
dure regarding the NMR spectroscopy and required details are de-
scribed below.

The amine solution was prepared by dissolving known amounts
of piperazine (purity 99%, Aldrich) and MDEA (purity 99%, Aldrich)
in water and deuterium oxide (purity 99%, Aldrich). The final solu-
tion contained about 10 volume% D2O to ensure a good ‘lock signal’
in the NMR apparatus.

Subsequently, about 0.8 mL of the solution was injected with a
syringe into a Wilmad 528-PV-7 NMR tube. The NMR tube was
connected to a calibrated gas supply vessel equipped with a Heise
3710 pressure transducer. A desired amount of carbon dioxide
(quality 4.0, Hoekloos) was added from the gas supply vessel to
the NMR tube, and the resulting CO2 loading was calculated from
the pressure difference in the gas supply vessel, using equations
(1) and (2). In the loading calculation, it was assumed that the
amount of CO2 present in the gas phase was negligible compared
to the amount absorbed by the liquid. Next, the sample tubes were
allowed to equilibrate in a softly shaken thermostatted bath for at
least a week, after which the NMR spectra were taken.
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The liquid phase composition was determined using 1H, 13C, H–
H, and C–H NMR spectroscopy on a Bruker AvanceII 600 MHz spec-
trometer, equipped with a TXI (1H, H–H, and C–H experiments) or
BBO (13C experiments and C–H experiments) probe. The 2D data
were used to identify the individual peaks in the 1H and 13C spec-
tra, whereas the 1H NMR results were used for a more quantitative
analysis of the different reaction products. As it is not possible with
the presently applied method to distinguish between a base and its
conjugate acid (e.g. MDEA and MDEAH+) or the ratio of the two,
without an extensive calibration procedure (see, e.g. [17]), only
the following three (piperazine) groups could be quantified:

� piperazine, protonated piperazine and diprotonated piperazine,
� piperazine monocarbamate, and its protonated counterpart,
� piperazine dicarbamate.

The ratio between total MDEA and total PZ was used as an inter-
nal reference to check the consistency of the measurements.

3. Electrolyte equation of state modelling

3.1. General

When carbon dioxide is dissolved in an aqueous solution contain-
ing piperazine and MDEA, several (equilibrium) reactions take place:

Water dissociation: 2H2O¡OH� þH3Oþ

Bicarbonate formation: 2H2Oþ CO2¡HCO�3 þHþ3O

Carbonate formation: HCO�3 þ H2O¡CO2�
3 þH3Oþ

Piperazine protonation: H2Oþ PZHþ¡PZþH3Oþ

Piperazine diprotonation: H2Oþ PZH2þ
2 ¡PZHþ þH3Oþ

Piperazine mono-carbamate hydrolysis: PZþHCO�3 ¡

H2Oþ PZCOO�

Piperazine di-carbamate hydrolysis: PZCOO� þHCO�3 ¡H2Oþ
PZðCOO�Þ2
Monocarbamate protonation: H2OþþHPZCOO�¡PZCOO�þ
H3Oþ

MDEA protonation: H2OþMDEAHþ¡MDEAþH3Oþ

These nine independent equilibria – in combination with the
piperazine, MDEA, H2O/hydrogen and CO2 mass balances and the
electroneutrality criterion – results in a system of 14 equations
to be solved for the 14 species that are taken into account in the
model. The non-ideality of the system is taken into account using
the Electrolyte Equation of State – which will be (shortly) de-
scribed in the next section. It should be noted that, in the model,
the presence of the carbonate ion ðCO2�

3 Þ, the diprotonated PZ spe-
cies ðPZH2þ

2 Þ and the H3Oþ-ion was neglected for similar reasons gi-
ven in Derks et al. [11].

3.2. Model buildup

The thermodynamic model applied in this work is the Electro-
lyte Equation of State (EoS), as originally introduced by Fürst and
H2O
§ CO2

§ PZ

H2O-PZ§ H2O-
MDEA# H2O-CO2

§ PZ-CO2
§

H2O-CO2-PZ§ H2O

H2O-CO2-PZ-MDEA

FIGURE 3. Schematic overview
Renon [6], in which the system’s non-ideality is calculated from
(the sum of) four different contributions to the (reduced) free
Helmholtz energy of the system AR (see equation (3)):

A� AIG

RT

 !
¼ AR

RT

 !
¼ AR

RT

 !
RF

þ AR

RT

 !
SR1

þ AR

RT

 !
SR2

þ AR

RT

 !
LR

:

ð3Þ

The first two terms in equation (3) describe the molecular inter-
actions (repulsive forces, RF, and short range interactions, SR1) in
the system. Interactions between molecular and ionic species as
well as ion-ion interactions are included in the second short range
term (SR2). The fourth contribution to the reduced Helmholtz en-
ergy stems from the long range ionic forces (LR). All governing
equations describing these individual contributions are listed in
detail in Derks et al. [11], and will therefore not be given here.

The total model, which will be used to describe the quaternary
H2O—CO2–PZ–MDEA system, requires – besides various physical
and/or thermodynamic constants – several sets of pure, binary,
or ternary (fit) parameters which need to be determined on before-
hand on the corresponding subsystems. A schematic overview of
the model structure is given in figure 3.

In Derks et al. [11], the Electrolyte EoS model was used to success-
fully describe the CO2 solubility in aqueous piperazine solutions.
From figure 3, it can be concluded that many parameters necessary
for the present, quaternary system, model, are also parts of the pre-
viously developed model for the ternary system PZ–CO2—H2O. For
information on the (method of) determination and/or estimation
of these sets of parameters (marked with x in figure 3) and their
respective values, the reader is therefore referred to Derks et al.
[11]. The parameters of the ternary subsystem PZ–CO2—H2O are
used ‘‘as is” in the quaternary system. The second ternary subsystem
MDEA–CO2—H2O has been more frequently studied. From the exper-
imental literature data available, the required EoS parameters will
be derived. This is discussed in the next section.

3.3. Thermodynamics of the ternary ðMDEAþ CO2 þH2OÞ system

Before the model can be used to describe the quaternary sys-
tem, also the (reactive) ternary system with MDEA needs to be cor-
related according to the EoS approach, since the majority of the
remaining, unknown, parameters in the total model (marked with
# in figure 3) are a part of this second ternary system, consisting of
MDEA, carbon dioxide, and water.

Initially, the various pure component and binary interaction
parameters were determined in a similar manner as in the previ-
ous work for PZ—CO2—H2O: The polar parameters p1; p2; p3 of
MDEA were fitted to experimental pure vapor pressure data [18–
20], while both freezing point depression data [21] and VLE data
[22–24] were used to regress the interaction parameters in the
(MDEA + water) system. The molecular interaction between MDEA
and CO2, however, was differently described compared to the
interaction between piperazine and carbon dioxide. Whereas in
the latter system, one single mixing parameter, kmix, was used to
§ MDEA#

MDEA-
CO2

# PZ-MDEA

-CO2-MDEA#

Pure component
parameters

Binary interaction
parameters

Ionic interaction
parameters

Ionic interaction
parameters

of the model structure.
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describe this interaction, the Huron–Vidal mixing rule will be ap-
plied to model the MDEA - CO2 molecular interaction, following
the approach by Huttenhuis et al. [25]. They suggested to fit these
binary, mixing parameters to the available (physical) N2O solubil-
ity data in pure and aqueous MDEA, converted to physical CO2 sol-
ubilities with the CO2—N2O analogy. The effect of applying the
Huron–Vidal mixing rule (‘New model’) rather than the single
parameter approach (‘Old model’) is illustrated in figure 4.

All resulting (pure and binary) fit parameters and the experi-
mental data sources have been listed in table 2, along with the var-
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FIGURE 4. Henry coefficient of CO2HeCO2 in aqueous MDEA as a function of mass
fraction MDEA wMDEA at T = 293 K: ‘solid circle’, exp. data by Versteeg and Van
Swaaij [26]; �, exp. data by Kierzkowska-Pawlak and Zarzycki [27]; ‘dotted line’,
‘Old model’; ‘solid line’, ‘New model’.

TABLE 2
Parameters used in the modelling of the ðMDEAþ CO2 þ H2OÞ equilibrium.

Single component parameters Binary systems

MDEA H2O–MDEA
pC=bar 41.6 Dg012=ðkJ �mol�1Þ 6.32

TC=K 741.9 Dg0012=ðJ �mol�1 � K�1Þ �43.2

Acentric factor 0.625 Dg021=ðkJ �mol�1Þ �10.08

Source [20] Dg0021=ðJ �mol�1 � K�1Þ 42.1

p1 �0.0934 a12 ¼ a21 0.243
p2 2.6802 Source [21–24]
p3 1.4847
Source [18–20] MDEA–CO2

D0
a �8.16 Dg012=ðkJ �mol�1Þ 48.37

D1 8989.3 Dg0012=ðJ �mol�1 � K�1Þ �37.5

Source [12] Dg021=ðkJ �mol�1Þ �179

Molec. diameter/Å 4.50 Dg0021=ðJ �mol�1 � K�1Þ 83.2

Sourceb [9] a12 ¼ a21 �0.0002
[10] Source [26–29]

MDEAH+

Ionic diameter/Å 4.50
Source [9,10]

a The dielectric constant of MDEA is calculated from D ¼ D0 þ D1=T.
b All sources deduce the molecular diameter from the amine covolume.

TABLE 3
Coefficients for the chemical equilibrium constants used in the model.

C0 C1

Water dissociation 132.899 �13445.9

Bicarbonate formation 231.465 �12092.1

MDEA protonation �83.490 �819.7
ious physical and critical constants. All other, remaining
parameters needed in the MDEA—CO2—H2O modelling, such as,
e.g. the pure water parameters and the H2O—CO2 interaction
parameters, can be found in Derks et al. [11].

The chemical equilibria considered in this subsystem are:

Water dissociation: 2H2O¡OH� þH3Oþ

Bicarbonate formation: 2H2Oþ CO2¡HCO�3 þH3Oþ

MDEA protonation: H2OþMDEAHþ¡MDEAþH3Oþ

All chemical equilibrium constants in this work are defined in
the mole fraction scale with as reference state infinite dilution in
water for all species except water, their temperature dependence
is given by equation (4) and the corresponding coefficients
C0 � C2 are listed in table 3

ln K ¼ C0 þ
C1

T
þ C2 ln T: ð4Þ

With respect to the implementation of the ternary MDEA sys-
tem in the quaternary model, the following simplifications and
assumptions have been made:

� The concentration of H3Oþ in the solution is marginally small for
typical operating conditions and can therefore be neglected,
which is a generally accepted assumption considering the basic
environment of aqueous alkanolamine – acid gas solutions.

� Also the presence of carbonate ions is neglected, based on the
pH range of interest and the equilibrium constant for this reac-
tion. The same simplification was adopted in previous equilib-
rium studies [9,10].

� Only interactions between cations and anions, and cations and
molecular species were included in the model, all other ionic
interactions were neglected – as in previous publications on
the Electrolyte EoS modelling.

� The ionic interaction between MDEAH+ and the hydroxide ion
OH� has been set to zero, as preliminary simulation runs
showed that the influence of this parameter on the model out-
come was negligibly small for typical operating conditions.

In the literature, many different experimental data series on the
solubility of CO2 in aqueous MDEA solutions have been reported,
which could be used in the regression of the (four) remaining ionic
interaction parameters for the ternary ðMDEAþ CO2 þ H2OÞ sys-
tem (see table 5). In this work, the experimental database as sug-
gested by Huttenhuis et al. [30] was used to fit the ionic
interaction parameters. Huttenhuis et al. [30] critically reviewed
the different available experimental data series, and they proposed
a database which includes (internally and mutually consistent) sol-
ubility data over a wide range of temperature, MDEA concentra-
tion, and CO2 loading. The objective function for minimization
was the same as used throughout the entire study:

F ¼min
X

i

Pexp
i � Pmod

i

Pexp
i

�����
�����: ð5Þ

The values for the ionic interaction parameters resulting from
the regression are listed in table 4, while the model correlation
C2 KðT¼313 KÞ T/�C Source

�22.4773 9:3 � 10�18 0 to 225 [31]

�36.7816 9:0 � 10�9 0 to 225 [31]

10.9756 1:8 � 10�12 5 to 95 [32]



TABLE 4
Ionic interaction parameters Wkl for the ðMDEAþ CO2 þ H2OÞ system.

Wkl=ðm3 � kmol�1Þ

MDEAHþ—H2O 0.112
MDEAH+–MDEA 0.080
MDEAHþ—CO2 �0.105

MDEAHþ—HCO�3 �0.127

TABLE 6
Legend to figures 6 and 7.

Experiment Model

MDEA � dotted line
MDEAH+ + Solid line
HCO�3 � Solid line
CO2 h Dashed line
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FIGURE 5. Parity plot on the H2Oþ CO2 þMDEA system: Experiment vs. model.
Data sources listed in table 5.
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results are listed in table 5 and a graphical comparison between
experimental and model predicted values is given in figure 5.

The results presented in table 5 and figure 5 show that the mod-
el is well able to describe experimental (carbon dioxide partial and
total system) pressures as a function of the liquid loading for aque-
ous MDEA solutions. However, this ability alone is not a reliable
hallmark for the quality of a thermodynamic model, as it does
not tell whether the liquid phase speciation is correct. A thermody-
namic model to be used in gas treating processes should not only
be able to predict the CO2 pressure vs. loading curve, but also the
speciation of the liquid as a function of loading. This is because
the speciation is required in the determination of the actual driving
force for CO2 absorption, and thus required for the rigorous mass
transfer modelling used in the design and operation of industrial
absorbers. The ability of the present model to predict the specia-
tion of the ternary subsystem ðMDEAþ CO2 þH2OÞ has been vali-
dated with a limited number of available experimental speciation
data as reported by Poplsteinova Jakobsen et al. [17], who used
NMR to determine the liquid composition of loaded aqueous MDEA
solutions at T = (20 and 40) �C. A comparison between the model
predictions and the experimental data is given in figures 6 and 7.
From these speciation plots, it can be concluded that the model
predicted speciation is well in line with the experimentally re-
ported liquid composition. The model, however, does seem to over-
predict the molecular CO2 fraction in the liquid.

Additionally, the model has been tested using an experimen-
tally determined physical property, namely the pH of a solution.
Posey [33] measured the pH of an aqueous 50 wt.% MDEA solution
as a function of carbon dioxide loading, and his results are com-
pared to the model prediction in figure 8. Judging from this figure,
it can be concluded that the model is able to predict the trend in pH
fairly well, despite a seemingly constant offset between experi-
mental value and model prediction.

3.4. Discussion

Based on the results obtained so far, the Electrolyte EoS model
has proven to be suitable for describing both ternary (reactive)
TABLE 5
Experimental MDEA—H2O—CO2 database and modelling results.

Reference wMDEA T=K

[34] 0.236 298
[12] 0.234 313

0.490 313
[35] 0.192 313

0.188 313, 333, 373, 413
0.321 313, 333, 373, 393, 413

[36] 0.205 323, 348, 373
0.500 323, 348, 373

[37] 0.320 313
0.488 313, 353, 393

[14] 0.23 313, 343, 373, 393
0.50 313, 343, 373, 393

[38] 0.23 313, 323
0.50 313

Total
subsystems from which the ðMDEAþ PZþ CO2 þH2OÞ system is
‘‘constructed”. Derks et al. [11] already showed that the model
was able to successfully describe CO2 solubilities in aqueous piper-
azine solutions, and moreover, the model was found to predict
experimentally observed pH and conductivity data well. It was
shown in this work that also experimental (carbon dioxide partial)
pressures over loaded MDEA solutions are correlated well by the
Electrolyte EoS. Furthermore, the model predicted speciation was
found to be well in line with experimental liquid composition data.
Also, the model was found to predict the pH of a loaded MDEA
solution fairly well. When considering the results concerning the
speciation and pH, it should be kept in mind that the interaction
parameters as now used in the model have been regressed using
the available experimental pressure vs. loading data only.

When the two subsystems (second level from the top in figure
3) are combined to form the final quaternary model, basically
two new (series of) interaction parameters are introduced:
aCO2 N AAD/%

0.02 to 0.26 13 28.0
0.006 to 0.842 8 24.2
0.00314 to 0.652 6
0.79 to 1.23 9 17.8
0.18 to 1.25 32
0.11 to 1.16 40
0.026 to 0.848 32 23.7
0.0087 to 0.385 26
0.85 to 1.24 5 30.6
0.32 to 0.56 23
0.00334 to 1.34 29 33.2
0.00119 to 1.16 37
0.000591 to 0.1177 20 38.7
0.000249 to 0.037 14

294 26.8
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FIGURE 6. Liquid phase speciation xi of an aqueous 23 wt.% MDEA solution at 20 �C
as a function of CO2 loading aCO2. Symbols represent experimental data [17]. Lines
represent model predictions. Full legend in table 6.
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FIGURE 7. Liquid phase speciation xi of an aqueous 23 wt.% MDEA solution at 40 � C
as a function of CO2 loading aCO2. Symbols represent experimental data [17]. Lines
represent model predictions. Full legend in table 6.
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FIGURE 8. pH of an aqueous 50 wt.% MDEA solution at 	 22.5 �C as a function of
CO2 loading aCO2 : �, experimental data by Posey [33]; ‘solid line’, model prediction.

TABLE 7
Experimental equilibrium data (CO2 partial pressure pCO2

, pH, and conductivity) in a
4.0 kmol �m�3 MDEA and 0.6 kmol �m�3 PZ solution at 313 K as a function of CO2

loading aCO2 .

aCO2 pCO2
=kPa pH Cond./mS aCO2 pCO2

=kPa pH Cond./mS

0.062 9.99 1.70 0.327 12.6 9.07 6.50
0.123 0.72 9.61 2.90 0.339 12.8 9.02 6.90
0.126 0.90 0.426 25.3 8.88 8.20
0.178 2.07 9.38 4.00 0.498 39.0 8.78 9.50
0.189 2.70 9.35 3.80 0.504 39.0 8.76 9.40
0.232 4.36 9.24 5.30 0.568 58.4 8.65 10.45
0.250 5.24 9.21 4.70 0.578 60.4 8.65 10.5
0.283 7.00 9.14 6.20 0.621 78.5 8.65 11.0
0.284 7.33 9.14 5.60 0.632 80 8.58 11.1
0.310 9.38 9.09 6.25 0.638 89.7 8.62 11.3
0.312 8.65 9.07 6.90

TABLE 8
Experimental equilibrium data (CO2 partial pressure pCO2

, pH, and conductivity) in a
2.8 kmol �m�3 MDEA and 0.7 kmol �m�3 PZ solution at 303 K as a function of CO2

loading aCO2 .

aCO2 pCO2
=kPa pH Cond./mS aCO2 pCO2

=kPa pH Cond./mS

0.042 10.38 1.8 0.518 9.4 9.10 12.0
0.838 10.16 2.5 0.523 10.7 9.52 12.1
0.124 9.89 3.55 0.573 15.2 8.92 12.6
0.169 9.76 4.2 0.664 25.7 8.81 15.2
0.208 0.51 9.58 5.4 0.681 36.1 9.16 16.0
0.252 0.96 9.49 6.0 0.689 32.1 9.17 15.9
0.303 1.75 9.33 7.5 0.708 38.9 8.65 16.0
0.348 2.61 9.28 8.25 0.758 56.4 8.52 17.0
0.399 4.16 9.13 9.5 0.790 73.7 8.43 17.9
0.435 5.23 9.10 9.9 0.784 70.4 8.91 18.0
0.468 6.80 8.99 11.0 0.818 93.8 8.34 18.2
0.513 8.65 8.95 11.6 0.815 96.9 8.81 18.5
0.537 10.2 8.86 12.3 0.837 100.1 8.31 19.7
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� Firstly, the (binary) molecular interaction between MDEA and
piperazine needs to be identified.

� Secondly, five additional, mutual ionic interaction parameters
are needed in the model. This group of parameters includes on
one hand the interaction between MDEAH+ and (neutral and
negatively charged) piperazine-species, and, on the other hand,
the interaction between PZH+ and MDEA.

All these parameters are to be regressed over experimental sol-
ubility data in aqueous solutions containing both MDEA and piper-
azine. The results will be discussed later.
4. Experimental results

4.1. Equilibrium partial pressure results

All experimentally obtained solubilities of carbon dioxide in
aqueous solutions of MDEA and PZ are listed in tables 7 to 11, along
with the corresponding partial pressures, pH and conductivity
data.1 The experimental uncertainty in this work is estimated at
4% in loading. Depending on the type of experiment, the uncertainty
in CO2 partial pressure can amount to max. 10% in the continuous
gas phase experiments and to 5% when the gas phase was batch-
wise operated, respectively. The experimentally determined pH data
are estimated to be accurate within 0.1 pH point, while the uncer-
tainty in the reported conductivities ranges from 0.05 mS (for con-
ductivities 55 mS) up to 0.25 mS for higher conductivities.
1 For the lowest CO2 loading data points, the corresponding partial pressure has not
been listed: At these loadings, the CO2 partial pressure was (expected to be) too low
to be accurately determined with the IR detector.



TABLE 10
Experimental equilibrium data (CO2 partial pressure pCO2

, pH, and conductivity) in a
0.5 kmol �m�3 MDEA and 1.5 kmol �m�3 PZ solution at 298 K as a function of CO2

loading aCO2 .

aCO2 pCO2
=kPa pH Cond./mS aCO2 pCO2

=kPa pH Cond./mS

0.112 11.28 4.5 0.843 10.6 8.35 13.6
0.177 11.12 5.9 0.906 26.8 8.02 14.5
0.278 10.80 8.5 0.909 29.1 7.98 15.0
0.328 10.67 9.1 0.943 53.7 7.75 15.1
0.436 10.32 10.9 0.965 81.1 7.58 15.45
0.502 0.25 10.12 11.5 0.967 80.1 7.58 15.5
0.640 1.02 9.68 12.9 0.978 102 7.47 15.75
0.675 1.55 9.57 12.8 0.984 110 7.44 15.9
0.807 7.15 9.02 13.9
0.826 9.02 8.98 14.0

TABLE 11
Experimental equilibrium data (CO2 partial pressure pCO2

, pH, and conductivity) in a
0.5 kmol �m�3 MDEA and 1.5 kmol �m�3 PZ solution at 313 K as a function of CO2

loading aCO2 .

aCO2 pCO2
=kPa pH Cond./

mS
aCO2 pCO2

=kPa pH Cond./
mS

0.731 8.1 8.60 19.5
0.0948 10.3 6.2 0.749 9.7 8.55 19.6
0.184 10.04 9.25 0.817 20.1 8.29 20.3
0.281 9.76 12.4 0.865 36.9 8.05 21.0
0.369 9.54 14.1 0.870 38.8 8.07 21.0
0.465 0.45 9.24 17.0 0.900 59.2 7.91 21.4
0.555 1.38 8.97 18.0 0.906 64.1 7.86 21.5
0.649 3.76 8.65 19.6 0.921 79.8 7.79 21.8
0.74 9.24 8.34 20.0 0.923 80.8 7.75 21.5
0.843 7.96 21.0 0.934 96.0 7.88 22.0

0.936 98.8 7.70 21.9

TABLE 9
Experimental equilibrium data (CO2 partial pressure pCO2

, pH and conductivity) in a
2.8 kmol �m�3 MDEA and 0.7 kmol �m�3 PZ solution at 323 K as a function of CO2

loading aCO2 .

aCO2 pCO2
=kPa pH Cond./

mS
aCO2 pCO2

=kPa pH Cond./
mS

0.0633 10.00 3.8 0.418 19.7 9.01 15.8
0.127 0.68 9.66 6.25 0.483 32.8 8.91 18.6
0.155 1.05 9.52 7.0 0.541 45.8 8.77 19.8
0.190 2.00 9.52 8.3 0.584 60.3 8.72 21.8
0.233 3.19 9.30 9.6 0.610 69.5 8.65 22.0
0.255 4.68 9.33 10.4 0.636 84.0 8.62 23.2
0.310 6.99 9.15 12.1 0.657 94.5 8.55 23.4
0.323 8.37 9.15 12.1
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FIGURE 9. CO2 partial pressure pCO2
as a function of loading aCO2 in 4.0 kmol �m �3

MDEA and 0.6 kmol �m�3 PZ solution at 313 K: �, this work; �, Bishnoi and
Rochelle [3].
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Additional to the VLE data listed in tables 7 to 11, also the pH
values of the lean solutions were determined. For accuracy reasons,
these measurements were performed in a separate setup, de-
scribed by Hamborg et al. [39], using a pH glass electrode (Metr-
ohm, type 6.0258.010) with a resolution of 0.1 mV and 0.1 K. The
results are listed in table 12.
TABLE 12
Experimental pH data of the lean aqueous PZ/MDEA solutions.

cMDEA ¼ 4:0 kmol �m�3 cMDEA ¼ 2:8 kmol �m�3

cPZ ¼ 0:6 kmol �m�3 cPZ ¼ 0:7 kmol �m�3

T/�C pH T/�C

24.9 12.09 24.9
29.8 11.96 29.9
40.1 11.71 40.1
50.0 11.45 50.1
Parts of the data series in tables 7 to 9 can be compared to data
from literature as these data points were measured at similar con-
centrations and temperatures.

The data listed in table 7 are graphically compared to the equi-
librium data reported by Bishnoi and Rochelle [3] in figure 9, and it
is obvious from this figure, that both data series are in very good
agreement with each other. Moreover, at low loadings a double
logarithmic plot shows a linear relation between the CO2 partial
pressure and the equilibrium loading, which proves that the data
from the present study are internally consistent (see, e.g. [9]).

The (graphical) comparison – shown in figures 10 and 11 – be-
tween the experimental CO2 solubilities in aqueous solutions con-
taining 2.8 kmol �m�3 MDEA and 0.7 kmol �m�3 piperazine as
listed in tables 8 and 9 and the data reported by Liu et al. [2], shows
the following trends:

� The present experimental data are found to be internally consis-
tent (linear relation in figure 11).

� The new data at 50 �C are well in line with the data reported by
Liu et al. [2].

� At 30 �C the agreement between both sets of equilibrium data is
less satisfactory. Unfortunately, no explanation could be given
for this observation.

4.2. NMR speciation results

The NMR spectroscopy data taken in 4.0 kmol �m�3 aqueous
MDEA activated with 1.0 kmol �m�3 piperazine at 298.15 K were
analyzed for the concentration of the different piperazine reaction
product ratios as explained in the experimental section. The results
are listed in table 13.
cMDEA ¼ 0:5 kmol �m�3

cPZ ¼ 1:5 kmol �m�3

pH T/�C pH

12.04 24.9 12.18
11.92 29.9 12.04
11.67 40.1 11.77
11.42 50.2 11.51
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FIGURE 11. CO2 partial pressure pCO2
as a function of aCO2 in 2.8 kmol �m�3 MDEA

and 0.7 kmol �m�3 PZ solution at low CO2 loadings. At 303 K: N, this work. At
323 K: ., this work.
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FIGURE 10. CO2 partial pressure pCO2
as a function of aCO2 in 2.8 kmol �m �3 MDEA

and 0.7 kmol �m�3 PZ solution. At 303 K:N, this work;M, Liu et al. [2]. At 323 K: .,
this work; O, Liu et al. [2].
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5. Modelling results and discussion

As pointed out earlier in this work, the final thermodynamic
model still contains a total of six, at this point unknown, parame-
ters. These latter parameters firstly include the mutual ionic inter-
action between piperazine and MDEA species. It is clear that these
cannot be determined from any other (reactive) subsystem. Sec-
TABLE 13
Liquid phase speciation of a 4.0 kmol �m�3 MDEA, 1.0 kmol �m�3 PZ at 298.15 K as determ

Sample/runb aCO2 PZ: MDEAa CPZ þ CPZHþ =ðkmol �m�

2 0.070 0.24 0.67
3a 0.100 0.24 0.58
3b 0.100 0.24 0.57
4a 0.053 0.24 0.77
4b 0.053 0.24 0.76
5 0.108 0.24 0.51
6c 0.210 0.24 0.52

a Ratio between total PZ species and total MDEA species.
b Runs a and b are duplicate experiments taken with the same sample.
c Sample 6 was prepared by adding extra carbon dioxide to sample 5.
ondly, also the binary interaction between PZ and MDEA remains
unknown, since in literature no (useful) experimental VLE data
on this subsystem are available. Overall, a total of six adjustable
parameters will be regressed over a selection of experimental pres-
sure data reported on the aqueous (CO2 + PZ + MDEA) system.

As already mentioned in Section 1, several experimental VLE
data series are available in the literature. These data series were di-
vided into three categories with respect to the regression of the
remaining adjustable parameters:

1. A regression set: This selection of experimental data will be
used in the actual regression of the adjustable parameters;

2. An extrapolation set: The VLE data in this set will be compared
to model predictions obtained using the model and the adjust-
able parameters as obtained in the regression with the regres-
sion set;

3. Non-reliable experimental data: These data will not be used in
the regression nor the extrapolation part of the simulation.

Figure 2 on the solubility of CO2 in aqueous 2.0 kmol �m�3

MDEA illustrates that the equilibrium partial pressures reported
by Si Ali and Aroua [5] are considerably lower than the other liter-
ature sources, especially at lower carbon dioxide loadings, and
hence their data might be prone to experimental error. As this also
raises questions concerning the reliability of their solubility data in
aqueous MDEA/PZ solutions, the data of Si Ali and Aroua [5] were
classified as aforementioned category 3 data.

A detailed description of both the regression set (category 1)
and the extrapolation set (category 2) data is given below.

The experimental database used in the regression (category 1)
contained the experimental data series reported by Bishnoi and
Rochelle [3], Liu et al. [2], Pérez-Salado Kamps et al. [4], thereby
including solubility data taken at a wide range of experimental
conditions (see table 14). The following remarks should be made
regarding the final regression:

� The data series reported by Liu et al. [2] on solubilities in solu-
tions containing 4.77 kmol �m�3 MDEA and 0.53 kmol �m�3 PZ
were excluded from the regression, as the MDEA concentration
exceeded the maximum concentration (4.3 kmol �m�3) taken
into consideration in the MDEA ternary subsystem which has
been discussed earlier. These particular data, however, have
been added to the extrapolation data set (category 2);

� Also, preliminary model optimization runs were conducted and
data points for which the difference between experimentally
determined and model predicted (CO2 partial and/or total) pres-
sure was more than a factor two, were also eliminated from the
database;

� These preliminary model optimization runs also indicated that
the model showed little to no sensitivity to the (adjustable)
parameters describing the interaction between MDEAH+ and
ined by NMR.

3Þ CPZCOO� þ CþHPZCOO� =ðkmol �m�3Þ CPZðCOO�Þ2 =ðkmol �m�3Þ

0.30 0.029
0.37 0.055
0.37 0.056
0.22 0.013
0.23 0.014
0.41 0.079
0.40 0.078
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FIGURE 12. Parity plot of experimentally determined equilibrium pressures pexp

and modelling results pmod:�, Bishnoi and Rochelle [3];M, Liu et al. [2];�, Pérez-
Salado Kamps et al. [4].
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TABLE 14
Experimental database used in regression of quaternary (ionic) interaction parameters.

cMDEA=ðkmol �m�3Þ cPZ=ðkmol �m�3Þ T=K aCO2 N=na AAD/%

[3] 4.0 0.6 313 0.027 to 0.285 8/8 31.1
4.0 0.6 343 0.014 to 0.093 3/5 27.7

[2] 1.35 0.35 323; 343 0.349 to 0.955 10/10 18.9
1.53 0.17 323; 343 0.387 to 0.980 10/10 18.7
2.8 0.7 303; 323; 343; 363 0.147 to 0.842 14/20 23.4
3.15 0.35 303; 323; 343; 363 0.198 to 0.880 15/20 25.5
3.75 1.55 323; 343 0.247 to 0.746 10/10 34.4

[4] 2.0 mol � kg�1 2.0 mol � kg�1 353 0.64 to 1.13 10/10 6.5

Total 80/93 22.8

a Experimental data points used/ Total reported experimental data points.
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PZCOO� and the interaction between PZH+ and MDEA. There-
fore, these parameters were set to an arbitrary value of
0.010 kmol �m�3 (see also table 15). It should be noted, that
the negligible sensitivity of the model towards these parameters
might just be a ‘‘local” effect and this might thus change when
the values of the other four interaction parameters are changed
considerably;

� Finally, during the preliminary runs it was observed that model
calculations for low loading data showed a large sensitivity
towards the binary parameter kmix describing the interaction
between piperazine and MDEA. The effect of the regressed ionic
parameters was more pronounced at moderate to high carbon
dioxide loading cases.

The final experimental database used in the regression of the
parameters is specified in detail in table 14. Results of the model
optimization are listed both in table 15 (regressed parameter val-
ues) and table 14 (average deviations between experiment and
model) and a parity plot between experimental value and model
description is given in figure 12.

From table 14 and figure 12, it can be concluded that the pres-
ent model is able to correlate experimental (total and CO2 partial)
pressure data within an average absolute deviation of about 23%
over all the experimental conditions included in the experimental
database in table 14.

Next, the model’s extrapolation qualities were explored using
the experimental data series that were not used in the parameter
regression: These data not only include the experimental VLE data
measured in the present study, but also the experimental solubili-
ties reported by Xu et al. [1] and the one series from the experi-
mental data of Liu et al. [2] which was left out of regression set.
A comparison between the experimentally obtained and model
predicted values is given graphically in figure 13.

From the results shown in figure 13 and table 16, the following
can be concluded with respect to the different data sets:

� Model predicted CO2 partial pressures are in good agreement
with the experimental data reported by Xu et al. [1];
TABLE 15
Resulting values of the regressed interaction parameters.

Parameter-type Species Final valuea

kmix MDEA–PZ �0.46
W MDEAH+–PZ 0.425 m3 � kmol �1

W MDEAHþ—þHPZCOO� 0.100 m3 � kmol�1

W MDEAH+–PZCOO� 0.010 m3 � kmol�1

W MDEAHþ—PZðCOO�Þ2 �0.555 m3 � kmol�1

W PZH+–MDEA 0.010 m3 � kmol�1

a The ionic interaction parameters between MDEAH+ and PZCOO�, and PZH+ and
MDEA were not regressed, as discussed earlier.
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FIGURE 13. Parity plot of experimentally determined equilibrium pressures pexp

and modelling results pmod: �, Xu et al. [1]; }, Liu et al. [2]; M, this work in ‘4.0
MDEA/0.6 PZ’;�, this work in ‘2.8 MDEA/0.7 PZ’;O, this work in ‘0.5 MDEA/1.5 PZ’.
� The model is well able to predict the experimental solubility
data of Liu et al. [2] in aqueous 4.77 kmol �m�3 MDEA/
0.53 kmol �m�3 PZ solutions, which were left out of the param-
eter regression;

� All three presently reported new experimental data series are
predicted well by the model.



TABLE 16
Experimental solubility data that were not used in the regression.

cMDEA=ðkmol �m�3Þ cPZ=ðkmol �m�3Þ T/K aCO2 N AAD

[1] 4.28 0.103; 0.257; 0.515 343 0.052 to 0.29 11 23.5
[2] 4.77 0.53 323, 343 0.193 to 0.760 10 21.0
This work 4.0 0.6 313 0.123 to 0.638 20 27.2

2.8 0.7 303, 323 0.127 to 0.837 36 16.2
0.5 1.5 298, 313 0.465 to 0.984 28 19.6
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Other experimental data to validate the model are (direct and/
or indirect) speciation data, such as pH, conductivity, and NMR
data. Figures 14 and 15 show a comparison between model pre-
dicted pH and conductivity (as the total ion mole fraction present
in the liquid) in an aqueous 4.0 kmol �m�3 MDEA/0.6 kmol �m�3

PZ solution at 313 K, and the presently obtained experimental data
listed in table 7.

Figure 14 illustrates – as in the case for the aqueous MDEA solu-
tion shown earlier (figure 8) – that, although the model is able to
describe the experimentally observed trend in pH with increasing
loading, it cannot predict the absolute pH values accurately. Figure
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FIGURE 14. pH of an aqueous 4.0 kmol �m�3 MDEA/0.6 kmol �m�3 PZ solution at
313 K as a function of CO2 loading aCO2 : �, experiment – this work; ‘solid line’,
model prediction.
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FIGURE 15. Conductivity of an aqueous 4.0 kmol �m�3 MDEA/0.6 kmol �m�3 PZ
solution at 313 K as a function of CO2 loading aCO2 : �, experiment – this work; ‘solid
line’, model prediction.
15 shows that the total ion mole fractions predicted by the model
are in line with the experimentally observed trend in conductivity.
Similar plots and trends are found when comparing model predic-
tions to the other experimental pH and conductivity data listed in
tables 8 to 11.

The experimentally determined pH data of lean solutions, listed
in table 12, serve as the basis of a second comparison between
model prediction and experimental value. In table 17, these exper-
imental data – as well as the experimental pH of a 50 wt.% MDEA
solution – are compared to predictions made with the EoS model.
Table 17 also contains the pH as calculated when assuming the
solution behaves ideally (i.e. c ¼ 1). Again, the comparison shows
that an offset exists between experimental and model predicted
pH value.

A comparison between the model predicted liquid phase com-
position and the available experimental NMR speciation data [3]
are given in table 18 and figure 16 (present data, see also table 13).

The generally observed trend as seen in figure 16 seems logical
– at least for loadings up to about 0.12:

� With increasing loading, the relative amount of (protonated)
piperazine (Fraction I) decreases;

� With increasing loading, the relative amount of (protonated)
piperazine carbamate (Fraction II) increases;

� With increasing loading, the relative amount of piperazine dic-
arbamate (Fraction III) increases.

However, the speciation at a loading of 0.21 seems to deviate
from the aforementioned trend. The speciation seems nearly iden-
tical to that at a loading of 0.108, but at this moment no explana-
tion can be presented for this observation.

Figure 16 shows that the model seems to predict the experi-
mentally observed trends in speciation data qualitatively well over
the range studied. However, both figure 16 and table 18 illustrate
that the model, e.g. tends to overpredict the amount of dicarbamat-
ed piperazine, whereas the fraction of the monocarbamate species
is underpredicted.

Based on the results obtained in both the prediction of the sol-
ubility – (partial) pressure data (table 16, figure 13) and the speci-
ation study (table 18, figure 16), it should be concluded that
although the model is generally well suited to describe and predict
the so-called ‘‘p� a” data, the model in its current form seems not
to be able to predict the speciation in the quaternary system
PZþMDEAþ CO2 þ H2O satisfactorily over all experimental condi-
tions studied.

However, based on the results obtained so far, the Electrolyte
EoS model does show very promising results. Firstly, it should be
stressed that in the EoS approach, it is possible to build a multiple
component system from smaller, ‘lower level’ systems – as, e.g.
illustrated in figure 3 – without the need for adjusting parameters
when going from one level to a higher level. The direct conse-
quence (and a major advantage) is that the amount of adjustable
parameters per (sub)system is limited. Secondly, it should be noted
that various additional improvements can be made to the model in
its current state to the determination of the required interaction
parameters – especially in some of the lower level subsystems,



TABLE 17
Model predicted and experimental pH values of lean solutions.

Solution T/�C pHexp pHideal pHEoS
a pHEoS

b

50 wt.% MDEAc 23.3 11.72 11.77 11.03

cMDEA ¼ 4:0 kmol �m�3, cPZ ¼ 0:6 kmol �m�3 25.0 12.09 11.98 10.91 10.93
30.0 11.96 11.84 10.75 10.77
40.0 11.71 11.58 10.46 10.48
50.0 11.45 11.34 10.20 10.22

cMDEA ¼ 2:8 kmol �m�3, cPZ ¼ 0:7 kmol � m�3 25.0 12.04 11.94 10.95 10.97
30.0 11.92 11.80 10.80 10.82
40.0 11.67 11.53 10.53 10.55
50.0 11.42 11.29 10.28 10.30

cMDEA ¼ 0:5 kmol � m�3, cPZ ¼ 1:5 kmol � m�3 25.0 12.18 12.00 11.66 11.66
30.0 12.04 11.86 11.50 11.50
40.0 11.77 11.59 11.20 11.20
50.0 11.51 11.34 10.92 10.93

a Calculated at a CO2 loading of 10�4.
b Calculated at a CO2 loading of 10�5.
c Taken from Posey [33], CO2 loading = 10�4.
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FIGURE 16. Liquid phase speciation in concentration ci of an aqueous
4.0 kmol �m�3 MDEA/1.0 kmol �m �3 PZ solution loaded with CO2 at 298 K as as a
function of CO2 loading aCO2 . Fraction I: �, experiment; ‘dotted line’, model. Fraction
II: �, experiment; ‘dashed line’, model. Fraction III: �, experiment; ‘solid line’,
model.

TABLE 18
Experimental and model predicted speciation in 3.0 kmol �m�3 MDEA/1.0 kmol �m�3

PZ solution with a CO2 loading of 0.52 at 298 K.

Piperazine species Fraction of total piperazine

Experimenta Model

PZ + PZH+ 0.13 0.08
PZCOO� þ þHPZCOO� 0.53 0.22
PZðCOO�Þ2 0.34 0.70

a Calculated from ratios given by Bishnoi and Rochelle [3].

162 P.W.J. Derks et al. / J. Chem. Thermodynamics 42 (2010) 151–163
where educated guesses were necessary to determine several
interaction parameters.

The first improvements can be made with regard to the binary
interaction parameters involving MDEA, PZ, and H2O which are to
be regressed on experimental VLE data on the respective physical
systems. And, while few experimental data have been reported
on the ðMDEAþH2OÞ system, no (useful) data are available on
the system ðPZþ H2OÞ and (MDEA + PZ). At present, the required
binary interaction between piperazine and water has been esti-
mated using pseudo data generated with the UNIFAC method
[11], while the MDEA–PZ interaction has been included using a sin-
gle mixing parameter, which was regressed together with the qua-
ternary ionic interaction parameters. It is known in the literature,
that acid gas solubility models exhibit a high sensitivity towards
the amine–water interaction, especially at low loadings (see, e.g.
[21]). Based on the modelling results obtained in this work it can
be said that the same conclusion holds for the interaction between
piperazine and MDEA. The same can be concluded from the mod-
elling work done by Bishnoi and Rochelle [3], who reported that
a precise fit of their (low loading) solubility data could only be ob-
tained, when the binary PZ–MDEA interaction parameters present
in their Electrolyte NRTL model were regressed. This implies, that
experimental VLE data on these systems are vital for a more accu-
rate determination of the corresponding interaction parameters.

Secondly, in the EoS studies carried out so far and including this
one, the p� a data of ternary and quaternary systems have been
taken as the single (and only) source for the regression of interac-
tion parameters. Based on the results seen in this study, it is sug-
gested to also include other types of experimental data in the
optimization of the interaction parameters, such as NMR specia-
tion data, conductivity data and pH data. Including other data than
the conventional VLE data in the regression of interaction parame-
ters should be done at the lowest possible level (see figure 3), so
that the basis of the determination of the interaction parameters
to be used in higher order systems becomes much more solid
and thus reduce the uncertainty in these parameters considerably.
Problem in this might be the formulation of a good target function
for minimization, in which an appropriate weight is attributed to
the various experimental results (i.e. p� a data, speciation data,
pH, conductivity).

All these efforts will help to make that the Electrolyte EoS mod-
el cannot only satisfactorily describe and predict the carbon diox-
ide partial pressure over a loaded solution, but also correctly
predict speciation data. This way it will become a very powerful
tool in rate based (rigorous) modelling of industrial absorber and
desorber columns.
6. Conclusions

The bulk removal of carbon dioxide from process gas streams is,
in industry, usually carried out via an absorber–desorber process
operation. One promising solvent used in this process step is the
piperazine (PZ) activated aqueous N-methyldiethanolamine
(MDEA) solution, since it combines the benefits of both PZ (high
rate of reaction with CO2) and MDEA (a low reaction enthalpy with
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CO2). An accurate design and modelling of the absorption–desorp-
tion process requires detailed knowledge concerning the thermo-
dynamics of these absorbent systems, not only to calculate
carbon dioxide partial pressures at specific experimental condi-
tions, but also to predict the liquid phase composition, which is
an essential input in rate based column models. In the present
study, new experimental CO2 solubility data in aqueous solutions
containing both MDEA and PZ are reported, which not only list
the carbon dioxide partial pressure at a certain CO2 liquid loading,
but also the corresponding conductivity and pH of the solution. In
addition to these data, NMR spectroscopy has been applied to ob-
tain experimental data on the liquid phase speciation of an aque-
ous MDEA–PZ solution, partially loaded with carbon dioxide.

Simultaneously, the Electrolyte Equation of State (EoS) model,
which was used in previous work to successfully describe the ther-
modynamics of the (piperazine + water + carbon dioxide) system,
was extended to include MDEA. Prior to the extension, the ternary
subsystem ðMDEAþH2Oþ CO2Þ needed to be described in order to
obtain information concerning the interaction parameters unique
to this system. It was found, that the Electrolyte EoS model was
able to describe the available p� a data reasonably well, and
moreover, also the model predicted liquid phase speciation was
well in line with the experimental composition data reported by
Poplsteinova Jakobsen et al. [17].

On application of the total model to the quaternary
ðPZþMDEAþ CO2 þH2OÞ system, it was observed that a total of
four adjustable parameters needed to be regressed on experimen-
tal solubility data. The final model derived was found to correlate a
wide selection of experimental solubility data well, and further-
more the model was able to predict the new experimental p� a
data as obtained in this study. The model calculated liquid phase
composition, however, did not match the limited available experi-
mental (NMR) data, and therefore it should be concluded that the
model in its current state is still not optimally suited for applica-
tion in rigorous mass transfer models.

Nevertheless, the Electrolyte EoS model has shown very prom-
ising results, which is remarkable when considering the relatively
high uncertainties in the current binary parameters describing the
binary systems involving piperazine and/or MDEA (such as
PZ—H2O and PZ–MDEA). Hence, more experimental VLE data on
these physical subsystems are essential for a further development
and refinement of the Electrolyte Equation of State. Moreover, the
need for additional liquid phase speciation data should be stressed,
as the strength of a thermodynamic model is, in the end, truly
determined by its ability to predict speciation in a reliable and
realistic manner.
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