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ARTICLE INFO ABSTRACT

Keywords: CO, capture is of profound significance to mitigate emissions from fossil fuel combustion. Absorption technolo-
CO, capture gies represent a mature approach for post-combustion CO, capture, and, in this direction, the development of new
polyamines solvent systems, alternative to aqueous ethanolamine (MEA) solutions that are currently used, has attracted sig-
CPA . . nificant research interest. Among the solvents that have been suggested, polyamines, such as diethylenetriamine
chemical absorption . . . . . . . . .
DETA (DETA) and triethylenetetramine (TETA), represent interesting candidates for use in amine mixture solvents. This
TETA work presents new high pressure experimental data for the solubility of CO, in aqueous DETA and TETA solutions.

Diethylenetriamine
Triethylenetetramine

The former system is investigated using two experimental techniques in order to expand the investigated pres-
sure range. In addition, the obtained new experimental data are used to parameterize the Cubic-Plus-Association

Equation of State (CPA EoS), which, in turn, coupled with the pseudo-chemical reaction approach, is used to
satisfactorily describe the VLE behavior of the studied systems.

1. Introduction

Carbon dioxide, which is emitted from fossil fuel combustion con-
tributes significantly to global warming. It is believed that global warm-
ing causes disruption of the environmental balance provoking extreme
weather conditions, drought, animal extinction etc. For this reason, the
Carbon Capture Utilization and/or Storage (CCUS) scheme has been sug-
gested, which, however, constitute a major engineering challenge, since
it should apply safe, environmentally friendly and efficient technologies
that will not significantly increase the energy cost.

Among the most promising methods for CO, capture, solvent-based
absorption using amines in post-combustion mode seems to be a finan-
cially feasible option, as the process is well-known and easy to imple-
ment in industrial settings [1]. Therefore, amine-based carbon capture
technology attracted significant interest, while there are intensive re-

search efforts for the development of novel solvents that will replace
ethanolamine (MEA) in the conventional process [2].

In this work, aqueous mixtures of diethylenetriamine (DETA) and tri-
ethylenetetramine (TETA) are investigated. DETA and TETA are consid-
ered polyamines with multiple functional groups as shown in Table 1.
DETA’s molecule has three amine groups (two primary and one sec-
ondary), while TETA possesses one more secondary amine group (two
primary and two secondary). Due to that, they are expected to exhibit
high CO, absorption capacity, while the existence of only primary and
secondary amine groups renders them absorption activators, according
to the classification proposed by Zhang [3].

CO, absorption kinetics in DETA aqueous solutions were investi-
gated by Hartono et al. [4], who found that the reaction rates increase
with increasing DETA concentration and temperature. Hartono et al.
[5] studied the main species formed in DETA aqueous solutions upon
CO, dissolution and found that 24 species may potentially be formed.

Abbreviations: AMP, 2-Amino-2-methyl-1-propanol; BDA, 1,4-Butanediamine; BDMAEE, Bis (2-dimethylaminoethyl); CHAP, N-cyclohexyl-1,3-propanediamine
(also known as SIN); CPA, Cubic plus association equation of state; DEAPD, 3-(diethylamino)-1,2-propanediol; DEEA, Diethylethanolamine; DETA,
Diethylenetriamine; DMBA, N,N-dimethylbutylamine; DMCA, N,N-dimethylcyclohexylamine; EOS, Equation of state; MAPA, 3-Methylaminopropylamine;
MCA, N-Methylcyclohexylamine; MDEA, Methyl diethanolamine; MEA, Ethanolamine; PEG(200), Polyethylene glycol(200); PMDETA, N,N,N’,N’,N”’-
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Table 1
Structure of DETA and TETA.
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Name Structure

TETA, (Mw 146.23) Ttriethylenetetramine

DETA, (Mw 103.17) Diethylenetriamine
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Table 2
Literature studies regarding mixtures that contain DETA or TETA.

Amine(s) References
TETA [17-19]

DETA [4,5,8,14,18,20-24]
DETA Blends

DEEA-DETA [7,10,25]
DETA-MDEA-AMP [26]
DETA-PMDETA [9,27]
DETA-Sulfolane [11,14]

TETA Blends

TETA-AMP, TETA-AMP-EtOH [28]
TETA-BDMAEE, TETA-PMDETA, TETA-DEAPD [15]
TETA-DEEA [7,15,25,29-31]
TETA-DMCA [15,16,32]
TETA-EtOH [28,33]
TETA-PEG200 [34]

TETA- PMDETA [35]

TETA-TSP [36]

However, carbamate, dicarbamate, and HCO;~/CO42~ are the main
species formed in the system.

As recently reviewed by Papadopoulos et al. [6], such polyamines
were suggested for use in combination with lipophilic amines, in mixed
solvents that present phase change behavior, i.e. the phase separation
in one CO, rich and one CO, lean liquid phase upon increase of tem-
perature. The main advantage of such solvents is the relatively lower
regeneration energy need compared to non-phase change solvents, since
only the CO, rich phase needs thermal regeneration.

In this direction, Ye et al. [7] investigated 50 amine mixtures to
verify their potential as phase-change solvents. The absorption acti-
vators included mainly linear or cyclic amines, whereas the regener-
ation activators were either N,N-dimethyl cyclohexylamine (DMCA) or
2-(diethylamino)-ethanol (DEEA). Ye et al. [8] suggested and investi-
gated the aqueous mixture of DETA and pentamethyldiethylenetriamine
(PMDETA). PMDETA contains three tertiary amino groups and was used
due to its high CO, loading capacity. Two liquid phases occurred as the
CO, loading of the DETA-PMDETA blend reached the value of 0.2 mol
mol~1. Such system achieved approximately 35% higher CO, loading ca-
pacity compared to 5M MEA. As DETA concentration increased, the vol-
ume of the CO, rich phase and the CO, loading was also increased [8].
Subsequently, Zhou et al. [9] investigated various mixtures of PMDETA
and DETA with respect to CO, capture capacity and reaction mecha-
nism. They concluded that the upper phase mainly contains PMDETA,
while DETA is the absorption accelerator, but also contributes to the
CO, absorption capacity of the mixture.

Wang et al. [10] suggested the use of DETA-DEEA aqueous solution
as a new phase change solvent, reporting that liquid-liquid separation
occurred when the mixed solution of 1M DETA and 4M DEEA absorbed
a sufficient amount of CO,. Their kinetic analysis revealed that temper-
ature and CO,, loading significantly affect the total mass transfer coeffi-
cient, while changes in gas flow rate had only minor effect.

Other investigated mixtures of DETA, summarized in Table 2, in-
clude mixtures with MDEA and AMP, as well as nonamine solvents,
such as sulfolane. DETA/sulfolane mixture was examined by Luo et al.

[11] as a potential biphasic solvent system, since sulfolane has been pre-
viously used as an aprotic polar solvent for the physical absorption of
acid gases [12,13]. It is reported that sulfolane changes the VLE equi-
librium, but does not affect the DETA-CO,, reaction mechanism. Subse-
quently, Wang et al. [14] investigated the kinetic behaviour, the CO,
absorption rate and the theoretical regeneration energy requirements of
DETA/sulfolane. In CO, absorption, sulfolane behaves as an inert sol-
vent, as substitute of water, and it is separated from the CO, rich phase.
The sensible heat and vaporization heat are found to be substantially
decreased by 59% and 12%, respectively, and the total heat duty by
19%.

In the same direction, TETA was investigated as a constituent of var-
ious aqueous solutions that contain amine blends and present phase
change behavior, which are summarized in Table 2. In more detail,
Zhang et al. [15] experimentally studied the CO, absorption capacity
and phase separation behavior of various TETA mixtures with other
amines, including DMCA, DEEA and PMDETA. Their results reveal that
the TETA/DMCA aqueous system showed high cyclic capacity, favorable
phase separation behavior, and low regeneration heat needs.

Shen at al. [16] experimentally investigated 10 primary/secondary
amines and 8 tertiary amines with different alkalinity (pKa) and hy-
drophobicity (log P) in terms of absorption capacity, VLE and kinetic
behavior. Experimental data are also exploited for theoretical prediction
of the regeneration energy requirements for solvent mixtures of TETA
with various amines, including DEEA and DMCA.

Literature studies regarding the CO, loading of aqueous mixtures
that contain DETA and/or TETA are summarized in Table 2.

While the above works pertain mainly to experimental measure-
ments, the derived data may be exploited for the development of pre-
dictive models. The latter are needed in order to determine the impact
of the investigated solvents on the economic and operating performance
of the absorption and desorption processes, through process simulation
and optimization. The modeling of CO, absorption in aqueous amine
solutions is a very demanding task, since it requires the simultaneous
modeling of chemical equilibria and phase behavior. For this reason
mainly empirical models are used, with the most popular ones being
the Kent-Eisenberg model [37,38] and its modifications [39].

The rigorous use of equation of state models, which is very impor-
tant in modeling the physical absorption of gases in liquid solvents, is
not easy, since the chemical interactions are the dominating phenom-
ena in such aqueous amine solutions. It requires the knowledge of the
equilibrium constants, which are usually obtained by adjusting three
or four parameters to the experimental data, on top of the other pure
and binary parameters of the model. However, if models are adequately
parameterized, satisfactory correlations are obtained [40,41].

The complexity of the underlying phenomena, the difficulties in at-
taining experimental data, and often their lack thereof, is mainly com-
pensated by the introduction of important simplifications. The most
popular one is to account for chemical interactions in the same way as
strong specific interactions (such as the hydrogen bonding ones) are ac-
counted for. Using such pseudo-chemical reaction approach, Rodriguez
et al. [42] used the SAFT-VR model to correlate the absorption of CO, in
aqueous amine solutions. More recently, a group contribution (GC) ap-
proach, based on the SAFT-y equation of state, was used and produced
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Table 3

Chemicals used in this work.
Product Name Abbreviation ~ CAS-number  Purity Supplier
Carbon dioxide CO, 124-38-9 99.9 (vol%) Air Liquide
Diethylenetriamine DETA 111-40-0 99% Sigma Aldrich
Triethylenetetramine =~ TETA 112-24-3 97% Sigma Aldrich

Table 4
CO, loading of DETA aqueous mixtures obtained by the chemical analysis of loaded solu-
tions.
Temperature?, CO, Partial Pressure, Loading, a / mol Final amine content (on
T/K P/kPa CO, per mol amine water basis), %wt.
313.15 10.1 1.32 + 0.08 33.0+ 0.6
15.2 1.36 + 0.08 29.8 + 0.5
31.4 1.41 + 0.09 29.0 £ 0.5
81.0 1.43 + 0.09 31.2+0.5
333.15 30.4 1.23 + 0.08 30.1+0.5
51.7 1.42 + 0.09 31.2+0.5
363.15 30.4 0.85 + 0.05 32105
50.7 1.10 + 0.08 32.1 +0.5
70.9 1.19 £ 0.08 31.5+0.5

2 Temperature stability +£0.10 K at 313 K and +0.80 K at 363 K

very satisfactory predictions for the solubility of CO, in amine solutions
and their phase behavior [43]. A similar approach was also used in the
work of Papadopoulos et al. [44], in which SAFT- y- Mie enabled the ef-
ficient prediction of the phase-behavior of phase-change solvents. In the
same direction, Leontiadis et al. [45] used the CPA model that is based
in the SRK EoS, while Wang et al. [46] used the PR-CPA, for modeling
the solubility of CO, in aqueous alkanolamine solutions.

In this work, a 30% wt. DETA aqueous solution was experimentally
investigated in terms of CO, solubility at 313, 333 and 363 K using two
experimental techniques, in order to expand the investigated pressure
range. Subsequently, a 30% wt. TETA aqueous solution was experimen-
tally studied at 313 and 333 K. Such measurements were prompted by
the available literature data, which are dubious and scarce. The new
data are valuable for the parameterization of thermodynamic models
that allow the rational design of the relevant separation processes. In this
direction, the CPA equation of state [47-48], coupled with the pseudo-
chemical reaction approach, was parameterized and used to correlate
the Vapor-Liquid Equilibrium of the investigated systems.

2. Materials and methods

The materials used in this work are shown in Table 3. They were
used as received without further purification.

The DETA solutions were initially investigated in an apparatus that
enables experiments between 1 and 100 kPa of CO, partial pressure
and involves chemical analysis of the liquid phase after the experiment.
This pressure range was then expanded through experiments in a second
apparatus that uses a pressure decay method and allows experiments in
the 10 — 2000 kPa pressure range. TETA solutions were studied using
only the latter experimental method.

The first method and the relevant experimental apparatus, which
is presented in Fig. S1 of the ESI, are described in detail by Tzirakis
et al. [49]. Briefly, CO, and N, gas mixtures of known composition pass
through a series of four gas wash bottles immersed in a temperature-
controlled water bath (temperature stability during experiments around
+0.1 Kat 313 Kand +0.8 K at 363 K). The first gas wash bottle contains
de-ionized water in order to compensate vaporization losses. The second
gas wash bottle contains the aqueous amine solution, while the last two
bottles are used as traps to collect potential amine losses. The system is
held at constant temperature, with a constant gas flow rate for sufficient
time, estimated through preliminary experiments, to ensure saturation
of the liquid solvent. Subsequently, the composition of the liquid phase

is measured using the BaCl, and an acid titration method, for estimating
the gas and the amine content, respectively, as described by Tzirakis
et al. [49].

The pressure decay method and the relevant apparatus, which is
shown in Fig. S2 of the ESI, are described in detail by Leontiadis et al.
[45]. Briefly, a weighted amount of CO, (3-5 g depending on the ex-
periment, maximum error + 0.002 g) is added in a high-pressure cell
containing a known amount of liquid solvent (around 25 g, maximum
error +£0.002 g). It is assumed that equilibrium is reached upon stabi-
lization of pressure for at least 1 h, while the absorbed CO, is calculated
through the mass balance equations, knowing the pressure and temper-
ature conditions and the volume of the vapor phase [45]. The volume of
the cell (152.2 + 1.6 cm3 at 298.15 K) was measured at all experimen-
tal temperatures by monitoring the pressure after the addition of known
amounts of CO,. The needed CO, density was obtained from NIST [50].
The cell is immersed inside a water bath of constant temperature (tem-
perature stability of 0.1K). The temperature and the pressure inside the
equilibrium cell are monitored using a Pt-100 (+0.01 K) thermometer
and a pressure transducer (WIKA A-10, + 0.5%), respectively.

According to this procedure the total pressure of the vapor phase is
measured. For estimating the partial CO, pressure, the vapor pressure
of the aqueous solution was subtracted from the total pressure. Such
approximation is often used in similar experimental studies [45,51,52].
Since the investigated solutions are not highly volatile, such correction
is not significant at relatively high pressures (higher than 1 bar at the
studied temperatures).

In all cases, the uncertainties of the loading values denote the most
probable error, calculated through propagation of errors, considering
the uncertainties of all the measurements (weights of the materials, vol-
umes used in the titration, volume of the cell, densities etc.) [45,49].

3. Experimental results
3.1. DETA results

Considering the DETA systems, measurements were performed at
313 and 333 K with both experimental techniques, as well as at 363
K using only the chemical analysis method, since the pressure decay
method is not recommended at high temperatures due to potential sig-
nificant solvent vaporization. All measurements were performed starting
from a 30 % wt. aqueous amine solution. The experimental results are
presented in Tables 4 and 5.


https://www.sigmaaldrich.com/catalog/search?term=111-40-0ceinterface=CAS\04520No.celang=enceregion=UScefocus=product

F. Tzirakis, A.I. Papadopoulos, P. Seferlis et al.

Table 5
Loading of 30.0 + 0.1 %wt. aqueous DETA solutions obtained
by pressure decay method.

Temperature?, CO, Partial Loading, « / mol
T/K Pressure®, P/kPa CO, per mol amine
313.15 10.0 1.21 + 0.06
10.0 1.25 + 0.06
21.0 1.38 + 0.05
29.1 1.44 + 0.05
45.1 1.47 + 0.04
93.1 1.52 + 0.03
210.1 1.60 + 0.03
212.1 1.60 + 0.03
541.1 1.68 + 0.04
619.1 1.67 + 0.06
333.15K 16.2 1.20 + 0.06
16.2 1.24 + 0.06
47.4 1.36 + 0.05
66.4 1.41 + 0.05
89.4 1.43 + 0.04
150.5 1.48 + 0.03
297.6 1.54 + 0.03
297.6 1.54 + 0.03
662.6 1.60 + 0.04
713.6 1.59 + 0.06

a Standard uncertainty in temperature u(T) = 0.10 K
b Standard uncertainty in total pressure u(p) = 0.005¢P.
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Fig. 1. Solubility of CO, in aqueous DETA solutions at 313 K. Experimental
data (points) [18,22,53] and CPA correlations (line).

The obtained data are compared with available literature values at
Figs. 1 and 2. It is observed that there are significant differences between
the available literature data sets.

As shown in Figure 1, the available literature data for DETA aqueous
solutions at 313 K include the data reported by Hartono et al. [22] for
2.5M solution, as well as the data of Chang et al. [53] and Kim et al.
[18] for 30% wt. solutions. It is observed that there are significant dif-
ferences between the available literature data sets, which indicate the
experimental difficulties in such measurements. Hartono et al. [22] do
not mention experimental details and present experimental data as a
figure illustration. Kim et al. [18] used a semi-batch absorption appara-
tus operated at a pressure slightly higher than the atmospheric one and
using a CO, — N, gas stream to load the liquid solvent. Chang et al. [53]
used a vapor — liquid equilibrium apparatus, which was verified against
data for MEA. The composition of the vapor phase was measured by gas
chromatography, while the CO, concentration of the liquid phase was
measured using the BaCl, and an acid titration method. The existence of
such differences in the literature data was an additional reason for per-
forming experiments using two experimental techniques. The two data
series of this work, obtained using different experimental methods, are
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Fig. 2. Solubility of CO, in aqueous DETA solutions at 333 K. Experimental
data (points) [18,22] and CPA correlations (line).

Table 6
Loading of 30.0 + 0.1 %wt. aqueous TETA solutions with pres-
sure decay method.

Temperature?, CO, Partial Loading, « / mol
T/K Pressure”, P/kPa CO, per mol amine
313.15 41.9 1.87 + 0.04
58.9 1.93 + 0.04
154.9 2.01 +0.04
246.9 2.07 £ 0.05
435.0 2.13 +0.05
698.0 2.18 + 0.05
333.15 87.95 1.82 + 0.04
112.0 1.87 + 0.04
225.0 1.93 + 0.04
330.0 1.99 + 0.05
541.1 2.03 +0.05
817.2 2.09 + 0.05

a Standard uncertainty in temperature u(T) = 0.10 K
b Standard uncertainty in total pressure u(p) = 0.005¢P.

in good agreement with each other, while they are in reasonable agree-
ment with the data of Hartono et al. [22], despite the differences in the
investigated pressure range.

3.2. TETA results

The experimental results for the TETA aqueous mixtures are pre-
sented in Table 6. Only limited literature experimental data exist for
the CO, capacity of TETA aqueous mixtures, as shown in Table 6 and in
Figs. 3 and 4. As presented in the Figures and similarly to the data for
DETA systems, the experimental data of this work present higher load-
ing values than those reported by Kim et al. [18], but are in reasonable
agreement with the data presented by Schaffer et al. [17].

4. Correlation with the CPA equation of state
4.1. The CPA EoS

The experimental data were used for estimation of parameters
needed in the CPA equation of state (EoS). CPA comprises two contri-
butions, a physical and association one, as follows:

7 = thys 4 Zassoc (1)

The first term is adopted from the Soave-Redlich-Kwong (SRK) EoS,
while the second one is adopted from the perturbation theory and is
identical to the respective term of the SAFT type models [54]. Conse-
quently, the model in terms of pressure is written as follows [47,55]:
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Fig. 3. Solubility of CO, in aqueous TETA solutions at 313 K. Experimental data
(points) [17,18] and CPA correlations (line).
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Fig. 4. Solubility of CO, in aqueous TETA solutions at 333 K. Experimental data
(points) [18] and CPA correlations (line).

R-T a(T) 1R~T< alng> (
P= - — 1+ Y (1-Xx,
Vb V- (Vytb) 2 Vy ary ZX’ ; ")
)

The energy parameter, 4,(T), is given by a Soave — type temperature
dependency, while the co-volume parameter, b, is temperature indepen-
dent [56].

ai(T)=aO’,-[1+cl,i : (1 - \/T)r 3)

where T, is the reduced temperature and ¢, ; is an SRK parameter.

X, represents the fraction of sites A of molecule i that are not bonded
with other active sites, while x; is the mole fraction of component i. Xy;
is related to the association strength between two sites belonging to two
different molecules, e.g. site A on molecule i and site B on molecule j,
and is determined from [56] as:

X, = !
A T
l+p- %, x; ZBj (XBJ -AA'B/>

where the association strength A4 is given by the following relation:

“

A;B

R-T

In the previous expression for the association strength, AAB/, the pa-

rameters A% and pA® are called the association energy and the associ-
bi+b;

ation volume, respectively, while b;; = and the radial distribution
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function, g(V,,) is given from a simplified expression as a function of the
co-volume, b, parameter and the molar volume, V,, [55]:

(V) = [1 - b]_] ©®)

The association energy, A%, and association volume, A%, param-
eters are only used for associating components, and together with the
three additional parameters of the SRK term (ay, b, c;), they comprise
the five pure compound parameters of the model [56]. They are usu-
ally obtained by fitting the predictions of the model to pure fluid vapor
pressure and liquid density data. For inert (not self-associating) compo-
nents, e.g., hydrocarbons, only the three parameters of the SRK term are
required, which can be obtained either from vapor pressures and liquid
densities or calculated in the conventional manner using critical data
and the acentric factor [56].

When CPA is used for mixtures, the conventional mixing and com-
bining rules are employed in the physical term (SRK) for the energy and
co-volume parameters [56]:

al)y =Y Y x; - x; - ay(T) 0]
P
a; (1) = \/a,(T) - a;T)- (1 -k;) ®)

b= Y x b ©

where, k; is the binary interaction parameter. For mixtures containing
two self-associating compounds, e.g., amines and water, combining rules
for the association energy (¢4¥) and the association volume (pA#) are
required. The standard Combining Rule (CR-1) was used in this work
[57]:

A.B: A;B;
ehiBi = M’Te”,ﬂ/ﬂﬁ =\/pAiBi . pAIB; (10)

For mixtures presenting cross association interactions between one
self-associating and one non self-associating compound, the modified
CR-1 combining rule is used [57].

A;B A;B;
eAiBj = MTEH’ﬂAiB/ = adjustable 11

4.2. The pseudo-chemical reaction approach

As in our previous study [45], we use the pseudo-chemical reaction
approach for modeling CO, - amine interactions, i.e., to account for
chemical interactions as very strong specific interactions. This is an ap-
proximation often used in equation of state models and arises from their
inability to account for chemical interactions [42-46].

Consequently, amine groups (both primary and secondary) are mod-
eled assuming one proton donor and one proton acceptor sites that can
form hydrogen bonds (2B association scheme) and one chemical site
that can only interact with CO,.

Furthermore, CO, is modeled assuming one site that can only cross
associate with water [58] and additional chemical sites that can only
associate with amine groups [45]. Two such chemical sites are active in
cases of primary or secondary amines, as in this study. In this way, one
CO, molecule can simultaneously interact with two amine groups and
the stoichiometric limit of 0.5 CO, moles per mole of amine groups,
which occurs if the carbamate formation is the dominant reaction, is
confirmed. Moreover, as described by Leontiadis et al. [45], in cases of
tertiary or sterically hindered amines, one CO, chemical site is active.
In this way, one CO, molecule can interact only with one amine group
and the stoichiometric limit of 1 CO, mole per mole of amine groups is
also confirmed. An illustration of such pseudo-chemical interactions is
shown in Figure 5.
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Table 7
Pure fluid parameters used in this study.
Critical ay (L¥barsmol~2) B (Lemol™) ¢, £ABl (bareLemol ')  pAB Association Reference
Temperature (K) scheme
CO, 304.2 3.5079 0.0272 0.7602 - - - [58]
H,0 647.3 1.2277 0.0145 0.6736 166.55 0.0692 4C [58]
DETA 676.0 25.0245 0.1012 1.0622 86.64 0.0229 3x2B This study
TETA 733.2 27.9225 0.1002 1.1049 86.64 0.0229 4 x 2B This study
1.0E+01
1.0E+00

(b)

Fig. 5. The pseudo-chemical interactions for primary or secondary amines (a)
and tertiary or sterically hindered amines (b). The association sites are pre-
sented, i.e. sites for chemical interactions (ch, c1, c2), as well as proton donor
(d) and proton acceptor sites (a) capable for hydrogen bonding.

4.3. Modeling results

Pure fluid parameters for CO, and water were adopted from Tsiv-
intzelis et al. [58], while those for the investigated amines were esti-
mated by adjusting the predictions of the model to vapor pressure and
liquid density experimental data. In more detail, the pure fluid param-
eters for DETA were obtained using the experimental vapor pressures
of Bouzina et al. [59] and the normal boiling point reported by NIST
[50], while the liquid densities were obtained using the experimental
data of Hartono et al. [20]. The pure fluid parameters of TETA were
obtained using the experimental vapor pressures of Efimova et al. [60],
while the liquid densities were obtained using the experimental data
of Rouleau and Thompson [61]. Since, as mentioned in the previous
section, primary and secondary amine groups are modeled assuming
one proton donor and one proton acceptor sites that can form hydrogen
bonds, the 3 x 2B and the 4 x 2B association schemes were used for
DETA and TETA, respectively, as defined by Huang and Radosz [62].
In this way, it was possible to keep constant the association parameters,
g8l and pABL of both amines. Consequently, DETA and TETA pure fluid
parameters were simultaneously regressed, by keeping the same values
for association parameters of both compounds. The percentage absolute
average deviations of model calculations from the experimental vapor
pressures are 1.2% and 4.1% for DETA and TETA, respectively, while
the corresponding values for the liquid densities are 0.8% and 1.7%,
respectively.

All pure fluid parameters are presented in Table 7, while results for
the amines’ vapor pressures are illustrated in Fig. 6.

All the used binary parameters are presented in Table 8. Binary pa-
rameters for CO, - water were adopted form Tsivintzelis et al. [58],

o Efimova etal. 2010

Vapor Pressure / bar
I~ = I~
o o o
m m m
o o o
w N =

"

——CPA, TETA
® Bouzinaetal. 2016
o NIST

——CPA, DETA
1.0E-05 T T T T T T T
270 310 350 390 430 470 510 550 590

Temperature / K

1.0E-04 4

Fig. 6. DETA and TETA vapor pressures. Experimental data (points, [59,60])
and CPA corellations (lines).
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Fig. 7. DETA —water VLE behavior. Experimental data (points, [59]) and CPA
correlations (lines).

who suggested modeling CO, with one association site that is capable
to cross associate with water and used the experimental value for the
cross association energy of this specific interaction.

The binary interaction parameter for DETA-water sub-binary mix-
ture was estimated using the experimental vapor-liquid equilibrium data
of Bouzina et al. [59]. Some characteristic calculations for the VLE of
this system are presented in Fig. 7. The obtained k; value is rather
high and reflects the inaccuracy of the combining rule for estimating
the cross-association parameters, since such combining rules present
limited physical meaning. For this reason, it was suggested to use ex-
perimental values (e.g. from calorimetry or spectroscopy) or theoretical
(e.g. from ab-initio calculations), at least for the cross-association energy
[58]. However, such data are scarce and not available for the investi-
gated systems. Due to the lack of experimental data for the TETA-water
system, the binary parameter was adopted from the DETA-water mix-
ture.

The binary parameters for amine — CO, sub-binary systems were cal-
culated by adjusting the model predictions to the experimental data of
this study. In both systems (DETA — CO, and TETA - CO,), a temperature
independent binary interaction parameter (k;) was used, which shows
rather high values, mainly in order to compensate the approximation of
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Table 8
Binary parameters used in this study
Ky Ecross (DareLemol™)  fog Ecross(bareLemol™)  fog

CO, - water 0.11406* Exp. 142.0* mCR1: 0.0162% - -
DETA - water -0.4 CR-1 CR-1 - -
TETA - water ~ -0.4" CR-1 CR-1
CO, - DETA 0.423 318.9 0.0023 318.9 0.0023
CO, - TETA 0.423 318.9 0.0013 3189 0.0013

2 CO,-H,O0 (Tsivintzelis et al. [58])
b Adopted from DETA-water

2.0
363K
215 4
£
© _
E
~ 1.0 A
~

o
o .
E
~— 0.5 4
-
]
T 1 o This work 363 K, chemical analysis
S —CPA

0.0 T T

0.01 0.10 1.00 10.00

CO, partial pressure (bar)

Fig. 8. Solubility of CO, in aqueous DETA solutions at 363 K. Experimental
data (points, this work) and CPA correlations (line).

the pseudo-chemical reaction approach. The two chemical sites of pri-
mary and secondary amine groups, in general, are not considered iden-
tical and, consequently, two different sets of cross-association parame-
ters are needed, i.e. one for each interaction with CO, [45]. However,
as shown in Table 8, in order to minimize the number of adjustable
parameters for the investigated mixtures, the association parameters
for both the CO,-amime chemical interactions were kept constant. Also
the same association energy value was used for both amine systems. In
this way, using three binary adjustable parameters, the CPA equation of
state rather satisfactorily describes the experimental data of this study
as shown in Figs. 1-4 and 8. It is worth mentioning that Wang et al.
[14], using the same approach with the Peng-Robinson CPA model, im-
plemented seven adjustable parameters for the CO, — MEA and five for
the CO, — MDEA binary systems, while Leontiadis et al. [45] used four
binary parameters for CO, - MDEA.

Consequently, using the binary parameters of Table 8, the CPA equa-
tion of state rather satisfactorily describes the experimental data of this
study.

5. Conclusions

In this work, diethylenetriamine and triethylenetetramine aqueous
solutions were experimentally investigated in terms of CO, absorption
capacity using a pressure decay method, while the former system was
also studied using a chemical analysis technique. In this way, new ex-
perimental data were obtained that shed light in the VLE behavior of
such systems, considering also the scarce and contradictory existing lit-
erature data.

Subsequently, the CPA equation of state, coupled with the pseudo-
chemical reaction approach, was parameterized using also the exper-
imental data of this work and satisfactory correlations were obtained
using three adjustable parameters that were optimized in the multicom-
ponent systems’ data. mmc1l.pdf
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