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Amine-based absorption has been extensively used for carbon dioxide (CO,)

removal processes, such as CO, absorption from flue gas as well as from natural gas. As

a reactive system in which the chemical reaction, as well as mass transfer, occur

simultaneously, an experimental determination of equilibrium reaction constants, e.g.

acid dissociation/protonation constant (K,), is, therefore, necessary to be conducted.

This study aims to evaluate the ionic strength effect from 0.06 to 6.0 m (mol/kg water)

on the K, value of monoethanolamine (MEA) at temperatures between 313 and 333K.

The experimental results indicate that the pK, values tend to be increasing as the ionic

strength increases. This is contradicting to the temperature effect where the pK, values

tend to be decreasing as the temperature increases. Furthermore, the extended Debye-

Hiickel formulation was implemented to predict the species activity coefficients.
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INTRODUCTION

In addition to methane (CHj), the
global warming problem is also caused by
carbon dioxide (CO,) emission which may
come from carbon-based fuel combustion,
gas sweetening processes, iron and steel
industry, etc. It is, according to Ma'mun et
al. (20184, 2018b), stated that the emission
of CO, increases every year. Some
countries, therefore, attempt to reduce
their CO, emissions by the implementation
of Carbon Capture and Storage (CCS)

technology, for instance.

A commercial CO, absorbent must
fulfil some criteria such as high reaction
rate as well as high net cyclic capacity
(Ma'mun et al, 2007a). Moreover, the
other commercial CO, absorbent criteria
were reported elsewhere (Li et al., 1994;
Jou et al., 1995; Liu et al., 1999; Hoff et al.,
2013). Thus, research on CO; capturing
solvent  development to  discover
promising systems has been conducted,
such as amines (Idem et al., 2006; Ma’'mun

et al., 2007b), carbonate (Lu et al, 2011),
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amino acid salts (Knuutila et al., 2011;
Ma'mun and Kim, 2013), chilled ammonia
(Alstom, 2007), etc.

To develop a promising system and
also to improve thermodynamic and
kinetic models, an acid
dissociation/protonation constant (K,) is
an important factor where a high pK, value
is required for a promising CO, absorbent.
According to Hartono et al. (2014), a
solvent with high pK, offers fast kinetic in
binding CO,, thus it will reduce the
absorber dimension.

In  comparison to secondary and
tertiary amines, the aqueous solutions of
MEA (H;NCH,CH,OH), a primary amine,
were widely used for many years for the
CO, and H,S removal (Kohl and Nielsen,
1997). In addition, even though some
efficient systems have been implemented
especially for the high-pressure natural
gas treatment, some researchers have
been conducting intensive research on
MEA up to now to improve its
performances (Idem et al., 2006; Senderby
et al,, 2013; Iliuta and Larachi, 2018; Wang
et al, 2019). This means that research on
MEA is still of importance hitherto.

In this study, the pK, of an aqueous
solution of MEA was evaluated at different
ionic strengths (0.06 to 6.0 m) and
different temperatures from 313 to 333K.
Previously, pK, values of MEA at different
ionic strengths were evaluated by Ma'mun
et al. (2019) at 303K. The experiments were
conducted at typical temperatures for the
actual CO, absorption (i.e. 303 to 333K) in
the CO, capture plants by the use of
aqueous MEA solutions in both tray and
packed bed columns (Kohl and Nielsen,
1997).

MATERIALS AND METHOD

Materials

Some chemicals obtained from Sigma-
Aldrich were used to determine pK, values
such as min. 98 mass % MEA and min. 99.8
mass % sodium chloride (NaCl). Moreover,
37 mass % hydrochloric acid (HCI) from
Merck was used as the titrant. The pH
meter was calibrated by standardized pH
solutions (pH 4.00 and 7.00).

Apparatus and Method

In this experiment, it was used similar
apparatus as that used by Ma'mun et al.
(2017a, 2017b, 2019). The apparatus was
submerged in a water bath consisting of a
300-mL jacketed glass reactor equipped
by a pH meter, a thermometer, and a stir
bar. A circulating pump was used to
circulate a heating medium through the
reactor. An analytical balance and a 5-mL
syringe were also used in this study. A
detailed procedure can be found
elsewhere (Ma’'mun et al.,, 2019).

ACTIVITY COEFFICIENT MODEL

In aqueous solution, a protonated
amine (AmH™) will be decomposed into a
free amine (Am) and a proton (H") as
written in Eq. (1) with an equilibrium/
protonation constant defined in Eq. (2).

AmH* & Am+ H* (1)
aAm aH+

K, =—— 2

2 aAamH* ( )

Rearranging Eq. (2) yields a correlation
between pK, and pH as follows:
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pKa, = pH — log 3)

YAm CAm ]
Yamu+Camu+

If the solution is an ideal one where
free amine and protonated amine activity
coefficients (Yam, Vamn+) are unity, Eq. (3)
can then be written as:

| @)

pKa = pH — log[
CAmH+

In this work, the species activity
coefficients were determined by the use of
the extended Debye-Hlckel equation
(Debye and Huickel, 1923) as written in Eq.

(5).

—2.3034,z71*/?
lnyi = T Baill/z +2 z ﬁ,]m] (5)
J

The first term of Eqg. (5) is the
electrostatic forces while the latter is the
short-range van der Waals forces in which
its contribution is insignificant, this second
term can, therefore, be disregarded. A,
and B are the temperature and the solvent
dielectric constant dependent; their values
can then be found elsewhere (Kielland,
1937; Manov et al, 1943). The solution
ionic strength I is a function of the
molality m; and the charge number on the

ion z; as written in Eq. (6).

1 2
I = ZZ m;z; (6)
j

Due to a lack of information, for all
ions, a; is usually set to 4 A in which this
effective diameter of the ion { would be
different for different ions and would
possibly also be a function of both the
ionic strength and the composition of
solvent (Ma'mun et al., 2006).

Furthermore, the protonated amine

and free amine concentrations
(Cpmu+ Cam) can be determined by
rearranging Eq. (3) and the amine mass

balance as the following:

. i
AmH* — (VAmH"’) 10®H-PKa) + 1 (6)
YAm
Cam = CXm - CAmH"’ (7)

The pK, value was determined at
which the accumulated titrant volume is
half of the total volume to reach the
Equivalence Point (EP); at this point, pK,
equals pH (Ma’'mun et al., 2017b).

RESULTS AND DISCUSSION

MEA protonation constants were
determined at temperatures from 313 to
333K for different ionic strengths / (0.06 -
6.0 m) using the potentiometric titration
(PT) method and an aqueous solution of
0.1 M HCl was used as the titrant. The
detailed explanation of the method can be
seen in Ma'mun et al. (2019). The ionic
strength effect was made by adding some
NaCl into the aqueous MEA solutions with
the amounts from 0.01 to 6.0 m. In fact,
the ionic strength of the solutions will
slightly increase due to the presence of
other ions, such as protonated MEA
(MEAH™), H*, OH", and CI” ions from the
ionization of the titrant HCI.

The addition of NaCl was up to 6.0 m.
This is to make a comparable ionic
strength effect when the aqueous
solutions of MEA are employed as the CO,
absorbent with the concentrations up to
30wt% (approx. 7.0 m). Since the
absorption process, in general, takes place
at basic (alkaline) condition, a 30wt%
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aqueous solution of MEA at pH 8 may give
the ionic strength from the protonated
MEA for about 3 m and the contribution of
other ions may slightly increase the
solution ionic strength. That is why the
addition of 6.0 m in this study may cover
the upper limit of the ionic strength for
the aqueous solution of 30wt% MEA.

Fig. 1 shows the pK, measurement
results in which the higher the ionic
strengths the higher the pK, values at a
constant temperature. Moreover, the pK,
values decrease as the temperature
increase at a constant ionic strength. This
phenomenon, according to Hartono et al.
(2014), is due to the effect of salting out at
high solution ionic strength, causing
higher pK, and pH values at the beginning.
Thus the solution ionic strength effect
cannot be neglected.
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Fig. 1. Relationship between pK, of MEA
vs. the ionic strength at different
temperatures

The pK, can also be represented in the
form of K, as a function of the ionic
strength. As seen in Fig. 2, that the
relationship between In K, and the ionic
strength gives linear expressions, with the
equation as follows:

InK, =————=+0, (8)

where C; and C, equal -0.516 and -21.03
for 303K, -6.182 and -16.29 for 313K, -
1.507 and -18.91 for 323K, -0.544 and -
19.25 for 333K, respectively.
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Fig. 2: Regression values of K, as a
function of ionic strengths

According to Eqg. (3), when pH equals
pK, both free MEA activity (amga) and
protonated MEA activity (aygap+) are
therefore, the same. This is confirmed by
the experimental results in which as seen
in Fig. 3, at the total ionic strength of 0.06
m, aypap+ decreases as pH increases,
while apga increases as pH increases.
These values intersect at pH 8.37 which is
similar to the experimental pK, value at
333K. In addition, if the concentrations of
the free MEA and MEAH" (Cyiga, Cmean+)
are plotted, they will intersect at pH 8.46
which is slightly higher than the pK, value
from the experiment. This means that the
activity coefficient of MEAH" (yypap+) is
not equal to unity, i.e. non ideal system. In
this  figure, the activity and the
concentrations of MEA and MEAH" at the
total ionic strength of 4.05 m are also
presented and show a similar trend.
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Fig. 3: The activity and concentration of
species as a function of pH at the
ionic strengths of 0.06 and 4.05 m
at 333K

Based on Eqg. (5) by disregarding the
short-range VAW forces, the activity
coefficient of free MEA (ymea) is unity for all
the ionic strength values, this is because
MEA is a neutral species. While yygap+ is
about 0.787 at the total ionic strength of
0.06 m at 333K. The total ionic strength is
contributed by several ions existing in the
solution, such as Na*, CI, MEAH", H*, and
OH™ in which more than 72% of the total
ionic  strength comes from the
contribution of ion CI” from the ionization
of HCIl. Moreover, at the total ionic
strength of 4.05 m (mostly from the salt
background NaCl), yygag+ is found to be
about 0.505. However, the activity
coefficients of MEAH" and the ionic
strengths change during titration as pH
changes. The changes in them can be seen
in Fig. 4. The activity coefficients of MEAH™
are relatively constant from pH 4 to 7, but
they decrease at pH < 4. This occurs
because the ionic strengths start to
sharply increase as the concentration of
ions increases due to dilution of the

titrant, i.e. HCl. This has also been
confirmed by Hartono et al. (2014) in
which the solution ionic strength from the
titrant dilution should be taken into
account. In Fig 4b, the ionic strengths
seem to be slightly constant during
titration. Since the ionic strength from the
salt background was already high, i.e. 4.0
m, the ionic strength contribution from the
titrant dilution can then be disregarded.
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Fig. 4: Change in yygap+ as a function of
pH at 333K, (a) Low ionic strengths
(0.06 - 0.07 m), (b) High ionic
strengths (4.05 - 4.06 m)

CONCLUSIONS

The ionic strength effect on the MEA
protonation constant was evaluated at
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different ionic strengths (0.06 to 6.0 m) at
313 to 333K by the PT method. It can be
concluded that, in general, the pK, will
increase as the ionic strengths increase. In
addition, the extended Debye-Huckel
equation was used to determine the
species activity coefficient. It can be
observed that as the pH decreases the free
MEA activity decreases, but the activity of
the protonated MEA increases at a certain

ionic strength.
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NOMENCLATURE

a :activity [-]

i ion { effective diameter [A]
Am : amine

AmH*

protonated amine

Ay the Debye-Huckel limiting
slope

C concentration [mol/L]

K, : protonation constant

I ionic strength [mol/kg water]
m : molality [mol/kg water]

z ion charge number

14 activity coefficient [-]
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