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pK, Values of Some Piperazines at (298, 303, 313, and 323) K
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The dissociation constants of the conjugate acids of six cyclic diamines [piperazine, 1-methylpiperazine,
2-methylpiperazine, 1-ethylpiperazine, 1-(2-hydroxyethyl)piperazine, and 1,4-dimethylpiperazine] were cal-
culated using the potentiometric titration method at (298, 303, 313, and 323) K. The pK, values of piperazine
were compared with published data to validate the procedure used. The thermodynamic quantities (AH®
and AS®) for the dissociation processes were determined using the van’t Hoff equation. A trend is proposed
related to the variation of the pK, with the addition of different radical groups to the base piperazine molecule.

Introduction

The amount of carbon dioxide in the atmosphere has increased
dramatically during the last 50 years due to the combustion of
fossil fuels and other hydrocarbons. Today, there is an inter-
national inclination to moderate the release of CO, into the
atmosphere. Carbon dioxide capture and sequestration can play
a crucial role in achieving emission cuts required to control
greenhouse gas levels.'

Analytical scientists and separation engineers require an
understanding of pK, because it impacts the choice of
techniques used to identify and isolate the compounds of
interest. pK, is the core property of any electrolyte and defines
its biological and chemical behavior. In biological terms, the
pK. value will give an idea about where the molecule will
be found with a polar phase or nonpolar phase (partition).
From a computational chemistry point of view, pK, calcula-
tions are a benchmark for quantum mechanical and free
solvation energy calculations.

Aqueous solutions of alkanolamines such as monoetha-
nolamine (MEA) are the most commercially used chemical
solvents in postcombustion CO, capture technologies, and
their applications in this process have been studied exten-
sively. Recently, other aqueous solutions of diamines such
as piperazine became of interest to scientists due to their
fast reaction rate with CO,. Studies show that piperazine has
a much faster reaction rate compared to MEA (the most
commonly used solvent in CO, capture technology).” Di-
amines (for example, piperazine) are also known to have a
higher capacity (solubility) for CO, absorption than monoam-
ines and can reach very high loading (higher than 3 mol CO,/
mol piperazine) at very high CO, partial pressures. However,
the absence of a hydroxyl group in piperazine makes it less
soluble in water at high concentrations. The solvent is
therefore usually proposed, for now, as an additive to other
slower reacting alkanolamines such as methyldiethanolamine
(MDEA).>™7

The basicity of the solvent, quantified by the pK, of its
conjugate acid, is a key factor for the reaction rate and
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Table 1. pH Values of the Calibration Buffers

pH
T/IK buffer 1 buffer 2 buffer 3
298 4.00 £ 0.00 7.00 +0.03 10.00 £ 0.00
303 4.01 £0.02 6.99 4+ 0.03 9.95 + 0.05
313 4.03 £+ 0.03 6.97 + 0.00 9.87 £ 0.03
323 4.06 + 0.02 6.98 £+ 0.05 9.81 +0.03

Table 2. Comparison for First pK, of Piperazine with Literature
Values

T/IK
piperazine 298 303 313 323
Hetzler et al.*? 5.33 5.24 5.06 4.89
Hamborg and Versteeg® 5.41 5.31 5.14 4.96
Pagano et al.>* - 5.54 5.37 -
Enea et al.>* 4.63 5.67 5.47 4.18
this work 5.35 5.27 5.02 4.93

Table 3. Comparison for the Second pK, of Piperazine with
Literature Values

T/IK
piperazine 298 303 313 323
Hetzler et al.> 9.73 9.61 9.37 9.14
Hamborg and Versteeg? 9.71 9.59 9.35 9.12
Pagano et al.?? - 9.68 9.48 -
Enea et al.** 9.76 9.69 9.48 -
this work 9.73 9.66 9.37 9.14

absorption capacity of the solvent in the process. A linear
relationship between the pK, of an acid or base with its catalytic
effect on reaction rate was reported by Brgnsted et al.® In
previous work, a Brgnsted relationship between the rate constant
of the reaction of amines with CO, and the basicity of such
amines was investigated.>®'*

The pK, values of many alkanolamines (mostly conven-
tional amines) at different temperatures are available in the
literature.">~'® However, the pK, values of less common
amines, especially piperazines, have not been reported yet.
In this work, the pK, values of a series of six piperazines
(diamines) were determined at different temperatures.

Chemicals and Apparatus

Piperazine, 2-methylpiperazine, 1-methylpiperazine, 1-eth-
ylpiperazine, 1-(2-hydroxyethyl)piperazine, and 1,4-dimeth-

© 2009 American Chemical Society

Published on Web 07/15/2009



Journal of Chemical & Engineering Data, Vol. 54, No. 10, 2009 2915

Table 4. First pK, Values of Amines at Different Temperatures

T/IK
amine 298 303 313 323
piperazine 9.73 £ 0.02 9.66 + 0.03 9.39 + 0.05 9.17 £0.03
2-methylpiperazine 9.57 £0.03 9.46 £+ 0.03 9.16 £+ 0.04 8.97 £0.02
1-methylpiperazine 9.14 £+ 0.03 8.99 +0.02 8.79 +0.03 8.65 +£0.05
1-ethylpiperazine 9.20 £ 0.02 9.08 £ 0.02 8.93 +£0.04 8.72 + 0.06
1-(2-hydroxylethyl)piperazine 9.09 + 0.03 8.95 +0.04 8.75 £ 0.05 8.63 +£0.02
1,4-dimethylpiperazine 8.38 £0.01 8.27 £0.03 8.06 £ 0.04 7.84 £0.05
Table 5. Second pK, Values of Amines at Different Temperatures
T/IK
amine 298 303 313 323
piperazine 5.35+0.04 5.27 £0.05 5.02 £ 0.01 4.93 +£0.02
2-methylpiperazine 5.24 £0.03 5.19 £0.03 4.92 £0.04 4.84 £0.02
1-methylpiperazine 4.63 £0.03 4.40 £+ 0.02 4.31 £0.03 4.18 £ 0.03
1-ethylpiperazine 4.76 £ 0.04 4.58 £0.05 4.48 £0.02 431 £0.05
1-(2-hydroxylethyl)piperazine 3.92 +0.06 3.89 +0.04 3.74 £ 0.02 3.60 +0.05
1,4-dimethylpiperazine 3.81 £0.03 3.70 +0.04 3.64 £0.03 3.45+0.04

Table 6. Thermodynamic Quantities for the Dissociation of Amines in Aqueous Solution

first dissociation, (Ky())

second dissociation, (K,z))

AS°/kJ+(mol-K)™!

AH®/KJ-mol ™! AS°/kJ+(mol-K)™!

amine AH°/KJ*mol ™!
piperazine (literature) 42.9,2238.9,2% 35.6,24 42.8%°
piperazine 44.2¢
2-methylpiperazine 45.6¢
1-methylpiperazine 34.07
1-ethylpiperazine 34.7¢
1-(2-hydroxylethyl) piperazine 33.8¢
1,4-dimethylpiperazine 39.7¢

—0.042,2> —0.042% 31.1,2%26.0,2% 31.8,24 32.3%° 0.002,220.005%°
—0.040 31.9% 0.004
—0.030 32.0¢ 0.007
—0.060 29.9¢ 0.013
—0.059 30.6/ 0.012
—0.060 24.4¢ 0.006
—0.027 24.5¢ 0.009

“Ref22. "R2=1.00. “R*=0.97. “R> = 0.99. “R> = 0.95. " R*> = 0.99. ¢ R* = 0.96. " R*> = 0.98.

ylpiperazine with a purity > 98 % were purchased from
Sigma-Aldrich. A pH meter, model 270 Denver Instrument,
was used to determine the pH values of solutions. The pH
meter electrode was calibrated at each required temperature
using buffer solutions. The buffer solutions were supplied
by VWR International with a precision of (£ 0.01) for pH
4.00 and 7.00 and (£ 0.02) for pH 10.00. The pH values of
the buffer solutions at different temperatures are reported in
Table 1. The solutions were prepared using deionized double
distilled water. Hydrochloric acid solution (HCI) 0.1000 M
(£ 0.002) was purchased from VWR International. High
purity nitrogen gas (= 99.99 %) was provided by Praxair

HN\\//\\NH

HN

p

Piperazine 2-methylpiperazine

HN

)\

N

N

1-ethylpiperazine

s

N
AN
1-methylpiperazine

HN\_/\ \N
\/\N
N AN

1-(2-hydroxyethyl)pipcrazine

)

1.4-dimethylpiperazine

Figure 1. Structures of the studied amines.

for blanketing the solutions during the titration. A jacket
beaker was employed to keep the temperature constant during
the titration.

Experimental Procedure

Aqueous solutions of amines at 0.010 M (£ 0.005) were
prepared using deionized double distilled water. The required
temperature of titration was set, and then the pH meter was
calibrated using buffer solutions. The solution was brought
to the required temperature while being blanketed with a slow
stream of nitrogen. The amine solutions (50 mL) were titrated
with a 0.1000 M aqueous solution of hydrochloric acid. The
titrant was added in 20 equal portions, each portion being
0.5 mL. After each addition of the titrant, the pH value was
read as soon as equilibrium was reached. The pK, values
were determined using the Albert and Serjeant procedure.'

The ionic strength (/) is defined as

=05 G2 (1)

where C; is the molecular concentration of an ion and z is its
valency.

The following equation converts the concentration of an
ionized species (BH™) to its activity

{BH"} = [BH']* (y)" )

where (ypu") is the activity coefficient of the ionized species
and is usually less than one. The activity coefficient of the
nonionized species (yg) was set equal to one.

With the very weak ionic strength of the solution studied here,
the ionic activity coefficients were calculated by the Debye—
Hiickel equation
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where the terms A and B are the Debye—Hiickel equation
constants, which depended on the dielectric constant and
temperature of the solvent; z; is the ion valence; the term k;
is the ionic size parameter, i.e., the mean distance of approach
of the ions; and I represents the ionic strength and depends
on the concentration of the solution. The values of A and B
at different temperatures were obtained from Manov et al.,*°
and the ionic size parameter (k;) values were taken from
Kielland et al.?'

Results and Discussion

The first and second dissociation constants of piperazine in
water were measured by Hetzer et al.,”*> Pagano et al.,>* and
Enea et al.** Hamborg and Versteeg® also published new pK,
data for piperazine and other amines while this manuscript was
under review. Comparisons with literature values for piperazine
are shown in Tables 2 and 3.

Values of pK,) measured in this study, when compared to
the values reported by Hetzer et al.,>* Pagano et al.,”®> Enea et
al.,>* and Hamborg and Versteeg,?” deviated by 0.13 %, 0.95
%, 0.59 %, and 0.34 %, respectively. Values of pK,») measured
in this study, when compared to the values reported by Hetzer
et al.,?? Pagano et al.,>> Enea et al.,** and Hamborg and
Versteeg,” deviated by 0.63 %, 6.04 %, 11.31 %, and 1.21 %,
respectively. As reported by Hamborg and Versteeg, the pK,
values had larger deviations with published values for the second
dissociation than the first.

Tables 4 and 5 show the values of the first and second pK,
of the amines, respectively. The values of the ionic strength, 7,
were quite low and less than 0.009 for the first dissociation and
less than 0.02 for the second.

Among the amines studied in this work, piperazine and
2-methylpiperazine have the highest pK, values, and 1,4-
dimethylpiperazine has the lowest value. Generally, secondary
amines are stronger bases than their corresponding tertiary
amines. Thus, 1,4-dimethylpiperazine, with two tertiary amine
groups, is the weakest base, and piperazine and 2-methylpipe-
razine, with two secondary amine groups, are the most basic
amines. Due to a steric effect, 2-methylpiperazine is a weaker
base than piperazine. The methyl group on the a carbon in this
amine (Figure 1) causes steric hindrance to the solvation on
the cation formation which lowers the basicity. Intramolecular
hydrogen bonding also lowers the basicity. Consequently, 1-(2-
hydroxyethyl)piperazine, an alkanolamine with an intramolecular
hydrogen bonding tendency, has as a lower pK, value than
1-ethylpiperazine.*®

Table 7. Thermodynamic Quantities for the Dissociation of Various
Amines in Aqueous Solution

AH°
amine kJ-mol ™! pK.
monoethanolamine (MEA)? 48.6 9.44
diethanolamine (DEA)*’ 42.8 8.88
triethanolamine (TEA)>® 31.1 7.72
methyldiethanolamine (MDEA)?® 34.9 8.56
hydroxyethylpiperazine (HEPZ)* 35.4 8.92
21.2 3.97
3-amino-1-propanol (MPA)?* 53.6 9.96
2-amino-2-methyl-1-propanol (AMP)* 522 9.68
2-(2-aminoethoxy)ethanol (DGA)*® 50.2 9.42
diisopropanolamine (DIPA)*® 39.2 8.84

1-amino-2-propanol (MIPA)* 48.8 9.45

To summarize and provide a clear picture of the change
of pK, with the addition of the different radicals to piperazine,
we propose the following rules. Starting with the piperazine
molecule with two secondary amines, the addition of a methyl
group on any carbon of the ring introduces a hindrance effect
and lowers the pK,. The addition of an ethyl group to
piperazine further lowers the pK,. The addition of a methyl
group lowers the pK, more than in the case of an ethyl group.
The addition of a hydroxyl group to 1-ethylpiperazine or a
hydroxyethyl group to piperazine reduces the pK, further than
any previous addition (hydrogen bonding). Finally, the
addition of a methyl radical to each secondary amine of
piperazine to form two tertiary amines (1,4-dimethylpipera-
zine) leads to the lowest pK,. These conclusions are valid
for the first and second pK, of the amines considered in this
study.

The standard state enthalpy change (AH®) and standard
state entropy change (AS®°) of both dissociation processes of
each amine were calculated using the van’t Hoff equation

_ A, AS
InK = RT + R 4)

The results are presented in Table 6. Values for AH® and pK,
for other primary, secondary, and tertiary amines of importance
in gas sweetening are presented in Table 7.

In the present study, AS° values were almost negligible
compared to the contribution of the (AH®/T) term. The higher
the value of AH®, the larger is the shift in basicity from low
temperature (high basicity leading to better absorption of CO,)
to the higher temperature (lower basicity leading to better
regeneration of CQO,). Accordingly, 2-methylpiperazine and
piperazine should be the most attractive amines for gas
sweetening in terms of cyclic capacity.
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