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The kinetics of the reaction between CO, and aqueous potassium salts of taurine and
glycine was measured at 295 K in a stirred-cell reactor with a flat gas—liquid interface.
For aqueous potassium taurate solutions, the temperature effect on the reaction kinetics
was measured at 285 and 305 K. Unlike aqueous primary alkanolamines, the partial
reaction order in amino acid salt changes from one at low salt concentration to approxi-
mately 1.5 at salt concentrations as high as 3,000 mol+-m~>. At low salt concentra-
tions, the measured apparent rate constant (k, o ) for potassium glycinate is compara-
ble to the values in literature. In the absence of reliable information in the literature on
the kinetics and mechanism of the reaction, the applicability of the zwitterion and ter-
molecular mechanism (proposed originally for alkanolamines) was explored. For the
zwitterion mechanism, the forward second-order reaction rate constant (k,) of the CO,
reaction with amino acid salt seems to be much higher than for alkanolamines of
similar basicity, indicating that the Bronsted plot for amino acid salts might differ from
that of alkanolamines. The contribution of water to the deprotonation of zwitterion
seems to be more significant than reported values for aqueous secondary alkanolamines.

Introduction

The removal of acid gases (like CO,, H,S, COS) from in-
dustrial and natural gas streams is an important operation in
the process industry, and reactive absorption has been the
most widely used method for their removal. Aqueous alka-
nolamine solutions are the commonly used reactive solvents
in the gas-treating industry and numerous alkanolamines are
available with widely varying reactivity toward CO, (while
H,S reacts instantaneously with all amines) and CO,/H,S
absorption capacity. Thus, the choice of the alkanolamine
among primary, secondary, and tertiary sterically or nonsteri-
cally hindered amine depends on the process requirements.
For the bulk removal of CO, or removal of H,S from a gas
stream containing both H,S and CO,, information on the
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mechanism and kinetics of the reaction between CO, and
the reactive component in the solvent are necessary for the
design of the gas—liquid contactor. This information can also
be used to improve the overall selectivity toward absorption
of H,S from a gas stream containing CO, and H,S. In the
case of alkanolamines, considerable information is available
in the literature and has been recently summarized by Ver-
steeg et al. (1996). Besides alkanolamines, carbonate—bi-
carbonate buffers are used in the bulk removal of CO, owing
to the low steam requirement for their regeneration (hot car-
bonate process; Astarita et al., 1983). In actual modern in-
dustrial practice, additives (which act as rate promoters) to
the carbonate solution are nearly always used. Kohl and
Nielsen (1997) have summarized the list of chemicals found
to enhance the rate of CO, absorption.

Amino acids are a class of chemical species used commer-
cially (Giammarco—Vetrocoke Process) as promoters in car-
bonate solutions (Kohl and Nielsen, 1997). Also, aqueous so-
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lutions of amino acid salts alone have also been used in the
past for the (selective) removal of H,S or CO, from a variety
of gas streams. The industrially tested Alkacid process uses
three absorption liquids, namely Alkacid M, Alkacid dik, and
Alkacid S, depending on the acid gas component (H,S, CO,)
to be removed and the composition of the gas stream (Kohl
and Nielsen, 1997). Of the three just mentioned, the M and
dik processes use amino acid salts. The most commonly en-
countered amino acids used in the gas treating solvents are
glycine (Giammarco—Vetrocoke), alanine (Alkacid, BASF),
dimethyl glycine (Alkacid, BASF), diethyl glycine (Alkacid,
BASF), and a number of sterically hindered amino acids (Ex-
xon). Although amino acids are more expensive than alka-
nolamines, they have certain unique advantages due to their
physical and chemical properties. The amino acid salt solu-
tions were found to have better resistance to degradation,
especially in the removal of acid gases from oxygen-rich gas
streams like flue gas (Hook, 1997). Due to the ionic nature of
the solutions, they also have negligible volatility and higher
surface tension. Their reactivity and CO, absorption capacity
are comparable to aqueous alkanolamines of related classes
(Hook, 1997; Penny and Ritter, 1983).

Design of gas-liquid contactors for the removal of CO,
using aqueous amino acid salt solutions requires information,
among others, on the kinetics of the reaction between CO,
and amino acid salts. Unlike aqueous alkanolamines, there is
limited information in the literature in general on the ab-
sorption of CO, in aqueous amino acid salt solutions, and in
particular on the mechanism and kinetics of the reaction be-
tween CO, and aqueous amino acid salt solutions. The avail-
able information is briefly summarized in the following sec-
tion. In the present study, the kinetics of the reaction be-
tween CO, and aqueous potassium salt of taurine (2-
aminoethansulfonic acid) and glycine (aminoacetic acid) were
investigated over a wide range of concentrations (100-4,000
mol-m~3) and temperatures (285-305 K).

Literature Review

During the absorption of CO, in aqueous amino acid salt
solutions, the following reactions can occur

CO, + AmA = AmACOO ™~ + AmAH"* (1)
CO, +OH~ = HCO,- (2)
CO, +H,0 = H,CO,. 3)

The forward rate constants as well as the equilibrium con-
stants of the reaction (Egs. 2 and 3) are available in the liter-

ature (Pohorecki and Moniuk, 1988; Pinsent et al., 1956; Ed-
wards et al., 1978). However, the relative contribution of the
reaction (Egs. 2 and 3) to the overall absorption rate for most
of the amino acid salts that possibly can be used in gas treat-
ing is not significant, and hence the forward rate constant of
the reaction (Eq. 1) needs to be determined accurately. Most
of the experimental techniques used in the past to measure
the kinetics of the reaction between CO, and amino acid salts
were relatively inaccurate (with respect to the experimental
procedure and the interpretation of the results) in compari-
son to the present-day methods. Also, the amino acid salt
concentration range over which the experiments were con-
ducted was very low, as they were used mainly as promoters.
It may be highly inaccurate to extrapolate the data to higher
concentrations, which is of more use in the gas-treating pro-
cess.

Jensen and Faurholt (1952). The reaction rates were deter-
mined by the “competitive” method. In this method, a given
volume of an aqueous solution of alanine containing a known
molar excess of sodium hydroxide was “shaken vigorously”
with a gas phase containing CO, for 2 min. The initial partial
pressure of CO, in the gas phase was 50 kPa. At the end of
the reaction time, the carbamate content as well as the sum
of carbamate and carbonate content in the reaction mixture
were determined immediately. The ratio of carbamate to car-
bonate in the reaction mixture was used to determine the
relative rates of the reaction of CO, with OH™ and amino
acid. The rate of formation of carbamate was assumed to be
first order with respect to amino acid, as given in Eq. 4.

_ kamalAmA]
% Carbonate  kqoy-[OH™ ]’

% Carbamate

C))

Here [OH ™ ] and [AmA] are the averaged values of the initial
and final concentration of OH~ and AmA measured during
the experiment. The maximum concentrations of amino acid
and NaOH used in the measurements were 150 and 90 mol
m 3, respectively, for a-alanine and 200 and 200 mol-m 3,
respectively, for B-alanine. Because the gas-liquid mass-
transfer coefficient cannot be estimated from their descrip-
tion of the experimental conditions, it is not possible to de-
termine the suitability of the process conditions for kinetic
measurements (i.e., the absorption regime cannot be deter-
mined). Also the value of kqy- used to predict k5 as per
Eq. 4 was inaccurate compared to present-day values. The
reported experimental values of k,,,, were recalculated us-
ing a more accurate value of k- (Pohorecki and Moniuk,
1988), and the resulting values are given in Table 1. The acidic

Table 1. Kinetic Data Available in the Literature on the Reaction Between CO, and Amino Acid Salt

T pKa Kama

Amino acid (9] — (m3-mol~t-s71) Reference
a-Alanine 291 10.01 3.49 Jensen and Faurholt (1952)
B-Alanine 291 10.41 5.81 Jensen and Faurholt (1952)
Glycine 291 9.97 5.93 Jensen et al. (1952)
Glycine 283 10.17 1.65 Caplow (1968)
Glycine 278-303 9.80* k, =8.51x108 exp(—5,508/T) Penny and Ritter (1983)

* At 293 K.
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dissociation constants of the amino acids as reported by
Jensen and Faurholt (1952) are also given in Table 1.

Jensen et al. (1952). Using a similar experimental tech-
nique to the one mentioned earlier, the authors reported the
rate constant for the carbamate formation reaction. The val-
ues of k4 as given in Table 1 have been recalculated be-
cause of the inaccuracy in the value of kg~ as used by the
authors.

Caplow (1968). The author studied the rates of reaction of
CO, with glycine and a number of other amines at varying
pH, using a sophisticated [but apparently not very accurate
(Danckwerts, 1978)] version of the “competitive” method. As
the calculated values of k4., (based on Eq. 4) increased with
increasing solution pH for some amines, the author consid-
ered the carbamate formation reaction to be catalyzed by
OH™ and modified Eq. 4 as follows

% Carbamate  k, A[AMA]+ ky A [AMA][OH ]

= 5
% Carbonate kou-[OH™] )

However, for glycine it was found that the contribution of the
second term in the numerator of Eq. 5 was not significant in
comparison to the first term. The k,,, as reported by Caplow
has been corrected using a more accurate value of k-, and
is given in Table 1.

Penny and Ritter (1983). The kinetics of the reaction be-
tween CO, and aqueous primary amines (including amino
acid salts) was measured using a relatively more accurate
stopped-flow technique, over the temperature range of
278-298 K. Due to limitations of the experimental technique,
the maximum amine concentration that could be studied was
60 mol-m ™3, Within this concentration range, the overall or-
der of the reaction was found to be two. The authors used
the zwitterion mechanism (Caplow, 1968; Danckwerts, 1979;
see also next section) to explain the reaction kinetics. The
following Brgnsted relationship was proposed between the
rate constant (k,) and acidic dissociation constant (pKa) of
the amine used:

log,, k, =0.34 pKa+0.45 (6)

Reaction Mechanism
Zwitterion mechanism

It can be expected that the aqueous alkaline salts of glycine,
alanine, and taurine exhibit a similar reactivity toward CO,
as primary alkanolamines [say monoethanolamine, (MEA)]
due to the similarity in the functional group (—NH,) react-
ing with CO,. In the case of primary and secondary alka-
nolamines, the reaction kinetics can be well described using
the zwitterion mechanism proposed originally by Caplow
(1968) and later reintroduced by Danckwerts (1979). As per
the mechanism, CO, reacts with alkanolamines via the for-
mation of a zwitterion, followed by the removal of a proton
by a base B:

k
CO, + RR'NH —= RR'N * HCOO ~ @)

-1
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k,
RR'N*HCOO~ +B ==RRNCOO~ +BH*  (8)

-b

This second proton transfer step can be considered to be ir-
reversible. With the assumption of a quasi-steady-state condi-
tion for the zwitterion concentration, the overall forward rate
of the reaction is given by

kz[COZ][Am] [COZ][Am]
co, = k1 k., 1 ©)
YYRB &k k8]

where Lk, [B] is the contribution of all the bases present in
the solution for the removal of protons. In lean aqueous solu-
tions, the species amine, water, and OH™ can act as bases, as
shown by Blauwhoff et al. (1984). For a few asymptotic situa-
tions, Eq. 9 can be simplified.

(D k_, Xk, [BD < 1. This results in simple second-order
kinetics, as experimentally found for aqueous MEA and im-
plies that the zwitterion is deprotonated relatively fast in
comparison to the reversion rate to CO, and amine:

Rco2 = kz[Coz][Am] (10)

(ID) k_,/(Zk,[BD> 1. This results in a somewhat more
complex kinetic-rate expression.

Sk,[B]
k_

RCO2=k2[C02][Am]( ) (11)

Depending on the relative contribution of various bases pre-
sent in the aqueous solution to the deprotonation of the zwit-
terion, the preceding expression can explain any reaction or-
der. If the deprotonation is mainly due to the amine, then
the overall order of the reaction is three. It can also describe
the shift in reaction order with a change in amine concentra-
tion, as has been experimentally observed for various sec-
ondary alkanolamines (Danckwerts, 1979; Versteeg and Oye-
vaar, 1989).

(IID In the absorption of CO, in alkanolamines dissolved
in nonaqueous solvents (e.g., alcohols), the deprotonation of
the zwitterion is solely due to amine. For this case, Eq. 9
reduces to

Rc02 _ kz[cozk][Am] (12)
1+ ;1
kAm[Am]

Only at low concentrations of amine, the second term in the
denominator becomes significant and the partial order in
amine is higher than one (two being the limiting case when
k_,/(ky,[Am]) > 1), and this reduces to one at very high
amine concentrations.

In general, a plot of the apparent rate constant (k'[Am]")
against the amine concentration ((Am)) gives the partial reac-
tion order (n) in amine. The trend line for Eq. 9 of the zwit-
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n=1.0-2.0

—_—

log (k' [Am]")

log ([Am]) —

Figure 1. Kinetic behavior of the reaction of CO, with
alkanolamines and amino acid salts.

Trendline based on Eq. 9 of the zwitterion mechanism.

terion mechanism is shown in Figure 1, which gives a qualita-
tive indication of the concentration range over which the in-
dividual mechanistic rate constants can possibly be explicitly
measured or estimated. For very low amine concentration,
Eq. 9 will reduce to the following form and the partial reac-
tion order in amine is one

(13)

Rax=kﬂﬂ%HAmmfﬂ%E§ﬂ)

At moderately high amine concentrations, the contribution of
amine and water to the zwitterion deprotonation are equally
significant, and hence Eq. 9 must be used in its complete
form to describe the experimental kinetic data. For very high
amine concentrations at which the contribution of water to
the overall deprotonation rate becomes negligible, and also
the numerical value of k_, Ak, [Am]) is far less than 1, Eq.
9 reduces to

Reo, = k,[CO, ][Am] (14)

In the preceding discussion, the contribution of the OH™
ions to the deprotonation step has been assumed to be negli-
gible [which is the case for the most commonly used weakly
basic amines (DEA, DIPA, MEA) and amino acids (glycine,
taurine)]. From Eq. 14 it is clear that k, can be explicitly
measured independent of other constants at very high amine
concentrations, provided the following condition is satisfied:

kHzo[Hzo] kam[Am]
< >
k_, k_,

1 (15)
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For secondary alkanolamines in aqueous solutions (say DEA,
DIPA), the value of k,,/k_, is approximately 1x10~* m?:
mol ™! (Versteeg et al., 1996). This indicates that the k, can
only be measured explicitly at amine concentrations far higher
than 10* mol-m 3, which is a practically unrealistic amine
concentration range. So the rate constants in Eq. 9 need to
be measured in the concentration range falling under Zones
IT and I. It should be noted that some of the experimental
techniques used in the kinetic measurements, like the
stopped-flow technique, can be mostly used for very low
amine concentrations only, that is, Zone I (Penny and Ritter,
1983). Under these situations, one can expect the partial or-
der in amine to be one. However, the second-order rate con-
stant, k, (based on the zwitterion mechanism), obtained di-
rectly from the experimental kinetic data (kK'[Am]”/[Am]) may
be underestimated if the contribution of ko to the depro-
tonation as shown in Eq. 13 is assumed to be negligible. For
a good estimation of the zwitterionic rate constants, experi-
mental measurements need to be done from very low (at
which ky o/k_| can be estimated accurately) to high (at
which k,./k_, can be obtained) concentrations of amine.

Applying the zwitterion mechanism to the reaction of CO,
with aqueous amino (sulfonic or carboxylic) acid salts results
in

k,
C02++K*O§—J{—NH2%“+K*O§
1

—-R—-NH,"COO~ (16)

k?
*K-0,S—R—-NH,"COO~ +B ="K~ 0,$

-b

—R-NHCOO™ +BH™*. (17)

It can be observed that the principal difference in applying
the zwitterion mechanism to aqueous primary alkanolamines
and amino acid salts seems to be the ionic charge associated
with the reactant product as well as the intermediate species.
This difference may significantly influence the stability and
deprotonation rate of the zwitterion, and hence the overall
order of the reaction in aqueous amino acid salt solutions
may differ from aqueous primary alkanolamines.

Termolecular mechanism

Crooks and Donnellan (1989) questioned the validity of the
zwitterion mechanism based on the argument that the num-
ber of fitting parameters required to describe the experimen-
tal data is too high (four) and the numerical values of the
parameters (especially the deprotonation rate constants) in
some cases seems to be physically unrealistic. The authors
proposed a single-step, termolecular mechanism (see Figure
2) and the reaction rate equation (Eq. 18) to describe their
experimental kinetic data, which is, in fact, similar to one of
the limiting cases (k_, A3k [B]) > 1) of the zwitterion mech-
anism.

Rco, = K'[RNH, ][RNH, [[CO, ] + k"[RNH, ][H,0][CO, ].
(18)
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Figure 2. Single-step, termolecular reaction mechanism
(Crooks and Donnellan, 1989).

Although the termolecular mechanism can describe the frac-
tional reaction orders for aqueous alkanolamine solutions, it
fails to explain the occurrence of changing reaction orders
with concentration of amine observed for nonaqueous alka-
nolamine solutions, as was experimentally observed by many
investigators (Versteeg and Van Swaaij, 1988a; Sada et al.,
1985). For most purposes, Eq. 9 and its various limiting cases
serve as a good engineering model to describe all type of
experimental kinetic behavior of amines. In the absence of
sufficient kinetic data with regard to the reaction of CO, with
aqueous amino acid salt solutions, both the reaction mecha-
nisms are considered in the present study.

Experimental Studies
Chemicals

The potassium salt of a selected amino acid was prepared
by neutralizing (by titration) the amino acid (Merck) dis-
solved in deionized, distilled water, with an equimolar quan-
tity of potassium hydroxide (Merck) in a standard flask. The
neutralization reaction was carried out with constant cooling.
The amino acid dissolved in water exists as a zwitterion (Form
IT in Eq. 19), with the amino group completely protonated.
The ionic equilibria of the amino acids in water exists as fol-
lows:

—HTt
HO,C-R-NH;+ == 0,C—R—-NH,+
I 11
“HY L (19)
: 0,C — R — NH,

III

Addition of KOH results in deprotonation of the amino
group, resulting in chemical species III. Only this deproto-
nated amine species (II) can react with acid gases. The con-
centration of the deprotonated amine (amino acid salt) was
estimated potentiometrically by titrating with standard HCl
solutions. The experimentally determined amine concentra-
tions were accurate to within 0.5%.

Experimental setup and procedure

The experiments were carried in a stirred vessel with a
smooth gas—liquid interface, and the reactor was operated
batchwise with respect to the gas and liquid phases (Figure
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Figure 3. Experimental setup.

3). The reactor was all glass, thermostatted, and consisted of
upper and lower parts, sealed gas tight using an O-ring and
screwed flanges. The reactor had magnetic stirrers in the gas
(upper) and liquid (lower) phases, and the stirring speed could
be controlled independently of one or the other. The pres-
sure in the gas phase was measured using a digital pressure
transducer (Driick) and was recorded in the computer.

The experimental procedure is similar to the one described
in detail by Blauwhoff et al. (1984) and will be only briefly
summarized here. A freshly prepared amino acid salt solu-
tion was charged into the reactor from the liquid supply ves-
sel and degassed under vacuum to remove dissolved gases.
After degassing, the vapor-liquid equilibrium was estab-
lished. The gas-phase pressure (P,,,) was noted down and
pure CO, was introduced into the reactor. The initial CO,
partial pressure of the reactor was adjusted for different
amino acid salt concentrations to maintain a constant amine
conversion or average CO, loading for all the experiments.
In the present experiments, the initial CO, partial pressure
was adjusted to have a final CO, loading of 0.0340.005 (mol
CO,/mol amine) for all the experiments. For these low CO,
loading and using amines with a relatively high value of the
equilibrium constant for Eq. 1, the influence of reversibility is
negligible (Blauwhoff et al., 1984). The stirrer in both phases
was turned on and the pressure (P, ) decrease due to the
absorption of CO, was recorded. The reaction kinetics can
the determined if the following conditions are satisfied.

2<Ha<Eco, ., (20)
where
H kouDC02 71
a= (21)
DCO2 DCoz [AmA]RT
Eco, = D + D P . (22)
'AmA 'AmA  Uamaf co,,:MMco,

If this condition (Eq. 20) is fulfilled, the reaction can be con-
sidered to be pseudo-first-order and the CO, absorption rate
is given by,

A
JcozA=\/kochozmc02Pcoz,t(ﬁ) mol-s~' (23)
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The information on the solubility and diffusivity of CO, in
aqueous amino acid salt solutions is given in the Appendix.
The actual partial pressure of CO, at any instant (Pcq,,)
was calculated according to the following relation:

PCOZ,Z = Ptot,t - Pvap (24)
In aqueous amino acid salt solutions, the overall rate con-
stant, k., comprises mainly the contributions of the reac-
tions in Eqgs. 1 and 2:

ko, =kom-[OH™ |+ k,,, s} (25)

pp
The value of kgy- was obtained from Pohorecki and Mo-
niuk (1988), and the reaction between CO, and water (Eq. 3)
was neglected due to its negligible contribution to the overall
reaction rate.

Results and Discussion

The kinetics of the reaction between CO, and aqueous
potassium taurate solution was measured at 285, 295, and 305
K. For comparison, the kinetic measurements were also car-
ried out for aqueous potassium glycinate solutions at 295 K.

Aqueous potassium taurate

The measured values of the apparent rate constants (k,,,)
in relation to the potassium taurate concentrations at 295 K
are shown in Figure 4. In the calculation of the apparent rate
constant using Eq. 25, the contribution of the reaction be-
tween OH™ and CO, to the overall rate was found to be
insignificant due to the low basic strength of taurine (pKa).
At low taurate concentrations (less than 100 mol-m~3), it
was practically difficult to measure the reaction kinetics in
the “E = Ha” absorption regime (Eq. 20) due to the diffusion
limitations of the reactant species in the liquid phase. From
Figure 4, it can be observed that the partial reaction order
(n) in amino acid salt increases with the molar salt concen-
tration. For salt concentrations less than 1,000 mol-m~3, n
approaches the value of 1 for the range of temperatures stud-
ied, and it increases to approximately 1.5 at salt concentra-
tions as high as 4,000 mol-m 3. This seems similar to the
behavior of aqueous diethanolamine (DEA) where the order
with respect to the amine was found to change from 1 at very
low amine concentration ( < 100 mol-m~3) to 2 at high amine
concentrations (Blauwhoff et al., 1984; Versteeg and Oye-
vaar, 1988). However, DEA is a secondary alkanolamine in
contrast to the currently used amino acid salt, which has a
primary amino functional group.

The experimental k,,, data were regressed to the reaction
rate expression (Eq. 9) by means of a Levenberg—Marquardt
fitting procedure. It was found that the contribution of the
OH" ions to deprotonation of the zwitterion was not signifi-

100000
] A 305K
o 295K
] 285K
| — 285 K-Fitted
10000 A 305 K-Fitted
] — — 295K-Fitted
@
g
K]
1000 1
o
100 T T
10 100 1000 10000
[AmA] (mol m*)

Figure 4. Experimental results for aqueous potassium
taurate at different temperatures.

cant and was left out from Eq. 9 in the fitting procedure. The
fitted rate constants are summarized in Table 2, along with
the zwitterionic constants of some selected primary and sec-
ondary alkanolamines, for which reasonably accurate infor-
mation is available in the literature. For aqueous amino acid
salt solutions, there seems to be a significant difference in
the kinetic behavior as well as in the magnitude of the zwitte-
rionic rate constants from the aqueous alkanolamines.

(1) Contrary to primary aqueous alkanolamines (such as
MEA), the partial reaction order in amino acid salt (contain-
ing the primary amino group) changes with the molar salt
concentration. This indicates that the deprotonation step in
the zwitterion mechanism is not much faster than the zwitte-
rion formation step, a behavior typically exhibited by the sec-
ondary aqueous alkanolamines. Also, it indicates that the
zwitterion of the amino acid salt is less stable compared to
primary alkanolamines.

(2) More significantly, the numerical value of k4,,/k_, for
amino acid salt is lower than that for aqueous alkanolamines
(secondary alkanolamines) and that of ky,o/k_; is higher by
almost an order of magnitude. This qualitatively indicates that
water contributes significantly to the deprotonation even at
moderately high amine concentrations. It should be noted that
for secondary alkanolamines, the steric hindrance of the ad-
ditional alkanol group has a negative influence on the depro-
tonation of the zwitterion by an amine as compared to aque-
ous primary alkanolamine or amino acid salt. So, in contrast

Table 2. Zwitterion Mechanism Constants for CO, Absorption in Aqueous Potassium Taurate Solutions

T pKa ky kama/k -1 ky,o/k-

Amine (K) — (m3-mol~!-s71) (m*-mol™1) (m3-mol™ 1) Reference
Potassium taurate 295 9.14 12.60 1.30x107* 423%x10°° Present study
Monoethanolamine 295 9.62 4.94 — — Versteeg et al. (1996)
Diethanolamine 295 8.96 2.42 3.86x107* 5.31x1077 Littel et al. (1992)
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Figure 5. Br¢nsted plot for primary amines based on the
experimental data of Penny and Ritter (1983)
at 295 K and data from this work.

1. Glycylglycine salt; 2. benzylamine; 3. 2-aminoethanol
(DEA); 4. glycine salt; 5. 2-phenethylamine; 6. 2-aminopro-
pan-1-ol; 7. 3-phenyl-1-propylamine; 8. glycine salt (present
work); 9. taurine salt (present work). Here k% obtained from
the work of Penny and Ritter (1983) is k,p,/[Am] and from
the present study is k,kyy o[H,O)k_;.

to the general expectation for the amino acid salt, the contri-
bution of water to the deprotonation of the zwitterion is con-
siderable.

(3) The value of k, is much higher than that expected from
the Brgnsted plot of Penny and Ritter (1983). These authors
have shown that a single Brgnsted plot can be used to relate
k, with the basicity of the amine (pKa) for both alka-
nolamines as well as amino acid salts. It should be noted that
the k, measured by the authors was instead an apparent rate
constant (k¥ = k,ky o[H,O0l/k_ ), as explained earlier using
Eq. 13. Even in the present case, the apparent second-order
rate constant (k%) at 295 K is 2.96 m*-mol~'-s~ L. This value
falls in line with the Brgnsted plot of Penny and Ritter (1983)
at 295 K (Figure 5). In Figure 5, the values of k, at 295 K
used in the plot were recalculated from the experimental data
of Penny and Ritter (1983). It can be concluded that the
Brgnsted plot for amino acid salts based on the intrinsic value
of k, obtained over the complete range of concentrations may
be different from that of alkanolamines. More experimental
kinetic data for different amino acid salts are required to ver-
ify this hypothesis.

(4) There is an unique problem associated with the ab-
sorption of CO, in aqueous amino acid salt solutions that
can influence the experimental kinetic measurements. Dur-
ing the absorption of CO, precipitation of certain reaction
products occurs in some aqueous amino acid salt solutions.
Hook (1997) has made a qualitative study of this phe-
nomenon for different classes of amino acid salts. Indepen-
dent of the present work, experiments on the vapor—liquid
equilibria of CO,—potassium taurate show that precipitation
occurs in the liquid phase during CO, absorption in solutions

AIChE Journal

having salt concentrations higher than 2,000 mol-m 3, de-
pending upon the liquid temperature. Precipitation was ob-
served at reasonably high partial pressures of CO, (hence, at
higher CO, loading), and this critical loading or CO, partial
pressure at which precipitation occurred decreased with an
increase in the salt concentration in the liquid. In the kinetic
experiments, the CO, loading has been kept low ( ~ 0.02 mol
CO,/mol salt), and so there is no precipitation in the liquid
bulk. However, it cannot be excluded that microparticles can
precipitate at the gas—liquid interface where the concentra-
tion of the reaction products is at its maximum. These minis-
cule particles might redissolve in the liquid bulk as they move
away from the interface (due to stirring). The influence of
precipitation (though not visually observed during the experi-
ments) can result in an increase in the mass-transfer coeffi-
cient due to interfacial turbulence (Westerterp et al., 1983).
However, it should be noted that the kinetic experiments have
been measured in the E = Ha regime (2 < Ha < E¢,_ ..) and
any marginal change in the value of k; should not affect the
resulting kinetic data. In the range of partial pressures in
which the measurements were made, any influence of this
phenomenon can be expected only for amino acid salt con-
centrations greater than approximately 2,500 mol-m 3, for a
liquid temperature of 295 K or above. Even if the precipita-
tion at the interface would occur, the effect should be negli-
gible in the E = Ha regime, and hence the difference in the
kinetic behavior seems to be due to the mechanistic aspects
of the reaction. Nevertheless, in the regression of the experi-
mental kinetic data to obtain zwitterion mechanism con-
stants, the experimental data in the range of amine concen-
trations where local precipitation cannot be excluded have
been neglected.

Mechanistically there can be a significant difference in the
zwitterion mechanism applied to the primary or secondary
alkanolamines and amino acid salts at the molecular or ionic
level (see also the subsection on the zwitterion mechanism).
This can have an influence on the relative rates of the re-
verse reaction of the zwitterion to CO, and amine and the
deprotonation step (k_,/Lk,[B]) and can possibly offer an
explanation for the difference between the experimental re-
sults and the one expected for the primary amines.

(1) Stability of the Zwitterion. The zwitterion of the amino
acid salt could be inherently less stable than that of MEA
due to the multiple charges associated with the amino acid
salt zwitterion (see the reaction in Eq. 16). Other charged
species (reactant and products) may also have a negative in-
fluence on its stability.

(2) Deprotonation of the Zwitterion. The zwitterion can be
deprotonated by the amine, water, and OH™~ ions. As men-
tioned earlier, the contribution of the OH™ ions to the de-
protonation is usually negligible. From the numerical value of
the deprotonation constants (especially that of water) in com-
parison to alkanolamines, it seems to be relatively easy for
the uncharged water molecules to form hydrogen bonding
with the zwitterion (charged at both ends) as compared to
the charged amino acid salt. The mechanism of the deproto-
nation step has been explained in detail by Caplow (1968).

As an alternative to the zwitterion mechanism, the single-
step—termolecular reaction mechanism proposed by Crooks
and Donnellan (1989) was considered and was assumed to
occur in two steps (see Figure 2). In the first step, CO,, amine,
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and the base (maybe amine) forms an intermediate product,
which is a “loosely bound encounter complex.” The complex
can then break back down to reactant molecules or form fi-
nal reaction products (carbamate)

CO,+ K"0;8S—R—-NH, +B

k
\k,B > [Encounter Complex]
1
Lk,
“K~0;S—R—-NHCOO™ +BH" (26)

The overall forward reaction rate equation can be derived
with the assumption of a quasi-steady-state condition for the
encounter complex concentration:

k3,Bke _ _
RCOZ,B=m[RNH2][B][C02] mol-m™3-s~1 (27)

In the present case, the principal bases contributing to the
deprotonation are the amino acid salt and water. Depending
upon the deprotonating base, B, the encounter complex will
differ for each base and the net forward rate should be the
sum of the individual reaction rates of the two reactions in
which the amino acid salt and water act as base, B:

73 —
Rco,=Rco, ama tReo, 1,0 mol-m™3-s™1 (28)

’

ke,
RCOz = o+ k. {ks,AmA[RNHz][RNHz][Coz]
—1 e

+k3,H20[RNH2][H20][C02]} (29)
Rco2 = kAmA[RNHz][RNHz][Coz]

+ ki,0[RNH, ][H,0][CO, ], (30)

where

kiAmA=ﬁj_kek3,AmA; khzo=ﬁikek3,ﬂzo
mol~2-m®-s~1. (31)

Surprisingly, Eq. 30 is similar to Eq. 11 (though there are no
assumptions like k_,/2k,[B]> 1, as in the case of the zwit-

terion mechanism). The experimental kinetic data were re-
gressed for Eq. 30 using the previously mentioned numerical
technique, and the optimal solutions are given in Table 3.

Temperature dependence of zwitterion and termolecular
mechanism constants

To understand the influence of temperature on reaction
kinetics, experiments were conducted at 285 and 305 K as
well. The measured apparent rate constants (k,,,) are shown
in Figure 4, and the trend is identical to the measurements at
295 K, that is, an increase in the partial order in amino acid
salt with an increase in salt concentration. The regressed value
of the kinetic rate constants based on Eqgs. 9 and 30 are given
in Table 3:

5,700
k2=3.23X1096Xp(—T) mol~t-m?s™! (32)
k 1,483
HZO=2.29X10’SeXp(T) m?-mol ! (33)
-1
K Ama 1,225
=2.36x10"%exp{ —— | m*-mol L. (34)
o T

Of the zwitterion mechanism constants, only k£, was found to
be strongly temperature dependent, while the deprotonation
constants were found to be less sensitive to temperature. Rel-
atively accurate values of the taurate and water deprotona-
tion constants can be obtained at very high and low taurate
concentrations, respectively. For example, at very low salt
concentrations, the deprotonation of the zwitterion is mostly
due to water. However, in the present study, due to the limi-
tations of the experimental technique at low taurate concen-
trations as well as scatter in the experimental data at very
high taurate concentrations, it was practically difficult to do
measurements in these salt concentration ranges.

Potassium glycinate

The kinetics of the reaction between CO, and aqueous
potassium glycinate solutions was studied at 295 K to com-
pare it to the reaction mechanism proposed for aqueous
potassium taurate solutions. It should be noted that taurine
is an amino sulfonic acid, whereas glycine is an amino car-
boxylic acid. However, during the reaction of CO, with amino
acid salts, the acidic group probably has no direct influence

Table 3. Temperature Influence on the Zwitterion (Eq. 9) and Termolecular (Eq. 30) Reaction Mechanism Constants

T ki‘* kamak®3 kyzokfﬁ kgmé gz(%

Amino Acid Salt (X) pKa* (m3-mol s 1) (m3-mol 1) (m*-mol 1) (m®-mol~2-s71) (m®-mol~2-s~ 1)
Potassium taurate 285 9.38 6.78 1.86x10~* 423x10° 7.20x10~* 2.02x107°
Potassium taurate 295 9.14 12.60 1.30x10~* 3.39x10°° 9.71x10~* 3.69x1077°
Potassium taurate 305 8.91 25.20 1.41x10~* 3.01x107° 2.24x1073 6.60x107°
Potassium glycinate 295 9.67 49.68 6.04x1073 2.69x10° 2.09%x1073 1.18x 1074

*Perrin (1965).
**7Zwitterion mechanism constants.
"Termolecular mechanism constants.
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Figure 6. Experimental results for aqueous potassium
glycinate at 295 K.

on the reaction rate. During the absorption of CO, in aque-
ous potassium glycinate solutions, precipitation does not oc-
cur even at very high CO, loading (Hook, 1997). Therefore,
with this experimental system, it is possible to ascertain
whether the difference in the reaction mechanism observed
for amino acid salts (in comparison to alkanolamines) can be
attributed to the precipitation phenomenon that can occur
for taurate solutions at high salt concentrations. Figure 6
shows the measured values of k,,, as a function of the amino
acid salt concentration. Though the pKa of glycine (9.85) is
higher than that of taurine (9.14), the contribution of the re-
action between OH™ ions and CO, to the overall rate was
still negligible (less than 1%). Aqueous potassium glycinate
solutions showed greater reactivity toward CO, over potas-
sium taurate due to the higher basic strength (pKa) of glycine.

Like potassium taurate solutions, aqueous solutions of
potassium salt of glycine also exhibit a change in partial reac-
tion order in amino acid salt with the molar concentration of
the salt. Again due to the limitations of the experimental
technique, reliable measurements could not be made using
potassium glycinate solutions that had concentrations lower
than 200 mol-m 3. The experimental k,pp data was re-
gressed to the rate equations of the two reaction mechanisms
discussed earlier (Egs. 9 and 30). Due to insufficient data at
lower amine concentrations, it was difficult to get a good op-
timal solution, and hence the apparent rate constant (k,,,)
from the work of Penny and Ritter (1983) was used in the
regression to supplement the k,,, data from the present work.
The resulting rate constants of the reaction mechanism are
given in Table 3. As can be expected, the value of k, (49.68
m>-mol~'+s™1) is very high compared to the published data
(Penny and Ritter, 1983; Jensen et al.,, 1952), and is also
greater than that of taurine. However, the calculated appar-
ent k3(k,ky o[H,Ol/k_; =73 m* mol~'-s™") is in good
agreement with the reported value (6.61 m*-mol~!-s~!) of
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Penny and Ritter (1983) and is also shown in Figure 5 for
comparison. It should be noted that even in the absence of
the experimental data of Penny and Ritter, the calculated
value of k% obtained from the optimal value of the regressed
zwitterionic constants were within +0.2 m3-mol~!-s71,
Among the zwitterionic deprotonation constants, the value of
kama for glycine is lower than for taurine at identical tem-
peratures, whereas the deprotonation constant corresponding
to that of water is comparable within accuracy of the estima-
tion of the constants and in the range of the amino acid salt
concentrations studied. The termolecular mechanism con-
stants are also given in Table 3, and the values of the two
constants are higher than for taurine.

Conclusion

The kinetics of the reaction of CO, with aqueous potas-
sium salt of taurine was investigated over a wide range of salt
concentrations (100-4,000 mol-m~>) and temperatures
(285-305 K). Similarly, kinetic data for the reaction of CO,
with aqueous potassium glycinate solutions were obtained at
295 K. Unlike primary aqueous alkanolamines, aqueous
amino acid salts show an increase in the partial reaction or-
der in amino acid salt from one at molar salt concentrations
larger than approximately 1,000 mol-m ~>. This behavior was
observed for both potassium taurate and potassium glycinate
solutions. For potassium glycinate, the apparent second-order
rate constant (k3 = k,kyy,o[H,0l/k_,) obtained from the
present study is in good agreement with the literature.

The zwitterion mechanism can be conveniently used to de-
scribe the experimental kinetic data. However, the numerical
value of the rate constants (especially k,) is very different
from that of aqueous alkanolamines. For both taurine and
glycine salts, the value of &, is far higher than the values that
can be expected, based on the Brgnsted plot for aqueous
amines reported in the literature (Versteeg et al., 1996; Penny
and Ritter, 1983). This indicates that the Brgnsted plot of
amino acids might be different from that of aqueous alka-
nolamines. Based on the zwitterion mechanism, the role of
water in the zwitterion deprotonation seems to be signifi-
cantly larger than reported in the literature for aqueous alka-
nolamines. As with aqueous alkanolamines, the termolecular
mechanism can also be used to describe the experimental ki-
netic data. However, more experimental kinetic data are re-
quired for different types of amino acid salts to conclude on
the mechanistic aspects of the reaction kinetics.

Acknowledgment

This research is part of the research program carried out within
the Centre for Separation Technology, a cooperation between the
University of Twente and TNO, the Netherlands Organisation for
Applied Scientific Research. We also acknowledge H.B. Ongena for
his assistance to the experimental work and Wim Leppink for the
construction of experimental setups.

Notation

A =gas-liquid interfacial area, m
B =base (H,0, OH™, AmA, or Am)
D; =diffusion coefficient of component i, m*-s~
E =enhancement factor, dimensionless
Eco, . =infinite enhancement factor for the mass transfer of CO,,
dimensionless

2

1
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Ha =Hatta number, dimensionless
Jeo,=CO, absorption mole flux, mol- m~2-s
k', k" =rate constants, (mol-m3)!=9 s~1!
k!yma =termolecular mechanism rate constant for AmA, m®- mol 2
~1
-s
Kyy,0 = termolecular mechanism rate constant for H,O, m°-mol 2
-1
.S

-1

k_, =zwitterion mechanism rate constant, s~

k'_, =termolecular mechanism rate constant, s~ !
k, =second-order rate constant, m>-mol " !-s~
k% = apparent sccond-order rate constant (kypp/ [AMA], m3-
mol~!-s
k3 p =termolecular mechanism rate constant, m®-mol~2-s~
kama =zwitterion mechanism deprotonation rate constant for
AmA, m*-mol~1.s7!
k,pp =apparent rate constant, s~
,» =zwitterion mechanism deprotonation rate constant by base
B, m*-mol~t-s7!
k, =termolecular mechanism rate constant, s~
k0 =zwitterion mechanism deprotonation rate constant for H, 0O,
m3-mol~'-s~!
k; =liquid-phase mass-transfer coefficient, m-s~
koy- =zwitterion mechanism deprotonation rate constant for
OH™, m* mol~!-s7!
k,, =overall rate constant, s~
m =physical solubility (CO,l;;q/ [COz]gas)eq, dimensionless
n =partial order of the reaction in amine acid salt, dimension-
less
o =overall order of the reaction, dimensionless
P, =instantaneous partial pressure of CO,, Pa
P, =instantaneous total pressure of reactor, Pa
P,,, =vapor pressure of the liquid, Pa
R =universal gas constant (8.3143), J-mol !-K~!
R, =rate of reaction of CO,, mol-m~*+s~
T =temperature, K
v =stoichiometric coefficient, dimensionless
[ 1=concentration, mol-m 3

1

1

1

1

Abbreviations

Am = alkanolamine
AmA =amino acid salt
MEA =monoethanolamine
DEA =diethanolamine
DIPA =diisopropanolamine
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Appendix I: Physicochemical Parameters for
Determining Kinetic Constants

The solubility and diffusivity of CO, in aqueous amino acid
salt solutions are required for the estimation of the kinetic
parameters from the basic experimental data (Pcq, vs. ).
Since there is no published information in the open litera-
ture, these parameters were experimentally determined inde-
pendently of the present study (Kumar et al., 2001). As CO,
reacts with the aqueous amino acid salt solutions, the physi-
cal solubility (m) and diffusivity (D¢q,) of CO, were indi-
rectly estimated from the solubility and diffusivity of N,O,
respectively, in aqueous salt solutions.

Physical solubility

A model similar to that of Schumpe (1993) was used to
describe the experimental data on the solubility of N,O (m)
in aqueous potassium taurate solutions (Kumar et al., 2001)

log (m,,/m) = KC,. (A1)

where C, is the salt concentration in kmol m ™3, For a single
salt, the Sechenov constant, K, based on the Schumpe model
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is given by the following relation,

K =3(h;+hg)n;. m>-kmol ! (A2)
The temperature-independent anion (% _) and cation-specific
constants (&, ) for potassium taurate are

hy: 0.0922 m3 kmol ! (A3)

h_: 0.0249 m3 kmol !, (A4)
For the solubility of N,O in aqueous potassium glycinate so-
lutions, the anion-specific constant is given by

h_: 0.0276 m3-kmol !, (AS5)
The temperature-dependent gas (CO,)-specific constant (/)
was obtained from the database of Schumpe (1993), and the
solubility of CO, in aqueous potassium taurate solution was
estimated using Eq. Al. The solubility of CO, and N,O in
water (m,,) was obtained from the work of Versteeg and van
Swaaij (1988b).

Diffusion coefficient

The diffusion coefficient of N,O (Dy,q) in an aqueous
potassium taurate solution was obtained from Kumar et al.
(2001). A modified Stokes—Einstein equation was used to es-
timate the diffusion coefficient of N,O in aqueous potassium
taurate solutions

Dy, 0’7" = constant. (A6)
The information on the dependence of viscosity ( 1) on the
amino acid salt concentration is available in Kumar et al.
(2001). The diffusion coefficient of CO, in aqueous potas-
sium taurate solutions was estimated according to Gubbins et

w N,O W CO, .

The diffusion coefficients of CO, (D¢g, ) and N,O
(Dy,0,n) in water were obtained from the published work of
Versteeg and van Swaaij (1988b). The diffusion coefficient of
CO, in aqueous potassium glycinate was estimated similarly.
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