university of
groningen

University Medical Center Groningen

University of Groningen

Kinetics of CO2 with primary and secondary amines in aqueous solutions—II. Influence of
temperature on zwitterion formation and deprotonation rates

Littel, R.J.; Versteeg, G.F.; Swaaij, W.P.M. van

Published in:
Chemical Engineering Science

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
1992

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):

Littel, R. J., Versteeg, G. F., & Swaaij, W. P. M. V. (1992). Kinetics of CO2 with primary and secondary
amines in aqueous solutions—II. Influence of temperature on zwitterion formation and deprotonation rates.
Chemical Engineering Science, 47(8), 2037-2045.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.


https://research.rug.nl/en/publications/f69105ca-81e7-4e73-a085-52d0b5d7fd3a

Chemical Engineering Science, Vol. 47, No. 8, pp. 2037-2045, 1992
Printed in Great Britain.

KINETICS OF CO, WITH PRIMARY AND SECONDARY
AMINES IN AQUEOUS SOLUTIONS—II. INFLUENCE OF
TEMPERATURE ON ZWITTERION FORMATION AND
DEPROTONATION RATES

R.J. LITTEL, G. F. VERSTEEG and W. P. M. VAN SWAAIJ
Department of Chemical Engineering, University of Twente, PO Box 217, 7500 AE Enschede, The
Netherlands

(Received 5 June 1991; accepted 9 October 1991)

Abstract—The kinetics of the reaction of CO, with various alkanolamines (MEA, DGA, DIPA, DEA,
MMEA) in aqueous solutions has been studied as a function of temperature. Also kinetic data at 303 K
were obtained for the reaction between CO, and the cyclic amine morpholine in aquecus solutions. All
observed phenomena can be explained very satisfactorily with the zwitterion mechanism proposed by
Caplow. With respect to the temperature influence on the overall reaction rate for primary and
secondary amines, two classes can be distinguished: when the zwitterion formation is rate determining a
significant temperature influence is observed whereas only a slight temperature dependence is observed
when the zwitterion deprotonation is rate determining. All kinetic experiments were interpreted with the aid
of a numerically solved absorption model which describes gas absorption accompanied by reversible
chemical reactions. For fast reversible reactions like those in the present study, only in this way reliable
reaction-rate data can be deduced from absorption experiments. The Bronsted relationship between the
zwitterion-formation rate constant and the acid dissociation constant of the alkanolamine, as proposed by
Versteeg and van Swaaij (1988a), secems to be valid over a wide range of temperatures and for a great variety
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of alkanolamines. This relationship is not valid for cyclic amines like MOR.

i. INTRODUCTION

The removal of acid gases {e.g. hydrogen sulfide
carbonyl sulfide, and carbon dioxide) from industria
and natural gas streams is a very important and
frequently encountered operation in process industry
In many cases the removal of sulfur-containing com-
pounds like H,S, COS, and mercaptans, is required
whereas CO, may remain in the gas. Improvement of
the selectivity of the treating process towards H,S,
being the main sulfur compound, can be achieved by
reducing the reaction rate between CO, and the
alkanolamine. Obviously, information on the reaction
rate constants and knowledge of the reaction mech-
anism for the reaction between CO, and (aqueous)
solutions of alkanolamines are indispensable for an
adequate design of treating processes.

Part I of the present work (Littel et al., 1992) dealt
with the zwitterion deprotonation kinetics for dieth-
anolamine (DEA) and diisopropanolamine (DIPA)
in aqueous blends of alkanolamines. In Part I, i.c.
the present work, the kinetics and mechanism of
the reaction of CO, with primary and secondary
amines in aqueous solutions have been studied as a
function of temperature. Kinetic experiments were
carried out with monoethanolamine (MEA), diglycol-
amine (DGA), DEA, DIPA, methylmonoethanol-
amine (MMEA), and morpholine (MOR) at temper-
atures ranging from 293 to 333 K. All experiments
were interpreted by means of a numerical flux model
which describes mass transfer accompanied by mul-
tiple reversible chemical reactions (Littel et al., 1991a).

2. REACTION MECHANISM

For the reaction of CO, with primary and second-
ary alkanolamines, the zwitterion reaction mech-
anism, originally proposed by Caplow (1968) and
reintroduced by Danckwerts (1979), is generally ac-
cepted as the reaction mechanism:

%
CO, + R,NH = R,NH*COO" 1

k-1

kg
R,NH*COO~ + B==R,NCOO~ + BH*. (2)
k-p

This mechanism comprises two steps: formation of
the CO,—amine zwitterion [reaction (1)], followed by
base-catalyzed deprotonation of this zwitterion
[reaction (2)].

The contribution of the hydroxyl ions to the depro-
tonation of the zwitterion may be neglected without
a substantial loss of accuracy (Versteeg and van
Swaaij, 1988a). Assuming pseudo-steady state for the
zwitterion concentration, the following expression for
the forward reaction rate can be derived:

e = [R,R;NH][CO,]
CO2 — 1 1
—+
k:  kup,o[H2O] + kg,g,nul[R,; R;NH]
= 'k.pp[coz] (3)
with
k — k2kb.HzO k — kzkb.RlllzNH
H20 = T RRNH =~ "
-1 -1
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Although the reaction of CO, with primary and
secondary alkanolamines has been studied extensively
[e.e. Alvarez-Fuster et al. (1980), Laddha and
Danckwerts (1981), Blauwhoff ez al. (1984), Barth et al.
(1984), Sada et al. (1985, 1986), Versteeg and van
Swaaij (1988a) and Versteeg and Oyevaar (1989)]
only very limited information is available for temper-
atures different from 293 or 298 K. A review of literat-
ure data for MEA, DEA, and DIPA was presented by
Blauwhoff et al. (1984). Kinetic data for MEA up to
308 K, and for DEA up to 313 K, were reported by
Hikita et al. (1977a). Leder (1971) presented rate data
for MEA at 353 K which were inferred from CO,
absorption rates into a carbonate—bicarbonate buffer
solution containing MEA. Several authors presented
kinetic data for MEA for temperatures lower than
298 K (Penny and Ritter, 1983; Alper, 1990a). For
aqueous DGA solutions, Hikita et al. (1977b) pub-
lished kinetic data for temperatures ranging from 278
to 313 K and Alper (1990b) gives data at 278, 288 and
298 K.

van Krevelen and Hoftijzer (1948) interpreted
packed-column absorption data of Cryder and
Maloney (1941) for agueous DEA solutions up to
328 K. They concluded from these data that the over-
all reaction rate seemed to be nearly independent of
temperature. Nunge and Gill (1963) studied the
absorption of carbon dioxide in pure diethanolamine
at 302, 308 and 314 K. Blanc and Demarais (1984)
reported kinetic data for DEA at temperatures rang-
ing from 293 to 333 K. As pointed out by Versteeg
and van Swaaij (1988a), the data provided by Blanc
and Demarais (1984) are questionable as a result of
incorrect physical constants used in the interpretation
of the experiments. For aqueous DEA and DIPA
solutions at 323 K, Savage and Kim (1985) reported
kinetic experiments in which the free amine concen-
tration was varied by varying the amine loading.
However, if the free amine concentration is varied in
this way, the interpretation of the kinetic experiments
becomes questionable as physical constants needed
for interpretation of the experiments as well as the
reaction rates themselves are likely to be affected
considerably by the ionic strength. Therefore, only the
kinetic data reported by Savage and Kim (1985) at
low amine loadings should be regarded reliable. For
aqueous DEA at 298 K, extensive kinetic data, to-
gether with a comparison of these data to literature
data, are presented by Versteeg and Oyevaar (1989).

Recently, Crooks and Donnellan (1989) questioned
the validity of the zwitterion mechanism and pro-
posed a single-step, termolecular mechanism (see
Fig. 1) which postulates a loosely bound encounter
complex as initial product. For this mechanism the
forward reaction rate can be calculated according to

Rco, = {kAM[Rl RzNH]z
+ k,[R; R, NH][H,O]}{CO,]. 4

Reaction rate expression (4) for the single-step,
termolecular mechanism according to Crooks and

R. J. LITTEL et al.

Fig. 1. Single-step, termolecular reaction mechanism for the
formation of carbamate according to Crooks and Donnellan
{1989}).

Donnellan (1989) can be regarded as a limiting case of
the zwitterion mechanism, because if zwitterion de-
protonation is entirely rate determining, reaction rate
expression (3) reduces to rate expression (4). However,
the termolecular reaction mechanism is not able to
explain the occurrence of fractional orders for the
reaction between CO, and alkanolamines in non-
aqueous solutions as has been reported by Sada et al.
(1985, 1986) and Versteeg and van Swaaij (1988a),
because according to Crooks and Donellan (1989) a
second order in the alkanolamine should have been
observed. Moreover, the experimental data presented
in Part 1 by Littel et al. (1992) on the zwitterion
deprotonation kinetics in blends of secondary and
tertiary amines cannot be understood in terms of the
reaction mechanism proposed by Crooks and Don-
nellan (1989), whereas they can be elegantly explained
in terms of the zwitterion mechanism proposed by
Caplow (1968). Also the kinetic data reported by
Versteeg and Oyevaar (1989) for the reaction between
CO, and aqueous DEA solutions with amine concen-
trations ranging from 86 to 4358 mol m ~ 3 can only be
described accurately with the zwitterion mechanism
for all concentrations studied. Regarding these exten-
sive experimental data, it must be concluded that the
single-step, termolecular mechanism suggested by
Crooks and Donnellan (1989) is not able to explain all
phenomena observed and therefore it is not necessary
to reject the zwitterion mechanism proposed by
Caplow (1968).

3. EXPERIMENTAL

Experimental setup and procedure were identical to
those described in Part I of the present work (Littel et
al., 1992).

Since in the present study the temperature depend-
ence of the reaction-rate constants was studied and
the equilibrium constants for the reaction between
CO, and alkanolamines are known to decrease with
increasing temperature, it was considered that the
possibility of reversibility effects should be taken into
account. Furthermore, it was considered unlikely that
in all kinetic experiments, for all amines and temper-
atures studied, true pseudo-first-order conditions
could be attained in view of the high reaction rates to
be expected from strongly basic amines in combina-
tion with high temperatures.

Therefore, all experimental data were interpreted
by means of a numerically solved absorption model
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which describes gas absorption accompanied by mul-
tiple reversible chemical reactions (Littel et al., 1991a).
In this numerical flux model, which describes the
absorption process according to Higbie’s penetration
theory, the following reversible chemical reactions
were taken into account:

CO, + 2R,R;NH=R,R,NH} + R,R,NCOO"

3)
CO, + OH™ =HCOj; (6)
HCOj; + OH™ = CO%~ + H,O )

R,R,NH; + OH™ = R,R,NH + H,0. (8)

The expression for the reverse reaction rate was
derived from the assumption that at equilibrium the
net reaction rate equals zero. Detailed information
concerning the absorption model and the numerical
techniques used can be found elsewhere (Littel et al.,
1991a; Versteeg et al., 1989).

For each experiment, for some well-defined condi-
tions (Pcg,, ki, liquid composition), the enhancement
factor calculated with the absorption model was fitted
to the experimentally observed enhancement factor
with the reaction rate constant as an adjustable para-
meter. TWwo simulations were carried out for each
experiment: one with the reaction order in amine set
to one and one with the reaction order in amine set to
two. Differences, with respect to the fitted apparent
reaction-rate constants, between these two extreme
situations were usually less than 15%. As under true
pseudo-first-order conditions both extreme situations
would have coincided, this difference also indicates
that diffusion limitation was not entirely avoided in
the kinetic experiments. The situation which resem-
bled most the dependence of the apparent reaction
rate constants on the amine concentrations was as-
sumed to be correct.

In Fig. 2 a concentration profile at the end of the
contact time is shown for an aqueous solution of

1.00- 2
[
/ 1= [CO,1/ 058
= 2 = IMMEA) / 950
g / 3 = [MMEACOO'] / 300
< 7
-
z
= < 4 = [MMEAH"]/ 300
5 $ = [HCO,) /S
[=3PY sol 6 =[OH]/S
w 2-
5 7=1CO}1/8
F4 AN 6
0 el
wy
z ]
[=]
=
a8 4
3
o 1 1
a.0c0 o.7s 1.890

DIMENSIONLESS PENETRATION DEPTH

Fig. 2. Concentration profile at the end of the contact time

for an aqueous MMEA solution (7T = 318 K, [MMEA]

= 1000 molm ™2, Pcq, = 1.5 kPa, amine loading = 3%, k.
=23x10"3ms™ 1)

CES 47:8-P
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1000 molm 3 MMEA at 318 K. This concentration
profile clearly shows the significant depletion of free
MMEA towards the gas-liquid interface and illus-
trates the necessity of applying a numerical model to
deduce reaction kinetics from the present experi-
ments. Naturally, the accuracy of the deduced kinetic
data decreases with increasing depletion of free amine
towards the gas—liquid interface, because the absorp-
tion flux is increasingly determined by diffusion.
Therefore, very low CO, pressures were applied in
order to minimize the effect of diffusion limitation
and, consequently, even for the highly reactive amines
like MEA, DGA, and MMEA, differences between
bulk and interface concentrations of free amine were
usually not more than 10 to 20%. The apparent
reaction rate constants obtained from the absorption
model were fitted to reaction rate expression (3) in
order to obtain zwitterion formation and deproton-
ation reaction-rate constants. The fitting procedure
used was based on the Levenberg—Marquardt
method.

In the present study, the solubility of CO, was
determined by means of the CO,-N,O analogy
(Laddha et al., 1981; Versteeg and van Swaaij, 1988b).
The diffusivity of CO, was estimated using the modi-
fied Stokes—Einstein relationship reported by Ver-
steeg and van Swaaij (1988b) for aqueous amine
solutions. Viscosity and N,O-solubility of the aque-
ous amine solutions applied in the present work are
presented by Versteeg and van Swaaij (1988b) and
Littel et al. (1991b).

For all kinetic experiments, CO, pressures and
amine loadings were typically 0.005-0.05 bar and
1-10%, respectively.

DEA, MMEA, MOR, and MEA were obtained
from Janssen Chimica; DGA was provided by Texaco
Chemical Company; DIPA was obtained from Rie-
del-de Haén. All alkanolamines were at least 99%
pure and used as received.

4. RESULTS

4.1. Agqueous MEA solutions

In the present work the reaction between carbon
dioxide and MEA in aqueous solutions has been
studied at 318 and 333 K. The experimental results
are presented in Fig. 3. For both temperatures stud-
ied, the apparent pseudo-first-order reaction-rate con-
stant showed a first-order behavior in the amine
concentration. A definite temperature dependence of
the overall reaction rate was observed. The experi-
mental data indicate that the reaction rate is entirely
determined by the zwitterion-formation rate, which
reduces the general rate expression (3) to the rate
expression (9). The fitted reaction-rate constants k,
are presented in Table 1.

Reo, = kz [R;R,;NH] [Coz]~ ®

In Fig 4, the present data are compared to data
published by Hikita et al. (1977a), Penny and Ritter
(1983), and Alper (1990a). All these anthors applied a
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Table 1. Fitted reaction rate constants

. T k, kg vanm Fuao

Amine X) pK, m3mol~'s™') (m®mol %5"1) (m®mol~%2s"1) Reference

MEA 318 8.94 104 — — Present work

MEA 333 8.56 25.7 —_ — Present work

DIPA 293 9.01 2.09 1.80x 1074 0.75x10~¢ Versteeg and van Swaaij

(1988a)
DIPA 298 8.89 2.70 198 x 104 0.84 x 10~ Versteeg and van Swaaij
(1988a)
2.44 1.75%x 1074 0.60 x 10~° Blauwhoff et al. (1984)
2.78 2.00x 104 0.51x10°¢ Littel et al. (1992)

DIPA 308 8.76 — 206 x10°4 0.68 x 10~ Present work

DIPA 318 8.41 — 1.56 x 104 1.39x 106 Present work

DIPA 333 8.09 — 1.10 x 104 299 10~¢ Present work

DEA 298 8.88 3.17 0.72x 1072 0.17x10°5 Versteeg and Oyevaar (1989)
DEA 303 8.75 4.36 1.30 x10°2 0.85x 10~ % Present work

DEA 318 8.41 7.31 1.36 x 103 1.82x103 Present work

DEA 333 8.10 — 1.31 x10°2 043 x10°3 Present work

DGA 298 9.46 3.99 — — Present work

DGA 318 8.98 10.3 —_ — Present work

DGA 333 8.60 — 1.05x10°3 1.71 x10~4 Present work

MMEA 293 9.95 5.34 — —_ Present work

MMEA 318 9.35 21.8 —_— — Present work

MOR 303 8.24* 124 1.21x10"2 — Present work

*Estimated from pK, value at 298 K.

Fig. 3.

10° 3

10* 4

10°
102

Experimental results for aqueous MEA solutions.

10

103

[MEA)

mol m™

3

present work

Alper (1990a)
Penny and Ritter (1983)
Hikita ot al. (1977a)

104

T ¥

3.2 3.3 3.4

1000 K

T

Fig. 4. Arrhenius plot for aqueous MEA solutions.

stopped-flow technique, whereas in the present work
stirred-cell reactors were used. The agreement be-
tween the present results and these literature data is
satisfactory. Also data provided by Alvarez-Fuster et
al. (1980) at 293 K and Sada et al. (1985) at 303 K are
in good agreement with the data presented in Fig. 4.

4.2. Aqueous DIPA solutions

For aqueous DIPA solutions kinetic experiments
were carried out at 308, 318 and 333 K. The results of
these experiments are presented in Fig. 5. For all
temperatures investigated, the reaction order was
found to be equal to about 1.7. In the present work
almost no temperature influence on the apparent
reaction-rate constants was observed. Moreover, the

10° -
10° 5
K
—app 10? +
.-1
o T=308K
1 e T=318K
107 8 T-333K
10* v v .
10! 102 103 104
IDIPA]
23
mol m

Fig. 5. Experimental results for aqueous DIPA solutions.
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kinetic data at 293 and 298 K presented by Blauwhoff
et al. (1984), Versteeg and van Swaaij (1988a), and
Littel et al. (1992) also are only slightly lower than
the present kinetic data. Apparently the overall for-
ward reaction rate for the reaction between CO, and
DIPA in aqueous solutions is almost independent of
temperature over a temperature range from 293 to
333 K.

The absence of a temperature influence on the
apparent reaction rate was also observed by Versteeg
and van Swaaij (1988a). They suggested that this
peculiar behavior may be attributed to the effect of
reversibility on the absorption rate. This conclusion
was based on simulations with the absorption model
in which the kinetic constants were estimated by
means of an Arrhenius extrapolation of their results at
293 and 298 K. In the present work the effect of
reversibility on absorption has been explicitly taken
into account as all kinetic experiments were interpret-
ed by means of the numerically solved absorption
model. Consequently, the provisional explanation of
Versteeg and van Swaaij (1988a) for the observed
absence of a temperature influence on the apparent
reaction rate should be considered incorrect.

As can be concluded from the observed reaction
order in amine, the reaction rate for the reaction
between CO, and DIPA in agueous solutions is
primarily determined by the zwitterion deprotonation
in which both water and amine take part. Moreover,
the zwitterion-deprotonation rate constants are a
combination of elementary rate constants and, con-
sequently, may be independent of temperature or even
decrease with temperature.

A closer look at the experimental results plotted in
Fig. 5 appears to suggest that at low amine concentra-
tions a slight temperature dependence is still ob-
served, whereas at high amine concentrations the
k.,ps obtained at various temperatures coincide with-
in experimental accuracy. This may indicate that
zwitterion deprotonation by water, which determines
largely the reaction rate at low amine concentrations,
is affected by temperature and that the zwitterion
deprotonation by amine, which determines largely the
reaction rate at high amine concentrations, is seem-
ingly temperature independent. The fitted reaction-
rate constants are presented in Table 1, together with
the experimental results published by Blauwhoff et al.
(1984), Versteeg and van Swaaij (1988a) and Littel
et al. (1992). All experimental data are fitted within
20% by the rate constants reported in Table 1.

The only literature data for temperatures higher
than 298 K for the reaction between CO, and DIPA
seems to be the work of Savage and Kim (1985), who
published some data, obtained in a single-sphere ab-
sorber, for a 1 M DIPA solution at 323 K. However,
they varied the free-amine concentration by varying
the amine loading and applied estimated physical
data in the interpretation of their experiments. For
this method of concentration variation, the inter-
pretation is questionable because physical constants
needed for the interpretation of the kinetic experi-
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ments as well as the reaction rates themselves will be
affected considerably by the ionic strength. Reinter-
pretation of the data of Savage and Kim (1985) at the
lowest amine loading applied with the physical data
reported by Verstecg and van Swaaij (1988b) leads to
a value for k,,, of about 750 s~ 1. This value is about
100% higher than that expected from the present
results.

4.3. Aqueous DEA solutions

The reaction between CO, and DEA in aqueous
solutions has been studied at 303, 318 and 333 K. The
experimental results are shown in Fig. 6. A reaction
order in amine of about 1.5 is observed for all temper-
atures investigated: From this observed reaction or-
der in amine it can be concluded that the overall
reaction rate is considerably affected by the deproton-
ation rate of the DEA—CO, zwitterion.

The fitted reaction-rate constants obtained in the
present work are presented in Table 1 together with
rate constants reported by Versteeg and Oyevaar
(1989). The reaction-rate constants reported in
Table 1 fit all experimental data within 15%.
Zwitterion-formation rate constants (k,), which could
be obtained up to 318 K, show a definite temperature
dependence. The fitted zwitterion-deprotonation con-
stants by amine (kg,z,nu) are almost constant at 303,
318 and 333 K, but considerably higher than the value
at 298 K given by Versteeg and Oyevaar (1989). The
zwitterion-deprotonation constants by water (ky,q)
show a rather large spread. Hence, it must be con-
cluded that the fitted zwitterion-deprotonation rate
constants presented in Table 1l do not exhibit a
definite temperature dependence.

For the reaction between CO, and DEA, some data
concerning the temperature dependence of the reac-
tion rate have been presented in literature. van Krev-
elen and Hoftijzer (1948) concluded from an analysis
of the data of Cryder and Maloney (1941) that the
overall reaction rate seemed to be nearly independent
of temperature. This is in good agreement with the
present observations. Also the kinetic results at low
amine loadings (T = 323 K) presented by Savage and
Kim (1985) agree satisfactorily with the present work.

lo! -
8
104 3
k, i
'-1
10> 3 o T=303K
e T=318K
. 8 @ T=333K
102 r |
102 103 104
[DEA]
mol m™

Fig. 6. Experimental results for aqueous DEA solutions.
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Hikita et al. (1977a) presented kinetic data for the
CO,-DEA system for temperatures ranging from
278.8 to 313.3 K. For their kinetic experiments they
applied a rapid mixing method in which the temper-
ature rise due to reaction was detected. They assumed
that reaction-rate constants could be obtained
directly fromn the measured temperature differences
without knowledge of the heats of reaction and the
specific heats of the reaction fluids. They observed a
second-order behavior in amine and a considerable
temperature dependence of the overall reaction rate.
Both are in disagreement with the observations in the
present work.

4.4. Aqueous DG A solutions

The reaction between carbon dioxide and DGA in
aqueous solutions has been studied at 298, 318 and
333 K. The experimental results are shown in Fig. 7.
For all temperatures investigated an overall reaction
order in amine was observed which was about equal
to one. The experimental results at 298 K indicate
that the reaction rate is entirely determined by the
zwittertion-formation rate [reaction-rate expression
(9)]. In Fig. 7 it is striking that the apparent reaction
rate constants at 333 K coincide with those at 318 K.
The experimental results at 333 K in comparison to
those at 318 K suggest a similar behavior for DGA as
observed for DIPA and DEA. Apparently, for DGA
at 333 K, zwitterion deprotonation is entirely rate
determining and, from the observed reaction order in
amine, it can be concluded that water contributes very
substantially to the zwitterion deprotonation. Be-
cause of this and rather limited water concentration
variations, it could not be determined reliably if, and
to what extent, zwitterion deprotonation contributed
to the overall reaction rate at 318 K. Consequently, in
fitting the experimental results at 318 K to reaction-
rate expression (4), it was assumed that zwitterion
formation was entirely rate determining. The fitted
reaction rate constants are presented in Table 1.

In Fig. 8 the present results for the zwitterion-
formation rate constants (k,) are compared to data
published by Hikita et al. (1977b) and Alper (1990b).

¥ T=333K

10? 10° 10
[DGA)

-3
mol m

Fig. 7. Experimental results for aqueous DGA solutions.

R. J. LITTEL et al.

100 3

© present work
X O Hikita et al. (1977b)
® Alper (1990b)

Fig. 8. Arrhenius plot for aqueous DGA solutions.

Hikita et al. (1977b) and Alper (1990b) used a stopped-
flow method, whereas in the present work the stirred-
cell reactor technique has been applied. From Fig. 8 it
can be concluded that satisfactory agreement exists
between the present and literature results, although
the data of Hikita et al. (1977b) are systematically
somewhat higher than the other results.

4.5. Aqueous MMEA solutions

In the present work, the reaction between CO, and
MMEA in aqueous solutions has been studied at 293
and 318 K. The experimental data are presented in
Fig. 9. For both temperatures investigated a first-
order behavior in the amine concentration has been
observed. From the experimental data it was con-
cluded that the zwitterion-formation rate was rate
determining. The fitted reaction-rate constants are
presented in Table 1.

Also some kinetic experiments were carried out at
333 K. However, the reaction rate between CO, and
MMEA at 333 K was too high for a reliable deter-
mination of the the reaction-rate constants with the
present stirred-cell reactor method.

No data on the reaction between CO, and MMEA
in aqueous solutions seem to be available in the open
literature.

102 103 10
[MMEA]

-3
mol m

Fig. 9. Experimental results for agqueous MMEA solutions.
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4.6. Aqueous MOR solutions

Kinetic experiments for the reaction between CO,
and MOR in aqueous solutions have been carried out
at 303 K. The experimental results, which are pre-
sented in Fig. 10, showed a reaction order in amine
equal to 1.6. In fitting the experimental results to rate
expression (3), it was concluded that the contribution
of H,O to the zwitterion deprotonation is negligible
and that the overail reaction rate depends on both the
zwitterion-formation rate and the zwitterion-depro-
tonation rate by amine. The fitted reaction-rate con-
stants are reported in Table 1.

Alper (1990b) reported kinetic data at 298 K ob-
tained by a stopped-flow technique with conductri-
metric detection. In the interpretation of his experi-
ments, Alper (1990b) assumed a priori that the overall
reaction rate was entirely determined by the
zwitterion-deprotonation rate. This assumption
seems to be premature and possibly incorrect; Alper
(1990b) did not attempt to fit his experimental data to
the general rate expression [eq. (4)]. The present res-
ults at 303 K obtained with the stirred-cell reactor
technique are considerably lower than the results at
298 K reported by Alper (1990b). The causes for this
discrepancy are not clear.

S. DISCUSSION

Several authors have suggested a relationship be-
tween the zwitterion-formation rate constant and the
basicity of the alkanolamine (Caplow, 1968; Penny
and Ritter, 1983; Versteeg and van Swaaij, 1988a).
Recently Versteeg and van Swaaij (1988a) presented
such a Bronsted relationship for temperatures ranging
from 293 to 303 K:

Ink, = pK, — % + 16.26.

(10)

The kinetic results reported by Penny and Ritter
(1983) for a series of primary alkylamines and alkanol-
amines at 293 K compare favorably to eq. (10). In the
present study, additional information on the values of
k., especially at higher temperatures, is available. This
offers the possibility of validation of eq. (10) over a
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Fig. 10. Experimental results for aqueous MOR solutions.
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Fig. 11. Parity plot for zwitterion-formation rate constants.

broader temperature range. In Fig. 11 the presently
obtained values for k, are compared to values calcu-
lated according to eq. (10). Extensive information on
pK, values has been presented in literature (e.g. Per-
rin, 1965; Littel et al., 1990). From Fig. 11 it seems
reasonable to conclude that eq. (10) may be used for
the estimation of the reaction-rate constant for the
zwitterion-formation step in the reaction between
CO, and alkanolamines in aqueous solutions. The
validity of eq. (10) seems to be limited to noncyclic
amines as is clearly illustrated by the large deviation
observed for the cyclic amine MOR in Fig. 11.

Considering the deprotonation constants presented
in Table1 it does not seem possible to derive a
generalized expression for these rate constants. This
observation is supported by the conclusions reached
in Part I of the present study (Littel et al., 1992).

For engineering purposes, however, it is convenient
to derive expressions for the zwitterion-deprotonation
rate constants as a function of temperature for DEA
and DIPA separately. For this purpose the present
data were used in combination with literature data
reported by Versteeg and van Swaaij (1988a) and
Versteeg and Oyevaar (1989) for DIPA and DEA,
respectively. Fitting these data to reaction-rate ex-
pression (3) with k, given by eq. (10) and allowing for
temperature dependence of the zwitterion-deproton-
ation constants yiclded for DIPA

kppa = 1.55%107% (m®mol 257 1)

(11)
ky.0 = 3.05x 1072 exp (;:?Tig) (m%mol~2s71),

12)

The zwitterion-deprotonation constant by amine
(kpra) Was found to be independent of temperature,
whereas the zwitterion-deprotonation constant by
water (ky,0) is slightly temperature dependent. These
results are in good agreement with tentative observa-
tions from the experimental data in Fig. 5. All DIPA
data reported in the present work and those presented
by Blauwhoff et al. (1984) and Versteeg and van
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Swaaij (1988a) are fitted within 30% with the kinetic-
rate constants given by eqs (10)—(12).

For DEA all present kinetic data together with the
kinetic data reported by Versteeg and Oyevaar (1989)
were fitted to rate expression (3) with the k,-values
given by eq. 10. This procedure gave the following
equations for the zwitterion-deprotonation rate con-
stants:

— 2296
kpea = 1.92 exp (———T ) (m®mol~2s~ %) (13)
—21
ky,0 = 1.74 x 10‘3exp(—}£) (m®mol~2s71).

(14)

“The present kinetic data and.those data reported
by Versteeg and Oyevaar (1989) are all fitted within
40% with the rate constants given by eqgs (10), (13),
‘and (14).

A commonly applied experimental method for the
determination of reaction kinetics for the reaction
between CO, and primary or secondary amines is the
stopped-flow or rapid-mixing method. In this method
the advancement of the reaction is detected by con-
ductometry (Crooks and Donnellan, 1989; Alper,
19904, b), temperature rise (Hikita et al., 1977a, b) or
indicator colour change (Penny and Ritter, 1983). In
the present work, the stirred-cell reactor technique
was used which is also a widely applied method for the
determination of reaction kinetics in amine systems
[e.g. Sharma (1965), Laddha and Danckwerts
(1981), Blauwhoff et al. (1984), Sada et al. (1985, 1986),
Haimour et al. (1987) and Versteeg and Oyevaar
(1989)]. From Figs 4 and 8 it can be concluded that
the agreement between both methods is very satis-
factory for reactions in which the zwitterion-forma-
tion is rate determining. However, substantial dis-
agreement exists between both experimental tech-
niques for reactions in which the overall reaction rate
is, at least partially, determined by the zwitterion-
deprotonation rate (DEA, MOR).

A reason for this disagreement might be that in the
stopped-flow experiments a single irreversible reac-
tion is assumed (Hikita et al, 1977a,b; Alper,
1990a, b), whereas effects due to parallel and con-
secutive reactions are not taken into account. Espe-
cially, relatively rapid consecutive reactions might
complicate the interpretation of stopped-flow experi-
ments as they can yield extra ions or additional heat
effects. The detection of the advancement of the rate-
determining reaction by means of conductometry or
temperature rise can be affected significantly by these
effects and, as a result, the overall forward reaction
rate for the reaction between CO, and amine may
seriously be over- or underestimated. Therefore, stab-
ility of the reaction products of the rate-determining
reaction seems to be a strict requirement for a correct
interpretation of stopped-flow experiments. For pri-
mary and secondary amines, these reaction products
consist of carbamate and protonated amine. From
these products, the carbamate can be hydrolyzed to
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yield bicarbonate and eventually carbonate. The car-
bamate stability, which decreases substantially with
temperature, is for primary amines, like MEA, con-
siderably higher than for secondary amines like DEA.
Consequently, the assumptions underlying the
stopped-flow method might have been fulfilled for the
primary amines MEA and DGA, whereas they have
not been entirely fulfilled for the secondary amines
DEA and MOR. However, additional research is
necessary in order to explain unambiguously the dis-
crepancy between stopped-flow and stirred-cell tech-
nique for amine reactions in which the zwitterion
deprotonation is rate determining.

6. CONCLUSIONS

The kinetics of the reaction of CO, with various
alkanolamines in aqueous solutions has been studied
as a function of temperature. Also kinetic data were
obtained for the reaction between CQO, and the cyclic
amine MOR in aqueous solutions. All these reactions
can be described by the zwitterion mechanism origin-
ally proposed by Caplow (1968).

With respect to the temperature influence on the
overall reaction rate for primary and secondary am-
ines, two classes can be distinguished: when the zwit-
terion formation is rate determining a significant tem-
perature influence is observed, whereas' only a slight
temperature dependence is observed when the zwitter-
ion deprotonation is rate determining. Since the zwit-
terion-deprotonation rate constants are a combina-
tion of elementary reaction-rate constants, this phe-
nomenon can be described satisfactorily by the zwit-
terion-reaction mechanism. Depending on the relative
values of zwitterion-formation and deprotonation
rates an amine can shift from the first class to the
second with increasing temperature, resulting in a
decreasing temperature dependence of the overall
reaction rate.

In the present work, all kinetic experiments were
interpreted with the aid of a numerical flux model
which describes gas absorption accompanied by re-
versible chemical reactions (Littel et al., 1991a). For
fast reversible reactions like those in the present study,
only in this way can reliable reaction-rate data be
deduced from absorption experiments.

The relationship between the zwitterion-formation
rate constant and the acid-dissociation constant of the
alkanolamine, as proposed by Versteeg and van
Swaaij (1988a), seems to be valid over a wide range of
temperatures and for a great variety of alkanolamines.
This relationship is not valid for cyclic amines like
MOR.

For DIPA and DEA, Arrhenius-type expressions
for the zwitterion-deprotonation rate constants were
presented which describe all kinetic data within 30%
and 40%, respectively.
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Kinetics of CO, with primary and secondary amines in aqueous solutions—II

NOTATION

Kopp apparent pseudo-first-order reaction-
rate constant, s~ !

k, zwitterion-formation-rate constant,
m3mol~ts™?

ki.o zwitterion-deprotonation-rate constant,
m®mol~%s™!

| —_— zwitterion-deprotonation-rate constant,
m®mol 257!

ky liquid-phase mass transfer coefficient,
ms !

P pressure, Pa

Amine abbreviations

DEA diethanolamine

DGA diglycolamine

DIPA diisopropanolamine

MEA monoethanolamine

MMEA methylmonoethanolamine
MOR morpholine

R,R,NH primary or secondary amine
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