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Abstract-The reaction between CO, and diethanolamine (DEA) in aqueous ethyleneglycol (ETG) at 
298 K has been studied over the complete composition range. The application of this reaction as a viscous 
gas-liquid system for the determination of interfacial areas in gas-liquid contactors by the chemical method 
is discussed. The reaction kinetics have been determined by mass transfer experiments of CO, into solutions 
of DEA in aqueous ETC. To this end laboratory-scale stirred cell reactors with a flat surface have been 
used. In accordance with the same reaction in water at 298 K the reaction between CO, and DEA in 
aqueous ETG at 298 K can be described by the zwitterion mechanism of Caplow. Special attention has 
been paid to the reversibility of the reaction between CO, and DEA. Calculations show that the influence of 
the reversibility on the mass transfer rate can be neglected for partial pressures of CO, below 3 kPa. It is 
demonstrated that the reaction between CO, and DEA in aqueous ETG can be used for the determination 
of interfacial areas in gas-liquid contactors at higher viscosities. 

INTRODUCITON 

Many important industrial processes, e.g. the hydro- 

genation of unsaturated fatty acids and Fischer- 

Tropsch synthesis, are carried out in viscous solu- 

tions. Contrary to this the use of organic and viscous 

reaction systems for the determination of inter-facial 
areas and mass transfer coefficients by the chemical 
method is very limited. In practice most of the literat- 
ure data on inter-facial areas and mass transfer coeffi- 
cients have been obtained at low viscosities and in 
aqueous solutions. Only in recent years have some 
reaction systems for the determination of mass trans- 
fer parameters in organic and viscous liquids been 
presented [see Sridharan and Sharma (1976) and 
Alvarez-Fuster et al. (1980, 1981)]. Most of these 
systems use as a gas-liquid model reaction the reac- 
tion between CO, and an alkanolamine dissolved in a 
specific liquid. Alkanolamines have the advantage 
that they can be dissolved in water as well as in 
organic liquids, e.g. ethanol, cyclohexanol and ethyl- 
eneglycol, or in mixtures of these liquids. The required 
reaction rate can be obtained by an appropriate 
choice of the alkanolamine type. 

The reaction between CO, and aqueous diethanol- 
amine (DEA) was successfully used by Oyevaar et al. 

(1988a, d) for the determination of interfacial areas in 
a mechanically agitated reactor and a bubble column. 
In this study we added ethyleneglycol (ETG) to the 
aqueous DEA solutions in order to obtain a viscous 
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reaction system for the determination of interfacial 
areas in gas-liquid contactors at higherC viscosities. 
We will report on the kinetics of the reaction between 
CO, and DEA in these viscous mixtures of water and 
ETG. By changing both the DEA and ETG concen- 
tration the viscosity of the liquid phase could be 
varied between 0.9 and 40 cP. All kinetic experiments 
were carried out in laboratory-scale stirred cell re- 
actors with a flat surface and at temperatures of 
298 K. 

LITERATURE SURVEY 

Reaction mechanism 
For aqueous solutions of primary and secondary 

alkanolamines Blauwhoff et al. (1984) concluded that 
only the carbamate and bicarbonate formation reac- 
tions as given in eqs (1) and (2) contribute to the 
overall reaction rate of CO,: 

CO, + 2R,R,NH P R,R,NCOO- + R,R,NH; 

(1) 

C02+OH-eHC0;. (2) 

The forward reaction rate constant of the bicarbonate 
formation in eq. (2) is given by Pinsent et al. (1956): 

6666 
In k&- = 24.488 - -_ 

T 

Blauwhoff et al. (1984) presented experimentally de- 
termined apparent reaction rate constants kmPP for the 
carbamate formation in aqueous DEA at different 
DEA and OH- concentrations at 298 K. The contri- 
bution of the bicarbonate formation to the overall 
reaction rate of CO2 can be calculated from their data 
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and eq. (3). This contribution appears to be less than 
1% for all their experiments and can therefore be 
neglected. To what extent this also applies to the 
reaction between CO, and DEA in aqueous ETG will 
be further discussed in this study. 

Danckwerts (1979) described the forward reaction 
of CO2 with primary and secondary alkanolamines 
with the zwitterion mechanism originally proposed by 
Caplow (1968): 

CO, + R,R,NH 2 RIR,NH+COO- (4) 
k-2 

R,R,NH+COO- + B 2 R,R,NCOO- + BH+. 

(5) 

Danckwerts (1979) considered only the amine itself as 
a base (B), but Blauwhoff et al. (1984) stated that all 
bases present in the solution can contribute to the 
deprotonation of the zwitterion in the reaction of 
eq. (5). In aqueous solutions apart from the amine 
water and hydroxyl ions also have to be considered, 
while in pure organic solutions only the amine can act 
as a base. The forward reaction rate of COZ for this 
reaction mechanism can be derived on the assumption 
of a quasi-steady state for the zwitterion: 

R 
&CR, &NH1 CC021 

co2 = (6) 

1 + xIck,;B] 

Equation (6) overall results in second-order kinetics if 
the second term in the denominator is much smaller 
than 1 and may result in third-order kinetics if it is 
much larger than 1. For the amine this mechanism 
also indicates the occurrence of fractional orders be- 
tween 1 and 2. 

The zwitterion mechanism has been used success- 
fully in aqueous alkanolamine solutions by Blauwhoff 
et al. (1984) and Barth et al. (1984) as well as in some 
organic and viscous solutions by Alvarez-Fuster et al. 
(1980, 198 l), Sada et al. (1985) and Versteeg and van 
Swaaij (1988). The last authors also concluded that in 
aqueous DEA the contribution of OH- to the depro- 
tonation of the zwitterion can be neglected, so that 
eq. (6) reduces to 

Go,= l  

PEAI IPAl 
1 

(7a) 

Z-+ z %oW2Ol+ %,IIDEAl 

with 

kzk, o k&, = 2 k, kmzA 

k-l 
and kg,, = ~. 

k-1 
GW 

We will examine whether this simplification is also 
justified for DEA in aqueous ETG. For DEA dis- 
solved in water Versteeg and Oyevaar (1989) recently 
presented additional experimental data and reevalu- 
ated the results of Blauwhoff et al. (1984). They 
showed that the kinetics of the reaction between CO, 
and DEA can be described with the zwitterion mech- 
anism over a range of DEA concentrations from 86 to 
6000 mol/m3. They also found a good agreement with 
the results of Hikita et al. (1977) and Barth et al. 
(1984). The individual rate constants as derived by 
them are given in Table 1. The fractional reaction 
order in DEA as derived from their experimental data 
varies between 1.6 and 1.7. 

Organic and viscous reaction systems 
Sada et al. (1985) studied the effect of the solvent on 

the reaction order of DEA in solutions of water, 
methanol, ethanol and 2-propanol at 303 K. For all 
systems they found a reaction order in CO, equal to 1. 
The fractional orders in DEA for these solutions 
gradually changed from 1.42 to 2.0, respectively. 
Versteeg and van Swaaij (1988) concluded that this 
variation can be explained on the basis of the zwitter- 
ion mechanism: a relative decrease in the depro- 
tonation rate of the zwitterion to the reverse reaction 
rate leads to an increase in the ratio of these two 
constants and causes an increase in the order of the 
amine [see eq. (6)]. Therefore, the results of Sada et al. 
(1985) indicate that the zwitterion is less stable in 
organic solutions. Alvarez-Fuster et al. (1981) found 
overall third-order kinetics with a second order in 
DEA for the reaction of CO1 with DEA dissolved in 
pure ETG at 293 K. However, due to their interpreta- 
tion method they were not able to detect fractional 
reaction orders and their results can only be used as 

an indication of the magnitude of the rate constants. 

Their rate constant as derived on the basis of the 
zwitterion mechanism is also given in Table 1. 

Only very limited information is available in the 
literature on the kinetics of reactions between CO2 
and alkanolamines in aqueous viscous solutions. 
Sridharan and Sharrna (1976) give some data on rate 
constants for the absorption of CO2 into solutions of 
monoethanolamine (MEA) in aqueous diethylene- 
glycol (DEG) and aqueous polyethyleneglycol (PEG), 

Table 1. Literature data on the reaction between CO, and DEA in water and ethyleneglycol 

Reference Solvent 
Temperature 

(K) 
k, 

(m”/mol’ s) 
k&,/k- I 
(m*/molZ s) 

k,k,,olk- 1 
(m6/mo1* s) 

Versteeg and Oyevaar (1989) Water 298 3.24 7.07 x to-4 1.71 x 10-e 
Alvarez-Fuster et al. (1981) ETG 293 3.04 x 10-4 
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Table 2. Absorption rate constants of CO, in solutions of MEA in aqueous diethyleneglycol and 
aqueous polyethyleneglycol at 303 K according to Sridharan and Sharma (1976) 
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CMW.l. +o,(k,c,,,,.DcoJ”.’ 
Solvent ( x lO!k s/m*) ( x 10m3 mol/m3) ( x 103 m/s) 

100% water 
100% DEG 
80% DEG + 20% water 
60% DEG + 40% water 
40% DEG + 60% water 
20% DEG + 80% water 
100% PEG 400 
80% PEG + 20% water 
60% PEG + 40% water 
40% PEG + 60% water 

0.80 
22.0 
10.0 
4.71 
2.50 
1.35 

109.0 
60.50 
21.90 

8.10 

2.0 

;x 
2:o 
2.0 
2.0 
2.0 
1.75 
1.60 
2.0 

4.88 
1.06 
1.13 
1.78 
2.82 
4.20 
0.69 
1.15 
1.72 
3.99 

“co2 J k2 %EA.L DT 
waler 

. 

Fig. 1. Ratio of the absorption rate constants in water and glycol vs ratio of viscosities of glycol and water, 
respectively: data at 303 K from Sridharan and Sharma (1976). 

respectively (see Table 2). In our research program we 

are interested in the use of such viscous reaction 
systems for the determination of interfacial areas in 
gas-liquid contactors. 

AQUEOUS GLYCOL SOLUTIONS 

To elaborate further on the feasibility of these aque- 
ous glycol solutions as solvents we plotted in Fig. 

1 ~O,(k, CMEA.LDCO1)~~~cr/~O1(kZ =MEA,L.&O~):iy%5col 

vs (c(s,yco,l~w.,.A b ase d on the results of Sridharan and 
Sharma (1976). Regression lines in this plot result in 
slopes equal to 0.52 and 0.64 for DEG and PEG, 
respectively. As a first approximation we may assume 
that the distribution coefficient %o, is independent of 
the liquid phase composition and that the diffusion 
coefficient Dco, of the transferred component depends 
on the viscosity pL according to the Stokes-Einstein 
correlation: 

DCOSL 
L = constant. 

T 

According to this relation the diffusivity of CO, in the 

liquid phase is inversely proportional to the liquid 
viscosity. With the slopes, as evaluated from the data 
in Fig. 1, and the constant solubility this leads to the 
conclusion that for one MEA concentration the for- 
ward second-order reaction rate constant k, remains 
approximately constant over a wide range of water 
and glycol concentrations. It must be noted that in 
this line of reasoning the regression lines in Fig. 1 
should intersect the axes at the origin of the plot. This 
is only the case for DEG and not for PEG, so the use 
of normal glycols should be preferred before the use of 
polyglycols. 

However, not the forward reaction rate constant k2, 
but the Hatta number, Ha, which becomes for a first- 
order reaction in both CO, and MEA 

Ha = ,/k, cmza. d%o, 
kL 

is the most important parameter for the determina- 
tion of interfacial areas by the chemical method. In 
order to evaluate inter-facial areas in a gas-liquid 
contactor with a viscous reaction system Ha should 
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be larger than 2 over the whole range of viscosities 
[see Danckwerts (1970)]. So an impression of the 
effect of the viscosity on the liquid phase mass transfer 
coefficient k, in gas-liquid contactors is required. For 
bubble columns Calderbank and Moo-Young (1961) 
and Akita and Yoshida (1974) correlate the liquid 
phase mass transfer coefficient k, among others with 
DA and Pi,. With the Stokes-Einstein relation of eq. (8) 
their relations result in an overall dependence of k, 
on the viscosity equal to & (“.4-o.6). Because 

mco&~t,rsJ’coz )“.5 also depends on the viscosity 
with an exponent between 0.50 and 0.65, this indicates 
that Ha remains of the same order of magnitude after 
the addition of glycols to an aqueous MEA solution 
and thus also over a large range of viscosities. 

The use of aqueous glycol solutions as the solvent 
for viscous reaction systems based on the reaction 
between CO, and alkanolamines seems to be appro- 
priate. In this study we added ETG as the glycol to 
aqueous DEA solutions, which were already success- 
fully used for the determination of inter-facial areas by 
the chemical method in several gas-liquid contactors 
[see Oyevaar et al. (1988b, 1989a). Versteeg and van 
Swaaij (1988) and Versteeg et al. (1989) studied the 
influence of the reversibility of a gas-liquid reaction 
on the evaluation of kinetic parameters from mass 
transfer experiments. These authors used the reaction 
between CO1 and alkanolamines as a model reaction. 
They concluded that, especially in organic solvents 
with relatively low equilibrium constants for the reac- 
tion between CO, and alkanolamines, the reversibil- 
ity should be taken into account for a correct evalu- 
ation of the reaction mechanism and the reaction rate 
constants. The reversibility of a gas-liquid reaction 
may also lead to errors in the determination of mass 
transfer parameters by the chemical method in 
gas-liquid contactors. Because the amount of organic 

material increases with the addition of ETG, equilib- 
rium studies have to be incorporated in a systematic 
study of the reaction kinetics before this viscous reac- 
tion system can be used for the determination of 
interfacial areas in gas-liquid contactors. 

EXPERIMENTAL 

Experimental installation 
The kinetic experiments were carried out in four 

identical laboratory-scale stirred cell reactors with a. 
flat surface. The all glass reactors were thermostatted 
at 298( f 0.2) K and operated batchwise with respect 
to both liquid and gas phase. The experimental set-up 
was identical to that of Blauwhoff et al. (1984) and is 
shown for one reactor in Fig. 2. The reactors had a 
diameter of 0.097 m and a volume of 1.20 x lo- 3 m3. 
They were equipped with four equally spaced baffles 
with a width of 0.010 m. Six impellers, each consisting 
of two blades with a diameter of 0.067 m and a height 
of 0.010 m, were placed on one single shaft which was 
externally driven by magnets at agitation rates be- 
tween 2 and 15 rps. Pure CO2 was used in order to 
avoid gas phase mass transfer limitations. 

The same experimental procedure as described in 
detail by Blauwhoff et al. (1984) was followed for the 
kinetic experiments. However, in this study the pre- 
ssure decrease with time due to the absorption 
was monitored by means of a pressure transmitter 
Transamerica type BHL 4200, instead of a mercury 
manometer as used by the aforementioned authors, 
and recorded with an Apple 2e microcomputer. 

Commercial grade aqueous DEA solutions (80 vol 
%) with a purity of 2 98%, supplied by BASF, 
commercial grade ETG with a purity of > 99%, 
supplied by Wolbert, and CO, with a purity of 
3 99.5%, supplied by Hoek Loos, were used in the 

Fig. 2. Experimental set-up of a stirred cell reactor. 
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kinetic experiments. Concentrated DEA solutions 
were added to already prepared solvents of aqueous 
ETG containing decreasing amounts of distilled 
water: the ETG contents of these solvents amounted 
to 0,20,40,60,80 and 100 mass %. The ETG content 
of the solvents changes due to the addition of an 
amount of water with the amine. 

After each experiment liquid samples were taken to 
determine the DEA concentration and the CO2 con- 
centration in the liquid. The DEA concentration was 
determined with a standard acid-base titration and 
the amount of CO, by means of the method used by 
Blauwhoff et al. (1984). 

Experimental method 
In this study it was assumed that the reaction order 

in CO? is equal to 1 as found for aqueous alkanol- 
amine solutions as well as for organic alkanolamine 
solutions [see Blauwhoff et al. (1984) and Sada et al. 
(1985)]. The reaction kinetics can be obtained ih the 
pseudo-first-order reaction regime for which the fol- 
lowing condition has to be met: 

with 

(W 

and 

The overall reaction rate constant k,, contains both 
the carbamate and bicarbonate formation reactions of 
eqs (1) and (2) and equals 

with 

k,, = kapp + k&- [OH-] (13) 

k 
k,CDEAI 

WP = 

l + C kk,;B, 

(14) 

The relation between the partial pressure Pco,, t in the 
gas phase of a stirred cell reactor and time can be 
obtained from an nonstationary mass balance and is 
given by 

The partial pressure of CO, in the reactor can be 
calculated from 

P co+.* - - P,,,., - P&en* (16) 

in which Pt,, is the total pressure in the reactor, and 
P SOlVeIll the vapor pressure of the solvent. The absorp- 
tion rate constant ~,(k0,Dco,)o.5 can be obtained 
from the slope of a In P,,,,time plot in the region 
where the conditions of eq. (10) are met. 

The experiments, which lasted between 0.5 and 4 h, 
were carried out simultaneously in all four stirred cell 
reactors. During an experimental run the microcom- 
puter took 1280 pressure readings at constant time 
intervals. The sample time depended on the absorp- 
tion rate of CO, and varied between 1 and 10 s. After 
the equilibrium pressure was reached the data were 
taken out of the computer memory and stored in 
separate data files for each experiment. Afterwards the 
data from these data files were smoothed with the aid 
of a 25-point data smoothing method as described by 
Savitzky and Golay (1964) and evaluated on the basis 
of eq. (15). The values for the absorption rate con- 
stants )71~0~(k~$co~)~.~ were calculated for each set of 
50 pressure readings. The final value for the absorp- 
tion rate constant ~,(k,,D,,)0~5 of one experiment 
was obtained from at least three succeeding sets, 
which differed less than 5% from each other and for 
which the conditions of eq. (10) were met. The pseudo- 
first-order overall reaction rate constant k,, can be 
calculated from this absorption rate constant, pro- 
vided m,-,, and D,, are known. 

RESULTS AND DISCUSSION 

The physicochemical properties needed to interpret 
the kinetic experiments are the density, the viscosity, 
the solubility and the diffusivity of CO2 in solutions of 
DEA in aqueous ETG at 298 K. Literature data on 
these properties are insufficient or not available and, 
therefore, a comprehensive set of experiments has 
been performed to determine these properties at our 
specific conditions. The results of these investigations 
have been reported recently by Oyevaar et al. (1988~). 
In the present study we use the resulting empirical 
correlations for the different physicochemical proper- 
ties, as reported by Oyevaar et al. (1988~). 

Liquid phase mass transfer coeficient 
As shown in the previous sections we need io know 

the liquid phase mass transfer coefficient kL in order to 
check whether during a kinetic experiment the condi- 
tions of eq. (10) were met. To this end physical absorp- 
tion experiments of CO, into aqueous ETG at 298 K 
were carried out in the stirred cell reactors. These 
experiments were performed with a flat gas-liquid 
interface in the middle of the second and third stirrer 
and thus with two stirrers in the liquid phase. Solvents 
with ETG contents of 0,20,40,60,80 and 100 mass % 
were used and the agitation rates varied between 0.25 
and 1 rps. 

The same experimental procedure as described by 
Versteeg et al. (1987) was followed for the physical 
absorption experiments. The partial pressure PC,,*, in 
the gas phase of a stirred cell reactor as a function of 
time follows from an nonstationary mass balance and 
is given by 

= _ mcoz K + VG 

v, v, 
k,A,t. 

(21) 
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Pressure readings were taken at constant time inter- 
vals by the microcomputer and the data were pro- 
cessed in the similar way as for a kinetic experiment. 
The liquid phase mass transfer coefficients were evalu- 
ated on the basis of eq. (21) from the slopes of a 

ln C(&,., - ~~~~~~~~~~~~~~~~~~ - Pw,,.,)~-time plot. 
The values of k, in different aqueous ETG solvents 

are plotted vs the agitation rate in Fig. 3. The experi- 
mental data have been fitted by means of a least- 
squares method. The correlations of k, with the 
agitation rate N are given in Table 3. The liquid phase 
mass transfer coefficients in solutions with ETG con- 
tents of up to 60 mass % can be described with 
relations of the kind 

k - ~0.72 
Z,- (22) 

The exponent 0.72 is exactly the same as the exponent 
in the relation between k, and N as found by Versteeg 

5 

T 
kilo5 

mls 

I 

1 

.l 

.05 

et al. (1987). These authors worked in a stirred cell 
reactor of nearly similar geometry as used in the 
present work and determined liquid phase mass trans- 
fer coefficients of CO, and N,O in water and aqueous 
alkanolamine solutions, respectively. The exponent 
from the present study is also of the same order as the 
value of 0.7 found in an agitated vessel with a flat 
interface by Hikita and lshikawa (1969) for liquid 
phase mass transfer coefficients of CO, in aqueous 
glycerol solvents_ 

Contrary to this it can be seen in Fig. 3 that the 
liquid phase mass transfer coefficients for CO2 in 
aqueous ETG solvents with an ETG content equal to 
80 and 100 mass % exhibit a stronger and different 
dependence on the agitation rate. The results for k, in 
these two solvents also showed a larger scatter in 
comparison to the results in the other four ETG 
solvents with lower viscosities. The experimental ac- 

I 

.2 .5 1 2 

N 
--__) 

l/s 

Fig. 3. Liquid phase mass transfer coeflicients of CO, in aqueous ETG at 298 K vs agitation rate in a stirred 
cell reactor. 

Table 3. Relations for the liquid phase mass transfer coefkient CO, in 
aqueous ETG at 298 K 

ETG% 
(mass %) 

k, 
(m/s) 

0 0.89 2.71 x 10-5N0.73 
20 1.35 1.61 x 1O-s No-72 
40 2.23 1 11 

0:73 
x 10-5No~72 

z 3.94 x 10-5N0.73 
8.18 (-jjo x 10-S N’I.55 + I.JBl0SNB 

100 16.93 0 28 X lo-” N’l.69 + 1.60,‘WN) 
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curacy of the determination of k, in these two solu- 
tions is smaller than in the ETG solvents with an ETG 
content smaller than 60 mass %. This is caused by the 
very low absorption rates at higher viscosities and 
the consequently extremely long times to reach equi- 
librium. 

Reaction kinetics 
In five separate sets of kinetic experiments CO1 was 

absorbed into solutions of DEA in solvents with 
different ETG contents. These experiments were per- 
formed with a flat gas-liquid interface in the middle of 
the second and third stirrer blade and thus with two 
stirrers immersed in the liquid phase. The ETG con- 
tents of the solvents were equal to 20, 40, 60, 80 and 
100 mass %, respectively. The DEA concentrations 
ranged from 400 to 2500 mol/m3 and the water con- 
centrations from 500 to 45,000 mol/m3. The initial 
CO2 partial pressures in the gas phase of the stirred 
cell reactors ranged from 20 to 50 kPa. The DEA 
conversions were always larger than 1% and ranged 
up to 15% for some experimental conditions. In all 
the kinetic experiments the absorption rate constants 
were evaluated at CO, partial pressures and liquid 
phase mass transfer coefficients for which the condi- 
tions of the pseudo-first-order reaction regime, as 
given in eq. (lo), were fulfilled. 

Infiuence ofthe agitation rate. According to eq. (15) 
the absorption rate should be independent of the 
magnitude of k, and consequently should not be 
influenced by the hydrodynamics of the liquid phase, 
if the conditions of eq. (10) are met. In order to check 
whether the absorption rates of CO, into solutions of 
DEA in aqueous ETG are really not affected, meas- 
urements were taken at various agitation rates in’all 
the ETG solvents. 

Absorption rates of CO, into solvents with an ETG 
content of 20,40 and 60 mass % were determined at 
two agitation rates of 0.50 and 0.83 rps, respectively, 

for the two solutions with the highest, and lowest DEA 
concentration. The absorption rates in solvents with 
ETG contents of 20 and 40 mass % were not affected. 
However, a small influence of the agitation rate could 
be observed for solutions of DEA in solvents with an 
ETG content equal to 60 mass %. The absorption 
rates into these solutions were significantly lO-15% 
higher at the highest agitation rate of 0.83 rps. 

The influence of the agitation rate on the absorp- 
tion rates was thoroughly investigated in solutions 
of DEA in a solvent with an ETG content of 100 
mass %, because these solutions have the highest 
viscosities. If any effect of the agitation rate on the 
absorption rate should occur, this effect should be 
most pronounced in these solutions. Measurements 
were taken for solutions with various DEA concen- 
trations at three different agitation rates of 0.50, 0.83 
and 1.25 rps, respectively. Some characteristic results, 
obtained at DEA concentrations of 0.921 and 
1.834 mol/kg, are presented in Fig. 4. It can be seen 
from Fig. 4 that the absorption rate constants increase 
with an increase in the agitation rate from 0.50 to 
0.83 rps and are not influenced by a further increase in 
the agitation rate from 0.83 to 1.25 rps. The same 
results were obtained for solutions with other DEA 
concentrations. 

The agitation rate, therefore, affects the absorption 
rates in the highly viscous solutions only at agitation 
rates below 0.83 rps. This may be caused by the 
reversibility of the reaction between CO2 and DEA. 
Such an effect is more pronounced at high Ha and 
thus at low agitation rates [see Versteeg and van 
Swaaij (1988)], and will be further discussed in the 
next sections. At agitation rates above 0.83 rps the 
absorption rates in highly viscous solutions are not 
influenced by the hydrodynamics of the liquid phase. 
The same conclusion could be drawn for solutions of 
DEA in a solvent with an ETG content of 80 mass %, 
where absorption rate measurements at agitation 
rates Iof 0.83 and 1.25 rps showed no influence of the 
agitation rate at all. 

.33 SO .67 -83 1.0 1.17 1.33 

N 
--- 

l/S 

Fig. 4. Absorption rate constants for the absorption of CO, in solutions of DEA in aqueous ETG at 298 K 
with an ETG content of 100 mass % vs the agitation rate. 
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All the kinetic results reported in the next sections 
of this study are determined at agitation rates for 
which the absorption rate is not influenced by the 
hydrodynamics of the liquid phase (see Table 4). This 
justifies the use of eq. (15) for the evaluation of 
the absorption rate constants from these kinetic 
experiments. 

Results of the kinetic experiments. The results of the 
five separate sets of kinetic experiments in solutions of 
DEA in different ETG solvents at 298 K are presented 
in Table 5. Most of the absorption rate constants 

~o,(k&‘co,)“.5, as given in Table 5, are averaged 
results from at least three individual kinetic experi- 
ments at one particular DEA concentration, The re- 
producibility of the individual kinetic experiments 
was always within 7%. The overall reaction rate 
constants k,, as evaluated from the absorption rate 
constants ~2(k,Dco,)o~S. are also given in Table 5. 

The apparent reaction orders in DEA for the reac- 
tion with CO, in the different ETG solvents, as de- 
rived from the experimental results of this study, are 
presented in Table 6. Also the data of Versteeg and 
Oyevaar (1989) for the same reaction in pure water at 
298 K are given in Table 6. The apparent reaction 
orders in DEA remain practically constant over the 
whole range of water and ETG concentrations ap- 
plied in the present study. The value of the apparent 
reaction order for the reaction in ETG solvents at 
298 K varies between 1.6 and 1.75, which is in agree- 
ment with the apparent reaction order (1.6-1.7) in 
pure water found by Versteeg and Oyevaar (1989). 

The contribution of the bicarbonate formation 
reaction [see eq. (2)], to the overall reaction rate 
constant k,, can be estimated from eqs (3) and (13). 
The hydroxyl ion concentration, which depends on 
both the liquid phase composition and the temper- 
ature, must be known in order to estimate this contri- 
bution Recently, Oyevaar et al. (1988) presented an 
equilibrium model together with new experimental 
data on the equilibrium constants for the reactions 
that occur in solutions of DEA in aqueous ETG 
solvents at 298 K. The liquid phase composition and 
thus the hydroxyl ion concentrations at 298 K can be 
calculated with this model if the CO,-liquid load, the 
DEA concentration and the water concentration are 
known. 

Table 4. Experimental range of the 
agitation rates 

ETG% 
(mass %) (1:) 

20 0.50-0.83 
40 0.50-0.83 
60 0.83 
80 0.83-1.25 

100 0X3-1.25 

Some specific results on the absorption rate con- 
stants at different hydroxyl ion concentrations for 
solutions of DEA in a solvent with an ETG content of 
100 mass % are presented in Table 7. The hydroxyl 
ion concentrations were changed by using different 
initial partial pressures of CO2 and by the use of DEA 
solutions pre-loaded with CO,. The hydroxyl ion 
concentrations, as given in Table 7, were calculated 
with the aid of the equilibrium model, as presented by 
Oyevaar et al. (1989b), and their equilibrium con- 
stants for solutions with an ETG content of 80 mass 
%. The contribution of the bicarbonate formation 
reaction to the overall reaction rate constant k, for 
these hydroxyl ion concentrations, as calculated from 
eqs (3) and (13), always amounts to less than 1%. 

This contribution has also been evaluated numeri- 
cally for the highest and lowest DEA concentrations 
and conversions in all the ETG solvents. It appeared 
that the contribution of the bicarbonate formation 
reaction to the overall reaction rate constant k, was 
always below 2% and can therefore be neglected in 
the evaluation of all the kinetic experiments. This 
means that in eq. (13) the apparent reaction rate 
constant k,,, can be. considered equal to the overall 
reaction rate constant k,,. The equilibrium calcu- 
lations also showed that the free DEA concentrations 
can be evaluated from the total CO, and DEA con- 
centrations according to the overall reaction in eq. (1) 
with an error of less than 4%. 

The absorption rate constants for the absorption of 
CO, into solutions of DEA in aqueous ETG with an 
ETG content of 100 mass % from Table 7 are plotted 
in Fig. 5. It can be seen from Fig. 5 that within the 
experimental accuracy of these experiments it is not 
possible to determine accurately the contribution of 
the hydroxyl ions to the deprotonation step of the 
zwitterion in eq. (5). Experiments in solutions of DEA 
in all the other ETG solvents resulted in the same 
observation. 

Therefore, the same conclusions hold for the reac- 
tion between CO, and DEA in aqueous ETG solvents 
as in water at 298 K with respect to the influence of 
the hydroxyl ions on both the determination and the 
evaluation of the kinetic experiments: 

(1) The contribution of the bicarbonate formation 
reaction to the overall reaction rate constant k,, 
can be neglected. 

(2) The contribution of the hydroxyl ions to the 
deprotonation of the zwitterion cannot be de- 
termined within the experimental accuracy. 

The kinetic results can thus be evaluated with the aid 
of eq. (7) without any correction in the evaluated 
overall reaction rate constants for the bicarbonate 
formation and without a contribution of OH - to the 
deprotonation step. 

Interpretation of the kinetic results. A preliminary 
study of the kinetic results for the reaction between 
COs and DEA in aqueous ETG solvents showed that 
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Table 5. Experimental data for the overall reaction rate constant k,, of the reaction between CO, 
and DEA in aqueous ETG at 298 K 

ETG% CHZO. L =D,?A.L.free 
ntm,,/kwb, 

(mass %) ( x 10-3mol/mJ) ( x 10-3mol/m3) ( Y lo4 m/s) 

19.77 43.81 0.420 
19.61 42.65 0.686 
19.52 42.03 0.856 
19.33 40.83 1.115 
19.33 40.80 1.160 
19.08 39.3 1 1.509 
19.05 39.15 1.555 
18-85 37.99 1.866 
18.83 37.92 1.894 
18.64 36.88 2.144 
18.63 36.85 2.183 

39.56 33.82 0.406 
39.37 33.32 0.601 
38.72 31.75 1.162 
38.29 30.8 1 1.498 
37.81 29.84 1.863 
37.71 29.64 1.940 
37.44 29.14 2.111 
37.33 28.93 2.219 

59.38 23.27 0.387 1.13 44 
59.08 22.98 0.616 1.76 112 
58.73 22.67 0.825 2.20 186 
58.17 22.19 1.161 2.75 321 
57.55 21.70 1.502 3.12 457 
56.17 20.73 2.240 4.33 1092 
55.60 20.36 2.499 4.42 1235 

79.22 12.17 0.409 0.90 31 
78.55 12.17 0.746 1.43 87 
78.28 12.17 0.863 1.52 102 
77.81 12.17 1.102 1.97 183 
76.97 12.16 1.476 2.43 309 
76.91 12.16 1.493 2.19 253 
76.67 12.16 1.610 2.28 283 
76.11 12.16 1.834 2.46 354 
75.92 12.16 1.908 2.68 426 
75.70 12.16 2.037 2.67 436 
74.68 12.15 2.379 3.01 618 
74.50 12.15 2.439 2.95 608 

99.07 0.62 0.395 0.75 
98.84 0.77 0.433 0.75 
98.60 0.9 1 0.610 1.07 
98.23 1.14 0.739 1.13 
97.62 1.49 0.983 1.35 
96.29 2.22 1.496 1.81 
94.76 2.96 2.006 2.25 
93.96 3.32 2.258 2.37 
93.79 3.40 2.319 2.30 
91.11 4.46 3:047 2.57 

24 
24 
53 
61 
92 

185 
326 
387 
368 
560 

2.70 
4.01 
4.49 
5.50 
5.59 
6.59 
6.58 
7.31 
7.26 
7.50 
7.63 

115 
281 
373 
619 
641 

1005 
1017 
1375 
1363 
1573 
1630 

1.87 89 
2.60 181 
3.92 491 
5.01 892 
5.16 1052 
5.21 1097 
6.03 1554 
6.00 1574 

Table 6. Apparent reaction orders in DEA for the 
reaction with CO, in aqueous ETG at 298 K 

Reference 
ETG% 

(mass %) Order 

Versteeg (1988) 0 1.65 
Present work 20 1.62 
Present work 2 1.65 
Present work 1.76 
Present work 80 1.66 
Present work 100 1.59 

also the contribution of water to the deprotonation of 
the zwitterion was small and could not be determined 
accurately due to the small variations of the water 
concentrations in one series of experiments. There- 
fore, the results of each set of kinetic experiments are 
interpreted with the zwitterion mechanism without 
the water contribution, resulting in 

k 
IIDEAl 

.PP = 1 1 * 

r+ 2 k&:,, WEAl 
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The experimental results have been fitted with the 
apparent reaction rate constants k,,, and by means of 
a linear regression method, which minimizes the sum 
of the least squares. The optimal values obtained for 
k2 and kgEA are presented in Table 8. The results for 
the reaction between CO2 and DEA in water at 298 K 
as found by Versteeg and Oyevaar (1989) are also 
presented in Table 8. The optimal values for k, and 
kg,, are very accurate. In Fig. 6 the experimental data 
are compared to the values calculated with the opti- 
mal parameters: at all DEA concentrations the experi- 
mental results deviate less than 12% from the calcu- 
lated values of k,,,. 

The individual values of the second-order reaction 
rate constant k, and of the kinetic constant kgEA are 
plotted in Fig. 7. The value of k, in solutions of DEA 
in solvents with an ETG content of 20, 40 and 60 
mass % is a factor 2.5 smaller than the value of 
3.24 m3/mol s for water and decreases further to 
0.27 m3/mol s for aqueous ETG with an ETG content 
of 100 mass %. The kinetic constant kg,* remains 
constant around a value of 7.0 m6/mo12 s in ETG 
solvents with an ETG content up to 40 mass % and 
for higher ETG contents decreases rather sharply to a 
value of around 2.0 m6/mo12 s. 

The ratio kDEA/k- 1, which represents the ratio of 
the rate constant of the deprotonation to the first- 
order rate constant of the reverse reaction, can be 
calculated by combination of the values of k, and 

&A. The values for these ratios are also given in 
Table 8 and plotted in Fig. 8. From the constant 
apparent reaction rate orders in DEA given in Table 6 
it could be expected that the ratio k,,,/ k _ 1 does not 
show a clear dependence on the ETG content and 
varies around a value of 4 m3/mol. 

ZnJluence of the reversibility. For the interpretation 
of the kinetic experiments it has been assumed that 
the mass transfer of CO2 in the stirred cells can be 
described as absorption of a gas phase component 
into a liquid in which an irreversible reaction occurs 
with a liquid phase component. Actually the reaction 
between CO, and DEA is not irreversible and there- 
fore the influence of the reversibility of the reaction on 
the mass transfer rate has to be checked. To this end 
we calculated mole fluxes with the model for mass 
transfer with an equilibrium reaction as developed by 
Versteeg and van Swaaij (1988) and Versteeg et al. 
(1989). 

The data on the reverse reaction have been evalu- 
ated from the equilibrium constants as presented by 
Oyevaar et al. (1989b), who reported that in aqueous 
ETG solvents the reversibility of the reaction between 
CO, and DEA increases with increasing ETG con- 
tent. For the solvent with an ETG content of 80 mass 
% the reversibility is most pronounced. In order to 
check for possible reversibility effects a worst-case 
analysis was made for this solvent for two DEA 
concentrations of 500 and 2500mol/m3 and two 
CO,-liquid loads of 0.01 and 0.10, which represent 
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Fig. 5. Absorption rate constants for the absorption of CO, in solutions of DEA in aqueous ETG at 298 K 
with an ETG content of 100 mass % vs DEA concentration. 
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Fig. 6. Experimental data and the calculated overall reaction rate constants for the reaction between CO1 
and DEA in aqueous ETG at 298 K vs free DEA concentration. 

Table 8. Kinetic parameters for the reaction between CO, and DEA in aqueous ETG at 298 K 

Reference 
ETG % 

(mass %) 

Versteeg (1988d) 0 
Present work 20 
Present work 40 
Present work 60 
Present work 80 
Present work 100 

4 
(mj/mol s) 

3.24 7.07 X 10-d 1.71 x 10-e 2.18 
1.35 8.12 x 1O-4 6.01 
1.26 6.33 x 1O-4 5.02 
t.28 3.15 x 10-d 2.46 
0.48 2.00 X lo-* 4.17 
0.27 1.75 x 10-d 6.48 

k,koa,lk- I 

(m”/mo12 s) 
kAzo/k- I 

(m6/mo12 s) 
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Fig. 7. Kinetic parameters for the reaction between CO, and DEA in aqueous ETG at 298 K vs ETG mass 
percentage. 
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Fig. 8. Ratio of reaction rate constant for the deprotonation and first-order rate constant for the reverse 
reaction vs ETG mass percentage. 

the experimental range and correspond to DEA con- fulfilled. However, Fig. 9 shows that due to the re- 
versions of 2 and 20%, respectively. In Fig. 9 the versibility of the reaction the deviation from the line 
calculated enhancement factors for the equilibrium Eco, = Ha, indicating that diffusion limitation of 
reaction at Pco2.0 = 3 kPa, according to the penetra- DEA occurs, starts at lower Ha. The maximum en- 
tion model, are plotted together with the en- hancement factor E,, for the reversible reaction is 
hancement factor for the pseudo-first-order irrevers- about a factor 2 smaller than that for the irreversible 
ible reaction regime vs Ha. The values for the diffusiv- reaction, E,,, m. This effect of the reversibility has to 
ities, the solubilities and the overall equilibrium con- be taken into account in the evaluation of the experi- 
stant as used in the calculations are also given in mental kinetic parameters for this gas-liquid system 
Fig. 9. [see also Versteeg et al. (1989)]. 

According to eq. (12) the enhancement factors for For DEA in aqueous ETG solvents with an ETG 
an instantaneous irreversible reaction Ecol, m equal content of 80 mass % it can be concluded from the 
177, 144,2012 and 1643 for the two DEA concentra- results in Fig. 9 that the deviation from EC,, = Ha is 
tions at the two different conversion levels. For the always smaller than 18% if the partial pressure of 
experimental ranges of Ha from the present study in CO, is kept lower than 3 kPa. In all the experiments 
Fig. 9 it can be concluded that, if the reaction between this condition is amply fulfilled due to the continuous 
CO, and DEA was irreversible, the conditions of decrease in partial pressure of CO,: an influence of 
eq. (10) for the pseudo-first-order reaction regime are the reversibility on the kinetic results can therefore be 
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Fig. 9. Enhancement factor vs Ha for the reaction between CO, and DEA in an aqueous ETG solution with 
an ETG content of 80 mass % and at 298 K. 
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Fig. 10. Experimental data olvthe absorption rate constants of CO, in solutions of DEA in aqueous ETG at 
298 K vs free DEA concentration. The line has been calculated with eq. (24). 

excluded. The results also indicate that for higher transfer rate should therefore always be studied when 
partial pressures of CO2 large errors can be expected gas absorption experiments with CO,-alkanolamine 
if the reversibility of the reaction is not taken into systems and with other reversible reaction systems are 
account. The influence of the reversibility on the mass carried out. 
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Table 9. Empirical correlation for the absorption rate constants of CO, in solutions of DEA 
in aqueous ETG at 298 Kt 

T 
Ha 

I 

)“co.JK (m/s) = 2.15 x lo-” + 1.86 x 10e4x - 3.41 x 10V5y - 1.64 x 10m52 

- 3.93 x 1O-5~2 + 1.27 x lo-‘y’ - 3.28 x lo-‘2’ (24) 

t%EA.L.frcc = s2.5 mol/kg and ETG% = 2&100 mass %; x e cDEA, L.Trcc in mol/kg, 
y = ETG mass percentage and z = cHIo,L in mol/kg. 

6 

3- I mesh. ag. reactor : IDEA. ,_ - 1 moWg 

a bubble column :cDEA,L=2moVkg 

L 
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510 3 
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Fig. 11. Ha as calculated vs liquid viscosity for the reaction 
between CO, and DEA in aqueous ETG solvents at 298 K. 

The stronger reversibility of the reaction between 
CO2 and DEA in solvents with a larger ETG content 
also may cause an influence of the agitation rate on 
the absorption rate constants in these solvents, as 
reported before in this study. The liquid phase mass 
transfer coefficients k, increase with increasing aglta- 
tion rate and thus Ha decrease. This may lead to 
smaller deviations from E = Ha and to higher 
absorption rate constants with increasing agitation 
rate for solutions in which the reversibility has to be 
taken into account. 

In gas-liquid contactors like a mechanically agit- 
ated reactor and a bubble column the liquid phase 
mass transfer coefficients k, are usually a factor IO 
larger than those measured in these stirred cell re- 
actors [see also Westerterp et al. (1984)]. Therefore, it 
can be concluded that for the determination of inter- 
facial areas in these contactors by means of absorp- 
tion of COz into solutions of DEA in aqueous ETG at 
298 K no influence of the reversibility occurs at partial 
pressures of CO, below 3 kPa, provided Ha remains 
higher than 2. 

DISCUSSION 

Oyevaar et al. (1988b, 1989a) showed that the 
interfacial areas in gas-liquid contactors can be evalu- 
ated without knowledge of the exact values of the 
parameters +,, k,, and DCOz, provided the condi- 
tions of eq. (10) for the pseudo-first-order reaction 

regime are fulfilled. In that case the value of the 
absorption rate constant mcOl(k,DC01)o-5 determined 
in a kinetic experiment can be used directly, thus 
avoiding cumulative errors arising from calculation, 
measurement and estimation of the separate para- 
meter values. 

Therefore we have correlated all experimentally 
determined values of ~,(k0,Dco,)o-5 with the water 
and DEA concentrations and with the ETG content, 
resulting in the relation of eq. (24) in Table 9, which 
has been obtained by means of a least-squares 
method. The relation is compared to the experimental 
results in Fig. 10; the agreement between the predicted 
and the experimental values is satisfactory and always 
within 10%. The correlation in eq. (24) can therefore 
be used for the calculation of ~2(k,,Dcol)o~5 at 
298 K in absorption experiments of CO, in solutions 
of DEA in aqueous ETG solvents with an ETG 
content between 20 and 100 mass %. 

For the determination of interfacial areas by the 
chemical method Ha must be larger than 2. For a 
mechanically agitated reactor and a bubble column 
we took k, in water at 298 K to be equal to 2 x 10e4 
and 4 x 10e4 m/s [see Oyevaar et al. (1988b, 1989a)]. 
Further we assumed k, to be proportional to & Os, 
as discussed in the first part of this study. The calcu- 
lated Ha for solutions with DEA concentrations of 1 
and 2 mol/kg as applied by us for the determination of 
interfacial areas at low viscosities in these two contac- 
tors [see also Oyevaar et al. (1988b, 1989a)], are 
presented in Fig. 11 in which Ha is plotted vs the 
viscosities of the solutions. It can be seen that Ha 
varies between 3.9 and 4.6 and is more or less 
independent of the liquid viscosity. Therefore, it can 
be concluded that the reaction between CO1 and 
DEA in aqueous ETG solvents at 298 K can be used 
for the determination of the interfacial areas at higher 
viscosities in gas-liquid contactors. 

CONCLUSIONS 
This study on the kinetics of the reaction between 

CO, and DEA in aqueous ETG solvents at 298 K 
leads to the following conclusions: 

(1) The kinetics of the reaction between CO, and 
DEA in aqueous ETG solvents at 298 K can be 
described by the zwitterion mechanism of 
Caplow (1968) over the complete composition 
range of ETG and water. 
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(2) The contribution of the Hz0 and OH- to the 
deprotonation of the zwitterion could not be 
determined accurately. 

(3) The kinetic parameters as evaluated for the 
zwitterion mechanism without the contribu- 
tions of the H,O and OH- exhibit deviations of 
less than 12% from the experimental reaction 
rate constants. 

(4) Calculations with the numerical model for mass 
transfer with an equilibrium reaction as pre- 
sented by Versteeg et al. (1988) demonstrated 
that the evaluation of the kinetic parameters 
from the kinetic experiments is not influenced 
by the reversibility of the reaction between CO, 
and DEA. The influence of the reversibility on 
the mass transfer rate can be neglected for par- 
tial pressures of CO* below 3 kPa. 

(5) The reaction between CO, and DEA in aque- 
ous ETG solvents at 298 K can be used for the 
determination of interfacial areas in gas-liquid 

contactors at higher viscosities. 

(6) A best-fit relation with a deviation of less than 

10% has been obtained for the absorption rate 
constants ~02(kovDc02)0~5 in solutions of DEA 
and in aqueous ETG at 298 K. 

Summing up we can conclude that the gas-liquid 
reaction between CO2 and DEA in aqueous ETG at 
298 K is suitable for the determination of interfacial 
areas at higher viscosities. 

Acknowledgements-The investigations were supported by 
the Netherlands Foundation for Chemical Research with 
financial aid from the Netherlands Organization for the 
Advancement of Scientific Research. The authors acknow- 
ledge V. Coffa, A. Willemse, S. Abdelkadir and W. Lengton 
for their assistance and contribution to the experimental 
work. They also acknowledge G. F. Versteeg for his sugges- 
tions and the use of his numerical programs. 

A 

B 

Zl 
d 
E 
E co% m 

Ha 

k, 
k” 

k-1 

k, 

k =lm 
k, 

NOTATION 

gas-liquid interface, m* 
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PEG polyethyleneglycol 
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Hatta number [eq. (1 l)] 
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in eq. (Z), m3/mol s 
first-order reaction rate constant for back- 
ward reaction in eq. (4), l/s 
second-order reaction rate constant for 
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