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In the present work the absorption of carbon dioxide in 1000 mol m~3 N-methyldiethanolamine (MDEA)
solutions with and without enzyme has been studied in a stirred cell reactor in the temperature range
278-343K and enzyme concentrations ranging from 0 to 1600 gm~3. During this study a new type of
carbonic anhydrase has been tested: the evolved tetrameric enzyme GS6-046. The kinetic data from the
new enzyme has been compared to the kinetic data obtained with the thermostable CA mutant 5X and
the new enzyme showed a faster kinetics towards the CO, hydration in combination with MDEA.

The experimental kinetic data from the evolved CA at the temperatures 278, 288 and 313 K resulted
in a temperature dependent equation for the enzymatic rate constant kj, ,. In the temperature range
278-313K, this equation predicts k;zo within an accuracy of 30%. However, at 343 K the measured k*HZO
is significantly overestimated.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Aqueous solutions of amines are frequently used for the removal
of acid gases, such as carbon dioxide (CO;,) and hydrogen sulfide
(H3S), from a variety of gas streams. In particular, aqueous solutions
of alkanolamines and blends of alkanolamines are widely applied in
gas treating (Kohl and Nielsen, 1997). An example is the combina-
tion of N-methyldiethanolamine (MDEA) and monoethanolamine
(MEA). Here the advantage of MEA, fast reacting primary alka-
nolamine and the lower regeneration temperature of MDEA are
combined. However, this combination has a large disadvantage:
the MEA is consumed during the reactive absorption. In order to
maintain the positive effect, the use of a catalyst is preferable.

The enzyme carbonic anhydrase (CA), which is present in almost
all living organisms, is a very efficient catalyst for the interconver-
sion between CO, and HCO; (Lindskog and Silverman, 2000). Due
to its fast kinetics and the fact that it uses CO, as substrate, this
enzyme has attracted the attention in CO, capture technologies
(Cowan et al., 2003; Favre et al., 2009; Lu et al., 2011; Savile and
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Lalonde, 2011; Russo et al., 2013). However, the naturally derived
enzyme is not stable in the conditions in CO, capture processes.
By modification e.g. directed evolution (Alvizo et al., 2014), more
stable enzymes have been created that can be used in the capture
processes.

Penders-van Elk et al. (2013, 2015) derived a simplified mech-
anistic model for the enzymatic CO, absorption. However for
amines, this model is only valid at 298 K. In the present work,
the influence of the temperature on the enzymatic CO, absorption
kinetics in 1000 mol m~3 MDEA solutions is investigated.

2. Theoretical background
2.1. Mass transfer

The absorption of gas A into a liquid is generally described by
a.0. (Westerterp et al., 1984):
q
Cac — ,,%L
AT 1
ko T mAkiEs

(1)

For a system consisting of a pure gas and assuming ideal gas
behaviour and a freshly prepared and therefore lean liquid (C4) =
0), Eq. (1) can be simplified to:

Py
Ja= mAkLEAﬁ (2)
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Notation

AL surface area of G/L interface (m?2)

Ca concentration of A (molm—3)

Dy diffusion coefficient of A (m2s-1)

Ex enhancement factor of A (-)

Ja flux of A(molm=2s-1)

k1 first order reaction rate constant (s—1)
ko second order reaction rate constant (m3 mol-!s-1)
kL liquid side mass transfer coefficient (ms—1)
kov overall reaction rate constant (s~1)
my G/L distribution coefficient of A (-)

P pressure (Pa)

R gas constant (8.314J mol~1 K1)

I reaction rate of A (molm=—3s-1)

T temperature (K)

t time (s)

1% volume (m3)

Va reaction order of A

Subscripts

0 initial

Am amine

eq equilibrium

G gas phase

inf infinite

L liquid phase

vap vapour

The chemical enhancement factor, E4, is a function of the so-called
Hatta number. When the absorption occurs in the first order regime
and Ha > 2, the enhancement factor equals the Hatta number:

\/ k1D,
E,; = Ha 174 (3)

- kL

For reactions different from the simple first-order reaction, the
process can be considered in the pseudo-first order regime when
next criterion is fulfilled:

2 < Ha <« Ejy¢ (4)

where Ej is the infinite enhancement factor. For irreversible reac-
tions the infinite enhancement factor is defined as (van Swaaij and
Versteeg, 1992):

DAm CAm RT
Dp vam maPp

Ein,=1+ (5)

2.2. Kinetics

When carbon dioxide is absorbed in an aqueous solution
containing MDEA, following three reactions occur parallel and
simultaneously:

e Reaction I - with MDEA (Versteeg and van Swaaij, 1988a; Littel
et al., 1990; Benamor and Aroua, 2007)

CO; + R3N + H,0 = HCO; + R3NH*

e Reaction II - with hydroxide ion (Pinsent et al., 1956; Pohorecki
and Moniuk, 1988)

CO, + OH™ = HCOj

e Reaction IIl — with water (Pinsent et al., 1956; Kern, 1960)

CO, + 2H,0 = HCO3 + H30*

The overall forward reaction rate constant, kgy, is determined
by the contributions of each of these three reactions, whose kinetic
rate expression is usually given as follows:

e Reaction I:

Rco,,1 = kamCamCco, = kzmCeo, (6)

e Reaction II:

Rco,.11 = konCoy- Ceo, = koyCeo, (7)

e Reaction III:

Reo,,m = kn,0Cco, = kiy,0Ceo, (8)

In the absence of any mass transfer limitations, the overall for-
ward pseudo-first order reaction rate constant is defined as the sum
of these rates divided by the concentration of carbon dioxide.

kov = Kym + kop + Kig0 (9)

In the presence of the enzyme carbonic anhydrase the reaction
mechanism is extended with the following “wheel of reactions”
(Lindskog and Silverman, 2000; Larachi, 2010):

EZnOHCO,
Co,

EZnOH
EZnHCO;

H'EZnOH" HEG
n EZnH,0

S~_

The base used during enzyme regeneration can either be the car-
bonate ion, the hydroxide ion, the alkanolamine or even the during
the reaction formed bicarbonate ion (Larachi, 2010). In the latter
case, carbon dioxide and water are released as protonated base.

In the presence of the enzyme carbonic anhydrase, reaction III
is the most important reaction during absorption of carbon diox-
ide into aqueous MDEA solutions (Penders-van Elk et al., 2012). It
is common to define reaction III, CO, hydration, as a pseudo-first
order reaction, thus zeroth order in water, assuming that the water
concentration does not change (Kern, 1960). However, this reac-
tion is actually a second order reaction (Wang et al., 2010). This was
confirmed by Penders-van Elk et al. (2012) in the determination of
the enzyme kinetics over a wide range of water concentrations. For
the enzymatic CO, hydration the water concentration is no longer a
constant, so it is no longer valid to assume pseudo-first order kinet-
ics for reaction III. Therefore, next equation should be used for the
kinetic rate expression:

Reo,,m = kn,0Chy0Ceo, = ki, oCco, (10)

And the forward reaction rate constant for the enzyme catalysed
reaction is calculated as:

K _ kOV, with enzyme — kOV, without enzyme (1 1 )
H2 (0] CHZ o
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Fig. 1. Schematic drawing of the experimental set-up.

Eq. (11) is only valid if the experiments are in the pseudo-first
order regime for all reactions involved.

The following empirical equation describes the relation
between kl’ilzo and the enzyme concentration (Penders-van Elk
etal., 2013):

k*CE
* 3-Enz

12
<H20 1 kZCEnz ( )

3. Materials and Methods
3.1. Materials

3.1.1. Experimental setup

All absorption experiments have been performed in a ther-
mostatted stirred cell type reactor operated with a smooth and
horizontal gas-liquid interface. The reactor was connected to two
gas supply vessels filled with carbon dioxide or nitrous oxide
from gas cylinders. Both the reactor and gas supply vessels were
equipped with digital pressure transducers and PT-100 thermo-
couples. The measured signals were recorded in a computer. The
pressure transducers connected to the stirred cell reactors were
Ashcroft pressure transducers (range 0-2.5 bara) and the gas supply
vessel was equipped with an Ashcroft pressure transducer (range
0-10bara). A schematic drawing of the experimental set-up is
shown in Fig. 1.

3.1.2. Chemicals

The N-methyldiethanolamine used for the preparation of the
aqueous solutions had a purity of >99% and it was used as supplied
by Aldrich. The enzyme used an evolved form of a tetrameric (4 unit)
enzyme developed by Codexis named GS6-046. All solutions were
prepared with deminaralised water. The carbon dioxide (>99.9%)
and nitrous oxide (99.5%) were obtained from Air Liquide.

3.2. Method

The measurements of the N,O or CO, absorption into aqueous
MDEA in presence or absence of the enzyme were performed in
batch mode with respect to both liquid and gas phase. In a typ-
ical experiment approximately 500 ml solution with the desired
composition was added to the reactor. The system was evacu-
ated to remove inerts from the solution. Then it was allowed to
equilibrate at the desired temperature and the vapour pressure
(Pvap) was recorded. Also the pressure and temperature in the gas

supply vessel were recorded. Then a predetermined amount of N, O
or CO, was fed to the reactor from the gas bomb to obtain a desired
pressure in the reactor (Pg) and then the stirrer (approx. 100 rpm)
was turned on at such a speed that the flat gas-liquid interface
was maintained. The decrease in total pressure was recorded. By
subtracting the solution’s vapour pressure from the total pres-
sure, the partial pressure for N,O or CO, is obtained. At the end
of the experiment the final pressure in the reactor (Peq) together
with the pressure and temperature in the gas supply vessel were
recorded.

The experiments have been performed with aqueous MDEA
solutions at 278, 288, 298, 313 and 343 K respectively. The MDEA
concentration for all experiments was 1000 mol m—3, as previous
study (Penders-van Elk et al., 2012) showed that the concen-
tration of MDEA has no effect on the reaction rate constants.
The enzyme concentration has been varied between 0 and
1.6kgm3.

3.2.1. Overall forward kinetic rate constant
For a pseudo-first order reaction, a carbon dioxide balance over
the gas phase in combination with Eqgs. (2) and (3) yields:

dIn Pco2

AcLMco
—dr :—\/kOVDcosz (13)

Typically, a plot of the natural logarithm of the carbon dioxide
partial pressure versus time will yield a straight line with a con-
stant slope, from which the overall kinetic rate constant, koy can
be determined, once the required physico-chemical constants are
known.

3.2.2. Distribution coefficient

If possible, literature correlations are used to calculate the distri-
bution coefficient of nitrous oxide for 1000 mol m—3 MDEA solution
(Al-Ghawash et al., 1989; Wang et al., 1992). However, at 278 and
343 K the distribution coefficient had to be determined experimen-
tally. Therefore, N,O absorption experiments were performed at
these temperatures. The distribution coefficient was calculated as:

C]_) RT Py —Peq Vg
m=|— == — . — 14
(CG eq He Peq 7P\/ap VL ( )

With the CO,-N,0 analogy the distribution coefficients for car-
bon dioxide were obtained.

MN,0,MDEA

15
MN,0,water (15)

Mco, , MDEA = M(CO,,water
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Table 1

Distribution coefficient of nitrous oxide for the experimental conditions.
Temperature (K) MmN, ompEA (-) Ref.
278 1.00 This study
288 0.77 Al-Ghawash et al. (1989)
298 0.586 Wang et al. (1992)
313 0.43 Wang et al. (1992)
343 0.225 This study

The ratio of the solubility of CO, in water over N,O in water
was calculated with the correlation developed by Versteeg and van
Swaaij (1988b):

240

=3.04- exp <_T) (16)

Mmco, ,water
MN,0,water

The distribution coefficients as used in the evaluation of the
experiments are listed in Table 1.

3.2.3. Diffusion coefficient

The diffusion coefficient of carbon dioxide is estimated from
the solution’s viscosity using the Stokes—Einstein relationship
(Versteeg and van Swaaij, 1988b):

0.8
Dco,, mpea = Dco,, water (Lm’am ) (17)
TIMDEA

The diffusion coefficient of carbon dioxide in water was calcu-
lated using the correlation given by Jamal (2002). The viscosity of
water was taken from Perry’s Chemical Engineers’ Handbook (Perry
et al., 1997). The viscosity of the MDEA solutions was calculated
using the correlations given by Al-Ghawash et al. (1989).

4. Results
4.1. 278K

CO, absorption experiments have been performed with
1000 mol m—3 MDEA solutions at 278 K with CA mutant GS6-046.

The enzyme concentration has been varied from 0 to 1.6kgm3.
The results of these experiments presented in Fig. 2.

0.05 T T T T T

0.045 b

9 o0.02f 3 1
O =)
5.

0.015} ]

001} B ]

0.005} B :

B : : ‘ : : , ,
o 02 04 06 08 1 12 14 16

(kg m™)

Enzyme

Fig. 2. The results of experiments performed with the evolved tetrameric enzyme
GS6-046 at 278 K.
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200 T T T T T

180 J

160

140

120

100

0 . . . . .
0 1 2 3 4 5 6

1/c m3kg™)

Enzyme

Fig. 3. The linearised results of experiments performed at 278 K. The line represents
the trend line for the results with the enzyme GS6-046.

By taking the double reciprocal of Eq. (12), the empirical corre-
lation for k’lilzo is linearised, resulting in:

1 11k
kl’jlzo Tk Cenz K

(18)

From the linearised results for k;jlzo presented in Fig. 3 kj

and k; have been determined to be 0.039 m® mol~!kg~1s~! and
0.78 m3 kg1 respectively.

4.2. 288K

At 288K, CO, absorption experiments were performed with only
the enzyme GS6-046 in the concentration range 0-1.6 kgm—3. The
results of these experiments are presented in Fig. 4.

From the linearised results for kj;,, presented in Fig. 5 kj and
k; are determined to be 0.045 m® mol~! kg1 s~! and 0.67 m3 kg~!
respectively.

0.05 T T T T T

0.045

0.04 b

0.035 21

0.031

0.025 i

- 3 -1 -1
kHzo (m“mol™ " s7)
m

0.015

0.011

0.005

0 L L I L L L L
0 0.2 0.4 0.6 0.8 1 1.2 14 1.6
-3

CEnzyme (kg m™)

Fig. 4. The results of experiments with the evolved tetrameric enzyme GS6-046
performed at 288 K.
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Fig.5. The linearised results of experiments performed at 288 K. The line represents
the trend line.

4.3. 298K

At 298K, only up to an enzyme concentration of 0.8 kg m—3
experiments were performed. The results of these experiments are
presented in Fig. 6.

From the linearised results for kj;,, presented in Fig. 7 k5 and
k; are determined to be 0.061 m® mol~!kg~!s~! and 0.94 m3 kg~!
respectively. Because of the small enzyme concentration range
these determined k% and kj will not be used in further analysis
due to the relative large uncertainty in the values.

4.4. 313K

At 313K, CO, absorption experiments were performed with CA
mutant GS6-046 in the enzyme concentration range 0-1.6 kg m3.
The results of these experiments are presented in Fig. 8.

From the linearised results for kj;,, presented in Fig. 9 k% and
k; are determined to be 0.058 m® mol~! kg1 s~ and 0.77 m3 kg~!
respectively.

0.05 T T T T T

0.045 b

0.04 b

0.035 b

0.031

0.025 i

- 3 -1 -1
kHzo (m“mol™ " s7)

0 1 1 I 1 1 I 1
0 0.2 0.4 0.6 0.8 1 1.2 14 1.6

(kg m™)

CEnzyme

Fig. 6. The results of experiments with the evolved tetrameric enzyme GS6-046
performed at 298 K.
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Fig. 7. The linearised results of experiments performed at 298 K. The dotted line
represents the trend line.
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Fig. 8. The results of experiments with the evolved tetrameric enzyme GS6-046
performed at 313 K.

200 T T T T T

180 J

160 J

140+ :

120 b

(mol s m‘a)

100

80

K20

60

40

20

1/c m3kg™)

Enzyme

Fig.9. The linearised results of experiments performed at 313 K. The line represents
the trend line.
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Fig. 10. The results of experiments with the evolved tetrameric enzyme GS6-046

performed at 343 K.
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Fig. 11. The linearised results of experiments performed at 343 K. The line repre-
sents the trend line.
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Fig. 12. The rate constant for the enzyme catalysed CO, hydration for CA mutant
5X and for the evolved tetrameric enzyme GS6-046 at 298 K.
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Fig. 13. Arrhenius plot for the kinetic constant k.
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Fig. 14. Arrhenius plot for the kinetic constant k.

4.5. 343K

At 343K, only up to an enzyme concentration of 0.8 kgm3
experiments were performed. The results of these experiments are
presented in Fig. 10.

From the linearised results for k;:lzo presented in Fig. 11 k% and

k; are determined to be 0.063m° mol~!kg~!s~! and 1.1 m3 kg~!
respectively. Because of the small enzyme concentration range
these k% and k they will not be used in further analysis due to
the relative large uncertainty in the values.

5. Discussion
5.1. CA mutant 5X vs. evolved tetrameric CA GS6-046

In order to see if previous experimental data obtained with the
CA mutant 5X (Penders-van Elk et al., 2012, 2013) can be used
to expand the limited range of this studies experiments at 298 K,
the experimental results have to be compared with respect to
kl’ilzo. This comparison shows that the CA mutant 5X has a slower
CO, hydration kinetics than the evolved enzyme GS6-046 used in
this study (see Fig. 12). Therefore the data from previous studies
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cannot be used in this analysis of the influence of temperature on
the enzyme catalysed CO, hydration kinetics.

5.2. Influence of temperature

Now the results for the kinetic constants of k5 and kj for the
evolved tetrameric enzyme GS6-046 are known, their dependency
on the temperature can be determined. In this determination only
data obtained at 278, 288 and 313 K has been used. Figs. 13 and14
show the Arrhenius plots for k% and k} together with the trend lines,
respectively. The trend lines can be described with following two
equations:

k3 =1.3exp (ﬂ) (19)

k; = 0.74 (20)

0.05 T T T T T T T

0.045 1

0.04 1

0.035 1

-1
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Fig. 17. The turnover factor as function of the temperature calculated at three
enzyme concentrations.

Substituting above equations in Eq. (12) gives:

1.3exp (ﬂ) Cenz
1+0.74 - Cgy;

At the temperatures used in the fit, this equation predicts the
measured k;ﬁlzo for the enzyme GS6-046 within an accuracy of 20%
(see Fig. 15), with an average deviation of 6%.

According to Eq. (19) kj should be 0.050 m® mol~!kg="s~! at
298K and 0.076 m® mol~! kg~1s~1 at 343 K, while according to Eq.
(20) k; is 074 m3 kg~ for both temperatures. Substitution of these
values for the kinetic constants into Eq. (12) shows that the mea-
sured k}*~l20 at298 Kisonaverage 15% underestimated while at 343 K
it is on average 36% overestimated (see Fig. 16). An explanation
for this last observation might be that some kind of denaturation
occurred at 343K. Due to the limited available amount of the
enzyme GS6-046 no experiments were performed to validate this
statement.

Kio = (21)

6. Towards application

As mentioned in the theoretical background, the enzyme catal-
yses reaction III, the CO, hydration. Based on the data presented
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Fig. 16. The measured and predicted k;zo at the temperatures: (left) at 298 K and (right) at 343 K.
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Fig. 18. The enhancement factor as function of the temperature calculated for solutions with (left) 1000 mol m~—3 MDEA in combination with three enzyme concentrations
and (right) three MDEA concentrations in combination with an enzyme concentration of 1kgm~3.

by amongst others Faurholt (1924), Stadie and O’Brien (1933),
Brinkman et al. (1934), Kiese and Hastings (1940), Mills and Urey
(1940), Roughton (1941), Pinsent et al. (1956), Welch et al. (1969),
Johnson (1982), Soli and Byrne (2002), Wang et al. (2010), the fol-
lowing equation has been derived for the temperature dependency
of the uncatalysed reaction rate constant ky,o:

—8590)

22
= (22)
This equation is only valid in the temperature range 273-316 K.
To demonstrate the influence of temperature on the efficiency
of the enzyme during the CO, hydration, the turnover factor and
the enhancement factor are introduced:

ki, 0(T) = 1.94-10° . exp (

x
ToF — RC02 hydration, with enzyme _ kHZO (23)
RC02 hydration, without enzyme kHZO
*
EF — Rco,, with enzyme _ kHZOCHzo (24)
Rco,, without enzyme knvpeaCvpDEA

The results of the calculated turnover factor at various enzyme
concentrations and temperatures, presented in Fig. 17, show that
the turnover factor increases with increasing enzyme concentra-
tion, and decreases with increasing temperature.

The results of the calculated enhancement factor at various
enzyme and MDEA concentrations and temperatures, presented in
Fig. 18, show that the enhancement factor decreases with increas-
ing temperature. Due to the relative fast kinetics of the more
concentrated MDEA solution and due to the fact that k*HZO is
independent of the MDEA concentration, the enhancement factor
decreases with increasing MDEA concentration even though the
enzyme concentration is increased. Furthermore, Fig. 18 shows that
at temperatures over 320 K the influence of the temperature on the
enhancement factor is no longer significant, meaning that the rate
of the uncatalysed CO, absorption in MDEA is in the same order of
magnitude as the rate of the enzyme catalysed CO, absorption.

7. Conclusions

The kinetics of CO, with a 1000 mol m~3 MDEA solution in pres-
ence of the evolved tetrameric enzyme GS6-046, has been studied
in the temperature range 278-343 K. The relation derived from the
kinetic data of the enzyme GS6-046 at the temperatures 278, 288
and 313 K described the all measurements performed in the tem-
perature range 278-313 K within 30% accuracy. However, at 343 K,

the measured kinetics are on average 36% overestimated. The most
likely explanation might be partial denaturation of the enzyme
GS6-046 occurred at 343 K. However, due to the limited available
amount of the enzyme this statement has not been verified.

When applying enzyme in the absorption process, the absorp-
tion is most enhanced at low temperatures. Because the enzyme
kinetics is less temperature dependent than the kinetics of the
otherreactions, the enhancement obtained by applying the enzyme
decreases with increasing temperatures. Over the temperature
range 278-333K the enhancement factor decreased from 600 to
45 for a 1000 mol m—3 MDEA solution with 1 kg m~3 enzyme. Thus,
there is no need for a more temperature stable enzyme than the
enzyme GS6-046 used in this research. To increase the lifetime of
the enzyme, it is more important to look for techniques to sepa-
rate the enzyme from the solvent before it enters the desorber for
regeneration.
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