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Abstract

A general method, using a thermogravimetric balance, has been developed for determining the rate of enzyme reactions
that involve loss of a volatile co-product in the presence of an involatile product, the method requiring only small amounts
of both substrate and enzyme. Following our interest in enzyme mediated polyester formation, the method was developed
using theCandida antarctica lipase B catalysed reaction of various diols with adipic acid or monoethyl adipate (MEAA)
to form polyesters and water or ethanol, respectively. The reactions were shown to be first order in enzyme concentration.
1,4-Butanediol was found to be too volatile for accurate rate determination, but the volatilities of 1,6-hexanediol and poly-
tetramethylene diol (PTMEG 650) were sufficiently low for reaction rates to be determined bet@Jf&01,6-hexanediol
and 140 C with PTMEG 650. AlthougiCandida antarctica lipase B is a thermozyme it does show significant degradation
of reaction rate above 13C. Arrhenius parameters for the reaction of 1,6-hexanediol with adipic acid and MEAA confirm
that the enzyme has a distinct preference for reaction with ester rather than carboxylic acid groups.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction Enzymatic reactions are usually characterised by
their initial reaction rate, thus if substantial reaction
Thermogravimetric analysis (TGA) techniques occurs while the sample is being heated to the desired
have a number of advantages that are relevant totemperature the results obtained will be inaccurate.
the study of any enzyme mediated reaction where a TGA measurements are usually made under a
weight loss or gain may be expected. They use small dry, inert atmosphere with an accurately controlled
sample weights (10-40mg), especially beneficial gas flow. This is particularly useful, as the volatile
when enzymes are unavailable in large quantities; the co-products may be removed by entrainment, thus
temperature can be controlled more accurately than enhancing the forward reaction.
by almost any other technique and most importantly ~ One major disadvantage with TGA instruments is
for rate studies, the chosen reaction temperature canthat there is no provision for stirring the sample during
be attained very quickly. the reaction; therefore, studies where mass transfer
is important cannot be carried out. However, if the
enzyme can be readily incorporated into the sample,
* Corresponding author. Fax:44-1772892996. this is not a major problem, as interest is usually in
E-mail address: 106674.2272@compuserve.com (A. Taylor). the pre-diffusion controlled stages of the reaction.
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TGA techniques appeared to be ideally suited to 2. Experimental
monitoring the synthesis of esters by direct esterifica-
tion or transesterification as they can produce volatile ~ The 1,4-butanediol was dried over molecular sieves,
co-products such as water or an alcohol. 1,6-hexanediol and PTMEG 650 were stored in a
One of the problems specific to enzymatic reactions desiccator over phosphorus pentoxide and then pre-
is that different enzymes contain differing amounts heated to 110C under a dry nitrogen flow for 5min
of water and each enzyme requires different amounts in the TGA to remove traces of water. The TGA mea-
of water in order to functiorfl]. The actual water  surements were carried out in a Shimadzu TGA 50
requirement is usually specified as the thermodynamic thermogravimetric balance, which has a sensitivity of
water equivalent that gives the optimum activity of the £0.5pg, a detection limit of Jug and can maintain
enzyme. the temperature to withig-0.1°C.
Typically, lipase enzymes require a lower water ac-
tivity than other enzyme&andida antarctica lipase B 2.1. General method
has been shown to require very little water, in order to
function[2]. Therefore, we were optimistic that resid- The sample (20-28) of diol, or diol + acid, or
ual water in the enzyme would not have a significant diol + acid + enzyme was weighed accurately in
effect on our measurements nor would the low water a standard sized aluminium pan (6 mm diameter

environment have an adverse effect on the activity of 1.5mm deep). An accurately controlled flow rate of

the enzyme. _ 50 mimin~t of dry nitrogen was used for all experi-
The enzyme catalysed synthesis of polyesters wasments and heating rates were generaft%nin—* up
demonstrated originally using the lipase frorhi- to the desired reaction temperature, where the tem-

zomucor miehei [3]. Subsequent work used the immo-  perature was maintained isothermal (03 until
bilised lipase B fromCandida antarctica (Novozyme the rate began to “tail off”.

435™), this was found to be a superior catalyst both

in terms of activity and recyclabilityj4], also the 2.1.1. Measurement of reaction rates

polyesters produced usin@andida antarctica lipase Although several experimental protocols were

B were found to have physical properties such as evaluated, the preferred method was to prepare an

molecular weight distribution, crystallinity and melt accurately known concentration of the acid in the

viscosity that were significantly different from their  diol. Approximately 25mg (accurately weighed on

analogues produced by conventional high temperaturethe TGA) of the acid/diol solution was placed in the

polymerisation. TGA pan and the sample heated to°&Din the TGA
Candida antarctica lipase B is an enzyme with a  oven. The oven was opened and the finely powdered,

remarkable range of activity in diverse biotransfor- lyophilised enzyme was added to the solution ensur-

mations[5], it had been shown to be a very efficient ing that no lumps were present. The weight of the

polyester catalyst without the need for a solvent, which enzyme added was noted and the temperature was

had obvious appeal in an industrial procés raised quickly to the reaction temperature. Reaction
The polyesterification reactions of the diols started as soon as the temperature reachetC55

1,4-butanediol and 1,6-hexanediol and polytetram- Weight loss with time was recorded.

ethylene ether glycol (PTMEG) with adipic acid were

used to evaluate the utility of TGA for following such

reactions. Furthermore, knowledge of the effects of 3. Results and discussion

temperature on the enzymatic synthesis of polyesters

would allow us to determine the greatest practica- Several problems, some general and some specific

ble acceleration feasible by increasing the reaction to the system, have to be considered when using the

temperature. In addition, at higher temperatures, the TGA to follow reaction rates. To obtain consistent,

viscosity of the reactants would decrease and we reproducible results for removal of the water of reac-

would expect higher molecular weight polymers to tion by passing dry nitrogen over the sample, the flow

result as their viscosity would be less rate limiting. rate had to be maintained withih2% of the optimum
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Table 1 35
Volatility of 1,4-butanediol, 1,6-hexanediol and PTMEG 650 at

-~ 30
relevant temperatures 2 /
- 1 g 25
Volatility (g min~1) & //
20
50°C  60°C  70°C  80°C  90°C 3 e
s 15
1,4-Butanediol 25 100 16.0 5 é—/
0.4 M adipic acid in 2.5 9.8 :3; 10 /"
1,4-butanediol =
1,6-Hexanediol 0.0 2.0 4.0 10.5 20.5
1,6-hexanediol B S
PTMEG 650 0.0 0.0 0.0 0.0 0.0

Fig. 1. Effect of enzyme concentration on the rate of reaction of
adipic acid with 1,6-hexanediol at 6@ for acid concentrations
of: (M) 1.14, 0.75moldm® and @) 0.4 moldnt3,

50 mlmin~?® or differences in the rate of removal of

water could be observed. The surface area to volume

ratio of the sample also affected the rate of removel The effect of varying the concentration Gandida

of water. However, both of these problem were eas- antarctica lipase B on the rate of the polyesterifica-
ily solved as the Shimadzu TGA 50 has an accurate tion reaction was determined using 1.14, 0.75 and
gas flow control system and it uses standardised alu- 0.4 moldnT2 solutions of adipic acid in 1,6-hexa-
minium pans, which are of closely matched size, shape nediol at 60°C. The results are shown Fig. 1.

and mass so that the surface area of the sample can From the dataifrig. 1it becomes obvious that there
be fixed. The sample volume was maintained between is a non-linear change of rate with concentration, as
20 and 25ul, if the sample volume were increased to would be expected from Michaelis Menten kinetics.
about 4Qul then the longer diffusion path resulted in The data for the 1.14 moldni solution of adipic

a measurable reduction in the rate of removal of water acid was analysed using the Enzfitter curve-fitting pro-

from the sample. gram [7]. The Marquardt—Levenberg algorithm was
Although the 1,4-butanediol and 1,6-hexanediol used to obtain the best fit and to give the analysis of
substrates have boiling points of 208 and 2385 re- variance. The fitted data are shownTable 2. The

spectively, they still had significant volatility in the curve of best fit to the experimental data was used to
flow of nitrogen at 60—70C. Significant diol weight give the predicted weight loss.
loss compared to the weight loss due to water removal The analysis of variance gave a correlation coeffi-
had an adverse effect on the accuracy of the method:; cient, R? of 0.998. On examination of the fitted data it
therefore, the rate of weight loss from dried samples is important to note that the largest percentage resid-
of 1,4-butanediol, 1,6-hexanediol and polytetram- uals (difference between the observed values and the
ethylene diol (PTMEG 650, where 650 represents the predicted values) are at the lower end of the enzyme
averageM,) was determined both from neat samples concentration. This is understandable because with
and from samples containing dissolved adipic acid. lower weights of enzyme the overall sensitivity of the
The weight losses measured are showrirable 1. instrument is lower and minor oscillations of the bal-
From these results it was concluded that the volatility ance made it difficult to determine the exact weight of
of 1,4-butanediol was too high, even at“€D where enzyme added. Thus, the optimum weight of enzyme
reaction begins, for accurate rate determination, thus for accurate measurement of the reaction kinetics was
work continued with the less volatile 1,6-hexanediol between 200 and 5Q0gy. The correlation coefficients
and the almost non-volatile PTMEG 650. for 0.75 and 0.4 moldm?® solutions were 0.98 and
These weight loss rates were used as correction fac-0.97, respectively. These results indicate that the reac-
tors deducted from the observed weight loss in the tion rate as measured by water loss is first order with
relevant experiments. respect to the amount of enzyme present.
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Table 2

Statistical analysis of the effect of enzyme concentration on the rate of reaction of 1.14 noadipic acid with 1,6-hexanediol at 6C
Amount of Observed water Predicted water Residual Residual (%)
enzyme (mg) los$ (g min~1) loss (wg mim?)

0.043 2.7 2.4346 0.2654 9.83
0.099 5.4 5.5931 —0.1931 —3.58

0.1 6.6 5.6494 0.9506 14.40
0.16 9 9.0181 —0.0181 —0.20

0.17 9.3 9.5781 —0.2781 —2.99
0.175 10 9.8579 0.1421 1.42
0.295 16.3 16.541 —0.2412 —1.48
0.382 211 21.348 —0.2483 —-1.18
0.518 29 28.799 0.201 0.69

aThe correction factor for 1,6-hexanediol loss wagsgamin=2.

The effect of varying temperature on the rate of re- At temperatures higher than 7Q the volatility of the
action of adipic acid and MEAA with 1,6-hexanediol, 1,6-hexanediol became a problem, for example, the
were studied to determine the activation energies of correction factor at 80C was 10.5.g min—1, greater
the rate controlling steps. Normally there is a narrow than the typical weight loss per minute due to water
window between the lowest temperature at which formed in the reaction, i.e. 5-3@ min—2. Such large
activity is observed and the temperature at which correction factors render the results unreliable, thus,
degradation of the protein starts to occur, but in the only rates at 60 and 7@ were observed, although
case ofCandida antarctica lipase B this window is  the errors will be high these give an approximgte
larger than with most other enzymes as it is a ther- of 23kJ mot .
mozyme [8]. However, other factors, such as the The reaction of the half-ester MEAA with
melting point of the solutions (~50C), do limit the 1,6-hexanediol was studied, while the problems as-
temperature range over which reaction rates can besociated with the volatility of the diol still applied,
observed. the freezing point of the solutions was approximately

As the reaction is used commercia[§], the pre- 40°C. Also the reactivity of the ester and thé of
ferred system on which to base the rate/temperaturethe volatile product, ethanol, were such that meaning-
studies was the reaction of adipic acid with 1,6- ful weight losses could be observed. The reaction of
hexanediol. The melting point of the adipic acid solu- a 0.4 moldnt2 solution of MEAA in 1,6-hexanediol
tions in 1,6-hexanediol is approximately 80 and no was carried out at 50, 55 and 80 and the results
reliable onset of reaction was observed below G8 are presented imable 3.

Table 3

The reaction of 0.4 moldm? MEAA with 1,6-hexanediol between 50 and 8D

Temperature °C) Enzyme (mg), 100% protein Weight 18sg1g min—1) Rate of reaction (umol mint mg=1)
50 0.293 12.4 2.35
50 0.298 125 2.33
50 0.174 7.6 2.42
55 0.140 6.5 2.58
55 0.187 8.7 2.58
55 0.134 6.5 2.69
60 0.106 5.8 3.04
60 0.271 14.0 2.87
60 0.163 8.3 2.83

aCorrection factors for loss of 1,6-hexanediol at°8) Opug min~1; at 55°C, 1pgmin~! and at 60C, 2ug min 1.
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Table 4

Calculation of activation energy by Arrhenius plot

Temperature °C) UT (K) x 1073 Rate (wmolmimlmg1) Rate constant (K) InK
50 3.10 2.37 14.8 2.69
55 3.05 2.62 16.4 2.8

60 3.00 291 18.2 291

Arrhenius plot of MEAA + 1,6-hexanediol

3
2.9
—~—]
2.8 T ——
M ——
£ 327 T ——
2.6
2.5
298 3 302 304 306 3.8 3.1 312
1/ Kx1073

Fig. 2. Arrhenius plot for the reaction of MEAA- 1.6-hexanediol.

These results were plotted as an Arrhenius plot as whereK is the rate constant\ the pre-exponential

shown inTable 4andFig. 2. frequency factork, the activation energyR the gas
The Arrhenius equation governs the effect of tem- constant and is the temperature (in K).
perature on the rate of a reaction as showEdn (1). The slope of the plot was.P2 x 103K, there-

Eq. (2)is the equation for a straight line plot, there- fore, the activation energy is 18.3 kJ mélcompared
fore, the activation energl, can be calculated from  to the activation energy of 23 kJ mdifor the esterifi-

the slope of the graph. cation of the diol by the adipic acid. The only diol that
£ does not have an appreciable weight loss at elevated
INK=InA—- =2 (1) temperature is the 650 molecular weight polytetram-

ethylene ether diol (PTMEG 650). Therefore, the rate
of reaction of a 0.4 mol dr? solution of adipic acid

Ea 1
INK=1InA— R =T 2) in PTMEG 650 was determined at 60, 70 and®80
Table 5

Reaction of 0.4 moldm? adipic acid and PTMEG 650 between 60 and®80

Temperature°C) Enzyme (mg), 100% protein Weight 1dsgLg min~1) Rate of reaction (wmol mint mg—1)
60 0.212 8.1 2.13

60 0.054 21 2.22

60 0.139 5.8 2.28

70 0.139 7.1 2.82

70 0.117 5.3 2.70

70 0.155 7.2 2.79

80 0.078 8.3 3.72

80 0.182 10.5 3.30

80 0.108 8.3 4.29

aNo correction factor required for weight loss of PTMEG 650.
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Table 6

Calculation of activation energy by Arrhenius plot

Temperature°C) UT (K) x 1073 Rate (wmolmimlmg1) Rate constant (K) InK
60 3.0 2.2 13.7 2.6
70 29 2.8 175 29
80 2.8 3.8 23.8 3.2

Because of an earlier observation of declining rates
above 80°C, only the first 10 min of the reactions were
considered. The results are givenTable 5.

The results were converted for an Arrhenius plot as
shown inTable 6.

The slope of the plot of the above data (Fig. 3)
was 30 x 103K, giving an activation energy of
24.9kJmot?, reasonably close to the approximate
activation energy determined for the reaction of the
enzyme in 1,6-hexanediol (23 kJ md).

In all experiments there was a significant stoi-
chiometric excess of hydroxyl over acid and only
the initial reaction rates were recorded, therefore we
were confident that the reaction we were observ-
ing was, in fact, predominantly the acylation of the
enzyme. Therefore, the activation energy of the acy-
lation of the enzyme by adipic acid is measured as
24.9kJmot?l, whereas that of the acylation by the
monoester is 18.3 kJ mot. The measurement of the
activation energy of the monoester reaction undoubt-
edly contains a contribution from the acylation of
some of the enzyme by the monocarboxylic acid end
group, therefore, it is only possible to say that the
activation energy for the ester acylation reaction is

less than 18.3kJ mot. The activation energy of the
transesterification reaction appears to be significantly
less than that of the acid acylation reaction; the acy-
lation by the ester will be the preferred reaction. This
is as expected because the acylation of the enzyme
by the ester involves a nucleophilic substitution with
a facile leaving group, whereas acylation by the acid
is an acid base reaction that is usually much slower.

BecauseCandida antarctica lipase B is a ther-
mozyme, the activity of the enzyme at high temper-
atures is of interest for two reasons: it is important to
know the upper limits of useful activity for this en-
zyme and it is necessary that any enzyme remaining
in the product at the end of the process be deactivated
thermally, as traces of residual enzyme could lead to
hydrolysis of the product at room temperature.

The degree of denaturation of the enzyme was de-
termined between 110 and 140 with 0.8 mol dnT3
adipic acid in PTMEG 650. The enzyme used in
these experiments waSandida antarctica lipase B
supported on acrylic beads, sold as Novozyme 435.
The results obtained are shownTable 7.

It is apparent that the enzyme retains some activ-
ity at these elevated temperatures and that 130=@40

Arrhenius plot of MEAA + 1,6-hexanediol

3.4
3.2

3
2.8 T~

InK

2.6

2.4
2.2

2.75 2.8 2.85

2.9

295 3 3.05

/. Kx10?

Fig. 3. Arrhenius plot for the reaction of adipic acid and PTMEG 650.
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Table 7

The reaction of 0.8 moldm? adipic acid with PTMEG 650 at elevated temperatures

Enzyme (mg) Temperature °C) Weight los§ (g min~1) Rate of reaction (umol mint mg—1)
2.152 110 15.0 0.39
1.892 110 17.0 0.50
1.702 110 18 0.59
1.914 120 28.0 0.81
2.073 120 26.5 0.71
3.322 130 20.9 0.35
1.989 130 10.7 0.3
2.411 140 4.3 0.10
1.884 140 0 0

2No correction factor required for weight loss of PTMEG 650.

appears to be the point at which activity is lost. How- Acknowledgements

ever, these are initial rates, no attempt was made to

determine how long the enzyme remained active at Novo AS Copenhagen for the supply Gandida
these temperatures, or if it could be recycled and re- antarctica lipase B and Baxenden Chemicals Ltd., Ac-
main active after exposure to these temperatures. crington, UK, who sponsored the work.
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