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Abstract

The equilibrium constant for the lipase-catalyzed transesterification reaction (benzyl alcohol+ butyl acetate= benzyl acetate+ 1-butanol),
using supercritical carbon dioxide (SCCO2) as the solvent, has been measured as a function of temperature (T = 303.15 to 318.15 K) at the
pressurep = 10.0 MPa. AtT = 298.15 K, the equilibrium constantK = 0.238± 0.020 and the standard molar Gibbs energy change�rG

◦
m =

3.56± 0.22 kJ mol−1; the values for the standard molar enthalpy and standard molar entropy changes�rH
◦
m and�rS

◦
m, respectively, are zero

within experimental error. The value of the equilibrium constant for this reaction in SCCO2 was compared with values determined by carrying
out the reaction in organic solvents. A time course study of this reaction has also been carried out in supercritical carbon dioxide,n-hexane,
toluene, and neat media (no solvent added) at the temperatureT = 303.15 K. The time course data show that the reaction proceeds more
rapidly in SCCO2 media than in the other three solvent systems and also that the reaction is at or near equilibrium within 3 h in the SCCO2

solvent system. However, the value of the equilibrium constant for the reaction carried out in SCCO2 is ≈30% smaller than the values of the
equilibrium constants for the reactions carried out in hexane and toluene. Some advantages of the use of supercritical carbon dioxide as a
solvent for enzyme-catalyzed reactions are discussed.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Lipases are of interest to the food and pharmaceutical in-
dustries because they are widely used to catalyze a number of
important reactions[1,2]. Many of these reactions are carried
out in non-aqueous media. However, when an organic sol-
vent is used for the synthesis of a drug or food product, addi-
tional steps may be required for removal of residual solvent
to meet the stringent requirements of the U.S. Food and Drug
Administration[3]. During the past 20 years, supercritical
carbon dioxide (SCCO2) [4–9]has increasingly been investi-
gated as an alternative solvent for biochemical reactions and

∗ Corresponding author. Tel.:+1-301-975-2583;
fax: +1-301-330-3447.

E-mail addresses:yadu.tewari@nist.gov (Y.B. Tewari),
toshihide.ihara@nist.gov (T. Ihara), karen.phinney@nist.gov
(K.W. Phinney), mpmayhew@biocatalytics.com (M.P. Mayhew).

these studies have documented the advantages that SCCO2
has over commonly used organic solvents (e.g. hexane).
Specifically, carbon dioxide is non-toxic, non-flammable,
available in abundance, and is environmentally friendly and
recyclable. The low viscosity and high diffusivity of SCCO2
also serve to provide favorable mass transfer properties. It is
now possible to design the synthesis of a compound via en-
zyme catalysis in SCCO2 media, followed by the supercriti-
cal fluid extraction for separation of the reaction products. In
the near future, biocatalysis in supercritical CO2 media could
become the preferable route for synthesis and separation
of drug intermediates. There are several publications deal-
ing with enzyme-catalyzed reactions in SCCO2 [6,7,9–13].
Also, a number of studies[7,8,10,14]have reported an in-
creased enantioselectivity of lipase-catalyzed reactions in
SCCO2 media compared to organic solvents. However, the
amount of rate data is limited for certain lipase-catalyzed
reactions and there are no thermodynamic results for any of
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these reactions in supercritical CO2 media. This thermody-
namic information is essential for both process design and
optimization.

In previous publications[15–20] we have dealt with
the thermodynamics of lipase-catalyzed reaction in non-
aqueous solvents. In this study, equilibrium measure-
ments for the following reaction were carried out in
SCCO2

Benzyl alcohol(soln) + butyl acetate(soln)

= benzyl acetate(soln) + 1 − butanol(soln). (1)

Here, “soln” denotes that the solvent is a non-aqueous so-
lution such as supercritical carbon dioxide. The equilibrium
constant for this reaction was measured in SCCO2 as a func-
tion of temperature at the pressurep= 10.0 MPa. The results
were then used to calculate the equilibrium constantK, the
standard molar Gibbs energy�rG

◦
m, enthalpy�rH

◦
m, and

entropy�rS
◦
m changes for this reaction atT = 298.15 K. To

the best of our knowledge, this is the first thermodynamic
study dealing with an enzyme-catalyzed reaction in super-
critical fluid media. In addition, time course studies of this
reaction have been carried out inn-hexane, toluene, SCCO2
media, and in a solution without any solvent (the neat reac-
tion mixture). The results show that under similar conditions
the rate of reaction is faster in SCCO2 than in organic sol-
vents and also that the system reaches equilibrium faster in
SCCO2 media than in the other solvents. This confirms the
findings of other workers[7,21], who also reported higher
reaction rates in SCCO2 media compared to the reaction rate
in hexane.

2. Experimental

2.1. Materials

The substances used in this study, their Chemical Ab-
stract Service (CAS) registry numbers, empirical formulas,
molar masses, sources, and purity were reported previously
[15]. The benzyl acetate used in this study was purchased
from TCI America1; its mole fraction purity was >0.99. The
solvents used in this study were toluene andn-hexane with
mole fraction purities >0.99. The enzyme used in this study
was lipase (E.C. 3.1.1.3) fromCandida antarcticain the
form of a lyophilized powder described earlier[15]. Car-
bon dioxide (SFC grade) was from Scott Specialty Gases,
Plumsteadville, PA.

1 Certain commercial equipment, instruments, or materials are identi-
fied in this paper to specify the experimental procedures adequately. Such
identification is not intended to imply recommendation or endorsement
by the National Institute of Standards and Technology, nor is it intended
to imply that the materials or equipment identified are necessarily the
best available for the purpose.

2.2. Chromatography

The analysis of the reactants and products was carried
out with an HP 5890 gas chromatograph equipped with a
flame ionization detector and a fused silica Phenomenex
ZB-FFAP capillary column (30 m long, 0.53 mm i.d.). The
method used for the quantitative analysis of the substrates
and products was similar to the method described previously
[15]. The injector and detector temperatures were 250 and
270◦C, respectively, and the head pressure of the helium
carrier gas was 283 kPa. The initial column temperature of
60◦C was held for 3 min and then raised to 240◦C at a
rate of 20 K min−1 and held at 240◦C for 15 min. The sub-
stance 1-decanoic acid was used as an internal standard for
the quantitative determination of the compounds involved
in this reaction. Thus, a standard solution of benzyl alco-
hol, benzyl acetate, 1-butanol, butyl acetate, and 1-decanoic
acid was prepared gravimetrically inn-heptane and the ra-
tios of their response factors were determined with reference
to 1-decanoic acid. The retention times of butyl acetate, 1-
butanol, benzyl acetate, benzyl alcohol, and 1-decanoic acid
were, respectively, 2.41, 3.44, 8.40, 9.21, and 11.01 min. The
response factor ratios of 1-butanol, butyl acetate, benzyl al-
cohol, and benzyl acetate with reference to 1-decanoic acid
were 2.80± 0.08, 2.10± 0.06, 1.38± 0.04 , and 1.25±
0.04, respectively.

2.3. Supercritical fluid chromatograph

A modified supercritical fluid chromatograph (Hewlett
Packard Model G1205A, Wilmington, DE), equipped with
a temperature-controlled oven module, was used for carry-
ing out the reaction in SCCO2 media. The chromatographic
system was modified by replacing the chromatographic
column with a reaction vessel, which was connected via
2 three-way valves. One valve was used to isolate the re-
action vessel from the rest of the system once the desired
pressure was achieved. The second valve was used to re-
lease the CO2 after completion of the reaction. The batch
reactor vessel used in this study was similar to the reactor
described by Hartmann et al.[8]. The reactor was fabri-
cated from stainless steel at the National Institute of Stan-
dards and Technology. The reaction vessel had a volume
of 15 ml and was sealed via a neoprene O-ring to a cover
that had HPLC connections (outer diameter= 0.159 cm
= 0.0625 in.) in it. The reaction vessel was tested for
tightness up to a pressure of 25 MPa and no leaks were
observed.

2.4. Time course studies

A forward stock solution of an equimolar mixture of butyl
acetate and benzyl alcohol{butyl acetate= 4.45 mol (kg
soln)−1 and benzyl alcohol= 4.47 mol (kg soln)−1} was
prepared and used for all rate measurements. For the rate
studies inn-hexane and toluene,≈0.20 g of forward stock
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solution,≈0.010 g of lipase, and 15 ml of solvent were added
to a vial, and capped. This solution was placed in a ther-
mostatted shaker bath at 30◦C (±0.05◦C) and allowed to
react for a specified period of time. A clear portion of the
reaction mixture (0.20–0.30 mL) was removed from the re-
action mixture by using a syringe. This solution,≈ 100�L
of internal standard solution{1-decanoic acid inn-heptane,
concentrationc = 0.3646 mol (kg soln)−1}, and 10 ml ofn-
hexane were added to a vial, which was then capped tightly.
The removal of a clear portion of the reaction mixture serves
to remove the insoluble lipase from the reaction mixture
and thus to freeze the concentrations of the reactants and
products. The masses of all the aforementioned solutions
were determined gravimetrically. The samples were then
analyzed for 1-butanol, butyl acetate, benzyl alcohol, and
benzyl acetate by using the GC method described above.
The concentration of each substrate involved in the reac-
tion was determined from its chromatographic peak area,
its response factor ratio with reference to the peak area
of the internal standard substance, 1-decanoic acid, which
had a known concentration. In performing our calculations,
we used a concentration which was expressed as mol (kg
soln)−1 and which was based on the entire reaction medium,
namely the reactants, the products, and the solvent. This
form of concentration is useful because it relates directly
to the gravimetric determinations, which can be done very
precisely. Also, these concentrations can be converted easily
to concentrations expressed as mol L−1 by using the den-
sity of the solvent. Note that, for the reaction carried out
in SCCO2, the analytical procedure involved filling the re-
action vessel with hexane and performing the GC analysis
on this hexane solution. Thus, in this case, the appropri-
ate density to use is that of hexane which was taken to be
ρ = 0.6548 g cm−3 [22]. It is important to appreciate that,
since reaction (1) is symmetrical in regards to reactants and
products, both the reaction quotientQ and the equilibrium
constantK are independent of the units used to express con-
centrations.

For the rate studies in the neat system≈0.2 g of for-
ward stock solution and≈0.010 g of lipase were added to
a vial and capped. The vial containing the reaction mix-
ture was then placed in a thermostatted shaker bath at 30◦C
and allowed to react. After a specified time, the vial was
removed and≈ 15 ml of n-hexane was then added to the
reaction mixture. The resulting solution was then analyzed
using the method described above forn-hexane. A fresh
reaction mixture was used for each time point in the neat
system.

For the rate studies in supercritical carbon dioxide me-
dia, ≈0.20 g of forward stock solution and≈0.010 g of li-
pase were added to the reaction vessel. Following assembly,
the reaction vessel was connected to the supercritical fluid
chromatograph (SFC) system. The system was then filled
with SCCO2 by changing the three-way stainless steel valve
(seeSection 2.3) to the appropriate position. The pressure of
SCCO2 was set to the desired pressure, which was controlled

by the back-pressure regulator of the SFC system. The re-
action was then allowed to proceed for a specified period of
time. The temperature (T = 310.15 K) was maintained by
the oven module of the Hewlett Packard SFC system. After
the specified reaction time, the vessel was depressurized by
changing the position on the three-way valve and bubbling
the escaping CO2 into a 20 ml volumetric flask that con-
tained≈ 7 ml of hexane. This procedure served to collect
any escaping products. When the pressure was≈ 0.1 MPa,
the vessel was disconnected from the SFC system and the
cover of the reaction vessel was removed. The hexane in
the 20 ml volumetric flask was poured into the reaction ves-
sel. Additional hexane was also added to the reaction ves-
sel to fill it completely. A clear portion (≈ 0.50 mL) of this
diluted reaction mixture was promptly removed with a sy-
ringe. This also served to remove the lipase and to freeze the
position of the reaction. This solution,≈ 100�l of the in-
ternal standard solution, and 10 ml ofn-hexane were gravi-
metrically added to a vial, which was capped tightly. This
sample was then analyzed for 1-butanol, butyl acetate, ben-
zyl alcohol, and benzyl acetate (seeSection 2.2). For each
time period, a new sample of≈0.2 g of forward stock so-
lution and≈0.01 g lipase was prepared in the reaction ves-
sel and then allowed to react in the SCCO2 media atp
= 10.0 MPa. Generally, assembly and pressurization of the
reaction vessel required 5–6 minutes. However, since the
enzyme was added to the forward stock solution at the very
first stage of assembly, it is clear that some reaction has
already started before the introduction of any SCCO2. De-
pressurization of the reaction vessel took≈ 10 min. These
issues serve to complicate the performance of a true kinetic
study.

2.5. Equilibrium studies

The position of equilibrium of reaction (1) in super-
critical carbon dioxide media was approached from two
directions, namely the forward and the reverse. For each
forward reaction, the reaction mixture consisted of≈0.20 g
of an equimolar mixture of butyl acetate and benzyl al-
cohol and≈0.010 g of lipase. Similarly, for the reverse
reaction, the mixture consisted of≈0.20 g of an equimolar
mixture of 1-butanol and benzyl acetate and≈0.010 g of
lipase. The solution and the enzyme were placed in the
stainless steel reaction vessel. Following assembly, the re-
action vessel was connected to the SFC system and was
pressurized with SCCO2. Based on our time course stud-
ies, it was judged that a period of 3 h was required for
the reaction to be either near or at equilibrium. Accord-
ingly, all equilibrium measurements for the forward and
the reverse reactions were carried out for 3 h atp(SCCO2)
= 10.0 MPa. The reaction vessel was shaken gently at
approximately 15-min intervals during the reaction time.
After the 3-h reaction period, the vessel was depressur-
ized and the reaction mixtures were analyzed as described
above.
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Fig. 1. The reaction quotients Q for the reaction (butyl acetate + benzyl
alcohol = benzyl acetate + 1-butanol) in various solvents at T = 303.15 K
and p = 10.0 MPa as a function of time. At time t = 0, the reaction
mixture(s) consisted of ≈0.20 g of forward stock solution (an equimolar
mixture of butyl acetate and benzyl alcohol) and ≈0.010 g of lyophilized
lipase. The solvents used in these time studies and their respective symbols
are: n-hexane, (�); toluene, (�); supercritical carbon dioxide, (×); and
the neat system (without any solvent), (�). The error bars correspond to
two estimated standard deviations of the mean.

3. Results and discussions

3.1. Time course results

The time course data for reaction (1) are shown in Fig. 1.
The values of the reaction quotient Q, defined as Q =
c (1−butanol) · c (benzyl acetate) / {c (benzyl alcohol) · c

(butyl acetate)}, were calculated from the measured con-
centrations of reactants and products. It is seen that the
reaction quotient Q has a value of 0.21 for SCCO2 media
at t = 30 min. This value is not far from the value of the
equilibrium constant K = 0.238 (see Section 3.2). In fact,
the reaction comes to equilibrium more rapidly when car-
ried out in SCCO2 than when carried out using the other
solvents (n-hexane, toluene, and neat media). It is important
to appreciate that the experimental arrangement used in the
SCCO2 experiments did not permit for a continuous mix-
ing of the enzyme and substrates. Thus, the measured time
course data for the reaction in SCCO2 media, unlike the
studies carried out with the solvents n-hexane, toluene, and
the neat solution, are very likely an underestimate of “ true”
rate data. Therefore, the results obtained for the SCCO2
media should not be considered as truly quantitative kinetic
data. A detailed rate study using a SCCO2 device capable
of rapid mixing is planned. However, the large improve-
ment of reaction rate seen for the SCCO2 media indicates a

much more rapid reaction (by a factor of at least 2–3) than
that obtained with the other solvents that were studied.

3.2. Equilibrium constants and thermodynamic reaction
quantities

The equilibrium constant of reaction (1) is

K = c(1 − butanol) · c(benzyl acetate)

{c(benzyl alcohol) · c(butyl acetate)} . (2)

In this equation, c is a concentration, which can be expressed
as mol L−1 or as mol (kg soln)−1. As discussed previously
[15], this is a symmetrical reaction with respect to reactants
and products, and the equilibrium constant is a dimension-
less quantity and is independent of the units used to express
concentrations. The substrates involved in this reaction are
in unionized form in non-aqueous media and the concentra-
tions are small. Hence, it can be assumed that their activity
coefficients are close to unity. Therefore, the calculated equi-
librium constants can be identified as the thermodynamic
equilibrium constants defined in terms of activities of the
reactants and the products.

The results of the equilibrium measurements are given in
Table 1. The values of the reaction quotient Q, defined as
Q = c (1−butanol)·c (benzyl acetate) / {c (benzyl alcohol) ·
c (butyl acetate)}, were calculated from the measured con-
centrations of reactants and products. Ideally, the values of
Q obtained from both directions of reaction should be in
agreement if equilibrium has been fully achieved. Thus, the
results show that the reaction mixtures were very close to
equilibrium and the values of Q obtained from both direc-
tions of reaction have been averaged to obtain the values of
the equilibrium constant K given in Table 1.

The uncertainties given in Table 1 for the equilibrium
constants K are the random errors associated with the mea-
surements expressed as two estimated standard deviations
of the mean. These uncertainties do not include possible
systematic errors in the measurements, which are now con-
sidered. The possible systematic errors are estimated to be
±0.05 K in the GC measurement of concentrations of reac-
tants and products, ±0.02 K due to sample impurities, and
±0.03 K for a failure to reach true equilibrium. These esti-
mated possible errors are combined in quadrature together
with the statistical uncertainties in the measured values of Q
expressed as one estimated standard deviation of the mean
to obtain combined standard uncertainties [23]. These un-
certainties are then multiplied by 2 in order to obtain the
final uncertainties in the values of K given in Table 1.

The standard molar Gibbs energy �rG
◦
m, enthalpy

�rH
◦
m, and entropy �rS

◦
m changes for reaction (1) at T

= 298.15 K have been calculated from the measured equi-
librium constants by using the model of Clark and Glew
[24]. In performing this calculation, it was assumed that that
the standard molar heat-capacity change �rC

◦
p,m for this

reaction was zero. Thus, the calculated values for these ther-
modynamic quantities for reaction (1) at T = 298.15 K are:
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Table 1
Results of equilibrium measurements for the transesterification reaction: (butyl acetate + benzyl alcohol = benzyl acetate + 1-butanol) in supercritical
carbon dioxide at the pressure p = 10.0 MPa

T (K) Direction c(BuAc)
(mol L−1)

c(BzAl)
(mol L−1)

c(1-butanol)
(mol L−1)

c(BzAc)
(mol L−1)

Q K

303.15 Forward 0.04533 0.04494 0.01997 0.02375 0.233 ± 0.005 0.248 ± 0.03
Reverse 0.04073 0.04084 0.02061 0.02128 0.264 ± 0.006

308.15 Forward 0.04292 0.04197 0.01987 0.02057 0.227 ± 0.002 0.236 ± 0.03
Reverse 0.04163 0.04183 0.02063 0.02065 0.245 ± 0.008

313.15 Forward 0.04608 0.04603 0.02258 0.02209 0.235 ± 0.003 0.245 ± 0.03
Reverse 0.03620 0.03660 0.01844 0.01828 0.254 ± 0.007

318.15 Forward 0.04137 0.04208 0.02010 0.02058 0.238 ± 0.004 0.256 ± 0.03
Reverse 0.03707 0.03717 0.01932 0.01950 0.273 ± 0.006

The temperatures T are given in column 1. Each reported concentration c (columns 3–6) gives the concentration of the substrate in SCCO2 and is an
average of three to five measurements. Abbreviations are: BuAc, butyl acetate; BzAl, benzyl alcohol; and BzAc, benzyl acetate. The forward reaction
mixture consisted of ≈0.20 g of an equimolar mixture of butyl acetate and benzyl alcohol and ≈0.010 g of lyophilized lipase; the reverse reaction
mixture consisted of ≈0.20 g of an equimolar mixture of 1-butanol and benzyl acetate and ≈0.010 g of lyophilized lipase. The equilibration time for the
reaction was 3 h. The reaction quotient Q (column 7) is defined as c(benzyl acetate)·c(1-butanol)/{c(butyl acetate)·c(benzyl alcohol)}. The values of the
equilibrium constant K (column 8) are the respective averages of the reaction quotients obtained from the forward and reverse directions of reaction.
The uncertainties in the values of Q are equal to two estimated standard deviations of the mean. The basis for the uncertainties in the values of K is
discussed in the text (see Section 3.2).

K = 0.238±0.021; �rG
◦
m = 3.56 ± 0.22 kJ mol−1; �rH

◦
m

= 2.1 ± 5.2 kJ mol−1, and �rS
◦
m = −4.9 ± 17 J K−1 mol−1.

The value of �rH
◦
m and �rS

◦
m are zero within experimental

error and, if one chooses to do so, one could justifiably set
these two quantities to this value.

3.3. Related observations and summary

A significantly higher rate of reaction in SCCO2 has also
been reported for esterification [9], acylation [7], and inter-
esterification reactions [21]. This higher conversion rate in
SCCO2 media compared to organic solvents may, as pointed
out by Catoni et al. [9], be due to enhanced transport prop-
erties and a higher diffusivity of the solute in the supercrit-
ical fluid media. There are several other studies [10,25–28]
dealing with the catalytic behavior of enzymes in SCCO2.
Most recently, Leitner [29] has emphasized the fact that a
catalyst dissolved in a liquid phase can be recovered easily
if the reaction products are captured in an adjacent super-
critical phase.

The average value of the equilibrium constant for re-
action (1) in SCCO2 media is K = 0.246. This value is
contrasted with the average value of K = 0.29 for this
reaction in several organic solvents [15]. Thus, the thermo-
dynamics of reaction (1) are not substantively changed by
carrying it out in supercritical carbon dioxide media. This
is an important result in that it provides a tentativebasis
for making estimates of the equilibrium constants for other
reactions by using a known result(s) for the equilibrium
constant for a given reaction in an organic solvent. Clearly,
it would be desirable to have additional results available for
several other representative reactions to test this hypothesis.
In summary, supercritical carbon dioxide provides kinetic
and environmentally friendly advantages for carrying out

lipase-catalyzed reactions. This makes this substance a vi-
able and potentially valuable alternative for use as a solvent
in the biotechnology and pharmaceutical industries.

Acknowledgements

We thank Drs. Robert N. Goldberg (NIST) and J. David
Rozzell (BioCatalytics) for helpful discussions.

References

[1] A.M.P. Koskinen, A.M. Klibanov, Enzymatic Reactions in Organic
Media, Blackie, Glasgow, 1996.

[2] S. Hari Krishna, N.G. Karanth, Cataly. Rev. Sci. Eng. 44 (2002)
499–591.

[3] Guidance for Industries, Q3C Impurities: Residual Solvents, Federal
Register No. 62, FR 67377, December 24, 1997.

[4] A.J. Mesiano, E.J. Beckman, A.J. Russell, Chem. Rev. 99 (1999)
623–633.

[5] Z. Knez, M. Habulin, V. Krmelj, J. Supercrit. Fluid. 14 (1998) 17–29.
[6] B. Al-Duri, R. Goddard, J. Bosley, J. Mol. Catal. B: Enzymatic 11

(2001) 825–834.
[7] A. Capewell, V. Wendel, U. Bornscheuer, H.H. Meyer, T. Scheper,

Enzyme Microb. Technol. 19 (1996) 181–186.
[8] T. Hartmann, H.H. Meyer, T. Scheper, Enzyme Microb. Technol. 28

(2001) 653–660.
[9] E. Catoni, E. Cernia, C. Palocci, J. Mol. Catal. A: Chemical 105

(1996) 79–86.
[10] E. Cernia, C. Palocci, F. Gasparrini, D. Misiti, N. Fagnano, J. Mol.

Catal. 89 (1994) L11–L18.
[11] E. Cernia, C. Palocci, F. Gasparrini, D. Misiti, Chem. Biochem. Eng.

Q. 8 (1994) 1–4.
[12] B. Al-Duri, Y.P. Yong, J. Mol. Catal. B: Enzymatic 3 (1997) 177–

188.
[13] T.W. Randolph, H.W. Blanch, D.S. Clark, in: J.S. Dordick (Ed.),

Biocatalysts for Industry, Plenum, New York, 1991, pp. 219–237.



136 Y.B. Tewari et al. / Journal of Molecular Catalysis B: Enzymatic 30 (2004) 131–136

[14] M. Rantakyla, O. Aaltonen, Biotechnol. Lett. 16 (1994) 825–830.
[15] Y.B. Tewari, D.J. Vanderah, J.D. Rozzell, J. Mol. Catal. B: Enzymatic

21 (2003) 123–131.
[16] Y.B. Tewari, D.M. Bunk, J. Mol. Catal. B: Enzymatic 15 (2001)

135–145.
[17] Y.B. Tewari, J. Mol. Catal. B: Enzymatic 9 (2000) 83–90.
[18] Y.B. Tewari, M.M. Schantz, D.J. Vanderah, J. Chem. Eng. Data 44

(1999) 641–647.
[19] Y.B. Tewari, J. Chem. Eng. Data 43 (1998) 750–753.
[20] Y.B. Tewari, M.M. Schantz, P.C. Pandey, M.V. Rekharsky, R.N.

Goldberg, J. Phys. Chem. 99 (1995) 1594–1601.
[21] Y.M. Chi, K. Nakamura, T. Yano, Agric. Biol. Chem. 52 (1988)

1541–1550.

[22] CRC Handbook of Chemistry and Physics, D.R. Lide (Ed.), 81st
Edition, CRC Press, Boca Raton, FL, 2000, pp. 3–186.

[23] B.N. Taylor, C.E. Kuyatt, Guidelines for Evaluating and Expressing
the Uncertainty of NIST Measurement Results, NIST Technical Note
1297, U.S. Government Printing Office, Washington, DC, 1994.

[24] E.C.W. Clarke, D.N. Glew, Trans. Faraday Soc. 62 (1966) 539.
[25] S. Kamat, J. Berrera, E.J. Beckman, A.J. Russell, Biotechnol. Bioeng.

40 (1992) 158–166.
[26] T. Dumont, D. Barth, C. Corbier, G. Branlant, M. Perrut, Biotechnol.

Bioeng. 40 (1992) 329–333.
[27] K. Nakamura, Tibtech. 8 (1990) 288–292.
[28] A. GeiBauf, T. Gamse, J. Mol. Catal. B: Enzymatic 9 (2001) 57–64.
[29] W. Leitner, Nature 423 (2003) 930–931.


	A thermodynamic study of the lipase-catalyzed transesterification of benzyl alcohol and butyl acetate in supercritical carbon dioxide media
	Introduction
	Experimental
	Materials
	Chromatography
	Supercritical fluid chromatograph
	Time course studies
	Equilibrium studies

	Results and discussions
	Time course results
	Equilibrium constants and thermodynamic reaction quantities
	Related observations and summary

	Acknowledgements
	References


