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ABSTRACT: Esterification between oleic acid and oleyl alco- 
hol, catalyzed by the Mucor miehei immobilized lipase in a 
batch-stirred tank reactor with supercritical carbon dioxide as 
solvent produced higher reaction rates at supercritical condi- 
tions than in the solvent-free system. A continuous fixed-bed re- 
actor was designed based on the results obtained from batch 
experiments. At 150 bar, 40°C, and with water activity 0.46% 
w/w, the activity of the enzyme preparation is practically un- 
changed when CO 2 was used as solvent. The addition of small 
amounts of water increases the conversion rate. The higher con- 
version also was observed at longer residence time. When n- 
butane was used as reaction medium, a decrease in conversion 
was observed. 
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Supercritical fluids (SCF) have been used as solvents for a 
wide variety of extractive applications in the last few years. 
Recently, supercritical solvents also have been applied as sol- 
vents in nonextractive applications, such as high-pressure mi- 
cronization and chromatography, and as a chemical reaction 
medium as well. 

Since the first reports on the use of SCF as a reaction 
medium (1-3), several studies on oxidation (3-6), hydrolysis 
(2), transesterification (1,7-14), esterification (15-30), inter- 
esterification (31-33), and enantioselective synthesis (34-36) 
have proven the feasibility of enzymatic reactions in SCE 
The advantages of using supercritical carbon dioxide as a 
medium for enzymatic catalyzed reactions have been well 
documented (37,38). Frequently, the temperature range used 
lbr supercritical carbon dioxide in processing is compatible 
with the use of enzymes as catalysts. An additional benefit of 
using SCF along with enzymatic catalysis is that it provides a 
medium for the recovery of products or reactants. However, a 
limitation of the process may arise from the nonpolarity of  
carbon dioxide, which preferentially dissolves hydrophobic 
compounds. 

Our previous research work (39-44) on enzymatic synthe- 
sis of esters in solvent-free systems also indicates that mass 
transfer limitations are observed. Use of SCF decreases mass 
transfer limitations because of the high diffusivity of reac- 
tants in a supercritical medium, the low surface tension, and 
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the relatively low viscosity of the mixture. The Schmidt num- 
ber (Sc = q/p • D, where q is dynamic viscosity, D is diffu- 
sivity, and p is density) for CO 2 at 200 bar is 45 times lower 
than for water at 1 bar and 20°C. High diffusivity of SCF and 
low surface tension led to reduced internal mass transfer lim- 
itations for heterogeneous chemical or biochemical catalysis. 

The main objectives of the present research are: (i) the 
comparison of an enzymatic reaction in an SCF with a sol- 
vent-free system in a batch-stirred tank reactor (BSTR); (ii) 
the development of an integrated production and product re- 
covery process based on enzymatic catalysis and product 
fractionation with supercritical carbon dioxide; and (iii) the 
development of a small-scale, multipurpose enzyme reactor 
that incorporates a subsequent separation step for the recov- 
e D' of substrate. 

There are only a few reports on continuously operated sys- 
tems where CO 2 was used as a reaction medium 
(15,16,22,29,31). The present article is the first report on the 
use of another gas, n-butane, for a continuously-operated en- 
zymatic reactor. The model system used in this research was 
esterification of oleic acid with oleyl alcohol catalyzed by li- 
pase from Mucor miehei, due to its high conversion, which 
was not observed for esterification with short-chain alcohols 
(for example, methanol and ethanol). Esterification reactions 
have potential uses in preparation of wax, esters, fragrances, 
ester oligomers, and other compounds. 

MATERIALS A N D  METHODS 

Enzyme preparation. The lipase, Lipozyme ~M, immobilized 
on a macroporous anion exchange resin, was produced and 
kindly donated by Novo Nordisk A/S (Copenhagen, Den- 
mark). The enzyme beads contained 10 w/w% water. Palatase 
1000 L (Novo Nordisk A/S) was used in some experiments, 
which is a lipase of M. miehei in water-soluble form. 

Lipase activity. The lipase activity was measured accord- 
ing to Novo Nordisk A/S (45). The activity of the Lipozyme 
preparation used for our synthesis was 23 BIU/g [one batch 
interesterification unit (BIU) corresponds to 1 micromole of 
palmitic acid incorporated into triolein per rain at standard 
conditions (pH, 6.9-7.1; 40°C)]. The activity of Palatase 
preparation was 1000 LU/g [one lipase unit (LU) is the 
amount of enzyme that liberates one micromole butyric acid 
per min from a tributyrin substrate at standard conditions (pH, 
6.9-7.1, 40°C)]. 
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FIG. 1. Design of experimental apparatus for synthesis of oleyl o[eate in 
batch-stirred tank reactor under supercritical conditions. 1, Reactor; 2, 
separator; Pv high-pressure pump; PI, pressure indicator. 

Analytical method. A volumetric method was used to de- 
termine the oleic acid concentration in the reaction mixture 
(41). 

Synthesis of  oleyl oleate in a BSTR: solvent-free system. 
The reaction mixture contained 47 mmol oleic acid, 47 mmol 
oleyl alcohol, and 1.04 g of the enzyme preparation. The mix- 
ture was stirred in a 250-mL, round-bottom flask with a mag- 
netic stirrer and brought to the desired temperature in a water 
bath. Samples were taken from the reaction mixture at spe- 
cific intervals, and the level of flee fatty acid was determined. 

The concentrations of oleyl oleate were calculated from these 
values. 

Synthesis of oleyl oleate in a BSTR: SCF system. The de- 
sign of the experimental apparatus is shown in Figure 1. The 
volume of the reactor was 150 mL, designed for operation at 
500 bar. The autoclave was shaken via an oscillating device. 
The whole system was placed in a constant-temperature bath. 

Initially, the reaction mixture that contained 25 mmol oleic 
acid and 25 mmol oleyl alcohol was pumped into the reactor. 
Then, 0.5 g of enzyme preparation (Lipozyme ~M or Palatase 
1000 L) was added. Finally, dr 5, CO 2 was pumped into the re- 
actor up to the desired pressure. The initial concentration of 
reactant never exceeded its solubility limit in gas. The solu- 
bility was measured at 150 bar and 40°C. For oleic acid, it is 
3.65 g/L, and for oleyl alcohol 4.2 g/L. Samples were taken 
out of the reactor during the reaction (same method as in Ref. 
46), and the amount of free oleic acid was determined. 

Synthesis of oleyl oteate in a continuously-operated super- 
critical system. The continuously-operated experimental ap- 
paratus (designed in our laboratory) is shown in Figure 2. The 
system consists of an air-operated, high-pressure pump (Max- 
imator MSF 72L; Schmidt, Kranz and Co., Forge, Germany) 
for delivery of CO 2 in the system. The gaseous fluid was dried 
by passing it through columns packed with molecular sieves. 
The flow rate of CO 2 during these runs was varied from 
0.5-1.1 L/rain (measured at 20°C and 1 bar). 

The substrates were pumped into the system with a high- 
performance liquid chromatography pump (LDC Analytical- 
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FIG. 2. Design of experimental apparatus for continuous synthesis of oleyl oleate under supercritical conditions. 1, 
Column with molecular sieves; 2, regulation enzymatic reactor; 3, separator 1; 4, separator 2; P1, high-pressure 
pump; TIRC, temperature indication resolution control; PIRC, pressure indication regulation control. 
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Constametric 3000 LDC Thermo Instruments, Riviera Beach, 
FL) at a flow rate of 0.14-0.35 mL/min. 

The CO 2 and substrates were equilibrated in the saturation 
column. The initial concentration of reactant never exceeded 
its solubility limit in gas. The solubility of oleic acid and oleyl 
alcohol in n-butane is much higher than in CO 2 (Skerget, M., 
and Z. Knez, unpublished data). The reaction was performed 
in a fixed-bed reactor (4.5 mm i.d. x 500 mm length, 7.95 mL 
volume and packed with 0.5 g Lipozyme IM. The substrate feed 
was an equimolar solutioo of oleic acid and oleyl alcohol. The 
water content of the substrates was measured by the Karl 
Fisher method (47). 

The solute-laden supercritical carbon dioxide was depres- 
surized through the expansion valves into separator columns 
S1 and $2 (volume of each 5.3 mL, length 300 mm x 16 mm 
i.d.), where the product and unreacted substrates were recov- 
ered. The substrates were collected in $2 and recycled (added 
to the feed through the pipe connecting $2 with the feed ves- 
sel). The gaseous CO 2 phase is finally vented to the atmos- 
phere after flow~rate measurement through a rotameter. On 
pilot- or industrial-scale equipment, CO 2 could be condensed 
and recycled. 

RESULTS AND DISCUSSION 
Soh,ent-free system: BSTR. Initial reaction rates for enzymatic 
synthesis of oleyl oleate in a solvent-free BSTR at atmos- 
pheric pressure were determined (Fig. 3). The highest value, 
1.429 mmol/g/h/g of enzyme preparation, was found for 
50°C. With the reduction of temperature, the initial reaction 
rates decreased and were 0.625 mmol/g/h/g of enzyme prepa- 
ration at 40°C and 0.465 at 30°C. 

SCF ~Lvstem: BSTR. Synthesis of oleyl oleate with immo- 
bilized M. miehei lipase (Lipozymd M) and with the water-sol- 
uble form of lipase from M. miehei (Palatase 1000 L) was per- 
formed at various pressures and temperatures. Some of the 
results are presented in Figure 4. 

For enzymatic synthesis of oleyl oleate, catalyzed with 
Lipozymd M in BSTR operated at supercritical conditions, the 
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FIG, 4. Concentration of oleyl oleate vs. time at various process para- 
meters for batch-stirred tank reactor operated under supercriticaJ condi- 
tions. Abbreviations as in Figure 3. Company source for Lipozyme and 
Palatase listed in Figure 3, 

initial reaction rates were higher than those for the solvent- 
tYee system. The highest value (1.428 mmol/g/h/g of enzyme 
preparation) was found at 31 °C at a pressure of 84.5 bar. At 
higher temperature and pressure (40°C, 167 bar), the initial 
reaction rate was lower (0.615 mmol/g/h/g of enzyme prepa- 
ration). For the reaction catalyzed with Palatase 1000 L, the 
initial reaction rate was the lowest (0.454 mmol/g/h/g enzyme 
preparation), probably due to the high water activity in the 
system. It is evident that water activity has a strong influence 
on the initial reaction rates. 

SCF system: continuously-operated reactor. The depen- 
dence of the conversion to oleyl oleate vs. time is presented 
on Figure 5. The conversion is practically constant at reaction 
conditions (P, t50 bar; 40°C), when CO 2 was used as reac- 
tion medium. When n-butane was used (at the same condi- 
tions as mentioned previously), a decline in conversion was 
observed. This is probably due to deactivation of the enzyme 
preparation. 

Water concentration in the system is one of the most im- 
portant factors influencing the conversion. In our studies, the 
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FIG. 3. Concentration of oleyl oleate vs. time at various temperatures in 
a solvent-free system (atmospheric pressure). Enz., Lipozyme (Novo 
Nordisk A/S, Copenhagen, Denmark). 
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FIG. 5. Percent conversion vs. reaction time for continuous synthesis of 
oleyl oleate (P, 150 bar; 40°C; water activity 0.46% w/w). 
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FIG. 6. The equilibrium conversion vs. moisture content (CO2; P, 150 
bar; 40°C). 

100 

80 

60 

8 
40 

ii 

20 

0,1 0.15 0.2 0,25 0.3 0,35 0,4 
flow rate of substrates (mL/min) 

FIG. 7, Percent conversion vs. flow rate of substrates (CO2; P, 150 bar; 
40°C; water activity 0.46% w/w). 

C O  2 w a s  dried by passing it through molecular sieves, and 
water was added to the substrates. The high water concentra- 
tions were studied due to real industrial problems. 

The equilibrium conversion vs. moisture content of the 
substrates (water was added to the substrates) is presented in 
Figure 6. The initial water concentration of the enzyme prepa- 
ration was 10% by weight. Conversion is relatively high at 
low moisture content in the substrates but with increasing 
water content, conversion decreases. This phenomenon is 
probably due to inhibition of  the enzyme preparation through 
the format ion of  carbonic acid (1,48). Another  explanat ion 
for this observed  phenomenon is that water  is accumulated  
around the resin beads, and this film of  water acts as a repul- 
sive, hydrophi l ic  barr ier  toward the hydrophobic  fatty acid 
and fatty alcohol.  Hydrolys is ,  which increases with an in- 
crease in water concentration, may be an additional reason for 
the decline of  conversion at higher water concentrations. 

The influence of  the flow rates of  substrates on conversion 
also was studied (in a relat ively narrow range). F low rate of  
CO 2 was kept constant at 0.8 L/min, and flow of  the substrates 
was varied from 0.14-0.35 L/min. When CO 2 was used at 150 
bar and 40°C, lower flow rates of  substrates gave better yields 
(Fig. 7). S imi la r  observat ions  for other substances can be 
found in the literature (22,29). 

On the basis of favorable results of the performed experi- 
ments, further investigations on esterification reactions, espe- 
cially in nonaqueous systems, on enzymatic synthesis of chi- 
ral pure compounds will be carried out. 
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