
ABSTRACT: A conversion of 80–93% was achieved for esterifi-
cation of oleic acid and fructose (or sucrose) catalyzed by immo-
bilized Rhizomucor miehei lipase (Lipozyme IM; Novozymes,
Franklinton, NC) at 65°C using near-stoichiometric amounts of
substrates. The product consisted of mono- and diester at a ratio
of 9:1 g g−1. The main obstacle for achieving a high rate of reac-
tion, the poor miscibility of the substrates, was overcome by tak-
ing advantage of the greatly increased solubility of fructose as the
proportion of ester increased. A phase diagram demonstrated that
the solubility of fructose increased linearly from 0.002 to 0.07 to
0.13 g g−1 as the ester mass fraction increased from 0.00 to 0.47
to 0.80, respectively. Solvent (tert-butanol) was present only dur-
ing the first phase of the time course of the reaction to enhance
fructose solubility and was allowed to evaporate away com-
pletely on reaching 25% conversion. A conversion higher than
80–93% could not be achieved by reducing the bioreactor’s
water content through use of vacuum pressure or water activity
control. Water adsorption isotherms demonstrate the significant
increase of equilibrium liquid phase water content as the reac-
tion progressed, which was due to higher water adsorption by the
monoester relative to oleic acid. Increased removal of liquid
phase water may result in the loss of water from the lipase, result-
ing in a reduction of its biocatalytic activity. Initial rate experi-
ments were used to derive a Ping-Pong Bi Bi kinetic model that
strongly agreed with measured data for the time course of the re-
action. Lipozyme IM did not lose activity when employed for
three successive fructose–oleate esterification batch reactions or,
equivalently, for a 24-d reaction period.
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Saccharide–FA partial esters have numerous applications in the
food and cosmetics industries as biodegradable and biocom-
patible surfactants and as antibiotics and insecticides (1,2). The
general approach for their synthesis, via base-catalyzed ester
bond formation between saccharide and acyl donor feedstocks,
requires a high operating temperature (above 100°C) and re-
sults in a broad product distribution (3,4). A more recent chem-

ical method, using disodium hydrogen phosphate catalyst at
40°C, resulted in a high yield and selectivity but required the
use of activated acyl donors, vinyl esters, resulting in an in-
crease of time, labor, and materials costs (5). An alternative ap-
proach, the use of immobilized lipases in nearly anhydrous
media, involves low operating temperatures and other mild re-
action conditions and is thus environmentally friendly. As re-
viewed elsewhere (6,7), early results for this approach demon-
strated high regioselectivity toward saccharide mono- and di-
ester formation and high yields for the stoichiometrically
limiting substrate but a slow reaction rate due to the poor mis-
cibility of acyl donor and acceptor. Polar solvent, frequently
used to increase miscibility, leads to relatively slow rates of re-
action for nonaqueous enzymology (8). Improvement of the
rate was achieved through a modified form of one or both of
the substrates: activated esters of the acyl donor, isopropylidine
esters of saccharides, or saccharides complexed to phenyl-
boronic acid (6,7); however, these approaches are impractical
for commercial processes. Recent approaches to improve mis-
cibility include the use of nonpolar/polar solvent mixtures (9)
and room temperature ionic liquids (10), and acyl acceptors in
an amorphous crystalline form to increase the rate of solubi-
lization (11). Alternatively, the use of polar solvents at subam-
bient temperatures leads to high conversion and selectivity
owing to the selective precipitation of monoester (ME), which
enhances downstream separation and drives ME synthesis in a
forward direction (12).

In our laboratory, it was observed that the presence of solid-
phase, nonsolubilized saccharide led to a reduced rate of reac-
tion, perhaps owing to its adsorption to immobilized lipase,
producing a barrier to mass transfer, and/or increased water
content in the bioreactor (Dong, H., and D.G. Hayes, unpub-
lished data). We have increased the reaction rate for
fructose–oleic acid ME synthesis by employing a liquid-phase
reaction medium that is at or near the saturation limit for the
acyl acceptor, achieved by frequently resaturating the liquid
phase with saccharide or adding an acyl acceptor in the fed-
batch mode, taking advantage of the greatly increased solubil-
ity of the acyl acceptor due to the presence of ME (13). A polar
solvent (tert-butanol, t-BuOH) was employed only in the ini-
tial period; moreover, it was allowed to evaporate away steadily
as a result of operation at 65°C, and was completely removed
when the conversion of limiting reactant (fructose) reached
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~25%. The evaporation of t-BuOH also enhanced the evapora-
tion of the reaction product, water, driving the thermodynamic
equilibrium in a forward direction. Nearly 100% conversion of
the rate-limiting substrate, saccharide, was achieved for a reac-
tion mixture consisting of a net mole ratio of oleic acid to fruc-
tose of 2:1 (13). In this report, the same approach was em-
ployed, but with a nearly stoichiometric substrate ratio of 1:1
to eliminate the need for downstream separation, assuming a
high conversion occurs. The solubility of saccharide as a func-
tion of the extent of the reaction (in the form of a ternary phase
diagram), the partitioning behavior of water, and the modeling
of enzyme kinetics were also determined to provide mathemat-
ical tools useful for scale-up.

MATERIALS AND METHODS

Materials. Oleic acid (98% pure, determined by HPLC) was
purchased from Sigma-Aldrich (St. Louis, MO). Hydranal
Coulomat AG and CG Karl Fischer titration solutions were
purchased from Fluka-Riedel-de Haan (St. Louis, MO). Sol-
vents and D-fructose were purchased from Fisher Scientific
(Pittsburgh, PA). All chemicals were highly pure (>98%) and
were used without further purification. Lipozyme IM, lipase
(EC 3.1.1.3) from Rhizomucor miehei immobilized onto
macroporous anionic resin beads (Duolite 568), or RML, was
kindly donated by Novozymes, Inc. (Franklinton, NC). Fruc-
tose monooleate, used for phase diagram and water adsorption
isotherm experiments, was purified from reaction mixture via
column chromatography on a silica gel column using a posi-
tive gradient of ethyl acetate for an ethyl acetate/hexane sol-
vent system. Deionized water was used throughout the experi-
ments.

Methods. Reactions were conducted in vessels placed on a
hot plate-stirrer and open to the atmosphere. For a typical reac-
tion, immobilized lipase was suspended in a solution of oleic
acid, saccharide, and t-butanol (2-methyl-2-propanol) at 65°C
using a stirring bar rotating at 400 rpm (41.9 s−1). t-BuOH and
water freely evaporated during the course of the reaction. Small
(100 µL) aliquots of the reaction mixture were removed peri-
odically for analysis. Saturation of the liquid phase media with
fructose was achieved by suspending fructose in the media for
a few minutes, followed by the removal of excess fructose via
microfiltration.

Water adsorption isotherms were determined by storage of
RML and mixtures of oleic acid and ME at several different
proportions in desiccators containing saturated water/salt solu-
tions at 60°C for 2 wk. The salts controlled water equilibration
between the phases by maintaining a constant water activity
value, aw: LiCl (aw = 0.11 at 60°C), MgCl2 (aw = 0.29 at 60°C),
NaBr (aw = 0.50 at 60°C), CuCl2 (aw = 0.67 at 40°C), NaCl (aw
= 0.75 at 60°C), and KCl (aw = 0.80 at 60°C) (14,15). The
monophasic–biphasic boundary for the oleic acid/fructose
monooleate/fructose ternary system at 60°C depicted in the
phase diagram (Fig. 1) was determined via visual observation.

HPLC analysis was conducted at 25°C using an analytical
(4.6 mm × 25 cm) reversed-phase C18 column from Varian

(Walnut Creek, CA) and an ELSD (Model MK-III; Alltech As-
sociates, Deerfield, IL) that employed a drift tube temperature
of 85°C. The mobile phase used was acetonitrile/acetone/ace-
tic acid 78:20:2 by vol at 1.0 mL min−1. Response factor cali-
brations for the substrates and products were used to calculate
concentrations from the ELSD data. Products were identified
using standards. 

Karl Fischer titrations were conducted using an Accumet
Model 100 coulometric titrator (Denver Instruments, Denver,
CO). Solid- and liquid-phase samples were contacted by or dis-
solved in methanol via vortexing or magnetic stirring for sev-
eral minutes. A specified amount of the resultant methanolic
solution was injected into the titrator. The water content of
methanol was subtracted in the calculations. Water activity was
measured using a Portable MS1model sensor from Novasina
(Talstrasse, Switzerland).

RESULTS AND DISCUSSION

Fructose solubility. A ternary phase diagram for the ternary sys-
tem saccharide (fructose, S)/(oleic acid, FA)/fructose–oleic acid
monoester (ME) at 60°C is depicted in Figure 1. Results were
within 1% of those reported previously by our group for fructose
solubility for systems possessing ME mass fraction, ωME, be-
tween 0 and 0.5 (13). The solubility of saccharide (fructose) at
saturation, i.e., the mass fraction, ωS, increased linearly from
0.002 to 0.07 to 0.13 as ωME increased from 0.00 to 0.47 to 0.80,
in agreement with previously published results for fructose and
glucose (13,16). Moreover, the phase boundary of Figure 1 can
be described by the following linear equation:

ωS = A − BωFA [1]

where A and B equal 0.125 and 0.122, respectively. The in-
crease of solubility due to the conversion of FA into ME (Figs.
1 and 2C) is a result of either ME acting as a surfactant or the
polarity of the reaction medium increasing. Equation 1 can be
expressed in terms of concentration of saccharide and FA, [S]
and [FA], respectively:
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FIG. 1. Ternary phase diagram for fructose/oleic acid/technical-grade
monoester (5% diester and 95% monoester) at 60°C. A one-phase liq-
uid mixture exists to the right of the phase boundary, two-phase media
to the left of the boundary.



where MWi refers to the M.W. of species i and ρmix to the den-
sity of the mixture, calculated according to the following equa-
tion:

[3]

where ρFA and ρME are the density of oleic acid [895 kg/m−3

(17)] and fructose monoleate (936.6 kg/m−3), respectively. The
latter value was measured in the authors’ laboratory. Equation
3 neglects the contribution of saccharide and t-BuOH, the lat-
ter present during the initial period only, to the formation of
volume and assumes the volumes of FA and ME are additive.
Substitution of Equation 3 into Equation 2 yields the follow-
ing:

[4]

This equation neglects the effect of t-BuOH on fructose solubility
and involves concentrations expressed on a t-BuOH-free basis.

Time course of reaction for stoichiometric substrate mix-
ture. From our previous investigation, the highest rate of con-
version occurred when the liquid phase was saturated with
fructose; and a means of maintaining a condition of saturation
was implemented, for example, by periodically isolating the
liquid phase, introducing further amounts of fructose, remov-
ing excess solid-phase fructose by filtration or sedimentation,
and returning the biocatalyst to the reaction mixture (13). Sol-
vent [t-BuOH, chosen from a series of screening experiments
(13)] is present initially to enhance the solubility of fructose;
operation at 65°C allows for the evaporative removal of the
product, water, and t-BuOH, the latter at a constant rate of 0.47
g h−1, independent of the proportion of oleic acid and ME (13).
Complete evaporative removal of t-BuOH corresponds to
~25% conversion of fructose. The formation of ME negates the
requirement of a polar solvent to achieve a significant solubil-
ity of fructose, as already discussed herein. In agreement with
our previously published results (13), which used the same op-
erating conditions as used herein except for a oleic acyl–fruc-
tose mole ratio of 2.0, a linear increase of conversion occurred
with respect to time up to about 80% conversion of the limiting
reactant (Fig. 2A). Higher conversions could not be achieved,
even when the reaction medium was thoroughly dehydrated, as
discussed below. The use of a “solid-phase” synthetic ap-
proach, in which glucose–ME readily precipitated from the re-
action medium by the use of acetone as adjuvant, resulted in a
similar degree of conversion as reported herein (78–92%) when
using a stoichiometric substrate feed but was effective only for
long-chain saturated FA (18). 

The selectivity toward ME over fructose–oleic acid diester
(DE) occurred at a ratio of approximately 9:1 g−1 throughout
the majority of the time course of the reaction (Fig. 2B), in
agreement with our previous results that used a 2:1 mole ratio
of oleic acid to fructose (13). An exception was noted during
the initial period of the reaction (4–29 h, 0–21% conversion),
when DE was produced more abundantly than ME; this also
occurred previously (13). The underlying cause of this result
was the small ratio of fructose to ME (Figs. 2A and 2C), with
both competing as acceptors for the acyl group bound to the
lipases’ active site serine residues. 

Esters of sucrose and oleic acid were successfully synthe-
sized from an equimolar ratio of acyl donor and acceptor using
a similar approach as conducted for fructose monooleate syn-
thesis. Approximately 88% conversion occurred, with the
product distribution consisting of approximately 90% ME and
10% DE (Fig. 3). The time course of sucrose–oleic acid esteri-
fication was also nearly linear (Fig. 3).

Effect of enzyme concentration. To optimize productivity, it is
best to operate enzymatic reactions under conditions in which
the rate of reaction is proportional to the concentration of the bio-
catalyst, RML. As demonstrated in the inset of Figure 4, under
operating conditions comparable to those employed for Figure
2, the threshold of the linear region is 0.45 gRML gacyl donor

−1.
However, even for the lower enzyme concentration of 0.30 g g−1,
a reduction in the reaction rate occurred at 2.0 d, in contrast to
the case for 0.15 g g−1 (Fig. 4). Two days is approximately the
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FIG. 2. Time course of lipase-catalyzed fructose ester synthesis (A: con-
version of oleic acid, B: product distribution, and C: fructose concen-
tration on a t-BuOH-free basis) using a reaction medium saturated with
fructose and nearly stoichiometrically equal amounts of the two sub-
strates. Initial conditions: 100 mmol (28.247 g) oleic acid, 25.00 g
(32.05 mL) t-BuOH, 1.00 g RML, fructose at saturation (y-intercept of
panel C), 65°C, and a 400-rpm stir rate. The reaction medium was re-
saturated with fructose periodically (indicated in panel C by increases
of fructose concentration). t-BuOH and water were allowed to freely
evaporate during the time course of esterification. The curve in panel A
represents the prediction by the Ping-Pong Bi Bi kinetic model (Eq. 8).
RML, Rhizomucor miehei immobilized on macroporous anionic resin
beads.



time at which t-BuOH was completely evaporated away (53 h),
suggesting an increase of viscosity. Hence, operation at 0.15
gRML gacyl donor

−1 is recommended. 
Kinetic modeling. The Ping-Pong Bi Bi model, described

elsewhere (19), is very applicable to lipase-catalyzed reactions
(20), including saccharide esterification in a polar solvent (11).
In simple terms, the Ping-Pong Bi Bi model can be conceptual-
ized as consisting of the following reversible steps: the binding
of nucleophiles (water, fructose, or ME) to the acyl-enzyme in-
termediate, the attachment of the nucleophile to the acyl group
(resulting in free acid, ME, and DE, respectively), and the si-
multaneous release of the enzyme. The formation of acyl-
enzyme intermediate is described by the reverse reaction steps
of the above-described nucleophilic attack of water on the acyl-
enzyme intermediate. If one assumes irreversibility of reaction

steps and that the concentrations of the primary substrates,
fructose [S] and oleic acid [FA], are much greater than those of
ME and DE during the initial reaction period, the following
equation may be derived (20):

[5]

where VMAX represents the maximum velocity, KS and KFA
Michaelis constants, and [S] and [FA] substrate concentrations.

Parameters contained in Equation 5 were estimated from a
series of kinetic experiments performed in t-BuOH-rich media,
where the FA concentration was varied for a given fructose
concentration in a series and initial rates of reaction were mea-
sured. Lineweaver–Burk plots for each of three series, depicted
in Figure 5, are linear and parallel, demonstrating the validity
of the Ping-Pong Bi Bi model. From the value of the slope for
the Figure 5 plots, and the slope and intercept of a reciprocal
plot of the y-intercepts vs. the fructose concentration (Fig. 5
inset), values for VMAX [E]−1, KS, and KFA were determined to
be 0.46 ± 0.02 mmol h−1gRML

−1, 401 ± 11 mM, and 387 ± 11
mM, respectively, where [E] represents the enzyme concentra-
tion. Note that the enzyme concentration used for the experi-
ments depicted in Figure 5 falls in the linear region of enzyme
concentration vs. initial rate (Fig. 4 inset).

To simulate reaction conditions in which the saccharide con-
centration is maintained at its saturation limit, i.e., the experi-
mental conditions corresponding to Figure 2, the phase bound-
ary relationship (Eq. 4) is substituted for the saccharide con-
centration in Equation 5. Substitution for [FA] in terms of
fractional conversion, X,

[6]

followed by separation of the variables and integration leads to
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FIG. 3. Time course of lipase-catalyzed sucrose ester synthesis: percent
conversion and product distribution, using nearly stoichiometrically
equal amounts of the two substrates, with sucrose added in fed-batch
mode. The initial reaction medium consisted of 50 mmol (14.13 g) oleic
acid, 10 mmol sucrose (17.1 g), 25 g (32.05 mL) t-BuOH, and 1.0 g
RML. The reaction was conducted at 65°C, and 400 rpm. Four addi-
tional 10-mmol increments of sucrose were added at the times indicated
in the figure by the arrows. t-BuOH and water were allowed to evapo-
rate freely during the time course of esterification. ME, monoester; for
other abbreviation see Figure 2.

FIG. 4. Effect of ME production as a function of lipase concentration.
Inset: Initial reaction rate V vs. lipase [E] concentration. The reaction
mixture consisted of 1.00 g (3.54 mmol) oleic acid, 0.422 g (2.34 mmol)
fructose, 23.4 g (30 mL) t-BuOH, and RML concentrations of (u) 0.15,
(n) 0.30, (s) 0.45, and (l) 0.60 g goleic acid

−1. Reactions were con-
ducted at 65°C with stirring at 350 rpm. t-BuOH and water were al-
lowed to freely evaporate during the time course of esterification. For
other abbreviations see Figures 2 and 4. 

FIG. 5. Lineweaver–Burk plots used to generate the Ping-Pong Bi Bi ki-
netic model. Inset: reciprocal plot: inverse of y-intercepts, or equiva-
lently, VMAX,APP (per mass of lipase), vs. the inverse of saccharide con-
centration, [S]. Each plot represents a series of experiments in which
the initial oleic acid concentration was varied and the initial saccharide
concentration was held constant at (l) 127.5 mM, (n) 71.5 mM, and
(s) 46.4 mM. Other conditions: 23.4 g (30 mL) t-BuOH, 0.3 g RML,
65°C, stirring rate of 350 rpm. t-BuOH and water were allowed to freely
evaporate during the time course of esterification. 



[7]

Equation 7 provides a good fit to the time course of the reac-
tion data (up to 80% conversion; Fig. 2A), even though the de-
rived model used many assumptions; did not account for the
effect of polarity, or log P, on the values of kinetic constants;
and neglected the conversion of ME into DE. The linearity of
the conversion vs. time plot suggests the first term of Equation
7 is the most influential. A substrate inhibition term was not re-
quired in the fitting of the data, suggesting its absence or near
absence, in agreement with results for lipase-catalyzed glu-
cose–lauric acid esterification (11). In contrast, FA substrate
inhibition was present for octyl glucoside–octanoic acid esteri-
fication (21), perhaps reflecting the greater frequency of inhibi-
tion for short-chain FFA (20,22,23). The value of productivity,
or VMAX [E]−1, achieved herein, 0.46 mmol h−1 gRML

−1, is
lower than that obtained for the same reaction operated at a 2:1
mole ratio of oleic acid to fructose, 1.6 mmol h−1 g−1, owing to
the difference in biocatalyst type [immobilized Candida
antarctica lipase, Novozym 435 (Novozymes, Inc.), for the
previous result] (13).

Effect of water content. Under similar operating conditions
as used herein, we demonstrated that the removal of water from
reaction medium components before initiation of the reaction
did not increase the rate or extent of the reaction; moreover, the
rate was lowered in cases when RML was significantly dehy-
drated (13). Similarly, the water content of enzyme was re-
cently reported to be a minor factor for a large range of this pa-
rameter for saccharide ester synthesis in organic solvent mix-
tures (9). To determine whether water removal from the
reaction medium via evaporation would lead to a significant in-
crease in the conversion from the apparent ~80% threshold, we
combined the reaction medium from the experiment depicted
in Figure 2 with fresh RML and subjected it to vacuum pres-
sure. Although the water content of the liquid phase was de-
creased from 1.6 to 1.0 wt%, the increase in conversion was
very small, within 2% (data not shown). 

We hypothesize that the limitation for the conversion at
80–90% is due to the thermodynamic equilibrium. Moreover,
equilibrium-limited conversion has been observed for lipase-
catalyzed saccharide–FA ester synthesis (11,21,24). To exam-
ine the effect of water content on equilibrium, experiments
were operated in closed reaction systems in which the water
activity of the reactor air headspace was controlled by saturated
salt solutions. According to the results, a decrease in the water
content of the medium led to a slight increase in the percent
conversion (Table 1). Values of the concentration-based equi-
librium constant, KC, ranged between 4.2 and 6.1 (Table 1) for
fructose–oleic acid esterification at 65°C, calculated according
to the following equation:

KC = [ME]eq [H2O]eq [S]eq
−1 [FA]eq

−1 [8]

In agreement, the KC value for the experiment depicted in Fig-
ure 2 was calculated to be 6.4. The values obtained herein are
an order of magnitude higher than values reported for octyl glu-
coside octanoic acid ester synthesis in acetonitrile, 0.55 (21),
and glucose–lauric acid synthesis in 2-methyl-2-butanol, (0.30)
(11). 

To help monitor the water content of RML during the course
of the reaction, water adsorption isotherms at 60°C were deter-
mined from water concentration measurements of the reaction
mixture and RML stored over saturated salt solutions for sev-
eral days (Fig. 6). The values of the water content for RML vs.
aW, the latter dictated by the salt type, are in strong agreement
with the literature (25). As an example of its utility, Figure 6
predicts the water content of the solid phase of the final prod-
uct for the reaction depicted in Figure 2 (80% ME and 20%
FFA, liquid phase water concentration of 1.6%) is 8%, which
is near, but slightly lower than, the manufacturer’s suggested
water content, 10%. This result may indicate that RML is
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TABLE 1
Effect of the Control of Water Activity, aw, on the Equilibrium
Conversion of Fructose–Oleic Acid Esterificationa

Agent used % Conversion of
for aw control aw, 24°C oleic acidb KC

c

CaSO4
d <0.022 93.1 ± 6.7 4.2

Uncontrolled 0.311 89.9 ± 1.0 4.5
NaCl (aq)d 0.752 84.8 ± 4.8 6.1
aReaction conditions: Initial medium contained about 70% monoester, fruc-
tose (at a saturation level in accordance with the phase diagram of Fig. 1),
oleic acid, and Rhizomucor miehei immobilized on macroporous anionic
resin beads (RML). The reaction was conducted at 60°C. Fructose was con-
tinually added in small (batch) increments to maintain saturation. 
bError limits calculated based on a 95% confidence interval using a t-distrib-
ution. 
cCalculated according to Equation 8. 
dThe reaction mixture was contained in a beaker, which was placed in a
sealed desiccator that also contained CaSO4 or NaCl (aq), and placed on
top of a hot plate/stirrer. 

FIG. 6. Water isotherms at 60°C as a function of liquid phase composi-
tion. Ordinate values correspond to a specific water activity, or aw,
value at 40°C, indicated in the figure. For abbreviation see Figure 3.



slowly dehydrating and that a means of resupplying water to
the biocatalyst may be required for long-term operation. Figure
6 suggests that the liquid phase water content will increase dur-
ing the course of the reaction for a fixed value of aW, further
suggesting the difficulty in removing water from the reaction
medium without dehydrating RML in order to drive the reac-
tion toward 100% conversion.

Enzyme activity retention. To examine the activity retention
of RML during the synthesis of saccharide esters as conducted
using the methodology described herein, 0.5 g of RML was
used in three successive reactions operated in batch mode. The
initial reaction medium contained fructose-saturated 70 wt%
fructose monoleate/30% oleic acid. Fructose was added in a
fed batch mode during the course of the reaction until a 1:1
mole ratio of fructose to oleyl acyl groups was achieved; satu-
ration or near-saturation conditions of fructose were main-
tained. On achievement of at least 90% conversion of the oleyl
acyl groups, RML was isolated by filtration, washed with ace-
tone, and reused in a successive batch reaction. The time course
of reaction in all cases was linear, in agreement with the trend
shown in Figure 2.

According to the results, there was no loss of activity during
the three successive batches; in fact, the activity increased
slightly in batches 2 and 3 relative to batch 1 (Table 2). The re-
sults do not take into account small amounts of RML that were
lost between batches during its recovery and reuse, which
would result in an even higher relative activity for the second
and third successive batch reactions. In sum, RML remained
fully active for three successive batch experiments, amounting
to 585 h (24.4 d) of operation. 
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