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water removal materials and optimized enzyme formulations to improve reaction
rate and conversion. We have tested a lipase biocatalysis process using anionic
polymeric chains of polyacrylate as super-absorbent of water in the conversion of
methyl oleate from oleic acid and methanol and in toluene as reaction medium.

The water removal material that we used also for the enzyme immobilization is
commercially named Aquasorb 3005K2 (herein called Aquasorb).

Methods and findings: The synthesis of methyl oleate was catalyzed by Candida
rugosa lipase or lipase G from Penicillium camemberti in the presence or absence
of Aquasorb. The simple addition of Aquasorb to the reaction media of the lipase
(commercial sample) catalyzed reaction allowed an enzyme activity 20% and 40%
higher than that in the absence of Aquasorb for lipase from C. rugosa and lipase
G, respectively. Furthermore, for the commercial form of lipase G, when used in
the presence of Aquasorb, it was obtained a higher conversion of esterification
(93% instead of 60%). Aquasorb was used also as support for the adsorption of
the enzyme (via hydrogel formation followed by lyophilization) producing a lipase
that was 100% and 60% more active than the enzyme dissolved in buffer in the
absence of Aquasorb and lyophilized. However, these lipase formulations showed
only about 20 % activity compared to when dry Aquasorb was simply added to the
non-aqueous reaction medium.

Conclusions: The use of Aquasorb appears beneficial as additive in esterification
reactions (e.g., for biodiesel production) catalyzed by lipases in non-aqueous
reaction media.
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Introduction

Lipases are the group of hydrolases mostly applied in organic
synthesis. In particular they have been used in processes such as
esterification, transesterification (acidolysis, interesterification,
andalcoholysis), aminolysis, oximolysis and thiotransesterification
[1]. Lipases have several properties that make them particularly
suitable for synthetic purposes. They are stable in organic solvents,
do not require cofactors, possess broad substrate specificity and
exhibit a high enantioselectivity [2,3].

The synthesis of biodiesel by lipase-catalyzed reactions has
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attracted increasing interests from numerous research groups in
the world [4,5]. Biodiesel is a potential alternative to fossil fuels
constituted of monoalkyl fatty acid esters including long chain
fatty acids that can be derived from vegetable oil, animal fats,
and microbial oil. Furthermore, due to their environmental and
economic benefits, lipase-catalyzed biodiesel synthesis is a valid
alternative to the conventional chemical catalytic processes [6].

Biodiesel is usually obtained by the conversion of triglycerides
from oil and animal fat into fatty acid alkyl esters with the aid
of transesterification (also known as alcoholysis) carried out in
the presence of short chain alcohols (e.g., methanol or ethanol)



as nucleophile. However, the synthetic process that starts from
a long chain fatty acid and an alcohol may also occur because
of variable percentages of fatty acids that are present in the
starting fat. The main drawback in the esterification reaction for
the synthesis of the monoalkyl fatty acid ester is the production
of water as side product (Scheme 1) that decreases the reaction
rate and the yield of esterification.

Several approaches have been adopted to remove water from
the non-aqueous reaction media, including heteroazeotropic
distillation, sparging of dry inert gas through the medium, or
the application of salt hydrates. The most popular dehydration
technologies involve reactive distillation, sorption, and
membrane reactors [7]. Concerning the sorption methods, the
addition of molecular sieves to reaction media is a simple and
appropriate methodology to remove the by-produced water or to
dehydrate organic solvents. An advantage of molecular sieves is
that although they adsorb both water and the reaction products,
they have pores only permeable by water molecules.

Analogously to molecular sieves, water-retaining polymeric
material that forms hydrogel [8] could be suitable to remove
water from a reaction medium that has to remain dry. Within
this kind of materials, Aquasorb is a water retaining polymer
(WRP) in the form of beads consisting of super-absorbent anionic
polymeric chains of polyacrylate, parallel and regularly crosslinked
to each other to form a polymeric network [9]. Aquasorb can
form hydrogels that are insoluble in water and in non-aqueous
media. It is usually employed in agricultural applications (e.g., to
help the root network, or to prevent the cut flowers desiccation
during their transportation, etc.). Neverthelss, to the best of our
knowledge, it has never been used for capturing water produced
in an esterification reaction.

In the present study, we employed Aquasorb 3005 K2 as water
removal material in the process of esterification of oleic acid
to methyloleate catalyzed by Candida rugosa lipase or lipase G
from Penicillum camemberti (Scheme 1). In addition, we have
also investigated the possibility to exploit Aquasorb as enzyme
support for immobilization, with the purpose to improve the
enzyme properties [6].
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Scheme 1 Esterification reaction catalyzed by Candida rugosa
lipase (10 mg) or Lipase G from Penicillium camemberti (10 mg)
in toluene (final volume 1 mL). Methanol (25 uL/mL) reacts
with oleic acid (50 puL/mL) to form methyl oleate and water.
The reaction was carried out at 30°C by stirring at 150 rpm. For
further details, see Material and Methods (Enzyme activity assay
and reaction conversion measurements).

Methods

Materials
Aquasorb 3005K2 (Aquasorb) (bead diameter was 1-2 mm)
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used in our study as WRP was kindly donated from SNF Italia in
form of lyophilized beads. Oleic acid (95%) was obtained from
Alfa Aesar (Germany, Europe). Methanol, toluene and dodecane
were obtained from Sigma-Aldrich (St. Louis, MO, USA). Candida
rugosa lipase was purchased from Sigma-Aldrich (St. Louis, MO,
USA) and Lipase G from Penicillium camemberti was purchased
from Amano (Japan). All chemicals were of analytical grade and
were used as received without any further purification.

Enzyme preparation

Lipases were used in different forms. They were either tested
as untreated commercial product, or were adsorbed on the
hydrogel obtained from the Aquasorb and lyophilized. To this
aim, 4 mL of C. rugosa lipase or lipase G solution (2.5 mg/mL) in
10 mM phosphate buffer, pH 7 (buffer A) were added to 30 mg
of Aquasorb 3005K2 and let to swell until a hydrogel was formed.
Then, the lipase containing hydrogel was then frozen at -80°C and
lyophilized. As control, lipases without hydrogel (only dissolved in
buffer A and lyophilized) were also prepared.

Enzyme activity assay and reaction conversion
measurements

Lipase activity was measured by monitoring the esterification of
oleic acid (50 pL/mL) with methanol (25 pL/mL) in toluene (final
volume 1 mL). In all cases the reaction was carried out using 10
mg of lyophilized enzyme (as described in Enzyme preparation) or
untreated commercial lipase. This latter enzyme preparation was
tested in the absence or in the presence (30 mg) of Aquasorb.
Before use, the enzyme and all reagents were equilibrated for
at least 24 h in the presence of a saturated solution of lithium
bromide (LiBr) (water activity value of 0.06). The reaction was
carried out by stirring at 150 rpm and at 30°C.

The formation of methyl oleate was examined by GC/MS
(Chromatograph ThermoQuest-Trace GC (column 30 mx 0.25 mm
x 0.25 pM) connected to a Finnigan-Trace DSQ MS system, setting
the following parameters: 15°C/min from 150°C for 0.5 min to
230°C for 6 min.

Formulation

C. rugosa lipase®

Lipase G°

Untreated Lipase and
Aquasorb©
Untreated lipase
Lipase in buffer with
Aquasorb hydrogel and
freeze-dried®
Lipase in buffer and
freeze-dried

1.62 + 0.42 (100) 2.76 + 0.66 (100)

1.38 £ 0.06 (85) 1.92 £ 0.42 (70)

0.36 +0.06 (22) 0.48 +0.12 (16)

0.18 +0.06 (11) 0.3 +0.06 (11)

?Initial rate was calculated multiplying the initial umoles of the substrate
(in the reaction herein tested 160 moles) by the conversion value and
considering only the initial linear part of conversion curves reported
in Figure 2 (conversion was not higher than 20%). The values refer to
a reaction catalyzed by 10 mg of lipase. *In parenthesis it is reported
relative activity (%) compared to the untreated enzyme used in the
presence of Aquasorb added to the reaction media. ‘No activity was
observed with only Aquasorb.
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Figure 1 GC/MS chromatograms obtained injecting 1 pl of the reaction medium containing oleic acid in toluene (as described in Materials and
Methods) before adding the lipase (in red, dashed) and after 4 hours from the addition of C. rugosa lipase (in blue). Mass spectra of
the peak at 7.48 min (a) shows the typical fragments of methyl oleate, in particular of molecular mass of 296 [M]*, 264 [M-32]*, 222
[M-74]*, 180 [M-116]* [10]. The mass spectra of peak at 7.85 min (b) corresponds to that of oleic acid, which shows typical fragments
with molecular mass of 282 [M]*, 264 [M-18]*, 222 [M-60]*, 180 [M-102]* 1. Similar chromatograms were obtained after the addition
of lipase G to the reaction media (data not shown).
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Advancement of the esterification reaction was monitored
at scheduled times by a GC-FID system (Agilent 6850), using a
polydimethylsiloxane column (30m x 0.32 mm, film thickness
0.25 uM), under a constant flow of 2.7 mL/min. Injector and FID
temperature was 300°C, ramp temperature of 15°C/min from
150°C for 0.5 min to 230°C for 6 min. The retention time was 5.6
and 5.9 min for methyl oleate and oleic acid, respectively.

The conversion of oleic acid to methyl oleate was calculated
by the ratio of the normalized chromatographic peak area
c=Area methyl oleate/(Area oleic acid + Area methyl oleate).
The normalized peak area was obtained by dividing the peak
area with the molecular weight of the corresponding analyzed
compound. Dodecane (2 uL/mL) was used as internal standard to
check injection reproducibility.

Results and Discussion

Lipase-catalyzed esterification reactions

Both lipases were able to catalyze the esterification reaction
forming methyl oleate from oleic acid, as proved by GC/MS
(Figure 1).

In order to determine the enzyme efficiency in a given bio-
catalyzed reaction, it is important to investigate how a given

© Under License of Creative Commons Attribution 3.0 License

enzyme preparation affects the reaction conversion (Figure 2)
shows that for both lipases, the conversion of oleic acid to methyl
oleate markedly depend on the lipase form. It can be seen that
the highest conversion was obtained with the untreated lipase
and Aquasorb added to the reaction medium. It is important to
emphasize that in the study herein presented we could compare
only the activity and reaction conversion for different forms of
the same enzyme. It was not possible the comparison of the
specific activity of the two lipases because the lipase forms
herein tested were prepared from the semi-purified commercial
enzymes, which are provided without the exact percentage of the
lipase protein.

In the case of C. rugosa lipase (Figure 2a), the highest final
esterification conversion value was about 96% for the untreated
lipase used with the water-retaining polymers (in black), and
94% with the untreated enzyme only (curve in red), where
the increase seemed minor. The addition of Aquasorb has also
increased 20% the initial rate of the reaction catalyzed by the
untreated commercial enzyme (Table 1). The reaction conversion
with the lyophilized enzyme was lower than for the commercial
untreated enzyme being 53% (curve in green) and 24% (in
yellow) when lyophilized in presence and absence of Aquasorb,
respectively. Furthermore, with the same two forms of C. rugosa
lipase the initial reaction rate was 22% and 11% compared to the
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Figure 2 Conversion of esterification reaction of oleic acid to methyl oleate with methanol as nucleophile, catalyzed by different formulations
of C. rugosa lipase (a) or lipase G (b) in the organic solvent toluene and in presence or absence of Aquasorb. Lipase formulation are: 1)
untreated lipase and Aquasorb added to the reaction media (in black), 2) untreated lipase only (in red), 3) lipase dissolved in buffer A
and added to Aquasorb to form a hydrogel and then freeze-dried (in green), 4) lipase dissolved in buffer A and freeze-dried (in yellow).
Esterification carried out in the presence of Aquasorb only (in blue). For experimental details, see Material and Methods (Enzyme
activity assay and reaction conversion measurements).
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commercial untreated enzyme used with Aquasorb added to the
reaction medium (Table 1).

or lipase G from P. camemberti, a more impressive reaction
conversion improvement by the water-retaining polymers was
possible (Figure 2b), and a conversion of 93 % (black curve in
Figure 2b) was possible only when the esterification reaction was
catalyzed by the commercial enzyme with Aquasorb added to
the reaction medium. Instead, in the absence of Aquasorb the
conversion was not higher than 60%. The addition of Aquasorb
has also increased 44% the initial rate of the reaction catalyzed by
the untreated commercial enzyme (Table 1). The lyophilization of
the enzyme, both in the absence or in the presence of Aquasorb,
caused a marked decrease of the initial reaction rate (compared
to the commercial enzyme used with Aquasorb added to reaction
medium) and it was 16% of 11%, respectively (Table 1). The
lower activity of the freeze-dried enzyme also resulted in a lower
reaction conversion, which was not higher than 42% and 69%
when the enzyme was freeze-dried in presence (green curve) and
absence (yellow curve) of Aquasorb, respectively .

It is known that lipase formulation modulate enzyme properties
[10-13]. Theresults presented herein show that the lyophilization
process has inhibited the lipase functionality, and the presence of
Aquasorb hydrogel plays a moderate lyoprotective effect.

4

Interestingly, Figure 2b indicates a particular behavior of Lipase
G lyophilized in the absence of Aquasorb. It can be observed that
this enzyme formulation has an increase of activity as a function
of time. A possible explanation of this behavior is that the water
released as a byproduct from the esterification reaction (Scheme
1) is adsorbed by the enzyme to optimize its functionality (e.g.
catalytic activity). In fact, it is known that enzymes require a
certain amount of water to function properly in non-aqueous
media [13-15]. In the present study this effect is observed only
with the lyophilized enzyme. We presume that the lyophilization
process subtracts also the water essential for enzyme activity.
It should be emphasized that the equilibration with LiBr (water
activity 0.06), might not be as efficient as the lyophilization
process in the removal of water from the enzyme powder. Thus,
when the water activity of the reaction medium increases because
of the water formed by the esterification, the enzyme adsorbs
water that acts as enzyme “plasticizer”, allowing the increase of
enzyme activity and the bioconversion. This agrees with the fact
that there is no increase of catalytic activity as a function of time
when in presence of Aquasorb, which would compete with the
enzyme to take water from the reaction medium. However, in
the absence of Aquasorb, the increase of water activity in the
reaction medium also cause a higher hydrolytic reaction [16,17],
which leads to a lower reaction conversion compared to that
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obtained with the untreated commercial enzyme used with
Aquasorb (Figure 2b, curve in black).

Conclusions

We presented a novel application of Aquasorb in biocatalyzed
reactions. In particular, it was used in a form of beads added to
the reaction media without any pretreatment or after obtainment
of a hydrogel (to allow the adsorption of the enzyme) followed
by lyophilization. The advantages showed by Aquasorb for this
application are i) the possibility to increase both the reaction
conversion and the enzyme activity of enzymes in organic solvent,
ii) the low cost per kilo (few dollars) and iii) the high amount of
water that can be removed from the reaction medium, being their
water absorbing capacity about 400 (w/w), iv) the stability in the
organic media (the beads appeared intact after 12 days in organic
solvents). Based on the observations and results obtained in this
study we envisage Aquasorb might be a possible additive as water
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removal in the lipase catalyzed esterification of biodiesel or of
the numerous esters of industrial interest obtained by lipases [1].
Furthermore, this material could also play a role in the hydration
of the enzyme as observed in the comparison of the activity of
both immobilized lipases for which Aquasorb had a lyoprotective
effect. More investigations are planned for the study of this effect
and to confirm the exploitability of these potential applications in
other synthetic conditions and the economic feasibility.
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