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Abstract Biodiesel production catalyzed by immobilized lipases offers the possibility of easy
reuse of the catalyst, which is very important to minimize costs and to make this process
economically feasible. In this study, the reuse of three commercial immobilized lipases
(Novozym 435, Lipozyme RM IM, and Lipozyme TL IM) was investigated in ethanolysis
of soybean oil. The effect of the use of solvents (ethanol, butanol, and hexane) to wash the
immobilized lipases before the enzyme reuse was evaluated, as well as the lipase reuse without
solvent washing. The washing with butanol and ethanol led to the lowest decrease in ester
yield after the first batch and allowed the highest glycerol removal (>85 %) from biocatalysts.
The biocatalysts were incubated at 50 °C for 2 h in these three solvents. Esterification activities
of the enzyme preparations, scanning electron microscopy (SEM) analyses of the beads, and
protein content in organic phase were evaluated before and after incubation in the solvent.
SEM analysis showed a significant change in beads morphology of Novozym 435 after contact
with hexane. For Lipozyme TL IM lipase, this effect was visualized with ethanol.
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Introduction

In recent years, there are many ongoing studies about the use of lipases as alternative
biocatalysts for biodiesel production. These biocatalysts can be often immobilized on a
solid support before use, which facilitates both their use in continuous operations and
their recovery from the product mixture [1, 2]. However, the high cost of commercial
enzymes when compared to the chemical catalyst is a great disadvantage of this route,
together with the longer reaction time. In this context, much effort have been done to
reduce the production costs of the biocatalysts and to maximize their reutilization. From
an economic point of view, the reuse of the biocatalyst is very important, since the higher
the lifetime of the biocatalyst is, the lower their contribution in process costs is [3].

Moreover in enzymatic transesterification reactions, the glycerol by-product that is
hydrophilic and insoluble in oil causes the inactivation of the biocatalyst, which is
one of the main problems related to this process. Glycerol produced can easily get
adsorbed on the surface of the immobilized enzyme leading to a decrease in lipase
activity and operational stability [3, 4]. The enzyme washing with solvent has been
described as an efficient method to minimize the negative effects of glycerol on the
lipase activity and to improve the operational stability of the biocatalyst [5].

The choice of the solvent used for lipase washing should consider some aspects,
such as capacity of glycerol removal that is adsorbed on the support of the biocat-
alyst, denaturation of the enzyme, and interactions of the solvent with the support [6],
which are directly related to the polarity-hydrophobicity of the solvent. One of the
most important parameters of the polarity-hydrophobicity of an organic solvent for
enzyme-catalyzed reaction is the log P [logarithm of the partition coefficient (P) of
the solvent between 1-octanol and water] [7]. In general, enzyme activity and stability
are lower in hydrophilic solvents (log P < 2), moderate in solvents with log P between
2 and 4, and higher in more hydrophobic solvents (log P > 4). On the other hand, the
best performance of hydrophilic solvents to remove glycerol adsorbed on the
immobilized lipase should be considered. Solvents reported for washing lipases before
its reuse include hexane [8–11], chloroform [4], acetone [12–14], water [9, 10, 16],
isopropyl alcohol [15], ethanol [9, 17], tert-butanol [14, 18], propanol [9, 16],
phosphate-buffered saline [19], Triton X-100 and 2-propanol in Tris–HCl buffer
[20], and dimethylcarbonate [21].

The aim of this work was to study the reuse of three commercial immobilized
lipases (Novozym 435, Lipozyme RM IM, and Lipozyme TL IM) in ethanolysis of
soybean oil. Soybean oil was chosen, because soybean crop is already established in
Brazil and soybean oil is the main oil used for biodiesel production in this country.
The current production of biodiesel in Brazil is about 300,000 m3/month, of which
about 70 % are obtained from soybean oil [22]. Moreover, the literature reports the
use of this oil as raw material for enzymatic biodiesel synthesis [4, 9, 15].The effect
of lipase reuse without solvent washing and the use of three solvents (ethanol,
butanol, and hexane) to wash the lipases in ester yield were studied. The glycerol
removal from the biocatalyst by the solvents after the reactions was also investigated.
The effect of the incubation of beads in ethanol, butanol, and hexane on the surface
morphology of Lipozyme RM IM, Lipozyme TL IM, and Novozym 435 was studied.
The effects of the solvent in esterification activity and the desorption of protein due to
incubation of the biocatalysts with the three solvents were also studied.
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Materials and Methods

Raw Materials and Reagents

Soybean oil was provided by Piraquê S. A. (Rio de Janeiro, Brazil) and presented the
following compositions in fatty acids (wt.%): 0.1 % lauric acid, 11.3 % palmitic acid, 0.1 %
palmitoleic acid, 4.3 % stearic acid, 25.8 oleic acid, 52.1 % linoleic acid, 5.1 % linolenic acid,
0.7 % arachidonic acid, 0.3 % behenic acid, and 0.2 % linoelaidic acid. The composition was
determined by gas chromatography following the standard method AOCS Ce 1f-96 [23]. A
gas chromatograph equipped with a flame ionization detector (FID) and a BPX70 capillary
column (120 m×0.25 mm×0.25 μm) was used. The detector and injector were set at 250 °C
and the oven temperature was 205 °C. The acid value of the soybean oil was about 0.08 mg
KOH per gram of oil. The commercial immobilized lipases used were Lipozyme RM IM
(lipase from Rhizomucor miehei, immobilized on macroporous anion exchange resin),
Lipozyme TL IM (lipase from Thermomyces lanuginosus, immobilized in hydrophilic sup-
port), and Novozym 435 (lipase from Candida antarctica, immobilized on acrylic
macroporous resin), all kindly donated by Novozymes Latin America Ltda. (Araucária,
Brazil). Ethanol (pro analysi (p.a.)), butanol (p.a.), acetone (p.a.), sodium hydroxide, and
hexane (99 %) were obtained from Vetec Química Fina Ltda (Rio de Janeiro, Brazil). Oleic
acid (extra pure) was purchased fromMerck (Darmstadt, Germany). Methyl heptadecanoate (a
chromatographic standard) was obtained from Sigma/Aldrich (St. Louis, USA).

Measurement of Esterification and Transesterification Activities

Esterification activity was measured by the consumption of oleic acid in esterification reactions
with butanol (oleic acid:butanol molar ratio of 1) with an enzyme amount of 3 wt.% at 45 °C.
The reactions were carried out in closed 15-mL batch reactors magnetically stirred and
thermostated. At fixed intervals, triplicates samples of 100 μL were removed from the medium,
dissolved at acetone/ethanol 1:1 (40 mL), and residual free fatty acids (FFAs) were analyzed by
titration with NaOH 0.04 mol.L−1. One esterification unit (U) was defined as the enzyme
amount that consumes 1 μmol of fatty acid per minute under the experimental conditions [24].
The esterification activities of commercial lipases, Lipozyme RM IM, Lipozyme TL IM, and
Novozym 435 were 1880, 720, and 3554 (μmol of acid ·min−1 g−1), respectively.

Transesterification activity was measured by the consumption of trilaurin in the
transesterification reactions with ethanol (trilaurin:ethanol molar ratio of 1:3) with an enzyme
amount of 5 wt.% at 50 °C. The trilaurin consumption was measured by gaseous phase
chromatography according to described in Langone and Sant’Anna [11]. One
transesterification unit (U) was defined as the enzyme amount that consumes 1 μmol of
triglyceride per minute under the experimental conditions. The transesterification activities
of commercial lipases, Lipozyme RM IM, Lipozyme TL IM, and Novozym 435 were 650,
3220, and 3980 (U g−1), respectively.

Transesterification Reaction

Transesterification reactions were performed in a closed 15-mL batch reactor magnetically
stirred and coupled to a condenser in order to avoid alcohol loss. Water circulating in the
condenser was cooled by a thermostatic bath. Reaction medium temperature was kept constant
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at 50 °C by circulating hot ethylene glycol through the reactor jacket. A thermostatic bath
allowed a close control over the process temperature. The mass of soybean oil used was 8 g in
all experiments. This mass corresponds at 0.01 mol of triglycerides and is based on the molar
mass of the oil, calculated from the oil composition (801 g mol−1). The reactions were carried
out in a solvent-free medium during 4 h, using 5 wt.% of commercial lipase, and a ratio
ethanol:oil of 3:1, with the alcohol added at the beginning of the reaction or in three steps
(T0 =1/3, T30 min = 1/3, and T60 min = 1/3) at 50 °C. The biodiesel content was determined by
gas chromatography.

Biocatalyst Reuse Without Solvent Washing and with Solvent Washing

Novozym 435, Lipozyme RM IM, and Lipozyme TL IM reuses were evaluated in ethanolysis
of soybean oil. Reactions were carried out for 4 h, and after that, two different methods were
tested for lipase reuse. In the first one (with no solvent washing), the enzyme was separated by
decantation; the medium was withdrawn and replaced by a new one (direct reuse). This
methodology was repeated three times. The second method was to wash the biocatalyst with
a solvent (ethanol, butanol, or hexane), in which the lipase was separated from reaction
medium by decantation and washed with 30 mL of solvent under magnetic stirring during
5 min. After that, it was vacuum filtered and placed in a desiccator for 24 h. After this
treatment, the enzyme was reused in a new batch. The effect of the solvent washing on lipase
reuse was studied in two consecutive transesterification reactions.

Chromatography Analysis (Biodiesel Yield)

The fatty acid ethyl ester (FAEE) content in the reaction medium was analyzed on Varian gas
chromatograph (CP–3380 model), equipped with a flame ionization detector (FID), a CP
WAX 52 CB capillary column 30 m×0.25 mm×0.25 mm, and a split injection system with a
1:20 ratio. Injector and detector temperatures were kept at 280 and 300 °C, respectively. The
oven was initially maintained at 200 °C for 4.5 min, then heated up to 250 °C at 20 °C min−1

rate, and kept constant at the final temperature for 5 min. Hydrogen was used as the carrier gas
at 2 mL min−1 flow rate; column pressure was set at 20 psi. The FAEE content in the medium
was calculated according to Eq. (1).

Ester yield Qð Þ ¼ mass of internal standard� total area of esters� 100

area of internal standard�mass of sample
ð1Þ

Analysis of the Glycerol Adsorbed on the Lipase

The glycerol content was determined in the obtained filtrate (supernatant) after washing the
enzyme preparation with solvent (ethanol, butanol, and hexane). Of the water, 30 mL was
added to the biocatalysts in order to verify if there was still glycerol adsorbed on the support of
the commercial lipases. After vacuum filtration, the glycerol content was also determined in
the filtrate. The concentration of glycerol was performed according to the modified Soloni
method [25], using HACH spectrophotometer, model DR/4000U, at 410 nm. The glycerol
percentage removed by the solvent was calculated from the total glycerol adsorbed on lipase.
The total glycerol adsorbed on lipase (100 %) was obtained by the sum of the concentrations of
glycerol in the solvent and in the water.
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Treatment of the Immobilized Lipases with the Solvents

The effect of the solvents used for lipase washing (ethanol, butanol, and hexane) on the
esterification activity of Novozym 435, Lipozyme RM IM, and Lipozyme TL IM was
studied. The immobilized lipases (0.3 g) were incubated in 3 mL of the solvent during
2 h at 25 °C and 50 °C, in a closed 15-mL batch reactor magnetically stirred. The
experiments were performed in triplicate. After 2 h, the suspension was centrifuged and
the supernatant (solvent) was used for protein quantification, while the solid
(immobilized lipase) was used for analysis of the esterification activity and scanning
electron microscopy (SEM) analysis. Esterification activity was chosen because it is a
simpler analytical method and provides a faster response in relation to the method of
determining transesterification activity.

Protein Quantification After Treatment with Solvent

The amount of protein present in the solvent after lipase incubation was determined according
to biuret method [26]. In this context, the absorbance of the supernatant solution remaining
after the treatment with the three solvents was studied at 550 nm. The absorbance was
correlated with the concentration of protein by means of a calibration curve performed with
several concentrations of the casein (0–10 mg mL−1).

SEM Analysis

In order to investigate the surface morphology of the commercial immobilized lipases
Novozym 435, Lipozyme RM IM, and Lipozyme TL IM) before and after contacting with
solvent (butanol, ethanol, and hexane), scanning electron microscopy analysis was performed.
The analyses were carried out in the Centro de Caracterização em Nanotecnologia (CENANO)
located in National Institute of Technology (Instituto Nacional de Tecnologia, INT). Samples
were prepared by drying and covering with a conductive gold layer for 2 min at 20 mA. After
plating, the samples were analyzed in the microscope (FEI INSPECT S50), at ×50, ×200,
×400, ×600, and ×2000 magnifications.

Results and Discussion

Biodiesel Synthesis

The effect of the stepwise addition of ethanol was studied with the commercial lipases
Lipozyme RM IM, Lipozyme TL IM, and Novozym 435 in biodiesel synthesis using a 3:1
alcohol:oil molar ratio and 5 wt.% of enzyme. The results are shown in Fig. 1.

As can be seen in Fig. 1, the addition of ethanol in steps improved the ester yields for the
three enzymes, as expected. This effect was previously described by literature due to the
denaturation of the lipase by contact with high concentrations of the more polar solvent
[27–29] and was more pronounced with Lipozyme TL IM. The biodiesel content obtained
after 4 h of the reaction carried out with single addition of ethanol was 12 % and with stepwise
addition of alcohol was 42 %. Considering these results, further experiments of biodiesel
synthesis were carried out with stepwise addition of ethanol.
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Biocatalyst Reuse Without Solvent Washing

The reuse of the three biocatalysts (Novozym 435, Lipozyme RM IM, and Lipozyme TL IM)
in ethanolysis of soybean oil was performed without solvent washing before reutilization.
Novozym 435 could be reused for three reaction cycles, while Lipozyme RM IM was reused
for only two consecutive reactions. In the first use of Novozym 435, the FAEE was 36 %, and
after the third batch reuse, the yield was reduced by ten times (3 %). A reduction in biodiesel
yields, from 29 to 9 %, was also observed with Lipozyme RM IM in the second reaction
(Fig. 2). The support of Lipozyme TL IM dissolves in the reaction medium, so the reuse of the
biocatalyst was jeopardized. It is noticeable that without the previous washing of the
immobilized lipase, the enzymatic activity suffers a drastic reduction after few cycles [9,
14]. As previously reported by several authors, this reduction in enzymatic activity can be
explained due to a deposition of the glycerol by-product over the pores of catalyst, which
blocks the access of substrates to active sites of lipase [30]. To avoid this problem, it is
common to wash the lipase before using it in another batch in order to remove the glycerol
adsorbed on support. Polar solvents such as ethanol and acetone have the advantage of better
removal of this hydrophilic by-product. On the other hand, some authors report that

Fig. 1 Time course of the reactions carried out using 5 wt.% of commercial lipase (Novozym 435, Lipozyme
RM IM, and Lipozyme TL IM), 8 g of soybean oil, and a ratio ethanol:oil of 3:1 added at the beginning of the
reaction or in three steps (T0 = 1/3, T30 min = 1/3, and T60 min = 1/3), at 50 °C

Fig. 2 Relative ester yield attained in 4 h after reuse of Novozym 435 and Lipozyme RM IMwithout washing of
the enzymes before the reuse. Reactions conditions: 5 wt.% of commercial lipase, 8 g of soybean oil, and a molar
ratio ethanol:oil of 3:1 added in three steps (T0 = 1/3, T30 min = 1/3, and T60 min = 1/3), at 50 °C
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hydrophobic solvents, such as hexane, are most interesting, since they better remove the non-
polar components (substrates and products) that may be adsorbed on the enzyme [9, 10].

Effects of the Solvents in the Esterification Activity and Morphology
of the Immobilized Biocatalysts

In the present work, three solvents were used to wash lipase before its reuse. Ethanol (log
P=−0.30) was chosen since it is produced on a large scale from renewable sources [1] and it is
itself a reagent for the studied reaction. Hexane (log P=3.5) is a hydrophobic solvent and was
chosen due to previous results obtained in the literature using this solvent for lipase washing
[9, 10]. Butanol is another hydrophilic solvent (log P=0.79) that is less polar than ethanol and
can also be used as reagent in transesterification reactions.

In order to obtain a better evaluation of the effects of these washing solvents on the three
commercial immobilized biocatalysts, Novozym 435, Lipozyme RM IM, and Lipozyme TL
IM were incubated in ethanol, butanol, or hexane for 2 h under magnetic stirring, at 25 and
50 °C. The results of relative esterification activities obtained after the contact with the solvents
at 50 °C for the three biocatalysts are shown in Fig. 3. It can be seen that the contact with
ethanol for 2 h promoted the highest decrease in esterification activity for Novozym 435. This
result is due to the high polarity of this solvent compared with butanol and hexane. José et al.
[6] observed that the secondary structure of C. antarctica B lipase (Novozym 435) has
changed after the contact with ethanol, with an increase in the contribution of β-sheet
structure. This can be explained since these polar solvents can strip water from the surface
of the protein and compete for hydrogen bonds between the atoms of the protein, denaturing
the structure to a largely unfolded state.

Similar results of relative activity were observed in experiments conducted with Lipozyme
RM IM. This result can also be attributed to the effect of ethanol on the lipase support.
Lipozyme RM IM is a R. miehei lipase produced by submerged fermentation of the microor-
ganism Aspergillus oryzae and is immobilized on macroporous ion exchange resin (a hydro-
philic support Duolite ES 562) [31]. Thus, ethanol may dissolve its support causing enzyme
desorption. Lipozyme TL IM maintained similar activities after the contact with ethanol or
butanol, which were lower than with hexane. Lipozyme RM IM and Lipozyme TL IM
maintained about 80–85 % of its initial activity after contact with hexane. Similar results were
obtained at 25 °C. Relative esterification activities above 80 % were attained after enzyme

Fig. 3 Relative esterification
activities (%) of Novozym 435,
Lipozyme RM IM, and Lipozyme
TL IM after being in contact with
ethanol, butanol, and hexane
during 2 h, at 50 °C
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incubation in hexane, while the contact with ethanol or butanol resulted in higher loss of
enzyme activity.

The effect of the solvents in the surface morphology of the three commercial biocatalysts
was also investigated. As can be seen in Fig. 4, in the presence of hexane, the support
morphology of Novozym 435 was changed; however, no modification was visualized after
enzyme incubation in ethanol and butanol under studied conditions. This result can be attributed
to the hydrophobic nature of hexane, which could dissolve the macroporous resin (support).
Novozym 435 is a commercial immobilized lipase B from C. antarctica (CALB) produced by
submerged fermentation of a genetically modified Aspergillus microorganism. This lipase is
adsorbed on a macroporous resin called Lewatit VP OC, that is a polymer of metacrylic acid
cross-linked with divinylbenzene (DVB) and has certain hydrophobic nature [6, 32].

However, the results of esterification activity and protein content did not show that the
lipase was desorbed from the support when incubated in hexane. The largest amount of protein
in the solvent after incubation of Novozym 435 was found when ethanol was used. José et al.
[6] observed that ethanol dissolves the resin that constitutes the support of the C. antarctica
lipase (poly methyl methacrylate (PMMA)). Furthermore, the authors found that the interac-
tion of ethanol with Novozym 435 occurs not only on the surface but also into the biocatalyst’s
bead. Ethanol diffuses into the biocatalyst’s beads remaining strongly adsorbed, and this
diffusion alters the inner texture of the beads generating channels and increasing the roughness
of the polymeric material [6]. The resin dissolution caused by the solvents leads to the
migration of the polymer and other substances used as additives in lipase immobilization
process toward the liquid phase [6, 33]. Thus, although hexane has promoted the apparent
dissolution of Novozym 435 support, it seems that the lipase remained adsorbed on the
macroporous resin after the treatment with this solvent.

The SEM images (Fig. 5) of beads Lipozyme RM IM show no significant change in the
structure of immobilized biocatalyst after incubation in the solvents tested. Lipozyme RM IM
is a lipase from R. miehei produced by submerged fermentation of A. oryzae and immobilized
on an anionic resin. The support of the immobilized enzyme is Duolite ES 562, a weak anion
exchange resin based on phenol–formaldehyde copolymers [31]. The analysis of protein
content after incubation in hexane showed that the amount of dispersed proteins in the medium
was low compared to the amount of protein obtained after incubation in ethanol.

Lipozyme TL IM is a T. lanuginosus lipase produced by a genetically modified strain of A.
oryzae. This lipase is immobilized via ionic adsorption on a hydrophilic support (a gel of
granulated silica) [34, 35]. As can be seen in Fig. 6, when this biocatalyst was incubated in a
polar solvent (ethanol and butanol), a significant change occurred in the morphology of the
support. The proteins dispersed in the medium were also high after incubation in ethanol. This
result shows that polar solvents such as ethanol and butanol are able to dissolve the lipase

Fig. 4 Scanning electron micrographs of beads (magnification of ×50) of fresh Novozym 435 (a) after being in
contact with ethanol (b), butanol (c), and hexane (d) during 2 h at 50 °C
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support, and this interaction with the support also affects the lipase activity (Fig. 3). This result
also corroborates with those attained in the reuse of Lipozyme TL IM without washing, in
which was observed the dissolution of the lipase support in the reaction medium.

Biocatalyst Reuse with Solvent Washing

In order to improve the reusability of the immobilized biocatalysts in soybean oil ethanolysis,
Novozym 435 and Lipozyme RM IM were washed with ethanol, butanol, and hexane before
their reuse. Figure 7 shows the relative ester yield attained after the lipase washing with the
three solvents. According to the Fig. 7, the relative ester yield attained with butanol washing
was higher that the two other solvents for Novozym 435. After washing with butanol, the ester
yields were about 70–80 % for both enzymes. For the washing with ethanol, the ester yield
obtained in the second batch using Novozym 435 was 57 % of that attained in the first
reaction. It can be observed in Fig. 7 that 100 % of relative ester yield was attained when
Lipozyme RM IM was washed with ethanol. After washing with hexane, the yield was only 8
and 16 % of that obtained in the first reaction for Novozym 435 and Lipozyme RM IM,
respectively. This result can be attributed to a better glycerol removal adsorbed on the lipase
support by the polar solvents.

As reported by several authors, glycerol adsorption on the biocatalyst support leads to
significant loss of activity [4]. Therefore, solvent washing of commercial immobilized lipase
has been tested and the glycerol content was analyzed. The results showed that butanol and
ethanol allowed higher glycerol removal (>85 %) compared to hexane for both enzymes.
Hexane was able to remove about 40 % of the total glycerol adsorbed on Lipozyme RM IM
and Novozym 435. These results are expected, considering that glycerol is a polar solvent, and
therefore its more miscible into ethanol (log P=−0.30) and butanol (log P=0.79). Hexane
showed the lowest values of glycerol removal because it is a non-polar molecule (log P=3.5).

Fig. 5 Scanning electron micrographs of beads (magnification of ×50) of fresh Lipozyme RM IM (a) after being
in contact with ethanol (b), butanol (c), and hexane (d) during 2 h, at 50 °C

Fig. 6 Scanning electron micrographs of beads (magnification of ×50) of fresh Lipozyme TL IM (a) after being
in contact with ethanol (b), butanol (c), and hexane (d) during 2 h, at 50 °C
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Conclusion

In this study, the lipase reuse without solvent washing as well as the use of three solvents
(ethanol, butanol, and hexane) for washing commercial immobilized lipases were investigated.
The reuse of the commercial lipases without solvent washing was investigated in order to
reduce costs. However, the results showed a great reduction in ester yield after the reuse. The
best results for lipase reuse were obtained when commercial enzymes Novozym 435 and
Lipozyme RM IMwere washed with polar solvents (ethanol and butanol). These solvents were
more efficient to remove the glycerol produced in the transesterification reaction. The effects
of the solvents in the esterification activity and in the structure of the beads were analyzed after
the incubation of the enzymes in these solvents. The contact with hexane provided a lower
decay in enzyme activity. The results obtained by SEM showed that the morphology of
Novozym 435 was changed after contact with hexane. Moreover, the structure of Lipozyme
TL IM was altered when the enzyme was in contact with ethanol. These results show that the
choice of the solvent to wash the immobilized lipase should be taken into account the effects of
the solvent on the lipase structure, as well as its effects on the immobilization support and its
capacity to remove the glycerol by-product adsorbed on the biocatalyst. These combined
effects will contribute to the overall performance of the biocatalyst in successive reuses, and
further work can be carried out to better assess the changes observed in lipase supports.
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