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ABSTRACT

The alcoholysis of triolein was used to explore the specific features of a recombinant Rhizopus oryzae
lipase (rROL) for biodiesel synthesis. For this purpose, different acylglycerols were compared as
substrates in lipase-catalysed transesterification. rROL was shown to be more than 4-fold more specific
towards 1-monoolein than triolein; in contrast, rROL did not accept 2-monoolein as substrate,
concluding that it is highly 1,3-positional specific. Comparing ethanol and methanol as acyl-acceptors, it
was observed that the latter caused more lipase inactivation. Regarding alcohols, it was also
demonstrated that acyl migration occurred in moderate alcohol concentrations.

The characteristic lipase interfacial activation was also studied in the case of rROL. Thus, experiments
comparing mono- and biphasic systems were carried out, achieving more than 20-fold initial alcoholysis
rate when a mono-organic phase was used, which shows that rROL does not need interfacial activation

to perform efficient biodiesel synthesis.

1. Introduction

Biodiesel is a mixture of fatty acids monoalkyl esters (FAMEs) and a biodegradable and
renewable alternative fuel source with several advantages versus current diesel fuel [1,2]. It is produced
industrially from short chain alcohols - i.e. acyl-acceptor - and triacylglycerols - i.e. acyl-donor -,

typically vegetable oils using alkali catalysis - a process widely referred to as transesterification - [3].

Compared to the alkali process, lipase-catalysed transesterification has several advantages;
mainly that lipases perform their conversions in milder conditions [4] and are able to catalyse both
transesterification and esterification, which allows the use of cheaper raw materials with high amounts
of free fatty acids for biodiesel production [5]. For these reasons, this process has drawn huge scientific
attention during the last ten years [6]. However, the use of lipases in biodiesel synthesis has many
limitations and drawbacks, therefore in recent years there has been an increasing number of scientific
publications studying different lipase transesterification aspects. One of the main bottlenecks for the
industrial application of the enzymatic process is the high cost of the catalyst - i.e. lipase - compared to

the alkali catalyst, such as NaOH [6].



The different substrates, intermediates, by-products and products throughout the
transesterification have an effect both on the reaction progress and on the synthesis activity of the
lipase; thus, the monitoring and control of these species is crucial to optimising lipase biodiesel
synthesis. In the case of the acyl-donors, several lipid-class species participate throughout the
transesterification reaction, as shown in Figure 1. Initially, triacylglycerols are almost the sole
compound, appearing later di- and monoacylglycerols as intermediates, which are also consumed.
Bearing in mind that lipases exhibit different kinds of selectivities towards different lipid-class species
[7,8], during transesterification different reaction rates will be obtained depending on the predominant

species at each moment and the specificity of the lipase towards it.

Moreover, a wide range of lipases are 1,3-positional selective, which means that these enzymes
are specific to hydrolyse ester bonds positions 1 or 3 in triacylglycerols [4]. Several examples of
transesterifications described in the literature used this type of lipase from R. miehei [9-11], R. oryzae
[10,12-14], P. fluorescens [10] or pig pancreatic lipase [15]. Although the utilization of these lipases in
theory leads to a maximum theoretical yield of 66.7%, higher yields were often observed
[10,13,14,16,17], due to acyl migration, which promotes the conversion of 1,2- to 1,3-diacylglycerols and
2- to 1(3)-monoacylglycerols, achieving an overall conversion to glycerol and biodiesel. Nevertheless,
glycerol is related to several drawbacks, such as loss of lipase activity [18] and technical problems in
diesel engines [15]. In contrast, monoacylglycerols are a by-product of interest, with several applications
in the food and pharmaceutical industries -especially as emulsifiers - [19,20] and recently it has been

reported that their presence in final biodiesel enhances its lubricity [15,21].

Regarding alcohols, although ethanol and methanol are widely recognised to have stronger
negative effects on lipase comparatively to other alcohols, they are the most commonly used as acyl-
acceptors in biodiesel synthesis, especially methanol because of its economic feasibility and accessibility
[1,22,23]. Nevetheless, some lipases are more tolerant to methanol than others, such as those from
Pseudomonas genus, while C. rugosa lipase, for instance, appears to be more methanol sensitive [23].
So, the awareness of the alcohol tolerance of a lipase is fundamental in keeping a high catalytic activity

of the enzyme.

Moreover, free fatty acids can also participate in transesterification if they are present in the
initial substrate or released after triacylglycerols hydrolysis as a consequence of water presence in the
reaction medium. Water content in the reaction medium also plays an important role in lipase-catalysed
reactions. First, a minimum amount of water is needed to keep lipase conformation, but an excess of
water may lead to hydrolysis [5]. Furthermore, lipases are widely known to express generally higher
catalytic activities in organic-aqueous interfaces than in monophasic systems - a phenomenon known as
interfacial activation - [24-26]. Thus, water is not only crucial in keeping lipase conformation, but also

allowing it to exhibit a high activity.



In this present study, the behaviour and the specificities of rROL towards different substrates
were explored in transesterification reactions. Quantification analysis of free oleic acid, methyl and ethyl
oleate, 1(3)- and 2-monoolein, 1,3- and 1,2-diolein and triolein have been made in order to understand
the whole transesterification process and also to study acyl migration in the different reactions carried
out. In addition, experiments comparing the lipase specificity towards different alcohols (i.e. ethanol
and methanol) and acylglycerols (1-monoolein and triolein) were performed. Moreover, the effect of
the organic-aqueous interface on the catalytic activity of the rROL was also explored, studying mono-
and biphasic reaction systems and using the enzyme both in a freely soluble and immobilised form. This
work has been done with a recombinant 1,3-positional selective Rhizopus oryzae lipase (rROL), which
was cloned and expressed in Pichia pastoris [27], and previously used in several biodiesel synthesis
studies [3,12,28,29] and also in other lipase biotransformations [30-32]. Experiments using a

commercial R. oryzae lipase (ROL) were also carried out in order to compare the two lipases.

2 Materials and methods

2.1. Materials

High-grade n-hexane, n-tetradecane, methanol and methyl t-butyl ether were purchased from
Merck (Darmstadt, Germany) and n-heptane from VWR Chemicals (Stockholm, Sweden). Analytical
grade ethanol (99.5%) was obtained from Solveco (Rosersberg, Sweden). Ethyl oleate, methyl oleate and
oleic acid were from Aldrich. Silica gel and p-nitrophenyl butyrate were purchased from Sigma-Aldrich
(St Louis, Missouri, USA). Relizyme OD403/S was from Resindion S.r.l. (Binasco, Italy). N-methyl-N-
trimethylsilyheptafluorobutyramide (MSHFBA) was obtained from Macherey-Nagel (Diren, Germany)
and triolein from Larodan Fine Chemicals (Malmé, Sweden), which contain traces of diolein and free

oleic acid. Other chemicals were of analytical grade.

2.2. Lipase

Recombinant R. oryzae lipase (rROL) was produced in the Bioprocess Engineering and Applied
Biocatalysis research group in the Universitat Autonoma de Barcelona (UAB) as stated in previous work
[3]. The enzyme was produced by fed-batch cultivation of a recombinant P. pastoris strain using
methanol as inductor. The culture broth was centrifuged and microfiltered to remove biomass, after
which the supernatant was concentrated by ultrafiltration in a Centrasette® system from Pall Filtron
(New York, USA) equipped with an Omega membrane of 10-kDa cut-off and subsequently dialysed
against 10 mM Tris-HCl buffer at pH 7.5 and thereafter lyophilised.

Commercial R. oryzae lipase (ROL; product number 80612-25G) was purchased from Sigma-Aldrich.

2.3. Lipase activity



The hydrolytic activity of the lipase was analysed via spectrophotometric assay based on p-
nitrophenyl butyrate hydrolysis, as described in a previous study [33]. The absorbance of the p-
nitrophenol formed was measured continuously at a wavelength of 400 nm in a thermostat
spectrophotometer at 25°C using pH 7 sodium phosphate buffer. p-nitrophenyl butyrate initial
concentration was 0.4 mM in the cuvette and the enzyme concentration was chosen so that it allowed

linear absorbance measurements for 2 minutes.

2.4. Recombinant R. oryzae lipase immobilisation

rROL was immobilised by adsorption on Relizyme OD403/S. 0.7 g of lyophylised powder rROL
were dissolved in a volume of 50 ml 5mM phosphate buffer at pH 7 under magnetic stirring at 4°C for 1
hour; then the solution was centrifuged and the supernatant kept for immobilisation. Meanwhile, 2.8 g
of Relizyme OD403/S were mixed with 40 ml of water-acetone (50/50 v/v) solution for 30 min; after that
the solution was removed by vacuum-filtration and washed several times with water to remove
acetone. The pre-treated support - i.e. Relizyme OD403/S - was then mixed with the supernatant lipase
solution for 7 hours at 4°C under mild agitation. Then the immobilisation was stopped by vacuum-
filtration, rinsing the immobilised lipase with 200 ml of the initial buffer. Finally, the biocatalyst was

dried to constant weight in a silica gel desiccator and stored at -20°C until use.

2.5. 1- and 2-monoolein preparation

2-monoolein was prepared according to previous published work [33]. 1-monoolein was
synthesised by 2-monoolein acyl migration by adding 0.1 g silica gel and 3 ml heptane to 0.3 g 2-
monoolein and setting the reaction at 70°C under 1000 rpm agitation in a thermoshaker for 24 hours.
The silica was removed from the reaction medium by vacuum filtration and the solvent by rotary

evaporator. 1-monoolein was stored at -20°C.

2.6. Transesterification experiments

All reactions were carried out in 4.5 ml glass vials in a thermoshaker at 37°C under 1000 rpm
agitation. Duplicates of each experiment were conducted. Three types of transesterification
experiments using triolein as substrate were performed, varying lipase preparation and reactions
systems: free rROL in an organic-aqueous solution - i.e. biphasic system -, immobilised rROL in an
organic-aqueous solution - i.e. biphasic system - and immobilised rROL in organic solution - i.e.
monophasic system -. Reactions were prepared with 0.265 g triolein dissolved in 1.6 ml heptane (160
mM triolein) - i.e. the organic phase. Different triolein to acyl acceptors molar ratios were studied,
adding different amounts of ethanol and methanol at the beginning of the reaction. 0.05 g lyophilised
powder rROL were dissolved in 1 ml water, centrifuged and 0.4 ml of the supernatant were added to the
reactions for free rROL catalysed reaction experiments. For the experiments with immobilised rROL, the

same total lipase activity as in free rROL catalysis experiments was used, adding approximately 0.08 g of



biocatalyst in each reaction; 0.4 ml water were added to some of them - corresponding to the

immobilised rROL in a biphasic system experiment.

2.7. Comparison recombinant/commercial lipase

All reactions were carried out in 4.5 ml glass vials in a thermoshaker at 37°C under 1000 rpm
agitation. Duplicates of the experiments were done. Transesterification comparison reactions using
triolein, 1-monoolein or 2-monolein as substrates were performed dissolving it in 1.6 ml heptane to an
initial concentration of 100 mM. These experiments were catalysed with 0.1 ml of free rROL and free
ROL solution preparations, prepared as previously described. Compared to the previous
transesterification experiments described above, the initial substrate concentration and the amount of
lipase liquid preparation used were reduced (100 instead of 160 mM and 0.1 instead of 0.4 ml,
respectively) in order to avoid the formation of emulsions. 0.026 ml ethanol were added as acyl
acceptor. In the case using 2-monoolein, a control reaction was set with the same conditions but

without lipase, in order to quantify and discount the acyl migration from the results.

2.8. Sample preparation and GC analysis

Sample preparation and GC analysis were almost the same as previously described [10]. Oleic
acid, methyl and ethyl oleate, 1- and 2-monoolein, 1,2- and 1,3-diolein and triolein concentrations in the
samples were analysed in a 430-GC gas chromatograph with an auto-sampler CP-8400, both from Varian
(Agilent Technologies Inc., Santa Clara, USA), equipped with a flame ionisation detector and a capillary
column (CP8907 VF-1 ms 15 m x 0.25 mm x 0.25 um) from Agilent Technologies. Helium was used as a
carrier gas and the temperature of both detector and injector was 350°C. The starting oven temperature
was 180°C; it was maintained for 2.5 minutes; then the temperature was increased by 10°C/min to a

temperature of 340°C and held for 26 minutes.

Samples were withdrawn at selected times from the organic phase of the reaction media and
derivatised by silylation by adding an equal volume of MSHFBA and incubating them at room
temperature for 30 min. An equal volume of ethanol was added afterwards to stop the silylation
reaction. Samples were then diluted with a n-tetradecane solution (10 mM in hexane), used as internal

standard.

3. Results and discussion

Fig. 1 shows the complete transesterification process from triolein to glycerol as a succession of
single acylglycerol alcoholysis reactions (Fig. 1, reactions 1,2,3,6 and 7), catalysed by a non-
regioselective lipase. However, the alcoholysis from 2-monoolein to glycerol (Fig. 1, reaction 3) is

negligible when using 1,3-selective R. oryzae lipase, and thus acyl migration reactions (Fig. 1, reactions 4



and 5) are needed to reach all the way to glycerol. A corresponding reaction scheme could be drawn for

hydrolysis with water and oleic acid replacing alcohol and alkyl oleate, respectively.

3.1. Effect of organic-water interface on rROL catalytic activity

Lipases in nature usually catalyse reactions at organic-aqueous interfaces and actually these
enzymes display higher catalytic activity under such conditions than in a homogeneous solution; this
phenomenon is known as interfacial activation, as previously mentioned [26]. In biodiesel production,
quite promising results have been obtained with the lipase dissolved in the aqueous phase of a biphasic
system with the oil as organic phase [34,35]. Nevertheless, immobilisation is an attractive methodology
to enhance lipase activity and facilitate lipase reuse [26]. Here, three different systems with different
rROL preparations were studied: free rROL (biphasic system), immobilised rROL without added water
(monophasic-organic phase) and for comparison also immobilised rROL with water added (biphasic

system).

Comparing both biphasic systems (Table 1), the initial rates were higher for free lipase
regardless of alcohol type, most probably because the immobilised system added more mass transfer
limitations - the particles - to the liquid-liquid ones - i.e. the interface between organic and aqueous
phases. However, the highest rates were achieved for reaction systems catalysed by immobilised rROL
without added water, being around 20 times higher than those of biphasic systems for both alcohols.
This suggests that for the immobilised lipase no organic-aqueous interface is necessary to achieve high
lipase alcoholysis activity. It is important to mention that even in biphasic systems, initially there was
also formation of free oleic acid due to the presence of water, but it reached a much smaller

concentration than the one for oleate esters (data not shown in Table 1).

3.2. Acyl-acceptor preference

Initial reaction rates for biphasic systems increased slightly with increasing alcohol to triolein

molar ratio, except for the case of free lipase with ethanol, in which it remained constant (Table 1).

Another important result from the monophasic-organic system reactions is that reaction rates
decreased dramatically when the alcohol to triolein molar ratio was increased from 3 to 6, especially in
the case of methanol, where the initial reaction rate decreased from 9.5 to 0.3 mM/min (Table 1). This
might be explained by the fact that adding more alcohol to the system generated a separate non-soluble
alcohol phase which caused enzyme inactivation. In the biphasic systems, the alcohol was diluted in the
aqueous phase, and thereby its inactivating effect was decreased. Lipases are easily inactivated in the
presence of short-chain alcohols, which may interact with water molecules necessary to keep the native

structure of the lipase [5].

3.3. Reaction time course and acyl migration



Product compositions in terms of oleic acid equivalents for the three systems at the end of the
reaction are shown in Figs. 2, 3 and 4, respectively. Even though in both biphasic systems there was
water, little oleic acid was formed compared to alkyl esters, and some hydrolysis occurred even in the
reactions in organic systems (Fig. 4), probably because there was some remaining water inside the

immobilised lipase.

Bearing in mind the 1,3-positional selectivity of the R. oryzae lipase, yields over 66.7% should
not be expected. However, higher yield values were achieved, especially for reactions with immobilised
enzyme without added water, because acyl migration allows the conversion of 2-monoolein to 1-
monoolein, which can be easily used by rROL to produce glycerol. Analysis of glycerol in the reaction
systems is difficult, so to further monitor the occurrence of these reactions, an acylglycerol balance was
set up for each experiment, consisting of the sum of triolein, 1,2- and 1,3-diolein and 2- and 1-
monoolein. This total amount of acylglycerols should be constant if further conversion to glycerol does
not occur (reactions 3 and 7 in Fig. 1). On the other hand, if acyl migration occurs, rROL can alcoholyse 1-
monoolein, thereby decreasing the total acylglycerol concentration. It can be concluded that acyl
migration occurred in nearly all reactions, reaching 10.0 and 28.5% remaining acylglycerols for ethanol
and methanol, respectively, in organic systems at a molar ratio of 3 (Table 2). One important aspect is
that, despite achieving 81.2, 75.6 and 68.6% yields (Table 3) in the reactions with immobilised enzyme in
an organic system, for alcohol to triolein ratios of 4.5 and 6 for ethanol and 4.5 for methanol,
respectively, the remaining acylglycerols were still high - 54.0, 69.9 and 81.2%, respectively (Table 2).
This observation is also in agreement with the product compositions of these experiments (Fig. 4),
where the monoolein concentrations were higher than in other cases, meaning that only limited acyl
migration had occurred, in contrast to the fast acyl migration when a molar ratio of 3 was used. These
results agree with the ones found by Li et al. [36], who stated that increasing the polarity in the solvent
phase decreased the acyl migration rate. So, the greater the amount of alcohol used, the higher the
polarity in the reaction system and the slower the acyl migration. This phenomenon is observed in Figs.
5 and 6, which correspond to the first 3 hours’ time course of the reactions catalysed by immobilised
rROL in organic system when 3 and 6 alcohol to triolein molar ratios were used, respectively. In the case
of the lowest alcohol to triolein molar ratio used (Fig. 5), 2-monoolein reached a maximum
concentration at 30 minutes and started to decrease as a consequence of acyl migration, while in the
highest alcohol molar ratio case (Fig. 6), 2-monoolein reached a maximum concentration at 60 minutes

and remained almost constant thereafter.

Monoolein and diolein represented in Figs. 2, 3 and 4 are the sum of the isomers 1- and 2-
monoolein, and 1,2- and 1,3- diolein, respectively. In all cases (except when using an alcohol to triolein
molar ratio of 1 and 2 described in the next section), 2-monoolein was over 90% of the total monoolein
and 1,2-diolein almost 100% of the total diolein (data not shown). This shows that the lipase-catalysed
alcoholysis of the acylglycerols formed by acyl migration is fast enough to prevent building up high

concentrations of them.



3.4. Transesterification at small alcohol to triolein molar ratios

The highest initial reaction rates were observed in an organic system at alcohol to triolein molar
ratio of 3 and were 22.1 and 9.5 mM/min for ethanol and methanol, respectively (Table 1). Therefore,
even lower molar ratios were tried to test whether even faster rates could be achieved. It was
discovered that in the case of ethanol the decrease in the molar ratio did not enhance the initial
reaction rate. In contrast, when the methanol to triolein molar ratio was reduced from 3 to 2, the initial
rate was more than double, increasing from 9.5 to 21.0 mM/min, but it remained nearly constant when
the molar ratio was further reduced to 1. Thus, the maximal initial reaction rates are nearly the same for

both alcohols.

Figs. 7 and 8 show the time course of the reactions with a molar ratio of alcohol to triolein of 1 for both
alcohols. In the reaction with ethanol, triolein was initially consumed to a concentration of 38 mM after
15 minutes, when its concentration started to increase to reach around 60 mM (Fig. 7). During the first
15 minutes rapid conversion of triolein and alcohol to alkyl ester, 1,2-diolein and 2-monoolein occurred.
In this period a major part of the ethanol was consumed. Between 15 and 180 minutes acyl migration
was prominent, directly seen as the formation of 1,3-diolein and to some extent 1-monoolein (Fig. 1,
reactions 4 and 5). Most of the 1-monoolein formed was, however, converted rapidly to glycerol and
ethyl oleate (Fig. 1, reaction 7) as indicated by the reduction in total acylglycerols. No accumulation of 1-
monoolein was observed, because of the high lipase specificity towards this substrate as previously
concluded, so lipase alcoholises it rapidly. Since the ethanol concentration was low during this period,
ethanol necessary for the 1-monoolein alcoholysis must be obtained somehow from another reaction:
1,2-diolein reacted with ethyl oleate with the formation of triolein and ethanol (Fig. 1, reaction 1
backwards). This phenomenon is shown by the increase in triolein and decrease in 1,2-diolein occurring
in parallel with the decrease in total acylglycerols (due to the formation of glycerol). After 180 minutes,
acyl migration continued while otherwise only minor net changes were observed. Qualitatively the same
behaviour was observed when using a methanol to triolein molar ratio of 1 (Fig. 8). Furthermore, these
phenomena also occurred when an alcohol to triolein molar ratio of 2 was used (data not shown). In
contrast, when molar ratios of alcohol to triolein of 3, 4.5 and 6 were used this phenomenon did not
take place (Figs. 5 and 6 for 3 and 6 ethanol to triolein molar ratios; other data not shown), because

there was enough acyl acceptor (alcohol) for all the fatty acids in the triolein substrate.

3.5. Comparison between recombinant and commercial R. oryzae lipase

The expression of recombinant enzymes in suitable host microorganisms is a widely used
method to reduce difficulties and costs in their production. However, the properties of a recombinant
enzyme are not always identical to those of the wild type enzyme. In the present study, substrate
specificities of the recombinant and commercial lipases were examined and compared in order to
elucidate possible differences. Both lipases, working in free form, had higher specificity towards ethanol

than methanol but the difference was considerably larger for the recombinant enzyme.



Lipases are known to display significant differences in terms of acylglycerols specificities,
regioselectivities and stereoselectivities [8,37]. In the present study, the ratios of the consumption rates
of 1-monoolein versus triolein were 4.43 and 2.82 for rROL and ROL, respectively, which means that
both enzymes are more specific for 1-monoolein than triolein, in agreement with the specificity of
lipases from C. antarctica B and R. miehei but different from lipases from R. arrhizus and T. lanuginosus
immobilised on polypropylene and used in methyl t-butyl ether without water addition [37]. Comparing
recombinant and commercial R. oryzae lipase, it is clear that rROL is even more specific for 1-monoolein,
which might be attributed to the presence of an esterase in the commercial ROL powder and also that
rROL lacks the pre-pro-sequence of the mature commercial one, as described in a previous report [38].
Importantly, both lipases expressed negligible activity in alcoholysis of 2-monoolein, since 2-monoolein
disappearance rates for both lipases were the same as in the control reaction without lipase and

attributed to acyl migration. This shows that both lipases are highly 1,3-specific under these conditions.

4. Conclusions

The present work showed that recombinant R. oryzae lipase displays higher specificity towards
1-monoolein than triolein, being 4.43 bigger, and has negligible activity on 2-monoolein, which means
that this lipase is strongly 1,3-positional selective. A similar behaviour was observed in the case of a

commercial ROL.

Experiments studying the influence of the organic-aqueous interface on the interfacial
activation of rROL were carried out. Immobilised rROL in a monophasic-organic system achieved more
than 20-fold higher initial alcoholysis reaction rates compared to rROL experiments in organic-aqueous
biphasic systems, which indicates that no interfacial activation is necessary to achieve high lipase

alcoholysis activities.

Acyl migration was shown to occur especially at lower alcohol to triolein molar ratios, making it
possible to reach yields higher than the expected 66.7% for a 1,3-specific lipase. Higher alcohol

concentrations reduced the acyl migration rates and thereby the biodiesel yield.
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Figure captions

Figure 1

Complete alcoholysis of triolein to glycerol and free fatty acids (reactions 1, 2, 3, 6 and 7). Acyl migration
phenomenon converts 1,2-diolein and 2-monoolein to 1,3-diolein and 1(3)-monoolein (reactions 4 and
5), respectively. If a 1,3-positional selective lipase is used, reaction 3 is negligible. Hydrolysis has the

same reactions scheme, with water instead of alcohol and free fatty acids instead of alkyl esters.

Figure 2

Product composition after 24 hours. Alcoholysis of triolein catalysed by 0.4 ml free rROL formulation,
using 0.265 g triolein in 1.6 ml heptane and different ethanol and methanol to triolein molar ratios at
37°C and 1000 rpm agitation. Legend: A=3 ethanol to triolein molar ratio, B=4.5 ethanol to triolein
molar ratio, C=6 ethanol to triolein molar ratio, D=3 methanol to triolein molar ratio, E=4.5 methanol to
triolein molar ratio and F=6 methanol to triolein molar ratio. Legend bars: Grey bar=oleic acid, Black
bar=ethyl oleate, White bar=methyl oleate, Diagonal-striped bar=monooleins, Striped bar=dioleins and

Dotted bar=triolein.

Figure 3

Product composition after 24 hours. Alcoholysis of triolein catalysed by immobilised rROL, using 0.265 g
triolein in 1.6 ml heptane, 0.4 ml water and different ethanol and methanol to triolein molar ratios at
37°C and 1000 rpm agitation. Legend: A=3 ethanol to triolein molar ratio, B=4.5 ethanol to triolein
molar ratio, C=6 ethanol to triolein molar ratio, D=3 methanol to triolein molar ratio, E=4.5 methanol to
triolein molar ratio and F=6 methanol to triolein molar ratio. Legend bars: Grey bar=oleic acid, Black
bar=ethyl oleate, White bar=methyl oleate, Diagonal-striped bar=monooleins, Striped bar=dioleins and

Dotted bar=triolein.

Figure 4

Product composition after 24 hours. Alcoholysis of triolein catalysed by immobilised rROL, using 0.265 g
triolein in 1.6 ml heptane and different ethanol and methanol to triolein molar ratios at 37°C and 1000
rpm agitation. Legend: A=1 ethanol to triolein molar ratio, B=2 ethanol to triolein molar ratio, C=3
ethanol to triolein molar ratio, D=4.5 ethanol to triolein molar ratio, E=6 ethanol to triolein molar ratio,
F=1 methanol to triolein molar ratio, G=2 methanol to triolein molar ratio, H=3 methanol to triolein

molar ratio, 1=4.5 methanol to triolein molar ratio and J=6 methanol to triolein molar ratio. Legend bars:



Grey bar=oleic acid, Black bar=ethyl oleate, White bar=methyl oleate, Diagonal-striped bar=monooleins,

Striped bar=dioleins and Dotted bar=triolein.

Figure 5

Compounds evolution in triolein alcoholysis catalysed by immobilised rROL with 3 ethanol to triolein
molar ratio at 37°C and 1000 rpm. Legend: e@=ethyl oleate, A=free oleic acid, b=monoolein (continuous
line=1-monoolein, dotted line=2-monoolein), ¢=diolein (continuous line=1,2-diolein, dotted line = 1,3-
diolein), x = triolein, dotted line=all acylglycerols (the sum of 1- and 2-monolein, 1,2- and 1,3-diolein and

triolein)

Figure 6

Compounds evolution in triolein alcoholysis catalysed by immobilised rROL with 6 ethanol to triolein
molar ratio at 37°C and 1000 rpm. Legend: @=ethyl oleate, A=free oleic acid, b=monoolein (continuous
line=1-monoolein, dotted line=2-monoolein), ¢{=diolein (continuous line=1,2-diolein, dotted line = 1,3-
diolein), x = triolein, dotted line=all acylglycerols (the sum of 1- and 2-monolein, 1,2- and 1,3-diolein and

triolein)

Figure 7

Compounds evolution in triolein alcoholysis catalysed by immobilised rROL with 1 ethanol to triolein
molar ratio at 37°C and 1000 rpm. Legend: e@=ethyl oleate, A=free oleic acid, b=monoolein (continuous
line=1-monoolein, dotted line=2-monoolein), ¢=diolein (continuous line=1,2-diolein, dotted line = 1,3-
diolein), x = triolein, dotted line=all acylglycerols (the sum of 1- and 2-monolein, 1,2- and 1,3-diolein and

triolein)

Figure 8

Compounds evolution in triolein alcoholysis catalysed by immobilised rROL with 1 methanol to triolein
molar ratio at 37°C and 1000 rpm. Legend: o=methyl oleate, A=free oleic acid, o>=monoolein (continuous
line=1-monoolein, dotted line=2-monoolein), ¢=diolein (continuous line=1,2-diolein, dotted line = 1,3-
diolein), x = triolein, dotted line=all acylglycerols (the sum of 1- and 2-monolein, 1,2- and 1,3-diolein and

triolein)
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Table 1

Table 1. Initial rate of alkyl ester formation in triolein transesterification (mM /min)

System Ethanol to triolein molar ratio

1 2 3 4.5 6
Free enzyme - biphasic 1.1+£0.1 1.0£0.1 1.0£0.0
Immobilised enzyme - biphasic 0.2+0.1 0.4+0.1 0.5%0.1
Immobilised enzyme - organic 21.340.5 24.1+0.7 22.1+1.0 15.7+0.0 10.0+0.4
System Methanol to triolein molar ratio

1 2 3 4.5 6
Free enzyme - biphasic 0.5+0.1 0.6+0.0 0.8+0.1
Immobilised enzyme - biphasic 0.3+0.1 0.3+0.0 0.4+0.1
Immobilised enzyme - organic 22.7+1.0 21.0+1.8 9.5%0.7 1.2+0.2 0.3+0.1




Table 2

Table 2. Ratio: Final Acylgycerols / Initial Acylglycerols (%)

System Ethanol to triolein molar ratio

1 2 3 4.5 6
Free enzyme - biphasic 50.3+1.7 49.748.9  94.2+5.9
Immobilised enzyme - biphasic 87.4+2.6  90.5+7.0  88.6%4.2
Immobilised enzyme - organic 79.6+2.7 43.5+1.8 10.0+2.3 54.0+1.9 69.9+2.2
System Methanol to triolein molar ratio

1 2 3 4.5 6
Free enzyme - biphasic 48.4+4.0 42.1+3.2  28.242.6
Immobilised enzyme - biphasic 82.4+9.2  86.3+4.4  83.3+9.2
Immobilised enzyme - organic 77.0+£1.7 36.5+0.9 28.5+1.1 81.2+25 103.2+9.7




Table 3

Table 3. Alkyl oleate yield (%)

System

Ethanol to triolein molar ratio

1 2 3 4.5 6
Free enzyme - biphasic 57.242.0 64.2+42.3  51.3+1.9
Immobilised enzyme - biphasic 50.0+0.8 52.3#5.0 54.0+2.3
Immobilised enzyme - organic 38.4+1.3 67.9+1.1 100.747.0 81.2+0.8 75.6+1.1
System Methanol to triolein molar ratio

1 2 3 4.5 6
Free enzyme - biphasic 45.9+1.7 61.0+£2.9  71.2+2.5
Immobilised enzyme - biphasic 38.248.0 46.3+0.5 51.1+2.3
Immobilised enzyme - organic 40.5+1.3  63.3+1.7 82.6+1.7 68.6+1.5 7.8+4.8
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Rhizopus oryzae lipase is 4 times more specific towards 1-monoolein than triolein
Rhizopus oryzae lipase shows no need for interfacial activation for high activity

Acyl migration is enhanced as medium polarity is decreased



