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ABSTRACT: Lipase transesterification of triglycerides is an environmentally safe alternative to chemical processing during
biodiesel production. However, the cost and low stability of this enzyme remains problematic for commercial production.
In this study, a thermophilic-solvent stable lipase from Acinetobacter baylyi (ABL) immobilized on Sepabeads EC-OD
showed improved solvent stability. The optimal reaction conditions of immobilized ABL were comparable with those
of the suspended lipase. Immobilization of ABL resulted in a broader pH activity range and enhanced storage stability.
Optimal conditions for transesterification of palm oil were 6-step methanol feeding, 1:4 oil/methanol molar ratios, 20%
enzyme loading, and 4% water content for 24 h at 40 °C. Conversions of oil feedstocks to biodiesel of between 13 and
93% were obtained. Reusability for transesterification of immobilized ABL was comparable to that of commercial lipases.
This study found that immobilized ABL is one of the biocatalyst candidates for further development and application in

enzyme-catalysed biodiesel synthesis.
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INTRODUCTION

Biodiesel is becoming an increasingly important al-
ternative fuel due to its domestic production thereby
reducing petroleum imports and harm to the environ-
ment'-2. Several biodiesel production processes have
been developed, among which lipase transesterifica-
tion of triglycerides has become particularly attrac-
tive»4. However, the main impediment to commer-
cialize this process is the high cost and low stability
of the lipase. In addition, inactivation of lipases by
methanol hampers further applicability of enzymatic
transesterification. Most attempts to overcome these
problems use commercial immobilized lipases®=® but
the enzyme cost preclude industrial implementation.
Acinetobacter baylyi lipase (ABL) is a novel
thermophilic and solvent-stable enzyme capable of
catalysing the transesterification of palm oil to fatty
acid methyl esters®. Acinetobacter are well rep-
resented among fermenting bacteria to produce a

number of extra- and intracellular economic prod-
ucts, including lipases!®!!. Biotechnological con-
tributions by Acinetobacter seem to mirror those of
Pseudomonas sp. in vigour and versatility. The
genome of Acinetobacter however contains few traits
that might be associated with pathogenesis in contrast
to Pseudomonas''. Most lipases produced by Acine-
tobacter sp. have biochemical properties similar to
those produced by Pseudomonas sp. and Burkholderia
sp., including stability and maximum activity under
alkaline conditions at high temperature !%12. A sus-
pended form of the enzyme usually exhibits lower
stability and greater resistance to enzyme recovery
and re-use, restricting its practicality '3. Immobilized
enzymes may overcome many of these issues within
industrial applications, as they can lead to enhanced
enzyme stability, activity and recovery, and ultimately
to a significant production economic benefits'4. In
this study, ABL was immobilized onto commercial
hydrophobic supports by simple adsorption. Lipolytic
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activity and stability of the immobilized lipase were
investigated in comparison to reported values for the
suspended ABL? and commercial lipases. Finally, the
transesterification of oils in methanol by immobilized
ABL was assessed.

MATERIALS AND METHODS
Materials

Non-edible oils (cotton, papaya, physic nut, pomelo,
pumpkin, rambutan, and rubber) were extracted from
seeds!®. Edible oils such as canola, coconut, corn,
olive, palm, rice bran, safflower, sesame, soya bean,
and sunflower were purchased in a supermarket. Com-
mercial polymer supports (Amberlite XAD7HP, Am-
berlite XAD761, Amberlite XAD16, and Sepabeads
EC-OD) were purchased from Rohm & Haas Co.,
Ltd. (USA) and Resindion Srl (Mitsubishi Chemical
Corporation, Milan, Italy). Commercial immobilized
lipase from Rhizomucor miehei (Lipozyme RM IM)
was bought from Novo Nordisk (Denmark). The
enzyme is immobilized on macroporous anionic resin
beads (Duolite A568) (approximately 14% proteins
are adsorbed onto the resin g/g). The yeast, Can-
dida antartica lipase B immobilized on macroporous
acrylic resin (Novozyme 435) was purchased from
Sigma-Aldrich (Tokyo) and classified as belonging
to the triacylglycerol hydrolases (EC 3.1.3.3), with a
declared activity of > 10000 U/g (propyl laurate units
per gram). All other chemicals were purchased from
Sigma and were of analytical grade.

Bacterial strain and culture condition

The bacterial strain used in this study, A. baylyi, was
isolated from marine sludge in Thailand®. Lipase was
produced in 1-1 of 5-fold dilution of Luria-Bertani
medium ' containing 0.8% (v/v) of tween80 as an
inducer!” at 25°C and 150 rpm for 15 h. When cell
growth reached the late exponential phase, the culture
broth was centrifuged for 20 min at 4 °C, 10000g.
The supernatant containing extracellular lipase was
filtered through a 0.2 um nylon membrane filter and
harvested for lipase assay. Purification was performed
as previously described”’.

Lipase activity assay and protein determination

Hydrolytic activities of suspended and immobi-
lized lipase were related to spectrophotometric ab-
sorption (410 nm) promoted by the hydrolysis of
p-nitrophenol '8 (p-NPP). One unit (U) of enzyme
was defined as the amount of enzyme releasing 1 umol
of p-NP per minute under assay conditions. Amount
of p-NP was calculated from a standard curve. In
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addition, hydrolysis of palm oil was determined as
described previously using 50 mM NaOH and phe-
nolphthalein as titrant and indicator, respectively '.
One unit of lipase activity was defined as the amount
of enzyme associated with the release of 1 umol of free
fatty acid per minute under test condition. Enzyme
activity of immobilized lipase is expressed as enzyme
units/g of polymer support.

In transesterification, the stepwise methanolysis
of palm oil was conducted as follows: 1 g of palm
oil was added to lipase and later mixed with 1:3 mole
ratio of methanol?’. Reactions were carried out by
stirring the mixtures for 24 h at 40 °C. Samples were
taken from the reaction mixture and further analysed
for the products by high performance liquid chro-
matography 3. Conversion of the transesterification
reaction was equated to the ratio of fatty acid methyl
esters and glycerides produced in the reaction.

Total protein concentration was determined spec-
trophotometrically according to Bradford?' using
Bio-Rad assay reagent (Hercules, USA). The protein
standard was bovine serum albumin. Lipase loading
efficiency was defined as the percentage of enzymes
on the supporter based on protein concentration before
and after immobilization.

Preparation of immobilized lipase from A. baylyi

Hydrophobic supports (1 g) were washed with 3 ml
of methanol and stirred (350 rpm) for 30 min at
room temperature. Methanol was removed by filtra-
tion and the supports were washed 3 times with an
equal volume of 20 mM phosphate buffer (pH 7.5)
for 30 min. The supports were dried at 45 °C for
12 h. A specified amount of support (1 g) was
suspended in 500 ml of ABL solution (3 mg/ml) pre-
pared in 20 mM phosphate buffer (pH 7.5) and stirred
(350 rpm) for 6 h at room temperature. Immobi-
lized supports were separated by filtration and washed
thoroughly with 20 mM phosphate buffer (pH 7.5)
and distilled water (100 ml each). Supernatants and
washings were assayed for lipase activity and protein
content. Protein bound on supports was calculated
as the difference between that loaded and suspended
in supernatants and washings. Immobilized supports
designated as immobilized ABL were dried in a
desiccator at room temperature and finally activities
were assayed from hydrolysis and transesterification
of palm oil. During immobilization, parameters were
optimized: pH 4.0-10.0, ionic strength 10-50 mM,
enzyme loading 1-9 mg/ml, time 1-5 h, temperature
10-50°C, and adjuvants (1-30% v/v of methanol,
ethanol, 2-propanol, 1-butanol, t-butanol, SDS, ethy-
lene glycol, tween80, and triton X-100).
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Characterization of immobilized lipase

Lipase activity of immobilized ABL was analysed
using p-NPP as a substrate over pH and temperature
ranges of 3.0-12.0 (37°C) and 20-80°C (pH 8.0),
respectively, to identify favourable conditions for li-
pase reaction. For pH stability, immobilized ABL was
incubated in 50 mM buffer at the specific pH for 6 h
at 37 °C and then the residual activity was determined
at pH 8.0. Buffer systems were acetate (pH 3.0-6.0),
phosphate (pH 6.0-8.0), Tris-HCl1 (pH 7.0-9.0) and
carbonate (pH 10.0-12.0). Thermal stability of immo-
bilized ABL was determined by incubating enzyme
at different temperatures for 6 h in a water bath and
then measuring the residual activity using the activity
at 60 °C as control.

Immobilized ABL was mixed with an equal vol-
ume of each selected organic solvent to prepare the
50% organic solution. Mixtures were shaken and
incubated at 37 °C for 12 h at 150 rpm. The solvent
contained in the mixture was partially eliminated by
evaporation at 37 °C for 5 min. Residual lipase activ-
ity was measured at 37 °C and pH 8.0 and compared
to that of the control (no solvent).

Reusability and storage stability of immobilized
lipase

Immobilized ABL was added to the transesterification
reaction described above to determine lipase activ-
ity. After 24 h reaction, the immobilized ABL was
collected by filtration, washed 3 times with cold-
acetone and dried in desiccators at room temperature
prior to being added to the next reaction. Each of
five reactions was performed for 24 h (40°C) and
conversion efficiency of each was expressed relative
to the original activity. Results were compared with
that mediated by commercial lipases (Novozyme 435
and Lipozyme RM IM).

Immobilized ABL (suspended in 20 mM phos-
phate buffer, pH 7.5) was stored at 4°C and its
stability evaluated from p-NPP hydrolytic activity at
regular time intervals of 30 days. Hydrolytic activity
of fresh purified enzyme was taken to be 100%.

Parameter study for biodiesel production

Factors affecting biodiesel production catalysed by
immobilized ABL were examined under optimum
reaction conditions, namely substrate ratio (1:3 to
1:9 mole of palm oil per methanol), amount of
catalyst (10-30% w/w), addition mode of methanol
(1-7 steps), water content (0-5%), reaction tempera-
ture (30-50°C), and reaction time (3—48 h). Immo-
bilized ABL was used for biodiesel production from
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palm oil at 250 rpm, 40°C for 24 h. Specificities
towards various oil feedstocks were also tested. All
experiments were conducted in triplicate, with stan-
dard deviations within 5%. Data were analysed by
EXCEL build-in functions.

RESULTS AND DISCUSSION
Support selection

Adsorption on hydrophobic supports is an effective,
easy and inexpensive method for lipase immobiliza-
tion?2. In addition, regeneration is feasible from the
reversible adsorption of enzyme on the supports?>.
Most lipases display a large increase in activity when
adsorbed on hydrophobic supports, which is ascribed
to both conformational micro-tuning and selective
adsorption during immobilization?3. Lipases recog-
nize such supports as natural substrates and undergo
interfacial activation during immobilization?*. In the
present study, four commercial inorganic materials
were selected as supports based on their properties
such as high stability against physical, chemical, and
microbial degradation. Highly porous polymer ma-
trices with spherical beads and high hydrophobicity
were especially appropriate for application in lipase-
catalysed biodiesel production, in terms of greater
capacity for enzyme loading and less negative effect
from the by-product, glycerol adsorbed on the surface
of the enzymes'3. The physical properties of various
supports such as functional groups, specific surface
area, pores, and particle sizes have been shown to
significantly affect the accessibility and portioning
of substrates, products, and water within the reac-
tion mixture'*»2>2% and consequently the catalytic
efficiency of immobilized enzyme. High enzyme
loading efficiency (> 89%) was found for all sup-
ports. Immobilized ABL on Sepabeads EC-OD and
Amberlite XAD16 showed high hydrolytic activity
and that on Sepabeads EC-OD provided the highest
transesterification activity (Table 1). This result was
consistent with those of C. rugosa lipase®’.When
compared with Amberlite XAD16, Sepabeads EC-
OD has larger pore diameters, increasing enzyme
particle adsorption rate>’. Smaller particles of EC-OD
make the external surface of the matrices accessible to
enzyme molecules during assay procedures increasing
frequency of collisions between substrates and ABL
with catalytic activity. In addition, large porous struc-
tures facilitate a catalytic expression of immobilized
enzyme by reducing limitations on substrate diffu-
sion and product accumulation. Further, improved
diffusion enhances biocatalytic reactions by inhibiting
substrate or product accumulation inside pores?%?7.
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Table 1 Activity and efficiency of A. baylyi lipase immobilized on various supports.

ScienceAsia 40 (2014)

Hydrolytic activity Hydrolytic activity Transesterification Enzyme loading
Supports of pNPP of palm oil of palm oil efficiency
(unit/g support) (unit/g support) (% conversion) (%)

EC-OD 4.36 +0.02 3.24£0.21 22.0 96.67
XAD7HP 0.41£0.07 1.25+0.11 9.20 95.98
XAD16 3.924+0.05 3.83+0.09 13.24 89.07
XAD761 0.98 £0.10 1.80 £ 0.05 13.26 92.01
Hence Sepabeads EC-OD were selected as a basal 120
support for the following experiment. g 100

é 80
Optimization of immobilization parameters é 6
Immobilization of ABL on Sepabeads EC-OD be- ¢
tween pH 4 and 8 increased lipase activity from %
1.60-2.35 umol/min/g-support but activity decreased 0= N N N N X . N
at higher pH. It is suggested that low enzyme activity & \D)DQ@Q'DQ & Q@@é’“ & & fef

at pH extremes resulted from either change in enzyme
conformation or denaturation. Lipase activity was
highest at pH 8.0, close to the isoelectric point of
ABL, 7.75 (data not shown) and consistent with its ex-
pected maximum adsorption?®. An increase in lipase
activity of immobilized ABL with phosphate buffer
(pH 8.0) from 1.80-2.45 pumol/min/g-support corre-
lates with a corresponding increase in ionic strength
between 10 and 30 mM. High ionic strength however
can interfere with enzyme molecules binding to the
supports?®. Hence, beyond an ionic concentration of
30 mM, lipase activity of immobilized ABL gradually
decreased.

Lipase activity of Sepabeads EC-OD sup-
ports loaded with enzyme solution increased (from
1.02-3.98 umol/min/g-support) with protein concen-
tration from 1-9 mg/ml, above which it was relatively
constant. The lipase activity of immobilized ABL
however was steady between 7 and 9 mg/ml (from
3.85-3.98 umol/min/g-support). Possibly this was a
result of embedding active sites of lipase molecules
during immobilization by increased stacking and dif-
fusion limitations 8.

Relative residual activity of immobilized ABL
optimized for Sepabeads EC-OD reached an equilib-
rium in 120 min at 25°C after which it remained
comparatively unchanged. Time to reach equilibrium
varied inversely with temperature and directly with the
rate at which lipase activity is reduced. Addition of
10% (v/v) methanol as an adjuvant improved lipase
activity by approximately 20% whereas it was reduced
by other adjuvants. This is consistent with the sug-
gestion by Fernandez-Lafuente et al>* that short-chain
alcohols promote the interfacial activation of lipase
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Fig. 1 Effect of organic solvent on suspended (dark solid
bars) and immobilized (open bars) A. baylyi lipase. Enzyme
was incubated at 37°C and shaken at 150 rpm in the
presence of 50% organic solvent for 12 h and the remaining
activity measured in comparison to control (without sol-
vent).

and create an open, substrate-accessible active site.

Stability of immobilized ABL

Knowledge of optimal conditions and stability of the
immobilized enzyme are useful in exploring its po-
tential applications. Both suspended and immobilized
ABL exhibited optimal lipolytic activity at 60 °C with
optimum pH of the former and latter, 8.0 and 9.0,
respectively. Immobilized ABL seems more stable in
alkaline pH (pH 10.0-12.0) than suspended enzyme
as half of the activity remained. Our results demon-
strate that both suspended and immobilized ABL are
stable between 60 and 80°C. Hydrolytic activity
of immobilized ABL enzymes displayed enhanced
stability in comparison to that of suspended enzyme
in the presence of short-chain alcohols (Fig. 1). Mi-
nor conformational changes in enzyme structure after
immobilization may take place, increasing stability of

the immobilized enzyme°.

Reusability and storage stability

Reuse of immobilized ABL enzyme for transester-
ification activity was examined since little is used
in the chemical process (Fig. 2). Immobilized ABL
retained less than 50% of its initial activity after the
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Fig. 2 Reusability of immobilized A. baylyi lipase (open
diamonds) Novozyme 435 (closed circles) and Lipozyme
RM IM (closed triangles) in subsequent cycles of biodiesel
production from palm oil.
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Fig. 3 Storage stability of suspended (closed squares) and
immobilized (open diamonds) lipase from A. baylyi.

second cycle of transesterification of palm oil whereas
the half-life of Novozyme 435 and Lipozyme RM
IM under the same conditions was 5 and 1 cycle,
respectively. Activity loss of immobilized ABL in the
reaction progress was mainly attributed to leaching of
lipase from the supporting surface and conformational
changes from repeated use. Because most enzymes
are very sensitive to environmental changes, treating
them frequently would denature their molecular struc-
ture.

Storage stability is one of the most important
criteria for the commercial application of an enzyme.
Immobilized and suspended ABLs were stored at
4°C and activities were measured periodically over
30 days. Immobilized lipase was more stable than sus-
pended enzyme although some leakage from supports
occurred for both forms (Fig. 3). Suspended lipase
retained only 15% of its original specific activity after
12 days of storage at 4 °C while immobilized ABL
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remained at almost full activity for 30 days. From
an economic perspective, the immobilized ABL dis-
tinguished itself with acceptable operational and good
storage stability appropriate for biodiesel production.

Optimization of the transesterification reaction

The molar excess of alcohol over fatty acid in oil feed-
stock often increases the yield of transesterification
but it can also inactivate the enzyme. At least three
molar equivalents of methanol have been suggested
for the complete conversion of oil to fatty acid methyl
ester3!. In this study, the amount of methanol used
in the transesterification reaction catalysed by immo-
bilized ABL was varied from 1:3 to 1:9 molar ratio
equivalents, based on the mole of palm oil. Optimum
methanol concentration was 4 molar ratio of methanol
to palm oil at which conversion of methyl esters was
about 73% (Fig. 4a). The production was constant
with further increases in the methanol concentrations.
Methanol was fed into the reaction every 3 h to reduce
its effect on immobilized ABL. Addition of methanol
in this manner lead to a 5-fold production over that
when all was added at the beginning. Production
of biodiesel gradually increased in each additional
step and reached a maximum at the sixth step (74%
conversion, Fig. 4b). Slight reductions in conversion
efficiency occurred with further additions of methanol.
Thus the recommended condition for biodiesel pro-
duction of palm oil using immobilized ABL catalyst
is the 6-step addition of methanol at 1:4 oil/methanol
substrate ratios.

Biodiesel production from the transesterification
of palm oil with methanol was enhanced with an
increasing amount (10-30% (w/w)) of immobilized
ABL. Based on the concentration of palm oil,
methanol concentration was tested at 4 molar equiv-
alents. Conversion efficiencies of palm oil to methyl
ester differed little between 20 and 30% enzyme (80
and 85%, respectively, Fig. 4c). Thus on the basis of
cost saving, the recommended optimum concentration
of immobilized ABL is 20%.

Almost all lipases require water for their catalysis
either hydrolysis or synthesis®?. Conversion effi-
ciency from immobilized ABL changed little from
78% with water increase to 1% (v/v) oil but reached
a maximum of 92% at 4% (v/v) oil (Fig. 4d). Water
is required for enzyme activation by increasing the
available oil-water interfacial area. However, since
lipases usually catalyse hydrolysis in aqueous media,
excess water may also stimulate competing hydrolytic
reactions.

Conversion of palm oil to biodiesel proceeded
quickly during the initial 12 h after which it slowed,
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Fig. 4 Effect of (a) methanol concentration, (b) addition mode of methanol, (c) enzyme loading, (d) water concentration, and

(e) time course on immobilized A. baylyi lipase catalysed transesterification of palm oil at different temperatures (4: 30 °C,

0:35°C, x:40°C, @:45°C, and A: 50 °C).

reaching an equilibrium after 24 h (Fig. 4e). Transes-
terification activity of the immobilized ABL at 40 °C
was optimum, above which it decreased to 50% at
50°C. This is attributed to temperature and activation
energy being directly related and, the latter, inversely
to enzyme inactivation rate. Production of methyl
esters was practically identical when incubation time
was longer than 24 h.

These results are similar to those reported by
Noureddini et al, which were obtained via the
methanolysis of soya bean oil using Pseudomonas
cepacia lipase immobilized within a sol-gel support>.
Furthermore, Jegannathan et al documented the com-
plete conversion of palm oil was possible at 30 °C
of reaction temperature with 7:1 of methanol to oil
molar ratio and 1% water using Burkholderia cepacia
lipase encapsulated in k-carrageenan>*. But, a higher
amount of methanol was required for both reactions.

Production yield of different oil feedstocks

Edible and non-edible oils were used as substrates
for transesterification catalysed by immobilized ABL.
Immobilized ABL produced methyl ester from var-
ious oils.  Biodiesel conversion from palm oil
(93 £2%) catalysed by immobilized ABL was three

times higher than that of suspended lipase®. Pro-
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duction yields > 75% were found with sesame oil
(77 £5%), corn oil (76 +5%), and physic nut seed
oil (75 +2%). Conversion efficiencies between 50%
and 70% were obtained with safflower oil (68 + 4%),
canola oil (62+2%), soya bean oil (59 & 4%), rub-
ber (57 £4%), olive oil (554 4%), papaya seed oil
(55 +3%), rambutan seed oil (55+2%), and rice
bran oil (55+2%). Low yields of biodiesel pro-
duction (10-40%) were shown with sunflower oil
(39 £ 5%), pomelo seed oil (38 & 2%), cotton seed oil
(32 +4%), pumpkin seed oil (18 £ 3%), and coconut
oil (14 £2%).

Comparative studies of biodiesel production from
palm oil with immobilized ABL and commercial im-
mobilized lipases (Novozyme 435 and Lipozyme RM
IM) are summarized in Table 2. Immobilized ABL
gave the higher conversion percentage in contrast to
lower methanol dosages and reusability frequency.
Low reaction temperatures are desirable, as they are
closely related to the energy cost inherent to the
process of biodiesel production®. Immobilized ABL
reacted at lower temperatures than those of commer-
cial lipases. This might be interesting. Moreover, high
yield of biodiesel produced in the presence of water
might be useful for domestic operation because waste
cooking oil containing water can be used as biodiesel
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Table 2 Comparison of transesterification from palm oil catalysed by immobilized A. baylyi and commercial lipases.

Parameters Immobilized lipase used in the reaction
Immobilized ABL Novozyme 435 Lipozyme RM IM

Biodiesel production (% conversion) 93 72 79
Reaction temperature (°C) 40 55 55
Reaction time (h) 24 24 24
Methanol addition 6 3 3

Molar ratio (methanol: palm oil) 4:1 3:1 3:1
Enzyme concentration (% v/v) 20 20 20

Water content (% v/w) 4 0 0
Repeated usage (half-life) 2 5 1

feedstock3%37. However, the data for this study were
not based on a commercial application and further
examination in recognition of scale could provide
helpful information for future large operations.

Conclusions

Thermophilic-solvent stable lipase from A. baylyi
was immobilized on hydrophobic support, Sepabeads
EC-OD. Optimal lipase activity and stability occurred
at similar pH and temperature for both suspended
and immobilized lipase. Nevertheless, immobilized
lipase displayed slightly better stability at alkaline
pH and in the presence of short-chain alcohols and
improved storage stability. This immobilized lipase
showed comparable efficiency on transesterification
with commercial immobilized lipases (Novozyme 435
and Lipozyme RM IM) which could be applied to
transesterify and/or hydrolyse a wide variety of oils
contained within waste agricultural plant material,
resulting in the efficient reuse of these waste products.
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