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The enzymatic microwave assisted biodiesel synthesis from macauba (Acrocomia aculeata) oil and ethanol
using Novozyme 435 and Lipozyme IM was studied using statistically designed experiments. The investi-
gated variables were reaction temperature, time and enzyme loading. It was observed a significant effect
of the reaction time in reducing the catalytic activity which interpreted in terms enzyme deactivation
due microwave exposure. The enzyme loading also played an important role, however the effect of tem-
perature was minor appearing only in the effect of variable interactions. The result comparison between
biocatalyst activity in absence and presence of microwave showed that the activity is increased about
one order of magnitude due to microwave.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

There is a considerable world research effort towards sus-
tainable energy sources due to of oil reserve depletion [1,2] and
the controversial greenhouse effect. Renewable energy sources
are certainly good candidates to be part of a more environmen-
tally friendly energy matrix, in this context, biodiesel production
is increasing worldwide [3] and there is an intense research to
improve its production process.

Biodiesel is a mixture of mono-alkyl esters obtained from veg-
etable oil, animal fat and algae obtained by transesterification
reactions [3]. The transesterification reaction is carried out mix-
ing excess of an alcohol (mostly methanol), tryglycerides from
the above mentioned sources and suitable catalyst yielding mono-
alkyl esters and glycerol. The most efficient process involves the
alkoxy (sodium methoxyde or potassium methoxyde) species used
directly or as product of the reaction of the corresponding base
with methanol. Mineral acids can be also used as catalyst, but may
cause serious corrosion problems [4]. Using either base or acid cat-
alyst, the glycerol produced contains significant amounts of salt as
contaminant.
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Enzymes, in particular lipases, are also able to catalyze the trans-
esterification process for biodiesel production in a cleaner process
that yield glycerol free of salt contaminants and that does not
require a neutralization step. However, enzymes are expensive,
afford low reaction rates and need organic solvents/water in the
reaction mixture [5]. Supported enzymes enable multiple use of
the catalyst and are intensively investigated to substitute chemi-
cal catalysts in the biodiesel production process. Various carriers
such as polymers [6], silica [6,7], diatomaceous earth [8,9], zeolites
[10], etc. have been tested and it has been shown that supported
enzymes are more resistant towards temperature, chemical and
shear stresses due to reactor mixing [11].

The low reaction rates of enzymatic production of biodiesel may
be overcame by the use of microwave irradiation. Microwave irra-
diation has became a proven tool for accelerating organic synthesis
with dramatic increase of reaction [12,13] and emulsion [14] sep-
aration rates. Microwave effects in chemical reactions are believed
to come from increased short range molecular motion due con-
tinuous polar molecules (or dipoles) aligning to the electric fields
caused by microwave radiation, this molecular attrition increases
medium temperature and reaction rates [15,16].

Microwave radiation has been successfully used to increase of
transesterification reaction rates. Breccia et al.[17] pioneered using
microwave to promote vegetable oil transesterification using var-
ious catalyst and observed that the reaction was complete in only
two minutes. Barnad et al. [ 18] studied the continuous vegetable oil
transesterification using potassium hydroxide as catalyst claim that
microwave heating is more cost effective than conventional heat-
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Table 1
Fatty acids composition of macauba pulp oil.

Fatty acids (%, w/w) Macauba pulp oil

Palmitic acid (C16:0) 17.5
Stearic acid (C18:0) 2.7
Total saturated acids (%) 19.2
Oleic acid (C18:1) 65.9
Linoleic acid (C18:2) 11.6
Palmitoleic acid 23
Total unsaturated acids (%) 79.8
Not identified 1.5

ing to microwave production, although this can be a valid claim,
process scale-up remains a challenge. Different vegetable oils and
chemical catalysts [19-21] were used along microwave radiation
and, in all cases, an increase in the reaction rate was observed. To
the best of our knowledge, no work that investigates the effect of
microwave radiation in enzyme catalyzed vegetable oil transester-
ification has been published yet.

The objective of this work was to investigate the effect of
microwave irradiation on the rate of transesterification of macauba
(Acrocomia aculeata) oil [22] with ethanol catalyzed by sup-
ported enzymes, namely Novozyme 435 (Candida antarctica) and
Lipozyme IM (Mucor miehei). The experimental variables were tem-
perature, reaction time and supported enzyme concentration, the
measured response was reaction conversion which was converted
to catalytic activity. It was observed that the reaction rate was sig-
nificantly increased with microwave irradiation and that reaction
temperature was the most important variable.

2. Experimental

The macauba acid oil (10 4+ 1 mgKOH/g) was obtained in house
from cold-pressed extraction followed by vacuum filtration using
Whatman filter paper to remove residual fibers. The fatty acids
analysis [23] was performed on a HP5890 series Il gas chro-
matography equipped with a fused silica capillary column SP2340
(60m x 0.32mm x 0.25 wm). The temperature program was from
150 to 200°C at 1.3°C/min. The detector temperature was set at
250°C. Sample dilution was 2% and the injection volume 1 L.
Hydrogen was used as a carrier gas at a flow rate of 2.5 mL/min.
Standard fatty acid methyl esters (Sigma-Aldrich) were used for
fatty acids identification. The obtained fatty acids composition
is presented in Table 1. Ethanol (>99.5%) was purchased from
Vetec Quimica (Rio de Janeiro, Brasil). Novozyme 435 (C. antarc-
tica) and Lipozyme IM (M. miehei) were kindly donated by Novo
Enzymes.

The reaction was carried out mixing 10 g of macauba oil with
5g of ethanol (molar ratio 1:9) in a stirring plate for 10 min.
The reagents mixed with the catalyst were then transferred to
microwave reactor vessels (Synthos-Anton Paar) to start the reac-
tion. This reactor system measures the temperature inside the
reaction vessel through a gas bulb thermosensor (no microwave
interference), the temperature signal is used to modulate the
microwave power and control the reaction temperature. The reac-
tion was carried out in the designed conditions with the maximum
stirring speed available in the reactor. At the end of the reaction, the
mixture was vacuum filtered for catalyst removal and the filtrate
was decanted for 24 h. The supernatant was then washed with hot
distilled water.

The reaction conversion was estimated measuring residual glyc-
erides using an enzymatic kit obtained from Quibasa Quimica
(Minas Gerais, Brasil). The mass fraction of unconverted glycerides
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Fig. 1. Calibration curve for reaction conversion measurement.

was obtained from a calibration curve (Fig. 1) using mixtures of
macauba oil and biodiesel in different fractions. The absorbance of
the mixtures were measured in independent duplicates at 550 nm
using a Lambda-35 (Perkin-Elmer) spectrophotometer.

2.1. Experimental design

The reactions were carried out following a full factorial design
for three variables: temperature, catalyst concentration, reaction
time with three identical experiments at the central point [24].
The variables levels (values) are presented in Table 2. These vari-
ables must be normalized between +1 and —1 so that the results of
the experimental design can be interpreted quantitatively; Table 3
shows the experimental design in terms of the normalized vari-
ables and the obtained experimental results. Further details in the
use of experimental design for catalyst evaluation can be found in
previous works [25-27].

3. Results and discussion

The transesterification of vegetable oils is very sensitive to the
reaction conditions. The water in the reaction medium is known
to strongly influence the reaction rate [28] and this parameter
is sometimes optimized by the deliberate addition of water in
the reaction medium. In this study, the residual water content in
ethanol and macauba oil was assumed to be sufficient to prevent
the enzyme denaturation and this variable was not optimized. The
reaction temperature was chosen between 30 and 40°C to pre-
vent enzyme deactivation. A previous work showed that lipase
supported in coconut fibers does not deactivate in the biodiesel pro-
duction from macauba oil and ethanol in this temperature range, it
retained its catalytic activity up to 10 reaction cycles under conven-
tional heating [29]. For lipase (Pseudomonas fluorescens) supported
in a silica PVA-composite, Castro et al. [30] observed a 25% bio-
catalyst activity decay after five reaction cycles using palm oil and
ethanol as feedstock.

The nature and the ratio oil to alcohol are also known to affect
the reaction rate by altering the enzyme denaturation rate [31],
however in this study this effect was not investigated. Ethanol was
chosen as reagent because its renewable nature and it is widely
available in Brazil. The experimental conditions and results are
presented in Table 3.

Table 2
Variable levels in the experimental design.
Variable Normalized Values
variable
Low (—1) Center (0) High(+1)
Temperature (°C) T 30 35 40
Enzyme loading (%, w/w) E 2.5 5.0 7.5
Time (min) t 5 10 15




Table 3

B.M. Nogueira et al. / Journal of Molecular Catalysis B: Enzymatic 67 (2010) 117-121

119

Experimental matrix and experimental results (T: normalized temperature; E: normalized supported enzyme weight fraction; t: normalized time; Conv: reaction conversion;

Act: enzyme activity).

Experiment Factors Novozyme 435 Lypozyme IM
= Eb T Convd (%) Act® (min~') Conv (%) Act (min1)

1 -1 -1 =1 11.0 0.88 263 2.10

2 -1 -1 +1 452 1.20 229 0.61

3 i +1 -1 18.9 0.51 17.8 0.47

4 -1 +1 +1 17.8 0.16 355 0.32

5 +1 -1 =Tl 19.5 1.56 13.8 1.10

6 +1 -1 +1 15.3 0.41 23.6 0.63

7 +1 +1 =il 249 0.66 35.8 0.95

8 +1 +1 +1 25.8 0.23 203 0.18
9 0 0 0 28.2 0.56 24.6 0.49
10 0 0 0 30.0 0.60 21.0 0.42
1 0 0 0 285 0.57 18.6 0.37
2 Normalized temperature.
b Normalized supported enzyme weight fraction.
¢ Normalized time.
d Reaction conversion.
¢ Enzyme activity.

Factorial experimental designs, due to its orthogonality, allows 1.8 & Observed
one to use regression to interpret the experimental data building Py P
equations that relate the experimental responses (reaction rate and 1.5
conversion) to the experimental variables and their interactions, in =
this case, temperature, time and enzyme loading. If the normal- _E_ 13 X
ized experimental variables are used in the regression procedure, =
the variables coefficients in the equations can be quantitatively = L I
interpreted as effects [24]. Only the significant regression coef- % 08
ficients are retained in the final model. The significance implies < ~
that the estimated value of the variable coefficient is larger than 05 i $ * 3
a value that would be obtained from experimental noise (error) g
solely. 0.3 '

The general equation that relates an experimental response to &
the experimental variables for this study is (1): 0.0

01 2 3 4 5 6 7 8 9 10 11 12
Resp = ag + arT + agE + art + argTE + are Tt + agcEt + arg TEt (1) Experiment

where Resp is an investigated experimental response, in this
study enzyme catalytic activity (gpjodiesel/Senzyme/time), T is the
normalized reaction temperature, E is the normalized enzyme
concentration, t is the normalized reaction time and the variable
cross products (TE, Tt, Et, TEt) take into account the interactions
between experimental variables. Interactions occur when the effect
of changing at least two variables simultaneously is larger than
changing one variable at time [24,25] and summing the result. The
importance of the variables and their interactions is evaluated using
the calculated regression coefficients (ar, ag, a,. . .).

The experimental data will be interpreted in terms of reaction
rate (catalyst activity) instead of reaction conversion because the
former takes into account directly enzyme loading and reaction
time giving a more direct insight in the variable effects. Although
reaction conversion is more intuitive, effects such catalyst deactiva-
tion are harder to detect using this experimental response because
the effect of reaction time is always positive, on contrary, the
effect of the reaction time is negative if the catalyst shows any
detectable deactivation. The calculated regression coefficients for
the enzyme catalytic activity (Table 3), for both enzymes, are shown
in Table 4.

Figs. 2 and 3 show the adherence of the obtained linear mod-
els to the experimental data for Novozyme 435 and Lipozyme. The
model fit is very good for the reaction rate data using Novozyme
435 (Fig. 2) with all predicted data, but the central points, within the
confidence interval of the experimental data (R? =0.98). The small
lack of fit for the central points (experiments 9-11) suggest that a
model that takes into account the curvature (e.g. second order poly-
nomial) of the experimental data would provide a slightly better

Fig. 2. Comparison between experimental and predicted catalytic activity for
Novozyme 435 (R% =0.98). Error bars refer to 95% confidence interval.

fit. The data for Lipozyme IM (Fig. 3) is well described by the model
(R%2=0.90) but a lack of fit for the central points (experiments 9-11)
is also observed, indicating that a nonlinear model could provided a
small improvement in the overall model fit. However, in both cases
the linear model describes fairly the experimental data and will be
retained.
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Fig. 3. Comparison between experimental and predicted catalytic activity for
Lipozyme IM (R? =0.90). Error bars refer to 95% confidence interval.
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Table 4

Regression coefficients and their confidence intervals for the linear models (Eq. (1)) for the enzyme catalytic activities.
Variable Coefficient Novozyme 435 Lipozyme IM

Value Confidence interval (95%) Value Confidence interval (95%)

- ap 0.668 +0.025 0.696 +0.078
T ar 0.014 +0.030 —-0.080 +0.092
E ag -0.312 +0.030 -0.315 +0.092
t a —-0.201 +0.030 -0.362 +0.092
fiE arg 0.043 +0.030 0.166 +0.092
Tt are -0.195 +0.030 0.050 +0.092
Et g 0.058 +0.030 0.128 +0.092
TEt arge 0.173 +0.030 —-0.204 +0.092

Statistically significant values are in bold.

The variables reaction time and enzyme loading were the most
important factors for both enzymes and both showed a negative
effect in the catalytic activity. It means that an increase in the
reaction time or in the enzyme loading leads to a decrease in the
catalytic activity. The effect of the reaction time is straightforward
as longer reaction times lead to a decrease in the reagent con-
centration decreasing the reaction rate, furthermore an increased
exposure to microwave may lead to enzyme deactivation. The effect
of enzyme loading can be related to difficulties suspending the
supported enzymes in the microwave reactor. The stirring in the
microwave reactor vessel is magnetic and uses stirring bars, this
setup does not mix well suspensions, in special suspensions con-
taining viscous vegetable oils close to room temperature. Using
Novozyme 435 and Lipozyme, Hernandez-Martin and Otero [32]
also observed a decrease in catalytic activity for enzyme concen-
tration in biodiesel product due to poor reaction agitation (mass
transfer).

No direct (linear) temperature effect larger than the experi-
mental error was observed. However for Novozyme 435 a strong
time temperature interaction was observed indicating that for this
enzyme a simultaneous increase in the reaction time and tempera-
ture leads to a significant decrease in the enzyme catalytic activity.
This indicates that a longer exposure to microwaves with a more
intense microwave heating may cause strong deactivating effects
in this enzyme. For Lipozyme IM, this combined effect was not
observed. Nevertheless, the temperature effect was in the border
of statistical significance, so that once cannot discard the existence
of temperature deactivation effects for this enzyme.

At first sight, interactions among experimental variables are
hard to explain. In the case of reaction rate, it is important to recall
that the observed catalytic activity can be obtained from the reac-
tion rate equation (if rgp were known) for a batch reactor:

1Y
Act = WA rgpV de (2)

where tf is the reaction time, W is the enzyme loading and rpp is
the reaction rate of biodiesel formation. rgp is a complex function of
temperature and chemical species concentration. The linear equa-
tion (1)is a Taylor series approximation of this multivariate integral
(Eq. (2)) and the interaction terms appear naturally to improve the
approximation, when necessary.

Interestingly, for both enzymes an interaction between reaction
temperature and enzyme loading was observed. The positive value
of thisinteraction indicates that a simultaneous increase in reaction
temperature and enzyme loading leads to an increase in the reac-
tion rate. This supports the hypothesis of stirring problems, as an
increase in the reaction temperature leads to a decrease in the reac-
tion medium viscosity that can improve the reactor mixing leading
to higher catalyst activities.

The results for Lipozyme IM showed a positive interaction
between enzyme loading and reaction time indicating that longer

reaction times and enzyme loading lead to an increase in conver-
sion larger than the increase expected for the individual variables
modified independently. This can also be related to poor mixing,
especially at the beginning of the reaction. This mixing can be
improved with time due to improvement of the reaction medium
homogeneity or viscosity decrease due to reaction advance.

In order to evaluate effect of the presence of microwave in the
catalytic activity, additional reaction runs were executed in the con-
dition of the central point (T=35°C, enzyme loading=5%, w/w) in
absence of microwave for 1h. The observed catalyst activity was
0.08 min~! for Novozyme 435 and 0.09 min~! for Lipozyme IM,
up to one order of magnitude smaller than the activity obtained
under microwave demonstrating a strong microwave effect in this
enzymatic reaction.

4. Conclusions

The synthesis of biodiesel using Novozyme 435 and Lipozyme
IM under microwave irradiation was investigated using statistically
designed of experiments. It was shown that the most important
variables for the catalyst activity were reaction time and enzyme
loading, both affecting negatively the reaction rate. The effect of
the reaction time was interpreted in term of enzyme decay due to
microwave but minor effects due to reagent concentration decrease
are expected to play a role. It was observed that the poor mixing
provided by the reactor stirring bar had a deleterious effect in the
reaction rate.

The reaction temperature, in the narrow range (30-40°C) inves-
tigated, affected the reaction rate only through interactions with
other variables, however the interaction between reaction time
and temperature indicates deactivating effects due to microwave.
A comparison of the catalyst activity for both enzymes in pres-
ence and absence of microwave showed a significant reaction rate
increase due to microwave radiation.
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