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Abstract Optimal conditions for enzymatic synthesis of

biodiesel from palm oil and ethanol were determined with

lipase from Pseudomonas fluorescens immobilized on

epoxy polysiloxane–polyvinyl alcohol hybrid composite

under a microwave heating system. The main goal was to

reduce the reaction time preliminarily established by a

process of conventional heating. A full factorial design

assessed the influence of ethanol-to-palm oil (8:1–16:1)

molar ratio and temperature (43–57 �C) on the transeste-

rification yield. Microwave irradiations varying from 8 to

15 W were set up according to reaction temperature. Under

optimal conditions (8:1 ethanol-to-oil molar ratio at

43 �C), 97.56 % of the fatty acids present in the palm oil

were converted into ethyl esters in a 12-h reaction, corre-

sponding to a productivity of 64.2 mg ethyl esters g-1 h-1.

This represents a sixfold increase from the process carried

out under conventional heating, thus proving to be a

potential tool for enhancing biochemical modification of

oils and fats. In general, advantages of the new process

include: (1) microwaves speed up the enzyme-catalyzed

reactions; (2) there are no destructive effects on the enzyme

properties, such as stability and substrate specificity, and

(3) the microwave assistance allows the entire reaction

volume to be heated uniformly. These bring benefits of a

low energy demand and a faster conversion of palm oil into

biodiesel.
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Introduction

Microwaves are electromagnetic waves with frequencies

ranging from 300 MHz to 300 GHz. Microwaves induce

molecular rotation of dipolar species accompanied by

intermolecular friction and energy dissipation, resulting in

volumetric heating without affecting the molecular struc-

ture. Microwave heating is a process of direct energy

absorption by the irradiated material (liquid) with a uni-

formly distributed heat sources which prevents convection

due to thermal gradients, a common phenomenon in con-

ventional heating. Microwave heating is selective and

depends mainly on the dielectric properties and the relax-

ation frequency of the treated material [1, 2].

In recent years, microwave irradiation has become an

increasingly popular heating method, because it proves to

be clean, cheap and convenient. Reduction in reaction

times, enhancement in conversions and sometimes also in

selectivity have been reported concerning mainly solvent-

free reactions conducted in a microwave field [2, 3].

The first report on microwave-assisted organic syntheses

appeared in 1986 in two independent works carried out by

Gedye and Guigere [4]. The authors performed reactions in

sealed flasks and compared the obtained data to those from

experiments with conventional heating. The significant

reduction in the reaction time boosted the application of

this heating technique [4–7]. Several review articles and

books provide extensive coverage on this subject and

demonstrate that its large reaction diversity could be

favorable by this heating method [1–6]. Besides other uses

in several chemical organic synthesis [8] and biological
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reactions [9], microwaves are currently being used to assist

enzymatic hydrolytic and synthetic reactions by lipases and

proteases [10–13].

Lipases (triacylglycerol ester hydrolases E.C. 3.1.1.3)

are hydrolytic enzymes that catalyze the acylglycerol

hydrolysis preferentially at the oil/water interface. The

hydrolytic reactions for lipases are essentially reversible

and the potential of these enzymes in the organic synthesis

has been well documented [14]. The versatility of the

lipase as a catalyst is also evident by the number of

industrial processes being set up [14–17], where there is an

interest in controlling the physical, functional and orga-

noleptic properties of the products. The potential of the

enzymatic technology for developing new or well-known

products at more competitive costs meets the need of this

industrial segment in achieving its goals [18, 19].

In this context, the objective of the present work was to

improve the enzymatic process for vegetable oil modifi-

cation, aiming at a higher yield, lower energy consumption

and waste reduction. Particular emphasis was given to the

effects of high-frequency electromagnetic fields (micro-

waves) to develop biotransformation processes using lipase

as a catalyst, in view of the its great versatility to mediate

typical reactions in the oleochemical industry. More spe-

cifically, the target reaction is the ethanolysis of palm oil to

produce biodiesel. This is an exceptional option for the

Brazilian biodiesel production, since both palm oil and

ethanol are readily available in the country. In addition,

previous results indicated that the product obtained from

the enzymatic transesterification process has properties in

accordance with the standard specifications for biofuel

[20]. Nevertheless, the reaction productivity is still low

compared to the conventional chemical route. Therefore, in

this work, an attempt was made to reduce the reaction

duration of a previously established process performed

under conventional heating using Pseudomonas fluorescens

lipase immobilized on epoxy polysiloxane–polyvinyl

alcohol hybrid composite (SiO2–PVA) as a catalyst [20].

For this, a full 22 factorial design leading to a set of 7 runs

with different molar ratio and temperature combinations

was performed to attain the optimal conditions for the

microwave-assisted enzymatic synthesis of biodiesel.

Materials and methods

Materials

Commercial lipase P. fluorescens (Lipase AK—20715TD

from Amano Pharmaceuticals-Nagoya, Japan) was used as

received without further purification. Tetraethoxysilane

was acquired from Aldrich Chemical Co. (Milwaukee, WI,

USA). Epichlorohydrin, hydrochloric acid (minimum 36 %),

ethanol (minimum 99 %), polyvinyl alcohol (MW 72,000)

and polyethylene glycol (MW 1,500) were supplied by

Reagen (Rio de Janeiro, RJ, Brazil). Palm oil was a kind gift

from Agropalma (Para, Brazil) having the following com-

position in fatty acids (wt): 0.1 % lauric, 1.2 % mirystic,

46.8 % palmitic, 3.8 % stearic, 37.6 oleic and 10.5 % lino-

leic, with 849.0 g mol-1 average molar mass. Standard

chromatography (ethyl esters) previously synthesized by

chemical route [21]. All the other reagents were of analytical

grade.

Support synthesis and lipase immobilization

SiO2–PVA composite was prepared by the hydrolysis and

polycondensation of tetraethoxysilane according to the

methodology previously described by Santos et al. [22]

attaining particles having the following properties:

average pore diameter (22.91 Å), surface area BET

(461.00 m2 g-1) and porous volume (0.275 cm3 g-1).

Activation of SiO2–PVA particles was carried out with

epichlorohydrin and used to immobilize the lipase AK. To

perform this work, four batches of immobilized derivatives

were prepared and average measured hydrolytic activity

was 1,500 ± 138 U g-1 biocatalyst. Additional properties

of this immobilized derivative can be found elsewhere [22].

Biodiesel synthesis

Reactions were performed in a microwave reactor (Model

Discover/University-Wave, Cem Corporation). The cylin-

drical design assures homogeneous irradiation of the

working volume that, for instance, is missing in the con-

ventional microwave ovens available on the market and

frequently used in experiments without modifications.

A magnetic stirrer was used to attain at three levels of the

liquid mixing qualitatively classified as low, medium, or

high. Temperature was controlled with compressed air

blown into the chamber and monitored by an infrared

sensor located in the lower part of the chamber. This

chilling air was designed to operate at different levels of

pressure and either on continuous or intermittent flow

mode. ChemDriver software was used to record data for

each run, including variation in the microwave flux and

temperature [7]. The working volume was designed as a

100-ml spherical glass reactor containing 12 g of substrate

consisting of palm oil and anhydrous ethanol at different

molar ratios in the absence of solvents. The reaction

medium was incubated with the immobilized derivative at

a fixed proportion of 20 % (w/w) in relation to the total

weight of reactants involved in the reaction. For the time

course studies, an aliquot of reaction medium was taken at

various time intervals and diluted in n-heptane for GC

analysis.
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Experimental design and data treatment

The influence of the variables (molar ratio and tempera-

ture) on biodiesel formation was studied using a 22 full

factorial design. Runs were performed at random. Three

experiments were carried out at the center point level, for

experimental error estimation. Results were analyzed using

Statistica version 5 (StatSoft Inc., USA) and Design-Expert

6.0 (Stat-Ease Corporation, USA) softwares. The statistical

significance of the regression coefficients was determined

by Student’s t test, the second-order model equation was

evaluated by Fischer’s test and the proportion of variance

explained by the model obtained was given by the multiple

coefficient of determination (R2) [17].

Downstream procedure

When the reaction was completed, the lipase was separated

from the medium and the organic phase was washed twice

with one volume of water to remove both the remaining

ethanol and the free glycerol as a by-product. The residual

water was removed by evaporation to attain the final fatty

acid ethyl ester product. The specific gravity of the product

was determined in accordance with the recommendations

of ASTM1298.

Analytical methods

GC analysis

Ethyl esters derived from ethanolysis of palm oil were

analyzed using gas chromatography Varian CG 3800 model

(Varian Inc., Corporate Headquarters, Palo Alto, CA, USA)

equipped with flame-ionization detector and 5 % DEGS

CHR-WHP 80/100 mesh 6 ft 2.0 mm ID and 1/8 in. OD

(Restek, Frankel Commerce of Analytic Instruments Ltd.,

SP, Brazil) according to methodology previously described

by Urioste et al. [21]. Data collection and analyses were

performed using the software Galaxie Chromatography

Data System version 1.9. The calibration curves were

measured from standard ethyl esters using hexanol as an

internal standard. The reaction yield was calculated by

taking into account the mass of ester content obtained by

GC analysis and the total theoretical ester mass based on the

initial amount of both oil and ethanol [21].

Biodiesel viscosity determination

The biodiesel viscosity was determined by LVDV-II cone

and plate spindle Brookfield viscosimeter (Brookfield

Viscometers Ltd, England). Biodiesel samples of 0.5 mL

were used and the measurements were replicated three

times. A circulating water bath was used to maintain

temperature at 25 or 40 �C (±0.1 �C) during the assays.

Thermal stability of immobilized derivative

in the microwave reactor

For the thermal stability tests, samples of the immobilized

lipase preparation were incubated in n-heptane at 60 �C

under microwave irradiations for 3 h under. Samples were

removed and assayed for residual activity as previously

described [20, 23], taking an unheated control to be 100 %

active. The rate of deactivation (kd) and half-life time (t1/2)

was calculated by Eqs. 1 and 2, respectively.

A

A0

¼ e�kdt ð1Þ

t1=2 ¼
ln 2

kd

; ð2Þ

where A0 is the initial activity, while A is the activity after

t min of heating.

Results and discussion

Thermal stability of the immobilized derivative

under microwave irradiation

Different agents, such as temperature and chemicals, pro-

mote enzyme inactivation. Inactivation by chemicals can

often be avoided rather easily by keeping them out of the

reaction medium. Temperature, however, produces oppo-

site effects on enzyme activity and stability and is, there-

fore, a key variable in any biocatalytical process [24].

Under microwave irradiation, a direct energy transfer

between the electromagnetic field and the polar protein’s

domains could induce modification in enzyme flexibility,

consequently changing the enzymatic properties, but there

are differences depending on the reaction medium. In an

aqueous medium, the properties of the irradiated enzyme

are identical to those obtained under conventional heating.

In an organic medium, where only polar species absorb the

microwave energy, the enzyme activity, selectivity and

stability can be improved by microwave heating. Some

authors envisage [2, 9] the existence of a specific effect of

the microwave irradiation on the structural and functional

properties of enzymes. Moreover, a direct absorption of the

microwave energy by the polar substrates of the enzyme

could lead to a higher reactivity of the functional groups

involved in the enzymatic reaction [25].

In this context, an important preliminary step was to

estimate the thermal stability of the P. fluorescens lipase

immobilized on SiO2–PVA under microwave irradiation.
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This allowed determining the temperature range that could

be used to perform the biodiesel synthesis. Thermal sta-

bility assays were carried out by incubating this specific

lipase preparation in n-heptane at 60 �C and submitting to

100 W microwave irradiation over a maximum period of

3 h.

Figure 1 displays values for residual activities of the

immobilized derivative as a function of time and microwave

irradiation. These data were then used to estimate the thermal

inactivation constant (kd) and the biocatalyst half-life time

(t�) as 0.084 h-1 and 8.22 h, respectively. The estimated

half-life time could be considered as a highly promising

value as compared to the data reported for other immobilized

lipase preparations described in the literature [25].

Microwave-assisted biodiesel synthesis

Experimental design was used as a tool to study the com-

bined effect of ethanol-to-oil molar ratio and temperature

in the transesterification yield of the biodiesel synthesis.

The range of molar ratio and temperature was between

8–16 and 43–57 �C, respectively. In all the experiments,

the immobilized derivative was used at 20 % (w/w) in

relation to the total weight of reactants involved in the

reaction media. Runs were performed at random and three

experiments were carried out at the center point level,

coded as ‘‘0’’ and allowing estimation of the experimental

error.

The experimental matrix and the transesterification

yields (%) are shown in Table 1. The profile for the ethyl

esters formation as a function of time is displayed in Fig. 2.

The results revealed that the immobilized derivative was

able to produce the main FAEE (fatty acid ethyl esters)

under all evaluated conditions. The highest ethyl ester

concentrations were related to palmitate and oleate ethyl

esters, followed by ethyl linoleate with the other esters

being produced at lower amounts. This profile was as

expected by considering the palm oil fatty acid composi-

tion and was similar for all experiments performed. The

transesterification yield was strongly affected by both

variables and varied from 62.9 to 86.5 %.

The results showed in Table 1 were used to estimate the

effects of the main variables and their interactions.

According to the Student’s t test (Table 2), both variables

and their interaction were significant at 95 % of confidence

level.

The significant effect of the temperature (p = 0.0234) is

an expected result, since enzymes are temperature-sensitive

macromolecules. However, the microwave-specific effect

could have a non-thermal origin, although this is still a

controversial matter. According to Rejasse et al. [2], the

microwave effects on the specific activity due to the

structural modification of the irradiated enzyme show

uncertainty about a non-thermal effect.

Concerning the influence of medium polarity given in this

work by the molar ratio variable (x1), results show a strong

influence of this variable (p = 0.0337) on the transesterifi-

cation yield. Table 1 shows that for lipase AK the highest oil

yield to the FAEE could be achieved when a lower excess of

alcohol was utilized (run 1). Although both variables were

significant and showed negative effects, the interaction

Fig. 1 Residual activity of the Pseudomonas fluorescens lipase

immobilized on SiO2–PVA after thermal treatment as a function of

microwave irradiation time

Table 1 Experimental design and results according to the 22 full

factorial design to evaluate the influence of the variables ethanol-to-

oil molar ratio and temperature on the transesterification yield for

biodiesel production under microwave irradiations

Run Variable Transesterification

yield (%)a

Ethanol-to-

oilmolar ratio

Temperature

Coded Actual Coded Actual

(�C)

1 -1 8 -1 43 86.52

2 ?1 16 -1 43 64.72

3 -1 8 ?1 57 62.93

4 ?1 16 ?1 57 67.67

5 0 12 0 50 71.79

6 0 12 0 50 73.96

7 0 12 0 50 70.82

a Correspondent to 8-h reaction
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between them revealed a strong and significant positive

effect (p = 0.0144). The most important factor in this pro-

cess was the dielectric properties of the reactants. In this

work, runs were carried out using the following substances

and/or products: palm oil and anhydrous ethanol as starting

materials; lipase and ethyl esters and glycerol as main

products; and other intermediary products, such as mono and

diglycerides.

The association between microwave irradiations and

these compounds is essentially determined by dielectric

properties [26–28]. Thus, the ability of a substance to convert

microwave energy into heat at a given frequency and tem-

perature can be determined by a parameter known as loss

tangent or tangent delta (d) which represents the dielectric

losses in the irradiated material to attenuation and is defined

as the ratio of dielectric loss factor to dielectric constant.

Fig. 2 Profile for ethyl esters formation in the transesterification

reaction of the palm oil with ethanol catalyzed by Pseudomonas
fluorescens lipase immobilized on SiO2–PVA under different condi-

tions. The reactions were carried out according to 22 full factorial

design (runs 1–7). Ethyl esters from lauric acid (full line); myristic

acid (open circle); palmitic acid (open square); stearic acid (open
triangle); oleic acid (filled triangle); linoleic acid (filled square) and

total esters (filled circle)
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d ¼ e00

e0
; ð3Þ

where e0 and e00 are defined as dielectric constant and

dielectric loss, respectively.

Table 3 shows differences in these three dielectric

parameters, definitively indicating that the dielectric loss

factor is the most indicative parameter concerning the

heating of the irradiated material [26, 29, 30]. Water, e.g.,

has the highest dielectric constant (78.2), but its dielectric

loss factor (10.3) is approximately two times lower than

ethanol (22.9). Hence, ethanol heats faster in the micro-

wave chamber than water. This simple physical fact

explains the reduction in the reaction yields when the

ethanol-to-oil molar ratio increases. Moreover, the water

molecules are much smaller than those of the oils, which

simply mean that the dielectric constants and loss factors of

oil–water blends are much lower when compared to free

water.

Dielectric properties of oil feedstock mixed with dif-

ferent solvents were measured and analyzed by Terigar

et al. [30]. Results indicated that dielectric constants were

relatively unchanged throughout the frequency range, but

were strongly dependent on solvent type. The dielectric

constant of the soy flour with hexane mixture decreased

(2.92) in comparison to the soy flour with ethanol mixture

(8.7) due the polarity of each solvent dielectric loss of the

mixture with ethanol was 5.4, while the mixture with

hexane had virtually zero dielectric loss.

On the other hand, the enzymatic reactions are quite

complex and the microwave effects raise many questions

concerning the irradiation effects on the reaction system.

Definite interpretations require additional experimental

data and further studies, and this is an area of intensive

investigations.

Table 4 shows the analysis of variance (ANOVA) for a

linear model from experimental results by multiple

regression analysis and curvature check (0.2511). The best

fitting response function can be written by Eq. 4.

ŷ ¼ 71:20� 4:27 x1 � 5:16 x2 þ 6:64x1x2; ð4Þ

where ŷ is the transesterification yield (%) and x1 and x2 are

molar ratio and temperature, respectively.

The statistical significance of this model was evaluated

by the F test (Table 4), which revealed that this regression

is statistically significant at a 95 % probability level. The

model did not show lack of fit and the determination

coefficient (R2 = 0.9862) indicates that the model can

explain 98.62 % of the variability.

A numeric optimization of the transesterification yield

as a function of the molar ratio and temperature was carried

out using the software Design-Expert 6.0. According to this

study, the maximum transesterification yield can be

obtained at the lowest levels of both variables (8:1 ethanol-

to-oil molar ratio and 43 �C temperature) as displayed in

the response surface (Fig. 3) corresponding to the model

described in Eq. 4.

To confirm this model, experiments were carried out

under the established condition and the differences

between the experimental and theoretical values were

lower than 1 %. The run conducted to confirm the model

attained a greater than 80 % conversion of palm oil fatty

acids into ethyl esters, over an 8 h reaction. However, the

kinetic study carried out at up to 12 h of reaction time

resulted in 76.90 wt % of ethyl esters formed, which cor-

responded to a yield of 97.56 % (Fig. 4).

The purified biodiesel presented kinematic viscosity of

4.75 cSt at 40 �C in accordance with ASTM D5761

(United States) and EN 14214 (Europe) biodiesel stan-

dards, which require viscosities in the range of 1.9–6.0 cSt

and 3.0–5.0 cSt, respectively.

Conventional heating versus microwave irradiation

To demonstrate the effect of microwave irradiation in the

ethanolysis of palm oil, a comparison between the transe-

sterification reaction under conventional heating and

microwave irradiation was performed. Data summarized in

Table 2 Estimated effects, standard errors and Student’s t test for

transesterification yield in biodiesel production using the 22 full

factorial design

Variable Effect Standard

error

t p \ 0.05

Mean 71.20 ±0.61 117.17 0.0000*

Ethanol-to-oil molar

ratio (x1)

-8.53 ±1.61 -5.31 0.0337*

Temperature (x2) -10.32 ±1.61 -6.42 0.0234*

x1x2 13.27 ±1.61 8.25 0.0144*

* Significant at 95 % confidence level

Table 3 Dielectric properties and penetration depth of substances

used in the biodiesel synthesis assisted by microwave at room tem-

perature and 2,450 MHz

Product Temperature(�C) Frequency

(2450 MHz)

e0 e00 d

Water [26] 20 78.2 10.3 0.13

Vegetable oil [26] 25 2.5 0.14 0.06

Ethanol [29] 25 24.3 22.9 0.94

Soy flour mixed with

hexane [30]

23 2.9 0.03 0.01

Soy flour mixed with

ethanol [30]

23 8.7 5.4 0.62
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Table 5 indicate that almost complete oil conversion was

achieved under microwave irradiation in about 12 h. In

contrast, the conventional heating allows only 61.30 % of

oil conversion to be attained in 24 h. Hence, the micro-

wave-assisted reaction rate was about six times higher than

that under conventional heating (productivity of 64.2 mg

ethyl esters g-1 h-1).

In the context of the reported results, it may be sug-

gested that the process developed would be economically

beneficial, since it reduces time and energy. Some advan-

tages in relation to the conventional ethanolysis include:

(1) an increase in yield and the enzyme-catalyzed reaction

rate; (2) the method of the substrate heating by microwaves

is not harmful. This conclusion mainly refers to the alter-

ation in the enzyme properties (enzyme stability) and the

Table 4 Analysis of variance

(ANOVA) for the regression of

the model that represents

transesterification yield in the

formation of biodiesel

* Significant at 95 %

confidence level

Source Sum of square Degree of freedom Mean square F test

Value Prob [ F

Model 355.36 3 118.45 34.50 0.0080*

x1 72.76 1 72.76 21.19 0.0193*

x2 106.50 1 106.50 31.02 0.0114*

x1x2 176.09 1 176.09 51.29 0.0056*

Residual 10.30 3 3.43

Lack of fit 5.13 1 5.13 1.98 0.2942

Pure error 5.17 2 2.58

Cor total 365.66 6

R2 0.9862

Fig. 3 Response surface described by the statistical coded model that

represents the transesterification yield in the formation of biodiesel

from palm oil catalyzed by Pseudomonas fluorescens lipase immo-

bilized on SiO2–PVA as a function of molar ratio (x1) and temperature

(x2) according to Eq. 4

Fig. 4 Ethyl esters profile in the transesterification of palm oil using

Pseudomonas fluorescens lipase immobilized on SiO2–PVA under the

predicted conditions (ethanol-to-oil molar ratio of 8:1 at 43 �C). Ethyl

esters from lauric acid (full line); myristic acid (open circle); palmitic

acid (open square); stearic acid (open triangle); oleic acid (filled
triangle); linoleic acid (filled square) and total esters (filled circle)

Table 5 Transesterification activity of the lipase from Pseudomonas
fluorescens immobilized on SiO2–PVA using different heating

systems

Heating

system

Reaction

time (h)

Transesterification

yield (%)

Productivity

(mg ethyl

esters g-1 h-1)

Microwave 12 97.56 60.42a

Conventional

heating

24 61.30 10.07a

24 97.95b 23.87b

a Results compared with the predicted conditions by the factorial

design
b Results compared with values reported by Moreira et al. [20]
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substrate specificity. In addition, (3) microwave assistance

allows the entire volume of the substrate to be heated

uniformly, which can increase biocatalyst activity.

Conclusion

Microwave technology is emerging as an alternative

energy source to perform enzymatic reactions. In the

context of this trend, ethanolysis of palm oil for biodiesel

production was carried out as a model study. The formation

of ethyl esters was highly influenced by the variables (x1,

x2) molar ratio and temperature, respectively. The proposed

mathematical model was validated experimentally and

confirmed that a low molar ratio 8:1 (ethanol:oil) and a

temperature of 43 �C result in a greater than 80 % con-

version of palm oil fatty acids into ethyl esters, over an 8-h

reaction. However, the kinetic study carried out at up to

12 h resulted in 76.90 wt % of ethyl esters formed, which

corresponded to a yield of 97.56 %.

The experiments performed confirm that the main effect

of the microwaves is thermal rather than the alteration in

the enzyme properties. In this context, all alterations in the

enzymatic properties observed in this study could be

attributed to thermal effects, as those observed under

conventional heating ethanolysis. The results reported

suggest that the proposed process would be economically

beneficial since it reduces time and energy, and has some

advantages in relation to conventional ethanolysis.
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