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Abstract: Response surface methodology was used for the evaluation of the ef-
fects of various factors on the synthesis of biodiesel catalyzed with immobi-
lized lipase from Rhizomucor miehei in a solvent-free system. The production
of biodiesel was optimized and model response equations were obtained, ena-
bling the prediction of biodiesel production from the values of the four main
factors. It would seem that the reaction temperature and the amount of water
predominantly determined the conversion process while the methanol/oil molar
ratio had no significant influence on the reaction rate. The temperature and
amount of water showed negative interactive effects on the observed reaction
rate per amount of enzyme. However, there were no significant interactions
among the other variables according to the test of statistical significance. The
highest yield of 10.15 mol kg'! enzyme was observed at 45 °C with a 6:1 me-
thanol to oil molar ratio and with no added water in the system.

Keywords: lipases from Rhizomucor miehei; biodiesel; response surface metho-
dology.

INTRODUCTION

Biodiesel (fatty acid methyl esters), used as alternative diesel engine fuel,
has become increasingly important due to the diminishing petroleum reserves and
the environmental consequences of exhaust gases from petroleum-fueled engines.
Biodiesel has several advantages: it comes from renewable sources and, as such,
it does not contribute to new carbon dioxide emission, it is biodegradable, its
combustion products have reduced levels of particulates, carbon monoxide, sul-
fur oxides, hydrocarbons and soot.!

Industrially, biodiesel is produced by the methanolysis of waste oil using
alkaline catalysts.2 There are several drawbacks to this conventional chemical
production, such as the cost of the refined feedstock, the recovery of glycerol, the
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necessity to exclude the catalyst, undesirable side reactions, removal of inorganic
salts and high reaction temperature. To overcome such drawbacks, there have
been some attempts to develop and optimize methods for the production of bio-
diesel from a variety of lipids via different chemical or enzymatic catalysis.3:4
Although the concept of biodiesel production without the use of any catalyst in
supercritical methanol seems to be a very promising approach, the consumption
of methanol was relatively high and the method required a high temperature of
350 °C and a pressure of 45 MPa, which would increase the production costs.>
Due to the high-energy costs of chemical processes, the application of lipase in
the oleochemical industry has become more attractive. The employment of li-
pases as biocatalysts allows mild reaction conditions and easy recovery of gly-
cerol without purification or chemical waste production.6’

Considerable research has been performed on the transesterification of vege-
table oils and animal fats with different acyl acceptors using various free or im-
mobilized lipases as catalysts in organic solvents or solvent-free systems.8~10
However, the majority of enzymatic syntheses of biodiesel were performed in
organic solvents, which are not suitable from the application viewpoint because
of the toxicity and flammability of the solvent, damaging effects on the environ-
ment and consequential requirement for solvent removal. Thus, to enable enzy-
matic processes to be competitive, enzymatic solvent-free systems have been de-
veloped.7-9-13

It was shown that immobilized Rhizomucor miehei lipase (Lipozyme RM-IM)
is a suitable catalyst for the alcoholysis of several oils and fats with primary al-
cohols in n-hexane.!4 Alcoholysis with relatively long-chain linear alcohols pro-
ceeds efficiently even in an organic solvent-free system but organic solvent-free
methanolysis typically does not give high conversions.!5 The main obstacle for
using methanol as a substrate is its detrimental effect on the lipase activity, as
several studies reported that a high methanol concentration could lead to serious
inactivation of lipase.!l1:15 In order to circumvent this limitation, a three-step
batch methanolysis process was developed and conversions of around 80 % were
achieved even without solvent.® Additionally, the possibility of increasing the
yield of methyl esters by a surplus of methanol was studied.8-> However, like
most studies dealing with enzymatic methanolysis of vegetable oils, the experi-
ments were based on the conventional one-at-a-time variation of the parameters,
which often does not demonstrate the interactive effects of the parameters. Consi-
dering the high demand and benefits, improved knowledge of the relationships
between the important transesterification variables and biodiesel yield is neces-
sary to develop an efficient lipase catalytic process.

In this study, the effects of various factors on the methanolysis of sunflower
oil by a commercial lipozyme lipase from Rhizomucor miehei was studied in a
solvent-free system. Response surface methodology (RSM) and 5-level-4-factor
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central composite rotatable design (CCRD) was performed to evaluate the effect
of each of the analyzed factors, as well as the interactive effects of these factors
on the synthesis of the methyl ester. This kind of experimental design reduces the
number of experiments to be preformed, thus reducing the costs, and gives know-
ledge of the interaction among the variables within the studied range. Although
an increasing number of results published in the field of biodiesel synthesis in an
organic solvent are based on experimental design,!6-17 a systematic study related
to the transesterification of vegetable oil with the immobilized R. miehei lipase in
a solvent-free system has not hitherto been performed.

EXPERIMENTAL
Materials

Commercial lipase from R. miehei immobilized on a macroporous anion exchange resin
(Lipozyme RM-IM) was kindly gifted by Novo Nordisk (Bagsvaerd, Denmark). Refined
sunflower oil “Sunce” (Sunce a.d., Sombor) and methanol (purity > 99.8 %, Sigma, USA)
were used as the reactants for the enzymatic reaction. Methyl myristate (Fluka, Switzerland)
was used as the internal standard. All other chemicals were of reagent-grade.

Alcoholysis reaction

The synthesis was performed in 100 ml stoppered flasks, as a three-step methanolysis
process. The first portion of methanol and the total amount of oil were added at the start of the
reaction; the second portion of methanol was added after 10 h, while the third portion was
added after 25 h, according to previously obtained results.'® The total reaction time was 50 h.
Appropriate amounts of enzyme, methanol and water were added in the reaction media accor-
ding to the experimental design (Table I). The amount of enzyme varied from 1-5 %, water
0-10 % and substrate molar ratio 3-9. The mixture was agitated on a shaker at 150 rpm at
different temperatures (25-65 °C).

Analysis of the samples

The contents of methyl ester in the reaction mixture were quantified using a GS Varian
3400 instrument with a fused silica capillary column (5 mx0.53 mmx0.5 um). The column
temperature was held at 60 °C for 1 min, then heated to 110 °C at 50 °C min’!, heated again to
170 °C at 4 °C min'! and then raised to 340 °C at 20 °C min"! and maintained at this tempera-
ture for 45 min. The temperatures of the injector and detector were set at 300 °C and 340 °C,
respectively. Methyl myristate served as the internal standard.

Experimental design and statistical analysis

The experiments were conducted employing a central composite design, which aids the
investigation of linear, quadric and cross product effects of four factors, each varied at five
levels.!® The factors studied were enzyme concentration, water concentration, methanol to oil
molar ratio and temperature during the transesterification reaction. The assay conditions for
the reaction parameters were taken at zero level (center point), level one (+1 and —1) and level
two (+2 and —2) (Table I). The design of the experiments employed is also presented in Table
1. For data evaluation, response surface methodology (RSM) was used, and a second order
polynomial equation was tested (for both response variables). The coefficients of the response
function and their statistical significance were evaluated by the method of least squares using
MATLAB software (version 6.5, Release 13, The MathWorks, Juc, Matick, MA, USA). Only
the significant terms (p < 0.05) were considered for the final reduced model. Response sur-
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faces and contour plots were obtained using the fitted model, by keeping two independent
variables at a constant value while changing the other two variables. The Fisher test was used
to determine the adequacy of the model and the Student distribution to evaluate the signi-
ficance of the coefficients.

TABLE I. The obtained results of various runs of the central composite design with coded and
actual values of variables (numbers in parenthesis represent coded independent variable levels)

Rate of Rate of biodiesel

Enzyme Content of Substrate

Temperature . biodiesel production per
Run o amount water molar ratio .
C % % " n production  enzyme amount
methanol’ "oil mmol h™! mmol h’! g-l
1 35 (-1)2 2(-1) 2.5(-1) 4.5 (-1) 0.0882 0.147
2 55(1) 2(-1) 2.5(-1) 4.5 (-1) 0.0517 0.0862
3 35(-1) 4(1) 2.5(-1) 4.5 (-1) 0.156 0.130
4 55(1) 4 (1) 2.5(-1) 4.5 (-1) 0.139 0.115
5 35(-1) 2(-1) 7.5(1) 45 (-1 0.110 0.183
6 55(1) 2(-1) 7.5(1) 4.5 (-1) 0.0369 0.0615
7 35 (1) 4(1) 7.5(1) 4.5 (-1) 0.131 0.109
8 55(1) 4(1) 7.5(1) 4.5 (-1) 0.0636 0.0530
9 35 (1) 2(-1) 2.5(-1) 7.5(1) 0.0535 0.0891
10 55(1) 2(-1) 2.5(-1) 7.5(1) 0.139 0.231
11 35(-1) 4(1) 2.5(-1) 7.5(1) 0.109 0.0906
12 55(1) 4(1) 2.5(-1) 7.5(1) 0.0617 0.0514
13 35(-1) 2(-1) 7.5(1) 7,5 (1) 0.0603 0.101
14 55(1) 2(-1) 7.5(1) 7,5 (1) 0.0316 0.0527
15 35(-1) 4 (1) 7.5(1) 7,5 (1) 0.132 0.110
16 55(1) 4 (1) 7.5(1) 7,5 (1) 0.0496 0.0413
17 25(2) 3(0) 5(0) 6 (0) 0.152 0.169
18 65 (2) 3(0) 5(0) 6 (0) 0.0746 0.0828
19 45 (0) 1(=2) 5(0) 6 (0) 0.0318 0.106
20 45 (0) 52) 5(0) 6 (0) 0.169 0.113
21 45 (0) 3(0) 0(=2) 6 (0) 0.183 0.203
22 45 (0) 3(0) 10(2) 6 (0) 0.0617 0.0685
23 45 (0) 3(0) 5(0) 3(=2) 0.0474 0.0527
24 45 (0) 3(0) 5(0) 9(2) 0.0966 0.107
25 45 (0) 3(0) 5(0) 6(0) 0.0474 0.0527
26 45 (0) 3(0) 5(0) 6 (0) 0.0515 0.0573
27 45 (0) 3(0) 5(0) 6 (0) 0.0318 0.0353
28 45 (0) 3(0) 5(0) 6 (0) 0.0978 0.109
29 45 (0) 3(0) 5(0) 6 (0) 0.0431 0.0480
30 45 (0) 3(0) 5(0) 6 (0) 0.0882 0.0980
4The numbers in parenthesis represent coded independent variable levels
RESULTS AND DISCUSSION

In this study, response surface methodology was used to optimize and under-
stand the relationships between the important reaction parameters in the lipase-ca-
talyzed transesterification of sunflower oil with methanol in a solvent-free sys-
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tem. The objective was to obtain basic information concerning the relationships
between these variables and the response (the reaction rate), aiming at a better
control of the enzymatic process.

Based on the experimental results, two models were obtained. The first one
presents the influence of individual and interactive effects on the reaction rate
and the second one presents the same effects on the reaction rate per unit amount
of enzyme. The second model allows the economic efficiency of the process to
be optimized, since the cost of the enzyme represents a significant constituent of
the overall costs of the process.

Statistical analysis was performed on the experimental results and the main
and interaction effects of the variables were estimated. The amount of the enzy-
me had the largest influence on the reaction rate. Temperature and the amount of
water had the next largest linear effects. The methanol to oil molar ratio did not
significantly influence the production of biodiesel. An insignificant factor, but
with a very high value, was the interactive effect between temperature and water
content.

After eliminating the insignificant terms based on the composite rotatable
design, a second order model (Eq. 1) was obtained with three significant para-
meters, without interactions:

Y1 =0.0596 — 0.0180x1 +0.0233x; — 0.0181x3 + 0.0131 x7 +0.0154x3 (1)

where Y7 (mmol h™!) is the rate of biodiesel production.

The response surface and contour plots of the predicted reaction rate as a
function of process variables obtained from RSM analysis are presented in Fig. 1.
Over the entire investigated range of enzyme concentration, the yield of the
transesterification increased with increasing amount of enzyme in the reaction
mixture (Figs. 1a and 1b). On the other hand, the effects of reaction temperature
and amount of added water were described with quadratic equation with mini-
mum values. The minimum rate of biodiesel production was achieved at 52 °C
and 6.7 % of added water, while high rates were observed at high water content
and a low temperature or at a low water content and a high temperature (Fig. 1c).

The transesterification reactions were performed over a wide range of tem-
peratures, i.e., from 25 to 65 °C. The response surface plot (Fig. 1a) clearly
shows that increasing the temperature first led to a steep decrease of the rate of
production of biodiesel until 45 °C. Further increasing of the temperature resulted
in a slight increase of the rate of synthesis. The highest activity in examined
temperature range was observed at the lowest applied temperature of 25 °C. The
highest activity of the immobilized R. miehei lipase at the lowest employed tem-
perature suggests that the lipase, like some other lipases, such as that from Psen-
domonas cepacia,!’ Candida rugosa®9 or porcine pancreatic lipase,2! was inacti-
vated when it was subjected to a higher temperature for a long period.
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It is clear that significant parameters in the second model are temperature,
water content and the interactive effect between temperature and water. From the
experimental data and after eliminating the insignificant parameters, for the ana-
lysis of the factors on the reaction rate per unit amount of enzyme, the second

order model (Eq. 2) with two significant parameters together with their interac-
tion was obtained:

Y2 =0.0714 - 0.0198x] — 0.0227x3 + 0.0163 x7 +0.0191 x2 — 0.0219x1x3  (2)

where Y, (mmol h™! g1) is the rate of biodiesel production per unit amount of
enzyme.

The effect of both significant parameters on the specific rate of biodiesel
production is illustrated in the response surface plot given in Fig. 2, from which it

can be observed that high yields were obtained at low temperature and high water
content or vice versa.
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Fig. 2. The response surface of the reaction rate per unit amount of enzyme
at different levels of water amount and temperature.

Comparing the two obtained models, it is clear that in the first model the
amount of enzyme is the most significant factor with positive effect on the pro-
duction rate of biodiesel, whereas in the second model it did not influence the
production rate of biodiesel per unit amount of enzyme. These findings indicate
that, although with increasing amount of enzyme in the system the rate of bio-
diesel production was increased, it is not economically justified. However, re-
ports can be found that increasing the enzyme concentration up to 30 % led to an
increase in the yield of biodiesel.” This implies that the rate of transesterification
per unit amount of enzyme should be the response variable of choice in the de-
velopment of the best method for evaluation of the effectiveness of a production
process of biodiesel.

In both models, the methanol/oil molar ratio (3:1-9:1) was not a significant
factor for the synthesis of biodiesel. In a majority of related studies, the metha-
nol/oil molar ratio significantly influenced the yield of methyl esters. For exam-
ple, Soumanou et al. also investigated the influence of methanol on the yield of
biodiesel, with the same lipase, and obtained best results with 3:1 methanol/oil
molar ratio.8 In this case, the enzyme concentration was significantly higher (10 %),
and even a slight increase of excess methanol resulted in the almost complete in-
activation of the lipase. In a different study, the best results were obtained at 4:1
alcohol/oil molar ratio with an even higher amount of enzyme (27 %). However,
the activity of the immobilized enzyme from Candida antarctica decreased at
higher methanol concentrations (5:1 and 6:1).10

The addition of water exhibited a negative effect on the reaction rate. The
highest activity was achieved without addition of water to the reaction mixture
(Figs. 1b and 1c¢). Increasing the amount of added water up to 6.5 % led to a steep
decrease of activity but further increase of the amount of water led to a slight
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increase of the transesterification activity. Such a behavior is a consequence of
the complex reaction mechanism of enzymatic transesterification.2? The amount
of water in the system should be a compromise between minimizing hydrolysis
and maximizing enzyme activity for the transesterification reaction.!! Immobili-
zed enzymes, however, show the highest activity in low-water systems. The hi-
ghest initial rate of the transesterification reaction using immobilized Psendo-
monas fluorescens was achieved at 0.3 % of added water.23 The capability of
lipase from R. miehei to catalyze reactions at exceptionally low activity of water,
ay, was documented in a previous study.?4 It was reported that the enzyme
remained highly active at a water activity below 0.0001.

In this study, according to the test of statistical significance, only one inter-
active effect was observed, i.e., a negative interactive effect between the tempe-
rature and water content on the reaction rate per unit amount of enzyme. It can be
seen from the response surface (Fig. 2) that a higher reaction rate could be ob-
tained at a high temperature and low water content, or vice versa. The transesteri-
fication activity of lipase R. miehei rapidly decreased with the combined increase
of both the amount of water and temperature, probably due to lipase denaturation.
Additionally, with excess water, the hydrolysis of methyl esters is favorable, es-
pecially at high temperatures.

CONCLUSIONS

The response surface methodology proved to be a valuable tool for evalu-
ating the effects of various factors on the lipase-catalyzed synthesis of biodiesel
fuel from sunflower oil. The reaction temperature and the amount of added water
significantly influenced the rate of biodiesel production and these effects were
adequately described by a quadratic model. Most importantly, RSM enabled the
determination of a negative interactive effect between temperature and the
amount of water, which would have been unseen in a classical investigation of
the effects by variation of one factor while keeping the other parameters at fixed
values. Thus, the highest yield of biodiesel was achieved at 45 °C and without
water addition. Additionally, the results of this research imply that the choice of
output parameter is of crucial importance, since different models were obtained
with two particular response variables. The enzyme concentration had the most
pronounced effect on the rate of biodiesel production but had no effect on the rate
of biodiesel production per unit amount of enzyme. This fact implies that enzy-
matic synthesis of biodiesel with high amounts of lipase is not economically ac-
ceptable in a batch process, in spite of a certain increase of the product yield.
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NU3BOJ

OIITUMHU3OBAE ITOCTVIIKA IMTPOU3BO/ABE BUOAN3EJIA KOMEPLIMJAJTTHOM
JIMTTA30M Y CUCTEMY BE3 OPTAHCKOI' PACTBAPAYA ITPUMEHOM
METO/JIOJIOTUIE OJI3UBHUX ITOBPIIINHA

HEBEHA OI'ibAHOBWR, IEJAH BE3BPA/TMIIA n 30PULIA KHEXKEBU'R
Texnoaouwko-meiarypuru gaxyaitieiss, Kapuezujesa 4, 11000 Beozpao

Lns oBor paga Omia je onTUMHU3aNHMja mpoleca cuHTe3e OMoan3ena KopumhemeM IMOOHITH-
caHe nunase u3 Rhizomucor miehei. Y 0BOM pajy UCIHTaH je yTHIA] OCHOBHUX NPOLECHUX Napa-
MeTapa Ha NpMHOC OMOAM3ela: TeMIIepaType, MOJAPHOT OJJHOCA METaHOJI/YJbe, KOHIEHTpaLje eH-
3MMa U KOHIIEHTpaIje BoAe y cHcTeMy 0e3 opranckor pacrBapada. OnTummsanja mnpoueca eH-
3UMCKE CHHTE3€ je M3BpILICHA KopHIifielheM poTaTabHIHOI KOMIIO3UIMOHOT IiaHa. 3a 00paiy mo-
JlaTaka KopuInhieHa je METOOJIOTHja OI3UBHIX MOBPIIMHA. Y CTAHOBJBEHO j€ Ja ce YTHIaj (hakTopa
Ha Op3WHYy €H3UMCKE peakilije MOXKe OMMCATH MOJIEIIOM APYTOr peda ca Tpu ¢axTopa, 6e3 mehy-
cobOne nHTepaknyje. CTaTHCTHYKA aHANIK3a MOKa3yje Ja je Haj3HAYajHUju napaMerap KOJIWYHuHa SH-
3UMa y peakiuoHoj cMeind. [ToBuieHa TeMIepaTypa je UMala HeraTWBaH yTHIQ) HA Op3UHY €H-
3MMCKe peakuuje, Kao ¥ nosehana KOHIEHTpaLyja BoJie. 3a aHaIM3y yTHIaja Pa3InuuTUX (akTopa
Ha Op3MHY CH3MMCKE peakiHje 1Mo KOJMUYMHH €H3UMa, HOOMjeH je Monel JpYror pexpa, ca jBa
3Ha4yajHa Iapamerpa ca MehycoOHOM HHTepakuujoM. M3 Mojena ce BUIH Ja je MOJIEN H3Yy3eTHO
crabwiaH Mpu MajioM cafpajy BOJAE, a Ja PEaKUUjH MOroAyje BEeJHMKa KOJMYMHA BOJIE CaMo IMpU
HUCKHM Temneparypama. Hajsehu npuroc, ox 10,15 mol kg™ ensuma, octBape je mpu cenehnm
napaMerpuma peakuuje: 45 °C, MoJapHU 0JHOC MeTaHoJ/yibe 6:1 1 6e3 JoaaTe Bojie y CUCTEM.

(ITpumsbero 14. mapra, peBuaupao 2. jyna 2007)
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