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TheCandida rugosa lipase catalyzed synthesis of amyl isobutyrate in
organic solvent and solvent-free system: A kinetic study
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Abstract

TheCandida rugosa lipase catalyzed esterification of butyric acid with amyl alcohol in isooctane and in solvent-free system was studied. Nearly
complete conversion (>95%) of substrates was achieved using low enzyme amount of 0.5% (w/v) at 45◦C. The initial rates of esterification were
attempted to correlate with concentrations of substrates by various bisubstrate kinetic models. The reaction rate of esterification in isooctane could
be described with a ping–pong bi–bi mechanism and inhibition by amyl alcohol. Obtained specificity constants indicate that lipase fromC. rugosa
has higher affinity towards acid substrate. The rate of esterification in solvent-free system could not be described with applied bisubstrate models
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robably due to denaturation of lipase in absence of solvent at high concentrations of both substrates. Nevertheless, the maximum i
olvent-free system was higher than corresponding values in isooctane which indicates that solvent-free system has good perspectivesal
tilization at lowerS/E ratios.
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. Introduction

Esters of carboxylic acids and alcohols have notable com-
ercial significance because they have wide application in

osmetics, food and pharmaceutical industry. Although these
mportant products are manufactured mostly by the method that
ncludes use of aggressive chemical catalysts, development of
he research area of enzymatic esterification is very propul-
ive during previous two decades[1,2]. Numerous reports of
chieving high yields of esters with various lipases (triacyl-
lycerol hydrolases) of microbial origin have been published
ecently[3–5]. The enzymatic ester synthesis was prevalently
erformed in various organic media, but synthesis in solvent-free
ystems is also investigated because of considerable simplifi-
ation of downstream processing and reduced environmental
azard[6–8]. Contributions in development of enzyme immo-
ilization methods, which ensure multiple application of enzyme
ith retained activity, are well documented[1,2,9–11]. Another

mportant direction in optimization of enzymatic ester synthe-

sis is monitoring and controlling the water activity in react
mixture[6,12,13].

The thorough knowledge of kinetics is of great importa
not only in order to elucidate mechanism of this reaction,
because reliable information about the rate of product form
and changes in experimental systems are necessity for the
of suitable reactors and later industrial scale-up. Several st
focused on kinetics of enzymatic esterification have been
formed and different models were proposed. Chulalaksana
et al. carried out ester synthesis using lipase fromMucor miehei
and proposed ping–pong bi–bi model with dead-end inhib
by alcohol[14]. The same model was proposed by Hazarik
al. for synthesis of ethyl oleate with porcine pancreatic lip
[15] and by Yadav and Lathi for synthesis of butyl isobuty
with the commercial immobilized lipase fromCandida antarc-
tica [16]. On the other hand, in the case of the synthes
citronellol laurate the random order bi–bi model with inhibit
by lauric acid was reported[17]. Arcos et al. proposed the mod
that does not include any kind of inhibition[18]. Ping–pong
bi–bi kinetics with inhibition by both substrates was obser
in studies with lipase fromBurkholderia cepacia [11] and with
∗ Corresponding author.
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the lipase fromRhizomucor miehei [19]. Garcia et al. developed
kinetic model for entire course of the reaction based on ordered
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bi–bi mechanism of esterification with the inhibition by both
substrates and both products[20].

As it can be seen from this brief overview, investigations
of kinetics of lipase-catalyzed synthesis of esters were carried
out with lipases of different origin and with alcohols and acids
of various chain-lengths and structures. Additionally, there are
differences in type of agitation of reaction mixture, and type
of reaction system (solvent-free or reaction in organic solvent).
Besides, majority of studies were performed with immobilized
lipases, so it is necessary to consider the influence of additional
physical phenomena, such as mass transfer effect and changes
of lipase conformation during immobilization, on reaction rate.
Due to effect of all these factors, various types of bisubstrate
enzyme kinetic models have been proposed and great discrep-
ancies between observations on substrate inhibition exist.

The lipase fromCandida rugosa has wide application in
oil hydrolysis, transesterification, esterification and enantiose-
lective biotransformation due to its low price and number of
immobilization procedures developed with this enzyme[21–25].
Nevertheless, kinetics of oil hydrolysis catalyzed with this
enzyme is well documented[26], but data about kinetics of the
esterification are scarce.

The aim of this investigation was selection of bisubstrate
enzyme kinetics that describes the dependence between initial
velocity and concentrations of substrates. The comparison of
kinetics in two different reaction media (solvent-free system and
r esti
g tion

2

2

as
p rude
p il
e od
f hs,
S ded
b ere
o

2

ml) i
i 25 M
o with
i nd
4 t wa
o the
e

ina
t ium
h re o
e est
f med
T Var

ian 3400 gas chromatograph equipped with a DB-1 capillary
column and a flame ionization detector. Nitrogen was used as a
carrier gas. The initial reaction rates were determined from the
slope of the initial linear portions of the plots of ester concen-
tration versus time. Initial rates and yields determined by GC
analysis and titrimetry were in good agreement.

3. Results and discussions

3.1. The effect of reaction conditions

The temperature of the ester synthesis was varied in the range
of 35–55◦C. The experiment was carried out with 0.5% of lipase
and 10�l of added water. The reaction curves are presented
in Fig. 1. The highest initial rate (30.7�mol min−1 g−1) and
yield of esters after 48 h (87.4%) were observed in experiment
carried out at 45◦C. Both, decrease and increase of tempera-
ture of 10◦C led to decrease of initial rate of ester synthesis to
approximately one third of the highest value. Obtained tempera-
ture optimum is considerably lower than temperature optimums
for commercial immobilized lipase fromC. antarctica or R.
miehei [3,17,20], but it is higher than optimum for lipases of
animal origin[4,28]. All further experiments were carried out at
45◦C.

The effect of the water concentration on the lipase activity was
studied in the range of 0–0.5% (v/v). The reaction temperature
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eaction performed in isooctane) was made in order to inv
ate the influence of the solvent on the mechanism of reac

. Experimental

.1. Materials

C. rugosa lipase (triacylglycerol hydrolase, EC 3.1.1.3) w
rovided by Sigma (St. Louis, USA). The lipase was a c
reparation with activity of 860 U g−1 solid based on olive o
mulsion method[26] and 10% protein based on Lowry meth

or protein assay[27]. Isooctane was provided by Fluka (Buc
witzerland). Amyl alcohol and isobutyric acid were provi
y Farmitaliana Carlo Erba (Milano, Italy). All chemicals w
f 99% or higher purity.

.2. Methods

Ester synthesis was carried out in stoppered flasks (100
sooctane. The reaction mixture containing enzyme and 0.
f both substrates was diluted up to the volume of 10 ml

sooctane and was incubated on a shaker at 150 rpm a
5◦C unless otherwise specified. Each experimental poin
btained by performing reaction in separate flasks. All of
xperiments were carried out in duplicate.

The progress of esterification was monitored by determ
ion of the residual acid content by titration against sod
ydroxide using phenolphthalein as an indicator and mixtu
thanol and diethyl ether (1:1) as a quenching agent. The

ormed was calculated as being equivalent to acid consu
his was tested by determination of ester concentration on
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as 45◦C and the enzyme concentration was 0.5% (w/v).
eaction curves are presented inFig. 2. The highest initial rat
f synthesis and the highest yield of esters were determin
water concentration of 0.1% (v/v). The initial rates of e

ynthesis at other water concentrations were significantly lo
herefore, all further experiments were performed at a w
oncentration of 0.1% (v/v).

The effect of enzyme concentration was studied in the r
f 0.1–0.7% (w/v), at 45◦C and 0.1% of water. The results a

llustrated inFig. 3. It can be seen that there is a strong co
ation between the concentration of the biocatalyst and bot
nitial rate of ester synthesis and the yield of ester after
t the concentration of enzyme of 0.5% the highest initial
as determined (30.7�mol min−1 g−1). Decreasing the enzym

ig. 1. The effect of reaction temperature on the synthesis of amyl isobu
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Fig. 2. The effect of quantity of added water on the synthesis of amyl isobutyrate.

concentration to 0.3% and 0.1% led to a substantial decrease of
the initial rates, while the increase of concentration led to slight
decrease. All further experiments were carried out with 0.5%
(w/v) of lipase fromC. rugosa in order to reach maximum ini-
tial rate and utilization of enzyme activity.

3.2. The effect of substrate molar ratio

One of the most frequently utilized ways of increasing the
yield of esterification is performing the reaction with the excess
of nucleophil. A drawback of this strategy is that it is often
followed with a decrease of the initial rate. In order to investigate
the influence of the excess of one substrate on the initial rate of
amyl isobutyrate synthesis, reaction was performed at various
substrate molar ratios.

As it can be seen fromFig. 4, the highest initial rates were
achieved at acid:alcohol molar ratio 4:1. In the experiment with
a slightly lower excess of acid (molar ratio 2:1), initial rates
were higher than in the experiment with equimolar conditions,
but rapid decrease of rate at high concentrations of substrates
indicates that certain inhibition occurs. Since the initial rates are
considerably lower at excess of alcohol, it is plausible inhibition
was caused by amyl alcohol.

F rate.

Fig. 4. The effect of substrate molar ratio on the initial rate of the esterification.

In previous study by Garcia et al.[20], focused on investigat-
ing effect of substrate molar ratio on initial rate of cetyl oleate
synthesis, an excess of alcohol accelerated ester synthesis. The
highest rates were observed at acid/alcohol ratio 1:10. A major-
ity of studies on molar substrate ratio was concentrated on its
effect on yield of esterification. In a study of synthesis of amyl
acetate, excess of acid drastically decreased yield of esters, while
excess of alcohol was beneficial up to acid/alcohol ratio 1:2[29].
Similar results were obtained in a study of synthesis of isoamyl
isovalerate, in which optimum acid/alcohol ratio was 1:1.5[4].

In order to make proper comparison with related studies
(which were prevalently focused on the yield of product), addi-
tional experimental series was performed in which the effect
of substrate molar ratio on final yield of esterification was
investigated. The highest final yield of product (nearly 100%)
was obtained at acid:alcohol molar ratio 2.5. The results imply
that in a synthesis of amyl isobutyrate by the lipase fromC.
rugosa nucleophilic substrate (amyl alcohol) acted as inhibitor.
Inhibitory effect of alcohol has been previously reported in sev-
eral studies, and proposed mechanism of inhibition includes
formation of non-reactive dead-end complex between enzyme
and alcohol[16].

3.3. Kinetic studies

Initial rates of ester synthesis were determined for vari-
o tion
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ig. 3. The effect of lipase concentration on the synthesis of amyl isobuty
us concentrations of acid and alcohol. Alcohol concentra
as varied in range 0.06–1.25 M, while acid concentra
as between 0.12 and 2.5 M. Higher acid concentrations
pplied because excess of acid exhibited favorable effect on

ion rate in a previous part of a study.
After analysis of related literature reports and results of p

us part of the study, two kinetic models were tested: ping–
i–bi mechanism with alcohol inhibition and ordered bi
echanism with alcohol inhibition[30]. Equations that describ

hese models are:

= Vmax[Al][Ac]

[Al][Ac] + KAl [Ac] + KAc[Al] + KAc
Ki,Al

[Al] 2
(1)

= Vmax[Al][Ac]

Kd,AcKAl +[Al][Ac] + KAl [Ac]+KAc[Al] + KAc
Ki,Al

[Al] 2
(2)
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Fig. 5. The dependence of initial rate on concentrations of both substrates.

wherev is the initial reaction rate,Vmax the maximum reac-
tion rate,KAl andKAc Michaelis constants of amyl alcohol and
isobutyric acid, andKi,Al is the amyl alcohol inhibition constant.

Fig. 5 represents dependence of initial rate of amyl isobu-
tyrate synthesis on concentrations of both substrates. InFig. 6A
and B, effects of concentrations of each substrate on initial rate
are depicted by representative curves at different fixed concen-
trations of other substrate. The effect of the increase of alcohol
concentration on initial rate inFigs. 5 and 6A confirmed hypoth-
esis of inhibitory effect of amyl alcohol on lipase fromC. rugosa
since the decrease of initial rate with increase of alcohol con-

F
o

Fig. 7. The illustration of obtained ping–pong bi–bi model.

centration above 0.6 M can be observed. On the other hand, the
increase of concentration of isobutyric acid until 2.5 M did not
cause any decrease of initial rates, and curves inFig. 6B represent
typical Michaelis–Menten kinetics. Therefore, the maximum
initial rate of 60�mol min−1 g−1 was achieved at 2.5 M of acid
and 0.625 M of alcohol.

The data from the initial rate measurements (Fig. 6) were
used for the optimization of parameters in Eqs.(1) and (2).
Parameters were optimized by the least square error estima-
tion using MatLab 5.2 software and models were tested by
exact probability test (Fisher test). TheF-values were 1.4236
and 1.7856 for ping–pong model and ordered bi–bi model,
respectively. Since theoreticalF-value for applied experimen-
tal design and significance value of 0.05 is 1.4585, ping–pong
bi–bi model was selected for describing kinetics of amyl isobu-
tyrate synthesis. Graphic illustration of obtained ping–pong
bi–bi model is depicted inFig. 7. The ping–pong bi–bi model
with alcohol inhibition was previously reported in several studies
concerning enzymatic esterification with substrates of various
chain lengths and lipases of different origin[14–16]. Values
of equation parameters in Eq.(1) and the specificity constants
(Ks = kcat/KM) obtained after processing of experimental data are
given inTable 1.

High value ofKs,Ac/Ks,Al (12.5) indicate that lipase fromC.
rugosa has higher affinity towards acid substrate. The higher
affinity towards acid substrate was observed previously in syn-
t ed
o d
t
t
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ig. 6. The ping–pong bi–bi model curves at representative fixed concentration
f acid (A) and alcohol (B).

K
K
K
K
s

hesis of butyl isobutyrate[16], and in a several studies focus
n a synthesis of ethyl oleate[15,31–33]. It must be emphasize

hat in each of mentioned studies ratioKs,Ac/Ks,Al was lower
han 12.5 which indicates that lipase fromC. rugosa has more

able 1
he kinetic constants from ping–pong bi–bi model with alcohol inhibition

arameter Value

max (�mol min−1 g−1) 167

Al (mol dm−3) 0.75

Ac (mol dm−3) 0.06

i,Al (mol dm−3) 0.02

s,Ac (dm3 min−1 g−2) 55.7× 10−3

s,Al (dm3 min−1 g−2) 4.45× 10−3
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Fig. 8. The dependence of initial rate of solvent-free esterification on concen-
trations of both substrates.

pronounced affinity towards acid substrate than enzymes applied
in cited articles.

Prior to kinetic studies of amyl isobutyrate synthesis in
solvent-free system, the optimum temperature and amount of
added water was determined in same way as for reaction in
isooctane (results not shown). The optimum temperature was
45◦C and the optimum amount of added water was 50�l. Higher
amount of added water is necessary probably due to the fact that
destruction of water layer around enzyme by both substrates is
more intensive because they have direct access to the enzyme in
absence of solvent.

In a kinetic study, molar quantity of isobutyric acid was varied
between 1.25 and 25 mmol, while molar quantity of amyl alcohol
was varied between 0.625 and 12.5 mmol. The same amoun
of enzyme as in experiment with isooctane was applied. The
obtained results are illustrated inFig. 8.

It can be seen from surface plot inFig. 8that the increase of
the quantity of alcohol has similar effect on the rate of the este
synthesis as in the system with organic solvent (Fig. 5), i.e. inhi-
bition of lipase by amyl alcohol is evident. On the other hand,
isobutyric acid exhibited the same influence on kinetics of este
synthesis only in area of small molar quantities of alcohol (less
than 5 mmol). At molar quantities of alcohol higher than 5 mmol,
a steep decrease of initial rates occurs with increase of acid mola
quantity above 2.5 mmol. Due to this fact, besides ping–pong
bi–bi model with alcohol inhibition, additional model was tested
i hi-
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system with isooctane corroborates this assumption. Therefore,
the steep decrease of initial rates of ester synthesis in solvent-free
system at high concentrations of both substrates is most likely
a consequence of rapid denaturation of enzyme due to destruc-
tion of monomolecular water layer. Consequently, ping–pong
bi–bi model could not describe experimental results adequately
because it does not include enzyme denaturation.

In order to develop equation which include denaturation
effects, kinetic model which includes first-order denaturation
by both substrates has been tested (Eq.(3)).

v = Vmax(1 − kd[Al][Ac])[Al][Ac]

[Al][Ac] + KAl [Ac] + KAc[Al] + KAc
Ki,Al

[Al] 2
(3)

wherekd is the rate constant of enzyme denaturation.
Although this model was in somewhat better agreement with

experimental results then both previously tested models, it had
to be rejected after performing statistical analysis.

The highest initial rate in solvent-free system (93�mol
min−1 g−1) was reached at 25 mmol of acid and at 1.25 mmol
of alcohol. This value is significantly higher than correspond-
ing value in system with isooctane (60�mol min−1 g−1) which
indicates that solvent-free system has good prospects for ester
synthesis, but at slightly lower amounts of substrates in order to
avoid denaturation.
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nd therefore the ability of binding water molecules and d
ging monomolecular water layer around lipase molecule.
inding is probably severe in system without organic sol
ecause concentrations of both substrates in microenviron
f enzyme molecule are higher. The five-times higher optim
mount of added water in solvent-free system compared wi
t

r

r

r

,
e
r

y,

nt

e

. Conclusions

In this work, the feasibility of using lipase fromC. rugosa as a
atalyst for amyl isobutyrate synthesis in isooctane and sol
ree system has been demonstrated. Nearly complete conv
>95%) of the amyl alcohol to ester could be achieved using
nzyme amount of 0.5% (w/v) at 45◦C, when the acid:alcoh
atio was 2.5.

The reaction in organic solvent was well approximated
ing–pong bi–bi kinetic model with inhibition by amyl alcoh
o evidence of enzyme inhibition by isobutyric acid was pre
p to 2.5 M.

On the other hand, the bisubstrate kinetic models with
trate inhibition did not predict well the reaction performe
olvent-free system, implying either the different reaction m
nisms, or significant enzyme denaturation. Nevertheles
ighest obtained initial rate of amyl isobutyrate synthes
olvent-free system were higher than corresponding value
ynthesis performed in isooctane, implying that the ester sy
is in solvent-free system can be very fruitful at lowS/E ratios.
onsidering the industrial importance of the esters, we t

hat the obtained results could lead to better process desig
roduction of the flavor compounds in the future.
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