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Abstract - Selective hydrolysis of brown mustard oil (from Brassica juncea) with regioselective porcine 
pancreas lipase was studied in this work. Buffer and oil phase were considered as the continuous and 
dispersed phases, respectively. Effects of speed of agitation, pH of the buffer phase, temperature, buffer-oil 
ratio and enzyme concentration on hydrolysis were observed. The best combination of process variables was: 
900 rpm, pH 9, 35 ºC, buffer-oil ratio of 1:1 and enzyme concentration of 10 mg/g oil. These standard 
conditions led to 50% hydrolysis and selective production of 55% erucic acid in 6 h. Cations like Mg2+ and 
Ca2+ increased hydrolysis, but Cu2+ strongly inhibited it. Organic solvents decreased hydrolysis, though the 
decrease was minimum for isooctane. A mixed surfactant comprising of Span 80 and Tween 80 increased 
erucic acid production by 57% at a buffer-oil ratio of 0.2:1.  
Keywords: Mustard oil; Porcine pancreas lipase; Hydrolysis; Erucic acid; Surfactant.  

 
 
 

INTRODUCTION 
 

Mustard oil of different origins contains erucic 
acid, mainly at the 1 and 3 positions of its 
triacylglycerol structure (18–51% of the total fatty 
acids) (Mazza, 1998; Myher et al., 1979). This acid 
is harmful to human beings (West et al., 2002). Its 
allowable limit for human consumption is quite low 
(2% in edible oil) according to a regulation of the 
Central Council for Food Standards of India (2008). 
In the USA, the allowable limit of erucic acid in 
edible (canola) oil is 2% (U. S. Department of Health 
and Human Services, 2011). So, mustard oil should 
not be used as an edible oil.  

Erucic acid and its derivatives can be used to 
produce different commercially important products 
like biodiesel, emulsifiers, high grade lubricants, 
high grade engineering plastics, pour point 
depressants, corrosion inhibitors etc. (USDA, 1996; 

Kaimal et al., 1993). Mustard oil also contains 
linoleic and linolenic acid. These acids are 
considered to be essential fatty acids for human 
beings (Osbourn, 2009). Besides, these two acids are 
key ingredients in personal care products and 
cosmetics (Rosen, 2005). In rheumatoid arthritis,     
γ-linolenic acid is quite useful (Soeken, 2003). So, 
mustard oil can act as a source of erucic acid and 
other fatty acids for industrial applications.  

Various methods are available for oil hydrolysis 
to produce fatty acids. Alkaline hydrolysis employs 
mild reaction conditions (70–100 ºC), but the product 
acquires unwanted odour and colour. Continuous 
processes use high pressure (~5000 kPa) and 
temperature (250–360 ºC), leading to possible 
denaturation of the product, i.e., fatty acid (Majid 
and Hossain, 1980). Some other processes like low-
temperature crystallization (Vargas-Lopez et al., 
1999), ‘silicalite’ adsorption, aqueous surfactant 
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separation (Sonntag, 1991) and chromatography 
(Wilson and Sargent, 2001) have also been used for 
production of erucic acid, but conversions were low 
in these methods. 

Lipase enzyme can act as biocatalyst in the 
hydrolysis of vegetable oil and it possesses 
chemoselectivity, regioselectivity and stereoselectivity 
(Lerin et al., 2011; Tan et al., 2004; Saxena et al., 
2003). At oil-water interface, it hydrolyzes carboxyl 
ester bond to release fatty acids and organic alcohols 
(Pereira et al., 2003; Leal et al., 2002; Kamimura    
et al., 1999; Merçon et al., 1997). In comparison 
with the aforementioned processes, lipase catalyzed 
hydrolysis has distinct advantages of excellent 
product purity and mild process conditions (normal 
pressure and nearly ambient temperature). Non-
commercial lipases from Bacillus stearothermophilus 
SB-1 and Burkholderia cepacia RGB-10 (Bradoo    
et al., 2002), Pseudomonas mendocina PK-12CS 
(Jinwal et al., 2003), Pseudomonas aeruginosa BN-1 
(Syed et al., 2010), Acinetobacter johnsonii LP28 
(Wang et al., 2011) and Pseudomonas aeruginosa 
PseA (Gaur and Khare, 2011) were used to catalyze 
the hydrolysis of mustard oil. Lipases from 
Geotrichum candidum and Candida rugosa released 
erucic acid more slowly than 20-carbon and 18-
carbon fatty acids and so were not suitable (Mcneill 
and Sonnet, 1995). Regioselective lipase hydrolyzed 
ester bonds at the 1 and 3 positions much faster   
(50–100 times) than the bond at the 2-position and 
this could concentrate erucic acid in the free fatty acid 
(FFA) fraction (Brockerhoff, 1973). Regioselective 
porcine pancreas and Rhizopus arrhizus lipase 
performed quite well in concentrating erucic acid in 
the FFA fraction from varieties of mustard oil 
(Mukherjee and Kiewitt, 1996). In this study, porcine 
pancreas lipase was selected for its low price. Brown 
mustard oil from Brassica juncea was chosen as the 
substrate for hydrolysis.   

 Weak interaction forces stabilizing the 
secondary, tertiary and quaternary structure of 
enzymes are affected by changes in different process 
variables (temperature, pH etc.) and various 
additives. Alteration of such forces leads enzymes   
to attain less biologically active configurations;   
thus, these variables can have significant effects     
on enzyme activity (Bailey and Ollis, 1986). On 
increasing the temperature, the kinetic energy of the 
substrate and enzyme increases and these collide 
with other molecules more frequently. Consequently, 
the rate of reaction increases (Dee and Stoker, 2009). 
When the temperature surpasses a certain value, the 
increased energy alters the molecular conformation 
of the enzyme as the hydrogen bonds stabilizing its 

secondary, tertiary and quaternary structures are 
broken (Maidina et al., 2008; Solomon et al., 2004; 
Uhlig and Linsmaier-Bednar, 1998). This impedes its 
catalytic action. Besides, pH affects the charge of the 
acidic and basic amino acid residues located in the 
active site of enzyme. So, even small changes in pH 
can affect the ionic bonds stabilizing its structure 
and thus change its conformation and activity (Dee 
and Stoker, 2009; Solomon et al., 2004). Buffer 
composition and the degree of enzyme stabilization 
by the substrate are also important factors in 
determining enzyme activity (Adams et al., 2001). 
Kaimal et al. (1993) used buffers of pH 7, 8 and 9 
instead of water as the hydrolyzing medium and 
found that hydrolysis as well as the amount of erucic 
acid remained the same. The buffer-oil ratio affects 
the extent of interfacial area where lipase catalyzed 
hydrolysis takes place. Speed of agitation affects the 
hydrolysis reaction by affecting mass transfer 
between buffer and the oil phase and by denaturation 
of the lipase due to fluid shear (Puthli et al., 2006). 
The enzyme concentration also affects the lipase 
catalyzed process considerably as its change affects 
the amount of lipase active site (Straathof, 2003).  
On the basis of these earlier studies, the effects        
of process parameters like speed of agitation,        
pH, temperature, buffer-oil ratio and enzyme 
concentration were determined in the present study.  

The effects of salts on lipase catalyzed oil 
hydrolysis have been examined in a few studies 
(Shu et al., 2007; Sharon et al., 1998), as well as   
the effects of surfactants (Goswami et al., 2010; 
Yamamoto and Fujiwara, 1988) and different 
organic solvents (Puthli et al., 2006; Kulkarni and 
Pandit, 2005). The current study tested whether salt, 
solvent and surfactant could have an enhancing 
effect on lipase catalyzed mustard oil hydrolysis. 
 
 

EXPERIMENTAL SECTION 
 
Materials 
 

The enzyme porcine pancreas lipase (type II, 
activity of 100–400 units/mg solid, where one unit 
activity means production of 1 µmole fatty acid/h) 
was obtained from Sigma-Aldrich Co., Germany, 
and was used without further purification. Oriental 
brown mustard oil (from Brassica juncea) was 
purchased in the local market in Kharagpur, India 
and was used without any further purification. 
Sodium chloride, calcium chloride, magnesium 
chloride, barium chloride, cupric chloride and ferric 
chloride, pentane, hexane, isooctane, butanol and 
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DMSO (dimethyl sulphoxide) were purchased from 
Merck India Ltd. Acetone, methanol, potassium 
hydroxide, titrisol buffer (boric acid/potassium 
chloride/sodium hydroxide) of pH 9, SDS (sodium 
dodecyl sulphate) and Tween 80 (polyoxyethylene 
sorbitan monooleate) were also obtained from Merck 
India Ltd. Aluminium chloride and heptane were 
procured from S-D-Fine Chem Ltd., India. Hexanol 
was procured from BDH Chemicals Ltd., England. 
Ethanol was procured from Jiangsu Huaxi 
International Trade Co. Ltd., China. Pure erucic acid 
(90%) was a kind gift from Godrej Industries Pvt. 
Ltd., India. Tris (hydroxymethyl) aminomethane was 
obtained from Himedia Laboratories Pvt. Ltd., India. 
Maleic anhydride, CPC (cetyl pyridinium chloride), 
Triton X-100 (octylphenoxy polyethoxy ethanol), 
boron trifluoride and disodium hydrogen phosphate 
were purchased from SRL Ltd., India. CTAB (cetyl 
trimethyl ammonium bromide) and Span 80 (sorbitan 
monooleate) were procured from Loba Chemie Pvt. 
Ltd., India.  
 
Experimental Set Up 
 

A cylindrical glass reactor (Remco, India) of 
inner diameter 0.06 m and length 0.12 m was used in 
batch mode. The reaction mixture was stirred using a 
mechanical stirrer (Remi, India) attached with a         
4-bladed paddle type glass impeller of 0.02 m 
diameter. The ratio of reactor diameter and impeller 
diameter was fixed at 1:3 such that the effect           
of turbulence became constant under different 
conditions. The distance between the lowest point of 
the impeller and the bottom of reactor was 0.02 m, 
i.e., equal to the impeller diameter. A thermostatic 
water bath (Thermocon, India) was used to keep the 
temperature constant (±1 ºC). The experimental set up 
is represented pictorially in Fig. 1. All the experiments 
were performed under atmospheric pressure. 

Procedure 
 

Initially, tris–maleate buffers of different pH (6, 7 
and 8) were prepared following standard procedure 
(Gomori, 1955). Titrisol buffer of pH 9 was used. A 
buffer of pH 10 was prepared by mixing 0.1 M 
disodium hydrogen phosphate with 0.1 M NaOH in 
the appropriate proportions. In each experiment, a 
measured weight of mustard oil was initially added to 
the reactor and heated to the reaction temperature. 
Then, a certain weight of buffer solution containing a 
measured weight of lipase was added to the oil        
in order to maintain the desired buffer-oil ratio and 
enzyme concentration (g/g oil basis). At fixed 
temperature, pH, buffer-oil ratio and enzyme 
concentration, the mixture was stirred at a particular 
speed of agitation. The speed of agitation was varied 
from 500 to 1100 rpm (0.52 to 1.15 m/sec of impeller 
tip velocity) and a standard speed was selected. Next, 
the temperature was varied from 30 to 45 ºC at 
standard speed of agitation and other variables fixed 
at previously set values to determine the standard 
temperature. The pH was then varied from 7 to 10 at 
standard speed, temperature and previously fixed 
buffer-oil ratio and enzyme concentration to find the 
standard pH. The buffer-oil ratio was then varied 
from 1:1 to 5:1 at standard speed, temperature, pH 
and fixed enzyme concentration to determine the 
standard buffer-oil ratio. Next, enzyme concentration 
was varied from 2 to 14 mg/g oil at standard speed of 
agitation, temperature, pH and buffer-oil ratio. Each 
experiment was terminated after 6 h by adding a 
certain volume of 1:1 (v/v) acetone–ethanol mixture. 
The oil phase was then separated from the aqueous 
phase and was used for analysis. At the standard set 
of process variables, certain concentrations of 
different salts, solvents and surfactants were added 
separately to the reaction mixture to observe the 
effect of each additive. 

 

 
Figure 1: Schematic diagram of the experimental set up. 
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Analyses 
 
Preparation of Methyl Erucate 
 

A sample from the oil phase was withdrawn and 
mixed with boron trifluoride–methanol (14% v/v) in 
a 15 mL screw-capped vial. Then the mixture was 
heated in a water bath at 55 ºC for 1.5 h with stirring 
for 10 seconds at 15–20 minutes intervals. After that, 
two phases were separated. The sample was 
collected from the top layer and used for analysis by 
gas chromatography on a capillary column (O'Fallon 
et al., 2007).  
 
Capillary Gas Chromatography  
 

A 0.2 µL sample containing methyl erucate was 
injected into a gas chromatograph (Chemito GC 
8610) with a SGE forte GC capillary column     
(BPX 70, 25 m × 0.53 mm × 0.5 µm). The column 
was preheated at 230 ºC for half an hour prior to 
injection of each sample. At the beginning, the oven 
temperature was 60 ºC; it was increased at 10 ºC/min 
to 150 ºC, and then increased at 5 ºC/min to the final 
temperature of 230 ºC. The temperatures of the 
injector and detector ports were 240 ºC and 280 ºC, 
respectively. A split flow (10:1) was used and the 
capillary pressure was 0.4 bar.  
 
Percentage of total erucic acid formed (%) = 

Net amount of erucic acid in product (g)  100
Net amount of erucic acid in oil (g)

×
 

 
It was found that the percentage of erucic acid in 

the fatty acid profile of brown mustard oil from 
Brassica juncea was 49% (Oram et al., 1999). 
 
Determination of the Saponification Value of 
Mustard Oil 
 

Initially, 4 g of mustard oil and 50 mL of 0.5 M 
ethanolic KOH solution were added into a round 
bottom flask and the mixture was refluxed for 1 h. 
The resulting solution was titrated against a standard 
oxalic acid solution. The same experiment was 
carried out again without mustard oil. The 
saponification value was calculated from the titer 
values using the following formula (Paquot and 
Hautfenne, 1987):  
 

1 1 0

1

56.1 N (V V )S.V.
m

× × −
=  

where, S. V. was the saponification value, N1 was 
the strength of the standard oxalic acid (N), V0 and 
V1 were the volumes of standard oxalic acid solution 
required to neutralize the blank solution (mL) and 
the test sample solution (mL), respectively; and m1 
was the mass of mustard oil (g). 
 
Determination of the Acid Value 
 

An aliquot of the sample from the oil phase was 
added to 100 mL of neutralized ethanol–toluene  
(1:1, v/v) mixture. Next, it was titrated against 
standardized potassium hydroxide solution with 
phenolphthalein as indicator. With the help of the 
titer values, the acid value was calculated using the 
following formula, (Paquot and Hautfenne, 1987): 
 

2 2

2

56.1 N VA.V.
m
× ×

=  

 
where A.V. was the acid value, V2 was the volume 
of standardized KOH solution required to neutralize 
the test sample solution (mL), N2 and m2 were the 
strength of the standard oxalic acid (N) and mass of 
the sample from the oil layer (g), respectively.  

On the basis of these two parameters, the 
percentage of hydrolysis was calculated using the 
following formula (Virto et al., 1991): 
 

Acid Value 100Percentage hydrolysis
Saponification Value

×
=  

 
 

RESULTS AND DISCUSSION 
 

Effects of different process variables on porcine 
pancreas lipase catalyzed mustard oil hydrolysis are 
described in this section. 
 
Effect of Speed of Agitation 
 

Lipase is adsorbed at the oil–water interface with 
its simultaneous depletion from the bulk aqueous 
phase. Then, a special fit between the respective 
geometries of the lipase active site and aggregates of 
substrate occurs, leading to a large activation effect. 
This clearly signifies that the lipase catalyzed 
reaction rate increases with increasing interfacial 
area (Sadana, 1991; Verger, 1980).   

On increasing the speed of agitation, the number 
of smaller droplets increases in the dispersed phase 
(oil), leading to enhancement of the interfacial area. 
As a result, a higher number of lipase molecules 
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leave the buffer phase and start to split the interfacial 
triacylglycerol. This increases the extent of 
hydrolysis. Mechanical agitation leads to exposure of 
the lipase to shear stress and unfolding and surface 
denaturation can occur, leading to its deactivation. 
This decreases the extent of hydrolysis. At low 
speed, the effect of enhancement of the interfacial 
area on hydrolysis is greater than the effect of lipase 
deactivation. Consequently, hydrolysis increases 
with increasing speed. At a certain speed, hydrolysis 
becomes maximum and this speed is termed the 
standard speed of agitation. Above this speed, the 
effect of deactivation of lipase surpasses the effect of 
interfacial area enhancement and, as a result, 
hydrolysis decreases (Sadana, 1991).  

The effect of speed of agitation on hydrolysis, as 
well as the extent of production of erucic acid is 
presented in Fig. 2. This figure clearly shows that the 
standard speed of agitation is 900 rpm (impeller tip 
velocity of 0.95 m/sec), corresponding to maximum 
values of ‘percentage hydrolysis’ and ‘percentage of 
total erucic acid formed’.  
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Figure 2: Variation of ‘percentage of total erucic 
acid formed’ and ‘percentage hydrolysis’ with speed 
of agitation. 
 
Effect of pH of the Buffer Phase 
 

There are several reasons for the dependence of 
lipase catalysis on the pH of the buffer medium. A 
change in pH results in conformational changes of 
lipase by a change of strain on the 'lid' covering the 
active site. In this way, pH controls the opening or 
closing of the catalytic centre for substrate binding 
(Benjamin and Pandey, 1998). Besides, a change in 
pH changes the substrate concentration at the 
interface, ionization of free substrate and ionization 
of the lipase–substrate complex. Extreme values of 
pH, i.e., very high or very low pH lead to the 

irreversible denaturation of lipase and breakdown of 
substrates. As a result, the concentration of substrate 
decreases and breakdown products often inhibit 
lipase activity, leading to low extent of hydrolysis 
(Tipton and Dixon, 1979; Verger et al., 1973).  

As lipase action often involves acid and base type 
catalytic actions, ionizable amino acid residues 
containing a partial charge are an important part of 
the active site of lipase. While one type of residue 
almost fully combines with hydrogen ions at the 
standard pH, the other type of residue remains free 
from protonation by hydrogen ions. As the active site 
exists only in one particular ionization state, pH 
quantitatively controls the state of the active site in 
lipase. At the standard pH, lipase has the most active 
catalytic site (Kuo and Gardner, 2002; Lindley, 
1954).  

In an earlier study, the standard pH for porcine 
pancreas lipase was found to shift from 7 to 8.8 with 
increasing chain length of the resultant fatty acids 
(Whitaker, 1993). So, the range of pH was selected 
as 7 to 10 in this study. The effect of variation of the 
pH on ‘percentage hydrolysis’ and ‘percentage of 
total erucic acid formed’ is shown in Fig. 3. This 
figure clearly shows that, with increasing pH, 
hydrolysis and simultaneously the extent of erucic 
acid formation reach a maximum at pH 9 and then 
decrease. So, the standard pH is 9.  
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Figure 3: Variation of ‘percentage of total erucic 
acid formed’ and ‘percentage hydrolysis’ with pH. 
 
Effect of Temperature  
 

The effect of temperature on the enzyme 
catalyzed reaction is smaller than its effect on the 
uncatalyzed reaction. Important factors like protein 
denaturation, protein ionization state, and solubilities 
of substrates in solution are also affected by 
temperature (Zeffren and Hall, 1973). Temperature 
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controls the substrate concentration at the oil–water 
interface to a certain extent (Verger et al., 1973). The 
increase of temperature affects the rates of two 
independent processes, namely, lipase catalyzed 
hydrolysis and deactivation of lipase (Maidina et al., 
2008; Uhlig and Linsmaier-Bednar, 1998). With 
increasing temperature, the mobility of the enzyme 
(lipase) molecules increases. Besides, the enzyme 
(lipase) molecules acquire sufficient energy to 
overcome the weak interactions holding the globular 
protein structure together. This leads to its 
deactivation (Bailey and Ollis, 1986). In the lower 
temperature range, the rate of thermal deactivation is 
nominal and the net extent of hydrolysis increases 
with the increase in temperature. At a particular 
temperature, overall hydrolysis becomes maximum 
and this is the standard temperature (Laidler and 
Peterman, 1979).  

Mcneill and Sonnet (1995) found that the 
hydrolysis of high erucic acid rapeseed oil with 
Candida rugosa lipase at 10, 15 and 20 ºC resulted in 
a cloudy mixture, whereas there was no cloudiness at 
35 ºC. They also found that the final concentration of 
erucic acid increased with increasing temperature 
and was strongly temperature dependent. So, the 
range of reaction temperature was chosen as 30       
to 45 ºC in our study. The effect of variation of 
temperature on overall hydrolysis, as well as erucic 
acid formation, is shown in Fig. 4. From this figure, 
it is observed that, with increasing temperature, the 
extent of hydrolysis and production of erucic acid 
reach a maximum and then decrease. The standard 
temperature corresponding to maximum hydrolysis, 
as well as maximum extent of erucic acid formation, 
was found to be 35 ºC. This finding is supported by 
an earlier study (Bagi et al., 1997) where the 
optimum temperature of porcine pancreas lipase at 
pH 8.9 was found to be 35 ºC. In the present study, 
the increase in rate of reaction was higher than       
the denaturation of lipase at a temperature less     
than 35 ºC; as a result, the net rate of hydrolysis 
increased. But, above this standard temperature, 
denaturation of lipase surpassed the effect of rate of 
reaction increase and, consequently, the overall rate 
of hydrolysis started decreasing.  
 
Effect of Buffer-Oil Ratio 
 

Porcine pancreas lipase has more hydrophobic 
amino acid residues on the surface 
and so remains stable in a non-polar medium. The 
structure of this lipase is destabilized by increasing 
amounts of water, whereas buffer stabilizes it (Zaks 
and Klibanov, 1984). In lipase catalyzed hydrolysis, 

the buffer-oil ratio plays an important role by 
directly controlling the interfacial area. Piazza and 
Farrell (1991) found that castor oil hydrolysis by 
ground oat lipase releasing ricinoleic acid was 
highest when 50% of the emulsion was castor oil. 
For higher proportions (>50%) of castor oil, 
ricinoleic acid production decreased more sharply 
than in the case of lower proportions (<50%) of 
castor oil; i.e., a higher proportion of water gave 
better results. Based on their finding, the buffer 
concentration was never used below 1 g/g oil in the 
present study. Kulkarni (2001) found that aqueous 
and non-aqueous phases at a 1:1 ratio led to a higher 
extent of oil hydrolysis than other ratios. The range 
of buffer-oil ratios was chosen as 1:1 to 5:1 in this 
study. 
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Figure 4: Variation of ‘percentage of total erucic 
acid formed’ and ‘percentage hydrolysis’ with 
temperature. 
 

Figure 5 shows the effect of buffer-oil ratio on 
‘percentage hydrolysis’ and ‘percentage of total 
erucic acid formed’. This figure clearly shows that   
a buffer-oil ratio of 1:1 leads to the highest extent   
of hydrolysis and erucic acid formation. At high 
buffer-oil ratio (2:1 to 5:1), a large interfacial area is 
created during mixing. This leads to high initial rate 
of hydrolysis. Porcine pancreas lipase selectively 
cleaved ester bonds at the 1 and 3 position               
of triacylglycerol to produce fatty acid and                 
2-monoacylglycerol. These compounds have higher 
surface affinity than lipase and so replace it from the 
interface at a high rate (Reis et al., 2009). As a 
result, contact between lipase and mustard oil 
decreases and hence the extent of hydrolysis remains 
low for these higher buffer-oil ratios. Besides, for 
those higher buffer-oil ratios, substrate is diluted at 
the interface and interacts with lipase to a low extent. 
High concentration of free fatty acid resulted in high 
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concentrations of ionized carboxylic acid groups, 
which acidified the microaqueous phase surrounding 
lipase and resulted in desorption of water from the 
interface. These changes adversely affected lipase 
activity. On desorption from the interface, short and 
medium chain fatty acids dissolved partially in 
water, leading to limited accessibility of the substrate 
to water and hydrolysis further decreased (Kuo and 
Gardner, 2002). 
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Figure 5: Variation of ‘percentage of total erucic 
acid formed’ and ‘percentage hydrolysis’ with the 
buffer-oil ratio. 
 

In the case of a 1:1 buffer-oil ratio, the interfacial 
area was not so high and subsequent product 
inhibition remained low, resulting in a moderate rate 
of hydrolysis. Besides, sufficient interaction between 
lipase and substrate occurred. These result in 
maximum values of ‘percentage hydrolysis’ and 
‘percentage of total erucic acid formed’. 
 
Effect of Enzyme Concentration 
 

The enzyme concentration has a strong impact on 
the catalytic process (Straathof, 2003). On increasing 
the lipase concentration, lipase goes from the 
aqueous phase to the interface at an increasing rate; 
its interaction with the substrate increases, leading to 
enhanced hydrolysis. When the lipase concentration 
is sufficiently high to saturate the available interface, 
the extent of hydrolysis becomes constant and 
does not increase further on increasing lipase 
concentration (Desnuelle, 1961). 

Some initial studies were performed with a lipase 
concentration of 1 mg/g oil, but the extent of 
hydrolysis was very low such that it was tough to 
discriminate between the hydrolysis obtained at 
different pHs or temperatures. So, deliberately,       
10 mg lipase/g oil was chosen for carrying out initial 

studies. For standardization purposes, the range of 
enzyme concentration was chosen as 2 to 14 mg/g 
oil. Fig. 6 presents the variation of ‘percentage 
hydrolysis’ and ‘percentage of total erucic acid 
formed’ with enzyme concentration. This figure 
shows that, with increasing enzyme concentration, 
the extent of hydrolysis and erucic acid production 
increases constantly up to 10 mg/g oil of enzyme 
concentration and then attains a constant value 
(37.46% hydrolysis and 55% erucic acid production). 
So, an enzyme concentration of 10 mg/g oil was 
considered as standard. 
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Figure 6: Variation of ‘percentage of total erucic 
acid formed’ and ‘percentage hydrolysis’ with the 
enzyme concentration. 
 

Finally, the standard process conditions were:  
900 rpm, pH 9, 35 °C, buffer-oil ratio of 1:1 and 
enzyme concentration of 10 g/g oil, leading to 
‘percentage hydrolysis’ of 37.46% and ‘percentage 
of total erucic acid formed’ of 55% in 6 h.  
 
Effects of Salts 
 

Fatty acids are more surface active than lipase 
and so replace it from the oil–water interface 
significantly. This decreases the extent of hydrolysis 
(Reis et al., 2009). Besides, the formation of the fatty 
acid–lipase complex is considered to be the major 
factor in the product inhibition of triacylglycerol 
hydrolysis (Bengtsson and Olivecrona, 1980). 
Cations of inorganic salts form salts with fatty acids 
and thus remove them from the oil–water interface. 
As a result, the availability of the interfacial area 
towards lipase increases, fatty acid–lipase complex 
formation remains low, and hydrolysis increases. 

Table 1 describes the effects of the salts (0.01 M 
in buffer) on hydrolysis under standard process 
conditions. In Table 1, the term ‘None’ represents 
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the experiment under standard process conditions in 
the absence of any salt; this results in 37.46% 
hydrolysis in 6 h. This table shows that addition of 
Na+ ion (Group IA) enhanced hydrolysis to 45%, 
whereas only Cu2+ ion (Group IB) showed strong 
inhibition, leading to 7.43% hydrolysis. 

 
Table 1: Effects of different salts on the hydrolysis 
of mustard oil under standard process conditions 
 

Salt  
(0.01 M in buffer) 

Percentage  
Hydrolysis 

None 37.46 
NaCl 45.09 
CuCl2   7.43 
CaCl2 65.36 
MgCl2 84.35 
BaCl2 45.54 
AlCl3 46.91 
FeCl3 43.40 

 
Ions from Group IIA metals like Mg2+ and Ca2+ 

led to large increases in hydrolysis (84.35 and 
65.36% for Mg2+ and Ca2+ respectively). Such 
divalent cations can react with two fatty acid 
molecules to form di-salts, unlike monovalent 
cations. Consequently, divalent cations (Group II) 
were more effective than monovalent cations (Group 
I) in separating fatty acid and reutilizing lipase. 
Again, cations from Group IIA formed planar salts, 
leading to less steric effects (Sharon et al., 1998). 
Here, Mg2+ was found to be more active than Ca2+ 
ion.  Ba2+ of Group IIA led to a comparatively lower 
extent of hydrolysis (45.54%). Al3+ of Group IIIA 
and Fe3+ of group VIII showed performance similar 
to Ba2+ as these ions also formed di-salts.  
 
Effects of Organic Solvents 
 

Table 2 shows the effects of various organic 
solvents (0.5 g/g oil) on hydrolysis under standard 
process conditions. In this table, the term ‘None’ in 
the “Organic Solvent” column represents the 
experiment under standard process conditions 
without organic solvent. This experiment used only 
buffer solution containing lipase and led to 37.46% 
hydrolysis in 6 h. Table 2 shows that all the organic 
solvents led to a decrease in hydrolysis. The best 
performance was shown by isooctane, which only 
decreases hydrolysis a little (37.46% to 36.50%). 
Hexane and heptane also perform better than other 
solvents, resulting in 33.83% and 30.50%, 
respectively. But solvents like pentane, butanol, 
hexanol and DMSO drastically deactivate lipase, 

leading to 9.11, 15.51, 13.90 and 12.45% hydrolysis, 
respectively. The reason is that the lid on active site 
of lipase opens only in the presence of an oil–water 
interface as a result of which substrate (oil) molecule 
can access active site of lipase (Brozozowski et al., 
1991). But, as lipase is insoluble in organic solvent, 
the presence of such a solvent hinders lipase 
reaching the oil–water interface due to diffusional 
limitations. Consequently, a sufficient number of 
active sites of lipase cannot open up and finally, 
hydrolysis decreases. Besides, the presence of 
organic solvent decreases the conformational 
mobility of enzymes like lipase and destabilizes the 
transition state during reaction (Klibanov, 1997). All 
these factors decrease hydrolysis. 
 
Table 2: Effects of different organic solvents on 
the hydrolysis of mustard oil under standard 
process conditions 

 
Organic Solvent  

(0.5 g/g oil) 
Percentage  
Hydrolysis 

None 37.46 
Hexane 33.83 
Isooctane 36.50 
Heptane 30.50 
Pentane   9.11 
Butanol 15.51 
Hexanol 13.90 
DMSO 12.45 

 
Effects of Surfactants 
 

Table 3 shows the effect of different surfactants 
on the hydrolysis of mustard oil catalyzed by porcine 
pancreas lipase in the presence of 10 mg lipase/g oil 
at 900 rpm and 35 ºC. In the absence of surfactant, 
55% erucic acid is produced in 6 h. Though in earlier 
studies (Antonov et al., 1988; Verger et al., 1970) it 
has been reported that a very low concentration of 
SDS increases activity of porcine pancreas lipase, it 
did not increase activity of the same lipase in this 
study. Cationic surfactants like CTAB also 
significantly decrease conversion. The nonionic 
surfactant Span 80 increased the hydrolysis of castor 
oil in an earlier study (Goswami et al., 2010), but it 
decreased erucic acid production in this study. Other 
nonionic surfactants like Triton X-100 and Tween 80 
lead to a large decrease in erucic acid production. All 
the surfactants decrease the production of erucic acid 
to a great extent. Only Span 80 (0.01 M) shows a 
considerable amount of erucic acid production (30% 
in 6 h) in a water-in-oil emulsion with a buffer-oil 
ratio of 0.2:1. 
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Table 3: Effects of different surfactants on the production of erucic acid 
 

No. pH Surfactant 
(Concentration in buffer) 

Buffer concentration 
(g/g oil) 

Response (Percentage of total 
erucic acid formed) 

- 9 – 1 55.02 
1 9 SDS (0.004 M) 3 6.04 
2 9 SDS (0.01 M) 3 7.77 
3 9 SDS (0.02 M) 3 6.64 
4 9 Span 80 (0.01 M) 3 11.44 
5 9 Span 80 (0.02 M) 3 6.64 
6 7 SDS (0.01 M) 1 2.64 
7 7 Span 80 (0.01 M) 1 14.00 
8 7 CTAB (0.01 M) 1 14.00 
9 7 Triton X-100 (0.01 M) 1 3.80 
10 7 CPC (0.01 M) 1 18.10 
11 7 Tween 80 (0.01 M) 1 8.76 
12 7 Span 80 (0.01 M) 0.2 30.13 

 
 

As no single surfactant was found to be effective, 
a mixed surfactant system consisting of Span 80 and 
Tween 80 was tested for possible enhancement. In 
castor oil hydrolysis, a quite low concentration of 
Span 80 (0.006 M) was found to be optimum 
(Goswami et al., 2010). Naturally, its chosen 
concentrations were also low (0.001, 0.003 and 
0.005 M) in the present study. A very low 
concentration of Tween 80 stimulated lipase at 1/100 
to 1/10,000 of the CMC in an earlier study (Li et al., 
1986). As the CMC of Tween 80 is very low (0.038 
M), a low concentration (0.0015 M or 1/25 of its 
CMC) was chosen in the present study. Table 4 
shows the effect of mixed surfactant consisting of 
nonionic Span 80 (dissolved in the oil phase) and 
Tween 80 (dissolved in the buffer phase) under 
constant conditions of 10 mg lipase/g oil, buffer-oil 
ratio of 0.2:1, 900 rpm, pH as 9 and 35 ºC. A 
combination of Span 80 (0.005 M in the oil) and 
Tween 80 (0.0015 M in the buffer) increases 
selective production of erucic acid from 27.87% 
(hydrolysis without surfactant) to 43.71%, i.e., 
overall 57% with respect to hydrolysis without 
surfactant in 6 h. 
 
Table 4: Effects of various combinations of mixed 
surfactants on the production of erucic acid 
 

No. 
Concentration  

of Span 80  
(M in oil) 

Concentration  
of Tween 80  
(M in buffer) 

Response 
(Percentage  

of total erucic 
acid formed) 

1 0 0 27.87 
2 0.001 0.0015 19.77 
3 0.003 0.0015 24.77 
4 0.005 0.0015 43.71 

 

CONCLUSIONS 
 

In this study, the moderate value of the standard 
speed of agitation (900 rpm) shows that deactivation 
of porcine pancreas lipase becomes significant at 
comparatively low shear stress. The standard pH of 
this lipase was found to be basic (9). The change in 
hydrolysis as well as erucic acid production is very 
sharp with the change in temperature around the 
standard temperature of 35 ºC. Temperature affects 
hydrolysis most significantly. With buffer as the 
dispersion medium, increasing the amount of buffer 
actually decreases the extent of hydrolysis rapidly. 
The hydrolysis attains its maximum when the 
amount of buffer and oil is the same (buffer-oil ratio 
of 1:1). As porcine pancreas lipase is of quite low 
activity, a comparatively high lipase concentration 
(10 mg/g oil) is found to be standard.  

Metal ions from Group II like Mg2+ and Ca2+ 

increase hydrolysis significantly, probably due to 
formation of di-salts with fatty acid molecules. Ions 
like Ba2+ (Group II), Al3+ (Group III) and Fe3+ 
(Group VIII) increase hydrolysis moderately. This is 
probably due to some kind of inhibition by these ions 
as these also form di-salts with fatty acid molecules. 
Only Cu2+ ion strongly inhibits hydrolysis. All the 
tested organic solvents inhibit hydrolysis, presumably 
because these solvents hinder diffusion of lipase from 
the bulk aqueous phase to the oil–water interface and 
also deactivate lipase. Only isooctane shows small 
inhibition, whereas pentane, butanol, hexanol and 
DMSO lead to strong inhibition. No single surfactant 
can increase hydrolysis. A mixed surfactant system 
composed of nonionic Span 80 and Tween 80 increased 
erucic acid production significantly when oil was used 
as the dispersion medium (buffer-oil ratio of 0.2:1). 
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NOMENCLATURE 
 
A. V. Acid value 
S. V. Saponification Value  
m1 mass of mustard oil for 

determination of the 
saponification value 

g

m2  mass of sample taken from 
the oil layer to determine the 
acid value  

g

N1  Strength of standard oxalic 
acid used for the 
determination of the 
saponification value 

Normality (N)

N2  Strength of standard oxalic 
acid used for the 
determination of the acid 
value 

Normality (N)

V0  volume of standard oxalic 
acid solution required to 
neutralize the blank solution 

mL

V1  volume of standard oxalic 
acid solution required to 
neutralize the test sample 
solution 

mL 

V2  volume of standardized 
KOH solution required to 
neutralize the test sample 
solution 

mL

 
 

ACKNOWLEDGEMENT 
 

Erucic acid (90%) was a kind gift from Godrej 
Industries Limited, India. 
 
 

REFERENCES 
 

Adams, M. W. W. and Kelly, R. M., (Eds.) 
Hyperthermophilic Enzymes. Vol. 334, 283, 
Academic Press, New York (2001).  

Antonov, V. K., Dyakov, V. L., Mishin, A. A. and 
Rotanov, T. V., Catalytic activity and association 
of pancreatic lipase. Biochimie, 70, No. 9, 1235 
(1988). 

Bagi, K., Simon, L. M. and Szajáni, B., Immobilization 
and characterization of porcine pancreas lipase. 
Enzyme and Microbial Technology, 20, No. 7, 531 
(1997). 

Bailey, J. E. and Ollis, D. F., Biochemical Engineering 
Fundamentals. McGraw-Hill Book Co., New York 
(1986). 

Bengtsson, G. and Olivecrona, T., Lipoprotein lipase: 
Mechanism of product inhibition. European 
Journal of Biochemistry, 106, 557 (1980). 

Benjamin, S. and Pandey, A., Candida rugosa 
lipases: Molecular biology and versatility in 
biotechnology. Yeast, 14, No. 12, 1069 (1998). 

Bradoo, S., Rathi, P., Saxena, R. K. and Gupta, R., 
Microwave-assisted rapid characterization of 
lipase selectivities. Journal of Biochemical and 
Biophysical Methods, 51, No. 2, 115 (2002). 

Brockerhoff, H., A Model of pancreatic lipase and 
orientation of enzyme at interfaces. Chemistry 
and Physics of Lipids, 10, No. 3, 215 (1973). 

Brozozowski, A. M., Derewenda, Z. S., Dodson, G., 
Lawson, D. M., Turkenburg, J. P., Bjorkling, F., 
Huge-Jensen, B., Patkar, S. A. and Thim, L., A 
Model for Interfacial activation in lipases from 
the structure of a fungal lipase–inhibitor complex. 
Nature, 351, No. 6326, 491 (1991). 

Dee, J. and Stoker, H. S., Organic and Biological 
Chemistry. Cengage Learning, 386 (2004).  

Minutes of the Meeting of Oils and Fats Sub-
Committee. The Central Council for Food 
Standards, India (2008). www.cseindia.org/oil/ 
CCFS_20080107.pdf (Accessed in September 12, 
2009). 

Desnuelle, P., Pancreatic Lipase, in Advances in 
Enzymology and Related areas of Molecular 
Biology. Vol. 23, (Ed.) Nord, F. F., Interscience 
Publishers Inc., New York (1961). 

Gaur, R. and Khare, S. K., Statistical optimization of 
palm oil hydrolysis by Pseudomonas aeruginosa 
PseA lipase. Asia-Pacific Journal of Chemical 
Engineering, 6, No.1, 147 (2011). 

Gomori, G., Preparation of Buffers for Use in 
Enzyme Studies, in Methods in Enzymology. 
Vol. 1. (Eds.) Colowick, S. P. and Kaplan, N. O., 
Academic Press Inc., New York (1955). 

Goswami, D., Sen, R., Basu, J. K. and De, S., 
Surfactant enhanced ricinoleic acid production 
using Candida rugosa lipase. Bioresource 
Technology, 101, No. 1, 6 (2010). 

Jinwal, U. K., Roy, U., Chowdhury, A. R., Bhaduri, 
A. P. and Roy, P. K., purification and 
characterization of an alkaline lipase from a 
newly isolated Pseudomonas mendocina PK-
12CS and chemoselective hydrolysis of fatty acid 
ester. Bioorganic and Medicinal Chemistry, 11, 
No. 6, 1041 (2003). 

Kaimal, T. N. B., Prasad, R. B. N. and Rao, T. C., A 
novel lipase hydrolysis method to concentrate 
erucic acid glycerides in cruciferae oils. 
Biotechnology Letters, 15, No. 4, 353 (1993). 



 
 
 
 

Effects of Process Variables and Additives on Mustard Oil Hydrolysis by Porcine Pancreas Lipase                                          459 
 

 
Brazilian Journal of Chemical Engineering Vol. 29,  No. 03,  pp. 449 - 460,  July - September,  2012 

 
 
 
 

Kamimura, E. S., Mendieta, O., Sato, H. H., Pastore, 
G. and Maugeri, F., Production of lipase from 
Geotrichum sp and adsorption studies on affinity 
resin. Braz. J. Chem. Eng., 16, No. 2, 103 (1999). 

Klibanov, A. M., Why are enzymes less active in 
organic solvents than in water? Trends in 
Biotechnology, 15, 97 (1997). 

Kulkarni, S. R. and Pandit, A. B., Enzymatic 
hydrolysis of castor oil: An approach for rate 
enhancement and enzyme economy. Indian 
Journal of Biotechnology, 4, No. 2, 241 (2005). 

Kulkarni, S. R., Studies in Enzyme Modification. 
Ph.D. Thesis, Mumbai University (2001). 

Kuo, T. M. and Gardner, H. W., Lipid Biotechnology. 
Marcel Dekker Inc., New York (2002). 

Laidler, K. J. and Peterman, B. F., Temperature Effects 
in Enzyme Kinetics, in Methods in Enzymology, 
Vol. 63. (Ed.) Purich, D. L., Academic Press, New 
York (1979). 

Leal, M. C. M. R., Cammarota, M. C., Freire, D. M. 
G. and Sant’Anna, Jr. G. L., Hydrolytic enzymes 
as coadjuvants in the anaerobic treatment of dairy 
wastewaters. Braz. J. Chem. Eng., 19, No. 2, 175 
(2002).  

Lerin, L., Ceni, G. Richetti A., Kubiak, G., Vladimir 
Oliveira, J. Toniazzo, G., Treichel, H., Oestreicher 
E. G. and Oliveira, D., Successive cycles of 
utilization of novozym 435 in three different 
reaction systems. Braz. J. Chem. Eng., 28, No. 2, 
181 (2011). 

Li, J. H.-Y., Zuzack, J. S. and Kau, S. T., Effects 
of detergents on sodium transport in toad 
urinary bladder. The Journal of Pharmacology 
and Experimental Therapeutics, 238, No. 2, 415 
(1986). 

Lindley, H., The Mechanism of Action of Hydrolytic 
Enzymes, in Advances in Enzymology, Vol. XV. 
(Ed.) Nord, F. F., Interscience Publishers, New 
York (1954). 

Maidina, A. B., Belova, A. B., Levashov, A. V. and 
Klyachko, N. L., Choice of temperature for 
safflower oil hydrolysis catalyzed by Candida 
rugosa lipase. Moscow University Chemistry 
Bulletin, 63, No. 2, 108 (2008). 

Majid, S. A. and Hossain, M. A., A Study on the 
hydrolysis of fats and oils by the Twitchell 
reagent. Part III. Effect of the catalyst on different 
fats and oils. Bangladesh Journal of Scientific and 
Industrial Research, 15, 107 (1980). 

Mazza, G., Functional Foods: Biochemical and 
Processing Aspects. Technomic Publishing Co., 
Inc., Lancaster (1998). 

Mcneill, G. P. and Sonnet, P. E., Isolation of erucic 
acid from rapeseed oil by lipase-catalyzed 

hydrolysis. Journal of American Oil Chemists’ 
Society, 72, No. 2, 213 (1995). 

Merçon, F., Erbes, V. L., Sant’Anna, Jr. G. L. and 
Nobrega, R., Lipase immobilized reactor applied 
to babassu oil hydrolysis. Braz. J. Chem. Eng., 
14, No. 1, (1997). 

Mukherjee, K. D. and Kiewitt, I., Enrichment of very 
long chain mono-unsaturated fatty acids by lipase-
catalysed hydrolysis and transesterification. Applied 
Microbiology and Biotechnology, 44, No. 5, 557 
(1996). 

Myher, J. J., Kuksis, A., Vasdev, S. C. and Kako, K. 
J., Acylglycerol structure of mustard seed oil and 
of cardiac lipids of rats during dietary lipidosis. 
Canadian Journal of Biochemistry, 57, 1315 
(1979). 

O'Fallon, J. V., Busboom, J. R., Nelson, M. L. and 
Gaskins, C. T., A direct method for fatty acid 
methyl ester (FAME) synthesis: Application to 
wet meat tissues, oils and feedstuffs. Journal of 
Animal Science, 85, 1511 (2007). 

Oram, R., Salisbury, P., Kirk, J. and Burton, W., 
Brassica juncea Breeding, Chapter 7, in Canola 
in Australia: The First Thirty Years. (Eds.) 
Salisbury, P. A., Potter, T. D., McDonald, G., 
Green, A. G. (1999). http://www.regional.org.au/  
au/gcirc/canola/p-08.htm?print=1 (Accessed in 
January 21, 2010). 

Osbourn, A. E., Plant Derived Natural Products: 
Synthesis, Function, and Application. Springer, 
New York (2009). 

Paquot, C. and Hautfenne, A., Standard Methods 
for the Analysis of Oils, Fats and Derivatives. 
Blackwell Scientific, Oxford (1987). 

Pereira, E. B., Zanin, G. M. and Castro, H. F., 
Immobilization and catalytic properties of lipase 
on chitosan for hydrolysis and esterification 
reactions. Braz. J. Chem. Eng., 20, No. 4, 343 
(2003). 

Piazza, G. J. and Farrell, Jr. H. M., Generation of 
ricinoleic acid from castor oil using the lipase 
from ground oat (Avena sativa L.) seeds as a 
catalyst. Biotechnology Letters, 13, No. 3, 179 
(1991). 

Puthli, M. S., Rathode, V. K. and Pandit, A. B., 
Enzymatic hydrolysis of castor oil: process 
intensification studies.  Biochemical Engineering 
Journal, 31, No. 1, 31 (2006).  

Reis, P., Holmberg, K., Miller, R., Leser, M. E., 
Raab, T. and Watzke, H. J., Lipase reaction at 
interfaces as self-limiting processes. Competes 
Rendus Chimie, 12, No. 1-2, 163 (2009). 

Rosen, M. R. (Ed.) Delivery System Handbook   
for Personal Care and Cosmetic Products: 



 
 
 
 

460                                    D. Goswami, S. De and J. K. Basu 
 

 
Brazilian Journal of Chemical Engineering 

 
 
 
 

Technology, Applications and Formulations. 
William Andrew Inc., New York (2005). 

Sadana, A., Biocatalysis Fundamentals of Enzyme 
Deactivation Kinetics.  Prentice Hall, New Jersey 
(1991).  

Saxena, R. K., Davidson, W. S., Sheoran, A., Giri, 
B., Purification and characterization of an 
alkaline thermostable lipase from Aspergillus 
carneus. Process Biochemistry, 39, No. 2, 239 
(2003). 

Sharon, C., Nakazato, M., Ogawa, H. I. and Kato, 
Y., Lipase-induced hydrolysis of castor oil: Effect 
of various metals. Journal of Industrial 
Microbiology and Biotechnology, 21, No. 6, 292 
(1998). 

Shu, Z. Y., Yang, J. K. and Yan, Y. J., Purification 
and characterization of a lipase from Aspergillus 
niger F044. Chinese Journal of Biotechnology, 
23, No. 1, 96 (2007). 

Soeken, K. L., Mileer, S. A. and Ernst, E., Herbal 
medicine for the treatment of rheumatoid 
arthritis: A systematic review. Rheumatology, 42, 
No. 5, 652 (2003).   

Solomon, E. P., Berg, L. R. and Martin, D. W., 
Biology. Cengage Learning, 131 (2004). 

Sonntag, N. V., Erucic, behenic: Feedstocks of the 
21st century. International News on Fats and Oil 
Related Matters, 2, No. 5, 449 (1991). 

Straathof, A. J. J., Enzymatic catalysis via liquid-liquid 
interfaces. Biotechnology and Bioengineering, 83, 
No. 4, 371 (2003). 

Syed, M. N., Iqbal, S., Bano, S., Khan, A. B., Ali-
ul-Qader, S. and Azhar, A., Purification and 
characterization of 60 kD lipase linked with 
chaperonin from Pseudomonas aeruginosa BN-1. 
African Journal of Biotechnology, 9, No. 45, 
7724 (2010). 

Tan, T., Zhang, M., Xu, J. and Zhang, J., Optimization 
of culture conditions and properties of lipase 
from Penicillium camembertii Thom PG-3. 
Process Biochemistry, 39, No. 11, 1495 (2004). 

Tipton, K. F. and Dixon, H. B. F., Effects of pH on 
Enzymes, in Methods in Enzymology, Vol. 63. 
(Ed.) Purich, D. L., Academic Press, New York 
(1979). 

Uhlig, H. and Linsmaier-Bednar, E. M., Industrial 
Enzymes and Their Applications. Wiley-IEEE 
Press, New York (1998). 

U. S. Department of Health and Human Services, 
CFR–Code of Federal Regulations, Title 21, 

Volume 3, (Revised as of 01.04.2011). http://www. 
accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/CFRS
earch.cfm?fr=184.1555. 

Economic Research Service, USDA, Crambe, 
Industrial Rapeseed, and Tung Provide Valuable 
Oils (1996). www.ers.usda.gov/publications/IUS6/ 
IUS6C.PDF (Accessed in June 11, 2008). 

Vargas-Lopez, J. M., Wiesenborn, D., Tostenson, K. 
and Cihacek, L., Processing of crambe for oil and 
isolation of erucic acid. Journal of American Oil 
Chemists’ Society, 76, No. 7, 801 (1999). 

Verger, R., Enzyme Kinetics of Lipolysis, in 
Methods in Enzymology, Vol. 64, Part B. (Ed.) 
Purich, D. L., Academic Press, New York (1980). 

Verger, R., Mieras, M. C. E. and de Haas, G. H., 
Action of phospholipase A at interfaces. Journal 
of Biological Chemistry, 248, 4023 (1973). 

Verger, R., Sarda, L. and Desnuelle, P., The sulfhydryl 
groups of pancreatic lipase. Biochimica et 
Biophysica Acta, 207, No. 2, 377 (1970). 

Virto, M. D., Lascaray, J. M., Solozabal, R. and de 
Renobales, M., Enzymatic hydrolysis of animal 
fats in organic solvents at temperatures below 
their melting points. Journal of American Oil 
Chemists’ Society, 68, No. 5, 324 (1991). 

Wang, H. K., Shao, J., Wei, Y. J., Zhang, J. and  
Qi, W., A Novel low-temperature alkaline lipase 
from Acinetobacter johnsonii LP28 suitable for 
detergent formulation. Food Technology and 
Biotechnology, 49, No. 1, 96 (2011). 

West, L., Tsui, I., Balch, B., Mayer, K. and Huth, 
P. J., Determination and health implication of the 
erucic acid content of broccoli florets, sprouts, 
and seeds. Journal of Food Science, 67, No. 7, 
2641 (2002).  

Whitaker, J. R., Principles of Enzymology for the 
Food Sciences. CRC Press, New York (1993). 

Wilson, R. and Sargent, J. R., Chain separation of 
mono-unsaturated fatty acid methyl esters by 
argentation thin-layer chromatography. Journal of 
Chromatography A, 905, No. 1-2, 251 (2001). 

Yamamoto, K. and Fujiwara, N., Purification and 
some properties of a castor-oil-hydrolyzing lipase 
from Pseudomonas sp. Agricultural and Biological 
Chemistry, 52, No. 12, 3015 (1988). 

Zaks, A. and Klibanov, A. M., Enzyme Catalysis in 
Organic Media at 100 °C. Science, 224, No. 4654, 
1249 (1984). 

Zeffren, E. and Hall, P. L., The Study of Enzyme 
Mechanisms. Wiley-Interscience, New York (1973). 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


