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A rapid and environmental friendly Attenuated total reflectance Fourier-transform infrared (ATR-FTIR)
spectroscopic method was developed for monitoring the Rhizopus oryzae lipase (ROL) catalyzed hydrolysis
of castor oil in oil-in-water emulsion system. A calibration curve was constructed using partial least square
(PLS) model by gravimetric addition of oleic acid (10-50%) in castor oil to detect the carbonyl absorption
of free fatty acids (FFA) in the region (1690-1730cm~!). The correlation co-efficient (R?) and root mean
square error of calibration (RMSEC) by PLS model were found to be 0.999 and 0.316, respectively. ROL was

gﬁ{;g;:iséwme found to be an efficient biocatalyst to produce free fatty acids (FFA) from castor oil. Factors affecting the
Hydrolysis rate of hydrolysis such as enzyme concentration (0.01%, w/v), pH (7), temperature (37 °C), oil-water ratio

(1:4) and reaction time (12 h) were optimized. Under all set of conditions the ROL effectively hydrolyzed
castor oil up to 90% yield of fatty acids. The methodology is fairly environmental friendly in both cases,

ATR-FTIR spectroscopy
Partial least square

i.e. using lipase for hydrolysis of castor oil and analyzing the product through FTIR spectroscopy.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Hydrolysis of castor oil yields a mixture of fatty acids but
the major proportion of the mixture (80-90%) is constituted by
ricinoleic acid (cis-12-hydroxy-9-octadecenoic acid), which is an
important raw material for many chemical industries. Physically,
castor oil is a viscous, pale yellow in colour, clear liquid at room
temperature (27 °C) and showed no solid fat content at 0 °C. The oil
is high in viscosity which this is unusual for a natural vegetable oil;
this behavior is due to hydrogen bonding of its hydroxyl groups.
Different derivatives of ricinoleic acid, such as ricinoleyl alcohol,
methyl ricinoleate, azelaic acid and ricinoleic acid are used in mak-
ing plasticizers, emulsifiers, soaps and detergent formulation [1].
Castor oil and ricinoleic have also been used as substrates for the
production of conjugated linoleic acid (CLA) a potentially anticar-
cinogenic, antiobestic, antiatheroscleritic and a number of other
therapeutic qualities bearing fatty acid [2].

Industrially castor oil hydrolysis is carried out at high-
temperature (250-360°C) and high-pressure (5000kPa) for
manufacturing fatty acids which is not suitable for castor oil
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hydrolysis because of the intermolecular esterification of ricinoleic
acid, that results in the formation of estolides [3,4]. So an enzymatic
approach avoids these limitations by using mild hydrolysis condi-
tions due to lower activation energy with high catalytic efficiency,
giving high product purity without altering the fatty acid compo-
sition of castor oil [5]. Lipases (triacylglycerol acylhydrolases, E.C.
3.1.1.3) are ubiquitous enzymes of considerable physiological sig-
nificance and industrial potential. Lipases catalyze the hydrolysis
of triacylglycerols to glycerol and free fatty acids. In contrast to
esterases, lipases are activated only when adsorbed to an oil-water
interface and do not hydrolyze dissolved substrates in the bulk fluid
[6]. Microbial lipases like fungal and bacterial lipases have been
used for the lipolysis of castor oil, such as lipase Avena sativa, Pseu-
domonas aeruginosa KKA-5, Aspergillus oryza, Candida rugosa and
Pseudomonas cepacia [7]. C. rugosa lipase is used industrially for
hydrolysis of linseed and castor oil for production of ricinloeic acid
and poly unsaturated fatty acids PUFAs [8]. Yet no study has been
carried out on the hydrolysis of castor oil by Rhizopus oryzae lipase;
so one of the aims of this study was to explore the lipolytic abil-
ity of R. oryzae using castor oil as a substrate for valuable product
(ricinoleic acid) formation.

Infrared spectroscopy has been used as a tool for the analysis
of lipase catalyzed hydrolysis of different vegetable oils in reverse
micelles [9]. ATR-FTIR was applied for monitoring lipase activity
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on surface attached substrate films [10]. In order to prove the Jat-
ropha curcas seed oil hydrolysis, FTIR spectroscopy supported the
FFA% by showing the main peaks and their functional groups of the
Jatropha curcas seed oil [11]. Enzymatic triacylglycerol degradation
involves hydrolysis of ester linkages resulting in the release of free
fatty acids. Many studies have been carried out using the appli-
cation of ATR-FTIR spectroscopy for the determination of free fatty
acidsinvegetable oils [12,13]. The most common method employed
for lipase assisted hydrolysis product determination is titration.
But the method is laborious, involve toxic substances and chances
of error are likely in the determination of end point when used
for dark colored oils [14]. Other techniques used for the detection
of hydrolytic activity of lipases are chromatography, microscopy,
radioactivity and turbidimetry [15]. Each technique has some lim-
itations either involves derivatization of product or laborious to
perform daily operations for product monitoring. When comparing
FTIR spectroscopy with above prescribed methods, it is fast, non-
destructive and sensitive that can be used for routine analysis of
lipolytic activity by measuring FFA content of hydrolysis mixture.

2. Materials and methods
2.1. Materials

Castor oil was obtained from local market of Hyderabad
Sindh. Lipase R. oryzae, tributyrin and oleic acid (99%) were pur-
chased from Sigma (St. Louis, MO, USA). Ethanol (analytical grade)
Tween-80 and potassium hydroxide were purchased from Fluka
(Germany). All other chemicals used were of analytical grade.

2.2. Lipase activity determination

Tributyrin was used as a substrate for lipase activity determi-
nation. A fine emulsion of tributyrin with water was obtained by
sonicating the mixture, to which buffered enzyme was added. The
mixture was incubated for 10 min and the product was analyzed
for the quantity of FFA formed. Activity of lipase was expressed as
the amount of lipase required to release one pmole of fatty acids
per min under optimized conditions.

2.3. Castor oil lipolysis protocol

One gram of castor oil and 0.1% Tween-80 sonicated with 10 ml
phosphate buffer solution (0.1 M, pH 6-8) in a 20 ml test tube for
15 min. After the formation of stable emulsion, 0.5 ml of lipase solu-
tion (U, i.e. 1 mg of enzyme) in phosphate buffer (pH 7) was added
to the mixture. The hydrolysis reaction was carried in a mechani-
cal shaker (Gallenhamp) by gentle shaking (120 rpm) for different
time intervals (4-30h) at temperature 37 °C. All the experiments
were carried out in triplicates.

2.4. Preparation of FTIR calibration standards

A set of 5 calibration standards were prepared in the range
10-50% by gravimetric addition of oleic acid to castor oil containing
(FFA 0.2%) previously determined by the standard method [16].

2.5. Instrumentation

A Thermo Nicolet 5700 FTIR spectrometer (Thermo Nicolet
Analytical Instruments, Madison, WI) was used to carry out IR anal-
ysis, equipped with a pyroelectric deuterated triglycine sulphate
(DTGS) detector. An ATR accessory with a removable ZnSe crystal
was mounted in the sample compartment. The FTIR controlled by
OMNIC software (version 7.2) and analysis was carried out in the

range between 4000 and 650 cm~! by addition of 32 scans at a reso-
lution of 4 cm~!. The fresh background spectrum recorded from the
bare ATR crystal was subtracted from each standard or sample spec-
trum. Before taking each spectrum, the ATR crystal was carefully
cleaned with propanol to remove any lipo- or hydrophilic residues
of the previous sample and the residual solvent was evaporated
using a stream of nitrogen gas.

2.6. FTIR analysis of hydrolysis mixture

After completion of hydrolysis reaction, the mixture was cen-
trifuged at 8000rpm (5152 x g) to separate the water and oil
phases. 100 pul of castor oil was taken from the upper oil layer that
was placed over ATR crystal and the FFA% content were determined
from calibration curve obtained using PLS model.

2.7. Chemometric analysis

Partial least square chemometric analysis was carried out using
the Turbo Quant (TQ) analyst 7.2 software package from Nicolet
(Madison, WI, USA). The spectra of FFA calibration in combination
with reference FFA values were used by the software to develop
PLS calibration in the range from1730 to 1690 cm~!. To assess the
capability of the model to fit the calibration data and to calculate
the deviation of the model; root mean square error of calibration
(RMSEC) root mean square error of cross-validation (RMSECV) and
root mean square error of prediction (RMSEP) were used [14].

3. Results and discussion
3.1. FTIR analysis of lipolytic activity

When a molecular structure is modified in an enzymatic reac-
tion, the infrared spectrum is altered and changes in infrared
absorption can be followed to monitor the progress of the reaction
[17].

During the course of vegetable oil hydrolysis main changes occur
in the IR spectrum at carbonyl C=0 region, a decrease in intensity
around 1746 cm~! as aresult of the decrease in fatty acid ester con-
centration and increase in intensity around 1711 cm~! due to the
formation of free fatty acids is indicative of lipolysis [ 18]. FTIR spec-
troscopy can successfully be applied to the investigation of lipase
catalyzed hydrolysis of vegetable oils by measuring the amount of
liberated fatty acids [9]. In order to prove the castor oil hydroly-
sis, FTIR spectroscopy supported the FFA% by showing the main
peaks and their functional groups of the castor oil; Fig. 1 shows the
IR spectra of castor oil before and after lipolysis. Spectra (a) indi-
cates that there is no carbonyl (C=0) FFA band at 1711 cm™! only
C=0 ester bands 1743 and1162 cm™! are present before hydrolysis.
Appearance of stretching C=0 FFA band at 1711 cm™!, stretching
asymmetric C-0 band at 1281 cm™1, while at 1413 and 941 cm™!
bending vibration of O-H bands in spectra (a) show the hydrol-
ysis of castor oil and also decrease of intensity of ester bands
(1743 and 1162 cm~1') in spectra (b) clearly indicates the lipolytic
activity (FFA 90%) of ROL at optimized reaction conditions. Peaks
at 2924-2854cm! indicated the CH, and CHj3 scissoring while
the peak at 723 cm~! showed absorption of (C-H) group vibration
[11,19,20].

3.2. Quantification of free fatty acids

For the quantification of the reaction, we mainly looked at
the spectral changes occurring at the region 1730-1690 cm~!. PLS
model was developed to calculate the FFA% [14] liberated during
the course of lipolysis of castor oil. Fig. 2 represents the standard
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Fig. 1. (a) Castor oil ATR-FTIR spectra before hydrolysis and (b) castor oil ATR-FTIR spectra after hydrolysis at all optimized conditions: oil-water ratio, 1:04; lipase
concentration 0.01% (w/v); pH, 7; stirring speed, 120 rpm; incubation time 12 h; temperature 37 °C.

calibration curve prepared in the range of 1730-1690cm~!. The
number of factors (3) used in the PLS model were automatically
selected by the TQ analyst software. An excellent correlation coef-
ficient (R 0.999) value was obtained and the low RMSECV value
(0.316) indicate the robustness and suitability of the method for
the determination of lipase activity. Although the lipase-catalyzed
hydrolysis of triglycerides is rather complex due to the formation of
different reaction products (monoglycerides, fatty acids, and even-
tually glycerol), the presence of isosbestic point in the spectrum
simplifies the quantitative analysis remarkably. For this, one can
select the C=0 stretching band of the formed free fatty acids at
1711 cm~! because changes here are comparatively large during

the reaction and hence standard curves can easily be made with
commercially available fatty acids [9]. It is therefore possible to
determine the amount of fatty acids released during the hydrolysis
reaction.

3.3. Statistical validation of the method

Validation of the calibration model was performed using cross
validation to evaluate the general extrapolative performance fol-
lowed by analysis of a separate validation set. FFA content was
initially determined by the standard AOCS titration method [21]
followed by the proposed ATR-FTIR method applied to the same
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Fig. 2. PLS relationship plot of actual vs. predicted FFA values with their differences.
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Fig. 3. Calibration plot of predicted FFA obtained by ATR-FTIR analysis vs. titration
method.

samples. Fig. 3 graphically illustrates that the relationship between
the mean values of the duplicate FTIR and titrimetric analyses.
Obtained from the PLS calibration model is linear along with
regression equation. Excellent predictions were achieved in this
calibration with a standard error (SE) of 0.019% FFA units and a
standard deviation (SD) of 0.156 FFA units. Comparing the data
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gives comparable mean differences. As such, the overall repro-
ducibility of the FTIR method is better than that of the chemical
method [13]. In terms of accuracy, the FTIR results were 0.018%
FFA units higher than the titration method with standard deviation
of the differences SDDa of 0.014 FFA units.

3.4. Optimization of factors effecting castor oil hydrolysis

3.4.1. Effect of oil-water ratio on lipolysis

Enzymatic hydrolysis of oils takes place at water oil interface
because triglycerides are insoluble in aqueous phase [6] thus to
achieve better hydrolysis the oil-water ratio was optimized. As
shown in Fig. 4a, the FFA% yield is low at high oil-water ratios
1:1and 1:2, it is because the interfacial area between two phases
during mixing is low; as lipase acts at interface, the rate of reaction
remains low. FFA competes with lipase to occupy the interface and
in higher ratios, replace it with interface to a high extent. Conse-
quently, the contact between lipase and castor oil decreases and
it results in a decreased rate of hydrolysis [22]. However, the best
ratio of oil-water was found to be 1:4 where 89% FFA yield resulted.
Water is a direct participant in hydrolysis reaction, so variance of
water content in the reaction affects rate of hydrolysis. For further
experiments the oil-water ratio was kept 1:4.
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Fig. 4. (a) Effect of oil-water ratio on lipolysis of castor oil (hydrolysis condition
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incubation time 15h). (b) Impact of pH on the rate of castor oil hydrolysis (hydrolysis conditions: oil-water ratio, 1:04; lipase concentration 0.02% (w/v); stirring speed,

120 rpm; temperature 35 °C; incubation time 15 h).
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Fig. 5. (a) Effect of lipase concentration on FFA% yield (hydrolysis conditions: oil-water ratio, 1:04; pH, 7; stirring speed, 120 rpm; temperature 35 °C; incubation time 15 h).

(b) Impact of temperature on the rate of castor oil lipolysis (hydrolysis conditions
incubation time 12 h).

: oil-water ratio, 1:04; pH, 7; lipase concentration 0.01% (w/v); stirring speed, 120 rpm;
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Fig. 6. Effect of incubation time on castor oil hydrolysis (hydrolysis conditions: oil-water ratio, 1:04; pH, 7; lipase concentration 0.01% (w/v); stirring speed, 120 rpm;

temperature 37 °C).

3.4.2. Influence of pH on castor oil hydrolysis

The pH affects the stability, structure and function of many
globular proteins because of their ability to influence electrostatic
interactions, the extent of hydrolysis is different at different pH val-
ues [23]. According to the specifications provided by supplier the
optimum pH for ROL is 7.2 (highly active from pH 6.5-7.5), Fig. 4b
shows the pH profile of castor oil enzymatic hydrolysis. There is a
gradual increase in hydrolysis from pH 6 to 6.5 and highest yield of
FFA was produced at pH 7, after that the hydrolysis rate decreased in
alkaline pH 7.5-8. The decline in enzyme activity after the optimum
pH (7) was due to a reversible reaction that involved the ioniza-
tion or deionization of acidic or basic groups in the active center of
the enzyme protein [22]. The optimum pH of tributyrin hydrolysis
using ROL as catalyst was also at pH 7 [24]. Further experiments
were carried out at pH 7.

3.4.3. Effect of enzyme dose on castor oil hydrolysis

Fig. 5adisplays the yield of FFA produced at various enzyme con-
centrations (0.005-0.025%, w/v), a fast increase in FFA (30%) was
noted when lipase dose increased from 0.005 to 0.01% (w/v), total
yield of FFA reached 82% at 12 h of incubation. After that increas-
ing ROL concentration had no any profound effect on FFA% yield,
so 0.01% (w/v) of lipase was optimized for further study. Due to
high cost of lipase, it is advantageous to carryout lipolysis at 0.01%
(w/v) of enzyme concentration. Aspergillus niger lipase produced
56% FFA after 72 h of incubation at pH 7 at 50 U enzyme dose, other
fungal lipases such as, Rhizopus delemar and Humicola lanuginose
were used to produce fatty acids from castor oil but no appreciable
hydrolysis was noted [25,26].

3.4.4. Effect of temperature on castor oil hydrolysis

It is known that the variation of temperature significantly effect
on the rate of enzymatic reactions. So keeping this point in mind
the temperature of castor oil lipolysis was studied between 25 and
50°C. Fig. 5b indicates the temperature profile of the lipolysis, ini-
tially there was gradual increase in FFA content of mixture from
25 to 35°C and reached optimum at 37 °C, although the optimum
temperature of ROL according to specifications is 40°C. Further
increase in temperature value did not assisted to increase the yield
of FFA; this might be due to the partial denaturation of lipase result-
ing deactivation of active sites [27]. The optimum temperature of
castor oil hydrolysis was also 37 °C using lipase Pseudomonas ges-
sardii as a catalyst [28]. For further experiments 37°C was kept
constant.

3.4.5. Effect of incubation time on castor oil hydrolysis

The incubation time was kept from 4 to 30 h, as can be seen in
Fig. 6, maximum castor oil hydrolysis (FFA 88-90%) was achieved
between 12 and 16 h incubation. Further incubation time did not
caused a positive effect on FFA% yield, it is because higher FFA con-
tent inhibit the lipase activity. This can be explained as in the initial
stage of lipolysis there are more interactions between castor oil
and enzyme so the rate of hydrolysis increase linearly with time.
However, after a certain time the FFA content is higher than the
substrate concentration resulting less interaction between enzyme
and oil so decrease in FFA yield is obvious after optimum incubation
time [23,29]. Therefore, 12 h incubation time period was optimum
to carryout hydrolysis of castor oil using ROL.

4. Conclusions

The enzymatic hydrolysis of castor oil using lipase R. oryzae was
successfully carried out at mild reaction conditions and the maxi-
mum transformation of castor oil (FFA 90%) was achieved at only
0.1% (w/v) of enzyme concentration at 12 h of incubation period.
The developed PLS model showed better performance in terms
of correlation coefficient values (0.999). Therefore, the ATR-FTIR
method using PLS model can represent a good alternative to the
standard methods applied to assess lipase catalyzed hydrolysis of
vegetable oils. Without consumption of any organic solvent which
will not only reduce the cost of solvent but also avoid the dis-
posal issues and environmental problems associated with chemical
methods of analysis.

Acknowledgments

This research is supported by High Impact Research MoE
Grant UM.C/625/1/HIR/M0oE/SC/04 from the Ministry of Educa-
tion Malaysia and University Malaya Centre for Ionic Liquids 231
(UMCIL).

References

[1] D.S. Ogunniyi, Bioresour. Technol. 97 (2006) 1086-1091.

[2] S. Kishino, J. Ogawa, A. Ando, Y. Omura, S. Shimi, Biosci. Biotechnol. Biochem.
66 (2002) 2283-2286.

[3] S. Okumura, M. Iwai, Y. Tsujisaka, Yukagaku 32 (1983) 271-273.

[4] G.Lakshminarayana, R. Subbarao, Y. Sastry, C. Rao, V. Kale, A. Gangadhar, ]. Am.
Oil Chem. Soc. 61 (1984) 1204-1206.

[5] R. Gupta, N. Gupta, P. Rathi, Appl. Microbiol. Biotechnol. 64 (2004) 763-781.


http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0150
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0150
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0150
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0150
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0150
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0150
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0150
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0150
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0150
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0155
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0155
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0155
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0155
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0155
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0155
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0155
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0155
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0155
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0155
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0155
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0155
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0155
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0155
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0155
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0155
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0155
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0155
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0160
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0160
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0160
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0160
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0160
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0160
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0160
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0160
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0160
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0160
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0160
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0160
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0165
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0165
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0165
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0165
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0165
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0165
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0165
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0165
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0165
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0165
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0165
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0165
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0165
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0165
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0165
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0165
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0165
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0165
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0165
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0165
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0165
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0165
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0170
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0170
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0170
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0170
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0170
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0170
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0170
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0170
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0170
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0170
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0170
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0170
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0170
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0170

A.A. Khaskheli et al. / Journal of Molecular Catalysis B: Enzymatic 113 (2015) 56-61 61

[6] M.Martinelle, M. Holmquist, K. Hult, Biochim. Biophys. Acta (BBA)—Lipids Lipid
Metabolism 1258 (1995) 272-276.
[7] D. Goswami, J.K. Basu, S. De, Crit. Rev. Biotechnol. 33 (2013) 81-96.
[8] B. Sarrouh, T. Santos, A. Miyoshi, R. Dias, V. Azevedo, ]. Bioprocess. Biotech. S 4
(2012) 002.
[9] P. Walde, P.L. Luisi, Biochemistry 28 (1989) 3353-3360.
[10] T. Snabe, S. Petersen, J. Biotechnol. 95 (2002) 145-155.
[11] J. Salimon, B.M. Abdullah, N. Salih, Chem. Cent. J. 5 (2011) 5-67.
[12] S.A. Mahesar, A.A. Kandhro, A.R. Khaskheli, M.Y. Talpur, S.T.H. Sherazi, ]. Spec-
trosc. 2014 (2014) 5.
[13] S.T.H. Sherazi, S.A. Mahesar, M.I. Bhanger, ]. Agric. Food Chem. 55 (2007)
4928-4932.
[14] Y.B.C. Man, G. Setiowaty, Food Chem. 66 (1999) 109-114.
[15] M. Stoytcheva, G. Montero, R. Zlatev, J.A. Leén, V. Gochev, Curr. Anal. Chem. 8
(2012) 400-407.
[16] W.S.Khayoon, B.Saad, B. Salleh, N.H.A. Manaf, A.A. Latiff, Food Chem. 147 (2014)
287-294.
[17] S. Kumar, A. Barth, Sensors 10 (2010) 2626-2637.

[18] M.D. Guillén, N. Cabo, ]. Sci. Food Agric. 75 (1997) 1-11.

[19] F.A. Atiku, A.A. Warra, M.R. Enimola, Open Sci. J. Anal. Chem. 1 (2014) 6-9.

[20] G. Socrates, Infrared and Raman Characteristics Group Frequencies, 3rd, John
Wiley & Sons Ltd., Chichester, England, 2001.

[21] AOCS, Official Methods and Recommended Practices of the American Oil
Chemist Society, Champaign III, USA, 4th ed., 1989.

[22] D. Goswami, J. Basu, S. De, Biotechnol. Bioprocess Eng. 14 (2009) 220-224.

[23] S.R. Kulkarni, A.B. Pandit, Indian ]. Biotechnol. 4 (2005) 241-245.

[24] M. Chen, Q. Guo, R. Wang, ]. Xu, C. Zhou, H. Ruan, G. He, ]. Zhejiang Univ. Sci. B
12 (2011) 545-551.

[25] H. Ozcan, A. Sagiroglu, Prep. Biochem. Biotechnol. 39 (2009) 170-182.

[26] C.O.Ibrahim, M. Hayashi, S. Nagai, Agric. Biol. Chem. 51 (1987) 37-45.

[27] V.S. Gamayurova, M.E. Zinov'eva, H.T.T. Tran, Catal. Ind. 5 (2013)
269-273.

[28] K. Ramani, LJ. Kennedy, M. Ramakrishnan, G. Sekaran, Process Biochem. 45
(2010) 1683-1691.

[29] N. Gomes, A. Braga, ]. Teixeira, I. Belo, J. Am. Oil Chem. Soc. 90 (2013)
1131-1137.


http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0175
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0175
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0175
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0175
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0175
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0175
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0175
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0175
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0175
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0175
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0175
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0175
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0175
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0175
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0175
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0175
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0175
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0175
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0175
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0180
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0180
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0180
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0180
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0180
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0180
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0180
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0180
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0180
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0180
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0180
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0180
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0180
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0180
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0185
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0185
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0185
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0185
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0185
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0185
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0185
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0185
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0185
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0185
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0185
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0185
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0185
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0185
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0185
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0185
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0185
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0190
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0190
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0190
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0190
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0190
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0190
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0190
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0190
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0190
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0190
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0195
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0195
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0195
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0195
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0195
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0195
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0195
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0195
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0195
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0195
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0195
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0200
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0200
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0200
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0200
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0200
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0200
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0200
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0200
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0200
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0200
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0200
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0200
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0200
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0200
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0205
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0205
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0205
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0205
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0205
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0205
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0205
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0205
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0205
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0205
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0205
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0205
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0205
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0205
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0205
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0205
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0210
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0210
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0210
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0210
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0210
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0210
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0210
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0210
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0210
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0210
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0210
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0210
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0210
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0210
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0210
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0215
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0215
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0215
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0215
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0215
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0215
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0215
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0215
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0215
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0215
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0215
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0220
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0220
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0220
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0220
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0220
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0220
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0220
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0220
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0220
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0220
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0220
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0220
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0220
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0220
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0220
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0220
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0220
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0220
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0225
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0225
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0225
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0225
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0225
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0225
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0225
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0225
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0225
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0225
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0225
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0225
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0225
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0225
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0225
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0225
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0225
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0230
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0230
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0230
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0230
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0230
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0230
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0230
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0230
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0230
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0230
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0235
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0235
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0235
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0235
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0235
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0235
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0235
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0235
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0235
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0235
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0235
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0235
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0235
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0240
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0240
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0240
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0240
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0240
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0240
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0240
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0240
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0240
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0240
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0240
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0240
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0240
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0240
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0240
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0240
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0245
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0245
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0245
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0245
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0245
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0245
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0245
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0245
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0245
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0245
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0245
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0245
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0245
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0245
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0245
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0245
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0245
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0255
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0255
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0255
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0255
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0255
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0255
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0255
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0255
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0255
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0255
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0255
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0255
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0255
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0255
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0260
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0260
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0260
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0260
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0260
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0260
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0260
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0260
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0260
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0260
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0260
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0260
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0265
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0265
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0265
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0265
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0265
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0265
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0265
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0265
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0265
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0265
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0265
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0265
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0265
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0265
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0265
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0265
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0265
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0265
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0265
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0265
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0265
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0265
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0265
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0265
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0270
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0270
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0270
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0270
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0270
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0270
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0270
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0270
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0270
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0270
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0270
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0270
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0275
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0275
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0275
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0275
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0275
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0275
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0275
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0275
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0275
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0275
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0275
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0275
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0275
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0275
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0280
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0280
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0280
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0280
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0280
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0280
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0280
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0280
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0280
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0280
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0280
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0280
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0280
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0285
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0285
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0285
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0285
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0285
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0285
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0285
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0285
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0285
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0285
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0285
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0285
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0285
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0285
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0285
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0290
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0290
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0290
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0290
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0290
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0290
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0290
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0290
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0290
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0290
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0290
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0290
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0290
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0290
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0290
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0290
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0290
http://refhub.elsevier.com/S1381-1177(15)00013-2/sbref0290

	Monitoring the Rhizopus oryzae lipase catalyzed hydrolysis of castor oil by ATR-FTIR spectroscopy
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Lipase activity determination
	2.3 Castor oil lipolysis protocol
	2.4 Preparation of FTIR calibration standards
	2.5 Instrumentation
	2.6 FTIR analysis of hydrolysis mixture
	2.7 Chemometric analysis

	3 Results and discussion
	3.1 FTIR analysis of lipolytic activity
	3.2 Quantification of free fatty acids
	3.3 Statistical validation of the method
	3.4 Optimization of factors effecting castor oil hydrolysis
	3.4.1 Effect of oil–water ratio on lipolysis
	3.4.2 Influence of pH on castor oil hydrolysis
	3.4.3 Effect of enzyme dose on castor oil hydrolysis
	3.4.4 Effect of temperature on castor oil hydrolysis
	3.4.5 Effect of incubation time on castor oil hydrolysis


	4 Conclusions
	Acknowledgments
	References


