
E
a
s

V
M
a

b

a

A
R
R
2
A
A

K
A
E
K
P
R

1

r
d
m
a
b
m
i
t
f
m
b
i
a
r

h
1

Journal of Molecular Catalysis B: Enzymatic 123 (2016) 41–46

Contents lists available at ScienceDirect

Journal  of  Molecular  Catalysis B:  Enzymatic

j ourna l ho me  pa ge: www.elsev ier .com/ locate /molcatb

valuating  the  kinetics  of  the  esterification  of  oleic  acid  with  homo
nd  heterogeneous  catalysts  using  in-line  real-time  infrared
pectroscopy  and  partial  least  squares  calibration

inicius  Kartnallera,  Ivaldo  I.  Juniorb,  Adriana  V.A.  de  Souzaa,  Ingrid  C.R.  Costab,
ichelle  J.C.  Rezendea,  João  F.  Cajaiba  da  Silvaa, Rodrigo  O.M.A.  de  Souzab,∗

Universidade Federal do Rio de Janeiro (UFRJ), Instituto de Química, Rio de Janeiro 21941-909, RJ, Brazil
Biocatalysis and Organic Synthesis Group, Universidade Federal do Rio de Janeiro (UFRJ), Chemistry Institute, Rio de Janeiro 21941-909, RJ, Brazil

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 25 May  2015
eceived in revised form
4 September 2015
ccepted 26 September 2015
vailable online 30 October 2015

eywords:
TR/FT-IR

a  b  s  t  r  a  c  t

Biodiesel  is a mixture  of fatty  acid  alkyl  esters  with  properties  similar  to petroleum-based  diesel.  Thus,
biodiesel  can  be  used  as  either  a substitute  for diesel  fuel  or, more  commonly,  in  a fuel blend.  Biodiesel
production  can  be catalyzed  with  mineral  acids  or bases  or enzymes.  The  use  of  real-time  techniques  for
monitoring  the  reaction  and  evaluating  the efficiency  of  the  catalyst  can  be of  great  use for  optimizing
the  reaction  and  monitoring  the process.  In the  present  work,  an  in-line  real-time  methodology  was  used
to evaluate  and  compare  the  kinetics  of  a  reaction  catalyzed  with  homo  (hydrochloric  acid)  and  het-
erogeneous  (the  enzymes  Novozym  435,  Lipozyme  RM, and  Lipozyme  TL) catalysts.  The  esterification  of
oleic acid  with  ethanol  was  used  as  the  reaction  model.  The  study  used  attenuated  total  reflexion/Fourier
nzyme catalysis
inetics
artial least squares
eal time analysis

transform  infrared  (ATR/FT-IR)  and  a single  partial  least  squares  (PLS)  regression  model  to  evaluate  the
kinetics  of  the  various  catalysts,  without  multiple  calibrations,  with  validation  by  GC–MS.  Novozym  435,
which  showed  complete  conversion  after  165  min,  was  the  best catalyst  for this  reaction.  Lipozyme  RM
and Lipozyme  TL  had  inferior  conversion  after  the same  amount  of  time,  in  agreement  with  the literature.
All  enzymatic  catalysts  showed  higher  conversion  than  hydrochloric  acid at the same  reaction  conditions.

©  2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Biodiesel is a fuel comprised of fatty acid alkyl esters and may
educe soot discharge by one third compared to petroleum-based
iesel. Furthermore, biodiesel may  reduce CO, SOx, particulate
atter, and organic compounds [1–4]. The properties of this renew-

ble biofuel are similar to those of petroleum-based diesel; thus,
iodiesel can be used as either a substitute for diesel fuel or,
ore commonly, in a fuel blend. Several strategies for produc-

ng biodiesel have been published in the literature [2,5]. However,
he transesterification of triacylglycerides and the esterification of
ree fatty acids (FFAs) with low molecular weight alcohols are the

ost important processes [6]. These reactions can be catalyzed
y using mineral acids or bases, or by using enzymes. Produc-
ng biodiesel using a mineral catalyst has several drawbacks such
s difficulty removing the catalyst from the product, high energy
equirements for faster kinetics, difficulty recovering the cata-

∗ Corresponding author.
E-mail address: souzarod21@gmail.com (R.O.M.A. de Souza).

ttp://dx.doi.org/10.1016/j.molcatb.2015.09.015
381-1177/© 2015 Elsevier B.V. All rights reserved.
lyst for reuse, and potential pollution in the environment [7,8].
Today, enzyme-catalyzed biodiesel production has received more
attention because of advantages such as nontoxicity, environment-
friendly processes, low energy costs, and soft operating conditions
compared with chemical-catalyzed methods [9,10]. However, this
method is still not favored for industrial use because high costs and
low stability of lipases limit potential applications [11,12].

The biodiesel reaction has been monitored with several chro-
matographic and spectroscopic techniques [13–15]. Among these
methods, the use of spectroscopy exhibits great differentiation due
to the increase in technology, the advance of real-time analysis, and
easy-to-use application. This technique can be applied in- or on-
line, eliminating the systematic error of sampling and facilitating
data acquisition [16,17]. One of the most frequently used real-
time analyses is the attenuated total reflexion–Fourier transform
infrared (ATR/FT-IR) spectroscopy, which uses an internal reflection
of the radiation beam inside a crystal. The intensity of the signal is

attenuated due to multiple reflections along the length of the crys-
tal in contact with the sample [18]. This technique automates the
analysis, and the spectra can be acquired in a time resolution, which
make the dynamic study of a chemical system possible. ATR/FT-IR

dx.doi.org/10.1016/j.molcatb.2015.09.015
http://www.sciencedirect.com/science/journal/13811177
http://www.elsevier.com/locate/molcatb
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an rapidly analyze the vibrational bands of the molecules present
n the system, which may  change during a reaction. Thus, tracking
nd monitoring of reactions are possible [19].

The reaction system can be more clearly understood by trans-
orming the spectroscopic data into concentration information
bout the species in the system [15]. This transformation arises
rom the fact that there is linearity between the spectroscopic
uantity (i.e., absorbance) and the concentration, as stated by the
eer–Lambert law. Numerous chemometric strategies can be used

or this transformation, from a simple univariate linear regression
o a more complicated non-linear multivariate regression, when
inearity does not exist [20]. In the case of the infrared spectra
f a reaction mixture, there can be much juxtaposition between
ibrational bands of different compounds. Therefore, multivariate
egressions must be used to quantify the concentrations. The most
ommon regression used in these cases is partial least squares (PLS)
21,22].

In the present work, an in-line real-time methodology was
sed to evaluate and compare the kinetics of an esterification
eaction catalyzed with homo (mineral acid) and heterogeneous
supported enzymes) catalysts. As a model for the reaction, oleic
cid was reacted with ethanol and catalyzed with hydrochloric
cid, Novozym 435, Lipozyme RM,  and Lipozyme TL. ATR/FT-IR and
LS regression modeling were used to easily evaluate the kinet-
cs of the different catalysts without multiple calibrations. Coupled
as chromatography–mass spectrometry (GC–MS) was  also used to
onfirm the final conversion for the best catalyst.

. Experimental

.1. Equipment

ReactIR 45 m (Mettler Toledo) equipment was used for monitor-
ng the reactions; it was equipped with an AgX 9.5 mm × 2 m Fiber
Silver Halide), with a 6.35 mm diamond crystal with 6 internal
eflections as an ATR element, ZnSe as a support/focusing element
nd an MCT  detector using Happ–Genzel apodization. The spectra
ere acquired in the range of 2000–650 cm–1 with a wavenum-

er resolution of 8 cm−1 in a 15-s interval between each spectrum
average of 25 scans).

The calibration and reactions were carried out in a 100 mL  reac-
or controlled with a EasyMax Workstation (Mettler Toledo). The
emperature was regulated by the equipment with a Pt 100 temper-
ture sensor and a Peltier cooling system. The reaction was stirred
t 200 rpm by using a propeller stirrer, also controlled by the equip-
ent. The reactor was coupled with a condenser, to prevent loss of

thanol by evaporation, since the reaction temperature was close
o its boiling point.

.2. Multivariate calibration

Thirty-five standard mixtures of oleic acid, ethanol, water, and
thyl oleate were prepared, simulating different conversion times
f the reaction. Table 1 shows the concentration of the components
n each standard mixture.
The standard mixtures were maintained in the reactor with a
tirring rate of 200 rpm and at 57 ◦C, and the spectra were acquired
s an average of 250 scans. Once the spectra were collected, a PLS
odel was built using the software iCQuanti (Mettler Toledo). The

Scheme 1. Esterification of o
alysis B: Enzymatic 123 (2016) 41–46

responses of the model were the concentrations of the reaction
components (oleic acid, ethanol, and ethyl oleate/water), where
each one was  calculated in an individual model. A spectral region
between 1800 and 1540 cm−1 and 1400–1000 cm−1 of the first
derivative of the spectra with mean centering for the model has
used.

2.3. Reaction settings

The reactions started with 0.206 mol  L−1 of oleic acid,
0.712 mol  L−1 of ethanol, and the corresponding amount of cyclo-
hexane as solvent. The temperature was set to 57 ◦C, and after it was
stabilized, the catalyst was added. The concentration of the catalyst
was 10% w/w in relation to oleic acid. The reactions were mon-
itored by using the ATR/FT-IR probe for 165 min. As the reaction
progressed, the PLS model was used for real-time quantification of
each component. Reactions were performed in triplicate in order
to estimate the experimental variance.

2.4. GC–MS analysis

The reaction conversion was  determined by gas
chromatography–mass spectrometry (GC/MS) using an inter-
nal standard (IS) calibration curve for the quantification of ethyl
oleate. Pentadecanoyl propanoate was used as IS [23,24].

GC/MS analyzes were performed on a Shimadzu GC-QP2010
gas chromatography coupled to a Shimadzu GC–MS-QP2010 mass
spectrometer. Electron ionization at 70 eV ionization energy was
used. An RXi-1MS (100% methylpolysiloxane) capillary column
with 30 m,  0.25 mm i.d., and 0.25 �m df was used. The carrier gas
was helium at a flow rate of 2.4 mL  min−1. The temperature pro-
gram was  an isothermal period of 3 min  at 210 ◦C, then increased
at 20 ◦C min−1 to 290 ◦C, and final isothermal period of 3 min. Injec-
tion volume was  1.0 �L in split mode and with 1:30 split ratio. The
injector temperature was 290 ◦C. The transfer line and ion source
were held at 290 ◦C and 250 ◦C, respectively. Samples from the
reactional media in the reaction catalyzed by Novozym 435 were
taken at times: 0, 5, 30, 55, 80, 105, 130 and 155 min. The injec-
tion samples were prepared by mixing 500 �L of the 100× diluted
reaction medium solution, 50 �L of the IS solution and 450 �L of
cyclohexane. Analyses were performed in triplicates.

3. Results and discussion

Scheme 1 shows the esterification of oleic acid with ethanol,
which was used in this work as a model reaction for biodiesel
production.

The esterification reaction was monitored for 165 min, and an
IR spectrum was taken every 15 s (as an average of 25 scans). The
3D infrared surface of the time-dependent spectra throughout the
entire course of the reaction was  obtained, as shown in Fig. 1 for
the reaction catalyzed with Novozym 435. Fig. 1a and b shows the
regions with the main variations in the spectra.

In Fig. 1, significant changes are shown in the region around
1750 cm−1 (a), which correspond to the carbonyl absorption bands

of oleic acid and ethyl oleate, and in the region from 1200 to
1000 cm−1 (b), which correspond to the C O-related vibrations
from ethanol and ethyl oleate. As the reaction progresses, the con-
centrations of the reagents (oleic acid and ethanol) decrease, and

leic acid with ethanol.
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Table  1
Concentration of the different components in the prepared standard mixturesa.

Theoretical conversion (%) Concentration (mol L−1) Theoretical conversion (%) Concentration (mol L−1)

Oleic acid Ethanol Ethyl oleate/water Oleic acid Ethanol Ethyl oleate/water

0 0.206 0.711 0.000 52.5 0.0977 0.602 0.108
2.5  0.201 0.706 0.0052 55 0.0925 0.597 0.113
5  0.196 0.700 0.0103 60 0.0822 0.587 0.124
7.5  0.191 0.695 0.0155 62.5 0.0770 0.582 0.129
10  0.185 0.690 0.0206 65 0.0719 0.577 0.134
15  0.175 0.680 0.0309 67.5 0.0667 0.571 0.139
17.5  0.170 0.675 0.0361 70 0.0616 0.566 0.144
20  0.165 0.669 0.0413 75 0.0513 0.556 0.155
22.5  0.160 0.664 0.0464 77.5 0.0461 0.551 0.160
25  0.154 0.659 0.0516 80 0.0409 0.546 0.165
30  0.144 0.649 0.0617 82.5 0.0358 0.540 0.170
32.5  0.139 0.644 0.0671 85 0.0306 0.535 0.175
35  0.134 0.638 0.0722 90 0.0203 0.525 0.185
37.5  0.129 0.633 0.0774 92.5 0.0151 0.520 0.191
40  0.123 0.628 0.0824 95 0.0100 0.515 0.196
45  0.113 0.618 0.0928 97.5 0.0048 0.510 0.201
47.5  0.108 0.613 0.0980 100 0.000 0.505 0.206
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50  0.103 0.608 0.103

a Cyclohexane was  added to all standard mixtures, at constant volume, at the sam

hus, the infrared signal decreases, while the product (ethyl oleate)
ncreases. The oleic acid carbonyl band (1735–1700 cm−1), one of
he major bands, decreases exponentially, and the ethyl oleate car-
onyl band (1770–1735 cm−1) increases in the same manner. In
ig. 1b, a band is observed at around 1180 cm−1, related to the

 C( O) O stretch band, as well as the decrease and displacement
f the C O band, from the ethanol to the ester.

The spectra in the infrared region depend on the population in
ach vibrational state. Therefore, temperature affects the inten-
ities of the absorption bands directly. A calibration model must
onsider the temperature as a variable or should be constructed for

 fixed reaction temperature. In this work, the calibration model
as constructed at 57 ◦C. This temperature was based on previous

ork developed inside our group, which showed this tempera-

ure was the optimal condition for the enzymatic catalysts in the
eaction [25]. In addition, since the reaction medium is not homo-
eneous (ethanol and water are not soluble in the oleic acid and

ig. 1. 3D surface showing the variation in the IR spectra over the course of the reaction a
he  C O-related band region.
io as in the reactions.

cyclohexane), the mass transfer is important for calibration mod-
eling. Thus, the stirring rate and the stirrer type used to measure the
calibration spectra were the same as those used for all reactions, in
order to guarantee the similarity of the reaction spectra in relation
to the spectra of the standards for the PLS modeling.

After this initial assay, the spectra of 35 calibration standards
were measured and were used for the PLS model as training or test
points. The training points were used to calculate the calibration
model parameters, while the test points were used to check the
previously calculated model for accuracy and precision. Fourteen
of these standards were used as test points. The responses of the
model were the concentrations of the reaction components (oleic
acid, ethanol, and ethyl oleate/water), where each one was calcu-

lated in an individual model. Fig. 2 shows the spectrum for each
standard and the measured vs. predicted graph for the ethyl oleate
concentration from the PLS model.

nd the main regions with significant changes: (a) the carbonyl band region and (b)
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F aph for the ethyl oleate concentration calculated with the PLS model, where are training
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ig. 2. (a) Spectra taken for each calibration standard and (b) actual vs. predicted gr
oints  and are test points.

As shown in Fig. 2a, the spectra obtained from the calibra-
ion standards present the same profile from the reaction spectra
btained and shown on Fig. 1, which confirms good representativ-
ty for the application of the PLS model during the quantification
nd monitoring of this reaction. The model achieved good linearity,
ith a coefficient of determination (R2) close to 1 for the training

nd test points in the actual vs. predicted graph. This indicates the
alibration model is accurate (Fig. 2b). The analytical model was
lso checked by verifying how well it could be used to predict points
hat were different from those used for training, by analyzing the
rror in the prediction of the test set. Table 2 shows the root mean
quare error of calibration (RMSEC), the root mean square error of
ross-validation (RMSECV), and the root mean square of prediction
RMSEP) for the calibration model.

In practical terms, the RMSEP is the most direct error because the
MSEP shows the expected deviation from the predicted response
hen the calibration model is used. As it can be seen in the

able, for the four test points selected, this error was 9.28 × 10−3,
.30 × 10−3, and 9.23 × 10−3 mol  L−1 for ethanol, oleic acid, and
thyl oleate/water, respectively. This shows that the calibration
odel has good precision for all responses. The prediction error

f the calibration model compared to the reaction data, however, is
xpected to be larger than the RMSEP, since there could be a lack of
orrelation between the calibration standard spectrum and the real
eaction spectrum and there could be differences in the equipment
onditions from one experiment to nother. In order to avoid this
ype of reproducibility error, an initial correction was  made by nor-

alizing the known initial concentration measured and quantified
y the ATR/FT-IR, shown in Eq. (1).

new =
(

Cknown

Cmax

)
× Cold (1)

n this equation, for each of the concentration response of the model
ethanol, oleic acid or ethyl oleate/water), Cnew is the corrected con-
entration, Cold is the uncorrected concentration calculated directly

rom the PLS model, Cknown is the known initial concentration, and
max is the initial concentration calculated directly from the PLS
odel.

able 2
alculated errors for the calibration model.

Error Response (mol L−1)

[Ethanol] [Oleic acid] [Ethyl oleate/water]

RMSEC 5.63 × 10−3 5.75 × 10−3 5.77 × 10−3

RMSECV 1.31 × 10−2 1.32 × 10−2 1.30 × 10−2

RMSEP 9.28 × 10−3 9.30 × 10−3 9.23 × 10−3
Fig. 3. The average of the components of the esterification reaction calculated with
the  PLS model using Novozym 435 as catalyst.

The type of catalyst was not considered during the calibration
methodology. Thus, the same calibration model can be applied to
evaluate different catalysts. With the constructed model, this type
of evaluation can be made in real-time, which can be a powerful
method for industrial applications and kinetic analyses. Finally, the
system was tested for different enzymes and HCl as catalysts to ver-
ify the conversion after 165 min  in each case. Each experiment was
performed in triplicate, and the average response was  considered
for each catalyst after the same period of time. The reaction profile
measured for the reaction catalyzed by Novozym 435 is shown in
Fig. 3 with the confidence interval for each response.

To confirm the reliability of the ATR/FT-IR/PLS method, GC–MS
was used as a referee quantitative analysis for the reaction cat-
alyzed by Novozym 435, where samples from the reaction medium
were taken at different times, diluted and injected in the GC–MS.
Quantification was  made for the ethyl oleate concentration, using
a univariate calibration curve. Ethyl oleate had a retention time
of 4.5 min, while oleic acid did not leave the column during the
chromatographic analysis. The calibration curve (y = 0.00621x −
0.1039) had a coefficient of correlation (R2) of 0.94. Fig. 4 shows
the comparison of the conversion measured with the ATR/FT-IR
and with GC–MS.

In order to check if the two averages correspond to the same
value statistically, a hypothesis test was performed in the form of
a Student’s t-test. The null hypothesis in the test states the two
averages are the same, and if the calculated t-value is smaller than
the critical t-value, then this hypothesis is correct. Table 3 shows
the results for the test for each of the points of comparison.

It can be seen that for every sample taken for comparison, the

t-value was  smaller than the critical t-value, which means that
the two techniques were measuring the same thing, validating
the ATR/FT-IR method. The variance of the replicates measured by
GC–MS, in these cases, were even greater than the one measured
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Fig. 5. Fitting of the ethyl oleate concentration as an exponential rise for the reaction
catalyzed with Novozym 435.

Fig. 6. Trend of the conversion for each catalyst, calculated by exponential fitting of
the ethyl oleate concentration.

Table 4
Final conversion measured by the ATR/FT-IR calibration model for enzymatic and
HCl  catalyzed reactions.

Response Conversion (%)

HCl Novozym 435 Lipozyme RM Lipozyme TL

Ethanol (model) 14 101 48 50
ig. 4. Comparison of the conversion measured by ATR/FT-IR and GC–MS for the
eaction catalyzed by Novozym 435.

y ATR/FT-IR. The point for 130 min  in the GC analysis showed a
isproportional variance, and may  be due to an unexplained error.
owever, validation can still be made. This shows that the ATR/FT-

R model is a good method for quantitatively monitoring these
eactions and the evaluation of the efficiency of the catalysts.

A final treatment can be made to evaluate the conversion trend
or each reaction. The increase in the ethyl oleate concentration can
e assumed to follow an exponential form and can be estimated
ith Eq. (2).

EO = CEO,SS[1 − exp(−�t)] (2)

here CEO is the time-dependent concentration of ethyl oleate,
EO,SS is the concentration of ethyl oleate in the steady state, � is
he exponential rise coefficient, and t is the time.

With the triplicate of the ethyl oleate concentration measured
n each experiment, a non-linear fit was performed to estimate the
arameters that best describe the form of the curve, minimizing
he sum of squares of error between the modeled response and
he response measured in the triplicate. The fitting works as a way
o overcome possible systematic errors, such as fluctuation among
he three measurements, and to avoid negative values measured
t the beginning of the reaction due to the error of prediction.
nce the curve is fitted, it can be transformed into conversion and
sed to compare the catalysts. Fig. 5 shows the fitted curve in the
xperiment using Novozym 435 as catalyst, and Fig. 6 shows the
onversion for each catalyst, calculated with the exponential fitting.

Fig. 6 shows the conversion for all catalysts calculated from
he best-fitted curve for all triplicates. Novozym 435, the catalyst
ith the highest final conversion, also had the best efficiency and

he fastest kinetics among the four catalysts. This enzyme is the
est because it does not have a “lid” in its structure that covers
he active site, while the other two enzymes do. This “lid” has

 top hydrophilic side and an interior hydrophobic face, so that

he “lid” needs interfacial activation in order to open and expose
he active site to reagents. Since Novozym 435 does not have this
lid”, the reaction can be catalyzed directly, while the TL and RM
ipases require this initial phenomenon, which affects the kinetics.

able 3
esults of the hypothesis test for the comparison of two techniques.

Time (min) Conversion by ATR/FT-IR Conversion by GC–MS t-valuea

Average Conf. interv. Average Conf. interv.

0 1.13 5.59 -2.33 0.98 2.14
5  4.20 8.35 2.51 2.13 0.69
30 28.2 1.12 23.2 10.3 1.70
55 52.4 2.57 50.3 8.10 0.85
80 70.4 3.10 75.1 14.0 1.15
105 84.0 2.57 80.3 10.5 1.21
130 93.2 1.96 82.0 15.7 1.77
155 101 2.87 102 19.8 0.23

a Critical t-value for the degree of freedom between the averages was  4.30.
Oleic acid (model) 14 102 49 51
Ethyl oleate (model) 16 103 49 51

All enzymes presented higher conversion and fastest kinetic rates
than HCl in this reaction condition throughout the entire course of
the reaction. The results for the final conversion at time 165 min
are presented in Table 4.

Novozym 435 was  the best catalyst for the esterification under
the experimental conditions, since it had a complete conversion
after 165 min  of reaction. Lipozyme RM and Lipozyme TL had
similar conversions, but their efficiency was almost half that of
Novozym 435. These results are in agreement with those found
by Corrêa et al. for the esterification of palm oil using the same
enzymes [12]. For the reaction catalyzed with hydrochloric acid,
under the same experimental conditions as the enzymatic reac-
tions, final conversion almost 4 times lower than Lipozyme RM/TL
and almost 6 times lower than Novozym 435.

4. Conclusions

The PLS model in the ATR/FT-IR data was  an efficient method-
ology for real-time quantification of the reaction components in
the esterification of fatty acids, here represented by the esteri-
fication of oleic acid as a biodiesel reaction. The model showed

good precision, with a very low prediction error and good accuracy
of the concentrations as responses and was validated statistically
in comparison to GC–MS. Novozym 435, which showed complete
conversion after 165 min, was  the best catalyst for this reaction.
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ipozyme RM and Lipozyme TL showed an inferior conversion
fter the same time, in agreement with the literature. The enzy-
atic catalysts showed higher conversion than hydrochloric acid.

he advantages of this methodology are the real-time quantitative
onitoring and the evaluation of the efficiency of different cata-

ysts for the same reaction, with only one calibration experiment.
urthermore, the treatment shown here makes a future kinetic
valuation of the reactions possible, using the non-linear fitting of
inetic models to the experimental data.

cknowledgments

Authors thanks FAPERJ, CNPq, CAPES and Petrobras for financial
upport.

eferences

[1] F. Ma,  M.A. Hanna, Bioresour. Technol. 70 (1999) 1–15.
[2] S. Zheng, M.  Kates, M.A. Dubé, D.D. McLean, Biomass Bioenergy 30 (2006)

267–272.
[3] M.  Goff, N. Bauer, S. Lopes, W.  Sutterlin, G. Suppes, J. Am.  Oil Chem. Soc. 81
(2004) 415–420.
[4] S. Zullaikah, C.C. Lai, S.R. Vali, Y.H. Ju, Bioresour. Technol. 96 (2005)

1889–1896.
[5] J.M. Marchetti, V.U. Miguel, A.F. Errazu, Renew. Sustain. Energy Rev. 11 (2007)

1300–1311.

[

[

[

alysis B: Enzymatic 123 (2016) 41–46

[6] A.C. Pinto, L.L.N. Guarieiro, M.J.C. Rezende, N.M. Ribeiro, E.A. Torres, W.A.
Lopes, P.A.P. de Pereira, J.B. de Andrade, J. Braz. Chem. Soc. 16 (2005)
1313–1330.

[7] L.C. Meher, S.D. Vidya, S.N. Naik, Renew. Sustain. Energy Rev. 10 (2006)
248–268.

[8] T. Garcia, A. Coteron, M. Martinez, J. Chem. Eng. Sci. 55 (2000) 1411–1423.
[9] M.S. Mahmud, T. Safinski, M.I. Nelson, H.S. Sidhu, A.A. Adesina, Ind. Eng.

Chem. Res. 49 (2009) 1071–1078.
10] J.M. Marchetti, A.F. Errazu, Fuel 87 (2008) 3477–3480.
11] M.  Habulin, V. Krmelj, Z. Knez, J. Agric. Food Chem. 44 (1996) 338–342.
12] I.N.D.S. Corrêa, S.L. de Souza, M.  Catran, O.L. Bernardes, M.F. Portilho, M.A.P.

Langone, Enzyme Res. (2011) 1–8.
13] S. Zabala, G. Arzamendi, I. Reyero, L.M. Gandía, Fuel 121 (2014) 157–164.
14] A.V.A. de Souza, J.F.C. da Silva, Org. Process Res. Dev. 17 (2012) 127–132.
15] S.M. de Lima, B.F.A. Silva, D.V. Pontes, C.F. Pereira, L. Stragevitch, M.F.

Pimentel, Fuel 115 (2014) 46–53.
16] C. Coffey, B.E. Cooley, D.S. Walker, Anal. Chim. Acta 395 (3) (1999) 335–341.
17] D.A. Foley, C.W. Doecke, J.Y. Buser, J.M. Merritt, L. Murphy, M.  Kissane, S.G.

Collins, A.R. Maguire, A. Kaerner, J. Org. Chem. 76 (23) (2011) 9630–9640.
18] Y.B.C. Man, Z.A. Shyahariza, A. Rohman, Nova Science Publishers, in: Oliver J.

Rees (Ed.) (2010) pp. 1–26.
19] K. Sahre, T. Hoffmann, D. Pospiech, K.J. Eichhorn, D. Fischer, B. Voit, Eur.

Polym. J. 42 (10) (2006) 230–2292.
20] J.C.L. Alves, R.J. Poppi, Talanta 104 (2013) 155–161.
21] S. Pinzi, F. Alonso, J. García Olmo, M.P. Dorado, Fuel 92 (2012) 354–359.
22] G.F. Zagonel, P. Peralta-Zamora, L.P. Ramos, Talanta 63 (2004) 1021–1025.
23] M.J.C. Rezende, C.R. Perruso, D.A. Azevedo, A.C. Pinto, J. Chromatogr. A 1063
(2005) 1211–1215.
24] M.J.C. Rezende, M.S.C. Pereira, G.F.N. Santos, G.O.P. Aroeira, T.C. Albuquerque

Jr., P.A.Z. Suarez, A.C. Pinto, J. Braz. Chem. Soc. 23 (2012) 1209–1215.
25] I.C.R. Costa, S.G.F. Leite, I.C.R. Leal, L.S.M. Miranda, R.O.M.A. de Souza, J. Braz.

Chem. Soc. 22 (2011) 1993–1998.

http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0005
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0005
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0005
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0005
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0005
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0005
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0005
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0005
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0005
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0005
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0005
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0010
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0010
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0010
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0010
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0010
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0010
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0010
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0010
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0010
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0010
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0010
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0010
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0010
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0010
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0010
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0015
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0015
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0015
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0015
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0015
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0015
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0015
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0015
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0015
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0015
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0015
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0015
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0015
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0015
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0015
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0015
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0015
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0015
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0015
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0015
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0020
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0020
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0020
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0020
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0020
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0020
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0020
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0020
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0020
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0020
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0020
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0020
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0020
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0020
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0020
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0025
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0025
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0025
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0025
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0025
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0025
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0025
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0025
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0025
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0025
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0025
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0025
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0025
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0025
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0025
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0030
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0030
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0030
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0030
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0030
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0030
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0030
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0030
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0030
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0030
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0030
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0030
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0030
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0030
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0030
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0030
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0030
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0030
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0030
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0030
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0030
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0030
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0030
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0030
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0030
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0030
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0030
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0035
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0035
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0035
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0035
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0035
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0035
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0035
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0035
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0035
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0035
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0035
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0035
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0035
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0035
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0035
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0040
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0040
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0040
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0040
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0040
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0040
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0040
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0040
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0040
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0040
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0040
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0040
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0040
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0040
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0040
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0045
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0045
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0045
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0045
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0045
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0045
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0045
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0045
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0045
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0045
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0045
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0045
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0045
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0045
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0045
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0045
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0045
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0045
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0045
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0050
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0050
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0050
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0050
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0050
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0050
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0050
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0050
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0050
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0050
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0055
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0055
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0055
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0055
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0055
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0055
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0055
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0055
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0055
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0055
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0055
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0055
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0055
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0055
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0055
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0060
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0060
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0060
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0060
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0060
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0060
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0060
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0060
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0060
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0060
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0060
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0060
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0060
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0060
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0060
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0060
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0060
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0060
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0060
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0065
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0065
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0065
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0065
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0065
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0065
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0065
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0065
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0065
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0065
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0065
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0065
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0065
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0065
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0070
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0070
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0070
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0070
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0070
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0070
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0070
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0070
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0070
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0070
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0070
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0070
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0070
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0070
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0070
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0075
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0075
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0075
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0075
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0075
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0075
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0075
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0075
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0075
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0075
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0075
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0075
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0075
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0075
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0075
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0075
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0075
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0075
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0075
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0080
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0080
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0080
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0080
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0080
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0080
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0080
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0080
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0080
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0080
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0080
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0080
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0080
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0080
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0080
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0085
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0085
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0085
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0085
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0085
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0085
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0085
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0085
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0085
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0085
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0085
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0085
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0085
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0085
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0085
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0085
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0085
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0085
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0085
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0085
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0085
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0085
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0085
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0085
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0085
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0085
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0085
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0095
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0095
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0095
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0095
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0095
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0095
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0095
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0095
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0095
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0095
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0095
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0095
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0095
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0095
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0095
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0095
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0095
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0095
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0095
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0095
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0095
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0100
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0100
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0100
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0100
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0100
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0100
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0100
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0100
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0100
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0100
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0105
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0105
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0105
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0105
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0105
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0105
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0105
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0105
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0105
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0105
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0105
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0105
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0105
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0105
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0105
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0110
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0110
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0110
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0110
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0110
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0110
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0110
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0110
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0110
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0110
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0110
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0110
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0115
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0115
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0115
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0115
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0115
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0115
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0115
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0115
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0115
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0115
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0115
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0115
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0115
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0115
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0115
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0115
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0120
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0120
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0120
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0120
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0120
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0120
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0120
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0120
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0120
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0120
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0120
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0120
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0120
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0120
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0120
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0120
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0120
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0120
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0120
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0120
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0120
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0120
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0120
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0120
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0125
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0125
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0125
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0125
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0125
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0125
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0125
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0125
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0125
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0125
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0125
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0125
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0125
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0125
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0125
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0125
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0125
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0125
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0125
http://refhub.elsevier.com/S1381-1177(15)30076-X/sbref0125

	Evaluating the kinetics of the esterification of oleic acid with homo and heterogeneous catalysts using in-line real-time ...
	1 Introduction
	2 Experimental
	2.1 Equipment
	2.2 Multivariate calibration
	2.3 Reaction settings
	2.4 GC–MS analysis

	3 Results and discussion
	4 Conclusions
	Acknowledgments
	References


