
lable at ScienceDirect

Energy 164 (2018) 264e274
Contents lists avai
Energy

journal homepage: www.elsevier .com/locate/energy
Response surface study and kinetic modelling of biodiesel synthesis
catalyzed by zinc stearate

Mariana S. Alvarez Serafini b, Deborath M. Reinoso a, b, Gabriela M. Tonetto a, b, *

a Departamento de Ingeniería Química, Universidad Nacional del Sur (UNS), Argentina
b Planta Piloto de Ingeniería Química e PLAPIQUI (UNS-CONICET), Camino La Carrindanga km 7, 8000 Bahía Blanca, Argentina
a r t i c l e i n f o

Article history:
Received 9 November 2017
Received in revised form
13 August 2018
Accepted 24 August 2018
Available online 25 August 2018

Keywords:
Transesterification
Fatty acid methyl esters
Zinc stearate
Kinetic model
* Corresponding author. Departamento de Ingen
Nacional del Sur (UNS), Argentina.

E-mail address: gtonetto@plapiqui.edu.ar (G.M. To

https://doi.org/10.1016/j.energy.2018.08.182
0360-5442/© 2018 Elsevier Ltd. All rights reserved.
a b s t r a c t

This contribution reports experimental and theoretical studies on the transesterification of soybean oil
with methanol catalyzed by zinc stearate. This reaction produces fatty acid methyl esters (FAME) and
glycerol, and di- and monoglycerides as intermediate products.

Response Surface Methodology was used to study the relationship between process variables and
triglyceride conversion, FAME yield and initial rate. An increase in the catalyst concentration and in the
methanol/oil molar ratio increased triglyceride conversion and FAME yield and decreased the initial
turnover frequency values. The latter was associated with the formation of an emulsion in the reaction
medium.

A kinetic study of the reaction was performed. Two models were proposed. Model 1 assumed a
complete mixing of the dissolved catalyst with the reactants and a second-order mechanism for the
forward and reverse reactions, where the reaction system could be described as pseudo-homogeneous
and the catalyst was dissolved in the reaction medium. Model 2 supposed that the dissolved catalyst
formed part of a macro emulsion, with mass transfer resistance in the boundary layer around the
droplets. The kinetic constants were determined, and Model 2 showed a better fit to the experimental
data. The model and the kinetic parameters allow to generate reaction operation strategies.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Biodiesel is defined as themonoalkyl esters derived from animal
fats, plant based oils or algae oil, which is biodegradable. The
substitution of traditional petroleum-based diesel fuel for this
biofuel presents advantages, such as significantly lower emissions
of carbonmonoxide, aromatic hydrocarbons and particulate matter
[1].

Industrially, the most common method for biodiesel production
is the transesterification reaction, in which the oil or fat is reacted
with a short chain alcohol in the presence of a homogeneous base
catalysts (typically NaOH or KOH) [2]. The product is a mixture of
fatty acid alkyl esters, and raw glycerol is obtained as co-product.
The mixture of the formed esters is known as biodiesel, when it
meets the established requirements (i.e. ASTM D6751, EN 14214,
CAN/CGSB-3.524) [3]. Methanol and ethanol are commonly used
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alcohols [4]. The most important variables in biodiesel production
were found to be [5]: reaction time, catalyst loading, reactants
molar ratio and temperature. Low-cost feedstock contains high
concentrations of free fatty acids (FFAs). When the concentration of
FFAs is higher than 1wt%, a esterification step using a homoge-
neous acid catalyst (usually H2SO4) is needed prior to the trans-
esterification process [6]. Homogeneous acid catalysts require
longer reaction time and could cause corrosion on equipment.
Therefore, research on heterogeneous catalyst should be carried
out extensively [7].

Over the past 10 years, the field of noncorrosive and recyclable
catalysts related to biodiesel production has grown fast [8,9].
Inorganic acid solids are interesting catalysts for low quality feed-
stock, since they can simultaneously carry out the trans-
esterification of triglycerides and esterification of FFAs. Compared
to liquid acids, which have well-defined acid properties, solid acids
can present a diversity of acid sites (Bronsted or Lewis acidity, with
different strength and site density) [10]. Zeolites are among the
different types of inorganic solids that have been used as catalysts
for biodiesel production. Microporous zeolites are not completely
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Nomenclature

A catalyst loading (%)
B methanol/oil molar ratio (mol:mol)
Ci concentration of component i (mol/l)
DG diglycerides
di diameter of the droplet i (mm)
FAME fatty acid methyl esters
ki reaction rate constant for the reaction i

(l2mol�1min�1g�1)
m catalyst mass (g)
MG monoglycerides
t reaction time (min)
TG triglycerides
V reactor volume (l)
vi reaction rate of the reaction i (mol g�1 min�1)
XTG triglyceride conversion
YFAME fatty acid methyl esters yield
k mass transfer coefficient (l g�1 min�1)
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appropriate for this synthesis due to the diffusion limitation of
glycerides inside the small pores [11,12]. The catalytic activity,
stability and size- or shape selectivity of mesoporous zeolite and
related materials are the focus of many recent studies. A zeolite-
based catalyst was used to produce fatty acid methyl esters
(FAME) from waste cooking oil, and it was able to simultaneously
catalyze the esterification of fatty acids and the transesterification
of triglycerides [13]. Under optimum reaction conditions, a con-
version of 45% was achieved. On the other hand, using calcined Mg/
Al hydrotalcite as catalyst in the transesterification of waste cook-
ing oil, a 95% of FAME yield was obtained at 80 �C [14].

The performance of heteropolyacids (HPAs) has been investi-
gated due to their high-water tolerance and acidity, even though
HPAs can be slightly soluble in the reaction medium. The solid
Cs2.5H0.5PW12O40 [15] showed a promising high activity com-
parable to that of conventional homogeneous catalysts. The
immobilization of HPAs on a wide variety of supports to increase
the surface area and hence improve the catalytic activity has also
been studied [16]. Alca~niz-Monge et al. [17] studied the immobili-
zation of the 12-tungstophosphoric heteropolyacid over zirconia
supports in the esterification of palmitic acid with methanol,
obtaining conversions above 90%. They observed leaching of the
catalyst and the fouling of the surface.

Sulfated zirconia and tungstated zirconia have been extensively
studied in the transesterification of vegetable oils [18,19]. As an
alternative, sulfated zinc oxide as acid catalyst has also been
examined [20], exhibiting a promising FAME yield of 80% at 65 �C
and 4 h reaction time.

Among supported [21,22] or homogeneous [23,24] Lewis acid
compounds, zinc plays an important role. ZnCl2 supported on silica,
alumina, niobia and charcoal was active in esterification reaction
[25]. Zinc stearate immobilized on silica gel was a stable and active
catalyst for simultaneous transesterification and esterification re-
actions [21]. At 200 �C and 10 h of reaction time, a FAME yield of
81% was obtained with a concentration of 1.6wt.% FFA. In previous
works, Reinoso et al. [26] showed the potential of zinc carboxylate
as catalyst for the transesterification of soybean oil to produce
biodiesel undermild experimental conditions. This compoundwith
Lewis acid sites is soluble in the non-polar phase (oil and FAME) at
reaction temperature and re-crystallizes at room temperature. Its
flexible coordination geometry, fast ligand exchange, and its Lewis
acid role are some of the features that make zinc an invaluable
element in biological [27] and chemical [26] catalysis.
Aboelazayem et al. [28] studied the biodiesel production from

castor oil with KOH as catalyst. The influence of the independent
variables on the reaction response has been evaluated using
Response Surface Methodology (RSM). Analysis of variance
(ANOVA) has been used to investigate the adequacy of the pre-
dicted model. On the other hand, Response Surface Methodology
(RSM) in aggregation with Central Composite Design (CCD) was
employed to evaluate the best potential combination of catalyst
concentration, methanol to oil molar ratio, reaction time and
temperature for higher yield of biodiesel content using a non-
edible dairy waste scum as feedstock [29]. Considering the cata-
lytic potential of Zn carboxylic salts for biodiesel production,
Response Surface Methodology was used in the present work to
study the relationship between process variables (catalyst con-
centration and initial reactant ratio) and soybean oil conversion,
FAME yield and initial rate.

It was observed that the studied catalyst (zinc stearate) forms a
macroemulsion in the reaction medium that was studied in detail
in order to understand the phenomenon. The catalyst is located at
the interface of the emulsion droplet. Emulsion catalysis has been
demonstrated to be a useful strategy for overcoming the compati-
bility of different media in the liquid-liquid biphasic reaction sys-
tem [30]. Two mathematical models were also proposed for the
methanolysis of soybean oil: one where the catalyst is dissolved
and perfectly mixed in a pseudo-homogeneous reaction system,
and a second one which takes into account that the catalyst is part
of a self-organized system. The latter, is a simple and original
mathematical model, that consider the mass transfer resistance
present in this complex reaction system. The kinetic parameters
were determined by fitting the models with the experimental re-
sults. The kinetic parameters and the reactor model permit to
generate reaction operation strategies. The results would provide
necessary data for the biodiesel production from soybean oil, which
is one of most commonly used oils in the synthesis of this biofuel
[31,32]. The originality of this work lies in the application of
emulsion catalysis in biodiesel synthesis.

2. Material and methods

2.1. Catalyst preparation

The synthesis of zinc stearate (Zn(C17H35COO)2, referred here as
ZnEs) was carried out in an alcoholic solution [33]. The stearic acid
(from Sigma Aldrich, 99%) and NaOH (Cicarelli, 97%) were mixed in
stoichiometric amounts at 40 �C with constant magnetic stirring.
Then ZnCl2 (Biopack, 99%) was added dropwise. The obtained
precipitate was filtered, washed with deionized water and dried for
24 h at 50 �C.

2.2. Catalytic tests

The transesterification tests were carried out in a 600 cm3 Parr
reactor (internal diameter: 64mm) operated in batch mode,
equipped with a 4-angled blade stirrer. The agitation rate was
500 rpm in order to perform the reaction in the absence of external
mass transfer resistances [26]. Reactions were studied at 100 �C,
with a reaction time of 120min. Longer reaction times (360 and
480min) were used for some tests in order to obtain data of the
thermodynamic equilibrium. Temperature was selected consid-
ering that the catalyst is soluble in the non-polar phase (oil and
FAME) at 100 �C, and re-crystallizes at lower temperatures. At
higher values than 140 �C, the catalytic solid can be transformed
into Zn glycerolate [34].

The pressure in the system for the transesterification reactions



M.S. Alvarez Serafini et al. / Energy 164 (2018) 264e274266
corresponds to the vapor pressure of methanol: 52 psi at 100 �C.
Refined soybean oil (Argentinian commercial brand) without

any special pretreatment and methanol (UVE HPLC) were used as
reactants. Table 1 shows the fatty acid distribution of soybean oil
obtained by gas chromatography. The values of the methanol/oil
molar ratio were 10, 20 and 30, and of the catalyst loading were 1, 3
and 5wt% (with respect to oil). In the catalytic tests, both param-
eters were established according to the experimental designs
described below.

The soybean oil, the alcohol and the catalyst were fed into the
reactor and then the systemwas heated until reaction temperature
was reached. At that moment, the agitation was started and the
zero-time sample was taken. The chromatography of the reactants
and products was carried out according to the standard UNE-EN
14105 norm in a Perkin Elmer AutoSystem XL equipment with a
ZB-5HT capillary column (15m, 0.32mm ID, 0.10 mm film thickness,
with a pre-column of 2m� 0.53 mm) and a FID detector.

The triglyceride conversion ðXTGÞ and FAME yield ðYFAMEÞ were
calculated using the following equations:

XTG ¼
Ct0
TG � Ctf

TG

Ct0
TG

100 (1)

YFAME ¼
Ctf
FAME

.
3

Ct0
TG

100 (2)

where Ct0
TG and Ctf

TG are the initial and final triglyceride concentra-

tions (mol/l), respectively; and Ctf
FAME is the final FAME concentra-

tion (mol/l).

2.3. Experimental design

In order to evaluate the effects of the selected variables on the
response variables, a mixed level 32 factorial design was developed
with 2 centerpoint replicates, with a total of 8 experiments, as
shown in Table 2. The order of the experiments was fully ran-
domized to provide protection against the effects of lurking vari-
ables. The variables were methanol/oil molar ratio and catalyst
Table 1
Fatty acid distribution of soybean oil.

Fatty acid Composition (% wt.)

C16:0 11.0
C18:0 5.2
C18:1 25.7
C18:2 51.3
C18:3 4.9
C20:0 1.3
C22:0 0.5

Table 2
32 factorial design with two repetitions in the central point.

Test Catalyst loading (A) methanol/oil molar ratio (B) Values

A (%) B (mol:mol)

1 0 0 3 20
2 0 1 3 10
3 1 1 5 30
4 0 0 3 20
5 0 �1 3 10
6 1 �1 5 10
7 �1 �1 1 10
8 �1 1 1 30
loading. The levels studied for these variables are presented in
Table 2. These levels were selected owing due to the advantage of
working with low catalyst loadings and considering that trans-
esterification is a reversible reaction, so the equilibrium can be
shifted towards the products by using an excess alcohol.

The studied responses were triglyceride conversion and FAME
yield at 1 h reaction time, and initial TOF. The software STAT-
GRAPHICS Centurion version XV.2 was used for both the experi-
mental design and the statistical analysis. The responses were
adjusted by multiple regression, and the generated models were
used to evaluate the effect of the selected experimental factors. The
goodness of fit was assessed using the coefficient of determination
(R2). The statistically significant effect of the variables was tested
using ANOVA. Non-significant coefficients were removed (p-
value> 0.05), and themodels were refined in order to consider only
the statistically significant effects.
2.4. Characterization of the droplets formed in emulsion

Four representative oil-methanol mixtures were prepared. In all
cases the oil-methanol molar ratio was 30 and the catalyst loading
was 0, 1, 3 and 5%wt. The polar phase was dyed with an appropriate
dye.

The droplets were observed using a Carl Zeiss polarized light
microscope (ZeissPhomi III POL). The samples were placed onto
microscope slides, covered with glass cover slips, and observed
at �160 magnification in transmission mode. At least 3 replicates
were prepared for each sample. The volume-surfacemean diameter
(d32) of the droplets was calculated using Equation (3), considering
that the oil droplets were spherical:

d32 ¼
P

nid
3
iP

nid
2
i

(3)

where ni was the number of droplets with diameter di.
3. Kinetic modelling

The transesterification of triglycerides (TG) is a sequence of
three consecutive reversible reactions, in which diglycerides (DG)
and monoglycerides (MG) are formed as intermediate compounds,
and fatty acid methyl esters and glycerol (Gl) are formed as prod-
ucts. The reactions involved are:

TGþMOH
k1

k�1
��! ��

DGþ FAME
(4)

DGþMOH
k2

k�2
��! ��

MGþ FAME
(5)

MGþMOH
k3

k�3
��! ��

Glþ FAME
(6)

The kinetics of the transesterification reaction can be described
considering second-order kinetics (first-order for each compound
involved in the reaction) [35,36]. The rate expressions are as follow:

v1 ¼ k1CTGCMOH � k�1CDGCFAME (7)

v2 ¼ k2CDGCMOH � k�2CMGCFAME (8)
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v3 ¼ k3CMGCMOH � k�3CGlCFAME (9)

where MOH is methanol, Ci refers to the concentration of the cor-
responding species (mol l�1), vi is the reaction rate (mol g�1 min�1),
and ki and k�i are the reaction rate constants for forward and
reverse reactions (l2mol�1min�1g�1).
3.1. Model 1

The reactor used in the tests can be modeled as an ideal batch
reactor. The hypotheses considered for the reactor model were as
follows:

1. Perfect mixture of reactants and products in the tank, ensuring a
uniform composition.

2. The reaction mixture can be considered as a pseudo-
homogeneous system.

3. Isothermal reactor.
4. The catalyst is dissolved in the reaction medium and perfectly

mixed. There is no mass transfer limitation. The overall process
is kinetically controlled.

5. The methanol concentration is constant during the reaction and
equal to the initial concentration.

Experiences not shown in the present work revealed the high
mixing performance of the reactor [26]. For a well-agitated batch
reactor, the mass balances of the species can be written as follows:

dCTG
dt
¼ �v1m

V
(10)

dCMOH

dt
¼ 0 (11)

dCDG
dt
¼ ðv1� v2Þm

V
(12)

dCFAME

dt
¼ ðv1þ v2þ v3Þm

V
(13)

dCMG

dt
¼ ðv2� v3Þm

V
(14)

dCGl
dt
¼ v3

m
V

(15)

wherem is the catalyst mass (g), V is the reactor volume (l), and t is
the reaction time (min).
3.2. Model 2

In order to improve the model and explain the overall process
better, a second reactor model was studied. Hypotheses 1e3 were
maintained, and the rest of the hypotheses were changed as follows
(taking into account the results from section 4.1):

4. The catalyst is part of a self-organized system. There is mass
transfer resistance in the boundary layer around the droplets.

5. The internal phase of the droplets consists only of methanol.
6. The reaction occurs only in the interphase of the droplets of the

organized system (see scheme in Fig. 6).

The equations that represent the reactor are:
dCTG
dt
¼ k

�
CTG � Cs

TG
�m
V
¼ �v1m

V
(16)

dCMOH

dt
¼ 0 (17)

dCDG
dt
¼ k

�
CDG � Cs

DG
�m
V
¼ ðv1� v2Þm

V
(18)

dCFAME

dt
¼ k

�
CFAME � Cs

FAME
�m
V
¼ ðv1þ v2þ v3Þm

V
(19)

dCMG

dt
¼ k

�
CMG � Cs

MG
�m
V
¼ ðv2� v3Þm

V
(20)

dCGl
dt
¼ k

�
CGl � Cs

Gl
�m
V
¼ v3

m
V

(21)

where Cs
i and Ci refer to the concentration of the corresponding

species on the droplet surface and in the bulk reaction medium. In
the case of methanol, Cs

MOH represents pure methanol. k represents
the mass transfer coefficient for the glycerides and FAME in the
proximity of the surface of the droplets, and is expressed by the
following equation:

k ¼ aþ b$m (22)

where a and b are constants and m is the catalyst loading (g). Eq.
(22) is derived from the result of the experimental design reported
in section 4.2.

For both models, the catalyst is assumed to be dissolved in the
reaction medium. In the case of Model 1, a perfect mixing of the
catalyst with the reagents is also assumed (pseudo-homogeneous
system). For the second reactor model, the catalyst is assumed to be
part of an organized system, which makes the contact between the
reagents difficult. These hypotheses in Model 2 take into account a
real phenomenon that takes place as a consequence of the chemical
nature of the catalyst.

3.3. Numerical and statistical resolution

The Gproms software was used to solve the set of algebraic and
differential equations, and to fit the experimental data. It is based
on the statistical method of maximum likelihood estimation [37].
The coefficient of determination (r2) gives the fitting quality, and it
was calculated using the following equation:

r2 ¼
Pn

i¼1
�
Ccalc
i � C

�2
Pn

i¼1
�
Ci � C

�2 (23)

The model adequacy and the discrimination between models
were determined using the model selection criterion (MSC), ac-
cording to the following equation:

MSC ¼ ln

2
64

Pn
i¼1

�
Ci � C

�2
Pn

i¼1
�
Ci � Ccalc

i

�2

3
75� 2p

n
(24)

where n is the number of experimental data, p is the total of fitted

parameters, C is the average relative concentration and Ccalc
i and Ci

are the predicted and the experimental values, respectively. When
various different models are compared, the most significant one is
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that which leads to the highest MSC and r2 values.

4. Results and discussion

4.1. Triglyceride conversion and FAME yield

Table 3 shows triglyceride conversion (XTG) and FAME yield
(YFAME) after 60min reaction time for the proposed experimental
design. XTG and YFAME present values between 42 and 82% and 20
and 57%, respectively. The zinc carboxylic salt was able to catalyze
the triglyceride transesterification with good activity and selec-
tivity under mild operating conditions.

The quadratic model obtained from the fitted experimental data
for XTG is presented in Eq. (25). This model was adjusted by step-
wise selection (Fisher's test), removing variables in order to find the
best model containing only statistically significant variables. Since
the P-value for each variable was less than 0.05, there was a sta-
tistically significant relationship between the variables and the
responsewith a confidence level greater than 95.0%. The R2 statistic
indicates that the model as fitted accounts for 97.3% of the vari-
ability in triglyceride conversion. Table 4 shows the standard errors,
t values and p values of all the coefficients.

XTG ¼ 20:19þ 24:19Aþ 0:04B2 � 0:30AB� 2:08A2 (25)

Theminus sign for the terms A*B and A2 allow Eq. (25) (a second
order polynomial equation) to represent the low effect that A and B
have on XTG when A and B have their highest values. A response
surface plot for the second order model at 60min reaction time is
shown in Fig. 1 a, presenting the effects of the amount of catalyst
and methanol/oil molar ratio. Fig. 1 a shows that the molar ratio of
the reactants (B) affects the TG conversion when the catalyst con-
centration (A) is low. At high catalyst loadings (A), the effect of B is
less noticeable. In turn, the simultaneous increasing of both vari-
ables leads to higher TG conversion values.

In the case of FAME yield, only two effects have P-values less
than 0.05, indicating that there is a statistically significant rela-
tionship between the variables at the 95.0% confidence level. Eq.
(26) shows the linear model obtained to adjust the data and Table 5
Table 3
Experimental results of catalytic test: triglyceride conversion and FAME yield (re-
action time: 60min, temperature: 100 �C).

Test Experimental variables Experimental
results (%)

Catalyst loading (%) methanol/oil
molar ratio (mol:mol)

XTG YFAME

1 3 20 72 37
2 3 30 80 47
3 5 30 82 57
4 3 20 73 37
5 3 10 72 37
6 5 10 77 44
7 1 10 42 20
8 1 30 71 34

Table 4
Standard errors, t values and p values of all the coefficients obtained with the
quadratic model for TG conversion.

Parameter Standard Error T Statistic P-Value

CONSTANT 5.98545 3.37265 0.0433
A 3.97663 6.08393 0.0089
B2 0.00658796 6.0545 0.0090
A B 0.0775511 �3.80846 0.0318
A2 0.563873 �3.69181 0.0345
shows the standard errors, t values and p values of the coefficients.

YFAME ¼ 8:44þ 5:89Aþ 0:65B (26)

The R2 statistic indicates that the model as fitted accounts for
96.04% of the variability in YFAME, thus a good fit of the selectivity
values was obtained with this simple model. Fig. 1 b presents a
response surface plot obtained from Eq. (26). It shows that both
variables have a significant effect on YFAME in the studied range. The
highest yield was obtained for the highest values of each variable.

The maximum values of TG conversion and FAME yield were
achieved with the studied maximum value for each factor (A¼ 5%,
B¼ 30mol:mol). It can be observed that an increase in the meth-
anol/oil molar ratio generates a positive effect on both studied re-
sponses. This behavior is typical of reversible reactions, where an
excess of reactants will favor the product formation.

On the other hand, Fig. 2 shows the parity plot of the calculated
vs. experimental TG conversion (a) and FAME yield (b) for all the
experimental tests. It can be observed a suitable fit of the experi-
mental data.
4.2. Initial rates

Initial rates were evaluated as turn over frequencies (TOF,
calculated as reacted TG moles per mole of catalyst per time).
Table 6 shows initial TOF values at different catalyst loadings (A)
and methanol/oil molar ratios (B).

Equation (27) describes the relationship between the TOF and
the studied variables; it was obtained by fitting the data with a
second-order model and refined to include only significant vari-
ables. Table 7 shows the standard errors, t values and p values of all
the coefficients.

TOF
�
s�1

�
¼ 0:065� 0:034Aþ 0:004Bþ 0:005A2 � 0:001AB

(27)

Since the ANOVA P-value is less than 0.05, there is a statistically
significant relationship between the variables at the 95.0% confi-
dence level. The R2 statistic indicates that the model explains ac-
counts for 98.8% of the variability in TOF. Fig. 3 shows a response
surface plot obtained from Eq. (27), where reaction time was set at
20min and the other factors were varied.

Fig. 4 shows the calculated vs. experimental TOF. It can be
observed that the model describes satisfactorily the TOF behavior.

In a previous work [26], it was shown that Zn stearate is
completely dissolved in oil and FAME and it is insoluble in meth-
anol and glycerol at reaction temperature. Thus, the reaction was
carried out in two immiscible liquid phases, with the catalyst dis-
solved in the non-polar phase. On the other hand, as previously
mentioned, the triglyceride conversion and FAME yield were in-
dependent of the agitation rate above 500 rpm, ensuring that there
was no external mass transfer resistance [26]. When Fig. 3 is
analyzed, it can be observed that an increase in the reactant molar
ratio produces an improvement in TOF, and this effect is more
marked at low catalyst loadings. However, the TOF values notice-
ably decrease as the amount of catalyst is increased (at constant
methanol/oil molar ratio).

This behavior could be explained by the formation of a self-
organized system (i.e. a macroemulsion), which under some cir-
cumstances, hinders contact between the reactants. Zinc stearate
has both hydrophilic (the carboxylate) and hydrophobic (the long
hydrocarbon chain) groups. Therefore, the catalyst can interact
with both phases in the reactant medium in order to partially avoid
phase separation and stabilize the thermodynamically unstable
systems.



Fig. 1. Response surface for the triglyceride conversion (a) and FAME yield (b) in the transesterification of soybean oil (reaction time: 60min). Variables: A: catalyst loading (%) and
B: methanol/oil molar ratio (mol:mol).

Table 5
Standard errors, t values and p values of all the coefficients obtained with the
quadratic model for TG conversion.

Parameter Standard Error T Statistic P-Value

CONSTANT 2.99588 2.81692 0.0372
A 0.643619 9.14944 0.0003
B 0.105102 6.15272 0.0016
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It is known that the emulsion reaction medium is favorable for
the improvement of the mass diffusion limitations in liquid
multiphase systems caused by reactants being located in the
different phases [38,39]. It has been reported that the formation of
more emulsion droplets with smaller size can efficiently disperse
Fig. 2. Parity plot of the calculated vs. experime

Table 6
Experimental results of catalytic test: turnover frequency.

Test Experimental variables

Catalyst loading (%) meth

1 3 20
2 3 30
3 5 30
4 3 20
5 3 10
6 5 10
7 1 10
8 1 30
the substrate in the emulsion droplets, increasing the initial rate
[40]. In this case, the increase of the catalyst loading originated
fewer droplets with a bigger size (next section).

According to Fig. 3, when high catalyst concentrations are used
in the reaction test, apparently the catalyst is not properly used in
terms of initial rate. This issue will be studied in the next section.
4.2.1. Droplet size measurement
Fig. 5 shows images of the microstructures of the four oil-

methanol mixtures (described in Section 2.4) captured under an
optical microscope. They reveal the presence of spherical droplets
surrounded by a continuous phase. As it can be observed, the center
of the droplets is dark (corresponding to previously-colored
methanol), indicating that the dispersed phase is alcohol and the
ntal TG conversion (a) and FAME yield (b).

Experimental results

anol/oil molar ratio (mol:mol) TOF (s�1)

0.029
0.048
0.019
0.036
0.027
0.013
0.062
0.123



Table 7
Standard errors, t values and p values of all the coefficients obtained with the
quadratic model for TOF.

Parameter Standard Error T Statistic P-Value

CONSTANT 0.0131868 4.93708 0.0159
A 0.00697677 �4.90915 0.0162
B 0.000496894 7.10245 0.0057
A2 0.00102867 4.67838 0.0184
A B 0.000145476 �4.72587 0.0180

Fig. 3. Response surface for the TOF using a quadratic model. Variables: A: catalyst
loading (%) B: and methanol/oil molar ratio (mol:mol).

Fig. 4. Parity plot of the calculated vs. experimental TOF.
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continuous phase is the oil. A water-in-oil (W/O) emulsion is
sometimes called an inverse emulsion, where the hydrophobic tails
of the catalyst are in contact with the oil and the hydrophilic heads
are in contact with the dispersed phase (scheme in Fig. 6). Whether
an emulsion of oil and water turns into a W/O emulsion or an “oil-
in-water” emulsion depends on the volume fraction of both phases
(equal in this case) and the type of surfactant present in the
emulsion. For this system, the Bancroft rule applies and the phase
in which the Zn stearate is more soluble constitutes the continuous
phase.

The pictures in Fig. 5 show that the samples were polydisperse
emulsions with different oil droplet sizes. Table 8 shows the d32
diameters of the droplets and the arithmetic mean diameter, which
were measured using image analysis of the microstructures. The
arithmetic mean diameters of the droplets varied between
22.3± 1.6 and 64.1± 14.1 mm, while the d32 presented values be-
tween 39.5 and 108.7 mm. These values are much higher than the
arithmetic mean diameters since the volumetric diameter confers
more weight to the larger drops. The largest and smallest droplet
sizes were observed for samples with 5% and 1% of catalyst,
respectively. Due to the observed droplet sizes, the emulsion can be
considered a macroemulsion, and it remains stable due to the
presence of the zinc carboxylate (anionic surfactant) [41]. When
0.5% of catalyst was analyzed, no emulsion was formed. Thus, for
this system, the critical micelle concentration of zinc stearate is in
the range of 3.2e6.5mM, according to reported values for anionic
surfactants [42].

In the sample without catalyst, once the agitation was stopped,
all the droplets coalesced, and two continuous phases were formed
instead of a dispersed phase in a continuous phase, as shown in
Fig. 5 d.

This observation allows us to infer the behavior of the catalyst
and reactants/products in the reaction medium. It appears that the
higher the catalyst loading, the larger the size of the observed
droplets. This behavior was previously reported by Lucena et al.
[43] for the micellar system formed by a non-
ylphenolpolyethoxylated surfactant (Ultranex-50) in organic sol-
vents (octane, decane and dodecane), using ethylene glycol
monobutyl ether as polar additive. They observed that the reverse
micelle size (hydrodynamic radius) significantly increased with
surfactant concentration for all the solvents used.

Water-in-oil (W/O) emulsions are not so studied as oil-in-water
emulsions. In general, W/O emulsions present low stability because
of the high mobility of water droplets, which can easily sediment,
flocculate or coalesce [44]. In the case presented in this work, the
macroemulsion is remarkably stable. A better understanding of the
interactions between the components of this emulsion would help
to understand themass transfer phenomena that affect the reaction
system, which would have great applicability due to its good per-
formance with low-cost oils [32].

4.3. Kinetic modelling

The models were applied for correlating the experimental data
obtained at different catalyst loadings and reactant molar ratios.
Model 1 assumes a complete mixing of the dissolved catalyst with
the reactants and a second-order mechanism for the forward and
reverse reactions, where the reaction system could be described as
a pseudo-homogeneous catalyzed reaction. Model 2 assumes that
the catalyst is dissolved in the reaction medium, and that it is part
of a self-organized system, with mass transfer resistance in the
boundary layer around the droplets.

The kinetic parameters fitted for both kinetic models are shown
in Table 9. The estimates of the kinetic constants were significantly
different from zero. The coefficient of determination (r2) gives the
fitting quality (i.e., the percentage of explanation of the total data
variation around the observed average value). R2 presented values
of 0.92 and 0.96 for Model 1 and 2, respectively. Additionally, when
various different models are compared, the most significant one is
that which leads to the highest value of the model selection crite-
rion (MSC). This parameter was 2.6 and 3.1 for Model 1 and 2,
respectively.

The best agreement between the experimental data and pre-
dicted values (high r2 and MSC values, positive estimates, and
positive left limits at 95% confidence or more) was obtained with
Model 2. In summary, the best model to interpret the trans-
esterification of vegetable oil catalyzed by Zn stearate is that which
considers the formation of a self-organized system, due to the
chemical nature of the catalyst, and the mass transfer resistance in
the boundary layer around the droplets.

Table 9 shows the following relationship between the kinetic
constants involved in the transesterification reaction at the studied
temperature (for Model 2):

k3> k1> k2 and k-3> k-1> k-2
The equilibrium constants determined at 100 �C have the

following order:
Keq,2> Keq,1> Keq,3



Fig. 5. Optical microscopy images (x160) of different samples composed by methanol, soybean oil (molar relation: 30) and 1% (a), 3% (b), 5% (c), and 0% (d) of zinc stearate. Scale
bar¼ 100 mm.

Fig. 6. Schematic model of the organized system presented in the reaction volume.

Table 8
Mean droplet diameter, d32 and arithmetic, of W/O emulsions stabilized by the Zn
stearate.

Sample Diameter (mm)

d32 Main arithmetic

1% 39.5± 4.6 22,3± 1,6
3% 58.8± 8.8 33,9± 3,94
5% 108.7± 25.7 64,1± 14,1

Table 9
Kinetic parameters fitted for Models 1 and 2, with the corresponding confidence
intervals of 95%, for soybean oil transesterifcation catalyzed by Zn stearate. Tem-
perature: 100 �C.

Parameter Model 1 Model 2

MSC 2.6 3.1
r2 0.92 0.96
k1 (l2mol�1min�1g�1) 2.74 10�1 ± 7.47 10�5 1.74 10�4 ± 1.73 10�6

k2 (l2mol�1min�1g�1) 2.26 10�1 ± 6.97 10�5 1.57 10�4 ± 1.26 10�6

k3 (l2mol�1min�1g�1) 4.96 10�1 ± 4.56 10�4 2.68 10�4 ± 1.69 10�6

k-1 (l2mol�1min�1g�1) 1.49± 1.89 10�3 3.43 10�4 ± 1.66 10�5

k-2 (l2mol�1min�1g�1) 4.17 10�1 ± 1.01 10�3 2.87 10�4 ± 9.24 10�6

k-3 (l2mol�1min�1g�1) 2.32± 2.93 10�3 1.30 10�3 ± 1.13 10�5

Keq,1 0.184 0.508
Keq,2 0.543 0.549
Keq,3 0.214 0.206
a e 1.18 10�2

b e �2.61 10�3
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Due to the nature of the studied catalyst, it is not easy to
compare these results with the values found in the literature. For
the same reaction catalyzed by zinc aluminate [45], the following
kinetic constants were reported: k1¼3.4 10�8, k2¼1.4 10�8,
k3¼1.1 10�7, k-1¼9.0 10�9, k-2¼1.7 10�8 and k-3¼ 9.2 10�8

l2mol�1min�1g�1 (at 100 �C). These values are significantly lower
than those found in this work, highlighting the good activity of the
Zn carboxylate that is dissolved in the reaction medium, but that
can be easily separated after use.

In the case of reference [41], the equilibrium constants Keq,1,
Keq,2 and Keq,3 were 0.1, 0.76 and 0.33, respectively. On the other
hand, Karmee et al. [46] reported Keq,1¼0.15, Keq,2¼ 0.79 and
Keq,3¼ 0.11, also at 100 �C. The results presented in this work are in
good agreement with those values.

The results obtained with the proposed model under different
experimental conditions for the transesterification of soybean oil
with methanol are presented in Figs. 7 and 8, where the dashed
lines correspond to the calculated values, and the symbols



Fig. 7. MODEL 1 - Product and reactant distribution in the transesterification of soybean oil catalyzed by zinc stearate at 100 �C. Operating conditions: (a) Catalyst loading¼ 3%,
methanol/oil molar ratio 30; (b) Catalyst loading¼ 1%, methanol/oil molar ratio 10; (c) Catalyst loading¼ 5%, methanol/oil molar ratio 30; (d) Parity plot of the calculated vs.
experimental concentrations. Ref.: Curves: simulation, Symbols: experimental data, CTG; - DG; A FAME; : MG; x GLY.

Fig. 8. MODEL 2 - Product and reactant distribution in the transesterification of soybean oil catalyzed by zinc stearate at 100 �C. Operating conditions: (a) Catalyst loading¼ 3%,
methanol/oil molar ratio 30; (b) Catalyst loading¼ 1%, methanol/oil molar ratio 10; (c) Catalyst loading¼ 5%, methanol/oil molar ratio 30; (d) Parity plot of the calculated vs.
experimental concentrations. Ref.: Curves: simulation, Symbols: experimental data, CTG; - DG; A FAME; : MG; x GLY.
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represent the experimental data. There is a reasonable fit between
the models and the experimental data, especially in the case of
Model 2. It can be observed that Model 2 satisfactorily describes the
transesterification kinetics for this catalyst. This is confirmed in
Fig. 8 d for all the experimental tests.
In the case of FAME concentrations at A¼ 1% and B¼ 10

(Fig. 7b), it can be observed that Model 1 predicts a lower con-
centration than the experimental data. These results correspond to
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the operating conditions with the lowest catalyst loading and
methanol concentration. At a low catalyst concentration, with a
smaller droplet size, the mathematical model appears to underes-
timate the FAME generation and the oil conversion. The same
behavior was observed with the test at A¼ 1% and B¼ 30 (not
shown in this manuscript).

Regarding the mass transfer coefficient, k, for the glycerides and
FAME in the proximity of the surface of the drop, the values of a and
b constants (in Eq. (22)) were statistically significant:

k ¼ 1:18 10�2 � 2:61 10�3:m (28)

k value is expressed as l/min. g and its value was 0.01, 0.005 and
0.001 for 1, 3 and 5% catalyst, respectively. It is observed that k

increases as the catalyst loading decreases, which is in perfect
agreement with the previous observation, where TOF decreases
with the catalyst loading.

This would indicate that an increase in the catalyst loading leads
to more important diffusional problems, with an increase in the
mass transfer resistance due to the formation of bigger droplets in
themacroemulsion, thusmaking the contact between the reactants
more difficult. However, if the overall reaction system is consid-
ered, an increase in the catalyst loading generates an increase in
triglyceride conversion. That is to say, globally the effect of the
increase in the amount of catalyst on the conversion is greater than
on the mass transfer resistance. In previous studies, the effect of
methanol concentration was considered in Eq. (28), but the
mathematical calculus indicated that its effect was negligible.

The mathematical model is a very useful tool to generate
operating strategies for the reaction process. From the data re-
ported in this study, it was possible to determine by simulation
that, a maximum FAME yield of 90% can be obtained at 100 �C and
360min (A¼ 3%, B¼ 30) in one stage. In biodiesel industrial plants,
it is desirable to reach high conversion in short reaction times. To
achieve this aim, two-step batch-wise operating units are
frequently used, with each step consisting of a batch reactor and a
settling tank (for glycerol separation). In the present case, a FAME
yield of 90% can be obtained using a two-stage process for a shorter
reaction time (120min in each stage), saving 120min of reaction
time of the transesterification reaction at 100 �C, and the corre-
sponding energy cost. Compared with the conventional base ho-
mogeneous process, the advantage of our proposed model is that it
is not necessary to add more catalyst, and better-quality glycerol
can be obtained. The concentration of FAME required according to
ASTM D6751 is 96.5%. By three reaction stages of 120min each, it
was possible to achieve a TG conversion of 99% and a FAME yield of
96%, according to the results of Model 2, for a reaction with 3%
catalyst loading and alcohol to oil molar ratio of 30.

5. Conclusion

Due to environmental restrictions, fuel production using
renewable resources such as vegetable oils is considered. Soybean
oil is one of most used oils in the synthesis of biodiesel.

The purpose of this study was to gain a better understanding of
the performance of zinc stearate as an environmentally-friendly
catalyst in the transesterification of soybean oil with methanol.
Experimental and theoretical studies were carried out using
Response SurfaceMethodology and kinetic modelling. Based on the
data presented, the following conclusions may be drawn:

1. An increase in the catalyst concentration and reactant molar
ratio enhanced the triglyceride conversion and FAME yield. The
obtained results also showed that an increase in catalyst con-
centration decreased the initial TOF.
2. The latter was related to the formation of an inverse emulsion
due to the surfactant properties of the catalyst. It was observed
that the increase in catalyst loading produced fewer droplets
with larger size.

3. The kinetics of soybean oil transesterification catalyzed by zinc
stearate was modeled considering a second-order mechanism
for the forward and reverse reactions, where the reaction sys-
tem can be described as a pseudo-homogeneous catalyzed re-
action. The best model for interpreting the experimental results
was the one that considered the formation of a self-organized
system, due to the chemical nature of the catalyst, with mass
transfer resistance in the boundary layer around the droplets.

4. The simulated results were in agreement with the experimental
data.

5. The kinetic parameters and the proposed reactor model can be
used to generate operational strategies, such as operating with
two reactors in series. In this way, the strategies can be proposed
to achieve biodiesel within international quality standards such
as ASTM. The catalyst can be recovered after reaction, and bio-
diesel of better quality could be obtained.

This work demonstrates that emulsion catalysis is a very useful
strategy for the production of biodiesel.

Considering the need for low-cost fuel with low environmental
impact, futureworkswill focus on the application of zinc stearate as
catalyst to obtain second-generation biodiesel at different tem-
peratures and reaction time in order to achieve biodiesel of stan-
dard quality.
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