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This study aimed to analyze the influence of stirring and mixing on the production of soybean biodiesel. It
was verified the influence of the baffle, different stirring speeds and two types of impellers (turbine and
blade). The experiments were conducted by full experimental design 2* with the following fixed param-
eters: temperature (70 °C), oil/ethanol molar ratio (1/10), catalyst amount (1.5%), and reaction time (30
min). The independent variables were impeller type (turbine or blade), baffle (presence or absence), and

gey‘f"ode:_ stirring speed (150 or 350 rpm). Chromatographic analyses helped to determine the yield of biodiesel
ptimization production at different operating times. The optimized parameters turbine impeller, absence of baffle,
Stirring .. . . .. . e . .
Biofuels and stirring speed of 350 rpm provided high biodiesel yields within the first minutes of reaction. The
Production analysis of the effect over time allows to verify in which period the variables had more influence on

the biodiesel production and in which time there is no increase of the yield.
© 2018 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Energy is indispensable for maintaining a high standard of liv-
ing. Fossil fuels have an unstable cost and generate large amounts
of pollutants, which motivates researchers to pursue the develop-
ment of renewable energy technologies (Bokhari et al., 2017,
2016). Biodiesel has a strong potential of alternative fuel to replace
diesel fuel because it is renewable, biodegradable, non-toxic and
reduces sulfur oxide (SOx) emissions, contributing to environmen-
tal protection (Asif et al., 2017; Chuah et al., 2017).

The wide range of feedstocks available worldwide (Adewale
et al., 2015) has been one of the factors driving researchers’ atten-
tion toward biodiesel production. For a feedstock to be applied in
biodiesel production, it must have two very important characteris-
tics: low production cost and potential for high-scale manufacture.
The availability of feedstocks depends on regional weather, geo-
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graphical location, local conditions of the soil, and agricultural
practices (Atabani et al., 2012). The use of cheaper feedstocks allow
for economical and competitive biodiesel production. Oil seeds
have been constantly investigated as a source of biodiesel. In this
context, soybean stands out because it does not pose any technical
limitations and there is enough arable land worldwide to support a
program that includes blends of biodiesel and conventional diesel
(Ma and Hanna, 1999).

Biodiesel is most commonly produced by transesterification.
This method is based on the conversion of triglycerides to fatty
acid esters and glycerin by reaction of triglycerides with a low-
molecular-weight alcohol, such as methanol and ethanol, in the
presence of homogeneous (Atadashi et al., 2013; Hossain et al.,
2010) or heterogeneous (Xie et al., 2015a, 2015b; Xie and Fan,
2014; Xie and Wang, 2014; Xie and Zhao, 2013) catalysts. The reac-
tion is sensitive to variations in alcohol type, alcohol proportion,
catalyst, stirring/stirring, temperature, and time (Stamenkovic
et al., 2007).

Many factors can affect biodiesel production, so optimizing the
process is important to achieve better yields with lower costs
(Dharma et al., 2016; Xie et al., 2015a, 2015b; Xie and Fan, 2014;
Xie and Wang, 2014; Xie and Zhao, 2013). The experimental design
method is usually employed to guide optimization studies—assess-
ing the influence of operating variables on the responses aids
optimization of the experimental variables and produces effective
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Table 1 Table 3
Levels of parameters used in the full factorial design. Experimental design matrix.
Level Baffle Impeller Stirring Speed Experiment Baffle Impeller Stirr. Speed
-1 With Turbine 150 rpm 1 -1 -1 -1
+1 Without Pitched blade 350 rpm 2 1 -1 -1
3 -1 1 -1
4 1 1 -1
5 -1 -1 1
Table 2 6 1 -1 1
Turbine impeller and pitched blade impeller dimensions according Fig. 1. 7 -1 1 1
8 1 1 1
Impeller n L w d D
Turbine 6 1/4D 1/5D 2/3D 5cm
(1.25 cm) (1cm) (3.33cm)
Pitched blade 4 3/10D 1/5D - 5cm 2.2. Biodiesel production
(1.5cm) (1 cm)

results. This method is widespread and has been adopted in many
research papers dealing with biodiesel production, such as the
papers by Dharma et al. (Dharma et al.,, 2016), Sakdasri et al.
(Sawangkeaw and Ngamprasertsith, 2016), Maneechakr et al.
(Maneechakr et al., 2015), Maran and Pryia (Prakash Maran and
Priya, 2015), Liu et al. (Liu et al., 2015), Yu et al. (Yu et al., 2015),
Huerga et al. (Huerga et al., 2014), Orives et al. (Orives et al.,
2014), Patle et al. (Patle et al., 2014), Costa et al. (Costa et al,,
2013), and Silva et al. (Da Silva et al., 2011), among others. Never-
theless, few of these papers have evaluated the kinetics of the
transesterification reaction by experimental design.

This study aimed to assess the dynamics of biodiesel production
from soybean oil by experimental design. We assessed the effect of
the following parameters on soy biodiesel production: impeller
type (turbine or blade), presence or absence of baffle, and stirring
speed (150 or 350 rpm). The experiments were carried out by using
the full experimental design 23; the fixed parameters were as fol-
lows: temperature (70 °C), oil/ethanol molar ratio (1/10), catalyst
amount (1.5%), and reaction time (30 min).

2. Methods
2.1. Soybean oil characterization

Soybean oil was submitted to physical-chemical analyses. The
following parameters were examined:

e Viscosity (measured according to ASTM D 445 (ASTM, 2006)).
e Freezing Point (IAL, 2011).

e Density (measured according to ASTM D 4052 (ASTM, 2011)).
o Acidity value (IAL, 2011).

e Saponification Index (IAL, 2011).

e Moisture (measured according to ASTM D 6304 (ASTM, 2007)).

To determine the experimental conditions that maximized the
synthesis of biodiesel by transesterification and to evaluate the
influence of selected variables, a full factorial design with two
levels and three variables was performed. The variables studied
in this phase were impeller type, presence or absence of baffle,
and stirring speed. The fixed parameters were temperature (70
°C), oil/ethanol molar ratio (1/10), catalyst amount (1.5%), and
reaction time (30 min). These variables were fixed because we
were only interested in verifying how stirring influenced the pro-
cess; we were not interested in the influence of any other param-
eters. Table 1 lists the limits associated with each stirring variable.
The lower and upper limits are represented by —1 and +1,
respectively.

The following types of impellers were used: turbine and pitched
blade. Table 2 shows the number of blades and the size of each
impeller. Fig. 1 illustrates the dimensions of the impellers used
in the experiments. Table 3 depicts the experimental design matrix
23. The experiments were performed randomly, so the numbering
does not match the order in which the experiments are conducted.
Soy ethyl biodiesel will be produced.

Soy biodiesel was obtained by transesterification according the
process flowsheet displayed in Fig. 2; ethanol was the alcohol
agent, and sodium hydroxide was the catalyst. Transesterification
was accomplished by using 800g of soybean oil (molecular
weight = 884 g/mol), 416.3 g of anhydrous ethanol (oil/alcohol
molar ratio = 1:10), and 12 g of NaOH (equivalent to 1.5% of oil,
m/m). First, NaOH and ethanol were mixed to form a homogeneous
mixture. Meanwhile, soybean oil was placed in a 2-L glass reactor
equipped with a water circulating jacket and a mechanical stirrer.
The reactor was connected to a thermostatic bath (Model TE-184)
operating at a temperature of 70 °C. After the reactor reached this
temperature, the mixture containing the catalyst and ethanol was
added to the oil under stirring (150 or 350 rpm), as monitored by a
digital multimeter (Model ET-14000). The reaction lasted 30 min.
During the experimental run, samples were collected at t; =0.5

Fig. 1. Turbine impeller (left) and blade impeller (right).
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Fig. 2. Process flowsheet.

Table 4
Soybean oil physico-chemical proprieties.

Propriety Obtained Values  Literature Values
Viscosity. 40 °C (cst) 39.01 32.7 [31]
Freezing Point (°C) <-8 -12.2 [11]
Relative density. 20 °C 0.919 0.919-0.925 [32]
Relative density. 25 °C 0.916 0.916-0.922 [32]

Acidity index (g of oleic acid/100g)  0.16 <0.3[32]
Saponification index 180 189-195 [32]
Humidity (%) 0.068 <0.05 [33]

Table 5
Soybean biodiesel physico-chemical proprierties.

Propriety Obtained Values Literature Values (32)
Viscosity. 40 °C (cst) 5.0625 3.0-6.0

Density. 20 °C (g/cm?) 0.8734 0.850-0.900

Acidity index (mg KOH/g) 3.08 <0.5

Humidity (%) 0.1 <0.05

min, t, =1min, t3=1.5min, t;=2min, ts;=3 min, tg=4 min,
t; = 5 min, tg = 10 min, tg = 20 min, and t;o = 30 min. All the analy-
ses were performed in duplicate, and the percentage error was
below 5%.

At the desired time, 10 mL of the reaction mixture was with-
drawn from the reactor and added to a tube containing 2.5 mL of
diluted (1:100) sulfuric acid, which promoted phase separation.
The less dense phase contained ethyl esters (biodiesel), unreacted
excess alcohol, and catalyst. The denser phase consisted of
glycerin, soap, unreacted excess alcohol, and catalyst.

The tube was centrifuged in the centrifuge Petro Teste Model
15H-6. The biodiesel phase was retrieved, and its pH was
measured. When the pH value did not fall between 5 and 7, the
biodiesel was washed with distilled water until the target pH
was achieved. After the washings, magnesium sulfate was added
to the biodiesel, to remove moisture. The drying agent was then
separated from the biodiesel by simple filtration.

The yield of biodiesel production from soybean oil was deter-
mined by gas chromatography conducted on a chromatograph
VARIAN, model CP-3800 equipped with an FID detector and a
2.3-m capillary column. The detector and injector temperatures
were 250 and 240 °C, respectively. The oven temperature was pro-
grammed to rise from 150 to 260 °C at a heating rate of 10 °C/min.
Glyceryl trioctanoate (tricaprylin) was used as internal standard;
high-purity hydrogen gas (99.95%) was used as a carrier gas. The
samples injected into the chromatograph were prepared from a
mixture of approximately 0.15 mL of biodiesel and 1 mL of stan-
dard solution (tricaprylin and hexane). One microliter of the sam-
ple was injected into the chromatograph. Analyses were performed
in duplicate. The yield of esters was calculated using Eq. (1).

Yleld(%) = (mtricaprylin x As Xf X 100)/(Atricaprylin X ms) (1)

where

Miricaprylin 1S the internal standard mass;

As is the sum of the areas of the peaks due to esters present in
the sample;

fis the response factor;

Arricapryiin 1S the area of the peak corresponding to the internal
standard;

ms is the mass of the sample.

2.3. Soy biodiesel characterization

The same methodologies described in Section 2.3. for soybean
oil characterization were used to characterize the biodiesel. Viscos-
ity, density, moisture content, and acidity were determined.

3. Results and discussion
3.1. Soybean oil characterization

Table 4 summarizes the physical-chemical properties of soy-
bean oil. The results resembled literature data. The saponification
index was slightly below the literature value, whereas viscosity
and moisture were slightly above. The dynamic viscosity of the
oil was higher than the viscosity of diesel fuel, from 1.9 to 4.1 cst

Table 6

Average yield (%) obtained in the experimental runs.
Experiment Number t ty t3 ty ts ts t; tg to tio

0.5 1 1.5 2 3 4 5 10 20 30

1 94.2 98.8 99.2 98.5 98.2 98.4 98.9 99.2 99.8 99.2
2 66.2 74.1 83.2 92.2 98.9 98.5 99.2 99.6 99.9 99.8
3 77.5 89.2 93.2 93.2 92.9 93.5 93.8 95.1 94.9 95.3
4 80.3 89.3 96.2 99.8 99.6 99.5 99.8 99.8 99.9 99.9
5 86.4 98.5 98.3 98.9 98.9 99.2 99.1 99.0 99.2 99.2
6 86.5 924 97.3 98.9 99.8 99.5 99.8 99.2 99.6 99.8
7 71.7 79.8 85.8 90.5 95.9 98.7 99.8 99.5 99.6 99.6
8 79.5 85.8 88.3 90.2 93.1 94.9 96.2 98.8 99.1 99.6
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Fig. 3. Yield x Time graph for all the 8 experimental runs.
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Fig. 4. Main effects over time for baffle, impeller and stirring speed.

(Ma and Hanna, 1999). To analyze the freezing point, soybean oil
was refrigerated to —8 °C. No crystals emerged. The differences
between the values observed herein and literature data may lie
on differences in soybean oil purity and in measurement methods.

3.2. Soy biodiesel characterization

Table 5 displays the physical-chemical parameters of the soy
biodiesel obtained in experiment 2, which afforded yield of
99.8%. The viscosity and density values agreed with the values
advocated by the Brazilian Agency of Petroleum, Natural Gas and
Biofuels (ANP) (Brasil, 2012), the regulatory agency in Brazil. The
acidity index and moisture content were high.

3.3. Biodiesel production

Table 6 shows the biodiesel yields obtained at different reaction
times. Fig. 3 displays the biodiesel yields as a function of time for
the eight test runs. At the beginning of transesterification, the
yields varied. Approximately after four minutes of the start of the
reaction, high yields were achieved. Yields did not change signifi-
cantly thereafter. To obtain more reliable results for the interaction
between variables, we performed a full factorial design 2> involv-
ing three variables (impeller type, presence or absence of baffle,
and stirring speed) in two levels, which amounted to eight exper-
iments. All the analyses were conducted in duplicate, with 95%
confidence interval.

The main effects were calculated (see Fig. 4). Interactions
between the variables baffle (presence or absence) and impeller
type, baffle (presence or absence) and stirring speed, and impeller
type and stirring speed were determined. The effects were evalu-
ated at t; =0.5 min, t; =1 min, t3 = 1.5 min, ty, =2 min, t; =3 min,
ts =4 min, t; = 5 min, tg = 10 min, tg = 20 min, and t;¢ = 30 min.

At 0.5, 1, and 1.5 min, the presence of baffle decreased soy bio-
diesel yield by 4.5%, 6%, and 3%, respectively. After two minutes,
the presence of baffle exerted no further effect on soy biodiesel
yield.

13

941 —=
§ 4] [ Baffle
E 0 d u Baffle and impeller
=

4 ® Baffle and stirring speed

-9

05 1 15 2 3 4 5 10 20 30
Time (min)
Fig. 5. Main effect and interaction effects for baffle.

15

10
9 5 Impeller
é I ® Baffle and impeller
£ 0 N HR U MR B Bk B
= I ® [mpeller and stirring speed

5 4

-10

05 1 15 2 3 4 5 10 20 30
Time (min)

Fig. 6. Main effect and interaction effects for impeller.

As for the impeller type, going from the lower level (turbine
impeller) to the upper level (paddle impeller) diminished soy bio-
diesel yield at all times. At 0.5 min (30 s), the yield decreased 6% on
average. Hence, the turbine impeller afforded better soy biodiesel
yields throughout the reaction. Frascari et al. (Frascari et al,
2009) obtained the same result when they evaluated three types
of impellers—turbine (radial flow), inclined blades (axial flow),
and turbine with angled blades (radial-axial flow). They found that,
depending on the impeller type, the reaction time could reduce
drastically, and different reaction phases could emerge.

Changes in the stirring speed elicited very small alterations
(Fig. 5). Increasing stirring speed raised soy biodiesel yields
because higher stirring speeds favored collisions between soybean
oil and alcohol molecules during the reaction. This result agreed
with literature reports. For example, Noureddini and Zhu
(Noureddini and Zhu, 1997), Ma et al. (Ma et al., 1999), and Sta-
menkovic et al. (Stamenkovic et al., 2007) described that the stir-
ring speed significantly affected the transesterification reaction.
Here, the interaction between the variables baffle (presence or
absence) and impeller type affected transesterification to a larger
extent than baffle alone (presence or absence).

As for interactions between variables (see Fig. 5), going from the
lower level (without baffle and 150 rpm) to the higher level (with

5 Stirring speed

g

z2 90 u Baffle and stirring

S "TITT speed

=

= P

-5 ® Impeller and stirring

speed

05 1 152 3 4 5 10 20 30
Time (min)

Fig. 7. Main effect and interaction effects for stirring speed.
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Fractions of oil mass in function of reactions time.

Experiments

Time (min) 1 2 3 4 5 6 7 8

0 0.6548 0.6548 0.6548 0.6548 0.6548 0.6548 0.6548 0.6548

0.5 0.0376 0.2204 0.1465 0.1282 0.0884 0.0878 0.1844 0.1335

1 0.0076 0.1687 0.0702 0.0695 0.0095 0.0493 0.1315 0.0923

15 0.0050 0.1093 0.0441 0.0245 0.0108 0.0174 0.0923 0.0760

2 0.0095 0.0506 0.0441 0.0011 0.0069 0.0069 0.0617 0.0636

3 0.0115 0.0069 0.0460 0.0024 0.0069 0.0011 0.0265 0.0447

4 0.0102 0.0095 0.0421 0.0030 0.0050 0.0030 0.0082 0.0330

5 0.0069 0.0050 0.0402 0.0011 0.0056 0.0011 0.0011 0.0245

10 0.0050 0.0024 0.0317 0.0011 0.0063 0.0050 0.0030 0.0076

20 0.0011 0.0004 0.0330 0.0004 0.0050 0.0024 0.0024 0.0056

30 0.0050 0.0011 0.0304 0.0004 0.0050 0.0011 0.0024 0.0024
Table 8 Fractions of oil mass used to calculate the kinetic constants are
Kinetic constants of pseudo second order model. presented in Table 7. The kinetic constants and R? are presented in

Experiments K R? Table 8. For all reactions the R*> was equal or greater than 0.99.

1 5754 0.999 Higher values of kinetic constants indicate that the maximum oil

2 6.13 0.992 yield for biodiesel was obtained faster. It was verified that the

3 10.57 0.995 experiment 1 (without baffles, impeller turbine and 150 RPM)

4 1533 0.997 had the highest value of kinetic constant. Evaluating Table 6 it is

2 gzgf gzggg possible to corroborate the result since a yield of 94.2% was

7 7.48 0.997 obtained in t;. On the contrary, in experiments 2 (with baffles,

8 9.88 0.998 impeller turbine and 150 RPM) and 7 (without baffles, Pitched

baffle and 350 rpm) affected transesterification positively, but this
effect decayed over time: at 0.5, 1, and 1.5 min the soy biodiesel
yields increased by 8%, 6%, and 4%, respectively. After two minutes,
this interaction no longer had a significant effect on transesterifica-
tion. In other words, the presence of baffle and stirring speed of
350 rpm led to higher yields during the first minutes of reaction
only.

Fig. 6 depicts the effects of the interactions between the vari-
ables baffle (presence or absence) and impeller type and between
the variables impeller type and stirring speed as compared to the
effect of impeller type alone, all of which provided significant
results. Changing the variable impeller from the lower level (tur-
bine) to the upper level (blade) and the stirring speed from the
lower level (150 rpm) to the upper level (350 rpm) impacted soy
biodiesel yields negavely—5%, 8%, 7%, and 5% at 0.5, 1, 1.5, and 2
min, respectively. The negative effect of the impeller enhanced at
a stirring speed of 150 rpm.

Fig. 7 illustrates the effects of the interactions between the
variables stirring speed and baffle (presence or absence) and
between the variables stirring speed and impeller type as com-
pared to the effect of stirring speed alone. For the variable stirring
speed, interaction effects were more significant than the main
effect. The presence of baffle increased the positive effect of stirring
speed at 0.5 and 1 min. At 1.5, 2, and 3 min, stirring speed of 150
rpm raised the negative effect of impeller type.

3.4. Reaction kinetics

Reaction kinetics were evaluated using first and second order
models. The second order model (Eq. (2)) was the one that best
fit the experimental data. The reaction rate was calculated based
on the reduction of the fraction of oil mass.

1
1
k. (v.ﬁm) T+ Xoi
X, i the fraction of oil mass; X,; is the initial fraction of oil mass; t is

the time; k is the kinetic constant; m is the total mass (1221.25 g);
V is the total volume (1.4L); MM is the molar mass (874 g/mol).

X0 =

(2)

blade and 350 RPM) the lowest kinetic constant values were
obtained. Despite the fact that in the majority of the experiments
more than 99% of yields were obtained at the end, the data of
kinetic constant reinforce the conclusions already commented on
full factorial design about the stirring and mixture.

4. Conclusion

In the first few minutes of reaction, high oil yields in biodiesel
have already been verified. In theory, baffles should improve mix-
ing and stirring by enhancing contact between the reactants. How-
ever, baffles had no influence or even elicited undesired effects on
transesterification. Turbine impeller was more effective than pad-
dles. Higher stirring speed promoted better transesterification
yields. The optimal conditions for soy biodiesel production were
turbine impeller in the absence of baffle and stirring speed of
350 rpm.

Evaluation of soy biodiesel production process by dynamic
experimental design provides valuable information about process
optimization. Operation can be monitored during the transient
and permanent regimes, to show in which of these periods the
variables influence the process the most. Reaction kinetics rein-
force the conclusions already commented about the influence of
the stirring and mixture.
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