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Abstract - Biodiesel appears to be a likely substitute to conventional diesel. However, the main challenge has
been the creation of a competitive advantage for the biodiesel production process in terms of innovation and
efficiency. The reactive distillation technique for biodiesel production is possibly a key force to overcome this
technological issue because it combines chemical reaction and the separation process inside the same unit. This
work presents kinetic data for biodiesel production via the ethylic route and compare them with the methylic
one. It also compares experimental results in a 1.5m reactive distillation pilot plant with simulated ones in
ASPEN PLUS for ethylic biodiesel production with a molar ratio 6/1 (alcohol/oil). Kinetic parameters obtained
for the ethylic study were k = 8173dm’/(mol.min) and E, =27.48 kJ/mol. Indeed, at the bottom of a six stage
column overall the ethylic and methylic biodiesel accounted for 60.1% and 67.8%, respectively. Following this, a
sensitivity analysis considering 20 stages of equilibrium showed an ester conversion above 97%. The total energy
required to produce biodiesel via a conventional batch reactor was 1210W/h for the ethylic route and 2430 W/h
for methylic one, while it amounted to approximately 1000W/h for both routes in the reactive distillation process.

Keywords: Biodiesel; Reactive distillation; Ethanol; Experimental data; ASPEN PLUS.

INTRODUCTION

Energy security is a main issue among environmental
global politics. This is mainly due to the fact that the
need for clean and renewable sources that can mitigate
the harmful effects caused by greenhouse gases, besides
being economically viable, is a crucial challenge. The
production of diesel from diesel fuel will be jeopardized,
since this non-renewable source will become increasingly
scarce due to oil shortages. As a result, an alternative for
replacing fossil fuel diesel is the use of biodiesel obtained
from atransesterification reaction (Aranda et al., 2009;
Jain et al., 2012; Yang et al., 2012).

Indeed, this ecologically friendly biofuel is
considered to be sustainable because it has a closed
carbon cycle and it also does not add a significant
carbon fingerprint to the atmosphere compared with
diesel fuels. Other advantages of using biodiesel over
diesel include job generation in the primary sector
and the fact that it does not require modification of
conventional diesel cycle engines (Choedkiatsakul et
al., 2014; Yuste et al., 2000).

The main technical barrier is to develop a profitable
biodiesel production process. The high cost of raw
materials and subsequent unit operations required to
purify this renewable fuel have led many investors to
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avoid it. In Brazil, for example, approximately 80%
of the vegetable oil used in the biodiesel mixture is
from soybean oil. Considering the fact that soybean
is a food commodity, its price has globally increased
due to food security global policy. Furthermore, there
has been an urge for alternative vegetable oils, such as
cottonseed, canola and castor oil (Festel, 2008; Vogel
et al., 2008).

Although a batch reactor process for biodiesel
production is a well disseminated and mature
technology, it is adequate only for low production
needs. This is because among its main disadvantage is
the high cost when it comes to large-scale production,
since each reaction cycle needs approximately one hour
reaction time. Furthermore, in order to make biodiesel
economically viable it is crucial to reduce the industrial
production cost (Boon-anuwat et al., 2015; Zhang et al.,
2003). Most biodiesel studies are based on bench scale
alkali-catalyzed technology and no detailed kinetic
and equipment sizing data are available to compare
experimental results with process simulation (Machado
et al., 2013; Chang and Liu 2010).

Zhang et al. (2008) simulated an alkali-catalyzed
continuous biodiesel production by using triolein
to represent canola vegetable oil with NRTL and
UNIQUAC thermodynamic models for high non-polar
liquid components. Results of economic assessment
indicated that the raw material expenses accounted
for a major portion of the total manufacturing cost.
Glycerin is also a valuable by-product, which could
be used to reduce up to 10% of the total manufacturing
cost and the plant capacity is reported in the literature
to be a key factor in terms of economic feasibility of
the process (Qian et al., 2008; Rashid et al., 2009).

The sugar cane produced in Brazil has a major
contribution for the country, since it is expected that
by 2020 the total impact on its economy will be
approximately $ 231 billion on total output, $131
billion on the gross domestic product and $37.5 billion
in remuneration to employees (Costa and Guilhoto,
2011). Therefore, the possibility of producing
biodiesel from ethanol is in line with the country’s
natural energetic sources. The majority of studies of
biodiesel production use methanol to carry out the
transesterification reaction due to its higher reactivity
over ethanol (Souza et al., 2014). However, the main
disadvantages of using methanol include its high level
of toxicicity and the necessity to be imported in Brazil
in order to supply the local economy (Kapilakarn and
Peugtong, 2007; Souza et al., 2014). Furthemore,
the comparison between ethanol and methanol as an
option of the alcohol for biodiesel production poses a
key factor in order to evaluate the potencial to produce
this renewable fuel from sugar cane.

The use of cottonseed oil instead of virgin soybean
oil to produce biodiesel is an alternative way to

reduce feedstock cost because it is a by-product of
the cotton industry. The cottonseed accounts for 60%
of the plant while 40% is the fiber used in the textile
industry for manufacturing (Kiss, 2011). Another way
to produce biodiesel is by reactive distillation, which
is a very recent technology when applied to biodiesel
production. In recent years, reactive distillation has
shown advantages for the biodiesel production process
when compared to the conventional batch reactors.
Among them are reduced reaction time and separation
units. (He et al., 2006; Kapilakarn and Peugtong,
2007).

The reactive distillation technology applied to
biodiesel production is especially attractive because it
significantly reduces the volumetric flow of alcohol,
which is vaporized at the bottom of the column. This is
possible because it is continuously recycled at the top
of the column (Souza et al., 2014; Boon-anuwat et al.,
2015). Biodiesel is generated throughout the column
due to a counter current flow between oil moving
downwardly and the alcohol flowing upwardly. This
technique can also process a significant amount of
raw material in a short time interval as a continuous
process (Boon-anuwat et al., 2015).

In terms of economic viability, a number of authors
have highlighted that reactive distillation is potentially
low cost. Gomez-Castro et al. (2010) simulated a
modified thermally coupled reactive distillation and
concluded that this system can be designed to reduce
the energy consumption of biodiesel production at high
pressures. Machado et al. (2013) pointed out that one
of the major advantages of this technique is the energy
saving during the reboiler operation, which is crucial
for obtaining high quality esters. Souza et al. (2014)
concluded that reactive distillation is more economic
than a conventional batch process, especially in terms
of raw materials usage.

This work aimed to compare simulated and
experimental results for biodiesel production by
reactive distillation based on the methylic and ethylic
routes. All simulations were carried out in ASPEN
PLUS by considering kinetic parameters that were
obtained experimentally and from the literature.
Following this, a sensitivity analysis considering a 20
stages column was performed in Aspen Plus in order
to estimate ester conversion. It also compared the
energy comsumption of biodiesel production, which
was experimentally obtained, between a convencional
batch reactor and reactive distillation for both routes.

MATERIALS AND METHODS

Characterization of Components

It was necessary to select the main components
of the vegetable oil feedstock before performing the
process simulation. A GC-Master gas chromatograph
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with flame ionization detector and a capillary
carbowax column was the equipment used to determine
vegetable oil composition based on the triacylglycerol
composition of degummed cottonseed oil. Chemical
components for simulation in ASPEN PLUS software
do not contain all existing compounds in cottonseed
oil. However, it allows the insertion of new compounds
in its library. Table 1 shows the chemical compounds
created for this process simulation.

Table 1. Chemical compounds created for simulating
cotton seed oil composition.

Chemical Molecular
formula weight
9-Octadecenoic triglyceride (oleic)  Cs7H10406 885.43
9,'1 2-Qctadecad1en01c triglyceride Cs7HotO6 879 38
(linoleic)

Hexadecanoic acid triglyceride
(palmitic)

Octadecanoic triglyceride (stearic)
9-Octadecenoic acid, methyl ester
(oleic)

9,12-Octadecadienoic methyl ester
(linoleic)

Hexadecanoic acid methyl ester
(palmitic)

Octadecanoic acid, methyl ester
(stearic)

Component

Cs1HosO6 807.32
Cs7H10606 887.43
C19H3602 296.48

Ci9H3402 294.47
C17H3402 270.45

CioH3302 298.50

Kinetic Model for the Methylic and Ethylic Routes

For the cottonseed oil methylic transesterification
reaction a pseudo-homogeneous kinetic model was
considered (Santana et al., 2010; Perlingeiro, 2005).
Kinetic parameters were estimated from experiments
carried out in a 1 L stirred batch reactor at 40, 50 and 60
°C. The methanol/cottonseed oil molar ratio was 6/1 and
NaOH catalyst concentration was 1% (m/m) of vegetable
oil mass. All samples, collected after each 5 min of reaction
time, were purified and analyzed by gas chromatography.

The kinetic model parameters for the ethylic
route were obtained by a bench study, following a
methodology proposed by Melo et al., (2007). An
experimental planning was elaborated to obtain a first
order ethylic kinetics for transesterification that was
adjusted by multiple non-linear regressionin MATLAB
software using the FIT function (Constantinedes and
Mostoufi, 2000). It allowed determination of the global
constant value without linearization. The kinetic model
used is presented in Egs. 1, 2 and 3.

dCtg

=-k-Ctg-Ca (1)

Ca =Cao—-3-(Ctgo—-Ctg) (2)
Ea

k =ko-exp| ——— 3

o] .

where C is the triacylglycerol concentration; C_ is

g . LA,
the concentration of alcohol; C and C_ are initial
feed concentrations; k is the kinetic constant; k is the
frequency factor of the reaction rate; E_is the activation
energy and T is the temperature.

Thermodynamic Model Approach

The group contribution method modified UNIFAC-
Do (Dortmund) has been reported by a number
of researchers to be adequate for a wide range of
simulations. This is because it provides reliable results
and comprises a significant range of applicability for
solid-liquid equilibria, vapor-liquid equilibria, activity
coefficients at infinite dilution, azeotropic data, and
excess enthalpies (Gmehling et al., 2002; Kuramochi
et al., 2009; Muhammad et al., 2017). Muhammad et
al. (2017) stated that, for biodiesel modeling purposes,
the UNIFAC-Do wusually provides good results
because the deviations in terms of temperature and
vapor compositions are lower than 1.0 K and 0.020,
respectively. Furthermore, the UNIFAC-Do was
considered to represent adequately the liquid—vapor
equilibrium in this study of the biodiesel production
process.

Reactive Distillation Column Process Simulation
and Operation

Before starting the experimental analysis, a
simulation was performed inside the reactive
distillation colunm by using ASPEN PLUS. This
simulation aimed to obtain project parameters and
optimal processing conditions. It was then possible to
save reactants, money and time required to conduct the
experimental study. Simulation followed the operating
conditions of Table 2 and the experimental planning
shown in Table 3, which included oil/alcohool molar
ratio, refllux ratio and temperature at the bottom of the
column. This experimental planning was used for both
the ethylic and methylic routes.

Reflux ratio of 0.1% refers to the column operating
without reflux at the top and a reflux ratio of 100%
refers to the column operating with all alcohool excess
returning to the process. In order to meet process

Table 2. Operational data for biodiesel production
simulation from cottonseed oil by reactive distillation.

Variable Value
Oil feed flow rate 43.2L/h
Oil temperature 50°C
Oil pressure 1 atm
Mass fraction of oleic triglyceride 0.2412
Mass fraction of palmitic triglyceride 0.1375
Mass fraction of linoleic triglyceride 0.5755
Mass fraction of stearic triglyceride 0.0458
Alcohol feed flow rate 31.1L/h
Temperature of alcohol 100 °C
Alcohol pressure 1 atm
Number of Trays 6
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Table 3. Experimental planning carried out for
simulation in ASPEN PLUS.

Parameter Level (-1) Level (+1)
Molar Ratio 4/1 6/1
Reflux Ratio 0.1% 100%
Temperature 60°C 75°C

simulation requirements in ASPEN PLUS, it was
necessery to adopt 0.1% for the condition without
reflux, since this simulator does not accept lower
values.

For the experimental study a glass reactive
distillation column was built with one oil feeding point,
one alcohol feeding point and six sampling points
along the distillation column, a reflux system at the top
and a total condenser. A catalyst dosing system with
three concentration levels, reboiler, pumping system
for reactants and cooling water, volumetric flow meter
system and regulator valve to establish the molar ratio
between alcohol and oil were also integrated to the
column. The reactive distillation column was 1.5 meter
tall and 3cm in diameter. It was packed with rashing
rings of 7 mm in diameter. Simulation conditions in
ASPEN PLUS® were determined to represent the
experimental process on a laboratorial scale. Fig. 1
represents the process flowsheet used to perform the
experimental and simulation study.

« Alcohol »

Oil Stream

. i
Reactive zone | .

Figure 1. Process flowsheet adopted for the
simulation and experimental reactive distillation plant
with condensed reflux and catalyst dosage system
highlighted.

Alcohol vapor i

Product output | >

Operational Conditions of the Reactive Distillation
Column

Based on simulated results the initial experimental
tests in the reactive distillation column were
performed according to the operating parameters
established in ASPEN PLUS. Oil was initially heated
up to 50°C before being pumped to the top column
stage. Volumetric flow rates of feeding oil and ethyl
alcohol were 43.2 L/h and 31.1 L/h, respectively,

which provided a molar ratio of 6/1 (alcohol/oil).
Before entering the bottom of the column the alcohol
stream was totally vaporized after passing through the
reboiler. The average temperature of the column was
75°C and the final product was obtained at the bottom.

Ester and glycerol were generated by the
transesterification reaction due to a counter current
flow between the ascending vapor of alcohol and the
descending flow of oil and condensed ethyl alcohol.
The excess of alcohol used in the process is condensed,
and returns at the top via the reflux stream, which
receives the catalyst. The catalyst was added at the top
of the column and followed a downwardly flow, which
aimed to promote a good operating condition. The
amount added was 1% (m/m) of catalyst/oil. NaOH in
alcoholic solution generates sodium ethoxide, which
has the primary function to reduce the activation
energy, accelerating the chemical reaction. Catalyst
level variations will be considered in further studies.
The pilot plant for the reactive distillation process is
shown in Fig. 2 with the oil and vaporized alcohol
entering at the top and at the bottom of column,
respectively. Alcohol vapor provides the energy
necessary to heat the process, which is required by the
transesterification reaction. The reactive distillation
column had collecting sections spaced at 0.25 m,
accounting for six sampling points.

Excess alcohol is condensed at the top of the column,
receiving the NaOH catalyst that returns to the process
as a reflux stream. Rashing rings were used not only to
pack the reactive distillation column but also as a solid
catalyst in the reaction zone (metallic copper).

After the column reached the stationary state, a
variety of samples was collected along the 6 sampling
points, intending to evaluate ester conversion from the
top-down.

Experimental and Simulated Ester Determination

Ester conversion was determined following EN
14103 (2011) by using a Shimadzu GC-Master gas
chromatograph equiped with a flame ionization
detector and a capillary carbowax column. Sulfuric
acid was added to the samples in order to stop the
transesterification reaction. After a neutral washing
and centrifugation at 8000 rpm, the resulting salts
were separated from biodiesel. Finally, all samples
were centrifuged and dried at 120°C for four hours.

Ester simulated conversion in ASPEN Plus was
calculated based on Eq.4

F -F
%Ester = wloo (4)
tgo

in which % Ester, F, and F_are Ester conversion
percent, inicial and final mass flow rate of triglyceride
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Figure 2. Reactive distillation column for biodiesel production.

concentration in Kg/h. These simulated data were
obtained from the ASPEN Plus results interface.

Energy Assesment of the Biodiesel Production Process

The reactive distillation column used in this work
includedapower consumption controllingand monitoring
system. Furthermore, a hardware supervisory system
was developed in 3ds Max software for communication
between column and computer. This supervisory system
controlled the volumetric flow rate of oil and alcohol
feeding the column and the reflux valve of condensed
liquid at the top of the column. Indeed, it was possible
to create a process operation report, including electrical
energy consumption in real time due to temperature,
pressure and liquid level sensors that were attached to
the column. Dosage level of the catalyst in the process
and the temperature at the top and base of column could
also be specified via software.

The energy consumption for the conventional bacth
process was obtained with a stirried tank reactor of the
Strategic Technologies Center of Northeast CETENE,
which uses cotton seed oil as raw material and also has
inline sensors that indicated the power consumption
of the industrial plant. It was intended to conduct both
processes with the same operating conditions.

RESULTS AND DISCUSSION

The kinetic parameters frequency factor and
activation energy were ko = 8173dm?*/(mol.min) and

E, = 27.48 kJ/mol, for the ethylic study. These results
are the same order of magnitude reported by Melo
et al. (2007) for the methylic route, being E_ = 29.3
kJ/mol and frequency factor k, = 3320dm*/(mol.
min). Based on these data it was possible to insert the
kinetic models in ASPEN PLUS software to perform
simulations.

Although the kinetic parameters of the
transesterification reaction were not the main focus of
this work, they were obtained by experiment in order
to correctly perform all simulations in ASPEN PLUS.

It was possible to observe, due to simulated results,
that a chemical reaction was verified along the column,
varying from oil feeding point, which is located at the
top, down to the collecting point at the bottom. Initially,
alcohol was fed in the vapor phase at the bottom of the
column. After condensed liquid was recognized at the
top, the catalyst (NaOH) was released.

The total operating time was 20 minutes, indicating
that for a process operating with a reactive distillation
column, biodiesel production becomes 3 times faster
than with conventional batch reactors. Another
relevant fator was the low level of catalyst used in this

Table 4. Comparison between methylic and ethylic
route.

Results for considered routes (mli?r‘) ( J/l;:;lol)
Ethylic kinetics 8173 27480

Methylic kinetics (Melo et al., 2013) 3320 29300
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process. This is because high NaOH concentrations,
above 5% (m/m), can lead to saponification reactions.
Furthermore, the aspect of achieving ester conversion
with low rates of catalyst shows another advantage of
the biodiesel production process by reactive distillation

Ester conversion experimental and simulated results
can be seen in Table 5 and its graphical representation
in Fig. 3.

It can be noted immediately that there was a reaction
rate at the beginning of the column, accounting for
10.1% in ester for the transesterification reaction
carried out with methanol. In the following stages
it is possible to see that reaction continues to occur,
reaching 67.8 at the bottom of column. It can be noted
in Fig. 3 that the simulation curves obtained in ASPEN
PLUS® for both methylic and ethylic biodiesel are in
line with the experimental results.

70 T T T T T T
- -
——— Simulated {Ethanol) A -
gol| B  Experimental {Ethanoly PR
— — Simulatad {Mathanoly -
50 i Experimental {Mathanol) e /.&

i
~

40t

30F

Conversion (%)

1
3 35 4 45 5 55 6
Column stage

Figure 3. Experimental results compared with
simulated ones in ASPEN PLUS based on methylic
and ethylic routes.

On the other hand, the experiments based on
an ethylic route showed that ester formation at the
beggining of the first stages accounted for 7.5%. At
the end of the process 60.1% of ethylic ester was
obtained at the bottom of the column. A bi-lateral
variance t-Test was also performed in Excel for paired
samples as a comparative method in order to show
that ester conversion profiles, which were obtained by
simulation with a first-order kinetic model, represented
adequately the experimental results. The t-Test results
are shown in Table 6.

Based on the simulated and experimental results it
is possible to observe in Table 6 that the t Statistical
value found for the methylic and ethylic routes were
0.374 and 0.483, respectively. These values are lower
than the t-Critical two-tail value of 2.571, which
means that the null hypothesis of no variation can not
be rejected at a level of 95% confidence. Furthemore,
the simulated results of the ester conversion profile
throughout the column represented adequately the
experimental ones for both routes.

The presence of packing along the column
contributed to the reaction time and close contact
between reactants. The column was 1.5 m tall with
collecting sections in each 0.25 m, accounting for 6
feeding points. Simulated results for 6 stages are close
to the experimental results, suggesting a HETP of 0.25
m for the experimental column, which was obtained by
dividing the total height of the column by its number
of stages, following standard methodology (McCabe
et al., 2005).

After validating the simulated and experimental
results a simulation was performed of a 20 stage
reactive distillation plant. As a result, it was possible
to make a sensitivity analysis in order to study the
influence of variables such as reflux and molar ratio
for the ethylic and methylic routes. Fig. 4 and Fig. 5

Table 5. Comparison between experimental and simulated results along the reactive distillation column for the
biodiesel production process based on the methylic and ethylic routes.

Experimtent Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 Bottom
Ethylic experimental route 7.5% 16.3% 30.1% 45.2% 53.4% 60.1%
Simulated ethylic route 5.6% 19.1% 33.8% 44.9% 53.2% 58.7%
Methylic experimental route 10.1% 24.3% 46.2% 52.9% 65.1% 67.8%
Simulated methylic route 9.6% 26.3% 43.4% 54.4% 64.8% 69.6%
Table 6. t-Test for paired two samples based on the ethylic and the methylic routes.
. . Ethylic route Methylic route

Statistic variable Simulated Experimental Simulated Experimental
Mean 35.883 35.433 44.683 44.400
Variance 420974 440287 538.074 526.408
Observations 6.000 6.000 6.000 6.000
Pearson Correlation 0.994 0.997
Hypothesized Mean Difference 0.000 0.000
df 5.000 5.000
t-Stat 0.483 0.374
t-Critical two-tail 2.571 2.571
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Figure S. Surface graph for sensitivity analysis based
on biodiesel production by the methylic route.

shows surface graphs for sentitivity analysis based on
the ethylic and methylic route, respectively.

It can be observed that for molar ratio values under
6/1 (alcohol/oil), the reflux ratio at the top has an
influence on methyl ester formation, which is directly
proportional to the reflux ratio in this case. However,
conversion to methyl ester becomes high for molar
ratio values above 6/1 (alcohol/oil). This result is due
to the large quantity of alcohol present in the process,
which facilitates the oil transesterification reaction.
On the other hand, in the case of the simulation for
the ethylic route, it can be noted that the alcohol/oil
molar ratio has a greater influence than reflux ratio.
Even for an alcohol/oil molar ratio 18/1, the response
curve for ethylic ester conversion is smoother than the
one shown by the methylic route. This result is due to
a lower ethylic transesterification reactional velocity
compared with the methylic one. Indeed, the reflux
ratio increase at the top of the column is associated
with higher ester conversions.

It is recommended to operate the column with
maximum reflux ratio at the top in order to guarantee
complete excess alcohol recovery. Due to a continuous
downardly alcohol flow rate inside the column, the
volumetric rate of this feeding stream can be reduced
during its operation down to the stoichiometric point.

Furthermore, the possibility of operating a biodiesel
production process with reactants approaching the
stoichiometric ratio shows an industrial competitive
advantage compared with the conventional batch
process.

The energy assesment is an invaluable requirement
to predict the economic viability of a large scale
biodiesel production process. Following this, the
energy required to carry out biodiesel prodution via
the methylic route was compared with the ethylic one.
It was intended to monitor the electric power from the
reactional step up to the purification stage. Fig. 6 shows
an electrical energy comparison between the biodiesel
production process via reactive distillation and the
batch reactor for the ethylic and methylic routes.

Based on Fig. 6-a, it can be seen that there was a
significant power requirement increase for ehtylic
biodiesel production via the batch reactor. The total
energy of this process amounted to 1210 W/h for
the methylic route and 2430 W/h for the ethylic one.
Considering that these two processes are running
simultaneously, the transesterification reactions
carried out with methanol and ethanol accounted for a
percentual energetic cost of 33% and 67%, respectively,

Total energy cost of production to a
batch process (a)

Methylic route
33%

Ethylic route
67%

3

Total energy production cost for a
process with reactive distillation (b)

Methylic route
33% Ethylic route
67%

Figure 6. Comparison between energetic demand for
ethylic/methylic biodiesel production processes via
batch reactors (a) and reactive distillation (b).
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no matter the price of a kWh. Following the same
analogy, the energy required to operate only the reactive
distillation column comprised 980 W/h and 1170W/h
for the methylic and ethylic routes, which represented
45% and 55% of the energetic cost, respectively,
in Fig. 6-b. Although ethanol and methanol have
differente latent heats of vaporization, there was no
significant energetic discrepancy considering only the
column operation with reactional and separation steps.
However, the total energy operational cost for ethylic
biodiesel production via reactive distillation is almost
10% higher than the methylic one due to the fact that
the subsequent steps of purification to separate ethylic
biodiesel and glycerin require more energy (Fig. 6-b).

CONCLUSION

An ester conversion profile was obtained along
the reactive distillation column for the methylic and
ethylic routes not only in terms of the simulation
study, but also at the experimental level by the reactive
distillation technique. Ester formation was verified
from the oil feeding point down to the collecting point
at the bottom of the column. The reactive distillation
operating time of 20 minutes indicated that it is 3 times
faster than those with coventional batch reactors.

Experimental and simulated analyses showed that,
for a six stage equilibrium column, ethylic biodiesel
conversion was 60.1% and 58.7%, while for methylic
production it was 67.8% and 69.6%, respectively, at the
bottom of column. A variance t-Test for paired samples
was used as a comparative method for the experimental
and simulated results in order to validate both analyses
statistically. The t-Statistical values obtained of
0.374 and 0.483 for the methylic and ethylic routes,
respectively, were lower than t , =2.571. Furthemore,
it was possible to represent the analytical results based
on the simiulated ones at an a level of 0.05. Indeed,
a HETP of 0.25 m was suggested for this 1.5 m tall 6
stage reactive distillation column.

Based on validated results a simulation of sensitivity
analysis was carried out for the methylic and ethylic
routes in terms of alcoholl/oil molar ratio in the feed
stream and reflux ratio at the top of a 20-stage column.
Results showed that it is recommended to operate the
column at its maximum reflux ratio in both cases in
order to guarantee the total return of alcohol back to
the process and to approximate the alcohol/oil molar
ratio to the stoichiometric point. A comparison was
made between the energy required to operate an ethylic
and methylic biodiesel production process via reactive
distillation and batch reactors.

The total energy to produce biodiesel via the
conventional process was 2430 W/h for the ethylic
route and 1210 W/h for the methylic one. In contrast,
there was no significant variation of power required in
reactive distillation, considering only column operation

to produce ethylic and methylic biodiesel, which
amounted to approximately 1000 W/h. Furthermore,
the use of reactive distillation it is suggested for
biodiesel production on large scale and especially via
the ethylic route.

NOMENCLATURE
CETENE Strategic Technologies Center
of Northeast
EN 14103 European Standard Specifications
GC Gas Chromatograph
HETP Height equivalent to a Theoretical Plate
NRTL Non-Random Two-Liquid
RFS Renewable Fuel Standard
UNIFAC Universal Functional Activity
Coefficient
UNIQUAC Universal QuasiChemical
FIT Fitting Interpolation Techniques
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