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Biodiesel Production by
Esterification: Simulation Studies
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Vladimir Cabral and Vilmar Steffen

Abstract

Reactive distillation is an operation that combines chemical reaction and sepa-
ration in a single equipment, presenting various technical and economic benefits. In
this chapter, an introduction to the reactive distillation process applied to the
biodiesel industry was developed and complemented by case studies regarding the
production of biodiesel through esterification a low-cost acid feedstock (corn dis-
tillers oil) and valorization of by-products (glycerol) through ketalization. The
kinetic parameters of both reactions were estimated with an algorithm that per-
forms the minimization of the quadratic differences between experimental and
calculated data through a Nelder-Mead simplex method. A 4th order Runge Kutta
method was employed to integrate the conversion or concentration equations used
to describe the kinetics of the reactions in a batch reactor. Both processes were
simulated in the commercial software Aspen Plus with the estimated kinetic
parameters. The results obtained are promising and indicate that the productivity of
both processes can be improved with the application of reactive distillation tech-
nologies. The simulated esterification process with an optimized column resulted in
a fatty acids conversion increase of 84% in comparison to the values lower than 50%
obtained in the experimental tests. Solketal production through ketalization also
achieved a high glycerol conversion superior to 98%.

Keywords: reactive distillation, biodiesel, esterification, transesterification,
simulation

1. Introduction

Reactive distillation is an operation that incorporates chemical reaction and
physical separation in a single unit [1]. This process, when applicable, has several
potential advantages for the industry when compared to conventional systems, such
as the reduction of capital costs, improvement of component separations, use of
fewer instruments for monitoring, reduction of energy costs, and improvement in
reaction selectivity [2–6]. Among the possible applications of reactive distillation,
the separation of azeotropic mixtures and compounds with similar boiling points
can be carried out by adding a reagent that promotes the consumption of one
component of the mixture and forms a product with markedly different physical
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properties, thereby favoring separation. However, the use of reactive distillation is
more frequent in systems where product formation is limited by chemical equilib-
rium. This separation technique allows for the constant removal of one or more
products promotes or increases reactant conversion [7].

The first patents for the reactive distillation process were published in the 1920s,
developed by Backhaus for the production of esters [8–10]. However, few industrial
applications were developed before the 1980s [11], when the commercial process
for methyl acetate synthesis via reactive distillation with a homogeneous catalyst
was patented by Agreda and Partin [12], in collaboration with the Eastman Chem-
ical Company. This application of reactive distillation is considered an exemplary
case because of the substantial reduction in process costs (�80%) [13] achieved
through the elimination of units, such as reactors and separation columns, and the
possibility of heat integration. The conventional methyl acetate synthesis process
(Figure 1), which comprises 11 different steps and 28 pieces of equipment, was
replaced by only a highly integrated reactive distillation column (Figure 2),
enabling the aforementioned reduction in process costs. Recent uses of reactive
distillation in chemicals production such as acetic acid and methanol [14], alkyl
carbonates [15], butadiene [16], butyl acetate [17], carboxylic acids and ether [18]
and carboxylic esters [19] are described in patents.

Reactive separation conveniently combines the production and removal of one
or more products, enabling improvements in reaction productivity and selectivity.
However, despite the benefits of this process, the planning and control of reactive
distillation columns are hindered by complex interactions between reaction and
separation. Operation conditions resulting in the formation of equilibrium between
liquid–liquid–vapor phases, low mass transfer rates between liquid and vapor
phases or diffusion inside the catalyst (for heterogeneous reactions) and chemical
kinetics with reduced reaction rate need to be avoided or minimized [20]. Addi-
tionally, since both separation and reaction take place simultaneously in the same
unit, the temperatures and pressures required for the two steps must have similar
values [21]. If the overlap of operating conditions is not significant, the use of
reactive distillation is not recommended [2].

Figure 1.
Schematic representation of the conventional process for the synthesis of methyl acetate. Caption: R01: reactor;
S01: mixer; S02: extractive distillation; S03: solvent recovery; S04: methanol recovery (MeOH); S05: extractor;
S06: azeotropic column; S07-S09: flash columns; S08: acetic acid recovery; V01: decanter.
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2. Reactive distillation - biodiesel applications

The trend toward the use of biofuels has resulted from increased attention to
topics related to mitigating environmental impacts by reducing the consumption of
fossil fuels [22]. In this context, biodiesel is considered the main substitute fuel for
diesel oil due to its lower polluting potential and the possibility of being used in
diesel engines without the need for significant modifications [23, 24].

Biodiesel (alkyl esters) can be obtained by several reaction routes. The
most conventional of them is the transesterification of triglycerides (oils)
with short-chain alcohols (Eqs. (1)–(3)), such as methanol and ethanol, with
homogeneous alkaline catalysts [25]. However, the raw material needed for this
reaction must have reduced levels of acidity and moisture to avoid saponification
reactions [26]. Due to the high costs of obtaining feedstocks that meet these
specifications and competition with the food industry, studies aimed at the
production of biodiesel from residual oils with a high content of fatty acids have
been published [27–30].

Triglycerideþ R1OH⇄Diglycerideþ RCOOR1 (1)

Diglycerideþ R1OH⇄Monoglicerydeþ RCOOR1 (2)

Monoglyceride þ R1OH⇄Glycerolþ RCOOR1 (3)

One of the alternatives to reduce the typical acidity of residual oils is to carry out a
previous fatty acid esterification step [25] (Eq. (4)). However, in this process, with
reaction and separation occurring in different units, chemical equilibrium limits the
yield because the reaction that forms one of the products, water is reversible [31].

Figure 2.
Schematic representation of the integrated process for the production of methyl acetate by reactive distillation.
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R1COOHþ R2OH⇄R1COOR2 þH2O (4)

Therefore, the use of a reactive distillation column can be justified and may
result in higher fatty acid conversions compared to those achieved in conventional
systems. Tables 1 and 2 provide an overview of the literature on esterification and
transesterification reactions aimed at producing biodiesel.

In general, the main objective of the evaluated studies on esterification in
reactive distillation columns is to increase the yield of the biodiesel production
process by shifting the chemical equilibrium of the reaction. However, for
transesterification studies, reactive distillation systems are considered mainly due to
the possible reduction in the reaction time or in the purification costs of the
biodiesel alkyl esters formed. This difference in purpose presumably originates
from the necessity of milder transesterification reaction conditions when compared
to the esterification route for the attainment of high biodiesel yields.

3. Mathematical Modeling

Mathematical modeling of a reactive distillation column was developed in [51]
with considerations described in [52]. In their study, the authors assume the absence
of chemical equilibrium in the stages and steady-state operation, with reaction rates
being explicitly considered in the model of each stage, Murphree separation
efficiency equal to 100% and feeding performed by single-phase streams.

Such methodology, presented in this section, was used in the studies of the
references [2, 38, 39,53]. The nomenclature for the terms used in the equations is
described in Table 3.

Ref. Feedstock Catalyst Temperature Simulation software FFA

conv.

[31]a Oleic acid H2SO4 (1–3 FFA wt%) 130–150°C — 79.6%

[32]a Dodecanoic acid Solid acid catalyst

(0–5 FFA wt%)

120–180°C AspenOne 2004 �95.0%

[33]a Dodecanoic acid Metal oxides

(0–10 FFA wt%)

120–180°C AspenOne 2004 �72.0%

[34]a Non-edible oil

mixture

Tin (II) chloride

(1–9 oil wt%)

40–60°C Aspen Plus V8.8 78.3%

[35]b Dodecanoic acid Sulfated Zirconia 130°C (FFA feed) Aspen Plus V9 99.9%

[36]a Fatty acids

mixture

Nb2O5 (5 FFA wt%) 90–170°C Aspen Plus V7.3 96.0%

[37]b Fatty acids

mixture

Sulfuric acid 417°C (FFA feed) Aspen Plus —

[38]b Fatty acids Solid acid catalysts 58, 145, 207°C

(FFA feed)

Fortran Algorithm >98.0%

[39]b Hydrolyzed

soybean oil

Niobium oxide 207°C (FFA feed) Fortran Algorithm >98.0%

[40]a Fatty acids Sulfuric acid

(0.33–0.66 wt%)

50–70°C Aspen Plus V10 �90.0%

aExperimental tests performed by the authors.
bNo experimental tests performed by the authors.

Table 1.
Reactive distillation studies aimed at the production of biodiesel through esterification.
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Ref. Feedstock Catalyst Temperature Simulation software Yield

[41]a Soybean oil NaOH (0.5–1.5 oil wt%) 50°C (oil feed) — 98.2%

[42]a Canola oil KOH, KOCH3

(0.73–1.83 oil wt%)

100–160°C (reboiler) — 94.9%

[43]a Canola oil KOH 95–150°C (reboiler) — 94.4%

[44]a Cooking oil 12-Tungstophosphoric

acid hydrate

20–30°C (oil feed) — 93.8%

[45]a Palm oil KOH (0.5–2 oil wt%) 85–120°C (reboiler) — 92.3%

[46]b Triolein NaOH 55°C (oil feed) CHEMCAD/MATLAB 90.3%

[47]b Soybean oil NaOH 25–90°C (oil feed) HYSYS �97.0%

[48]b Algal oil H2SO4 <150°C (reboiler) MATLAB —

[49]b Trilinolein NaOH/

Magnesium methoxide

60–150°C (column) Aspen Plus 98.3%

[50]b Soybean oil NaOH/CaO + Al2O3 60°C/25°C Aspen Plus V8.4 —

aExperimental tests performed by the authors.
bNo experimental tests performed by the authors.

Table 2.
Reactive distillation studies aimed at the production of biodiesel through transesterification.

Symbol Description

Ci,j Molar concentration

CL
p,i Molar specific heat in the liquid phase

Ej Relationship between vapor and liquid streams

Fi,j Feed molar flow

f eq
i,j Phase equilibrium function

f m
i,j Mass balance function

f vl
j Function that correlates liquid and vapor streams

f r
k,j Reaction rate function

H I
j Total enthalpy of the vapor stream

Hj
II Total enthalpy of the liquid stream

k k,j Kinetic reaction constant

nIi,j Molar flow of vapor

nIIi,j Molar flow of liquid

nc Number of components

nr Number of chemical reactions

Psati,j Liquid saturation pressure

Pj Pressure

Qj Heat added or removed

R Universal gas constant

Rj Liquid withdrawal fraction

Tj Temperature

Tref Reference temperature (298.15 K)
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The generic plate scheme adopted by the authors is represented in Figure 3.
Eq. (5), which represents the mass balance of component i in stage j of the

column as a residual function, is given by:

fmi,j ¼ R j þ 1
� �

nIIi,j þ Z j þ 1
� �

nIi,j � nIIi,jþ1 þ nIi,j�1 þ Fi,j þ
X

nr

k¼1

νi,jξk,j

 !

¼ 0 (5)

Assuming that the streams that leave the stage are in phase equilibrium, Eq. (6)
relates the mole fractions in the liquid and vapor phases:

f
eq
i,j ¼ ln xIi,jP j

� �

� ln xIIi,jγ
II
i,jP

sat
i,j

� �

¼ 0 (6)

In this expression, the Poynting correction and the fugacity coefficient
of the pure saturated compounds are neglected. In addition, and the vapor
phase is considered to be an ideal gas mixture as a consequence of the

Symbol Description

vIIj Liquid molar volume of pure compound

xIi,j Molar fraction in vapor phase

xIIi,j Molar fraction in liquid phase

Zj Lateral vapor withdrawal fraction

αi,k Kinetic order of reaction

Δhvapi Molar enthalpy of vaporization

γvapi,j Activity coefficient in the liquid phase

νi,k Stoichiometric coefficient

ξ k,j Reaction rate

(references: i = component, j = column stage, k = reaction).

Table 3.
Nomenclature of terms used in mathematical modeling.

Figure 3.
Configuration of each stage j in the reactive distillation column. Source: [53].
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assumption that the column operates at low pressure, close to atmospheric
conditions.

The equation for the rate of reaction k in stage j is represented by Eq. (7), which
can be expressed as a residual equation by applying the logarithm function
(Eq. (8)).

ξk,j ¼ kk,j
Y

nc

i¼1

C
αi,k
i,j (7)

f rk,j ¼ ln kk,j þ
X

nc

i

αi:k ln
xIIi,j

vIIj

 !

� ln ξk,j ¼ 0 (8)

Assuming that the molar volume of the liquid phase is that of an ideal solution
and describing Eq. (8) as a function of the activity coefficients of the components in
the liquid phase, Eq. (9) is obtained.

f rk,j ¼ ln kk,j
� �

þ
X

nc

i

αi,k ln xIIi,j þ γIIi,j

� �

� ln ξk,j

� �

¼ 0 (9)

Eq. (10), which describes the energy balance of stage j, is needed to calculate the
temperature, which is different at each stage of the reactive distillation column.
Positive and negative values of Qj correspond to the heat being supplied to or
removed from the column, respectively.

f hj ¼ R j þ 1
� �

HII
j þ Z j þ 1

� �

HI
j � HII

jþ1 þHI
j�1 þHF j

þ Q j

� �

¼ 0 (10)

The ratio between the molar flows of vapor and liquid leaving each stage
of the column is represented using Eq. (11). This equation is intended to
make the condenser and reboiler specifications more flexible by associating
the relationship between the liquid and vapor streams that leave the column
stages.

E j ¼
Z j þ 1
� �

Pnc
i¼1n

I
i,j

R j þ 1
� �

Pnc
i¼1n

II
i,j

(11)

When written in the residual form, as in Eq. (12), the equation has the following
form:

f vlj ¼ Z j þ 1
� �

X

nc

i¼1

nIi,j � E j R j þ 1
� �

X

nc

i¼1

nIIi,j ¼ 0 (12)

The values of the Ej parameter for each form of operation of the condenser and
reboiler (partial or total) are shown in Table 4.

In the study developed by [2, 36, 37, 48], all cases of simulated reactive distilla-
tion column configurations used a partial reboiler and total condenser (E1 6¼ 0 and
EN = 0).

Solving the set of equations that describe a reactive distillation column is an
arduous task, and rigorous mathematical models aimed at a computer simulation of
this type of equipment were not developed until the 1970s [54].
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In recent decades, commercial software that has specific models and algorithms
for reactive distillation operations has been widely used, as shown previously in
Tables 1 and 2. The simulations developed in the subsequent section, referring to
case studies applied to biodiesel production and co-product valuation, use the
RADFRAC module present in the commercial Aspen Plus software, which solves
the equations of mass balance, energy balance, phase equilibrium and the sum of
molar fractions (MESH) [55] through the “inside-out” algorithm [54].

4. Fatty acid esterification simulation

4.1 Methodology

4.1.1 Kinetic parameters estimation

The kinetic parameters for the esterification of fatty acids (FFA) present in corn
distillers oil from DDGS (dried distillers grains with solubles) were estimated by a
model fitting of the FFA conversion data (Table 5) obtained by our group. The
reaction (Eq. (13)) was carried out at the temperatures of 150, 175 and 200°C, with
ethanol and NbOPO4 (catalyst), following a molar alcohol:FFA ratio of 10:1 and
catalyst load of 10% (FFA mass).

The methodology applied aims to estimate the pre-exponential factor (k0) and
the activation energy (Ea) of the reaction. To fit the kinetic parameters, the objec-
tive function to be minimized is the squared difference between the experimental
values of the FFA conversion and those calculated with a reversible pseudo-
homogeneous model (Eq. (14)). The reaction rate (rF) equation was applied to
Eq. (15), which describes a batch reactor in terms of the FFA conversion (x) in a
given time (t).

A Nelder–Mead [56] simplex algorithm and a 4th order Runge–Kutta [57]
method were used to perform the objective function minimization and conversion
equation integration steps, respectively. The reaction rate (rF) was obtained
through the model and the specific reaction rate constants k (L/mol.s) were
expressed by the Arrhenius equation (Eq. (16)). Through this methodology, the
parameters Ea and k0 for the reaction rate constants of the forward and reverse
esterification reactions were estimated.

Fþ A $ EþW (13)

�rF ¼ k1CFCA � k2CECW (14)

dx

dt
¼

rF
CF t¼0ð Þ

(15)

k ¼ k0e
�Ea

RT (16)

Reboiler (stage 1) Condenser (stage N)

Partial Total Partial Total

Z1 = 0 Z1 6¼ 0 ZN = 0 ZN = 0

R1 = 0 R1 = 0 RN = 0 RN 6¼ 0

E1 6¼ 0 E1 ! ∞ EN 6¼ 0 EN = 0

Table 4.
Characteristics of column heaters (reboiler and condenser).
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In these equations,
T = Absolute temperature at which the kinetic test was performed (K).
R = Universal gas constant (J/K.mol).
F = Fatty Acids (FFA).
A = Alcohol (ethanol).
E = Ethyl Esters (FAEE).
W = Water.
Cn = Concentration of compound n (mol/L).
t = time (s).

4.1.2 Process simulation

The compounds defined for the simulation of the fatty acid esterification with
ethanol were specified in the Aspen Plus V.12 process simulator, with the fatty acid
and oil fraction represented by oleic acid and triolein, respectively. A similar
approach was used by other researchers as a simplification of the numerous com-
ponents of the acid and oil fraction of the feedstock [58–60]. The NRTL thermody-
namic model [61] was selected to evaluate the activity coefficients of the
components of the reaction mixture and the NRTL binary interaction parameters
missing from the simulator database were estimated directly through the Aspen
Plus estimation tool that uses the UNIFAC model [62].

Temperature (°C) Time (min) FFA conversion (%)

150 15 1.68

30 3.99

60 5.25

120 9.68

180 12.23

240 19.44

360 28.39

175 15 10.13

30 15.36

60 19.36

120 24.21

180 34.74

240 43.06

360 37.88

200 15 9.46

30 17.97

60 29.41

120 38.35

180 45.89

240 48.53

360 49.55

Table 5.
FFA conversion of the esterification reaction kinetic tests.
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The flowsheet developed for the process simulation is shown in Figure 4 and
consists of two columns, the first being responsible for the reactive distillation of
the reactants fed to the process (C-EST) and the second for removing approxi-
mately 95% of the ethyl esters (FAEE) produced (C-DIST).

The simulated reactive distillation column has 22 total stages, of which 14 com-
pose the reactive zone (5 to 18), while the C-DIST column consists of 10 total stages.
The columns operating parameters are presented in Tables 6 and 7. Both the
distillation columns have kettle-type reboilers, however the C-EST column is
equipped with a total condenser, while the C-DIST with a partial condenser to
separate the ethyl esters from the remaining oil and excess ethanol. It is noteworthy
that the liquid phase composition and temperature profile graphs, as well as the
conversions obtained follow the data referring to the process after the optimization
described later.

Figure 4.
Flowsheet of the FFA esterification process (F = feed, P = product, S = intermediate stream, H = heat exchanger,
B = pump, V = valve, C = column).

Parameters Before optimization

Stages 22

Oil feed stage 5

Ethanol feed stage 18

Absolute pressure (bar) 4

Distillate: feed molar ratio 0.62

Reflux molar ratio 0.08

Table 6.
Reactive distillation column operating parameters (C-EST).

Parameters Distillation column

Stages 10

Feed stage 4

Absolute pressure (bar) 0.03

Distillate: feed molar ratio 0.51

Reflux molar ratio 1.5

Table 7.
Distillation column operating parameters (C-DIST).
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The H-1 and H-2 heat exchangers are responsible for heating the oil (F-OIL) and
ethanol (F-ETOH) streams up to 200°C and 50°C, respectively, shown in Table 8,
while the pumps B-1 and B-2 increase the pressure of the feed streams from 1 bar to
10 bar.

4.1.3 Optimization of the reactive distillation column

The optimization of the process parameters of the esterification reactive distil-
lation column was performed using the MATLAB® R2020b software by
implementing the MEIGO package (Metaheuristics for Bioinformatics Global
Optimization) [63], an optimization supplement for global optimal search which
can be used to optimize industrial processes [64, 65]. The results obtained through
Aspen Plus simulations were provided to MATLAB, where the optimization algo-
rithm was performed, and new obtained values of the variables evaluated were used
to carry out new simulations iteratively.

The Particle Swarm Optimization (PSO) method was applied to minimize the
objective function that describes the conversion of fatty acids (Eq. (17)), starting
from an initial population of 50 particles (solution vectors) defined by the algo-
rithm in the pre-defined search intervals.

For the simulation, the varied parameters were molar reflux ratio, internal
pressure, molar ratio between distillate stream and total feed, and oil and ethanol
feed stages. As restrictions, the reboiler temperature, the recovery of the desired
product (ethyl esters) at the bottom of the column and the feed stages of the
reagents were evaluated with Eqs. (18)–(20). The reboiler temperature upper limit
was defined as 200°C to avoid degradation of the reagents or products and excessive
use of the hot utility. It is observed that the minimization of the negative value of
the conversion corresponds to the maximization of its positive value.

min conversion %ð Þð Þ ¼ � 1�
ProdBot

FFAin

� �

� 100 (17)

T Re b ≤ 200°C (18)

RecProd ¼
ProdBot

ProdTop þ ProdBot
≥0:99 (19)

FSOil ≤ FSEtOH (20)

Stream F-OIL F-ETOH

Temperature (°C) 20.00 20.00

Absolute pressure (bar) 1.00 1.00

Enthalpy (kW) �4058.33 �2461.46

Mass Flow (kg/h)

Oleic acid (FFA) 900 —

Ethanol — 1467.86

Triolein 5100 —

Ethyl oleate (FAEE) — —

Water — —

Table 8.
Properties of the oil feed and ethanol streams (F-OIL and F-ETOH).
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In these equations,
FFAin = Molar flow of fatty acids in the feed stream (kmol/h).
TReb = Reboiler temperature (°C).
RecProd = Desired product fraction recovered at the column bottom.
ProdBot = Molar flow of the desired product at the column bottom (kmol/h).
ProdTop = Molar flow of the desired product at the column top (kmol/h).
FSOil = Acid oil (corn distillers oil) feed stage.
FSEtOH = Ethanol feed stage.

4.2 Results

4.2.1 Kinetic parameters fitting

The kinetic constants obtained through the discussed methodology are
presented in Table 9, with the direct reaction of ethyl esters formation indicated by
the subscript “1” and the reverse reaction of fatty acids formation indicated by the
subscript “2”. Figure 5 shows the comparison between the experimental and calcu-
lated conversions, along with the R2 coefficient of the fit for each temperature.

Observing the results presented, it is noted that the data fitting at 200°C
presented a high coefficient of determination, while the data fitting at 175°C
obtained a reduced R2. However, as the temperature in the reactive section of the
esterification column is, on average, close to 195°C, it was concluded that due to the
excellent results achieved in the data fitting at 200°C, the use of the estimated

Parameter Value

K0,1(L/mol.s) 252.786

K0,2(L/mol.s) 207.093

Ea1 (J/mol) 51,357.1

Ea2 (J/mol) 39,244.1

Table 9.
Estimated kinetic constants for the esterification reaction.

Figure 5.
Experimental (�) and calculated FFA conversion at 150°C (∆), 175°C (◇) and 200°C (◯).
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kinetic parameters would not hinder the development of a simulation faithful to the
real behavior of the reaction.

4.2.2 Esterification of fatty acids

The composition and temperature profiles along the stages of the reactive distil-
lation column (column C-EST in Figure 4) are presented in Figures 6 and 7.

The liquid phase composition profile of the C-EST column (Figure 6) indicates
that the major component for all stages with values higher than 5 (closer to the
bottom) is triolein, while in the others there is a predominance of oleic acid, ethyl
oleate (FAEE), ethanol and water, since only negligible amounts of triolein are
evaporated along the column, as seen in the vapor phase mass composition profile.
Additionally, there is a significant increase in the fraction of ethanol and water in
the liquid state in the first stage due to the use of a total condenser in the reactive
distillation column.

The composition of the streams that characterize the main products of the
process (S-FAEE, P-OIL and P-FAEE) are presented in Table 10 and, based on the
simulation results, there is a final fatty acids conversion (mol) of 83.97% inside the

Figure 6.
Liquid phase mass composition profile (C-EST).

Figure 7.
Column temperature profile (C-EST).
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column, 94.00% of which is recovered in the P-FAEE stream, while 5.83% is
recovered in the P-OIL stream. The remaining 0.17% of FAEE is located at the P-
ETOH2 stream. The resulting stream of the desired product (P-FAEE) has a purity
(FAEE) greater than 98%, resulting in an ester content superior to the value
described in Brazilian and European specifications [66, 67].

In Table 10, it is possible to observe that there are still traces of ethyl esters
present in the oil stream. However, this amount corresponds to less than 1% of the
total mass fraction of the stream. P-OIL, therefore, was considered to be non-
significant. Furthermore, of the 900 kg/h of FFA fed to the process, only 132.41 kg/
h remain, characterizing a reduction of 85.29% of the total fatty acid mass. Finally,
the energy demands for H-1, H-2, condensers and reboilers of columns C-EST and
C-DIST are presented in Table 11.

4.2.3 Optimization of the reactive distillation column

Table 12 shows the limits and initial estimates for the variables evaluated for the
optimization of the esterification process. Table 13 displays the constraints imposed
on the reboiler temperature, ethyl ester recovery fraction (FAEE), and conversion.
The values chosen as initial estimates were obtained by manually setting different
values for the reflux molar ratio, condenser pressure, and distillate feed molar ratio,
and adopting the best result obtained.

The results obtained are shown in Figure 8, with a maximum conversion of
83.97% and the final values of the variables are added to Table 14.

Stream S-FAEE P-FAEE P-OIL

Temperature (°C) 162.39 90.00 305.08

Absolute pressure (bar) 8.13 0.03 0.03

Enthalpy (kW) �3813.85 �506.62 �2532.30

Mass Flow (kg/h)

Oleic acid (FFA) 144.22 11.80 132.41

Ethanol 186.96 0.58 —

Triolein 5100.00 — 5100.00

Ethyl oleate (FAEE) 830.34 780.97 48.43

Water 0.58 — —

Table 10.
Composition of the main product streams.

Equipment Energy demand (kW)

H-1 619.71

H-2 31.60

C-EST (condenser) �295.57

C-EST (reboiler) 330.86

C-DIST (condenser) �581.94

C-DIST (reboiler) 1095.36

Table 11.
Energy demand of the process equipment.
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An additional simulation performed in a CSTR reactor achieved an FFA conver-
sion of 51.06%, while the maximum average conversion in the kinetic tests (200°C)
was 49.55%. The simulated CSTR operated at a constant temperature of 200°C with
the residence time of 3 h (same duration of the experimental tests) and was fed with
streams following equal mass flows and compositions to the RDC column feed
streams. Thus, the optimization results represent a significant improvement of
64.45% and 69.46% compared to the CSTR and experimental tests, respectively,
inferring that the use of a reactive distillation column could be beneficial to the
process.

Variable Molar reflux

ratio

Condenser

pressure (bar)

Distilled molar

ratio: feed

Oil feed

stage

Ethanol feed

stage

Lower Limit 0.005 0.01 0.50 5 5

Upper Limit 2 10 0.70 18 18

Initial Estimate 0.08 4 0.62 5 18

Table 12.
Lower, upper limits and initial estimates for the variables evaluated in the esterification reaction optimization
process.

Restrictions Reboiler temperature (°C) Recovery fraction of FAEE Conversion (%)

Lower Limit �273.15 0.99 0

Upper Limit 200 1.00 100

Table 13.
Initial constraints for the response variables for the variables evaluated in the esterification reaction
optimization process.

Figure 8.
Evolution of the FFA conversion as a function of the number of optimization iterations.

Variable Molar reflux

ratio

Condenser pressure

(bar)

Distilled molar

ratio: feed

Oil feed

stage

Ethanol feed

stage

Result 0.1130 8.1314 0.6806 5 18

Table 14.
Response vector of input variables for the esterification reaction optimization process.
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5. Solketal production simulation

5.1 Justification

As biodiesel production increases so do the production of glycerol as for each
liter of biodiesel produced, approximately 100 mL of crude glycerol are obtained
[68]. Among the transformation processes for glycerol to viable chemical interme-
diates, glycerol ketalization for the production of solketal has gained prominence.
Solketal can be used as an additive to increase the octane and fluid dynamic prop-
erties of the fuel. The addition of up to 5% by volume of solketal to gasoline leads to
a significant decrease in gum formation [69]. With this motivation, this study aims
to simulate the operation of a reactive distillation column for the production of
solketal from glycerol with acetone using heterogeneous catalysis, with high
conversion of reagents and separation of the components of the reaction.

5.2 Methodology

The applied methodology considers the ketalization reaction of glycerol (G)
with acetone (A), forming solketal (S) and water (W). The reaction is considered
reversible and elementary, being described by Eq. (21):

Gþ A$
k1

k�1

SþW (21)

A pseudo-homogeneous model was used to describe the reaction kinetics
through a system of differential equations of concentration over time, at different
temperatures, in which the kinetic constants of the direct and inverse reaction are
represented, respectively, by k1 and k�1(L/mol.s), while the molar concentrations
(mol/L) of the species involved are given by CG, CA, CS and CW (Eq. (22)).

�rG ¼ k1CGCA � k�1CSCW (22)

The solution of the system of differential equations using a 4th order Runge
Kutta method [57] and the fitting of the kinetic parameters, k1 and k�1, and subse-
quent estimation of the Arrhenius equation parameters were performed by a
Nelder–Mead simplex algorithm [56]. The experimental data used was retrieved
from the study of [70].

The kinetic parameters evaluated were later used to predict the solketal forma-
tion reaction in a reactive distillation column, using the rigorous RADFRAC distil-
lation model of the Aspen Plus commercial simulation software. The system
considered in this study is shown in Figure 9.

Using the estimated kinetic parameters, the glycerol ketalization reaction for the
production of solketal was modeled in the Aspen Plus software. For the process
simulation, the pressure inside the column was set at 10 atm. The feeding of the
13-stage column, RDC in Figure 9, are streams GLI-02 and ACE-02, originated
from the heating of the currents GLI-01 and ACE-01 up to 95°C and 55°C, by the
heat exchangers H1 and H2, respectively.

The ACE-01 stream is composed only of acetone, while GLI-01 contains 80%
glycerol and 20% water by mass, disregarding other components such as methanol
or dissolved salts normally present in glycerol from biodiesel production processes
[71]. The products of reactive distillation are characterized by TOP-P and BOT-P
streams, which correspond, respectively, to the streams rich in the most volatile and
least volatile substances in the process.
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5.3 Results

Figure 10 shows the concentrations as a function of time according to the fitted
kinetic parameters data.

Analyzing Figure 10, it is observed that the curves generated using the fitted
parameters represented the experimental data satisfactorily. Table 15 presents the
process specifications obtained after a sensitivity analysis, aiming to simulate a
column with optimal operating conditions. Figure 11 shows the composition profile
in the liquid phase as a function of the column stage number (1 = condenser and
13 = reboiler).

The conversion of glycerol obtained for the operational conditions defined for
the simulation was 98.2%, indicating the reaction occurred inside the column.

The SOLKETAL stream in Figure 9 has 99.53% solketal and the WATER stream
consists of 99.82% water, on a mass basis. Thus, the simulations show that the

Figure 9.
Flowsheet of the solketal production process used in this study.

Figure 10.
Experimental and calculated concentrations (80°C).
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methodology employed results in a high purity solketal product stream with solketal
conversion superior to 98%. However, additional studies are needed to assess the
effect of possible intermediate reactions on the process yield.

6. Conclusions

In this chapter, a general introduction regarding reactive distillation technology
and its application to the biodiesel production process was presented. A literature-
based mathematical model to describe reactive distillation columns was discussed,
along with experimental and simulation studies developed by the authors of this
chapter, using commercial software such as Aspen Plus.

Parameter Description

Number of stages 13

Condenser type Total

Reboiler type Kettle

Molar reflux ratio 0.69

Reboiler/condenser heat duty 55.000 / -43.723 cal/s

Column pressure 10 bar

Glycerol feed 3rd stage

Acetone feed 11th stage

Feed properties 95 and 55°C - 1 bar

Glycerol feed molar flow 2.500 kmol/h

Water feed molar flow 0.625 kmol/h

Acetone feed molar flow 15.000 kmol/h

Ketalization reaction stages 3 to 11

Table 15.
RDC column specifications.

Figure 11.
RDC column liquid phase composition profile.
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In the case study of biodiesel production through the esterification of a low-cost
feedstock, the application of an optimized reactive distillation column promoted an
improvement of approximately 70% about FFA conversion. The resulting product
stream attained purity above 98% in relation to alkyl esters. Additionally, the
production of solketal aiming at the valorization of a co-product of the biodiesel
production process (glycerol), was studied through the development of a flowsheet
in the Aspen Plus simulator, resulting in a solketal stream with purity above 99%.

The results obtained through the developed studies indicate that the reactive
distillation technology, applied to fatty acid esterification reactions for the produc-
tion of biodiesel and ketalization of glycerol for the production of solketal, is
promising and attractive in technical terms, however, further studies are necessary
to analyze the economic feasibility of both processes.
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