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INTRODUCTION

Abstract. Reactive distillation is a method that integrates distillation
and a chemical reaction into a single entity. The reaction releases heat
that automatically drives the separation of the components, which
makes the process particularly advantageous for exothermic reactions.
The process also offers a novel alternative to liquid-phase chemical
reaction processes, in the sense that the separation of products from
unconverted reactants enables high conversion, as product removal
restores equilibrium and forces the reaction to completion. There are
numerous advantages of this method. However, the fusion of chemical
activities and separation in the same unit of apparatus has created
some difficulties in the process, and chemical engineers are still
working on determining the optimal parameters for operating the
process effectively. In this article, the authors model and enhance a
reactive distillation process that yields biodiesel (methyl propionate)
and water as by-products from the esterification of propionic acid and
methanol. They accomplished the esterification process by using tests
generated with Design Expert and Aspen HYSYS. They optimised the
process with MATLAB to maximise the biodiesel yield. The manipulated
variables were the reflux ratio and the column's reboiler duty. The
results of the optimisation and validation process showed that the best
conditions for producing high-purity biodiesel with a mole fraction of
0.8435 were a reflux ratio of 5 and a reboiler duty of 500000 kJ/s,
respectively.

Keywords: Reactive distillation; esterification; Aspen HYSYS; Design
Expert; MATLAB.

renewable. Biodiesel is one of these green
fuels [1].

Education encompasses a range of activities
aimed at developing technology based on renew-
able energy sources, which serve as alternatives
to the oil economy. This field has garnered in-
creasing attention in recent decades, primarily
because it has been discovered that the exhaust
from petroleum-based fuels currently in use
harms the environment. A practical biofuel de-
rived from animal and plant lipids, for example,
has the potential to replace petro-fuels since it is

Section “Engineering, Manufacturing and Construction”

Biodiesel is a sulphur-free and ecologically
friendly alternative diesel fuel that is renewable,
biodegradable, and non-toxic. It is composed of
fatty acid methyl (or ethyl) esters derived from
renewable resources, such as animal fats, vege-
table oils, and restaurant grease. The fact that
biodiesel doesn't require a significant engine
modification is one of its alluring qualities; the
engine does not need to be dedicated to biodiesel
use [2]. Sulphur level, flash point, aromatic con-
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tent, and biodegradability are all advantages of
biodiesel fuel over diesel. Additionally, biodiesel
reduces the intensity of greenhouse gas emis-
sions, produces fewer pollutants than petroleum
diesel, and does not increase the atmosphere's
net carbon dioxide concentration [3]. Reactive
distillation is a viable method for producing bio-
diesel.

Reactive distillation is a procedure amplification
method that integrates distillation and chemical
reaction into a single apparatus. In other words,
reactive distillation involves the simultaneous
occurrence of a chemical reaction and multi-
component distillation [4]. Merging two process
steps into a single unit lowers the ultimate capital
cost of the reactive distillation process. This type
of integration is also advantageous in terms of
lowering pump and other instrumentation costs.
The reduction in total energy costs is attributed
to the exothermic character of many chemical
processes, which are advantageous for supplying
heat during simultaneous component separa-
tion [5].

Using a reactive distillation process involves, but
is not restricted to, dehydration, alkylation, ami-
nation, esterification, transesterification, etherifi-
cation, isomerisation and neutralisation. For in-
stance, author [6] utilised it in an esterification
process to produce methyl acetate, and au-
thor [7] employed it in a similar process to create
ethyl acetate.

Authors [8] developed and refined a reactive dis-
tillation method to enhance the synthesis of ethyl
acetate, with water as a by-product. Giwa and the
author [9] worked on modelling, simulation and
optimisation of a reactive distillation process us-
ing MINITAB and MATLAB for the production of
methanol and butyl acetate from the transesteri-
fication reaction between butanol and methyl
acetate. Author [5] carried out Modelling, Simula-
tion, and Optimisation of a reactive distillation
process for methyl acetate production. Authors
[4, 10] worked on modelling, simulation and op-
timisation of the reactive distillation process for
the production of fatty acid methyl ester using
Aspen HYSYS. Author [11] carried out the opti-
misation of a reactive distillation column synthe-
sised for the production of ethylene glycol using a
Genetic Algorithm.

It is challenging for an industry to obtain the
right purity of a product, such as biodiesel, be-
cause there are not enough ideal system parame-
ters. Thus, the goal of this research project is to
determine the optimal parameters for producing
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biodiesel (methyl propionate) through a reactive
distillation process. To do this, the fatty acid and
alcohol that are appropriate for the biodiesel
production process will be identified, the reactive
distillation column will be simulated using Aspen
HYSYS to determine the steady-state values of
the reflux ratio and the reboiler duty, and various
runs on Design Expert will be designed using the
steady-state values of the reflux ratio and the re-
boiler duty, applying these mole fractions as the
responses on Design Expert to obtain the system
model equations, utilising the model equations to
estimate the optimal parameters with the help of
MATLAB, and entering these runs on Aspen
HYSYS to obtain different mole fractions for the
top and bottom product of both biodiesel and
water [12].

METHOD

Steady-State Model Development. The system's
steady-state simulation was run using Aspen
HYSYS, following the steps outlined thus.

The researchers selected propionic acid, metha-
nol, methyl propionate, and water from the As-
pen HYSYS database. The non-random two-liquid
(NRTL) model was chosen as the simulation's
Property Package. Since the model effectively de-
scribes two liquid phases, NRTL was chosen. Ad-
ditionally, it can handle any combination of polar
and non-polar molecules, even those with very
high non-ideality [7].

After selecting the key components and the
property pack, the researchers accessed the sim-
ulation setting, developed the model, and speci-
fied the process conditions. The development of
the model involved connecting the two input
streams and the two output streams into a distil-
lation column, as illustrated in Figure 1.

e ———
Acid Qcond
Feed — =

> Top
.
— ]
Alcohol
Feed Q-reb
Bottom
RDColumn
Figure 1 - The reactive distillation process flow sheet
for Aspen HYSYS
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The researchers picked all the objects from the
palette of designs in the simulation environment.
After developing the model, the process parame-
ters for the acid and the alcohol input streams
were entered as specified in Figures 2 and 3, re-
spectively [13].

Warksheet | Attachments [ Dynamics |

Woarksheet Stream Name Acid Feed Vapour Phase
Conditions Vapour / Phase Fraction 1.0000 1.0000
Praperties Temperature [C] 350.0 3500
Composition Pressure [atm] 5.000 5.000
Oil & Gas Feed Molar Flow [kgmole/h] 1.000e+005 1.0002+005
EE\ELE:'“ A% || \tass Flow [ka/s] 2058 2058
User Variables Std Ideal Lig Vol Flow [mL/min] 1.237e+008 1.237e+008
Notes Molar Enthalpy [kikgmole] -4.152e+005 -4.152e+005
Cost Parameters Molar Entrapy [k)/kgmole-C] 2795 2795
Normalized Yields| | peat Flow [ki/s] 1.154e+007 1.154e+007

Liq Vol Flow @Std Cond [rL/min] 1.2372+008 1.237e+008
Fluid Package Basis-1
Utility Type

Figure 2 - Inlet conditions for acid Stream

Worksheet | Attachments | Dynamics

Worksheet Stream Name Alcohol Feed Vapour Phase
[ Conditions || Vapour / Phase Fraction 1.0000 1.0000
Properties Temperature [C] 150.0 1500
Compositian Pressure [atm] 1.000 1,000
Cil & Gas Feed Molar Flow [kgmole/h] 1.000e+005 1.000e-+005
mj;:”m A5 || Mass Flow [kg/s] 890.1 890.1
User Variables 5td Ideal Lig Vel Flow [mL/min] £.711e+007 6.711e+007
MNotes Molar Enthalpy [k)/kgmole] -1.952e+005 -1.952e+005
Cost Parameters Molar Entropy [k)/kgmole-C] 1916 1916
Normalized Yields | yeat Flow [kifs] -5.422-006 -5422e+006
Liq Vol Flow @5td Cond [ml/min] £.706e-+007 6.706e-+007

Fluid Package Basis-1

Utility Type

Figure 3 - Inlet conditions for alcohol stream

After specifying the requirements for the input
streams, the parameters of the reactive distilla-
tion column were established using the infor-
mation in Table 1.

Table 1 - Process parameters for the reactive
distillation column

ment and choosing an equilibrium reaction from
the drop-down menu after clicking 'Add'. They
then created the reaction as Rxn-1 and added the
components (propionic acid, methanol, methyl
propionate, and water) sequentially. As illustrat-
ed in Figure 4, they specified the stoichiometric
coefficients for both the reactants and the ex-
pected products. Finally, they added the reaction
to the Fluid Package.

CH,CH,COOH +CH,OH — CH,CH,COOCH,+H,0 (1)

Stoichiometry | Keq | Approach | Library

v Basis

Basis Activity
Component Mole Weight Stoich Coeff Phase VopaurPhase
Cloichcid) 74080 -1.000 Min Temperature -2731C
Methanol 32042 ~1.000 WMax Temperature 3000¢
M-C3oate 88107 1.000
H20 18015 1.000 o
~Add Comp™~
Balance Error 000000
e, Reaction Heat (25 C) -13e+04 kifkgmale

Figure 4 - Reaction specification

When returning to the simulation environment,
the researchers opened the reactive distillation
column and checked the necessary parameters,
as well as the solver, which they configured as a
Sparse Continuous solver, to ensure the conver-
gence of the reactive distillation column (Fig-
ure 5). The response was made active within the
reaction section (Figure 6).

Specified Value Current Value Wt Error | Active | Estimate | Current
Reflux Ratio 3.000 3.000 ooo00 M ¥ ¥
Duty 6.000e+005 kifs. 6.0002+005 oooo0 M 2 ~
Distillate Rate <empty> 1.003e+005 <empty> [ ¥ O
Reflux Rate <empty> 2.010e+005 <empty> [ 2 [l
Btms Prod Rate <empty> 9.968e+004 <empty> [ P [l

Parameter Value/Description Figure 5 - The column's convergence parameters
Top inlet stream Acid feed
Bottom inlet stream Alcohol feed
Number of s tages 30 |.;ei|pm;‘mms;o:|5 :::E\S|Rm|w0.km¢ Performance | Flowsheet | Reactons [ Dynamics |
Calculation type Equilibrium Cotan Fesion R
Condenser type Total o fescien o .
Acid feed stage 8
A[l{z;}clglofr‘:zgcsttizie Stag61588 5 Figure 6 — Column reaction section and active
Reboiler Duty 600000 KkJ/s reaction section
Reflux ratio 3

Given the use of a reactive distillation column,
the researchers added the reaction specified in
equation (1) to the column. They achieved this by
selecting a response in the Properties environ-

Section “Engineering, Manufacturing and Construction”

Design of Experiments. Following the steady-state
simulation conducted in Aspen HYSYS, the De-
sign Expert used the reflux ratio and the reboiler
duty as input elements to get the necessary ex-
perimental runs. Table 2 provides the ranges for
the input parameters, and Table 3 displays the
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trial runs generated using the Central Composite
design of the Response Surface Methodology in
Design Expert [14].

Table 2 - The Input Parameter Ranges

Table 4 - Steady-state mole fractions

Component Top Mole Bottom.Mole
Fraction Fraction
Propionic acid 0.0058 0.0449
Methanol 0.0001 0.0507
Methyl propionate 0.6514 0.2968
Water 0.3427 0.6076

Input Parameter Minimum Maximum
Reflux ratio 3.00 5.00
Reboiler duty 200000.00 500000.00

Table 3 - Experimental runs given by the Design
Expert

After completing the steady-state simulation and
achieving the model's convergence, the research-
ers adjusted the reboiler duty and reflux ratio to
produce various runs in Design Expert. They then
entered these runs into the Aspen HYSYS simula-
tion to determine the mole fractions of the prod-
ucts for the top and bottom streams, as shown in
Table 5. The cubic model displayed in Tables 1
and 2 was created using these mole fractions as
the responses in Design-Expert. However, only
the coded equation was present in the model in-
stead of an actual equation.

Table 5 - Biodiesel and water mole fractions for
the top and the bottom streams

Std | Run Reflux ratio Reboiler duty
1 1 3 200000
13 2 4 350000
8 3 4 562132
5 4 2.58579 350000
4 5 5 500000
2 6 5 200000
9 7 4 350000
10 8 4 350000
3 9 3 500000
7 10 4 137868
11 11 4 350000
6 12 5.41421 350000
12 13 4 350000

After conducting the experimental runs, the mo-
lecular fractions of the upper and lower products
of methyl propionate (biodiesel) and water were
obtained and recorded as responses in Design
Expert. The researchers examined the outputs
from the Design Expert model to produce model
equations, using the mole fractions of water and
biodiesel as the system's dependent variables.

Optimisation. The model equations obtained from
Design Expert were used to formulate the opti-
misation algorithm for the system, with the assis-
tance of MATLAB's fsolve command. For the op-
timisation, the reboiler duty and the reflux ratio
were the manipulated variables, aimed at max-
imising the mole fraction of methyl propionate
(biodiesel) at the bottom of the distillation col-
umn [15].

RESULTS AND DISCUSSION

The steady-state values obtained for both the top
and bottom streams are provided in Table 4. The
steady-state results indicated that methyl propi-
onate is more concentrated at the top of the col-
umn than at the bottom.

Section “Engineering, Manufacturing and Construction”

Reflux | Reboiler
Ratio Duty Top Bottom
Biodiesel | Water | Biodiesel | Water
3 200000 0.5465 |0.3156| 0.2569 |0.4338
4 350000 0.6385 |0.3597| 0.2651 |0.4291
4 562132 0.6779 |0.3207| 0.3013 |0.5380
2.58579 |350000 0.5654 |0.2931| 0.2809 |0.5638
5 500000 0.6968 |0.3018| 0.2993 |0.4913
5 200000 0.0000 |0.0000| 0.0000 |0.0000
4 350000 0.6386 |0.3597| 0.2651 |0.4291
4 350000 0.6386 |0.3597| 0.2651 |0.4291
3 500000 0.6281 |0.3377| 0.2871 |0.5606
4 137868 0.5942 |0.3830| 0.2325 |0.3425
4 350000 0.6385 |0.3597| 0.2650 |0.4291
5.41421 |350000 0.6771 |0.3213| 0.2779 |0.4238
4 350000 0.6386 |0.3597| 0.2650 |0.4290

The results were processed to obtain the model
equations given in Equations (2) and (3) for the
top biodiesel and water, respectively.

TB =-1.85599 +2.28619R - 4.83432x10° 0 —
~2.82031x10° RO —0.434041R* + 2.64730x10"'0* +  (2)
+1.10005%10°° R*0 ~7.07823x 10> RO’

TW =-1.58232+1.62758R —2.83247x10°Q -
—1.87317x10°RO—-0.291149R* +1.68682x107"' Q* + (3)
+6.8667x1077 RZQ—4-5058IXIO’IZRQ2
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After analysing the model equations, it was found
that each of the overall models was significant,
despite some of their elements not being signifi-
cant.

Table 6 presents the results of optimising the
built system using MATLAB's fsolve tool. The ob-
jective function was to maximise the top bio-
diesel mole fraction, while the manipulated vari-
ables were the reboiler duty and reflux ratio.

Table 6 — Optimum values

Parameter Optimum value
Reflux ratio 5
Reboiler duty (k] /s) 500000
Top methyl propionate 1

The Aspen HYSYS model of the system was then
run using the optimal variables, and the results
are presented in Table 7. One possible explana-
tion for the discrepancy between the theoretical
and practical mole fractions of biodiesel is that
the conditions were not as perfect as the theoret-
ical optimisation could have predicted.

Table 7 - Steady-state mole fractions obtained
using the optimum values of the parameters

Component Top Mole | Bottom Mole
Fraction Fraction
Propionic acid 0.0001 0.1063
Methanol 0.0018 0.1059
Methyl propionate 0.8435 0.3159
Water 0.1546 0.4719

Using the optimum parameters, plotting the sys-
tem's temperature profile with Aspen HYSYS
(Figure 7) revealed that, as anticipated, the con-
denser's temperature was lower than that of the
reboiler.

Temperature vs. Tray Position from Top

e —&— _ Tempdratue
130.0 o ;’1’43\1
= "'J—LJ,___'_
110.0 =k
AN
90.00 &= -{\
- P T
T0U00 T T T T T T T
[} 5 10 15 20 25 30 35

Figure 7 - The Column's temperature profile for
reactive distillation
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Nevertheless, the simulation showed that the
column's reaction region had an extremely high
temperature. The esterification reaction occur-
ring in the reaction region was exothermic,
which is why the temperature there was so high.

Additionally, Figure 8 provided the system's
composition profiles. According to the figure, the
intended product had the highest mole fraction
in the condenser part of the column, while the
mole fraction of propionic acid was highest in the
reaction section.

Composition vs. Tray Position from Top

Mole Fraction

a 5 10 15 20 25 30 35

Figure 8 - Profiles of the steady state liquid mole
fractions of the system after optimisation

The model was also simulated using MATLAB,
and the simulation outcomes were compared
with the experimental ones, as shown in Figures
9 and 10 for methyl propionate and water, re-
spectively, in the form of composition profiles.

=

Zo09

Z 08 Ja\ |
P \_/ l
,2077-« o S i

—8— experimental value

Eﬂ 02
2 01
0

|
|
| —0— Obtained value
|
|
|

|

|

|

|

\

4 6 8 10 12 14
Number of runs

|
|
|
|
0 2

Figure 9 - Comparison of the experimental and the
simulated top methyl propionate mole fractions

The researchers also applied the significance cri-
teria (with a significance level of 0.05) and the
predicted R? value to assess the validity of the
developed model equation.
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le fraction

Water mol

Number of runs

Figure 10 - A comparison between the
experimental and the simulated top water mole
fractions

It was evident that the profiles were in good
agreement based on the figures. The high pre-
dicted R? value and the importance of the model
equations created for the system were both sup-
ported by this excellent graphical comparison.
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