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Biodiesel is a promising energy substitute of fossil fuels since it is produced from renewable and biodegradable
sources. In the present work, reactive distillation (RD) process is designed and simulated using Aspen Plus pro-
cess simulator to produce biodiesel of high purity through esterification reaction. The simultaneous reaction and
separation in same unit enhances the biodiesel yield and composition in RD process. Two flowsheets are proposed
in present work. In the first flowsheet, the unreacted methanol is recycled back to reactive distillation column.
Biodiesel with 99.5 mol% purity is obtained in product stream while the byproduct stream comprises 95.2 mol%
water, which has to be treated further. In the second flowsheet, a part of methanol recycle is split and purged. In
this case, the biodiesel composition in product stream is 99.7 mol% whereas water composition is 99.9 mol% in
byproduct stream, which can be reused for other process without treatment.

Keywords: biodiesel, reactive distillation, process simulator, recycle, purge.

INTRODUCTION

Energy demands are steadily increasing on day-to-day
basis for the sustenance and development of human race,
which has resulted in rapid depletion of non-renewable
energy reserves and high-energy costs. Hence, research-
ers, in the recent past, have highly emphasized on renew-
able energy sources, which are nontoxic, biodegradable
and environment friendly’,

Biodiesel is a prominent alternative of petroleum
diesel used worldwide®. It is a clean-burning renewable
fuel, which has similar properties as petroleum diesel.
Biodiesel is mainly composed of fatty acid mono-alkyl
esters, which are produced by the transesterification
reaction of alcohol and free fatty acids (FFA), derived
from renewable resources such as vegetable oils, waste
cooking-oils or animal fats® 4. However, the byproduct
‘water’ formed in transesterification reaction makes the
reaction rate sluggish, which results in high residence
time, low biodiesel yield and purity in a conventional
process. Moreover, separation and purification of bio-
diesel further add up to the process cost economics™ °.

Reactive distillation (RD) is a well-known process,
particularly attractive for equilibrium-limited chemical
reactions, where the reaction and separation occur
concurrently in the same unit, thereby separating the
product simultaneously after reaction and shift the
reaction equilibrium towards higher products yield and
composition’. The RD process lowers the overall capital
and operational costs since a single unit is required for
reaction and separation rather than two separate process
units. Moreover, the heat generated during exothermic
reaction can be efficiently utilized to improve the heat
economy of the system®.

The compactness and cost-effectiveness of RD pro-
cesses make them ideally suited for several industrial
applications, like petrochemicals industries” ' and,
processes such as alkylation, acetalization, and especially
esterification'®"%, The RD process is widely used for the
production of biodiesel by esterification*". Kiss et al.'®
performed experimental studies of biodiesel production
by esterification reaction using sulfated zirconia catalyst.
They varied various process parameters such as catalyst

Bereitgestellt von West-Pomeranian University of Technology Szczecin - Biblioteka Gléwna Zachodniopomorskiego | Heruntergeladen 05.11.19 11:04 UTC

weight percentage, molar feed ratio, process temperature,
and pressure and derived the overall acid conversion.
Further, they proposed a RD process and studied the
model with similar process parameters. They found
that the biodiesel productivity is enhanced up to 6-10
times by using RD process over conventional process.
Researchers have proposed various process flowsheets
using RD process to produce biodiesel with high yield
and composition. Nguyen and Demirel's used a RD
column and a distillation column in their Aspen Plus
simulations, which were thermally coupled. The energy
consumptions reduced by 13.1% and 50% respectively
in both columns. The biodiesel obtained has purity of
95.8 mol% while water purity was 98.8 mol%. Agarwal
et al' performed simulation studies of RD process for
biodiesel production using Matlab and CHEMCAD
software. The proposed RD model achieved up to 97%
triglycerides conversion and 90.3% yield. Machado et al"’
performed computer simulations to produce biodiesel
from fatty organic acids by hydro-esterification. They
conducted hydrolysis reaction in packed bed reactor
while esterification was performed in RD column. The
water produced in the RD column was recycled back to
packed bed reactor for hydrolysis reaction. The biodiesel
purity achieved was up to 99 mol%. Bildea and Kiss®
performed Aspen Plus simulations using RD column
with decanter and flash column in the process flowsheet.
They obtained biodiesel of purity 99.1 mol% while water
purity was 99.99 mol%. They further performed dynamic
analysis and proposed a control scheme to control process
parameters and maintain product quality. Researchers
have also proposed the use of dual RD columns to
further increase biodiesel yield and purity?" 2. Cisneros
et al?? used integrated dual RD columns in series in
their simulations. After intense process optimization in
Aspen Plus process simulator, they obtained biodiesel
product of 99.92 mol% and water purity of 99.97 mol%.
Moreover, researchers have also proposed heat integra-
tion techniques and thermally coupled RD process to
enhance the efficiency of RD columns' 1523 Although,
RD processes produce high purity biodiesel, the purity
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of byproduct, water, is significant as well, to reduce the
water treatment and processing costs.

In the present work, reactive distillation process is used
for the production of fatty acid methyl esters (FAME)
of high purity (>99.5%) using methanol and lauric acid
(dodecanoic acid), which is a common FFA, as feed. The
process flowsheet was designed and simulated in steady
state using Aspen Plus V9 process simulator. Moreover,
the flowsheet simulations were further carried out after
undergoing minor modifications in the process flowsheet
in order to increase the mole purity of byproduct water
up to 99.9 mol%. Methanol feed molar flow rate was set
to 5% excess to lauric acid feed. The process operation
with equal molar feed rate requires high sensitive and
precise composition analyzers and flowmeters as part of
process control system since any imbalance in stoichio-
metry may compromise the product formation rate and
product purity. These composition analyzers are expensive
and involve complex operation and maintenance®!. Excess
reactant process eliminates the need of equal feed rates,
which makes process control primitive for RD systems.
Therefore, industrial RD process often employ one excess
reactant than the required stoichiometric number to
simplify RD process control system®. However, excess
reactant process often employs an extra distillation co-
lumn to separate excess reactant that can be recycled
back to RD column. The addition of column increases
the capital and operational costs of process plant, albeit,
proper heat integration of RD column and distillation
column can result in less energy intensive process than
single RD column process' #!, We have proposed two
process flowsheets in the present work. Both process
flowsheets consist of RD column followed by distillation
column to recover unreacted methanol. All the excess
methanol recovered is recycled back in the first process
flowsheet while a portion of recycle is split as purge in
the second flowsheet in order to obtain byproduct wa-
ter of high purity, keeping in mind, that further water
treatment process is highly cost inclusive process. The
composition of water in the byproduct increased up to
99.9 mol%, while performing minimal change in process
design by adding a splitter in process flowsheet in the
present work.
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Production of high purity biodiesel at industrial sca-
le is a major challenge in process industries?®. In the
present work, reactive distillation process is used to
produce 12.39 kton/year of methyl-dodecanoate (FAME)
of up to 99.5% purity using heterogeneous acid solid
catalysts’’. Methanol and dodecanoic acid (FFA) were
used as reactants. Methanol molar flow rate was kept
at 5% excess of acid feed in order to circumvent from
complicated control process and costly and complex
composition analyzers. Two process flowsheets, Case
A and Case B, were designed and studied by varying
various process parameters. The steady state process
flowsheet simulations were performed in Aspen Plus V9
process simulator. The process flowsheets comprise of
dual distillation columns; the first is RD column where
reaction and separation takes place simultaneously and
the second distillation column is used to separate excess
unreacted reactant from byproducts. The process flow
diagram of Case A is shown in Fig. 1. The distillate from
second column, which mainly constitutes methanol and
water, is recycled and mixed with fresh methanol feed
in a mixer and connected further to RD column as feed.
The process flow diagram for Case B is drawn in Fig. 2.
A splitter is attached to the distillate stream exiting
from Column 2, which separates a portion of effluent
from distillate as purge and recycles back the remaining
effluent which is further mixed with fresh methanol as
in Case A. The purge split fraction was set at 8.0 mol%.
The configuration of RD column and second column is
reported in Table 1. The design parameters in Table 1
were set identical for both process configurations in Case
A and Case B. The reactive stages were Stages 16-20

Table 1. Columns configurations of biodiesel production process
similar for Case A and Case B

RD column Column 2

Number of stages 18 10
Reactive stages 6-15 -
Operating 6 bar 3 bar
pressure

Column diameter 0.71m 0.3m
Column height 9.75m 4.88 m
Liquid hold up 201 -
Feed stage Above 6 and 16 7

PUMP

COL2ZDIST

WATEROUT

Figure 1. Process flow diagram of biodiesel production process for Case A
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Figure 2. Process flow diagram of biodiesel production process for Case B

while the liquid hold up of all reactive stages was similar
as 20 L. Please note that few parameters like number of
stages, reactive stages were fixed as independent varia-
bles, while other parameters like column diameter and
height were calculated using independent parameters
and model equations so that degree of freedom is 0.
Other process parameters which were distinct for both
processes are reported in Table 2, the first column for
Case A and second column for Case B respectively. Two
process parameters need to be specified here, the other
two parameters are calculated by the model equations.
To this end, rigorous sensitivity and optimization analyses
are performed to maximize biodiesel molar flow and
composition in both cases. Various process parameters
were varied to achieve the required process targets as part
of optimization strategy. The location of methanol and
FFA feed inputs were varied at different tray positions
so that maximum FAME yield is attained. The lighter
feed, methanol, was fed below the reacting section below
stage 15, while dodecanoic acid (FFA) entered the RD
column above the reacting section above stage 6. The
number of stages and reflux ratio were optimized as well
to achieve an efficient and economic design configura-
tion of RD process. The other parameters varied in the
optimization approach were feed conditions, D/F ratio,
reboiler duty. The optimization procedure and criteria
are discussed in detail in other work’.

PROCESS DESCRIPTION

The reaction scheme for the production of FAME
through esterification reaction can be written as:
Cy1Hys — COOH + CHy — OH = Cy,Hys — COO — CHs + H,0

The molecular weight and boiling point of the compo-
nents are reported in Table 3 according to their decreasing

volatility. The lighter components, water and unreacted
methanol is recovered at the top through distillate of RD
column while the FAME and unreacted FFA (traces) is
recovered at the bottom.

The reactive distillation comprises of three sections:
Rectifying section at the top followed by reaction section
and the stripping section. The schematic of RD column
is drawn in Fig. 3. The reaction of lauric acid and me-
thanol occurs at liquid phase in reaction section, which
produces FAME and water. In addition, separation of
water from liquid phase occurred simultaneously which
promoted the forward reaction and restrained the bac-
kward reaction and hence high reaction conversion of
acid was achieved. The phenomenon is clearly visible
in Fig. 4 and Fig. 5 which show tray wise components

- » Distillate
Enriching
section

Feed 1 >

Reacting
section

X

Feed 2 >

Stripping
section

Bottom

Figure 3. Schematic of RD column

Table 2. Columns configurations of biodiesel production process which varied for Case A and Case B

Case A

Case B

RD col.

Col. 2 RD col. Col. 2

Reboiler duty [kW] 308

251.78 355 236.88

Condenser duty [kW] -204.67

—233.48 —237.62 —216.454

Net energy required [kW] 103.33

18.3 117.38 20.43

Reflux ratio 0.8

4.0 1.05 3.0

D/F ratio 0.636

0.445 0.65 0.48

Split fraction 0.0%

8.0%
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Mole fraction (-/-)
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Figure 4. Composition profiles of RD column for case A; (a)
Liquid; (b) Vapor
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Figure 5. Composition profiles of RD column for case B; (a)
Liquid; (b) Vapor

composition profile of liquid and vapor in RD columns
in Case A and Case B. It should be noted here that tray
1 is condenser and last tray is the reboiler. The liquid
flowing down to stripping section mainly contains FAME
and unreacted methanol and traces of lauric acid, after
reaction. At the stripping section, lighter components are
stripped of liquid and transferred to vapor which there-
by increase composition of FAME in liquid. The liquid
phase further gets enriched with FAME in the reboiler
due to its high boiling point and hence, FAME of high
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purity is collected at bottom. In the rectifying section at
the top of column, the reflux liquid coming down mainly
consists of methanol and water and lighter component
is transferred from vapor to liquid and recovered at the
distillate. Henceforth, the methanol water is separated in
the second column. The composition profiles of second
column for Case A and Case B are plotted in Fig. 6.
The temperature profiles are plotted in Fig. 7. Figure
7a indicates that RD column in both cases operate at
same temperature range while the temperature range is
higher for second column in Case B as seen in Fig. 7b.
However, the net energy required by column 2 is iden-
tical in both cases as reported in Table 2. The energy
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Figure 6. Composition profiles of Column 2; (a) Case A; (b)
Case B
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Figure 7. Temperature profiles; (a) RD column; (b) Column 2



requirement of RD column in Case B is slightly higher
than Case A.

The reaction kinetics of the present esterification
reaction is given as:

T = k1Ce¢,,n,5c00uCenzon — K2Cc, Hyscooch; Cayo (1)

However, since the byproduct water is continuously
removed from the reactive system, the reaction always
proceeds towards forward reaction. The rate of backward
reaction is remarkably slow as compared to forward
reaction and, hence, the rate of backward reaction can
be neglected from the reaction kinetics. Therefore, the
reaction kinetics can be written as':

r= Ae(_Ea/RT)

CCllH23C00HCCH30H (2)
where
A (Arrhenius factor) = 120000 m%(kmol.s); E, (Activa-
tion energy) = 55000 J/imol

Solid acid catalyst, sulfated zirconia is used for este-
rification reaction here?.

The thermodynamic activity model ‘UNIQUAC’ is
used in the present work for VLE, LLE calculations.
The UNIQUAC model is given as®:

;| z 0; ’ ’ ro 0T PP
Iny; =InZt+2¢iIn g —qiInt; —q; Zj]t_}]“'li +q; _x_izjlej 3)

The binary interaction parameters used in the activity
model is listed in Table 4. Please note that only lauric
acid - FAME and methanol-water parameters were pre-
sent in Aspen properties. The other binary parameters
were taken from relevant literature™.

The following assumptions were considered to simulate
the biodiesel process:

— The liquid and vapor streams exiting any column
tray are in equilibrium with each other.

Table 3. Physical properties of components
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— The liquid and vapor in the stage are completely
mixed.

— The liquid phase is homogenous in each stage.

— The vapor hold up in the stage is negligible as com-
pared to the liquid hold up in all trays.

RESULTS AND DISCUSSION

Case A

The stream results of Case A are reported in Table 5.
In this case. all the distillate from second column which
consist of methanol and water in the ratio of 68.5 mol%
and 31.1 mol% is recycled back and mixed with fresh
methanol as RD column feed (Fig. 1). The FAME purity
at FAME-OUT stream, which is the bottom stream of
RD column is 99.5 mol%. The RD column distillate,
RD-DIST, contains 0.1% of FAME, which accounts to
marginal molar flow of 0.01 kmol/hr, which signifies
that almost all the FAME produced is collected at
FAME-OUT stream, but only traces are recycled. The
WATER-OUT stream, which is the bottom stream of
second column bottom, consists 95.2% water while the
rest is methanol. The methanol flow rate at WATER-OUT
stream is 0.283 kmol/hr, which is lost by the process. The
byproduct obtained from WATER-OUT stream needs to
be further treated in the water treatment plant in order to
be discharged as wastewater or reuse it in process plant
due to high methanol composition, thereby complying the
environment safety standards and requirements®'. Other
output scenarios are also possible by changing the input
process parameters of RD-column and second distillation
column. Two such process configuration alternatives are
reported in Table 6 as Case II and Case III. Case I has

Methanol Water FAME Acid
Molecular weight 32 18 214 200
Boiling point (°C) 64.7 100 266.85 298.7
Table 4. Thermodynamic parameters of UNIQUAC activity model for binary components
Comp. i Acid Methanol Methanol Methanol Acid Water
Comp. j FAME Water Acid FAME Water FAME
Aj 0 —1.0662 0 0 —-0.29924 0
Aj 0 0.6437 0 0 —0.38437 0
B 238.8469 432.8785 48.3493 31.789 -195.44 -216.733
B; —-369.561 -322.1312 -309.554 -539.979 -107.62 —658.816
Table 5. Stream results for Case A
Stream Name F-ACID F-ALC FAME-OUT RD-DIST COL2F WATEROUT COL2DIST
Temperature [°C] 130 120 345.0 129.2 50.0 113.2 95.5
Pressure [bar] 6.04 6.1 6.1 6.0 4.1 3.1 3.0
Vapor Fraction 0 1 0 0 0 0 0
Molar Enthalpy [kJ/mol] —689.5 -196.4 -514.8 —257.2 —265.4 —277.6 —232.5
Mole Flows [kmol/hr] 6 6.3 6.01 10.49 10.49 6.29 4.20
Mole Fractions [-/-]
ACID 1 0 0.001 0.000 0.000 0.000 0.000
FAME 0 0 0.995 0.001 0.001 0.002 0.000
METHANOL 0 1 0.004 0.413 0.413 0.045 0.966
WATER 0 0 0.000 0.585 0.585 0.952 0.034
Mass Flows [kg/hr] 1201.93 201.87 1283.21 253.01 253.01 120.58 132.43
Mass Fractions [-/-]
ACID 1 0 0.001 0.001 0.001 0.002 0.000
FAME 0 0 0.998 0.013 0.013 0.026 0.000
METHANOL 0 1 0.001 0.549 0.549 0.076 0.980
WATER 0 0 0.000 0.437 0.437 0.895 0.020
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Table 6. Different process configuration alternatives for Case A

Case | Case Il Case |l
RD-RR 0.8 1.1 1.1
RD reb. duty [kW] 308 250 250
Col2-RR 4.0 3.0 3.0
Col2-D/F ratio 0.445 0.5 0.4

same process parameters and output results as Case
A discussed above. The stream composition results of
two output streams FAME-OUT and WATER-OUT are
reported in Table 7 for Case II and Case III. Although
WATER-OUT stream comprises 100% water for Case
II that could be directly used for other purposes wi-
thout any further treatment and purification processes
but the purity of FAME has been compromised. The
FAME composition in FAME-OUT stream is 92.3%,
which makes the process infeasible since the desired
purity is not achieved which is a process requirement.
In case III configuration, the FAME and water purity
is 97.2% and 97.3% respectively, which again does not
meet the product quality required and water treatment
is required as well. The process configuration in Case 111
is unsuitable too. Therefore, with the present flowsheet
scenario of Case A, Case I could be implemented to
produce FAME with 99.5% composition, however, at
the expense of treatment process of byproduct coming
out of second column of process flowsheet.

Table 7. Stream results of different process alternatives of Case A

coming out of WATER-OUT is 5.85 kmol/hr, which
is 77.8 mol% of the total water produced during the
esterification reaction in RD column. The unreacted
methanol is separated in second column and comes
out from the distillate ‘COL2DIST’ stream along with
remaining 22.2 mol% water. The methanol flowrate in
the purge stream is 0.295 kmol/hr, which is minimal,
while the rest is recycled to RD column. Please note
that 0.283 kmol/hr of methanol exits with water from
process in Case A as well. Hence, employing a small
modification in Case A process flowsheet has helped to
achieve 77.8% of pure water from the process, which
can be reused directly in any process, without any fur-
ther water treatment. The methanol-water mixture with
0.685/0.311 molar ratio can be used in other processes,
where dilute concentration of methanol in water are
required. Moreover, purge flow rate of 0.43 kmol/hr is
minimal as compared to the whole process.

In order to further simplify the process control requ-
isites, the methanol feed flow rate was set at 10% in
excess than acid feed flow rate i.e. at 6.6 kmol/hr. The
stream results are reported in Table 9. The results are
similar as Case B. However, the purge is increased to
16%, which means more unreacted methanol is lost by
the process. Hence, an optimum process has to be chosen,
which has a simplified control system strategy as well
as lesser loss of unreacted methanol from the system.

Mole fraction [-/-] Case | Case ll Case lll
FAME-OUT WATER-OUT FAME-OUT WATER-OUT FAME-OUT WATER-OUT
ACID 0.001 0.000 0.002 0.000 0.001 0.000
FAME 0.995 0.002 0.923 0.000 0.972 0.003
METHANOL 0.004 0.045 0.048 0.000 0.026 0.024
WATER 0.000 0.952 0.026 1.000 0.001 0.973
Table 8. Stream results for Case B
Stream Name F-ACID F-ALC FAME | roisT | colzr | WATERO | colonisT | PURGE
Temperature [OC] 130.0 120.0 355.8 131.7 50.0 133.9 100.3 100.3
Pressure [bar] 6.0 6.1 6.1 6.0 4.1 3.1 3.0 3.0
Vapor Fraction 0 1 0 0 0 0 0 0
Molar Enthalpy [kJ/mol] —689.5 -196.4 -507.7 —261.3 —269.5 —277.2 —247.5 —247.5
Mole Flows [kmol/hr] 6.00 6.30 6.01 11.27 11.27 5.86 5.41 0.43
Mole Fractions [-/-]
ACID 1.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000
FAME 0.000 0.000 0.997 0.002 0.002 0.000 0.004 0.004
METHANOL 0.000 1.000 0.002 0.329 0.329 0.001 0.685 0.685
WATER 0.000 0.000 0.000 0.669 0.669 0.999 0.311 0.311
Mass Flows [kg/hr] 1201.93 201.87 1285.53 259.25 259.25 106.00 153.25 12.26
Mass Fractions [-/-]
ACID 1.000 0.000 0.001 0.002 0.002 0.004 0.000 0.000
FAME 0.000 0.000 0.999 0.016 0.016 0.000 0.027 0.027
METHANOL 0.000 1.000 0.000 0.459 0.459 0.001 0.775 0.775
WATER 0.000 0.000 0.000 0.524 0.524 0.995 0.198 0.198
Case B Table 9. Comparison of stream results with 5% and 10% extra

The process flowsheet in Case B (Fig. 2) comprises of
a splitter that splits 8% of total flow of recycle steam
as purge and recycles the remaining effluent to fresh
methanol feed. The stream results for Case B is repor-
ted in Table 8. It can be clearly seen that high purity
of 99.7% FAME is attained at FAME-OUT stream.
Moreover, the water coming out of WATER-OUT is
99.9% in composition. The total mole flow of water
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methanol feed

Methanol input

[kmol/hr] 6.3 6.6

Mole fraction FAME- WATER- FAME- WATER-
[-/-] ouT ouT ouT ouT
ACID 0.001 0.000 0.002 0.000
FAME 0.997 0.000 0.995 0.000
METHANOL 0.002 0.001 0.004 0.001
WATER 0.000 0.999 0.000 0.999
Purge 8.0% 16.0%




CONCLUSION

The proposed process flowsheets in Case A and
Case B yielded biodiesel product of 99.5% purity. The
three different configurations were studied under Case
A, with complete recycle of unreacted methanol. The
FAME obtained in the product consisted of 99.5%,
92.3% and 97.2% respectively in mole basis. Although,
the first configuration of Case A has 99.5% biodiesel
composition in product stream, the byproduct stream
consists of 95.2% water, which needs to be further tre-
ated for other purposes. In Case B, when 8% of recycle
is split as purge, the product stream consists of 99.7
mol% biodiesel while the byproduct stream comprises
of 99.9 mol% water, which constitutes 77.8% of total
water produced in reaction process. The purge flow
is 0.43 kmol/hr, which is marginal compared to other
process flows, albeit the methanol composition is 68.5
mol% in purge. The proposed process flowsheet in Case
B can significantly enhance the biodiesel yield and purity
while recovering reusable water at byproduct stream.
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