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It is important to simulate a process to see how its production would be in real time. However,
there is a few simulation study in literature on continuous flow-biodiesel production in reactive
distillation (RD) column. In this study, simulation and optimization of continuous flow-biodiesel
(FAME) production in RD column packed with cheaper heterogeneous basic CaO catalyst by
using Aspen HYSYS 3.2 software was investigated to contribute to the literature. In study, low-
priced waste cooking oil (WCO) and methanol were fed separately into first stage at top of RD
column. In the literature, transesterification was considered as pseudo-first order forward
reaction, and activation energy (Ea) and frequency factor (Ao) for WCO of 79 kj/mol and 2.98 x
10'° min-! were determined, respectively. After discovering composition of WCO by GC, a set
pseudo-first order forward reaction based on triglyceride (as tripalmitin, tristearin, triolein and
trilinolein) were written to the simulator. The developed model using General NRTL fluid
package was simulated to converge by Sparse Continuation Solver. After simulation, optimum
conditions were determined by Optimizer tool and Box algorithm. In the optimization, objective
function was selected so as to maximize the sum of conversion and mole fraction of m-oleate in
bottom product. As a result, optimum values were determined as reflux ratio of 0.1, reboiler duty
of 17.9 W, total feed flow rate of 11.2x10 kgmol/hour and methanol/WCO molar ratio of 6.42
for maximum conversion of 99.97% and mole fraction of 70.69%. Consequently, good results
were very compatible with literature, thus showing suitability of suggested model, economically
feasible biodiesel production and Aspen HYSYS 3.2 capability of handling this process
successfully.
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1. Introduction

alcohols in presence of an appropriate catalyst to form esters
of long chain fatty acid (FAME) and glycerol (glycerine) [2].

A number of countries have been looking for alternatives to
meet the needs for an environmentally friendly and
renewable fuel supply because of the growing demand for
fuel and global concern about the effects caused by
greenhouse gases. The use of biodiesel is an alternative
method for replacing fossil diesel [1]. Biodiesel is produced
by the transesterification of long chain fatty acids (FA)
derived from vegetable oils and animal fats with aliphatic

Transesterification reactions can be catalyzed by an acid,
base, or enzymes. Homogeneous and heterogeneous alkali
and acid catalysts have been studied [3]. Heterogeneous acid
and basic catalysts have the advantage of easy and cheap
separation and regeneration process [4]. Heterogeneous basic
catalysts include alkaline—earth metal oxides such as CaO,
MgO, SrO, and hydrotalcites [5,6]. In addition to its cheaper
value and being easily available, CaO has superior catalytic
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performance described in a number of papers reviewing
catalytic reaction to produce biodiesel [7-10]. Vujijic et al
[11] showed that transesterification reaction was considered
as pseudo-first order forward reaction based on triglyceride
(TG). Birla et al [12] used calcined snail shell (CaO) catalyst
to produce biodiesel from waste cooking oil (WCO) and
investigated the kinetic parameters. The activation energy
(Ea) and frequency factor(Aog) for WCO of 79 kj/mol and 2.98
x 10 min?® were determined, respectively. It was also
indicated that the activation energy found by Birla et al was
in the range of 33.6-84 kj/mol obtained for transesterification
of soybean oil [13].

The most important obstacle to commercial use of biodiesel
is production cost and it is not economical compared to
petroleum diesel. One of the reason is the use of excessive
amounts of equipment and energy to remove high amounts
of alcohol for high conversion and the impurities caused by
it in the current biodiesel production processes [14]. It was
shown that biodiesel production cost by using RD column
was lower than those conventional processes [15]. Given low
biodiesel production capacity in currently used batch reactor
process [16], He and Singh [17] shown that RD has a
productive advantage when compared to the conventional
batch process. By using RD column, the investment cost
could be decreased partly because of occurring the chemical
reaction and separation in same equipment, and partly
because of with minimum number of equipment by means of
reducing pipelines and pumps and the integration of heat
[18]. Wang et al. [19] performed the methyl acetate
hydrolysis by RD, achieving 10% less energy consumption
and 50% increase in production compared to the fixed bed
reactor.

The other most important cost effect is raw material’s price.
In fact, raw material costs account for a major portion of total
biodiesel manufacturing cost [20]. As known, vegetable oil
is a food commodity and its price is continuously increasing
parallel growth of world demand for food [21]. WCO costs
are 2-3 times cheaper than vegetable oil, and it has been
reported that the use of it could reduce the cost by 60-90%
[18, 22]. In recent years, the use of low-cost WCO and animal
fats has increased, rather than refined vegetable oils for the
economic biodiesel production [23-27].

Before producing biodiesel in plant, it is very necessary that
a prototype of its production be setup and simulate using a
process simulator like Aspen HYSYS in order to have an idea
of how its production will be in real time. Oguz and Celik
Tolu [28] published a review for optimization analysis of
biodiesel production from vegetable oil by using bio-based
CaO as catalyst. When the literature is examined, there are
several simulation studies about biodiesel production in
batch or continuous flow reactor system with homogenous
alkaly or acidic catalyst [3, 20, 29, 30]. However, there is a

few study in the literature on the simulation of biodiesel
production with RD column. Simasatitkul et al. [31]
suggested the use of RD for transesterification of methanol
with soybean oil, catalyzed by homogeneous sodium
hydroxide. Karacan and Karacan [32] used Aspen HYSYS to
simulate RD column using homogeneous potassium
hydroxide and potassium methoxide as catalyst in
esterification of oleic acid and methanol.

Now that there is a big missing in the literature including
simulation and optimization study on continuous flow
biodiesel production in RD column with heteroneous
catalyst, this study was carried out for the purpose of
obtaining biodiesel in continuous flow RD column
economically and efficiently, thanks to integrated RD
column and raw materials such as inexpensive WCO and
heterogenous basic catalyst CaO, which is cheaper, easily
recoverable and having superior catalytic performance. To
achieve this, simulation and optimization by aspen HYSYS
3.2 were performed and optimum conditions of total feed
flow rate, molar ratio of methanol to WCO, reflux ratio and
reboiler duty for the maximum biodiesel mole fraction and
conversion at outlet stream were determined.

2. Methods

2.1. Determination the composition of WCO

WCO was obtained from local restaurants in Ankara, Turkey.
The FA composition of WCO (see Table 1) was determined
by Perkin Elmer Clarus 500 model gas chromatography (GC)
with Agilent HP-88 (100 m x 0.25 mm x 0.2 um) capillary
column and Flame lonization Detector (FID) with helium

carrier gas. Analysis was performed according to
“Col/T.20/Doc.No.17, 2001 method identified by
International Olive Oil Council (IOOC). The oven

temperature was programmed at 175°C for 12 min, and
ramped to 225°C at a rate of 2°C/min for 12 min. In addition,
the injector and detector temperatures were 250°C and
280°C, respectively.

Table 1. The chemical and physical properties of WCO

Parameters Value

FA composition (wt%)

Palmitic 20.99
Stearic 4,92

Oleic 38.12
Linoleic 29.73

Water content 0.09%

Acid value 1.09 (mg KOH/g oil)
Color Golden yellow

2.2. Kinetics model

The overall vegetable oil methanolysis reaction could be
presented by the following stoichiometric equation,

TG +3ROH <> 3R'CO,R +GL )

where intermediate reaction steps are;
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TG +ROH < R'CO,R+ DG )
DG + ROH < R'CO,R+ MG
MG + ROH < R'CO,R +GL o)

where, TG is triglyceride, DG is diglyceride, MG is
monoglyceride, GL is glycerol, ROH is alcohol and R'COzR
is FAME. Heterogeneously catalyzed methanolysis reaction
is very complex because it occurs in a three-phase system
consisting of a solid heterogeneous catalyst phase and two
immiscible oil and methanol liquid phases. Also,
concurrently with methanolysis, there are some side reactions
such as saponification of glycerides and methyl esters and
neutralization of free FA by catalyst.

While modelling the methanolysis process, it was assumed
that the reaction occurred between methoxide ions and
glycerides adsorbed on the catalyst surface [33, 34]. Also,
methanol mass transfer and adsorption on catalyst active
sites, and desorption rate of products from catalyst surface
and their mass transfer into liquid reaction mixture did not
limit the overall process rate [34]. Besides, assuming the
reaction to be a single step transesterification, rate law of the
transesterification reaction for forward reaction [11] can be
expressed by Eq (5),

_raz_Mzk'.[TG].[RoH]?’ (5)

where k' is the equilibrium rate constant. This overall
reaction follows a second order reaction rate law. However,
due to the high molar ratio of methanol to oil, the change in
methanol concentration could be considered as constant
during reaction. This means that by taking methanol in
excess, its concentration does not effect the reaction order
and it behaves as a first order chemical reaction. Hence, the
reaction obeys pseudo-first order kinetics. Hence, the
reaction obeys pseudo-first order kinetics [35-37]. Finally,
the rate expression [12] can be written as,

_ra:_T:k'[TG] (6)

where k is modified rate constant and k =k’ [ROH .

2.3. Simulation of RD column packed with CaO

According to the designed process (see Fig. 1), WCO and
methanol were fed separately into first stage at the top of RD
column. The top product was nearly pure methanol and the
bottom product mixture contained methanol, glycerol and
biodiesel components. The column had a height of 1.5 m and
a diameter of 0.05 m except the condenser and the reboiler
units. It consisted of a cylindrical condenser having a
diameter of 0.05 and height of 0.225 meter. The reboiler was
spherical in shape and had a volume of 3 L. The main column

section was divided into two section of 1.0 mand 0.5 m long.
The upper and lower parts were the reaction and the stripping
zone, respectively.

Condenser
wWCoO ‘ E
c Ei
Top Product 2 EE
o .
g EE L | |
c Fiigs
2 i Methanol
3
[~
£ 5
at .
8 Raschig ring
v
Reboiler
:] Glycerol
J 00
FAME
Figure 1. Reactive distillation column packed with
CaO catalyst
Table 2. Steady state operating parameters for simulation
Parameter Value
Fluid package General NRTL
Column stage number 15
Total feed flow (kgmole/hour) (x 10%) 28
Methanol / WCO mole ratio 6:1
Reflux ratio 6
Reboiler duty (kW) 0.025
Inlet temperature (°C) 40
Waste cooking oil stream
feed flow (kgmole/hour) (x 10%) 4.0
mass fraction
tripalmitin 0.2239
tristearin 0.0525
triolein 0.4065
trilinolein 0.3171
pressure (atm) 1
feed stage 1
Methanol stream
feed flow (kgmole/hour) (x 103) 2.4
pressure (atm) 1
feed stage 1

The steady state simulation of the process was performed by
using Aspen HYSYS 3.2 computer software. In the
simulation, RD column were divided into 15 stages except
for the condenser and the reboiler units. Stage 0 and 16 was
assigned as condenser and reboiler, respectively. Besides, the
reaction mechanism and stripping process was described
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between 1-10th stages and 11-15th stages, in turn. The lower
5 stripping stages were packed with raschig rings while the
first 10 reaction stage’s fillers were chosen as “Flexipac
(metal structured) Mellapac 250 supporting cage.

It was necessary to select the main components of WCO for
simulation. Zhang et al [20] used triolein and methyl oleate
to represent canola oil and FAME. Likewise, Karacan and
Karacan [32] used oleic acid and methanol to represent
canola oil. In addition, Souza et al [38] used triacylglycerol
composition of the cottonseed oil in simulation. In this study,
the composition of WCO for simulation was based on
triacylglycerol.

In the program, fluid package was chosen as General NRTL
model and reaction set option was selected as kinetic type and
Sparse Continuation Solver was used to converge. A set with
four reaction described by stoichiometric coefficients and
pseudo-first order forward reaction Eq (6) based on TG
(tripalmitin, tristearin, triolein and trilinolein) were defined
only first 10 reaction stages in the simulator. The
endothermic [39] methanolysis reaction enthalpies of
tripalmitin, tristearin, triolein and trilinolein were calculated
and used by HYSYS as 353, 104, 270 and 69.2 kj/mole,
respectively. In addition, the Arrhenius equation Eq (7), with
the activation energy (Ez) of 79 kj/mol and frequency factor
(Ao) of 2.98 x 10%° min [12], were defined to the simulator.
The steady state simulation parameters and conditions were
outlined in Table 2. The RD column liquid side mass
fractions at steady state simulation were given in Fig. 4.

k= A, e(—Ea/RT) )

2.4. Aspen HYSYS optimization procedure

After steady state simulation, the optimization process was
carried out by incorporating an optimizer into flowsheet (see
Fig. 2). The objective function was chosen so as to maximize
the sum of mole fraction and conversion of m-oleate in
bottom stream. Also, "Box" algorithm was used in the
optimization and ranges of the adjusted variables was
determined as shown in Table 3.

Q_Condenser
WCO

g .

RPDC
Figure 2 HYSY'S optimization flowsheet for RD column

The feed flow of methanol and WCO were changed in range
of 6x10%4—-1.6 x10%and 1.0 x 10— 2.0 x 10* kgmole/hour,

respectively. Because mole ratio was changed from
stoichiometric ratio of 3 to 16 as minimum and maximum,
the molar feed flow rates providing the mole ratio condition
greater than 6.0 was selected as one condition in the
simulator. There was a dual azeotrope between methyl
linoleate and glycerol at 229°C. In addition, glycerol and
biodiesel components could be decomposed at 150°C and
250°C, respectively [31]. So, the largest temperature of
reboiler was chosen as 160 °C as another constraint. Lastly,
conversion was specified in the range of 99.00 - 99.99 %.

Table 3. Parameters used for running in the optimization

Parameter Low Bound High Bound
Reflux ratio 0.10 10.0
Reboiler duty (W) 8.33 27.8
Total feed flow (kgmole/hour)x10*  7.00 18.0
Methanol / WCO mole ratio 3.00 16.0

3. Results and Discussion

Aspen HYSYS software had a multi-variable steady-state
optimizer. Once our flowsheet was built and converged to a
solution, the “Optimizer” was added and used to find the
optimum conditions by maximizing the objective function,
summing of m-oleate conversion and mole fraction in
reboiler. Thus, optimum conditions of reflux ratio, reboiler
duty, total feed flow and methanol/WCO mole ratio were
determined according to restricted conditions by HYSY'S 3.2
“Box” algorithm.

RD column temperature profiles for simulated and optimized
conditions were seen in Fig. 3. With regarding to simulation
profile, RD column temperature changed from 64.5 to 74.2
°C. On the other hand, RD column temperature profile for
optimization changed between 64.5 and 75.9 °C at the first
10 stages. In other words, it was seen an increment in RD
column temperature profile for optimization. Reboiler
temperature also moved in the direction of augmenting, thus
increasing the mole fraction at reboiler, and reached the value
of 159.9 °C. As known before, reboiler temperature must
have been lower than 160 °C as constraint. The RD column
liquid side mass fractions at optimum conditions were given
in Fig. 5.

The simulation and optimization mole fraction values for
profiles and for bottom liquid product were given in Fig. 4-5
and Table 4, respectively. From first stage to tenth stage of
RD column in Fig. 4-5, methanol and WCO amounts
decreased due to consumption, and biodiesel and glycerol in
stoichiometric ratio were obtained via transesterification
reaction. Accordingly, concentrations of reactants reduced
and of products increased gradually till 10th stage and
remained constant between 11 and 15th stages. At 16th stage,
there was a sudden decrease in amount of methanol and
increase in amount of biodiesel and glycerol because of
heating in the reboiler.
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Figure 3. Column temperature profiles at simulated and
optimum conditions
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Figure 4. Liquid mass fraction profiles of the column at steady
state simulation
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Figure 5. Column liquid mass fraction at optimum conditions

Table 4. Mole fractions of bottom liquid product
Mole Fraction

Component Simulation Optimization
Methanol 0.4363 0.0574
WCO 0.0061 0.0001
Glycerol 0.1394 0.2356
Biodiesel 0.4182 0.7069

According to Fig. 4-5 and Table 4, it was observed that WCO
was consumed nearly wholly and methanol in reboiler

decreased in a great quantity from 43.63% to 5.74% in the
optimization. Besides, glycerol and biodiesel products values
increased to approximately its maximum value at specified
conditions, respectively, depending on stoichiometric mole
ratio of 3:1. Asaresult, the greatest mole fraction of biodiesel
and glycerol and the lowest mole fraction of methanol were
obtained at specified conditions.

The simulation and optimization values of parameters of
laboratory scale reactive CaO-packed distillation column
were summarized in Table 5. Accordingly, reflux ratio of 0.1,
reboiler duty of 17.9 W, total feed flow of 11.2x10*
kgmole/hour and methanol/WCO mole ratio of 6.42 were
obtained. Birla et al [12] obtained the conversion as 99.58%
under the optimum conditions i.e. methanol/oil molar ratio of
6.03:1. In comparison with simulation results, reflux ratio,
reboiler duty, total feed flow parameters moved in direction
of decreasing while maximizing the object function, and
methanol/WCO mole ratio value approached to nearly 6:1
value.

Table 5. Simulation and optimization values of the

parameters
Parameter Simulation Optimization
Reflux ratio 6.00 0.10
Reboiler duty (W) 25.0 17.9
Total feed flow
(kgmole/hour)x10* 280 112
Methanol / WCO mole ratio 6.00 6.42

Table 6. Conversion and mole fraction for the simulation
and optimization

Parameter Simulation Optimization
Reboiler temperature (°C) 87.15 159.9
Biodiesel conversion (%) 95.81 99.97
Biodiesel mole fraction (%) 41.82 70.69

Moreover, as shown in Table 6, mole fraction increased from
41.82% to 70.69%, thus enabling the maximization of target
object value. Also, conversion increased from 95.81% to
99.97% as aimed between 99.00-99.99% limit values. As for
reboiler temperature, it increased from 87.15 °C to 159.9 °C
and it was also lower than 160 °C of reboiler temperature
constraint.

After numerous trials with software, it was seen that, it was
necessary to increase the reboiler duty and to reduce the
reflux ratio, total feed flow rate and molar ratio in order to
increase the molar fraction of m-oleate in the reboiler.
However, in order to increase the conversion value at the
same time under defined conditions, it was seen that the
reboiler duty and total feed flow rate should be reduced
substantially, and the reflux ratio and the molar ratio should
be decreased slightly. So as to increase the performance of
the RD column economically, both the mole fraction and the
conversion values must be increased simultaneously.
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Finally, RD column conversion profiles at simulated and
optimized conditions were seen in Fig. 6. In comparison with
simulation, in which biodiesel conversion was obtained as
23.2%, 57.2% and 88.4% at 1st, 3rd and 7th stages,
respectively, biodiesel conversions at optimized condition
were obtained as 50.6%, 89.7% and 99.6% at 1st, 3rd and 7th
stages, respectively. Simasatitkul et al [31] proposed that a
suitable configuration of RD column with homogenous
catalyst should consist of only three reactive stages and
performance of RD column was improved slightly when the
number of reactive stages were higher than 3. Accordingly,
in our study, it was observed that there was a steeper rise in
the first three stages, and it gradually reached the final value
at the 7th stage. The reason could be that the homogenous
basic reaction was much more rapid than the heterogenous
one.

1,0 p
4
08 -
g
=]
£ 06 -
=
= —— Simulation
% —e— Optimization
5 04 -
-3
£
S
]
0,2 A
0,0 T T T T T T T T .
0 2 4 6 g 10

Column Stage Number

Figure 6. Column conversion profiles at simulated and
optimum conditions

4. Conclusion

In this study, we simulated and optimized the CaO catalyst
packed-RD column in biodiesel production by using WCO
(represented as tripalmitin, tristearin, triolein and trilinolein)
and methanol, successfully.

Then, optimum conditions were determined for maximum
mole fraction and conversion of m-oleate in reboiler.
Accordingly, for maximum conversion of 99.97% and mole
fraction of 70.69%, optimum conditions were obtained as
reflux ratio of 0.1, reboiler duty of 17.9 W, total feed flow as
11.2x10* kgmole/hour and methanol/WCO mole ratio of
6.42 were obtained. In the literature, conversion values and
mole ratios for the methanolysis of WCO in batch reactor by
using CaO were obtained as 99.58, 99.0, 94.25, 95.84 % and
6.03:1,12:1,12:1, 18:1, respectively [12, 40-42]. In addition,
by using; canola oil [43], karanja and jatropha oil [44], and
rapeseed oil [45] those were obtained as 99.85, 99.0, 96.5 %
and 9:1, 12:1, 12:1, respectively. As well, conversions with
using soybean oil were obtained as 95% [5] and 93% [6] at

mole ratio of 12:1. Furthermore, by using WCO, conversions
and mole ratios, in turn, of 94% and 25:1 in fixed-bed reactor
[46], and of 94.41% and of 6:1 in packed RD column [47]
were obtained.

As seen from results, it was understood that our results were
very compatible with those. Given good results obtained
from simulation and optimization, it was evaluated that
FAME could be produced successfully by using packed-RD
column. In addition, because biodiesel production cost is
highly affected by price of feedstock and process operating
cost, total cost could be reduced by employing this method
including cheaper and superior catalytic heterogeneous CaO
catalyst, inexpensive WCO feedstock and intensified RD
column.

Consequently, the simulation and optimization procedure
and the model available in this study could be used
conveniently in real-time planning phase of plantwide-scaled
biodiesel production by using WCO in CaO catalyst packed-
RD column.
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