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Abstract: Biodiesel industrial production based on a solid base
catalyst in a fixed-bed was simulated. The lab and bench scale
experiments were carried out effectively, in which the kinetic
model is established and it can describe the transesterification
reaction well. The Antoine equation of biodiesel is regressed
with the vapor-liquid data cited of literature. The non-random
two liquid (NRTL) model is applied to describe the system of
fatty acid methyl ester (FAME), methanol and glycerol and
parameters are obtained. The Ternary phase map is obtained
from Aspen Plus via the liquid-liquid equilibrium (LLE) data.
In order to describe the production in a fixed-bed performs in
industrial scale after being magnified 1 000 times, the Aspen
Plus simulation is employed, where two flowsheets are
simulated to predict material and energy consumption. The
simulation results prove that at least 350.42 kW energy
consumption can be reduced per hour to produce per ton
biodiesel compared with data reported in previous references.
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‘x T ith the rapid decrease in fossil fuels and the in-
creasing consumption of resources, searching for
alternative energy sources has become even more urgent.
Much attentions has been paid to research in renewable,
economical and environment friendly fuels by both devel-
oped and developing nations. Biodiesel ( fatty acid methyl
ester, FAME), a kind of “green fuel”, is environment-
friendly, safe and renewable, making it fundamentally
useful in improving the utilization of this green power''" .
As a result, it is being widely favored and investigated by
companies and institutes. The exploitation of industriali-
zation of FAME production is required urgently'"
One method of biodiesel production is the transesterifi-
cation of triglycerides with low alcohol, such as methanol
or ethanol, and glycerol obtained as a by-product. Tradi-
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tionally, homogeneous catalysts including H,SO,,
NaOH, KOH and NaOCH, solutions”™ were used to
power biodiesel production, in which mass transfer is in-
significant due to a low diffusion resistance. Therefore,
reactions powered by homogeneous catalysts are fast and

" of hom-

have high conversions. But some shortcomings
ogeneous catalyst are obvious as well. Homogeneous
acids and bases erode equipment and they are with diffi-
culty separated from products, not only increasing the
production cost but also generating plenty of waste water,
which is strictly contrary to the notion of sustainable de-
velopment. Non-catalytic supercritical reaction is of short
reaction time with a conversion of 95% or more. It is not
necessary to wash products at all. But the molar ratio of
alcohol to oil is quite high and the reaction temperature
and pressure should exceed the critical values of metha-
nol. Heterogeneous catalysts, however, are able to over-
come the former’s disadvantages. Transesterification cata-
lyzed by a solid base has remarkably advantages. These
kinds of processes are easily operated and conveniently dis-
posed of and output no waste water. Heterogeneous trans-
esterification is considered to be a green process'', requi-
ring neither catalyst recovery nor aqueous treatment steps.
A high biodiesel conversion can also be achieved. Hetero-
geneous catalysts in biodiesel production have been exten-
sively investigated in the last few years. Several metal ox-
ides have been studied for the transesterification process in-
cluding alkali earth metal oxides, transition metal oxides,
mixed metal oxides and supported metal oxides'” .

In addition, the process of transesterification is another
factor which should be paid attention to, because it im-
pacts remarkably on material and energy consumption.
Presently, batch reactors are employed in FAME produc-
tion and have become a set of mature processes. Howev-
er, there are several disadvantages concerning costs in
that process: a long reaction time, large energy consump-
tion, poor mass transfer, low conversion, difficulty in
control and a lack of continuous production'"” .
to promote operation efficiency, continuous technique re-
forms and innovations are required. The main directions

In order

may be as follows:
catalysts, extending the life of catalysts, finding new cat-
alyst reactivation methods, decreasing costs and preven-
ting environment pollution simultaneously; 2) Applying
new techniques such as catalysis coupled with separation,

1) Developing new heterogeneous
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decreasing the alcohol to oil ratio to reduce energy con-
sumption in alcohol’s recycling; 3) Investigating transes-
terification reactions in super critical conditions or other
new FAME producing processes with independent intel-
lectual property rights!""". Various new high-efficiency re-
actors are applied in the FAME production. The lab scale
(274 experiments were conducted well in
our previous work. Kinetic and mass transfer models have
been established and they can describe the transesterifica-
tion reaction well. In order to predict how the catalyst,
fixed-bed and the models perform on an industrial scale
after being magnified 1 000 times, the industrial scale
production of biodiesel was simulated. In this system,
solid base KF/Ca-Mg-Al hydrotalcite'"” is prepared and
used as catalyst. Soybean oil and methanol are employed
as feedstock of transesterification to calculate energy and
material consumption in industrial scale of biodiesel pro-
ducing. Based on lab and bench scale, this simulation
provides model data for industrial design, such as separa-
ting procedure selections and the further references for

and bench scale

equipment sizes calculation.

1 Methodology

1.1 Kinetic model
1.1.1

An intrinsic-kinetic model was developed by Gao et
[13]

Intrinsic-kinetic model
al'". Based on the proposed assumptions, the reaction
can be written as

A +3B«—3C+D (1)

This equation describes the overall reaction of triglycer-
ide (A) and methanol (B) to form three FAME (C) and
glycerol (D). Since the series of assumptions, our work
conducted with soybean oil agrees with the kinetic based
on palm oil as a reactant. The kinetic equation, there-
fore, can be written as

ra =k C,Cy —k,C.C = (2)
Coolk, (1 =x) (m =3x) —3k,x]

where r, is the reaction rate of A considering no diffusion
effects, kmol/(kg - s) ~'; k, is the rate constant of posi-
tive reaction, m’/(kmol « kg - s) ~'; k, is the rate con-
stant of inverse reaction, m°/(kmol - kg + s) - C, is
the initial concentration in the bulk fluid of component i,
kmol/m’; C, is the concentration in the bulk fluid of
component i, kmol/m’; m is the molar ratio of alcohol to
oil and x is the conversion of transesterification.
Pre-exponential factors of the reversible reaction and
activation energy were calculated and regressed by the Ar-
rhenius equation. Rate constants at different temperatures
of both positive and inverse reactions were computed by
this data consequently.
1.1.2 Macro-kinetic model

While internal and external diffusion are included'"’,

the kinetic model should be modified as

L I(.?C3 CSD )

k( CsACsB - K C
sB

T vK,C, +K,C, (3)

where r,; is the reaction rate including both external and
internal diffusion effects, kmol/ (kg - s) ~'; k is the rate
constant of transesterification reaction, m®/( kmol - kg -

s) ~'; C, is the concentration at the external surface of
catalyst of component i, kmol/m’; K is the reaction
equilibrium constant and K; is the adsorption equilibrium
constant of component i, m’/kmol.

In previous work, this model agreed well with transes-
terification via a solid base catalyst in a fixed-bed, with
which 95% conversion can be achieved at the temperature
65 C, the recommended condition in the literature. Our
work was carried out on the basis of these kinetic models
for lab and bench scales.

1.2 Reactor model of fixed-bed

Besides the kinetic models, the reactor model also con-
tributes to the veracity of this simulation. Xiao et al. "’
put a one-dimensional heterogeneous model of a fixed-bed
as

g_ nrepb

dL " u,C,, (4)

where x is the conversion of transesterification; L is the
height of catalyst packed in the fixed bed reactor, m; r,_ is
the reaction rate including external diffusion effects,
kmol/ (kg + s) ~'; u, is the liquid mixture velocity, m/s;
m is the internal diffusion effectiveness factor; p, is the
packed density of fixed bed reactor, kg/m.

Impacts such as liquid hourly space velocity (LHSV) ,
h™', temperature, and the molar ratio of methanol-to-oil
on transesterification conversion are illustrated. The com-
puted result of this model suggests that the conversion
reaches 95% under the conditions LHSV of 0. 76 to 0. 25
h™", the molar ratio of methanol-to-oil of 9. 16 to 13. 7,
and the temperature of 338 to 347 K, which agrees with
experimental data.

1.3 Pure components parameters

Soybean oil can be defined as C,,H,,, O,. It performs
appropriately in presenting most properties of soybean
oil. The molecule format of FAME is presented as C,,H,,
O,, a product via transesterification of soybean oil and
methanol. Parameters of pure components come from the
chemical simulation software Aspen Plus and can repre-
sent most properties of reactants and products, except for
FAME'"'.

2015. 16

logP =9.0544 - m

(5)
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where P is the pressure, Pa; and T is the absolute temper-
ature, K.

The Antoine equation (5) is used to present boiling
points of FAME under different pressures. Parameters of
the Antoine equation are regressed from the equation and
the fraction data of 14 compositions in soybean oil. With
this equation, conditions and results of separation in the
following processes are determined and obtained exactly.

1.4 Parameters of Ternary mixture

Aspen Plus has almost all the property parameters of
common chemicals, but still lacks some data from certain
chemicals. The products in this process are FAME and
glycerol, mixed with excess methanol. Thus regressing
the liquid-liquid equilibrium (LLE) is needed. The LLE
data of FAME, methanol and glycerol are from Ref.
[16] and regressed by the NRTL ( non-random-two-lig-
uid) model with Aspen Plus. It is essential to obtain in-
formation of the phase equilibrium of the reactive mixture
to explore possible operation conditions for the reactor
and the downstream separation processes.

1.5 Flowsheet simulation

According to section 1. 1 and 1.2, the preheaters were
set at 65 C, and the following reaction conducted at such
a temperature that can guarantee the conversion of 95% .
Glycerol, the by-product, dissolves partially in methanol

while biodiesel exists''”?. Biodiesel would be miscible

H-101

with glycerol while with methanol, vaporized to some de-
gree. Therefore, this work investigates two procedures on
the measures of dealing with methanol and products. Two
flowsheets, depicted in Fig. 1, are drawn to compare en-
ergy and material consumption with the other processes.
In the first several steps, the two flowsheets are the
same ; soybean oil and methanol are pumped into two pre-
heaters, respectively. The reactants were heated by the
preheaters and then pumped into the fixed-bed, in which
the solid base KF/Ca-Mg-Al hydrotalcite catalyst was
packed to power the transesterification. After the reac-
tion, FAME, the by-product glycerol and unreacted
methanol, were dealt with differently in the two flow
sheets.

Flowsheet 1 (FS1) separated FAME and glycerol in a
25 C temperature decanter V-101, in which, two liquid
phases were formed; a glycerol-rich phase on the lower
layer and a FAME-rich phase on the upper layer. The two
phases were delivered to column T-101 and T-103 to re-
cover methanol, respectively. Methanol mass fraction of
each distillated vapor was near 100% while the stages and
reflux ratio were 4 and 1. Out of column T-101, the
FAME-rich phase was sent to T-102 for further purifica-
tion, of which 20 stages and reflux ratio of 4 were set to
obtain 99. 8% mass fraction of FAME. The raw glycerol
obtained in column T-103 was sent to T-104 for further
purification.

Methanol recovery

Methanol recovery

(b)

Glycerol purification

Fig.1 Two flowsheets of FAME producing process. (a) Flowsheet 1; (b) Flowsheet 2
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On the contrary, flowsheet 2 (FS2) recovered metha-
nol from the crude FAME mixed with glycerol in the col-
umn T-101 first and then separated the glycerol and
FAME in the decanter V-102. Little stages ( five theoreti-
cal stages) and low reflux ratio ( reflux ratio =1) were e-
nough to achieve the separation purpose since the boiling
point of methanol is much lower than those of the other
components. Similar to FS1, the phase separation was
conducted at 25 C'™ to satisfy the requirement of the
maximum triglyceride content in biodiesel ( <0.2 %,
mass fraction) specified in EN 14214. The by-product
glycerol was purified in column T-102.

Traditionally, increasing stage numbers can elevate the
purification of FAME and glycerol. 20 stages were set in
column T-102 of FS1 to purify FAME. Pressure was as
low as 2 kPa to avoid methyl ester thermal decomposi-
tion. Stage number and reflux ratio were crucial factors
affecting energy and mass consumption. T-104 of FS1
and T-102 of FS2 were employed to purify glycerol with
18 and 14 stages respectively and the reflux ratio of 4 for
both. Under such conditions, the mass fraction of FAME
reached 0.998 in biodiesel purification and glycerol
reached 0. 9996 in both glycerol purification columns.

2 Results and Discussion
2.1 Parameters of pure components

Some FAME regressed parameters are listed in Tab. 1,
and compared with the data regressed by parameters cited
in Ref. [15]. The absolute errors of the temperature be-
tween the two classes were below 5 C except in the situa-
tion of the pressure of 13. 332 kPa. Therefore, the An-
toine equation with the regressed parameters was appro-
priate to present the real boiling points, and thus data ob-
tained in the processes of separating methanol, FAME
and glycerol is credible.

Tab.1 Comparison of boiling points at different pressures

P/kPa Tefrnperature/DC Relative error
Ref. [15] This work  Absolute errors
101. 325 355.919 355. 448 0.471 0.0013
93.326 351.563 351.416 0. 147 0. 000 4
86. 660 347.703 347. 839 -0.136 0. 000 4
79.993 343. 602 344. 035 -0.434 0.001 3
73.327 339.221 339.968 -0.747 0.002 2
66. 661 334.513 335.593 -1.079 0.003 2
59. 995 329. 417 330. 850 —1.433 0.004 3
53.329 323. 849 325. 661 -1.812 0.005 6
46. 663 317. 698 319.919 -2.222 0.007 0
39.997 310. 800 313. 469 -2.669 0. 008 6
33.331 302.911 306. 075 -3.165 0.0104
26. 664 293. 634 297.356 -3.723 0.0127
19. 998 282. 250 286.619 -4.369 0.0155
13.332 267.223 272.370 -5.146 0.0193

2.2 Phase equilibrium data

The NRTL model is suitable for characterizing the LLE
data as it shows an ideal performance in predicting re-
gressed parameters at all global temperatures''’’. This
model not only can compute the VLE system but also
suits LLE binary activity coefficient calculation. Based on
these considerations, this model is applied to the partial
miscible system """,

As illustrated in Tab. 2, ¢,’s are 0. 3, between 0. 2 and
0.47, suitable for describing the non-associated liquid
such as the FAME-methanol-glycerol system'™ . The
Ternary phase map at 25 ‘C regressed by the NRTL mod-
el with Aspen Plus is shown in Fig. 2.

Tab.2 The regressed binary parameters of NRTL model

: Compone'nt a4 a sz b/; &
! J
CH,O Glycerol 0 0 225.161 -1370.270 0.3
CiyH;0, C;HiuO6 0 0 -510. 591 756.975 0.3
C,yH;0, CH,O 0 0 -1012.130 1754.092 0.3
CiyHy O, Glycerol 0 0 1725.253 1330.390 0.3
Cy;,H,,0, CH,O 0 0 -415.891 1143.588 0.3
Cs;H;3O6  Glycerol 0 0 1587.787 6449.479 0.3
Notes: a;, a;, by, b; and c; are the parameters of NRTL equation.

dslycerdl )
Fig.2 Ternary phase map of FAME-methanol-glycerol

It is obvious that FAME, methanol, and glycerol are
not completely miscible and the fraction of FAME dis-
solved in glycerol decreases with the increasing mole frac-
tion of methanol while the solution of glycerol in FAME
almost holds invariantly. It makes the separation proces-
ses after reaction simplified and thus energy and mass are
saved. By tie lines, the phase separation can be deter-
mined at any component fraction, which is the basis of
LLE in this simulation.

2.3 Energy and mass consumption

Two series of data of material and energy consumed in
producing 1 t FAME by the two flowsheets are listed in
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Tab. 3. FS1 consumed more material of the 11.33 kg,
including 9. 31 kg soybean oil and 2. 02 kg methanol, and
energy of 165. 05 kW but produced less glycerol of 11. 66
kg than FS2. In FS1, methanol was recovered in column
T-101 while the biodiesel was purified in T-102 and glyc-
erol purified in T-103 and T-104. For FS2, such proces-
ses were conducted in T-101, V-101 and T-102, respec-
tively. Compared with FS2, two more columns were em-
ployed in FS1. The biggest gap of energy consumed was
formed at columns T-102 and T-103, the processes of
biodiesel and glycerol recovery.

Tab.3 Comparison of material and energy consumption and
output of products in two flowsheets

Items FS1 FS2 Difference

Oil 1007.41  998. 106 9.307 62

Mgesource” K& MeOH 218.735 216.714 2.02091
Total 1226.15 1214.82 11.3285

Mgy product” kK& Glycerol 90.0006  101. 658 -11. 657
P-101  0.10428 0.103 31 0. 000 96

P-102  0.02592 0.02568 0. 000 24

H-101  15.3389 15.1972 0.14172

H-102 7.12322 7.057 41 0. 065 81

Energy/kW T-101 129.713  178.229 -48.516
T-102 98.5031 18.8533 79.649 8

T-103  130. 605 0 130. 605

T-104 3.10275 0 3.10275

Total  384.516  219.466 165. 05

Stream conditions of the two flow sheets are listed in
Tab.4 and Tab.5 to compare the purities of products and
the consumption of feedstock. In order to compare the
impact of different processes on material and energy con-
sumption, similar mass fractions were specified. The
mass fractions of FAME, methanol and glycerol are
99.83% , 100% , 99.97% in streams PL114, PL111 and
PL118, respectively in Tab. 4; and they are 99.86% ,
100% and 100% in streams PL211, PL208 and PL214,

respectively, as shown in Tab.5.

Note that material and energy consumptions are less
even though the products’ purity and material recovery are
slightly higher in FS2. The reason for these phenomena
may be explained by that the methanol in FS1 was distrib-
uted in the two phases of FAME and glycerol, and thus
more columns were used to separate methanol to purify
product and recover methanol. As a result, more material
was wasted in these devices, while after being decanted in
FS2, the purity of FAME is 99.86 % and this process
consumes a little energy that can be ignored.

Ref. [ 18] reported energy consumption based on three
production processes in simulation of producing 40 000 t
FAME per year. The first process, named Alkali-FVO,
was an alkali-catalyzed process using fresh canola oil as
the feedstock. The second process, named Alkali-WVO,
was an alkali-catalyzed process with an acid-catalyzed
pre-treatment step of waste canola oil. The last process,
named SC-WVO, was a supercritical process using waste
canola oil. All of those included pressuring and heating of
raw material, reaction, methanol recovery and biodiesel
purification. The Alkali-WVO procedure needs pre-treat-
ment for WVO consisting of many free fat acids ( FFAs)
which cannot be catalyzed by alkali. However, in super-
critical and FVO processes, this treatment is not needed.
Catalyst was also needed to treat alkali catalyzed proces-
ses after the reaction. As revealed in Tab. 6, Alkali-
WVO consumes more energy than Alkali-FVO due to the
high energy consumption of the methanol distillation col-
umns. In comparison with the alkali-catalyzed processes,
the super-critical processes have a large requirement for
pumping and heating raw material to achieve the harsh re-
action conditions. Alkali-FVO is the most energy-consu-
ming among the three processes, but it consumes more
energy, about 350.42 kW, compared with FS2.

Tab.4 Stream data of FS1

Stream name PL101 PL104 PL107 PL111 PL114 PL116 PL118
Total flow/ (kg - h~") 1 000 217.125 1217.12 57.42 994. 603 99. 602 89. 602
Temperature/ C 25 25 65 20. 6338 194. 314 280. 21 286.941
Pressure/MPa 0.1 0.1 0.2 0.1 0.02 0.1 0.02
C,yH;40, 0 0 0.824 52 0 0. 998 33 0.038 12 0. 002 94
Mass fraction/ Cs;H 04 O 1 0 0. 000 82 0 0. 001 0 0
(kg - kg™") CH;0H 0 1 0. 089 28 1 0 0.001 93 0
Glycerol 0 0 0. 085 37 0 0. 000 97 0.959 89 0. 999 66
Tab.5 Stream data of FS2
Stream name PL201 PL204 PL207 PL208 PL211 PL212 PL214
Total flow/(kg + h™") 1 000 217. 125 1217.12 108.5 1 003. 27 105. 351 101. 851
Temperature/ ‘C 25 25 65 20. 6338 25 25 181. 582
Pressure/MPa 0.1 0.1 0.2 0.1 0.1 0.1 0.02
C,oHs0, 0 0 0.824 52 0 0. 998 63 0. 015 68 0
Mass fraction/ Cs;H,04Og 1 0 0. 000 82 0 0. 000 99 0 0
(kg - kg™!) CH,OH 0 1 0. 089 28 1 0 0. 001 0
Glycerol 0 0 0. 085 37 0 0. 000 32 0.983 24 1
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Tab.6 Comparison of energy consumption per hour of five processes kW
Ttem Alkali-FVO Alkali-WVO SC-WVO FS1 FS2
Pumps 0.208 6 0.3376 17. 546 0.130 19 0. 128 99
Heaters 16. 69 6.81 285.8 22.462 1 22.254 6

o Methanol recovery 132.8 630. 56 158. 54 129.713 178.229
Dls“(“i;‘:i’l::)lum Biodiesel purification 413.8 406. 6 3.6 98.503 1 0

Glycerol purification 6.384 7.356 133.708 18.8533

Total 569. 883 1051.6 785.4 384.516 219. 466

3 Conclusion

Intrinsic and macro kinetic models of transesterification
catalyzed by the hydrotalcite catalyst were reviewed. The
Antoine Equation and NRTL parameters along with LLE
data of FAME, methanol and glycerol are accurately re-
gressed by Aspen Plus to simulate our processes in this
work. Two flowsheets were established to simulate the
procedure of biodiesel. Energy and material consumption
are 384.516 kW and 1 226. 15 kg in FSI and 219. 466
kW and 1 214. 82 kg in FS2 per hour. The result suggests
that decanting product following vaporize methanol can
save much more energy and materials. FS2 saves the en-
ergy of 350.42 kW in producing 1 t biodiesel per hour
compared with process Alkali-FVO. Consequently, the
two flowsheets are energy saving compared with the other
three processes and FS2 are more appropriate. So much
energy and material are reduced due to our catalyst KF/
Ca-Mg-Al hydrotalcite’s high catalytic conversion, heter-
ogeneous property and recovering methanol followed by
separating FAME and the glycerol process strategy.
Therefore, the process catalyzed by solid base in a fixed-
bed is proved to be feasible while being magnified 1 000
times to industrial scale successfully.
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