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HIGH TEMPERATURE TRANSESTERIFICATION
OF SOYBEAN OIL WITH METHANOL USING
MANGANESE CARBONATE AS CATALYST

Abstract

The manganese carbonate catalyst, prepared by precipitation method, was used
In transesterification of soybean oil under subcritical condition of methanol.
Catalyst samples were characterized by X-ray diffraction (XRD), Fourier trans-
form infrared (FT-IR) spectroscopy, scanning electron microscopy (SEM) with
energy dispersive spectroscopy (EDS). The triacylglycerol (TAG) conversion and
fatty acid methyl esters (FAME) yield were determined using high performance
liquid chromatography (HPLC). The transesterification was realized for 1 h using
various working conditions: 0-3 wt. % of catalyst (based on the mass of oil), the
mole ratio of methanol to oil from 13:1 to 27:1 and temperature ranging from 393
to 473 K. A maximum TAG conversion of 98. 1% could be obtained at the optimal
reaction conditions. 2 wt. % of catalyst, methanol/oll mole ratio of 211, for 1 hin a
batch reactor at 453 K. Kinetic analysis showed that the model based on mass
transfer and chemical reaction at the catalyst surface confirmed the experimental
data. Using that kinetic expression, the effect of continuous transesterification
was proposed and verified by a 360-h long realized experiment in a laboratory
packed-bed reactor (PBR). Slow deactivation of the catalyst was caused by
leaching of Mn in both biodiesel and glycerol phases and by blocking the active
sites of the catalyst with organic compounds.

Keywords: biodiesel, continuous process, heterogeneous catalyst, kin-
etics, manganese carbonate, subcritical condition.

Over the last few decades, great attention has
been paid to the development of an active, stable and
inexpensive solid catalyst, which will successfully rep-
lace the homogeneous catalyst, today most com-
monly used in commercial biodiesel production pro-
cesses. A large number of solid catalysts such as
single, supported or mixed metal oxides, Al-Mg hydro-
talcites, zeolites etc. have been thoroughly studied in
transesterification of different vegetable oils into a
mixture of fatty acid methyl esters (FAME, or bio-
diesel). However, the search for the solid catalyst that
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will make the heterogeneously catalyzed process
competitive with the homogeneous one is still a chal-
lenge.

Manganese in oxide form or in a complex mix-
ture with some other metals has been reported to be
a promising catalyst for vegetable oil transesterific-
ation [1-10]. In all these studies, high conversions of
TAG were obtained with different oils, both edible and
low grade feedstock with high fatty acid contents [4-
-6]. Although low temperature synthesis of biodiesel
was applied in a few studies [2,5], it can be noticed
that in all these cases, catalysts which contained Ca
and Mn, showed activity at lower temperatures [11],
while in all other studies high pressure and high tem-
perature were necessary. The MnCOs/ZnO catalyst
exhibited high catalytic activity and maintained it after
being reused for 17 cycles without any regeneration
during the transesterification of soybean oil with meth-
anol [9], while MnCO; mixed with zinc glycerolate
could be reused 13 times [10]. A group of authors rep-
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orted that pure MnCO; was active in transesterific-
ation of different oils at 333 K with 80-95% conversion
achieved [12,13]. However, it must be pointed out that
the authors did not specify the characteristics of the
used MnCO; and they noted only the name of com-
pany which produces the technical MnCO,, with purity
of 90%, thus leading to the conclusion that the inc-
lusion of some other compound may be responsible
for such high activity of MnCO3; under mild reaction
conditions. MnCO; was also tested at high tempera-
ture transesterification, showing very good catalytic
efficiency, although slightly lower than that of MNnCO,/
/Zn0O at the defined conditions [9]. This paper aims to
investigate the possibility of improvement of MnCO,
efficiency by optimization of reaction conditions, con-
sidering that MnCO;3; is naturally abundant, thus relat-
ively cheap and commercially available, and also
environmentally friendly, making it promising for com-
mercial application as a low cost catalyst for biodiesel
production.

Kinetics of transesterification at high temperature

Various models used to describe the kinetics of
heterogeneously catalyzed transesterification, inc-
luding the most commonly used simple pseudo-first
order model [14-16], second-order [17,18] and more
complex models based on the Eley-Rideal or Lang-
muir-Hinshelwood reaction mechanisms, were ana-
lyzed [19,20]. The kinetic models proposed by Mila-
dinovi¢ et al. [21] and Luki¢ et al. [22,23] deserve the
greatest attention, predicting correctly the reaction
rate of the transesterification process at low tempe-
rature (LTT). It was shown that both of them are suit-
able for describing the kinetics of transesterification
over various calcium-based catalysts [24,25]. Further-
more, the recently reported study verified their cap-
ability to successfully describe the kinetics of trances-
terification at high temperature (HTT) using different
catalysts (La/Mn, Ce/Mn, Sr/cinder, Fe-Zn double-
-metal cyanide complex or La,05/ZrO,) [26]. In the
present study, the kinetic model proposed by Miladi-
novi¢ et al. [21] (MM model), the model developed by
Luki¢ et al [22,23] (IL model) and, the most widely
used, simple pseudo-first order reaction model were
applied to define the kinetics of transesterification of
soybean oil using MnCO; catalyst at high tempera-
ture. The model that showed the best agreement with
experimental results was further used for a con-
tinuous transesterification process simulation.

Continuous transesterification

To better describe the activity and life of the
specific catalyst suitable for the transesterification
process, different techniques could be applied. The
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repeated use of the same amount of catalyst for
transesterification in a batch process is one of them,
but the most important techniques that always give
valuable information about catalyst activity, are tests
performed in the continuous transesterification pro-
cess. Many of these reports could be also divided in
three different groups according to the temperature
used for analyzing continuous transesterification pro-
cesses: a) at lower temperature (<373 K, the con-
tinuous low temperature transesterification; c-LTT)
[27,28]; b) at average temperature (373 K < 7 < 423
K; c-MTT) [29] and c) at high temperature (>423 K;
c-HTT) [4,30-34]. Characteristic of c-LTT processes is
the application of base oxide in which Ca is a com-
mon active component, while different active species
were tested in c-HTT mainly based on metal oxides
[4,31,34] or mixed Zn with Al, La or Fe [32,33]. A
tubular reactor was packed with various particle sizes
of catalyst and in several cases mixed by inert glass
beads. Different type of oils (palm, soybean, coconut,
rapeseed, sunflower, rubber seed) or a model mixture
of pure triacylglycerols (e.g., triolein) and free fatty
acids (e.g., oleic acid) were tested for biodiesel syn-
thesis. The main objective of all experiments of con-
tinuous transesterification is to define the change of
catalyst activity after varied time of continuous oper-
ation. Processes of c-HTT were usually realized in
less than 300 h, and only two reports gave the results
of catalyst activity during 70 and 150 days, respect-
ively [31,32].

According to the above analysis, the main goal
of this study was to define: a) activity of MnCO; at dif-
ferent working conditions; b) a kinetic model which
might be used for presenting conversion of triacylgly-
cerols at optimal working condition in a batch reactor;
c) activity of MnCO; during long term c-HTT and d)
conversion of TAG during c-HTT by using determined
kinetic models.

EXPERIMENTAL

Materials

Raw soybean oil was purchased from Baifu Oils
& Fat Co. Limited (Wuhan, China). Methanol and
acetone of HPLC grade were purchased from Tedia
Company Inc. (Fairfield, OH, USA) and Mallinckrodt
Baker, Inc. (Phillipsburg, NJ, USA), respectively. The
reagents K,COj3; (99%), methanol (99.5%), MnCl,
(99%) and HNO; (68%), are of analytical grade, and
were purchased from Aopu Chemical Company
(Wuhan, China).



L. WAN et al: HIGH TEMPERATURE TRANSESTERIFICATION OF...

Chem. Ind. Chem. Eng. Q. 24 (1) 9-22 (2018)

Catalyst preparation

The catalyst was prepared according to the pre-
cipitation method. K,CO; was used as a precipitant to
deposit the aqueous solution of MnCl,. For a typical
catalyst preparation, 100 mL 1.25 M MnCl, was
slowly added into 600 mL 0.25 M K,CO; aqueous
solution under vigorous stirring at 333 K. The mixture
was then aged at room temperature for 2 h. The solid
product was recovered by filtration, followed by
thorough washing with deionized water and drying in
an oven at 323 K overnight. The dried solid was cal-
cinated in a muffle furnace at 573 K for 0.5 h, and was
stored in a desiccator.

Catalyst characterization

XRD was performed on a D/MAX-RB powder
X-ray diffractometer (Rigaku Corporation, Japan) at
room temperature. CuKa radiation (A1 = 0.15418 nm),
with a step size of 0.02° in the 28 range from 5 to 65°,
was used in all samples. The data was processed
with the X’Pert HighScore Plus software. The peaks
were identified using the Powder Diffraction File
(PDF) database created by the International Centre
for Diffraction Data (ICDD).

FTIR spectra were recorded on a Nicolet FT-IR
5700 spectrometer (Thermo Electron Corporation,
USA) over the wave number range of 4000-500 cm'1,
with 2 cm™ resolution. The KBr pellet technique was
applied in order to prepare samples. All measure-
ments were conducted at room temperature.

Sample morphology and elemental chemical
analysis at chosen points of the samples were char-
acterized at room temperature by a Quanta 200 SEM
system equipped with EDS detector (FEI Company,
Netherlands). The accelerating voltage was 20 kV.

Batch experiment of transesterification reaction

For catalytic tests a 500 mL stainless steel auto-
clave containing a stirrer, an internal cooling pipe, a
temperature sensor and an external heating jacket
was used (PCF0.5-10 JianBang Chemical Machinery
Co. Limited, China). The maximum working pressure
and temperature of the autoclave are 10 MPa and
573 K, respectively. The following procedure of the
transesterification process in a batch reactor was
applied: soybean oil with 0.12 wt.% of water and 0.2
mgKOH/g acid values [35], methanol, and catalyst
were placed into the autoclave and then heated to the
pre-set temperature and stirred at a constant speed of
200 rpm. The reaction time was counted when the
temperature in autoclave reached the pre-set value at
the controller. The reaction pressure (1.8-3.2 MPa) in
the reactor was measured by a pressure sensor. After

the expected reaction time, the transesterification of
soybean oil was stopped by the tap water flowing
through the internal cooling pipe. Then, the autoclave
was opened and the product was analyzed to deter-
mine TAG conversion and FAME yield.

Continuous process of biodiesel synthesis

Methanol and oil in mole ratio 21:1 were stirred
in a container and 0.2 cm® min™ of the mixture was
pumped to a packed-bed reactor (PBR; inside dia-
meter of 0.78 cm and a length of 30 cm) using an
HPLC pump. The reactor and inlet line (1.6 mm tube)
were placed in the oven at 453 K.

The fixed-bed reactor was packed with prepared
MnCO; catalyst (m.,: = 14.6 g). The mass flow rate of
the reaction mixture into reactor was m,, = 0.17 g
min™. The mass of the catalyst and its bulk density
was used to calculate the volume of the reactor
occupied by the catalyst. The void fraction in the reac-
tor was determined on the basis of the mass of meth-
anol (and its density) used to fill the PBR. The resi-
dence time of the reaction mixture in the reactor and
the weight hourly space velocity (WHSV = mi/ Meay)
were 0.92 h and 1.43 h™', respectively.

The reaction mixture, taken from the batch
reactor or collected at the outlet of PBR, was separ-
ated into ester and glycerol phases. A sample of the
ester phase was analyzed by HPLC to determine the
content of triacylglycerols (TAG), diacylglycerols
(DAG), monoacylglycerols (MAG) and fatty acid
methyl esters (FAME). The results of HPLC analysis
were used for TAG conversion and FAME yield cal-
culation, respectively.

The content of Mn in the samples of glycerol and
ester phases was also determined using atomic abs-
orption spectrophotometer (AAS).

Analysis of the ester phase

Collected samples were diluted with isopropa-
nol-hexane and filtered through a membrane (0.45 pm
pore) and the concentrations of TAG, DAG, MAG and
FAME were determined by HPLC analysis using Agil-
ent 1100 series with a C18 column (40 °C, particle
size 5 pm, 200 mmx4.6 mm 1.D.) with UV/Visible
detection at 205 nm. A linear gradient from 100%
methanol to 50% methanol + 50% isopropanol-hex-
ane (5:5 volume ratio) in 25 min was employed.

Calculation of TAG conversion and FAME yield

The ester phase contains products of trancester-
ification (FAME, MAG and DAG) and TAG and it was
analyzed to determine the peak areas (A4, i = TAG or
FAME) of the HPLC chromatogram. Calculation of
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TAG conversion and FAME yield was done using the
following equations:

XTAG:100 ATAG,O_ATAG (1)

ATAG,O

FAME — 100 AFAME,f - AFAME

FAME

where Arag is the peak area of TAG in the soybean
oil sample, and Agqyes is the peak area of FAME in
the sample of the ester phase containing only FAME
(TAG was completely converted into FAME; MAG and
DAG were not detected).

RESULTS AND DISCUSSION
Analysis of transesterification realized at different
working conditions

Influence of the catalyst amount used for
transesterification

TAG conversion and FAME yield were inc-
reased when a higher amount of MnCO; catalyst was
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used at 453 K and methanol to oil mole ratio of 21:1,
as shown in Figure 1a. It was detected that without
the presence of a catalyst, the TAG conversion and
FAME yield were 72.3 and 55% after 60 min, mea-
suring time from the moment when the reaction mix-
ture in the batch reactor reached 453 K. Knowing that
55 min was necessary for heating to 453 K (non-iso-
thermal process), it means that the total reaction time
in the batch reactor was 115 min. TAG conversion
and FAME yields obtained in this study are higher
than those reported by other authors that analyzed
non-catalytic biodiesel synthesis at subcritical con-
dition of methanol [36].

TAG conversion of 97.8% and FAME yield of
80.2% were obtained after 115 min (55 min of non-
-isothermal + 60 min of isothermal process) with 2
wt.% of catalyst. They did not increase when a larger
amount of catalyst (3 wt.%) was used. On the basis of
these results, the influence of other parameters of the
transesterification process was analyzed using 2 wt.%
of catalyst.
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Figure 1. Influence of: a) catalyst amount (reaction conditions: molae ratio of methanol to soybean oil, 21.1; reaction temperature, 453 K;
reaction time, 115 min (55 min heating to 453 K and 60 min of isothermal operation), b) mole ratio of methanol to soybean oil (reaction
condition: 453 K; 2% of catalyst and reaction time, 115 min (55 min heating to 453 K and 60 min of isothermal operation), c) temperature
(reaction conditions: catalyst amount, 2%, mole ratio of methanol to ofl, 21:1, reaction time, 60 min of transesterification at isothermal
temperature and various time necessary for heating to isothermal temperature) on TAG conversion of soybean oil and FAME yield.
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Influence of methanol to oil mole ratio

The transesterification reaction consists of three
reversible reactions where TAG is transformed into
FAME, glycerol and the intermediate products (DAG
and MAG). The mole ratio of methanol to oil is an
important parameter that mainly affects the possible
equilibrium conditions of reversible reactions between
DAG and methanol and MAG and methanol, followed
by formation of FAME:

TAG + MeOH 5 DAG + FAME
DAG + MeOH S MAG + FAME
MAG + MeOH s Glycerol + FAME

Figure 1b represents the effect of methanol to oil
mole ratio, showing TAG conversion and FAME yield
increase to 98.1 and 80% with the increase of this
parameter to 21:1. However, further increase of meth-
anol to oil mole ratio to 27:1 used for transesterific-
ation at 453 K and 2 wt.% of MnCOj; catalyst exhi-
bited only a small effect on TAG conversion and
FAME yield. Therefore, knowing that the total cost of
biodiesel production also depends on the excess of
alcohol used and its recovery, the methanol to oil
mole ratio of 21:1 was considered to be optimal for
transesterification of soybean oil with methanol.

Influence of reaction temperature

Temperature is a very important parameter
which strongly defines and increases the rate of either
non-catalyzed [36,37] or catalyzed transesterification
of TAG. For the temperature and pressure close to, or
slightly above, the critical temperature and pressure
of methanol, and for the conditions of a large excess
of supercritical methanol (mole ratio of methanol and
oil >42:1), the reaction mixture (oil and methanol)
could be in one phase [37]. In such “supercritical
condition” for methanol the rate of transesterification
is very fast [38]. However, such extreme conditions of
transesterification, necessary to obtain the reaction
mixture of oil and methanol in one phase, could be
avoided by transesterification of oil with methanol in
the presence of a solid catalyst under subcritical con-
dition of methanol, as shown and realized in this study.

The influence of reaction temperature between
393 and 473 K (pressure from 0.5 to 1.5 MPa) on
TAG conversion and FAME yield were analyzed using
2 wt.% of catalyst and mole ratio of methanol to oil
21:1. Experimental data are shown in Figure 1c. TAG
conversion increased from 20 to 98% and FAME yield
from 7.1 to 80%.

It is evident that for transesterification realized at
higher temperature (> 453 K), TAG conversion is
complete and the same as that determined at 453 K,

while only a small increase in FAME vyield could be
expected. For that reason, the above analysis and
optimization of other working parameters were per-
formed at 453 K, which is defined as the optimal
temperature for soybean oil transesterification in the
presence of MnCOj; catalyst.

The optimal kinetic models (explained in the
Appendix), which might be successfully used for rep-
resenting the rate of HTT in the presence of MnCO;
catalyst, were determined on the basis of TAG con-
version at different temperatures [26]. Briefly, using
first order kinetics, the apparent reaction rate cons-
tant, A.p, at different temperatures was calculated.
The activation energy (£) and the pre-exponential
factor (A) were estimated from the Arrhenius plot of
In kypp versus 1/ T (Figure 2).
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-4.5 -
-5.0 4
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Figure 2. The temperature dependency of the reaction rate
constant determined by applying the first-order irreversible
reaction as kinetic model.

However, time for heating the reaction mixture in
the batch autoclave is required to reach desired iso-
thermal conditions. That time must be taken into
account for the analysis of experimental data of TAG
conversion vs. time during isothermal transesterific-
ation. The duration of the non-isothermal period of
heating is different for specific isothermal tempera-
ture; it is longer for higher isothermal temperature
used for transesterification, as shown in Table 1.

The time at which the TAG conversion was
determined, thus, represents the sum of the non-iso-
thermal and isothermal periods of transesterification.
During that period, the miscibility of oil in methanol, as
well as the formation of DAG, MAG and FAME have a
large influence on mass transfer of TAG to the active
centers of the catalyst. It was important to verify that

13



L. WAN et al: HIGH TEMPERATURE TRANSESTERIFICATION OF...

Chem. Ind. Chem. Eng. Q. 24 (1) 9-22 (2018)

Table 1. Modeling of non-isothermal and isothermal HTT performed in a batch autoclave with 2 wt. % of catalyst and mole ratio of meth-

anol to soybean oil 21:1

Reaction temperature, K, and time of non-isothermal and

TAG Calcd., %

isothermal transesterification TAG Exp., % | order MM model IL model
393 (34+60 = 94 min) 19.9 23.3 12.9 22.7
413 (41+60 = 101 min) 42.8 48.1 32.8 46.5
433 (48+60 = 108 min) 92.3 77.6 69.8 75.8
453 (55+60 = 115 min) 98.1 95.8 96.9 95.1
473 (62+60 = 122 min) 98.5 99.8 99.9 99.8
MRPD| % 9.73 17.12 8.89

the resistance to mass transfer is much lower com-
pared to the resistance to the chemical reaction on
the active center of the catalyst, even at the smallest
mixing intensity. For that reason, the calculation of
mass transfer resistance for different mixing inten-
sities (500 and 900 rpm) was done and is shown in
the appendix. The results of these calculations proved
that the mass transfer of TAG to the active centers of
the catalyst had a smaller influence on the overall rate
of HTT with MnCO; catalyst.

Information about the influence of mass transfer
resistance indicated that the temperature dependency
of the reaction rate constant is what determined the
apparent reaction rate constant (Figure 2) and could
also be applied for more complex IL and MM models
(Appendix). Other MM and IL models parameters
were tested with the goal to minimize the mean rel-
ative percent deviation (MRPD) between experiment-
ally determined and calculated TAG conversion
(Table 1). The best agreement between calculated
and experimentally determined TAG conversions at
different temperatures was achieved with IL model
(MRPD 8.9%). The prediction of TAG conversion was
also acceptable assuming the first order reaction
model (MRPD 9.7%), while the largest deviation was
obtained with MM model (17.1%). A similar con-
clusion was reported in literature by other researchers
analyzing various catalysts which contain Mn (Ce/Mn
and La/Mn) [26]. The simulation of TAG conversion at
different temperatures for La/Mn catalyzed transester-
ification of soybean oil was best with the IL kinetic
model, while the first order reaction and IL model
gave similar results when the Ce/Mn catalyst was
used [26].

Kinetics of the transesterification process

The effect of reaction time at 453 K and 21:1
mole ratio of methanol to oil was investigated as well.
After 55 min of heating, the temperature in the batch
reactor reached 453 K (Table 1). Then the isothermal
transesterification started and that moment is defined

14

as t= 0, when the first sample was also withdrawn
from the reactor and TAG conversion and FAME yield
were determined. Next samples were analyzed after
30, 40, 50, 60 and 70 min counted from #= 0 and the
results are shown in Figure 3.

Near equilibrium TAG conversion was observed
to be 98.1% with a FAME vyield of 80.0% after 60 min
of isothermal process at 453 K. After that time, there
was no obvious impact on the transesterification
efficiency at 453 K. According to these results, the
optimal reaction time of 60 min during isothermal ope-
ration at 453 K was selected to be the most appro-
priate.

In summary, the optimal reaction conditions for
batch process of biodiesel production using 2 wt.% of
MnCO; could be defined as: mole ratio of methanol
and oil 21:1, and reaction time of 60 min after 453 K
was reached in the batch reactor.

The TAG conversion at various reaction times
was calculated using corresponding parameters shown
in Table 2 (the first order order, MM and IL models).

The values of MRPD between experimental and
calculated TAG conversion were 2.34, 1.68 and
1.62% for | order, MM and IL model, respectively. The
more complex MM and IL models gave slightly better
simulations of isothermal operations, which is also
consistent with previously reported results [26]. The
MM kinetic model is based on the changing reaction
mechanism, /.e., the reaction rate from zero to the first
order, while the IL model takes into account mass
transfer of TAG from the oil phase to active sites of
the catalyst and the chemical reaction between
methanol and TAG. The physical meaning of IL model
parameters appears to be more realistic. Taking into
account results of simulation of TAG conversion in the
batch autoclave at different temperatures (Table 1)
and at isothermal conditions (Figure 3), the IL model
was chosen for the prediction of TAG conversion
during c-HTT process.
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Figure 3. Comparison of experimentally determined and calculated TAG conversion applying various kinetic models.
Reaction conditions.: 2 wt. % of catalyst, 453 K, mole ratio of methanol and oil 21:1.

According to the IL model, the rate of TAG con-
version could be proposed by equation:

dXppg _ 1-66ky,0(1-55X75) - Xor) (40)
A 5.61(1.66+kyo(1-55X5%) ] "

(—1ac) = Kapp (1= X1ac) (3)
where: The initial value of the mass transfer coefficier:t
(kni0) in @ packed-bed reactor was calculated (30 h™)
P KK, (3a) on the basis of physical characteristics of the reaction
R 5 mixture and hydrodynamic conditions in the reactor,

k,

mt

= Ko (14 aX‘Il'HAG)

Simulation of the continuous process

Assuming the plug flow of the reaction mixture in
PBR, the mass balance of TAG is defined by equat-
ion:

(=Frag)d Mgy = Mypg 0d Xpg 4)

where (-r7ag) is the rate of TAG conversion defined by
Eq. (3), mMraco = 5619 h™' is the mass flow rate of
soybean oil at inlet of PBR defined knowing the mass
flow rate of the reaction mixture into the reactor (10.2
g h™) and oil (TAG) mass fraction (55%), and /.y is
the mass of the catalyst.

Using Eq. (4), the mass balance for calculation
of the TAG conversion at reactor exit is:

as shown in the appendix. Using that value of A, in
Eq. (4a), Xsag = 98.6% was calculated at the reactor
exit, 7.e., for m.,;= 14.6 g.

Stability of the catalyst

The experiment of continuous transesterification
of soybean oil was realized during 17 days. Analysis
of TAG and FAME contents in the samples of ester
phases collected at the exit from PBR (Figure 4a) was
performed every day.

As might be seen from the presented calculation
of TAG conversion on the basis of the derived and
accepted IL model, the activity of the catalyst would
not change after 370 h of continuous operation. A
high catalytic activity, which enabled the average
TAG conversion of 99.3%, was sustained during the
17 days of continuous transesterification. It is only a
0.7% difference between the calculated by Eq. (4a)
and the experimentally determined TAG conversion.

Table 2. Determined parameters for IL and MM kinetic models used for simulation of the transesterification process; k = Aexp(-E/T)

MM model IL model
k! min” Cro/ mol dm™ K/ mol dm™ &/ min” Koro / min™ a B
Al min’ EIK Al min E/K
86682 6776 1.05 1.72 86682 6776 0.085 55 35

15
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Figure 4. a) TAG conversion of soybean oil, FAME yield and pressure in PBR at 453 K during c-HTT; b) Mn content in biodiesel phase
and glycerol phase collected during c-HTT at 453 K.

The pressure in the PBR was gradually inc-
reased from the 3" to the 17" day of c-HTT (29-34
MPa). The first day of c-HTT was necessary for
reaching steady state operation and for approaching
good liquid-solid contact in the reactor [31].

FAME yield started to decrease after one week
of c-HTT. Taking into account determined values of
FAME vyield, for the whole period of c-HTT, the simple
linear relationship between FAME yield and time was
proposed:

FAME (%) = 85.1-0.0376¢ (5)

where tis time of c-HTT in h.

That calculation indicated, that although TAG
conversion was almost complete (>99%), and cons-
tant during 17 days of the activity test performed in
PBR, the distribution of final products between FAME,
MAG and DAG was changed indicating that selectivity
toward FAME formation was decreased by 3.76%
after each 100 h of continuous use of MnCO; catalyst.
This may be caused by transformation of the catalyst
structure in contact with methanol and formed glyce-
rol at high temperature and pressure and by blocking
the active sites of the catalyst with different organic
compounds (DAG, MAG and glycerol).

The leaching of manganese during continuous
transesterification reaction in biodiesel and glycerol
phases is shown in Figure 4b. Detected content of Mn
in biodiesel and glycerol phases was higher only after
the first day of unsteady-state continuous operation.
The highest Mn content in the glycerol phase (737
ppm) was almost two times higher than that in the
biodiesel phase (393 ppm). After the first day of
c-HTT, when steady state of process was attained,
the content of Mn in both phases began to decrease
(<5 ppm in biodiesel and <40 ppm in glycerol phase).
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The Mn content in the glycerol phase was obviously
higher than that in the biodiesel phase, indicating that
the Mn was leached more easily in the glycerol-meth-
anol phase. Other authors also reported that Mn con-
tent of 15 ppm was found in the biodiesel phase and
much more (525 ppm) in the glycerol phase during
the continuous transesterification with MnO as the
catalyst [4]. That evidence also indicates that MnO is
more soluble in the reaction mixture (FAME, glycerol
and methanol), and thus less stable, compared to
MnCO;.

Catalyst characterization

X-ray analysis of the fresh MnCO; catalyst and
the sample of catalyst withdrawn from PBR after its
use in the continuous process were studied with the
goal to determine the change in catalyst structure. As
shown in Figure 5a, the fresh MnCOj catalyst had the
typical diffraction peaks at 28 of 24.3, 31.5, 37.7,
41.6, 45.5 and 52.1°, which were attributed to the
crystals of MNnCO;. The XRD pattern of the used cat-
alyst obviously changed, some of the peaks which
correspond to MnCQO; crystals at 26 of 45.5 and 52.1°
disappeared and several new peaks which are close,
but not the same as those corresponding to the main
peaks of MnO, (JCPDS 65-2821 and 71-0071)
appeared. According to XRD and TG/DSC of a fresh
sample, it is not possible that MnCO; crystals could
be transformed during c-HTT of soybean oil into
MnO, or some other manganese oxide structure
(MnO, Mn,O3; and Mn3;0O,). Namely, decomposition of
MnCQO;, according to TG/DSC analysis, could be obs-
erved at temperatures above 700 K. That fact implies
that the sample of used catalyst probably contained
adsorbed organic compounds on active sites of the
MnCO; catalyst.
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Figure 5. a) X-ray diffraction patterns and b) FTIR spectra of fresh catalyst, and catalyst removed from PBR after 370 h of
Cc-HTT process at 453 K.

FTIR spectroscopy (Figure 5b) was used to inv-
estigate the functional groups of the catalysts and to
prove the above assumption. A broad band at around
3440 cm™ and a weak band at 1631 cm™ were attri-
buted to O-H bands caused by the water adsorbed
from the air onto the surface of the catalyst. The
peaks at 1449, 1409 and 862 cm™' are corresponding
to the bending vibration of CO32‘ in MnCO;
[3,4,39,40]. FTIR spectrum of the used MnCO; cat-
alyst implied a similar conclusion as XRD analysis.
Some new bending vibration was observed and attri-
buted to C-H bands (at 2925 and 2852 cm™"), C=0
bands (at 1745 cm™') and C-O bands (at 1116 cm™)
[41-43] indicating that different organic compounds
present in the reaction mixture were adsorbed onto
the catalyst surfaces. Bands at 2925 and 2852 cm™
could be attributed to symmetric and asymmetric
stretching vibration of C-H bands from CH, groups of
alkyl chains of FAME [44], but they might also be rel-
ated to the presence of methoxide [45,46] or diglycer-
oxide species [46].

SEM analysis showed the spherical structure of
MnCO; crystal sub-particles, with smooth surface

? | 4
5-2 20.0kV_2um ——

areas and average diameters about 1 pm (Figure 6)
[471.

Although the structure of the catalyst used in
c-HTT also showed existence of spherical sub-par-
ticles, their sizes were unevenly distributed and it
might be characterized as a rough surface, different
from the fresh catalyst (Figure 6). That observation
supports the previous assumption that organic com-
pounds were adsorbed on active sites of MnCO; cat-
alyst, proposed after examination of the results of
XRD and FTIR analysis.

Several typical points on the surface of samples
were selected for EDS analysis in order to determine
the content of Mn, C, and O. At points A, B and C,
marked in Figure 6b (sample of used catalyst), as well
as at points A and B shown in Figure 6a (sample of
fresh catalyst), the Mn, C and O atomic composition
were determined and shown in Table 3. The atomic
percentage of Mn is lower, while those corresponding
to C and O are higher in used samples, compared to
fresh samples of catalyst. These data also indicate
that during c-HTT certain amounts of organic com-
pounds were adsorbed on the catalyst surfaces.

Figure 6. SEM of: a) fresh catalyst and b) catalyst removed from PBR after c-HTT process performed for 370 h at 453 K.
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Table 3. EDS analysis of the surface points of fresh catalysts
and catalyst removed from PBR after 370 h of c-HTT at 453 K

Element content, at.%

Test point
Mn C )
a) A 20.50 34.21 45.29
B 21.73 31.29 46.97
b) A 6.60 63.96 29.44
B 7.87 60.38 31.76
C 8.02 62.30 29.68

Summarizing the results of catalyst character-
ization, it might be concluded that the MnCO; crystal
structure is the main constituent of the fresh and used
catalysts. The temperature for c-HTT (453 K) of soy-
bean oil is much below the temperature necessary for
MnCO3; decomposition (705 K) and, thus, formation of
some Mn oxide structures is less probable. It seems
that the 370 h-long test of MnCO; catalyst activity,
during the continuous process of soybean oil trans-
esterification, only led to the adsorption of organic
compounds (mainly DAG, MAG, FAME and glycerol)
on the active sites of the catalyst. Blocking of the
active sites of the catalyst led to a continuous inc-
rease in pressure drop in the packed bed and change
of catalyst selectivity, /.e., decrease of FAME yield.

CONCLUSION

Through this study, it was proven that MnCO;,
used as the catalyst in high temperature transester-
ification of soybean oil with subcritical methanol pos-
sessed a high activity and good stability. The
achieved triacylglycerol conversion of soybean oil
was 98.1% after 60 min at 453 K of the transesterific-
ation process in a batch autoclave (2 wt.% of catalyst,
21:1 methanol/oil mole ratio). Activity and selectivity
of the MnCO; catalyst was tested in continuous trans-
esterification and it was shown that it could maintain
an almost complete triacylglycerol conversion during
17 days on stream, and that change of catalyst sel-
ectivity leads to a linear decrease in FAME yield
(3.8%/100 h of continuous operation).

According to experiments performed in a batch
autoclave and in a packed-bed tubular reactor
(c-HTT), it was shown that the kinetic model which
might be effectively used to predict TAG conversion is
either the first order irreversible or complex model
based on the decrease of mass transfer resistance
during the transesterification process. The results of
simulations performed using both models are very
similar, indicating that the main resistance to the
transesterification process is caused by the chemical
reaction at the catalyst surface and that only several

18

percent in the overall resistance is caused by the
resistance to mass transfer of TAG to the active sites
of the catalyst.

Acknowledgements

This study was supported by the International
S&T Cooperation Program of China (Grant No.
2013DFG92250) as well as the research Grant No.
45001 of the Ministry of Education, Science and
Technological Development of the Republic of Serbia.

REFERENCES

[1 S. Nasreen, H. Liu, D. Skala, A. Waseem, L. Wan, Fuel
Process. Technol. 131 (2008) 290-296

[21 Z.Kesi¢, |. Lukié, M. Zduji¢, C. Jovalekié, V. Velikovi¢, D.
Skala, Fuel Process. Technol. 146 (2016) 162-168

[3] S. Nasreen, H. Liu, L. Ali Qureshi, Z. Sissou, |. Lukic, D.
Skala, Fuel Process. Technol. 148 (2016) 76-84

[4] K. Gombotz, R. Parette, G. Austic, D. Kannan, J.V. Mat-
son, Fuel 92 (2012) 9-15

[5] J.M. Dias, M.C.M. Alvim-Ferraz, M.F. Almeida, J.D.M.
Diaz, M.S. Polo, J.R. Utrilla, Energy Convers. Manage.
65 (2013) 647-653

[6] H. Amani, Z. Ahmad, M. Asif, B.H. Hameed, J. Ind. Eng.
Chem. 20 (2014) 4437-4442

[7] C. Cannilla, G. Bonura, E. Rombi, F. Arena, F. Frusteri,
Appl. Catal., A 382 (2010) 158-166

[8] C. Cannilla, G. Bonura, F. Arena, E. Rombi, F. Frusteri,
Catal. Today 195 (2012) 32-43

9] L. Wan, H. Liu, D. Skala, Appl. Catal., B 152-153 (2014)
352-359

[10] X. Zhu, H. Liu, D. Skala, Chem. Ind. Chem. Eng. Q. 22
(2016) 431-443

[11] Z. Kesié, I. Luki¢, M. Zduji¢, Lj. Mojovié, D. Skala, Chem.
Ind. Chem. Eng. Q. 22 (2016) 391-408

[12] Y.R. Rao, P.K. Zubaidha, J.N. Reddy, D.D. Kondhare,
S.S. Deshmukh, Green Sustainable Chem. 2 (2012) 14-20

[13] Y.R. Rao, P.K. Zubaidha, J.N. Reddy, D.D. Kondhare,
S.S. Deshmukh, S.P. Saiprakash, Catal. Sustain. Energy
(2013) 22-27

[14] L. Zhao, Z. Qiu, S.M. Stagg-Williams, Fuel Process.
Technol. 114 (2013) 154-162

[15] D. Kumar, A. Ali, Energy Fuels 27 (2013) 3758-3768

[16] I. Luki¢, Z. Kesi¢, D. Skala, Chem. Eng. Technol. 37

(2014) 1-7

[17] C.C.Liu, W.C. Lu, T.J. Liu, Energy Fuels 26 (2012) 5400-
5407

[18] AR. Gupta, S.V. Yadav, V.K. Rathod, Fuel 158 (2015)
800-806

[19] O. ligen, A.N. Akin, Appl. Catal., B 126 (2012) 342-346

[20] A. Chantrasa, N. Phlernjai, J.G. Goodwin Jr, Chem. Eng.
J. 168 (2011) 333-340

[21] M.R. Miladinovi¢, J.B. Krsti¢, M.B. Tasi¢, O.S. Stamen-
kovi¢, V.B. Veljkovi¢, Chem. Eng. Res. Des. 92 (2014)
1740-1752



L. WAN et al: HIGH TEMPERATURE TRANSESTERIFICATION OF... Chem. Ind. Chem. Eng. Q. 24 (1) 9-22 (2018)

[22] I. Luki¢, Z. Kesi¢, S. Maksimovi¢, M. Zduji¢, H. Liu, J. [35] S. Nasreen, H. Liu, R. Khan, X. Zhu, D. Skala, Energy
Krsti¢, D. Skala, Fuel 113 (2013) 367-378 Convers. Manag. 95 (2015) 272-280
[23] 1. Luki¢, Z. Kesi¢, S. Maksimovi¢, M. Zduji¢, J. Krsti¢, D. [36] S.Glisic, A. Orlovic, J. Supercrit. Fluids 65 (2012) 61-70
Skala, Chem. Ind. Chem. Eng. Q. 20 (2014) 425-439 [37] S. Glisic, O. Montoya, A. Orlovic, D. Skala, J. Serb.
[24] M.R. Miladinovi¢, M.B. Tasi¢, O.S. Stamenkovi¢, V.B. Chem. Soc. 72 (2007) 13-27
Velikovi¢, D.U. Skala, Chem. Ind. Chem. Eng. Q. 22 [38] S.Saka, D. Kusdiana, Fuel 80 (2001) 225-231
(2016) 137-144 [39] R. Moleski, E. Leontidis, F. Krumeich, J. Colloid Interface
[25] M.B. Tasi¢, M.R. Miladinovi¢, O.S. Stamenkovi¢, V.B. Sci. 302 (2006):246-253
Veljkovi¢, D.U. Skala, Chem. Eng. Technol. 38 (2015) [40] M.E.S. Mirghani, N.A. Kabbashi, M.Z. Alam, I.Y. Qudsieh,
1550-1556 M.F.R. Alkatib, J. Am. Oil Chem. Soc. 88 (2011) 1897-
[26] S. Nasreen, H. Liu, I. Lukic, L. Ali Qureshi, D. Skala, -1904
Chem. Ind. Chem. Eng. Q. 22 (2016) 419429 [41] C.G. Mothe, B.C.S. de Castro, M.G. Mothe, J. Therm.
[27] M.R. Miladinovi¢, O.S. Stamenkovi¢, V.B. Veljkovi¢, D.U. Anal. Calorim. 106 (2011) 811-817
Skala, Fuel 154 (2015) 301-307 [42] F.R.van de Voort, J. Sedman, A.A. Ismail, Food Chem.
[28] A. Ketcong, W. Meechan, T. Naree, |. Seneevong, A. 48 (1993) 213-221
Winitsorn, S. Butnark, C. Ngamcharussrivichai, J. Ind. [43] M. Lopez Granados, D. Martin Alonso, |. Sadaba, R
Eng. Chem. 20 (2014) 16651671 Mariscal, P. Ocon, J. Catal. 276 (2010) 229-236
[29] S.M. Son, K. Kusakabe, Chem. Eng. Process 50 (2011) [44] J.F.Puna, J.F. Gomes, J.C. Bordado, M.J. Neiva Correia,
650-654 AP. Soares Dias, Appl. Catal., A 470 (2014) 451-457
[30] J.A. Melero, L. Fernando Bautista, J. Iglesias, G. Mor- [45] A.P. Soares Dias, J. Puna, M.J.N. Correia, I. Nogueira, J.
ales, R. Sanchez-Vazquez, Appl. Catal., B 145 (2014) Gomes, J. Bordado, Fuel Process. Technol. 116 (2013)
197-204 94-100
[311 M. Kima, C. DiMaggio, S.0. Salley, K.Y. Simon Ng, Bio- [46] L. Leén-Reina, A. Cabeza, J. Rius, P. Maireles-Torres,
res. Technol. 118 (2012) 3742 A.C. Alba-Rubio, M. Lépez Granados, J. Catal. 300
[32] S. Yan, S. Mohan, C. DiMaggio, M. Kim, K.Y. Simon Ng, (2013) 30-36

$.0. Salley, Fuel 89 (2010) 2844-2852 [47) X.C.Duan, J.B. Lian, J.M. Ma, T. Kim, W.Z. Zheng, Cryst.
[33] P.S. Sreeprasanth, R. Srivastava, D. Srinivas, P. Ratna- Growth Des. 10 (2010) 4449-4455

samy, Appl. Catal., A 314 (2016) 148-159 [48] O.S. Stamenkovié, M.L. Lazi¢, Z.B. Todorovic, V.B. Vel;-

[34] S. Furuta, H. Matsuhashi, K. Arata, Biomass Bioenergy kovi¢, D.U. Skala, Bioresour. Technol. 98 (2007) 2688-
30 (2006) 870-873 -2699.
APPENDIX

I. Kinetic models of HTT process

la. The pseudo-first order kinetic model:

_depg
dt

= kerpg and k =k, (A1)

where k is the apparent reaction rate constant for the first order irreversible kinetic model and crag is TAG
concentration, which is related to the TAG conversion degree, X7g, as follows:

Crac = Craco (1= X1ac) (A.2)
Eqg. (A1) can be transformed into:

dax.

e = k(1= Xry) (A-3)

Ib. The MM kinetic model [21]

Model proposed by Miladinovi¢ et al. [21] is based on the changing reaction mechanism and assumes that
the reaction rate with respect to TAG is of zero order in the initial reaction period (at high TAG concentrations) and
of the first order in the later period of the reaction (at low TAG concentrations). It is expressed as follows:
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dX76 _ P (1= X7a6)(Cro * 3Ctac0XTAG)

d¢ m K+ Crpgo(1- X1ag)

where £, is the apparent reaction rate constant, cgyis the hypothetic initial FAME concentration corresponding to
the initial available active catalyst surface, cragp is the initial TAG concentration, and K'is the model parameter
defining the TAG affinity for the catalyst active sites.

lc. Model based on analysis of mass transfer (IL model) [22,23]

According to the IL kinetic model, developed by Luki¢ et a/. [22,23], the rate of transesterification may be
presented as an irreversible pseudo-first order reaction with the variable apparent rate constant, Ay, Which takes
into account mass transfer of TAG from oil to the active sites of the catalyst through the overall volumetric mass
transfer coefficient, Aurag, and the chemical reaction between methanol and TAG defined by pseudo first-order
reaction rate constant, k&

kk, 1+aX{,
KK rac (1= Xpp0) = mtTAG,O|: TAG:|

dx
— TG = (1_XTAG):k k ]
+ Kmitac k + Knraco [1 +aX7pq

d¢ app

(1= X7aa) (A.5)
]

where kntaco, the overall volumetric mass transfer coefficient at the beginning of the process, depends on &
interfacial area between the oil and methanol, and a and g are fitting parameters. The interfacial area changes with
the TAG conversion according to the proposed correlation:

2 1y aXb (A.6)
4y

Since:

Knitaco _4% (A7)
kmtTAG a

then A.7ag, Which defines the rate of mass transfer, depends on the interfacial area and the proposed correlation
assumes that it is also a function of TG conversion:

Knirac = Kmirac,o(1+ aXfy) (A.8)

m

Il. Physical characteristics of soybean oil and methanol

Table A1. Physical characteristics of soybean oil and methanol at 453 K

Parameter Soybean oil Methanol
Density, p/ kg m™ 800 666

Viscosity, ¢/ kgm™ s™ 0.00331 0.000142
D, diffusion coefficient of TAG, m®s™ 4.3x107"° 2.84x10°°

Prmix = ¢pd + (1 - ¢)pc

o = 11— 2.5 0+ 04

/ud + /uc
@=047
Parameter 7=453 K
Pl kg m™ 737
Limix [ kgm™' s 0.000166

lll. Calculation of the mass transfer coefficient for the process performed in a batch autoclave [23]:
a. The mass transfer coefficient in the continuous phase [23]:
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p 14 -2/3
k,=13x103| K | | Ko (A.9)
Vere | [ Dpc

The factor Pis defined by equation:
P =Y DF (A9.1)

@ = 1.5 (the agitator power consumption number); 7= 200, 500 and 900 rpm; O = 0.04 m; I = 2.24x10%* m®.
b. The mass transfer coefficient in the disperse phase [23]:
2
K, = 27D
3ds,

(A.10)

The Sauter mean drop diameter, ds,, was calculated from the correlation given by Kolmogorov’s theory of
homogeneous isotropic turbulence and according to the equation proposed by Stamenkovic et a/. [48]:

d,, = 478277 (A.10.1)

c. The mass transfer coefficient near the solid surface [23]:

a3a(p, - pe)
uD

k=2
a

s
p

2+0.31 (A.11)

d,=3x10°m; g=9.81m’s™"; g, = 3700 kg m™.
d. The overall volumetric mass transfer coefficient:

1 =l{ L R a }: L (A.12)

S
Kotac @ Kerac MracKatac 8s/MracKstac akrac

At the beginning of the process:

L (A.12.1)
Kotaco  @oKmirac
a, =§—¢; an=1mg; a, =—aml,;7°a‘
32

Used values for the calculation of the mass transfer of TAG to active site of the catalyst: distribution
coefficient for TAG in methanol at 180 °C: my4s = 0.05; ¢ = 0.47; a, = 8368 m™'; mole ratio of methanol and oil 21:1;
Meat = 2 WE%; ks = 0.155 m min~" and Ays3) = 0.0286 min™.

Table A2. Calculated values of k., for various mixing intensity

Calculated parameter 200 rpm 500 rpm 900 rpm
dy [ MM 0.302 0.0568 0.0194
ao/m’ 9338 49648 145361
k! m min”' 2.95x10° 5.86x10° 9.1x10°®
ks ! m min”™' 3.71x10° 1.98x107 5.78x107
Py leAG 36.3 3.43 0.756
1 0.577 0.02 0.0024
yMrpckatac

S 0.0154 0.0154 0.0154
asMrpcKsac

Knitaco / min™ 0.027 0.289 1.29
Kngraa / min’™ 0.707 7.568 33.781
R/ min 1.414 0.132 0.030
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The overall resistance of transesterification process is R = 1/kypp = 1/0.0286 = 34.965 min, and thus, the
resistance which includes the resistance of chemical reaction for 200 rpm intensity of mixing is A.. = 34.965-1.414
= 33.551 min™". This calculation showed that the resistance to TAG mass transfer rate contributes with 4% in the
total resistance which was governing the rate of transesterification. It will be even smaller for 500 and 900 rpm
mixing intensity (less than 0.4 and 0.1%, respectively).

IV. Calculation of the mass transfer coefficient for the process performed in a packed bed reactor

Superficial velocity of the reaction mixture: v = 0.25 m/h = 6.98x10° m s™'; ¢, = 0.03 mm = 3x10° m

_ pmidep
/umix

Re

and for d, = 0.03 mm, Re = 1.23x10°

Sc = Amx__793

=9.2x10™* for d, = 0.04 mm

Prix

Sh=0.99Re"*Sc"® =0.891 (A.13)

Kne =212 _8.43%10° ms™ or 0.303 m h! (A14)
p

Kniac = dsKstac (A.15)

a, = am%=102 m’; g,=1cm’*g"

k ac =0.0083 s"or30h” (A.16)
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TRANSESTERIFIKACIJA ULJA SOJE SA
METANOLOM NA VISOKOJ TEMPERATURI
KORISCENJEM MANGAN-KARBONATA KAO
KATALIZATORA

Mangan-karbonat katalizator, pripremifen taloZnom metodom, koriscen je u transesterifi-
kaciji ulja soje u subkriticnim uslovima metanola. Karakterizacija katalizatora izvrsena je
metodama rendgenske difrakcije (XRD), infracrvene spekitroskopije (FTIR), skenirajuce
elektronske mikroskopife (SEM) i energetske disperzione spektroskopije (EDS). Kon-
verzija triacilglicerola (TAG) i prinos metil-estara masnih kiselina (FAME) odredeni su
koriscenjem tecne hromatografije visokih performansi (HPLC). Transesterifikacija je
realizovana u vremenu od 1 h pri razlicitim reakcionim uslovima. 0-3 mas. % katalizatora
(racunato u odnosu na masu ulja), pri molarnom odnosu metanola i ulja od 13:1 do 27:1
I temperaturi od 393 do 473 K. Maksimalna konverzija TAG od 98, 1% moZe se ostvariti
pri optimalnim reakcionim uslovima: 2 mas.% katalizatora, molskom odnosu metanol/
/ulje od 21.:1, 1 h u SarZnom reaktoru na 453 K. Analiza kinetike pokazala je da mode/
zasnovan na prenosu mase [ hemijskoj reakciji na povrsini katalizatora potvrduje eks-
perimentalne podatke. KoriScenjem tog kinetickog izraza predloZen je efekat kontinu-
alne transesterifikacije i verifikovan eksperimentom realizovanim u laboratorijskom reak-
toru sa pakovanim slojem (PBR) u trajanju od 360 h. Spora deaktivacija katalizatora je
posledica izluZivanja Mn u obe faze, biodizel i glicerol, kao i blokiranja aktivnih centara
katalizatora organskim jedinjenjima.

Kijucne reci: biodizel, kontinuaini proces, heterogeni katalizator, kinetika, mangan
karbonat, subkriticni uslovi.
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