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Abstract: The MnCO;/Na silicate (Mn/Na/Si mole ratio of 4.65:1:1.65) catalyst
in the form of solid particles with diameter of 0.99—-1.99 mm was used as a
catalyst for transesterification of soybean oil in batch autoclave at different
conditions: 388468 K, methanol-to-oil mole ratio 12:1-30:1, catalyst amount
based on the mass of oil 0-12.5 %. The complete triacylglycerols (TAG)
conversion and high yield of fatty acid methyl ester (FAME) was obtained after
1 h at 458 K, methanol-to-oil mole ratio 30:1 and 10 % of catalyst. Kinetics of
transesterification process was analyzed by three models: the simple first order
irreversible reaction rate, as well as two more complex models recently rep-
orted in literature. The catalyst reuse in transesterification process was tested
and the average values of 99.0 % of TAG conversion and 97.5 % of FAME
yield were obtained after 8 consecutive runs. Different techniques were used to
characterize fresh and used MnCOs/Na silicate catalyst. The determined
amounts of leached Na (<500 ppm) and Mn (<20 ppm) in biodiesel phase
implied that the homogeneous-heterogeneous process influences the catalyst
selectivity, whereby leached Na enables the complete transformation of TAG
to FAME.

Keywords: MnCOs/Na-silicate; transesterification; kinetics; reusability.

INTRODUCTION

Biodiesel, consisting of fatty acid methyl esters (FAME) is usually produced
by the transesterification of triacylglycerols (TAG), the main constituent of veg-
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etable oils, with alcohol such as methanol or ethanol, in the presence of a cat-
alyst. The overall transesterification process occurs as a sequence of three rev-
ersible consecutive reactions, involving stepwise conversions of TAG to diacyl-
glycerol (DAG), monoacylglycerol (MAG) and finally glycerol (GL), producing
1 mol of FAME in each step of the process. This complex reaction could be
presented as one summarized reaction:

TG + 3MeOH S 3FAME + GLY (D

The current technology of catalyzed biodiesel synthesis applied in industry is
designed, to use various bases or acids as homogeneous catalyst. In order to imp-
rove the technology of biodiesel synthesis, the heterogeneous (solid) catalysts
have been thoroughly investigated in the last decade.'> A simple procedures of
biodiesel separation and purification process, without the aqueous treatment and
the necessity to wash products in the case of homogeneous transesterification, are
the main advantages of heterogeneously catalyzed transesterification.’

Some of the recently reported data have indicated that Mn-containing com-
pounds could be used as effective catalysts for biodiesel synthesis. Transest-
erification at low temperatures was reported with commercial MnCOj; (probably
contained some other alkali metals as impurities),*” while the application of syn-
thesized and pure MnCOs® showed the acceptable activity at higher temperature
and pressure in batch autoclave and during 350 h of continuous process of trans-
esterification performed in a small size HPLC column filled with MnCO;. Fur-
thermore, MnCO3/ZnO’ and MnCO;/Zn-glycerolate'® showed good activity even
after 17 and 13 cycles reuse, respectively, in the transesterification of soybean oil
in batch autoclave under subcritical conditions of methanol. However, all the
mentioned catalysts containing MnCO; were used in powdered form and,
although they showed good activity and stability, their application required the
additional centrifugation step for separation of the solid catalyst powder from the
products of transesterification (biodiesel and glycerol). Also, another disadvant-
age is the formation of a very dense packed bed inside small HPLC column that
caused a very high pressure drop in a column at the end of the experiment.®

The practice in the industrial preparation of a solid catalyst in the form of
particles is to add precursor to some support, which might be accomplished in
different ways.'' "> The research and development related to the granulation and
the molding method of MnCOs;was based on the use of hydrated sodium silicate
(Na,O-nSi0;),which is one of the most popular and cheap inorganic adhe-
sives.'®'” Apart from its application as an adhesive, the Na-silicate has also been
tested as catalyst for the biodiesel synthesis.'®**

The main goal of this study was to prepare MnCOj in the form of solid par-
ticles, which could be suitable for performing transesterification not only in
batch, but also, more important, in the continuous process using a packed-bed of
solid catalyst and to find the optimal ratio of MnCO; and Na,O-#nSiO; in order to
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BIODIESEL SYNTHESIS BASED ON MnCOs/Na SILICATE CATALYST 347

produce the desired strength and size of MnCOs/Na silicate particles (granules).
The chemical and physical characteristics of granulated catalyst before and after
usage in transesterification of soybean oil were analyzed.

The kinetic models proposed by Luki¢ e al.** and Miladinovi¢ et al.*® des-
erve considerable attention among various models used to describe the kinetics of
heterogeneously catalyzed transesterification, from the most commonly used
simple pseudo-first order model,'*”** to more complex models.”* It was
shown that both of them are suitable for describing the kinetics of transesterific-
ation over various calcium-based catalysts at low temperature,”~* but they are
also capable to predict correctly the reaction rate of transesterification process at
high temperature using different catalysts (La/Mn, Ce/Mn, Sr/cinder, Fe-Zn
double-metal cyanide complex, La,03/ZrO, and MnCOg,).S’3 >

The prepared samples of MnCQO;/Na-silicate particles were used in soybean
oil transesterification at different working parameters: the catalyst amount, the
methanol-to-oil mole ratio, the reaction temperature and the duration of trans-
esterification process. The reusability of the prepared solid particles of catalyst
was also studied in batch autoclave and the deactivation of the catalyst was dis-
cussed.

The experimental data of the soybean oil transesterification obtained in the
batch autoclave were used to define the kinetic model which might be used for
the design of a larger size of a tubular reactor packed with MnCOs/Na silicate as
catalyst. Three models were tested: a) the first-order irreversible kinetic model,
b) the model developed by Lukié et al.”, signed as the IL model, based on the
simultaneous influence of the mass transfer and the chemical reaction rate on the
overall process rate and c) the model proposed by Miladinovi¢ et al.*®, i.e., MM
model, which include a changing reaction mechanism with respect to TAG con-
centration.

EXPERIMENTAL
Materials

The reagents used in this study, MnCOj; (99%) and methanol (99.5%) of analytical grade,
and the 27 % aqueous solution of Na,O-nSiO, (n = 3.3),were obtained from Aopu Chemical
Company (Wuhan, China). 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.

Catalyst preparation

The granular MnCO;/Na silicate catalyst was manufactured by means of simple mixing,
kneading, extruding, granulating, drying and sieving.** The mixture of MnCO; and hydrated
Na-silicate was first thoroughly stirred in a beaker for 10 min, and then heated in an oven at
333 K for about 20 min; afterwards, the wet mixture was added in rotary granulator.*® In order
to produce the granules with the desired strength, the mass ratio (J) of initial components, the
hydrated Na silicate and MnCOs, was varied in the range of 0:1 to 1:1.The rotation speed of
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impeller has been kept constant at 60 rpm during granulation.”® The samples were sub-
sequently dried in an oven at 333 K for 24 h, and then particles within the range between 0.99
and 1.99 mm were selected by the sieving. For comparison, the starting materials, hydrated Na
silicate and MnCQO;, were also dried at 333 K for 24 h, grinded and subjected to charac-
terization.

Transesterification of soybean oil

The transesterification of soybean oil was conducted in a 500 mL autoclave (PCF0.5-10
Jian Bang Chemical Machinery Co. Limited, China) made of stainless steel and equipped with
a stirrer, an internal cooling pipe and an external heating jacket. The pressure and temperature
were monitored during transesterification up to the maximum values of 10 MPa and 573 K,
respectively. In each batch, soybean oil, methanol and the catalyst particles (0.99—1.99 mm)
were placed in the reactor at the ambient temperature and pressure. The reaction was con-
ducted at pre-set temperature and under the vapour pressure of methanol depending on the
reaction temperature (<3.5 MPa), and stirred at a constant speed of 200 rpm. The reaction time
was recorded from the moment when temperature in the autoclave reached the pre-set value.
After a given time, the reaction was stopped by the rapid cooling of the reaction mixture, and
the product was removed from the autoclave and analyzed using the HPLC.

Product analysis

The determination of TAG, FAME and the intermediate products, i.e., the monoacylgly-
cerols (MAG) and diacylglycerols (DAG) in the product was performed using the HPLC
combined with the internal standard analysis. The ester phase was diluted using the HPLC
grade acetone, and then 5 pL of sample was analyzed by the HPLC Shimadzu chromatograph
at 313 K. For the separation and the identification of acylglycerols (FAME, TAG, DAG and
MAG) and acetone, the C18 column with particle size 5 um, 200 mmx4.6 mm [.D., and UV
detector (205 nm) was used. Methanol was used as the mobile phase with a flow rate of 1.0
mL/min.

The FAME yield (Ypame) and TAG conversion (xrag) were determined from HPLC peak
areas and internal standards using equations:

FAME,

% =100——= 2a
FAME FAME, (2a)
FAME‘CS = aFAME X FAMEeS (Zb)

TAG,; — TAG,
Xpag =100—2l_—""es 3a
TAG TAG, (3a)
TAGy = orpag X TAG ¢ (3b)

where FAME, and FAME, refer to the sum of the areas of all FAME peaks of the sample
prepared by the complete conversion of TAG (defined as sample A) and of the ester phase,
i.e., biodiesel, respectively, and TAG,; and TAG,, are the areas of TAG peaks determined in
the sample of soybean oil and ester phase, respectively. The areas of acetone HPLC peaks of
esters phase (P.), sample 4 (P,) and sample of soybean oil (P,;) were used as the internal
standard:

P,

QFAME = P—A )
€s
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Bt
aTAG =— (%)
Fes
The significance of the kinetic model was statistically evaluated using the mean relative
percent deviation (MRPD) between the calculated and the experimentally determined TAG
conversion degree according to the equation:

MRPD = @i TAGmoa ~ XTAGery

n 1 xTAGexp |

(6)

Catalyst characterization

The morphology and the composition of different elements at some specific and arbitrary
chosen points of catalyst sample, were determined by the scanning electron microscopy
(SEM) using Quanta 200 SEM system equipped with EDS detector (FEI company, Nether-
lands).

The surface area of the catalysts sample was determined by SSA-4200 Surface Area &
pore size analyzer (Beijing Builder Electronic Technology Co., Ltd., China) using the multi-
point N, adsorption—desorption method. Before the measurements, the samples were degassed
under vacuum overnight at 373 K.

The Hammett indicator method was used for determining the basic strength of the
samples (H_). Approximately 100 mg of the sample was shaken with 5 mL cyclohexane and 1
mL of Hammett indicators—benzene solution (0.1 mass%,) and then left to equilibrate for 2 h
until no further colour changes were observed. The Hammett indicators used were as follows:
4-nitroaniline (H_ = 18.4), 2,4-dinitroaniline (H_ = 15.0), phenolphthalein (H_ = 9.8). The
base strength of the samples was defined as being stronger than the Hammett indicator if there
was a colour change, but weaker if it showed no colour change.

The STA 409 PC (NETZSCH Co., Ltd., Germany) was used for the thermal analysis of
samples in the temperature range from 303 to 1173 K (10 K/min; in N5).

X-ray analysis were applied for the structure identification using D/MAX-RB powder
X-ray diffractometer (Rigaku Corporation, Japan) with CuKa (4 = 0.15418 nm) as the
radiation source at room temperature (A(26) = 0.01° from 5 to 90° at a scanning speed of
10 °/min).

FTIR analysis was done by Nicolet FTIR 5700 spectrometer (Thermo Electron Corp-
oration, USA) with a scanning range of 4000-400 cm . The sample was prepared for analysis
by the KBr pressed disc method. All measurements were conducted at room temperature.

The amount of Mn and Na dissolved in esters (biodiesel) and glycerol phases was ana-
lyzed with an atomic absorption spectrophotometer (AAS, Z-2000, Hitachi, Japan).

RESULTS AND DISCUSSION
Optimization of catalyst preparation
The optimization of the catalyst preparation by varying the mass ratio (J) of
the initial components revealed that the mixture could not be granulated for
values of 0 < 0.6. For ¢ between 0.6:1 and 0.7:1, it was possible to granulate
mixture of Na silicate and MnCQO;, but the granules were fragile, while for 6 =

= 0.8:1 they were very hard. Furthermore, the crashing and settling of the pre-
pared particles in a centrifuge indicated that some precipitate existed at the bot-
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tom of the centrifuge tube, but not if larger ratio (6 > 0.9:1) was used. Thus, the
particles of MnCOs/Na silicate catalyst were prepared using 6 = 0.9:1, or the
mole ratio of Mn/Na/Si equal to 4.65:1:1.65. After drying and sieving, the par-
ticle fraction with size 0.99 mm < d < 1.99 mm was used in the transesterification
of soybean oil with methanol.

Analysis of different conditions used for transesterification of soybean oil

Influence of temperature. The reaction temperature is an important para-
meter that affects the conversion of TAG to FAME as shown in Fig. 1. The
transesterification was performed for 1 h using 5 mass% of MnCOs/Na silicate
catalyst based on mass of oil (i.e., about 2.4 % MnCO; and 2.6 % of Na silicate)
and methanol-to-oil mole ratio 18:1. With the increase of the reaction tempe-
rature from 388 to 438 K, the TAG conversion increased from 68.2 to 95%, and
the FAME yield from 70.6 to 85 %. Furthermore, it is evident that the TAG con-
version was almost complete at temperatures higher than 438 K, while the FAME
yield was practically the same or even slightly less than 85 %. The similar results
were found, although at slightly different conditions (2 mass% of catalyst, molar
ratio of methanol to oil 21:1) when the transesterification of soybean oil was
performed at high temperature (>430 K) using the MnCO; as a catalyst.® The
main difference between the activity of MnCO; and MnCOs/Na silicate used as
catalyst in this study was noted for the transesterification performed at lower
temperature (<423 K). While the TAG conversion was only about 20 % at 392 K

100 H = 100

80 -

XTAG/ %

40

—&— TAG conversion, this study
—e— FAME yield, this study

—0— TAG conversion, MnCO, [8]
—o— FAME yield, MnCO, [8]

201 20

0 —T - 1 - T ' T T T ' 1T T 1T T T T T 0
380 390 400 410 420 430 440 450 460 470 480
T/K

Fig. 1. The effect of reaction temperature on TAG conversion and FAME yield using
MnCO;/Na-silicate in comparison to MnCOj as catalyst.
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when pure MnCO5 was used,® the MnCOs/Na silicate showed higher activity with
68.2% of the TAG conversion at 388 K, as a consequence of the influence of Na
silicate, which displays activity even at lower temperature."® Compared to
MnCO; catalyst,® the yield of FAME could be further increased using higher
amount of MnCOs/Na silicate catalyst, enabling the complete conversion of TAG
followed with very high yield of FAME.

Based on the experimentally determined TAG conversion degree and the
first-order reaction kinetic assumption™, the apparent reaction rate constant was
determined; the obtained results are presented in the form of the Arrhenius plot
(Fig. 2), showing that the slope of straight lines changes around 423 K. This was
attributed to the catalytic effect of two different constituents, namely Na silicate,
which is active in the whole analyzed range of temperature, and MnCQOj3;, more
active at higher temperatures (433-458 K)."

264 kgp= 635527 exp(-7272/T) min !

-2.8 /
3.04
324

3.4
1

In(k / min™)

3.6 . ky 7= 7:918-exp(-2465/T) min~
-3.84

4.0

424

44

T T T T T T T T T
0.0022 0.0023 0.0024 0.0025 0.0026
/K
Fig. 2. The Arrhenius plot for the transesterification of soybean oil with MnCOs/Na silicate
catalyst performed at different temperature.

Both components, as stated above, influenced the rate of transesterification
at high temperature. Hence, in the present study, the transesterification of TAG
could be analyzed as a process occurring at low temperature (7 < 423 K, design-
ated by the subscript LT), where the Na-silicate mainly catalyzes the trans-
esterification of TAG and at the high temperature (7> 423 K, designated by the
subscript HT), where both components influence the transesterification process.
Na is probably more soluble in methanol phase than Mn, and could be detected
either as the main constituent of the catalyst, or present in the methanol phase to
a certain amount.”” Thus, it might be assumed that the transesterification of soy-
bean oil was governed by the heterogeneous effect of both components (MnCO;
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and Na silicate) and the homogeneous process catalyzed by Na dissolved in the
reaction mixture, where heterogeneous and homogeneous processes occurred
concurrently. The apparent reaction rates (k,,,) were simply determined by the
corresponding reaction rate constants, kit (7 < 423 K) and kyr (7> 423 K), from
the experimental data of TAG conversion degree, according to the Arrhenius plot
(Fig. 2) assuming the first-order irreversible reaction kinetics.

The determined values of the apparent reaction rate constants were used for
calculating the TAG conversion degree (xtag) in the batch reactor according to
the first-order kinetic model:

drrag _ (=7rrag) _
TR Kapp (1= XTAG) (7)

or by the model designated here as the MM model:*®

derag _ (rrag)vm _ ;. (L= ¥1aG (R0 +3¢1AG0YTAG) )
a
ds CTAGO P K +crago(l—x1aG)
and by IL model,” which defines the rate of TAG conversion by the equation:
dxrac
4 FappiL (1—x1AG) )

where:

koo k t kappkmtO |:1 + a(xTAG )ﬁ:|

kappaL == (%)

app + kmt kapp + kmt() |:1 + OC(XTAG )ﬂ:|

In all three models, the apparent reaction rate constant (k,,,) was defined
either by kit or kyr depending on the temperature of transesterification:
kit =7.918exp(—2465/T) min™* (10)
kit = 635527exp(—7272/T) min ™' (11)
The first three columns of Table I define the temperature, the heating time to
the pre-set temperature and the total time of transesterification which represents
the sum of time used for the heating and the duration of process under isothermal
condition (60 min). It is necessary to point out that, for the process in the batch
reactor, the heating of the reaction mixture from the room temperature to the pre-
-set temperature of the isothermal transesterification 7, could be defined by the
derived reaction rate constants, kit or kyr. This heating period is different and
obviously a shorter time was required to attain, for example, 333 K (10 min) com-
pared to the heating up to other higher temperatures, for example, 54 min to 448 K.
The best agreement between the calculated and the experimentally deter-
mined TAG conversion was obtained with the IL kinetic model which includes
the influence of the mass transfer rate using the corresponding parameters
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adopted from Wan et al® (a=55; p=3.5 and kyyo = 0.085 min’l). The values of
MM model parameters were also taken from data obtained for transesterification
with MnCO; catalyst8 (cro = 1.05 mol L_l; K=1.72 mol L_l; CTAGo = 0.6 mol L_l)
and are within the range of values used when CaO was used as catalyst.”® The
actual rate of the mass transfer of TAG to catalyst surface and active sites, def-
ined by IL model,** showed that a higher rate of transesterification process was
caused by the formation of DAG and MAG which substantially affected the
apparent reaction rate constant at lower temperature or reduces the resistance of
the TAG mass transfer toward the catalyst surface.

TABLE I. Comparison of the first-order, IL and MM model with respect to TAG conversion
degrees

Time, min Exp. data Kinetic models, xtag (xTAGU)b, %
- b
T/K Heatm% Total® 10 (¥14G0) First order model  IL model”> MM model*®
upto 7/°C %

333 10 70 24.6 (2.5) 27.6 (3.2) 26.4(3.1) 15.6(1.5)
388 32 92 68.2 (13.6) 64.6 (19.1) 62.4 (17.6) 51.9(10.0)
398 36 96 75.2 (16.4) 71.0 (23.6) 69.0 (21.6) 60.9 (12.8)
408 39 99 74.2 (19.1) 76.7 (27.8) 74.8 (25.4) 69.6 (15.7)
418 43 103 83.8 (22.3) 81.9 (33.1) 80.2 (30.2) 77.8 (19.5)
428 46 106 90.0 (25.3) 90.6 (41.6) 89.4 (37.8) 90.8 (25.9)
438 50 110 94.6 (37.4) 94.7 (45.2) 94.0 (41.4) 96.5 (29.8)
448 54 114 98.5 (54.6) 98.4 (54.1) 98.2 (50.0) 99.5 (31.0)
453 55 115 99.6 (60.6) 99.3 (58.3) 99.1 (54.1) 99.9 (43.9)
MRPD +2.32 +1.05 +2.75

Reaction time was 60 min after reaching isothermal condition (7); TAG conversion degree at ¢ = 0, when the
pre-set temperature was reached

Reaction time

Fig. 3 shows the change of TAG conversion with time during the transester-
ification of soybean oil performed at 448 K, with 5 mass% of granular MnCO5/
/Na silicate catalyst and methanol-to-oil mole ratio of 18:1. Within the period of
1.5 h of transesterification, the conversion of TAG was increased from 80 to 99
% while FAME yield was changed from 64 to 90 %. After additional 1 h, the
TAG conversion was still complete but the increase of FAME yield was not obs-
erved. These results indicated that the highest FAME yield could be obtained
even after 1.5 h of transesterification at 448 K. The moment when 448 K was
attained defines the beginning of the isothermal biodiesel synthesis (z = 0) in the
batch autoclave. The heating of the reaction mixture from the ambient tempe-
rature to 448 K takes 54 min, thus during that period the non-isothermal process
occurred with LT and HT period of transesterification. The initial TAG conver-
sion and the FAME vyield determined for ¢ = 0 are much higher, compared to the
non-catalyzed subcritical methanolysis®” and slightly higher than the methanol-
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ysis with MnCO; as a catalyst.® Knowing that Na silicate is a good catalyst at
lower temperature, this may be attributed to the fact that Na at outer surface and
also a part from the interior of catalyst particle, could be leached into methanol,
and therefore acts as homogeneous catalyst.”

The same three kinetic models were used for the TAG conversion modelling
at 448 K. The values of the kinetic parameters of both MM and IL model and the
apparent reaction rate constant (k,,) were the same as those used in the previous
analysis of the TAG conversion degree at different temperatures.

100 - 100
80— 480
X
S 60 4 60 §"<
&)
2 :
b ~
404 40 ¢
209 —a— TAG conversion | 20
—e— FAME yield
0 — 0
0.0 0.5 1.0 1.5 2.0 2.5

t/h

Fig. 3. The effect of reaction time on TAG conversion and FAME yield (448 K;
methanol-to-oil mole ratio 18:1; catalyst amount, 5 %).

As can be seen from Table II, the values of the TAG conversion degree at
various reaction times, calculated using IL model, gave the best agreement with
the experimentally determined values (MRPD = +0.27 %), confirming the con-
clusion previously made for the transesterification at different temperatures, that

TABLE II. Analysis of the TAG conversion degree versus time at 448 K, the methanol-to-oil
mole ratio of 18:1 and the catalyst loading of Smass% based on mass of oil

Time, min Exp. data Kinetic models, xtag / %

Heating to 448 K Total xrag/ %  First order model IL model® MM model®
54 54 54.6 61.0 56.1 51.0

54 84 92.1 92.9 91.6 95.0

54 114 98.5 98.7 98.4 99.7

54 144 99.6 99.8 99.7 99.98

54 174 99.6 99.96 99.94 99.99

54 204 100 100 100 100
MRPD +1.08 % +0.27 % +0.80 %

Available on line at www.shd.org.rs/JSCS/

(CC) 2018 SCS.



BIODIESEL SYNTHESIS BASED ON MnCOs/Na SILICATE CATALYST 3 5 5

the model based on mass transfer and chemical reaction at catalyst surface could
be successfully used for representing the rate of transesterification in the pre-
sence of MnCQOj/Na silicate catalyst. Since all the other model parameters
remained unchanged, the results of kinetic analysis also confirmed the necessity
to interpret the transesterification using MnCOs/Na silicate as the process at low-
-temperature (7 < 423 K), where Na silicate mainly catalyze the transesterific-
ation of TAG and at high temperature (423 K < T < 458 K) when the process is
catalyzed by the heterogeneous effect of both components (MnCO; and Na
silicate).

Influence of methanol-to-oil mole ratio

A higher methanol-to-oil mole ratio (>3:1) is required to obtain the desired
conversion and to shift equilibrium conversion toward FAME formation either
from TAG, DAG or MAG (Eq. (1)). As shown in Fig. 4, the FAME yield was
only 70 % when methanol-to-oil mole ratio was 12:1, and it was increased to 93 %
for methanol-to-oil mole ratio of 30:1. The same effect of methanol-to-oil mole
ratio was obtained with MnCOs; catalyst used in the powder form, but FAME
yield was only increased to 80 % for methanol-to-oil ratio of 24:1.* These find-
ings indicate that the observed positive effect of MnCOs/Na silicate as a catalyst,
compared to MnCQOs, is the result of combined effects of both components, i.e.,
Na silicate and MnCOs;.

100 = - 100
/'/7 )
o
" - —
80 4 " 480
=
e
X
~. 60+ 460 ot
<o
=
= 5
40 H - 40 N
20 - —a— TAG conversion 20
—o— FAME yield
0 -— 0
12:1 16:1 18:1 24:1 30:1

Methanol/oil mole ratio

Fig. 4. The effect of methanol-to-oil mole ratio on TAG conversion and FAME yield (reaction
time, 1 h; reaction temperature, 428 K; catalyst amount, 5 %).

Influence of catalyst amount

The TAG conversion evidently increased from 54.5 to 95.3 % when the
catalyst amount increased from 0 to 7.5 % (Fig. 5). A highest FAME yield was
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obtained when the catalyst amount was 10 %, while further increase did not
affect the selectivity of process to FAME.

100 - 100
80 - 80
X
< 604 60
@) !
g z
H
> m
40 +40
X
—&— TAG conversion
+ 1
204 FAME yield 120
Ot —— 71— T T T T 0
0 2 4 6 8 10 12 14

Catalyst amount, %

Fig. 5. The effect of catalyst amount on TAG conversion and FAME yield (reaction time, 1 h;
reaction temperature, 428 K; mole ratio of methanol to oil, 18:1).

Contrary to the results obtained with MnCO; as a catalyst for biodiesel
synthesis,® where the use of catalyst amount over 2 % did not increase the FAME
yield or TAG conversion, this study showed that MnCOs/Na silicate particles
used in larger amount had a positive effect on FAME yield, but only to some
value (10 %). Although the presence and catalytic effect of Na ion in the MnCOs/
/Na silicate enables higher FAME vyield achievement, the active surface area of
MnCOs/Na silicate granules is smaller compared to that of MnCO; in the
powdered form and it must be compensated using a larger amount of catalyst.

Reusability of MnCOjs/Na silicate catalyst

The reuse of the catalyst in consecutive runs is of great importance for red-
ucing the cost of biodiesel production on industrial scale. The process of soybean
oil transesterification carried out at temperature of 458 K, with 10 mass% of
catalyst, 30:1 methanol-to-oil mole ratio and 1 h reaction time, was repeated 9
times. After 8 cycles determined TAG conversion was 97.6 % and FAME yield
was 92.6 % as shown in Fig. 6, while after the 9" run FAME vyield dropped to 88 %
although a high TAG conversion was still attained. This result implies that the
prepared MnCOs/Na silicate catalyst could be used eight times with very high
TAG conversion (the average value 99.1 % for 8 repeated tests) and FAME yield
(the average yield of 97.5 %). Therefore, the application of MnCOs/Na silicate
resulted in a higher yield of FAME compared to pure MnCO; or some other cat-
alyst containing Mn as precursor.>*
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Catalyst characterization

Basic strength. The basic strength of Na-silicate in powdered form and
MnCOs/Na silicate could be denoted as 9.8 < H_ < 15, whereas, the basic
strength of MnCO; powder was H < 9.8. Evidently, the basic strength of the
catalyst particles (9.8 < H_< 15) is mainly due to the presence of Na silicate. The
basic strength of catalyst 9-times used for transesterification of soybean oil
dropped to H < 9.8. This finding implies that a certain amount of Na in contact
with the reaction mixture during transesterification was dissolved into biodiesel

20
and glycerol.
100 - 100
. W—W |
80 4 < 80
70 4
X
~ 60+ - 60
g =)
<
= 504
£ S
40 . q40 3
30 —a— TAG conversion
—e— FAME yield
20 —20
10 4
0 — T T T T T T T T T T T T T T T T T 0
0 1 2 3 4 5 6 7 8 9 10

Number of repeated use

Fig. 6. The effect of repeated use of the catalyst on TAG conversion and FAME yield (458 K;
reaction time, 1 h; methanol-to-oil mole ratio 30:1; catalyst amount, 10 %).

Thermal analysis

TG-DSC curves of the Na-silicate, MnCOs, as-prepared MnCOs/Na silicate
particles, and the catalyst after being reused for 9 cycles are shown in Fig. 7. The
continuous weight loss, as shown in Fig. 7a, was observed during the heating of
the Na silicate sample from 400 to 700 K, which corresponds to the removal of
water. The phase decomposition of MnCO; was detected at 705.5 K according to
the DSC peak (Fig. 7b), and this fact implies that MnCO; is stable below 650 K.
The weight loss of MnCOs/Na silicate appeared from 570 to 700 K as shown in
Fig. 7c and for the used MnCOs/Na silicate from 640 to 700 K as shown in
Fig.7d. These results support the previous findings related to temperature of
MnCOj; decomposition.*

X-ray diffraction(XRD)

The bulk phase structure of MnCOs/Na-silicate catalyst, before and after its
use in soybean oil transesterification, was analyzed by XRD and results are shown
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Fig. 7. TG-DSC analysis. a) Na silicate; b) MnCOj;; ¢) as-prepared MnCO3/Na silicate;
d) MnCOs/Na silicate being reused for 9 cycles; (—) TG curve; (") DSC curve.

in Fig. 8. At the same figure the XRD analysis of Na-silicate and pure MnCO;
are also shown (Fig. 8a and 8b, respectively). No obvious peak of Na silicate was
observed in the XRD pattern (Fig.8a) because the temperature at which the
sample has been dried (333 K) led only to the formation of amorphous Na silic-
ate, not high enough for crystallization, as shown by TG/DSC analysis. Typical

\ ¥ MnCO,

T — T
10 15 20 40 45 50 55 60 65

d
N

20/°

Fig. 8. XRD patterns. a) Na silicate; b) MnCO3; ¢) as-prepared MnCO3/Na silicate;
d) MnCOs/Na silicate being reused for 9 cycles.
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diffraction peaks of MnCO; are presented in Fig. 8b, where almost identical of
either as-prepared (Fig. 8c) or used (Fig. 8d) MnCOs/Na silicate catalyst was
obtained indicating that the MnCOj; structure did not notably change during the
transesterification of soybean oil. While MnCO; in powder form underwent a
slight change in structure after being reused®, this was not the case when MnCO5/
/Na silicate was reused several times, showing that Na-silicate positively inf-
luenced its stability.

Fourier transform infrared analysis (FTIR)

FTIR spectroscopy was applied to investigate the functional groups of the
MnCOs/Na silicate (as-prepared and used for 9 times in transesterification pro-
cess of soybean oil), as well as of MnCO; and Na silicate, and the obtained
results are shown in Fig. 9.

a

3615 3101 2326 1699

Transmittance, a. u.
o

3390 29272856

T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavelength, cm'1

Fig. 9. FTIR spectra of: a) Na silicate dried at 333 K; b) MnCQOj; ¢) as-prepared MnCO;/Na
silicate and d) MnCO;/Na silicate catalyst being reused for 9 cycles.

The peaks of Na-silicate (Fig. 9a) at 3615, 3101 and 2326 cm™' correspond
to the stretching vibrations of —OH and HOH while the flexural vibration of
HOH is at 1699 cm™". It proves the existence of crystal water in the amorphous
Na silicate. The characteristic peak at 1020 cm™' arises from the whirling vib-
ration of Si—O and the peak at around 400 cm ™' (Fig. 9a, ¢ and d) is assigned to
the Si—O—-Si and O—Si—O flexural vibrations in Na silicate.***" The characteristic
peaks at 1410 and 864 cm ™' (Fig. 9b) are assigned to the COs> vibrations.** The
broad band at 1408 and 864 cm™' in as-prepared and used MnCO;/Na silicate
catalyst (Fig. 9c and d, respectively) are similar to that of the MnCOs;, indicating
the existence of MnCOj; in the catalyst, and proving that MnCO; phase did not
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change after reuse. The peak at 1050 cm ' in Fig. 9c is identified as the over-
lapped peak of the whirling vibration of Si—O and C—O. The peak at 1080 cm ' in
the FTIR spectrum of the used catalyst (Fig. 9d), which overlapped the peak at
1050 cm™', could be the effect of C—O bands in some organic compounds ads-
orbed on catalyst surface. The O—H bands (at 3390 cm') and C—H bands (at
2927 and 2856 cm ') also prove the existence of some organics adsorbed on the
surface of the used catalyst.

N; adsorption—desorption

The surface area, pore volume and average pore size were determined for as-
-prepared MnCO;/Na silicate as well as for the 9-times reused sample. This
analysis showed that the as-prepared catalyst had the surface area of 3.99 m* g/,
the pore volume of 0.015 cm® g™ and the average pore size of 15.4 nm with the
pore distribution from 1.7 to 233 nm, while the used catalyst exhibited 3 times
lower surface area (1.47 m* g '), almost the same pore volume of 0.017 cm® g
and the average pore size of 26.6 nm with the distribution of pores from 5.9 to
429 nm. The decrease of specific area did not have significant influence on TAG
conversion, because it was followed by the same value of pore volume while
distribution of pores has been shifted toward the larger pore sizes. The high TAG
conversion even after 9 repeated uses of catalyst could be explained by the fact
that all the pores with higher diameter are still accessible for the large molecules
like TAG.* The FAME yield decrease is probably caused by the leaching of
active metals (Na) from the catalyst surface without the change of silica support.

Scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS)

The images obtained by SEM analysis of as-prepared and 9-times reused
MnCOs/Na silicate catalyst are shown in Fig. 10al and b1, respectively. A lamel-
lar structure on the surface of as-prepared catalyst, with plenty of channels and
micro-pores, indicate the possible active sites for catalysis as shown in Fig.10a2
and a3. Similar and unique globular structure might be also seen on the surface of
the used catalyst (Fig. 10b2 and b3). It can be considered as the catalyst surface
on which the adsorbed organic compounds, mainly DG and MG, create the “jam-
med” structure of the catalysts surface.

The SEM-EDS analysis of the atomic percentage of a submicron layer at
different points of as-prepared and used catalyst could be used to explain the
change of the catalyst during its repeated use in transesterification process. Some
of them are indicated as points A, B and C in Fig. 10a3 and 10b3 and the results
of EDS analysis for that area are shown in Table III.

Although a large differences of the atomic content of Mn, Na and Si were
obtained after the analysis of as-prepared catalyst, an important result of EDS
analysis is that the multiple checks of the used catalyst atomic composition did
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not indicate the presence of Na. That means that Na atoms were mainly removed

from specific part of the catalyst surface by leaching or, as defined in literature,
LY

by the ion-exchange in the presence of methanol or glycero

1-001

Fig. 10. SEM analysis of as-prepared MnCO3/Na silicate catalyst (al, a2 and a3) and
MnCOs/Na silicate catalyst after being reused 9 times (b1, b2 and b3).

TABLE 1II. EDS analysis of the surface points of as-prepared and used MnCOs/Na silicate
catalyst (the positions of analyzed samples are shown in Fig. 10a3 and b3)

Content, at.%

Test point -
Mn Na C Si
Fig. 10a3 A 15.00 8.66 52.91 23.43
B 18.37 10.13 65.39 6.11
C 29.25 8.67 44.67 17.41
Fig. 10b3 A 13.89 0 82.19 3.92
B 9.88 0 83.68 6.45
C 25.40 0 66.55 8.05
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Leaching of Na and Mn in biodiesel and glycerol

The amounts of Mn and Na in glycerol and biodiesel phase were analyzed
after each of 9 experiments of the repeated use of MnCOs/Na silicate catalyst.
The results of AAS analysis are shown in Fig. 11.

80 I glycerol phase

g 70 [ biodiesel phase
o, 60
«g’ 50
% 40 ]
g 304
s 204
= 10
07
2500
g_ 2000
oy 4
1500
2 4
£ 1000
3 .
< i
Z 500 ]
0

1 2 3 4 5 6 7 8 9
Number of repeated times

Fig. 11. The effect of repeated use of the catalyst on the amount of dissolved Mn and Na in
biodiesel and glycerol phase.

Generally, a larger amount of Na, compared to Mn, was found in both
phases; Na amount in glycerol phase was 2680 mg/kg after the first use of
catalyst, and almost two times smaller after the second repeated use of catalyst.
In other samples of glycerol phase the amount of Na has slightly decreased to
500 mg/kg as found after the 9" repeated use of catalyst (Fig. 11). Amount of Na
in esters (biodiesel) phase was almost the same for all of the collected samples
(below 500 mg/kg). The large amount of Na dissolved in the products was caused
by the ion-exchange after methanol being adsorbed on the surface of catalyst.'’ In
contrast to this finding, only a very small amount of Mn was dissolved in both
products as shown in Fig. 11. As in the case of Na, a larger amount of Mn was
determined after the first use of catalyst; it was about 90 mg/kg in biodiesel phase
and about 25 mg/kg in glycerol phase.

The observed phenomena might be explained by the leaching of Na and Mn
which occurs in the later stages of repeated use, followed by the increased resist-
ance of diffusion from the internal surface area of catalyst to the reaction mix-
ture. After the first use of catalyst the active Na and Mn at the surface of catalyst
particles, were relatively easily removed and dissolved in the reaction mixture,
and then the rate of leaching began to be much slower. The cumulative amount of
Na leached in both phases after 9 cycles was calculated to be 57 % based on the
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mass of catalyst, indicating that a certain amount of Na remained, probably in the
internal part of the catalyst particles. The change of constituents’ concentration at
catalyst surface (Na/Mn), after the each repeated use of the catalyst, leads to the
change of the catalyst selectivity (Fig. 6).

CONCLUSION

The MnCO;/Na-silicate 0.99-1.99 mm particles (Mn/Na/Si mole ratio of
4.65:1:1.65) were prepared and used for the biodiesel synthesis. The complete
conversion of TAG and high FAME yield were obtained at 458 K using the
methanol-to-oil mole ratio of 30:1 and 10 % of prepared catalyst. A high con-
version of TAG as well as of FAME yield after 8 times of the repeated use of the
same amount of catalyst was also proved. The high catalyst selectivity toward
FAME synthesis was explained on the basis of the catalyst characterization, and
it was found that the leaching of Na into methanol/glycerol phase was the main
reason for the observed effect. The best results of calculated TAG conversion
were obtained using the kinetic model that includes the mass transfer resistances
and the chemical reaction at active sites of the catalyst.

NOMENCLATURE
A Pre-exponential factor, min”
CTAG Concentration of TAG, mol L™
CRro Model parameter, the hypothetic initial FAME concentration corresponding to the
initial available amount of TAG close to the active catalyst surface, mol L™
d Catalyst particle diameter, mm

DAG  Diacylglycerols amount in the FAME/oil fraction of the reaction mixture, %
FAME Fatty acid methyl esters amount, %

H_ Basic strength of the samples

kit Reaction rate constant up to 423 K, min™'

kut Reaction rate constant above 423 K, min™

keapp Apparent reaction rate constant, min’'

Kont Overall triglyceride volumetric mass transfer coefficient, min™

K Model parameter defining the TAG affinity for the catalyst active sites,mol L™
MAG  Monoacylglycerols amount in the FAME/oil fraction of the reaction mixture, %
—rrag ~ Rate of TAG transesterification, mol min” L

t Time, min

T Temperature, K

TAG  Triacylglycerols amount in the FAME/oil fraction of the reaction mixture, %
XTAG TAG conversion

Yeame  FAME yield, %

o Fitting parameter in Eq. (9a)
S Fitting parameter in Eq. (9a)
0 Mass ratio of Na silicate to MnCO;
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U3BOJ
CUHTE3A BUOJU3EJIA U AHAJIU3A KHWHETUKE CA MnCOs/Na-CUJIUKATOM KAO
XETEPOT'EHUM KATAJIU3ATOPOM

YANAN ZHANG"? HUI LIU", XIAOCHAN ZHU', UBAHA JIYKWR®, MUOJPAT 3IYJUR', XIANG SHEN?
u JEJAH CKAJIA®

'State Key Laboratory of Biogeology and Environmental Geology and School of Environmental Studies, China
University of Geosciences, Wuhan 430074, PR China, *Faculty of Materials Science and Chemistry, China
University of Geosciences, Wuhan 430074, PR China, *Ynusep3uiieiu y Beoipagy, TexHomousko—Meanypuiku
paxyniuewi, Kapueiujesa 4, 11000 Beoipag u 4I/Ich7uu7.ym wexnuukux Hayka Cpiicke axagemuje HAyKa U
ymemnocwiu, Knes Muxaunosa 35, 11000 Beoipag

Karanusatop MnCOs/Na cunukar (moncku ogHoc Mn/Na/Si on 4,65:1:1,65) y obnuky
yBpcTUX yectnua BenuuyuHe 0,99—1,99 mm, kopuirheH je y TpaHcecTepudUKaluuju COjUHOT
y/ba y LIAaPKHOM PEAKTOPy MpH pa3muyuTUM ycinoBuma: 388—-468 K, MonapHu OZHOC MeTa-
Homa u yma 12:1-30:1, 0-12,5 % xaTanusaTopa y OfHOCY Ha Macy y/ba. KoMIuieTHa KOHBED-
3uja Tpuapunranuepona (TAG) ¥ BUCOK NMPUHOC METUI-ecTapa MacHUX kucenuHa (MEMK)
NIOCTUTHYTH cy nociie 1 cata Ha 458 K, npu MojIcKkoM ofHOCY MeTaHosa ¥ yiba of 30:1 1 ca 10 %
KaTanu3aropa. KuHeTHKa mpoleca TpaHcecTepudUKaluje aHaIU3HpaHa je NPUMEHOM TpH
Mozena: jeTHOCTaBHOT MOJeJia HelloBpaTHe peakiifje MPBOT pelia, Kao U CI0KeHHjHUX Mozesa
HeJaBHO 00jaB/beHUX y JUTepaTypd. TecTHpaHO je MOHOBHO KopHIinhewe KaTajausaTopa y
npolecy TpaHcectepudukalnvje U npoceyHe BpegHocTH KoHBepsuje TAG on 99,0 % u mpu-
Hoca MEMK og 97,5 % nodujeHy cy HakoH 8 y3aCTONHHUX LUKIyca. [IpuMemneHe Cy pasjiuuuTe
TEXHHKE KapaKTepusauuje csexxer ¥ kopumhenor MnCOs/Na-cunukaT karanusaropa. Konu-
yrHa u3myxeHor Na (<500 ppm) u Mn (<20 ppm) y dasu duonusena ykasyje Ha TO Ja XOMO-
reHO-XeTepOTreH! MpolLiecC yTHYe Ha CeJIeKTUBHOCT KaTaau3aTopa, IMOIITo U3nyXeHu Na omory-
hasa xommnetny Tpancdopmanujy TAG y MEMK.

(ITpumsbeno 12. jyna, pesupupano 19. nenemdpa, mpuxsaheno 21. nenembpa 2017)
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