CHAPTER VI
EFFECT OF Si02PORE SIZE ON PARTIAL HYDROGENATION OF
RAPESEED OIL-DERIVED FAMES
(Published in Applied Catalysis A: General, 441-442 (2012) 72-78)

6.1 Abstract

Palladium (Pd) supported on different Si02 pore sizes: Q3, Q10, Q30, and
Q50 with pore diameters of 3, 5, 30, and 50 nm, respectively, were studied for the
partial hydrogenation of rapeseed oil-derived fatty acid methyl esters (FAMES). The
supports and catalysts were characterized by BET, NHs-adsorption, and CO-
chemisorption technique. Highest turn over frequency (TOF) was found for Pd/Q30,
while Pd/Q3 exhibited the lowest TOF. The reaction rate constants for each
hydrogenation step, consequently from C18:3 to ¢ 18:2, ¢ 18:1, and C18:0, i.e., kl, k2
and k3, respectively, were determined by POLYMATH Professional 6.2 and could
explain the effect of Si02pore size on pore diffusion of FAMES reactant and contact
probability between reactant molecules and active sites. Moreover, pore size of the
Si02 support also affected on selectivity towards irarcs-monounsaturated FAME. The
Pd/Q3 catalyst presented the lowest /ram'-monounsaturated FAME selectivity due to
its smallest pore size and acidic properties. In addition, it was found that 0.5 h of
hydrogenation time using Pd/Q10, Pd/Q30, and Pd/Q50 could improve the oxidative
stability to > 10 h.
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6.2 Introduction

Biodiesel or fatty acid methyl ester (FAME) is known to be an alternative
for petroleum-based diesel. Advantages of biodiesel are: renewability,
biodegradability, higher flash point, higher cetane number, reduction of exhaust
emissions, miscibility with petroleum-based diesel, and its ability to be produced
domestically [1-3], However, its fuel properties correspond to natural characteristics
of starting oil or fat [4]. Structural features that influence the fuel properties of
biodiesel are chain length, degree of saturation, and branching of the chain [5],
Degree of saturation of fatty acid has strong effects on the quality of biodiesel
especially oxidative stability and cold flow properties. Biodiesel produced from
vegetable oil that contains higher unsaturated fatty acid composition exhibits lower
oxidative stability. In contrast, the higher the saturated fatty acid composition, the
worse cold flow properties become. Therefore, partial hydrogenation of
polyunsaturated FAMES to monounsaturated ones is a promising solution to these
problems.

The catalysts used in commercial hydrogenation of triglycerides are usually
Ni catalysts supported on silica or alumina, and mostly used in the slurry phases.
These Ni catalysts are cheaper than noble metal catalysts, but more severe
hydrogenation pressure is required for the former compared with the latter ones [
7]. In this respect, noble metal catalysts such as Pd seem to be the most promising
[8], Supported Pd catalysts have been widely employed as catalysts for
hydrogenation reaction [9-10], Materials usually used as a catalyst support are:
carbon [11-13], silica [14-15], alumina [16-17], and zeolite [18-19]. Due to the
difference in nature and structure of each support, the type of support is believed to
affect catalytic activity and selectivity of the catalyst. Moreover, the same support
with different pore size also affects the rate and selectivity of the reaction [7]. The
effect of pore size of the support on the catalytic activity has been investigated in
liquid phase hydrogenation of many reactants. For example; hydrogenation of 1-
hexene [20], cinnamaldéhyde to cinnamyl alcohol [21], and methyl linoleate [12]
have been studied.
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In this study, mesoporous SiCx has received considerable attention as a
support for Pd catalyst because of its uniform pore size with a variety of pore
diameters in a range from 3 nm to 50 nm, which is a good representative for a study
of pore size effect of the support. Therefore, we focused on the improvement of
oxidative stability of rapeseed oil-derived biodiesel by partial hydrogenation over
Pd/SICh catalysts. The effect of pore size of the SiCx support was investigated in
terms of catalytic activity, turn over frequency (TOF), selectivity, and fuel properties.
In addition, kinetic analysis was also studied by determining the reaction rate
constant of each hydrogenation step, from C18:3 to C18:2, CI8:1, and CI8Q0.
consequently (k|, k2, and ks, respectively). This kinetic analysis demonstrated the
effect of SiC2pore size on pore diffusion of FAMES reactant very well.

6.3 Experimental

6.3.1 Catalyst Preparation
Four types of commercial silica with an average pore diameter of 3

nm (SiU2-Q3), 10 nm (SiC2-Q10), 30 nm (SiC>2-Q30), and 50 nm (SiO2~Qs0)
purchased from Fuji Silysia Chemical Company Ltd., were used as supports. Pd on
SiCx catalysts were prepared by incipient wetness impregnation with an agueous
solution containing appropriate amounts of Pd(NH3).Clo. The total amount of Pd
loading was 1 wt9%. After impregnation, the catalyst was dried by a rotary
evaporator at room temperature for 2 h, then at 60°c for 2 h, and finally by a vacuum
pump at 60°c for 2 h. After that, it was calcined under an oxygen stream at 300°c
with a heating rate of 0.5°c/min and 1 L/min of oxygen flow rate. Finally, the
catalyst was reduced at 300°c for 2 h with a heating rate of 5°c/min and 100 ml/min
hydrogen flow rate before use in the partial hydrogenation reaction. The prepared Pd
supported on SiC»-Q3, SC2-Q10, SIC>2-Q30, and SiC>2-Q50 catalysts can be notified
as Pd/Q3, Pd/Q10, Pd/Q30, and Pd/Q50, respectively.



8

6.3.2 Catalyst Characterization

The specific surface area, pore volume, and pore size distribution of
the support were determined by N2 physisorption using a Quantachrome Autosorh-1
MP surface area analyzer. Before analyzing, the sample was heated in a vacuum
atmosphere at 250°c overnight to eliminate volatile species that had adsorbed on the
surface.

Moreover, acidity of the SiCx support was investigated by the NHi-
adsorption technique using an NH3 calorimeter (CSA-450G) manufactured by Tokyo
Riko Co., Ltd. The sample was evacuated at 300°c for 1hand cooled down to 50°C
to measure the heat of adsorption of NH3 on the acid Sites.

Pd dispersion of the prepared catalysts was determined by pulse
chemisorption  of  101%  CO/He, wusing  Temperature-Programmed
Desorption/Oxidation/Reduction (TPD/R/Q) Ohkura R6015. Prior to measurements,
the calcined sample was pretreated with hydrogen at 300°c for 1 h and followed by
purging with helium at the same temperature for 10 min. The Pd dispersion was
measured at 50°c and calculated by assuming a stoichiometry of CO:Pd =1:1.

6.3.3 Transesterification of Rapeseed Ol

Fatty acid methyl esters (FAMES) of rapeseed oil were prepared by a
typical transesterification reaction catalyzed by potassium hydroxide (KOH). The
reaction took place in a 2 L three-necked round-bottomed flask, equipped with a
stirrer and a condenser. The amount of catalyst used was 1 wt.% compared to the
starting rapeseed oil with 9:1 methanol to oil molar ratio. KOH was dissolved in
methanol and added into the rapeseed oil. The mixture was stirred at 60°c for 2 h
and cooled down. A phase separation was followed: the lower glycerine phase was
removed. The upper phase was washed with 60°c distilled water several times to
remove remaining KOH, methanol, and possible soap. Finally, it was dried by a
rotary evaporator at 60°c, to remove remaining washed water. The FAME
composition of the rapeseed biodiesel fuel (BDF) was determined by gas
chromatography (GC).
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6.3.4 Partial Hydrogenation of Polyunsaturated FAMES

The partial hydrogenation reaction was carried out in a 388 ml
stainless steel semi-batch reactor at a temperature and hydrogen partial pressure of
80°c and 0.3 MPa, respectively. The stirring rate was maintained at 1000 rpm and
the flow rate of hydrogen gas was 200 Nml/min. The reactor was charged with
approximately 180 ml of BDF feed and 0.3 g of Pd/Si02 catalyst under a flow of Ar.
The reactor was connected to the reaction line and the system was purged with
nitrogen. The reaction proceeded under the desired conditions. Finally, the liquid
products were collected every 30 min. The total reaction time was 3 h.

FAME composition in the biodiesel before and after the partial
hydrogenation reaction was determined by using a Hewlett Packard gas
chromatograph 6890N equipped with a flame ionization detector (GC-FID). An HP-
88 (100 m X250 pm X 0.2 pm) capillary column was used. Samples of 1 pi were
injected under the following conditions: the carrier gas was helium with a flow rate
of 24 ml/min, an injector temperature was 200°c with a split ratio of 75:1, and a
detector temperature was 230°c. The sample was injected at an oven temperature of
155°c. After an isothermal period of 20 min, the GC oven was heated to 230°c at a
rate of 2°c/min and held for 25 min with a total running time of 60 min. The FAME
composition was identified by reference to the retention time.

The activity of the catalysts was studied in terms of TOF, which is the
amount of reactant reacted per surface area of active site per time. Here, TOF was
calculated as shown in Equation 6.1.

TOF = Mole of FAMES converted or formed per time (6.1)
Mole of Pd metal exposed on the surface

whereas; the mole of Pd metal exposed on the surface was determined from Pd
dispersion,

Oxidative stability is one of the major issues indicating the content of
polyunsaturated FAMES. The oxidative stability of hydrogenated biodiesel was
tested by a Metrohm 743 Rancimat. The sample was aged at 110°C under a constant
air stream with flow rate of 10 L/h. The oxidative stability corresponds to the period
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of time before FAMES are degraded to such an extent that the formation of volatile
acids can be recorded through an increase in conductivity. This procedure was

developed according to EN 14112 [22],
Furthermore, cold flow properties of biodiesel before and after partial

hydrogenation including cloud point and pour point were investigated by using a
Tanaka mini pour/cloud point tester Series MCP-102 that was developed according
to ASTM D6749,

6.4 Results and Discussion

6.4.1 Support and Catalyst Characterization

The characteristics of the SiCx supports and Pd/SiUz catalysts were
obtained using a BET-surface area analyzer and NH3adsorption, and CO-
chemisorption, respectively.

Surface area and average pore diameter of SiCx2 supports were shown
in Table 6.1. Figure 6.1 shows NH3 heat of adsorption versus amount of NH3
adsorbed of the SiCx supports analyzed by NH3-chemisorption. As shown in Figure
6.1, SIC2-Q3 exhibited weak acidic property (heat of adsorption 70-90 kj/mol),
whereas Q10 showed some weak acidic property. In contrast, Q30 and Q50 did not
present any acidic properties. The acidic properties of SiCx support depend on the
preparation condition. Dispersion of Pd is also an important characteristic that tells
how well Pd metals disperse on the surface of the catalyst. The dispersion of Pd is
displayed in Table 6.1. It is noticed that Pd dispersion did not follow the same trend
as the surface area of the support, but higher Pd agglomeration was found in lower
surface area SIC2. However, the activity of the catalysts could be determined from
the TOF, not directly from Pd dispersion.
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Table 6.1 Physical properties of SC2-Q3, Q10, Q30, and Q50 used as a support in
this study.

03 QL0 030 050

Surface area (ma/g) 700.8 281.1 112.1 69.2
Average pore diameter (nm) 2.6 16.4 45.3 68.3
Pd dispersion (%) 48.3 30.3 6.6 117

Figure 6.1 NHs heat of adsorption versus amount of NHs adsorbed of SiUz2supports
analyzed by NHs-adsorption,
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6.4.2 Partial Hydrogenation of Polyunsaturated FAMES

In order to investigate the effect of pore size of SiCx support, partial
hydrogenation of rapeseed BDF was operated and controlled at a condition of 80°c,
0.3 MPa, 200 Nml/min hydrogen flow rate, 1000 rpm stirring rate, and 0.2 wt.% of
catalyst compared to the BDF,

Figure 6.2(A) and (B) show FAME composition as a function oi
reaction time using Pd/Q30. It showed that the longer the reaction time, the higher
the conversion of polyunsaturated FAMES. As shown in Figure 6.2(A), triunsaturated
and diunsaturated FAMEs are gradually hydrogenated at the beginning of reaction
with a gradual increase of monounsaturated and saturated FAMEs. At 0.6 h of
reaction, triunsaturated FAMES are fully hydrogenated. After that, at 1h of reaction,
monounsaturated FAMEs gradually decrease with a linearly increase of saturated
FAMEs. This suggests that this Pd/SiCh catalyst meets the criteria in the partial
hydrogenation point of view, which shows the behavior of consecutive reactions
from tri-, di-, and monounsaturated FAMES to saturated FAMEs.

Another interesting observation is an increase of trans-
monounsaturated FAME composition with the reaction time as presented in Figure
6.2(B). This indicates that some of the unreacted cA-monounsaturated FAMES are
transformed into /nmy-configurations under this pressure and temperature [13]. As
shown in Table 6.2, only cA-isomers are presented in natural BDF and they are more
favorable monounsaturated derivatives due to better cold flow properties when
compared with the Anra-isomers [3], The formation of /ram-isomers during
hydrogenation is consistent with the work done by Pérez-Cadenas and co-workers
[23], They found that hydrogenation and cis-trans isomerization of the ¢=c bonds
simultaneously take place during the hydrogenation of vegetable oil or FAMEs.

The FAME composition and some fuel properties of rapeseed
biodiesel and hydrogenated hiodiesel product after 1 h of reaction using Pd/Q30 are
reported in Table 6.2. It apparently shows that partial hydrogenation can improve the
oxidative stability of biodiesel from 1.89 h to 38.98 h, which meets the Thai Standard
(requires > 10 h of oxidative stability) even without the addition of any antioxidants.
However, the hydrogenated hiodiesel exhibited a poor pour point and cloud point,
which exposes a weakness in the cold flow properties of hydrogenated biodiesel.
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However, this problem can be minimized by blending with petroleum diesel in a
proper ratio [24]. Of course, the optimization of hydrogenation degree, ie,
compromising between oxidative stability and cold flow properties are now under

investigation.
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Figure 6.2 Overall FAME composition, (A) and cis- or /rans-monounsaturated
FAME composition, (B) as a function of reaction time using 1 wt% Pd/Q30
(Reaction conditions: 0.3 g catalyst, 180 ml oil, 80°c, 0.3 MPa, 200 Nml/min
hydrogen flow rate, and 1000 rpm stirring rate).
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Table 6.2 FAMES composition and some fuel properties of rapeseed BDF and

hydrogenated BDF after 1h of reaction using Pd/Q30.

FAME composition (%)
Saturated FAME
C12.0
C14:0
C16:0
C17:0
C 18:0
C20:0
C22:0
C24:0
Monounsaturated FAME
tra/zs-Monounsaturated FAME
t-C16:1
t-C181
t-C20:]
t-C22:1
t-C24:1
cft-Monounsaturated FAME
c-C16:]
¢-C181
¢-C20]
C-C22:1
C-C24:1
Diunsaturated FAME
C18:2
Triunsaturated FAME
C18:3
Fuel properties
Oxidative stability (h)
Pour point (°C)
Cloud point (°C)

Rapeseed BDF
114
0.01
0.04
405
0.05
182
0.62
0.34
0.15
64.11
0.13
0.03
0.10
0.00
0.00
0.00
63.97
0.21
62.32
126
0.03
0.16
19.55
19.55
1.1
1.1

189
11
3

Hydrogenated BDF after 1 h
1389
0.01
0.05
4,06
0.04
851
0.71
0.3
0.17
83.02
29.93
0.16
29.30
0.42
0.00
0.04
53.09
0.10
52.05
0.83
0.02
0.10
2.30
2.30
0.00
0.00

38.98
5
1l
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6.4.3 Pore Size Effect on TQF

The effect of SiCx pore size on the reactivity of the catalyst based on
TOF of each Cls FAMES at a reaction time of 0.5 h is shown in Figure 6.3. The
order of the reactivity of each catalyst based on TOF was: Pd/Q3 < Pd/Q10 ~ Pd/Q50
< Pd/Q30. This can be explained from a diffusion limitation of FAMES into the pores
of the SiU2 support and a contact probability between FAMES on Pd active site. For
Pd/Q3, which is the smallest pore size; bent molecules of CI8:3 and C18:2 FAMES
could not penetrate into the small pores (~3 nm). Therefore, it can be suggested that
the reaction occurred at Pd active sites located at the outer surface of the SiO
support. In addition to the pore size effect, an effect of support acidity was expected
to promote the adsorption of FAME molecules on the protonic sites of the SC2-Q3
support via interaction between basic unsaturated bonds of unsaturated FAMES and
the Bronsted acid sites. Thus, a weak acidic property of SC2-Q3 (Figure 6.1) is
another reason for the lowest TOF of the Pd/Q3 catalyst. This acidic property
promoted strong adsorption of C18:3 and C18:2 FAMES on the support with no
reaction. However, the TOF of Pd/Q10 was still small when compared with larger
pore Sio2 (Q30). This may be due to the pore diffusion limitation of reactant inside
SC2-Q1o after the adsorption of liquid FAME molecules on the pore wall,
Nevertheless, the TOF of Pd/Q50, which had the higgest pore size, was lower than
that of Pd/Q30. The large pore size of Si02'Q50 leads to a lesser chance of
unsaturated FAME molecules to contact with Pd active sites located inside the Sio2
pore. According to these results, it can be concluded that pore size of the Sio2
support has an important effect on the pore diffusion of FAME molecules and
contact probability between FAME molecules and Pd active sites.
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Figure 6.3 Correlation between pore size of the SiC2 supports and TOF of each Cl s
FAMES at 0.5 h of reaction

6.4.4 Pore Size Effect on Selectivity

Furthermore, we also investigated selectivity obtained from using Pd
supported on different pore size SiC2 by comparing at the same depth of
hydrogenation (same composition of saturated FAME) as presented in Figure 6.4. It
apparently shows a parabolic relationship with an inflection point of the graph at
~23% of saturated FAME. In the first part where the reaction was just beginning
(low composition of saturated FAME), the hydrogenation of tri- and diunsaturated to
cis- and trum-monounsaturated FAMES appeared with a continuously increase of
[ram-monounsaturated FAME (from cis-trans isomerization). After that, at the
higher composition of saturated FAME, the lower /ram--monounsaturated FAME
composition was observed. This was due to the complete hydrogenation of
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monounsaturated to saturated FAME at a longer reaction time. At the same
composition of saturated FAME, selectivity towards tram-monounsaturated FAME
was in this order: Pd/Q10 > Pd/Q30 > Pd/Q50 > Pd/Q3. This was consistent with the
result of the pore size effect on TOF, which could be explained in terms of diffusion
limitation of FAMES into the pore of the SiCx2 support and a contact probability
between FAMES on the Pd active sites. The lowest selectivity towards trans-
monounsaturated FAME of Pd/Q3 was due to the occurring of the reaction outsice
the pore. Molecules of diunsaturated FAME adsorbed, hydrogenated at the same
side, and went out as cA-monounsaturated FAME. The reactant had small chance to
rotate and adsorb again in another side to generate trans-form. In addition, weak
acidity of the SC»-Q3 could also support this result. It created strong adsorption
between hasic polyunsaturated FAMES and its protonic sites. Pd/Q10, where the pore
size is bigger than Pd/Q3, therefore the reactant is easily to go inside the pore
Moreover, when compared with Pd/Q30 and Pd/Q50, Pd/Q10 was better fit to the
reactant, created a higher possibility of reactant to contact with the active Site, and
had a longer contact time so there was a higher conversion of original cis to trans-
form during the hydrogenation reaction. However, the pore sizes of SIC>2-Q30 and
S102-Q50 were too large, created the low contact probability between the reactant
and active site, and consequently, low selectivity towards tram-monounsaturated
FAME. The presence of trans-isomers leads to a much higher melting point than
those of the corresponding cA-isomers [3], The melting point of tram-C18:| FAME
I59.9°C, whereas it is only -20.2°c for cA-C18:1 FAME [25], Therefore, cA-isomers
are preferable in term of cold flow properties point of view. From these results, two
possible ways to reduce selectivity towards tram-isomers can be suggested: 1) use of
non-porous materials as a support as shown in the lowest tram-selectivity of Pd/Q3,
or 2) use of a large pore size support (macroporous) in order to reduce the contact
probability between the reactant and catalyst surface as shown that Pd/Q50 generated
low selectivity of tram-configuration.

The mechanism of the hydrogenation and isomerization of olefin was
described by the work of Horiuti and Polanyi [26], According to this mechanism,
both hydrogenation and isomerization proceed at the same active sites via the half-
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hydrogenated intermediates including different stepwise addition and elimination of
hydrogen atom,

Saturated FAME (%)

Figure 6.4 Composition of trum-monounsaturated FAME as a function of saturated
FAME obtained from partial hydrogenation using Pd supported on different pore
sizes SIC2.

6.4.5 Kinetics Analysis
In order to find reaction rate constants for each hydrogenation step of
Cls FAMEs; ordinary differential equations of reaction rate were solved by using
POLYMATH Professional 6.2, which was supplied from www.polymath-
software.com. First, we started with a simple reaction sequence that was proposed by
Albright in 1965 [27], This simple reaction is based on the assumption of the first-
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order irreversible reaction. The rate constants: kI, ko, and ks, for this reaction
sequence are shown in Equation 6.2,

ki k2 ks
A—> B -—> C-— D
18:3 18:2 18:1 18:0

The ordinary differential equations of the reaction rate for this reaction
sequence were as follows;

dAVdE = -KjA (63()
dBIdt = KiA - kB (63(0)
qCllt =kB- KX (63(c))
dDidt =k¥ (63(d)

However, this model did not fit well with our experimental data,
especially in a period of an increasing of C18:1 and CI8:0, as shown in Figure
6.5(A). This may be due to the competitive adsorption of C18:2 and C18:3 on the
active Pd site at initiation of the reaction where the concentration of C18:2 and Cl8:3
IS high, so the formation of ¢ 18:1 and ¢ 18:0 is retarded. After that, we tried to apply
a competitive adsorption model to fit the experimental data of C18:1 and CI18:0.
Here, B; the concentration of C18:2 is a critical variable. 1f B > 2.5%, Equation
6.3(c) and (d) would be modified to Equation 6.4(a) and (b), respectively.

1B > 2.5% dC/dt = k2B - K008 (64(2)
1B > 2.5% dD/dt = ksCpr (F3° (258 (64()

As presented in Figure 6.5(B), we can see that the competitive
adsorption model could fit well with the experimental data. It shows the competitive
adsorption of C18:2 with a gradual increase of Cl18:1 and CI8:0 in the initial period
of reaction where the concentration of C18:2 was greater than 2.5%. After that, linear
decreases and increases of C18:1 and CI18:0, respectively, with no competitive
adsorption are observed.
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Figure 6.5 Comparison of experimental data (dots) and theoretical estimations from
POLYMATH (solid lines) of Cls FAMES composition as a function of
hydrogenation time using Pd/Q30 (A) conventional model and (B) competitive
adsorption model
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Table 6.3 presents the rate constants and saturation selectivity of Pd
supported on different pore sizes Si02 The rate constants are calculated in unit of
min'.gear1and min'l, mole surface metal'l The latter one is better in exhibition of a
real catalytic activity, which shows the real reaction rate per mole of Pd exposed on
the surface. Therefore, we will focus on the rate constants in the unit of min‘Lmole
surface metal'L Saturation selectivity, Si and 2, can be calculated from the ratio of
rate constants as shown in Equation 6.5(a) and (b) [28].

1= Kk (65()
) = kalks (65(b))

The order of the rate constants of each catalyst were as follows: kl >
ko > k3 and saturation selectivity: Si and 2 were greater than one. These results
were consistence with the work done by Allen and co-workers [7]. They investigated
the hydrogenation of soybean oil using Ni catalyst and found that k] was two times
higher than k2 and ka2 was twelve times higher than k3. As shown in Table 6.3, we
can see thatthe rateconstants of Pd/Q30 arethe highest and thoseof Pd/Q3 are the
lowest, whichare in the sametrend asthe effect ofpore sizeon TOF with the
reasons of diffusion limitation and contact probability between reactant and active
site. When we compare Pd/Q30 and Pd/Q50; we can see that kl of Pd/Q30 is almost
three times higher than that of Pa/Q50 but their selectivities are not significantly
different. This can be explained in terms of higher contact frequency between
reactant and active site of the Pd/Q30 catalyst. However, hoth of them display the
same reaction path. When we take into account Pd/Q10, its kl, k2, and k3, are lower
than that of Pd/Q30. Moreover, Si and 2 of Pd/Q10 are lowest and highest,
respectively, when compared with the other catalysts. Its low Si means there is a low
hydrogenation tendency from C18:3 to C18:2 because difficulties in pore diffusion of
08:3, but after 08:3 was hydrogenated to 08:2, it could be hydrogenated to
08:1 easily and intern resulted in high k2 This may be because the ~10 nm pore
size Si02 fit to the size of 08:2 FAME. On the other hand, Pd/Q3 provided the
lowest 2, about ten times lower than the others, which means very low conversion
0f 08:2 to 08:1. This can be explained from the low conversion of 08:3 and
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C18:2 (low kI and kz), C18:3 and CI8:2 strongly adsorbed at the protonic sites of the
Q3 support without any reaction. These results confirm the suggestion of selectivity
towards tnms'-monounsaturated FAME (Figure 5.4).

Table 6.3 Rate constants and saturation selectivities of Pd supported on different
pore sizes SCx.

Rate constant Satura}tlp !
selectivity

Catalyst ki k2 ks ki k2 k
(xio2min"Lmol surface S 2

(min" g catalyst") metal )

PA/Q3 0032 0015 o010 71 34 2.2 209 15
Pd/Q10 0328 0278 0017 1152 976 5.9 118 1667
PA/Q30 0222 0122 oomr 3609 1985 171 182 1164

Pd/Q50 0150 0.067 0006 1370 609 5.8 225 1043

N 0367 0159 0013 - - X RV

(@Hydrogenation of soybean oil at 175°c, 0.1 MPa, 600 rpm using 0.02% Ni catalyst
7

6.4.6 Pore Size Effect on Fuel Properties of Flydrogenated FAMES
The oxidative stability of hydrogenated FAMES obtained from using
Pd supported on different pore size of SiCx was investigated. Figure 6.6(A) shows
the composition of polyunsaturated FAMES (C18:2 and C18:3) as a function of
oxidative stability. After hydrogenation; the composition of CI8:2 and CI8:3
decreased with an improvement of oxidative stability. The longer hydrogenation
time, the lower composition of C18:2 and C18:3, and the higher oxidative stability
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are observed for all catalysts. It apparently shows that SiCx pore size has an effect on
oxidative stability, especially in the range of 1% to 9% of C18:2 and ¢ 183
composition. In this range, the oxidative stability of hydrogenated BDF products
were in this order: Pd/Q30 > Pd/Q10 > Pd/Q50. This order of the oxidative stability
was due to the different in C18:3 composition. As shown in Table 6.4, only 000%
different in composition of C18:3, a big different in the oxidative stability was
observed. Relative oxidation rate of C18:3, C18:2, and ¢ 18:1 FAMESs are 98, 41, and
1, respectively [29]. This means C18:3 can be oxidized about two times more easily
than C18:2 and almost hundred times than C ls:1. Therefore, C18:3 is an important
parameter that determine the oxidative stability of biodiesel, i.e., the hydrogenated
BDF of Pd/Q50, which contains higher amount of C18:3, presents the lower
oxidative stability when compared with Pd/Q10 and Pd/Q30. On the other hand,
Pd/Q3, which shows the lowest hydrogenation activity, contained the highest
composition of CI8:2 and C18:3 and resulted in the lowest oxidative stability, which
could not pass Thai standards (requires > 10 h).

Table 6.4 Comparison of Cls FAMES composition and fuel properties at a similar
point of C18:2 and ¢ 18:3 composition shown in Figure 6 6 (A).

CI84CI83 C183 CI82 CI81 CI80  Oxidative  Cloud port

Gt e o e 09 seiy) (O
Pd/Q10 291 000 290 8197 743 25.63 10
Pd/Q30 2.30 0.0 230 813% 85l 38.98 1
Pd/Q50 2.26 0.00 224 7910 1059 13.70 12

Moreover, the cloud point of biodiesel product was investigated as
presented in Figure 6.6(B). Here, the cloud point of hydrogenated FAMES was
considered along with composition of C18:0, which is the main components of
saturated FAMES in the rapeseed BDF. With a higher degree of hydrogenation
(longer reaction time), the greater amount of C18:0, results in an increasing of cloud
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point. It shows that the effect of Sio2 pore size on cloud point does not appear
apparently. Nevertheless, it obviously shows a point of inflection at ~9% of Cl 8.0.
As can be seen in Figure 6.6(B); a rapid increase of cloud point is observed initially
and then, at ~9% of CI8:0; a slow increase of cloud point is observed. However, this
inflection point was not at the same position (same composition of saturated FAMI )
as the relationship between /rara-monounsaturated and saturated FAME (Figure 6.4),
which shows an inflection point of parabolic graph at ~23% of saturated FAME,
even though, C18:0 is the main component in the saturated FAME. This suggested
that the cloud point does not only relate to the formation of Cl8:0 and trans-C 18:1
but also combining the formation of total saturated FAMES, especially C16:0, which
has a high melting point (28.5°C) [25], Initially, small amount of C16:0, C18:0, and
other saturated FAMES were formed, leaded to an appearance of small crystals that
were easy to freeze, with a rapidly increase of cloud point. After that, a lot of crystal
deposited and resulted in slowly increase of the cloud point. Thus, total saturated
FAMEs composition and formation of /ram*monounsaturated FAME would be
important parameters to determine the cold flow properties of biodiesel.
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Oxidative stability (1)

Cloud point fC)

Figure 6.6 Oxidative stability (A) and cloud point (B) of BDF feed and products
after hydrogenation using Pd supported on different pore sizes Si02-
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6.5 Conclusions

Partial hydrogenation of polyunsaturated FAMES of rapeseed biodiesel
has been investigated on Pd/SiC catalysts. It was found that these catalysts provided
good partial hydrogenation activity, resulting in an improvement of oxidative stability
Moreover, it can be concluded that the pore size of the SiCx2 support had a significant
effect on the activity of the catalyst. The pore size affected pore diffusion of the
reactants and contact probability between the reactants and Pd active sites.
Hydrogenation activity studied in terms of turn over frequency (TOF) and reaction
rate constants (kl, k2 and k3), shows that Pd on ~45 nm (Q30) pore size SiC exhibits
the highest hydrogenation activity. Furthermore, the cis-trans selectivity depends on
contact probability between reactant and catalyst. The selectivity towards cis-
monounsaturated FAME was found to be high for Pd on ~2 nm (Q3) and -68 nm
(Q50) pore size SiCx due to the low contact probability between FAME molecules and
active sites in very small and large pores. Despite from the small pore size of SIC2-Q3,
the adsorption of FAME molecules on its protonic sites also promoted high cis-
selectivity. Therefore, two possible ways to reduce selectivity towards tram'-isomers
can be suggested: 1) use of non-porous materials as a support or 2) use of a large pore
size support (macroporous) in order to reduce the contact probability between the
reactant and catalyst surface.
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