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5.1 Abstract

Partial hydrogenation of polyunsaturated FAMES has been investigated on a
Pd/C catalyst. The effect of type of reactor: batch and continuous flow reactors, on
the FAME composition and properties of a biodiesel product were studied. In
addition, many characterization techniques such as XRD, BET, FE-SEM, and CO-
chemisorption were used to examine the prepared catalysts. The result showed that
the partial hydrogenation of polyunsaturated FAMES in a batch-type reactor provides
higher selectivity towards Cl8:1 than that of a continuous-flow reactor. However, at
the low conversion (78%); selectivity of C18:1 obtained from hoth types of reactors

were almost the same.

Keywords: partial hydrogenation; Pd/activated carbon; hiodiesel; oxidative stability;
reactor.



58

5.2 Introduction

Biodiesel or fatty acid methyl ester (FAME) is known to be one of the most
promising alternative fuels due to its biodegradability, lower emissions of SOz, CO,
un-burnt hydrocarbon and particulate matters, and higher cetane number as compared
to petroleum-based diesel [1,2]. However, some biodiesel properties such as
oxidative stability and cold flow properties depend on the natural characteristics of
the starting oil [3]. Biodiesel produced from material that contains higher unsaturated
fatty acid composition has a lower oxidative stability. In contrast, the higher the
saturated fatty acid composition, the worse the cold flow property becomes. The
oxidation of the unsaturated FAMES produces peroxides, aldehydes, ketones, and
acids that change biodiesel properties and affect the combustion process [4],
Therefore, the saturation of polyunsaturated FAMES by partial hydrogenation is a
promising way to improve its stability and enhance its utilization potential.

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 active in hydrogenation and cheaper than noble metal
catalysts, but more severe hydrogenation pressure is required [5,6], In this respect,
noble metal catalysts such as Pd seem to be the most promising [7]. Pd supported on
carbon materials has been extensively employed as a catalyst for hydrogenation
reaction because of its advantages, e.g., high activity, mild process condition [8],
availability of carbon support, and simplicity of recovery of Pd metal by just buming
off the carbon component [9], Several recent publications have addressed the activity
of Pd supported on various types of carbon materials such as activated carbon [9
13], nanocomposite carbon [14], carbon nanofibers [15-17], and carbon nanotube
[18]. Of the many types of carbon materials, activated carbon is still the most
commonly used as a catalyst support, because of its large surface area (500-1,200
m2g) and low cost [19].

In addition, it is generally known that the type of reactor affects the
conversion of the reactant and selectivity of the product after hydrogenation. Many
researchers have investigated liquid-phase hydrogenation in a batch-type reactor
[8,11,14,20,21] for the partial hydrogenation purpose, e.g., maximizing the
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intermediate hydrogenated products and minimizing the deeply hydrogenated
products. In a hatch-type reactor where hydrogenation catalysts are used in the slurry-
phases, a stirrer could enhance the rate of reaction, but decrease the lifetime of the
catalyst due to mechanical damages [22,23], This attrition of catalysts will also cause
some problems in the filterability of hydrogenated products. However, liquid-phase
hydrogenation in a fixed-bed reactor has not been widely studied. The advantages of
fixed-bed reactors are easy separation of the catalyst and products, and lowering
mechanical damage of the catalyst particles.

On the basis of these facts, this study focused on the improvement of
oxidative stability of biodiesel by partial hydrogenation of polyunsaturated FAMES
over Pd/activated carbon. In order to investigate the influence of the reactor type on
the FAME composition and properties of the hydrogenated biodiesel product, two
types of reactors, batch and continuous flow reactors, were studied. Moreover, details
of the characterization of the Pd/C catalyst by XRD, BET, FE-SEM, and CO-
chemisorption techniques were also reported.

5.3 Experimental

5.3.1 Materials

A commercial activated carbon purchased from Fluka Company with
a BET surface area of 836.6 m2g and particle size <40 pm was used as a support.
Palladium (11) nitrate dihydrate [Pd(NC>3)2.2H20] 40% purum was purchased from
Sigma Aldrich and used as a Pd precursor.

Gases used in the partial hydrogenation experiment were high purity
(99.99%) hydrogen, and high purity (99.99%) nitrogen supplied from Thai Industrial
Gases Public Co., Ltd. The hiodiesel used in this work was obtained from
Veerasuwan Co., Ltd., Thailand. In addition, tetrahydrofuran (stabilizer free, Wako)
was used as a solvent for GC.

5.3.2 Catalyst Preparation
The 2 wt% Pd on the activated carbon catalyst was prepared by
incipient wetness impregnation (IWI) using a Pd(No3)22H20 precursor. Firstly,
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activated carbon was dried in an oven at 110°c for 24 h to remove the absorbed
water. Secondly, the activated carbon was impregnated with a solution of Pd
precursor for 24 h at room temperature to ensure that Pd diffused and dispersed
thoroughly on the surface of the activated carbon. After that, it was dried in an oven
at 110°c for 24 h. Finally, the dried catalyst was calcined at 500°c for 2 h under a
nitrogen flow.

5.3.3 Catalyst Characterization

In order to identify the internal structure and crystallinity of the
support and catalysts, a Rigaku DMAX2200 X-ray diffractometer was used. CuKu
radiation (1.5405 A) was used as an X-ray source at running conditions, for the X-
Ray tube, of 40 kv and 30 mA. The detector scanned the intensity of diffracted
radiation from the sample as a function of 2-Theta in the range of 5° to 90° with a
scan speed of 5°/sec.

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

Pd dispersion of the prepared catalysts was determined by pulse
chemisorption of 10% CO/He at 50°c, using Temperature-Programmed
Desorption/Oxidation/Reduction (TPD/R/O) Ohkura R6015. Prior to measurements,
each sample was pretreated with hydrogen at 120°c for 1h and followed by purging
with helium at the same temperature for 10 min. The Pd dispersion was calculated by
assuming a stoichiometry of CO:Pd = 1.1,

Furthermore, a Field Emission-Scanning Electron Microscope (FE-
SEM), Hitachi Model 54800, was utilized to identify the microstructure and capture
a micrograph of the catalyst morphology. The distribution of the Pd particle size was
determined by using Semaphore®.
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5.3.4 Partial Hydrogenation of Polyunsaturated FAMES
5.3.4.1 Batch-Type Reactor

Partial hydrogenation of polyunsaturated FAMES was carried
out in a 300 ml stainless steel semi-batch reactor at a temperature and hydrogen
partial pressure of 120°C and 0.4 MPa, respectively. Stirring rate was maintained at
500 rpm and the flow rate of hydrogen gas was 50 ml/min. Firstly, 15 g of Pd/C
catalyst was placed into the reactor. Then, the system was purged with nitrogen to
remove the remaining air. After that, 100 g of feed biodiesel was fed into the reactor
by a peristaltic pump. The reaction was started by increasing the temperature and
pressure to the desired point. Finally, the liquid products were collected every 30
minutes. The schematic of the partial hydrogenation experiment in batch-type reactor
is shown in Figure 5.1(a).

5.3.4.2 Continuous Flow-Type Reactor

The experiments were performed using a stainless steel up-
flow reactor (Figure 5.1(b)) at a temperature range of 80 to 120°c and hydrogen
partial pressure of 0.1-0.4 MPa. The flow rate of hydrogen gas was fixed at 200
ml/min and was controlled by a mass flow controller. First, the Pd/C catalyst (0.2 g)
was mixed with methyl cellulose and silica diluents. After that, the mixture was
pressed and sieved to 600 pm-150 mm, and packed inside the reactor. Blank tests
using methyl cellulose and silica diluents were run. It was confirmed that almost no
hydrogenation reactions occurred within the experimental conditions. Second, the
reactor was assembled to the system and pressurized to the desired pressure. After
that, the temperature was increased to the desired point and was controlled by a
temperature controller. Then, the feed biodiesel was passed through the catalyst bed
by a high pressure pump with a flow rate in the range of 20-180 g/h. Finally, the
liquid products were collected every hour for 5 h of reaction.
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Nitrogen

Figure 5.1 Schematic of partial hydrogenation in batch-type, (a) and continuous
flow-type reactor, (h)
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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). A HP“83
(100 m x 250 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 2.4 ml/min, the injector temperature was 200°c with a split ratio of 75:1 and the
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 the total running time of 60 min. FAME
composition was identified by reference to the retention time.

In addition, a Thermo Nicolet Fourier Transform-Infrared
spectrometer (FT-IR) Nexus 670 was used to identify the chemical functional groups
of biodiesel before and after partial hydrogenation, in order to confirm the results,
obtained from GC that the characteristic peak, which represents ¢=C disappeared
after the biodiesel was partially hydrogenated. The liquid sample was placed on a
Zn-Se sample holder. The IR spectra at 2 cm'l resolution with 32 scans were
collected in the range of 3,600 to 650 cm'1

Oxidative stability is one of the major issues indicating the
content of polyunsaturated FAMES. The oxidative stability of feed and hydrogenated
biodiesel was tested by a Metrohm 743 Rancimat. Sample was aged at 110°C under a
constant air stream. The oxidative stability corresponds to the period 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 [24],

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, which was developed
according to ASTM D6749.
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5.4 Results and Discussion

54.1 Catalyst Characterization

The characteristics of the prepared catalysts were obtained using
various analytical techniques: XRD, BET, FE-SEM, and CO-chemisorption. A
suitable calcination condition was already studied by our group [25]. The effect of
catalyst calcination environment (air and N2), calcination temperature (300°c and
500°C), and form of catalyst used in the reaction (as-received and reduced form)
were investigated. It was found that different calcination conditions exhibit different
Pd particle size, which plays an important role in the activity of the catalyst. The ase
received form of catalyst calcined under N2 at 500°c for 2 h with ~L7 nm Pd particle
size, provided a good catalytic activity for partial hydrogenation of polyunsaturated
FAMES. Therefore, the calcination procedure using N2 at 500°c for 2 h was used
The presence of crystalline Pd after calcination of Pd/C catalyst was confirmed by
XRD, as shown in Figure 5.2(b). The four main characteristic peaks of crystalline Pd
including plane (111), (200), (220), and (311) at 20 of 40.20, 46.80, 68.25, and
82.10, respectively, were observed. Accordingto et al. [26]; Pd (111), Pd (200).
Pd (220), and Pd (311) were found after Pd/activated carbon fibers were calcined
under N2 atmosphere. In addition, the broad signal at about 25 , which is assigned to
the amorphous carbon, was also observed in the activated carbon support (Figure
5.2(3)) and the Pd/C catalyst (Figure 5.2(b)) [27]. In order to evaluate hydrogenation
activity of the prepared catalyst, the mean particle size of Pd was calculated from the
peak width at half height of the Pd(Ill) diffraction peak by applying Schemer's
equation [9], the mean Pd particle size was 17.75 nm. After that, FE-SEM was
subsequently employed in order to investigate the microstructure and morphology of
the catalyst. FE-SEM micrograph of the Pd/C catalyst presented many small particles
of Pd with a spherical shape; highly disperse on the surface of the activated carbon
support (Figure 5.3). The average Pd particle size was 14.50 nm, which gave a result
in agreement with the crystallite size calculated from XRD. Yeung et al. [28] also
studied the crystallite size of Pt supported on highly oriented pyrolytic graphite by
scanning tunneling microscope and found that the crystallite size of Pt is between
10-20 nm. In addition, Pd dispersion and Pd particle size were further identified by
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the CO-chemisorption technique, which were 2.81% and 17.30 tun, respectively. It
was shown that Pd particle sizes obtained from those three techniques were in
agreement. These comparisons also indicated that there would be a small number of
very small Pd particles over the Pd/C catalyst, which would be detected by CO-
chemisorption but not detected by FE-SEM or XRD.

Surface area, total pore volume, and average pore diameter of the
activated carbon support were analyzed by using an Autosorb-1 MP surface area
analyzer. The surface area of activated ¢ was 836.6 m2g, with the total pore volume
0f 0.5871 ml/g, and an average pore diameter of 2.307 nm. It could be suggested that
almost all of the Pd particles could migrate from the inside pores of carbon to the
outer surface of carbon during the calcination of Pd precursors,

0 0 20 30 40 5 60 10 80 90 100

2 Tilda (degree)

Figure 5.2 XRD patterns of activated carbon support, (a) and Pd/C catalyst calcined
under N2 at 500°c, (b).
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Figure 5.3 FE-SEM micrograph of Pd/C catalyst

54.2 Partial Hydrogenation of Polyunsaturated FAMES in a Batch-Type
Reactor
In order to evaluate the performance of the catalysts, the partial
hydrogenation of hiodiesel was operated and controlled at a condition of 120°c, 0.4
MPa, 50 mi/min hydrogen flow rate, 500 rpm stirring rate, and 15 wt.% of catalyst
compared to the starting oil.
The percentages of C18:0, ¢ 18:1, C18:2, C18:3, and other FAMES
(C12:0, C14:.0, C16:0, C16:1, C17:0, C20:0, C20:1, C22:0 and C24:0) before and
after partial hydrogenation reaction are shown in Figure 5.4(a). It evidently showed
that the higher the reaction time, the higher the conversion of unsaturated FAMES
(CI8:3, C18:2, and C18:1) while the other FAMES composition was quite stable. As
shown in Figure 5.4(a), C18:3 and C18:2 were gradually hydrogenated as they
decreased from 0.08% to 0.02% and 6.12% to 1.33%, respectively; whereas C18:1
and C18:0 increased from 29.93% to 32.44% and 4.90% to 7.01%, respectively, after
1 h of reaction. After that, at 15 h of reaction; C18:3 and C18:2 were completely
hydrogenated as there were no significant compositions of them in the biodiesel
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product; while a decreasing in composition of CI8:1 due to its hydrogenation to
C18:0 could be observed. This suggests that this Pd/C catalyst seems to meet the
purpose in the partial hydrogenation point of view, which showed the behavior of
consecutive reactions from C18:3 to ¢ 18:2, C18:2 to ¢ 18:1, and then ¢ 18.1 to
C18:0, consequently. Many researchers [3,29,30] suggested that the higher the
amount of saturated FAME, the higher oxidative stability was, and a worse cold flow
property resulted. This suggests that the biodiesel product after 15 h of reaction
would exhibit good fuel properties, especially oxidative stability and cold flow
properties; where polyunsaturated FAMEs (C18:3 and C18:2) were fully converted
to monounsaturated FAME (C18:1) with a minimal increase of saturated FAME
(C18:0). The FAME composition and some fuel properties of hiodiesel feed and
biodiesel product after 15 h of hatch reaction are reported in Table 5.1. It
demonstrates that partial hydrogenation can improve the oxidative stability of
biodiesel from 1.49 hto 32.50 h, which meets the Thai Standard, which requires >10
h of oxidative stability even without addition of any antioxidants. However, the
hydrogenated biodiesel exhibited an unfavorable pour point and cloud point, which
shows a limitation in cold flow properties of hydrogenated biodiesel. However, this
problem can be minimized by blending with petroleum diesel in a proper
composition [31].

Another interesting observation is an increase of trans-C18:1
composition with the reaction time as presented in Figure 5.4(h). This indicates that
some of the unreacted ¢/T-C18:1 are transformed into trans-C 18:1 under this pressure
and temperature [11], This result is consistent with the work done by Agustin and co-
workers [32], They found that hydrogenation and cis-trans isomerization of the c=c¢
bonds simultaneously take place during the hydrogenation of vegetable oil or
FAMES.
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Figure 5.4 Total FAMES, (a) and C18 FAMES composition, (b) of biodiesel after
partial hydrogenation in a batch-type reactor as a function of reaction time (Reaction
conditions: 120°c, 0.4 MPa, 50 ml/min Hz flow rate, 500 rpm stirring rate, and 15
wt.% catalyst compared with starting oil)
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Table 5.1 FAMES composition and some fuel properties of biodiesel feed and
biodiesel product after L5 h of hydrogenation in a batch-type reactor.

Biodiesel feed  Biodiesel product after 1.5 h

FAMEs Composition (%)

Saturated FAMES 61.92 66.01
Monounsaturated FAMES 30.12 31.63
[ram*-Monounsaturated FAMES 0.11 17.36
cA-Monounsaturated FAMES 30.01 14.27
Diunsaturated FAMES 6.12 031
Triunsaturated FAMES 0.08 0.00
Fuel Properties

Oxidative stability (h) 149 32.50
Pour point (°C) 16.0 22.0
Cloud point (°C) 16.0 23.0

Figure 5.5(a) shows an FT-IR spectrum of hiodiesel feed. The peak at
3006 c¢m'L corresponding to =C-H stretching in cA-configuration indicates the
presence of unsaturated FAMES, where nearly all of the double bonds in the
biodiesel feed are in the cA-form [33]. The peaks at 1742 and 1169 ¢cm'l which
corresponds to c=0 stretching and (c=0)-o stretching of FAME were also detected,
respectively [34], Figure 5.5(h) shows the disappearance of a peak of =C-H
stretching at 3006 cm'Lin the biodiesel product with an increase in hydrogenation
time: 0, 0.5 15, and 3 h in a batch reactor. The disappearance of this peak monitors
the saturation of double bond during hydrogenation reaction and the isomerization of
remaining double bonds in the original cA-form. This explanation can be confirmed
by the appearance of the peak at 966 cm'lafter partial hydrogenation, as shown in
Figure 5.5(c), which can be attributed to C-H out of plane in /rara-configuration
[35], It is clearly seen that the peak intensity of trara-configuration at 966 cm'l
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increased with hydrogenation time; that is consistent with the results obtained from
GC.

Moreover, it was found that the correlation between the logarithm of
the ratio of cis/trans ¢ 18:1 with the ratio of C18:2 & ¢ 18:3/c 18:1 s linear (not
shown here). This suggests that as C18:3 and C18:2 were hydrogenated to C18:1,
higher isomerization of cis-C18:1 to trans-C18:1 took place. This result is in
accordance with the work done by Nikolaou and co-workers [4]; they found that
CI18:1 cis/trans ratio presented a high exponential correlation with the conversion
during hydrogenation of sunflower oil using Rh sulfonated triphenylphosphite
complexes. The trend of activity, selectivity, and cis-trans isomerization of preciou
metal catalysts has been reported by Dijkstra [36], Pd, which is the most active
metal, also causes the most cis-trans isomerization and migration of double bonds.
The presence of trans-isomers leads to a much higher melting point than those of the
corresponding c/s-isomers [37], The melting point of trans-C 18:1 is 9°c, whereas it
is only -20°c for c/s-C18:1 [38], Therefore, for our future work, we will modify the
catalysts to minimize the trans-isomers formation for improving the cold flow
properties of the partially hydrogenated products.
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Figure 5.5 FT-IR spectra of (a) biodiesel feed, (b) =C-H stretching, and (c) C-H out
of plane in tra/w-configuration in biodiesel product after partial hydrogenation in a

batch reactor at 0, 0.5, 1.5, and 3h.
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5.4.3 Partial Hydrogenation of Polyunsaturated FAMES in a Continuous

Flow Reactor

The partial hydrogenation of polyunsaturated FAMES in a continuous
flow reactor was conducted at various parameters: reaction temperature, hydrogen
partial pressure, and biodiesel feed How rate.

5.4.3.1 Effect ofReaction Temperature

To study the effect of temperature; hydrogen partial pressure,

hydrogen flow rate, and biodiesel feed flow rate, respectively, were fixed at 0.4 MPa,
200 ml/min, and 90 g/h, while the reaction temperature was varied from 80 to 120°c.
It was found that the conversion of C18:2 and C18:3 increased with the higher
reaction temperature. The conversions of C18:2 and C18:3 at 80°c, 100°c, and
120°c were 53%, 66%, and 73%, respectively. Figure 5.6 shows that the increase in
temperature caused an increase of trans-C18:1 and C18:0. This was due to the
transformation of cis-C18:1 to trans-C18:1 as the result of the higher temperature
and higher reaction rate at the higher temperature according to Kinetics principle.

SC 180
1 +-C181
0C-C18-.1
1 C18:2
1 Cl83

Feed 80°C 100°; 120°c
Reaction temperature (°C)

Figure 5.6 Effect of reaction temperature on composition of C18 FAMES (Reaction
conditions: 0.4 MPa, 200 ml/min H2 flow rate, and 90 g/h biodiesel feed flow rate)
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5.4.3.2. Effect ofHydrogen Partial Pressure

The effect of hydrogen partial pressure was investigated by
varying hydrogen partial pressure from 01 to 0.4 MPa; whereas temperature,
hydrogen flow rate, and biodiesel feed flow rate were fixed at 120°c, 200 ml/min,
and 90 g/h, sequentially. Hydrogen partial pressure also had a significant effect on
the conversion of polyunsaturated FAMES. With the hydrogen partial pressure being
increased from 0.1 to 0.4 MPa, the conversion of C18:2 and C18:3 increased. It was
b5%, 60%, and 71% C18:2 and ¢ 18:3 conversion for 0.1 MPa, 0.2 MPa, and 0.4
MPa, respectively. This can be explained by the increase of hydrogen partial pressure
that resulted in more presence of hydrogen, which caused the hydrogenation reaction
to accelerate faster. Moreover, it showed that at a higher hydrogen partial pressure,
the higher amount of trans-C 18:1 and C18:0 was produced, as shown in Figure 5.7
This is due to the transformation of m-C18:l to trans-C18:1 under the higher
pressure, which was in accordance with the result obtained at the higher reaction
temperature.

Figure 5.7 Effect of hydrogen partial pressure on composition of C18 FAMES
(Reaction conditions: 120°c, 200 ml/min H. flow rate, and 90 g/h biodiesel feed
flow rate)
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0.4.3.3 Effect ofBiodiesel Feed Flow Rate

The biodiesel feed flow rate was varied from 20 to 180 g/h:
where the other parameters were fixed at 120°c, 0.4 MPa of hydrogen partial
pressure, and a 200 ml/min hydrogen flow rate. As shown in Table 5.2, the
conversions in a continuous flow reactor were equivalent to that in the batch reactor,
even at the short contact time, i.e., average contact time of 0.01 h for the biodiesel
flow rate of 20 g/h, using 0.2 g of Pd/C catalyst. On the contrary, 100 g of biodiesel
was hydrogenated over 15 g of Pd/C catalyst within the reaction time of 2 h in a
batch reactor. These data suggest that continuous flow reactor was more preferable
than the batch-type reactor in terms of the hydrogenation-processing rate per unit
amount of Pd/C catalyst. Figure 58 shows a comparison of C18 FAMES as a
function of contact time. With an increase in contact time, the amount of Cl 83 and
C18:2 gradually decreased, whereas the amount of trans-C18:1 and C18:0 increased.
Deeper hydrogenation of trans-C\%-.\ into C18:0 was significant under the longer
contact time between the biodiesel and catalysts.

Table 5.2 C18:2 and CI18:3 conversions of batch and continuous-flow reactor at
different reaction and contact times.

Batch Continuous-flow
Reaction time ~ Conversion  Biodiesel feed Contacttime  Conversion
(h) (%) flow rate (g/h) (h) (%)
0.5 58.6 180 0.0011 44.2
1 78.3 120 0.0017 57.2
15 94,5 90 0.0022 69.7
2 97.1 60 0.0033 715
3 97.9 5 0.0040 88.5
4 98.3 40 0.0050 90.9

20 0.0100 96.2
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Figure 5.8 Effect of contact time (1/WHSV) on composition of C18 FAMES
(Reaction conditions: 120°c, 0.4 MPa, 200 ml/min Hz flow rate)

The oxidative stability of biodiesel products obtained from
different biodiesel feed flow rates were investigated. Figure 5.9(a) shows the
oxidative stability as a function of composition of polyunsaturated FAMES (C18:2
and ¢ 18:3). After hydrogenation; the composition of C18:2 and ¢ 18:3 decreased
with an increase of oxidative stability. At the higher degree of hydrogenation (the
lower biodiesel feed flow rate), the lower composition of C18:2 and C18:3 and
resulted in higher oxidative stability. It could be suggested that to meet the Thai
standard, which requires 10 h of oxidative stability; the composition of C18:2 and
C18:3 should be less than 0.65%.

Moreover, cold flow properties of biodiesel as a function of
saturated FAMES (C18:0) composition in the biodiesel product, operated at different
biodiesel feed flow rates, were also investigated as presented in Figure 5.9(b). With a
higher degree of hydrogenation (utilizing a lower biodiesel feed flow rate), the higher
composition of C18:0 and resulted in an increasing of cloud point and pour point.
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Figure 5.9 Oxidative stability (a) and cold flow properties (b) of hiodiesel feed and
biodiesel product operated at different biodiesel feed flow rates.



7

According to the above results, it could be concluded that
reaction conditions of contact time of 0.004 h where biodiesel feed flow rate was 50
g/ and the amount of Pd/C catalyst was 0.2 g, would be optimal for partial
hydrogenation in a continuous flow reactor, where we could obtain biodiesel
products with oxidative stability that meet the Thai standard without the addition of
any antioxidants. At this contact time, the biodiesel product composed of 11.5% of
C18:0 with 20°c and 21°c pour point and cloud point, respectively. Therefore, the
critical composition of CI8 FAMES to get biodiesel products that pass the Standard
are as follows: C18:2 and C18:3 < 0.65%, C18:1 > 25%, and C18:0 < 12%.

5.4.4 Difference in Catalytic Performances between a Batch-Type Reactor

and Continuous-Flow Reactor

The catalytic performances of 2 wt.% Pd/C catalyst in a batch-type
reactor and continuous-flow reactor were compared by fixing the reaction
temperature and hydrogen partial pressure at 120°c and 0.4 MPa, respectively.

In order to compare the partial hydrogenation of polyunsaturated
FAMES in batch and continuous flow reactors, the FAME composition of biodiesel
product at the same conversion were compared. Figure 5.10 displays the comparison
of C18 FAMES composition in the biodiesel feed and a biodiesel product obtained
from batch and continuous-flow reactors at different conversions. At the lowest
conversion 0f 08:2 and C18:3 (58%), selectivity of C18:| obtained from the batch-
type reactor and continuous flow reactor was almost the same, although the
hydrogenation processing rate was weorweavar = 1009/1.59/0.5h = 133 h'land
WHSV = 1209/0.29/In = 600 h'%, respectively. At the conversion of 78%, selectivity
of C18:1 obtained from both types of reactor was still the same, even though the
hydrogenation processing rate of the batch reactor weormweavar = 1009/1.5g/1h =
67 h') was lower than that of the continuous flow reactor (WHSV = 60g/0.2g/Ih =
300 h"D. On the other hand, at the conversion of 94%, a biodiesel product obtained
from a batch-type reactor provided higher selectivity towards C18:1, whereas the
hydrogenation processing rate of the batch and continuous flow reactors was
W BDF/Wcat/At = 1009/159/15h = 44 h'Land WHSV = 409/029/|h = 200 If]
respectively.
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Figure 5.10 Comparison of CI 8 FAMES composition of biodiesel feed and product
obtained from batch (B) and continuous-flow (C) reactors at different conversions of
C18:2 and C18:3.

This suggests that a continuous flow reactor could hydrogenate
biodiesel about 4-5 times faster than a batch-type reactor. These differences in
reactivity between a batch-type reactor and continuous flow reactor could be
explained by the possibility of oil contact with the catalyst surface where molecular
hydrogen is activated, i.e., more frequent contact in a continuous flow reactor and
less contact in a batch reactor. This lesser contact could suppress the deeper
hydrogenation of the hydrogenated intermediate products (C18:1) into saturated
products (C18:0). This explanation can be confirmed from the higher selectivity
towards C18:1 of the hatch-type reactor at the conversion of 94%. Gomez-Quero et
al. [39] also found that switching from a batch to continuous reactor resulted in an
increase in hydrodechlorination rate of 2,4-dichlorophenol over Pd/AECE.

In addition, the selectivity of cis-C 8.1 in biodiesel products obtained
from hatch and continuous flow reactors as a function of conversion of C18:2 and
C18:3 was also considered (not shown here). It obviously presented that at higher
Cl8:2 and C18:3 conversion, the lower cis-C 18:1 selectivity was obtained. This was
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due to the further hydrogenation of cis- and trans-C[8:1 to C18:0 at higher C18:2
and CI8:3 conversion. Furthermore, the results also showed that at the high
conversion (>80%); the hatch reactor provides higher selectivity towards  -C18:1.
Nevertheless, at the lower conversion; both types of reactor provide product with
almost the same cA-C18:1 selectivity. This was consistent with the result of
selectivity towards CI8:1 obtained from both types of reactor, which could be
explained by the different in contact probability between catalyst and oil in both
types of reactor,

Thus, it can be suggested that, to obtain the high conversion and high
selectivity towards ¢ 181 and cA-C18:, the npartial hydrogenation of
polyunsaturated FAMES in a batch-type reactor is better. Flowever, to obtain the
same selectivity at a lower conversion, operating in a continuous flow reactor is
better because it requires much lower residence time when compared to a batch-type
reactor.

5.5 Conclusions

Partial hydrogenation of polyunsaturated FAMES has been investigated on a
Pd/C catalyst. It was found that this catalyst provides good partial hydrogenation
activity, which showed the behavior of consecutive reactions from C18:3 to C18:2,
C18:1, and C18:0, resulting in an improvement of the oxidative stability. Moreover,
the results showed that the type of reactor used had an important effect on the
conversion and selectivity of C18:1. It was found that the partial hydrogenation in a
continuous flow reactor provided hydrogenation rates 4-5 times higher than in a
batch type reactor. However, the partial hydrogenation in a batch-type reactor
provided higher selectivity towards C18:1 at a high conversion. This can be
explained by the possibility of oil contact with the catalyst surface in a batch reactor
being lower than that of a continuous flow reactor. This lesser contact between oil
and catalyst in a batch type reactor would suppress the deeper hydrogenation of
intermediate products (C18:1) into saturated products (C18:0). In contrast, at the
lower conversion; selectivity of C18:1 obtained from hoth types of reactors were
almost the same. In conclusion, it could be suggested that to obtain the high
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conversion and high selectivity towards CI8:1, partial hydrogenation of
polyunsaturated FAMES in a hatch type reactor is better. However, to obtain the
same selectivity at a lower conversion; operating in continuous flow reactor is better
because it requires much lower residence time when compared to the batch-type
reactor.
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