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Abstract: Developing effective catalysts that can selectively hydrogenate C=C bonds in biodiesel
samples is vital as it tackles the major problem of oxidative stability, which greatly limits the
utilization of biodiesel as an alternative fuel. In this work, Co, Ni, and Pd catalysts stabilized
with the bidentate nitrogen ligands N-(3-(triethoxysilyl)propyl)pyridin-2-ylmethylimine and N-(3-
(triethoxysilyl)propyl)picolinamide were synthesized, characterized, and used as pre-catalysts in the
transfer hydrogenation of C=C bonds in fatty acid methyl esters. The active catalysts from the Co, Ni,
and Pd complexes sequentially hydrogenate the C18:2 chains to C18:1, which is further converted to
C18:0 in the FAMEs of both methyl linoleate and jatropha biodiesel. The hydrogenation process was
kinetically controlled, and after 3 h it yielded a biodiesel sample that contained 25.83% C16:0, 12.52%
C18:2, 41.54% C18:1, 14.47% C18:0 and 3.0% C18:2 isomers. The un-hydrogenated jatropha diesel,
hydrogenated jatropha diesel, and a B20 blend of jatropha were tested for susceptibility to oxidation
reactions using the Rancimat method and FTIR spectroscopy, and the partial hydrogenation had
improved the induction period by 3 h.

Keywords: biodiesel hydrogenation; oxidative stability; Rancimat method; homogeneous catalysis

1. Introduction

Biodiesel is the most valuable natural fuel, which is composed of multi-unsaturated
and saturated substrates [1]. Converting inedible vegetable oil to biodiesel is a popular
approach to generating renewable fuel. However, the high degree of poly-unsaturation in
biodiesel leads to auto-oxidation reactions during storage. These oxidation reactions are
initiated by light or high temperatures [2], and the radical auto-oxidation reactions lead to
the formation of peroxides, fatty acid radicals, alcohols, and water, which cause poor fuel
performance in vehicles [3,4]. The high degree of poly-unsaturation lowers fuel stability
and causes low ignition [5] and it is also reported to affect the cold flow properties of diesel.
However, when both the degrees of saturation and unsaturation are optimized through
partial hydrogenation, excellent fuel properties can be achieved. To solve the problem of
the low oxidative stability of biodiesel, adding antioxidants, blending with commercial
diesel, and partial hydrogenation are often employed [6-8]. However, these other methods
are expensive compared to partial hydrogenation of the fatty acid methyl esters (FAME)
using heterogeneous or homogeneous catalysts, which can discriminate between the closely
related moieties that are present in the FAMEs [8].
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The use of hydrogen donors instead of hydrogen gas allows much slower reaction
kinetics, which can influence the partial hydrogenation of the C-C double bonds present
in the long-chain substrates [9]. It has been established from recent literature reports,
that partial hydrogenation of unsaturated FAMEs can improve low oxidative stability
by converting poly-unsaturated components to mono-unsaturated components, which
are then further converted to fully saturated components [10]. However, the production
of biodegradable wax (saturated components of the biodiesel), as well as cis- and trans-
isomerism, are always difficult to avoid during hydrogenation reactions using either
homogeneous or heterogeneous catalysts. It has been shown in the literature that the partial
hydrogenation of biodiesel using homogeneous catalysts/metal complexes improves the
oxidative stability of biodiesel concerning the induction period (IP) [11-13]. For example,
Kongprawes and co-workers have reported an improved oxidative stability of plasma-
hydrogenated biodiesel from 2.13 to 5.45-10 h, whereas another study on soybean biodiesel
hydrogenation using Pd, Ni, and Pt catalysts supported on SiO; has shown that the
induction period of the biodiesel increased from 2 to 10.4, 4.8, and 2.7 h, respectively, for
the Pd-, Pt-, and Ni-catalyzed reactions over a 4 h reaction time [14,15].

Hydrogen donors are also used to reduce the C=C content in biodiesel, leading to
an improved IP, as demonstrated, for example, in a study using glycerol as a hydrogen
donor to hydrogenate palm oil, where the IP was reported to increase from 17.7 to 23 h [16].
Oxidative stability measured by the Rancimat method is one method that has been used
to detect the number of water-soluble volatiles that are released by the biodiesel. When
the biodiesel is heated, released volatiles are passed through distilled water, and the time
taken for the electrical conductivity of the water to change is reported as the induction
period (IP) [17-19]. This method was used together with infrared spectroscopy to study
the changes in the functional groups of the biodiesel [20].

This work aligns with the UNEP-UN environmental program, goal number 12, which
targets reducing fossil fuel subsidies as a way of reducing carbon emissions and promoting
a green economy. We report the synthesis and characterization of the Pd-, Ni-, and Co-
based catalysts and their application as promoters in the transfer hydrogenation of methyl
linoleate and biodiesel samples. These hydrogenation reactions attempt to lower the
oxidative stability of the biodiesel samples without an overall change in the fuel properties.
The changes in the oxidative stability of the hydrogenated biodiesel samples in comparison
to the commercial diesel LP5 and a blend of the biodiesel with LP5 are also investigated.

2. Results and Discussion
2.1. Synthesis and Characterization of the Ligand L2 and Their Cobalt, Nickel, and Palladium
Complexes (C4, C5, and C6)

In this work, the bidentate ligands N-(3-(triethoxysilyl)propyl)pyridin-2-ylmethylimine
(L1) and N-(3-(triethoxysilyl)propyl)picolinamide (L2) were used as suitable stabilizers
for the divalent Pd, Ni, and Co metal complexes. L1 can coordinate to the metal cen-
ters through the two nitrogen atoms, while in L2, the nitrogen atom is electron-deficient
compared to the one in the imine ligand, which causes ligand L2 to bind less strongly
through the donor nitrogen atoms compared to the electron-rich imine ligand. However,
the presence of the electron-rich silicon atom in both ligands often leads to reduced effects of
electron deficiency on the donor atoms. The cobalt (C1-Co), nickel (C2-Ni), and palladium
(C3-Pd) complexes of ligand L1 were synthesized according to methods reported in the
literature [21,22]. The scheme for the synthesis of ligand L1 and the metal complexes C1-Co,
C2-Ni, and C3-Pd is shown in Scheme 1la. Ligand L2 was obtained as a highly viscous
brown oil, and its characterization is detailed in the electronic supporting information (ESI),
with the results captioned as Figures 51-54. To synthesize the corresponding amide com-
plexes, L2; N-(3-(triethoxysilyl)propyl)picolinamide was dissolved in a minimum amount
of dichloromethane and 0.001 mol NaOH in methanol [23,24]. The metal precursors (CoCl,,
NiBry(DME), or PACI,(NCME),) were suspended in dichloromethane and added to a
solution of ligand (L2) and stirred at room temperature for 24 h to produce complexes
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C4-Co, C5-Ni, or C6-Pd, respectively (Scheme 1b). The complexes were isolated over a
minimum amount of diethyl ether (C4-Co) and hexane (C5-Ni, C6-Pd).
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Scheme 1. (a) Reaction scheme for the synthesis of ligand L1 and the corresponding metal complexes.
(b) Reaction scheme for the synthesis of ligand L2 and the corresponding metal complexes.

IH NMR and 3C{*H} NMR were used to study the structure of complex C6-Pd. The
I3C{'H} NMR spectrum is shown in Figure S5. The 'H NMR spectrum in Figure S1 was
compared to the one in Figure 1. The coordination of the ligand to the Pd metal center is
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confirmed by the absence of the proton on the donor amide nitrogen (proton e, in Figure 1).
In addition, the protons adjacent to the donor amide nitrogen shifted from 2.89 ppm
(labeled f in Figure S1) to 3.89 ppm (labeled e in Figure 1). This up-field shift in the chemical
shift is caused by the de-shielding effects that arise from the donation of the electron from
the amido nitrogen to the metal center; these protons were observed up-field to the ethoxy
protons, but they appear downfield of the ethoxy protons after coordination of the ligand
to the metal center. The aromatic pyridine proton shifts from 8.23 ppm to 8.46 ppm, which
also confirms the coordination of the ligand to the metal center.
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Figure 1. The structural determination of complex C6-Pd using 'H NMR.

From the IR spectra in Figure S6a—c, the absence of the N-H stretch peak confirms the
formation of the metal complexes. The peak in the region (3300-3400) cm ! is attributed
to the C-H stretching frequency. The C=O stretch is observed as a sharp intense peak
in the range of 1620 to 1720 cm™! for all three complexes. The aromatic imine stretch is
observed in the region of 1560-1580 cm L. The vibrational modes of the complexes C4-Co,
C5-Ni, and C6-Pd further confirmed complex formation. The mass fragmentation of the
catalysts was studied using a mass spectrometer with an electrospray ionizer. The detected
mass fragments for the complexes are shown in Table 1 alongside the elemental analysis
results (the found and expected values). The ESI-MS of the three metal complexes is shown
in Figure S7a—c. The mass fragments confirm the formation of the complexes, and the
elemental analysis results further provide substantial evidence for the formation of the
complexes as expected.
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Table 1. The tabulated ESI-MS fragments of complexes C4-Co, C5-Ni, and C6-Pd.

sfe e Elemental Analysis
Complex Fragment Identification y
mlz of Fragment Found (Expected)

C:39.79 (39.48)
C4-Co 816.3 [CoL,X, + K]* H:7.97 (8.7)
547.28 [CoLX + S+ KJ* N:6.55 (6.1)

540.15 [NiLX, + HJ* C:34.91 (33.6)

C5-Ni 180.10 [NiLX, + 3H]*3 H:4.67 (4.81)
:5. .14

286.41 [NiLX, + H + K]*2 N:5:55 (5.14)

505.3 [PALX, + H]* C:33.95 (35.8)
C6-Pd 302.99 [PALX, + S + Na + H]*2 H:6.78 (5.2)
N:6.23 (5.6)

Lis ligand, X is C1/Br (Halide), S is solvent—DCM.

2.2. Hydrogenation of Methyl Linoleate and Jatropha Biodiesel

We investigated the transfer hydrogenation of the FAMEs using formic acid as a
hydrogen donor. This study aims to establish the catalytic activity of the catalysts and to
establish the reaction conditions under which fully saturated products are detected.

2.2.1. Preparation of Fatty Acid Methyl Esters from Fatty Acids

To produce biodiesel from the crude seed oils, fatty acid methyl esters of both jatropha
diesel and used sunflower oil were produced through transesterification of the crude
oils using potassium hydroxide (KOH) and methanol [21]. In a typical reaction, 100 g of
biodiesel was reacted with 40 mL of methanol and 1 g of KOH. The reaction was carried
out at 60 °C for 6 h (Scheme 2). The reaction mixture was then cooled, and glycerol was
removed using a separating funnel. The biodiesel was washed with three portions of cold
distilled water (20 mL) and then dried at 110 °C. The 'H NMR spectra of methyl linoleate
and jatropha biodiesel are shown in Figures S8 and S9, respectively. In Figure S8, the
disappearance of peak j at 11.15 ppm confirms the absence of the acid hydroxy moiety,
while a new peak g in the top spectrum confirms the presence of the methoxy protons at
3.63 ppm, confirming a successful transesterification process. In Figure S9, the methoxy
protons are observed at 3.55, 3.56, and 3.57 ppm for the C16:0, C18:0, C18:1, and C18:2
components in the synthesized jatropha biodiesel.

/\/\WOH

linoleic acid

60°C | KOH
6h MeOH
0]
W\/\/\)J\?
Methyl linoleate

Scheme 2. Transesterification of linoleic acid.
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2.2.2. Hydrogenation of Methyl Linoleate

To test the catalytic performance of the prepared metal complexes, methyl linoleate
(ML) was used as a source of pure C18:2 components. The best conditions for the catalysis
study (catalyst loading and temperature) were those established for C1 and C2 in a previous
study [22]. Table 2 shows the catalytic activity in the hydrogenation of methyl linoleate
using catalysts C1-Co to C6-Pd. Table 2 entries 1-3 show the catalytic performance of
catalysts C1-Co, C2-Ni, and C3-Pd in the transfer hydrogenation of methyl linoleate. The
observed compositions of the samples after hydrogenation are [C18:0, 86%; C18:1, 14%;
C18:2, 0%], [C18:0, 96%; C18:1, 4%; C18:2, 0%], and [C18:0, 100%; C18:1, 0%; C18:2, 0%] for
the C1-Co, C2-Ni, and C3-Pd catalysts, respectively. From entries 3 to 6, it is evident that
catalysts C4-Co, C5-Ni, and C6-Pd are efficient as they convert 100% of the C18:2 to C18:0
without any waste side products. From the two sets of catalysts used (imine complexes
[C1-C3] and amide complexes [C4-C6]), the imine complexes C1-Co and C2-Ni exhibited
lower percentages of C18:0 compared to their amide analogs C4-Co and C5-Ni (entries 1, 2,
4, and 5). The amide-containing catalysts C4-Co and C5-Ni have higher catalytic activities
compared to their imine analogs (C1-Co and C2-Ni). The Pd catalysts (C3-Pd and C6-Pd)
show even higher catalytic activities compared to the Ni and Co counterparts (C1-Co,
C2-Ni, and C4-Co, C5-Ni). The higher catalytic activities of the amide-containing catalysts
can be attributed to the electron-withdrawing ability of the bridging C=0O unit in the
ligand, which makes the metal center in the amide-containing catalysts more electrophilic
compared to the imine-containing catalysts. When the reaction time was reduced from 12 h
to 6 h (entry 7), to determine the extent to which the active catalysts will produce 100% of
the saturated product, the product obtained contains 3.21% of C18:0, whereas the detected
quantities of C18:1 and C18:2 are 28.47% and 68.20%, respectively. This observation shows
that a shorter time allows for partial hydrogenation of the biodiesel that can be used to
control the composition of the products formed. Figure 510 shows the changes in the flow
of the oil after hydrogenation of all the C=C bonds to form a biodegradable wax.

Table 2. Transfer hydrogenation of methyl linoleate.

Composition of Mixture (%)

Entry Catalyst Substrate C18:0 C18:1 C18:2
1 C1-Co ML 86 14 0
2 C2-Ni ML 9% 4 0
3 C3-Pd ML 100 0 0
4 C4-Co ML 100 0 0
5 C5-Ni ML 100 0 0
6 C6-Pd ML 100 0 0
7+ C6-Pd ML 3.21 28.47 68.20

Reaction conditions: (ML 0.44 g, catalyst: 0.1 mol%), 12 h, 120 °C, Formic acid (40 mmol), KOH (10 mmol),
(ML = Methyl linoleate), 7* time = 6 h. Reaction mixture components were analyzed using GC-MS and 'H NMR.

NMR Kinetic Studies

Scheme 3 shows possible intermediates formed when the C=C in methy]l linoleate is
hydrogenated. ML (C18:2) is reduced to form methyl stearate (C18:0) through the formation
of methyl oleate (C18:1) that is converted to component C18:0, which is undesirable if
produced in high amounts. A 'H NMR kinetic study was carried out to determine the
extent to which the C18:2 components are reduced with respect to time.
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h"

methyl linoleate methyl oleate

H2, Cat

b b

methyl stearate

Scheme 3. Hydrogenation of methyl linoleate to methyl stearate through the formation of methyl
oleate as an intermediate. Letters a—h represent the protons expected from the labelled components
of fatty acid methyl esters.

The '"H NMR spectra of the reaction mixtures following hydrogenation of methyl
linoleate using catalyst C6-Pd are shown in Figure 2. This sample was analyzed before the
reaction was started, at time 0, and further sampling was done after 6 and 12 h. It is evident
that the catalyst sequentially converts C18:2 to C18:1 and finally to C18:0. The results show
that product selectivity is dependent on the kinetic control of the reaction, and the partial
hydrogenation reaction conditions can be achieved by optimizing the catalysis time.
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Figure 2. 'H NMR spectra of the reaction mixture in the hydrogenation of methyl linoleate using
catalyst C6-Pd sampled at different reaction times. Reaction conditions: ML (0.44 g), formic acid
(40 mmol), catalyst (2.3 x 10-° mol), KOH (10 mmol), 120 °C, DCM solvent. Letters a—h represent
the corresponding chemical shifts of the protons labelled in Scheme 3.
2.2.3. Transfer Hydrogenation of Jatropha Biodiesel
To investigate the efficiency of the catalysts in converting multiple long-chain compo-
nents of biodiesel in a sample, jatropha biodiesel was used as a substrate. From the study,
only one component (C18:2) was present in the mixture. Figure 3 shows an example of
the gas chromatogram of the Tonota jatropha biodiesel (BD1) before hydrogenation. The
chromatogram shows the peaks corresponding to the C18:2 and C18:1 components in the
biodiesel (at retention times of 17.39 and 17.34 min, respectively), C18:0 at 17.69 min, and
the C16:0 peak at 15.7 min. The corresponding mass fragments and percentages of the
components are shown in Figure S11 and Table S1, respectively).
C18:1
—
&8 5000000
c
3
8
= 4000000 C18:2
B- C16:0
'®
g C18:0
el
C A
(=]
1520 1540 1560 1580 1600 1620 1640 1660 1680 1200 1720 1740 1760

Time [min]

Figure 3. Gas chromatogram of Tonota jatropha biodiesel (BD1) before hydrogenation.
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Figure 4 shows an example of the gas chromatogram of hydrogenated Tonota jatropha
biodiesel (BD1). The figure shows the observed changes in the chromatogram after the
hydrogenation of BD1, with an increase in the intensity of the peak at a retention time of
17.74 min, which corresponds to the presence of the C18:0 component, with m/z of 298.
Figure 512 indicates that these components have been hydrogenated to yield the C18:0
component for entry 2. In both Figure 3 (BD1 before hydrogenation) and Figure 4 (jatropha
biodiesel after hydrogenation), a peak at a retention time of 15.72 min, which has been
attributed to the presence of the C16:0 component, shows no change after hydrogenation.

50000000 4

—

3 40000000 -
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[5] 30000000
N

la 20000000

g

£ 1000000 C16:0
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Time [min]

Figure 4. An example of the gas chromatogram of the reaction mixture after 12 h of hydrogenation of
BD1 using C4 (a) with a zoomed-in area of the chromatogram (b) showing the C18:1 component.

Table 3 shows the product composition of BD1 after hydrogenation using catalysts
C1-Co, C2-Ni, C3-Pd, C4-Co, C5-Ni, and C6-Pd. The hydrogenation reactions were carried
out under reaction conditions established for the hydrogenation of methyl linoleate. The
temperature was increased to 140 °C for a reaction time of 3 h for improved hydrogenation
of several unsaturated components in the biodiesel samples. Entries 1-3 show the cat-
alytic performances of catalysts C1-Co, C2-Ni, and C3-Pd, with the three catalysts having
converted all the C18:1 and C18:2 to C18:0 components, which correlates well with the
observations in Table 2. Entries 4-6 show that <90% of C18:1 and C18:2 in BD1 is converted
to the C18:0 component using catalysts C4-Co, C5-Ni, and C6-Pd. In this study (Table 3
entry 7?), reducing the reaction time to 3 h improves the percentage of C18:1 in the mixture.
From entry 7, the amount of C16:0 is expected to remain constant at approximately 13%,
as the component does not contain any C=C that can be further converted to a product.
The C16:0 and C18:0 components do not undergo oxidation reactions as they do not have
C=C bonds and they do not contribute directly to the oxidative stability of a biodiesel
sample, although they do affect the viscosity of the samples. The oil sample isolated at
this entry (hereafter referred to as H-BD1) has the following composition: 23.4%, 8.1%,
49.2%, and 18.2% of C16:0, C18:2, C18:1, and C18:0, respectively. After hydrogenation, new
peaks of compounds with m/z of 294 (2.1%) were observed at retention times between
19.1 and 19.5 min (Figure 5), which are suggested to be isomers of the C18:2 chain, as they
were not observed before hydrogenating the sample. The mass fragments for the observed
compounds are shown in Figure S13. The trans-isomerism of the C=C bonds in fatty acid
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Intensity [counts]

methyl esters during hydrogenation has also been reported to be common in the Pd- and
Ni-catalyzed reactions [7].

Table 3. Hydrogenation of jatropha curcas biodiesel.

Composition of Product (%)

entey Catalyst C16:0 C18:2 Iiﬁezr . C18:1 C18:0
Compgi?izln BD1 13.45 18.1 - 64.11 4.00

1 C1-Co 13.1 0 - 0 86.8

2 C2-Ni 132 0 - 0 86.7

3 C3-Pd 133 0 - 0 86.3

4 C4-Co 132 0 - 1.89 85.0

5 C5-Ni 13.1 0 - 314 83.7

6 Cé6-Pd 133 0 - 5.64 81.2
72 C6-Pd 2583 # 125 3.01 41.54 14.48

Reaction conditions: Substrate (1.0 g), formic acid (40 mmol), catalyst (0.1 mol%), KOH (10 mmol), 140 °C, reaction
time 6 h, DCM solvent, 72 reaction time 3 h. * It is rather odd that the composition of C16:0 appears to have
increased for a component of the product that is saturated, which is likely due to an unknown impurity that may
have been in the sample analyzed. All other peak compositions at a reaction time of 3 h are accurate.

1300000 —
C18:1
1000000 —
C16:0
500000 -
o
T T 1 T 1 1 T T 1 T T T T T 1 1
16.60 16.80 17.00 17.20 17.40 17.60 17.80 18.00 18.20 18.40 18.60 18.80 19.00 12.20 19.40 19.60

Time [min]

Figure 5. An example of the GC chromatogram of the reaction mixture obtained for entry 72 in
Table 3.

Catalyst C6-Pd was used to hydrogenate other biodiesel samples over a 3 h reaction
time to achieve partially hydrogenated biodiesel samples that can be further tested for
oxidation reactions. Table 4 shows the changes in the long chain components after hydro-
genation of BD2 and BD3 using catalyst C6-Pd at a 3 h reaction time. From this study, the
accumulation of C18:2 isomers is observed to be less than 10% after a 3 h reaction time. The
diesel composition after hydrogenation shows a decrease in C18:2 and an increase in C18:1,
while C18:0 increases by a small percentage (Figures S14 and S15). The catalysts used in this
study were previously applied to hydrogenate short-chain substrates. Mercury poisoning
tests were conducted to determine whether the catalysis process was heterogeneous or
homogeneous. For the C6-Pd catalyst, the mercury poisoning tests on various substrates
showed a 50% decline in catalytic activity, attributed to the formation of Pd black after the
catalysis cycle, as confirmed by transmission electron microscopy [23]. In contrast, no metal
nanoparticles were observed after reactions with the C4-Co and C5-Ni, and the mercury
poisoning tests showed only a minimal decline in catalytic activity. For the C1-Co-, C2-Ni-,
and C3-Pd-catalyzed reactions, no metal nanoparticles were detected, and the mercury
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poisoning tests showed less than a 50% decrease in catalytic activity [22]. Therefore, the
C6-Pd catalyst promotes a heterogeneous process, as it dissociates to form metallic species
responsible for the observed catalytic activity. In contrast, the C1-Co, C2-Ni, C3-Pd, C4-Co,
and C5-Ni catalysts function as homogeneous catalysts and do not dissociate to form
metallic species.

Table 4. Hydrogenation of Maun jatropha and used sunflower biodiesel.

Maun Jatropha (BD3) Used Sunflower Oil (BD2)
Product Composition (%) Product Composition (%)
Before After Before After
Cle:2 0.089 0 0 0
Cle:0 18.79 20.2 9.7 18.23
C18:2 40.8 25.75 71.9 25.9
C18:1 34.4 30.44 14.1 45.3
C18:0 5 16.23 2.9 7.5
C18:2 isomers 0 7.38 0 3.07

Reaction conditions: Substrate (1.0 g), formic acid (40 mmol), catalyst C6-Pd (0.1 mol%), KOH (10 mmol), 140 °C,
DCM solvent, reaction time 3 h.

Our observations are in line with literature reports on the hydrogenation of long-
chain substrates using a homogeneous Pt (PPh3)-(SnCl,) catalyst, where all the C18:2 is
converted to C18:1 before further hydrogenation to a C18:0 chain (Table 5 entries 1-7).
From the literature, nickel catalysts are reported to yield methyl iso-linoleate as a by-
product, but this product was not observed in our study. Further literature findings report
similar observations on palladium on carbon (Pd/C) catalysts under mild conditions of
1 atm hydrogen pressure and 75 °C for 2 h [24]. In our study, based on the observed
compositions after catalysis using catalysts C1-Co, C2-Ni, C3-Pd, C4-Co, C5-Ni, and C6-Pd
in the hydrogenation of both methyl linoleate and BD1, both C18:2 and C18:1 are converted
to C18:0 chains, unless the time is reduced. The observed high yield of C18:0 from the
hydrogenation of C18:2 and C18:1 is reported to be influenced by the nature of the complex
formed between the substrate and the active metal center of the catalysts, as proposed
in Figure 6. If the diene (I) interactions are stronger/favored compared to the monoene
(II) interactions, then the catalyst will just convert the C18:3 and C18:2 components to
C18:1, whereas only negligible amounts of C18:0 will be observed. This proposal has been
reported for the hydrogenation of sunflower oil and methyl linoleate using the Pd’-PEG
catalysts, in which just less than 3% of C18:0 is found, with 97% C18:1 [25].

L
/T
I II

Figure 6. Nature of the complex formed between the substrate and the active metal center of the
catalysts, which can take place between the two C=C (I) to through only one C=C (II) interactions.
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Table 5. Comparison of the catalysts reported in the literature and those from this study (the selectivity
of different catalysts in the hydrogenation of methyl linoleate and biodiesel).

Selectivity
Entry Catalyst FAME (%) Conz’zr)sion T:}r:;e T (°C) Reference
C18:0 C18:1
1 Fe(CO)s5 ML 0 3.4 100 7 150 [26]
2 Fe(CO)s-ML ML 5.1 33.5 100 7 150 [26]
3 NiCl,DMF ML 15 85 98.3 24 - [27]
4 Py3RhCl,DMF ML 3 95 92.8 24 - [27]
5 Pd°PEG400 ML 7 93 100 3.2 75 [25]
6 Pd"PEG400 Sunflower 5.4 86.9 98.6 3.2 120 [25]
7 Pt(PPH3),CISn Soybean 0 78.2 95.6 3 90 [28]
8 Pd(C3H;N;Me;),Clyp ML 100 - 100 0.5 50 [10]
Entry Catalyst FAME C lgzc())mposmzrl\;i rmxturec(io;:Z Tzhm)e T(°C) Reference
9 C1-Co ML 86 14 0 12 120 This Work
10 C2-Ni ML 96 4 0 12 120 This Work
11 C3-Pd ML 100 0 0 12 120 This Work
12 C4-Co ML 100 0 0 12 120 This Work
13 C5-Ni ML 100 0 0 12 120 This Work
14 Co6-Pd ML 3.21 28.47 68.29 6 120 This Work

2.2.4. Oxidative Stability by the Rancimat Method and Infrared Spectroscopy

The induction time or induction period is a term used to describe the time taken for a
sample of biodiesel to react with oxygen and produce water-soluble volatile products that
are detected in water by an increase in the conductivity of the water. The line of the curve
is expected to show a steady conductivity until a time when the volatile products have
diffused and dissolved in the water. A sample that takes a long period to show a change
in conductivity shows that the sample is resistant to reacting with oxygen gas, and hence,
the sample has high oxidative stability, whereas a sample that shows a quick change in
the conductivity indicates a rapid onset of the oxidation reaction, showing that the sample
has low oxidative stability. The oxidation reaction takes place when the C=C bonds in the
sample react with oxygen to form different products. This section aims to establish the
effect of the C18:2 and C18:1 composition of the biodiesel on its oxidation reaction that
leads to the production of water-soluble oxidation products, which can be detected by a
change in the conductivity of the water. The density and the viscosity of the samples were
determined alongside the time it took for a change in the conductivity of the water (the
induction period).

Here, the Rancimat method and IR were used to study the oxidative stability of
biodiesel mixtures before and after hydrogenation. The Rancimat method is a well used
approach to determine the amount of water-soluble volatile oxidation products that are
produced from a sample, and it is approved by the BS EN 14112 European Standard
14112 [20,29]. In this method, 3 g of the sample was oxidized using constant airflow,
while the diesel sample was heated at 110 °C in a round-bottom flask (Figure S16), and
the volatiles produced were determined by measuring the changes in the conductivity
of water in a flask filled with distilled water [13]. The induction period was determined
from the intersection of the two lines of best fit of the conductivity vs. time plots. Figure 7
shows the changes in the density, induction period, and viscosity of the three samples
(BD1, BD2, and BD3) before and after hydrogenation. Samples with high C18:2 chains
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show low induction periods compared to the ones with fewer C18:2 chains. The induction
period (IP) is observed to be high for BD1, which contains low amounts of C18:2 (12.5%),
followed by BD3 (25.75%), and finally BD2 (29.5%). The high amount of C18:1 (41.54%) in
BD1 compared to BD2 (45.3%) and BD3 (30.44%) does not seem to have a significant effect
on the oxidation reaction, as the IP is highest in BD1 after hydrogenation.

I Maun Jatropja(BD3)-Before
I Maun Jatropja(BD3)-After

) I Used sunflower oil(BD2)-before

5 I Used sunflower oil(BD2)-After
[ Tonota jatropha(BD1)-Before

.l [ Tonota jatropha(BD1)-After
3
2
1 |
0 \

: : : ‘
1P (h) Density (g/cm®)  Visosity (mm?/s)
Figure 7. The comparison of the fuel properties of the biodiesels (BD1, BD2, and BD3).

Next, the properties of the hydrogenated biodiesel sample with the highest induction
period were further compared to those of conventional LP5 diesel, as well as a blend of
the biodiesel sample and conventional LP5 diesel. The LP5 was purchased from a local
petrol station in Botswana. Blending biodiesel with commercial diesel is a well-proven and
internationally adopted method of improving the oxidative stability, and in this work, the
biodiesel sample was blended with 20% LP5 diesel before comparing the stability of this
mixture with the hydrogenated biodiesel. Figure 8a shows that partially hydrogenating the
samples improves the induction period from 3 to 5 h when compared with blended diesel,
whereas blending the un-hydrogenated oil with 20% LP5 diesel improved the induction
time from 3 to 7 h. While blending is the most often used method of controlling /improving
the oxidative stability of the diesel, it is clear from this study that partial hydrogenation
of the biodiesel is also effective at reducing the rate of auto-oxidation reactions, although
the major problem of high viscosity (Figure 8b) might limit its applications. The low
induction period in the hydrogenated sample (H-BD1) could be attributed to the build-up
of C18:2 isomers that have been detected in the sample and are reported to negatively affect
fuel properties.

The biodiesel samples BD1, H-BD1, BD1:LP5 blend, and BD1-BL (labeled BD1-20 in
the staggered IR spectra) were analyzed using IR spectroscopy to determine the changes in
the functional groups before and after 6 months of storage. These were compared to the IR
of conventional LP5 diesel (Figure 517). The staggered IR spectra (Figure 9) show the CH
stretches at 2853-305 cm ™!, and the C=0 stretch is observed at 1730 cm ™! in all the analyzed
samples, which confirms the expected functionalities of these samples [12]. The peak at
720 cm ! shows the presence of the C18:2/C18:1 cis-isomer in all the biodiesel samples,
while the C-C stretches are observed at 1300-1440 cm~! [11,12,30]. The partially hydro-
genated sample (H-BD1) shows no major changes in the functional groups as expected, and
even after storage for 6 months, the functional groups show no changes, indicating negli-
gible or no oxidative reactions to cause changes in the functional groups of the biodiesel.
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However, the un-hydrogenated biodiesel sample after 6 months of storage (labeled BD1
stored 0.5 y in Figure 9) shows the significant onset of oxidation reactions leading to the
appearance of a broad peak at 3490 cm~!, which corresponds to the presence of the OH
moiety and could be due to the formation of either aldehydes, ketones, lactones, caproic, or
propionic acids [13]. In addition, the presence of the C-O-O stretch at 1125 cm ™! shows
that the auto-oxidative reactions have degraded the fuel within 6 months of storage [12,31].

——BD1 a
——H-BD1

—— BD1-20 blend
Petrodiesel (LP5)

T T T T T 0 T

0 10 20 30 40 ‘Kinematic viscosit)'/ I:I)ensity '

Induction time (h) I(E) (mm?/S) (glem?)

Figure 8. (a) Changes in the induction time of the biodiesel samples before and after hydrogenation
in comparison with the effect of blending (BD1: jatropha biodiesel; H-BD1: partially hydrogenated
jatropha biodiesel; BD1-BL: jatropha biodiesel blended with 20% LP5). (b) Comparative study of
the density, kinematic viscosity, and induction period of the fuel samples: un-hydrogenated (BD1),
partially hydrogenated BD1 (H-BD1), and jatropha biodiesel blended with 20% LP5 (BD1-BL).

300 -

| [ N\ W H-BD1
G201 ] i — BD1-20 BLEND
: s n
£ 200+ H-BD1 st
0 N i ~ - stoyed for 0.5y
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Figure 9. The FTIR analysis of the jatropha biodiesel (BD1), partially hydrogenated jatropha biodiesel
(H-BD1), Un-hydrogenated jatropha biodiesel blended with 20% LP5 (BD1-20), and the diesel samples
after 6 months of storage at room temperature.
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3. Materials and Methods

All the seed oils were extracted from crushed seeds using hexane and methanol.
Linoleic acid and other laboratory reagents/chemicals were purchased from Sigma Aldrich
(Johannesburg, South Africa) and were used without further purification. All solvents were
dried over molecular sieves 24 h before use. L1, C1, C2, and C3 have been synthesized and
characterized as reported in the literature [22].

3.1. Catalytic Hydrogenation Studies

Transfer hydrogenation studies were carried out in an autoclave stainless-steel batch
reactor (50 mL), fitted in a heating block. The reaction mixture containing the catalyst,
formic acid, triethyl amine, and the substrate was heated to the desired temperature after
purging four times with nitrogen gas. The reaction was conducted at a stirring speed of
960 rpm for the required length of time. At the end of the reaction, the reactor vessel was
cooled, and excess gas was released. The sample from the reactor was then dissolved in
hexane, and the catalyst was removed by decanting. The filtrate was dried in an oven
at 70 °C for an hour to remove the solvent (hexane). A sample of this mixture was then
analyzed by 'H NMR spectroscopy and gas chromatography to determine the components
of the sample.

3.2. Synthesis of the Ligand and Metal Complexes
3.2.1. Synthesis of Ligand L2

To synthesize L2, 2 g of picolinic acid (16 mmol) was suspended in 100 mL of dry
dichloromethane under an N, atmosphere. To this, 5 mL of thionyl chloride was added, and
the reaction was allowed to continue at 40 °C. After 24 h, dichloromethane was removed
under reduced pressure to obtain an orange oil. To this oil, 7 mL of triethylamine was
added, and the mixture was placed in an ice bath. Next, 3.8 mL (16 mmol) of 3-aminopropyl
triethoxysilane was slowly added. Then, 20 mL of dichloromethane was added, and the
reaction mixture was stirred at room temperature for a further 24 h. The solvent was then
removed under reduced pressure to obtain product L2 as a brownish viscose oil that is
soluble in chlorinated solvents and alcohols.

3.2.2. Synthesis of N-(3-(triethoxysilyl)propyl)picolinamido Cobalt(II) Chloride, C4-Co

A solution of ligand L2 (0.311 g, 1.0 mmol) in dry dichloromethane (10 mL) was added
to a solution of CoCl; (1.0 mmol) in dry methanol (20 mL) under nitrogen conditions.
The reaction mixture was stirred for 24 h at room temperature. After completion of the
reaction, the volume of solution was reduced to about 5 mL on a rotary evaporator, and
the solid product was precipitated by adding ice-cold diethyl ether (15 mL). The product
was filtered and washed with 3 parts diethyl ether (10 mL) and dried in vacuo. The
Cy5Hp6Cl,CoN,O45i had a molecular weight of 440.30, was obtained as a green solid, and
was soluble in dichloromethane and methanol.

3.2.3. Synthesis of N-(3-(triethoxysilyl)propyl)picolinamido Nickel(II) Bromide, C5-Ni

A solution of ligand L2 (0.311 g, 1.0 mmol) in dry methanol (10 mL) was added to the
solution of NiBr, DME (1.0 mmol) in dry methanol (20 mL) under nitrogen conditions. The
reaction mixture was stirred for 48 h at room temperature (27 °C). After completion of the
reaction, the volume of solution was reduced to about 5 mL on a rotary evaporator, and
the green solid product was precipitated by adding ice-cold hexane (20 mL). The solvent
was decanted, and the resulting solid was washed with 3 parts diethyl ether (10 mL) and
dried in vacuo. A green solid of molecular mass 528.97, which is soluble in methanol and
dichloromethane, was obtained.

3.2.4. Synthesis of N-(3-(triethoxysilyl)propyl)picolinamido Palladium(II) Chloride, C6-Pd

A solution of ligand L2 (0.311 g, 1.0 mmol) in dry dichloromethane (10 mL) was added
to a solution of PA(NCME),Cl, (1.0 mmol) in dry dichloromethane (20 mL) under nitrogen



Catalysts 2024, 14, 653

16 of 18

conditions. The reaction mixture was stirred for 24 h. After completion of the reaction,
the volume of solution was reduced to about 5 mL on a rotary evaporator, and the solid
product was precipitated by adding ice-cold hexane (15 mL). The product was filtered,
washed with 3 parts ice-cold hexane (10 mL), and dried in vacuo. The resulting dull-orange
solid was found to be soluble in dichloromethane, chloroform, and methanol.

3.2.5. Determination of Composition of Mixture, Conversion, and Selectivity

To estimate the changes in the components of the diesel samples, the peak area
was integrated using a computer-based software method. These peak areas are directly
proportional to the amount of component that is reaching the detector (injected into the
column), and the sample identities were confirmed from the corresponding m/z (mass
to charge ratio) of the mass fragments. The equations below were used to determine the
catalyst parameters shown.

%Conversion = {Stos_stf] % 100 (1)
t0

where S = substrate, tj is the start of the reaction, and t; is the end of the reaction

)

%Selectivity of A = { Amount of A ] x 100

Total amount of products

4. Conclusions

In this work, new Ni, Co, and Pd complexes (C4-Co, C5-Ni, C6-Pd) have been syn-
thesized, characterized, and used as catalysts for the hydrogenation of fatty acid methyl
esters (FAMEs), alongside the known catalysts C1-Co, C2-Ni, and C3-Pd. The catalysts
convert the C18:2 in both methyl linoleate and jatropha biodiesel in a 24 h reaction to C18:0
components, which is biodegradable wax. Reducing the reaction time is a significant factor
in controlling the percentage of hydrogenated components under any tested reaction condi-
tions. Reducing the reaction time from 12 h/24 h to 3 h leads to partially hydrogenated
FAMEs, with 25.83% C16:0, 12.52% C18:2, 41.54% C18:1, 14.47% C18:0, and 3.0% isomers
of C18:2 chains. The Rancimat method and infrared spectroscopy were used to evaluate
the oxidative stability /the tendency of the oil samples to react with oxygen to produce
water-soluble volatile products. Partial hydrogenation improves the induction time from 3
to 5 h, without a significant increase in viscosity, and it reduces the auto-oxidation radical
reactions, giving a sample that can be stored for 6 months without deteriorating. Although
partial hydrogenation of jatropha biodiesel improved the oxidative stability, build-up of
the C18:2 isomers has been observed, which can affect the attractive fuel properties of
the partially hydrogenated samples, even when detected at low amounts. In this study,
a maximum of 3% isomers was detected at 3 h, while at 12 h, none were detected as a
saturated /biodegradable product was obtained. However, the BD1-20 blend was shown to
possess a better induction period (7 h) compared to the partially hydrogenated biodiesel.
This study has demonstrated that partially hydrogenated biodiesel leads to improved
oxidative stability of the biodiesel.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ catal14090653/s1, Figure S1: The I'H NMR spectrum of ligand
L2 recorded in CDCl3. Figure S2: The 3C{'H} NMR spectrum of ligand L2 recorded in CDCl3.
Figure S3: FTIR of ligand L2. Figure S4: High-resolution ESI-MS of ligand L2. Figure S5: Structural
determination of complex C6-Pd using '3C NMR spectrometer recorded in CDCl3. Figure S6a—c: IR
spectra of complexes C4-Co, C5-Ni, and C6-Pd. Figure S7a—c: Electrospray ionization mass spectra for
complexes C4-Co, C5-Ni, and C6-Pd. Figure S8: "H NMR spectrum showing the transesterification
of linoleic acid using methanol to form methyl linoleate. Figure S9: The 'H NMR spectrum of
BD1. Figure S10: Visual of the changes in the flow of the biodiesel after hydrogenation. Figure S11:
Mass spectrometer fragments of the components of BD1, in Figure 3. Figure S12: An example of a
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chromatogram and the corresponding mass fragments for all the detected peaks for entry 2 Table 3. No
C18:1 detected. Figure S13: Corresponding mass fragments for the detected peaks for Figure 5, Where
C16:0 =m/z 270, C18:2 = m/z 294, C18:1 = m/z 296, and C18:0 = m/z 298. Figure S14: Identification
of compounds in biodiesel sample BD3 after hydrogenation and the corresponding mass fragments.
Figure S15: Identification of compounds in biodiesel sample BD2 after hydrogenation and the
corresponding mass fragments. Figure S16: Experimental setup for the conductivity measurements.
Figure S17: FTIR spectrum of commercial diesel. Table S1: Different oil components of jatropha and
methyl linoleate. References [32-34] are cited in the Supplementary Materials.
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