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Hydrogenation of biodiesel catalysed by pyrazolyl
nickel(n) and palladium(i) complexes+t

Oluwasegun Emmanuel Olaoye, & *2 Olayinka Oyetunji, © *2
Banothile C. E. Makhubela, ©° Gopendra Kumar ®? and James Darkwa & *b<

Biodiesel from renewable sources offers an attractive alternative to conventional diesel fuel and partial
hydrogenation of free-fatty acid methyl esters (FAME) is one way to improve this renewable fuel. We
have used the mononuclear pyrazolyl nickel(i) and palladium(i) complexes, [NiBry(L1)] (1), [NiBr,(L2)] (2),
[NiBra(L3)] (3), [PACLy(L1)] (4), [PACLx(L2)] (5) and [PACL,(L3)] (6) (where L1 = 3,5-dimethyl-1H-pyrazole, L2
= 3,5-di-tert-butyl-1H-pyr azole and L3 = 5-ferrocenyl-1H-pyrazole), as hydrogenation catalysts to
improve the fuel properties of selected plant biodiesel. These nickel and palladium complexes exhibit
significant catalytic activities in the selective and partial hydrogenation of biodiesel produced from
Jatropha curcas, chinaberry (Melia azedarach), and tsamma melon (Citrullus ecirrhosus) seed oils.
Depending on the catalyst and reaction time, a blend of un-hydrogenated, partially hydrogenated, and
fully hydrogenated biodiesel was produced whose fuel properties meet the requirements of EN 14214
and ASTM D 6751 standards as fuels.

With the rapid growth in fossil fuel consumption and global warming emissions, there is an urgent need to explore green and renewable energy resources.
Biodiesel presents a compelling alternative to conventional petroleum/diesel fuel; because of its well-known advantages, such as non-toxicity, the derivation
from renewable feedstocks, and biodegradability. However, the properties of biodiesel are negatively affected by a high degree of unsaturation as well as full
saturation, hence the need for selective and/or partial hydrogenation to improve the properties. We report the catalytic activities of pyrazolyl Ni(u) and Pd(u)
complexes for the selective/partial hydrogenation of biodiesel produced from nonedible seed oils. This work addresses the following UN SDGs: Responsible

Consumption and Production (SDG 12) and Climate Action (SDG 13).

1 Introduction

Hydrogenation of various chemical conversions of feedstocks to
targeted products has been studied by many research groups
using various transition metal compounds as either homoge-
neous or heterogeneous catalysts.’”> Amongst the most used
metals in the homogeneous catalytic hydrogenations of unsat-
urated compounds are ruthenium,*” osmium,® -cobalt,’
rhodium,'>"* iridium,> and platinum;** but nickel** and
palladium™ complexes stand out as metals of choice when it
comes to hydrogenation of C=C bonds. Examples of nickel-
catalysed homogeneous hydrogenation of C=C bonds are
provided by work done by Angulo et al' Augulo and

“Department of Chemistry, University of Botswana, Private Bag UB 00704, Gaborone,
Botswana. E-mail: 201605304@ub.ac.bw; yoyetunji@gmail.com; jdarkwa@gmail.
com

*Department of Chemical Sciences, University of Johannesburg, Kingsway Campus,
Auckland Park, 2006, South Africa

‘Botswana Institute for Technology Research and Innovation, Machel Drive, Gaborone,
Botswana

available. See DOIL

T Electronic ~ supplementary  information  (ESI)

https://doi.org/10.1039/d35u00254¢

1814 | RSC Sustainability, 2023, 1, 1814-1825

Bouwman,'® Angulo et al.* and Shevlin et al* in the asym-
metric hydrogenation of o,B-unsaturated esters with high
enantio-selective products.

Nickel catalysts offer good catalytic activities and selectivities
at a lower cost as hydrogenation catalysts. Palladium catalysts,
on the other hand, though more expensive, have superior
catalytic activities and selectivity in the hydrogenation of
unsaturated compounds; and also provide a NMR spectroscopic
handle that allows in situ monitoring of the hydrogenation
reaction.”** Examples of palladium-catalysed reactions are
provided by Pelagatti et al.>® and Bacci et al.** for hydrazonic-
phosphine (P"N”*O) palladium(u) complexes and Ding et al.*®
have reported PAC"P palladium complexes in the transfer
hydrogenation of a,B-unsaturated ketones where reactions were
occurring under mild conditions and were chemo-selective.

However, because of the air and moisture sensitivity of
phosphines, metal complexes with nitrogen-donor ligands are
emerging as alternatives to phosphorus-donor palladium
complexes as hydrogenation catalysts.>® For example, {bis(ar-
ylimino)acenaphthene}palladium(0) complexes have been
found to chemo-selectively hydrogenate C=C bonds in o,f-
unsaturated aldehydes.” But despite numerous applications of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Transesterification of triglycerides with low molecular weight alcohol to produce free-fatty methyl esters (biodiesel) **

nitrogen-donor nickel(n) and palladium(u) in catalysis, little
work has been reported on pyrazolyl metal complexes as cata-
lysts for the hydrogenation of unsaturated esters, especially the
long-chain free-fatty acid methyl esters (FAME).

With the depletion of fossil fuel consumption, there is an
urgent need to explore green and renewable energy sources as
a substitute for fossil fuels in devices where batteries are either
cumbersome or impractical.”® One way to solve these problems
is to increase the use of bio-based fuels.?® Biodiesel (Scheme 1)
offers attractive alternatives to conventional petroleum diesel
fuel; because of its well-known advantages, such as non-toxicity,
derivation from renewable feedstocks, and biodegradability.>*-*>

We report the partial and/or selective hydrogenation of bio-
diesels produced from Jatropha curcas, chinaberry (Media aze-
darach) and tsamma melon (Citrullus ecirrhosus) seed oils that
leads to mixtures of the original un-hydrogenated biodiesel,
partially hydrogenated biodiesel, and fully hydrogenated bio-
diesel as biodiesel blends.

2 Experimental
2.1 General information

All air and moisture-sensitive compounds were manipulated
using standard Schlenk and vacuum line techniques under an
argon atmosphere. Argon HP/zero-grade, and hydrogen gas HP/
zero-grade (>99%) were purchased from Afrox (South Africa).
Reagent grade ethyl formate (97%), acetic anhydride (99%),
ferrocene (98%), hydrazine monohydrate (98%), hydrazine
dihydrochloride (98%), (ethyleneglycoldimethylether)nickel(u)
bromide (98%), 1,4-dioxane (99%), formic acid (95%), linoleic
acid (99%) and 3,5-dimethyl-1H-pyrazole (L1) (99%) were
procured from Sigma-Aldrich; while potassium hydroxide (85%)
and sodium hydrogen carbonate were purchased from Promark
(South Africa) and Rochelle chemicals (South Africa) respec-
tively. Compounds 3,5-di-tert-butyl-1H-pyrazole (L2)** and 5-
ferrocenyl-1H-pyrazole (L3)* and [PdCl,(NCMe),],***¢ and
nickel(u) and palladium(u) complexes (1-6)*"** were synthesized
according to the literature procedures.

NMR spectra were recorded on a Bruker-400 ultra-shield
MHz NMR spectrometer (‘H at 400 MHz). Spectrometer

© 2023 The Author(s). Published by the Royal Society of Chemistry

chemical shifts were reported relative to the internal standard
tetramethylsilane (6 0.00 ppm) and referenced to the residual
proton and carbon signals at 7.24 ppm and 77.0 ppm respec-
tively of CDCl;.

All hydrogenation reactions were performed in PPV-CTR01-
CE high-pressure autoclave reactor coupled with a stirring
pact, heating and cooling system.* The hydrogenation reactions
were followed by 'H NMR spectroscopy and gas chromatog-
raphy, using dioxane and methyl heptadecanoate as internal
standards for hydrogenations of methyl linoleate (ML) and
biodiesels respectively, which were used to determine the
percentage conversions.

2.2 Synthesis of methyl linoleate (ML)

Linoleic acid (5 g, 17.83 mmol) was dissolved in methanol (20
mL) and allowed to stir for 30 min. About 7 drops of concen-
trated H,SO, were added, and the reaction was allowed to reflux
at 60-65 °C for 6 h. After the completion of the reaction, Na,CO3;
(pH ~12) was added dropwise forming two layers of the solu-
tion. The organic layer was separated from the aqueous layer,
concentrated, and dried over MgSO, to afford a pale-yellow oily
compound. Yield: 4.7 g (90%).

2.3 Typical transesterification reaction of jatropha,
chinaberry and melon seed oils

Biodiesels from three plants were produced by an alkali-
catalysed transesterification reaction between the appropriate
plant oil and methanol. A typical Jatropha curcas seed oil (JASO)
transesterification reaction was performed with 45 g (52 mmol)
of JASO in a 250 mL three-necked round bottom flask and
heated to 60 °C. Methanol (15 g, 468 mmol) and KOH (0.45 g;
1 wt% concerning JASO) were mixed vigorously in a different
flask, to obtain a homogeneous mixture before the mixture was
added to the heated JASO (with approximately 6 : 1 methanol :
JASO molar ratio) and stirred for 2 h. The resulting solution was
then transferred into a separating funnel and left overnight to
afford two layers or phases (i.e., the methyl esters of JASO and
glycerol). The methyl esters of JASO (biodiesel) were then
washed twice with distilled water to ensure the removal of all
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traces of glycerol, and unreacted methanol was removed in
vacuo before the final product was dried over anhydrous
Na,SO,.

A similar procedure was used to prepare biodiesels from
chinaberry (CHSO) and melon (MESO) seed oils. The composi-
tions of free-fatty methyl esters of jatropha curcas, chinaberry
(Melia azedarach) and tsamma melon (Citrullus ecirrhosus) seed
oils were determined by gas chromatography-mass spectrom-
etry (using a Thermo Scientific TSQ series fitted GC-FID that is
coupled to Triple Quadrupole Mass Spectrometer) and a TG-
5MS (30 m x 0.25 mm X 0.25 pum) fused-silica capillary
column with helium as the carrier gas at a flow rate of 1
mL min . About 1 uL of the sample was injected into the oven
(150 °C) with an injector and detector of 250 °C, with a split ratio
of 12: 1. The oven temperature was kept at the initial 80 °C for
2 min, and then gradually increased from 80 °C to 300 °C at the
rate of 8 °C min ", the total run time was 32 min. The type and
the amount of each free-fatty acid methyl esters (FAME)
composition were identified by reference to the retention time
and calculation from the fraction of area under the peak of the
FAME, respectively (Fig. S237).

The conventional diesel fuel used for comparison in this
study was purchased from a local Shell petrol depot/station and
has properties including a boiling point of 149 °C, a density of
845 kg m, the viscosity of 2.7 mm? s at 40 °C, the acid value
of 0.28 mg KOH g~ " and calorific value of 45.6 MJ kg™ ".

2.4 General procedure for hydrogenation reactions

2.4.1 Hydrogenation of methyl linoleate with molecular
hydrogen. Hydrogenation experiments were carried out in
stainless steel reactors with magnetic stirrers. In a typical
experiment, methyl linoleate (0.3 mmol), catalyst (2.5 umol,
0.83 mol%), hydrogen gas (5 bar) and methanol (5 mL) were
introduced into the stainless-steel reactor. The catalyst to
methyl linoleate ratio in all cases was 1:120. The solution
mixture was purged twice with nitrogen gas, followed by the
introduction of hydrogen gas (5 bar) and the mixture was stirred
at 50 °C for 3 h. After the reaction period had elapsed, the
reacting vessel was cooled, and excess pressure generated was
vented off slowly. Aliquots of the products were drawn from the
reaction mixture at different reaction times, filtered using MS®
nylon syringe filter (0.22 pm, 13 mm), and the hydrogenation
products' conversions were determined by 'H NMR spectros-
copy. Due to the small scale of reactions performed, accurate
isolated yields were not determined for all reactions explored.
The "HNMR spectrum of methyl linoleate is shown in Fig. S1
and S2.f The conversions and product distributions, using
dioxane as an internal standard, were determined using the
integration of dioxane from NMR spectra of the reaction
mixture (Fig. S227). The nature of the products was confirmed
by GC-MS.

2.4.2 Hydrogenation of biodiesel with molecular hydrogen.
In a typical experiment, biodiesel (0.5 g), catalyst (5 mg, 1 wt%),
hydrogen gas (10 bar) and methanol (10 mL) were introduced
into a stainless-steel reactor. The solution mixture was purged
twice with nitrogen gas, followed by the introduction of

1816 | RSC Sustainability, 2023, 1, 1814-1825

View Article Online

Paper

hydrogen gas (10 bar) and the mixture was stirred at 50 °C for
3 h. Aliquots of the products were drawn from the reaction
mixture at different reaction times, filtered using MS® nylon
syringe filter (0.22 pm, 13 mm), and conversions of the hydro-
genation products were determined by GC-MS, using methyl
heptadecanoate as an internal standard. The % conversions of
the product distributions were determined from the peak areas
of each of the fatty-acid methyl esters formed.

2.5 Fuel properties analyses

The fuel properties of biodiesels produced from the three seed
oils and the partially hydrogenated biodiesels were analysed for
relative density, cold properties (cloud and pour points), flash
point, acid value and heat of combustion (calorific value). The
cloud and pour points were determined using the ASTM stan-
dard test methods (ASTM D97 and D2500). The ASTM D93
standard test method for flash point by Pensky-Martens closed
cup tester was used to determine flash points of the biodiesels.
The heat of combustion of the biodiesels was determined using
the CAL 3K-AP Calorimeter system with an automatic data
acquisition through the Calwin Calorimeter software, which
determines the calorific values of samples. The acidity values of
the biodiesel were measured according to the EN14104 stan-
dard test method.*®

3 Results and discussion

All the pyrazolyl nickel(n) and palladium(u) complexes that were
used as catalysts in this study, as illustrated in Scheme 2, are
known compounds. For example, complexes 1, 2,*” 4 (ref.
39-41) and 5 (ref. 39 and 40) have been used as ethylene*””** or
phenylacetylene®® polymerization catalysts and as anticancer
agents* respectively.**”* There are also several examples of
bis(pyrazolyl)- nickel(u) and palladium(u) complexes in which
the N-H in complexes 1-4 has been derivatised, as in complexes
3 (ref. 42a) and 6,“ and used as catalysts. Some examples of
bis(pyrazolyl)palladium complexes have been used as Heck and
Suzuki coupling catalysts. The complexes in Scheme 2 that were
used for this were fully characterised by NMR spectroscopy and
in selected cases by single-crystal X-ray crystallography.
Fig. S36-S437 display the 'H and '*C{'H} NMR spectra.®?
Fig. S44 and S451 show the X-ray crystallographic parameters
for 5 and 6.%

3.1 Hydrogenation reactions

3.1.1 Hydrogenation of methyl linoleate (ML). The prepa-
ration of methyl linoleate (ML) from linoleic acid was followed
according to the literature procedures (Fig. S1 and S2t).*
Hydrogenation of ML was used as a model reaction, first to
determine which of the six nickel and palladium complexes (1-
6) would have the best catalytic activity and to establish the best
reaction parameters to use in hydrogenating the plant bio-
diesels in this study. Furthermore, due to the small scale of
reactions performed, accurate isolated yields were not deter-
mined for all reactions explored herein. Determination of the
purity of the products was beyond the scope of the current

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Schematic illustrations of monomeric pyrazolyl nickel(n) and palladium(i) complexes.*?

study, as the sustainable fuel properties were the main focus of
this work.

So, complexes 1-6 were evaluated as catalysts for the
hydrogenation of methyl linoleate using molecular hydrogen at
0.5 h at 50 °C and 5 bar. Catalytic activities (in terms of the
conversion of methyl linoleate) were established in the orders 1
> 3 > 2 for the nickel(n) complexes and 5 > 4 > 6 for the palla-
dium(u) complexes (Table 1). At this temperature and pressure,

five of the six complexes partially hydrogenated the model
biodiesel, methyl linoleate (ML), to a mixture of un-
hydrogenated ML, partially hydrogenated ML and fully hydro-
genated ML, except complex 5 which completely hydrogenated
ML to methyl stearate (MS), as ‘chunky’ white solids, in 30 min
(Table 1, entry 4; Fig. 1A and S8t).

All six metal complexes were active as catalysts for the
hydrogenation of ML as described in (Scheme 3, Table 1, and

Table 1 Catalytic activities of complexes 1-6 for the hydrogenation reaction of methyl linoleate using molecular hydrogen®

Conversion
Entry Complex Time (h) (%) TON TOF Amount of MO detected” (%) Amount of MS detected” (%)
1 4 0.5 29 35 70 71 3
2 4 1 52 62 62 48 30
3 4 2 100 120 60 Fully hydrogenated
4 5 0.5 100 120 240 Fully hydrogenated
5 6 0.5 20 24 48 80 9
6 6 1 35 42 42 65 21
7 6 2 70 84 44 30 38
8 1 0.5 35 42 84 65
9 1 1 38 46 46 62 5
10 1 2 41 49 25 59 6
11 2 0.5 28 34 64 71 2
12 2 1 34 41 41 66 17
13 2 2 46 55 28 54 16
14 3 0.5 29 35 70 71 3
15 3 1 40 48 48 61 8
16 3 2 75 90 45 25 44

¢ Reaction conditions: 0.3 mmol of methyl linoleate; 2.5 umol (0.83 mol%) of complex; 5 mL of methanol; 50 °C; 5 bar. b Conversions were
estimated by 'H NMR spectroscopy, using dioxane as an internal standard. Each run was performed in duplicates. TOF in molgpstrate

-1 11
mOlcatalyst h

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Hydrogenation of methyl linoleate catalysed by pyrazoly!l palladium(i) and nickel(i) complexes using molecular hydrogen. (A) When C=C
in methyl linoleate is fully hydrogenated. 39.1 mg of solid was obtained upon hydrogenation of 88.9 mg of oil. (B) When C=C in the methyl
linoleate is partially hydrogenated.

o) (¢]

/\/\/;/:\/\/\/\)J\ - OCH3

OCH3 H,, 5 bar, 50 °C
ML MO
(Intermediate)

Ni/Pd Cat.
Hy, 5 bar, 50 °C
o]

/W\/\/W\/\)J\OCHa

MS

Scheme 3 Hydrogenation of methyl linoleate catalysed by pyrazolyl nickel(i) and palladium(i) complexes; showing partially hydrogenated and
fully hydrogenated products.

Fig. 2). Of the three palladium complexes (4-6), complex 5 While the selectivity towards MO dropped from 71% at a reac-
completely hydrogenated ML to MS within 0.5 h (Table 1, entry4  tion time of 0.5 h to 48% at 1 h for complex 4 (Table 1, entries 1
and Fig. S871), whilst complexes 4 (71%) and 6 (80%) selectively ~and 2), at reaction time 2 h the fully hydrogenated product MS
produced methyl oleate (MO) in comparable conversions of was formed by this complex. Selectivity for complex 6 dropped
29% and 20% respectively (Table 1, entries 1 and 5; Fig. S31). from 80% at 0.5 h to 65% at 1 h and 30% at 2 h (Table 1, entries

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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Fig. 2 Hydrogenation of methyl linoleate using molecular hydrogen. ML, 0.3 mmol; complex, 2.5 pmol (0.83 mol%); methanol, 5 mL; 50 °C; 5
bar; 0.5 h. Conversions were estimated by *H NMR spectroscopy.
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6 and 7) (Fig. S4, S5, and S11%). It is noteworthy that the two
C=C bonds in the ML were fully hydrogenated to selectively
produce MS after 3 h (Fig. S121). The nickel complexes (1-3), on
the other hand, had products that were not fully hydrogenated
even after 2 h. For example, complex 1 had only a slight drop in
conversion from 65% to 62% from 0.5 h to 1 h reaction time
(Table 1, entries 8 and 9) (Fig. S6 and S77). It is not clear why
complex 5 is highly active, although we suspect it could be due
to the high solubility of this compound since it has a tertiary-
butyl substituent on the pyrazolyl ligand. However, the nickel
analogue (complex 2), has only 28% conversion of ML to MO
(71% selectivity) and MS (2% selectivity) when the reaction is
run for 0.5 h (Table 1, entry 11). There is an increase in the
conversion of ML from 34% (Fig. S9t) up to 46% (Fig. S107t)
when the reaction is run from 1 h to 2 h at 5 bar (Table 1, entries
12 and 13). Similar trends were observed with complex 3 as
a catalyst, interestingly with higher % conversions of methyl
linoleate and much lower selectivity towards MO at 2 h (Table 1,
entries 15, 16; Fig. S14 and S157). It must be noted that Liu et al.
have reported Pd(0)-PEG nanoparticles that partially hydroge-
nate methyl linoleate selectively to MO.** The mass spectra for

View Article Online
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the ML, partially hydrogenation product (MO) and fully hydro-
genated product (MS) are shown in Fig. S16-S187 respectively.

To determine the optimal conditions for the hydrogenation
of ML, we investigated the effect of temperature and pressure on
the hydrogenation of ML with complex 6 from 40-70 °C and
from 5-15 bar and reaction time kept at 1 h (Table S17). With
temperature variation, conversion peaked at 41% when
temperature was 60 °C (Table S1,f entries 1-4); however,
selectivity for MO dropped from 65% at 50 °C to 59% at 60 °C,
and at 70 °C, there was no significant change in the conversion
(with 36%) of methyl linoleate and the selectivity (with 64%)
towards MO (Table S1, entry 4; Fig. S191). With pressure varia-
tion, conversion continued to increase until it was 100% at 15
bar (Table S1,} entries 2, 5 and 6), but at the expense of MO
selectivity which dropped from 65% at 5 bar to 49% at 10 bar
and 0% at 15 bar. Therefore, to obtain a mixture of ML, MO and
MS, hydrogenation had to be run at 50 °C, and 5 bar to maxi-
mise the amount of MO produced. Indeed time-dependent
NMR experiments (Fig. 3-5, and S127) using complex 6 as
catalyst provided further support for when the maximum
amount of MO was formed during the hydrogenation of ML.
The representative of the gas chromatogram showing the

SAL SA6 54 SAI S0 B8 536 S04 £33 60 538 53 RN 522 520 S8
1 omi

3100 -«

6.0 5.5 5.0 4.5 4.0
f1 (ppm)

3.5

WM ol N e ="

30 2.5 2.0 1.5 1.0

Fig. 3 H NMR spectra of hydrogenation of methyl linoleate (ML) using complex 6 showing the distribution of the product of the MO and MS. 2.5
pmol (0.83 mol%) of the catalyst; 0.3 mmol of methyl linoleate; 5 mL of methanol; 50 °C; 5 bar, 0.5 h. 20% conversion; 80% selectivity towards

MO and 9% selectivity towards MS.
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Fig. 4 Time-dependent studies of hydrogenation of ML using 6 as
a catalyst. ML, 0.3 mmol; complex 6, 2.5 umol (0.8 mol%); methanol, 5
mL; 50 °C; 5 bar. Conversions were estimated by 'H NMR
spectroscopy.

distribution of the products of MO and MS for the hydrogena-
tion of methyl linoleate is shown in Fig. S13.t

We were able to establish that the hydrogenation of ML was
catalysed homogenously by performing the mercury drop
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experiment using complex 6.* Table S1t (entries 2 and 7) and
Fig. S207 provide evidence for this conclusion and that if there
were Pd(0) nanoparticles formed during the hydrogenation the
amount was minimal.

3.2 Hydrogenation of biodiesel

We were able to use the hydrogenation of ML to determine
which catalysts and reaction conditions to use for the hydro-
genation of plant biodiesel we prepared. Since complex 5 gave
the highest catalytic activity with regards to the hydrogenation
of methyl linoleate (Table 1, entry 4), complex 5 and its nickel
analogue (complex 2) were evaluated for the partial and/or
selective hydrogenation of jatropha, chinaberry and tsamma
melon seed oil methyl esters. The hydrogenation reactions with
complexes 2 and 5 were first screened for 0.5 h at 50 °C and 10
bar. Scheme 4 illustrates the number of C=C bonds in bio-
diesel. This C=C double bond nomenclature is further used in
Tables 2-5 to indicate intermediate compounds that are
partially or fully hydrogenated in each plant biodiesel. Methyl
ester compositions of biodiesel produced from the three seed
oil are shown in (Fig. $23-S25%).

It is also important to note that partial and/or selective
hydrogenation of polyunsaturated FAME improves the oxidative
stability of hydrogenated biodiesel that meets desired fuel
properties.*® This hydrogenation should lead to minimal C18:3
FAME content in biodiesel since a high amount of C18:3 FAME

o} (o] e}
— — — S e W N
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’ l I
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j 4
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a l ” r
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xx = internal standard (dioxane)

Fig.5 'H NMR spectra of hydrogenation of methyl linoleate using complex 6 showing the distribution of the products at different time intervals.
2.5 umol (0.83 mol%) of the catalyst; 0.3 mmol of methyl linoleate; 5 mL of methanol; 50 °C; 5 bar.
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Scheme 4 Partial/selective hydrogenation of free-fatty acid methyl esters with pyrazolyl nickel(i) and palladium(i) complexes.

Table 2 Methyl ester composition of biodiesel produced from jatro-
pha, chinaberry and tsamma melon seed oils®

Jatropha Chinaberry Tsamma

FAME/FFA (%) (%) melon (%)
(9¢,12¢,15¢)-C18:3 5.3 7.8 4.3
(96,126)-C18:2 31.4 76.9 47.7
(9c)-C18:1 36.7 0.2 22.6
C18:0 5.8 3.0 11.2
C16:0 14.1 9.3 13

Stearic acid 1.1 n.d n.d
Palmitic acid 0.5 n.d n.d

Oleic acid 3.7 n.d n.d

“ n.d - not detected.

is not suitable for biodiesel formulations. Hence, desirable
plant biodiesel products would be products with minimal C18:3
FAME content. This is because the presence of free fatty acid
methyl esters containing three or more C=C double bonds
impacts oxidative stability since the bis-allylic position is always
prone to oxidative attack.*”

Generally, the hydrogenation of the three plant biodiesels
resulted in products with low C18:3 content, while maintaining
or improving C18:2 and C18:1 content (Tables 3-5). For
example, the hydrogenation of biodiesel produced from jatro-
pha seed oil (JCO) with complex 2 produced MLN (1.5%), ML
(23.3%), MO (37.4%), MS (5.6%), with no selectivity towards
C18:2 (9¢,11¢) when the reaction was monitored for 1 h at 50 °C

© 2023 The Author(s). Published by the Royal Society of Chemistry

and 10 bar (Table 3, entry 2) (JCO). It is important to note that
the hydrogenation of jatropha methyl esters with complex 2
produced no significant changes in the distribution of the
products of polyunsaturated FAME when the reaction was run
from 1 h to 3 h at 50 °C and 10 bar (Table 3) (Fig. S26-S287).
These experimental conditions are crucial as they determine
when the polyunsaturated FAME preserve a C=C double bond
per molecule for biodiesel formulation. After 4 h, the jatropha
methyl ester FAME was fully saturated (Table 3, entry 5;
Fig. S29t). All the polyunsaturated FAME were converted to
monosaturated FAME when the hydrogenation reaction was
monitored with complex 5 for 0.5 h at 50 °C and 10 bar,
producing mainly 73.4% MS and 1% MO with no selectivity
towards C18:2 (9¢,11¢) (Fig. S30t). In contrast, hydrogenation of
the jatropha methyl ester FAME at 25 °C and 10 bar with
complex 5 after 0.5 h produced a mixture of MLN (0.5%), ML
(26.3%), MO (41.0%) and MS (10.3%) (Fig. S317); whilst at the
same temperature and pressure the hydrogenation products
after 1 h gave a mixture of MLN (0.2%), ML (2.3%), MO (58.8%)
and MS (16.3%) (Table 3, entries 7 and 8). The effect of the
reaction temperature on the partial hydrogenation of biodiesel
which affords a significant change in the composition of MLN,
ML, and MO offers similar observations as reported by Thu-
nyaratchatanon et al.*® for the partial hydrogenation of soybean
oil-derived biodiesel using palladium silica as a catalyst.
Similar trends were observed for the catalytic hydrogenation
of both chinaberry and ¢samma melon seed oil methyl esters
(CBO) as compared to the hydrogenation of jatropha methyl

RSC Sustainability, 2023, 1, 1814-1825 | 1821
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Table 3 Hydrogenation of Jatropha curcas methyl esters-JCO*
C18:2 (total) C18:2 (9¢,12c¢) C18:2 (9¢,11%) C18:1 C18:0
Entry Complex t (h) C18:3 (%) (%) (%) (%) (%) (%) TOF® (h ™)
1 Starting feed 5.3 31.4 31.4 — 36.7 5.8 —
2 2 1 1.5 23.3 23.3 — 37.4 5.6 123
3 2 2 1.0 21.3 21.3 — 33.6 5.4 55
4 2 3 0.5 20.1 20.1 — 30.3 6.9 34
5 2 4 — — — — 0.1 75.2 0.2
6 5 0.5 — — — — 1.0 73.4 4
7 5° 0.5 0.5 26.3 26.2 0.1 41.0 10.3 268
8 57 1 0.2 2.3 2.2 0.1 58.8 16.1 120

¢ Reaction conditions: 8.6 pmol of the complex (1 wt%); 0.5 g of JCO; 10 mL of methanol; 50 °C; 10 bar. b At 25 °C; 10 bar. Conversions were
estimated by gas chromatography. The composition of the FAME was estimated with ~90% match factor. ¢ Defined as moles of hydrogenated
polyunsaturated FAME units in the C18:3, C18:2 and C18:1 compounds in both the starting feed and other regiomers formed during the
reaction per mole of the catalyst (complex) per h.

Table 4 Hydrogenation of chinaberry (Melia azedarach) methyl esters-CBO“

C18:2 (total) C18:2 (9¢,12¢) C18:2 (9¢,11t)

Entry Complex t (h) C18:3 (%) (%) (%) (%) c18:1 C18:0 TOF® (h™7)
1 Starting feed 7.8 76.9 76.9 — 0.2 3.02 —

2 2 0.5 4.4 41.1 41.0 0.1 40.4 4.9 339

3 2 1 0.5 34.3 33.9 0.4 33.5 4.0 135

4 2 2 0.1 20.7 20.5 0.2 54.5 5.2 74

5 5 0.5 — — — — 5.8 66.5 22.78

6 5° 0.5 0.8 31.1 30.9 0.2 23.5 14.5 219

7 5° 1 0.6 2.7 2.7 0.1 50.8 14.7 106

“ Reaction conditions: 8.6 pmol of the complex (1 wt%); 0.5 g of CBO; 10 mL of methanol; 50 °C; 10 bar. b At 25 °C; 10 bar. Conversions were
estimated by gas chromatography. The composition of the FAME was estimated with ~90% match factor.  Defined as moles of hydrogenated
polyunsaturated FAME units in the C18:3, C18:2 and C18:1 compounds in both the starting feed and other regiomers formed during the
reaction per mole of the catalyst (complex) per h.

esters (JCO) with complexes 2 and 5 (Tables 4 and 5) (Fig. S32-
S367). For the chinaberry methyl ester FAME partial hydroge-
nation with complex 2 at 50 °C and 10 bar for 0.5 h gave
a product mixture of MLN (4.4%), ML (41.0%), MO (40.4%) and
MS (4.9%) (CBO) (Fig. S3271); while the most desired partial
hydrogenation products mix with the same catalysts and reac-
tion condition for the tsamma melon methyl ester was MLN
(2.7%), ML (36.6%), MO (40.3%) and MS (14.0%) (MSO)

(Fig. S337). At a lower temperature, the product distributions of
the polyunsaturated FAME were greatly improved using
complex 5 when the reaction temperature was reduced to 25 °C
at 10 bar, producing 0.8% MLN 30.9% ML, 23.5% MO for the
chinaberry methyl ester hydrogenation (Table 4, entry 6)
(Fig. S357) and 0.9% MLN; 36.4% ML, and 20.2% MO for the
hydrogenation of tsamma melon methyl ester (Table 5, entry 6)
(Fig. S367). Fig. S371 shows a representative gas chromatogram

Table 5 Hydrogenation of tsamma melon (Citrullus ecirrhosus) methyl esters-MSO*

C18:2 (total)

C18:2 (9¢,12¢) C18:2 (9¢,11t)

Entry Complex t (h) C18:3 (%) (%) (%) (%) C18:1 C18:0 TOF° (h ™)
1 Starting feed 4.3 47.7 47.7 — 22.6 11.2 —

2 2 0.5 2.7 36.6 36.1 0.5 40.3 14.0 314

3 2 1 1.9 38.1 38.0 0.1 31.0 14.2 140

4 2 2 0.1 31.0 30.5 0.5 40.5 14.1 71

5 2 3 — 25.7 15.6 0.1 52.1 14.7 17

6 5° 0.5 0.9 36.7 36.4 0.3 20.2 16.6 228

7 5P 1 0.6 3.5 3.4 0.1 56.9 15.5 120

¢ Reaction conditions: 8.6 umol of the complex (1 wt%); 0.5 g of MSO; 10 mL of methanol; 50 °C; 10 bar. b At 25 °C; 10 bar. Conversions were
estimated by Gas chromatography. The composition of the FAME was estimated with ~90% match factor. © Defined as moles of hydrogenated
polyunsaturated FAME units in the C18:3, C18:2 and C18:1 compounds in both the starting feed and other regiomers formed during the
reaction per mole of the catalyst (complex) per h.
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Table 6 Fuel Properties of the feed biodiesels, partially hydrogenated biodiesels produced with complex 2, at 50 °C, 10 bar and 0.5 h, and

conventional diesel fuel®

Biodiesel/diesel Cloud point Pour point Flash point Calorific value Acid value Density (at 20°C)
fuel (°C) (°C) (°C) MJ kg™ (mg KOH g™ ) (kg m™?)

Jco 3.0 2.0 133 42.2 1.58 870

CBO 4.0 2.0 145 44.5 3.22 875

MSO 4.0 2.0 130 41.7 1.22 880

JBH 4.0 3.0 135 39.6 0.23 867

BCB 4.0 2.0 147 43.6 0.35 870

MSB 4.0 3.0 126 42.9 0.10 866

CDF 3.0 —6.0 91 45.6 0.28 845

“ CDF - Conventional diesel fuel.

for the partial hydrogenation of biodiesels from the three seed
oils.

3.3 Properties of the biodiesels

We selected partially hydrogenated biodiesels produced with
complex 2 catalysed reactions at 50 °C, 10 bar and 0.5 h, as
comparable mixtures, to determine the fuel properties to
compare them to the un-hydrogenated ones. The properties of
the feed biodiesel (JCO, CBO and MSO) and the partially
hydrogenated biodiesels (JBH, BCB and MSB); namely, relative
density, cold flow properties (cloud and pour points), flash
point, calorific value and acid value are presented in Table 6.

These properties were evaluated due to their correlation to
improved biodiesel quality and biodiesel formulation via partial
hydrogenation. The relative density is an important fuel prop-
erty that directly affects the fuel performance, as some of the
engine properties, such as heating value and viscosity, correlate
with it. The densities of the partially hydrogenated biodiesel are
in the range of 866-870 kg m™> (Table 6), which meet the
standard requirement by the European standard EN 14214 for
biodiesel as heating oil.

The most significant difference in the properties of our
biodiesels compared to the conventional diesel in our study is
the cloud point (CP) and pour point (PP). The cloud point (CP) is
the temperature at which a fuel becomes cloudy, forming a jelly-
like crystal. It is a fuel property that describes the low-
temperature operational characteristic of the fuel. At the same
time, the pour point (PP) is the temperature at which the fuel
contains so many agglomerated crystals that it is essentially
a gel and will no longer flow. The cloud points (with an average
of 4.0 °C) of the partially hydrogenated FAMEs (i.e., JBH, BCB
and MSB) were higher than that for the conventional diesel fuel.
These values are lower as compared to the cloud points (with an
average of 9.5 °C) reported by Thunyaratchatanon et al. for the
hydrogenation of soybean oil-based biodiesel using palladium-
silica as catalysts.*® Similarly, all the partially hydrogenated
FAMESs have pour points (with an average of 2.7 °C) higher than
that of the conventional diesel fuel. However, no information on
the pour points was reported by Thunyaratchatanon et al. for
the hydrogenation of biodiesel produced from soybean oil.*
Although, in another work reported by the same authors for the
hydrogenation of biodiesel produced from soybean oil, the

© 2023 The Author(s). Published by the Royal Society of Chemistry

cloud points (with an average of 4.7 °C) are slightly higher with
a difference of 0.7 °C. However, the pour points (with an average
of —1.2 °C) are lower as compared to our work.* The high CP
and PP values of the partially hydrogenated FAME may be due to
the high content of the saturated FAME since higher contents of
saturated FAME account for higher pour and cloud points.***°
The use of these biodiesels in warm climate countries might not
affect the engine, however, for the use of these biodiesels in cold
climate countries, the CP and PP might need to be improved by
blending with other diesel fuels or adding appropriate chemical
additives known as depressants.>** It is noteworthy that the CP
and PP of biodiesels depend on the feedstocks from which the
biodiesel is produced.?**®

Flash point (FP) is another critical property that must be
considered in assessing the overall flammability hazard of
a fuel. It is used to classify fuels for transport, storage, and
distribution according to the hazard level.*® The flash points of
the partially hydrogenated FAMEs (with an average of 136 °C)
are higher than the EN 14214 and ASTM D 6751/D 93 limits of
120 °C and 130 °C, respectively, for conventional diesel fuel.
This implies that there is a lower fire hazard that is associated
with the use of partially hydrogenated biodiesel as compared to
conventional diesel fuel. These results are similar to those re-
ported earlier for peanut oil biodiesel** and jatropha seed oil
biodiesel.>® The flash points for the un-hydrogenated and the
partially hydrogenated biodiesels in our study are higher than
the conventional diesel in this study, which is an advantage
since these types of diesels are less likely to ignite at normal
temperatures found in hot climates compared to conventional
diesels.

The heat of combustions or calorific values of the partially
hydrogenated FAME, having an average of 42.0 MJ kg™, is
higher than the EN 14214 minimum standard of 35 MJ kg™
requirement for biodiesel, although lower than the conven-
tional diesel fuel of 45.6 MJ kg™ " (Table 6). The lower calorific
values could result from high oxygen content, as reported by
Yamane et al. that oxygen in fuel improves the combustion
properties and emissions but reduces the calorific value.>

Another significant property improvement for the partially
hydrogenated biodiesel is its acid values, comparable to
conventional diesel. Acid value describes the free fatty acids
(FFAs) in the biodiesels. Higher acid values in biodiesel cause

RSC Sustainability, 2023, 1,1814-1825 | 1823
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operational problems, such as corrosion and fuel clogging by
deposit formation.*® The acid values (0.10-0.35 mg KOH/g)
presented in Table 6 for the three partially unsaturated
FAMEs are within the specifications of EN 14214 and ASTM
D6751.

4 Conclusion

We have used pyrazolyl nickel() and palladium(i) complexes to
establish their ability to selectively hydrogenate methyl lino-
leate and biodiesel produced from jatropha, chinaberry and
melon seed oils. Catalytic activities (in terms of the conversion
of methyl linoleate) are in the orders of 1 >3 >2 and 5 > 4 > 6 for
the nickel(n) and palladium(u) complexes, respectively. The
hydrogenation is generally homogeneous as demonstrated with
complex 6 and selective towards the C=C bonds over the
carbonyl (C=0) moiety.

It is significant to note that the bulk properties of the mixture
of un-hydrogenated, partially hydrogenated, and fully hydro-
genated of the three plant biodiesels in this study meet major
international standards such as EN 14214 and ASTM D 6751.
These include lower fire hazard compared to conventional
diesel fuel and highly improved acid values compared to their
un-hydrogenated biodiesels. Lastly, our study shows that if the
desired product from the hydrogenation of the FAMEs studied
in this report is to produce wax, then complex 5 can be used to
make such waxes.
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