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Abstract: Bio-hydrogenated diesel (BHD), derived from vegetable oil via hydrotreating technology, is
a promising alternative transportation fuel to replace nonsustainable petroleum diesel. In this work,
a novel Pt-based catalyst supported on N-doped activated carbon prepared from polypyrrole as the
nitrogen source (Pt/N-AC) was developed and applied in the palm oil deoxygenation process to
produce BHD in a fixed bed reactor system. High conversion rates of triglycerides (conversion of
TG > 90%) and high deoxygenation percentage (DeCOx% = 76% and HDO% = 7%) were obtained
for the palm oil deoxygenation over Pt/N-AC catalyst at optimised reaction conditions: T = 300 ◦C,
30 bar of H2, and LHSV = 1.5 h−1. In addition to the excellent performance, the Pt/N-AC catalyst
is highly stable in the deoxygenation reaction, as confirmed by the XRD and TEM analyses of the
spent sample. The incorporation of N atoms in the carbon structure alters the electronic density of the
catalyst, favouring the interaction with electrophilic groups such as carbonyls, and thus boosting the
DeCOx route over the HDO pathway. Overall, this work showcases a promising route to produce
added value bio-fuels from bio-compounds using advanced N-doped catalysts.

Keywords: deoxygenation; palm oil; bio-hydrogenated diesel; Pt catalyst; N-doped carbon

1. Introduction

The utilisation of renewable energy sources has been encouraged in view of economic and
environmental considerations such as the energy crisis, rising crude oil price, air pollution and global
warming, all of which stem from the dependence on fossil fuels. Biomass resources play the dominant
role in the renewable energy portfolio. Statistically, the total primary energy supply from bio-resources
constitutes approximately 70% of all the renewable energy sources in 2016 [1]. Biofuels are the leading
renewable solution for the transport sector, in particular for heavy transport such as aviation and
shipping. Biofuel production has increased 10 times from 16 billion litres in 2000 to 143 billion
litres in 2017 [1]. Biofuel can be produced from organic residues and diverse bio-compounds such
as triglycerides. The life cycle of biodiesel is shown in Figure 1. Natural triglycerides originating
from vegetable oils and animal fats consist of a glycerol backbone with three fatty acid moieties [2].
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They possess the potential to produce hydrocarbon fuels considering their simple structure and low
degree of functionalization [3]. Typically, two main catalytic reactions could covert triglycerides
into biofuel for diesel engines: (1) transesterification with methanol to produce fatty acid methyl
esters (FAMEs); (2) catalytic deoxygenation process to produce bio-hydrogenated diesel (BHD), i.e.,
so-called green diesel. FAMEs, the first generation of biodiesels, is typically used as a component in
diesel blending [4]. However, the deteriorated properties of FAMEs, such as limited compatibility
with conventional diesel, low thermal and oxidation stability, and possible engine problems arising
from the remaining of C=C and C=O bonds, limits their application in industry. In contrast, BHD
derived from the deoxygenation of vegetable oil or animal fats presents better diesel properties such as
high cetane numbers, zero oxygen, and high thermal and oxidation stability [5]. For instance, palm
oil, which contains primarily C16 and C18 fatty acids, is a promising feedstock for the production
of BHD through the catalytic deoxygenation process. The BHD derived from the deoxygenation of
vegetable oil possesses a high cetane number, i.e., ranging from 85 to 99 [6], which is fully compatible
with conventional diesel fuel. In the upgrading process, triglycerides are hydrogenated to produce
saturated triglycerides [7], and then undergo hydrogenolysis reactions to produce fatty acids and
propane gas [8]. Finally, the fatty acid could be subjected to a deoxygenation process to produce BHD.
Three major reaction pathways typically occur in the deoxygenation of fatty acids, which include
decarbonylation (DeCO), decarboxylation (DeCO2) and hydrodeoxygenation (HDO) as pointed out in
Figure 1 [9]. Specifically, these three processes consist of (1) DeCO, the elimination of oxygen in the
form of CO; (2) DeCO2, the removal of oxygen in the form of CO2, and (3) HDO, the withdrawal of
oxygen in the form of H2O. H2 consumption for the deoxygenation of fatty acids follows the order
DeCO2 < DeCO < HDO [10]. N-alkanes produced from the HDO pathway maintain the same carbon
number compared to the original fatty acid. In contrast, DeCO and DeCO2 possess the advantages
of consuming reduced or no hydrogen compared to HDO. Hence, DeCOx routes are attractive from
an economic standpoint [11,12] considering the high cost of H2 and the problems associated with
hydrogen manipulation and transportation.

Figure 1. The life cycle of biodiesel.

The nature of the catalyst plays a primary role in the catalytic deoxygenation process. The
earliest attempts to deoxygenate fatty acids date back to the year of 1936, which were conducted in a
homogenous catalytic reaction system [13]. The heterogeneous catalysed deoxygenation (excluding
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pyrolysis) of vegetable-based feeds scarcely gained attention until the 21st century [14]. Heterogeneous
metal catalysts are promising candidates for deoxygenation reactions considering their high reactivity
at mild temperatures (<400 ◦C) and low H2 pressure requirements. Nonnoble catalysts, such as Ni [10]
and Co [3], and noble catalysts such as Pd [15], Pt [16] and Ru [14] have been demonstrated to be
sensible choices for the deoxygenation of seed oil, fat oil or model compounds. Snare et al. did a
comprehensive investigation about the deoxygenation of fatty acids and their esters over numerous
metals (Pd, Pt, Ru, Mo, Ni, Rh, Ir and Os) supported on carbon or metal oxides [14]. Their results
indicated that DeCO2 is mostly favoured over Pd and Pt metal particles supported on carbon. In
view of these results, investigations of fatty acid deoxygenation have been mostly focused on Pd and
Pt-based catalysts in recent years [17–21]. Ni-based catalysts are also promising candidates for the
deoxygenation of fatty acids, which could achieve comparable results with Pd and Pt catalysts by
increasing their Ni content [22].

Irrespective of the active metal, the nature of the support is the key to ensure successful
performance in the upgrading reaction. In this regard, nitrogen-doped carbons (NC) have received
increased attention in recent years. It has been reported that the physical and chemical properties can
be significantly improved by doping nitrogen into the carbon architecture, making NCs the leading
materials in various applications such as supercapacitors, oxygen reduction catalysts and catalyst
supports, etc. [23]. In particular, NC materials are widely used as catalyst supports, and perform
well in the hydrodeoxygenation (HDO) of bio-phenolic compounds [24,25]. The introduction of N
in the carbon structure modifies the electronic properties of the carbon matrix. More specifically, N
alters the electronic density of the sp2 carbon, thus facilitating H2 activation on metal nano-particles
(NPs) by lowering the dissociation energy [26]. It is reported that the nitrogen species in Ni/N-doped
carbon black (NCB) greatly promote the reduction of metal oxides and promote the stability of metal
particles at ambient atmosphere [27]. The good performance of NC-supported catalysts in the HDO
of phenolics inspired us to explore their behaviour in the upgrading of other bio-resources, such as
fatty acids. Indeed, very few reports dealing with the application of the NC-supported catalysts in the
upgrading of fatty acids through catalytic deoxygenation process can be found in the literature, thus
compelling us to investigate the matter [28].

In this study, a N-doped activated carbon supported Pt catalyst (Pt/N-AC) was synthesised and
tested in a palm oil deoxygenation process to produce bio-hydrogenated diesel. The effect of the reaction
temperature, pressure and space velocity was evaluated to explore the impact of key parameters
aiming to optimise the reaction conditions for the upgrading process. The effect of nitrogen in the
carbon structure on the catalytic performance of catalyst was illustrated, in which the performance of a
reference Pt/AC was tested at optimised reaction condition as a contrast experiment. Our study could
provide guidance for the selection of a catalyst and for the optimization of the reaction conditions for
green diesel production from seed oil and fats.

2. Experimental

2.1. Catalyst Preparation

For the preparation of the N-doped carbon (N-AC), polypyrrole was synthesised via oxidative
polymerization in the presence of a commercial activated carbon (RGC-30). First, 2.4 g of activated
carbon was dispersed in 200 mL of acetone with an ultrasonic treatment for 30 min. Then, 24 mmol of
pyrrole (C4H5N) were dissolved in 200 mL of distilled water, and the solution was added to the AC
dispersion. The mixture was stirred for 30 min, and then 48 mmol of ammonium peroxidisulphate
((NH4)2S2O8), previously dissolved in 200 mL of distilled water, was added dropwise. The resulting
solution was stirred for 4 h at room temperature. The precipitated formed was filtered, washed with
distilled water and dried at 80 ◦C for 24 h. The percentage of N in the synthesised N-AC was 3.3 at.%,
which was derived from N1s core level XPS result. To obtain the final AC, the solid was pyrolysed for
4 h at 900 ◦C under flowing N2 (50 mL/min) with a heating rate of 5 ◦C/min.
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The Pt/AC and Pt/N-AC catalysts were prepared by wet impregnation using chloroplatinic acid
hexahydrate (H2PtCl6·6H2O) as the Pt precursor. The carbon supports were immersed in aqueous
solutions containing the appropriate amount of H2PtCl6 to obtain 1 wt.% Pt loaded. The slurries
were stirred for 24 h, and the solvent was gently removed under vacuum at 60 ◦C. Finally, the metal
catalysts (Pt/AC and Pt/N-AC) were dried in an oven at 80 ◦C for 24 h. XRD data are included in the
supporting info.

2.2. Catalyst Characterisation

Powder X-ray diffraction (XRD) patterns of the samples were collected on an X’Pert Pro PANalytical,
using Cu Kα radiation (40 mA, 45 kV). The spectra were registered over a 2θ range between 10–90◦,
with a step of 0.05◦ and a time per step of 160 s.

Transmission Electron Microscopy (TEM) images were taken with a JEOL electron microscope
(model JEM-2010) working at 200 kV. This was equipped with an INCA Energy TEM 100 analytical
system and a SIS MegaView II camera. Samples for analysis were suspended in ethanol and placed on
copper grids with a holey-carbon film support.

2.3. Catalytic Deoxygenation Testing

Catalytic deoxygenation experiments were carried out in an Autoclave Engineers BTRS
high-temperature and high-pressure testing system, equipped with a high-pressure HPLC pump
(Series I), followed by metering valves to control the flow rate of the liquid and gas feeding, respectively.
A continuous flow, fixed-bed tubular stainless-steel reactor with an internal diameter of 0.7 cm, length
of 30 cm and volume of 12 mL was used in the experiments. Prior to catalytic testing, a specific amount
of catalyst (either 0.12, 0.09, 0.072, 0.06 g depending on the LHSV used) held in place using quartz
wool was reduced in situ under a flow of 100 v/v % of H2 (50 mL/min) under atmospheric pressure,
at 400 ◦C, for 2 h. Next, the system was set to the desired reaction temperature under a flow of high
purity N2 (100 mL/min) and pressurised with H2 to the desired pressure (controlled by a back pressure
regulator). Liquid solutions of the feed i.e., 3 wt.% of palm oil dissolved in dodecane (solvent) were
injected into the system at a rate of 0.1 mL/min, along with a flow of H2. The fatty acid compositions of
the refined palm olein (wt.%) are listed in Table 1. Palmitic acid, oleic acid and linoleic acid occupy
more than 95 wt.% of the fatty acid composition in palm oil. Liquid and gaseous products were passed
through a liquid-gas separator which was placed downstream from the catalyst bed. Liquid products
were manually collected for analysis using GC/MS. The effect of reaction temperature, H2 pressure
and liquid hourly space velocity (LHSV) were tested under constant H2/oil ratio, 1000 cm3/cm3 in
deoxygenation of palm oil over Pt/N-AC, and the optimised reaction conditions were obtained. To
test the reproducibility of the experimental results, the experiments concerning the Pt/N-AC catalyst
were repeated three times. From these experiments, 95% confidence intervals for the mean value were
calculated. To explore the effect of N on the catalytic activity, a contrast test over Pt/AC was also
conducted. Each test was performed for 6 h and the liquid products were analysed at 1 h intervals.

Table 1. Fatty acid composition of the palm oil.

Fatty Acid Structure * Formula Composition, wt.%

Myristic acid C14:0 C14H28O2 0.90
Palmitic acid C16:0 C16H32O2 41.60

Palmitoleic acid C16:1 C16H30O2 0.70
Stearic acid C18:0 C18H36O2 2.10
Oleic acid C18:1 C18H34O2 43.90

Linoleic acid C18:2 C18H32O2 10.40
Linolenic acid C18:3 C18H30O2 0.40

* The numbers indicate the number of carbon atoms and the number of double bonds in each of the fatty
acids, respectively.
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2.4. Product Analysis

The liquid samples were analysed on an Agilent 7890A/5975C Triple-Axis Detector diffusion pump
Gas Chromatographer-Mass Spectrometer (GC-MS) (AGILENT, Santa Clara, CA, USA) equipped with
an Agilent Multimode inlet. High injection and column temperatures were used to directly analyse
triglyceride so as to avoid chemical derivatisation. A split ratio of 25:1 was held and a split flow of
50 mL/min was used. The temperature of the inlet was set at 300 ◦C for the duration of the analysis and
the volume of the samples injected was 1 µL. The oven temperature program was initially set at 45 ◦C
for 2 min; it was later increased by 4 ◦C/min to 325 ◦C, and then to 380 ◦C with a ramp of 10 ◦C/min. The
maximum temperature was maintained for 12.5 min and the total run time was 90 min. An Agilent 30 m
× 320 µm× 0.1 µm J&W DB5-HT capillary column (5% phenyl, 95% methylpolysiloxane) was employed
to achieve chromatographic separation, operated under a constant flow rate mode of He (2 mL/min).
The temperature of the ion source, the quadrupole and the MS interface for both instruments were
230, 150 and 330 ◦C, respectively. The GC/MSD ChemStation software (AGILENT, Santa Clara, CA,
USA) was used to identify the species of products. A representative GC chromatograph identifying
the product of liquid products is presented in Figure S1.

The conversion of triglycerides (TG), the yield of C15–C18 products, the HDO percentage
and also the decarbonylation and/or decarboxylation (DeCOx) percentage were calculated using
Equations (1)–(4), respectively. It should be noted that the relative activity of the DeCO and DeCO2

could not be directly correlated with the amount of produced CO and CO2, considering that gas phase
reactions such as methanation (i.e., CO + 3H2↔ CH4 + H2O and CO2 + 4H2↔ CH4 + 2H2O) and the
water–gas shift (WGS) reactions (i.e., CO + H2O↔ CO2 + H2) could occur under the studied reaction
condition (250–350 ◦C).

Conversion of TG (%) =

(
nTG,in − nTG,out

nTG,in

)
× 100 (1)

Yield of Ci =

(
nCi

nC16,in + nC18,in

)
× 100 (2)

HDO (%) =

(
nc16 + nC18

nc16,in + nC18,in

)
× 100 (3)

DeCOx (%) =

(
nc15 + nC17

nc16,in + nC18,in

)
× 100 (4)

nTG,in: Initial mole of triglycerides; nTG,out: Detected mole of triglycerides in the products.
nCi: Mole of product alkanes, i = 15 to 18.
nC16,in: Initial mole of C16; nC18,in: Initial mole of C18.

3. Results & Discussion

3.1. Deoxygenation of Palm Oil

In our deoxygenation reaction system, the deoxygenation of palm oil was performed under a
H2 atmosphere. Even though DeCO2 of fatty acids does not need a supply of H2, the addition of H2

could increase the rate of the deoxygenation reaction [29]. Moreover, it has been demonstrated that the
aromatisation reaction can be inhibited to some extent under a H2 atmosphere. The aromatisation
reaction is undesirable, considering that aromatics could be the precursors to the formation of coke,
which could lead to catalyst deactivation and reactor fouling [30].

Solvent type strongly affects the catalytic performance. A nonpolar organic solvent, dodecane,
other than nonsolvent or water was used in our reaction system considering its multiple benefits. On
one hand, the occurrence of coupling reactions between the intermediates in a solventless reaction
system will decrease the selectivity of desired alkane products [31]. On the other hand, the flow rate
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of palm oil can be controlled well, especially in low feeding mode. Compared with using water as
a solvent, the use of a hydrocarbon can omit the separation process of deoxygenated products from
water. In addition, the presence of water may block the adsorption of the reactant on the active sites of
the catalyst [32].

3.1.1. Effect of Temperature

Reaction temperature plays a fundamental role in the palm oil upgrading reaction. The effect of
reaction temperature (250–350 ◦C) in the palm oil deoxygenation process using Pt/N-AC as a catalyst
was investigated under the condition of 30 bar H2, LHSV = 1.5 h−1 and H2/oil ratio = 1000 cm3/cm3.
At temperatures lower than 300 ◦C, the deoxygenation of triglycerides to n-alkanes is incomplete,
with the conversion of TG being lower than 70%. Typically, reactants, intermediates and products
will be co-existing in the collected liquid under these temperatures [3]. As demonstrated in Figure 2,
the highest conversion of triglycerides, i.e., >90%, was achieved at 300 ◦C. However, the conversion
decreased slightly with the increasing temperature (300–350 ◦C). It is speculated that a minor sintering
of noble metal occurred when the temperature increased to 350 ◦C, resulting in a slight decrease in
TG conversion.

Figure 2. Conversion of triglycerides and yield of C8–C18 products under different reaction
temperatures.

Figure 2 also shows the total yield of C8–C18 obtained from palm oil deoxygenation at different
reaction temperatures. The palm oil used in our study was mainly composed of C16 and C18

(see Table 1). Thus, the dominant C17 product is likely produced from C18 though the DeCOx

pathway. For temperatures lower than 300 ◦C, the total yield of C8–C18 compounds was relatively
low, considering the low conversion of the reactant. However, when the temperature is higher than
300 ◦C, the cracking of the carbon–Carbon chain was enhanced, resulting in a higher yield of light
hydrocarbon compounds (C8–C14). The details about the composition of light hydrocarbon products
(C8–C14) are shown in Table S1. The slight decrease of the total yield of n-alkanes when the temperature
was higher than 300 ◦C could be attributed to the smooth depletion of TG conversion (Figure 2). This
may also have been due to the formation of higher aromatic products, since in most cases, higher
temperatures favour the production of larger aromatic compounds in the deoxygenation process [33].
As demonstrated in Equations (3) and (4), C16 and C18 products are produced from the HDO route
while C15 and C17 are from the DeCOx pathway. The higher yield of C16 and C18 and lower yield of C15

and C17 indicated that higher temperatures favour the HDO but inhibit the DeCOx route (T > 300 ◦C).
To better understand the deoxygenation behaviour under different reaction temperatures, the

contribution of different reaction routes, i.e., DeCOx and HDO, are also presented (Figure 3). Overall, the
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DeCOx route dominated under all the studied temperatures. The results are consistent with previous
studies showing that DeCOx was favoured over HDO for Pt-based catalysts in the deoxygenation of
vegetable oil [3,34]. It is reported that the selectivity to DeCOx or HDO does not depend on the reaction
temperature. Instead, the DeCOx or HDO pathway is determined by the nature of the catalyst [33]. At
300 ◦C, the DeCOx percentage occupies the highest proportion of deoxygenation capacity, whereas
the HDO percentage is the lowest. This is advantageous from an economic perspective, given that
DeCOx consumes much less H2 than HDO. Overall, 300 ◦C is the optimal reaction temperature for
deoxygenation of palm oil over Pt/N-AC catalyst considering the highest TG conversion and the total
yield of C8–18. At this temperature the DeCOx route is favoured over the HDO pathway.

Figure 3. Contribution of HDO and DeCOx under different reaction temperatures.

3.1.2. Effect of H2 Pressure

The effect of H2 partial pressure in the deoxygenation of palm oil was investigated by varying
H2 pressure from 20 to 30 bar. As depicted in Figure 4, the raise of the H2 pressure from 20 to 30 bar
monotonously increased the TG conversion. Interestingly, as shown in Figure 5, higher H2 pressure
favours the DeCOx pathway but inhibits the HDO pathway. Accordingly, lower C16 and C18 but higher
C15 and C17 was obtained under high H2 pressure. The ratio of DeCOx/HDO increased from 3.3 to 13
when the H2 pressure increased from 20 to 30 bar. This trend agrees with previous reports indicating
that higher H2 partial pressure suppresses the formation of aromatic hydrocarbons, hence increasing
the selectivity of n-alkanes during deoxygenation process of vegetable oil model compounds [35].
Moreover, as shown in Figure 4, light hydrocarbons (C8–C14) concentrations in the final product are
reduced under high H2 pressure, indicating that higher H2 pressure could inhibit the cracking of C–C
bonds in the deoxygenation process.

3.1.3. Effect of LHSV

Liquid hourly space velocity (LHSV) is an important parameter for regulating catalyst effectiveness.
LHSV refers to the ratio of the feed flow rate to the volume of the packed catalyst [36]. A clear trend is
observed in Figure 6 indicating that the deoxygenation of palm oil in terms of the TG conversion is
favoured at low space velocities. This is actually expected, since the lower the space velocity, higher the
reactants–catalyst contact time, favouring complete reaction cycles. The effect of LHSV on the product
distribution is illustrated in Figure 6. At low LHSV the production of light hydrocarbon compounds
(C8–C14) is not favoured, whereas the production of C15 and C17 was greatly enhanced. At LHSV of
1.5 h−1, DeCOx% possesses the highest value, i.e., around 75%, or nearly 10 times higher than that of
HDO. When the LHSV increased from 2.0 to 3.0, the DeCOx% gradually decreased but the HDO%
remained almost unchanged (Figure 7). This is an important partial conclusion suggesting that the
HDO route is barely affected by the space velocity while there was a negative impact on the DeCOx

route when the space velocity was increased.
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Figure 4. Conversion of triglycerides and yield of C8–C18 products under different H2 pressures.

Figure 5. Contribution of HDO and DeCOx under different H2 pressure.

Figure 6. Conversion of triglycerides and yield of C8–C18 products under different LHSV.
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Figure 7. Contribution of HDO and DeCOx under different LHSV.

3.1.4. Effect of Catalysts

In order to validate the positive impact of N as dopant, a reference Pt/AC catalyst was tested
under the optimised reaction conditions: T = 300 ◦C, P(H2) = 30 bar, LHSV = 1.5 h−1 and H2/oil ratio
= 1000 cm3/cm3. The conversion of triglycerides (TG) and the yield of C8–C18 n-alkanes in palm oil
deoxygenation process over Pt/N-AC and Pt/AC are depicted in Figure 8. Clearly, the conversion of TG
was improved over the NC-supported catalyst compared to the AC-supported catalyst. Specifically, the
conversion of TG was more than 90% over Pt/N-AC catalyst, while the N-free catalyst barely reached
76% of overall conversion.

Figure 8. Conversion of triglycerides and yield of C8–C18 products over Pt/AC and Pt/N-AC catalysts.

Very interesting trends in terms of selectivity are also observed in Figure 8. For instance, the lower
yield of light hydrocarbon compounds (C8–C14) produced from Pt/N-AC catalytic system compared
to that of the N-free catalyst indicates that the addition of N in the support suppresses the catalytic
cracking of C–C bonds, resulting in higher selectivity towards long chain n-alkanes (C15–C18). Another
significant different between the compared catalysts is marked preference of Pt/N-AC to favour the
DeCOx route compared to the Pt/AC catalyst. In fact, in both catalysts DeCOx is favoured over HDO
under the studied reaction conditions but it is clear that the presence of N significantly favours DeCOx

(Figure 9). This is a remarkable result from the process and catalysts design point of view since we
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can potentially control the selectivity by doping our carbon support with nitrogen. Figure 10 depicts
the preferential interaction of carbonyl groups with N-doped carbons, which seems to control the
catalytic upgrading of palm oil over Pt/N-AC catalyst. Indeed, the presence of nitrogen alters the
electronic density as well as the acid/base properties of carbon affecting the overall reactivity. As
reported previously, the higher activity of Pt/N-AC results from the positive role of N, which could
help to stabilise metal particles and prevent the re-oxidation of metallic particles [27,37]. Also, nitrogen
sites incorporated in the carbon network are envisaged as electron-rich sites where molecules can react.
This also explains the higher selectivity for DeCOx when N is incorporated in the catalyst. Carbonyls
are electrophilic groups which are prone to react with electronically rich species. Hence, we understand
that N-sites in our catalyst act as preferential sites to anchor carbonyl groups of the palm oil feedstock
boosting the DeCOx route over the HDO alternative. Irrespectively of the reaction pathways there is
no doubt of the positive effect of N as dopant for the upgrading reaction.

Figure 9. Contribution of HDO and DeCOx over Pt/AC and Pt/N-AC catalysts.

Figure 10. The scheme of catalytic deoxygenation of palm oil over Pt/N-AC catalyst.

A comparison of the catalytic performance of prepared Pt/AC and Pt/N-AC catalyst in this work
with those of others is presented in Table 2. The conversion of TG (91%) in the present work is
comparable to that obtained with other noble catalysts even though our experiments happened at
lower temperature. Importantly, the yield of biodiesel production is much higher than those obtained
over other noble catalysts. However, the conversion of TG in our reaction system is not as high as that
reported over nonnoble catalysts, e.g., references [3,38]. However, it is worth emphasising that the
DeCOx is the dominant reaction pathway in our reaction system, which is the preferable route from
economic standpoint.
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Table 2. Green diesel production from palm oil in different catalytic reaction system.

Catalyst Reactant Reactor T (◦C) P of H2 (bar) LHSV (h−1)
H2/oil Ratio
(cm3/cm3) X (%) HDO%, DeCOx% Y (%) Reference

1%Pt/AC Refined palm olein Fixed bed 300 30 1.5 1000 76 HDO% = 14.6%; DeCOx = 41.2% 76 This study

1%Pt/N–C Refined palm olein Fixed bed 300 30 1.5 1000 91 HDO% = 7.1%; DeCOx = 75.5% 91 This study

2%Pt/γ-Al2O3 Refined palm olein 1 Trickle-bed 330 50 1 1000 95 HDO ≈ 4%, DeCOx ≈ 27% 31 [3]

5%Co/γ-Al2O3 Refined palm olein Trickle-bed 330 50 1 1000 100 HDO ≈ 52%, DeCOx ≈ 35% 89 [3]

5%Pd/C Degummed Palm oil
(DPO) 2 Batch 400 40 t = 1 h - ≈80 - 70 [15]

2.45%Ni9.4%Mo/γ-Al2O3 DPO Batch 400 40 t = 0.5 h - ≈80 - ≈50 [15]

4.95%Ni10.05%MoS2/γ-Al2O3 Palm olein oil 3 Trickle-bed 330 50 1 1000 100 - ≈98 [38]

4.95%Ni10.05%MoS2/γ-Al2O3 Refined kernel oil 4 Trickle-bed 330 50 1 1000 100 HDO ≈ 60%, DeCOx ≈ 27% ≈92 [38]
1 Main components: 37.4% palmitic acid, 3.6% stearic acid, 45.8% oleic acid, 11.1% linoleic acid; 2 Main components: 45.4 wt.% palmitic acid, 3.8 wt.% steric acid, 39 wt.% oleic acid, and 9.1
wt.% linoleic acid; 3 Main components: 37.4% palmitic acid, 3.8% stearic acid, 45.8% oleic acid, 11.1% linoleic acid; 4 Main components: 48.8% lauric acid, 17.3% myristic acid, 9.1% palmitic
acid, 16.1% oleic acid.
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3.2. Characterisation of Catalysts

Further understanding of the behaviour observed for the N-doped catalyst is obtained by
physiochemical characterisation of the sample. The textural properties of supports, AC and N-AC
are shown in Table S2. The addition of N slightly decreased the surface area of carbon support. XPS
of Pt 4f reveal that the addition of N shifts the binding energy of Pt indicating a modification of the
Pt electronic environment as mentioned above (Figure S2). This is expected to improve the stability
of catalysts as reported elsewhere [39]. TEM and XRD of reduced and spent catalyst were analysed
in this study. As shown in Figure 11, Pt/N-AC catalyst revealed the uniform dispersion of small Pt
particles (average particle size of 2.2 nm) on the support. More importantly, the TEM image of spent
Pt/N-AC remain almost unchanged compared to that of the fresh sample. No large agglomerates
or obvious leaching were detected. Moreover, no difference can be found between the XRD pattern
of reduced and spent Pt/N-AC catalysts (Figure S3). Overall, the TEM and XRD analyses indicate
that the Pt/N-AC system is a robust and stable catalyst showing great potential for bio–Compounds
deoxygenation reactions.

Figure 11. TEM of reduced and spent Pt/N-AC catalyst.

4. Conclusions

This work showcases the application of advanced N-doped Pt–carbon catalysts for the conversion
palm oil into added value drop-in biofuels. In this particular case, the upgrade consists of oxygen
removal to boost the net energy value of the end product. Two routes for oxygen removal are observed,
i.e., DeCOx and HDO, with the former being the preferential route in this study. The higher selectivity
towards DeCOx products is due to the electronic modifications ascribed to N when it is incorporated
in the carbon support network. This is a remarkable result from the process and catalysts design point
of view, since we can potentially control not only the activity, but also the selectivity of the reaction by
doping our carbon support with nitrogen.

The reaction conditions play a significant role in the process. For example, the overall conversion
is favoured at higher pressures and low space velocities. As for the temperature, 300 ◦C seems to be
an optimal choice. Again, the competition HDO/DeCOx was also affected by the reaction conditions.
HDO was favoured at higher temperatures, while higher pressures favoured DeCOx. Interestingly, the
space velocity barely affected the HDO route, but it did have a negative impact on the DeCOx pathway.

The N-doped catalyst is superior to a reference Pt/AC material and, very importantly, it is a very
stable catalyst showing no signs of deactivation via sintering or carbon deposition during the reaction.
Hence, this piece of work showcases an effective strategy to design highly active and stable catalysts
for bio-compounds upgrades, and may inspire new opportunities in the area of low carbon, renewable
fuel production. Attempts such as the effect of nitrogen source and amount of nitrogen in the catalyst’s
formula is worth exploration in the future to further improve the catalytic activity. Lessons learnt from
the catalytic deoxygenation of refined vegetable oil to produce biodiesel could provide guidance for
the application of inedible oil and waste cooking oil. Biodiesel production from inedible oil and waste
cooking oil could alleviate the food vs. fuel debate, but there is still a long way to go.
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