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Abstract: Nickel catalysts promoted with Mo and supported on silica were studied for renewable
diesel production from triglyceride biomass, through the selective deoxygenation process. The
catalysts were prepared by wet co-impregnation of the SiO2 with different Ni/(Ni + Mo) atomic ratios
(0/0.84/0.91/0.95/0.98/1) and a total metal content equal to 50%. They were characterized by XRD,
XPS, N2 physisorption, H2-TPR, and NH3-TPD. Evaluation of the catalysts for the transformation
of sunflower oil to renewable (green) diesel took place in a high-pressure semi-batch reactor, under
solvent-free conditions. A very small addition of Mo, namely the synergistic Ni/(Ni + Mo) atomic
ratio equal to 0.95, proved to be the optimum one for a significant enhancement of the catalytic
performance of the metallic Ni/SiO2 catalyst, achieving 98 wt.% renewable diesel production. This
promoting action of Mo has been attributed to the significant increase of the metallic Ni active phase
surface area, the suitable regulation of surface acidity, the acceleration of the hydro-deoxygenation
pathway (HDO), the creation of surface oxygen vacancies, and the diminution of coke formation
provoked by Mo addition.

Keywords: silica; molybdenum–nickel catalysts; triglyceride biomass; selective deoxygenation;
biofuels; renewable diesel

1. Introduction

According to the World Oil Outlook, the energy demand is expected to expand by
23% till 2045 [1]. Conversely, there is a lack of crude oil supplies and a need to continually
reduce emissions of greenhouse gases by 45% by 2030 and reach net zero by 2050, to keep
global warming to no more than 1.5 ◦C, as called for in the Paris Agreement [2]. Among
other approaches, biofuels are an excellent alternative to fossil fuels, especially for the
transport sector.

The first-generation biofuels appearing in the market are bioethanol and biodiesel.
As they are produced from edible biomass, serious debate was provoked concerning the
use of this kind of biomass for food or biofuels production. Fortunately, relevant research
was performed on second-generation biofuels based on residual lignocellulosic and fatty
biomass [3]. The latter can be easily transformed into drop-in biofuels by hydrotreatment,
which is a well-established process coming from traditional refineries [4]. Fatty biomass
hydrotreatment results in selective deoxygenation (SDO) of triglycerides and free fatty acids
contained in this kind of biomass, leading to renewable diesel and sustainable aviation fuel
(SAF), preserving the side carbon chains upon oxygen removal [5–7]. SDO proceeds via
decarboxylation (deCO2), decarbonylation (deCO), and the hydrodeoxygenation (HDO) of
fatty acids, fatty aldehydes, and alcohols produced by hydrogenolysis/hydrogenation of
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initial fatty biomass at relatively mild conditions (temperatures 240–360 ◦C and H2 pressure
10–80 bar) [6,8].

In existing biorefineries, the production of renewable diesel, the so-called hydrotreated
vegetable oil (HVO), has developed rapidly. HVO production can proceed through either
the co-process with petroleum fractions [9] or the stand-alone process [10]. It is important to
note that despite the higher capital expenditure and implementation difficulty compared to
co-processing or biodiesel (Fatty Acid Methyl Esters, FAME) production from esterification,
all companies have decided to invest in pure HVO production plants instead of trying co-
processing. This is because, in the long run, pure HVO production offers more possibilities
as it can be used on its own as drop-in or jet fuel; it can also be blended with petro-diesel to
improve its parameters in any proportion, compared with FAME that can only achieve 5%
blends [11].

Both methods are based on the hydrotreatment of natural triglycerides to remove oxy-
gen selectively. In the case of a stand-alone process, noble-metal-supported catalysts [12],
as well as conventional transition-metal-sulfide-supported catalysts (NiMo, CoMo, and
NiW) [12–15], have been studied and found to be very reactive and selective. However, the
economic feasibility and durability of the noble metal catalysts for large-scale application
are questionable. Conversely, sulfide catalysts need a sulfur compound in the feed to
preserve their activity, which inevitably contaminates the final product and complicates the
process [16,17].

In light of the above discussion, for the last decade the focus of research has been
directed to the development of less expensive and more effective sulfur-free transition
metal catalysts [6,8,16,18,19]. Nickel catalysts seem to be the most promising for the title
reaction because of their catalytic performance, as well as the abundance and low cost of
this metal [8,20].

Both the SDO activity and the selectivity of the metallic nickel catalysts are deter-
mined by three important parameters. The first one is the magnitude of nickel active
surface, ensured by preparing supported catalysts with high nickel concentration well
dispersed on highly specific surface area supports. The second is the selection of the
support. As already mentioned, the support should exhibit high surface area, combined
with mesoporosity, balanced acidity, good supporting properties, and stability under the
reaction conditions [6–8,18,21–23]. The third parameter determining the nickel catalysts’
performance for SDO reactions is the selection of a suitable promoter [8,19,24].

In a previous work we have demonstrated that silica is a suitable support for SDO
Ni catalysts [25]. Conversely, a very recent systematic review of the literature about the
role of promoters in metallic nickel catalysts used for green diesel production identified
molybdenum as the most effective promoter among several others [24]. Actually, it is better
from a carbon utilization perspective since it facilitates the HDO route in comparison with
the monometallic nickel catalysts, which favor the deCO route. In addition, it enhances
the production of green diesel hydrocarbons due to a synergy with Ni, which appeared on
bimetallic catalysts. Moreover, molybdenum may reduce methanation by inhibiting C-C
bond hydrogenolysis. In view of the above, a lot of research has been done on catalysts with
different nickel–molybdenum compositions, supported on different materials, prepared
using different methods, and tested in various feedstock and experimental conditions [24].
To the best of our knowledge, there is not a previous systematic study of the MoNi/SiO2
catalysts in the literature. Thus, in the present study, we examined for the first time the
promoting action of Mo in Ni/SiO2 catalysts with 50 wt.% loading of active metals, trying
to determine the optimum synergistic Ni

Ni+Mo atomic ratio. For this, adopting the wet
co-impregnation method, we prepared a series of MoNi/SiO2 catalysts with various Ni

Ni+Mo
atomic ratios. These catalysts were evaluated for the SDO of sunflower oil (SO) under
solvent-free conditions, SO volume to catalyst mass equal to 100 mL/g, in a semi-batch
reactor working at 310 ◦C, 100 mL/min H2 flow, and 4 MPa total pressure. SO was selected
as a model triglyceride feed. The catalysts were thoroughly characterized by various
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physicochemical methods (N2 physisorption, XRD, CO chemisorption, XPS, H2-TPR, NH3-
TPD, and TGA) to link the catalysts’ performance with their physicochemical properties.

2. Results and Discussion
2.1. Catalysts

The catalysts studied in this article were prepared by wet co-impregnation of the
SiO2 support with different Ni

Ni+Mo atomic ratios (0/0.84/0.91/0.95/0.98/1). The catalysts
were labeled as 0MoSi, 0.84MoNiSi, 0.91MoNiSi, 0.95MoNiSi, 0.98MoNiSi, and 1NiSi. We
have focused our attention on high values of this ratio according to our previous results
concerning MoNi catalysts supported on other supports (Al2O3 [26] and TiO2 [27]).

Catalysts’ Characterization

Textural properties of catalysts were determined by applying the method of N2 ph-
ysisorption at −195.8 ◦C. The corresponding isotherms (Figure S1) revealed that both
catalysts and silica supported display IV-type nitrogen adsorption–desorption isotherms
with a characteristic H4 hysteresis loop, indicating that all samples were mainly meso-
porous materials. This was also evident in the pore-size distribution curves shown in
Figure 1.

Figure 1. Pore-size distribution curves of the support and catalysts.

Table 1 shows the chemical composition of the catalysts studied and the values of
BET specific surface area (SSA), BJH adsorption cumulative volume of pores (PV), BJH
desorption mean pore diameter (MPD), mean crystal size of metallic nickel phase (MCSNi

0)
determined by XRD, and the amount of chemically adsorbed CO on the catalysts’ surface
(COchem) used as a measure of catalysts’ active surface. Examination of the SSA values
shows that the deposition of active components on a silica surface provoked their diminu-
tion from 192 m2g−1 of SiO2 to about 126 m2g−1 in cases of MoNi and Ni catalysts, while
this diminution was larger in the case of a 0MoSi catalyst (77 m2g−1), indicating that MoNi
and Ni phases are much better dispersed on the SiO2 surface than Mo alone. As for the
PV values, the deposition of active components provoked a slight decrease, indicating that
their particles block preferentially the small mesopores. This is certified by Figure 1, which
presents the pore-size distribution curves of the samples. The preferential blockage of small
mesopores led to an increase of the MDP values of 0MoSi, 0.98MoNiSi, and 1NiSi, showing
that in these cases bigger particles of the deposited phases were formed. In contrast, the
MPD values were lower in the cases of 0.84MoNiSi, 0.91MoNiSi, and 0.95MoNiSi, showing
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that the increased Mo content results in smaller particles of deposited phases well dispersed
on a silica surface.

Table 1. Composition, textural, and structural characteristics of the catalysts.

Catalyst Composition
(wt.%)

SSA
(m2/g)

PV
(cm3/g)

MPD
(nm)

MCSNi
0

(nm) 1
COchem

(µmole g−1)

SiO2 - 192 0.97 21.6 - -
0MoSi 50% Mo 77 0.54 27.5 - -

0.84MoNiSi 12% Mo; 38% Ni 125 0.60 17.9 5.9 213.55
0.91MoNiSi 7% Mo; 43% Ni 126 0.68 19.5 5.8 228.41
0.95MoNiSi 4% Mo; 46% Ni 129 0.64 19.1 5.4 414.76
0.98MoNiSi 2% Mo; 48% Ni 128 0.76 22.3 7.1 371.80

1NiSi 50% Ni 124 0.72 22.1 11.7 164.96
1 from XRD peak at 2theta 51.8◦ applying Scherrer’s equation.

Figure 2 shows the XRD patterns of the fresh reduced catalysts studied before the
reaction. In all cases, no peak that could be attributed to the SiO2 support was observed,
confirming its amorphous structure. For all bimetallic catalysts as well as for the 1NiSi
catalyst, we could distinguish the dominant phase of metallic nickel at 2theta 44.6, 51.8, and
76.3◦, corresponding, respectively, to the (111), (200), and (220) crystal planes of Ni0 (JCPDS
no. 03-1051). In all these cases, there were also peaks at 2theta 37.3, 43.3, and 62.8◦, which
corresponded, respectively, to the (111), (200), and (220) crystal planes of NiO (JCPDS no.
47-1049). Peaks of Ni phases seemed to be more intense and sharper for the monometallic
1NiSi catalyst, indicating that molybdenum enhances the dispersion of Ni.

Figure 2. XRD patterns of the catalysts. The inner picture is the diffraction pattern of 0MoSi catalyst.

Conversely, the monometallic catalyst 0MoSi produced peaks of molybdenum oxide
(MoO2) at 2theta 25.8, 36.8, 53.4, 60.2, and 66.5◦ (JCPDS no. 78-1072). It seems that upon
the activation step (reduction) of the catalysts, a reduction of Mo6+ to Mo4+ took place.
In addition, we can observe that the above peaks are absent from the XRD patterns of
bimetallic catalysts, a fact that can be attributed either to the small percentage of this phase
or to its high dispersion.

The XRD peak at 2theta equal to 51.8◦ was chosen to calculate the mean size of metallic
Ni crystallites (MCSNi

0) by Scherrer’s equation, and the values are presented in Table 1.
It can be observed that the MCSNi

0 of bimetallic catalysts were close to 6 nm, while the
MCSNi

0 of monometallic catalyst 1NiSi was almost double (11.7 nm). The above difference
indicates that molybdenum improves the formation of small Ni0 crystallites in bimetallic
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catalysts in comparison to the monometallic one, confirming the above statement that Mo
enhances the dispersion of Ni. This effect has been also found on other supports (e.g.,
Al2O3 [28], TiO2 [27], ZrO2 [29], and biochar [30]). The smallest value (5.4 nm) among the
bimetallic catalysts appeared for the 0.95MoNiSi sample.

The increase of nickel phase dispersion induced by XRD results was confirmed by the
CO chemisorption results (Table 1). Indeed, the corresponding value increased over the
bimetallic catalysts following a volcano-type trend with a maximum value over that of the
0.95MoNiSi catalyst. This indicates that this catalyst exhibits the highest active surface area,
and it is expected to be the most active of the studied series.

In order to choose the appropriate reduction temperature to activate the catalysts
prior to the reaction, as well as to infer the chemical interaction between supported phases
(Ni and Mo phases) and SiO2 support, H2-TPR experiments were performed. Figure 3a
shows the H2-TPR profiles of the samples calcined at 400 ◦C for 2 h. The monometallic
catalyst 0MoSi (inner graph of Figure 3a) exhibited two main reduction regions: the first one
between 400 and 600 ◦C, with a maximum at 565 ◦C, and a second region at temperatures
between 650 ◦C and 950 ◦C, consisting of a multiple reduction band. The first reduction
region corresponded to the reduction of oxo-molybdate species from Mo6+ to Mo4+ [31].
This finding explains the existence of MoO2 crystallites in the 0MoSi catalyst reduced at
400 ◦C for 2.5 h detected by XRD analysis (Figure 2). The second region indicated the further
gradual reduction of Mo4+ to Mo0 [32,33]. Such reduced species were not detected in this
catalyst by XRD, in agreement with the fact that the activation (reduction) temperature was
sufficiently lower.

Figure 3. (a) H2-TPR; (b) NH3-TPD profiles of catalysts.

Inspection of the H2-TPR profile of the monometallic 1NiSi catalyst showed three
reduction peaks, with maxima at temperatures 160, 310, and 450 ◦C. The low temperature
reduction peak was attributed to the reduction of free NiO and NiO species weakly inter-
acting with the silica support to Ni0. The peak with maximum at 310 ◦C was assigned
to the reduction of well-dispersed NiO species interacting more strongly with the sup-
port. Finally, the peak with maximum at 450 ◦C corresponded to the reduction of NiO
species incorporated in SiO2 support matrix [34]. The H2-TPR profile of the bimetallic
samples showed the disappearance of the first reduction peak and a shift of the high
temperature reduction peaks to higher temperatures. Moreover, a careful observation of
the H2-TPR curves revealed that the total amount of hydrogen consumed increased with
the Mo content up to the 0.95MoNiSi catalyst. Taking into account that this catalyst has the
higher nickel dispersion (XRD and CO chemisorption results (Table 1)), it seems that the
smaller NiO nanoparticles are more reducible, probably because they are more accessible
to hydrogen. Thus, the presence of Mo-oxo species in a small quantity not only improves
the dispersion of NiO but also facilitates its reduction to metallic nickel. The addition of
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more Mo (0.91MoNiSi and 0.84MoNiSi samples) considerably decreased the nickel dis-
persion (XRD and CO chemisorption results (Table 1)), rendering NiO less accessible to
hydrogen and thus more difficult to be reduced. This was evident in the H2-TPR profile,
since the 0.84MoNiSi sample had the bigger shift in the reduction peak and the smaller
hydrogen consumption, exhibiting thus the strongest anti-reduction properties. In the
bimetallic catalysts, the peak assigned to MoO3 → MoO2 reduction and expected to appear
at a temperature region between 400 to 600 ◦C was overlapped by the reduction peak of
well-dispersed NiO. Reduction peaks associated with the reduction Mo4+ → Mo0 were
not observed in the TPR profiles of the bimetallic catalysts. This is probably due to the
low Mo content and/or to the strong interaction of Mo-oxo species with the support in the
bimetallic catalysts.

NH3-TPD profiles of the catalysts are displayed in Figure 3b. NH3 desorbed at tem-
peratures < 250 ◦C, 250–450 ◦C, and >450 ◦C were assigned to weak, moderate, and strong
acidic sites, respectively [35]. All catalysts exhibited peaks in temperatures lower than
450 ◦C, indicating the presence of weak and moderate acid sites mainly. The molybde-
num addition increased the total acidity of bimetallic catalysts, without creating strong
acid sites, and changed their distribution. More precisely, a small Mo amount mainly
favored the creation of moderate acid sites (see TPD curves of 0.98MoNiSi, 0.95MoNiSi,
and 0.91MoNiSi catalysts). This trend was reversed in the case of a 0.84MoNiSi catalyst,
where a high population of weak acid sites was formed and the corresponding NH3-TPD
curve approached that of a monometallic 0MoSi catalyst (inner graph of Figure 3b).

The chemical state and surface composition of fresh activated catalysts were studied
by X-ray photoelectron spectroscopy (XPS). Representative XPS Ni2p and Mo3d core-level
spectra of the 0.95MoNiSi catalyst are shown in Figure 4. The Ni 2p3/2 core level spectra of
all catalysts were deconvoluted using a program, which included Gaussian/Lorentzian
distributions, and each Ni 2p3/2 profile was resolved in two components: ca. 852.8 and
855.8 eV. The former peak was attributed to the Ni0 species, whereas the nearly symmetric
peak appearing at binding energy of ~856 eV, accompanied by a shakeup satellite structure
at ca 862.0 eV, was indicative of the existence of Ni2+ species.

Figure 4. (a) Ni2p; (b) Mo3d core-level XPS spectra recorded for the 0.95MoNiSi catalyst.

The identification of the Mo oxidation state by XPS technique was based on the binding
energies of the Mo (3d5/2, 3d3/2) spin-orbit components. Peak deconvolution revealed two
partially overlapped Mo 3d doublets with BE of ~228 eV characteristic of Mo4+ (MoO2)
and of ~232 eV corresponding to Mo6+ species (MoO3) [36]. The first ones (reduced Mo-
species) created oxygen vacancies on the catalysts surface [37]. The area of the first peak
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indicated a significant amount of surface-reduced Mo (Mo(IV)), thus creating a considerable
concentration of oxygen vacancies.

Based on the XPS results, the surface composition of the catalysts was calculated,
and the corresponding values are summarized in Table 2. These values revealed that the
main fraction of the surface nickel was in the oxide form even after activation (reduction at
400 ◦C). This fraction seemed to increase with the Mo addition, confirming the reduction
retardation observed via H2-TPR and XRD results. Table 2 shows also that the Ni

Ni+Mo
atomic ratio on the catalysts surface was too close to the theoretical one targeted upon
catalysts preparation. This was another indication that good dispersion and uniform
surface distribution of the supported phases was achieved.

Table 2. Surface composition of the reduced catalysts determined by XPS.

Catalyst
% Ni Components

Ni
Ni+Mo%Ni0 %NiO

0MoSi - - 0
0.84MoNiSi 28.1 71.9 0.81
0.91MoNiSi 30.3 69.7 0.90
0.95MoNiSi 30.0 70.0 0.94
0.98MoNiSi 29.9 70.1 0.97

1NiSi 33.0 67.0 1

2.2. Catalysts’ Performance

The catalysts were evaluated for the Selective Deoxygenation (SDO) of natural triglyc-
erides, using commercial sunflower oil (SO) as a model triglyceride feed. The experiments
took place in a semi-batch reactor using 1 g of catalyst, 100 mL of SO (solvent free), 40 bar
pressure, H2 flow of 100 mL/min, temperature 310 ◦C, and stirring 2000 rpm. The reaction
over each catalyst studied was followed for 9 h.

Figure 5 presents the liquid phase composition obtained at the end of each experi-
ment. This figure shows that all bimetallic catalysts as well as the monometallic nickel
catalyst achieved complete conversion of SO. In contrast, the molybdenum monometallic
catalyst (0MoSi) achieved only 66% SO conversion. Inspection of Figure 5 reveals that
the yield of hydrocarbons (n-alkanes) rose with the Mo content of bimetallic catalysts,
resulting in the highest hydrocarbon concentration of 98 wt.% in the liquid phase, obtained
using the 0.95MoNiSi catalyst, and then decreased as the Mo content increased further.
The promoting action of Mo-oxo species to the Ni active phase supported on SiO2 was
manifested as all bimetallic catalysts resulted in higher values of hydrocarbon yield in
comparison to the monometallic 1NiSi (with 66 wt.%) and 0MoSi (with 1 wt.%). The above
presented results are also perfectly supported by the physicochemical characteristics of
the best bimetallic catalyst, 0.95NiMoSi, which combined the following: (i) high value of
specific surface area (129 m2/g), (ii) increased dispersion of the metallic nickel with small
MCSNi

0 (5.4 nm) (XRD, CO chemisorption and XPS), (iii) a balanced moderate acidity
(NH3-TPD) (factors that play a key role in the SDO of natural triglycerides into green
diesel), and (iv) considerable surface concentration of reduced Mo species (rich in oxygen
vacancies), causing a synergistic mechanism with the neighboring metallic nickel sites, as
reported in the literature [24,27] (see details below). This study reveals that only a small
amount of molybdenum is needed to express its promoting action in Ni-based catalysts
supported on SiO2. This finding is common for such catalysts supported on other supports
(Al2O3 [28], TiO2 [27], ZrO2 [29], and biochar [30]).
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Figure 5. Liquid products’ distributions obtained upon the transformation of SO over the catalysts
studied. Reaction conditions: SO/catalyst ratio = 100 mL/g, pressure = 40 bar, temperature = 310 ◦C,
H2 flow rate = 100 mL/min, and time = 9 h.

It is well-known that Ni-based catalysts accelerate mainly the deCOx (deCO + deCO2)
pathways in relation with the HDO one upon SDO processing [6,8,12,19]. To clarify this
point in the case of our catalysts, we determined, in the liquid phase obtained in each
catalytic test, the concentration of hydrocarbons with an odd number of carbon atoms
(C15 + C17), being products of the deCOx route, and that of hydrocarbons with an even
number of carbon atoms (C16 + C18), which are products of HDO route. Figure 6 presents
the corresponding results. It can be seen that an Mo addition in Ni catalysts accelerated
both deCOx and HDO pathways, favoring somewhat more the latter. Indeed, although
HDO products were not detected in the case of 0MoSi catalyst, their concentration in the
liquid phase increased with the increase of Mo content in the bimetallic catalysts. This is
more evident by calculating the HDO/deCOx products’ concentration ratio (1NiSi: 0.1,
0.98MoNiSi: 0.12, 0.95MoNiSi: 0.17, 0.91MoNiSi: 0.20, and 0.84MoNiSi: 0.35).

Figure 6. Composition of the liquid product in n-alkanes with odd (deCOx) and even (HDO)
numbers of carbon atoms, obtained over the catalysts studied for a reaction time equal to 9 h.
Reaction conditions: SO/catalyst ratio = 100 mL/g, pressure = 40 bar, temperature = 310 ◦C, H2 flow
rate = 100 mL/min, and time = 9 h.
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Kinetic results concerning the most active catalyst of this series are presented in
Figure 7. These results show that complete conversion of SO was achieved even after
the first hour of catalytic testing. However, the maximum hydrocarbons production was
achieved after 9 h. This is because intermediate products like free fatty acids (FFAs) and
high molecular weight esters (HMWEs) were formed according to the well-established
SDO mechanism describing the solvent-free process over Ni-based catalysts [8,12,24]. This
mechanism predicts that upon triglycerides’ hydrotreatment, they are easily saturated and
then hydrolyzed to FFAs. The latter are either decarboxylated towards hydrocarbons or
reduced to aldehydes. Then, aldehydes are reduced to the corresponding alcohols. The
alcohols could be dehydrated and hydrogenated to hydrocarbons with the same number of
carbon atoms or to react with FFAs (esterification) to produce HMWEs. The kinetic results,
presented in Figure 7, confirmed the above-discussed mechanism, showing that HMWEs
are the most difficultly deoxygenated intermediates.

Figure 7. Kinetics of transformation of SO over the catalyst 0.95MoNiSi. The composition of the liquid
phase for a given time in hydrocarbons (n-alkanes), free fatty acids (FFAs), and high molecular weight
esters (HMWEs) at various times is illustrated. Reaction conditions: SO/catalyst ratio = 100 mL/g,
pressure = 40 bar, temperature = 310 ◦C, and H2 flow rate = 100 mL/min.

The reduced Mo-species found in the bimetallic catalysts (see XPS results) played a
crucial role in the above-described kinetics. These species facilitated the observed activity
and selectivity to hydrocarbons because to their abundance of oxygen vacancies. More
specifically, a synergy was observed between the oxygen vacancies on the surface of Mo
species with oxidation states below six and the adjacent metallic Ni sites [24,27]. Actually,
the intermediate FFAs are adsorbed onto the aforementioned sites via the oxygen atom
of the C-OH group, therefore activating the C-O bond. The hydrogen atoms generated
from the dissociative adsorption of H2 on metallic nickel sites attacked this bond, resulting
in the conversion of the FFAs to their respective fatty aldehydes. Consequently, the most
time-consuming reaction of the SDO mechanism accelerated. Furthermore, the aldehydes
produced were adsorbed onto oxygen vacancies via the oxygen atom of the C=O bond,
which was activated, hence accelerating the reduction of aldehydes to their corresponding
fatty alcohols, elucidating the role of Mo in promoting the HDO pathway of the SDO
process in relation with the deCOx pathway (see Figure 6).

Going from the fresh to the used catalysts, we have to mention that reusability tests
were performed over the most active catalyst of the series. More precisely, after the first
catalytic run, the liquid phase was removed from the reactor and replaced by 100 mL of
fresh SO. The catalyst was washed with hexane several times to remove any liquid organic
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substances entrapped in its pores, and then it was dried under a vacuum. Then, the catalyst
was added to the reactor and a new run was performed following the same protocol as the
first time. The procedure was repeated two more times. Figure 8 shows the results obtained.

Figure 8. Reusability study of the 0.95MoNiSi catalyst towards hydrocarbons concentration of the liq-
uid phase. Reaction conditions: SO/catalyst ratio = 100 mL/g, pressure = 40 bar, temperature = 310 ◦C,
H2 flow rate = 100 mL/min, and reaction time = 9 h.

Inspection of this figure indicates that the 0.95MoNiSi catalyst maintained substantial
performance for renewable diesel production (~40 wt.%) even after four cycles of reac-
tion. The harsh reaction conditions used in our catalysts’ evaluation tests (solvent-free,
SO/catalyst ratio = 100 mL/g, pressure = 40 bar, temperature = 310 ◦C, and H2 flow rate
= 100 mL/min) simulated corresponding tests in a fixed-bed reactor working with LHSV
equal to 11.1 h−1. As in industrial processes LHSV values 1–2 h−1 are adopted, 0.95MoNiSi
catalyst could be active enough at least for 200–400 h on stream. However, for an industrial
application of the catalyst, more effort is required in the future in order to increase the
durability of the catalyst.

In an attempt to investigate the reasons for the catalysts’ deactivation, the 0.95MoNiSi
was characterized by N2 physisorption, XRD, and TGA analysis after the first activity test.
The results obtained are summarized in Table 3 and Figure 9. Table 3 reveals a reduction in
SSA and PV values in the spent catalyst. These results could be attributed in some plugin of
the small mesopores by coke deposition in accordance with the pore-size distribution curves
(Figure 9a). The latter shows that after the catalytic run, some new pores in macropores
region were formed. These were probably interparticle pores created among the catalyst’s
particles that stuck with the deposited coke. The plugin of small mesopores was responsible
for the increased MPD value observed in the spent catalyst.

Table 3. Textural and structural characteristics of the fresh and spent 0.95MoNiSi catalysts.

Catalyst SSA
(m2/g)

PV
(cm3/g)

MPD
(nm)

MCSNi
0

(nm)

fresh 0.95MoNiSi 129 0.64 19.1 5.4
spent 0.95MoNiSi 1 107 0.44 26.3 16.6

1 The spent catalyst was washed with n-hexane and dried at 110 ◦C before characterization.
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Figure 9. (a) Pore-size distribution curves, (b) XRD patterns, and (c) TGA curves of the fresh and
spent 0.95MoNiSi catalysts.

According to Figure 9b, which presents the XRD patterns of the fresh and spent
0.95MoNiSi catalysts, it is obvious that the reaction conditions adopted (310 ◦C, 40 MPa,
and 100 mL/min H2 flow) led to a complete reduction of NiO and to the increase of MCSNi

0

(Table 3), confirmed by the intensity and the sharpness of the corresponding XRD peaks.
In order to determine the coke amount deposited on catalyst surface upon catalytic

test, TG analyses of fresh and spent catalyst were performed. Figure 9c reveals that upon
the TGA experiment on the fresh catalyst, a 2% weight gain was observed. This could be
attributed to the transformation of Ni0 to NiO. In contrast, a 3% weight loss was observed
upon TGA of the spent catalyst. Thus, a difference of 5% weight loss could be attributed to
the combustion of deposited coke. In this point, it should be noted that the coke deposited
on 1NiSi was 15%. This shows another favoring action of Mo addition to the Ni catalyst
used for SDO of fatty biomass.

3. Materials and Methods
3.1. Materials

The following reagents were used in the preparation of the catalysts: Ni(NO3)2 6H2O
(Alpha Aesar, Peristeri, Greece, analytical grade 98%), (NH4)6Mo7O24 4H2O, (Carlo Erba
Reagenti, Emmendingen, Germany, analytical grade 81.6–83.8%), ethylenediamine (Sigma-
Aldrich, Marousi, Greece, analytical grade > 99.5%), acetone (Sigma-Aldrich, analytical
grade > 99.5%), NH4NO3 (Riedel-de Haen, Charlotte, NC, USA, 98%), Milli-Q water
(Gradient), and SiO2 (Alfa, Montgomery, AL, USA, amorphous fumed, 99.8% metal base
325 mesh). Commercial sunflower oil was purchased from the local market. The precursor
salt Ni(en)3(NO3)2 was synthesized in the lab. Experimental details are given in the
Supplementary Materials file.

3.2. Catalysts’ Synthesis

Following the wet impregnation method, we synthesized the MoNiSi catalysts with dif-
ferent Ni

Ni+Mo atomic ratios (0/0.84/0.91/0.95/0.98/1), keeping the total amount of deposited
metals constant at 50 wt.%. Full experimental details about the synthesis protocol and the
quantities of materials used (Table S1) can be found in the Supplementary Materials file.

3.3. Catalysts’ Activation

The calcined samples were activated by reduction with H2 (40 mL/min), in a fixed
bed reactor, at 400 ◦C for 2.5 h, following a protocol adopted in a previous recent work [27].
The final catalysts are symbolized as xMoNiSi, where x represents the Ni/(Ni + Mo)
atomic ratio.

3.4. Catalysts’ Characterization

The catalysts were thoroughly characterized by the following: (a) N2 physisorption,
(b) X-ray diffraction (XRD), (c) temperature-programmed reduction with H2 (H2-TPR),
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(d) temperature-programmed desorption of ammonia (NH3-TPD), (e) X-ray photoelectron
spectroscopy (XPS), and (f) thermogravimetric analysis (TGA). Full experimental details
concerning the implementation of the techniques can be found in the Supplementary
Materials file or in three recent publications [25,27,38].

3.5. Catalysts’ Evaluation

The catalysts were evaluated for the green diesel production by hydrotreatment of
sunflower oil, in a semi-batch reactor (300 mL, Autoclave Engineers, Erie, PA, USA), in
the absence of any solvent, at 310 ◦C, H2 flow rate 100 mL/min, 40 bar total pressure, oil
volume to catalyst mass ratio 100 mL/g, and stirring rate 2000 rpm, for 9 h.

The liquid phase in the reactor was followed with the reaction time by withdrawing
1 mL aliquots at one-hour intervals. Their compositions were determined by gas chro-
matography (Shimadzu GC-2010 plus, Kyoto, Kyoto, equipped with FID and a ZB-5HT
column (INFERNO, ZEBRON, Torrance, CA, USA, l = 30 m, d = 0.52 mm, and tf = 0.10 µm)).
Details of the chromatographic analysis have been given elsewhere [34].

4. Conclusions

The main conclusions drawn from this study are as follows:
MoNi catalysts supported on silica exhibited excellent performance in converting

fatty biomass to hydrocarbons in the diesel range. The Mo-promoting action in the nickel
catalysts was attributed to the significant increase of the Ni0 active phase surface area, the
suitable regulation of surface acidity, the acceleration of the HDO pathway, the creation
of surface oxygen vacancies, and the diminution of coke formation provoked by the
Mo addition.

A very small amount of Mo (synergistic Ni
Ni+Mo atomic ratio equal to 0.95) proved

to be enough for significantly enhancing the catalytic performance of SiO2-supported Ni
catalysts, achieving 98 wt.% renewable diesel production from sunflower oil, in a high-
pressure semi-batch reactor, under solvent-free conditions.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/catal14100662/s1, Figure S1: N2 physisorption isotherms of the support
and the catalysts, Table S1: Quantities of support, nickel precursor, and molybdenum precursor
used for the synthesis of the catalysts through the WI technique (xMoNiSi, where x denotes the
Ni/(Ni + Mo) atomic ratio).
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