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Abstract: This work explores the performance of Zr-SBA-15 as a support for the conversion of methyl
esters into green diesel. Thereby, a series of SBA-15 samples incorporating different amounts of Zr
into the walls have been synthesized and impregnated with Ni and Co as hydrogenating species.
All materials have been characterized, pelletized and tested in the hydrotreating of methyl esters
using a fixed-bed tubular reactor at 300 °C, 30 bar of Hp and a continuous flow of 0.1 mL/min for 6 h.
Co and Ni phases are present both over the surface and within the pores of the support. Interactions
between the metals and the Zr species are more pronounced for Co-containing samples, leading to
smaller Co particles at low Si/Zr ratios. Materials having higher Zr contents resulted in more methyl
ester conversion, although an adequate metal-support combination was required to promote the
hydrodeoxygenation (HDO) route. Co/Zr-SBA-15 materials exhibited more conversion (>90%) and
higher yields of C11-Cyg hydrocarbons (>60%) than their Ni-based counterpart catalysts. Specifically,
Co/Zr-SBA-15(17) sample showed remarkable behavior, favoring the HDO pathway (n-C;5/(n-Cig +
n-Cy7) > 0.5), while keeping the methyl esters’ conversion close to 100% along the time on stream.
These results evidence a synergistic effect between Co and Zr.

Keywords: hydrotreating; hydrodeoxygenation; HDO; green diesel; vegetable oils; mesoporous
materials; Zr-SBA-15; acidity

1. Introduction

Vegetable oils are one of the most interesting resources for the production of biofuels. Although
their direct use in internal combustion engines is possible, their low volatility and high viscosity
cause problems in the stages of pumping, atomization and mixing with the oxidizer, leading to the
formation of carbonaceous deposits. In addition, the presence of significant oxygen content makes
them have a lower heating value than their fossil oil counterparts [1,2]. The main transformation
processes for converting vegetable oils into liquid biofuels for transportation are transesterification,
catalytic cracking and hydrotreating.

Biodiesel is a mixture of esters produced by transesterification of vegetable oils in the presence of
a catalyst and an alcohol (usually methanol). In addition, glycerol is formed as co-product. Biodiesel
has been traditionally produced over basic homogenous catalysts, such as NaOH and KOH. On the
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other hand, heterogeneous catalysts, such as metal oxides (MgO, CaO, ZnO) [3], zeolites [3,4], periodic
mesoporous organosilica [5,6] and mesoporous silica functionalized sulfonic acids [7], have been also
investigated due to their advantages, such as easy separation and recycling. Biodiesel has similar
properties to diesel from fossil resources in terms of density and cetane number. However, it has a
higher viscosity than conventional diesel, which generates the formation of carbon deposits in the
engine injectors. On the other hand, its greater corrosive character can damage the rubber or other
components of both an engine and its feeding system. For these reasons, its use in transportation is
limited, usually to being mixed with conventional diesel [8,9].

The conversion of vegetable oils into hydrocarbons by catalytic cracking processes is normally
carried out at atmospheric pressure, 450-600 °C, in an inert atmosphere and in the presence of a
heterogeneous acid catalyst such as ZSM-5 [10]. The liquid product so obtained contains linear
and cyclic paraffins, olefins, aromatics, aldehydes, ketones, carboxylic acids and water. In addition,
hydrogen and coke are also formed in the process. Catalytic cracking of vegetable oils seems to be
a suitable choice for the production of gasoline range hydrocarbons and light olefins, which could
be employed as fuels or raw materials for the petrochemical industry. The development of catalysts
which are active, selective and have high deactivation resistance has motivated a large number of
investigations in this field [11-16].

Hydrotreating is considered a promising alternative for the transformation of vegetable oils, since it
is able to produce hydrocarbons in the diesel range with very similar properties to petroleum derivatives,
and therefore, suitable for diesel engines. The final fuel obtained through this process is called “green
diesel”, HVO (hydrotreated vegetable oil) or hydro-biodiesel in order to distinguish it from biodiesel.
This transformation requires high pressure hydrogen, mild temperatures and a supported metal catalyst.
It can take place via hydrodeoxygenation (HDO) and/or decarbonylation/decarboxylation (HDC)
reactions [17]. The HDO route leads to the removal of oxygen in form of water through several stages,
including the formation of intermediates such as aldehydes and alcohols. Thus, linear paraffins are
formed with same number of carbon atoms as the starting molecules (free fatty acids). The occurrence
of HDC reactions produces n-alkanes with one carbon atom less than their corresponding fatty acids,
releasing one molecule of CO, or CO each time [18]. Therefore, HDO route is preferred over HDC
from the point of view of carbon atom economy.

Hydrotreatment processes have been widely used in refineries for the removal of compounds
containing sulfur, nitrogen, metals and oxygen in heavy vacuum gas oil. Typically, NiMo/CoMo
sulfide catalysts, supported on alumina, are employed at 300-600 °C with 35-170 bar of hydrogen
pressure [1,19]. These types of catalytic systems have been generally applied to the hydrodeoxygenation
of vegetable oils. However, these materials present a very significant limitation, since the addition
of hydrogen sulfide, carbonyl disulfide or dimethyl disulfide is required to keep the catalysts in
their active forms. Likewise, these types of catalysts are negatively affected by the presence of water,
generated in significant amounts during the HDO process. In addition to sulfur materials supported
on alumina, the usage of catalysts based on noble metals, especially Pd and Pt, has been investigated in
the deoxygenation of lipids and their derivatives [20-22]. However, one of the main disadvantages of
using these metals is their high cost. On the other hand, the support employed to host the active phase
also plays a very important role in the conversion of triglycerides. In this sense, different supports such
as Al-SBA-15 [23], AI-MCM-41 [24], silicoaluminophosphates (SAPO) [25,26] and different zeolites have
been studied [27,28]. Thus, Wang et al. compared various types of supports (SAPO-11, ZSM-5, ZSM-22,
Z5M-23, Beta) impregnated with nickel and found the Ni/SAPO-11 system to be the best one [26].
Likewise, in a previous work, we reported the good performance of catalysts based on Ni and Co
deposited over ordered mesoporous SBA-15 and Al-SBA-15 in the methyl oleate hydrodeoxygenation,
showing the benefits of using bifunctional systems (having both metallic and acidic sites) for this
reaction [29].

SBA-15 is a silica-based ordered mesoporous material, which is typically synthesized in the
presence of block polymer surfactants. Although it is formed by amorphous silica, the mesopores
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show a highly ordered arrangement according to a hexagonal unit cell. Some microporosity is also
present in SBA-15 sample connecting the mesopores transversally. Moreover, it exhibits a relatively
high thermal stability as a consequence of the large thickness of the pore walls. The addition of Al or
Zr species provides this material with acidic properties (AI-SBA-15 or Zr-SBA-15), although it leads,
usually, to samples with high structural distortion.

Due to their singular properties, both SBA-15 and Al-SBA-15 have been widely investigated to
disperse a large variety of catalytic active phases. This is the case when supporting a number of metals,
such as Ni, Co, Fe, Pt, Pd, Ru, Cu and Mo to obtain catalysts with hydrodeoxygenation properties that
have been applied in the hydrotreating of vegetable oils derived compounds [23,30-33]. On the other
hand, different works have reported the benefits of incorporating Zr species into metal-containing
SBA-15 in order to get a bifunctional catalyst with hydrogenating and acidic properties. Thus,
Zr-containing SBA-15 has been employed as an effective support for Co to prepare Fisher-Tropsch
catalysts [34,35]. In the same way, hydrodesulfurization catalysts, showing enhanced activity, have
been prepared by supporting Mo, CoMo and NiMo phases on Zr-SBA-15 [36-38]. According to these
works, the presence of Zr on the SBA-15 material provides a tunable acidity and increases the dispersion
and reduction degree of the metal phases, which in turn provokes an improvement of the catalytic
properties. However, in spite of the high potential of this system, Zr-containing SBA-15 has not been
almost investigated in hydrodeoxygenation reactions.

Therefore, the current paper explores the interest of using Zr-SBA-15 as a support for the conversion
of vegetable-oil-derived compounds, favoring the HDO pathway over the HDC route. Thus, Zr-SBA-15
samples were prepared with different Si/Zr ratios, loaded with Ni and Co species and investigated as
catalysts in the hydrotreating of methyl esters.

2. Results and Discussion

Characterization and catalytic results are presented and discussed in this section. Catalysts are
named M/Zr-SBA-15(x), where M corresponds to Ni or Co and x to the Si/Zr molar ratio. Details
about the synthesis of catalysts, characterization techniques and reaction conditions are explained in
Section 3: Materials and Methods.

2.1. Catalyst Characterization Results

Structural and surface characterizations of the M/Zr-SBA-15(x) catalysts were performed using
different techniques so as to determine their main physicochemical properties. Table 1 summarizes
the results of the elemental analyses carried out by inductively coupled plasma optical emission
spectrometry (ICP-OES) for the Zr-SBA-15 supports, showing that the Si/Zr ratios are fully consistent
with the nominal content. Similarly, metal loadings are also very close to the target of 5 wt.%,
particularly for Ni-based catalysts, while slight variations were observed for Co-based materials with
values from 5.3 to 4.5 wt.%.

The mesostructures of these materials were investigated by low-angle X-ray diffraction (XRD); the
results are shown in Figure 1a. In the case of the parent Zr-SBA-15, three reflections could be observed
in all cases. They are associated with the planes (100), (110) and (200) of the 2D hexagonal porous
network with pémm symmetry. These features appear slightly better resolved for the sample with
Si/Zr = 88. This is consistent with previous studies that observed some lowering of the mesoscopic
order with increasing Zr content [39], although in the present case just minor differences are appreciated.
Besides, a shift to lower angle of the (100) reflection with decreasing the Si/Zr ratio was observed. This
implies larger unit cells and thinner walls for the mesostructured materials with higher Zr contents.
This could be related to the increasing contribution of larger Zr-O bonds with respect to Si-O bonds, in
analogy with it has been proposed for explaining a similar behavior in Al-SBA-15 [40]. Incorporation
of either Co or Ni does not modify the mesostructured, since the low angle reflections remain sharply
defined. Nevertheless, a slight displacement to lower angle of the main peak with regard to that of the
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support can be appreciated for the catalyst based on Zr-SBA-15 (88), and especially for that containing

Ni. This fact suggests a further widening of the walls of the mesophase upon metal deposition.

Table 1. Physicochemical parameters of the synthesized catalysts expressed per gram of support (gsup)-

Metal Acidity 5
Sample Loading!  Si/Zr! S? T ® Dp? ‘;T ) (meci’ T';‘ax
(Wt.%) (m”/Bsup) (nm)  (cm”/goup) NH3/goup) €O
Zr-SBA-15(17) - 17 701 12.4 1.60 0.244 250
Ni/Zr-SBA-15(17) 5.1 - 577 12.2 1.33 0.171 263
Co/Zr-SBA-15(17) 5.0 - 592 12.3 1.36 0.150 250
Zr-SBA-15(38) - 38 667 11.7 1.58 0.160 262
Ni/Zr-SBA-15(38) 48 - 530 11.7 1.17 0.099 247
Co/Zr-SBA-15(38) 45 - 519 11.7 1.15 0.096 275
Zr-SBA-15(88) - 88 657 10.2 1.27 0.119 265
Ni/Zr-SBA-15(88) 49 - 510 10.1 0.98 0.049 250
Co/Zr-SBA-15(88) 53 - 517 10.1 0.96 0.055 250

1 ICP-OES measurements; 2 surface area determined by Brunauer-Emmett-Teller (BET) method; 3 pore size
calculated by Barrett-Joyner-Halenda (BJH) method; 4 total volume at P/Py ~ 0.98; ® determined from ammonia
temperature-programmed desorption (NH3-TPD) measurements; ® maximum of the NH3-TPD curve. Samples in

oxide form.

For the Zr-SBA-15(x) supports a broad diffraction peak at around 22° due to the amorphous silica
walls is the only feature of the wide angle XRD pattern, since no indication of the presence of ZrO, was
detected. Similar results have been previously reported and they point to an easy and homogeneous
dispersion of Zr species in the SBA-15 matrix [39]. Wide-angle XRD patterns of metal loaded catalysts
after calcination are displayed in Figure 1b, showing the reflections of NiO (Joint Committee on
Powder Diffraction Standards—]JCPDS: 47-1049) and Co304 (JCPDS: 01-078-1970) phases, respectively.
No significant differences in the intensities of these peaks are apparent for samples with different

Si/Zr ratios.

(110)  (200)

a)
ColzZr-SBA-15 (17)

Ni/Zr-SBA-15 (17)

ColZr-SBA-15 (38)

Ni/Zr-SBA-15 (38)

Intensity (a.u.)

Zr-SBA-15 (38)

ColZr-SBA-15 (88)

Ni/Zr-SBA-15 (88)

Zr-SBA-15 (88)

T

N -

Figure 1. (a) Small-angle and (b) wide-angle XRD patterns of mesoporous M/Zr-SBA-15(x), including

3
26(")

4

Intensity (a.u.)

Ni/Zr-SBA-15 (38)

Ni/Zr-SBA-15 (88)

ColzZr-SBA-15 (17)

ColzZr-SBA-15 (38)

NiO

ColzZr-SBA-15 (88)

26()

their corresponding bare Zr-SBA-15(x), NiO and Co30y as references.

10 20 30 40 50 60 70



Catalysts 2020, 10, 186 5o0f 14

N adsorption isotherms for all the samples are shown in Figure 2. In all cases, they correspond to
type IV with an H1 hysteresis loop. This profile is characteristic of ordered mesoporous materials with
narrow pore size distribution, as expected for Zr-SBA-15 based materials [39-42]. As it is indicated
by the main textural parameter gathered in Table 1, the Zr-SBA-15 samples with lower Si/Zr ratios
present somewhat higher surface areas, pore diameters and pore volumes, which agrees well with
the shift to lower angle of the (100) reflection observed by XRD. The mean pore size enlargement
with the Zr amount could be also explained by an increase in the volume of the micelles (swelling
effect) due to the dissolution of the zirconium precursor inside them during the synthesis step. Similar
phenomena were previously reported when aluminum isopropoxide and titanocene dichloride were
used as metal precursors [43,44]. Incorporation of Ni and Co results in a clear decrease of adsorption
capacity, which is very similar for both metals in all the supports. Accordingly, surface area is reduced
between 15% and 22% upon metal addition, while pore volume drops by around 30% in comparison
with the Zr-SBA-15 support. In contrast, pore diameter is basically not modified by the presence of
metals. These results suggest that a significant number of metallic particles are located within the
mesoporous channels.
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Figure 2. Nj-physisorption isotherms of mesoporous (a) M/Zr-SBA-15(17), (b) M/Zr-SBA-15(38) and
(c) M/Zr-SBA-15(88).
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In order to get further insights about the distribution of the nanoparticles, transmission electron
microscopy (TEM) was performed. Images of the different M/Zr-SBA-15(x) catalysts are shown in
Figure 3. They reveal the presence of abundant particles of Co or Ni phases distributed over the
mesoporous support, which present a well-ordered channel network. Some cubic crystallites of NiO are
especially visible for the Ni/Zr-SBA-15(38) sample but, in most of the cases, more rounded agglomerates
are present. Overall, observed particles are rather large for the two metals, with many of them
exceeding a diameter of 30 nm, and accordingly, they are mainly located outside the channels, in the
external surface. However, darker areas with more elongated shapes, which are particularly visible for
Co/Zr-SBA-15(38), denote the occurrence of metal inclusions inside the mesopores, clustering in certain
areas. This uneven distribution of the metallic phases is consistent with the textural characteristics
inferred from the N, adsorption isotherms, which indicate a limited modification of the mesoporous
network upon Ni and Co deposition. Analyzing the particle size distributions revealed a special
interaction between Co and Zr species since higher amounts of Zr (lower Si/Zr ratios) lead to smaller
particles sizes, reaching a relative abundance above 20% of nanoparticles with diameter below 10 nm
for Co/Zr-SBA-15(17). However, no such positive effect has been found between Ni distribution and
Zr amount. It is important to clarify that particles smaller than 10 nm were difficult to measure due
to the low contrast between support and nanoparticles as well as the limitations of the microscope.
These restrictions can diminish its contribution over the total amount, although no large differences
are expected.
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Figure 3. TEM micrographs and particle size distributions of the studied catalysts.

Acidity of the supports and catalysts was determined from NH3-TPD measurements (see Table 1).
Zr incorporation in the mesostructured silica generates acidic sites, mainly of Lewis type [45].
In accordance with previous studies [41,46], the acidity of the Zr-SBA-15 samples increases with the
concentration of Zr from 0.119 meq-g~! for the material with the Si/Zr ratio of 88 to 0.244 meq-g~! for
that with Si/Zr ratio of 17. Similarly, the temperature of the maximum of desorption shifts to slightly
higher values with reducing the Zr content. The addition of both Co and Ni remarkably reduce the
number of acidic sites with a not obvious difference between the effect of each metal. Specifically, for the
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samples with lower Zr content, the acidity drops to less than 47% after the active phase incorporation.
This observation suggests that acidic centers favor the nucleation of metal phases.

In conclusion, metallic phases are located mainly on the external surface area although smaller
particle sizes are observed inside of the pores. The increase of acidity leads to a reduction of the particle
size of Co species, denoting an interaction between Co and Zr sites.

2.2. Catalytic Results

Physicochemical and structural properties analyses confirmed that the synthesized materials
possess suitable characteristics to study the influence of acidity and metal-support interactions in
the hydrotreating of methyl esters with the objective of producing hydrocarbons in the diesel range.
The catalytic performances of these materials over 6 h of reaction in a continuous flow reactor at 300 °C
and 30 bar of hydrogen pressure are presented and discussed below.

Conversion of the substrate over Ni/Zr-SBA-15(x) and Co/Zr-SBA-15(x) is depicted in Figure 4a,b,
respectively. For all the tested catalysts, values greater than 70% were achieved, denoting that they are
highly active in the studied reaction. The Si/Zr molar ratio plays an important role in the activity of the
materials, the lower Si/Zr the higher acidity and the higher ester transformation, independently of
the metallic phase. This behavior is due to the presence of the acidic sites which help to lower the
electron density on the metal surfaces. This fact favors that the molecules are less strongly adsorbed
(increase of the desorption rate), favoring the hydrodeoxygenation process [47]. These experimental
results are consistent with those found in literature, which associated the increase on the hydrogenation
rate of the C=C and C=0 bonds to the presence of acid centers with medium-low strength in the
catalyst [29,47,48]. Comparing both metallic phases, cobalt based catalysts are more active and stable
along the time on stream, reaching conversions above 90% in all cases. Ni/Zr-SBA-15(88) presents the
lowest activity among the mesostructured bifunctional catalysts. This can be attributed to its lower
acidity (0.049 meq NHj3/gsup) and specific surface area (510 mz/gsup) and larger nickel nanoparticles, in
addition to the intrinsically lower activity of Ni compared to Co, as has been previously reported by
our group [29]. In all cases, the conversion tends to fall along the time on stream, probably due to the
presence of oxygenated intermediates (stearic acid, octadecanol) that remain adsorbed on the surface
of the active species favoring their deactivation [49,50].

100 4 100 4
) e ———% & 2
80 4 80 -
= 60 4 A 60 -
5 &
& &
>|2U 40 - o 40 1
20 A NilZr-SBA-15 (17) 20 A ColZr-SBA-15(17)
m Ni/Zr-SBA-15 (38) 1 ® ColZr-SBA-15 (38)
#* NilZr-SBA-15 (88) % ColZr-SBA-15 (88)
0 T T T T T T 0 T T T T T T
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Time on stream (min) Time on stream (min)

Figure 4. Conversion of methyl esters as a function of time on stream: (a) Ni/Zr-SBA-15(x) and
(b) Co/Zr-SBA-15(x).

Figure 5 shows the overall hydrocarbon yield in the range C;1-Cp, which includes both linear
and non-linear paraffins, the contribution of the latter being lower than 10% in all the catalytic tests.
This parameter can greatly differ from the conversion because of lighter hydrocarbons’ formation
via hydrocracking or the presence of oxygenated reaction intermediates (especially at longer reaction
times) which are not considered in this fraction. This is the case for Ni/Zr-SBA-15(x) samples, in which
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the incorporation of the metallic phase to Zr-SBA-15 does not result in a stable and highly selective
catalyst under the studied reaction conditions. Similar behavior presents the Co/Zr-SBA-15(88) material.
Although it contains some acidity (0.055 meq NH3/gsyp) that favors the conversion of methyl esters,
both the amount and the strength of its acid sites are not high enough to complete their transformation
into n-paraffins. The highest yields (>95%) and conversions (ca. 100%) along the time on stream are
reached using Co/Zr-SBA-15(17), suggesting that the presence of a higher amount of zirconium, higher
surface area, lower particle sizes and the existence of adequate metal-support interactions are needed
to achieve an active, stable and selective catalytic system.

100 - 100 4
a) b) o4~ 4 *
Q 3 -
= 80+ 2 80+ = u m
3 3
"2 60- 2 aq KX
5 60 560 —
L 40- L 404
k-] -]
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% NilZr-SBA-15 (88) ¥ ColZr-SBA-15 (88)
0 T T T T T T 0 T T T T T T
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Time on stream (min) Time on stream (min)

Figure 5. Yield to hydrocarbons in the range C;1-Cy (a) Ni/Zr-SBA-15(x) and (b) Co/Zr-SBA-15(x).

As has been mentioned in the introduction, hydrotreating of methyl esters can follow two paths:
(i) HDO, which results in linear hydrocarbons with even numbers (mostly n-Cig as the feedstock
composition contains ~#80% of methyl esters with Cyg) and H,O; (ii) HDC, which involves the
production of linear hydrocarbons with odd numbers (mainly n-C;7), CHs and CO/CO,. Conversion
and yield provide an accurate overview about the catalytic behavior of the samples but do not give
any evidence about the reaction route. However, relevant information can be extracted from the
n-paraffin selectivity in the range C1;—Cyg (Figure 6). It can be observed that the product distribution by
carbon atoms is mainly centered between Cy4 and Cyy which agrees well with the chain-length of the
starting ester mixture. This fact indicates that the main transformation routes are hydrodeoxygenation
and decarboxylation/decarbonylation, with little contribution of hydrocracking reactions. Ni based
catalysts produce mainly n-C;y paraffins where the selectivity decreases with increasing amount of
Zr. In contrast, when Co-containing catalysts were used, n-Cyy formation declines and an enhanced
selectivity towards n-C;g was observed, particularly for the sample with higher Zr content.

80 80
[ Ni/Zr-SBA-15(17) a) [ Co/Zr-SBA-15 (17) b)
704 [ Ni/Zr-SBA-15 (38) 701 [ Co/Zr-SBA-15 (38)
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= 60+ ~ 60
2 2
£ 50- £ 50+
> 2
£ 401 24
& 304 2 304
2 3
% 20 20
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n-Hydrocarbon product n-Hydrocarbon product

Figure 6. Selectivity to n-paraffins for the catalyst (a) Ni/Zr-SBA-15(x) and (b) Co/Zr-SBA-15(x) after 6
h on stream.
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Figure 7 shows the variation of n-Cyg/(n-Cq5 + n-Cyy) ratio along the time on stream, which is
a parameter directly linked to the relative extension of the HDO route in comparison with HDC.
Values above 0.5 imply that the process takes place to a greater degree via HDO than via HDC. When
both metallic systems with the same support are compared, Co leads to higher n-C;5/(n-Cy3 + n-Cyy)
values, regardless of the Si/Zr molar ratio. In contrast, Ni impregnated materials present lower values,
denoting that this metal favors the decarboxylation/decarbonylation pathway in agreement with
previous literature [51,52]. This route is associated with the formation of COx, which can be further
transformed into CH, by means of methanation reactions (CO + 3H; < CH, + H,O and CO, + 4H,
< CHy4 + 2H,0) [23,53]. This secondary transformation involves additional hydrogen consumption,
which makes this pathway less attractive. On the other hand, the presence of acidity plays an important
role not only in the conversion of the methyl esters but also in the way in which is taking place this
transformation. The incorporation of acidic species, such as zirconium, into the siliceous support
promotes the formation of n-Cyg. Thus, as shown in Figure 7, the lower Si/Zr molar ratio the higher
n-Cig/(n-C1g + n-Cy7) achieved. These results reveal the importance of an adequate combination
between acidity (amount of acid sites and strength) and metal type in order to promote mostly HDO
reactions. Accordingly, it can be concluded that Co/Zr-SBA-15(17) exhibits suitable physicochemical
properties to increase the hydrogenation rate of the C=0O bond and achieve a n-Cy3/(n-C1g + n-Cyy)
ratio above 0.5 while keeping the esters conversion close to 100% along the time on stream.
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Figure 7. Influence of the metallic element and Si/Zr ratio on n-C;g/(n-C17+n-C;g) progression along
the reaction time: (a) Ni/Zr-SBA-15(x) and (b) Co/Zr-SBA-15(x).

3. Materials and Methods

3.1. Materials

Hydrochloric acid (HCI, 35%, Scharlau, Barcelona, Spain), tetraethyl orthosilicate (TEOS, 98%,
Sigma-Aldrich, St. Louis, MO, USA), Pluronic P123 (My~5800, Sigma-Aldrich, St. Louis, MO, USA)
and zirconocene dichloride (98%, Sigma-Aldrich, St. Louis, MO, USA) were used for the synthesis of
Zr-SBA-15. Cobalt(Il) nitrate hexahydrate (98%, Sigma-Aldrich, St. Louis, MO, USA) and nickel(II)
nitrate hexahydrate (98%, Sigma-Aldrich, St. Louis, MO, USA) were employed as metal precursors.
For catalytic tests, n-heptane (99%, HPLC grade, Scharlau, Barcelona, Spain) without further purification
was used as a solvent, whilst molecular hydrogen (99.999%, Praxair, Madrid, Spain) and methyl oleate
(70%, Sigma-Aldrich, St. Louis, MO, USA, detailed composition has been published in a previous
work [54]) were reactants. For the quantification of methyl esters, methyl heptadecanoate (>99%,
Sigma-Aldrich, St. Louis, MO, USA) was used as internal standard and a mixture of fatty acid
methyl esters (F.A.M.E. mix Cg-Cp, Supelco, St. Louis, MO, USA) and an alkane standard solution
(Cs-Cyp,analytical standard, Supelco, St. Louis, MO, USA ) were used as reference materials.
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3.2. Catalyst Preparations

Direct synthesis of Zr-SBA-15 samples, with varying Si/Zr ratios, was performed following a
method previously described by Iglesias et al. [43]. In a typical synthesis, 4 g of Pluronic 123 was
dissolved in 125 mL of a HC1 0.67 M solution at room temperature under gentle agitation until complete
dissolution of the surfactant. Thereafter, the proper amount of zirconocene dichloride (precursor of
zirconium) was added to obtain the desired Si/Zr molar ratio. The resulting suspension was stirred
for 3 h at 40 °C. Then, 8.63 g of TEOS were added and kept under agitation for 20 h at the same
temperature. Subsequently, the mixture was hydrothermally aged at 130 °C for 24 h. The solid product
was recovered by filtration and dried at room temperature overnight. Finally, the surfactant was
removed by calcination at 550 °C for 5 h with a heating ramp of 1.8 °C/min.

Aqueous solutions of Ni(NOj3),-6H,O and Co(NO3),-6H,0O, with the proper concentration to
obtain 5 wt.% loading of Ni or Co in the final material, were prepared and added to the supports by
incipient wetness impregnation. The resultant solids were dried overnight and calcined at 550 °C for
5 h. The catalysts are named M/Zr-SBA-15(x), where M corresponds to Ni or Co in their corresponding
oxide form and x to the Si/Zr molar ratio.

3.3. Catalyst Characterization Techniques

Synthesized catalysts were characterized by different analytic techniques in order to determine
their physicochemical and structural properties and to correlate them with the catalytic results. Metal
content was measured by inductively coupled plasma optical emission spectrometry (ICP-OES) on an
Optima 7300 AD system (Perkin Elmer, Waltham, MA, USA). Powder X-ray diffraction (XRD) was
performed on a X'Pert PRO diffractometer (Philips, Amsterdam, Netherlands) with Cu-Ka radiation
(A = 1.542 A). To evaluate the textural properties, N, adsorption-desorption isotherms were measured
on a QUADRASORB (Quantachrome, Boynton Beach, FL, USA) unit at —196 °C. Total pore volume was
determined from the N, volume adsorbed at P/Py = 0.98. Barrett-Joyner-Halenda (BJH) method was
applied to the adsorption branch to calculate the pore size distribution and Brunauer-Emmett-Teller
(BET) equation was used to calculate the specific surface area. Temperature programmed desorption
tests of ammonia (NHs. TPD), using a 15% NH3/He flow, were performed on an AUTOCHEM 2910
(Micromeritics, Norcross, GA, USA) setup equipped with a thermal conductivity detector in order
to evaluate the acidic properties of the catalysts using the previously reported protocol [29]. Finally,
transmission electron microscopy (TEM) images were obtained with a TECNAI 20T instrument (Philips,
Amsterdam, Netherlands), operating at 200 kV.

3.4. Catalytic Tests

A mixture of esters diluted with n-heptane (10 v/v%) was used as feedstock for the hydrotreating
reactions. Experiments were carried out under continuous flow (0.1 mL/min) in a fixed-bed tubular
reactor with the catalytic bed placed inside upon a porous plate (MICROACTIVITY-REFERENCE, PID
Eng and Tech, Madrid, Spain). The reactor was loaded with the pelletized catalyst (200 mg) diluted by
silicon carbide (250400 pm) in order to minimize hot spot effects and to improve the reaction-heat
transfer. Catalysts were in situ reduced with a flow of pure hydrogen. Catalytic tests were conducted
at 300° C, with 30 bar of hydrogen and 20.4 h~! (weight hourly space velocity—WHSV) for 6 h. Liquid
samples were cooled in a liquid/gas separator and collected every hour. Quantification of esters and
hydrocarbons was carried out in a gas chromatograph (Agilent 7890, Agilent, Santa Clara, CA, USA)
equipped with two columns (HP-5 and HP-Innowax) and two flame ionization detectors (FIDs).
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4. Conclusions

Ni and Co metals have been incorporated into a series of mesoporous Zr-SBA-15 samples with
different Si/Zr molar ratios and studied as catalysts in the production of green diesel by hydrotreating
of methyl esters. Increasing zirconium content in the support led to a slight decrease of the mesoscopic
order, larger unit cells and a higher number of acid sites. A limited blocking of the mesoporous
network was observed upon Ni and Co incorporation. Besides, smaller particles of Co were formed
when increasing the Zr amount, denoting the existence of a special interaction between Co and Zr.

Catalytic tests evidenced that lower Si/Zr ratios resulted in enhanced methyl esters conversions
(>90%), although an adequate metal-support combination was required to attain high hydrocarbon
yields in the Cq1-Cpp range via hydrodeoxygenation pathway. Analyzing the active phase, Ni based
materials showed to be intrinsically less active than the Co-containing catalysts, presenting methyl
esters conversions above 70% and 90%, respectively. In all the experiments, C17 and C;g hydrocarbons
were identified as the major products, showing a small extension of hydrocracking reactions due to the
mild acidity of the catalysts.

The favored catalytic route was also studied in this work. In this regard, Co/Zr-SBA-15(x)
catalysts led to the formation of n-C;g at higher extension than the corresponding Ni-based counterpart.
In particular, the Co/Zr-SBA-15(17) sample exhibited a remarkable and rather stable catalytic activity
along time on stream and high yield of long-chain hydrocarbons (>90%) while promoting the HDO
pathway versus the HDC route (n-C;g/(n-Cyg + n-Cy7) > 0.5). This enhanced activity when increasing
Zr content in the walls of SBA-15 suggests the existence of a synergistic effect between Co and Zr,
resulting in an interesting catalytic system for hydrotreating reactions.
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