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Abstract: The production of hydrocarbon-based biofuels has been the target of intense research
worldwide. In this context, the core goal of the present work was to investigate the use of mesopore-
rich activated carbons (ACs) as support for sulfided Mo-based catalysts intended for the
hydroprocessing of lipidic feedstocks. Key issues of the work were that: unlike traditional inorganic
supports, ACs are highly resistant to hydrolysis, which is a very important aspect in the
hydroprocessing of lipidic feedstocks because water is abundantly produced during the process; the
porosity of ACs can be tailored to give rise to a high mesopore content, which are important for
improving the access of bulky triglyceride molecules to metallic active sites located inside the pores
network. A systematic study on the effects of the preparation conditions on the properties and
performance of the obtained catalysts was carried out. The highest hydrodeoxygenation (HDO)
activity was verified for the catalyst prepared through sequential deposition of Mo and Ni by wet
impregnation. The prepared catalyst presented better performance for coconut oil HDO than an
industrial sulfided NiMo/ALQOs catalyst. Furthermore, the prepared catalysts presented good
stability, provided the sulfidation degree was kept high. The obtained results evidenced that ACs
have great potential to replace inorganic supports in sulfided Mo-based catalysts.

Keywords: HEFA; hydroprocessing; hydrodeoxygenation; Mo-based catalysts; activated carbon;
catalyst support

1. Introduction

The production and use of biofuels have two main goals: (i) to provide alternative resources to
attend to the growing demand for fuels, especially in the transport sector; (ii) to make available fuels
that are less harmful to the environment. Currently, bioethanol and biodiesel (fatty acid esters) are
by far the most worldwide employed biofuels. Despite its lower energy density compared to gasoline,
bioethanol has satisfactorily met the needs of internal combustion engines. In turn, biodiesel has been
largely employed in diesel cycle engines. Nevertheless, biodiesel have features that impair some fuel
properties. In addition to reducing energy density, ester groups increase hydrophilicity and

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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intermolecular forces. High hydrophilicity is undesirable because water promotes biological growth
in storage tanks, leading to the formation of sludge and slime, which can block filters and lines [1].
Furthermore, the hydrolysis of esters results in free fatty acids that increase fuel corrosivity. In turn,
increased intermolecular forces increase viscosity and impart fuel cold flow properties. In this
respect, the presence of unsaturations reduces viscosity and improves fuel cold flow properties [2].
However, unsaturations (especially conjugated polyunsaturations) markedly reduce oxidative
stability, which can cause acidity and formation of insoluble gums and sediments [3].

In the scenario depicted above, the production of hydrocarbon biofuels has received increasing
attention because they can exhibit properties and performance close to those of petrofuels, can be
used without engine modification, can utilize current supply infrastructure (tanks, pumps, pipelines,
etc.) and can be blended with conventional fuel in any ratio, therefore attending the “drop-in”
concept. These issues are especially relevant in aviation due to the inherent risks involved in this
sector [4]. Therefore, the obtention of hydrocarbon biofuels has been intensely investigated, as
reported by numerous reviews covering several existing routes [4-11].

Nowadays, HEFA (hydroprocessing of esters and fatty acids) is the most mature and
commercially viable technology available to produce hydrocarbon biofuels. The main reason is that
HEFA can be easily integrated into oil refineries, reducing capital costs. The route has been widely
employed to produce biofuels for jet turbines (so-called HEFA-SPK (synthetic paraffinic kerosene) or
SAF (sustainable aviation fuel)) and diesel engines (so-called renewable diesel, green diesel or HVO
(hydrotreated vegetable oil)) from lipidic feedstocks (vegetable, animal and algal oils and fats) [4-
29].

The key-step in HEFA is the deoxygenation of the fatty chains resulting from the cleavage of
acylglycerides that constituting the lipidic feedstocks. It is achieved by a process akin to the
hydroprocessing of petroleum and its derivatives: thermal treatment at medium temperature (~300-
400 °C) under high H2 pressure (most usually in the range of 20-100 bar) in the presence of
heterogeneous catalysts. It is well known that deoxygenation of fatty acids can take place via three
different pathways: decarboxylation, (hydro)decarbonylation, and hydrogenation/dehydration
(Equations 1, 2 and 3 in Figure 1, respectively) [4,12-29].

0 CO,
R)KOH —4 RH (Equation 1)

Cco

+

0 H, H,0
R*OH \_~ RH (Equation 2)

O 3H2 ZHzo

R)KOH &Z. RCH;3 (Equation 3)

Figure 1. Main reactions taking place in the hydroprocessing of fatty acids (R represents a saturated or

unsaturated hydrocarbon chain).

The thermal treatment of biomass derivatives in the presence of H2 aiming to remove oxygen is
usually called HDO (hydrodeoxygenation). However, it should be noted that some authors have used
the term HDO to refer to the specific deoxygenation pathway represented by Equation 3 in Figure 1
(see, for example examples, references [12,26-28]). In this work, in order to avoid misunderstanding,
the term HDO is used to refer exclusively to the hydroprocessing stage as a whole, while the specific
pathway corresponding to Equation 3 in Figure 1 is referred as hydrogenation/dehydration.

HDO (not only of lipidic feedstocks, but also of lignocellulose derived bio-oils [4,29-32] or other
O-rich mixtures [4]) is most usually performed in the presence of the same catalysts employed in the
hydroprocessing of petroleum and derivatives: sulfides of group 6 transition metals (Mo or W),
promoted by transition metals with higher number of electrons d (Ni or Co), deposited over oxide
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supports [12-28,33—40]. These catalysts consist mainly of monolayer slabs or clusters of slabs of MoS:
or W52 dispersed on the support surface. Sulfur anion vacancies (so-called unsaturated sites) located
at the edges of the slabs are believed to act as Lewis acid sites in the promotion of deoxygenation
reactions. Ding et al. [17], Bara et al. [41], and Tpsee et al. [42,43] published relevant works on the
structure of such catalysts.

v-ALO:s (alumina) is the most employed support in petroleum hydroprocessing catalysts mainly
because it is reasonably inexpensive and is stable in this kind of application. However, y-ALQO:s is
unstable in the HDO of O-rich feedstocks such as biomass derivatives because it can be hydrolised to
boehmite by the water abundantly formed in the process [44]. In addition, the high acidity of -
AlOs favors coke deposition, with consequent catalyst loss of activity and even deactivation
[26,27,45-52]. Therefore, there is great interest in the employment of new supports in catalysts aimed
at HDO.

In this context, activated carbons (ACs) can be pointed out as an interesting support option,
mainly because they are highly resistant to chemical attack in both acidic and basic media (which
includes hydrolysis). Furthermore, ACs: have lower acidity than Al2Os, which contributes to reduce
hydrocracking and coking [26,27,46-50]; present higher surfaces areas than Al:Os; have pore size
distribution and surface chemistry that can be tailored according to the application they are intended
for [50,53-55]; are thermally stable; can be obtained from cheap and abundant precursors (i.g.
biomass residues and coals).

Despite the potential benefits, scarce works are currently available on the use of AC-supported
sulfided Mo-based catalysts in the hydroprocessing of lipidic feedstocks. There are some works
reporting the use of this kind of catalyst in the hydroprocessing of petroleum and derivatives [56—
61]. Remarkably, Van Veen et al [56] and Topsee et al. [57] compared different supports and
concluded that ACs generate weaker interactions with the metal sulfides, resulting in a more active
phase for HDS (hydrodesulfurization). There are also some works about the use of such catalysts in
the HDO of bio-oils derived from lignocellulosic feedstocks or related model compounds [50,62,63].
Nevertheless, to the best of our knowledge, there are currently only two articles reporting the use of
AC-supported sulfided Mo-based catalysts in the hydroprocessing of lipidic feedstocks or related
model molecules: the papers of Tapia et al. [64] and Couman and Hensen [49]. The former reported
a good activity of an AC-supported sulfided NiMo catalyst in the HDO of Jatropha oil. In turn,
Couman and Hensen compared the performance of sulfided NiMo catalyst deposited on different
supports (AC, mesoporous alumina, and amorphous silica-alumina) in the HDO of methyl oleate.
The authors reported that the AC-supported catalyst presented the highest active phase dispersion
due to the weak interaction between the support and the metals sulfides, so that it was twice as active
for HDO as those having oxides as support and remained active over a more prolonged reaction time.
In addition, it is worth mentioning that Ferreira et al. [65] prepared a sulfided NiMo catalyst
supported on carbon nanotube (CNT), which presented similar activity in palmitic acid HDO as a
commercial sulfided NiMo/Al2Os catalyst.

Within this above-described scenario, the goal of the present work was to investigate the
preparation of AC-supported sulfided Mo-based catalysts aimed at the hydroprocessing of lipidic
feedstocks. The support was produced from chemical activation of coconut shell (an abundant and
inexpensive agrowaste) with HsPOa. This activation protocol was chosen because it has proven to
permit the synthesis of ACs with high mesopore content [66], which is important to reduce
diffusional restrictions and improve the access of bulky substrates (as it is the case of triglyceride
molecules that constitute lipidic feedstocks) to the metallic active sites located inside the pores
network.

The effects of preparation conditions on the properties and HDO activity of the resulting
catalysts were systematically investigated. More specifically, we investigated the effects of:
incorporating Ni as a promoter; the impregnation methodology (incipient wetness impregnation vs
wet impregnation; co-impregnation vs sequential impregnation of Mo and Ni); and calcination
temperature (400 or 500 °C).
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Coconut oil was the employed feedstock, which is constituted mainly by medium-length fatty
chains (primarily Ci2 chains) [26]. However, since the split of lipids renders a complex mixture of
fatty chains, the preliminary tests aiming to establish the conditions that would render the catalyst
with the highest HDO activity were carried out using dodecanoic acid (so-called lauric acid) as a
model compound.

2. Results and Discussion

2.1. AC Characterization

Figure 2 shows the N2 adsorption-desorption isotherm of the bare AC P54 and some selected
oxo-catalysts. The isotherm of P54 can be considered a hybrid of type I (b) and type IV according to
the IUPAC classification [67], which are typical of microporous and mesoporous adsorbents,
respectively. The amount of adsorbed N2 was high even for much low equilibrium pressures, which
reveals a pronounced presence of narrow micropores. Furthermore, the adsorption continued
increasing up to near the saturation pressure, which indicates the existence of larger pores (wide
micropores and mesopores). The occurrence of a prominent hysteresis loop confirms the presence of
mesopores. These findings are confirmed by the textural characterization data (Table 1). The volumes
of micro and mesopores of P54 were 0.72 and 0.55 cm? g1, respectively, which resulted in a high SSA
(specific surface area) of 1643 m? g1
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Figure 2. N2 adsorption-desorption isotherms of P54 and some selected oxo-
catalysts. (Closed and open symbols correspond to the adsorption and

desorption branches, respectively)

Table 1. Textural characterization of P54 oxo-catalysts.

Sample Sser (m? g) Vmic (cm? g1) Vimes (cm? g1) Voss (cm? g)
P54 1643 0.72 0.55 1.17
oxo-Mo/P54-i,4 516 0.22 0.11 0.33
oxo-Mo/P54-i,5 562 0.23 0.14 0.37
oxo-NiMo/P54-i,4 862 0.34 0.24 0.58

oxo-NiMo/P54-1,5 830 0.32 0.23 0.55

d0i:10.20944/preprints202502.2254.v1
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oxo0-NiMo/P54-w,4 812 0.32 0.22 0.54
oxo-NiMo/P54-w,5 725 0.29 0.19 0.48
0x0-Ni,Mo/P54-i,4 636 0.26 0.15 0.41
0x0-Ni,Mo/P54-i,5 535 0.22 0.13 0.35
ox0-Ni,Mo/P54-w,4 655 0.27 0.15 0.42
oxo-Ni,Mo/P54-w,5 573 0.24 0.12 0.36

The XPS (X-ray photoelectron spectroscopy) analysis of P54 (Figure 3, Table 2) indicates the
presence of carbon, oxygen, silicon, and phosphorus in proportions of 85.9, 11.9, 0.4 and 1.9 wt%,
respectively. Phosphorus was incorporated during the process of activation with HsPOs, while the
other elements remained from the biomass precursor.

P2s P2p

C1s Si2s Si2p

20 200 180 160 140 120 _166— 80
T T T \ T \
1400 1200 1000 &800 a00 400 200 Q

Binding energy (eV)

Intensity (a.u.)

Figure 3. XPS survey spectra of P54.

Table 2. XPS elemental composition of P45 and some selected catalysts.

Content (wt%)

Sample C o) N P S Si Mo Ni

P54 85.9 119 - 1.9 - 0.4 - -
0x0-NiMo/P54-i.4 713 19.9 05 0.4 17 5.6 0.7
ox0-NiMo/P54-w,4 70.2 142 0.8 0.8 0.7 124 1.0
ox0-Ni, Mo/P54-w,4 56.3 183 12 0.9 0.7 21.7 1.0
sulf-Ni,Mo/P54-w,4 29.1 173 0.5 0.5 24.0 27.7 1.0

The high resolution (HR) XPS C 1s core level spectrum of P54 (Figure 4a) was deconvoluted into
four components, which were assigned mainly to: unfunctionalizated carbons (CI peak; 284.8 eV); C—
O (CII; 286.2 €V); C=0 (CIII; 287.4 eV); COO (CIV; 288.8 V) [68]. In turn, the HR-XPS O 1s core level
spectrum was deconvoluted into two peaks (Figure 4b) assigned mainly to: O double bounded to C
(OL; 531.7 eV); O single bounded to C (OII; 533.4 eV) (pertinent discussion about this assignment was
presented elsewhere [55]). The relative contributions of each peak are reported in Table 3.

Table 3. Relative contributions of C 1s and O 1s peaks for P54 (data obtained from the HR-XPS core level spectra
considering each element separately and, between brackets, all identified elements).

Relative contributions (wt%)
CI CII CIII CIv o1 OIL
85.1 (73.1) 9.0 (7.7) 4.0 (3.5) 1.9 (1.6) 44.8 (5.3) 55.19 (6.6)
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Figure 4. HR-XPS (a) C 1s and (b) O 1s core level spectra of P54 with respective deconvoluted peaks.

In accordance with its relatively high O content, P54 gave rise to relatively intense COz and CO
emissions during TPD (temperature-programmed desorption) analysis. The deconvolution of the
CO»-TPD profile (Figure 5a) resulted in five main peaks centered at around 260, 363, 500, 606 and 794
°C (CO2-1-CO2-V peaks), which, according to the literature [69,70], were attributed to stronger
carboxylic acids, weaker carboxylic acids, anhydrides and lactones (the last two), respectively. In
turn, the TPD-CO profile was deconvoluted into five main components, as displayed in Figure 5b,
which were assigned to: anhydrides, which release CO2 and CO simultaneously (CO-I; 500 °C);
phenol/ether (CO-II and CO-III; 650 and 780 °C); ketones/quinones (CO-IV and CO-V; 886 and 930
°C) (see pertinent discussion about the assignment of CO-TPD peaks in reference [55]).
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Figure 5. (a) CO2 and (b) CO-TPD profiles of P54 with respective deconvoluted peaks.

In accordance with the TPD analysis, Boehm titration (Table 4) disclosed relatively high contents
of strong (0.55 mmol g-') and weak (1.21 mmol g') acidic groups, besides a low content of medium
acids (0.07 mmol g?). As it will be depicted in Subsection 3.4, it has been assumed that strong acids
encompass carboxylic acids and anhydrides, while weak and medium strength acids correspond
mainly to phenols and lactones, respectively. At this point, it is valid to mention that no basic groups
were detected. Therefore, it is possible to conclude that the carbonylic groups detected by TPD at
high temperatures (above around 800 °C) are neutral or have too weak basic character to be detected
by the employed titration protocol.
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Table 4. Data corresponding to the ash content, elemental analysis and Boehm titration of P54.
. Titration (mmol g-)
Ash Elemental Analysis — —
Acidity Basicity
Content C a N
(wt%) 1 i

o (WE%)  (Wt%)  (wi%) H/C Strong Medium  Weak Total Total

1.2 84.2 1.4 0.3 0.20 0.55 0.07 1.21 1.83 0.00

1Atomic ratio.

The chemical composition of P54 was also investigated through elemental analysis (EA; Table
2). The results show that P54 has C, H and N contents of 84.2, 1.4 and 0.3 wt%, with a H/C atomic
ratio of 0.20 . The sum of C, H, N, and ash contents amounted to only 85.8 wt%, which, in accordance
with the XPS data, evidences a relatively high O content.

2.2. Catalysts Characterization

The ICP/OES (inductively coupled plasma/optical emission spectrometry) analyses showed that
Mo and Ni were effectively deposited on the surface of P54 (Table 5). The Mo content varied in the
range from 12.9 to 20.46 wt%; in turn, when Ni was employed, its content was found to be in the
range from 0.70 to 1.02 wt%. The Ni/Mo atomic ratio varied in the range from 0.07 to 1.12.

Table 5. Mo and Ni contents determined by ICP/OES for the oxo-catalysts.

Catalyst Mo (wt%) Ni (wt%) 1Ni/Mo
oxo-Mo/P54-i,4 15.1 - -
oxo-Mo/P54-1,5 18.3 - -

oxo-NiMo/P54-i,4 204 0.91 0.07
ox0-NiMo/P54-i,5 17.5 1.02 0.10
oxo-NiMo/P54-w,4 20.5 0.89 0.07
o0x0-NiMo/P54-w,5 15.9 0.91 0.09
o0x0-Ni,Mo/P54-i,4 16.9 0.70 0.07
0x0-Ni,Mo/P54-i,5 15.6 1.00 0.10
ox0-Ni,Mo/P54-w,4 19.5 0.88 0.07
ox0-Ni,Mo/P54-w,5 12.6 0.93 0.12

1 Atomic ratio.

TEM/EDX (transmission electron microscopy/energy-dispersive X-ray) elemental mapping
shows clusters of Mo and Ni with dimensions of a few nanometers uniformly distributed over the
support surface, as illustrated for some selected catalysts in Figure 6.

As expected, the deposition of an elevated amount of metals (mostly Mo) on the surface of P54
caused pronounced reduction of porosity and SSA (Table 1). Besides reducing the pores volume, the
deposited phase can also cause pore filling or blocking.

Figure 7 presents the XPS (X-ray photoelectron spectroscopy) survey spectra of the catalyst oxo-
Ni,Mo/P54-w,4 and its sulfided counterpart sulf-Ni,Mo/P54-w,4. For the oxo catalyst, the main
difference in comparison to the spectrum of the bare P54 support (Figure 3) is the presence of peaks
referent to molybdenum. In the case of the sulfided catalyst, there are also intense peaks referent to
sulfur. Furthermore, all prepared catalysts presented weak peaks due to nitrogen in the range of
~398-402 eV, which overlapped with the Mo3ps2 peak of molybdenum species. This nitrogen was
inserted due to the reaction of the support surface with the NHs released by the decomposition of
(NHa4)éMo7Oz24 during catalysts calcination. Concerning nickel, slight peaks could be clearly identified
only by means of the HR spectra.
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(a) (b) (c)

Figure 6. TEM/EDX elemental mapping of (a) oxo-NiMo/P54-i,4, (b) oxo-NiMo/P54-w,4, and (c) oxo-Ni,Mo/P54-
w,4.
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Figure 7. XPS survey spectra of (a) oxo-Ni,Mo/P54-w,4 and (b) sulf-Ni,Mo/P54-w,4.

The contents of each element identified by XPS are reported for some selected catalysts in Table
2. However, it is valid to highlight that XPS provides an estimation of the chemical composition of
the few uppermost layers of the external surface, so that these results must be considered with much
care.

The HR-XPS Mo 34 core level spectra of the oxo-catalysts displayed two main peaks at around
233 and 236 eV (Figure 8a—c), which roughly correspond to the BE (binding energy) of the Mo 3ds:
and Mo 3ds:2 spin orbit core levels of Mo® [33,41,62,71-74]. On the other hand, no significant peak
was identified for the oxo-catalysts in the region corresponding to the Mo 3ds: core level of Mo*,
around 229 eV [33,41,62,71-75]. Furthermore, the O 1s core level spectra of the oxo-catalysts (Figure
8e—g) presented, besides the OI and OII peaks typical of the AC support (Subsection 2.1), an
additional intense peak assigned to MoOs [71,72] at 531 eV (it is valid to mention here that, for MoOz,
the O 1s peak is usually verified at lower BE, around 530 eV [73]). All these findings evidence that, in
the oxo-catalysts, Mo is overwhelmingly present as MoOs.
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(a) oxo-NiMo/P54-i,4 (e) oxo-NiMo/P54-i,4

Mo(VI) 34,

Mo(VD)3d,,
\

(b) oxo-NiMo/P54-w,4
(c) oxo-Ni,Mo/P54-w,4
(d) sulf-Ni,Mo/P54-w,4 (h) sulf-Ni,Mo/P54-w,4

Mo(IV) 34,

240 238 236 234 232 230 228 538 536 534 532 530 528

Binding energy (eV) Binding Energy (eV)

Figure 8. HR-XPS (a)—(d) Mo 3d and (e)—(h) O 1s core level spectra of some selected catalysts.

The same way as observed for the oxo-catalysts, the HR-XPS Mo 34 core level spectra of the sulf-
catalysts also presented two intense peaks due to Mo 3ds2 and Mo 3ds2 spin orbit core levels; however,
in this case, the peaks were centered at lower BE, 229.5 and 232.5 eV, respectively (Figure 8d), which
are typical of Mo* [33,41,49,62,73-75]. In turn, the S 2p spectra of the sulf-catalysts displayed two
intense peaks at 162.4 and 163.6 eV (Figure 9), which can be assigned to the S 2ps2 and S 2p12 spin
orbit core levels of MoSz, respectively [49,62,73-75]. In addition, there are two shallower peaks at
169.1 and 170.2 eV, which are assigned to oxidized sulfur species such as sulfonyls, sulfonates, sulfites
and sulfates [73,76,77]. Supposedly, the oxygen in these species (5=O) would explain the increased
intensity of the OII peak [76] in Figure 8h.
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Figure 9. HR-XPS S 2p core level spectra of sulf-Ni,Mo/P54-w,4.

The above-presented findings show that the MoOs (which was predominant in oxo-catalysts)
was converted into sulfur-containing species of Mo*, mostly MoS:, during the sulfidation step.
Accordingly, only a slight peak was verified at ~531 eV in the O 1s spectra of the sulf-catalysts (as
illustrated in Figure 8h), and no peak was observed at ~530 eV (BEs are characteristics of O in MoOs
and MoO: species, respectively).

Figure 10 presents the HR-XPS Ni 2p core level spectra of some selected catalysts, which are
quite shallow due to the low metal content. In general terms, two peaks can be identified, at ~856 and
~874 eV, which were assigned to the 2ps2 and 2p12 spin orbit core levelsof Ni?* species, respectively
[47,49].
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Figure 10. HR-XPS Ni 2p core level spectra of (a) oxo-NiMo/P54-w,4, (b) oxo-Ni,Mo/P54-w,4, and (c) sulf-
Ni,Mo/P54-w,4.

The synthesized catalysts were examined by XRD (X-ray diffraction). Figure 11 displays the
diffractogram of the oxo-Mo/P54-i,4 catalyst (prepared by depositing only Mo over P54) and, for the
sake of comparison, the XRD standard pattern of some common Mo oxides: the hexagonal,
orthorhombic and monoclinic forms of MoOs (h-MoOs, a-MoQOs, and [3-MoOs), besides that of
monoclinic MoQOz. The spectrum of oxo-Mo/P54-i,4 presents intense sharp peaks, which is indicative
of well-developed crystalline phases. The diffraction peaks at 20 =10.6, 18.4, 21.3, 26.0, 30.3, and 35.7°
fit relatively well with those indexed to the (100), (110), (200), (210), (300) and (310) crystal phases of
h-MoOs.
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Figure 11. (a) X-ray diffratogram of oxo-Mo/P54-i,4 catalyst and XRD standard patterns of some common Mo
oxides: (b) h-MoOs (JCPDS 21-0569); (¢) a-MoOs (JCPDS 05-0508); (d) 3-MoOs (JCPDS 47-1320); (e) monoclinic
MoO: (JCPDS 78-1070).

Figure 12 displays the XRD profiles of all the prepared Mo-based oxo-catalysts, which presented
all similar profiles. At this point, it is worth highlighting that several authors (e.g. Silva et al. [78] and
Medeiros et al. [79]) have reported that, during the decomposition of (NH4)sM07O24 in the range of
300400 °C, the conversion of h-MoO:s into the corresponding orthorhombic phase (-MoQOs) takes
place. Since this conversion did not significantly occur in the present work even after calcination at
500 °C, we believe that the interaction with the carbon surface stabilized the h-MoO:s phase.
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Figure 12. X-ray diffratogram of all prepared oxo-catalysts.

It is interesting to highlight also that the incorporation of Ni into the catalysts did not induce
perceptible changes in the XRD profiles. This reveals that there was a good Ni dispersion, so that Ni
crystals with dimensions larger than the coherence length of the X-ray beam were not formed.

Figure 13 displays the XRD pattern of the catalyst sulf-Ni,Mo/P54-w,4 and, for the sake of
comparison, the XRD standard pattern of MoSz. The Figure shows that, after sulfidation, the peaks
characteristic of oxidic Mo compounds vanished, giving place to peaks characteristic of MoS..
Nevertheless, these peaks were quite large. Remarkably, the peaks indexed as (100), (101), (102), (103)
and (105) in MoS2 were so large that they ended up overlapping to form a kind of envelope that
extends from ~31° to ~55°, with two salient maxima at 34.0 and 39.0°. Furthermore, the peaks indexed
as (106), (110) and (008) overlapped to give rise to a unique band with a maximum at 59.0°. At this
point, it is valid to mention that this DRX profile is commonly observed in synthesized MoS: (even
in unsupported MoS:) [62,75] and the peaks broadening can be attributed to the presence of chemical
heterogeneities and/or crystallite smallness.
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Figure 13. (a) X-ray diffratogram of the oxo-Mo/P54-i,4 catalyst and (b) XRD standard profile of MoS: (JCPDS
37-1492).

Additional specific issues related to the XRD analyses will be addressed along with the text when
pertinent.

2.3. Searching for the Best Conditions to Prepare the Catalysts

Initially, a thorough study was carried out in the search for the conditions that would result in
the AC-supported Mo-based catalyst with the highest activity for HDO. As already mentioned in the
Introduction Section, this search was carried out using lauric acid as model compound. The acidic
index (AI) of the obtained liquid mixtures was taken as the key parameter to evaluate the catalysts
activity for HDO. It is worth highlighting that the lower the Al, the higher the feedstock conversion
and, therefore, the highest the catalyst activity. In the case of tests with coconut oil, the triglycerides
molecules are firstly converted into the respective fatty acids [35], so that the Al can also be employed
as a parameter to evaluate catalyst HDO activity.

2.3.1. Blank Test

A 3 h blank test with lauric acid was carried out using the bare support P54. The resulting
product presented a high Al of 264.4 (Table 6, Entry 1), which was only a little lower than the value
for lauric acid (280). This result reveals that the support, by itself, has a quite low HDO activity (if

any).

2.3.2. Catalysts Containing Mo as the Only Active Phase

Two catalysts containing Mo as the only metal in the active phase (in other words, without the
addition of Ni) were prepared. Mo was deposited by incipient wetting impregnation (sometimes also
called dry impregnation) and the impregnated material was calcined at 400 or 500 °C. The results of
the 3 h tests for lauric acid HDO show that the catalysts presented relatively high and similar HDO
activity, with the resulting products presenting Als of 8.1 and 7.0 in the cases of the use of Mo/P54-
i,4 and Mo/P54-i,5, respectively (Table 6, Entries 2 and 3) (remember, the Al of lauric acid is 280).

Table 6. Als of the liquid products obtained from the tests for lauric acid HDO.

Reaction
Entry Catalyst Feedostock time (h) Al
1 P54 Lauric acid 3 264.4

sulf-Mo/P54-1,4 Lauric acid 3 8.1
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3 Sulf-Mo/P54-i,5 Lauric acid 3 7.0
4 sulf-NiMo/P54-1,4 Lauric acid 3 8.6
5 sulf-NiMo/P54-1,5 Lauric acid 3 7.2
6 sulf-NiMo/P54-w,4 Lauric acid 3 0.8
7 sulf-NiMo/P54-w,5 Lauric acid 3 1.1
8 sulf-Ni,Mo/P54-i,4 Lauric acid 3 2.0
9 sulf-Ni,Mo/P54-i,5 Lauric acid 3 0.8
9 sulf-Ni,Mo/P54-1,5 Lauric acid 2 13.7
10 sulf-Ni,Mo/P54-w,4 Lauric acid 3 0.5
10’ sulf-Ni,Mo/P54-w,4 Lauric acid 2 1.9
11 sulf-Ni,Mo/P54-w,5 Lauric acid 3 0.8
12 sulf-Ni,Mo/P54-w,4 Coconut oil 3 1.1
12’ sulf-Ni,Mo/P54-w,4 Coconut oil 5 0.0

2.3.3. Effects of Ni Incorporation

In the sequence of the work, the effect of incorporating Ni into the Mo-based catalysts was
evaluated. Different procedures for metals deposition were investigated, as depicted in the sequence.

2.3.3.1. Co-Impregnation of Mo and Ni

Firstly, we tried to deposit Mo and Ni simultaneously, that is to say, from a unique solution (co-
impregnation approach). For that, Ni(NOs)2 and (NH4)sMo07O24 solutions were mixed. However, at
this time, a suspension of NisMorO2 was formed. Since the atomic Ni/Mo ratio in the mixture was
nearly 0.07 (see subsection 3.1), which is much inferior than the ratio in NisMo07O2, thus it is possible
to infer that the mixture was composed by nanoparticles of NisMo7O2x suspended in a solution
containing mostly MorO24¢- ions. This suspension was then used in the co-impregnation tests, which
were carried out through incipient wetting impregnation or wet impregnation, as depicted in the
sequence.

2.3.3.1.1. Incipient Wetting Co-Impregnation of Mo and Ni

The co-impregnation of Mo and Ni was first carried out employing the incipient wetting
methodology. The obtained sulf-NiMo/P54-i,4 and sulf-NiMo/P54-i,5 catalysts were evaluated for
lauric acid HDO. After 3 h, the obtained products presented Als of 8.6 and 7.2, respectively (Table 6,
Entries 4 and 5), which were similar to those verified for the Ni-free catalysts (Table 6, Entries 2 and
3). This finding is in accordance with the idea that Ni was incorporated in the form of NisMo7Oz24
nanoparticles, which would have simply rested on the support surface, while most of the Mo active
phase was dispersed throughout the support surface.

Some findings seem to corroborate this hypothesis. For example, the samples oxo-NiMo/P54-i,4
and oxo-NiMo/P54-i,5 presented the highest SSA and porosity among all the prepared catalysts
(Table 1). This behavior can be attributed to that, due to dimensional constraints, the NisMo7O24
nanoparticles would have deposited only on the external surface and inside larger pores, so that less
metal remained to be deposited inside smaller pores (which are the main responsible by the surface
area). Another interesting finding is that the oxo-catalysts prepared by co-impregnation and calcined
at 500 °C (not only oxo-NiMo/P54-1,5, but also oxo-NiMo/P54-w,5) were the only ones whose DRX
profiles presented salient peaks at around 20 36.9 and 53.5° (labeled with asterisks in Figure 12),
which correspond to the (020) and (220) crystal phases of MoO: (Figure 11e). Supposedly, the Mo¢*
located in the interior of NisMo7O2 nanoparticles found conditions to be reduced to Mo* between
400 and 500 °C during calcination.
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2.3.3.1.2. Wet co-Impregnation of Mo and Ni

In the sequence of the work, the wet co-impregnation of Mo and Ni was carried out. Despite the
much higher volume of the impregnating solution (~10x) employed in this procedure if compared to
that employed in incipient wetness co-impregnation, the formation of a suspension of NisMo07Oz
nanoparticles took place even so.

The resulting catalysts presented SSA and porosity (Table 1) that were intermediate between the
values verified for the samples prepared by incipient wetting co-impregnation (oxo-NiMo/P54-i,4
and oxo-NiMo/P54-i,5) and all the other prepared oxo-catalysts. Furthermore, the DRX profile of the
oxo0-NiMo/P54-w,5 catalyst presented the peaks typical of MoO:z at around 26 36.9 and 53.5° (labeled
with asterisk in Figure 12), but in much lower intensity than in the case oxo-NiMo/P54-i,5. These
findings evidence that there was the deposition of NisMorO2 nanoparticles over the support surface
during wet co-impregnation, but it was less pronounced than in the case of the incipient wet co-
impregnation. Supposedly, the prolonged impregnation time employed in wet co-impregnation (24
h) permitted, through an equilibrium displacement mechanism, a gradual dissolution of most (but
not all) of the initially formed NisMo7O2 nanoparticles into the abundant impregnating solution
(Equation 1) and posterior adsorption of the resulting ions on the support surface (Equation 2).

NisMo7O2 (s) = 3Ni?* (aq) + MorO24¢ (aq) (1)

AC (s) + M07O245- (aq) + 3Ni** (aq) = adsorbed ions (2)

A comparison of the TEM/EDX elemental mapping of the oxo-NiMo/P54-i,4 and oxo-NiMo/P54-
w,4 catalysts (Figure 6a and 6b, respectively) makes clear that the wet co-impregnation led to a better
dispersion of smaller metals clusters over the support surface. Thanks to that, the catalysts prepared
through wet co-impregnation of Mo and Ni presented considerably higher HDO activity than their
counterpart catalysts prepared using incipient wetting co-impregnation. When the sulf-NiMo/P54-
w,4 and sulf-NiMo/P54-w,5 catalysts were employed, the products obtained after 3 h in the lauric
acid HDO tests presented Als of only 0.8 and 1.1, respectively (Table 3, Entries 6 and 7).

2.3.3.2. Sequential Impregnation of Mo and Ni

In order to avoid the formation of NisMo7O2 nanoparticles, catalysts were prepared employing
a sequential impregnation of Mo and Ni using separate solutions. The same way as occurred with
the procedures involving co-impregnation, both incipient wetting impregnation and wet
impregnation methodologies were employed.

Indeed, the DRX profiles of the resulting oxo-catalysts (oxo-Ni,Mo/P54-i,4, oxo-Ni,Mo/P54-i,5,
oxo0-Ni,Mo/P54-w,4, and oxo-Ni,Mo/P54-w,5) did not present the peaks characteristic of MoO: at 20
36.9 and 53.5° (Figure 12). Furthermore, the catalysts prepared using sequential impregnation
presented lower SSA and porosity than their counterparts prepared by co-impregnation. According
to the reasonings presented in Subsection 2.3.3.1.1, all these findings can be interpreted as evidence
of the non-formation of NisMo7O2 nanoparticles during catalysts preparation through sequential
impregnation.

The resulting catalysts were tested for lauric acid HDO and all of them presented high activity.
After 3 h tests, the catalysts prepared by sequential incipient wetting impregnation (Ni,Mo/P54-i,4
and Ni,Mo/P54-1,5) rendered products with Als of 2.0 and 0.8 (Table 6; Entries 8 and 9), respectively,
which were much lower than those verified in the case of the counterpart catalysts prepared by co-
impregnation (Table 6; Entries 4 and 5). These results evidence that the incorporated Ni effectively
acted as a promoter to increase catalysts activity. According to Byskov et al. [80] and Romero et al.
[81], Ni (as well Co) weakens the Mo-S bond at the edges of MoSz, thereby favoring the formation of
vacant sites, which are believed to be the active sites for many hydrotreating reactions.

In the cases of the catalysts prepared by wet impregnation (Ni,Mo/P54-w,4 and Ni,Mo/P54-w,5),
products with Als of 0.5 and 0.8 were obtained after the 3 h lauric acid HDO tests (Table 6; Entries 10
and 11). Since these values were very similar to those verified for Ni,Mo/P54-,5 and close to zero,
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new HDO tests with sulf-Ni,Mo/P54-i,5 and sulf-Ni,Mo/P54-w,4 were carried out using a shorter
reaction time (2 h). The Als of the resulting products (13.7 and 1.9, respectively; Table 3; Entries 9’
and 10") confirmed that the catalyst with the highest activity for HDO was sulf-Ni,Mo/P54-w,4,
prepared by wet impregnation. Supposedly, the long impregnation time employed in this
methodology permits a better metal dispersion throughout the support surface, leading to a better
dispersion and, therefore, to a higher number of available active sites. Indeed, the elemental mapping
of oxo-Ni,Mo/P54-w,4 (Figure 6c) confirms the occurrence of well dispersed nanoclusters of Mo and
Ni.

Figure 14 shows the GC/FID (gas chromatography/flame ion detector) chromatogram of the
product obtained after the 3 h test of lauric acid HDO with the sulf-Ni,Mo/P54-w,4 catalyst. The
chromatogram has only two peaks assigned to n-undecane (1-C11) and n-dodecane (1-Ci2). The former
resulted from decarboxylation and decarbonylation reactions (Equations 1 and 2 in Figure 1), while
the latter resulted from hydrogenation/dehydration reactions (Equation 3 in Figure 1). These results
show that cracking and isomerization reactions were not relevant, which is in accordance with the
low acidity of the employed support (see pertinent discussion in the Introduction Section). Therefore,
it is possible to infer that these catalysts are more interesting to be used in the production of diesel-
like fuels, because long and linear chains have higher cetane number [82]. In turn, if the aim is to
produce SAF, an additional isomerization step has to be added to the process or the obtained product
has to me mixed with a fuel fraction with appropriate content of branched alkanes and
aromatics/cycloalkanes because: branched chains enable the fuel to meet the cold properties required
for aviation fuels [4,82]; aromatics/cycloalkanes swells the rubber seals used in high pressure fuel
system, thus preventing fuel leaks [4,83]).
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Figure 14. GC/FID chromatogram of the product obtained after the 3 h test of lauric acid HDO with the sulf-
Ni,Mo/P54-w,4 catalyst.

2.3.4. Effect of Calcination Temperature

At this point, it is worth making some brief comments about the effect of calcination
temperatures on the structure and activity of the resulting catalysts. Figure 12 shows that basically
the same peaks were present in the XRD profiles of the oxo-catalysts prepared at both 400 and 500
°C, except for the catalysts prepared through co-impregnation because, as already reported in
Subsection 3.2.3.1, in these cases some reduction of Mo¢* to Mo** took place between 400 and 500 °C.
Therefore, the influence of the calcination temperature on the HDO activity of the resulting catalysts
was rather limited.

2.3.5. The Effect of Sulfiding the Catalyst

In order to evaluate the need and usefulness of performing the sulfidation of the AC-supported
Mo-based catalysts, a lauric acid HDO test was carried out using the catalyst oxo-Ni,Mo/P54-w 4,
that is to say, without proceeding with the sulfidation step. During the test, the reactional mixture
became gradually black and ended by solidifying, which evidences that pronounced coking took
place and highlights the need of performing the sulfidation step. Indeed, Mukundan et al. [62]
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reported that Mo oxides can trigger the formation of carbon precursors on the catalyst surface, while
Ojagh et al [84] stated that sulfur phases are less prone to deactivation by coke deposition.

2.4. HDO Tests with Coconut Oil

The catalyst sulf-Ni,Mo/P54-w,4 (the one that presented the highest HDO activity in the tests
with lauric acid) was used in the HDO tests of coconut oil. The 3 h test resulted in a product with an
Al of 1.1 (Table 6, Entry 12), which was somewhat higher than that verified for the product of the test
with lauric acid under identical conditions (0.5; Table 3, Entry 10). This result can be attributed to that
the triacylglyceride molecules that compose the oil have to be firstly split into propane and the
corresponding fatty chains before the latter are deoxygenated, which slows the conversion into
alkanes [35].

In turn, a reaction time of 5 h rendered a product with an AI 0.0 (Table 4, Entry 12"). Accordingly,
the GC/FID chromatogram of the obtained product (Figure 15a) presents only peaks corresponding
to alkanes (practically only n-alkanes). These alkanes cover a large chain length range, mostly from
C7 to Cis, with emphasis to n-undecane. This profile is in accordance with the occurrence of
decarboxylation, decarbonilation and hydrogenation/dehydration reactions of the fatty chains that
compose coconut oil [26].

In accordance with the measured Al (zero) and the respective chromatogram, the FTIR (Fourier
transform infrared spectroscopy) spectrum of the obtained product (Figure 15c) presents only
absorptions characteristics of alkanes: (i) C-H stretch at 2970-2825 cm™; (ii) C-H bending of CH2 and
CHs at ~1460 and ~1370 cm™, respectively; (iii) long-chain band at ~720 cm-1. Outstandingly, the bands
characteristic of oxygenated groups present in the spectrum of coconut oil (Figure 15b) all vanished:
(i) C=0 stretch around ~1740 cm%; and (ii) C—O stretch at ~1150 cm. In addition, there is no evidence
of presence of O—H stretch band in the range of 3500-3200 cm-! (which would appear if there was
free fatty acids in the mixture) or any other absorption characteristic of oxygenated functional groups.
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Figure 15. (a) GC/FID chromatogram and FTIR spectra of (b) coconut oil and (c) the product of coconut oil HDO
for 5 h using the sulf-Ni,Mo/P54-w,4 catalyst.

2.5. Catalyst reusability

The reusability of the catalyst sulf-Ni,Mo/P54-w,4 was investigated by using the same catalyst
sample in four consecutive cycles of coconut oil HDO. At the end of each cycle, the spent catalyst was
recovered from the liquid product by filtration and dried overnight at 100 °C. The employed reaction
time was 5 h.

In a first set of cycles, the step of in situ catalyst sulfidation was carried out only before the first
cycle. In this condition, there was a small but gradual increase in the Al of the products obtained from
successive cycles: the values were 0.0, 0.2, 1.1 and 2.0 from the first to the fourth cycles. In a second
set of cycles, the catalyst in situ sulfidation step was repeated before each new cycle. In this way, the
Al of the obtained products remained zero even after the fourth cycle. These results disclose that a
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slight loss of catalyst activity gradually takes place due to the partial replacement of sulfur by oxygen
in the active phase, which is potentialized by the abundant presence of oxygenated molecules in the
reactional medium. However, this undesirable effect can be avoided by ensuring that the sulfidation
degree of the catalyst is kept high.

At this point, it is valid to mention that activity loss due to the partial oxidation by H20 has also
been reported for sulfided Mo-based catalysts deposited on Al20s. For example, Bykova et al. [85]
showed that the addition of water to a gasoil fraction caused a strong deactivation of a sulfided
CoMo/ALQOs catalyst face to hydrotreating reactions. Gong et al. [86] observed a fast catalyst
deactivation above 120 h during the hydroprocessing of jatropha oil over a sulfided NiMoP/Al:Os
catalyst and concluded that it was caused by the partial sulfide catalyst conversion to oxide catalyst
due to the action of the formed H:O. In this sense, some authors have proceeded with the co-feeding
of S-containing compounds (dimethyl disulfide (DMDS), H:S, CSz) to avoid catalyst deactivation
during the hydroprocessing of biomass-derived feedstocks over sulfided Mo-based catalysts
[38,39,87,88]. Remarkably, Kubicka and Horacek [87] reported that the O elimination dropped from
95% to 75% after 144 h in the hydroprocessing of rapeseed oil with CoMo/Al2Os, but it was wept
above 95% if DMDS was continuously fed with the feedstock, that is to say, the presence of sulfur-
containing DMDS in the rapeseed oil continuously reactivated the catalyst by maintaining it in
sulfided form. In turn, Senol [39] investigated the effect of water on the activity of sulfided
NiMo/AL:Os and CoMo/Al20s catalysts in HDO of aliphatic esters. They verified that the ester
conversion decreased with increasing amount of water, while the addition of H2S to the feed
compensated the inhibition by water.

2.6. Comparison with a Reference Sulfided NiMo/Al:Os Catalyst

In order to have a reference to evaluate the performance of the AC-supported catalysts prepared
in the present work, some HDO tests were carried out under similar conditions but employing an
industrial sulfided NiMo/AL2Os catalyst supplied by Petrobras Oil Company (Brazil). This Al2Os-
supported catalyst was characterized elsewhere [35]. After a 3 h test with lauric acid, this catalyst
rendered a product with AI 0.3, a result similar to that achieved with the sulf-Ni,Mo/P54-w,4 catalyst
prepared in the present work (which rendered a product with Al 0.5; Table 3, Entry 10). On the other
hand, after a 3 h test with coconut oil, the reference catalyst rendered a product with AI 6.3, while
sulf-Ni,Mo/P54-w,4 led to a product with Al 1.1. Two important conclusions can be taken from these
results: firstly, that AC-supported sulfided NiMo catalysts can be prepared with a capacity to
promote HDO reactions as high as that of well consolidated industrial catalysts having Al:Os as
support; secondly, that in comparison to Al20s, the AC employed as support favored the initial step
of triglycerides split to render the respective fatty acids, so that a higher activity face to coconut oil
HDO was observed for the prepared AC-supported catalyst. Supposedly, the mesopores in the P54
AC provided better access of the bulky triglycerides molecules to the active sites inside the pore
network, therefore favoring the initial step of hydrogenolysis [19,89]. For these reasons, the P54-
supported catalyst and the Al2Os-supported catalysts presented similar performance in the HDO of
lauric acid (a linear molecule with relatively small hydrodynamic dimension), while the former
presented much better performance for the HDO of bulky molecules such as those that constitute
lipidic feedstocks.

3. Materials and Methods

3.1. Catalysts Preparation

A dried endocarp of coconut shell (Cocos nucifera) original from the region of Federal District,
Brazil, was crushed and sieved. The fraction in the range of 40-80 mesh (0.177-0.400 mm) was
submitted to chemical activation with HsPOs (85%, Vetec) following procedure described in previous
papers [66]. Shortly, the shell was impregnated with an aqueous solution containing the desired
amount of HsPOs and carbonized up to 450 °C under inert atmosphere (N2). Then, the carbonized
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material was washed with deionized water to remove the chemical, leaving behind a porous
structure, and dried overnight at 110 °C. The higher the proportion of impregnated HsPOs, the larger
the developed porosity and the higher the pore dimensions. Thus, aiming to obtain a mesoporous
rich AC, a relatively high phosphorous/shell ratio was used in the present work: 0.54 (for this reason,
the obtained sample was termed P54).

During catalysts preparation, Mo and Ni were deposited from aqueous solutions of
(NH4)sMo7024-4H20 (99%; Vetec) and Ni(NOs)2:6H20 (99%; Vetec), respectively, over the surface of
the P54 AC. The solutions were always prepared with concentrations that corresponded to Mo and
Ni proportions of 42 and 1.8 wt% relative to the support, respectively. As shown in Table 5, this
procedure resulted in maximum Mo and Ni contents of about 20 and 1.0 wt% in the prepared
catalysts (ICP/OES measurements).

The metals depositions were carried out by incipient wetness impregnation or wet
impregnation. In the former, a volume of impregnating solution was added drop wise over the
support, so that solution penetrated the pores by capillarity. The solution volume (determined
through preliminary test on aliquot samples) corresponded to that beyond which the catalyst outside
began to look wet. Then, the material was dried overnight in an oven at 110 °C. In turn, in the wet
technology, an excess solution was used (13 mL per gram of AC). The system was closed and kept
under stirring for 48 h at 50 °C. After that, the excess of water and volatiles were permitted to
evaporate by opening the system. Finally, the material was dried overnight in an oven at 110 °C.

For preparing the catalyst containing both Mo and Ni, two different approaches were evaluated:
the metals were co-impregnated from a single solution; the metals were sequentially impregnated
with separate solutions (first Mo, then Ni).

The impregnated materials were calcined up to 400 or 500 °C (2 h, 5 °C min™) in inert atmosphere
(N2, 100 mL min-?).

The calcined materials were sulfided in situ as described in Subsection 3.4.

3.2. Catalysts Labels

The catalysts were systematically labelled accordingly to the procedure employed for their
preparation as follows.

a) The prefixes “oxo” or “sulf” were used to indicate the non-sulfided and sulfided forms,
respectively (“oxo” is used because oxides are the predominant form of the metals after calcination
and before sulfidation, as depicted in Subsection 3.2).

b) The deposited metals were indicated in the sequence. If Mo and Ni were co-impregnated,
their elemental symbols were listed together (NiMo). If they were sequentially impregnated, the
elemental symbols were separated by a comma. Repair that, despite Mo being impregnated by first
in the sequential protocol, even so the Ni symbol has been listed before Mo in the catalysts labels
because this is the more usual format verified in the literature.

¢) In the sequence, the employed support (P54) is indicated after a slash.

d) Then, separated by a hyphen, “w” or “i” indicate if wet impregnation or incipient wetting
impregnation was used, respectively.

e) Finally, separated by a comma, the calcination temperature is indicated: 4 and 5 represent 400
°C and 500 °C, respectively.

Thus, just as an example, oxo-Ni,Mo/P54-w,4 refers to the non-sulfided form of the catalyst that
was prepared with sequential deposition of Mo and Ni over the P54 support by wet impregnation,
with a calcination temperature of 400 °C.

3.3. Characterization of P54 and Catalysts

The pore morphology was evaluated from the excess adsorption/desorption isotherms of N2 (-
196 °C) recorded up to 1 bar on a volumetric automatic system Quantachrome NovaWin 2200e
(Boynton Beach, Florida, USA, USA). SSA and Vmic were determined from the adsorption isotherms
by applying the Brunauer-Emmett-Teller (BET) and Dubinin—-Radushkevich (DR) equations,
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respectively. The volume of liquid N2 adsorbed at p/po 0.95 was termed Vo9 and was the sum of Vmic
and the Vmes. Therefore, Vmes was calculated as the difference between Vo.os and Vmic.

P54 had its content of C, H and N determined by EA performed on a Parkin Elmer CHN
Elemental Analyzer model EA 2400 Series II equipped with an AD6 ultra-microbalance (Waltham,
Massachusetts, USA). The ash content was determined on a dry basis by heating the material at 600
°C for 6 h in a furnace oven open to the atmospheric air. The bulk content of Mo and Ni were
determined by ICP/OES in an Agilent 5100 equipment (Santa Clara, California, USA).

TPD/MS analyses were performed on an automated reaction system model AMI-90R coupled to
a Dymaxion quadrupole mass spectrometer (Altamira Instruments, Pittsburgh, Pennsylvania, USA).
The sample (ca. 100.0 mg) was placed in a U-tube of quartz under an Ar flow of 10 cm® min at
atmospheric pressure. The system was first heated up to 110 °C (10 °C min-') and maintained at this
temperature for 30 minutes to release physisorbed small molecules. Thereafter, the temperature was
raised up to 950 °C (10 °C min'). The evolving gases were monitored with the mass spectrometer.
CO and COz-profiles were fitted according to Gaussian distribution. Peak areas were correlated to
the amount of gas through a daily routine calibration that consisted of the injection of a given volume
of pure gas using a calibrated loop [90].

XPS measurements were performed on a Physical Electronics 5700 spectrometer using the Mg-
Ko line (1253.6 eV) from a PHI model 04-548 Dual Anode X-rays Source (Chanhassen, Minnesota,
USA). The X-rays source was run at a power of 300 W (10 keV and 30 mA). The pressure inside the
vacuum chamber was 5 x 107 Pa. A Perkin Elmer 10-360 hemispherical analyzer (Eden Prairie,
Minnesota, USA) with a multi-channel detector was employed. The samples were analyzed at an
angle of 45° to the surface plane. BEs were referred to the C 1s line of adventitious carbon at 284.8 eV
and determined with the resolution of #0.1 eV. The spectra were fitted assuming a Gaussian-
Lorentzian distribution for each peak.

HRTEM (high-resolution transmission electron microscopy) was carried out with a TALOS
F200x instrument operating in STEM (scanning transmission electron microscopy) mode, equipped
with a high-angle annular dark-field (HAADF) detector, at 200 kV and 200 nA (Thermo Fisher
Scientific, Waltham, Massachusetts, EUA). The elemental mapping was carried out on an EDX Super-
X system provided with 4 X-ray detectors and an X-FEG (field emission gun) beam (Thermo Fisher
Scientific, Waltham, Massachusetts, EUA).

XRD diffractograms were obtained using a Ni-filtered Cu-Ka radiation (A = 0.15406 nm). The
analyses were usually carried out on a Rigaku instrument model Miniflex 300 (Akishima-shi, Tokyo,
Japan).

The contents of acidic and basic groups of P54 were determined through a procedure adapted
from the Boehm titration methodology [91]. To determine the basic groups, ~0.5 g of AC was added
to an Erlenmeyer flask containing 50 mL of a standard HCI solution (~0.100 mol L-'). After stirring
for 24 h at room temperature (~25 °C), the solid was filtered and aliquots of 10 mL of the filtrate were
titrated against a standard NaOH solution (~0.100 mol L-1). In turn, the contents of acidic groups were
determined by backtitration: about 0.50 g of AC was added to an Erlenmeyer flask containing 50 mL
of a standard solution of NaOH, NaHCOs or Na2COs (~0.100 mol L-). After magnetic stirring for 24
h and filtration, 10 mL aliquots of the filtrate were added to 15 mL of the standard HCI solution.
Finally, the excess acid was titrated against the standard NaOH solution. Blank tests were performed
following the same procedure, but without the contact with P54. Thus, the contents of acidic or basic
groups were determined by considering the difference between the volumes of NaOH solution spent
to reach the endpoint in the titrations of the sample and the blank. Measurements were taken in
triplicate.

To interpret the data, it was assumed that: NaOH solution neutralizes all the acidic groups on
the AC surface; Na2COs solution neutralizes strong and medium strength acidic groups; NaHCO:s
solution neutralizes only strong acids. Therefore, (i) the amount of HCl consumed in the test with
NaHCOs corresponded to the content of strong acids. Furthermore, the difference between the
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amount of HCI consumed in the tests with: (ii) Na2COs and NaHCO:s corresponded to the content of
medium strength acidic groups; (iii) NaOH and Na2COs corresponded to the content of weak acids.

It is usually assumed in the literature that strong, medium and weak acids correspond to
carboxylic acids, lactones and phenols, respectively (see, just as few examples, references [92,93]).
However, as stressed by Schonherr et al. [94], pKa values of acidic groups strongly depend on their
chemical environment, so that a strict allocation of acidic functional groups to the reaction with
specific bases can lead to misunderstandings. Therefore, in the present work, we opted to report the
titration results in terms of the more general terms strong, medium strength and weak acidic groups,
without making attributions to specific groups.

Another aspect that deserves to be highlighted is that anhydrides are usually neglected by the
authors that employ titration to characterize the surface of ACs. Nevertheless, Schonherr et al. [94]
reported that, in basic aqueous solution, anhydrides are hydrolyzed to render two carboxylic acids.
Therefore, we infer that, besides carboxylic acids themselves, the content of strong acids reported in
Table 4 also encompass two carboxylic acids that result from each anhydride group.

The total content of basic groups was determined through a similar procedure as above
described for acidic groups, with some obvious modifications: the AC was put in contact with an
acidic solution (HCI ~0.100 mol L-'); after filtration, the aliquots were titrated against a standard basic
solution (NaOH ~0.100 mol L-). It was assumed that HCI neutralizes all the AC surface basic groups.
Therefore, the difference between the amount of NaOH spent in the titration of the blank acidic
solution and the acidic solution remaining after the soaking with P54 corresponded to the total
amount of basic groups on the AC surface.

3.4. HDO Tests

The feedstocks employed in the HDO tests were lauric acid (99.0%, Sigma Aldrich) and an extra
virgin coconut 0il (98%) (dr. Organico, Brazil). They were used without further purification. The tests
were carried out in a cylindrical stainless-steel reactor with an internal volume of ~100 cm®. A scheme
of the reactor was presented elsewhere [35]. Prior to the tests, the catalysts in the oxo form (0.500 g)
were sulfided in situ with 0.500 mL of CSz (PA, Vetec) at 400 °C (1 h) in H2 atmosphere (initial pressure
of 30 bar). After sulfidation, the system was cooled and purged with N2. Then, 10.0 mL of feedstock
were charged, the reactor was pressurized with Hz at 30 bar and heated to 340 °C. The heating from
room temperature up to 340 °C took nearly 45 min. The time the temperature reached 340 °C was
considered as the initial reaction time. After the target reaction time, the system was cooled to room
temperature, which took around 60 min. Then, the liquid product was dried with Na250s: and
separated by centrifugation.

3.5. Characterization of the Liquid Reaction Products

The liquid reaction products were qualitatively analyzed by GC/MS (gas chromatography/mass
spectrometry) using a GC-17a chromatograph interfaced with a QP5050A spectrometer (Shimadzu,
Kyoto, Japan). For quantitative analyses, GC/FID chromatograms were acquired on a GC-2010
equipment (Shimadzu, Kyoto, Japan). A Rtx-5MS polydimethylsiloxane column (30 m, 25 mm) was
used in both GC/MS and GC/FID analyses. The Al determined according to the AOCS method Cd-
3d-63-O. FTIR (Fourier transform infrared spectroscopy) spectra were acquired on an IR Prestige-21
spectrometer using a diamond ATR (attenuated total reflection) accessory and a DLATGS detector
(Shimadzu, Kyoto, Japan).

4. Conclusions

In the present work, an AC produced from chemical activation of coconut shell with HsPOs was
employed as support of sulfided Mo-based catalysts aimed at the hydroprocessing of lipidic
feedstocks. The effects of the catalyst preparation conditions on the properties and HDO activity of
the resulting catalysts were systematically investigated.
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Catalysts with high HDO activity were achieved. They presented good stability, permitting the
accomplishment of several reaction cycles without significant loss of activity, since provided that the
sulfidation degree was kept high. Ni acted as a promoter, increasing the catalyst HDO activity.
Sulfidation proved to be an essential step to prevent cocking.

The catalyst with the highest activity was that one prepared through sequential deposition of
Mo and Ni by wet impregnation. It presented activity for lauric acid HDO similar to that of an
industrial sulfided NiMo/Al2Os catalyst. However, in the case of the tests with coconut oil, the AC-
supported catalyst was even more efficient than the Al:Os-supported one because the presence of
mesopores in the prepared AC provided better access of bulky triglyceride molecules to the metallic
active sites inside the pores network, thus favoring the initial step of hydrogenolysis to render the
respective fatty acids.

Due to the low acidity of ACs, low degrees of cracking and isomerization were observed in the
hydroprocessing tests with the AC-supported catalysts, so that the resulting products were mainly
constituted by long-chain n-alkanes. Therefore, it is possible to infer that these catalysts are more
interesting to be used in the production of diesel-like fuels. In turn, if the aim is to produce SAF, an
additional step of cracking/isomerization has to be added to the process, or the obtained product has
to me mixed with another fuel fraction with appropriate content of branched and aromatic alkanes.
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Abbreviations

The following abbreviations are used in this manuscript:

AC Activated carbon

ATR Attenuated total reflection

BE Binding energy

BET Brunauer, Emmett e Teller

DR Dubinin-Radushkevitch

EDX Energy-dispersive X-ray

FEG Field emission gun

FID Flame ionization detector

FTIR Fourier transform infrared spectroscopy
GC Gas chromatography

GC Gas chromatography

HAADF High-angle annular dark-field

HDO Hydrodeoxygenation

HEFA Hydroprocessing of esters and fatty acids
HR High-resolution

HRTEM High-resolution transmission electron microscopy
HVO Hydrotreated vegetable oil

ICP Inductively coupled plasma
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TUPAC International Union of Pure and Applied Chemistry
JCPDS Joint Committee on Powder Diffraction Standards
MS Mass spectrometry

OES Optical emission spectrometry

SAF Sustainable aviation fuel

SPK Synthetic paraffinic kerosene

SSA Specific surface area

STEM Scanning transmission electron microscopy

TEM Transmission electron microscopy

TPD Temperature-programmed desorption

Vmic Micropores volume

Vimes Mesopores volume

XPS X-ray photoelectron spectroscopy

XRD X-ray diffraction
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