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RESUMEN

Esta investigacién doctoral se centr6 en desarrollar un catalizador mesoporoso mejorado tipo NiO-
WO3/AI(X)-SBA-15 para las reacciones de hidro-co-procesamiento de una mezcla de aceite vegetal
(Jatropha curcas L.) con una mezcla de gasoleos (ligero y pesado). Lo anterior, con el propésito de
reducir la emision de contaminantes (S, N, V, etc.) y favorecer la obtencidn de destilados medios
(MD), como €l diésel, més limpios, haciendo €l proceso de refinacion més “verde”. Asi, se evallio de
manera secuencia y sistematica € efecto de las propiedades intrinsecas dd catalizador (acidez y
caracter metalico) en reacciones en discontintio a 360 °C, 6 MPade presidn inicial de hidrégenoy 4
h de reaccion con una mezcla de aceite vegetd. |nicialmente se determind la mejor relacién molar
Al/Si(x) variando esta en: 0.1, 0.05, 0.033, y 0.025, pero, fijando € contenido de NiO(y) y WOs(2)
en 2.5% y 15%, respectivamente. El efecto del Al fue promover las reacciones de HDS
(hidrodesulfuracion) y HDO (hidrodesoxigenacion), en lugar de la HDC (hidrodesintegracién
catalitica) en funcién delaconcentracion de sitios &cidos de Bransted (0.05 mmol g parael Al(0.05)-
SBA-15). Lamejor cargametdlica (y+2) se determind variando € contenido de NiO en: 3.5%, 4.5%,
y 5.5% Yy e de WO; en: 18%, 20% y 25%, usando como soporte catalitico el material Al(0.05)-SBA-
15. A mayor carga metélicamayor rendimiento para las reacciones de hidrotratamiento (25% HDSy
87.1% HDO), y un incremento del 4.5% en & rendimiento a la fraccion tipo diésel. Finamente,
empleando el catalizador mejorado NiO(5.5%)-WOs5(25%)/Al(0.05)-SBA-15 se evalud € efecto de
latemperatura(T) entresnivelesadicionales: 380 °C, 400 °Cy 420 °C. Elevar laméximatemperatura
(420 °C) maximizalaHDS (53.5%) y la HDO (96%), pero reduce e rendimiento a lafraccién tipo
diésel (35%) por efectos térmicos. Por |o tanto, el maximo rendimiento aunafraccion tipo diésel més
limpia se obtuvo a 360 °C (49.3%). El andlisis cinético del hidro-coprocesamiento de la mezcla
demostr6 que la HDO fue la reaccion mas favorecida, seguida de la HDC y de laHDS, siendo, las
dos Ultimas limitadas por la presencia de compuestos mas pesados y azufrados recalcitrantes,
respectivamente. El orden de reaccion parala HDO fue 1.4, mientras que paralaHDSy laHDC las
reacciones fueron de primer orden, siendo la actividad para HDO 2 veces mayor que laHDS Yy la
HDC.
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ABSTRACT

This doctoral research was focused on developing an enhanced NiO-WO3/AlI-SBA-15 type
mesoporous catalyst for the hydro-coprocessing reactions of avegetable oil (Jatropha curcasL.) with
agas oil mix (light and heavy) blend. The latter aiming to reduce the contaminants (S, N, V, €tc.)
emissions and favoring getting cleaner middle digtillates (MD), like diesel, making the refining
process greener. Accordingly, sequential, and systematically the effect of intrinsic catal ytic properties
(acidity and metallic character) was assessed in batch reactions at 360 °C, 6 MPaof hydrogen initial
pressure, and 4 h of reaction time with a vegetable il blend. Initially, the best Al/Si molar ratio (x)
was determined varying it in 0.1, 0.05, 0.033, and 0.023, but, fixing NiO(y) and WOs;(z) content in
2.5 wt.% and 15 wt.%, respectively. The effect of Al was promoting HDS (hydrodesulfurization) and
HDO (hydrodeoxygenation) reactions rather than HCK (hydrocracking) on function of Brensted acid
sites concentration (0.05 mmol g* for the Al(0.05)-SBA-15). The best metallic load (y+2z) was
determined varying the NiO content in 3.5, 4.5, and 5.5 wt.% and the WO; content in 18, 20, and 25
wt.%, using as catalytic support Al(0.05)-SBA-15. The more metallic load, the higher yield for
hydrotreating reactions (25% HDS and 87.1% HDO), and an increase of 4.5% in the diesal-like
fractionyield. Finally, by using the enhanced catalyst, NiO(5.5 wt.%)-WOs(25 wt.%)/Al(0.05)-SBA-
15, the effect of reaction temperature (T) at three levels: 380 °C, 400 °C, and 420 ° was evaluated.
Increasing T to the highest point (420 °C) maximized HDS (53.5%) and HDO (96%) reactions at
expenses of reducing the diesel-like fraction yield by thermal effects. Therefore, the highest diesel-
like fraction yield was obtained at 360 °C. The kinetic analysis for the hydro-coprocessing reactions
demongtrated that HDO was the most promoted reaction, followed by HCK and HDS, being, those
reactions limited by the occurrence of heavier compounds and recacitrant sulfur compounds,
respectively. The reaction order for HDO was 1.5, while for HDS and HCK the reaction order was
1.0, being HDO activity 2 times higher than HDS and HCK.
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ORGANIZATION OF THISWORK

This research work consists of three (3) stages of experimental work to elucidate the effect of the
intrinsic properties (porosity, acidity, and metalic charge) of the catalysts to be synthesized and
evaluated in the hydro-coprocessing of a mixture of gas oil and vegetable oil. Thus, the first stage
consists of the study of the effect of the acidity of the catalysts on the yield or selectivity to a diesel-
like fraction during the hydro-coprocessing of the mixture. The second stage corresponds to the study
of the effect of the metal oxide composition of the catalysts on the selective removal of sulfur (S) and
oxygen (O) present in the mixture during hydro-coprocessing. Third, the study of the effect of the
operating temperature on the yielding for the diesal-like fraction, and the removal of S and O when
hydro-coprocessing the components of the gas oil and vegetable oil mixture. Finaly, a kinetic
assessment for the three main hydro-coprocessing reactions. HDS, HDO, and HCK. As aresult, an
enhanced catalyst with a better distribution of acid sites and metallic active phases was tested and
developed in terms of promoting the hydro-coprocessing of the reaction mixture.

Based on the foregoing, this doctoral thesis document was developed in six (6) chapters as listed
below:

Chapter 1: It corresponds to the description of the research context regarding the research topic. This
chapter contains: problem statement, hypotheses, objectives, goals, expected results, scope, and
contribution of the research.

Chapter 2: It corresponds to a literature review highlighting the problem to solve as a border
problem. This review made it available some of the relevant technical, operational, and scientific

knowledge for the execution of thiswork of research.

Chapter 3: It corresponds to the description of the experimental procedure to determine the effect of
the distribution of acid sites and/or type of acid sitesin hydro-coprocessing the gas il and vegetable
oil mixture. The results of modifying the Al/Si molar ratio in the series of catalyststo be synthesized
are presented and discussed. The effect of Al on the yield to a diesal-like fraction during hydro-

coprocessing is also presented and discussed.

Chapter 4: It correspondsto the description of the experimental procedure for determining the effect
of the metallic load ( metallic oxides) in hydro-coprocessing of the mixture of gas oil and vegetable
oil with afixed Al/Si molar ratio catalyst. The results of systematically varying the content of nickel
oxide (NiO) and tungsten oxide (WOs) in the performance to hydrodesulfurization (HDS) and
hydrodeoxygenation (HDO) of the components of the diesal-oil mixture are presented and discussed.
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Chapter 5: based on the results of the previous experiments (effect of the Al/Si ratio and the metallic
load), hydro-coprocessing a gas oil and vegetable oil mixture was caried out with the enhanced
catalyst, varying operating temperature (380-420 °C). The effect of temperature on yielding to a
diesdl-like fraction, sulfur removal, and the selective removal of O in vegetable ail is analyzed and
discussed.

Chapter 6: This chapter describes akinetic analysis procedure for the hydro-coprocessing reactions:
HDS, HDO, and HCK (hydrocracking), the kinetic parameter estimation for the proposed kinetic
models, and the discussion derived thereof to correlate catalytic activity results.

Conclusions: It corresponds to the general conclusions of the research work. This chapter aims to
clarify the analysis of global results presented in each of the previous chapters to demonstrate the

contribution of new knowledge of thisthesisin research topic that was addressed.
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1. CONTEXT OF THE RESEARCH

1.1 PROBLEM STATEMENT

Conventional processes to obtain liquid fuels (i.e., lower molecular weight and higher added value
fractions) are based on the processing non-renewabl e sources such as petroleum and its derivatives.
These sources congtitute a serious problem, due to the difficulty in their processing and the emission
of pollutantsinto the environment during their extraction and transformation into arefinery(1). In this
sense, there is currently the need to implement scientific and technological improvements to the
processes and their transition to cleaner and more sustai nable technologies (2, 3). Such technologies
must be focused on obtaining oil fractions or cuts with lower molecular weight, eliminating
contaminating heteroatoms (S, N, V, etc.), and incorporating renewabl e sources (e.g., anima fat and
vegetable ail), thus, further reducing the existing dependence on fossil fuels (4). Thus, seen the fuel
sources separately, from the heavy ail fractionsit is necessary to obtain middle distillates (MD) with
lower content of sulfur (S), nitrogen (N), and other pollutants(5). Therefore, answering the question:
How to treat larger molecules and eliminate contaminating impurities sel ectively and simultaneously?
Likewise, to treat liquid derivatives from vegetable oil it is required selectively removing oxygen
(carbonyl and carboxyl groups) from its oligomeric constituents. The latter with the sole purpose of
producing biofuels that can replace the traditional sources in internal combustion engines(4).
Consequently, how can these reactions occur? And under what conditions when treating mixtures of
petroleum fractions and vegetable oils? In thisregard, in recent years hydroprocessing of mixtures of
vegetable oil and petroleum derivatives, and hydrotreating (HDT) reactions have been studied to
obtain cleaner fuels. Among these reactions, the following stand out: HDS (hydrodesulfurization),
HDN (hydrodenitrogenation), HDA (hydrodearomatization), HCK (Hydrocracking), and others (6-
9).

Hydroprocessing reactions occur on active sites of heterogeneous catalystsin an environment rich in
hydrogen gas (H>) at high pressure (2.5 MPa-5.5 MPa) and temperature (350-420 °C). Depending on
the application, the research has been extensive, and the use of bifunctional catalysts has been
highlighted (hydrogenolysis/hydrogenation and type of acidity) (10-12). The type of sulfided active
phases is known for the desired reaction, for example, Co-Mo for HDS, Ni-Mo for HDN, and Ni-W
for both hydrotreating reactions (HDS, and HDN), and HCK (13, 14). On the other hand, catalytic
supports (solids in which the precursor metals of the active phases are deposited, fixed, or
impregnated) have also been studied. These supports vary depending on its porosity, its distribution
of acidic sites (Bragnsted-Lowry and Lewis) and the size of the molecules to be treated with. The

following stand out: ¥-Al>0z, SiO»-Al>0s, ASA (Amorphous Aluminosilicates), and mesostructured
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silicatype MCM-41 (Mobil Composition of Matter N° 41), SBA-15 (Santa Barbara Amorphous N°
5) and MCF (Mesocellular Silica Foam). All these previous materials have the advantage of tailoring
their textural properties (specific surface area Sger, Volume, and pore size) during their synthesis
process (15-18). Hence, those materids are particularly attractive for processes such as
hydroprocessing of larger molecules and for contaminants removal. In addition, those catalytic
supports can be functionalized with various elements (Al, Ti. Zr, etc.) and acid-base molecules to
generate a stronger distribution and strength of acid sites on their catalyst surface compared to the
traditional ¥-Al.Os support, whose porosity and acid strength islimited (Lewis-type acid sites)(1, 19-
22).

At present times, research with such materials (conventional and modified ones) and active phasesin
hydroprocessing to obtain biofuels has made it possible to elucidate that the catalysts that have been
conventionally used to treat fractions of heavy and light crude oils can be used to treat mixtures of
these crude oils with vegetable oil. Various studies have been reported, varying both the type of
catalyst depending on the nature of the load (composition and concentration of the vegetable ail) (23-
25). However, what are the optimal metal loading, textural properties, and acid sitesdistribution (e.g.,
Al/Si molar ratio) of catalysts for hydro-coprocessing mixtures of vegetable oil and gas oil type
fractions? How do these catalytic properties influence the yield and/or selectivity of the involved

reactions?

On the other hand, the industrial scale-up of many of those experimentsis still a remote possibility,
sincethereported studies have been exploratory and have not madeit possibleto correlatethereaction
mechanisms with the intrinsic properties of the used catalysts (24). Thus, researching for key points
would facilitate the development of future kinetic models and theoretical calculations that will allow
the design, synthesis, and evaluation of catalystsfor very specific purposes at anindustrial level. The
latter could be attained by the estimation of the kinetic parameters ascribed to the corresponding
kinetic model as a function of the catalyst used and designed for such purpose.

1.2 HYPOTHESIS

Obtaining a cleaner dieseal-like fraction during the hydro-coprocessing of a gas oil and vegetable oil
blend is possible by developing a functionalized mesoporous catalyst type Ni-W/AI-SBA-15, dueto
the effect of the textura properties and the acidic and metalic sites of the catalyst during

hydrocracking and the selective sulfur (S) and oxygen (O) removal.

Ni-W active phases are the most robust in hydroprocessing. These phases selectively remove

heteroatoms allowing the increase the H:C molar ratio during the hydrogenolysis-hydrogenation
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process of the hydrocarbon mixture (4). Additionally, the direct incorporation of Aluminum (Al) to
SBA-15 alows conferring a moderate or dight acidity with a uniform distribution of acid sites
(Brgnsted and Lewis). Acidic Bransted sites act as precursors of cracking of bonds and specific

functional groups during hydroprocessing reactions (3, 26).
1.3 OBJECTIVESAND GOALS

131 General objective
To establish the influence on the catalytic activity of Ni-W type sulfided active phases, and the acid
and textural properties of the AI-SBA-15 material for the development of a catalyst with a higher

yield to cleaner liquid fuelsin hydro-coprocessing of a mixture of gas oil and vegetable oil.

1.3.2 Specific objectives
i.  To synthesize auminum-functionalized mesoporous silica (Al-SBA-15) by a direct method
as catalytic support for bifunctional catalysts for the hydro-coprocessing of a mixture of gas
oil and vegetable ail.

ii.  Todeterminethe Al/Si molar ratio (acid sites distribution) that promotes the highest yield to
acleaner (less S) diesdl-type fraction during the hydro-coprocessing of a mixture of gas oil
with vegetable oil using a catalyst with afixed Ni-W composition.

iii.  Todetermine the composition of metal oxides (active phases distribution) that promotes the
highest yield for the HDS reaction during the hydro-coprocessing of amixture of gas oil and
vegetable oil with a catalyst with the best Al/Si molar ratio.

iv.  To evauate the effect of temperature (T) on the dieseal-type fraction yield during the hydro-
coprocessing of a mixture of gas oil and vegetable oil with an enhanced Ni-W/AI-SBA-15

catalyst with the best Al/Si molar ratio and composition of metallic oxides.

133 Goals
The established goals by each one of the objectives proposed for this research are described below.

The goals are described as the main products ascribed to each objective.

Objective 1

e Five mesoporous silicas functionalized with aluminum Al-SBA-15 type as reported in the
literature (Al/Si molar ratio of 0.1, 0.05, 0.033, 0.025, and 0.0) with the direct synthesis method
(3, 27).
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Objective 2

Five Ni-W/AI-SBA-15 catalysts with a fixed composition of metal oxides (2.5% NiO and 15%
WQOs). The successive incipient wet impregnation method will be used, using the corresponding
Ni and W precursor salts, Ni(NOs)2.6H20 and (NH4)sH2W12040.H20 for Ni and W respectively
(29).

Characterization of intrinsic properties of the catalytic supports and synthesized catalysts by
Physisorption of N, at 77 K, XRD (X-ray diffraction), TEM, Pyridine-FTIR, ¥AI-MAS-NMR,
and RAMAN spectroscopy.

The catalytic evaluation (batch reaction for 4 h) of the effect of acidity during the hydroprocessing
of a vegetable oil-gas oil mixture (20 vol.% Jatropha curcas L.) at the conditions (6 MPa and
360 °C) reported in the literature(28). The latter for the five catalysts with different Al/Si molar
ratios.

Quantification and identification of the reaction products by simulated distillation (ASTM
D2887) for the quantification of the diesel-like fraction. To quantify the removal of sulfur (S) by
the ASTM D-4294 or similar standard. Oxygen (O) removal will be analyzed by FTIR.

Objective 3

Three (3) Ni-W/AI-SBA-15 catalysts with variable NiO composition (3.5, 4.5, and 5.5 wt.%) and
WO; (18, 20, and 25 wt.%) for the best Al/Si ratio and according to previously reported catalytic
evaluation results (19).

Characterization of intrinsic properties of the catalytic supports and synthesized catalysts by
Physisorption of N, at 77K, XRD (X-ray diffraction), Pyridine-FTIR, AI-MAS-NMR, and
RAMAN spectroscopy.

The catalytic evaluation (batch reaction for 4 h) of the effect of the metallic phases during the
hydroprocessing of avegetabl e oil-gas oil mixture (20 vol.% Jatropha curcasL.) at the conditions
(6 MPaand 360 °C) reported in the literature(28). The latter for the three catalysts with avariable
composition of metallic oxides.

Quantification and identification of the reaction products by simulated distillation (ASTM
D2887) for the quantification of the diesdl-like fraction. To quantify the removal of sulfur (S) by
the ASTM D-4294 or similar standard. Oxygen (O) removal will be analyzed by FTIR.

Objective4
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e Catalytic evaluation of the best catalyst for the hydroprocessing of the vegetable oil-gas oil
mixture (metal oxides composition and Al/Si molar ratio with a higher incidence in the HDS and
higher diesdl-like fraction yield, respectively) at fixed conditions of hydrogen (H.) initial pressure
and vegetable oil concentration (25, 28). Only the reaction temperature will be varied at 380 °C,
400 °C, and 420 °C.

e Quantification and identification of the reaction products by smulated ditillation (ASTM
D2887) for the quantification of the diesel-like fraction. To quantify the removal of sulfur (S) by
the ASTM D-4294 or similar standard. Oxygen (O) removal will be analyzed by FTIR.

1.4 JUSTIFICATION

A focus of interest in research for theimprovement of ail refining processesis centered in devel oping
new catalysts that permits to convert heavy crude fractions into liquid fuel molecules (middle
digtillates), and cleaner (lower concentration of S, N, V, etc.) compounds without detriment to the
fuel capacity of the product. In this way, reducing the environmental impact derived from the
extraction, processing, and combustion of fossil fuds is sought. Hence, incorporating renewable
sources into conventional refining processes, such as vegetable oil, is undoubtedly a promising
alternative. However, vegetable oils are essentially a matrix of oligomeric compounds with diverse
functional groups (oxygenated) whose presence negatively affects the combustion reactions in
vehicles. Therefore, bifunctional catalysts (acid and hydrogenating function) are required for their
processing.

Thus, the present research focuses on elucidating the effect of the intrinsic properties of an enhanced
bifunctional Ni-W sulfided catalyst supported on mesoporous silica functionalized with aluminum
(Al) AI-SBA-15 type in the hydro-coprocessing of a vegetable oil and gas oil mixture. Specificaly,
the study of the effect of the distribution of acidic sitesand active sites (metallic phases) of the catalyst
and the operating temperature in promoting a higher yield during the hydrodesul furization reaction
(HDYS), thus as possible hydrocracking (HCK) of the components of the mixture to attain diesel-like

fractions (C11-C17).

The results of this research will allow the development of a catalyst for the hydro-coprocessing of a
mixture of vegetable oil-gas oil based on the effect of the surface chemistry of the catalyst in the
hydroprocessing. Theseresults are key datafor the development of a subsequent kinetic study for the
sizing and designing industrial units for the process, and further reducing the gap between

experimental results and the treatment of real samples and processes.
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1.5 SCOPE

This research presents the experimental results of the exploratory study of the catalytic activity for
the devel opment of abifunctional Ni-W/AI-SBA-15 catalyst in the hydro-coprocessing of avegetable
oil-gas oil mixture at a laboratory scale. For this purpose, preliminary reactions are carried out to
determine and sequentially set the best: Al/Si molar ratio, weight composition of the metal oxides
(NiO and WOs), and the operating temperature. Theideaisto attain the highest yield to a cleaner and
renewable diesel-like fraction by enhancing hydrodesulfurization (HDS), hydrodeoxygenation
(HDO), and hydrocracking (HCK) reactions when hydro-coprocessing vegetable oil and gas oil.

Finaly, it is highlighted that this research does not include the study of the effect of non-sulfided
active phases (e.g., carbides, phosphides, and nitrides) since it is desired to increase the knowledge
that we already have of the Ni-W sulfided active phases (typical of hydroprocessing with conventional
catalysts). In addition, the study of the effect of the composition of the vegetable oil-gas oil mixture
isnot included, since the reactivity and effect of the catalysts as a function of the amount of vegetable
oil added isunknown, but it is known that alarge addition of such oil makesit possibleto obtain fuels
out the permitted sulfur and oxygen content for internal combustion processes. Therefore, it is a

research question that remains open to future research once the results of this research are reported.

1.6 CONTRIBUTION

e Synthesis and characterization of a catalyst (different from the conventional Ni-Mo/x-Al.Os) to
attain a diesal-like fraction during the hydro-coprocessing of a mixture of vegetable oil and gas
oil using functionalized mesoporous silica type Al-SBA-15 as catalytic support and active Ni-W
sulfided phases.

e Cataytic evaluation of the efficiency of a catalyst (different from the conventional Ni-Mo/x-
Al;Os) to attain a diesel-like fraction during the hydro-coprocessing of a mixture of vegetable oil
and gas ail using functionalized mesoporoussilicaAl-SBA-15 type as catal ytic support and active
Ni-W sulfided phases.

¢ Kinetic analysisprocedure for an enhanced and novel Ni-W/AI-SBA-15 sulfided catalyst in terms
of catalytic activity for hydro-coprocessing reactions of hydrodesulfurization (HDS),
hydrodeoxygenation (HDO), and hydrocracking (HCK) of avegetable oil and gas oil blend.
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2. LITERATURE REVIEW

The ail refining process asaconventional source of energy isan energy transformation and utilization
technology that is still in force today (29-32). The derived fractions with high added value are
obtained by hydroprocessing (reaction at high pressure and temperature in the presence of hydrogen)
using mainly heterogeneous catalystsin units or reactors with fixed bed and continuous flow (30, 33).
Hydroprocessing isaset of chemical reactions that require meeting two main objectives. One of these
is the removal of contaminating heteroatoms (e.g., S, N, V, etc), deriving the reactions of
Hydrodesulfurization (HDS) and Hydrodenitrogenation (HDN) and others. The second objective is
to promote the reaction of hydrogen with the hydrocarbon mixture in reactions of isomerization,
alkylation, and selective cracking, to increase the H:C molar ratio of the present compounds. This
process is called Hydrocracking (HCK) (29). Specificaly, the purpose is to obtain fractions called
middle distillates (MD), from such fractions naphtha, kerosene, diesdl, and jet fuel are obtained by a
further separation process (33). Currently, carrying out this processing is more complicated since
there are heavier crude sources (lower API) whose constituent compounds have a higher molecular
weight (polyaromatic and unsaturated hydrocarbons) and a higher content of S, N, and heavy metals
(3). Inthis sense, the research interests of refiners have been focused on the simultaneous processing
of mixtures of petroleum fractions with vegetable oils. This makes it possible to obtain cleaner liquid
fuels that incorporate alternative sources of energy, such as derivatives of lignocellulosic biomass,
aiming at enhancing the fuel capacity of the hydrocarbons thus obtained. The latter results in a
reduction in green housed effect polluting gas emissions (SOx, NOx, and CO., respectively) (33).

Thus, the most recent research for the hydro-coprocessing of vegetable oil with fractions derived from
petroleum shows a growing interest in the development of catalysts based on nickel in its reduced
form and supported on mesoporous nanomaterials type SBA-15 and MCM-41. In this regard, Oh et
al.,, evaluated the performance of three bimetallic catalysts NiCu, NiZn and NiMn supported in SBA-
15 in the HDO (Hydrodeoxygenation) of bio-oil at 3 MPa, 45 min and 250-350 °C, highlighting that
the presence of the two metals increases the gas production performance compared to the Ni-SBA-
15 catalyst(34). However, mesoporous silicas lack acidic sites and acidity to promote chemical
reactions of isomerization and selective cracking of larger molecules. For this reason, it has been
generated a distribution of acidic sites (Bransted and Lewis) to materials such as SBA-15 and MCM-
41, synthesizing functionalized supports such as Al-SBA-15, Zr-SBA-15, Ti-SBA-15, and others (3,
35). In this sense, Zhang et al.,, impregnated the reduced Ni/MCM-41 catalyst (10 wt.% Ni) with a
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heteropoly acid type HPW (phosphotungstic acid) to evaluate its performance in the HCK
(hydrocracking) of methyl palmitate, obtaining jet-fuel with a selectivity of 86.1%. Thisresult is a
consequence of the strong acidity of the catalysts due to the presence of HPW on their surface(36).
Similarly, Tan et al.,, synthesized and evaluated a new reduced catalyst Ni,P/Zr-SBA-15 (30 wt.%
Ni and molar ratio Ni/P = 1) in the hydrodeoxygenation (HDO) of Jatropha ail, obtaining a yield of
60% and that was attributed to the acidity of the cataytic support generated. The reactions involved
were: deoxygenation, aromatization, and cracking (26). Also, Tieuli, et al.,, provided insightsinto the
HDO of bio-oil model molecules such as isoeugenol by incorporating sulfated ZrO; to the Ni-SBA-
15 catalyst and evaluating its performance at 300 °C, 3 MPa, by using dodecane as solvent. The
results showed that the incorporation method of the metals and the presence of the ZrO, nanoparticles
decreased the catalytic activity (lower yield). The latter because the reduced active phase of nickel
was inside SBA-15 tubular channels and the zirconia both internally and externally was blocking
access to the meta active site. A kinetic model was aso proposed that adjusted 91% to the
experimental data (37). By their side, Gimez-Orozco et al.,, tested aternary system (Ni, Mo, and W)
as asulfided active phase in the HDS of dibenzothiophene (DBT) at 320 °C and 5.5 MPa, and using
Ti-SBA-15 as catalytic support (35). The less Ti on the catalytic support (Si/Ti molar ratio of 40)
reduced HDS activity due to the hydrogenation capability of less Ti catalysts. The occurrence of
tetrahedral Ti was responsible of the catalytic activity trends as previously reported. Hence, Lima et
al., reported the catalytic evaluation of Ni-Mo catalysts supported on SBA-15 and alumina, aiming
to elucidate the influence of surface chemistry of the support on catalyst deactivation (38). The
alumina supported catalyst exhibited 44% more coke deposition than the SBA-15 supported cataly<t,
indicating that a more acidic catalytic support facilitates a quicker catalytic deactivation by coke
formation and carbon deposition. For that reason, tailoring acidic properties is important for the
development of an effective catalyst. In this respect, Zhang et a synthesized an acidic AI-MCM-41
support for a Pt catalyst inthe HDT of Jatrophaoil at 360 °C, 4 MPa, and aLHSV of 1 h'! by etching
the MCM-41 support with sulfuric acid, citric acid, or hydrochloric acid (39), etching the catalytic
support decreased the specific surface area (Sger) but increased catalytic activity due to the increase
in acid sites. Citric acid etched catalysts were the more selective to adiesal-like fraction (Ce.Cls).

On the other hand, conventional catalystsfor hydroprocessing are Co-Mo, Ni-Mo, and Ni-W sulfides
supported on: ¥-Al20s, SiOx-AlOs, TiO,, and zeolitestype HY, USY, Hbeta, etc. Such catalysts have
also been evaluated in the hydro-coprocessing of crude oil mixtures with vegetable ail. In thisregard,
El-Sawy et al.,, reports the catalytic evaluation of the binary bed (two types of catalysts), Ni-
Mo/Al;Os and Ni-W/SiO»-Al>Os in vacuum gas oil (VGO) and residues mixture with two types of
vegetable oil waste: lubricating oil (WLO) and cooking oil (WCO). These experiments were carried
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out at 7 MPa, LHSV 1.5 ht, 380-440 °C, and a concentration range of each waste ail of 10-20 vol.%.
Depending on the type of waste used, the yield to diesel and kerosene was variable, and WCO
promoted the formation of a greater quantity of kerosene. On the contrary, WLO promoted diesel
yield. In terms of temperature, it maximized diesel production at 400 °C (2). For their part, Palos et
al., evaluated the performance of commercia cataysts Co-Mo/Al>Os, Ni-M0o/SiO,-Al20s, and Ni-
W/USY in a20 vol.% mixture of oil derived from tires and light diesel. The reaction products were
analyzed by APPI/ESI FT-ICRMS, FID-MSGC X GC, and PFPD GC, showing asimilar distribution
and type of products for the set of catalysts studied (4).

Regarding the previous hydrotreating of vegetable oil samples, obtained by direct processing of
lignocellulosic biomass, Auersvald et al.,, used the commercial Ni-Mo/Al;Os catalyst (5.5 wt.% NiO
and 28.3 wt.% MoO3) during the hydrotreating of straw oil derived from pyrolysis (240-360 °C, 2-8
MPa, WHSV = 1 h'!), showing that 85% of the fuel precursors are obtained in the organic phase and
miscibility with diesel for the bio-oil obtained at 360 °C and 8 MPa (40). However, since the
efficiency for HDS is reduced using sulfided phases, De Paz Carmona et al., evaluated molybdenum
carbides and nitrides (MoCx and MoNy) supported on Al2O3, TiO, and ZrO- in the hydroprocessing
of atmospheric gas oil (AGO) mixed with rapeseed oil (RSO) at different AGO/RSO ratios (330-350
°C, 5.5 MPa, WHSV = 1-2 h'}). It ishighlighted that the intrinsic properties of Al.Os favored yielding
and selectivity compared to the other supports (41).

Finally, the effect of the catalyst/bio-oil mass ratio on the catalytic cracking of bio-oil using zeolites
has been studied, and ayield to deoxygenates higher than 61% was reported by increasing thisratio.
Additionally, it is noted that the yield to liquid was the lowest (12-16%) for the catalyst supported in
HSZM-5 duetoits strong acidity at smulated FCC (Fluid Catalytic Cracking) conditions (42).

Based on the aforementioned, optimal composition and type of metallic phases (sulfided or reduced),
the molar ratio of acidity precursor heteroatoms (Al, Ti, Z, or others), and the operating conditions
(temperature and partial pressure of hydrogen) allow maximizing the yield or selectivity during the
hydroprocessing of vegetable oil-gas oil mixtures to the compounds of interest. Scientific research
hasfocused on conducting exploratory studies with different types of materials such as heterogeneous
solid catalyst support, active phases based on Ni and their combinationswith Mo and W, and different
types of vegetable oil. Nonetheless, the operating conditions are based on previous or availability
reports. Therefore, the hydroprocessing of mixtures of vegetable oil and heavy crude fractions is a
research topic that remains open and requires a more solid knowledge for its future scaling and

application at an industrial level.
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3. EFFECT OF THE AlI/S MOLAR RATIO IN THE HYDRO-COPROCESSING OF A

MIXTURE OF VEGETABLE AND GASOIL WITH A Ni-W/AI(X)-SBA-15 SULFIDED
CATALYST
This chapter discusses the effect of textural properties and acidity of Al(x)-SBA-15 materias as
supports for Ni-W sulfided catalysts during the hydro-coprocessing of a mixture of gas oil and
Jatropha curcas L. oil. Accordingly, this chapter describes the experimental procedure for
synthesizing Al-SBA-15 by adirect method for Al/Si molar ratios of 0.1, 0.05, 0.033, 0.025, and 0.0.
The composition of metallic oxides was fixed at 2.5 wt.% for NiO and 15 wt.% for WOs. Hence, the
auminum incorporation effect ontheyield of adiesel-likefraction when hydroprocessing the mixture
is elucidated.

3.1.EXPERIMENTAL

3.1.1. Synthesisof Al (x)-SBA-15 catalytic supports

22.8mL Required g Reactants molar ratio: Al/Si molar ratio
98gP123 TEOS (98%) CoHarAlO; 0.0169 P123:1.000 TEOS: 4.42 HCI: 186 H,O | | x: 0.1"; 0.05; 0.033; 0.025

36.8mL de ey
HCI (ac) 12 M
335 ml H,0(l) Washing iyt
H,0() ]

“Yad

r:A‘,gggrs::] 4 3. Filtering + .‘_ -—'-—_'-' Al(0)-SBA-15
2. Hydrothermal Drying 4. Dryingat 110°C/ 12h
treatment ~23°C, 72h 5. Calcination at
(AutogenousPressure) 550°C/6h
110°C/24 h 2°C/min
1. Hydrolysisand condensation s

reaction

Fig. 1. Schematic procedurefor Al(x)-SBA-15 synthesis. x: Al/Si molar ratio.

To set the experimental conditions for synthesizing Al modified SBA-15 materials and obtaining
about 10 g of each sample, fifteen syntheses were carried out. The experimenta procedure is shown

inFig. 1, and it is described as follows:

Silica-based Al functionalized materials were directly synthesized adapting previously reported
procedures (27, 43-45). In atypical synthesis, about 9.8 g of Pluronic P123 (EO20PO7EO, Ma =
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5800, PEG 30 wt.%, Aldrich) were dissolved in 235 mL of a 1.2 M agueous solution of HC| (37.3
vol.%, Merck) under continuous agitation (~380 rpm). A calculated amount (depending on Al/S
molar ratio) of aluminum isopropoxide (CoH21AIOs, Aldrich 98%) was dissolved in ~100 mL of al.2
M agueous solution of HCI (37.3 vol.%, Merck) under continuous agitation (~500 rpm). Then, both
HCI agueous solutions were mixed and kept under agitation (~380 rpm) for 1 h. Subsequently, ~22.8
mL of tetraethyl orthosilicate (S CsH2004, TEOS, Aldrich 98%) were added dropwise. Temperature
was increased from room temperature (~25 °C) to 38 °C and kept at these conditions for 24 h. The
milky suspension obtained istransferred into a PTFE closed bottle for hydrothermal treatment at 110
°C for 24 h, using a heating rate of 2 °C/min in an oven. The solid product is filtrated, flushed with
deionized water, and dried at ambient conditions for 72 h. Finally, the solid product is placed on a
furnace for drying at 110 °C/12 h and calcination a 550 °C/6 h to remove the template (Pluronic
P123) using a heating rate of 2 °C/min. The resulting material was |abeled Al(x)-SBA-15, where x is
the Al/Si molar ratio.

The nomina molar ratio of reactants during the synthesis was the following: 1.0 TEOS:0.0169
P123:4.42 HCI:186 H,0O according to previoudy reported works (3, 21). Pristine SBA-15 cataytic
support was synthesized following the previous procedure, but, without aluminum isopropoxide
addition.

The synthesized catalytic supports were labeled: Al(x)-SBA-15-n, where x is the Al/Si molar ratio
and n is the corresponding number of the synthesis.

3.1.2. Catalystspreparation

3.89 g WO,/Al(x)-SBA-15
0.4011 g Ni(NO5),.6H,0
20 ML H,0()

4.01gAl(0.1)-SBA-15 0.917 g Hz6NgO4oW12.H,0
20 mL H,0(l)

|J ] =
Le WO,/AI(0.1)-SBA-15
) | —

L

:_ m—
2. Drying at 110°C/ 12h

- NiO(2.5%)-WO; (15%)
'I;_ s JAI(0.1)-SBA-15

3.NiO precursor saltimpregnation 4. Dryingat 110°C/ 12h

1. WO, precursor salt Calcination at 550°C/6h (T=25°C) Calcination at 550°C/6h
impregnation (T=25°C; ; t=24h
i : ZClmin 2°Cimin

Fig. 2. Schematic procedure for NiO(2.5% )-WO3(15% )/Al(x)-SBA-15 synthesis. x: Al/Si molar ratio.

Preliminary experiments were carried out to elucidate the effect of impregnation time and air flow
during the synthesis of Ni-W/AI(x)-SBA-15 oxide phase catalysts. Catalysts preparation was carried
out according to the following procedure as depicted in Fig. 2:
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Ni-W/Al(x)-SBA-15 oxide phase catalysts were prepared by the successive incipient wetness
impregnation method. A calculated amount (to get ~15 wt.% of WOs) of ammonium metatungstate,
(NH4)6H2W12040.H20 (Aldrich 85 wt.% WOs3) was dissolved in ~25 mL of deionized water. The
previous solution was added to ~5 g of Al(x)-SBA-15 and mixed until homogenization and kept static
for 24 h. The resulting material dried at 110 °C for 12 h and calcined at 550 °C for 6 h with a heating
rate of 2 °C/mininto afurnace. Then, therecovered solid wasimpregnated with ~25 mL of an agqueous
solution of nickel nitrate, NiNOs.6H-O (Aldrich, 97%) to get ~2.5 wt. % of NiO, kept static for 24 h,
and subsequently dried and calcined in afurnace at the same conditions of the previousimpregnation.
All the synthesized solids were grounded and sieved down to a particle size between 25 and 75 pum
for reaction experiments. Catalysts were labeled: Ni-W/AI(x)-SBA-15-z, where x is the Al/S molar
ratio and zis the number of the synthesis.

For Ni-W/AI(0.1)-SBA-15-1 catalyst, the impregnated solids were homogenized for 1 h, for Ni-
W/AI(0.0)-SBA-15-1, the impregnated solids were homogenized for 24 h, and for Ni-W/AI(0.0)-
SBA-15-2, the impregnated solids were homogenized for 24 h, but calcined with a flow rate of dry

air of 500 mL min into the furnace at the previously reported conditions.

3.1.3. Characterization

3.1.3.1. Textural Properties

Samples between 0.05 and 0.1 g were outgassed at 180 °C/12 h before analysis. Outgassed samples
were analyzed in a Quantachrome ASQIA equipment for nitrogen physisorption @-196.15 °C.
Isotherms were recorded with twenty acquisition points during adsorption and seventeen during
desorption. Specific surface area (Sser, m?gt) was determined by the BET (Brunauer, Emmet and
Teller) method at relative pressures (P/Po) within 0.04 and 0.25 according to lUPAC recommendation
(46). Pore volume (cmigt) was determined at 0.99 of relative pressure, while pore diameter (nm) was
determined by the BJH (Bayer, Joyner and Halenda) method.

3.1.3.2. Materials Crystallinity by XRD
Previoudy grounded samples between 0.05 and 0.1 g were analyzed in a Rigaku Ultima IV X-ray

diffractometer coupled with an ultra-high-speed detector for low angle (20 from 0.4° to 4°)
measurements. Wide angle (20 from 10° to 80°) measurements were performed to identify changes
in kind of metallic phase and crystallinity of the synthesized catalysts. Copper Kal radiation (1.54
A°) was employed with a speed of 0.5°min™ each 0.02 s.
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3.1.3.3. Porous Structure by HR-TEM
Micrographs with a magnification of ~50 nm were taken for Al(x)-SBA-15, and Ni-W/AI(0.1)-SBA-

15 materials using a 200 kV JEOL (Japan) JEM-ARM200F microscope with a cold field emission
gun (ColdFEG). Images acquisitions were carried out with a Orius model Gatan camera employing
Gatan Microscopy Suite: Digital micrograph 2.31.734 version. These analyses were performed to

elucidate changes in porous structure by Al, Ni, and W incorporation during synthesis procedure.

3.1.3.4. Materials Acid Sites Distribution (Brensted/L ewis) by Pyridine-FTIR
About 0.03 g of each Al(x)-SBA-15 and Ni-W/Al(x)-SBA-15 materials were analyzed in an FTIR

spectrometer Nicolet 8700 within arange of 400 to 4000 cm?, and an average number of scans of 50.
Prior to the analysis, samples were outgassed at 400 °C. About 50 pL of Pyridine was absorbed at
room temperatureinside aquartz cell, and desorbed progressively under vacuum at 50, 100, 200, 300,
and 400 °C.

3.1.3.5. Molecular Structure of Aluminum Species by Al-MAS-NMR M easurements
27/Al Nuclear magnetic resonance (NMR) spectrawere recorded in aBruker Advance |11 spectrometer

attached to a 4 mm magic-angle spinning (MAS) probe, using direct excitation, about 30° of pulse
angle, arecycledeay of 0.1 s, and a sample spin-rate approximately of 7 kHz. Spectrawere acquired
at 104.26 MHz.

3.1.3.6. Chemical functional groups by RAMAN spectroscopy
RAMAN spectrawere acquired in the interval of 100 to 1300 cm™ in a LabRam HR8000 equipment

employing alaser of 633 nm, nominal power of 13 mW, exposure time of 6 s, and an accumulation

time of 8 repetitions.

3.1.3.7. FTIR spectra of liquid products during the hydr o-coprocessing
IR spectra were recorded within the range of 400 to 4000 cm™tin an IR 2 IlluminatIR Il JY Smiths

Detection apparatus coupled to an OLY MPUS BX41 optic microscope.

3.1.3.8. Electrospray ionization (ESI) mass spectrometry
ESl spectrawere acquired in a Bruker Daltonics micrOTOF-Q apparatus scanning within the range

of 50 to 2000 m/z and employing a positive ion polarity. Spectrum data was adjusted by subtracting
sodium (Na) molecular weight (~22.99 g mol?) from m/z units to qualitatively determine the

corresponding hydrocarbon fraction for representative higher intensity ions obtai ned.

3.1.3.9. Analysis of liquid products by *H-NMR
H* Liquid state Nuclear Magnetic Resonance (NMR) analyses were performed in Bruker Ascend TM

apparatus for all liquids products of the hydro-coprocessing of the vegetable oil and gas oil blend and
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pure Jatropha curcas L. oil. Samples were previously dissolved in deuterated chloroform, CDCls.
Spectrawere acquired at 750 MHz employing arelaxation delay of 1s, receiver gain of 4, pulse width

of 8 s, and atotal number of scans of 32.

3.14. Catalytic Evaluation

N=700 rpm
2.5 g of sulfided 10 mL vegetable oil
catalyst (Jatropha CurcaslL.)
d, <177 um, p=0938gmL?
B 1

100 ML= /.’.——.\\
N | o |
R 2 2 20mL LGO
) . 20mL HGO
- . p=0889 gmL?!
* %S = 1.154
T=360°C
Py, = 6 MPa
T=23°C
T=4h

Fig. 3. Schematic procedurefor catalytic evaluation of sulfided catalysts.

Hydro-coprocessing experiments were carried out in a 100 mL batch reactor Parr 4598 under the
following operational conditions. 360 °C, 6 MPaof initial hydrogen (H.) partial pressure, ~2 wt.% of
sulfided catalyst, 700 rpm, and areaction time of 4 h as shown in Fig. 3. Prior to the experiments, a
mixture 50% vol. of LGO (Light Gas Qil) and HGO (Heavy Gas Qil) was prepared and labeled as
GOM (Gas Qil Mix) GOM was further mixed with Jatropha curcas L. Qil (JO) to make a mixture
JO/GOM volume ratio of 20/80. About 50 mL of the final mixture was loaded into the reactor with
the required amount of previoudy sulfided Ni-W/AI(x)-SBA-15 catalyst.
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N=750 rpm
~0.35 mL DMDS
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%S finat = 2.3 2t - -
woml= | A—f—f—| " —) == —)
S~ |1 ~25mL
« ¥ . 25mL LGO
ol o, p = 0.860 g mL! FILTRATION DECANTANTION DIESEL REMOTION
- ® %S = 1.16
i .
T=350°C
Py, =3 MPa Sulfured Catalyst
P=5MPa
t=3h

REMNANT DIESEL
ADSORPTION

Fig. 4. Schematic procedurefor sulfidation of oxide phase catalysts.

Sulfidation process (transforming NiO and WOs; in their respective sulfides) was conducted ex-situ
in the same batch reactor as shown in Fig. 4. But, using a feedstock formed by LGO (~1.4 wt.% S
content) mixed with the required amount (~0.35 mL) of dimethyl disulfide (DMDS, C:HsS;, Aldrich
99%) to attain ~2.3 wt.% of S content. Sulfided catalysts were recovered by filtration, washing with
sulfur removed diesel, decantation, and adsorption of the remnant of no sulfur diesel on a paper
blanket.

Reactor operating conditions are the following: 25 mL of LGO, 3 MPaof Hx(g) initial pressure, 750
rpm, 2.5 g of oxidized Ni-W precursor of the catalyst. Temperature was successively increased from
~25°Ct0 150 °C, and kept for 30 min. Subsequently, the temperature was raised from 150 °C to 350
°C kept for 3 h at a heating rate of ~2.5 °C/min.

3.1.5. Catalytic Activity

3.1.5.1. Hydrodesulfurization (HDS) per centage (sulfur removal)

Sulfur content was determined according to the ASTM D4294 standard in a SINDIE 2622-10
equipment. Then, sulfur removal percentage was determined by computing the relative difference
percentage between the feedstock (as reference) and the liquid product for each Ni-W/AI(x)-SBA-15
catalyst as shown in Eqn.1. Cy and Cs are the initia and final sulfur concentrations in weight

percentage.

%HDS = % +100 Egn.1

N

3.1.5.2. Hydrodeoxygenation (HDO) per centage (oxygen removal)
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Fig. 5. Determination curve for vegetable oil composition at ~1750 cm™ FTIR band.
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Fig. 6. Determination curve for freefatty acids composition at ~1750 cm™ FTIR band.

To quantify the oxygen removal by hydro-coprocessing the feedstock with the Ni-W/AI(x)-SBA-15
catalysts, two determination curves were done using FTIR absorbances. The first curve (Fig. 5,
R2=0.9908) corresponded to Jatropha curcas L. percentage vs FTIR absorbance at ~1750 cm?,
preparing samples with 0, 5.7, 10.8, 15.5, 19.7, and 25.1 wt.% of vegetable oil and the GOM. The
Fig. 6, R?=0.9992) corresponded to Oleic Acid vs FTIR absorbance a ~1710 cm™. Oleic acid
(technical grade, 90%, Aldrich) was used to prepare sampleswith 0, 1.4, 3.3, 4.2, 5.0, 10.4, 19.5, 29.2
wt.% of oleic acid and the GOM. Hence, vegetable oil and carboxylic acids compositions were
calculated, and then computing their oxygen content (%). HDO activity was expressed asthe relative
deviation percentage between of initial oxygen content in the GOM and the final oxygen content in

the liquid product.

32



3.1.5.3. ASTM D2887 boiling point distributionsand fraction compositions
Simulated Distillation was carried out according to the ASTM D2887 procedure in a GC-2010

Shimadzu equipment, which was set up for such purposes. Distillation curve data was analyzed in
ASPEN HY SY S V9 to determine the composition of each fraction as follows: Naphtha (80 °C-180
°C), Kerosene (180 °C-240 °C), Light Diesdl (240 °C-290 °C), Heavy Diesel (290 °C-340°C), Gas
Qil (340 °C-370 °C), and Residue (>370 °C) Diesdl-like fraction composition was computed by
adding Light Diesel and Heavy Diesdl compositions, respectively.

3.2. RESULTSAND DISCUSSION
3.2.1. Characterization of catalytic supportsand catalysts

3.2.1.1. Effect of the synthesis conditionsin the textural properties of the materials
To get ~10 g of each Al/S molar ratio sample, at least two synthesis of each Al(x)-SBA-15 materia
was carried out. In Table 1 it isreported the changeintextural propertiesfor all synthesized materias

ratio asfollows:

Table 1. Textural Propertiesfor SBA-15 and Al(x)-SBA-15 synthesized materials

Sample SeeT [M?/g] PV [cm3/g] PD [nm]
Al(0.0)-SBA-15-1 849.2 13 6.1
Al(0.0)-SBA-15-2 728.4 12 6.8
Al(0.0)-SBA-15-3 825.7 14 6.9
Al(0.0)-SBA-15-4 732.3 13 7.2
Al(0.0)-SBA-15-5 505.7 12 94
Al(0.1)-SBA-15-1 725.6 11 6.1
Al(0.1)-SBA-15-2 750.9 12 6.6
Al(0.1)-SBA-15-3 725.2 13 7.3
Al(0.05)-SBA-15-1 733.8 12 6.7
Al(0.05)-SBA-15-2 745.3 14 7.4

Al(0.033)-SBA-15-2 690.6 1.2 7.2
Al(0.033)-SBA-15-1 742.2 12 6.5
Al(0.025)-SBA-15-1 754.9 1.2 6.3
Al(0.025)-SBA-15-2 761.9 1.3 7.0
Al(0.025)-SBA-15-3 8735 13 5.9

According to Table 1, at same Al/Si molar ratio materials exhibited similar textural properties (Sger,
PV and PD), indicating a good reproducibility of the synthesis. Specific surface area (Sger), pore
volume (PV) and pore diameter (PV) average changeswas ~10.5%, ~8.8%, and ~10.8%, respectively.
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Therefore, it cannot be stated that Al direct incorporation leaded to significant changes in
mesoporosity of the SBA-15 based synthesized materials.
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Fig. 7. Nitrogen @77 K physisorption isothermsfor SBA-15, Al(x)-SBA-15-n, x: Al/Si molar ratio; n: synthesis
number.

According to Fig. 7, all synthesized catalytic supports and catalysts exhibited atype IV isotherm and
an H1 hysteresis loop. Type IV isotherm characterizes mesoporous materials and H1 hysteresis |oop
indicates tubular, uniform, and open (both sides) pores. The latter feature was evidenced for all
samples. Nevertheless, a slight deformation of hysteresis loop at higher relative pressures (within
0.64 and 0.8) for Al(0.05)-SBA-15-2, Al(0.033)-SBA-15-2, and Al(0.025)-SBA-15-2 was evidenced.
This deformation indicates a possible change in the uniformity of tubular pores in the material.
Nevertheless, in genera, all sampleswith the same Al/Si molar ratio showed similar isotherms among

them.

Finaly, Al(0.0)-SBA-15-5 and Al(0.025)-SBA-15-3 exhibited pore volumes values out the trend of
the same Al/Si molar ratio cataytic supports, 9.4 nm, and 5.9 nm, respectively. For that reason, such
materials were discarded for catalysts preparation procedure.
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3.2.1.2. Effect of the synthesis conditionsin materials crystallinity and mesopor osity
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Fig. 8. Low Angle X-ray diffraction profilesfor SBA-15, and Al(x)-SBA-15-n materials, x: Al/Si molar ratio; n:
synthesis number

According to Fig. 8, al SBA-15 based materials with different Al/Si molar ratio exhibited three well
defined peaks at 26: 0.8°, 1.4°, and 1.7° ascribed to theindexed planes: (100), (110), and (200). Such
signas characterize hexagonal symmetry with pémm space group of SBA-15. Hence, the direct
synthesis of Al(x)-SBA-15 did not affect the mesoporous structure of the silica base material (SBA-
15). In addition, among samples with the same Al/Si molar ratio no significative differences were
observed, except the dlight |eftwards movement of the three characteristics peaks with areduction in
intensity of the signal. Such differences can be explained by the nature of each sample and the
conditions pertaining to its measurement. In addition, Table 2 reports the estimated wall thickness
values for all synthesized materials. Planar distances for the plane (100) were computed by Bragg’s
law and the red parameter (ao) was calculated by multiplying do for 2v/3/3. According to the data
reported, higher values of & indicates aleftwards displacement of the signal ascribed to plane 100 as
observed for Al(0.05)-SBA-15-2, Al(0.033)-SBA-15-2, Al(0.025)-SBA-15-2. This trend could be
associated with the partial and slight deformation of hysteresisloop shown in Fig. 7. Finally, Al(0.0)-
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SBA-15-5, and Al(0.025)-SBA-15-3 depicted wall thicknessvalues|ower than their same Al/Si molar

ratio counterparts. The latter, supporting the decision of discarding such materias for catalysts

preparation as previously commented in Section 3.2.1.1.

Table 2. Wall thickness estimation for Al(x)-SBA-15 type synthesized materials.

Sample 20 [°] 20 [rad] d100 [nm] a0 [nm] PD [nm] Wthicknessinm]
SBA-15-1 0.86 0.015 10.3 11.9 6.1 5.8
SBA-15-2 0.88 0.015 10.0 116 6.8 4.8
SBA-15-3 0.88 0.015 10.0 11.6 6.9 4.7
SBA-15-4 0.8 0.014 11.0 12.7 7.2 55
SBA-15-5 0.81 0.014 10.9 12.6 9.4 3.2

Al(0.1)-SBA-15-1 0.84 0.015 105 12.1 6.1 6.0
Al(0.1)-SBA-15-2 0.82 0.014 10.8 124 6.6 5.8
Al(0.1)-SBA-15-3 0.8 0.014 11.0 12.7 7.3 54
Al(0.05)-SBA-15-1 0.86 0.015 10.3 11.9 6.7 5.2
Al(0.05)-SBA-15-2 0.76 0.013 11.6 134 7.4 6.0
Al(0.033)-SBA-15-1 0.84 0.015 10.5 12.1 7.2 49
Al(0.033)-SBA-15-2 0.82 0.014 10.8 124 6.5 5.9
Al(0.025)-SBA-15-1 0.84 0.015 10.5 12.1 6.3 5.8
Al(0.025)-SBA-15-2 0.78 0.014 11.3 131 7.0 6.1
Al(0.025)-SBA-15-3 0.88 0.015 10.0 11.6 5.9 57
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Fig. 9. Wide Angle X-ray diffraction profilesfor NiO(2.5% )-WO3(15% )/Al(x)-SBA-15-n catalysts, x: Al/Si molar

ratio; n: synthesis number.
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Regarding the formation of metallic phases over the catalysts surface on Al(x)-SBA-15 catalytic
supports, Fig. 9 depicts XRD profiles for three catalysts loaded with NiO(2.5%) and WO3(15%)
supported on: Al(0.0)-SBA-15-1, Al(0.1)-SBA-15-1, and Al(0.0)-SBA-15-2 catalytic supports. The
occurrence of partially oxidized W species at 26~23.7° for the catalyst supported on Al(0.0)-SBA-
15-1 catalysts was evidenced. Thelatter due to the shortest homogenization time (~1 h) before drying
and calcination. For cataysts supported on Al(0.1)-SBA-15-1, and AI(0.0)-SBA-15-2
(homogenization time of 24 h) peaks ascribed to NiWO,4 (PDF 00-72-0480 ICDD) were observed at
20: 23.7°, 33.6°, 41.6°, 54.7°, and 60.2°. In addition, the occurrence of NiWQ,4 nanoparticles on
catalysts supports was evidenced regardless the incorporation of aflow of dry air of 500 mL min' for
the catalyst supported on Al(0.0)-SBA-15-2. The most intense signal was ascribed to WO; component
in NiWQ,, and Table 3 shows the average nanoparticle size as computed by Debye-Scherrer’s
equation (Eqn.2). The average nanoparticle size was ~4.7 nm. Therefore, WO3 nanoparticles on
catalysts surface is ~0.7 nm higher than 4 nm, the minimum detection limit of XRD measurements.

0.91+21

~ b+cos 0, Eqn.2

In equation 1, A is the wavelength of Cu K, radiation in nm (0.1541 nm), b isthe FWHM (Full Width
at High Maximum) at 26°, and 6,,, is the half of the 20° ascribed to the most intense peak in WA-
XRD diffraction patterns shown in Fig. 8.

Table 3. Average W nanoparticle size for catalysts as computed by Debye-Scherrer equation.

Material 0m (260/2) [°] b[°] b[rad] | d[nm]
NiO(2.5%)-WOs3(15%)/Al(0.0)-SBA-15-1 11.9826 1.9081 | 0.0333 | 43
NiO(2.5%)-WOs(15%)//Al(0.1)-SBA-15-1 11.7907 15750 | 0.0275 | 5.2
NiO(2.5%)-WOs(15%)//Al(0.0)-SBA-15-2 11.8454 1.8371 | 0.0321 | 45

3.2.1.3. Textural Propertiesof final catalystsand catalytic supports

Previoudy synthesized materials Al(0.0)-SBA-15-1, Al(0.0)-SBA-15-2, and Al(0.1)-SBA-15-1
materials were used during catalysts preparation, and Al(0.0)-SBA-15-5, and Al(0.025)-SBA-15-3
were discarded, all previously commented in sections (3.2.1 and 3.2.2). Therefore, the remnant same
Al/Si molar ratio synthesized materials were mixed to get the final catalytic supports for catalysts
preparation. The cataysts were labeled NiO(2.5%)-WO3(15%)/Al(x)-SBA-15 mix1, where x is the
Al/Si molar ratio. To elucidate Al effect on hydro-coprocessing reactions, Al(0.0)-SBA-15 catalyst

is reported for comparison purposes.

According to data reported in Table 4, al Al(x)-SBA-15 supports exhibited a pore volume (PV) of
1.2cmig? (~6.0% of deviation) and aporediameter (PD) of ~6.6 nm (~2.6% of deviation). Regarding
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the specific surface area, Sser, the average deviation in such property is ~5.6%. No linear tendence
could be observed for textural properties variations with Al/Si molar ratio. Thus, the differences
among such properties could be possibly attributed to inherent errors during measurements, indicating
all catalytic supports shown similar properties disregarding the Al content. In addition, Table 4 aso
reports the textural properties for Ni-W oxide phase catalysts (2.5 wt.% NiO, and 15 wt.% WO3)
supported on Al(x)-SBA-15 mix1 materials. Average deviationsin PV and PD were ~3.6% and 2.1%
respectively, while Sger average deviation was ~1.5%. However, it could be observed that Sger
decreased at expenses of the decrease of Al/Si molar ratio, indicating that Al influenced changesin
the mesoporosity when adding metals (Ni and W) on the Al(x)-SBA-15 mix1 catalytic supports. Such
changes were ratified by comparing textural properties among Al(x)-SBA-15 mix1 materials with
NiO(2.5%)-WO3(15%)/Al(x)-SBA-15 mix1 oxide phase catalysts. It was evidenced the reduction of
both Sger and PV when adding metal s on the catalysts surface or adsorption capacity, and PD remains
the same. Accordingly, Ni and W species did not block pores during the synthesis of the oxide phase
cataysts.

Table 4. Textural Propertiesfor Al(x)-SBA-15 supportsand Ni-W/AI(x)-SBA-15 catalysts; x: Al/Si molar ratio.

Sample Seet [Mg] PV [cm?/g] PD [nm]
Al(0.1)-SBA-15 mix1 766.3 13 6.7
Al(0.05)-SBA-15 mix1 750.0 13 6.8
Al(0.033)-SBA-15 mix1 748.0 12 6.6
Al(0.025)-SBA-15 mix1 803.0 13 6.5
Al(0.0)-SBA-15-2 728.4 12 6.8
NiO(2.5%)-WOs3(15%)/Al (0.1)-SBA-15 mix1 524.3 0.9 7.0
NiO(2.5%)-WOs(15%)/Al(0.05)-SBA-15 mix1 514.2 0.9 6.9
NiO(2.5%)-WOs(15%)/A1(0.033)-SBA-15 mix1 513.6 0.9 6.7
NiO(2.5%)-WOs(15%)/Al(0.025)-SBA-15 mix1 501.6 0.8 6.6
NiO(2.5%)-WOs(15%)/Al(0.0)-SBA-15-2 516.1 0.9 6.8
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Fig. 10. N2@-196.15 °C adsor ption-desor ption isothermsfor a) Al(x)-SBA-15 materialsb) NiO(2.5%)-
WO3(15% )/Al(x)-SBA-15 oxide phase catalysts; x: Al/Si molar ratio

Fig. 10 a) shows nitrogen physisorption isotherms for all Al(x)-SBA-15 mix1 catalytic supports and
SBA-15 reference. All materials exhibited atype IV isotherm with an H1 hysteresis loop. Type IV
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isotherm type indicates a mesoporous material, and the kind of hysteresis loop indicates that al
materials possess tubular and uniform pores possibly opened both sides. Asaresult, it can be inferred
that Al incorporation did not affect the structure of pores due to the no significant changes in the

shape of such loop at relative pressures (P/Pg) between 0.6 and 0.8 were observed.

For NiO(2.5%)-WO3(15%)/Al(x)-SBA-15 mix1 catalysts, Fig. 10 b) showsthat all catalysts depicted
Type IV isotherm and an H1 hysteresis loop as the pristine Al(x)-SBA-15 mix1 catalytic supports.
Nevertheless, in comparison with isotherms presented in Fig. 10 a), those catalysts shown a
decrement of the adsorbed volume due to the reduction and partial deformation of the hysteresisloop
at relative pressures (P/Py) between 0.6 and 0.8. Such hysteresis deformation indicates a change in
pores shape by Ni and W incorporation on the catalysts surface, and the lowest Al/Si molar ratio
catalyst depicted the more reduced hysteresis loop. Therefore, the lowest adsorption capacity as
previoudy stated.
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3.2.1.4. Mesoporous structu

reof Al(x)-SBA-15 mix1 catalytic supports and Ni-W/AI(x)-SBA-

15 mix1 catalysts crystallinity
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Fig. 11. a) depicts low angle X-ray diffraction (LA-XRD) profiles for Al(x)-SBA-15, and SBA-15
reference. All materias exhibited three well defined peaks at 20: 0.8° 1.4° and 1.7° ascribed to
indexed planes (100), (110), and (200), respectively. The occurrence of such peaks indicates that all
materials possess a hexagonal symmetry with p6mm space group of SBA-15(47). The direct
incorporation of Al during the synthesis of Al(x)-SBA-15 mix1 materials did not ater the ordering
pattern of SBA-15. Therefore, Al might be incorporated as extra-framework Al or at lower Al/S

molar ratio it might be completely incorporated into silicaframewaork.

Regarding wide angle X-ray diffraction (WA-XRD) in Fig. 11. b), all catalysts samples depicted
peaks at 20: 23.6°, 33.6°, 41.6°, 54.7°, and 60.2°. Such peaks could be ascribed to NiWO, (PDF 00-
0072-0480 1CDD)(48), indicating the formation of a mixed compound of W and Ni components
during catalysts preparation. On the other hand, WOs species signals are ascribed at 20: 23.1°, 23.6°,
and 24.3°. Hence, the acute signal at ~23.6° could be associated to WOs. No occurrence of signals
for NiO at 20: 37.4°, 43.4°, and 62.7° were observed(49-51). Hence, the latter ratifies the mixture
among Ni and W precursors previously commented. Regarding to Al species, no signa could be
observed, suggesting that there were not Ni, W, and Al mixed phases or either those were below the
detection limit of XRD, well dispersed and had small particle size. Additionally, WA-XRD profile
for NiO(2.5%)-WOs(15%)/Al(x)-SBA-15 mix1 catalysts and NiO(2.5%)-WOs(15%)/Al(0.0)-SBA-
15-2 (no Al content) were the same. Hence, the formation of any phase related to Al was not clearly
evidenced. Finally, NiAl,O4 signals ascribed at 20: 19.3°, 31.5°, 37.2°, 45.2°, 59.9°, and 65.7° were
not observed (52).

Table 5. Crystallite size[nm] for WO3in NiO(2.5%)-WO3(18%)/Al(x)-SBA-15 catalysts, x: Al/Si molar ratio.

Catalyst 0m (26/2) [°] b[°] b[rad] d[nm]
NiO(2.5%)-WOs(15%)/Al(0.0)-SBA-15-2 11.8454 1.8371 0.0321 45
NiO(2.5%)-W0O3(15%)/Al(0.1)-SBA-15 mix1 11.7489 1.8904 0.0330 43
NiO(2.5%)-WOs(15%)/Al(0.05)-SBA-15 mix1 11.7020 1.8992 0.0331 43
NiO(2.5%)-WOs(15%)/Al(0.033)-SBA-15 mix1 11.6999 1.9031 0.0332 43
NiO(2.5%)-W0O3(15%)/A1(0.025)-SBA-15 mix1 11.7155 1.8666 0.0326 44

According to the information given in Table 5, all catalysts exhibited an average particle size ~4.4
nm. Particle size was computed by Eqn.2 for the strongest signal at 26 ~ 23.6° for WO3 diffraction
signal, and b is the Full Width at Half Maximum (FWHM) of such peak. It is noteworthy that the
minimum particle size that can be observed by XRD is ~4 nm. Therefore, catalysts average particle

sizewas 0.3 nm larger that such a minimum.
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3.2.1.5. Porous structure of catalytic supportsand catalysts

Fig. 12. HR-TEM micrographsfor Al(x)-SBA-15 mix1 supportsand catalyst, a) Al(0.0)-SBA-15 mix1, b) Al(0.1)-
SBA-15 mix1, ¢)Al(0.05)-SBA-15 mix1, d) Al(0.033)-SBA-15 mix1, €) Al(0.025)-SBA-15 mix1, f) NiO(2.5%)-
WO3(15%)/Al(0.1)-SBA-15 mix1. x: Al/Si molar ratio.

As far as can be observed in Fig. 12, Al(x)-SBA-15 mix1 samples clearly exhibited the hexagona
2D-array of cylindrical poresas LA-XRD diffractograms indicated (Section 3.2.4). For al materials
tubular uniform channel s were observed. Hence, it was confirmed that direct Al incorporation did not
influence significant changes in the mesoporous pattern of SBA-15 by the proposed method of
synthesis. Accordingly, those results suggeststhat Al species might be uniformly distributed on silica
surface for Al(x)-SBA-15 mix1 cataytic supports. In addition, in Fig. 12f) it can be observed that Ni
and W nanoparticles were grouped or agglomerated over Al(0.1)-SBA-15 mix1 as it was shown in
Table5 for the size of WOs nanoparticles. Thelatter indicatesthat NiWO. formed was not distributed

homogeneously over the catalytic support.
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3.2.1.6. Materials Acid Sites Distribution (Brensted/L ewis) by Py-FTIR
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Fig. 13. py-FTIR spectra at 50 °C a) Al(x)-SBA-15 mix1 catalytic supports, b) NiO(2.5%)-WO3(15% )/Al(x)-SBA-15
mix1 oxide phase catalysts. x: Al/Si molar ratio.

Acid sites (Bransted and Lewis) distribution can be qualitatively analyzed by Py-FTIR spectra. In

such spectra, three main bands could be observed. First, about 1444 cm'* ascribed to Lewis (L) acid
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sites, second, about 1489 cm? ascribed to Brgnsted and Lewis (B+L) acid sites, and about 1539 cm'®
ascribed to Brgnsted (B) acid sites. The band about 1598 cm® corresponds to the vibrational modes
of pyridine adsorbed on the materials surface. Accordingly, in Fig. 13 a), for catalytic supports, there
were not observed intense signal s about the occurrence of Brensted acid sites, instead it was observed
that the predominant signal of Lewis acid sites. In general, Lewis and Bransted acid sites bands
increased with Al content in comparison with Al(0.0)-SBA-15 mix1 reference. On the other hand,
Fig. 13 b) for NiO(2.5%)-WO3(15%)/Al(x)-SBA-15 mix1 oxide phase catalysts, it was observed that
there was an increase in intensity of both bands (Brgnsted and Lewis), indicating that Ni and W
incorporation enhanced the formation of acid sites on the catalysts surface.

Table 6. Brgnsted acid sites concentration for NiO(2.5%)-W O3(18% )/Al(x)-SBA-15 catalysts, x: Al/Si molar ratio.
Bransted sites[mmol g

50 100 | 200 | 300 | 400

NiO(2.5%)-WOs3(15%)/Al(0.1)-SBA-15 mix1 0.040 | 0.007 | 0.005 | 0.006 | 0.004
NiO(2.5%)-WOs3(15%)/Al(0.05)-SBA-15 mix1 0.050 | 0.021 | 0010 | 0.002 | 0.001
NiO(2.5%)-WOs3(15%)/Al(0.033)-SBA-15 mix1 0.028 | 0.013 | 0.002 | 0.000 | 0.000
NiO(2.5%)-WOs3(15%)/Al(0.025)-SBA-15 mix1 0.023 | 0.015 | 0.007 | 0.001 | 0.000

Material\ T[°C]

For NiO(2.5%)-WO5(15%)/Al(x)-SBA-15 mix1 oxide phase catalysts, presented in this work, the
amount of pyridine adsorbed (mmol g!) on Brensted acid sitesisdepictedin Table 6. At temperatures
higher than 50 °C the amount of pyridine adsorbed on Brgnsted acid sites (mmol g*) decreased
dramatically (about 98%) for al catalysts. For example, for NiO(2.5%)-WO;(15%)/Al(0.05)-SBA-
15 mix1, Bregnsted sites concentration decreased from 0.050 mmol g%(50 °C) to 0.001 mmol g (400
°C). However, NiO(2.5%)-WOs(15%)/AI(0.05)-SBA-15 mix1 catalyst exhibited the highest
concentration of Brgnsted acid sites of 0.050 mmol g* at 50 °C. Regarding the latter, Jaroszewska et
al., reported a similar result, 0.057 mmol g for an Pt/Al(0.14)-SBA-15 catalyst at 150 °C (27).
Similarly, asLi et al., reported for Al(0.2)-SBA-15, and Ni-W/AI(0.2)-SBA-15 atotal Brensted acid
sites concentration of 0.043 mmol g, and 0.023 mmol g respectively at 200 °C (51).

Table 7. Lewis’ acid sites concentration for NiO(2.5% )-WO3(18% )/Al(x)-SBA-15 catalysts, x: Al/Si molar ratio.
Lewissites[mmol g}
50 100 200 300 400
NiO(2.5%)-WOs3(15%)/Al(0.1)-SBA-15 mix1 0.790 | 0.190 | 0.060 | 0.040 | 0.020
NiO(2.5%)-WOs3(15%)/Al(0.05)-SBA-15 mix1 1450 | 0.180 | 0.050 | 0.030 | 0.030
NiO(2.5%)-WO3(15%)/A1(0.033)-SBA-15 mix1 0.600 | 0.140 | 0.050 | 0.020 | 0.010
NiO(2.5%)-WOs3(15%)/Al(0.025)-SBA-15 mix1 0.660 | 0.170 | 0.040 | 0.010 | 0.000

Material\ T[°C]
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On the other hand, Table 7 shows the amount of pyridine adsorbed (mmol g*') on Lewis acid sites
for Ni-W/Al(x)-SBA-15 mix1 oxide phase catalysts. At temperatures higher than 50 °C the amount
of pyridine adsorbed on Lewis acid sites (mmol g*) decreased dramatically (about 97.9%) for all
catalysts. For instance, for NiO(2.5%)-WO3(15%)/Al(0.05)-SBA-15 mix1, Lewis sites concentration
decreased from 1.450 mmol g*(50 °C) to 0.030 mmol g(400 °C). In comparison, Jaroszewska &t
al.,, reported a similar result, 0.089 mmol g* for an Pt/Al(0.14)-SBA-15 catalyst at 150 °C(27).
Similarly, Li et al.,, reported for Al(0.2)-SBA-15, and Ni-W/AI(0.2)-SBA-15(51) atotal Lewis acid
sites concentration of 0.209 mmol g1, and 0.332 mmol g?, respectively at 200 °C. Hence Ni-
W/AI(x)-SBA-15 mix1 catalysts presented in this work showed a higher concentration of Lewis acid
sites than Breansted acid sites and compared to previously reported measurements for similar

materials.

Finally, the dramatical decrease in concentration of both kind of acid sites (Bransted and Lewis) at
temperatures higher than 100 °C indicated that the oxide phase catalysts presented in this study
possess weak acidity, and for that reason pyridineis readily desorbed.

3.2.1.7. Molecular Structure of Aluminum Species by #Al-MAS-NMR M easur ements
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Fig. 14. Al-M AS-NMR spectra a) Al(x)-SBA-15 catalytic supports, b) NiO(2.5% )-W O3(15% )/Al(x)-SBA-15 oxide
phase catalysts. x: Al/Si molar ratio.

Nuclear magnetic resonance (NMR) in the solid state provides information regarding chemical
structure of specific elementsin amateridl. In this case, 2?Al-MAS-NMR spectra for Al(x)-SBA-15
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mix1 and NiO(2.5%)-WOs(15%)/Al(x)-SBA-15 mix1isshownin Fig. 14 for Al species. Specifically,
in Fig. 14 a) it could be observed that most of the Al added during the synthesis of Al(x)-SBA-15
mix1 catalytic supports was directly incorporated into the Si framework of SBA-15. The latter, due
to the occurrence and intensity of the signal at about 53 ppm ascribed to tetrahedral aluminum(53-
55). It is noteworthy that, the occurrence of octahedral auminum species (extra framework Al) at a
chemical shift about O ppm is evidenced for the highest Al/Si molar ratios (0.1 and 0.05). For
NiO(2.5%)-WO;(15%)/Al(X)-SBA-15 mix1 in Fig. 14 b), the occurrence of both kind of Al species
was aso evident. In comparison with Al(x)-SBA-15 mix1 results in Fig. 12 a), the intensity of
octahedral Al wasincreased by the addition of Ni and W, suggesting that Ni and W interacted with Al.
However, for the catalyst NiO(2.5%)-WO3(15%)/Al(0.025)-SBA-15 mix1 the corresponding signals
to tetra and octahedral aluminum species were not clearly observed.

3.2.1.8. Chemical functional groups by RAMAN spectroscopy
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Fig. 15. RAMAN spectra for NiO(2.5%)-WO3(15% )/Al(x)-SBA-15 oxide phase catalysts. x: Al/Si molar ratio.

According to the spectra presented in Fig. 15, the occurrence of different functional groups on the
surface for NiO(2.5%)-WOs(15%)/Al(x)-SBA-15 mix1 catalysts varies in function of Al/Si molar
ratio. In common, there were bands at 715 cm™* and 805 cm™, which are ascribed to WO3 speciesin
agreement with the WA-XRD profile shown in Fig. 11 b) and data reported in Table 5. An extra
common band was observed at about 970 cm® for all NiO(2.5%)-WO3(15%)/Al(x)-SBA-15 mix1
oxide phase cataysts. For NiO(2.5%)-WO3(15%)/Al(0.025)-SBA-15 mix1 oxide phase catal yst such
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signa was the highest. That signal could be associated with the formation to an octahedrally
coordinated tungsten compound for NiWO, (56). Regarding the latter, catalysts with Al/Si molar
ratios of 0.05 and 0.033 exhibited a sharper signal at ~892 cm?, corresponding to NiWO,, specifically
to vibrational modes for distorted and octahedral WOs clusters as reported by Limaet al.(57). Finally,
for NiO(2.5%)-WO5(15%)/Al(0.025)-SBA-15 it was observed aweak signal at 606 cm* ascribed to
NiAl204(58). Nevertheless, the presence of Ni and Al compounds was not detected by WA-XRD
measurements as reported in Section 3.2.1.4. On the other hand, the formation of Aluminum

Tungstate was discarded since there was no signal about 1054 cm X for any of the catalysts (56).

3.2.1.9. FTIR spectra of liquid products obtained from the hydro-coprocessing of the
vegetable oil and gas ail
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Fig. 16. FTIR spectra for liquid products using NiO(2.5% )-WO3(15% )/Al(x)-SBA-15 oxide phase catalysts. x: Al/Si
molar ratio

According to Fig. 16, major changesin FTIR spectra were qualitatively observed by comparing the
feedstock spectrum with the liquid products spectra for NiO(2.5%)-WO3(15%)/Al(x)-SBA-15 mix1
catalysts and the NiO(2.5%)-WO3(15%)/Al(0.0)-SBA-15-2 catalyst reference. The band at about
1160 cm?, ascribed to C-O bond disappeared completely, indicating that HDO of vegetable oil occurs
via separation of linear hydrocarbons from carboxylic acid chains during HDO from carbon and
oxygen simple bond. On the other hand, the band about 1750 cm, ascribed to carbonyl group (acyl
groups) appeared | eftwards to about 1710 cm®. The latter indicates that there was achangein product
distribution and molecules containing the carbonyl group due to hydroprocessing from triglyceride
to carboxylic acid(59). Such change was the highest for NiO(2.5%)-WO3(15%)/Al(0.1)-SBA-15

48



mix1, which showed the lowest intensity for the ~1710 cm? FTIR band. However, it is noteworthy
that by FTIR analysis it cannot be determined if the reduction of 1710 cm™* band was derived from
the decomposition of only one carboxylic acid or a group of compounds with similar carbon and
oxygen double bond groups. The latter due to that Jatropha curcas L. oil possesses three kinds of
fatty acids: oleic, linoleic, and linolenic acids, which exhibits the same characteristic band. Therefore,

the band at ~1710 cm® corresponds to alump or group for those fatty acids.

3.2.1.10. Qualitative hydrocarbon distribution by ESI mass spectrometry
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Fig. 17. ESI-M S spectra for theliquid product of NiO(2.5% )-WO3(15% )/Al(x)-SBA-15 mix1 sulfided phase
catalystsand the feedstock. x: Al/Si molar ratio.

In Fig. 17 are depicted the ESI-MS spectra for al the liquid products during hydroprocessing the
mixture of vegetable oil and gas oil. According to the results, all samples exhibited the occurrence of
most of the fractions within the m/z range between 200 and 400, such range corresponds to Ci4 t0 Cyg
hydrocarbons. Nevertheless, the mixture (feedstock) exhibited a intense signa at m/z ~619.16
corresponding to the Cs akane chain, followed by the signal at m/z of ~591.108 for Cs, and the
occurrence of signals between Csg and Csgs at 829.550 and 885.654, respectively. Hence, the feedstock
possessed a mgjor concentration of heavy fractions. On the other hand, when using NiO(2.5%)-
WO3(18%)/Al(x)-SBA-15 sulfided catalysts, lower Al/Si molar ratios resulted in higher occurrence
of lighter fractions. Specifically, for Ni-W/AI(0.1)-SBA-15 mix1, it was observed the strongest signal
at 282.25 corresponding to Cis-Cyo hydrocarbons, followed by the signals at m/z of 304.23 and 390.28
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ascribed to Cy: and Czs, respectively. Even so, the signa ascribed to Cis-Cz might be possible
attributed to some type of free fatty acids presented in Jatropha Curcas L. ail into the feedstock.
Therefore, depending on the Al content (Al/Si molar ratio) hydroprocessing of vegetable oil occurs
via formation of free fatty acids, such as oleic acid, which were later hydroconverted in lighter
hydrocarbons (Cis to Cyg). The less Al on the catalysts the higher concentration of lighter fractions
within m/z range between 200 and 400. The more Al on the catalysts the highest content of free fatty
acidsin the product mixture. On the other hand, FTIR results (Section 3.1.7) indicated that the highest
reduction of carbonyl group at ~1710 cm™ was observed at Al/Si molar ratio of 0.1. Therefore,
hydroconversion of acyl groups in triglycerides into fatty acids could be observed. In addition,
NiO(2.5%)-WO;(18%)/Al(0.1)-SBA.15 mix1 sulfided catalyst evidenced a lower occurrence of

lighter hydrocarbons fractions.

3.2.1.11. IH-NMR spectrafor liquid products and vegetable oil
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Fig. 18. IH-NMR spectra for theliquid product of NiO(2.5% )-WO3(15% )/Al(x)-SBA-15 mix1 sulfided phase
catalystsand the feedstock. x: Al/Si molar ratio.

Fig. 18 depicts H-NMR spectra for the liquid products from hydro-coprocessing the mixture of
vegetable oil and gas oil. There, it is also presented the spectrum for Jatropha curcas L. oil as a
reference for comparative purposes. According to thefigure, about 9 signals could be clearly observed
for pure vegetable oil at 0.89 ppm for fatty acids excluding linolenic acid, 1.31 ppm and 1.61 ppm for
acyl chains, 2.04 ppm for mono- and polyunsaturated fatty acids, 2.31 ppm for acyl chains in
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unsaturated fatty acids, 2.77 ppm for linoleic and linolenic acid, 4.27 ppm and 5.28 ppm for
triacylglycerols, and at 5.35 ppm for mono- and polyunsaturated fatty acid (60, 61). The latter signals
could be observed for the feedstock at lower intensity due to the concentration of vegetable ail in
such mixture (~20% v/v). However, by comparing with the spectra of liquid products for NiO(2.5%)-
WO;(15%)/Al(x)-SBA-15 mix1 and NiO(2.5%)-WOs3(15%)/Al(0.0)-SBA-15-2 sulfided catalydt, it
could be observed only two signals at 1.31 ppm and 0.89 ppm. As a result, hydro-coprocessing the
mixture occurred via conversion of fatty acids via HDO of the vegetable oil component to
hydrocarbons. The occurrence of the remaining signalsindicated that there are fractions of acyl group
components unconverted to carboxylic acid. The latter in agreement with FTIR spectrain Section
3.2.1.9 for the analysis of the band at about 1710 cm®, which remained disregarding Al content.
Signds a higher chemical shift of 1.31 ppm were not detectable when using NiO(2.5%)-
WO3(15%)/Al(x)-SBA-15 mix 1 sulfided catalysts. Therefore, mono- and polyunsaturated fatty acid
in the vegetable oil were completely hydroconverted.

3.2.2. Catalytic evaluation of NiO(2.5% )-WO3(15% )/Al(x)-SBA-15 mix1 sulfided catalysts

3.2.2.1. Effect of the Al content in the hydrodesulfurization properties of NiO(2.5%)-
WO3(15% )/Al(x)-SBA-15 sulfided catalysts
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Fig. 19. HDS expressed as sulfur removal percentage for NiO(2.5% )-WOs3(15% )/Al(x)-SBA-15 mix1 oxide phase
catalysts. x: Al/Si molar ratio.

Fig. 19 depicts changes in sulfur removal expressed as %HDS as function of Al/Si molar ratio.
According to the results, there was not a linear tendency between the %HDS and the Al content. It
could only be inferred that the sulfided catalyst NiO(2.5%)-W0O3(15%)/Al(0.05)-SBA-15 mix1
demonstrated the highest sulfur remova vyield (13.1%), the cataysts NiO(2.5%)-
WO3(15%)/A1(0.025)-SBA-15 mix1, and NiO(2.5%)-WOs(15%)/Al(0.0)-SBA-15-2 evidenced
similar results, 5.6, and 6.0%, respectively. A plausible explanation for such trend could be related
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with that Al was undetectable by 2’Al-MAS-NMR for the catalyst with Al/Si molar ratio of 0.025 as
shown in Fig. 14 b). The less Al on the catalysts the less HDS activity. Hence, Al influences sulfur
removal reactionsviaHDS at the reaction conditions evaluated. Additionally, it could aso beinferred
that cataysts acidity influenced sulfur remova. The latter due to that NiO(2.5%)-
WO5(15%)/Al(0.05)-SBA-15 mix1 catalyst displayed the highest occurrence of Bransted and Lewis
acid sites and the highest HDS activity as shown in Table 6, and Fig. 13 respectively.

3.2.2.2. Effect of the Al content in the Hydrodeoxygenation (HDO) properties of Ni-W/AI(X)-
SBA-15 mix1 sulfided catalysts
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Fig. 20. HDO conversion asthereduction of absorbance at FTIR band of about 1710 cm-! for NiO(2.5%)-
WO3(15% )/Al(x)-SBA-15 mix1 oxide phase catalysts. x: Al/Si molar ratio.

Fig. 20 depicts changes in the conversion of HDO from results of the FTIR absorption band ascribed
to carbonyl group for carboxylic acid (about 1710 cm™) as function of Al/Si molar ratio. %HDO
decreased at expenses of Al/Si molar ratio, indicating that a major incorporation of Al promotes the
carboxylic acid formation from triglycerides during the hydro-coprocessing the mixture of vegetable
oil and gas oil. The highest HDO yield was for NiO(2.5%)-WOs(15%)/Al(0.1)-SBA-15 mix1
(72.1%), and the lowest for NiO(2.5%)-WO3(15%)/Al1(0.025)-SBA-15 mix1(30.9%). The absence of
Al in the catalyst, NiO(2.5%)-WO3(18%)/Al(0.0)-SBA-15-2, showed a 57.4% of HDO as observed
for NiO(2.5%)-WOs5(15%)/Al(0.025)-SBA-15 mix1. However, as previousy mentioned. The best
yield was attained at the highest Al/Si molar ratio. Hence, aluminum effect in HDO was clearly
demonstrated. The previous results agreed to the qualitative FTIR analysis shown in Section 3.2.1.9.

By comparing HDO and HDS yields, the HDO prevailed over the HDS at the highest Al/Si molar
ratio as shown in the previous section (Section 3.2.2.1) where NiO(2.5%)-WOs;(15%)/Al(0.1)-SBA-
15 sulfided catalyst did not show the highest HDS activity. In this respect, Sépulveda et al.,(62)
demonstrated that during the co-processing of guaiacol and 4,6-DMDBT with sulfided ReS,/SiO,and
ReS,/AlO3 catalysts, guaiacol inhibited HDS rate and catalysts acidity influenced HDO. They aso
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highlighted that water formation as byproduct during the HDO also might decrease HDS activity.
Water formation could promote the occurrence of oxy-sulfides and oxides over the catalysts surface.
It was stated by Infantes-Molina et al.(63), during HDO of phenal the oxidation/hydroxylation of
ruthenium sulfide (RuS;) phase occurred forming aruthenium oxy-sulfided and ruthenium oxide. The
latter according to X PS measurementsfor the spent catal ysts supported on SBA-15 and modified with
Ir or Pd, RUS,/SBA-15. On the other hand, Senol et al.,(64) studied H,S effect during the HDO of
aromatic and aliphatic oxygenates. HDO conversion for phenol decreasing at expenses of increasing
H2S content. On the contrary, increasing hydrogen sulfide content during HDO of methyl heptanoate
enhanced HDO conversion. As a result, one can infer that hydrogen sulfide formation during HDS

improves HDO reactions when hydro-coprocessing sulfur and oxygenated compounds.

For our NiO(2.5%)-WOs5(15%)/Al(0.1)-SBA-15 mix1 sulfided catalyst, a higher HDO could lead to
ahigher production of water, reducing the occurrence of sulfided active sites viaformation of Ni and
W oxy-sulfides and oxides. In this respect, a gas phase H2/H>S blend is required to reactivate the
catalysts, restoring the fully sulfided coordinated metal sulfide. Hence, hydrogen sulfide formation
during HDS enhanced HDO by regenerating the active sites used during HDO. Additionally, there
might be a competition among oxygenated and sulfur compounds on reacting over the surface of the
catalysts as the above mentioned authors have reported before by mean of experiments with sulfur
and oxygenated model compounds(63, 64). Therefore, the catalytic activity observed on simultaneous
HDO-HDS with NiO(2.5%)-WOs(15%)/Al(x)-SBA-15 mix1 sulfided catalysts may be governed by
the catalyst’s regeneration step in the catalytic cycle, specifically, after oxygen removal.

According to the latter, it is not always possible to attain a catalyst with the best yielding for HDO
and HDS simultaneoudly when hydro-coprocessing a mixture of vegetable oil and gas oil. Intrinsic
properties of the catalyst like acidity and metallic character influences the cataytic activity. As a
result, tailoring such properties will depend on the final purpose of the catalyst. In this research our
purpose is obtaining a catalyst yielding a diesel-like fraction with the less sulfur content as possible.
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3.2.2.3. Effect of the Al content in the Hydr ocracking (HCK) properties of Ni-W/Al(x)-SBA-15
sulfided catalysts
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Fig. 21. Lumps mass fraction percentage distribution for NiO(2.5%)-W O3(15% )/Al(x)-SBA-15 mix1 oxide phase
catalysts. x: Al/Si molar ratio.
ASTM D2887 simulated distillation curves were processed in ASPEN HY SYS V9 to compute the
corresponding mass fractions for five fractions: Naphtha, Kerosene, Diesdl, Gasoil, and Residue.
According to the results shown in Fig. 21, the highest content of Al evidenced the lowest diesel-like
fraction percentage (39.5%) for NiO(2.5%)-WOs3(15%)/Al(0.1)-SBA-15 mix1 catayst, and the
catalyst with Al/Si molar ratio of 0.0 showed the highest yield (47.2%). However, Ni-W/AI(0.05)-
SBA-15 mix1 showed a 44.8% diesal-like fraction percentage, which is 2.4% units lesser than
NiO(2.5%)-WO5;(15%)/Al(0.0)-SBA-15-2. The same tendency was observed for the other
NiO(2.5%)-WO;(18%)/Al(X)-SBA-15 mix1 sulfided catalysts. Accordingly, it could not be
concluded that Al content did not influence HCK reactions, instead it was clear that Al/S molar ratio
of 0.05 promoted the highest yield to a diesdl-like fraction when hydro-coprocessing the mixture of
vegetable oil and gasoil. Similar trends could be observed for the other fractions. Specifically, residue
mass fraction was reduced from 33% to 20.3% by hydro-coprocessing the feedstock with Ni-
W/AI(x)-SBA-15 mix1 sulfided catalysts with Al/Si molar ratio higher than 0.1. One way to explain
the latter results relies on the fact that at higher Al content the catalysts exhibited the occurrence of
grouped metallic phases with ~4.4 nm of WO; crystallite size over the catalyst surface as shown in
TEM micrograph in Fig. 12 f) and Table 5, respectively. Catalytic activity depends strongly on the
way the active phases distribute on the catalysts surface, and it was shown in Fig. 15 for RAMAN
spectra, that aluminum incorporation influenced chemical structure of the catalysts. As a result, an
improvement in hydrotreating reactions (HDS and HDO) when auminum was added to the synthesis
of the catalytic support was observed. Accordingly, aluminum addition favored the heteroatoms

removal instead of hydrocracking at the reaction conditions employed as previously commented in
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sections 3.2.2.1 and 3.2.2.3. In addition, it has been aso reported that for NiWO, sulfided catalysts
there is an enhancement in HDS activity due to the formation of a single layer of a sulfided phase
over the cataysts surface as detected by temperature programmed sulfidation (48). Hence, Al
incorporation seemed to influence the formation of a single NiWO, sulfided phase due to that
RAMAN spectra for NiO(2.5%)-WO3(15%)/Al(x)-SBA-15 cataysts showed decreased intensity for
the signal at ~970 cm* for higher Al/Si molar ratios, thus promoting hydrotreating reactions. On the
other hand, the occurrence of an acute signal at 26 of 23.6° for WO3(Fig. 11 for WA-XRD) suggests
the formation of the type Il active phase (multi-layer) ascribed to the corresponding sulfide, which
can be ratified by the acute signal at ~805 cm™ in the RAMAN spectra at higher Al/Si molar ratios.
Acute RAMAN signals suggest less di spersed active phases whilewider signalsmore dispersed active
phases. However, type Il active phase enhanced HDS and hydrogenation (HG) activity of
dibenzothiophene (DBT) in comparison to type | active phase (single layer) using Ni-Mo and Co-Mo
sulfided catalysts supported on y-Al.Oz asreported by Kagami et al. (65). For that reason, the catalytic
activity is not necessarily governed by active phase dispersion on the catalyst surface, rather by the
type of active phase site. In our case, as shown in Fig. 14 for ZAl-MAS-NMR spectra, Aluminum
interacted with metals increasing octahedral coordination at expenses of decreasing the tetrahedral.
Consequently, the interaction among metal s and the Al.Os formed during the synthesis of Al(x)-SBA-
15 supports gave birth to the already mentioned type Il and type | active phases sites on the sulfided
cataysts.

Finally, as evidenced in Fig. 21, WO3; and NiWO, as oxide precursors for a sulfided active phase
improved hydrocracking reactions as demonstrated by the formation of higher contents of diesdl,
naphtha, and kerosene fractions with the no Al sulfided catalyst, NiO(2.5%)-WOs;(15%)/Al(0.0)-
SBA-15-2.

3.3. Conclusions
Hydro-coprocessing a mixture of Jatropha curcas L. oil and gas oil blend was evaluated employing

a series of unconventional NiO(2.5%)-WOs(15%)/Al(x)-SBA-15 mix1 sulfided catalysts. Al effect
in hydroprocessing relied on promoting heteroatoms (S and O) removal instead of hydrocracking
reactions as was demonstrated by testing NiO(2.5%)-WO5(15%)/Al(0.0)-SBA-15-2 sulfided catalyst
(no Al). In addition, that sulfided catalyst enhanced the highest diesal-like fraction yield of about
47.2% compared to 44.8% for NiO(2.5%)-WO3(15%)/Al(0.05)-SBA-15 mix1 sulfided catalyst as a
direct effect of NiWO, as active phase. However, NiO(2.5%)-WOs3(15%)/Al(x)-SBA-15 mix1
sulfided catalysts could remove about 1267 ppm of sulfur in the feedstock and about 57.3% of acyl

groups in vegetable ail. Therefore, these catalysts are promising candidates for getting cleaner (less
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S), greener and lighter hydrocarbons blend via hydroprocessing of vegetable oil and gas oil blends.
Finally, Al direct incorporation during the synthesis of SBA-15 did not collapse the mesostructured
ordering pattern of SBA-15 maintaining textural properties, generating acidity, and promoting

hydroprocessing reactions on the catalysts surface.
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4. EFFECT OF THE NiO AND WO3;COMPOSITION IN THE HYDRO-
COPROCESSING OF A MIXTURE OF GASOIL AND VEGETABLE OIL WITH A
NiO(y)- WOs(z)/Al(0.05)-SBA-15 SULFIDED CATALYST

This chapter discusses the effect of textural properties and metalic oxides (NiO and WOs) load for
Ni-W sulfided catalysts supported in an Al(0.05)-SBA-15 material during the hydro-coprocessing of
amixture of gas oil and Jatropha curcas L. oil. The Al(0.05)-SBA-15 was selected due to the highest
Brensted acid sites concentration (0.053 mmol g1) and HDS yield (13.1%) in previous experiments
shown in Chapter 3, sections 3.2.1.6 and 3.2.2.1, respectively. Accordingly, this chapter describes
the experimental procedure for synthesizing and evaluating NiO(y)-WOs(z)/Al(0.05)-SBA-15
sulfided catalysts, where y is the composition of NiO, and z is the composition of WQOs. The
composition of metallic oxides varies at 3.5 wt.%, 4.5 wt.%, and 5.5 wt.% for NiO and 18 wt.%, 20
wt.% , and 25 wt.% for WQOs. Thus, the effect of metallic loading on hydrodesulfurization (HDS) and
hydrodeoxygenation (HDO) when hydroprocessing the mixture is elucidated.

4.1. EXPERIMENTAL

4.1.1. Synthesisof Al(0.05)-SBA-15 catalytic support

Al(0.05)-SBA-15 was synthesized three times following the procedure reported in section 3.1.1. The
synthesized materials were labeled as Al(0.05)-SBA-15-n, where n is the number of the synthesis

following the numbering given to the same material in Chapter 3.

4.1.2. Catalyst preparation
NiO(y)-WOs(2)/Al(0.05)-SBA-15 oxide phase catal ysts were prepared following the same procedures

reported in Chapter 3, section 3.1.2, y and z are the weight percentages of NiO and WOs, respectively.

4.1.3. Characterization
Catalytic supports and catalystswere characterized by: N» physisorption at -196.15 °C, LA-XRD (low

angle X-ray diffraction), WA-XRD (wide angle X-ray diffraction), #¥?AI-MAS-NMR, and RAMAN
spectroscopy, as described in sections 3.1.3.1, 3.1.3.2, 3.1.3.5, and 3.1.3.6, respectively. Liquid
products of catalytic evaluation were characterized by: FTIR, and *H-NMR as described in sections
3.1.3.7 and 3.1.3.9, respectively.

4.1.4. Catalytic Evaluation
Previoudy sulfided NiO(y)-WOs(2)/Al(0.05)-SBA-15 catalysts were tested in the hydro-

coprocessing of the mixturevegetable oil (Jatropha curcasL. oil) and gasoil following the sulfidation

and reaction procedures as reported in Section 3.1.4.
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4.15. Catalytic Activity
Hydro-coprocessing reactions were analyzed in terms of sulfur removal (%HDS), oxygen removal

(%HDO), and diesel-like fraction yield for HCK. Procedures and expression of results were
calculated as reported in Section 3.1.5.

4.2.RESULTS AND DISCUSSION
4.2.1. Characterization of catalytic supportsand catalysts

4.2.1.1. Mesoporous structure and crystallinity of Al(0.05)-SBA-15 materialsand NiO(y)-
WOs3(2)/Al(0.05)-SBA-15 oxide phase catalysts
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Fig. 22. Low Angle X-ray diffraction profilesfor : a) Al(0.05)-SBA-15-n materials, b) Al(0.05)-SBA-15 mix2, n:
synthesis number .
According to the Fig. 22 a) the three synthesis of Al(0.05)-SBA-15 catalytic support evidenced three
clear signals at 20: 0.8°, 1.4° and 1.6° ascribed to the indexed planes (100), (110), and (200)
respectively. Such planes characterize the hexagona symmetry with p6mm space group. Differences
in signal intensity and 26 displacement were observed, indicating that it iS not possible attaining the
same Al(0.05)-SBA-15 material. Neverthel ess, signal s occurrence ratifies the mesostructured pattern.
Therefore, Al(0.05)-SBA-15-3, AI(0.05)-SBA-15-4 and AI(0.05)-SBA-15-5 materids were
mechanically mixed with the Al(0.05)-SBA-15 mix1 remnant used in catalyst preparationin Chapter
3. In Fig.22 b) it is depicted the LA-XRD profile for the final mixture of Al(0.05)-SBA-15 mix2
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material. The final mixture retains the mesostructured pattern by exhibiting the same signals at same

20° as previously commented.
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Fig. 23. Wide Angle X-ray diffraction profilesfor NiO(y)-WOs(z)/ Al(0.05)-SBA-15 mix2 oxide phase catalysts. y:
NiO weight percentage, z: WO3s weight per centage.

On the other hand, Fig. 23 shows the WA-XRD profilesfor the three NiO(y)-WOs(2)/Al(0.05)-SBA-
15 mix 2 catalysts. As far as can be observed, all catalysts exhibited signals at 20° at 23.7°, 29.1°,
33.7°,41.8°, and 54.7°, indicating the occurrence of NiWQ, as previously reported in Section 3.2.1.4.
The most intense signals at 26° of 23.7° and 33.9° corresponds to tetragonal WOs3. The crystallite

particle size for WOz was computed by Debye-Scherrer’s equation and reported in Table 8.

According to the latter, depending on the WO; load the particle size increased. The more tungsten is

incorporated the bigger nanoparticle size. The average WO; crystallite size was 5.1 nm.

Table 8. Crystallite size[nm] for WOs(y) in NiO(y)-WOs(z)/Al(0.05)-SBA-15 catalysts. y: NiO weight percentage, z:

WOz weight percentage.

Material 0m(20/2) [°] b[°] b[rad] | d[nm]
NiO(3.5%)-WOs(18%)/Al (0.05)-SBA-15 mix2 11.8322 1.7012 0.0297 48
NiO(4.5%)-WO3(20%)/Al(0.05)-SBA-15 mix2 11.8655 1.6351 0.0285 5.0
NiO(5.5%)-WO3(25%)/Al(0.05)-SBA-15 mix2 11.9137 1.5400 0.0269 5.3
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4.2.1.2. Textural propertiesof NiO(y)-WO3(z)/Al(0.05)-SBA-15 mix2 oxide phase catalysts
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Fig. 24. N2@-196.15 °C adsor ption-desor ption isother ms NiO(y)-WOs(z)/Al(0.05)-SBA-15 mix2 and Al(0.05)-SBA-
15 mix2 catalytic support. Y: NiO weight percentage, zz WOz weight per centage.

NiO(y)-WOs(2)/Al(0.05)-SBA-15 mix2 oxide phase catalysts exhibited a type IV isotherm with a
hysteresisloop H1 type as shown in Fig. 24. By comparing Al(0.05)-SBA-15 mix2 supports with the
catalysts, it could be observed a reduction in the size of such hysteresis loop at relative pressures
(P/Po) between 0.7 and 0.8. Hence, it was inferred that Ni and W incorporation decreased adsorption
capacity. In addition, Al(0.05)-SBA-15 mix2 exhibited a dlight deformation of the plateau in the
hysteresis loop at relative pressures (P/Py) between 0.7 and 0.8, suggesting that the shape of
cylindrical pores might be dightly altered in the final catalytic support. It is noteworthy remembering
that this materia is the mixture of different synthesis for the same Al/S molar ratio (0.05) as
commented in Section 4.1.1 and 4.2.1.1.

Regarding the effect of incorporating Ni and W over Al(0.05)-SBA-15 mix2 catal ytic support, Table
9 reports the textural properties of NiO(y)-WOs(z)/Al(0.05)-SBA-15 mix2 oxide phase cataysts.
Incorporating Ni and W decreased pore volume (PV) and specific surface area (Sger). Thefirst effect
ratifies the reduction of adsorption capacity as previously commented, and the second effect suggests
that Ni and W could possibly block the porous and change mesoporosity of the material as shown in
Fig. 24 due to the reduction and change in the shape of the hysteresis loop. However, pore diameter

(PD) values were in average 6.7 nm. Therefore, no obstruction of pores was confirmed. The more
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metallic load (NiO and WQOs) the less values of Sger, confirming the change in mesoporosity when
adding metals. In addition, the catalyst with higher WO3; nanoparticle size (Table 8) possessed the
lowest Sger and PV. Hence, the highest metallic load the highest nanoparticle size and the lowest

textural properties and mesoporosity.

Table 9. Textural Properties for NiO(y)-WOs(z)/Al(0.05)-SBA-15 mix2 oxide phase catalysts and support. y: NiO
weight percentage, zz WO3 weight percentage.

Sample Seer [m?/g] | PV [cm®/g] | PD[nm]
Al(0.05)-SBA-15 mix2 803.1 13 65
NiO(3.5%)-WOs3(18%)/Al(0.05)-SBA-15 mix2 458.4 0.8 6.7
NiO(4.5%)-WOs3(20%)/Al(0.05)-SBA-15 mix2 434.1 08 6.9
NiO(5.5%)-WO3(25%)/Al1(0.05)-SBA-15 mix2 374.5 0.6 6.8

4.2.1.3. Chemical functional groupsby RAMAN spectroscopy
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Fig. 25. RAMAN spectra for NiO(y)-WO3(z) /Al(0.05)-SBA-15 mix2 oxide phase catalysts. y: NiO weight
per centage, zz WOs weight per centage.

NiO(y)-WOs(2)/Al(0.05)-SBA-15 mix2 oxide phase catalysts exhibited asimilar RAMAN spectraas
observed in Fig. 25. In common there were bands at Raman shift at 715 cm® and 805 cm'?, which are
ascribed to WOs species in agreement with the WA-XRD profile shown in Fig. 23 and data reported
in Table 8, indicating the occurrence of higher WOz nanoparticles at expenses of increasing metallic
load. Nevertheless, an extra and broad band between 970 cm™ and 1000 cm could be observed for
higher metdlic loading (NiO and WO; weight percentages) catalysts. That signal at ~970 cm?
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correspondsto an octahedrally coordinated tungsten compound (56, 57). On the other hand, the bands
at about 130 cm't, 270 cm'?, and 330 cm* could be ascribed to tungstate ions, WO42, ratifying the
formation of NiWQ, as previoudly reported for asimilar material (66). Signals at Raman shift higher
than 1054 cm™ were not observed. As a result, the occurrence of nickel or tungsten aluminates was
discarded.

4.2.1.4. Molecular Structure of Aluminum Species by Al-MAS-NMR M easurements
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Fig. 26. 27AI-MAS-NMR spectra for NiO(y)-WO3(z) /Al(0.05)-SBA-15 mix2 oxide phase catalysts. y: NiO weight
percentage, zz WO3 weight percentage.

Asfar ascould be observed in Fig. 26, disregarding metallic load, all NiO(y)-WOs(z)/Al(0.05)-SBA-
15 mix 2 oxide phase catalysts clearly exhibited two signals at chemical shifts of about 53 ppm and
0 ppm, corresponding to tetrahedral and octahedral al uminum species, respectively(67-69). The 2’Al-
MAS-NMR spectrum for the NiO(3.5%)-WO3(18%)/Al(0.05)-SBA-15 mix2 oxide phase catayst
slightly showed less signal intensity, suggesting minor changesin Al species content. By comparing
the spectrum with that shown in Fig. 14 b) Section 3.2.1.8 for NiO(2.5%)-WOs3(15%)/Al(0.05)-SBA-
15 mix1 oxide phase catalyst, no major differences were observed. Asaresult, increasing the metallic
load (NiO and WOs compositions) seemed to not influence Al coordination into the NiO(y)-
WOs3(z)/Al(0.05)-SBA-15 mix2 oxide phase catalysts.
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4.2.1.5. FTIR spectra of liquid products during the hydro-coprocessing of the vegetable ail

and gasoil
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Fig.27. FTIR spectrafor liquid products using NiO(y)-WOs(z) /Al(0.05)-SBA-15 mix2 oxide phase catalysts. y:
NiO weight percentage, zz WO3 weight percentage.

Fig. 27 shows FTIR spectrafor theliquid product of the hydro-coprocessing of the mixture vegetable
oil and gas ail with the NiO(y)-WOs(2)/Al(0.05)-SBA-15 mix2 sulfided catalysts. The corresponding
bands at ~1168 cmr* ascribed to simple bond, C-O, disappeared completely. The band at ~1710 cm?t
ascribed to double bond, C=0, in the carboxylic acid group was reduced on function of the metallic
load as follows: NiO(3.5%)-WOs5(18%)/Al(0.05)-SBA-15 mix2<NiO(4.5%)-WO3(20%)/Al(0.05)-
SBA-15 mix2<NiO(5.5%)-WO3(25%)/Al(0.05)-SBA-15 mix2. Therefore, the more Ni and W over
the catalysts surface the more degradation of freefatty acidsinto hydrocarbons. The bands about 2750
cm? to 3000 cm?, and 1250 cm to 1500 cm?, correspond to methyl and methylene groups on
hydrocarbons. On the other hand, by comparing FTIR spectra with the shown in Fig. 16 (section
3.2.1.9), it was observed that the signal at ~1750 cm™ of the feedstock and ascribed to triglycerides
disappeared, ratifying the conversion from triglyceridesinto freefatty acids. Additionally, at the same
Al/S molar ratio (0.05) but higher metallic load, from 17.5% to 30.5%, most of the carboxylic acids

in the Jatropha curcas L. oil were hydroconverted in linear hydrocarbons as previously commented.
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4.2.1.6. 'TH-NMR spectrafor liquid products and vegetable ail
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Fig. 28. IH-NMR spectra for theliquid product of NiO(y)-WOz3(2) /Al(0.05)-SBA-15 mix2 sulfided phase catalysts.
y: NiO weight percentage, zz WO3 weight per centage.

According to Fig. 28 for tH-NMR spectra, after hydro-coprocessing the mixture of vegetable oil and
gas ail with NiO(y)-WOs(2)/Al(0.05)-SBA-15 mix2 sulfided catalysts, only two signals were clearly
observed at chemical shift of 0.89 ppm and 1.31 ppm for all the liquid products. The latter signals are
ascribed to unconverted unsaturated acyl groupsin vegetable oil, and the—(CHs)- and —(CH>)s- groups
into the gas oil counterpart. Hence, most of the components were hydrocarbons derived of hydro-
coprocessing the mixture. On the other hand, some traces of the signals at chemical shift of 2.31 ppm
and 5.35 ppm remained as shown in zoomed part in Fig. 28, indicating that unconverted fatty acid
chains remained at low concentrations. Therefore, HDO of the mixture occurred via oxygen removal
of acyl groups from triglycerides into fatty acid chains, which latter were hydroconverted into
hydrocarbons as confirmed by the no occurrence of Jatropha curcas L. signals at chemical shifts
higher than 1.31 ppm as shown in Fig. 18 Section 3.2.1.11.
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4.2.1.7. Qualitative hydrocar bon distribution by ESI mass spectr ometry
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Fig. 29. ESI-M S spectra for theliquid product of NiO(y)-WO3(z) /Al(0.05)-SBA-15 mix2 oxide phase catalysts. y:
NiO weight percentage, zz WO3 weight percentage.

A qualitative analysis of hydrocarbon distribution can be carried out by positive ion mode ESI-MS
spectra as shown in Fig. 29. Accordingly, increasing NiO and WOs the highest values showed the
lowest occurrence of heavier hydrocarbon fractions at m/z within the range of 600 and 800 ascribed
to Casto Cs7 hydrocarbons, and di and triglycerides. Thelatter could be observed for the liquid product
for the NiO(5.5%)-WO5(25%)/Al(0.05)-SBA-15 mix2 sulfided catalyst. For the NiO(4.5%)-
W0O3(20%)/A1(0.05)-SBA-15 mix2 sulfided catalyst (24.5% of metallic load) there were signals at
m/z between 400 and 600, and 700 to 800 ascribed to Cy and Cas, and Cso and Cs; hydrocarbons,
respectively. Hence, hydro-coprocessing of the mixture vegetable oil and gas oil might occur via
rupture of triglyceride bonds into free fatty acids and subsequently into hydrocarbons as suggested
by H-NMR analysis in Section 4.2.1.6. Finally, for the NiO(3.5%)-WO;(18%)/Al(0.05)-SBA-15
mix2 sulfided catalyst, it was observed a dlightly broader distribution of lighter hydrocarbons within
the m/z range of 200 to 400 ascribed to Cys and Cx hydrocarbons. Therefore, this catalyst could
enhance the highest diesel-like fraction as compared with the other catalysts.
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4.2.2. Catalytic evaluation of NiO(y)-WOs3(2)/Al(0.05)-SBA-15 sulfided catalysts

To elucidate the effect of metallic load during hydro-coprocessing the mixture vegetable oil and gas
oil, NiO(y) and WOs(z) weight percentages were added and labeled as “metallic load”. Data is

presented accordingly.

4.2.2.1 Effect of metallic load in the hydrodesulfurization properties of NiO(y)-
WO3(2)/Al(0.05)-SBA-15 sulfided catalysts
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Fig. 30. HDS expressed as sulfur removal percentage for NiO(y)-WOs3(z) /Al(0.05)-SBA-15 mix2 oxide phase
catalysts. y: NiO weight percentage, zz WO3 weight percentage.

An increasing linear tendency could be observed for sulfur remova (%HDS) by using NiO(y)-
WOs(2)/Al(0.05)-SBA-15 mix2 sulfided catalystsfor the hydro-coprocessing of the mixture Jatropha
curcas L. oil and gas oil asitisillustrated in Fig. 30. Accordingly, the higher metallic load (30.5%)
the most sulfur removal (25.0%). The order isthe following: NiO(3.5%)-WO3(18%)/Al(0.05)-SBA-
15 mix2<NiO(4.5%)-WO3(20%)/A1(0.05)-SBA-15 mix2<NiO(5.5%)-WO3(25%)/Al(0.05)-SBA-15
mix2. Thelatter implies an average increase of 11.9% in sulfur removal when adding more Ni and W
by compared with results reported in Fig. 19, Section 3.2.2.1 for NiO(2.5%)-WO3(15%)/Al(0.05)-
SBA-15 mix1 sulfided catalyst. Therefore, hydrodesul furization properties of NiWO, and WOs oxide
phase precursors (Fig. 23, Section 4.2.1.1) of sulfided phaseswas elucidated asit has been previoudy
reported by other authors (48).
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4.2.2.2. Effect of metallic load in the hydrodeoxygenation (HDO) properties of NiO(y)-
WO3(2)/Al(0.05)-SBA-15 sulfided catalysts.
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Fig. 31. HDO expressed asthe reduction of absorbance at FTIR band of about 1710 cm- for NiO(y)-WOs3(2)
/Al(0.05)-SBA-15 mix2 oxide phase catalysts. y: NiO weight percentage, zz WO3 weight per centage.
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Theeffect of the overall metallicload can be observed in Fig. 31. A linear tendence could be observed,
indicating that the more Ni and W the more HDO activity. Accordingly, the highest reduction (87.1%)
in the FTIR band about 1710 cm™ was observed for the NiO(5.5%)-WO3(25%)/Al(0.05)-SBA-15
mix2 sulfided catalyst. Therefore, the highest metalic load enhanced the conversion of free fatty
acidsin lighter hydrocarbons. HDO activity order isthe following: NiO(3.5%)-WO3(18%)/Al(0.05)-
SBA-15 mix2< NiO(4.5%)-WOs(20%)/Al(0.05)-SBA-15 mix2< NiO(5.5%)-WO5(25%)/Al(0.05)-
SBA-15 mix2. On the other hand, by comparing these results with the previoudy reported for the
NiO(2.5%)-WO3(15%)/Al(0.05)-SBA-15 mix1 sulfided catalyst in Section 3.2.2.2, it could be
observed that HDO activity increased about 24.6% by increasing the metallic load to the highest
point, from 17.5% to 30.5%. As a result, the occurrence of higher contents of WOz and NiWO4
improved heteroatoms removal reactions as previously stated by HDS resultsin Section 4.2.2.1 and
Fig. 30. Thistendence could be explained according to Fig. 25 for RAMAN spectra, which depicted
an acute and broad signal at Raman shifts of 805 cm® and 975 cm?, respectively. Specificaly, the
signal at ~975 cm corresponds to NiWO,, and it could be only observed for a metallic load higher
than 21.5%. Additionally, as shown in Fig. 23 and Table 8 for WA-XRD, it could be observed that
the highest metallic load the highest WOs nanoparticle size. Therefore, one may infer that type Il
(multi-layer) active metal phase was formed on the catalysts surface. The latter in agreement with the
work previously reported by Kagami et a (65), where hydrotreating reactions (i.e,, HDS) were

improved by the occurrence of type Il of active meta sites.
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4.2.2.3. Effect of metallic load in the hydrocracking properties of NiO(y)-WOs(z)/Al(0.05)-

SBA-15 sulfided catalysts.
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Fig.32. Lumpsmass fraction percentage distribution for NiO(y)-WO3(z)/Al(0.05)-SBA-15 mix2 oxide phase
catalysts. y: NiO weight percentage, zz WO3 weight percentage.

According to the information given in Fig. 32, the highest diesel-like fraction yield (49.29%) was
attained with the NiO(3.5%)-WOs(18%)/Al(0.05)-SBA-15 mix2 sulfided catayst, and the lowest
(42.19%) for the highest metallic load catalyst, the NiO(5.5%)-WO3(25%)/Al(0.05)-SBA-15 mix2.
On the other hand, lighter hydrocarbons (naphtha, kerosene, and diesal) yield was the highest (62.2%)
for the NiO(5.5%)-WO3(25%)/Al(0.05)-SBA-15 mix2 sulfided catalyst and the lowest (60.0%) for
the lowest metallic load. In addition, heavier fractions (gasoil and residue) yield exhibited the
following order: NiO(5.5%)-W0Os(25%)/Al(0.05)-SBA-15 mix2 < NiO(4.5%)-WOs(20%)/Al(0.05)-
SBA-15 mix2< NiO(3.5%)-WO3(18%)/Al(0.05)-SBA-15 mix2. As aresult, major differences can
be explained on the fact that at the highest metalic load, the highest yied (13%) to lighter
hydrocarbons (naphtha and kerosene) and the lowest yield (37.8%) to heavier ones (gasoil and
residue). Therefore, increasing Ni and W content over the catalysts surface promoted the HCK of
heavier fractions into lighter ones. The latter, in addition to the effect of increasing HDS and HDO

conversions as shown in Fig. 30 and Fig. 31.

The latter can be ratified by comparing the diesel-like fraction yield between the NiO(y)-
WOs(2)/Al(0.05)-SBA-15 sulfided catalysts with the NiO(2.5%)-WOs(15%)/Al(0.05)-SBA-15 mix1
sulfided catalyst in Fig. 21, Section 3.2.2.3. It could be observed that a higher metallic load enhanced
the diesdl-like fraction from 44.8% to 49.3% in average, ratifying the effect of metallic load on HCK
during hydro-coprocessing the mixture vegetable oil and gasoil. At this point, it is important to
mention that due to Al/SI molar ratio is fixed in 0.05, no effect of Al could be observed and more
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importantly, no differences in trends in hydrotreating reactions (HDT) like HDS and HDO. For that
reason, it was ratified that the interaction of Ni and W with Al affected HDT reactions. In this case,
as observed in Fig. 26 for ?AI-MAS-NMR spectra, disregarding the metallic load the coordination
of Al isthe same. Hence, activity changes can be readily attributed to the type of active phase site on
the catalyst surface.

4.3.CONCLUSIONS
NiO(y)-WOs(2)/Al(0.05)-SBA-15 oxide phase catalysts were satisfactorily synthesized. Increasing

the metallic load reduced the Sger, and PV or adsorption capacity of the oxide phase catalysts due to
the formation of larger WOs nanocrystals with an average size of 5.1 nm as evidenced with WA-XRD
measurements. Nevertheless, using the corresponding sulfided catalysts during the hydro-
coprocessing of a mixture vegetable oil (Jatropha curcas L. oil) and gas ail resulted in enhancing
HDS and HDO reactions by increasing the overall metallic load (NiO and WO; compositions) to the
highest point (30.5%). Specifically, sulfur and oxygen removal were the highest for the NiO(5.5%)-
WO3(25%)/A1(0.05)-SBA-15 mix2 sulfided catalyst. On the other hand, the diesel-like yield was
about 49.3% for the three cataysts with different metallic load 21.5%, 24.5%, and 30.5%,
respectively. However, the corresponding yield to lighter fractions (naphtha and kerosene) was the
highest for the NiO(5.5%)-W0O3(25%)/Al1(0.05)-SBA-15 mix2 sulfided catalyst, due to the HCK of
heavier fractions into lighter ones into the mixture. Therefore, the NiO(5.5%)-WO3(25%)/Al(0.05)-
SBA-15 mix2 sulfided catalyst was the best catalyst. In that sense, that catalyst is a promising
candidate for hydro-coprocessing reactions, opening the research field on getting cleaner, liquid and
lighters hydrocarbons to satisfy energetic demand worldwide.
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5. EFFECT OF THE OPERATING TEMPERATURE IN THE HYDRO-COPROCESSING

OF A MIXTURE OF GASOIL AND VEGETABLE OIL WITH A Ni-W/AI(X)-SBA-15
SULFIDED CATALYST
This chapter discusses the effect of reaction temperature during the hydro-coprocessing of a mixture
of gas oil and Jatropha curcas L. oil using a NiO(5.5%)-W0O;(25%)/Al(0.05)-SBA-15 sulfided
catalyst. Accordingly, this chapter describes the experimental procedure for evauating a Ni-W/AI-
SBA-15 catalyst with the best set of metallic oxides compasition and Al/Si molar ratio based on the
catalytic test reported in previous chapters. The operating temperature varies at 380 °C, 400 °C, and
420 °C. Therefore, temperature dependance on hydrodesulfurization (HDS), hydrodeoxygenation
(HDO), and diesel-like fraction yield or hydrocracking (HCK) when hydro-coprocessing the mixture
is elucidated.

5.1. EXPERIMENTAL

5.1.1. Catalyst preparation

A NiO(5.5%)-WO3(25%)/Al(0.05)-SBA-15 mix2 oxide phase catalyst was prepared following the
same proceduresreported in Chapter 3, Section 3.1.2. The previously synthesized Al(0.05)-SBA-15
mix 2 material (Chapter 4, Section 4.1.2 ) was used as catal ytic support for the catalyst preparation

procedure.

5.1.2. Characterization
The solid catalyst was characterized by: N2 physisorption at -196.15 °C, LA-XRD (low angle X-ray

diffraction), WA-XRD (wide angle X-ray diffraction), 2’Al-MAS-NMR, and RAMAN spectroscopy,
asdescribedin sections 3.1.3.1, 3.1.3.2, 3.1.3.5, and 3.1.3.6, respectively. Liquid products of catalytic
evaluation were characterized by: FTIR, and *H-NMR as described in sections 3.1.3.7 and 3.1.3.9,
respectively.

5.1.3. Catalytic Evaluation
Previoudy sulfided NiO(5.5%)-WOs (25%)/Al(0.05)-SBA-15 mix2 catalyst wastested in the hydro-

coprocessing of the mixturevegetable oil (Jatropha curcasL . oil) and gas ail following the sulfidation

and reaction procedures as reported in Section 3.1.4.

5.1.4. Catalytic Activity
Hydro-coprocessing reactions were analyzed in terms of sulfur removal (% HDS), oxygen removal

(% HDO), and diesel-like fraction yield for HCK. Procedures and expression of results were
calculated as reported in Section 3.1.5.
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5.2.RESULTSAND DISCUSSION

5.2.1. Characterization of the catalyst

5.2.1.1. Mesoporous structure and crystallinity of NiO(5.5% )-W O3(25% )/Al(0.05)-SBA-15

oxide phase catalyst
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Fig. 33. XRD patternsfor NiO(5.5% )-WO3(25% )/Al(0.05)-SBA-15 mix2 oxide phase catalyst a) Low Angle (LA), b)

Wide Angle

(WA).
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AsitisshowninFig. 33 a) for LA-XRD profiles, the NiO(5.5%)-WOs(25%)/Al(0.05)-SBA-15 mix
2 catalyst exhibited the corresponding peaks for indexed planes (100), (110), and (200) ascribed to
SBA-15 at 20° about 0.8°, 1.4°, and 1.7°, respectively. Therefore, Ni and W incorporation on the
catalyst surface did not alter the mesostructured pattern and p6mm hexagonal symmetry as depicted
inFig. 11, Chapter 3, and Fig. 22 b), Chapter 4 for the pristine Al(0.05)-SBA-15 catalytic support.
On the other hand, Fig. 33 b) shows the WA-XRD profile for the NiO(5.5%)-WO5(25%)/Al(0.05)-
SBA-15 mix 2 catalyst. Asfar asit can be observed, the occurrence of WO; could be detected at 26°
of 23.6°, 28.4°, 33.3°, and 41.6°. WO;3; average particle size was 5.2 nm computed by the Debye-
Scherrer’s equation. NiWO, formation could be also detected by the occurrence of the signals at
23.7°, 28.4°, 33.6°, 41.6°, 46°, 48.5°, 49°, and 54.7° (70). In addition, signals ascribed to NiO could
be observed at 20° of 36.9°, 43.1°, and 71.5°. Findly, the observed signals at 26° of 48.5° and 49°
might be possibly ascribed to monoclinic Al>Os (52). However, the absence of signals at 26: 19.3°,
31.5°, 37.2°, 45.2°, 59.9°, and 65.7° for NiAl>O, ratified the no occurrence of mixed compounds of
Ni and Al,03(52). At this point it isimportant to mention that 2#Al-MAS-NMR spectrain Fig. 26 for
the NiO(y)-WOs(2)/Al(0.05)-SBA-15 mix 2 oxide phase catalysts (Chapter 4, Section 4.2.1.4)
demonstrated that extra-framework Al (octahedral) was increased when Ni and W were incorporated
on pristine Al(0.05)-SBA-15 support in Fig. 14 (Chapter 3, Section 3.2.1.7). Therefore, a the
highest metallic load (30.5%) WA-XRD diffraction profiles made it clearer the occurrence of Al
species over the catalyst surface.

5.2.1.2. Textural properties of NiO(5.5% )-W0O3(25% )/Al(0.05)-SBA-15 oxide phase catalyst

425 5
400
375
350
325
300
275
250
225
200
175
150
125
100

Adsorbed Volume (a.u)

B+ T T T T T T T T T 1

00 01 02 03 04 05 06 07 08 09 10
Relative Pressure P/P, (dimensionless)

Fig. 34. N2@-196.15 °C adsor ption-desor ption isother ms NiO(5.5% )-W O3(25% )/Al(0.05)-SBA-15 mix2 and
Al(0.05)-SBA-15 mix2 catalytic support.
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As shown in Fig. 34, NiO(5.5%)-W0O3(25%)/Al(0.05)-SBA-15 mix 2 oxide phase catalyst exhibited
aTypelV isotherm with and Typel hysteresisloop. The latter ratifiesthe mesoporosity of the catalyst
and the tubular shape of the porous, respectively. There were no magjor differences in shape by
comparing with the isotherm shown in Fig. 24 for the similar catalyst synthesized therein. On the
other hand, regarding textural properties, for the NiO(5.5%)-WO3(25%)/Al(0.05)-SBA-15 mix2
oxide phase catalyst, those were the following: 366.8 m? g, 0.6 cm® g%, and 6.9 nm for Sger, PV and
average PD, respectively. In comparison with the textural properties reported in Table 9, Sger
decreased about 2%, PV remained the same (less than 1%), and PD increased about 1.5%.

5.2.1.3. Chemical functional groupsby RAMAN spectroscopy
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Fig. 35. RAMAN spectrum for NiO(5.5%)-W0Os3(25% ) /Al(0.05)-SBA-15 mix2 oxide phase catalyst.

According to Fig. 35, the oxide phase catalyst, NiO(5.5%)-W0O;(25%)/Al(0.05)-SBA-15 mix2,
exhibited the most intense signalsat aRAMAN shift of 805 cm™ and 715 cm'?, corresponding to WOs
and WOx oxides. On the other hand, the occurrence of NiWO. on the catalysts surface could be
observed by the signal at 970 cm for an octahedral coordinated W compound, and the signals at 130
cmt, 270 cmr?, and 330 cmt for WO, species asit was previously discussed in Chapter 4, Section
4.2.1.3 for the similar NiO(5.5%)-WO3(25%)/Al(0.05)-SBA-15 mix2 catalyst. The previous results
agreed with the WA-XRD diffraction profiles discussion given in Section 5.2.1.1. Specifically, the
intensity of the RAMAN signalsmight be an indicative of that bigger nanoparticles of Wwereformed,

WO; particle average size was about 5.2 nm. Hence, it was confirmed the occurrence of a Ni and W
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mixed phase during the synthesis of the catalyst in its oxide state. The absence of signalsat RAMAN
shifts higher than 1054 cmr® implied the absence of Ni and W aluminates on the surface of the catalyst.

5.2.1.4. Molecular Structure of Aluminum Species by AI-MAS-NMR M easur ements
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Fig. 36. Z7Al-MAS-NMR spectra for NiO(5.5% )-WOs3(25%) /Al(0.05)-SBA-15 mix2 oxide phase catalyst.

According to the spectrum shown in Fig. 36, the most intense signal could be found at a chemical
shift of 53 ppm, followed by asignal at O ppm. Such signals correspond to tetrahedral and octahedral
aluminum species, respectively (67). Therefore, in the final NiO(5.5%)-WO3(25%)/Al(0.05)-SBA-
15 mix2 oxide phase catalyst most of the aluminum got incorporated into the silicaframework, while
a remnant of such aluminum prevailed as extra-structural as evidenced by the occurrence of the
octahedral signal. Those results agreed with those shown in Chapter 4, Section 4.2.1.4, Fig. 26 for
the same metallic load (30.5%) catalyst.
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5.2.1.5. FTIR spectra of liquid products during the hydr o-coprocessing of the vegetable oil
and gasoil
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Fig. 37. FTIR spectrafor liquid products using NiO(5.5%)-W0O3(25% ) /Al(0.05)-SBA-15 mix2 oxide phase
catalyst.

FTIR spectrafor the liquid products during the hydro-coprocessing of the vegetable oil and gas ail
mixture at different reaction temperatures is shown in Fig. 37. Accordingly, it could be observed the
complete reduction (~100%) of the bandsat 1168 cm* and 1710 cmr? corresponding to C-O and C=0
bonds, respectively. Hence, a complete HDO of the vegetable oil was elucidated. It is important to
mention the absence of the band about 1743 cm* ascribed to triglycerides. Therefore, all vegetable
oil was hydroconverted into free fatty acids and subsequently into hydrocarbons as evidenced by the
bands between 1250-1500 cm™ and 2750 and 3000 cm* for methyl and methylene groups. The highest
reduction in the 1710 cm band was observed at 420 °C followed by 400 °C, and finaly at 380 °C.

Finally, by comparing the FTIR spectrain Fig. 37 with the shown in Fig. 27 (Chapter 4, Section
4.2.1.5) for the similar NiO(5.5%)-WOs(25%)/Al(0.05)-SBA-15 mix 2 sulfided catalyst it could be
observed that increasing the temperature from 360 °C to 420 °C favored HDO of the vegetable oil as
evidenced by the almost complete reduction of the band at 1710 cm™.
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5.2.1.6. 'H-NMR spectra for liquid products during the hydro-coprocessing of the reaction

mixture
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Fig. 38 'H-NMR spectra for theliquid product of NiO (5.5% )-WO3(25% )/Al(0.05)-SBA-15 mix2 sulfided catalyst
at different reaction temperature (T): 380 °C, 400 °C, and 420 °C.

Intensity (a.u)

In Fig. 38 is shown the H-NMR spectra for the liquid product during hydro-coprocessing
experimentswith the fina NiO(5.5%)-WOs(25%)/Al(0.05)-SBA-15 mix2 sulfided catalyst. Only two
intense signals at 0.9 ppm and 1.3 ppm could be clearly observed. Such signals correspond to methyl
and methylene hydrocarbons groups. Accordingly, increasing the reaction temperature (T) from 380
°C t0 420 °C enhanced the HDO of the triglycerides derived from the vegetable oil (Jatropha curcas
L. ail) in the feedstock. Additionally, the corresponding signal at 0.9 ppm became more intense at the
highest T (420 °C), indicating a major concentration of lighter hydrocarbons. The previous results
agreed well with FTIR spectra shown in Fig.37, which evidenced an ailmost complete HDO of the
vegetable oil and the formation of hydrocarbons during hydro-coprocessing.

Finally, by comparing the results given in Fig. 38 for the catalyst with ametallic load of 30.5% with
the similar results givenin Fig. 28 (Chapter 4, Section 4.2.1.6) for catalytic experiments at 360 °C.
it could be inferred that increasing the reaction temperature favored HDO. The latter due to the
absence of acyl groups signals at achemical shift higher than 1.6 ppm.
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5.2.1.7. Qualitative hydrocar bon distribution by ESI mass spectrometry
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Fig. 39. ESI-M S spectrafor theliquid product of NiO(5.5%)-WO3(25%) /Al(0.05)-SBA-15 mix2 oxide phase
catalyst.

lon positive ESI-M S spectrais shown in Fig. 39. Accordingly, it could be observed that by increasing
temperature from 380 °C to 420 °C increased the occurrence of fractions at m/z between 150 and 200.
Hence, the presence of lighter hydrocarbons was evidenced. Additionally, the major concentration of
hydrocarbons at m/z within 200 to 400 for C14-C29 Was observed at 380 °C and the lowest for 400 °C.
Therefore, the higher temperature the lower concentration of a diesd-like fraction by the
hydroconversion of heavier fractions into lighter ones during hydro-coprocessing the mixture
vegetable oil and gas oil. The latter could be explained by the leftwards displacement of the
digtribution curve at expenses of increasing the reaction temperature. In addition, ESI-MS results
agreed well with *H-NMR result shown in Fig.38 due to at 420 °C the highest occurrence of lighter
hydrocarbons was evidenced by both characterization techniques, ratifying the thermal effect on HCK

during the hydro-coprocessing of the mixture of Jatropha curcas L. oil and gas oil used as feedstock.
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5.2.2. Catalytic evaluation of NiO(5.5% )-WOs(25% )/Al(0.05)-SBA-15 sulfided catalyst

5.2.2.1. Effect of temperature in the hydrodesulfurization properties of NiO(5.5%)-
WO3(25% )/Al(0.05)-SBA-15 sulfided catalyst
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Fig. 40. HDS expressed as sulfur removal percentage for NiO(5.5% )-WO3(25% ) /Al(0.05)-SBA-15 mix2 oxide
phase catalyst.

The effect of temperature in HDS activity could be observed in Fig. 40. HDS activity increased as
follows: 420 °C > 400 °C > 380 °C. Accordingly, the highest sulfur removal (53.3%) was attained at
420 °C, and the lowest (28.4%) at 380°C.

In comparison, HDS activity reached the highest increase of 28.3% by comparing with the results
shown in Fig. 30 (Chapter 4, Section 4.2.2.1) for asimilar NiO(5.5%)-WQOs;(25%)/Al(0.05)-SBA-
15 mix2 sulfided catalyst, and increasing temperature from 360 °C to 420 °C. Therefore, at higher
conversion (46.7%), fixed Al/Si molar ratio (0.05) and fixed metallic load (30.5 %), HDS activity is
mainly increased on function of the reaction temperature.

5.2.2.2. Effect of temperaturein the hydrodeoxygenation (HDO) properties of NiO(5.5% )-
WO3(25% )/Al(0.05)-SBA-15 sulfided catalyst
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Fig. 41. HDO expressed asthereduction of absorbance at FTIR band of about 1710 cm- for NiO(5.5% )-
WO3(25% )/Al(0.05)-SBA-15 mix2 oxide phase catalyst.
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In Fig.41 it could be observed that increasing the reaction temperature from 380 °C to 420 °C
increased HDO activity from 87.8% to a 96%. In comparison, HDO activity was 87.1% (Chapter 4,
section 4.2.2.2) at 360 °C, which is 0.7% and 8.2% lower than results at 380 °C and 420 °C.
Therefore, by using the same formulation catalyst, NiO(5.5%)-WO3(25%)/Al(0.05)-SBA-15 mix2,

the expected increase in HDO activity as function of the temperature was clearly evidenced.

5.2.2.3. Effect of temperaturein the hydrocracking properties of NiO(5.5%)-
WO3(25%)/A1(0.05)-SBA-15 sulfided catalyst
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Fig. 42. Lumps mass fraction percentage distribution for NiO(5.5% )-WO3(25% )/Al(0.05)-SBA-15 mix2 oxide phase
catalyst.

The effect of thetemperature (T) inthe ASTM D2887 boiling point distributionsis shownin Fig. 42.
Asit could be observed, increasing T toits highest value (420 °C) improved the hydrocracking (HCK)
reaction during the hydro-coprocessing of the mixture Jatropha curcasL. oil and gas ail. Specifically
at 420 °C, a 27.3% of Naphtha and a 20.0% of Kerosene were produced at expenses of reducing
Residue and Gasoil fractions to 11.10% and 6.6%, respectively. On the other hand, the diesel-like
fraction was reduced from 47.10% to 35% by increasing T from 380 °C to 420 °C, and a decreasing
tendence in the mass percentage of the other heavier and lighter fractions was evidenced. At this
point, it isimportant to mention that with a similar formulation catalyst (5.5% of NiO, 25% of WOs,
and an Al/Si molar ratio of 0.05) reported in Fig. 32 (Chapter 4, Section 4.2.2.3), it was observed a
49.3% of a diesel-like fraction at 360 °C, which is higher than the reported in this Chapter 5.
According to the latter, the observed effect of reducing heavier components composition by HCK

could be only improved by thermal effects.
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Finally, it is worth mentioning that due to the temperature did enhance the production of a liquid
mixture of a lighter (Naphtha and Kerosene), cleaner, and greener mixture of hydrocarbons, the
choice of the suitable temperature will depend on enhancing the yield to a determined fraction of

interest for refiners.

5.3.CONCLUSIONS
A sulfided NiO(5.5%)-WO3(25%)/Al(0.05)-SBA-15 catalyst was synthesized and tested in the

hydro-coprocessing of a mixture of vegetable oil (Jatropha curcas L. oil) and agas oil mix aiming at
determining the best reaction temperature from 380 °C to 420 °C in terms of HDT (heteroatoms
remova) and HCK (diesel-like fraction yield). At a fixed Al content (Al/Si molar ratio of 0.05) and
metallic load of 30.5% (5.5% of NiO and 25% of WQ) it was observed that metallic content enhanced
HDS and HDO at a maximum of 53.5% and 96%, respectively with the higher reaction temperature
(420 °C). Therefore, it could be concluded that reaction temperature influenced HDT reactions.
Nevertheless, the diesel-like yield decreased 12.1% units by increasing the temperature, ratifying the
thermal and no catalytic effect on HCK during the hydro-coprocessing. As a result, to promote the
highest diesdl-like yield it is recommended for refiners using the lowest reaction temperature (360
°C). However, the liquid product obtained at 420 °C is the hybrid fuel with the highest composition
of lighter and cleaner (less sulfur) hydrocarbons, which are of interest to satisfy energetic demand by
conventional processes.

80



6. KINETICSOF THE HYDRO-COPROCESSING OF THE MIXTURE OF VEGETABLE
OIL AND GASOIL WITH A SULFIDED NiO(5.5%)-W Os(15% )/Al(0.05)-SBA-15
CATALYST

This chapter discussesthe kineticsfor HDS (hydrodesul furization), HDO (hydrodeoxygenation), and
HCK (hydrocracking) reactions during the hydro-coprocessing of a mixture of gas oil and Jatropha
Curcas L. oil with the fina NiO(5.5%)-WO3(25%)/Al(0.05)-SBA-15 mix2 sulfided catalyst
(Chapter 5). The corresponding kinetic parameters were estimated and analyzed looking for
correlating them with the catalytic activity results previously discussed in Chapter 4 and Chapter 5
of the present document.

6.1. EXPERIMENTAL

6.1.1. Experimental data and reaction conditionsfor kinetic analysis
The effect of the reaction temperature (T) during the hydro-coprocessing of the mixture vegetable ail

(Jatropha curcas L. oil) and gas oil with a sulfided NiO(5.5%)-WO3(25%)/Al(0.05)-SBA-15 mix2
catalyst was elucidated in Chapter 5 (Fig. 42). Accordingly, at T higher than 400 °C, thermal or
non-catalytic effects could be observed in HCK due to Naphtha and Kerosene fractions yield
increased 23.4%, and 33.0%, respectively with respect to datashown in Fig. 32. For akinetic analysis
procedure, catalytic experiments were conducted using the same sulfided NiO(5.5%)-
WO5(25%)/Al(0.05)-SBA-15 mix2 catalyst at 1 h, 2 h, 3 h, and 4 h of reaction time. Thefollowing T
were chosen: 360 °C, 380 °C, and 400 °C. Other reaction conditions remained the same as reported
in Chapter 3, Section 3.1.4. In addition, for oxygen concentration, the linear correlations from
determination curves for FTIR bands at 1710 cm?, and 1750 cm™® were used to cal cul ate the amount
of free fatty acids and triglycerides in the liquid products and feedstock, respectively (Chapter 3,
Section 3.1.5.2, Fig. 5 and Fig. 6). Then, the calculated content was later converted in oxygen
concentration (wt.%). Hence, HDO kinetic was measured in terms of oxygen removal from the
feedstock. Theinitial content of oxygen was 2.18 wt.% for a 20 wt.% of Jatropha curcasL. oil inthe

reaction mixture.
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Table 10. Experimental data of concentration (wt.%) for thefeedstock and theliquid productsof hydro-coprocessing

avegetable oil and gasoil blend with a sulfided NiO(5.5% )-W 03(25% )/Al(0.05)-SBA-15 mix2 catalyst.

Type of reaction

Interest
compound

T [°C]

Time[h]

Concentration
[wt.%]

HDS

Sulfur

360

1.10

0.97

0.87

0.86

0.82

380

0.86

0.84

0.81

0.79

400

0.76

0.74

0.72

0.71

HDO

Oxygen

360

2.18

1.18

0.78

0.59

0.28

380

0.92

0.54

0.44

0.27

400

0.61

0.50

0.35

0.11

HCK

Residue fraction

360

52.50

26.80

2240

23.90

23.66

380

24.70

24.10

20.10

21.60

400

20.80

18.90

18.70

Bl Wl N P B W N PR W N RO R W N R WN R W N R O B W N R R W N R B W N k| o

17.80
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According to the latter, Table 10 summarizes the experimental data for the three hydro-coprocessing
reactions: HDS, HDO, and HCK at the chosen reaction conditions. Concentrations of the interest

compounds (sulfur, oxygen, and residue fraction) were given in weight percentage (wt.%).

6.1.2. Kinetic parameter estimation procedure
MATLAB R2023a and the optimization function “fmincon” were used to determine the best set of

Kinetic parameters: activation energy (Ea), collision factor (Ao), «, y, and the HDO reaction order (b)
in function of the proposed model for the respective hydro-coprocessing reaction (HDS, HDO or
HCK). Reaction rate constants were computed using Eqn.3 for the Arrhenius’ equation, and the
objective function was the square sum of errors (SSE) as shown in Eqn.4 asfollows:

_EAi
ki = Ay e ®uT Eqn.3

SSE = Z[YCalcl Yexpl] Eqn.4
Yexp;

Ry is the universal constant of gases [J mol*K™], T is the reaction temperature [K], Ycqic and Yexp

are the calcul ated and experimental mass fractions of the interest component, al in the liquid mixture

of hydro-coprocessing the mixture vegetable oil and gas ail. Finally, b isthe HDO reaction order.

A five-lumped (Naphtha, Kerosene, Diesel, Gasoil, and Residue) kinetic model was proposed as a
first approach to model HCK reaction rates. The latter based on some literature reports for HCK of
petroleum derived feedstocks (71, 72). The resulting ordinary differential equations (ODE) set of
materia balances for each lump, the parity plot, and the corresponding kinetic parameters can be
found in Appendix 1. The SSE value computed by Eqgn.4 was 0.0643, and the reaction orders a= 2
and $=1.59 for products derived from Residue and Gasoil, respectively. Nevertheless, the five-
lumped model did not fit well the heavier fractions (Residue and Gasoil) compositions in the reaction
mixture as observed in the parity plot in Appendix 1. Therefore, the HCK kinetic was modeled in
terms of determining the portion of more reactive compounds that could be readily hydroconverted
inlighter hydrocarbons. Hence, o isthe fraction of more reactive HCK compounds, 1- a isthefraction

of lessreactive HCK compounds.

On the other hand, the HDS kinetic was modeled using the fina approach for HCK, understanding
that heavier petroleum sources possess reca citrant sulfur compounds. Then, y is the fraction of less
recalcitrant sulfured compounds, 1- y is the fraction of recalcitrant sulfured compounds. Finaly,
HDO was assessed using a power law model where b isthe HDO reaction order.
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6.2. RESULTS AND DISCUSSION

6.2.1. Kineticsand parameter estimation for HDS reactions
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Fig. 43. Kineticsand parity chart for HDS reactions using the NiO(5.5% )-W O3(25% )/Al(0.05)-SBA-15 mix2
sulfided catalyst at different reaction temperatures (T) and time (h).

The Fig. 43 shows the kinetics and parity chart for HDS reactions in terms of sulfur removal at
different reaction times and reaction temperatures. Sulfur concentration was normalized by dividing
all concentrationsin theinitia point (1.098 wt.% of S). At higher reaction temperatures and reaction
times higher than 1 h most of the sulfur in the feedstock was removed via HDS route. However, for
the several reaction conditions (380 °C, and 400 °C), it was observed that the changes in normalized
sulfur content were small, indicating the difficulty of removing S from recalcitrant compounds
derived from the HGO (heavy gas oil) of the feedstock. For that reason, two first order HDS reactions
were established, one for less recalcitrant sulfur compounds, and the other one for more recalcitrant
sulfur compounds in the feedstock as it has been previoudly reported by Rodriguez et al.(73), and
considering that both reactions yielding the same hydrodesulfured products. The kinetic model

proposed was the following:
For the sulfur compounds:

Reaction1l S; =yS — Products Eqn.5
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Reaction2 S, = (1 —y)S - Products Eqn.6

Total sulfur S, +S, =S Eqn.7

ds,
E = _klsl Eqn. 8
ds,

E = _kzsz Eqn9

Solving Egn. 8 and Egn. 9 with theinitia conditionst=0, §; = §;, and S, = S, , the solutions were:

S, =S;,e "t Eqn.10

S, = Sy,e 2t Eqn. 11
Replacing Egn. 10 and Egn. 11in Egn. 7:

S =Sy e ft+ 5, ekt
Using Egn. 5 and Egn. 6 to express S; and S, intermsof y:

S =ySpe F1t+(1 — y)S,e k2t
Dividing both sides by S,:
N

- = ye Kit+(1 —y)e %2t Eqn.12
0

Setting the normalized sulfur concentration as: Si = Sy and replacing in Eqgn. 12:
0

Sy =ye Fit+(1 —y)e k2t Eqn.13
For the products:

According to Reaction 1 (Egn.5) and Reaction 2 (Eqgn.6), the change in products (P) was expressed

as

dpP
E = k151 + szz Eqn 14‘

Replacing in Eqn.10 and Eqn.11 in Eqgn.14:

dpP
E = klsloe_klt + szZOe_kzt
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Using Egn. 5and Eqgn. 6 to express §; , and S, intermsof y:

dpP
E = kl)/SOe_klt + kz(l - )/)Soe_kzt

Dividing both sides by S,:
Ld

(5
dt

d
= kyye ft + k(1 —y)e %2t Eqn. 15

Setting the normalized sulfur concentration as: Sﬂ = Py and replacingin Egn. 15:
0

dp
d_tiv = kyye 1t + k,(1 —y)e %2t Eqn.16

S and S are the less recalcitrant and recal citrant contents of sulfured compounds, respectively, S is
theinitial sulfur content, S isthe final sulfur content, al in mass fraction. Finally, Sy and Py are the
normalized (dimensionless) overall sulfur and products concentration, respectively.

The results of kinetic parameter estimation are reported in Table 11, the optimized SSE value was
0.0088. The parity plot in Fig. 43 exhibited that most of the normalized sulfur compositions were on
the straight line, indicating a good fit between experimental and simulated data.

Table1l. Kinetic parametersfor HDS during the hydro-coprocessing a vegetable oil and gasoil blend with a sulfided
NiO(5.5% )-WO3(25% )/Al(0.05)-SBA-15 mix2 catalyst

Rate Constant T [°C] Kinetic Parameter
ki [h7] 360 | 380 | 400 |Ea[kdmoll | Ao[h'] y 1-y
K1 0.7642 | 1.5073 | 2.8556 116.79 3.2955x10°
ke 0.0082 | 0.0194 | 0.0434 | 147.38 | L.1827x10 | 22398 | 0.7602

According to Table 11 only a23.98% of the sulfur compounds could readily be hydrodesulfured, and
the remaining 76.02% dlightly reacted over the NiO(5.5%)-WOs5(25%)/Al(0.05)-SBA-15 mix2
sulfided catalyst. The latter, by comparing the rate constants for each HDS reaction. Rate constants
for the less recalcitrant compounds (y) were about 100 times higher than for the recalcitrant
compounds (1- y). Therefore, HDS kinetic was clearly influenced by the type of sulfured compound
in the feedstock. It has been previously reported that HDS of larger and recal citrant compounds and
moleculesishot an easy task due to steric hindrance to remove S from the compound (73-76). On the
other hand, as it was previoudly stated in Chapter 3, Sections 3.2.2.1 and 3.2.2.2, HDS reactions
might promote HDO reactions via hydrogen sulfide (H2S) formation, increasing HDO at expenses of
decreasing HDS (62). Besides, water formation as byproduct of HDO could diminish the number of
cataytic active sites, and there could be a competition between HDO and HDS for the same sulfided
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active sites (77). Nevertheless, no matter the cause of the low HDS activity, the effect of the
temperaturein HDSreactions could beratified by observing that for both kind of sulfured compounds,
the reaction rates Increased as the reaction temperature increased. The latter is confirmed by
comparing Fig.30 and Fig.40 in Chapter 4 and Chapter 5, respectively, for HDS yields using the
same sulfided catalyst, the NiO(5.5%)-WO3(25%)/A1(0.05)-SBA-15 mix 2.

Finally, in Table 12 is reported the initial HDS rates for both proposed reactions using Egn. 5 and
Eqgn. 6 and taking the initial sulfur concentration [mass fraction]. Similar trends as the reported in

Table 11 for Arrhenius’ rate constants due to the reaction order is 1.

Table 12. Initial reaction rates for HDS during the hydro-coprocessing a vegetable oil and gas oil blend with a
sulfided NiO(5.5% )-W O3(25% )/Al(0.05)-SBA-15 mix2 catalyst.

. ) T [°C]
Initial reaction rate 360 380 200
—Tg, [h7] 0.0084 | 0.0166 | 0.0314
~Ts, [h7] 0.0001 | 0.0002 | 0.0005

6.2.2. Kineticsand parameter estimation for HDO reactions
A power law Kinetic model was proposed for modeing HDO reactions of the vegetable oil in the

feedstock as shownin Eqn. 17, where O is the oxygen content [mass fraction] and b is the reaction

order.

do b
P —k,0° Eqn.17
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Fig. 44. Kineticsand parity chart for HDO reactions using the NiO(5.5% )-W O3(25%)/Al(0.05)-SBA-15 mix2
sulfided catalyst at different reaction temperatures (T) and time (h).

Theresults of kinetic parameter estimation is reported in Table 13, and the SSE value at the optimum
condition was 0.5299. The parity plot in Fig. 44 exhibited that most of the oxygen contents were on
the straight line, indicating a good fit between experimental and calculated data. Therefore, the power
law model proposed (Eqn. 17) was adequate for modeling oxygen removal reactions during the
hydro-coprocessing of the mixture vegetable oil and gas ail.

Table 13. Kinetic parametersfor HDO during the hydr o-copr ocessing a vegetable oil and gasoil blend with a sulfided
NiO(5.5% )-W03(25% )/Al(0.05)-SBA-15 mix2 catalyst.

Rate Congtant T [°C] Kinetic Parameter
ki [h?] 360 380 400 | Ea[kdJmol?] | Aq[h? b
K1 3.0681 | 4.2353 | 5.7355 55.424 1.1461x10° | 1.3959

Table 14. Initial reaction rated for HDO during the hydro-coprocessing a vegetable oil and gas oil blend with a
sulfided NiO(5.5% )-W O3(25% )/Al(0.05)-SBA-15 mix2 catalyst.

. . T[°C]
Initial reaction rate 360 380 200
-ro [hY 0.0147 | 0.0203 | 0.0275
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According to data presented in Table 13, HDO of the vegetable oil in the feedstock follows a 1.4

order power law Kinetics, and the rate constantsincreased on function of the reaction temperature (T)

in agreement with catalytic activity results shown in Chapter 4, Section 4.2.2.2, and Chapter 5,
Section 5.2.2.2 for Fig. 31, and Fig. 41, respectively. In addition, by comparing the magnitude of
reaction rates in Table 14 with those reported in Table 11 for HDS reactions, it could be observed

that HDO rates were at least twice higher than those for the HDS of less recalcitrant sulfured

compounds. As a result, one might infer that HDO reactions were mainly favored rather than HDS

reactions, reaffirming the possibility that H.S production during HDS enhanced oxygen removal (62),
and that there might be a competition between HDO and HDS for reacting in the sulfided metallic
phases over the catalyst surface(78, 79).

6.2.3. Kineticsand parameters estimation for HCK reactions
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Fig. 45. Kineticsa parity chart for HCK reactions using the NiO(5.5% )-W O3(25% )/Al(0.05)-SBA-15 mix2 sulfided
catalyst at different reaction temperatures(T) and time (h).

In Fig. 45 it could be observed the kinetics for the HCK reaction of the heavier fraction, Residue,

which was hydroconverted in a combined group (Products) of lighter hydrocarbons at different
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reaction time and temperature (T). Products fraction corresponds to the addition of the ASTM D2887
lumps labeled as. Naphtha, Kerosene, Diesel, and Gasoil according to the procedure reported in
Chapter 3, Section 3.1.5.3. At higher reaction times than 1 h and independently of the reaction
temperature, the residue fraction composition remained almost the same, indicating that
isomerization, akylation, and HCK reactions of the heavier fractions in the feedstock were less
promoted by the intrinsic properties (i.e., acidity and metallic character) of the sulfided NiO(5.5%)-
WO5(25%)/Al(0.05)-SBA-15 mix2 catayst. For that reason, the two reactions first order kinetic
model proposed for HDS reactions (73) was adapted for HCK reactions as follows:

For theresiduefraction (thereactant):
Reaction3 R; = aR — Products Eqn.18
Reaction4 R, = (1 — a)R — Products Eqn.19
Totalresidue R; + R, = R Eqn.20

dR,

E = _k1R1 Eqn. 21
dR,
E = _k2R2 Eqn. 22

Solving Eqgn. 18 and Eqgn. 19 with the initia conditionst=0, R; = R, and R, = R, , the solutions

were:

Ry = Ry e”"1' Eqn.23

R, = Ry e 2t Eqn.24
Replacing Eqgn. 23 and Eqgn. 24 in Egn.20:

R =Ry e fat+ R, e~F2t
Using Eqn. 18 and Eqn. 19to express R,  and R, intermsof a:

R = aRye *1t+(1 — a)Rye k2t
Dividing both sides by Ry:
R

— = ae *1t+(1 — a)e %2t Eqn. 25
0

Setting the normalized sulfur concentration as: RE = Ry and replacing in Egn. 25:

0
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Ry = ae k1t+(1 — a)e %2t Eqn. 26
For the products:
According to Reaction 3 (Egn.18) and Reaction 4 (Egn.19), the changein products (P) was expressed

as.

dP
E = k1R1 + k2R2 Eqn.27

Replacing in Egn. 23 and Eqgn. 24:

dpP
E = klRloe_klt + szZOe_th

Using Eqn.18 and Egn.19 to express R, and R, interms of a:

dp
E = klaROe_klt + kz(l - Ol)ROe_kzt
Dividing both sides by R:

P
R o e
T kiae 1t + k,(1 — a)e "' Eqn.28

Setting the normalized sulfur concentration as: Ri = Py and replacing in Eqgn. 28:
0

dP,
d—év = kiae ¥t + k, (1 — a)e %2t Eqn. 29

R: and R; are the more and less reactive residue compounds, respectively, Ro is the initia residue
content, R is the fina residue content, al in mass fraction, and P the final products content, all in
wt.%. Finally, Ry isthe normalized overall residue concentration, which isdimensionless. Theinitia
mass fraction of the residue was 0.525. Then, Ry and Py were obtained by dividing Rand Pin 0.525,
resulting in a normalized residue fraction of 1.0, and normalized products compositions higher than
1.0 asshownin Fig. 45.

In Table 15 it was reported the estimated kinetic parameters when minimizing the SSE to aminimum
value of 0.0285. Accordingly, 52.91% of the components of the residue fraction of the feedstock was
readily hydroconverted in lighter hydrocarbons, while the 47.09% were less reactive for HCK during
hydro-coprocessing. Supporting the latter, kinetic rate constants for less heavy residue components

(o) were about 70 times higher than the rate constants for heavier components in the residue (1- a).
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Table 15. Kinetic parametersfor HCK during the hydr o-coprocessing a vegetable oil and gasoil blend with a sulfided
NiO(5.5% )-W0O3(25% )/Al(0.05)-SBA-15 mix2 catalyst.

Rate Constant T [°C] Kinetic Parameter
ki [h?] 360 380 400 Ea[kImol?] | Ao[h?] a 1- o
K1 2.2485 | 4.0203 | 6.9444 99.903 3.9227x108
k2 0.0341 | 0.0606 | 0.1042 99.030 5.0346x10° 05291 | 0.4709

On the other hand, as shown in Fig. 32, and Fig. 42 in Chapter 4, Section 4.2.2.3, and Chapter 5,
Section 5.2.2.3, respectively, one can might say that the less heavy residue compounds correspond to
the triglycerides in the Jatropha curcas L. oil, and less recalcitrant sulfur compounds in the reaction
mixture. This due to in Fig. 32 only a 4.5% increment in the diesel-like fraction was observed by
increasing the metallic load to the highest point in the final NiO(5.5%).WO3(25%)/Al(0.05)-SBA-
15 mix2 sulfided catalyst, which agreed with the magnitude order for the reaction rate constant for
heavier residue compounds. For that reason, lighter hydrocarbons yields could be ascribed to
hydrotreating reactions (HDO, and HDYS) rather than HCK as evidenced in Fig. 37, Chapter 5,
section 5.2.1.5 for FTIR spectra. Additionaly, as shown in Fig. 42 after 400 °C thermal
decomposition in lighter hydrocarbons was evidenced. Therefore, at moderate reaction conditions
(360 °C and 380 °C) the dlight increase in lighter fractions (Naphtha, Kerosene, Diesdl, and Gasoil)
could be ascribed to HCK of heavier compounds occurring at low reaction rates as observed in Table
15 for k2 values.

6.3. CONCLUSIONS
A kinetic assessment of the hydro-coprocessing of a Jatropha curcas L. oil and gas oil blend was

carried out for three main reactions:. HDS, HDO, and HCK using an improved NiO(5.5%)-
WO5(25%)/Al(0.05)-SBA-15 mix2 sulfided catalyst. Mgjor changes in liquid product distribution
(ASTM D2887 procedure) were explained by the hydrotreating reactions (HDS, and HDO) rather
than HCK. The latter due to the higher HDO rates of the vegetable ail in the feedstock. The kinetic
analysisfor HDS and HCK demonstrated that heavier and recal citrant compounds were more difficult
to hydraconvert. Specificaly, only a24.0% of the sulfur compounds and 52.9% of theresiduefraction
in the feedstock readily reacted on the catalyst surface, increasing HDS, and HCK reactions, while
about 96% of the oxygenated compounds in the vegetable oil were fully hydroconverted in
hydrocarbons via HDO. The residue fraction included heavy gas oil and the triglycerides of the
vegetable oil. Therefore, the diesel-like fraction yield was mainly favored by HCK of such combined

residue fraction in the feedstock.
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OVERALL CONCLUSIONSAND PERSPECTIVES

An enhanced NiO(5.5%)-W0O3(25%)/Al(0.05)-SBA-15 catalyst was developed and screened in
the hydro-coprocessing of a mixture of a 20 vol.% of vegetable oil (Jatropha curcas L.) and
gasoil, exhibiting an outstanding performance (25% for HDS, 96% for HDO, and 52.3% for
HCK) at low conversion analysis at moderate reaction conditions (360 °C).

Tailoring intrinsic properties (acidity, metallic character, and porosity) were sequential and
systematically carried out. At thefirst stage, Al/Si molar ratio was varied at 0.1, 0.05, 0.033, and
0.025 fixing metallic content in 2.5 wt.% of NiO and 15 wt.% of WOs. Accordingly, as #’Al-
MAS-NMR showed Ni and W incorporation modified Al coordination, increasing octahedral
speciesin comparison with the pristine catal ytic supports. At the second stage, fixing Al/Si molar
ratio at 0.05, but varying metallic load (NiO+WQOs), the observed effect was enhancing
hydrotreating reactions (HDS and HDO), thus, slightly (4.5%) increasing the diesel-like fraction
yield or the HCK reaction.

Major differences in catalytic activity were attributed to the effect of Al and Ni and W
incorporation. Specifically, tailoring intrinsic properties (acidity, metallic character, and poraosity)
promoted the occurrence of both kind of active sites (type | and type Il), and the formation of
Bransted-Lowry acid sites, which were the highest for the Al(0.05)-SBA-15 catalytic support as
shown in Pyridine-FTIR spectra analysis.

Regarding the operating conditions during the hydro-coprocessing of the mixture vegetable oil
and gas oil, the effect of the reaction temperature was elucidated. Higher temperatures than 400
°C produced thermal and non-cataytic effects on liquid product fractions distribution (ASTM
D2887 procedure). Therefore, in order to maximize the diesd-like fraction yied it is
recommended to operate at 360 °C, which exhibited the highest (49.3%) yield of such fraction at
the highest metallic load (30.5%).

According to a kinetic analysis procedure for HDS, HDO, and HCK in hydro-coprocessing
reactions, major changes in the liquid product fraction distribution (ASTM D2887 procedure)
were ascribed to HDO and HDS reactions, rather than HCK of heavy componentsin the gas oil.
Thelatter dueto only a23.3% of sulfur compounds and 52.3% of theresiduefraction werereadily
hydroconverted in lighter hydrocarbons with less sulfur. For that reason, further research should
be conducted on the reactivity of model compounds to identify reaction mechanismsin function
on intrinsic properties of the NiO(5.5%)-W0O3(25%)/A1(0.05)-SBA-15 sulfided catalyst, and the

type of active site, in this case sulfides of Ni and W.
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The catalyst preparation procedure is one of the key points of interest due to the effect it has on
cataytic properties of the final sulfided catalyst. In addition, in this research it was reported the
occurrence of a NiWO, oxide phase according to WA-XRD diffraction profiles. The occurrence
of such “new” metallic phase and the NiO, and WOs3, enhanced hydro-coprocessing reactions.
Therefore, research on the synthesis method should be carried out to enrich the knowledge of

materials science in catal ytic processes like hydroprocessing.
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APPENDI X 1- Results of kinetic parameter s estimation for afive-lumped HCK model
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Fig.46. Five-lumped kinetic model for the HCK reaction using the NiO(5.5%)-W O3(25% )/Al(0.05)-SBA-15 mix2
sulfided catalyst, R=Residue, G=Gasoil, D= Diesdl, K=Kerosene, and N= Naphtha.

According to the five-lumped kinetic model shown in Fig.46 the set of differential equationsfor each

component (lump) is the following:
Naphtha: ‘;—T = k,R? + k,GF
Kerosene: % = k3R? + kGP

Diesel: 92 = k,R? + ksG#

46 — k,R® — (ks + kg + k;)GB

Gasoil i

Residue: SR = —(k, +kj + ks + k,)R®

==
In the previous set of reaction rates, the reaction orders were a for the Residue fraction and f for the

Gasoil fraction, which were considered the heavier components in the reaction mixture (vegetable ail
and gas ail). The SSE for the proposed model was 0.0648 according to Egn. 3in Section 6.1.2.
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Fig.47. Kineticsand parity chart for thefive-lumped HCK model using the NiO(5.5%)-W O3(25% )/Al(0.05)-SBA-
15 mix2 sulfided catalyst at different reaction temperatures (T) and time (h).

Table 16. Kinetic parameters for a five-lumped kinetic model for HCK during the hydro-coprocessing a vegetable
oil and gasoil blend with a sulfided NiO(5.5% )-WO3(25% )/Al(0.05)-SBA-15 mix2 catalyst

Rate Congtant T [°C] Kinetic Parameter

ki [h™] 360 380 400 | Ea[kdJmol?] | Ao[h] a |p
K1 0.3385 | 0.4768 | 0.6582 58.93 2.4589x10*

Kz 0.5651 | 0.7881 | 1.0775 57.18 2.9465x10*

ks 0.0190 | 0.0279 | 0.0401 66.31 5.6004x10°

Ka 0.0080 | 0.0118 | 0.0171 67.50 2.9538x10° | 2.00 | 1.58
Ks 0.0166 | 0.0257 | 0.0387 75.11 2.6050x10*

Ks 0.2053 | 0.2967 | 0.4195 63.31 3.4270x10*

k7 0.1306 | 0.1910 | 0.2731 65.39 3.2373x10*
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