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RESUMEN

TITULO: EFECTO DE LAS PROPIEDADES TEXTURALES Y ACIDAS DE CATALIZADORES Fe-
W SOPORTADOS EN SILICE MESOESTRUCTURADA EN EL HIDROCRAQUEO DE UNA
MOLECULA MODELO DE CRUDOS PESADOS*

AUTORES: Jonatan R. Restrepo Garcia **

PALABRAS CLAVE: Hidrocraqueo, tamices moleculares, catalizadores Fe-W, fenantreno, Al-SBA-
15

DESCRIPCION:

El hidrocraqueo de crudos presados requiere una alta mesoporosidad (mayor diametro de poros) y
una funcién acida moderada en catalizadores soportados para tratar las moléculas voluminosas
presentes en esta clase de materia prima y favorecer la produccion de Destilados Medios (MD). Por
lo tanto, se sintetizaron cinco clases de silice mesoporosa basadas en SBA-15, se modificaron sus
parametros de sintesis y se aumenté su mesoporosidad. NHsF y 1,3,5-trimethylbenzene (TMB)
fueron usados para modificar el arreglo hexagonal del SBA-15 y con el objetivo de evaluar su
influencia en reacciones de hidrocraqueo. Los materiales SBA-15 modificados con TMB mostraron
mayores propiedades texturales (volumen y diametro de poro) en comparacién con las silices
modificadas con NH4F y el SBA-15 puro. La acidez fue generada por un procedimiento de ‘injertado
quimico” post-sintesis para las relaciones molares Si/Al de 10, 25, y 40. Las fases activas sulfuradas
Fe-W impregnadas sobre los soportes Al-SBA-15 y Al-SBA-TMB fueron probadas en la reaccion de
hidrocraqueo de fenantreno. Se observé que todos los catalizadores quimicamente injertados con
aluminio fueron selectivos a un compuesto de ruptura de anillo aromatico (trans-stilben) asociado
con acidez tipo Bronsted, como fue evidenciado con los resultados de 27 Al MAS NMR, este
compuesto no fue obtenido al evaluar con el catalizador comercial NiMo/¥-Al203 cuya selectividad
fue exclusiva a compuestos parcialmente hidrogenados.

* Tesis de Maestria
** Facultad de Ingenierias Fisico-Quimicas. Escuela de Ingenieria Quimica. Director: Sonia A.
Giraldo.
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ABSTRACT

TITLE: EFFECT OF THE TEXTURAL AND ACID PROPERTIES OF MESOSTRUCTURED SILICA
SUPPORTED Fe-W CATALYSTS IN THE HYDROCRACKING OF A MODEL COMPOUND OF
HEAVY GAS OIL*

AUTHORS: Jonatan R. Restrepo Garcia **

KEYWORDS: Hydrocracking, molecular sieves, Fe-W catalysts, phenanthrene, Al-SBA-15

DESCRIPTION:

Heavy Oil hydrocracking requires an enhanced mesoporosity (higher pore diameters) and a moderate
acid function (mild acidity) on supported catalysts to treat the bulky molecules presented in this kind
of feedstock and to yield middle distillates (MD). Therefore, five different kinds of mesoporous silica
based on SBA-15 were synthesized by modifying its synthesis parameters aiming at enhancing
mesoporosity. NHsF and 1,3,5-trimethylbenzene (TMB) were used to modify the mesostructured
arrangement in SBA-15 and also with the purpose of evaluating their influence in hydrocracking
reactions. TMB modified SBA-15 materials exhibited the highest textural properties (pore volume and
pore diameter) in comparison to NH4F modified silica and pristine SBA-15 silica. Acidity was
incorporated in a post-synthesis “grafting procedure” for Si/Al molar ratios of 10, 25, and 40. Sulfided
Fe-W active phases were impregnated on Al-SBA-15 and Al-SBA-TMB supports and those were
tested in the hydrocracking reaction of phenanthrene. It was observed that for all chemically grafted
with Al catalysts were selective to an aromatic ring rupture compound (trans-stilben) associated with
Bronsted acidity as shown in the results of the spectra of 27 Al MAS NMR, this compound was not
evidenced by comparing with the commercial catalyst Ni-Mo/¥-Al203, which selectivity tended to
partially hydrogenated compounds exclusively.

* Master Thesis
** Physical and Chemical Engineering Faculty. Chemical Engineering School. Advisor: Sonia A.
Giraldo.
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INTRODUCTION

The increase in the demand of Middle Distillates (MD) production by refining
processes of heavy oils has recently turned the focus of researchers worldwide [1-
4]. 1t is due to the difficulty in processing bulky molecules presented in this kind of
feedstock with conventional catalysts, that it has been necessary developing new
kinds of materials, which used as catalytic support may overcome diffusional

limitations related to pore size in such catalysts[5-7].

Materials research during the last decades has demonstrated that it is possible to
synthesize and modify silica based materials such as MCM-41 (Mobil Composition
of Matter N° 41), SBA-15 (Santa Barbara Amorphous N° 5), and MCF (Mesocellular
Foam) in order to use them as support for heavy oil upgrading catalysts [8-11].
Particular attention has been shifted to the SBA-15 type mesoporous silica, which
possesses a wide pore volume, a narrow pore size distribution, and better
hydrothermal stability compared to MCM-41 silica [12]. Therefore, using this material
as support for hydrocracking (HCK) catalysts results in an interesting and
challenging alternative to be studied and applied in hydro conversion processes, as
it has been previously stated [12-14].SBA-15 mesoporous silica is formed by a
hexagonal array of tubular and uniform cylindrical channels, which is obtained when
triblock copolymers are used in strong acid media. This copolymer acts as surfactant
and template to obtain the ordering pattern [10, 15, 16]. Zhao et al., have also studied
the use of micellar swelling agents to modify the textural and structural properties of
the SBA-15 by expanding the pore diameter, and with that modification treating
heavier molecules [14, 15]. It has been reported that the use of organic co-solvents
like 1,3,5-trimethylbenzene (TMB), hexane or n-butanol swells the pore size [8, 9,
16]. Moreover, it has been also attributed to small additions of inorganic salts the
uniformity of the tubular channels. Thicker silica walls of the material is directly
correlated with higher hydrothermal stability [16-18]. This feature makes SBA-15 a
specific mesostructured material. However, the acidity of the support is low, due to
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the neutral Si atoms conforming its structure, and for that, using only SBA-15
materials in heavy oil HCK does not direct the reaction to yield MD. In that sense, it
has been incorporated different kind of metals like Al, Ti, Zr, Sn, which are promoters
of the formation of Brénsted acid sites [19-21], and by varying Si/Al molar ratio in the
synthesis of the materials, it leads to increase the acid function in those kind
materials [22-25].

Aiming at enhancing textural and acid properties of SBA-15 based mesoporous
silica, and preparing catalysts for HCK of heavy oil supported on these materials, it
has been investigated the ordering and structural change among five kinds of
mesoporous silica, formed using an amphiphilic triblock copolymer (Pluronic P123).
SBA-15 based mesoporous silica were synthesized by the sol-gel method by two
approaches, firstly by the addition of 0.10 and 0.15 g of NH4F to the synthesis mixture
before silica source incorporation. Secondly by varying the TMB:P123 mass ratio
from 0.15 and 0.75 to swell pore diameter. Acidity enhancement was carried out by
a post-synthesis grafting procedure changing the Si/Al molar ratio (10, 25, and 40).

Due to Fe-W supported catalysts have been less studied in the last decades [7, 26-
29], studying reactivity over these kind of catalysts result interesting. Moreover, Fe
promoted active phases are cheaper than Ni-W counterparts[30]. Therefore, we
have prepared Fe-W catalysts supported on the highest pore size and pore volume
synthesized SBA-15 based silica materials, which were tested in batch HCK

reactions of phenanthrene, a model molecule for vacuum gas oil (VGO).
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1. LITERATURE REVIEW

Catalysts in the process of refining heavy oil fractions have been widely studied in
order to provide meaningful insight in the process of upgrading this kind of feedstock.
Specifically, a hydrocracking catalyst is designed to favor the production of Middle
Distillates [31, 32]. To this end, catalysts must be characterized of having an
appropriate acid distribution and acid strength, and also a narrow pore size
distribution, which is necessary to reduce the diffusional limitations effects by treating

bulky molecules in heavy oil [33].

A lot of information about hydrocracking reaction is found widely in open access
literature, the main differences are based upon the kind of catalytic support used in
those kind of catalysts, and their modifications to enhance a specific function
(hydrogenation and acidity) on the surface of the catalyst [5]. The main contributions
in the field of synthesis and characterization of promising materials for hydro
processing are found in the family of mesoporous silica like MCM-41, SBA-15
(specific surface area between 600 and 1000 m? g), and MCF[11, 22, 34, 35]. For
their industrial application, these materials need to be modified by a hydrothermal
treating by increasing the synthesis temperature between 308 and 353 K in the Sol-
Gel method, this increase in temperature during the aging procedure favors the
formation of larger pore sizes[36]. On the other hand, hydrothermal stability can be
reinforced by the incorporation of Al atoms within its framework, this incorporation
does not only promote the stability of silica materials at high temperatures, and it
also promotes the formation of Bronsted acid sites for the modified AI-SBA-15[29].
These modifications also change the activity and selectivity, therefore, it is essential
adequately selecting the synthesis conditions to fulfill the main purpose of
hydrocracking reactions[37].

Mesostructured silica SBA-15 type is a formed by a 2-D hexagonal arrangement of

uniform and tubular channels with space group p6mm, tunable pore sizes within 5-
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30 nm, and a narrow pore size distribution; this kind of silica was introduced by Zhao
et al.,, by a Sol-Gel synthesis procedure, using the triblock copolymer P123 as
structural direction agent and surfactant in acid media conditions[15]. The use of
amphiphilic triblock copolymers (hydrophobic and hydrophilic chains) to direct the
formation of silica particles around the micelles has yielded in the preparation of well-
developed mesoporous particles of SBA-15 and by adding organic molecules as co-
solvents, the pore size has been increased; thus, this mesoporous materials has
received most of the attention, since its applicability to improve catalytic activity in
reactions, which require the conversion of bulky molecules, such as the vacuum gas
oils (VGO) and others heavy oil fractions[7]. However, in comparison to conventional
microporous zeolites, SBA-15 lacks of moderate acidity and high temperature
stability, which is mainly attributed to its silicon framework[21]. Those drawbacks
limit its application at industrial scale, especially, chemical reactions that involves
treating at high temperatures above 573 K such as hydro processing reactions like
hydrodesulphurization (HDS), hydrodenitrogenation (HDN), hydrodemetallation
(HDM), and hydrocracking (HCK), among others. In particular, HCK reaction
requires active acid sites, strong enough (moderate acidity) to crack the bulky
molecules in lower molecular weight ones, Diesel fractions and gasoline [4, 38].
Hence, doping SBA-15 with different metallic ions (Al, Ti, Zr) has caught researcher’s
attention. This heteroatom incorporation with lower valences than silicon generates
negative charges on the surface of the material, which are compensated by H* and
subsequently promotes the formation of acid sites[19, 26, 39]. During the last
decades, partial replacement of Si** ions by AI** ions has been more studied as a
result of the moderate acidity attained without changing significantly the
mesostructured pattern of SBA-15 [29]. Al incorporation has been successfully
achieved by direct or post-synthesis methods either by adding the Al precursor
during the synthesis of the SBA-15 silica or by chemical grafting procedures [28, 40].
Al incorporation on SBA-15 framework is directly correlated to Bronsted acid sites
and the improvement of its hydrothermal stability; Bronsted acid sites are formed as

a result of the terminal silanol groups in the vicinity of an aluminum atom or binding
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hydroxyl groups[41]. Conversely, direct Al incorporation methods is a difficult
process to be achieved during the synthesis of SBA-15, since under acid media
conditions (pH<1), Al does only exist in its oxidized form; this incorporation also

disfavors the textural properties, specifically pore size[42].

Soni et al., proposed the in situ incorporation of Ti by using titanium isopropoxide,
which exhibited a better dispersion of octahedral Ni and Mo species on the surface
of the Ti-SBA-15 than on pristine SBA-15, which was correlated to high activity in
HDS and HDN reactions with heavy oil at 8 MPa with a range of temperature
between 603 to 643 K [10]. Zhang et al., studied the effect of acidity and textural
properties of Ni-W catalysts supported on a bi-modal material composed of USY
zeolite and the hydrothermally synthesized Al-SBA-15, HCK reactions of model
compounds of heavy oil such as cumene, and 1,3,5-trisiopropylbenzene were tested
to elucidate the reaction mechanism, later those catalysts were tested with heavy
oil. The strong acidity related to USY zeolite was evidenced by the rupture of the
model compounds, and the effect of AI-SBA-15 porosity enhanced the activity with
heavy oil. The effect of AI-SBA-15 acidity was not clearly evidenced since USY
zeolites are more acid than AI-SBA-15 [14]. Li et al., proposed the post-synthesis
incorporation of Al on SBA-15 by aluminum nitrate, which was accomplished by the
pH modification with ammonium hydroxide in the synthesis of Al-SBA-15, then, to
analyze the effect of this modification HDS test with dibenzothiophene (DBT) were
performed with Ni-W (2 wt. % and 23 wt.% respectively) active phases supported on
Al-SBA-15. With this approach, the formation of acid sites was increased at
expenses of specific surface area, the formation of extra framework aluminum
species also increased as the same rate tetrahedral aluminum species

formation[43].

Zhiping et al., synthesized Ni-W/SBA-15 catalysts, which were tested in HDN and
HDS batch reactions with heavy oil fractions, experiments were tested at 5 MPa of

H2 partial pressure and 673 K. It was concluded that the method of synthesis of
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catalysts had a great influence on the activity of the reactions depending on the Ni/W
molar ratio on the surface of the SBA-15 supports [23].

Boahene et al., studied the effect of different pore sizes Fe-W/SBA-15 catalysts in
the hydro treating reactions (HDN and HDS) of Athabasca bitumen, larger pore sizes
were obtained by adding n-hexane as a micellar swelling agent. Catalysts with pore
diameter larger than 13 nm exhibited the lowest activity. Nonetheless, Fe-W
hydrogenation function could be tested in hydro treating reactions [8, 9]. Similarly
Mouli et al., synthesized Al-SBA-15 by adding the aluminum precursor during the
synthesis of SBA-15 with larger pore size by the addition of n-hexane without
collapse of the structure. This support was used to prepare Ni-Mo catalysts, the
activity of HDS reaction was more promoted by this catalyst than HDN activity by

testing oil sands[10].

In the field of HCK reactions Byambayav et al., synthesized and tested Fe/SBA-15
and Ni/SBA-15 (10 wt.% of metal content) catalysts on the hydrocracking of
asphaltenes derived of heavy oil at 5 MPa and 573 K. A 70% of conversion was
found for the Fe loaded catalysts, thus, Fe influences the hydrocracking
mechanism[12, 44]. The effect of Al incorporation on the Bronsted surface acidity of
Al/SBA-15 was studied in detail by Koekkoek et al., using solid state 2’Al MAS NMR
analyses and a free of water method of synthesis to favor the dispersion of Al on the
surface of SBA-15. The highest dispersion of Al was found for Si/Al molar ratios
higher than 10, tetrahedral aluminum species were formed predominantly with low
content of Al. In terms of acidity IR spectroscopy revealed that the intrinsic acidity of
Al/SBA-15 is comparable to zeolites and amorphous alumino-silicates (ASA). This,
it is ratified that the acid sites distribution governs the differences in acidity in

alumino-silicates[45].

Jaroszeweska et al., addressed the performance of noble metal (Pt) catalysts
supported on AI-SBA-15 by testing different loads of Pt catalysts on the

hydrocracking reaction of decalin an 1-methylnaphtalene at 623 K at a fixed bed
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reactor. Three Al precursors were employed (aluminum isopropoxide, aluminum
nitrate and aluminum sulphate), 1-methylnaphtalene conversion was not directly
promoted by the source of Al during the synthesis procedures, this was promoted by
the content of Pt on the catalysts (0.5, 2.5, and 4.5 wt. %). Metallic phase dispersion
was highly favored by the lower content of Pt on AI-SBA-15 supports [46, 47].

Based on the previous literature review given, it can be inferred that the effects of Al
incorporation on the selectivity and activity of hydrocracking reactions is not well
understood, most of the research focused on this support was conducted with heavy
oil fractions, which does not allow to conclude about the mechanism of
hydrocracking reaction on Al-SBA-15 supported catalysts. Therefore, using model
compounds of heavy oil fractions may open a new insight of the catalytic
phenomenon thereof. Moreover, testing catalysts with less expensive active phases

such a Fe-W metallic phases turns the focus of catalysts for heavy oil upgrading.
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2. EXPERIMENTAL

2.1 MESOPOROUS SILICA SYNTHESIS

Five kinds of SBA-15 based mesoporous silica were prepared with different pore
sizes, using Pluronic P123 (EO20PO70EO20, Mav=5800, Aldrich) as structural
direction agent (SDA), Tetraethylortosilicate (TEOS, 98% Aldrich) as silica source in
strong acid media conditions (pH<1), and modifying procedures previously reported
in literature by two procedures|[8, 15, 17]. The first procedure consisted in using NHaF
(99% Aldrich) to favor ordaining on accordance with the following nominal molar
ratio: 1.0 TEOS: 0.0169 P123: 4.42HCI:186 H20, the second procedure involved the

addition of TMB at the same precursor’s nominal ratio.

In a SBA-15 typical synthesis 10 g of P123 were completely dissolved in 1.3 M HCI
(37 vol. %, Merck) aqueous solution under stirring (500 rpm). Then, 24 mL of TEOS
was added drop by drop and was kept under agitation for 1 h. Subsequently the
temperature was increased from room temperature to 311 K and kept during 24 h.
The milky suspension thus obtained was transferred into a 500 mL PTFE closed
bottle, where in static conditions and under autogenous pressure the hydrothermal
treatment at 403 K was performed for 24 h in a muffle furnace. The solid product
was filtered and washed with abundant deionized water, and kept static for 24 h at
room temperature. Then the material was calcined under dry air flow (100 mL/min)

at 773 K during 6 h with a heating rate of 2°C/min to remove the template.

SBA-F(0.10) and SBA-F(0.15) samples were synthesized by adding 0.10 g and 0.15
g of NH4F to the synthesis mixture before TEOS incorporation, SBA-TMB(0.15) and
SBA-TMB(0.75) were obtained adding the required amount of TMB to get TMB:
P123 mass ratios of 0.15 and 0.75 before dropwise TEOS incorporation and kept
until homogenization for 1 h. The other steps remained the same for SBA-15

preparation.
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2.2 ALUMINUM INCORPORATION

Surface acidity of the supports was obtained by an Al post-synthesis grafting
procedure [28]. The powdered samples (5 g) were grafted under constant agitation
(500 rpm) for 18 h in a 0.02 M ethanol (Merck, 98%) solution of aluminum
isopropoxide (CoH21AIOs, Merck 98%) for Si/Al molar ratios of 10, 25 and 40. Basic
media was controlled by adding drop by drop an aqueous solution of NH4OH (28 vol.
%, Aldrich, 98%) to get a pH in the range of 9.0-9.5. The grafted materials were
filtered and washed with ethanol to remove residues of aluminum precursor. Then,
those materials were calcined under dry air (100 mL/min) at 773 K for 6 h. Al-
modified materials were labeled Al(x)-SBA-15 and Al(x)-SBA-TMB(0.75) , where “xX”

indicates the Si/Al molar ratio.

2.3 CATALYSTS PREPARATION

Fe-W catalysts supported on ¥-Al2O3 (Protocatalyse), Al(x)-SBA-15 and Al(x)-SBA-
TMB(0.75) were prepared by the successive incipient wetness impregnation
method. Fe(NO3)3.9H20 (98%, Aldrich) and (NHa)sH2W12040.H20 (98%, Aldrich)
agueous solutions (30 % in excess of the required amount to fill pore volume of
catalysts) were used as Fe and W precursors. After each impregnation the catalysts
were dried at 393 K during 12 h with a heating rate of 2°C/min, and then calcined
under dry air flow (100 mL/min) at 773 K during 6 h at the same heating rate. Metallic
oxides loading was Fe203 (3 wt. %) and WOs3 (15 wt. %). Non sulfided catalysts were
labeled as Fe-W/AI(x)-SBA-15 and Fe-W/AI(x)-SBA-TMB(0.75). All catalysts were
sieved to get a particles size range between 25 um and 75 pm.

2.4CHARACTERIZATION OF SUPPORTS AND CATALYSTS

2.4.1 Textural characteristics

All samples (0.2 g) were degassed at 393.15 K for 12 h before the analysis. Then

the specific surface area was determined based on Brunauer, Emmett and Teller
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(BET) theory for all supports and catalysts prepared by measuring adsorption-

desorption isotherms of N2 at 77 K in a 3FLEX Micromeritics apparatus.

BET specific surface area was computed within the linear relative pressures range
of 0.04 to 0.24 according to IUPAC recommendation for this kind of
measurements[48].Total pores volumes were calculated from the amount of nitrogen
adsorbed at a relative pressure (P/Po) of 0.9. Pore volumes and diameters were
estimated by N2-DFT model incorporated in the apparatus software.

2.4.2 XRD patterns

Catalysts and supports samples (0.2 g) were powdered in an agate mortar until a
particle size of 38 um. Measurements were carried out in a Bruker Advance
diffractometer with Da Vinci geometry using Ni-filtered CuKa1 radiation (40 kV, 30
mA). Low angle analyses were performed with the purpose of identifying changes in
the material ordering pattern. The 28 degrees range was scanned between 0.5° and
8° with a step size of 0.01526° and a counting time of 0.4 s per step. Qualitative
analysis of the registered peaks was carried out by comparing with the diffraction
profile reported in the database PDF-4+ ICDD (SiO2-00-058-0344). Wide angle
analyses were performed for all catalysts in order to confirm the formation of the
respective oxidized species of the metals incorporated. The 20 degrees range was
scanned between 10° and 80°.

2.4.3 Scanning-electron-microscopy (SEM)

Scanning electron microscopy was employed to obtain morphological observations
on the surface of the obtained silica materials, and to identify a change in the shape
of the SBA-15 particles with the modified parameters. The procedure was performed
in a scanning electron microscopy FEI Quanta 650 FEG operating with an electron
voltage of 4.00 kV. The study was carried out with magnifications of 20 um, 3 pum,

and 500 nm; depending on the size of the particle to be observed.
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2.4.4 27Al MAS NMR solid measurements

27 Al MAS NMR experiment in the solid state was conducted to Bo=9.4 T on a Bruker
ADVANCE 400 WB Il apparatus. The resonance frequency corresponding to 2’Al
was 104.3 MHz. All the grafted supports labeled as Al(x)-SBA-15 and Al(x)-SBA-
TMB(0.75) were analyzed. The MestReNova 9.0 software was used to compute the
content of the incorporated aluminum species by a Gaussian integration of their

respective peaks.

2.4.5 Proton affinity distributions (PAD)

The proton affinity of the materials was measured by potentiometric titration in a
TitroLine 7000 (SI Analytics) titrator. Each sample of catalysts and supports were
sieved to get a patrticle size less than 75 um [28]. 0.05 g of the samples were added
to a 0.01 N aqueous solution of NaNOs (99.5% Merck). The suspension was
homogenized by magnetic stirring for 30 min. For titration in the basic pH interval, it
was used as titrating agent an 0.1M aqueous solution of NaOH (Merck 99%), which
was added to 0.03 mL each 90 s until a pH of 10 was reached. Similarly titration was
performed in the acidic pH range for a fresh sample with HCI (37 vol. %, Merck) 0.1
M until a pH of 3. The pH changes were measured in terms of the volume (basic or
acidic) of the solution added. The acquired data were used to construct a proton

consumption function (f(logk)) as a function of pH by a proton balance [49-51].

H - OH
0 l | 0 | /O\
) P e i Si 'Si S
/DIQR\ I~ 7N /NN
Silanol group Siloxano group
Ill and IIA groups p[logk]=6.8 pllogk]=9
p[logk]<4

Fig. 1. Alumina and silica surface groups presented in aluminosilicates
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Based on the acid sites distribution for alumina supports proposed by Knézinger and
Ratnasamy, and depicted in Fig.1, the proton consumption was computed for all the
supports and catalysts prepared. Depending on the OH groups configuration on the
surface of alumina different acid sites are identified [51]. Quantification of OH groups
was performed by a Gaussian deconvolution of the obtained peaks from proton
consumption curves. To this end, the OriginPro 8.5.1 software was used. The area
under each curve indicates the amount of acid sites [mmol H*.g? cat] present in the
samples. Trends in the quantification of the OH groups derived from the PADs have
mostly a qualitative value, being valid only for comparing the series of catalysts
prepared in this study.

2.5CATALYTIC EVALUATION

2.5.1 Preliminary paraffins hydrocracking tests

A set of preliminary reactions were conducted in a 570 ml stainless steel batch
reactor (Parr) to understand the effect of Fe-W active phases in the hydrocracking
of a paraffin. To this end, two model molecules were tested separately by adding
into the reactor a 250 mL liquid mixture composed by a of 4 wt. % of: firstly a linear
hydrocarbon, n-hexadecane (Aldrich, 98%), and secondly a multi-branched
hydrocarbon, 2,6,10,14-tetramethylpentadecane (Aldrich 98%), using as solvent n-
heptane (Merck, 98%) in both cases.

Before the reaction, Fe-W/AI(10)-SBA-TMB(0.75) catalyst (1 g) was activated
(sulfidation process) ex-situ under a flow of 100 ml min-* of a mixture of H2S/H2 (15/85
vol. %) at 673 K for 4 h. The reaction conditions were 623 K and PH2=2.2 MPa based
upon the industrial hydrocracking reaction conditions [3].

Further description of the operational conditions and samples analysis are described
in detail in the following section (section 3.5.2)
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2.5.2 Phenanthrene hydrocracking tests

Sulfided catalysts were tested at the same conditions of the preliminary reactions,
the liquid mixture occupied 250 ml and was prepared using 4 wt. % phenanthrene
(Aldrich, 98%), 94 wt. % n-heptane (Merck, 98%) as solvent and 2 wt. % n-
hexadecane (Aldrich, 98%) as an internal standard for chromatographic analyses.

The reactor was hermetically sealed after the addition of the presulfided catalyst to
the liquid mixture. Hz (PH2=2.2 MPa) was added and the temperature was increased
under agitation (1000 rpm) with a heating rate of 2°C/min until 350°C, the final
pressure was 11 MPa. In this conditions of pressure and temperature, it was taken
the first liquid sample, which, corresponds to the initial time (zero) of reaction. The
following samples were taken each 15 min for the first hour, each 30 min for the
second hour, and each hour for the last two hours. It was measured the samples
and purges volumes in each interval. Liquid products of reaction were analyzed by
GC, using a GC-HP 6890, equipped with a FID detector and a HP-1
(100mx0.25mmx0.5 pm) column. Products were identified by GC-MS, using a
column HP-5 (30mx0.25mmx0.25um), and by comparing the mass spectra of the
liquid products obtained with the data basis W.8.1 (Data Analysis Chemstation
Agilent Technologies).

Commercial Catalyst Ni-Mo/¥-Al203 Protocatalyse was also tested for comparison

purposes.
2.6 EXPRESSION OF RESULTS

2.6.1 Catalysts Activity

Hydrocracking reaction initial rate can be expressed to a first order kinetic due to the
high excess of hydrogen, and also because the expected behavior is like elementary
reactions rather than multiple steps reactions [2, 6, 10, 12, 16, 23]. Therefore, initial
reaction rates were computed by conversion data of phenanthrene corresponding to

t= 0 min until t=60 min. It was used the pseudo-first order equation (1) proposed by
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Gevert et al. [52], which, incorporates a correction factor due to purges and samples

volumes, as depicted with equation (2).

~In (g—) = kpreaW (/) ©

n

Fty) =2 7 _:H @)

i=1

Where: C;, C, [g/mL] correspond to phenanthrene concentration in each t time when
i samples are taken and in t=0 min of reaction, W [g] is the weight of the catalyst,
ti, ti—1 [min] is the time until taking two consecutive samples, V;_;[mL] is the

remaining solution volume after taking the sample i — 1.

2.6.2 Selectivity
Selectivity towards a specific product (9,10-dihydrophenanthrene, 1,2,3,4-

tetrahidrophenanthrene, trans-stilben) was computed by equation 3.

mol;

(3)

Vi =

mOZPhen—reaction

Where mol;: are the i product moles (phenanthrene, trans-stilben, 9,10-
dihydrophenanthrene, 1,2,3,4-tetrahydrophenanthrene) and molpnen—reaction: are

the moles of phenanthrene consumed during the reaction.
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3 RESULTS

3.1 CHARACTERIZATION OF CATALYSTS AND SUPPORTS

3.1.1 Textural characteristics
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Fig. 2. Nz adsorption-desorption isotherms, (a) silica materials, (b) catalysts



Fig. 2. shows the N2 adsorption-desorption isotherms for all catalysts and silica
materials synthesized, which exhibit a type IV isotherm according to the IUPAC

classification, which characterizes mesoporous materials[48].

A wider H1 type hysteresis loop is found for the labeled samples SBA-15, SBA-
TMB(0.15) and SBA-TMB(0.75), according to Fig. 2 (a). This is characteristic of
uniform pores with defined geometry, generally tubular. The adsorption and
desorption curves tend to be parallel between them at high relative pressures [53].

The SBA-F(0.10) and SBA-F(0.15) samples reveal a narrower and not parallel H1
type hysteresis loop at high relative pressures, which is characteristic of non-uniform
pores. The change in the shape of the loop indicates a change in the pores geometry,
indirectly showing the effect in the pore ordering, when adding inorganic salts in the
amounts used. However, mesoporosity was preserved in all cases and confirmed by

the presence of the hysteresis loop for all samples.

Fig. 2 (b) shows that for all catalysts is presented a narrower hysteresis loop
compared to SBA-15 and SBA-TMB(0.75) materials. This result indicates that there
is a decrease in the adsorption capacity when metal phases and aluminum content

are added.

Table 1 shows the change in the textural properties of materials. In all cases the
specific surface area presented a decrease, which was more marked for the
materials prepared with the addition of NH4F and allows to establish the collapse of

mesostructured SBA-15 ordering pattern.

An increase in the pore diameter and pore volume with an increase in TMB: P123
mass ratio, for SBA-TMB(0.15) and SBA-TMB(0.75) is evidenced, which ratifies the
expanding effect of TMB as swelling agent. For SBA-F(0.10) and SBA-F(0.15)
samples this increase in pore diameter became remarkable with a higher amount of
NH4F. However, by comparing SBA-F(0.15) with SBA-TMB(0.75), pore volume and
BET area are higher for SBA-TMB(0.75) silica. Pore diameter is practically the same
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than SBA-F(0.15). Therefore, the silica support which evidenced enhanced textural
properties is the silica SBA-TMB(0.75), which is selected for catalysts preparation.

Compared to ¥-Al203 all silica materials synthesized showed higher specific surface

area, pore sizes and pore volumes.

Tablel. Textural properties of non-activated catalysts and supports

Sample P, (cm’/g) Suer (M70) Pp (nm) C ger
T-ALLOs 0.62 203 12 83

SBA-15 151 901.5 6.4 109
SBA-F(0.10) 1.41 709.3 7.8 55
SBA-F(0.15) 1.48 396.3 18 29
SBA-TMB(0.15) 1.23 586.8 8.6 74
SBA-TMB(0.75) 2.16 727.9 17.2 166
Fe-W/AI(10)-SBA-15 0.54 316.8 6.6 64
Fe-W/AI(25)-SBA-15 0.72 416.0 6.9 75
Fe-W/AI(40)-SBA-15 0.76 442.8 6.8 60
Fe-W/AI(10)-SBA-TMB(0.75) 1.37 3515 17.2 135
Fe-W/AI(25)-SBA-TMB(0.75) 1.56 392.8 17.2 132
Fe-W/AI(40)-SBA-TMB(0.75) 1.47 3935 17.2 272

Sge,= specific surface area, P, = pore volume, P pore diameter, C__ = constant BET

Fig. 3 shows the pore size distribution for all mesoporous silica. A bi-modal pore size
distribution (microporosity and mesoporosity) is attained, the development of
micropores while expanding pores is more evident by the addition of TMB as swelling
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agent in comparison to SBA-15 (Fig. 3 (a)). Gaussian and narrow pore sizes
distributions were evidenced for SBA-15 and silica materials modified with TMB than
the others modified with NH4F, indicating uniformity in pore sizes for TMB modified

silica materials.
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Fig. 3. Pore size distributions, (a) SBA-15, (b) Modified silica materials

Textural properties of the non-activated catalysts are shown in Table 1, there is a
decrease in the specific surface area with a decrease in the Si/Al molar ratio, which
is correlated with a narrow hysteresis loop in comparison with pristine SBA-15 and
SBA-TMB(0.75) supports. Pore diameter reported values for Fe-W/AI(x)-SBA-
TMB(0.75) catalysts remains constant. Therefore, no obstruction of pores is

evidenced as a result of metals impregnation or aluminum content.
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In terms of the changes of pore volume in the catalysts, it's shown a decrease in the
pore volume with a decrease in the Si/Al molar ratio. It may be directly related with
the higher amount of Al species for the Si/Al molar ratio of 10, and it's more evident
for Al(x)-SBA-15 supported catalysts instead of Al(x)-SBA-TMB(0.75) supported
catalysts, because of the higher pore volume Al(x)-SBA-TMB(0.75) possesses.

Constant C values reported established that BET method is adequately fitted for the
determination of textural properties of the materials synthesized. All C values are

within the range (C<300) of accuracy and physical meaning.

3.1.2 XRD patterns
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Fig. 4. Low Angle XRD patterns, (a) silica materials, (b) Non-activated catalysts

Fig.4. depicts low angle diffraction profiles, which show the reproduction in the
synthesis of SBA-15 material, evidencing three identified peaks in 26° of 0.9, 1.5 and
1.9, which are characteristic of the obtained hexagonal symmetry, with space group

p6mm[15].

Fig 4. (a), shows for the modified materials SBA-F(0.10) and SBA-F(0.15), that only
one peak is evident with less intensity than the SBA-15, and the disappearance of
the peaks of the other planes. For TMB modified materials, a shift leftwards of the 3
peaks is observed for SBA-TMB(0.75), which unquestionably shows a change of the

structure and rearrangement of the pores for the modified silica supports.

For catalysts prepared in Al(x)-SBA-15 not change is evident intensity and shape of
the diffraction peaks according to Fig 4, (b). This is indicative that the addition of
aluminum and metal phases on the surface of the catalyst retained SBA-15 low angle

diffraction pattern and ordering.
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For catalysts prepared on Al(x)-SBA-TMB(0.75) is possible to observe in Fig. 4 (b)
a decrease in intensity of the three diffraction peaks. It is more evident for
FeW/AI(10)-SBA-TMB(0.75) catalyst, which possess greater amount of aluminum
content. Fe-W/AI(40) -SBA-TMB(0.75) catalyst showed almost the same diffraction
pattern than SBA-TMB(0.75) support (Fig. 3 (a)). Based on the metal content is the
same for all six catalysts, the change in the intensity is attributed to the aluminum
content for the lower Si/Al molar ratio. Higher aluminum incorporation degraded the
structure of Al(x)-SBA-TMB(0.75) supported catalysts.

| FeW/Al (40)-SBA-TMB (0.75)
FeW/Al (25)-SBA-TMB (0.75)

FeW/Al (10)-SBA-TMB (0.75)

\_’.\‘ FeW/Al (40)-SBA-15
FeW/Al (25)-SBA-15

FeW/Al (10)-SBA-15

Intensity [a.u]

10 12 15 17 19 22 24 26 28 31 33 35 38 40 42 44 47 49 51 54 56 58 61 63 65 67 70 72 74 77 79
20°

Fig. 5. Wide Angle XRD patterns for Fe-W/Al(x)-SBA-15 and Fe-W/ Al(x)-SBA-TMB(0.75)
catalysts, x= Si/Al molar ratio

Fig. 5 shows the wide angle diffraction patterns for Fe-W/Al(x)-SBA-15 and Fe-
WI/AI(x)-SBA-TMB(0.75) catalysts. Fe-W/AI(x)-SBA-TMB(0.75) catalysts showed
only the characteristic hump of SiO2 material in the 26° range centered between 19°
and 27° [8]. The high surface area of silica support favors dispersion of the active
phases, suggesting that either metals were homogeneously dispersed on the
support or their compositions were below the detection limit of the X-ray signals. The
absence of XRD signals in wide angle region indicates that the particle size of metals
is below the coherence length of X-ray scattering. However in the case of Fe-

W/AI(40)-SBA-TMB(0.75), it exhibited the same peak lift characteristic or silica-
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based material. But a slight development of other two peaks is evidenced in 26° of:
33.2 and 24.4, which are attributed and confirmed to oxidized species of the
respective impregnated metals (Fe203 and WOs3). However, its least surface area
and higher pore volume may have contributed to the formation of aggregates as

detected by the X-ray (particle size >4 nm).

3.1.3 Scanning-electron-microscopy (SEM)

Fig. 6. SEM Images SBA-15
Fig. 6 shows the fibrous morphology of SBA-15 particles, result that ratifies the

previously reported images for this kind of material [15], and for that indicates a
reproduction of the synthesis of SBA-15 mesoporous silica. Fig. 5 also shows the

fiber's hexagonal shape, which is characteristic for this type of material.

Fig. 7. SEM images of SBA-F(0.10)

34



Fig. 8. SEM micrographs for SBA-F(0.15), spherical particles detailed

For samples labeled as SBA-F(0.10) and SBA-F(0.15) (Fig.7 and Fig.8), the amount
of NH4F added made it possible to increase the formation of spherical particles,
however, that formation is not well developed and controlled with this approach, due
to the effect in pH, which affects the strong acid media required for obtaining SBA-
15 [15, 54]. Moreover, those spherical particles are specifically localized into
amorphous silica. Therefore, most of the silica particles formed are result of the
collapse of the structure due to the pores swelling. This occurs by either the basic
change in the pH synthesis and by the interactions fluoride ions have with the
hydrophobic chains in P123 dissolution. Then changing the shape of the micelles of
the copolymer in the formation of well-developed silica particles as it has been

previously stated by several authors [8, 9, 55].

Fig. 9. SEM micrographs for SBA-TMB(0.15)

35



Fig. 10. SEM micrographs for SBA-TMB(0.75) silica material, spherical particles magnified

Fig. 9 and Fig. 10 show that for the samples labeled as SBA-TMB(0.15) and SBA-
TMB(0.75) the formation of spherical particles is well-defined with an increase in the
TMB: P123 mass ratio. This result evidences that adding more quantity of TMB leads
to swell pore diameter in SBA-15 [11, 15, 56]. Fibrous patrticles turned into spherical

particles.

In this approach it has been previously reported that there is 2D to 3D transition from
SBA-15 to MCF particles with the increase in the TMB in the mixture synthesis [56].
In this case there are spherical particles with a wide particle size distribution,
indicating that controlling the particle size is difficult. There is an optimal mass ratio
and a maximum load of TMB to expand the pores [15, 16]. Spherical particles
observed resemble MCF particles [56-58]. Moreover, it can be only stated that
fibrous SBA-15 morphology was changed to spherical morphology by the addition of
TMB.
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3.1.4 Catalysts and supports proton affinity distributions (PAD)
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Fig. 11. PAD smoothed curves for non-activated catalysts, (a) Fe-W/Al(x)-SBA-15, (b) Fe-

W/AI(x)-SBA-15-TMB(0.75), (x)= Si/Al molar ratio

Fig. 11 shows PAD curves for the catalysts prepared with the Al(x)-SBA-15 and
Al(x)-SBA-TMB(0.75) materials. It is evidenced three principal peaks associated for
type lll (pH< 3.5) and llIA (3.5<pH< 5.5) acid sites, silanol (pH=6), siloxane (pH=9)
and a mixed group (silanol and siloxane, pH>9) bonds for both kinds of catalysts.
For the catalysts Fe-W/AI(40)-SBA-15 and Fe-W/AI(25)-SBA-15 a leftwards
displacement was found, therefore, representing the formation of Bronsted acid sites
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in the terminal silanol bonds of the catalyst. The same effect is evidenced for Fe-
WI/AI(x)-SBA-TMB(0.75) catalysts (Fig. 11 (b)).

Table 2 shows that Al(10)-SBA-15 support showed the highest overall acidity, due
to the lower content of weak acidity bonds (silanol and siloxane) in comparison to
the others Al(x)-SBA-15 supports. Therefore, indicating that higher Al content leads
to the formation of acidity on the supports. Specifically Al(40)-SBA-15 support
possesses more type Il acid sites in comparison with the others SBA-15 supports.

Al(10)-SBA-TMB(0.75) is also the most acid (overall acidity) TMB modified support,
despite of not evidencing the higher content of type Il acid sites. It is also confirmed
due to the decrease in the weak acid sites (silanol and siloxane bonds) content for
this support. Meanwhile for the other TMB supports there is an increase in the
content of silanol and the mixed group. This group is similar to IA group in terms of
acidity [59].

Table 2. PAD quantification of acid sites.

Acid sites [mmol H*g* cat]

Sample [l (*pH) Silanol (*pH) Mixed Group (I1A) (*pH)
Al(10)-SBA-15 1.14 (3.104) 0.91 (5.56) 2.35(9.31)
Al(25)-SBA-15 0.66(3.185) 1.55(6.21) 0.9405(8.94)
Al(40)-SBA-15 2.27(3.061) 23.54(5.71) 5.472(8.45)

Al(10)-SBA-TMB(0.75) 0.506(3.098) 1.045(5.49) 1.649(8.525)

Al(25)-SBA-TMB(0.75) 1.366(3.21) 3.1603(5.32) 8.993(8.99)

Al(40)-SBA-TMB(0.75) 1.233(3.16) 11.137(5.36) 3.972(9.8)
Fe-W/AI(10)-SBA-15 1.577 (3.01) 3.210 (5.42) 5.290(9.31)
Fe-W/AI(25)-SBA-15 1.213(3.08) 5,632(5.61) 25.556(9.21)
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Fe-W/AI(40)-SBA-15 1.816(3.061) 5.888(5.23) 10.294(9.96)

Fe-W/AI(10)-SBA-TMB(0.75)  2.573(3.13) 7.772(5.64) 20.540(9.26)
Fe-W/AI(25)-SBA-TMB(0.75)  0.536(3.064) 2.749(5.54) 3.214(9.45)
Fe-W/AI(40)-SBA-TMB(0.75)  0.669(3.21) 3.269(5.34) 4.124(9.86)

*Indicates the pH value where the peak was identified

The catalyst with greater acid strength (type I, based on the distribution of acid sites
of the alumina) is the catalyst Fe-W/AI(40)-SBA-15. At lower Si/Al ratio (10) there is
a greater amount of Al and by the limited textural properties of SBA-15 compared to
SBA-TMB(0.75) there is a lower concentration of type Ill acid sites as it’s reported in
Table 2. This result indicates that higher Si/Al molar ratio contributed to generate

more strong acid sites as expected [42, 60].

There is also reported a significant change in the overall acidity when metals are
incorporated. It is shown in Fig. 11 (b), and Table 2 for Fe-W/Al(x)-SBA-15 and Fe-
WI/AI(X)SBA-TMB(0.75) catalysts. It was only evidenced an increase in the
concentration of acid sites related to the mixed group, which indicates that the
incorporation of active phases had a negative effect in the overall acid strength of
the catalysts as reported in Table 2.

3.1.5 2’Al MAS NMR solid measurements

Fig 12, 13 and 14 show the ?’Al MAS NMR spectrum for samples Al(x)-SBA-15 and
Al(x)-SBA-TMB(0.75). These materials exhibit two clear signals at a chemical shift,
d = 0 ppm for AlOs octahedral coordination group, which is characteristic of the
presence of extra structural aluminum species and other signal at ¢ = 52.9 ppm

corresponding to AlO4 tetrahedral aluminum species[61].
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Fig. 12. 27A1 MAS NMR spectra Al modified supports, (a) Al(10)-SBA-15, (b) Al(10)-SBA-TMB(0.75)
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Fig. 14. 27A]1 MAS NMR spectra Al modified supports, (a) Al(40)-SBA-15, (b) Al(40)-SBA-TMB(0.75)

In all cases, it was identified that for samples prepared with a Si/ Al molar ratio of 40
there was a greater incorporation of Al within the lattice of Si to form the material as
illustrates Fig. 15 for tetrahedral aluminum coordination. This result confirms the
formation of bronsted acid sites for catalysts for all catalysts, but in major proportion
with the highest Si/Al molar ratio catalysts. Octahedral aluminum species are found
in higher proportion on Al(x)-SBA-TMB(0.75) supports for the Si/Al molar ratio of 40
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support, instead of Al(x)-SBA-15 supports as depicted Fig. 15 (b). It may be directly
associated to the changes on morphology by adding TMB as a micellar swelling

agent, then, varying the acid sites distribution therein.

The post synthesis method of incorporation or "chemical grafting” proposed to
incorporate on the silica framework aluminum species was satisfactory to generate
the acid strength distribution to the material on the surface of catalysts supported

on these modified silica[62].
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These results are consistent with the PAD curves, which showed that the materials
with higher density of type Ill acid sites were AI(40)-SBA-15 and Al(40)-SBA-
TMB(0.75). It is known that the tetrahedral coordination is a precursor of Bronsted

acid sites and octahedral for Lewis acid sites [7, 26-29, 63].

3.2 CATALYTIC EVALUATION

3.2.1 Preliminary paraffins hydrocracking tests

At the reaction conditions (350°C, PH2=2.2 MPa, and 4 h) neither n-hexadecane or
2,6,10,14-tetramethylpentadecane were converted by the sulfided catalyst Fe-
WI/AI(10)-SBA-TMB(0.75) despite of having the highest aluminum content. This no
conversion effect can be explained on the basis that linear or multi-branched
hydrocarbons required high hydrogenation capacity of the metallic active phases,
this hydrogenation function enables the bi-functional mechanism required for

hydrocracking as it has been previously reported for Pt/Al-SBA-15 catalysts[27].

3.2.2 Sulfided catalysts activity in the phenanthrene hydrocracking tests
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N FeW/AI (10)-SBA-15 # FeW/Al (25)-SBA-15
B FeW/Al (40)-SBA-15 @ FeW/Al (10)-SBA-TMB (0.75)

N FeW/Al (25)-SBA-TMB (0.75)  # FeW/AI (40)-SBA-TMB (0.75)
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Fig. 16. Sulfided catalysts initial rate constants

42



Fig. 16 shows the activity of the catalysts evaluated. The catalyst which shows a
higher initial rate constant is the conventional and commercial Ni-Mo/¥-Al203
catalyst (2.13 mL g min'). The outstanding activity indicates an enhanced
hydrogenation function of commercial catalyst in comparison with the catalyst
prepared and presented in this study. However, among the SBA-15 based catalysts
prepared, the -catalyst Fe-W/AI(10)-SBA-TMB(0.75) resulted more active in
comparison with the other Al-modified TMB catalysts and pristine Al(x)-SBA-15

NiMo/¥-Al203 FeW/v-Al203 Al (10)-SBA- FeW/Al (10)- FeW/Al(25)- FeW/Al (30)- FeW/AI (10)- FeW/Al(25)- FeW/Al (40)-

supported catalysts.

3.2.3 Catalysts selectivity
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Fig. 17. Sulfided catalysts tested selectivity at 7.3 % of conversion

Fig. 17 depicts the iso-conversion selectivity towards the most abundant
condensable products obtained at the reaction conditions. Selectivity is analyzed at
that conversion (7.3 %) in order to observe the effect in the selectivity with Fe-W/ -
Al203 catalyst and Al(10)-SBA-TMB(0.75) support, which shown the lowest initial

rate constants.

The catalysts are selective to three majoritarian compounds (9,10-
dihydrophenanthrene, 1,2,3,4-tetrahydrophenanthrene and trans-stilben). For

commercial catalyst Ni-Mo/¥-Al203 and Fe-W/¥-Al203 selectivity tends to
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hydrogenated compounds uniquely as shown Fig. 15. But, for Al(x)-SBA-15 and
Al(x)-SBA-TMB supported catalysts, Fe-W/AI(40)-SBA-15 is slightly more selective
to trans-stilben, which is a compound of aromatic ring opening. Al(x)-SBA-TMB(0.75)
catalysts showed no significant differences in terms of selectivity at iso-conversion

analysis.
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4  DISCUSSION

This chapter discusses the individual effect of textural and acid properties for all Fe-
W catalysts supported on Al(x)-SBA-15 and Al(x)-SBA-TMB(0.75). Fe-W catalysts
were sulfided before the reaction as shown in chapter 3 (section 3.5), in addition the
acidity measurements by 2’Al MAS NMR and PAD were conducted for Al modified
supports and the oxidized Fe-W catalysts respectively (section 3.4.4). The changes
in acidity of the sulfided catalysts compared to oxidized precursors of the catalysts
can be correlated, since the changes in acidity from sulfided species to oxidized
species vary in the same proportion as it has been previously stated in the literature
for hydro processing experiments with SBA-15 type supports[8-10]. Moreover, the
formation of acid sites and their influence on the hydrocracking reaction is attributed
to Al incorporation on the surface of the catalytic supports as depicted 2’ Al MAS
NMR analyses, which was not changed by the process of sulfidation of the oxide

catalysts precursors, which acidity was measured by PAD (section 4.1.4).

4.1EFFECT OF THE ACID PROPERTIES IN THE HCK OF PHENANTHRENE
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Fig. 18. Effect of Si/Al ratio in the sulfided catalysts activity

The effect of Si/Al molar ratio on the performance of catalysts is clarified in Fig. 18.

For Al(x)-SBA-15 supported catalysts series the most active was the catalyst with
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Si/Al molar ratio of 40. This result is directly correlated to 2’Al MAS NMR results,
which evidenced higher tetrahedral Al ions incorporated to this catalyst in major
proportion than for the other catalysts with different Si/Al molar ratios prepared, this

is shown in Fig. 15 (section 4.1.5).
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Fe-W/Al(x)-SBA-TMB(0.75), (x)= Si/Al molar ratio

Fig. 19 illustrates the effect of the strong acid sites contents (type Il sites quantified
by Gaussian deconvolution of the measured PAD in section 4.1.4) on the catalysts
activity, it also confirmed that the catalysts with higher content of type Il acid sites
(based on alumina acid sites distribution) are the catalysts which showed enhanced
activity, therefore, the strong acidity attributed to type Il acid sites influenced the rate

of formation of products. For Al(x)-SBA-15 supported catalysts, it is noteworthy that
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at the highest Al content (Si/Al=10) there is not direct correlation with activity and
type Il acid sites content as depicted Fig 19.(a), suggesting that the activity
improvement is less promoted by strong acidity on the surface of the catalyst with
those supports. For catalysts supported on Al(x)-SBA-TMB(0.75), the catalyst with
Si/Al molar ratio of 10 is the most active and also possesses the highest amount of
type Ill acid sites as shown in Fig. 19 (b). Sulfided catalysts activity and type Il acid
sites content is perfectly correlated with this kind of catalysts, thus, the formation of
stronger acid sites on the hydrocracking reaction enhanced the catalytic activity for

TMB modified catalysts.

The order of activity by changing the Si/Al molar ratios is: Fe-W/AI(40)-SBA-15 > Fe-
W/AI(25)-SBA-15>Fe-W/AI(10)-SBA-15, in contrast to the Fe-W/ Al(x)-SBA-
TMB(0.75) sulfided catalysts, the order of activity is the opposite: Fe-W/AI(10)-SBA-
TMB(0.75)>Fe-W/AI(25)-SBA-TMB(0.75)>Fe-W/AI(40)-SBA-TMB(0.75). This effect
can be attributed to the less ordering on the surface of those catalysts, therefore, the
formation of extra-structural aluminum species is predominant, decreasing the

activity, as it has been previously reported [26].
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Fig. 20. Sulfided catalysts activity correlated to AlO4 species, (a) Fe-W/Al(x)-SBA-15, (b) Fe-
W/Al(x)-SBA-TMB(0.75), (x)= Si/Al molar ratio

The effect on catalysts activity by the formation of tetrahedral aluminum acid sites is
shown in Fig. 20, it can be inferred that there is a correlation between the AlO4 peak
areas with the activity of the sulfided catalysts. In that sense, tetrahedral aluminum
incorporation generates the Bronsted acid sites contribution to the overall acidity of
the catalysts and supports, and it also influenced isomerization and cracking
reactions as expected [19-22, 34, 61, 64]. This effect is more apparent for the
catalysts supported on Al(x)-SBA-15 for the Si/Al molar ratio of 40, instead of the
series of catalysts supported on Al(x)-SBA-TMB(0.75), indicating that the change on
the surface morphology of the silica supports as evidenced by SEM micrographs
(section 4.1.3) influenced the distribution of acid sites on the surface of the catalysts
prepared by using Al(x)-SBA-TMB(0.75) supports. It was also marked by the 27Al
MAS NMR spectra for Al(x)-SBA-15 supports, which exhibited a better formation of

the peaks associated to Bronsted acid sites (section 4.1.5).
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According to Fig. 21, there is not direct influence of octahedral aluminum

incorporation in the activity of both series of sulfided catalysts, neither Fe-W/AI(x)-
SBA-15 or Fe-W/AI(x)-SBA-TMB(0.75). This result proposes that catalysts activity is

less promoted for Lewis acidity attributed to extra-framework aluminum species.
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Fig. 22. Sulfided catalysts selectivity correlated to AlOs species, (a) Fe-W/Al(x)-SBA-15, (b) Fe-
W/Al(x)-SBA-TMB(0.75), (x)= Si/Al molar ratio

In terms of the selectivity the formation of rupture compounds such as trans-stilben
can be attributed to the effect of Al incorporation because Al(x)-SBA-15 catalysts are
more selective to this compound in Si/Al molar ratios when tetrahedral Al
incorporation is found in higher proportion as shown in Fig. 21. Tetrahedral aluminum
incorporation had a direct correlation with the formation of trans-stilben, which
evidenced a slight enhancement in selectivity for the catalysts prepared with the Si/Al

molar ratio of 25.

In comparison to octahedral aluminum incorporation as shown in Fig. 22, no effect
on sulfided catalysts selectivity can be observed, therefore, it's confirmed the effect
of tetrahedral Al incorporation in the selectivity of phenanthrene hydrocracking

reaction. Tetrahedral aluminum species are precursors of Bronsted acid sites, which
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in terms of acidity are stronger than Lewis acid sites related to octahedral aluminum
species, this was also evidenced by Dai et al., who tested Ni-W/AI-SBA-15 catalysts
in the hydrocracking of a VGO, demonstrating that Al-SBA-15 catalysts induced high

selectivity to MD as a result of a higher tetrahedral aluminum incorporation [26].

4.2 EFFECT OF THE TEXTURAL PROPERTIES IN THE HCK OF
PHENANTHRENE
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Fig. 23. Sulfided catalysts activity correlated to Sger, (a) Fe-W/Al(x)-SBA-15, (b) Fe-W/Al(x)-
SBA-TMB(0.75), (x)= Si/Al molar ratio

Fig. 23 (a) displays the catalytic activity of all SBA-15 based catalysts correlated with
the specific surface area (Sser), establishing the effect of specific surface area in the
catalytic activity. Fe-W/AI(40)-SBA-15 is the catalyst which showed the higher
activity with the highest Sger (m?g); Fe-W/AI(40)-SBA-15 is also the catalyst with

higher pore size and pore volume as shown in Table 1 (section 4.1), demonstrating
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that catalysts with larger pore volume and pore diameter lead to products easily than

lower pore sizes and pore volumes catalysts.

On the contrary for Al(x)-SBA-TMB(0.75) supported catalysts, the sulfided catalyst
with the lowest catalytic activity is Fe-W/AI(40)-SBA-TMB(0.75) despite of having the
highest surface area in comparison to Fe-W/AI(10)-SBA-TMB(0.75) as shown in Fig.
23 (b). Therefore, there is not a direct correlation of Sger with the catalytic activity of
this type of catalysts.

To provide a better explanation to this behavior wide angle XRD patterns (Fig. 5
section 4.1.2) made it possible to establish that catalysts with higher specific surface
area, but higher pore volumes have enabled the formation of metallic phase’s
agglomerations, it is due to the decrease in the mesostructured ordering pattern of
SBA-15 by the addition of TMB to expand its pores in Al(x)-SBA-TMB(0.75)
supported catalysts as shown in Fig. 4 (section 4.1.2). Therefore, the catalytic activity
with TMB modified catalysts was diminished despite of their larger pore sizes. In
addition, the previous highlighted results ratify that catalytic activity was also
influenced by the interactions that sulfided metallic phases had with the acid sites on
the surface of the supports, as it was stated in the previous section (5.1), since acidity
measurements correlations with sulfided catalysts fitted better for Al(x)-SBA-15
catalysts rather than Al(X)-SBA-TMB(0.75) catalysts, hence, the method of
preparation of catalysts may have promoted the formation of clusters of metallic
phases as observed, and consequently a better dispersion of metallic phases and
acid sites may be found for Al(x)-SBA-15 rather than Al(x)-SBA-TMB(0.75) sulfided

catalysts, providing a plausible explanation of their activity.

4.3EFFECT OF THE Fe-W ACTIVE PHASES IN THE HCK OF PHENANTHRENE
To evaluate the effect of Fe-W sulfided active phases in the hydrocracking of
phenanthrene, a reaction was performed with the Al modified support, Al(10)-SBA-
TMB(0.75); as shown in Fig. 16 (section 4.2.2) the catalytic activity with this support

is limited to 0.12 [mL gt min-!] in comparison to 0.84 [mL g* min-!] after sulfided Fe-
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W active phases are incorporated for the same support. Therefore, it has been
proved that sulfided metallic phases are required to direct the reaction towards the
desired products, and to increase the catalyst activity and product yield. Moreover
HCK reactions require bifunctional catalysts to enhance product yield and
conversion, which has been indicated for several authors [23-26]. In this case, Fe-
W sulfided active phases exhibited a different product distribution compared to Ni-
Mo sulfided active phases on the commercial catalyst. This product distribution
yielded to more selective rupture compounds in the hydrocracking of phenanthrene
(trans-stilben) for sulfided Fe-W catalysts supported on post synthesis Al
incorporated silica. It's noteworthy that Fe-W/¥-Al203 sulfided catalyst did not show
the same product distribution, confirming that Al-modified silica supports enhance
the production of rupture compounds associated with the acid site distribution

therein, instead of sulfided Fe-W active phases.
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5 CONCLUSIONS
The synthesis parameters in SBA-15 mesostructured silica preparation were
modified, this modification leaded to get larger pore diameter mesoporous silica
by adding micellar expansion agents such as TMB. This swelling effect of TMB
expanded pores to change morphology from a hexagonal array of tubular
channels into spherical nanoparticles.
Adding small amounts of NHs4F before TEOS incorporation during the synthesis
for SBA-15 silica yielded in amorphous silica with higher pore diameters, but
there was a significant loss in the specific surface area. Therefore, NHa4F
additions disfavored ordering before TEOS incorporation at the initial reaction
temperature.
Post-synthesis AI-SBA-15 based silicate was successfully tested as support for
Fe-W sulfided catalysts in phenanthrene hydrocracking reaction, with this
incorporation all sulfided catalysts were selective to rupture compounds related
to the presence of bronsted acidity; this effect is also attributed to tetrahedral
aluminum species formed, and confirmed by 2” Al MAS NMR analyses.
Sulfided Fe-W active phases in hydrocracking of phenanthrene has been tested
and showed a lower hydrogenation activity than Ni-Mo sulfided active phases,
but supported on Al-modified silica enhanced activity towards ring opening
compounds, therefore, it opened a new insight in the reactivity and selectivity of

less expensive active phases in hydro conversion processes.
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