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Resumen 

Título: Análisis del desempeño catalítico en hidrotratamiento de Ni soportado†. 

Autor: Rodrigo Valderrama Zapata‡. 

Palabras Clave: níquel metálico, hidrotratamiento, hidrodesulfuración, zeolita jerárquica, 

adsorción electrostática fuerte. 

Descripción: 

El consumo de combustibles a nivel mundial sigue en aumento. La combustión de estos puede 

generar compuestos gaseosos como los óxidos de azufre (SOx) que son altamente contaminantes 

para el medio ambiente y perjudiciales para la salud. Para tratar de mitigar este impacto negativo, 

se opta por realizar procesos como el hidrotratamiento (HDT), con el fin de remover la mayor 

cantidad de moléculas que puedan contribuir a estas afectaciones. El fin de este trabajo se centra 

en explorar el comportamiento catalítico en reacciones de hidrotratamiento de Ni soportado en 

varios aluminosilicatos, especialmente sobre una zeolita jerárquica tipo Y. Para esto, se utilizaron 

4 soportes: una sílice de baja área superficial, una alúmina comercial, una zeolita tipo Y comercial, 

y esta misma, pero se modificó su estructura a fin de generar la existencia de microporos y 

mesoporos simultáneamente. A estos soportes se les impregnó Ni mediante el método de adsorción 

electrostática fuerte (SEA, por sus siglas en inglés). Se evaluaron las propiedades fisicoquímicas 

tanto de los soportes como de los catalizadores y finalmente se probaron en reacciones de 

hidrodesulfuración (HDS) de dibenzotiofeno (DBT) con y sin la presencia de indol como 

compuesto nitrogenado. Los resultados mostraron que el uso de la zeolita micro-mesoporosa como 

soporte, llevó a los resultados de actividad más altos, mientras que con la sílice y la alúmina la 

conversión se hace prácticamente cero a partir de la segunda hora de reacción. También se observó 

que la presencia de un compuesto nitrogenado promueve la HDS del DBT, aumentando la 

conversión por un factor aproximado de 3.  

 

† Trabajo de Grado 
‡ Facultad de Ingenierías Fisicoquímicas. Escuela de Ingeniería Química. Director Víctor Gabriel Baldovino Medrano, 

Ingeniero Químico, PhD. Codirectores: Iván Darío Mora Vergara, Ingeniero Químico, MSc.; César Augusto Luna 

Cáceres, Químico, MSc. 
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Abstract 

Title: An analysis of the catalytic performance of Ni supported in hydrotreating†. 

Author: Rodrigo Valderrama Zapata‡. 

Keywords: metallic nickel, hydrotreating, hydrodesulfurization, hierarchical zeolite, strong 

electrostatic adsorption. 

Description: 

Fuel consumption around the world continues to increase. The combustion of these can generate 

gaseous compounds such as sulfur oxides (SOx) that are highly polluting for the environment and 

harmful to health. To try to mitigate this negative impact, it opts to carry out to perform processes 

such as hydrotreatment (HDT), in order to remove molecules that can contribute to these 

repercussions. The purpose of this work was to explore the catalytic behavior of Ni supported in 

several aluminosilicates, especially on a hierarchical Y-type zeolite, in hydrotreatment reactions. 

For this, 4 supports were used: silica of low surface area, commercial alumina, commercial Y-type 

zeolite, and the last one, but its structure was modified in order to generate the existence of 

micropores and mesopores simultaneously. These supports were impregnated with Ni by the strong 

electrostatic adsorption method (SEA). The physicochemical properties of both the supports as the 

catalysts were evaluated and, finally, they were tested on hydrodesulfurization (HDS) reactions of 

dibenzothiophene (DBT) with and without the presence of the indole such as nitrogenous 

compound. The results showed that the use of the micro-mesoporous zeolite like as support 

obtained the highest activity results, while that the conversion with the silica and the alumina 

decreased about to cero after the second hour of reaction. Likewise, it observed that the presence 

of a nitrogenous compound promotes the HDS of the DBT, increasing the conversion by a factor 

of 3, approximately.  

 

† Bachelor Thesis. 
‡ Facultad de Ingenierías Fisicoquímicas. Escuela de Ingeniería Química. Advisor Víctor Gabriel Baldovino Medrano, 

Chemical Engineer, PhD. Co-advisors: Iván Darío Mora Vergara, Chemical Engineer, MSc.; César Augusto Luna 

Cáceres, Chemist, MSc. 
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Introduction 

The production of oil in Colombia is expected to reach 860,000 barrels per day (BPD) in 2020 

(López S., 2019). Likewise, fuel consumption in the country continues to increase with an average 

demand of 177,046 BPD of diesel and 139,256 BPD of gasoline projected by 2020 (MINMINAS 

& UPME, 2016). However, the Colombian crude is considered a heavy oil (Ecopetrol S.A., 2014; 

Yáñez, Ramírez, Uribe, Castillo, & Faaij, 2018), i.e., it contains high concentrations of elements 

such as sulfur (S), oxygen (O), and nitrogen (N) and metals such as iron (Fe), nickel (Ni), and 

vanadium (V) (Alboudwarej, et al., 2006; Ramérez-Corredores & Borole, 2007). Since the 

combustion of this type of fuels produces pollutant gas emissions, especially sulfur oxides (SOx), 

nitrogen oxides (NOx), carbon monoxide (CO) and volatile organic compounds (VOCs) (EPA, 

2017; Fan, Perry, Klemeš, & Lee, 2018), it is necessary to search for technologies and processes 

that allow compliance with Colombian regulations, e.g. Ley 1205 of 2008 and Resolution 182087 

of 2007. These regulations seek to improve the quality of diesel and to establish that for all 

transport systems that use diesel, the sulfur content must not exceed 50 ppm (Ley 1205, 2008; 

Resolución 182087, 2007). 

Hydrotreating (HDT) is a process in which about 90% of the above-mentioned pollutants are 

removed from the liquid fractions of petroleum. In turn, HDT can be subdivided into 

hydrodearomatization (HDA), hydrodemetallization (HDM), hydrodesulfurization (HDS), and 

hydrodenitrogenation (HDN), depending on the target pollutant (Barbosa, Vega, & Amador, 2014; 

Kanda, Kawanishi, Tsujino, Al-otaibi, & Uemichi, 2018). 

HDS is a catalytic process that aims to remove sulfur heteroatoms present in refined petroleum 

products, generating hydrogen sulfide (H2S) and organic compounds such as biphenyl (BP). In 

HDS, the most difficult compounds to remove are the dibenzothiophenes (DBTs) (Shafi & 
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Hutchings, 2000) and the alkyl-substituted DBTs, mainly in positions 4 and 6 (Jiménez, 2007), 

which are the most recalcitrant to HDT (Beltrán & Sarmiento, 2008). Dibenzothiophenes undergo 

HDS via two reaction pathways (see Figure 1); one is the mediated by the hydrogenation of the 

aromatic ring (HYD) and the other is the direct desulfurization (DDS) (Broderick & Gates, 1981; 

Egorova & Prins, 2004a). DBT is converted predominantly via the DDS pathway, whereas 4,6- 

substituted DBT reacts mainly via the HYD pathway (Kabe, Ishihara, & Tajima, 1992; Ma, 

Sakanishi, & Mochida, 1996; Bataille, et al., 2000; Macaud, Milenkovic, Schulz, Lemaire, & 

Vrinat, 2000; Egorova & Prins, 2004b). The difficulty in converting alkyl-substituted DBTs is due 

to the steric hindrance of alkyl groups, which are close to the sulfur atom and prevent the 

interaction of the sulfur atom with the active site (Egorova & Prins, 2004a).If the HYD pathway 

is favored in the HDS of DBT, then the catalyst can also transform the alkyl-substituted DBTs by 

this pathway (Jiménez, 2007). 

 

Figure 1. Reaction Network for the hydrodesulfurization of dibenzothiophene. Modified from 

(Morales-Valencia, Castillo-Ariza, Giraldo, & Baldovino-Medrano, 2018). 

In HDN, the nitrogen heteroatom from the organic compounds present in petroleum products 

is eliminated as ammonia. Nitrogen organic compounds lead to the emission of nitrogen oxides 

(NOx) in combustion engines (LEXICOOL; Álvarez, Hoyos, & Zambrano, 2012). HDN reactions 
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require much higher hydrogen pressure as compared to HDS because of the larger aromaticity of 

the rings containing nitrogen as compared to those containing sulfur (Jiménez, 2007). Thus, HDN 

is the most difficult reaction in the HDT process, and little is known about which N-compounds 

are the most problematic or about the kinetics of their conversion during HDN processes (Zeuthen, 

Knudsen, & Whitehurst, 2001). However, it is often considered that N-compounds are strong 

inhibitors of HDT catalysts (Zeuthen, Knudsen, & Whitehurst, 2001; Koltai, et al., 2002; Tao, et 

al., 2017; García-Gutiérrez, Laredo, Fuentes, García-Gutiérrez, & Jiménez-Cruz, 2014; Rana, Al-

Barood, Brouresli, Al-Hendi, & Mustafa, 2018). Nevertheless, in recent studies in our research 

group (Centro de Investigación en Catálisis, CICAT, per its acronym in Spanish), have found that 

nitrogen compounds can promote HDS via the DDS pathway (Morales-Valencia E. M., 2019). 

Therefore, this promotion effect needs to be studied more thoroughly (Jiménez, 2007). 

Currently, many catalysts have been proposed for HDT (Breysse, Afanasiev, Geantet, & Vrinat, 

2003; Breysse, Geantet, Afanasiev, Blanchard, & Vrinat, 2008; Nikulshin, et al., 2016; Huirache-

Acuña, Gabriel Alonso-Nuñez, Rivera-Muñoz, & Pawelec, 2016) (view Table 1). However, 

alumina (Al2O3) (Beltrán & Sarmiento, 2008; Arias & Lozano, 2008; Baldovino-Medrano, 

Giraldo, & Centeno, 2009) supported Co or Ni promoted molybdenum sulfides -Co(Ni)-

MoS2/Al2O3)- dominate the industry (Kanda, Kawanishi, Tsujino, Al-otaibi, & Uemichi, 2018; 

Beltrán & Sarmiento, 2008; Egorova & Prins, 2004a; Okamoto, 2008; Tang, et al., 2013) due to 

their high performance and stability. The Co(Ni)-MoS2 active phase has also been supported on 

amorphous (ASAs) (Pérez, Gaigneaux, Giraldo, & Centeno, 2011) or crystalline, i.e. zeolites, 

aluminosilicates (Tang, et al., 2013), leading to catalysts with different physicochemical 

properties, among which acidity is key. Table 1 summarizes some of the most studied catalysts in 

HDT. 
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Table 1.  

Summary of catalysts used often in HDT, especially HDS. 

Active phase Support Reference Active phase Support Reference 

Sulfided CoO-

MoO3 
γ-Al2O3 

(Broderick & Gates, 

1981) 
Metallic Pt ASA 

(Reinhoudt, et al., 

1999) 

Sulfided CoO-

MoO3 
Al2O3 

(Furimsky & 

Massith, 1999) 

Sulfided and 

metallic Pt, Pd, 

and Ru – Mo 

γ-Al2O3 
(Meriño, Centeno, & 

Giraldo, 2000) Sulfided NiO-

MoO3 

Sulfided CoO-

MoO3 

γ-Al2O3 
(Egorova & Prins, 

2004a) 

Sulfided CoO-

MoO3 
--- (Okamoto, 2008) Sulfided NiO-

MoO3 

Sulfided MoO3 

Reduced PtPd γ-Al2O3 

(Baldovino-Medrano, 

Eloy, Gaigneaux, 

Giraldo, & Centeno, 

2009) 

Sulfided PtMo 
γ-Al2O3-

B2O3 

(Baldovino-Medrano, 

Giraldo, & Centeno, 

2009) 

Sulfided CoO-

MoO3 
Sodalitea 

(Leonardo, Álvarez, 

Ocanto, & Linares, 

2011) 

Sulfided CoO-

MoO3 
ASA 

(Pérez, Gaigneaux, 

Giraldo, & Centeno, 

2011) 
Sulfided NiO-

MoO3 

Metallic Pd HY-Mb (Fu, et al., 2011) 
Sulfided NiO-

MoO3 

Al2O3 (Vázquez, López, 

Berhault, & Guevara, 

2019) 
TiO2- 

Al2O3 

Sulfided CoO-

MoO3 
NB-MORc (Tang, et al., 2013) 

Sulfided CoO-

MoO3 

ZSM-5d 

Faujasite 

(Yocupicio, Díaz de 

León, Zepeda, & 

Fuentes, 2017) 

Sulfided NiO-

MoO3 
Al2O3-SiO2 (Wang, et al., 2017) 

Rh, Pd and Ru 

Phosphides SiO2 

(Kanda, Kawanishi, 

Tsujino, Al-otaibi, & 

Uemichi, 2018) Metallic Ni Al2O3 (Zhao, et al., 2019) NiMoS 
a Light Blue Ultramarine (silicate), b Y – Mesoporous Zeolite, c Mordenite Nanofiber Bundles, d Zeolite 

Socony Mobil # 5. 

Zeolites are microporous (average pore diameter <2 nm) acidic materials (Brönsted acids, 

mainly), widely used as catalysts and supports for heterogeneous catalysts (Garnica, 2016; Grau, 

2016). Though their porosity and acidity are key in many of its applications, their application in 

hydrotreating (Yocupicio, Díaz de León, Zepeda, & Fuentes, 2017) is limited by the poor 

diffusivity of DBTs to their active sites (Perez-Ramirez, Christensen, Egeblad, Christensen, & 

Groen, 2008); in average, DBTs have molecular diameters around 1.16 nm (Moosavi, Dastgheib, 

& Karimzadeh, 2012).  
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An alternative to improve the diffusivity of DBTs into the pores of the zeolites is to generate 

mesopores in the zeolite. When these mesopores make regular channels that connect directly with 

the micropores of the zeolites (see Figure 2), the material is classified as a hierarchical zeolites 

(Feliczak-Guzik, 2018; Van Aelst, et al., 2015). These zeolites have advantages associated with 

each level of porosity, from selectivity to mass transport (Chen, et al., 2012). They are thus 

interesting for the hydrotreatment of heavy oils, that contain mostly bulky molecules, because of 

the possibility of reducing diffusional problems in the reactor (Grau, 2016). Also, the use of this 

type of zeolites as support for Pd catalysts increased ca. 36% the conversion of alkyl-DBTs when 

compared with the Pd catalyst supported on the microporous zeolite (Fu, et al., 2011). 

 

Figure 2. Schematic of the Speculated Zeolite Mesopore Formation Process: (a) Original Zeolite Y, 

(b) Si–O–Si Bond Opening/Reconstruction in Basic Media, (c) Crystal Rearrangement to Accommodate 

the Surfactant Micelles, and (d) Removal of the Template to Expose the Mesoporosity Introduced. 

Modified from (García-Martínez, Johnson, Valla, Li, & Ying, 2012). 

In this work, we study the performance of nickel supported on different oxide supports, 

including: silica, alumina, microporous H-Y zeolite, and a mesostructured H-Y zeolite. We chose 

to work nickel because of its hydrogenating nature (Adkins & Cramer, 1930) and its lower cost 

when compared with platinum or palladium (Glacier RIG, 2020; GREENWOOD & EARNSHAW, 

1997). As we mentioned earlier, Ni is a promoter of MoS2 in hydrotreating catalysts often 

disregarded as a potential monometallic active phase (Kanda, Kawanishi, Tsujino, Al-otaibi, & 

Uemichi, 2018; Song, 2003). There are two reasons for this: (i) Ni has a strong tendency to form 

Micropores Mesopores 
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HDT inactive NiAl2O4 aluminates with the alumina support; and, (ii) it is considered that metallic 

nickel is easily transformed into a poorly active nickel sulfide under the HDT reaction environment 

(Chianelli, 2006). Therefore, the exploration of the use of monometallic nickel as catalyst in HDT 

process is a curiosity only reported,as far as we know, by Zhao et al. in 2019 (Zhao, et al., 2019). 

The cited study established that alumina supported reduced nickel species are active in the 

hydrodesulfurization of thiophene at 370°C. Thus, there is a lot to learn about the behavior of 

monometallic supported Ni catalysts in HDS and HDN. Herein, we analyze the effect of the 

support on the catalytic performance of monometallic Ni used in HDT.  
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1. Objectives 

1.1. General Objective 

To analyze the catalytic behavior of aluminosilicate supported metallic Ni catalysts in HDS 

and HDN reactions. 

1.2. Specific Objectives 

To determine the physicochemical properties of the catalysts that are relevant for their 

catalytic behavior. 

To evaluate the effect of different supports on the catalytic behavior of monometallic nickel 

in HDS and HDN reactions. 

To correlate the physicochemical properties of the catalysts with their reactivity. 

2. Experimental 

2.1. Pretreatment of the catalytic supports 

The following materials were used to obtain the catalytic supports: sodium loaded silica (Na-

SiO2, Commercial Grade), extruded alumina (Al2O3, Sasol), and, a Na-Y zeolite powder with 

nominal molar ratio Si/Al ~ 2.6 (Aldrich). 

2.1.1. Pretreatment of the SiO2 and Al2O3 supports. The sodium loaded SiO2 was washed for 

24 h, by the reflux method (Project, Provost, Library, Program, & Merlot, 2019), with a 1M 

solution of hydrochloric acid (HCl, Merck-37% fuming), using a ratio of 100 g of SiO2 • L-1 of 

acid solution, in order to remove the sodium. For this, a flat-bottomed flask containing the mixture 

was placed in a sand bath heated at 68°C. The mouth of the flask was connected to a Friedrichs 

condenser. The SiO2/HCl mixture was stirred at 100 rpm with a magnetic stirrer. After washing, 

the recovered silica particles were filtered using filter paper and thoroughly washed with type I 

water until a neutral pH was reached. Finally, the sodium free silica was dried at 80°C for 18h in 
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a static oven (Precision Premium Mechanical Convection - PR305045M, Thermo Scientific). On 

the other hand, the extrudates of alumina were crushed with mortar and pestle and then sieved to 

a particle size between 25-75μm. This particle size was the same of the other catalytic supports. 

2.1.2. Mesoporous generation in Na-Y zeolite and ionic exchange. A meso-microporous Na-

Y zeolite was synthesized adapting the surfactant-templating method of García-Martínez (Sachse, 

et al., 2017). For this purpose, a 40% suspension of the zeolite in water was made. Then, a 0.1M 

solution of citric acid (C6H8O7, Merck, 99%) was added dropwise to the suspension. Under such 

conditions, a zeolite/solution ratio of 167 g NaY • L-1 acid solution was obtained. The suspension 

was maintained under constant stirring at 200 rpm for 1 h. The thus treated zeolite was recovered 

and washed with type I water, until a neutral pH was reached. The recovered powder was further 

dried for 2 h at 60°C. The dried powder was then dispersed in an aqueous solution of 0.22 M of 

hexadecyltrimethylammonium bromide, CTAB, and 0.025 M of NaOH as to obtain a zeolite/total 

solution ratio of 85 g of NaY • L-1 of solution. The suspension was stirred at 350 rpm for 20 min. 

Afterwards, the produced slurry was transferred to a Teflon-Lined Stainless-Steel Autoclave reactor 

and put in an oven at 150 ° C for 15 h. After removing the reactor from the oven and allowing its 

cooling for 15 min, the material was mixed with a methanol (brand, purity)-water (type-I) solution 

to be further centrifuged in a LC-04R (Zenithlab) apparatus. The recovered solid was dried at 40°C 

for 1 h. Finally, the recovered zeolite was calcined at 550°C with a ramp of 1.5°C•min-1 using a 

CWF 1200 (Carbolite) furnace. This zeolite was called NaY-M. 

Both the NaY and the NaY-M zeolites were transformed into their acid forms by ion exchange 

(Liu, et al., 2020) with an ammonium nitrate solution (NH4NO3, PanReac AppliChem - 99%). For 

this purpose, a zeolite/solution ratio of 10 g • L-1 suspension was made and stirred at 300 rpm at 

room temperature for 8 h. Finally, the exchanged zeolites were filtered and allowed to dry at 60°C 
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overnight. The ion exchange was repeated thrice. After the third exchange, the zeolites were 

calcined at 550°C for 6 h with a ramp of 2°C•min-1. The thus pretreated zeolites were called HY 

and HY-M. 

2.2. Characterization of the Supports 

2.2.1. Determination of the Point of Zero Charge (PZC). PZC is defined as the condition at 

which the average surface charge density of an oxide equals zero (Park & Regalbuto, 1995; 

Kosmulski M. , 2009). This property was determined by the Immersion Technique (Fiol & 

Villaescusa, 2009); also known as the Drift Method (Pashai, Moghaddam, & Ghorbani, 2016). For 

the method, a 0.01M solution of sodium chloride (NaCl, Merck - 99.5%) was prepared and divided 

equally into six beakers. Then, using 0.01M NaOH or HCl solutions, the pH was adjusted to obtain 

values between 2 and 12. pH was read using a HI 5522 (Hanna Instruments) pH meter, and the 

initial value recorded for the experiments was called 𝒑𝑯𝒊𝒏𝒊𝒕𝒊𝒂𝒍. Next, adequate amounts of each 

solid were added to the solution to sequentially make 3 mg sample • mL-1 of solution suspensions 

every time. These suspensions were stirred at 200 rpm at room temperature for 24 h. The pH 

recorded after these treatments was called 𝒑𝑯𝒇𝒊𝒏𝒂𝒍. With these data, a curve of ∆𝒑𝑯 𝒗𝒔 𝒑𝑯𝒊𝒏𝒊𝒕𝒊𝒂𝒍 

was plotted, where ∆𝒑𝑯 = 𝒑𝑯𝒇𝒊𝒏𝒂𝒍 − 𝒑𝑯𝒊𝒏𝒊𝒕𝒊𝒂𝒍, and finally, the 𝑷𝒁𝑪 = 𝒑𝑯𝑷𝒁𝑪 was determined 

as the pH at which the curve intersects the abscissa axis, i.e., when ∆𝒑𝑯 = 𝟎. 

2.2.2. Determination of the surface area and porosity of the materials. These properties were 

calculated with data from argon adsorption and desorption isotherms measured at -186.15°C. 

Samples were weighed in 9 mm diameter cells made of borosilicate glass. Samples of ca. 0.1g 

were used for the zeolites, whereas ca. 0.15g were used for both the Al2O3 and the SiO2 supports. 

Before each analysis, powders were degassed for 2 h at 120°C and then for 6 h at 300°C in order 

to remove any type of impurities adsorbed on their surface. This procedure was performed with a 



SUPPORTED NICKEL CATALYSTS FOR HYDROTREATING 23 

 

 

 

Vac Prep 061 (Micrometrics) device. Isotherms were measured in a 3FLEXTM (Micrometrics) 

apparatus in a relative pressure (P/P0) range between 1.0×10-4 and 0.993. Data analysis was 

performed with the 3FLEX V.4.03 (Micrometrics) software. The specific surface areas of the 

samples were calculated by the BET method (Brunauer, Emmett, & Teller, 1938), whose 

application interval was adjusted according to the consistency criteria of the Rouquerol transform 

(Rouquerol, Rouquerol, Llewellyn, Maurin, & Sing, 2013). Pore size distributions were estimated 

by the Non-Local Density Functional Theory (NLDFT) (Jaroniec, Kruk, Olivier, & Koch, 2000) 

for the micropores region and by the BJH method for the mesopores region (Barrett, Joyner, & 

Halenda, 1951). Calculation routines for the BET, NLDFT, and BJH methods are included in the 

3FLEX V.4.03 software. 

2.2.3. Determination of the distribution of surface hydroxyls. Proton Affinity Distributions 

(PADs) were calculated for assessing the relative concentration of the surface hydroxyls groups of 

the supports (Contescu, Jagiello, & Schwarz, 1995; Restrepo-Garcia, Ramírez, & Baldovino-

Medrano, 2018). Measurements were made by potentiometric titration with a pH Module 867 

(Metrohm). For the tests, ca. 0.1 g of the samples were added to 30 mL of a 0.1 N aqueous solution 

of sodium nitrate (NaNO3, Merck, 99.5%). The obtained suspension was homogenized by 

magnetic stirring for 60 min. For titration in the pH basic range, a 0.05 N aqueous solution of 

NaOH was used as a titrating agent. Titration was made by automatically dosing 0.05 mL of the 

NaOH solution each 20-90 s until a pH of 10.9 was reached. Likewise, titration was performed in 

the acidic range for a fresh sample with a 0.037 N nitric acid (HNO3, Merck - 65% v/v) aqueous 

solution until a pH of 3.0. pH. The changes in pH 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(𝑳𝒐𝒈 𝑲) as a function of pH by a proton balance (Contescu, Jagiello, & Schwarz, 1993; 
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Contescu, Popa, Miller, Ko, & Schwarz, 1995; Pérez-Martínez, Acevedo-Quiroga, Giraldo-

Duarte, & Centeno-Hurtado, 2011; Morales, Mora, Giraldo, & Centeno, 2011). 

2.3. Impregnation of Ni 

Catalysts were synthesized by adapting the Strong Electrostatic Adsorption (SEA) method (Cho 

H. R., 2013; Cho & Regalbuto, 2015). This method is based on the fact that when an oxide in 

suspended in an aqueous solution, its surface acquires either a negative or positive net charge as a 

function of the pH in relation to the PZC of the oxide. Namely, when the pH of the impregnating 

solution is above the PZC of the oxide, its surface hydroxyl groups protonate and become 

positively charged hence favoring the adsorption of anionic metal complexes from the 

impregnating solution. Conversely, if the pH is above the PZC, the hydroxyl groups from the oxide 

de-protonate and the surface of the oxide becomes negatively charged hence promoting the 

selective adsorption of cations from the impregnating solution (Regalbuto, 2006) (see Figure 3a). 

For applying the method, one also needs to consider that the maximum density for an adsorbed ion 

complex with a 2- charge corresponds to a close-packed monolayer of complexes that retain one 

hydration sheath, which corresponds to the surface hydroxyls density, as depicted in Figure 3b for 

the particular case of platinum impregnation. 

Following the rationale described above, the impregnation of Ni over the selected supports was 

carried out as follows. First, we calculated, see Equation C.1 in Appendix C for details, the 

adequate loading of nickel aiming to achieve a statistical monolayer of the metal over the silica 

support; i.e. the support with the lowest surface area, see the Results section. Accordingly, we 

calculated the corresponding weight of the nickel precursor: nickel nitrate hexahydrate 

(Ni(NO3)2×6H2O, Merck - 99%) and dissolve it in type I water. The volume of this solution was 

equal to six times the estimated pore volume of the corresponding support. Then, the necessary 
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stoichiometric amount of an ammoniacal solution (NH4OH, Merck - 25-30% v/v), according to 

Equation C.7 – Appendix C, was added dropwise to obtain the [Ni(NH3)6]2+ complex ion after 

setting the pH between 11.6-11.8. Then, the powdered supports were contacted with the 

impregnating solution and each suspension was left under stirring at 200 rpm for 1 h. Afterwards, 

these suspensions were filtered and washed with type I water four to five times. Following each 

impregnation, the solids were dried overnight at 90°C. 

(a) (b) 

Figure 3. Electrostatic Adsorption Mechanism; (a) Surface Charging, Metal Adsorption, and Proton 

Transfer (Cho H. R., 2013), and, (b) Monolayer Coverage of Pt Anions with Hydration Sheath 

(Regalbuto, 2006). 

For defining the heat treatment conditions of the impregnated solids, we performed a 

thermogravimetry analysis (TGA) of the fresh solids using a Discovery 5500 (TA Instruments). 

To do this, about 10 mg of each sample were weighed and put into the instrument where they were 

heated from 25°C to 800°C by a ramp of 5°C•min-1, under an air flow (99.997%) of 25mL•min-1. 

The data were analyzed with the Trios v4.4.0.41128 (TA Instruments) software. With this 

information (Appendix G), the catalysts were roasted using two sequential heating stages: the first 

was by heating to 300°C and holding this condition for 1 h. The second was by heating to 450°C 

for 4 h. In each case, a 2ºC•min-1 ramp was used. Finally, the catalysts synthesized by the above 

methods were named: Ni/Al2O3, Ni/SiO2, Ni/HY and, Ni/HY-M, according to the used support. 
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Aside from the above catalysts, another catalyst, used as a reference, with the same nickel 

loading and supported over HY-M was prepared using the incipient wetness impregnation method 

proposed by (United States Patent No. 4.801.573, 1987). For this purpose, the same Ni precursor 

used before was dissolved in the given volume of water and put into contact with the established 

amount of support to be impregnated. The mixture was stirred for 1 h and then left to rest for 18 h 

at room temperature. Subsequently, the excess water was dried, and the recovered solid was 

thermally treated in the same fashion as it was made for the other catalysts. This catalyst was called 

Ni/HY-M*. 

2.4. Characterization of the catalysts 

The surface area, volume and pore size distribution were determined for all catalysts (except 

Ni/HY-M*) from Ar physisorption tests, as mentioned in section 3.2.2. Likewise, the distribution 

of their surface hydroxyls was analyzed using the methods explained in section 3.2.3. Finally, the 

loading of Ni were measured by flame atomic absorption spectrometry, where approximately 0.2g 

of each catalyst were subjected to an acid digestion process (Westerman, RuffioM, Wainwright, 

& Foster, 1980) with 1.5 mL of sulfuric acid (H2SO4, Merck - 65% v/v) added dropwise. 

Subsequently, the samples were treated with 2 mL of hydrofluoric acid (HF, Merck - 80%) at 80°C 

for about 15 min. At this point, all sulfur trioxide fumes came out (Westerman, RuffioM, 

Wainwright, & Foster, 1980). Finally, 100 mL of type I water were added to the samples to 

complete the dissolution process. 

2.5. Catalytic tests 

Catalytic tests were carried out in a Catatest (Morales-Valencia E. M., 2019; Baldovino-

Medrano, Eloy, Gaigneaux, Giraldo, & Centeno, 2009), vide Figure K.1. in Appendix K, provided 

with high-pressure fixed-bed continuous flow reactor operated in integral mode. The reactor was 
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packed with the catalyst. Prior to the latter, the catalytic powders were pelletized, ground and 

sieved to obtain particles with diameters ranging from 300 to 600 µm. For the catalytic tests, ca. 

0.50 g (see Table K.1. - Appendix K), were dried in situ under N2 flow (100 mL•min-1) at 120°C 

for 1 h. Afterwards, the catalyst was activated during 4 h using a H2 volumetric flow rate of 100 

mL•min-1 at atmospheric pressure and 400°C. After activation, reactants were fed into the reactor 

at a volumetric flow rate of 30 mL•h-1. Then, the reactor pressure was increased with H2 to 5 MPa 

and the liquid feed was pumped up to the reactor. A hydrogen/(liquid feed) rate ratio of 500 NL • 

L-1 was fixed for the experiments. Reaction temperatures were programmed to start at 300°C, to 

stabilize the catalyst. Reaction tests were conducted until reaching steady state; i.e. between 5 and 

8h. The reaction feedstock accounted for the following compounds employed either individually 

or in blends: dibenzothiophene (DBT, Sigma-Aldrich, 98%), as a model sulfur compound, and 

indole (IND, Sigma-Aldrich, ≥99%), as a model for heterocyclic nitrogen compounds. Hexadecane 

(Sigma-Aldrich, 99%) was used as an internal standard for chromatography, and cyclohexane (CH, 

Sigma-Aldrich, 99.8%) was used as solvent. For all tests, 2.2 wt.% DBT were put into the liquid 

feed. On the other hand, a S/N molar ratio equal to 5 was fixed for those tests with DBT and indole. 

The identification and quantification of the liquid reaction products were made by the gas 

chromatography (GC) and GC mass spectroscopy (GC-MS) techniques. Gas chromatography 

analyses were performed with a HP 6890 chromatograph equipped with an FID detector and an 

automatic injector. An HP-1 column (Agilent J&W, 100 m × 0.25 mm × 0.5 µm) was used for 

both GC and GC-MS. The analysis conditions were as follows: the GC oven temperature was 

programmed from 90 to 180°C (15 min) at 30°C•min-1, then to 260°C (10 min) using a temperature 

ramp of 30°C•min-1. We used a H2 flow of 50 mL•min-1, an air flow of 500 mL•min-1, and helium 

(Linde Colombia S.A, 99.99%) as carrier gas, with 19 cm•s-1 linear velocity (1.1 mL•min-1, at 
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constant flow). The compounds in each sample were identified by comparing their retention times 

with those of standards, and the quantification was carried out using calibration curves. 

In general, the catalytic results were expressed in terms of reactants conversion (%Xi), products 

selectivity (%Sj), and yield (%Yj) percentages, as follows: 

 %𝑋𝑖 =
𝑛𝑖𝑖𝑛𝑖𝑡𝑖𝑎𝑙

− 𝑛𝑖𝑓𝑖𝑛𝑎𝑙

𝑛𝑖𝑖𝑛𝑖𝑡𝑖𝑎𝑙

∗ 100 
Eq. 1 

Where, 𝑛𝑖𝑖𝑛𝑖𝑡𝑖𝑎𝑙
 and 𝑛𝑖𝑓𝑖𝑛𝑎𝑙

 are the initial and final moles of the reagent (i), respectively. 

 %𝑌𝑗 =
𝑛𝑗

𝑛𝑖𝑖𝑛𝑖𝑡𝑖𝑎𝑙

∗ 100 
Eq. 2 

 %𝑆𝑗 =
𝑛𝑗

∑ 𝑛𝑗
∗ 100 

Eq. 3 

Where, 𝑛𝑗 are the moles of the product j. 

 

Figure 4. Summary of the methodological approach of this work. 

3. Results 

3.1. Physicochemical properties of the supports 

The physicochemical properties of the pretreated supports are discussed below. 
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3.1.1. Point of zero charge of the supports. Table 2 presents the values of pH where the PZC 

for each one of the pretreated supports. For SiO2, instead of a single pH value, we report a pH 

range between 3.0 – 4.0 because, the conditions of our experiments, the ∆𝒑𝑯 𝒗𝒔 𝒑𝑯𝒊𝒏𝒊𝒕𝒊𝒂𝒍 curves 

were superimposed below pH ~3.0 hence making unfeasible to find a precise 𝒑𝑯𝑷𝒁𝑪 value. 

However, the measured 𝒑𝑯𝑷𝒁𝑪 range is consistent with the reports from literature (Kosmulski M. 

, 2009; Kosmulki, 2001; Abendroth, 1970; Yates & Healy, 1976; Noh & Schwarz, 1989). For 

Al2O3, the 𝒑𝑯𝑷𝒁𝑪 value was around 7.0 indicating that it has a neutral surface (Das, Sahu, 

Borthakur, & Mahiuddin, 2004) and its value is according with the PZC of others aluminas with 

similar physical properties (Contescu, Jagiello, & Schwarz, 1993; Contescu, Contescu, & Schwarz, 

1994; Trueba & Trasatti, 2005; Greenwood, 2003). However, the herein found PZC is lower than 

the average of those published in literature (Kosmulski M. , 2001) which indicates that our alumina 

has fewer surface hydroxyls groups (Das, Sahu, Borthakur, & Mahiuddin, 2004). On the other 

hand, the PZC value for the microporous HY zeolite was lower than the one of the micro-

mesoporous HY-M zeolite. The acidic values of the PZC for SiO2, HY zeolite, and the HY-M 

zeolite are due to the presence of surface acid sites that are either of the Brönsted type or related. 

Brönsted acid sites consists of a polarized hydrogen atom which is bonded to an oxygen atom 

connecting tetrahedrally coordinated cations (Deka, 1998; Busca, 2017). 

Table 2.  

Physical properties of the SiO2, Al2O3, HY zeolite, and HY-M zeolite. 

Sample 
SABET 

[m2•g-1] 

SAMicro 

[m2•g-1] 

SAMeso 

[m2•g-1] 

PVNLDFT 

[m3•g-1] 

PSNLDFT 

[nm] 

PSBJH 

[nm] 
PZC 

OH 

density 

[OH•nm-2] 

OH 

concentration 

[mmol•g-1] 

SiO2 14 4 10 0.08 1.3 11.2 3.0-4.0 >7.5 0.17 

Al2O3 128 -- 128 0.44 1.3 11.8 7.1 <8.4 1.78 

H-Y 870 788 83 0.36 0.8 -- 3.3 >0.9 1.34 

HY-M 789 557 231 0.42 0.8 3.2 4.9 <1.3 1.66 

Note: With this information, it was possible to establish the electrostatic conditions and the nickel precursor 

salt to do the impregnation by the SEA method. 
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3.1.2. Specific surface area and porosity. Figure 5 shows the Ar adsorption-desorption 

isotherms recorded for each one of the pretreated supports. For both SiO2 and Al2O3 (Figures 5a 

and 5b, respectively), type IV isotherms were found, which are typical of mesopore materials 

(López, 2004). According to the IUPAC (Thommes, et al., 2015), the hysteresis loop that is 

visualized in Figure 5a is of type H2(b), and is attributed to pores formed by the agglomeration of 

spherical particles, or also by the presence of capillaries with a very heterogeneous distribution of 

sizes and geometries (Martín-Martínez, 1990). On the other hand, for alumina, the hysteresis cycle 

is of the H1 type, which is characteristic of closed and open cylindrical pores (López, 2004). 

For the HY zeolite (Figure 5c), a type I isotherm was found, which is typical of microporous 

solids (López, 2004). In contrast, the micro-mesoporous HY-M zeolite, Figure 5d, showed an 

isotherm which is a combination of type I and IV isotherms (Thommes, et al., 2015), thus 

demonstrating the simultaneous presence of micropores and mesopores. Furthermore, the formed 

hysteresis loop appeared between P/P0 = 0.3 - 0.6, which represents the formation of open 

mesopores connected with the inner micropores of the zeolite (Sachse, et al., 2017). Table 2 shows 

the values for the BET specific surface area (SABET), micropore surface areas (SAMicro), mesopore 

surface areas (SAMeso), the calculated volumes and average pore sizes (PSNLDFT, PSNLDFT, and, 

PSBHJ). The corresponding accumulative pore volume curves as well as the pore size distribution 

curves for the supports can be viewed in Appendix D. 

The data shows that the specific area for SiO2 was the lowest among the supports, followed by 

Al2O3, HY-M, and HY. We notice that the mesoporous surface of the HY-M zeolite formed at the 

expense of the internal micropore specific area without destroying the zeolitic framework as 

evidenced by the fact that the average pore size of the micropores for both HY and HY-M is the 

same. Meanwhile, the formed mesopores in HY-M were almost one order of magnitude larger than 
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the micropores. The data presented in Table 2 was used to calculate the volumes of the 

impregnating solutions for synthesizing the supported nickel catalysts. 

3.1.1. Distribution of surface hydroxyls. Figure 6 shows the PAD curves obtained for each one 

of the catalytic supports. For SiO2, three regions were identified in the PAD curves (see Figure 

6a); one at pH < 4 for protonated SiOH2
+, the second at pH = 4 – 8 for SiOH; i.e. reactive silanol 

groups (Dias & Ribeiro do Carmo, 2006), and, the third one at pH > 10 for dehydroxylated SiO- 

species.The silanol groups are fact those that convert either into SiOH2
+ or SiO- (Duval, 

Mielczarski, Pokrovsky, Mielczarski, & Ehrhardt, 2002). In the synthesis of the catalysts by the 

SEA method, the number of available surface sites for adsorbing the metallic precursor equals the 

number of reactive hydroxyls. 

  

  
Figure 5. Ar Adsorption-Desorption Isotherms from (a) SiO2, (b) Al2O3, (c) HY, and, (d) HY-M. 

measured at -186.15°C. 

0

100

200

300

400

0 0.2 0.4 0.6 0.8 1

Q
u

an
ti

ty
 A

d
so

rb
e

d
 [

cm
³/

g 
ST

P
]

Relative Pressure [P/P₀]a

Adsorption

Desorption

0

100

200

300

400

0 0.2 0.4 0.6 0.8 1

Q
u

an
ti

ty
 A

d
so

rb
e

d
 [

cm
³/

g 
ST

P
]

Relative Pressure [P/P₀]b

Adsorption

Desorption

0

100

200

300

400

0 0.2 0.4 0.6 0.8 1

Q
u

an
ti

ty
 A

d
so

rb
e

d
 [

cm
³/

g 
ST

P
]

Relative Pressure [P/P₀]c

Adsorption

Desorption

0

100

200

300

400

0 0.2 0.4 0.6 0.8 1

Q
u

an
ti

ty
 A

d
so

rb
e

d
 [

cm
³/

g 
ST

P
]

Relative Pressure [P/P₀]d

Adsorption

Desorption

Mesoporosity



SUPPORTED NICKEL CATALYSTS FOR HYDROTREATING 32 

 

 

 

For Al2O3, Figure 6b, distinct types of surfaces hydroxyls were identified: namely, OH types: 

III, IIA, IA, and, IB sites are pointed out following the classification made by Knözinger 

(Knözinger & Ratnasamy, 1978) (see Figure E.1.1. and Table E.1.1. in Appendix E for details on 

the chemical structure of these hydroxyls). According to this classification, Type I OH groups are 

terminal sites either coordinated to a single tetrahedra (IA OH groups) or to an octahedral (IB OH 

groups) Al3+ cation. Type IB hydroxyls are the most acidic OH groups while Type IA are mildly 

acidic. Whereas, Type IIA OH groups are mildly basic and consist of bridging OH groups which 

link an octahedral and a tetrahedral Al3+ cation (Knözinger & Ratnasamy, 1978). Finally, Type III 

sites are the most basic ones. According to the area under the PAD curve for Al2O3, the relative  

  

  

Figure 6. Proton Affinity Distribution curves for (a) SiO2, (b) Al2O3, (c) HY, and, (d) HY-M. 
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concentration of its hydroxyls followed the order: IB > IIA > IA > III, which indicates this support 

primarily has strong basic OH groups followed by groups with intermediate acidity. 

For the zeolites, the existence of two types of acid sites was evident (Figures 6c and 6d), which 

is characteristic for zeolites (Busca, 2017; Borges & Lemos de Macedo, 2016; Gackowski, et al., 

2018; Zhang, et al., 2019). The first type of site, at pH = 4 – 6, and with a pKa of 5, is considered 

to a transition between acidic and basic, and the second, at pH = 6 – 8 and with a pKa of 8.5, is 

moderately acidic (Yu, et al., 2016). These sites were called 𝑅1
−𝐻+ and 𝑅2

−𝐻+, respectively, in the 

PAD plots. For the region marked as Z2, pH > 10, the dissolution of the zeolite begins to occur 

(Yu, et al., 2016; Shcherban, et al., 2017). On the other hand, for the region with pH < 4, named 

Z1, the negative values of the PAD function -f(log K)- can be ascribed to the denaturalization of 

the Brönsted acid sites of the zeolites. Therefore, the quantification of the surface hydroxyls of the 

zeolites was restricted to pH between 4 and 10. Comparing the samples from HY and HY-M, 

Figures 6c and 6d, an increase in the relative concentration of acid sites can be suggested. This is 

ascribed to a slight decrease Si/Al ratio of the material that follows from its desilication (Borges 

& Lemos de Macedo, 2016). 

Values for the OH surface density of the catalytic supports are presented in Table 2. Of course, 

SiO2 has a lower concentration of surface hydroxyls as compared to the other materials but, owing 

to its lowest surface area, the surface density of its hydroxyls is high; almost the same as the one 

Al2O3. Both SiO2 and Al2O3 indeed showed the highest OH surface densities. As for the zeolites, 

the mesoporous structured HY-M displayed a slightly higher surface density of OH. We used this 

information to calculate the loading of nickel that makes a statistical monolayer over the support 

with the lowest surface area; i.e. SiO2 (see Appendix F). Therefore, it can be deduced that all the 
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other catalysts had less than a monolayer of coverage of nickel while keeping the same metallic 

loading. 

3.2. Physicochemical properties of the catalysts 

The textural properties of the catalysts were analyzed following physisorption tests. These tests 

were carried out for the powders obtained after each synthesis as well as for samples taken after 

the pelletizing procedure made to obtain the particle size distribution required for the HDT 

reactions, section 3.5. Figure 7 shows the Ar adsorption and desorption isotherms measured for 

both the freshly synthesized powders and the particles recovered after pelletizing. We see that the 

catalysts kept the same porous structure before and after pelletizing. However, it is evident that 

the zeolites lost part of their surface area; i.e. we observe a strong decrease in the initial amount of 

Ar  that  they  adsorb.  On  the  other  hand,  comparing  the  catalysts  (Figure 7)  with  the  supports  

  

  
Figure 7. Ar Adsorption (■)-Desorption (×) Isotherms of the Powders and, Pelletized, Ground and Sieved 

(₯) from (a) Ni/SiO2, (b) Ni/Al2O3, (c) Ni/HY, and, (d) Ni/HY-M. Measured at -186.15°C. 
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(Figure 5) no evident changes in both porosity and surface are were seen. This result indicates that 

the impregnation of Ni has a negligible on the texture of the materials. Therefore, nickel particles 

are expected to be highly dispersed over the supports. 

Figure 8 shows the proton affinity distribution curves for the catalysts. The recorded trends 

showed a high consumption of surface OH groups for all catalysts prepared by the SEA method, 

especially for those with the lower surface areas; i.e., silica and alumina. Indeed, the PAD curves 

of these materials were basically flat. Instead, the PAD curves for the catalysts supported over the 

HY and the HY-M zeolites showed that a high number of surface hydroxyls were still free to 

adsorb nickel. In general, the ensemble of these results shows the high selectivity that can be 

achieved when impregnating a metal via the SEA method. In contrast, the Ni/HY-M* catalyst; 

which was prepared by the typical incipient wetness impregnation method, basically displayed the 

same PAD curve of the HY-M support which evidences the poor specificity of the method. 

 
Figure 8. Proton Affinity Distribution for (a) Ni/SiO2, (b) Ni/Al2O3, (c) Ni/HY, (d) Ni/HY-M, and (e) 

Ni/HY-M* (from incipient wetness impregnation method). 

Table 3 summarizes the physicochemical properties of the synthesized catalysts. Results 

showed that the efficiency of the impregnation by SEA was almost complete, since the final 

loading of nickel in all catalysts (except for the Ni/SiO2 catalyst) was very close to the theoretical 
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loading used for the synthesis; i.e. 0.5 wt% (see Appendix F). The percentage of Ni for the Ni/SiO2 

catalyst could indicate that the surface of the support was saturated at a lower concentration of the 

dissolved nickel complex as the one predicted with our calculation. On the other hand, the fact that 

silica had the highest OH surface density suggests that its hydroxyls are at a close distance from 

each other hence probably promoting surface interactions that rapidly saturate them. 

Table 3.  

Physicochemical properties of the catalysts pelletized, ground and sieved. 

Sample 
SABET 

[m2•g-1] 

SAMicro 

[m2•g-1] 

SAMeso 

[m2•g-1] 

PVNLDFT 

[m3•g-1] 

PZNLDFT 

[Å] 

PZBJH 

[nm] 
%WNi

‡ 

OH 

Density‡ 

[OH•nm-2] 

C‡ 

[mmol•g-1] 

Ni/SiO2 19 4 15 0.08 14.2 11.0 0.26 <2.2 0.07 

Ni/Al2O3 129 -- 129 0.39 -- 9.4 0.46 <3.8 0.81 

Ni/HY 582 522 60 0.25 7.3 -- 0.46 <0.9 1.24 

Ni/HY-M 526 351 175 0.30 6.9 2.1 0.43 >1.0 1.25 

Ni/HY-M* -- -- -- -- -- -- 0.50 >1.1 1.50 

*From incipient wetness impregnation method. 
‡Measured from catalysts powders. 

3.3. Catalytic results 

Results from the tests made with dibenzothiophene are first presented (Section 4.3.1), and, 

afterwards, results from the simultaneous hydrodesulfurization of DBT and hydrodenitrogenation 

of indole over Ni/HY-M follow (Section 4.3.2). 

3.3.1. Dibenzothiophene HDS reactions. Figure 9(a-d) shows the evolution of the catalytic 

behavior with time on stream for each catalyst. The main reaction products were biphenyl (BP) 

and tetrahydro-DBT (THDBT). Other secondary products were found but they were neither 

identified nor quantified. In the case of the catalysts supported on the zeolites, these products were 

heavier than DBT and were assumed to be alkylated DBTs (see Appendix M). In general, the 

activity of the catalysts in the HDS of DBT followed the order: Ni/HY-M > Ni/HY-M* > Ni/HY 

> > Ni/SiO2 ≈ Ni/Al2O3. Consequently, the most active catalyst was Ni/HY-M. Its activity was ca. 

18% higher than that of the parent Ni/HY-M* catalyst; i.e. the one synthesized by incipient wetness 
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impregnation. This indicates the superiority of SEA in front of conventional impregnation. 

Furthermore, the advantages provided by the generation of mesopores in the zeolite support are 

also  evident  and  they  do  not  depend  on  the  type  of  metal.  We  may  recall  that  Fu  et  al.  

 

  

  
Figure 9. Activity versus Time on Stream from Each Catalyst (a) DBT Conversion, (b) BP Yield, (c) 

THDBT Yield and (d) alkyl-DBT Yield. (e) Average Product Selectivity for Each Catalyst. Carried out at 

300°C and 5 MPa. *From incipient wetness impregnation method. 
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 (Fu, et al., 2011) found a similar trend for Pd catalysts supported on a micro-mesoporous H-Y 

zeolite. The strong difference in catalytic performance between the catalysts supported on the 

zeolites and over SiO2 and Al2O3 are due to the strong acidity of the former; particularly, their 

Brönsted acidity (Morales, Mora, Giraldo, & Centeno, 2011). Overall, our results prove that 

reduced monometallic nickel catalysts are active in HDS. Zhao et al. (Zhao, et al., 2019) earlier 

showed that alumina supported monometallic nickel is active for the hydrodesulfurization of 

thiophene; a molecule way more reactive than dibenzothiophene, at a much higher temperature, 

370°C, than the one used in our study. 

Figure 9e shows that the catalysts supported on SiO2 and Al2O3 were mainly selective to the 

direct route of desulfurization. In contrast, the catalysts supported on the zeolites displayed a 

higher selectivity to the hydrogenation mediated route of HDS. This clearly shows an influence of 

the acidic characteristics of the supports on the selectivity of the reaction, alumina, with mainly 

Lewis acid sites promotes the DDS pathway and the Brönsted acid sites, found in the zeolites, 

promote HYD, as well as the cracking and further isomerization of DBT into alkyl-substituted 

DBTs (Isoda, Nagao, Ma, Korai, & Mochida, 1996; Kaneda, Wada, Murata, & Nomura, 1998; 

Isoda, Takase, Kusakabe, & Morooka, 2000). 

3.3.1. Simultaneous HDS-HDN over Ni/HY-M. Under the reaction conditions used in this 

work, indole promoted the conversion of dibenzothiophene in the same way as Morales-Valencia 

found (Morales-Valencia E. M., 2019; Santiago Guerrero & Elder Bueno, 2019). In this case, the 

detected reaction products were biphenyl (BP), tetrahydro-DBT (THDBT), indoline (HIN), ortho-

ethylcyclohexylalinine (OECHA), ortho-ethycyclohexylamine (OEA), and other cracking 

products (CP). Figure 10 summarizes the conversions and products yields for this reaction. 
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Indole promoted the conversion of DBT conversion by augmenting its conversion twice above 

the value obtained in the test without this compound. The yield of biphenyl was less than 0.5%, 

although the carbon balance of the reaction test suggests that this product was further cracked (see 

Appendix N). The absence of partially hydrogenated intermediates in the presence of indole 

suggests that this compound specifically promotes the DDS route of desulfurization. On the other 

hand, we found that indole was mostly converted into partially hydrogenated intermediates, 

therefore, HDN was not accomplished. 

 

Figure 10. Conversion of DBT and IND, and Yield of OECHA, OEA, HIN, CP, BP, and, THDBT, in 

simultaneous HDS and HDN reactions carried out at 300°C and 5 MPa. 

4. Conclusions 

Several aluminosilicates were treated in order to be used as support of Ni in the synthesis of 

catalysts for hydrotreating. The textural properties and the acidity of the catalysts were determined, 

which were the most relevant physicochemical properties in the catalytic behavior for this work. 

The catalytic behavior of supported Ni on SiO2, Al2O3, HY zeolite, and, HY-M zeolite, was 

evaluated in hydrotreatment reactions. It was demonstrated that the micro-mesoporous zeolite 
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obtained the highest activity in the DBT conversion and it was found that the HDS of DBT over 

this zeolite was promoted by the presence of a nitrogenous compound, making the conversion 

increase to values of about double. 

The evidence collected in this work suggests that the high activity of the catalysts supported on 

zeolites may be caused by the presence of Brönsted acid sites. Another finding in this work is that 

the incorporation of mesopores in the Y zeolite could improve the diffusion of the reagents to the 

catalytic sites, helping to increase the catalytic activity. 
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Appendix 

Appendix A. Elimination of Na and Cl from silica support. 

 

Figure A.1. High-resolution XPS spectrum of the Na 1s region for silica after acid treatment in order to 

Na removal. 

 

Figure A.2. High-resolution XPS spectrum of the Cl 2p region for silica after acid treatment in order to 

Na removal.  
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Appendix B. Conditions for the generation mesoporous from NaY zeolite. 

To define the better conditions in order to obtain the micro and mesoporous zeolite, two criteria 

were established, the first is that the ratio between mesoporous surface area and microporous 

surface area to be greater than 0.5 and that to be smaller than 1.0, and the other, that the ratio 

between mesoporous volume and microporous volume to be greater than 1.0 and that to be smaller 

than 2.0. In Table B, is summarized all the conditions and zeolites evaluated. 

Table B.1.  

Summary of the conditions and zeolites evaluated to obtain micro and mesoporous simultaneously. 

Zeolite [C6H8O7] [M] [NaOH][M] Temperature [°C] Time [h] 
Ratio 

SAMeso/SAMicro 

Ratio 

VMeso/VMicro 

Mordenite -- 

0.001 

150 15 

* * 0.050 

0.100 

0.300 3.5 77.3 

0.400 7.1 -1481.5 

0.500 3.5 223.2 

NaY 

0.10 

0.025 150 15 0.6 1.2 

0.050 

150 15 0.2 0.6 

206 
15 0.3 1.1 

24 0.3 1.1 

0.100 
150 

15 
0.2 0.5 

206 0.2 0.6 

0.150 

150 15 

0.1 0.3 

0.200 0.1 0.4 

0.250 0.1 0.2 

0.21 0.100 
150 

15 
0.2 0.4 

206 12.5 -94.7 
*The physisorption analysis never ended and the results were not conclusive. 
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Appendix C. Calculations for the impregnation of Ni in the supports. 

In order to synthesize each of the catalysts, the following calculations were realized: 

𝑊𝑃𝑆 =
𝑊𝑀

%𝑃𝑃𝑆
∗

𝑀𝑊𝑃𝑆

𝑀𝑊𝑀
 Eq. C1 

Where, 

𝑊𝑃𝑆 and 𝑊𝑀 are the weight of the precursor salt and of the metal, respectively. 

𝑀𝑊𝑃𝑆 and 𝑀𝑊𝑀 are the molecular weight of the precursor salt and the metal. 

%𝑃𝑃𝑆 is the purity percent of the precursor salt. 

𝑊𝑀 = 𝑊𝑆 ∗
%𝑊𝑀

(1 − %𝑊𝑀)
 Eq. C2 

Where, 

𝑊𝑆 is the weight of the support. 

%𝑊𝑀 is the Weight percent of the metal. 

𝑉𝑤 = 6 ∗ 𝑊𝑆 ∗ 𝑃𝑉𝑆 Eq. C3 

Where, 

𝑉𝑊 is the volume of the water necessary. 

𝑃𝑉𝑆 is the pore volume of the support. 

𝑊𝐴𝑆 = 𝑅𝑀 ∗ 𝑀𝑊𝐴𝑆 ∗
𝑊𝑀

𝑀𝑊𝑀
 Eq. C4 

Where, 

𝑊𝐴𝑆 is the weight of the ammoniacal solution. 

𝑅𝑀 is the molar ratio between the ammonia and the nickel. 

𝑀𝑊𝐴𝑆 is the molecular weight of the ammoniacal solution. 

The following chemical reactions occur during metal impregnation: 

𝑁𝑖2+(𝑎𝑞) + 2𝑁𝐻3(𝑎𝑞) + 2𝐻2𝑂(𝑙) ↔ 𝑁𝑖(𝑂𝐻)2(𝑠) + 2𝑁𝐻4
+(𝑎𝑞) Eq. C5 

𝑁𝑖(𝑂𝐻)2(𝑠) + 6𝑁𝐻3(𝑎𝑞) ↔ [𝑁𝑖(𝑁𝐻3)6]2+ + 2𝑂𝐻(𝑎𝑞) Eq. C6 

Starting from the moles of nickel nitrate hexahydrate added, the necessary moles of ammonium 

hydroxide are calculated to obtain only the complex ion [𝑁𝑖(𝑁𝐻3)6]2+, therefore, according to 

reactions Eq. C5 and Eq. C6 8 moles of ammonia per mole of nickel are required, that is 𝑅𝑀. 

𝑉𝐴𝑆 =
𝑊𝐴𝑆

%𝑃𝐴𝑆 ∗ 𝜌𝐴𝑆
 Eq. C7 

Where, 

𝑉𝐴𝑆 is the volume of the ammoniacal solution necessary. 

%𝑃𝐴𝑆 is the purity percent of the ammoniacal solution. 

𝜌𝐴𝑆 is the density of the ammoniacal solution. 
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Appendix D. Volume and pore size distribution for the supports. 

 

 

 

  

  
Figure D1. Volume and size pore calculated by NLDFT method for (a) SiO2, (b) Al2O3, (c) HY, and, (d) 

HY-M.  
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Figure D2. Volume and size pore calculated by BJH method for (a) SiO2, (b) Al2O3, (c) HY, and, (d) HY-

M. 
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Appendix E. Procedures for calculating OH surface groups from each material.  

Appendix E.1. For de alumina. The location and quantification of the peaks corresponding to 

each OH group, according to the ranges reported in the literature (Table E1), was performed with 

the help of specialized software (Fityk V.1.3.1) for the analysis of curves. Once the peaks were 

located, a deconvolution of the overlapping ones was performed, using gauss curves. The Gaussian 

curves were the ones that best adapted to the data to find the convergence of the system with 

minimal error with respect to the original data. The quantification of each of the types of OH sites 

was made using the area under the curve of each of the peaks present in the proton affinity 

distribution (Contescu, Popa, Miller, Ko, & Schwarz, 1995). 

Table E.1.1.  

pH range for the OH sites present on the surface of the -Al2O3 (Contescu, Jagiello, & Schwarz, 

1995; Contescu, Jagiello, & Schwarz, 1993). 

Type of site Range of pH 

III 2.0 < pH < 3.5 

IIA 3.5 < pH < 5.5 

IIB pH < 2.0; pH > 12.0 

IA 5.5 < pH < 9.5 

IB 9.5 < pH < 12.0 

 

 

Figure E.1.1. Surface models and configuration of OH sites for Al2O3. Taken of (Knözinger & 

Ratnasamy, 1978). 
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Figure E.1.2. Proton affinity distribution as a function of pH for Al2O3 and peak decomposition. 

Table E.1.2. 

Quantification of the concentration of OH groups depending of the type of site for Al2O3. 

Support 
C [mmolH+•g-1 of support] 

IIA IA IB 

Al2O3 0.650 0.434 0.697 

Appendix E.2. For the silica. The quantification of the silanol groups was calculated using the 

volume of the base added until reach a pH value of about 8.5, according to the following equation: 

𝐶(𝑂𝐻) =
𝑉𝐵 ∗ [𝐵. 𝐶]

𝑊𝑆
 Eq. E.2.1 

Where, 

𝐶(𝑂𝐻) is the concentration of the silanol groups. 

𝑉𝐵 is the volume of the base added. 
[𝐵. 𝐶] is the base concentration. 

𝑊𝑆 is the weight of the support in the titration. 
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Figure E2.1. Titration of silica using a strong base (NaOH) in order to calculate the concentration of 

silanol groups. 

Appendix E.3. For the zeolites. The Gran method was selected for the data analysis (Gran, 

1952). The common sigmoidal potentiometric titration curve is transformed into a linear form with 

the Gran function, which allows calculation of the equivalence volume by a standard linear 

regression method using several points on the titration curve (Yu, et al., 2016). Ingman and Still 

have derived a more accurate Equation than (Eq. E.3.8.) to describe the titration of a weak acid 

with a strong base (Ingman & Still, 1966). 

When a weak acid (HR) is titrated with a strong base the following reaction takes place: 

𝐻𝑅 + 𝑂𝐻− → 𝑅− + 𝐻2𝑂 Eq. E.3.1. 

The acid takes also part in the following equilibrium:  

𝐻𝑅 ⇌ 𝐻+ + 𝑅− Eq. E.3.2. 

with the protonation constant:  

𝐾 =
[𝐻𝑅]

[𝐻+] ⋅ [𝑅−]
 Eq. E.3.3. 

The total concentration of the acid, 
HRC , is:  

𝐶𝐻𝑅 = [𝐻𝑅] + [𝑅−] Eq. E.3.4. 

The following mass balance is valid at each titration point:  

𝑉0𝐶𝐻𝑅 = (𝑉0 + 𝑉) ⋅ ([𝐻𝑅] + [𝑅−]) Eq. E.3.5. 

The initial concentration of the acid is 𝑉0, the volume of added base is 𝑉 and 

according to reaction (Eq. E.3.1.) the following equation can be written after each 

addition of the strong base: 

 

𝑉 ⋅ 𝐶𝑂𝐻 = (𝑉0 + 𝑉) ⋅ [𝑅−] Eq. E.3.6. 

𝐶𝑂𝐻 is the base concentration. If the consumption of the strong base at the 

equivalence point is denoted by 𝑉𝑒𝑞 the following equation is valid at the 

equivalence point 
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𝑉0 ⋅ 𝐶𝐻𝑅 = 𝑉𝑒𝑞 ⋅ 𝐶𝑂𝐻 Eq. E.3.7. 

Combination of Equations E.3.3., E.3.5., E.3.6. and E.3.7. gives:  

𝑉𝑒𝑞 − 𝑉 = 𝐾 ⋅ [𝐻+] ⋅ 𝑉 Eq. E.3.8. 

When the term [𝐻+] ⋅ 𝑉 is plotted as a function of V a straight line is obtained and it intersects 

the 𝑉 -axis at 𝑉𝑒𝑞. The slope of the line is 
1

𝐾
. This method allows simultaneous determination of 

both 𝑉𝑒𝑞 and 𝐾. 

Equation E.3.8. is valid so far, the acid HR does not take part in any other equilibrium reaction 

than Eq. E3.2. When the material, as zeolites in this study, having several acid groups with 

different strengths is titrated, the entire titration curve when processed with the Equation E.3.8. 

will consists of linear sections with different slopes, i.e., 𝐾. When one linear section is converted 

to the following some curvature will appear on the line. In the evaluation of the titration values for 

both 𝑉𝑒𝑞and 𝐾, and for each equilibrium only the linear parts should be used (Yu, et al., 2016). 

  
Figure E.3.1. Determination of the acid sites with the Gran method in titration of (a) HY zeolite, and, (b) 

HY-M zeolite. The points marked with circles (reds and greens) and diamonds (purples and yellows) are 

obtained by transforming the original titration data with the Gran ƒ(V) (Eq. E.3.8.). The numerical scales 

for the different functions of ƒ(V) are not shown. 

Table E.3.1.  

Quantification of the concentration of acid sites for HY and HY-M. 

Support 
C [mmolH+•g-1 of support] 

𝑹𝟏
−𝑯+ 𝑹𝟐

−𝑯+ 

HY 0.503 0.839 

HY-M 0.995 0.662 
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Appendix F. Calculations to obtain the maximum impregnation percent to each support. 

Starting from the concentration of OH sites and the specific area, the maximum percentage of 

Ni impregnation is obtained, considering that the Ni/OH ratio is 1:2. As it is shown below. 

𝑁°𝑂𝐻𝑎𝑣 = 𝑂𝐻𝑑 ∗ 𝑆𝐴𝐵𝐸𝑇 ∗ 𝑊𝑆 Eq. F.1. 

Where, 

𝑁°𝑂𝐻𝑎𝑣 is the number of the OH groups available on the support. 

𝑂𝐻𝑑 is the OH density of each support. 

𝑆𝐴𝐵𝐸𝑇 is the specific area of the support in nm2. 

𝑊𝑆 is the weight of the support to impregnate. 

 

𝑁°𝑁𝑖𝐼𝑚𝑝 =
𝑁°𝑂𝐻𝑎𝑣

2
 Eq. F.2. 

Where, 

𝑁°𝑁𝑖𝐼𝑚𝑝 is the number of the nickel atoms to impregnate. 
 

𝑊𝑁𝑖
𝑀𝑎𝑥 =

𝑁°𝑁𝑖𝐼𝑚𝑝

𝑁𝐴
∗ 𝐴𝑊𝑁𝑖 Eq. F.3. 

Where, 

𝑊𝑁𝑖
𝑀𝑎𝑥 is the Ni weight maximum to impregnate. 

𝑁𝐴 is the Avogadro number. 

𝐴𝑊𝑁𝑖 is the atomic weight of nickel. 

 

𝑤%𝑁𝑖
𝑀𝑎𝑥 =

𝑊𝑁𝑖
𝑀𝑎𝑥

(𝑊𝑁𝑖
𝑀𝑎𝑥 + 𝑊𝑆)

 
Eq. F.4. 

Where, 

𝑤%𝑁𝑖
𝑀𝑎𝑥 is the maximum impregnation weight percent of Ni to this support. 

Since the silica is the support with the smallest specific area of all the supports studied, the 

calculation of maximum impregnation weight percent of Ni is based on this support, which is 

0.5w%. This value was set for all synthesis.  
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Appendix G. Thermogravimetry analysis for the catalysts synthetized. 

 

 

 

  

  
Figure G.1. TGA curves for the catalysts fresh (without calcinate). (a) Ni/SiO2, (b) Ni/Al2O3, (c) Ni/HY, 

and, (d) Ni/HY-M. 
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Appendix H. Volume and size pore distribution for the catalysts. 

 

 

 

  

  

Figure H.1. Volume and size pore distribution for the powders of the catalysts using NLDFT method for 

(a) Ni/SiO2, (b) Ni/Al2O3, (c) Ni/HY, and, (d) Ni/HY-M.  
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Figure H.2. Volume and size pore distribution for the powders of the catalysts using BJH method for (a) 

Ni/SiO2, (b) Ni/Al2O3, (c) Ni/HY, and, (d) Ni/HY-M.  
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Figure H.3. Volume and size pore distribution for the catalysts pelletized, ground and sieved using 

NLDFT method for (a) Ni/SiO2, (b) Ni/Al2O3, (c) Ni/HY, and, (d) Ni/HY-M.  
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Figure H.4. Volume and size pore distribution for the catalysts pelletized, ground and sieved using BJH 

method for (a) Ni/SiO2, (b) Ni/Al2O3, (c) Ni/HY, and, (d) Ni/HY-M.  
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Appendix I. Monitoring of the specific area and pore volume for each step in the synthesis of 

the catalysts. 

 

 

  

  
Figure I.1. Ar isotherms for each step in the synthesis of the catalysts. P is the powders of the catalyst, 

and, ₯ is the catalyst pelletized, ground and sieved. For (a) SiO2, (b) Al2O3, (c) HY, and, (d) HY-M. 

Measured at -186.15°C.  
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Table I.1.  

Specific areas differences between each step in the synthesis of the catalysts. P is the powders of the catalyst, 

and, ₯ is the catalyst pelletized, ground and sieved. 

Sample 
SABET 

[m2•g-1] 

Difference 

[%] 

SAMicro 

[m2•g-1] 

Difference 

[%] 

SAMeso 

[m2•g-1] 

Difference 

[%] 

SiO2 14 -- 4 -- 10 -- 

Ni/SiO2
P 17 17 3 27 14 37 

Ni/SiO2 ₯ 19 15 4 24 15 13 

Al2O3 128 -- -- -- 136 -- 

Ni/Al2O3
P 130 2 -- -- 148 9 

Ni/Al2O3 ₯ 129 1 -- -- 141 5 

NaY 815 -- 759 -- 56 -- 

HY 870 7 788 4 83 48 

Ni/HYP 842 3 756 4 86 4 

Ni/HY ₯  582 31 522 31 60 30 

NaY 815 -- 759 -- 56 -- 

NaY-M 919 13 568 25 350 527 

HY-M 789 14 557 2 231 34 

Ni/HY-MP 720 9 495 11 225 3 

Ni/HY-M ₯ 526 27 351 29 175 22 

 

Table I.2.  

Pore volumes differences between each step in the synthesis of the catalysts. P is the powders of the catalyst, 

and, ₯ is the catalyst pelletized, ground and sieved. 

Sample 
PVNLDFT 

[cm³•g-1] 

Difference 

[%] 

PVBJH 

[cm³•g-1] 

Difference 

[%] 

SiO2 0.08 -- 0.08 -- 

Ni/SiO2
P 0.09 13 0.09 10 

Ni/SiO2 ₯ 0.09 3 0.10 12 

Al2O3 0.44 -- 0.48 -- 

Ni/Al2O3
P 0.43 1 0.48 2 

Ni/Al2O3 ₯ 0.36 18 0.40 18 

NaY 0.32 -- 0.02 -- 

HY 0.36  12 0.12 510  

Ni/HYP 0.35 2 0.11 6 

Ni/HY ₯  0.25 29 0.12 5 

NaY 0.32 -- 0.02 -- 

NaY-M 0.51 60 0.25 1159 

HY-M 0.42 18 0.37 48 

Ni/HY-MP 0.39 6 0.35 4 

Ni/HY-M ₯ 0.30 25 0.25 28 
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Appendix J. Determination of the OH sites concentration for the catalysts. 

Appendix J.1. For the Ni/Al2O3. 

 
Figure J.1.1. Proton affinity distribution as a function of pH for Ni/Al2O3 and peak decomposition. 

 

Table J.1.1. 

Quantification of the concentration of OH groups depending of the type of site for Al2O3. 

Catalyst 
C [mmolH+•g-1 of support] 

IIA IA IB 

Ni/Al2O3 0.069 0.028 0.712 

 

 

Appendix J.2. For the Ni/SiO2. 

 
Figure J.2.1. Titration of Ni/SiO2 using a strong base (NaOH) in order to calculate the concentration of 

silanol groups. 
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Appendix J.3. For Ni/HY, Ni/HY-M, and, Ni/HY-M*. 

 

 
 

 

Figure J.3.1. Determination of the acid sites with the Gran method in titration of (a) Ni/HY zeolite, (b) 

HY-M zeolite, and (c) Ni/HY-M* (from incipient wetness impregnation method). The points marked with 

circles (reds, greens, and pink) and diamonds (purples, yellows, and orange) are obtained by transforming 

the original titration data with the Gran ƒ(V) (Eq. E.3.8.). The numerical scales for the different functions 

of ƒ(V) are not shown. 

Table J.3.1. 

Quantification of the concentration of acid sites for Ni/HY, Ni/HY-M, and, Ni/HY-M*. 

Support 
C [mmolH+•g-1 of support] 

𝑹𝟏
−𝑯+ 𝑹𝟐

−𝑯+ 

Ni/HY 0.500 0.745 

Ni/HY-M 0.500 0.750 

Ni/HY-M* 0.501 1.002 
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Appendix K. Conditions to carry out the catalytic tests. 

 
Figure K.1. Scheme of the reaction system. Taken of (Santiago Guerrero & Elder Bueno, 2019). 

Taking into account that for all reactions the concentration of DBT was maintained at 2.2%, 

and according to conventional HDS reactions using a commercial catalyst with 1.8w% Ni 

(Morales-Valencia, Castillo-Ariza, Giraldo, & Baldovino-Medrano, 2018; Morales-Valencia E. 

M., 2019), the necessary mass of catalyst was calculated to carry out each reaction, and its shows 

in Table K.1. 

Table K.1. 

Quantity of catalyst to reactions. 

 Commercial Catalyst This Work 

Ni wt% 1.8  0.5  

Catalyst Weight [g] 0.15  0.54  

Ni Weight [g] 2.7x10-3  2.7x10-3  
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Appendix L. Reactions schemes and active sites supposed. 

 
Figure L.1. Reaction scheme in the HDS of DBT with molecules cracking proposed by Ojeda and 

Rincón. Taken of (Ojeda-Niño & Rincón-Ortiz, 2014). 

 

 
Figure L.2. Reaction scheme in the HDN of indole. Taken of (Laredo & Altamirano, 2003). 
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Figure L.3. Active sites supposed of a commercial catalyst. A representative particle model of 

NiMoS with Ni atoms replacing Mo atoms on the metal edge. The three types of sites (edge, 

corner, and brim) are marked for reference. Color scheme: violet, cobalt; red, nickel; cyan, 

molybdenum; yellow, sulfur. Taken of (Rangarajan & Mavrikakis, 2017). 
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Appendix M. Identification of some of the products of DBT conversion. 

 

 

 

 
Figure M. Chromatogram of HDS of DBT over Ni/HY-M for some of the DBT products. 
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Appendix N. Carbon balance for HDT reactions using Ni/SiO2, Ni/Al2O3, Ni/HY, Ni/HY-M, 

and Ni/HY-M* catalysts. 

 

 

 

 
Figure N. Carbon Loss in the HDT reactions. *From the incipient wetness impregnation method. †HDS of 

DBT in presence of indole. 
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