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Abstract 

  

This dissertation describes preparation and characterization of Ni2P catalysts and 

their application in hydrodesulfurization (HDS) and hydrodenitrogenation (HDN).  The 

work carried out includes synthesis of Ni2P on different siliceous supports, SiO2 and 

MCM-41.  It also includes characterization of these catalytic materials using X-ray 

diffraction (XRD), temperature-programmed reduction (TPR), Fourier transform infrared 

(FTIR) spectroscopy and X-ray absorbance fine structure (XAFS) spectroscopy.  In situ 

FTIR was employed to study the acidity of Ni2P/SiO2 and probe the catalytic sites 

involved in the HDN of pyridine. Transient and steady-state kinetics of a surface 

intermediate that is formed upon pyridine adsorption and reaction was studied to 

elucidate the mechanism of HDN over Ni2P/SiO2.  Additionally, in situ FTIR and X-ray 

absorption near edge structure (XANES) spectroscopy was utilized to probe the bonding, 

mechanism and kinetics of thiophene HDS over a novel MCM-41-supported Ni2P 

catalyst.  The use of these techniques allowed for better understanding of the surface 

intermediates, mechanisms and the nature of the active sites involved in HDN and HDS. 
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Chapter 1 

Introduction 

 

1.1. Importance of Deep Hydrodesulfurization and Hydrodenitrogenation 

 

Recently enacted regulations limiting the emissions of pollutants and the 

continuing decline in the quality of petroleum feedstocks have made sulfur and nitrogen 

removal one of the paramount problems in the refining industry.  Concerning regulations, 

in 2006 the US sulfur contents in fuels were mandated to be 30 ppm (with an 80 ppm 

cap) in gasoline and 15 ppm in diesel [1], and similar levels were legislated in Europe 

and Japan [2,3,4].  In 2008, the standards effectively require diesel to reach 10 ppm S 

content and every blend of gasoline sold in the United States to meet the 30 ppm level 

[5].  Such levels correspond to the removal of +99.95 % of sulfur from a typical crude 

containing 1.5 % sulfur, and the removal process has been termed deep or ultra-deep 

hydrodesulfurization (HDS).  These new requirements are exacerbated by the decreasing 

quality of petroleum crudes.  There is a slow continuous trend for crudes becoming 

heavier (more dense) and containing higher amounts of sulfur.  In addition, the removal 

of nitrogen compounds by hydrodenitrogenation (HDN) is key to deep HDS, as nitrogen-

containing species adsorb strongly on sites that carry out HDS, and inhibit the reaction. It 

has been recognized that current hydrotreating catalysts are not adequate to meet the 

regulated levels, and this has given rise to widespread research efforts to develop a new 

generation of replacement materials.  A reduction of sulfur from 500 ppm to 15 ppm 
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necessitates catalysts that are ~ 7 times more active than existing catalysts [1].  For these 

reasons a new generation of hydrotreating catalysts are needed.  Several studies have 

shown that a new class of materials, transition metal phosphides, are highly active under 

conditions of deep HDS in the presence of nitrogen compounds and have the potential of 

being the next generation of hydrotreating catalysts [6].   

 

1.2. Hydrodesulfurization Challenges and Advances 

 

Commercial catalysts for HDS are sulfides based on Mo or W and promoted with 

Ni or Co.  The subject has been covered in several treatises [7,8-24], and deep HDS in 

other reviews [25-28].  More recent coverage of deep desulfurization has been made in 

reviews by Song [1], Ho [29] and Babich and Moulijn [30] and has been a principal topic 

in recent conferences [31,32,33] and the subject of dedicated journal volumes [34-39].   

The review by Song [1] comprehensively covers various process options for 

removal of sulfur including standard hydroprocessing, but also alternative and emerging 

processes such as catalytic distillation, reactive adsorption, polar molecule adsorption, 

selective adsorption, selective extraction, selective alkylation, membrane separation, and 

caustic extraction.  In addition to these there is also biodesulfurization, oxidative 

desulfurization and ultrasound-assisted oxidative desulfurization [40].  These methods 

will be covered briefly. 

Gas oil fractions are typically composed of several types of sulfur compounds 

encompassing thiols, sulfides, disulfides, thiophenes (T), benzothiophenes (BT), 

dibenzothiophenes (DBT) and their alkylated derivatives.  Small sulfur compounds, 
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including thiols, sulfides and disulfides, exhibit higher HDS activities than that of 

thiophene by an order of magnitude because of higher electron densities on the sulfur 

atoms and weaker C-S bonds.  The reactivities of the 1- to 3-ring sulfur compounds 

decrease in the order T > BT > DBT [1].  Refractory sulfur compounds are alkylated 

DBTs with side chains in close proximity to the sulfur atom.  The principal findings by 

Song [1] and Ho [29] are that HDS research has moved to the most refractory sulfur 

compounds.  Earlier studies had already shown that for diesel these were the sterically 

hindered dibenzothiophenes, i.e., DBT’s with alkyl substituents in the 4- and/or 6-

positions [7,41-43] of which the 4,6-dimethyldibenzothiophene (4,6-DMDBT) molecule 

is archetypal.   

As shown in Scheme 1.1, the HDS of 4,6-DMDBT proceeds through two reaction 

pathways.  The first pathway is the direct desulfurization route (DDS) by direct 

hydrogenolysis of the C-S bonds without prior hydrogenation of either benzenic ring to 

yield 3,3’-dimethylbiphenyl (3,3’-DMBP).  The second pathway is the hydrogenation 

route (HYD) in which 4,6-DMDBT is first hydrogenated to the intermediates 4,6-

dimethyl-tetrahydro-DBT (4H-DMDBT) or 4,6-dimethyl-hexahydro-DBT (6H-

DMDBT).  The hydrogenated intermediate 6H-DMDBT is subsequently desulfurized to 

3,3’-dimethylcyclohexylbenzene (3,3’-DMCHB) and 3,3’-dimethylbicyclohexane (3,3’-

DMBCH) by further hydrogenation [18,24]. 
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Scheme 1.1. Simplified reaction network for 4,6-DMDBT HDS 

 

  The compound 4,6-DMDBT has been found to be at least ten times less reactive 

than DBT itself [44,45].  These compounds are difficult to desulfurize because of the 

steric hindrance caused by the alkyl groups which block access to the sulfur atoms 

[41,43,45].  At conditions of deep HDS, sulfur removal from these substituted DBTs is 

necessary to achieve the low sulfur specifications of gas oil of 10 ppm, which because of 

their low reactivity pose the greatest difficulty.  Previous studies have shown that HDS of 

unsubstituted DBT proceeds mainly through the DDS pathway whereas alkyl substituted 

DBTs are converted mainly via the HYD route.  The introduction of alkyl substituents in 

the 4 and/or 6 positions leads to a diminution in the rate of the DDS pathway while that 

of the HYD pathway is relatively unaffected [24,46-48].  As a result, the HYD pathway 

for the HDS of sterically hindered sulfur compounds is dominant, and catalysts with good 

hydrogenation activity are the most promising.   

The problem of sulfur removal is closely related to nitrogen removal because 

nitrogen compounds are strong inhibitors of HDS, especially at the high levels of 
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conversion required for deep HDS.  The removal of nitrogen compounds from petroleum 

crudes occurs simultaneously with other catalytic hydrotreating processes.  The nitrogen 

compounds present in petroleum are generally one of two types: heterocycles and 

nonheterocycles.  The latter compounds are comprised of anilines, nitriles and aliphatic 

amines that denitrogenate rapidly [49,50].  Nitrogen heterocylces are composed of single- 

or multi-ring compounds containing a six-membered pyridinic ring (basic nitrogen 

compounds) or a five-membered pyrrolic ring (nonbasic).  The nitrogen content in 

petroleum crudes is generally 5 to 20 times lower than the sulfur content.  However, 

compared to sulfur heterocycles, nitrogen heterocycles are more difficult to hydroprocess 

and generally require higher temperatures, higher hydrogen pressures and lower space 

velocities [51].  However, if not removed, basic nitrogen compounds greatly inhibit HDS 

because of competitive adsorption on catalytic sites [52].  Thus, the ability to carry out 

efficient HDN is key to deep HDS as the reaction rate of sulfur removal is markedly 

affected by small amounts of basic nitrogen compounds in the range 0 – 50 ppm [53-55].  

Several studies of the inhibiting effects of nitrogen compounds on the HDS of refractory 

sulfur compounds have shown that basic nitrogen heterocycles in particular inhibit the 

rate of HDS.  The inhibition is most pronounced for the HYD pathway because of strong 

adsorption on hydrogenation sites [48,56].  Under conditions of deep HDS the amount of 

nitrogen compounds becomes dominant or comparable to refractory sulfur compounds 

and strongly competes in the heteroatom removal process.  As a result, minimizing the 

inhibiting effect by efficient removal of nitrogen is vital to achieve low levels of sulfur. 

Considerable research in the past three years has concentrated on finding more 

active sulfide catalysts to overcome present limitations.  As summarized below, the 
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approaches taken have consisted in optimizing sulfide compositions, using new supports, 

exploring novel compounds, and improving processes (Table 1.1).   

 

Table 1.1.  Summary of recent advances in hydroprocessing with sulfides 

Improvement of existing sulfides 
Review: Improving dispersion and morphology + Chiannelli et al. [57] 

Sonochemical and CVD methods for high dispersion + Moon [58,59], Okamoto [60,61], 
Ramos [62] 

Ultrasonic spray pyrolysis for high dispersion + Suslick [63] 
Microwave method for high dispersion + Liu et al. [64,65,66] 

Dispersing agents + 
Yoshimura [67], Okamoto[68], 
Escobar [69], Costa [70], Lélias 
[71], Rana [72,73] 

Activation agents + Perot [74], Frizi [75] 

Use of non-traditional elements + 
Fierro [76,77], Hubaut [78], Vít 
[79], Escalona [80], De Los Reyes 
[81], Giraldo [82], Centeno [83] 

New precursors with Mo-S bonds + Ishihara [84], Ho [85], Bensch 
[86,87], Cruz-Reyes [88] 

Urea-matrix combustion method + Green [89,90,91,92] 

Use of unsupported trimetallic compositions + Fuentes [93], Alonso [94], 
Huirache-Acuña [95,96], Nava [97] 

Alternative or improved supports for sulfides 

Improvement of Al2O3 with Ti, and Ga + Segawa [98,99], Ramirez [100,101], 
Vrinat [102,103], Zhao [104] 

Improvement of Al2O3 with B + Okamoto [105,106,107], Shimada 
[108], Centeno [109] 

Improvement of Al2O3 with B and P + Ferdous [110] 

F- or PO4
3- bind to Al3+ ions and reduce interactions - Prins [111], Maity [112], Ding 

[113], Moon [114] 

Basic additives (K, Li) are beneficial + Diehl [115], Fan [116], Mizutani 
[117] 

Composite supports (SiO2-Al2O3) + van der Meer [118], Mochida [119], 
Kunisada [120], Ancheyta [121] 

Composite supports (TiO2-SiO2, ZrO2-Al2O3) + Zhou, Zhang [122], Li [123] 
Pure TiO2 supports for FeMo catalysts + Kraleva [124] 
Hydroxyapatite modified by Zr and/or Al + Travert [125,126,127] 
Carbon nanotubes, mesoporous clays o Chen [128], Chuan [129], Dalai 
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[130], Shang [131], Song [132,133] 

Mesoporous supports (MCM-41, SBA-15, Ti-HMS) + 
[134], [135], [136], [137], [138], 
[139], [140], [141], [142], [143], 
[144], [145], [146], [147], [148] 

Theoretical studies 

Thiophene HDS mechanism o Ma [149], Yao [150], Paul [151], 
Topsøe [152,153], Nørskov [154], 

Coordinatively unsaturated sites o Dumeignil [155], Paul [151], Aray 
[156], Wu [157] 

General correlations of activity and electronic properties o 
Oviedo-Roa [158], Orita [159], 
Raybaud [160,161], Borges Jr. 
[162] 

Support and surface structure, organonitrogen, H2 
adsorption  o Nelson [163-170] 

+ Positive effect   - Negative effect   o Neutral or not applicable 

 

A recent perspective on the improvement of sulfides has been given by Leliveld 

and Eijsbouts [171].  The commentary enumerates the economic, technical and 

environmental motivations for hydroprocessing catalyst development.  Improvements of 

conventional metal sulfide catalysts and the discovery of novel materials and supports are 

needed to meet the increasing demand for energy.  Enhancement of catalyst activity and 

stability is required to increase refinery throughput and to upgrade low value feedstocks 

to high value fuels.  In addition, broad applicability of hydrotreating catalysts is desired 

to treat a wide range of feedstocks, as crudes are becoming more viscous and higher in 

sulfur, nitrogen and heavy metals contents.  These improvements must result in a refinery 

end-product that meets the mandates of environmental legislation and the shift in the 

automotive industry to high efficiency, low emission engines requiring fuels with low 

levels of sulfur and aromatics.  Achievement of these demands will require catalysts with 

higher volumetric activity for HDS, HDN and aromatics saturation with minimal 

hydrogen consumption.  In order to treat a wide range of petroleum crudes, various 
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combinations of the staging of HDS and HDN catalysts must be developed to tailor the 

hydrotreating process to the characteristics of the feed.  In addition, the ability to upgrade 

unconventional crudes extracted from tarsands and shale will require the development of 

stable, effective guard and demetallization catalysts for processing of heavier crudes. 

 

1.3. Novel Catalytic Materials and Alternative Sulfur Removal Processes 

 

Table 1.2.  Summary of process improvements, new processes and catalyst 

developments 

Industrial process and catalyst improvements 
Review:  Recent developments in industry o Babich and Moulijn [30] 

 
Inhibition of deep HDS by H2S and NH3 

 
- 

[172],[173],[174], Vrinat [175], 
Farag [176], Nørskov [177], Rana 
[178,179], Perot [180], Song [181], 
Zeuthen [182], Ho [183] 

Removal of H2S and NH3 from intermediate stages  + Adjaye [184], Nava [185], Mochida 
[186,187] 

 
Biodesulfurization (BDS) 

 
+ 

Liu [188], Towfighi [189], Kong 
[190], Xu [191], Huizhou [192], 
Mohebali [193], Bassi [194], Li 
[195,196] 

 
Oxidative desulfurization (ODS) 

 
+ 

Wang [197], Song [198], 
Sampanthar [199], Corma [200], Lu 
[201], Green [202], Collins [203], 
García-Gutiérrez [204,205]      

Ultrasound-assisted oxidative desulfurization (UAOD) + Doraiswamy [206], Yen 
[207,208,209], Zhao [210],    

Nontraditional catalytic materials (carbides and nitrides) 
 
Carbides, nitrides 

 
o 

Rodriguez[211,212], Bussell [213], 
Djéga-Mariadassou [214,215], Al-
Megren [216], Zhang [217] 

Carbides, nitrides o 
Djega-Mariadassou [218], 
Nelson[219], Nagai [220,221], Dalai 
[222] 

Review:  Carbides and nitrides for hydroprocessing o Furimsky [223] 
+ Positive effect   - Negative effect   o Neutral or not applicable 
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Several alternative processes for the removal of sulfur from petroleum crudes 

have been developed or are being developed.  An insightful review of novel sulfur 

removal processes was recently given by Ito and van Veen [224].  For refractory 

molecules, the oxidative removal of sulfur from diesel by biodesulfurization, oxidative 

desulfurization and ultrasound-assisted oxidative desulfurization has been covered 

extensively in the literature (Table 1.2).  Instead of reducing sulfur compounds to form 

H2S, these methods oxidize the sulfur species to their corresponding sulfoxides (1-oxides) 

and sulfones (1,1-dioxides).  Refractory sulfur compounds such as DBT and 4,6-DMDBT 

are only slightly more polar than hydrocarbons of similar structure.  However, sulfoxides 

and sulfones are substantially more polar, thus permitting their selective removal by 

following the selective oxidation step with solvent extraction or solid adsorption.  The 

development of oxidation methods for sulfur removal is aimed at providing efficient, cost 

effective, environmentally benign processes alternative to conventional hydroprocessing.  

One option for the removal of sulfur is biocatalytic desulfurization, or 

biodesulfurization (BDS).  Microorganisms require sulfur for growth and several bacteria 

can utilize the sulfur in thiophenic compounds and thus reduce the sulfur content in 

petroleum.  BDS generally operates under ambient conditions of temperature and 

pressure and proceeds mainly through two biological pathways.  These pathways include 

partial or complete degradation of the molecule with C-C bond cleavages or a sulfur-

specific cleavage of only C-S bonds.  The more selective sulfur-specific pathway is 

preferable to retain the value of fuels.  Scheme 1.2 illustrates the simplified sulfur-

specific enzymatic pathway for the BDS of DBT in the presence of oxygen and water to 

yield 2-hydroxybiphenyl as non-degradable end-product.  Although many bacteria can 
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utilize sulfur through the sulfur-specific pathway, the stability and life-time of the 

biocatalysts are two major concerns.  In addition, cooling of the petroleum feedstock to 

ambient temperature and subsequent removal of the biocatalyst from the treated feed is 

costly.  Implementation of BDS as an industrial process would require microorganisms 

with higher sulfur removal activity, hydrocarbon phase tolerance, removal ability at high 

temperatures and longer stability [194]. 

 

S

O
S

O

O2

Enzyme 1

H2O Enzyme 2

OH

O
-

S
O

O

OH

DBT DBT sulfone

Hydroxybiphenyl sulfonate2-hydroxybiphenyl

- SO4
2-

Enzyme 3
desulfinase

 

Scheme 1.2.  Simplified sulfur-specific BDS of DBT  

 

 The most promising alternative method for achieving deep HDS is sulfur removal 

via oxidative desulfurization (ODS).  Analogous to BDS, the divalent sulfur atoms of 

thiophenic molecules are oxidized by the electrophilic addition of oxygen atoms to yield 

sulfones.  The sulfones are subsequently removed in a second step by solid adsorption, 

selective extraction or distillation.  Various studies on ODS have employed K2FeO4 

[197], molecular oxygen [198], air [199], organic hydroperoxides [200], aqueous H2O2 

[201-205] and many other reagents as oxidizers.  However, oxidation of sulfur 
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compounds in the absence of catalysts is slow and several studies have utilized phase-

transfer catalysts [197], metal salts [198,202], supported metal catalysts [199,204,205], 

metal-containing molecular sieves [200], activated carbon [201], metal-ligand activators 

[203], etc. to accelerate or facilitate the oxidation.  Scheme 1.3 shows the simplified ODS 

scheme for DBT to DBT sulfone through the intermediate DBT sulfoxide.  The ODS 

method offers several advantages over conventional hydroprocessing.  The oxidation 

reactions can be carried out under mild conditions of temperature and pressure and do not 

require the expenditure of valuable hydrogen.  However, the ODS process requires large 

amounts of oxidizing agent, separation and recovery of the catalysts, and low selectivity 

and activity towards the sulfur compounds.  Both BDS and ODS require long reaction 

times and the second separation step in the processes leads to expensive waste 

management issues and oil yield losses of 10-20 % [225].   

 

S

O
S

O

oxidation

O

S

oxidation

- SO2

Δ

DBT DBT sulfoxide

DBT sulfoneBiphenyl  

Scheme 1.3.  Simplified network for ODS of DBT  
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 Future employment of ODS processes will be dependent on the sulfur removal 

efficiency and capital investment required for implementation.  The use of aqueous H2O2 

– solid catalyst ODS is a low cost and environmentally benign option.  However, such 

processes are typically impractical, requiring long reaction times and generally result in 

poor sulfur removal efficiency and excessive decomposition of the oxidant.  In such 

biphasic oil-water systems, introduction of phase-transfer catalysts and ultrasonication in 

conjunction with ODS can be used to greatly increase the overall sulfur removal 

efficiency [206].  Ultrasound has a mechanical effect on the reaction system by 

promoting rapid mixing, accelerating dissolution and renewing the surface of the solid 

catalyst.  Several studies have shown improvement in the ODS process upon ultrasound 

irradiation including + 99 % sulfur removal efficiency in shorter reaction times 

[207,209], complete recovery of solid catalysts [208] and minimal decomposition of 

H2O2 [207].  Although oxidative desulfurization processes are viable alternatives they 

require capital investment for new unit operations.  As a result, discovery of novel 

catalysts and implementation into existing hydrotreating reactors is the most promising 

option for achieving deep HDS. 

 

1.4. Goals 

 
 The primary goals of this research are to characterize highly active Ni2P catalysts, 

evaluate their activities in HDS and HDN reactions and elucidate the mechanisms of 

HDS and HDN on their surfaces.  In order to achieve these goals the following tasks have 

been carried out:  

• Synthesis of Ni2P on siliceous supports with different surface area 
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• Characterization of supported Ni2P catalysts with CO chemisorption, BET surface 

area measurments and temperature-programmed reduction 

• X-ray diffraction measurements to identify the structure of Ni2P catalysts 

• FTIR measurments to investigate the acidic properties of Ni2P catalysts with 

pyridine as a probe molecule 

• Transient kinetic measurements of pyridine HDN with in situ FTIR to determine 

the kinetic role of adsorbed surface intermediates 

• Steady state kinetic measurments of pyridine HDN 

• In situ FTIR measurements with thiophene as a probe molecule for supported 

Ni2P to elucidate the bonding mode of thiophene on active centers 

• In situ XANES measurements of thiophene adsorption and reaction on supported 

Ni2P 

• Transient kinetic measurements of thiophene HDS with in situ XANES to 

determine the kinetic role of adsorbed sulfur species 

 

1.5. Dissertation Overview 

  

 Chapter 1 describes the importance and challenges of HDS and HDN, 

hydroprocessing background, objectives and dissertation overview. 

 

 Chapter 2 provides a review of the physical and catalytic properties of transition 

metal phosphides in hydrotreating reactions, the kinetic and mechanistic pathways in 

HDS and HDN and further motivation and background for this research. 
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 Chapter 3 presents a novel kinetic method for elucidating the kinetic role of 

adsorbed surface intermediates in HDN.  Combined transient and steady-state kinetic 

measurements are used to probe a pyridinium intermediate in the HDN of pyridine.  In 

situ FTIR is used to monitor the transient behavior of the intermediate and measure the 

rate of reaction under non-steady-state conditions.  Steady-state rate measurements are 

then used to compare the rates measurements. 

 

 Chapter 4 presents a study on thiophene HDS over Ni2P supported on a high 

surface area siliceous support, MCM-41.  The adsorption and reaction of thiophene is 

characterized by in situ FTIR and XANES analysis to determine the mode of adsorption. 

The catalytic activity of thiophene HDS over the supported Ni2P catalyst is also 

investigated and a reaction scheme is proposed.   

            

 Chapter 5 presents the conclusion of this research. 
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Chapter 2 

Transition Metal Phosphides 

 

2.1. General Properties  

 

Phosphorus reacts with most elements of the periodic table to form a diverse class of 

compounds known as phosphides.  The bonding in these materials ranges from ionic for the 

alkali and alkaline earth metals, metallic or covalent for the transition elements, and covalent for 

the main group elements.  The focus of this review concerns the metal-rich compounds, MP or 

M2P, of the transition metals, which have metallic properties.  The phosphorus-rich compositions 

are semiconducting and are considerably less stable than the metal-rich compounds.   

 The nature, structure and synthesis of phosphides have been described in a number of 

reviews [1,2,3].  Basically, the metal-rich phosphides have physical properties similar to those of 

ordinary metallic compounds like the carbides, nitrides, borides and silicides.  They combine the 

properties of metals and ceramics, and thus are good conductors of heat and electricity, are hard 

and strong, and have high thermal and chemical stability (Table 2.1) [4]. 
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Table 2.1. Physical properties of metal-rich phosphides 

 

Ceramic Properties Metallic Properties 

Melting point 

K 
1100 – 1800 

Electrical resistivity 

μΩ cm 
900 – 25,000 

Microhardness 

kg/mm-2 
600 – 1100 

Magnetic 

susceptibility 

106 emu/mol 

110 – 620 

-Heat of formation 

kJ mol-1 
30 – 180 

Heat capacity 

J/mol K 
20 – 50 

 
 

 

Although the physical and chemical properties of phosphides resemble those of carbides 

and nitrides, they differ substantially in their crystal structure.  In the carbides and nitrides, the 

carbon and nitrogen atoms reside in the interstitial spaces between metal host atoms to form 

relatively simple lattices.  For the phosphides, however, the atomic radius of phosphorus (0.109 

nm) is substantially larger than that of carbon (0.071 nm) or nitrogen (0.065 nm) and P does not 

fit into the ordinary octahedral holes formed by closed-packed metal atoms.  For this reason in 

phosphides (also borides, sulfides, and silicides) the metal atoms form triangular prisms (Figure 

2.1) where the metal atoms (dark atoms) surround the nonmetal atom (light atoms) [1].  For 

metal-rich compositions the number of nearest-neighbors increases to form a 9-fold 

tetrakaidecahedral (TKD) coordination with additional metal atoms placed near the centers of the 

vertical faces of the prism (Figure 2.1). 
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Figure 2.1. Triangular prism and tetrakaidecahedral structures in phosphides 

 

Different arrangements of these building blocks give rise to different structures.  A 

summary is given in Figure 2.2 [5]. 
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 Figure 2.2. Crystal structures of metal rich phosphides 

 

 
The monophosphide MoP is isostructural with WC, with the nonmetal-containing prisms 

stacked on top of each other.  The monophosphide VP has the Ni-As structure with the P-prisms 

displaced laterally one-half a lattice spacing.  The monophosphides NbP and TaP adopt the 

closely related NbAs structure, which just differs from VP in the way the prisms are stacked.  

The monophosphides of groups 6-10 adopt the MnP and NiP structures which have distorted 

NiAs structures where the phosphorus atoms form chains (MnP) or pairs (NiP). Importantly, the 

phosphides, unlike the sulfides, do not form layered structures, and so potentially permit greater 

access to active corner and edge sites on the crystallite surfaces.  The globular morphology of 
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MoP [6] and Ni2P [7] has been nicely demonstrated by electron microscopy by the group of 

Bussell.  Phosphides are different from phosphorus-promoted sulfide catalysts, as reviewed by 

Iwamoto and Grimblot [8]. 

 

2.2 Catalytic Properties in Hydrotreating 

 

The first catalytic studies of phosphides were by the group of Nozaki [9,10] in the 70’s 

and 80’s which examined their hydrogenation properties.  This was followed 15 years later by a 

report on HDN by Robinson, et al. [11], but the supported materials in that study are likely to 

have been sulfides. Transition metal phosphides have also been applied to hydrodehalogenation 

reactions by Chen, et al. [12,13,14].   A first study on simultaneous HDS and HDN showed that 

MoP could be easily synthesized by temperature-programmed reduction (TPR) of a metal 

phosphate precursor [15], and this has been confirmed for other transition metal phosphides by 

the groups of Prins [16,17], Bussell [6,7,18,19,20], and Li [21,22,23].  The synthesis method is 

simple, and requires only moderate temperatures (773-873 K) and uses inexpensive precursors, 

compared to direct phosphidation with PH3 [24,25].  Several recent studies have investigated 

novel synthesis methods for unsupported and supported transition metal phosphides. These 

include metal thiophosphates [26] and amorphous alloys [27] as precursors, citric acid modified 

precursors [28,29], polymer surfactant assisted synthesis [30], solvothermal synthesis methods 

[31,32], solution-phase arrested precipitation [33] and novel reducing agents [34].  These 

methods were aimed at producing monodispersed, high surface area unsupported phosphides and 

improving the dispersion of supported phosphides.      
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In previous work it has been shown that MoP, and WP have moderate activity and Ni2P 

has excellent activity in hydroprocessing [35,36,37].  The overall activity was found to be in the 

order: Fe2P < CoP < MoP < WP <  Ni2P in the simultaneous HDS of dibenzothiophene (3000 

ppm S) and HDN of quinoline (2000 ppm N) at 643 K and 3.1 MPa, with the comparison based 

on equal sites (240 μmol CO/O2 for phosphides/sulfides) loaded in the reactor [35,38].  

Subsequent studies employed advanced techniques such as extended X-ray absorption fine 

structure (EXAFS) [39], x-ray absorption near-edge spectroscopy (XANES) [40] and nuclear 

magnetic resonance (NMR) [41] to characterize the catalysts.  Tests were also carried out with a 

real feed that confirmed their high activity [42].   

Early work on supported Ni2P catalysts had utilized a low surface area silica (90 m2g-1).  

The use of high surface area silicas provided an opportunity to investigate the effect of particle 

size, and interesting results were obtained [43].  Samples of low, medium, and high surface area 

were denoted as L, M, and H, and x-ray diffraction (XRD) line-broadening and chemisorption 

analysis duly showed that crystallite size (Dc) decreased with support area (Table 2.2). 

 

Table 2.2.  Characteristics of 12 wt% Ni2P/SiO2 catalysts 

Sample Ni2P/SiO2-L Ni2P/SiO2-M Ni2P/SiO2-H 

Support area / m2g-1 102 201 333 

CO uptakea / μmol g-1 59 99 125 

CO uptakeb / μmol g-1 40 72 103 

Dc / nm 10.1 7.8 6.5 

                  a Before reaction   b After reaction 
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Hydrotreating activities of the samples were obtained in a three-phase, packed-bed 

reactor operated at realistic conditions of 3.1 MPa and 573-643 K with a model feed liquid. 

Figure 2.3 illustrates the time course of HDS activities for the various Ni2P/SiO2 catalysts.  The 

initial 4,6-DMDBT conversions were uniformly high for all the samples but they declined 

greatly for the Ni2P/SiO2-L, slightly for the Ni2P/SiO2-M, and actually grew for the Ni2P/SiO2-H.  

The H catalyst gave a high conversion (99+%) even after 100 h of reaction, the M catalyst gave 

an intermediate conversion (94%), and the L catalyst gave the lowest conversion (76%).  The 

feed had 500 ppm S as 4,6-DMDBT, 3000 ppm S as dimethyl disulfide, 200 ppm N as quinoline, 

1 wt% tetralin, 0.5 wt% n-octane (internal standard), and n-tridecane (solvent).  The high activity 

of the high surface area Ni2P catalysts at these conditions indicates that they are effective even in 

the presence of nitrogen compounds and aromatics, which are usually inhibiting of HDS in 

sulfides. 

 

 

 

 

 

 

 

 

 

 

 



 
 

39

  

 

 

 

 

 

 

 

 

 

Figure 2.3.  HDS activity vs. time at 613 K and 3.1 MPa 

(Based on 240 μmol of CO sites loaded in reactor) 

 

The samples were characterized by extended x-ray absorption fine structure spectroscopy 

(EXAFS).  Figure 2.4 A shows the Fourier-transfomed Ni K-edge EXAFS spectra of the fresh 

silica-supported phosphide samples and Figure 2.4 B shows the spectra of reference standards.  

The bulk Ni2P sample has two main peaks at 0.18 nm and 0.23 nm which correspond to Ni-P and 

Ni-Ni distances (Figure 2.4 B a)).  The catalysts all display two distinct peaks at distances close 

to those of the Ni2P standard, indicating that the predominant phase in these catalysts is Ni2P, 

confirming XRD results.  There is no indication of the presence of Ni metal (Fig. 2.4 B b)), Ni 

oxide (Fig. 2.4 B c)) or Ni sulfide (Fig. 2.4 B d)). 
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Figure 2.4.  EXAFS spectra of fresh samples 

(Room temp., controlled atmosphere cells) 

 

Elemental analysis shows that the high surface catalyst (H) retains more phosphorus than 

the medium (M) or low area (L) catalysts (Ni/P ratio = 1/0.81 vs 1/0.62 and 1/0.48).  This is 

confirmed by line-shape analysis which show Ni-P coordination (average number of bonds) to be 

in the order H > M > L.  The smaller crystallites appear to have stronger Ni-P bonding allowing 

them to retain more phosphorus, and this accounts for their stability and activity. This is also 

seen in the lower loss of chemisorption sites during the course of hydrotreating (Table 2.2).   
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The finding that smaller Ni2P crystallites have higher activity and stability than larger 

crystallites is significant, as it suggests using low loadings for making better catalysts.  These 

results were confirmed by Montesinos-Castellanos, et al. in the HDS of DBT at 553 K and 3.4 

MPa over MoP/Al2O3 prepared with different Mo loadings.  Phosphides prepared with lower 

metal loading exhibited higher HDS activity whereas higher loadings resulted in sintering of 

MoP particles during reduction and lower activities [44].  Lower loadings are beneficial for 

practical cost reasons.  The EXAFS results indicate that the origin of the reactivity difference 

resides in the electronic structure, as is found in many metallic systems [45,46,47].  This is 

reflected in the different Ni-P bond strengths and also the different selectivity for products 

obtained from 4,6-DMDBT (hydrogenation versus direct desulfurization).   

Considerable work has been done to understand the state of the working Ni2P-H catalyst.  

This was done by extensive analysis of the catalyst after reaction [48,49,50] and during reaction 

[51,52].  The results of EXAFS analysis of spent Ni2P/SiO2 samples of different loading [48] are 

shown in Figure 2.5. 
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Figure 2.5.  EXAFS spectra of spent samples       

(Room temp., controlled atmosphere cells) 

 

The Fourier transforms of the spent samples (Figure 2.5 a-c) show roughly the two peak 

pattern of the fresh samples except that the peaks are broadened and the Ni-Ni distances are less 

intense, indicating the presence of a new phase.  The results were compared with some reference 

compounds (Figure 2.5 d-h) to identify the phase.  The decrease in the intensity of the Ni-Ni 

peak was accompanied by a shift to lower distance, while the Ni-P peak itself remained strong.  
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The spectral changes were due to development of intensity in the Ni-S distance region.  Even 

though no distinct Ni-S peak is seen, a feature in that region would give rise to the broad signal 

actually observed.  Figure 2.5 a-c) shows a fit to three Lorentzian line shapes.  The middle peak 

of each triad fits the position of the Ni-S distance in the sulfide reference compounds (Figure 2.5 

g,h).  The spectra of phosphorus deficient compounds like Ni12P5 do not fit the observed pattern 

[48].    

Thus, the EXAFS data strongly suggest that in the catalysts some Ni-Ni bonds are 

disrupted to form Ni-S linkages.  However, the surface is not a pure sulfide, as the reactivity of 

nickel sulfide is known to be poor [53].  It was deduced that the active phase was a phospho-

sulfide in the outer region of a Ni2P crystallite core.  This work was the first to suggest the nature 

of the active phosphide catalyst.  Recent calculations by the group of Nelson [54] confirm the 

stability of the phosphosulfide overlayer. 

 Although the post-reaction analysis of the samples gave valuable information about the 

catalyst, in situ studies were undertaken by Asakura and coworkers to investigate its working 

state [51,52].  EXAFS has been applied to the investigation of hydrotreating catalysts, but little 

work has been previously done on structural analysis in the liquid-phase, especially at elevated 

temperature and pressure [55].  This is because of the strong absorption of x-rays by liquids, and 

because of the severe stresses on the window material at realistic reaction conditions.  Yet, the 

use of liquid-phase conditions for HDS is important, as it is well known that gas-phase 

conditions do not reproduce the results that are obtained with liquids [56,57].   

A key development for the work was the construction of a low-volume cell with flat 

windows transparent to x-rays that were chemically, structurally, and thermally stable (Figure 

2.6) [51,52].  Previous cells could not handle both high temperatures (> 600 K) and pressures (> 
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20 bar) for liquids [58,59,60].  The window was made of cubic boron nitride, an x-ray 

transparent material superior to beryllium or diamond, because it does not oxidize at high 

temperatures, and does not give x-ray diffraction peaks.   

 

 

 

 

 

 

 

Figure 2.6.  a) In situ EXAFS cell (lengths in mm)     b) EXAFS data at reaction conditions 

(613 K, 3 MPa, 3% DBT in tetradecane) 

 

 A measurement at reaction conditions of 12 wt% Ni2P/SiO2-H was carried out, and after 

subtraction of the Ni2P contribution a single oscillation was isolated (Figure 2.6 b, dotted line).  

Curve fitting simulations assuming different bonds such as Ni-P, Ni-S, Ni-C, and Ni-Ni were 

carried out, and the calculated curve for a Ni-S bond gave a good fit as shown by the dotted 

curve.  The calculated distance of 0.228 ± 0.004 nm is longer than the Ni-P bond of 0.221-224 

nm found in phosphides like Ni2P, NiP, Ni8P3, NiP2 [61,62], but is in the range of 0.225-0.240 

nm found in Ni-S bonds in sulfides like NiS [63], NiS2 [64], and Ni3S2  [65].   Therefore, the 

newly found bond corresponds to a Ni-S bond, which is formed during the reaction, and is 

consistent with the earlier suggested surface phosphosulfide.   
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 Aside from the silica supported catalysts, various other supports were tested for the 

phosphides, including carbon [66,67], alumina [50,68], MCM-41 [69,70,71], SBA-15 [72,73], 

and USY zeolites [74].  It was found that carbon, MCM-41, SBA-15 and USY zeolites were 

particularly effective supports.   

 

2.3. Kinetic Pathways in HDS and Mechanism in HDN 

 

For deep HDS, new catalysts with higher hydrogenation activity are required, and to 

evaluate these and to design new deep HDS processes, kinetic data for each reaction pathway of 

4,6-dimethyldibenzothiophene (4,6-DMDBT) HDS are important.  Considerable work was 

carried out to understand the reaction steps involved in the HDS of this compound by Song and 

coworkers [75].  The reaction network for dibenzothiophene (DBT) has been studied extensively 

on sulfides, and an identical network has been suggested for 4,6-DMDBT (Figure 2.7) [76,77].  

Two main pathways are suggested to dominate:  a) a direct desulfurization route (DDS) and b) a 

hydrogenation route (HYD) (Figure 2.3.1).  Evidence for these pathways is discussed in several 

comprehensive articles [78-83].  There is also an isomerization route where the methyl rings 

migrate, but this is likely to operate only with acidic supports [84,85]. 
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Figure 2.7.  Reaction network for 4,6-DMDBT desulfurization 
 

 

The HYD route proceeds through hexahydrodimethyldibenzothiophene (6-H-DMDBT) 

and  forms methylcyclohexyltoluene (MCHT).  The DDS route produces 3,3’-dimethylbiphenyl.  

Interconversion between these products is believed to be slow, and many studies have taken the 

ratio of these products to be the ratio k1/k2 of rate constants for the HYD and DDS routes.   

Further hydrogenation of MCHT leads to the ultimate product dimethylbicyclohexane 

(DMBCH), while the fully hydrogenated 12-hydro-dimethyldibenzothiophene is generally not 

observed.  An accurate determination of the rate constants for the HYD and DDS routes, k1 and 

k2, was obtained by Song and coworkers using batch reactors at low conversions.  The 

concentration data for 4,6-DMDBT fit first-order kinetics and allowed the calculation of k1 + k2 

by equation (1).   
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The ratio of rate constants k1/k2 was obtained by extrapolating the selectivity as defined 

by equation (2) to zero conversion.  The combination of measurements allowed calculation of the 

individual rate constants. 

           
[ ]

[ ]DMBP ofty  SelectiviInitial
HDMDBTs ofty  SelectiviInitial

k
k

2

1 =    (2) 

Comparison was made to two commercial catalysts, CoMoS/Al2O3 (Cr344) and 

NiMoS/Al2O3 (Cr424), obtained from the Criterion Catalyst Co.  The rate constants are reported 

in Table 2.3 on a weight and (active site) basis.   

 

Table 2.3.  Comparison of rate constants for sulfides and phosphides  (573 K and 20.4 atm)  

Rate Constant 

10-5 s-1g·cat-1 or 
(s-1active site-1) 

CoMo sulfide NiMo sulfide Ni2P/USY Ni2P/SiO2 

k1+k2 34.1 (4.0) 83.2 (8.8) 51.5 (15.2) 66.4 (23.7) 

k1/k2 1.2 3.2 5.2 10.1 

k1 18.8 (2.2) 63.3 (6.7) 43.2 (12.7) 60.4 (21.6) 

k2 15.3 (1.8) 19.9 (2.1) 8.3 (2.5) 6.0 (2.1) 

 

 

 

On a weight basis the overall activity, given by k1 + k2, followed the order  

NiMoS/Al2O3 > Ni2P/SiO2 > Ni2P/USY > CoMoS/Al2O3 

However, on the basis of active sites the order was 

Ni2P/SiO2 > Ni2P/USY > NiMoS/Al2O3 > CoMoS/Al2O3 
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The number of active sites was estimated by the chemisorption of CO for the phosphides 

and the low-temperature chemisorption of O2 for the sulfides.  The CO method is reasonable for 

counting the number of surface metal atoms in phosphides [40,68]  The O2 method is similarly 

reasonable for estimating the sites on sulfides [53,86], as it is applied at dry ice/ 

acetone temperatures in a pulse manner, so that corrosive chemisorption is minimized [87].  The 

result that Ni2P has higher activity than the sulfides on a site basis is significant, as in the initial 

stages of catalyst discovery the objective is to find materials with high intrinsic rates.  In 

addition, Ni2P/SiO2 gave a very high k1/k2 ratio, with a value of 10.1, which is much higher than 

the value of 1.2 for CoMo sulfide and 3.2 for NiMo sulfide.  The indications are that Ni2P is very 

effective in the HYD pathway, which is usually slow in the sulfides.  Studies on acetonitrile 

hydrogenation over MoP by Li, et al. [88,89] confirmed the high hydrogenation activity of 

phosphides.  In addition, Montesinos-Castellanos, et al. reported a direct relationship between 

hydrogen adsorption capabilities of Al2O3-supported MoP and their corresponding HDS 

activities [90].  

A study by the Rodriguez and collaborators of the electronic properties of SiO2 supported 

Ni2P, MoP, and MoS2 catalysts using density functional calculations [91] has shown that the 

electron density around the metal followed the order, MoS2/SiO2 < MoP/SiO2 < Ni2P/SiO2, 

which correlated well with the thiophene HDS activities of the catalysts.  It was suggested that 

the higher electron density on the metal cation could enhance HDS activity by facilitating the 

dissociation of H2 and the adsorption of thiophene [91,92].  The presence of P in Ni2P prevents 

the compound from being bulk sulfided and allows it to retain metallic properties for 

hydrogenation. 
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Extensive work has also been done [93-96] to study the mechanism of 

hydrodenitrogenation (HDN).  HDN is more difficult than HDS, and generally, for heterocyclic 

compounds is preceded by the hydrogenation of aromatic nitrogen heterorings, before the 

hydrogenolysis of C-N bonds [97].  Thus the high hydrogenation activity of phosphides is 

beneficial, and actually a key to deep HDS, as nitrogen compounds are inhibitors.   

 

 

 

 

 

 

 

 

 

 

 

Figure 2.8.  In situ FTIR spectra of pyridine on Ni2P and NiMo 

 

The HDN work was carried out using quinoline, pyridine and 2-methylpiperidine as 

probe reactants.  Infrared measurements at reaction conditions showed that pyridine was readily 

hydrogenated on Ni2P/SiO2 but not on NiMoS/Al2O3 [96].   The FTIR spectra in He of pyridine 

adsorbed on the Ni2P/SiO2 (Figure 2.8 a)) and NiMoS/Al2O3 (Figure 2.8 c)) show the same 
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features due to a pyridinium species with bands at 1604-1608 cm-1 assigned to  ν8a (CC(N)), 

1485-1490 cm-1 and 1446-1449 cm-1 due to  ν19b (CC(N)).   

When the flow is switched to H2 the pyridinium signal for the Ni2P/SiO2 (Figure 2.8 b)) 

is converted to piperidinium (1597, 1575, 1472 cm-1) while that on NiMoS/Al2O3 remains 

unchanged (Fig. 2.8 d)).  This confirms the high hydrogenation activity of Ni2P. 

Adsorption of CO was also used to characterize the samples.  The sulfided NiMoS/Al2O3 

showed very weak IR peaks (at 2173 cm-1 and 2117 cm-1) due to physisorbed CO species on 

cationic sites, as found in previous studies [98,99,100].  Only at a very low temperature (140 K) 

did IR bands appear at 2125 cm-1 with low intensity [100], indicating a low electron density on 

the adsorbing metal sites.  In contrast to these samples, the Ni2P/SiO2 gave a distinctive and 

stable IR band at 2083 cm-1.  After sulfidation the peak reappeared at slightly higher frequency 

of 2086 cm-1 with the intensity being slightly diminished. This was previously observed in 

studies in Bussell’s group on Ni2P/SiO2 [18,19] and was attributed to weakening of the Ni-CO 

bond by electron withdrawal by sulfur. This frequency fell in the region between that of Ni+-CO 

and Ni0-CO, indicating the presence of π back-bonding in a metal-like state.  Also, the IR band 

for bridging CO species was not observed, which is understandable as the bond distance given by 

EXAFS between Ni-Ni in Ni2P is not close enough to form bridging CO groups compared to that 

in Ni metal.  Similar results are found for noble metals in a low oxidation state such as Pt and Pd 

which are well known as hydrogenation catalysts, and display stable IR bands at low frequency 

(~ 2010 cm-1) at room temperature [101,102].  The noble metals are, however, severely 

deactivated in a sulfur environment with a loss of active sites [102].   

An in-depth study was made of the HDN mechanism of 2-methylpiperidine.  As shown 

by the group of Prins [103], this is an ideal probe molecule for distinguishing between 
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elimination and substitution pathways.  Piperidine can react by either of two pathways (Figure 

2.9). The E2 elimination pathway (top) results in the formation of a 6-amino-2-hexene, which is 

hydrogenated to 1-aminohexane. The SN2 nucleophilic substitution pathway (bottom) forms 5-

amino-1-hexene, which is hydrogenated to 2-amino-hexane.   

 

 

 

 

 

Figure 2.9.  Reaction network for 2-methylpiperidine HDN 

 

 Results of a flow reactor study at 3.1 MPa and 450-600 K were carried out using a 

Ni2P/SiO2 catalyst [104] (Figure 2.10).  For realistic conditions sulfur (3000 ppm) was included 

in the feed. 

 

Figure 2.10.  Relative concentrations and selectivity in the HDN of 2-methylpiperidine 
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Analysis of the product distribution as a function of contact time showed that the initial 

product was 2-aminohexane, indicating that the reaction proceeded predominantly by an SN2 

substitution mechanism, as was found on sulfides [103].   FTIR spectroscopy at reaction 

conditions of the 2-methylpiperidine indicated that a piperidinium ion intermediate was formed 

[105].  The intermediate was formed on P-OH groups, which showed a clear band at 3668 cm-1.  

The assignment of the P-OH group on the Ni2P/SiO2 had already been addressed in a previous 

study [94], which showed that the P-OH intensity fell or rose as the piperidine was adsorbed or 

desorbed.  The following reaction sequence (Figure 2.11) accounts for the major observations on 

the reaction, i.e. the occurrence of an SN2 step and the involvement of a piperidinium ion 

intermediate.   

 

 

 

 

 

 

 

 

 

 

Figure 2.11.  Scheme for the HDN of 2-methylpiperidine 
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At the top left is a depiction of the Ni2P surface.  It shows hydroxyl groups associated 

with phosphorus as shown by FTIR [94], and the coverage of part of the nickel sites with sulfur 

as shown by EXAFS [48-52] and calculations [54].  A 2-methylpiperidine molecule interacts 

with this surface to form an adsorbed piperidinium ion, also observed by FTIR.  The lone pairs 

on a suitably positioned sulfur atom carry out a nucleophilic attack on the open side of the ring.  

This is in agreement with the finding that HDN proceeds by a substitution mechanism.  

Subsequent steps involve facile C-S bond breaking reactions.   

Kinetics indicate that the nucleophilic attack is the likely rate-determining step, and is 

supported by the observation of the piperidinium ion, as its high concentration is consistent with 

its participation in a slow reaction.  The C-S bond in the resulting amine intermediate is weak 

and the species can react rapidly in a variety of ways, including elimination, as shown.   

 

2.4 Bimetallic Systems 

 

As was mentioned earlier, Ni2P has been found to be the most active among the mono-

metallic phosphides.  Because of the well known synergism of Co and Ni with Mo in sulfide 

catalysts, some researchers have investigated mixed metal phosphides like NiMoP and CoMoP 

[22,106-110].  The surprising finding is that these compositions are poorly active.  However, 

little explanation has been offered, aside from suggestions of alteration of the chemical nature, or 

interactions with the support.  Insight into this unexpected result can be obtained from examining 

the structure of Ni2P itself (Figure 2.12), as NiMoP has the same structure. 
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The structure of Ni2P is hexagonal [111] with space group: m26P , 2
h3D , strucktur-bericht 

notation: revised C22, and lattice parameters, a = b = 0.5859 nm, c = 0.3382 nm.  The unit cell 

has two types of Ni and P sites (denoted as Ni(1), Ni(2) and P(1), P(2)), which form two 

different trigonal prisms.   

 

 

 

 

 

 

Figure 2.12.  Structure of Ni2P showing P (left) and Ni (right) coordination 

 

Although there are equal numbers of Ni(1) and Ni(2) atoms in the unit cell, they have 

different surroundings.  The Ni(1) site has 4 nearest-neighbor P atoms in a near-tetrahedral 

geometry (2 at 0.2209 nm, 2 at 0.2266 nm) and 8 more distant Ni neighbors (2 at 0.2613 nm, 2 at 

0.2605 nm, and 4 at 0.26783 nm).  The Ni(2) site has 5 nearest-neighbor P atoms in a square 

pyramidal arrangement (1 at 0.2369 nm, 4 at 0.2457 nm) and 6 more distant Ni neighbors (2 at 

0.2605 nm, 4 at 0.2678 nm).   

An EXAFS study indicates that these two Ni sites can be distinguished by line-shape 

analysis [112].  Expanding on the previous work on Ni2P/SiO2-L and Ni2P/SiO2-H [43] as 

discussed earlier, a Ni2P sample supported on a silicious MCM-41 support was characterized and 

its activity was compared to that of the previous samples.  The coordination numbers for the first 

type of Ni (1) are approximately constant, while for the second type of Ni (2) increase as the 
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surface area of the support increases.  This shows that Ni(2) is more prevalent in the smaller 

crystallites.   

The feed employed was more severe than that used earlier (Figure 2.3) and contained 500 

ppm (0.05%) S as 4,6-DMDBT, 6000 ppm (0.6%) S as DMDS, 500 ppm (0.05%) N as 

quinoline, 1% tetralin, and balance tridecane. The conversion at steady-state at 340 oC was 95% 

for Ni2P/MCM-41, 82% for Ni2P/SiO2–H, and 62% for Ni2P/SiO2–L (Table 2.4).  The catalytic 

activity of the supported samples was largest for the highest surface area samples:  

  

Ni2P/MCM-41 > Ni2P/SiO2–H > Ni2P/SiO2–L 

 

  This order follows the number of Ni(2) sites, as deduced from the increasing 

coordination of Ni-P(2) sites (Table 2.4).  Overall, the changes in coordination numbers suggest 

that the number of Ni(2) sites is increasing as the crystallite size goes down.  This is because 

coordination numbers are a measure of the number of bonds.  The higher coordination numbers 

for the Ni-P(2) bonds  present a picture of crystallites that have more of these groups as they 

become smaller, but as the crystallite maintains the bulk Ni2P structure, this could only arise if 

the Ni-P(2) bonds are at the surface.  Thus, the bulk is terminated with the square pyramidal sites 

in small crystallites.  The square pyramidal sites by definition (five fold coordination vs. 

tetrahedral) have more P, so the P/Ni ratio increases as crystallite size goes down. The 

conclusion is that the square pyramidal Ni(2) sites are responsible for the high HDS activity, and 

constitute the active site.   
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 Table 2.4.  Correlation between active sites and catalytic performance 

 

Samples  
Surface area  

m
2
g

-1 
 

D
c 
 

nm  
Ni-P (1)  Ni-P (2) 

Conv. at  

613 K  

Sel. 

HYD 

Sel. 

DDS 

  Ni
2
P (bulk)  -  -  2.0  1.75  -  - - 

Ni
2
P/SiO

2
-L  102  10.1  1.99  2.57  62  34 66 

Ni
2
P/SiO

2
-H  333  6.5  1.98  3.19  82  50 50 

Ni
2
P/MCM-41  487  3.8  1.99  3.48  95  65 35 
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Returning to the poor activity of NiMoP, it happens that in NiMoP the Mo sites 

substitute in the Ni(2) sites [113], and this readily accounts for the reduction of activity in 

this compound.  The structure of CoMoP is different [114], but since both CoP and MoP 

have relatively poor activity, the lack of exceptional activity in CoMoP can be 

rationalized.   That particular sites will have enhanced activity is not surprising.  

Rodriguez and coworkers have examined the role of P sites in single crystal Ni2P(001) 

surfaces and found that they enhance the activity of Ni through a ligand effect [115], and 

the group of Nelson has identified a stable Ni3PS site [54].   

 

2.5. Conclusions 

 

The synopsis presented above described the properties of transition metal 

phosphides and presented detailed studies of the most active of the catalysts, Ni2P.  The 

coverage included structural analysis of the active phase during reaction, and mechanistic 

studies which provide a detailed picture of the properties of nickel phosphide catalysts.   

It was shown that highly dispersed Ni2P is particularly active for HDS and resistant to S 

and N-compounds.  It was suggested that a stronger interaction between Ni and P in small 

particles could enhance the sulfur resistance.  Also, the activation of N-compounds is 

probably related to the acidic properties of the Ni2P, which provides sites for the 

formation of the protonated N-compounds as intermediate species in HDN.  These results 

therefore imply that the remarkable activity of the supported Ni2P catalyst has its origin 

in the proximity of the Ni and P species which is responsible for the creation of proximal 

sites of high activity in hydrogenation and the activation of N-and S-compounds. 
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Chapter 3 

Kinetic Method for Studying Reactive Surface Intermediates:  

The Hydrodenitrogenation of Pyridine over Ni2P/SiO2 

 

3.1. Introduction 
 

 

Increasing requirements for environmentally benign fuels have prompted 

considerable research in the area of hydrotreating of petroleum feedstocks.  Combustion 

of fossil fuels lead to emission of particulate matter, SOx, NOx, olefins and aromatics that 

poison exhaust control devices and contribute to the production of acid rain, smog and 

atmospheric ozone [1,2].  Recently enacted environmental regulations have made 

removal of sulfur and nitrogen a focal concern for the refining industry.  By 2010, the 

maximum permitted amount of sulfur in gasoline and diesel fuel will be 10 ppm in the 

United States, the European Union and Japan.  Similar specifications are also targeted in 

other countries and will probably be a worldwide standard in the next decade [3].  Such 

levels correspond to removal of +99.95 % of sulfur from a typical gas oil containing 2 

wt. % sulfur, and the removal process has been named deep hydrodesulfurization (HDS).                          

The removal of nitrogen compounds from petroleum crudes by 

hydrodenitrogenation (HDN) occurs simultaneously with other catalytic hydrotreating 

processes.  The nitrogen content in petroleum crudes is generally 5 to 20 times lower than 

the sulfur content.  However, compared to sulfur heterocycles, nitrogen compounds are 
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more difficult to hydroprocess and generally require higher temperatures, higher 

hydrogen pressures and lower space velocities [4].  If not removed, basic nitrogen 

compounds greatly inhibit HDS because of their preferential adsorption on catalytic sites 

[5].  Thus, the ability to carry out efficient HDN is key to deep HDS as the reaction rate 

of sulfur removal is markedly affected by small amounts of basic nitrogen compounds in 

the range 0 – 50 ppm [6-8].  Several studies of the inhibiting effects of nitrogen 

compounds on the HDS of refractory sulfur compounds have shown that basic nitrogen 

heterocycles in particular inhibit the rate of HDS.  The inhibition is most pronounced for 

hydrogenation sites because of strong adsorption on these centers [9-11].  Under 

conditions of deep HDS the amount of nitrogen compounds becomes dominant or 

comparable to refractory sulfur compounds and strongly competes in the heteroatom 

removal process.  Minimizing the inhibiting effect by efficient removal of nitrogen is 

vital to achieve low levels of sulfur.  As a result, detailed study of HDN mechanisms and 

surface kinetics of adsorbed nitrogen compounds is important for improving catalytic 

activity for HDN.  

Nitrogen heterocycles are composed of single or multi-ring compounds 

containing a six-membered pyridinic ring (basic nitrogen compounds) or a five-

membered pyrrolic ring (nonbasic).  Pyridine, a six-membered nitrogen heterocycle, is a 

classic probe molecule and is the simplest basic nitrogen compound for studying HDN.  

A considerable number of studies have been conducted on the mechanism of pyridine 

HDN.  In general, the denitrogenation of heterocyclic nitrogen compounds is preceded by 

hydrogenation of the aromatic heterocyclic ring in order to convert strong aromatic C—N 

bonds into weaker aliphatic C—N bonds.  Subsequent removal of nitrogen proceeds by 
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cleavage of a C—N bond to form an amine intermediate followed by removal of nitrogen 

to yield hydrocarbons and NH3.  It has been documented that the pyridine HDN reaction 

follows an established sequence of steps as shown in Scheme 3.1 – hydrogenation of the 

heterocyclic aromatic ring to yield piperidine, ring opening by cleavage of one C—N 

bond and subsequent removal of nitrogen from n-pentylamine as NH3 [12,13].  However, 

Ledoux et al. showed that ring opening is possible prior to complete saturation of the 

heterocyclic aromatic ring [14].  More complex reaction networks have been proposed 

which included disproportionation reactions of saturated products to form N-

pentylpiperidine, though condensation products were only observed at high temperatures 

and pressures [15,16]. 

 

 

Scheme 3.1.   Simplified reaction pathway for pyridine HDN 

    

            Polycyclic aromatic nitrogen compounds such as quinoline and carbazole are 

among the most refractory nitrogen compounds.  Quinoline has a double ring structure 

containing a benzene ring fused to pyridine at adjacent carbon atoms.  Similarly, 

carbazole possesses a triple ring structure with two carbocyclic rings bonded to the 

adjacent carbon atoms of pyrrole.  The reactions involved in the HDN of polycyclic 

nitrogen compounds involve hydrogenation of the nitrogen heteroring, hydrogenation of 
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the benzenic ring(s) and C—N bond cleavage [13].  Details of the mechanisms of 

quinoline HDN has been studied extensively by Prins and coworkers [17,18] and 

carbazole HDN by Abu and Smith [19,20].  The HDN of these molecules proceeds 

through multiple parallel pathways involving hydrogenation and hydrogenolysis of C—N 

bonds.  However, the HDN of all nitrogen heterocycles entails the common steps of 

heterocyclic ring hydrogenation, ring opening and the final removal of nitrogen as NH3.  

As a result, study of the HDN of pyridine or pyrrole can be used to investigate the 

essential steps of HDN. 

Recently, new insight was provided on the HDN mechanism by Prins and 

coworkers [21] in a study on 2-methylpyridine and 2-methylpiperidine HDN over 

sulfided NiMo/γ-Al2O3.  The HDN of 2,3,4,5-tetrahydro-6-methylpyridine, which was 

previously reported as an intermediate in the hydrogenation/dehydrogenation of 2-

methylpyridine/2-methylpiperidine, was examined [22].  The study concluded that 2-

methylpyridine is hydrogenated to 2-methylpiperidine and that both amines react to form 

partially hydrogenated intermediates, the imines 2,3,4,5-tetrahydro-2-methylpyridine and 

2,3,4,5-tetrahydro-6-methylpyridine.  Ring opening of the imines occurs by addition of 

H2S, elimination, and hydrogenation to form amino-hexanethiols.  Subsequently, the 

thiols react by hydrogenolysis to hexylamines, and the second C—N bond is cleaved by 

hexylimine formation, H2S addition and elimination of NH3.  As a result, the imines were 

proposed to be intermediates of both hydrogenation and denitrogenation.  The proposed 

reaction sequence is different from those given in previous studies in which a direct 

reaction of 2-methylpiperidine to ring-opened products was assumed. 
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The reaction rates of the first two steps, hydrogenation of the aromatic ring and 

ring-opening, are of similar order of magnitude and slow relative to subsequent steps in 

the mechanism.  Several studies have observed a pyridine-piperidine thermodynamic 

equilibrium under conventional HDN conditions, suggesting that aromatic ring 

hydrogenation is fast compared to ring-opening [23-25].  Still yet, many studies have 

provided evidence of either step being rate-limiting and the slow step depends on the 

amine and experimental conditions such as catalyst properties, temperature, pressure and 

H2S/H2 ratio [26-31]. 

Pyridine adsorption is often combined with in situ Fourier transform infrared 

spectroscopy (FTIR) to probe the surface acidic properties of supports and catalysts.  

Characteristic bands in the FTIR spectrum are used to determine if pyridine is protonated 

through the nitrogen atom by surface Brønsted acid sites and/or bonded to coordinative 

unsaturated metal sites (Lewis acids).  Upon interaction with a Brønsted acid site, 

pyridine is protonated to a pyridinium ion and absorbs at a specific IR wavenumber 

around 1545 – 1540 cm-1. Interaction of pyridine with a Lewis acid sites leads to a 

coordinatively bonded pyridinium complex with a well-resolved band centered around 

1452 – 1447 cm-1.  A band located around 1490 cm-1 is common to both adsorbed species.  

In addition, the different pyridine – acid site interactions give rise to other specific 

absorbances as discussed later.  Many studies have employed this technique to 

qualitatively and quantitatively study the acidic properties of catalytic materials and the 

resulting effect on catalyst properties and activity [32].   

Damyanova and coworkers investigated changes in the surface acidity upon 

impregnation of Mo on mixed ZrO2-SiO2 and ZrO2-Al2O3 [33].  Rana and coworkers 
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examined changes in support acidity upon incorporation of MgO, SiO2, TiO2 and ZrO2 

with Al2O3 [34].  Sánchez-Minero and coworkers studied pyridine adsorption on Al2O3 

and Al2O3 modified with 10 wt.% SiO2.  On pure Al2O3 they found the presence of two 

Lewis acid sites with different strength – Al3+ in octahedral and tetrahedral coordination 

environments.  Incorporation of SiO2 led to partial covering of some Lewis acid sites 

with only octahedral Al3+ sites remaining on the surface [35].  DeCanio and Weissman 

used pyridine adsorption to correlate HDN activity with surface acidity of boron-

modified NiMo/Al2O3 catalysts.  They determined that nitrogen removal activity was 

dependent on Brønsted acidity as measured by the pyridinium band at 1540 cm-1 [36].  

Korányi and coworkers investigated the effects of sulfidation on the acidity of 

conventional hydrotreating catalysts supported on Al2O3 and amorphous SiO2-Al2O3.  

Sulfidation of the catalyst samples was found to decrease the Brønsted and Lewis 

acidities of all samples [37].  Navarro and coworkers studied the effects of Ru 

incorporation on the surface acid properties of conventional hydrotreating catalysts.  

Introduction of Ru was found to enhance both the Brønsted and Lewis acidities of the 

samples [38].  Park and coworkers employed FTIR measurements of adsorbed pyridine to 

examine the promoting effects of Ni on Mo/Al2O3 and W as a secondary promoter on the 

acidic properties and HDN activity.  Enhancement of HDN activity with addition of Ni 

was attributed to an improvement of the reducibility of the oxidic Mo/Al2O3 sample 

rather than an increase in Brønsted acidity.  Further enhancement of activity with W as a 

secondary promoter was ascribed to the formation of new Brønsted acid sites [39]. 

Previous studies in our group have employed in situ Fourier transform infrared 

spectroscopy (FTIR) to probe the surface acidic properties of conventional and novel 
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hydrotreating catalysts.  The FTIR spectra in He of pyridine adsorbed on Ni2P/SiO2 and 

NiMoS/Al2O3 showed similar features that were assigned to the presence of a surface 

pyridinium species on both catalysts.  When the flow was switched to H2, the pyridinium 

species on Ni2P/SiO2 was hydrogenated and the presence of a piperidinium species was 

observed.  However, on NiMoS/Al2O3 little change occurred in the spectrum.  These 

observations were attributed to the high hydrogenation activity of Ni2P/SiO2 as compared 

to the conventional hydrotreating catalyst NiMoS/Al2O3 [40].  The question arises as to 

the kinetic role of the adsorbed pyridinium species under reaction conditions.  It is 

desirable to determine whether the pyridinium surface species is a true reaction 

intermediate or if it exist on the catalyst surface as a spectator, with no role in the overall 

HDN kinetics. 

Directly monitoring the surface concentration of an adsorbed surface species 

during adsorption and reaction is a powerful tool for elucidating kinetic and mechanistic 

information [41].  Such studies involve measuring the rates of adsorption and reaction 

under transient conditions and comparing the transient rates with the overall reaction rate 

measured under steady-state conditions.  Agreement between the separately measured 

rates constitutes proof that the observed intermediate is a true reaction intermediate and is 

kinetically significant in the overall reaction kinetics.  The present study will use this 

method to investigate the role of the adsorbed pyridinium species during the HDN of 

pyridine over Ni2P/SiO2 at 423 K and atmospheric pressure. 
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3.2. Experimental  

 

3.2.1. Materials 

 The support used in this study was amorphous fumed silica (Cabosil, EH-5 grade).  

The catalyst precursors were nickel nitrate hexahydrate, Ni(NO3)2·6H2O (Aesar, 99%), 

and ammonium hydrogen phosphate, (NH4)2HPO4 (Aldrich, 99%).  The chemicals used 

in the study of pyridine hydrodenitrogenation were pyridine (Aesar, 99.5+% 

spectrophotometric grade), piperidine (Aldrich, 99.9%), n-nonane (Aesar, 99%) and n-

tridecane (Aesar, 99%).  All chemicals were used as received.  The gases employed were 

He (Airgas, UPC grade), H2 (Airgas, UPC grade), N2 (Airgas, UPC grade) and CO 

(Linde Research Grade, 99.97%).  The gases were passed through two-stage gas purifiers 

(Alltech, model 4658) to remove moisture and oxygen.  Additionally, 0.5% O2/He 

(Airgas, UHP grade), which was used for passivation of reduced samples, was passed 

through a purifier to remove moisture.    

 

3.2.2. Catalyst Samples 

 The catalyst used in this study was a nickel phosphide supported on silica, 

Ni2P/SiO2.  The phosphide was prepared with excess phosphorous (Ni/P = 1/2) and a 

loading of 1.15 mmol Ni/g support (12.2 wt % Ni2P/SiO2).  The synthesis of the 

supported catalyst involved two steps and was reported previously [42-44].  Briefly, in 

the first step, a supported nickel phosphate was prepared by incipient wetness 

impregnation of nickel and phosphorous precursors, followed by drying at 393 K for 6 h 

and calcination at 673 K for 4 h.  In the second step, the phosphate was reduced to a 
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phosphide by temperature-programmed reduction (TPR).  After the temperature program, 

the sample was cooled to room temperature in flowing He and passivated in a flow of 

0.5 % O2/He for 4 h.   

 

3.2.3. Characterization 

 The Ni2P/SiO2 catalyst and blank SiO2 were characterized by BET surface area 

measurements, powder X-ray diffractometry (XRD) and CO chemisorption.  A 

Micromeritics ASAP 2010 micropore size analyzer was used to measure the specific 

surface area of the samples from the linear portion of BET plots (P/Po = 0.02 – 0.10) at 77 

K.  Before the measurement, the samples were degassed for 6 h at 413 K.  X-Ray 

diffraction patterns of the passivated catalyst sample and blank support were acquired 

using a Scintag XDS-2000 powder diffractometer operated at 45 kV and 40 mA with Cu-

Kα monochromatized radiation (λ = 0.1542 nm).  Irreversible CO uptake measurements 

were obtained using a flow technique and were used to titrate the surface metal atoms and 

provide an estimate of active sites on the catalyst.  The CO chemisorption amounts were 

obtained by pulsing calibrated volumes of CO (19.6 μmol) into a He carrier and 

measuring the decrease in peak areas caused by adsorption.  The measurements were 

conducted using a standard flow system equipped with a computer-interfaced mass 

spectrometer (Dycor/Ametek, model MA100).  Before the measurement, 0.2 g of  

passivated catalyst sample was placed in a U-shaped quartz reactor and rereduced in 

flowing H2 at 723 K for 2 h.  After the pretreatment, the samples were cooled to room 

temperature under He at a flow rate of 100 cm3/min.  Calibrated pulses of CO were then 
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passed over the samples to measure the total dynamic uptake.  The CO uptake amounts 

were used to calculate turnover frequencies in the steady-state kinetic measurements. 

 

3.2.4. Spectroscopic and Kinetic Measurements  

 Transmission infrared spectra of pyridine adsorbed on Ni2P/SiO2 and blank SiO2 

were collected with a combined in situ reactor–spectrometer system (Figure 3.1).  Fourier 

transform infrared (FTIR) spectra were collected with a Digilab Excalibur Series FTS 

3000 spectrometer equipped with a liquid N2 cooled mercury-cadmium-telluride detector.  

The low volume in situ reactor was equipped with water cooled KBr windows, 

connections for inlet and outlet flows, and thermocouples connected to a temperature 

controller to monitor and control the sample temperature.  For all experiments, 25 mg of 

finely ground Ni2P/SiO2 or blank SiO2 were pressed into self-supporting wafers with a 

diameter of 13 mm (18.8 mg/cm2).  Wafers were mounted vertically in a quartz sample 

holder to keep the incident IR beam normal to the samples.  Rods of CaF2 (13 mm 

diameter) were placed on both sides of the sample to minimize interference of gas phase 

pyridine and to reduce the dead volume of the in situ reactor.   
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Figure 3.1.   In situ FTIR reactor system 

 

  

A previous FTIR spectroscopy study on Ni2P/SiO2 identified high concentration 

of a pyridinium surface species when pyridine in a He carrier was adsorbed on the sample.  

Upon shifting to H2 flow, the adsorbed pyridine was converted to piperidine and a 

piperidinium species was dominant on the surface [40].  Studies of the effect of 

temperature were conducted on Ni2P/SiO2 and blank SiO2 to confirm the identity and 

determine the stability of the adsorbed pyridinium intermediate.  For these experiments, 

absorbance spectra were collected in the range 4000-1000 cm-1 at a resolution of 4 cm-1 

with 64 scans/spectrum.  Before dosing pyridine, the Ni2P/SiO2 and blank SiO2 samples 

were pretreated in H2 for 2 h at 723 K at a flow rate of 82 μmol/s (120 cm3/min).  After 

reduction, the samples were slowly cooled in flowing He or H2 (200 cm3/min) and 
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background spectra were collected in the absence of pyridine at 523, 473, 423, and 373 K.  

The samples were dosed at atmospheric pressure and 373 K with 1.0 mol % pyridine in 

He or H2 carrier at a total flow rate of 140 μmol/s (200 cm3/min) until saturation was 

achieved.  The samples were then purged with carrier gas for 300 s to remove gaseous 

and weakly adsorbed pyridine.  Spectra are shown with subtraction of the background 

contribution to highlight the pyridine adsorbate peaks.  Spectra were acquired at 373, 473, 

573 and 673 K with a heating rate of 0.083 K/s (5 K/min).  The reactor temperature was 

held constant at each temperature for 180 s to collect the corresponding spectrum.   

 Transient FTIR experiments were performed to ascertain the kinetic role of the 

pyridinium surface species by measuring the rate of reaction of the adsorbed pyridine 

intermediate.  The dependency of the reaction rate on the concentration of pyridinium 

intermediate was studied by varying the surface coverage of pyridine.  FTIR 

spectroscopy was used to directly monitor the evolution of pyridinium coverage with 

respect to time at atmospheric pressure and 423 K.  For these experiments, absorbance 

spectra were collected in multi-scan mode in the range 4000 – 1000 cm-1 at a resolution 

of 4 cm-1.  Spectra were collected every 6 s with 10 scans/spectrum.  Before all 

measurements, the self-supporting Ni2P/SiO2 wafers were pretreated in H2 for 2 h at 723 

K at a flow rate of 82 μmol/s (120 cm3/min).  After the reduction, the samples were 

cooled in flowing He or H2 (200 cm3/min) to 423 K and background spectra were 

collected in the absence of pyridine.  The flow was then quickly switched to pyridine and 

carrier gas and collection of spectra was initiated.  The samples were dosed with pyridine 

in He or H2 carrier at a total flow rate of 200 cm3/min.  All measurements were started 

with a clean sample surface and continued until steady-state coverage of pyridine was 
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attained.  The carrier gas was passed through a pyridine-filled bubbler immersed in a 

temperature-controlled water bath held at 298 K.  The Antoine equation was used to 

obtain the pyridine vapor pressure (2.81 kPa at 298 K): 

                                             
CT

BAP sat

+
−=log                                                  (1) 

where Psat  is the vapor pressure in mmHg, T is the bubbler temperature in oC and the 

coefficients are 7.1874, 1463.63 and 224.598 for A, B and C, respectively [45].  The 

concentration of pyridine was adjusted by blending the main carrier flow containing 

pyridine with a dilution gas while keeping the total flow rate constant at 200 cm3/min.  

Vapor-phase concentrations of pyridine were varied to measure the reaction rates over a 

range of weight times.  The weight time (g*h/mol) is a measure of contact time and was 

calculated with the following equation: 

                                       Pyridine Weight time = 
pyridine

catalyst

N

W
.                                     (2) 

where Wcatalyst  is the mass of catalyst (0.025 g) and pyridineN
.

 is the molar flow rate of 

pyridine in mol/h.  Table 3.1 summarizes the flow rates and weight times that were used 

in the transient kinetic experiments. 

 

 

 

 

 

 

 



 79

Table 3.1. 
Pyridine weight times for gas-phase transient kinetic experiments 

 

Carrier gas flow rate / 
cm3 (NTP) min-1 

Pyridine flow rate · 103 / 
mol h-1 

Pyridine 
concentration / 

mol% 

Weight time /      
g·h mol-1 

15 1.1 0.21 24 
30 2.1 0.43 12 
45 3.2 0.64 7.9 
60 4.2 0.85 6.0 
75 5.2 1.1 4.8 
90 6.3 1.3 4.0 

 

 

For each spectrum a peak at 1491 cm-1, corresponding to pyridine ring vibrations 

on Brønsted and Lewis acid sites (mode ν19b) of Ni2P/SiO2, was monitored as a function 

of time.  The areas of the peak were converted to fractional coverage by separate 

calibration experiments to determine the areas corresponding to full coverage (θ = 1).  

Briefly, for the calibrations the Ni2P/SiO2 catalyst sample was pretreated as mentioned 

above.  After reduction, the sample was cooled to 298 K in He at a flow rate of 140 

μmol/s (200 cm3/min) and a background spectrum was collected in the absence of 

pyridine.  A lower sample temperature for the calibration experiments was necessary to 

obtain saturation coverage on the catalyst surface.  The sample was then dosed with 

successively higher concentrations of pyridine in He carrier until saturation coverage of 

pyridine was achieved.  Complete saturation was considered to be attained when peak 

areas were invariant with increasing gas-phase pyridine concentrations.  The area 

corresponding to full coverage of Brønsted and Lewis acid sites by pyridine was used to 

calculate fractional coverage in the transient experiments.  In order to account for slight 
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differences in wafer thickness, all peak areas determined in the transient and calibration 

experiments were normalized by the areas of the νOH stretching frequencies of the SiO2 

support.  The νOH frequencies, which were recorded in the background spectra before 

exposure to pyridine, were found in the 4000 – 3200 cm-1 region of the spectra. 

The dependency of the reaction rate on the concentration of the adsorbed pyridine 

species was determined by adsorbing pyridine on the Ni2P/SiO2 samples in both He and 

H2 carriers.  The evolution of the coverage (θ) of pyridine on acidic sites was plotted as a 

function of time.  Rates were determined by extrapolating the slope (dθ/dt) in the 

transient region of the adsorption isotherms to time zero.  The derivative was expressed 

in units of turnover frequency (TOF, s-1).  In He carrier, the corresponding TOF included 

the net rate of adsorption of pyridine in the absence of any surface reaction: 

                                       desads
He

rr
dt
d

−=⎟
⎠
⎞

⎜
⎝
⎛ θ                                              (3) 

where rads corresponded to the rate of pyridine adsorption and rdes represented the rate of 

pyridine desorption from the catalyst surface.  In H2 carrier, the rate included both 

sorption and reaction: 

                                               rxndesads
H

rrr
dt
d

−−=⎟
⎠
⎞

⎜
⎝
⎛

2

θ                                        (4) 

where rrxn is the rate of surface reaction of pyridine.  For each pyridine weight time, the 

rate of surface reaction was determined by subtraction of the independently determined 

rates: 

                                                  rxn
HHe

r
dt
d

dt
d

=⎟
⎠
⎞

⎜
⎝
⎛−⎟

⎠
⎞

⎜
⎝
⎛

2

θθ                                      (5) 
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The reaction rate was used to determine the rate of reaction of the adsorbed pyridinium 

intermediate at steady-state.  The measured rates were compared with the overall 

turnover frequency of pyridine determined in a separate experiment. 

 The overall turnover rates of pyridine were measured in a three-phase trickle-bed 

reactor (Figure 3.2).  The reactor has a concentric tubular design with an outer stainless 

steel body and an inner quartz sleeve which prevents contact of the catalyst with the 

stainless steel.  The tight-fitting quartz sleeve (18 mm o.d., 15 mm i.d.) is sealed at the 

top of the reactor with compression fittings but is loose at the bottom to allow pressure 

equalization.  The flow of the gas and liquid reactant mixture enters from the top and 

passes through Pyrex beads for preheating and good flow dispersion. The catalyst is held 

by quartz wool plugs.  An axial thermocouple in a quartz sheath was used to measure the 

temperature of the catalyst bed.  The reactor was heated with a furnace and the 

temperature of the catalyst bed was controlled with a temperature controller.  The liquid 

feed was metered from burettes with a high-pressure liquid pump (Lab Alliance, Model 

Series I) and H2 flow was delivered by mass flow controllers (Brooks, Model 5850E).  

The gas and liquid passed over the catalyst bed in down-flow mode and into a water-

cooled separation/sampling system.  The gas-liquid mixture was separated by gravity in a 

50 cm3 cylinder which held the effluent liquid for intermittent sampling.  Excess liquid 

was collected in a second 500 cm3 cylinder located below the sampling section of the 

system.  Liquid samples were collected every 2 or 3 h in sealed septum vials and were 

analyzed off-line with a gas chromatograph (Hewlett-Packard, 5890A) equipped with a 

0.32 mm i.d.  X 50 m fused silica capillary column (CPSil-5CB, Chrompack, Inc.) and a 
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flame ionization detector.  Reactants and products were identified by matching retention 

times to standards injected separately.   

 

Figure 3.2.   Three-phase trickle bed reactor system 

 

 

 For the measurements of the turnover rates of pyridine, the system was operated 

at 423 K and atmospheric pressure with a liquid feed containing 20000 ppm wt. (2.0 

wt%) N as pyridine, 20000 ppm wt. (2.0 wt%) n-nonane as internal standard and balance 

n-tridecane as solvent.  The Ni2P/SiO2 catalyst was in pelletized form (16/20 mesh) and 

was supported between quartz wool plugs.  For the liquid-phase reactions, 0.100 g of 
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sample was charged to the reactor and diluted with SiC to a total bed volume of 8 cm3 to 

ensure plug flow conditions.  The remaining volume of the reactor was filled with 3 mm 

Pyrex beads.  Prior to the kinetic measurements, the sample was pretreated at 723 K for 2 

h under 120 cm3/min of flowing H2 at atmospheric pressure.  After reduction, the reactor 

was cooled to 423 K and the H2 flow rate was increased to 140 μmol/s (200 cm3/min).  

Liquid feed was then introduced and the reaction was allowed to stabilize for 25 h before 

sampling.  Additionally, the system was allowed to run for 25 h after every change in 

flow rate.  Flow rates of the liquid feed were varied to match the weight times used in the 

transient FTIR experiments.  The overall turnover frequency was obtained from the 

following formula: 

 
                            
                            pyridine flow rate (μmol/s) · steady-state conversion 
        TOF   =      ──────────────────────────────               (6) 
                           catalyst weight (g) · chemisorption uptake (μmol/g) 
 
 
where the catalyst weight was 0.100 g for all experiments.  The results from several 

samples were averaged to determine the steady-state conversion at each weight time. 

Table 3.2 summarizes the pyridine flow rates employed in the kinetic measurements. 

 

Table 3.2. 
Pyridine weight times for steady-state kinetic experiments 

 

Pyridine flow rate · 103 / 
mol h-1 Weight time / g·h mol-1 

7.3 14 
9.3 11 
15 6.6 
20 5.0 
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3.3. Results and Discussion 

 

3.3.1. Characterization 

The BET specific surface area and CO chemisorption uptake of the supported 

Ni2P sample are listed in Table 3.3.  As stated earlier, the CO uptake value was used to 

calculate turnover frequencies in the steady-state kinetic experiments.  The BET surface 

area was much lower than that of the blank support.  This could be due to sintering of the 

active phase at the elevated temperatures used in the synthesis.  Figure 3.3 shows the 

powder XRD pattern of the reduced Ni2P/SiO2 catalyst after passivation.  The pattern 

exhibits a broad peak at 2θ ~ 22° due to the amorphous SiO2 support.  At higher angles 

the XRD pattern for Ni2P/SiO2 confirms the formation of the Ni2P phase with peaks at 2θ 

~ 41°, 45°, 48° and 55°.  The phase corresponds to hexagonal Ni2P which adopts the Fe2P 

structure with space group mP 26 [46].  The pattern of a reference Ni2P from the powder 

diffraction file (PDF 3-953) is also presented [47]. 

 
 

Table 3.3. 
Physical properties of Ni2P/SiO2 catalyst 

 

  

BET surface area / 
m2 g-1 

CO uptake / 
μmol g-1 

Metal 
dispersion 

/ % 

Particle size / 
nm 

Ni2P/SiO2 148 (333)a 90 8 11 
a BET surface area of the blank SiO2 support    
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Figure 3.3.   Powder XRD pattern of Ni2P/SiO2 catalyst sample 

 

3.3.2. FTIR Spectral Interpretation 

 Figure 3.4 shows the FTIR spectrum of 0.85 mol% pyridine in He carrier 

adsorbed on Ni2P/SiO2 at 423 K.  The left panel shows the high wavenumber region of 

the spectrum and the right panel highlights the low wavenumber region.  Included in the 

figures are peak positions and band assignments where BPY, LPY, HPY and PPY signify 

pyridine interacting with Brønsted acid sites, Lewis acid sites, hydrogen-bonded pyridine 

and physisorbed pyridine, respectively.  In the high wavenumber region, the main 

spectral features include two negative peaks at 3745 and 3669 cm-1 and three positive 

features centered at 3143, 3079 and 3046 cm-1.  In this figure, as well as in others in this 

study, background spectra were subtracted as explained in the experimental section.  The 

negative bands at 3745 and 3669 cm-1 are assigned to hydroxyl vibrations of the SiO2 

support and P-OH of the active phase, respectively [30,48].  The three features located at 

3143, 3079 and 3046 cm-1 correspond to aromatic νCH modes of pyridine [49].  In the low 
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wavenumber region the main spectral features are located at 1638, 1607, 1595, 1576, 

1547, 1491 and 1447 cm-1.  Additionally, a shoulder at ~ 1433 cm-1 is apparent on the 

low wavenumber side of the peak located at 1447 cm-1.  The peaks at 1547, 1491 and 

1447 cm-1 correspond to pyridinium ring breathing modes 19b (νCC(N)) on Brønsted acid 

sites, 19a (νCC(N)) on Brønsted and Lewis acid sites, and 19b (νCC(N)) for pyridine 

coordinated to Lewis acid sites, respectively [49].  The feature at 1447 cm-1 also contains 

a contribution from pyridine hydrogen-bonded (mode 19b, νCC(N))  to the SiO2 support. 

This mode arises at slightly lower wavenumbers at 1445 cm-1.  The weak shoulder at ~ 

1433 cm-1 on the band at 1447 cm-1 is assigned to physisorbed pyridine on the SiO2 

support.  The broad feature at 1638 cm-1 corresponds to mode 8a (νCC(N)) on Brønsted 

acid sites.  The peak at 1607 cm-1 is tentatively assigned to mode 8a (νCC(N)) of pyridine 

coordinated to Lewis acid sites [50].  As shown later, this band is retained up to 523 K 

and is thus strongly held on the Ni2P surface.  The features at 1595 and 1576 cm-1 likely 

correspond to 8a modes (νCC(N)) of pyridine hydrogen-bonded to the SiO2 support. 
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Figure 3.4.   FTIR spectrum of 0.85 mol% pyridine in He flow adsorbed on 

Ni2P/SiO2 at 423 K 

 

 Figure 3.5 shows the FTIR spectrum of 0.85 mol% pyridine in H2 carrier 

adsorbed on Ni2P/SiO2 at 423 K.  The left panel shows the high wavenumber region of 

the spectrum and the right panel highlights the low wavenumber region.  The spectra 

appear similar to those obtained for pyridine adsorbed on Ni2P/SiO2 in He flow.  In the 

high wavenumber region, the two negative peaks at 3745 and 3669 cm-1 corresponding to 

Si-OH and P-OH vibrations, respectively, are again observed.  In the low wavenumber 

region, the peaks located at 1638 and 1547 cm-1 are again observed and appear 

unchanged.  However, there are several important differences.  The peaks corresponding 

to aromatic νCH modes of pyridine are shifted to slightly lower wavenumbers at 3138, 
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3076 and 3038 cm-1.  Two new weak features centered at 2957 and 2874 cm-1 are now 

visible and correspond to aliphatic νCH modes [51].  The intensities of the features located 

at 1491 and 1447 cm-1 are slightly attenuated.  The intensity of the peak at 1607 cm-1 is 

much lower than the peak observed under He flow and appears as a shoulder of the peak 

at 1595 cm-1.  Under H2 flow, a new unidentified peak with strong intensity is observed at 

1481 cm-1.  The new feature overlaps with the peak at 1491 cm-1 but is clearly observed, 

even at low concentrations of pyridine in H2 carrier.  Moreover, the feature is never 

observed under He flow.  This peak is assigned to a partially hydrogenated pyridine 

molecule, possibly 2,3,4,5-tetrahydropyridine, in view of the aliphatic νCH modes.  A 

similar species was previously reported by the group of Prins [31]. 

Figure 3.5.   FTIR spectrum of 0.85 mol% pyridine in H2 flow adsorbed on 

Ni2P/SiO2 at 423 K 
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In order to probe the identity of the peak at 1481 cm-1, piperidine at a 

concentration of 0.85 mol% in He carrier was adsorbed on the Ni2P/SiO2 catalyst at 423 

K, as shown in Figure 3.6.  The left panel shows the high wavenumber region of the 

spectrum and the right panel shows the low wavenumber region.  The spectrum for 

piperidine on Ni2P/SiO2 is substantially different from that of pyridine adsorption.  In the 

high wavenumber region, two negative peaks are again observed at 3745 and 3669 cm-1.  

A prominent shoulder on a rising background was also located at ~ 3265 cm-1 and is 

assigned to a νNH stretching mode of piperidine [51].  As expected, no contributions due 

to aromatic νCH modes are observed but several strong peaks corresponding to aliphatic 

νCH vibrations are observed at 2943, 2864, 2806 and 2739 cm-1.  In the low wavenumber 

region there is a new broad feature centered at 1620 cm-1.  A previous study on 2-

methylpiperidine adsorption on Ni2P/SiO2 assigned this band to the NH2 scissoring mode 

arising from the protonation of the piperidine nitrogen atom and formation of an adsorbed 

piperidinium intermediate.  The other major spectral features in the low wavenumber 

region included two strong, overlapping peaks located at 1474 and 1458 cm-1.  Analogous 

to the results obtained for 2-methylpiperidine adsorption, these overlapping bands 

correspond to νC-C and νC-N stretching modes [30].  Also, the peak at 1458 cm-1 has a 

prominent shoulder at ~ 1450 cm-1 likely due to piperidine hydrogen-bonded (HPip) to 

the SiO2 support.  As can be seen from the piperidine adsorption spectrum, no peak 

centered at 1481 cm-1 was observed.  Upon switching the carrier flow to H2, no 

significant changes in the spectrum were observed. 
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Figure 3.6.  FTIR spectrum of 0.85 mol% piperidine in He flow adsorbed on 

Ni2P/SiO2 at 423 K 

 

3.3.3. FTIR Spectroscopy Measurements 

 Figure 3.7 shows the FTIR spectra of pyridine adsorbed on the blank SiO2 support 

under He flow after a brief degassing.  The left and right panels show the high and low 

wavenumbers regions of the spectra.  The main spectral features are located at 3748, 

3738, 3090, 3078, 3044, 3021, 1593, 1575, 1445 and 1433 cm-1.  The absorbance peaks 

at 3748 and 3738 cm-1 appear as negative features and correspond to surface hydroxyl 

groups of SiO2.  For all spectra, because of the background subtraction a decrease in the 

intensity of a negative peak with increasing temperature indicates growth of the peak.  As 

a result, as the temperature is increased, the concentrations of the hydroxyl functionalities 
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are increasing even though the intensities of the peaks are decreasing.  The opposite 

applies to positive features in the spectra.  As the temperature is increased to 523 K the 

intensities of all features in the spectra decrease, and so do the corresponding 

concentrations. 
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 Figure 3.7.   FTIR spectra of pyridine adsorbed on SiO2 in He flow as a function of 

temperature 

 

   Figure 3.8 shows the FTIR spectra of pyridine adsorbed on Ni2P/SiO2 under He 

flow after degassing.  The main spectral features are centered at 3745, 3669, 3143, 3079, 

1638, 1607, 1595, 1576, 1547, 1491 and 1447 cm-1.  The spectra appear similar to 

pyridine adsorbed on blank SiO2, but several new peaks are now present.  The negative 

features corresponding to hydroxyl groups of SiO2 now appear as a single band that is 

shifted to slightly lower wavenumbers at 3745 cm-1.  A second negative peak at 3669 cm-
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1 due to P-OH functionalities is again observed in the high wavenumber region.  The 

peaks in the 3200 – 3000 cm-1 region are again present on a rising background and are 

shifted to slightly higher wavenumbers.  In the low wavenumber region several new 

peaks are present at 1638, 1607 and 1547 cm-1 and a strong new feature at 1491 cm-1.  

The peaks obtained on SiO2 are shifted to higher wavenumbers at 1595, 1576 and 1447 

cm-1.  The intensities of all features decrease as the temperature is increased up to 523 K. 
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 Figure 3.8.   FTIR spectra of pyridine adsorbed on Ni2P/SiO2 in He flow as a function of 

temperature 

 

 Figure 3.9 shows the FTIR spectra of pyridine adsorbed on Ni2P/SiO2 under H2 

flow after degassing.  The main spectral features are located at 3745, 3669, 3143, 3079, 

2984, 2951, 2872, 1638, 1607, 1597, 1578, 1559, 1542, 1491 and 1447 cm-1.  The spectra 

are very similar to those obtained under He flow.  In the high wavenumber region the 
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intensity of the negative peak at 3669 cm-1 is slightly attenuated and several new peaks 

appear at 2984, 2951 and 2872 cm-1. Again, the intensities of all peaks decrease with 

increasing temperature.  At higher temperatures, a shoulder on the peak at 1491 cm-1 

becomes visible at approximately 1481 cm-1.  This peak remains at 523 K, while the peak 

at 1491 cm-1 is greatly reduced in intensity. 
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Figure 3.9.   FTIR spectra of pyridine adsorbed on Ni2P/SiO2 in H2 flow as a 

function of temperature 

 

 In situ transient kinetic experiments were conducted on the Ni2P/SiO2 catalyst at 

423 K using several concentrations of pyridine.  The kinetic experiments were performed 

in both He and H2 flow in order to separately measure the net rates of adsorption and the 

rates of reaction. For all experiments, the evolution of the peak at 1491 cm-1 was tracked 

over time.  This peak, representing pyridine on Brønsted and Lewis acid sites, was 
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chosen because it is well resolved from other spectral features, not present in the 

spectrum of gas-phase pyridine and has no contribution from pyridine physisorbed on the 

active phase or SiO2 support.  Figure 3.10 a) represents the time-resolved spectra for the 

adsorption of 0.85 mol% pyridine in He carrier on Ni2P/SiO2 at 423 K.  As soon as 

pyridine was introduced, the intensity and area of the peak at 1491 cm-1 increased rapidly 

and reached a steady value after ~ 200 s.  Figure 3.10 b) represents the time-resolved 

spectra for the adsorption and reaction of 0.85 mol% pyridine in H2 carrier.  Again, the 

peak at 1491 cm-1 grew rapidly although with lower intensity and area.  Under continuous 

pyridine/H2 flow, a second well-resolved peak at 1481 cm-1 also developed with 

increasing time but with relatively lower intensity and area.  At higher temperatures, this 

peak appeared as a shoulder (Figure 3.9) in the adsorption experiments performed in a H2 

atmosphere. The intensity of the feature at 1491 cm-1 again reached a steady value after ~ 

200 s while the intensity of the peak at 1481 cm-1 reached a steady value in a shorter time 

of < 100 s.  As will be discussed, the species giving rise to the feature at 1491 cm-1 

(pyridinium ion on Brønsted and Lewis acid centers) is not a reactive intermediate in the 

system.  The species associated with the peak at 1481 cm-1 may be an actual intermediate 

in the reaction. 
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Figure 3.10.   Time-resolved FTIR spectra of 0.85 mol% pyridine adsorbed on 

Ni2P/SiO2  
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a)  He carrier at 423 K,    b) H2 carrier at 423 K 

 

 The peak centered at 1491 cm-1 was fit with peak-fitting software (Origin 6.1) 

using a Gaussian curve.  Furthermore, the overlapping peaks acquired under H2 flow 

were deconvoluted using a multipeak fitting algorithm available with the software.  In all 

cases, the positions of the peaks and their full widths at half maximum were kept constant 

while other fitting parameters were allowed to vary in the fitting algorithm.  The areas of 

the peak located at 1491 cm-1 were converted to fractional coverage as described 

previously.  Figure 3.11 presents the evolution of pyridine coverage with respect to time 

for the addition of 0.85 mol% pyridine in He or H2 carrier at 423 K.  As can be seen, 

pyridine was introduced to the reactor at time zero and the coverages of pyridine quickly 

increased to a steady value in ~ 200 s under both carrier gases.  As a note, coverage 

values are shown in 6 s increments in the transient region of the coverage curve (< 200 s) 

and at 30 s intervals thereafter.  In He carrier (Figure 3.11 a)), the coverage of pyridine 

reached a steady-state value of 0.56.  As expected, because of the occurrence of reaction, 

the steady-state coverage of pyridine in H2 carrier (Figure 3.11 b)) was lower and reached 

a value of 0.38.  At all concentrations used in the study, the steady-state coverage of 

pyridine on Ni2P/SiO2 was lower in reactive H2 carrier than in inert He carrier gas 

because of reaction of pyridine. 
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Figure 3.11.   Example of transient kinetic analysis for pyridine adsorption on 

Ni2P/SiO2  

a) He carrier at 423 K,  b) H2 carrier at 423 K 

 

The transient coverage versus time curves were used to obtain net adsorption and 

reaction rates.  Rates were determined by differentiation of the curves at each point and 

extrapolating the slopes (dθ/dt) in the transient regions to time zero (θ → 0).  The 

derivative is the change in coverage with time and represents a turnover frequency (s-1).  

An example of this method is shown in Figure 3.11 a) which shows the evolution of 

pyridine coverage as a function of time for pyridine adsorption (0.85 mol%) in He carrier 

at 423 K.  The slope of the coverage versus time curve is equal to the net rate of 

adsorption, that is, the rate of pyridine adsorption (rads) minus the rate of pyridine 

desorption (rdes).  The rate of adsorption is proportional to the number of empty sites and 

the rate of desorption is proportional to the number of occupied sites.  As a result, the rate 

of adsorption decreases with increasing coverage while the rate of desorption increases.  

At steady-state these rates are equilibrated and the apparent net rate of adsorption is zero.  

Figure 11b) shows the analogous method used for pyridine adsorption (0.85 mol%) in H2 

carrier at 423 K.  The slope of the coverage versus time curve now represents the rate of 

pyridine adsorption (rads) minus the rate of pyridine desorption (rdes) minus the rate of 

pyridine reaction (rrxn).  The same procedure was followed for all pyridine feed 

concentrations. 
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Figure 3.12.   Transient additions of pyridine at several concentrations over 

Ni2P/SiO2 

a) He carrier at 423 K,  b) H2 carrier at 423 K 

 

Figure 3.12 a) shows the adsorption of pyridine at several concentrations in He on 

the Ni2P/SiO2 catalyst at 423 K.  At all concentrations, the coverages of adsorbed 

pyridine rapidly increased with the introduction of pyridine at time zero and reached  

steady-state values in ~ 200 s.  The steady-state coverages were 0.38, 0.47 and 0.56 for 

pyridine concentrations of 0.21, 0.64 and 1.3 mol%, respectively.  Figure 3.12 b) shows 

the adsorption of pyridine at several concentrations in H2 carrier on the Ni2P/SiO2 

catalyst at 423 K.  At all concentrations, the coverages of adsorbed pyridine rapidly 

increased with the introduction of pyridine at time zero and reached  steady-state values 

in ~ 200 s.  The steady-state coverages were 0.26, 0.35 and 0.43 for pyridine 

concentrations of 0.21, 0.64 and 1.3 mol%, respectively. 

 Once the rates in He, (dθ/dt)He, and the rates in H2, (dθ/dt)H2, were obtained as 

described in Figure 3.11 for all the pyridine concentrations shown in Figure 3.12, the rate 

of reaction of pyridine was calculated by subtraction of the independently determined 

rates.  That is, (dθ/dt)He - (dθ/dt)H2 = rrxn.  Figure 3.13 presents the results for the rates 

measured in He and H2 and their differences, the turnover frequencies of the adsorbed 

pyridine species.  As shown, the measured rates in both He and H2 carriers increased 

linearly with increasing pyridine concentration and decreasing weight time.  Moreover, 

the rates measured in H2 carrier were lower at all concentrations and weight times, as 

discussed previously.  As the pyridine concentration was increased the differences 
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between the rates measured independently in He and H2 also increased, giving rise to a 

steadily increasing reaction rate of pyridine.  The turnover frequency trend was linear 

with increasing pyridine concentration, indicating first-order reaction.  However, over the 

range of concentrations studied the rates of pyridine reaction were low.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.13.   Transient kinetic results for pyridine reaction on Ni2P/SiO2 at 423 K 
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3.3.4. Steady-State Rate Measurements 

 In order to determine if the adsorbed pyridinium species is a true reaction 

intermediate, pyridine turnover frequencies were measured at several weight times (Table 

3.2) under steady-state conditions at 423 K and atmospheric pressure.  Determination of 

the kinetic role of an adsorbed intermediate to the overall catalyzed reaction requires 

comparison between rates measured under both transient and steady-state conditions.  

Table 3.4 presents the results of the reaction of pyridine over Ni2P/SiO2 under steady-

state conditions.  As expected, the pyridine conversion decreased with decreasing weight 

time (increasing flow rate).  Additionally, the major product observed at all weight times 

was piperidine.  At the highest weight time, a small amount of HDN products were 

observed.  This indicates that further reaction of piperidine was relatively slow at 423 K 

and atmospheric pressure.  Equation 6 was used to calculate pyridine turnover 

frequencies at each weight time.  Figure 3.14 shows the pyridine turnover frequencies 

measured in the similar range of pyridine weight time used in the transient experiments.  

As can be seen, the overall turnover frequency of pyridine increased linearly with 

decreasing weight time.  Although displaying the same trend, the rates measured under 

steady-state conditions were observed to be two orders of magnitude higher than those 

measured under transient conditions. 
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 Table 3.4.  

 Steady-state pyridine reaction results at 423 K  

 

Pyridine flow 
rate / μmol s-1 

Pyridine weight 
time / g·h mol-1 

Conversion 
/ % 

Turnover 
frequency , TOF 

/ s-1 

Piperidine 
selectivity 

/ %  

 2.0 14 45 0.102 99  
 2.6 11 37 0.106 100  
 4.2 6.6 25 0.117 100  
 5.5 5.0 21 0.13 100  
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Figure 3.14.   Steady-state kinetic results for pyridine reaction over Ni2P/SiO2 at 423 

K and atmospheric pressure 
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It is concluded that the main species observed under reaction conditions, the 

pyridinium species on Brønsted and Lewis acid sites, is not the reactive intermediate in 

the reaction but a spectator that reacts at a much lower rate that the overall rate of 

reaction.  An unidentified partially hydrogenated species with a characteristic νCC(N) band 

at 1481 cm-1 and aliphatic νCH bands at 2957 and 2874 cm-1 is a likely intermediate.  The 

species was not observed under He flow but was formed upon adsorption of pyridine on 

Ni2P in reactive H2.  Hydrogenation of pyridine likely occurs on Lewis acid sites as 

reaction of pyridine and formation of the partially hydrogenated intermediate results in 

attenuation of the peaks located at 1607, 1491 and 1447 cm-1.  This is in agreement with 

the work of Marzari and coworkers [52] who studied the HDN of pyridine at atmospheric 

pressure over several supported Mo oxides with varying Lewis and Brønsted acidities.  

They determined that the overall HDN activity was correlated with the concentration of 

cus Mo sites which are active for hydrogenation, and reaction of pyridine to piperidine 

was rate-limiting.   

One possible explanation for the slow conversion of the pyridinium species and 

the formation of a partially hydrogenated surface intermediate is the mode of pyridine 

adsorption under the reaction conditions employed. Pyridine can adsorb to the catalyst 

surface via the nitrogen atom’s electron pair (end-on mode) or through the π electrons of 

the aromatic ring (side-on mode) [14].  It has been proposed that ring hydrogenation 

occurs through side-on adsorption while C—N bond cleavage takes place through the 

end-on mode [53].  Al-Megren and coworkers [54,55] studied the HDN of pyridine over 

transition metal carbides, oxides, nitrides and sulfides over a wide temperature range and 

determined from product distributions and selectivities that the end-on mode is favorable 
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at low temperatures while the side-on adsorption mode is favorable at higher 

temperatures.  From our results, it can be suggested that at the low reaction temperature 

(423 K) the observed pyridinium species corresponds to pyridine adsorbed in the end-on 

mode.  As a result, further reaction of adsorbed pyridine in this mode is extremely slow 

and is only a spectator in the overall HDN reaction.  Adkins and coworkers studied the 

hydrogenation of pyridine and 2,6-dimethylpyridine over Raney nickel and observed a 

higher hydrogenation rate for 2,6-dimethylpyridine.  The observations were ascribed to a 

steric effect by which 2,6-dimethylpyridine was adsorbed to the catalyst surface via a 

surface π-complex.  The unhindered pyridine molecule was assumed to adsorb through 

the sp2 lone electron pair in the end-on mode.  The side-on adsorption was proposed to be 

favorable for hydrogenation [56].  It is important to note that, under our experimental 

conditions, PH2 = 1 atm and T = 423 K, the hydrogenation reaction of pyridine to 

piperidine is not limited by thermodynamics.  The thermodynamic equilibrium equation 

[57] indicates that equilibrium lies well to the right: 

                 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+−= o

H

P
P

T
K 2ln306.4623470ln                                (7) 

where K = [piperidine] / [pyridine], T [=] K and Po =  1 atm.  The value of K is 1.24 x 104.  

Thus, the pyridine-piperidine equilibrium is completely on the piperidine side. 

The true reaction intermediate likely arises via pyridine adsorbed in the side-on 

arrangement, as this mode is more favorable for hydrogenation of the aromatic ring.  

Analogous to the hydrogenation of aromatics on metals, it is generally believed that 

hydrogenation of nitrogen heterocycles proceeds with the ring parallel to the surface via 

formation of a surface π-adsorbed intermediate.  Electrons in d-orbitals of the Ni atoms 

are available for π-back bonding into the empty antibonding π-molecular orbitals of 
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pyridine, thus destroying the aromaticity of the molecule and activating it for 

hydrogenation [58].  The appearance of a partially hydrogenated species on the Ni2P 

surface instead of the fully saturated intermediate piperidine is understandable since 

hydrogenation reactions of aromatics are know to be slow at low temperatures and H2 

pressures [59].  Furthermore, accumulation of the partially hydrogenated intermediate on 

the catalyst surface can be explained by strong adsorption and the absence of H2S in the 

feed.  The partially saturated and fully saturated intermediates formed after 

hydrogenation are more strongly basic than the unsaturated reactant [60].  As a result, 

they are strongly held on the surface of the Ni2P catalyst.  The absence of H2S in the feed, 

which is known to promote ring-opening by addition to the C=N bond [21] or by a classic 

organic mechanism [61], probably diminishes further reaction of the adsorbed 

intermediate.  Unfortunately, the same analysis as done for the pyridinium ion cannot be 

carried out with this species because it is not observed in experiments conducted under 

He flow. 

To summarize, an adsorbed pyridinium species was identified on the surface of 

Ni2P/SiO2 at reaction conditions.  The species behaved as a reactive intermediate, as its 

concentration increased with increasing pyridine partial pressure and decreased with 

exposure to hydrogen.  However, a study of the kinetics of its reaction using transient 

experiments showed that it reacted at a rate about 100 times slower than the steady-state 

reaction.  This indicated that it was not a true reaction intermediate, but a spectator on the 

surface.  The studies here demonstrate the danger of carrying out spectroscopic 

measurements of surface species without doing dynamic experiments to verify that they 

are capable of reacting at rates consistent with catalytic rates.   
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3.4. Conclusions 

 The steady-state and transient reactivity of pyridine over Ni2P/SiO2 was studied at 

423 K and atmospheric pressure.  FTIR experiments were used to identify a pyridinium 

intermediate with characteristic bands at 1607, 1491 and 1446 cm-1 on the Ni2P surface 

under He flow.  Upon switching the carrier flow to H2, a second band at 1481 cm-1 was 

identified and assigned to a partially hydrogenated reaction intermediate. Transient 

kinetic experiments, conducted under both He and H2 flow, were used to separately 

measure the net rate of adsorption and the rate of reaction of the species in order to 

determine the kinetic role of the pyridinium intermediate.  Steady-state kinetic 

measurements were obtained at the same reaction conditions in order to compare the 

reaction rate of the pyridinium intermediate to the global reaction kinetics.  However, the 

rates measured under steady-state conditions were two orders of magnitude higher than 

those obtained under transient conditions.  It is concluded that the pyridinium species is a 

spectator in the HDN of pyridine and reacts at much lower rates than the overall reaction 

rate.  Under the reaction conditions employed, pyridine is likely adsorbed to the catalyst 

surface through the nitrogen atom lone pair (end-on mode) through which hydrogenation 

is slow.  The partially hydrogenated species observed under H2 flow is a possible reaction 

intermediate in the HDN of pyridine.      
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Chapter 4 

In Situ FTIR and XANES Studies of Thiophene 

Hydrodesulfurization on Ni2P/MCM-41 
 

4.1. Introduction 

 

Recently, hydrodesulfurization (HDS), an industrial process used to remove sulfur from 

petroleum feedstocks has come to prominence because of world-wide legislation limiting the 

amount of sulfur in transportation fuels.  Fourier transform infrared spectroscopy (FTIR) [1-5] 

and extended x-ray absorption fine-structure (EXAFS) [6-10] have been applied to the 

investigation of hydrotreating catalysts, but little work has been previously done on analysis of 

reaction mechanisms.    

The catalyst used in this study is a novel material, Ni2P/MCM-41.  Transition metal 

phosphides are a new class of catalyst showing extremely high activity for HDS and 

hydrodenitrogenation reactions with better performance than commercial sulfide catalysts 

[11,12].  Among the phosphides, nickel phosphide has been found to be particularly active 

[13,14].   Previous in situ EXAFS studies of Ni2P/SiO2 showed the formation of stable clusters 

with surface Ni-S bonds during HDS [15,16].  In the case of Ni2P/MCM-41, EXAFS has shown 

the formation of small Ni2P clusters dispersed on the support, which expose primarily square-

pyramidal sites [17]. 

Thiophene is often used as a model compound for the study of the mechanism and 

kinetics of HDS and is representative of typical refractory sulfur compounds in crude oil.  
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Examination of the bonding and reaction of thiophene on catalysts surfaces affords the 

opportunity to study the most important steps of HDS, namely hydrogenation, cleavage of C—S 

bonds and removal of sulfur as H2S.  However, the reaction mechanism for the HDS of 

thiophene remains a matter of great debate.  From an extensive review of the literature, a global 

reaction network was proposed by Topsøe and workers as shown in Scheme 4.1 [18].  Similar to 

the HDS of larger S-containing compounds like 4,6-dimethyldibenzothiophene, both a direct 

C—S bond cleavage and a hydrogenation pathway with hydrogenation of one or both C=C 

bonds prior to C—S bond scission have been proposed [18-20].   

Several studies on thiophene HDS have suggested that the major pathway is direct 

hydrogenolysis of C—S bonds to form 1,3-butadiene, which is subsequently hydrogenated to 

butenes and butane [21,22].  A concerted mechanism in which thiophene is directly desulfurized 

to butenes has also been proposed.  The authors concluded that C—S bond cleavage and 

hydrogenation occurred on the same site and intermediates (diene) reacted faster than they 

desorbed [23].  However, direct cleavage of C—S bonds is difficult due to the stability of the 

heterocylic aromatic ring.  As a result, full or partial hydrogenation of the heterocyclic ring has 

been considered necessary before C—S bond cleavage [18,24]. 

Many other studies have advocated hydrogenation of the aromatic heterocylic ring to 

form tetrahydrothiophene prior to C—S bond cleavage [18,25,26].  Tetrahydrothiophene can 

then be desulfurized by transfer of β-hydrogens to the sulfur atom with concomitant cleavage of 

C—S bond to yield 1,3-butadiene [27].  Butadiene is subsequently hydrogenated to butenes.  

Conversely, direct ring opening and removal of sulfur from tetrahydrothiophene by classic 

organic mechanisms (SN2 and/or E2) may also be possible.  Moser and coworkers have shown 

that butenes could also be formed by the decomposition of tetrahydrothiophene and not only via 
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hydrogenation of 1,3-butadiene.  The authors proposed a ring opening mechanism of 

tetrahydrothiophene by β-hydrogen elimination to form a surface butene thiolate intermediate. 

Further reaction of the intermediate included rapid C—S bond hydrogenolysis to yield butenes or 

a slow second β-hydrogen elimination leading to 1,3-butadiene formation [28].  Under 

atmospheric pressure, however, tetrahydrothiophene is typically not observed as a reaction 

intermediate [29]. 

Partially hydrogenated thiophene molecules such as 2,3-dihydrothiophene (2,3-DHT) and 

2,5-dihydrothiophene (2,5-DHT) have also been proposed as possible intermediates [24,30,31].  

Several studies have observed the formation of these intermediates at low pressures during the 

HDS of thiophene.  Hensen and coworkers [26] studied the HDS of thiophene over carbon-

supported transition metal sulfides at atmospheric pressure and observed the formation of 2,3-

DHT.  The 2,3-DHT intermediate was found to undergo further reaction by desulfurization, 

isomerization to 2,5-DHT or rapid hydrogenation to tetrahydrothiophene.  The authors concluded 

that the yield of the partially hydrogenated intermediates depended on the HDS activity of the 

catalyst – low activity catalysts gave rise to large amounts while catalysts with high HDS 

activities yielded very small amounts.  Several theoretical studies have also shown that formation 

of dihydrothiophene intermediates is probable prior to C—S bond cleavage [32,33]. 
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Scheme 4.1.   Simplified thiophene HDS reaction network 

 

As can be seen, several pathways for removal of sulfur from thiophene likely coexist. In 

addition, both surface reaction and hydrogenative removal of sulfur have been proposed to be 

rate-determining [34].  The governing reaction pathway and rate-controlling step depends on the 

catalyst, temperature and H2 pressure [18,29].  The mode of thiophene adsorption has also been 

covered extensively in the literature and several modes have been proposed from studies of 

thiophene bonding in organometallic complexes [35,36].  Scheme 4.2 illustrates the generally 

accepted adsorption modes of thiophene to metal sites on the surface of hydrotreating catalysts – 

σ-bonded thiophene through the sulfur atom (upright, η1(S)) and π-bonded thiophene (parallel, η5 

) [37].  However, the mode of adsorption that activates thiophene towards further reaction is 

unclear [38].  Several studies have provided evidence of both σ- [39] and π-bound [40] thiophene 

as possible precursors.  In addition, the mode of adsorption has been suggested to be coverage 

dependent.  In several single crystal experiments the preferred mode was thought to be flatwise 

at low coverages while at higher coverages thiophene bonding is upright via a σ-bond between 
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the sulfur atom and a metal center [41,42].  Other single crystal work has shown that the mode of 

adsorption is coverage independent [43].    

 

Scheme 4.2.   Proposed thiophene bonding modes 

 

 Directly monitoring the surface coverage of an adsorbed surface species during 

adsorption and reaction is a powerful tool for elucidating kinetic and mechanistic information 

[44].  Such studies involve measuring the rates of adsorption and reaction under transient 

conditions and comparing the transient rates with the overall reaction rate measured under 

steady-state conditions.  Agreement between the separately measured rates constitutes proof that 

the observed intermediate is a true reaction intermediate and is kinetically significant in the 

global mechanism.  The present study will employ in situ FTIR of adsorption and reaction of 

thiophene over Ni2P/MCM-41 to probe the bonding mode of thiophene and products formed 

during HDS at atmospheric pressure over a range of temperatures.  Moreover, in situ, time-

resolved analysis of XANES features (Ni K-edge) during adsorption and reaction of thiophene 

will be monitored to investigate the interaction of thiophene with the catalyst surface.  Changes 

in the intensity of a pre-edge feature below the adsorption edge that correlates with the local 

coordination chemistry around the absorbing atom is followed [45].  A novel method to estimate 

the reaction rate of the adsorbed thiophene species under transient conditions using the above 

method is presented.         
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4.2. Experimental Section 

 

4.2.1. Synthesis and Characterization 

 The support used in this study was siliceous MCM-41 and SiO2 (Cabosil, EH-5 Grade).  

The mesoporous MCM-41 silica support was synthesized following a literature procedure [46].  

The chemical used in the synthesis were colloidal silica (Fluka, HS-40), 

cetyltrimethylammonium bromide (CTMABr, Aldrich, 99%) and tetramethylammonium 

hydroxide (TMAOH, Aldrich, 25 wt% aqueous solution).  The CTMABr and TMAOH were 

added to deionized water with stirring at 300 K until the solution became transparent, then the 

colloidal silica was added to the solution with stirring for 1 h and the resulting reaction gel was 

aged for 24 h at 323 K.  The molar composition was 1.0 SiO2 : 0.27 CTMABr : 0.19 TMAOH : 

40 H2O.  After ageing, the mixture was reacted for 48 h at 393 K in a Teflon-lined stainless steel 

autoclave.  The product was filtered, washed with distilled water, dried in air at 393 K, and 

finally calcined at 623 K for 8 h.  The catalyst precursors were nickel nitrate hexahydrate, 

Ni(NO3)2·6H2O (Alfa Aesar, 99%), and ammonium hydrogen phosphate, (NH4)2HPO4 (Aldrich, 

99%).  Thiophene (Aldrich, 99%) was used in the study of hydrodesulfurization over the 

supported Ni2P catalysts.  All chemicals were used as received.  The gases employed were He 

(Airgas, UPC grade), H2 (Airgas, UPC grade), N2 (Airgas, UPC grade) and CO (Airgas, Linde 

Research Grade, 99.97%).  The gases were passed through two-stage gas purifiers (Alltech, 

model 4658) to remove moisture and oxygen.  Additionally, 0.5% O2/He (Airgas, UHP), which 

was used for passivation of reduced samples, was passed through a purifier to remove moisture.   

 The supported Ni2P catalyst was prepared with excess phosphorus (Ni/P = 1/2) and a 

metal loading of 1.15 mmol Ni g-1
support (12.2 wt.% Ni2P/support).  The synthesis of the 
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supported catalyst involved two steps.  Briefly, in the first step, a supported nickel phosphate was 

prepared by incipient wetness impregnation of nickel and phosphorus precursors, followed by 

drying and calcination in static air.  In the second step, the phosphate was reduced to phosphide 

in flowing H2 by temperature-programmed reduction (TPR).  The synthesis of MCM-41-

supported Ni2P is presented below as an example.  

 Prior to use, the MCM-41 was dried at 393 K for 3 h and calcined at 813 K for 7 h.  The 

incipient wetness point of the MCM-41 was found to be 2.0 cm3 g-1.  In the first step, 2.13 g 

(16.1 mmol) of (NH4)2HPO4 was dissolved in 5 cm3 of distilled water in a graduated cylinder to 

form a transparent colorless solution.  Subsequently, 2.34 g (8.05 mmol) of Ni(NO3)2·6H2O was 

added to yield a lightly-colored mixture with some precipitate.  Several drops of concentrated 

HNO3 were added to dissolve the precipitate and the solution was further diluted to a total 

volume of 14 cm3, resulting in a transparent green solution.  The precursor solution was then 

impregnated on 7 g of MCM-41.  After the impregnation, the powder was dried at 393 K for 6 h 

and calcined at 673 K for 4 h.  The calcined material was ground with a mortar and pestle, 

pelletized with a press (Carver, Model C) and crushed and sieved to a particle diameter of 650-

1180 μm (16/20 mesh).  The supported nickel phosphate was reduced by TPR in a U-shaped 

quartz reactor heated by a furnace controlled by a temperature programmer (Omega Model CN 

2000).  The temperature was monitored by an embedded chromel-alumel thermocouple placed 

near the center of the reactor bed.  The H2 flow rate was set at 1000 cm3 (NTP) min-1 per g of 

sample.  A portion of the gas effluent was sampled through a leak valve into a mass spectrometer 

(Ametek/Dycor Model MA100) and the masses 2 (H2), 4 (He), 18 (H2O), 28 (N2), 31 (P) and 34 

(PH3) were monitored.  The mass signals and the reactor temperature were monitored in real-

time by an online computer.  After the temperature program, the sample was cooled to room 
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temperature in flowing He and passivated in a flow of 0.5 % O2/He for 4 h to prevent rapid 

oxidation of the freshly reduced phosphide.   

 The supported Ni2P catalyst and blank MCM-41 support was characterized by BET 

surface area measurements, CO chemisorption, powder X-ray diffractometry (XRD) and in situ 

Fourier transform infrared (FTIR) spectroscopy of adsorbed thiophene.  A Micromeritics ASAP 

2010 volumetric adsorption unit was used to measure the specific surface area of the samples 

from the linear portion of BET plots (P/Po = 0.02 – 0.10) at 77 K.  Before the measurements, the 

samples were degassed for 8 h at 413 K.  X-ray diffraction patterns of the catalyst samples and 

blank supports were acquired using a Scintag XDS-2000 powder diffractometer operated at 45 

kV and 40 mA with Cu-Kα monochromatized radiation (λ = 0.1542 nm).   

Irreversible CO uptake measurements were used to titrate the surface metal atoms and 

provide an estimate of the active sites on the catalysts.  The CO chemisorption amounts were 

obtained by pulsing calibrated volumes of CO into a He carrier and measuring the decrease in 

peak areas caused by adsorption.  The measurements were conducted using a standard flow 

system equipped with a computer-interfaced mass spectrometer.  Before the measurements, 0.3 g 

of passivated sample was placed in a U-shaped quartz reactor and rereduced in flowing H2 (300 

cm3 (NTP) min-1) at 803 K for 2 h.  After the pretreatment, the sample was cooled to room 

temperature under He at a flow rate of 100 cm3 (NTP) min-1.  Metered pulses of CO (19.6 μmol) 

were passed over the sample to measure the total dynamic uptake.   

 

4.2.2. In situ FTIR Measurements 

Transmission infrared spectra of thiophene adsorbed on Ni2P/MCM-41 and the blank 

support were collected with a combined in situ reactor-spectrometer system (Figure 4.1).  Fourier 
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transform infrared (FTIR) spectra were collected with a Digilab Excalibur Series FTS 3000 

spectrometer equipped with a liquid N2-cooled mercury-cadmium-telluride detector.  The low 

volume in situ reactor was operated at atmospheric pressure and equipped with water-cooled 

KBr windows, connections for inlet and outlet flows, and a thermocouple connected to a 

temperature controller to monitor and control the sample temperature.  For all experiments, 32.5 

mg of finely ground Ni2P/MCM-41 or pure MCM-41 were pressed into self-supporting wafers 

with a diameter of 13 mm (24.5 mg cm-2).  Wafers were mounted vertically in a quartz sample 

holder to keep the incident IR beam normal to the samples.  Rods of CaF2 (13 mm diameter) 

were placed on both sides of the samples to minimize interference by gas phase thiophene and 

reduce the dead volume of the in situ reactor.  Studies of the effect of temperature were 

conducted on the MCM-41-supported Ni2P sample and pure MCM-41 to determine the identity 

and stability of the adsorbed thiophene species and reaction products.  For these experiments, 

absorbance spectra were collected in the range 4000 – 1000 cm-1 at a resolution of 4 cm-1 with 64 

scans per spectrum.  Before dosing thiophene, the supported Ni2P or blank support sample was 

pretreated in H2 for 2 h at 803 K at a flow rate of 130 cm3(NTP) min-1.  After pretreatment, the 

samples were cooled in flowing He or H2 (200 cm3(NTP) min-1) and background spectra were 

collected in the absence of thiophene at 723, 673, 593, 553, 513 and 393 K (450, 400, 320, 280, 

240, 120 oC).  The samples were dosed at atmospheric pressure and 393 K with 1.0 mol % 

thiophene in He or H2 carrier at a total flow rate of 200 cm3 (NTP) min-1 until saturation was 

achieved.  Thiophene was delivered to the sample by passing carrier gas through a thiophene-

filled bubbler immersed in a temperature-controlled water bath. The thiophene vapor pressure 

(3.69 kPa at 278 K) was obtained by using the Antoine equation: 
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where Psat  is the vapor pressure in mmHg, T is the bubbler temperature in oC and the coefficients 

are 7.06944, 1296.79 and 225.437 for A, B and C, respectively [47]. The vapor-phase 

concentration was adjusted to 1.0 mol% by blending the main carrier flow containing thiophene 

with a dilution gas stream to a total flow rate of 200 cm3 (NTP) min-1.  Spectra were then 

acquired under 1.0 mol % thiophene/carrier flow and the samples were subsequently purged with 

carrier gas for 300 s to remove gaseous and weakly adsorbed thiophene. Degassed sample 

spectra were then collected to remove the spectral features due to gas-phase thiophene.  Spectra 

are shown with subtraction of the background contribution to highlight the thiophene adsorbate 

peaks.  Spectra were acquired at 393, 513, 553, 593, 673 and 723 K (120, 240, 280, 320, 400, 

and 450 oC)with a heating rate of 5 K min-1 (0.083 K s-1).  The reactor temperature was held 

constant at each temperature for 180 s to collect the corresponding spectrum under 

thiophene/carrier flow and degassed for an additional 300 s prior to collecting the degassed 

spectrum.    

 

4.2.3. In situ XAS measurements 

The in situ X-ray absorption spectroscopy (XAS) measurements were carried out at 

BL7C in the Photon Factory, Institute for Material Structure Science, High Energy Accelerator 

Orgaization (KEK-IMSS-PF) with a ring energy of 2.5 GeV and a current of 450 mA.  The X-

rays passed through a Si (111) double crystal monochromator and were focused onto the sample 

by sagital focussing.  The extended x-ray absorption fine structure (EXAFS) and X-ray 

absorption near-edge structure (XANES) data were collected in transmission mode using I0 and I 
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ionization chambers filled with 100% N2 and 15 % Ar in N2, respectively.  Reaction gases were 

supplied by a gas handling system [48].   

A quantity of 47 mg of Ni2P/MCM-41 was pressed into a wafer of 10 mm in diameter 

and placed in an in situ EXAFS cell equipped with c-BN windows [15,16].  The sample was 

reduced as for the synthesis of the catalysts by temperature programmed reduction to 803 K (530 

oC) at 5 K min-1, while following the reduction with XANES.  Following reduction and EXAFS 

analysis of the sample, adsorption or reaction measurements were carried out with thiophene in 

He (0.13 mol%) or in H2 (0.13 mol%) at atmospheric pressure and 453, 513, and 573 K (180, 

240, 300 ˚C).  The sample was rereduced at 803 K (530 oC) prior to each change in temperature 

or gas composition.   

 

4.2.4. Activity Tests for Thiophene HDS 

 Catalytic activity measurements of the HDS of thiophene were carried out in the 

aforementioned FTIR reactor (Figure 4.1).  For the measurements of steady-state turnover rates 

of thiophene over Ni2P/MCM-41, the system was operated at atmospheric pressure with a gas-

phase feed containing 0.13 mol % thiophene in H2 carrier.  For all experiments, 47 mg of finely 

ground Ni2P/MCM-41 was pressed into a self-supporting wafer with a diameter of 13 mm (35.4 

mg cm-2).  Prior to the kinetic measurements, the Ni2P/MCM-41 sample was pretreated at 803 K 

for 2 h under 130 cm3 (NTP) min-1 of flowing H2 at atmospheric pressure.  After rereduction, the 

reactor was cooled to the reaction temperature.  Gas-phase thiophene was introduced to the 

reactor by passing H2 through a thiophene-filled bubbler immersed in a low temperature water 

bath.  The Antoine equation was again used to obtain the thiophene vapor pressure (3.69 kPa at 

278 K) and the concentration was adjusted to 0.13 mol% by blending the main carrier flow 
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containing thiophene with a dilution H2 stream at a flow rate of 100 cm3 (NTP) min-1.  The 

reaction was allowed to stabilize for 6 h before sampling to ensure steady-state conditions. The 

reactor exit was directly connected to a 6-way sampling valve for on-line GC analysis of gaseous 

reactants and products.  Steady-state conversions and product compositions were determined by 

on- line analysis with a gas chromatograph (Hewlett-Packard, 5890A) equipped with a 0.32 mm 

i.d. x 50 m dimethylsiloxane capillary column (CPSil-5CB, Chrompack, Inc.) and a flame 

ionization detector.  Reactants and products were identified by matching retention times to 

standards injected separately.  The reaction was conducted at several temperatures (453, 513 and 

573 K) and several measurements were made at each condition to check the attainment of 

steady-state.  A fresh sample wafer was used for each temperature to exclude effects of 

deactivation of the sample during the experiments.  The results of several injections at each 

temperature were averaged and used to calculate the turnover frequency from the following 

equation: 

 

                           thiophene flow rate (μmol/s) · steady-state conversion 
        TOF  =       --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------                (2) 
                             catalyst weight (g) · chemisorption uptake (μmol/g) 
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Figure 4.1.   In situ FTIR reactor system 

 

 

 

4.3. Results and Discussion 

 

4.3.1. Catalyst Properties 

 The MCM-41-supported Ni2P catalyst was prepared by the temperature-programmed 

reduction of supported nickel phosphate precursors.  The precursor was prepared with four times 

the stoichiometric amount of phosphorous (Ni/P = 1/2) necessary to form Ni2P.  Previous work 

had shown that excess phosphorus was required to synthesize an active catalyst since some 

phosphorus is lost during the reduction of phosphate to phosphide.  Samples prepared with 
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phosphorus quantities closer to stoichiometric proportions were found to form inactive 

phosphorus-deficient phases [49].  Figure 4.2 shows the water evolution during the temperature-

programmed reduction of phosphate to phosphide for the supported samples.  Masses P (31) and 

PH3 (34) followed the same trend as the H2O (18) signal and are not shown here.  For the 

Ni2P/MCM-41 catalyst sample a distinct reduction peak at 868 K is observed.  A Ni2P sample of 

identical loading supported on a lower surface area SiO2 support is also shown in Figure 4.2 for 

comparison.  The peak maximum of reduction temperature is shifted to higher temperature for 

the sample with higher support surface area and better dispersion.  The higher reduction 

temperature for the MCM-41-supported Ni2P catalyst indicates stronger interaction of Ni and 

phosphorus in smaller crystallites.  This was shown previously and confirmed by elemental 

analysis of fresh Ni2P/SiO2 and Ni2P/MCM-41.  The MCM-41-supported sample retained more 

phosphorus even though a higher reduction temperature was utilized as compared to the SiO2-

supported sample [50]. 
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Figure 4.2.   M/Z = 18 signal for TPR of the samples at β = 2 K min-1 (.0333 K s-1) 

 

The reduction of the sample was also followed by Ni K-edge XANES, as shown in 

Figure 4.3.  The arrows indicate the shifts in absorbance intensity during the course of reduction.  

The major feature is the white line peak at 8345.6 eV, which decreases in intensity with 

reduction.  This is expected, as the white line is indicative of the density of unoccupied electronic 

states [51,52], which will be decreased by reduction.  Other peaks after the white line at 8372.8, 

8393.0, and 8426.9 eV, mark the onset of the EXAFS oscillations.  The pre-edge feature at 

8330.9 eV is associated with s to d transitions, and is sensitive to Ni coordination number 

changes.   

 

 



 127

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3.  Changes in the Ni K-edge XANES region in the reduction of Ni2P/MCM-1 

 

 The reduction of the sample was monitored by following the intensity of the absorbance 

at 8330.9 eV as shown in Figure 4.4.  The absorbance signal starts increasing significantly after 

120 min of reduction, which corresponds to a temperature of 750 K.  This is in agreement with 

the TPR data of Figure 4.2, and indicates that the signal at 8330.9 eV can be used to follow the 

state of the Ni atoms in the sample.  An increase in absorbance corresponds to a decrease in 

oxidation state as well as a decrease in coordination number (due to the removal of oxygen 

atoms).  
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Figure 4.4.  Reduction of Ni2P/MCM-41 followed by XANES 

 

The BET specific surface area and CO chemisorption uptake of the MCM-41-supported 

Ni2P sample are listed in Table 4.1.  The BET surface area was much lower than that of the fresh 

siliceous MCM-41 support.  This could be due to filling of micro and/or mesopores upon 

incorporation of the active phase or because of sintering at the elevated temperatures used in the 

synthesis.  Analysis of the sample was also carried out using extended x-ray absorption fine 

structure.  Curve fitting analysis of the reduced catalyst using McKale parameters gave a Ni-P 

coordination number of 3.56 (R = 2.246 Å) and a Ni-Ni coordination of 2.39 (R = 2.565 Å).  The 

low Ni-Ni coordination number is consistent with the dispersion of the sample (16 %) measured 

by chemisorption. 
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Table 4.1.  

  Physical properties of Ni2P/MCM-41  

 

Sample 
BET surface area /  

m2 g-1 

CO uptake / 

μmol g-1 

Metal 

dispersion /  

% 

Particle size / 

nm 
 

 Ni2P/MCM-41 487 (1076)a 188 16 6  

 a BET surface area of pure siliceous support  

 

  

 Figure 4.5 shows the powder XRD pattern of the reduced MCM-41-supported Ni2P 

catalyst after passivation.  The top panel shows the diffraction pattern of a reference Ni2P/SiO2 

sample for comparison.  Both patterns exhibit a broad peak at 2θ ~ 22° due to the amorphous 

SiO2 support and the existence of some amorphous domains in MCM-41 upon impregnation of 

the active phase.  At higher angles the XRD pattern for Ni2P/SiO2 confirms the formation of the 

Ni2P phase with peaks at 2θ ~ 41°, 45°, 48° and 55°.  The phase corresponds to hexagonal Ni2P 

which adopts the Fe2P structure with space group mP 26 [53].  The pattern of a reference Ni2P from 

the powder diffraction file (PDF 3-953) is also presented in the bottom panel [54].  For the 

Ni2P/MCM-41 sample no peaks attributable to the Ni2P phase are observed due to the high 

surface area of the support.  This verifies the formation of very small Ni2P crystallites and high 

dispersion of the active phase. 
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Figure 4.5.   XRD patterns of supported Ni2P catalysts 

  

Figure 4.6 shows the powder XRD patterns at low angles of the calcined MCM-41 

support and the freshly prepared Ni2P/MCM-41 catalyst.  The MCM-41 support exhibits an 

intense line at 2θ ~ 2.5° and three weak diffraction lines at 2θ ~ 4.1°, 4.6° and 6.1° from the 

(100), (110), (200) and (210) planes, respectively, characteristic of hexagonal MCM-41 [55].  

Impregnation of Ni2P on MCM-41 leads to a decrease in intensity and broadening of the (100) 

reflection and disappearance of the higher order reflections.  This suggests partial destruction of 

the hexagonal pore arrangement and indicates that the local structure of impregnated MCM-41 is 

less uniform than pure siliceous MCM-41.  However, the retention of some of the MCM-41 

peaks indicates that the framework structure does not deteriorate seriously during the synthesis.  
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Figure 4.6.   Low-angle XRD patterns of MCM-41 and Ni2P/MCM-41 

 

 

4.3.2. Infrared Measurements 

Figure 4.7 shows the FTIR spectra of the pure MCM-41 support under 1 mol% 

thiophene/He flow.  The left and right panels show the νC-H region (3200 – 2800 cm-1) and low 

wavenumber region, respectively.  The spectra under 1 mol% thiophene/H2 flow are not shown 

as they exhibit identical absorbance features.  In the νC-H region several small peaks were located 

at 3134, 3125, 3109, 3098, 3090 and 3082 cm-1. With increasing temperature, no changes in the 

intensities of the peaks were observed.  No discernible peaks were detected in the 3000 – 2800 

cm-1 range of the spectrum.  In the low wavenumber region the main spectral features were 

located at 1622, 1584, 1574, 1491, 1454, 1420, 1410 and 1400 cm-1.  The intensities of the peaks 

at 1622, 1491 and 1454 cm-1 were observed to increase slightly from 393 to 553 K and decrease 
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monotonically up to 723 K.  The intensities of all other feature were invariant with increasing 

adsorption temperature.  After degassing in He flow for 300 s only peaks at 1622, 1491 and 1454 

cm-1 remained at 393 K (spectra not shown).   
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Figure 4.7.   FTIR spectra of thiophene adsorbed on MCM-41 in thiophene/He flow as a 

function of temperature 

  

Figure 4.8 shows the FTIR spectra after background subtraction of thiophene adsorbed on 

Ni2P/MCM-41 in 1 mol% thiophene/He flow at high wavenumbers with the right panel 

highlighting the νC-H region of the spectra.  Two absorbance peaks at 3742 and 3665 cm-1 appear 

as negative features and correspond to surface hydroxyl groups of siliceous MCM-41 and P-OH 

functionalities associated with the active phase, respectively [56].  For all spectra, because of the 

background subtraction a decrease in intensity of a negative peak with increasing temperature 

indicates growth of the peak.  The opposite applies to positive features in the spectra.  In the νC-H 
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region (3200 – 2800 cm-1) there are several small features on a rising background found at 3134, 

3125, 3107, 3098, 3090 and 3082 cm-1.  In addition, several broad, weak absorbance bands are 

clearly observed below 3000 cm-1.  The features in the 3200 – 3000 cm-1 are assigned to aromatic 

νC-H absorbances while the weak features in the 3000 – 2800 cm-1 region are attributed to 

aliphatic νC-H modes [57].   With increasing temperature, the hydroxyl band at 3742 cm-1 

increases in negative intensity while the negative band at 3665 cm-1 decreases in intensity and 

actually becomes a positive feature above 593 K.  The positive peaks between 3134 - 3082 cm-1 

remain relatively unchanged up to 723 K.  The intensities of the broad features below 3000 cm-1 

increase slightly from 393 to 553 K but diminish rapidly at higher temperatures. 
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Figure 4.8.   FTIR spectra of thiophene adsorbed on Ni2P/MCM-41 in thiophene/He flow as 

a function of temperature (high wavenumber region) 
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Figure 4.9 shows the FTIR spectra in the low wavenumber region corresponding to 

Figure 4.8 of thiophene adsorbed on Ni2P/MCM-41 in 1 mol% thiophene/He flow.  The right 

panel highlights the ν(C=C)sym region of the spectra.  The main spectral features were located at 

1611, 1584, 1574, 1541, 1491 and 1450 cm-1.  In the 1450 – 1380 cm-1 range, additional bands 

are located at 1420, 1410 and 1400 cm-1.  Identification of absorbance features in the 1700 – 

1450 cm-1 region was difficult due to poor signal-to-noise ratio.  However, features at 1653, 

1636, 1560 and 1506 cm-1 were clearly observed at 393 K.  Upon highlighting the ν(C=C)sym 

region a weak peak at 1437 cm-1 was also observed at 393 K.  The features at 1437, 1420, 1410 

and 1400 cm-1 have been assigned to the symmetric stretching modes of the C=C bonds of 

thiophene (mode ν3) [58,59].  It is recognized that the ν(C=C)sym absorbances of thiophene are 

sensitive to the bonding mode of thiophene adsorbed on the catalyst surface [60,61].  Analogous 

to the adsorption of thiophene on pure Al2O3 by Bussell and coworkers, the feature at 1420 cm-1 

can be assigned to thiophene coordinated through its sulfur atom to coordinative unsaturated Si4+ 

sites created by dehydroxylation of the MCM-41 support.  The absorbance peak at 1410 cm-1 is 

tentatively assigned to physically adsorbed thiophene on the catalyst surface because this feature 

is also present in the thiophene gas-phase spectrum.  The band at 1400 cm-1 has been assigned to 

thiophene hydrogen-bonded through its sulfur atom to surface hydroxyl groups on the support 

(C4H4S···HO-Si) [62].  An increase in temperature led to a rapid decrease in the intensity of 

peaks located at 1653, 1636, 1560, 1506 and 1437 cm-1.  The intensities of the spectral features 

centered at 1611, 1491 and 1450 cm-1 were observed to increase slightly upon heating to 593 K 

and decrease at higher temperatures. All other peaks were maintained up to 723 K. 
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Figure 4.9.   FTIR spectra of thiophene adsorbed on Ni2P/MCM-41 in thiophene/He flow as 

a function of temperature (low wavenumber region) 

  

The data in Figures 4.7-4.9 show great similarity between the pure MCM-41 and the 

Ni2P/MCM-41 and indicate that thiophene is adsorbed extensively on the MCM-41 support 

except at the lowest temperature for the Ni2P/MCM-41.  The mode of bonding of the thiophene 

is molecular. 

The behavior of the adsorbed species was studied by abruptly removing thiophene from 

the feed and switching to pure He.  Figure 4.10 illustrates changes in the FTIR spectra at high 

(left panel) and low (right panel) wavenumbers for thiophene adsorbed on Ni2P/MCM-41 

following 300 s of degassing in He.  Few changes in the spectra at high wavenumbers were 

observed upon removal of thiophene from the gas-phase feed.  No changes in peak positions 

were discerned but peaks due to aromatic νC-H modes located between 3135 – 3080 cm-1 were 

undetectable even at 393 K.  This indicates that molecularly adsorbed thiophene is weakly held 
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on the catalyst surface.  In addition, some decomposition of thiophene is likely as several broad, 

weak features below 3000 cm-1 due to aliphatic νC-H modes were retained after degassing up to 

593 K.  These thiophene decomposition products have been shown to be strongly bonded to the 

surfaces of sulfided Mo/Al2O3 and Rh/Al2O3 catalysts [61].  In the low wavenumber region, 

peaks at 1653, 1611, 1560, 1541, 1506, 1491, 1450, 1437, 1420 and 1410 cm-1 were retained 

after degassing at 393 K.  At 513 K, only peaks at 1611, 1491, 1450 and 1410 cm-1 were detected 

and these features persisted up to 593 K.  The weak feature at 1437 cm-1 was also retained and 

appeared as a shoulder on the peak at 1450 cm-1. 
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Figure 4.10.   FTIR spectra of thiophene adsorbed on Ni2P/MCM-41 after 300 s degassing 

in He flow as a function of temperature 

 

Our spectroscopic results suggest that thiophene adsorbs molecularly on the catalyst 

surface at lower temperatures.  The absorbance bands at 1437 and 1420 cm-1 can be reasonably 
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assigned to thiophene coordinated via its sulfur atom (η1(S) mode, Scheme 2) to coordinative 

unsaturated (cus) Ni sites of the active phase and cus Si4+ of the MCM-41 support, respectively.  

Bussell and coworkers [58,61] studied thiophene adsorption on sulfided Mo/γ-Al2O3, Rh/γ-Al2O3 

and γ-Al2O3 using FTIR and temperature-programmed desorption. Absorbance features at 1431 

and 1420 cm-1 were observed and assigned to η1(S) bonded thiophene to Mo cus and Al cus, 

respectively.  Similar conclusions were made for thiophene adsorbed on Mo2N/ γ-Al2O3 by Li 

and coworkers [63].  For thiophene adsorption on MCM-41 (Figure 4.7), the feature at 1420 cm-1 

is observed at all temperatures while the feature at 1437 cm-1 is not present. For the Ni2P/MCM-

41 sample, a new low intensity feature at 1437 cm-1 is clearly observed.  Upon degassing, the 

peak at 1437 cm-1 is retained up to 513 K while the band at 1420 cm-1 is rapidly diminished.  The 

low intensity of the peak at 1437cm-1 due to η1(S) bonded thiophene on Ni cus sites is likely due 

to the relatively high adsorption temperature and, as discussed briefly, some decomposition of 

thiophene on the catalyst surface.     

Figure 4.11 shows the FTIR spectra at high wavenumbers of thiophene adsorbed on 

Ni2P/MCM-41 in 1 mol% thiophene/H2 flow with the right panel highlighting the νC-H region of 

the spectra.  Two negative peaks at 3740 and 3667 cm-1 due to hydroxyl groups were again 

observed.  Similar to the spectra obtained in He carrier the feature at 3740 cm -1 was retained up 

to 723 K while the intensity of the feature at 3667 cm-1 decreased with increasing temperature.  

The weak features due to aromatic νCH modes at 3136, 3125, 3107, 3098, 3090 and 3080 cm-1 

were again observed.  The other major spectral features included three new bands with high 

intensity centered at 2953, 2918 and 2876 cm-1.  An increase in temperature from 393 to 553 K 

led to an increase in intensity of the peaks at 2953, 2918 and 2876  cm-1.  These are again 

assigned to aliphatic νCH modes of absorption.  These features were observed in the 3000 – 2800 
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cm-1 range under He flow (Figures 4.8 and 4.10), although much weaker in intensity.  In He 

flow, the appearance of aliphatic νCH modes is likely attributable to some decomposition of 

thiophene on the catalyst surface and formation of adsorbed C4 hydrocarbons.  Such 

decomposition under inert conditions has been observed upon adsorption of thiophene on Ni 

single crystals, even at low temperatures (150 K) [64,65].  Above 553 K the intensity of these 

peaks were observed to decrease with increasing temperature up to 723 K.  An increase in 

temperature from 393 K to 513 K led to a slight decrease in intensity of the features at 3136, 

3125, 3107, 3098, 3090 and 3080 cm-1.  Above 513 K the intensities of these peaks were 

invariant with increasing temperature. 

4000 3800 3600 3400 3200 3000 2800 2600 3100 3000 2900 2800

3740

3667

723 K

673 K

593 K

553 K

513 K

393 K

Ni2P / MCM-41
thiophene / H2

0.1

 

A
bs

or
ba

nc
e 

/ a
.u

.

0.1

 

3136
3125 3080

309030983107

2876

29182953

Wavenumbers / cm-1
 

Figure 4.11.   FTIR spectra of thiophene adsorbed on Ni2P/MCM-41 in thiophene/H2 flow 

as a function of temperature (high wavenumber region)   

 

Figure 4.12 shows the FTIR spectra of thiophene adsorbed on Ni2P/MCM-41 in 1 mol% 

thiophene/H2 flow in the low wavenumber region of the spectra. The right panel highlights the 
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ν(C=C)sym region of the spectra.  The main spectral features were located at 1638, 1601, 1491, 

1449, 1420, 1410 and 1400 cm-1.  The peaks are very similar to those obtained under He flow but 

the features at 1491 and 1449 cm-1 are much more intense.  Additional smaller peaks centered at 

1653, 1638, 1626, 1584, 1576, 1558, 1551, 1541, 1506 and 1464 cm-1 were observed in the 1700 

– 1460 cm-1 range.  Upon highlighting the ν(C=C)sym region of the spectra a small peak at 1437 cm-

1 is again observed.  An increase of temperature led to a decrease in the intensity of peaks located 

at 1653, 1638, 1626, 1601, 1506, 1491 and 1449 cm-1 while all other peaks were retained up to 

723 K.  The peak at 1464 cm-1, which appears as a shoulder on the feature at 1449 cm-1, was 

observed to grow in intensity with heating from 393 to 553 K.  At higher temperature the 

intensity of the feature diminished rapidly.   
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Figure 4.12.   FTIR spectra of thiophene adsorbed on Ni2P/MCM-41 in thiophene/H2 flow 

as a function of temperature (low wavenumber region) 
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The behavior of the adsorbed species was again studied by abruptly removing thiophene 

from the feed and switching to pure H2.  Figure 4.13 illustrates changes in the FTIR spectra at 

high (left panel) and low (right panel) wavenumbers for thiophene adsorbed on Ni2P/MCM-41 

following 300 s of degassing in H2.  Once again, peaks located between 3136 – 3080 were 

diminished in intensity and undetectable above 393 K.  The three strong peaks at 2953, 2918 and 

2876 cm-1 were retained following degassing although with slightly reduced intensity.  In the low 

wavenumber region peaks at 1653, 1638, 1626, 1601, 1506, 1491, 1464 and 1449 cm-1 were 

retained after degassing in H2 at 393 K.  The intensities of the two strong peaks at 1491 and 1449 

cm-1 were maintained, but diminished rapidly with heating.  The feature at 1464 cm-1 was again 

observed to increase with heating up to 553 K and diminish at higher temperatures.  In addition, 

a new peak at 1549 cm-1 was observed.   
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 Figure 4.13.   FTIR spectra of thiophene adsorbed on Ni2P/MCM-41 after 300 s degassing 

in H2 flow as a function of temperature 
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As shown in Scheme 4.1 the products of thiophene HDS are typically 1,3-butadiene, 1-

butene, 2-butene (cis- and trans-) and butane.  In order to interpret the resulting spectra during 

thiophene reaction, Li and coworkers [63] employed in situ FTIR and adsorption of these HDS 

products over Mo2N/γ-Al2O3.  For the desulfurized products of thiophene reaction over the 

Ni2P/MCM-41 sample, a similar interpretation can be applied.  Over a reduced Mo2N/γ-Al2O3 

catalyst, the three butene products exhibited nearly identical absorbance peaks at 3010, 2965, 

2922, 2860, 1619, 1612, 1452, 1408 and 1381 cm-1.  The observed surface species were 

attributed to π- and σ-bonded butenes [66,67].  Adsorption of 1,3-butadiene gave absorbance 

peaks located at 3010, 3005, 2920, 2850, 1616, 1565, 1490, 1457, 1417 and 1378 cm-1.  These 

features were assigned to π-adsorbed butadiene and σ-bonded and dehydrogenated butadiene 

species on the catalyst surface [66].  For reaction of thiophene over Ni2P/MCM-41, the strong IR 

bands in the aliphatic νC-H region (3000 – 2800 cm-1) and the intense peaks centered at 1549, 

1491 and 1449 cm-1 can be assigned to vibrations of CH2 and CH3 groups of adsorbed C4 

hydrocarbons [68].  Analogous to the thiophene reaction on the nitride catalyst, the intense peak 

at 1491 cm-1 can be assigned to a significant amount of surface adsorbed 1,3-butadiene.  The 

band at 1491 cm-1 is likely due to di-π-adsorbed 1,3-butadiene (νC=C mode) while the band at 

1549 cm-1 can be tentatively assigned to a singularly π-bonded 1,3-butadiene species (νC=C mode) 

[66].  The feature at 1449 cm-1 is likely due to both π- and σ-bonded butenes.  However, for 1-

butene, Li and coworkers [66] gave evidence that this band is likely attributable to the presence 

of a σ-allyl butene species (δ(CH3)as/δ(CH2)as) via isomerization.         

Overall, the FTIR results are consistent with a reaction sequence for thiophene HDS 

shown in Scheme 4.3.  Thiophene is adsorbed and forms an η1(S) bonded complex with nickel.  

This is hydrogenated to form the tetrahydrothiophene species with aliphatic νCH peaks at 2953, 
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2918 and 2876 cm-1 which increased in intensity from 393 to 553 K and decreased and higher 

temperatures.  Analogously, the feature at 1464 cm-1 (Figures 4.12 and 4.13) exhibits a similar 

temperature dependence and can be reasonably assigned to asymmetric CH2 scissoring (mode 

ν21) of tetrahydrothiophene [69].  The tetrahydrothiophene increased in concentration as 

temperature was increased from 393 to 553 K because it is formed as a result of two sequential 

processes of different temperature dependence.  At high temperature, the cleavage of C-S bonds 

to form the surface sulfur species, accelerates relative to the hydrogenation step, and the 

concentration of the tetrahydrothiophene surface species diminishes.  Other species observed, 

like molecularly adsorbed thiophene and the hydrocarbons probably reside on the support.  
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Scheme 4.3.   Simplified surface HDS mechanism showing adsorbed 

tetrahydrothiophene and deposited sulfur 

 

The scheme above assumes that thiophene hydrogenation (step 2) and 

tetrahydrothiophene desulfurization (step 3) are kinetically significant, and that thiophene 

adsorption and sulfur hydrogenation are equilibrated.  This gives rise to the following rate 

expression: 

                                        (3) 
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                 (4) 

 

Rate expressions in which the reaction order in H2 was twice the order in thiophene have been 

proposed previously, especially for catalyst with high hydrogenation activity. Hensen and 

coworkers [70] measured the kinetics of thiophene HDS at 623 K in the presence of 1 kPa H2S 

over several C-supported transition metal sulfides. The authors determined that the reaction order 

in H2 was approximately twice the order in thiophene for sulfided Ru/C, Rh/C and Pd/C. The 

latter expression (Equation 4) gives rise to the following expression for the apparent activation 

energy, Eapp = α(E2 +ΔH1) –βE3. 

 

 4.3.3. XANES Measurements 

 Figure 4.14 shows XANES measurements of the Ni2P/MCM-41 sample exposed to 

thiophene/H2 mixtures (time zero) at different temperatures.   The absorbance at 8330.9 eV 

shows a rapid decrease in intensity to steady values that are indicative of the interaction of 

thiophene with the catalyst.  The spike at time zero is an artifact due to the switch in gas streams.  

As stated earlier, a decrease in absorbance is indicative of an increase in the oxidation state and 

coordination of the Ni centers.  The greater drop in absorbance with temperature indicates that 

the coverage in sulfur species at the surface is higher at higher temperatures.   
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Figure 14.4.  XANES measurements of the Ni2P/MCM-41 sample exposed to thiophene/H2 

(0.13 mol%) 

 

Figure 4.15 compares the initial decline in absorbance at 8330.9 eV due to thiophene 

adsorption in H2 and He carriers.  The absorbance values are slightly different in the two carrier 

gases because of the absorbance characteristics of both gases.  It is possible to roughly estimate 

the percentage decline in the initial stages of the absorbance by taking slopes (dµ/dt) as indicated 

in the figures.  Since the absorbance is related to the thiophene coverage, the slopes are 

indicative of the rates of thiophene adsorption (dθ/dt).    
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Figure 4.15.  Decline in absorbance at 8330.9 eV for thiophene adsorption.   

a)  Thiophene/He = 0.13 mol%  b)  Thiophene/H2 = 0.13 mol% 

 

For the thiophene in He curve, the change in coverage with time gives the net rate of adsorption. 
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For the thiophene in H2 curve, the change in coverage also includes the rate of reaction. 
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The difference in both quantities can be used to give the rate of reaction. 
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A limitation in this analysis is that the absorbance, µ, has not been related quantitatively 

to the coverage, θ.  However, assuming linearity, and estimating an approximate correspondence 

between the percentage values, allows a very rough order-of-magnitude determination.  Thus, at 

513 K (240 oC) the reaction rate can be calculated to be:   

    

=⎟
⎠
⎞

⎜
⎝
⎛−⎟

⎠
⎞

⎜
⎝
⎛

2HHe dt
d

dt
d θθ   -1.6 – (-2.2) % s-1 = 0.6 % s-1 = 0.006 s-1  (8) 

 

At 573 K (300 oC) the reaction rate can be calculated to be: 
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2HHe dt
d

dt
d θθ  -3.7-(-4.6) % s-1 = 0.9 % s-1 = 0.009 s-1  (9) 

 

 These calculated values are close to the measured turnover frequencies of 0.0071 s-1 at 

513 K (240 oC) and 0.0082 s-1 at 573 K (300 oC).  

In previous work [14,49] it was suggested that the active phase of Ni2P consisted of a 

phosphosulfide.  It was therefore of interest to check the nature of the sulfur species on the 

surface of Ni2P/MCM-41.   

Figure 4.16 shows XANES traces obtained in isothermal and temperature-programmed 

experiments with adsorbed thiophene on samples that have been reduced at 530 oC before each 

change in condition.  The increase in absorbance indicates a decline in Ni-S coordination.  The 
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left part of Figure 4.16 a) shows the signals when flows of thiophene in H2 at 180 oC are changed 

to pure H2.   In the isothermal region at 180 oC the absorbance increases and reaches a plateau, 

indicating that adsorbed thiophene (the tetrahydrothiophene intermediate) has desorbed.  When 

the temperature is now ramped to 530 oC the absorbance increases again.  This is indicative of 

the removal of further sulfur, and this is interpreted as removal of the phosphosulfide sulfur.   

Similar results are presented in Figure 4.16 b) where the left part of the figure shows the signals 

when flows of thiophene in H2 and He at 240 oC are changed to pure H2.  In the isothermal 

portion at 240 oC the signals reach a plateau as the adsorbed thiophene (tetrahydrothiophene) is 

desorbed.  When the temperature is then ramped to 530 oC the absorbance increases in the same 

manner for all samples.  Again, the interpretation is that this corresponds to the removal of the 

phosphosulfide sulfur.  The experiments are repeated in Figure 4.16 c) where the left part of the 

figure shows the signals in flows of thiophene in H2 and He at 300 oC which are changed to pure 

H2.  In the isothermal region at 300 oC the signals reach a plateau as the adsorbed thiophene 

(tetrahydrothiophene) is desorbed.  When the temperature is ramped to 530 oC the absorbance 

increases as the phosphosulfide sulfur is removed. 
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Figure 4.16.  XANES measurements of adsorbed thiophene undergoing TPR in H2 

a) Reaction at 453 K (180 oC)  b) Reaction at 513 K (240 oC)  c) Reaction at 573 K (300 oC) 
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 The conclusion of this work is that there are two types of sulfur that are observable by 

XANES.  One type is associated with an adsorbed sulfur-containing species, which is suggested 

to be tetrahydrothiophene, from the observation of aliphatic C-H stretches and C-C stretches in 

the FTIR spectrum.  The other type is a phosphosulfide sulfur that is strongly held on the surface 

of the Ni2P catalyst.  Dynamic experiments show that the adsorbed species is a reactive 

intermediate because it reacts at the same rate as the steady-state rate. 

 

4.3.4. Steady-State HDS Activity  

 Table 4.2 summarizes the thiophene HDS results for the Ni2P/MCM-41 sample as a 

function of temperature at atmospheric pressure.  The activity tests were conducted with the 

same amount of catalyst charged to the reactor (0.047 g) as for the transient XANES 

measurements. Additionally, all experiments were conducted at the same weight hourly space 

velocity (WHSV = 22.2 h-1).  The conversion of thiophene was observed to increase with 

increasing temperature, as expected.  The selectivity for HDS products was 100% at all reaction 

temperatures.  The observed HDS products were C4 hydrocarbons (butenes and butane). Table 

4.2 also presents the turnover frequencies for the Ni2P/MCM-41 catalyst in the HDS of 

thiophene as a function of temperature at atmospheric pressure.  Using the measured thiophene 

conversions, the TOFs for thiophene reaction were calculated with Equation 2 based on the CO 

uptake value for the MCM-41-supported Ni2P catalyst (Table 4.1).  The measured TOFs for 

thiophene HDS at 513 and 573 K are in good agreement with the values obtained in the XANES 

measurements.   
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 Table 4.2.  

 Steady-state thiophene HDS results  

 
Sample Temperature / 

K 
Conversion / 

% TOF / s -1 
 

 573 80 0.0082  

 513 69 0.0071  

 

Ni2P / MCM-41 
453 57 0.0058  

      
.      

 

 Figure 4.17 presents the Arrhenius plot for the HDS of thiophene as a function of 

temperature over the Ni2P/MCM-41 catalyst.  The apparent activation energy for the HDS of 

thiophene was obtained from the slope of the Arrhenius plot: 

 

                           ⎟
⎠
⎞

⎜
⎝
⎛−=

RT
E

ATOF aln)ln(                                  (10) 

 

where A is the apparent frequency factor, Ea is the apparent activation energy (kJ mol-1), R is the 

gas constant (8.3144 J mol-1 K-1) and T is temperature (K).  The calculated apparent activation 

energy for thiophene HDS over Ni2P/MCM-41 was 6.24 kJ mol-1.  The linearity of the 

experimental results indicates that the reaction mechanism does not change over the temperature 

range studied.  
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Figure 4.17.  Arrhenius plot of thiophene HDS over Ni2P/MCM-41    

 

Absence of internal diffusion limitations was checked using the Weisz-Prater criterion [71].  It 

was confirmed that at the highest temperature used (573 K, 300 oC) the quantity R2r/CsDe had a 

value of 0.31, where R is the thickness of the catalyst wafer (0.030 cm), r is the volumetric rate 

(1.8 x 10-6 mol cm-3 s-1), Cs is the thiophene concentration (5.3 x 10-8 mol cm-3) and De  is the 

diffusivity of thiophene (0.10 cm2 s-1).  The value satisfied the criterion, R2r/CsDe < 1, suggesting 

no internal diffusion limitations or concentration gradient within the catalyst wafer.  The low 

apparent activation energy is due to the presence of two consecutive steps (Scheme 3) which 

gives rise the apparent activation energy noted before Eapp = α(E2 +ΔH1) –βE3. 
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4.4. Conclusions 

 

 The hydrodesulfurization (HDS) of thiophene was studied on Ni2P/MCM-41 using in situ 

Fourier transform infrared (FTIR) spectroscopy and near-edge x-ray absorption fine-structure 

(XANES).  The FTIR measurements showed the appearance of an adsorbed hydrogenated 

species, presumed to be tetrahydrothiophene, when thiophene and hydrogen were passed over the 

catalyst.  The intensity of the FTIR peaks rose with temperature and then declined, indicating 

that the steps for formation and reaction of the species had different temperature dependencies.  

In situ XANES measurements confirmed the presence of the intermediate through the monitoring 

of a signal that responded to the formation of Ni-S bonds.  Dynamic experiments with XANES 

in which the adsorbed intermediate was desorbed in He and H2 allowed the estimation of its rate 

of reaction at two temperatures.  These rates corresponded closely to the overall turnover 

frequency of reaction, and indicated that the adsorbed intermediate was a true reaction 

intermediate.  Additional XANES experiments showed that the surface of the Ni2P/MCM-41 was 

likely a phosphosulfide, in agreement with past determinations. 
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Chapter 5 

 
Conclusions 

 
 
 

The diminishing quality of oil feedstocks coupled with increasingly more 

stringent environmental regulations limiting the content of sulfur in transportation fuels 

have given rise to a need for improved hydroprocessing technology.  A number of major 

improvements in hydrodesulfurization (HDS) and hydrodenitrogenation (HDN) catalysts 

and processes have been reported in recent years.  A new class of hydroprocessing 

catalysts, the transition metal phosphides, have emerged as a promising group of high-

activity, stable catalysts.  The phosphides have physical properties resembling ceramics, 

so are strong and hard, yet retain electronic and magnetic properties similar to metals.  

Their crystal structures are based on trigonal prisms, yet they do not form layered 

structures like the sulfides.  They display excellent performance in HDS and HDN, with 

the most active phosphide, Ni2P, having activity surpassing that of promoted sulfides on 

the basis of sites titrated by chemisorption (CO for the phosphides, O2 for the sulfides).  

In the HDS of difficult heteroaromatics like 4,6-dimethyldibenzothiophene Ni2P operates 

by the hydrogenation pathway, while in the HDN of substituted nitrogen compounds like 

2-methylpiperidine it carries out nucleophilic substitution.  The active sites for 

hydrogenation in Ni2P have a square pyramidal geometry, while those for direct 

hydrodesulfurization have a tetrahedral geometry.   Overall, Ni2P, is a promising catalyst 

for deep HDS in the presence of nitrogen and aromatic compounds. 
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A kinetic study of pyridine hydrodenitrogenation (HDN) was conducted on a 12.2 

wt% silica-supported nickel phosphide (Ni2P/SiO2) catalyst at 423 K and atmospheric 

pressure.  In situ Fourier transform infrared spectroscopy (FTIR) measurements of 

pyridine adsorbed on Ni2P revealed the formation of a pyridinium surface intermediate.  

The concentration of the pyridinium intermediate increased with pyridine partial pressure 

and decreased in the presence of hydrogen, suggesting that it was a reaction intermediate.  

However, transient and steady-state kinetic measurements showed that the rate of 

reaction of the intermediate did not correspond to the overall reaction rate, and it is 

concluded that the pyridinium intermediate is not directly involved in the HDN reaction 

of pyridine over Ni2P.  The studies demonstrate that mere observation of an adsorbed 

surface species at reaction conditions is not sufficient to prove that it is a reaction 

intermediate. 

The hydrodesulfurization (HDS) of thiophene was studied over Ni2P/MCM-41 by 

in situ Fourier transform infrared (FTIR) spectroscopy and x-ray absorption near edge 

structure (XANES) measurements at atmospheric pressure and 393-723 K (120 – 450 oC).  

FTIR showed the presence of adsorbed molecular thiophene principally on the MCM-41 

support.  In the presence of hydrogen new peaks in the aliphatic C-H stretching region 

(2953, 2918 and 2876 cm-1) and the CH2 scissoring region (1464 cm-1) appeared and 

grew with temperature up to 553 K (280 oC).   These were assigned to a 

tetrahydrothiophene surface intermediate.  XANES measurements also showed growth of 

a signal (8330.9 eV) attributed to Ni-S interactions of the adsorbed tetrahydrothiophene 

between 353 – 573 K (180-300 oC).  Transient XANES measurements showed that the 

tetrahydrothiophene species responded dynamically at the same rate as the steady-state 
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rate, indicating that it was an intermediate in the reaction.  The results indicate that the 

HDS of thiophene goes through a hydrogenated intermediate, consistent with the high 

hydrogenation activity of nickel phosphide.  

 

 

 

 


