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Chapter 1 

INTRODUCTION 

The present study on the "Quinoline Hydrodenitrogenation over Supported 

Sulfide Catalysts" is a part of an interuniversity project entitled "Prevention of 

Deactivation of Hydrotreating Catalysts". The investigations were supported by 

the Netherlands' Foundation for Chemica! Research (SON) with financlal aid from 

the Netherlands' Technology Foundation (STW). Two university laboratories 

participated in this project : the laboratory for Inorganic Chemistry and Catalysis 

of the Eindhoven University of Technology (TUE) and the Iabaratory for Chemica! 

Technology of the University of Amsterdam (UvA) with AKZO Netherland B.V., 

Research Centre Amsterdam acting as the industrial partner. Within this project 

two aspects of the catalyst deactivation have been investigated : Coke formation 

(UvA) and Hydrodenitrogenation (TUE). 

Hydrotreating 

Catalytic hydrotreating is one of the four steps in the refining of crudes 

[1,2]. After distillation, but befare conversion (reforming, cracking) and blending, 

petroleum feedstocks are contacted with hydragen in the presence of a catalyst at 

high pressure (6-20 MPa) and temperature (573--673 K). During this 

hydrotreating process the molecules are partially hydrogenated and heteroatoms 

(S,N,O,Ni,V,) are removed. These heteroatoms would lead to poor colour, smell 

and stability of the final products as well as to the poisoning of precieus roetal 

reforming catalysts used in the latter stage of the refining and to the pollution of 

the environment. The main reactions included in hydraprocessing are 

hydrodesulfurisation (HDS), hydrodenitrogenation (HDN) and demetallation 

(HDMe). Hydrocracking and hydraconversion are desired side reactions especially 

in the processing of heavy feedstocks in which not only heteroatoms must be 

removed, but also the H/C ratio must be increased. 

Hydrodenitrogenation 

The importance of hydrodenitrogenation (HDN) in industrial hydrotreating 

has grown in last decades due to increased refining of heavy crudes, vacuum 

residues of oil distillation and coalliquids [3] . Recently, two processes based either 

on the addition of hydragen (Shell-Hycon Process) or on the remaval of carbon 
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(Exxon-Flexicoker Process) have been developed for the refining of vacuum 

residues. Heavy crudes and vacuum residues have relatively high concentrations of 

S, N, 0 and metals (Ni, V) and their refining makes high demands on the catalyst 

properties. The catalysts must be resistant towards the deposition of metals as 

well as towards the high coke formation [4,5]. The analysis of coke deposits on 

hydrotreating catalysts has frequently shown that these deposits have a low H/C 

ratio and a relatively high N-<:ontent [4,5] . It has therefore been concluded that 

N-<:ompounds present in the crudes might be coke precursors and that high 

hydrodenitrogenation capacity rnight proteet the catalysts against coke deposition. 

Catalysts 

The commercially used hydrotreating catalysts are -y-Al20 3-supported 

Ni-Mo catalysts for feedstocks with a high N-<:ontent and Co-Mo catalysts for 

feedstocks with a high S content [6-31]. Under operating conditions the roetal 

components of the catalysts are mainly present as sulfides. MoS 2 is usually 

considered to be the active phase of these catalysts. Co and Ni considerably 

increase the HDS and HDN activities of the Mo catalysts and numerous roodels 

have been proposed for the structure of the -y-Al20 3 supported Co-Mo and Ni-Mo 

catalysts [32,33]. The monolayer model (34-36], intercalation model [37-40], the 

contact synergy model (41,42], the "Co-Mo-S" ("Ni-Mo-S") model (43,44] and 

the model consiclering Co as bonding modifier of the Mo site (45,46] describe the 

promoter effect of Co and Ni in quite different ways. So far, it has not been 

established whether Co (Ni) itself is the active site and MoS2 should be regarcled 

as a kind of support (4 7,48] or whether Co and Ni just increase the activity of the 

Mo site, i.e. are promoters for Mo sites [34-46] . 

Besides Co, Ni and Mo commercial -y-Al20 3 supported hydrotreating 

catalysts contain various additives, phosphate being the most common amongst 

them. Phosphate is frequently used for preparational reasons as it increases the 

roetal solubility and the stability of the impregnation solutions and makes it 

possible to prepare promoted catalysts with high roetal loadings in just one 

impregnation step [15-18,49,50]. However, phosphate influences also the 

performance of the catalysts and a wide range of effects such as increased HDN 

[18,19,24-29,49,51], HDS [16-26,49-51] and HDMe [29,30] activity, improved 

mechanica! and thermal stability [20-22,52] and decreased fouling [53] and coke 

formation [49] have been attributed to phosphate. 
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Despite the numerous studies on the role of phosphate in 

'}'-Al20 3-supported Ni-Mo catalysts (49-51,54-58) it is still not clear whether 

phosphate only impraves the properties of the ?-Ah0 3 support or promotes the 

activity of the roetal sul:fides, or whether phosphorus-associated active sites are 

directly involved in the catalytic performance of these catalysts. Whatever might 

be the contribution of phosphate to the performance of the commercial catalysts, 

the phosphate-{:ontaining Ni-Mo/ Ah03 catalysts are the most widely used 

commercial hydrotreating catalysts, also for processing of heavy feeds. 

The latest research on Co-Mof AhO 3 catalysts has shown that also with 

respect to the preparatien of these catalysts there are still great possibilities to 

imprave their catalytic performance [59). However, the search for new catalysts 

does not necessarily have to concentrate on the modification of existing catalysts. 

Studies on bulk (60) and carbon-supported transition metal sulfide catalysts 

(61-64) have clearly shown that many of these catalysts have much higher HDS 

and HDN activities than the Ni-Mo / Al20 3 catalysts. The commercial u se of such 

catalysts is not very attractive, however, in view of the high prices of precieus 

metals. The studies on the periadie trends in the HDS and HDN activity and 

selectivity of transition metal sulfides have provided important information about 

the relations between the electronic configurations of the transition roetal sulfides 

and their catalytic performance. Another very important function of such studies 

is to avoid that certain effects, which in fact have a general character, are by 

mistake attributed to the special structural features of the conventional Ni-Mo 

and Co-Mo catalysts. Due to the low metal-support interaction [47,48), 

carbon-supported transition metal sulfide catalysts can give important 

information about the intrinsic catalytic activity and selectivity of these sulfides, 

without the intedering effects of the po lar group of the '}'-Al20 3 support and 

without the formation of stabie metal-Al compounds. 

Evaluation of Activity Data 

Many variables may affect the rate of chemica! reactions. The temperature, 

pressure, composition of the reaction mixture, mass and heat transfer and the 

presence of catalysts are obvious variables. Catalysts are foreign materials, present 

in small amount, acting somehow as gobetweens, either hindering or accelerating 

the reaction process while being modified slowly, if at all. 
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The reaction rate can be defined as the rate of change in number of moles of 

dNï 
component i, (l""t. In homogeneaus systems the reaction rate is mostly related to 

the unit volume of reacting fluid . If the rate is expressed in changes of compound 

1 dN 
p, it is defined as rp = V · (Pt), component p being a reaction product. In 

heterogeneaus systems the reaction rate should be based on the unit surface area of 

1 dN 
the solid and be defined as rp = 5 · (Pt), component p being a reaction product . 

The determination of the reaction rate equation consists of the determination of 

the concentratien dependenee at fixed temperature and the temperature 

dependenee of the reaction rate. The experimental data can be obtained in batch 

and flow reactors. Two different types of batch reactors (constant volume or 

constant pressure) and t wo types of flow reactors (constant flow stirred tank or 

plug flow) can be used. The present study has been carried out using constant 

volume batch reactors as well as plug flow reactors . Batch reactors are mostly 

operated isothermally and the extent of reaction is determined by following the 

concentratien of a given component or by following the change of some physical 

property of the system (electrical conductivity, pressure, volume) related to that 

concentra tien. 

1 dN de 
The reaction rate can bedefinedas rp =V · Pt = är, component p being 

a reaction product. In a stirred batch reactor the composition throughout the 

reactor is uniform, Ci is a function of reaction time (Fig. 1). The slope at time t = 

0: ro = ~~ t=o, can be used for the characterisation of the catalyst. 

In a plug flow reactor (unmixed flow reactor) the residence time in the reactor is 

the same for all elements of the fluid. The state of the system at the reaction time 

t is the measure of the processing rate in a batch reactor. In flow systems the space 

time and space velocity have the same function as t in the batch reactor. Space 

time is defined as time required to process one reactor volume of feed measured at 

specific conditions: r = ~ = [time]. Space velocity is defined as number of reactor 
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volumes of feed at specified conditions which can be treated in unit time: s = ~ = 
[time-1]. For characterisation of catalysts it is sometimes more advantageous to 

define the space velocity as the number of moles of compound i contacting a unit 

catalyst volume or weight in unit time and the dimension will be [mol(i) . 

time-t.(catalyst volume or weight)-1]. 

/ "" / / 
/ 

/ / 

/ / 

a. / 
/ 

/ 
~ / 

2i / 

t / 
/ 

Ä 
/ 

z --. 
4 

T2 

&PACE TIME T OR REAcnON TIME t 

Figure 1. The concentration variabie (N,J' Cp or ap) plotted as a fu,nction of reaction 
time (t) or space time (T }. Two ways o characterisation of the catalyst activity are 
indicated : the rate at T = 0 (1 ',2~ and the conversion at a constant T 1 (or T 2} 

(1,2,9,4}. 

The conversion of reactant a aa = Ccao-<:a or the formation of product p ap 
ao 

= !:!Lee can be plotted versus the space time T (Fig. 1). The reaction rate at space 
ao 

time T = 0: r 0 = ~~P can be used for the characterisation of the catalyst. 

The reaction rate is depenrlent not only on the concentration of reactants 

but also on temperature. The typical rate equation can be writen as ra = - ~ . 

~~a = k(T) . f( c), where k(T) is the reaction ra te constant and f( c) are the 

concentration-dependent terms which usually remain unchanged at different 

temperatures. The reaction rate constant changes with temperature according to 

an Arrhenius-type equation relationship k = ko . e-E/RT_ The plot of ln(k) 

versus 1/T enables todetermine the activation energy (E) of the reaction. 
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The catalysts can be characterized by the reaction rate constants k0 and the 

activation energy E of the test reaction used. The parameter of activation energy 

is only meaningful if the changes of reaction rate with temperature are reversible. 

A direct comparison of these parameters for different catalysts is only possible if 

the kinetics are the same for all catalysts to be compared. Preferably, the reaction 

rate should always be related to a unit of active surface or be calculated per active 

site. However, for complicated reaction networks it is not always possible to 

determine the rates or the reaction rate constants for separate steps with sufficient 

precision. For most catalytic systems the determination of the number of active 

sites or the active surface is not possible, either. In such cases the conversions of 

reactant a ( aa) or the formation of the product p ( ap) at fixed reaction time or 

space time has to be used for catalyst characterisation (Fig. 1). For the cornparison 

the slopes of the plots of conversion versus time at t = 0 (i.e. the rat es) as well as 

the conversions itself can be used. Except for very low conversions and tirnes 7 

both rnethods introduce significant uncertainties and the cornparison must be done 

very carefully. Nevertheles, a cornparison of such raw activity data is often the 

only possiblity for batch experirnents, large series of catalysts and for reactions 

which are complicated by interfering side reactions at low conversions. 

This was also the case in this study in which large series of catalysts were 

tested in various test reactions. The standard thiophene-HDS activity test in a 

flow reactor (0.2 g catalyst), including sulfidation and activity rneasurement at one 

space time and one ternperature and pressure, takes 5 hours. The shortest HDN 

experiment in the microautoclave (12.5 mg catalyst), including sulfidation and 

activity measurement at one ternperature and pressure, takes 7 hours. The 

standard HDN experiment in a flow reactor (0.5 g catalyst), including sulfidation 

and activity measurernent at one space time and pressure and at three different 

ternperatures, takes 32 hours. An extended test, including also different space 

times, hydrogen or hydrogen sulfide partial pressures etc., takes at least 100 hours. 

It was thus not possible to test all catalysts over a broad range of space tirnes 

(reaction times) or temperatures. Besides, the quinoline HDN reaction itself 

introduces limitations for the experimental conditions. 

Quinoline HDN Test Reaction 

Quinoline has frequently been used as a model compound for studies of the 

HDN performance of Ni-Mo/ Al20 3 catalysts (63,65-71]. In view of its complicated 
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reaction network (Fig. 2) the choice of the quinoline HDN might seem somewhat 

unlucky. The first impression might be that reactions such as the HDN of 

pentylamine, pyridine or piperidine are better model reactions for kinetic studies 

or catalyst testing, because of a simpler network. However, the experimental 

studies with these compounds (72,73] show unexpected complications. Numerous 

side reactions such as disproportionation, cracking, isomerisation and 

polycondensation take place to a high extent under the reaction conditions and the 

correct evaluation of the experimental results is (at least) very complicated due to 

the high concentrations of these byproducts. The formation of high molecular 

weight compounds (tar) furthermore leads to experimental problems (deposition of 

tar in cold reactor parts). In contrast herewith, the reaction product of 

quinoline-HDN [63,65-69] (Fig. 2) contains only a low concentration (usually less 

than 5 % quinoline mol equivalents) of byproducts. The majority of byproducts are 

aromatic or alicyclic cracking and isomerisation products (C1 - C9), only a 

relatively small part are high molecular weight compounds [69]. 

The quinoline HDN reaction is thus after all a more suitable reaction for 

the catalyst testing as it contains all the important steps of hydrotreatment: the 

hydragenation of the benzene ring and of the heterocyclic ring, ring opening 

reactions and the removal of the heteroatom by elimination or hydrogenolysis . The 

reaction mechanism and kinetics have been already studied. The usually accepted 

reaction mechanism (Fig. 2) [65-71] shows that there are two different reaction 

pathways. The reaction pathway which is usually considered as the main pathway 

(at least over the Ni-Mo-P/ Ahû 3 catalysts) starts with the hydragenation of 

quinoline to 1,2,3,4-tetrahydroquinoline and 5,6,7,8-tetrahydroquinoline, which 

are subsequently hydrogenated to decahydroquinoline. Decahydroquinoline 

undergoes a ring opening reaction under the formation of propylcyclohexylamine 

which is rapidly converted to N-free products. The N-removal takes place through 

hydrogenolysis and direct formation of propylcyclohexane, or via NH 3 elimination 

under the formation of propylcyclohexene, which can further react to PCH or 

PBZ. The second reaction pathway starts with the ring opening of 

1,2,3,4-tetrahydroquinoline under the formation of o-propylaniline, which can 

react directly to propylbenzene (hydrogenolysis) or be hydrogenated to 

propylcyclohexylamine and proceed as in the first reaction pathway. The initia! 

hydragenation equilibria and the link between the two reaction pathways 

complicate the evaluation of the experimental result. It is therefore advantageous 

to use also some of the intermediates of this reaction network ( decahydroquinoline 
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Figure 2. Quinoline HDN reaction network {according to combined findings of 
references {65-71}). 

Q quinoline 
THQ1 1,2,3,4 -tetrahydroquinoline 
THQ5 5,6, 7,8-tetrahydroquinoline 
DHQ decahydroquinoline 
OPA o-propylaniline 
PCHA propylcyclohexylamine 
PCHE propylcyclohexene 
P BZ propylbenzene 
PCH propylcyclohexane 

or o-propylaniline) as substrates for the HDN. 

In addition to the reaction products that belong to the main reaction 

pathways of quinoline-HDN [65-71] (Fig. 2) small amounts of byproducts (total 

less than 5 % quinoline mol equivalents) were found in the reaction product 

mixture. Most of these byproducts were N-free aromatic or alicyclic hydrocarbons 

with a methyl or ethyl group instead of a propyl group (referred to as cracking 

products; CrCs) and methylpropylcyclopentane, and methylindoles (referred to as 

isomerisation products; C9). In total about 50 different byproducts were detected. 

As the total concentration of the byproducts is typically quite low and online GC

MS analysis equipment was not available it was virtually impossible to identify all 

these byproducts. Using a nitrogen-phosphorus detector (NPD) parallel to the 

flame ionisation detector (FID), it was determinated whether these byproducts 

were N-free or N-containing. Even though the mass balance in each experiment 
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was checked carefully, there is a chance that a part of the N-free byproducts are 

due to the cracking and isomerisation of the solvent ( decane, hexadecane) and do 

not belong to the byproducts of the quinoline-HDN. Therefore the byproducts 

were treated as a separate product group and used only as a measure for the 

overall cracking and isomerisation activity (Chapters 2-4,6) or neglected at all 

(Chapters 7-9). Using the activity data from this test reaction the catalyst can be 

characterized by (for abbreviations see legend of the Fig. 2) : 

1. Q-conversion to hydrocarbons expressedas %of Q mol equivalents converted to 

PCH, PBZ and PCHE hydrocarbons, Nhc = Npch+Npbz+Npche; 

2. product distribution within the group of PCH, PBZ and PCHE hydrocarbons, 

npch+npbz+npche = 100, with npch = Npch/Nhc, npbz = Npbz/Nhc and npche = 
Npche/Nhc being referred to in text as the selectivity for PCH, PBZ and PCHE, 

respecti vely; 

3. product distribution within the group of DHQ, THQ5, THQ1 and Q double ring 

N-compounds, ncthq+nthqs+nq+nthql = 100, with nq = Nq/Nn, ncthq = Ncthq/Nn, 

nthqs = N thqs/N n and nthqt = N thqt/N n being referred to in the text as the 

fraction of residual Q and as the selectivity for DHQ, THQ5 and THQ1, 

respectively; Nn is the % of Q mol equivalents present as double ring 

N-compounds. 

4. Q-conversion to compounds having an opened N-containing ring (% of Q mol 

equivalents converted to OPA and hydrocarbons) = Nhc+Nopa; 

5. Q-cracking and isomerisation [% of Q mol equivalents converted to cracking 

(C1 Ca) and isomerisation (Cg) byproducts] = Nby· 

Nhc+Nopa+Nby+Nn = 100 in the series of flowexperimentsin which byproducts 

were treated as a separate product group (Chapters 2-4,6), and Nhc+Nopa+Nn = 
100 in the autoclave experiments in which byproducts were neglected (Chapters 

7-9). The reproducibility of the flow as well as batch experiments was better than 

10%. 

Scope and Outline of This Investigation 

The aim of the present study was to find out how the various catalyst 

components (metal sulfides, support and additives) influence its 

hydrodenitrogenation activity and selectivity. With the aquired knowledge it was 

finally attempted to design catalysts with high HDN activity, favourable 

selectivity and low deactivation for processing of heavy feedstocks. A systematic 

study was carried out on the catalytic properties of -y--Al20 3- and 
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carbon-supported Ni-Mo-P catalysts as well as on carbon-supported transition 

metal sulfide catalysts. The properties of the catalysts were tested for the high 

pressure quinoline HDN in a flow reactor and in the autoclaves and for the low 

pressure thiophene HDS in a flow reactor. The fresh meidie and some of the 

sulfided and spent catalysts were characterized by X-ray photoelectron 

spectroscopy (XPS) and other analysis techniques. 

The first part of this thesis deals with the effect of phosphorus on the HDN 

and HDS performance of the various catalysts. In chapter 2 a study of the role of 

phosphate in -y-Ah0 3 supported Ni-Mo (and Rh) catalysts is described. The 

catalytic properties of these catalysts for medium high pressure quinoline HDN 

and low pressure thiophene HDS (both measured under flow conditions) were 

compared. In addition, the possible relation between catalyst texture, active phase 

dispersion and catalytic behaviour was investigated. 

Chapter 3 describes the influence of the preparation procedure of the 

Ni-Mo-P/ Al20 3 catalysts on the phosphate effect. The influence of the way of 

impregnation (sequentia! impregnation or coimpregnation), composition of 

coimpregnation solutions, type of P-compound, the stage of the introduetion of 

the P-compound, calcination treatment as well as the use of the nitrilotriacetic 

acid preparation method were studied. The quinoline-HDN and thiophene-HDS 

activities of these phosphate-containing catalysts are compared with those of 

combined catalyst beds. The effect of the preparation procedure on the texture of 

the catalysts and the active phase dispersion is also taken in account. 

Chapter 4 deals with the effect of phosphorus (introduced by impregnation 

of the support with H3P04) on the quinoline-HDN (flow reactor) and 

thiophene-HDS activity and selectivity of carbon-supported Ni, Mo and Ni-Mo 

catalysts. 

Chapter 5 shows the effect of in situ introduced P-compounds on the 

thiophene-HDS activity and selectivity of carbon-supported transition metal 

sulfide catalysts (first, second and third row, groups V, VI, VII and VIII). The aim 

of this series of experiments was to determine whether the beneficia! effect 

observed for the Ni-P /C catalyst in Chapter 4 is unique or whether also other 

transition metal sulfides can be influenced by phosphorus in the same way. In this 

series of experiments a quite new way of P-introduction, based on the low 

interaction between phosphate and the carbon support, has been used. 

Chapter 6 describes the effects of in situ introduced phosphorus on the 

quinoline-HDN and thiophene-HDS activity and selectivity of carbon-supported 
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TABLE 1. 
Contents. 

Chapter Catalysts Test Reactions, Type of Study 
Chacterisa ti on 
Techniques 

2,3 Ni-Mo-P/ AbO 3 quinoline HDN (flow) 
thiophene HDS 
XPS effect of P 

4 Ni-P /C, Mo-P /C quinoline HDN (flow) 
Ni-Mo-P/C thiophene HDS 

XPS effect of P 

5 [P/C+TMS/CJ! thiophene HDS effect of P 

6 IP/C+Ni/Cl quinoline HDN (flow) 
P/C+Mo/ }1 thiophene HDS 
P/C+ Ni-Mo/C]t effect of P 

7 TMS/C (:uinoline HDN 
autoclaves) perioctic trends 

8 TMS/C decahydroqu.inoline HDN 
(autoclaves) periodic trends 

9 TMS/C o-propylaniline HDN 
( autoclaves) perioctic trends 

t Experiments with combined bedsof P jC and catalyst. 

Ni, Mo and Ni-Mo catalysts in a microflow reactor. The P-<:ontent of the spent 

catalysts has been determined in a number of different ways. 

The second part of this thesis describes the study on the perioctic trends in 

HDN. The chapters 7, 8 and 9 deal with the trends in the HDN activity of 

carbon-supported transition metal sulfide catalysts (first, second and third row, 

groups V, VI, VII and VIII) as measured in the temperature range 543 - 653 K 

and at pH2 = 4.0 MPa in the microautoclaves with quinoline (Chapter 7), 

decahydroquinoline and cyclohexylamine (Chapter 8) and o-propylaniline 

(Chapter 9) as model compounds. 
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Chapter 2. 

THE EFFECT OF PHOSPHATE ON THE HYDRODENITROGENATION 

ACTIVITY AND SELECTIVITY OF ALUMINA-8UPPORTED SULFIDED 

Mo, Ni AND Ni-Mo CATALYSTS. 

ABSTRACT. 
Al20 3-;;upported Mo, Ni, Ni-Mo and Rh catalysts were prepared by 

sequentia! impregnation of the support with aqueous solutions of H3P04, 
{NH4)aMo70 24, Ni{N0 3)2 and RhCl3. The catalysts were sulfided in situ and 
tested in the hydrodenitrogenation {HDN) of quinoline at 643 K and 3.0 MPa and 
in the hydrodesulfurisation {HDS) of thiophene at 673 K and 0.1 MPa. The 
structure of the catalysts was studied by X-ray photoelectron spectroscopy {XPS). 
The Ni and Mo catalysts had a very low quinoline conversion to hydrocarbons 
which changed only slightly in the presence of phosphate. The Rh catalysts had 
high quinoline conversion to hydrocarbons and selectivity for propylcyclohexane 
and showed no deactivation with time. The addition of phosphate to the Ni-Mo 
and Rh catalysts resulted in an increased conversion of quinoline to hydrocarbons 
and an increased selectivity for propylbenzene. All catalysts had an increased 
quinoline cracking and isomerisation in the presence of phosphate. The effect of 
phosphate on the quinoline HDN activity and selectivity did not correlate with its 
effect on the dispersion of Ni and Mo as determined by XPS. The impravement of 
the HDN performance had no parallel in the thiophene HDS. The thiophene 
conversion remairred almest unchanged, only the butene hydragenation decreased 
with increasing P-loading. The promoting effect of phosphate on HDN is not due 
to an increase in the number of the active "Ni-Mo-S" metal sulfide sites, but 
rather to the formation of a new type of HDN site which is associated with 
phosphorus. 

INTRODUCTION. 

The importance of hydrodenitrogenation (HDN) in industrial hydrotreating 

has grown in recent years due to the increased refining of heavy crudes and to the 

further refining of vacuum residues. Both, heavy crudes and vacuum residues, 

contain relatively high percentages of S, N, 0 and metals (Ni, V) and make higher 

demands on the catalyst properties. Hydrotreatment of thèse types of materials is 

usually carried out in the presence of Ab03-;;upported Ni(Co)-Mo catalysts, 

which very aften contain phosphorus [1-8] added mostly in the form of phosphate. 

Several reasans have been given for the addition of phosphate to a 

hydrotreating catalyst. Phosphate has been claimed to increase the metal 

solubility and the stability of the impregnation solutions and to enable the 

preparatien of promoted catalysts in just one impregnation step [8-16]. Phosphate 

has also been reported to have a positive effect on hydrodesulfurisation (HDS) 
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[3-6,10-23], HDN [5~,11-13,19-21,24-25] and hydrodemetallation (HDMe) 

[6,22] activity of the catalysts and there have been many attempts to explain this 

effect. X-ray photoelectron spectroscopy (XPS) measureroents on meidie and 

sulfided Al20 3--supported catalysts have given some evidence for the impravement 

of the Mo [14,23] and Ni [23-24] dispersion and correlations have been made with 

the changes in HDS [14,23] and HDN [24] activity. However, the XPS results 

obtained in different studies are not consistent and neither are the conclusions 

drawn from these results. One of the XPS studies [14] has shown that phosphate 

forms a monolayer on the -y--Al20 3 support, but no direct involvement of 

phosphate in the MoS 2 species has been found. A high resolution transmission 

electron microscopy study [26] on the role of Co, Ni and P as promoters for the 

MoS2 phase in Al 20 3--supported catalysts has shown that Co-Mo catalysts contain 

MoS 2 mainly in monolayers, while Ni-Mo catalysts contain MoS 2 multilayers. The 

preserree of phosphate aids the formation of stacks of MoS 2 in both types of 

catalysts, and this correlates with the changes in HDN and HDS activities of the 

catalysts. 

Studies on the adsorption of phosphate and molybdate on Al20 3 [27,28] 

demonstrated a strong interaction between phosphate and Al20 3--support and a 

concurrent decrease of the molybdate adsorption [27]. Phosphate is bound to the 

Al20 3--support as AlP04 [24,27-30] wbich hampers the formation of 

metal-aluminum compounds such as Al2(Mo04)a [27] and NiAl20 4 [24]. As a 

result, the roetal oxide-support interaction decreases and the active phase might, 

just like in the case of less polar supports [31-34], have a higher intrinsic activity. 

It was also stated that the dispersion of the active phase [14,23,24] and the acidity 

of the catalyst [2,12,15,24,28] have changed. The change of the support acidity 

affects the cracking and isomerisation activity of the catalysts [2,27] and results in 

a decreased formation of coke [12,15], which is also richer in hydrogen. The 

preserree of phosphate has also been reported to extend the catalyst life time 

through an impravement of the mechanica! and thermal properties [3,17,35], 

through bighersteam stability [35], and through a decreasein fouling [36-37]. 

The influence of phosphate on the HDS performance of carbon--supported 

catalysts has already been studied for a number of sulfidic catalysts (Co, Mo, 

Co-Mo, Fe, Fe-Mo) [38-42]. Surprisingly, the addition of phosphate to these 

systems resulted in a severe catalyst poisoning, indicating that the positive effect 

of phosphate is specific for Ah03--supported catalysts. It should be noted that a 

poisoning effect of phosphate (HDS) has also been reported for Al20 3--supported 
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catalysts with high P-loading [13,21,43]. Very recently, the study on the effect of 

phosphorus on the HDN activity and selectivity of sulfided carbon-supported Ni, 

Mo and Ni-Mo catalysts has shown that phosphorus can act as an efficient 

promoter also in the carbon-supported catalysts [44]. 

This short resume of the literature shows that there are widely divergent 

views on the role of phosphate even though it is one of the most common additives 

in commercial hydrotreating catalysts. To unravel the complex role of phosphate 

in supported sulfide catalysts we have studled the effect of phosphate on the 

activity and selectivity of sulfided Al20.-supported Mo, Ni, Ni-Mo and Rh 

catalysts in the HDN of quinoline. In addition, we also compared the high pressure 

HDN results with those of low pressure HDS experiments and XPS measurements 

on oxidic and sulfided catalysts. 

EXPERIMENT AL. 

Catalyst Preparation. 
The r-Al203 support [Ketjen 001-1.5E: Al203 > 97.3 wt%, surface area 

280 m2g·1, pore volume 0.67 cm3g-1, partiele diameter 0.2-0.5 mm] was 
sequentially impregnated with aqueous solutions of o-H3P04, 
(NH4)aMo7Ü24.4H20 and Ni(N03)2.6H20, or respectively RhCl3 and o-H3PÜ4 (all 
Merck, p.a.). After each impregnation step the catalysts were slowly heated over a 
period of 3 h from 293 to 383 K and then dried for 16 h in static air at 383 K. All 
catalysts were calcined in air at 823 K (temperature increase from 293 to 823 Kin 
1 h, 1 h at 823 K) after the last impregnation step. The P-Rh catalyst was 
calcined after both impregnation steps. The composition of the oxidic precursor 
catalyst systems, together with their surface area and pore volume are listed in 
Table 1. An industrial Ah0 3-supported Ni-Mo-P catalyst was used as a reference 
standard. 

In the text the following notatien will be used: *Ni(x)Mo(y)P(z)/ Al20 3 
where x, y and z are the average loadings in atoms per nm2 of the original support 
surface. The elements are ordered according to the sequence of impregnation, 
starting from the support. The asterisk indicates after which impregnation step the 
calcination took place. 

The composition of the catalysts was determined by atomie absorption 
spectroscopy and UV-VIS spectroscopy (Table 1). The catalysts have also been 
characterized by means of temperature programmed desorption of NH 3 and B.E.T. 
measurements. 

Quinoline HDN. 
The HDN experiments have been carried out in a high pressure (HP) micro 

flow reactor made of SS316 stainless steel. The reactor system is equipped with 3 
independent HP gas supply lines with thermal mass flow controllers (Brooks 5850 
TR) and a HP liquid pump (Beckmann 114M HPLC pump). Reactor parts used 
for the transport of the reaction mixture to the reactor and from the reactor to the 
gas chromatograph (GC) were heated to approximately 453 K. 
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TABLE 1. 
Catalyst Composition and Texture. 

Catalysta 

*Al203 
*P(4)/Al203 
*Ni~l.5~~ Al203 
*Ni 1.5 (4)/Ah03 
*Mo~2.1VAho3 
*Mo 2.1 P(4)/A1203 

*Ni 1.5 Mo 2.1 I A1203 
*Ni 1.5 Mo 2.1 P o . ~J..Al203 
*Ni 1.5 Mo 2.1 

P 'l I,O, *Ni 1.5 Mo 2.1 P 2 /Ah03 
*Ni 1.5 Mo 2.1 P 4 /Al203 
*Ni 1.5 Mo 2.1 P 6 /Al203 

·NrrrTAJ,o, *Ni 0.5 Mo 2.1 Pt~J.. Al203 
*Ni 0.5 Mo 2.1 P 2~ h03 
*Ni 0.5 Mo 2.1 P 4 /Al20 3 

Reference Catalyst 

Spent Catal~stsc. 
*Ni~l.5~Mo 2.~P~1v Al203 
*Ni 1.5 Mo 2.1 P 4 I Al203 
Reference Cat yst 

Ni Mo p S.A.b 
wt% wt% wt% m2g-1 

- 280 
5.2 -

3.3 --
3.2 4.2 -

7.0 --
6.8 4.2 -

3.4 7.7 - 237(232) 
3.5 7.9 0.7 
3.0 8.1 1.2 21Tl2l 3.1 7.3 2.1 198 209 
3.1 7.1 4.4 151 188 
2.8 6.7 6.2 108 167 

1.2 7.9 0.0 
1.2 7.4 0.6 
1.1 7.5 2.3 
1.1 6.7 4.3 

3.0 12.3 2.9 

3.0 7.2 1.1 
3.1 7.5 4.5 
3.0 12.4 2.6 

Rh p 
wt% wt% 

2.2 
2.2 1.1 

P.V.b 
cm3g-1 

0.67 

0.53(0.56) 

04T53l 0.46 0.51 
0.38 0.46 
0.31 0.41 

a For catalyst notation see section Experimental {Catalyst preparation). 
b S.A. = surface area, P. V. = pore volume, both values are related to 1 g of 
catalyst. The values in parentheses are the calculated values of S.A . and P. V. based 
on the assumption that aU phosphate is present as AZP04 and that AlP04, NiO and 
Mo03 have no contribution to the final S.A. and P. V. 
c The spent catalysts were 92 h on stream (sulfidation + activity test). 

18 



The standard activity measurements were carried out as follows. A 0.5 g 
catalyst sample was diluted with 9.5 g SiC and sulfided in situ using a flow of 150 
std cm3min-1 of a mixture containing 10 vol% H2S in H2 (Air Products, H2 > 
99.99%, H2S > 99.9%). The temperature was increased (6 K min-1) to 643 K and 
held at this level for 4 h, tht:! pressure was 1.5 MPa. After the sulfidation the 
reactor pressure was increased to 3.0 MP a and 12 jLl.min -1 of liquid feed 
[composition: 23.8 mol% Q (Janssen Chimica 99%), 3.8 mol% dimethyldisulfide 
(DMDS) (Fluka 99%) and 72.4 mol% decane (Janssen Chimica >99%)] evaporated 
in 950 std cm3min-1 H2 (Hoekloos 99.99%) was led through the reactor (liquid 
hourly space velocity LHSV = 2*1o-a mol Q.h -1.g-lcatalyst, gas hourly space 
velocity GHSV = 5 mol H2.h-1.g-lcatalyst). The reaction mixture was analyzed 
each hour. When a constant activity was reached (in general after about 18 h on 
stream), the reaction temperature was increased to 663 K, held for 3 h, decreased 
to 623 K, held for 3 handthen increased to 643 K and held again for 3 h. 

Right after the reactor outlet and before the gas-liquid separation, a part of 
the reactant mixture (approximately 20% of the total flow) was split off and 
analyzed online using a Hewlett Packard 5890A capillary GC equipped with a 50 
m capillary CP Sil-5 fused silica column (Chrompack, i.d., 0.22 mm; film 
thickness, 0.2 JLm) used with temperature programming, a flame ionisation 
detector (FID) and a nitrogen-phosphorus detector (NPD). 

The mechanism and kinetics of the quinoline HDN (Q-HDN) have been 
studied extensively [45-541. The reaction mechanism used bere as well as the 
evaluation of the activity cfata and abbreviations used are outlined in Chapter 1. 
At 3.0 MPa and 643 K the equilibrium ratios between npch and llpbz and between 
ndhq:llthqs:nthq1:nq are approximately 9:1 and 13:47:26:14, respectively [45]. 

Thiophene HDS. 
The thiophene HDS experiments have been carried out in the gas phase in a 

microflow reactor with on line GC analysis. A 0.2 g catalyst sample was sulfided in 
situ using a mixture of 10 % H2S in H2 (60 std cmlmin-1, 6 K min-1 from 293 to 
673 K, 2 h at 673 K, 0.1 MPa). After that, the reaction mixture consisting of 6.2 
vol% thiophene in H2 was led through the reactor (50 std cmlmin-1, 2 h, 673 K, 0.1 
MPa) and was analyzed every 15 rninutes. The first order reaction rate constants 
for thiophene conversion to hydrocarbons (khds) and the consecutive hydragenation 
of butenes (khydr) were calculated using activity data after 2 h on stream (steady 
state) r55-57]. As no other S-containing compounds besides thiophene and H2S 
were (ound in the reaction product mixture, the thiophene conversion to 
hydrocarbons will he further referred to as thiophene conversion. 

XPS. 
The XPS measurements were carried out on oxidic and sulfided catalysts 

using the same procedure and settings as described previously [33], except for the 
sulfiding procedure which was the same as the one used for the HDN experiments 
(10% H2S in H2, 150 std cmlrnin-1, 6 K min-1 from 293 to 643 K, 4 h at 643 K, 1.5 
MPa). After the sulfidation was finished the catalysts were flushed with He at 643 
K for 15 min, and rapidly cooled to room temperature in the He atmosphere. The 
closed reactor was transfered into a N2 purged glove box (02 and H20 < 2 ppm), 
the catalyst sample was placed in a pyrex tube, which was then sealed. The 
transfer of the samples on the XPS sample holder and the transport of the holder 
into the spectrometer took also place in an N 2 purged glove box. 

For the oxidic catalysts the following elements have been scanned: Ni 2p 1,..2 
and 2pa,..2, Mo 3da,.-2 and 3ds,.-2, Rh 3da,.-2 and 3ds,.-2, P 2p and 2s, Al 2p and 0 1s. 
Peaks of C 1s, In 3d and N ls have been used as internal standards for binding 
energy calibration. For the sulfided samples Ni 2p1,..2 could not he measured due to 
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the experimental set-up. The area of the Ni 2p1 2 peak has therefore been 
calculated from the 2f3_...2 peak using the sensitivity fuctors 14.61 for Ni 2p3_...2 and 
7.57 for Ni 2p1_...2 [58 . In addition to the elements measured in the XPS of the 
oxidic catalysts, in the XPS of the sulfidic samples also the S 2p peak has been 
scanned. The error in the determination of the XPS intensity ratios is 
approximately 15 %. 

RESULTS. 

Qninoline HDN. 

Ah03, Ni/Ah03 and Mo/Al203. The AhOa support and the 

*Ni(1.5)/ Al20 3 and *Mo(2.1)/ Al20 3 catalysts had a low conversion of Q to 

hydrocarbons (Nhc) and to cracking and isomerisation products (Nby), which 

increased somewhat when phosphate was added (Fig. 1, Table 2A-B). As outlined 

in Chapter 1, various N-free and N-<:ontaining byproducts can be formed under 

the given reaction conditions. The concentrations of these byproducts were mostly 

very low and no effort was taken to identify all of them and they will be treated as 

a separate product group. However, a part of the byproducts were N-free 

compounds which in fact belong to the hydracarbon product of the Q-HDN. At 

high Nhc the contribution of Nby is not very important, but at low Nhc (as for the 

support and Mo/ Al20 3 and Ni/ Al20 3 catalysts) the relative con tribution of Nby 

can not be neglected. Taking Nby into account, the N-removal order was Al20 3 ~ 

*Ni(l.5)/A1203 < *P(4)/Ah03 ~ *Ni(1.5)P(4)/Ah03 < *Mo(2.1)/Al203 < 
*Mo(2.1)P(4)/Ab03. In more or less the sameorder the selectivities for THQ1 

(nthqt) and PCHE (npche) decreased and those for DHQ (ndhq) and THQ5 (nthqs) 

increased, as is to be expected on the basis of the workof Satterfield et al. [45-50). 

A bad catalyst like Ab0 3 just influences the transformation of Q to THQ1, a 

somewhat better catalyst is able to make some THQ5 and DHQ, while a moderate 

catalyst is capable of transforming DHQ into hydrocarbons. The better the 

catalyst, the more one moves to the right hand side and the lower part of the 

reaction network presented in Chapter 1. Actually, only the MO-<:ontaining 

catalysts had a moderate conversion to hydrocarbons but the product distribution 

was still far away from equilibrium. 

If the reactor effluent stream is not caoled fast enough to below 473 K, the 

equilibrium may adjust to the lower temperature and the reaction mixture will 

contain more THQ1 than corresponding to the given reactor temperature. This 

effect was observed for all the catalysts from this series with the exception of 

Al203. 
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*Ni(1.5)Mo(2.l)P(lHi)/ Al203. The Q-{;onversion to hydrocarbons (Nhc) of 

the *Ni(L5)Mo(2.1)/ Al20 3 catalyst was much higher than the sum of the 

conversionsof theseparate *Ni(l.5)/Al20 3 and *Mo(2.1)/Al20 3 catalysts (Table 

2A-B), indicating that Ni acted as a promoter for Mof Al20 3, just as in HDS 

[59-{)0]. 

Phosphate influenced the Q-{;onversion to hydrocarbons (Nhc) and 

selectivity of Ni-Mo-P f Ah0 3 catalysts to a great extent (Table 2A-B) but had 

no effect on the deactivation pattern. Nhc increased with P-loading and levelled 

off at 2 atoms P nm-2. However, if a correction was made for the decrease of the 

roetal content per weight unit of catalysts with the increasing P-{;ontent (see 

Table 1) Nhc continued to increase with P-loading. Interestingly, even a 

P-loading of 6 atoms P nm-2 had no negative effect on the catalyst activity, in 

contrast to what has been reported before for the HDS activity of some 

Al 20 3--supported catalysts [13, 21, 43]. The Q-{;onversion to hydrocarbons of the 

catalysts with a high P-loading increased faster with temperature than that of the 

catalysts with a low P-loading (Fig. 2). This change in temperature dependenee is 

evidence for the formation of a different type of active site or a different reaction 

pathway in the presence of phosphate. 
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t-.:1 TABLE 2A. Quinoline HDN (643 K, 3.0 MPa). 
t-.:1 

Catalysta Product Compositionb. 
Nhc Npch Npbz Npche Ndhq Nthqs Nopa Nq Nthql Nby 

*Al203 0.0 0.0 0.0 0.0 0.0 0.8 0.0 45.4 53.6 0.1 
*P(4)/Al20a 0.2 0.0 0.0 0.1 2.2 1.3 0.3 25.9 68.3 1.8 
*Ni~L5y Al20a 0.0 0.0 0.0 0.0 1.5 6.8 0.5 17.8 73.4 0.0 
*Ni 1.5 P(4)/Al203 0.5 0.1 0.1 0.3 4.0 11.4 0.5 17.4 63.8 2.3 
*Mo~A 20a 5.0 1.9 1.8 1.4 5.6 19.9 4.9 15.0 49.6 0.0 
*Mo (4)/AbOa 4.6 1.3 1.9 1.4 7.3 20.6 3.6 15.2 45.9 2.8 

--
*Ni 1.5 Mo/Al20a 23.3 15.2 5.6 2.6 10.5 36.3 4.0 5.8 19.6 0.5 
*Ni 1.5 MoP 0.5>kAb0a 29.1 18.8 7.3 3.0 9.3 30.7 4.4 7.1 18.4 0.9 
*Ni 1.5 MoPT ,03 34.5 22.1 8.9 3.5 9.4 29.2 4.5 5.5 15.6 1.2 
*Ni 1.5 MoP 2 /AI20a 42.8 26.9 11.7 4.2 8.2 25.4 4.6 4.8 12.8 1.4 
*Ni 1.5 MoP 4 /Al20a 42.1 25.9 11.1 5.1 8.4 24.3 4.4 6.1 13.1 1.6 
*Ni 1.5 MoP 6 /Al20a 42.9 25.3 12.2 5.3 7.8 25.7 3.1 4.2 12.7 3.7 

·Nr5ro,Al,O, 12.4 6.5 3.0 2.9 8.3 34.9 4.7 10.6 29.0 0.0 
*Ni 0.5 Mo t5~b0a 21.0 12.3 5.4 3.4 8.7 28.6 4.7 9.1 27.5 0.4 
*Ni 0.5 MoP 2v 20a 19.8 9.6 5.6 4.6 9.7 29.4 4.5 9.3 26.9 0.5 
*Ni 0.5 MoP 4 I Al20a 22.4 10.1 7.1 5.2 8.7 30.0 4.6 8.8 21.8 3.7 

*Rh(0.5)/ Al20a 18.4 17.2 1.0 0.2 12.2 39.7 2.1 6.8 19.0 1.8 
*PP)*Rh(0.5)/ Al203 29.4 26.6 2.4 0.4 11.0 36.1 2.1 6.1 12.9 2.5 
Re erenee Catalyst 44.2 27.8 11.3 5.1 7.4 24.0 3.7 6.0 12.0 2.6 

a For catalyst notation see section Experimental {Catalyst preparatioX. As all Mo-containing catalysts 
had the same Mo-loading oj2.1 atoms f;t nm2, a shorter notation •Ni x}MoP{z)jAl203 was used here. 
b Nx is the Q-conversion to product x o}. Por details and abbreviations see Chapter 1. 



TABLE 2B. 
Quinoline HDN (643 K, 3.0 MPa). 

Catalysta 

*Ni 1.5 Mof Al203 
*Ni 1.5 MoP 0.5)/ Ah03 
*Ni 1.5 MoP 1l/Ál203 
*Ni 1.5 MoP 2 I Al203 
*Ni 1.5 MoP 4 I AI20s 
*Ni 1.5 MoP 6 I AI20s 

*Rh(0.5)/ Al20 3 
*P(1)*Rh(0.5)/ AhO s 
Relerenee Catalyst 

Product Distri bution of Hydrocarbons 
and Double-Ring N-eompoundsb. 

Nhc Nn ~ npche ndhq nthqS nthql 
npbz 

0.0 99.8 
0.2 97.7 
0.0 99.5 
0.5 96.7 0.7 57.1 
5.0 90.1 1.1 27.0 
4.6 89.0 0. 7 30.5 

23.3 72.2 2. 7 10.9 
29.1 65.5 2.6 10.4 
34.5 59.8 2.5 10.4 
42.8 51.1 2.3 9.9 
42.1 51.9 2.3 12.0 
42.9 50.3 2.1 12.4 

12.4 82.9 2.1 23.1 
21.0 73.9 2.3 16.1 
19.8 75.3 1. 7 23.1 
22.4 69.4 1.4 23.4 

18.4 77.7 17.2 1.1 
29.4 66.0 11.1 1.4 
44.2 49.5 2.5 11.6 

0.0 0.8 
2.2 1.3 
1.5 6.8 
4.2 11.8 
6.3 22.1 
8.2 23.1 

14.5 50.3 
14.2 46.9 
15.7 48.9 
16.0 49.6 
16.3 46.8 
15.4 51.0 

10.0 42.2 
11.8 38.7 
12.9 39.1 
12.6 43.3 

15.7 51.1 
16.6 54.6 
15.0 48.6 

53.6 
70.0 
73.7 
66.0 
55.1 
51.6 

27.1 
28.1 
26.1 
25.0 
25.2 
25.2 

35.0 
37.2 
35.7 
31.4 

24.5 
19.5 
24.3 

a For notation see section Experimental {Catalyst preparation). As all 
Mo-containing catal'!jsts had the same Mo-loading of 2.1 atoms per nm2, a shorter 
notation •Ni(x)MoP(z}/Al20 3 was used in this table. 
b Nx is the Q-conversion to product x f%}, nx is the selectivity for product x f%] 
defined as Nx/Nhc for hydrocarbons and Nx/Nn jor double-ring N- compounds. 
For details see Chapter 1. 

Not only the Q--conversion to hydrocarbons but also the Q--cracking and 

isomerisation (Nby) increased in the presence of phosphate. The selectivity for 

OPA (Nopa) was more or less unaffected by phosphate. Although the Nhc levelled 

off at 2 atoms P nm -2 the selectivity for PBZ (npbz) continued to increase, and 

that for PCH (npch) continued to decrease, at higher P-loadings (Table 2A-B, 
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Fig. 3). PBZ was thus formed preferentially and the npch/npbz ratio, which was 

already much lower than the equilibrium value (npch/npbz = 9, [45]) for the P-free 

catalyst, decreased even further with increasing P-loading. The selectivity for 

PCHE (npche) remained unchanged when measured at the same space time, but 

when measurements at the same Q-<:onversion to hydrocarbons were compared the 

selectivity for PCHE increased with P-loading. The N-<:ompounds distribution 

was more or less equal to the equilibrium distribution for all catalysts from this 

series. The P-<:ontaining catalysts had slightly higher selectivity for DHQ (ncthq) 

but clearly lower THQ1 selectivity (nthqt) than the P-free catalysts. 

When the liquid and gas hourly space velocity for any catalyst was 

decreased, keeping the H2:Q ratio constant, the Q-<:onversion to hydrocarbons 

(Nhc) and the PCH selectivity (npch) increased. This is in contrast to the results at 

constant liquid and gas space velocities, where the Nhc increased with increasing 

P-loading but npch decreased. This is another indication that the active sites 

formed in the presence of phosphate are nat identical to the sites present in the 

original P-free catalyst. 

*Ni(0.5)Mo(2.1)P(0-4)/ Ah0 3. In agreement with the previous series of 

catalysts, the Q-<:onversion to hydrocarbons (N he) of 

*Ni(0.5)Mo(2.1)P(0.5-4)/ Al20 3 catalysts was higher than that for the 

*Ni(0.5)Mo(2.1)/ Ah03 catalyst (Fig. 4, Table 2A-B) and also no negative effect 

of phosphate on the Nhc was found even at high P-loadings. Just as in the 

*Ni(1.5)Mo(2.1)P(O-ti)/Al203 series, the Nhc levelled off, but now it accured 

already at 0.5 atoms P nm ~. This means that the optimum P-loading (necessary 

to reach the maximum Nhc) was dependent on the Ni-loading of the catalyst. 

After correction of the Q-<:onversion to hydrocarbons for the decrease of the metal 

content per weight unit of catalyst in the presence of phosphate (see Table 1), also 

in this series of catalysts the N he continued to increase and the 

*Ni(0.5)Mo(2.1)P(4)/Al203 catalyst had clearly the highest Nhc· The difference 

between the lowest and the highest Nhc's in this series of catalysts (±10 %) was 

lower than in the previous series (±20 %). The relative increase of the Nhc was 

similar, 81 % in the low- and 84 % in the high Ni-loading series of catalysts. The 

final Q-<:onversion to hydrocarbons depended thus on the P-loading as well as on 

the Ni-loading of the catalyst. 

Also in this series of catalysts, the Q-<:racking and isomerisation (N by) 

increased but the selectivity for OPA did not change in the presence of phosphate. 

Phosphate had again the same influence on the hydracarbon selectivity of the 
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catalysts as in the previous series, i.e. the selectivity for PCHE (npche) remairred 

unchanged, that for PCH (npch) decreased and that for PBZ (npbz) increased with 

P-loading even though the N he levelled off at constant space time. Wh en 

measurements at the same Q-<:onversion to hydrocarbons were compared, the 
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selectivity for PCHE increased with increasing P-loading. The product 

distribution of double ring N--eompounds changed only slightly. The selectivity for 

DHQ (ndhq) increased somewhat and that for THQl (nthql) decreased, but the 

selectivities for compounds with a hydrogenated benzene ring (ndhq, nthqs) were 

lower than the equilibrium values [and the values for the catalysts from the 

*Ni(1.5)Mo(2.l)P(0-6)1 Ah0 3 series]. The fact that the double ring N--eompounds 

distribution did not reach the equilibrium in the presence of phosphate is very 

important with respect to the role of phosphate in these catalysts. Phosphate, 

although strongly increasing the Q--eonversion to hydrocarbons, left the 

N-product distri bution almost unaffected, as if it was still controlled by the same 

amount and type of the active sites as in the absence of phosphate. Since Nhe 

increased but the selectivities for DHQ and OPA remained unchanged, the rates of 

the formation of DHQ and OPA as well as of the reactions of DHQ and OP A to 

final products must have increased or the reaction proceeds via a different reaction 

pathway in the presence of phosphate. 

RJ:J..I A120 3 catalysts. The Q--eonversion to hydrocarbons (N he) of the 

*Rh(0.5)IA120 3 catalyst was much higher than those of *Ni(l.5)IA120 3 and 

*Mo(2.l)l Ah03, just as for the carbon-supported catalysts [61-65]. Both 

Rh--eontaining catalysts showed no deactivation and no changes of product 

distribution of double ring N--eompounds and hydrocarbons with time (25 h on 

stream). In contrast herewith all Ni-Mo-P I Al20 3 catalysts lost about 50 % of 

their Nhe during that same period. Phosphate influenced the performance of 

*Rh(0.5)I Al20 3 in a similar way as the Ni-Mo catalysts even though phosphate 

was introduced last instead of first [66]. The N he increased considerably (Table 

2A-B, Fig. 5) and so did the Q--eracking and isomerisation (Nby)· The selectivity 

for OPA did not change in the presence of phosphate. The *Rh(0.5)I Ah03 

catalyst had a very high selectivity for PCH (npeh) and npchlnpbz higher than the 

equilibrium value of 9, indicating that PCH was formed probably directly by 

hydrogenolysis of PCHA. In the presence of phosphate the selectivity for PCHE 

(npche) remained unchanged, that for PCH (npeh) decreased and that for PBZ 

(npbz) increased at constant space time. That resulted in a decreased npchlnpbz 

ratio which was, however, still higher than the equilibrium value [45]. As in the 

case the Ni-Mcr-P I Al20 3 catalysts, the *P(l)*Rh(0.5)I Al20 3 catalyst had a 

slightly higher selectivity for DHQ but lower THQl selectivity than 

*Rh(0.5)IA120 3. The distribution of N--eompounds was close to the equilibrium 

composition for both catalysts. 
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Reference Catalyst. The Q-conversion to hydrocarbons and the product 

distribution of hydrocarbons and double ring N-compounds for the industrial 

reference catalyst were close to those of the catalysts from the 

Ni(1.5)Mo(2.l)P(2-4)/ Al20 3 series (Table 2A-B, Fig. 5). 

Thiophene HDS. 

The results of the thiophene-HDS experiments at 673 K are listed in Table 

3. The Al20 3 support and *P(4.0)/Ah0 3 catalyst had no thiophene conversion. 

The thiophene conversion and butene hydragenation of *Ni(1.5)/Al203 and 

*Mo(2.1)/ Ab03 were low and did not change with phosphate addition. In the 

*Ni(0.5)Mo(2.l)P(0-4)/ A1 20 3 series the thiophene conversion remained essentially 

constant whereas the butene hydragenation decreased with increasing P-loading. 

If a correction was made for the decrease of metal loading with increasing 

P-loading, the khds increased slightly with P-loading in this series of catalysts. In 

the *Ni(l.5)Mo(2.l)P(0-6)/Al20 3 series there was a decrease in the thiophene 

conversion and butene hydragenation with increasing P-loading. The decrease of 

khds is nil if a correction is made for the decrease of the metal weight percentages 

per weight unit of catalyst with increasing P-content. The hydragenation in both 

series of Ni-Mo-P/ AhO 3 catalysts decreased faster than the thiophene conversion, 

i.e. khydr/khds decreased with increasing P-loading. For the Rh/ Al 203 catalyst a 

slight increase of the khds and a decrease of the khydr were found in the preserree of 

phosphate. This means that, similarly to HDN, the selectivity for unsaturated 

hydrocarbons increased with P-loading for all catalysts tested. If the changes of 

catalyst performance due to the phosphate addition were only quantitative (better 

dispersion, more "Ni-Mo-S" sites) the khydr/khds ratio should have stayed 

constant in the whole series of catalysts. The opposite trend that has been found 

constitutes once again an evidence that the active phase formed in the presence of 

phosphate is not identical with the "Ni-Mo-S" phase in P-free catalysts. 

XPS Results. 

Oxidic Catalysts. The results of the XPS measurements are listed in Table 

4. The Ni/Al and Mo/Al intensity ratios of the *Ni(1.5)/Al20 3 and 

*Mo(2.1 )/ Al20 3 catalysts increased strongly in the preserree of phosphate. 

Consistent with other results [14,23,24], the P /Al ratio for loadings below 2 
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TABLE 3. 
Thlophene HDS (673 K, 0.1 MPa). 

Catalysta 

*Ni 1.5 Mo 2.1 / Ah03 
*Ni 1.5 Mo 2.1 P 0.5)/ Al203 
*Ni 1.5 Mo 2.1 P 1 [Ál203 
*Ni 1.5 Mo 2.1 P 2 I Al203 
*Ni 1.5 Mo 2.1 P 4 I Ah03 
*Ni 1.5 Mo 2.1 P 6 I Al203 

*Ni 0.5 Mo!2.1l/ Al20 3 
*Ni 0.5 Mo 2.1 P!0.5)/Ah03 
*Ni 0.5 Mo 2.1 P 2)(Ál203 
*Ni 0.5 Mo 2.1 P 4)/ Al20 3 

Reference Catalyst 
*Rh(0.5)/Al203 
*P(1)*Rh(0.5)/ Al203 

Product Composition and 
Reaction Rate Constantsb . 

0 
0 
1 
1 
6 
7 

50 
49 
48 
45 
44 
41 

24 
27 
29 
25 

45 
9 

10 

. 103 .103 

17 
17 

27 
23 
22 
21 
17 
16 

19 
16 
17 
13 

17 
14 
13 

0.1 
0.1 
0.6 
0.6 

6.6 
6.4 
6.3 
5.7 
5.6 
5.1 

2.6 
3.0 
3.3 
2.8 

5.7 
0.9 
1.1 

3.6 
3.6 

5.6 
4.7 
4.4 
4.3 
3.3 
3.2 

4.0 
3.5 
3.5 
2.6 

3.2 
2.9 
2.7 

5.8 
5.7 

0.9 
0.7 
0.7 
0.7 
0.6 
0.6 

1.5 
1.2 
1.1 
0.9 

0.6 
3.2 
2.6 

a For notation see section Experimental {Catalyst preparation). 
b Nhc = % thiophene mol equivalents converted to hydrocarbons; %a = Nba/Nhc = 
selectivity for butane, with Nba being the % thiophene mol equivalents converted to 
butane; kttcts, ktt dr = first order reaction rate constants for the thiophene 
conversion to hylrocarbons and the consecutive butene hydragenation {m3kg-1s-1}. 
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atoms P nm -2 was proportional to the P-loading, but levelled off at higher 

loadings due to the complete coverage of the support by phosphate in both series of 

Ni-Mo-P f Al20 3 catalysts. In contrast to other studies which reported a decrease 

of Mof Al with increasing P-loading [14] or a maximum for the Ni/ Al and Mof Al 

intensity ratios [23, 24], and in contrast to the results of *Ni(l.5)/ Al20 3 and 

*Mo(2.1)/A120 3, the Ni/Al and Mo/Al ratios did not change significantly with 

P-loading in the *Ni(1.5)Mo(2.1)P(O-Q)/ Al 20 3 series. In the 

*Ni(0.5)Mo(2.1)P(0-4)/ Al20 3 series the Mof Al intensity ratio increased with 

P-loading, the Ni/ Al ratio fluctuated strongly but did not follow any distinct 

trend. The measured Ni/ Al and Mof Al ra ti os were in all cases lower than the 

theoretica! values calculated for monolayer coverage. The binding energies of the 

Ni 2p and Mo 3d peaks did not change with phosphate addition which, however, 

does not exclude the possibility of the formation of Ni-P or Mo-P compounds 

since the differences between the binding energies of metal oxides and metal 

phosphates are quite smal!. No evidence has been found for the formation of 

phosphides (binding energy difference for P 2p ± 4 eV). For the *Rh(0.5)/Al20 3 a 

decrease of the Rh/ Al XPS intensity ratio was found in the presence of phosphate. 

Sulfided Catalysts. The P /Al, Ni/ Al, Mof Al and S/ Al ratios of the 

*Ni(0.5)Mo(2.1)P(0-4)/ Al20 3 and *Ni(1.5)Mo(2.1)P(O-Q)j Al203 series are listed 

in Table 4. Just like in the oxidic catalysts, the P /Al ratios of the sulfictie catalysts 

were proportional to the P-loading. Also the Mo/Al intensity ratio increased with 

P-eontent, the Ni/ Al and the S/ Al intensity ratio scattered somewhat but did not 

follow any distinct trend. All the intensity ratios were rather low for the 

*Ni(l.5)Mo(2.1)/ Ah03 catalyst. The catalyst with the highest P-loading, 

*Ni(1.5)Mo(2.1)P(6.0)/Al20 3, had very high P/Al, Mo/Al and S/Al ratios. The 

variation of the Ni/ Al and Mof Al intensity ratios as a function of the P-loading 

was not quite identical to that of the oxidic catalysts. Besides, the Ni/ Al ratio was 

usually somewhat lower and the Mof Al ratio somewhat higher compared to the 

oxidic catalysts. As already reported by Chadwick et al. [14J, the area of the S 

peaks was in all cases lower than expected based on the Ni/ Al and Mof Al 

intensity ratios (Table 4). The calculated S-deficit (using the Scofield sensitivity 

factors [58]: S 2p = 1.69, Ni 2p3,.2 = 14.61, Mo 3d5,.2+3d3,.2 = 9.50) fluctuated 

somewhat at low P-loadings and was rather high above 4 atoms P nm -2. 

The results of the XPS measurements on oxidic and sulfidic catalysts show 

that phosphate influences the distribution of the metals on the Al20 3 support. 

However, there is no simple correlation between the Ni and Mo dispersion or the 
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TABLE 4. 
XPS on Oxidic and Sulfided Catalysts. 

Catalysta 

*Ni(1.5)/ Al203 
*Ni(1.5)P(4)/ Ah03 
*Mo(2.1)/ Ah03 
*Mo(2.1)P( 4)/ Al203 

*Ni 1.5 Mo 2.1 I Al203 
*Ni 1.5 Mo 2.1 P 0.5)/Al20a 
*Ni 1.5 Mo 2.1 P 1l(Ál203 
*Ni 1.5 Mo 2.1 P 2 I Al203 
*Ni 1.5 Mo 2.1 P 4 I Al203 
*Ni 1.5 Mo 2.1 P 6 / Al203 

*Ni!0.5lMo!2.1l/ Al20 3 
*Ni 0.5 Mo 2.1 P!0.5)/ Al20 3 
*Ni 0.5 Mo 2.1 P 2)(Ál20 3 
*Ni 0.5 Mo 2.1 P 4)/ Al20 3 

Reference Catalyst 

Intensity Ratiosb 
Oxidic Sulfided 

Ni Mo P Nic Mo P S. S*d 
AIATAIAIATAIAIAT 

117--
155 - 26 

110 
- 163 23 

115 109 72 
90 108 5 86 

110 118 8 93 
116 128 15 86 
100 112 15 98 
94 112 26 87 

99 30 
116 3 40 
127 7 38 
127 12 46 
153 16 43 
270 60 62 

37 103 33 127 40 
39 114 4 
32 144 13 
56 146 24 

163 157 19 

Oxidic 

Rhb p b 
AT AI 

31 
25 6 

30 127 10 38 
35 140 22 40 

41 
48 
52 
52 
62 

103 

48 

48 
52 

a For notation see section Experimental {Catalyst Preparation) 
b Intensity ratios are basedon the foUowing peaks: Ni 2p3_"2+ Ni 2pt_"2, Mo Sds",2+ 
Mo Sd3_"2, Al 2p, P 2p, Rh Sds",2+ Rh 3da",2 and S 2p. 

c Ni/Al ratio for the sulfided samJ!les is recalculated from Ni 2p3_"2 toNi 2p3",2 +Ni 
2Pv2· See section Experimental (XPS}. 
d Theoretical S/Al ratio calculated using the experimental Ni/Al and Mo/Al 
intensity ratios with assumption that the final composition would be NiS and MoS2. 
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S-deficit and the HDN (and HDS) conversion, i.e. the changes of the catalytic 

performance of this type of catalysts can not be explained only by the changes of 

the dispersion of the acti ve phase. 

Surprisingly, the strong decrease of surface area of the catalysts with high 

P-loading (see section Surface area and pore volume), that must have affected the 

distribution of the active phase on the support, did not show in the results of the 

XPS experiments. Very probably, this effect was compensated by other physical 

and chemica! modifi.cations of the active phase. It can therefore not be expected 

that XPS measurements could explain the phosphate promoting effect completely. 

The analysis of the XPS data of the Ni-Mo-P/ AhO 3 series is complicated by the 

fact that a number of effects might work in opposite directions. On the one hand 

the formation of A1P04 and the concurrent decrease in surface area and pore 

volume would lead to increased metalf Al ratios. The formation of stacks of MoS 2 
(as reported by Kemp et al [26]) on the other hand would lower the met al/ Al 

intensity ratios. Moreover, in addition to the 11 Ni-Mo-S 11 phase, other Mo and Ni 

species might be present in the catalyst especially at higher loadings. The 

interpretation of the XPS data of these catalysts is thus very complex and it is 

difficult to draw conclusions from these data. 

NH 3 Temperature Programm.ed Desorption. 

Phosphate strongly bound to the Al20 3-surface in the form of AlP04 might 

change the concentration and strength of the acid sites. The results of different 

studies on this subject are not consistent, predicting a decrease [12] or reporting an 

increase [24,28] of the acidity. In the present study, the pure Al20a and 

*P( 4)/ Al20 3 samples were measured in the oxidic state. The strong acid sites of 

the support disappeared after the addition of phosphate. The total amount of 

adsorbed NHa was approximately the same for Al20 3 and *P( 4)/ Al20 3, i.e. 0.6 
mmol.g-1. 

The *P( 4) / Al20 3 catalyst had a negligible Q--conversion to hydrocarbons 

(Nhc) but its Q-cracking and isomerisation (Nby) was somewhat increased 

compared to the Al20 3 support (see Table 2A-B). The analysis of some of our 

spent Ni-Mo-P/ Al20 3 catalysts [67] showed that the coke formed in the 

P--containing catalysts had a higher H/C ratio and was more reactive than the 

coke in the P-free catalysts. The changes of Q--cracking and isomerisation (Nby) 

and coking propensity, observed for all catalysts tested, are related to acid 
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properties [12,21] and can be quite separate from the changes of the HDS and HDN 

activities of the catalysts. 

Analysis of Spent Catalysts. 

The results of the analysis of the spent catalysts ( corrected for the 

contamination of samples by coke) are shown in Table 1. As the solubility of MoS 2 
during the extraction step of the analysis procedure is lowered due to coke, the Mo 

content of the spent (sulfided) catalysts might appear to be somewhat lower than 

that of the fresh catalysts. No significant decrease in P-loading has been found 

and thus it can be concluded that phosphate, even when present at high 

concentrations, is strongly bound to the Ah0 3 support. 

Surface Area and Pore Volume. 

The addition of phosphate to Ah0 3 leads to the formation of AIP04 (24, 

27-30] and decreases the surface area and pore volume of the Al20 3-support to a 

great extent especially at high P-loadings. The surface area and pore volume of 

our Ni-Mo catalysts decreased continuously with increasing P-loading (Table 1). 

The loss of surface area and especially pore volume was larger than would be 

expected basedon the decrease of Ah03-<:ontent. The theoretica! minimum values 

for surface area and pore volume (Table 1) were calculated assuming that all 

phosphate is present as AIP04 and that the contributions of AlP04, Mo0 3 and 

NiO to the final surface area and pore volume are negligible. The discrepancy 

between experiment and theory increased with P-loading. It is therefore probable 

that the formation of AlP04 on the Al20 3 surface causes pore plugging, since the 

measured pore volumes are in all cases much lower than the values calculated for 

the remairring Al20 3-support. The pore distribution remained unchanged at low 

P-loadings (maximum at 3.3 nm). In agreement with other studies [24,28], the 

average pore diameter was somewhat higher at high P-loadings, indicating that 

especially the narrow mesopores were affected by phosphate. lt is interesting that 

the high loss of surface area for the catalysts with high P-loading, that one would 

expect to have a negative effect on the distribution of the active phase on the 

support, had no negative influence on the HDN performance of the catalysts. It is 

reasonable to assume that this effect was overshadowed by positive (physical and 

chemica!) modifications of the active phase. 
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DISCUSSION. 

Our experiments demonstrate that the addition of phosphate to 

Ni-Mof Al20 3 and Rh/ Al30 3 catalysts leads to a significant increase of the 

conversion of Q to hydrocarbons. Simultaneously also the selectivity for PBZ 

increases, and that for fully hydrogenated PCH decreases and the Q--cracking and 

isomerisation increases. The influence of phosphate on the thiophene HDS 

performance is rather different, however. The thiophene conversion remains almost 

unaffected, only the butene hydragenation decreases. These observations can be 

explained in three different ways: 1. by an increase of the number of the 

catalytically active metal sulfide sites already present before phosphate addition, 

2. by a physical or chemica! modification of the roetal sulfide sites by phosphate, 

or 3. by the formation of new P-associated active sites. 

The fact that the HDN activity did increase upon addition of phosphate to 

the Ni-Mo/ Al20 3 as well as the Rh/ Al20 3 catalysts, but the HDS activity did 

not, shows that the effect of phosphate can not be due to an increase of the number 

of the active roetal sulfide sites. The following points underline this conclusion. 

1. While the P-free catalysts show a parallel increase of the HDN and HDS 

activity when promoting Mof Ah0 3 with Ni, the magnitude of the HDN promoting 

effect of Ni on Mo in the P--containing catalysts is much higher than in the P-free 

catalysts but this higher promoting effect has no parallel in the HDS. If the same 

type of active sites was present in P-free and P--containing catalysts, this could be 

only explained if a part of these sites was previously not available for the HDN 

reaction (for steric reasons) but already active in the HDS. These sites might 

become active as the morfology of the roetal sulfide phase changes, for instanee due 

to the stack:ing of the active phase (26]. However, in such a case the selectivity of 

the catalyst should not change (in con tradietion to our observations ). 

2. In the absence of Ni there is no significant increase of Q--conversion to 

hydrocarbons and thiophene conversion for *Mo(2.1)/ Al20 3 due to phosphate 

addition. If the number of the MoS 2 edge sites available for the HDN reaction 

increased in the presence of phoshate, then in the absence of the Ni-promoter this 

does not manifest itself as a significant impravement of the HDN (and HDS) 

conversion. This is rather surprising since the MoS2 edge sites are believed to be 

the catalytically active sites in the Mo--catalysts. 

3. The Ni/Mo ratio in the *Ni(0.5)Mo(2.1)P(0-4)/ Al20 3 series of catalysts 

is so low that all Ni is already present as "Ni-Mo-S" and the addition of 

phosphate can not increase the amount of "Ni-Mo-S" any further. 
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4. The temperature dependenee of the Q-conversion to hydrocarbons of the 

Ni-Mo/Al20 3 as wellas Rh/Al20 3 catalysts changed with the P-loading, i.e. the 

activation energy calculated using the first order over all reaction rate constants 

for the quinoline-HDN was dependent on the P-eon tent of the catalysts. 

5. In HDS, the activity remained unchanged but the selectivity for 

unsaturated hydrocarbons increased. In HDN, the Q-conversion to hydrocarbons 

(Nhc) and the selectivity for propylbenzene increased, which means that the 

change of activation energy with P-loading can not be due to the changes of 

adsorption properties only. As the Q-conversion to hydrocarbons increased but the 

product distribution in the group of double ring N-compounds remained constant, 

not only the conversion of hydrogenated N-containing intermediates (DHQ, OP A) 

to hydrocarbons but also their formation must have increased. Both reactions 

might take place on the same site, without desorption of the intermediates. 

6. Also the differences in the N-product distribution between the two series 

of Ni-Mof Al 20 3 catalysts exclude that the phosphate effect would be only due to 

the formation of just higher amounts of "Ni-Mo-S" phase. In that case the 

N-product distri bution of the P-promoted *Ni(0.5)Mo(2.1 )P(0.5-4)/ AbO 3 
catalysts should have become closer to the catalysts from the 

*Ni(1.5)Mo(2.1)P(!H5)/ Al20 3 series, which have a higher number of "Ni-Mo-S" 

sites and a N-product distribution more or less equal to the equilibrium ratio. As 

the hydragenation in the group of double ring N-compounds remains almast 

unaffected by phosphate, it seems that it is regulated by the (same) amount of 

"Ni-Mo-S" phase that was already present in the P-free catalyst. The same 

applies also to the product distribution of hydrocarbons for the 

*Ni(0.5)Mo(2.l)P(0.5-4)/Al20 3 series of catalysts which does not converge to that 

ofthe *Ni(1.5)Mo(2.1)P(O-Q)/Ah0 3 series. 

Because of these facts we conclude that the action of phosphate must be 

more complex than just increasing the number of the active metal sulfide sites and 

that the sites formed in the presence of phosphate must be chemically different 

from the active sites in the P-free catalysts. 

Let us discuss the possibility that phosphate modifles the metal sulfide 

phase physically andfor chemically. A chemica! modification of the catalyst by 

phosphate can take place in a number of different ways. One possibility is that 

phosphate modifles the active roetal sulfide phase ("Ni-Mo--S 11
, Rh-S). Such a 

roodi:fied active phase might for instanee be better sulfidable due to a decreased 

interaction between the active roetal sulfides and the Al203 support [31,34] . In this 
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context it should be noted that the S-content of roetal sulfide catalysts is known 

to play an important role with respect to their hydragenation properties. In HDS 

the existence of two different types of "Co-Mo-S" [69,70] and "Ni-Mo-S" phase 

[59,71] with different S-content and HDS activities have been reported for P-free 

catalysts. If the effect of phosphate was indeed to modify the metal sulfide sites 

chemically, the P-modified sites must have a better Q-conversion to 

hydrocarbons (Nhc) but the same HDS activity as the unmodified sites. This does 

not seem probable. For it would be very unusual if an active roetal sulfide phase 

which is able to catalyze the hydrogenelysis of the C-N bond, would not be a bie to 

hydrogenolyze the weaker C-S bond [61-65]. 
Phosphate may also modify the (physical) structure of the roetal sulfide 

phase, since it interacts strongly with the Al 20 3 surface and Ieaves less, and 

probably a different, Al203 surface for the molybdate to adsorb on [27]. According 

to Kemp et al. [26] this leads to the formation of MoS:r-11tacks during sulfidation, a 

multilayer structure containing possibly more MoS2 edge sites than the monolayer 

structure usually formed on the P-free Al20 3--ilupport. The Ni-promoter is 

supposed to be located on the edge sites in the form of the so-called "Ni-Mo-S" 

phase, which is held responsible for the main part of the HDS as well as HDN 

activity of the catalyst [59,60]. Kemp et al. [26] also suggested that the monolayer 

structure of MoS2 (as in MojAl203 and Co-Mo/Al203) faveurs HDS and the 

multilayer structure of MoS2 (as in Co-Mo-P f Al203, Ni-Mof Al203 and 

especially Ni-Mo-P f Al203) faveurs HDN. This implicates that not the number 

but the location of these sites might be important. As already mentioned, 

phosphate might change the morphology of the active phase and make some of the 

sites, which in the monolayer structure were only active in the HDS and for steric 

reasens not in the HDN, also available for the HDN reaction. But since the 

selectivity of the catalysts changed, these morphologic changes must have affected 

the chemica! properties of the active phase (at least the S-content) as well. 

Other observations which are difficult to explain with the assumption of 

chemica! or physical modification of the roetal sulfide phase, are the fact that the 

magnitude of the P-promoting effect on the Ni-Mo catalysts and the amount of 

phosphate necessary to obtain the maximum promoting effect increased with 

Ni-loading. This implies that the P-promoting effect was related to the amount of 

the "Ni-Mo-S" sites or to the (excess) amount of Ni able to interact directly with 

phosphate. Besides, the promoting effect of phosphate was not specific for the 

Ni-Mof Al20 3 catalysts and the formation of the "Ni-Mo-S" phase. A similar 
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promoting effect was observed also for the Rll/ Ah03 catalyst. 

If phosphate does not increase the number of the metal sulfide sites and 

does not only modify the metal sulfide phase physically or chemically, we are left 

with the possibility that phosphate forms a new P....çontaining active phase in 

addition to the original metal sulfide phase. This new active phase should have a 

high Q....çonversion to hydrocarbons (but very low HDS activity) and high 

selectivity for unsaturated hydrocarbons, which is more probable if it has a strong 

affinity for the N....çompounds or if the differences between the quinoline-HDN and 

the thiophene-HDS reaction mechanism make it impossible to enhance the HDS as 

well. The new active phase could be directly associated with phosphate, for 

instanee as a metal phosphate such as AlP04 which is known to be formed when 

phosphate is being brought in contact with Al20 3 [24,27-30]. AlP0 4, BP0 4 and 

also phosphates of Ni, Fe, Cr are known to catalyze dehydration, alkylation, 

oxidation, disproportionation, cyclisation and isomerisation reactions [68]. BP0 4 

has even been reported to be a hydrorefining catalyst [68] and we can not exclude 

that alsoother metal phosphates might be active in these reactions. The formation 

of surface phosphates of Ni (Mo, Rll) in addition to AlP04 is possible in 

P....çontaining Al20 3-supported catalysts. 

To find out whether the effect of phosphate on the Q....çonversion to 

hydrocarbons was completely or partly due to the catalytic activity of AIP0 4 

formed on the Al20 3 support, experiments with combined catalyst beds have been 

carried out [66]. The idea behind the experiments was that the second bed (Al20 3, 

*P(4)/Al203 or AlP04) situated downstream of the Ni-Mo/Al20 3 bed, was 

brought in contact with the reaction mixture containing hydrogenated 

intermediates (OPA, DHQ). These intermediates can undergo N-removal and in 

this way the active phase, which itself has insufficient hydragenation acitivity to 

form these intermediates but is able to denitrogenate them, can contribute to the 

overall Q....çonversion to hydrocarbons. These experiments proved that 

P....çontaining supports are indeed able to catalyze some of the steps in the 

Q-HDN reaction network. *P(4)/Al20 3 and AIP04 themselves have negligible 

Q....çonversion to hydrocarbons, but used as after-beds they increased the 

Q....çonversion to hydrocarbons. This indicates that the P....çontaining 

Al203-5upported catalysts might be bifunctional. The metal sulfides participate 

themselves in N-removal [61-{)5] and provide the hydragenation sites necessary to 

form the intermediates, AIP04 provides the sites for subsequent N-removal. 
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Let us discuss now whether the bifuctionality of the P-promoted catalyst 

could explain our experimental results. The second active site in the bifunctional 

model does not necessarily have to be AIP0 4 [66], it might be alsoother roetal (Ni, 

Rh, Mo) phosphates, phosphides or phosphosulfides [72]. The low Q-<:anversion to 

hydrocarbons and the high percentage of THQl for the *Mo(2.1)/ Ab03 catalyst 

(Table 2A-B) indicate that the catalyst had insufficient hydragenation activity. 

Addition of Ni leads to the formation of the "Ni-Mo-S" phase with a much better 

hydragenation activity, so that the *Ni(1.5)Mo(2.1)/Al20 3 catalyst has a product 

distribution about equal to thermadynamie equilibrium. Addition of phosphate to 

this *Ni(1.5)Mo(2.1)/ Al203 catalyst improves the Q--eonversion to hydrocarbons 

without changing the N-product distribution. Apparently, the hydragenation of Q, 

THQ5 and THQl by the "Ni-Mo-S11 phase is fast enough to compensate for the · 

increased rate of DHQ and OPA conversion to hydrocarbons by the "metal-P 11 

site. The same explanation as for the *Ni(1.5)Mo(2.1)P(0.5-{l)/ Ab03 catalysts 

holds also for the *P(l)*Rh(0.5)/ Al20 3 catalyst. 

Also the fact that the Q-<:onversion to hydrocarbons of both series 

Ni-Mo-P catalysts levelled off with increasing P-<:ontent and the amount of P 

necessary to reach the maximum increased with the Ni loading, can be explained 

by bifunctionality. The balance between the two functions in a bifunctional 

catalyst is important. When the amount of one component (metal sulfide) becomes 

larger, an increase in the amount of the other component (11metal-P11
) will further 

enhance the conversion to final product. One can make analogy with a consecutive 

reaction scheme, A ~~ B ~2 C where k1 and k_1 are hydragenation and 

k-t 
dehydrogenation rate constants and k2 is the rate constant for N-removal. The 

total rate r is proportional to k1.k2/(k-1+k2). The highest benefit from the 

hydragenation function is obtained when the N-removal function is fast compared 

to the hydragenation function and when k_1 << k2. In that case, the concentration 

of the intermediate (DHQ, OPA) should become extremely smal!. As this was not 

the case, one must conclude that although phosphate impraves the overal catalyst 

performance there is room for further improvement. The bifunctional model could 

thus explain the performance of the ~Ni(1.5)Mo(2.1)P(0.5-{l)/ Ah03 and 

*P(l)*Rh(0.5)/ Al203 catalysts. 

However, the amount of 11Ni-Mo-S11 phase present in the P-free 

*Ni(0.5)Mo(2.1)/ Al203 catalyst is smaller than in the *Ni(1.5)Mo(2.1)/ Ah03 
catalyst and as a result the *Ni(0.5)Mo(2.1)/ Al20 3 catalyst has insufficient 
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hydragenation activity for the attainment of equilibrium of the N-product 

distribution. Such a catalyst could never compensate the loss of the hydrogenated 

N-<:ontaining intermediates in the presence of sites using these intermediates as 

substrates for further reactions. However, also for the 

*Ni(0.5)Mo(2.1)P(0.5-4)/ Al20 3 catalysts, the N-product distribution was more or 

less unaffected by phosphate, which contradiets the bifunctional model and makes 

it less probable that the P-associated sites would only catalyze the N-removal. 

The fact that phosphate has no influence on the HDS of thiophene has probably to 

do with a different mechanism. The HDS of thiophene is thought to take place via 

direct hydrogenolysis, rather than via hydragenation and subsequent S-removal 

under the given reaction conditions (pH2 = 0.1 MPa) [52], and for hydrogenolysis 

only a metal sulfide is required. Even if thiophene would be desulfurized by 

hydragenation and H2S elimination, then it may still be that either the metal 

sulfide itself or the Al20 3 is already acidic and active enough to eliminate H2S 

from tetrahydrothiophene. The fact that even in the absence of phosphate no 

tetrahydrothiophene is observed, would in that case explain why . phosphate 

addition has no influence. 

Recently Ramirez and Morales studied the effect of Ni and P on sulfided 

Mof Al20 3 catalysts in the HDN of heavy vacuum gasoil [24] . Their reference 

Ni/Al20 3 catalyst already had a reasonable HDN activity, however, it is difficult 

to understand that they observed only an additive and no promoting effect of Ni 

on Mo/Al20a. They also suggested that phosphate forms AlP04 on the Ah0 3 

surface, which leads to the formation of new sulfided Ni and Mo species with 

increased hydrogenolysis activity. 

Our results for various Ni-Mo catalysts have shown that the magnitude of 

the P-promoting effect as well as the amount of phosphate necessary to obtain the 

maximum promoting effect are dependent on the Ni-loading. This indicates that 

the new active sites in the Ni-Mo-P/ AhO 3 catalysts should be associated with Ni 

as well as with phosphate. Experiments on P-<:ontaining carbon---supported Ni 

sulfide catalysts have shown that new sites with high HDN and HDS activities are 

formed upon the addition of phosphate [44,72]. Besides Ni sulfide, these 

carbon---supported catalysts probably contain Ni- phosphate, phosphide or 

phosphosulfides and these compounds were held responsible for the improvement 

in catalytic performance. The effect of phosphate in the present Ni-Mo-P/ Al20 3 

and P-Rh/ Ah0 3 catalysts might also be explained by the formation of such Ni-P 

or Rh-P compounds. 
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These new active sites could catalyze both, the formation of hydrogenated 

N--<:ontaining intermediatea as well as the N-removal. If all these steps take place 

on the same site and the N-removal is fast compared to the desorption of the 

N--<:ontaining intermediates, this would not affect the N-product distribution very 

much. The fact that these sites were not able to enhance also the HDS could be 

due to their low affinity towards the S--<:ompounds. All N--<:ompounds present in 

the quinoline-HDN reaction mixture are strong bases and the differences between 

the HDS and HDN performance might be just due to the acid properties of the 

P-associated active sites prefering basic substrates. 

The changes of the catalytic performance of Ni-Mo/Ah0 3 and Rh/Al20 3 

catalysts in the presence of phosphate show that a chemica! modification of the 

active phase took place. However, as long as the identity and catalytic function of 

the new P--<:ontaing active phase has not been studied further, it seems premature 

to suggest that one of the above roodels is more preferabie than the others. The 

dependenee of the promoting effect of phosphate on the methad of preparation [66] 

as well as the role of phosphate in carbon-supported catalysts [72] will therefore be 

a subject for further studies. 

CONCLUSIONS. 

Phosphate is an efficient HDN promoter for Ni-Mof Ah0 3 and Rh/ Ah03 

catalysts. Parallel to the increase of Q--<:onversion to hydrocarbons (Nhc) the 

selectivity for propylbenzene and the Q--<:racking and isomerisation (Nby) increase. 

The HDS activity does not change significantly but the selectivity for unsaturated 

hydrocarbons increases in HDS upon phosphate addition, just like in the HDN. 

The phosphate effect was concluded to be due to the formation of a new type of 

P-associated active sites besides the metal sulfide ("Ni-Mo-S" or Rh-S) active 

sites. The new active sites might be phosphate modified roetal sulfide sites, but it 

is also possible that it concerns AlP04 or other roetal (Ni, Mo, Rh) phosphorus 

compounds. 
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Chapter 3. 

THE INFLUENCE OF THE PREPARATION PROCEDURE ON THE EFFECT 

OF PHOSPHATE ON THE HYDRODENITROGENATION ACTIVITY AND 

SELECTIVITY 

CATALYSTS. 

ABSTRACT. 

OF ALUNUNA-SUPPORTED SULFIDED Ni-Mo 

Phosphate-promoted Ni-Mo catalysts were prèpared by impregnation of 
the Al:z0 3 support with aqueous solutions of H3P04, NH4H2P04, (NH4hHP0 4, 
(NH4)oMo7Ü:z4, Ni(N03):z and nitrilotriacetic acid. Phosphate and metal 
compounds were introduced via stepwise impregnation ( various impregnation 
sequences) or via (partial) coimpregnation, and after drying the catalysts were 
submitted to different calcination treatments. The in situ sulfided catallsts were 
tested in the hydrodenitro&enation (HDN) of quinoline (643 K, 3.0 MPa) and the 
hydrodesulfurisation (HDS) of thiophene (723 K, 0.1 MP a) . They were further 
characterized by X-ray photoelectron spectroscopy (XPS). In all cases the 
presence of phosphate resulted in an HDN activity increase. Variatien of the 
preparatien procedure led to significant changes in the quinoline conversion to 
hydrocarbons and affected the quinoline eradring and isomerisation, the thiophene 
HDS activity and dispersion of Ni and Mo. The catalysts prepared using a methad 
based on the deposition of Ni- and Mo-nitrilotriacetic acid complexes at the 
Ala03 surface had the highest HDN and HDS activity. No simple correlation 
between the changes of the catalyst performance in the various reactions and the 
dispersion of the active phase, as determined by XPS, could be established. 

INTRODUCTION. 

Phosphorus, mostly in the form of H3P04 or phosphate, is industrially used 

in the preparatien of hydrotreating catalysts [1-26] especially because it inc.reases 

the solubility of the metal salts and the stability of the impregnation solutions 

[9-12,27-29]. This simplifies the preparatien of the catalysts: co-impregnation is 

possible and even catalysts with high metal loadings can be prepared in just one 

impregnation step. Phosphorus is also reported to cause promoting effects for 

hydrodesulfurisation (HDS) [10-20,28-31], hydrodenitrogenation (HDN) 

[12-13,18-23,29,30,32) and hydrodemetallation (HDMe) [23,24]. In addition, it is 

claimed to result in an extended catalyst life time, due to improved thermal and 

mechanica! stability and lower coke formation [14-16,25,26,29,33]. 

Many patents claim that the way in which phosphorus is added to the 

catalyst is of extreme importance for the catalyst performance [1-26), and they 

advocate limits for the pH values, the exclusive use of sequentia! or 
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coimpregnation, and certain P-compounds. However, from a comparison of these 

patents one may conclude that it is not very crucial in which way phosphorus is 

introduced. 

The effect of phosphorus on the catalyst performance bas been frequently 

studied [28-35]. It bas been shown that phosphate bas a very strong affinity for 

the Ab0 3 support [35] . The formation of AlP04 in the P-containing 

AbOT"!upported catalysts [36,37] decreases the surface area and pore volume of 

these catalysts, leads to the plugging of narrow mesopores [32,38] and changes the 

acidity of the Al20 3 support [29,30,32,38]. The texture of the catalyst rnight be 

dependent not only on the amount of AlP04 but also on its structure which is in 

turn deterrnined by the metbod of preparatien [39). The coverage of Al20 3 with 

AlP0 4 decreases the adsorption of molybdate species [35). During sulfidation this 

may lead to the formation of MoS2 stacks [34), a multilayer stucture which is 

favourable for HDN. The promoting effect of Co and Ni in the Co-Mo and Ni-Mo 

catalysts was concluded to be due to the formation of the so-called "Co-Mo-S" 

and "Ni-Mo-S" phase [40-41]. The MoS2 stacks present in the P-containing 

Ni-Mo catalysts [34] rnight contain more edge sites to form the active "Ni-Mo-S" 

phase and the sites might have a sterically more preferabie location with respect to 

the HDN reaction compared to the structures with less layers present in P-free 

catalysts. This phosphate-modified "Ni-Mo-S" phase might even be identical 

with the so-called "Ni-Mo-S-II" phase which, in parallel to the "Co-Mo--S-11" 

phase, was concluded to be the reason of the high HDS activity of the catalyst 

prepared using the nitrilotriacetic acid metbod [42-45]. The changes of the 

catalytic performance of the Al20 T"!Upported Ni-Mo in the presence of phosphate 

were also reported to be due to the changes of the dispersion of the Mo-sites 

[28,31,34] or Ni-sites [31,32). Recently, it has been concluded that not only the 

number and the location but also the chemica! nature of the sites changes in the 

presence of phosphate [32,46,47], i.e. the presence of phosphate leads to the 

formation of new P-associated sites [46,47] . 

In an earlier paper we have shown that phosphate increases the quinoline 

conversion to hydrocarbons, the selectivity for propylbenzene and also the 

quinoline cracking and isomerisation of ·the Al~ T"!Upported Ni-Mo and Rh 

catalysts [46]. The thiophene-HDS activity remairred almost unchanged, only the 

butene-hydrogenation decreased in the preserree of phosphate. So, these changes 

were apparently not caused by an increase in the number of the "Ni-Mo-S" sites. 

The phosphate-effect was concluded to be due to the formation of a new type of 
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active sites but no definitive conclusions about the composition of these sites could 

be drawn so far. The P--containing catalysts contain most probably metal sulfide 

sites as well as new P-associated active sites. These new active sites may be 

modified met al sulfide sites or AlPO 4, but it is also possible that Ni- or 

Mo-phosphorus compounds are involved [47]. Phosphate might thus modify 

structure and chemica! properties of the metal sulfide sites, or the P-associated 

active sites might exist quite separately from the metal sulfide sites and some 

P--compound such as AlP04, other metal-phosphates [39,48-50], phosphides [51] 

or phosphosulfides might be catalytically active. The formation of such 

metal-phosphorus compounds in addition to AlP04 can not be excluded. Some 

metal phosphides are known as hydrogenation catalysts [51] and the possibility 

that they can also act as hydrotreating catalysts has been discussed in detail 

elsewhere [47]. Also the catalytic properties of various metal phosphates [39,48-50] 

support the possibility that such active sites could be able to catalyze the HDN 

reaction. Besides, due to its different acidity the metal-phosphorus active phase 

might have a higher affinity towards the N--compounds than the metal sulfide 

phase. 

In view of the Contradietory claims in the patent literature, it was decided 

to investigate whether and to what extent the preparatien procedure influences the 

high pressure quinoline-HDN and low pressure thiophene-HDS performance and 

the dispersion of Ni and Mo (XPS) in the P--containing Ni-Mof Al20 3 catalysts. 

Aiming to find out what is the nature of the P-associated active sites it has been 

investigated whether AlP0 4 itself has any HDN activity and whether phosphate 

has the same effect as the nitrilotriacetic acid preparatien procedure, viz., the 

formation of the highly active so--called 11 Ni-Mo-S-II11 phase. 

EXPERIMENT AL. 

Catalyst Preparation. 
The -y-Al20 3 support (Ketjen 001-1.5E: Al20 3 > 97.3 wt%, surface area 

280 m2g-t, pore volume 0.67 cm3g-t, partiele diameter 0.2-{).5 mm) was 
imr.regnated with aqueous solutions of o-H3P04, (NH4)sMo70u.4H20, 
NitN03)2.6H20, NH4H2P04 and (NH4)~P04 (all Merck, p.a.), using different 
procedures. 

The standard preparatien procedure used earlier [46] consisted of sequentia! 
pore volume impregnation with aqueous solutions of o-HJP04, (NH4)5Mo7024 and 
Ni(NO 3)2. After each impregnation step the catalyst was slowly (over a period of 3 
h) heated from 293 to 383 K and then further dried for 16 h in static air at 383 K. 
The catalyst was calcined in air at 823 K (temperature increase from 293 to 823 K 
in 1 h, 1 h at 823 K) after the last impregnation step. Some catalysts prepared by 
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TABLE 1. 
Catalyst Composition and Texture. 

Catalysta Ni Mo p S.A.b P.V.b 
wt% wt% wt% m2g-l cm3g-1 

Ah03 --- 280 0.67 
*P(~/Al203 --5.2 
AlP 1. (P/Al = 1) -21.5 240 2.1 

*Ni~1.5~Mo(2.1)) Al203 3.4 7.7 - 237 0.53 
*Ni 1.5 *Mo(2.1 /Al203 3.0 8.1 - 233 0.50 
calcul. Al20 3c --- 232 0.56 

'Ni ~1.5ror 2.1lP( I) lAl ,O, 3.0 8.1 1.2 219 0.47 
*Ni 1.5 Mo 2.1 *P~1 I Al203 3.2 7.7 1.1 216 0.48 
'Ni 1.5 'Mo~2.1lP I rl,O, 3.1 8.2 1.1 223 0.48 
*Ni 1.5 *Mo 2.1 *P(1 IAb03 3.2 8.5 1.2 226 0.52 
*P(1)*Ni(1.5 *Mo(2.1 Al203 3.2 7.6 1.3 223 0.49 *Ni~1.5~~o(2.1)+P(1 VAl203 3.0 8.2 1.1 234 0.48 
*Ni 1.5 [Mo(2.1)+P(1 HAl203 3.1 8.2 1.1 229 0.48 
*[Ni(1.5)+Mo(2.1)+P(1 (Al203 3.1 8.1 1.1 182 0.44 
*Ni~1.5~Mo~2.1~P#(1(/ A 203 3.2 8.2 1.1 203 0.46 
*Ni 1.5 Mo 2.1 P## 1)/Ab03 3.2 8.1 1.1 232 0.49 
calcul. Al~3c --- 227 0.54 
calcul. Al~ 3 [AIPO~.)d --- 221 0.53 

*Ni~l.5lMo~2.1~P( 4)l Al20 3 3.1 7.1 4.4 151 0.38 
*Ni 1.5 Mo 2.1 *P~ 4 I Al203 3.1 7.1 4.3 127 0.43 
*Ni 1.5 *Mo(2.1)P 4 / Al203 3.2 7.1 4.4 115 0.34 
calcul. AI~ 3 c --- 207 0.50 
calcul. Al~3 [AIPO~.]d --- 188 0.46 

a For catalyst notation see section Experimental {Catalyst preparation). 
b S.A. = surface area, P. V. = pore volume, both values are related to 1 g of 
catalyst. 
c Calcul. Al203 = calculated values of S.A. and P. V. for each series of 
Ni-Mof Al203 catalysts based on the amount of Al203 present in the catalysts, 
assuming that no AlP04 was formed and that phosphate, Mo03 and NiO have no 
contribution to the final S.A. and P. V .. 
d Calcul. Ah03 {AlP04} = calculated values of S.A. and P. V. for each series of 
Ni-MojAl203 catalysts assuming that all phosphate is present as AlP04 and that 
AlPO~., NiO and Mo03 have no contribution to the final surface area and pore 
volume. 
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sequentia! impregnation were subjected to additional calcination after 
impregnation with H;Jl>04 and/or after impregnation with (NH4) 6Mov()u. Other 
catalysts were prepared by coimpregnation of H3P04 and (NH4) 6Mov() 24, followed 
by impregnation with Ni(N0 3)2. Again these catalyst were dried after each 
impregnation step and calcined after the last, or after both steps. One catalyst was 
prepared by coimpregnation of H;Jl>04, (NH4) 6Mov() 24 and Ni(N03)2, drying and 
calcination. In two cases (using the sequentia! impregnation procedure) H3P04 was 
replaced by NH4H2P04 and {NH4)2HP04. These two catalysts were dried after 
each impregnation step and calcined only after the last one. Another catalyst was 
prepared by additional impregnation of the doubly calcined Ni-Mo catalyst with 
H;J1>04, foliowed by drying and calcination. P-free catalysts were prepared by 
sequentia! impregnation of {NH4)8Movû24 and Ni(N03)2. Also these catalysts were 
dried after each impregnation step and calcined after the last or both impregnation 
steps. 

A P-free and a P---<:ontaining catalyst were prepared via the so---<:alled 
nitrilotriacetic acid (NTA) route ( described elsewhere (42,43]) using a different 
commercial ')'-Al20 3 support (surface area, 250 m2g-1; pore vofume, 0.75 cm3g-I). 
In the case of the P---<:ontaining NTA catalyst, NH4H2P04 was introduced in the 
support through adsorption. The support was then dried and calcined befare the 
introduetion of the metal compounds via a pore volume coimpregnation using an 
aqueous salution containing the required amounts of Ni (1.5 wt%) and Mo (8.0 
wt%) and NTA (NTA/Mo = 1.2 mol/mol). The role of NTA is to complex with 
both Ni and Mo, so that the precursor phase - support interaction will be 
drastically decreased. These catalysts were dried in air but not calcined to prevent 
the decomposition of the metal-NTA complexes. 

The AlP04 (21.5 wt% P; surface area, 240 m2g-1; pore volume; 2.1 cm3g-1) 
was prepared according to the procedure presented by Campelo et al. (48-50] by 
mixing aqueous solutions of A1Cl3.6H20 and H3P04 in stoichiometrie amounts in 
the presence of neutralizing agent (NH40H), the final pH of precipitation being 
6.1. The precipitate was washed with isopropylalcohol, dried at 393 K for 24 h and 
calcined at 920 K for 3 h. 

Surface area and pore volume of the catalysts are listed in Table 1 tagether 
with the weight percentages of metals and phosphorus. The notatien used in the 
text is as fellows: *Ni(x)*lMo(y)+P#(z)]/Ah03 where x, y and z are the loadings 
in atoms per nm2 ot the original support surface. The elements are ordered 
according to the sequence of impregnation starting from the support. The asterisk 
indicates after which impregnation step a calcination took place, coimpregnated 
elements are written in square brackets. The catalysts impregnated with 
NH4H~04 or (NH4)~P04 have a (#) or (##) supplement, respectively, the 
catalysts prepared via the NTA method have a (NTA) supplement. The notations 
(P=1) and (P=4) will be used in the text when refering to the catalyst with 1 or 4 
atoms P nm -2, respectively. For the experiments with combined beds (see sectien 
Experimental, Quinoline-HDN) the notatien (*Ni(x)*Mo(y)/ Al203 +Al203 or 
+AlP04 or +*P( 4)/ Al20 3) will be used, the downstream bed being writen second. 

Quinoline HDN. 
The quinoline-HDN experiments were carried out in the gas phase in a high 

pressure micro flow reactor with on-line GC analysis according to the procedure 
described in Chapter 2. Besides the standard experiments (0.5 g catalyst + 9.5 g 
SiC) also experiments with combined beds have been carried out. In these 
experiments a secend bed consisting of 0.5 g active material (Al20 3, AlP04 or 
*P( 4)/ Al20 3) diluted with 1.5 g SiC was placed downstream the catalyst bed. 
Except for this difference, the experimental procedure was identical to the 
standard procedure. In the experiments with the NT A catalysts a larger amount of 
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catalyst (0.625 g) was used. The NTA complexes decompose upon sulfidation and 
the restsof the organic ligand (approximately 25 wt% of the fresh catalyst) desorb 
from the catalyst. A 0.625 g sample of a fresh NTA catalyst is thus after 
sulfidation equivalent to 0.5 g NTA-free catalyst. A modified sulfidation 
procedure including a slower tem~erature program (2 K min -1 instead of 6 K 
min-1) but the same duration (5 h) was used in order to slow down the 
decomposition of the metal-NTA complexes. For the remainder, the experimental 
procedure was the sameasin the standard experiments. 

The quinoline HDN reaction network used here is based on findings 
reported in references [52-57]. This reaction network as well as the evaluation of 
the activity data and abbreviations used are outlined in Chapter 1. At 643 K and 
3.0 MPa the theoretica! equilibrium ratios betw~n nr,ch and npbz and between 
ndhq:nthqs:nthq1:nq are 9:1 and 13:47:26:14, respectlvely l52]. 

Thiophene HDS. 
The thiophene HDS experiments were carried out at atmospheric pressure 

in a gas phase microflow reactor with on-line GC analysis according to the 
procedure described in Chapter 2. The only difference was the higher weight of the 
NTA catalysts (0.250 g), used in order to compensate for the amount of NTA 
present in the catalysts (see also section Experimental - Quinoline HDN). The 
NT A catalysts were sulfided using a different temperature program viz. 2 I( min -1 
from 293 to 723 K and 1 h at 723 K. 

Other Techniqnes. 
The oxidic and some of the sulfidic (spent) catalysts were characterized by 

means of A tomic A bsorption Spectroscopy (met al con tent), UV -.VIS spectroscopy 
(P-<:ontent), B.E.T. measurements [surface area and pore volume (Table 1)] and 
XPS (Table 4). 

The analytica! results of the spent catalysts (Table 1) have been corrected 
for the contamination of the catalysts by coke using the Ni wt% as internal 
standard. The determined Ma-<:ontent of the spent catalysts is usually lower than 
in the fresh ones. This is due to the insufficiency of the extraction procedure used 
in the analysis (low solubility of MoS2, disturbing effects of the coke) and not due 
to the loss of Mo during the reaction. The minimum theoretica! surface area and 
pore volume valnes (Table 1) were calculated assuming that molybdenum, nickel 
and phosphorus are present as Mo03, NiO and AlPO•, respectively, that the 
remaining Al20 3 keeps its intrinsic surface area and pore volume and that the 
AIPO•, Mo0 3 and NiO do not contribute to the final surface area. 

The experimental details of the XPS analysis are discussed in detail 
elsewhere [46,58]. For the oxidic samples the following XPS peaks were measured: 
Ni 2Pv2 and 2P3/2, Mo 3d3/2 and 3ds/2, P 2p and 2s, Al 2p and 0 1s. In addition, 
peaks of C 1s, In 3d and N 1s were measured and used as references for the 
determination of charging effects. In the XPS measurements on sulfided catalysts 
also the S 2p peak was measured. Due to the experimental set-up, only the peak of 
Ni 2pV2 could be measured in the XPS of sulfided samples and the areas of the Ni 
2p3/ 2 peaks were calculated using the theoretica! sensitivity factors [59]. The error 
of the determination of the intensity ratios is approximately 15 %. 
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RESULTS AND DISCUSSION. 

Group A. P-.free Catalysts. 

The P-free Ni-Mof Al20 3 catalysts had surface areas approximately equal 

to the calculated minimum values whereas the pore volumes were somewhat lower 

than the calculated ones (Table 1). Just like in our previous study [46], the XPS 

intensity ratios of these catalysts (Table 4) were not significantly different ( within 

the range of the experimental error) from those of the P-containing catalysts 

prepared by sequentia! impregnation with H3P04 introduced first {Groups B and 

C). As the thiophene conversions to hydrocarbons of almost all catalysts tested in 

the present study were very similar {52--62 %), the khydr and khydr/khds ratios of 

various catalysts can be directly compared. While the thiophene conversion to 

hydrocarbons of the two P-free catalysts was equal or somewhat lower than those 

of the P-containing catalysts (Table 3), the consecutive butene hydragenation 

{khydr, khydr/khds) was higher. The *Ni{1.5)Mo(2.1)/Al203 catalyst wasthebetter 

of the two P-free catalysts in the thiophene HDS. 

In agreement with earlier findings, the Q-conversion to hydrocarbons (Nhc) 

(Fig. 1) and Q-cracking and isomerisation (Nby) of both P-free catalysts were 

much lower, and their npch/npbz ratios of the P-free catalysts were rather high 

(Table 2A,2C) compared to most P-containing catalysts. However, the npch/npbz 
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Figure 1. Quinoline conversion to hydrocarbons {Nhc) /%] versus 
temperature [Kj: •{Ni1.5)Mo{2.1}/ Al203, •Ni{1.5}•Mo{2.1)/ Àl203, 

•Ni{1.5)Mo(2.1}P(4)/A{203, •Ni{1 .5}•Mo{2.1}P{4}/Al203 and 
•Ni(1.5}Mo{2.1}•P{4}/Ah0s. 
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C1l 
0 TABLE 2A. 

Quinoline HDN (643 K, 3.0 MPa). 

Catalysta 

*Ni(1.5)Mo/ Al 
*Ni(1.5)*Mo/ Al 

*Ni 1.5 Mo*P(1 I Al *Ni~l.5lMoP(1 )lAl 
*Ni 1.5 *MoP(1 Al 
*Ni 1.5 *Mo*P(1~/Al 
*P(1 )*Ni(1.5)*Mo~Al 
*Ni 1.5 Mo+P(1) /Al *Ni~1.5~~[Mo+P(1 ]/Al 
*(Ni(l.5)+Mo+P(1)J(,A1 
*Ni(l.5)MoP#(1)/ A 
*Ni(1.5)MöP##{1)/ Al 

*Ni~l.5lMoP( 4 )lAl 
*Ni 1.5 Mo*P( 4 /Al 
*Ni 1.5 *MoP( 4 I Al 

Product Compositionb 

Nhc Npch Npbz Npche Ndhq Nthq5 Nopa Nq Nthqt Nby 

23 15.2 5.6 2.6 
19 12.6 4.3 2.1 

35 22.1 8.9 3.5 
31 19.5 8.1 3.2 
33 20.9 9.0 3.0 
35 23.7 8.4 3.0 
34 20.9 10.2 3.3 
38 24.0 10.2 3.5 
36 24.5 9.2 2.6 
40 25.8 10.7 3.6 
44 28.7 11.1 3.8 
35 22.9 8.5 3.4 

42 25.9 11.1 5.1 
40 23.0 11.7 5.5 
55 33.0 15.9 5.9 

10.5 36.3 
10.6 32.0 

9.4 29.2 
9.9 31.6 
7.3 30.3 
8.1 26.0 
9.5 25.4 
9.7 24.8 
5.5 21.3 
3.8 27.3 
6.4 28.8 
4.7 30.1 

8.4 24.3 
8.9 26.6 
7.2 19.5 

4.0 5.8 19.6 0.5 
2.9 10.6 24.3 0. 7 

4.5 5.5 15.6 1.2 
3.4 6. 7 14.7 2.8 
3.2 8.0 15.5 2. 7 
3.1 8.1 16.3 3.2 
3.4 5.5 16.3 5.6 
3.3 5.9 16.9 1.8 
2.1 19.4 13.6 1.8 
2.9 12.0 11.4 2.4 
3.2 6.3 10.9 1.0 
3.4 9. 7 13.8 3.4 

4.4 6.1 13.1 1.6 
3.3 4.9 13.0 3.0 
3.0 2.6 8.6 4.4 

a For catalyst notation see section Experimental {Catalyst preparation). As aU Mo-containing catalysts had 
the same Mo loading of 2.1 atoms per nm-2, a shorter notation ~tNi{x}MoP{z)/ Al has been used in this table, 
withAl being used as an abbreviation for Al20 3 • 

b Nx is the Q-conversion to product z f/o}. For details see Chapter 1. 
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ratios were still much lower than the equilibrium ratio. The Q~onversion to OPA 

(Nopa) and the product distribution in the group of N~ompounds were not very 

different from those of the P~ontaining catalysts. The *Ni(1.5)Mo(2.1)/ Ab0 3 

catalyst had only a slightly higher Nhc and Nopa than the *Ni(1.5)*Mo(2.1)/Ab0 3 

catalyst (Table 2A,2C). The distribution of hydrocarbons was almost the same but 

there were some differences in the product distribution of double ring 

N~ompounds. 

Group B. Sequential lmpregnation H3PÜ4 Introduced first (P=1). 

The differences in the activity and selectivity caused by variatien of the 

calcination treatment in this series of four catalysts were not really large (Tables 

2A,2C,3). Compared to the calculated values, the surface areas were about equal 

or somewhat lower, the pore volumes were mostly lower (Table 1). The XPS 

intensity ratios fluctuated somewhat but the Ni/Mo ratio did not change very 

much in this series of catalysts (Table 4). These catalysts had rather low thiophene 

conversion to hydrocarbons compared to the coimpregnation catalysts (Group G) 
but mostly higher khds and lower hydr than the P-free catalysts. 
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"" TABLE 2B. 
Quinoline HDN (643 K, 3.0 MPa) . 

Catalysta Product Compositionb. 

Nhc Npch Npbz Npche Ndhq Nthq5 Nopa Nq Nthql Nby 

Al 0 0.0 0.0 0.0 0.0 0.8 0.0 45.4 53.6 0.1 
*P(~/Al 0 0.0 0.0 0.1 2.2 1.3 0.3 25.9 68.3 1.8 
AlP 4 0 0.0 0.2 0.0 1.0 2.0 0.2 24.7 71.0 1.0 

Combined bedsc 
*Ni~l.5rMo/ Al+Al 19 11.5 4.6 2.9 6.2 37.0 3.0 10.0 23 .9 1.0 
*Ni 1.5 *Mo/Al+*P~~/Al 24 15.3 5.9 2.9 3.5 33.6 3.0 12.6 20.3 3.0 
*Ni 1.5 *Mof Al+Al , 24 16.1 5.7 2.2 2.9 31.7 3.0 15.8 21.6 2.0 

*Ni~0.5lMo~ Al 12 6.5 3.0 2.9 8.3 34.9 4.7 10.6 29.0 0.0 
*Ni o.5 Mo ~2V Al 20 9.6 5.6 4.6 9.7 29.4 4.5 9.3 26.9 0.5 
*Ni 0.5 MoP 4 I Al 22 10.1 7.1 5.2 8.7 30.0 4.6 8.8 21.8 3.7 

[Ni~0.6~+Mo+NTA)' Al 37 20.5 11.4 5.2 3.9 32.5 3.0 9.5 10.1 4.0 
Ni 0.6 +Mo+NTA *P#(3)/Al 75 50.3 21.0 3.8 0.0 13.4 1.0 8.6 0.0 2.0 

a For catalyst notation see section Experimental (Catalyst preparation). As all Mo-containing catalysts had 
the same Mo loading of 2.1 atoms per nm-3, a shorter notation *Ni(x}MoP(z)/ Al has been used in this table, 
with Al being used as an abbreviation for Al203. 
b Nx is the Q-conversion to product x f!J]. For details see Chapter 1. 
c Second bed consisting of Al203, *p -1}/AhOs or AlPO, downstream the *Ni(1.5}*Mo(2.1}/Al203 catalyst 
bed. 



TABLE 2C. 
Quinoline HDN (643 K, 3.0 MPa). 

Catalysta Product Distribution of Hydrocarbons 
and Double Ring N-<:ompounds.b 

Nhc Nn ~ llpche ndhq nthq5 nthqt 
llpbz 

*Ni~l.5jMo/ Al 23 72 2.7 11 15 50 27 
*Ni 1.5 *Mof Al 19 77 2.9 11 14 41 31 

·Nr5roP(l)r 35 60 2.5 10 16 49 26 
*Ni 1.5 Mo*P~1 I Al 31 63 2.4 10 16 50 23 
*Ni 1.5 *MoP 1 Al 33 61 2.3 9 12 50 25 
*Ni 1.5 *Mo*P(1)/ Al 35 59 2.8 9 14 44 28 
*P(1)*Ni(l.5)*Mo\ Al 34 57 2.0 10 17 45 29 
*Ni~l.5~lMo+P(1) /Al 38 57 2.3 9 17 43 29 
*Ni 1.5 [Mo+P(1 ~{.Al 36 60 2.7 7 9 36 23 
*[Ni(1.5)+Mo+P(l {Al 40 55 2.4 9 7 50 21 
*Ni~l.5~MoP#(1~/ A 44 52 2.6 9 12 55 21 
*Ni 1.5 MoP## 1)/ Al 35 58 2.7 10 8 52 24 

*Ni~l.5lMoP( 4)1 Al 42 52 2.3 12 16 47 25 
*Ni 1.5 Mo*P~ 4 I Al 40 54 2.0 14 17 50 24 
*Ni 1.5 *MoP 4 I Al 55 38 2.1 11 19 51 23 

a For catalyst notation see section Experimental JCatalyst preparation}. As all 
Mo-containing catalysts had the same Mo loading o 2.1 atoms per nm-2, a shorter. 
notation •Ni(x}MoP(z)/Al20a was used in this table, withAl as an abbreviation for 
Al20a. 
b Nx is the Q-conversion to product x f%}, nx is the selectivity for product x f%] 
defined as Nx/Nhc for hydrocarbons and Nx/Nn for double-ring N - compounds. 
For details see Chapter 1. 

The catalysts prepared by sequentia! impregnation with H3P04 introduced 

first had rather low Q-<:onversions to hydrocarbons (Nhc) (Fig. 2) but a relatively 

high Q-eracking and isomerisation (Nby). There were quite some differences in the 

product distribution of hydrocarbons and double ring N-<:ompounds in this series 

of catalysts, e.g. the *Ni(1.5)Mo(2.1)P(1)/Ah03 catalyst had higher opening of 

the N-<:ontaining ring 

*Ni(1.5)*Mo(2.1)*P(1 )/ Al20 3 

(P=l) catalysts. 

(N he+ N opa) and lower N by, the 

catalyst had the highest npch/npbz ratio of all 
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TABLE 2D. 
Quinoline HDN (643 K, 3.0 MPa). 

·catalysta Product Distri bution of Hydrocarbons 
and Double lling N-compounds.b 

Nhc Nn llpch llpche lldhq llthq5 llthql 
llpbz 

Al 0 100 0 1 54 

z~~~Al 0 98 2 1 70 
0 99 1 2 72 

Com bined bedsc 
*Ni~l.SrMo/ Al+Al 19 77 2.5 15 8 48 31 
*Ni 1.5 *Mof Al+*P~~/ Al 24 70 2.6 12 5 48 29 
*Ni 1.5 *Mo/Al+Al 4 24 72 2.8 9 4 44 30 

*Ni~0.5lMo/ Al 12 83 2.1 23 10 42 35 
*Ni 0.5 MoP~2v Al 20 75 1.7 23 13 39 36 
*Ni 0.5 MoP 4 I Al 22 69 1.4 23 13 43 31 

[Ni~0.6~+Mo+NTAl'Al 37 56 1.8 14 7 58 18 
Ni 0.6 +Mo+NTA *P#(3)/ Al 75 22 2.4 5 0 61 0 

a For catalyst notation see section Experimental JCatalyst preparation). As all 
Mo-containing catalysts had the same Mo loading o 2.1 atoms per nm-2, a shorter 
notation *Ni{x}MoP{z}jAl203 was used in this table, withAl as an abbreviation for 
Al203. 
b Nx is the Q-conversion to product x f'lo], nx is the selectivity for product x f'lo j 
defined as Nx/Nhc for hydrocarbons and Nx/Nn for double-ring N-compounds. 
For details see Chapter 1. 
c Second bed consisting of Al203, *P{4)/ Ah03 or AlP04 was situated downstream 
ofthe *Ni{1.5}*Mo{2.1}203 catalyst bed. 

Group C. Sequentia! Impregnation H~04 lntroduced First (P=4). 

The pH of the H3P04-impregnation solution used for the preparation of the 

(P=4) catalysts was the lowest of the present series of catalysts. The surface areas 

and pore volumes of all the (P=4) catalysts were much lower than the calculated 

values and there were large differences between the catalysts prepared by various 

calcination procedures (Table 1). Also the XPS intensity ratios fluctuated strongly 

in this series of catalysts (Table 4). Just like in our previous study [46], the 
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thiophene conversions to hydrocarbons were about the same as for the P-free 

catalysts. However, the butene hydragenation (khydr) and khydr/hds ratios of 

these catalysts were very low. (Table 3). 
The (P=4) catalysts had high Q-conversions to hydrocarbons (Nhc) and 

high Q-cracking and isomerisation (Nby), and the applied calcination procedure 

was very important (Fig. 1). The *Ni(1.5)*Mo(2.1)P( 4)/ Al20 3 catalyst clearly had 

the highest Nhc and Nby (Table 2A,2C) but also the lowest surface area and pore 

volume and the lowest Ni/ Al and Mo/ Al XPS intensity ratios. The 

*Ni(1.5)Mo(2.l)*P( 4)/ Al20 3 catalyst had higher Ni/ Al and Mof Al intensity ratios 

than the other two (P=4) catalysts but its HDN and HDS performance was almost 

the same as that of the *Ni(1.5)Mo(2.1)P(4)/Ah03 catalyst which had quite 

different XPS characteristics. In agreement with earlier findings (46], the average 

npch/npbz ratio was rather low for the (P=4) catalysts (Table 2A,2C) and 

considerably lower than the ratio calculated for the (P=l) series. Although the 

Q-conversions to hydrocarbons showed large differences, the product distribution 

of hydrocarbons and double ring N-compounds did notchange very much with the 

calcination procedure in this series of catalysts. 
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Figure 9. Quinoline conversion to hydrocarbons {Nhc) f%] versus re action 
temperature [Kj: *Ni{1.5)Mo{2.1}P#{1)/Al203;. *Ni{1.5}*Mo(2.1}P##(1}/Al203, 
*Ni{1.5}[Mo(2.1}+P{1}}/ Al203, *Ni{1.5)*{Mol 2.1}+P{1} }/ Al203 and 
*{Ni{1.5}+Mo{2.1}+P(1) ]/ Al203. 
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TABLE 3. 
Thiophene HDS (723 K, 0.1 MPa) . 

Catalysta Product Compositionb and 
Reaction Rate Constantsc. 

Nhc llba khds khÖ:dr ~ 
.103 .1 3 khds 

*Ni~l.5~Mo(2.1)~ AhOs 55 25 7.6 5.1 0.7 
*Ni 1.5 *Mo(2.1 IA120s 52 26 7.0 5.2 0.8 

·Nrro1 •. ,lP(l )i Al,O, 54 23 7.4 4.6 0.6 
*Ni 1.5 Mo 2.1 *P~l I Al20s 57 24 8.0 4.7 0.6 

'Ni 1.5 'Mo~2. 1lP 1 r,O, 58 25 8.3 4.9 0.6 
*Ni 1.5 *Mo 2.1 *P(1 I A120s 56 26 7.9 5.2 0.7 
*P(1)*Ni(1.5 *Mo 2.1 AhOs 54 23 7.4 4.6 0.6 *Ni~l.5~lMo(2 . 1)+~(1 YAhOs 61 24 8.9 4.8 0.5 
*Ni 1.5 [Mo(2.1)+P(l ~{.Al20s 62 25 9.2 4.9 0.5 
*[Ni(1.5)+Mo(2.1 )+P(1 ( Al20 s 62 26 9.3 5.1 0.5 
*Nifl.5~Mof2 . 1 ~P#(l (I A 20 3 54 23 7.4 4.6 0.6 
*Ni 1.5 Mo 2.1 P## 1)IAl20 3 57 22 8.1 4.3 0.5 

*Nr.5lMo~2.1~P( 4)j Al20s 53 18 7.2 3.5 0.5 
*Ni 1.5 Mo 2.1 *P~ 4 I A120s 56 18 7.9 3.4 0.4 
*Ni 1.5 *Mo(2.1)P 4 I Al20s 54 21 7.4 4.0 0.5 

*Nit5lMo~2.1l' A120 3 24 19 2.6 4.0 1.5 
*Ni 0.5 Mo 2.1 Pf2V Al203 29 17 3.3 3.5 1.1 
*Ni 0.5 Mo 2.1 P 4 /AI203 25 13 2.8 2.6 0.9 

1Nif0.6~+Mof2 . 1~+NTAJ' A120 3 54 17 7.4 3.3 0.4 
Ni 0.6 +Mo 2.1 +NTA P#(3)1 Al20 3 79 33 14.7 6.3 0.4 

a For notation see section Experimental {Catalyst preparation). 
b Nhc = % thiophene mole equivalents thiophene converted to hydrocarbons 
thiophene conversion to hydrocarbons; nba = Nba/Nhc = selectivity for butane, with 
Nba being the % thiophene mol equivalents converted to butane. 
c khds and kbydr = first order reaction rate constants for the thiophene conversion 
to hydrocarbons and the consecutive hydragenation of butenes {m3kg·ts-tj. 

Group D. Sequentia! Impregnation HsP04 Introduced Last (P=1). 

The procedure of adding H 3P04 to a *Ni(1.5)*Mo(2.l)IA120 3 catalyst in 

the final step resulted in a catalyst which had about the same surface area and 
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pore volume as those in which H3P04 had been added first. The 

*P(1)*Ni(l.5)*Mo(2.1)/ Al20 3 catalyst is one of the few with a Ni/Mo XPS 

intensity ratio higher than 1, which is different from the Ni/Mo ratio of the 

*Ni(l.5)*Mo(2.1)/ Al20 3 catalyst that was used for its preparation. The khds and 

khydr of this catalyst were comparable to those of the (P=1) catalysts prepared by 

sequentia! impregnation with H3P04 added first (Group B) . 

Surprisingly, this catalyst which we expected to be least good, had a good 

Q-<:onversion to hydrocarbons and the highest Q-<:racking and isomerisation of all 

catalysts (Table 2A,2C, Fig. 2). Except for the very low npch/npbz ratio, the 

product distribution of hydrocarbons and double ring N-<:ompounds was 

comparable to those of the (P=1) catalysts (Group B) . 

TABLE 4. 
XPS Analysis of Oxidic Catalysts. 

Catalysta Peak Intensity Ratiosb. 

Ni Mo p Ni 
AI TI AI AI 

*Ni~l.5~Mo(2.1)~ Al203 115 109 1.1 
*Ni 1.5 *Mo(2.1 / Al203 85 98 0.9 

'Nrro( 2.1lP( I) lAl ,O, 102 121 8 0.8 
*Ni 1.5 Mo 2.1 *P~1 /Ab03 103 129 6 0.8 
*Ni 1.5 *Mo~2.1~P 1 ~ Al203 92 103 7 0.9 
*Ni 1.5 *Mo 2.1 *P\1 /Ah03 112 125 8 0.9 
*P(l.O)*Ni(1.5)*Mo 2.1)/Al203 103 97 8 1.1 
*Ni~l.5~lMo(2.1)+P l)v Al203 78 110 7 0.7 
*Ni 1.5 (Mo(2.1)+P(l rAb03 103 106 11 1.0 
*Wi(L5)+Mo(2.l)+P(l l(A120 3 114 92 6 1.2 
* i~l.5~Mo~2 . l~P#(l(/A 203 94 121 7 0.8 
*Ni 1.5 Mo 2.1 P## 1)/Ah03 118 289 7 0.4 

*Nr.5lMo~2.l~P( 4)

1 
Al203 100 112 15 0.9 

*Ni 1.5 Mo 2.1 *P~4/Al203 149 154 24 1.0 
*Ni 1.5 *Mo(2.1)P 4/Al20 3 88 109 24 0.8 

a For notation see section Experimental {Catalyst Preparation}. 
b The peaks used for the calculation of the intensity ratios are listed in section 
Experimental {XPS}. 
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Since H;sP04 was introduced in the final impregnation step the modification 

of the support before the introduetion of the roetal salts was excluded. Although 

the *Ni(1.5)*Mo(2.1)/ Al20 3 catalyst was already calcined twice before the 

phosphate introduction, dissalution of the roetal compounds during the phosphate 

addition (possibly leading to changes in the dispersion) as well as coverage of the 

active phase by phosphate might occur to some extent. This might be the reason 

for both, the high Ni/Mo ratio as determined by XPS and the rather low HDS 

activity. 

The fact that even for this catalyst the Q-conversion to hydrocarbons was 

increased and the selectivity changed implies that the modification of the support 

prior to the introduetion of metals is not a prerequisite for the phosphate 

promoting effect in the HDN. A similar observation has been made previously for 

the *P(1)*Rh(0.5)/ Ah03 catalyst [46]. It seems that even after the double 

calcination of the catalyst, phosphate is able to decrease the interaction between 

the Ah0 3 and the active phase [35,60]. The HDN promoting effect correlates with 

the amount of phosphate present rather than with the stage at which phosphate 

was introduced in the catalyst. 

Group E. Sequentia! Impregnation NH4H2P04 Introduced First (P=1). 

The use of NH.H~O• (pH=4.5) insteadof H;sP04 (pH= 0-1) resulted in a 

catalyst with a very low surface area and pore volume (Table 1) which could have 

also affected the roetal distribution. However, the dispersion of the active phase as 

determined by XPS (Table 4) was not different from the catalysts prepared by 

sequentia! impregnation with H3P04 added as first (Group B). The 

*Ni(1.5)Mo(2.1)P#(1 )/ Al20 3 catalyst had about the same thiophene conversion 

and butene hydragenation as the Group B catalysts. 

The Q-cracking and isomerisation of the *Ni(l.5)Mo(2.1)P#(1)/Ah0 3 

catalyst was the lowest of all (P=1) catalysts but its Q-conversion to 

hydrocarbons was very high (Fig. 3). The formation of OPA (Nopa) and the 

product distribution in the group of hydrocarbons were comparable to the other 

(P= l) catalysts, whereas the product distribution of double ring N-compounds 

was different. 
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Group F. Sequentia! lmpregnation (NH,)2HPO, Introduced First (P=l). 

The *Ni(l.5)Mo(2.1)P##(l)/Ab0 3 catalyst [prepared with (NH 4)2HP0 4, 

pH = 7] had a rather high surface area but a lower pare volume than the 

calculated value (Table 1). The Ni/ Al XPS intensity ratio of its meidie precusor 

was only slightly higher than those of the other catalysts with the same P-loading 

(Table 4). However, the Mof Al XPS intensity ratio was extremely high, higher 

than the theoretica! monolayer intensity ratio. This catalyst had about the same 

khds and khydr as the catalysts prepared by sequentia! impregnation with H3P04 

added as first (Group B) (Table 3). 

Also the Q-<:onversion to hydrocarbons (Fig. 3), opening of the 

N-<:ontaining ring (Nhc+Nopa) and Q-<:racking and isomerisation were 

camparabie to the Group B catalysts (Table 2A,2C) . The product distribution of 

hydrocarbons (relatively high npch/npbz ratio) and that of double ring 

N-<:ompounds were different. 

Group G. Coimpregnation Catalysts (P=l). 

Suprisingly, the *[Ni(1.5)+Mo(2.1)+P(l)]/ Al20 3 catalyst had the lewest 

surface area and pore volume of all (P=l) catalysts (Table 1). In contrast 

herewith, the catalysts prepared by [Mo+P] coimpregnation followed by Ni(N0 3)2 
addition had high surface areas and pore volumes. There were large differences 

between the XPS intensity ratios and Ni/Mo ratios within the series of oxidic 

coimpregnation catalysts (Table 4). The *[Ni{l.5)+Mo(2.1)+P(l)]/Ah0 3 catalyst 

had a rather high Ni/Mo ratio whereas that of the *Ni(l.5)*[Mo(2.l)+P(l)]/ Al 20 3 

catalyst was low. The coimpregnation catalysts had the highest thiophene 

conversion to hydrocarbons but the lewest butene hydragenation (khydr/khds) of 

all (P=l) catalysts (Table 3). As the HDS conversion correlates usually well with 

the dispersion of the active phase it is surprising that the XPS measurements on 

the oxidic coimpregnation catalysts did not show any better dispersion compared 

to the other catalysts from the (P=l) series. 

All three coimpregnation catalysts were somewhat more active in HDN 

than the (P=l) catalysts prepared by sequentia! impregnation using H3P0 4 
(Group B and D) (Table 2A,2C, Fig. 2,3). The *[Ni(l.5)+Mo(2.1)+P(l)]/AI 20 3 

catalyst, which also had a very high Ni/Mo ratio (XPS), had the highest 

Q-<:onversion to hydrocarbons (Nhc) of the coimpregnation catalysts . The two 

[Mo+P] coimpregnation catalysts had different Ni/Mo ratios but almost the same 

Nhc and Nby· The average Nby and Nopa of the coimpregnation catalysts were 
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lower tha.n for the catalysts prepared by various sequential impregnations ( Groups 

B-F). The product distributions of hydrocarbons were similar to the other (P=l) 

catalysts, those in the group of double ring N-compounds were somewhat 

different . 

Analysis of the Spent Catalysts. 

In agreement with our previous results [46], and in contrast to the results of 

carbon-supported P-containing catalysts [47], no significant differences in 

P-loading between fresh a.nd spent Abür-Supported catalysts prepared by any 

metbod discussed above were found. This means that phosphate is strongly bound 

to the Al20 3 support as AlP04 or possibly other metal-phosphorus compounds. 

Neither the evaporation of H3PÜ4 or sublimation of P 20 5 (P40 1o) nor the 

reduction to more volatile P-compounds (P 20 3, PH3) a.nd their evaporation are of 

a.ny importance in these Ab0 3 supported catalysts. 

XPS Results. 

The XPS spectra of the meidie catalysts with different P-loadings and/or 

methods of preparation show rather large fluctuations of the Ni/ Al and Mof Al 

XPS intensity ratios (Table 4). The Ni/Mo ratios varled less and ranged from 0. 7 

to 1.0 for the catalysts. Just like in the previous study [46], the binding energies of 

the Ni 2p and Mo 3d peaks in both meidie and sulfidic XPS did not change 

considerably upon P addition. This does not exclude the possible formation of 

Ni-P or Mo-P compounds since there are small energy differences between the 

peaks of metal oxides (sulfides) and phosphates [57]. There were also no significant 

changes of the P 2p binding energy, i.e. no evidence was found for the formation of 

phosphides (binding energy difference of about 4 eV). Due to somewhat lower 

Ni/ Al and especially due to the higher Mof Al ratios, the Ni/Mo ratios determined 

for the sul:fidic catalysts were usually lower than those of the oxidic catalysts. Just 

like in the previous studies [28,46], the S--deficit calculated from the areas of the 

Ni and Mo peaks assurning that Ni 3S2 a.nd MoS 2 were present in the sulfided 

catalysts did not correlate well with the changes of HDN a.nd HDS activities. 

The a.nalysis of the XPS results was complicated by the differences in the 

preparation procedures and the relatively high Ni/Mo molar ratio (0. 71) of the 

catalysts which rnight have led to the presence of different Ni-species besides the 

"Ni-Mo-S" phase. The lack of correlation between the catalytic activity 

measurements and the XPS results might be caused by a number of effects that 
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compensate each other with respect to the XPS intensity ratios [46] . The loss of 

surface area by AIP04 formation leads to an increase, the staclcing of the active 

phase and the coverage of the active phase by phosphate leads to a decrease of the 

metalf Al XPS intensity ratios. This makes it difficult to draw any conclusions 

about the dispersion of the active phase from the XPS data. 

Since usually the low pressure thiophene-HDS activity correlates well with 

the dispersion changes of the active phase [60], the absence of a simple correlation 

between the XPS, HDS and HDN results indicates that if dispersion is involved, it 

does not seem to be the most important factor we are dealing with here. It looks as 

if chemical changes are the primary cause for the effect of phosphate on the 

Q-conversion to hydrocarbons of Ni-Mo/ Al20 3 catalysts [46]. 

Group H. NT A Catalysts. 

The P-free NTA catalyst had a very low butene hydragenation but a 

higher thiophene conversion to hydrocarbons than the 

*Ni(0.5)Mo(2.1)P(0-4)/ Al20 3 catalysts, almost as high as those of the 

*Ni(1.5)Mo(2.l)P(0-4)/ Al20 3 series (Groups A-F). The P-containing NTA 

catalyst had the highest khds, both NTA catalysts had the lowest khydr/khds ratios 

(butane hydrogenation) of all catalysts in the present series. 
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The two "NT A catalysts" had a much higher Q---<:onversion to 

hydrocarbons (Nhc) than the reierenee catalysts prepared by sequentia! 

impregnation [*Ni(0.5)Mo(2.1)P(0-4)/Al20a] and different product distribution 

(Table 2B,2D, Fig. 4). Compared to the catalysts from the 

*Ni(1.5)Mo(2.l)P(l)/Al20a series with about the same Nhc, the P-free NTA 

catalyst had a very low npch/npbz ratio, high npche and quite different N-product 

distribution. The P-free NTA catalyst had a high Q---<:onversion to hydrocarbons 

but insufficient hydrogenation capacity to compensate the loss of hydrogenated 

N---<:ontaining intermediates (DHQ, THQl) which were converted to hydrocarbons 

and the product distribution in the group of double ring N---<:ompounds was 

therefore far from the equilibrium composition. 

The [Ni(0.6)+Mo(2.l)+NTA]*P#(3)/Al20 3 had the highest Q---<:onversion 

to hydrocarbons of all catalysts tested (Fig. 4). This very active catalyst with 

relatively low Ni loading had a rather low selectivity for OPA (Nopa) and a low 

Q---<:racking and isomerisation capacity. Also the npch/llpbz ratio was very low at 

this high Nhc and so was the selectivity for PCHE (npche)· In addition to OP A, 

the reaction product contained only two other N---<:ompounds (Q and THQ5). It 

seems that the formation of THQl and DHQ (hydrogenation activity) can not 

keep up with the high hydrogenolysis activity of this catalyst. 

The stacldng of MoS2 and the formation of the sO---<:alled "Co-Mo-S-II" 

("Ni-Mo-S-II") phase was concluded to be the reason of the beneficia! effect of 

the NTA on the HDS activity of the Co-Mo/ Ab0 3 (Ni-Mo/ Ab0 3) catalysts 

[42-45]. NTA forms stabie complexes with Mo and Ni and prevents the formation 

of Al2(Mo04)a and NiAb04, i.e. decreases the interaction between the active 

phase and the support and brings the Ni promoter to the Mo atom. The metbod 

based on the deposition of Co-, Ni- and Mo-NTA complexes at the Al20 3 has 

been reported to produce catalysts containing exclusively the so---<:alled 

"Co-Mo-S-II" (Ni-Mo-S-II) phase [42-43]. These phases appeared to have a 

higher HDS activity than the "Co-Mo-S-I" ("Ni-Mo-S-I") phase itself [42-45] . 

The difference between the catalytic properties of these two active phases was 

concluded to be due to the different S content [45] possibly as a consequence of 

stacking of MoS2. If phosphate in the Ni-Mo/ Ab0 3 catalysts had the same 

function as NTA it should not be able to increase the activity of the Ni-Mo-NTA 

catalyst (which already contains only the "Ni-Mo-S-II" phase) any further. 

Phosphate was found to be able to increase the HDS and Q---<:onversion to 

hydrocarbons of the NTA catalysts considerably. Besides, the changes of the HDN 
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performance of the Ni-Mo/Al20 3 upon the use of phosphate and NTA in the 

preparatien were not the same. The actdition of phosphate increases the 

Q--<:onversion to hydrocarbons as well as the selectivity for PBZ (npbz) and DHQ 

(ndhq- slightly). The use of NTA increases the selectivity for PCH (npch) but 

decreased the selectivities for DHQ and THQl (ndhq, nthq1). In the absence of 

NT A, phosphate usually does not change the HDS performance. NT A (in the 

absence and in the presence of phosphate) increases both, the HDN and HDS. It 

seems that the addition of phosphate generally enhances the formation of 

hydrogenated N--<:ontaining intermediates (DHQ, THQl, OPA) as well as their 

conversion to hydrocarbons to a similar extent. The application of the NT A 

preparatien method increases the hydrogenelysis activity to such a high level that 

the formation of the reaction intermediatea (DHQ, THQl, OPA) can notkeep up 

with this increase and becomes the rate limiting step. The changes of the catalyst 

performance upon the addition of phosphate are thus not identical to those caused 

by NTA. 

Combined Catalyst Beds. 

Three experiments with combined catalyst beds have been carried out in 

order to find out whether the effect of phosphate on the Q--<:onversion to 

hydrocarbons is completely or partly due to the catalytic activity of AIP0 4 formed 
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on the Ah0 3 support. The idea behind these experiments is that the second bed, 

situated downstream of the *Ni(l.5)*Mo(2.1 )/ Al20 3 catalyst bed, is brought in 

contact with the reaction mixture containing hydrogenated intermediates (OPA, 

DHQ) which can undergo N-removal. In this way an active phase, which itself has 

insufficient hydragenation activity to farm these intermediates but is able to 

denitrogenate them, could contribute to the overall Q--i;onversion to hydrocarbons. 

In the preserree of an Al20 3 bed no increase of the Q--i;onversion to 

hydrocarbons but just somewhat higher Q--i;racking and isomerisation were 

observed. The product distribution of the double ring N--i;ompounds was affected 

(Table 2B,2D). In the group of hydrocarbons, the npch/npbz ratio was somewhat 

lower and the PCHE selectivity higher than for the *Ni(1.5)*Mo(2.1)/ Al20a 

catalyst only. 

Although the *P( 4) / Al20 a catalyst itself had only a negligible 

Q--i;onversion to hydrocarbons, the catalytic performance of the combined 

[*Ni(1.5)*Mo(2.1)/A120 3 + *P(4)/Al20 3] bed was different from that of the 

Ni-Mo catalyst only. The Q--i;Onversion to hydrocarbons as well as the 

Q--i;racking and isomerisation increased (Fig. 5). The selectivity for DHQ 

decreased and that for THQ5 and the residual fraction of Q slightly increased, the 

npch/npbz ratio was somewhat lower than that for the *Ni(1.5)*Mo(2.1 )/ Al20 3· 

Also AlP04 had almost negligible Q--i;onversion to hydrocarbons (Nhc) but 

there was again increased N he and Q--i;racking and isomerisation for the 

[*Ni(l.5)*Mo(2.1)/ Al20a + AIP04] combined bed. The npch/npbz ratio was 

approximately the same, the PCHE selectivity was somewhat lower than for the 

*Ni(1.5)*Mo(2.1 )/ Al20 3 catalyst. The increase of the Q--i;onversion to 

hydrocarbons was relatively high and was connected with the decrease of DHQ 

selectivity as well as with the increase of the residual fraction of Q. and THQ5 

selectivity. 

The experiments with combined catalyst beds provided sufficient evidence 

that the P--i;ontaining supports, *P( 4)/ Ab0 3 or AlP0 4, are in deed able to 

catalyze some of the steps of the quinoline HDN reaction. *P( 4)/ Al20 3 and 

AlP04, having negligible Q--i;Onversions to hydrocarbons themselves, seem to be 

able to catalyze the N-removal which can result in a relatively high increase 

(about 25 %) of the Q--i;onversion to hydrocarbons. The similarity of the catalytic 

performance of *P( 4)/ Al20 3 and AIP0 4 shows that AlP04 might be the active 

phase in the *P( 4)/ Al20a catalyst. The observed changes of the product 

distribution constitute evidence that AIP04 might be able to catalyze the THQl-
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and DHQ-HDN reactions. The experiments with combined catalyst beds have 

shown that the Ni-Mo-P/ Al20 3 catalysts contain at least one P-associated 

potentially active site, namely AlP04 on the Al20 3 surface. 

CONCLUSIONS. 

For all P-<:ontaining Ah03--supported Ni-Mo catalysts prepared by any of 

the described methods there was a beneficia! effect of phosphate on the HDN 

performance. The magnitude of the phosphate promoting effect on the 

Q-<:onversion to hydrocarbons and the final product distribution was dependent on 

the method of preparation, and its optimization can lead to an additional increase 

of the Q-<:onversion to hydrocarbons as well as change the Q-<:racking and 

isomerisation and the HDS performance of the catalyst. All parameters of the 

preparatien procedure were important for the final properties and performance of 

the catalysts: the P-<:ompound, the calcination treatment applied, the st~ge at 

which phosphate was introduced (before, similtaneous with or after Mo and Ni), 

the way of phosphate introduetion (stepwise or coimpregnation), the composition 

of the coimpregnation solution and the use of NTA as complexingagent for Ni and 

Mo. 

The effect of phosphate on the performance of the Ni-Mof Ah03 catalysts 

was not identical to the effect of NTA. The P-free catalyst prepared by the NTA 

method had very high HDN and HDS conversion, the P-<:ontaining NT A catalyst 

was one of the best catalysts tested. Evidence has been found that also AIP04 and 

P-<:ontaining Ah0 3 support are able to catalyze the N-removal from DHQ and 

THQ1 and might be for a part the reason of the increased Q-<:onversion to 

hydrocarbons of the P-<:ontaining Ni-Mof Al20 3 catalysts. 
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Chapter 4. 

THE EFFECT OF PHOSPHATE ON THE HYDRODENITROGENATION 

ACTIVITY AND SELECTIVITY OF CARBON-SUPPORTED SULFIDED Mo, 

Ni AND Ni-Mo CATALYSTS. 

ABSTRACT. 
Ni, Mo and Ni-Mo catalysts were prepared by sequentia! pore volume 

impregnation of an activated carbon support with aqueous solutions of H3P04, 
(NH4) 6Mo70 24 and Ni(N03)2. The catalysts were sulfided in situ and tested in the 
hydrodenitrogenation (HDN) of quinoline (643 K, 3.0 MPa) and the 
hydrodesulfurisation (HDS) of thiophene (723 K, 0.1 MPa). Some catalysts were 
also characterized by X-ray photoelectron spectros::opy. The effect of phosphate 
on the high pressure quinoline-HDN conversion is metal dependent and can be 
?.romoting for (Ni-P /C), neutral for (Mo-P /C) and even poisoning for 
(Ni-Mo-P /C). All carbon-supported catalysts are strongly poisoned by phosphate 
in the low pressure thiophene-HDS, only Ni-P fC partly reeavered from the initial 
poisoning. The influence of phosphate on the activity and selectivity of 
carbon-supported catalysts is a combination of temporary effects caused by 
weakly bound P--<:ompounds and permltnent effects due to the formation of 
metal-P compounds. The adsorption of the weakly bound P--<:ompounds is 
responsible for the poisoning of the active sites. Phosphorus associated to the 
metal ions changes not only the dispersion but also the chemica! (catalytic) 
properties of the active sites. Depending on the reaction conditions, the model 
compound and the type of active phase the final effect can be poisoning or 
promoting. 

INTRODUCTION. 

Carbon- ( C) supported catalysts have successfully been used for model 

studies of sulfided transition metal catalysts [1-22]. Due to the relatively low 

active phase-support interaction the intrinsic activity of the active phase can be 

better determined than in the case of a polar support such as AhO 3. In 

Al20 3-supported catalysts stabie metal-aluminium compounds (Co- and 

Ni-aluminate or Al-molybdate) can be formed, which hamper the formation of 

active Co-, Ni- and Mo-sulfides as well as that of promoted 11 Co-Mo-S11 or 
11Ni-Mo-S11 sites. This results in a lower activity of the Ah03-supported 

catalysts. In C-supported catalysts the metal oxides are only weakly bound on the 

support and can be completely sulfided [18-19]. The C-supported catalysts have 

therefore higher activities and attempts have been made to use them commercially 

[9]. 
The relatively inert character of the carbon support affects not only the 
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catalyst activity. A number of other properties, including the influence of 

phosphate on the hydrodesulfurisation (HDS) activity of C-supported catalysts, 

are completely different from those of the Al20 3-supported catalysts. Thus, a 

strong poisoning effect upon phosphate addition was found in the thiophene-HDS 

for C-supported Mo [20,21], Fe, Fe-Mo, Co and Co-Mo [22] phosphate containing 

catalysts. This poisoning effect has been explained by the formation of PH3 from 

weakly bound P 20 5 in Mo-containing catalysts [21] and by the formation of stable 

unsulfidable Co- (Fe-) phosphate in the Co- (Fe-) containing catalysts [22]. It 

was also shown [22] that phosphate influences the dispersion of Fe in C-supported 

Fe and Fe-Mo catalysts and hinders the formation of the active 11Fe-Mo-S 11 phase 

in Fe-Mo catalysts by the formation of Fe-phosphate. No data are presently 

available about the behaviour of phosphate-containing C-supported Ni, Mo and 

Ni-Mo catalysts in the hydrodenitrogenation (HDN) and (with exception of Mo 

[20,21]) the HDS reaction. 

In the present study the role of phosphorus in C-supported Ni, Mo and 

Ni-Mo catalysts will be discussed. The results of (high pressure) quinoline-HDN 

experiments will be compared with (low pressure) thiophene-HDS experiments in 

order to check whether the poisoning effect observed for HDS (C-supported Co, 

Mo, Co-Mo) [20-22] also applies to C-supported Ni, Mo and Ni-Mo in the HDN 

reaction, or whether these catalysts are promoted by phosph.ate in HDN like their 

Ab03-supported counterparts [23]. 

EXPERIMENT AL. 

Catalyst Preparation. 
The catalysts were prepared by sequentia! pore volume impregnation of an 

activated carbon support (Norit RX3 Extra~ surface area, 1190 m2g-t; pore volume, 
1.0 cm3g-t; partiele diameter, 0.2-D.5 mm1 with aqueous solutions of ó-H 3P04, 
(NH4)sMo7024.4H20 and Ni(NO 3)2.6H20 (all Merck p.a.). Aft er each 
impregnation stel? the catalysts were dried in air at 383 K {in 3 h from 293 to 383 
K, 16 h at 383 KJ. The catalysts were not submitted to any calcination treatment 
to avoid sintering of the active species and loss of phosphorus. 

In the text the notation Ni-Mo-P /C will be used. In this notation the 
elements are ordered according to the sequence of impregnation, starting from the 
support. The wt % and average surface loadings (atfnm2) of Ni, Mo and P are 
listed in Table 1. · 

Quinoline HDN. 
Gas phase quinoline-HDN experiments have been carried out in a high 

pressure micro flow reactor with on-line GC analysis according to the procedure 
described in Chapter 2. The only difference was that a 1.0 g catalyst sample 
insteadof 0.5 g was used for the Ni/C and Mo/C catalysts. 
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The quinoline HDN reaction mechanism used here is based on findings 
reported in references [24-30]. This reaction mechanism as well as the evaluation 
of the activity data and abbreviations used are extensively outlined in Chapter 1. 
At 643 K and 3.0 MPa the theoretica! equilibrium ratios between npch and npbz 
and between the double ring N-compounds ndhq:nthqs:nthqt:nq are approximately 
9:1 and 13:47:26:14, respectively [24]. 

Thiophene HDS. 
The thiophene-HDS experiments have been carried out in the gas phase in 

a low pressure micro flow reactor with on-line GC analysis according to the 
procedure described in Chapter 1. The only difference was that, in order to 
enhance the desorption of the P-compound from the carbon support, the 
maximum sulfidation and reaction temperature was 723 K instead of 673 K. 

TABLE 1. 
Catalyst Composition. 

Catalysta Ni Mo p Time on 
wt% wt% wt% streamb 

h 

P/C 4.8 
Ni/C 5.6 
Ni-P/C 4.3 4.7 
Mo/C 8.8 
McrP/C 8.2 4.4 
Ni-Mo/C 4.5 8.0 
Ni-Mo-P/C 4.3 7.3 4.3 

S11ent Catalysts - HDS 
Ni-P/C 673 K 4.4 4.5 6 
Ni-P/C 723 K 4.7 0.8 6 
McrP /C sulfided 723 K 7.8 3.3 3 
McrP/C 723 K 7.7 0.6 5 
Ni-McrP/C 723 K 4.5 7.4 1.5 5 
P/C 723 K 0.4 5 

S11ent Catalysts - HDN 
Ni-Mo-P/C 4.5 7.7 1.1 65 
P/C 0.5 24 

a The wt % Ni, Mo and P of the fresh catalysts correspond to an average surface 
loading {atom per nm2 of the original support surface) of 0.5, 0.5 and 1.0, 
resp ectively. 
b Total time on stream, i.e. sulfidation + activity test [h]. 
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Other Techniques. 
The composition of fresh and spent catalysts was determined by means of 

AAS (metal content) and UV-VIS (P-eontent) spectroscopy (Table 1), the 
dispersion of some of the mádic catalysts has been determined by XPS. The details 
of the XPS measurements have been reported elsewhere (15,23] . For the 
determination of the XPS intensity ratios (notation used in the text is [Ni/C]xps, 
[Mo/Clxps) the following peaks have been used Ni 2p3,....2 and 2p~.,....2, Mo 3ds,....2 and 
3d3,....2, P 2p and C 1s. The error of the XPS intensity ratiosis approximately 15 %. 

RESULTS. 

Quinoline HDN. 

Ni/C and Ni-P/C. The Q-eonversions to hydrocarbons (Nhc) of the 

C-supported Ni-eatalysts (all experiments carried out with 1.0 g catalyst) are 

plotted in Fig. 1 as a function of temperature. The Ni/C catalyst had the lowest 

Nhc and also a rather low selectivity for OPA (Nopa) (Table 2A-B). In contrast to 

the Ab0 3-supported catalysts with low conversion [23], the hydragenation in the 

group of double ring N-eompounds was quite good at th.is low conversion level, 

but the equilibrium between the N-eompounds was not established. The 

selectivity for PCB (npch) and the npch/npbz ratio of the Ni/C catalyst was high 

compared to the other catalysts of this series. The Ni/C catalyst had a rather high 

Q-eracking and isomerisation (Nby) compared to the other P-free C-supported 

catalysts. 
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Figure 1. Quinoline conversion to hydrocarbons {Nhc) f/o 1 versus 1 000/T [K-tj 
Ni/C, Ni-P/C, MojC, Mo-PjC, Ni-MojC and Ni-Mo-PjC. 
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TABLE 2A. 
Quinoline HDN (643 K, 3.0 MPa). 

Catalysta Product Composition.b 

Nhc Npch Npbz Npche Ndhq Nthqs No pa 

Ni/Cc 9.0 6.7 0.7 1.6 12.7 34.7 3.7 
Ni-P/Cc 35.6 25.2 4.7 5.7 9.3 20.0 10.3 
MofC c 20.5 12.9 3.1 4.4 11.2 26.5 16.6 
Mo-P/Cc 21.5 12.9 4.4 4.2 11.7 25.0 12.0 
Ni-Mo/C d 34.3 23.2 7.3 3.8 6.9 27.7 8.1 
Ni-Mo-P/Cd 24.1 12.9 5.0 6.3 7.2 27.1 11.0 

a For catalyst notation see section Experimental (Catalyst preparation). 
b Nx is the Q-conversion to product x flo}. For details see Chapter 1. 
c Experiments with 1 9 catalysts. 
d Experiments with 0.5 9 catalyst. 

Nq Nthqt Nby 

3.1 12.7 9.0 
0.0 0.0 12.4 
6.8 17.2 1.4 
3.5 18.4 8.0 
5.0 17.0 0.9 
7.4 22.2 1.0 



The Ni-P /C catalyst, in which the carbon support was modified with 

H3P04 prior to the addition of Ni nitrate, had very different properties (Table 

2A-B, Fig. 1). The presence of phosphorus increased the Q--<:onversion to 

hydrocarbons (Nhc) by almost 300%, the selectivity for OPA (Nopa) and also the 

Q--<:racking and isomerisation (Nby) were more than doubled. The selectivity for 

double ring N--<:ompounds with a saturated benzene ring (DHQ, THQ5) was 

somewhat higher, too. Since the PBZ selectivity (npbz) was relatively high, the 

npch/npbz ratio decreased strongly compared to the Ni/C catalyst. 

Mo/C and Mo-P /C. The Q--<:onversions to hydrocarbons (N he) of the 

C-supported Ma--<:atalysts (all experiments carried out with 1.0 g catalyst) as a 

function of temperature are plotted in Fig. 1. The Mo/C catalyst was a better 

HDN catalyst than Ni/C and had also a different selectivity (Table 2A-B). The 

hydragenation in the group of double ring N--<:ompounds was quite good and the 

distribution of N--<:ompounds was sirnilar to that of the Ni/C catalyst. The 

selectivity for OP A was very high, and so was the opening of the N--<:ontaining 

ring (Nhc+Nopa). The Npch/Npbz ratio was rather high, and the combination of 

high Nopa and relatively low npbz implies that the Mo/C catalyst is neither a good 

catalyst for the direct hydrogenelysis of OPA to PBZ, nor for the hydragenation of 

OPA to PCHA. Similar observations have been made in the quinoline-, DHQ

and OPA-HDN autoclave experiments with C-supported transition roetal sulfided 

catalysts (6-7,32-34] . 

The modification of the carbon support with H 3P04 before impregnation 

with an ammonium molybdate solution resulted in a catalyst having a slightly 

higher Q--<:onversion to hydrocarbons (Nhc) (Table 2A-B, Fig. 1) and a much 

higher Q--<:racking and isomerisation {Nby) than the P-free Mo/C catalyst. OPA 

selectivity (Nopa) of the Mo-P/C catalyst was lower than that of the Mo/C 

catalyst and this decrease was not fully compensated by the increase of Nhc· The 

selectivity for PBZ (npbz) was higher in the presence of phosphorus, which resulted 

in a lower npch/npbz ratio. The N-product distribution changed only slightly 

(increase of ndhq and nthqt. decrease of nq) · 

Both, the Mo-P /C and the Ni-P /C catalyst, had very high Q--<:racking 

and isomerisation (Nby)· As outlined in Chapter 1, numerous N-free and 

N--<:ontaining byproducts can be formed under the given reaction conditions. As 

the concentrations of these byproducts were usually very low, no effort was taken 

to identify all of them and they were treated as a separate product group 

(Chapters 3,4,6) or nottaken in account at all (Chapters 7-9). Even though it has 
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to be assumed that part of these byproducts ( this time present in significant 

amounts) are hydracarbon productsof the Q-HDN, they were still treated in this 

chapter as a separate group of cracking and isomerisation products. 

Ni-Mo/C and Ni-Mo-P /C. All experiments with C-supported Ni-Mo 

catalysts were carried out with 0.5 g catalyst, in order to keep the conversion 

within certain limits. The Q-conversion to hydrocarbons (Nhc) of the Ni-Mo/C 

catalyst (Table 2A-B, Fig. 1) was much higher than the sum of the Nhc's of the 

equivalent quantities of Ni/C and Mo/C (34.3 > 4.5+10.2) which means that Ni 

was an HDN promoter for Mo under the given experimental conditions (pH2S) 

(36,37]. The selectivity for OPA (Nopa) was lower than for Mo/C but the total 

opening of the N-containing ring (Nhc+Nopa) increased. The Q-cracking and 

isomerisation (Nby) of the Ni-Mo/C catalyst was quite low. The hydragenation in 

the group of double ring N-compounds was relatively good. The npch/npbz ratio 

was lower than for the other C-supported catalysts and the product distribution of 

hydrocarbons was very similar to the Al 20 3-supported Ni-Mo catalysts (23]. 

The Ni-Mo-P /C catalyst had a m)lch lower Q-conversion to hydrocarbons 

than the P-free catalyst (Table 2A-B, Fig. 1). The selectivity for OPA increased 

slightly but, in contrast to the other catalysts, the Q-cracking and isomerisation 

(Nby) did not increase in the preserree of phosphorus. The hydrocarbon product 

TABLE 2B. 
Quinoline HDN (643 K, 3.0 MPa) 

Catalyst Product Distribution of Hydrocarbons and 
Double-Ring N-compounds.c 

Ni/Ca 
Ni-P/Ca 
Mofé a 
Mo-PfC a 
Ni-MofC b 
Ni-Mo-P/C b 

Nhc 

9.0 
35.6 
20.5 
21.5 
34.3 
24.1 

Nn 

83.1 
45.1 
61.6 
58.5 
56.7 
63.9 

a Experiments with 1 g catalysts. 
b Experiments with 0.5 g catalyst. 

npch llpche ndhq 
npbz 

10.2 18 15 
5.4 16 21 
4.1 21 18 
2.9 20 20 
3.2 11 12 
2.6 26 11 

llthqS 

42 
44 
43 
43 
49 
42 

llthql 

33 
28 
28 
31 
30 
35 

c Nx is the Q-conversion to product x f%], nx is the selectivity for product x f%], 
defined as Nx/Nhc for hydrocarbons and as Nx/Nn for double-ring N compounds. 
For details see Chapter 1. 
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contained relatively even more unsaturated compounds which resulted in a 

decreased npch/npbz ratio. Also the hydragenation in the group of double ring 

N-<ompounds (selectivity for DHQ and THQ5) decreased somewhat. 

Comparison of C- and Al20.-snpported Catalysts. All P-free C-supported 

catalysts had a higher Q-<onversion to hydrocarbons (Nhc), a higher opening of 

the N-<ontaining ring (Nhc+Nopa), a higher hydragenation in the group of 

hydrocarbons and higher selectivities for double ring N-<ompounds with 

hydrogenated benzene ring (nthqs, ndhq) than their P-free Al203-supported 

counterparts (23]. 

TIDOPHENE HDS. 

Ni/C and Ni-P /C. The Ni-P /C catalyst ( which was promoted by 

phosphorus in the HDN) showed the smallest decrease of thiophene conversion and 

butene hydragenation of the catalysts in this series (Table 3). The thiophene 

conversion and butene hydragenation of the C-supported Ni catalysts are plotted 

as a function of time on stream in Fig. 2. In an experiment with Ni-P /C catalyst 

TABLE 3. 
Thiophene HDS (723 K, 0.1 MPa)a. 

Catalyst Product Compositiçmb and Reaction Rate Constantsc 

Nhc nba khds khit ~hydr ~ ~hydrP 
.103 . 1 3 hds hds hydr 

Ni/C 28 12 3.1 2.3 0.7 
Ni-P /C 20 9 2.5 1.8 0.7 0.81 0.78 
MofC 29 28 3.2 6.1 1.9 
Mo-P/C 4 6 0.3 1.2 4.1 0.09 0.20 
Ni-Mo/C 83 45 17.0 9.5 0.6 
Ni-Mo-P/C 35 21 4.0 4.4 1.1 0.24 0.46 

a Steady state activity data after 2 h activity test. 
b Nhc = thiophene conversion to hydrocarbons = % of thiophene mol equivalents 
converted to hydrocarbons, nba = Nba/Nhc = selectivity for butane, with Nba being 
the % of thiophene mol equivalents converted to butane. 
c kbds and kbydr are first order reaction rate constants for thiophene conversion to 
hydrocarbons and the consecutive hydrogenation of butenes {m3kg-ts-1}. khdsP/kbds 
and kbydrP/khydr are the ratios between the rate constants of the P-containing and 
P-free catalysts. 
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at 673 K, a slight increase in thiophene conversion with time, from 4 to 6 %, was 

observed for the initially strongly poisoned catalyst, a trend which is different from 

the usual initial deactivation of the catalysts in this test reaction. The increase was 

significant and was verified by an HDS activity measurement at 723 K (Fig. 2, 

increase of thiophene conversion from 15 to 20%) during which the recovery of the 

activity (which might be due to the desorption of adsorbed P-{;ompounds) was 

even faster. The loss of phosphorus was verified by analysis of the spent catalysts 

(Table 1). Another important observation was that during this experiment the 

butene hydragenation decreased as the thiophene conversion increased. However, 

the selectivity [khydr/khds] of the Ni-P /C after 2 h run was close to that of the 

Ni/C catalyst. 

This HDS performance was very different from that during the HDN 

experiment . and might be due to a streng adsorption of P-{;ompounds in the 

absence of strenger adsorbing N-{;ompounds as well as due to the relatively low H2 
partial pressure and gas hourly space velocity in the low pressure thiophene-HDS 

experiment. In a high pressure thiophene HDS test (950 cm3min -1, total pressure = 
3.0 MPa, pH2 = 0.6 MPa, pHe = 2.4 M·Pa, p(thiophene) = 1.2 kPa], neither a 

poisoning nor a promoting effect was found for the Ni-P /C catalyst. This indicates 

that the observed poisoning effect might be due to the low H2 partial pressure and 

gas space velocity in the low pressure thiophene-HDS test. 
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Figure 2. Thi.:!Jhene conversion to hydrocarbons (Nhc) f%] and the selectivity for 
butane (nba) {"'o] versus time on stream [minutes]: Ni/C and Ni- P jG. 
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MofC and Mo-P fC. In the case of Mo-P /C catalyst phosphorus appeared 

to be a severe poison for the thiophene HDS and butene hydragenation activity 

(Table 3). The Mo-P /C catalyst did not further improve during the run and the 

khds decreased more than the khydr· These findings are in accordance with the ones 

reported by Bonwens et al. [21] based on the activity measurements carried out at 

673 K instead of 723 K. 

Ni-Mo/C and Ni-Mo-P fC. Ni-Mo-P /C was also strongly poisoned 

(Table 3) and again the khds decreased more than the khydr· Further deactivation 

of this poisoned catalyst was very slow compared to that of the P-free Ni-Mo/C 

catalyst. 

Analysis of Spent Catalysts. 

A major decrease in P-loading during the HDN and HDS activity tests was 

found for all C-supported catalysts (Table 1), although the P-loading never 

decreased completely to zero. The Ni-Mo-P /C catalyst, analyzed after about 50 h 

on stream in a quinoline-HDN experiment, still contained 0.9 wt% P. The 

adsorption capacity of the carbon support itself is rather low, since the 

P-eontaining carbon support (P /C) contained 0.5 wt% P after 24 h on stream 

(HDN) and 0.4 wt% Pafter 6 h on stream (HDS) . Also the P-çontent of the spent 

catalysts in thiophene-HDS decreased strongly. The decrease for the Ni-P /C 

catalysts was higher at 723 K than at 673 K. The loss of phosphorus of Mo-P /C 

was much lower during the sulfidatlon (723 K) than during the thiophene HDS test 

reaction (723 K). The decrease in P-eontent was the highest for the Mo-P /C 

catalyst, foliowed by Ni-P /C and Ni-Mo-P /C. 

XPS. 

The XPS-measurements on the oxidic catalysts showed that the dispersion 

of Ni changed significantly in the presence of phosphorus. The [Ni/C]xps intensity 

ratio decreased from 0.304 for Ni/C catalyst to 0.126 for Ni-P fC. The [Ni/C]xps 

intensity ratio for the Ni/C catalyst was already lower than the calculated 

monolayer intensity ratio and the observed effect could thus be interpreted as a 

decrease of the Ni-dispersion. A decrease of the [CofC]xps intensity ratio was also 

found earlier for the C-supported Co-P catalysts [22]. No effect of phosphorus on 

the Mo dispersion was found in the C-supported Mo catalysts [21]. There were 

only minor differences in the [Mo/C]xps and [Ni/C]xps intensity ratios of the 

Ni-Mo/C catalyst compared to those of Ni-Mo-P fC. The [Mo/C]xps intensity 
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ratio was 0.056 for the P-free Ni-Mo/C and 0.074 for the Ni-Mo-P /C catalyst. 

The [Ni/C]xps intensity ratio was 15.1 in the P-free Ni-Mo/C and 13.7 in the 

Ni-Mo-P /C catalyst. In view of the relatively large uncertainty of the intensity 

ra ti os (a bout 15 %) these changes are not significant. 

DISCUS SION. 

The Q~onversions to hydrocarbons (Nhc) of the carbon-supported Ni, Mo 

and Ni-Mo catalysts were much higher than those of the comparable 

Al20 3-supported catalysts. Phosphorus used for the modiikation of the carbon 

support before the introduetion of the metal salts influenced the performance of 

the C-supported catalysts considerably. In the high pressure quinoline HDN the 

Ni-P /C catalyst was promoted, Ni-Mo-P /C poisoned and Mo-P/C almost 

unaffected by phosphorus. The Q~racking and isomerisation of the Ni-P /C and 

Mo-P /C catalysts were much higher than for the corresponding P-free catalysts. 

In the low pressure thiophene HDS all catalysts were poisoned by phosphorus, the 

thiophene conversion being more decreased than the butene hydrogenation. Only 

the Ni-P /C catalyst was able to reeover ·partly from the initial poisoning but did 

not reach as high thiophene conversion as the P-free Ni/C catalyst within the 

duration of the activity test. 

The addition of H3P04 to the carbon support changes its properties 

considerably. The originally inert and non-polar support acquires polar sites 

(H3P04, P205) and this has consequences for the deposition of the active metal 

salts on the support. Metal cations which have a strong affinity towards phosphate 

(i.e. which form stabie phosphates at low temperature) will preferentially adsorb 

on the P-sites and not on the carbon support itself. This might lead to changes in 

the metal distribution. 

Mo introduced as anionic molybdate adsorbs more likely on the carbon 

support and its dispersion in the dried catalysts is approximately the same as in 

the absence of phosphorus [21]. Since Mo forms no stabie phosphates or phosphides 

under the given conditions [31], P-Mo complexes that might be formed during the 

catalyst preparation will decompose under the formation of MoS2 and free 

phosphate (HaP04, P20s) during the sulfidation procedure [21]. The dispersion of 

Mo in the sulfided C-supported catalysts remains thus unchanged in the presence 

of phosphorus [21]. 
The [Ni/C]xps ratio as determined by XPS decreases upon addition of 

phosphate. Although this might be taken for a decreasein the nickel dispersion, it 
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is more likeiy that it points to a better distribution of Ni over the support surface. 

Because, according to an XPS study, Ni supported on Norit RX3 Extra is very 

inhomogeneousiy distributed and most of the Ni is Iocated at the outside of the 

carbon particles [19]. Since Ni forms reiatively stabie phosphates [31 ,38], the 

presence of phosphate will imprave the distribution of Ni over the carbon surface. 

Thus there will be rouch Iess roaldistribution in the presence of phosphate and the 

[Ni/C]xps ratio will be lower for Ni-P /C than for Ni/C. 

As shown by the XPS results, the dispersion of Ni in the Ni-Mo/C 

catalysts was already affected by Mo. The [Ni/C]xps intensity ratio of the 

Ni-Mo-P /C catalyst was siroilar to that in the Ni-P /C and Ni-Mo/C catalysts. 

If phosphate influences the dispersion in a siroilar way as rooiybdate, the presence 

of P20s (H3P04) next to rooiybdate does not further influence the [Ni/C]xps 

intensity ratio, going from Ni-Mo/C to the Ni-Mo-P /C catalyst. However, the 

adsorption of Ni-ions on P20 5 (H 3P04) and the subsequent formation of 

Ni-phosphate or phosphide might lead to the separation of Ni and Mo and to a 

decreased amount of the 11 Ni-Mo-S11 phase. Thus, although the presence of 

phosphate may not have changed the overall dispersion of Ni as measured by XPS, 

it may have serious consequences for the activity of the catalyst. 

On Al20 3, the formation of roetal phosphates competes with the formation 

of AlP04 and depends on the stability of these roetal phosphates relative to the 

stability of AlP04. In C-supported catalysts all phosphate (H 3P04, P20 5) is 

freely available for the formation of metai phosphates. However, some metal 

phosphates, formed during the impregnation and drying procedure, are not stabie 

at higher temperatures in the presence of H2 and H2S and decompose or are 

converted to phosphides or phosphosuifides. Thermodynamics preeliet that 

Ni-phosphides may be very stabie under the reaction conditions up to high 

temperatures, while MoS 2, rather than Mo-phosphide, is the stabie Mo-phase [31). 

The formation of metal phosphates (and subsequent roetal phosphides) has 

various consequences for the cataiyst performance. In the monometallic catalysts 

(Ni-P /C, Mo-P /C) the effect of phosphorus will depend on the stability of the 

met al phosphates (phosphides) compared to the roetal sulfides under reaction 

conditions. Just like in the case of C-supported Co-P catalysts [22], very stabie 

metal-phosphorus coropounds can not be fully sulfided and the amount of metal 

sulfide phase will be lower than in the absence of phosphorus, resulting in changes 

in HDS and HDN activities and seiectivities. The final catalyst can even have a 

higher activity, if the roetal phosphate, phosphide or phosphosulfide is more active 
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for these reactions than the metal sulfide. There is no information about possible 

catalytic properties of Mo-phosphate or phosphide, but Ni-phosphate is known as 

a catalyst for reactions such as dehydration, meidation and alkylation [38]. Ni-P 

alloys (various Ni-phosphides) are known as hydragenation catalysts [39,40]. Both, 

Ni-phosphate and phosphide could thus contribute to the catalytic activity and 

compensate for the loss of hydragenation and hydrogenolysis activity due to the 

decreased amount of metal sulfide phase. 

Another point that might be important in the performance of phosphorus 

containing C--supported catalysts is the presence offree phosphate (HaP04, P 20 5). 

Excess phosphate, which is not bound to Ni or Mo, is only adsorbed on the 

C--support (in contrast to the Al20 3--supported catalysts, where phosphate binds 

strongly as AlP04). Adsorbed P-eompounds can desorb from the carbon support 

(H3P04 dehydrates above 373 K and P 20 5 sta.rts to sublimate as P 40 10 at 573 K) 

and adsorb on the active metal sulfide sites. Dependent on the strength of the 

interaction between the active phase and P 4Ü 10 this poisoning by adsorption can 

be permanent (irreversible) or temporary (reversible). It is shown elsewhere [8] 

that the magnitude of the phosphate-poisoning effect in the thiophene-HDS was 

the lowest for metal sulfides with a high hydragenation activity. We may assume 

that poisoned active sites with a high hydragenation capacity can convert P 40 10 

into P20a, elemental phosphorus or even PH3 which, as a more volatile compound 

will rapidly desorb. In this way the poisoned active sites can be reactivated. From 

the three catalysts used in this study only Ni was able to reeover for a part from 

the adsorption poisoning. If PH3 is formed on the active site it might, instead of 

desorb, react with Ni--sulfide under the formation of Ni-phosphide. Also the direct 

reaction of Ni--salts with P 4Û 10 in the presence of H2 at high temperature leads to 

the formation of Ni-phosphide [31], maybe via the PH3 intermediate. In this way a 

new catalytically active site (Ni-phosphide) [39,40] might be introduced in the 

catalyst, the Ni--sulfide catalyst being changed into a Ni-phosphosulfide catalyst. 

In the quinoline-HDN reaction the Ni-P fC catalyst had a much higher 

Q-eonversion to hydrocarbons (Nhc) and Q-eracking and isomerisation (Nby) than 

the P-free catalyst. The high Q-eonversion to hydrocarbons of the Ni-P fC 
catalyst indicates that this catalyst contains effective hydragenation sites. The 

increased hydrogenation, i.e. the increased formation of hydrogenated 

N-eontaining intermediates, is namely the necessary precondition for the increase 

of the Q-eonversion to hydrocarbons [30]. The formation of these hydragenation 

sites is associated with the presence of phosphorus and must take place already in 
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the initia! few hours of the quinoline-HDN experiments since the Q---conversion to 

hydrocarbons was high and stabie during the whole experiment. It is reasonable to 

assume that these sites are indeed Ni-phosphide or Ni-phosphosulfide sites [31]. 

The excess ofphosphorus (P 20 5) not bound toNi will desorb from the catalyst. 

The P---contents of the spent (HDS) Ni-P /C and Ni-Mo-P /C catalysts 

were higher than those of the Mo-P /C catalyst or the P /C indicating that indeed 

a part of the phosphorus is bound quite strongly. Not the temporary (adsorption), 

but only the permanent effects of strongly bound phosphorus play a role in the 

long term experiments at high gas space veloeities and in the presence of strongly 

adsorbing N---containing compounds that compete with P20 5 adsorption. 

In the low pressure thiophene-HDS experiments besides the permanent 

effects also the temporary effects can be observed and they are the reason far the 

diffences between the HDN and the HDS results. The Ni-P /C catalyst was 

initially paisaned by phaspharus but reeavered partly. The Ni-P /C catalyst 

contained nat only Ni-Qxide (ar nitrate) but passibly alsa Ni-phosphate at the 

start of the experiment and might not be fully sulfided, similarly to C-supported 

Co-P catalysts [22]. The thiophene conversion of this Ni-P /C catalyst increased 

during the run as the excess of P 4Ü 10 desorbed and Ni-phosphate was converted to 

Ni-sulfide or phosphide. The increase was faster when the reaction temperature 

was higher (723 K instead of 623 K). The changes of thiophene conversion with 

time were quite different from the common trend in this test reaction, i.e. a 

moderate deactivation of the catalyst ïn the first hour of the experiment and 

reaching a steady state level after another hour on stream. Besides, the butene 

hydrogenation, which is a consecutive reaction to S-removal [41], did not parallel 

the changes of the thiophene conversion and decreased continuously during the 

whole experiment. This indicates that different sites are responsible for the 

thiophene conversion and the butene hydrogenation, or that the reaction proceeds 

via a different reaction pathway (sites with different activity and selectivity) in 

the presence of phosphate. The changes of the catalytic performance of the 

Ni-P /C catalyst can only be explained if different active sites (Ni-phosphate, 

phosphide or phosphosulfide) are present ( or being formed) in the P---containing 

catalysts. 

In all the HDS experiments with P---containing C-supparted catalysts the 

thiophene conversion decreased more than the butene hydrogenation. Since 

butenes adsorb weaker than thiophene, the butene hydragenation shauld decrease 

more than the S-removal itself if bath reactions took place on the samesite which 
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is poisoned by ad~orption of the P-compound. The fact that the opposite trend 

was found indicates that this effect can not be due to the decreased adsorption of 

the reactants on the same active site. These reactions proceed thus on different 

sites which were to a different extent poisoned by phosphorus or the active sites 

were chemically modified by phosphorus which resulted in changed activity and 

selectivity. Also the poisoning effects of phosphorus in the Mo-P /C and 

Ni-Mo-P /C catalysts can thus be explained only if two or more different sites are 

presentor being formed in these catalysts. 

As Mo-P compounds are not very stable they will be sulfided under the 

reaction conditions [21,31,35) and no permanent effect of phosphorus, except for 

strong chemisorption, is thus to be expected for the Mo-P /C catalyst. This 

catalyst had the highest loss of phosphorus during the HDS experiments but the 

observed poisoning effect did not seem to be reversible at all. Due to its low 

hydragenation activity [6,7,32-34) MoS2 might not be able to convert P 20 5 to 

more volatile compounds such as P 20 3 or PH3 and which would have stimulated 

the desorption of this poisoning P-compound and the reactivation of the catalyst. 

This poisoning was rather unimportant in. the quinoline-HDN test in which Mo/C 

and Mo-P /C had approximately the same Q-conversion to hydrocarbons (Nhc). If 

referring only to Nhc the effect of phosphorus was thus neutral for the Mo-P /C in 

the Q-HDN. However, just like for the Ni-P /C catalyst, the Q-cracking and 

isomerisation (Nby) of the Mo-P /C catalyst was considerably higher than that of 

the P-free catalyst. As mentioned before a part of these byproducts were N-free 

compounds which in fact belong to the hydracarbon product of the Q-HDN 

reaction. This means that also the performance of the Mo-P /C catalyst in the 

quinoline HDN improved somewhat in the presence of phosphorus. 

The Ni-Mo-P /C catalysts combine the effects described for Ni-P /C and 

Mo-P /C with the influence of phosphorus on the formation of the "Ni-Mo-S" 

phase. As Ni is an HDS and HDN promoter for the Mo/C catalyst, the preferential 

adsorption of Ni on P20s and not on molybdate during the impregnation leadstoa 

decreased formation of the "Ni-Mo-S" phase and thus to a lower HDS and HDN 

activity. This effect is similar to the behaviour of C--5upported Fe-Mo-P and 

Co-Mo-P catalysts (22). The Ni-P compounds formed during the preparation do 

not compensate the loss of catalytic activity of the Ni-Mo-P /C catalysts caused 

by the segregation of Ni and Mo. In addition to this, the poisoning by the 

adsorption of excess P20s increases the negative influence in the low pressure 

thiophene-HDS experiments. The desorption of the P-compound occured as well, 
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and slowed down the initia! deactivation of the catalyst in the HDS experiment. 

The effect of phosphorus in the C-supported catalysts was thus strongly 

dependent on the type of active metal-sulfides as well as on the reaction 

conditions. It has been shown that the effect of phosphorus does not necessarily 

have to be poisoning but that there are also beneficia! effects. The Ni-P /C is not 

only the first example of C-supported catalyst promoted by phosphorus but also 

the first succesfull modification of the sulfided Ni/C catalyst which has always 

been reported to be a rather poor HDS (4,5] and HDN catalyst (6,7,32-34]. 

CONCLUSIONS. 

The effect of phosphorus in the carbon-supported catalysts is a 

combination of the chemisorption of weakly bound P40 10 (temporary effects) and 

the chemica! influence of phosphorus associated to the active metal sulfides 

(permanent effects). Poisoning effect of adsorbed P-rompounds is important only 

in short experiments at low gas space veloeities (thiophene-HDS) . The apparent 

phosphorus-effect can be, depending on the reaction conditions, model compound 

and type of active phase, poisoning or promoting. 

Phosphorus has no effect on the dispersion of Mo in Mo-P fC and no 

permanent modification of the Mo-phase by phosphorus should take place. 

Interestingly, the Mo-P /C catalyst was poisoned in the HDS but there was no 

effect on the Q-<:onversion to hydrocarbons and the Q-<:racking and isomerisation 

even increased. Due to the strong affinity between P20 5 and metal cations, 

phosphorus can change the dispersion of Ni in the Ni-P /C catalyst and can 

hamper the formation of the active "Ni-Mo-S" phase in Ni-Mo-P /C. This results 

in a serieus decrease of the thiophene- and Q-ronversion to hydrocarbons of the 

Ni-Mo-P /C catalysts. 

The Ni-P /C was initially poisoned by phosphorus in the HDS but was, as 

the only catalyst studied, able to reeover partly from this poisoning. The Ni-P /C 

catalyst was promoted in the quinoline-HDN, its Q-<:onversion to hydrocarbons as 

well as the Q-<:racking and isomerisation increased. The active Ni-sulfide phase 

was probably chemically modified by phosphorus. Various Ni-P compounds rnight 

be formed under the reaction conditions and lead to considerable permanent 

changes of the activity and selectivity in the HDN and HDS reaction. 
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Chapter 5. 

IN SITU POISONING OF THE THIOPHENE HDS ACTIVITY OF 

CARBON-sUPPORTED TRANSITION METAL SULFIDE CATALYSTS BY 

PHOSPHORUS. 

ABSTRACT. 
Carbon-supported transition metal sulfide catalysts, prepared by pore 

volume impregnation of an activated carbon support with aqueous solutions of 
first, second and third row transition metal salts (group V -VIII), drying and in 
situ sulfidation, were tested in thiophene hydrodesulfurisation (723 K, 0.1 MPa). 
In the poisoning experiments a bed of phosphorus compound---rontaining carbon 
was placed upstream of the catalyst bed. Under the sulfiding and reaction 
conditions the phosphorus compound was volatized and transported to the catalyst 
bed where it could affect the catalytic properties of the active metal sulfide phase. 
This poisoning effect was different for the thiophene conversion to hydrocarbons 
and butene hydrogenation, and depended on the transition metal sulfide. Group 
VIII transition metal sulfides were rathet resistant towards the poisoning by the 
phosphorus compound. Only the hydrodesulfurisation activity of the 
carbon-supported Ni catalyst was promoted in the presence of phosphorus. This 
beneficia! effect of phosphorus on nickel might also be of importance in the 
commercial Al20a-supported Ni-Mo-P catalysts. 

INTRODUCTION. 

The trends in the hydrogenation, hydrogenolysis, isomerisation and 

hydracarbon oxidation activity of transition metals have been well studied [1-9]. 

It was shown that the plots of activities versus the position of the metals in the 

periadie table resulted in so-called volcano-type curves. The position of the 

maxima of these curves is usually the same for all rows of transition metals, i.e. 

the metals with the highest activity for a certain reaction usually belong to the 

same group in the periadie table. The catalytic properties apparently correlate 

with the electronic configuration of the transition metals. 

The periadie trends in the hydrodesulfurisation (HDS) activity of bulk 

[10,11] and carbon-supported [12,13] first, second and third row transition metal 

sulfides (TMS) from groups V to VIII of the periadie table have already been 

studied extensively. A double maxima curve (Cr, Co) was found for the first-row 

TMS. Volcano curves have been obtained for the second- and third-row TMS 

with maxima at Rh and Ir for the carbon-supported TMS in the low pressure 

thiophene HDS [12,13], or at Ru and Os in the case of bulk TMS in the high 
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pressure HDS of dibenzothiophene [10,11]. Correlations have been found between 

the heats of formation of TMS [10-11,14-16], the electrooie configuration 

[10-11,14-16] or the structure of the TMS [13] and the HDS activities. More 

recently, the periadie trends for the hydrodenitrogenation (HDN) activity of 

quinoline [17,18], decahydroquinoline [19,20] and ortho-propylaniline [21] over 

carbon-.'lupported TMS have been reported. 

Introduetion of a phosphorus compound via impregnation with aqueous 

solutions of phosphoric acid during the catalyst preparatien bas been found to have 

a streng negative effect on the thiophene-HDS activity of carbon-supported Mo 

[22,23], Co, Co-Mo, Fe and Fe-Mo [24] catalysts. This effect has been explained 

as being caused by the strong adsorption of PH 3 on the Mo sites in the 

Mo-containing catalysts [23] and by the formation of stabie phosphates which 

hampers the formation of the actual active roetal sulfide phase in the case of Co

and Fe-containing catalysts [24] . The effect of phosphorus on the high pressure 

quinoline HDN activity and the low pressure thiophene HDS activity of 

carbon-.'lupported Ni, Mo and Ni-Mo catalysts has also been studied [25,26]. lt 

was found that in the low pressure HDS experiments which were carried out at 

relatively low gas hourly space velocity, poisoning can be caused by adsorption of 

the phosphorus compound on the roetal sulfide sites. In the high pressure and high 

gas space velocity HDN experiments only the permanent effects of strongly bound 

phosphorus were observed. Just like in the Fe-Mo and Co-Mo catalysts [24], the 

separation of Ni and Mo due to tlie formation of Ni-P compounds hampered the 

formation of the active "Ni-Mo-S" phase and decreased the HDN and HDS 

activity of these catalysts [25,26]. In contrast to the results of carbon-.'lupported 

Mo, Co and Fe catalysts, the carbon-.'lupported Ni catalysts were strongly 

promoted by phosphorus in the HDS and especially in the HDN reaction [25,26]. It 

was shown that at least a part of the phosphorus compounds present in these 

catalysts is only weakly bound on the carbon surface and can be transported via 

the gas phase. These volatile phosphorus compounds can adsorb on the active sites 

and influence their catalytic properties, i.e. poisen them or react with the active 

roetal sulfides. 

In the present series of thiophene-HDS experiments the volatile phosphorus 

compounds have been used to modify the catalytic properties of carbon-.'lupported 

first-, second- and third-row TMS (groups V-VIII). The aim was to determine 

whether, in addition to Ni, also ether TMS can be promoted by phosphorus, 

whether the differences in the effect of phosphorus on the performance of the TMS 
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catalysts are related to their catalytic properties, or whether they are due to the 

differences in the heats of adsorption of phosphorus compounds on various TMS or 

differences in the number of active sites in different TMS catalysts. 

EXPERIMENT AL. 
The carbon-5upported TMS catalysts were prepared by pare volume 

impregnation of the support [activated carbon (Norit RX3-extra): surface area, 
1190 m2g-1; pare volume, 1.03 cm3g-1] with aqueous solutions of group V-VIII 
transition metal salts (mostly chlorides [12]) and drying in air (in 3 h from 293 K 
to 383 K, 16 h at 383 K). The surface loading was approximateiy 0.5 metal atoms 
nm -2 for all catalysts. The phosphorus containing carbon support (loading, 1 atom 
P nm -2) was prepared by pore volume impregnation with an aqueous salution of 
o-H3PÓ4 and drying in air as described above. No calcination treatment was 
applied in order to avoid the sintering of the active phase precursor or loss of 
phosphorus compounds. Since the metal loading of all catalysts was the same and 
since only one batch of phosphorus-containing carbon was used, the notations used 
in the text are: Me/C and P /C. The weight percentages of metals and phosphorus 
as determined by AAS and UV-VIS spectroscopy, respectively, are listed in Table 
1. 

The thiophene-HDS experiments were carried out in an atmospheric 
pressure gas phase microflow reactor with on-line GC analysis. In the standard 
experiment a bed of 0.2 g Me/C catalyst was used. In the poisoning experiments 
an extra bed of 0.2 g P /C was placed upstream of the catalyst bed and separated 
by a layer of quartz wool. Both the single Me/C bed and the combined P /C + 
Me/C bed were sulfided in situ with a mixture of 10 vol% H2S in H2 (60 std 
cm3min-1, 6 K min-1 from 293 to 723 K, 2 h at 723 K, 0.1 MPa) befare the activity 
test. After the sulfidation a !eed consisting of 6.2 vol% thiophene in H2 was led 
through the reactor (50 std cm3min -1, 2 h, 723 K, 0.1 MP a). The reactant mixture 
was analyzed every 15 minutes. First order reaction rate constants for both 
thiophene conversion to hydrocarbons (khds) and the consecutive butene 
hydragenation (khydr) were calculated using the activity data after 2 h on stream 
(steady state). As no other S-containing compounds but thiophene and H2S were 
tound in the reaction product mixture, the thiophene conversion to hydrocarbons 
will be referred to as thiophene conversion. The reaction temperature used in these 
experiments was higher than in our standard experiments [12] in order to enhance 
the transport of phosphorus compounds from the P /C bed to the Me/C bed. 

RESULTS. 

The HDS and hydragenation activities of the Me/C catalysts at 723 K and 

0.1 MPa are shown in Table 1 and Figs. lA-lB. The observed trends for the khds 

and khydr are in good agreement with the earlier findings by Vissers et al. [12] for 

essentially the same catalysts tested at 673 instead of 723 K . 

The HDS activities of the first-row TMS foliowed a double maximum curve 

with maxima at Cr/C and Co/C and a minimum at Mn/C. The hydragenation 

activity decreased from V /C to Ni/C, with Cr/C being an exception with a rather 
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TABLE 1. 
Thlophene HDS (723 K, 0.1 MPa). 

Catalysta Reaction Rate Constantsb 

khds khydr khdsP khydrP ~ khydrP 

.103 .103 .103 .103 khds khydr 
.102 c .102 c 

V(4.8){C 1.3 5.1 0.2 7.0 17.5 142.9 
Cr(4.9 {c 12.0 26.6 0.3 3.0 2.8 11.5 
Mn(5.2XC 0.1 5.5 0.0 0.0 11.1 0.1 
Fe~5 . 3) C 5.2 5.0 0.8 1.5 15.6 30.3 
Co 5.6 ~c 6.4 3.4 2.3 1.8 35.7 55.6 
Ni(5.6J C 3.1 2.3 3.9 2.0 125.0 90.9 

Mo(B.rC 4.2 6.1 0.2 1.4 6.0 22.7 

Rut2/C 11.6 17.5 5.8 8.8 50.0 50.0 
Rh 9.3 /C 22.7 45.5 14.2 25.7 62.5 55 .6 
Pd 9.6 /C 2.8 6.2 1.5 3.0 52.6 47.6 

W(15.5)/C 3.0 11.8 0.3 2.2 11.4 18.9 
Ref15.7Vc 9.9 7.9 0.6 2.2 6.1 27.8 
Os 16.0 /C 8.2 22.8 2.5 9.4 30.3 41.7 
Ir(16.1){C 39.0 69.8 29.7 69.0 76.2 100.0 
Pt(16.3 /C 5.5 39.2 1.7 18.3 31.3 47.6 

a Numbers in parentheses are wt % metal. 
b khds and kbydr are reaction rate constants from the standard experiments {without 
P}; khdsP and k!tydrP are reaction rate constants from the poisoning experiments 
{m3kg-ls-tj. 
c Ratios between the rate constants from the poisoning and from the standard 
experiments. 

hlgh hydragenation activity. The HDS and hydragenation activities of the second 

row TMS foliowed volcano curves with maxima at Rh/C. Ir/C had the highest 

HDS activity in the third row TMS but, in contrast with previous results [12], the 

volcano curve was distorted, Re/C had a higher hds than Os/C catalyst. The 

Re/C catalyst had a lower hydragenation activity than W /C and Os/C, and Ir/C 

had the hlghest khydr in the third row TMS. The differences between the present 

and previous results (12] are probably due to the loss of dispersion of the active 

metal sulfides caused by the rugher sulfiding and reaction temperature used in the 

present series of experiments. 
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When a separate P /C bed was placed upstream of the catalyst bed, 

interesting changes in the HDS and hydragenation activity were observed (Figs. 

2A-2B). The shape of the curve for the HDS activities of the first-row TMS 

changed. The HDS activities of V /C, Mn/C, Fe/C, CofC and especially Cr/C 

decreased, while the activity of Ni/C increased in the presence of P /C. The 

hydragenation activity of V /C increased, while that of Cr/C, which was originally 

very high, was very strongly poisoned. In the presence of phosphorus the 

hydragenation activity increased from Fe/C to Ni/C whereas the opposite was 

observed in the experiments without phosphorus. 
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Figure lA-B. The re action rate constants {m3kg-ls-lj for thiophene conversion to 
hydrocarbons {kttds) {A} and butene hydragenation (kttydr) {B) of the 
carbon-supported transition metal sulfide catalysts measured after 2 h on stream at 
723 K and plotted as a function of the position of the transition metal in the 
periadie system. 
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The trends for the second row TMS have virtually not changed, the HDS 

and hydragenation activity of all catalysts have decreased, the poisoning was the 

highest for Mo/C and the lowest for Rll/C. Also in the third row TMS all the 

catalysts were poisoned. The HDS poisoning was the highest for Re/C which 

resulted in a change of the overall trend, namely Os/C became more active than 

Re/C. The hydragenation activity decreased the most for W /C, while Ir/C was 

the most resistant against the poisoning by phosphorus. 
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Figure 2A-B. The re action ra te constants (m3kg-1s-1} for thiophene conversion to 
hydrocarbons (~dsP) {A) and butene hydragenation (~ydrP) (B) of the 
carbon-supported transition metal sulfide catalysts measured after 2h run time at 
723 Kin the experiments with combined P /C + Me/C beds plotted as a function of 
the position of the transition me tal in the periadie system. 
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In Figs. 3A-B the magnitude of the poisoning effect on the HDS and 

hydrogenation activity, expressed as khdsP/khds or khydrP/khydr, is plotted as a 

function of the periodic position. The poisoning effect of phosphorus on the HDS 

activity of the first row TMS was the highest for Cr/C, foliowed by V fC, Mn/C 

and Fe/C, which are all poisoned to approximately the same extent. Co/C had a 

better resistance and, as already mentioned, the HDS activity of Ni/C was even 

promoted by phosphorus. The effect on the hydragenation activity was quite 

different. Cr/C and Mn/C were strongly poisoned, Fe/C, Co/C and Ni/C less and 

:finally V/ C was even promoted. 
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Figure 9A-B. The ratios between the re action rate constants for the thiophene 
conversion to hydrocarbons {A) and butene hydragenation (B) of the 
carbon-supported transition metal sulfide catalysts obtained in the standard 
experiments (kbds, kbydr) and in the experiments with combined P / C + Me/ C beds 
(kbdsP1 kbydrP) plotted as a function of the position of the transition metal in the 
periodic system. 
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In the curves of the secend and third row TMS the original volcano curves 

can be still recogn.ized. In the secend row, the HDS and butene hydragenation 

activities of Ru/C, Rh/C and Pd/C were less poisoned than that of MofC. In the 

third row TMS the HDS activities of OsfC, Ir/C and Pt/C decreased less than 

that of W fC and Re/C, the latter being poisoned very strongly by phosphorus. In 

contrast totheether TMS of the third row, the hydragenation activity of Ir/C was 

not affected at all. It seems that overall, the secend row TMS were somewhat 

better resistant against the phosphorus poison.ing than the TMS of the third row 

(Fig 3A-B). 

DISCUSSION. 

In the present series of experiments various Me/C catalysts responded 

differently to the in situ introduetion of a volatile P~ompound. Almast all 

catalysts were poisoned, only the HDS activity of the Ni/C catalyst increased in 

the presence of the P~ompound. The HDS activity of the V /C catalyst decreased 

but its hydragenation activity improved somewhat upon introduetion of the 

P~ompound. The overall shape of the volcano curves for the phosphorus-free 

secend and third row Me/C catalyst could be recognized also in the presence of the 

P~ompound. 

The effect of the P~ompound can thus be poisoning as well as promoting 

and it may be due to the adsorption of the P~ompound on the metal sulfide sites 

or due to the chemica! reaction between the metal sulfide sites and the 

P~ompound (formation of metal-P~mpounds) . In the case of adsorption, the 

final effect is dependent on the number of the active metal sulfide sites and on the 

strength of the interaction between the P~ompound and the active site. No data 

about adsorption of phosphorus compounds on TMS or transition metals are 

available but only the trends for the strength of the adsorption of H2, N 2, 0 2, NH3 
and ethylene on transition metals as a function of the position of the metal in the 

periadie table are reported in the literature [4-5]. The heats of adsorption are 

dependent on the nature of the adsorbing species as well as on the electron 

configuration of the transition metals and decrease in a continuons manner with 

increasing atomie number from group V to group VIII for all the above 

compounds. 

Phosphorus was introduced in the carbon support as H3P0 4. At 

temperatures between 373 and 723 K H3P04 looses H20, above 573 K P 20 5 starts 
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to suhlimate [28]. Phosphorus might thus he transfered in the reaction flow as 

P40 1o. However, reduction of P20s to P20a (hoiling point 447 K, in the gas phase 

present as P 40 6), elemental phosphorus or PH3 can not he excluded in the 

preserree of H2 at high temperature. These reactions seem less probahle in the 

absence of a hydrogenation catalyst in the P /C bed but could become important as 

the volatile phosphorus compound comes in contact with the active phase in the 

Me/C bed in the preserree of H2 at high temperature. Due to the uncertainty of the 

form in which phosphorus might be transported, the term "P-compound" was 

used when refering to the volatile P-compound transported via the gas phase. As 

P20 5 can sublimate above 573 K and P20 3, elemental phosphorus and PH3 can he 

formed only at high temperature, the transport of the volatile P-compound from 

the P /C bed will be preceded by the (partial) sulfidation of the active phase. The 

P-compound can adsorb on the active metal sulfide sites and poison them. 

It is also important to note that not only adsorption of the P-compound on 

the active sites but also a reaction between this P-compound and metal sulfides 

might take place [28]. Various metal oxides and sulfides (e.g. Mn, Fe, Co, Ni, Pt) 

can react with P-compounds such as P40 10, P40e and form phosphates or 

phosphites, which can be further reduced to phosphides or phosphosulfides under 

the given reaction conditions (high temperature, preserree of H2S and H2) . 

Phosphides and phoshosulfides are stable compounds which can be formed also in 

the reactions between metal salts (sulfi.des) and PH3 in the presence of H 2 at high 

temperature [28]. The presence (or formation) of such metal-P-compounds 

already at earlier stage of the sulfiding procedure might slow down the 

(exothermic) sulfidation and imprave the dispersion of the active phase due to the 

decreased thermal effects. This effect does not seem very probable in the present 

series of experiments, since only a small part of the P-compound was found to be 

transported already during the sulfiding procedure (25]. However, the formation of 

metal-P compounds during the latter stage of sulfidation or during the thiophene 

HDS reaction is possible. Some of the transition metal sulfi.des could be in this way 

permanently modified by phosphorus [25,26] . The final effect can be positive as 

well as negative depending on the catalytic properties of the metal- P compound 

formed. 

The analysis of some spent catalysts has shown that phosphorus can be 

transported via the gas phase from the P /C bed to the Me/C bed [26], or from the 

phosphorus-containing Me/C catalyst [25]. The transport was rather slow at low 

temperatures and during the sulfiding procedure, but considerably faster at higher 
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temperatures and during the thiophene HDS reaction. In the HDS experiment with 

combined P fC + Ni/C beds the total amount of remaining phosphorus in both the 

P /C (0.8 mg) and Ni/C (2.4 mg) beds was lower than the initia! amount in the 

P fC bed (9.6 mg) [26]. Less than 0.2 mg condensed as a grey deposit in the cold 

part of the reactor tube (temperature lower than 373 K), indicating that not only 

the upper part but the whole Me/C bed was in contact with the volatile 

P-compound. The condensed P-compound was poorly soluble in water and gave a 

different colour reaction than phosphate (P20 5) originally present in the P /C 

layer. 

For most of the catalysts of the first row (V /C, Cr/C, Fe/C, Co/C), Mo/C 

and all catalysts of the third row transition metal sulfides the decrease of the 

HDS-activity was much larger than the loss of the butene hydragenation activity. 

The hydragenation activity of Ir/C remained unchanged, that of V /C even 

increased in the presence of phosphorus. The butene hydragenation is a consecutive 

reaction to the S-removal and thiophene adsorbs much strenger than butenes or 

butadiene [27]. If the effect of phosphorus was only caused by a decreased 

adsorption of thiophene and the other intermediates due to the competitive 

adsorption of the P-compound on the same active site, then the poisoning 

observed for the butene hydragenation would have been higher than that for the 

S-removal. The reverse trend found for the majority of the transition metal sulfide 

catalysts implies that different sites are involved in these two reaction steps, the 

desulfurisation (HDS) site being more poisoned by the P-compound than the 

hydragenation site. Another possibility is the formation of a new type of site with 

a different HDS and butene hydragenation activity which catalyzes a different 

reaction pathway [27]. New active sites might be created by the chemica! 

modification of the metal sulfide sites as result of the formation of metal-P 

compounds such as phosphides or phosphosulfides. It seems unlikely that the 

described changes could be just a combination of the introduetion of acid sites 

(P4Ü1o or P40 6 adsorbed on carbon) into the catalyst and the poisoning of the 

metal sulfide sites by adsorption of the P-compound. As the adsorption of the 

P-compound on the carbon support was weak under the reaction conditions, a 

P-compound which is not associated to the metal sulfide would rapidly desorb 

from the catalyst [25,26]. 

For three of the second-row TMS catalysts (Ru/C, Rh/C and Pd/C) the 

butene hydragenation decreased more than the thiophene HDS activity and the 

magnitude of the poisoning effect was not really big. This effect might be due to 
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the poisoning by adsorption of P-compound on just one type of site that is active 

for both HDS and butene-hydrogenation. 

The low poisoning of some of the TMS catalysts (Ru/C, Rh/C, Pd/C, 

Ir/C) could be due to their ability to enhance the desorption of the adsorbed 

P-compounds such as P40 1o or P405 by the hydragenation of these compounds to 

PH3• PH3, which has a low boiling point and a basicity more or less camparabie to 

the P-oxides, can desorb more rapidly from the active sites. In this way transition 

metal sulfides with good hydragenation properties might be able to diminish the 

phosphorus poisoning effect. Not only the adsorption--desorption equilibrium of the 

original P-compound on the transition metal sulfides but also the hydragenation 

of the P-compound on the catalyst surface would determine the magnitude of the 

poisoning effect of phosphorus in the given catalyst. 

In two cases the catalysts were even promoted by the P-compound. The 

butene hydragenation activity of V /C and the thiophene HDS activity of Ni/C 

increased in the presence of phosphorus. In the case of the V /C catalyst the 

beneficia! effect of phosphorus on the hydragenation activity was in sharp contrast 

with the strong poisoning of its HDS activity. However, the error in the calculation 

of the reaction rate constant of the consecutive butene hydragenation (khydr) at 

such a low thiophene conversion is too large to be able to draw any conclusions 

from the increase in this khydr· 

The HDS activity of the Ni/C catalyst increased and the butene 

hydragenation activity decreased only slightly upon the introduetion of 

phosphorus. The behaviour of the Ni/C catalyst was different from all other 

transition roetal sulfide catalysts which were poisoned from the very beginning of 

the experiment and did not change their HDS or butene hydragenation activity by 

more than just a few percent over the whole test run. The "phosphided" Ni/C 

catalyst had a higher HDS activity than the P-free Ni/C catalyst in the beginning 

of the run [26]. The HDS activity decreased fast and reached a minimum, while the 

butene hydragenation activity was changing more or less parallel to the HDS 

activity at this stage of the experiment. After that the HDS activity increased fast 

and reached finally a level higher than for the P-free catalyst. Meanwhile the 

butene hydragenation activity kept decreasing. The butene hydragenation was not 

just a consecutive reaction to the S-removal on the same site because in such a 

case the butene hydragenation ought to parallel the thiophene conversion [27). 

More probably a new active site with different activity and selectivity was formed 

at this stage of the experiment . 
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In the present study we have shown that the beneficial effect of the in situ 

introduced P-compound on the HDS activity of the Ni/C catalysts is quite 

different from the other carbon-supported transition metal sulfides. As 

P-compounds not associated to metals would desorb [25,26], the observed effect of 

phosphorus can not be due only to the adsorption of P-compounds but is more 

likely due to the chemical modification of the active phase by phosphorus. Besides 

Ni sulfide, the "phosphided" Ni/C catalyst possibly contains stabie Ni-P 

compounds such as Ni phosphides or Ni phosphosulfides [28] which could be active 

in the HDN and HDS reactions. The exceptional properties of the Ni/C catalyst 

which was in situ modified by phosphorus have been verified in the high pressure 

quinoline HDN reaction. The very interesting results of these experiments will he 

the subject of a following paper [26]. 
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Chapter 6. 

THE PROMOTING EFFECT OF IN SITU INTRODUCED PHOSPHORUS ON 

THE HYDRODENITROGENATION ACTIVITY OF SULFIDED 

CARBON-SUPPORTED Ni CA TAL YST. 

ABSTRACT. 
Ni, Mo and Ni-Mo catalysts, prepared by pore volume impregnation of an 

activated carbon support with aqueous solutions of (NH4)sMo7024 and Ni(N03)2, 
were sulfided in situ and tested in the hydrodenitrogenation (HDN) of quinoline 
(643 K, 3.0 MPa) and the hydrodesulfurisation (HDS) of thiophene (723 K, 0.1 
MPa). Phosphorus was introduced in these catalysts in situ (during the sulfidation 
or reduction pretreatment and during the HDS or HDN test reaction) via the gas 
phase using a bed of P /C placed upstream of the catalyst bed. There was a strong 
promoting effect of phosphorus in the quinoline HDN for the Ni/C catalyst, a 
minor promoting effect for the Mo/C catalyst and a poisoning effect for the 
Ni-Mo/C catalyst. All these carbon-supported catalysts were strongly poisoned 
by phosphorus in the thiophene-HDS. Only the Ni/C catalyst was able to reeover 
from the initia! fast deactivation and eventually reached a higher HDS activity 
than the P-free Ni/C catalyst . The influence of phosphorus on the activity and 
selectivity of carbon-supported catalysts is due to a combination of temporary 
effects of adsorbed P-eompounds and permanent effects due to the formation of 
phosphorus-metal compounds. 

INTRODUCTION. 

In contrast to the positive effets of phosphate on the catalytic performance 

of Ab0 3-supported catalysts [1], phosphorus was reported to be an effective 

poison for the carbon-supported catalysts [2-4]. The poisoning effect of 

phosphorus on the hydrodesulfurisation (HDS) activity of carbon-supported 

Mo-sulfide catalysts was concluded to be due to the chemisorption of PH3 on the 

active sites [2-3). The formation of stabie and inactive Co- and Fe-phosphates 

and the changes of the dispersion of the active phase were proposed to be the 

reason of the low HDS activity of carbon-supported Co, Fe , Co-Mo and Fe-Mo 

catalysts [4). 
It is reported elsewhere that when phosphorus is introduced via a 

conventional impregnation metbod [5), its effect on the catalytic performance of 

carbon-supported catalysts is not always negative and its effect in the HDS and in 

the hydrodenitrogenation (HDN) reaction is largely different. In the case of 

thiophene HDS, the carbon-supported Mo, Ni and Ni-Mo catalysts were all 

initially poisoned by phosphorus and this poisoning effect seemed to be permanent 
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for the Mo and Ni-Mo catalysts. In contrast herewith, the Ni catalyst which was 

initially poisoned to a lesser extent than the other two catalysts was found to be 

partly reeavered from this poisoning after a standard 2 h test run. The effect of 

phosphorus on the quinoline-HDN activity varied from negative (Ni-Mo) to 

neutral (Mo) and positive (Ni). Just like for the Ccr- and Fe-containing catalysts 

[4], stabie Ni-P compounds can be formed under the experimental conditions in 

the Ni and Ni-Mo catalysts. The following conclusions were drawn from these 

findings [5]. 1. The formation of the "Ni-Mcr-S" phase is also hampered in the case 

of P-containing carbon-flupported Ni-Mo catalysts. 2. The poisoning of the Mo 

catalyst by adsorption of some volatile P-compound such as P40 1o, P405 or PH 3 

is only important in the HDS experiments, i.e. experiments carried out at low 

hydragen partial pressure, low gas hourly space velocity and in the absence of 

strongly adsorbing (N-) compounds. 3. The formation of stable 

metal-P-compounds does not necessarily lead to the decrease of the catalytic 

activity because also these compounds might be active in the hydrotreating 

reactions. The effect of phosphorus in the carbon-flupported catalysts was 

explained as being due to a combination of the temporary (poisoning) effects of 

adsorbed P-compounds and permanent effects of the formation of 

phosphorus-metal compounds. 

The desorption of the volatile P-compounds from the carbon support and 

their transport in the gas phase has been used for in situ introduetion of 

phosphorus and poisoning of the carbon-flupported transition metal sulfide 

catalysts in the thiophene HDS [6]. Phosphorus has been shown to be an efficient 

and permanent HDS poison for the most of these catalysts. However, the 

hydragenation activity of the V catalyst and especially the HDS activity of the Ni 

catalyst were promoted by the presence of phosphorus. The effects of phosphorus 

on the HDS performance of these catalysts were more pronounced if phosphorus 

was introduced in situ [6] and not via the impregnation of the carbon support with 

H3P04 [5]. The in situ addition of phosphorus via the gas phase enables one to 

study the effect of phosphorus on the chemistry of Ni andfor Mo-containing 

carbon-flupported catalysts without the interference of the effect that phosphorus 

rnight have on the dispersion of the transition metal-containing precursor phases 

during the catalyst preparation. The aim of the present study is to find out 

whether the in situ introduetion of phosphorus can permanently modify the HDN 

performance of the carbon-flupported catalysts and more importantly, to find out 

how effective this methad of phosphorus introduetion is for the promotion of the 
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HDN activity of the carbon supported Ni sulfide catalyst used in our previous 

study [5]. 

EXPERIMENT AL. 

Catalyst Preparation. 
Three sets of catalysts are included in this study: 

1. Ni/C, Mo/C and Ni-Mo/C were used in our previous study [5] and served as 
reference catalysts and as starting materials for the preparation of P--containing 
catalysts via special prekaration method (described below) using a bed of 
P--containing carbon (P /C placed upstream of the catalyst bed. 
2. Ni-P /C, Mo-P /C and i-Mo-P /C were used in our earlier study [5] and also 
served as reference catalysts here. 

All of the above mentioned catalysts were prepared by sequentia! pore 
volume impregnation of the activated carbon support (Norit RX3 Extra; surface 
area, 1190 m2g-'; pore volume, 1.0 cm3g-'; partiele diameter, 0.2-{).5 mm) with 
aqueous solutions of o-H3P04, (NH4)6Mo7Û24.4H20 and Ni(N03)2.6H2Ö (all 
Merck, p.a.). After each impregnation step the catalysts were dried in air at 383 K 
(in 3 h from 293 to 383 K, 16 h at 383 K). The catalysts were not submitted to any 
calcination treatment to avoid sintering of the active species and loss of 
vhosphorus. The Ni, Mo and P contents expressed as average surface loading 
tatoms per nm2 original support surface area) and wt %are listed in Table 1. 

In the catalyst notation used above the catalyst components are ordered 
according to the sequence of introduction, starting from the support. Occasionally, 
the notation Ni(x)-Mo(y)-P(z)/C will be used, the numbers in the brackets being 
the average sudace loadings m atoms per nm2. As just one catalyst of each type 
was used, a shorter notation, namely Ni-Mo-P /C will be mostly used in the text. 

3. The special method applied to prepare the third set of catalysts consisted 
of an in situ introduetion of phosphorus to the Ni/C, Mo/C and Ni-Mo/C 
catalysts by padring the reactor with a bed of P /C upstream the catalyst bed. 
This method of P-addition is based on the idea that due to the weak interaction 
between the P-phase and the carbon support volatile P--compounds such as 
P 4Û 1o, P 4Ûe or PH3 can be formed [71 and transported to the catalyst bed during 
the activity test. H3P04 dehydrates above 473 K and P20 5 starts to sublimate as 
P 40 10 at 573 K. The partial or full reduction of P205 could lead to the formation 
of P203, PH3 or elemental P [7]. The boiling temperature of P 20 3 is 447 K and 
that of PH3 is 361 K. In this way phosphorus can be transported in the gas phase 
and react with either the oxidic precursor or the sulfidic phase. 

Via P--content analysis of the P /C and catalyst bed after the pretreatment 
and the activity test we know that the transport of the P--compounds starts 
already during the catalyst pretreatment (sulfidation or reduction, see below under 
quinoline HDN) and continues during the first part of the HDN or HDS 
experiment. For these experiments with combined P IC and catalyst beds the 
notation (P+Ni-Mo/C)rr, rs or ss will be used. The first letter after the 
parentheses stands for prereduction (r) or presulfidation (s) of the catalyst, the 
second letter standsforS in the reaction mixture (s) or S-free feed (r) . 

Quinoline HDN. 
Gas phase quinoline-HDN experiments have been carried out in a high 

pressure micro flow reactor with on-line GC analysis according to the procedure 
described in Chapter 2. Besides the standard experiments (0.5 or 1.0 g catalyst 
sample diluted with SiC to a total of 10 g), also experiments with a bed of 0.5 g 
P /C diluted with 1.5 g SiC placed upstream the catalyst bed separated by a layer 
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of quartz wool) have been carried out. Exact quantities of catalysts in each 
experiment are listed in Table 2A-B. The catalyst ( or the combined P /C + 
catalyst bed) was sulfided in situ using a mixture of 10 vol% H2S in H2 (150 std 
cm3min-1, 6 K min-1 from 273 to 643 K, 4 h at 643 K, 1.5 MPa). After the 
sulfidation a feed consisting of 12 p.l.min-1 liquid [23.8 mol% quinoline (Q), 3.8 
mol% dimethyldisulfide (DMDS) and 72.4 mol% n~ecane] evaporated in 950 std 
cm3min-1 H2 was led through the reactor (643 K, 3.0 MPa). In two of the HDN 
experiments with the combined P /C + Ni/C beds presulfiding in H2S/H2 mixture 
was replaced by prereduction in pure H2• In that case the same temperature 
program and total time of the pretreatment were used. In one of these experiments 
a DMDS-free liquid feed consisting of 23.8 mol% Q in decane was used insteadof 
the standard reaction mixture. The rest of the experimental procedure was the 
same as in the standard experiments. 

TABLE 1. 
Catalyst Composition. 

Catalysta Ni Mo p time onb 
wt% wt% wt% stream. 

h 

P/C 4.8 
Ni/C 5.6 
Ni-PclC 4.3 4.7 
Mof 8.8 
Mo-P/C 8.2 4.4 
Ni-Mo/C 4.5 8.0 
Ni-Mo-P/C 4.3 7.3 4.3 

S:Qent Catalysts - HDS 
(P+Ni/C)ss combined beds 
Nxc bed 4.9 1.2 6 
PC bed 0.4 6 

S:Qent Catalysts - HDN 
(P+Ni/C)ss combined beds 
Nxc bed 4.7 1.0 54 
pc bed 0.6 54 

(P+Mo/C)ss combined beds 
Mot_C bed 6.5 0.1 32 
P/ bed 0.3 32 

a The wt % Ni, Mo and P of the fresh catalysts correspond to an average surface 
wading (atom per nm2 of the original support surface} of 0.5, 0.5 and 1.0, 
respectively. For. notation see section Experimental {Catalyst preparation). 
b Total time on stream, i.e. sulfidation + activity test {h]. . 
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The quinoline HDN reaction mechanism used bere (based on findings 
reported in references [8-131) as well as the evaluation of the activity data and 
abbreviations used are outuned in Chapter 1. At 643 K and 3.0 MPa the 
theoretical equilibrium ratios between npch and npbz and between the double ring 
N-compounds ndhq:nthqs:nthq1:nq are apprmamately 9:1 and 13:47:26:14, 
respectively [8]. 

Thiophene HDS. 
Gas phase thiophene-HDS experiments have been carried out in a low 

pressure micro flow reactor with on-line GC analysis according to the procedure 
described in Chapter 1. Besides the standard experiment (0.2 g catalyst) also 
experiments with a bed of 0.2 g P /C upstream of the 0.2 g catalyst bed with a 
layer of quartz wool in between have been carried out. The catalyst ( or the 
combined P /C and catalyst bed) was sulfided in situ using a mixture of 10 vol% 
H2S in H2 (60 std cmlmin-1, 6 K min-1 from 273 to 723 K, 2 h at 723 K, 0.1 
MPa). After the sulfidation a feed consisting of 6.2 vol% thiophene in H2 was led 
through the reactor (50 std cmlmin-1, 2 h, 723 K, 0.1 MPa). In one experiment 
with a combined P jè+Ni/C bed the pretreatment was carried out with pure H2 
instead of the H2S-H2 mixture [notation (P+Ni/C)rs]. The rest of the procedure 
(temperature program, time) was the same as in the standard experiments. In 
order to enhance the desorption of the volatile P-compound from the P /C bed the 
maximum sulfidation andreaction temperature was 723 K insteadof 673 K used in 
our standard procedure (Chapter 1). 

Other Techniques. 
The composition of the fresh and some spent catalysts was determined by 

means of AAS lmetal content) and UV-VIS (P content) spectroscopy (Table 1), 
high resolution scanning electron microscopy and X-ray photoelectron 
spectroscopy (XPS). 

RESULTS. 

Quinoline HDN. 

(P+Mo/C)ss. In contrast to the Mo-P /C catalyst (prepared by the 

impregnation of the carbon support with H3P04 [5]), the (P+Mo/C)ss catalyst had 

a higher Q-conversion to hydrocarbons than the original Mo/C catalyst (Table 

2A-B, Fig. 1). The selectivity for PCHE (npche) decreased and the npch/npbz ratio 

increased upon the in situ addition of phosphorus to the Mo/C catalyst. Also the 

N-product distribution changed as the selectivity for compounds with saturated 

N-contaiuing ring (nthqh ndhq) decreased in the presence of phosphorus. 

Just like for the other P-contaiuing catalysts, the Q-cracking and 

isomerisation was rather high. As outlined in Chapters 1 and 4, numerous N-free 

and N-contaiuing intermediates are formed under the given experimental 

conditions. The concentrations of these byproducts were mostly very low and no 

effort was taken to identify all these cracldng and isomerisation products. They 
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TABLE 2A. 
Quinoline HDN (643 K, 3.0 MPa). 

Catalysta Product Composition.b 

Nhc Npch Npbz Npche Ndhq Nthq5 Nopa Nq Nthqt Nby 

Ni/Cc 9.0 6.7 0.7 1.6 12.7 34.7 3.7 3.1 12.7 9.0 
Ni-~C c 35.6 25.2 4.7 5.7 9.3 20.0 10.3 0.0 0.0 12.4 

!P+ i/Cr f 
86.6 69.6 17.0 0.0 0.0 0.0 1.2 0.0 0.0 12.1 

P+Ni/C rs f 7.0 4.9 1.7 0.4 0.8 26.3 3.8 35.9 16.8 9.3 
P+Ni/C rr f 19.0 13.5 3.3 2.0 0.1 19.0 6.9 22.7 1.5 31.0 

Mo/C c 20.5 12.9 3.1 4.4 11.2 26.5 16.6 6.8 17.2 1.4 
Mo-P/Cc 21.5 12.9 4.4 4.2 11.7 25.0 12.0 3.5 18.4 8.0 
(P+Mo~C)ss f 32.7 25.6 5.8 1.3 4.3 24.2 11.8 6.0 8.1 13.0 
Ni-Mo Cd 34.3 23.2 7.3 3.8 6.9 27.7 8.1 5.0 17.0 0.9 
Ni-Mo- P/Cd 24.1 12.9 5.0 6.3 7.2 27.1 11.0 7.4 22.2 1.0 
fP+Ni-Mo/C~ss g 36.5 22.7 6.8 7.0 10.3 16.7 10.2 1.8 13.6 10.9 
P+Ni-Mo/C ss eg 20.1 11.7 3.6 4.8 10.1 25.4 8.4 4.4 23.5 8.1 

a For catalyst notation see section Experimental {Catalyst preparation}. 
b Nx is the Q-conversion to product x[%] For details see Chapter 1. 
c Experiments with 1 g catalyst. 
d Experiments with 0.5 g catalyst. 
e Results after another 12 h on stream, i.e. after 90 h run. 
f The combined catalyst bed consistsof 0.5 g fJ;C and 1.0 g Ni/C or Mo/C catalysts. 
g The combined catalyst bed consists of 0.5 g '/C and 0.5 g Ni - Mo/C catalyst. 



were treated as a separate product group (Chapters 2-4) or not taken in account 

at all (Chapters 7-9). It has to be assumed that part of these byproducts are in 

fact hydrocarbon products of the Q-HDN. Even though these byproducts were 

present in significant amounts in the reaction product mixture of the P-<:ontaining 

catalysts they were still treated as a separate product group in this chapter. 

(P+Ni-Mo/C)ss. In the presence of the separate P /C catalyst bed the 

deactivation of the Ni-Mo/C catalyst changed dramatically. After an 18 h run at 

643 K the (P+Ni-Mo/C)ss catalyst showed a Q-<:onversion to hydrocarbons which 

was approximately the same as that of the Ni-Mo/C catalyst (Table 2A-B, Fig. 

1). However, instead of reaching a constant level, the Q-<:onversion to 

hydrocarbons kept on decreasing and was only 20 % after another 12 hours on 

stream (3 h at 623 K, 3h at 663 K and 3 h at 643 K) (Fig. 1). This fast 

deactivation was very different from that of the (P+Ni/C)ss and (P+Mo/C)ss 

catalysts or the P-free Ni-Mo catalyst which were quite stabie with time. After 

an 18 h run, the Q-<:racking and isomerisation of the (P+Ni-Mo/C)ss catalyst was 

higher compared to the Ni-Mo/C catalyst. In the group of hydrocarbons the 

npch/npbz ratio was about the same but the selectivity for PCHE was higher than 

for the Ni-Mo/C catalyst (Table 2A-B). 
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Figure 1. Quinoline conversion to hydrocarbons {Nhc) f% J versus re action 
temperature [KI: Ni-Mo/C, Ni-Mo-PjC, {P+Ni-Mo/C)ss, MojC, Mo-P/C and 
{P+Mo/C)ss . Point 1 for the {P+Ni-Mo/C)ss is the Nhc after an 18 h run, point 2 
is the Nhc after another 12 h on stream. 
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TABLE 2B. 
Quinoline HDN (643 K, 3.0 MPa). 

Catalysta Product Distri bution of Hydrocarbons and 
Double-Ring N-<:ompounds.g 

Nhc Nn ~ npche ndhq nthq5 
llpbz 

Ni/C b 9.0 83.1 10.2 18 15 42 
Ni-P/C b 35.6 45.1 5.4 16 21 44 

[P+Ni/Cr e 86.6 0.0 4.1 0 0 0 
P+Ni/C rs e 7.0 79.8 2.9 5 1 33 
P+Ni'C rr e 19.0 43.3 4.1 11 0 44 

MojC 20.5 61.6 4.1 21 18 43 
Mo-P/C b 21.5 58.5 2.9 20 20 43 
(P+MotC)ss e 32.7 42.5 4.4 4 10 57 
Ni-Mo Cc 34.3 56.7 3.2 11 12 49 
Ni-Mo-P/Cc 24.1 63.9 2.6 26 11 42 
~P+Ni-Mo/Ct f 36.5 42.4 3.3 19 24 39 
P+Ni-Mo/C ss df 20.1 63.4 3.3 24 16 40 

a For notation see section Experimental {Catalyst preparation). 
b Experiments with 1 g catalyst. 
c Experiments with 0.5 g catalyst. 

llthql 

33 
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d Results a fier another 12 h on stream, i.e. a fier 30 h run. 
e The combined catalyst bed consists of0.5 g P/C and 1.0 g NijG or MojC. 
f The combined catalyst bed consistsof 0.5 g P/C and 0.5 g Ni-MojC. 
g Nx is the Q-conversion to product x f/o], nx is the selectivity for product x f/o} 
defined as Nx/Nhc for hydrocarbons and as Nx/Nn for double-ring N-compounds. 
For details see Chapter 1. 

Also the N-<:ompounds distribution was affected, the selectivity for DHQ 

was rather high while that for THQ5 and the residual fraction of Q were lower 

compared to the Ni-Mo/C catalyst. After another 12 h on stream not only the 

Q-<:onversion to hydrocarbons but also the Q-<:racking and isomerisation 

decreased and the product distribution changed (Table 2A-B). 

(P+Ni/C)ss - Presulfideel Catalyst, S in the Reaction Mixture. The 

(P+Ni/C)ss catalyst had a much higher Q-<:onversion to hydrocarbons (Nhc) than 

the original Ni/C catalyst or any other P-<:ontaining Ni catalyst (Table 2A-B, 

Fig. 2). Besides PCH and PBZ, only OP A and a rather high quantity of N-free 

cracldng and isomerisation products (CrC9) were found in the reaction product 

mixture at 643 K. Even though the Q-<:onversion to hydrocarbons was much 

higher, the npch/npbz ratio was much lower than for Ni/C (Table 2A-B). 

Interestingly, this (P+Ni/C)ss catalyst did not show any deactivation. On the 
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contrary, as can be seen in Fig.2, an even higher activity level was reached after 

another 30 h on strearn (3 h at 623, 3h at 663, 24 h at 643 K). This suggests that 

phosphorus must be present in the catalyst as a stabie Ni-P compound like for 

instanee a Ni-phosphate, Ni-phosphide or Ni-phosphosulfi.de [7]. 

The following two experiments could help to make clear whether the 

presulfiding of the catalyst and the presence of S in the feed were the crucial 

preconditions for the promoting effect of phosphorus in (P+Ni/C)ss. However, it is 

important to note that the absence of H2S during the pretreatment and/or the 

activity test might have some unfavorable side effects, too. The prereduction of 

Ni/C most likely leads to the formation of metallic Ni-sites. Such sites have a high 

hydrogenation activity [14] and will not only take part in the HDN reaction but 

can also catalyze the gasification of the carbon support itself [15] which would lead 

to an irreversible destruction of the catalyst. 

(P+Ni/C)rs - Prereduced Catalyst, S in the Reaction Mixture. The 

(P+Ni/C)rs catalyst had a rather low Q--conversion to hydrocarbons (Nhc), even 

somewhat lower than that of the original Ni/C catalyst (Table 2A-B, Fig. 2). The 

changes of the Nhc with temperature were similar for both catalysts. (P+Ni/C)rs 

had a much higher Q--cracking and isomerisation (Nby) than Ni/C and it is the 
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Figure 2. Quinoline conversion to hydrocarbons (Nhc) f%1 versus reaction 
temperature [KT.· Ni/C, Ni-P/C, {P+Ni/C}ss, (P+NijC)rs and {P+Ni/C)rr. Point 
1 for the {P+Ni/CJss is the Nhc after an 18 h run, point 2 is the Nhc after another 
90 h on stream. 
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only catalyst tested in this study that produced a high amount of high molecular 

weight compounds. These compounds are probably due to the polymerisation 

(polycondensation) of quinoline and the intermediates of the Q-HDN reaction. 

The (P+Ni/C)rs catalyst had a lower npch/npbz ratio and also much lower 

selectivity for PCHE (npche) than the original Ni/C catalyst. There were also 

differences in the product distribution of the N-<:ompounds. (P+Ni/C)rs had a 

high fraction of residual Q (nq) but rather low selectivities for THQl and THQ5 

(nthql, nthqs) and extremely low selectivity for DHQ (ndhq). 

(P+Ni/C)rr- Prereduced Catalyst, S-free Reaction Mixture. Surprisingly, 

the (P+Ni/C)rr catalyst had a Q-<:onversion to hydrocarbons (Nhc) which was 

higher than those of the original Ni/C or the (P+Ni/C)rs catalyst (Table 2A-B). 

The changes of Nhc with temperature (the slopes of the lines Fig. 2) were similar 

for all these three catalysts. Just like the most of the P-<:ontaining catalysts, the 

(P+Ni/C)rr catalyst had a rather high Q-<:racking and isomerisation. The 

npch/npbz ratio was rather low and the selectivity for PCHE (npche) was relatively 

high. The product distribution in the group of N-compounds was again 

characterized by the high residual fraction of Q. Besides Q only THQ5 was present 

in a considerable amount, the selectivities for both N-<:ontaining intermediates 

with hydrogenated N-<:ontaining ring (nthqlt ndhq) were very low for this catalyst. 

Thiophene HDS. 

(P+Mo/C)ss. The (P+Mo/C)ss catalyst had a low thiophene conversion 

and butene hydragenation (Table 3, Fig. 3) and did not imprave during the run. 

The thiophene conversion decreased more upon the in situ introduetion of 

phosphorus than the butene hydrogenation. 

(P+Ni-Mo/C)S~ö. Also the (P+Ni-Mo/C)ss catalyst was strongly poisoned 

by phosphorus (Table 3, Fig. 4) and did not imprave during the run. The decrease 

of the thiophene conversion was higher than that of the butene hydrogenation. 

(P+Ni/C)S~ö - Presulfided Catalyst. The performance of (P+Ni/C)ss was 

quite exceptional. The catalyst deactivated fast in the initia! part of the activity 

test but reeavered completely and reached an even higher thiophene conversion 

than Ni/C (Fig. 5). The final khds was higher, but kbydr remained lower than for 

Ni/C. Although less pronounced, the activity changes observed for the Ni-P /C as 

a function of reaction time resembied those observed for (P+Ni/C)ss. In both cases 

the butene hydragenation did not parallel the HDS conversion (Fig. 5), which is 

quite unusual for any catalyst in this test reaction (e.g. see Ni/C). The shape of 
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TABLE 3. 
Thiophene HDS {723 K, 0.1 MPa)a. 

Catalystb 

Ni/C 
Ni-~C 
fP+ i/Ct e 
P+Ni/C rs e 

MofC 
Mo-PfC 
(P+Mo/C)ss e 

Ni-Mo/C 
Ni-Mo-P/C 
(P+Ni-Mo/C)ss e 

Product Compositionc and 
Reaction Rate Constantsd. 
N he nba khds khydr 

.103 .103 

28 12 3.1 2.3 
20 9 2.5 1.8 
34 11 3.9 2.0 
4 5 0.4 0.9 

29 28 3.2 6.1 
4 6 0.3 1.2 
2 7 0.2 1.4 

83 45 17.0 9.5 
35 21 4.0 4.4 
10 10 1.0 2.0 

a Steady state activity data after 2 h activity test. 

!h.Y!1r 
khds 

0.7 
0.7 
0.5 
2.5 

1.9 
4.1 
7.4 

0.6 
1.1 
2.0 

thdso 
hds 

0.8 
1.3 
0.1 

0.1 
0.1 

0.2 
0.1 

0.8 
0.9 
0.4 

0.2 
0.2 

0.5 
0.2 

b For notation see section Experimental {Catalyst preparation). 
c Nhc = % thiophene mol equ.ivalents converted to hydrocarbons = thiophene 
conversion to hydrocarbons. nba = Nba/Nhc = selectivity for bu.tane, with Nba being 
the % thiophene mol equivalents converted to butane. 
d kbds and kbydr are the first order reaction rate constant for thiophene conversion 
to hydrocar5ons and the consecutive hydrogenation of butenes {m3kg-ts-t]. 
khdsl'/khds and kbyd~/khydr are the ratios between the reaction rate constants of the 
comtJined catalyst beds or the P-contaning catalysts and the P-free reference 
catalysts. 
e The combined catalyst bed consisted of 0.2 g P /C and 0.2 g NijG, Mo/C or 
Ni- Mo/C catalyst. 

the deactivation curve indicates that rather fast processes, possibly formation of 

new sites due to the chemical reaction between Ni-compounds and P-compounds, 

are involved in the deactivation and reactivation of (P+Ni/C)ss and most likely 

also Ni-P /C. 

(P+Ni/C)rs- Prereduced Catalyst. As already mentioned in section HDN 

results, the prereduction of Ni/C might have led to the partial gasification of the 
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carbon support. The (P+Ni/C)rs catalyst had the lowest thiophene conversion and 

butene hydragenation of the Ni catalysts (Table 3). There was only a slight 

impravement of the thiophene conversion with time (Fig. 5). No significant loss of 

the catalyst weight which might have been due to the gasification of the support 

was found after the activity test. 
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Figure 9. Thiophene conversion to hydrocarbons {Nhc) f% 1 and the selectivity for 
butane {nba) f%1 versus time on stream {minutes1: Mo/C, Mo-P/C and 
{P+Mo/C}ss . 
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Analysis of Spent Catalysts. 

A major decreasein P-loading during the HDN and HDS activity tests was 

observed for all P-containing C-supported catalysts [5] (Table 1). The P-{;ontent 

never decreased completely to zero. However, the adsorption capacity of the 

carbon support itself was rather low, since the P /C bed contained approximately 

0.6 wt% P after 25 h on stream (HDN, 643 K, 1000 stdcm3 H2 min-1) and 

approximately 0.4 wt% P after 6 h on stream (HDS, 723 K, 50 stdcm3 H2 min-1). 

In the experiments with combined beds, the P-{;ontent of the P /C layer was 

strongly decreased and P was found in the catalyst layer. In the case of 

(P+Ni/C)ss the amount of P presènt in the catalyst layer after the HDS or HDN 

activity test was found to he significantly higher than the amount of P that can he 

adsorbed by the carbon carrier of this catalyst layer (see Table 1). The total 

amount of phosphorus in both layers of the combined bed was lower than the 

initial amount of phosphorus in the P /C layer, indicating that a breakthrough of 

phosphorus through the catalyst layer had occured. Indeed, a small amount of P 

(less than 100 p,g) was found in the deposit in the bottorn part of the reactor. The 

P-promoted (P+Ni/C)ss catalyst contained quite a high percentage of P (1.2 wt% 

in the HDS test and 1.0 wt% in the HDN test). Interestingly, the HDS-spent 

(P+Ni/C)ss catalyst appeared to have a very low S-{;ontent, the average atomie 
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ratio Ni:P:S was found to be 100:80:28 (EDX) and 100:100:11 (XPS). Moreover in 

this catalyst sample particles were observed which contained no sulfur at all. This 

indicates that we are, in fact, concerned with a Ni-P catalyst, rather than with a 

Ni-S catalyst. Even though the activity tests of the Ni catalyst were considerably 

longer than for the Mo catalysts, the Mo layer of the (P+Mo/C)ss combined bed 

(HDN) contained less phosphorus than the Ni-layer of the (P+Ni/C) combined 

bed (HDN) (Table 1). This is in agreement with earlier findings for the catalysts 

prepared by the impregnation of the support with H3P04 [5]. These analysis 

results prove again that phosphorus is only weakly bound on the carbon support 

and can be transported in the gas phase under the given conditions. 

DISCUSSION. 

Phosphorus introduced "in situ" via a separate P /C bed upstream the 

catalyst bed, influenced the performance of the C-supported catalysts 

considerably. In the quinoline HDN (P+Mo/C)ss and especially (P+Ni/C)ss were 

more active whereas, (P+Ni-Mo/C)ss was less active than the P-free catalysts. In 

the thiophene HDS (P+Mo/C)ss and (P+Ni-Mo/C)ss were strongly poisoned, the 

thiophene conversion being more decreased than the butene hydrogenation. Only 

(P+Ni/C)ss which was able to reeover from a fast initial deactivation reached 

finally a higher HDS activity than the Ni/C catalyst. 

The method of phosphorus introduetion used in the present study is based 

on the fairly weak interaction between the carbon support and H3P04 or its 

derivates. In contrast to the Al20 3-supported catalysts in which phosphate forms 

the stabie compound AlP0 4, all phosphorus present in the P /C catalyst and the 

excess of phosphorus which is not bound to metals in the Ni, Mo or Ni-Mo 

catalysts is only weakly adsorbed on the carbon support. As mentioned in the 

experimental section volatile P-compounds can be easily formed in this case. Via 

the gas phase these P-compounds can be transported through the catalyst bed 

which enables them to interact with the active roetal oxide or sulfide sites. At 

present the exact nature of the volatile P-compound(s) is not known. 1t is 

reasonable to assume that the P-compounds which are transported through the 

gas phase are P 4Ü 10, P 4Ü 6 or PH3• The transport of these P-compounds starts at 

higher temperatures and is in our procedure preceded by a (partial) sulfidation 

(reduction) of the active phase. Depending on the type of the interaction between 

the active phase and the P-compound this effect of phosphorus can be poisoning or 

promoting, permanentor temporary. 
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The effect of phosphorus does not necessarily have to be due to the 

adsorption of P-compounds on the active sites. The possibility that the 

P-compounds can also react with the active roetal sulfides [7] and form stabie 

metal-P compounds such as roetal phosphates, phosphides or phosphosulfides has 

been discussed previously [5]. Such compounds might be quite inactive [4] as well 

as very active in the hydrotreating reactions [5] and might change the activity and 

selectivity of the transition roetal sulfide catalysts considerably. 

The performance of the Mo-P /C [5] and (P+Mo/C)ss catalyst in the 

quinoline HDN experiments was very different. Both catalysts contained only a 

small amount of phosphorus (O.l--ü.2 wt% P) after having been 24 h on stream but 

the Q-conversion to hydrocarbons of (P+Mo/C)ss was promoted while there was 

no effect for the Mo-P /C catalyst. However, both catalysts had a much higher 

Q-cracking and isomerisation than the Mo/C catalyst. As the most Mo-P 

compounds are not very stabie and will be sulfided under the reaction conditions 

[3,7,16] and the dispersion of MoS2 does not change significantly in the presence of 

phosphorus [3] no permanent effect of phosphorus should be expected for the 

carbon--supported Mo catalysts. However, phosphorus added in situ under the 

HDN conditions infl.uenced positively the Q-conversion to hydrocarbons of 

(P+Mo/C)ss and the Q-cracking and isomerisation of (P+Mo/C)ss and Mo-P /C 

during the whole quinoline HDN experiment. 

The character of the changes in the HDS performance of the Mo as well as 

Ni-Mo catalysts u pon the addition of phosphorus indicates that more than one site 

might be involved in their catalytic performance. Similarly to Mo-P /C and 

Ni-Mo-P/C [5], the thiophene conversion of (P+Mo/C)ss and (P+Ni-Mo/C)ss 

decreased more than the butene hydrogenation. If the same site facilitating both 

reaction steps was poisoned by competitive adsorption of some P-compounds it 

should lead to a reversed trend: as butenes adsorb weaker than thiophene the 

decrease of butene hydragenation should be higher than that of the thiophene 

conversion. As the reversed trend was observed it indicates that at least two 

different sites which are to a different extent infl.uenced by phosphorus are present 

in these catalysts. The main effect observed in thiophene-HDS experiments over 

Mo-containing catalysts might be due to the adsorption of P-compounds [2,3]. As 

the changes of the HDS and HDN performance of the Mo-containing catalysts 

upon P-addition did not seem to be reversible they might be due to some 

permanent effects (irreversible chemisorption, formation of Mo-P compounds) 

rather than to reversible adsorption. 
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The poisoning of the (P+Ni-Mo/C)ss catalyst might be a combination of 

reversible (adsorption) and permanent effects. Just like in Fe-Mo-P /C [4], 
Co-Mo-P /C [4] and Ni-Mo-P /C (5] prepared by impregnation of the carbon 

support with H3P04, the presence of phosphorus in (P+Ni-Mo/C)ss might have 

led to the segregation of Ni and Mo and consequently to the destruction of the 
11 Ni-Mo-S 11 phase or prevention of 11 Ni-Mo-S 11 formation. The (P+Ni-Mo/C)ss 

catalyst deactivated therefore fast, in contrast to the P-free Ni-Mo/C catalyst 

which was very stabie in time (5] . The separation of Mo and Ni is possibly due to 

the formation of stabie Ni~P compounds . However, if formed, the act i vi ty of these 

Ni-P compounds is apparently not high enough to compensate for the loss of 

activity due to the decrease in the amount of 11 Ni-Mo-S 11 present in the 

(P+Ni-Mo/C)ss and Ni-Mo-P /C catalysts. This in contrast to what one would 

expect from the results of various P-containing Ni catalysts. However, also in the 

experiments with (P+Ni/C)ss it became clear that the formation of the 

P-promoted Ni-sites was very strongly dependent on the reaction conditions. The 

presence of Mo rnight thus interfere with the formation of such sites. 

The formation of Ni-P compounds rnight introduce an efficient 

hydragenation site such as e.g. Ni-phosphide (17 ,18] or an elimination catalyst 

such as Ni-phosphate (19] in the Ni/C catalysts. The (P+Ni/C)ss catalyst was 

already strongly promoted by phosphorus at the beginning of the Q-HDN 

experiment and this means that the formation of the new sites was faster than in 

the thiophene HDS experiment in which the fast deactivation of the catalyst in the 

initia! part of the experiment was foliowed by a rapid increase of the thiophene 

conversion. This behaviour provides some evidence that the Ni-sulfide sites are 

first poisoned by chernisorption but react later with the P-compounds under the 

formation of new very active with phosphorus associated sites. Interestingly, the 

butene hydragenation which is a consecutive reaction to S-removal (13] did not 

parallel the thiophene conversion and decreased continuously during the whole 

experiment with the Ni-P /C [5] and (P+Ni/C)ss catalysts. The catalytic 

performance of these catalysts can only be explained if different sites, to a different 

extent in:fl.uenced by phosphorus, are responsible for these two reaction steps or if 

the reaction proceeds via a different reaction pathway (on a newly created site 

with different activity and selectivity) in the presence of phosphorus. Another 

evidence for the formation of chernically different active sites are the selectivities 

of the P-containing Ni catalysts in the HDN which were different from those of 

the Ni/C catalyst. 
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The exceptionally high (and if we take in account the N-free byproducts 

almost complete) Q--ronversion to hydrocarbons of the (P+Ni/C)ss catalyst 

indicates that this catalyst contains effective hydrogenation sites. The increased 

conversion of Q to hydrogenated N-containing intermediates, is namely the 

necessary condition for the increase of the Q-conversion to hydrocarbons. The 

changes of the catalytic performance, due to the modification of the original metal 

sulfide active sites or due to the introduetion of new metal-P active sites are 

associated with phosphorus. The analysis of the spent "phosphided" Ni catalysts 

from the HDS as well as HDN experiments has shown above any doubt that the 

P-content of these catalysts was relatively high, much higher than their 

S-content. In view of these analytica! results, the possible reactions between 

Ni-sulfide and P--rompounds such as P 40 10, P 406 or PH3 under the given reaction 

conditions [7] and the catalytic properties of Ni-P compounds [17-19), it is 

reasonable to assume that the new active sites might consist of Ni-phosphate, 

Ni-phosphide or Ni-phosphosulfide. The adsorption capacity of the carbon 

support itself was relatively low under the given conditions and the excess of 

phosphorus not bound to metals was shown to desorb from the catalyst. The 

phosphorus associated to Ni is bound strongly and that is why the P-content of 

the "phosphided" Ni catalysts was higher than that of the "phosphided" Mo 

catalysts after the HDS or HDN experiments. 

As the transport of the volatile P-compound(s) starts at higher 

temperature than the sulfidation of the roetal oxide phase [e.g. Co and Co-Mo 

catalysts 20-22], the initia! situation in the experiments with the combined beds 

was very different from that in the Ni-P /C catalyst [5] : 

1. The Ni-P/C catalyst contained not only Ni-oxide (or nitrate) but also 

Ni-phosphate at the start of the sulfidation procedure. Just like in the Co-P /C 

catalyst [4], this might have led to a decreased sulfidation of the catalyst. 

2. The Ni phase in the (P+Ni/C)ss catalyst is probably already partially sulfided 

before the transport of the P-compounds starts, i.e. the catalyst contains 

Ni-sulfide and a residue of Ni-oxide. At the later stage of the sulfidation 

procedure (at higher temperature), the Ni/C catalyst comes in contact with an 

increasing amount of the P-compound and, depending on the reaction conditions, 

deactivates fast and reeovers again (HDS) or is promoted and remains stabie 

during the whole activity test (HDN). 

3. The (P+Ni/C)rs and (P+Ni/C)rr catalysts are partially reduced and might 

besides Ni-oxide contain metallic Ni sites before they come in contact with 
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significant quantities of the volatile P-compound. 

The observed differences between the catalytic properties of these catalysts 

in various test reactions might be due to the different conditions of the formation 

of the 11 Ni-P 11 sites as well as due to the different initia! structure of the Ni-phase 

(oxide, nitrate, sulfide or phosphate). 

The most important observations which might give some indications about 

the role of S and P in these catalysts were: 

a. The presulfided (P+Ni/C)ss catalyst had a very high Q-conversion to 

hydrocarbons in the presence of S in the feed. The presulfidation of the Ni/C 

catalyst before the P-introduction prevents the formation of metallic Ni-sites 

which might catalyze the gasification of the carbon support and lead to its 

destruction. The starting structure for the formation of the 11 Ni-P 11 sites is the 

Ni-sulfide structure. This experimental procedure gave the best results in the HDS 

as well as in the HD N. 

b. The prereduced (P+Ni/C)rs catalyst had very low conversions in the HDS and 

in the HDN carried out with S-containing feed. If the 11 Ni-P 11 sites are formed at 

all, the starting material for their formation is metallic Ni. The low activity of this 

catalyst might have been due to the S-poisoning of the metallic Ni-sites which 

presence might have led also to a partial gasification of the support. 

c. Just like in the previous case, the prereduced (P+Ni/C)rr catalyst might contain 

metallic Ni which is the starting material for the formation of the 11 Ni-P" sites. As 

the metallic Ni sites were not poisoned in the absence of sulfur in the feed, this 

catalyst had a moderate Q-conversion to hydrocarbons. 

d. The starting material for the formation of the 11 Ni-P 11 sites in the sulfided 

Ni-P /C catalyst [5] was Ni-phosphate and the sites, formed u pon sulfidation, had 

a good Q-conversion to hydrocarbons in the presence of S in the feed and a 

relatively good HDS activity. 

The Ni-sulfide phase seems to be (possibly due to its dispersion or 

structure) the most preferabie starting material for the formation of the "Ni-P" 

phase. Only the catalysts in which the 11 Ni-P" sites were formed in the presence of 

S [presulfided Ni-P /C, (P+Ni/C)ss] had a good performance in the presence of S 

in the reaction feed. Both, S and P, present at the start of the experiment al 

procedure used for the preparation of the 11Ni-P 11 catalysts might help to prevent 

the formation of metallic Ni sites which are not resistant towards S in the feed and 

might even lead to the partial destruction of the carbon support. 
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The results of the in situ introduetion of phosphorus to the Ni/C catalyst 

were thus very much dependent on the details of the experimental procedure. The 

in situ "phosphided" (P+Ni/C)ss catalyst was the best P-containing Ni catalyst, 

which despite the fact that it contained only 5 wt% Ni showed a Q-conversion to 

hydrocarbons at least equal to those of the commercial Ni-Mo-P/ Al20 3 

hydrotreating catalysts. This is the first really succesful modification of the sulfidic 

Ni/C catalyst which is usually found to have a moderate or low activity for HDS 

and HDN reactions [5,23-29). Further research will be directed to this unique 

catalyst system in order to elucidate the structure and formation process of the 

"Ni-P" phase and to learn more about its catalytic properties. 

CONCLUSIONS. 

Phosphorus introduced in the catalysts in situ via a bed of P-containing 

carbon support placed upstream the catalyst bed was found to modify the HDS 

and HDN performance of the carbon-supported Ni, Mo and Ni-Mo catalysts 

permanently. The "phosphided" Mo/C catalyst was slightly promoted by 

phosphorus in the HDN but poisoned in the HDS. These effects might be due to a 

combination of adsorption of the P-compounds and some permanent effects of 

phosphorus on the properties of the MoS2 phase. The "phosphided" Ni-Mo/C 

catalyst was poisoned by phosphorus most probably due to the segregation of Ni 

and Mo, i.e. decreased formation of the "Ni-Mo-S" phase, caused by the 

formation of stable Ni-P compounds. All P-containing catalysts had an increased 

quinoline-<:racking and isomerisation. The "phosphided" Ni/C catalyst was 

strongly promoted by phosphorus in the HDN as well as in the HDS. This effect 

was concluded to be due to the formation of stable and highly active Ni-P 

compounds. The formation of these "Ni-P" sites was very strongly dependent on 

the pretreatment of the catalyst and reaction conditions applied. The in situ 

"phosphided" (P+Ni/C)ss catalyst combines a relatively low loading (5 wt%) of a 

low cost metal and a small amount of phosphorus (1 wt%) introduced in the 

presence of H2S, with a moderate thiophene HDS activity and a surprisingly high 

quinoline HDN activity. lts catalytic performance in these two test reactions was 

at least equal to those ofthe commercial Al20 3-supported Ni- Mo-P catalysts. 
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Chapter 7. 

HYDRODENITROGENATION OF QUINOLINE OVER CARBON-

SUPPORTED TRANSITION METAL SULFIDES. 

ABSTRACT. 
Transition roetal sulfide catalysts were prepared by impregnation of an 

activated carbon support with aqueous solutions of first, second and third row 
(group V-VIII) transition roetal salts, drying and in situ sulfidation. The catalysts 
were tested in the hydrodenitrogenation of quinoline (653 K, 5.5 MPa) in 
microautoclaves. The first row transition roetal sulfides had low quinoline 
conversions to hydrocarbons. The conversions formed a U-curve with a minimum 
at Mn/C and Fe/C while V /C and Ni/C had the highest conversions. The 
quinoline conversions to hydrocarbons of the second and third row TMS formed 
volcano curves with maxima at Rh/C and Ir/C and with Mo/C and W /C ha ving 
the lowest conversions. The transition roetal sulfide catalysts with a low quinoline 
hydragenation (first row transition metal sulfides, Mo/C and W /C) also had a low 
quinoline conversion to hydrocarbons. The transition roetal su1fides with the 
highest quinoline conversions to hydrocarbons (Rh/C, Pd/C, Os/C, Ir/C and 
Pt/C) had a very high quinoline hydro&enation and a high selectivity for 
propylcyclohexane. Ru/C and especially RefC had a good quinoline conversion to 
hydrocarbons, but also a high selectivity for propylbenzene. 

INTRODUCTION. 

The hydrotreatment of heavy crudes and the further treatment of vacuum 

residues of oil distillation increased considerable in the last decade. Both, heavy 

crudes and vacuum residues, contain relatively high percentages of S, N, 0 and 

metals (Ni, V) and make high demands on the catalyst performance. If not 

removed, N-compounds act as poison for hydrocracking and reforming catalysts in 

the later stages of oil refining. The presence of N-compounds leads topoor colour, 

sroell and stability of the final products and subsequently causes NO. pollution of 

the atmosphere. Furthermore, the intensified proteetion of the environment has led 

to the sharpening of the norros for the S, N and roetal content of the petroleum 

products. The hydrodenitrogenation (HDN) reaction as one of the most demanding 

hydrotreatment steps has therefore become very important. 

The HDN reaction consists of a sequence of reactions: a hydragenation of 

the N-containing ring, a ring opening reaction and the N-removal via 

hydrogenelysis or elimination. Since the C-N bond in heterocyclic compounds is 

much stronger than the comparable C-S or C-0 bond, the N-containing ring 
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must be hydrogenated before the ring opening reaction can take place. 

Unfortunately, the saturated N--containing compounds are excellent 

coke-precursors and can lead to permanent poisoning of catalysts which do not 

have sufficient activity for the N-removal. Besides, a high hydragenation activity 

is very important in the hydrotreatment of heavy feed. In this process, not only S, 

N, 0 and metals must be removed, but also the average molecular weight as well 

as the C/H ratio must be reduced, and that means that hydrocracking and 

hydragenation are important side reactions. 

The design of hydrotreating catalysts with good HDN activity and 

selectivity requires sufficient knowledge of the influence of the active phase, 

support and additives on the performance of the catalyst. The catalytic properties 

of various transition metals in reactions such as hydrogenation, hydrogenolysis, 

isomerisation and hydracarbon oxidation have been studied extensively [1-3]. 
When their activities are plotted versus the position in the periodic table so--called 

volcano-type curves are obtained, which reflect the periodicity of physical and 

chemica! properties of the transition metals. Recently, similar studies were made 

of the behavior of transition metal sulfides (TMS) as catalysts in 

hydrodesulfurisation (HDS) and HDN reactions. For the high pressure 

dibenzothiophene HDS over bulk TMS (first, second and third row, groups 

VI-VIII), Pecoraro and Chianelli (4] found a double maximum curve (Cr, Co) for 

the first row and volcano curves for the second and third row with maxima at Ru 

and Os, respectively. Similar trends have been found in the low pressure thiophene 

HDS by Vissers et al. [5] and by Ledoux et al. [6] for carbon- (C-) supported first, 

second and third row TMS from groups VI-VIII and I-VIII respectively. The 

C-supported Rh and Ir sulfides gave the highest activity amongst the second and 

third row TMS. Attempts have been made to find correlations between the HDS 

activity and the heats of formation [7-10), the electronic structures [7-10] and the 

structures [6] of the TMS. Very recently, a study of the quinoline-HDN (Q-HDN) 

activity of Al203- and Si02-5upported transition metals [11] has been presented. 

In the present work we will present the results of our study of the HDN of 

quinoline with carbon-supported transition metal sulfides (TMS) from the first, 

second and third row (groups V-VIII) of the periadie table. As outlined in 

Chapter 1, the Q-HDN network is very complex and it is difficult to unravel the 

separate steps from a study of the HDN of quinoline alone. Therefore we have also 

studied the HDN of decahydroquinoline as the key intermediate in the main 

reaction route of Q-HDN and the HDN of o-propylaniline as the key intermediate 
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in the second route. The results for DHQ and OPA will be presented separately 

[12,13}. 

EXPERIMENT AL. 
The activated carbon support (Norit RX3 extra: surface area, 1190 m2g-t; 

pore volume, 1.03 cm3g-t) was impregnated with aqueous solutions of group V -
VIII transition roetal salts (mostly chlorides [SJ) and dried in air at 383 K (in 3 h 
from 293 to 383 K, 16 h at 383K). The surface toading of all catalysts was 
approximately 0.5 roetal atoms run~, the respective wt% are listed in Table 1. The 
notation used in the text will be MefC. 

The reaction was carried out in stirred microautoclaves f14] (volume, 20 
cm3) according to the following procedure. A 12.5 mg sample of the dried catalyst 
was sulfided in situ using a mixture of 10 % H2S in H2 (Air Products, H2 > 99.99 
%, H2S > 99.9 %) (60 std cm3min -t, 6 K min-t from 293 to 653 K, 1 h at 653 K, 
0.1 MPa). After suifidation the catalyst was cooled to room temperature in the 
H2S/H2 atmosphere. The liquid storage vessel filled with 2 cm3 of the reactant 
mixture containing 4.8 mol% of quinoline and 0.5 mol% of CS 2 in hexadecane (all 
Janssen Chimica, > 99 %) was pressurized with H2 (Hoekloos, H2 > 99.99 %) and 
the liquid was injected into the autoclave. During this stage of the experimental 
procedure a smal! amount of air can enter the autoclave. However, the amount of 
cs2 in the reaction mixture ensures that the catalyst remains sulfided during the 
reaction. The pressure in the autoclave was adjusted to 40 bar, the stirring was 
started and the temperature was increased (6 K min-t) to 653 K and held for 3 h 
(reaction pressure approximately 5.5 MPa). After the reaction the autoclave was 
cooled rapidly (20 min) and the liquid was removed and analyzed by a gas 
chromatograph using a 50-m capillary CPSil-5 column (Chrompack) with 
temperature programming and an FID detector. 

The reaction networkof quinoline HDN [15-19] as well as the evaluation of 
activity data and the abbreviations used were outlined in detail in Chapter 1. In 
the reaction product mixture all the reaction products and intermediates belonging 
to the main reaction pathways of Q-HDN were identified, being that only traces of 
PCHA were found. Under the given experimental conditions, less than 3 mol % Q 
was converted to byproducts ( cracking and isomerisation reactions) which were not 
taken in account in the further evaluation of the experimental results, i.e. 
Nhc+Nn+Nopa = 100. The selectivities of the different catalysts should be 
compared at the same Q-<:onversions to hydrocarbons. In the present study, only 
the results of experiments after a constant reaction time are shown. At different 
conversions, conclusions about selectivities of the catalysts were drawn only if 
additional data were available [12,13,20-22] . At 653 K and 4.0 MPa the 
theoretica! equilibrium ratios between Npch and Npbz and between the 
N-<:ompounds Ndhq:Nthqs:Nthq1:Nq were 10:1 and 14:47:26:13, respectively [16]. 

RESULTS AND DISCUSSION. 

The detailed results of the Q-HDN experiments are listed in Table lA-B. 

The Q-<:onversions to hydrocarbons (Nhc) are plotted versus the position of the 

TMS in the periodic table in Fig. 1. The Q-<:onversion to hydrocarbons of the first 

row TMS were rather low. In contrast to the HDS results [5-6], no maximum was 
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TABLE lA. 
Quinoline HDN (5.5 MPa, 653 K) . 

Catalysta Product Compositionb. 

c 

V(4.8){C 
Cr(4.9 /C 
Mn(5.2)/C 
Fe(5.3)/G 
Co(5.6)/C 
Ni(5.6J/C 

~~r:.·~i~g 
Rh 9.3/C 
Pd 9.6 /C 

W(15.5)/C 
Re(15.7)/C 
Os(16.0)/C 
Ir(16.1)/C 
Pt(16.3)/C 

2 95 1.3 0.3 0.6 

9 80 5.5 1.3 2.3 
5 87 3.0 0.8 1.3 
4 90 2.5 0.7 1.2 
2 95 1.1 0.4 0.6 
8 87 4.6 1.2 1.9 
7 88 4.4 1.1 1.8 

14 72 8.0 2.4 3.6 
27 66 17.9 3.7 4.9 
33 53 28.8 2.4 2.1 
29 62 25.2 1.6 1.8 

9 82 5.3 1.4 2.7 
37 59 26.1 4.3 6.2 
58 35 54.1 2.6 1.5 
71 26 68.1 2.2 0.5 
43 43 40.7 1.4 1.3 

2.7 1.7 5.1 

10.5 4.5 13.8 
8.4 3.0 9.0 
5.5 1.7 8.9 
2.7 2.1 5.9 
5.8 2.8 11.3 
5.1 2.2 12.3 

14.3 2.3 10.2 
7.8 7.2 20.2 

14.1 3.4 15.1 
9.8 5.8 15.2 

8.9 2.2 12.4 
4.5 9.1 17.8 
6.6 1.5 3.9 
3.1 1.1 1.8 

13.6 5.8 10.5 

65.1 

54.5 
63.0 
61.1 
52.1 
44.7 
39.2 

33.1 
27.6 
27.0 
28.3 

42.8 
16.4 
12.9 
9.2 

21.5 

23.1 

7.6 
11.5 
18.5 
35.1 
27.8 
34.0 

26.1 
10.7 
7.1 

12.3 

24.3 
15.6 
16.8 
14.2 
5.3 

a The numbers within parentheses are the wt% of metals. 
b Nx are the % Q-mol equivalents converled to compound x. For more details and 
abbreviations see Chapter 1. 

found for Cr/C, nor for CofC. The Q--<:onversions to hydrocarbons formed a 

U--<:urve, with V JC, Co/C and Ni/C being the best catalysts. The minimum of the 

U--<:urve was at Mn/C and Fe/C which had Q--<:onversions to hydrocarbons 

comparable to that of the pure carbon support. The Q--<:onversions to 

hydrocarbons of the secend and third row TMS were higher than those of the first 

row TMS and formed volcano curves with maxima at Rh/C and Ir/C, respectively. 

The position of the maxima was the same as in the thiophene HDS experiments 

[5-ö] but, in contrast to HDS, the Q--<:onversions to hydrocarbons of the third row 

TMS were much higher than those of the secend row TMS (Fig. 1). 
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TABLE lB. 
Quinoline HDN (5.5 MPa, 653 K). 

Catalyst Product Distributiona 

Nhc npbz npche ndhq nthq5 nthq! 

c 2 15 26 2 5 69 

V/C 9 14 25 6 17 68 
Cr/C 5 17 25 3 10 73 
M1<C 4 15 27 2 10 68 
Fe C 2 19 30 2 6 55 
Co/C 8 15 25 3 13 52 
Ni C 7 15 25 3 14 45 

Mo/C 14 17 26 3 14 46 
Ru/C 27 14 18 11 31 42 
Rh/C 33 7 6 7 29 51 
Pd/C 29 6 6 9 25 46 

W/C 9 15 29 3 15 52 
Re/C 37 12 17 16 30 28 
Os/C 58 5 3 4 11 37 
Ir/C 71 3 1 4 7 35 
Pt/C 43 3 3 13 24 50 

a Nhc is the Q-conversion to hydrocarbons floJ nx is the selectivity for compound x 
f%} {Nx/Nhc for hydrocarbons and Nx/Nn or double ring N-compounds} . For 
more details see Chapter 1. 

The correlation between the quinoline and thiophene conversions to 

hydrocarbons (Fig. 2) suggests that the catalytic performance of the TMS 

catalysts might be determined by the same type of active sites in both reactions . 

However, there is a clear difference between the three rows of TMS, which might 

originate in differences between the two test reactions. Under the reaction 

conditions applied (0.1 MPa) thiophene HDS proceeds via the hydrogenolysis of 

the two C-S bondsof thiophene and the formation of H2S and butadiene, which in 

turn is converted to butenes and subsequently to butane [23]. The hydragenation 

of the S---{;ontaining ring and the reaction route via tetrahydrothiophene is more 

important if the reaction is carried out at high H2 pressure [19,23,24]. However, 

the possibility that some highly active TMS catalyzes this reaction pathway even 

at low pressure can not be excluded. In contrast to HDS, the hydragenation of the 
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N--<:ontaining ring and in most cases also the hydragenation of the benzene ring of 

Q are the necessary steps in both reaction pathways of Q-HDN [25-28]. The 

differences in the hydragenation activities between different TMS will become 

more pronounced in the Q-HDN which requires 8- 14 H atoms to convert Q to 

hydrocarbons than in the thiophene HDS which strictly needs only 4 H atoms, but 

may use up to 8 atoms. The differences between the activities for these two 

reactions, as shown in Fig. 2 might be due to the different activities of the TMS to 

activate hydrogen which depends on the actual sudace electronic structure of the 

transition roetal ion. 

Before discussing the selectivities of the various TMS catalysts it is useful 

to point out that the compounds present in the reaction product mixture can be 

divided into several categories (25-28]. Because of their non-polar character, the 

adsorption of the solvent and hydrocarbons products can be neglected compared to 

the double ring N--<:ompounds. The aromatic amines (THQ1, THQ5, Q, OPA) 

have a low basicity due to the interaction of the nitrogen lone pair electrons with 

II electrons of the aromatic ring. The secondary alifatic amine (DHQ) has a much 

higher basicity and its adsorption coefficient was assumed to be twice as large as 

that of the aromatic amines in the liquid phase (26]. PCHA as primary amine 

adsorbs even stronger, but since its denitrogenation is fast, only traces of PCHA 

were observed in the reaction product mixture. 

The product distribution within the group of hydrocarbons is dependent on 

the Q--<:onversion to hydrocarbons (Nhc) (Figs. 3A-C,4) which in turn depends on 

the position of the TMS in the periodic system (Fig. 5). All the TMS catalysts 

with low Q--<:onversions to hydrocarbons (first row TMS, Mo/C and W /C) and 

the pure carbon support had relatively high selectivities for unsaturated 

hydrocarbons (Npbz/Nhc + Npche/Nhc = 40-50 %). Also the Npch/Npche and 

Npbz/Npche ratios were rather low for these catalysts. This indicates that a large 

part of the conversion proceeds via the PCHE intermediate. The formation of PCH 

and PBZ from PCHE was probably limited by the low adsorption of PCHE in the 

presence of high concentrations of stronger adsorbing double ring N--<:ompounds. 

The high selectivity for PCHE was thus not necessarily due to low intrinsic 

activity of these catalysts to form PCH and PBZ from PCHE. The Npch/Npbz 

ratios of these catalysts (Figs. 4,5) were much lower than the equilibrium value of 

10 [16], indicating that PBZ was formed relatively faster from PCHE than PCH or 

that PBZ was formed directly from the OPA intermediate. The relatively low 

PCH/PBZ ratio migh also be due to the disproportionation reaction such as 
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3PCHE -+ 2PBZ + PCH, which might take place on the catalyst surface as well as 

in the liquid phase [31]. 

In contrast to fi.rst row TMS, the highly active TMS catalysts from the 

second and third row {Rh/C, Pd/C, Os/C, Ir/C, Pt/C) had a low selectivity for 

PBZ and PCHE. These TMS catalysts had high Npch/Npche and some of themalso 

high Npbz/Npche ratios, i.e. the formation of PCH and PBZ from PCHE was 

rather !ast. The Npch/Npbz ratios {Figs. 4,5) were higher than the equilibrium 

ratio of 10 [16] and this might indicates that these TMS catalysts form PCH not 

only via the PCHE intermediate but also directly via the hydrogenolysis of the 

C-N bond of PCHA. 

Ru/C in the second and Re/C in the third row TMS behaved different from 

all other TMS. They both had a high Q-<:onversion to hydrocarbons, but 

surprisingly also their selectivities for PBZ and PCHE were rather high. The 

Npch/Npbz {Figs. 4,5), Npch/Npche and Npbz/Npche ratios were low for the given 

Nhc· Both catalysts had also a rather low Q-<:onversion to OPA {N opa) compared 

totheir neighbours in the row. The low Nopa (Table 1, Fig. 6) and high selectivity 

for PBZ are in agreement with the OPA-HDN study of these catalysts [13] which 
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indicates that Ru/C and especially Re/C have higher activities for the direct 

hydrogenolysis of OPA to FBZ than the other second and third row TMS. In the 

Q-HDN these catalysts had a relatively high selectivity for PCHE which means 

that the conversion of PCHA to hydrocarbons over Ru/C and Re/C catalysts 

proceeds to a high extent via the PCHE intermediate. Apparently, the further 

conversion of PCHE to PCH and FBZ was not very fast even though both 

catalysts had a relatively high Nhc· Nevertheless the concentrations of stronger 

adsorbing N-compounds (Nn+Nopa) in the reaction product mixture were still 

appreciable (60-70 %). This indicates that the consecutive reactions of PCHE and 

FBZ become only important at very high Q-conversion to hydrocarbons when 

Nn+Nopa is really low. High Npch/Npbz, Npch/Npche and Npbz/Npche ratios at low 

Q-conversions to hydrocarbons thus indicate that PCH and FBZ are formed 

directly from the N-containing intermediates, without the formation and/or 

desorption of the PCHE intermedia te. 

The high selectivities for FBZ and PCHE found for the Re/C and Ru/C 

catalysts might be partly due to their N-product distribution. The Q-conversion 

to hydrocarbons (Nhc) of Re/C was camparabie to that of Rh/C and Pt/C, the 

Nhc of Ru/C to that of Pd/C, and so were the total amounts of N-compounds 
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(Nn+Nopa) for these catalysts. However, the distributions of the double ring 

N-compounds were very different (Fig. 7 A-D). The main difference compared to 

the other TMS catalysts was that Ru/C and Re/C had higher DHQ and THQ5 

selectivities. DHQ, as the compound with the second highest adsorption coefficient 

from all compounds in the reaction product mixture, might lower the PCHE 

adsorption considerably. However, the differences in Ndhq were not that large. The 

selectivity for PCHE in the DHQ-HDN itself [12,22] was not high at all for Ru/C 

and Re/C catalysts. Re/C had a rather high PCHE selectivity in OP A-HDN [13] 

and the high Npche/Nhc of Re/C in Q-HDN thus might come from the OP A 

reaction pathway. However, the high PCHE selectivity of the Ru/C catalyst in the 

Q-HDN, had no parallel in the DHQ- and OP A-HDN reactions [12,13,22]. 

The selecti vi ty for 0 PA (N opa) changed essentially in the same way as the 

Nhc in the first row TMS (Table 1). V /C and Cr/C had a rather high selectivity 

for OP A. With the exception of Fe/C which had the same N opa as the carbon 

support, all the first row TMS were able to catalyze the formation of OPA via the 

opening of the N-containing ring of THQl. Just like V /C and Cr/C in the first 

row of TMS, Mo/C and W /C had relatively high N opa (Fig. 6), a bout equal to 
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carbon-supported transition metal sulfide catalysts plotted as a fonction of their 
quinoline conversion to hydrocarbons (Nhc) [%]. 

their Q--eonversion to hydrocarbons (Nhc). Also two of the very active TMS, 

Rh/C and Pt/C, had high Nopa but in their case the Nhc was about twice as high 

as Nopa· A high selectivity for OPA at a low (V/C, Cr/C, Mo/C, W/C) or high 

(Rh/C, Pt/C) Nhc demonstrates that the catalyst has a good activity for opening 

of the N--eontaining ring, but is not necessarily proof for the unability of the 

catalyst to convert OPA to hydrocarbons. It has been shown elsewhere [13,25-28] 

that if OPA was used as a substrate its denitrogenation was very fast, even faster 

than that of DHQ [12,22] . A high Nopa in the Q-HDN was therefore more 

probably due to the relatively low amount of OPA on the catalyst surface. As the 

adsorption coefficient of OPA should be about the same as those for the other 

N--eompounds, some steric factors might be the reason for this effect. On the other 

hand, the low Nopa found for some of the highly active TMS is not due to the low 

formation of OP A but to its fast conversion to hydrocarbons (Fig. 6) [13]. 

Also the product distribution of double ring N--eompounds is determined by 

the HDN activity which in turn depends on the position of the TMS in the periadie 

system (Table lA-B, Fig 7A-D). From the four hydragenation equilibria, which 

belang to the Q-HDN reaction pathways, only the reactions involved in the 

equilibrium between Q and THQl are really fast and the Nq/Nthql ratio might be 

130 



to some extent dependent on the cooling rate of the reaction product mixture. The 

autoclaves were therefore cooled as fast as possible (in 20 minutes) from 653 K to 

room temperature. However, due to the insufficiency of the cooling procedure in 

some cases (C, V /C, Mn/C, Ru/C, Rh/C, Pd/C and Pt/C) the Nthqt/Nq ratio was 

higher than the equilibrium value of 2 at 653 K (16]. Even with a correction for 

this effect (using the measured sum of Nq+Nthqt and the theoretica! Nthqt/Nq 

ratio at 653 K), all TMS catalysts had too low NdhQ/Nn (Fig. 7A) and Ndhq/Nthqt 

ratios compared with the equilibrium values. This is most probably due to the 

relatively slow formation of DHQ from THQ1 which even might be the rate 

determining step of the Q-HDN for some of these catalysts. If one analyses the 

resu1ts in terms of THQ1 --+ DHQ --+ hydrocarbons consecutive reaction scheme it 

is obvious that for all catalysts except Ru/C, Pd/C, Re/C and Pt/C the rate 

constant for conversion of DHQ to hydrocarbons is larger than that for DHQ 

formation. It is difficult to judge if for all these catalysts the former reaction 

constant is indeed much larger, so that one really can speak of a rate determining 

step. It seems, however, that both rate constants change in the same direction 

when going from one catalyst to the other. Thus the first row TMS, Mo/C and 

W /C have low activities for the reaction to and from DHQ and their 

Q-<onversions to hydrocarbons are low. Rh/C, Os/C and Ir/C apparently had 

much higher activities for both reactions. Ru/C, Pd/C, Re/C and Pt/C were 

special, in that they had relatively high Q-eonversions to hydrocarbons and also 

relatively high Ndhq· Most probably the ratio of the rate constants for DHQ 

decomposition and formation is smaller for these four catalysts than for the other 

catalysts and their formation of DHQ can certainly not be considered to be slow. 

Just like the Ndhq/Nthqt and NdhQ/Nn ratios, also the Nthqs/Ndhq and 

Nthqs/Nn (Fig. 7B) ratios of all catalysts were smaller than the conesponding 

equilibrium ratios. This points to a relatively slow hydragenation of the benzene 

ring of Q to THQ5, relatively fast reactions which are involved in the equilibrium 

between THQ5 and DHQ (although not as fast as between Q and THQ1 [25-28]) 

and a relatively fast decomposition of DHQ to hydrocarbons. Thus it seems as if in 

most of our catalysts the hydragenation of the benzene ring (of Q to THQ5 and of 

THQ1 to DHQ) is relatively slow and the conversion of DHQ to hydrocarbons is 

relatively fast. Again, it is difficult to say if these benzene ring hydragenation steps 

cou1d be called rate limiting. 
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In the literature it has been reported that for Ni-Mof AhOs catalysts the 

ring opening reactions of THQ1 and DHQ are rate lirniting [15-19]. But this is 

certainly not true for our TMSfC catalysts. If the ring opening of THQ1 to OPA 

would have been ra te lirniting, then the subsequent reactions of OP A to PCHA 

and PCHA to hydrocarbons would have been fast and the concentration of OP A 

should have been very low. Sirnilarly, if the ring opening of DHQ would have been 

rate lirniting the concentration of DHQ should have been much larger. The fact 

that the ring opening reactions and not the hydragenation of the benzene ring in Q 

and THQ1 are rate lirniting for Ni-Mof Al20 3 must be due to the high 

hydragenation activity of the "Ni-Mo-S" phase. Apparently the N-removal has 

not been able to keep up with this high hydragenation activity. 

The results of the present study demonstrated the importance of the TMS 

in the hydrotreating reactions. With exception of FefC, all the TMS including 

those with very low Q--<:onversion to hydrocarbons were able to catalyze all the 

reaction steps of the quinoline-HDN mechanism without the assistance of the 

polar groups of the Al20 3--support. 

CONCLUSIONS. 

Transition metal sulfides (TMS) themselves can catalyze all the reaction 

steps of the quinoline HDN reaction: the hydragenation of the benzene ring and of 

the N--<:ontaining ring, the ring opening and the N-removal. The first row TMS 

have low Q--<:onversions to hydrocarbons which, when plotted versus the position 

of TMS in the period, form a U--<:urve with a minimum at MnfC and FefC, and 

with V fC, CofC and NifC ha ving the highest conversions. The Q--<:onversions to 

hydrocarbons of the second and third row TMS form volcano curves with maxima 

at RhfC and IrfC, respectively. MofC and W fC had the lowest conversions in 

these rows. The Q--<:onversion to hydrocarbons increased from the first row to the 

second row and to the third row TMS. The first row TMS and also MofC and 

W fC have a rather low Q--<:onversion to hydrocarbons as the formation of DHQ as 

well as its conversion to hydrocarbons are slow. The TMS with the highest 

Q--<:onversion to hydrocarbons (RhfC, OsfC and IrfC) had much higher activities 

for both reactions. For RufC, PdfC, RefC and PtfC the ratio of the rate 

constants for DHQ conversion to hydrocarbons and the formation of DHQ was 

smaller than for the other catalysts. RefC and RufC have a higher selectivity to 

PBZ than the other TMS with high Q--<:0nversion to hydrocarbons. 
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Chapter 8. 

HYDRODENITROGENATION OF DECAHYDROQUINOLINE AND 
CYCLOHEXYLAMINE OVER CARBON--8UPPORTED TRANSITION 

METAL SULFIDE CATALYSTS. 

ABSTRACT. 
Carbon-supported transition metal sulfide catalysts were prepared by 

impregnation of an activated carbon support with aqueous solutions of first, second 
and third row (group V-VIII) transition metal salts foliowed by drying and in situ 
sulfidation. Their activity {or the hydrodenitro~enation of decahydroquinoline 
(5.2-5.5 MPa, 623~53 K) and cyclohexylamine (4.8-5.5 MPa, 543~53 K) was 
tested in microautoclaves. 

When plotted versus the position of the transition metal in the periodic 
system the conversions of decahydroquinoline and cyclohexylamine to 
hydrocarbons of the first row transition metal sulfides formed U-curves with 
minima at Mn while V had the highest conversion. The decahydroquinoline and 
cyclohexylamine conversions to hydrocarbons of the second and third row TMS 
formed volcano curves with maxima at Rh and Ir, respectively. The shape of the 
volcano curves was to some extent dependent on the sulfidation pretreatment and 
the reaction conditions applied. Also the selectivity of the catalysts depended on 
the position of the transition metal in the periodic system as well as on the 
reaction conditions. Disproportionation reactions were found to be important side 
reactions in the cyclohexylamine hydrodenitrogenation. 

INTRODUCTION. 

The hydrotreatment of heavy crudes and the further treatment of the 

considerable amounts of vacuum residues resulting from the distillation of such 

crudes has become an important part of the industrial hydrotreatment in the last 

decade. Heavy crudes and vacuum residues contain relatively high percentages of 

S, N, 0 and metals (Ni, V) which, if not removed, have negative effects on the 

quality of the oil products and on the refining process itself. 

The hydrodenitrogenation (HDN) reaction is one of the most demanding 

hydrotreatment steps as the N-containing ring (and mostly also the neighbouring 

benzene rings) must be hydrogenated first before the cleavage of the first C-N 

bond (ring opening reaction) can take place. A good HDN catalyst must thus be an 

excellent hydragenation as well as hydrogenolysis catalyst, and must be coke 

resistant. The design of such catalysts is possible only if sufficient information on 

the influence of the active phase, support and additives on the final HDN 

performance of the catalyst is available. 
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The catalytic performance of various transition metals in reactions such as 

hydrogenation, hydrogenolysis, isomerisation and hydracarbon meidation has been 

stuclied extensively [1-3]. Recently, similar studies have been carried out on the 

catalytic performance of various transition metal sulfides (TMS) in 

hydrodesulfurisation (HDS) [4-10] and HDN reactions [11-14]. The Q-HDN 

reaction includes all the reaction steps of a typical denitrogenation process 

(hydrogenation of the benzene ring and the N---containing ring, the ring opening, 

the N-removal). However, such a complex reaction networkas that of the Q-HDN 

(Chapter 1) makes it difficult to examine the relative importance of all separate 

steps. The separation of different parts of the reaction network as in the 

decahydroquinoline (DHQ) HDN or in the o--propylaniline (OPA) HDN can help 

in a better understanding of the reaction mechanism for the different TMS 

catalysts. In the present study the results of DHQ-HDN experiments on 

carbon-supported TMS from the first, second and third row TMS (groups V-VIII) 

will be shown in detail and compared with the Q-HDN results [11,12]. 

Cyclohexylamine- (CHA) HDN has been used as a second test reaction in order to 

obtain a more complete picture of the HDN activity and selectivity of these 

catalysts. 

EXPERIMENT AL. 
The activated carbon Norit RX3 extra (surface area, 1190 m2g-t; pore 

volume, 1.03 cm3g-1) was impregnated with aqueous solutions of the first second 
and third row (group V-VIII) transition metal salts (mostly chlorides t5]) and 
dried in air at 383 K [5,11-14]. All the catalysts (notation Me/C) had 
apl_)~oximately the same surface loading (0.5 metal atoms nm-.:A). The respective 
wt% are listed in Table lA. 

The reaction was carried out in a stirred microautoclave (volume, 20 cm3) 
according to the procedure described in Chapter 7. The reactant mixture (2 cm3) 
consistedof either 3.9 mol% of decahydroquinoline (DHQ) (Alfa Products, mixture 
of two isomers) and 0.5 mol% (CH3)~2 in hexadecane (both Janssen Chimica, 
>99%)1 or 4.7 mol% of cyclohexylamine (CHA) (Janssen èhimica, >99%) and 0.5 
mol% t CH3)~2 in hexadecane. The final sulfidation temperature was 623 or 653 K, 
the final reaction temperature was 623 or 653 K (DHQ-HDN) and 543, 553 or 593 
K (CHA-HDN) (see Tables lA-B and 2). The temperature was increased (6 K 
min-t) to the desued value and held at this temperature for 1 h (sulfidation) and 
for maximum 3 h or less (reaction) (see Tables lA-B and 2). The initia! pressure 
was 4.0 MPa, the reaction pressure ranged from 4.8 MPa at 543 K to 5.5 MPa at 
653 K. 

Decahydroquinoline HDN. 
DHQ is the intermediate of one of the main reaction pathways of the 

Q-HDN reaction [15-23]. The reaction mechanism of the quinoline HDN as well 
as the evaluation of the activity data and the abbreviations used were outlined in 
Chapter 1. At pH2 = 4.0 MPa the theoretica! equilibrium ratios Npch/Npbz are 10 
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at 653 K and 50 at 623 K. Also the hydragenation equilibria between the 
N--<:ontaining compounds play an important role when using DHQ as a substrate. 
Besides DHQ the reaction product mixture contains also a considerable amount of 
THQ5 and small amounts of the other N-compounds (THQ1, OPA, Q). The DHQ 
dehydrogenation, i.e. % DHQ mol equivalents converted to N--<:ompounds having 
dehydrogenated cyclohexane and/or N-containing ring Nth<l_5+Nth 1+Nopa+Nq = 
Nunsat, can be used as a measure for (de)hydrogenation actlvity of the catalysts. 
The equilibrium ratios Ndhq:Nthq5:Nthqt:Nq are 14:47:26:13 at 653 K and 
50:33:15:2 at 623 K [17). The reaction product mixture contained only a small 
amount of eradong and isomerisation products (less than 3 % DHQ mol 
equivalents) which were not taken into account in the further evaluation of the 
results, i.e. Nhc+Nn+Nopa = 100. 

Cyclohexylamine HDN. 
CHA was used as the substitute for the PCHA intermediate of the Q- and 

DHQ-HDN reaction. lts denitrogenation (see Fig. 1 for abbreviations) proceeds 
via the cleavage of the C-N bond under the formation of CH (hydrogenolysis) or 
CHE (elimination) [15). Especially at lower temperatures different side reactwns 
such as the formation of di-CHA and tri-CHA became very important. These 
byproducts are formed in reactions of hydrocarbon products with cyclohexylamine 
or via disproportienation of cyclohexylamine. As disproportienation reactions 
might proceed in the liquid phase and not on the catalyst surface, these byproducts 
which are in fact partly denitrogenated were treated as a separate product group 
and not as a part of the hydracarbon product. In Table 2 only the sum of all 
byproducts found in the reaction product mixture (Nby) has been reported. Based 
on the results of this test reaction the catalyst can be characterized by the CHA 
conversion to hydrocarbons [% CHA mol equivalents converted to hydrocarbons 
(Nch+Nche+Nbz) = NhcJ, by the product distribution in the group of 
hydrocarbons, With Nch/Nhc, Nche/Nhc and Nbz/Nhc being the selectivities for CH, 
CHE and BZ, respectively and by the CHA conversion to byproducts [% CHA mol 
equivalents converted to di-CHA and tri-CHA; Nby). 

Figure 1. Cyclohexylamine HDN reaction network. 

CHA 
CHE 
di- CHA 

cyclohexylamine 
cyclohexene 
dicyclohexylamine 

CH 
BZ 
tri-CHA 

cyclohexane 
benzene 
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RESULTS AND DISCUSSION. 

Decahydroquinoline HDN. 

The results of the DHQ-HDN experiments are listed in Table lA-B. In 

Fig. 2A-B the DHQ--conversions to hydrocarbons (Nhc) at 653 K and 623 K are 

plotted as a function of the position of the TMS in the periodic system. The 

DHQ--conversions to hydrocarbons (653 K) of the first row TMS formed a 

U-curve (Fig. 2A). V /C had the highest DHQ--conversion to hydrocarbons in the 

first row, foliowed by Cr/C, Ni/C and Co/C. Mn/C and Fe/C had the lowest 

DHQ--conversion to hydrocarbons. It has been mentioned in the Q-HDN study 

[12] that for some of the first row TMS catalysts not only the formation of the 

DHQ-intermediate (the hydragenation of the benzene ring of THQl) but also the 

consecutive ring opening reaction might be slow. This has been substantiated in 

the present series of DHQ-HDN experiments in which Fe/C and Mn/C had 

DHQ--conversions to hydrocarbons comparable to the pure carbon support and 

those of Co/C and Ni/C were only slightly higher. In the DHQ-HDN the initial 

hydragenation of Q is not required and the TMS catalysts for which these steps are 

rate limiting should have a considerably higher conversion to hydrocarbons in the 

DHQ-HDN than in the Q-HDN. Indeed, the DHQ--conversion to hydrocarbons of 

V /C, and to a minor extent that of Cr/C, were much higher than their 

Q--conversions to hydrocarbons [11,12]. The formation of the DHQ intermediate 

was probably the rate limiting step of the Q-HDN for these two catalysts. The 

DHQ--conversions to hydrocarbons (Nhc) of the second row TMS formed a volcano 

curve with a maximum at Rh/C at 653 K and 623 K (Fig. 2A-B). At 623 K, 

Mo/C had a relatively high DHQ--conversion to hydrocarbons compared to 653 K 

while the opposite was observed for the Pd/C catalyst. The DHQ--conversion to 

hydrocarbons of the third row TMS formed a volcano curve with a maximum at 

Ir/C and W /C having the lowest Nhc at 653 K as wellas at 623 K (Fig. 2A-B). 

The product distribution of the hydrocarbons is dependent on the 

DHQ--conversion to hydrocarbons which in turn depends on the position of the 

TMS in the rows of the periodic system (Figs. 3A-C). The first row TMS had a 

high selectivity for PBZ (Npbz/Nhc = 15-21%) at 653 K. V/C had the lowest, 

Cr/C and Co/C the highest PBZ selectivity in the first row (Table lB). The same 

trend was found also for the PCHE selectivity (Npche/Nhc) which was very high 

and ranged from 26 to 36 % of the total hydracarbon product. The 
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TABLE lA. 
Decahydroquinoline HDN (5.0- 5.5 MPa, 623 and 653 K). 

Catalysta Product Compositionb 

Nhc Npch Npbz Npche Ndhq Nthq5 Nq Nopa Nthqt 

T(sulf.) - 653 K, T(react.) = 653 K, t(react.) = 3 h 
Noc 1.7 0.8 0.4 0.6 3.6 5.2 14.7 3.5 71.2 
c 26.3 14.0 4.3 7.9 38.5 32.3 0.0 0.6 2.3 

V(4.8){C 46.9 27.7 6.9 12.4 12.8 32.0 1.3 1.0 6.1 
Cr(4.9 {c 31.3 13.8 6.5 11.0 33.7 32.4 0.1 0.1 2.3 
Mn(5.2XC 20.7 10.6 3.5 6.5 48.8 27.7 0.3 0.2 2.3 
Fe~5.3~ C 23.3 12.6 3.8 6.9 44.2 29.4 0.4 0.4 2.4 
Co 5.6 ~c 23.2 10.0 4.7 8.4 29.0 41.5 0.8 0.3 5.4 
Ni(5.6J C 28.7 13.7 5.4 9.6 20.5 40.1 1.2 0.5 9.0 

T(sulf.) = 653 K, T(react.) = 653 K, t(react.) = 1.5 h. 
Mo( 8.8~ / C 22.7 9. 7 3.4 9.6 24.3 40.9 2.9 2.0 7.2 
Rut2 C 36.1 31.6 1.1 3.3 21.7 25.2 0.8 4.3 12.0 
Rh 9.3 /C 56.6 50.2 2.6 3.7 9.9 16.3 1.9 8.8 6.6 
Pd 9.6 /C 51.6 48.6 2.4 0.5 20.3 17.3 2.7 0.4 7.8 

W(15.5)/C 18.7 7.7 3.1 7.9 30.2 39.9 0.9 4.0 6.4 
Re~l5.7Vc 22.0 15.3 2.5 4.3 26.5 31.0 3.3 3.2 14.1 
Os 16.0 /C 42.2 34.0 5.0 3.2 24.1 21.2 1.4 2.9 8.3 
Ir(16.1){C 83.6 80.5 1.7 1.4 6.5 3.0 1.0 4.6 1.4 
Pt(16.3 /C 19.6 15.0 1.0 3.5 30.1 41.4 0.5 0.5 7.9 

T(sulf.) = 623 K, T(react.) = 623 K, t(react.) - 3 h 
Noc 2.6 1.1 0.6 0.9 93.9 3.1 0.0 0.0 0.5 
c 1.9 1.0 0.2 0.8 92.9 4.9 0.0 0.0 0.2 

MofC 37.2 17.0 6.8 13.5 46.7 12.7 0.4 0.3 2.7 
Ru/C 41.0 27.8 4.7 8.4 40.0 11.2 0.4 0.6 6.8 
Rh/C 47.7 44.6 1.5 1.6 38.3 9.2 0.4 0.8 3.6 
Pd/C 21.9 15.5 2.2 4.1 59.5 16.0 0.3 0.0 2.4 

W/C 13.0 5.9 2.6 4.5 68.6 16.7 0.0 0.0 1.7 
Re/C 33.0 22.1 3.8 7.1 47.2 11.6 0.2 2.0 5.9 
Os/C 57.2 47.0 3.3 6.9 28.8 7.2 0.3 1.2 5.4 
Ir/C 94.7 93.8 0.6 0.4 4.2 0.6 0.1 0.3 0.0 
Pt/C 36.0 29.6 1.6 4.7 45.7 13.7 0.2 0.0 4.5 

a Numbers witkin the parentheses are the wt% ofmetals. 
b Nx are % DHQ- mol equivalents converted to compound x. For details and 
abbreviations see Chapter 1. 
c The results of experiments with an empty reactor (blanc). 
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TABLE lB. 
Decahydroquinoline HDN (5.0-5.5 MPa, 623 and 653 K). 

Catalyst Hydracarbon Product Distributiona 

Npche/Nhc Npch/Npbz 

T(sulf.) = 653 K. T(react.) = 653 K. t(react.) = 3 h 
Noh 1.7 21.5 32.2 2.1 
c 26.3 16.4 30.2 3.2 

V/C 46.9 
Cr/C 31.3 

MJ<C 20.7 
Fe C 23.3 
co/c 23.2 
Ni C 28.7 

14.6 
20.9 
17.0 
16.5 
20.3 
18.7 

26.4 
35.0 
31.5 
29.4 
36.4 
33.6 

4.0 
2.1 
3.0 
3.3 
2.1 
2.6 

T(sulf.) = 653 K. T(react.) = 653 K, t(react.) = 1.5 h. 
MofC 22.7 15.1 42.1 2.8 
Ru/C 36.1 3.1 9.3 28.7 
Rll/C 56.6 4.6 6.6 19.5 
Pd/C 51.6 4. 7 1.0 20.3 

W/C 
Re/C 
Os/C 
IrfC 
Pt/C 

18.7 
22.0 
42.2 
83.6 
19.6 

16.6 
11.3 
11.8 
2.0 
5.3 

42.3 
19.3 
7.6 
1.6 

18.0 

2.5 
6.2 
6.8 

47.8 
14.4 

T(sulf.) - 623 K. T(react.) - 623 K. t(react .) - 3 h 
Noh 2.6 22.5 35.6 1.9 
c 1.9 9.2 39.2 5.6 

MofC 37.2 18.1 
Ru/C 41.0 11.6 
Rll/C 47.7 3.2 
Pd/C 21.9 10.0 

W/C 13.0 20.0 
Re/C 33.0 11.6 
Os/C 57.2 5.7 
Ir/C 94.7 0.6 
Pt/C 36.0 4.5 

36.2 
20.6 
3.4 

19.0 

34.3 
21.5 
12.1 
0.4 

13.2 

2.5 
5.9 

28.8 
7.1 

2.3 
5.8 

14.4 
162.3 
18.4 

a Nx are % DHQ-mol equivalents converted to compound x. For details and 
abbreviations see Chapter 1. 
h The results of experiments with an empty reactor {blanc) . 
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Figure 2A -B. Decahydroquinoline conversion to hydrocarbons {Nhc) !%] of 
carbon- supported transition metal sulfide catalysts at 659 K (.first row TMS- 9 h, 
second row TMS- 1.5) {A} and 629 K {B} plottedas a function o.fthe position of 
the transition metals in the periadie system. 

unsaturated hydrocarbons were even formed toa higherextent in the DHQ- HDN 

than in the Q-HDN [11,12] (Fig.4A-C). The selectivity for PCH (Npch/Nhc = 

43-59%) was thus relatively low and the Npch/Npbz ratio was lower than the 

equilibrium ratio (10 at 653 K, 50 at 623 K) and the ratios obtained in the 

Q-HDN experiments [11,12]. The selectivities for the unsaturated hydrocarbons 

(Npbz/Nhc, Npche/Nhc) of the first row TMS catalysts versus the position of the 

TMS in the periodic table form a kind of double maximum curves. This trend is 
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simHar to that for the HDS activities of these TMS catalysts [4-6] and this 

similarity is not surprising. Both reactions do not require preliminary 

hydragenation reactions but involve only the ring opening, the removal of the 

heteroatom and consecutive (de )hydrogenation reactions. 

Not only the first row TMS but also Mo/C and W /C had a high selectivity 

for PBZ and especially for PCHE at both temperatures. At 653 K their selectivity 

for PBZ was comparable to that of the first row TMS, but that for PCHE was 

much higher. Airoost 60 % of the hydracarbon products were thus unsaturated and 

the Npch/Npbz ratio was very low. Just like for the first row TMS, the Mo/C and 

W fC catalysts had even higher selectivity for PBZ and PCHE in the DHQ-HDN 

than in the Q-HDN [11,12] (see Fig. 4A-B). The higher PCHE selectivity might 

be due to a higher selectivity for the reaction pathway via PCHA in the 

DHQ-HDN than in the Q-HDN. However, the difference can not be large since 

also the Q-HDN reaction (at least over Ni-Mo/AI20 3 catalysts) was reported to 

proceed for a major part via this reaction route and not via the 0 PA rou te 

[17-23]. The high selectivity for PBZ is rather surprising as the reaction pathway 

via OPA is almost negligible in the DHQ-HDN due to the low OP A formation. It 

seems more likely that the high PCHE (Fig. 4A-C) and PBZ selectivities, were 

due to the high Ndhq in the DHQ-HDN reaction product mixture. DHQ has 

namely the second highest adsorption coefficient of all the compounds taking part 

in the DHQ-HDN network (twice as high as those of Q, THQ5, THQ1 or OPA) 

[18,20-23] and the Ndhq was higher than in the Q-HDN (the equilibrium between 

the N--compounds was not established in the DHQ-HDN). A high coverage of the 

catalyst surface by DHQ will hinder the adsorption of PCHE and PBZ and their 

secondary reactions to PCH. The ratio between the three hydrocarbons in the final 

reaction product is therefore influenced only to a minor extent by the secondary 

reactions of the hydrocarbons [12,14,20]. This means that PCHA was converted to 

a large extent to unsaturated hydrocarbons and that the equilibrium between PCH 

and PBZ can not be reached as long as the presence of high percentages of 

N--compounds binders the adsorption of PBZ and PCHE on the catalyst surface. 

The DHQ-HDN actiVity and the product distribution of a number of TMS 

catalysts (e.g. Ru/C, Os/C, Mo/C, Pd/C) were dependent on the sulfidation and 

reaction temperature (Tablè lA-B). The observed differences were possibly due to 

the different degree of sulfidation of the catalysts as well as due to the changes of 

reaction mechanism with increasing temperature (shift of hydrogenation equilibria 
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to unsaturated N-compounds, the equilibrium ratio between DHQ:THQ5:THQ1:Q 

being 14:4 7:26:13 at 653 K and 50:33:15:2 at 623 K [17], increase of the ra te of 

hydrogenolysis reactions with temperature). 

Same catalysts had a high PCH selectivity (Rh/C, lr/C) or a Npch/Npbz 

ratio higher than the equilibrium value (Rh/C, Ir/C, Pd/C, Pt/C). The PBZ and 

PCHE selectivities of the Re/C catalyst were considerably lower than in the 

Q-HDN [11,12] and OPA-HDN [14] but the Npch/Npbz ratio was still relatively 

low at 653 as well as at 623 K. As the secondary reactions of hydrocarbons were 

almast negligible, the Npch/Npbz ratios exceeding the equilibrium value might be 

due to the direct formation of PCH by hydrogenolysis of the C-N bond of PCHA, 

i.e. without the (formation and) desorption of the PCHE intermediate from the 

catalyst surface. 

Another parameter for the characterisation of the catalysts is the 

DHQ-conversion to unsaturated N-compounds (Nunsat=Nthqs+Nthq!+Nopa+Nq) 

(Table lA). Usually, the dehydrogenation of DHQ only leads to the formation of 

THQ5. Only the most active TMS were able to dehydrogenate the cyclohexane 

ring of DHQ and farm THQl, Q or OPA. As the rate of dehydrogenation is related 

to the hydragenation activity of the catalyst, these results might be useful for the 

interpretation of the Q- HDN experiments. If compared at the same 

DHQ-conversion the ratios between Nhc and Nunsat could give some indication for 

the relative rates of dehydrogenation and ring opening. However, the plots of 

Nthqs, Nunsat and Nthql as a function of Nhc (Fig. 5A-C) show that, as the values 

for various TMS follow more or less the same curve, the differences can not be 

really large. The plots of Nunsat and Nthql indicate that Mn/C, Fe/C, C and Cr/C 

might have somewhat different behaviour than the other TMS. 

Cyclohexylamine HDN. 

The CHA-HDN is a fast reaction and in the experiments at 653 K too high 

CHA-conversions to hydrocarbons (Nhc) were obtained even with higher amounts 

of substrate and a shorter reaction time. At 653 K CH and BZ were the only 

hydracarbon products while at lower reaction temperatures only CH and CHE and 

no BZ were formed. Besides hydrocarbons and CHA the reaction product obtained 

at 653 K contained also significant amotmts of dicyclohexylamine ( di-CHA) and 

tricyclohexylamine (tri-CHA). The formation of these byproducts was much 

higher at lower reaction temperatures (543 - 593 K) where it even exceeded the 
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formation of hydrocarbons. Such products were not present in the reaction product 

mixture of the Q-HDN, DHQ-HDN or OPA-HDN in considerable amounts, 

although traces of such compounds have been observed [18-23]. The high amount 

of di-CHA and tri-CHA in the reaction product mixture of CHA-HDN might 

indicate that their formation does not take place on the catalyst surface but in the 

liquid phase by non--<:atalytic reactions of hydrocarbons with CHA or via 

disproportionation [24]. The adsorption coefficients of the hydrocarbons (CH, 

CHE, BZ) are negligible compared to CHA (primary amine) and they desorb 

rapidly from the catalyst surface. Under the reaction conditions of the Q-HDN 

and DHQ-HDN the desorption of PCHA from the catalyst surface and the 

formation of di- or trimers was negligible. (The PCHA-HDN is just like the 

CHA-HDN a very fast reaction and only traces of PCHA are therefore present in 

the reaction mixture of the Q-HDN [18-23]). Besides, the formation of a diroer or 

triroer can also be sterically hindered by the propyl-group of PCHA. Due to the 

presence of the side reactions of the hydracarbon products with CHA, the 

CHA-HDN reaction can not be easily used for the modelling of the PCHA-HDN 

as a part of the Q- and DHQ-HDN reaction network. However, the CHA-HDN 

reaction includes only a cleavage of one C-N bond and some of the trends for the 

CHA--eonversion to hydrocarbons and the product distribution of hydrocarbons 

were similar to those observed for the other HDN reactions. 

Due to the high CHA--eonversions to hydrocarbons (Nhc) no trends could 

be determined at 653 K. The CHA--<:onversions to hydrocarbons of the first row 

TMS at 593 K formed a U--eurve with a minimum at Mn/C and Fe/C. There were 

volcano curves for the CHA--eonversion to hydrocarbons of the second and third 

row TMS at 553 K and 543 K, respectively. The Ru/C catalyst had the highest 

CHA-HDN conversion in the second row TMS and the Ir/C catalyst in the third 

row TMS. 

Even though the reaction temperatures for the second and third row TMS 

were not the same, it can be concluded that in contrast to the results of the Q

and DHQ-HDN [11-13] the CHA--eonversions to hydrocarbons of the second and 

third row TMS were very similar. Such an observation has been made for the 

activities of these TMS catalysts in the OP A-HDN [14]. It seems that there are no 

considerable differences between the activities of second and third row TMS 

catalysts in the HDN once the ring opening reaction is eliminated. Comparable 

trends as for the CHA--eonversions to hydrocarbons were also observed for 
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TABLE 2. 
Cyclohexylamine HDN ( 4.8- 5.5 MP a, 543 - 653 K) 

Catalyst Product compositiona 
Nhc Neb Nche Nbz Ncha Nby 

T(sulf.) = 623 K. T(react.) = 593 K. t(react.) - 3h 
V /C 41.6 19.9 21.7 31.1 
Cr/C 20.4 9.3 11.1 38.9 
Mn/C 9. 7 4.2 5.5 38.7 
Fe/C 7.8 4.7 3.1 39.4 
Co/C 26.6 7.2 19.4 37.3 
Ni/C 34.0 9.3 24.8 34.8 

T(sulf.) - 623 K. T(react.) = 553 K, t(react.) - 3h 
MofC 23.2 8.0 15.2 31.3 
Ru/C 37.7 22.1 15.6 25.3 
Rh/C 28.8 25.0 3.9 30.1 
Pd/C 11.7 8.6 3.1 43.1 

T(sulf.) - 623 K. T(react.) - 543 K. t(react.) - 3h 
W /C 2.3 0.9 1.5 47.2 
Re/C 5.1 2.8 2.3 29.3 
OsfC 14.6 11.6 3.1 24.9 
lr/C 16.3 14.3 2.0 32.3 
Pt/C 4.4 0.9 3.5 29.1 

T(sulf.) = 653 K. T(react.) = 653 K. t(react.) = 1.5 h 
V /C 88.3 35.1 53.2 7.1 
Cr/C 91.0 36.2 54.8 4.3 
Mn/C 75.8 29.3 46.5 11.7 
Fe/C 81.9 24.4 57.4 4.3 
Co/C 85.6 28.5 57.1 2.8 
Ni/C 86.3 41.4 44.9 3.1 

MojC 91.2 60.7 30.5 3.1 
Ru/C S8.8 72.8 16.1 3.3 
Rh/C 97.7 97.7 0.0 0.4 
Pd/C 77.9 61.8 16.1 5.4 

W/C 90.5 52.5 38.0 1.9 
Re/C 94.7 69.3 25.4 4.5 
Os/C 75.6 74.2 1.4 4.3 
Ir/C 95.7 95.4 0.3 3.5 
Pt/C 92.1 92.1 0.0 0.5 

27.3 
40.7 
51.5 
52.8 
36.1 
31.3 

45.5 
37.1 
41.1 
45.3 

50.5 
65.6 
60.4 
51.4 
66.4 

4.6 
4.7 

12.5 
13.8 
11.6 
10.6 

5.7 
7.9 
1.9 

16.7 

7.6 
0.8 

20.1 
0.9 
7.4 

a Nx = cyclohexylamine conversion to product x. For details see section 
Experimental. 
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some of the selectivities of the TMS catalysts in the CHA-HDN reaction (see 

Table 2). 

It is interesting that the trends for the HDN activities of the TMS catalysts 

in the Q-HDN and in all the reactions that belong to its reaction network were 

very much alike. If the initial hydragenation steps were taken away as in the 

DHQ-HDN the general trend remained essentially unchanged. If the ring opening 

was eliminated too (CHA-HDN) the HDN activity increased strongly but again 

the trends did not really change. The ring opening reaction is usually considered to 

be the rate limiting step of the Q-HDN reaction over Ni-Mof Al20 3 catalysts 

[17-23]. The series of the DHQ-HDN experiments have shown that forsome of the 

TMS/C not the ring opening but more probably the formation of DHQ (the initial 

hydragenation reactions) might be the rate limiting step. The CHA-HDN 

experiments have shown that the trends for the HDN activities remain unchanged 

even if both "slow steps" (hydrogenation and ring opening) were removed, the 

cleavage of the C-N bond in CHA being definitely a fast reaction. This means that 

the final trend in all reactions was not determined by the slowest step in the 

reaction network but that the overall catalytic activity in the HDN process was 

the sum of the activities for the different reaction steps and that these activities all 

follow the same trends. 

The common feature of many of the reaction steps, except for the 

elirnination reactions, is that they include addition of hydragen to the substrate 

molecule. The final trends were thus probably the result of the differences in the 

adsorption properties and the hydragenation activities of the TMS (possibly 

proportional to the hydragenation activities of the transition metals [25,26]). These 

differences become more or less pronounced dependent on the number of H-atoms 

necessary to form hydrocarbons from certain substrate and on the basicity of the 

substrate. 

CONCLUSIONS. 

The decahydroquinoline and cyclohexylamine conversions to hydrocarbons 

of the carbon-supported first row transition roetal sulfide catalysts formed 

U-<;urves with a minimum at Mn/C and FefC. The conversions of the second and 

third row transition roetal sulfide catalysts formed volcano curves with maxima at 

Rlt/C and Ir/C, respectively. The trends for the HDN activities and selectivities 

were in several cases dependent on the sulfidation procedure as well as on the 
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actual reaction conditions (temperature, substrate). The secondary reactions of 

hydrocarbons on the catalyst surface were almast negligible in the presence of 

strenger adsorbing N-{;ompounds and the TMS catalysts had a relatively high 

selectivity for propylbenzene and especially propylcyclohexene in 

decahydroquinoline HDN. The high selectivity for propylbenzene indicates that 

even the fully saturated propylcyclohexylamine intermediate can he converted to 

aromatic products. 
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Chapter 9. 

HYDRODENITROGENATION OF 0-PROPYLANILINE OVER 

CARBON-sUPPORTED TRANSITION METAL SULFIDE CATALYSTS. 

ABSTRACT. 
Transition metal sulfide catalysts were prepared by impregnation of an 

activated carbon support with aqueous solutions of first, second and third row 
(groups V-VIII) transition metal salts, foliowed by drying and in situ sulfidation. 
Their activity for hydrodenitrogenation of o-propylaniline was tested in 
microautoclaves at 593-653 K and 5.1-5.5 MPa. The activities of the first row 
transition metal sulfides formed a U-eurve with a minimum at Mn and Fe sulfide. 
The activities of the second row transition metal sulfides formed a volcano curve 
with a maximum at Ru (653 K) or Rh sulfide (613 K). The activities of the third 
row transition metal sulfides formed a kind of volcano curve which was distorted 
at all test temperatures (593, 613 and 653 K). The activity of Re sulfide was 
almost equal to that oflr sulfide which is usually clearly the most active transition 
metal sulfide of the third row. All transition metal sulfide catalysts and especially 
Re sulfide had a very high selectivity for propylbenzene. 

INTRODUCTION. 

The processing of heavy crudes has increased considerably in the past years. 

As a consequence, the production of vacuum residues also increased and 

technologies have been developed for further processing of these residues (Shell, 

Hycon Process; Exxon, Flexieoker Process). This type of !eed contains rather high 

percentages of S, N, 0 and metals (Ni, V). These heteroatoms, if not removed, act 

as catalyst poisons, decrease the quality of the products and lead to SO 2 and N 0. 

pollution of the atmosphere. 

The hydrodenitrogenation (HDN) reactions are important tools in the 

testing of catalysts used in the hydrotreating of such crudes. The HDN reaction is 

one of the most difficult hydrotreating steps due to the high energy of the C-N 

bond in heterocyclic compounds. The N-eontaining ring and mostly also the 

neighbouring benzene ring must he hydrogenated before the cleavage of the C-N 

bond can take place. The HDN of quinoline (Q-HDN) [1-10] is the most 

frequently used HDN test reaction as it incorporates all the important steps of a 

typical HDN process, i.e. the hydrogenation of the heterocyclic ring, the 

hydrogenation of the benzene ring, the ring opening of the heterocyclic ring and 

the removal of the N-atom via elimination or hydrogenolysis. Due to the relatively 
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complex reaction network it is difficult to study the relative importance of all 

separate reaction steps. The separation of certain parts of the reaction network 

would help in better understanding of the performance of various catalysts in 

HDN. For this purpose decahydroquinoline (DHQ) [11,12) and/or o-propylaniline 

(OPA) (this study) have been used as model compounds. 

A good HDN catalyst must not only be able to cleave the C-N bond but 

also to hydrogenate the heterocyclic and benzene rings of the N---<:ontaining 

substrate. It bas been shown that various transition metal sulfides (TMS) meet 

these requirements and are excellent HDN catalysts. The studies on the periadie 

trends in the Q-HDN (9,10) and DHQ-HDN [11,12) over carbon-supported TMS 

have shown that the first row TMS as wellas Mo and W had a low HDN activity 

and that the most active TMS belonged to the group VIII of the second and third 

row TMS. When plotted as a function of the position of the TMS in the periodic 

system, the HDN activities of the first row TMS formed a sort of U---<:urve with a 

minimum at Fe and Mn. V had the highest HDN conversion in the first row. The 

HDN activities of the second and third row TMS formed volcano curves with 

maxima at Rh and Ir, respectively. 

In the present series of experiments carbon-supported first, second and 

third row (groups V-VIII) TMS catalysts have been tested in the OPA-HDN 

(593, 613 and 653 K, 5.1-5.5 MPa) in order to find out what the importance of the 

OPA reaction pathway is in the Q- and DHQ-HDN reaction netwerk and whether 

the high selectivity for unsaturated hydrocarbons of some of the TMS catalysts in 

the Q-HDN was due totheir high selectivity for the OPA reaction route. 

EXPERIMENT AL. 
The activated carbon (Norit R.X3 extra; surface area, 1190 m2g-t; pore 

volume, 1.03 cm3g-1), was impregnated with aqueous solutions of first, second and 
third row (lroup V-VIII) transition metal salts (mostly chlorides) and driedinair 
at 383 K 9-12). All catalysts (notation Me/C) had a proximately the same 
surface loa 'ng (0.5 metal atoms nm--2), the respective wt% are listed in Table lA. 

The HDN reaction was carried out in stirred microautoclaves (volume, 20 
cml) according to the procedure described in Chapter 7. The sulfidation and 
reaction temperature in the present experiments was 593, 613 or 653 K (see Table 
lA-B). The temperature was increased (6 K min-t) to the desired value and held 
at this temperature for 1 h (sulfidation) and for 1.5 or 3 h (reaction, see Table 
lA-B). The reaction pressure ranged from 5.1 MPa at 593 K to 5.5 MPa at 653 K. 
The reactant mixture (2 cm3) consistedof 4.0 mol% of o-propylaniline (OPA) 
(Janssen Chimica, > 97%) and 0.5 mol% (CH3)~2 in hexadecane (both Janssen 
èhimica, > 99%). 

OP A is the intermediate of one of the reaction pathways of the Q-HDN 
reaction [1-8) which is usually considered to be less important than the reaction 
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pathway via the DHQ intermediate. The quinoline HDN reaction network as well 
as the evaluation of the activity data and abbreviations used are outlined 
extensively in Chapter 1. Under the reaction conditions applied in the present 
study (pH 2 = 4.0 MPa) the equilibrium ratio N_pch/Npbz is 10 at 653 K and higher 
than 50 at 613 and 593 K. OPA and traces of PCHA were the only N-<:ontaining 
compounds found in the reaction product mixture. The amount of byproducts was 
very low (less than 2 mol % OPA) and they were not taken in account in the 
evaluation ofthe activity data, i.e. Nhc+Nn+Nopa = 100. 

RESULTS AND DISCUSSION. 

The results of the OPA-HDN experiments are listed in Table lA-B. The 

OPA-<:onversions to hydrocarbons are plotted as a function of the position of the 

TMS in the periodic system in Figs. lA (653 K) and lB (613 and 593 K) . The 

trends obtained for the OPA-eonversions to hydrocarbons (Nhc) are similar to the 

trends for the Q- and DHQ-<:onversions to hydrocarbons [9-12]. Just like in the 

other HDN test reactions, when plotted versus the position of the transition metals 

in the periods, the OPA-eonversions to hydrocarbons (653 K) of the first row 

TMS formed a kind of U-<:urve with a minimum at Mn/C and Fe/C. The 

OPA-conversions to hydrocarbons of Mn/C and Fe/C were comparable to that of 

the pure carbon support while those of the other four TMS (V /C, Cr/C, Co/C, 

Ni/C) were higherand very closetoeach other (Fig. lA). 

The OP A-<:onversions of the second row TMS formed a volcano curve. Like 

in the DHQ-HDN [11,12] the shape of the curve and the position of the maximum 

were dependent on the reaction (and sulfidation) temperature. Mo/C and Pd/C 

had very low OPA-eonversions to hydrocarbons at 653 K while Ru/C had the 

highest OPA-HDN conversion in the second row TMS at this temperature (Fig. 

lA) . Such a high OPA-eonversion of Ru/C is different from the results of the Q

and DHQ-HDN experiments [9-12] in which Rh/C had the highest HDN 

conversion in the second row of TMS. However, this is not quite exceptional. Ru/C 

was also the best second row TMS in the cyclohexylarnine-HDN (553 K) [12] and 

unsupported Ru sulfide had the highest activity in the second row TMS in the 

dibenzothiophene HDS (623 K) [13]. The maximum of the volcano curve for the 

OPA-<:onversions to hydrocarbons of the second row TMS shifted to Rh/C at 613 

K (Fig. lB). Also the OPA-eonversion to hydrocarbons of Pd/C became relatively 

higher at 613 K. 

The OP A-<:onversions to hydrocarbons of the third row TMS formed a kind 

of volcano curve but this curve was distorted and its shape changed with the 
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TABLE lA. 
0-propylaniline HDN (5.5 MPa, 653 K). 

Catalysta Product Compositionb 

Nhc Npch Npbz Npche Nopa npbz llpche ~ pbz 

T(sulf.) = 653 K, T(react.) = 653 K, t(react.) = 3h 
Norit 7.1 3.5 1.9 1.7 92.9 27.1 23.8 1.8 

V(4.8){C 21.0 13.7 4.7 2.6 79.0 22.3 12.2 2.9 
Cr(4.9 {c 18.6 12.3 3.9 2.3 81.4 21.2 12.4 3.1 
Mn(5.2XC 11.6 5.0 3.4 3.2 88.4 29.0 28.0 1.5 
Fe~5.3) C 13.0 6.3 3.9 2.8 87.0 29.7 21.7 1.6 
Co 5.6~C 18.2 10.8 4.3 3.1 81.8 23.5 17.1 2.5 
Ni(5.6J C 20.9 12.5 4.7 3.7 79.1 22.5 17.7 2.7 

T(sulf.) = 653 K, T(react) = 653 K, t(react.) = 1.5 h Mo(s.Tc 7.8 3.6 1.9 2.4 92.2 23.7 30.9 1.9 
Rut2 /C 39.9 31.3 5.1 3.5 60.1 12.7 8.7 6.2 
Rh 9.3 /C 34.6 28.0 4.1 2.4 65.4 11.8 7.1 6.9 
Pd 9.6 /C 6.9 4.8 0.6 1.5 93.1 8.9 21.7 7.8 

W~l5.5)/C 7.6 4.1 1.4 2.1 92.4 18.6 27.5 2.9 
Re 15.7 /C 58.1 32.6 11.7 13.8 41.9 20.1 23.8 2.8 
Os 16.0~C 44.1 35.4 3.9 4.7 55.9 9.0 10.8 9.0 
Ir(l6.1) C 64.6 59.0 4.5 1.1 35.4 6.9 1.8 13.2 
Pt(l6.3 /C 22.8 15.5 2.0 5.3 77.2 9.0 23.2 7.6 

a The numbers within parentheses are the wt% of the metals. 
b Nx is the % OP A mol equivalents converted to compound x. nx is the selectivity 
for compound x calculated as Nx/Nhc· For abbreviations and details see Chapter 1. 

reaction and sulfidation temperature (Figs. lA-B). At 653 K only Re/C deviated 

from the typical volcano trend and had almost as high conversion as Ir/C, usually 

the best TMS catalyst of all (Fig. lA). With this exception, the volcano curve was 

similar to those obtained in the Q-HDN and DHQ-HDN experiments [9-12], i.e. 

W fC had the lowest HDN conversion foliowed by Pt/C, Os/C and IrfC. The 

shape of the curve was quite different at 613 K (Fig. lB). Re/C, Ir/C and Pt/C 

had equal OPA-HDN conversions, only Os/C and W/C had lower HDN 

conversions. Finally, at 593 K (Fig. lB) Re/C, OsfC, Ir/C and Pt/C had equal 
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TABLE lB. 
0-propylaniline HDN (5.1- 5.3 MPa, 593 and 613 K). 

Catalyst Product Compositiona 
Nhc Npch Npbz Npche No pa npbz npche ~ pbz 

T(sulf) - 613 K, T(react) = 613 K, t(react.) = 3h 
Mo/C 19.7 10.4 4.6 4.7 80.3 23.2 24.0 2.3 
Ru/C 48.5 40.4 5.0 3.0 51.5 10.3 6.3 8.1 
Rh/C 63.8 60.0 2.8 1.0 36.2 4.4 1.5 21.4 
Pd/C 39.0 35.4 1.8 1.7 61.0 4.7 4.4 19.5 

W/C 14.5 7.6 3.3 3.6 85.5 22.5 25.0 2.3 
Re/C 82.0 54.5 13.6 13.8 18.0 16.6 16.9 4.0 
Os/C 59.0 53.7 3.5 1.8 41.0 5.9 3.1 15.4 
Ir/C 81.7 77.3 3.7 0.6 18.3 4.6 0.8 20.8 
Pt/C 83.5 80.2 2.7 0.5 16.5 3.3 0.6 29.3 

T(sulf.) = 593 K, T(react.) = 593 K, t(react.) = 3h 
W /C 4.8 1.2 1.3 2.3 95.2 27.4 47.8 0.9 
Re/C 44.1 22.3 9.1 12.6 55.9 20.7 28.6 2.4 
Os/C 42.7 38.8 2.2 1.7 57.3 5.1 4.0 18.0 
Ir/C 42.3 39.4 1.9 0.9 57.7 4.6 2.2 20.5 
Pt/C 41.9 37.9 1.9 2.1 58.1 4.6 4.9 19.9 

a Nx is the % OPA mol equivalents converted to compound x, nx is the selectivity for 
compound x calcv.lated as Nx/Nhc· For details and abbreviations see Chapter 1. 

OPA-HDN conversions, only W /C was less active. At all three reaction 

temperatures Re/C deviated from the usual volcano trend and had a very high 

OPA-HDN conversion. It is obvious that the catalytic performance of the TMS 

catalysts is dependent not only on the type of reaction (substrate) but also on the 

surface composition of the catalyst, which in turn is determined by the sulfidation 

procedure, the reaction temperature and the actual composition of the reaction 

mixture. Besides, the reaction mechanism might change with temperature. 

The OP A-HDN reaction is a part of the Q-HDN reaction network. A 

comparison of the OP A-HDN and Q-HDN conversions and product distributions 

can give important indications about the reaction pathways of both reactions. The 

Q-HDN proceeds for a major part via the PCHA-intermediate and the same is 

said of the OPA-HDN (1,2,4,6-8]. The product distribution should then be quite 

similar in both test reactions. However, if the OPA-HDN proceeds to a higher 
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extent via hydrogenolysis of the C-N bond under the direct formation of PBZ, the 

reaction product of OPA-HDN should contain more PBZ than in the case of the Q 

or DHQ-HDN. It has been found elsewhere [1,5,10,12] that the secondary 

(de)hydrogenation reactions of hydrocarbons are negligible as long as considerable 
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amounts of much stronger adsorbing N-eompounds are present in the reaction 

product mixture. 

The ring opening reaction or the preliminary hydragenation steps rather 

than the N-removal should be for most TMS/C catalysts the rate limiting step of 

the Q-HDN reaction in both reaction routes, i.e. via DHQ as well as via the 

OP A-intermediate [1,2,4-10,12]. Q and OP A have also comparable adsorption 

coefficients [4,7,8]. As the ring opening step and the impeding adsorption of DHQ 

are absent in the OPA-HDN, the OPA-eonversion to hydrocarbons should be 

higher than the Q-eonversion to hydrocarbons. At 653 K the OPA-eonversion to 

hydrocarbons was indeed higher than the corresponding Q-eonversion to 

hydrocarbons for all TMS catalysts. Just like for the AhOrSupported Ni-Mo 

catalysts [4,7,8], the OPA-HDN was not the rate limiting step of the second 

reaction pathway of the Q-HDN reaction for any of these TMS/C catalysts. 

The changes of the product distribution of the TMS as a function of their 

position in the periodic system, OPA-eonversion to hydrocarbons and reaction 

temperature can give some ind.ication about the differences in the reaction 

mechanism between various TMS as well as about the changes of the reaction 

mechanism with temperature. The results obtained at different temperatures must 

be compared very carefully since not only the reaction rate of the different steps 

but also the composition (surface configuration, metal--sulfur ratio) of the TMS 

catalysts changes with the sulfiding procedure and reaction temperature. Most 

transition metals can form more than one sulfide and some of them can be present 

as metals or roetal oxides if the sulfidation and reaction conditions are not 

optimum. The product distribution for the first row TMS (tested only at 653 K) 
was closely related to the changes of the OPA-eonversion to hydrocarbons of these 

catalysts (Fig. 2A-C). A plot of the selectivities for PCH (Npch/Nhc) versus the 

position of the transition metals in the periodic system forms a U-eurve with a 

minimum at Mn/C and Fe/C while the PBZ and PCHE selectivities follow the 

reverse trend (Table lA-B). The Npch/Npbz ratio was the highest for Cr/C and 

V /C and the lowest for Mn/C and Fe/C. Like in the Q- and DHQ-HDN [9-12) 

the Npch/Npbz ratios of all the first row TMS were much lower than the 

equilibrium ratio at 653 K. The selectivity for unsaturated hydrocarbons, and 

especially that to PBZ, was rather high for these rather inactive OPA-HDN 

catalysts. 

157 



10 

10 

70 

10 

10 

10 

20 

10 

0 

i 10 

0 

10 

0 

A 

Ir 
0 

Oa Ro 0 Rh 0 0 
ORu 

Pt 
Cr~ 

-H c~ f} N 
Moa Co 
~ . 
B 

0 
Ro 

erPt .... 
Ir Rh DQa '*' F•~o 0 0 
0 

C i:fl Co V 
Pd 'l!J o 
1~0 N 

c 
Ro 
0 

Pt Oo 0 

~Cr V 
Ruo j P'o 0 o "" 0 

Pd oDN 0 Ir Mo Co 0 
~-,;,;; 

I 

0 10 20 10 u 10 10 70 10 10 100 

OPA-CONVERSION TO HYDROCARIION8 " 

Figure 2A-C. 0-protJylaniline conversion to propylcyclohexane {Npch) f% j (A), 
propylbenzene {Npche) f%} ( B) and propylcyclohexene {Npche) f%} ( C) of 
carbon-supported transition metal sulfide catalysts plotted as a function of their 
o-propylaniline conversion to hydrocarbons {Nhc) f%}. 

158 



The selectivity for PBZ (npbz) was considerably higher in the OPA-HDN 

than in the Q- and DHQ-HDN [9-12] (Fig. 3A-C). Since the adsorption 

coefficients of hydrocarbons are negligible compared to those of the N-compounds 

[4,7,8] PBZ could be formed in the secondary reactions on the catalyst surface only 

without the intermediate desorption of PCHE [10,12] or in reactions such as 

3PCHE -+ 2PBZ + PCHE which could take place on the catalyst surface as well 

as in the liquid [16]. The Npch/Npbz ratio was much lower than the equilibrium 

value and the formation of PBZ from PCH is thermodynamically excluded. Also in 

the Q- and DHQ-HDN (10,12] which both proceed for a major part via the PCHA 

intermediate, the selectivity for PBZ was rather high for all the TMS with low 

conversion to hydrocarbons (first row TMS, plus Mo/C and W /C) (Fig. 3A-C). 

The relatively high selectivity for PBZ in the DHQ-HDN in which the formation 

of the OPA intermediate is almost negligible (4,7,8,12] indicates that also PCHA 

can be converted to PBZ, through secondary reactions of PCHE on the catalyst 

surface (without desorption of PCHE intermediate) or in the liquid. In the Q- and 

DHQ-HDN npche was higher than npbz· In the case of the OPA-HDN reaction the 

selectivity for PBZ (npbz) was larger than in the other two test reactions (Fig. 

3A-C) and npbz was higher than npche for all the first row TMS. This could very 

well be due to the higher formation of PBZ through the direct hydrogenolysis of 

the C-N bond of OP A. 

The selectivity of the first row TMS for PCHE was somewhat lower than in 

the DHQ-HDN [12]. PCHE can be formed only by NH 3 elimination from the 

PCHA intermediate. lts presence in the reactión product mixture of OPA-HDN 

demonstrates that indeed a considerable part of the OPA-HDN conversion 

proceeds via the PCHA route. 

If the PCH selectivities (Npch/Nhc) of the second row TMS are plotted 

versus the position of the transition metals in the periodic system they form a 

volcano curve with a maximum at Rh/C at 653 as well as at 613 K (Table lA-B) . 

The selectivity for PCHE (Npche/Nhc) follows a reversed trend. The PBZ 

selectivity (Npbz/Nhc) decreased continuöusly from group VI to VIII at both 

reaction temperatures. The Npch/Npbz ratio increased continuously in the second 

row TMS at 653 K, and had a maximum at Rh/C at 613 K. The Npch/Npbz ratio 

of all second row TMS was lower than the equilibrium ratio at both test 

temperatures, however. In contrast to the results of the first row TMS, the 
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selectivity changes for different hydrocarbons do not quite parallel the changes of 

the OPA-conversion to hydrocarbons of the second row TMS. The decrease of the 

PBZ selectivity is in agreement with the increase of the hydragenation activity of 

the second row transition metals (group VI-VIII) [14,15], which seems to apply 

also to their sulfides. The trend for the PBZ selectivity seems to be more 

dependent on the hydragenation activity of the TMS than on their OPA-HDN 

conversion. Also at 653 K the PBZ selectivity did not parallel the HDN conversion 

(minimum at Rh/C, while not Rh/C but Ru/C was the most active TMS at this 

temperature). The Ru/C catalyst thus had a rather high selectivity for PBZ 

compared to the other TMS of the second row at the given reaction conditions. 

The difference between Ru/C and the other TMS can be observed better if the 

selectivities for different hydrocarbons in various test reactions are plotted against 

the HDN conversion (Fig. 3A-C, [10,12]). The Ru/C catalyst had also a rather 

high PBZ selectivity in the Q-HDN [9,10] where the difference between the 

selectivity of Ru/C and those of the other second row TMS was even moc.e 

pronounced than in the OPA-HDN. The selectivity of the Ru/C catalyst for 

PCHE was comparable in OPA-, Q- and DHQ-HDN [9-12] (all at 653 K). The 

selectivity for PBZ (653 K) was comparable in the Q- [9,10] and in the 

OPA-HDN. On the other hand Ru/C had a very low selectivity for PBZ in 

DHQ-HDN {11,12) (Fig. 3A-C). This indicates that the relatively high selectivity 

of Ru/C for PBZ was only important in the reactions with unsaturated substrates. 

Thus Ru/C had a high activity to cleave the C-N bond even if it is stabilized by 

the resonance over the benzene ring. If the benzene ring of quinoline is 

hydrogenated (DHQ-HDN) [11,12], i.e. if the reaction proceeds for a major part 

via the PCHA intermediate, the selectivity for PBZ decreases strongly and that for 

PCHE (elimination) increases. In the Q-HDN as wellas in the OPA-HDN the 

Ru/C catalyst had a higher selectivity for the second reaction route 

(hydrogenolysis of OPA under the formation of PBZ) than the other second row 

TMS catalysts. 

Not only Ru/C but also the other second row TMS had rather different 

selectivities in the three test reactions. All second row TMS had a much higher 

PBZ selectivity in the OP A-HDN than in Q- and DHQ-HDN [9-12], suggesting 

they had a higher selectivity for the direct hydrogenolysis of OPA to PBZ and the 
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Npch/Npbz ratio was the lowest in the OPA-HDN. The PCHE selectivity was 

usually lower than in the DHQ-HDN (which proceeds airoost 100 % via the 

PCHA-intermediate) but camparabie to the Q-HDN (80-90 % via PCHA). 

The PCH selectivities of the third row TMS form a volcano curve with 

maximum at Ir/C (Table lA-B) and the PCHE selectivities follow a reversed 

trend, when plotted versus the position of the transition metals in the periodic 

system. The maximum (minimum) was really pronounced only at the highest test 

temperature (653 K). The PBZ selectivity decreased (and the Npch/Npbz ratio 

increased) continuously from group VI through group VIII at 613 and 593 K. At 

653 K there was a minimum for the PBZ selectivity and a maximum for the 

Npch/Npbz ratio at Ir/C. The Ir/C catalyst at 653 K was the only one which had a 

Npch/Npbz ratio higher than the equilibrium ratio, and the excess of PCH must 

have been formed via the direct hydrogenelysis of PCHA. The selectivity for 

different hydrocarbons did not change parallel to the OPA-HDN conversion but 

just like in the case of the second row TMS parallel to the hydragenation activity 

of the transition metals themselves [14,15]. The third row group VIII TMS (with 

the only exception of Pt/C at 653 K) had a low selectivity for unsaturated 

hydrocarbons in OPA-HDN (593, 613 and 653 K). Re/C, on the other hand, had a 

high selectivity for PCHE and especially for PBZ and also a high OPA-conversion 

to hydrocarbons at all test temperatures. Also in the Q-HDN [9,10] Re/C 

exhibited a deviating selectivity. Since the reaction product mixture of the Re/C 

catalyst in the Q-HDN contained only a very low amount of OPA, but high 

percentages of unsaturated hydrocarbons, it was concluded that a considerable 

part of the Q-HDN conversion over the Re/C catalyst proceeds via the 

OP A-intermediate [9,10]. The present OP A-HDN experiments indeed show that 

Re/C has a high activity for the denitrogenation of OPA and a high selectivity for 

unsaturated hydrocarbons. Re/C is thus able to cleave the C-N bond, which is 

stabilized by resonance over the benzene ring, and to form unsaturated 

hydrocarbons. 

When camparing the selectivities for different hydrocarbons in OPA-HDN 

and the other two test reactions (653 K) [10,12] most ofthe third row TMS (Os/C, 

Ir/C, Pt/C) had the highest selectivity for unsaturated hydrocarbons in the 

OPA-HDN (Fig. 3A-C). W /C had also the highest PBZ selectivity in the 

OPA-HDN, but similarly to the first row TMS and Mo/C, its PCHE production 
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was the highest in the DHQ-HDN. All third row TMS are thus able to catalyze 

the direct formation of PBZ from OP A and a considerable part of the 

OPA-eonversion to hydrocarbons proceeds via this reaction pathway. Especially 

~/C had a high selectivity for unsaturated hydrocarbons and thus for the 

hydrogenolysis of OPA to PBZ. 

The PBZ selectivity of all TMS catalysts was the highest in the 

OPA-HDN. In the DHQ-HDN the PBZ selectivity was much lower than in the 

other two test reactions. The direct hydrogenolysis of OPA under the formation of 

PBZ is thus very important in the OPA-HDN. A considerable part of the Q-HDN 

conversion proceeds also via this reaction pathway. Only in the DHQ-HDN this 

reaction route is almost negligible. 

The PCHE selectivity of the TMS catalysts was clearly the highest in the 

DHQ-HDN followed by Q- and OPA-HDN. DHQ-HDN proceeds thus almost 

exclusively directly via the PCHA intermediate whereas Q-HDN proceeds to a 

high extent via DHQ and PCHA. However, also a considerable part of the 

OPA-HDN conversion proceeds via the hydragenation of OP A to PCHA. 

CONCLUSIONS. 

The OPA-eonversion to hydrocarbons of the carbon-supported transition 

roetal sulfide (TMS) catalysts formed a U--eurve with a minimum at Mn and Fe. 

The OP A--eonversions to hydrocarbons of the second row TMS formed a volcano 

curve with a maximum at Ru/C {653 K) or Rh/C {613 K) . The OPA--eonversions 

to hydrocarbons of the third row TMS formed a kind of volcano curve with a 

maximum at Ir/C but this curve was distorted. Some of the third row TMS and 

especially Re/C had almast as high a conversion to hydrocarbons as Ir/C. The 

changes of the trends with temperature were due to the differences in the surface 

composition of the catalysts and in the reaction mechanism of the OP A-HDN at 

different pretreatment andreaction conditions. All the TMS catalysts tested in the 

OPA-HDN had a high selectivity for propylbenzene. A considerable part of the 

OPA-eonversion to hydrocarbons proceeds thus via the direct hydrogenolysis of 

OPA under the formation of PBZ. The selectivity for this reaction route is high for 

Ru/C and even higher for the Re/C catalyst. 
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Chapter 10. 

GENERAL DISCUSSION. 

This thesis describes a study on the role of the support (activated carbon, 

Al 20 3), active phase (transition metal sulfides) and additives (phosphate) in the 

catalytic hydrodenitrogenation (HDN). Quinoline, decahydroquinoline, 

o-propylaniline and cyclohexylarnine were used as model compounds for the HDN 

tests and for comparison thiophene was used as a model compound for the 

hydrodesulfurisation (HDS) test. The experiments have been carried out with 

carbon- or Al20 3-supported P-free and P-eontaining Ni, Mo and Ni-Mo 

catalysts which are related to the commercial Ni-Mo-P/ Al20a catalysts, as well 

as with model carbon-supported catalysts containing a group V -VIII transition 

metal sulfide catalysts from the first, second and third row of the periodic table. 

It is found that in addition to the beneficia! effects of phosphate on the 

preparation and performance of the Ni-Mof Al20 3 catalysts reported in the patent 

literature [1-25], phosphate is also an efficient quinoline HDN promoter for 

Rh/ Al20 3 (Chapter 2). The promoting effect of phosphate on the Rh/ Al20 3 

catalyst proves that the phosphate effect is not exclusively related to the special 

features of the Ni-Mof Ah0 3 catalysts or the "Ni-Mo-S" phase. Previous studies 

on the influence of phosphate on the catalyst performance [26-33] reported an 

increase of the overall HDS or HDN activity but did not show to which separate 

steps of the reaction network the changes of the catalyst performance were related. 

The present study has shown that the selectivity of the catalysts changes u pon the 

the phosphate addition. In the quinoline HDN, phosphate increased the selectivity 

for propylbenzene and the cracking and isomerisation of the Ni-Mof Al20 3 and 

Rh/ Al20a catalysts. The thiophene conversion to hydrocarbons remained 

unchanged but the selectivity for butane decreased. The analysis of our spent 

Ni-Mo-P/Ah0 3 catalysts [34] has indicated that the amount of coke formed 

decreases with increasing phosphate loading and that the H/C ratio and reactivity 

of the coke increases with phosphate content. Phosphate appeared to have 

increased the hydrogenolysis and elimination activity and most likely also the 

hydragenation activity of the catalysts. As the observed beneficia! effects of 

phosphate were the highest in the HDN its effect might for a part, but not 

entirely, be due to the changes of the acidity of the catalysts. The magnitude of 

the phosphate promoting effect in Ni-Mof Ah0 3 increased with Ni loading and so 
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did the amount of phosphate necessary to obtain the maximum promoting effect. 

The effect of phosphate is proposed to be due to the formation of a new type of 

active sites associated with phosphate supplementary to the metal sulfide sites 

already present. It was not possible todetermine whether these new sites were just 

phosphate-modified roetal sulfide sites, or AIP0 4 or other metal- (Ni, Mo, Rh) 

phosphorus compounds. However, in separate experiments (Chapters 3,4,6) 

indications have been found that these three types of active sites, which all can be 

present in the phosphorus-promoted Ah0 3-supported roetal sulfide catalysts, 

might have a high HDN activity. 

Thc beneficia! effect of phosphate on the prepara ti on of the Ni-Mof Al 20 3 

catalysts has often been claimed to be related to the use of certain P-compounds, 

to the way or stage at which the P-compound is introduced and to the drying and 

calcination conditions [1-25]. In the present study the Ni-Mof Al20 3 catalysts 

have been prepared by varying a number of preparation parameters, e.g. sequentia! 

impregnation or coimpregnation, using H3PO 4 as well as (NH4)H2PO 4 and 

(NH 4)2HPO, and by applying different calcining procedures (Chapter 3). 

Irrespective of the prepara ti on method all Ni-Mof AhO 3 catalysts were promoted 

by phosphate in the HDN reaction. The magnitude of the promoter effect was 

dependent on several parameters of the preparation procedure: the number and 

stage of the calcination . steps, the stage of phosphate introduction, the 

P-compound applied, the way of introduetion (sequentia! impregnation or 

coimpregnation), composition and pH of the ( co-)impregnation solutions. The 

effect of phosphate on the HDS and HDN activity of the Ni-Mof Al 20 3 was 

ooropared to the effect of nitrilotriacetic acid which has been reported to lead to 

the formation of the highly active so-called "Co--Mo--S-11'' ("Ni-Mo-S-II") 

phase [35-37]. The effect of phosphate was shown not to be identical to that of 

nitrilotriacetic acid. The catalysts prepared using the nitrilotriacetic acid methad 

had indeed a high activity but phosphate appeared to be able to improve their 

catalytic performance. Phosphate was shown not only to contribute to the 

formation of new active sites and to influence the dispersion of the active metal 

sulfide phase but also to change the texture and acidity of the catalyst due to the 

formation of AIP04 on the Ah0 3 surface. AIP04 was shown to have a low HDN 

activity as well as cracking and isomerisation activity and is thus able to increase 

the activity of P-containing Al 20a-supported catalysts. 

In view of the fact that the effects caused by the presence of phosphate can 

be numerous and that some of them can be due to the interactions between 
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phosphate and the Ab03 support we have also stuclied the effect of phosphate on 

carbon-supported catalysts. The use of carbon-supported catalysts ( Chapter 

4,5,6) eliminates the interlering effect of the phosphate-support interaction but 

introduces another effect. As phosphate interacts only weakly with the carbon 

support, it might desorb or be converted to volatile P-eompounds, which interact 

with the active sites. The effect of phosphorus in the carbon-supported catalysts 

can thus be a combination of temporary chemisorption effects and the permanent 

chemica! influence of phosphorus bound to metals. 

Phosphorus, which was introduced by the impregnation of the carbon 

support with H3P0 4, had no effect on the dispersion of Mo but it can increase the 

Ni dispersion due to the formation of Ni-P compounds (Chapter 4). Similar effects 

have been observed previously for the P-eontaining carbon-supported Mo, Fe, Co, 

Fe-Mo and Co-Mo catalysts [38-40). The HDS activity decrease of the Mo/C 

catalysts was ascribed to the irreversible chemisorption of PH3 on the active MoS2 

sites. The low HDS activity of the Fe/C and Co/C catalysts was suggested to be 

due to the presence of stabie Fe-P and Co-P compounds which can not be 

sulfided and converted to the active Fe- and Co-sulfides. The formation of Fe-P 

and Co-P compounds was also shown to decrease the amount of the active 

"Fe-Mo-S" and "Co-Mo-S" phase in the Fe-Mo/C and Co-Mo/C catalysts and 

led to a significant decrease of their HDS activity. The formation of stabie Ni-P 

might thus also hamper the formation of the active "Ni-Mo-S" phase and be the 

reason for the decrease of the HDN and HDS activity of the Ni-Mo-P /C catalysts 

(Chapter 4). Interestingly, in the absence of Mo, the presence of such stabie Ni-P 

compounds does not lead to a decrease but to a permanent increase of the HDN 

activity of the Ni-P /C catalyst while the HDS activity of this catalyst decreased 

only slightly. As phosphorus has always been reported to be a poison for 

carbon-supported catalysts (in the HDS), Ni-P /C is the first carbon-supported 

catalyst which was found to be promoted by phosphorus (in the HDN). In contrast 

to the HDS studies [38-40), there was also no poisoning effect of phosphorus on the 

HDN activity of the Mo/C catalyst either. This indicates that the poisoning by 

adsorption of some P-eompound on the active sites is only important in 

experiments carried out at low gas hourly space veloeities and in the absence of 

stronger adsorbing N-eompounds. The observed difference in the effect of 

phosphate on the activity of Ni/C and other catalysts as well as between the HDS 

and HDN results increased our curiosity whether the beneficia! effect of 

phosphorus on the HDN activity of the Ni/C catalyst was unique or whether there 

167 



are other roetal sulfides that can be promoted by phosphorus in the HDS or HDN. 

In a series of carbon-supported transition roetal sulfide catalysts (first, 

secend and third row, groups V, VI, VII and VIII), phosphorus was introduced in 

the catalysts in situ via the gas phase, using a bed of P JC placed upstream of the 

MefC catalyst bed (Chapter 5). The experimental setup was chosen in order to 

minimize dispersion effects caused by the presence of phosphorus. The thiophene 

conversion to hydrocarbons and the butene hydragenation were strongly influenced 

by the presence of the P-eompound in the feed. The majority of the catalysts was 

poisoned by phosphorus. The group VIII catalysts were the most resistant towards 

this poisoning and the Ni/C catalyst was even promoted in the HDS. Since 

thiophene has a higher adsorption coefficient than butenes and the magnitude of 

the poisoning effect on the thiophene conversion was found to be higher than that 

on the hydragenation of butenes, it was concluded that the poisoning effect was 

not just due to the adsorption of P-eompounds on one type of active site. Various 

sites which were to a different extent influenced by phosphorus, might be involved 

in the catalytic performance of these catalysts. Transition roetal sulfides with high 

hydragenation activity might also be able to reduce the concentratien of 

chemisorbed P-eompounds at their surface by the hydragenation of these 

compounds to PHa which, as a more volatile compound, desorbs relatively easy. 

The P-eompound might not only influence the active sites by adsorption but 

might also react with the active roetal sulfides. The final effect could thus also be 

dependent on the formation of stable metal-phosphorus compounds having specific 

catalytic properties and does not necessarily have to be poisoning. The only 

catalyst that was positively influenced by in situ introduced phosphorus in this 

series of HDS experiments was Ni/C and the key question was whether this 

promoting effect would also exist in the case of HDN. 

Therefore, Ni/C, MofC and Ni-Mo/C catalysts were modified by the in 

situ addition of phosphorus in the quinoline-HDN (Chapter 6). The 

phosphorus-eontaining Ni/C catalyst was strongly promoted in HI)N, to a much 

higher extent than the Ni-P /C catalyst prepared by the impregnation of the 

carbon support with H3P04• This effect was ascribed to be due to the formation of 

stable Ni-P compounds such as Ni-phosphate, Ni-phosphide or 

Ni-phosphosulfide. Such compounds have been reported before (41--43] to act as 

hydragenation or eliminatien catalysts and their formation under the experimental 

condition of the quinoline HDN or thiophene HDS activity test is very well 

possible. So far, it has not been established which of these compounds was really 

168 



present and catalytic active in our experiments. However, this was the first really 

successful modification of the carbon--supported Ni sulfide catalyst, which usually 

is not considered to be a really good HDS and HDN catalyst. This new 

phosphorus-rontaining Ni/C catalyst, the activity of which was as high as that of 

the commercial Ni-Mo-P/ Al 20 3 catalysts, contained a non-taylor made carbon 

carrier, a low loading of an inexpensive metal and a small amount of phosphorus 

introduced in situ. This special way of phosphorus introduetion makes it possible, 

starting from a well dispersed Ni catalyst, to modify it by phosphorus and at the 

same time minimize the changes of dispersion. 

The Mo/C catalyst which was promoted with phosphorus introduced via 

the gas phase was only slightly promoted in the HDN but poisoned in the HDS 

(Chapter 6). These effects might be due to a combination of chemisorption of 

P--compounds and permanent effects of phosphorus on the structure and or 

chemica! properties of the MoS 2 phase. Depending on the reaction conditions, the 

final effect can thus be poisoning as well as promoting. The Ni-Mo/C catalyst 

with phosphorus introduced via the gas phase was, just like tbe Ni-Mo-P /C 

catalyst prepared by impregnation of the support with H3P04, poisoned by 

pbospborus. It is very interesting tbat tbe P--compound introduced in situ via the 

gas phase is able to modify the catalyst in a similar way as pbosphate introduced 

via the impregnation of the support with H3P04. Both effects were so similar that 

the effect of the in situ introduced P--compound was also concluded to be due to 

the segregation of Ni and Mo caused by the formation of stabie Ni-P compounds 

at the expense of the 11 Ni-Mo-S 11 phase formation. Just like their 

Al20 3--supported counterparts, all P-rontaining carbon--supported catalysts 

prepared in situ or by H3P04 impregnation had an increased cracking and 

isomerisation activity. 

The present study on the role of phosphorus in the Al 20 3 and 

carbon--supported Ni, Mo and Ni-Mo catalysts bas not provided a unique 

explanation of the role of phosphorus in the complex HDN reaction network. 

However, many new features of the effect of phosphorus on the activity and 

selectivity of these catalysts were observed and a new interesting way for the 

introduetion of phosphorus into the catalysts leading to a major increase of its 

activity bas been found. 

The study on the periodic trends in the HDN activity (Chapter 7,8,9) of 

carbon--supported transition metal sulfides (first, second and third row, groups V, 

VI, VII and VIII) bas shown that the transition metal sulfides themselves, without 
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the assistance of the acid groups of the Al20 3 support, can catalyze all the reaction 

steps of the quinoline-HDN reaction: hydragenation of the heterocyclic as well as 

the benzene ring, the opening of the heterocyclic ring and the N-removal. In the 

present study four different model compounds have been used as substrates for the 

HDN reaction. Besides quinoline HDN which includes all the steps mentioned 

above, also decahydroquinoline HDN (removing the necessity for the initial 

hydrogenation of the heterocyclic and benzene ring), o-propylaniline HDN and 

cyclohexylamine HDN (removing the necessity for the initial hydrogenation of the 

heterocyclic and benzene ring and the opening of the heterocyclic ring) have been 

used as model reactions. The first row transition metal sulfides have low 

conversions to hydrocarbons in quinoline-, decahydroquinoline-, o-propylaniline

and cyclohexylamine-HDN. In contrast to the HDS results of these catalysts 

which formed a double maximum curve [44-46], their HDN activities formed a 

kind of "U-curve" with a minimum at Mn or Fe and with V or Ni having the 

highest activities [47,48] . Just like in the HDS, the HDN activities of the second 

and third row transition metal sulfides formed volcano curves with maxima at Rh 

and Ir, respectively. Mo and W, the transition metal sulfides usually present in 

commercial catalysts, had the lowest HDN activities in these rows. The HDN 

activity increases in general in the sequence first row < second row < third row 

transition metal sulfides. 

The opening of the heterocyclic ring and in some cases possibly the 

hydrogenation of the benzene ring of quinoline [49-55] were reported to he the rate 

limiting steps of the quinoline HDN reaction network for Ni-Mof Al 20 3 catalysts . 

In the present study we have shown that the general trends for the HDN activity 

of the carbon-supported transition metal sulfide catalysts did not significantly 

change even if both "rate limiting steps" were eliminated, as was the case in the 

o-propylaniline- and cyclohexylamine-HDN. There were only smal! differences 

between the activities of the second and third row transition metal sulfides in the 

o-propylaniline- and cyclohexylamine-HDN while the third row transition metal 

sulfides were clearly the most active catalysts in the quinoline- and 

decahydroquinoline-HDN. However the shape of the respective curves and the 

positions of the maxima or minima were mostly consistent in all the test reactions. 

This means that the activities for all different reaction steps probably follow 

similar trends. As a matter of fact, all the steps which belong to the quinoline 

HDN reaction network except for the elimination steps have the addition of 

hydrogen to the substrate molecule in common. The final trends might thus very 
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well be a result of the differences in the hydragenation activities andfor in the 

adsorption properties of the transition metal sulfides. These differences might 

become more or less pronounced, depending on the number of H-atoms necessary 

to form hydrocarbons from the substrate and on the basicity of the substrate. The 

similarities between the trends found for the HDS [44-46] and HDN activities of 

the transition metal sulfides [47,48] but also the trends for the hydrogenation 

activities of the transition metals indicate that all these trends are related to the 

same property of the transition metal ions. 

There were large differences in the selectivity within these series of 

catalysts. The most interesting example of a deviating selectivity was the Re/C 

catalyst which had moderate quinoline- and decahydroquinoline-HDN activities 

and a high o-propylaniline HDN activity. In contrast to other catalysts with high 

HDN activity (Rh/C, Ir/C) which, as a rule, had also a high propylcyclohexane 

selectivity, the Re/C catalyst had a high propylbenzene selectivity in quinoline

and o-propylaniline-HDN. In general, the selectivity for propylcyclohexene was 

the highest in the decahydroquinoline-HDN and that for propylbenzene was the 

highest in the o-propylaniline-HDN. The secondary reactions of hydrocarbons 

were found to be almost negligible in the presence of high concentration of strongly 

adsorbing N~ompounds. Therefore, the differences in the product distributions in 

various reactions indicate that all reaction pathways of the quinoline-HDN are 

important under the given reaction conditions. The direct hydrogenolysis of 

o-propylaniline was clearly the most important in the o-propylaniline HDN while 

the decahydroquinoline HDN proceeded for a major part via the elimination of 

NH3 from propylcyclohexylamine. 

The screening of the HDN properties of the transition metal sulfide 

catalysts has shown that catalysts such as Rh/C and Ir/C have much higher HDN 

activities than the commercial type catalysts. Interestingly, the Re/C catalyst 

exhibited a high selectivity for aromatic hydrocarbons. Also the Rh/ Al20 3 catalyst 

showed a high HDN activity and stability. However, the excellent catalytic 

performance of these catalysts might not compensate the costs of the use of these 

precious metals. More realistic might therefore be the commercial application of 

the 11phosphided11 Ni/C catalyst which has shown very good catalytic properties in 

both test reactions used and is at the sametime not at all expensive. 
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SUMMARY 

The role of support (activated carbon, Al203}, active phase (transition 

metal sulfides) and phosphate in the catalytic hydrodenitrogenation (HDN} has 

been studied using quinoline, decahydroquinoline, o-propylaniline and 

cyclohexylamine as model compounds. Thiophene hydrodesulfurisation (HDS} has 

been used as the HDS activity test. In this study, series of carbon- and 

Ahû:rSupported P-free and P---eontaining Ni, Mo and Ni-Mo catalysts as well as 

carbon-supported transition metal sulfide catalysts have been studied. Fresh and 

some sulfided and spent catalysts have been further characterized by means of 

X-ray photoelectron spectroscopy (XPS}. 

The first part of this thesis concerns the effect of phosphorus on the 

performance of Al20 3- and carbon-supported catalysts. Phosphate was an 

efficient promoter for the Ni-Mo/ Al20 3 and for the Rh/ Al20 3 catalysts in the 

quinoline-HDN. The selectivity for propylbenzene and the cracking and 

isomerisation activity increased with the HDN activity. The HDS activity 

remained unchanged but the selectivity for butane decreased. The effect of 

phosphate was probably due to the formation of a new type of P-associated active 

sites besides the originally present metal sulfide sites. These new sites might be 

phosphate-modified metal sulfide sites, AlP04 or other metal- phosphorus 

compounds. At present it is not possible to draw any conclusions about their 

chemical composition. 

The magnitude of the phosphorus promoter effect in the Ni-Mo-P/ Ah0 3 

catalysts was dependent on the calcination treatment, the sequence of P, Mo and 

Ni introduction, the P---eompound applied, the way of introduetion (sequentia! 

impregnation or coimpregnation) and the composition of the ( co-)impregnation 

solutions. However, all the P---eontaining Ni-Mo/ Al20 3 catalysts were promoted 

by phosphate in the HDN. The formation of AIP04 on the Al20 3 surface influences 

the dispersion of the active metal sulfide phase and changes the texture and acidity 

of the catalyst. AIP04 itself had a low HDN activity and a low eradring and 

isomerisation activity. The presence of phosphate has thus numerous effects on the 

structure, texture and performance of the Al20 3-supported catalysts. Some of 

these effect are related to the interaction between phosphate and Al20 3 support 

and that is why the Al2û:rSupported catalysts are not preferabie for studies on 

the interaction between the metal sulfides and phosphate. 
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The application of a carbon-support eliminates the interlering 

phosphate-support interaction but introduces another effect. Phosphate, which 

only adsorbed on the carbon support can interact with the active roetal sulfides or 

can be removed via the gas phase. The final effect of phosphorus in these catalysts 

is thus a combination of adsorption (temporary effects) and the chemica! influence 

of phosphorus bound to metals (permanent effects). Phosphorus introduced as 

H3P04 did not affect the dispersion of Mo but the formation of Ni-P compounds 

changed the dispersion of Ni in the carbon-supported catalysts. The HDN activity 

of the M<r-P catalyst did not change but its HDS activity decreased strongly in 

the presence of phosphate. The formation of Ni-P compounds reduces the amount 

of the active "Ni-M<r-S" phase and, as a consequence, the HDN and HDS activity 

of the Ni-M<r-P /C catalysts decreases. The interaction between Ni and P 

increases the HDN and HDS activity of the Ni-P /C catalysts which is the first 

example of a carbon-supported catalyst which is promoted and not poisoned by 

phosphorus. 

Three series of carbon-supported group V-VIII transition roetal sulfide 

catalysts were modified by phosphorus introduced in situ during thiophene HDS 

experiments. The majority of these catalysts were poisoned. The group VIII 

catalysts were the most resistant and Ni was even promoted. The HDS activity 

decreased more than the butene hydrogenation for most of these catalysts. This 

indicates that the poisoning effect was not due to the adsorption of P-compounds 

on one type of active site but that various sites, toa different extent influenced by 

phosphorus, were involved. The formation of metal-phosphorus compounds might 

be one of the reasons for the changes of the catalyst performance. Transition roetal 

sulfides with high hydragenation activity might also be able to hydrogenate the 

adsorbed P-compounds to PH3 and thereby enhance their desorption from the 

active sites. 

The Ni/C, Mo/C and Ni-Mo/C were modified by phosphorus introduced in 

situ during the quinoline HDN experiments. This special preparatien method 

makes it possible, starting from a well dispersed catalyst, to modify it by 

phosphorus and at the same time minimize the changes of dispersion. The 

"phosphided" Ni/C catalyst was strongly promoted by phosphorus in HDN as well 

as in HDS and this effect was concluded to be due to the formation of stabie Ni-P 

compounds. It was the first considerable impravement of the performance of a 

carbon-supported Ni catalyst and also the first really succesfull use of phosphorus 

as a promoter in a carbon-supported catalyst. The "phosphided" Mo/C catalyst 
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was promoted only slightly in the HDN but poisoned in the HDS. The 

"phosphided" Ni-Mo/C catalyst was, just like the Ni-Mo-P /C catalyst (prepared 

by impregnation of the support with H3P04) poisoned by phosphorus and this 

effect was also concluded to be due to the segregation of Ni and Mo and to the 

decreased formation of the "Ni-Mo-S" sites caused by the formation of stable 

Ni-P compounds. The majority of the P-{;ontaining carbon-supported catalysts 

prepared in situ or by H3P04 impregnation had an increased cracking and 

isomerisation activity. 

The second part of this thesis contains a study on the periodic trends in the 

HDN activity of carbon-supported group V-VIII transition roetal sulfides in 

quinoline-, decahydroquinoline-, o-propylaniline-- and cyclohexylarnine--HDN. It 

was found that the transition roetal sulfides themselves, without the assistance of 

the polar groups of the Al20 3 support, can catalyze all the reaction steps of the 

quinoline--HDN reaction: the hydragenation of the heterocyclic and the benzene 

ring, the opening of the heterocyclic ring and the N-removal. The first row 

transition roetal sulfides had low HDN activities which formed a kind of 

"U-{;urve" with a minimum at Mn or Fe and with V or Ni having the highest 

activities when plotted versus the position of the transition roetal in the periodic 

system. The HDN activities of the second and third row transition roetal sulfides 

formed volcano curves with maxima at Rh and Ir, respectively while Mo and W 

had the lowest HDN activities in these rows. In genera!, the HDN activity 

increases from the first to the second and to the third row transition roetal 

sulfides. There were large differences in the selectivity within these series of 

catalysts. Re/C, a catalyst with moderate quinoline-- and 

decahydroquinoline--HDN activities but an extremely high o-propylaniline HDN 

activity, was the most interesting example. In contrast to other highly active 

catalysts such as Rh/C or Ir/C which as a rule also had a high propylcyclohexane 

selectivity, this Re/C catalyst had a high propylbenzene selectivity in quinoline-

and o-propylaniline--HDN. 

The selectivity for propylhexene was the highest in the 

decahydroquinoline--HDN and that for propylbenzene was the highest in the 

o-propylaniline--HDN. Indications have been found that the secondary reactions of 

hydrocarbons were almost negligible in the presence of high concentration of 

strongly adsorbing N-{;ompounds. The differences in the product distributions in 

various reactions indicate that all reaction pathways of the quinoline--HDN (via 

hydrogenolysis of or NH3 elimination from propylcyclohexylamine as well as via 
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direct hydrogenelysis of o-propylaniline) are important under the given reaction 

conditions. 

The screening of the HDN properties of the transition metal sulfide 

catalysts has shown that Rll/C or Ir/C catalysts have much higher HDN activities 

and higher selectivities for propylcyclohexane than the commercial Ni-Mof Ab0 3 

catalysts, Re/C had a high selectivity for aromatic hydrocarbons. Also the 

Rll/ Al20 3 catalyst showed a high HDN activity and high stability in time. 

However, the excellent catalytic performance of these catalysts can hardly 

compensate the costs connected with the use of these precieus metals. 

178 



SAMENVATTING 

Dit proefschrift is een beschrijving van een studie naar de rol van 

verschillende katalysatorbestanddelen zoals de drager (geactiveerd koolstof, 

Ah03), de actieve fase (overgangsmetaal sulfides) en additieven (fosfaat) in de 

katalytische ontstikstoffing (hydrodenitrogenation, afgekort HDN). Met chinoline, 

decahydrochinoline, o-propylaniline en cyclohexylamine als modelstoffen voor de 

HDN test en thiofeen als modelstof voor de ontzwavelingstest 

(hydrodesulfurisation, afgekort HDS), zijn verschillende katalysatoren bestudeerd. 

De experimenten zijn uitgevoerd met koolstof- en AhO:r gedragen P-vrije en 

P-houdende Ni, Mo en Ni-Mo katalysatoren, die verwant zijn aan commerciele 

Ni-Mo-P/ AhO 3 katalysatoren alsmede met koolstofgedragen overgangsmetaal 

sulfide katalysatoren. 

Gevonden werd dat fosfaat een efficiente chinoline HDN promotor is, niet 

alleen voor Ni-Mo/ Al20 3 maar ook voor Rh/ Al203. Parallel aan de toename van 

de chinoline-HDN activiteit nam ook de selectiviteit voor propylbenzeen en voor 

kraak- en isomerisatie- reacties toe. De thiofeen conversie naar koolwaterstoffen 

bleef onveranderd maar de selectiviteit voor butaan nam af. Geconcludeerd werd 

dat het effect van fosfaat veroorzaakt wordt door de vorming van een nieuw type 

actieve plaatsen aan het katalysator oppervlak (sites) naast de bestaande 

oorspronkelijke metaal sulfide sites. Het was niet mogelijk vast te stellen of deze 

nieuwe sites gewoon fosfaat gemodificeerde metaalsulfide sites zijn, dan wel AlP0 4 

of andere metaal-{Ni, Mo, Rh) fosfor verbindingen. 

Onafhankelijk van de bereidingsmethode werden alle Ni-Mo / Al 20 3 
katalysatoren gepromoteerd door fosfaat in de HDN. De grootte van het promotie 

effect was afhankelijk van vele factoren in de bereidingsprocedure: de volgorde van 

P, Mo and Ni toevoeging, de calcineringsbehandeling, de gebruikte fosfor 

verbinding, de manier van toevoeging (sequentiele impregnatie of co-impregnatie), 

de samenstelling van de (co-) impregnatie oplossingen. Alles wijst er op dat 

fosfaat niet alleen bijdraagt aan de vorming van nieuwe actieve sites en de 

dispersie van de actieve metaal sulfide fase beïnvloedt, maar ook de textuur en de 

zuurgraad van de katalysator verandert door de vorming van AlP0 4 op het Ah0 3 

oppervlak. Dit AIP04 bleek zowel een lage HDN activiteit als lage activiteit voor 

kraak- en isomerisatie- reacties te hebben. Verschillende effecten worden 

veroorzaakt door de aanwezigheid van fosfaat en sommige zijn een gevolg van 

interacties tussen fosfaat en de Al20 3 drager. De Al20 3 gedragen katalysatoren zijn 
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daardoor niet aan te raden als modelsystemen voor studies naar de interacties 

tussen metaalsulfide en fosfaat . 

Het gebruik van koolstofgedragen katalysatoren elimineert weliswaar het 

effect van de fosfaat-drager interactie maar het introduceert weer een ander effect. 

Aangezien fosfaat alleen door chemisorptie gebonden is aan de koolstofdrager, kan 

het desorberen en een interactie aangaan met de actieve sites. Het effect van fosfor 

in koolstofgedragen katalysatoren is aldus een combinatie van tijdelijke 

chemisorptie effecten en de blijvende chemische invloed van fosfor dat gebonden is 

aan de actieve overgangsmetaalfase. 

Fosfor geïntroduceerd door de impregnatie van de koolstofdrager met 

H3P04 heeft geen effect op de dispersie van Mo maar beïnvloedt door de vorming 

van stabiele Ni-P verbindingen de dispersie van Ni. Dit belemmert de vorming 

van de actieve "Ni-Mo-S" fase en verlaagt de HDN en HDS activiteit van de 

Ni-Mo-P /C katalysator. De vorming van stabiele Ni-P verbindingen leidt tot een 

blijvende toename van de HDN en HDS activiteit van de Ni-P /C katalysatoren. 

Aangezien fosfor tot nu toe altijd beschreven werd als een gif voor koolstofgedragen 

HDS katalysatoren, is de Ni-P /C katalysator beschreven in dit proefschrift de 

eerste koolstofgedragen katalysator die gepromoteerd wordt door fosfor . 

In een serie thiofeen HDS experimenten met een groot aantal koolgedragen 

overgangsmetaal sulfides (groep V-VIII metalen uit de eerste-, tweede en derde rij 

van het periodiek systeem) werd nagegaan hoe uniek de Ni-P interactie is. Om 

zoveel mogelijk te voorkomen dat de dispersie van de sulfide fase zou worden 

beïnvloed door de aanwezigheid van fosfaat werd een methode bedacht om fosfor in 

situ via de gas fase en in aanwezigheid van H2S te introduceren. Daartoe werd in 

de reactor, bovenstrooms van het katalysator bed, een P /C bed aangebracht. De 

thiofeen conversie naar koolwaterstoffen en de buteen hydrogenering werden sterk 

beïnvloed door de aanwezigheid van de mobiele P-verbinding in de reactor. Met 

uitzondering van Ni sulfide dat zelfs werd gepromoteerd, werden alle 

metaalsulfides vergiftigd door fosfor. De groep VIII metaal sulfides waren over het 

algemeen het meest resistent tegen deze vergiftiging. Omdat het vergiftigingseffect 

meestal groter was voor de thiofeen HDS dan voor de buteen hydrogenering, kan 

het niet het gevolg zijn van de adsorptie van P-verbindingen op slechts een type 

actieve sites. Meerdere sites, die in verschillende mate door fosfor beïnvloed 

werden, kunnen betrokken zijn in de katalytische prestatie van deze katalysatoren. 

Het uiteindelijke effect van fosfor hangt af van de vorming van stabiele 

overgangsmetaal-fosfor verbindingen en hun katalytische eigenschappen. 
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Overgangsmetaalsulfides met een hoge hydrogeneringsactiviteit kunnen 

mogelijkerwijs de desarptie van de geadsorbeerde P-verbindingen versnellen door 

deze verbindingen tot PH3 te hydrogeneren. 

Omdat de grootte van het fosforeffect op de HDS activiteit van de 

koolstof-gedragen Ni en Mo katalysatoren groter was als fosfor in situ via de gas 

fase geïntroduceerd werd, werden de Ni/C, Mo/C en Ni-Mo/C katalysatoren op 

dezelfde manier gemodificeerd in de chinoline-HDN. De gefosfideerde Ni/C 

katalysator bleek sterk gepromoteerd te worden door fosfor zowel in HDN als HDS. 

Geconcludeerd werd dat dit een gevolg is van de vorming van stabiele Ni-P 

verbindingen zoals bijvoorbeeld Ni-fosfaat, Ni-fosfide of Ni-fosfo--sulfide. Dit is 

de eerste echt succesvolle modificatie van de koolstof gedragen Ni katalysator, die 

normaal bekend is als een slechte HDS en HDN katalysator. Deze speciale methode 

om fosfor te introduceren maakt het mogelijk om, uitgaande van een goed 

gedispergeerde Ni katalysator, deze te modificeren met fosfor en tegelijkertijd de 

verandering van dispersie te minimaliseren. 

De "gefosfideerde" Mo/C katalysator was slechts licht gepromoteerd in de 

HDN, maar zijn HDS aktiviteit was aanzienlijk afgenomen. Deze effecten kunnen 

een gevolg zijn van een combinatie van reversibele chemisorptie van 

P-verbindingen en permanente effecten van fosfor op de structuur van de MoS 2 

fase. De "gefosfideerde" Ni-Mo/C katalysator werd, evenals de Ni-Mo-P /C 

katalysator bereid door impregnatie van de drager met H3P04, vergiftigd door 

fosfor. Geconcludeerd werd dat dit effect een gevolg is van de vorming van stabiele 

Ni-P verbindingen waardoor er segregatie van Ni en Mo opteedt en de vorming 

van de aktieve "Ni-Mo-S" sites wordt bemoeilijkt. Bijna alle, via de gas fase of de 

impregnatie methode bereide P-houdende koolstofgedragen, katalysatoren 

vertoonden een verhoogde kraak- en isomerisatie- activiteit. 

De studie naar de periodieke trends in de HDN activiteit van koolstof 

gedragen overgangsmetaalsulfides (groep V-VIII metalen uit de eerste-, tweede

en derde rij van het periodiek systeem) heeft aangetoond dat de overgangsmetaal 

sulfides zelf, zonder hulp van de polaire groepen van de Ah03 drager, alle 

reactiestappen van de chinoline-HDN reactie kunnen katalyseren: hydrogenering 

van de heterocyclische- en benzeen ring, ring opening en N-verwijdering. De 

eerste rij overgangsmetaal sulfides hebben een lage conversie naar koolwaterstoffen 

in de chinoline-, decahydrochinoline-, o-propylaniline- en cyclohexylamine

HDN. Als functie van de plaats in het periodiek systeem, vormen hun activiteiten 

een soort "U-<:urve" met een minimum voor Mn of Fe en met V en Ni als de meest 
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actieve sulfides. De HDN activiteiten van de tweede en derde rij overgangsmetaal 

sulfides volgen 11vulkaan-curves" met maxima bij respectivelijk Rh en Ir. Mo en 

W hebben de laagste HDN activiteit in deze rijen. De HDN activiteit neemt 

meestal toe van de eerste via de tweede naar de derde rij overgangsmetaal sulfides. 

Er waren grote verschillen in de selectiviteit binnen deze series katalysatoren. Het 

meest interessante voorbeeld van afwijkende selectiviteit is de Re/C katalysator, 

die een matige chinoline- en decahydrochinoline- HDN activiteit heeft terwijl de 

o-propylaniline-HDN activiteit extreem hoog is. In tegenstelling tot andere 

katalysatoren met een hoge HDN activiteit (Rh/C, Ir/C), die als regel ook een 

hoge propylcyclohexaan selectiviteit vertonen, heeft de Re/C katalysator een hoge 

propylbenzeen selectiviteit in de chinoline- en o-propylaniline- HDN. 

In het algemeen is de selectiviteit voor propylcyclohexeen het hoogste in de 

decahydrochinoline-HDN en voor propylbenzeen het hoogste in the 

o-propylaniline-HDN. Omdat aangetoond werd dat de volgreacties van de 

koolwaterstoffen bijna verwaarloosbaar zijn in de aanwezigheid van hoge 

concentraties sterk adsorberende N-verbindingen, duiden de verschillen in product 

verdelingen in de diverse reacties erop, dat alle reactiewegen van de 

chinoline-HDN (via hydrogenolyse en NH 3 eliminatie van propylcyclohexylamine 

alsook via directe hydrogenolyse van o-propylaniline) van belang zijn onder de 

gegeven reactiecondities. 

De evaluatie van de HDN eigenschappen van de overgangsmetaal sulfide 

katalysatoren heeft aangetoond dat, onder de hier toegepaste experimentele 

condities, katalysatoren zoals Rh/C en Ir/C een veel grotere HDN activiteit 

hebben dan de commerciele Ni-Mo katalysatoren, en dat Re/C een hoge 

selectiviteit heeft voor aromatische koolwaterstoffen. Ook Rh/ Al20 3 had een hoge 

HDN activiteit en stabiliteit. Echter, de uitstekende katalytische prestaties van 

deze katalysatoren kunnen de kosten verbonden aan het gebruik van deze metalen 

waarschijnlijk nooit compenseren. 
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1. Het gebruik van pyridine en piperidine als modelstoffen voor de katalytische 

ontstikstoffing leidt tot geen enkele vereenvoudiging van de experimentele 

procedure noch van de interpretatie van de resultaten. 

M.J. Ledoux, Appl. Catal., 9 (1984) 31. 
M.J. Ledoux, A. Bouassida and R. Benazouz, Appl. Catal., 9 (1984) 41. 

2. De afwezigheid van een promotie effect van Ni op de ontstikstoffingsactiviteit 

van de MoS2/ Al203 katalysator getest met een zwavelhoudende voeding wekt 

twijfels over de betrouwbaarheid van de gepresenteerde resultaten. 

M.M. Ramirez de Agudelo and A. Morales, Proc. 9th Int. Congress Catal. , 
Calgary, 1988, M.J. Philips and M. Ternan, Editors, The Chemica! Institute of 
Canada, Ottawa 1988, Vol. I, p. 42. 

3. Het is onwaarschijnlijk, dat de toevoeging van een N-houdende verbinding aan 

de voeding tot een verhoging van de HDS of HDN activiteit van de sulfidische 

Ni-Mo/Al20 3 katalysatoren zou kunnen leiden. 

M. Nagai, Ind. Eng. Chem. Process Res. Dev., 24 (1985) 489. 
C. Moreau, L. Bekakra, A. Messalhi, J.L. Olive and P. Geneste, Proceedings of the 
Annual Meeting of American Institute of Chemica! Engineers, Washington 1988, 
paper nr. 68a. 

4. De hoge nauwkeurigheid van de analyse technieken kan de fouten ontstaan door 

de onvermijdelijke drastische voorbehandeling van de gebruikte katalysatoren niet 

compenseren. 

5. De aanwezigheid van sterke Bronsted and Lewis zure sites in de A1P04-S is te 

wijten aan Al203 verontreinigingen en niet aan A1P04 zelf. 

V.R. Choudhary and D.B. Akolekar, J. Catal., 103 (1987) 115. 



6. De snelle ontwikkeling van de analytische chemie in de laatste jaren doet terecht 

geloven dat minstens de helft van de Nederlandse bodem binnenkort afgegraven 

moet worden en dat alle atleten tijdens doping controles positief bevonden zullen 

worden. 

7. Veel Nederlanders hopen dat niemand van de regeringsfunctionarisen op het idee 

komt dat de verhoging van de maximum snelheid op de nederlandseautosnelwegen 

tot 150 km per uur tot een verdere drastische verlaging van het aantal 

verkeersovertredingen en vervolgens tot een verlaging van de overheidsuitgaven 

kan leiden. 

8. In tegenstelling tot wat vaak verwacht wordt heeft berieden de 70 vol.% de H2 

concentratie slechts een geringe invloed op de gevoeligheid van de temperatuur 

geprogammeerde reductie metingen. 

J . van Doorn, PhD Thesis University of Amsterdam, in preparation. 

9. Het is absurd te veronderstellen dat het betalen van studietoelagen aan de 

kinderen van rijke ouders en het geven van treinabonnementen aan de 

thuiswonende studenten tot een besparing zou kunnen leiden. 

10. De secundaire ionen als CN- en C~2- geobserveerd in Secondary Ion Mass 

Speetrometry van geadsorbeerde lagen moeten toegeschreven worden aan reacties 

volgend op de primaire ionisatie door de invallende Ar+ bundel en niet aan cyanide 

of acetyleen complexen aanwezig in de geadsorbeerde lagen. 

L.L. Lauderback and W.N. Delgass, ACS Symp. Series, 248 (1984) 21; ibid. 279 
(1985) 339. 
L.A. Delouise and N. Winograd, Surface Sci., 154 (1985) 79. 
J.H. Graig, Surface Sci., 141 (1984) 1291. 
J.W. Niemansverdriet and A.D. Langeveld, Catalysis 1987, J.W. Ward (Editor), 
Elsevier Science Publishers 1988, Amsterdam, The Netherlands, p. 769. 


