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Chapter 1

General Introduction

This chapter introduces the importance of industrial hydrotreating processes because of the growing
petroleum demand and stricter environmental legislations. Concepts for hydrodesulfurization (HDS) and
hydrodenitrogenation (HDN) are given and reaction networks of model compounds are described.
Effects of hydrogen disulfide and hydrogen donating molecules are discussed. The overview of a
catalyst precursor structure as well as of a conventional promoted MoS: catalyst is given with a special
emphasis on the active sites. Further development of catalytic systems is proposed.



General introduction | 2
Chapter 1

1. Crude oil as the source of energy

Crude oil (petroleum) consists of complex gaseous, liquid, and solid hydrocarbons, and other
organic hetero compounds containing sulfur, nitrogen, oxygen and trace amounts of metals.
The relative concentration of hydrocarbons, i.e., paraffins, naphthenes, aromatics, and
asphaltenes depends on the oil type. Therefore crude oil exists with a wide range of specific
gravity and viscosity. Even though its physical properties may vary depending on the
consisting compounds, the proportion of chemical elements is found to be in a very narrow

range, Table 1 [1].

Chemical element wt.%
Carbon 83 -87
Hydrogen 10-14
Sulfur 05-6
Nitrogen 01-2
Oxygen 01-15
Metals <0.1
Table 1. Elementary composition of petroleum [1].

Consumption of different types of energy over past years and the prediction for the future is
shown in Table 2. Crude oil presents the most frequently used resource of energy and is
mostly used for the liquid fuel production. Therefore, higher liquid fuel consumption leads to

a growing crude oil demand.

Energy consumption, quads (1 quad ~ 10" BTU or 1.055 kJ)

1995 1996 2010 2015
Crude oil (petroleum) 34.7 36.0 40.4 44.1
Gas 22.3 22.6 26.3 31.9
Coal 19.7 20.8 24.1 29.0
Nuclear 7.2 7.2 7.4 4.7
Hydro 34 4.0 3.2 3.2
Other 3.2 3.3 4.0 5.2

Table 2. Past and projected energy consumption [1].

One of the world’s greatest progresses in the 20™ century was the transportation revolution.
In nowadays, the consumption of diesel fuels is the highest among the three dominant types
of fuels, i.e., gasoline (cars with spark ignition engines), diesel fuel (track or trains with
compression ignition engines) and jet fuel (sailing ships and aircrafts with gas turbine
engines) [2]. Continuously growing demand made the specifications standards and
environmental legislations on diesel fuel composition and properties more severe. The most
important steps in the development of diesel fuel in EU are shown in Table 3 [3]. These

guality standards for the EU automotive fuels have been developed from European Standard
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Organization (CEN) with the aim to reduce the pollutant emissions since the transportation

present the major source of air pollution in urban environments.

Year Max. sulfur limit, ppm Min. cetane number
October 1994 1000 49
October 1996 500
January 2000 350 51
January 2005 50 (for highway vehicles)
January 2009 10 (for highway vehicles)

Table 3. CEN quality standards for diesel fuel [3].

Numerous countries have great oil reserves, Fig. 1. [4]. Nevertheless, diminishing of lighter
crude oil reserves has led to a shift towards heavy oil use, since the most of world’s oil
resources are heavy hydrocarbons, Fig. 2 [5]. Even though, heavy crude oils contain higher
concentration of impurities, i.e., sulfur- and nitrogen-containing compounds, and metals that
make them difficult and more expensive to refine, they present the future of the oil industry
because of great availability.

m SaudiArabia (262)
H Canada (179)
®ran (126)
H [raq (115)
m Kuwait (102)
= United Arab Emirates (98)
" Venezuela (79)
= Russia (60)
United States (21)
B Other (238)

Figure 1. Oil reserves by country from U.S. Energy Information Administration, 2006.

H Conventional oil
B Qil sands and bitumen
" Heavy oil

® Extraheavy oil

Figure 2. Total oil resources of 9 to 13 trillion bbl [5].
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2. Industrial hydrotreating

One of the most performed refinery processes is hydrotreating [6]. It is used for
hydrogenation of double bonds and aromatic rings, hydrogenolysis reaction where C-X bond
is cleaved for the heteroatom removal (X= S, N, O), and removal of metals, for improving the
product quality and for obtaining the environmentally acceptable products. At the mild
conditions of hydrotreating reactions, the molecular size doesn’t change significantly in
contrast to hydrocracking reactions where C-C bond cleavage occurs [7]. Therefore
hydrotreating is reductive treatment of organic molecules consisting of following reactions:
hydrogenation (HYD), hydrodesulfurization (HDS), hydrodenitrogenation (HDN),
hydrodeoxygenation (HDO) and hydrodemetallization (HDM) that are carried out
simultaneously in industry [8]. Sulfur removal is carried out via formation of H,S, nitrogen via

NH; and oxygen via formation of H,O. Metals are often removed in form of metal sulfides.

Besides improving the fuel quality (odor, color, stability, corrosion), the main purpose of
hydrotreating reactions is to reduce the air pollution emissions and to avoid poisoning of
noble metals and acid catalysts used in catalytic reforming and cracking. Primary objective in
naphtha hydrotreating is to remove sulfur-containing compounds for downstream processes
because hetero-compounds often act as poisons. Sulfur is also removed from gasoline and
mid-distillate (kerosene, diesel, jet fuel) to meet the clean fuel specifications. Hydrotreating
of FCC feed is done for removal of nitrogen containing compounds, for better cracking
catalyst activity. Metals induce many problems. When burned in oils they produce ash which
deposits in engines causing the damage [9]. The overview of different starting feedstocks

and the purpose of hydrotreating reactions is given in Table 4 [2].

Reaction Feedstock Purpose

HDS Catalytic reformer feedstocks Reduce catalyst poisoning
Diesel fuel Environmental specifications
Distillate fuel oil Environmental specifications
Hydrocracker feedstocks Reduce catalyst poisoning

Coker feedstocks

Reduce sulfur content of coke

HDN Lubricating oil Improve stability
Catalytic cracking feedstocks Reduce catalyst poisoning
Hydrocracker feedstocks Reduce catalyst poisoning
HDM Catalytic cracking feedstocks Avoid metals deposition

Hydrocracker feedstocks

Avoid coke buildup

Avoid catalyst destruction
Avoid metals deposition
Avoid coke buildup

Avoid catalyst destruction

Table 4. Outcome of Hydroprocesses in Refining [2].
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Naphtha Gasoline
. Hydrotreater Hydrogen
\H_.'/.
T Isomenization Gasoli
— - Ar?:?noalt?ces
aphtha @ Catalytic
Atmospheric refomer
Distillation Distillate
Hydrotreater
Crude Qil
(desalted)

______ Jet, Diesel
AT T L~ Jet, Diesel
Hydrocracker > Bottoms to FCC, Lube
Plantor Recycle

Vacuum
Gas Qil @
Atmospheric | [

Residue | . [777°°°

Olefins to Alkylation
or Olefins Plant
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______ . Cycle Oilto Blending,
Vacuum |------- Gas il ! Hydrotreatin_g or
Distillation Hydrotreater ! Hydrocracking

(3]

Vacuum
Residue

] E— Y

Asphalt

Figure 3. Scheme of typical Oil Refinery [9].

The world’s hydrotreating capacity is half of the crude distillation capacity [9]. Refineries
typically use at least three hydrotreating units, i.e., one or two for vacuum or heavy gas oll,
one or two for light gas oil, and one for naphtha, as shown in Fig. 3. Hydrotreating reactions
take place in a fixed catalyst bed reactor, Fig. 4. At first, hydrogen is mixed with a preheated
feed and the flow is further directed downward through the reactor, packed with various
catalysts depending on the process. The reaction effluent is then cooled and passed through
the high pressure separator that separates the liquid hydrocarbon from gaseous H,, H,S,

and NHs. Acid gases are further absorbed from hydrogen that is then recycled.

Hydrotreating reactions are carried out simultaneously in industry and the effect of individual
processes on each other is complex. HDN is considered to be more difficult and demanding
than HDS, Table 5 [10]. Besides the fact that HDN is requiring more rigorous reaction
conditions, the content of nitrogen-containing compounds in conventional crude oil is rather
small. Thus, in the past, more attention was given to HDS. Generally with increasing the
boiling point of the oil fraction the sulfur- and nitrogen-content is higher. The increase of
sulfur-content is slower than that of nitrogen. From naphtha to gas olil, the nitrogen-content

enhances by two or three orders of magnitude while the sulfur only one or two [11].
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I\I Make-up
Quench H, \ , Recycle Compressor
Compressor
— Make-up H,

- = PurgeH,
HP Amine
< Absorber — H,S Acid Gas
Reactors Fired Heater
P
High
Pressure
Feed/ Effluent Separator
Exchanger
Feed
= LPG
Effluent
Cooler
Pressure Product to
Separator Fractionator
Figure 4. Scheme of Hydrotreating Process.

Recent need for processing the lower quality crude oil and more strict environmental
requirements have put more interest in the HDN. For better understanding the complexity of
oil refining, Table 6 shows broad range of contamination in different crude oil [12]. Evidently
the amount of sulfur and nitrogen vary extensively, hence each crude oil requires different
catalyst performance. Therefore it is necessary to focus on the catalyst development since
the improvement of the process itself via changing the reactor configuration and reaction

conditions is economically inconvenient.

wt.% S wt.% N
Original Product Removal, % Original Product Removal, %

I 0.8 0.05 94 0.015 0.007 53

I 1.19 0.07 94 0.056 0.041 27

i 1.58 0.14 91 0.012 0.007 42

Table 5. Comparison of S and N removal from three different petroleum distillates [10].
Arabian light Arabian heavy Attaka Boscan

S, wt.% 1.8 29 0.07 5.2
N, wt. % 0.1 0.2 <0.1 0.7
O, wt. % <0.1 <0.1 <0.1 <0.1
V, ppm 18 50 <1 1200
Ni, ppm 4 16 <1 150

Table 6. Typical content of contaminants in various crude oil [12].
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3. Hydrodesulfurization (HDS)

Hydrodesulfurization is accomplished by the catalytic reaction of hydrogen with organic
sulfur-containing compounds from crude oil and its fractions to produce H,S [13].
Sulfur-containing compounds cannot be tolerated in fuels, as upon combustion they produce
sulphuric acid and also poison reforming catalyst. Sulfur content of the feed used for
reforming should not exceed 1 ppm [7]. Furthermore sulfur-containing compounds cause

corrosion and have unpleasant smell.

3.1. Sulfur containing compounds

In crude oil, there is a variety of sulfur-containing compounds that form different product as a
result of desulfurization. Typical sulfur-containing compounds in crude oil are mercaptans,
sulfides, disulfides (relatively easy to convert), and thiophene and its derivates (high stability
due to their aromatic character), as shown in Table 7. HDS process involves C-S bond
cleavage and saturation of the reactive fragments. Saturation of aromatic rings occurs only
when necessary, prior to the C-S bond cleavage, despite the fact that their hydrogenation

may be thermodynamically favored [9].

Sulfur containing hydrocarbons in crude olil

Mercaptans Aliphatic R-SH
SH
Aromatic ©/
Sulfides Hydrogen sulfide H,S
Aliphatic R-S-R
Disulfides Aliphatic R-S-S-R
S-S-R
Aromatic ©/
Thiophenes Thiophene [ B

Benzothiophene

Dibenzothiophene

sl
55

4,6-Dimethyldibenzothiophene

Table 7. Typical sulfur containing molecules in crude oil [7].
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3.2. Thermodynamics

The HDS is an exothermic reaction. Essentially it is irreversible because under industrial
conditions (for example, 250 to 350 °C and 3 to 10 MPa) there are no thermodynamic
limitations [7]. Difficulties arise from different kinetic rates, because each sulfur-containing
compound has its own complex kinetics influenced by a number of consecutive equilibrium
stages [9]. Table 8 contains the standard enthalpies and equilibrium constant values for
different HDS reactions. The amount of heat released depends on the number of moles of
hydrogen needed for desulfurization. Consequently the value of standard enthalpies
increases with higher hydrogen consumption and in addition it changes depending on the
type of sulfur-containing compound. There is a clear difference in the equilibrium constants
from one class of sulfur containing compounds, e.g., mercaptans, to another, e.g.,

thiophenes. Nevertheless, within the same class, the gap is very small.

. logio Kpat T [°C] AH°,

Reaction
25 100 200 300 400 kJ/mol

Mercaptans
CH3SH + Hz & CHs + H2S 12,97 10.45 8.38 7.06 6.15 -72
C2HsSH + Hp <> CoHs + H2S 10.75  8.69 6.99 5.91 5.16 -59
CsH7SH + Hp <> CsHs + H2S 10.57  8.57 6.92 5.87 5.15 -57
Thiophenes
Thiophene + 4H; <> n-C4H10 + H2S 30.84 2168 14.13 9.33 6.04 -262
3-Methylthiophene + 4H, < 2-Methylbutane + H;S  30.39 21.35 13.88 9.11 5.82 -258
2-Methylthiophene + 4H; < n-Pentane + H,S 29.27 20.35 13.33 8.77 5.66 -250
Benzothiophenes
Benzothiophene + 3H; « Ethylbenzene + H,S 29.68 2256 16.65 12.8 10.2 -203

Dibenzothiophene (DBT) + 2H; < Biphenyl + H,S 2470 19.52 15.23 12.5 10.6 -148
Benzothiophene + H, « Dihydrobenzothiophene 5.25 3.22 1.55 0.49 -0.23 -58
DBT + H, < Hexahydro-DBT 1993 11.93 5.47 1.54 -0.98 -230

Table 8. Equilibrium constants and standard enthalpies of HDS reactions [9].

3.3. Reaction mechanism

Desulfuriztaion generally occurs either with or without hydrogenation of the heterocyclic ring.
Therefore there are two possible reaction pathways, i.e., the direct desulfurization (DDS) and
the hydrogenation (HYD) pathway. Hydrogenation of the ring can be affected by
thermodynamic conditions because it is equilibrium-limited at common temperatures. Thus,

sulfur-removal via HYD pathway may be inhibited at low pressures and high temperatures.

Prins et al. proposed the complete HDS mechanism of 4,6-dimethyldibenzothiophene
(46-DM-DBT) as shown in Fig. 5 [14]. Two methyl groups at positions 4 and 6 are sterically
hindering the sulfur atom, therefore 46-DM-DBT is one of the molecules that are the most

difficult to desulfurize and which cause problems in deep HDS.
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It is important to note that several variables influence the HDS rates, i.e., concentration of
organic reactants and products, hydrogen, and hydrogen disulfide. Hydrogen disulfide
inhibits hydrodesulfurization of all sulfur containing compounds. Both DDS and HYD
pathway are inhibited by H,S, but inhibition of DDS pathway is more extensive [15]. Prins et
al. proposed same catalytic sites for the C-S bond cleavage in both 46-DM-DBT and partially
hydrogenated intermediates. The active sites are assumed to be sulfur vacancies on the
catalyst surface. That would explain strong inhibiton by H,S. On the other hand
hydrogenation reaction pathway is much less affected by H,S which indicates that sulfur

vacancies are not necessary for the hydrogenation.

Figure 5. Reaction network of HDS of 46-dimethyldibenzothiophene [14].

4. Hydrodenitrogenation (HDN)

The concentration of nitrogen-containing compounds in crude oil is far lower than that of
sulfur-containing compounds. However nitrogen-containing compounds cause significant
problems in major catalytic processes because they strongly adsorb on acid catalytic sites
needed for cracking and hydrocracking reactions [7]. Studies carried out on real feeds and
model compounds indicate that catalytic sites can be poisoned even with less than 50 ppm
of nitrogen in the feed [8]. Therefore the HDN is commonly used in conjunction with
hydrocracking. Furthermore, the nitrogen-removal is needed to achieve low sulfur level in

fuel, to obtain low NO, emissions and to protect the catalyst.
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4.1. Nitrogen containing compounds

Nitrogen-containing compounds consist of two types, i.e., heterocycles and nonheterocycles,
Table 9. Nonheterocyclic anilines and aliphatic amines undergo HDN quickly compared to
five-membered pyrrolic and six-membered pyridinic rings due to different electronic
configuration. Five-membered nonbasic hetero-aromatics have a lone electron pair which is
involved in the n-could of the ring and it is for that reason not available for the interaction
with acids. On the contrary six-membered basic nitrogen aromatics have unshared electron

pair, involved in the n-could of the ring, available for interaction with acids [16].

Nitrogen compound Formula pKa Structure
Heterocyclic six-membered (pyridinic) rings
z
Pyridine CsHsN 5.2 |
X
N
Piperidine CsHqiN 11.1 O
N
H
X
Quinoline CoH;N 49
%
N
Tetrahydroquinoline CoH1:1N 5.0 ©\/j
N
7
Acridine Ci3HgN 5.6
\N

Heterocyclic five-membered (pyrrolic) rings

/=
=

Pyrrole C4HsN 0.4
N
H
Indole CgH/N -3.6 /
N
H
Indoline CgHgN 5.0 (D
N
H
N
Carbazole C1oHgN -6.0

Nonheterocyclic rings

NH,
Aniline CgH7N 5.0

¥

Table 9. Representative cyclic nitrogen compounds [16].
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The type of nitrogen-containing compounds and total amount of nitrogen vary depending on
the type of feedstock. The diversity of the compound distribution in the middle distillates, i.e.,
crude oil, shale oil and tar-sands, is illustrated in Table 10 [17]. Even in the feedstocks with
similar boiling range, large differences in the distribution of nitrogen-containing compounds

were found.
Petroleum Shale-oil Tar-sands
Total N, ppm 83 2290 3050
Boiling range, °C 220-384 150-390 190-390
Distribution of N compounds, %

Carbazole 0.5 1.3 3.2
Indole 18.1 3.7 39.2
Pyridine 64.3 73.5 13.3
Pyrrole 0.2 3.6 15.9
Quinoline 104 4.3 1.2
Tetrahydroquinoline 3.2 9.9 16.7

Table 10. Distribution of N compounds (%) in middle distillates [17].

4.2. Thermodynamics

The HDN is in great contrast to HDS because it requires complete saturation of the aromatic
heterocyclic ring prior to nitrogen removal via hydrogenolysis. Nitrogen is removed as
ammonia and although ammonia is a base it is less effective in poisoning the acidic catalytic
sites. Saturation of the heteroring is necessary to reduce quite high energy of the C-N bonds
in aromatic ring, Table 11, and thus allow facile C-N bond cleavage [9].

Bond Energy, kcal/mol
C-S 65
C-N 73
c-C 83
S-H 83
N-H 93
C-H 99
C=S 128
c=C 146
C=N 147
Table 11. Bond energies between carbon and heteroatoms [9].

Hydrogenation steps in HDN are reversible, exothermic and equilibrium constants decrease
with higher temperature. Detailed knowledge of equilibrium constants is necessary for proper
understanding of the overall hydrodenitrogenation mechanism. Table 12 contains standard
enthalpies and equilibrium constant values at different temperatures for hydrogenation and

hydrogenolysis reactions of various nitrogen-containing compounds [9].
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Reaction logi Kpat T [°C] AH°,

300 400 kd/mol

Quinoline + 2H, « 1,2,3,4-Tetrahydroquinoline -1.4 -3.2 -133
Quinoline + 2H; « 5,6,7,8-Tetrahydroquinoline -0.7 -3.0 -171
1,2,3,4-Tetrahydroquinoline + 3H, «» Decahydroquinoline -2.8 -5.4 -192
5,6,7,8-Tetrahydroquinoline + 3H, « Decahydroquinoline -35 -5.6 -155
1,2,3,4-Tetrahydroquinoline + H, « o-Propylaniline 4.3 3.0 -96
Decahydroquinoline + 2H, < Propylcyclohexane + NH3 6.3 7.9 -117
o-Propylaniline + H, <> Propylbenzene + NH3 6.0 5.6 -29
Quinoline + 4H, < Propylbenzene + NH3 7.0 3.3 =272

Table 12. Equilibrium constants and standard enthalpies of HDN reactions [9].

4.3. Reaction mechanism

Kinetic modeling of the HDN reactions is complex because the reaction network involves
many steps. Even though many different studies on the HDN of alkyl amines [18], pyridine
[19,20], piperidine [20,21], and indole [22-25] were published, the HDN of quinoline [26-31]
draw the most attention because of its bicyclic nature. Quinoline consists of benzoic ring and
heterocyclic six-membered ring therefore its HDN reaction pattern is representative of the
benzoic derivates of pyridine [32]. The overall network of HDN of quinoline consists of
several equilibrium stages as proposed by Satterfield et al., Fig. 6 [33-38]. It was observed
that the quinoline HDN occurs mainly through decahydroquinoline (DHQ) intermediate while
propylcyclohexene (PCH) was the main product. Therefore selectivity towards reaction

pathway of minimum hydrogen consumption is very low.

quinoline 1,2,3,4-tetrahydroquinoline o-propylaniline propyl-benzene
Q) (14-THQ) (OPA) (PB)
P CsH, CsHy
—_— —_— _— + NH3
AN
N N NH,
H ‘

C:3H7

propyl-cyclohexene

(PCHE)
AN CsH,
(J—())—
=
N N NH, \ CqH,
H
+ NH,
5,6,7,8-tetrahydroquinoline  decahydroquinoline propyl-cyclohexylamine
(58-THQ) (DHQ) (PCHA) prow'-:gga?exane

Figure 6. Quinoline HDN overall reaction network.
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The initial hydrogenation reactions are all exothermic, with favorable equilibrium constants at
low temperatures (K > 1, log K > 0) that becomes unfavorable above 225 °C [39]. Higher
hydrogen pressure can push the equilibrium towards saturated products. Hydrogenolysis
reactions are less exothermic than the hydrogenation reactions because they demand less
hydrogen. It should be pointed out that under industrial conditions the HDN reactions are

irreversible since their equilibrium constants are large.

Beside the complexity of the reaction network there are couple of variables affecting the
HDN rate such as hydrogen pressure, type of substituent, presence of hydrogen disulfide
and hydrogen-donor liquids. Effect of hydrogen disulfide was studied for various model
compounds. Satterfield et al. studied its influence on the quinoline HDN [26,38]. The study
showed that the presence of H,S, generated in situ from CS,, inhibits the hydrogenation and
dehydrogenation reactions but significantly accelerates hydrogenolysis, increasing the
overall rate of the HDN. Therefore existence of two types of active site was postulated, sulfur
vacancies responsible for hydrogenation and hydrogenolysis and Brgnsted acid sites,
formed by dissociation of H,S, responsible for hydrogenolysis and ring isomerization. The
effect of tetraline was studied as well. Tetraline is hydrogen-donor model compound and it is
expected that its presence in feed will enhance the HDN reaction rate. In contrary it was
observed that tetraline inhibits overall HDN rate presumably by competitive adsorption with

guinoline and intermediates.

5. Hydrotreating catalysts

Industrial hydrotreating is generally carried on transition metal sulfides (TMS) supported on
y-Al,O3; and promoted with Co or Ni. The use of TMS is coming from the early 1920’s when
urgent need for coal hydrogenation existed. Sabatier won the Nobel Prize in 1912 for
describing the mechanism of hydrogenation by transition metals. Nevertheless during coal
hydrogenation transition metals were transformed into more stable sulfides (TMS) due to the
high content of sulfur-containing compounds in a feedstock. From these beginnings TMS
catalysts became the basis of today’s conventional Co(Ni)Mo/y-Al,O; hydrotreating

catalysts.

Since that time better understanding of fundamental properties of TMS has been developed
[40]. Cobalt is used mainly as a promoter in the HDS while Ni is the choice for the HDN. In
addition, hydrotreating catalysts often consist of incorporating elements such as phosphorus,
boron, fluorine and chlorine. The overview of major refinery hydrotreating processes and

different catalysts is given in Table 13 [41].
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Process Removal of Catalyst
HDS Sulfur (HQS) Co-MoS,/AlL,O3 and Ni-WS,/Al,O4
HDN Nitrogen (NH3) Ni-MoS,/Al,O; and Co-MoS,/Al,O3
HDO Oxygen (H,0) Ni-MoS,/Al,O4
HDM Metals (metal sulfides) Ni-MoS,/Al,O4
Table 13. TMS catalysts used in industrial hydrotreating reactions [41].

5.1. Structure of the oxidic catalyst precursor

Hydrotreating catalyst oxidic prfecursors are usually prepared by incipient wetness
impregnation or by coimpregnation of alumina support with a typical surface area from 2 to
3-10° m%kg, a pore volume of about 5-10* m®kg and an average pore diameter of 10 nm
[42]. Incipient wetness impregnation is commonly done with aqueous solution of ammonium
heptamolybdate, and cobalt- or nickel-nitrate. It is preferred that impregnation is done in two
steps so that after each step catalyst precursor is dried and calcined [43,44]. Alternatively
and preferably in industry, all materials are coimpregnated and resulting material is dried and
calcined [45]. The order of impregnation and calcination plays important role in the catalyst
activity because if impregnated first, cobalt and nickel can form inactive spinels in alumina
support. Impregnation of alumina from an aqueous solution of ammonium heptamolybdate,
(NH,)sMo70,4, can bring different molybdenum species on the support depending on the pH
and concentration of the solution. Typical species that can occur are tetrahedral MoO,*

monomer or octahedral Mo-0,.° heptaanion. The equilibrium between the two species is:
7Mo0O,* + 8H" < Mo;0,% + 4H,0

Depending on the isoelectric point (IEP), the support material can have positive polarization
(molybdate anions are stabilized by forming Al-O-Mo bonds during drying and calcination
procedure) and negative polarization (molybdate anions will not adsorb on the surface and
during drying and calcination procedure will decompose to form MoOj crystals). Formation of
MoO; will also occur when the total molybdate loading exceeds the monolayer capacity [46].
Table 14 presents the concentration of several surface metal oxides needed for monolayer

formation on different support materials, obtained by Raman spectroscopy [47-50].

atoms/nm* AlLO; TiO, Zro, Nb,Os SiO,
Re 2.3 2.4 3.3 - 0.54
Cr 4.0 6.6 9.3 - 0.6
Mo 4.6 4.6 4.3 4.6 0.3
W 4.0 4.2 4.0 3.0 0.1
V 7.3 7.9 6.8 8.4 0.7
Nb 4.8 5.8 5.8 - 0.3

Table 14. Monolayer surface coverage of metal oxides.
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A structural characterization of supported transition metal oxides is difficult and two mostly
used techniques are Raman and X-ray absorption spectroscopy. Influence of different
supports such as TiO,, ZrO,, Nb,Os, Al,O; and SiO, was reported by Wachs et al. [51].
Medema et al. studied the structure of molybdenum and cobalt species as a function of their
concentration [52], and Knézinger et al. later reported results on the effect of concentration
and pH of molybdenum on alumina support [53,54].

5.2. Structure of sulfide catalyst

Oxidic catalyst precursors, formed by impregnation or coimpregnation, are transformed into
actual active catalyst by sulfidation in different sulfiding agents. Properties of the final
sulfided catalyst depend on the preparation method and calcination temperature. Optimum
calcination and sulfidation temperatures are in the range of 400 to 500°C [32]. Sulfided
structure is based on sulfur trigonal prisms that are coordinated to Mo. These sulfur prisms
are two-dimensionally bonded to form S-Mo-S sandwiches that are weakly held by van-der
Waals interactions along the c-axis forming highly anisotropic three-dimensional MoS,

crystals [55].

Over the years, four different structural models have been proposed by different authors, i.e.,
monolayer model, pseudointercalation model, contact synergy model and “Co(Ni)MoS”
phase model [16]. Monolayer model is based on the fact that molybdenum species are well
dispersed as a monolayer on the alumina support. During sulfidation, this oxidic monolayer
structure is converted to MoS, two-dimensional layers. Pseudointercalation model is based
on the structure of bulk MoS, and contact synergy model of mixed sulfide catalyst explains

promotion effect at the interface between two phases, i.e. MoS, and CoySs.

Existence of “CoMoS” phase was originally reported by Topsge et al. [56]. It was suggested
that the “CoMoS” phase is present as a single S-Mo-S sheet with Co decorating the edges
while existing at the molybdenum sites. High MoS, edge dispersion is very important as it
increases the amount of the promoter atom that can be accommodated to form the active
“CoMoS” phase. Further studies showed existence of two types of “CoMoS” structure, type |
and type Il [57]. It was reported that type | “CoMoS” phase has lower activity per active site,
it is formed at lower temperatures and it has some remaining Mo-O-Al link to the support. In
contrary, type Il “CoMoS” phase has higher activity per active site and it is formed at higher
temperatures which can break all linkages with support material. However, it was found that
sulfiding at high temperatures can lead to sintering and loss of important edge sites. In the
latest studies Topsge et al. were exploring the morphology of MoS, nanoclusters as a

function of the sulfidation conditions using atom resolved scanning tunneling microscopy
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(STM). Under the most sulfiding conditions (H,S:H, = 500) MoS, clusters had triangular
shape but under reducing conditions (H,S:H, = 0.07) the shape was hexagonal [58]. The
STM images provided detailed insight of the unusual sites with metallic-like character. These
so-called brim sites, located at the edges of the nanoclusters, play a key role in the catalytic
hydrotreating reactions [59].

5.3. Catalytic active sites

The existence of two types of active sites in the conventional hydrotreating catalyst was
proposed by Satterfield et al. [36,38]. Sulfur vacancies responsible for hydrogenation and
hydrogenolysis and Brgnsted acid sites responsible for hydrogenolysis and ring
isomerization. It was observed that H,S increases the rate of DHQ ring opening towards
propylcyclohexylamine (PCHA) that is quickly converted to propylcyclohexene (PCH) and
ammonia and it increases the rate of 14THQ ring opening towards OPA. Nevertheless,

denitrogenation of OPA was inhibited by the presence of hydrogen disulfide.

Great change in activity towards HDS of dibenzothiophene on the transition metal sulfides as
a function of their position in the periodic table was observed by Pecoraro and Chianelli [60].
Interpretation of typical “volcano” curve helped understanding the catalytic properties of the
hydrotreating catalysts. Fig. 8 (left) is showing the dependency of the HDS activity on the
number of d-electrons for the 4d- and 5d-TMS. The 3d-TMS have more complex behavior
[61,62]. The highest activity was observed for the TMS which have the maximum
d-character, Ru and Os for the second and the third row of transition metals, respectively. It
was concluded that these trends must be depending on the electronic configuration of

d-orbitals.

The “volcano” curve was explained in terms of Sabatie’s principle. Compounds with a
maximum activity for a given reaction have intermediate heat of formation. Therefore TMS
with a maximum HDS activity will have the intermediate heat of formation. Fig. 8 (right)
shows that the heat of formation, thus, the metal-sulfur bond strength in TMS decreases
constantly across the periodic table. From 4d- and 5d-TMS, the most active catalysts have
the heat of formation in the range of 30 to 55 kcal/mol. This implies that the metal-sulfur
strength should not be too strong and not too weak to obtain high HDS rate. This postulate is
in agreement with the generally established model of sulfur vacancies as catalytically active
sites in the HDS and HDN reactions.

Studying the layered MoS,; structure, Daage and Chianelli [63] proposed existence of two
types of sites and pointed out the importance of stacking degree on HDS activity. According

to this “rim-edge” model catalyst cluster is described as a stack of several layers. Top and
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bottom layers contain sites occurring on their edges and they are defined as rim sites.
Layers, sandwiched in-between, have only edge sites. The basal planes, away from the
edge, are reported to be inert. Sulfur vacancies that are responsible for hydrogenolysis form
faster at the edge because sulfur is bonded to one or two molybdenum ions in comparison to
triply bonded molybdenum which exists on the basal plane. It was found that hydrogenation
reaction is catalyzed on rim sites and hydrogenolysis reaction on edge sites.
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Figure 8. Periodic trends observed in HDS of DBT (left) and in Heat of formation of TMS (right) [60].

Studies were extended on the Co- and Ni-promoted TMS. Promoted “Co(Ni)MoS” catalysts
have higher HDS activity compared to the pure MoS,. Topsge et al. calculated sulfur binding
energies (energy needed for the first sulfur atom removal from the S-edge) for unpromoted
and promoted MoS, catalysts, Table 15 [64]. The main role of Co and Ni promoter is

concluded to be the creation of more vacancies.

AEs, kJ/mol
MoS, a7
Co-Mo-S -34
Ni-Mo-S -35

Table 15. Sulfur binding energies (removal of the first S atom from the S-edge) [64].
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5.4. Further development of hydrotreating catalysts

Hydrotreating catalysts often contain phosphate or fluorine as additives. Phosphates are
added as phosphoric acid or ammonium phosphate into the molybdenum impregnating
solution to enhance molybdenum solubility by complex formation and thus molybdenum
loading can be increased. Many explanations have been given for the promotional effect of
phosphorus in HDS and HDN, i.e., improved molybdenum and nickel or cobalt dispersion,
different MoS, morphology, changes in the support acidity, chemical modifications of active

sites and better resistance to coke formation [65].

Higher activity in HDS and HDN reactions can also be achieved by using other metal
sulfides than the ones in conventional catalysts. The activity in quinoline HDN is increasing
as follows: W < Mo< Ru, Pd < Rh < Re < Pt < Os < Ir [28,29]. Beside y-Al,O3 support many
groups studied effect of other support materials such as silica, silica-alumina, zeolites,
activated carbon and titania. Pure silica gives lower activity for hydrotreating reactions while
silica-alumina is better support for HDN. Carbon and titania have higher activity than alumina

supported catalysts per mole of metal present.

Beside the sulfides, new catalysts such as metal carbides and nitrides were developed for
use in the two stage hydrotreating processes. In this kind of configuration, the majority of
sulfur containing compounds is removed in the first stage by conventional TMS catalysts.

Relatively small amount of sulfur that is left is removed in the second stage process [32].

Recently unsupported transition metal catalysts were developed and potentially huge
performance benefits were reported. The preparation methods are based on coprecipitation
of oxide precursor [66-69] or on the direct precipitation of the sulfide. Although there is a
large number of patents describing different unsupported catalytic systems there are only a
few commercial bulk hydrotreating catalysts. Due to the high catalytic activity and the fact
that reaction is exothermic, high amount of heat is released, the existing refinery process
equipment would need to be redesigned. In addition, high concentration of metals would

increase the price of the catalyst which would lead to uneconomic process [70].

Although unsupported catalysts didn’t find wide industrial use, their study may be important.
Supported catalytic systems are difficult to understand because of various phenomena that
occur. One way to simplify the system is to eliminate support and its effects and therefore
understanding of unsupported hydrotreating catalysts is essential for further improvement in
HDS and HDN processes.
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6. Scope of the thesis

Increasing demand for transportation fuels and more rigorous specifications for sulfur and
nitrogen content have led to high interest in chemistry of light and heavy crude oil refining.
As one of the key hydrotreating reactions, HDN has been extensively studied over past
decades. Nevertheless many questions about the atomistic picture of the active sites
responsible for various reaction steps still remained without straightforward answers. Thus,
the main objective of the thesis is to better understand the active sites involved in HDN, in
particular o-propylaniline (OPA), decahydroquinoline (DHQ) and quinoline, combining
different catalyst characterization techniques and kinetic measurements.

A common introduction about hydrotreating chemistry is given in Chapter 1. The overview of
the generally accepted networks and thermodynamic data of various model compounds are
given for the HDS and HDN reactions. Structure of oxide precursors as well as sulfide
industrial catalysts is described with a short indication of the active sites involved in reactions

for a heteroatom removal.

The HDN of OPA (one of the key intermediates of quinoline HDN) on MoS,/y-Al,O; and
NiMoS/y-Al,O; catalysts is studied in Chapter 2. The impact of Ni on the catalytic properties
of MoS,/y-Al,O3 is described. The effect of sulfur-containing compound, dibenzothiophene
(DBT), on the catalytic activity and selectivity is explored. Overall, the evidence for the
nature of the active sites responsible for different reaction routes, such as direct
denitrogenation (DDN) via C(sp?)-N bond cleavage and hydrogenation, is given, using the

sites titration and kinetic measurements.

The HDN of DHQ and quinoline on MoS,/y-Al,Oz and NiMoS/y-Al,O3 catalysts is studied in
Chapter 3. The effect of Ni as a promoter and the impact of DBT are described in detail. The
emphasis is put on the active sites involved in the ring opening reaction of DHQ and
1,2,3,4-tetrahydroquinoline (14THQ) via C(sp®)-N bond cleavage. Chapter 3 provides not
only better understanding of the overall quinoline reaction network but also detailed

description of the catalyst itself.

The preparation procedures of the supported Mo/y-Al,Oz; and NiMo/y-Al,O3; as well as the
unsupported NiMo precursors are given in Chapter 4. The structure of oxide precursors and
sulfide catalysts is studied applying different characterization methods: BET, XRD, TEM,
in-situ Raman, UV-vis, and in-situ X-ray adsorption spectroscopy, temperature programmed
sulfidation (TPS) and NO adsorption. The effects of support, size and stacking degree of

MoS, slabs on the quinoline HDN reaction are described for the above mentioned catalysts.

A summary of the most important results and conclusions is given in Chapter 5.
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Chapter 2

Selective poisoning of the direct denitrogenation
route in the o-propylaniline HDN by DBT on Mo and
NiMo/y-Al;0; sulfide catalysts

The hydrodenitrogenation of o-propylaniline on MoS2/y-Al203 and NiMoS/y-Al2O3 catalysts proceeds via
two parallel routes, i.e., direct denitrogenation (DDN) by C(sp?)-N bond cleavage to form propylbenzene
and hydrogenation (HYD) of the phenyl ring to form propylcyclohexylamine, followed by C(sp3)-N bond
cleavage. Coordinatively unsaturated sites (CUS) at the edges of the sulfide slabs are catalytically
active for the DDN. Dibenzothiophene (DBT) decreases the DDN rate while it is mainly converted via
direct desulfurization. Adding Ni to MoS: increases the CUS concentration and promotes the HYD but
inhibits the DDN, suggesting that Ni cations are not involved in the active sites for DDN route.
Catalytically active sites for the HYD route are the sites at the basal plane near the edges of the sulfide
slabs (brim sites). The presence of DBT strongly increases the HYD rate on NiMoS/y-Al203, increasing
the electron density at the brim sites due the electron pair donor properties of DBT and biphenyl.
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1. Graphical abstract

PCH . ¢ PB

The HDN of o-propylaniline on MoS,/y-Al,O; and NiMoS/y-Al,O; catalysts proceeds via two
parallel routes on two separate sites. Direct denitrogenation (DDN) is catalyzed only by
accessible Mo cations, while the sites at the basal plane near the edge of the sulfide slabs
(brim sites) are active for hydrogenation (HYD).

2. Introduction

As one of the key hydrotreating reactions, hydrodenitrogenation (HDN) on sulfide-based
catalysts has been studied extensively, because of its complexity and inhibiting effects on
other hydrotreating reactions. Despite these efforts it is still difficult to unequivocally establish
an atomistic picture of the active sites involved in the various elementary steps of HDN [1].

Although basic nitrogen-containing compounds adsorb readily onto the acidic surface of the
sulfides and the support, it is not likely that every sorbate will lead to reaction and in turn
reactants and products may inhibit certain pathways. Thus, better knowledge of the active
sites is expected to lead to a more specific optimization of hydrotreating catalysts. With this
in mind we attempt in the present contribution to specify the sites active for HDN, in

particular of o-propylaniline (OPA), a key intermediate in the HDN of quinoline.

MoS,, which is the basis of most HDN catalysts, is builtup by trigonal sulfur prisms
coordinated to Mo, which are, in turn, two-dimensionally bound, forming S-Mo-S sandwiched
structures. These slabs exhibit two different active edges, so-called Mo-edge and S-edge.

The nano-crystalline MoS, slabs are weakly held together by van-der Waals interactions
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along the c-axis. The degree of stacking of the S-Mo-S layers depends on the synthesis
conditions, metal loading, and surface area of the used support material.

Upon addition of Co and Ni, the Mo cations are substituted at the edge positions of the MoS,
slabs. This substitution of Mo cations by the divalent cations is believed to be crucial in the
creation of new and more active catalytic sites [2,3]. Recent DFT studies show that Co and
Ni substitutions are favorable at the S-edge and Mo-edge, respectively [4,5]. Co as a
promoter is predominantly located in a tetrahedral coordination, while Ni exists in a
square-planar environment and under typical hydrotreating conditions, the equilibrium
morphology for CoMoS and NiMoS are close to hexagon and deformed hexagon,
respectively [6]. Upon substitution, sulfur vacancies are formed, i.e., coordinatively
unsaturated sites (CUS), because the sulfur binding energy decreases in the order MoS, >
CoMoS > NiMoS [7], thus reducing the equilibrium sulfur coverage and increasing the
concentration of accessible metal cations. Electron-rich zones have been identified on the
basal plane in model catalysts by high-resolution scanning tunneling microscopy and have

been associated with metal-like states [8,9].

While it is considered that the direct removal of sulfur and nitrogen atoms by CUS sites
proceed via a reverse Mars-van Krevelen mechanism (the S or N atom, initially in the
molecule, remains in the catalyst surface after the reaction), the sites involved in
hydrogenation reactions are less understood. In essence, the hydrogenation involving CUS
sites at the edge, sites at the basal plane near the edge (brim sites) and sites that combine
both have been proposed [10-12]. The role of the promoter is on the one hand to increase
the concentration of sulfur vacancies (CUS, accessible metal cations) and on the other hand
to increase the electron density at the brim sites [13]. Both factors may influence the activity
and selectivity of the HDN reaction and we will therefore attempt to relate the observed

reaction pathways to these two sites or their combination.

The HDN of quinoline [14-21] has been explored frequently over the last decades, because
of its bicyclic nature, which allows exploring all elementary HDN steps. The reaction starts
with the hydrogenation of the pyridinic ring followed by ring opening via C(sp®-N bond
cleavage forming OPA, followed by direct nitrogen removal (DDN) or hydrogenation of
benzoic ring followed by nitrogen removal either by ammonia elimination or by substitution of
NH, by -SH and further C-S hydrogenolysis. In order to better understand the critical
reaction steps in the overall sequence, this study is focused on the HDN of the key
intermediate o-propylaniline. Competitive adsorption of various basic nitrogen-containing

intermediates is so avoided ensuring the absence of additional inhibition effects. The OPA
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HDN proceeds via hydrogenation of the aromatic ring and aliphatic C(sp®)-N bond cleavage
(HYD), as well as direct aromatic C(sp?)-N bond cleavage (DDN).

In this contribution the HDN of OPA on MoS,/y-Al,O; and NiMoS/y-Al,O3 sulfide catalyst is
explored. The aim of the paper is to address the impact of Ni on the catalytic properties of
MoS; and to study the impact of sulfur-containing compounds (using dibenzothiophene) on
the catalytic activity and selectivity. Overall, it is aimed to provide evidence for the nature of
the active sites responsible for different reaction routes using titration of sites and kinetic

measurements.

3. Experimental

3.1. Catalyst preparation

The supported Mo and NiMo oxide catalyst precursors were prepared by incipient wetness
impregnation of y-Al,Os. Prior to impregnation, the support was dried at 120 °C and then
calcined at 560 °C for 2 h in synthetic air flow. At first, molybdenum was impregnated using
an aqueous solution of ammonium heptamolybdate, (NH,;)sM0;024-4H,O (Aldrich). After
impregnation, the catalyst was dried overnight at 120 °C in static air atmosphere and then
thermally treated at 500 °C for 4 h (heating rate 1 °C/min) in flowing synthetic air [22]. One
part of the prepared Mo catalyst was kept as precursor for kinetic experiments, and the other
was used as a support for further nickel impregnation with an aqueous solution of nickel
nitrate, Ni(NOgz),:6H,O (Aldrich) [23]. After impregnation, the NiMo catalyst was dried and
thermally treated as in case of the Mo catalyst.

3.2. Catalyst characterization

Physicochemical properties. The BET surface area and pore size distribution were

determined by N, adsorption-desorption at -196 °C using a PMI Automated BET Sorptomatic
1900 Series instrument. Prior to the adsorption, the samples were evacuated at 250 °C for
2 h. Elemental analysis was carried out in the Microanalytical Laboratory at the
TU Manchen.

X-ray diffraction (XRD). The crystalline structure of the catalysts was determined by powder

X-ray diffraction. XRD patterns were collected with a Philips X’Pert System (Cu-Ka radiation,
0.1542 nm), using a nickel Kg-filter and solid-state detector (X'Celerator). The operating
conditions were 45 kV/40 mA. The measurements were carried out in a range from 5° to

70° 20 with a step size of 0.017° and scan time of 115 s per step.
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Transimission electron microscopy (TEM). Sulfided catalysts were ground, suspended in

ethanol, and ultrasonically dispersed. Dispersion drops were applied on a copper-carbon
grid. Measurements were carried out on transmission electron microscope device JEOL

JEM-2011 with an accelerating voltage of 120 keV.

Raman_spectroscopy. Raman spectra of oxide precursors and sulfided catalysts were

obtained with a Renishaw Raman Spectrometer (Type 1000), equipped with CCD detector
and Leica microscope, using 514 nm Ar laser. Prior to the measurements, calibration was
done with Si(111) crystal. The wavenumber accuracy was within 1 cm™. Oxidic catalyst
precursors were analyzed under ambient conditions, and therefore, the samples were
pressed into self-supported wafers and placed onto a quartz sample holder. The used sulfide
catalyst was analyzed using a diode 785 nm laser.

Temperature-programmed sulfidation (TPS). To study the influence of nickel as a promoter

on the sulfidation mechanism, catalyst activation was performed by
temperature-programmed reaction/sulfidation (TPS). The oxide precursor (0.1 g) was placed
in the flow reactor equipped with a ceramic oven (Horst GmbH). The activation was
performed in 10% H,S in H, with a heating rate of 5 °C/min. At 400 °C, the temperature was
held isothermally for 1 h. Evolved gases were detected by a mass spectrometer (Balzers
QME 200).

NO adsorption. NO adsorption was applied to probe the active sites and average edge

dispersion in the supported metal sulfide catalysts, such as unpromoted MoS.,/y-Al,Os; and
promoted NiMoS/y-Al,O;. NO adsorption was performed as a flow pulse experiment at room
temperature. After activation in 10% H,S in H, at 400 °C, the catalyst was cooled to room
temperature in the presence of the sulfiding agent. Then, the catalyst was flushed with high
purity He for 1 h. Pulses of 10% NO in He were injected every 0.5 h to determine the
concentration of adsorbed NO on the sulfided catalyst. Evolved gases were detected by a
Balzers mass spectrometer. The mixture ensured a pulse size of 7.5 ymol NO/pulse.
Injections were repeated until adsorption was not longer detected. NO adsorption was
calculated as the difference between the NO signal at a given pulse and an NO signal at
which adsorption was not observed. The total concentration of NO adsorbed (umol per 1 g

catalyst) was calculated as the sum of the individual NO uptakes per pulse [24,25].

3.3. Kinetic test

Kinetic studies were carried out in a continuous flow fixed-bed reactor system. The stainless
steel, glass-lined coated reactor was loaded with 0.05 g of catalyst, diluted in 1 g SiC, for

each run, and the HDN reaction was performed at constant temperature, pressure, and feed
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composition. Gas and liquid feed were introduced to the reactor via high pressure mass flow
meters (Bronkhorst) and a HPLC pump (Shimadzu LC-20AD), respectively. After separation
of liquid and gas effluent phase, the liquid was collected via a 16 port sampling valve every
1.5 h. The liquid samples were analyzed by off-line gas chromatography with a HP 6890 GC
instrument equipped with a flame ionization detector (FID) and 60 m long DB-17 capillary
column (Agilent, 0.25 mm i.d., 0.25 pm film thickness). The reproducibility of the

measurements was * 5%.

Prior to the kinetic experiments, the catalysts were activated in situ in 10% H,S in H, flow at
400 °C and 1.8 MPa for 8 h. After cooling to room temperature in the sulfiding agent, the
catalysts were flushed with hydrogen and the liquid feed flow. The reaction temperature was
set to 370 °C and the total pressure to 5.0 MPa. The kinetic study was obtained from the
samples taken after 16 h time on stream (TOS).

HDN was investigated as a function of space time. Space time was based on the OPA feed
rate only and is defined as mc./Fopa, Where me, is the amount of the oxide catalyst precursor
and Fopa is the molar flow of OPA [(h)-(g of catalyst)/(mol of OPA)]. Reactions were
performed in great excess of hydrogen, keeping the ratio of liquid and gas flow constant to
ensure constant partial pressures. The H,/HC value is 330 Ndm®/dm?, whereas the H,/OPA
molar ratio is approximately 220. The initial OPA partial pressure was 17.9 kPa in a mixture
of hexadecane and tetradecane as a solvent. To study the effect of dibenzothiophene (DBT)
on OPA HDN, feed with different DBT partial pressures were used: 0, 1.7, 3.4, and 5.1 kPa.
To determine the hydrogenation to dehydrogenation ratio, ethylbenzene or ethylcyclohexane
was added (4.4 kPa).

In order to better understand the impact of DBT on the OPA HDN carried out on
NiMoS/y-Al,O3, an independent set of experiments was performed at identical reaction
conditions (T= 370 °C, p=5.0 MPa) and the space time of 82 h-g./mol. After catalyst
activation, as described previously, the reaction was performed applying the feed containing
only 17.9 kPa OPA. After 16 h time on stream, the steady state was reached, and 3.4 kPa of
DBT was cofed into the reactor. Finally, DBT was removed, after 6 h TOS, and the reaction
was run for further 24 h in a feed containing only OPA. During the transient time, the product
analysis was performed more frequently to ensure appropriate following of the concentration

profile.

The stability of the NiMoS/y-Al,O; catalyst was studied to understand the deactivation when
the OPA HDN is carried out in the absence of DBT. After activation, as described earlier, the
catalyst was reduced under reaction conditions of temperature and pressure (370 °C and
5 MPa) in pure H, for 2, 6, and 10 h. Then, the liquid phase containing only OPA (17.9 kPa)
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was introduced into the reactor with the space time of 82 h-g.o/mol. The product analysis

was performed every 5 min in the first hour and further on every hour.

The conversion of OPA to nitrogen-free products is referred to as the HDN conversion and is

calculated according to the equation:

C[OPA], ~ C[OPA] ~CIN]
C[OPA],

OPA HDN conversion =

where Ciopaje @nd Ciopy are the OPA concentrations at time zero and at the measured space
time and cy; is the concentration of all nitrogen-containing intermediates at the measured
space time. As nitrogen-containing intermediates were not detected, the OPA HDN
conversion was equal to the total OPA conversion.

The determination of the OPA HDN reaction order was done using the integral method,

applying appropriate concentration-space time dependency. The following power law model

was used:
dpjopa
—r= % =k-propa]" -PH2™

where r is the rate of the OPA HDN reaction, k the apparent rate constant, pjopa; the partial
pressure of OPA, pjz the partial pressure of hydrogen, t the space time based on OPA feed
rate, n the reaction order in OPA, and m is the reaction order in hydrogen. Considering that
reaction is carried out in great excess of hydrogen (H, partial pressure is considered

constant), the rate expression can be simplified as:

_ dpjopa)
dt

] n
—r =k'piopa]
where k’ is the apparent rate constant that includes the factor of the hydrogen partial
pressure. Calculation of the rate constants for the proposed mechanism was carried out by

the Berkeley Madonna 7.0 program using the Runge-Kutta integration method.

Temperature-dependent experiments were performed in absence and presence of 3.4 kPa
DBT to determine the apparent energy of activation for the OPA HDN on unpromoted
MoS./y-Al,Oz and promoted NiMoS/y-Al,O3 catalysts. The temperature range studied was
from 330 to 390 °C with 20 °C step. The total pressure was 5 MPa and the space time of

82 h-gca/mol was chosen in order to obtain low OPA conversions. The apparent activation



Selective poisoning of the direct denitrogenation route in the OPA HDN by DBT | 30
Chapter 2

energies were calculated from a semilogarithmic plot of In k’ vs. 1/T, using the Arrhenius

equation:

Ink‘:InA—E
RT

where E, is the apparent activation energy (kJ/mol), A is the pre-exponential factor, R is the

molar gas constant (R= 8.314 J/(mol K)), and T is the absolute temperature (K).

4. Results

4.1. Catalyst characterization

4.1.1. Physicochemical properties

An overview of the physicochemical characteristics of the materials applied in this study is
given in Table 1. The specific surface area of y-Al,O; support was 237 m?/g. The Mo
concentration in the oxide precursor was 8.6 wt.%, which corresponds to 2.5 Mo atoms/nm?.
The Ni concentration was 3.6 wt.% leading to a molar fraction of 0.4 Ni in the bimetallic

catalyst precursor.

Metal concentration
wt.% (pmol/g) Surface area Pore volume Pore diameter
Catalyst Mo Ni m?/g cm®/g nm
y-Al,O3 - - 237 0.75 8.5
Mo/y-Al,O3 8.6 (895) - 220 0.62 8.5
NiMo/y-Al,O4 8.6 (895) 3.6 (610) 206 0.60 8.5
Table 1. Physicochemical properties of the y-Al,O3 support and the oxidic catalyst precursors.

4.1.2. X-ray diffraction (XRD)

Oxidic catalyst precursors, Mo/y-Al,O; and NiMo/y-Al,O;, did not show any additional
diffraction reflections except the ones characteristic for the used support material (37, 39, 46,
61 and 67° 20), Fig. 1 (A) and (B). Thus, after molybdenum and nickel impregnation, new
crystalline phases were not observed. The sulfided catalysts exhibited two diffraction peaks
at around 33 and 59° 26 characteristic for the interplanar distances of 2.7 and 1.5 A of the
MoS, crystalline structure [26]. The diffraction peak at 14° 28, characteristic for the (002)
plane with interplanar distance of 6.1 A, was not observed probably due to the low degree of
stacking in the formed MoS; and NiMoS patrticles, Fig. 1 (C) and (D).
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Figure 1. X-ray diffraction patterns of: (A) y-Al203, (B) Mo/y-Al203, (C) MoS;/y-Al;O3, and (D) NiMoS/y-Al,O3
catalysts.

4.1.3. Transmission electron microscopy (TEM)

Fig. 2 presents the TEM micrographs of the sulfided catalysts. The catalysts revealed the
presence of typical layer like MoS, phase. The observed stacking did not exceed three
layers confirming a good dispersion of the sulfided slabs on the y-Al,O; support as

suggested by XRD.

Figure 2. TEM micrographs of sulfided (A) MoS,/y-Al.O3, and (B) NiMoS/y-Al,O3 catalysts.

4.1.4. Raman spectroscopy

The Raman spectra of the oxidic catalyst precursors are shown in Fig. 3 (A). The Raman
spectrum of Mo/y-Al,O; catalyst exhibits bands at 961, 860, 350, and 224 cm™. These
vibrations are assigned to the stretching of terminal Mo=0O, asymmetric stretching of bridging
Mo-O-Mo, bending of terminal Mo=O and deformation of bridging Mo-O-Mo bonds,
respectively [27]. Due to the position of the highest frequency vibration and the presence of
the characteristic bridging Mo-O-Mo bond vibration, it is proposed that the surface
molybdenum species are present as polymolybdates [28]. After nickel impregnation, the
Raman band corresponding to the terminal Mo=O symmetric stretching vibration was shifted
downwards from 961 to 947 cm™. The shoulder at 860 cm™ assigned to the asymmetric

stretching vibration of Mo-O-Mo bridging bond became more intense.
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Figure 3. Raman spectra of (A) oxidic catalyst precursors and (B) sulfided catalysts: (a) Mo/y-Al,O3, and

(b) NiMo/y-Al,Os.

Raman spectra of the sulfided catalysts are given in Fig. 3 (B). The bands related to the
MoS, phase are found in both samples: 383 and 409 cm™, corresponding to Mo-S vibration
along the basal plane and S-Mo-S vibration along the c-axis, respectively [29,30].

1240
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Figure 4. Raman spectrum of a used NiMoS/y-Al,O3 catalyst in the HDN of OPA in the absence of DBT.

At the end of the stability test described in section 4.2.4. (HDN of OPA in the absence of
DBT), the used NiMoS/y-Al,O; catalyst was carefully washed with n-hexane and i-propanol,
dried, and analyzed by means of Raman spectroscopy and elemental analysis. As shown in
Fig. 4, the Raman spectrum of the used NiMoS/y-Al,O; catalyst exhibited bands at around
1240, 1440, 1570, and 1615 cm™. These weak bands can be related to polymeric aniline
[31], suggesting the presence of N-containing coke. The precise assignment of the bands is
difficult because the defined structure of the coke formed is not known; however, the
elemental analysis of the used samples confirmed the presence of C and N in 1.93 and

0.16 wt.%, which corresponds to a C/N molar ratio of 14.

4.15. Temperature-programmed sulfidation (TPS)

The rate of sulfidation was followed by temperature-programmed reaction (10% H,S in H,)
increasing the temperature by 5 °C/min. As previously established by Nag [32] and Arnoldy

[33], the sulfidation mechanism is governed by oxygen for sulfur exchange reactions leading
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the oxide catalyst transformation through the oxy-sulfides to the fully sulfided species. The
presence of three characteristic sections during sulfidation was common for the
monometallic Mo/y-Al,O3 and bimetallic NiMo/y-Al,O; catalyst, see Fig. 5. In the first section,
oxygen is exchanged for sulfur bonded to Mo®*, as observed by H,S consumption and
parallel H,O production. The temperature of the maximum H,S consumption remained
120 °C for both Mo/y-Al,0O3; and NiMo/y-Al,O; cata