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Abstract

The reaction networks and the kinetics of the vapor phase catalytic hydro-
denitrogenation (HDN) of two model nitrogen-containing heterocyclic compounis,
pyridine, quinoline and their mixture, were studied in a bench scale continuous
flow, fixed-bed catalytic reactor. The catalyst used in this study was presulfided
commercial Ni-Mo/Al;O; (Shell Catalyst 424).

The results indicate that the impact of the process variables on the conversion,
yield, and selectivity of the HDN reactions is in the following decreasing order:
T>W/F>R.

The initial aromatic ring saturation reactions of pyridine and quinoline were all
reversible at the conditions studied. The removal of nitrogen in pyridine HDN
occurred primarily through the pentylamine intermediate, and pentane was the
major hydrocarbon produced. The removal of nitrogen in quinoline HDN occurred
through the decahydroquinoline intermediate, and propylcycloliexane was the major
hydrocarbon produced. The Ni-Mo/Al;O; catalyst exhibited higher selectivity for
the reaction pathway of pyridine HDN than that of quinoline HDN. Cracking and
hydrocracking took place at temperatures above 648 K.

The presence of pyridine in the HDN of a pyridine-quinoline mixture resulted in

an increase in the rate of conversion of quinoline and a decrease in that of pyridine.
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ABSTRACT i

On the other hand, the rate of formation of propyleyclohexane (PCH) had inereased
while the amount of decahydroquinoline (DHQ) produced had decrensed. whicls
indicates that the presence of pyridine had enhanced the transformation of DHQ to
PCH.

Mixing the two heterocycles had enhanced the conversion and the seleetivity of
the quinoline HDN at high and lcw temperature, while the conversion of pyridine
had been retarded by the presence of quinoline. The selectivity of the mixture was
more than that for either of the components.

Several rate equations were considered to fit the kinctic data. A Langnimir-
Hinshelwood reaction mechanism fitted the data best. Arrhenius plots of the pseudo
rate constants for the HDN reactions of pyridine, quinoline, and their mixture gave

activation energies (E) of 19.84, 26.52 and 13.17 kcal/g-mol, respectively.



Acknowledgments

First, I want to express my sincere gratitude to my thesis advisor, Prof. R. S.
Mann, for his invaluable support, guidance, and encouragement during the course
of this investigation. I wish to thank the present chairman, Prof. Z. Duvnjak and
the former chairman, Prof. G. Neale for the departmental financial support and for
the facilities used for this work. Special thanks to Prof. W. Hayduk as Graduate
Students Coordinator for his help in starting this work. I am also thankful to Prof.
D. D. McLean and Prof. B. C.-Y. Lu for the invaluable discussions and suggestions.

I would like to express my appreciation to Dr. K. C. Khulbe, Mr. S. Boudriga,
and Mr. Y. Touhami for the time and help in discussing the results. Sincere thanks
to Messrs. A. Bonaldo, L. Tremblay and G. Gasperetti for the technical assistance
and the help in maintaining the experimental setup. I thank Mr. P. Lafontain from
the Plant Research Centre for the GC/MS analysis. ‘The assistance an<’  iendliness
of fellow graduate students are greatly appreciated.

Finally, I thank my family for their love, patience, and encoursgeme ; that made

this work possible.

iv



Notation

Various symbols, superscripts, subscripts, and abbreviations used frequently in

this work are summarized below. All notation is fully defined where it first arises

in the text.

Symbols

Dug

activity

area of the particle per unit mass

parameters, Equation D,1

defined as per Equation D.8

defined as per Equation D.9

constant pressure heat capacity per unit mass of fluid
interplaner spacing of the planes, Equation 3.11

molecular diffusivity of the species being transferred into the sys-

tem of interest
bulk diffusivity

combined diffusivity (Knudscn and molecular diffusion)



NOTATION

D,

ip

JH

vi

effective diffusivity

Knudsen diffusivity

catalyst particle diameter

expected value of the random variable Y,
molar flow rate of component 7, g-mol/hr
fugacity of compound ¢

response function defining the expected value of the m* vesponse

for the n** run
mass velocity based on the total cross-sectional area of the reactor

mass velocity based on the total (superficial) cross-sectional area

of the reactor

heat transfer coefficient between the catalyst particle and the bulk
fluid

Thiele modulus, given by Equation 2.65

the NxM matrix of m predicted responses for n runs
mass transfer factor

heat transfer factor

molar flux of species f towards the surface relative to molar average

velocity, Equation 2.38



NOTATION

K,

vii

thermal conductivity of the fluid

reaction rate constant, Equation 2.3

reaction rate constant, Equation 2.5

adsorption constant of compound i

observed rate constant, Equation 2.4
thermodynamic reaction equilibrium constant
overall equilibrium constant, Equation 2.15
adsorption equilibrium constant of component i, Equation 2.6
surface reaction equilibrium constant

reaction rate constant of forward reaction

reaction rate constant of reverse reaction
desorption constant of compound i

parameter as per Equation 2.66

number of active sites, Equation 2.14

molecular weigiit of the gas mixture, Equation 2.60
Prandtl number = 2%"’*

Reynolds number = 2‘;’2

Schmidt number = ;,’-;—5



NOTATION

!
Nﬂc

TmA

=~

=~

modified Reynolds number = u—(?_%

critical pressure

film pressure factor of species i

partial pressure of species 7

partial pressure of species ¢ in the bulk
partial pressure of species ¢ at the surface
reduced pressure

saturation pressure

total type-u active sites expressed in pressure
total type-v active sites expressed in pressure
reaction rate

molal reaction rate of component A

pore radius

parameter as per Equation 2.67

gas constant

molar ratio of reactants, g-mol H,/g-mol nitro-compound

catalyst specific surface area

gross exterior surface area of the particle

viil



NOTATION

S

21

T

W/F

volumetric liquid hourly space velocity
time of reaction, Equation 2.3
temperature, K

temperature in the bulk fluid

critical temperature

reduced temperature

temperature at the catalyst surface
u-type active sites

constant parameters Equation D.1
specific volume, Equation D.1

v-type active sites

volume of gas adsorbed

void volume per gram of catalyst
volume adsorbed equivalent to a monolayer of gas
gross volume of the catalyst particle
weight of catalyst, g

space time, hr g-cat/g-mol nitro-compound



NOTATION X

X, X2, Xy temperature, space time, and reactants’ molar ratio respectively,

Equation 3.6
X; fractional conversion of component ?
XS  random variable, product of conversion and selectivity
ynm  Observed value of the m* response variable for the n** run
Y  the NxM matrix of the measured responses for n runs
Z  compressibility factor
superscripts
order of the reaction
transpose of a matrix, Equation 3.9
@ order of reaction with respect to A, Equation 2.19
#  order of reaction with respect to B, Equation 2.19
subscripts
o condition at rcactor inlet
Greek Symbols
a  defined as per Equation D.7

fi parameter associated with the independent variable z;, Equation

3.1

d4 ratio of stoichiometric coefficients, Equation 2.44



NOTATION

AH,

AY

Enm

Pr

xi

molal heat of reaction of A

pressure gradient, Equation 2.46

value of the random error associated with the
catalyst porosity

porosity of the pellet

effectiveness factor

the angle between the planes in the crystal and the incident beam,

Equation 3.11

fraction of available sites occupied by j
Px1 vector of values of parameters
mean free path, Equation 2.58
wavelength of the x-ray, Equation 3.11
fluid viscosity

vector of values of the operating (independent) variables for the

nth run

Total pressure
fluid density

apparent density of catalyst particle (mass per total particle vol-

ume).



NOTATION

T  pressure dependent residence time, hr g-cat atm/g-mol
T  tortuosity factor (takes care of length and shape factors)
T4  specified relative tolerance, Equation 3.10
¢  shape factor, assumed 0.9 for irregular granules
®  Thiele-type modulus given by equation 2.70
i fugacity coefficient of compound i
w  accentric factor
Abbreviations
AA  aromatic amines
AES  Auger Electron Spectroscopy
AN  aniline
APIP  alkyl-piperidines
BzTHQ  5,6,7,8-tetrahydroquinoline
DEC decane
DHQ  decahydroquinoline
DPEAM  dipentylamine
EAN  ethylaniline
EB ethylbenzene



NOTATION

ECH

EPR

ESR

ETPIP

HDM

HDN

HDO

HDS

HC

IDAN

IR

ISS

MEB

MCH

MNPIP

NC

OPA

PB

ethylcyclohexane

Electron Paramagnetic Resonance

Electron Spin Resonance
ethylpiperidine
hydrodematalation
hydrodenitrogenation
hydrodeoxidation
hydrodesulfurization
hydrocarbon

indan

Infrared Spectroscopy

Ion Scattering Spectroscopy
methylethylbenzene
methylcyclohexane
methylenepiperidine
nitrogen-containing compound
o-propylaniline

propylbenzene



NOTATION

PCH

PCHAM

PCHE

PEAM

PEN

PEPIP

PIP

PNPIP

PRPIP

PYR

PyTHQ

Q

SA

SMIS

UPS

XPS

XRD

propylcyclohexane
propylcyclohexylamine
propylcyclohexene

pentylamine

pentane

pentylpiperidine

piperidine

pentenylpiperidine
propylpiperidine

pyridine
1,2,3,4-tetrahydroquinoline
quinoline

secondary amines

Secondary Ion Mass Spectroscopy
Photoelectron Spectroscopy
X-Ray Photoelectron Spectroscopy

X-Ray Diffraction
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Chapter 1

Introduction

Catalysis plays a very important role in today's industry. About 90% of all
chemical manufacturing processes are catalytic. The first catalytic reaction known
is the biocatalytic fermentation in wine manufacturing which goes back to the ne-
olithic age (about 5,000 B.C.). In the 1500's, alchemists formed su'furic acid by

a mysterious catalytic process. In 1831, Pelegrin Phillips obtained the first known

patent in catalysis for the reaction

SOz + air £, SOa

aponge

In 1836, J. J. Berzelius had coined the word ‘catalysis’ as follows: “It has then
proved that several simple and composite soluble and insoluble substances possess
the property of exercising upon other substances an effect quite different from chem-
ical affinity. By means of this affinity they produce decomposition into the elements
of these substances and different recombinations of the same clements, from which
they remain separate. This new force which was unknown until now, is common to
both organic and inorganic nature”. He called this force the “catalytic force” and
the decomposition of substances resulting from this force “catalysis”. In 1915, Fritz

Haber developed the ammonia synthesis over reduced iron. The year 1936 was the
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beginning of the ‘modern era’ in catalysis due to the catalytic cracking developed
by Eugene J. Houdry which revolutionized petroleum refining.

Heterogeneous catalytic reactions are very important to the chemical industry
since they provide new and efficient pathways for chemical synthesis which are
economically attractive. About 15-20% of all manufactured goods produced in the
USA involve heterogeneous catalytic processes. Because of the ability of catalysts to
significantly modify the economics of chemical synthesis, a considerable amount of
research activity has been directed towards discovering new catalysts or improving
the existing ones.

As energy demand increases and the awvailability of petroleum decreases, it will
become necessary to process residual petroleum fractions and liquids derived from
coal, oil shale, and tar sand, which contain much higher concentrations of organic
nitrogen and sulfur compounds. The removal of these heteroatoms (N,S) is neces-
sary for environmental reasons as well as to increase the quality of the product by
increasing the hydrogen/carbon ratio.

Nitrogen compounds lower the grade of fuels due to the following reasons:

1. Fuel bound nitrogen contributes directly to the formation of NO, in combus-

tion process.

2. The activity of catalysts used in cracking and other processes [69,49,57] such
as reforming, isomerization, and polymerization is reduced because these cat-

alysts are acidic whereas nitrogen compounds are basic.

3. High nitrogen concentrations are detrimental to both product quality and

product stability. In fact, gums, precipitates, and lacquers formed during the
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storage or use of oils and fuels are directly related to the presence of nitrogen
compounds [87,68]. In addition, the presence of these compounds, even in

trace amounts, leads to poor color and color stability of oils [70,51].

4. Most aromatic nitrogen compounds are biologically harmful and often ear-

cinogenic.

Catalytic hydrodenitrogenation (HDN) is a common process to up-grade these
fuels. HDN is a process in which organonitrogen compounds are removed from
hydrocarbon feedstocks to produce processible, stable, and environmentally nccept-
able liquid fuels. When coupled with hydrodesulfurization (HDS), the removal of
organic sulfur, the process is commonly referred to as “hydrotreating”, which is
an integral part of oil refining. On the other hand, hydrocracking is the process
in which large organic molecules are converted into smaller ones such as saturated
olefins and aromatics.

The function of the hydrocracking catalyst includes hydrogenation, isomeriza-
tion, and cracking. By controlling and optimizing these functions, improvements
in hydrocracking processes and their commercialization have been possible. The
principal role of a metal in a hydrotreating catalyst is to keep the acidic sites active

throughout hydrogenation [14].

Nitrogen concentrations in synthetic liquids are typically two to five times higher
than those in petroleum stocks. The major portion of the nitrogen present in these
fuels is found as heterocyclic compounds, which are usually resistant to hydrodeni-
trogenation. Some characteristic nitrogen compounds found normally in petroleum

and coal-derived liquids are shown in Figure 1.1. Studies on the nature of the
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Figure 1.1: Typical nitrogen-containing compounds found in petroleum and
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nitrogen containing compounds in petroleum have shown that nitrogen conecentra-
tion increases with increasing boiling point of the petroleum fractions [91]. One
or two ring heterocyclic nitrogen compounds are concentrated in the lighter frac-
tions, whereas multiring nitrogen-containing compounds predominate the heavier
fractions.

While it has long been recognized that HDN is more difficult than HDS, (he
former has historically been of little concern to the refiners because of the compar-
atively small quantities of nitrogen compounds present in conventional petroleum
stocks. However, this situation will certainly change in processing high-nitrogen
synthetic liquids.

Most of the previous HDN kinetic studies have considered cither single model
nitrogen compounds or a whole coal derived liquid. This present study is focused
on the hydrodenitrogenation of two pure heterocyclic nitrogen compounds, pyridine
and quinoline, and their binary mixture. A large percentage of the nitrogen-bearing
compounds present in crude oil are derivatives of pyridine. On the other hand,
quinoline contains an aromatic ring as well as a heterocyclic one. This makes these
two compounds good models for HDN studies.

The present work is undertaken to study the kinetics of the HDN of two pure

nitrogen compounds and their mixture. More specifically the objectives of this work

are:

¢ to study the effect of process variables, i.e. temperature (T'), space time
(W/F), and hydrogen to nitrogen compound molar ratio (R) on the conver-

sion, selectivity, and yield of the HDN reaction.
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e to establish reaction networks for the HDN of single compounds, pyridine and

quinoline.
¢ to develop kinetic models for ecach HDN reaction.

e to study the interactions between these two model compounds and the ef-
fects of mixing on mechanisms and HDN kinetics under industrially relevant

reaction conditions.



Chapter 2

Theoretical Aspects

This chapter gives a general outlook about the work done on the HDN of Liete-
rocycles, mainly pyridine and quinoline. It also deals with the types of mechanisms
that are used for kinetic analysis and the types of reactors and their characteristics.

In addition, it sheds some light on the theory of heat and mass transfer on the

catalyst surface.

2.1 Literature Review

Hydrodenitrogenation is an integral part of the hydrotreating process in which
nitrdgen is removed from the oil residuals while hydrogen is being added so as to

increase the hydrogen to carbon ratio in the organics produced.
2.1.1 Heteroatoms in Heavy Fuels

The heteroatoms present in fuel feedstocks include sulfur, nitrogen, oxygen, and
metal. Crude petroleum contains 0.1-3% wt. sulfur, 0.01-0.3% wt. nitrogen, less
than 0.5% wt. ~xygen, and 20-100 ppm by wt. metals. In petroleum residuals the
percentage of nitrogen is more than 0.3% wt. since nitrogen-containing compounds

are concentrated in higher boiling petroleum fractions [97). Fuels derived from coal,
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shales, and tar sands have eveu higher nitrogen contents [97,9].

Heterocyelic nitrogen compounds are usefully divided into two groups: those
which have 2 six-membered pyridinic ring and those which have a five-membered
pyrrolic ring [52]. In the five-membered nitrogen heteroaromatics the extra pair of
electrons in nitrogen, which accounts for the usual basicity of nitrogen compounds,
is involved in the w-cloud of the ring and is therefore not readily available for
interacting with acids. In this sense, this type of compound is regarded as non-
basic and has a pK, < 2.0, such as pyrroles, indoles, and carbazoles. In contrast,
the nitrogen’s unshared pair of electrons in six-membered ring compounds is not
tied up in the 7-cloud and is therefore available for sharing with acids. Thus these
compounds are strong bases and have a pK, > 2.0, such as pyridines, quinolines, and
acridines. Table 2.1 shows some of the nitrogen compounds found in fuels with their
basicities [103,47]. The ratio of basic to non-basic nitrogen-containing compounds in
petroleum is roughly 1:2, while that in synfuels is closer to 2:1. Therefore, synfuels

have higher nitrogen concentration and are more basic than light petroleum.
2.1.2 Hydrotreating Reactions

Hydrotreatment is a mild hydrogenation process where the primary objective is
the removal of heteroatoms. In addition, hydrotreatment causes some hydrogena-
tion of unsaturated bonds with minimal cracking of large molecules. Hydrotreat-
ment process includes hydrodesulfurization (HDS), hydrodenitorgenation (HDN),
hydrodeoxygenation (HDO), and hydrodemetalation (HDM). The main reactions

are represented as follows:



CHAPTER 2. THEOQORETICAL ASPECTS 9

Sulfur-containing compound + H, Cotalyat Hydrocarbon + Ha.S
Nitrogen-containing compound -+ H, <%#* Hydrocarbon + NH;

Oxygen-containing compound + H, St Hydrocarbon + H,0

Table 2.1: Nitrogen compounds in fuels and their basisities

| Compound pK, |
Piperidine 11.12
Cyclohexylamine |10.66
Ethylpiperidine {10.45
Ammonia 9.27
2-Methylquinoline| 5.83
Acridine 5.58
Pyridine 5.25
Quinoline 4.90
N-Methylaniline | 4.85
Aniline 4.63
Pyrrole 0.40
Indole -3.50°
Carbazole -1.00

a: See Ref. [47)

2.1.3 Hydrotreating Processes

Hydrotreatment is achieved in the presence of hydrogen at pressures of 35-
270 atm, temperatures of 300-460°C, and a catalyst [37]. This process nceds a
significant amount of hydrogen, mainly because HDN of nitrogen compounds is
believed to proceed via saturaticn of the heterocyclic ring followed by ring fracture
and subsequent removal of nitrogen as ammonia. In coal hydrotreating, Fu and
Batchelder [32] have shown that the hydrogen consumption increases with increasing
reaction temperature and time. On the commercial scale, hydrogen is recovered and

recycled to the process with make-up hydrogen.
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It is well known that the presence of nitrogen and sulfur compounds in the feed
stock are the major cause of catalyst poisoning. Hence, the most important hy-
drotreating procecsses are the ones that are concerned with the reduction of the
level of sulfur and nitrogen compounds in syncrudes to allow further catalytic pro-
cessing without the danger of poisoning. Removal of oxygenated compounds occurs

usually in the desulfurization or denitrogenation step [26).

2.1.4 Hydrotreating Catalysts

Most hydrotreating catalysts consist of a major metal component such as molyb-
denum or tungsten (10-20% wt.) and a promoter usually cobalt or nickel (2-5%
wt.) supported on 4- alumina. Cobalt and molybdenum (cobalt molybdate) is the
most widely used desulfurization catalyst whereas nirkel and molybdenum (nickel
molybdate), or nickel and tungsten, are commonly used for hydrodenitrogenation.

The metals in a fresh catalyst are generally present as oxides, but are converted
to sulfides either in & pretreatment step or in actual operation where organic sulfur
compounds and hydrogen sulfide are present. In using oxide and sulfide catalysts,
the conditions for presulfidation could have a significant effect on the optimum
hydrodenitrogenation activity. Goudriaan and co-workers [40], studying pyridine
hydrodenitrogenation over cobalt molybdate catalysts, found that presulfided cata-
lyst was substantially more active than the oxide and that the continuous addition of
hydrogen sulfide further increased activity. They concluded that the hydrogenation
activity of the sulfided catalyst is substantially greater than that of the oxide and
that the presence of hydrogen sulfide had a beneficial effect on the hydrocracking

activity of the catalyst. Similar effects were also reported by Mayer [64).
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2.1.5 Catalytic Chemistry

Hydrodenitrogenation involves hydrogenolysis of the carbon-nitrogen bonds in
nitrogen-containing compounds to give a denitrogenated product and annnouia.
Hydrodenitrogenation is more difficult than hydrodesulfurization; hence, it requires
more severe conditions and consumes more hydrogen [77,82]. This large hydro-
gen consumption is attributed to the initial hydrogenation of the ring or complete
saturation of the carbon atoms before the hydrogenolysis of the carbon-nitrogen
bonds.

In contrast to hydrodenitrogenation, hydrodesulfurization occurs by the direct
removal of the sulfur that is the C-S bond breaking is the initial step, and the
aromatic saturation is not a prerequisite for C-S bond breaking when the carbon
atom is aromatic. This suggests that the appropriate sclective catalyst should
be able to remove sulfur without doing unnecessary hydrogenation and thus, save

hydrogen costs.

2.1.6 HDN of Model Nitrogen Compounds

In this section a literature review of the hydrodenitrogenation kinetics of pyri-
dine, quinoline and oil shale is presented.
Pyridine

Pyridine was first isolated and characterized by Anderson in 1846. The cyclic
nature of pyridine was recognized by Korner, and by Dewar, in 1869 [11].

Mcllvried [66] studied the HDN of pyridine and found that the reaction involves



CHAPTER 2. THEORETICAL ASPECTS 12

successive steps starting with a rapid hydrogenation of pyridine to piperidine fol-
lowed by slow-ring rupture to form n-pentylamine and rapid denitrification of n-
pentylamine to ammonia. The reaction would be in the following manner:
pyridine — piperidine — n-pentylamine — n-pentane 4 ammonia
The catalyst was a presulfided Ni-Co-Mo/Al;03. The data obtained from piperi-
dine denitrification fit & Langmuir-Hinshelwood type kinetic model. This model is

expressed in the following manner

de[p - 0.71n1)l-l,PPlP
d(1/8,) — (14 R)1+ 1.57Ppyg,)

x 1074 (2.1)

This rate expression was then used to develop the following kinetic model for pyri-

dine
755 =~ B0+ ioshe 1 @2

where: |

P; pertial pressure of component i, psia

R molar ratio, g-mole H,/g-mole nitro-compound

S,  volumetric liquid hourly space velocity, hr™!

II  total pressure, psia
subscripts:

PIP  piperidine
PYR Dpyridine

o conditions at reactor inlet.
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Aboul-Gheit et al. [2] using a batch autoclave and Co-Mo/AlLOy catalyst have
studied the hydrodenitrogenation of pyridine in paraffin oil at temperature range
350-400°C and initial hydrogen pressure of 25-100 atm. They concluded that under
hydrotreating conditions pyridine is saturated to piperidine then the ring is eracked
at different positions to produce a mixture of primary and sccondary amines. At
low temperature conditions, the production of alkylpiperidines is a side reaction of
great significance. The initial hydrogen pressure has a decisive influence npon the
rate of pyridine hydrodenitrogenation.

Sonnemans et al. [92] studied the kinetics of pyridine hydrogenation at high
hydrogen pressures (1.5-7.5 MPa) on a Mo-Al oxide and Co-Mo-Al oxide eatalyst.
The data obtained fit a Langmuir type kinetic model with the assumption that
the reaction is a first-order in pyridine i.e. pyridine and piperidine have equal and

strong adsorption. The rate equation was found to be

» = _9Ppvr _ Peve Py,
dt Ppyg,

(2.3)
where:
Ppyr  partial pressure of pyridine, psia
t  time of reaction, min.
r  reaction rate
k  reaction rate constant
n  order of the reaction

ir which n, the order of reaction with respect to hydrogen, is 1.5 at 300-375°C and
1.0 at 250°C.
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Sonnemans and Mars [94], considering pentylamine as one of the intermediates
formed in the hydrogenolysis of pyridine, have studied the kinetics of the conver-
sion of this compound on MoQ3/Al,03 and between 250 to 350°C. Several reactions
were observed: crackiné to pentene and ammonia, hydrocracking to pentane and
ammonia, dehydrogenation to pentanimine and butylcarbonitrile and dispropor-
tionation to ammonia and dipentylamine. Both cracking and hydrocracking took
place, mainly above 300°C. They concluded that at low conversions the rate of am-
monia formation is mainly influenced by the disproportionation reaction, while at
conversions above 60% cracking or hydrocracking of pentylamine or dipentylamine
is rate-determining in the ammonia formation. But, according to other investiga-
tors, the rate determining step in the denitrogenation of heterocyclic bases is the
hydrogenation of the aromatic ring [39] or the rupture of this ring [66] and not the
deamination of the primary amines.

In another investigation, Sonnemans et al. [95] studied the conversion of piperi-
dine on 2 Co0-Mo0Q;-A1;03 catalysts as a function of temperature, reaction time,
initial piperidine partial pressure and the hydrogen pressure. The reaction scheme

concluded was as follows:

¢ Piperidine is converted into ammonia, pentane, and pyridine; pentylpiperidine

is an intermediate in the ammonia formation.

¢ Pentylpiperidine is converted irto ammonia and pentane; piperidine, dipenty-

lamine, and pentylamine are intermediate products.

Satterfield and Cocchetto [78] studied pyridine HDN in & continuous flow, fixed

bed, catalytic micro reactor using commercial Ni-Mo/Al,O3; and stated that the
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equilibration between pyridine and piperidine can be a rate-limiting factor under
some conditions. At nearly 300°C, equilibrium shifts from piperidine to pyridine.
Above 400°C and at a pressure of 11 bars, a maximum in pyridine HDN rate oceurs
and an equilibrium is established.

Satterfield et al. [82] studied the interaction between catalytic HDN of pyri-
dine and HDS of thiophene and found that sulfur compounds have a dual effect
on HDN. First, at low temperatures, thiophene inhibits the reaction by competing
with pyridine for hydrogenation sites which retards the conversion of pyridine to
piperidine and hence, reduces the overall rate reaction. Second, at high tempera-
tures, hydrogen sulfide, produced from HDS, interacts with the catalyst to improve
its hydrogenolysis activity and hence increases the rate of piperidine hydrogenoly-
sis, which is rate-controlling under these conditions, leading to an increase in the
overall HDN rate. The above result was confirmed in a later study by Satterficld
et al. [83].

Gupta [42] studied the vapour-phase hydrogenation of pyridine aver Co-Mo/Al, O,
catalyst and concluded that the HDN of pyridine takes place in two steps, hy-
drogenation of pyridine to piperidine and subsequent conversion of piperidine to
pentane and ammonia via pentylamine, pentylpiperidine, and dipentylamine.

Anabtawi et al. [5] studied the vapor-phase hydrogenation of pyridine in an inte-
gral flow reactor over Ni-W/Al,0; catalyst. They concluded that the hydrogenation

of pyridine proceeds through the following steps:
¢ Saturation of the double bonds of pyridine to form piperidine

¢ Disproportionation of piperidine to form ammonia and n-pentylpiperidine
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¢ Formation of n-pentane from n-pentylpiperidine.

The data obtained from the above study fit the following rate equation

_dPpyr
dt

r=

= kovPpyn Py, (2.4)

It was observed that k,, is dependent on the initial pressure of pyridine, and could

be represcnted as

ks

kau =5
Ppyg,

+ k; (2.5)
where:

ki reaction rate constant (intercept in a plot of k., vs 1/Ppyg,,

mol/g-cat-hr (N/m*)
kow  observed rate constant for hydrogenation of pyridine, mol/g-cat-hr

ks  reaction rate constant (slope in a plot of k., vs 1/Ppyg,, mol/g-

cat-hr(N/m?)
P,  partial pressure of species ¢, N/m*
r  reaction rate, mol/g-cat-hr(N/m?)

In a recent work, Vit and Zdrazil [98] studied the activity and selectivity of carbon-
supported sulfides of Ru, Pd, Ir, and Pt using simultaneous reaction of pyridine
and thiophene. They found that the sulfides of platinum metals were better HDS

catalysts and much better HDN catalysts than the commercial Co-Mo/Al, O3 or
Ni—MO/Alea.
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Quinoline

Impure quinoline was first obtained from coal tar by Runge in 1834, and in 1842
Gerhardt obtained it as a degradation product from quinine [11].

Doelman and Vlugter [28] studied the HDN of quinoline using prereduced Co-
Mo/alumina catalyst and concluded that nitrogen removal from quinoline (Q) pro-
ceeded primarily through py-tetrahydroquinoline (PyTHQ) and various aniline in-
termediates, with breakdown of the aniline as the rate-determining step. With the
same catalyst, Madkour et al. [63] observed a significant increase in the quino-
line HDN rate when large excesses of hydrogen chloride were present, due to the
acceleration of the hydrogenolysis reaction.

Flinn et al. [34], studying the HDN of quinoline over presulfided Ni-W/ALO, in
a high purity paraffin oil, found that the reaction is first-order with respect to
quinoline. However, it was reported that the reaction involves ring hydrogenation
which is the rate-controlling step preceding any nitrogen removal.

Shih et al. [88] studied quinoline HDN using a 1-liter autoclave and presulfided
Ni-Mo/+-alumina (American Cyanamid HDS-9A) catalyst under a pressure of 3.4
MPa and temperature 342°C. An amount of CS, (0.05% wt. of carrier oil) was added
to maintain the catalyst in the sulfided form. They reported that the hydrogenation
reactions are first-order with respect to nitrogen content, whereas they are second-
order in hydrogen.

Aboul-Gheit et al. [1], using a batch autoclave and Co-Mo/Al;Os catalyst, stud-
ied the HDN of quinoline and found that the first step was the hydrogenation of
quinoline to PyTHQ. which is converted to o-propylaniline. The latter compound

is then mainly converted to propylbenzene and ammonia. From the above study
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they concluded that the first step was very fast whereas the second step was very
slow.

Cocchetto and Satterfield [25] studied the chemical equilibria in the HDN of
quinoline in a continuous flow, vapor-phase, fixed-bed catalytic micro reactor em-
ploying a presulfided commercial Ni-Mo/Al,03. The equilibrium constants were
calculated for significant reaction paths. It was concluded that there was a good
agreement between the experimental equilibrium constants and the theoretical ones,
the largest discrepancy was in that of the hydrogenation of quinoline to PyTHQ.

In another study, Satterfield and Cocchetto [79) have modeled the kinetics of the
irreversible intermediate steps i.e. denitrogenation of o-propylaniline (OPA), and
hydrogenolysis of py-tetrahydroguinoline and decahydroquinoline (DHQ). They also
proposed the following Langmuir-Hinshelwood rate expression for o-propylaniline

denitrogenation

_ kKopa Popa
1 + KopaPopa + Knu, Prn,

TOPA = (2.6)
where:
k  pseudo-rate constant for OPA denitrogenation
K adsorption equilibrium constant
P partial pressure
r  net rate of formation

subscripts:

OPA o—propyla.niline
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Satterfield and Gultekin [81], studied the effect of hydrogen sulfide on the HDN
of quinoline and found that H,S had a slight inhibiting effect on the intermediate
hydrogenation steps but a marked accelerating effect on the hydrogenolysis steps
and hence, an increase in the overall HDN rate, whercas the presence of HaS had
no effect in the case of nitrogen removal which has the following order:

OPA > DHQ > BzTHQ > Q = PyTHQ.

This same result was reported later on by Yang and Satterfield [107] when the HDN
reaction were studied in a trickle-bed reactor. On the other hand, Satterficld ot al.
[84], studied the effect of water and hydrogen sulfide on the HDN of quinoline and
deduced that the presence of water can enhance the activity of a Ni-Mo/Al,0; cat-
alyst, but the effect is less pronounced than the enhancing effect of H,S, while the
enhancing effect of H2S and H,0 together is greater than either one alone.

Miller and Hineman [67] studied the HDN of quinoline over sulfided cobalt-
molybdate and deduced that the rate of nitrogen removal is less than one. A
Langmuir-Hinshelwood expression was used to interpret the data.

In a recent study done by Yu et al. [110] on the HDN of quinoline over a
presulfided Ni-W/Y82 zeolite it has been suggested that the rate-limiting step in
denitrogenation is the irreversible reaction from PyTHQ to OPA and that the hy-
drogenolysis data can be well regressed with a Langmuir-Hinshelwood model.

A more recent work done by Eijsbouts et al. [30] on the HDN of quinoline over
carbon-supported transition metal sulfides, at 653 K and 5.5 MPa had shown that
the sulfides of the second and the third row gave higher conversion and selectivity
than the first row. Furthermore, the maximum conversion was for Rh/C and Ir/C

while the lowest one was for Mo/C and W/C. They also concluded that Rh/C and
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Ir/C have high selectivity for propylcyclohexane while Ru/C and Re/C have high
selectivity to propylbenzene.

Almost all of the above studies concluded that denitrogenation is first order with
respect to the concentration of nitrogen species. A discussion of the kinetics of
denitrogenation becomes much more complicated when one considers industrially
important feeds such as petroleum stocks, shale oil, and coal-derived liquids. These

feedstocks contain a large number of unspecified organonitrogen compounds.

Petroleum Feedstocks and Qil Shale

Flinn et al. [34] found that the ease of denitrogenation tends to decrease with the
increasing of the boiling point of the petroleum feed. Very high hydrogen pressures
are required for complete removal of nitrogen from petroleum feeds. The difficulty in
complete denitrogenation is due to the fact that the secondary nitrogen compounds
produced from hydrodenitrogenation are more resistant to denitrogenation than the
precursors.

McCandless and Berg [65] studied the hydrodenitrogenation of petroleumn using
a supported nickelous chloride-gaseous chloride catalyst system. It was found that
the system was more aciive for nitrogen removal than commercially available nickel
tungsten sulfide and cobalt molybdenum. However, the sulfur removal was at rel-
atively low level. This high hydrodenitrogenation activity may have resulted from
the interaction between the acid catalyst system and the basic nitrogen compounds.

Koros et al. [55] studied the hydrodenitrogenation of shale oil over a cobalt
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molybdate on alumina catalyst and a pressure of 800 psig and deduced that quinoline-
type compounds denitrogenate more readily than indole-type compounds. This re-
sult is a direct contrast to that reported by Flinn [34). However, Silver et al. [89]
studied the hydrodenitrogenation of shale oil on Co-Mo/Al, 04 at 5000 psig and 750
F and reported that the denitrogenation rate constants for indole-type compounds

were greater than that for quinoline-type compounds.
2.2 Kinetic Analysis

Kinetic studies are hampered by empiricism. Only simple homogencous gas
reactions can be treated by the activated-complex theory, collision theory, or more
general reaction-rate theories [50]. Most heterogeneous catalytic reactions are too
complex to be treated satisfactorily by such theories, and it is therefore necessary to
rely on classical, empirical methods. Heterogeneous catalytic reactions consist of at
least three single steps: adsorption, surface reaction, and desorption. Considerable
simplification results when there is a single rate-determining step. However, only
when surface reaction is the rate-limiting step are overall kinetics governed by the
kinetics of the reaction step. On the other hand if desorption of product is the
rate-limiting step then overall kinetics measured in the gas phase do not reflect the
kinetics of the surface-reaction rate [23]. In heterogeneous catalysis it is desired to
derive the rate expressions based on the Langmuir-Hinshelwood theory [50].

2.2.1 Mechanistic Steps in Heterogeneous Catalytic Reac-
tions

The sequence of steps for a heterogeneous catalytic reaction is as follows [20]:
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1. Mass transfer of reactants from the main body of the fluid to the gross exterior

surface of the catalyst particle.

2. Molecular diffusion and/or Knudsen flow of reactants from the exterior surface

of the catalyst particle into the interior pore structure.
3. Chemisorption of at least one of the reactants on the catalyst surface.
4. Reaction on the surface. (this may involve several steps.)
5. Desorption of (chemically) adsorbed species from the surface of the catalyst.

6. Transfer of the products from the interior catalyst pores to the gross exter-
nal surface of the catalyst by ordinary molecular diffusion and/or Knudsen

diffusion.

7. Mass transfer of products from the exterior surface of the particle into the

bulk of the fluid.

Steps 1 and 7 are highly dependent on the fluid flow characteristics of the system.
Hence, the rate of these steps depends on the mass velocity of the fluid stream, the
particle size, and the diffusional characteristics of various molecular species. These
steps limit the observed rate only when the catalytic reaction is very rapid and the
mass transfer is slow. Steps 2 and 6 depend on the degree of porosity of the catalyst,
the dimensions of the pores, the degree to which the pores are interconnected, the
gross dimensions of the catalyst particle itself, the rate at which the reaction occurs
at the catalyst surface, and the diffusional characteristics of the reaction mixture.
In most cases a heterogeneous catalytic reaction involves three mechanistic steps,

adsorption, surface reaction, and desorption. It is convenient to employ the concept
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of a rate limiting step in the treatment of these processes so that the reaction rate

becomes equal to that of the slowest step.

2.2.2 Kinetic Models

When the reaction involves two molecules, A and B, then two general meeha-

nisms can be visualized [16]:

Langmuir-Hinshelwood Mechanism

‘This type of mechanism assumes that both A and B are reacting in the adsorbed

state. Consider the general reaction
A+B=R+4S
The rate of the irreversible reaction is given by
r = k0408

or

= k;IfAI\’BPAPB
(14+ K4Py + KgPg)?

The rate expression for a reversible reaction is given by
r = ki0,0p — k. ,6r05

or

MK sKgPyPg — k' | KgKsPpPs

"= (L+ KaPa+ KpPp + KnPn + KsPs)?

where:

(2.10)
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r  reaction rate
k}  rcaction rate constant of forward reaction
k’,  reaction rate constant of reverse reaction
P;  partial pressurc of component ¢
K adsorption equilibrium constant
# fraction of occupied catalytic sites
subscripts:
A reactant A
g reactant B
r product R

s product S

Rideal Mechanism

For this type of mechanism it is assumed that one of the reactants, say A, isin
the adsorbed phase reacting with the other, say B, in the gaseous phase. The rate

of the reaction can be expressed as
r= k;GAPB (2.11)

or

_ kKA PyPg
" 14+ K4P,+ KgPg

r (2.12)
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Yang and Hougen [106] have considered several additional surface reaction mech-
anisms and have developed tables from which rate expressions for these mechanisms

may be determined. They have expressed the rate in the following form

(Rinetics term) x (potential term) )
rate = (2.13)
(adsorption term)"

If the hydrogenation reaction is of the form
A4+ Hy=R
then the kinetics term is expressed as
kinetics term = ymKk, (2.14)

the potential term is

an

potential term ~ , — — (2.15)
K..ap
and the adsorption term is
, Kaap
adsorption term = 1 4+ ——— (2.16)
I\:qaﬂp

where:
n effectiveness factor
m  number of active siles
K adsorption equilibrium constant
K., overall equilibrium constant

a activity
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subscripts:
A4 reactant A
n  product R

In the case of pyridine hydrodenitrogenation, for example, and according to Sat-
terfield and Cocchetto[80], the equilibrium constant b tween pyridine and piperidine
is very large. Then the overall equilibrium constant (X,,)} is large. At excess hy-
drogen the activity (ay,) is very high also, hence the adsorption term will be equal

to unity. The rate expression can be written as

rate = (pmKpyr)(apyr) (2.17)
or
rate = k(Cpyr)" (2.18)
where:
k  reaction rate constant
C  concentration
superscripts:
n  order of the reaction
Power-Law

The nonuniformity of catalyst surfaces and lack of accurate knowledge of the

structure of the chemisorbed species and their concentrations have been of great
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concern to many investigators. The assumptions of a homogencous surface is not
always true [23] and hence it is suggested to use the power law instead of Lang-
muir form. According to Smith [90], when the objeetive is reactor design, where
calculations of engineering accuracy are going to be made with the rate equation.,
the simplicity of the power-law form is advantageous. The general power-law rate

expression is

r = k| P3PS (2.19)

where:

r  reaction rate

ki  reaction rate constant

P;  partial pressure of component i
subscripts:

A reactant A

p reactant B
superscripts:

order of reaction with respect to A

#  order of reaction with respect to B
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2.3 Test Reactors

In general, any type of reactor with known contacting pattern may be used to
explore the kinetics of catalytic reactions. The operation of catalytic reactors is
defined by a number of paramneters. For instance, a change in mass defines whether
the reactor is a batch or a flow reactor. Exchange of temperature defines whether
the reactor is adiabatic or isothermal. There are other parameters such as reactor
volume, residence time, and space time which are also important in defining the
operation of the catalytic reaction.

The experimental strategy in studying catalytic kinetics usually involves mea-
suring the extent of conversion of gas passing in steady flow through a batch of
solids (58). The following sections give the properties and limitations of two plug

flow reactors; the integral and the differential reactors.
2.3.1 Integral Plug Flow Reactors

These reactors are operated at high conversions with reactant composition
changing along the catalyst bed. The rate of the reaction changes significantly
along the reactor. The reacte can be operated either adiabatically or isothermally.
The main reason for errors in the integral data is the lack of isothermicity. The
catalyst bed temperature can be maintained constant by two ways; inserting the
reactor in a fluidized sand bed and/or catalyst dilution i.e. adding inert solids to
the catalyst bed. The reaction rate can be obtained by either integral or differential
analysis,

The steps in the integral analysis are:

1. Make a series of runs with fixed feed initial concentration, C4,, while varying
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W/Fy,.

2. Select the rate equation to be tested and with it integrate the plug flow per-

formance equation

Xa dX,,

—ra

W/F,, = jﬂ (2.20)

where:

W weight of the catalyst
F4, initial flow rate of reactant 4
X4 fractional conversion of component 4

ra rate of the reaction

3. Evaluate numerically the left-and the right-hand side of the integrated form

of the above equation.

4. Plot one against the other and test for lincarity.

The rate in an integral reactor is given by

o dXa  dXxy (
AT AWF,, T AW/[Fy,)

The rate can be evaluated by the following procedure

1. Make a series of runs with fixed feed initial concentration, C,,, while varying

W/Fy,.
2. plot X, versus W/F,, for all runs.

3. Fit the best curve to the above data making it pass through the origin. The

rate at any X4 is the slope at that point.
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4. Evaluate C4 and plot C4 versus -r,. Test for linearity and find the rate

constant.

The main advantages of the integral reactor are: (i) Integral reactor data are
intrinsically more accurate and (z:) Data at high conversion are preferred for model

discrimination.
2.3.2 Differential Plug Flow Reactors

In differential reactors the conversion is small so it is usually reasonable to use a
shallow smeall reactor. The rate is considered to be constant throughout the reactor.

The performance equation for a plug flow differential reactor is

X 4,0ut dXA = -XA,out - XA,fﬂ

W/F,, = 2.22
/ Ao '/XA,in —TA (_rll)au ( )
where (r4)aqy 18 given by
F o X ou -X \in
(=rp)ay = TAelKout = Xa ) (2.23)

W

The procedure to find the rate expression is as follows

1. Make a series of runs using different Cj ;...

X

Select the highest value of Cy;, and call it C4,. Make this concentration the

basis for calculating Fu,, X 4,n and X4 ous.
3. For each run determine Fy,, W, X4 in, X4 out, and Cy gp-
4. Calculate the rate for each run using the above equation.

5. Plot C4,, versus -(r4),,, test for linearity and evaluate the rate constant.

Differential reactors give the rate directly, hence they are more useful in analyzing

complex systems.
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2.4 Plug-Flow Reactor Equations

All the results of this study were derived from a steady-state, plug-How. integral
reactor. A derivation and understanding of the equations of the plug-How reactor
will help in the kinetic interpretation of the results.

The reaction rate as well as the concentrations vary significantly in the axial

direction of a plug-flow reactor. There are several assumptions that are made before

deriving the corresponding rate equation:

1. The velocity profile in the reactor is flat, i.e. plug-flow exists. This can he
verified by the small size of the catalyst particles, and duc to the presence of

the fine porous plate at the inlet of the reactor.

2. The reactor operates isothermally, i.e. there are no thermal gradients in the
reactor. Theoretically, this assumption can never be valid if heat cffects ae-
company the reaction. However, this ideal state was approximated by putting

the reactor in a fluidized bed and fluidizing it properly.

3. No change in the total molar flow rate during the course of the reaction, This

assumption can be verified by the large excess of hydrogen.
4. There is no pressure drop across the reactor.

5. There is no axial or radial dispersion in the reactor.

For a heterogeneous catalytic reaction, the rate must be expressed per unit weight
or per unit area of the catalyst. Since the two concepts are related through the

specific surface area of the material, relations are developed in terms of the former.
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daw

Figure 2.1: Notation for plug flow reactor

A material balance for any non-hydrogen species, J, over a differential element of

the reactor (Figure 2.1) gives the following:
input + generation by reaction = output + accumulation
At steady state the accumulation is equal to zero, hence
(F5) + (rdW) = (F, + dFy) (2.24)

The rate of formatio.: of species j in terms of the catalyst weight, W, is given by

dF;

where:
F;  molar flow rate of j, g-mol j/hr
W mass of the catalyst, g

rj  met rate of formation of j, g-mol j/hr g-catalyst
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Defining the fractional conversion of reactant nitrogen compound, 7, into species J

as
F, (n P
X;=Z2L=F—=-2 2,96
=R T (B P (226)
therefore
P
F; =F,X;=F, (pj‘—) (2.27)
and
Fy
dF; = Fi dX; = P dP; (2.28)
10
where:

F,, molar flow rate of reactant nitrogen compound 7, g-mol 7 /hr
P;, initial partial pressure of reactant nitrogen compound, atm
II  total pressure, atm

P;  partial pressure of species j, atm

Substituting into Equation 2.25

o F,dX;  dX; o
T = W= d(i) (2.29)
Fi
or
- FdP __ dP; _ dB; (2.30)

HT PdW T a(B) "
Fy

Integrating the above differential rate expressions over the entire plug-flow reactor

gives:

W % dX,
»_ ek 2.31
F. / - (2.31)
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or

P,W _ (P dP;

T =
.F.‘ Py, T;

(2.32)

In this expression the rate constant depends on the initial partial pressure of the
nitrogen compound reactant. During this study, only one variable (W/F) was varied
while keeping the initial pressure of the reactants constant, hence, W/F was used
instead of 7.

The integrated form of the plug-flow reactor is useful for testing simple kinetic
rate expressions against the experimental data. For example, if the hydrocarbon
formation of the pyridine HDN reaction is zero order with respect to nitrogen com-

pound i.e. .K;;c= I{NH;;:O! then
ric = k' (2.33)

From the design equation

W _ Xne dch _ XHG
—— /D e = (2.34)
or
Xye =¥ W (2.35)
Fpyr,

Hence a plot of Xyc versus W/ Fpy g, should be a straight line passing through the
origin.
If 7 is used instead of W/Fpy g, then the equation can be written as

kl
Ppy g,

Xy = r (2.36)

If hydrocarbon formation is first-order i.e. Kyc=Kny, = Kpyr, then

_ k' Ppyr
Ppy g,

THC (2.37)
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2.5 Mass and Heat Transfer

This section sheds some light on the theory associated with the mass and heat

transfer that might occur in a catalytic reactor and shows how to estimate their

effects.

2.5.1 External Mass Transfer in Fixed Bed Reactors

There are two general diffusional processes of importance in catalysis: (i) mass
transfer to and from the external surface of the catalyst and (if) mass transfer in
and out the catalyst pores. Mass transfer to the external surface is controlled in i
thin boundary layer, usually less than a millimeter in thickness, next to the eatalyst
surface. The velocity of a fluid passing over the surface of a particle varies rapidly
normal to the flow across this boundary layer. At the catalyst surface, the fluid
velocity is zero, and rapidly approaches the bulk-stream velocity a short distance
from the surface. Near the surface, where fluid velocity is low, little mixing of
reactants and products occurs; mass transfer normal to the surface is by molecular
diffusion, and may be taken as proportional to the molecular diffusion cocfficient,
D,

In some cases, the external surface concentrations do not differ appreciably from
those prevailing in the bulk fluid. In other cases, a significant concentration differ-
ence arises as a consequence of physical limitations on the rate at which reactant
molecules can be transported from the bulk fluid to the exterior surface of the
catalyst.

In the gas phase system, it is convenient to define a mass transfer coefficient
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hased on a partial pressure driving force (kp;) as

Ji

L S 2.38)
PP (2:38)

kp; =
then the mass transfer coefficient based on a concentration driving force (k¢;) is

ke; = kp;R,T (2.39)

The most convenient mathematical form for correlating mass transfer data is in

terms of the well known Chilton-Colburr: jp factor [21]
[
p= LN (2.40)

where Ng. is Schmidt number and it is given by
7
L= 2.41
Ns oD (2.41)

where:

Ji  molar flux of species i towards the surface relative to molar average

velocity
P;,  partial pressure of species 7 in the bulk
P;, partial pressure of species i at the surface
R, gas cunstant
p  fluid density
g fluid viscosity

D molecular diffusivity of the species being transferred into the sys-

tem of interest
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Gm  mass velocity based on the total (superficial} cross-sectional area

of the reactor

The jp factor can be expressed in terms of the film pressure factor for species o,

Pf,rh as

_ (IE4+8,4P4) — (L + 6,Py,,)

n (fEs)

Py

then jp can be expressed as

k :
b= PPy N2
Grm

where:
II  total pressure
P, partial pressure of species 4
P4, pressure of species A at the catalyst surface

and 64 is given by

_r+s+.—-a-~b.
- a

84

where a, b, r, s,... are the stoichiometric coefficients of the reaction

aA+bB+..=1rR+sS+..

The effect of mass transfer can be determined from the following relation

Tma = kg aam@(PaPa,)

where:

(2.42

(2.43)

(2.45)
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rma  molal reaction rate of component A
¢,  area of the particle per unit mass
¢ shape factor, assumed 0.9 for irregular granules

The pressure gradient, AY, can be determined from the equations and charts pro-
posed by Yoshida et. al [109]. The pressure gradient is given by the equar. .

APA _ TmA
PA B am¢Gm

(jD)-l%i(NSc)ﬂs (2.46)

AY, =
Correlations for mass transfer factors (jp) in packed beds are given by Petrovic and
Thodos (73], Chu et al. {22], and Riccetti and Thodos [76] at different ranges of

Reynolds number (Ng.) or modified Reynolds number (Ng,).

Np, = 22€ (2.47)
u
D,G
N, = —2— 2.48
Re p.(]. —¢ B) ( )
where D, is the particle diameter.
According to Petrovic and Thodos, for 3 < Ng, < 2000
. 0.357
= — 2.
Jp P Ng ,3359 ( 49)
According to Chu et al., for 1 < N, < 30
jn = B.I(NR )0 (2.50)

and for 30 < Np, < 104

jp = L.T7(Ng,)™ (2.51)



CHAPTER 2. THEORETICAL ASPECTS RiY

Riccetti and Thodos had suggssted that, for 100 < N, < 7000

1
Np ) 00— 15

Jp = (
where ¢z is the void fraction of bed arising from spaces botween particles,

Calculations and estimations for the external and internal mass transfor offeets

are shown in Appendix J.
2.5.2 Heat Transfer

Heat transfer to or from a large fixed bed of catalyst often represents a significant
problem. However there are a variety of operating techniques that can he used to
facilitate control over the bed temperature. These include the use of inert diluents
in the bed stream to moderate the temperature changes, and the use of “cold shot”
or gas bypass technique in which a fresh cold reactant stream is mixed with a hot
stream that has undergone partial reaction. Recycle of a product stream and partial
temporary poisoning of the catalyst are two other expedients that can be used to
help regulate the temperature in fixed bed reactors. In laboratory studies aimed at
a determination of the rate expression for the intrinsic chemical reaction, external
gradients in temperature and concentration can be made nogligible by operating

under the following constraints [20].

1. Using a reactant stream that is diluted with inerts to reduce the reaction
rate so that the energy evolved per unit volume i+ greatly reduced below that,

encountered in the absence of inerts.

2. Employ high mass velocities to minimize resistance to heat and mass transfer.
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Heat transfer between a fluid and a catalyst particle occurs primarily through the
same combination of molecular and convective processes that are respunsible for
mass transfer in such systems. At sufficiently high temperatures, one must also
ailow for radiation contributions to the energy transfer processes within the reactor.
Radiation effects are not significant at temperatures below 400°C for packed bed
reactors comprised of pellets with characteristic dimensions of less than 1/4 in.
Experimental data on heat transfer in fixed and fluidized bed reactors are corre-

lated in terms of a j factor for heat transfer, jy

. _(_h Cp#)”“_ h_ e 253
’"‘(C,,G)( 3 =CG P (2.58)

where:

p¢ fluid viscosity
C, constant pressure heat capa.ity per unit mass of fluid
k  thermal conductivity of the fluid
G mass velocity based on the total cross-sectional area of the reactor

h  heat transfer coefficient between the catalyst particle and the bulk

fluid

Np,  Prandtl number given by

Npe = ﬂ’-ffa (2.54)

The effect of heat can be verified from the difference between the temperatures

of the bulk fluid and that of the catalyst surface given by the following relation.

_ rma(—AH4)

-0 dha,,

(2.55)
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where:
T, temperature at the catalyst surface
T, temperature in the bulk fuid
AH, molal heat of reaction of A

Correlations for the j factor for heat transfer can be estimated from expressions

developed by Gamson et al. [36] for Nz, > 350 as
jn = LOBNZO! (2.56)

The j factor for heat transfer at Ng, < 350, was correlated by Wike and Hougen

[205]

j” = 1'95NE¢?51 (.

L
o
-1
—

Calculations for the heat transfer effects are shown in Appendix J.

2.6 Diffusion

The geometry of the pore structure makes it impossible to determine acenrately
the effective length of the diffusion path. Interconnections within the pore structure,
the tortuous character of individual pores, and variations in cross-sectional arca
along the pore length all contribute to the difficulty of the task.

One or more of several different mechanisms may be responsible for the mass
transfer process. These include ordinary bulk diffusion, Knudsen diffusion, surface
diffusion, and bulk flow. For the majority of the catalysts and conditions used in

industrial practice, the only significant mechanisms are bulk diffusion and Knudsen
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diffusion. The relative importance of these two processes depends on the relative

values of the mean free path and the pore dimensions.

Ordinary or Bulk Diffusion

Ordinary or bulk diffusion is primarily responsible for molecular transport when
the mean free path of a molecule is small compared with the diameter of the pore.
The mean free path (1) is the average distance a molecule travels between inter-
molecular collisions. A rough equation for A is given by Wheeler [104].

-5
A= % (2.58)

where II is the pressure in atm. and M is in cm.

At 1 atm. the mean free path (A) of typical gaseous species is of the order of
1075 cm or 10° A. In pores larger than 10~* cm the mean free path is much smaller
than the pore dimension, and collisions with other gas phase molecules will occur
much more often than collisions with the pore walls. Under these circumstances the
effective diffusivity will be independent of the pofe diameter and, within a given
catalyst pore, ordinary bulk diffusion coefficients may be used in Fick's first law to

evaluate the rate of mass transfer and the concentration profile in the pore.

Knudsen Diffusion

Knudsen diffusion will be the dominant mechanism of mass transfer whenever
the mean free path between collisions is large compared with the pore diameter.
This situation prevails when the gas density is low or when the pore dimensions
are very small. The molecules hitting the walls are momentarily adsorbed and then

are given off in random directions (diffusely reflected). After a collision with the
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pore wall, the molecule will usually fly to another spot on the wall hefore having o

collision with a second gas phase molecule. Many collisions with the walls will take

place for each collision between gas phase molecules.

Assuming that the pores are straight cylinders of radius 7, then according to

the kinetic theory of gases and making use of Fick's law, the effeetive Knudsen

diffusivity is given as

where:

Dy

~|

or

where:

Pp

o | T
Dy =9. =

R 9.7 x 10°F M
Knudsen diffusivity, cm?/s
temperature, K

pore radius, cm

g? / T
Dy = 19400T39Pp Y

catalyst porosity

catalyst tortuosity

catalyst specific surface area
catalyst particle density

absolute temperature

(2.59)

(2.60)
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M  molecular weight of the gas mixture

The relation between the bulk diffusivity (D4g) and Knudsen diffusivity is given by

.= 28 (2.61)

Effectiveness Factor

When diffusion and reaction occur simultaneously within a porous solid struc-
ture, concentration gradients of reactant and product species are established. If the
diffusional processes are rapid compared to the rate of the chemical reaction, then
reaction takes place inside the pores of the catalyst. In this case only a small con-
centration gradient will exist between the exterior and the interior of the particle.
On the other hand, if the catalyst is very active, many reactant molecules will have
been converted to products before they have had time to diffuse into the pores. In
this case there will be steep concentration gradients of both reactant and product
species near the periphery of the particle.

Quantitative analytical treatments of the effects of mass transfer and reaction
within the porous structure were first carried out by Thiele {96], Wheeler [104],
Aris [6), and many other investigators. Emphasis was on the development of a
technique that can be used to analyze quantitatively the factors that determine the
effectiveness with which the surface area of a porous catalyst is used. Hunce, the

cffectiveness factor, 7, for a catalyst particle is defined as

_actual rate for the entire catalyst particle
T= rate evaluated at exterior sur face conditions

(2.62)

The intrinsic chemical reaction rate expression can be determined by the proper

choice of experimental conditions that eliminate both external and intraparticle
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mass transter resistances. By evaluating the effectiveness factor, i, the true reaction

rate can be calculated.

With the assumptions that the reaction is first-order, the catalyst pore has a

cylindrical shape, and under isothermal conditions, the effectiveness factor wis

found to be
— Tpore _ T (Q"’:LLC”') tanh(hy)
Tideal 2aFLkCy
or

_ tanh(hy)
n= hT

Where hr is the Thiele modulus which is defined as

(2w
'T=\"7p,

The parameters L and 7 are given by

7 _ Y
L_S,
W

5,

where:
k]  reaction rate constant per unit surface area
V>  gross volume of the catalyst particle
S:  gross exterior surface area of the particle

V, void volume per gram of catalyst

(2.63)

(2.64)

(2.66)

(2.67)
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S, surface area per gram of catalyst
D.  combined diffusivity (Knudsen and molecular diffusion}

At equimolal counter diffusion, D. is given by the equation

1 1 1
_—= 4t = 2.68
D. " D.s ' Dx (2.68)

D,p can be found using the methods suggested by Reid and Sherwood [75], while

Dy is directly proportional to the pore radius (F)
Dy = 9.7 % 10-%\/3- (2.69)
i 2,
where:

T temperature in K

M  molecular weight

From all of the above, we conclude that for low values of hr (slow reaction, rapid
diffusion) the effectiveness factor approaches unity. For hr above 2.0, tanh(4hy)=1
and the effectiveness factor may be approximated by 1/hz.

In terms of effective diffusivity, D., a new Thiele-type modulus is defined as

'
& = F\/fﬁ’ﬁg‘! (2.70)

radius of catalyst particle

where:

~3

k]  rate constant for first-order reaction

pp  apparent density of catalyst particle (mass per total particle vol-

ume).
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S, surface area per gram of catalyst

D, effective diffusivity given by

where:
D, combined diffusivity
£,  porosity of the pellet

T  tortuosity factor (takes care of length and shape factors)

then the effectiveness factor is

3 1 1
- — | —— e — A
=%, [tanh(cp,) q»,] (272)
For large values of &, (>30), tanh(®,) approaches unity and the cffectiveness
factor approaches 3/@,, hence the reaction is diffusion limited within the pellet. At

low values of ®,, the effectiveness factor approaches unity and hence the reaction

is surface reaction limited.

2.7 Catalyst

A catalyst is a substance that affects the rate or the direction of a chemical
reaction, but is not appreciably consumed in the process [20].
The chemical composition is the major factor that determines the catalyst ac-

tivity. However, with a constant chemical composition, the catalytic characteristics
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may vary over a wide range depending on the conditions and methods of catalyst
preparation.
The catalytic properties of a catalyst can be determined by the following char-

acteristics:

1. Catalytic activity which is the ratio of the rate of reaction at any time to the

rate of reaction with a fresh catalyst.

0o

Selectivity which is the rate of formation of desired product to the rate of

formation of undesired products.

3. Stability which includes thermal stability, resistance to poisoning, and repro-

ducible in its behavior.
4. Mechanical strength to resist attrition or crushing.

5. Hydrodynamic characteristics which is determined by the size, shape, and

density of catalyst pellet.

Apart from the above listed characteristics, a hydrodenitrogenation catalyst must
(1) effectively remove nitrogen from the organonitrogen molecule mostly through
the C-N fission, (2) be able to operate in the presence of organosulfur compounds
and H,S, (3) not be easily poisoned by other petroleum impurities such as sulfur
compounds or organometallic compounds and finally (4) they must not cause too

much dehydrogenation and polymerization that leads to coking.
2.7.1 Hydrotreating Catalyst Models

Three models had been proposed by De Beer and Schuit for the structure of
hydrotreating catalysts with the general composition Co(Ni)- Mo(W)/y-Al03 [27].
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Figure 2.2: Monolayer sites

The Monolayer Model

An epitaxial monolayer of MoQj is supposed to be formed on v-Al 04 surface
during catalyst preparation. This monolayer model was first introduced by Lipsch
and Schuit [59] and later on, Sonnemans and Mars proved that experimentaily [93].
They also found that commercial catalysis contain appreciably less MoQy than
necessary for one monolayer coverage.

The structural aspects of promoter (Co or Ni) introduction in oxide catalyst
systems have been widely investigated {60,7,8,74]. It was established thac a certain
portion of the promoter cations penetrates some distance into the support, with
Co®* preferring tetrahedral sites and Ni** preferring the octahedral oncs.

After reduction and partial sulfiding, the ideal monolayer catalyst might present
a picture as shown in Figure 2.2 [86]. The tetrahedral sites would be vccupied by
Co?*, the octahedral sites by Mo®*. The oxygen ions on top of Mo sites can be

replaced by sulfur, resulting in the formation of Mo®* and Mo** sites. The $/Mo
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@ W4 Mo“* trigonal prismatic
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Figure 2.3: Farragher-Coosse model for Ni-WS$, edges

ratio remains < 1. Sulfur vacancies correspond with single or dual Mo®* sites.

The (pseudo) intercalation model

This model starts from the layer structure of disulfides such as MoS, and WS,,
where the cations occur in trigonal prismatic surrounding the cationic sites between
successive sulfur-layers being alternatively completely empty or all filled.

According to Voorhoeve et al. [100,99) and Farragher and Cossee[33] intercalation
of Ni{Co) may occur at the layer edges between MoS;(WS;) layers in octahedral
holes situated adjacent to Mo(W) ions. This leads to the formation of single and
dual sites of exposed Mo (W?3*) ions seated above a square planar array of sulfur

ions at the edges of the layers. Figure 2.3 gives the Farragher-Cossee model for

Ni-“intercalated” WS, edges.
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The synergetic model

This model was first proposed by Hngenbach et al. [43,44]. They showed that
mixtures of MoS; and CoySs demonstrate a considerable “synergetie” effect 1.0, the
addition of CogSg to MoS, enhanced the activity of MoS, for Lydrodesulfurization,
hydrogenation, and isomerization. It has been also shown that the highest activity

was obtained at a Co/(Mo+Co) ratio of 0.2.



Chapter 3
Methodology

This chapter includes the strategies followed in designing the experiments, the
methods used to select the rate equation, and the procedure to evaluate the param-

cter estimates of the kinetic models.

3.1 Design of Experiments

An unportant part of this work was to design the experiments in such a way
as to achieve the objectives of this research project, that is verifying the effect of
process variables (T, W/F, R) on the hydrodenitrogenation reactions, establishing
reaction networks, and finding the kinetic model or models that fit the experimental
data adequately.

Since hydrodenitrogenation is an integral part of the hydrotreating operations,
the operating conditions considered in this study were chosen in ranges close to the
typical ones for the industrial hydrotreating processes suggested by Hengstebeck
[46]. These ranges are: temperature between 588 and 698 K, total pressure between
7.8 and 205 atm, and liquid hourly space velocity (LHSV) between 1.5 and 8.0 hr~!.

In this study the total pressurc was kept constant at 69 atm except for Runs
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Q3505 and Q3505R where the total pressure was 34.5 atu. The temperature was
varied between 498 and 673 K. The space time was varied between 42 and 210 by
g-cat/g-mol nitro-compound. The hydrogen to nitrogen feed molar ratio was kept
constant at 13 g-mol H,/g-mol nitro-compound except for Run PR13 where it wis

varied between T and 19.
3.1.1 Process Variables Effect

A set of experiments was designed especially for the determination of the impaet
of the operating variables (T, W/F, R) on the HDN reaction. A two-level faetorial
design is an acceptable screening tool for such purpose. This design helps deteet
the influence of the opeiating variables on the response variable. This influenee can

be described by a first degree polynomial of the form

E(Y)=Fo+ B.o1 + Baxa + ... (3.1)
where E(Y') is the expected value of the random variable ¥, 4 is the paramcter
associated with the independent variable x;.

In addition to its use as a screening tool, the fractional factorial design provides
valuable information about the possible interaction between various operating vari.

ables.

According to Bacon [10], three-level factorial designs are efficient in situations
involving two or three operating variables. The influence of k operating virinbles
can be described by a second degree polynomial model having the form

E(Y) = fo+ frx1 + Bazz + ... + iz (3.2)
+Buet + Baaai + oo + Bua

+P1221 %2 + PBraz1s + o + Br1 xTh—1Tk
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In order to estimate the squared terms, at least three values of each operating
variable must be tested. Box and Behnken [17] have proposed a useful class of three-
level fractional factorial designs. Construction of a three-level fractional factorial
design for the case of three operating variables is illustrated in Table 3.1. Values of
the operating variables are quoted in coded form, where -1, 1, and 0 are the lower

value, the upper value, and the centre point of the operating variables respectively.

Table 3.1: design for three operating variables.

I T2 I3
-1 1 0
1 -1 0
-1 -1 0
1 1 0
-1 0 -1
1 0 1
-1 0 1
1 0 -1
b 1 1
0 -1 -1
0 1 -1
0 -1 1
0 0 0
0 0 0
0 0 0

Model Building

In model building, the most independent variable is not measured directly but
is calculated from other quantities. As in the case here, the yield can be expressed

as the product of selectivity and fractional conversion and is denoted by ¥. The
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temperature is defined as:

T - 623
X, =
' 50
The space time is defined as:
. W/F-13
V2= g

The reactants’ molar ratio is defined as:

R-13

A3 = G

Then the model can be expressed as

Y= g + (ll.\rl + ﬂ.g.Yg + (1'3.Y;;
+a12X1 X + a13X, X3 + a2 Xo.Xy

+a”.\’12 + agng + (l;;;;x\—:'f

3.1.2 Kinetic Experiments

a0

(3.3)

(3.1

{3.5)

(3.6)

After verifying the effect of process variables, a full scale design was considerad

for the kinetic study. The reactants molar ratio was kept constant at 13 g-mol H, /g-

ol nitro-compound. Each set of experiments consisted of seven runs. In each sct

the temperature was kept constant while varying the space time at seven different

values starting with the highest flow rate for faster breakthrough. The samples

considered for analysis were collected at steady state. A steady state was declared

after getting three identical chromatograms from the on-line analysis. The tar trap

were emptied after each run and the flow rates of hydrogen and nitrogen-compound

were decreased in the same ratio.
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3.1.3 Selection of Rate Equation

There are several approaches to find the rate expression that fits the data best,

The integrated form of the design equation of the plug-flow reactor is

W xdX .
FJh T+ (3.7

This general rate equation of a catalytic flow system is based on unit mass of the
catalyst. The rate equation that can accurately predict the reaction behavior is
obtained after obtaining the mechanism of that reaction. The mechanism of a
reaction can be detected by the initial rate method described by Yang and Hougen
(106]. The initial rate is obtaine.i by plotting the fractional conversion versus the
space time and determining the slope of the curve as the space time approaches
zero. By plotting the initial rates versus the partial pressure or the reactants’ molar
ratio, one can predict the mechanism from the shape of that curve.

Besides the initial rate procedure, there are other methods that use the finite
values of conversion in order to establish the true rate equation that represents the
data. Somc of these methods are: linearizing the rate equation and solving for the
rate constants, and using the method of least squares to soh e the integrated form
of the design equation.

Another efficient way {0 determine whether the reaction is adsorption controlling,
surface reactiorn. controlling, or desorption controlling is by mode! discrimination
from the regression of the experimental data and then determine as to which step

is the rate-controlling,.
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3.1.4 Mathematical Modeling

Quantitative interpretation and analysis of the experimental results can only be
accomplished through mathematical modeling of the kinetics. Two types of models
were considered, a lumped compound model in which it is assumed that nitrogen.
containing compounds react with hydrogen to give hydrocarbons and ammonia,
and a mechanistic model that considers the reactions of each compound separately,
Each model resulted in a set of differential equations. These cquations are solyed by
a differential equation solver. The parameters of these equations are estimated by &
nonlinear least square regression technique. A parameter estimation in differentinl
equations program was used to estimate parameters from observations of multi
response variables. The ‘best’ estimates of these parameters are taken as those that
minimize the sum of squares of deviations between observed and predicted values of
all the response variables rather than only one response variable. By doing so one
can expect more precise estimates of the model parameters. This multi response
parameter estimator developed by Lozej, McLeou, and lately by Guay [61] makes
use of Box and Draper criterion {ig].

After the conversion of tiie estimation algorithm the model adequacy is confirmed

by several checks
¢ Step 1: Determine whether the estimated parameters are reasonable.

¢ Step 2: Check for the discrepancies between observed and predicted valies of

the responses.

o Step 3: Plot the residuals versus the predicted values of the responses. In

general, Lrends in nlots of residuals indicate lack of fit.
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o Step 4: Plot the observed values of the responses versus the predicted values.

These kinds of plots offer easy ways to detect inadequacies.
3.1.5 Integral Analysis

Regression analysis was carried out on the models to be tested. For the non-
lincar models a non-linear iterative method (Levenberg-Marquardt) that produces
least squares estimates of the parameters was applied. For this algorithm one must
input the data, the regression expression, declare the parameters, provide a range
of possible values of these parameters, and specify the derivatives of the model
with respect to each of the parameters. The procedure first evaluates the residual
sum of squares at each combination of starting values. The starting values with
the lowest sum of squares then serves as the initial estimates of the paramecters
and as such a starting point for the iterative procedure. The iterative method
regresses the residuals onto the partial derivatives of the model with respect to
the parameters until the iterations converge. The model forms and the parameter

estimates obtained may be used as a basis for the differential analysis,
3.1.6 Differential Analysis

Making use of the reaction network of the HDN reaction, mechanistic models
can be developed. Information of all the measured responses were combined to pro-
vide more precise parameter ¢ «tir.ates [12]. An estimation criterion was developed
by Box and Draper [18] for this situation since the least squares criterion cannot
be used. This is due to the fact that the variance of the observed responses at
any point in time are not independent [61]. This analysis is referred to as Param-

eter Estimation In Differential Equations, a software developed by members of the
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Chemical Engineering Department at the University of Qttawa [61).
In multi response cases the observed and predicted values of the response vari-

ables are related by the expression

Ynm = fm(§",ﬂ) + €y (3.8)
where:
Ynm  observed value of the m* response variable for the o™ run

fm(€,.8)  response function defining the expected value of the m™ response

for the n'* run

£, vector of values of the operating (independent) variables for the

n** run

I

Px1 vector of values of parameters

€.m  value of the random error associated with the measurement, of the

m'™ response variable for the n'* run

The program provides estimates of parameters which minimize the quantity
d(8) = detZ"Z (3.9)
where
Z=Y—-H
Y  the NxM matrix of the measured responses for n runs

H  the NxM matrix of m predicted responses for n runs
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Convergence of the estimation algorithm is determined using one of the two criteria.
The first criterion is based upon the value of the determinant, d(#8). Iterations are

terminated when

dig;) = d(8;4.1)
d(8;)

< T4 (310)

where 7 is a specified relative tolerance. The second convergence criterion used in
this program is one proposed by Bates and Watts [13,12] in which the size of the
proposed increment in the parameter vector is compared to the estimated size of
thie confidence region of the parameters. If the size of the increment is small relative
to the precision of the estimates then convergence is declared.

The program requires as input the experimental data, the rate equations, the
derivatives with respect to each of the responses and with respect to each of the

parameters,

3.2 Surface Studies Experiments

Spectroscopy is the study of the interactions of electromagnetic radiations with
matter. It provides a record of the amount of electromagnetic energy absorbed
by a material as a function of the energy of the radiation employed. This record
(spectrum) is unique to the sample and can be utilized to identify or quantify
constituents, establish or follow changes in structure, or perhaps provide insight
into mechanistic and kinetic details of a chemical reaction [71].

Three types of studies were carried out on the catalysis to shed some light on the
structure and the properties of that catalyst. The techniques used in these studies

are; electron spin resonance, x-ray diffraction, and adsorption.
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3.2.1 Electron Spin Resonance

Electron Spin Resonance (ESR) is a useful technique to measure the concentra-
tion of the species with only unpaired electrons and to identify electron aceeptors
or donors in semiconductors. A catalyst which is made from two different metal
oxides, as in this present case, yields a signal with a given intensity, The intensity
of this signal varics with the composition of thesc oxides. In general, the activity
of the catalyst is related to the intensity of the signal.

The ESR technique employs both external magnetic ficld and radiofrequency
photons. The substance to be tested is placed in the magnetic field and adsorption
of electromagnetic energy i.e. the radiofrequency photons, is observed. ESR speetra
were taken at different conditions and the relative intensities were measured. Mare

detail about the ESR studies are found in Appendix F.
3.2.2 X-Ray Diffraction

X-Ray Diffraction (XRD) techniques can furnish a variety of information not
obtainable by other instrumental methods. The most distinctive and ultimate ap-
plication of x-ray diffraction is determination of crystal structure. It can also give
a detailed picture of the dispersion of metal particles on the catalyst support.

When a beam of x-rays impinges on a sample placed in its path, three main

processes occur [15].
1. Some x-rays are scattered with no change in wave length.

2. Some x-rays are scattered with a change in wave length, which depends on

the angle at which they are scattered.
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3. Some x-rays are adsorbed, with the subsequent production of fluorescent x-

rays.

Coherent scattering of x-rays is necessary for diffraction to occur. There are threc
main techniques by which the germetry of x-ray diffraction has been handled. The
Bragg method (used in this investigation) had simplified the calculation by consid-
cring the diffraction to occur from planes to atoms. The Bragg's law for diffraction

can be written as
A= 2d sind (3.11)

where d is the interplaner spacing of the planes, A is the wavelength of the x-ray, and
8 is the angle of incidence, i.e. the angle between the planes in the crystal and the
incident beam. The Debeye-Scherrer powder camera is the mostly common used
for x-ray diffraction. The camera used in this investigation is the Debeye-Scherrer
with the Straumanis modification.

In the powder method the catalyst sample is ground to fine powder (about 50
pm), and mounted on a glass filanient in such a way that it can be bathed in a
monochromatic x-ray beaml. A narrow strip of film is pressed inside a cylindrical
holder the axis of which coincides with that of the sample. The x-ray reflections
are detected as lines on the film. Each of these lines corresponds to the reflections
from all the planes of one form. The rays diffracted by these planes lie along the

surface of a cone of half-angle 2 whose axis is the incident beam.
3.2.3 Adsorption

These studies were carried out using AccuSorb 2100F in order to determine the

specific area, pore volume, and pore size distribution. Physical measurements of
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the volume of gas adsorbed as a function of pressure at a fixed temperature permit
caleulation of the volume of gas required to form a layer of one-molecule thickness,

The main equation used for calculation is

P____1 [0—1 r
Va(P,—P) " Vo€ " LV,.C | P,

(3.12)

A plot of 'VT(?{"-P') versus ,% gives a straight line, the intercept aud slope of which
are -17"'1-5 and-gm;c‘- respectively. Using this information with the knowledge of the
physical dimensions of single adsorbed molecule, the surface area of the adsobing

solid can be computed.



Chapter 4

Properties of Materials

This chapter deals with the properties of the various materials used in this re-
scarch, mainly the reactants and the major products. A general outlook at the
physical and chemical properties is given. The health and safety factors are ad-

dressed as well,
4.1 Pyridine

All six-membered fully unsaturated heterocycles are formally related to benzene
in that one or more of the CH groups of benzene is replaced by a hetercatom.
Pyridine is the simplest of such compounds. It is a planar molecule, the ring system
being a slightly distorted hexagon because the C-N bond (1.45 A) are shorter than
the C-C bond (1.48 A) {38]. The pyridine molecule has a complete cycle of p-
orbitals containing six w-electrons. Pyridine can thus be classed as aromatic because
it obeys the Hiickel rule (it has 4n + 2 w-electrons). Pyridine is a water-miscible
liquid, boiling point 115°C, with an unpleasant odor. It is also an excellent polar

sulvent.

64
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Figure 4.1: Pyridine-base pharmaceuticals

4.1.1 Source, Synthesis, and Uses

Pyridine and several methyl- and ethylpyridines are available on a Jarge scale
from the carbonization of coal. Coal tar contains about 0.2% =f a mixture of pyridine
bases. Pyridine and methylpyridines can be synthesized by different routs. For
example, the vapor-phase reactions of acetaldchyde, formaldehyde and annmonia
over silica-alumina catalyst give pyridine and a mixture of methylpyridines. There
are many other naturally occurring pyridines such alkaloid nicotine found in tobaceo.

The pyridine molecule is widely used as a basis for many pharmaceutical prod-
ucts. Among these products are piroxicam, Figure 4.1-a, an inflammatory, nifedip-
ine, Figure 4.1-b, which is effective for the treatment of angima, and isoniazid,
Figure 4.1-¢, used in tuberculosis therapy. 3-Methylpyridine is a commercially im-
portant precursor to pyridine-3-carboxylic acid (nicotinic acid), one of the B group

of vitamins.
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Figure 4.2: Representation of the structure of pyridine

4.1.2 Chemistry of Pyridines

Pyridine is the most ‘benzene-like" of the heterocyclic compounds. The presence
of the nitrogen atom in the ring does, of course, represent a major perturbation of
the benzene structure. The lone pair of electrons in the plane of the ring, Figure
4.2, provides a cite for protonation and alkylation, This structure allows pyridines

to have reactions which show analogies to those of three types of model systems

(38]:

1. Tertiary amines: Reactions at the nitrogen lone pair, including protonation,

alkylation, and coordination to Lewis acids.
2. Benzene: Substitution reactions and resistance to addition and ring opening.

3. Conjugated imines or carbonyl compounds: susceptibility to attack by nucle-

ophiles at the a- and «-carbon atoms.
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Pyridine and alkylpyridines are weak bases which form salts with strong acids.

4.2 Quinoline

Quinoline is & heterocycle in which a benzene ring and a pyridine ring are fused
through carbon. Both ring systems occur naturally and both were originally isolated
from coal tar. Quinoline has a boiling point of 237°C, which is often used in the
laboratory as a high boiling basic solvent [38]. The solubility of quinoline in water

varies from 8.4 g/l at 10.0°C to 12.0 g/l at 73.0°C [35)].
4.2.1 Source, Synthesis, and Uses

Like pyridine, quinolines and isoquinolines are available from the carbonization
of coal and from oil residuals. There are many methods of synthesis of this ring
system. One of these methods is the Skraup synthesis which consists of heating
an aniline with glycerol and sulfuric acid, which acts as an acid catalyst and a
dehydrating agent. This reaction is violently exothermic, hence a moderator such
as iron(II) sulfate is usually added.

The quinoline skeleton is used as the bases of many pharmaceutical products.
Alkaloid quinine, Figure 4.3-a, is a traditional antimalarial drug. Oxamniquine,
a derivative of tetrahydroquinoline, Figure 4.3-b, is used to eradicate blood flukes
(Schisotosma mansoni), which are a major cause of diseasc in tropical regions.
Papaverine, Figure 4.3-c, is an opium alkaloid which is a nonspecific smooth muscle

relaxant and a vasodilator.
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Figure 4.3: Quinoline-base pharmaceuticals

4.2.2 Chemistry of Quinolines

Many of the reactions of quinolines and isoquinoclines are analogous to those of
pyridine. Protonation and reaction with other electrofiles at nitrogen are much the
same as with pyridine. The nitrogen atoms are also selectively active positions in
the heterocyclic rings to nucleophilic attack, as in pyridine. On the other hand,
electrophilic substitution which is difficult in pyridine is much easier in quinoline
and isoquinoline [38]. One significant difference between pyridine and its benzo
analogs is that quinoline and isoquinoline undergo addition reactions much more

readily in the nitrogen containing ring.
4.3 Possible HDN Products

Hydrodenitrogenation reactions resulted in a great number of organic products

especially at high temperatures and high space time. Most of these compounds are
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not significant, (present in small amounts) hence they were not considered in the
calculations. The major products were isolated and identified. Their properties
were taken either from the manufacturer or from literature. Some of the properties

of the major products are listed in Table 4.1.

Table 4.1: Major HDN products of pyridine and Quinoline

Compound Manufacturer Density | Boiling Point | Purity
g/ml K %
Pentane BDH Inc. 0.6262 36.1 99
Decane Fisher Scientific | 0.7300 174.1 -
Pentylamine Eastman 0.7547 104.4 -
Ethylpiperidine Aldrich 0.8237 130.8 99
Piperidine Fisher Scientific | 0.8606 106.0 99
Propylpiperidine Prepared in Lab.[ 0.8231 151.2 Z
Pyridine Fisher Scientific | 0.9819 115.1 99
Pentylpiperidine Prepared in Lab.| 0.8282 198.2 _
Dipentylamine Aldrich 0.7771 202.0 99
Methylcyclohexane Aldrich 0.7694 100.9 99
Ethylcyclohexane Aldrich 0.7880 131.8 99
Propylcyclohexane Aldrich 0.7936 156.7 99
Propylcyclohexene Aldnich 0.8240 155.0 75
Propylcyclohexylamine |Aldrich 0.8590 60.0 98
Propylbenzene Eastman 0.8620 159.2 -
Methylethylbenzene Aldrich 0.8807 165.2 99
Indan Aldnich 0.9639 178.0 97
Decahydroquinoline Aldrich 0.9610 203.0 97
Ethylbenzene Fisher Scientific | 0.8670 136.2 -
Aniline Fisher Scientific | 1.0217 184.0 100
Bz-Tetrahydroquinoline | Aldrich 1.0304 222.0 -
Ethylaniline Aldrich 0.3962 204.7 98
Propylaniline Aldrich 0.9602 226.0 97
Quinoline Aldrich 1.0929 237.0 96
Py-Tetrahydroquinoline | Aldrich 1.0588 251.0 o8
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4.4 Toxicity and Safety regulations

According to the Material Safety Data Sheets provided by the manufacturer,
pyridine, quinoline, as well as all other nitrogen-containing products are harmful if
swallowed, inhaled, or absorbed through the skin. They arc irritating to mucons
membranes and upper respiratory tract. They cause skin and severe eye irritation.
Most of these substances are central nervous system depressant. Poisoning may
affect the liver, kidneys, and heart.

Prolonged or repeated exposure to nitrogen-containing compounds may canse one
or more the following symptoms depending on the substance, the concentration of
that substance and the exposure period: dizziness, drowsiness, transient headache,
vertigo, nervousness, insomnia, nausea, vomiting, abdominal discomfort, back pain
and urinary frequency.

Extreme caution must be taken while working with the above substances. A
Gas Mask equipped with an organic vapor cartridge is to protect the worker from
inhaling the organic fumes. For eye protection one should wear splash-proof safety
goggles. Appropriate hand gloves must be worn to avoid contact with the skin.

These chemicals must be used only in a chemical fume hood.
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Experimental

The experimental apparatus used in this study was similar to the ones used by

Cocchetto [24], Gupta [42], and Anabtawi [4].
5.1 Kinetic Studies

The kinetic data were collected from an integral flow, fixed bed catalytic reactor
under steady state at a pressure of 69 atm, a temperature range between 495 and
673 K, a space time (W/F) between 42 and 210 hr g-cat/g-mol nitro-compound and
a molar ratio (R) of 13 g-mol H,/g-mol nitro-compound. Heat and mass transfer

were negligible under the operating conditions (see Appendix J).
5.1.1 Experimental Apparatus

The hydrodenitrogenation experiments were carried out in a continuous flow,
fixed-bed catalytic reactor. The reactor was operated isothermally in the integral
mode. A schematic of the experimental apparatus is shown in Figure 5.i. The
experimental setup consisted essentially of a packed bed reactor, a furnace (fuidized
sand bath), a tar trap, a feed pump and facilities for controlling, sampling, metering

and analysis of the product. The reactor was made of 316 stainless steel tubing. The

71



ol

aH

=
saj0a Busnisy )
LLILER BE IR ] m
.s::“.__“...;._ @_H_ a1y TH
sBonb aunsseyy ®
..o.n_:u.u@ L FLLATH
o
v .
U TN - Z10) 39
e N
ne _nz
>uu ,_.b JoL
Joyosnyes
dan pinbyy
“ Wu :_ _.__ _ stapes ﬁ f- ey
S |
5 -
=
R sisjsweioy
€2}
>
£}

CHAPTER 5.

IH
SZH

aH tH

n.

$2811021U03 Ban1000waY

TWIA ——eg

.E:oua&._.:pﬁ adnadawseyy
Q.E.a
nuwy

qwngbupseyey

pNEEEEN

b4

SAtoA ploudes

maung

Figure 5.1: Schematic diagram of the experimental apparatus
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reactor and preheater coil were immersed in a fluidized sand bath. The tar trap,
installed after the reactor was maintained at 250°C. The flow rate was controlled
manually with a fine metering valve maintained at about 260°C to prevent any
condensation of the products. The main sections of this apparatus are described in

detail in the following sections.
5.1.2 Reactant Feed Section

Reactant hydrogen was supplied from a high-pressure (2500 psig) cylinder equipped
with a single-stage regulator (Matheson Gas Products, No. 4T) which was used
to control the reactor pressure to the desired level. Hydrogen stream was passed
through three stages of purification: (7) an oxygen trap that contains a highly active
metal that converts oxygen to water, (#4) a moisture trap that contains molecular
sieve 13X, and (#ii) a hydrocarbon trap that contains activated carbon. Hydro-
gen was then passed through a solenoid valve (ASCO, 2200 psi, Ascolectric Ltd.
Canada), then through a check valve (Nupro, 10 psi) to prevent any back-mixing,
and finally through a preheater before entering the reactor.

A high-pressure metering pump (Milton Roy Company, FL. USA) was used to
feed liquid reactant to the system. The metering pump was calibrated for different
pressures and different liquid feeds. The instantaneous flow rate shown by the pump
setting was checked frequently with the cumulative flow rate shown by the difference
in the burette reading per time. Liquid feed was pumped through a mixing tee where
it was flash vaporized into the preheated hydrogen stream which was maintained at
about 230°C by wrapping the tubings with a heating tape (GLAS — COL USA).

The temperature of the heating tape was controlled by a variable autotransformer
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(Fisher Scientific Co. USA) and a temperature controller (Honeywell). Then the
reactants enter the preheating coil immersed in the fluidized sand bed surrounding
the reactor.

An auxiliary feed system allows a mixture of 10% H,S in H, to be fod through a
low pressure regulator (KIM Products Inc.) to the reactor to sulfide the catadyst
periodically. The H;S stream was made in such a way so that it did not pass through
the gas sampling valve and the gas chromatograph to avoid corrosion and any side
reactions that might cause blocking of the 1/16 in. tubes of that valve.

Another auxiliary feed system, helium, which was used to purge the H,S/H,
as well as the H; feed systems. Purification units similar to the ones used for the
hydrogen feed were installed to the H,S/H; and the He streams. Proper check valves
and shutoff valves were also located in the setup so as to prevent any back-mixing

of the products and these gases.

5.1.3 Reactor Section

The reactants stream was connected to a three-way valve (Autoclave Engincers
10V — 2005), while one branch led to the reactor the other bypassed the reactor
to meet again through a similar valve and form one stream before entering the tar
trap.

The reactor was a 316 stainless steel tubing of length 7.25 in. (18.415 ecm) and an
i.d. of 0.42 in. (1.067 cm). The catalyst bed was secured from both ends by porous
stainless steel plates (40 microns). The catalyst extrudates were crushed to 20/24
mesh size (0.03 in. or 0.774 mm average diameter). The radial aspect ratio was

about 13.8, sufficiently large to avoid channelling and wall heat transfer limitations
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(low limit is 4) [29]. The axial aspect ratio was 237.9 which is much greater than
the minimum value of 30 to insure plug flow operation {29]. Hence, axial dispersion
and conduction were not significant.

Reactor and final preheating coil (1/8 in. o.d. stainless steel tubing) were im-
mersed in a fluidized sand bed heater. Reaction temperature was measured with a
1/8 in. type-K thermocouple placed in the catalyst bed and connected to a tem-
perature controller {Honeywell). The sand bed was fluidized by hot air. It was
controlled by two temperature controllers; one was a Thermotrol Precision (GCA
Corp. USA) controller and the other was a Honeywell controller. Reactants reach
the desired temperature while in the preheater before entering through the lower
inlet of the reactor which was mounted vertically in the sand bed. At steady state
the temperature of the sand bed and that of the reaction were within 2 to 3°C, thus
insuring isothermal operation.

A tar trap made of a U-shape, 316 stainless steel tubing of 1.067 cm i.d. was
installed at the exit line of the reactor. It was packed with spherical pyrex glass
beads (3 mm diameter) supported on two stainless steel screens. The bottom part
of the trap was free so that tar can be collected and then removed after each run
The tar trap was maintained at 250°C, a temperature low enough to condense
the tar (high boiling point products) and high enough not to condense any of the
major products.

The total pressure of the reactor was measured by a 3500 psig test gauge (Matheson,
Part No.63-5633) located after the tar trap and protected by a porous stainless steel
plate (20 microns) installed just after the tar trap. The flow rate was controlled

manually with a very fine metering valve (Nupro 5SS — 4M G2} after replacing its
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packing by Virgin Teflon so that it can operate at high temperature, This valve was
protected by a 15-micron filter (Nupro, Co.) to avoid the blocking of its orifice by
any kind of particles. The temperature of this valve as well as the tubings from the
reactor to the liquid trap were maintained at 260°C to prevent any condensation of
the products. Another metering valve (W hitey 316 ~ S§ 31RF2) located between
the filter and the fine metering valve was used for the initial adjustment of flow rate

at the beginuing of each run and for shutoff purpose in some cases.
5.1.4 Sampling and Analysis Section

Reactor effluents were passed through an eight port gas sampling valve (GSV)
with two matched 1.20 cc loops for the on-line analysis of the products. The GSV
was mounted in a special isothermal oven maintained at 200°C and located in the gas
chromatograph. The pressure inside the GSV was 5 psig and it was controlled by a
very fine metering valve similar to the one that controls the flow rate of the product
stream. and it was located downstream the GSV. Pressure in the gas sampling
valve was measured by 100 psig test guage (Matheson Part No. 63— 5612) locaterd
between the two fine metering valves. A 15-micron filter (N upro Co.) was located
Just before the gas sampling valve to protect and prevent any potential blocking of
the GSV loops.

After leaving the GSV, the product stream was passed through a liquid trap to
condense the organics of the reactor effluent. The liquid trap was made of two test
tubes connected in series and immersed in a water bath. In the case of pyridine
hydrodenitrogenation reaction, ice-water was used to trap the organic liquids, while

in the case of the hydrodenitrogenation of quinoline or pyridine-quinoline mixture,
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the liquid trap was operated at room temperature due to the high melting point of
some products. For safety measures a three-way valve was installed just upstream
the liquid trap. One line led to the trap while the other led to the vent. This
allowed the removal of the products without the risk of the exposure to their fumes.

The effluent stream leaving the liquid trap was passed through a saturator to
remove all the remaining orgunics and some of the ammonia gas which dissolves
in water. The remaining stream which is mainly hydrogen and some ammonia
was passed through either one of two rotameters; a 601 — Matheson rotameter to
monitor low flow rates, or a 602 — Matheson rotameter for higher flow rates.

Before entering the rotameters, the effluent stream was passed through an empty
flask that acts as a buffer port and through a moisture trap that acts also as a
filter to guard against erroneous rotameters readings because of the fouling of the
tubes or the floats. The gas stream was then led to a wet test meter (WTM)
(GCA/Precision Scienti fic) before it is vented out. The instantaneous flow rate
shown by the rotameter was checked periodically with the cumulative flow rate
shown by the wet test meter. A very close agreement between the two readings and
that of the calibration curve was observed.

Product analysis was done by a gas chromatograph (GC) (HP—5730A4) equipped
with a thermal conductivity detector (TCD), a flame ionization detector (FID),
dual columns, and temperature programming capability. Chromatograms, retention
times, and peak areas were produced by an integrator (HP — 33804).

Quantitative analysis was done by injecting liquid samples through the flame ion-
ization detector (FID). Some samples from the liquid product were also subjected to

gas chromatography/mass spectroscopy (GC/MS) analysis (FINNIGAN—-M AT 4500)
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to identify unknowns and to confirm the gas chromatography analysis. The gas
chromatography/mass spectroscopy was done at the “Plant Rescarch Centre™, Ot-

tawa. Typical GC/MS chromatogram illustrating the separation of pyridine HDN

products is shown in Figure 5.2,

5.1.5 Gas Chromatographic Analysis

Considerable time and effort were spent to develop a colurm capable of sep-
arating the major HDN products. Several packed columns were tried at different
operating conditions in order to get the best separation by reducing peak tailing,
and/or overlapping of peaks. Finally two identical stainless steel columns, 10'x1/8"
o.d. were constructed in our laboratory by packing them with 10% Carbowax 20M,
1% KOH on 80-100 mesh Chromosorb P (acid washed) and considered for the HDN
product analysis. The following operating conditions were found suitable for the
separation: Injector temperature 200°C, detector temperature 250°C, initial col-
umn temperature 70°C, initial time 0 min., program rate 8°C/min., final column
temperature 200°C, final time 45 min., and carrier gas (helium) flow rate 20 c¢/min.

For quantitative analysis several standard solutions with varying concentrations
were prepared for calibration. The relative response factor for each of the available
compounds was measured. Some of these compounds were prepared in our labo-
ratory, such as n-pentylpiperidine and piperidine,1-ethyl. A plot of the peak arca
versus the concentration of the corresponding compound was found to be linear in
the range of interest. The major products of pyridine and quinoline HDN with their

retention times are listed in Table E.1.
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Figure 5.2: A typical GC/MS chromatogram for pyridine HDN products, column:
Megabore DB5-M, 20 m.
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5.1.6 Catalyst Preparation

To demonstrate the effect of the catalyst support on its activity, a catalyst
having the same oxide composition as the commercial one but supported on pumice
was prepared in our laboratory. Pumice stone is relatively inert in comparison with
alumina. The catalyst was prepared by the impregnation method. Pumice stone, a
porous igneous rock, usually containing 67 to 75% silica and 10 to 20% alumina of
glassy texture [45], was crushed and sieved to 20/24 mesh, washed with water and
calcined at 500°C for 12 hours. 2.38 g of ammonium molybdate and 1.77 g of nickel
nitrate were dissolved in 20 ml of water and added to 12.60 g of pumice at room
temperature. The mixture was dried at room temperature for 12 hours, stirring it
from time to time. After that the catalyst was calcined by heating in air for 12

hours at 500°C. The nominal composition of the catalyst was about 3.03% NiO and
12.94% MoO;.

5.1.7 Column preparation

The column packing was prepared as follows: 0.25 g of KOH was dissolved
in methanol and added to 22.25 g of Chromosob P (acid washed, 80-100 mesh)
placed in a shallow dish. The mixture was dried at room temperature with frequent
stirring. 2.50 g of Carbowax 20M were dissolved in methylene chloride and added
to the above mixture. The resulting slurry was dried as before till it regained its
powdery form. Two identical 10'x1/8" o.d. stainless steel pipes were packed and
the packing was secured by glass wool. The columns were coiled to the proper size
to fit in the GC oven, then conditioned and used for the separation of the HDN

products.
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Before packing the columns, the stainless steel tubes were cleaned and flushed

with the following liquids [102]

1. Methylene Chloride

1)

Acetone

3. Concentrated Hydrochloric acid
4. water

5. Ammonium Hydroxide

6. N-Methyl Pyrrolidine

7. Acetone

8. Methylene Chloride

The tubing was then dried for 20 min. with inert carrier (Helium) and packed
immediately after that.

Conditioning of the columns was done according to the following steps:

1. Columns were connected to the injection port only (not to the detector)

to

Carrier gas (He) flow rate was set at 20 ml/min.
3. System was checked for leaks

4. Initial oven temperature was 50°C

5. Initial time was 30 min.

6. Rate of temperature increase was 2°C/min.
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7. Final temperature was 210°C

8. Final time was about 16 hours.

5.2 Surface Characterization studies

There are several techniques which have been developed in surface science that
have a potential application in the study of catalysts and catalytic reactions. The
techniques which have the most significant impact in catalysis fall in two categories,
electron and ion spectroscopies [26].

The important electron spectroscopies used for solving catalysts’ problems are:
(1) X-Ray Photoelectron Spectroscopy (XPS) which measures the distribution of
the valence electrons in a solid; (2) Ultraviolet Photoelectron Spectroscopy (UPS)
which gives a higher resolution and greater signal intensity than the XPS for valence
electron studies; (3) Auger Electron Spectroscopy (AES) which is used primarily
for atomic identification and surface analysis [19]. The most important ion spectro-
scopies which received attention in connection with catalyst problems are the Sec-
ondary Ion Mass Spectroscopy (SMIS) and the Ion Scattering Spectroscopy (ISS).
These techniques have some application in catalyst characterization and composi-
tion.

In addition to the above mentioned techniques, there are many others such as
the Electron Spin Resonance (ESR), the Infrared Spectroscopy (IR), and the X-Ray
Diffraction (XRD) which are used to shed lights on the catalyst problems. In this
study, two different techniques have been used: the first is the ESR or sometimes

called Electron Paramagnetic Resonance (EPR), and the second is the XRD.
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For the ESR studies two sets of experiments were performed, the first set con-
sisted of twelve different steps; the second set consisted of fifteen steps with the
extra steps to cover the sulfiding process. The spectra were taken after each step
and then analyzed. (see Appendix F, Tables F.1 and F.2.) The equipment used is
B — ER 414/418 spectrometer from Bruker — Physik AG.

For the XRD studies the catalyst was crushed and sieved to 250-270 mesh size,
then mounted on a glass filament and exposed to x-rays for about four hours. The
lines produced after the development of the film were studied to identify the number
of phases and the structure of the crystals. The equipment used is Philips PW1009

x-ray diffractometer that uses Debye Scherrer photographic technique.
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Results and Discussion

The effect of reaction variables on pyridine HDN were investigated using a
three-level factorial design as discussed in Chapter 3. For this investigation the
temperatures were 573, 623, and 673 K. The space times were 42, 126, and 210 hr
g-cat/g-mol nitro-compound, and the reactants’ molar ratios were 7, 13, and 19 g
mol Hz/g-mol nitro-compound. The nitro-compound was either pyridine, quinoline,
or pyridine-quinoline mixture.

For the kinetic studies the reactants’ molar ratio was kept constant at 13 g-mol
Hj/g-mol nitro-compound. The space times were 42, 70, 98, 126, 154, 182, and
210 hr g-cat/g-mol nitro-compound. The temperatures were 498, 523, 548, 573,
598, 623, 648, and 673 K. In the case of pyridine-quinoline mixture, the levels of
temperature were 498, 573, 623, and 673 K.

At 498 K the nitrogen removal for any of the three systems was negligible. Runs
at this temperature were made in order to get information about the reaction at
low conversion and hence have better understanding of the reaction mechanism and
network.

The effect of the above mentioned process variables on conversion { X), selectivity

84
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(S), and yield (Y') was studied at constant total pressure (P). Conversion is defined
as the moles of nitrogen compound consumed per moles of nitrogen compound fed.
Selectivity is defined as the ratio of pure hydrocarbons to nitrogen compounds pro-
duced. Yield is defined as the ratio of moles of hydrocarbons produced to the moles
of nitrogen compound fed. Nitrogen removal or denitrogenation is defined as the
mole percentage of the reactant nitrogen compound converted into hydrocarbons.
In this study, product distribution was calculated on the basis of organic products
only (i.e. ammonia free basis), because the quantitative analysis of the products was
made by using the flame ionization detector. The on-line analysis, using a thermal
conductivity detector with a gas sampling valve having two matching loops, was
considerad ior the qualitative analysis and for determining the steady state of each
experimental settings. The on-line analysis was not considered for the quantitative
analysis because of the possible deposits inside the sampling loops or due to fluctu-
ation of the pressure or temperature in these loops which affects their volume. Due
to limitations in the quantity of data that can be represented clearly in a single
graph, only organic products that are significant are presented.

Preliminary experimental data obtained have indicated that the experimental
apparat s is operating properly; this was verified by comparing the present results
with that cited in literature [78,66,2,92,5]. In addition, the analysis of these results
had shown that the results are reproducible. Reproducibility was confirmed by
running the experiment at standard conditions (7'=623 K, W/F=126 hr g-cat/g-
mol nitro-compound, B=13 g-mol H,/g-mol nitro-compound), or by rep;aating some

of the experimental runs (see Runs P250, P250R, P275, and P275R: Appendix B).
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6.1 Catalyst Activity

Deactivation of the presulfided Ni-Mo/Al,03 was made by running the exper-
iment at the standard conditions for several days. Samples of the organic liquid
products were taken at different times and analyzed to determine the change in the
activity of the catalyst with respect to the time in stream. Sclectivity was used as
a simple measure of catalyst activity. As shown in Figure 6.1, the catalyst activity
decreased rapidly with time of catalyst in stream from 0.831 at 12 hours to 0.318
after 96 hours. After about 170 hours the catalyst reached a constant activity. This
Figure also indicates that as the catalyst time in the stream increases, the extent of
denitrogenation decreases. The extent of denitrogenation observed at the standard
conditions remained essentially constant after about 170 hours, and so all the data
were collected after the catalyst had been in the stream for over 200 hours. The
catalyst activity was checked periodically by replicating some of the runs (sce data
for Runs P250, P250R, P275, P275R in Appendix B) or by reproducing tlic data
taken at the beginning of the run and at the end of that run. No significant change
in catalyst activity was detected after 200 hours or after each run.

The virgin catalyst was sulfided at a temperature of 623 K, a pressure of 15 psig,
and a flow rate of 40 ml/min. using a mixture of 9.8% H,S in H, for 12 hours. The
catalyst was resulfided at the same conditions after each run. From the product
distribution of the replicates it was shown that sulfiding the used catalyst after the
end of each run did not increase the activity of that catalyst but it helped main-
taining it at a constant level. The effect of sulfiding was investigated by analyzing
the ESR spectra for the unsulfided and the sulfided catalyst. More detail about the

ESR studies are found in Section 3.2.1 and in Appendix F.
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Figure 6.1: Catalyst deactivation during Pyridine HDN; standard conditions.
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6.2 Effect of Process Variables

A statistical model was built in order to determine the effect of the process
variables (T, W/F, R), on the pyridine HDN. Information ahout possible interaction
between these operating variables as well as their squared terms were also detected.
In this model the random variable, X $, is the product of conversion times seleetivity.
The independent variables Xy, X, and X; represent the temperature, the space
time, and the reactants’ molar ratio respectively. The data used for model building
are presented in Table 6.1. In this Table the first letter in the run number represents
the first letter of the nitrogen compound feed, the first three digits represent the
temperature in degree Celsius, the fourth digit represents the level of the space
time, the fifth digit represents the reactants’ molar ratio level of the experimental
design described above, and the letter R was introduced when there is a replicate.

The complete form of the model that represents the al.ove data is

E(Y) = fo + by + Bz + Pazs (6.1)
+8nz} + Bz + facs

+B122122 + BraTi23 + F2aT2T3
The linear regression of the data gave the following model

E(XS) = 16.44 + 28.79X; + 8.80X; + 1.49X, (6.2)
+9.01X, X, + 0.6425X, X5 + 0.1650X, X5

+15.73125X7 — 1.4812X7 + 0.3062.X3

This result indicates that the higher the temperature, the larger the catalyst to

feed flow rate, and the lower the nitrogen compound feed to hydrogen ratio gave
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Table 6.1: design for three operating variables.

e—

Run Temperature W/F R X5
\number (K) hr g-cat/g-mol g-mol H,/g-mol feed %
(P30073 ~ 573 210 13 4.96
P40013 673 42 13 42.07
P30013 573 42 13 .79
[P40073 673 210 13 106.04
'P30041 573 126 7 2.11
P40047 673 126 19 74.13
P30041 573 126 19 3.15
P40041 673 126 7 60.52
P35077 623 210 19 23.65
P35011 623 42 7 7.21
P35071 623 210 7 19.67
P35017 623 42 19 10.53
P35043 623 126 13 17.87
P35043R 623 126 13 16.06
P35043RR| 623 126 13 17.05

higher yields. Another information that can be deduced from the above model is
that temperature has the greatest impact on the HDN reaction then the space time
and finally the hydrogen to feed molar ratio. The impact of temperature on the
HDN reaction was more than three times that of the space time, on the other hand,
the impact of space time was about six times that of the hydrogen to nitrogen
compound molar ratio. As a result the interaction between the temperature and
the space time was significant, and so was the squared term of temperature, while
the other interaction and squared terms were not significant. Since the impact of
the reactants’ molar ratio was much lower than the temperature and the space time,
the value of the former was kept constant during the kinetic experiments.

Table 6.2 shows the effect of temperature on conversion, selectivity, and yield
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Table 6.2: Effect of temperature (T') on conversion, seleetivity, and yield of the
HDN reaction of pyridine on Ni-Mo/Al,0;.

w—

run  |temperature | W/F| R |conversion |selectivity [ yield

number (K) (%) x1072 | x10~*
.P2254 498 126.0(13 10.25 1.17 10
P2504 523 126.0(13 45.02 .66 .25
P2754 548 126.0|13 73.29 1.24 70
P3004 573 126.0]13 84.07 3.22 2.14
P3254 598 126.0(13 92.89 9.66 6.58

P3504 623 126.013 97.66 18.30 | 10.71
P3754 648 126.0|13] 100.00 06.34 | 26 82
P4004 673 126.0|13{ 100.00 80.32 | 31.32

of the HDN reaction of pyridine at W/F=126 hr g-cat/g-mol pyridine and =13
g-mol Hy/g-mol pyridine. The fact that the selecti~ity at 498 K was higher than
that at 523 K is because Run P225 was made before the catalyst had reached its
constant activity. This effect is represented graphically in Figure 6.2.

The effect of space time on the conversion, selectivity, and yield of pyridinc HDN
reaction was verified by varying it between 42 and 210 hr g-cat/g-mol pyridine,
while keeping the values of T and R at 623 K and 13 g-mol H,/g-mol pyridine
respectively. Results of Run P350 are represented graphically in Figure 6.3.

The effect of reactants’ molar ratio on the conversion, sclectivity, and yield of the
pyridine HDN rection was verified by varying it between 7 and 19 g-mol Hz/g-mol
pyridine, while keeping the values of T and W/F at 623 K and 126 hr g-cat./g-mol
pyridine respectively. Results of Run PR13 are represented graphically in Figure
6.4.

Figures 6.2, 6.3, and 6.4 confirms the results of the statistical model (Section
6.2).
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Figure 6.2: Effect of temperature (T') on conversion, selectivity, and yield of pyridine

HDN over Ni-Mo/Al,O; at W/F=126 and R=13.
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6.3 Effect of Total Pressure

The effect of the reactor total pressure on the HDN reaction of quinoline was
verified by running the experiment at a pressure of 34.5 atmn, a temperature of 623
K, and reactants’ molar ratio of 13 g-mol H,/g-mol quinoline (Run Q3505). The

results of this run and Run Q350 (P=69 atm) are listed in Table 6.3. From this

Table 6.3: Effect of total pressure on the HDN reaction of quinoline over
Ni-Mo/Al,0;3 at T=623 K and R=13.

W/F pressure = 34.5 atm pressure = 09 atm
conversion selectivity yield ||conversion selectivity yield
(%) x10-2 %1072 (%) %102 x10~*
42.0§ 59.99 0.13 0.07 88.21 1.53 1.30
70.0 | 74.23 0.33 0.24 91.47 3.47 2.99
98.0 | 75.00 1.20 0.87 92.97 5.97 5.09
126.0] 82.68 1.28 1.05 93.95 7.35 6.21
153.0]  84.05 2.35 194 | 94.21 9.47 7.85 |
182.0| 85.63 4.66 3.92 94.29 16.08 12.74
210.0| 90.88 5.09 4,61 94.30 27.33 20.03

Table it was shown that when the reactor pressure was doubled, the conversion,
selectivity, and yield of the reaction had increased. The rate of increase in the
selectivity and yield was more than the rate of increase in conversion. At high
space time, 210 hr g-cat/g-mol quinoline, a conversion over 90% was achicved at
both pressures, but the selectivity as well as the yield at the higher pressure was
about five folds of that at the low pressure. As the space time increases the reactants
will have more access to the catalytic sites in order to form products, and hence
the conversion was high even at low pressure. On the other hand, the production

of hydrocarbons requires large amount of hydrogen, and so at high pressure more
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hydrogen is present for the HDN reaction which explains the higher selectivity at

high space time. These results are represented graphically in Figures 6.5 to 6.7.
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6.4 Effect of Support on Catalyst Activity

The role of the catalyst support on the activity of the catalyst was verified
by preparing a catalyst having the same oxide composition as the commercial one
(3.03% wt Ni and 12.94% wt Mo) but supported on pumice stone. Results of the
experiments conducted with this catalyst indicated that, the commercial catalyst
with alumina support had higher activity than the one with pumice support (com-
pare Figure 6.3 and Table 6.4). This result was to be expected due to the small
surface area of pumice stone compared to that of alumina, and consequently less
number of active sites available for the reaction.

A blank run was made at R=13, W/F=126, and T at 623, 673 and 773 K, in order
to verify if a homogeneous reaction can take place. Only traces of piperidine and
ethylpiperidine were detected at temperatures between 623 and 673 K. At higher
temperature, 773 K, pentane was also detected but in very minute amounts. This
small conversion may be due to the thermal decomposition of pyridine or due to
the adsorption of the reactants at the reactor surface or the preheater that might
act as a catalyst surface.

Table 6.4: Effect of space time (W/F) on conversion, selectivity, and yield of the
HDN reaction of pyridine on Ni-Mo/Pumice.

run |temperature | W/F | R |conversion |selectivity | yield

number (K) (%) x10-2| x10~2
PS3501 623 42.0(13 7.02 0.66 0.03
PS3502 623 70.0113 8.10 0.68 0.04

PS3503 623 98.0/13 10.72 0.70 0.09
PS3504 623 126.0{13 21.37 0.73 0.11
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6.5 Results of ESR and XRD Studies on Catalyst

Results of the ESR and XRD studies performed on the catalyst are presented

in the following sections,
6.5.1 ESR Results

The ESR is & technique that measures the concentration of the species with
only unpaired electrons. Molybdenum can exist in any of the four valencics, 64,
5+, 4+, and 3+ which correspond to d°, d!, d?, and d® configuration respectively.
Mo*® is diamagnetic and, therefore gives no ESR signal. Mo** spccies, cven if it
was paramagnetic would not be observed except at very low temperatures. The
only two possible icas that can be detected are Mo+? and Mot*.

Figure 6.8 shows the ESR spectra of Ni-Mo/Al;0z catalyst which was used in
the present study. The effect of sulfiding the Mo/Al;03 or M-Mo/ALOy (where
M = Ni, Co, or W) catalysts is well described in literature [54,53,108]. When
the catalyst was sulfided the major part of molybdenum is converted to MoS, and
MS;. Smaller amounts of oxysulfides, polymeric sulfur and different valencies of
molybdenum or metals (Ni, Co, W) may be present. Sulfiding the catalyst had
resulted in a significant increase in the intensity of Mo*® line. The enhancement of

Mo*® ions could be due to the following mechanism.

H,S —— H* + SH- (6.3)
Mot + HY — Mo*® + -;—Hg (6.4)

On the other hand, the addition of pyridine at high temperature (400°C) resulted in

a decrease in the intensity of the Mo*? line. This decrease was more significant when
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(b)

Figure 6.8: ESR spectra of Ni-Mo/Al;0;. (a) degassed catalyst, (b} H; added at
high temperature.
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the catalyst was unsulfided. The reactions at the catalyst surface are as follows

2Mo*® + Hy — 2Mo™S 25+ (6.5)

Mot + R —— Mot® 4+ R- (G.6)

where R represents a hydrocarbon.
6.5.2 XRD Results

The oxide catalyst was photographed using the Debye Scherrer technique. It
is known that MoO; and NiO are crystalline while Al,05 is amorphous. The lines
produced on the x-ray film correspond to the MoQj;. The lines that correspond to
NiO were not present due to the low concentration of this oxide on the catalyst
surface. This result is in good agreement with what was reported by Grimblot ¢t
al. that if the molar ratio Ni/(Ni+Mo) < 0.5, only the MoO; can be detected [41],

The presence of alumina cannot be detected by the X-ray diffraction at low
temperatures. Calcining the Ni-Mo/Al,Q, at high temperature (above 800 K) will
result in observing the presence of alumina in the sample [48]. Studies carried out
by Schénberg [85] have revealed the existence of M0yOy;, MogQag, and MoyOayg
besides MoQ3 and MoQ;.

6.6 Hydrodenitrogenation Results

The HDN experiments were conducted on pyridine, quinoline, and their mixture.
Table 6.5 shows the conditions of these experiments.

Heterocyclic nitrogen compounds promote catalyst deactivation by interacting
with the acidic sites and due to coke formation especially at high temperatures.

Therefore more active catalysts operating at lower temperatures will have a great
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Table 6.5: list of experiments

run |temperature|pressure |feed R | W/F |number of
number (K) atm samples
P225 498 69 |pyridine | 13 [42-210 7
P250 523 69 [pyridine | 13 142-210 7
P250R 523 69 |pyridine | 13 [42-210 7
P275 548 69 |[pyridine | 13 (42-210 7
P275R 548 69 |[pyridine | 13 [42-210 7
P300 573 69 [pyridine | 13 (42-210 7
P325 598 69 |[pyridine | 13 [42-210 7
P350 623 69 |pyridine | 13 {42-210 7
P375 648 69 |pyridine | 13 [42-210 7
P400 673 69 |pyridine | 13 [42-210 7
PR13 623 69 |pyndine [7-19| 126 5
P§350° 623 69 [pyridine | 13 [42-126 4
Q225 498 69 |[quinoline| 13 |42-210 7
Q250 523 69 |quinoline| 13 [42-210 7
Q275 548 69 |[quinoline| 13 [42-210 7
Q300 573 69 [quinoline| 13 [42-210 7
Q325 598 69 quinoline| 13 |42-210 7
Q350 623 69 |quinoline| 13 [42-210 7
Q375 648 69 |quinoline| 13 [42-210 7
Q375R 648 69 |quinoline| 13 [42-210 7
Q400 673 69 |quinoline| 13 [42-210 7
Q3505 623 34.5 |quinoline| 13 [42-210 7
PQ225 498 69 |quinoline| 13 (42-210 7
pyridine
PQ300 573 69 |quinoline| 13 |42-210 7
- pyridine
PQ350 623 69 |quinoline| 13 [42-210 7
pyridine
PQ400 673 69 |quinoline| 13 [42-210 7
pyridine

a: Catalyst support was pumice stone

1.3
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effect on maintaining the catalyst activity. Molybdenum had been widely used in
the hydrotreating processes mainly because of its resistance to poisoning. Sultiding
the molybdenum catalyst had increased its activity significantly. On the other
hand, the activity of this catalyst was maintained at a constant level by sulfiding
it frequently. Goudriaan et al. [40], studying the HDN of pyridine over cobalt
molybdate catalyst, had reported that at high conversion levels, the temperature
required to attain a certain degree of nitrogen removal is about 25°C lower with
& sulfided catalyst than with the catalyst in its oxide form. In a recent study of
pyridine HDN over Mo/AL;O; at a total pressure of 69 atm, a temperature of 623
K, and a space time between 126 and 210 hr g-cat/g-mol nitro-compound, it was
found that sulfiding the catalyst resulted in an increase in the fractional conversion

by one fold, whereas the denitrogenation percent had increased by seven folds (3],
6.6.1 Pyridine Hydrodenitrogenation

The product distribution of the organic products indicated that the major reac-
tion intermediates formed during the HDN of pyridine over presulfided Ni-Mo/ Al,O,
were piperidine (PIP), ethylpiperidine (ETPIP), propylpiperidine (PRPIP), and
peuntylpiperidine (PEPIP). Other nitrogen-containing compounds such as penty-
lamine (PEAM) and dipentylamine (DPEAM) were also detected but in small
amounts. Two primary hydrocarbon products were identified, pentanc (PEN)
and decane {DEC). Other nitrogen-containing compounds as well as hydrocarbons
were present but in small percentages and were identified by the gas chromatogra-

phy/mass spectroscopy studies on selected samples of the organic liquid product.
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Some of these products were: piperidine,1-1-methylcne, piperidine,1-1-pentenyl, cy-

clopentane, pentane,2-3-3-trimethyl, decane,2-3-5-trimethyl, 2-pentene,2-methyl.

Product Distribution

The main product of pyridine HDN at 498 K was piperidine. Small amount
of propylpiperidine was detected at high W/F. The highest conversion obtained
in that run was about 16%, while the highest denitrogenation percent was 0.35%.
This run, as mentioned before, was made in order to study the behavior of the .HDN
reaction at low conversion and hence have more information about the reaction
network, Increasing the reaction temperature to 523 K and at the same W/F
value, had resulted in an increase in the conversion by more than four folds and
an increase in the yield of the reaction by more than two folds (see Figures 6.9 to
6.12).

At 548 and 573 K the major products were piperidine and alkyl-piperidines
(APIP) i.e. ETPIP, PRPIP, and PEPIP. The conversion at both temperatures and
at a space time of 210 hr g-cat/g-mol nitro-compound was about 90%, but the yield
of the reaction was more significant at 573 (see Figures 6.13 to 6.16).

At 598 K, piperidine production reached a maximum level at a space time of 168
hr g-cat/g-mol nitro-compound then it started decreasing giving rise to higher con-
centrations of the alkyl-piperidines especially pentylpiperidine and ethylpiperidine,
besides hydrocarbons. As it can be shown from the product distribution (Fig-
ure 6.,17), the rate of pyridine conversion decreases with space time as well as the
rate of formation of piperidine. This behavior is due to the chemical equilibrium.

Ethylpiperidine reached its maximum level at 623 K and a space time around 140
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hr g-cat/g-mol nitro-compound (Figure 6.18), at the same time piperidine produc-
tion had decreased in the same rate where it reached a constant level at the saumne
space time. After that the production of ETPIP started decreasing giving rise to
more hydrocarbons especially pentane and alkyl-pentanes. At both temperatures
the conversion was 100% at space times over 160 hr g-cat/g-mol nitro-compound,
More hydrocarbons were produced at 623 than at 598 K (sce Figures 6.19 to 6.22).

At 648 and 673 K the production of hydrocarbons increased with the decrease in
the production of the nitrogen-containing compounds. This decrease indicates that
these compounds are not final products,

The effect of temperature on the product distribution of pyridine HDN reaction
showed that the production of hydrocarbons (pentanes and decanes) increased with
the increase in temperature (Figure 6.23). The product analysis had shown traces
or no pentylamine in the stream. This result lead to the belief that pentylamine
is adsorbed at the catalyst surface as soon as it is formed and bond breaking is
taking place at either Cs to form pentylpiperidine or at both C3 and C; giving rise
tu the formation of ethylpiperidine and propylpiperidine. The presence of ETPIP
and PRPIP in the product stream, together with the product distribution of the

organic products had suggested a new reaction network as shown in Figure 6.24.
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6.6.2 Quinoline Hydrodenitrogenation

The product distribution of the organic products indicated that the major reac-
tion intermediates formed during the HDN of quinoline over commercial presulfided
Ni-Mo/Al,0;3 are 1,2,3,4-tetrahydroquinoline (PyTHQ), 5,6,7,8-tetrahydroquinoline
(BzTHQ), decahydroquinoline (DHQ), o-propylaniline (OPA), and aniline (AN).
Other nitrogen-containing compounds such as ethylaniline (EAN), propylcyclohexy-
lamine (PCHAM) were also detected. In addition, many hydrocarbon products
were identified but the most significant ones were propylcyclohexane (PCH) and
propylbenzene (PB) in addition to methylethylbenzene (MEB), ethylbenzene (EB),
propylcyclohexene (PCHE), and ethylcyclohexane (ECH). Other hydrocarbons were
present but in small percentages such as methylcyclohexane (MCH) and indan
(IDAN). The gas chromatography/mass spectroscopy studies on selected samples of
the organic liquid product helped in confirming the gas chromatography results and
in identifying some of the unknown products such as methylbenzenamine, methy-

laniline, and methylpropylpyridine.

Product Distribution

The main product at 498 K and W/F between 42 and 210 hr g-cat/g-mol
nitro-compound was PyTHQ. Small amount of BzZTHQ was also detected. At a
space time of 210 hr g-cat/g-mol nitro-compound, the conversion was relatively
high (80%) compared to the denitrogenation percent (0.38%) or to the yield of the
reaction (0.37x1072). From this run it is deduced that even at low temperature,
hydrogénation of quinoline is much easier than its denitrogenation. This result

applies also to the HDN of pyridine.
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At a temperature of 523 K it is noted that as W/F increases the rate of production
of PyTHQ decreases giving rise to the formation of DHQ. Comparing Figures 6.25 to
6.28 one can realize that at a W/F of 210 hr g-cat/g-mol nitro-compound, increasing
the temperature by 25 K had resulted in an increase of 14% in conversion while the
percent denitrogenation had increased by 140%, and the yield of the reaction and
its selectivity had increased by 83% and 108% respectively.

At 548 and 573 K the major products were PyTHQ, DHQ, and BzTHQ. OPA
was also found but in smell amounts. The conversion at both temperatures and
at a space time of 210 hr g-cat/g-mol nitro-compound was about 93%, but the
denitrogenation percent and the yicld of the reaction at 573 K were almost twice as
that at 548 K (see Figures 6.29 to 6.32). At 573 K the rate of conversion of PyTHQ
was equal to the rate of production of DHQ, Figure 6.33, this behavior is due to
the chemical equilibrium between these two products.

At 598 K, the rate of production of B2THQ starts increasing with a significant
increase in the DHQ production. At 623 K, DHQ reached a maximum of production
at a space time of 160 hr g-cat/g-mol nitro-compound, then it starts decreasing with
the increase in space time giving rise to the production of PCH, as it can be shown
in Figure 6.34. The conversion at both temperatures was 94%, but the yield of the
reaction was 160% more at 623 than at 598 K. This result indicates that increasing
the temperature did not result in an increase in the rate of hydrogenation whereas
the rate of denitrogenation had increased significantly. (see Figures 6.35 to 6.38).

At 648 K the production of PyTHQ continued to decrease while the production
of B2ZTHQ was increasing. This confirms the belief that at high temperatures the

quinoline HDN is shifted towards the BzZTHQ pat® [31]. At 673 K the production
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of PyTHQ remained constant, with an increase in the OPA production. As it can
be shown in Figure 6.39, the production of hydrocarbons was increasing while that
of B2THQ was decreasing with the increase in space time. The decrease in the pro-
duction of the nitrogen-containing compounds indicates that these compounds are
not final products. In general, the product distribution showed that the production
of hydrocarbons mainly PCH and PB increased with the increase in temperature
(Figure 6.40).

Several reaction networks have been proposed for the quinoline HDN reaction
(88,24,31,30]. The reaction path is affected by the reaction conditions, method
of analysis, and type of catalyst used. Taking into consideration these reaction
networks and the distribution of products obtained in this work, a reaction network

was suggested as shown in Figure 6.41.
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6.6.3 Pyridine-Quinolire Mixture Hydrodenitrogenation

An equimolar mixture of pyridine and quinoline was used fo;' the hydrodenitro-
genation cxperiments of this part. The reactants’ flow rates and hence the space
timnes for these experiments were identical to those in the pure component runs.
The temperatures of these experiments were 498, 573, 623, and 673 K. Most of
the products detected in these runs were identical to those identified in the single
compound runs of pyridine and quinoline.

At 498 K the only products detected were piperidine, pentylpiperidine, propylcy-
clohexane, and 1,2,3,4-tetrahydroquinoline. From the product distribution, Figure
6.42, one can realize that the conversion of pyridine was very low while that of
quinoline was high. Comparing the present result with that of single components
runs conducted under the same conditions, it can be stated that the rate of con-
version of pyridine to piperidine was retarded by the presence of quinoline. In the
mean time the presence of pyridine had enhanced the conversion of quinoline to
PyTHQ.

At 573 K, some of the PyTHQ had converted to DHQ. The highest conversion
achieved at that temperature was 83% while the highest denitrogenation percent was
only 4%. Again at this temperature, it was found that the conversion of quinoline
was higher than that of pyridine. At 623 K more hydrocarbons were detected
in addition to nitrogen-compounds. At high space time, quinoline had converted
completely. Most of the hydrocarbons produced are from the HDN of quinoline,
on the other hand, pyridine had converted to piperidine and alkyl-piperidines. The
highest conversion was about 99%, and the highest denitrogenation was about 28%.

(See Figures 6.43 to 6.46).
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At 673 K, pentanes and decanes were detected, but in small amounts, The
major hydrocarbon product was PCH in addition to MCH, ECH, and MEB. The
highest denitrogenation achieved was about 75%. At this temperature, quinoline
and PyTHQ were converted completely mostly to hydrocarbons. Pyridine was
also converted but mostly to nitrogen compounds. The distribution of the HDN
products is shown in Figure 6.47. It is to be noted that the amount of PCH detected
at this temperature was about 60% by mole, which leads to believe that some of
the alkyl-radicals produced from the adsorption of the PEAM (C,H; -, C3H; | or
CsHg-) on the catalyst surface were reacting to produce the alkyl-cyclohexanes
especially PCH. The distribution of the organic products of the HDN reaction of

the pyridine-quinoline mixture with respect to temperature is shown in Figure 6.48,
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6.7 Kinetic Modelling

As mentioned in Chapter 3, two types of kinctic models were considered to

represent the kinetic data.
1. Lumped compound models
2. Mechanistic models

6.7.1 Lumped Compound Models

Several models were considered depending on the overall HDN reaction assimied.

Model 1

If the overall HDN reaction is lumped as

where A is the nitrogen compound and HC is the product hydrocarbou, then the

appropriate Langmuir-Hinshelwood rate expression for the above reaction is

k; I{A PA
1+ KsPy + Ky, Pai,

—TA=THC =TNg, = (6.7)

At a 1 kPa partial pressure of nitrogen compounds, and even at high tempera-
ture, the catalyst surface will be completely saturated with these compounds, then
KaPs + Knpy Py, >> 1 [92). At excess hydrogen, P.4,=Pa + Pys,. Then the

above i-quation will be reduced to

_ k1 Py
Pa 4+ (Kngy [ Ka)(Pay — Pa)

oy (6.8)
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Recalling the plug-flow reactor material balance,

W 1 PadP,
— = 6.9
'P;'lu PAQ ‘[PAO L | ( )
and substituting the value of r, gives
W 1 (PaPy+ (Knn, [Ka) Py, — Pa)
= . dP, 6.10
Fsy Py, '/;’Au ki Py ‘ (6.10)
Integrating the above equation gives
4 Knuy \ (Pao — Pa Knu Pa
() (-5 (22)- Cpow()
(%) ) (P %a /™ \ P (61D
or
w Kny Kyu
i () = (1 B x, - (Ko s 2

where X4 is the fractional conversion of the reactant nitrogen compound.
The value of the pseudo first-order reaction constants, ki, can be estimated by

cither one of the two methods:

1. Graphically, by plotting F-'.”—M vs (1 - KT“":’-‘L) Tp— (%’}'—:’-‘-) In(1—2z,4) and chang-

ing the value of the fraction (%’1) 80 as to get a linear correlation, with the

line passing through the origin, the slope of which is the pseudo rate constant.

2. Non-linear regression analysis of Equation 6.8 using the non-linear iterative

method (Levenberg-Marquardt).

Results from the non-linear regression gave better estimation for the model param-

eters, and hence it was considered in fitting the above model.
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Model 2

In this model the overall HDN reaction is represented by the following lumiped

cquation

A+ H;=4AA+5A + HC

where A is the reacting nitrogen compound, AA, SA, and HC represent the product
aromatic amines, secondary amines, and hydrocarbons respectively,

In this model it is assumed that aromtic amines (PYR, Q, BzTHQ, OPA. AN)
have equal adsorbtivities which is different from that of the secondary amines (PIP,
ETPIP, PRPIP, PEPIP, PyTHQ, DHQ) [24]. Together with the asswmption that
there is a complete coverage of the catalyst surface by nitrogen compounds, the

rate expressions for the HDN reactions will be greatly simplificd and become of the

form
kK 4Py
= — i _ (6.13)
A KaaPas+ KsaPsa + Ky, Py,
o
i #1Pa (6.14)

" Pas+ (Ksa/Kax)Psa + (K /Kan) Py
The mole fraction of hydrocarbons is equal to that of ammonia then the above

equation can be written as

_ k1 Pa
" Paat (Ksa/Kaa)Psa + (Knit,/ K pa)Puc

—r (6.15)

With the assumption that all nitrogen compounds have equal adsobtivitics, i.c.

K44 = Ksa, then Equation 6.15 can be written in the following simple form

_ ki Py
Pup+ Psa + (Knp, [ K4)Puc

—ry4 (6.16}
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Model 3

In this model the overall HDN reaction is represented by the following lumped

cquation
A 4+ H; =NC + HC

where A is the reacting nitrogen compound, NC is the product nitrogen compounds,
and HC is the product hydrocarbons. This model is expressed in terms of the
fugacities of the compounds instead of their partial pressures. Calculations of the
fugacities are shown in Appendix D.

Assuming that hydrogen and nitrogen compounds are adsorbed on two different
catalytic sites [31,110], and nitrogen compounds have comparable adsorption equi-
librim constants [88], and since hydrogen is in excess and the partial pressure of
nitrogen compound is greater than 1 kPa [92], then the surface-controlled reaction

can be written as

k [f,ifn, - chch/Keq]

-r3 = — - = 7 (6.17)
[Fa + (Kno/Ka) frc + (Kuc/Ka)fuc]
If the reaction is irreversible then
¢ The surface-controlled rate expression will be
I kaK Kt fa St (6.18)

(1 + Kb, f, )1 + Kafa, + Ko fuc))
and with the above mentioned assumptions the rate expression will be reduced
to

= ksz _
fao + (Knc/Ka) fuc

(6.19)
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¢ The adsorption-controlled rate expression will be

ok [fAfu, - fNCfHC/Kt':]

—r = _ e (6.20)
S [1 + K fa, + f\ucfnc]
or
kod |fa = fve fuc/ K.,
= .d[ i .chf:{c/. ,] (6.21)
fao + (Kuc/Ky) fuc
¢ The desorption-controlled rate expression will be
k. | Keofafu, — Fve fuc
py = e [I\cquf{h fN-cfi{c] (6.99)
fruc [1+ Kafa + Kye fuc|
or
kas [Keqfa = e f
rym [ \ qu- ch_fuc_'] (6.23)
fuc [fao + (Knc/Ka)fuc)|
ke = kAPf:

ke = KhcP
A detailed derivation for the above equations is shown in Appendix I.
6.7.2 Mechanistic Models

Due to the complexity of the HDN reaction networks of pyridine as well as of
quinoline, and due to the limiting number of data points at each experimental run,
simplified reaction networks for both pyridine and quinoline HDN (Figures 6.49 and
6.50) were considered for the quantitative kinetic analysis.

The adsoiption phenomena in pyridine and quinoline HDN suggest. that the re-
action rates are best described by Langmuir-Hinshelwood kinetic expressions. The

Langmuir adsorption isotherm is a reasonable approximation of the true adsorption
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behavior, then the fraction of the catalytic sites occupied by the nitrogen compounds

is given by

i= %E:?\_E (6.24)
Since hydrogen is assumed to be adsorbed on different sites than that of nitrogen
compounds, hence it can be neglected from the above equation. If the partial

pressure of nitrogen compound is greater than 1 KPa, as in our case, then 3°; 6; =

1 and 3; K;P; >> 1 [92], hence the above equation will be reduced to

_ _KiP; 95
%= 2; K;P; (6:25)

where 6; is the fraction of available sites occupied by j, K; is the adsorption equi-

librium constant of j, and P is the partial pressure of j.
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Figure 6.49: Simplified reaction network for the HDN of pyridine over comnmercial
Ni-Mo/Al, O3 (Shell Catalyst 424)
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Pyridine Kinetic Modelling

From the simplified reaction network of pyridine and from the above justified as-
sumptions, the ratc of denitrogenation of alkyl-piperidines (ETPIP, PRPIP. PEPIP)

is given by

R ki{\’saPAPn’ _ (6.26)
KanPys + KsaPsa+ Ky, Puiy
or
ry = ky(Ksa/Kaa)Paprr (6.27)
Paa+ (Ksa/Ks0)Psq + (Kniy /K an) P,
Where:

r1  rate of hydrogenlysis of alkyl-piperidines to hydrocarbons and mn-

monia.
P,, partial pressure of aromatic amines ( Ppy )

Ps,4  partial pressure of secondary amine= (Ppsp 4 Perpip + Popprp +

Ppgpip)

Since the partial pressure of ammonia is equal to that of hydrocarbons, then », can

be written as

- K (Ksa/Kaa)Parip
Paa+ (Ksa/Kaa)Psa+ (Knity /K an)Puc

" (6.28)

Similarly, the rate of hydrogenolysis of pipreidine to alkyl-piperidines can be

expressed as

— ky(Ksa/Kaa)Ppip
Ppa+ (Ksa/Kan)Psa + (Knuy [ Kan)Puc

r2 (6.29)
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and the rate of hydrogenolysis of piperidine to ammonia and hydrocarbons is given

by

ry = k3(Ksa/Kaa)Ppip _
Poa+(Ksa/Kan)Psa + (Knpy /Kaa)Pue

(6.30)

From the above expressions the rate of formation of alkyl-piperidines is expressed

as

(Ksa/Kaa)lk3Ppip — K Papip)

r =ry—r= = z . 6.31
APIE =727 Paa + (KsalKan)Psa + (Kni/Kaa)Puc (6:31)
the rate of hydrogenolysis of piperidine
(Ksa/Kas)(ky + k3)Ppip
= —(rq+r3) = — y- = — - 6.32
reip = =(r2 4 7s) Pan +(Ksa/Ksa)Psa + (Knpy/Kan)Prc (6:32)
and the rate of hydrogenation
- ¥ X
rHe = Py Ta = (Ksa/Kaa)kyParip + k3 Ppip) (6.33)

Paa + (Ksa/Kaa)Psa + (Knw,/Kaa)Puc

With the assumption that all nitrogen compounds adsorb equally, then the above

three equations will be reduced to

N, ¥
ki Pprp — ki Papip

TAPIP=T2 =T = Paa+ Psg+ (Knpy/Kaa)Puc (6:34)
_ - (k3 + k3)Pprp
retp = (e ) = B a T K/ K an)Pro (6:35)
ki Papip + k3 Ppip
THC =T+ rq = = 6.36
HE =T = Paa+ Psa + (Knns/Kas)Pre (6:36)
(6.37)

Quinoline Kinetic Modelling

The simplified reaction network of quinoline HDN was considered for the quanti-

tative kinetic analysis. Again, it is assumed that the aromatic amines (Q, BzTHQ,
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OPA, AN) have equal adsoptivities, and that the secondary amines (PyTHQ. DHQ)
have equal adsorptivities too. Following the same argument as that of pyridine ki-

netic modelling, the rate expression for OPA denitrogenation becomes,

ki KaaPopa
T = - - 6.38
' KaaPast+ KsaPsy+ Ky, Py, ( )
or
ki Popa
r = ____ % N 6.39
YT P+ (Ksa/Kas)Psa +(Knu, /K aa)Pyc (6.39)
Where:

r  rate of hydrogenlysis of OPA to hydrocarbons and ammonia,
Py4  partial pressure of aromatic amines (Pg + Pg.rig + Popa)
Psy  partial pressure of secondary amines ( Pp,r1g + Poiig)

Similarly, the rate of hydrogenolysis of PyTHQ to OPA can e expressed as

_ ky(Ksa/Kan)Peyrug
Poa+ (Ksa/Kaa)Psa+ (Knpy /K an)Puc

7o (6.40)

and the rate of hydrogenolysis of DHQ to ammonia and hydrocarbons is given by

k3(Ksa/Kaa)Poug

TOHR T TS T P+ (Ksa/ K a)Psa + (Bnus/Kas)Pirc (6-41)
From the above expressions the rate of formation of OPA is expressed as
ropA =Ty — Ty = (Ksa/Kaa)lkaPryTrq — k1 Poral (6.42)
Pya+ (Ksa/Kan)Psa + (Knny/Kan)Puc
the rate of hydrogenolysis of PyTHQ
rpyTHG = —T3 = 2(Ksa/Kas)PryTha (6.43)

" Paa + (Ksa/Kan)Psa + (Knus[Kas)Puc
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data gave an absolute percentage relative error less than 10% except at two data
points which indicates a satisfactory fit of the experimental data. The values of
the rate constants, &, predicted by this model (Table 6.7) were used to calculate
the average activation energy of the quinoline HDN reaction. As in the case of
pyridine HDN, the value of the ratio Kyp, /K4 was not constant at the different
temperatures, it decreased with the increase in temperature. From the Arrhenius
plot of In k] vs 1/T, Figure 6.53, the activation energy was found to be 26.52 + 0.15
kcal/g-mol. This value is between 20 kcal/g-mol reported by Shih et al. [88], and
30.19 kcal/g-mol predicted by Aboul-Gheit et al. [1] or 30.83 kcal/g-mol reported
by El-Bishtawi [31].

The pyridine-quinoline HDN data were fitted to this model. The percentage
relative error was between -6.89 and 9.41 which indicates a good fit for the data.
The value~ of the rate constants at the various temperatures (Table 6.8) were used
to calculate the the average activation energy of the HDN reaction. From the
Arrhenius plot of In &} vs 1/T, Figure 6.54, the activation energy was found to be
13.17 £ 0.03 keal/g-mol.

Fitting the HDN data of the three systems to Model 3 did not give satisfactory
results. A fit is considered not udequnte if the percentage relative error is high or

if the values of the adsorption equilibrium constonts came out to be negative,

6.8.3 Mechanisti: Model

Dur to the limitatiou in the sumber of data points, the mechanistic model was
based] ot the xmplificd reaction actworks of pyridine and quinobne. In the case
uf pyndime HDN rewction & set of theee diffcrential equations with thire responses



CHAPTER 6. RESULTS AND DISCUSSION

Table 6.7: Variation of rate constants with respecet to temperature at B=13; quino-

line
run number |temperature (K){ rate constants
g-mol/see g-cat
Q225 498 0.1696x10~°
Q250 523 0.2135x10°*
Q275 548 0.1584x 10~
Q3C0 573 0.1699x 10~
Q325 598 0.6925%x10~
Q350 623 0.2855x10~%
Q375 648 0.5092x10~~
Q400 673 0.1301x10~*

Table 6.8: Variation of rate constants with respect to temperature at R=13; pyri-

dine-quinoline mixture

run number [temperature (K)| rate constants
g-mol/scc g-cat
PQ225 498 0.8055x 10~
PQ300 573 0.4472x10°*
PQ350 623 0.1311x10~"
PQ400 673 0.2421x10-
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Figure 6.53: Arrhenius plot of In &} vs 1/T; quinoline, Model 2.
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and four parameters were resulted, while in the case of quinoline HDN a set of
four differential equations with four responses and four parameters were obtained.
These equations were solved by a differential equation solver. The parameters of
these equations were determined by a nonlinear regression technique. The computer
program that contains the differential equations that represent the reaction network
of the quinoline HDN and the derivatives with respect to the responses and the
parameters is shown in Appendix H. This program is called by the main program

PAREIDE FORTRAN (PARameter Estimation In Differential Equations).

Pyridine

The rate constants for the hydrogenolysis steps of the pyridine HDN reaction,
shown in the simplified reaction network (Figure 6.49), were estimated at different
temperatures. The Arrhenius plots of the pseudo rate constants for the hydrogenol-
ysis reactions are shown in Figures 6.55 to 6.57. Comparison of these Figures
reveals that the pseudo rate constants for the hydrogenolysis of alkyl-piperidines
is an order of magnitude larger than that of the hydriogenolysis of piperidine to
alkyl-piperidines. The average activation energy for the hydrogenolysis of piperi-
dine to alkyl-piperidine was 19.15 + 0.06 kcal/g-mol. The activation energy of the
hydrogenolysis of alkyl-piperidines to hydrocarbons was 16.05 4 0.07 kcal/g-mol,
while that of the hydrogenolysis of piperidine to hydrocarbons was 13.44 + 0.62
keal/mol. This result indicates that rate of pyridine HDN reaction is determined

by the rate of hydrogenation of piperidine to alkyl-piperidines.
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Quinoline

The rate constants for the hydrogenolysis steps of the quinoline HDN reaction,
shown in the simplified reaction network (Figure 6.50), are estimated at differ-
ent temperatures making use of the differential equation solver coupled with the
parameter estimator. The Arrhenius plots of the pseudo rate constants for the hy-
drogenolysis reactions are shown in Figures 6.58 to 6.60. Comparison of these figures
reveals that the pseudo rate constants for the hydrogenolysis of decahydroquinoline
is an order of magnitude larger than that of the hydriogenolysis of PyTHQ. The
same result was reported be Cocchetto [24]. On the other hand the pseudo rate
constants of the hydrogenolysis of OPA is about an order of magnitude larger than
that of DHQ. The average activation energy for the hydrogenolysis of PyTHQ to
OPA was 40.52 % 0.13 keal/g-mol. The activation energy for the hydrogenolysis of
DHQ to hydrocarbons was 36.57 + 0.11 keal/g-mol and that for the hydrogenolysis
of OPA to hydrocarbons was 23.58 + 0.08 kcal/g-mol. These activation energies
were a little higher than the ones reported by Cocchetto (37 keal/g-mol for PyTHQ,
33 kcal/g-mol for DHQ, and 19 keal/g-mol for OPA) [24], or the values reported by
Shih at al. (35 keal/g-mol for PyTHQ and 31 kcal/g-mol for DHQ) [88].

Recalling that the average activation energy of quinoline HDN is 26.52 keal/g-
mol, one can conclude that the rate of hydrodenitogenation of quinoline is deter-

mined by the rate of hydrogenation of PyTHQ.
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Chapter 7

Conclusions and
Recommendations

In this study, the HDN reactions of pyridine, quinoline, and pyridine-quinoline
mixture were investigated. Reaction networks were developed for both pyridine and
quinoline. Several models were examined to fit the data. The paramcters of these

models were estimated.

7.1 Conclusions

The main conclusions drawn out of this research project are:

¢ The product distribution of pyridine HDN, and the presence of ETPIP and
PRPIP in significant amounts as intermediate products, suggested a new re-

action network for pyridine HDN reaction.
¢ The pseudo first order model fit the data well.

o The adsorption of ammonia with respect to the nitrogen compounds had de-

creased with the increase in reaction temperature.

165
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o The conversion of pyridine was complete at the reaction conditions and at

temperatures above 623 K.

¢ Quinoline did not achieve complete conversion even at 673 K. This result may
be due to the fact that more nitrogen compounds were produced from the
HDN of quinoline than that in the case of pyridine HDN, which results in an
increase in the competitive adsorption of the product nitrogen compounds on

the catalyst active sites,
¢ At high temperatures the quincline HDN is shifted towards the BzZTHQ path.

¢ The values of the activation energies of the hydrogenolysis steps of pyridine
HDN had shown that the rate determining step for pyridine HDN is the hy-

drogenation of piperidine to alkyl-piperidines.

¢ The values of the activation energies of the hydrogenolysis steps of quinoline
HDN had shown that the rate determining step for quinoline HDN is the
hydrogenolysis of PyYTHQ to OPA.

o Mixing pyridine and quinoline resulted in a significant increase in the rate of

conversion as well as the selectivity of the quinoline HDN reaction.

o The presence of quinoline had retarded the rate of conversion as well as the

selectivity of the pyridine HDN reaction.

¢ In general, mixing the two nitrogen compounds had increased the selectivity

of the HDN reaction via the production of PCH and other alkyl-cyclohexanes.
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7.2 Recommendations

The following suggestions are recommended for further research

¢ Taking more data points at each temperature so as to be able to evalunte all

the kinetic constants of the reaction networks.

¢ Hydrodenitrogenation of different compositions of pyridine-quinoline mixture

to see the effect of composition on the selectivity of the reaction.

¢ Hydrodenitrogenation of each of the major nitrogen products so as to have

better understanding of the reaction network.

¢ Hydrodenitrogenation of mixtures of quinoline and each of the nitrogen com-
pounds resulting from pyridine HDN in order to identify which of these com-

pounds is affecting the conversion and the selectivity of quinoline.
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Calibration Curves
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10.0
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1

FEED FLOW RATE ml/hr
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0.0
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PUMP SETTING %

Figure A.1: Metering pump calibration
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PRI NS VT W U PR RSN TR T M PR I
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Figure A.2: Rotameter calibration
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Figure A.3: Gas chromatograph calibration



Appendix B

Experimental Runs

In this Appendix the experimental runs of the kinetic study are presented. The
following tables are taken from the output of the computer program that performs
the mass balance. Each table shows the run number, the nitro-compound feed, the
conditions of the reaction at that run, the mole percent of each organic product,

and the percent denitrogenation obtained from each run.

RUN: P225
Feed: Pyridine
Temperature Pressure Molar Ratio
Ky - (atm) (g-mol H2/g-mol feed)
498.00 69.00 13.00

W/F (hr g-cat/g-mol feed)

T —————— . . T TIPS S S P Y A

42.00 70.00 98.00 126.01 153.99 182.02 210.00

185
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Organic
Products,
mole %

PEN 0.02 0.03 0.056 0.06 0.08 0.22 0.29
DEC 0.060. 0,02 0.03 0.04 0.05 0.05 0.07
PEAM 0.00 0.00 0.00 0.00 0.00 0.00 0.00
ETPIP 0.18 0.50 0.55 0.59 0.66 0.8 1.03
PIP 1.91 2.18 4.56 6.20 7.i6 8.78 10.47
PRPIP 0.72 1.38 1.16 1.17 1.31 0.89 0.97
PYR 97.01 95.49 93.20 91.47 90.28 88.48 86.30
PEPIP 0.16 0.27 0©.30 0.31 0.30 0.43 0.54
DPEAM 0.00 0.00 0©.00 0.00 0.00 0.00 0.00
PNPIP 0.00 0.16 0.15 6.17 0.15 0.29 0.34
MNPIP .00 0.00 0.00 0.00 0.00 0.00 0.00
UN. 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Denitrogenation %

Feed: Pyridine
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Temperature

(K)

523.00

Organic
Products,

mole %
PEN
DEC
PEAM 0
ETPIP 0
PIP 11
PRPIP 1
PYR 85.
PEPIP 0
DPEAM 0
PKPIP 0
MEPIP 0
UK. 0

Pressure

(atm)

69.00

W/F (hr g-cat/g-mol feed)

Molar Ratio

(g-mol H2/g-mol feed)

13.00

R D S D A A S

0.

0.

03

02

.00

.84

.95

.03

.50

.00

.32

.00

.00

19.64

76.00

0.00

0.00

- 11
0.08
.00
1.57
26.71
2,51
67.71
0.94
0.00
0.37
0.00

0.00

34.

58.

.16

.11

.00

.28

04

.04

82

.15

.00

.40

.00

.00

43.

46.

.22

.25

.00

.29

.94

81

.89

.00

.44

.00

.00

48,

39.

.64

.29

.00

.96

71

.37

41

12

.00

.49

.00

.00

55

29.

.12

.34

.00

.85

.85

.30

51

.30

.00

.63

.00

.00
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Denitrogenation ¥

0.056 0.13 0.19 0.27 0.47 0.93 1.46

S T P S S G G A R e ek S ek e o T S S S . -

RUN: P250R
Feed: Pyridine
Temperature Pressure Mclar Ratio
(K¥) (atm) (g-mol H2/g-mol feed)
§23.00 69.00 13.00

W/F (hr g-cat/g-mol feed)

ke e ek e - -

Organic
Products,
mole %

PEN 0.02 0.06 0.09 0.10 0.21 0.25 1.21
DEC 0.04 0.07 0.09 0.14 0.25 0.32 0.38
PEAM 0.00 0.00 0.00 0.00 0.00 0.00 0.00
ETPIP 0.60 1,22 1,54 2.12 3.21 3.89 4.76
PIP 10.63 19.82 27.16 31.77 43.45 650.69 58.98

PRPIP 0.67 1.87 2.45 2.71 3.81 3.23 4.30

188
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PYR 87.41 75.81 67.43 60.93 46.77 38.05 25.74
PEPIP 0.51 0.73 0.88 1.45 1.76 2.34 3.31
DPEAM 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PNPIP 0.11 0.41 0.36 0.78 0.53 1.23 1.34
MNPIP 0.00 0.00 0.00 0.00 0.00 0.00 0.00
UN. 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Denitrogenation Y%

D D O S D S o ALk T . W . g S el e D S D T S G M P b A ok ot

RUN: P275
Feed: Pyridine
Temperature Pressure Molar Ratio
(X) (atm) (g-mol H2/g-mol feed)
548.00 69.00 13.00

W/F (hr g-cat/g-mol feed)

Organic

Products,

v
r>
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mole %

PEN

DEC
PEAM 0
ETPIP 1
PIP 23.
PRPIP 2
PYR 71
PEPIP 0
DPEAM 0
PNPIP 0
MNPIP 0
UN. 0
Denitrogenation
0

¢.

0.

46

41

.17

.42

.00

.60

.36

.18

.89

.29

.00

.08

.00

.00

.62

.62

.00

.73

50

.62

94

.73

.00

.25

.00

.00

61

16

.05

.63

.00

.78

.98

.34

.69

.20

.00

.33

.00

.00

61

14,

.33

.62

.00

.56

.23

7

53

.18

.00

N

.00

.00

o —— T S S S G 5 S A S o . AP T U S

Feed: Pyridine

Temperature
(X)

548.00

08 0.11
13 0.27
.00 0.00
.98 3.44
48 37.42
.13 3.88
.38 52.97
T 1.82
.00 0.00
.05 0.04
00  0.00
.00 0.00
%
.21 0.38
Pressure
(atm)
69.00

0.30 0
¢.56 0
.00 o0
6.59 7
54.01 58,
5.16 5
30.31 22.
2.95 3
0.00 O
0.13 ¢
.00 ¢
0.00 0
0.86 1
P275R

Molar Ratio

(g~mol H2/g-mol feed)

13.00

190
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Organic
Products,

mole J

PEN

DEC
PEAM 0
ETPIP 1
PIP 24.
PRPIP 2
PYR 70.
PEPIP 0
DPEAM 0
PNPIP 0
MNPIP 0
UN. 0
Denitrogenation

W/F (hr g-cat/g-mol feed)

Dk S et —— - - . A B b v

D A N D D ED e e ek e e G W M AR Em Em R b oy mr A A

0.

0.

08

13

.00

.94

62

.30

14

.78

.00

.01

.00

.00

38.

51

.12

.24

.00

.51

97

.80

17

.56

.00

.02

.00

.00

45,

43.

.16

.44

.00

.43

03

.03

49

.36

.00

07

.00

.00

47.

36

.45

.52

.00

.66

76

97

.50

.04

.00

.09

.00

.00

53.

28.

.36

.55

.00

.58

76

.30

67

.50

.00

.27

.00

.00

55.

24,

.55

.68

.00

.67

46

.30

32

.70

.00

.32

.00

.00

65.

10.

.35

.87

.00

.55

63

.38

54

.99

.00

.70

.00

.00

S — - A TP D A e kS S -
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Feed: Pyridine

(hr g-cat/g-mol feed)

RUN: P300

Molar Ratio

(g-mol H2/g-mol feed)

13.00

D L SR G AR SR GRS A D AR A AR e Gm SRy NS SD e D En G e e ek AR SR AR A g

Temperature Pressure
(X) (atm)
573.00 69.00
W/F
42.00 70.00
Organic
Products,
mole ¥
PEN 0.33 0.62
DEC 0.38 0.57
PEAM 0.00 0.00
ETPIP 4.34 T.64
PIP 37.48 48,50
PRPIP 3.35 §6.02
PYR 48.20 32.83
PEPIP 5.48 4.60
DPEAM 0.00 0.00

55.

23.

.09

.88

.00

.04

92

.05

.89

.00

10.

56

18.

.43
.11

.00

05

.78

.56

86

.58

.00

10

60,

14,

99 182,
.93 2
.25 1
00 0
77 10,
24 60,
.36 6
99 13.
.80 3
00 0

02 210.00
.48  3.27
.19 1.356
.00 0.00
74 11.75
72 60.87
.93 T.14
63 11.568
.73 3.50
.04 0.01
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PNPIP 0.44 0.22 0.53 0.64 0.56 0.53 0.54
MNPIP 0.00 0.00 0.00 ©0.00 0.00 0.00 0.00
UN. 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Denitrogenation Y%

0.71 1.19 1.96 2.53 3.18 3.67 4.62

D s ] . ——— T ikt =t ey 7o} Yoy oy T T

RUN: P325
Feed: Pyridine
Temperature Pressure Molar Ratio
(K) (atm) (g-mol H2/g-mol feed)
5988.00 69.00 13.00

W/F (hr g-cat/g-mol feed)

D A S - S A D A b e A ———

DR L SR DD DD G S D DD e e R D R D R R e e

Organic
Products,
mole %
PEN 2.60 3.44 4.70 5.82 T.03 7.88 9.49

DEC 1.60 2.28 2.24 2.23 2.19 2.49 3.36
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PEAM 0
ETPIP 5
PIP 49,
PRPIP 2
PYR 29,
PEPIP 7
DPEAM 0
PNPIP 0
MNPIP 0
UN. 0
Denitrogenation
4

59.

11

10

.00
.99
24
.89
.60
.27
.18
.54
.34

.00

.00 0.00
33 T7.62
.76 61.56
24 4,55
.50 5.34
83 9.53
14 0.11
74 0.73
.24 0.19
.00 0.00
22 10.37

11.08

50.59

4.92
12.44
0.20

1.35

- T D W A A . T S ke ey Y D D I D D G D Y P S N - -

Feed: Pyridine

Temperature
(K)

623.00

.00 0.00
.19 6.64
89 56.32
.90 3.73
88 16.73
.21 9.85
.10 0.16
.34 0.43
.29 0.42
.00 0.00
4
.20 5.71
Pressure
(atm)
69.00

W/F (hr g-cat/g-mol feed)

0.00 ¢
6.98 7.
60.83 61
3.96 4.
8.68 6
10.45 9.
0.20 0.
0.58 0.
0.28 0
0.00 0
8.04 9
P350

Molar Ratio

(g-mol H2/g-mol feed)

13.00

194
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42,00 70.00 98.00 126.01 153.99 182.02 210.00

Wk L D S R e SR D e R e et e m W mmem 0w mm mm e A rm B e e e -

Organic
Products,
mole %

PEN 5.5¢ 8.75 10.68 12.00 13.66 14.47 16.00
DEC 2.39 2,67 2.70 2.97 3.42 3.91 5.35
PEAM 0.00 0.00 0.00 0.00 0.00 0.00 0.00
ETPIP 14.50 31.17 44.83 63.05 63.15 64.90 56.47
PIP 46.86 32.11 22.89 5.02 4.72 4.30 5.32
PRPIP 5.00 6.57 6.25 6.16 6.38 6.74 8.33
PYR 18.15 7.55 4.57 3,27 2.35 0.00 0.00
PEPIP 7.11 9.51 6.37 4.25 3,99 3.84 3.34
DPEAM 0.27 0.58 0.47 0.35 0.3¢ 0.32 1.27
PNPIP 0.07 0.19 0.75 2.66 1.74 1,32 1.58
MNPIP 0.09 0.%0 0.49 0.28 0.25 0.20 2.35
UN. 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Denitrogenation ¥

7.93 11.42 13.38 14.97 17.08 18.38 21.35

o k donh ot L G S kS S S A e e S P e b S P A A
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Feed: Pyridine

Temperature

(K)

648.00

Organic

Products,

PEN
DEC
PEAM
ETPIP
PIP
PRPIP
PYR
PEPIP
DPEAM
PNPIP
MNPIP

UN.

Molar Ratio

(g-mol H2/g-mol feed)

13.00

(hr g-cat/g-mol feed)

T S D e D D e e - —

mole Y%

Pressure
(atm)
69.00
W/F
42.00 70.00
16.14 22.40
5.82 7.61
0.00 0.00
31.37 49.72
12.46 5.67
9.29 9.15
19.37 0.39
3.59 1.59
0.32 0.06
1.02 2.87
0.63 0.55
0.00 0.00

24.

8.

0.

48.

71

14

00

09

.83

.48

.00

.17

.02

.45

.41

.00

28.09
7.95
0.00

47.74
2.79
7.90
0.00
0.88
0.00
4.22
0.44

0.00

29

8,

0.

45.

.51 30.
50 8.
00 o
96 44.
.18 5.
.83 7.
00 O
00 1.
00 0
.66 0.
37 0.
00 O

82

92

.00

85

06

84

.00

15

.02

95

39

.00

36.

EOmEST SESEEL EDGEMEE S e e S S e - - -

1§

.78
.00
.04
.74
.45
.00
T1
.00
.13
.00

.00

196
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Denitrogenation ¥

21.97 30.01 32.85 36.04 38.01 39.74 44.93

D T D G L e D A e W D ) I e A - v - -

RUN: P400
Feed: Pyridine
Temperature Pressure Molar Ratio
(K) (atm) (g-mol H2/g-mol feed)
673.00 69.00 13.00

W/F (hr g-cat/g-mol feed)

A A S A e D A b o e

TR D D S WD D S S ey W D S e A A G S e e M A

Organic
Products,

mole ¥
PEN 20.31 29.79 31.80 34.08 36.09 36.87 42.33
DEC 7.72 9.04 9.60 10.47 10.70 11.03 9.12
PEAM 0.600 0.00 0.00 0.00 0.00 0.00 0.00
ETPIP 35.81 45.91 42.54 39.656 39.23 37.06 34.89

PIP ., 9.74 3.96 3.98 3,91 3.85 3.80 3.63
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PRPIP 8.59 8.23 7.8 T7.40 7.42 7.06 6.84
PYR 10.92 0.00 0.00 0.00 0.00 0.00 0.00
PEPIP 2,56 0.27 0.33 0.36 0.48 0.58 0.68
DPEAM 0.50 0.00 0.00 0.00 0.00 0.00 0.00
PNPIP 1.2 2,00 1.92 1.71 1.81 1.68 1.62
MNPIP 1.9 0.78 1.9 2.42 0.43 1.91 0.89
UN. 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Denitrogenation ¥

28.03 38.83 41.40 44.54 4€.79 47.90 51.46

- . - - S - A - - -

RUN: PR13
Feed: Pyridine
Temperature Pressure Space Time
(K) (atm) (hr g-cat/g-mol feed)
623.00 69.00 126.01

R (g-mol-H2/g-mol feed)

Y S S - - S -

Organic
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Products,
mole ¥
PEN 9.56 10.78
DEC 1.88 2.54
PEAM .00 1.77
ETPIP 56.39 52.94
PIP 7.15 8.20
PRPIP 4.96 5.57
PYR 2.8¢ 1.55
PEPIP 2.93 3.50
DPEAM 0.18 0.35
PNPIP 1.16 1.50
MNPIP 1.27 1.04
UN. 11.70 10.25
Denitrogenation ¥
11.44 13.32
Feed: Quinoline
Temperature Pressure
x (atm)
498.00 69.00

10,95

1.73

54.04

8.67

4.76

1.15

3.57

0.49

2.42

(g-mol H2/g-mol feed)

11.65 12.
3.54 4
1.43 1.

51.92 47,
6.20 8.
4.73 4,
1.10 1
3.20 4.
0.49 0.
3.210 3
0.90 1

11.58 11

16.23 16

Q225

85

.06

31

27

10

64

.36

16

36

.11

.43

.35

- - - -

Molar Ratio

13.00

199
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Organic
Products,
mole %

MCH 0.00 0.
ECH 0.00 0.
PCH 0.00 0.
PCHE 0.00 0.
PCHAM .00 o
PB .00 0
MEB 0.01 o
IDAN 0.00 0.
UK. 0.00 oO.
DHQ 0.00 0
EB 0.00 0.
AN 0.00 o.
BZTHQ 2,64 3
EAN 0.18 0.
OPA 0.23 o
Q 34.94¢ 26

g-cat/g-mol feed)

e MGG E MG Em T BRI E WSS IRy e

00 ©
00 0
00 0.
00 0.
.00 0.
.00 0.
.02 0.
00 0.
00 0
.00 0.
00 oO.
05 0.
90 4.
3 0
.40 0.
.21 23

.00 0.00 0.00 ©
.00 0.00 0.00 O,
00 0.00 0.00 O.
00 0.00 0.00 O.
60 0.05 0.00 0.
00 0.00 0.00 O,

04 0.06 0.08 0.

0t 0.02 0.03 0

.00 0.00 0.00 O,

00 0.00 0.00 0.

00 0.00 0.00 O

i6 0.20 0.08 0.
20 5.36 2,68 2.
42 0.24 0.28 0.
54 1.12 0.53 0.

.59 21.93 20.03 19

02 210
.00 oO.
00 0.
00 0.
00 0.
00 o.
00 0.
12 0.
03 0.
00 0.
30 0.
00 O
06 0.
32 1.
12 1.
58 0.
.61 19

00

00

00

00

00

00

23

o7

00

34

.00

00

56

96

50

.22
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PYTHQ 61.99 69.06 71.04 71.01 76.29 76.85 76.13

Denitrogenation

0.01 0.03 0.05 0.08 0.11 0.16 0.30

D S R S S S e G A U B e e S D S W S ok o 7= -

RUN: Q250
Feed: Quinoline
Temperature Pressure Molar Ratio
(K) (atm) (g-mol H2/g-mol feed)
523.00 €9.00 13.00

W/F (hr g-cat/g-mol feed)

Organic
Products,

mole ¥%
MCH 0.00 0.00 0.00 0.00 0.00 0.00 0.00
ECH 0.00 0.00 0.00 0.00 0.00 0.01 0.01
PCH 0.00 0.00 0.00 0.00 0.02 0.08 0.19

PCHE 0.00 0.00 0.00 0.00 0.03 0.04 0.06
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PCHAM 0
PB 0.
MEB 0.
IDAN 0
Un. 0.
DHQ 0.
EB 0.
AN 0.
BZTHQ 1
EAN 0.
OPA 0.
qQ 18
PYTHQ 80
Denitrogenation
0

0.

10,

77.

.07

.01

16

04

.00

38

.00

.45

.61

.03

.42

.24

54

Ti.

.05

.04

.26

.05

.00

.92

.00

.64

.32

.39

.32

.19

67

73.

.08

.04

.44

07

.00

.36

.00

.19

.95

.29

.81

.12

37

Feed: Quincline
Temperature
(K)
548.00

.00 0.00
00 0.00
00 0.08
.00 0.00
00 0.00
00 0.19
60 0.00
60 0.00
.63 2.36
00 0.29
00 0.56
.00 12.34
.37 84.21
%
.01 0.06
Pressure
(atm)
69.00

00 0.07 0
.00 0.00 O
.11 0.16 0.
.00 0.03 0,
.00 0.00 0
.69 2.81 3.
.00 0.00 O
.00 0.55 ©
.94 95.92 10
.26 0.98 1
14 1.47 1

10 9.41 9
76 T4.60 T73.

11 0.19 0O
RUN: Q275

(g-mol H2/g-mol feed)

Molar Ratio

13.00 -

o
o
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W/F (hr g-cat/g-mol feed)

T D D A 5 )y - —— . 8 i i n =

Organic
Products,
mole %

MCH 0.00
ECH 0.00
PCH 0.00
PCHE 0.00
PCHAM 0.00
PB 0.00
MEB 0.05
IDAN 0.01
UN. 0.00
DHQ 0.00
EB 0.00
AN 0.00
BZTHQ 3.27
EAN 0.15
OPA 0.14
Q 13.565

0.00
0.00
0.00
0.00
0.00
0.00
0.12
0.01
0.00
2,13
0.00
0.08
5.42
0.54
1.07

9.41

.00
.00
.00
.00
.00
.00
.31
.01
.00
.94
.00
A1
.24
.70
.43

.63

0.00
0.00
0.08
0.01
0.12
0.06
0.29
0.05
0.00
4.99
0.00
0.39
9.07
0.59
1.25

T.92

0.25

0.10

0.08

0.04

0.38

0.04

0.04

5.65

0.00

0.48

1.41

7.85

.00

.01

.31

.12

.11

.08

.62

.03

.04

.18

.00

.20

.88

.12

.39

.28

.00

.02

.67

.19

.10

.12

77

.07

.00

.65

.00

.22

.06

.71

.41

.52

203
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PYTHQ 82.84 81.24 77.63 74.77 73.59 7T1.72 69.49

Denitrogenation ¥

0.06 0.12 0.31 ¢.5¢ 0.81 1.07 1.83

RUN: Q300
Feed: Quinoline
Temperature Pressure Molar Ratio
(K) (atm) (g-mol H2/g~mol feed)
573.00 €9.00 13.00

W/F (hr g-cat/g-mol feed)

- A A kD D DD b S e i b e

Organic
Products,

mole ¥
MCH 0.00 0.00 0.00 0.00 0.00 0.00 0.00
ECH 0.00 0.00 0.00 0.00 0.00 0.01 0.01
PCH 0.00 0.00 0.03 0.058 0.70 1.01 1.89

PCHE 0.00 ©€.00 0,00 0.07 0.1 0.26 0.38
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PCHAM 0
PB 0
MEB 0
IDAN 0
UN. 0
DHQ 1
EB 0
AN 0

BZTHQ 8.
EAN 0
OPA 0

Q 13.
PYTHQ 76
Denitrogenation
0

74.

.00

.07

.49

01

.00

.21

.00

.22

.23

.90

.00

.06

78

.06

.19

59

.02

06

14

00

18

15

.03

.37

.88

486

69.

.07

.21

.73

.03

.08

.78

.00

.14

.76

.80

.48

.59

04

67.

.10

.23

.92

.05

.09

.93

.00

.19

.48

.31

.64

.34

44

okl D e A VIR S e e o D T P Dk Ak D e i A A b 4P A Y P e ey i s

Feed: Quineline
Temperature
(K)

598.00

.00 0.00
.00 0.00
.06 0.30
.01 0.01
.00 0.00
.09 2,97
.00 0.00
13 0.13
06 9.63
.36 0.72
.86 0.75
07 9.43
.37 76.06
%
.07  0.31
Pressure
(atm)
69.00

0.12 0
0.17 0
0.53 0.
0.056 ©
0.00 0.
7.30 8.
0.00 0.
0.16 0.
12.70 11.
0.85 1
1.06 1
8.16 7
68.80 68.
0.87 1
Q325

Molar Ratio

(g-mol H2/g-mol feed)

13.00

205
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W/F (hr g-cat/g-mol feed)

A — ——— D T it S D e o o T ' ok D ikt o il iy

Organic
Products,

mole ¥%
MCH 0.
ECH 0.
PCH 0.
PCHE 0.
PCHAM 0.
PB 0.
MEB 0.
IDAN 0.
UN. 0.
DHQ 2,
EB 0
AN 0
BZTHQ 15
EAN 0
OPA 1

00

00

18

06

00

34

02

00

09

.00
.81
.48
.81
.94

.68

0.¢0
0.00
0.21
0.27
0.00
0.00
0.60
0.01
0.00
5.35
0.00

0.49

20.60°

1.89

1.56

8.88

0.91
0.32
0.05
0.15
0.71
0.02
0.00

7.23

20.08
1.00
1.79

7.79

.00

.00

.76

.32

.05

.46

.89

.06

.19

.64

.00

.42

.66

.06

.81

.55

.00
.00

.04

.10
.46
.93
.02
.11
.91
.00
.33
41
T4
.53

.98

02 210
.00 O
.02 0
.73 5
.62 0
11 0
.55 0
.91 1
03 0
L0700
T4 10
00 0
.16 0
.85 13
01 1
.80 2
97 6

.00
.07
.76
.97
.15
.84
.28
.10
11
.75

.00

.87
.52
.06

.54
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PYTHQ 65.57 60.13 59.61 55.13 53.11 56.43 55.84

Denitrogenation Y%

0.57 1.09 2.11 2,48 3.78 4.8 9.0%1

D L SN S S S A ek L e - I R A P e Y S ) S -

RUN: Q350
Feed: Quincline
Temperature Pressure Molar Ratio
(K) (atm) (g-mol H2/g-mol feed)
623.00 69.00 13.00

W/F (hr g-cat/g-mol feed)

42.00 70.00 98.00 126.01 153.99 182.02 210.00

Organic
Products,

mole %
MCH 0.01 0.01 0.02 0.03 0.02 0.06 0.12
ECH 0.01 0.01 0.03 0.04 0.03 0.11 0.19
PCH 0.31 1.66 3.06 4.52 6.52 10.94 18.28

PCHE 0.12 0.45 0.79 0.91 0.96 1.2%9 1.50
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PCHAM 0.
PB 0.
MEB 0.
IDAN 0.
UN. 0.
DHQ 4,
EB 0
AN 0
BZTHQ 23,
EAN 0.
OPA 1.
Q 11.
PYTHQ 56.
Denitrogenation
1,

42.

.02

99

94

03

71

50

.04

.29

.84

33

26

41

10

33

.12 0.
36 1
.88 1
.06 ¢
.67 0
.81 9.
06 0.
.66 0.
14 22,
32 1.
.06 3.
.00 6.
.50 31.
85 23

22

.73
.49
.04

.63

41

00

86

55

80

06

74

37

A S G D e e sk S B e Y S A S S S -

Feed: Quinoline
Temperature
(K)

648.00

05 0.04
12 0.22
41 0.65
063 0.0
04 0.15
00 5.99
04  0.00
.60  0.44
99 28.85
38 0.47
89 3.17
96 8.89
06 48.99
%
05 3.00
Pressure
(atm)

69.00

.08 0.08 O
.52 0.91 0.
.91 1,12 0.
02 0.02 0.
.24 0.45 0.
.86 14.47 14,
01 0.00 O
.54 0.47 O
.52 27.70 27
.56 0.26 1.
.27 3.18 4.
.89 T7.81 7.
€7 38,03 34.
36 7.6 9
RUN: Q375

Molar Ratio

(g-mol H2/g-mol feed)

13.00



APPENDIX B. EXPERIMENTAL RUNS

W/F (hr g-cat/g-mol feed)

A e G W P B DV P N T ek et e m m Em e e R ey e -

Organic
Products,
mole Y%

MCH 0.05
ECH 0.04
PCH 1.00
PCHE 0.29
PCHAM 0.08
PB 0.31
MEB 0.42
IDAN 0.03
UN. 0.03
DEQ 6.02
EB 0.04
AN 0.77
BZTHQ 33.68
EAN 0.49
OPA 3.82
Q 9.25

0.10
0.07
2.55
0.39
0.09
0.47
0.49
0.03
0.14
8.46
0.00
0.78
35.85
0.59
5.72

6.56

.11
.07
.85
.98
.24
.80
.95
.02
.19
.49
.00
.68
.43
.64
.12

.89

.13
.09
.60
.08
.31
.34
.02
.05
.25
.65
.00
.62
.05

.70

.83

.17
.11
.69
.99
.34
.50
.80
.04
.45
.84
.05
.58
T4
.67
.33

.83

.18

.19

.74

.05

42

.64

.97

.03

.54

.96

.09

.53

.69

.84

.27

.50

.16

.22

.32

.79

.41

.66

.16

.04

.55

.92

.00

.39

.82

.54

.44

.13

209
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PYTHQ 43.67 37.70 33.55 23.52 21.85 22.36 17.45

Denitrogenation %

2.18 4,09 7.78 11.31 16.35 22.88 29.35

RUN: Q375R
Feed: Quinoline
Temperature Pressure Molar Ratio
(X) (atm) (g-mol H2/g-mol feed)
623.00 69.00 13.00

W/F (hr g-cat/g-mol feed)

A S A T e . e Sl A R S S A - - -

PR S R AN SR AR AR b e dh  ED D M A D W TR GRS W e ke sl A

Organic
Products,

mole %
MCH 0.00 0.02 0.03 0.06 0.12 0.12 0.18
ECH 0.01 0.02 0.04 0.06 0.09 0.09 0.12
PCH 0.48 1.25 4.57 7.86 11.88 11.59 16.33

PCHE 0.30 0.96¢ 1.29 1.77 0.67 1.78 1.59
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PCHAM 0.
PB 0.
MEB ¢.
IDAN 0.
UN. 0.
DHQ 5.
EB 0.
AN 0.
BZTHQ 33.
EAN 0.
OPA 3.
Q 5
PYTHQ 48.
Denitrogenation

i.

.08
.61
.84
.03
.55
.18
.00
.94
.32

.29

3.58

40

.09

.65

33.

.13

.96

.48

04

.61

.17

.00

.07

.51

.79

.70

.59

21

25,

.09

.85

.63

.05

.56

.96

.04

.90

22

.52

.25

.48

69

27.

.25

.25

.95

.05

.53

.47

.02

.55

.20

.53

.97

.37

27

24.

.12

.18

.11

.03

.44

.92

.00

.97

.51

.55

.22

.56

17

Feed: Quinoline
Temperature
(K)

673.00

06 0.07
27  0.60
64 0.99
03 0.03
26 0.49
28 8,06
00 0.06
91 0.73
86 28.37
92 (.00
26 5.43
.52 B.76
20 47.16
h
73 3.93
Pressure
(atm)
69.00

Molar Ratio

(g-mol H2/g-mol feed)

13.00



APPENDIX B. EXPERIMENTAL RUNS

W/F (hr g-cat/g-mol feed)

Organic
Products,
mole Y%

MCH 0.01
ECH 0.03
PCH 4.87
PCHE 1.24
PCHAM 0.15
PB 0.69
MEB 0.90
IDAN 0.03
UN. 0.27
DHQ 10.22
EB 0.05
AN 1.34
BZTHQ 48.34
EaN 0.64
OPA 9.46
Q 9.52

.02
.03
.21
.47
.26
.06
.13
.05
.56
.94
.06
.21
.52
.53
.02

T

.03
.05
.24
.71
.26
.26
.31
.05
.58
.07
.07
.01
.80
.45
.92

.01

0.03
0.06
10.98

1.79

1.52
0.05
0.62
10.72

0.06

47.03

6.77

4.63

0.05
0.09
13.54
2.12
0.16
1.61
1.67
0.09
0.71
11.85
0.08
1.08
38.38
0.77
8.50

4.27

0.06

0.11

23.19

2.00

0.16

1.55

1.35

0.10

0.49

11.26

0.10

1.02

29.856

1.09

10.03

4.02

28.

10.

.05
.07
.22
.92
.15
.56
.98
.12
.69
.86
.12

.99

50

.06

23

.62

(S
[
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PYTHQ 12.24

Denitrogenation %

7.83

13.19 13.17 12.83 15.05 13.64

13.85

10.04 12.72 15.96 19.23 28.45 30.04

D S ks e ke ks et sl (L e D D R Dy M e e S 0 S S S St Y ki T 04 Y S -

Feed: Quinoline

Molar Ratio

(g-mol H2/g-mol feed)

(hr g-cat/g-mol feed)

13.00

mmmmme: SMEWMMESA SEE S PO TSR T D et el e em e e e ———

Temperature Pressure
(X) (atm)
623.00 34.50
W/F
42.00 70.00
Drganic
Products,
mole %
MCH 0.00 0.00
ECH 0.00 0.00
PCH 0.0&4 0.09
PCHE 0.00 0.00

0.00

0.00

0.30

0.11

0.00
0.00
0.30

0.12

0.02

0.03

0.74

0.25

0.01

0.03

1.21

0.58

0.02

0.04

1.43

0.72
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PCHAM 0
PB 0
MEB 0
IDAN 0.
UN. 0.
DHQ 0.
EB 0.
AN 0.
BZTHQ 16
EAN 0
OPA 1
qQ ar.
PYTHQ 43
Denitrogenation

.00

.00

.04

00

00

85

00

00

.50
.00

.20

.94

0.17
0.00
¢.00
1.70
0.00
0.14

18.68

24.54

53.48

23.

47.

.07
.21
.26
.03

.00

17

.00

15

.80

.52

.63

51

62

0.17
0.56
0.63
0.12
¢.00
1,96
0.00
2.07
49.40
0.61
2.23
13.50

26.93

12

.25
.59
.79
.16
.00
.24
.00
.00
.07
.25
.48
7

.20

s B g e e el v Al S S A S ks e S S A A D D S S

Feed: Pyridine-Quinoline

Temperature
(K)

498.00

Pressure

(atm)

69.00

00 0.00 O
13 0.17 0
.20 0.2¢ O
00 0.00 O
.00 0.00 O
.36 1.14 2.
.00 0.00 0
.36 1.16 1.
.96 47.31 45
.47  1.56 1
.36 2.56 2
28 15.15 14,
77 30.29 30.
74 0.83 1
RUN: PQ225

Molar Ratio

(g-mol H2/g-mol feed)

13.00
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W/F (hr g-cat/g-mol feed)

S A Tl L S e e e e S T -

AL SN SIER G dn e G G e B G e em WS S e e o G -

Organic
Products,
mole %

PEN 0.00
DEC 0.00
PEAM 0.00
ETPIP 0.00
PIP 0.15
PRPIP 0.00
PYR 48.23
PEPIP 0.00
DPEAM 0.00
PNPIP 0.00
MNPIP 0.00
UN. 0.00
MCH 0.00
ECH 0.00
PCH 0.00
PCHE 0.00
PCHAM 0.00

0.00
0.00
0.05
0.00
48.43
0.05
0.00
0.00
0.00

0.00

0.09
0.00

0.00

0.00
0.00
0.16
0.00
47.33
0.08
0.00
0.00
0.00
0.00
0.00

0.00

0.00

.00

.00

.00

.00

.09

.00

.79

.04

.00

.00

.00

.00

.00

.00

.23

.00

.00

¢.00

0.00

0.00

0.00

0.18

0.00

44,28

0.04

0.00

0.00

0.00

0.00

0.00

0.00

0.28

0.00

0.00

0.00

0.00

0.00

0.00

0.29

0.00

43.53

0.04

0.00

0.00

0.00

0.00

0.00

0.00

0.37

0.00

0.00

.00

.00

.00

.00

.54

.00

.12

.11

.00

.00

.00

.00

.00

.00

.47

.00

.00
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PB 0
MEB 0.
IDAN 0.
UN. 0.
DHQ 0.
EB 0.
AN 0.
BZTHQ 0.
EAN 0.
OPA 0.
qQ 13
PYTHQ 37.
Denitrogenation
0

.00

00

00

00

00

00

00

00

00

00

.68

94

0.00

0.00
0.00
0.00
0.00
0.00

0.00

8.84

42.54

.00

.00

.00

00

00

00

00

.00

.00

00

.33

.89

49.

.00
.00
.00
.00
.00
.00
.00
.00
.30
.00

87

52.

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.46

29

—— A S A ok b S - Y W W A A A A Y e e -

Feed: Pyridine-Quinoline

Temperature
(K)

573.00

Pressure

(atm)

69.00

00 0.00 0
.00 Q.00 O
00 0.00 0
.00 0.00 0.
.00 0.00 0.
.00 0.00 O,
.00 0.00 O,
.00 0.00 O
.00 0.00 O
.00 0.00 0.
.39 5.89 6
.87 47.96 48
.16 0.23 ¢
RUN: PQ300

(g-mol H2/g-mol feed)

Molar Ratio

13.00
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W/F (hr g-cat/g-mol feed)

T D D e e 2 B ) S e et S G S S - L

ML MG mim e eU e e G R At e mw e e iy o -

Organic
Products,
mole %

PEN | 0.00
DEC 0.00
PEAM 0.00
ETPIP 0.00
PIP 6.46
PRPIP ¢.00
PYR 28.55
PEPIP 0.86
DPEAM 0.00
PNPIP 0.00
ANPIP 0.00
UN. 0.00
MCH 0.00
ECH 0.00
PCH 0.55
PCHE 0.00
PCHAM 0.00

0.00
0.00
0.00
0.00
8.87
0.00
27.77
0.88
0.00
0.00
0.00
0.00
0.00
0.00
0.84
0.00

0.00

11.95

22.63

0.00

0.00

0.00

0.00

0.00

0.00

12.98

20.31

0.00

0.00

0.00

0.00

0.00

0.00

16.

17.

.00

.00

.00

.00

as

.00

50

.20

.00

.00

.Q0

.00

.00

.00

.29

.00

.00

17.

17,

.00

.00

.00

.00

38

.00

21

.19

.00

.00

.00

.00

.00

.00

.12

.00

.00

17.

15.

.00

.00

.00

.00

72

.00

97

.18

.00

.00

.00

.00

.00

.00

.09

.00

.00

o

-1
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PB 0
MEB 0.
IDAN 0.
UN. 0.
DHQ 6
EB 0.
AN 0.
BZTHQ 0.
EAN 0.
OPA 0.
qQ 7
PYTHQ 48,
Denitrogenation
¢

.00

00

00

00

.44

00

00

47

00

00

.67

99

%

.55

0.00

0.00
6.47
0.00
0.60
0.58

0.00

52.13

53.

.00

.00

00

00

48

00

00

00

00

.00

.00

14

45

.00

.00

.00

.00

.72

.00

.40

.bb

.00

.00

.06

.76

46,

.00

.00

.00

.00

.88

.00

.00

.00

.00

.00

.95

20

- — ) - e e e e A A A el e o S T Y

Feed: Pyridine-Quinocline

Temperature
(K)

623.00

Pressure

(atm)

69.00

.00 0.00 O
00 0.00 0
.00 0.00 0.
.00 0.00 0O,
.76 8.86 9.
.00 0.00 0.
.00 0.00 0.
.61 0.72 0.
.00 0.00 0.
.00 0.00 O
853 2.70 3
21 49.89 48.
11 1,69 2
RUN: PQ350

- — - -

Molar Ratio

(g-mol H2/g-mol feed)

13.00
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W/F (hr g-cat/g-mol feed)

A Sl O D - B ok S i o

i mmmm S ESE e e e A A mn e m m e e mm o mm R am e AR e v -

Organic
Products,
mole Y%

PEN 0.00
DEC 0.00
PEAM 0.00
ETPIP 0.29
PIP 0.42
PRPIP 2.59
PYR 8.02
PEPIP 2.95
DPEAM 0.00
PNPIP 0.00
MNPIP 0.00
UN. 0.00
MCH 0.00
ECH 0.00
PCH 1.16
PCHE 0.00
PCHAM 0.00

0.00
0.00
0.16
0.17
5.85
3.15
0.00
0.00
0.00
0.00

0.00

0.00

¢.00

.00

.00

.00

.31

.67

.85

.38

.00

.00

.00

.00

.00

.00

.92

.00

.00

.10

.00

.00

.60

.76

.08

44

.30

.00

.00

.00

.00

.00

.00

.56

.00

.00

.17

.00

.00

.75

.85

.82

.20

.80

.00

.00

.00

.00

.00

.00

.60

.00

.00

.22

.00

.00

.29

.81

.08

.29

.02

.00

.00

.00

.00

.19

.24

.72

.00

.00

.32

.00

.00

.48

.97

.26

77

.52

.00

.00

.00

.00

.87

.66

.88

.00

.00

219
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PB 0
MEB 0.
IDAN 0
UN. 0
DHQ 22,
EB 0.
AN 0.
BZTHQ 15.
EAN 0.
nPA 2.
Q 8
PYTHQ 35.
Denitrogenation

.00
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.00

.00
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0.00
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14.12
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15
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.20

.21

0.22

39.14

0.65

1.76

8.69

0.00
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.27

.08
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.60

.00

.80

Feed: Pyridine-Quinoline

Temperature
(K)

673.00

Pressure

(atm)

69.00

0.00 0
0.00 0
0.20 0.
0.23 0.
33.62 36.
0.82 0
¢.00 O
9.88 7
0.00 0
1.63 1
3.60 2
34.48 29
7.38 15
PQ400

Molar Ratio

(g-mel H2/g-mol feed)

13.00

| Q]
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W/F (hr g-cat/g-mol feed)

TR N S D . e Al e o S gy . S Sl T V8 R A by - S

L SR o S A R R R e v wm MR R AN WA ey A

Organic
Products,

mole %
PEN 0
DEC 0
PEAM 0
ETPIP 0
PIP 1
PRPIP 0
PYR 3
PEPIP 1
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PNPIP 0
MNPIP 0
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MCH 0
ECH 0
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PCHE 0
PCHAM 0
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.00
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.49
.00
.92
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.00
.00
.00
.00
.30
.23
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.00
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.42

.00

.00

.78

.93

.82

.74
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.00

.00

.00

.00

.40
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.00

.00

.68

.00

.00

.52

.49

.91
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.00

.00

.00

.00

.65

.83

.84

.00

.00

.56

.10
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.28

.89

.65

.34

.00

.00
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.45

.84

.64

.00

.00

.62
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.00

.48

.89

.31
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.31

.00

.00

.00

.00

.51

.83

.60

.00

.00

.00

.34

.00

.05

T

.71

.12

.20

.00

.00

.00

.00
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.00
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PB 0
MEB 3
IDAN 0
UN. 0
DHQ 13
EB 0
AN 1
BZTHQ 33
EAN 0
OPA 3
q 6
PYTHQ 21
Denitrogenation
12.

.00

.91

.48

.38

1
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.94

.55

.00

.84

.25
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0.
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14
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0o

.89
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.85
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.38

.41
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.00

.34

.89

.42

0

.00
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.38
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.16

.89
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.00

.00

.99
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0.00 0.
3.77 6
0.11 0.
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2.10 3.
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12.44 8.
0.00 0.
5.78 4.
0.69 0
0.97 0
45.90 61,

00 0.
.84 7.
g0 0.
.60 0.
62 13,
88 1.
.00 0.
16 &
00 0.
29 3.
.00 0.
.00 0.
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00
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00

00
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00
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00
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00

00

.00

.41

.00

.00

.70

.14

.00

.04

.00

.11

.00

.00
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Appendix C

Mass Balance

The quantitative analysis was achieved by injecting the organic liquid produet
using a 1.0 pl syringe into the gas chromatograph. The detector of the GC was
a flame ionization detector. The areas produced by the chromatograms were con-
verted to g-moles by deviding the area of each peak by the corresponding response
factor. Response factors were produced by injecting standard solutions of the ex-
pected products. The solvent used to prepare those solutions was n-hexadecane,
The relation between the peak area and the concentration of each of the products
was found to be linear in the region of interest.

The mass balance was checked by making use of the on-line analysis. Data from
Run P350 at a space time of 126 hr g-cat/g-mol nitro-compound were used to

demonstrate the mass balance. The conditions during that run where as follows
I = Reactor pressure = 69 atm
Fpyr, = Flow rate of pyridine = 0.03968 g-mol/hr
Fy, = Flow rate of hydrogen = 0.51584 g-mol/hr

W/F = Space time = 126 hr g-cat/g-mol PYR
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Ppyp, = Initial partial pressure of pyridine
= ﬁnﬁ = 4.929 atm
Tesy = Temperature of the gas sampling valve = 473 K
Pgsv = Pressure inside the gas sampling valve = 5 psig = 1.34 atm
Vesy = Volume of gas sampling valve loop = 1.2 cc

Then the number of moles in the gas sampling valve loop is given by:

Fpyry
[ ey ] PasvVasv

Ngsy = Cl1
Gsv R,Tosy (C.1)
where R, is the gas constant, then
]——-——“-"W 1.34)(1.2 x 1079)
Nesy = 0.03968+D.51584] (1.34)( (C.2)

(0.08206)(473)
= 3.71268 x 10~%g — mol

Carbon balance:
moles of carbon IN = 3.71268 x 10™° x 5 = 1.85634 x 10~°

Usind the data in Table C.1 and With the assumption that the unknown (UN.)

nitrogen compounds have eight carbon atoms, then the moles of carbon in the

product stream is

moles of carbon OUT = [5(0.32 + 0.00 + 0.12 + 0.08) (C.3)
+10(0.08 4 0.11 + 0.01 + 0.07)
+6(0.01) + 7(1.67) + 8(0.016 + 0.00)] x 10~®

= 1.828 x 1075 g — mol
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The error percent is given by

1.828 ~ 1.856]

error percent =
P 1.856

= 1.81 percent

Table C.1: g-mol of HDN products; Run P350 at W/F=126 hr g-cat/g-mol (on-line
analysis)

compound |g-mol of products x10~°
PEN 0.32
DEC 0.08
PEAM 0.00
ETPIP 1.67
PIP 0.12
PRPIP 0.16
PYR 0.08
PEPIP 0.11
DPEAM 0.01
PNPIP 0.07
MNPIP 0.01
UN. 0.00




Appendix D
Fugacity Coefficients

The generalized form of the equation of state (EOS) is

_ R, T a

P_v—b--v’+ubv+wb2

(D.1)

In most of the equations of state the parameter b is treated as temperature indepen-
dent while the parameter a is treated as temperature dependent. The parameters
u and w have constant values for the major equations of state. For van der Waals
EOS, both u and w are are zeros, for Redlich-Kwong EOS u = 1 and w = 0 and for
Peng-Robinsion EOQS, u = 2 and w = -1.

In this study the Peng-Robinson EOS was considered for calculating the equilib-

rium properties. This equation has the follwoing form [101]:

RT a
= - 2
I Sl sy vy y (D-2)
where:
a; = 0.45724R*T?/ P, (D.3)
b = 0.07780RT./P. (D.4)
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where T; and F. are the critical temperature and critical pressure respectivelly, The
values of T; and F; for some of the compounds were caleulated using Lydersen’s

correlations [62].

T,
T, =
0.567 + SAT — (SATY (D.5)

M
fe= 051+ APy (D0

where:

7, normal boiling point of copmound i
M  molecular weight of copmound i
AT  tempcrature group contibution

AP  pressure group contibution

The values of Lydersen’s critical-property increments (AT and AP) are given in
Perry’s Chemical Engineering Handbook [72].

Define the following terms

a = [1+(0.37464 + 1.54226w — 0.26092%)(1 — T*%)|" (D.7)
aaP 2
A= ors = 0.45124aP, [T} (D.8)
P
= = =), P./T, D.9
B = 5= = 0.07780P,/ (D.9)

The polynomial form of the above equation can be written in the following form

Z*-(1-B)Z*+(A-3B*-2B)Z - (AB-B*-B%) =0 (D.10)
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For a mixture, the parameters «, b, 4, and B are functions of composition:
a=3 Y yyilaa); (D.11)
i=1 j=1
b= yibi | (D.12)
i=1
A=) uyiAy; (D.13)
=1 j=1
B= Zy.-B.- (D.14)

i=1
where (aa);; = [(aa)i(aa;)]*%, and A;; = (A4;4;)°5
The parameters for fluid ¢ or j are constants for a particular substance but
different for different substances. The fugacity coefficient for component i in a

mixture can be calculated from the following equation

- B; A
Ing; = —B—(Z - 1) - In(Z - B) - 28038

[2:-‘,- ;A B;] (Z+2.214B)
SR | (£ 2202
a B

(D.15)

Z —0.414B

Table D.1 includes the normal boiling point, the molecular weight, the estimated
critical temperature and pressure, and the parameters a; and b;.

A sample of the computer output that performs the fugacity coefficients is pre-
sented in the here. The data are taken from Run PQ300 at a space time of 210
hr g-cat/g-mol feed. In this output, TC, PC, AC, MF, and FCOEF represent
critical temperature, critical pressure, accentric factor, mole fraction, and fugacity

coefficient respectively.
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Table D.1: Data needed for fugacity coefficient ealeulations

Compound| 7T, M T, P, a; b;
K |gmol| K |atm |I2atm.KY2mol~*|Lmol™!
H, - 2.01 | 41.25|20.80 1.51 0.014
PEN 309.25| 72.15470.35(33.80 408.62 0.099
DEC 447.25)142.29|615.20|20.89 1293.54 0.209
PIP 379.15| 85.15|585.04 |46.72 510.08 0.089
PYR 388.25| 79.10|617.15(60.00 453.95 0.073
ETPIP 403.95)113.20(601.26|31.89 800.16 0.134
PRPIP 424.35]127.23|617.97|28.55 9567.17 0.154
PEPIP 471.35]155.29(660.19(23.60 1365.96 0.199
PEAM 377.55| 87.17|554.5435.36 589.52 0.111
DPEAM {475.15]|157.30|638.09{20.72 1428.87 0.219
DHQ 478.15|139.24(696.321{31.51 1168.83 0.157
OPA 499.15]135.21(713.73132.49 1202.69 0.156
AN 457.15] 93.13|698.37]50.42 735.85 0.098
PCHAM [333.15]141.26(471.81|28.25 492.69 0.119
PCH 429.85]126.24|626.2827.75 1018.21 0.160
ECH 404.95]112.22|604.12(30.89 835.93 0.139
PB 432.35|120.20(638.51 |31.77 933.43 0.143
EB 409.35]|106.17|615.66 | 35.97 762.656 0.122
Q 511.15|129.16|772.40|37.49 1273.12 0.146
PyTHQ 524.15]133.20|771.54 |36.67 1297.97 0.149
BzTﬁQ 495.15|133.201741.24 | 34.11 1262.39 0.154
PCHE 428.15|124.231626.83|29.13 972.10 0.153
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TEMPERATURE

§73.15

PEN
DEC
PEAM
ETPIP
PIP
PRPIP
PYR
PEPIP
DPEAM
PNPIP
MNPIP
UN.
MCH
ECH
PCH
PCHE
PCHAM
PB

MEB

PRESSURE

69.00

470.350
615.200
554.540
601.260
585.040
617.970
617.150
660.190
638.090
€60.190
601.260
638.090
569.500
609.000
639.000
626.830
471.810
638.510

637.000

33.800 0.251

20.890
35.360
31.890
46.720
28.550
60.000
23.600
20.720
23.600
31.890
20.720
33.500
29.900
27.700
29.130
28.250
31.770

28.000

0

.480
.500
.350
.250
.350
.240
.420
.400
.420
.350
-400
.285
.243
.258
.255
.250
.344

.360

0.

0.

ol

. 000000

.000000

.000000

.000000

.083446

.000000

.075224

.015030

.000000

.000000

.000000

.000000

.000000

.000000

.019259

.000000

000000
000000

000000

0.682727

0.352032
0.549523
0.453369
0.559484
0.408150
0.572385
0.316003
0.323111
0.316003
0.453369
0.323111

0.511438

0.432704

0.379085
0.403940

0.645848

0.401652

0.378642
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IDAN
UN.
PDHQ
EB

AN
BzTHQ
EAN

OPA

PyTHQ

H2

654.000

696.

696 .

617,

699

741

687.

713.

772

771

41

320

320

100

.000

.240

000

730

.400

.540

.250

34,

31

31

35

52

34.

a5

32.
37.
36.

20,

600 0O

.510 ¢

.510 ©

.600 0

.400 ©

110 ©

.800 O

490 0

490 0.
670 0.

800 -0.

.500

430

.430

.301

.382

512

.250

.450

450

450
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.000000

. 000000

.046541

.000000

.000000

.000000

.000000

.000000

.013911

.217605

.528984

.390373
324794
.324794
454883
.430360
.285334
.373398
.309901
.278281
. 274979

.445377



Appendix E

Analytical Process

The analytical tool used to measure the concentrations of the reaction products
was a HP 57304 gas chromatograph equiped with thermal conductivity detector
and flame ionization detector. Chroinatograms with retetion time, peak area, and
area percent were produced by a reporting integrator H P 3380. In order to optimize
the measurment procedure, different columns were used with differnt operating
conditions before selecting the column and the conditions for the analytical process.

The expected products of the HDN reactions of pyridine and quinoline were
cither purchased or prepared in our laboratory. Standard solutions from these
compounds were prepared and were analysed under the same conditions as the HDN
products for calibration, comparison, and identification of the products. Some liquid
products were analyzed by gas chromatography/mass spectroscopy for confirmation
of the major products and idetification of some of the minor products. The major
products of the HDN reactions of pyridine and quinoline are listed in Table E.1.
The retention times listed in this table resulted from the column and the conditions
stated in Section 5.1.5. Samjples of these compounds were used to identify products

and for calibrating chromatographic peaks.
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Table E.1: Major HDN products of pyridine and Quinoline

Compound Manufacturer Retention time [ Purity
min.
Pentane BDH Inc. 1.34 a9
(Decane Fisher Scientific 7.14 -
Pentylamine Eastman 5.95 -
Ethylpiperidine Aldrich 6.20 99
Piperidine Fisher Scientific 6.70 99
Propylpiperidine Prepared in Lab, 740 -
Pyridine Fisher Scientific 9.95 29
Pentylpiperidine Prepared in Lab. 11.60 :
Dipentylamine Aldrich 12.40 99
Methylcyclohexane Aldrich 3.26 99 |
Ethylcyclohexane Aldrich 4.82 99
Propyleyclohexane Aldrich 6.45 99
Propyleyclohexene Aldrich 7.09 75
Propylcyclohexylamine |Aldrich 9.84 98
Propylbenzene Eastman 10.36 -
Methylethylbenzene Aldrich 11.36 99
Indan Aldrich 13.59 97
Decahydroquinoline Aldrich 15.58 97
Ethylbenzene Fisher Scientific 18.53 ~
Aniline Fisher Scientific 20.03 100
—ﬁz-—Tetrahydroquinoline Aldrich 21.42
Ethylaniline Aldrich 23.65 08
Propylaniline Aldrich 26.35 97
Quinoline Aldrich 25.80 96
Py-Tetrahydroquinoline | Aldrich _ 35.99 98




Appendix F
ESR Runs

This Appendix includes the steps of the runs made for the ESR. studies. The
spectra was taken after each step. The relative intesity of the Mo*® peak is given
in arbitray units. The number of spins/g of catalyst was calculated. The effect of
sulfiding the Mo/Al,O3 or Mo-M/Al1;O3 (where M = Ni, Co or W) catalysts by
ESR is well described in literature [54,53,108]. When the catalyst was sulfided the
major part of molybdenum is converted to MoS; and MS;. Smaller amounts of
oxysulfides, polymeric sulfur and different valencies of molybdenum or metals (Ni,
Co, W) may be presunt.

When the catalyst was sulfided the intensity of of Mo*® line increased significantly
(compare Tables F.1 and F.2). The enhancement of Mo*® ions could be due to the

following mechanism.

H,S —— HY + SH- (F.1)

Mce*® 4+ HY —— Mot + %H, (F.2)

From this it is believed that two sites were formed on sulfiding the Mo-Ni/Al; O,
catalyst. Type I Site is a sulfur vaccancy associated with molybdenum and is re-

sponsible for hydrogenation and hydrogenolysis reactions. Type I Site is Bronsted
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acid site which is responsible for hydrogenolysis reactions. The existance of S
(sulfahydnyl greup) may also be considered to act as a Brousted acid. However.
the electron affinity of a H* site should be stronger than that of a H atom in SH,
therefore H* sites are more readily promote reactions involving a carbonimu ion
mechanism. Thus, according to Yang et al. [108], the hydrogenolysis reactions
enhanced the quinoline HDN conversion.

The effects of hydrogen and pyridine on the Ni-Mo/Al, 05 catalysts by ESR study
are given in Tables E.1 and E.2. From these observations it scems that Mo takes

part in main reaction.

Mo*® + H — Mo*® + Ht (F.3)
Mo*®* + R —— Mo*® + R* (F.4)
R*' + H* —— Products (F.5)

Where R any species, could be pyridine or products.
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Table F.1: ESR results of unsulfided Ni-Mo/Al;0; at different conditions, Run No.1

step | condition relative [spins/g
intensity | %109
1 [evacuate and heat at 400°C for 2 hr. 22 1.41
2 |add hydrogen at room temperature 33 2,11
3 |heat at 400°C for 2 hr. 160 10.20
4 |evacuate at room temperature 138 8.58
5 |add pyridine at room temperature 136 8.65
6 |heat at 400°C for 2 hr. 57 3.65
7_|add pyridine, condense using ice 47 3.04
8 |heat at 400°C for 5 hr. 11 0.70
9 |add hydrogen and heat for 15 hr. 167 10.70
10 |evacuate at room temperature 176 11.30
11 levacuate at 400°C for 2 hr. 89 5.70
12 |add hydrogen at room temperature 105 6.37

Table F.2: ESR results of sulfided Ni-Mo/Al,0; at different conditions, Run No.2

step | condition relative |spins/g

intensity [ x10'®

1 |evacuate and heat at 400°C for 2 hr. 91 3.83
2 jadd H,S at room temperature 92 5.90
3 |heat at 400°C for 2 hr. 108 6.92
4 levacuate at room temperature 149 9.55
5 |add hydrogen at room temperature 91 5.83
6 [heat at 400°C for 2 hr. 222 14.20
7 |evacuate at room temperature 215 13.80
8 |add pyridine at room temperature 189 12.10
9 [heat at 400°C for 2 hr. 118 7.56
10 |add pyridine, condense using ice 108 6.92
11 |heat at 400°C for 5 hr. 27 1.73
12 |add hydrogen and heat for 15 hr. 190 12.20
13 |evacuate at room temperature 137 | 8.78
14 |evacuate at 400°C for 2 hr. 18 1.15
15 |add hydrogen at room temperature 21 1.35




Appendix G

Results of Regression

In this Appendix the results of the non-linear regression of the modelling are
presented. Samples of plots of the model having the best fit for the pyridine systen
are also presented.

PA is the partial pressure of the reacting nitrogen compound, atm.
Ra is the actual rate, g-mol/s
Rp is the predicted rate, g-mol/s

pre is the percent relative error
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Model 1 Pyridine
T=498
ki k2
0.1332E-05 0.1642E+01
PA Ra Rp pre
0.4742E+01 0.1250E-05 0.1251E-05 -0.06
0.4630E+01 0.1202E-05 0.1204E-05 -0.19
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Figures G.1 to G.3 give an example of the statistical analysis for the pyridine
modelling (Model 1). The first plot shows the actual data points and the model as
a function of the response variable. The second plot shows the predicted versus the

actual data. The third represents the residual plot.
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Appendix H

Computer Program

The copmuter program (EQNQUI FORTRAN) which includes the differential
equations resulted from the mechanistic model of quinoline HDN is presented in
this Appendix. This program contains also the derivatives of the cqnations witl

respect to the responses as well as the parameters.

SUBROUTINE EQN(NE,X,Y,RPAR,YPRIME)
IMPLICIT REAL*8(A-H,0-2Z)
DIMENSION Y(4) ,YPRIME(4),RPAR(4)

C  Y(1)=PYTHQ

C  Y(2)=DHQ

C . Y(3)=0PA

C Y(4)=HC

c Q <----> PYTHQ --2~--> OPA --1--> HC + NH3

C i I

o BZTHQ <----> DHQ --3--> HC + NH3

o e e e e e
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XD=(Y(1)+Y(2)+Y(3))+RPAR(4)*Y(4))
X3=(RPAR(2)*Y(1)-RPAR(1)*Y(3))

X4=(RPAR(1)*Y(3)+RPAR(3)*Y(2))

Cm e e e e e e e e e e e — e m e —————
YPRIME(1) = -RPAR(2)*Y(1)/XD
YPRIME(2) = ~RPAR(3)*Y(2)/XD
YPRIME(3) = X3/XD
YPRIME(4) = X4/XD
RETURN
END

s o o 0o 0 oo oo oo oo oo R o o oo oK S R o o o ok o e o o
SUBROUTINE JAC(NE,X,Y,RPAR,DYPDY)
IMPLICIT REAL*8(A-H,0-Z)

DIMENSION Y(4),DYPDY(4,4),RPAR(5)

Cmmmmmmm e e e e
XD=(Y{(1)+Y(2)+Y(3))+RPAR(4)*Y(4))
X3=(RPAR(2)*Y{1)-RPAR(1)*Y(3))
X4=(RPAR(1)#7(3)+RPAR(3)*Y(2))

Cmmmm e e e e e mm——————————————————— e o mm e m e m o e
DYPDY(1,1) = -RPAR(2)/XD + RPAR(2)*Y(1)/XD**2
DYPDY(1,2) = RPAR(2)*Y(1)/XD##2
DYPDY(1,3) = RPAR(2)#Y(1)/XD#x2
DYPDY(1,4) = RPAR(2)*Y(1)*RPAR(4)/XD**2
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DYPDY(2,1) = RPAR(3)*Y(2)/XD**2
DYPDY(2,2) = -RPAR(3)/XD + RPAR(3)*Y(2)/XD**2
DYPDY(2,3) = RPAR(3)*Y(2)/XD*%2
DYPDY(2,4) = RPAR(3)*Y(2)*RPAR(4)/XD**2

c
DYPDY(3,1) = RPAR(2)/XD - X3/XD»*2
DYPDY(3,2) = -X3/XD#*2
DYPDY(3,3) = ~RPAR(1)/XD - X3/XD%*2
DYPDY(3,4) = -X3#RPAR(4)/XD#*2

c

DYPDY(4,1) = -X4/XD*%2
DYPDY(4,2) = RPAR(3)/XD - X4/XD#%2
DYPDY(4,3) = RPAR(1)/XD - X4/XD**2
DYPDY(4,4) = -X4+*RPAR(4)/aD**2
RETURN
END
ok o o o e oo b 3h % 2 ok ol e o o8 o o ok oo ok i ok ol oo e 0o o kol e oo ol o 3 o R o o e o o ke o ok
SUBROUTINE DPEQN(NE,NP,X,Y,RPAR,DFDP)
IMPLICIT REAL*8(A-H,0-2Z)

DIMENSION Y(4),DFDP(4,5),RPAR(5)

XD=(Y(1)+Y(2)+Y(3))+RPAR(4)*Y(4))
X3=(RPAR(2)*Y(1)~RPAR(1)*Y(3))

X4=(RPAR(1)*Y(3)+RPAR(3)*Y(2))



DFDP(1,1)
DFDP(1,2)
DFDP(1,3)

DFDP(1,4)

DFDP(2,1)
DFDP(2,2)
DFDP(2,3)

DFDP(1,4)

DFDP(3,1)
DFDP(3,2)
DFDP(3,3)

DFDP(3,4)

DFDP(4,1)
DFDP(4,2)
DFDP(4,3)
DFDP(4,4}
RETURN

END

APPENDIX H. COMPUTER PROGRAM

6.0
-Y(1)/XD
0.0

RPAR(2)*Y(1)*Y (4)/XD**2

0.0
0.0
-Y(2)/XD

RPAR(3)*Y(2)*Y(4)/XD**2

-Y(3)/XD
Y(1)/XD
0.0

-X3#Y(4) /XD*»2

Y(3)/XD
0.0
Y(2)/XD

=X4*Y(4)/XD*%2



Appendix 1

Derivation of the Kinetic
Equations

This Appendix includes the derivation of the equations of Model 3. In this

model the overall HDN reaction is represented by the following lumped equation
A + H, = NC + HC

where A is the reacting nitrogen compound, NC is the product nitrogen componnds,
and HC is the product hydrocarbons. This model is expressed in terms of the
fugacities of the compounds instead of their partial pressures. Caleulations of the
fugacities are shown in Appendix D.

Assuming that hydrogen and nitrogen compounds are adsorbed on two different
catalytic sites [31,110], then the surface reaction consists of four clemeutary steps:
(1} Adsorption of nitrogen compound, A, on u-type active sites;

(2) adsorption of hydrogen on v-type active sites;
(3) reaction between adsorbed A and adsorbed H,; and
(4) desorption of products, 1IC and HC, from u-type active sites.

The mechanism of the above reaction can be pictured as follows
A4y = Au (L.1)

2563
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Hy+2v = 2Hv
Au42Hv4+u = NCu+ HCu+2v
NCu = NC+u

HCu = HC+u

The rate expressions for the four steps is expressed in terms of partial pressure and

fugacity coefficient, and are given by
—ry = kaPsP.dad. — Ky Paudas
—r2 = knPu,Pléu, i - kyPh. %,
—r3 = KoPauPh,Pudaudl,bu — ki PrcuPrcuPléncubrcuds
—ry = kncPrcudncs — ko Prc Pudneds
—r5 = kucPucubncs — kiycPucPuducd.

Define the adsorption equilibrium constants as

Ky = ka/k,

ku/ky

Ky = kar/k;r

Ky,

Kne = kielkne
Knye = kyelkuc

Substituting in the above rate equations gives

—ry = ka(PsP,dad, — Paubau/Ka)
—ry = ku(Pu,P2éu, 82 — P%8%./ Kn,)

-y = k‘r(PAUPEIUP‘J&Aua}{v&u - PNcuPHCuPE‘;NCuQBHCu‘s?:/I{")

(1.6)
(L7)
(L8)
(1.9)

(1.10)

(L11)
(112)
(113)
(L14)

(1.15)

(1.16)
(L17)

(L18)
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—rs = kive(Prcubneu/Knc — PyePudnedn) (1.19)
~rs = kye(Pucubnica/Kuc — Pue Podncda) (1.20)

Assuming that the surface reaction is the rate controlling step, then

ki — o0 (L21)
ky — oo (1.22)
‘N — (1.23)
e — o (1.24)

But ry, r9, r4, und rs must remain finite, then

Pabauw = KPsP.dad, (1.25)
Py, = VEu,Pu,éu,Pod, (1.26)
Pncubnes = KncPucPudnedn (1.27)
Pucubticu = KucPucP.bucu (1.28)

Let the total u-type active site pressure be

P! = P,dy+ Paudau+ Prncudnca + Pucudiics (1.29)
P! = P14+ KsP1ds + KnePrcdne + KiePrcduc) (1.30)

Let the total v-type active site pressure be

P!f = Pv&v'*'PHu‘;Hu (l:}])

P! = P,(14 VEu,Pi,ém,) (1.32)

The fugacity coeflicients of solids or solid-like states are unity, and the fugacity of
species ¢ is f, = .P,-qa,-, then the Langmuir isotherms for pressures P, and P, arc

P
1+ Kafa + Kncfnc + Kne fuc

(1.33)
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P.‘.
P, v (1.34)

144/ Kyf H;

Substituting Equations 1.25-1.28 in Equation 1.18 would give

-ry = k,P:P? [I\'Af,t(I\'H,fH,)-—KNCchIi'ffcflzc/fi'ar] (1.35)
PR Kyl 4
Fafu, - SANCIHC

—ta = K PN LK f
rs b P2PIK 4Ry, KaKn K., fnef HC] (1.36)

The relation between the thermodynamic reaction equilibrium constant (K,,) and

the surface reaction equilibrium constant (K,,) is given by

. K.KuKy,
K= e (1.37)

Substituting Equations 1.33, 1.34 and 1.37 in Equation 1.36 will give
kool PP K aK, [fafrr, — fvofruc/ Ko
- F - 2 - 2 ry 2
[1+ Eafa+ Knofvo + Kncuc]’ [1+ Ky Fo]

Assuming that nitrogen containing compounds have comparable adsorption equi-

(1.38)

librium constants [88], then

kalCaKw, |fafu, — fnefuc/ K.
e Al ARy [fAfH fnefuc/ 9] (1.39)

= — ——— ——
[1 +Kafa + I\HCfHC] [1 + v/ I\Hzfﬂzl

thl'l;’ k,\ = k"(P;)Q(P:)Q

If hydrogen is in excess, as in this case, then the Equation 1.39 can be written as
_ k[fafu, — Fncfuc/Ke

- N N - 2
[+ Kadao + Knofuc]” [t + VK

Recalling that at partial pressure of nitrogen compound greater than 1 kPa, then

(1.40)

-T3

Y;0; =1and ; K;P; >> 1 [92], hence Equation 1.38 will be reduced to

k [fAfH'z - fNoch/Keq]
[£a + (Kno/Ka)ine + (Kuc/Ka)fuc]”

(1.41)

—ry =
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and Equation 1.39 will be reduced to

k [f,; - f,vcfnc/f\-crr]

—ry = — : — (1.42)
[f.-lo + (Kuc/Ka)fuc)
If the reaction is irreversible then
¢ The surface-controlled rate expression will be
kK s Ky, fafu, (1.43)

—ra : - - - ] L4 &
[(1 + K fi (1 + Ky fao + I\ucfuc)]
and with the above mentioned assumptions the rate expression wili be reduced

to

—r3= = f"f" — (L44)
fao ¥ (Kuc/Ka)fuc

o The adsorption-controlled rate expression will be

ks [fAfH, - fNC’fHC/Kﬂi]

—ry = e T (1.45)
Fita [L+ Kafay + Knefucl
or
. koa | fa = fycfuc/ K., (140
-_— — P T - K }'
" Fao + (Bue/Ka)fue
¢ The desorption-controlled rate expression will be
kv \Kegfafu, = fne fue
—ry= ne [ i quf{fz fN:CfH'C] “47)
fue [V + Kafa, + Kuc fucl
or
ki | Koo f4 — fnefrc
vy da‘[ of4 ch’fuc:] (148)
fuc [fao + (Knuc/K4)fuc)|
ko = ky P!

o — ¢
L:;c_LNC'Pu
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Where:

Pt

"

Pf

I 'L'.'

K,y

Subscripts:

NC

Ic

partial pressure

total type-u active sites expressed in pressure
total type-v active sites expressed in pressure
adsorption equilibrium constant of species ¢
surface reaction equilibrium constant
thermodynamic reaction equilibrium constant
fugacity of compound :

fugacity coefficient of compound :

adsorption constant of compound ¢

desorption constant of compound ¢

reaction reactant
nitrogen compound product

pure hydrocarbon



Appendix J
Mass and Heat Transfer Effects

This Appendix includes the calculations for the partial pressure drop between
the main stream and the catalyst surface. It also contains the calculations for the

temperature drop from catalyst particle to ambient gas stream.
J.1 Mass Transfer Effects

This effect includes the diffusion between the catalyst surface and the bulk fluid in

addition to the diffusion inside the pore itself.
J.1.1 External Diffusion

The estimation of the external diffusion i= accomplished by applying the methad
of Yoshida et al. [109]. The data for this estimation are taken from run P350 at

W/F=126. The conditions which apply for this run are as follows:

T =623K

W/F =126 hr g-cat/g-mol

o

=13 g-mol H,/g-mol feed

¢  =Shape factor (0.9 for irregular particles)

259



APPENDIX J. MASS AND HEAT TRANSFER EFFECTS 260

W

(yj):’n
(yj)out
Yi

YA

Ra
va

=5.0000 g
=1539300 cm?/g

=Molal mass velocity of gas fecd (hydrogen and pyridine) based

on the total cross-section of the catalyst bed, g-mol/hr-cm?.
555 - a
=§ﬁﬁ%m = 0.32867 g-mol/hr-cmi®.
=Molal reaction rate of component j per unit mass of the eatalyst.

= {0.976H085552) (), 10850 g-mol/hr g-cat.

=Dimensionless term of component j

= (1539303)‘(1(?.85?0.32867) = 2.383x107

=Mole fraction of component j in feed

=Mole fraction of component j in product
=Mole fraction of ccmponent j at the interface

=0074)-(0017) () (3485

-7 _
=22l — 6.83787 x 1077

The value of %4 is obtained from % versus %’1 correlation given in Figure 2 hy

Yoshida et al. [109]. This value is much lower than 0.0001, hence the external

diffusion effects are neglected.

Note that A represents pyridine in the above calculations. Similar calculations were

made for the other components, and all showed that -‘%"-"- is less than 0.0001.
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J.1.2 Internal Diffusion

Internal diffusion is the extent of transport process in the interior of the catalyst.

Internal diffusion can be either molecular or pore type of diffusion.

Molecular Diffusion

The molecular diffusion was verified by changing the feed velocity while keeping
all the process variables constant (Table J.1). The variation of c<.)nversion is an
indication of the extent of molecular diffusion. The variation in the conversion was
in the limits of the experimental error and as such it was concluded that molecular

diffusion was not controlling.

Table J.1: Variation of conversion with feed velocity

run |temperature|W/F | R |feed rate|conversion
number (K) g-mol/hr| (%)
P2504 523 126.0(13) 0.03968 | 45.02
P250M 523 126.0(13) 0.05230 | 45.29

Pore Diffusion

The extent of pore diffusion was verified by measuring the conversion of the
reaction at two runs of identical conditions except the particle size (Table J1.2).
Again it was concluded that the pore diffusion is not controlling since the reduction

of the particle size did not resuit in enhancing the conversion.
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Table J.2: Variation of conversion with catalyst size

run |temperature|W/F| R {catalyst size|conversion
number (K) mesh /Lr (%)
P2504 523 126.0|/13| 20/24 45.02
P250P 523 126.0[13| 24/42 44.51

J.2 Heat Transfer Effects

Calculations for the temperature drop from catalyst particle to ambicnt gas
stream was based on the method of Yoshida et al. [109]. The data of run P225 at
W/F=126 hr g-cat/g-mol feed were used for these calculations.

The heat capacities, Cj, of the product organics were estimated making use of
the group contribution for molar liquid heat capacities and the method described

by the equation given by Sternling and Brown [72]
Cpl .y Cp _ 4 -1
—x = (05+220)[3.67 +11.64(1 — T,)* + 0.634(1 - T,)™'] (1.1)

Using this equation and data from Tables 3-183 and 3-336, the heat capacitics for

the organic products were estimated at 498 K. From the standard thermodynamics
thus,

Cy = 0.0059 x 42.00 + 0.0620 x 27.98 4 0.0117 x 50.30 (1.3)

+0.9147 x 17.79 + 0.0031 x 64.57 = 19.044 cal/g —~ mol K

The products of the Run P225 are piperidine and alkyl-piperidines. The heat of

formation of these compounds were estimated using the group contribution (Table
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3.335 [72]).
AH;=AHfp, +AHyprnip + AHjppprp + AHppppp — AH o0 (7.4)
thus,
AH; = —(21.55 + 16.24 + 21.18 + 31.06) — (27.70) = —117.73 kcal/g — mol

The conditions which apply for this run are as follows:
T =498K

W/F =126 hr g-cat/g-mol

el

=13 g-mol H,/g-mol feed

¢  =Shape factor (0.9 for irregular particles)
W =5.0000 g
A, =1539300 cm?/g

Gm =Molal mass velocity of gas feed (hydrogen and pyridine) based

on the total cross-section of the catalyst bed, g-mol/hr-cm?.

=3 Tais(soseyz7 = 0-32867 g-mol/hr-cm®.
Tmj ' =Molal reaction rate of component j per unit mass of the catalyst.
FmA =19’l°—:‘5wgb.—u—i—55—5—21=0.01139 g-mol/hr g-cat.

Making use of the above information, then

_ _TmuAH
QA - am¢Cme (J’s)
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0.01139 x 117730

Qa= 1539300 x 0.9 x 19.044 x 0.328G7

= 1.55 x 10!

From Figure 4 in the paper of Yoshida et al. [109], the value of AT that corresponds
to this value of @, is less than 0,01 K, hence the catalyst surface temperature effect

can be neglected.





