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CHAPTER I

INTRODUCTION

In the seventies, great interest arose in the produc-
tion of synthetic liquid fuels derived from coal, oil
shale, and tar sands Despite the o1l glut of the eight-
1es, these alternate fuels are expected to become of great
value i1in the future. Petroleum feedstocks are becoming
harder to process as crude quality decreases, and as 1it
becomes more important to process the bottom of the barrel.
The alternate feedstocks and heavier petroleum fractions
contain higher concentrations of nitrogen compounds than
the lighter petroleum crudes. Table I gives the nitrogen
content of some representative fossil fuels (1,2,3)
Nitrogen compounds lower the grade of the fuels due to the
following reasons

1. Fuel bound nitrogen contributes directly to the
formation of NOx in combustion processes

2. The activaity of catalysts used in cracking (4-6)
and other processes (4, 6-8) such as reforming, isomeriza-
tion, and polymerization 1s reduced because these catalysts
are acidic whereas nitrogen compounds are basic.

3 High nitrogen concentrations are detrimental to

both product quality and product stability.



TABLE I

NITROGEN CONTENT OF SOME FOSSIL FUELS

Coals Wts Synthetic Liquads Wt
Petroleum Crudes

01l Shale 2.39 SRCI 1.71
Lignite (Glen- 1.01 H-Coal 0.77
howold Mines)

Synthoil 0.97
Sub-bituminous 1.23
(Brg Horn) Colorado Shale 01l 2.14
Bituminous (Kentucky 1.42 El Palito #6 Fuel 0.41
#9 and #11)

1000 F+ West Texas 0.40
Bituminous 1.61 Residuum
(Prttsburgh Steam)

High volatility baitu- 1.01
minous (Illinois #6)

Anthracite (Black 0.66
Mountain Pennsylvania)

In fact, gums, precipitates gnd lacquers formed during the
storage or use of oils and fuels are directly related to
the presence of nitrogen compounds (9-10). In addition,
the presence of these compounds, even in trace amounts,
leads to poor color and color stabilaity of oils (11-12).
4. Most aromatic nitrogen compounds are biologically

harmful and often carcinogenic.



It 1s necessary to remove the nitrogen from these oils
before they can be utilized or processd further. Hydrode-
nitrogenation 1s a common process to up-grade these fuels.
The oi1ls are reacted with hydrogen which results in the
removal of nitrogen as ammonia.

A major portion of the nitrogen present in these fuels
1s found as heterocyclic compounds, which are usually re-
sistant to hydrodenitrogenation. Nonheterocyclic compounds
are present in small concentrations. They include alipha-
tic amines and nitriles. The latter compounds are rela-
tively more reactive than the previous ones. The low
concentrations and relatively high reactivity of these com-
pounds make them of little engineering significance.

Studies on the nature of the nitrogen-containing com-
pounds 1in petroleum have shown that nitrogen concentration
increases with increasing boiling point of the petroleum
fractions (13). One or two-ring heterocyclic nitrogen
compounds (pyridines, quinolines, pyroles and indoles) are
concentrated in the lighter fractions, whereas multiring
nitrogen-containing compounds predominate the heavier frac-
tions. Pyraidines and quinolines are found in both cracked
gasoline and catalytically cracked jet fuel (14) Further-
more, quinolines, benzoquinolines and hydroxybenzoquino-
lines have been 1identified in a straight-run heavy-gas oil
(15).

Nitrogen concentrations in synthetic liquids are typi-

cally two to five times higher than those in petroleum.



Several laboratories have carried out research on the
characterization of coal derived liquids. It has been
reported that similar types of nitrogen-containing com-
pounds are present in petroleum, coal derived liquids, and
shale oils (16-18). Hence, the principles of hydrodenitro-
genation (HDN) of petroleum liquids will also apply to the
HDN of both coal derived liquids and shale oils. However,
the synthetic liquids are difficult to hydroprocess because
of high nitrogen content, high aromaticity, and larger
molecules.

Design of any hydroprocessing operation for a nitrogen
containing feedstock requires an adequate knowledge of HDN
kinetics of that feedstock. The feedstock hydroprocessing
kinetics are usually obtained from laboratory or pilot
plant studies. No predictive technique exists to permit an
estimation of HDN kinetics of a crude feedstock from 1its
chemical analysis. Developement of such a prediction tech-
nique requires a thorough study of the kinetics of the
individual compounds and their maixtures.

Most of the previous HDN kinetic studies have consi-
dered either single model nitrogen compounds or a whole
coal derived liquid, whereas, little work has been per-
formed to relate the model compound kinetics to the kine-
tics of the crude oil. These pure compound studies remain
of little practical value without the knowledge to predict
the kinetics of the whole liquids. Hence, this work 1is

undertaken to study the kinetics of two pure compounds and



their binary mixture. More specifically the objectives of

this work are to.

1. Establish reaction networks for the HDN of single
compounds, quinoline and acridine.

2. Develop kinetic models for each reaction.

3. Study the interactions between these two compounds
in their binary system and the effects of mixing on mecha-

nisms and kinetics of HDN.



CHAPTER II

CHEMISTRY OF COAL LIQUIDS UPGRADING

In general, coal derived liquids are very complex
mixtures of hydrocarbons with sulfur, nitrogen and oxygen
containing heterocompounds. In addition, they contain
traces of organometallic and other inorganic impurities
(19). However, coal derived liquids are quite different ain
composition than petroleum fractions. They contain higher
concentrations of polynuclear aromatics and oxygen- and
nitrogen-containing compounds. In general, the relative
amounts of these compounds depend upon the initial coal and
the liquefaction technique (20). The prominent aromatic
nitrogen-containing compounds as well as their structures
are presented in Figure 1 (21-23).

These heterocompounds can be removed from liquad
fossil fuels by hydrotreatment. Hydrotreatment i1s a mild
hydrogenation process where the primary objective 1s the
removal of heterocatoms (19). This process includes hydro-
desulfurization (HDS), hydrodenitrogenation (HDN), hydro-
deoxygenation (HDO), and hydrodemetalation (HDM). 1In
addition, hydrotreatment causes some hydrogenation of unsa-
turated bonds with minimal cracking of large molecules.

Hydrotreatment i1s usually achieved in the presence of
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hydrogen at pressures of 7-14 MPa, temperatures of 300-
450°C, and a catalyst. 1In general, the oxides and the
sulfides of Mo and of W are effective catalysts in hydro-
treatment. They are usually supported on ¥-alumina (A1203)
or silica-alumina (20) and are promoted with Co or Ni
oxides. The main reactions which occur can be represented

as follows.
Nitrogen containing compound + H2 --> Hydrocarbon + NH3
Sulfur containing compound + H2 --> Hydrocarbon + HZS

Oxygen containing compound + H2 --> Hydrocarbon + HZO

Some degree of aromatic saturation also takes place

From the above discussion, 1t 1is clear that the hydro-
treatment of liquid fossil fuels includes complex reactions
which are achieved on a mixture of a wide variety of orga-
nic compounds. Thus, 1t 1s difficult to achieve a detailed
study of the kinetics and mechanisms of the above reac-
tions. An understanding of hydrotreatment can be gained
through studies made on individual compounds which are

prominent.
A. Hydrodenitrogenation of Model Nitrogen Compounds

Hydrodenitrogenation (HDN) 1s the reaction of nitrogen
containing compounds with hydrogen leading to a reduction
in the nitrogen content of the oil. As a result, nitrogen

1s removed as ammonia (19).



HDN has received less attention in the literature
than HDS. Nevertheless, 1t has been considered in the last
few years as an important part of the heavy fuel hydropro-
cessing. HDN 1s a more difficult process than HDS, hence,
1t requires more severe conditions and consumes more hydro-
gen (24,25). This large hydrogen consumption 1s attributed
to the obligatory complete saturation of carbon atoms
either bound directly to nitrogen or at meta position with
respect to the nitrogen atom. This saturation 1is neces-
sary for HDN both in the presence of sulfur (24,26-28) and
in 1ts absence (26,29-34)

The nitrogen containing compounds, present in liquaid
fossil fuels can be classified into basic compounds, like
pyridine, quinoline, and acridine, and non-basic compounds
like pyrrole, indole, and carbazole. In general, the HDN
mechanism 1s looked upon as heterocyclic ring hydrogena-
tion, which has been observed to be reversible under most
circumstances, followed by hydrogenolysis and subsequent

nitrogen removal as NH, (20). A literature review of the

3

HDN kinetics 1s presented here.

A.1. Pyridine

Cox (35) studied the hydrogenation of pyridine and
some of i1ts deraivatives. He reported that the reaction 1is
first order with respect to pyridine. Furthermore, the
reaction order increases with nitrogen concentration in

the feed.
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McIlvried (36) studied the HDN of pyridine and found
that the reaction involves successive steps in the follow-
1ng manner

pyridine --> piperidine --> n-pentylamine -->

n-pentane + ammonia

Since the reaction 1s complex, he concluded that it would
be much helpful to study not only the denitrification of
pyridine, but also the denitrification of piperidine and
n-pentylamine, hoping that the kinetics of one step could
be better understood 1f the kinetics of the following steps
were known. Therefore, he ran his experiments on pyridine,
piperidine, and n-hexylamine. The last amine was used
since 1t was i1mmediately available and was expected to have
kinetics close to those of n-pentylamine. All runs were
made in a bench scale, fixed-bed, flow reactor, using a
presulfided Co-Mo/alumina catalyst at 316°C, and a hydro-
gen pressure in the range of 5.2-10.3 MPa. He found that
both the first step in the reaction, the hydrogenation of
pyridine to piperidine and the last step, the denitri-
fication of n-pentylamine, are rapaid On the other hand,
the second step, the ring rupture of piperidine to n-pen-
tylamine 1s slow. Ammonia appears to be strongly adsorbed
on hydrogenation sites, whereas other nitrogen compounds
appear to be almost equally strongly adsorbed on denitrifi-
cation sites or are present in concentrations so small that

have no significant effect on kinetics. The data obtained



from piperidine denitrification, fit a Langmuir-Hinshelwood
type kinetic model. This model 1is expressed in the

following manner

dPN _ - 0.71n PHPN

d(1/LHSV) (1+R) (1+1.57P_ )
pO

-4

x 10

This rate expression was then used to develope the

following kinetic model for pyraidine denitrification,

dap - 4.,55n PP
15 = an x 10
d(1/LHSV) (1+R)(1+10.5PA)

-4

where P's are the partial pressures of the components in
psia,
R 1s the gas rate, mole H2/mole liquid feed,
LHSV 1s the volumetric liquid hourly space velocity
1

in hr ',

and n 1s the total pressure in psia.

The subscripts:

H refers to hydrogen,
A refers to ammonia,
N refers to piperidine,
P refers to pyridine,

and o refers to conditions at reactor inlet



12

Sonnemans et al.(31), studied the pyridine hydrogena-
tion at high hydrogen pressures on Mo/alumina and Co-Mo/

alumina catalysts and found the following rate equation.

r = kapgéPpo
Also, they reported that n equals 1.0 at 250°C and 1.5 at
300-375°C. This 1s a derived rate function assuming strong
adsorption of pyridine and its products; all compounds
having identical adsorption constants. In addition, the
hydrocracking of piperidine has a low order in H2, which 1is
probably lower than 0.5. Furthermore, the adsorption of
nitrogen bases and H2 appeared to be very strong on alumina
and molybdenum-containing catalysts. Adsorption increases
in the order of pipridine > pyridine > ammonia. However,
H2 and nitrogen bases adsorb on different sites.

Goudriaan et al. (27), in their experiments to study
the effect of HZS on the HDN of pyridine, hydrogenated
pyridine over a Co-Mo/alumina catalyst at about 8.1 MPa
pressure and at temperatures of 250-400°Cs They found that
at high conversions, the temperature required to attain a
certain HDN level 1s about 25°C lower with a presulfided
catalyst than with the catalyst in i1ts oxidic state. 1In
addition, the presence of HZS reduces this temperature by
some 60°C. It was also reported that pyridine ring hydro-
genation 1s 25-45% higher on the presulfided catalyst than

on the oxidic catalyst. Furthermore, piperidine ring
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opening at 250-350°C, on presulfided catalyst 1is higher
than on the oxidic catalyst by 5-15% of the original amount
of pyridine. However, the presence of HZS increases this
reaction by another 20-50%. Thus, 1t can be concluded that
the presence of HZS has two beneficial effects on the HDN
of pyridine. First, sulfidic catalyst pyridine-ring-hydro-
genation-activity 1s greater than that of oxidic catalyst.
Second, the hydrocracking catalyst activity i1s increased.
Sonnemans et al. (26) studied the conversion of penty-
lamine on Mo/alumina catalysts between 250 and 350°C at
various hydrogen pressures. Considering the fact that pen-
tylamine 1s an intermediate compound formed during the HDN
of pyridine, they ran their experiments to distinguish
whether deamination of pentylamine 1s rate determining step
in this process. Several reactions were observed cracking
to pentene and ammonia, hydrocracking to pentane and
ammonia, dehydrogenation to pentanimine and butylcarbo-
nitrile, and disproportionation to ammonia and dipentyl-
amine. However, 1t was reported that, under most of the
experaimental conditions, the disproportionation reaction
with zero order in hydrogen, and -1 order in the inital
pentyglémlne pressure, attains equilibrium. At 250°C the
equilibrium constant 1is about 9, whereas i1t 1s about 5 at
320°C. In addition, dehydrogenation reaction was observed
at low hydrogen pressures, and especially at high tempera-
tures and was found to be first order in pentylamine.

Both cracking and hydrocracking take place, mainly above
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300°C. Furthermore, the rate of cracking i1s almost inde-
pendent of the hydrogen pressure while hydrocracking is
half order in hydrogen. On the other hand, hydrocarbon
formation 1s of zero order in pentylamine or dipentylamine.
Sonnemans et al.(26) reconsidered their previously reported
results that the deamination of primary amines 1s fast com-
pared with the denitrogenation of heterocyclic nitrogen
bases (36-38) and that the rate determining step in the de-
nitrogenation of these bases 1s the hydrogenation of the
aromatic ring (39) or the rupture of this raing (36). These
considerations, combined with the results of their experi-
ments, led to the conclusion that deamination of primary
amines 1s not rate determining step, may be incorrect.

In a later study on the mechanism of pyridine HDN,
Sonnemans et al. (33) ran experaiments to investigate the
conversion of piperidine on Co-Mo/alumina catalysts as a
function of the temperature, reaction time, initial piperi-
dine partial pressure and hydrogen pressure. The following

conclusions were drawn from the results.

1. Piperidine 1s converted into ammonia, pentane and
pyridine.

2. N-pentylpiperidine 1is an intermediate in the
ammonia formation.

3. N-pentylpiperidine 1is converted into ammonia and
pentane with the production of piperidine, dipentylamine

and pentylamine as intermediate products.
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This reaction scheme 1s presented in Figure 2. It was
reported that below 50% piperidine conversion, at 6.1 MPa
of hydrogen, piperidine 1s selectively converted to ammonia
and n-pentylpiperidine by a two-step reaction. ring opening
to n-pentylamine followed by a fast alkyl transfer from
n-pentylamine to piperidine. However, the piperidine con-
version 1s first order in piperidine as well as in hydro-
gen, whereas 1t 1s of minus one order in the total pressure
of the nitrogen bases. On the other hand, at higher con-
versions the rate of formation of pentane and ammonia 1is
affected by the equilibrium constants of the alkyl transfer
equilibria and by the rate of the hydrocracking steps.
Furthermore, when a ring is present in the nitrogen base,
the rate of a hydrocracking reaction is lower. The activa-
tion energies of these reactions are 160 kJ/mol, whereas
the alkyl transfer reactions have smaller activation
energies, about 100 kJ/mol. On the other hand, at one
atmosphere hydrogen pressure a completely different product
composition was observed.

Satterfield et al. (32) reported that the equilibrium
between pyridine and piperidine can be a rate-limiting
factor under some conditions. Thus, a maximum 1in the pyri-
dine HDN rate occurs at about 400°C over Ni-Mo/alumina
catalyst at 1100 kPa pressure. This maximum 1s caused by a
thermodynamic limitation on the allowable concentration of
piperidine. In addition, Ni-Mo/alumina catalyst appears to

have greater hydrogenation-dehydrogenation activity than
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have greater hydrogenation-dehydrogenation activity than
Co-Mo/alumina catalyst, whereas the latter has greater
hydrogenolysis activity, at least at about 300°C and below
Anabtawi et al. (40) studied the vapor-phase hydro-
genation of pyridine 1in an integral flow reactor over a
Ni1-W/alumina catalyst. The kinetics of the hydrogenation
of pyridine to piperidine as well as the effects of various
parameters have been investigated. They concluded that
hydrogenation of pyridine proceeds through the following
main reactions
1 Saturation of pyridine double bonds to form piper-
idine.
2. Disproportionation of piperidine to form ammonia
and n-pentylpiperidine.
3 Formation of n-pentane from n-pentylpiperidine.
In addition, adsorption of hydrogen was found to be the
rate-controlling step. Furthermore, the apparent rate
constant 1s inversely proportional to the intial pressure

of pyridine. The following rate expression was developed

dlP_] k
r ==—F—= (P )(P, ) (— + k )
dt P 2 [p_1 %

pO

where [Pp] 1s the partial pressure of pyridine 1in N/m2,

[Pp ] 1s the 1initial partial pressure of pyridine
in N/mz,
F 1s flow rate of feed, moles/hr,

k 1s reaction rate constant in a plot of koV
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vs 1/[2, 1, mole/(g.catYhz(N/m’),
(o]

1s the observed rate constant for hydrogena-

ov
tion of pyridine, mole/(g.cat)(hr)(N/mz),
kS 1s the reaction rate constant slope in a plot
of kov Vs 1/[Pp0], mole/(g.cat) (hr),
and t 1s W/F, time (g.cat)(hr)/gmole.

Also, the average activation energy was reported to be 57.3
kJ/mol.

Satterfield et al (25), investigating the intereactions
between catalytic HDS of thiophene and HDN of pyridine,
observed that pyridine inhibits the HDS reaction, whereas
sulfur compounds have a dual effect on HDN. At low tem-
peratures, thiophene inhibits the reaction by competing
with pyridine for hydrogenation sites which retards the
conversion of pyridine to piperidine and hence reduces the
overall reaction rate. On the other hand, at high tempera-
tures, HZS’ an HDS reaction product, interacts with the
catalyst to improve its hydrogenolysis activity and hence
increases the rate of piperidine hydrogenolysis, which 1is
rate controlling under these conditions, leading to an
increase 1n the overall HDN rate.

Satterfield et al. (41) recently studied the simul-
taneous HDN of pyridine and HDS of thiophene over Ni-Mo/
alumina catalysts. Each of thiophene and pyridine had a
partial pressure of 12.4 kPa whereas total pressure varied
between 1.14 and 7.0 MPa at temperatures of 200-400°C. It

was observed that pyridine inhibits thiophene HDS at all
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temperatures and pressures studied. On the other hand,
pyridine-piperidine equilibrium i1s attained, in the absence
of thiophene, above 350°C at all pressures whereas, in its
presence, the equilibraium i1s not attained because of both
pyridine hydrogenation inhibition and enhancement of piper-
1dine hydrogenolysis. Furthermore, the overall conversion
of pyridine and piperidine as a pair 1s 1increased by the
presence of thiophene at pressures of 3.55 and 7.0 MPa as
long as the temperature i1is greater than 300°C.

A.2. Quinolaine

Kobe and McKetta (42) reported the following mechanism

for qunioline HDN.

Quinoline + H2 --> 1,2,3,4-tetrahydroquinoline -->
(Py-THQ)
amines --> propylbenzene + ammonia

(PB)

Flinn et al. (37), studying the HDN of quinoline over

a presulfided N1—W/A120 in a haigh puraity paraffin oil,

3
found that the reaction 1s first order with respect to
quinoline. However, 1t was reported that the reaction
involves ring hydrogenation which is the rate-controlling
step, preceeding any nitrogen removal.

Doelman and Vulgter ( 38) performed their experiments

in a fixed bed reactor using a Co-Mo/alumina catalyst.

They found that at low temperatures the pyridine ring of
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quinoline 1s hydrogenated resulting in Py-THQ. Around
300°C some 90% of the quinoline 1s converted into Py-THQ

At higher temperature its quantity declines, partly be-
cause, above 350°C 5,6,7,8-Tetrahydroquinoline (Bz-THQ) 1is
also formed. Formation of the latter compound 1s favored
by higher temperatures and also by lower feed rates. How-
ever, the quantity of Py-THQ present in the reaction pro-
ducts declines more rapidly with increasing temperature
than that of the Bz-THQ isomer. The more rapid decline
must be attributed to the opening-up of the nitrogen con-
taining ring, which gives rise to various amines. In
addition, to the previous compounds, Y—phenylpropylamlne
was found among the HDN products in most cases, though in
small quantities. This compound 1s expected to result from
the breakage of the C-N bond in Py-THQ and 1t seems likely
that NH2 group splits easily from it. Also, considerable
quantities of anilines were found in the HDN products of
quinoline. These included aniline, o-toluidine or o-methyl-
aniline (OMA), o-ethylaniline (OEA), and o-propylaniline
(OPA). OPA 1s formed by the breaking of a C-N bond in Py-
THQ. The other anilines may have originated either from
complete or partial elimination of the alkyl group from
OPA, or from breakage of one of the C-C bonds 1in the
nitrogen-containing raing in Py-THQ, giving rise to the
formation of an unsubstituted or ortho-substituted N-alkyl-
aniline. However, N-alkylanilines have never been found in

the reaction products, but this may be due to their rapaid
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conversion into an aniline and a hydrocarbon (methane,
ethane, or propane). In fact, all of the products of HDN
of quinoline can be explained as having been formed from
Py-THQ rather than from Bz-THQ, hence they concluded that
Bz-THQ 1s more stable than Py-THQ. Only at very low space
velocities, butylpyridine has been observed which must have
originated from Bz-THQ. However, the decahydroquinoline
(DHQ) formed at these low velocities 1s probably also
derived from this i1somer. Furthermore, indole was found in
small amounts at the higher HDN temperatures.

Aboul-Gheait et al. (29), working on the HDN of quino-
line 1in paraffin oil over oxidic Co-Mo/alumina catalysts,
proposed a mechanism almost similar to that of Kobe and
McKetta, with OPA as a reaction intermediate. However, 1t
was assumed that the first step, the hydrogenation, 1s too
fast, whereas the second step, the ring rupture, 1s rate
determining. Also, 1t was found that the reaction exhibits
first order kinetics with respect to total nitrogen content
and an activation energy of 125.5 kJ/mol was reported.

Shih et al. (28) also studied quinoline HDN 1in an
attempt to determine the reaction network as well as
reaction kinetics Trying to work as closely relevant to
practical industrial conditions as possible, they ran their
experiments i1n a 1-liter autoclave using presulfided HDS-9A
catalyst and a highly paraffinic white 01l as a solvent

under a total pressure of 3.4 MPa and a temperature of
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342°C. Moreover, an amount of 082 equivalent to 0.05 wt.%
of the carrier oil was added to the catalyst and quinoline
to maintain the catalyst in the sulfided form during the
reaction. However, 1t was concluded that HDN of quinoline
1s a complex reaction which involves hydrogenation, hydro-
genolysis of the resulting piperidine ring and subsegent
deamination. Hydrogenation takes place through two routes,
the pyridine-ring-hydrogenation route leading to the forma-
tion of Py-THQ, and the benzenoid-ring-hydrogenation route
leading to the formation of Bz-THQ. Also, these two
routes, by subsequent hydrogenation, produce DHQ as another
reaction intermediate. Nitrogen removal takes place mainly
through the hydrogenolysis of DHQ. The reaction network 1is
shown in Figure 3. It was also reported that the hydroge-
nation reactions are first order with respect to nitrogen
content, whereas they are second order in hydrogen. On the
other hand, the hydrogenolysis reactions are first order in
nitrogen content. However, the hydrogenolysis of Py-THQ 1is
first order in hydrogen, whereas, the hydrogenolysis of DHQ
1s zero order 1in hydrogen.

Satterfield et al. (43) studied the intermediate reac-
tions 1n the HDN of quinoline in the vapor phase over a
sulfided Ni-Mo/alumina catalyst. The experiments were run
in a continuous-flow microreactor at 3.4 MPa and 6.9 MPa,
and at temperatures of 230 to 420°C, with quinoline partial
pressures of about 13 to 110 kPa. It was found that quino-

line 1s rapidly hydrogenated to an essentially equilibrium
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concentration of Py-THQ. The reaction mechanism 1s com-
plex, but, considering the previous studies and their
experimental results, they suggested the mechanism present-
ed 1n Faigure 4. All the species 1in the proposed mechanism
were 1dentified except for propylcyclohexylamine (PCHA),
but 1t 1s thought to be a plausible intermediate. However,
1t was found that the dominating inital reaction pathway
varies with temperature. At low temperatures quinoline
concentration is much less than that of Py-THQ and thus the
latter 1s converted via the pathways II and VIII, whereas
at higher temperatures the equilibrium concentration of
Py-THQ 1s much diminished relative to quinoline and hence
reaction path IV becomes significant. On the other hand a
significant fraction of quinoline was found to react, under
extreme conditions, leading to the formation of various
high molecular weight substances including some nitrogen-
containing compounds. However, these compounds may be

difficult to react further.

Bhinde (44) developed a high-pressure liquid-phase
flow microreactor and used i1t for studying quinoline HDN.
Also, the relative reactivites of three dimethylquinolines
were determined in a batch autoclave reactor at 350°C and
3.4 MPa over presulfided Ni-Mo/alumina catalyst. Moreover,
the interaction effects that occur during simultanous HDN,
HDS, and hydrogenation were investigated. For this pur-
pose, HDN of quinoline and indole, HDS of dibenzothiphene

and hydrogenation of naphthalene were studied in a batch
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autoclave under commercial reaction conditions. He pro-
posed a reaction network for quinoline HDN similar to that
suggested by Shih et al. He found that quinoline, and
Py-THQ rapidly attain thermodynamic equilibrium, and that
the rate of total nitrogen removal, the disappearance of
the lumped group of quinoline, Py-THQ and other individual
reactions follow pseudo-first order kinetics. Also, OPA
was found refractory towards HDN and most nitrogen removal
occurs through hydrogenolysis of DHQ. In addition, the
rate constants in quinoline HDN are reduced by increasing
quinoline concentration, whereas the rate of total nitrogen
removal increases. Furthermore, it was reported that in-
dole, naphthalene, dibenzothiophene and their reaction pro-
ducts have a slightly negative effect on the kinetics of
HDN of quinoline. However, 1t was found that the reactant
molecule 1s absorbed on one type of catalytic site and
hydrogen 1s adsorbed on a different one.

Cocchetto et al. (45) studied the chemical equilibria
in the HDN of quinoline. Equilibrium constants were calcu-
lated for significant reaction pathes. It was concluded
that HDN reaction pathways, of minimum hydrogen consump-
tions are not thermodynamically favored under industrial
conditions. Thus, the burden of selectively hydrogenating
only the hetero-ring i1s laid on the catalyst. They report-
ed the mechanism shown in Figure 5.

Satterfield et al. (46) investigated reaction network

and kinetics of the HDN of quinoline in the vapor phase.
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They ran their experiments in a continuous-flow microreac-
tor at 3.55 and 7.0 MPa, 330-420°C, and over presulfided
Ni-Mo/alumina catalysts. HDN processes were carried out on
quinoline and each of the intermediate HDN products indivi-
dually. PCH was found to be the predominant product. All
the reactions between quinoline and 1its hydrogenated het-
erocyclic derivatives were found reversible. However, the
complex kinetic behavior, observed in the HDN of quinoline,
can be explained by considering the equilibrium limitations
on the intial ring hydrogenation reactions as well as the
wide variation between the absorptivities of various nitro-
gen-containing compounds present in the reaction mixture at
a certain time. In addition, the following kinetic model
was developed for the denitrogenation of OPA.

Ve
K1 Popa

-r =
OPA= P + (K
OPA NH3/Kopa) (Popa,o = Fopa!

where, 1s the net rate of formation of OPA,

Tora
kq 1s the pseudo-rate constant for OPA denitro-
nation,

K 1s the adsorption equilibrium constant,

POPA 1s the paritial pressure of OPA,
and POPA,o 1s the POPA at the reactor inlet conditions.
If 1t 1s assumed that (KNH3/KOPA) = 1, equal adsorptivities

of OPA and NH3, a pseudo-first order rate expression re-

sults. On the other hand, 1f (K = 0, negligible

w3/ Xopa)
adsorption of ammonia, zero-order kinetics are developed.
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Furthermore, another model was established for the kinetics
of the Py-THQ hydrogenolysis to OPA and hence 1its conver-
sion to hydrocarbons and NH3. Thus, the net rate of forma-
tion of OPA 1in this case 1is given by the following expres-
sion-

k2 RsaPpy-ruo ~ %1 XaaPopa

r =
OopPA K.,.,P + K,.P + KN P
H3 NH3

AA” AA SA" SA

where, k.

5 18 the pseudo-rate constant for hydrogenolysis

of Py-THQ to OPA,
AA 1s a subscript for the aromatic amines,
quinoline, Bz-THQ, and OPA,
and SA 1s a subscript for the secondary amines, Py-THQ

and DHQ.

In this expression 1t 1s assumed that the secondary amines
adsorb equally strongly, with an adsorption equilibrium
constant KSA and also aromatic amines are likewlise assumed
to have equal adsorption equilibrium constant KAA’
Satterfield and Gultekln (47), studying the effect of
HZS on the catalytic HDN of quinoline in the vapor phase,

found that H,S has a slight inhibiting effect on the inter-

2
mediate hydrogenation steps, whereas 1t has a marked accel-
erating effect on the intermediate hydrogenolysis steps.
This accelerating effect reached i1ts maximum when the HZS

partial pressure was increased until (HZS/qulnollne) molar

ratio 1s about 1. However, the net effect of HZS presence
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1s an increase in the overall HDN rate. In addition, they
observed a primary limiting factor on the overall HDN rate,
working on commerical Ni-Mo/alumina catalysts. This factor
1s the very strong adsorption of secondary amines formed as
reaction intermediates. Furthermore, rate constants as
well as activation energies were reported for most of the
intermediate steps for a set of standard conditions in the
presence as well as in the absence of HZS'

In a recent study, Satterfield and Carter (48) inves-
tigated the effect of water vapor on the catalytic HDN of
quinoline. They ran their experiments at 7 MPa total pres-
sure on a Ni-Mo/alumina catalyst. It was observed that
water vapor, at 13.3 kPa partial pressure moderately accel-
erates certain reactions, whereas 1t moderately inhibits
others. Consequently, there 1s a little net effect on the
overall rate at 330 and 375°C, whereas there 1s a slight
inhibiting effect at 420°C. However, under these experi-
mental conditions, the enhancement effect of HZS on the HDN
rate 1s not significantly affected.

Satterfield and Yang (49) investigated catalytic HDN
in a trickle-bed reactor. The purpose of their work was
primarily to compare the reaction network of quinoline HDN
with that in the vapor phase, under as nearly identical
conditions as possible. Studies were performed over a com-
mercial Ni-Mo/alumina catalyst, HDS-3A at 350,375, and
390°C and 6.9 MPa. Quinoline and various reaction inter-

mediates were used in the experiments. It was reported
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that the reaction rate constants for the various HDN reac-
tions, i1n the presence of an inert paraffin liquid are very
similar to those for the same reactions in the vapor phase,
although the liquid tends to equalize the adsorptaivities of
the various nitrogen compounds. In both liquid-and vapor-
phase, the overall HDN reaction 1s zero order under the
conditions studied. However, equilibrium 1is rapidly attai-
ned between quinoline and Py-THQ in both cases. In addi-
tion, homogenous reactions are negligible except for the
hydrogenation of quinoline to Py-THQ. A revised reaction
network has been proposed as shown in Figure 6.

Yang and Satterfield (50) reported that the presence

of H,S (generated in situ from CSZ) somewhat inhibits

2
hydrogenation and dehydrogenation reactions in quinoline
HDN, whereas, 1t markedly accelerates hydrogenolysis reac-
tions, for a net increase in the overall rate of HDN.

These effects are similar to those observed previously in
vapor-phase HDN.

Satterfield and Smith (51), i1n a more recent study of
the effect of water on the HDN of quinoline, ran theair
experiments at 375°C and 6.9 MPa on a presulfided Ni-Mo/
alumina catalyst. They found some conflict between conclu-
sions from their work and previous ones, about the effect

of H,S on the individual reactions in HDN of quinoline. It

2

was reported that H,S markedly increases hydrogenolysis

2
rates. It increases also hydrogenation rates moderately

whereas previously i1t was concluded that it slightly de-
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creased hydrogenation rates. However, water vapor was
found to moderately increase the HDN rate of quinoline, in
either presence or absence of HZS' Water vapor does not
significantly affect hydrogenation reactions but increases
hydrogenolysis.

Miller et al. (52) studied the HDN of quinoline over
two sulfided Co-Mo catalysts. One catalyst was supported
on alumina whereas the other was supported on 50% alumina,
50% ultrastable faujasite zeolite. The purpose of this
study was to determine under what conditions non-first-
order kinetics can be observed for quinoline HDN and how
experimental conditions influence the observed kinetic
order. However, 1t was found that the HDN reaction order
determined from a power law kinetic model 1s not first
order, but less than first order with respect to nitrogen
concentration. A Langmuir-Hinshelwood kinetic model, 1in
which 1t was assumed that ammonia 1s weakly adsorbed on the
catalyst, was successful for interpretation of the data.

It was concluded that, for low nitrogen feeds, the kinetics
are first order. In addition, high reaction temperatures
can also lead to first order kinetics by reducing the mag-
nitude of nitrogen adsorption equilibrium constant. This
1s a function of the catalyst support acid strength. Weak-
ly acidic catalysts have smaller equilibrium adsorption

constants and give more nearly first-order kinetics.
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A. 3. Isoguinoline

Kobe and McKetta (42) suggested the mechanism presen-

ted in Figure 7 for the HDN of }soqulnollne.

A.4. Acridine

Zawadzki et al. (1,20) studied the HDN of acridine at
342°C and 13.8 MPa over a presulfided Ni-Mo/alumina cata-
lyst and developed the mechanism presented in Figure 8.

The system showed first-order kinetic behavior with respect
to the removal of acridine as well as to total nitrogen
content. For this reason, pseudo-first order kinetics was
used in modeling each reaction in the reaction network.
network. The rate constant for each individual reaction in
the network 1is given on the arrow for the reaction. A
carbon-nitrogen bond scission in an aromatic ring does not
take place before ring hydrogenation. The nonselective
nature of the catalysts for nitrogen removal, 1s apparent
from the rate constants reported in the reaction network.
This nonselective nature, in contrast to sulfur removal, in
which catalysts show high selectivity towards direct sulfur
removal, results in high hydrogen consumption. However,
Gates et al. (53) observed that increasing hydrogen pres-
sure results in a non-liner increases 1n the rate of
acridine HDN. Also, 1t was found that HDN 1is strongly
dependent on temperature with an activation energy of 146

kJ/mol for total nitrogen removal.
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Nagai et al. (54) studied the HDN of acridine on a
prereduced Mo/alumina catalyst in an attempt to establish
the mechanism of the reaction. The experiments were car-
ried out 1in a flow microreactor using xylene solutions
containing 0.1-1.0 wt% acridine at temperatures of 200-
350°C, and total pressure of 2.5-14.7 MPa. It was observed
that acridine easily hydrogenated to 9,10-dihydroacridine
(DHA) even below 200°C. DHA was hydrogenated successively
to 1,2,3,4,4a,9,9a,10-octahydroacridine (OHA) and perhydro-
acridine (PHA), which was denitrogenated to dicyclohexyl-
methane (DCHM) above 300°C. Their proposed reaction
mechanism 1s presented in Figure 9. The activation energy
for the formation of DCHM was found to be 133.9 kJ/mol.

The rate equation developed was:

Kk PA H2 PA H2

c

r=

[1+K P. 1]

+K_. .
PA "H H
2 2

PA°
where, r 1s the rate of formation of DCHM,

CPA 1s the partial pressure of PHA,

PH2 1s the partial pressure of HZ’
and k,KPA and KHz are constants. It was also reported that
the hydrogenation of acridine to perhydroacridine 1is in
equilibrium at higher temperatures and the rate-determining

step 1s the transformation of PHA to DCHM.
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A.5. Indole

Kobe and McKetta (42) suggested the mechanism
presented in Figure 10 for the HDN of indole.

Qader et al. (55) studied the kinetics of the hydro-
removal of S,0, and N from a low temperature coal tar They
reported that these hydroremoval reactions are all of first
order with respect to the heterocyclic molecules and that
the rupture of the C-S, C-O0, and C-N bonds of these mole-
cules 1s the rate-controlling step. However, several
authors have found that HDN follows first order kinetics
(37,55-57). On the other hand, other investigators claimed
a first order for HDN of the 6-membered compounds, such as
pyridine,and second order for the 5-membered compounds such
as indole (38,58).

Aboul-Gheit et al. (29) made a study on the HDN kine-
tics of some nitrogen compounds over Co-Mo/alumina cata-
lysts. They found that HDN of both basic and non-basic
compounds follows a psuedo-first order kinetics. Also, the
activation energy for indole HDN was found to be 18.5 kcal/
mol Indole HDN was suggested to proceed in the scheme
presented in Figure 11 with the first step as the rate
controlling step.

Aboul-Gheit (59), i1n a later study, investigated the
kinetics of HDN of indole in paraffin oil over Co-Mo/alu-
mina 1n a stirred batch autoclave at temperatures between

350-400°C and a hydrogen pressure between 4.1-20.3 MPa.
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The overall rate constant and the rate constants for the
three reaction steps were represented by the following

equations:

3

k_= 0.611X10° exp(-20,400/RT) s

ky= 0.121X10° exp(-14,865/RT) s~
k,= 0.590X10> exp(-18,480/RT)  s”'
ky= 0.246X10% exp(-14,880/RT)  s”'

Stern (60) studied the HDN of some nitrogen containing
heterocyclic compounds trying to develope the reaction
mechanism. The experiments were run in an autoclave at
2 and 5% st
The partial pressure of HZS was maintained during the reac-

350°C and 6.9 MPa, using a mixture of 95% H

tion to keep catalysts in a fully sulfided condition as
well as to simulate hydrotreating conditions of heavy
feedstocks which contain nitrogen and sulfur simultaneously.
However, the indole HDN was found to be a stepwise process
with the nitrogen-ring hydrogenation as the first step
which leads to the formation of 2,3-dihydroindole and o-
ethylaniline (OEA) as intermediate products. OEA 1s sub-
sequently converted to ethylcyclohexane either through raing
hydrogenation and ammonia elimination which is the predomi-
nant reaction path or via direct hydrogenolysis which
occurs to a lesser extent. This mechanism i1s shown in

Figure 12.
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A.6. Carbazole

Kobe and McKetta (42) suggested the mechanism presen-
ted in Figure 13 for the HDN of carbozole.

Stern (60), studied the HDN of carbazole at a tempera-
ture of 350°C, under 6.9 MPa, using Harshaw 0402T, Harshaw
HT100 and some 1in house prepared catalysts Re/A1203 and
Co-Re/ A1203. He observed that 1,2,3,4-tetrahydrocarbazole
(THC) was the prime product obtained from the HDN of car-
bozole. In addition, minor amounts of biphenyl and phenyl-
cyclohexane was observed. However, the reason of the
absence of hexahydrocarbazole (HHC) the expected intermedi-
ate, 1s not clear. The hydroprocessing conditions may be
unfavorable for the formation of such an intermediate or,
less likely, 1ts rate of formation is very small compared
with 1its rate of denitrogenation.

Gates et al. (61) i1nvestigated the HDN of carbazole
under conditions similar to those used for acridine. It
was observed that THC 1is the major intermediate compound
present in the product. On the other hand, both cis-hexa-
hydrocarbozole and octahydrocarbazole (OHC) are minor reac-
tion products. However, both carbazole disappearance and
total nitrogen removal can be represented as first order
reactions. It was also observed that carbazole reactivity
1s slightly less than that of gquinoline and acridine 1is the
least reactive.

Takkar et al. (62) studied the HDN of an SRC-1
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recycle solvent over a Ni-Mo/alumina catalyst using a
trickle-bed reactor. Kinetics of total nitrogen and carba-
zole removal were examined. They found that nitrogen com-
pounds, other than carbazole, were essentially completely
removed or rendered indistinguishable by HDN, hence, con-
cluded that carbazoles are a good model for the less-reac-
tive nitrogen compounds in coal deraived liquids. Carba-

zole HDN was represented by a first order rate equation.
-ln(1—Xc) = k'/LHSV

where XC 1s the fractional conversion of carbazole,
k' 1s the first order reaction rate constant,
(hr™y,

and LHSV 1s the liquid hourly space velocity,

(hr™ ).

Also, the activation energy was estimated to be 51.6 kJ/mol
with the frequency factor 3.19 s—1.

Nagai et al.(63), studied the HDN of carbazole in a
high pressure flow microreactor over a prereduced Mo/alu-
mina catalyst, using a solution of 0.25 wt% carbazole in
xylene. The reaction was performed at 270-310°C under a
total pressure of 10.1 MPa. It was observed that carbazole
hydrogenates through 1,2,3,4,-THC to perhydrocarbazole
(PHC), which denitrogenates to bicyclohexyl. The rate of

denitrogenation increases with an increase in temperature.

However, bicyclohexyl undergoes isomerization and ring



40

opening above 300°C to yield ethylbicyclo [4.4.0] decane
and hexylcyclohexane. The apparent activation energy for
the rate of formation of bicyclohexyl 1s 126.8 kJ/mol.
Furthermore, 1t was observed that hydrogenation of carba-
zole to PHC 1s 1in a quasi-equilibrium at high temperatures
and that the HDN of PHC is the rate-determining step.

Suggested reaction scheme 1s presented in Figure 14.

B. Hydrodenitrogenation of Coal Derived Liquids

Several investigators have studied the kinetics of HDN in
coal derived liquids. Two general approaches have been
used to model the HDN a power law model often resulting in
a first or second order kinetics or a combination of first
order models applied to reactive and non reactive o0il frac-
tions. Seapan and Crynes (19) have reviewed the hydro-
treatment kinetics in the literature. A brief review to

the extent of interest of this project 1s presented here.

B.1 First Order Models.

Qader et al. (55), investigated the kinetics of HDS,
HDN and HDO of a low temperature coal tar, boiling range
200-235°C, over a WS2 catalyst. They reported that hetero-
atoms can be completely removed at 500°C and a pressure of
10.3 MPa. The data showed that the HDS, HDN, and HDO are
all first order with respect to the heterocyclic molecules.

Furthermore, HDS was found to follow a true Arrhenius
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temperature dependence whereas, in the case of HDN and HDO
the plots showed slight curvatures which could be resolved
into two parts, each approaching linearity with a break at
400°C. These curvatures were attributed either to the pre-
sence of two competing reactions with different activation
energles, or to the occurrence of the same reaction both
thermally and catalytically. A summary of their kinetic
results 1s reported in Table II

In a later study, Qader and Hill (64) investigated the
kinetics of hydrocracking of a low temperature neutralized
coal tar in a one-liter batch autoclave.
In addition, the neutral tar fraction was hydrorefined over
Co-Mo catalyst at 375°C and a pressure of 10.3 MPa to re-
move S, O and N. Furthermore, a tar fraction boiling
between 200°C and 360°C, designated as tar fraction, was
prepared. The tar, the neutral tar, the refined tar and
the tar fraction were all hydrotreated over a catalyst
containing sulfides of nickel and tungsten, supported on
silica-alumina, at a temperature range of 400-500°C and a
pressure of 10.3 MPa. It was reported that the mechanism
of low-temperature-tar hydrocracking involves simaltaneous
and consecutive cracking, hydrogenation and isomerization
reactions. In addition, cracking reactions involving the
breakage of C-C, C-S, C-O0 and C-N bonds were found rate
controlling. The data were described by simple first order
kinetics with the rate constants represented by the follow-

ing Arrhenius equations.
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KINETIC DATA FOR COAL TAR HYDROTREATMENT

Compound Temperature Frequency Factor Activation Energy

(*C) (s ) {kJ/mol)
Sulfur 300-500 3.3 46.0
Oxygen 300-400 1.0E5 50.2
Oxygen 400-500 5.0E3 33.5
Nitrogen 300-400 1.7E4 41 8
Nitrogen 400-500 5.0E9 58.6
_ -1
kgasollne = 43.528 exp(-17,600/RT) S
_ -1
kOxygen = 10.033 exp(-13,600/RT) s
_ -1
ksulfur = 5.9284 exp(-14,500/RT) s
-1
knltrogen = 13.161 exp(-15,900/RT) s
Qader et al. (65) studied the rate of tar hydro-

cracking over a catalyst containing 6% nickel sulfide and

19% tungsten sulfide supported on silica-alumina at 400-

475°C. They found that the overall order of the reaction

1s second order below 10.3 MPa and first order at and above

10.3 MPa.

was repres

k

However, the rate of gasoline formation from tar

ented by:

=0.14k

1g 1N

.O+0'16k

+0.14k

1S 10

+0.12k

+0.08
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where k1N.O' k1S’ k10’ and k1N are the first order rate
constants for the hydrocracking of neutral oil, and sulfur,
oxygen, and nitrogen compounds repectively. The values of
k1N’ k1S’ and k10 can be calculated from the Arrhenius
equations, reported in the previous study whereas the rate
constant for neutral oil hydrocracking can be calculated

from the equation-

-1
k1N.O = 66.7 exp(-16,800/RT) S

Schneider et al. (66), studied the HDN and HDO of
SRC-II mid-distillate by catalytic hydrogenation at 350-
425°C and under a pressure of 17.2 MPa. It was found that
Co-Mo catalyst 1s the best one for HDO. It 1is slightly
better than Ni-Mo catalyst whereas Ni-W i1s the poorest of
the three. On the other hand, the three catalysts appear
to be equal in their HDN activity. The kinetic data,
reported for both HDN and HDO, were represented by a simple
first order equation. The activation energies and the
frequency factors are shown in Table III. In addition, the
rate constant for HDN of the KOH raffinate of SRC-II mad-
distillate at 400°C was found to be twice that obtained
with the middle distillate containing the phenolic com-
pounds, whereas the rate constants for HDO are almost the
same. This result leads to the conclusion that the removal
of phenolic compounds from coal derived liquids may be the
most 1mportant step in converting it to refinery charge

stock.
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TABLE III

KINETIC DATA FOR HYDROTREATMENT OF SRC-II

Reaction Catalyst Pre-exponential Activation Energy
Factor (s™') (kJ/mol)
All
HDN Catalysts 0.36E5 106.1
HDO Co-Mo 6.80E5 122.4
Ni1-Mo 35.36E5 132.6
N1-W 218.90E5 145.3

White et al. (67) hydrotreated a COED process coal
derived oil over Ni-Mo/alumina catalyst in a continuous
downflow system. First order kinetics were assumed in
correlating the data on heteroatom removal. An Arrhenius
plot for oxygen removal showed a sharp break at about
390°C, giving two different activation energies, 19.7
kJ/mol for temperatures above 390°C and 160.2 kJ/mol for
temperatures below 390°C. The low activation energy could
be the result of a mechanism change from chemical rate
control to diffusion control. On the other hand, the high
activation energy would normally be associated with thermal
rather than catalytic reactions. A similar behavior was

also found for HDN Arrhenius plot but with activation
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energies which differ considerably from those found in HDO.
The activation energies reported were 111.5 kJ/mol for low-
temperature range and 38.1 kJ/mol for the high temperature
end. However, the latter activation energy i1s higher than
normally associated with diffusion control.

Jacobs et al. (68) studied the hydrogenation of a COED
process coal derived oils over Ni-Mo catalyst in a conti-
nuous downflow fixed bed reactor at 20.7 MPa in the tem-
perature range of 343-454°C. The HDS, HDN, and HDO data
were correlated by simple first-order kinetics with acti-
vation energies of 22.1 kJ/mol, 67.3 kJ/mol, and 34.8 kJ/
mol for HDS, HDN, and HDO respectively. However, the break
in the Arrhenius plot close to 400°C, reported by White et
al. (67), and Qader et al. (55), was not found in this
study due to general scatter of the data and the method of
determining average temperature.

Ahmed (69) i1nvestigated the catalyst deactivation in
coal derived liquids hydrotreatment. FMC oil, Synthoil-T
liquid, Synthoi1l-II liquid and Rasyn liquid were hydro-
treated over Co-Mo/alumina catalysts in a trickle bed
reactor. The experiments were run under 10.3 MPa at a
temperature range of 371-454°C. The kinetic data obtained
were analyzed assuming pseudo order law models for both HDS
and HDN. The HDN data obtained showed that the first order
model fits better than the second order model. The activa-
tion energies lie between 21-166 kJ/mol. Similarly, HDS

data seem to be adequately represented by first order model
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with activation energies which varied between 46-113 kJ/
mol. Furthermore, the reported low effectiveness factors
suggest possible pore diffusional effects.

Sivasubramaniam (70) investigated the effect of cata-
lyst support properties on the HDN of raw anthracene o1l
and quinoline-doctored raw anthracine oil. Experiments
were conducted 1in a trickle-bed reactor over Co-Mo/alumina
catalyst under 10.3 MPa and varying space times. Tempera-
tures of 340,371 and 399°C were used for raw anthracene oil
whereas, a temperature of 371°C was used for the doctored
feedstock. No catalyst deactivation was observed and the
effectiveness factor was assumed to be unity. A simple
power rate law expression was 1initially chosen for data-
fitting. It was found that a simple first or n-th order
rate expression cannot adequately fit the data.
Sivasubramanian examined Satchell's model (71), but it also
failed to represent the data satisfactorily. Finally, he
tested the reactor models with incomplete catalyst wetting
and found that the partial wetting model, based on first
order reaction, fits the data better than the partial wet-
ting model, based on the second order reaction. Further-

more, quinoline HDN was found to be a first order reaction.

B 2. Second Order Models

Heck and Stein (72) investigated the kinetics of
hydroprocessing of distillate coal ligquids with the objec-

tive of quantifying the kinetics of heteroatom removal and
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aromatic saturation. They hydrotreated distillate coal
liquids from H-Coal and SRC processes over Co-Mo/alumina
and Ni-Mo/alumina catalysts in fixed bed, continuous flow
catalytic reactors. Conditions of 316-427°C, 5.5-17.2 MPa
hydrogen pressure, and 0.3-0.4 LHSV, were employed. Both
coal liquid distillates had a nominal 160-455°C boiling
range, but SRC recycle solvent had a lower hydrogen content
and contained more heteroatoms than the H-Coal distillate.
It was found that the second-order expression gives a bet-
ter fit to heteroatom removal data than first-order expres-
sion. They also considered n-th order dependency on
hydrogen pressure.
Sulfur was found to be more easily removed than nitrogen or
oxygen, resulting in a very high percent sulfur removal,
more than 99.5%. Therefore, the kinetic constants, repor-
ted for HDS, are probably less reliable than those for HDN
and HDO. Their kinetic results are reported in Table IV.
Stein et al. (73) conducted experiments on 33 wt%, 90
wt% Monterey SRC and 33 wt% short contact time (SCT)
Monterey SRC in recycle solvent to examine the concentra-
tion effect as well as to compare the SCT Monterey SRC
blend with the regular contact time one. The kinetic data
for heteroatom removal was described with a second order

model and the kinetic data are presented in Table V.
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TABLE IV
KINETIC CONSTANTS FOR HYDROTREATMENT OF COAL LIQUIDS

k
Process _no E n Feed +
(Ps1g) /(wts)/hr (KJ/mol) Catalyst

HDS 1.25E9 129.6 0.96 SRC

HDN 1.23E9 148.5 1.04 Recycle

HDO 2.63E10 159.1 0.71 Solvent +
HDS-1441A

HDS 3.76E2 65.9 1.36 SRC

HDN 3.58E9 148.9 0.96 Recycle

HDO 3.46E9 152.8 0.85 Solvent +
HDS-9A

HDS 8.52E7 105.9 0.84 H-Coal

HDN 1.90E7 131.7 1.30 distillate

HDO 6.00E7 148.6 1.49 +

HDS-1441A
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TABLE V

EFFECT OF BLEND COMPOSITION ON HETEROATOM REMOVAL KINETICS

Process Blend Type _1ko, -1 E,kJ/mol
(s ")(wts ')
HDN 33% REG 1.08E5 73.6
90% REG 3.78E1 76.9
33% SCT 3.28E3 93.4
HDO 33% REG 1.62E5 119.5
90% REG 6.78E5 131.9
33% SCT 1.91E7 147.4
HDS 33% REG 4.83E4 94.9
90% REG 2.78E1 60.7
33% SCT 3.75E5 110.1

They concluded that the precent removal of all heterocatoms
decreases with increasing SRC concentration. Also, the
nitrogen appears to be quite difficult to remove from SRC.
However, 1t was found that, at a given severity of opera-
tion,- the products from the regular and SCT SRC are very
similar.

Soni and Crynes (74), comparing the activities of a
Monolith alumina impregnated with cobalt and molybdenum and

Nalcomo 474 catalyst, studied the HDS and HDN of Synthoil
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and Raw Anthracene 0i1l. The experiments were conducted 1in
a trickle-bed reactor at 371°C and 10.3 MPa. The global
reaction kinetics of HDS and HDN were investigated. The

following three kinetic models were considered.

1- A second order reaction
2- Two first order reactions, one for the lighter and
the other for the heavier fractions of the feedstock

3- A first order reaction.

The second order model was found to fit the best for both
HDS and HDN data. It was observed that HDS activity based
on unit surface area 1s the same for both catalysts, when
processing the lighter feedstock, such as Raw Anthracene
011 whereas 1t 1s higher for the Monolith catalyst as
compared to the Nalcomo 474 catalyst, when processing the
heavier feedstock, such as Synthoil liquid. This differ-
ence 1n the activity in the latter case 1s attributed to
the intraparticle diffusion, since the average pore radius
and the intraparticle diffusion length of the Monolith
catalyst were 80°A and 0.114 mm versus 33°A and Tmm of the
Nalcomo 474 catalyst. The effectiveness factors for the
Monolith and Nalcomo 474 catalysts were found to be 0.94
and 0.216 respectively for the HDS of Synthoil.

Gary et al. (75) and Thakkar et al (62) studied the
HDN of SRC-I recycle solvent over a Ni-Mo/alumina catalyst
in a trickle-bed reactor. It was found that a global

second-order rate equation fits well the total nitrogen
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removal data. An overall activation energy of 36.9 kJ/mol

3 1hr-1 were re-

and a frequency factor of 2.06 X 10~ (wt%)_
ported. 1In fact, this apparent second order is the overall
result of the reactions of several nitrogen compounds,
originally present in the feed. In addition, the HDN of
most of these nitrogen compounds 1is governed by first-order
kinetics. These facts led Thakkar et al. and Gary et al.
to separate the overall second-order model into two coupled

first order irreversible steps i1in parallel. The coupled

kinetic model was:

-rN = aRkRCN + aUkUCN

This rate equation, upon intergration for a tubular flow

reactor, gives-*
(1—XN) = aRexp(—kR/LHSV) + aUexp(—kU/LHSV)

where kR 1s first-order reaction rate constant for
reactive nitrogen compounds, hr_1,
k.. 1s first-order reaction rate constant for
unreactive nitrogen compounds, hr_1,
1s the fraction of reactive nitrogen,
1s the fraction of unreactive nitrogen,
1s the concentration of nitrogen (wt%),

and -r . 1s the rate of reaction of nitrogen.

In developing this model, 1t was assumed that carbazoles

are a good model for the less-reactive nitrogen species 1in
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the feed. Therefore the rate constant for less-reactive
fraction was assumed to be equal to the reaction rate
constant for carbazole. Then the value of oy was assumed,
and kR was calculated from one of the experimental data
points at each reaction temperature. From these assumed
k and «

and calculated values, k the nitrogen

u’ *r’ %v’ R’
removal, as predicted by the model, can be calculated and
compared by the experimental data. Next, the value of ay
was adjusted and the calculation procedure 1s repeated to
minimize the error between nitrogen removal predicted by

the model and the experimental data, and to give the best
straight line fit of kR in an Arrhenius plot. The follow-

ing values were reported as best fit values-

ap = 0.4
ay = 0.6
ER = 41.8 kJ/mol
EU = 51.6 kd/mol
-1

koR— 2.27 s

_ -1
koU' 3.19 s

where k

o 18 the frequency factor.

Satchell (71) investigated the HDN of anthracene o1l
over Co-Mo/alumina catalysts. He ran his experiments in a
trickle-bed reactor at a temperature range of 316-427°C
and under a pressure of 3.4-10.3 MPa. He proposed two

models:
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a- A simple n-th order rate expression was considered
which lead to a third order reaction for the best fit of
the data. Such a high apparent order was explained by
considering the fact that the feedstock contains various
organonitrogen species. The reactivities of these species
vary widely. HDN of the more reactive species tends to
occur at relatively low space time, leading to a high appa-
rent i1nital rate constant. On the other hand, at a high
space time, only a small fraction of the very reactive
species remains, resulting in a smaller apparent reaction
rate constant. The only way, that the n-th order rate
expression can compensate to this behavior, 1s to have a
large reaction order.

b- Satchell considered the work by Flinn and Beuther (76)
who assumed that the reactivity of organic nitrogen species
from petroleum feedstocks 1is a function of boiling point.
Based on this 1dea, he studied the reactivity of these
species 1n anthracene oil by analyzing boiling point ranges
of both anthracene o1l and i1ts HDN products for organoni-
tronitrogen level. It was found that the weight percent
nitrogen remaining i1n the product generally increases with
increasing boiling range. The only reported exception 1is
that of the lowest boiling range which showed a percent
nitrogen higher than expected. However, this analysis
assumes implicitly that all species remain in the same
boiling range in the product as that it occupied in the

feed 01l. 1In fact, a substantial amount of cracking,
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reduction of molecular weight, and boiling point of the o1l
take place during the HDN. This leads to coupling the ef-
fects of both HDN reactivity and hydrocracking. However,
considering the assumption made by Flinn et al. (76) that
the assumed first order HDN rate constant 1s approximately
a linear function of the boiling point with a petroleum
feed stock, Satchell assumed that the pseudo rate constant,
any order, 1s a linear function of the boiling point.

Thus, he developed the following equations for first order
and n-th order respectively:

k, = [ln(Nfl/Npl)]/SV

k., = (1/n-1)[1/NP )n'1-

X . (1 /Nfl)n‘1 /e,

where kl 1s pseudo rate constant for the boiling range
1,

¥s the weight percent nitrogen in the feed 1in
boiling range 1,

N 1s the weight percent nitrogen in the product

in boiling range 1,

and 8y 1s the hourly volumetric space time.

In addition, the boiling ranges were numbered from the low-
est average boiling point to the highest. Furthermore, 1t
was assumed that the kl's are independent of both the reac-
tor operating pressure and operating temperature. Thus the

model for a whole liquid was derived:
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Np = 3 wlelexp(-rlkBGV) for n=1
Yy
N =2
P [kgr,(n-1)6_ + (1/N yn=117(0=1) e g
1 v fl

where W, o1s the mass fraction of the oil in cut 1, and r,
1s the activity ratio defined as (kl/kS)’ It was found
that the second order model gives the best fit for the
experimental data. Also, this model was found to be supe-
rior to simple power-low model. In addition the effective-
ness factor was estimated to be close to one.

Shih et al (77), in evaluating catalysts for upgrading
SCT SRC, conducted experiments in a continuous down-flow
fixed bed pilot plant under a pressure of 13.8 MPa and at a
temperature of 382-413°C. The feedstocks were a 70 wt$%
(high sulfur) Indiana V regular SRC and a 50 wt% W.
Kentucky SCT SRC blends with process recycle solvent.
A simple model was used to estimate the catalyst deactiva-
tion rate. It 1is based on the assumptions that catalyst
deactivation 1s i1ndependent of reactants and products, and

that the deactivation rate 1s first order with respect to

1ts activity. Thus,
dk/dt = -k/x

where k 1s the reactant rate constant of the catalyst,
vt 1s the deactivation time constant,

and t 1s the age of the catalyst.
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Assuming a second order reaction for both heteroatom remo-

val and incorporating it with catalyst deactivation, yields

dCA E t
- — =k [ exp-(—+ —)]C

d(1/LHSV) ° RT <

2
A

where kO 1s the pre-exponential factor for fresh catalyst,
and CA 1s the heteroatom concentration. For a fixed bed
reactor, the kinetic equation derived from the above expres-

sion 1s

1 1 E t
— - — = k[ exp-(— +— )1/LHSV
C C RT T

A Ao

Kinetic analysis were performed on the data obtained using
the above model, and the estimated catalyst deactivation
constants, pre-exponential factors, and activation energies

are presented in Table VI

C. Summary of Kinetics Review

Consideration of the work in this chapter leads to the
conclusion that most of the previous kinetic studies consi-
dered either single model nitrogen compounds or a coal-
derived-liquid,whereas 1little work has been done to relate
these two types of studies. Gary et al. (74) approached the
problem by assuming that a coal-derived liquid 1s composed
of a fast reacting fraction and a slow reacting one.
Satchell (71) considered a coal-derived liquid as composed

of several fractions with HDN rate constant for each frac-
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TABLE VI

ESTIMATED PARAMETERS FOR CATALYST DEACTIVATION MODEL

1

Feedstock ko,(wt%-hr)_ E,kJ/mol v,Days Process
70wt% (high 2.92E6 124.7 10.6 HDS
Sulfur)Indiana 2.92E1 79.4 17.0 HDN
V regular SRC 3.80E9 180.7 10.4 HDO
50wts W. 1.85E7 131.4 22.2 HDS
Kentucky 9.36E1 80.4 36.1 HDN
SCT SRC 1.92E6 134.2 8.9 HDO

tion as a function of its boiling point. Bhinde (44)
studied the interaction effects that occur during
simultaneous HDN, HDS, and hydrogenation reactions. Thus,
HDN of quinoline and indole, HDS of dibenzothiophene and
hydrogenation of naphthalene were investigated over a pre-
sulfided commercial Ni-Mo/alumina catalyst. The reaction
klnet}cs for each reactant was quantitatively determined in
the binary mixtures as a function of quinoline concentra-
tion under the same conditions as those used for single-
componenet studies. It was concluded that indole,
naphthalene, dibenzothiophene and their reaction products

have a slight negative effect on the kinetics of quinoline
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HDN. Quinoline and 1its reaction products strongly inhibit
all hydrogenation reaction. There i1s clearly a need to
develop techniques to predict the kinetics of mixtures from
those of pure compounds. However, 1t 1s hoped that instru-
mental analysis will develop in the future to an extent
that 1t becomes simple to determine the exact composition
of a liquid fossil fuel. This will help greatly in deve-
loping an overall kinetic model for the HDN kinetaics.
Hence, 1t 1s logical to approach to this objective by
studying binary mixtures of the single model nitrogen con-
taining compound. As a step in this dairection, the HDN of
quinoline and acridine and their mixture in n-hexadecane
solvent i1s studied in the project.

It has been established that Ni-Mo catalysts have
higher HDN capability than Co-Mo or Ni-W catalysts (78).
For this reason, a Ni-Mo/¥-alumina catalyst 1i1s used for
HDN. Gary et al. (74) conducted screening tests on seven
catalysts i1n a continuous trickle-bed reactor at 10.3 MPa
and 371°C. Their results indicated that HDS-9A catalyst 1is
the superior HDN catalyst among the group of catalysts
studied. Hence, HDS-9A was selected for study in this
work.

A»one liter autoclave reactor with glass liner was used
for experimental runs. A novel technique to introduce the
catalyst into the reactor was developed and successfully
implemented. The runs were conducted and the results are

presented and discussed in chapters IV and VI.



CHAPTER III

EXPERIMENTAL APPARATUS AND TECHNIQUE

A. Experimental Apparatus

The experimental apparatus used in this project is
discussed in three sections

1. Reactor system

2. Catalyst preparation system

3 Analytical instruments

A 1. The Reactor System

A special semi-batch reactor system was designed and
constructed to carry out the HDN experiments. This system
1s composed of the reactor and i1ts accessories for feeding,
venting, and sampling as well as temperature and pressure
measurment and control devices. A schematic diagram of the
reactor system 1s shown in Figure 15. The specifications

of the accessories are listed in Appendix A.

The reactor

The HDN experiments were carried out in a 1-liter
special packless, autoclave reactor (Autoclave Engineers,
316 SS) waith internal diameter 0.076m. (3 in.) and height

of 0.229 m (9 1n.). A glass liner of diameter 0.0747 m and
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length of 0.191 m was employed to minimize the possible
catalytic effect of the metallic wall and to protect the
reactor wall from any corrosive reactant. The reactor is
equipped with an Autoclave Engineers (AE) Dispersimax Agi-
tator. This device 1s a turbine-type agitator provided
with a hollow shaft used in conjunction with a set of re-
removable baffles placed in the vessel. During operation,
a low pressure region 1s created at the turbine impeller.
The gases are drawn through the hollow shaft and dispersed
through the liquid. The bubbles are broken up by the baf-
fles. This type of agitation can suspend fine solid parti-
cles and insure constant circulation of the reactant gases
through the liquid. High speed rotary agitation is affect-
ed by the rotation of external magnets which actuate inter-
nal magnets that are fastened to the shaft. The external
drive magnet assembly consists of an outer steel housing
containing four rows of permanent magnets spaced at 90°
intervals. This outer magnetic housing is placed over a
pressure sealed inner housing containing circular, perma-
nent, ceramic, encapsulated magnets mounted on a square
rotor shaft. A strong magnetic field makes the inner pres-
sure sealed rotor shaft rotate at the same rotational speed
as the outer housing.

The reactor 1is also equipped with a cooling coil so
that a cooling medium can be introduced to gquench the
system. In addition, two rupture discs with bursting pres-

sures 20.7 and 27.6 MPa (3000 and 4000 psi) are also
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installed on the reactor.
Gas Feeding

Gases 1including nitrogen, hydrogen and a mixture
of HZS/H2 are brought to the autoclave from their respec-
tive gas cylinders through appropriate valves. They enter
the autoclave body through special ports. The hydrogen gas
from the gas cylinder flows through the main line, where
1ts flow 1s controlled by a Mity-Mite valve and a check
valve It then branches into two subsidery paths, both of
these paths lead to the autoclave cover, but in one of

these paths, flow 1s controlled by a micrometering valve.
Liquid Feeding

Liquid 1s charged into a calibrated 500 ml. buret
from where 1t can flow i1into the feed tank either from the
top or the bottom of the tank. After the liquid in the
tank 1s heated to the required temperature 1t 1s allowed to
flow i1nto the autoclave through a special port in the reac-

tor cover.

Sampling

A male connector (0.25 in.) 1s fitted on the tip
of the sampling tube through a nut and a ferrule. The
tip dips into the reactants inside the autoclve. Another

nut and ferrule are fitted on the free end of the male
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connector with a piece of 100 mesh SS screen inserted bet-
ween the nut and the ferrule. The whole system forms an
in-line filter. Liquid samples are drawn from the reactor
through this filter. The filtered liquid 1is received 1in a
30 ml sampling cylinder which 1s connected to the atmo-
sphere through a rap. The sampling cylinder 1s equipped
with a pressure gauge and a heating tape and i1s insulated.
The heating system 1s useful especially during winters when

the products may freeze in the sampling cylainder.

Venting

The feed tank 1s connected to the atmosphere
through a system of valves including an in-line safety
relief valve The reactor 1s similarly vented to the atmo-

sphere but 1t 1s equipped with a trap and a rupture disc

A 2 Catalyst Preparation System

A unique catalyst preparation system i1s devised and
used in this project. The catalyst i1s handled in a spe-
cially designed glass ampoule This ampoule 1is manufac-
tured from pyrex tubing 14 mm. o.d., 12mm 1.d. It is
shaped in the form of a closed flat bottomed tube, having a
contraction (4 mm. 1.d.), 9 cm from the bottom, 2 cm from
the top. Figure 16 shows a schematic of the glass ampoule.
The open end may be closed with a rubber stopper. The
desired amount of fresh catalyst is placed i1n the ampoule

and weighed. Then the catalyst 1s calcined, sulfided and
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the ampoule 1s sealed.
Calcination

A set of glass ampoules, loaded with 5.4 g
catalyst (corresponding to 2 0 wt% of solvent used in
experiments), 1s placed in a furnace. The ampoules are
heated for two hours at 500°C At the end of this period

the ampoules are transfered out of the furnace to cool
Sulfidataion

Sulfidation 1s carried out in a 1-liter Parr

Autoclave which 1s equipped with auxiliary lines for feed-
ing nitrogen and st/H2 gases as well as a line for gas
vent. In addition, special arrangements are made for tem-
perature measurement and control.

The ampoules, with calcined catalysts are placed in
the autoclave and laid in a vertical position. The auto-
clave 1s closed and tightened The catalyst samples are

then sulfided through the following steps

1 The autoclave 1s checked for leaks.

2. Heating 1s started under a flowing stream of
nitrogen. When the sulfidation temperature, (260°C) 1is
attained, nitrogen stream 1s cut off and 5% HZS/H2 gas
stream 1s admitted.

3. The temperature 1s monitored and the heating is

rate 1s controlled by a variac.
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4. After two hours, the heater 1s turned off, H2/H28
gas stream 1s cut off, and nitrogen stream is turned on.
The system 1s left to cool to room temperature.

5 Nitrogen stream 1is turned off and the autoclave 1is
opened and the ampoules are immediately closed with rubber

stoppers.

6. The ampoules are then sealed from their necks The
top glass part 1is shaped into a hook which 1s later used to

hang the glass ampoules inside the autoclave.

A.3. Analytical Instruments

Analytical instruments are comprised of two groups,
one for the analysis of liquid samples and the other for

the catalyst analysais.

Ligquid Analysis

Initially, 1t was decided to use a Perkin Elmer
Elemental Analyzer to determine the nitrogen content in
liquid samples. But later, it was found that the elemental
analyzer was not suitable for the low nitrogen concentra-
tion of this project. This led to the use of a Varian 3700
Gas Chromatograph (GC). For higher sensitivity the GC was
equipped with the Thermionic Specific Detector (TSD) The
TSD 1s approximately 50 times more sensitive to nitrogen
containing organics than the Flame Ionization Detector

(T'ID) In addition, the TSD supresses the response to car-
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bon by three to four orders of magnitude. Details of

liquid sample analysis are presented in Appendix B.

Catalyst Analvsais

The catalyst 1s analyzed before and after the re-
action to determine both surface area and pore volume. A
Quantachrome Autoscan Porosimeter 1s used for this purpose.
In addition, the spent catalyst 1s analyzed to determine
the deposited coke (79).

1. The catalyst 1s extracted in a Soxhlet apparatus for
about three hours until the solvent i1s clear. Tetrahydro-
furan 1s used as solvent. This step removes the adhering
soluble hydrocarbons from the catalyst surface.

2. The catalyst 1is vacuum dried at 100°C for 12 hrs.
This step removes the solvent left in the catalyst pores.

3. The remaining carbonaceous material on the catalyst
1s considered as coke on the catalyst. This 1s determined
by roasting the catalyst at 600°C in a muffle furnace over-
night. The decrease in the catalyst weight i1s used to cal-
culate the amount of coke deposited. This 1is corrected for
the change of the oxidic form to the sulfide form of nickel

and molybdenum.

B. Experimental Technique

In this work a solution of a single model nitrogen
compound or of a mixture of two compounds i1n n-hexadecane

1s hydrotreated in the reactor over a presulfided HDS-9A
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catalyst under a hydrogen pressure of 8.3 MPa (1200 psig)
and at a temperature of 357-390°C (675-734°F). Samples of
reaction products were taken at specified time intervals
and analyzed by the GC. 1In addition, at the end of the
run, the spent catalyst was separated and analyzed.

During this project two experimental techniques were
developed and used. In the first method the catalyst was
placed in the reactor, sulfided and used i1n the experiment
In the second method, presulfided catalyst in ampoules were
placed in the reactor and broken by a pressure surge at the
appropriate time. The second technique was found to be
more accurate than the first one 1in defining the starting
time for catalytic reactions and was used to collect all
the reported data in this project The ampoule technique
will be briefly described here and more details are presen-
ted in Appendix C.

The catalyst 1s placed in a specially manufactured
ampoule where 1t 1s calcined and sulfided, as previously
mentioned. It i1s sealed and placed in the autoclave with the
reactants. The autoclave 1s assembled, purged and in-
spected for any leaks. Heating 1is then started under an
atmosphere of hydrogen until the required temperature 1is
attained. At this moment hydrogen i1s admitted to the auto-
clave raising the pressure inside the system to the requir-

ed level. This rise in pressure breaks the ampoule and the

catalyst dispereses in the reactants. This 1s the zero time

which 1s recorded as a sudden small jump in the temperature
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about (3°C) plot on the temperature recorder. The reaction
starts under hydrogen atmosphere, the pressure of which 1is
controlled by a Mity-Mite valve. In addition, the tempera-
ture 1s controlled and maintained at the required level
Samples are withdrawn from reaction products at specified
time intervals through the sampling cylinder under the
effect of pressure difference. Finally, at the end of
reaction time, the system 1s shut down and the reactor 1is
quenched. ‘

This modified method eliminates the feeding problems
and gives a precisely defined starting time for the reac-
tion. Furthermore, since about twenty ampoules can be
prepared in one batch, all catalyst ampoules are presul-
fided under identical conditions. The only drawback of the
system 1s that, i1n some experiments, the ampoules do not
break completely and the catalyst may not completely trans-
fer into the liquaid This can be checked at the end of the
run, 1n which case the run 1s considered an aborted one

Another operational problem 1is the solidification of
the solvent, n-hexadecane in the lines during cold days,
since the melting point of n-hexadecane 1s 17°C. This
problem 1s alleviated by heating the feed and sample lines

with electric heating tapes.




CHAPTER IV

EXPERIMENTAL RESULTS

In this project, HDN experiments were conducted on
quinoline, acridine and their maixtures as listed in Table
VII. The run numbers are designated as NQAn, where, N, Q,
and A refer to n-hexadecane, quinoline, and acridine, res-
pectively, and n refers to the run number. Whenever a com-
pound 1s not present in the feedstock, the corresponding
letter does not appear in the run number code. The runs,
in which the catalyst ampoule did not break or other
technical difficulties arose, were discarded and are not
listed i1n Table VII. N-hexadecane was used as the solvent.
The pressure i1in all experiments was 8.3 MPa (1200 psig) and
the temperature was varied in the range of 357-390°C
(675-743°F). Table VII shows the conditions of these
experiments. The samples were generally taken in 30 man.
intervals, except in the cases where some technical pro-
blems hindered i1t and in run NQA8 where some samples were

taken i1n 60 or 90 min. intervals.
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TABLE VII

LIST OF EXPERIMENTS

Run Feed Temperature Duration of Number of
# Composition (°C) experiment,hrs. Samples
NQ5 4.42% dquinoline 357 3.5 6
NQ6 4.45% quinoline 370 3.0 6
NQS 4.4% quinoline 390 3.0 6
NA1 0.916% acraidine 370 3.0 6
NA2 1.814% acraidine 390 3.0 6
NA3 1.816% acridine 357 3.0 6
NQA1 1.75% acridine 390 3.0 6

4.3% guinoline

NQA3 1.75% acridine 357 3.0 5
4.3% guinoline

NQA6 1.75% acridine 370 3.0 6
4.3% quinoline

NQA8 1.75% acraidine 370 8.5 12
4.3% quinoline

A, Quinoline Hydrodenitrogenation

The major reaction intermediates formed in gquinoline

HDN are:

1,2,3,4-tetrahydroquinoline (Py-THQ)
5,6,7,8-tetrahydroquinoline (Bz-THQ)

decahydroquinoline (DHQ)
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O-propylaniline (OPA)

Other nitrogen-containing compounds that were identified
include aniline, o-toluidine, or o-methylaniline (OMA), and
o-ethylaniline (OEA). 1In addition, two praimary hydro-
carbon products were identified-propylbenzene (PB) and
propylcyclohexane (PCH). The abbreviations shown in paran-
thesis are used in the text while the complete names of
compounds are shown in figures. Other hydrocarbons which
are expected to result in the process are. benzene, cyclo-
hexene, cyclohexane, and methyl-cyclopentane (80). No
attempts were made to identify and measure these hydro-
carbons as well as the possible cracking products of
n-hexadecane In this project the concentrations of Py-THQ,
Bz-THQ, DHQ, quinoline, OPA, OEA, OMA, aniline, PB, and PCH
were measured. These concentrations as a function of time
are tabulated in Tables VIII, IX, and X and presented in
Figures 17-28. In these figures, the curves are generated
by a spline method in the SAS-graphics program by connect-
ing the experimental points.

At 357°C quinoline concentration decreases to less
than 10% i1n the first hour of the reaction. It 1is mainly
converted to Py-THQ with the formation of a small amount of
Bz-THQ, as shown in Figures 17 and 18. The rate of quino-
line conversion decreases with time as well as the rate of
formation of Py-THQ. This behavior 1is due to the chemical
equilibrium. But, DHQ concentration increases approxi-

mately steadily. OPA shows similar behavior but with lower




TABLE VIII

REACTION PRODUCTS OF RUN NQ5* (357°C)

80

Compound Reaction Time, min
30 60 90 150 180 210

Quinoline 128.5 34.5 18.0 13.5 13.0 12 1
Py-THQ 164 0 198.1 205.2 196.3 187.2 177.4
Bz -THQ 11 4 13.4 12.8 11.6 11.2 11 2
DHQ 3.9 10 8 21.0 35.3 40.2 50.3
OPA 0.9 1.5 2.0 2.9 3.4 40
PCH 0.3 05 0.8 2.1 2 8 3.6
PB 0 2 0 2 0.4 0.5 0.6 0.8
OEA 0.2 0.3 0.3 03 0.4 0 4
OMA 1 4 1.5 15 1.7 1.7 18
Aniline 21 2.2 2.0 1.8 19 19
Total 312.4 262.3 262.8 263.4 259.0 259.1
Nitrogen

g-mole/106 g n-hexadecane

Initial quinoline concentration =

350.6 g-mole qulnollne/1OGg n-hexadecane.
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TABLE IX

*
REACTION PRODUCTS OF RUN NQ6 (370°C)

Compound Reaction Time, min
30 60 90 120 150 180

Quinoline 70 0 30.1 19.2 14.6 12.3 10.6
Py-THQ 136.6 143.2 130.0 116 5 105.9 95 8
Bz-THQ 30 4 33.1 34.0 35 3 35.2 34.0
DHQ 8.9 21.7 32.7 42.9 51 1 54.1
OPA 2.0 3.1 39 4.6 4 8 4.8
PCH 2.5 4.0 6.5 8.9 10.3 12.2
PB 07 0.8 1.1 1.3 1.4 1.5
OEA 0.7 0.8 0.9 0.9 09 0.9
OMA 2.4 2.5 2.5 2.5 2 4 2 4
Anlllne** -—- -—— -—- -—- -—- -—
Total 251.0 234.5 223.2 217.3 212 6 202.0
Nitrogen

g—mole/106 g n-hexadecane

Initial quinoline concentration =

345.4 g-mole qulnollne/106g n-hexadecane.

k
Concentration below detection limit



TABLE X

*
REACTION PRODUCTS OF RUN NQ9 (390°C)

Compound Reaction Time, min

30 60 90 120 150 180
Quinoline 48.6 22.8 14.8 11.4 8.0 7.4
Py-THQ 141.8 132 3 97.9 65 5 41.2 24
Bz -THQ 38.8 46.6 47.6 42.8 35.4 27.1
DHQ 10 0 29.8 42 7 42.8 35 3 32.3
OPA 3.4 5.7 7.4 8.3 7.9 8.2
PCH 50 12.5 22.0 34.3 47.8 71.8
PB 0.8 1.4 3.5 4 7 6.1 7.6
OEA 1.2 1 4 1.5 1.4 1.2 1
OMA 4.0 4.6 3.9 3.5 2.7 2.3
Anlllne** -—= -— -—— -—- -—- -
Total 247.8 243.2 215.8 175.7 131.7 103.0
Nitrogen

* 6
g-mole/10° g n-hexadecane
Initial quinoline concentration =

371.7 g-mole qulnollne/106g n-hexadecane.

Concentration below detection limit
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Figure 17 Quinoline HDN Products at 357°C
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Figure 18 Quinoline HDN Products at 357°C
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Figure 19. Quinoline HDN Products at 357°C
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QUINOLINE HYDRODENITROGENATION
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Figure 20. Quinoline HDN Products at 357°C
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- QUINOLINE HYDRODENITROGENATION
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Figure 21 . Quinoline HDN Products at 370°C
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QUINOLINE HYDRODENITROGENATION
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Figure 22. Quinoline HDN Products at 370°C
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Figure 23. Quinoline HDN Products at 370°C
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QUINOLINE HYDRODENITROGENATION

CONC —-—-—- G-MOLE/1 BE7 GRAM N-HEXADECANE
T = 370 C
+ e O-ETHYLANILINE
" —— O—-METHYLANILINE
e

%) 20 40 60 80 100 120 140 160 180
REACTION TIME, MINUTE

Figure 24 Quinoline HDN Products at 370°C
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ZOH—AP>PABAZMOZOON

'QUINOLINE HYDRODENITROGENATION
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Quinoline HDN Products at 390°C
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'QUINOLINE HYDRODENITROGENATION
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Figure 26 . Quinoline HDN Products at 390°C
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'QUINOLINE HYDRODENITROGENATION
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Figure 27. Quinoline HDN Products at 390°C
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QUINOLINE HYDRODENITROGENATION

CONC -—-- 6-MOLE/1 BE7 GRAM N-HEXADECANE
T =360 C
+ O-ETHYLANILINE
" O-METHYLANILINE

2 20 40 60 80 8o 120 140 160
REACTION TIME, MINUTE

Figure 28. Quinoline HDN Products at 390°C
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concentration level as can be seen in Figure 19. Also,
concentrations of both PCH and PB are presented in thas
figure. Aniline shows a maximum concentration at 0.7 hrs.,
whereas OMA, after an initially fast production, levels off
without going through a maximum This can be noticed in
Figure 20 The behavior of both compounds gives an indica-
tion that they are reaction intermediates and are not the
final products OEA appears only in small concentrations
and increases very slowly with time.

At 370°C the HDN 1dentified products are the same as
before except for aniline which appears to have disap-
peared rapidly and, hence, not shown in Figures 21-24. The
rates of conversion of quinoline are higher and rates of
formation of Py-THQ are lower then those at 357°C as can be
seen 1in Figures 21-22, whereas Bz-THQ forms at a higher
rate than at 357°C. This confirms the idea that at high
temperatures quinoline hydrogenation i1s shifted towards
Bz-THQ formation path. The concentrations of PCH, OEA, and
OMA are also higher than those at 357°C. This can be seen
in Figures 23-24.

At 390°C 90% of quinoline 1s converted in about one
half an hour Also, clear maxima appeared for Py-THQ, and
DHQ This can be seen in Figures 25-26. The concentrations
of PCH, OEA, and OMA are higher than those at 370°C Also,
OMA goes through a clear maximum. These are shown 1n

Figures 27-28.
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A.1 Temperature Effect

In order to clearly show the effect of temperature,
concentration versus time plots for each compound are shown
in Figures 29-37.

Figure 29 presents quinoline profiles. It 1s apparent
that i1increasing temperature increases the rate of quinoline
conversion and the rate by which the equilibrium i1s attain-
ed. However, the equilibrium conversion seems to be not
significantly affected by the temperature.

Figure 30 presents Py-THQ profiles. It can be seen
that increasing reaction temperature decreases the rate of
formation of Py-THQ, while 1t increases the rate of decom-
position of Py-THQ to both OPA and DHQ

Figure 31 represents Bz-THQ profiles. The rate of
formation of this compound increases with temperature.
Similarly, 1ts rate of hydrogenation to DHQ increases.

Figure 32 represents DHQ profiles. The effect of
temperature on this compound 1s similar to that of Bz-THQ.
Hence, at higher temperatures its rate of hydrogenolysis to
PCH increases as shown in Figure 33. The shapes of these
profiles lead to the conclusion that PCH 1is one of the
final -reaction products.

Figures 34 and 35 show the variations of OPA and PB
concentrations respectively. Temperature increases the
rate of formation of OPA, as well as the rate of its hydro-

genolysis to PB. It 1is apparent from Figure 35 that PB 1is,
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Figure 29. Effects of Temperature on Concentration of
Quinoline
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Figure 30,, Effects of Temperature on Concentration of
1,2,3,4,-tetrahydroquinoline
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Figure 31. Effects of Temperature on Concentration of
5,6,7,8-tetrahydroquinoline
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Figure 32, Effects of Temperature on Concentration of
decahydroquinoline
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