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ABSTRACT

The kinetics of hydrodenitrogenation of pyridine
over a catalyst containing 6% Ni and 19% W supported on
alumina has been investigated in an integral fixed bed
tubular reactor at 410 psig. The effect of various
variables such as molar ratio, reaction temperature, initial
partial pressufe of reactants, and residence time on the
conversion of pyridine have been studied. The reaction was
carried out in a temperature range 120 - 380°C.

The reaction is believed to take place according
to the following path:
pyridine Eov piperidine jpip n-pentyl piperidine ;pip

3H2 +H2 ) +H2

pentane + ammonia
A rate equation for the first reaction namely,
hydrogenation of pyridine has been suggested. Hydrogenation
of pyridine to piperidine was found to be first order with
respect to both pyridine and hydrogen. The apparent rate
constant was found to be dependent on the initial partial

pressure of pyridine.

The rate equation was formulated to be as follows:

tebod= 0 Ty ] 0 [re [

The activation energy of the reaction and the frequency

factor were calculated to be 13.691 K cal /gm mole, and

5.987 x 10—2 gm-mole respectively.’

gm-cat-hr N/m2




I. INTRODUCTION

The need for crude oil is increasing, while the
resources are decreasing. For example, the United States
has been conserving its crude by upgrading more of its
distillate products at the expense of less valuable
residiuum, but the yield of the residiuum cannot be reduced
much more. Coal, shale o0il, and tar sand will soon be used
as raw material instead of crude oil, because they are more
abundant (10). Hydrorefining and hydrocracking will be the
essential steps in their upgrading to synthetic fuels.

The processing of thése low grade raw materials
poison the hydrocracking catalysts. While coal and shale
0il contain nitrogen compounds Athabasca tar is very rich
in sulfur compounds.

The function of a hydrocracking catalyst consists
of hydrogenation, isomerization and cracking. By dontrolling
and optimizing these functions, improvements in hydrocracking
processes and their commercialization have been possible.

The principle role of a metal on a hydrocracking
catalyst is to keep the acidic sites active throughout
hydrogenation (21). They have profound effect on both the
activity and selectivity.

The activity for hydrogenation is supplied by a
metal deposited on a support, which is usually silica -
Alumina. The principal role of the metal hydrogenation sites

is to keep the acid sites clean and active by hydrogenating
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the coke precursors, so that the area which is kept clean
increases with the dispersion of metal on the acidic
support (21).

Nitrogen as well as sulfur-containing compounds
are known for their basic nature. Their presence in the
feed stock- could neutralize the acidic sites on the hydro-
cracking catalysts. However, with a high nitrogen feed
stock the activity of the catalyst can be maintained by
raising the temperature of the process.

Since, the activity is depressed by feeds that are
high in nitrogen and sulfur, it is natural to consider
hydrorefining of such feeds before hydrocracking. The
difficulty of removing 'heteroatoms"increases in the order
of oxygen, sulfur, and nitrogen. |

Hydrodesulfurizafion and hydrodenitrogenation are
the processes used to remove sulfur and nitrogen compounds
from the feed. For example, the pyridines (and related
quinolines) are hydrodenitrogenated to yield hydrocarbon and
ammonia (17).

In Canada, the emphasis in the research program on
"catalytic processing" at the Fuel research center, Depart-
ment of Energy, Mines and Resources, is for the development
of cheaper types of-hydrosulfurization and hydrocracking
catalysts for the upgrading of the heavy oils and tar.

Most of the studies of hydrodenitrogenation that

are availlable in the literature refer to commercial catalysts.




The aim of these studies was to investigate the kinetics
and find the optimum conditions of operation.

In this work, a kinetic study of pyridine hydro-

denitrogenation over NiO - WQ3 - A1203 is reported and

a possible reaction mechanism is postulated.




II. LITERATURE SURVEY

II-A Introduction

Nitrogen and sulfur compounds are universally
preseht in fuels from shale oil, coal or lower grades of
petroleum. The use of these sources soon will create a
problem concerning the quality of the finished products.
As mentioned before, nitrogen and sulfur compounds poison
most of the modern catalysts used in refining and hydro-
cracking.

The majority of the work reported in the literature
refer to the hydrogenolysis of thiophene and was undertaken
to study the mechanism of desulfurization process. However,

very little work has been published about the mechanism of

. hydrodenitrogenation process.

Hydrodenitrogenation was studied to understand the
kinetics( the effect of the catalyst, and the optiﬁum
conditions for the reaction. In order to study hydrodenitro-
genation, while some scientists used refinery stream such
as: shale oil, heavy gas o0il, tar etc. others used model
compounds that are found in a refinery stream such as:
indoles, quinoline, pyridine, pyroles, and amines.

Commercial:catalysts were used to understand the
way they function, and how to improve them. New catalysts
were made to maximize the effect on the process of hydro-
denitrogenation. The catalysts most frequently used are:

Co0 - MoO3 - A1203 , NiO - MoO3 - A1203 ,‘

NiO - WO3 - A1203 , and NiO - WO3 - S:LO2 - A1203 .




Most of the work done on hydrodenitrogenation was
to understand the process as a whole for a definite set of
conditions. For example, McIlvried (14) analyzed for the
total nitrogen in the products. He assumed a scheme of
reaction and derived a rate expression which could fit his
experimental data.

Sonnemans et al. (15, 16, 17, 18) studied the
hydrogenolysis of pyridine in detail. It was found that
the reaction was not a simple one, but consisted of a
complicated net work of reactions. Other effects, such as
the rate of hydrogen circulation on the rate of hydrodenitro-
genation, were studied (11). The interaction of hydrodesul-
furization and hydrodenitrogenation has been also reported
(12). |
II-B Literature Survey

Cox (1l1) in a doctoral thesis studied the'
hydrodenitrogenation of pyridine and a number of pyridine
derivatives. Toluene was used as a diluent in order to
investigate nitrogen removal from a feed having 0.3% nitrogen
by weight. The study was done at 700°F, 250 psig, with a
space velocity of 0.5 to 20 ml/ml/hr. A previously hydro-
desulfurized Peter Spence Cobalt - Molybdate catalyst was
used. The catalyst:(RD 3718), 1/8 inch by 1/8 inch had a
composition: 2.5% Cobalt oxide and 14.% molybdenum oxide
on alumina. Hydrogen flow rate was varied between 1000

scf/bbl and 7500 scf/bbl to ensure that the complete hydro-

~genation reaction was independent of hyerQen concentration.




With these two flow rates, two runs were made keeping all
other variables fixed. No significant difference in
nitrogen removal was observed.

Cox found a first order kinetics in pyridine to
hold, and observed a decrease in the magnitude of the first
order rate constant with increased concentration of nitrogen
in the feed.

Flinn et al. (19) studied the hydrogenation of some
pure nitrogen compounds such as amines, indoles, and
quinoline over nickel - tungsten - alumina catalyst, and
calculated the first rate constant for hydrodenitrogenation.

The kinetics of the hydrogenation of quinoline and
some of its derivatives have been studied by Doelman et al.
(20) using a Co - Mo - A1203 catalyst at a preésure of 80
atmospheres and a flow raﬁe of 3000 normal liter/liter of
feed and a space velocity of 1 liter solution/(litér of
catalyst)/(hr.). The rate constants for the overall reaction

were calculated.

'The effect of cobalt to molybdenum ratios on
desulfurization and denitrogenation has been studied by
Williams et al. (3). An alumina supported cobalt molybdate
catalyst containing‘3% Co0 and 13% MoO3 was used. The effect
of metal concentrations and atomic ratios on nitrogen and
sulfur removal were also studied. The reaction was studied
at a pressure of 2000 p.s.i., at temperatures ranging from

360 to 460°C, a liquid hourly - space velocity of 2.0, and

a hydrogen flow rate of 5000 standard cubic feet per barrel.
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It was found that higher the concentration of either of the
component metals, higher was the amount of nitrogen
removed. There was no optimum atomic ratio of cobalt to
molybdenum.

Goudriaan et al. (4) studied the hydrodenitrogena-
tion of pyridine over CoO—MoO—A1203 catalyst between 250
and 400°C at about 80 atm. pressure. It was reported that
hydrodenitrogenation of pyridine was enhanced if the
catalyst were presulfied rather than reduced. In the
presence of hydrogen sulfide in molar excess over pyridine,
the nitrogen removal was further increased. This was
attributed to an enhancement in the hydrocracking activity
of the catalyst by hydrogen sulfide{

Goudriaan (29), who investigated the hydrodenitro-

~genation of pyridine of NiO—WO3—A1203 catalyst at 50 bar.

pressure reported that while the hydrogenolysis of ‘piperidine
to consecutive products was the rate determining step below
350°C, at higher temperatures the hydrogenation of pyridine
was the rate determining step.

Frost and Jensen (5) did hydrodenitrogenation tests
on crude shale oil at 685, 740, 800°F at a pressure of 600,
1000, and 1400 psig., and a liquid space velocity of 0.1,

0.15, and 0.30 hr“1 in a flow reactor using a Co-Mo—A1203

catalyst.
Shale oil contains three major types of nitrogen
compounds: quinolines, indoles and others. It was reported

that the hydrogen partial pressure had a gfeater effect on
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the denitrification rate constants of indole-type compounds
than it did for either quinoline-type compounds or total
nitrogen. At lower pressures and temperature relative deni-

trogenation constants were:

kde total N > kde qu;nollne > kde indole

while at higher pressures and temperature

Ede total N = kde quinoline > k indole

de
Agzamova et al (7) used a modified Ni-Mo-A1203
catalyst for the hydrodesulfurization and hydrodenitrogenation
of gas 0il and naphtha at 325°C, 40 bar. pressure, and a liquid
space velocity of 1 hr_l. The catalyst was modified with
1 wt % of unspecified metal. While sulfur and nitrogen
removal was 36.89% and 18.0%, respectively for gas oil, it was
91% and 100% for naphtha.

The kinetics of the hydrodenitrogenation of pyridine

in paraffin oil have been studied by Aboul-Gheit et al. (6)

over CoO-MoO—A1203 catalyst at 350 - 400°C and an'initial hydro-

~gen pressure 25 - 100 atmospheres for 1 to 6 hrs. It was

found that the reaction occurred in the following sequence:
pyridine + piperidine -+ amylamine -+ pentane + ammonia. At
lower temperatures alkyl-piperidines were formed in side
reactions and their yield increased with the initial hydrogen
pressure. Complete denitrogenation occurred only under the
most severe set of reaction conditions.

Aéoul—Gheit et al. (8) studied the hydrodenitrogena-
tion of indole in paraffin o0il over an alumina supported

cobalt molybdate catalyst. The sequence of reaction was as

follows:




H
- — O * — ©r=" . w
CH 3
2 5

Indole indoline 0- EthC6H4NH2 Ethylbenzene -~ ammonia

Best denitrogenation levels were accomplished at 400°C, 100
atmospheres initial hydrogen pressure, and a reaction time
of 6 hrs. -

The kinetics of the hydrodenitrogenation of quino-
line in paraffin oil have been studied by Aboul-Gheit et al.
(9) over a Co-Mo- A1203 catalyst at 350-400°C and an initial

hydrogen pressure of 25-100 atmospheres for 1-6 hrs.

It was found that the reaction occurred in the

following sequence:

o — @

guinoline 1, 2, 3, 4 - tetranyaroquinoline

Clee — @ '
CsHg : . NHs i
2 propylaniline propylbenzene ammonia

e

It was reported that denitrogenation was incomplete up to
400°C, an initial partial pressure of 100 atmospheres, and
a reaction time of 6 hrs.

Satterfield et al (13) studied the effect of
organosulfur compounds on the hydrodenitrogenation and the
effect of organonitrogen compounds on the catalytic hydro-
desulfurization. These two effects were investigated by

using thiophene and pyridine as model compounds.
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Studies were made in a continuous floﬁ isothermal
microreactor at temperatures 200 to 500°C and pressures of
4.4 and 11.2 bars over commercial CoO-MoO- -Al,0,, NiO-MoO—A1203,
NiO-WO3-Al1,03 and NiO-WO3-510,-Al,03 catalysts. ' ’

Satterfield suggested that pyridine hydrodenitro-

" genation took place according to the following scheme of

reaction.
(1) ’ ‘

@iz-*(j*“z CHNHL> CH + NH,
N ~:-;-i-la N (3)
(2)

,Sulfur'ccmpounds had a two fold eirfect on hydrodenitrogenation.

At low temperatures, sulfur compounds competed with pyridine
for hydrogenatlon 51tes on the catalyst, thereby inhibiting
the reaction rate in step (1) in the pyridine decomposition

mechanisw. At high temperatures H,S interacted with the

2
catalyst ﬁo improve the hydrogenclysis acti&ity, which
increased-the reaction rate for step (3) and resulted in an
enhancement of hydrodenitrogenation reaction rate. Thus a
maximum in the pyridine hydrodenitrogenation rate'occurred

at abo;t 400°C and at 11 baré pressure over a commercial
NlO—MoO—A1203 catalyst. This behavior was explained by
considering the inflpence of the thermodynamic equilibria

of steps (1) and (2) on the reaction. - If step (1) was the:
rate determining step, piperidine formed would quickly react
to products. However if steps (1) and (2) were fast relative
to step (3) pyridine and piéeridine could approach chemical

equilibrium.  Satterfield et al. (12) reported that an
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equilibrium could be established between pyridine and
piperidine at 430°C under the same conditions.

McIlvried (14) investigated the kinetics of
hydrodenitrogenation of pyridine over a presulfided alumina
supported catalyst containing 2.25% nickel, 1.25% cobalt,
and 11% molybdenum. It was assumed that the reaction path
occurred as follows:
pyridine - piperidine + n-pentylamine -+ pentane + ammonia
In order to understand the kinetics of the hydrodenitrogena-
tion reaction, three sets of runs were made in a bench scale,
fixed-bed, flow reactor, using solutions of n-hexylamine,
piperidine, and pyridine in mixed xylenes. All runs were
made at 600°F; pressure was varied from 750 to 1500 psig;
nitrogen concentration in the feed rénged from 100 to
5115 p.p.m.; and space velocity ranged from 1 to 5.0 hr_l

It was reported that the path by which pyridine
denitrogenation proceeded was through a rapid hydrogenation
of pyridine to piperidine followed by slow-ring rupture to
form n-pentylamine and a rapid denitrogenation of n-pentylamine
to ammonia and pentane.

It was assumed that all nitrogen compounas involved
were equally strongly adsorbed on denitrogenation sites or
else their.poncentrations were too small to have a significant
effect on the kinetics of reaction. Denitrogenation data
obtained with piperidine was found to fit a Langmuir-Hinshel-
wood~-type kinetic model. This rate expression was then used

to develop an equation which fitted the data for pyridine
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denitrogenation.

The hyqrodenitrpgenation of pyridine followed a
first order kinetics in pyridine and a first order in
hydrogen as shown by the rate equation:

: _stEpyJ___ 455 11 [éHg].’.";l‘y] _ -4

(1-R)(1-10.5) [P ] x10

Am
The mechanism of the hydrogenolysis of pyridine has been

investigated by Sonnemans et al. (15) over a presulfided
alumina - supported CoO—MoO3 catalyst by measuring the
kinetics at low and high hydrogen pressures. Conversions
of pyridine, piperidine and n-pentylamine were studied as

a function of reaction time, partial pressures of the
reactants, temperature and datalyst type. From the results
obtained a reaction scheme was de:ivéd in which three types
of reactions were observed: hydrogenation, cracking and
disproportionation. Hydrogenation and disproportionation

| reactions appeared to have higher reaction rates than
cracking reactions.

To understand the function of cobalt, molybdenum
and alumina oxide towards the different types of reactions
; (hydrogenation, cracking, disproportionation) thé rates of
; conversion of pyridine, piperidine and n-pentylamine were
‘ determined on varioﬁs catalysts. Molybdenumoxide was the

! active component for the different types of reactions. The

b alumina surface apparently did not contribute to the

activity.
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Sonnemans et al. (16) studied the mechanism of

pyridine hydrogenation on a MoO—A1203 and CoO—MoO-Ale

catalyst at high hydrogen pressures. The reaction

3

order  in pyridine was determined by changing the residence
time and the initial partial pressure of pyridine. Hydro-
genation of pyridine was found to follow a first order in
pyridine. However, the first order rate constant appeared
to be inversely proportional to the initial partial pressure
of pyridine.

The following reaction scheme was assumed to occur
with the purpose of determining the order of reaction with

respect to hydrogen

k: ke
3H2 + pyridine —L piperidine » .C
_—
k_q

The rate determining step of these two reactions determined

the order in hydrogen.
The kinetic rate equation of hydrogenation of
pyridine was derived.

elrad o ] ]

dt

where m 1 at 250°C

m 1.5 at >1300°C

The adsorption behavior of nitrogen bases and hydro-

~gen on alumina and molybdenum - containing catalysts was

investigated by the gas chromatographic methods. The
adsorption of the nitrogen bases appeared to be very strong

on both catalysts, and varied in the order piperidine >
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pyridine > ammonia.

Hydrogen also showed strong adsorption. Hydrogen
and nitrogen bases appeared to adsorb on different sites.

The kinetics of the conversion of piperidine has
been investigated by Sonnemans‘et al. (17) on CoO-MoO3-A1203
catalysts at a hydrogen pressure of 60 atmospheres. .Piperi-
dine conversion was studied as a function of temperature,
initial piperidine partial pressure, reaction time and
initial hydrogen pressure. It was reported that n-pentyl-
piperidine was a major intermediate in the conversion of
piperidine to ammonia and pentane. n-Pentylpiperidine was
formed by alkyl transfer from n-pentylamine to piperidine.

Several compounds were analyzed in the product stream such

as: dipentylamine, pentene and decane. A reaction scheme

was postulated as follows:
k

piperidine-—T%T—+ n-pentylamine

(4) kg
+pip +pip

ammonia + n-pentylpiperidine

The conversion of piperidine to ammonia and penty-
lamine was described by two steps: a slow reaction (2)
followed by a fast reaction (4). Hence, at hydrogen pressure
of 60 atmospheres and conversion below 50%, piperidine was
selectively converted to ammonia and n-pentylpiperidine.
This reaction was a two steps process, ring opening to
n-pentylamine followed by fast alkyl transfer from n-penty-

lamine to piperidine. The rate equation for hydrocracking

N
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was derived:

5 Bud £ ] 0 Fol

At conversions higher than 50%, the rate of forma-
tion of pentane and ammonia was influenced by the rate of
hydrocracking steps, and also by the equilibrium constants

of the alkyl transfer equilibria. The rate equation for

the alkyl transfer reaction was given by

‘o ]

r= ka ([Ppi;;\ [Pmpa:l / [Ppig )2 [Pﬂz]

Sonnemans et al (18) studied the conversion of
pentylamine over a MoO‘—Alzo3 catalyst between 250 and 350°C,
at various hydrogen pressures. The reaction observed were
cracking to pentene and ammonia, hydrocracking to pentane
and ammonia, dehydrogenation to pehtanimine and butylcarboni-
trile, and disproportionafion to ammonia and dipentylamine.

The equilibrium between pentylamine, dipentylamine
and ammonia appeared to be established under most experimental
conditions. A first order dehydrogenation of n-pentylamine
to butylcarbonitrile was observed at hydrogen pressures of
1 atm, and less. The selectivity of the pentylamine conver-
sion in this compound increased at increasing temperatures.
The disproportionation reaction was found to follow a zero
order in hydrogen ahd a -1 order in the initial n-pentylamine
pressure. |

Both cracking and hydrocracking toék place mainly
above 300°C. While hydrocracking appeared to be 0.5 order

in hydrogen, cracking was zero order in hyarogen. The order
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in n-pentylamine was zero order for both cracking and
hydrocracking.
II-C Objectives of this work

A systematic study was undertaken on the hydro-

denitrogenation of pyridine over NiO-WO3 on A1203 catalyst

with the purpose of:

1. Understanding the hydrodenitrogenation of pyridine
on NiO—WO3—A1203 catalyst as an example of hydrodenitro-

~genation process.

2. Studying the reaction scheme of hydrogenolysis. The
products formed from pyridine at high hydrogen pressure
were determined as a function of temperature while
keeping the reaction time constant.

3. Investigating the effect of the process vériables such
as reactant ratio, séace velocity and temperature on
conversion and product distribution at moderate higher
pressures of hydrogen over NiO-WO3—A1203 catalyst.

4. Developing a suitable rate expression and of postulating
a reaction mechanism which might represent the experi-
mental data.

5. Calculating a rate constant for the hydrogenation of

pyridine, activation energy and Arrhenius constant.
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EXPERIMENTAL

Schematic Diagram of Experimental Apparatus

Item

Hydrogen supply

Carrier gas

Pressure regulator

Drier and Molecular sieve

Pressure gage

Reactor in fluidized sand bed

Thermocouple

Fluid bed furnace

Valves to reduce pressure to
one. atmosphere

Gas sampling valve

Cold trap

Reference column

Sample Column

Gomac Cell

Recorder

Wet test meter

Vessel with liquid feed

Pump

Rotameter

Condenser
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III-A Description of Apparatus

The hydrodenitrogenation of pyridine was carried
out in a fixed-bed, bench scale, flow system. The high
pressure apparatus was designed to operate at a controlled
temperature and pressure. A schematic diagram of the
apparatus is shown in Figure (1).

The apparatus may be divided into three sections:
(i) Feed of reactants, (ii) Reactor assembly, and (iii)
Product analysis unit.

(i) Feed section:

This section consisted of four gas streams and a
pyridine feed system. Two gas streams supplied
helium as a carrier gas to the reference and

sample columns. Helium waé obtainedvfrom a high
pressure cylindef through a two stage pressure
regulator, a drying tube packed with drierite
(Fisher Cat. No. C-140) and then through flowmeter
(tube and float series 601, Matheson Co.). The gas
lines used for helium were %" O.D. Copper tubing.
The third stream, which carried air to the sand bed,
was 3" 0.D. copper tubing. The fourth sfream carried
hydrogen from a high pressure cylinder through a
pressure régulator (Model - 2 catalogue no. CGA-2,
Matheson Co.). Traces of moisture, and other
impurities from hydrogen were removed by passing it
through a stainless steel tube packed with drierite

and molecular sieve. The gas lines for hydrogen
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were made of 2" O.D. stainless steel tubings. A
unidirectional valve Nupro check valve (cat. no.
§S-2C-10, supplied by Ottawa Valve & Fitting Ltd.,
Ottawa) was used to control the direction of hydro-
gen flow. 2 ft. before mixing with pyridine, the
hydrogen line was heated by wrapping around it a

3" wide heating tape (supplied by Fisher Cat. no.
11-463-403).

The pyridine feed system consisted of a mini pump
(Model 396-31, Milton Roy Industries, Peterborough,
Ont.). The flow rate of pyridine could be varied
by adjusting the percentage stroke. Pyridine was
carried to the reactor by a 1/8" 0.D. stainless
steel tubing. Pyridine was-vaporized'and maintained
as such by heatiﬁg the tube externally by a heating
tape. The heating tape was used to cover all
tubing until the cold trap to avoid condensation of
the liquid products. Asbestos wrap cloth tape
(supplied by Fisher catalogue no. 1-473 A) was used
to prevent heat loss from the system.

Reactor Assembly:

The resactant stream was connected to a two ways
valve, while one branch led to the reactor through
a preheater the other by passed the reactor and
preheater. The preheater was made of 6 feet long
1/8" 0.D. 316 stainless steel tubing which was

wound around the reactor. The preheated reactants
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entered from the bottom of the reactor. The

reactor was 8" x 3"0.D. 316 stainless steel tube.

A porous stainless steel plate (supplied by Pall
Trinity Micro Corp., Cortland, New York) was fixed
at the bottom of the‘reéctor tube. The grade D
plate had a mean pore size of 65 microns, a normal
thickness of 1/16 inch and produced a pressure drop
of approximately 0.1 psig per 180 cfm / sqg. ft. of
hydrogen. An autoclave reducer was welded below

the porous plate and connected to the feed line

from the preheater.

The top of the reactor was connected to swagelok

"T" connection (SS-400-3) through a 3" to %" reducer
union. Through the upper opening an iron constantan
thermocouple was inserted. The lower end of the
thermocouple tube was kept just above the porous
plate in contact with the catalyst bed. The thermo-
couple was connected to a millivolts polentiometer
(supplied by Jones G. Biddle Co., Plymouth Meeting,
PA.) for measuring the temperature during the reac-
tion. The thermocouple was supplied by Thermoelectric
Canada Ltd., Brampton, Ontario). A second iron
cqnstantanithermocouple was inserted in the fluidized
sand bed. The temperature of the reactor was
controlled by a Honeywell pyr-o-vane temperature
controller. It was used with tranducers such that

the output signal from the second: thermocouple was
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measured by the controller which activated the relay
to maintain the temperature constant at the set
point. The controller when coupled with an energy
regulator (Fisher catalogue no. 9-521-130) could
maintain the reactor £eﬁperature to + 2°C.

The reactor and the preheater of reactants were
kept immersed in a constant temperature fluidized
bed furnace. The container for the fluidized bed
was made from a 6 inch O0.D. steel cylinder. A
porous stainless steel plate (Pall Trinity Micro
Corp., Cartland, New York) was inserted at the
bottom and further welded to a reducing cone with

3" pipe. Clean sand 40-60 mesh size was used as
the heating medium of the fluidized bed, and was
placed in the container on top of the porous plate.
The reactor was held upright in the center of the
bed. Sufficient flow of air was passed to keep the
sand fluidized and to obtain a uniform temperature
around the reactor.

For heating the reactor, two layers of ceram-A-flex
beaded heating wire (Chemical Rubber Co., Cleveland,
Ohio) were wrapped around the steel cylinder. A
pgste of asbestos powder mixed with water was applied
to the wires for insulation and to fix the wires

in position. The asbestos was left to dry slowly
to prevent cracking. The inner heating wire was

connected to the temperature controller. The
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external heating wire was connected to a 10 ampere
power~-stat (Fisher catalogue no. 9-521-130) and
was adjusted to a sufficient power to maintain the-
reactor temperature slightly below the required
temperature set on the temperature controller.

This reduced the heating load in the controller
circuit (inner heating wire) and more precise
control of the reaction temperature was made
possible. The reactor and fluidized bed were placed
in an outer steel cylinder 12 inches in diameter,
placed on a piece of asbestos plate, in the centre
of which a hole was provided for air line to
fluidize the bed. The annular space between the

steel cylinder and the bed was packed with wet

asbestos powder.’

Product Analysis Unit:

This section of the apparatus consisted of a liquid
trap, two condensers, gas sampling valve, rotameter,
wet test meter, gas chromatographic equipment for
the product analysis, and a recorder. The products
from the reactor pass through a high temberature gas
sampling valve (cat. no. V-8-Ht, Chromatographic
Specialtieé Ltd., Brockville, Ont.) which was kept
at 140°C by a heating tape controlled by an adjusta-
ble energy regulator (Fisher cat. no. 9-521-130).
The gas sampling valve had 8-ports. The carrier gas

continuously passed through the first'loop (1 ml)
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while the product stream passed through the other

loop (l-ml). When the sampling valve was turned

on, the flow of the product stream and the carrier.
gas were switched. A certain volume of product
stream was flushed by helium to the sample column
for analysis. The pressure on the sample loop was
kept constant at each injection to be sure that

a constant volume was injected each time. This

was done by adjusting the flow before and after the

gas sampling valve. The product stream after

leaving the gas sampling valve entered into two
liquid traps which were cooled in an ice bath. The
heavier reaction products such as piperidine and
n-pentyl piperidine and unréacted pyridine were
condensed. Hydr¢gen and other gaseous products
passed through a rotameter with (tube and float
series 601, Matheson Co.). before going to the
vent. The product stream passed through a precision
wet-test meter (supplied by Precision Scientific

Co., Chicago, U.S.A.) where the flow rate was

measured. '

A Gow Mac W-2X hot wire, 333 mount, made of rhenium-
tungsten, ip a température regulated four element macrocell.
(Model TR-III AWX) was used to analyze the products separated
by the column. The temperature was constantly maintained
at 170°C. The detector temperature was controlled by a

Fenwal Thermo switch with an adjustable range from ambient
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to 205°C. Two cartridge heaters were connected in series
with a thermoswitch and the temperature of the unit could
be varied by turning on adjustable screw at the bottom of
the case, one revolution clockwise for every 32°C rise in
temperature and vise-versa. |

Direct current for the detector was supplied by
a Gow Mac Model 405-C : 1 Solid State DC power supply with
an input power of 115 volts A.C. at 60 cycle per second and
output power from 0 to 40 volts A.C. The regqgulated output
ranged from 0 to 500 ma. with a four steps voltage control
starting at 6-10 volts.

The output signal in millivolts from the detector
was transferred to a chart recorder (Texas Instrument Inc.,
Texas model Serxrva/ritter II).

IIT-B Calibration of Equipment

Flow rates of gas stream were measured by calibrated
rotameters. The volumetric flow rates were checked by the
wet test gas meter supplied by Precision Scientific Co. A
correction for the temperature difference of the gas stream
from the room temperature was necessary.

Calibration of the pump was done by conﬁecting a
two-ml graudated pipet to the pump. For each pump setting
in percentage stroke, a corresponding rate in volume of

pyridine per unit time was measured. A calibration curve is

~given in figure (3).

For the calibration of the gas chromatograph, pure

compounds that are expected to form as well as pyridine are
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analyzed in the vapor phase. The order of elution was
recorded. Synthetic mixtures of these compounds were made.
The chromatograms of these mixtures were taken. The area
under the peak of each component was calculated. A calibra- °
tion curve indicating the numﬁer of moles of component

against the area under the peak was prepared.
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III-C Analysis Procedure

A thermal conductivity detector was used in the
analysis of the various components of the reaction product.
A column packed with 10% (w/w) carbowax 1000 coated on a
solid support was used to separate the products. Chromosorb
W/AW 60-80 -mesh, coated with 10% NaOH (w/w) with the aid of
NaOH solution was used as the solid support (22). Two
columns each five meters long were used in parallel to give
a stable base line in the recorder. Temperature programming
was necessary. The column temperature was raised to 40°C
at which ammonia and pentane were separated within 3 minutes.
The temperature then was raised to 120°C at a rate of 20°C/
minute. The flow rate of the carrier gas was 80 ml / minute.
III-D Experimental Procedure |

Start Up and Operation

The following are the steps that were necessary in
the start up and operation of the equipment.

(1) The catalyst was weighed and placed in the reactor.

(ii) The reactor was reassembled and checked for any
leaks while outside the fluidized bed.

(iii) If there was no leak in the reactor, thé apparatus
was checked for any leaks by applying a pressure
of 600 psié and left for 3 hours after closing the
inlet and the outlet valves. If there was a
pressure drop, the apparatus was checked for
pressure drop in each section. The leaking section

was checked with soap solution.
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(iv) Temperature was set at 450°C, the furnace was
switched on and hydrogen flow was adjusted. The
system was then left for 48 hrs to activate the
catalyst.

(v) Temperature was set at the required temperature
and then left for 12 hours so that the temperature
stabilized.

(vi) Helium flow was checked, the detector and recorder
were switched on.

(vii) Hydrogen flow rate was adjﬁsted and left for one
hour at the adjusted flow rate.

(viii) The pump was set at a given flow rate and switched

on.

(ix) Ice was placed in the ice bath.

(x) Three samples wefe injected after 2 hours from
starting the pump. The injections were repeated
until consistency of the peak heights was obtained.

(xi) The first run carried over a fresh cétalyst was
repeated two weeks later to check for the activity

of the catalyst. The catalyst was changed every
three weeks or so.

III-E Reactants and Chemicals

The catalyét used was supplied by the Department
of Energy, Mines and Resources. It was Ni-4303 made by
Harsaw Chemical Co.. Although the catalyst was supplied as

1/8" extradate it was crashed and screened to provide 20-40

mesh granules.
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Hydrogen and helium were supplied by Oxygen of
Ottawa Ltd., Ottawa. Pyridine and other chemicals used for
calibration were supplied by Fisher. These chemicals were
used without any further purification.

The chemicals used in the preparation of Gas Chroma-
tographic Columns, chromosorb W/AW 60-80 mesh and carbowax
1000 cat. (no. SPA46) were supplied by Chromatographic

Specialties Ltd., Brockville, Ontario.
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IV. RESULTS

The experimental data was obtained by means of an
isothermal fixed bed reactor operated at a pressure of 2.928 X
106 N/ﬁz. A period of 2 hours was considered enough to reach
steady state. A further confirmation was obtained from the
product anélysis.

The effect of various variables, namely, molar
ratio of hydrogen to pyridine (R), reaction temperature (T),
and the ratio of the catalyst weight in gms to the total
feed in moles/hr (W/F), on the conversion of pyridine (X)
have been studied.

The conversion (X) was defined as the ratio of moles
of pyridine reacted per hour to the moles of pyridine fed
per hour into the reactor..

The reaction scheme for the hydrogenolysis of
pyridine was achieved by studying the effect of température
on conversion and product distribution in the range of
120 - 380°C. The reaction time (W/F) and the molar ratio
(R) were kept constant. The amount of products formed were
expressed as (moles product)/(moles of pyridine in the feed).
The effect of temperature was repeated for three different
mole ratios (R), keeping the reaction time constant. Tables
1-4 show exﬁérimental data of (moles prod)/(moles of pyridine
in the feed), at W/F = 3.6 gm-cat~-hr/gm-mole, in the range

of 120 - 380°C at mole ratios R = 29, 40, 60 and 80.
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Figures 5-8 show the effect of temperature on the
product distribution with R as a parameter. It can be seen
that piperidine was the only product at low temperatures.

As the temperature increased an intermediate product (n—pentyl%
piperidine) was formed. N-pentyl piperidine decomposed into
pentane and ammonia. At smaller mole ratios other products
such as: pentene, n-pentylamine, dipentylamine and decane
were formed, but in small quantities. The set of curves
shifted to the left as the mole ratio of hydrogen/pyridine
increased.

The effect of mole ratio on the conversion, with
temperature as a parameter, was investigated for pyridine
and the products. At a certain tempe;ature conversions were
obtained for various mole ratios. Conversion of pyridine was
defined as ratio of moles 5f pyridine reacted per hour to the
moles of pyridine fed per hour into the reactor. For the
products, the rate of formation was defined as moles of
product formed per hour to the moles of pyridine fed per hour
into the reactor. The calculated data for the effect of mole
ratios on the conversion at various temperatures is given in
Tables 5-9. The conversion (X) against mole ratio R
(Figures 9-13) plots show that conversion (X) varies linearly
with mole ratio (ﬁ).:

The effect of various W/F ratios on the conversion
of pyridine was investigated in the range of W/F = 2.09 to

9.45 gm-cat-hr/gm-mole and at temperatures 145, 195, 245 and

280°C for hydrogen/pyridine mole ratios of 40, 50, 60 and 90.




@ PROD/ @ PYR®

0.6}

o
TS

0.2}

- 33 -

Q- O ~ PYRDINE
PIPERIDINE

Q O'— N- PENTYL PIPERIDINE
Ay ¥ - AMMONIA
O - PENTANE

Ao —~

-

100

F'l‘gv 5 Theeffect of temperature On Product distribution
at R.= 29 . '




@ PROD./ © PYR.°

© PYRIDINE
.08} A PIPERIDINE
O N-PENTYL PIPERIDINE
v AMMONIA
. O- PENTANE
Q6 ¢
\/
!
0.4r O
0.24 -
A A
/X
A
A
- (]
o
100

- 34 -

Fi g.6 The effect of temperature on product distribution
at R= 40. |




@ PROD./ © PYR’

- 35.-
O - PYRIDINE
.08}k
A~ PIPERIDINE
O-N-PENTYL PIPERIDINE
v - AMMONIA |
o ‘
O - PENTANE
o6t
o
04} b
o2t
l 200
. T ,

F ig-7 .The effect of temperature on product distribution

a R = 60




(]

® PROD./ @ PYR.

O PYRIDINE
4. PIPERIDINE © -
O N-PENTYL PIPERIDINE
v AMMONIA
0.8t
. O PENTANE
0.6l
Q.41
o2t
© 100

- 36 -

Fig: 8 The effect of Temperatufe on product - distribution
a R= 80 ' '




- 37 -

aulpufd JO UISISAUOD Uo olDJ Bjow jo paye-ayy 6 +bidg

inc

ool 08

Jo O
- 00091

J0 08|

2,022 -

A

M
O
UO[SJ9AUOD




-~ 38 -

supliadid .0} uOiSIBAUGD UO O14DJ 22_: JO J03440 Byl 0Ol .o_n_._

=} ,
00| og - 09 oy 02

3 ov! 02
2, 091 05
<
(0]
. %
9 08l o
h {0 =
x

1970

180




- 39 -

0.8k 240 C
220 T
0.6 }
s
-g_ 04
[%2]
o
=
o
S oz 200 C
20 40 _ €0 80 . 100
. R ‘
Fig- 1l

The effect of mole ratio on conversion to

n-pentyl piperidine .




- 40 -

DjuOWWD 0} co._w‘_mz._oo UO O|jDJ BJOW O JI3HS dYL" 2| -B14

H
00l 08 09 ovr = 02
JAN
9, 092 ¢0
A 170
0 082
o
3 00¢ : . {50
9. 02¢

- % U0ISI9AUOD




aupjuad Of UOISIBALOD UO Ol4Ds djow jo Joayd ayL ¢ -Pid

d

00l 08 09 8% . 02

-~ 41 -

- 4
4 v ] L4 1 4

0, 082

J.00¢
o

J 02¢
(-}

N
o

q.
(@)

X ‘' U0IS19AU00




- 42 -

The experimental data is presented in Tables 10=13. Plots

of conversion (X) against W/F ratios at 145 and 195°C at

R = 40, 50, 60 and 90 are shown in Figures 14 and 15. A

linear relationship is noticed at these temperatures.

The plots of conversion (X) against W/F ratios at
245 and 280°C at R = 40, 50, 60 and 90 are shown in Figures
16 and 17.

The slopes were calculated at different W/F ratios
from Figures 14-17. The slope at each W/F ratio was the
experimental rate of reaction. By using a trial and error
procedure, the experimental data were found to fit a rate

equation of the form:

=]
r = [P dX =% P 4
[PY} It ov [P_Y] [Hz]
The hydrogenation of pyridine was considered mainly:

k
ov

pyridine + 3H2

piperidine
An integration of the above equation gives
— o —
in (E - 3X) = kOV Epyi} (R -3) t
R (1-X)
The calculated data of the integrated expression at 145, 195,
245 and 280°C at R = 40, 50, 60 and 90 are given in Tables
14-17.
The values of the apparent rate constants at 145,
195, 245 and 280°C are tabulated in Table 18. By using a
trial and error procedure, the values of the rate constants
were found inversely proportional to the initial partial

pressure of pyridine. Figure 22 shows a plot of kOV against
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[+)

1/ pr ] . The rate constant was assumed to take the

following form:
Q
K =k/[P ] + kK,
ov s PY i

The values of ks and_ki are tabulated in Table 20

at 145, 195, 245 and 280°C.

The effect of temperature on the overall rate
constant was studied to calculate the activation energy.
A plot of log kov against 1/T at a constant mole ratio (Fig. 23)
gave a straight line over a temperature range 145 to 280°C.
While the activation energy was obtained from the slope the
frequency factor was evaluated from the intercept of the
plot.

A summary of results at hydrogen/pyridine ratios
of 40, 50, 60 and 90 is given in Table 21. A
IV-A Interpretation of reéults

The product distribution curves show that the
hydrodenitrogenation of pyridine involve an intermediate.

The reaction is believed to take the following scheme:

+H
o k . . g . \aa 2
pyridine ov | piperidine _ n-pentylpiperidine
+3H +pip .
2 +H ~pip

2 ammonia + pentane

The experimental rates were obtained by determining the slopes
at various W/F rations from X vs W/F curves. Different rate
equations were tried to fit the experimental data. The rate
equations suggested in the literature (16, 14) made the choice

easier. A rate equation of the form:

r = - P ° dX =k P P
,[PY] at ov [PY] [Hz]
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was found to fit the experimental data closely. This rate

equation was used to evaluate the rate constant by using the

integral method. The rate of the chemical reaction:
pyridine + 3H2 kov products

e o
can be written as:

2
co o] & - ] 0w w

conversion of pyridine

where X
R = mole ratio (H,/pyridine).
[Ppy] = Initial partial pressure of pyridine.

kOV

ax = k [P °] at
bl — ov Py
(1-X) (R-3X)

overall rate constant.

By integrating the above expression we get

—— o -—
log (R - 3%) = Xy [Ppy] (R -3) t
R (1-X)
A plot of log (R - 3X) against t or W/F gave
R (1-X)

° —
a straight line with a slope of kov {%py ] (R - 3).

The rate constants calculated from the relationship:
o —
kOV = slope / {Ppy_] (R - 3)

should be dependent on temperature only. However kov calcula-
ted was found to be aependent on the pyridine concentration

of the feed stream. A plot of k__ against 1/ I%PYO] resulted
in a straight line which suggested that the pseudo-rate

constant ko& can be defined as:




W/F ,

((X-1)8)/(Xg - ¥) ul

_49_
@)
D
>
10
\<
)
> 1<
o |
10
O© o [ _
¥ o 88
n 1 u " R ¢
T o i ]
. | ) 1 1
0O 4 O b \
— 0 -
© o

gm-cat-hr/gm-mole

koy at

145 c

Calculation of

|8

Fig




- 50 -

3 g6l 40 "4 jo woupind|pd

sjow-wb /1yY-4po-wp © 4/M

2 ¥

61 -bid

12 S (2 i |3 il {1 &

&
>

040

M
o

( (‘X-I)H)/(X‘E— d)ul

10
o)




l-.5 [

))

In(R-3%) /(R( 1-X

(6]

_51_..

1Ot

Fig- 20

O-R= 40

.A-ﬁ: 50

"O-R=z 60

V-R= 90

' 2 4 6

w/F , gm-cat-hr/ gm-—mole

Calculation of k_ at 245°C




- 52 -

30t

n
O

o

In(R - 3X) /(R (1-X1)

L

2 4 6

W/F , gm-cat- hr/ gm-mole

]

Fig- 2| Calculation of kov at 28 0T




30
20t O-R= 40
8-R=z 50
O-R= 60
v-R = S0
°l /D/D/D/ o
__.__AP—-———-A'/A—/
: 1077 X l/[Ppy] , Mm/N

- 53 -
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o
Xk =%k / F ] + k
ov s PY i
— [+ [
R = lp P
[Hz] / [PY]
or k =k R + k.
ov S ) 1

-]
ks and ki were calculated from kOV against l/[?py.} plot at
temperatures of 145, 195, 245 and 280°C.
The rate equation thus evaluated is expressed as:
P ] ax = (k. +k_ B e .|
r = - = ,
pYJ & s rp [PY] [sz
Hy
This is first order with respect to both pyridine and hydrogen
concentrations.
The overall rate constant (kov) was assumed to be
constant at a constant mole ratio. ‘A plot of log kov vs
1/T, where T in °XK, gave a straight line (Figure 23). The
activation energy was obtained from the slope of the line

according to the eguation:

kov = ko exp (-Ea / RT)
log k = log k_ - Ea .[l]
ov o} R T

Such plots were made for the mole ratios 40, 50, 60 and 90.
The activation energies calculated at the above mole ratios
showed consistency. The values of activation energies and
frequency factors at various mole ratios of hydrogen/pyridine

are given in Table 20.
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V. KINETIC ANALYSIS OF DATA

V-A Steps of a Heterogeneous Reaction

In order to understand the reaction rate, it is
necessary to understand the theoretical background and the
assumétions that are used to derive a rate expression.
Smith (26) has suggested that a hetrogeneous reaction (gas-
solid) takes place according to the following steps:

1. Transport of reactants from the bulk fluid to the
fluid-solid interphase. (External surface of
catalyst particle.)

2. Intraparticle transport of reactants into the
catalyst particle. (Porous catalyst)

3. Adsorption of reactants at interior sites of the

catalyst particle.

4. Chemical reaction of adéorbed reactants to adsorbed
products. (Surface reaction)

5. Desorption of adsorbed products.

6. Transport of products from interior sites to the

outer surface of the catalyst particle.
7. Transport of products from the fluid-solid interface
into the bulk fluid stream.
For a non porous catalyst diffusion inside the pores
can be assumed to be negligible and thus steps (2) and (6)
can be eliminated. Also if the bulk flow is assumed turbulent
(high velocity of reactants past the solid particles) then
steps (1) and (7) can be eliminated, and the reaction then

takes place through steps (3), (4) and (5).
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V=B Factors Affecting the Rate Mechanism

In kinetic studies dealing with gaseous reaction
catalyzed by solid catalyst, there are many factors which
might lead to an error in the interpretation of the reaction

model if they are not considered. These factors can be

summarized as follows:

1. Negligence of external resistance of mass and heat
transfer.
2. Negligence of internal diffusion.
3. Departure from plug flow.
4, Homogeneous reactioné catalyzed by the reactor wall.
5. Catalyst activity and deactivation.
(1) External Resistance of Mass and Heat Transfer

In this experiment the temperature and the partial
pressure at the catalyst éite is assumed equal to those of the
ambient stream. This can simplify the correlation of expe-
rimental data and the reaction rate. The following is a
derivation of how important is the effect of mass and heat
transfer on these assumptions.

The general equation mass transfer and heat transfer

are given as:

roa - KG §m¢ (PA - PAi) I
ry = ~“hga¢ (r - Ti) II
where

Topa = rate of reaction or mass transfer of A per

unit mass of catalyst.
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ry, = heat transfer due to heat of reaction per unit
mass of catalyst.

KG = mass transfer coefficient for component A.

hG = heat transfer coefficient for component A.

partial pressure of component A in the ambient

stream.

PAi= partial pressure of component A at the catalyst

surface.

T = temperature of the ambient stream.

Ti = temperature of the catalyst.

a = external surface area of catalyst per unit
mass.

¢ = shape factor of the catalyst particles, equal
to 0.1 for spheres, 0.9 for irregular particles.

EEE is modified Reynold's number .

n

G = mass velocity of flow based on the total cross-
sectional area of the bed, mass per unit time
per unit area. |

Dp== effective particle diameter = ap .

™
™ = total pressure.
ap = average surface area per particle.

Gamson, Thodes, Wilke and Hougan in a series of
articles developed expressions for Jh and Jd for the range of

Reynold number above 350, for DpG > 350

m
- -0.51 III
Jg = 1.82 (DpG)

m
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_ -0.51
Jh = 1.95 (DpG)
u
for DG < 350
p
u
_ -0.41
Jd = 0.09 (DPG)
u
_ -0.41
Jh = 1.06 (DpG)
U

Iv

VI

Experimental data on mass transfer are related to Ko by the

relationship

J M_ P 2/3

d = (KG m fA) (—%—~)
G PPam £

VII

Experimental data on heat transfer are related to hG by the

relationship,

n T (g ) IGH
C G k £

(4 ) = dimensionless schmidt number

ODAM

(Cpu) = dimensionless prandtl number

k
DAM = Average diffusion coefficient of component A.
Cp = Specific heat of the gas.
Gm = mass velocity of the gas flowing based upon the

total cross-sectional area of the bed.

k = thermal conductivity of the gas.
H = viscosity of the gas.
p = density of the gas.

PfA = film pressure factor, defined by equation IX.

VIII
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Mm = mean molecular weight
The film pressure factor in equation (VIII), was defined as
follows:
for a reaction

aA + bB = rR + sS
PfA = ’(ﬂ + 8a PA) - (m + 8a PAi)

In (7 _+ §a Pa)
™+ 8p Pay

where

= + s + + b
§p = X aa

if (m + GA PA) / (m + § ) is less than 1.2, the arith-

A PAi
matic mean is sufficiently accurate for practical purposes.
Yoshida et al. (28) describe a method to estimate the tem-

perature and partial pressure at the surface of a catalyst

particle for a gaseous reactions in a flow system.

AP, _ _ -1 2/3
A = AYA = R (Jd) YfA (Sc) X
P .
A
AT =0 (3)7F (Pr)§/3 XI
AH
Q= "ma"a XII
am 9CoCnm
AHA = molal heat of reaction of component A
Pr = Prandtl number = Cpu
k
R= Tma.
am ¢ Gy
Sc = schmidt number = u
P pAM
Yea = Pea

IX
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J values are calculated from the correlation with Reynolds

number ( G ) as follows:

a, ¢ u

if 0.01 < Re < 50
0.51

Jy = 0.84 Re” ' XIII
if 50 < Re < 1000

Jq = 0.57 Re~0-41 XIV
and

3, = 0.076 J4 XV

All terms in equation (XII) are dimensionless except AT and

Q which have the dimension of temperature. Yoshida (28)
concluded that while Q was the most significant term in
controlling the temperature drop, R was the most significant
in controlling the pressure drop. Experimental data relating
Apj/pj to R/yj and AT to Q was préscribed.

Both Q and R are proportional to Ta Dpn+l Gmn"l since n is

a fraction, it is clear that by increasing the gas‘fiow rate
or decreasing the particle size the mass and heat transfer
resistances can be eliminated.

A sample calculation based on the method of Yoshida
et al,is shown in Appendix (B). The partial pressure gradient
Was found to be of the order 0.001 and temperature difference
across the gas film was found to be less than 0.1°C. Hence

these effects could be neglected.

(2) Internal Diffusion

As most of the catalysts are porous, their external

surface area constitutes a small fraction Qf the total
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surface area on which the reaction takes place. Most reac-
tions occur on the inner surface of the porous structure.
The diffusion of reactants into and the products out of them
could‘be important factors in controlling reaction rate.
Two types of diffusion in porés are possible - bulk or
molecular diffusion, and Knudsen diffusion, depending on
whether tﬂe mean free path between intermolecular collisions
is small or large compared with the pore size. For most
conditions the operation of catalytic reactors, the pore
diffusion is of the Knudsen type. Molecular diffusion
predominates only at high pressure or at atmospheric pressure
with catalyst having very large pore (>5000°A radius).
In this study, the effect of molecular diffusion was deter-
mined by varying the feed velocity of pyridine while keeping
temperature, hydrogen/pyridine molé ratio and the particle
size of the catalyst constant. Two runs were carried out
at a temperature of 245°C, a hydrogen/pyridine mole ;atio
of 40, a catalyst diameter of 20-40 mesh size and residence
time of 5.75 gm-cat-hr/gm-mole. The feed rates of pyridine
in these two runs were 6.419 x 10_4 and 3.893 x 10—4 mole/min
respectively. The experimental data is shown in Appendix D.
The results showed that molecular diffusion did not control
the reaction rate.

The effect of Knudsen diffusion is evaluated from
the knowledge of effectiveness factor of the catalyst. This
factor is defined as the ratio of the actual reaction rate

per unit mass of the catalyst to the rate which would exist
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if the concentration of all interior surfaces were the same
as those of the gross exterior surface (30). Although

much effort have been made to correlate the effectiveness
facto; with the physical properties of the system, its valué .
can be estimated only for few'simple cases (30). It is
desirable to obtain kinetic data under such conditions,

that the Qalue of the effectiveness factors approaches unity.
This is generally accomplished by decreasing the particle
size. In this experiment the internal diffusion was elimi-
nated by using a small particle size (20-40 mesh).

The effect of Knudsen diffusion was determined by
varying the particle size of the catalyst while keeping
temperature, residence time and mole ratio constant. Two
runs were made at a temperature of 245°C, a residence time of
5.75 gm-cat-hr/gm-mole and a hydrégen/pyridine mole ratio
of 40. The effect of particle size of the catalyst on
conversion of pyridine have been investigated. Resﬁlts are
shown in Appendix D. In case Knudsen diffusion was affecting -
the results significantly, changing catalyst diameter should
have resulted in significant change in the rate of reaction.
Hence, it can be assumed that Knudsen diffusion effects were
negligible.

It can be concluded that internal diffusion was
negligibleuat the condition of in this study.

(3) Departure from Plug Flow

The general rate of a catalytic reaction in a flow
system based upon unit mass of catalyst is given by the

relation, -
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r. dWw = F dX
where,

r, = moles of reactant A converted per (unit time)

unit mass of catalyst

F = flow rate of féed, moles per unit time

W = mass of catalyst in the reactor, gms

XA = mole of A converted per mole of the feed
The reaction rate is usually correlated to composition and
temperature at the surface of the catalyst where the catalytic
reaction takes place. However, there is a mass and heat
transfer film gradient at the catalyst surface (25). There-
fore it is desirable to operate at high velocity and small
particle size to maintain a small film gradient and thus the
temperature and the pressure in the Catalyst is the same as
the ambient temperature and pressure. If there is a deviation
from plug flow the rate equation derived does not apply to
the experimental data. ﬁ

(4) Homogeneous Reactions

The reactants were fed to the reactor to find out
as to whether any reaction took place, while the reactor was
empty. Using a pyridine partial pressure of 0.03553 x lO6
N/m2, a hydrogen/pyridine mole ratio of 80 and W/F = 0.64
gm-cat-hr/gm-mole, and at 450°C it was found that none of the
pyridine wa; converted. However under the same conditions

pyridine was completely converted. It can therefore be

concluded that no homogeneous reaction took place.
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- (5) Variation of Catalyst Activity

It was observed that initially the catalyst had a
very high activity when reduced in a stream of hydrogen.
However this activity became constant with time and later the -
catalyst deactivated. A detaiied'discussion on catalyst
deactivation is given in Appendix A. The deactivation of the
catalyst may be due to excessive high temperature and to
poisoning. fhe activity of the catalyst used in this study
was checked from time to time by repeating some runs. The
catalyst was changed if and when it was found that it was

deactivated, and constant activity could not be restored by

activation.
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VI. DISCUSSION

The kinetics of hydrodenitrogenation of pyridine
has been carried out over a catalyst containing nickel
tungstate on alumina at a hydrogen pressure of 2.928 x lO6
N/m2 and a temperature range of 120-380°C. The investigation
obejctive -was to study the product distribution as a function
of temperature to postulate a general mechanism and to
derive a rate expression for hydrogenation of pyridine
and to calculate the rate constant.

Many attempts have been made in the past to under-
stand the hydrodenitrogenation process. However, very little
work has been published about the mechanism of the process.
Most of the work done on hydrodenit;ogenation was to under-
stand the process as a whole for a definite se£ of conditions.
The investigations carriea out by McIlvried (14) and
Sonnemans et al. (15, 16, 17, 18) were the most extensive
studies.

- Reaction scheme of hydrogenolysis of pyridine

The products formed from pyridine hydrodenitrogena-
tion were determined as a function of temperature. The
reaction time and the molar ratio H2/py were kept constant.
The product distribution is shown in Figure 5-8. The
products formed byAhydrodenitrogenation of pyridine were
piperidine, n-pentylpiperidine, ammonia and pentane. At
small hydrogen/pyridine molar ratios pentene, dipentylamine,

decane and pentylamine were analyzed. A study of the product




- 67 -

distribution as a function of temperature sﬁowed that
n-pentylpiperidine was the main intermediate product. This
compound was reported by Sonnemans et al. (15, 16). The
formation of this product indicated that the most important
reaction was not the formation of n;pentylamine by the
opening of the piperidine ring, but the disproportionation
of two piperidine molecules into ammonia and n-pentylpiperidine.
Sonnemans et al. (17) had experimental evidence that the -
formation of n-pentylpiperidine'by alkyl transfer from
n-pentylamine to piperidine was found to increase when
penfylaminc was added. It has been concluded that n-pentyl-
éipéridine.and ammonia were formed by ring opening of
piperidine followed by a ratﬁer faét alkyl transfer from
pentylamine to piperidine.‘ In this study, pentylamine was
formed in a ratio wﬁich did not depend on temperature. The .
formation of n-pentylpiperidine in considerable amounts

suggested *the following mechanism

n-pentylpiperidine +ammnonig

+H/ +p|pl\\ plp

pyrldlne‘—- piperi dme——>penfylam!m —R->penfone + ammonia
34, tH,

This'mechanism has been found to be similar to that obtained
by Sonnema:is et al. (15).

On the other hand the mechanism disagreed with that

postulated by McIlvried (14) who assumed the following

reaction scheme:

pyridine -+ piperidine + n-pentylamine -+ pentane + ammonia
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McIlvried did not analyze for individuals components of the
product but only for the nitrogen content in the product.
Aboul-Gheit et al.(6) who studied the hydrodenitro-
genation of pyridine in paraffin oil found that the reaction -
occurred in the following seqﬁeﬁce:
pyridine > piperidine + amylamine -+ pentane + ammonia
At lower temperatures alkyl piperidines were reported to be
formed in side reactions and.their yield increased with the
initial hydrogen pressure.
Another reaction scheme which has been suggested by
Satterfield et al. (13) included an equilibrium between

pyridine and piperidine. The following scheme was given:

pyridine4_i§2 piperidine +H2 pentylpiperidine—» ammonia +
a—
" +H
-H, . 2

pentane

The mechanism of reaction postulated in tyis study
was the best to fit the experimental data. n-Pentylpiperidine
which was the main intermediate product, was reported also
by Sonnemans (15). n-Pentylamine which has been found in
small amounts compared to n-pentylpiperidine was reported to
be the main intermediate by McIlvried (14) and 'Satterfield
et al. (13). Aboul-Gheit et al. (6) who reported that amylamine
was the intermediaie analyzed alkyl piperidines in the product
stream. Therefore, the reaction schemes postulated by
McIlvried (14), Aboul-Gheit (6) and Satterfield et al. (13)

could not be adopted. On the other hand a part of the reaction
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network derived by Sonnemans et al, (15) was found to fit the
experimental data of this study.

Hydrogenation of Pyridine

In the present investigation of hydrogenation of
pyridine, a first order with réspéct to pyridine and hydrogen
was found by varying the reaction time. The first order
was found éo indicate increased conversions of pyridine with
increase hydrogen/pyridine ratios. Similar observation
was reported by Sonnemans et al. (16) and McIlvried (14).

The apparent first order rate constant of pyridine
hydrogenation, calculated iﬁ_this study, was found inversely
proportional to the initial partial pressure of pyridine.
Similar results were also reporﬁed by Sonnemans et al. (16),
McIlvried (14), Cox (11) and Shrieber (24). |

Cox (6) found a first oraer kinetics in pyridine
to hold, and observed a decrease in the magnitude of the
first order rate constant with incrgased concentratidh of the
nitrogen in the feed.

McIlvried (14), who investigated the hydrogenation
of pyridine over a catalyst containing 2.25% nickel, 1.25%
cobalt, and 11% molybdenum supported on alumina, reported that
the firsf order in pyridine varied in such a way as to indicate
increased inhibition' with increased conversions. It was
concluded tﬁat only ammonia was strongly absorbed on the
hydrogenation sites. The apparent first-order reaction rate
constant decreased with increased nitrogen concentration in

the feed. The fact that the apparent rate constant decreased
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with increasing nitrogen concentration indicated that nitrogen'
compounds were equally strongly adsorbed on the catalyst and
suggested that Lingnuir-Hinshelwood kinetics could be used.
The general kinetics of the hydrogenation of pyridine inves;
tigated in the present study showed a good agreement with
those of McIlvried (14) and Sonnemans et al. (16).

fhe rate equation derived in this study was obtained

by the integral method. The experimental data was found to
fit the following rate equation:
dip (k. + k_ ®/|p,. ° (lp p |
__{dﬂl— i s/[fa]) [PY][sz
t

The rate expression for hydrogenation of pyridine derived by

McIlvried (14) was as follows:

- dIP l = 4.55 1 [P 2} [P ] x 1074
p L Ho | Pyl

dt (1 + R) (1 + 10.5) {p

|

The above rate equation was based on the moéél of equally

strong adsorption of reactants and products on the éétalyst

and Lagmuir type adsorption of pyridine and piperidine.
Sonnemans et al, (16) used the same assumptions to

derive a rate equation for pyridine hydrogenation. The

following rate equation was found to fit his data

‘f[fm] = fov Py [PHzm
g 0l

where m

1.0 at 250°C
m= 1.5 at 300-375°C
The mechanism postulated in this study is the most

probable. Further experiments are needed to substantiate a
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more definite mechanism.

The order of the hydrogenation of pyridine with
respect to pyridine and hydrogen observed in this study
seemed to égree with studies done on different types of
catalyst. The proposed rate eéuétion was qualitatively
similar to_those reported by other authors (14, 16).

The activation energy for the hydrogenation of
pyridine has not been reported in the literature. However
Sonnemans et al. (17) reported activation energies for hydro-
cracking, alkyl transfer. The‘activation enérgy for the
hydrogenation of pyridihe calculated in this study was
13.691 Kcal/gm mole. Sonnemans et al. (16) reported rate
constants for pyridine hYergenation as a function of tempe-

rature. Those values were used to calculate the activation

energy. The activation energy obtained from a log kov vs l/T

plot calculated was 22.445 Kcal/gm-mole.

Comparing the activation energy calculated in this
study to that calculated from Sonnemans et al. (16) shows

that a somewhat lower value was obtained.
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VII. SUMMARY, CONCLUSIONf AND RECOMMENDATIONS

The kinetics of the hydrodenitrogenation of

273

hydrogen pressure of 2.928 x 106<N/m2 and oﬁer a wide

i of temperature in an isothermal fixed bed reactor.
piperidine, n-pentylpiperidine, ammonia and pentane.
- decane were found in traces. Hydrodenitrogenation of
mechanism has been postulated.
Hydrogenation of pyridine to piperidine was
of initial partial pressure of pyridine.
over the catalyst was formulated as follows:

“ ey = ot Wy P [my] [2a)

dt

280°C.

pyridine over NiO-WO3-Al O, catalyst was studied under a

range

‘The products were formed in the following order:

Other

products such as, dipentylamine, n-pentylamine, pentene and

pyridine

involved an intermediate (n-pentylpiperidine). The inter-

mediate decomposed to pentane and ammonia. A possible reaction

found

to be a first order reaction with respect to both pyridine

and hydrogen, but the apparent rate constant was a function

The rate equation for the hydrogenation of pyridine

The constants ki and kS were calculated at 145, 195, 245 and

The activation energies and the frequency factor

were calculated at R = 40, 50, 60 and 90. The average values

were 13.691 Kcal/gm-mole and 5.987 x 10-2 gm-mole/gm~cat-hr-

N/m2 respectively.
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In order to understand the mechanism of the hydro-

denitrogenation over NiO—WO3—A1203 better, it is recommended

that;

1. Additional kinetic studies must be carried out on:
"piperidine, n—pentylpiperidine and n-pentylamine.

2. The adsorption behavior of the nitrogen bases and
hydrogen on alumina and the nickel containing
catalysts should be investigated and the effect
of each component of the catalyst on hydrodenitro-
genation of pyridine must be studied.

3. Kinetic studies on hydrodesulfurization of thiophene
on NiO-WO3—A1203 has to be carried out in order to
understand the activity of the catalyst in hydro-

desulfurization reaction.
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VIII. NOMENCLATURE

Catalyst surface area per unit mass mz/gm
Average surface area per particle,
Specific heat of gas, cal/gm-mole-°c

Average diffusivity of component A

Catalyst particle diameter, mm.

Activation energy, K cal/gm-mole.

Flow rate of feed, moles/hr.

Molal velocity of flow based on the total cross-
sectional area of the catalyst bed

Molal heat of reaction of component

Heat transfer coefficient of gas film.
Dimensionless Chilton~Colburn factor

Thermal conductivity of the gas

Rate constant for alkyl transfer of piperidine
Ratg constant of consecutive reactions from piperidine
Rate constant for disproportionation of péntylamine
Rate constant of denitrogenation

Mass transfer coefficient of gas film

Rate constant for hydrocracking of piperidine to
n-pentylamine

Reaction rate constant intercept in a plot KOV vs

1/E? o] 'y gm-mole
- 124 gm-cat—hr—N7ﬁ2

Observed rate constant for hydrogenation of

pyridine, gm-mole/hr
gm—cat-N/mZ
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Reaction rate constant slope in a plot of kOV vs

l/E? °J , gm mole
124 gm-cat-hr

Frequency factor.
Forward rate constant of hydrogenation of pyridine.

Backward rate constant of hydrogenation of pyridine.

Rate constant of hydrogenation of piperidine to

n-pentylamine.

Rate constant of alkyl transfer of piperidine to
pentylamine.

Average molecular weight of the gas reaction order
with respect to hydrogen in pyridine hydrogenation.
Reaction order with respect to n-pentylamine in
disproportionation reaction of pentylamine.
Overall reaction order of hydrogenation of pyridine
Overall reaction order of consecutive reaction
from piperidine

Partial pressure of component i .

Prandtl number.

Gas constant in cal/gm-mole - °K.

Mole ratio of hydrogen to pyridine.

Reaction rate, gm mole (N/mz)'
(gm~cat) (hr)

.ReynoldsAnumber.

Rate of heat transfer of heat of reaction per unit
mass of catalyst.
Rate of reaction or mass transfer of A per unit mass

of,qatalyst.
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Schmidt number .

Time -

Temperature -

Temperature of the gas - solid interface -

Weight of catalyst, gm.

Conversion of pyridine or formation of product

Mole fraction.

Greek Symbols

A Finite increment or change of property.

§ Change in moles per mole of reactant (or product).

H Viscosity.

m Total pressure.

o} Density .

¢ Shape factor, ratio of actual external surface area
available for mass and heat transfer to the total
external surface area. .

Subscripts

A Component A in the ambient stream .

A; Component in the gas-solid interface

Am Ammonia -

£ Properties of the average condition of the gas
film .

H2 ﬁydrogen.

mpa. n-pentylamine.’

pip Piperidine
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pP.pip n-pentylpiperidine

PY pyridine

Superscripts

m : Reaction order with respect to hydrogen in hydro-

; genation of pyridine

(e} . Initial condition
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X. APPENDIX

(A) Properties of the catalyst
Nickel—-tungsten—-alumina catalysts are important,.
because of their catalytic action in hydrodesulfurization,
hydrocracking, and hydrogenafioﬁ processes. (1)
_Kung and Hercules (2) have studied several cata-
lysts supplied by Harsaw Chemical Co. various treatments
such as reduction and sulfiding were carried out on the
catalysts as a function of time and temperature. X-ray
~photoelectron spectroscopy have been used (ESCA) to detect
the kind of species available on the surface of the catalyst.
When the catalyst was reduced at 500°C in hydrogen, tungsten
remained in the +6 oxidation state and waé not reduced even
after prolonged treatment. On the 6ther hand, nickel was
readily reduced to nickel metal. S
| The nickel/tungsten/alumina catalyst (Ni 4303) was
reduced in H2 at 450°C. The percéntage reduction for both
‘nickel and tungsten is plotted as a function of time in
Figure 4. ‘
Reduction experiments of the catalyst indicated
that nickel was present on the surface as NiAlzd4 and Ni203
while tunésten was present as W(+6) species. A surface inter-

action complex whiéh, probably formed during calcination, was

proposed as follows:

o 0
o} o] \\N//
\\w// OH OH 0/ \0
Now L
HO OH —_> _L___L -+ 2H20
c AL O )

205 Al 0, \
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The catalyst used in the present study (Ni 4303)
was obtained from Harsaw Chemical Co. This catalyst had
been prepared by impregnating nickel and tungsten onto a
Y—A1203 surfaces in the form of oxides. The composition
3 of the catalyst by weight was 6% of Ni and 19% of W.

. Before using this catalyst, it was reduced for

48 hrs at 450°C with a hydrogen flow rate 60 cm3/min.

(B) External Diffusion (Drop in Partial Pressure)

The data for this estimation of the external
diffusion are obtained from Run No. 142. The conditions

which apply to this evaluation are:

Temp. = 280°C
W/F = 3.77 gm cat—hr/gm—ﬁole
R = 50

¢ = shape factor or sphericity

0.9 for irregular granules

(D]
]

molal mass velocity of feed based on the total cross

section of the catalyst bed in moles/hr—cm2

]

2.4084 moles , = 1.9012 moles/hr-cm?
T 7T (1/2 % 2.54)
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W = 9.08849 gms

surface area of the catalyst particle per unit mass

'

- of the catalyst

p 3.5 m2/gm

35000 cmz/gm

(Fj) in = flow rate of component j in the feed

(Fj) out = flow rate of component j in the product

(Yj) in = mole fraction of component j in the feed

(Yj) out = mole fraction of component j in the product

Yj = mole fraction of component j at the interface o
(Yj) in ; (Yj) out

Tmij = molal reaction rate of component j per unit mass of

the catalyst

Rj = dimentionless terms of component j
= rmj
m ¢ Gm
= Imj

(35000)(0.9(1.9012)

for example

my = molal reaction rate of products per unit mass of the

catalyst

0.88 x 2.4084 moles/hr
9.08849 gm

0.223 moles/gm-hr

6

o
]

P 0.233 = 3,89 x 10
Y 1350000 (0.9)%(1.9012)

Y. =1+ 0.12 = 0.56
b T
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= 3.89 x 10°°% = 6.947 x 1070

T 0.56
3

The value of AP P is obtained from AP./P. versus R./Y,
e value of AP /Py /%5 /%5
plot given in Figure 2 by Yoshida et al (28). Since the
value is less than 0.001, the external diffusion effects

are neglected.

(C) Temperature Drop from Catalyst Particle to Ambient

Gas Stream

From Appendix (B)

r = 0.88 x 2.4084 = 0.223 moles /gm-hr.
mE 3.08849

¢ = 0.9

Gm = 1.9012 moles/hr-cm2

a = 35000 cmz/gm

AHf of products

= AH.C. + AHg NH, - (AH. py)

£5 £
= - [(41.36) + (11.04)] - 23.95
AHf = -76.35 K cal/mole
50
= I(C )i Y,
Cp i=l( p)l i

(0.22 x 19.06 + 0.292 x 28.73 + 0.487 x 8.24)

16.59 cal/gm-mole °C

Qf = Tmf (AH)
an ¢.Cme
Qe = 0.223 x 76350

16.59 x 35000 x 0.9 x 1.9012

0.0171
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Since from Figures 3 and 4 of Yoshida et al (28) at
Qf = 0.0171 AT is less than 0.1°C, the catalyst surface
temperature effect can be neglected.

(D) Internal Diffusion

Effect of catalyst particle diameter and of changing

feed velocity is shown in Table D-1.

Table D-1

Temp. = 245°C, R = 40, W/F = 5.75 gm-cat-hr/gm-mole

Particle F_ x10% Weight of catalyst Conversion
Size pye gm: X
mole/min '
20/40 mesh 6.419 9.08849 0.71
20/40 mesh 3.893 5.51130 0.708
60/80 mesh 6.419 9.08849 ‘ 0.715
(E) Sample Calculations and Material Balance

The following is a sample calculation of each of
the kinetic parameters of hydrodenitrogenation of p}ridine.

The data shown in Table (1-4) is the normalized
mole fractions calculated from the area under the peak.
The calibration curves of moles of component against area
under the peak are straight lines. The slopes of these
calibration lines were used to calculate the number of moles
from the area under the peak. A computer program was used
to do the calculation of the normalized mole fractions.

Experimental data below is taken from Run No. 15

Total pressure = 2.928 x lO6 N/m2
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pro = 30.95 c.c/min = 0.0828 moles/hr
FHZO = 900 c.c/min = 2.4 moles/hr
P = P total x X__ = 0.09760 x 10® N/m2

pYo pY
H,° P total x XH2

o
il

n

2.830 x 10° N/m?
Weight of Catalyst = 9.08849.gm
Temperature = 260°C

(<)

Mole ratio R = |Hy

= 2.4 = 29.

- 0.0828

Py
W/F = 9.08849 = 3.6 gm-cat-hr

(2.41 + 0.0828) gm-mole

Component Area Slope No. of moles ¢N moles
pyridine 11.16 0.004 0.04464 0.54
piperidine 3.81 0.003904 0.01487 0.18
n-pentyl piperidine 4.96 0.004 . 0.01984 0.24
ammonia 0.33 0.00988 0.00326 0.04

Carbon balance based on 1 hour.

Atoms of carbon in = 5 (0.08289)

0.41445 atoms.
Atoms of carbon out = 5 [9.04464 + 0.01487 + 2 (0.01984ﬂ
= 0.4959

% error = 0.41445 - 0.4959 x 100
0.41445

19%

Nitrogen balance based on 1 hr.

Atoms of nitrogen in = 0.08289 = 0.08289 atoms

Atoms of nitrogen out = 0.04464 + 0.01487 + 0.01984 + 0.00326
= 0.08261 atoms

% error = 0.08289 - 0.08261 x 100 = 0.33%
0.08289
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Figure 24 A typical analysis of produgs .
1- Ammonia

2- Piperidine

3- Pyridine

4 - N- Pentyl piperidine

i

1
e ms e e e e sy o e

i e —

A R —

P — e ————
e e —

- R

. . g [ A
SRR S DN TR
RS Sl s s

i
’. L} '
RN SR (RSN S SR AU ST A L e
e : i
— - e syt N
t —_—
—

L NO. WS32 NO. ws32




- 89 -

Experimental Data

The effects of temperature on product distribution

at W/F = 3.6 gm cat - hr/gm-mole, in the temperature range

of 120-380°C, at hydrogen/pyridine molar ratios of 29, 40,
60 and 80.
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F-2 The effect of hydrogen/pyridine molar ratio on
conversion of pyridine and formation of piperidine, n-pentyl
piperidine, pentane and ammonia at W/F = 3.6 gm-~cat-hr/gm-

mole.
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TABLE 5. The Effect of Mole Ratio on Conversion of Pyridine-

W/F = 3.6 gm-cat-hr/gm-mole

Temperature Mole Ratio Conversidnz
T ecC . R X
140 29 0.03
140- 40 0.04
140 60 0.075
140 80 0.125
160 29 0.05
160 - 40 0.08
160 60 0.135
160 : 80 0.19
180 29 0.09 N
180 40 0.14
180 60 ) 0.225
180 80 0.325
220 29 0.15
220 40 0.27
220 60 0.44

220 80 0.63




TABLE 6. The Effect of Mole Ratio on Conversion to
Piperidine
W/F = 3.6 gm-cat-hr/gm-mole

Temperature Mole‘Ratio Conversion -
°C R X
140 29 0.025
140° 40 0.04
140 60 0.08
140 80 0.125
160 29 0.05
160 40 0.08
160 60 0.135
160 80 0.185
180 29 0.09
180 40 0.14
180 60 0.2
180 80 0.295
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TABLE 7. The Effect of Mole Ratio on Conversion to
N-pentylpiperidine

W/F = 3.6 gm-cat-hr/gm-mole

Temperature Mole Ratio Conversion °
°C 'R X
200 - 29 0.015
200 40 0.06
200 60 0.09
200 80 0.15
220 29 0.02
220 40 0.14
220 60 0.4
220 80 0.625
240 29 0.08
240 40 _ 0.26
240 60. 0.495
240 ' 80 0.75
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TABLE 8. The Effect of Mole Ratio on Conversion to Ammonia .

W/F = 3.6 gm-cat-~hr/gm-mole

Temperature Mole Ratio Conversion

T oC 'R X
260 29 0.04
260 40 0.09
260 60 0.105
260 80 0.155
280 29 0.1
280 40 0.14
280 60 0.25
280 80 0.35
300 29 0.18
300 40 0.22
300 60 0.37
300 ) 80 - 0.455
320 29 0.33
320 : 40 0.4
320 60 0.48

320 80 0.545
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TABLE 9. The Effect of Mole Ratio on Conversion to Pentane

W/F = 3.6 gm-cat-hr/gm-mole

Temperature Mole Ratio Conversion

e ‘R X
280 29 0.02
280 - 40 0.06
280 60 0.145
280 80 0.215
300 29 0.1
300 40 0.145
300 60 0.27
300 80 0.33
320 29 0.2
320 40 0.24
320 60 : . 0.33
320 80 - 0.425




- 104 -

F-3 The effect of residence time on conversion of
pyridine at temperatures 145, 195, 245 and 280°C and

hydrogen/pyridine molar ratios = 40, 50, 60, 90.
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F-4 Calculation of integrated rate expression as a

function of residence time at temperatures of 145, 195,

245 and 280°C and hydrogen/pyridine molar ratios of 40, 50,
60 and 90.
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F-5 Calculation of the overall rate constant at temp-
erature of 145, 195, 245 and 280°C and hydrogen/pyridine

molar ratios of 40, 50, 60 and 90.

(XL
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Calculation of activation energy and frequency

factor at temperatures of 145, 195,

245 and 280°cC,
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TABLE 19. Calculation of Activation Energy and Frequency
Constant
. -3 -8
Mole Ratio T 1/T7 x 10 k x 10 ~log k
R o o 1 ov ov
K K gm-mole/hr2
gm-cat N/m
40 418 2.3914 0.27436 19.714
i 40 468 2.1367 1.906 17.775
40 518 1.9305 7.9401 16.348
40 553 1.8083 16.049 15.645
50 . 418 2.3914 0.3522 19.464
50 468 2.1367 2.4243 17.535
50 518 1.9305 8.7198 16.255
50 553 1.8083 19.65196 15.442
60 418 2.3914 0.4016 19.332
60 468 2.1367 _ 2.6856 17.432
60 518 1.9305 9.4246 16.177
60 553 - 1.8083 24.591 15.218
90 - 418 - 2.3914 0.50542 K 19.103
90 468 2.1367 3.1993 17.257
90 518 1.9305 11.4553 15.982
90 553 1.8083 28.215 15.08
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"Summary of Results
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TABLE 20. Summary of Constants in the Rate Constant
Expression
kOV = ks/[PPYO:l + ki
‘"SUMMARY
Temp. + k, x gm-mole/hr k; x 1078 gm-mole/hr,
: -g9m-catalyst gm-cat N/m
x 10
145 1.61788 0.033744
195 7.60346 0.957626
245 22.4762 4.74839
280 74.7421 6.45224
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TABLE 21. Summary Activation Energy and Frequency Factor
kOV = ko exp. (—Ea/RT)
Mole Ratio Ea k, X 1072
R K cal/mole gm-mole X
gm-cat~hr N/m
40 13.9009 5.7714
50 13.576 4.863
60 13.763 6.9
90 13.517 6.415

Average Ea

Average ko

13.691 K cal/

5.987 x 10”2

gm-cat-hr N/m

gm-mole

gm-mole 2




