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Abstract:

The destructive catalytic hydrogenation of some twenty-nine heterocyclic nitrogen compounds has
been studied. The main aim of this study was to gather and evaluate kinetic data on the destructive
catalytic hydrogenation of these compounds and to reach any conclusions governing their rates of
hydrogenation.

The study was carried out on a bench scale, continuous, tubular flow reactor that was capable of
handling feeds up to 500 ml/hour. The operating conditions chosen for this comparison study were:
temperature 700°F, pressure 250 psig, hydrogen flow rate 7500 and 1000 SCF/bbl, space velocity 0.50
to 20.0 ml/ml/hour, and initial nitrogen concentration 0.3 Wt.% N. For the later study of the effect of
initial concentration on the conversion for four of the above compounds, initial concentrations of 1.0
and 2.5 Wt.% N were chosen.

All calculations were based on the overall nitrogen concentration.

The destructive catalytic hydrogenation of most of the five member ring compounds investigated
proved to be of second order, while that of most of the twenty-two six member ring compounds proved
to be of first order under the above operating conditions.

It was noted that unsaturated nitrogen heterocyclics had higher reaction rate constants than did
saturated nitrogen heterocyclics. This implies that the saturated compounds are easier to destructively
hydrogenate than unsaturated ones. The reaction rate constants for groups of pyridine isomers were
found to correlate linearly with their normal boiling points. No generalizations concerning the reaction
rates of the other compounds studied could be found.

Linear and quadratic models were postulated for the regression of the percentage conversion on the
process variables, initial nitrogen concentration and space velocity for the four compounds; pyrrole,
pyrrolidine, pyridine and 2,6-lutidine. The linear model was found to be a fair estimate in all four cases,
the average multiple correlation coefficient being O.85. The quadratic model was found to be a better
estimate than the linear model in all cases, multiple correlation coefficients for this model being in the
neighborhood of 0.97.
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ABSTRACT

The destructive catalytic hydrogenaticn of some twenty-nine hetero-
" cyclic nitrogen compounds has been studied, The main aim of this study
was to gather and evaluate kinetic data on the destructive catalytic
hydrogenation of these -compounds and to teach any conclu51ons governing
their.rates of hydrogenation.

.The study was carried out on a bench scale, continuous, tubular flow
reactor that was capable of handling feeds up to 500 ml/hour. The opera-
ting conditions chosen for this comparison study were: temperature 700°F,
pressure 250 psig, hydrogen flow rate 7500 and 1000 SCF/bbl, space
velocity 0.50 to 20.0 ml/ml/hour, and initial nitrogen concentration 0.3
Wt.% N.- For the later study.of the effect of initial concentration on
the conversion for four of the above compounds, initial concentrations of
1.0.and 2.5 Wt.% N were chosen.

All calculations were based on the .overall nitrogen concentration.
The destructive catalytic hydrogenation of most of the five member ring
compounds investigated proved to be of second order, while that of most
of the twenty-two six member ring compounds proved to be of first order
under the above operating conditions.

It was noted that unsaturated nitrogen heterocyclics had higher re-
action rate constants than did saturated nitrogen heterocyclics. This
implies that the saturated. compounds are easier to destructively hydro-
genate than unsaturated ones. The reaction rate constants for groups of
pyridine isomers were found to correlate linearly with their normal boil-
ing points. No generallzations concerning the reaction rates of the
other compounds studied could be found.

Linear and quadratic models were postulated for the regression of
the percentage conversion on the process variables, initial nitrogen con-
centration and space velocity for the. four compounds; pyrrole, pyrrolidine,
pyridine and 2,6-lutidine. .The linear model was found to be a fair esti-
‘mate in all four cases, the average multiple correlation coefficient
being 0.85. The quadratic model was found to be a better estimate.than
the linear model in all cases, multiple correlation coefficients for this
model being in the neighborhood of 0.97.
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I "INTRODUCTION

At this time, the 01l reserves of Ehe Unlted States and the world
in general,-are increasing with fthe increasing demand for oil. 1In fact;
at present the supply of oil available in the United.States exceeds- the
demand- for it. However, withﬂincreasing aemands from the pefrochemical
‘ industry and other users of oil, a time may arrive in the foreseeable
future when the démand for oil may exceed.its supply. ﬁof this eventu-

ality, petroleum refiners are seeking alternative sources of oil.

In 1944, the United~State§ Coﬁgpess passed the Synthetic Fuels Act
which authorized research and development of new.sburces of oil. Tﬁe main
sources of petroleum substitute% in the United States are the vast beds
of oil shale in Wyoming and Colorado, -and liquid and gaseous products.from'
coal hydrogenation (7). There are also large deposits 6f tar .sands in

- Alberta, Canada which are also being developed in a move .to solve the

problem of insufficlent oll in the future.

These séurces, however, have the disadvantége of containing sub-
stantial quantities of nitrogen,.oxygen and sulfur compounds in addition
to the hydrocarbon compounds:. Nitrogen, oxygen and sulfur compounds are
undesirable in petroleum -stocks as they cause catalyst deactivétion, gum
formation and color instability. (1Y) They are also noted for their
unpleasant odor, . | |

Thus , it appears that methods must be found to rid the stocks of

these 'undesirable! compounds. Among the better methods avallable to
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refiners is destructive-catalytié hydrogenation. This involves passing
the oil stock together wilth hydrogen over a sultable catalyst dt high

temperatures and pressures. The hydrogen reaéts with the nitrogen com-

pound, say, to give a hydrocarbon and-ammoniza,

It must be noted here that not all nitrogen compounds.are undesir-
ables. Some of them are used in the pldstics and resins industries.
.These compounds.are usuaily obtained from .coal tar distillates. If a
selective hydfogeﬁation process.were.de#elopedg‘a,new route -to these com~

pounds may be .opened.

The reactlons involved in hydrogenating a complex mixture .of nitrogen
compounds that are contained in an oil stock are numerous and complex -and
thus extensive research must be undertaken in order to gain information

on them.

Research involving shale oil fractions has been carried.out at Montana
State -College since 1954 (13, 16). .The literature (9).states that the
majority of the nitrogen compounds found.in shale oil and .coal hydrogenate
-are homologs and derivatives of the .following heterocyclic nitrogen com-
pounds ¢ quinoliné,,pyridine, and pyrrole. -The.destructive catalytic
hydrégenation of quinoline has been studied extengively.by-Ryffel (16),
and that of'pyfidine and pyrrole more recently. by Schreiber (17). .To add
to this previous work, 1t was proposed to.study the destructive catalytic

hydrogenation of some of the .derivatives of these compounds and to deter-

-mine whether conclusions could be drawn regarding the ease or.difficulty
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.of - denitrogenation of these derivatives.

The information in this thesis is oﬁtained from a study-as outlined
above. Due to thé pure .compounds and artifiéiél,feed.stocks-that'weré
employed,‘the information in this thesis is.of a fundaﬁeﬁtal.rather than
of a pracﬁicai.nature.’ It.is felt, however, that some light has been
shed on, the. hydrogenation. of feeds -containing heterocyclic: ¢ompounds and
it is hoped that some of the-data obtained .will be utilized in the further
<invéstigation of "the desfrﬁctive.catalytiq hydrogenatién of naturallﬁ

occurring feed stocks.
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II RESEARCH OBJECTIVES

The -aim of this research was to gather and evaluate data .on the
destructive catalytic hydrogenation of different types of heterocyclic

nitrogen compounds.

- The main purpose of this study was to obtain kinetic data .so as.to
compare the rates of denitrogenation of these compounds, and to determine

the order.of reaction for reactions of different classes of these conpounds.

- We were also interested in .obtaining empirical equations~relating
the percentage conversion to the variables,.initial .nitrogen feed con-
centration and space velocity, .for four compounds that were representative

of four different classes of the compounds.

The above objectives of this study were met insofar as time and
_equipment allowed. .It is hoped that the results obtained in this funda-
mental study will be of.use in the general problem of removing undesir-

able nitrogen compounds from feed stocks containing them.
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I1T EXPERIMENTAL CONSIDERATIONS

A Introduction

Selection.of Feedstock: The literature has reported that nitrogén
in naturally occurring stocks 1s present primarily-as homologs and

.derivatives of quinoline, pyridine,-and pyrrole (1,-2,.9,.19).

Extensive studies on quinoline have already been carried out at
Montana State Cellege by Ryffel (16),.and on pyridine and pyrrole by

Schreiber (17).

It was therefore decided to.obtain as many as possible of ‘the
available derivatives of the above compounds for this study. -In ally

f29 such-combounds were obtained. They are listed in Table I.

-In oraervﬁo prepare a feedstock that contained the desired. amount
of nitrogen_as.heterocyclicsz.it'was necessary to choogse a carrier that
in barrel lot; was réasonably priced and.of sufficient purity. The
carrier would also have to blend.readily with .the heterocyc;ic,nitrpgen
compounds chosen for. the study, and,not affect the hydrogenation reaction

in any way.

'Some of the carriers used in the -studies mentioned above included:
: Peneteck (a-mineral o0il) ,. toluene;, methycyclohexane, normel heptane and
cumene. -Due fo the .excellent results,obtéined,by Schreiber (17) with
toluene as a -carrier, -and its excellent solubility properties with the

heterocyclie compounds under study,. toluene was selected as the earrier
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liquid for this work.

Toluene is an aromatic liguid with a molecular weight .of.92.13
and -a boiling point at 760mm of 110.63°C (8). It proved to.be miscible
with all the liquid heterocyclic nitrogen compounds and it dissolved -all

the -solid heterocyclics with the one exception of carbazole.

Process Conditions: The process conditions for this study were

-chosen from the previous knowledge galned.at Montana State College -of

hydrogenation processes.

The initial nitrogen~concentration in the feedstocks was chbsen at
0.3 welght percent nitrogen for two.main reasons. F_'i_rst9= the.nifrogen
concentration in naturally occurring feedsfocks to refining units is in
the neighborhood.of 0.3 weight percent nitrogen (2). B8econd, higher
initial nitrogen concentrations would have necessitated an excessive
amount of the pure nitrogen compound”that‘made up the feed. .In some
cases this amount was limited due te the high purchase price of the .

nitrogen heterocyclic.compound.

Space velocities were selected principally on the basis -of per-
.centage conyersion,.desirable conversions being in the .10-90 percent

range.

The following process conditions were. chosen at first:
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Pressure: :Constant at 250 psig.
:Temperature: . Constant at TOO°F (371°C)
Hydrogen Flow Rate: 7500 SCF/bbl .feed. ‘

. Initial Nitrogen

. Concentration: 0.3"Wt. percent.
. Space Velocities: 0.5 to 20ml/ml/hour.
. Catalyst: .Peter Spence Cobalt Molybdate

!

1/8" x 1/8", 6 to.120 ml.

At a later .stage ;n the project, the hydrogen flow.rate. was.ad-
justed from 7500 SCF/bbl feed to,lOQO'SCF/bbl feed in order to conserve
hydrogen for economid_reasons, - The rate .of 7500 SCF/bbl -had previously
been used to .ensure excess hjdrogen s0 .that the hydrogenation reaction
would be essentially independent of hydrogen cqncentration. An experi-
mental run done on the same feedstock at these two rates, holding_all
other conditions constant, .showed no significant différence in nitrogen
.conversion. .It was therefore decided to carry oﬁt the remainder of the
study . under the same conditions but with the reduced hydrogen.rate of
1000 SCF/bbl. Note that even at fhis relatively low hydrogenlrate,_the
amount of hydrogeq is still stoichiometrically adequate by several

hundred percent.

B. Materials
.Feedstock: The carrier 1liquid used was Phillips Petroleum Company
technical grade toluene. The toluene came .in 5-gallon drums and was

labeled as 99 mol percent purity.

.The feedstocks were prepared by mixing the correct -amount.of the

pure nitrogen compound with.the toluene to obtain the desired concentra-
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.tion of nitrogen. Approximately two liters of feedstock were prepared

in this manner for each run.

The heterocyclic nitrogen compounds used in this study came from
various sources. They are listed together with their main properties iﬁ
Table I. Briefly, the following main classes of heterocyclics were

obtained:

:Class 1: :Five Member Ring - Unsaturated
Class 2: :Five Member Ring - Saturated
Class 3: Six Member Ring - Unsaturated
-Class 4: . Six Member Ring - Saturated
Class 5

: . Compounds with more than a single ring.

Examples of the classes are as follows:

:Class 1: Pyrrole,
Class 2: Pyrrolidine
Class 3: .Pyridine
Class 4: Piperidine
Class 5: :Indole

Twenty-nine compounds in all were obtained; the majority of the -

-cbmpouhds.are in Class 3, being -derivatives of pyridine.

.Catalyst and Catalyst Supports: Previous hydrodesulfurization and

hydrodenitrogenation work conducted at ‘Montana State College (5,.12), the .
Engineering Experiment Station (13),.and reported in the literature (3)

have shown that a cobalt-molybdenum .0xide catalyst is effective in hydro-

genation processes.

The .catalyst used in.this study was Peter Spence extruded catalyst,

:Type RD 3718, 1/8-inch by 1/8-inch, and consisted of 2.5% cobalt oxide
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and 14% molybdenum oxide on an alumina carrier.
- The catalyst bed .was supported in the .reactor, both. on top. and
below by 1/8-in. .and 1/4-in.. alundum pellets that were obtained from the

Norton Company. -The catalyst and 1/8-in. pellets of alundum were diluted

—~
It

to occupy a wvolume of about 100 ml in the center of the reactor. This

constituted the ‘'catalyst zone'! of the reactor.

Hydrogen Treat-Gas: The hydrogen treat gas was supplied in high

pressure cylinders .by HR Oxygen and Supply, Billings, Montana. .The
hydrogen gas was used as supplied .in order to more closely simulate

industrial conditions.

C. Eduipment

.Plow Diagram: A schematic flow.diagram of the .catalytic hydro-

genation unit is shown in Figure 1. The reactor is 6perated as a fixed
bed, continuous, tubular reactor. The feedstock .is pumped to the top

of the reactor where it enters with the hydrogen. The feed and hydrogen -
then pass down through the preeheat,.catalyst,-and.afterzheaﬁ zones of

the reactor. The.reactio; mixture is in the gas phase as it passes  through
the catalyst zone of the reactor. .The vapors after reaction are condensed
first in a counter-current water condenser under pressure. L After passing
through the reactor back-pressure regulator, the gaseous and liquid
products are passed through another watgr'condenser and finally through

a cooling coll immersed in an ice bath to ensure complete .liquid product

recovery. -The liquld product is collected in a flask while the gases are

water~scrubbed before being vented to the atmosphere.
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-Equipment Spegifications: The reactor was made from l-in.-O0D seam-

less, schedule 80 stainless steel pipe 30 inches long. - The bottom of the
reactor was welded to a flanged union to permit easy access to,thé inside
.0f the reactdér. The top of the reactor was also welded to a fianged
union. Thig.was,.in turn, permanently joined to a high pressgre Cross
containing a 1500 psig rupture -disc in one of its side arms. Tﬁis_rupture
disc was Inserted as a safety.device., A thermowell entered'the.reactor
through the top of the cross, and the feed and hydrogen mixture .through

the .other side arm of the cross.

The.reactof was wrapped with five ceramic-beaded nichrome heating
coils. The heating coils were covered with approximately one inch of
magnesia insulation. - The heating coils were cdnnected.fo a .110-volt
constant voltage supply, and. individual Variacs were used to regulate

the current supply to the -coils.

A thermowell extended douwn through the center of the reactof to
within one inch of the bottom flange. A 3/16—in. 0D stainlesé steel tubey
sealed at the bottom end, was used for .the thermowell. Four iron-con-

: stan;an thermocouples were inserted at regularly spaced positions inside
the thermowell for measuring‘the temperature at variogs locations-thréugh
the reactor. The thermocouples were connected to a Leeds and Northrup
indicating potentiometer which read.directly in degrees. The -diagram
giving the cut-away view.of the reactor -and showing the locations. of the

thermocouples , heating coils, and.catalyst zone is Figure 2.
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Accessory equlpment was used as follows: A Hills-McCanna high
pressﬁre proportioning pump with a 1/4-in..piston; .a Brooks armored high
pressure rotameter with a 3/32-in..stainless steel ball;.a Grove (Mity-
Mite) back pressure regulator;.a 1000 ml glass feed reservoir attached
to-a 50 ﬁl burrette side arm; three Marshalltown pressure gages; and a
Matheson hydrogen gas regulator. The tubing ﬁsed.on the unit was type
304 stainless steel, 1/8-in..0D tubing. Various Hoke valves were used

where fequired on the unit.

D. Operating Procedures

Feed Stock Preparation: The feedstock was usually prepared the

night before the run was to be.made, the amount prepared being -approxi-
mately two .1iters. -The method of preparation was simply to.add the re-
quired amount of the heterocyclic nitrogen compound to a.given welght of

toluene to produce .the .desired.concentration.

Reactor Preparation: Before each run, the reactor, condenser,-and

back pressure regulator were washed with a suitable solwent. - The. main
solvent being used.for this purpese was acetone., After the reactor-was.
dried of acetone, .it was inverted on a special stand and filled with
1/4-in. .alundum pellets to & .desired level. . This constituted.the pre-
heat section. -The diluted new cptalyst (diluted to a volume of lOOUmi
when necessary) waslthen added. -The.reacfor was then filled to jus®t
below the flange With”more 1/4-in.. catalyst support. After tapping

the reactor lightly to ensure proper settling of the catalyst and sup-

ports, -4 stainless steel screen followed by -a stainless steel ring were
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inserted in the bottom of .the reactor,to keep the charge in place. The
reactor was then coupled into its position in the system, -The feed lines,
thermocouple leads and.Variac cords. were then hooked. onto the unit. . It
was then pressurized and_tested_for leaks. -If no:leaks were found,. the

Anit was ready.for a run.

. Operation: The reactor was pressurized.and left to heat overnight
in @ hydrogen atmosphere in preparation fdor a. run, -To-sﬁapt the run,. the
feed pump was started and set at the desired pumping flow rate. The
hydrogen flow rate was metered.on the rotameter. and adjusted by . means of
.8 needle valve. -The heater Variacs were then set at readings that gave
the desired temperature through the reactor. Temperature control was
manual. -Temperatures were checked and logged every half hour and adjust-
.ments made -to the corresponding Variacs when necessary. The reacted
liquid product was collected after being cooled in an ice bath. The pur-

pose .of this ice bath was to condense compietely all liquid preoduct.

' : Sampling: 'Samples;were taken three to six hours. after.constant pro-
cess condltions, especially operating temperature, had been reached. This
-time period was to allow the unit te . .!line out! in order %o ensure.con-
-stantﬂconversionu A sample of about 60 .ml was takenuin.a clean 500 ml
flask. -This-sample-was repeated by.another‘sample.at approximately one
hour later. .Both samples were analyzed and the conversions compared to

See whether tline out! conditions were met.
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E. .Analytical Procedure:

The total nitrogen content in the feed stock and in the sémpies was
determined.aslweighf percent nitrogen by the standard-Kjeldahl_method (11).
,Eéch.determination was run in duplicate and the results were averaged.
. The percentage conversion was then Qa;cﬁlated using these results and

the feed.stock concentration. -
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IV METHODS OF DATA ANALYSIS

A, Empirical Rate Equation:

. The rate of a chemical .reaction may be expressed quantitatively as
the mass or moles of a product produced, or a reactant consumed{ éer unit
time (6, 18). The rate of reaction can also be termed the velocity or
speed.of a specific reaction. Since the mass or moles of product - -or re-
actant are usua;ly expressed as a concentration, the rate of reaction is

dependent on the .change of concentration with. time. . ,

If the rate is based on the change of concentration C of the reactant

with time t, the rate of reaction r can be written as:

r.= -4C ‘ m e e (1
df
The law of mass éction states that the reaction rate of a chemical

reaction r is proportional to the'products of the -'ac¢tive masses' of the
reactants involved. Since the activity. of aLsubsténce in a mixture is
fredquently difficult -to obtain, .concentrations ére usually used to replace
the active mass terms. .For example,. in the reaction:

AA + B— R + S

the rate may.be expressed as:

-4 . ab
- - c
S E A S

dt

where r is the rate,-CA and CB are the concentrations of the reactants A

and.B respectively, and a, b, k.are constants.
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© The constant k in the above equation is termed the 'specific.reaction
rate constant! or more simply, .the 'rate,consténtl. -In general, the rate
constant 1s constant only for a fixed set of operating conditions. .The
units of the rate constant depend upon the -concentration units involved
and ‘the order o? the reaction. The order of the reaction is defined as

the sum of the exponents a and b, The order of a reaction may commonly

have values from O to 3 including fractional values.

The rate equation derived above 1is strictly true only for homogenous
systems. However,, it has been found that data for heterogenous systems
can also be correlated quite well in many .cases. - This is particularly

.true especially if one of the reactants is present in a large excess.

For a heterogenous -catalytic reaction, the rate equationimay;be

expressed as:
ab
r.= =aCy = .klchp‘ et B ()

B
dt

-assuming constant tempergture and pressure, where:

k, is the rate constant
CA‘and.CB are the concentrations .of A and B
7 is.the t!catalyst factor!
This equation would hold good.for a reaction of the type:
‘Heterocyclic Nitrogen Compound. (A).+ Hydrogeﬁ (B) ———
H&drocarbons + Ammonia
If a large concentration of hydrogen is used, the changé in its -concen-

tration is smgll, and therefore its concentration is assumed to.remain

-
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constant.

.For a particular catalyst, the factor Z may also be taken as a con-
stant and can be combined with the factor .k, to form a new rate .constant
ks, Since the products of reaction are analyzed for nitrogen,- and the
feedstock is based.on nitrogen concentration, it is advisablehto base our
- reaction on the concentration of nitrogen rather than on a particular

nitrogen compound. .This changes our eguation to .the new form:

- n '
r o= Aoy - kaC CE——— 1

dt

-‘Since the amount of nitrogen remaining in the product.is_determined,
we can rewrite the rate equation in terms of the'initial-concentration‘Cb,‘

-and the amount éonverted,.x:

ro= oo x(0,mx)" S (5

dt
. As the actual reaction time is virtually impossible to detérmine,
we use an empirical time relation -- the space Gelocity kSV)° ~Thé space
velocity ié defined as the ratio:volume.feed pef.hour po fqlume cataiyst.
As such, it has the dimensions of reciprocal time. -Rearrénging equation

(5), we obtain:

The -order of the reaction is then equal to the exponent,.n, in

equation (6). -For the qase-of a first order reaction where n = 1l:
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X
dx = ey . (7
0 (Co-x) 5
This integrates to:
C )
(.2 ) = oxr R —— -(8
CO—X ) SV.

" A plot of 1n(C,/Cy-x) against 1/SV would then yield a straight line.with a

slope k! and an intercept of zero.

For a reaction order of 2,.the following should be plotted -and thé
results examined to detefmine whether .the data fits a stfaight line:
_Plot 1/(C,-x) against 1/SV, the intercept

will be 1/C,.

-The_commonlmethéd_of determining the -value of n.is to assume,d;fferent

Qrders.éf reaction until one is found that fits the data well.

-B. Regressdion Analysis_zg Determine.Fit_g{_ProposedﬂBeaction Order

The expefimental data for most of the compounds‘run.consisted_of' -
three pairs of .observations. The following mathematical model. was applied
to the -data and an analysis ;of variance table was constructed for .each set

of runs.

- Mathematical Model:: General Case;
Yij = ,in + Eij . i=1,2, ..., K
€

1j are NID (0,0~ %) jo=1,2; ..., N-




For the five member.ring,compounds:
Yy = (1/(cy=x) -.1/co>ij and Xy = (1/8.V.),
_For. the six member ring compounds :
¥y = (I Co/(Cg=)) ;5 and Xy = (1/5.7.),

The maximum likelihood,estimator of & is: |

K K .
}Z RSN 1 E::'?i 251
p =& I=1 - _i=1
T=1 1=

_Where

"Variance of b"-

The appropriate analysis of variance basdd.on the following partition .of .

: K N s
the 'total! sum of squares: ZE:_ z:: Yi.
R =1 gz
. X N N S R S . \
Partition: ;_:l % YTi5 = M ; X _+.N‘i; (Y, -bX;)" .+

K N _
> Z'(Yij'—Y_i)" =

S.5.R. +S8.8.D.R. + S8.8.E.
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where

K
. b 2
S.S.R. .= Nb2 Z X;

ij -~

.F, calculated -= ,ﬁﬁﬁyi_

sse
and -we compare this ratio with F

Should F -calculated exoeed.Fo< (k

-To test the hypothesis of linearity we .compute the F ratio:

o« (K-, K(N-1))

i
i=1
K
S.S.D.R.. = X T, - bX,)C
»SeDeRe = o Z ¥y - PXy)
i=1
K N
S.8.E E ‘ 9"
oD . s = (Yij - Yi)
i=1 J=1
Analysis of Variance:
: Source. of Variation Sum of ‘Degrees of Mean Expected
Squares Freedom Square Mean :Square
Regression S.S.R. 1 | S8 r - +N/? f;l Xi
Deviations from S.85.D.R. K-1 s sd o;jE
Regression
Error S.S.E. . K(N-1) s.s e 5
2
Y. .
Total . Z L :LJ [ - e

-l,-K(NAId)’Vwe reject the hypothesis that

the experimental data fit a.line passing through the origin as derived. from

simple kinetic theory.
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-'ConfidenceJIntervai Estimates for the Regression Coefficients:.

Should we accept the hypothesis that the linear model,fits,theAdata,
we are 1In a poéition to place éonﬁidence intervals on.our regression co-
efficient, b, ,the slope . of the regression line that is interpreted-as
the reaction rate constant.

-Ly and Lp are defined as:

I—!l' b +:t

oL (k1))

L2:= b - t0< (K(N-»l)) . sb

where
2
. K . >
N) X
J=1
.and.
82E .= 8 5.6

C. Multiple Regression

When data cannot be fitted to the more common methods of analysis .such
as . have just been described. in the last -section, it i§.often . necessary
and useful to resort -to.other methods of analysis. - One.of the.most im-

-portant of these methods is that of multiple regression (4;.10,.15).

- In using multiple regression, we assume.that some random observation
Y is -expressible as a function of-some. independent, kriown variables X1s X2
L ————— Xk,-ﬁay, with an error term e; which is nonﬁally and independently

distributed about a .mean of zero .with a .variance 4*?; e.g.,zgji-are NID(OQV"E).
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In this.study, the .ohserved value Y was the.conversion and it was.expressed
as both linear and quadratic functions. of the process variables space

.velocity and .initial nitrogen concentration.

‘The model.used under the linear assumption is:
iYi = By + BaX1y +:BoXaj +ey el bds (9

-where Y, is the percentagé conversion at the ith lével, X14 the initial

1
concentration, -and Xz, the space velocity, -and thezzgj.are NID(o, ¢~ 2).

-This particular-assumption 1s noted to be inconsistent with the
assumption made when constructlon the-analysis‘of-variance_tébles for .the

experimental data.

-In the laftér case,; the .Y, . .term was a,logarithmic;fungtion”of.x,,the

13
amount-cénvefted,-and_in both cases we_have-aséumed.the‘parameter,po_be
normally-and,independently distributed, ﬁHowever?:in this study; as . the
two models are being used for two dissimiiar.purposes,.we feel Justified

’

in their use,

-To esﬁimate the-Bls and -2 in the above model, we use the method. .of .

maximum likelihood (4). The likelihood function is:

n/2 n ‘ 2
exp - _~l — Z ‘(Yi o~ 'B.O - Blei'—"Be_XZi) -

20 A=1

The maximum. likelihood. estimdtbrs of the B'8.and o—2 are these estibabors

.that maximize 1ln L for glvenh observed.Y's and fixed X's. These estimators
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are. found. by takiné the partial.derivatives -of lﬁ L with respect.to 30,
B;, Bz and a~2 and .equating these partials to.zero. .Those Valuesjof'BO,
:B1s-Bay and. % which satlsfy the equations thus obtained are said to-be
the maximum likelihood .estimators.of the-abbve’parameters, -These estiﬁators
are denoted,by,bo{.bl,,bgi:and $>?{.respectively. .Performing the above':
work .on. the estimating equations,yields the desired estimates -of the

parameters.,

This procedure was done for both.the linear and quadratic models
ahd thé estimators obtained. The actual calculations were handled by the

IBM 1620 computer available at Montana .State College.

~-Certain statistical hypotheses were tested regarding the_models used,
- Wherever possibley tests of these hypotheses were.made and an -analysis

of variance table constructed.
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. v DISCUSSION OF RESULTS

A, Introduction;

Previous experience in the field of hydrodenitrogenation has shown
that a second order reaction holds reasonably well.for .pyrrole, é five

member ring compound, at temperatures from 675-725°F and.ajpressure of

.250 psig (17).

Quinoline and "pyridine, both six member .ring compounds, were.shown
to follow a first order. rate equation (16, 17) under similar operating

conditions.

-It was therefore reasonable to examine the data obtained in this study
to see whether five member ring compounds followed second order rate
equations and six member ring compounds fbllowed.firsf order.rate

equations.

B. .Rate Equations - Five Memper Ring Compounds:

Six five member ring compounds were run in this study. - Carbazole was
not run as it proved to be-insoluble in toluene. .The data from these runs

are given 1in:Table II.

‘A plot of 1/(C4-x) vs. 1/SV will yield a straight line if the reaction
is of second.order, Plots of l/(Co-x) vs. l/SV aré shown in Figures 3 and
4 for all these compounds. Analysis of variance tables were constructed
.from the experimental.data to test the hypothesils that.the lines obtained
from the plots were linear. Tables III-1 through III-9 are the analysis

of .varlance tables for .the five member ring compounds. run.
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-It appeared that the experimental data fitted.the assumption of a

second. order reaction except for pyrrole at 0.3 welght percent nitrogen.

Second  order rate constants were calculated by the method of least
squares (15) and 95 percent confidence interval estimates were placed on

the .rate constants obtained., These.results are tabulated in-Tablé-IVl

As insufficient data was obtained for indole; the rate constant

is given without -a.confidence interval.

.Two five member. ring compounds, pyrrole and pyrroiidine,-were also
studied at concentrations of 1.0 wt, percent and 2.5 wt. percent nitrogen.
.The data from these runs is also listed in Table IV. .At both higher
concentration levels,.second order.reactions were found to.hold. -Figufes
5 and 6 are plots showing the effect of initial concentration on the
reaction rate cbnétant.oftthesepcompounds. It can be seen that the re-
action rate constant decreaséa’rapidlz as .the initial .concentration in-
creased. .A better represenéation of gﬁis effect is gilven in Figure 7
in which the reaction rate constant is plotted against the initial .con-
centration. Thus, it can be seen that the reaction rate remains second
order but the.reaction rate constant decreagses for higher initial

nitrogen concentration,

.The effect.of substituting radicals for a hydrogen atom in'the
normal positiony.i.e.,.on the nitrogen-atom in-the ring, can‘also be -

.seen from Table- IV. With.referénce to pyrrolidine,. it may,be_notéd:
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k (Pyrrolidine) ;= 63.05
k, (N-Methyl Pyrrolidine) -= .25.50
kQLN%Butylene Pyrrolidine).= 42,63

i

- The -rate constant ié,decreased.considerably by. this. substitution.

.C. :Rate Equations - Six.Member Ring. Compounds:

_Twenty-tyo -six member. ring nitrogen compounds.were investigated .in
_ thislstudy. The'experimentgl.data.ffom”the:runs.on these . campounds are

given in ‘Table V and .are plotted.on Figures 8. through 13.

First order rate equations were assumed to apply. in the.case.of
six member .ring compounds and -thus the data were plotted-as 1n (CO/CO-X)
vs. 1/SV. .A plot of this type will yleld.a straight line passing through

the origin  -if the reaction.is_Qf,firstfordef.

Analysis of Variance Tables: _TgbleS'VI—l,through VI-19.were -con-

-structed. from thé,experimental'data'to test the.hiypothesis that the
lines obtained from the plotted data were lihear and.passed through

.the . origin.

It appeared that.the. experimental data.fitted. the first order ré-

action assumed .except in'the.césesAof‘piperazine and .4-benzyl pyridine.

-First order;rqte.constants,were.Qalculated,by,the,method“of least
squares (15). and. 95 percent Qonfidende,interval_estimates.were.placed,on
the rate.constants,obtained. ‘These results are tabulated in Table-VII.:

Insufficient:datanpqints:ﬁere#obtgined.for the followingscqmpouﬁds:

§-Ethyl-Pyridine, 4-Isopropyl-Pyridine,.3-4-Lutidine,.3~5~Lutidine,
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-2,4,6=Collidine, Quinoline and Acridine. No attempt was, therefore, made

at constructing analysis of variance tables or placing .confidence in-'

terval estimates on.the rate -constants . obtained for these compounds.

Three groups  of mono—suystituted isomers of pyridine were included
in the group of heterocyp;ics studied.‘.The$e were.the'methyl pyridines
(picolines), the ethyl pyridines, -and the benzyl pyridines. The boil%ng
points for.the compounds' in these thrée groups were noted to be a
direct function of -the position of;the substituted radical, the further
removed from.the nitrogen atom-the sub;tituted radical is, thé higher
the bolling point. -Reaction rate constants for.these-compounds have a
reverse relationship. .The further removed the substituted radical, . the
lower -was the rate constant obéained. - Table VIII'Shéws these findings.
The’reaction rate -constants pf these -compounds were plotted against
their boiling points in Figure ;4. It can be seen that.for groups of

isomers, the boiling point is inversely correlated with the.reaction rate

constant. The higher the boiling point, the ;ower is the reaction rate

.constant. .Note, too,.that the lines joining :the points. of each group have

much the same slope. Thus fhe reaction rate constants for a group .of

pyridine isomers may be -correlated.with .the boiling points of the isomers

using the following relation: ‘ | .
.k =.a + bT

where k 1is the-reaction rate.constgnt,

a.is a constant for a particular group of isomers,

‘b is the slope of the plots,
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T .is the normal boiling.point of the isomers,.°C.
The slopes of the plots were obtained and, the average slope is -0.0870;

thus the value of b is -0.0870.

A single group of di-substituted. isomers was invesfigated. .These
were the lutidines or.di-methyl pyridines. ;The_reéction.rate.constahts
were agaln found to.be a function of -the boiling.péints”bf the compounds
1n this group. .The:lower the boiling point, ,’che.higher’.wa's. ’Iche Teaction
rate constant and.thé gfeater the ease . of denitrogenation. .Table IX .
illustrates these findings. .Again, the rate constants were plotted
against the boiling points-of these compounds. The results are also
plotted on Figure lu‘for compariéon;purposes with the results obtained

for the mono-substituted pyridines. It can be seen thét the same
functional .relation that held .good for the mono-substituted pyfidines
also holds good for the di-substituted pyridines, the slope -of -the plot

for .the lutidines being: .-0.0826.

Thus it can be seen that if the boiling point and the .reaction rate
-constant are.knownufor-aﬁpyridine-isbmer,:if is possible ﬁo predict
the value of the reaction rate.constant for another isomer by knpw}édge
of the second isomer's boiling point. This .naturally holds for.de-

nitrogenation under ldentical Qperatingncohditions{

Two six member ring compounds, pyridine and 2,6-lutidine, were
studied at concentrations of 1.0 Wt.% and 2.5 Wt.% nitrogen. .The data

from these runs are iisted in Table V. - Figures 15 and. 16 are plots of

’
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: ln(Co/Qonx) vs. 1/8V for these compounds .at -the different concentragions.
- It can be.seen from these two plots that ﬁhé-rate constant decreases with
initial nitrogen concentration-as in,thg,Qase.of_the:five,member ring
-compounds , pyrrole and pyrrolidine. Note,_howéver,_that the first order
rate equation correlates the data extremely well at all concentrations
investigatéd. Figure 17 .is a piot-of the fipsﬁ order rate constants
obtained from.the above ﬁlots vs. . the initiaiinitrogen concentration.
.Again, it can be seen that the shape .of the curves is very similar to
these in Figure .7. .Hence,-as the initial nitrogen concentration“is

increasedy. the reaction rate.constant decreases.

D. .Comparisonﬁgf_Reaction:Rates, Saturated and-Unsaturated. Compounds :

Table X ,lists the rates of reaction, both first-and.secaond.order
.for-some_unsaturated-aﬁd"saturated“heterocyclic nitrogen comﬁounds.
In all cases the reaction rate -constants.for the saturatedncoﬁpounds are
greater .than those for .the unsaturated qompounds. .Hence, saturated .com-
pounds are easier to denitrogenate than unsaturated compounds. A
.theoretical reason for this is.that the saturated compounds possess lower
. bond.energles than the unsaturated.ones; thus_makiﬁg‘it easler for . the
compounds . to hydrogenate., Also,.it.must be remembered that before the
unsaturated .compounds hydrogenate to-straight'chain h&drocarbqns;‘they
nust first.hYdrogenate to the satufateduheterocycliés. .This-effect has -

been reported in .the literature (9,.16).
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E. .MultiplefRegressionjgg Bercentage~anvef§ionpgg-1nitial-Concentration

and .Space Veiocity:

The .data .obtained from the concentration runs.were used. in the
estimation of -the parameters of the linear'and quadratic models that
have previously. been postulated. Hypotheses concerning these models
were also testéd;using the data. .The nomenclature adépted-was as
follows:
.Y .~ Percentage Nitrogen-Conversiop,AlOO.x/¢o
X3 - - Initial Nitrogen Concentration, Cj ' )
X2 - Space Velocity, v/v/hr (8V)

Two models were postulated. for the regression of the percentage nitrogen

conversion,.Y,.on the .variables, .initial nitrogen concentration, Xji,

and space -velocity, Xso.

. The linear model used was:
;Yi = ].30 + Blej_ + B2X2i + ei »—~———-_——-——(2LO
~and . the corresponding quadratic model .was:

. P 2
.Yi = BO +:BiX11 + B2X2_i +A'B11X1:'L +_;-322X2li +

Bnglngj_ + ej. PEmTm T (ll

Theée two .models were tested using the concentration,run-Qata,for two

five member ring compounds, pyrrole and pyrrolidine. -The data for .the
.regression analysis are given in Taﬁle IT. . Two six member ring .compounds,
pyridine and .2,6~lutidine, .were also analyzed in this manner.and the

data for these compounds are given in Table -V.




-33-

The .regression coefficlents, (B's) were estimated by the method .of
maximum likelihood that has been mentioned.previou$ly;:theléctugl cél-
culations being.done.on the IBM 1620 computer. .The regression coefficienta
for the linear. model were listed in Table XI. .Note.that the B,'s are all-
.in the neighborhood of 100. This indicates that at zerb.initial_nitrogen
concentration and.space_velocityl the conversion would. be lQO%* which

is as expected.

A sample calculation:1s performed below to illustrate the use of

these -regression equations:

:For example, pyrrole, . X1,

0.966 Wt.% N
‘ Xz.= 1.0 (8V)
= 99.814217 - 236924173(1 -4, 6123156X2 T2:30
-Where 9 is the estimator of- Y.
- The conver$ion.from.thié equation is 72.3%."From-Table 11, the -observed

.conversion is T72.7%. -Thus{,it can be-seen‘that in this cése»the re-

gression.equation estimates the conversion wlth extremely goodfaccuraéy.

Another parameter .that gives an.idea of. the:'goodness of fit! of
regression equations 1s the. coefficient of multiple correlation, RZ.
These are 1isted for the linear models in-Table XVI, -The coefficient
of multiple correlation can range zero,to.onej;. generally speaking,-a
correlétion coefficient of 0,64 or greater. is cons;dered an‘indicatién
that the. regression equation'pogtulated,fits-the data.well. .Table XVI

shows that the smallest correlation coefficienf obtained:frqm.the linear
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models is 0.8095 for.2,6-lutidine. .Thus, it appears that'the linear

.models are fairly good representations of the function governing yield.

Certain statistical hypotheses about the above models can be tested.
These hypotheses include; |

.for the linear model, H ::By = Bs =0

and for the quadratic model, H-:;ﬁll.= Bos.= Bz = 0
-The hypothesis: :Bi = Bg:= 0 was tested for the féur linear_models.and:in
each case the hypothesis was rejecfed. The analysis of variance tables
for the .four.compounds are giﬁen in Tables XI - XIV in the Appendix.
This implies that both the initial nitrogen.concentration and. the.space
velocity -affect the percentage conversion obtained. .This,conclusion can

almost- be deduced from looking at the data.

-The regression coefficients for the quadratic.model-are tabulated
in Table XVII. Note again that the Bj's.are in the -Yjeighborhood.of 100.
A sample -calculation for-the same case as-previously-lllustrated is given
below:

.For. example, pyrrole, Xi .= 0.966 Wt.% N

Xs.= 1.0 (SV)

.I‘<>
I

103.4699 - 42.499924X; ~ 1.4676398% + 5.0149852X5 + 0.009507762X5 -
0.00284890X1X 2

Y .= 66.56.

- The conversion obtained.from this.equation is 66,56%. -From -Table.II, the
actual percentage conversion is 72.7%. - Thus,.it is seen that in the

example chosen, the linear model seems.to be a betfer estimator than-does
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.the quadrat;c model. .However,,one must.bear in mind that this:iS~not sé
for the majority.of the data in which the quadratic model is the better
estimator. .This fact is borne out by.obgerving;the coefficient of mul-
.tiple correlation for the qﬁadratic.models.and,comparing-them:with those
obtained for the linear models. -The correlation coefficients for the
quadratic models are tabulated.in Tab;e XXII. - The - -lowest correlation
coefficient was obtalned in the case of 2,6—lutidine-as-beforé,_bﬁtﬁthe
correlation coefficient is 0.9687 with a maximum correlation coefficient
of 9.9891 for pyridine. Contrast these with the values of 0.8095. obtained
.for.2,6-lutidine and 0.8387 for pyridine_from_the-linear models and 1% -
can be clearly seen that the quadratic model is a better estimator than

the linear model for all compounds.tested.

The other series of hypotheses. tested were those for the quadratic
models,-:H.::Bll—=-B22:; Bi== 0. .To do;this{.we tested.for the,reduc;
. tion in sums of squares for error due to fitting to the quadratic term
-aftér fitting to the linear term. .The degrees of freedom used in this
. Test were.three,:;ince.there are three quadratic terms. -From_tﬁe results
of these tests we can decide.whether thé quédratic terms-afe significant
in predicting converslons. The analysis_.of vari;nce‘tabfes for these
models. are given in .Tables XVIII - XXI. .In all"caées the-above hypo-
.theses were rejected. .It is,. therefore, concluded that the quadratic

terms -and the interaction term are significant and that the quadratic

models are better estimators_bf the data than the linear models.
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A final means .of interpreting -the quadrétic regression equation
obtained 1s to eliminate .the cross products term ghd.obtain the canoni-
cal equation of the type:

. o 2
'Y —'¥S = l_-I_ZJ_ + l222
.Where Zi,.Zs are some,new_transformed,variables,_iﬁ order.to,determine

the :optimum conditions (15).

-To calculate-Ys,.the stationary point, it is first necessary ‘to
.calculate Xig and Xpg. -This is.done by taking the partial derivatives
-of. the quadratic regression equation wlth respect £o X;-and.XE and
,equating:té.zero. .The following results were then obtainedQ

.Compound X135 Xog Y

S
_ Pyrrole 4.225 .82.60 L
Pyrrolidine 3.37 .342.0 -12.43
‘Pyridine .3.01 ' 11523‘ —-26.72
2;6—Lutidine‘ ' 3.55 11.66 —22.67

+ The results show that the statlonary point is, not -within the range

investigated; thus, .further work was deemed. unnecessary.

. A contour plot of -the conyersion obtained on the X; -and.Xs axes
1s shown .for pyrrole in Figure 18. From this plot.it is apparent that
the optimum point.1s at origin, X3 = 0,-and Xz =.0; as .operating .condi-

tions move outward .from the origin, the percentage.conversion decreases.
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VI CONCLUSIONS -

The destructive catalytic hydrogenation for five member hetero-
cyclic nitrogen compounds appears to.be of second..order, while that of

six member heterocyclic nitrogen compounds appears to be.qf. first- order.

A methyl group.or other .radical substituted into the normal posi-
tion, i.e.,.onto the nitrogen atom in five member ring heterocyclics,
greatly reduces the reaction rate constant. .This substitution must

strengthen the ring making it less susceptible to hydrogenation.

.Concentration studies on both.five and six member.ring hetefocyclic
.nitrogen compounds showed that as.the initialjnitrogen concén%ratioq_ﬁas
increased, .the reaction rate constant decreased,under.the same operating
conditions, No'simple relationship between conversion and ,initial |

conversion was observed.

Muitipﬂe regression of the percentage conversion-on the initial
concentfation and"space velocity indlecates that the percentage-cbnver—
sion may.be predicted fairly weli by a linear model.for the four compounds
pyrrole, pyrrolldlne, pyrldine, and .2 y6~lutidine. .Correlation coeffic¢i-
.ents for the linear regre331on were ‘high, ranging from 0.80 t0.0.91.

It was also found that the percentage .conversion could-also be predicted
by a quadratic model using the same vériables as before. The quadratic

" model gave a slightly'better:fit of the data,.correlation éoefficients

from 0.96 to 0.98 being.obtained.
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‘First order reaction rate constants for three groups of mono-
substituted .isomers of pﬁridine and one group of di-substltuted isomers
of pyridine were foﬁnd éo correlate with the boiling points of the
isomers., A relatién of the type‘ k = al+.bT was obtained from thé data,

where byyergge = -0.0848,

Finally, the reaction rate:constan@s of both five member and six
member . ring saturated and unsaturated compounds wWere comﬁaréd, The |
reaction rates - for -the unsaturated,ni@rogen heterocyclics were found
in all cases to be greater .than those for the saturated,nitrdgen hetero-
cyclics. - The reason for this effect seems to be the fact that unsaturated
compoﬁﬁdé first hydrogenate to the saturated compound“beforé further

hydrogenating -to a straight chain hydrocarbon and.ammonia.

The ‘calculations and.observations leading to.the above conclusions
were all based.on the -overall nitrogen.concentration,; and.all runs for
comparison purposes were performed under simlilar operating.conditions

ag far as possible.

Further studies along these .lines should be done on feed mixtures
containing mixtures of compounds. A feed.composediof two nitrogeﬁ com-~
pounds , .one with a high reaction rate constant and angther with a low
“reaction rate-constant .could be run in order to see.whether the feed
would selectively.denitrogenate, thus enabling.one:of the. two compourids

to .be recovered.
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Work should also.be.done .on thexdéstruetive-céﬁalytic hydrogehation
of commercial.feed stocks.that contain nitrogen compounds. .If the
.nitrogen compounds that are . .in.this feed .stock could_be.recognized-as
being similar to somé of theﬂcompounds,uséd in.this.gﬁudyi~an idea.of
the-easé-qr difficulty;ofnrembving,these compounds’from the feed.stock
in.quesfion may]ﬁe gained by reference to some .of -the resulté;presented

.in this thésis.
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TABLE I

HETEROCYCLIC NITROGEN COMPOUNDS USED IN THIS STUDY

Compound

.Five Member.Ring Compounds:

Pyrrole

N-Methyl Pyrrole
Pyrrolidine

N-Methyl Pyrrolidine
N-Butylene Pyrrolidine
-Indole

Carbazole

Six Member Ring ,Compounds:

Pyrazine
Pyridine
2-Picoline
3-Picoline
Y-Picoline
2-Ethyl Pyridihe

L_Ethyl Pyridine.

U4-Isopropyl Pyridine
2-Benzjl Pyridine

Y4 _-Benzyl Pyridine

2,4 -Lutidine
2,6-Lutidine
3;4-Tutidine
3,5-Lutidine
3-Ethyl-4-Methyl Pyridine
2,4,6-Collidine
Piperazine

Piperidine

2~Methyl Piperidine

2 ,6-Dimethyl Piperidine
Quinoline

Acridine

BP(°C)
MW 760 mm State  Source
. S
67.1 131 L Ansul Chem. Co.
81.1 112 L Ansul Chem. Co.
71.1 88 L Dist. Prod. Ind.
85.15 80.5 L Ansul -Chem, Co.
125.21 154 L Ansul Chen. . Co.
117.14 253 L Dist. Prod. Ind.
167.2 355 S Dist. Prod. Ind.
80.09 118 S Wyandotte Chem,-Co,
79.10 115.5 . L Ansul Chem. -Co.
93.12 128.8 L Dist..Prod. Ind.
93.12 143.5 L Dist. Prod..Ind.
93.12 143.1 L .Dist.- Prod. Ind.
107.15 148 L Reilly Tar &
Chem. Corp.
107.15 166 L Reilly Tar &
Chem. -Corp.

122.15 182 L Reilly Tar, etc.
169.22 276 L Reilly Tar, etec.
169.22 287 L Reilly.Tar, ete.
107.16 158 L Dist., Prod. Ind.
107.16 142.5 L Dist. Prod.- Ind.
107.16 164 L Dist. Prod..Ind.
107.16  ~-- L Reilly Tar, .etc.
121.18 195 L Aldrich Chem. Co.
121,18  171.5 L Reilly Tar, etc.
86.13 145.5 S Dist. Prod. Ind.
85.15 106 L Dist. Prod.-Ind.
99.17 .125.5 L Reilly Tar, etc.
113 126.5 -5 Reilly Tar, etc.
129.15 237.1 L "Barrett Chem.  Co.
179.21 346 S Dist. Prod. Ind.




_47_

. TABLE .II

~

REACTION RATE AND MULTIPLE.REGRESSION DATA FOR FIVE MEMBER 'RING .COMPOUNDS

Compound

- 8.V,

Pyrrole

N-Methyl
Pyrrole

.Pyrrolidine

10,

=
(@]

HERODEEH RN SENN S &

lcReRoReNoNoNoNoRoRoNoRoNe

OO000O0O0O0OO0OOCOOOOOOO

OO OO OO0

'CO
0.313 0.1710
.0.313 0.1610
.0.335 0.0682
0.335 0.0695
.0.335 0.0294
0.335 .0,0285
0.966  0.496
.0.966 0.548
.0.966 0.398
0.966 0.398
0.966 0.264
0.966 0.298
T 2.5 2.043
2.57 .1.990
2.57 L1776
2.57 1.788
2.57 1,514
2.57 1.368
0.303 0.2005
0.303 0.207
0.3045  0.1147
0.3045  0.120
0.316 0.0838
0.316 0.0687
0.3175 0.178
0.3175 0.1835
0.315 0.102
.0.315  .0.1075
0.3485 .0.0522
.0.3485  0,0545
.0.976 0.748
0.976°  0.7505
0.976  .0.642
0.976 0.612
0.976 0.463
0.976 0.463
.0.976 0.463

Co-%/C, 1/Cymx 100x/¢C,,
0.545 5.85 k5.5
0.515 6.20 48.5
0.204 14,65 . 79.6
0.2075 C14 4o 79.25
0.0878 34,0 91.2
.0.0852 35.2 91.5
0.513" 2.02 u8.7
0.556 1.82 by 4
0.412 2.51 58.8
0.412 2.51 58.8
0.273 3.79 72.7
0.309 3.36 69.1 -
0.798 0.488 20.2
0.775 0.502 22.5
0.690 0.553% 31.0
.0.695 -0.560 .30.5
0.590 '0.650 41.0
0.532 0.731 6.8
0.663 5.00 33,7
0. 674 4,83 - 32.6
.0.376 - B.72 62.4
0.394 8.34 60.6
0.264 .11.90 73.6
0.218 14.50 78.2 "
0.561 5,62 43.9
0.577 . 5.45 Uz.3
-0.324 9.8 67.6
0.341 9.3 65.9
-0.150 19.2 85.0
0.156 18.4 8L.6
10,756 1.335 2k
0.758 1.331 242
0.657 1.56 J34.3
0.626 1.633 37.4
0474 . 2.160 52.6
047k 2,160 52.6
0. 474 2.160 52.6
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TABLE II --.continued

REACTION RATE ,AND. MULTIPLE REGRESSION.DATA FOR. FIVE MEMBER RING COMPOUNDS

Compound S.V. Co Co-X Co-x/Cq 1/Cy-x 100x/C,,
Pyrrolidine 20.0 2.290 2.093 0.913 0.478 8.7
' . 20.0 2.290  .2.067 0.903 0.984 9.7
.10.0 2.290 1.819 0.795 0.550 20.5
10.0 .2.290 1.836 0.802 0.545 19.8
5.0 2.290 1.706 0.745 0.586 25.5
5.0 .2.290 1.639 .0.715 0.610 .28.5
N-Methyl
Pyrrolidine 10.0 0.29% 0.1585 0.540 6.31 46.0
.10.0 0.293  .0.171 0,584 5.84 41.6
4.0 0.314 0.1345 0.429 7.55 57.1.
4.0 0.314 0.1205 0.385 8.30 61.5
.2.0 0.306 0.0585 0,191 17.1 80.9
2.0 .0.306  0.0608 0.198 16.5 1 80.2
N-Butylene
Pyrrolidine. 20.0 0.295 0.2315 0.785 4.32 21.5
.20.0 0.295 0.2235 0.758 L4t 242
10.0 -0.280 0.123 0.439 8.13 56.1
.10.0 . 0.280 0.115 0.410 8.70 59.0
4.0 .0.268 0.0252 0.0943 29.60 90.6 .
4.0 0.268. 0.0258 .0.0961 28.8 90.4
Indole 4.0 0.290 0.259 0.893 3.86 - 10.7
2.0 0.302  .0.241. 0.793 4,16 20.7
1.0 0.287 0.172 0.600 5.81 . 40.0
1.0 0.287 .0 0.610 5.71 . .39.0

L5
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. PABLE TII
. ANALYSIS.OF 'VARIANCE TABLES ~- FIVE MEMBER RING,COMPOUNDS

- Table III-1. Pyrrole 0.3 Wt.% N.

- Source -of Variation S.3 _ a.f. - m.s.
Regression . -2232.551 1 2232.551
Deviations from Regression 47.331 2 23.665
Error 0.763 3 0.254
~Total .2280.645 6

F=92.75 ) F o5 (p,3) = 30-82

-Reject H: : Linearity

. Table III-2. Pyrrole 1.0 Wt.% N.

Source of Variation S.S. _d.f. _m.5,

_Regression ' 19.2038 1 19.2038
-Deviations from Regression 0..2429 2 0.121k4
Error . . 0.1292 3. 'D.0431
Total :19.5759 6

F.=2.82 { °F o5 (2;3)

. Accept H: .Linearity
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-TABLE IIT -- continued

ANALYSIS OF VARIANCE.TABLES.---FIVE MEMBER .RING COMPOUNDS

~Table III-3. -Pyrrole 2.5 Wt.%.N.

Source of Variation - ' ~8.8. , .d.f.

~ Régression. - .0,260229
Deviations .from Regression 0.002776
_Error 0.003313
‘Total 0.266318

_Accept H: :Linearity

Table III-4. . N-Methyl Pyrrole

o W N

0.3 Wt.%.N.
-Source of Varilation 5.8, ~d.f.
_Regression -258.6607 1
" Deviations from Regression 1.6808 2
Error ' 3.4666 3
‘Total ' ' 263.8081 6

F-=0.73 < F o5 (2,3)

Accept H: :Linearity

Mm.S.

0.260229

. 0.001388

0.001104

M, s,

. 258,6607

0.8404
11555
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.TABLE,III -~ .continued
ANATYSIS OF VAR‘IANbE JTABLES ~---FIVE.MEMBER 'RING-CONLPOUNbS

Table ITI-5. Pyrrolidine 0.3 Wt.%.N.

Source of. Variation S.S. d.f. ‘m.s.

_Regression 596.295 1 - 596.295

Deviations from Regression - 1.346 2 0.673

.Error .0.460 3 0.153
p :

Total : 598,101

F=W39 £ Fo5 (2,3)

Accept H: :Linearity

Table III-6. -Pyrrolidine 1.0 Wt.% N.

Source of Variation ._S.5. _da.f. : m.s.
ARegreésiqn  3.481228 1 - 3,41828°
- Devilations from Regression 0.00113% .2 0.000565
Error . 0,00587 3 0.001935
- Total 3.42528 6

F = 0.288. 4 F°Q5 (2,3)

_Accept H: Linearity
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_TABLE III -- .continued

ANATYSIS OF VARIANCE TABLES -- FIVE MEMBER RING .COMPOUNDS

" Taple ITI-7. .Pyrrolidine 1.0 Wt.%. N.

Source of Variation - ' S.8. ‘ . d.f, m,s,
Regression. 0.077313 1 0.077313
Deviations.from Regression 0.001848 2 0.000924
Error - 0.000119 ] -0.000039
Total ' 0.079280 6

F =23.66 { F o5(2,3)

Agcept H: : Linearity

Table ITI-8. N-Methyl Pyrrolidine 0.3 Wt.% N.

-Source of Variation S.S. -d.f. . .m.s.
Regression 419.3586 1 419.3586
Deviations from Regression 6.5922 2 .3.2961
Error ' 0.5673 5 0.1891
.Total U26.5181 6

F= 1703 (F o5 (2,3)

Accept H: . Linearity

0
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-TABLE :ITT -- continued
ANALYSTS OF VARIANCE.TABLES -~ FIVE MEMBER RING.COMPOUNDS

Table III-9. N-Butylene Pyrrolidine-0.3 Wt.4% N.

Source of Variation S.S. . .d.f. m.s.
Regression 272.5976 1 272.5976
Deviations from Regression 1.0059 2 -0.5030
Error 0.5483 3 0.1813
Total o 274.1518 6

‘F.=.2.774, F os.(2,3)

Accept H: :Linearity

‘TABLE IV

REACTION RATE CONSTANTS: AT 700°F FOR FIVE MEMBER RING COMPOUNDS

Compound C, - ' k(hr)Tl(Wt,% N)—l 95% Confidence
' Limits
Pyrrole . 0.335 : -=-—-Non-Linear.-«--
-Pyrrole 0.966 | 2.82 + 0.418'
Pyrrole 2.570 | 0.315 + 0.0655
N—Methyl Pyrrole 0,303 9.93 '-i_12..'_l.57~
fyrrolidine 0.3175  63.05 + 3.22 |
Pyrrolidine 0.976 5.706 £ 0.435
Pyrrolidine ; 2.290 .0.858 +.0.0061%
- N-Methyl Pyrrolidine 0.306 25.50 + 1.725
N-Butyl..Pyrrolidine 0.295 42.63 + 3.51

Indole - -0.290 -2.07 . \ None
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TABLE .|V

-REACTION RATE AND MULTIPLE REGRESSION DATA FOR SIX MEMBER RING COMPOUNDS

Compound - 8.V. o Co-x  Co/Co-x  1In Cu/Co=x  100x/Cq

Pyrazine 25.0 0.305 0.1235 -2.47 0.804 .59.5
. 25,0 0.305 .0.1150 2.55 0.936 60.7

10.0 0.3075 0.064 b7 1.55 78.8

.10.0 0.3075 .0.0803 3.73 1.32 ' 73.2

4.0 0.306 .0.01225 25.0 3.22 96.0°
4.0 0.306  0.00900 - 34.0 3.53 97.06

Pyridine 4.0 0.342 .0.0207 1.65 0.501 - 39.5
: b.o 0.342 .0.2242 1.53 0.425 3.7

2.0 0.350 0.1184 2.95 "1.08 66.1

2.0 0.350 0.1107 3.16 1.15 _68.4

1.0 0.343  0.0770 IRRIY 1.495 77.6

1.0 0.343  0.0670 5.13 1.635 80.5

RN 0.980 0.883 1,110 .0.1094 9.8

4.0 0.980 0.878 1.115 0.1083 10.3

2.0 0.980 0.7555 1.295 0.255 22.8

2.0 .0.980 0.731 1.340 0.293 25.4

1.0 0.980 0.5335 .1.820 0.599 U5.0

1.0 0.980 0.540 1.795 0.585 uy. 3

4.0 2.210 2.105 1.05 0.0488 4.8

4.0 .2.210  2.121 1.042 0.041 .0

2.0 2.210 1.965 1.125 0.117 1.1

2.0 2.210  1.99 1.110 .0,104 9.9

1.0 2,210  1.768 1.25 0.223 20.1

1.0 2.210  1.797 1.23 0.207. 18.7

2<Picoline 10.0 0.316 .0.02655 .1.19 0.174 16.0
10.0 0.316 0.0263 1.20 0.182 16.7

4.0 0.301 0.1524% .1.975 0.6805 ho.u4

4.0 0.301 0.1418 2.12 0.7537 53.0

2.0 0.296 .0.0798 -3.70 :1-.308 73.0

-2.0 0.296  0.0787 3.76 -1.324 73 .4

3-Picoline 4.0 0.319 0.3%01 1.06 0.0583 5.6
' 4.0 0.319 0.301 1.06 0.0583 5.6

1.0 0.3185 0.129 2.47. -0.904 59.5

1.0 0.%3185 0.1325 2.40 0.875 58 .4

0.5 0.315 0.012 26.20 3.25 96.2

0.5 0.315 0.0125 25,20 3,22 96.0
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TABLE V.-- continued

REACTION RATE AND MULTIPLE. REGRESSTON DATA FOR SIX MEMBER RING.COMPOUNDS

-Compound

Y-Picoline

-2=-Ethyl
. Pyridine

A4-Ethyl
Pyridine

4 -Tsopropyl
Pyridine

2-Benzyl
Pyridine

U -Benzyl
Pyridine

S.V.

'CO

PRRORNEE RN R

QOO OOO

PR ERE RN

O OO OOO

OO OO OO OO OO QO OO OO

CO0O0OOO

0.308
0.308
0.306
0.306
0.306
0.306

0.3015
0.3015
0.300
0.300
0.300
0.300

.0.296

0.296

0.295

0.295

0.3005

.0.3005

0.303 "

0.303

0.3015
0.3015

.0.304

0.304
0.302
0.302
0.302

0.302

0.300
0.300

.0.306

0.306

0.314

0.314

cocoooo

oboooo

Comx Co/Co=x 1n Co/Cy-x  100x/C,
0.312 1.05 .0.049 4.5
0.291 1.07 0.068 6.5
0.261 117 .0.157 14,5
0.2645 1.155 0. 14 13.4
0.1420 . 2.15 .0.765 .53.5
0.1283 2.38 - 0.867 .58.0

.2257 1.33 0.2852 24.9

.231 1.30 0.2624 23,1

L1776 1.69 0.5247 40.9

°l78 1-683 ‘ O~523 ..HLO..J]_.-—-

L2 2.11 0.747 .51.0

127 .2.%6 0.860 . 56,0
0.2655 1.12 0.113 .10.6
.0.260 1.14 0.131 12.3
0.195 1.51 0.412 33.6
0.179 1.64 0,494 "39.0

.297 1.01 .0.0099 1.0

.300 1,01 0.01 1.0

.283 1.07 0.0676 6.5

.301 1.01 0.01 © 1.0

.2655 1.135 0.127 11.9

.265 - 1.14 -0,131 12.2
0.256 1.19 0,174 16.0
0.263 1.16 0.148 . 4,0
0.149 2.02 0.7031 50.5
0.151 2.00 0.6932 50.0
0.0828 3.65 1.295 71.8
0.0839 3.60 1.281 72.2
0.2845 .1.05 .0.0488 5.0
0.289 1.04 -0.039 3.7
0.197 .1.55 0.438 35.5
0.192 ~1.59 0.464 -37.0
-0,15%6 2,04 0.713 51.0
0.155 2.03 0.708 50.7
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TABLE V -~ continued

REACTION RATE AND MULTIPLE REGRESSION DATA FOR SIX MEMBER .RING.COMPOUNDS

Comp ound . 8.V. Co Co-X Co/Co=x In Co/Cy-x  100x/C,
2,4-Lutidine 4.0 0.308 0.2885 1.07 .0.067 6.5
. 4.0 .0.308  0.285 1.082 0.077 7.5
2.0 0.3045 0.275 1.12 0.1153 9.99 .
2.0 0.3045 0.279 1.11 0.1113 9.9
1.0 0.3045 0.2205 1.38 0.322 27.5
1.0 0.3045 0.216 1.1 .0.2uy 29.0
2,6-Lutidine 4.0 0.2955 .0.2135 1.39 0.3293 28.0
4.0 0.2955 0.2175 - 1.36 0.3075 .26.5
2.0 0.296 0.120 2.7 0.9042 59.5
2.0 0.296 0.121 2.45 0.896 59.2
1.0 0.301 .0.0497 6.06 ©1.802 83.5
1.0 0.301  0.0467 6.45 1.864 .. 84,5
4.0 1.000 .0.833 1.20 .0.182 16.7
4.0 1.000 .0.835 -1.195 0.177 .16.5
2.0 1.000 0.732 137 0.314 26.8
2.0 1.000 0,714 1.40 0.336 284
1.0 1.000 0.521 1.92 .0.652 47.9.
1.0 1.000  0.441 2.27 .0.819 55.9
4.0 2.45 2.14 1.143 0.133 13.0
4.0 2.45 2.17 1.130 0.122 11.5
2.0 2.45 1.905 1.285 0.2507 22.3
2.0 2,45 1,922 1.272 0.2406 ‘21.5
1.0 2.45 1.529 1.603 0.4718 37.6
1.0 2.45 1.470 .1.666 0,5104 0.0
3,4-Tutidine 1.0 0,316 0.315 1.001 0.0009 0.1
1.0 0.%316  0.307 - 1.03 0.0295 2.9
0.445  0.314%  0.230 1364 '0.310 26.7
0.4445 0,314 0.218 S1.440 0.365 30.5
3,5-Lutidine 1.0 0.291 0.218 1.335 . 0.285 25.0
1.0 0.291  0.224 1.30 - 0.262 23.0
3-Ethyl, . 4-Methyl
Pyridine 4,0 0.3655 0,3335 1,095 0.091 8.8
: 4.0 0,3655 0,3425 1,065 0.062 5.4
2.0 10,3675 0,341 1,079 .0,077 T3
2.0 0.3675 0.342 1,075 0.0705 7.0
1.0 .0.303  0.2775 - 1,095 0.091 8.8
1.0 0,303  0.2745 1.104 -0.115 9.4
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- TABLE V -- continued

"REACTION RATE AND MULTIPLE REGRESSION DATA FOR,SIX,MEMBER RING COMPOUNDS

Compound

2,4,6-
- Collidine

. Piperazine

Piperidine

2-Methyl
-Piperidine

2,6-Dimethyl
. Piperidine

Quinoline

S.V. Co - Co=X Co/Co~% . 1n-Cy/Cq-x  100x/Co
1.0 0.307 0.190 1,61 0.476 37.9
1.0 0.307 .0.180 1.70 0.531 41.2
0.5 0.308  0.110 .2.80 1.03 6.3
0.5 0.308 .0.110 2.80 .1.0% 64.3
20.0 0.312  0.0973 3.20 ‘1.163 68.8
20.0 0.312 0.098 3,18 1.157 68.6
10.0 0.307 0.0410 7.49 2.0136 86.65
. 10.0 0.307 .0.0406 7.56 2.0229 86.8
4.0 .0.302 .0.01 30.2 3,408 96.69
40 0.302 0.0097 31.1 3438 -96.78
.20.0 0.271 0.181 1.497 0.405 33.2
20.0 0.271 .0.189 1.434 0.360 30,4
10.0 '0.315  0.156 2.02 0.703 50.5
10,0 0.315 0.160 1.97 0.678 49.3
4.0 0.307 0.0378 8.12 2.094 87.7
4o .0.307  0.043 7.15 .1.967 . 86.
20.0 0.315 0.1735 - 1.815 0.598 45.:0
20.0 "0.315 .0.1802 1.75 0.560 43,0
10.0 0.292  0.0562 5.20 1.649° 80.8
10.0 0.292 0.0569  5.14 1,637 80.5
4.0 0.290 0.0305 9.52 2.253 89.5
4.0 ©.0.290  0.0292 9.94 2.297 90.0
10.0 0.295 0.0752°  3.92 1.%66 4.5
10.0 0.295 0.0750 3.94 1.371 T4.6
4,07 0.302 0.0462 6.55 1.88 B4, 7
4o 0.302 0.0468 6.45 .1.86 84.5
2.0 0.3035 0.0228 13.3 3.496 92.5
2.0 0.3035 0.0242 12.5 . 3.219 92.0
1.0 0.288 0.1955 1.472 0.386 32.1
1.0 0.288 .0.1985 1.45 .0.372 31.0
1.0 .0.286 0.196 1.46 0.378 -31.5
1.0 0,286 0.196 1.46 0.378 31.5
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. TABLE .V -- .continued

REACTION RATE AND MULTIPLE REGRESSION.DATA FOR SIX MEMBER RING COMPOUNDS

Compound . S.V. . Cq Co-x% Co/Co-x  .1n Co/Cy-x  100x/C, .

Acridine 4.0 0.3045 0.2875 1.06 . 0,058 5.7
4.0 0.3045 0.302 1,01 0.01 1.0
1.0 0.294  0,1715 0.715. 0.5%95 41.7
1.0 0.294 0,240 . 1.225 0.1995 18.3
0.5 0.2965 0.1923 1,54 0.4318 35,1
0.5 0.2965 0.1922 1 35,1

L5k 0.4318

\
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TABLE VI
ANALYSIS OF VARIANCE -- SIX MEMBER RING COMPOUNDS

Table VI-l. Pyrazine 0.3 Wt.% N.

Source of Variation ‘S.S. d.f. m.s.
_Regression 28.3317 1 28.3317
Deviations from Regression 0.0827 2 0.0413

Error : 0.0823 3 0.0274
‘Total -.28.4976 6

F =151 { Fos (g,35) = 30.82

Accept H: :Linearity

Table -VI-2. Pyridine 0.3 Wt.%.N.

~ Source -of Variation . S.8S. a.f. ' m.s.
Regression 9,05914 1 9.05914
Deviations from Regression 0.08600 2 0.04300
Error 0.03967 3 0.01322
-Total 9.1848 6

F =325 L F o5(2,%)

Accept H: :Linearity
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TABLE VI ~~ continued

ANALYSIS OF VARIANCE ~-- SIX MEMBER RING COMPOUNDS

.Table VI-3. Pyridine 1.0 Wt.% N.

Source of - Variatilon S.58. .d.r. M. S.
Regression 0.871395 1 0.871395
"Deviations from Regression 0.003372 2 .0.00166
Error 0.00083 3 0.00027
‘Total 0.875597 6

F=6.26 (F g5 ,3)

. Accept H: Linearity

.Table VI-4. Pyridine 2.5 Wt.% N.

Source of Variation 5.8, d.f. . M.S.
Regression _ 0.120749 1 0.120749
Deviations from Regression 0.000171 .2 0.000086
Error 0.000245 3 0.000082
~Total 0.121165 6

Fo=1.05 (F o5 (5,3

Accept H: :Linearity
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‘PABLE VI -- continued

ANATYSIS .OF VARIANCE. -- SIX MEMBER .COMPOUNDS

~Table VI-5. . 2-Picoline 0.3 Wt.% N.

.Source .of Variation - S.S. ' d.f.
Regression 4, 53396 1
Deviations from Regression 0.02157 2
Error 0.00285 3
Total R 4,55838 6

Fo= 1130 &F o5 (5)3)

-MW@tH;_Mn%nﬁy'

Taple:VI-6. - 3-Picoline 0.3 Wt.%. N.

Source of Variation R S.8. ' a.f.
Regression S 10.9532 1
Deviations from Regression 0.1069 2
Error "0.,0291 3
: Total . 11.0892 - 6

Accept H: . Linearity

.S,
4.53396

0.01074
0.00095

m.s.

10.9532
0.0535
0.0097
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TABLE VI -- continued
ANALYSIS OF VARIANCE -- SIX MEMBER COMPOUNDS

Table VI-7. U4-Picoline 0.3 Wt.% N.

Source of Variation S.S. d.f.
Regression "0.38990 1
Deviations from Regression = 0.00836 2
Error _ 0.00506 3
‘Total 0.40332 6

F =246 <F 5 (2,3)

Accept H: . Linedrity

Table VI-8. .2-Ethyl Pyridine 0.3 Wt.% N.

-Source of Variation : S.S. : d.f.
Regression : .1.959097 1
Deviations from Regression = 0.030885 2
Error 0.006650 3
6.

Total C 1.996632

Fo= 6.95 < F o5 (2,3)

Accept H: : Linearity

m.s.

0.38990
0.00418
0.00168

.Mm.S.

1.959097
0.01544
0.00222
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. TABLE VI -- continued
ANALYSIS OF VARIANCE :-- SIX MEMBER COMPOUNDS

Table VI-9, .2-Benzyl Pyridine 0.3 Wt.% N.

Source of Variation’ 8.8, . d.f. ’ m.s.

Regression 4,32004 ‘1 4. 32004

‘Deviations from Regression 0.01958 2 0.00979

Error : © 0.00500 3 0.00166
6

“Total _ b 3hl462

F=598 <F o5 (2,3

Accept H: Linearity

Table VI-10. U-Benzyl Pyridine 0.3 Wt.%.N.

-Source of Varlation S.S. d.f. . m.s.
Regression o 1.38394 1 1.3839L
.Deviations from Regression 0.03636 2 0.01818
Error .0.,00040 3 0.000133

‘Total . 1.42070

Fo= 136.7  >F o5 (2,3)'

_Reject H: : Linearity
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TABLE VI -- continued

 ANATYSIS OF VARIANCE.K -- SIX MEMBER COMPOUNDS

Table VI-11. .2,4-Lutidine 0.3.Wt.% N.

Source of Variation _S.8. .d.f. M. S,
Regression 0.194915- 1 0.194915
Deviatilors from Regression 0.001304 2 0.000652
Error 0..003100 -3 0.001033
6

Total .0.199319

'F=0.63 (T 05(2,3)

Accept H: Linearity

. Table VI-12. .2,6-Lutidine 0.3 Wt.%.N.

- Seurce -of Variation S.S. d.f. . . m.s. -
_Regression : :8.50500 1 - .8.50500
Deviatlons from Regression 0.04009 2 0.02004
"Error . 0.00256 3 0.000853
6.

.sTotal , _ . 8.54059 "

F=2549  {F o5 (2,3)

. Accept H: .Linearity




_65....
. TABLE VI -- continued

ANALYSIS OF VARIANCE' -~ SIX MEMBER COMPOUNDS

Table VI-13. 2,6-Lutidine 1.0 Wt.% N.

Source of Variation _8.8. d.f. m,s.
Regression 1.35404 1 1.35494
Deviations from Regression 0.002670 . 2 0.00133%5
Error : 0.01420 3 0.00473
Total 1.37181 6

F=0.282 (F 05 (2,3)

Accept H: .Linearity

Table VI-14, 2,6-Lutidine 2.5 Wt.% N.

Source of Variation "~ 8.8, d.f. m.s.
 Regression ’ 0.635168". 1 0.635168
Deviations from-Regression . 0.000046 2 0.000023
Error _ 10,0008 3 0.000281
6

Total : 0.63%5258

Accept H: Linearity
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TABLE VI,a-:continued

ANALYSIS .OF VARTANCE -~ SIX.MEMBER COMPOUNDS

Table VI-15. 3-Ethyl-4-Methyl Pyridine 0.3 Wt.% .N.

_Sdurce of Variation : - s.s. a.f. m.s,

Regression - _ 0.340003 1 0.340003

Deviations from Regression 0.019536 3 0.009768

Error : 0.004511 3 - © -0.001504
6

. Total , - ..0.364050

F=06U49 (F 05 (2,3)

Accept H: :Linearity

Table VI-16. . Piperazine 0.3 Wt.% N.

Source of  Variation S5.8. d.f. m.s,
Regression 3%,18805 1 33,18805
Deviations from Regression - 1.08561 2 0.54285
Error : 0.00059 3 0.00020
Total 34.27425 6

F=2713.25 )F o5 (2,3)

Reject H: ,Lineérity




TABLE VI --.continued

ANATLYSTS OF VARIANCE -- SIX MEMBER COMPOUNDS

Table VI-17. .Piperidine 0.3 Wt.% N.

=67~

Source of Variation

Regression
Deviations from Regression
Error
Total
F=17T.52

Accept H:

. -~ Table VI-18.

5.8,

9.46606
0.02949
.0.00589

9.50144

- &F o5 (2,3)

-Linearity

-d.f.

oN W N

Source of Variation

_ Regression
Deviations from Regression
Error

Total

. F = 30.04

. Accept H:

2-Methyl.Piperidine 0.3 Wt.%-N.

S.5.

13.70904
0.15920
0.00796

13.87620

{F o5 (2,3)

.Linearity

da.f.

oN WN =

9.46606
. 0.014T74
0.00196

m.s.

13.70904
0.07960
0.00265
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TABLE VI ---continued

ANATYSIS OF VARIANCE .-- SIX.MEMBER.COMPOUNDS

- Table -VI-19. .2,6-Dimethyl Piperidine 0.3 Wt.%.N.

Source of Variation 5.8, - _d.f, . .m.s.
Regression ' 30.8767 1 30,8767
Deviations from Regression 0.1162 2. 0.0581
Error .0.0587 3. .0.1935
Total 31.0516 . 6

F=2.96 LF o5 (2,3

Accept H:.: Lihearity




- Compound

.2-Picoline

2-Ethyl Pyridine

4-Isopropyl Pyridine

2,4 -Tutidine

‘Piperidine

~69=

TABLE .VII

REACTION RATE CONSTANTS AT TOO°F FOR SIX MEMBER RING COMPOUNDS

Pyrazine
Pyridine
Pyridine
Pyridine

%-Picolilne
N} -Picoline

Y4 -Ethyl Pyridine

2-Benzyl Pyridine
4 -Benzyl Pyridine

2,6-Lutidine

2,6~-Lutidine

2 ,6-Lutidine

3,4-Tutidine

3.,1 5 ‘Lut idine

3-Ethyl-4-Methyl
.Pyridine

2,4 ,6~Collidine

Piperazine

OO OOO

2-Methyl Piperidine

2,6-Dimethyl Piperidine
Quinoline 0
Acridine . 0

OCONHFHOOOOOOOOOON OO O

e

[0)

.305
342
.980
.210
301
.319
.306
.301
.296
.3005
.302.
.306
L3045
.296
.000
450
316
.291

.3655
.307
.307
.307
.302
302
.288

.2965

K(

[

hr~1) 95% Confidence
' . Limits
3.74 + 1.325
1,858 + 0.226
.0.576 + 0.0324
0.214 + 0.0177
2.651 + 0,616
1.040 + 0.098
0.385 + 0,081
0.864 + 0,093
0.411 + None
0.125 None
2.588 + 0,162
© --Noh-Linear--
0.272 + 0.063
1.800 + 0,058
0.718 + 0.135
.0.492 + 0.033
-0..0965 None. -
.0.279 None
0.114 + 0.0765 .
.0.512 None
- --Non-Linear--
7.94k + 1.01
9.56 + 2.32
6.92 +.0.556
0.378 None
.0.399 . None
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-TABLE VIIT

BOILING POINTS AND REACTION RATE .CONSTANTS FOR
MONO-SUBSTITUTED PYRIDINE COMPOUNDS

Compounds BP(°C) ' K(nhr~ 'y
2-Picoline 128.8 ¢ 2.65
3-Picoline _ 143.5 1.04.
Y_picoline 43,1 0.385
2-Ethyl Pyridine J148.0 .0.864%
L-Ethyl Pyridine _ 160.0 0.411%
:2-Benzyl Pyridine 276.0 .2.588
4~Benzyl Pyridine .286.0 - 1465

(¥ No.confidence.limits obtained)

' TABLE .IX

‘BOILING POINTS AND REACTION.RATES CONSTANTS FOR
' DI-SUBSTITUTED PYRIDINE COMPOUNDS

Compounds ' . BP(°C) . K(hr~ %)
_236-Lutidine 142.5 .1.80
2,4-Lutidine 158.0 0.272
~ 3,5-Lutidine Not given 0.279%
3,4-Lutidine ‘ “164.0 0.096%

(¥No confidence limits_ obtained)
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-TABLE X

- COMPARISON OF REACTION.RATE .CONSTANTS FOR
SATURATED AND- UNSATURATED :NITROGEN. COMPOUNDS

Saturated ' ' ‘ ‘Unsaturated
Compound : -Reactiqn‘Raté ' .; Compound ~ 7 ‘Reaction Rate

Constant . __Constang

Five Member Ring:

‘N-Methyl Pyrrolidine 25.5 ' N-Methyl Pyrrole 9.93

Six MNember Ring:

. Piperidine 7.4 pyridine - 1.86
2-Methyl Piperidine 9.56 2-Picoline - 2.65
2,6-Dimethyl Piperi-~ 6.92 2 ,6-Lutidine 1.80

dine . ’ .
“TABLE XI -

ESTINATED- COEFFICIENTS FOR REGRESSION —7:LINEAR=MODEL

Compound "Bo By » Bz

Pyrrole 99,814217 L =23.692417 =.4,6123156
Pyrrolidine 88 .418726 - -=21,878363 , -.1.8854971
Pyridine 8l . 4olgol =2l U581 © - 9.7785633

2,6-Lutidine ; 8l . 083443 -13.654051 - =12.551184
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TABLE XII

ANALYSIS.OF;VARIANCE;FOR,PYRROLE.—-~LINEAR}MODEL

Source -of Variation 8.8. o d.f. 0 m.s.
Regression  8605.5540 2 4302777
Error 749.6521 15 49,9768
Total : 9355.2061 17
F = SST .= 4302.777 = 86.09
sse . 49,9768
Fo.01 (2,15) = 636

Reject H: :By = B2 =0
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TABLE XIIX

ANATYSIS OF VARIANCE.FOR PYRROLIDINE ---LINEAR.MODEL

Source of Variation S.8. ~d.f. : s,
Regression 8478 1285 2 1423921l
Error . 857.5685 15 57.1712
~Total 9335.9970 17

F = Ssr . U4239.2142 _ 74,15

sse 57.1712

Fo.01 (2,15) 6.36

Reject H: By = Bg = 0
. TABLE XIV

ANALYSIS OF VARIANCE FOR PYRIDINE ---LINEAR MODEL

Source of Variation S.8. i.d.f. m.s. -
_Regression 9.24.4982 2 4562.2491
Error 1754.2680 15 116.9510°
Total 10878.7662 17
SsT 4562.2491
= S8r _ I28ckcvio .01
f sse 116.951 39

6.36

¥o.01 (2,15)

Reject H: :B; = B2=0
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TABLE XV

ANALYSIS OF VARIANCE FOR 2;6-LUTIDINE, -- LINEAR MODEL

Source of Variation 8.8, d.f. m,s.

Regression 7105.3877 2 3552.6938

Error 1671.9353 15 111.4623
)

Total 8777.3230 17

p o SST _ 3552.6938 _ 31 g7

sse 111.4623

FOOl (2’15) L= 6-36

Reject H: .B_l = B =0
* TABLE XVI

COEFFICIENTS OF MULTIPLE CORRELATION ---LINEAR.MODELS

Compound , __RZ
Pyrrole ' ﬂ ’ 0.9193
Pyrrolidine 0.9081
Pyridine 0.8387

2 ;6-Lutidine : 0.8095




- Compound

Pyrrole
Pyrrolidine
Pyridine

2 ,6-Lutidine

TABLE XVII

ESTIMATED COEFFICIENTS .FOR REGRESSION --.QUADRATIC MODEL

BO :Bl Bz Bia - B2z Bio

103.4659 - -h2.u99924 . -1.4676398  5.0149852 o.ooé5b7fﬁz -0.00284890
90.623653 -38.53T453 --6.23954574 5.2670913 ,0.0003#119008 "oi008631528
90.899152 ~51.697743 . -6.1211845  7.7827277  .0.20168093 0.5473014
93.206561 .-33.7H8778 -9.861724 _ 4.3478323 0.3900971 . 0.2515156

-Gl
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TABLE XVITI

ANALYSIS OF VARIANCE.FOR PYRROLE.-; QUADRATIC MODEL

-Source of Variation ,S.S. -d.f. .m.s.
"Regression . 9169.2483 5 : 1833.8496
Error 195.9577 12 16.3298
Total . 9355.2060 ST
- (9169.2483 -.8605.5540) ,_ 13 50
3(16.3298) .
“Fo.01 (3,12) = 5.95

Reject H: :Bji = Biz = Bpz=.0

. .TABLE XIX
{

ANATYSIS OF VARIANCE FOR PYRROLIDINE K -- QUADRATIC MODEL

Source..of Variation S.S8.¢ .,a.f. m.s.
Regression | 9230,555 5 . 1846.111
Error .105.442 12 8.7868
Total - 9335.997 17
o= (9230.555 - 8478 .1285) _ 28.%8
%(8.7868) o
Fo.01 (3,12) ~ 295

Reject H: . By = Bis .= Boz = 0
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STABLE XX

ANALYSIS .OF VARIANCE FOR PYRIDINE -- QUADRATIC MODEL.

Source of'Variation S.8. -d.f. . m.s.
“Regression - 10760.554 5 2154,111
Error 118.212 12 - o 9.851
.Total ©.10878.766 17
F (10760.554 - 9124.4982)  _ 55 43
3(9.851)

Fo.01 (3,12) ?'95

Reject H:  Bi1 = Biz.= Baa = 0

.TABLE " XXI

ANATYSIS OF.VARIANCE-FOR-2;6—LUTIDINE3-- QUADRATIC MODEL

- Source of Variation S.S. _d.f. m.s.

Regression ,  8502.473 5 - 1700.595
Error ‘ 274 .850 12 22,904
Total C .8777.323 17 |

p oo (8502473 - T105.38T7) | L g
.3(22,904)
‘Bo.01 (3,12) = 2+95

Reject H:'.B;1-= Biz = Bo2 = 0
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- TABLE XXIT

COEFFICIENTS.OF ‘MULTIPLE  CORRELATION .-~ QUADRATICIMODELS -

uCompOund. ' _-R®
lerrole o , 0.9766
Pyrrolidine | : 0. §88v7

. Pyridine : 0.9891
2 ,6-Lutidine 0.9687
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Figure 3.
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Plot of 1/(CQ-x) vs. Reciprocal Space

Velocity for Five Member Ring Compounds.
(Boiling Points ©°C indicated in

parenthesis.)
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1/S.V.

Figure 4. Plot of 1/(CO-x) vs. Reciprocal Space

Velocity for Five Member Ring Compounds.
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2.5 Wt.# N

1/S.V.

Figure 5 Plot of 1/(CO-x) vs. Reciprocal Space
Velocity for Pyrrole. 0.3, 1.0,

2.5 Wt.$ N.
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1.0 VJt.
2.5 We.# N

1/3.V.

Figure 6. Plot of 1/(CO-x) vs. Reciprocal Space
Velocity for Pyrrolidine. 0.3, 1.0,
2.5 Wt.$ N.
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Pyrrolidine

Pyrrole

Figure O. Reaction Rate Constants vs. Initial

Nitrogen Concentration for Pyrrole
and Pyrrolidine.



In(C</Co-x)

0.0

Figure 8.
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0.25 0.50
1/S.V.

Plot of In(Crc0-X) vs. Reciprocal

Space Velocity for Six Member Ring
Compounds. Boiling Point Range
100-140°C. (Boiling Points, °C, 1in
parenthesis.)



In(CZ co-X)

Figure 9-
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i/s.v.

Plot of In(C0/CO0-x) vs. Reciprocal
Space Velocity for Six Member Ring

Compounds. Boiling Point Range

100~140°C. (Boiling Points, °C, in
parenthesis.)



Sx)

in(cyc?h

Figure 10.
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1/S.V.

Plot of In(C0ZC0O-X) vs. Reciprocal

Space Velocity for Six Member Ring
Compounds. Boiling Point Range
140-170°C. (Boiling Point, ©°C, in
parenthesis.)



iH(Cbz c0-X)

Figure 11.
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3.4-Lutldlne (164)

1/8.V.

Plot of In(cOzcO-X) vs. Reciprocal

Space Velocity for Six Member Ring
Compounds. Boiling Point Range,
140-170°C. (Boiling Points, °C, in

parenthesis.)



M cy Co-x)

Figure 12.
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i/s.v.

Plot of In(C0ZCq-X) vs. Reciprocal
Space Velocity for Six Member Ring
Compounds. Boiling Point Range

170-350°C. (Boiling Points, 0OC, 1in

parenthesis.)



In(cyCo-x)

Figure 13.
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i/s.v.

Plot of IN(C0ZCq-X) vs. Reciprocal

Space Velocity for Six Member Ring
Compounds. Boiling Point Range

170-350°C. (Boiling Points, 0OC, in

parenthesis.)



B.P. (0C)

Figure 14. Plot of Boiling Points vs. Reaction Rate Constants for
the Mono and Di-Substituted Pyridlnes.
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0.0 0.5 1.0

1/S.V.

Figure 15. Plot of INn(COZCO-X) vs. Reciprocal
Space Velocity for Pyridine: 0.5,
1.0, 2.2 Wt.% N.



1.0 -

Figure 16.
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1/3.V.

Plot of In(C0ZCO-X) vs. Reciprocal

Space Velocity for 2 ,6-Lutidine:
1.0, 2.45 Wt.# N.

0.3,



, (hr

Figure 17.
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Reaction Rate Constant vs. Initial
Nitrogen Concentration for Pyridine

and 2 ,6-Lutidine.



Wr.# N)

0.0

Figure

18.

2 4 6 8
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10
S.V. (hr-1)

Plot of Percentage Conversion Contour Surface for
Pyrrole.
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