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Abstract:

A great deal of Interest has been shown lately in the denitrogenatlon of shale oil stocks by catalytic
hydrogenation. Most of the work has been on a purely empirical basis and little is known about the
mechanism of the reaction since such, a complex system, is involved,. For this reason,- a study has
been Carried out on the hydrogenation of a "synthetic shale oil" composed of quinoline and a
hydrocarbon carrier oil. The objectives were the basic study of the kinetics of the reaction and
mechanism involved with the idea that the work might eventually be of some value in the broader
problem of upgrading shale oil-stocks.

The work was carried out on a bench—scale, continuous-flow, fixed-bed catalytic reactor system. The
range of operating conditions were: temperature -725 to 800°F; pressure - 250 to 1000 psig; flow rate -
1/3 to 10 g oil per g catalyst per hour; and initial nitrogen concentration -0.25 to 2.0 wt %N. A charge
of 15 to 100 g of a cobalt-molybdate catalyst was used in the reactor and hydrogen flow rate was 7500
SCF/bbl.

Using vapor-phase chromatography analysis, it was found that the hydrogenation probably occurs in
four reactions.; (1) addition of a hydrogen to quinoline to form dihydroquinoline (2) addition of a
second hydrogen to. form tetrahydroquinoline, (3) cleavage of the nitrogen ring and addition of a third
hydrogen to form o-propylaniline, and (4) addition of a fourth hydrogen to yield ammonia and a
mixture of n-propylbengene and iso-propylbenzene. The fourth reaction was found to be the slowest or
rate controlling reaction. Some side reactions were noted which gave small amounts of other aniline,
benzene, and cyclohexane homologs.

Both film and internal diffusion effects were shown to be negligible. The reaction was found to follow
pseudo first order reaction kinetics when a large excess of hydrogen was used.

Five mechanisms for the slowest reaction, were postulated. On the basis of the experimental data, all
but one of the postulated controlling steps were rejected. The acceptable mechanism was the dual site
surface reaction between adsorbed, o-propylaniline, and molecularly adsorbed hydro,-gen with the
surface reaction itself being the rate controlling step.

It was noted that the initial rate of reaction increased with in- creasing temperature and pressure but
went through a maximum with variable initial nitrogen Concentration. The energy of activation was
calculated from the Arrhenius equation and found to vary from 23.6 to 33.7 Kcal/mole as a linear
function of pressure.
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ABSTRACT

A great deal of interest has been shown-lately in the denitrogeénation
of shale .oll stocks by catalytic hydriogenatior, -Most of the work has beeh
an. 2 purely empirical basis and little is known about the. mechanism -of the
reaction since such a complex system is invelved. - For. this reasony .a
study has been carried out on the hydrogenation of a -"synthetic. shale oil™
composed of quinoline and a hydrocarbeon carrier.oil. - The Objectives were
the basle. study.of the kinetics of the reaction arnd mechanism inyolved.
with the idea that the work might eventually be of some.value in. the
broader problem.of upgrading shale oll.stocks.

- The work was carried out on a,benchuscale, -continuous -flow, fixed-bed
catalytic reactor system. .The. range -of -Operating conditions were: tem=
perature - 725 to0.800° F;. pressure =-250 to0.1000 psilg; flow rate - 1/3 %o
10 g 01l per g catalyst per hour;.and initial_nitrogen concentration -
.0.25 to 2.0 wt % N. A charge.of 15 to 100 g of a .cobalt-molybdate
catalyst was used in @he_reactor‘and_hydrogen flow rate was 7500 SCF/bbl.

- Using vapor-phase .chromatography analysis, it was found that the
.hydrogenation probably occurs In-four reactions: (l) addition of a
.hydrogen to quinoline to form.c‘i:Lhde:'oq_ufmoline,r (2) addition of a second
. hydrogen to. form tetrahydroquinoline, (3) cleavage of .the nitrogen ring
and addition of a third hydrogen to form .o-propylaniline, -and (4).addition
of a. fourth hydrogen to yleld ammonla and .a mixture of n=propylbenzene and
iso-propylbenzene. The fourth. reaction was found to. be the slowest -or
rate controlling reaction. Some side reactions were noted.which gave small
amounts of other aniline, .benzene, and . cyclohexane homologs

Both film and,intennal ‘diffusion effects were shown to be negligible.
The reaction was found to follow. pseudo first order reaction kinetics
when a large excess of hydrogen was used.

- Five mechanisms feor the slowest reaction were postulated. On the
bdsis .of the experimental data, all but one .of -the postulated controlling
steps were .rejected. .The. acceptable mechanism was the dual .site surface
reactlion between adsorped. o-propylaniline, and molecularly adsorbed hydro-
-gen, with the surface .reaction. itself being the .rate.controlling step.

It was noted that the initial rate of reaction increased with in-
~Creasing temperature and.pressure but went through a maXimum with variable
initial nitrogen concentration. The energy of activation was calculated
from the Arrhenius equation and feund to vary. from 23.6.to 33. 7 Kedl/mole
as a linear function.of pressure.
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I INTRODUCTION

Although the nationts known petroleum reserves are greater.than ever
.ﬁefqre and,havé«been increésing,every year for éeveral decades y.the time
‘will come when these reserves are exhausted. -With this reélizatiQn,
technologists have been vitally,concerned with processes whereby other
fyels can be used to supplant petroleum products. -Commercial utilization
of atomic energy and solar energy will reduce tge demand for hydroecarbon
fuels but the increased application of hydrOCarbons-tOJOther uses;.e.g.y
petnochemicals¢;would.appear to offset any,reduétion in' demand for hydro~
-carbens in general. |

Goncenned with,the ihC:eased consumption of petrdleum and the need
for;a.longéterm.supplyzqﬁ,liqu;d,fuels,.the-United States' Congress passed
,the«Synthetic Liquid;Fuelé Act of 1944, This Act‘aﬁthonized research and.
developnent .on ﬁew Sou§0e§ of olly -améng which was shale oil (22). The,
United States?. Bureau.of Mines then proceededfto.cohstrqct retorts and a
demonstration mine ne%r Rifle, Colorado -(38).

As a supplement to petroleum.for-a source of hydrocarbonéy:oil_from
oilashalelappears to be.one of the. most promisiné‘raw_matérials at the
presgﬁt time. The upgraded products are very similar to those obtained
Sfrom petroleum and there is a sufficlently abuhdant supbly,for many years.
The principal deposits;ofgoilﬁshale.initheJUHited States are located in a
.l6gBOO squafg mile area .of Colorado, Wyoming, and'Utah.called”the Green
River Formation;(39)l This bed, of .0il-shale. contains an estimated 500
Pbillion barrels of oll=-about twice.as much as the worldls proven.reServeé

of petroleum and 15 times the proven reserves of the United States (42,
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46). »Fgr.this reason, many companiesy besides the United States Govern-~
-ment, have -shown interest in developing th;s_oil&shale-deposit{'
Exploltation of oil shale may be divided. inte three steps:

1. Mining @frthe,oi;éshale.

2. Reftorting -of . the mined shale te obtain crude shale oil.

3, Refining and. upgrading the-crude‘shale~oil.to,pfoduce

marketable products.

-The mining and retorting steps have been fairly. well devkloped. However,
there 1s much-work %o be dené yet. on the .refining and upgrading.of the
c¢rude shale oil,

- The United States! Bureau -of Mines at Rifle, Colorado,.operates a.
room-and-pillar fype,of,mining;ppefatien.whereby,abOut 75% -of the .oilx
-shale is removedg the remaining shale is left behind.to serve as a roof
support (22). The shale 1s thén'crushed and reﬁorted:as in, the eontinuous”
gas compustion retortf¢e&eloped by the Union 01l C@épany_(i? 2212

| - The -erude shale ell-and its distillates do net make satisfactory
. fuels because of high nitrogen and.sulfup»content4,unsaturation#ulow
octane, coler imstability, and gum formationfp:opepties (T, 15, 31},
Inltial treatment of the ‘crude shale oil.or distillates by conventional
petroleum processing,.e.&., catalytic. cracking.or reforming, has not
proven particularly successful, -The nitrogen compounds are strongly ad-
sorbed“on-thegcatélysts, causing their.rapid,deactivationl(2,_1%,,3Q). - In
additiongy the.pfoducts are unstable, pf§ducing substantial quantities-of

gum and -an objectiorgble .coler. The nitrogen compounds are :also partially
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”responéible_for the-extensiﬁe,gum-fo:mation in that they.accelerate the
.oxidation of the,numerous,unsaturated.compoﬁnds (41). - Brior treatment to
remove, the nitrogen -1s thus necessary. -However; severe chemical treatment
such as acid washing 1s not satisfactory since this removes the. olefins
present as well as -the nitrogen compounds themselves , . thereby. causing a
-considerablézvolume loss of product (29).

-Destructive .catalytic hydrogenation.ef the crude €hale. oil or shale
ell fractions. seems to be :the most promising .method. for producing a étable
materdal for further upgrading processes (8, 104 .11).. By this methedy the
carbonznitrogen bonds are broken yielding ammonia.and hydrocarbons. -In
addition, the sulfur is similarlyAremoyed-as hydrogen sulfide and olefin
-¢ompounds, are. saturated., Thus the_nitrogen.éndﬁsulfur‘are removed and
the olefins converted, to paraffins;-all in one -operation.

- The catalytic_hydrogenation.of shale .0oil.fractions has been studied
by the- Chemical Engineering,Department at:Montana State-College-sinpe 1954
(44.19, 23;.28). .They,Werevinterested,in_deVeléping an economlcal process
which would produce & low nitrogen and low sulfur content.effluent oil.to.
be -used .as a.charge stock ﬁoruconventipnal.petroleum refining processes.
Their research included. studles of the'effects-of_process variables such
as temperature,. pressure, .space .velocity, treat gas ratq?;gnd treat gas
composition;.studles of the efficlency and ability .of twelve-different
catalysts in denitrogenation; and a kinetic study. Since tﬂéﬂnitrogen
removal is of primary importante, .the sulfur”remqyal-and‘olefin,saturatimm

being done relatively easlilyy they wepre .concerned mainly. with .correlating




..“7‘
their-data to nitrogen removal.

Due. to theicomplexity.of shalesoilzand.subseqpently,to the many theu-
sands of reactions -occurring simultaneou&ly%ﬁthey were unable to accomplish
mych. in the kinetic study. -They did,determine that the-eontrolling_re#~ |
action was pseudo-first order with respeét to the nitrogen in the chérge
stock and. that the -transfer. of reactants to the catalyst by.diffusion was
not the rate controlling step in.the reaction for. the particular reacter
used in the.-study.

A more thorough understanding ,of .the kinetics and mechanism.of the
.reactlons invelved in shale.oil.denitrogenation would be very desirable
but.this Information 1is virtually impossible %o obtain in such. a cemplex
system. -Therefore; 1t was proposed ﬁo,study the reactions invprgdhinnthe
-destructive catalytié'hydrdgenatign of as"synthetiﬁ.shalé,qil";_that isy
-an oil. made up; of -a high molecular welght hydrocarbon and a single nit-
rogenlcompqund.charagteristic.of.the type found im &rude shale oil.

-This thesis 1s a report of such an investigation. The information
obtained is of a. fundamental nature and should.be of valug .in solving the

‘broader problems of upgrading shale oll stocks.
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II RESEARCH OBJECTIVES

The .obJectives of this'reseapch,were simply. to gather and evaluate

the data from the destructive catalytic hydrogenation of a. - "synthetic

shale 011" composed of a hydrecarbon carrier oil.and a single nitrogen.

compound. -Of primary concern was the study, of the kinetics. and mechanism

of the. reactlons involved. We were interested in determining the follow-

ing things:

1. - The empirical erder. of reaction.

2. A suitable .oyerall.reaction mechaniSm and the rate controlling
step. If this Was.not,possiblex.at least elimination of
unlikely mechanisms.

.3, Constants for the Arrhenlus equation and reactilon rate
constants at various process condltioens.

4. The general effects of changing the process .variables of
temperature, pressure,, oil floy. ratey hydrogen flow. rate,
and nitrogen concentration,

5. The qualltative and quantitative .identification of reaction

‘products and Intermediates.

In general, .the above.objectlves were realized insofar as time and

avallable equlpment allowed. - The research was .meant to be.of a funda=

.mental nature but designed so that the results. could be applied to the

broader problem of upgrading crude -shale .0ill stocks.




-ITT EXPERIMENTAL CONSIDERATIONS

A, .Introduction

.Selectionkgi'Feedstqck: In order to prepare the synthetic shale oll

feedstock,. it was necessary to find é.high molecular welght hydrocarbon
carrier .oll and a nitregen compound.characteristic of those found in the
crude shale 0oil, They had to be readlly avallable in gallon lots at a
reasonable price. - In addition, 1t was desirable for the .oil to:.(l) have
a bolling range above that of ‘the expected reagtion products and inter-.
mediates so that they.could be .readily separated.by distillationy and
(2) not be affected b& the hydrogenation process itself. The .nitrogen
compound should also be sufficiently difficult to remove so that the
processing conditions are relatively severe, corresponding té those .used
in normal -shale.oll processing.

The literature (L;,6}_38,-39{ 41) reperts that the nitrogen in shale
o1l exists as a constituent .of heterocyclic molecules; primardily as homo-
logs of pyridine, pyrrole, -and quinoline., It was declded te use quinoline,
-available as a coaletarlmwproducty for the‘éour§e=of nitrogen. The
quinolinetobﬁained was qulte impure; however,. the contaminants of iso-
quinoliﬁe-and quinaldine were readily removed. by distillation. .The .car-
.rier.oll chosen was :"Peneteck",. a commercial mineral oil produeeq.by,the
Pennsylvania Refining Corporation. -If 1s a clear white hydrocarbon oil
produced from a naphthene-paraffin base petroleum crude., Tt contains
essentially no aromatics or olefinsy hag a bolling range of 250-270°C

and a density of .T797 gmn/cc. In additiony-a small amount of pure cetane
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(n~hexadecane) was obtained for use as a supplementary carrier oil.

. election gﬁk?rpcess Conditions: Using previous work and explora-

tory runs as a gulde, the following ranges .of operating -conditions were

‘selected:
. Temperature : ~ 725-800°F
:Pressure: 250~1000 psig
Hydrogen Flow.Rate: 2500~1Q0 4,000 SCF/bbl
.Nitrogen Concentration: 0.25~2,00 %.N
.Space Velocity: _ 0,33~10.0 gm oil/gm catalyst/hr.
Catalyst Amount: 15-100. gm

The criteria of these selections was the ability to control the degree
of nitrogen conversion between 10% and 90% by proper adjustment of the
process, conditlons chosen. .0f coursey these conditions had te be conm-=
patible with the limitations of the equipment involved and the amalysis
techniques used. -In addition, it was necessary to ensure that there would

be little or no effect on the carrier.oil.

-Thermodynamic Study: Before the initial work was beguny, .a thermo-

-dynamic ‘study of the hydrogenation of quinoline Was carrled out. This was
done to verify thermodynamically the feasibility .of the overall.reaction

of quinoline and hydrogen to yield ammonia and propylbenzene. For example,
the free energy thanges and equilibrium constants at several temperatures
are: at 500°K, AF® = -23,800 cal/g mole and Keq = 2.4 x 10%0;.at 700°K,
AF° = =10,100.¢al/g mele and Keq,=,l.4'x 10°, .The temperature of neutral
equilibrium.was calculated to be 850°K. These calculations indicated a
favorable reaction. 'In aadition,.it was shown that a 98.9 percent equlli~

brium -conversion coeuld be expected at 700°K and 50 atm. pressure, condi-
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-tlons representative of shale oil hydrogenation, The complete study, with
calculations at four temperatures and four Pressures, is included in the

appendix.

-B. Materlals

‘-Eeedstqck: The -crude quinoline,.containing approximately 90% quino—
line and 10% iso=quinoline -and quinaldiney, was purified by fractionation
in a one-meter column packed with Fenske rings. Refractive index measure-
ments were used to.centrol the purity of the distilled product. .The pure
quinoline from the column was collected under a natural gas atmosphere to
iselate it from oxygen and was then étored.at =20°C to hinder oxidation.

The feed stock was prepared by mixing appropriate amounts .of quinoline

and Peneteck té.obtain the desired concentration of nitrogen. Fifty liters
of feed stock contalning approximately. 1% .N by weight were mixed up.and
stored in a glass container under-a natural gas atmosphere. Most.of the
runs were made witﬁ this feed stock so enough was made at once to insure
constant feed.compesition and characteristics. -The feed stock was then
simply siphoned from the container into the fted reservoir immediately
preceding -each run. -The feed stock.for~the'few.funs made at other nit-

rogen levels.was prepared.immedlately prier to each. run.

-Catalyst and.CatalySt Supports: The shale .0il work done at Mentana

State College (28) evaluated a number. of commercially available catalysts.
One of the better of these, a cobalt-molybdate catalyst manufactured by

Peter Spence and Sons, Ltd., was chosen for our work. It was in the form
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.of 1/8-in. pellets and-contained 2.5% .Co0 .an& lil:,O%,,MoO3.
-The. .catalyst supports, used above and bélow the catalyst bed. in the
.reactor, were 1/8~in. alyndum pellets obtéihed from tlie Norton Abrasive

Company .

Hydrogen Treat Gas: The hydrogen treat gas was supplied by HR Oxygen
quplyg-Billings;:Montana{ To rembve Eracéfqnantities of,oxygenjlthe
hydrogen was first passed through a ﬁDeéxp",unit. This unlt centained a
palladium catalyst which remo§ed the oxygen by catalytically combining it
with hydrogen to form water. The water was. then\reméyed.by.passing the

hydrogen through a tube packed with "Drierite™.

C. Equipment

Flow. Diagram: A‘schematic flow diagram.of théycatalytic hydrogenation

unit is shown in Figure .l. -The reactor 1is -operated as a fixed-bedy. con=
tinuous=flow integral reactor. Feed stock from the oil feed . reservolr is
pumped to the inlet of a.radlant preheater where i1t joins hydrogen which
has -been degxygenated,-driedy filtered, and metered from-the hydrogen feed
cylinderi- Togethery .they pass through the preheater, enter the top .of the
.reactor,.and then travel .downward through the preheat@,catalyst¥:and~after—
heat sections. _The.vapors'are:then\condensed;.theAliquidAproduct being
,cqliected.in'a recelver at atmospherilc pressure while the gaseous products

are acid scrubbed and yented to the atmosphere.
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r§peci£icatiops: The reactor was made from.a 3Q-in..length of neminal
1=In. ODy seamlessy schedule 80, type 188 stainless steel pipe, - It was
.equipped wlth a flanged union at each end te permit easy .access, The
-réactor was -covered. with a layer of asbestos ﬁabe and then wrappedﬂﬁith
fiye ceramlc-beaded nichrome heating coils. A 2=in. layer of 85% magnesia
insulatien was placed over these heating <coils. ‘

A length of B/léwin&.OD stainlessrsteel.tubingz,brazed<shut éx_the ﬂ
lower endy extended through. the middle .of the reactor and. served as a |
‘thermewell. In. it wére placed five iron-constantan thermoceuples to
.measure temperatufes at varlious positions in the reactor. .The .lecatiens
of the heating-coilsy_therm0couplesy-andncajalysf bed are shewn in Figure
2.

The .radiant preheater was.constructed freom a 3-in,.x 1ll=in. stainless
steel cylindery closed en both ends. The. éy;inder was wrapped with as- t
-bestos tape, wound with a nichrome heatingncoily gnd,covered-with-aAZain.
layer.of magnesia insulation. A 6-ft. length. of 1/8~in, OD stainless
stéelptubing.wa5~coiled and placed in the c¢ylinder. The.oil and hydrogen
paséed.throughuthiS;¢gil‘beﬂore entering the reactor.

Acceésory equipment which. was also wmtllized in the hydrogenatien unit
is as follows: .A Hills<McCanna high pressure proportioning pump with a
1/4~1in. piston; two Brooks armored rotometers.with 3/32~in. balls; .one
220 volt Powerstat and five 110 volt Powerstats; an air-to-close, 1/2~in.,
-Type .No. 107-=1, Mason=Nellan.dlaphragm Valveg-a“reverse-acting¢ Typef4loo

-UR ;. Bisher-Wizard pressure controller;. an 8=in, Jerguson sight glass; a
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1000 ml g;ass oil reservoir'wifh,a 50 ml burette attached through a side
arm;i. & Leeds & Noxthrup 18-peint indleating potentiometer;. two. Marshall
2000 psi gauges) a Baker Deoxo Purifiery Model Dj.and two Matheson hydro-
gen_regulators,.-Schedule,&o blagk=-iron piping.and Type BOM-SSQHl/Gﬂin._OD
tuping.were used throughout. .Hoke #321 blunt-spindle valves were used for
en~off cdontrol and Hoke 20 turn-to-open needle valves.wére“used:for;meterg
ing. A l500'psi rupture disk was placed in the reactor system as a
safety precaubion.

,Toward,the.énd,@f the.investigatign@ the Mason-Nellan. diaphragm valve,
the Flsher-Wlzard ‘pressu‘_"_c-‘e controllery .and the sight glass were all re-
placed. by .a Grove back pressure regulator. - This. regulator facilitated

easier pressure centrol while allowing less liquid hold~up in. the system.

D. ,Qperating.Rrocgdgres

Reactor Preparation: The reactor was charged by inverting the re«

actor tube, pouring.catalyst supports te a predetermined levely .charging
‘the desired amount of catalyst,-and filling the remainder of the tube
with catalyst égppqrtst When less thanMLOO,gm.@fnqatalyét,wefe used,
endugh -catalyst supports were mixed with the catalyst so that the length
of the catalyst bed was always thé same. At 3 to 4=in, intervals of
material .charged, .the resgctor tube ﬁas tapped sharply with a hammer until
there .was no further tendency.for the .filler materials to settle. This
was dene to insﬁre even,packing.anduchrectpositipning.of,the-éatalyst
bed.. A stainless steel screen was fitted into ﬁlaoe.at the bottem.of the

reactor to keep the reactor.dontents in posltion. .The reactor.was then
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coupled in,its.proper pogition in.the unity the oll and gas feed line,
_the;thermocouple.leadsigand the Powerstat cords were -connected to the
reactor. After allowing hydrogen to flow through the. reactor for an
hour, the unit ﬁas pressurdzed and tésred for leaks. It was then ready

for-a run.

~-Reactor Operatign: ;n.preparationﬂfof a,runa_the.réactor was heated
overnight under-a.hydrogen,atmbsphereﬁ The feed pump was started when the
desired .operating temperature Waé_reached_and,remained relatively.constant,
By.adJusting the stroke .of the.piston 1n.the.feed.pump% the space .veloclty
was set to the desired valuéuby,measuring the volumetric oil feed rate.

- Hydrogen was metered through a rotemeter and the flow. rate adjusted with
a. needle valve. Temperatures .throughout theﬁreactor-were;measured‘with
thermocouples and the Powerstats adjusted. accordingly teo maintain the
desired tenmpersture. . By occaslonally meving the. thermocouples up and.
down in the thermowell, a.complete temperature profile .of the.reagtor. was
obtalned to ensure theumaintenance of isothermal .cenditions within the
-catalyst bed. A pressure controller»@nd_regulatgr.vglve-were used to
maintain the.deslired reactor pressure. ThégproGeSSed.oil was collected
An a sight glass and drained off stéadily inte & receiver. ILate in the.
‘invéstigatigng.the pressure eontroller, regulator valve, and sight glass
were replaced by & simple hack-pressure regulator which functioned more

satisfactorily.
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.Sampling: Benson (4) found in his'investigations of shale oil that
the conversion of nitrogen changed sharply. during the first four hours of
& ryn. It rose to a maximum, decreased sharply, and fhen leveled off to
a reasonably .constant value. This characteristic was attributed to an
initial change. in catalyst activity and was also encountered with quino-
line system. -Figure 3 shows this behavior for one .of ‘the runs which was
conducted for 28 hours. - From the figure 1t 1is apparent that a run must
progress for six to eight hours before constant.conversion is obtained.
-For thils reason, sampling began only after temperatures remained constant
énd the run had progressed at least elght hours. Three successiye
samples were then taken, each consistiné,of a one~hour composlte product
of the run. Each sample was analyzed and the conversions checked against

each other to ensure complete line-out.

E. Analytical Procedures

2The nitrogenvcontentuof each sample was determined by the -standard
Kjeldahl methoé (24, 26). Duplicate determinations on the samples were
averaged and the .conversions .obtained durlng each run were -calculated
from these values and the initial nitrogen concentration of the feed
stock.

‘Some of the samples. were further-analyzed with a vapor-phase
_chromatography. unit to determine the qualitative and‘quantitative dis-
tribution of reaction products and intermediates. This was accomplished
wilth anJAerograph Model A-110=C gas chromatograph in conjunction with a

Brown-Honeywell Model 143X57 - 1-mv recorder, A number of different columns
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and column temperatures were.used in<this work.
Several,fractionations_bf product were carried.out on composite run
samples to correlate produet distribution with boiling point. The product
fractions obtained were then subjected to chromatograph analysis and a

few.of them analyzed with a recording infra-red spectrophotometer.
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IV . METHODS OF DATA.ANALYSIS

A, Empiricgl.Rgte:Equation

The rate of a reaction, also termed 1ts velocity or speed, may be
expressed in terms of the concentration of any of the substances which
are,reactinglor,of any. product . of* the reaction. It is defined as the
rate-of decrease .of the concentration of a feactant, or as the rate .of
increase of concentration of a product (25). - Thusy if a -reactant is
chosen as the. baslis, having a concentration C at any tlme t,.the rate
is =dC/dt. Furthermore; the law of mass action states that the rate of
‘a.chemical reaction 1s proportional to the product .of the "active masses"
of the reactants invelved. This law was first obtalned experimentally by
Guldberg and Waage in 1864 and subsequently derived from the theory. of
molecular.collisions 1n gases and liquids (43). Since the activity of a
substance in a mixture is- frequently. difficult to obtain}{concentrations
are usually used to. rgplace the .active mass .terms. :For example, in the
rea¢ttlon |

A+B_—3 R +38

we .can express the .rate as

- 4Cp  _ & b
r = e kCA-.CB
dt :

where r 1is the rate,-CA and CB_are the concentrations .of the respective
.reactants A and B,:.a; by and k are constants.
The constant k in the above equation is termed.the "specific reaction

rate constant", or simply the "rate constant". .In generaly its units
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depend upon those employed for the .concentration and upon the order. of
reaction. The order .of .reaction is defined as the sum .of the exponents
a and b. ' Reaction orders may have values of 0y 1, 2,A3¢ or some frac-
-tional value (9). This derivation of the rate equation based upon the law
of mass action 1s theoretically valid only for homoegeneous sysfems. How=
ever, 1t has been found that data from heterogeneous systems can also be
correlated qpite well in many cases. This .is particuiarly true when one
of the reactants is present in large excess (20),

-In a heterogeneous catalytic reaction;;a.factor must also be included
in the rate<equation to account for the preparation, composition, and
physical properties of the catalyst. Thus, for the.overall reaction of

Quinoline + Hydrogen -3 Hydrocarbons + Ammonia

the rate could be expressed as

r=-_ Q0 - klzcgcﬁ
dt

where k 1s the rate constant, z is the catalyst factor,.and-cq,andJCH are
the concentrations .of quinoline and hydrogen, respectively. - This isy of
coursey assuming constant temperature and pressure.
If a large excess of hydrogen is ﬁsed;:as was the case in this study,

.the amount used up in the reaction is negligible and the hydrogen con-
.centration remains essentially constant, Since the catalyst factor z is
Ialso‘constant for a given catalyét@\both of these terms may be .included

in the rate constant...Furthermore,_it.is advisable to use - the .concen~

-tration of nitrogen rather than the concentration of quinoline in defining
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the rate. DOlng this, the rate equation.becomes
dCy

. ' o
S dt .

where CN 1s the ¢oncentration of nitrogen.

‘For purposes of data evaluatlony.the equation is put into a better
form by let%ing:A be. the original amount.ef ‘nitrogen present'and.x be the
amount . converted. .The Aﬁxjis_tﬁe amount of nigrogen left;ior-CN. The

.equation then becomes
‘n ' .
r=L = ko(a-x) (D)

-Separating'the variébles.and Integrating from x.=.0 to x = X and t = 0

tot =% gives
X .
dx, = kob

=,
‘b _

Since the'acﬁual conbact timé't is. virtually lmpessible to .calculatey
it.has been foqndﬁconvenient to Introduce & new varidble, .space velocity
or.Sv. Spaqe»velgciﬁy,is:definedfas the volume or welght of reacting mass
per unit volume or weight of cafalystlper unit time. In some cases unit
-volume of reactor 1s used. in place of unit volume of catalyst (9) -For
this work we shall define space velocity as grams of 01l per gram of

cata;yst per~hour. ‘Since -the speeific units are then reciprocal timey

We may use l/Sv in place -of time im the rate equation, thus .obtaining

S .
.'-Eé;ﬁh = ke (2)
/}T (A=x) " S,
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B. .Order. of Reaction

The order .of reaction 1s then n, the exponent of the A-x term of
Eguation 2. -Howevery, .this 1s termed a "pseuﬁo.order" since it is actu~
-ally a ficticlous -order. obtalned byi.letting one .of the reactants be in
large excess -of that required for”cpmplete.cqnversion (20)7

| The most .common method for evaluating n is to assume different
orders -of reactiontuntil.onélis found -which agrees with the data. For
.example, 1f the reactlon is first.order, n is equal to oney-and
1 | X

/dx .= ’ke
o/ _A?-X. ‘S:V

which integprates -to give

In A, = KXo (3)
A-x ’ :SV

A,piot,of In A/A-x vs.. 1/Sy would then yield.écstraight.line with a slope
.of ke and. an Intercept of zero.
For . a secondlorder,reactibn%_n has. a..value of two and the faté
equation becomes
x

. ax Ke
/{' (Aﬁx)a Sy.
-Q ’ .

-Integrating this equation‘gives

1 - 1 = X (1)
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In this case, a plot of 1/A-X ys. l/SV would give a straight line having
.a slope of ko and an intercept of 1/A.

By making such plots,.ﬁhe order of this reaction was determined at
three different pressures. Quite often, visual inspection of the plot 1s
sufficient to.discard or accept the assumed order. Where there is ques =
'.tion of results, statistics can be helpful in evaluatirig the "goodness of.
fit" -of the data.. Iﬁ any evenf, the data points should not show.a defi-

nite upward or downward. trend (9).

C. Energy of Activation

The effect of. temperature on a chemlcal reactiony the change of the
reaction rate constant, 1s usually. expressed by means of the Arrhenius
equation, Although Arrhenius developed his concept in 1889, modern
kinetic data agree with it remarkably well (36). .The Arrhenius equation
is- based upon -the variation of the equilibrium constant.with_temperature,
i.e., the vanlt Hoff equation,.éndwis expressed as

Eq/RT

k= se - (5a)

or
Ink=_2 +1ns (5b)
RT

where k 1s the reaction rate.constant4 R 1s the universal gas conétant;
T .is the absolute temperature,.s 1s a constant called the "frequency

factor",. and Ey .is termed the energy of actilvation.
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-The so-called actlvation energy was interpreted by Arrhenlus as the
excess over the éverage energy that the. reactants must possess in order
for the reaction fto.occur (36). .The overall .reaction could then be
looked upon as. occuring by the following two-steép process:

. Reactants —y Activated Reactants — Products
Arrhenius.regarded~the activatlon energy.as a "heat’ term and compared.
1t to the heat of reacfion. Eyring has -since shown that it is really. a
free energy. term and not an enthalpy term as had been previously
supposed (16). |

According to the equation,.plots of 1n k -vs. 1/T will give a
strﬁight‘line with a slope of -Eg/R and an intercept of In s. These plots

were made and the corresponding activation energies obtained.

D. Redetion Mechanilsm

_Jheory: When a chemical reaction takes place without the aid of =
catalyst, .the :only steps involved are chemicalwonesi ‘The. case 1s dif-
ferent In catalysis, however; here, .the steps that consti%ute‘the
mechanism are both physic¢al and chemical. The reaction on a solid cata~
lyst may be divided into the following steps (9):

1. Diffusion of the reactant molecules to -the surface of
the catalyst.
2., Diffusion into the pores of the -catalyst.
3. Adsorptilon of the reactant onto the catalyst.
L, . The actual chemical. reaction or series of reactions which

take place in the adsorbed phase on the -catalyst.
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5. Desorption of the product molecules,
6. Diffusion of the products to the -exterior of the
catalyst pellet.

7. Diffusion from the pellet to the main gas stream.

Steps 1, 2, 6, and 7 are definitely physical steps and.the rates of
these steps are determined by the laws of diffusilon. Step 4 1s a.chemical
step and describes the actual transformation of reactant molecules fto
product molecules. -Steps 3 gnd 5 lie on the. borderline hetween physical
and chemical., .If the adsorption takes place by~chemisorptién,~these are
¢lassified gs chemical steps.

- Chemisorption refers to adsorption where there is actual chemical
combination between the -adsorbate molecules and the catalyst. Taylor
first perosed_that.reéctiqns which are catalyzed by solids actually
occur on the surface of the solids at points of high chemical activity
which are called "active -centers" (40). The exact nature of an active
center and the condltions which must be fulfilled in order that a point
on the surface becomes :.: active remains the subject of much specu-
Jation., .There Is evidence that the interatomiC'spaciﬁg‘of the.solid
structure is important ag well as the chemical constitution and lattice
structure. The belief that definite electron bonds are involved,.cor=-
responding to the formation of a.chemical -compound between the adsorbate
and the surface, .1s supported by the large enthalpy change accompanying
adsorption (20). Regardless of the nature of active centers, their

exlstence is the basis of the theories of chemisorption.
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Since the seven steps listed above occur in seriesy 1t is possible
for ,any .one of them-to~contr61 the-ovef-all rate .of ‘the reaction. It is
usually assumed that the rate.of one of the steps is-appreciably slower
- than that of the others;:the.over-all rate willl then adjust ‘itself. to that
.of the slow step, This sloﬁ step is termed the."rate controlling ‘step"

‘and can be -either a physical.or a chemical -one.

nﬁifﬁusion,antrolling:szIf any. one-of the physical §téps is rate

.controlling, it is an Indication that the catalyst is not being used to
-,its_fullest-capacity. .If:step l.or 7.is-contr011ingi it means that either
the reactant moiecules can not be supplied to the catglyst.or that the pro=
-duct can not be removed fast enough to keep up .with therpotential ability -
_of the catalyst to cause the reaction to-proceed. This.occuré because the
feactantS'énd-products mﬁst“diffuse through a stagnant layer. of gas that
surrounds- the "ca,talyst pellst (9).

The. effects of this film.diffusion were'checkedey making a-series
of.runs at constant-space,velpgity bﬁt different linear velocities. This
was accompliéhed‘by_varying_the feed rate and weight -of -catalyst simul-
taneously.tgugive the same valite of Sy If the values of ‘convefsion for
‘the. different gas;veiocities.cqinpidel.the.effect-of:diffﬁsiqn is negli«
glble;. conversely;, .there is a .diffusional effect if the conversions.are
Qifferéntz,-mhis.pccurs because .an Increase in the gas velocity will lower
vthe,film.resistanée~by sweepingAaway_mofe of ‘the -stagnant gas layer, there~
by increasdng: the vate of diffusion, If film-diffusion 1s rate.control-~

.ling,;a,subsequent increase in conversion ﬁakeé_placeg The. usual procedure
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15 then to redesign fhe-reagtor-such that high enough gas velocities are
-obtained to minimize diffusional efféctsa

Even with a gas velocity.large enough to keep the<film,resistance at
a minimum, 1t is still pessible that the .catalyst is not used to its ful-

- lest.capaqityz This oceurs: when elther step 2 .or -Step .6 in controlling.

In most catal&sts the outslide surface area 1s negligible in. cemparison
to the vast iInterior pore surfaée‘ In order for"this,interior surface to
be used, .the reactant molecules must diffuse into the pores and the proe.
~ducts must diffuge out again. -Thusy if thils interlor diffusion is con
”trolling,huse-of-a”smaller:catalyst-will=speed up the reaction (9)..-3uns
were.made using three. different catalyst sizes .to .chéck for the effect
-of interior diffusion. - These different size catalysts were prepared by
simply crushing and screening the .original 1/8~in.. pellets of catalyst.

A small enough catalyst parﬁiéle to 1imit the effects of internal diffusioen
was then chosen for .the balancé of the studj.

. Chemical Stepfcqntfpllinga After the effects.of film and internal

diffuslon. are minimﬁged,,it is possible to-study the -actual mechanism of
the reaction. Herey ,the termsmechénismkshall‘refer,to the various -ad-
sorption, reaction,-and desorption steps which.take place..on the surface
of the ¢atalyst.

T As will be shown latef,.the hydrogenation of quinoline actually pro=-
-ceeds through several intermediate compounds before the finaltpfoducts:are
obtained. The-siowest of these react;dns,;as the case may bek_wi;l qpntfol

the-oveféllzrateuof reaction., This 1s subsequently shown to,beffhe final
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Treactlion: .the addition ef hydrogen -to a primary anmine, formed when the
qpinoline molecule .1s broken open, .te yield the products of ammonia and
propyl benzene. In the following analysisy 1t is this reaction which is

discussed. This reaction can be expressed in an overall manner as.:
A +Hzs—3 R+ 8 (6)

where A refers to the forementioned amine, Hy is molecular hydrogen, and
R and S are the reaction products of ammonia gnd'propyi'benzene.
There are a number of mechanisms whereby this reactioﬁ could 'proceed.
To determine the correct mechanism and céntrolling step, one must postu~
late the various ways the reaction could.take place, writing down each
step and and.corresponding rate equations. The rate equations, -assuming
each successive step controlling, are then examined in light of the ex-—
perimental data and any. which do not agree with the daté are rejected,
The mechanism which cannot be rejected, .or the one which fits best if
there are several, 1s then chosen as the correct mechanism.
- The five most plausible mechanisms whereby this reaction could proceed
are as follows: |
- I. - Reaction between molecularly adsorbed hydrogen and
adsorbed .amine.
IT. Reaction between atomically adsorbed hydrogen and
adsorbed amine. | |
-III. -Reaction betweeﬁ.moleculafly adsorbed hydrogen and

amine in the gas phase.
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<IV. Reaction between molecularly adsorbed. hydrogen
and .amine Jin the-gas phase,
V. Reaction betwéen hydrogen in the gas phase and' adsorbed
amineﬁ ‘
~The«pQStulated:steps,fqr-eaéhzmechanigm'and their correspbnding rate

equations are. shown in Table XII.

: Ehe-development_of‘thenequations for. one .of . the steps.controlling
for -Mechanism I will now_beuqonsidered;,-Supgose that the reaction be-
-tween.moledular;y.adsorbed‘hydroggn_and.adsorbed'amine takes place by
-the.fpllowingfsteps:‘

1. -A mole¢ule of A 1s adsorbed upon. an active -center
-of the catalyst.

2. A,molecgle.of hydrogen is adsorbed upon an adjacent
center of the.-catalyst.

3. The adsorbed molecule of A then reacts with the adsorbed
,moléculepof_hydrogen to. form the_produdts-Rzénd;S
.adsorbed on actlve sites.

4. The molecule of R is desorbed;fﬁdmgthe active site.

5. The molecule of S is desorbed from the active site.

Using the Symbol;:vy,te'designate a .vacant active cente:{:we;can;write

‘the -chemical equations for these steps was:

I

1o A+v @ Ay | Ki= Cy/?,Cq (1)

2. Hz+vV'Z Hzy Kz. 01{2/13H~:20.v (8)
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. & - )
4. RvZ2 'R +.v Kg = PRCy/Cg (10)

. In these .e,q_iyx,a;tigns. Kyy Kay ‘K3;:.K.4"-, -and. K5‘- reépresent t.h.er'vequ'i_;ibrium conx
- stants for the individual stepsy.: CA, CH .y Cgpy and. Cq are the .concentra-
tilons of the adsorbed. gases; :and C is the concentration of vacant active
centers. If any -ohe of the above steps is. slower thap.the.othefsifit‘will
be the _rate .controlling step. The final form of - the rate -equation will
depend. upon which. of the 'steps is-the‘slow.pnef
- The -derivation of thé.rate~eQuations 15 based upon the following
fassumptiOQS:
1. The resistance tofdiffusion is negligible so that
| only. a .chemical step can control the. reactlon. '
Furthermore, this resistance.ls so slight that
the partial pressure at the interface.can be re=
~placed by .the partial pressure in the. bulk .of the
gas stream.
27-‘The'a§sorption terms. are all chemisorption and
react according to the,lawhqf mass action.
‘3., -Only.-one of the reaction steps ié'féte controlling
and there is no.shift.of the contrelling step- during

the regetion.
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4, The rate equation for the rate cantrolling step can
be written as a-simple order reaction.
5. ' The specific rate.constants and eqnilibrium.adsorptidn
constants ‘are independent of total pressure.
As #n example -of the derivationy suppose that step lj.the'adsorptian
of the aminey 1s theé slow one. .The rate .of step 1 is then equal to.the
overall rate since -the rest of the steps are -at equilibrdum. Assuming

this step to be of simple order,.the rate.equation is
1
r.= kP 0y = %10, (12).

where ki and k{ may be regarded as forWardnand reverse Gonstants,

At equilibrium,. the xaté 1s. zere and
O/PyCy = ky/k1 = K
Therefore we -can write
ki ='.k1/I.{_l
~and Equation 12 .reduces to
r.= k1(P,C, = Cp/Ky1) _ (13)

Howevery this equation.cannot be used as 1t stands since it contains the
terms CA and-CVJ.vafiables that cannot be.measured. These quantities
must be expressed. in terms of variables that can be measured<-the partlal

pI’eSSU.I‘eS Of Ag‘Bij. OI’ S.
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Since step 1 1s the rate controlling stepy 1t is not in equilibrium
and the equation KIA;ZCA/EACv:cannot.be used to evaluate Cp. . However,
steps 24 3,_4¥Iand 5 dre at equilibﬁium and the conresponding‘equiliA

brium equations may be used. From Equations 8, 10,.and 11:

C

R = PRCy/Ks

- Cg = PgCy/Ks

. Substituting these values .into Equation 9 glves:
Gy = PRPS,CV/K2K3I{4K5PH2

This value of Cjp can now. be put into Equation 13 to give:
. =ky(P)C_ ~ PRPSCV/KJ‘_KQK;K‘Q%PHZ)

Since steps 1.and 5 add up to the.overall reaction,. the.product
K1K2K3K4K5.must be equal.to the overall equllibrdum constant, K. Sub=

stituting in this value .of K and factoring.out Cyt
r= kICv'(PA - PRPs/'KPHZ) (1”‘)

- This leaves Cy as-the only variable that camnot be determined experi~
‘mentallyl -The total number of active .centersy .which -1s .independent of

conversion, 1s defined as V. ' Then we can write

V=~Cy +Cpy 9H2-+ Cr + Cq
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Substitution of the.yvalues for C,, Oy s Cps and Cg gives:

V.= Cy + PRPSCV/K2K3.I{€21_K‘5:I"I'_12 + K?BH‘,ZCV:,+ PRCy/Ka. + PSqV/K5

-Solving for C, gives:

0y = T+ PRPg/KeKKaKoPy | + KaPy_ + Pp/Ka + Pg/Ky

With the substitution ef this valu"e .0f- Gy Equatien 14 becomes:

kyV(Pp +~ PRPg/KPio,

r=T1+ P PS/K2K3K4K5PH + Kby, +Pp/Ky + PS/KS
or k(py = PRPS/KPH )
o= l + KAPRPS/PH ¥ K‘i'PH * KRPR e KS S
where
k= kiV; By = I/KKKKps Ky = Kaj Kg = I/Ky and Kg.= /K.

Aso, . 1f an inert. gas is ‘presenty. it must. be taken into aceount if
1t is adserbed (43). . Once the flow precess is in operation,. the- catalyst
will begome saturated with respect to the Inert. component -and the -compo-
sltien of the. inerts will not»changeﬂ Assume :that the..carrier oil in
this case .1s adsorbed according -to the.réagtiong |

I4+v2Iy KI_:,CI/EICV (15)

where I refersttoithe Inert oll.- .This will simply add another .term to

.the,@enqminatorfbf'themrateyquation which. then becomes ¢
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k(Pp - PRPy/Ey ) (16)

r= 1 +-KAPRPS/PH2_-+ KHPHz- + KR?R‘* KsPg + K1Py

Since this rate equation contains five variables (Pps RHé, PR’ Pg
and PI)? 1t 1s still .too unwieldy for the purpose .of picking the correct
mechanism. Several authoré'(9,:21,.43) suggest the use of initial rate
-data .rather than finite raté data for this purpose. At-the initial point
where X equals zero, Pp.and Pg .also are zero and the rate equation be=~
comes 3

_ *Pao | o an
To = L+ KpPp_ + KfPp

where the subscript zerés refér to the initial rate and partial pres-
sures, Table XIII_shows the. corresponding initial rate equations
assuming each step controlling in each. of . the mechanisms.

Replacing the partial. pressures of each éomponént by the product of
‘thelr mole fractions times the total pressure, the above equation

becomes:

Kyp, ™ . (18)
cro= 1+ Ry¥y, o+ Kpyp @

.0

where the y's represent -the respective mole fraetions and = is the
total pressure. -The initial rate can then be studied as a function of
‘total pressure .or initial.composition, in each: case holding the other
.c¢onstant: ' -

- For exampley at constant initial composition, dividing the above

equation through by kyA glves:
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—r . (19)
ro= a.+ b &

where. a = l/konrand_b =.(KHyHo + KIyI)/kon. This form of the initial
-rate eqﬁation for each step controlling is shown in Table XIV and the
corresponding curves are shown in Figure 12. ﬁurthermore¢:a and. b are
restricted to be positive .constants in each of the;equations, Comparison
of & plot of experimental ry ys. % (or a functionnof ry Vs. @ ) to the
curves defined by the derived. equations serves as a basis for rejection
of unacceptable mechanisms. IThis was done and a majority of the |
postulated mechanisms were fejected,

The remaining ones.were studied by holding the pressure and yHO
constant and varying yAO and.yI‘ Substituting I = lson - yHo and

dividing Equation 2l through by k x gives:

I,
L ) :
ro= 1/k x [I + KHyHo T+ KI(l~-':>rHO)It 1 = 1/k K1y, ’(TZQ)
or
Y Aq
= BT TR
ro= -ab+ b Yo

where af and b' refer to the appropriateiconstants. In this case, the
constant bl may or may not be positive, depending upen the .controlling
step. Plots of functions of . rgy vs. Va, then served to eliminafe all
but .one éf the remaining assumed mechanisms,

The rate of redction Is defined as dx/dt (Equation 1), and can be

evaluated in several ways. From a plot of x vs. t, the slope at the
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-origin, where t.1s zero, corresponds to the initial rate. -However,
finding rates by.slepeumeasurement is not too satisfactory in general
because of the inherent inaccuracies in - drawing the. curve and con-.
-strueting tangents. A better.method 1s to find & satisfactory empiri-~
-¢al correlation which expresses.x as a function of t. Differentiation
of this equation with respect to t then gives.an expression. for the
rate .of reaction which can be evaluated at any desired t. At % equal
-zeroy the 1Initlal rate 1s obtained. - This wds the.method.empioyed,in
this study. Finding the empirical. correlation wds discussed under the

"order. of reaction"'concept.
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-V DISCUSSION AND EXPERIMENTAL RESULTS

A. .Exploratory.Runs:

A number of funs were made at various processing conditlons to es-
tablish the general range of operating conditions previously mentioned.
Since these runs merely served as a gulde, theilr anaiysis is not ine.- .
cluded here. Of note are Runs 1=6 made with pure Peneteck to establish
the. effect of temperature on breakdown of the Peneteck. These runs were
made at 25-degree intervals from 700°F to 825°F. Chromatograph anal-
ysis of the processed oll indicated negligible effect under 775°F
(413°C). at the relatively severe operating conditions -of 1000 psi and
Sy of 1. Above T75°F the breakdown increased sharply until at 825°F
(lk1°C) about 20-25 percent of the Peneteck was affected. - Hence, it
was decided to carry out the majority of this study at 725°F (385°C),

well below the temperature of any Peneteck breakdown.

B. Converslon-Time Study:

Run 7 was carriled out for 28 hours to determine the length of run
necessary to insure complete lineout. -Results of this run are shown
in Table :V and conversion vs. hours on stream is plotted in Figure 3.
It 1s seen that the conversien drops sharply during the first few hours
of operation and then levels off to a reasonably constant value after
elght hours on stream. This sharp change in cenversion is attributed

to the initilal adsorption of the oil upon the catalyst until it is

-completely saturated and equilibrlum is established. The slight decline

in conversion thereafter occurs due to a decrease in.catalyst activity,
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probably. caused by.a. blocking of active.éités due to carbon formation.

.Benson (4) found'that this line-out time was longest at low pres- .
sures and low space velotities. Since the conditions of this run were
essentlally at the lowest pressure and space velocity used in the
study (250 psig and 1/2 g/g hr)y. it was assumed that all runs would be
at equllibrium after eight hours. -Thereforey sampling began after eight
hoursronfstream time and.three.Suocéssive,@Quf samples were collected,
Total nitrogen content was determined on each sample and. the values

-compared. to check on line-out,

C. Tests for Diﬁfusiqn;

The effects of film diffusion were checked with Runs 8~1l. These
runs were made at different linear velocities but with a constant space
veloclty. obtained by varying the feed rate and amount of catalyst simulw-
taneously. Feed rates varied . approximately from 0.5 to.2.5 g/min and
amount of catalyst from l5.to[f5 grams. .The. results of the runs are
shown in Tgble- VI and conversion vs. grams of. catalyst is plotted in
Figure 4,

Although‘somevdeviatign,in the conversions is notedy . .there is no
general trend. - If film,difrusion controlled  the reacdtiony-a higher
convefsion.Would result when larger amounts .of ¢atalyst were used.
ThereforQ{ it is concluded that the -effect of film diffusion is not
significant When.using‘more-than 15 grams of catalyst and a. feed rate
greater than 0.5 g/min. Furthermore, since these runs were made at

1000 psigy negligible.-diffusional effects are expected. on operation at
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low pressures since at constant space velocity. a correspondingly higher
linear velocity will result when the pressure 1is decreased. All subw-
sequent runs were then made to conform to .these limits.

Internal diffusion was checked with Runs 12-14%. Tn these runs , the
catalyst particle size was changed while all.other processing condltions
-remained constant, .Table VII shows the data for these runs and Filgure 5
is a plot of conversion\vs.,catalyst slze.

-To prepare the -different size catalystsy.the original 1/8-in, pel-
lets were . crushed with a mortar and pestle and then sized with a set
of Taylor screens. The 10-16 and 16-35 mesh fractions. were collected
and each used in a separate run in addition to a run with the 1/8-in.
pellets. -From the results it is apparent that internél diffusion 1is

not a significant factor,

D.  Empirical Rate Equation:

A sefies of runs at each of three different pressures and over a
range -of varying space velocities were made to determine an empirical
rate equation. This equation was then used to calculate initial rates
of reaction which were needed for subsequent correlations. .The three
pressurgs used were 250, 500,.and 1000 pslgy and the space veloclty was
varied from 1/3 to 10 g/g hr. The data from the runs are tabulated in
Table VIII and conversion vs. space veloclty with pressure.as a para-
meter 1s plotted in Figure 6.

The molecularity of the reaction suggests a pseudo first order re-~

actlon when a large excess of hydrogen 1s used. . Therefore, correspond~
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ing to Equation. 3, plots.of In A/A=x Vs, l/SY.were made and-are shown
in Pigure 7. The method.of least squares was used.to,ébtain.the best
straight. line representing the data. It i seen that the.assumptilon of
first order kinetics appears to correlate the data .very well. .There is
some-seaﬁter in the points, undoubtedly due to experimental .erwror, but
no-éignifigant_upwardMQr,doynward trend .of the polints frem the straight
1;ne1 |
‘Ebr.comparisonm,thé same data are plotted in Figure 8 assuming.a

second order.reaction. In this case; .plots were made .of l/AfX Vs,
l/svx_corresponding To Equation_uﬁ Inspection of the plots shows a
definite ..up‘ward trend in the -dafa, points, particularly at the higher
'préSsures.

"Sinde the assumption of a. pseudo first -order reaction fits the-data
;Quite wellﬁ it was declded. to use fhe-correspon@ing equation as an
empirical rate equation. The slope of the resulting straight line. is
then the empirical reaction rate constant, k, of Equation 3. The
" .cdlculated values are 0.0944, 0.2675,.and 0.7502 hi*l at the three

pressures -of 250, 500, .and .1000 -psigy .respectively.

E. Energy of Activation:

The energy. of activation for the reaction studied was determined
from .the Arrhenius Equation,(Equatipn 5=b) . Telating the -change .of re-
actlion rate constant te temperature. Totdq,thisﬁfnuns.were;made.at

750}v7754:and”8006F for each.of the three pressures. .Using the previeus
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-data. at 72593-then gave four deta points at each pressure,
Evaluatlon of the activation energy is accomplished'by plotting
in kg vs. .1/T. Since -only one run wes made at each.of the higher cors
‘responding temperatures and pressures, 1t was impossible to.check this
data for. order of reaction. - Hewever, assuming that ‘the pseudo first
order reasctlon still holds,. the resctlon rate constants .can be calcula~

ted from Equatiqn,}. -AlL. the runs in this serles were made at a space

velocity.of 1.0,.s0 Equation 3 reduces to
ky = In A/A-x

The rate .constants -calculated from. this equati@n%.along with assoclated
data, are tabulated in Teble IX and ln k. vs. 1/T is plotted in Flgure 9.
- From the Arrhenlus Theory, this plot should be 2 gtraight line. It
1ls seen that the ddta at 250 psig fits quite-well but at the .other two
pressures the point at the highest temperature of 800°F 1s -consider-
ably off. .This ls most likely caused by a change in reaction mechan-
ism; or at least the addition of a 6ompet1ng,réact1on4 since 1t had
beén noticed previously that. conslderable breakdown of the Peneteck
occurréd above 800°F. The point at 1000 psig is furthermore wnsati-
.factory_from an analytical. standpoint. :The conversion at those condi-
tions was so high that a slight. error in conversion changes the ratio
A/Aqxj and subsequently key by a considerable amount, For this reason,
these two3points were neglected when fitting the best stralght line at

eggh pressure.
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The slope .of" the resulting straight line is then uEa/R, From the
slopes, the corresponding‘aétivatien energles were .calculated to be
35.T¢ 30.4, and 23.6 K cal/mole at 250, 500,-and 1000 psig, respecw.
tively, .The exact reason for the,chénge.of ac¢tivation energy Witﬁ
pressure 1is not known,_ Howevery. this seems perfectly reasaenable since
the activation energy can be thought of as & measure of the difficulty
in causing the reactlon to take place. It 1s frequently_pictured\as an
energy barrier which the reactant molecules must.oyercame before regc~
tion occurs. Activatlon energy vs. pressure is plotted in Figure 10

and .1t 1s. Interesting to note that the plot shows a linear relationship.

-F, .Reaction Rates:

‘The pseudo first. order reaction equatien, Equatien 3, can be
wrltten .as:
r = dX/dt'=‘ke(AjX) ('j‘.,‘a)

or In B/A-x = k /Sy (3-b)

. in integrated form.
-This equation c¢an be wriltten in exponential form as:.

k. /S
A/A-X = e ke/ v

or A-X = Ae“ke/ Sy

Substituting this value.of Ar=x into Equatlon 3-a,.the empirical rate

equation becomes:
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"k.e/ SV

r = k. Ae (3-c)

Thus y using the previously calculated walues of ko# the rate of re-
action can be found at any desired value of Sy

At time zero (infinite Sy), Equation 3 reduces to;
r, = k A (21)

and. the initial rate .of reaction.can be .calculated. Using this equa~
tlony the initilal rates were -determined for each previous run or series
of runs extept those at 800°F, which did net appear reliable. The
values obtained are tabulated in Table X. In addition,.a series of runs
at 500 psig and T25°F were made with varying initlal nitrogen contenty
thelr initial rates calculated, and the results tabulated in Table XI.
-These Inltial rates are then used in determining the reaction mechanism,

-The data of Table X are plotted as ry vs., = in Figure 11,

G, -Reactlon Mechanisn:

The five postulated mechanisms and thelr corresponding twenty steps
are shown in Table XII. The rate equations obfained. by assuming each
successive ste§ rate controlling with the other sfeps at.equilibrium
are listed in Table XIII. With constant initial compesition, total
pressure being the independent_variable,.these~equations reduce to
those shown in Table XIV.

-These equations were first graphed as r,.vs. n in Flgure 12 and‘

compared to the plots of experimental data .of Figure 1l. Visual in=
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spection 1s suffigient to reject most.of the pessible rate controlling
‘Steps., Therexperimental.plots show: a concave upward .curve over the
pressure range studied. Thus, the:graph of any initial rate equationh
was rejected if 1t .did not Shaw a concavefupward#curve} at least in the
initiélupart.of the graph. .on this_basis;.all_steps except (l)%.(s)}
(e)J‘(p)J,énd (h). were rejected,

The-data at variable initial nitrogen content (constant fressure)
were then used to. differentiate between the fiye remaining steps. The
equations for théséusteps can be simplified at .constant pressure in

the manner previeusly. shown to give:

Steps (1)y (s)y (8)r Jpyw/T, = a' + Dy, ' (22-a)
Steps (c)y (o) \/yAYH,?O = a 4 b“yA (22-b)
’ step (n): | 3\/‘ Yyl ¥o = 2" + Py (22~¢)

. Thusy plets of the left side of each -of .the dboye. equations vs. T
willvtestithe,reméiningﬁsteps{. Ay step which is acgeptable will yvield
a.straight line,

The -data for these plots are .showri in Table XV.  In Figure 13 are
.plotted.yAyH.;p.vs% VA,%H@"Yﬁyﬂ ré)l/3 Vs. y,. Both resulting plots
show a -definite curve so the‘Ceréspondinghméchanism-Stéys are fejectedf
On the -other hén¢f the gfaph,of (yAyH/ro)l/2 vs. ¥, in Figure 14 ap-
-pedrs to fit a straight l;ne~quite well. Thusy -all steps except (c)

and (o) are rejected.as rate controlling steps.
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-However, .closer' inspectlon of Equation 22-b will also eliminate step
(o). .In the:deriva@ion,efathis.equation4Jbeforevcomplete simplificationy

i1t was dctually:

a" - cyA/ﬂ _ (23-2a)

]

Step (o)

Step (c): cal' o (c~d)yA/n ' (23-b)

]

Since ¢ and d are restricted to.be.positive,coﬁstanﬁs; Equation 23-a
will give a,straightllinevqf negatiye slope~and‘Eéuation\23fb will give
a stralght. line .of elther positive or negative slope~dﬁ§ending on the
-magnitudes of ¢ and d. :The éxﬂerimental.daté,definipel& show a positive
slopey s0 step (o) is rejected. on that basis.

The validity of step (c). as théurate,éontrolling.step.can.be.further
.checked by, rearranging the initial rafceaequation‘ai:<¢Qnstant>feed,camr

position to give;
i
1.3/r, = (a + bx )?

-or —
\/ ﬁﬁ/#b =a+b.x (24)

Again, a stfaight line-of'?psitiye slope-shoul@ result ﬁhen plotting
’ (-n%/pb)l/z vs. % . The.data for these plets.are shown in Table X,
‘From. Figure 15 1t 1s seen that the data fit a“strqight ;iné,Ve:y well.
at 75Q0°F and 775°F while some scatter of points occurs at. 725°F. In
general,‘the~data.agﬁee-wéllﬁenough 80 that step (e) again gannot be

Jrejected.
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‘This, then, leagves step (c) as the only postulated rate controlling
step that passes all tests and .camnot be rejected on the basis of these
. experimental data. . It 1s therefore accepted that the reaction takes
place according to Mechanism I, the dual-site surfaece reaction between
molecularly adsorbed hydrogen and adsorbed amine,:with the surface
reaction 1tself controlling the rate .of reaction.

It should be eﬁphasized gt thls point that the =ccepted mechanism
1s .not necessarily the .only.acceptable mechanism. Simply because the
experimental data fit the accepted mechanism over the range .of yari-
-ables studied does not guarantee a unique solution. It is quite pes-
8ible that a new seguenoe<of steps. could be postulated.that would fit
the -data just as well.

The final form of the rate equation is then accepted as:

kKJ_Kg [P APH - PRPS/K]
r= 1 + KlPA + K Py, + Pr/Ka + PS/K5 + P /K6

where k is the .oyerall reaction veloclty constant, K .refers to the
particular eguilibrium constants for the adsorption-desorptlon steps,
-and P represents the partial pressure .of the components. The equili-
brium. constants and the velocity constants are all exponential .func-
tions of temperature.

Evaluation of .these .constants was not accomplished in this study.
To do .this, more data would be required at varioys combinations of
-temperature, pressure, reactant ratios and conversions. Finite rate

data rather than initlal rate would be necessary for this purpose.
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‘H. Identification of Reaction Products and Intermediates:

The identification of the reaction products and intermediates was
accemplished by using the method of vaporephase chromatography, sup-
planted with infra-red spectrophetometry, fractionation with correla-—
tion of boiling points gnd refractive indices, and chemical tests.

A vaper-phase .chromatograph works essentially as a highly efficient
distillation -column. In addition; it allows the analysis of very small
samples in a matter of minutes. In this work,.samples in the range of
one to five microliters were used and analysils was achleved in a maxi-
aum -of 30 minutes. After injectlon, the sample 1s carried by a stream
of helium into the packed. column where it 1s selectilyely adsorbed on
the substrate. The adsorption properties of each cempound determine
thelr respective retention times in the column. Sele¢tion of the pro-
per column aﬁd operating conditions will completely resolve most
compounds , . eyen lisomers in many cases.

The stream of gas emerging from the column passes through a sens-
ing element which messures 1ts thermal.conductivity and compares it
te a standard (helium). .This change in thermal-cdnductivity 1s shown
on a continuous -chart recorder as a serles of peaks, one for each
.compound as 1t emerges from .the column. Thus, the area under any peak
will be a measure of the ngntity_of that papticular -compound. For a
homologous series, the quantity of a.compound gs determined from the
peak area will be.atcurate to wlthin a few percent error., For-a

serles of‘dissimilar~cempounds;.a_muéh greater. error will result




. AT -a-
.because .of .different thermal eonductivlty characteristics. In this
‘$tudy,, - product .distribution was calculated-assuming censtant thermal
conductivity. characteristics.,

In order te -study the reaction intermediatés formed, it was neces—
sdary to use.-cetane as a carrier oill rather than‘Peﬁeteckﬁ From previous
runs it was found that the Peneteck peaks covered. up some of the inter-
-medlate peaks in chromatographic analysis. Thusy RunS~394.4Q,'and.4l
Were .made with -cetane under.condittons which gave approximately 10, 54;
-and~96 percent -conversion. .The data for these runs are shown in
Tablé,XVI.

Figures 16, 17,.and 18 are traces of the ¢hromategrams of these
runs. .It 1s seen. that. there are some twenty @r—so‘PeqksA.eaqh_rgper
resenting_one.or,more;gompounds. ,The”reiatiye~siZe-of‘eachgpeak.de;
pends upon the .conversion -of the particular run. The -chromatograms
read from right to. left; those oompounds emeyging”from the‘¢olumn first
-appedar .on. the right slde.of the trace.

The peaks. due to.cetane -and. quineline are.easily established by
makling chromategrams of,theSe-cqmpqunds separgtely. Figure 19 1s-a
trace of -cetane and. shows that'peak 21y attenuated eight times, is
cetane 1tself, while peaks 16y.19,4-20y and 22 are due. to -lmpurities
in the cetane., A chromatogram:of therQil,feed_containing approximately
1.5 wt % N as qu;noline is shown in Figure.20. From.-this figure it is

apparent that peak 17 .corresponds to. the quinoline.
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Flgure 16 shews that at.10 bercent conversion roughly half of the
remalning nitrogen is in the. compound repreéented.by,peak 18. At 54
percent conversion, Flgure 17 shows that this peak as well as the
quipolinexpeakhhas éssentiallytdisappearedm It was suspected that
the reaction goes by first hydrogenating the nitrogen ring of quino-
line to.yield.tetrahydroquino}ine@ ‘Figure.2l iz a trace of the oil
.feed to which had been added a small.-amount.of tetrahydroquinolineﬁ
From this figure it is seen that the~tetrahydroqﬁinoline cemes out .of
the .column -at almost. the sdme time as one.of the -cetane. impurities and
completely covers peak 19. .Thus, it 1s concluded thét peak 18 rep-
.resemts_tgtrahydrgquinqline%.an ihtermediate in the reaction. The
-reaction therefore probably takes place by adding a hydrogen.moleéule
:To quinoline to .form dlhydroquinoling and then.a segond hydrogen mole
-cule to this compound to. form tetrahydroquinoline, Although no di-
hydrqquinoline was ldentified, it seems regsonable -that it would be
formed first before the tetrahydroquinoline.,
‘Whitmore (45) states that -with metals and acids, guinoline hydro-

. gengtes tq-dihydrgquinoline-and.this compound. further readily adds.a.
secgnd'hydrogen.to form.tetrahydroquinoline. It may Well,be;that the
addiéion of the second.hydzogen goes so fast that only a. very. small.
.amoﬁnt.ofzthe dihydre compound 1s present‘at-anﬁ time and whatever 1s -
there; Is covered up by one.of the other peaks.

At 54 percent conversion, Figure 17 shows peaks 12, 13, 14, and

15 te predominate and.then essentially disappear.at-96npercent con=.
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version as shown by Flgure 18, These peaks are then further nitrogen—
-containing intermediates in the reaction. These compounds were iden-
tifled by flrst fractlonating a cemposite of excess product from several
runs and continuously collecting small samples. The samples which.con~
tained -a major porfion of each of the intermediates, as indicated by
chromatographic analysis; were then subjected to the-VanSiykeunitrous
acid test (44) to test for various amines. In each case, no reaction
took place in the cold but redction with evelution of nitrogen took
place on subsequent warming. -Thils showed the presence .of primary
aromatic amines which was further substantiated by analysis with an
infra-red spectrophotometer. Refractive indices of the samples were
abgut 1.55, in the general range .of amines. Furthermore, the bqiling
points as indicated by the fractionatlon correspond to those of aniline
and 1ts methyl, ethyl, and.propyl homologs. Chromatogram traces of
aniline,.o=methylaniline and o-ethylaniline showed these -compounds to
-¢correspond. to peaks 12, 13, -and 14, DNo .o-prepylaniline was ayallable
for comparison but peak 15 undoubtedly represents this compound.

Thus, 1t 1s concluded that the third step in the hydrogenation
involyes opening up of the nitrogen ring of tetrahydroquinoline and
addition of‘a third hydrogen molecule to.ferm primarily o-prepyl-
aniline. Smaller. amounts of aniline,.dwmethylaniline and.o=ethyl=
aniline.are also formed. It was not determined whether these last
three compounds occur as a.result of cleavage of the ring in a dif-
ferent place or by splitting off part of the side chain of o-propyl=

aniline. -Small amounts could also occur from .any isoquinoline lmpurity
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present 1n the reactants. @Gulte likely, there 1s some contribution
from each of the side reactions mentioned. At 10 percent conversion;
the distribution -of these intermedlates as calculated from the area

under the pegks is:

_o-prepylaniline: 71%
-o=gthylanilines 5%
-o=methylaniline: 7%
aniline: 7%

At higher. conversions the percentage of ofpropyléniline is somewhat
less and there 1s correspondingly more of the other three-compoundsﬂ
Chromatograms made from the runs at various temperatures and pressures
seemed to show little change in this distribution.

The final reactlon products are indicated by the cluster of peaks
preceding peak 12. Better resolution of these.compounds is obtained
by operating. the chromatograph at a lower temperature as shown in
Figure 22. By the same method of comparing ehromatograms of known
compounds and checking bolling points and refractiye indices, the .re-
-actien products were identified to be those listed on Figure 22. The

-diptripution -of the products of this particular run was calculated as:

_cyclohexane 1.49
Dbenzene 1.1%
methylecyclohexane 149
toluene 2.2%
ethyleyclohexane 3.0%
ethylbenzene 2.1%
iso-propylbenzene  60.8%
propylcyclohexane 6.4%
n-propylbenzene 17.7%
o~ethyltoluene 3.9%
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Thus y . the fourth step in the reaction 1s the additien of another
hydrbgen te the Inftermediate amines to split dff ammonia and leave
aromatic homologs as the reaction products. The main products are seen
to be iso-propylbenzene and n-propylbenzene. In addition, small amounts
of the gromatics are further hydrogenated to yield their corresponding
,alicycliC-compounds.

-Degree of conversion seemed. to have little effect on this dis—
tribution. However, the pressure at which a run was carried out had
a marked. effect. Figure-ZB.SthsAchromgtogram traces of runs made at
three different pressures. The most noticeable effect appears to.be
the reduction in the-amount.of iso-propylbenzene produced at higher
pressures. Close~inspection-of‘the traces wlill alse .reveal .the -cor-
-responding apparent supprgssion of alicyeclic fofmationﬁ

Figure 24 is the chromatogram from a run made at 800°F. Here it
1s seen that there is a considerably greater pertion of the lower
arematlcs and-.again very little alicyclic.formation. However, the
change in aromatic distribution is largely attributed to the break-
-dpwn'and reforming of the Peéneteck -at this temperature.

The small peaks on the various chriomatograms which are not num~
bered represent reaction intermediates and products not identified.
These-compounds:may,repreSent some one— te two percent of the total

formed,




-52—
4 SUMMARY AND CONCLUSIONS
Analysis using vapor-phase chromatography shows that the des-

tructive catalytic hydrogenation of quinoline probably takes place

according to the following four reactions:

Tetrahydroqulnoline

H
N-
N
@ + Hg > Dy ILeA30H20H3
o-propylaniline
NH2
r~ ~ CH3
S _CH2CHSCH3 + H2 CH2CH2CH3 and -CH "+ NH3
XCH
n-propylbenzene iso-propyl- 3
benzene

+ ammonia

In addition, smaller amounts of other aniline homologs were formed

which subsequently hydrogenated to their corresponding aromatic and

alicycllc compounds.
The first three reactions appear to go much faster than the
last one; at 50 percent conversion essentially all the nitrogen

present is in the form of aniline derivatives. Thus, reaction (4)
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1s the slowest or rate controlling reaction. Furthermore, the rate
contrélling‘step‘will be one of the steps of reaétion (4): hydro=-
genation of an amine in the form of an aniline derivative to yield
-an aromatic and ammonia. A simulated plot of mole.fraction of each
.nltrogen compound present vs. reaction time 1s shown in Flgure 25.

A number of reaction mechanisms correSpoﬁding to .reaction (4)
were postulated and tested.on the basis of initial rates of reaction.
On the basis of the experimental datai.only.the postulated mechanism
of a dual site reaction between adsorbed amine -and adsorbed molecular
hydrogen could not ‘be rejected. Thus, the reaction is thought to take

place according to the following series of steps:

(1) A+v 24y K1 = Cp/P,C,

(2) ‘Hz + v & Hzv Kg = CHz/PHZC,

(3) Av.+ HzvZ Rv + Sv Kz .= CRCS/CAQHa
o

(4) Rv<« R+ v Ke = PRC./Cp

. o _

(5) Sv 28 +v Kg = PyC./Cq

with step (3),,the surface reactlon between the adsorbed molecules,
.controlling the overall rate of reaction.
The rate -equation corresponding to this step controlling is:

KK 1Kz(P pPHz ~ PpPo/K)
(T + K1 + KzPHp + Pp/Ka + Pg/Kp + KeP1)®
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where the KgP; term 1s ddded to account for-adsorptien of the inert
carrier oll on an actiﬁe site. |

It was foundfthat.empiriCally,the reactlon follows pseudo first
order reaction kinetics when:a large excess of hydrogen 1s used. .The
initial rates of reaction were éalculated on the basis of this empiri-
vcal.qoprelation,

Efom the Arrhenius eguationi the activation energy of the re-
‘action was cglculated. It was found,to:vary from 23.6 to 33.7 Kcal/

mole as a linear function of pressure over the pressure range studiled.
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Nomenclature (in consistent units)

2y . by Cy.d, e
atm

bl

eq

eu

constants
atmospheres

barrels

equilibrium

entropy units

gaseous state (subscript)
-forWafd reaction .rate constant
reverse reaction rate constant
empirical reaction rate constant

liquid state (subscript)

order of reaction

Jinitial conditions (subscript)
partial pressure

pounds per square inchy gauge

rate of feaction
frequency factor
time

a -vacant site
amount converted
mole fraction
catdlyst factor

Amine
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Npmenclaﬁﬁre (in c¢onsistent units)

=

Ay - Initial amount of Nitrogen
Ay B . Reactants »
C ) .Concentration
va -Heat Capacityy congtant pressure
Eg Energy of Activation
F ‘Free Energy
- F . Feed- Rate
H -Enthalpy
Hz . Hydrogen
Hv Heat of .Vapordization
I . Inert Component
X Equilibrium Constant
M Moiecular Welght
’ Nitrogen
NE Neutral Equilibrium
0D . Qutside Diameter
P Pressure
Pa Critical Pressure
Ppn Reduced Pressure
Q Quinoling
R ' Universal Gas Constant
R,.8 Products
S Entrepy




Nomenclature

:% (ﬁ Y Doy o= <= o« .ﬁa &

-6l

(in constant units)

‘Space Velocity, g/g hr
Standard Cubic Feet
Temperature

Temperature at Bolling Point
Critical Temperature

Reduced. Teniperature

. Total Number of Active Sites

Volume

Critical Volume

_Welght of Catalyst

Activity Coefficient
Change -

Microliter

Parachor

Total Pressure
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Themodynamlc Study

The thermodynamic feasibility of the following overall reaction was
studied at four pressures and four temperatures:

+ 4H2 - » (@ -CH2CH2CH3 + NH3

Quinoline Hydrogen Propyl Benzene Ammonia

Data which was needed for the calculations and was available in the
literature are shown in Table 1. Unless otherwise noted, the values are
taken from the standard handbooks (18, 27, 33). Some data not available
for quinoline also had to be estimated. This was: (1) the critical
pressure, (@) the heat of vaporization, (3) the heat of formation in the
gaseous state, and (4) the entropy in the gaseous state.

Most of the equations and methods of analysis used in this study can
be found iIn such standard thermodynamics books as those by Smith, Glass-
tone, or Hougen and Watson (17, 20, 37)= Other references are noted

accordingly.

Critical Pressure: The critical pressure of quinoline was estimated
by three different methods: Melssner-Redding, Riedel, and Lyderson (34).

The Meissner-Redding method uses the equations:

V2 = (0.377-6- + 11.0)

and

Jo
I

20.8 Tc
Ve " »
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The Riedel and Lyderson methods both use the equation:
Po= M ___
e+ 0.33)
In all cases, P, 1s the critical pressure, Vo 1s the .critical volume,
Tc 1s the critical temperature, M 1ls the moleecular welght, and =9~ 1is an
atomic and structural parachor. The three methods give 39,3, U4.2, and
37.6 atmospheres,.respectively. The average -value of 40.4 was used in

subsequent calculations.

-Heat of Vaporizatlion: The heat of vaporization of guinoline can be

estimated from the equation (20):

.0.38
(1 - Trpgg) "
AHy,08 = RT, 1n Pg —
(.- Trb)I

where ALHV298 is the heat of wvaporization at.298°K, R is the unilversal

gas constantJ:Tb is the téﬁperature at the bolling point, andJTr is the
reduced temperature defined.as T/TC. Evaluating thls expression gives

13,120 .cal/mole for the neat-of vaporization at 298°K. Similarly,.a

value of 9,620 ca;/mole was found for pyridine since it is needed_ip later

.caleculations.

Heat of Formation: The heat of formation of quinoline in the gaseous

state can be.calculated.from the equation:

AH598(g)= A1 p08 (1) * A Byag8
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Evaluatlng this gives 48,770 cal/mole for the heat of formation.

Entropy: The entropy of quinoline In the gaseous state could be

calculated from the equation:

S 298(9) 3298. 1) + aeVZ”N29 + R In P298

IT all the terms are known.

The entropy In the liquid state Is known and the heat of vaporization
has been calculated. However, the vapor pressure at 2980K is not avail-
able so this equation cannot be used.

The vapor pressure of pyridine is reported In Perry (33) as 20.2
mm of Hg at 298°K. Using the above equation, the entropy of pyridine
in the gaseous state is calculated to be 68.9 eu/mole. This value can
then be used to estimate the entropy of quinoline in the following man-
ner. It is noted that the substitution of a nitrogen for a carbon in
the benzene ring, forming pyridine from benzene, results in an entropy
change of 4.56 eu/mole. Assume that this same difference results in the
substitution of a nitrogen into the naphthalene ring to form quinoline.

This can be represented as follows:
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Thus ,.adding 4.56 to 80.7,.the entropy of quinoline in the gaseous.state

is estimated to be 85.26 eu/mole.:

Calculations: The heat of reactlien is calculated from the.equatioen:

A1_12'98 = AlfIf'298(produc‘ts) - éHf2_98(reactants)

to give AH§9,8 = EL_,,870. + (-ll‘_‘03(i] - ELLS_;,WO + 4(0)] = =57,930.cal/

“mole

The change in entropy is .calculated from the equation;

< AS298 = S§98 (products) ~ 8,59,8 (reactants)

to give AS° o = | (95.76 + 46.03)| -~ | (85.26 + 4(3L.21)| = -68.3L eu/
298 [—. j E B :] ‘mole,

These values are then. used to calculate the .standard free energy change

‘from the equation:

aTy - o - TAS

to give AF;98 = -57,930~(298) (-68.31) .= -37,580 .cal/mole

At neutral equilibrium.the free energy cehange 1s zero and the abeve

equation can be written:

AH* - TA S =.0
or

_ e o
Tyg = OHyy/ ASyg

K ﬁsing AH§98 and AS§98,y the temperature of neutral equilibrium is

approximated to be:
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TﬁE = =575930/-68.31 .= 850°K

The free energy. change at other temperatures is calculated by re-

Writing the free energy equation as:

&F; = AH§98 +/&CpadT-T(A 8598 +/deT/T)

Howevery heat ¢apacityudataﬂon duinoline are unayvailable,.so the above
equatlon is written in the approximate form:

TA S

OFp = AR 298

298~

The free energy change was -calculated at four. temperatures and the . cor-

responding equilibrium constants calculated from the equation:
An Koy = - AF°/RT

-These values are tabulated.in‘Table'II.
Thée equilibrium conversion can be calculated as follows:
:Let x be the moles of quinoline reacted at equilibrium. Then the moles

of each component present are;

:moles of quineline = 1l -x
~moles of hydrogen = h(1 - x)
moles of ammonia = X
moles of propyl.benzene = X
totalimoles =. - 5 - 3x

and the mole fractions of each -component are:

'yQ'=?l ~x/5 - 3x
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1]

yH Ll'(l - -X)/5 = .E-X-

Yy =¥ =%/5 - 3x

where the subscripts @, H, Ay -and P are guinoline, hydrogen, -ammonia, and
propyl benzene, respectively. These values are then-substituted into the

equation;

_ 4 o X 4 _
where Ky = yAyP-/YQyH-.’ Ka,._ XAD/P/JQX,H" AN = moles of
reactants minus moles of products, -and )y 1s the activity coefficient

calculated from the relationship;
In y =9/128 PT/TP, [l - G(TC/T)‘Z:]
-This equation then reduces to:

Ky = x2(5.- 3x)%/256(1 - %) ~ Kog? /Ky

Solving .for.-x and then forming the ratio x/5 - 3x, the maximum convers=
sien that can be expected.at a given set of conditions is obtained.
The -calculated activity.ceefficients are tabulated in Table III and the

conyersions with related quantities in Table IV.




-THERMODYNAMIC DATA

Compound -.'.'1,‘0 . Pc . HE'298
(%K) (atm) (cal/mole)
Propyl Benzene 639 . 32.3 1,870(g)
Ammonia 405 | 111.5 ~11,030(g)
Hydrogen . 33 12.8 0
.Quinoline (32) 793 355650(1),
Pyridine (32) 617 60,0 17,920(1)
Benzene - - -
Naphthalene - - -
TABLE . IT

%298
(eu/mole)

95-76(g)
46.03(g)
31.21(g)
92.5 (1),
65.0 (1)
6t 3 ()
80.7 (g)

FREE ENERGY- CHANGE . AND EQUILIBRIUM CONSTANTS

o (oa1/no1e) fea
300 ~37,580 1.5 % 1027
500 | ~23,830 2.4 x.10%0
700 | -10,150. 1.4 % 16

1000 10,380 5.6 x 10~

3
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TABLE .ITII

ACTIVITY COEFFICIENTS

Press. Temp . - H Q N P
Gw o L ' I 7
1 . .300 1.000 0.830 0.99%4 0.886
' 500 1.000 0.964 1.000 0.976
700 1.000 0.989 1.000 - 0.994
1000 1.000 .0.998 1.000 1.000
.10 300 1.000 .0.153 0.920 0.296
500 1.000 0.679 0.987 0.785
700 1.000 0.878 0.999 0.920
1000 1.0Q0 0.965 1.000 .0.982
50 300 1.003 8.33x10"2 0.656 0.00226
500 1.002 0. 14k .0.930 0.295
700 1.001 0.519 0.984 0.672
1000 .1.000 0.828 1,000 0.905
200 300 11.011 4.8x10-17  0.185 2.6x107 11
500 1.007 4 27x10"4 0.742 0.0075
700 1.005 0.0718 -0.925 0.204
1000 .1.004 0.466 1.000 .0.669
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TABLE IV

. THERMODYNAMIC STUDY RESULTS

Keq

1.5x1027
10

2.4%1077

l.’-LxJ.O3

5.6::1,0'3

.6x10™
.6}(1():‘3
.6x1072

.6x10™2

.6xl0’3

.6x103

,6x10™2
.6x1077
.6x10°3

.6xlo'3

V1w Ul W

.6x10~3

,6x1070,

K

¥

1.012
1.006

1.002

1.781
1.1
.1.048

1,018

17.55
1.890
1.270

1.092

9580.
12.68

2.575
1.413

Ky

1.41x1027

2q37xlOlO

1.39}{10'3

'5.6x10™

8 .4x1027
2.10x10%
1.34x106

5.50

1.07x10°%
1.59x1012
1.37x10°

6.41x10°

l.25x1032

1.52x10%8
4.35%107

BEljxlou

%

Conversion

99.9
99.5
87.8

9.3

O

99.
99.8

97.0
61.6

99.
99.
98.
86.0

W O WO

99.
99...
29.
93.5

O

N \o
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TABLE .V

CONVERSION-TIME DATA

.Hrs..on A-x A-x/A
Stream '

2 0.670: .0.613

3 0.788 0.720

4 0.8k2 .0.769

5 0.854 0.779

6 0.873 _ 0.796.

7 0.873 0.796

8 0.894 0.816

10 0.891 0.814

12 0.895 - 0,816

14 0.896 0.817
16 0.894 .0.816

18 0.90k 0.824

20 0.900 .0.823

22 0.905 .0.825

25 0.907 0.828

.28 0.905 0.825

-Uniform Operating .Conditions for Run T:

:Pressure:r .250 psig

Temperature: 725°F (385°C)
Space Veloeity: 0.5 g/g hr
Hydrogen Rate: 7500 SCF/bbl
Initial Nitrogen: .1.095 wt. %N
Weight eof Catalyst: .100 g.

. s . . I L Y
=
@0 ¢
=




Run

NO'

10
11

Run™
No.

12
13
1

g. of
-Catalyst

15
25
50
5

_75._
TABLE VI
FILM DIFFUSION DATA

A-x

0.736
0.730
0.750
0.738

Uniform Operating Conditions:

:Pressure: 1000 pslg
Temperature: T25°F (385°C)
Space Velocity: 2.0 g/g hr
Hydrogen Rate: 7500 -SCF/bbl

Initial Nitrogen: 1.095 wt. %,.N

INTERNAL DIFFUSION DATA

Catalyst
Size

16-35 mesh
10-16 mesh
1/8-in. pellets

TABLE VII

A-x

0.648
0.654
.0.640

Uniform Operating Conditions:

.Pressure: 500 psig
Temperature: T25°F (385°C)

.Space. Velocity:

0.5 g/g hr

Hydregen Rate: 7500 ‘SCF/bbl
-Initial Nitrogen:.1.095 % N
Welight of Catalyst: 100 g

0.3%28
0.332
0.315
0.326

.0.408
0. 4oy

0.415




TABLE VIII. EMPIRICAL RATE_EQUAIIQN-DAIA

Run. Press. Grams Space A-x 1/A-x A/A-x In &/A-x  A-x/A x/A
No. (psig) Catalyst Vel. - .
15 250 100 1/3 0.832 1.202 1.317 0.275 0.760 0.240
7 250 100 1/2 0.890 1.123 1.230 Q..207 0.813 0.187
16 250 50 1.0 1.013 0.986 1.018 0.080 -0.925  .0.075
17 250 25 2.0 .1.038 0.964 1.055 . .0.052 .0.948 0.052
18 250 .25 4.0 1.063 0.939 1.028 70.028 0.971  .0.029
19 500 .100 1/3 0.480 2.083 2.280 .0.82k 0.438  0.562
12 500 .100 1/2 . 0.6u8 1.542 1:690 ©.0.525 0.592  -0.408
13 500 100 1/2 0. 654 1.530 1.675 0.515 0.596  .0.40k4
1k 500 . 100 1/2 0.640 1.563 1.711 0.537 - 0.585 0.415
20 500 50 1.0 0.84%6 -1.182 1.295 0.258 0.773 0.227
21 500 25 2.0 0.948 1.054 1.153 0. 1l42 0.866 - 0,134
22 500 25 0 1.038 0.964 . 1.05% .0.052 0.948 0.052
23 1000 100 1/2 .0.250 4.000 4.380 1477 0.228  0.772
24 1000 " 50 1.0 0.526 1.902 2.082 . 0.733 0.480 .0.520
8 1000 15 2.0 0.736 1.358 1.485 0:395 0.672  :0.328
9 1000 25 2.0 0.730 1.370 1.500 0.405 0.668 0.332
10 1000 50 2.0 0.750 1.333 1.460 0.378 0.685 0.315
11 .1000 75 2.0 0.738 1.355 1.482 0,394 0..674 0.326
25 1000 25 4.0 0.832 1.202 1.317 0.275 0.760 0.240
26 1000 15 10.0 .1.010 0.990 1.083 0.080 0.922  "0.078

Uniform .Operating Conditions:

-Temperature: 725°F (385°C)
Hydrogen Rate: 7500 SCF/bbl
. Initial Nitrogen: 1.095 Wt. % N

_9L_
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TABLE . IX

ACTIVATION ENERGY DATA

Uniform Operating Conditions:

:Space -Velocity: 1.0 g/g hr
Hydrogen Rate: 7500 SCF/bbl
Initial Nitrogen: 1.095 wt. %.N

-Run .Press. Temp . 1 _ Ko
No. (psig) °F_  °C  °K_.Tx10° A-x A/A-x In A/A-x In k,
7,15 }
-18) 250 725 385 658 1.520 @ --— — 0.094k. -2.3%59
2§ 250 750 399 672 .1.488 0.938 1.168 0.1560 -1.858
28 250 T75 413 686 1.458 .0.838 1.308 0.2685 -1.315
29 250 800 U427 700 .1.429 0.698 1.568  0.4498 -0.799

: igleg 500 725 385 658  1.520.  --- =--  0.2675  -1.318
30 500 750 399 672 1.488 0.70% 1.556 Q.hul421 -0.816
31 500 775 413 686 1.458 0.541 2.025 0.7055 -0.349
32 500 800 427 700 1.429 0.220 4.970 .1.6030 0.472

8-11 | -

23-26} 1000 725 385 658 1.520 ——- — 0.7502 -0.287
33 1000 750 399 672 1.488 0.361 3.040 1.1118 ,0.,106
341000 775 (413 686 0 1.458  o0.222 4.930 1.595 0.467
35 1000. 800 k427 700 1.429 0.056 19.560 -2.974 1.090
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TABLE X

INITIAL: RATES FOR CONSTANT FEED COMPOSITION

Run No. ?ggp. N?;:izj k, r Tﬁi;?

15-15} . 725 250 0.0944  .0.1033  6.76x10° m§.21x102
12-14 | : .

. 19-22} 725 500 0.2675  .0.2925 9.05%x10°  9.52x10°
8-11} ' 5 2
23~26 725 1000 0.7502 0.821 12.55x10 11.17x10

27 750 250 0.1560  0.1708 4.10x10°  6.40x10%

30 750 500 0.2l 0.4B4  5.46x107. 'Tﬁkwé

33 750 1000 1.1118  1.223  8.hex10”°  9.18x10°
28 775 250 0.2685 0.294%  2.38x107 4.88x102

31 e 500 0.7055  0.772  3.M3x10°  5.85x10°

3 75 1000 1.595 14T 5.89x107 7.67x10%

Uniform Operating. Condltions :

-Space Velocity: 1.0 g/g hr
Hydrogen Rate: 7500 SCF/bbl
Initial Nitrogen: 1.095 Wt. %-N
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TABLE XTI

INITTAL RATES FOR VARIABLE .FEED COMPOSITION

Run No. yt.%% N Aex B/ A-x
_36 0.268 0.0305 8.770.
37 0.538 0.168 3.205

12_14}

19-22 1.095 - ——
38 1.940 .0.159 1.218

Yniform Operating Conditions:

Pressure: 500 psig
Temperature: 725°F (385°C).
Space -Velogity: 1/2 g/g hr
Hydrogen Rate:.7500 SCF/pbl

1n A/A=x e Ta
2.171 1.085 .0.291
1.166 0.583  0.313
o 0.2675 0.293
.0.1970 0.0985 0.191
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TABLE XTI
POéTULATED MECHANISMS
~I. Reaction between molecularly adsorbed hydrogen and adsorbed amine.
'(a) A+ vV 3 AV |
(b) Hz + v 2 Hav
(c) Av.+ Hov 2 Rv + Sv
(d) Rv 2 R.+ vV
(e) Sv 2 8 wxv
-IT. -Reaction bétween atomically adsorbed hydrogen and .adsorbed amine .
(f) A+v Z Av
(g) :Hz +'2v < 2Hv
(h) Av + 2HV® RV + SV +.V

(1) Rv

N

R+ v
(3} sy €8 +.v

ITI. Reactlon between molecularly adsorbed hydrogen and amine in the
gas phase.

(k) Hz + v & Hsw
(1) A+ Hzv ®Rv + 8
- (m) ‘RvZ R 4+ V

IV. -Reactlon between atomically adsorbed. hydrogen .and amine in the
gas phase. T

(n) - Hz + 2y 2 2Hv
(0) A + 2HV 2 RV + Sv
(p) Rv 2R+

() Rv 2R + v
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.TABLE XII (cont'd).
POSTULATED. MECHANISMS
V. Reaction between hydrogen in gas phase and adsorbed amine.
(rﬁ)A. A4 v -Av
(s) Av+Hz 2RV +8

(t) RvZ R +.¥




Mechanism
I. (a)
(b)
(c)
(d)y-(e)
_IT. (f)
(g)
(n)
(1)x (3)
ITI. (k)

(1)

-82~

.TABLE-XIIT

INITTAL RATE EQUATIONS

Eguation

Lo

I

Py

P’H2

a - ePA + d‘PI

P
s

(@ + bPp_ + oy + QBy

)2

‘P'A
a + by Py +.4P
H I

P
"_Hg

ez
(a + Py + d_PI)

PP
SKH,

(a. + b,—/?ﬁg A+ CPy ok élPI).3

bP
H =

PP
Y H2
a .+ bPy .+ dP
H, i




<A

-‘Mechanisn

(m)

IV. (n)

(o)

(P)xj(@)

(t)
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TABLE XlII.(contLd).

INITIAL RATE EQUATIONS

Equation

i
Il

r]
|

PPy

PpH,,

(& + Py + @p)®

CPA

P,P
Y A Hg

% t.cb, + dp

a

I
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TABLE XIV

INITTAL- RATE. EQUATTONS FOR .CONSTANT FEED COMPOSITION.

Mechanism ‘Equ‘at_ion.
I.‘, (a—);f (b) rO = ﬂ -
al 4 bl
() o x 2
A ! = . "
' 0 TETIpva)E
(d*) k3 ( e‘)‘ I’o’ = .-‘a,JA
II. (£) r, = T ‘
al ¥ B! y7 & ex
!
(&) Po= _ o« ,
' (al + bt x )2
. -
(h) o= , T ,
o (at e et Hr+e x )3
(1) x () r, =-a!
IIT. (k) - ro = alm
) =z
(1) o=, .
: atl 1 pi T
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TABLE .XIV. (cont!d).

INITTIAL: RATE EQUATIONS FOR CONSTANT FEED COMPOSITION

Mechanism : Equation
. o= gl
(m) | Fo 2@
. - (n) r, =-a%x
0 = 2
I(o) T, = oS

(" ¥ DFVE + ol @ )2

() 5 (@) r, = a
V. (r) Ty = atn
(s) R
' af + bk &
(t) r, = at
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TABLE XV

INITIAL RATE FUNCTIONS FOR VARIABLE FEED COMPOSITION

RPN

Run No. 1, Y Ya Y YR yA;H> T x

To .-f.o ,rO

36 0.291 0.0024%  .0.943  0.0023 0.00791L .0.0890 0.199

37 0.313 0.00487 Q.92 .0.0046 00,0147 0.1210 - 0.244
12-14

19:22 0.293 0.00990  ©.940  .0.00996 . .0340  0.1842 .0.324

38 Q.191 .0.0174 0.937  0.0163 0.0853  0.292 0.440

Conversion Data are shown in Table -XI.

Uniform.Ope;ating Conditions:

-Pressure: 500 psig
Temperature: 725°F (385°C)
Space Velocity: 0.5 g/g hr
Hydrogen Rate: 7500 SCF/bbl




_TABLE XVI

RUN DATA USING CETANE. AS CARRIER OIL

‘Rum. No. Space Grams L Ax x/A
-Veloglty Catalyst ' .
39-c | 2.0 25 1.292 0.097
HQ-e ) 0.5 . 100 .0.680 - Q.542
I R ~.0.2 100. 0.056, 0..962

~Uniferm Operating Conditions:

- Pressure: 500- pslg A
Temperature: T25°F (385°C)
‘Hydrogen Rate: 7500. SCF/bbl for Rmms 39, 40
~~ 20,4000 SCE/bbl for Rum U41.
Initial Nitrogen: 1.435 Wt. % N for Run 39
1483 Wt. %.N for Runs X0, 41




Figure 1.

Hydrogen In

Pump Product

Receiver

Schematic Flow Diagram of the Processing Unit

Scrubbers
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IColl C

Coll D

Coll E

Figure 2.
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Thermowell

Denotes Thermocouple Location

Detailed Diagram of Reactor

Flanged
Union

Catalyst
Supports

Pipe Wall

Asbestos Tape

NIchrome

Heating Coil

Catalyst
Bed

Insulation

Catalyst
Supports

Stainless
Steel Screen

Flanged
“"Union



Percent Conversion, 100(x/A)

50-

40-

10-

Figure 5.

Operating Conditions:
Pressure:

Tenperature:

Space Velocity:

Hydrogen Rate:
Initial Nitrogen:

Catalyst Wleight:

8 10 12 14 16
Hours On Stream

18

20

22

250 psig
725°F
0.5 g/g hr
7500 SCF/bbl
1.095 we.# N
100 ¢

24 26

Conversion vs. Hours on Stream to Determine Length of Run

Necessary for Line-out

28



Percent Conversion, 100 (/A)

60

Figure 4.

Conversion vs.

Operating Conditions

Pressure: 1000 psig
Temperature: 725°F

Space Velocity: 2.0 g/g hr
Hydrogen Rate: 7500 SCP/bbl

Initial Nitrogen: 1.095 wt.$ N

Gramns of Catalyst

Grams of Catalyst to Test for Film Diffusion Controlling



100 (x/A)

Operating Conditions
Pressure: 500 psig
Temperature: 725°F
Space Velocity: 0.5 g/g hr
Hydrogen Rate: 7500 SCF/bbl

50 -

Percent Conversion,

Initial Nitrogen:1.095 wt N
Catalyst Weight: 100 g
si
40 - ©
< >
et - P
16-35 Mesh 10-16 Mesh 1/8-in pellets

Size of Catalyst

Figure 5 Conversion vs. Size of Catalyst to Test for Internal Diffusion Controlling

35—



Percent Conversion, 100(x/A)

Figure 6.

Operating Conditions
Temperature: 725°F
Hydrogen Rate: 7500 SCP/bbl
Initial Nitrogen: 1.095 wt.% N

Reciprocal Space Velocity, Hr

Conversion vs. Reciprocal Space Velocity Shewing Effect of Pressure



Ln AZA-X

1.0-

Figure 7=

Operating Conditions

Temperature: 725°F
z Hydrogen Rate : 7500 SCF/bbl
/ Initial Nitrogen: 1.095 wt.$ N

Reciprocal Space Velocity, Hr

Plot of Ln asa-x vs. Reciprocal Space Velocity
to Test For Pseudo First Order Reaction



1/A-x

Figure 8.

Operating Conditions
Temperature: 725°F
Hydrogen Rate: 7500 SCF/bbl
Initial Nitrogen: 1.095 wt.% N

Reciprocal Space Velocity, Hr

Plot of 1/A-x vs. Reciprocal Space Velocity
to Test for Pseudo Second Order Reaction



~0.4-

.12

-2 .0-

Figure 9-

Plot of Ln k vs.

-96-

Operating Conditions
Space Velocity: 1.0 g/g hr
Hydrogen Rate: 7500 SCF/bbl
Initial Nitrogen: 1.095 wt.$ N

1I/T x 10

1/T to Determine Activation Energies.
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40
Operating Conditions
Space Velocity: 1.0 g/g hr
Hydrogen Rate: 7500 SCF/bbl
Init. Nitrogen: 1.095 wt.$ N
20 -
<>
0
0 250 500 750 1000

Pressure (TT) psig

Figure 10. Plot of Activation Energy vs. Pressure



Rate (r

Reaction

ial

Init

Operating Conditions

Space Velocity:
Hydrogen Rate:

1.0 g/g hr
7500 SCP/bbl

Initial Nitrogen: 1.095 wt.% N

Figure 11. Plot of

Pressure (Hr), psig

Initial Reaction Rate vs.

Pressure for Various Temperatures
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Steps : Steps:

Steps: Steps :

atb X

Figure 12. Graphs of Initial Reaction Rate Equations
for Each Step Rate Controlling

~0O S/
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Steps : Step:
(at+b it)
Step:
(at+b jt©)
Figure 12 (cent.). Graphs of Initial Reaction Rate Equations

for Each Step Rate Controlling
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Operating Conditions
Pressure: 500 psig
Temperature:
Space Velocity: 0.5 g/g hr
Hydrogen Rate: 7500 SCF/bbl

0.004 0.012 0.016

Mole Fraction Nitrogen (as Quinoline), yA

Figure 13. Plots of y*y*/r~ and GAYHArOM NN vs e yA

for Checking Reaction Mechanism

- 0.1

o1v

1ydv
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Operatlng Conditions
Pressure: 500 psig
Temperature:

0.30- _
Space Velocity: 0.5 g/g hr
Hydrogen Rate: 7500 SCP/bbl
0.20-
0.10

0.004 0.008 0.016 0.020

Mole Fraction Nitrogen (as Quinoline), yA

Figure 14. Plot of (y~yg/”o)"™*~ vs. yA for Checking
Reaction Mechanism



= pod ?O_g

11-

10-
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Operatlng Conditions

Space Velocity: 1.0 g/g hr
Hydrogen Rate: 7500 SCF/bbl
Initial Nitrogen: 1.095 wt.% N

250

Figure 15.

\ 1
500 750

Pressure (Jt), psig

Plot of (J2zr0)Y 2 vs. Pressure
to Check Reaction Mechanism



Chromatograph Variables:
Temperature: 176°P
Helium Flow: 80 ml/min
Column: 5-ft Asphalt

< Current: 200 m.a.

Sample:
I~ of Run 39-0
9«7 Conversion

1:
12:
13:
14:
15:
16:
1J:
18:
19:
20:
21:
22:

air and ammonia
aniline

o-methyl aniline
o-ethyl aniline
o-propyl aniline
cetane impurity
quinoline
tetrahydro quinoline
cetane iImpurity
cetane impurity
cetane

cetane impurity

-v0T-

Figure 16. Chromatogram of Product from Run 39-0



Figure 17.

Chromatograph Variables
Same as Pig. 16

Sample:

1A of Run 40-C
54_.2% Conversion

Chromatogram of Product from Run 40-C

-G0T-



Figure 18.

Chromatograph Variables:

Same as Pig. 16
Sample:

1/) of Run 41-C
96.2" Conversion

Chromatogram of Product from Run 41-C



Figure 19

Chromatograph Variables:
Same as Fig. 16
Sample:
I~ of cetane

Chromatogram of Cetane

—Lot-



Figure 20.

Chromatograph Variables:
Same as Pig. 16

Sample:

1# of cetane containing
1.5%$ N as Quinoline

Chromatogram of Cetane-Quinoline Feed

-S0i-



Chromatograph Variables
Same as Fig. 16

Sample:
1™ of Cetane-Quinoline Feed
containing Tetrahydro-quinoline

-60T-

Chromatogram of Cetane-Quinoline Feed Containing Some Tetrahydro-quinoline

Figure 21.
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Chromatograph Variables: I: air and ammonia
Temperature: 1020F 2 : cyclohexane
Helium Flow: 80 ml/mln : benzene
Column: 5~ft Asphalt : methyl cyclohexane
Current: 200 m.a. 5: toluene
6 : ethyl cyclohexane
Sample: 7 : ethyl benzene
5> of Run 40-C 8 : Iso-propyl benzene
54_2”~ Conversion 9 : propyl cyclohexane
10: n-propyl benzene
11: o-ethyl toluene

Figure 22. Chromatogram of Typical Product Distribution
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Chromatograph Variables:
Same as Pig. 22

Sample:
3 A of Run 24
52.0# Conv.
250 pslg

3 ©

Chromatograph Variables :
Same as Fig. 22

Sample:
U of Run 19
56.2# Conv.
500 psig

Chromatograph Variables:
Same as Pig. 22

Sample:
3 A of Run 15
28.6% Conv.
1000 psig

Figure 23. Chromatogram Showing Effect of Pressure
on Product Distribution
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Chromatograph Variables:
Same as Fig. 22

Sample:

Figure 24. Chromatogram Showing Effect of Temperature
on Product Distribution



In Oil

Nitrogen

Mole Fraction

Figure 25*

as Quinoline

as Amine as total Nitrogen

as Tetrahydro Quinoline

Conversion

Simulated Nitrogen Distribution for the Hydrogenation of

Quinoline

€11~
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