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Abstract:

A reaction system that consisted of a quinoline-constituted synthetic shale-oil which was undergoing
hydrogenolysis in the presence of a cobalt-molybdate catalyst was studied. This study was undertaken
to gain fundamental information concerning the behavior of a reaction system in which one of the
typical heterocyclic nitrogen-compounds that are found in the distillates of shale oil is subjected to
hydrogenolysis.

A bench scale, fixed bed, flow type, catalytic reactor was used.

The synthetic shale-oil, which contained 2 wt% nitrogen, was made up from quinoline and Penetek, a
commercial mineral-oil which approximates the physical properties of cetane. Integral conversion data
was gathered at 830°F for reaction pressures of 250, 500, and 1,000 psig. A hydrogen flow-rate of 7500
SCF/bbl was used. The catalyst was Peter Spence cobalt-molybdate which contained 2.5% CoO and
14.0% Mo03.

Information that pertained to the chemisorptive behavior of heterocyclic nitrogen-compounds and that
concerned the reaction products of the hydrogenolysis of quinoline was presented. A framework or
outline for the reaction mechanism was developed from this information. The surface-rate-equation
theory was used in conjunction with the framework of the reaction mechanism to postulate several
mechanisms or models which would represent the behavior of the reaction system. Overall
rate-equations were derived for the possible rate-controlling steps of these mechanisms. Conversion
data and initial-rate data for the reaction system at 830°F were analyzed via these rate equations. Other
data from Ryffel's thesis (31) which was gathered for this reaction at the temperature range of
725-775°F, was also analyzed. These analyses indicated that a complex-series reaction mechanism
involving the series reactions of quinoline to dihydro-quinoline to tetrahydro-quinoline to alkyl-aniline
to alkyl-benzene and ammonia, and involving dual-site reactions of quinoline and the intermediates
with molecular hydrogen could be used to represent the behavior of the reaction system. They also
indicated that a transition temperature existed between 775°F and 830°F where the rate-controlling step
of the reaction mechanism changed. At 725-775°F, the rate-controlling step was the dual-site reaction
of o-propyl aniline with molecular hydrogen. At 850°F, the rate-controlling step was the adsorption of
quinoline. The rate expression for the reaction at 830°F was utilized to obtain an empirical equation
which would represent the reaction system. The constants in this equation were determined from the
data at 830°F and 500 psig. The close conformity of the resulting equation to the experimental data at
830°F and 500 psig supported the above mentioned mechanism indications for the 830°F reaction.
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ABSTRACT

A reaction system that consisted of a quinoline-constituted
synthetic shale-o0il which was undergoing hydrogenolysis in the presence
of a .cobalt-molybdate catalyst was studied. -This study was undertaken
to gain fundamental information concerning the behavior of a reaction
system in whilch one of the typical heterecyclic nitrogen=compounds that
are found in the distillates of shale oil is 'subJected to hydrogenolysis.

A bench scaley fixed bed, flow type, catalytic .reactor was used.
The synthetic shale-o0il, which contained.2 wt% nitrogen, was made up
from quinoline and Penetek, a commercial mineral-oil which approximates
the physical properties of cetane. Integral conversion data.was gathered
at 830°F for reactlon pressures of 250y 500y and 1,000 psig. A hydrogen
flow-rate of 77500 SCF/bbl was used. - The cpbtalyst was Peter Spence cobalt-
molybdate which contained 2.5% Co0 and 14.0% .MoOs.

Information that pertained to the chemisorptive behavior -of hetero-
.cyclic nitrogen~compounds and that concerned the reaction products of the
hydrogenolysis of quinoline was presented. . A framework or outline for
the reaction mechanism was developed from this information. The surface-
rate-equation theory was used.in conjunction with the framework of the
reactlon mechanism to postulate several mechanisms or models. which would
represent the behavior of the reaction system. Overall.rate-equations
were derived for the possible rate-controlling steps of these mechanisms.
Conversion data and initial-rate data for the reaction system at 830°F
were analyzed via these rate equations. Other data from Ryffell!s thesis
(31) which was gathered for this reaction at the temperature range of
725-T75°F, was also analyzed. These analyses Indicated that a. complex~
series reaction mechanism involving the series reactions of quinoline to
dikiydro-quinoline to tetrahydro-quinoline to alkyl-aniline to alkyl-
benzene and ammonia, and involying dual-site reactions of quinoline and
the intermediates with molecular hydrogen could be used to represent the
behavior of the reaction system. They also indicated that a transition
temperature existed between 775°F and 830°F where the -rate~controlling
step of the reaction mechanism changed. At 725=775°F 4 the rate-control~-
ling step was the dual~site reaction of o-propyl aniline with molecular
hydrogen. At 830°F, the rate-controlling step was the adsorphion of
quinoline. The rate expression for the reaction at 830°F was utilized
to obtain an empirical equation which would represent the réactlon system.
The .constants in this equation were determined from the data at 830°F
and 500 psig. The ¢lose conformity of the resulting equation to the
experimental data at 830°F and 500 psig .supported the above mentioned
mechanism indications for the 830°F reaction.




I. INTRODUCTION

- Natural-resource conservationists have volced alarm over -the rising
annual .consumption of petroleum-based fuels. .However, world petroleum
reserves appear to be maintained. desplite increasing annual consumptiony
but it is important to note that the producing cost for. crude~oll 1is
conthually increasing. In due time, when petroleum supplles become
inadequate or when the costs of crude-oil productioh wérr@nt it, synthetic
fuels based on coal and probably to-a lesser extent on shale oil will

become sources of. liquid fuels (15).

Prior to and during the second world war, the lack of petroleum
sources in Epropean countries led to the development of full-scale
processes for the production of synthetic fuels by coal hydrogehation
and by the Fischer-Tropsch synthesis. Work was .also directed toward the

development.of & process for producing liquid fuels from oil shale (15).

Here in the -United Sta£es,-a‘great deal of interest wWas shown in the
possibilities of producing liquid fuels from oil shale because .of ‘the
extensive deposits of oil shale in the Pichance Creek Basin of
Northwestern Colorado. - The United States Bureau of Mines hasg expended

congiderable research effort in the investigation of this problen

(45 5, 365 37).

.The distillates obtained from these oll shales by various retort-

ing processes are rich in heterocycllc nitrogen-compounds similar to
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those found in.the distlllates of cogl tars (28,.39). Consequently,
interest has alsQ been shown in the Coloradc oil-shale deposits as a

source of these chemicals.

The Pichance Creek Basin extends over an area of approximately 1,000

square miles. In this area, the oll-shale deposits contain a potential

350 billion barrels of shale. oil. This is approximately 4/5.of the

total shale-oll reserves known to exlst in the United Stdbes at the

present time., This quantity of shale oil 1s significant in that it 1s

three times as large as the world's known reserve of petroleun (4).

The exploitation of these oill-shale deposits can be -classifiled
according to the followlng three conslderatlons:

1. Mining.of the oil.shale.

2. -Retorting of the mined. oil-shale.

3. Refining and upgrading of the c¢rude shale-oll obtained from

the retorting process.

It the present time, satisfactory metheds for mining and retorting
haye .been developed, and considerable. progress has been made in the

refining and upgrading of the crude shale-01l obtalned from the retorts

(%, 5).

. The mining methods that are now wmsed for mining the.oll shale enable
a recoyery of only T75.per cent of the oil-shale deposit. -Twenty-five per

cent of the deposit must be left in the mine as supporting pillars.
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-The mined, oil-shale is erushed and then subjected to- a retorting

operation. - Minety-two per.cent of the crude-shale-oll which. 18 present

.The crude .shale-oil from the.reterting process is udsually subjected
to a coking -operation to-adjust tﬁe,bcilipg range to a value.-wyhich 1s
consistent with fuels which. are currently in volume deéénd. .Aﬁprcxi-
_mately 79.6 per.cent of the crude. shale-oll that 1s fed to the -¢coking

operation.can be recovered as a TOOF endspoint distillate.

The mining-retort-coking sequence .that 1s now in use will permit-a
Tecoyery. of about 55 per. cent of the-shale oil that is present in the ‘
mine as oil-shale deposits. Efforts to boost this recovery-figure have
not been sugﬁessfulq It is_ therefore imperatlve that any prpcess for
.ngrading.the-¢lerudistillatewshouldhhe~0f such a nature that nearly all

_of the .coker distillate.can be converted to.usable products. (28].

- The .coker. distillate cqntains,heterocyclié_nitnpg§n4;§ulfuf¥.and
exygeny.and. a. large jpercentage :of .olefinic dompounds. The sulfur:and
nitrogen contents of the dist1llaté are\agproximatély one-gnd“two“per

~

.cent by weight. respectively.

-Any,upgfading,prOGess‘for-the,distillateuwoulq reqaiyeuremOVal,of
the. organidally -combined sulfyr, nitrogen, and oxygern. It shoyld alse

accomplish- satufation of the. olefinic compounds
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‘Upgrading .could be achieved .by cenventional petroleum-processingy
" but the nitrogen compoynds whlch are present in the coker distillate-caﬁse
rapid deactivation of cracking catalysts (27). Gum removal and de=
-sylfurization processesy.exclyusive of hydrofining_prqcesses,.lead.tQ a
significant volwme loss from the feed to the product (5). This would
e -opjectionable since a loss in the recovery. of usable products from

the shale-oil showld be ayoided.

. The mgst_prnmising,ﬁethqd‘gf upgrading the coker distillate appears
to be.catalytle hydrogenation in the presence of a.cobaltemolybdate
-catalyst. This method enables the breaking,of-earbonanitrogen?,carbon—

-sulfu:?.and carbonsoxygen bends:y ylelding HoSy NHzy and Hz04 respectively.
Also, olefins are saturated in .this process. The adyantage -of this hydro-
.fining process is that nitrogen, sulfur, and oxygen removal‘andvsatura—
tion of the .olefinic bonds are all accomplished in..one. step (#). -The
cobalt-molybdate catalyst is selectlve .in that it does not promote
hydrogenation.of aromatic.-conpounds. Thls renders the hydrogen_cdnSUm§~
t1on less tham 1t would be for other hydrofining catalysts. (15). Eighty-

five per cen{ of the coker distillate can be .recovered.as premiumﬁfuelé

by this process (5).

.The .cobalt=molybdate, hydrofining method for ypgrading -coker dis-
tillates has been investigated by the Ghemical,Eﬁgineering Department
at- Montana State College (6, 19, 21,.24). -In these studlesy four

catalysts were found to be .effective: HF-activated cobalt-molybdate
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Peter Spence.cobalt-molybdate, palladium-promoted-Harshaw, molybdenum-..

oxide, and Harshaw .cobalt-molybdate.

The optimum operating condlitions were found to be:
catalyst-bed temperature: 825-875°F
treat-gas flow rate: .2000=7500.SCF/bbl
ooperating pressure: 1000 psig

space yeloclty:. 1.0 gm o1l/(gm catalyst) (hr)

.In the hydrofining of coker distillates with cobalt-molybdate
catalystsy sulfur and oxygen are easily removed. The remoyal of nitrogen
is not achleved as easily as the removal of sulfur and oxygen 1s achleved.
For this reason, a kinetlc study. which was based on the conversion of
the nitrogen content.of coker distillates to ammonia was undertaken by

Benson at Montana State College (6).

. The nitrogen compounds which are present in the. shale-oil coker=-
distillates appear chlefly.as pyridineg;quinoline, acridine, and. similar
type compounds. (23). Investlgations by Clyde Berg.of the Ynion 01l
Company have indicated that a typical reaction for the removal of nitrogen
from a nitrogen~containing compound in the -coker distillate is as follows
(%) -

: Cotig + SHg —— Celliz + NHs

Pyridine .Pentane Isomers
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In Benson'!s kinetic study of shale-oil hydrogenation at Montana
State College, the hydrogen feed-rate was held 1n excess at 50 mols of
hydrogen per mol of nitrogeny so that the reaction would be dependent
only upon the .concentration .of nitrogen in the coker~-distillate charge
stock. By using this method, the effects of the -varlous process vari-
ables on the reaction were obtained. Benson!s study. determined that
the transfer.of the reactants to the catalyst's surface by external

diffusion did not control the.rate of nitrogen removal.

Professor L. G. Mayfield of the Chemical Engineering Department at
Montana State College suggested that.more insight into the process of
‘nitrogen removal from shale oil might.be -obtained if a synthetlc shale-
01l which contained.only one nitrogen compound were to he studled (23).
.On the basis of this suggestiony a .decision was made to undertake . such

an investigation. -This thesls 1 a report of that study by the author.

The synthetic. shale-oil used in this study was a mixture of
"Penetek" , and the nitrogen-containing compound, quinoline. "Penetek”
is a commercial mineral oil which ¢lesely approximates the properties

of cetane.

The synthetic shale-oll contained two welght-per=-cent ‘of nitrogen.

- This approximates the nitrogen content.of shale-o0il coker-distillate.
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TII. OBJECTIVES AND MODE OF INVESTIGATIONS

As mentioned in the introduetien .of this report,. a kinetic study
was undertaken by Benson at 'M,ontana State College to ebtain fundamental
kinetic¢ informatien concerning the reaction which led te the -conversion
of the nitrogen .compounds contained in shale-01l coker-distillate to
ammonia and .aromatic hydrocarbons when these nitrogen compoynds . were
destructively. hydrogenated with the aid of a .cobalt-molypdate catalyst.

- By. holding the hydrogen feed~rafe -at approximately 50 mols of hydrogen
per mol of nitrogen -compounds :Ln‘the, initial, charge stocgky  Benson was
able to fit an empirical, pseudo=first-order.rate-equation to the con-
_version data which he. obtained. -He was.also able to determivie whether
diffusion of the reactants to the .catalyst surface.or diffusion of the
products. from the catalyst surface were controlling the rate of the con-

.version of the shale-oil's nitrogen compounds .to ammonia.

Use of the order-ofwreaction concept for fitting empirical equatlons

to rate data or to integral. data has proven very useful in many situ~

ations where a .rate e‘q_-};a;tion was needed for.designing a reactor. -Howevery

.this concept often does not proyide an.empirical rate-equation which fits
the kinetig .data well for some types of vapoer-phase reactlens which are
catalyzed by. solld.catalysts. .Anether .digsadvantage of applying this
concept to the analysis of kinetic data.obtained from solid-cabalyzed,
yapor-phase reactlons 1s that this concept does not give much insight.

into the reaction mechanism,
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‘The surface*rateaegygtiqn.theg;y-@@gS;thwever¥ enaple an inyesti-
gator to obtain.a.falr amountiof:infgrmatign abguﬁ‘the~react1@n~mechéna.
. isms of sglidicaté;yzed”vaporéphaSe,regcpions. This theory.has been
-successfully‘apglied in recent years and numerous.examples. of 1ts
application.égpear,in therlitérature. ~Iﬁ this theory 1t 1s postulated
that the,reactignumecpanism‘¢onsists~of a sserles. of intégrated. steps. in
which the reactants diffuse to.the ¢atalyst and into. the pores of the
catalyst y. become adsqrbeddonnthe,surfacewoﬁ the;catalystg;reactj@n.the .
catalyst su;fa¢gy desorb from the -surface.of the -catalysty.and finally

. diffuse from the peres of the. catalyst and from the catalyst. to the

.main gas.sbream.

. Mpplication of -this theory %o, the study -of a giVen,reaction.inyolves
the postulation of yarious feasible mechanisms which follow the above
pattern$:the.déyiygt;Onﬂéf overall;ratesequatiQns.paseduon:the assumption
that one of the steps Qf‘the,mechanismmis the rate controlling stepy and
the.ﬁérre;atign oﬂ.kinetipwdata,to‘these.equatigns. A.detailé@,explénaQ
ﬁiom‘of this theory.and its applicabions is glven .in the. discussion ‘ t

section of thls report.

. It was. decided that it world, be. desirable-to apply the surfagesrate=
equation,theory to,thepreaction for removing nitrogen ermn$hale.oil by
destructiVe.hydmggénation_withuaucoba;temglypdate catalyst. aHgWéver@'
‘this study would be .extremely. complex and.difficult becamse of the varlety

. of hetero¢yelic nitrogen=compounds confalned. in shale=oil.coker-
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-distillate. - Many mechanisms.would be possible -for each of the hetero-
eyclic nitrogen-~compounds 4 and to distingulsh -what is happening.with each
one when all of them are reacting together from the same feed stoeck would
be a defeating tagk. It was for this reason that Benson was unable to
apply. the surfage~rate-equation . theory to his study with shale-oil-coker-

distillate.

If 4y howevery. a synthetic shale-=Qll were to be studied which con-
talned only a .gingle heterocyclic nitrogen-compound, insight into.the
mechanism for this single compound.could be gained without the compli-
.cations which would be involved with the coker distillate. Studies of a
number of synthetic shale-oils each based.on a different heterocyclic
nitrogen-compoynd found in shale.oil could be .made. These .could then
be correlated to gilve an.understanding of the shale-oily coker-dilstil-

- late reactlen.

The .objective -of this particular investigatlon was to gain informa-
tieon about the mechanism .of the catalytic, -destructive hydrogenation
(hydrogenolysis),of a.quinoline*c@nstitﬁtedﬁ:synthetic:shalefoila TP
-was hoped that any information gained in this study would be useful in
helping to understand the removal ef nitrogen from shale-oll cokepr-

distillate.by catalyticy destructive hydrogenation.

. The -oyerall plan of this investigation was to apply the surface=
rate-equation theory. to postulated; feasible mechanisms. This was to

be .done by gathering experimental initial<rate -data .and using these in
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.conjunction with the above theory to ‘determine which of the postulated

mechanisms would be the most probable.

. The redctor to be -used in thils study was a tubular; fixed bedy,
flow type,.catalybtic reactor. It was designed fo produce integral
reaction data. The initial-rate data was to.be obtained‘frém conyversion
vs. reciprocal-space=velocity curves. These curyes were to be obtained ~
at operating pressures of 250, 500, .and 1000 psigy each curve ylelding
an initial rate value at this pressure. Each curve was to be determined
by measuring the conversion of the nitrogen in gquinoline to ammqnié for
the series of space velocities: .10.0y 7.5y 5.0y 1.0,.2nd 0.5 (gm 0il)/

(gm catalyst)/(hr).

The .other variables, as far-as possilble, were chosen as those values
of these variables which gave .optimum conversion. of the nlfrogen com-
pounds 1n shaleqoil.coker~distillate to ammonia. - These variables were
held fixed for determining the conversion .vs. reciprocal-gpace~yelocity
curves at the three above=mentioned pressures. - These fixed variables
were:

_charge stock: :Penetek and quinoliney 2 wh% nitrogen
hydrogen flow rate: 7500 SCF/bbl.oil
temperature: 83%0°F (443°C)

catalyst: :Peter Spence graphite-base cobalt-molybdate;
1/8" pellets, R.D. 3718, .2.5% €00, 14.0% MoOs

treat gas:. 100% hydrogen
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Prior to thé-actual gathering .of the main.body of experimental
.datay 1t wyas necessary to do some work . toward. redesigning the bench-scale.
reactor that was to be used in this study. It was planned to.use-the
same reactor. for this study that was used in Benson’'s . shale-oil study.
During .the shale-oil studiesy however, difficulty with maintaining
isothermal conditions in the reaction zone was experlenced. This was
due to the necéssity for both adding and removing -heat energy in dif-
ferent zones.of the same reactor. .It was necessary, especilally for high
space-velocity runs,. to provide a large preheat-load for. the reaction
stream, The exothermic nature of theghydrogenation,reacpions which Were-
involved meant that the reactor must be capable of dissipating a Iarge

amount of the heat-of-reaction.from the reaction zone of the reactor.

- To alleviate this difficultyy. a .number of runs. were made prior to
the main body. of experimental rumns in which various locatlons of the
.heating coiisfwere triedj,various distributions for_thetinsulation'were
examinedy and various preheater arrangements were tested. . A satisfactory
.system for all but the extremely high space=velocities was:foﬁnd, - This
system is described in the §ection,of this report on equ;pment, A
method for dissipating the heat-of=-reaction at high space-~veloclties,

“in which the .catalyst was distributed evenly among the .catalyst supports
in the reaction zone, was suggested by Dr. R. L. Nickelison. This method
was successfully used and. it solved the problem of runaway.reaction- temy-

~peratures. at high space-velocity runs at high pressures.
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-III. .EQUIPMENT

.A. The Hydrotreating.Unit

MThe.expefimentél runs were -carried out in an integral type reactor
which was designed for continuous flow.over a fixed-bed .catalyst. ' The
feed oil was pumped.into. a .radiant preheater and from there to the .top
of the .regctor, .Hydrogen flow.was adjusted,by.a-needle valve. -The hy-
drogen was passed through‘a,deoxygenating,unitg a drying unity.a rota-

meter, and then it entered the reactor top.

. A pressure -regulator valve controlled the operating pressure and
enabled operating at constant pressures ranging from,ZOO.psig'to

1200 psig.

' The 'reaCtor. was hea"t'ed' by means, Of IliChI‘Ome—wj_re heating CO_‘]j.S .
These heating coils were connected to Powerstats. which made possible

a wide range of temperature control.

. After -the oll had passed through the reactor and had.been condensed;
it was oollecﬁed‘ih a receiving flask. Gaseous material which left
the reactor.was gilven a caustic. scrub and then vented into the

atmosphere.

. A -schematic flow diagram of the catalytic hydrotreating unit is

‘shown in Figure 1.
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-B. - The Reactor

‘The reactor.was made from a 30-inch length of nominal l~inch 0.D.y
‘seamless,nTypé 18-8 stainless steel pipe. -It was equipped with a .flang-
ed union at .each end. - The .reactor was covered with a layer of asbestos
tapey. and the nichrome heating coils were wrapped on the reactor. over
this tape.'.Authree—inch,layer_of.85 per cent magnesia insulation was
placed. over the heating colls and the insulatlon was covered with sheet

aluminum=foil.

" The lower 20-inch length of the reactor was covered. with-a.single
heating coll and another heating .coll was overlaid bn the bottom four
inches of the first coil. - The ecatalyst zone startéd at the top.of the
first‘heafing,ooil and extended down the reactor for a length,of ten
inches when 100 grams of catalyst were used and.five_inches.when fifty

‘grams of catalyst were used.

_A third coil was wrapped around the top eight inches -of -the reaetolr.
Thus ,-a length of two inches in which there were no heating coils was

allowed above the;bop of ‘the.catalyst zone.

A length of 3/16=inch O,Dn,stainless steel tubing, brhzed shut at
the lower endy was'}nserted.dpwn the center of the reactor-and contained
the thermocouples which were used to measure the temperature in the
.reactor. Thermocouples.Wefe located. at the top,.centery.and bottom of

the catalyst zone and one-was located in. the preheat zone.
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. C. 'The Preheater

The preheater consisted of a 3" x 11" cylinder formed from:sheet
stainleSSwsteel and closed at either end. The cylinder was wrapped with
asﬁestos tape and a. heating .coill and.was covered with a two-=inch layer
of magnesia insulation. .Six feet of 1/8-inch 0.D..stainless steel tub-
ing was coiled to a length .of.10 inches. and.a diameter. of one inch.

- This -coil was placed in the center.of.the preheater and;the.ail was

-pumped through .the coll before 1t entered the reactor.
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‘ IV¢v,MATERIALS,,METHODSy,AND.ANALYSES

.A. . Materials

1. - Jhe Charge Stock

Theuquinoline used for preparing the.charge stock»ﬁas purified
by fractionation,from a. ecommercial type guinoline containing 90 per
cent quinoline. and 10 per-cent quinaldine and isoquindline. - The
purity,of the distillate was.determined by.its refraective index.
. To keep the quinoline isolated from oxygen,.the distillate was

collected under an atmosphere.of natural gas.

. The charge stock was prepared by mixing quinoline with a pure
_mineral oll-such that the resulting mixture was two weight per cent

nitrogen.

-The.miﬁeral 0il.used was purchased from the Penn-Drake Company
and is commercially known as "Penestek". - This oil. very closely
approximates the .physical properties of cetane. -It has a specific

gravity. of-Q.797 and has. a boiling range -of 250=270°C.

- The mixbure.of quinoline-and Penetek was stored in a 50=liter
container ‘and kept.under an atmosphere. of natural.gas, .It was then
- siphoned. from the container to6 .the holding vessel .of the charge-

stock pump whenever it was needed , for a,.run.
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2. -The,Catalystj.Catalyst,Supportsg:andsTreat Gas

~ The catalyst used for the study was a,cobalt molybdate catalyst.
It wﬁs in the form of l/8ﬂinch‘pellets and it was manufactured by .-
.Peter_Spence and Sons, Ltd. .The catalyst was a graphite-base cata-

lyst and -was 2.5% .Co0 and 14.0% MoOs.

. Catalyst supports used in the reactor were 1/8finch alundum

pellets which -were obtained from the Norton Abrasive Cempany.

- The hydrotreating gas was lQO per cent hydrogen and was.supplied
by Whitmore -Oxygen Company. -There was. sufficient.cause to belieﬁe
that this hydrogen containéd small amounts of. oxygen and. for thils
reasony the hydrogen was treated in a "deoxo"™ unit to remove the
oxygen before being sent to the reactor. The . "deoxo" unit contained
a palladium catalyst and rémoved.the oxygen by catalyticallyzpro;
moting the reaction of‘oxygen with enough hydrogen to.form water.

The water was .then removed by:passing the hydrogen through a_tube

packed with "Drierite.

Methods

1. .Control and Measurement of Process Operating Variables

_The reactorftemperature.was-cqntrolled”by adjusting the -voltage
to.the heating céils by means of Powerstats. .Censtant voltage was
supplied to the Powerstats by an00nstant'voltage transformer.

Temperatures were measured at 1l5=minute .intervals with iron-
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.constantan thermocouples used l1n qonjunction.with.a.Léedsnand North-

-rup indicating potentlometer.

.The reactor pressure was measured .with a pressure gage which
was tapped into the system at the lower end of the reactor. A
Fisher-Wizard controller and a.Mason-Nellan air-to-close regulatof
valve were used to maintain‘thé reactor.at a given pressure.

-The flow rate of hydrogen to the reactor was controlled manu-
ally with a gas flow-meter and a.needle -valve. - The type used was
the Brooks calibrated rotameter. A constant pressure drop .across
the meter was maintained by. the pressure regulator valve and the
needle valve on the flow meter.  During the course.of a run, the
flow reading was checked and correctedy. if necessarxg‘eVery fifteen

mlnutes.

2. Preparation of the Reactor -

The .reaétor .was desigﬁéd\so_that it eould .be removed from.the
hydrotreating system by,&;séonnecting the charge=stock and -hydrogen
feed=linesy . the thermocouple connectlons, the blow-out- liney and
by separating the union at the lower end, of the reactor. -When. the
.reactor was removed from the. system it was inverted and.charged |
With catalyst‘supports. -The .reaction zone was then Chargednwiﬁh
.catalysty and the remainder..of the reactor was filled with.catalyst
supports. At 3-to U.inch reactor=length intervals during the

.charging of the .reactor, the feactorﬁwas.tapped sharply with-a

I I

e
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hammer until the material present in the reactor indicated no .fur-
_ther tendency to. settle. : This was dome to 1insure that.there would
.be_ no shifting .of the catalyst when the reactor was re-inverted and
placed back in the hydrotreating.system. .After the reactor had been
charged, the catalyst and supporté were kept in place with a pilece

of stainless~steel screen.

3, The Time-Length of Individual Runs

During the investigatlons wilth shale .oil, it was found that
during the first four hours of a run the.conversion of the nitrogen
content of the .charge stock to ammonia rose sharply to a.maximum
conversion and then decreased. Shortly after this first fourshour
period, the conversion leveled. to a reasonably constant value.
Furthermore, this -constant conversion was found to be maintained
in runs wilth a duration of up.to 16 hours. - The time at which .the
maximum.conversion occurred was found to .vary with the space

velocity (6).

This characteristic type .of behavior was also found to exlist
in the runs made with quinoline. .Figure 2 shows this behavior for

ryns at various space veloclties.

Thus, 1t was decided to run for a minimum-of five hours until
the first sample was collected, provided that isothermal conditions
were maintained in the .reactor during.this period. If isothermal

conditions were not maintained, the time for collecting the first

¥
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.sample was extended until isothermal conditions had been maintained
for at. ledst one hour. .Samples of the processed oll .were then col-

lected during the last four hours of a run.

4, .Operating Procedure

The same operating procedure was used for each run.

After being charged with catalysty the reactor was heafed to
the..operating temperature of 830°F. During the heating period, hydro-
gen was allowed to flow.through the reactor at a.low flow rate.
Approximately three hours were required to heat the reactoratd the

operating temperature.

When. the reactor had reached the .operating temperature and
indicated a tendency to remaln -at.this temperature, the charge stock
was pumped into the reactor-at a rate determined by the .space
velocity. The time at which this took place was considered to be
the start of the run. Periodically, during the course of the run,
the flow.rate of charge stock was checked and the pump was adjusted,

. 1f necesgsary.

- The processed .01l was collected in a Jerguson-sight glass and
allowed to drain off at a steady rate in order to ayoid any sudden
pressure drops in the system which would be caused by.draining large

amounts of product in a short time interval.
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The. length of the run was :determined in the manner: mentioned

in the abowve section.

.At.l5:minu£e intervals tﬁe temperatures in the reactor were re-
corded and the hydrogen=flow. rate was checked. Also¥-periodic checks
were.made to see whether or' not the .correct space veloeity was
being maintained and if isothermal conditions were being maintained
An the reactor. The latter check was made by moving the thermo-
.couples to various positions in the.reactor. such .that a temperature

‘profile of the catalyst zone was obtained.

C. . Analyses

The conversion of the nitrogen in the charge stock 4o ammonigb
was determined. by -dnalyzing the product for nitrogen content. :The samples
were. collected and placed in a flask.where nitrogen gas.was bubbled
,through.tﬁé-sample_for a_periodhoﬁle minutes. in order to remove -any
ammonia which might have been abgorbed. by the product eil. They. were

then dyied with. .caleium chloride and filtered.

The nitrogen content of each sample was determined by the Kjeldahl

-method.

The product was also subjected to infrared analysis and analysis
by fractionation. -Thls was done..in erder to obtain a-qualltative

picture .of the preduct.




V.. .DISCUSSION

A. Introductory- Remarks

.As stated in Section IT of_this.report,.the. objective -of this. parti-
cular investlgation was to. gain information about the;catalytipg_de-
- strictive hydrogenation of a.quinpline*consutuped@;synthéticcshale-qil.
This reactlon was studled at a temperaturé-of 830°F;. at pressures of
2504 500, -and 1000 psig; with a.hydrogen flow-rate .of 7500 SCE/bﬁl_oil;_

.and with a cobalt-molybdate .catalyst of 2.5% CoOy ,14.0% MoOs.

'-Ih.this;discuSSiong known infermation which.is pertinent. te the
above reaction will be presented first. This Information will then be
used to.develop. a.framework for the .reaction mechanism. -This will be
.followed.by.a.p;esentafion of kinetic techniques which are used for
tubular. flow-reactors and.hete?ogeneous,feaction54 and. then. by. a pre-
-sentatlon of rate-equation theory fo;’fluid—phase,ﬁeactions'catalyzed

by solids.

-An-exémpléiderivation of a. rate equation:by-the.suffacgfrate%
equation method will be given. Pogsible mechanisms for. the catalytic
_hydrogenolysis of quinoline ﬁill,be-discgssed and-a:series,of rate
equations will be derdved. based .on. the surﬁace7rateéequgtion.theory,
- These rate equations .wlll be analyzed‘thrdugh the applicatien of
experimental data to. obtain. information about the mechanism of the

reaction.
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-B. - Nitrogen Compounds.and.Chemisonptien -

Nitrogen compounds found in wvardous crude olls have long been
troublesome to the petroleum irdustry because .of their effect-of de-
activating,cragking,cgtalysts.(393,2). ‘This deactivating effect is
especiallylpronouﬁCed.when shale.olls are subjected to catalytic..crack-
.dng. -Evidence indicated that»the-deéree,of-deactiyatipn'Was direCtiy
proportional to‘the:ambupt.of nibfogenmcontainingJQQmpognds-present-in
. the feed. to the cracking unit. . Up until the. earily l950l55 there was
some-dlfference of opinion as toe what éxa@tly_eaused:this deaéti?ation.
-The general .concensus of.-opinion was that the .deactivation was -caused
by-a laydewn -of carbonaceous residue -on the -.catalyst. .While,this ﬁas
to-some extent true, as. evidenced by the .cracking of feedstecks.which
‘Were devold .of nitfogen.content#;there was no—experimentallﬁ—backed"
explané$iqn‘of therpeéific_role.of_nitrogen.compounds in the de-~

activation.

To resalve .this questibnA:the Houdry Process Laboratory undertook.
an. investigation of theiggisqning of cracking‘catalysts,byhnitrogén
.compounds. (26.-27) . Since catalytlc-action 18 highly speelficy. it has
been cgncluded.that-spéeifig.chemieal prppefties:of caﬁalysts are in-
yolyed im_catalybic -action (8). -The-Houdry study attempted.to establish
the essentialgahemical"properties,bﬁ-active prineiples of a number. of

catalysts. - The nitrogen compounds . pyridine and. quinoline were inyesti~

gatedﬁwithuboth inaetive silica gels and gctiye,metal-@xide.patalysts at

‘yarioug, pressures and,temperatures.f;qm,ZﬁoﬁioofC.

LLL 4
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‘Both inactive silica gels and active catalysts were saturated with
gasepus quinoline. It wds found that the quineline could be completely
desorbed from the catalytically inactive silica gels by a stream of
nitrogen gas, whereas under the same. conditions only a very small part
of the quinoline was desorbed from the active eatalyst. On bolling a
quinoline-treated catalyst with aqueous HC1 -solution an extraet was
obtained which was shown to contain quinoline. -These .observations indi-
cated that quinoline is held as such by .the catplyst rather than as its

deconposed or polymerized product.

When the adsorption of quinoline and pyridine were compared,
.differencés were found. in the amount of guinoline and in the amount ?f
pyridine chemisorbed under identical operating conditions. -These -dif-
ferences were .directly attributable to the differences in the strength
of the two substances as bases. The two chief conclusions -of this
study were:

.1l. Nitrogen contalning compounds are chemically held to

active metal-oxide catalysts, and the amount chemisorbed
is decreased with an increase in temperature.
2. The chemical properties exhibited by the active sites on the

.cabalyst surface identify the active principle as an "acia®,

Thus ;. 1t appears feasible that the basic nature .of quinoline would
allow it to.react with the acidic function.of the catalyst. This is

probably the next step in the regction mechanism of the hydrogenolysis
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of quinoline after the quinoline has diffused through the surface film
and .into the pores of the catalyst (25). The work of Mills. et. al.,
indicates that while there 1s some physically adsorbed quinoline -on the
surface of the catalyst after the -diffusional steps, the adsorbed quino-
line is predominately present as chemisorbed and non-decomposed gquino~
line on the surface of the catalyst. At increased temperatures and
pressures, the ratio of physically-held guinoline to chemically-held
quinoline increases, but the amount of physically-held quinoline is still

small compared to the amount of chemically-held quinoline,

.The heterocyclic ring of quinoline is more amenable te rediction
than the carbocyclic ring (16). It may be supposed that some yapor-phase
hydrogenation -of quinoline could occury and that the resulting .dihydro-
-and tetrahydro-~ quinolines would compete.with quinoline for active
chemisorption gites-on the catalyst surface. Work by seyeral investi-~
gators has shown that significant conversion of quinoline to tetrahydro-
guinoline -can only be obtained through the use of various hydrogenation
catalysts (164 29y 33). Thus, the quinoline molecule is probably

chemisorped ag such.

¢. Reaction Products

Sugino and others have hydrogenated quinoline in the presence -of
copper catalysts to get up to 95% yields of tetrahydroquinoline (33,-16).
Rapoport studied the hydrogenolysis of quinoline with a molybdenum

catalyst, a hydrogen pressure of 80 atmospheresy -and temperatures of
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420-450°C. - He obtained ylelds of 95-98% tetrahydroquinoline (29). - The
tetrahydroguinoline further decomposed to. glve o-propyl aniline, o-ethyl
.aniliney, o=methyl aniline, aniline,.and methane. - These same investi-
gators iﬁdiqate that the .further hydrogenation of tetrahydroguineline
to decahydrequinoline 1s difficult and that as a.reactioﬁ is proceeds

very slowly.

'3yffél also. identified the apove miltrogen compounds in the product
.0il., -Through the use of gas-chromatography techniques y. the following
compounds were identified (31):

. tetrahydro qulneline
o=propyl aniline
.o~ethyl aniline
o-methyl aniline
-aniline

ammonia

guinoline

.In addition, the following pertinent compounds were also identified in
the product oll:

. n-propyl benzene
iso-propyl benzene
ethyl benkzene
toliene
‘benzene
o~ethyl toluene
propyl cyclohexane
ethyl cyelohexane
methyl cyclohexane
cyclehexane
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D. ' Ring Cleavage

'Atomic,positiqms in the fused,.six-membered, ring system of quino-

line arey by agreeﬁentj,numbered\in the following manner:

5 4 3
6. 3
T P
8- N
1

: The .presence -of aniiine.and ﬁome~of its,homologs in the product oil
‘probably indicates that -the heterocyclic .ring of tetrahydrcquinoline
Was'cleavedibe%Ween:the 1 and 2 positions. The absetice of alkylamine
substitiited benzenes indicates that ¢leavage probably.didinot oceur

between the 1 position and the adjacent carbon in.the benzene .ring:

~- CHE’ ! CHECHECH3
l : + Hy - ———
) CHz
N)(\\ ‘

H

_E. Order -of Nitrogen Removyal

~ The alkyl;cyclahexanes présent in.the-product.oi;.are:probably
hydrogenati@n,prbduct§ of alkyl benzenes. It is alsonsignifioant that
.no aminewsﬁbstitutedx alkyl.gmclohexanes.were found in. the product oil.
-This would indicate that the amine group must have been rémoVed,from
the aniline'homoelogs prior to the'subsequent hydr@genatiqn Which

yielded the alkyl cyclohexanes:
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CHoCHoCH

-CHzCH=CH s g ' CH=CH=CH 3
B 3 2
NHx> ’

F. Crécking of the Alkyl Group

Rapoport's identifilcation -of . methaney dlong with the aniline homo-
logsy-as a product.indicated.that cracking of the alkyl group-oﬁcurred:

CHoCHoCHs ' CHACHs
+ CHg

H .

The acidic funection of thewcatalyst'probably.feduces,the alkyl aniline
to a'chemisorbed alkyl aniliniym ion 130), -Using this as a starting
_point;_the-crackingvof'thF alkyl group might have occurred in.the

following-mannér:

CH5CH=CH= CH=CHoCH CHEH=CH>
+‘ [ ;
Tz = NHz NH ‘
H B G
.CH
H—CHZ 1> | HCH3 =
+ OH =, + : —+
= : + CHg — LNHs
NHo ~ e i

(Where ¥ is an active site on the -surface -of the catalyst.)
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G. ;;gomefizationlggﬂthe,Alkyl;Group

~ The presence .of isopropyl benzene in the product pil.caﬁ probably
be attributed to the isomerization of o—propyl;aniline.l This -could |
conceivably haVe;occurred,dﬁringithe,course-of a dual-site reaction
with adsorped hydrogen and-in a manner similar-to.thgf,of the above

considered cracking mechanism:

+
. CH=CHCH= - CHZE_H_I%I(.;IH:B
Ha¥ T 3 Hy—
R — , S —
e i

H
CHs
CHzi NCHCHp B2y
A _CH(CHs) 2
C(CHz) 2 e
- —>
H .

_H. Removal of Nitrogen from Alkyl Aniline

~The .final inportant reaction.invélVed in the_rénoval,of nitrogen -
as ammonia from the quinoline molecule is the reaction.of alkyluaniliﬁe
with‘hydrogenuto‘givg alkyl benzene and ammonia. - The alkyl .anilinium ion%
,resulting-frqm.thenchemisorption of basic alkyl-aniline by.the acid

function of the catalyst, would exert a strong inducfive gffeet of
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electron attraction and thus render the nitrogen-bonded carbon of the

carbocyclic ring susceptible to .electrophilic attack by hydrogen:

=y}
=}

_._H2_) + NH3
Ho

® =

:I. -Hydrogenation of Alkyl Benzenes

Ryffelts analysis of the non-nitreogen-containing compounds in the
product oil (exclusive .of those In the carrier 611) reveéled that 87,8%.
of these compounds are alkyl benzehesy the remainder being hydrogenation
products of the -alkyl benzenes. Those findings of the Houdry Process
Laboratory which indlcated that~the presence -of nitrogen-containing
-compounds poisoned.or dominated the acid function of the catalyst seem
to bé substantiated,by Ryffells analysis. It would.appear that the basic
nitrogen compounds are far fiore able that the glkyl.benzenes in the .com-
.petition for active chemisorption sites and, consequently,.the catalytic
hydrogenation of alkyl ben?enes would be retarded. .The ratio of hydro-
genated products of alkyl benzenes to alkyl benzenes, however, was found
to increase at higher reaction pressures. This would indieate that the
abllity of alkyi.benzenes to compete with the nitrogen~-containing com-
-pounds for active chemisorption sites 1is increased at higher pressures.
Groggins and othef sources repgort that hydrofining processes using
cobalt-molybdena catalysts have very 1ittle effect.on aromatics. Cobalt-
molybdena catalysts do.not appear to promote the hydrogenation of '

aromatics (15y 18).
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J. -Summary of Important Indiecations

_The preceding discussion has revealed several probable postulations

which are important in the analysis of the catalytic reaction of duino-

line with hydrogen to yield ammonia and hydrocarbons. These are:

1.

Although. nitrogen-containing compounds are adsorbed

on the .catalyst surface by both physical.adsorption and
.chemigorption, the amount held by chemisorption is far
morelprevalent than that held by physical adsorption.
Chemisorption of nitrogen compounds 1is effected by the -
interaction of ‘the basic function -of the nitrogen com-

.pound- with the acid functlon of. the .catalyst.

. The chemisorptive preference .of ‘the catalyst for a given

nitrogen-containing compound 1s directly proportional to
the relative basic strength of that compound.

. The chemisorptive preference of acid catalysts for
.nitrogen~containing, compounds is such that the catalyst
is effectively poisoned.for the reaction of other-sig-
nificantly less basic compounds4with active centers on
the surface -of the catalyst.

The .chief product involved in the initial catalytic. hydro-
genation of quinoline is tetrahydroquinoline.
Catalytic hydrogenation\of tetrahydroquinoline results in
cleayage of the heterocyclic ring between ying positions

1 and 2, giving alkyl anilines as products.
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7. - Cdtalytic hydrogeﬁatioﬁ of the alkyl.anilines of item 6,
-above, gives alkyl benzeﬁes and ammonia.as products.
8. - Catalytic hjdrOgenation,of alkyl benzenes in the presence
of sufficiént amounts of nitrogen-containing compounds is

n diffieult to achieve,

K. ~The Framework of the Reaction Mechanism

_Using -these. important indications. as a basis, it is possible to out-
line the framework of the reaction mechanlsm.for the catalytie.reaction

. of quinoline with. hydrogen. This framewofk appears to be:

Co. ,'MP + NH> Goo ,Mo

L. Tubular Flow-Reactors and. Heterogeneous Reactions -

An oyefall reactionsrate. equation in terms of fractional eonversion

of the reactant, mass of ‘the catalyst in..the reactory.ahd;the,mass.flow»‘

rate of the feed can be developed by. setting up a rate-of=flow balance
for the -reactant about a.differential .yolume of the reactor with. the

restraint that the reactor is in steady-state operation (32,-38) .
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-Input rate to the differéntial_volumez
F(z ~-xT1)
,Output.rate.from the differential volume:
JF(z = (x4 dxd) /)
Rate of change of reaectant in the differential volume:
r(dw)
. Rate .of accumu}ationnof-reacﬁant.in‘the differential volume:
. Zexo,
Where:; . F. = total feed ratey mass/hr

..z = initial mass fractilon of heterocyclic nitrogen
in the feed

.x! = .conversion, mass nitrogen converted/mass feed
W =.mass catalyst'

r =_.rate.of convefsion.of,n}trogen to. ammonia,
mass nitrogen/(hr) (mass catalyst)

- Algebraic. simplification of the balanee gives:-
F(dxT) = r(aw)
- Bub: x) = x(m/m)
.Where:r m = mgss  of nitrogen in feed
my = total mass of feed

X.= conversion, mass nitrogen converted/mass of
nitrogen. in feed

. Thusy ,the overall rate=equation can be written as:

pom A& (mass nitrogen)
m a(W/F), (hr) (mass céabalyst
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From the above equation it can be seen that the overall feaction—
rate is the product of (m/mt) and the slope of the x vs. (W/F) curve.
- Curves for x vs. (W/F) at reation pressures of 250, 500, and 1000 psig
and the reaction temperature of 830°F are presented in Figures 9,.10,

-and 11. Corresponding curves for r vs. (W/F) are presented in-Figure 12.

M. 3Rate—Equation Theory for Fluld-Phase Reactions Catalyzed by Seolids

The .order-of -reaction concept can be used to describe many homoge-
‘neous reactions. -In this study, quinoline was reacted isothermally and
at constant system-pressure with enough hydrogen such that the mass of
hydrogen in the reactor remained essentially constant. -If the reverse
reaction is .considered negligible, the overall reactlon-rate -could be

described by the -order-of-reaection concept with the following equation:

o= k(my)® = (amy)/(at)

Wheret ¥ = the reaction rate
Ty .= MASS of unreacted nitrogen at time t
q = the order of the -reactlon
k = the reaction rate-constant (including the
.constant hydrogen mass)
' Use .of the order=of-reaction concept is not recommended for repre-

senting a catalytic process (13, 18). Rate equations described by this
concept fall short of truly representing a catalytic process. The chief

reason is that they.do not account for adsorption on the catalyst.

Therefore, catalytic rate-equatlons based on the .order-of-reaction con-
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.cept were not seriously considered.in this study.

The mechanism.of surface -catalysis 1s very complex. - Fluid-phaSe
reactions catalyzed by solids are conceived to proceed according to at
least the following seven steps (8):

.1, Diffugion of the reactant molecules to the -surface

of the catalyst.

2. Diffusion into the pores of the catalyst.

3, . Adsorption of the reaetants on the catalyst surface.

I, The actual chemical reaction or series of reactions

which take place in the adsorbed phase on theacatalystty
. 5. Desorption of the product molecules.

6. . Diffusion of the products to the exterior of the-catalysk.

pellet.

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

. These seven steps take place in series. It isy therefore, -possible
for any. one of the seven steps to control the overall reaction—raté.
This would occur if the rate of any one of these steps were signifi-
_cantly slower than the rates of the. others,-allowing the overall re-

.action-rate to adjust itself. to the rate of the slow step.

N. - The Diffuslonal Steps

Since the adsorptiony-desorptiony and chemical reaction.stepé are
pfimarily influenced by temperature and pressure, while in addition, the

diffusional steps are influenced not only by temperature and pressure,
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.but by mass velocity or catalyst size; it is possible to determine whether

or not the rate .of ene of the -diffusional steps were slow enough such

that it controlled the overall reaction-rate.

- In steps 1 or 7y .diffusion.oceurs through-a stagnant layer of gases

at the catalyst surface. If either steps 1 or 7 .were.centrolling the

ovefall.reactionﬁrater.a series of rung made at identibal,condiﬁions;

With the exception that the mass Nelocity.would.be~vafiedy,wbuld show a

direct variation of the.overall.reaction-rate with mass velocity. (8).

- This is illustrated in Figure 3. .Increased mass velocity under the con-

ditlons .of steps 1 or 7 controlling, would.decrease the resistance of the

stagnant gas-layer to a diffusional process and would thus increase the

.overall resction-rate. )

Steps 2 and 6 are known as internal diffusional steps. If either
of these two steps were rate controlling,.a decrease in.the slze of the
catalyst wsed would lower the resistance to internal diffusion and thus

increase the overall reaction-rate. -There is an optimum-sizey however,

below.which a further reduction in the size.of the catalyst particles

would not increase the rate of internal diffusion. A series of s made
at identical conditions but with varying .catalyst particle=size would

indicate -whether or not steps ? .or 6 were controlling the yeactilon rate.

- This is illustrated in Filgure 3.

. Benson and Damon,. in a study.of the destructive hydrogenation of

coker~distillate shale=oils in the presence of-a .cobalt melybdate
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-catalysty completed a .series of runs which were designed to determine
whether or not diﬁfnsion.through‘the,stagnapt gas~£ilm were rate\con~‘
trolling (6); -TheSe-shaleeoils_coptainedmheteroqfclic nitrogen-compounds-
‘such as pyridine%,lutidine,;picoline,uquinoline?,and gquinaldine, - The
:resulting.ihdiqa$ion‘of-this study was that diffusion throwgh the:stag-
nant gas—film was not.rate .controlling. This study is illustratea_in
Figure 4. -Ryffel also completed.a. similar 'study with quinoliney using
the same Qatélystvand_a lower .reaction temperature (31). -His-wofk also
indicated that diffusion;?hrgugh.the~stagnant gas;fiim was not rate,

controlling.

A study of the effect- of internal.diffusion on the rate of‘nitﬁogen
rempval freom gulnoline by destructive.hydrogenation in the presence .of
-a .¢obalt molybdate .catalyst was. also.made by Ryffel (31). .His study
utilized. runs made with varyimg sizes of the .catalyst. -The runs str@ng;y
indicated. that.internal diffusion is not .rate centrolling in the conver-
sion of quinoline tQ”hydrocaerns and ammonia through_ﬁhe use .of hydrogen

and a cobalt molybdate .catalyst: -This is illustrafed in-Figure 5..

0. Example Derivation of a Rate Equation by the Surface~3ateﬁ

Equation Method

Rate equations for fluid-phase reactions catalyzed by solids can be
derived by treating -adsorption and.desorption as chemical steps. -It was
shoyn earlier in this discussion that the assumption that. the adgorption

and.-the desorptien of quinoline by the cobalt=molybdate catalyst are




- probably.chemical steps is a safe assumption.

For the purpose.of demonstrating the derivation of rate equations,
-a reactlon involying chemisorbed quinoline with. vapor-phase hydrogen to
yield dihydroquinoline will be assumed. It will also be assumed that
.none of the diffusional steps -of the seven-step catalytic-reaction-path
are rate controlling,.and that the reaction takes place in the presence

of gases that are inert to the reaction.

The adsorption, main~reaction,-and desorption equations foy this
assumed reaction can be written in the.folloewing manner:

1. . Q 4+ s=@Qs
2. Qs + Hz=.Ds

-3, Ds=D + 8
Where: . @ = quinoline
§ = an actlve site
Qs = guinoline .chemisorbed on an aective site
D = dihydroquinoline

.Ds = dihydroquinoline chemisorbed .on an-active site

In step l; the rate of édsqrption of quinoline by the catalyst is
proportional te the partial pressure of guinoline in thé gas phase and
the.fraection of aetive sites left vacant. The rate .of desorption from
the catalyst is proportional to the.fraction of active sltes covered with

guinoline. Thus, -8 rate equation can be written for step 1. In a simi-

I I Y A
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lar mannery .rate equations can be writtem for the two other. steps. .Alsoy

-since gases 1lnert to reaction step 2 may be adsorbed by the catalyst,

.an_additional.adsorption~desorption.raterequation can be written for

these inert gases. These. equations, along with their. correspending

equiliprium constants, -are: ¢

1. rp =kt -kifg . Ki= fq
. ?Qfs
\ ; o
2 rgz k:gPHzth~ kEfD ‘K2.= " — -
PHzfQ
f
. T Pp's
3. Tz = k3fD - k3PDfs ) .-K3 = n B
D
If fl
: i*s
Where: .PQx;PDj Bng Py = partial pressures of quinoliney

-dihydroquinoline, hydroegen,.and
the inert gasesy respectively.

CfQe Ly Ty

= fraction.of the active sites.covered
by auinoline, dihydroguinoline, and
the inert gasésy.respectively.
‘fs = fractlon of Vacant,aetive—sites.
k, kt = forward-reaction and reverse-

reaction rate=constants,
respectively.

b
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If step 1, the adsorption stepy were rate-éontrollingx‘the rate
equation for step 1 would represent the rate .of the overall reaction.
Steps 24 3¥-and:i-wpuld be at equilibgium;.and the equilibrium expres-
sions for these steps: .Koy Ksy-and K, could be used to evaluate -the
unknown quantity fQ in the rate equation. - The rate equation would then
be in. terms. of the unknqwn.quantity fs“ This quantityy however, can be
evaluated by making use .of the equilibriqm expressions for steps 24 3,

-and. 1, -singe the following relation holds:
.fs V= (l L= fQ '.-“,_fD - fi)

. Substituting for the unknown £1s in this equation gives:

Fp
KKzPy
2

: The final form of ry can be developed as follows:

B
. « k4f
Qfs ki

Iy = klP Q

- Substitutieon for.fQ.g;ves:

P'D

L)
Q K 1KoK 5Py
o

The overall reaction, Q -+ Hz== Dy 15 the.sum of steps ly 23 -and 3;

.thus: KiKKs = Ky where K 1is the -overgll equilibrium constan@. - Using

this relationship and the definitions: = 1/Ky and K = 1/K=y. the

Xq
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rate. equation.capn be simplified to. the followlng form:

Pp B

.KI(PQH‘ _Ea;____
KPy,

K.P
(L+, QD ) +EKpPp +K4Py
KPy,

Yang and Hougen (40) have classified.all rate expressions derived
in this manner according to the following -form:

r.= (kinetic term)(potential term)
)n

(adsorption term
For. the rate equation Jjust derived,.the_kinetic term would, be kyj-the
potential term would be .the remaining portion.of -the numerator; the

adsorption. term would be the .denominator.

In -a manner similar to that wused in deriving the overall rate-expres-
sion for the case where step 1 is -controlling, .overall rate.expressions
can be derived.for. the cases where step 2 or step.3 are controlling.

.The resulting rate expressions for all three cases are presgnted below:

Step Kinetic Term Potential-Term Adsorption Teﬁm.
1 K B.- D ' ‘ .KQPD
, i Q7 = 1+ 4 KpPp + K4Py
KPy KP.. | '
2. Ho
2 k=K F
27

- — .
K
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8tep Kinetic Term Potential Term Adsorption Term
Pp
3 kKK PPy - — 1 +XKP+KKPP +K,P
Q o K QQ DQ,H2

This method of deriving rate expressions will be applied in a sub-
-sequent section of this discussion to the overall reactien -of -quinoline

with hydrogen to. give ammonia and hydrocarbons.

- P. .The Use of Iﬁitial Rates for Mechanism Determination

_Referring back to the exanple mechanism, a. study can be made of the

initial rates for the case of any one .of the individual steps of the

mechanism being rate controlling. -This theoretical.initial-rate .can then

be compared with the experimental\initial—rate'as a basis for deciding
.whether. or not the given step under conslderation is the rate control-

ling step;

. The initial.rate is the reaction rate at zero conversion. - At zero
conversion,.the partial pressures of the products. of the reaction are
equal to zero. Thus, it. is possible to simplify the theoretical rate;
.eQﬁations by setting these partial pressures equal. to zero. Since the
initial partial-pressures of the.reactants can Dbe expressed.as the
products of the initial mol-fractions and the total pressures it is
"possible to express the initial rate-equations in terms of total pres-
-sure. -Using these metheds on the rate equation for the case of adsorp-

.tion controlling,_the_initial rate equation would be:

ii

Al
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kx(Bg),

1 (l + Kj_(Pj;)‘o )

. Where: (PQ)Oy (Py), =-initial.partial 'pressures.of quinoline and
' : the inert gasesy respectively.

Pubtting this in terms of the total pressure gives:

kilyg)of
.I’o = L

1 ) (l -g--:K;‘i(‘yi)of )

" .Where: '(yQ)of‘(yi)o = initial mol=fractions of guinoline and the
‘ ’ inert gases, respectively.

.P = .tobal ‘system pressure.

This can be further simplified to:

r - aP
O.-‘ ._._—_——.
i . (1 + bP)

Where; :a.

1

’kl(y-Q)o

b, Ky (¥1)g

In a similar manner the initial rate-equations for-the .cases of
the other two-.steps being rate.contrplling,caﬁ be found; these are

presented below:

__Contrplling Step ‘Initial Rate-Equation

1 Yo = _ aP

) 1 .+ bP)
ap2

2 : Py = e

° 7 {1 +1vp)
. 2

5 \ To = oF

{1 4 vp + cP?)
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Examination of the initial rate equation for any given step eontrol-
-1ling indicates that there is a typical r,.vs. P .curve for eaéh of the con-
.trolling eases. .These curves for the example mechanism being presented
here are represented in Figure 6. .If an experimental rqo VS. P.curve 1s
obtained, its. shape.can be compared by visual inspection with the theoreti-
cal.rO vs. P curves. Similar theoretical.and experimental .curve-shapes
can help decide on the rate controlling step. For.difficult decisionsy. 1t

may be helpful to regroup the.variables of the initial.rate-equations which

are in doubt and.make a decision on the basis of the .different curve-shape:.

obtained by regfouping the variables (13)‘

These methods ecan be extended to.rates plotted against such variables
. as feed-composition, temperature?-andnconversion.'.But the rate vs. pres-~

-sure curves are by far the most important (40).

The use of initial rates alone for.determining.the most plausible
mechanism for a'given reaction usually Will“not-enablela definite decision
as to. the correct mechanism because: the initial rate equations are
directed toward controlling-steps in -a specific mechanism; many mechan-
.isma are usually possible (13). It is important to note; however, thgtA
these initial—ratexmethods are veryAhelpful in narrowing down the number
.of possible.mechanisms.(38). .Also, it is important to remember that
other information about a,reaqtiona in conjunction with initial rate
information, wi;l.often enable the buiidup,of a substantial case for a

particular reaction-~mechanism.

I




U8

Q. Development . of the Quinoline Hydrogenation Mechanism

1. .Introductory Remarks

Earlier in this discussion,-evidence was.presented which enabled
the author to determine the framework of the reaction mechanism.
Attention will now be turned to the completion of the mechanism
structure. In other wordsy -an effort will be made to establish a
more -detailed picture of the reactants-to-product path than is pre-

sented by the framework of the reaction mechanism alone.

The surface-rate-equatlon method, which was presented in this
discussion by its use in the derivation of an example rate~equationy
is now.widely accepted by the chemical engineering profession. -Be-
fore the development of this method, 1t was customary to correlate
catalytic reaction data on the basis of equations which were valid
for'homogeneéus reactions only, with empirical terms sometimes be-
ing incorporated to account for the adsorption of individual com-
ponents -on the catalyst surface (11). Numerous attempts have been
made to establish rigorous.adsorption relations, but as yet there
is little evidence that their use is justified in rate equations
for complex reaction systems. It.1is believed more generally satis-
factory to use the surface-rate-equation method to develop the rate
equation and then to evaluate the constants in the rate equation
from experimental rate measurements at conditions representing
the ranges of interest of the variables (20). The surface-rate-

equation method represents a compromise between those metheds which
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are s .involved in ftheory és to be impractical, and.those.methbds

which are so empirical as to be unsafe for extrapolation beyond the

range -of experimentation (40). The author has chosen to use the

surface-rate~equation method in this study.

2. Basic Assumptions in the Surface-Rate-Equation Method

In the develobment of a rate.equation for an homogeneous , .fluid-

phase, catalytic reaction4_the.following assumptions are usually

made (11,:38): -

1.

The resistance to the. diffusional steps is so slight
that only a..chemical step can control the reaction.
Since. the resistance to diffusion is slight . the
partial pressure in the bulk of the gas stream 1is
for practical purposes nearly the Saﬁe as that at
the interface of the catalyst with the gas stream.
Only.one of the steps is.rate,contrgll{ng.

The adsorption steps dre.chemigorption steps andsc@n
be treated as chemical sfeps° |

The specific .rate~constants and the equilibrium
adsorption-constants are independent of totélAPTessuref
The .rate equation for the rate=controlling step may

be written as a simple=order .reaction.

. The -active sites and the adsorption compounds react

according-to.the law.of mass action.
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For -the catglytic reaction of quinoline with hydrogen that is
being considered:in.this reporty it has been shown'previously in
this discussion that'assumptions 1, 24 -and U above are. safe assump-
tions. The .remaining assymptionsy 3, 5y 6y .and 7, .are assumptions

inherent to the surface-rate-equation method.

Assumption 3 may not hold if there is a shift to another rate-

controlling step during the course of the .reaction; or if each step

“of the series contributes almost equally_to the resistance. . These

complications can be accounted.fory howeyer, in the writing of'thg
particular rate equations concerned. -The primary effect would be
that the resulting oversgll rate-equatlon would be.somewhat more
complicated than that for the case of assumption 3 being strictly

valid (11).

Enoﬁgh.fundamental research. has not been undertaken. or -com-

pleted to fully establish the valldity of assumptions 5, 6,.and 7.

But the deviations from these latter assumptions gre .thounght to be

masked by a nermal amount of experimental error and they are there-

fore acqepted,without.toq much -objection by the chemical engineer-

. ing profession (40, .11).

3. Possible Reaction-Paths

In this discussion. the follewing symbols will bé taken as
abbreviations for those chéemical speciles indicated below. The

conjunetion of any. of these symbols with the small letter ¥s! will
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~indicate that the -particular compound being represented is chemi=

-gorbed.on an active site.

Q =

D.

I

+
ii

1.

2.

nitrogen content of the product. oil.

quinoline
-dihydrequinoline
tetrahydroquinoline
alkyl-aniline

alkyl benzene
ammonis

alkyl cyclohexane

The framework of the reaction mechanism has -been shoyn to
.consist.of five primary reactions:

Q@+ Hz=D

=T

D-l-.Hg

.- T +Ha=R

‘R + Hote=2B i A

B+ Hyg=.C

The -¢ourse.of the reaction was followed by analyzing the

The rate of the-overall re~ .

action was. determined by using ﬁhe integral-reactor. rate-equation
which depended. on the .conyersion -values of-qpinoline'to,nﬁnfmitrogen

containing hydrocarbons. .8ince the alkyl henzenes are the .first
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.non=nitrogen-~containing compounds produced in the.series of frame-
work reactlons, the overall reaction~rate would not be directly
sensitive to the reaction involying the hydrogenation of alkyl
benzenes to yield alkyl cyclohexanes. The hydrogenation products
of the alkyl benzenes were considered to be a part of the inert
gases along with Penetek and those gases resulting from the -crack-
ing of Penetek. In this respect, however, the hydrogenation products
_of the glkyl benzenes, being a part of the inert gases, will enter
into the overall rate-expression since the inert gases are in-=
cluded in the adsorption term of the .overall rate-expression.
Thus ;, for the purpose of developing an overall rate-expressiony.the
reaction framework will be considered to consist of the serles of

reactions 1,.2,.3, and 4.

Malysis of the reaction framework indicates that the overall
reaction could be classified as 4 complex-seriles reaction (18).
- The .reaction is a series reaction with respect to.guinoline, and

it 1s a parallel reaction with respect te hydrogen.

- By considering the different possible mechanisms for each re-
action of the reaction series, it i1s possible to firid the total
number of combinations of these individual mechanisms. This total
.ﬁumber of combinations would constitute the total number -of mechan-

isms possible for the overall.reaction.
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In each.of these four framework reactions, the nitrogen-contain-
ing compounds could react in the vapor phasey or in.the adsorbed
phase from a single site. The hydrogen could react in the yapor
phase, in the adsorbed phase from a single site as m@leculafzhydro—
geny .or in the adsorbed phase from -a single site as atomic hydrogen.
Thus, there are (2) (3) or 6 -different ways for each individwal re-

action of the series to proceed.

Since these four reasctions proceed in series to constitubte the
overall reaction,.the total number of possible reaction paths for

the overall reaction is (6)(6)(6)(6) or 1296.

In the light.of the strong chemisorption exhibited between the
nitregen~containing -compounds and the cobalt-molybdate catalyst, it
is very probable that these compounds react in the adsorbed phase
from a single site. This would cut the total number of pessible
)4

reaction-paths from 1296 46 (3)~ , or 81.

As indicated above, én adsorbed nitrogen-containing compound
may react with hydrogen in'thfee different ways. It is quifte wm-
likely that the manner in which an adsorbed nitrogen-containing
compound reacts with hydrogen is different for each of the four
reactions of the.overall-reaction framework. Thus, the total number

of possible reaction-paths would be reduced to (3)1_; or 3.
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- Surface=reaction mechanisms for each of these three possible
ways for hydrogen to react with the ddsorbed nitrogenecempouﬁds will
be presented, and rate équations based on the surface-rate-equation
theory. will be derived for all pessible rate-controlling steps of
each of these three mechanisms.

L, Surface Mechanism for. Adsorbed. Nitrogen-Conipounds . and: Gaseous

-

Hydrogen

On the basis of evidence which was Ppresented .earlier in .this
.discussion, the complex-series reaction-mechanism for the .reaction
of adsorbed nitrogen-compounds with gaseous hydrogen could be postu-
lated according to the .fol,lqwing:s‘ix stepss

1. Q+ 8 =Qs

2. Qs + Ho= Ds

3. -Ds + Ha=Ts

Y,  Ts.+ He= Rs
5. Rs +.Hzv=B.+ A

N

6° AS.\_:‘ A+ s

Q -+ LFHQ ‘_‘_‘_—‘A + B

. This reaction series is initlated by the -chemiserption of a

.quinoline molecule by an-active site-on the catalyst surfage. The

Li_dl
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.chemisorbed -guinolirie then reacts wilth gaseous hydrogen £o giyé a
molecule of chemisorbed dihydroquinoline. This same reactlion pro-
-cedure. is followed in steps 3, .4 and 5. .The reactilon products
from step 5¢.howeyer@;are;gaseous alkyl=benzene and .chemisorbed.
ammenia. Theﬂchemisorqu<ammonia,then.desorbs.to,give gaseéus
. ammonia and a vacant site. - The sum of these six individual steps
gives.theuovérall,feactionfof quinolineyplus fqur-hydfggen.mqlééules

to.yield ammonia and alkyl bhenzene.

-Rate equations and corresponding equilibrium constamts for
each -of these six .chemical .gteps are pfesentedfin:Table Iﬁ:~If.the
rate of one of these steps were~slower~than,th05e:6f the~others¥
‘this step would .contrel the rate.of the overall reacticn. - The

_cases. for-each .of these steps beiﬁg the rateicqntrolling~step have
been‘consideredmand rafe equations for the overall.reaction haye
been derived, -The kinetic.terms, potential terms$‘and.ads§r§tion
terms.ﬁgr'these'derived.equapions.afeapreSentedfin Tableg I. These
equations were derived-in the same manner as those .for the .example
mechanism in ‘section. O.of this discussion. Table I is presented in
enotdgh debail such that theseadefivatiops.can be -followed. without .

teo much diffieulty.

‘The four.diffusional steps which are involved with catalytic,
. vapor-phage reactions were shown -eédrlier to be non~controlling of

the .oyerall reaction-rate. - It was therefore assumed that the
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diffusion resistances were negligible and that bulk-fluid concen-
_trations were .the same as those -at the gas;;atalyst interface.
Since it was shown that the:activg-principle-of.theJéataiyst
functioned as an acldy it was assumed that the niftrogen-containing
compounds were chemisorbed to éctive sites. of the catalyst .via the
nitrogen atom .of th:e' molecule. - This explains why the. products.of

step 5 are gaseous alkyl-benzene -and chemisorbed ammonia.

5. Surface.Mechanism for Adsorbed.Nitrogen-Conmpounds.and

Adsorbed. Molecular Hydrogen.

_ Evidence which has been discussed earlier .enables the postu-
-1ation--of-a,__mech.anism for adsorbed nitrogen-compounds -of the reaction
framework reacting with adsorbed molecular-hydrogen. This poestu-
| .lated mechanism can be written according to the . following eight
steps:

Lo .Q +8e=0s

2, Hs + se=1Hss (4 identicel equations)
3. Qs + Hos ;—:‘_Ds_+ s

b, Ds +Hs==Ts + 5 |

5. Tg 4 Hos=—Rs + B

6. Rs + Hos = Bs.+ As
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.7. Bs==3B + s

8. As=A +s

Q + 4Ho=B + A

The reaction series is initiated. by chemisorption of quinoline
and by.chemisorption of hydrogen on active sites of the catalyst.
Chemisorbed quinoline reacts with chemisorbed hydrogen to give
chemisorbed dihydroquinoline and a-vacant site. This same type of
reaction procedure is followed in sfeps 4, 54 -and 6, with the

reaction products from step 6 being -chemisorbed alkyl-benzene and

_chemisorbed ammonia. ' These two products then desorb to give gaseous

alkyl-benzene and gaseous ammonia as products. Steps 7 and 8§ also

provide two regenerated active-sites.

Those assumptions necessary for the surface-rate-equation
theory and the assumptions made in section 4 above, were also

ubilized in the postulation of this mechanism.

. The rate equations for .each controlling case of this mechanism

were. derived and are presented in detail in Table IT.

6. Surface .Mechanism for Adsorbed Nitrogen~Compounds and Adsorbed

Atomic~Hydrogen

~In a manner similar to that used .in sections 4 and 5 abovey a

complex-~-series reaction-mechanism for the reaction of the adsorbed
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nitrogen compounds. of the -reaction framework with adsorbed atomic-
hydrogen can.be postulated. This mechanism would consist of.-the
following nine steps:

L. Q4+ 572Qs
. 2. "Ho + g;;ﬁ3H2§" (4 identieal.equations)
©3. - HpS + s+==2Hs.- (4 identical equations)
4. Qs + 2HsT=0Ds + 2
5. .Ds +2Hs=Ts +2s
6., - Ts. + 2Hs==Rs -+ 28
T.  Rs + 2Hs;———‘:Bs 4+ As + 8

8. Bs==B + 8

9. AsT=A+s

Q + L{'Hg‘;.“ﬁ"B + A

This reaction is initiated by the chemisorption of dquinoline

and hydrogen and.by the dissociation of chemisorbed hydrogen to

‘e |

give .chemisorbed- gbomic'-:-hyd-ro:gen.
Steps 4,.5, 6,-and 7.involve the reaction of an-adsorbed
nitrogen=compound .Wwith two adjacent, adsorbed .atomic-hydrogens.

. This. situation is similar to that of a liquid-phase or a gas-+phase
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.reaction of_trifmolepularity° -The reaction theory which postulates
the collision of three particles to .form an activated complex for .a
termolecular reaction states that termolecular reactions are im-
-probable. A collision between three particles would. take place
much less readily than a collision between two. -The only ter-
molecular reactions which would be likely to proceed atb é measur-~
able rate would.be these which .involve fairly low activation

energies (22).

- Reaction steps U4, 5, 65-and T would,involvg a tri-site inter-
action whilch would seem.far less probable than a reaction involving
a single site or dual sites. The argumeﬁ% here would be much the
same as that with thé termolecular réactions mentioned.above.

- Furthermorey the .tri-site interactién would be confined to.a two-

.dimensional surface.

-Eorjt@ése'reasons,_the_mechanism for the reaction of adsorbed
'nitrogenecompounds with adsorbed atomic-hydrogen was considered to
be less probable than the .mechanisms involving édsérbed“molecular—
.hydrogen or gaseous hydrogen, and. overall rate-expressions for the
assumptions of each step.controlling the .reaction mechanism were not

derived for -this mechanism.
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R. Analysis of Initial-Rate-Data

Equations for the initial.reaction-rate (theﬂreaction rate -at
W/F.=-0) as a function of the total system-pressure can.be derived for
each rate~controlling case of each wechaﬁism. - The method for .doing this
was outlined in section P of this. discussion. - The equations for.-the
initial reaction-rate -as a functidn of- pressure at constant temperature
.and -at constant initial-composition of the reactants are.presented in
Tables I and..IT. The equations for the rate=controlling cases .of the
mechanism with gaseous hydrogen are.presented in Table i and the equa-

. tions for the.rate-controlling cases .of the mechanism with-adsorbed

.molecular-hydrogen are presented in Table II.

" The typical curves for the equations.of initial reaction-rate vs.
pressure for the mechanism involving gaseous hydrogen are presented in
- Figure 7. - These -curves -fall into three main .types; .a type .for the ad-
sorption of .quinoline,. or step 1 c¢ontrolling;.a type for the actual
surface-reactions, or steps 2,.3¥.4$.or 5 controlling; and a type.for

the desorption of ammonia, or step 6 .controlling.

- In the type for the adsorption of quinoline .controlling,.the
Anitial rate increases with pressure to a .maximum asymptotic value.
In the type representing the actual-surface reaction controlling, the
initial rate is proportional to the square .of the pressure at low.pres-
-sures and approaches proportionality to the first power of the pressure
at higher pressures. In.the-type for the desorption of ammonia control-

ling,. the Initial rate is independent.of pressure.
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~The initial reaction-rate vs. pressure .curve for the .cobalt-

.molybdate hydrogenolysis of quinoline-constituted, synthetic shale-oil,

contalning 2 wt% nitrogen, at 830°F is presented in Figure 13. -If the
mechanism involving gaseous hydrogen is the true mechanism for this

reaction, the .comparison of -this .curve with the curves for -the six

‘controlling cases of the mechanism which involves gaseous hydrogen

indicates that the rate controlling step would be the adsorption. of

guinoline.

The initial .rate in terms of pressure for this case is:

aPp
(1 + pP)

~This can be arranged into a linear form where r, is .a function of ro/P:

T4 = =(1/b) (ry/P) + (a/D)

A plot of the experimental,.initialorate.data in this form should .give

a straight line if this data is .of the form for.the rate~controlling

_step being the adsorption of quinoline. This plot is illustrated in

Figure 4.  The data does conform fairly well to the -straight-line form.

The .initial-rate data and rate data .for.other values of W/F which
are utilized in this report were .determined by, the tangentiometer method
from large, -accurately-drawn curves of fractional conversion of quinoline

vs. W/F. .While there is some error in this method,.empirical equations
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could not be found which would fit the experimental conversion-data

. aceurately. -Rates determined from 1l1-fitting empirical equations would

involve more error than those determined by the tangentiometer method.

The typical curves for the equations of initial reaction-~rate vs-.
pressure for the mechanism which involves adsorbed molecular-hydrogen
are presented In Figure 8. - These curves exhilbit four main types: a
type for the adsorption of quinoline or the adsorption. of hydrogen, .or

steps 1 or 2 controlling;-a similar type for the reaction of adsorbed

"quinoline with adsorbed hydrogen,.or step 3 .controlling;.a type for the

other actual surface-reactions, or steps 4,.5? or 6 controlling; and a
type for the desorption of alkyl benzene or ammonia,.or steps T or 8

controlling.

In the type .for the adsorption of quinoline or of hydrogen control-
ling, the initilal rate increases with pressure to a maximum asymptotic
value. -The type for the quiﬁolineehydrogen reaction controlling is
indicated by the dashed=line deviation from the first-mentioned type
in Figure 8. -In this type,. the initial rate 1s proportional to the
square of the pressure at low pressures but then for-highér”pressures,
inéfeases with pressure to a maximum asymptotic value. With the type
for the .other three actual surface-reactions controlling, the .rate in-
creases with 'pressure to a maximum value and then diminishes with fur- .
ther increase in pressure to a constant asymptotic value. -The initial

rate, in the type for the desorption of-alkyi—benzene or of ammonia
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.controlling,. 1s independent of pressure.

The form.of the initial. rate equations for steps l.or 2 controlling
is identical .with that for step 1 .controlling in the mechanism involving
gaseous hydrogen. Since the experimental, initial—fate data appear. to
fit this form fairly well, either the adsorption of quinoline or.the ad-
- sorption of hydrogen could be rate -controlling if the,meehanism which -
involves adsorbed.molecular-hydrogen is the true mechanism for the.

reaction,

Tt 1s also. possible that step 3 .could be rate controlling since
the curve for step 3.is of the game general shape as the experimental
curve, and the .lack of initial-rate data at pressures lower than-25p
psig might not indicate. the irregularity which.1s exhibited by the

initial portion.of this curve.

. Initial reaction-rate vs. pressure curves for the cobalt-molybdate
hydrogenolysis, of Penetek-quinoline, synthetic .shale-oily . contalning
one wt% nitrogen, at temperatures. of 725, 750, -and T75°F were obtained
by Ryffel (31). These curves are presented in Figure 13b. Visual in-
spection of these curves indicates ﬁhat the initial rate'is some power
function of pressure for the low.pressure.range and that 1t approaches

proportionality. to the first power.of pressure at higher pressures.

.If these curves are compared with the initial-rate curves of Figures

7 and 8,‘certain indications involving both the gaseous hydrogen mechanism

U W L) N —Y
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-and the adsorbed'molecularehydrogen mechanism become evident. Compari-

- son of these lower-temperature initlal-rate curves of Ryffel with those

of Figure 7 indicate that the mechanism which involves gaseous hydrogen
could be applicable, with step 2, 3, .4, or 5, one of the actual surface
reaction steps, being rate controlling. -These same initial-rate curves

of Ryffel, when campared with .the initlal-rate curves of Figure 8,. in~

.dicate that the mechanism involving adsorbed molecular~hydrogen might

also be applicable to the lower temperature reaction. -For this ease,
one of the actual surface reaction stepsy 3, 4, 5, or 6, could be the

rate controlling step.

The use of the experimental initilal-rate curves alone did not allow

_elther of the two mechanisms which were under consideratilon to be chosen

as the proper representative mechanism, elther for the reaction at 830°F
which was studied by the author,.or for the lower-temperature.reactions

at 725-775°F which were studied by Ryffel.

. For -the lower-temperature reactilons, howeyer, these initlal rate
curves did strongly indicate that, no matter which mechanism is applic-~
able, steps involving the adsorption of reactants or the desorption
of products are probably not rate controlling; and that.one of the

actual suprface reaction steps is.probably the rate-controlling step.

The -equations which represent the initial-rate curves for the actual
surface reaction steps could be rearranged into linear form, and the

experimental initial-rate data for the lower-temperature reactions -could
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_then be plotted in this.form and .observed. :This technique -could serve

to further eliminate certain of these steps as rate controlling steps.
These equations,.however, involved up to five .arbitrary constentsy and
sufficlent experimental data was not available to thoroughly. apply this

technique.

For the reaction at 830°F, . as stated previously, the experimental

initial-rate curve did not allow a.distinction between the two mechan-
.isms which were being considered. -However, it did indicate that de-

.sorption .of the.reaction products -or that one of the actual surface

reaction stepsy, with the possible .exception of step 3, for the adsorbed
molecular-hydrogen mechanism; was probably not the rate-controlling

step for the reaction. It also indicated that the adsorption. of quino-

1ine for either mechanism was probably the rate-controlling step.

-There was an indication that the adsorption of hydrogen for the mechanism

involving adsorbed molecular-hydrogen might also be the rate-controlling

step. The extremely large excess of hydrogen that was used for the re-

-action would,. howevery, render this later indication doubtful,.since

hydrogen would always be in ample supply.

S. Analysis of Conversion Data.

The effect of conversion on the reaction rate could be studied by
obtaining a family of curves for reaction rate vs. pressure at constant
temperature and initial nitrogen-concentration, with . the parameters be-

ing fractional conversion. - Or it coild be studied by obtaining a family
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of curves for reaction #Hte ws..initial nitrogen-content at constant

temperdture and-pressure, with the parameters being fractiohal conyersion,

-In addition to these, useful information about the.méchanism can
often be obtained by plotting the reaction rate againét conversion at .
constant temperature and pressure (40). -For a mechanism where adsorp-
tion is controlling tﬁe reaction rate, wifh both the reactants and the
products being adsorbéd%.this type of curve, in general, will be. eéoncave
downward. -For a mechanism where the surface reaction is controlling the
reaction rate, or for a mechanism where the adsorption of one reactant
is cdntrolling the reaction fate when the other reactant is not ad-

-sorbeds, this type.of curve, in general, will be concave vipward.

_Plots of reaction .rate vs.. conversion for .the reaction at 830°F
‘and for . the reaction at 725°F are presented in Figure 15. The curves
for the reaction at 83%0°F exhibit a downward .concavity. The curye for

the reaction at 725°F exhibits an upward concayity.

- The -downward concavity exhibited by these curves for: the reac¢tion
at 830°F indicates that the mechanism for adsorbed nitrdgen-compounds
. and. adsorbed moleeularehydrogen.is probably applicable at this tempera-~
ture, and that the adsqrption of either quinoline .or hydfogen.ié rate
controlling. This is in agreement with the indications of the initial
reagction~rate data for this temperature as discussed .in the previous

section.
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The vpward concavity exhibited by the curve for- the reaction at
725°F indicates that one of ‘the -actual surface-reactions is probably
rate controlling at this temperature, or that a mechanism where the
adsorption of one reactant is -controlling the reaction rate.when the
.other reactant is not adsorbed.is applicable at this temperature. - The
former indication agrees with the indications -of. the initial reaction-

rate data for this temperature.

T, .The ‘Indicated Mechanism

_ For the cobalt-molybdate hydrogenolysis of quinoline-constitutedy
synthepic shale=o0lly two,rgaction mechanisms were consldered feasgible:
theJcomplexlser;es reaction;mechanism.for-adsorbed nitrogen;cdmpqunds
reacting Wifh gaseous hydrogen a%@ the complex series redction-mechanism
for adsorbed nitrogen-compounds réacting with adsorbed:moleeular—hydrogen,
For .the two temperature levels which were -considered, 830°F and 725-
T75°F ;, the important indications from the préViouS two sections con-

cerning the implied mechanisms for these two temperature levels are

presented in the following table:

Indications From Indications- From

‘Tnitial-Rate Data ‘Conversion Data
830°F 'Gaseous Hp Mech., Gaseous Hp Mech.
Step 1 Controlling No Indications
Adsorbed-Hs Mech. 4 ' -ﬁqéprbed.HE'Mech.x
.Steps 1, 24.0r 3 Stéps 1 . or 2 Con-

Controlling . strolling.
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Indications- From Indications From
,Initial—Rate-Data Converslon Data
725-775°F Gaseous Hgp Mech., - Gaseous. Hz Mech. 4
Steps 2, 3, 4, or Steps 1, 2y 34.4, ox
5 Controlling. 5 Controlling.
Adsorbed Hs Mech. , Adsorbed Hp Mech.,
.Steps 3, 4, 5, or Steps 3, 4, 5; or
6 -Controlling. 6 Controlling.

- For the reaction at 830°F, this table indicates that the .mechanism
which is probably.applicable is the complex-series reactlon-mechanism
for adsorbed nitrogen-compounds and adsorbed molecular-hydrogen. It
also indicates that the rate-controlling step in this mechanism is
either the adsorption. of quinoline or the adsorption of hydrogen.
However, as mentioned previously,.the hydrogen was present in great
excess. Using this fact, the most probable conclusion would be that
the adsorption of quinoline 1s the rate controlling step for this re-

~action at 830°F.

Ryffel, in his study of the reaction at 725-775°F (31), used a
combination.of data at variable initial nitrogen content and at. fixed
initial nitrogen content, along with information gained;%;om a thorough
analysis of the reaction products and intermediates,. to show that the
applicable mechanism for the reaction at this lower temperature level
was a dual-site mechanism involving absorbed molecular-hydrogen and
adsorbed nitrogen compounds. Furthermore, he was able to show that the
rate controlling step of the reaction mechanism was an actual surface

reaction involving an adsorbed alkyl-aniline and adsorbed molecular=
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hydrogen.

-The indications in the above table do not enable an absolute dif-
ferentilation as to whiech of the two mechanisms is applicable to the re-
action for the lower temperature level, but with no evidence to .the
contraryy it would seem logical to assume that the. same mechanism
applied here, with the exception of the controlling step, as applied at
the .830°F temperature level. - The indications in this table are in agree-
ment with Ryffel’s findings that a mechanism involving adsorbed molec-
ular-hydrogen is applicable and that .one of the actual .surface reactions

is the rate-controlling step for the reaction mechanism.

-The most significant indication of this table is that the rate-
controlling step of the reaction mechanism changes from one .of "the
actual surface reactions at the lower temperature level, to the ad-
sorption of quinoline at the higher temperature level. -This will be

discussed in a following section.

‘U. Further Testing of the Indicated.Mechanism

'Many-people have said that the primary goal of the sclentific dis-
ciplines is the understanding of Nature, or more dramatically, complete
comprehension and conscilousness of the universe. - This involves the
establishment of absolute truths, Unfortunately, -absoluteness of truth

is apparently not intuitive.
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-In:the last few centuries, the -development of the.scientific~method.
of hypothesils-experimentation-observation and the formulation of systems
of loglc have enabled men to. utilize their limited range -of objective
sehses to Systematically,build.up a body of apparent truths concerning
the universe and its constituent substances. .Although many or all_of
these -apparent truths may not be absolute, men have .been able-to utilize

this system of apparent truths to impress their will upon Nature.

One -of the basic. techniques in.obtalning apparent .truths about'some
pard of‘the universe -which has been set apart .for.study is .that of
visualizing a behavior-model of the systemy a model which behaves in
the same manner as the actual system. -This model may or may not rep-
.resent absolute actuality. The important consideration is_whethéf or
not the model represents the behavior of those properties of the - aetual
syStem.Whigh\afe.of interest for predicting the behavior.of the actual
system or for controlling the behavior of the actual.system-according

to will.

More than one model may represent'a given system. - If this is the
case, the problem.is that of finding the one which best represenés'the

behavior of the system.

. In this thesis, a reaction system was considered. -The surface~
rate-equation theory was used- to postulate feasible behavior-models
for this.system; behavior-model being. synonymous with mechanism in

N

_this case. -The analysis of initial-rate .data.and.of conversion data
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indicated which model probably best represented the behavior -of ‘the
system. These analyses, however, only. indicated the priobable. model .and
Were not sufficient to establish that the.indicated model.truly. repre-
-sented. the behavior. -of the actual reaction-system, -To do.this, the
model must be.given mathematical expressionj :the arbitrary. constants
in this expression must be evaluated; and the resulting expression must

be -shown to represent the behavier .of the actual system,

. The -overall rate-equation based on the rate-controlling istep of the
indicated mechanism -would be a.mathematical expression of ‘the behavior
of the model.or mthanism.whicﬁ represents .the reaction system. -For
kinetic studies which are .based.on the gathering of experimental .data

from an integral reactor, the best method for.determining the -arpitrary

~constants in the rate expression and for comparing the resulting ex-

pression with. the behavior. of the actual reaction=system 1ls as follows
{14
"1, .From the general expression for finding W/F for an

integral reactor:
W/F = (n/mg) (integral)§ - (1/r)dx,

@btainwexpression“for-W/F-for~the particular mechanism
‘being. considered by substituting, for r, the rate expreésion

that is to be tested.
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.2. Arrange W/F into the following form after integral operation

and sinmplification:
W/F = afy + bf2 + cf35 + ...

where a, b,-and ¢ gre arbitrary constants.

%, - Determine the values -of these constants from the experdi-
mental data by an appropriate mathematical method.

4. Plot thils function determined by the values of the
arbiltrary constants and compare it with . the experimental
.datay. including those data which were not used in the
determination of ‘the .constants. The goodness of fit tells
how well the mechanism or model applies to the reaction

system.

Essentially, this method considers the rate expression which has
been dictated by the indicated mechanism to be an empirieal equation,
. The constants in this equation are then determined from the experimental
data and the resulting.relation is compared with the experimentalfdata

for the goodness of fit, _

.The constants in the empirical equation are -actually functions of
the temperature and pressure-bf the system and are not constant except
for a reaction system at fixed temperature and ﬁressure. The rate
equations that were -derived from the two mechanisms considered feasible

for the reaction system studied herein, involve a considerable number
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.of constants. The mathematical methods which are available for the
determination of the constants of the empirical equation require a con-
-siderable amount of data .at each fixed temperature and pressure, .for a
statistically reliable relation to be determined from the experimental
.data. The time limitation of this study.did not permit the gathering
of the large quantity of data that would be required. . However, the
emplrical equation for the reaction system at 83%0°F and. a glven reaction-

-pressure can be arranged to involve only three arbiltrary. constants.

.For the reaction system at 830°F, this study indicated that. the
rate expression which was probably the most applicable was .that rate
expression for the mechanism Anvolying.adsorbed molecular-hydrogen,
with the adsorption of quinoline being the rate-controlling step. If
this rate expression is substituted into the general expression for W/F
for an integral reactor, the following expression for W/F in terms .of

the fractional conversiony X, is obtained:

-W/F/'=.a(integral)§(l -~ x) dx + b(integral)g(x)(l *ux)_ldx
+ c(integral)ﬁ(xg)(l -nx)”ldx.
A1l three terms of the right member of this equation can be -evaluated
directly from fractional conversion data. The factors a, b,.and ¢ are
functions of temperature and pressurey, but they can be .considered as

constants for a.reaction system at constant temperature -and pressure.
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This emplirical equation was applied to the data for .the reaction
system at 830°F and 500 psig. Six, W/F Vs;.x, data points were.avail-
able. - Through use .of the methodTof averages y .the constants a; b, and
¢ were determined such that the "best .fit" of this empirical équaiien

to the. data was obtained. -These constants -are as follows:

a = 0.829
b= -2.829
G .= ~3¢491

The empirieal .equation was usedy with. the -above .constants, to

obtain a set of W/F values for a serles of values for fractional.con-

version. These are tabulated, along with the observed or experimental

values for W/F, in Table XI. The empirical curve was plotted and

compared with the experimental data. - This is illustrated in Filgure 16.

.The primary. problem encountered in fitting an empirical equation

to exXperimental data is that of choosing‘the proper form for the

empdarical equation. If the improper form is used, the error in the

chbice.of.fonm,USually,becomes evident when. the .calculated .curve of

the -emplrical eguation is plotted,along with the experimental .or ob-

.served values. An empirical equation .of the improper form, when

Nritted" to experimental datay usually.will not adhere to the experi-

mental data in a satlsfactory manner (24b).
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- In Figure 164 the goodness of fit of the empirical gurve to.the
experimental data Indicates offhandedly.that'the form of the-empiﬁical
_equation is probaply the proper form. Howeyer, to_insqré-abselu$ely
‘thét this.is the .case, it would be.desirable to.have. for. checking pur-
-poses , .2 quantity. of data in excess of that which was used in the- deter-
mination of the censtants. It.1s.significant.to note that the .hand-~
- drawn curve. of Figure .10 closely approximates the enpirieal. curve, - This

woyld tend to. support the .credibility of the .empirical.curve.

_«Since the form of the empirical curye. was.determined py the .mechans
ism . or model.of the .reactien system as indicated by the .initlal-rate
data and by the conversion- data,.and-since the empirical equatlon
apparently fits thexexperimental¢dgta,inpa.satisfaCtory,manner@ﬂitlwas
assumed that this gave further support to the'aqeegtaﬁility of the
indicated mechanism. Although data was not ayailable in sufficient
quantity to.firmly establish this supporf, there is a very strong im-

-plication. that the mechanism involving adsorbed nitrogenepomg@uﬁds;rép
acting with adsorbed molecularehydrqgeni,in~sudh>a.manneruthax-the ad-
-gorption of quinoline is the rage=¢ontrolling step? can be use@Miq _

represent the behavier of the reaction system at 830°F.

V. - Analysis of the;lndicated,Me@hanism

_The resylts. of the mechanism analyses to this point in the -disx
.cussion haye .ndicated that a\cﬁmplexusenies reaction.mechaniﬁmfwhich

involves the interaction of adsorbed,nitrogenéqompoﬂnds'wiph adsorbed
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molecular-hydrogen is applicable to the reaction. It was Indieated

that the rate-controlling step .of this reaction mechanism is dependent
upon .the temperature level of the reactlon. -For the reaction at—830°F?
the rate~controlling step 1s the adsorption: of quinoline., For the re-

action at 725%775°F,,the.rate4cqntrolling'step is -one -of the agtyal

.surfaece reactions.

-The findings of Mills (26)s which were presented In Section B,

.and data from the literature concerning the relative basigities .of

the nitrogen-containing compounds which are involved in the reaction

can be utilized to -explain the .change in the rate-controlling:step

"with temperature level and to declde which of the actual surfag¢e re-

action steps is preobably the ratescentrolling step for the lewer tempera-

. ture level.

-Mills stated that at constant pressure; an increase In tempera-

ture -caused a decrease in the amount of chemisorbed gulnoline. -In

" other werds, at adsorptive equilibrium between quinoline and. an active

metal-oxide catalyst, more quinoline 1s chemlsorbed at a lower Lempera-
ture and the -same pressure. .Pyridine was found %o behaye in a2 slimilar
.mannér to guineline. -This would indicate that this type .of behayior
could be extended o .other basig¢ nitrogen<containing compounds. -In
additiony. Mills found that the ameunt of a .nitrogen-containing -eompound
which was chemisorbed at a given temperature and pressure was -directly

proportional o 1ts strength as a base.
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For the higher-temperature reaction, the amount.of.adsorbed quinoline
would be in short supply.when.comparg& to the amount of adsorbed .quinoline
which would be present for .the lower-temperature reaction. - This implies
that the rate of adsorption of quinoline by the catalyst is more rapid
at the lower -temperature than at the higher temperature. Along with.this
effect, the rates of the actual surface reactions would increase. with
temperatyre. Thus,.a situation exists in which the adsorption rate. of
quinoline diminishes with temperature and in which the reaction rates of
the -actual surface reaction steps increase with temperature. .With‘iné
_creasing reaction temperature there must be a transition tempera;ure.af
which the adsorption rate of quinoline becomes andmremains,slowgf;than '
that of the slowest surface~reaction. This apparently occurs somewhere
between T75°F and 830°F. Ryffel (31).was able to show that the reaction
for the lower temperature level .followed pseudo first-order .kinetics.
He did gather.a small amount.of .data at 800°F,.and he found that this
data did not conform to the first-order pattern. Hence the~temperature
transition point for the changeover in the rate-controlling step is

probably nearer to T775°F than to 830°F:

. For the lowerstemperature reaction, .where one. of the .consecutive
surface-reactions would be rate-controlling, the analyses of the -previous
sections of this discussion did not show which of these reactlons was
the slowest and hence the rate-controlling reaction. Extending Mills’
findings to the nitrogen-containing compounds. which are invoived in the

.surface reactions, it can be stated that the most basic of these compounds
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will.be the most strongly adsorbed, and hencey .the greater the bagiclty,
the greater will be the amount of a given compound. found. in the adsorbed
state. Since the reaction rate for a. given compound is directly propor-
tional to .the amount.of that compound in the édsorbed state, it would
follow from the previous-étatement that the reaction rate for that com-~
.pound is also proportional to its.strength as. a base. .Thus, the.least
basic of the nitrogenecontaining feactioneintermediates\would coritrol

the overall reaction-rate for the lower-temperature reaction.

- The nitrogen-containing compounds involved here are tabulated beloy,

.along with those pKa values,whichlcould,be.found in the literature {1a):

. Gompound \ PK,
quineline : 4.9
. dihydro quinoline ?
tetrahydro quinoline 5.0
_o=propyl.aniline ?

-From this table it can be -seen that quinoline and tetrahydro-~
quindline have very close basic strengths, .with the 1att¢r being the more
basic. - From structural considerationsy.the basic.strength of dihydro-

quinoline can be deduced to be some value hetween these two values.

A pK, value could not be found for o=propyl aniliney but the value
for o-toluidine (o-methyl aniline) was found to be U .4, - If the pKy

values for quinoline and o-toluidine are converted to Kb_values,,they
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-are respectively 5.4=X_105' and 1.7 X 10 . -Hence, quinoline 1s approxi-

mately three .times as bagic as o=toluidine.

.In deciding whether o-propyl. aniline is more .or less basic. than

o~toluidine, the inductive and hyperconjugative effects of the methyl

and propyl radicals can be considered. .In this particular .case, however;

the latter effect would be more predominant (30). .Hyperconjugation would

tend to enhance the electron density. of the nitrogen atom and hence would

be a base-strengthening effect (la). .Since hyperconjugation-would be

greater with the methyl group than with the propyl.group., o~propyl

aniline should be a weaker base than o-toluidine. .Al_though o-propyl

aniline is probably the weaker.of these two pases,, the .difference .1s

. probably quite smail. -Thus , .quinoline should have approximately three

times the -basic strength of o-propyl aniline. .This statement could .also
be made for the dihydro--and tetrahydro—quinolines since they are approxi=

mately of the same basic strength as guinoline. Hencey, o~propyl aniline,

.peing three times less basic than the .other intermediates ;. should .¢on=-

trol .the rate of the reaction at the lower temperature level.

-This. same postulation was advanced by Ryffel for the reapti&n at
the lower temperature level (31). -Through analysis of the product oil
bj gas chromatography, he was able to show that at 50%ﬁconversion most

of the nitrogen in the product oil 1is present as @ﬁpropyl-aniline.
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VI, SUMMARY , CONCLUSIONS. AND RECOMMENDATIONS

The hydrofining of shale=oil .distillates appears to be the most
promising method for upgrading these dlstillates prior to thelr sub-
sequent processing into commercially satisfactory fuels. .The hydro=~
fining process inyolves hydrogenolysis -of the distillate in the presence
of a.suitable .catalyst,.one of which has been cobalt molybdate. Hydro-
genolysis of the distillate promotes the removal of organically com-
bined oxygen, sulfur, snd nitrogen from the distillate. Of these,
nitrogen has proven to be the most difficult to remove. A great deal
of in%estigatiVe-actiVity has been directed to this problem. over the
last fifteen years. Kinetic studies in the area of this problem have
been limited in scope because of the large number of heterocyclic

nitrogen-compounds which are present in the shale-0il distillates.

The objective of this particular investigation was to gain informa-~
tion aboub the .cobalt-molybdate hydregenolysis of a gquinoline-consti~
tuted synthetic shale-oil. It was hoped. that a kinetic study .of a
synthetic shale-oil which contained .only one of the typical hetero-
cyclic nitrogen~compounds which are found in the shale-oll distillates
would 1ead‘toxsignificaﬁt fundamental information concerning the be-
havior of these nitrogenw=containing compounds during hydrofining treat-
ment, and would enable the circumyenting .of the experimental. difficul-
ties which are encountered with the actual shale-oll distillates because
of the greater'number of different nitrogen-containing compounds which

these dlstillates contain.
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A bench scale; . fixed bed, flow type, catalytic reaétorfwas used for
this study. The time factor (W/F) was determined by fixing the mass
flow-rate .of charge stock over a fixed mass of catalyst. The conyersion
.of heterocyclic nitrogen to ammonla for a given set of operating con-
ditions was determined through analysis of the.produet oil for nitrogen
content by the Kjeldahl method. The flow rate of hydrogen to the reactor
was maintained at 7500 SCF per barrel of charge stock. The reaction '
temperature for all studies was maintained at 830°F, and 1/8" Peter
Spence cobalt-molybdate pelletssy. containing 2.5% CoO and 14.0% MoOs,
were used as the catalyst. The treat gas was 100% hydrogen.'.Conversion
data for various values of W/F were determined at reaction pressﬁres of

2504 .500, and 1000 psig.

A number of runs were completed prior to the gathering of the main
body of experimental data. These preliminary runs determined a satis-
factory operating procedure and permitted the redesigning of ‘certain

agpects of the reactor system.

Information concerning the chemisorptive behavior.of heterocyclic
nitrogen~compounds and conCerning the reaction products of the hydro-
genolysis of quinoline was presented and was utllized to develop several
important indlcations about the framework of the reaction mechanism.for
the cobaltemelthate hydrogenolysis of quinolinewconstituted synthetle
shale=0il. .With these indications, the following framework for the. re=

.action mechanism was postulated:
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1. . quinoline + hydrogen — dihydroquinoline
2. dihydroguinoline + hydrogen — tetrahydroquinoline
3. tetrahydroequinoline + hydrogen—= alkyl-aniline

4. . alkyl-aniline + hydrogen = alkyl-benzene + ammonia

Rate-equation theories for fiwld-phase reactlons catalyzed by solids
were presented and discussed. .An example derivation of a rate equatlon
by the surface-rate-equation method was presented, and the use .of this
method for determining the mechanism or model of a given reaction

system was subsequently discussed.

Using the.above-postulated framework for the mechanism of ‘the re-
action system as a .guide, the possible reaction paths for this reaction
system were analyzed. -The surface-rate-equation method was applied to
these, -and overall rate-equations, which were based on the various
rate~controlling steps for each mechanism, were derived for-the most

feasible of these mechanisms.

Conversion data and initial-rate data for the reactlon.system at
8%0°F and variows pressures were analyzed in conjunction with the rate
equations which represented the .various mechanisms. The results of
this analysis indicated that the following complex-series reaction~
mechanism probably best represenfs the behavior of the reactlon systen

-

at 830°F:




=83-

1. quinoline + active si’cer—-;ads@rbed quinoline

2. hydrogen + aective.site — adsorbed molecular-hydrogen

%3, adsorbed quinoline + adsorbed molecular-hydrogen
— adsorbed-dihydroquinoline + actiyve site

4; adsorbed ‘dihydroquinoline + adsorbped molecular-hydrogen
— adsorbed ’getrahydroquinoline + active site

5. adsorbed tetrahydroquinoliné + adserbed molecular+hydrogen
= adsorbed alkyl-aniline + active.<site

6. adsorbed alkyl-aniline .+ adsorbed molecular—hydrégen
— adsorbed alkyl-benzene + adsorbed ammorlia-

7. adsorped alkyl-benzene —alkyl=benzene + active site

8. . adsorbed.ammonia = ammonia.+ active site

The rate-controlling step -of thils reaction mechanism was indicated.as

being the -adsorption of quinoline.

Whether or not this mechanism would serve ds a model for the be-

havior. of the reactlon system was decided by using the rate expresgsgion

for this mechanism as an empirical equationy by then determining the
arbitrary constants for this equation from the experimental data at
830°F ra’I.'ld 500 psigy.and by next analyzing the goodness of £fit of this

equ.ation to the -experimental data.at 830°F and 500 psig. -The goodness

.of fit and the nature of the curye pointed out that .the aboye indlcated

mechanism would be used to represent the pehavior of the reactlon system

at §30°F.
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Other data which had been gathered at Montana State College for
this same reaction system, but at a lower temperature level of ‘725-7T75°F,
were applied. to the rate equations for the mechanisms which were con-
sldered in this study. Analysis of .conversion data and:of initial-rate
data indicated that the same .complex-seriles reaction mechanism which is
_applicable to .the system at 830°F 1s also applicable to the system at
this lower temperature level. However, 1t was found that the rate~
controlling step for .the lower temperature reaction system was not the
adsorption of quinoline but was one -of the actual surface-reasction steps.
. Through deductiye reasoning based. on facts from the literature concern-
ing the reaction intermediates, this rate~controlling step was Indicated

40 be the dual-site reaction of. o-propyl anlline with molecular-hydrogen.

- Two significant results have arisen from this investigation. First,
it has been shown that a .complex-series reaction mechanism involving
the series reactions of quinoline to dihydro-quinoline to tetrahydro~-
-quinoline-to alkyl-aniline to alkyl-benzene and ammonia, -and involving
dual-site reactions of guinoline and the intermediates with molecular
hydrogen, can be satisfactorily used to represent the behavyior of the
reaction system. Secondlyy it has been shown that a transition teppera-
tyure exists at which the raﬁeuoonﬁrolling'step,of the reaction. mechanism
changes from.one. of the actual surface reactions controlling -to the ad-
sorpﬁion of guinoline controlling. This temperature for -the quinoline

reaction-system lies between 775°F and 830°F.
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-0f engineering significance, the overall rate-equation, or the
mathematical expression, for this model can be used in .conjunction wlth
the general expression for the time factor (W/F) to obtain an expres-
sion for W/F in terms of a seriles of functions of the fractional con-
.version of quinoline to ammonia. These functioné have coefficilents
which themselves are functions of the reaction temperature and pressure.
- Once these .coefficients have been determined the W/F equation can be

used for. the design of all types of reactors.

It was not the objective of this.work, however%_to obtain a design
equation for the reaction system that was studiled herein. A behavior
model for a system .can also be used as a basis for reasoning. That
is,.as a basis for prediction of the behavior of the system under
yarious conditions of restraint. .And according to the principles of
similarity, the model for this system.could be used as a basis for
conjectural prediction of the behavior of other similar systems. .I%
is in this respect that the results bf this particuldr investigation
could be of some use in understanding the reactioﬁ system for shale~oil
distillatey .which contains a variety of heterocyclic nitrogen-compounds

.other than quineline.

_The model which the results -of this study indicated was applicable
to the reaction system for the .cobalt-molybdate hydrogenolysis of
gquinoline-constituted synthetlc shale-oil may. not be the only model

which can be used to respresent the behavior of this reaction system.
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It is possible that some approach.other than that used in this étudy_may
lead to a different model for representing the behavior of the .systen.
And it. is ir no .way impiied“that the model .which was obtained through
the results of thils study is.the actual working .of Nature. The only
gdalm made is that this. model or mechanism. appears to pe suifable.for

representing the behavior of the reaction system.

- It 1s sugpested that this research be continued. Other,heteré~
.cyelic nitrogen-compounds which -are found in the shale-oil distillates
could. be .studied. - Eventually a body of knowledgeIcongerning_the.be—
havior of these compounds wouldnbe.accuﬁﬁlated. .This body of knowledge
.could then be utilized to aid in the more efficlent recovery.of usable
. products from the vast deposits -of  oil-shale .which are predicted. to.
become increasingly important as the prodpction.of crude oll becomes

more costly.
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Notation

o

'Q,S

". Rs

SCF

a9’+--

ammonia
ammonia chemisorbed on an active site
alkyl. benzene

alkyl benzene chemlsorbed on an active site

.alkyl cyclohexane

centigrade. degrees
dihydroquineline

dihydfoquinoline;chemisorbed_on an active .gite

total feed rate, .mass/time

uﬂahrenheit\degpees

molecular hydrogen chemisorbed ‘on an active site

-overall .equilibrium .constant

equilibrium constant;-j defined in relation to.other
equilibrium constants

molecular welghty . component J

total-system pressure

equiyibrium~partial pressure of Qémponent J
-quineline

quinoline .chemisorbed on an active site
alkyl aniline

alkyl -aniline .chemisorbed on an actlve site

.Bbandard cubic feet ‘

tetrahydrequinoline
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- Notation - .cont.

_Ts
W
W/F
a

atmg

bbl

betrahydroquinoline themiserbed on an agtlve site
.mass catalyst
‘time factor, (mass catalyst) (hr)/mass .feed

.a ¢onstant

atmospheres gadge

a .constant

_barrel

a}gpnstant

a. constant

.a .constant.

a congtant

fraction of active sites covered by component J

fraction of vacant actiye sites

gram,
hours

components ihert t0 the reaction

.forward-reaction rate-~constant, step J

reverse-reaction rate=coristanty -step J

. . mass nitrogen in feed

.mass unreacted nitrogen in system

total mass . of feed
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Notation. = .cent. ) ‘.u.__nnm_

psia pounds . per square inch absolute

psilg Eounds per square ingh gauge

r _reactlon rate, mass nitrogen/(mass catalyst)(time)

r. initial_reaction.ratg%\mass,nitrqgen/(mass catalyst) (time)

5 active site

t time

Wt _yelght. per.cent

X fractlonal conversiony mass nitrogen .converted/initial
mass nitrogen in feed

<V . fr@cpignal‘eonversiqn%,mass ni$rogen-cpnverteq/mass.feed

z initial mass fraction niprogen\in feed




TABLE 1

COMPLEX~SERIES . REACTTION-MECHANISM ADSORBED- NITROGEN=COMPOUNDS - AND GASEOUS HYDROGEN

. Mechanism ‘Rate Equations Egpilibrium Censtants
1 fQ
1..Q+s Qs ry=-kiPofs. ~-Kr £ . Ky = -
' .Q
KoP £, = Kaf : X D
. 1 He .Ds P = . ) o - s = =
2. Qs +He =4 2 2lp . 2 =P HET:Q
! ﬂT
g
! | R
Y4, Ts + Hz ...Rs . Ty, = kéPHfT ~kafp Ki = i
B # As K.P, fo = kiB_f, K. = BA
. - Rs +,H + r_ = - . = L.
> Z 5 5'HS'R 5BA 5 PH;R
, , X : P;Afs
6. .8  A+s rp = kel = kgPyfy | : : K6 - T
{ : . fi
(1.1 %5 38 Ty =Pty okifs o A

L6~

S N A i i
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TABLE .I ~ cont.

Kinetlc, Potential, .and Adsorption Terms of the Overall Rate-

Equations for Each Controlling Case

Step ‘Kinetic Term Potgntial'Term
P,P
1 Ky | PQ - e
K(Py y
e
' FAPB
2 KK ko PnF - i
Q _ Q H, X(Pg )3
Tz
PP
b=} ~AB
3 KEpls PPy )T -
. 2 K(PH )2
PsP
A'B
4 KKk 4 Pq(Py )% ~ —
2 KPy
2
PP
4 A'B
KKk P, (P -
5 MRE5 Q( HZ) K
4

Definitlons for the K's

K = K3KoK3KyK5Kg Ky = 1/ (KyKsKe)
Ky = 1/(K2K3K4K5K6) Kp.= 1/ (EgKg)
Kp = 1/ (K58, KsKe) Ky = /%




TABLE 'I = cont.

- Step

1 1 +KPy + K'AP,A + KR AB 4 T AD “+ 2 AB + T———«-— —'Q"A B
2 =

o =

_ ‘ KPP K F AP K. P.P
2 1 4+ KyPy + KB, + KEPg + i AB o TAB . DAB
1 PRy R T R RN TR E

H, "B, 5,

KrFaPB N K 4Py
< * 1poye
Hy 1)

3 1+ KBy A+ KpPp- ¥ KKDPQPHE +

» , KpF \PB
. ) 1.+ X3Py + KKgPq + _KKDPQZPHZ'#.KKTPQ‘(?EH Va4 e

7
"Hz

2.

B P 4 b P - P 2 ] 5 -

. 6 . Py + Ki.‘_PiPB + KKQ_PQEB + ’KKDPQ?B»PHQ"J“ MTEQ?B(PH; + IQ{RPQPB(szp A+

EhBEST

- . KKpP. (P, )%
- KaFg )

Exponent of _A'dSOrpEiO;l Texms: 1 = 1; .
= - .steps l,:;;-Z‘:@ 3x.~4-ixj. ox 6

66~
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TABLE.I =~.cont.

Initial Rate~Equations for.Each Controlling;Case

Step Initlal Rate~Equation
) aP .
1 Fo = '
1.+ DP
_ ap2
2 A . S
1 + bP
_ ap’ .
3 r, =

1 4 bP + cp?

. apr
. Lo = T S
1 + bP + cPZ #.4P
5
» ap
5 Yo = s
1.+ bP + ¢PZ + AP 4 eP
6 r, =-a




. TABLE TII

COMPLEX-SERIES REACTION-MECHANISM &-- ADSORBED NITROGEN-COMPOUNDS AND MOIECULARLY-ADPSORBED .HYDROGEN
Equilibrium Constantg

_Ra’ce FEquations

Mechanism
1
Yy =,.k1PQ_fS - _klfQ

1. Q@ +s=@Qs

N S

(4 identical equations)
1
3. Qs + Hos=—=Ds + 5 s = .k3foH - k3fD»fs
=3 .
T

4, Ds +Hss=Ts + s h =_.k4fo_‘H2.ﬁ-.k4f-Tf_s

!
5. Ts + Hgs==Rs + s r5. = kifoH_Z -J{SfRfS
-

=

6. Rs + Hos = Bs

Ki= —2

[

.'sz

-TO0T~-

Ka




- Mechanism

T. Bs==B + 8

8. .AS—‘;"‘,A-FS

(1) 1 + s= 1s

‘TABLE II ~-.cont.

Rate Equations

1L

RS

I

Ty o= kyPafy = kyfy

Definitions for the K!s

X = K1K3K3K4K5K6K7K8 Ky =
Kq = L/(K§K3K4K5K6K7K8) | Kp.=
Kp = l/(K§K4K5K6K7K8) K, =
g = 1/ (KERSE Ky

1/(§2K6K7K8)
1/Kq

l/K8

_Equilibrium Constants

Ko = Pst
7=

- f
‘B

P, f
Kg = A5
£y

f
Ky = 1
Pifs

~20T="
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TABLE IT.-.cont.

Kinetic, Potential, and Adsorption Terms of the Overall.Rate-

Step

Eguations for Each Centrelling Case

Kinetie Term

Kz

KKK 2K,

KKpKK 4

BRplaks

RE Kok
Kok

gir

Kikg

Potential Term

Fafs

PQ, s

- PAPB) l/)-l-

LI e




- Step

- TABLE :II <.coent.

_Ads orptien- Term

1+ K4y +KpPy + KpPp +.K~_21>'»H2.+ (Kg + Ky + Ky + Ko)P Py

KR AP

L+ Ky + KyPj o+ KgPp - KePy  + KqPq + KipPaly -+ Kighgl

(P 13)1/LF 1/ 3/4
I ,
1+ ByPy + KgPy + KgPy + KK (KPo) ' (B,Pw)” +
4Py + KgPp + KgPp + KKgPq + T + Kp (KPq APB
(KPQ
1/ 1/2 3 /1t
KPPr  KqPuP R PP
1 4+ KqP3 +.K.APA+K”PB+K2PH s 220 TAB D KB + KK P
' = H, (EH )2 (PH E AR
e
1.+ KPy + KAPA + KgPg + Koy +I<_KQPQ + KEpPQPy +s = A TP ])32 T
Py H
=

L +KPy 4+ KAPA + KBPB + KgPH + KKQP ""P_" + KKDPQPH + KKTPQ(P )&

,2

b4
e T 3
Py) + KipPq(Py )




.Step

. TABLE .II - cont.

Adsorption-Term

. = . . ; . . =
Pyt KgPyPy + Kp(Pp)™ + KoP APHé' + KKpP APQPH2 + KKQP \Pq -+ KKqP AEQ(RHZ)

KERP A-PQ(?HZ’) 7+ ‘KKBPQ'(PHQ) *

_ A3 Y'Y
KgPgPq Py ) + KK 4RGPy )

+

. 2 b : br(p 12
Pp + KiPyPp +Kp(Pp)~ + KolpPy -+ KKQPgPq + KEpPRPoPy -+ KnPpPq(Py )™ +

~G0T-

mw Tl
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_TABLE II =.cont.

Initial.Raté-Equations for Each.ControliingﬂCase

Step

8

Exponent of Adsorption Terms:

fiInitial.Rate Equation

) .aP
¥'0= e
1 4+ bP
aPp
T, = ,
1.+ bP
2
r -8
o) .
{1 + pp)2
3
Ty = _ap~

(1 + bP 4 cP®)Z

;aPé,

(1L.+ bR + cP? 4 ap3)%

@’

(1 + bP +.cP2 4 aP? + ep¥)?

ro""a

.n-= 1: steps L, 2y Ty 8
n-=2::steps 3, 4y 5, 6
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.. TABLE .IIT
COMPLEX~SERIES REACTION MECHANISM

. ADSORBED . NITROGEN~COMPOUNDS .AND . ADSORBED - ATOMIC~HYDROGEN
"1, .Q 4 5 ==Qs

2. ‘Ho -+ s=Hos

(H.identical-équations)

3. Hss + s&=.2Hs
(4.identical equations)

4..,' Qs + 2Hs==Ds +2s

5. Ds + 2Hs T Ts. +' 2s

6. s +.2Hs =Rs + 2s

7. ‘Rs + 2Hs ¥=—Bs + As + 8
8. Bs==B '8

9. AS=A + 5
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TABLE IV

FRACTION OF NITROGEN REMOVED ~- 250 PSIG RUNS

" . Run No. Space Velocity gm/gm-hr, ‘Fractional Conversion
34 .10:0 ' .0.,125
21 s 0.119
22 5.0 0.157
21 2.5 0.353
26 1.0 .0.548
261 1.0 0.582
25 0.5 0.824

‘Uniformioperatrqg,Conditions

Pressure: -250. psig

Teﬁperature: .830°F

100% Hydrogen, Flowing at: 7500 SCF/bbl
Catalyst: :Peter Spence#-z‘B%,CoO, 14,0%-Mo0

Charge Stock: Penetek-Quinoline, 2 wt:% Nitrogen
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TABLE V

FRACTION OF NITROGEN. RENOVED <~ 500 HSIG RUNS

Run No? -,SpapeﬁYelpsi§yggm/gm*hn; _'Eractiongl-Canersion
3T | 11000 \ £0.159
16c ‘ - 7.5 0.197
. 16p . '5.0\ . - 0.355
18r 2.5 ' 0.654
. 16a 1.0 ‘ . 0,880
,T=24 Q.5 - . 0,926

Uniform Operating Conditions

Pregsure: 500-psig

.. Temperature: 830°F
100%, Hydrogen, Flowing at: .7500.-SCF/bbl
Catalyst: Peter Spencey.2.5% Co0, 14,0%:Me05

_Charge Stock: Penetek-Quinoliney 2 wi% Nitrogen




- Run No.

36
2197
14

15

23
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-TABLE VI

FRACTION .OF NITROGEN. REMOVED ~~ 1000.PSIG RUNS

. Space Velocity. gm/gm-hr. Fractlonal Conversion
10.0 '_ -0-270.
2.5 - 0.779 )
1.0 0.899
1.9 - 0.90%
0.5 10.933
.05 ‘ 0.938.

.- Uniform Operating Conditions

Pressure: 1000 psig

Temperature: 830°F

100% Hydrogeny Flowing at: 7500 -SCF/bbl

_Charge Stock: Penetek-Quinoline, 2.'wt% Nitrogen

. Catalyst: -Peter-Spericey.2.5% €00, 14.0% MeOs
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0.8
1.0
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TABLE VII

REACTION~RATE DATA

at. 1000 psig

r at 250 psig . r at 500 -psig r
.0.0227 . 0.0356
0.0178 0.0340
.0.0124 0.0225 '
-0.. 0084 " Q.0095
0.0070 .0.00k47
.0.0065 0..0014
0..0055 0.0012
0.0055 0.0008
~.r = (gm nitrogen)/(gm catalyst-hr)

W/F

(gm catalyst=hr)/(gm oil)

: Uniform Operating Conditions

Temperature: .830°F

lOO%.Hydrogen? Flowing at: .7500 SCF/bbl

Catalyst: .Peter Spencey 2.5% CoQ, 14.0% MeOs

0.

0

0.

0553

.OUlO
0153
.0050
.0012
.0007
;6007

0007

Charge Stock: ;Peneték»QuinOline? 2. wt% Nitrogen




'DATA FOR.REACTION. RATE VS

250.psig

rﬂ-;lO? X
2.27 _6.0
1.78 -0.195
1,24 0.341
0.842 0441
0.702 .0.515
0.546 0.82k

x =

fractional conversion of

"
Ii

TABLE .VIII

. CONVERSION AT,CONSTANT.TEMPERAEQREfﬁND PRESSURE

500 psig
I E
3.56 0.0
3.40 0.355
.2.25 0. 654
0472 0.852
0.143 0.880
.nitrogen

_reaction ratey- (&0 n;t;qgen)‘

(gm -eatalyst) (hr)

1000 .psig
10 x|
5.33 0.0
140 0.518
1.53 0.780
0496 0.865
.0.118 -0.895

:UnifonmeperatingﬂConditions

_Temperature: .830°F

100% Hydrogeny Flowing at: 7500 SCE/bbl

Catglyst: Peter Spencey
- 2.5% £o0y 14.0%. Mo0

Charge Stock: :Penetek-Quingline
2.wt% Nitrogen

2t
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CTABTE X%
INITIAL REACTION-RATE DATA" , LOWER . TEMPERATURES

(gm nitrogen)

~Temperature, °F Pressure, psig ry X 102, i —
(gm catalyst) (hr)
25 . 250. 0.1033
725 o 500 0.2925
725 -1000 0.821
750 250 ,o.ifq8
750 : 500 - 0.484
750 1000 1.223
(46) 250 0,294
775 : 500 9.772
775 .1000 : 1.747

¥ pata from Ryffel (31).

. Uniferm Operating Condltions

100% Hydrogen, Flowing at: 7500 SCF/bbl
. Catalyst: Peter Spence, 2.5% CoOy 14.0%. MoOs

. Charge Stock: . Penetek-Quinoline, 1.095 wt% Nitregen
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TABLE X

DATA FOR.x, Vs.- (ro/P)

ry - 10 g Hibrogen) (v /p). - 107, [ lgm nitrosen)

" (gn catalyst)(nr) (gm catalyst) (hr) (psia)

5 b 33 5 *:-2.7
3.56. 6.96
2.27 8.66

-Uniform Operating Conditions

- Temperature: .830°F
100%, Hydrogen, Flowing at: 7500 'SCF/bbl
Catalyst: -Peter Spencey 2.-5'%, CoQy 14.0% MoO3

Charge Stock: . Penetek-Quinoling, .2 wt#% Nitrogen

o




0.0

0.159
.0.197
0..200
-.0.355
0.400
0.600
Q. 654
0.800
0.880
.0..900
0.926

1.000

_11 5".‘,

‘TABLE XTI

W/F vs..CONVERSION -- 830°F, 500 PSIG

W/F (Empirical)

0.0

0.130.

- 0.220

10.340

0.752

1.424

W/ (Experimental)

0,100

0,133

. 0,200

-0.400

1.000

2.000.
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) /ooo ps/g
S H = A0 guinoline

-/TT-

-S Vv A0 J000ps/q
750°F F.P. Coker Dist:Hate

Z 4-

Hours On Stream
Il1lustrating Line-Out-Time with Quinoline and with Shale-0il Coker-Distillate

Figure 2. Graphs



Conversion

Fractional

Conversion-*-

Fractional

External Diffusion Has No Effect 8§ Internal Diffusion Has No Effect

— line of constant W/F

W o

Grams of Catalyst-*- Decreasing Catalyst Size-*-

oD

Internal Diffusion Controlling
for Larger Catalyst Sizes

Wi O O

— optimum particle size

e e

Decreasing Catalyst Size-*-

Figure 3. Illustrations of Tests For External and Internal Diffusion
Controlling the Reaction Rate



Conversion

Fractional

1.0

1000 psig

825 °F

7500 SCF Hg/bbl

1.0 space velocity, gm/gm-hr

750 °F E.P. Coker Distillate

quinoline-constituted Synthetic Shale-0il

1000 psig
725 oF

7500 SCF H2/bbl

1.095

Nitrogen

2.0 space velocity,

Figure U.

50

Conversion Vvs.
Controlling,

gm/gm-hr

100
Grams of Catalyst

Grams of Catalyst, Test for External
Shale Oil and Synthetic Shale-0il

150

Diffusion

-61T-



Conversion

Fractional

1.0

o
o

Figure 5

T 1 T

500 psig

725 °F

7500 SCF Ha/bbl

1.095 Nitrogen

0.5 space velocity, gm/gm-hr

100 gm catalyst
-a ) 0 -

16-35 Mesh 10-16 Mesh 1/8«<" Pellets

Conversion vs. Size of Catalyst, Test for Internal Diffusion
Controlling the Reaction Rate

0T =
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Adsorption of Q Controlling

asymptotic (@1 ¢ bP)

Pressure

Surface Reaction Controlling

ro m

0 ( + bP)

Pressure

Desorption of D Controlling
asymptotic ap2

(I + bP + cP2)

Pressure

Figure 6. Characteristic Curves, rQ vs. P, Example Mechanism
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Characteristic Curve for:

Step I Controlling

Pressure

Characteristic Curve for:

Steps 2, 3, L, or 5 Controlling
Pressure

Characteristic Curve for:

Step 6 Controlling
Pressure

Figure 7. Characteristic Curves, r0 vs. P, Adsorbed Nitrogen-Compounds
and Gaseous Hydrogen
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Characteristic Curve for:

Steps I, 2, or 3 Controlling

Pressure
Characteristic Curve for:
Steps li, 5, or 6 Controlling
Pressure
Characteristic Curve for:
Steps 7 or 8 Controlling
Pressure

Figure 8. Characteristic Curves, r0 vs. P, Adsorbed Nitrogen-Compounds
and Adsorbed Molecular-Hydrogen



Nitropen

Fractional Conversion

-1<24-

250 psig

7500 SCF H2/bbl

2 Nitrogen

W/F)

x * Ffractional conversion of nitrogen to
ammonia

W/F * reciprocal space-velocity, IS =, ot
(gm oil)

Figure 9. 250 psig Curve, x vs. W/F



Conversion Nitrogen

Fractional

Xij-

500 psig

7500 SCF H2ADbI

2 Nitrogen

x * fractional conversion of nitrogen to
ammonia

W/F “ reciprocal soace-velocity, (Sm catalyst)(hr;
(gm oil)

Figure 10. 500 psig Curve, x vs. %/F



Conversion Nitrogen

Fractional

-1kU-

1000 psig
830 °F
7500 SCF Hg/bbl

2 Nitrogen

X * fractional conversion of nitrogen to
ammonia

(gm catalyst) (hr)

W/E - reciprocal space-velocity,
(gm oil)

Figure 11. 1000 psig Curve, x vs. W/F
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0 1000 psig
$00 psig

m0 230 psig
830 OF

7$00 SGF H2/bbl

2 Nitrogen

(gm nitrogen)
(gm catalyst) (hr)

reaction rate,

(gm catalyst) (hr)

« reciprocal space-velocity.
(%/F) P P Y (gm oil)

Figure 12. Reaction Rate vs. Reciprocal Space-Velocity,
Penetek-Quinoline Hydrogenolysis



catalyst)/(hr)

Figure 13.

Initial

7500 SCF H2/bbl

2 wt Nitrogen

1000

Pressure, psig

Reaction-Rate vs.

Pressure. Penetek-Quinoline Hydrogenolysis

-QZT-



(@-m nitrogen)/(gm catalyst)/(hr)

Figure 13b.

7500 SCF H2Zbbl

1.095 Nitrogen

Initial Reaction-Rate vs.
Lower Temperatures

Pressure,

0 -—-G 750 OF

Penetek-Quinoline Hydrogenolysis,

-6PT-



-130-

10.0

ro " —_— —_—

(¢ ; bP)

ro * -(1/b)(ro/P) + (as/b)

Figure Ili» Test Curve for Form of rO vs. P Curve,
Penetek-Quinoline Hydrogenolysis



(gm nitrogen)/(gm catalyst)/(hr)

10,
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0.U -

Fractional Conversion

O— O 1000 psig, 630°F,2wt nitrogen, 7500 SCF
$00 psig, 830°F,2u. nitrogen. 7500 SCF
O—O 2%0 psig, 8300172  nitrogen, 7500 SCF

1000 psig, 72$°F, 1 nitrogen. 7500 SCF

Figure 15. Reaction Rate vs. Conversion at Constant
Temperature and pressure

H?/bbl
H2Zbbl
H2Zbbl

H2Zbbl



Conversion Nitrogen

Fractional

Figure 16.

-1)2-

0

Empirical

Experimental

Empirical Curve;

Curve
Points
P30°F, rO psifr



-133-

VITA

Personal

Date and Place of Birth: July 21, 1932
Weston, Oregon

Marital Status: Married; 2 children
Educational

High School: Whlteflsh Central High School, Whltefish,
Montana; 9A? to 5/51

Undergraduate: Montana State College, Bozeman, Montana
9/51 to 6/55; B.S. in Chemical Engineering

Graduate: Montana State College, Bozeman, Montana

6/55 to 12/58
Experience

Surveyor with the U.S.B.R., Hungry Horse Project, Hungry Horse,
Montana; 6/52 to 9/52 and 6/53 to 9/53

Assistant Production Engineer with the Shell Oil Company,
Glendive, Montana; 6/5~ to 9/54

Research Fellow in Chemical Engineering, Montana State College,
Bozeman, Montana; 6/55 to 12/58

Assistant Instructor in Mathematics, Montana State College,
Bozeman, Montana; 9/56 to 12/58

Assistant Professor of Chemical Engineering, University of
Arizona, Tucson, Arizona; 1/59 to 8/61

Project Director and Consultant for plasma-jet research.
Applied Research Laboratory, Tucson, Arizona;
3/59 to 8/61



3 1762 10010716 6

N B

D378 R,
D187

.| cop.2 153943
Damon, R. A,

Hydrogenolysis of quinoline-
constituted synthetic shale=

D378
D18y

_— Q{D,j. yd

153943



