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Abstract:

Because of the great interest expressed by several of the major oil companies throughout the United
States in the development of liquid fuels from oil shales, a bench-scale, continuous-flow, fixed-bed
catalytic processing unit was designed and constructed at Montana State College, This paper presents a
study of the effects of several process variables on the denitrogenation and desulfurization of shale oil
charge stocks, a study of two types of chemical treatments to denitrogenate a coker distillate, a study of
the efficiency of several catalysts as denitrogenation catalysts, and a kinetic study.

By adjusting the process variables one at a time, it was found that the nitrogen content of the effluent
oil decreased as the space velocity decreased or as the reactor pressure increased. Little difference in
the efficiency of denitrogenation was noted by varying the hydrogen gas rate between 2000 SCF/bbl
and 5000 SCF/bbl; only 5 percent better nitrogen conversion was noted at 7500 SCF/bbl. The optimum
catalyst-bed temperature was between 825°F. and 875°F. As the mol percent hydrogen in the recycle
gas decreased, both the weight percent nitrogen and the weight percent sulfur in the effluent oil
increased. Yields were found to vary inversely with the operating temperature and directly with the
space velocity.

Of the twelve different catalysts which were investigated as potential hydrodenitrogenation catalysts,
four catalysts were found to be very effective. These are an HF-activated cobalt molybdate, a Peter
Spence cobalt molybdate, a palladium promoted Harshaw molybdenum oxide, and a Harshaw cobalt
molybdate.

A diffusion study performed prior to the kinetic study showed that film diffusion is definitely not a rate
controlling step in the reaction mechanism, at least over the range of space velocities employed in this
investigation. Plots which were drawn to show the effect of temperature, pressure, and hydrogen
content of the hydrotreating gas indicate that the controlling reaction for the denitrogenation of shale
oil coker distillates is primarily one of first order. The Arrhenius equation obtained was k =2.54 x 10”4
e"-14750/RT
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ABSTRACT

Because of the great interest expressed by several of the major oil
companies throughout the United States in the developmeént of liquid fuels
from oil shales,.a bench=scale, continuous=flow, fixed~bed catalytic
processing unit was designed and constructed at Montana State College.
This paper presénts a study of the effects of several process variables on
. the denitrogenation and desulfurization of shale 0il chdarge stocks, a
study of two types of chemical treatments to denitrogenate a coker
distillate, a study of the efficiency of several catalysts as denitro-
génation catalysts, and & kinetic study.

By adjusting the process variables one at a time, it was found that
the nitrogen .content of the effluent oil decreased as the space velocity
decreased or 4s the reactor pressure increased.. Little difference in the
efficiency 6f denitrogenation was noted by varying the hydrogen gas rate
between 2000 SCF/bbl and 5000 SCF/bbl; only 5 percent better nitrogen
conversion was noted at 7500 SCF/bbl. The optimum catalyst~bed tempera=
ture was between 825°F, and 875°F. As the mol percent hydrogen in the
recycle gas decreased, both the weight percent nitrogen and the weight
percent sulfur in the effluent oil increased. Yields were found to vary
inversely with the operating temperature and directly with the .space
velocity.

0f the twelve different catalysts which were investigated as.
potential hydrodenitrogenation catalysts, four catalysts were found to
be very effective. .Thesé are an HF=activated cobalt molybdate, a Peter
Spence cobalt molybdate, a palladium promoted Harshaw molybdenum oxide,
and a Harshaw cobalt molybdate,

A diffusion study performed prior to the kinetic study showed
that film diffusion 1s .definitely not a rate controlling step in thée rex
actilon mechanism, at least over the range of space veloclties employed
in this investigation. Plots which were drawn to show the effect of '
temperature, pressure, and hydrogen content of the hydrotreating gas
indicate that the controlling reactlon for the denitrogenation of shale

01l coker distillates is primarily one of first order. The Arrhenius
equation obtained was 4 =1l ,750/RT
' k = 2354 x 10 e~ : .
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I INTRODUCTION

Since man began to use .stored energy, he has been dependent for
fuels upon products stored away by nature, .Gradually,.however, the easily
obtained concentrated fuelé are becoming‘exhausted so man will have to
resort to those fuel sources which are more difficult to prepare in a
concentrated form from their natural diffused form. With the realiéation
that the woryd!s supply of petroleum is'rapialy being depleted, technol=
ogists have become vitally concerned with the opening up of new fields of
petroleum and the processés whéreby other o0ils can be used in'place of
petroleum products. Of all the possible products which‘ﬁight be used to
supplement the supply of petroleum, oil from oil:shale has the greatest
promise since the prodﬁots obtéingd from the upgrading of shale o0il or
shgle»oil fractions are hardly distinguishable from the similar products
produced from well petroleum, and since the éuanfi%y of oil shale is
sufficiently abundant to supply the anticipated demand for oil.

The oil shale itself is a campact, laminated rock of sedimentary
. origin which confains a,solid; organic matter called "kerogen'". Kerogen
is not -2 definite . chemical compoﬁnd but,a‘complex mixture‘of complex
compounds , Furthermoré, the kerogen of different shales are dlssimilar.
0il is obtained from this o0il shale by destructive distillation and not
by solvént treatments as is done with the ftar sands whilch are safurated
with oil or‘asphalt.

0il shale deposits in the United States are- located primarily in

Colorado, Wyoming, and Utah in a 16,500 square mile area called the Green
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7 "River formation (48). A.500ef99tﬂfh;ck layer of this f§rmation in Colorado
'_.a;says 15 gallons bf crﬁde.shale oil pér ton (22) and, therefore, has a
potential reserve of abqut-494 billion barrels of shéle oil (51). .The
lower segment .of this layer has been nameq the Mahogany.ledge.and.assays

an average of 30 gallons pef ton (22). The Unifed States Geological.
Sufvey has.estimatéd that the oil.shale.erosits in the .Utah pQrtién can
yield ové; b2 b;llion barrels of oil. Almgst~every country in the world
b@ssesses'some oil shale.depoéits. Both Francé and Scotland have used Qil
made from oil shale for moere than seventy years, but the .severe competiti@n
frdﬁ impgrtedlpgtr@leum.has prevgnfed’extensiVe develepment, of the .shale
01l industry. ='.fhere is 1ittle .doubt that the .development in the United
States will be:of great .commercial importance to the country when the .
eCOpdmic conditions invoived hecome favorable. -

More than 150 companies in the Unlted States have been organizeQ ‘
for'phe stated purpose of develpoping oll shale but as yet‘thepe 1s no
sh@le oil indpsfry, .Realiéing the increased cgnsumptipn of petroleﬁmuand
the need for a longwterm supply of liguid fuels, the Congress of the
United -States passed fhe Synthetic Liquid Fuels Act of 1944,  This éot
authorized researchrand-dévelOpmeﬁt on neﬁ‘sgurqes of 011 among which
was oll shale (31, 22), Immediately, the United States Bureau of Mines
at Laramie, Wyoming (46) proceeded with plans to censtruct large retorts
and set up a demonstration mine near Rifle, Cqlorado. Together wiph bpher
res§arch groups 4 they went ahead with the inveétigation-of prohlems cohss

cerning the mining and retorting of oil shale and the develppment iof
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econpniical réefining techniques. 5
© A number 6f deposits .of widely different chardcter and origin o -

- have -been referred to as oil shale, These might be grouped as'indicated

below (34):

:1, Shale partlally or completely saturated wilth
oil from outsidé sources. A pprtion gf this
oil may-haVe_beeﬁ‘CQHVertgd inte biltuminous or
carbonaceous residues:
- 2. Lignitic and coaly Shale,s..,
3, . Torbanites.
U, True oil shales. ihspectionj@f,these.shales
‘seldom :éveals-thé presenéé of o1l itsglft
. The geolggiqai-Simiiarity“betWeén Qil,shalgs-ahd.CQal.suggesté
that both were f@fmed in s#amps},lagﬁpns}:deitas, and the 1ike;".Véf§ rich
o0il shéie possesses an éxpreﬁely'f;ne texture and ﬁas,a dﬁllpsilky oF

satlny luster. It,élso kindles readily,andgyiéids a fairly large amount
of volatile matter. . Micrescopic eéxamination reveals the preéence of |
vegetable matier in various stages Qf'disintegratigpﬁ .Tﬁe,resemblaﬁée of
the .rich .shales tQ:ste of thé,céals of the bituminous group is indicated -
by the coking of the oil shales when they are subjected to heat. .Inorganic
natter preserit may consist of clay, fine sand, calcium carbonaté, iren
oxides; iron Earbanaﬁe} aﬁd iron sulfide (as marcasite and pyrite)(48).
Animal femains-inoluding‘inseots; larvae, fish, and crustaceans can often

be detected in some 01l shales. It is the ‘presence of this éarbonaceous
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.matter derived from plént,and.anima; remains which usﬁéll&fcausés the'
black.color of fhe’@il.shales (34).

The,méthod 6flundergroundﬂmininglfbr o1l shale employed by the
-UnitediStétes Bureau of Mines at Rifle 1s a roem=and-pillar type (22)
whereby about .25 percent of the oll shale 1s ail@wed-to remain’ to serve
as a ropf éupport.. This method enabled the Bufeaq to supply prqcesainé
plants at a direct.cost of $0.32 per ton of shale (16). The broken -shale
is conveyed to crushers and retorts like the continuous gas ecambusbion
type.developed'ﬁy the Bureau and the Union 0il Company (3; 22); In this
type of retort the crushed shaie roek is passed dqwnwérd,caunterﬁgurrent
to a rising stream of het .combustion gases resulting from burning re=
chled‘product_gas,and carbonacegus residue in fthe spenfi shale. The rate
of compustion is regulated s0 that the\vapérs:are eondensed Niﬁhin the
retorty consequentl&, the crude shale o1l is removed from fhe retqrt i@

a liguid state.. Ne additilonal condensation 1s re@uired# .The design of -
really.efficieht oilmshale rethting:plants and the .evaluation of theilr
therﬁal'efficiency fequires extensive déta_pn the heat needed to fetért
the oill shale (45), butﬁmuch work was‘done‘glgng this line by ﬁhe.Bureau
of Mines Petreoleum and OilmShale Experiment Station at Laramie,.

| . The crude shale oil recove:ed\from’the continuous retoft.is 2 blaék,-
waxy liguid with an earthy oder. It has a specific gravity of 0.9301 at -
160°/60°F. and a pour point of about ‘90°F. (22).. The untreated shale il -
_cbhtains conslderable quantities of nitrogeﬁ#, éulfpr#,ﬁand.okygenacontainw

ing compounds. .The heavy gass0il fraction may cgntain as much aé 45 pers

! d ™ T
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cent of these compeunds (51). Because of the large percentage of plefinic
hydrocarbqns present (3) which are affected adversely by severe chemical
treatments , hydrogenation 1s recommended t§~rem@ve the undeéirable
-elements, -Neither the large:quantity of elefins nepr the high percentage
of nonshydrocarbens iéffound in petroleum (334 50). The crude oil con#
tains very little gasoline=bolling range material and because of the
straighte= chain nature of the paraffins and olefins in the shale pil
naphtha, the gasoline produced from the crude 01l depes not have an
exceptienally high octane rating (20)« .Tar acids iﬁ the crude include
such .compounds a8 phenol, creéols, apd.xylenols,.and tar bases include
substituted pyridines,and-quinblines (50). Destructive distillation of
oil shale indicates that the basic nitrqéen compounds are primarily
hetérooyclic.derivatives of the pyrrele and pyridihe.series (4654

. The ‘car-bases in the crude ghale oll from- Colorade and Utah are
_mostly methylated pyridines and clogsely related compounds for the belling
range from 200°C. ta 390°C. Below.200°C., the bases are almpst entirely
crude solvent pyridine (34). From a chtﬁish shale naphtha, Garrett and
Smythe (17) isolated pyridine (C5H5N), a picoline (C5H4(CH3)N)} four
~lutidines (C5H5(CH3) oN) y and a _cgll_idj_ne (C5Hy (.CHB) 3N),. - Back in 1905,
Petrie (43) pbtained an extract .from a crude shale sample which econtained
whaf he_identified as. pyrrole (04H5N). Very small amounts of the quinos
lines , the‘isqquinolines, the hydroquinolines, and the hydroisoquinplines
may be present .in seme crudes (34). Janssen and his associateé (23)

isolated and ldentified bhoth pyrrole and 2Z=methyl=pyrrole from a shale
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011 from Colorado shale of the Green River formation, Thorne and his
associates (48).identified pyridines, quinolines, pyrrole, 2,4 ,6=trix
methylpyridine,,2wmethylpyfidine, and Z=methylquinoline from shale oil
samples, The sulfur in the shale oil 1s present primarily as sub= '
stituted thiophenes (48).

Both the untreated crude and the cokeér distil}ates have high sulfur
and nitrogen contents,.are highly unsaturated, and possess color ins
stability when exposed to air., The sulfur conbtent of a typical gas=
combustion crude shale oill (52) is 0.77 weight percent and the nitrogen
céntent of the oii 1s about 2.07 welght percent. . The sulfur compounds.
naot only promote .corrosion but algo have objectionable odors and conbtribs -
ute to the poor color stability (14). Furthermore, a high sulfur content
results in poor lead susceptibility (7, 14). The exact effect of each
sulfur oompéund is not known, but sulfides are_lessfharmful than diw
sulfides (38). The most .cbnoxious bdors are caused by low=boiling sulfur
compounds like hydrogen sulfide and mercaptans (38), Information, which
was confirmed by Byrnes and his associates (6), suggests that, at least
in the case of gasolines te be blended with tetraethyllead, 1t is
desirable to reduce the sulfur content to 0.01 perceht or less; the
additional cost of the refining 1s partially offset by-the.decreased
amount of tetraethyllead required to obtain any given octane rating.

. The nitrégen compounds are partially respoﬁsible_f@r the exbensive
gum formation in that they accelerabe the oiidatiqn of fthe numerous un=-

saturated compounds present (50). Nitregen compounds are also assuming
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cmnsiderable_impgrbanqé beecause Qf their‘adQerse-effect oﬁ many of the
eracking catalyéts (25, | |

Such properties of the crude shalelgilsas the high carbqn/hydrpgeﬁ
ratloy thg,high peréentage of ﬁitfggen'epmpgunds,‘and the .large ampunt of
unsaturates suggest & considerable pumber-af metheds feor refiping; Since
" .direct removal of thg unsabturated eompeunds weuld result in very high
loSsés,,SQme,methbd of refining must be employed which will saturate
these compounds. As much as possible of the c?ude must be converted
inte stable perths. Catalytic oracking'précessés incfeasé_the gasoline
“yield buttpétroléﬁmécracking,catalysts (3L) are deactivated Véry readily
"‘by nitregen=containing compounds ef which the crude conbtains ever 40
percent., When petroleumﬂrefining‘oatalysts'are used in shaler=ell erackw
_ing operatioéns, there is a high fofmation-of éas ﬁénd the deposition of
© coke On'bhe catalyst is large. ' Likewise, any refining process which
might ﬁe‘ﬁﬁil;gedzmust.remgﬁe the nitrogenjas aﬁmenia @r-siﬁilar coms
pqunds for direct remgval.pf the'nitrogen&containing compounds - in the
.crude would obviously result in toe low a'ﬁield.

Among the,néfining,processes‘which.have been studied are ﬁhe-usé
of succeSSive-distillatiqns} visﬁreaking,‘leyf@rming,'both catalytic
and thermél craéking#.sglvent.extfactipn and several chemical treatments ,
"and,hydnotreating.' In the successive distillation process , the initial
.distiliatieh, in which the crude is distilled to dryneSS‘Withput:&ﬁeam,
yields a_distillate with a larger portioen -of saturated bpmpqunds than

was present in the griginal crude. eil obtained directly from the retort.
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A resrun distillation will.give a disbtillate with 2 still higher percents
age .of saturated e@mpauhdsi Additienal distillatiqns:wiil eventually
give a distillate which chtaina the minimum ameuht.@f compounds soluble
. in str@ng,sﬁlfuric acid (l¢84 sp‘gr},aulfurio,aoid),'_However% because
ef the high percentage of unsaturated compgﬁnds in the varioas cuts
‘there are’high treating,i@s&es as well as excessive carbon depoéits. A
Scottish refining eperation (34) resulted in a tqtal 1088 of about 24
percent-pf the erﬁde 0ils .This method of succe551ve dlstillations wa.s
used by a commercial plant., the.Catlin Shale.Pr@duets Company of Elko.y
Nevada (34)1 | »

nge.visbreaking,@peratipns.were.peffohmed by the Bureau of Mines
(31). .Results of these operations indicated thab $he sulfur ,con.t.ent of
the visbroken crude naphtha was aheut the .same as that ef_straightﬁ\runu
naphtha, hut the nitr@gen eontent was reduced by ab@ut'40 perceht;
Vlsbroken llght gas pil which had been treated with celd sulfurlc acid to
produce Dlesel fuel was actually used to power some of" . the equlpment in
the mines af Rifle, vThe.perf@rmance of thls Dlesel fuel‘was,o@mpanable
to commereial Diesel fuels.

-In the polyformlng procees, naphtha and heavier gils are cracked
in admixture with .varying amounts of gasepus hydreecarbons like prepane
and hutane@ ‘If eatalytie conditions are used} the process is called
catalytic pelyferming. Crecelius (lZ), who used this technlque for the
refining Qf.shale_eil, discovered‘that.this_methgd utilizing ise#butyleneh

as the outside gas gave higher ylelds of gasoline than were obtainahle
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by strdight catalytic cracking. Catalytic polnyrming‘loweré the temps=
erature at which a maximum yield of gasoline can be obtained and enhances
the color stability of the gasoline? but has little or no effect on the
gum content or the octane number of the gaseline produced.

Catalytic cracking, & process which converfs petroleum fracﬁiphs
in the fuel o0il bQiling,range into gaseline and ofther lower boiling hjdro~
carbons, produces a high octane numbér gasoline in better ydlelds than can
be produced by thermal cracking. However, catalysts which have basic
nitrogen compounds chemisorbed are'poiSOQed for cracking (36) x so most
of the nitrogen in the charge stock must he removed prior to a catalytic
cracking type of refining prdcesé,

Morris- and Cameron (37) reported that thermal cracking followed by
sulfuric acid treatment of the naphtha is a feasible means of producing
gaseoline and residual fuel oil from Coloradd-shale oil. |

Because catalytic hydrotreating, a process which would - not only
remove much of the nitrogen and sulfur in the shale o0il bu% also feduce
censiderably the number of unsaturated compounds,.appeared worthy of
additional study, investigations employing this process were begun at
Montana State College in 1954, Although several of the ma;jor oil
companies have been interested in shale o0il research, the initial in=
vestigations here were conducted under the .sponsership of the Esso Research
and Engineering;CQmpany. $hey were interested in developing an economieal
process which would result in a low n;trpgen and low sulfur effluent oil

which could be used as a charge stock by a conventignal petroleum refining
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'pracessA This research included studies of the effects of thef@perating

variables such as temperature, pressure, space veleclty, hydroetreating
éag,cpmpasitign,.and hydretreating gas rate on the desulfurization and
denitrogenation 9f shale 0il coker distillates; studies of caustic and
tetrahydronaphthalene batch treatments of a shale oil coker distillate
in order ﬁo,deorease the nitrogen centent of the charge stock; studies
of the efficiency of denlbrogenation of twelve different .catalysts in an
effort to find ene which wguld.shostignifioantly'better_denitrogénation

of shale 01l coker distillates than any of those presently being used;

and a kinetic study in erder to determine .approximately the order of

the controlling reaction for the catalytic denitrogenation of shale il

charge stocks.
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IT EQUIPMENT

A. Flow Diagram.

A schematic flow dlagram of the catalybic hydrotreating unif is
shown in Fig. 1. All seven of the reactors which are described in the
. specifications section of this paper were designed for a continuous=flaow |
process and for the use of a fixed=bed catalyst. . The arrangement of
nichrome=wire heating coils connected to Pewersfats made pgssible gperas
tien of the reactor over a wide temperature range, and the MasQnQNeilan
pressure regulator valve enabled oﬁeration af constant pressures ranging
from 200 psig to 1200 psig. In conjunctieon with the reactor and condenser -
section, a gas recycle section was designed and ceonstructed. Included
in this gas recycle sectlon was a storage tank inta which the effluent
gas from the reactor passed during .a recycling process. From here the
gas passéa'into a compression cylinder where o0il from the compressioen
0il reservoir displaced the gas and forced it inte ﬁhe feed‘cylindgr,far
the .reactor. .The hydrotreating gas from the feed cylinder, pure hydrogen
from a.hydrogen bottle, or mixed gas from a battle passed through 8 robas
meter .and intg a cress at the top of the reactor where it mixed with the
chafge 0ol1ll pumped from the il feed resequir{ Together, the hydrotreat-
ing gaé and the charge oil entergd the stainleSs.steel reactor, Treated
01l was condensed in a water condenser and collected in a sample bobtle,
. The effluent gas eifher passed through caustic scrubbers and was vénted
£0. the atmosphere or was fed to the storage eylinder to.be recycled.

When the charge stock used was the crude shale 0il, a heated oil feed
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reservelr, a heated storage system, and a heated filter were used because
the pour point of the crude is above nermal room temperature, .The filter

was used to trap any undesirable selids present in the crude oil.

‘Bs Specifications fer Unit for Continuous Flow,

Reactor H=K: This reactor, the first reactor to be used in the
shale oil project at Montana State College, was made from an 18=~in. length
of 2w1/2win., schedule 80, austenitic stainless steel pipe. lihe.end
blocks for the reactor were machined from 18+8 stainless steel. Maximum
operating pressure was 3000 psig. The reacter was wound with three ni- -
chreme heating coils, The top and bottom coils were‘5§ feet long and the
middle coll was,28 feet long. The nichrome wire for the coils ﬁas fifst
strung with ceramic beads and wrapped over a layer 5f asbestos tape on
the reéctor wall; then, the colls were covered with a layef of asbestas
tape and about .one inch of 85 percent magnesia insulation, A 1/2~inch,
schedule 80, 18~8 stainless steel pipe was used.as a thermowell in the
resctor, The bottom of the reactor was fibtted with a screw=type union
ta allow remeval and Inserftlon of catalyst and catalyst supports. The
catalyst supperts were l/#éin, Alunduﬁ‘balls. Two.ironacénstantan
thermocouples were used tq .check reactor temperatures. One thermocouple
was located in the middle of the pfeheat.section and the other was
lecated in the middle of the catalyst bed.

Reactor B=M: This reactor was made from a 30s~in. length of nominal

1=in, 0D, seamless, Type 18«8 stainless steel pipe. For easy access 1t
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was equipped with 2 Vogt 6000 1lb. flanged union-at.each end. The reactar
was caovered with a layer of aébest@s tape and then wrapped with three
55Hff, nichrome heatiﬁgjcgilsj Over these coils was placéd a presformed
section of 85 percent magnesia insulation, A length of 5/%2=in. OD stains
less steel tubing was utilized as a pyod by brazing shut the end extending
inte the reactor and by placing an Ermefe tubing unlon at the tep of the
reactor.  Three irgn=~constantan theercouples'were used to check the rew
actor temperature. One thermocouple was located at the top of the
catalyst bed, one was lgcated dn bhe middle of the catalyst bed, and one
was bhrazed ﬁo'the outslde of thé reactor wall at 2 position which would
correspond to the bottom of the catalyst bed. The oafalyst was packed
in the reactor so that the end of the pyod weuld extend enly halfwway
. through the catalyst beds The catalyst supperts used were 1L/lsin,
Alundum balls or 1/8#in, Alundum pellets, depending upon the size.gf
the catalyst emploeyed.

Rea?tpr BusDel This reactor was similar.ta réaotar B=M exocep?t
for the positioning of the pyod and the thermpcouples. The pyod was
allowed %o extend completely fthrough the catalyst bed.and~an additienal

. thermecouple was added. One thermecouple was placed at fhe top of the
catalyst bed, one was placed one=third of the way down from the top of
the catalyst bed, one was brazed to the outside .of the reactor wall about
twomthirds of the way desm from the fop of the catalyst bedy and one was

located at the bottom of the catalyst hed.
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Reactor B=D=2: This reactor is-also similar to reactor B«M
except for the heating coils and the location of the thermocouples. The
top, middle, .and battom coils consisted of 27.0y 30.9; and 29.3 feet .of
0.402 ohm electrically~insulated nichrome wire, respectively. Then, 1.0
feet .of 0,402 ohm nichrome wire was wrapped over the upper half of the
top or preheat .coil., A 700;watt bulb was placed in series with the overs
1aid coil to. enable more sensitive femperature control with the variac,

. The preheab .colls were covered with a heévy layer of magnesla insulation,
but the coils over the catalystlbed were c¢overed with only.a light layer
of insulation. A remevable insulation jacket was consfructed for use
over the catalyst=bed section if needed. Again, catalyst was packed in
the reactor so that the pyod would extend only to the bottom pf-the
catalyst bed but the fhermdcouples Were positioneq in the pyod se that
there would be pne in the middle of the preheat seétdon, one at the top
of the catalyst bed, and one at the bottem of the catalyst bed. A fourth
thermocouple was brazed to the skin of the reactor at -2hout the middle of
‘the catalyst bed.

Reacteor BsD=3: This‘react@r was ldentical te reactor Bw=D=2
except that within the preheat section was tulsted & 3=ft. coil of 1/8=in,
stainless steel tubing. A perforated stainless stéeel disc was used
abeve the cafalyst hed and the.preheat section was packed with stainless

steel Fenske rings.
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‘Reactor BsD«lt:  This reactor was like reactor B=D=2, except a
6=£t. length of 1/8=in, stainless steel '.G'llbing was cailled and twisbed
into the preheat sectlon. A perferated stainless steel disc was set at
the top of the. catalyst hed and the preheat section was packed with 1/Wwmin.
Alundum halls.

.Reactor B=Dx=5: .Thils reactor was identileal te reacfor B=D=2 excepb
the 5/32#iﬁ4 OD pyod was replaced with a 3/16=in, OD pyed to allew the use
of four thermocouples within the reactor.. Thermocouples were.stitiqned
in the pyod so that there would be one in the middle of the ﬁreheat‘Seca
bilon and one at the top, one at the middle, and one af the bottom of the
catalyst bed.

.The other equipment used on the unit is described in debail in
the appendix, see Table XI. In brief, some 0f the items of which it
cénsisted are an oil=feed reservelr and a 5&éallon‘oilﬁstgrage regervolr,
a Hills=McCanna highﬁpréssure proportioning pump, a water condenser,
Jerguson sight glasses, a Mason=Nellan pressure contrel valve and a
Fisher=Wizard pressure conbtroller, Brooks rotameters, Powerstats, a
Pesco gear pump, pressure gauges, & Leeds and Nerthrup temperature indis

cator, a wet test meter, ftubing, and valves.
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III MATERIALS, METHODS, AND ANALYSES

Ag ;Materia;s 

Gharge,étgcks: .The charge .sbocks wWere supplied by the United
States Bureau .of Mines dempnstratigh plant.at.Riflé; Colerade,.and cons
sisted of nominal 650°F, A.P. coker distillate, T50°F. E.P. coker

distillate, 850°F, E,P. coker distillate, and full-range gas~combustion

.crude shale eil, The coker distillabes were prépared from a gasscombuss

tion ¢rude by a recycle delayed caoking operatien. .Table I i1s a babulation
of soiie 0f the laboratory data for these charge shocks.
Hydrotreating gas: The 100 percent hydrogen was supplied by the

Wihitmere Oxygen Cempény.gf.Salt,Laké Ciby s Ubah, The miXéd.ga$ and the

.commercial grade meéthane iere supplied.by the Matheson Company of

J@liety'lllihQisﬁ

Catalysts: The catalysts were.thained_ijm the:Harshaﬁ Chemical
Company , Peter Spence and Sons, Ltd.y and the Eésp\ReSeafch,and Engineers
ing Compahy} or were prepared in the laboratery aE'Montana‘Staté Callege.
Table VII is a tabulation of the varipus catalysts used for the studies
described_in this papers

Catalyst supports: -The.catalyét'Supports were 1/U=in, Alunduin
épheres br 1/8min. Alundum pellets thained ffbﬁiEhe‘Nortﬁn.AbraSiVe

Company .
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B. Methods
'Sthtgup: The reactor was charged by invérting the reactor tube

and placing 1t in‘'a wall support. Alundum balls or pellets for.catalyst

.support were poured slowly into the tube and the reactor was tapped gently

eVery little while with a hammer so‘thgt the catalyst support would paqk'
evehly&. After suffiéiént‘cétalyst‘suppoft_had been added to allow room
for the catalyst bed,atfitslpfOpgr position in the reastor, the correct
weight of catgly?t wag poured in slowly. The remaining space was filled
with.catalyst,Suﬂport,aﬁd a,stainless steel SCfeén was pressed in the
union to hold the fegctef contents in position. The reactor was then
connécted at,its.pFOper.lobation in the unit. Powerstaé.cords; gas and
bil feed lines, thgrmbcoﬁple‘leads,'and the prodict recelver ﬁere,cona
nected. PFinally, the unit was readied for a run by‘evacuatioh, pféssurﬁ
izing, and heating of thé_reactor to the desired operating temperature.
Hydrotreating gas was allowed to flow through the‘readtor whilé it waé
warmingIUp, ‘ |

Operatien: After the catalystebed temperature had remained at

-operating temperature for approximately an hour, the feed pump was started.

.By adjusting the stroke of the piston in the feed pump,.the space veloes

ity was set at the degired,value as measured by the volumetric oil feed -

rate. Temperatures were iined out as quickly as possible and the preduct

.was continuously belng drained into the sample receiver. . Temperature

- readings , pressﬁre_readings, and rotameter readings were chécked every

fifteen minutes during the initial pertion of the run, and were recorded
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eVer§ half hour for the remainder of the rﬁn& When the pressure in the:
gaSv«feed cylinder had drepped to within about 100 pounds of the operatmg
pressure, storage=éylinder gas was recompressed in the feed ¢ylinder or a
new, full tank of feed gas was cénnected to thé.system, Holecek (20) rews
ported the exaet procedure used for gas make=up ien the hydrotreating
gas was récycled and sufficiefit hydrogen was ingrqauéed into the‘system
to keep thé cémposition of the in=going gas éonstaht;

-Duriﬁg.a.rUn} the weight of charge o1l added and the weight of{‘ 
_gample recovered werée recorded so that apprbiimate,yields could'bé.detéfa.
ninéd. Samples were taken at fifteehaminute'intervals, half=hour inters
vals, hour intérvals, or oVersionger intérvals , deépending updn thé Objéctﬁ-
ive of the fuh;' At all times, sufficiént'efflﬁént oil Was"élLOWéd,to
remain in the Jerguson to form a liquld seal and thus prevent loss of
pressiure in the féactof. A1) of the samples .wWére séored in giass‘samplé
bottles for further analysis. The effluent gases passed through a caustic
Scrubbiﬁg train to remove the hydrogen sulfide. During some of fhe NS 4
a wet test meter was connected to the4énd'of the_scrubbingﬁtfain to metef
the effluent gases. When i1t was desirous to know the.composition of thé
hydrotfeéting_gas,-a,éample.line was purged and gas-wds ¢ollééted iti an
eight=liter glass botfle by thé displacement .of wWater,

shutadown;_.wé shut down the @it either because of somé mechanical
\failufe, because of céking and:ch§equen£ plugging of the‘feactOf,.Qr bes
.cauge .sufficient data had been ceilected at a given set of ¢onditions, it

Was -necedsary to switch off the oilsféeed pump and the Powerstats. Then
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the sampling valve and the‘oilefeed line valve were»closed— - However, the
hydrotreating gas was allowed . to flow through the reactor until the e
actor tenperdture dropped ta at least 200°F. Before the reactor was tern
dOWn and .dufiped, it was necessary to vent the gas .in the reactor. ThiS‘
was aocomplished by. shuttlng off the air supply to the préssure regulator

valve and bleeding,the lines leading to the beckepressure valVea

C. Aralyses.

The gas safiples in the elghtéliter bottles were analysed in & Lows

- tefiperatire nicromstill coeled with.liquid,niﬁrogen and oOhhéCﬁed to a

Micromax .autématic temperature‘recorﬁer. By this method the commpositien,
the voliiné of hydrogen, methane, ethane, and prOpane in the gasg sample
¢otild be accurately determined.

: The~API:graVities were determined by'usihg:a Westphal balance to

obtain the specific gravity of ‘the oil sample and then by using the cons '

version equation, °API .= (141.5/sp.gr.)=13L.5.
The weight percent nitrogen in a sample was determined. by the Boyd
Guthrie modification (29) of'the Kjeldahl method., This method; designed .

specifically for shale oil and its fractions, utilizés a mercury cataiyst;

'a,cafalyst which has beeh found to be eXCeptiQhally effective (28): ALl

samples were water-washed first te remove free nitregen and then dried
with .calecium chloride.
- fThe welght percent sulfur in a sample was debermined by the lanipw -

gravimetric methods; DY0=50T, eutlined in the ASTM manual (1). All samples
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Were .caustic washed to remgve:_free‘ hydrogen sulfide énd then ﬁaterﬁwashe.d
and dried, |
The few_,dist‘ii_latiohs run were carried out according 6 the ASTM

distillation procedure, DBG-54, (1)
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IV . THERMODYNAMIC STUDY

Some consideration was also given to the thermodynamics Qf‘bossible

reactions involved in the hydrotreating of shale oil. The following

(1)

(2)

_ points were studied:

Thé .determination of the equilibrium constants

and actlvity coeffieilents for several reactions.,

~

.assuming various nitrogen=containing compounds

Wwere present,

The.é@mparisgn of the conversion of a Sulfure

.conbaining'compound_like thiephene with a

nitrogen~containing compound like pyrrole .at -
different pressures. (Twé sets of conditions,.
oney atmosphere pressure and 25°C., and 70
atmospheres;pressﬁre and 440°C,, were gseda)

The thermodynamic calculations for the re=

action -of a cobalt molybdate catalyst with thio-

phene af the start of a run.

Since the thermodynamic data.available for most of the compounds

studied was very. limited, several éstimations had to be made. .Table II

gives the values of Hf29é and 8°, ., Tor the various compounds used in

298

the calculati@ﬂs-and-Table ITT 1ists the'critical constants. Several

nethods of estimation were used when possible in order to obtain checks

on the values obtained; then, the value which was arrived at by the

r




seemingly most feliablg‘method was used in the balculations, .Because of

the difficulty of estimation, only a limited number of nitrogen~centaining

- eyclic.compounds were.considered.

-Below .are listed the methods of esfimation used; and.in-Table'V
are given examples of each ef these_methodsf
(l) Entropies and heats of formation calculated by
assuming‘tﬁe additien of a methyl gréup will
have the same .effect on these therm@dynamic‘
properties of compounds Of similarxsfructure (&).
(2) Enfr@py values calcglatéd-by using a given entropy
value for the change of a singlg bond.£§-a_dguble
bond (40). . | |
(3) Entropy values calculated by considering the .changes
in molal éntropy acoompanyiné the substitution of
an NHp group ffor:ari N3(39) . |
) iLiqﬁidzehtropies converted to.vaﬁor entropies by
a general equation relating the two entropies (15).
(5) Heats of formation calculated with the aid eof
heats .of combustlon values (30), |
. The values of the critical constants which were not,found in the
literature were eStimated by the Meissner and Redding method of
parachors (35).
The following list of reactions are those .reactlons which were

-eonsidered thermodynamically. The equilibrium constbants calculated for
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these reactions .are tabulated in Table IV,
(1) 04H5N(g + 4Ly (g) > naCyH, (g) + NH5 (g)
(2) 04H9N(g) + 2H, (g) > naCuHié(g) + N5 (g)
+(3)  CsHyN (g) + 5Hy(g) = Cslig(g) + 2NH;(g)
(4) C§H6N2(g) + HH, (g) = CBHgﬁg).+-2NH%(g)

(5) C5H5N(g) + 5H, (g) C5H12(g) +4NH3(g)

(6) Gyl N(g) + 2+1/2H,(g) > Ol (g) +-N33(8)

(7) CHCBN(E) + 5y (g}~ Cghyy (8) + s (e)

{(8)  OHNH, (g) + 5H, () > CgHyy(g) + Hs(g)

(9) CLLI.{LLS(%) + L{'Ha(g)f”"" nﬁcuﬂlo.(-g;) +-'H25(:g)

To. summarizé-ﬁhe.resulbslgf this portion of the study, it may he said”
that all of the reactions for the hydregenatioen of hetéfoaycliéS;which
were checked were faverable except for fthe reactioﬁiinVleing pyrrolidine.
Alﬁhough the eguilibrium eonstant,fer:the reaction of pyrrolidine with
hydrogen te form ammoriia as the nitrpgen~containing product improves
Eoﬁsiderably with.increased temperature, it is still 10“;5‘at uo°c,

. From the calculations of the.Kle; see.Tah;é IV, it waé.showp that
pressure favors the twe reactions considered. Fo} these reactlens, when
IE‘--"s.j.-.;‘x/g‘e:n’e greater than 108, the conversion was greater than 99 percent,

the'KN
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éyen.atl70 atﬁospheres pressure,

. To check the possibility of the catalyst forming sulfides and then
géing‘baék and forth befween these éulfides,as hydrogen sulfide is res
iéased#.é seriés of reécti@ns‘were tested thermodynamically, .The catalyst
-studied Was_éobalt.mélybdate because this éatalyst haa_begn found te be
the most effiéient,for both sulfur and nitrogen removal from shale oils
and because considerable data are gvaildble on the oxides and.sulfidés ef
cobalt moelyhdates .The cOmpositiOn,Qf the catalyst was éésumed t0. be
similar te that of a Péter Spence daﬂalyst given in Table VII. Beloﬁ is
given a list .of the reactions postulated and the values of the equilibrium

congtants for each Pésction at two températures.

(1) OyH,S(g) + 3H,(g) + Co(s)=> n=C,H (&) + CoS(s)

. 39
Keq298 =1

) : 6
; K = 2,95x10

.',9’4-)(10 eq713

(2) 2Co8(s) + CyHyS(g) +~3£2(g)'*\n*04ﬁ10(g)‘+-09283(s)

K = 5.16x1027; K = 1.38x10"0
ed298 ed713 . .

(3] Cop85(s) + iy (g) ~ 2C0S(s) + Hp3(g)

0.724; K = 135

Fedpgg °4713

(4) 20,H,8(g) + 6Hy(g) + Mo(s) — 2n&CyH,4(g) + MoS,(s)

88 g 15
Keq298 6.31x10 Keq7l3 56 90%xL




(5) MoS,(s) + CyHyS(g) + 3H,(B) - n«CyH;q(g) + MoSs(s)

= 1@78x10274 177

(g) = MoS, (s) +.E,8 (g)

(6) Mos,(s) +_32<

3

K = >',58- 3’ K-
- 2.82x107; |

KeCJ,298 = Ll'n”"?XlO 3 Keq'?la = lnl2XlO

(8) MoSy(s) + Hp(g) - MoSz(s) + H,S5(g)

K = 0,106; K_. = 6%,1
ed598 edr s~ &

‘These calculations indicate that 1t is possible for thé higher
sulfides to form for bheth ecobalt and molybdenum. It also appgars'very
pessible for the higher sulfides o go to the lQWer.sulfidesuéccompanied

by the release of hydregen sulfide gas.
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V'’ DISCUSSION AND EXPERIMENTAL RESULTS

A. -General Considerations

Following the .completion of the.construckion of ‘the shale pil hydros
treating unit, & fewushakeydoWh-runé were nade to .check the system for gas
and oil leaks, for faulty electrical connections, . for 'p:“r;es's,ure',c,.@rrcrto;l,,;<
fpf.cgﬁtr@lfef‘feed,ratesﬂ.and.fgr'geﬁeral simopthhess of operation, Theﬁ

a.féw:funs.of.ab@ut 100 heurs each were tade te determine what‘apprpx@§.

' mately would be the optimum operating conditions.

The operating epndiltions used in this sbudy varied over the follom«

“ing ranged: catalﬁstﬁbed temperature == 385°C. to 496°C¢, (725°F, te 925°F.);

reactor preéssure s 200 psig to 1200 psig; hydf@treating_gaé_flpw,nate;ﬂy
2000 SCF/bbl to 7500 SCF/bbl; hydrotreating gas composition ww 30 percent
hydrogen and 70 percent methane to L00 percent hydrpgen;'space,velocityﬂ&
O;l g/g hr to‘é.ohg/g hr; and grams of céatalyst = 50 grams ﬁQ 300 grams;
Ir -Table.IX areltabulated the specific Qpenéting,canditions‘for_mqstkqf
the runs made with the unit. Also included in this table are the preduct
dgta;_yields based.on welght of oil chargedy results of graVimetric:sulﬁ
fﬁr‘analyses,fand results Qf‘Kjeidahl nitr@genzanalysés. |

The four charge stocks ‘used and the weight percent sulfur .and
nitrogen which they contained are as_f@ilpwé:éSOdFj E.P. coker distillate
{0.63 ﬁercent.suifur, 1,65 percent nitregen), 750°F. E.P. coker distilw
late (O,61_perCent sulfur, lj90_percent nibrggen)#‘850°F,'EmPi;Cler

distillate (0.63 .percent.sulfur, 1.95 percent nitregen), and gass~
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ccombustion crude shale oil (0.77 percent sulfur, 2,67 percent nitrogen).
The first two run series wére made using an 850°F, E.P. coker

distillate, 100 grams of Unilon oll cobalp molybdate catalyst (see Table
VII), a shallow catalyst bed ( 1=1/2 inches in depth), catalystsbed
temperatures ranging from 725°F. to 925°F., reactor pre$Sures:0fT590.and
.lOOO psig, a space veloeity of 1.0 g/g hr., a gas feed rate of 7500
SCF/bbl, and a feed gas composition of 65 percent hydrogen, 35 percent
methane. . This Series demonstrgted that 1000 p&ig reactor pressure was
more .conducive to both nitrogen and sulfur removal than 500 psig. Runs
3 and 8lshow,that by increasing the reabtor pressure to 1000 psig,. suls
fur conversion at 825°F. was increased from 34.2 percent to Tl.5 pércent
and nitrogen conversion was increased from 13.8 percent.tol§3;u percent.,
These runs alse indicated.that the .denitrogenation and desulfurization
properties of the:cata;yst‘decrease,as the deactivation increaseé. .The
activity level of the catalyst varied the most at 925°F. when a rapid
deactivation -did occury perhaps dte to inereased carbon lay=down on the
catalyst. Runs 9 and 10 show that at 925°F., nitrogeﬁ chférSion was
15.8 percent after 16 hours on stream at that temperature, and was drop~
ping, wheréés at 875°F,., nitrogen conversion was 48.7 éercent after 16
hours On stream andlwas remaining féi;ly constant, Other runs alse show
this steédy increase.in hitrogen conversion at 925°F. but to a lessef
degree. -At this time in the study, 875°F., seemed to be fhe optimum

operating temperature.
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During the course of the runs to determine the effects of the

operating variables like temperature, pressure, space velocify, gas feéed
ratey and recycle gas composition; several problems arose, One of these
problems was the operation with a gas=combustion crude .shale oil. Run 72
of U8B hours duration; and Run T4 of 300 hours dufatibn‘were both made 'at
825°F, with a Harshaw cobalt molybdate e2tl¥sh with 1000 psig reacter
pressure, with a feeéd gas compositioh af 100 percent hydregen; and with

a space velocity varying from about. 0.l to 0.5.g/g hr. Run 72 was madé
with a recycle gas .rate of 7500 8CF/bbl, whereas Run T4 was made with &
recycle gas rate of 2500 SCF/bbl. Both runs indicated that after aboub
15,000 grams 6f charge oll had passed into the réactor, the prelheat gecw
tion of the .reactor became plugged solid with .coke. One might .conclude
from this that a cokér distillate of indefinite characteristics was being
formed in the preheat sectioen. bne method of preventing this coking in
the ﬁreheat.Section might be to devise a preheater with .a very low |
_resideﬁce time for the crude oil.. Howgver}‘all the runs both prior te
Run 72 and following Run 78 were made ﬁsingycoker distillate as the
.chérge,stock.

Several ASTM distillations were carriled out an the effluent.niisj

Table VI gilves the resulbs of these distillations. Those ASTM disbils
lations performed on product oil from g series of runs made with the
only variable being the mbl pércent hydrogen in the recycle gas showed
that.there,éeems b0 be no correlation between the hydrogeh content Qf‘bhé

recycle gas and the beolling range of the product. Although the mel percent
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hydrogen in the recycle gas varied from 40 ta 100 percent, U5 to 50 volume
percent of each of the‘pngdﬁots obtalned was in the:gasolihe.bgiling range
(below H00°F.). Furthermere, the distillatign end peints, around 630°F. ,
were nearly the .same for every product. The ASTM distillations perfermed
on product ¢oll frem runs made with four diffefént.qatalysts} pallédium
promoted molybdenum‘gxide} Indivm premoted mglybgenum oxlde, Peter Spence
5/52" cobalt molybdate pellets, and Harshaw 1/8" ;Qbalt.molybdate pellets,
at 8?5°F, using 650°F, E.P. ceker distillatey showed that the palladium
catalyst and the,Peter‘Spenoe'catalyst gave highe; percentages of material,
60 to 62 percent, in the gasoline range thén the other two catalysts ﬁﬁed?
These éwa catalysts, the indium catalyst and the Harshaw catalyst, gave
only 48 to 53 percent in the gasoline range,

One run, Run 107, wes performed with regenerated 1/8" Peter Spehce

.cobalt molybdate ecatalyst at 825°F., 1000 psigy and 7500 SCF/bhly wibh a

feed gas composition of 100 percent hydrogen and a space veloclty of-1.0
g/g hr.. The value for the nitrogen content of the product oil after

equilibrium had beén repched was about the same as the value for a simis

/lar preduet from a run, Run 104, using fresh catalyst, namely, 0.57 weight

percent nitrogenml '

An attempt was made to detérmine the requiréd linesout time, the
time required for equilibrium to be reached. Equilibrium was censidered
to have been obtained when nitrogen conversion values for samples of
effluent 01l fluctuated -about some constant.value and showed no definite

upward or downward trend. The nitrogen analyses bablulated in Table IX
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for the effluent 0il from Run 41 ihdiéate.that about 12 hours of operation

are required to reach .equilibrium, This bime was about .12 heurs.either -

 when -§tarting pp.with,fresh-caﬁaiyst or wheh changing‘gas.coﬁposition

within a run, All variations,following this timé and up to at least 200

hHours on stream were attributed to fluctuations in operating conditiens

.and.slight‘catalyst deactivation, In'later ruﬁs, Ruiis . 100 to 142, hoim

evér, the nitrogen value used to compsabe the results of various operabing

conditions and .catalysts was an average value for the period between 6

_and 8 nhours of operation. By this time, excessive .cycling of the valiles

for the nitrogen content of the effluent o1l had ceased in nearly all

As far as duplicatlon of results is concerned, Figure 2 shows that
with reactor BM, reproducibility was good. Three successive runs were
fade , .Runs. loo}.loi; and 102, all three of whiéh gave a series of valies
for the percent_nitrogen conversion ihich fell on the same line: These

three runs were edch .carried out with a 750°F. E.P. coker distillate

.charge stock and ﬁith_loo grams of Peter Spence 5/32" cobalt .molybdate

catalyst pellets in the l»in, OD reasctor (reactor BaM) so the.catalyste

bed depth was about.l0 inches. The operating .conditions were 825°F.,. LO0O

psig,. 1.0 g/g hr. space velocity, 7500 SCF/bbl gas feed rate, and 100 pers

_eént hydrogen feed gas composition, - The nitrogeh conversion value after

6 hours. en streail was about 0.42 percents
 ExceSsive charmeling was believed to be the major cause of railure bo.

get goodrreprodueibility when. a shallow catélyst bed, one less than ial/2
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_incﬁeé in‘dépth, was used. .The chanﬁeling was thbﬁght-félbeﬂdue parfiu
ally to.catalyginéfientéfibn1(§oéitibn acquiréa-by bhe.catai&st péellets
:in”théibataiyst_béd as a result.of pouring the catalyst into.théffééétor),:
partially to the catalystﬁpéliet/s1zé,‘ghd"partialiy téithé'éxféhﬁioﬁﬂéh
the thermowell all thé way through the :ééﬁé_‘ly?sft beas T

A fréctiOnatiqn was'fun oh an effluent il obtaiﬁgd f}om'the{hydrﬁw~-
treatihg;of'a 650°F:'E;P. coker distillate in order to'obtain'cﬁﬁghbf»;“‘
30 4 30};20; and 20 velume péréent} Thgn niffogeﬂ:aﬂalﬁSessWéféa%hhiéh
‘these cuts éﬁd-a ﬁifrogén profilé‘wééidraWn; séé.ﬁiéﬁﬁehé. KTHéjﬁufbﬁégq
:of‘this,ffactionétion ﬁas to determine Whereihlfhe ﬁajofity‘of.fhé
nitrogen~bearing compounds lie, for 1t might be‘feasiblg to produce 2
Low=nitrogen ggsoiine,from a shale oil coker distillate by.hydrotréatéﬁg
only,a‘fréction of théﬂcokér'aistillate@ Figute 3 shows that %hé?BO;:BO}
ng,and ZOEVblume percent cu%é chﬁained.réépéctivély, Q}OZO},O:105;L;
.0,267,.and'0.356‘Weight'pefcent nitrbgeh@ .Therefore if.is evident that
the bulk of the nitrogen is in the hiéh_molecﬁlar.weight pprtiph of the

0ils.

.Be Effects of Process Varlables

| Tempefature; ‘OptimUm Qataiystabed operaping.temperature,fOp;thqw
desulfurization andidenitrogenation of shale .0il cgker_distillat§5'wasv
,the‘first.variable.studied_ Sulfur analyses show that with tWo_of the
catalysté_tésted,,UniQn 0ilis cobalt molybdate.and the indium promoted

‘molybdenum;oxide& the point of maximum sulfur conversion (77.8 peﬁceﬁt)ﬁf
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was a} about 875°F., see Figure 5. Two other catalysts, palladium pro-
mgted molybdenum oxide and 5/16" Peter Spence cobalt molybdate pellets, -
showed a continued excellent sulfur conversion (95.6 percent) up to a%
least 925°F.; heowever, the product yileld at this high temperature was lowy
69 to 76 percent,.see Tahle IX. The charge stock for these runs was
éither 650 or 850°F, E.P. coker distillate and the.cher operating cendim
tions were 500 or.lOOO‘psig, 1.0 g/g hr. space veloclty, 7500 SCF/ﬁbl
gas feed rate,.and 65 percent hydrogen=35 percent methane feed gas
compositioen.,

In general, product yields vary invérsely with the operating
tempgrature and directly with the épaoe velecity. For example, Runs
12~16 (made with 100 grams of indium premoted molybdenum oxlde catalyét
and 650°F. E.P. coker distillate charge stock at 1000 psig, a space velos
.eity of 1.0 g/g hr.,.a gas féed rate of 7500 SCF/bbl, .and a feed-gés
composed of 65 percent hydrogen and 35 percent methane) shew that as the
reactor temperature increases from 725 te 925°ﬁ_, product yilelds drop
from 99 teo 71 welght percent. _Runé 5¢.and 51 (made with.lOO grams. ef
Harshaw 1/16" cdbaltwmglybdate pellets and 650°F, E.P, coker distillate
charge stock af.825°F~,.1000 psigy a gas feed rate of 7500 SCF/bbi, and
~ a feed gas composition of 100 percent hydrogen) show that when the .space
velocity ‘is increased from 0.25 to.1.0 g/g hr., product yield increases
from 82 to 91 weighb percent. The nitregen analyses for Runs 1xl6 .indis
cate that the efficiency of nifrbgen.removal increases with temperature

up to at least .825°F, Run 12 at 725°F. gave -a niftrogen conversion of 30.8
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percent, whereas Run 14 at 825°F. gave a nitrogen conversion of 48,7
.percent. .These;results.a?e.shown graphically in Figures 4A and 4B.
.Runs 57, 60, and 63 (made with.100 grams of Harshaw 1/16" cobalt
melybdate pellets and 750°F. E.P. coker distillate.charge stock at
1000 psig, a .space .velpcity varying from 0.25 to:1.0 g/g hr.,.a gas
feed rate of 7500 SCF/bbl, and a feed gas composition of 100 percent
hydregen) show that the minimum Weight percent nitrogen in the effluent
01l is 0.32 percent and eceurs at an operating temperature of about
835°F. .Runs 22#31 (made with Peter Spence 5/32" cobalt molybdate
catalyst pellets of Harehaw‘l/S" copalt .molybdate pellets and 650°F, .E.P.
coker distillate at 1000 psig, a space .velocity of 1.0 g/g hr.y.a gas
feed rate of 7500 SCF/hbly.and a feed gas composition of 65 percent
hydrogen and ‘35 percent methane) indicate that .at these conditions de=
nitrogenation is best at .875°F., but that preoduct. ylelds are only about
82 percent at 875°F compared to about 92 percent at 825°F. A value for
the nitrogen content of the effluent oil of about. 0.5 welght percent
nitrogen was obtained at 875° F., whereas at 825 F. a value of 0.57 welght
percent nitregen was .obtained. Therefere, 1t appears that, although the
eptimum reactor temperature will vary te some .extent nitn other operating
conditions; the .charge .stock, and the catalyst used, this optimum tempera~
ture is between 825°F, and 875°F., see Figures UA and 4B,

Pressure: Wilthin the range .of pressures.Studied,.hetween,zoo and
1000 psig; both nitrogen endesulfur analyses. sh@webhat the higher pregs -

sures affect denitrogenatlon and desulfurization of shale 0il coker
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distillate,advantageously, .Figure 7 shows that fpr Runs 112, 133, and 146
~ (made using 50 grams of Peter Spence 1/8” cobalt molybdate catalyst pel»
.lets,_a 750 F. .E.P. coker distlllate chapge stock, 825vF.,.a,space_vel@city
of 0.5 g/g hr., a gas feed rate of 75QO.SCF/bbl} and 100 percent.hydrogen
feed gas)‘inqreaslng the reactgr pressure,from 200 to .1000 psig lncreased .
the(nitnpgen.cenversien.fr@n,BémS percent to.85.5 percent;‘and.ﬁiéure 6
shows that ,for Runs '3 andv 8 (made using ;1-o'o grams of Union '..0,11'3_/16-" ed=
“balt molybdate.catalyst pellets, inv8Sb°F. E.P. coker distillate,charge
| stock, 825°F., alspace_velocity of,l;O.g/grhrh, a. gas feed ?ate_of]75oo'
SCF/bbl,.and a 65 percent hyergen~§5 ﬁercent,methane_feea ;asj-incfeasing
‘the reactor pressure,fnam 500 te'lOdO psig.increased'the sulfuf_convefsi@n
from'BM 2 percent to Tl.5 percent ‘  Figure 7 also shows the effeet of ‘.
pressure on the welght percent nltrogen in the effluent oil as 1ndlcated
by runs at space velocitles of 1.0 and 2. O g/g hr. using a reactor oennz
talning a 5#1/2 in. deep 0®balt molybdate catalyst bed, reactor BmD-Zu
. Pressure shows the same effects on these runs as oh Runs llZ 133 and 6
just indicated, but because of the,higher space velocities used}.at-lOQO
psig the values for the.weight percent_nitrggen 1n the effluent o1l were
0479 and 1.07 for space,velacities of l,d and.ZlOé.respectivelyt' A% -200
psig, these,values‘wereronly ll47 andﬂl.62 for-Spaee velocities-of 1,0
'andiz,ox,respectiveljj |
Space Velocity: Space,yelsclty was another variahlesaffecting .

the.denftrogenatidn of shale-oil cgker distillates and crude’shale eil

.WhiCh Wasustudied, .Figure 8_sths graph;eally'the.eaSe with ‘which twe

.
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coker dlstillates and 4 crude .shale il can be denitregenated in a narrow

.space veloclty range. It indicates that for space velocities between 0.1

and'O,B g/g ht. spéce_Velocity does exercise a stronger effect on a,heévy
charge stock like the crude.shalg 0il than it dees on a light stock like
the 650°F, E,P. eoker distillate; When the charge stock was crude shale
0oily increasing the space velocity from 0.1 to 0.3 lowered the nitrogen
conversion 24 percent; when the chargé stock was 650°F, E.P. coker distils

late, increasing fhe space velociby from 0.l to 0.3 lowered the nitrogen

conversion only 2 percent, Early coking in the preheét,Sectionvof the

reactor arid the high extent to which the reactlon was exothermic, pre=

vented the obtaining of reliable .data at -space velocities abeve 0.5

g/g hr, with the crude shale oil charge stock. Figure 9 shows the re=

.lationghip between space veloclty and welght percent nitrogen in the

effluent o1l for a T50°F, E,P. coker distillate. Included in this

Figure 9 are the values for the weight percent nifrogen in the effluent
01l from Runs 130, 131, and 142 made with Peter Spence 1/8" cobalt molyw
bdate catalyst pellets and with 750°F. E.P. ceker distillate at 825°F.,
1000 psig, a gas feed rate of 7500 SCF/bbl, and a feed gas composition

af 100 perceﬁt.hydrogen. These values result in a curve whiech shows that
as the space velpcity increases from 0.5 te 2.0, the nitrogen centent of
the effiuent oil increases from 0.42 to L.14 weight percent.‘ Accompany=
ing ﬁhis increase in nifrogen is an increase in product yield of from 76

to 84 percent at 875°F., as seen in Table IX,
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Gas Feed Rate: 1In Figure 10 is shown graphically the effect of
the hydrotreating-~gas feed rate on the denitrogenation of a shale oil
coker distillate., Since previous work (32) showed that a hydrogen feed
rate §f at.least 2000 SCF/pbl was nebessary for effective removal of |
niltrogen, only hydrogen féed rates between ZOOO‘SCF/bbl,and 7500 SCF/
bbl were used during tﬁis study. The Operatingfponditions were 825°F¥;
1000 psig, a space velocity of 0.5 to 2.0 g/g hr., and a feed gas
composition of 100 percent hydrogen with a T50°F. E.P. coker distillate
charge stock and Peter Spence 1/8" cobalt molybdate_catalyst'pelletS~
The resulbs of this study showed that hydrogen feed rates within this
range do not affect denitrogenation noticeably.

Mol Percent Hydrogeh in Hydrotreating Gas: The mol percent hydro=
gen in the hydrotreating gas is anather varilable affecting both the .dew
sulfurization_and denitrogenation of shale oil coker distillate. An
analysis of the data from Runs 35«45 made with a shallew bed (1=1/2
inches deep) of Harshaw 1/8". cobalt molybdate catalyst pellets with
650°F. E.P. coker distillatbe charge stocks, and at 825°F., 1000 psig, &
space .velocity of 1.0 g/g hr., and a gas feed rate of 7506 SCF/bbl, showed
that .in the 50 to 100 mel pereent hydregen range, the amount' of sulfur in
the effluent oll varied linearly with the mol percent hydrogen in the
hydrotreating gas. A regres&ioﬁ‘eQuatiQn'for this portion of the line was

reported by Holecek (16) as S.= 0.305 H + k,

\
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where 8 = the percent .sulfur removed from
the .eharge stack .
H = the mol percent hydregen .in the
hydrotreating gasy and
k = the intercept dependent upon the
physical characteristic of the
.reaction system,

By increasing the mol percent hydregen in the recyele gas from 50 percent
te 100 percent, the sulfur conversion was increased from T4 percent to 88
pereent.
In a similar menner, a regression equatien was found for the 50
to L00 mel percent hydregen range for denitrogenation gnd this equatien
was N = 0,523 H + k4
where N =,the.percent nitregen removed from
the charge stock, .
H = the mol percent hydregen in the
hydrotreating gas, and
k'= the intercept dependent upon the

physical characteristics of the
reachion system.

. By increaéing the mol pércent hydrogen in the recycle gas from 40 percent

to 100 percent, the nitrogen .conversion was increased from 16 perecent to

48 percent. These data are plotted in Figure .11 together with datazfrom

-Runs 110%143, The data from Runs. 110=~143 (made with a deep bed (5=1/2

inches deep) of Peber Spence 1/8" cobalt melybdate catalyst pellets, with
750°F, E.?A coker distillate, and at 825°F,, 1000 psig, a space vélecity
of 0.5 to-a,O‘g/g hr,, and a gas feed rate of 7500 SCF/bhl) show the: same

trend as the data from Runs 35=45, The two sets of lines are probahly”

.as close as .can be,éxpected# consldering the wide variatien in operating

conditipns between the twe run seriles and considering that twe different
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reactor designs wWere used.

C. Batch Treatments

Two .types of hateh treatments using ﬁhe Parr bamb .reaction apparas
tus were investlgafed as a possible means of denitrogenating coker dlstils '
late. .For both treatmentsy & T50°F. E.P, coker distillate was used and
the temperature in the bpmb.was,képt=at‘842“Fu ‘In.mne ca&e,-lOQ grams pf
coker distdllabe plus 100 grams of anhydrous caustic were heated and
rocked for nine hours. This treatment.rem@fed only 12.6 pereent of the
nitrogen present in the .charge stocﬁ.

.In the second case, 100.cc of the coker distillate plus 100.cc
of tetrahydronaphthalene were_pressurized with hydrogen gas to 500 psig
and heated for four hours, This treatment removed 5.3 percent of the'
nitrogen present in the dhargg stock. Thereforey nelther of these
processes appeared promising as a method for the denitrogenation of shale

0l1l coker distillates.

D. Catalyst Study

Pwelve different catalysts were used during the .seriles of hydros
treating studles., .These catalysts werey namely, Pefer Spence .eobalt -
molybdatéy5/§2éin; pellets, large~pore cobaltAmolybdaﬁe, HF=activated
cebalt molybdatey molybdenum sulfide, platinum (Type 1000), MoOz deposited
on DA=l cracking‘catalyst;‘Oronite hydroforming eatalyst, Harshaw cobalt
.molyhdate L/l6win; pelletsy Harshaw melybdate 1/8=in. pellets;,HarShaw

molyﬁbehum oxlde l/8ﬁin, pellets promoted with indium, Harshaw melyhdenum
¥ : . ™
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pxide 1/8B=in, pellets promoted with palladium, and Unien O1Ll cobalt .melyw

bdate 3/Léwin, pellets. .The specifications of these catalysts are given

‘in-Table_Viiﬁ - As a'methgd Qf.eomparing-;he.deni@r@genatipn‘efficiehcy of
-these.catalysts‘gn shale @il cepker distillétes, the weight pereent_nitrgy_
.gen in the eff;uqnt;qil from the Peter Spence cabalyst.bgnaidered as the
"standard" was divided by thg welght percent nitregen in the effluent eil
erm‘the;catalyét.being,cpnsidered, " In all.instances,.the.catalygt beiﬁg
tested and‘theustandard catalyst were checked under the same @p@natiﬁg
'conditipns} as-neérly.as pgssible,';The ftabulation of the.efficiency

, values given in Tablé VIIIHsths.that—at b@$h sets pf-operaﬁing:cgnditiqns
(Set .No. l:.825°F,, 1000 psig, a_space_vel@citj of l;O g/g hr., a gas feed
rate of-2500 SCF/hbl, 2 feed gas composition of 100 percent hydrogen,
~%nd.750“F.-EMP@'c§ker‘distillate$ Set,N@,.z;'95o@F.,,1ooo psigy g‘spgce"

~ velocity ofilbo g/gjhrm; a gas feed rate of 4000 SCF/bbl,.a feed gag
.destitioh‘of.lQO pércentthydrpgenw,and 750°F, E.P. coker distiligte)&
the HF=activated cobalt melybdate was superior t@-éll p$her.eataiyst8iiﬁ-
_vestigated, At -one set of conditions, SetiNﬁhlz,above, used in Runs. 89.'
and 92, nitrogen conversion with the HF=activated cobalt molybdate catdm
lyst was abéut 18 perbent hétter than with the Peter Spence.l/8" cpbalt

_ m@lybdate.catalyst'pellets% the next best catalyst.

E. .Kinetic Study

Before cgmmeﬁcing on a study Le determine_if film diffusion was a

variable or ratesxcontreglling factor, three consecutive runs were made at
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identical eperating conditiens to .check the .degree of rqproducibility DO
sible .at this stage in the studies. Figure 2 is a plot;of the fraction
of nitrogen in the charge steck converted versus the hours on stream,
This figure shows fthat the reproducibility is excellent in spite of slight
variations in the operating conditions, such‘és space veloclty and temps
erature, .and in spilte éf experimental error in niltrogen analysis deter=
mlnation. Early in fthe investilgation it was found that the aceuracy of
niltrogen analyses was + 0,005 welght percent and thap the accuracy Qf SWlse
fur analyses was % 0.0l welght percent.

An examination 9f the daba fér.szt.Qf‘the runs from Run 103 on
wlll show.a chakacteristic .decrease in nitrogen conversion for the firsb
tue hours on stream, This 1s most likely due tae absorption of oil by the
catalyst. However, the only prepbable explanation for the cycling pf the
conversion curve for the remainder of the hours en stream is that nons
isothermal conditleons existed throughout the reactor during the course
of the runs. It will be noted, though, that after approximately four
hourS‘Qf:onﬁstream.time, the .cycling tends to occur at a fairly defin ite
conVersién.value_for any particular run, -This mean conversion value was
then used a; the value characteristlc of the operating conditions employed,
In Table X are listed these mean eonversion values for a majoritysof the
runs from 108 to 147,

Next, a study was performed to determine if film diffusion of a
gas flowing at a.mgderately high velocity tﬂrough 2 catalyst bed with

1/8=in. catalyst pellets in an integralstype reactor was .a contrelling
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factor in the reaction rates Figure 12 1s a plot .of the nitrogen .comnm
verslon versus the grams of catalyst in the eatalyst bed and shows that
at a constant .space velacity;,a horizontal line,is pbtained, Figure 13
is a plot of tﬁe nitregen convefsion versus the reciprocal space velpcity -
for twe different weilghts of catalyst. Both of fthese plots show that £ilm
diffusion is a ngn&rateacontrelling,step (10) 4 and that.the‘mean.cﬁc;ing
Values for the varigus runs can be used wlth a sufficient .degree of
confidence, | |

With the .data obtained from the kinetics study# four plots‘were
‘prepared« .Three of these plots, Figures 14, 15, and 16, drawn te detené
mine the rates eof the denitrogenation reactign being studled, shew Ehe
effects of catalyst hed tempefature, reactor pressure, and hydrotreating
gas hydrogen content. .. The feurth, Figure 17, is an Arrhenius plotis The
rate of chemiéal reaction may be expressed as the_ﬁass or moles of a
product, or reactant censumed in any given time. This rate 1s a funetien
of the concentrations of the components existing in fhe reaction mixturey ‘
bemperature, pressure, and any ﬁariables Whicﬁ may be assoclated with the
catalysts For experimental inveétigations, it.is highly desirable to keep
the number of factors changinglsimhltane@usly te 2 minimum. If; when the.
logarithm of the ggncentration ié‘pletted‘against>the time a stralght line
1s producedy the reaction is said feo be first order, The slope of this
straight Line times 24303 gives the specifie réaoti@nwrate constanth The
plots, Figures 14y 15, and 16, indicated that thé slowest reactilony the

rafe determining reactbign, 1s abeout first.Qr%er.'
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A-firsteorder reactlon is a reaction in which the rate is directly
proportional te the concentration of the reacting substance. Mathenmatis
cally 1t may be described zs follows:
'adCA_;‘k;l

MR 1)

at

where C; is the concentration of the
reacting mabterial A,
"k is the proportionality constant,
t is the time, and

=G :
Bew——— i3 the rate at whilch the epncentration
decreases.
Integrating thiséequatipn glves the followilhg equatien:
uln 0y = kt + constant, or

wlog © k/2 303)t 4-constant.

A
If definite limlts are uSed the following equations

a7 7 ta
. 4 = at
7/ Cu1 ¢ )
t1

m=ln CE + ill Cl k(tz=ta)

are arrived at;:

k = ?Z;tgﬁbl . og‘dgi

where Cz I8 the .concentration at time ti, and
i Gp 1s the concentration at time ta.

If "t" is defined 2s the elapsed time, if "C" is défined as the .cone
centration after anﬁ,elapsed time, and if "G " is defined as the initial

concentrationy the preceding equation may be written as follows:
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- 24303 Gg
k = 35 2 “19g 'C"(2

Thils equation may alsg be written as. sh@wn heloy:

whereuau= the,initia;.quantity Qf reacting

material Ay
the amount reacting in time ty and
the anount remaining after time b

X
aEx

o

As stated ahovey the speeifié reactipn rabe cgnstant."k" Was Obs
' tained hy multiplying the sleope 0f the straight line by 2. 303. Using
these .constants for different temperatures, an Arrhenius plet was dréwn,

see Figure 17.

. o , ‘ . #H/RT : -

The basic Arrhenius equation, k = Se » 1s obtained from the
van't HOFf equation, d(lnK)/dT = A H/RT » Which showe the variation of
the'equilibrium‘censtant.K with temperature., .at constant pressure, -Since
the folleowing relatilonships are-true%

= k/k* -

where k = the forward reaction rate constant, and
k' = the reverse reaction rate.constant, i

and
A;Hkkagﬂl"‘E»ﬂ Bt

where AH = the eversall heat Qf reaction, and
E = the activation energyy

the equation d(1lnk) /dT A H/RT ‘may be written as -
. , o 2
d.(Ink)/dT = 4 (lnk!)/dT. = E/RT # EV/RT |

For the forward regetion aloney d( Ank /dT E/RT2 - This equation Upon

ME/RT

integration gives k.= where ."s" 1s equal o, the prepprtionaiity




7temperature on shale Qil'denitregenati@n became k = 2.5 x lO

il
factor chanabteristic:Qf'the'ayetem ande;s,termeq‘the,frequenchfactgr*
E is eqﬁal‘taithe energy of activation -in cal per mole, and e”E/RT is
egqual to the fraetign éf melecules. with.energy greater than.E; :This
equation eet“in leogarithmic form is

In k = ln s = E/RT ,

.Thereforey.a straight line is obtained when the logarithm of the specific

reaction rate censtant is plattea against phe reciprocal of the abselute
temperature, |

Integrating the eqpatien d(lnk)/dT = E/RTz'hetween defieite.limits‘
gilves -

loglko/ka) =+ E _ {Iz= Tg)
2.303 R (T2 Ty )

and, when the values feor ki at gne temperature and ko ab -another tempera~
ture are picked from the Arrhenius p;LQ.‘G\}g.__Fn_gu.re,.17AE and substituted in

this equation, the sctivabion energy was found to be 14,750 cal/mol

- Substibuting this value fgr the activation energy in the Arrhenius

mn

eguatign.seb,in legarithmic form gave a value of 2,54 x 10" for the conw

stant "s".. Therefprey the Arrhenius equation shewing the influence.of
14,750/Rm
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VI SUMMARY

_The graphical method of analysis ef the pperating variables for
the denitrogenation of shalé oll coker distillates showed the fellowing:

1. Depending uppn the .catalyst usedy the minimum weilght pewrcent
nitrogen in the effluent oil was obtained at a temperature between 440°C,
and 468°C, (825°F, and 875°F;). For example, the nitrogen conversion was
69 percent at 850°F, using a 650°F, E.P, coker distillate, 5/32" feter
Spence cobalt molyhdate catalyst pellets, 1000 psigy a space Vélooiﬁy
of 1,0 g/g hr.,.a gas feed rate of 7500 SCF/bbly and & feed gaslcompo&
sltion of 65 percent hydrogen-35 percent methane. When 750°F. E.P.
coker distillate, 1/16" Harshaw cobalt molyhdate catalyst pelietsy 100
percent hydrogen feed gas, and a space velocity of 0.25 g/g hr. were
used, the nitrogen conversion was 85 percent at 825°F.

2+ Decreasing the space veloclty or increasing the reactor presw
sure, at least to 1000 psig, definitely improved denltrogenation, .For
example, be decreasing the space velocity from 1,50 g/g hr. 0 0.50
g/g hr., the nitrogen converslon for oné set of pperating conditions
(825°F, , 1000 psig, & gas feed rate of 7500 SCF/hbl, a feed gas -compo
sition of 100 percent hydrogen, L/8" Peter Spence cgbalt.mblybdate catas
lyst pelletsy and T50°F, E.P. coker distillate .charge stock) was increased
from U%.5 percent to 77,4 percent. Increaéing the reacter preésufe from
200 psilg te 1000 psig increased the nitrogen conversion frem 36.5 percent

e 8545 percent.
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Product yleld varied inve;sely with the catalyst=bed tempera=
tufe but dlrectly with the space velocity. When the feacf@r tempera~
ture was increased from 725°F. to 925°F., the product .yileld dropped frem
99 to 71 welght percent; and, when the space velocity was increased from
0,25 to 1,0 g/g hr.y the product yield increaéed from 82 to 91 welght
percent. | |

3. The gas rate, provided 1t was above consumption level or abeut
2000 SCF/bbl, did not seem to affect nitrogen removal uﬁtil it was above
.2t Least 5000 SCF/bblM Even at 7500 SCF/bbL, the nitrogen conversion
. Wag only about 5 percent bebter than it was at 5000 SCF/hbl.

41 A lower level of desulfurization and denitrogenation aceompw
gnled a decreased hydrogen content of the rec&cle gas. As the mol pers
cent hydregen in the recycle gas increased from 50 to 100 percent, the
sulfur conversion increased from T4 percent to 88 percent and the
nitrogeén conversién inereased from 21 percent to 48 percent. The.
relationship is linear and beth %he nitrogen and sulfur content of the
effluent o0ll vary in direct proportion to the hydregen centent of the
recycle gas. | |

A nitrogen profile made of cuts obtained by the fractionation of
a, hydrogenated 650°F, E.P. coker dightillate shewed that the low~bolling
materials contain almost no nitrogen, 0,02 weight pefcenti Reproducibié
;ity,of reSUl%éwperéd te be exeellent when a deep catalyst bed, one
about 5=1/2 inches deep and 1 inch acrpss, was used and when the operating

variables, particularly temperature and space velociby, were carefully
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contrplled. Thermocouple location within the pyod and sbarts=up
procedure were found to be critical factors, .alsg. Analyses of samples
taken évery 15 minutes near the beginning of several runs showed an
appafent,absorpti@n ef oil by the .catalyst and theh a cycling -of the
nitrogen convergsion values when fthese values were plotted against
the hours on Stream, .The nitrogen conversion values for a run in which
regenerated catalyst was used were essentlally the same as these for a run
at the .same conditions in which fresh catalyst was used. The Life of the
cobalt molybdate cabalyst mwas shown te be in excess of 200 hours, for
samples which were cpllected after 206 hours on stream and were analysed
contained about the samé.amQUnt of nitrogén as samples collected after
20 hours on sfream.

Batch chemical'treatments using elther hot.caustic or tebrahydrow
naphthalene in -a rocking bomb at fthe prQéessing conditlons investigated
did not,resulﬁ.in effective reﬁoval of nitrogen from a 750°F} E.P. coker
distillate, The nibrogen content .of the charge stock was decreased by
only 12.6 percent by hot caustic treatment and by only 5.3 percent by
betrahydronaphthalene treatment. |

Of the twelve .different batalysts studied in an effort to find
one which would be significantly betber than any of the ones presently
being used for the .denitrogenation of ghale oil coker distillates, only
- a laboratory preparatlon of an.HFaactivated cobalt molybdate was found
to be definitely superior. At the operating conditlons 95d°me 1000

psigy a space velocity of 1.0 g/g hr., a gas feed rate of 4000 SCF/bbl,
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and a feed gds compegition of lOO'pereent hydrbgen* and Witn a 750°F-
E. P. coker disftillate. charge steck « nitrogen conversion with the HA-
activated cobalt. m@lybdate catalyst was 89. 5 percenty whereas, for the
hext best catalysty the Peter Spence_cgbalt.molybdate catalysty the
conversion was Tl.l percent,

A short diffusion etudy performed prier to the kinetic etudy\snewed
thet film diffusion was nob & rate controlling step "_ in the reaction mechi
anism and was, therefore, a possible irariab.l,e which could he negleécted.
Several plgts Werezgede‘gf’the-log.A/(wa) vérsus time, as the.neciptgcal
8pace veloclty, and All of fthese p,lets indicat.ed that the denitirogenation
redction is,primarily prie Qf-first;éfdefi A plob of the specific reactipn
constant versus the reciprocal of the:abS@lute.temperatnre was drawn‘and
the follewing Arrhenius ejuation was obtained:

: 4, *-14,."’.50
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TABLE I
PROPERTIES. OF THE CHARGE STOCKS

Coker Distillates ™’ U .s

Charge Stock : 650°F,  T50°F, 850°F, .Urude

ENPI* Equ* E;P;* Shile Oii
Gravity,A°API gt 6@0F1‘ 35-” 25:6 : 25&4 Zl&o
Viscosity, S.U. ab 130°F., sec. 31.0 46,0 3.0 90,0+
-Carbon Residué,

Ramgbobtom, wb. percerit 0.62 0.98 0:86 1.30
Sulfur, Wb« percent 0463 0461 0.63 0,77 -
Nitrogen, Wt. percent 1.65 1.90 1.95 2.07
ASTM Distillation, °F. :

(Uorrected to 760 mm. Hg.)

. IBP 161 257 113 370
5% 253 562 295 P
10% 297 k25 385 517
20% 354 48k 475 571
30% 396 529 525 it
Log C Uz 571 570 -
50% - 46l 612 620 699 (cut
60% hg2 6l 665 pbint)
70% 522 682 710
- 80% 554 716 760 _
90% 591 42 805 (cut point)
95% 616 754
Ep 672 754
Recovery )
vols % 98 97 89 50

*Charge stock: -Gas~combustion crude shale o1l -
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. TABLE II

THERMODYNAMIC DATA

Compound - | He 508 (&) Sb298 (g)

' kcal/mol . E.U,/mol
Thiophene . | 27.8%% ' 69, 3%¥
Hydrogen ' 0.0, 31.21 (18)
n=Butane ' =29,81 (18) 4.5 (18)
Hydrogen sulfide =5.3 (5) B9.15 (18)
Pyrrole ‘ 29, 6T%% 65.,03%%
Ammonia ~11,00 (5) 46.03% (25)
Co(e) . 0,0 ) 6.8 (24)
_Cos(c) . 20,2 (19) 16,1 (24)
CozSs(c) “51,0 (19) .32.0%

Mo (c) : 0.0 6.83 (25)
MoSz(c) - #55.5 15.1 (19)
Mosz(c) , =612 (19) 15.9 (286)
Pyrrolidine =72 T5%** T0.43%
Pyrazole 165.06%%% 63.96%
Pyrazoline 104, 8 p¥¥% 66.36%
Pyridine 33.63%% . 6, 02%
Piperidine 15, 62%¥%* T1.22%
o~Picoline 27« L6%% 76.10%
Aniline 23.83% 62, 6%
Nitregen 0.0 ' 45.79 (25)
Methane _ : #17.89 (30) 44,50 (25)
Ethane , #20.24 (30) S4,85 (47)
_Propane =24,82 (30) 64,70 (18)
n=Pentane , =35.00 (47) 83.40 (47)
nyHexané' X | T =39.96 (47) ' 92.83 (47)

.¥Estimated valuess
- ¥¥Values obtained from Chemical Abstracts.
- ¥¥¥Values calculated from heafs of .combustion,
the values for which were obtained from
~ Lange (30) or Hodgman (19).
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TABLE TIIT

CRITICAL. CONSTANTS

Compound T, (°K) . P, (atm)
. Thiophene 590 48
Hydrogen 33.1 : 12.8
n<Butane 426 : 36
Hydrogen sulfide 373.M . 88.9
Pyrrole 63 6% B Y
Ammenia 4o5.4 11L.5
Pyrrolidine 575% 18 Lx
Pyrazele TL6* ' 73.8%
Pyrazoline 65L* 69..0%
Pyridine 617 . 6040
Piperidine . 600% 32.,8%
OxPiceline 641 43,0%
Aniline - 699 | 52,4
Nitréogen 125.9 335
Methané 190.5 45,8
Ethane 305,41 48,8
Phopane 368.6 b3
n=Pentane 470.2 330

n~Hex#ne 507.8 29.5

*Values calculated by Melssmer and Redding
method .of parachors (35)a

_The remainder of the values were obtained
© from Perry (42). '




" Compound
. Considered

Thi@phehe
Pyrrole
Pyrroelidine

. Pyrazale

Pyrazoline
.Pyridine
‘Piperidine’

e=Pleoline

" Aniline

ZBVH398
keal/mol

~62 .90
"'““6Ox 51
© 31.9L

=211 84

=151, T4
=79.66

o #3537

#7815
=74 .82

A Sy08
E.U./mol .

=T0.49
3213

=12 .32

263,25

=34 10
%90,64

=10+39

© =93.29

#7979

TABLE IV

& P08
cgl/mol.

mlt1,910
+50 4950
© 35,580

193 4110

=101 HT70

H52g660

%52,276

=50 4350

=51 ,020

. THERMODYNAMIC DATA

'F7l§

cal/mol -

“571560
40,700

~166,840

=127 240 -

ﬁl5}060
~25,710
241,850

=17 ,820

3.98x107

. _,Keq

290°K.

2x10°

6.31x1072 1 3.16x10™
) wi
3.16x10

. lo’j'
3:16x10

38

4. 27x1023
36
Ta Ol

5@ O:I..X—.—.LO37

Keg
© T13°K.
7.593(]-.03

- 3.02x107T

10
‘ 105l

4.07x10"
7.25x10"
B, 27%107

Reaction-
‘Number

(9)

{L)
(2)
(3r

()
(5
(6)

(7
8)

i




Pressure Temp.
- aftm .

1

70
100

200

400

600 -

Pressure Temp.
%6

atm

L
10
100
200
400

600 .

oCx

25
Lo
Lo

yo

440
4o

25
T
1

Keg

7. Ghx1030

7‘59§l0“

'Eeq

2 Xl057

3,02x101%
X1

TABLE IV (continued)

- ACTIVIIY COEFFICIENTS AND Ky

GéHASCE}.*‘4H2&g)" nHC4ﬂlOQg) #lﬁaa(gﬂ

freCaiip VS foans

10.969L
0,914
0.8756
07670
045153 -
o 0.4509

C4HsN(g). + Miz(g) = n=Ciliple) + NHs(g)

XHE‘

Yr=C.oliy

.0.9691
., 0.9114.
0.8756
. 0,7670
0.5153
0.4509

Qx99i7"
0,7686 -

057660

- 05864 -

03440

042019

. YNES

0, 9914

. OaY:U“‘8 )
045115 ..

0.2612

“0.1337

09391
1.0180
0.6866

0.4710 -

0.2223
0.1048

39435N

049958

0. 7642

- 0.6810

0.2153

.0,1000 -

JHa

1:0006
0,916
1.026
1.052
L.107

1.165

1..0006

.Ow916
1,026
1.052
1.107°
1.165

- L.022
0.916 -

0778
’ 0&531

0.470

0.965

1,082

0,831
" 0.690

0327

.:KN 

- Tapaaol
2

 84x109
8.6 xk0?-
7: 8. XlOlO

% 15x1010 .
- 3utgxIott

Ky

. 2x07x1037
957x10%0
-3, GHx10t T
- 3.51x1018
4, 63x10%9
1.995x10%9

=G




e . TABLE V

(EXAMPLES .OF METHODS OF ESTIMATION USED
TO DETERMINE BNTROPIES.AND HEATS OF FORMATION.
Method L.

Example (a) Heat of Formation for o~Pilcoline

He (g) keal/mol

298
Benzene . 19.820
13.81 Difference
Pyridine 33, 63%%
Toluene 11,95 o
: ' t:> 13.81 Difference
o=Picoline 25m76*
27w 16%%

! - | 8?98 (g) - ED/mol

7 N

J Benzene B 31 .
S . ' 12.08 Difference

.Toﬁuene : T6.42

Pyridihe _ 6l 02% , .
, :>.l2¢08 Differehce

o=Picoline 76410%
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TABLE V .(continued)

. EXAMPLES OF METHODS OF ESTIMATION USED
TO DETERMINE ENTROPIES AND HEATS OF FORMATION,

Method 2.

Example (a) Entropy .of Pyrrolidine

N : N
(3 N

Pyrrole Pyrrolidihe

o - ‘;' F /i ° = ".'x.
S.298 65:03 EU/mol 8 298 70.43% EU/mol

(The c¢onversion of a single bond into a double bond
equals ~2.7ey Where e équals the number of bonds in
the moleculé. ’

$65.03 +2(2.7) = T0.45¥)

Method 3. |
Example (d) Entropy of Aniline |
o ' NHo
'/ ‘
™ -
BEhZ.ehe ' - Aniline
.8298(1) = 41,9 EU/mol | 'S298(l)'= 45,8 EU/mol
.7 (g) = 64.34 EU/mol (g) = 65.*% EU/mol

(The change in molal entropy for the substitution of
an NHs group for am-H is 0.0 for liguids, but the
change for gases is not known exactly.)
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TABLE V (cOnEinued)

EXAMTLES OF METHODS OF ESTIMATION USED
To. DETERMINE ENTROPIES AND HEATS OF F@RMATI@N

Method U,
Bxample (a) Bnbropy of Aniline

Sp08(8) = Spgg(1) * Alygg + RIn Dygg
. : 29

45.8 + 9650/298 +:1.99(2.3) log 0.3/760

ir

Ik

Method 5.
Example-(a),.Heaﬁ‘qf'formation‘for meﬁhylamine
| 00p(g) +2%1/2Hz0(g) + 1/2Nz(g) = GHsNﬂz( ).+ 2Hl/402(g

AH

. l - } o ’ . .256,51'1{..08.1
O(aia) + 0z(g) — COz{g) AH

"=0U 05 k,cal

o

2¢1/2Hp(g)- + 1#1/405(g) > 2-1/2 Hx0(g) AH = 5(«34.19) k.cal

G(dla) + 2“1/2H2(g + l/ZNeﬁé)’*‘CﬂjNHz(g)

i

AH = ~8,90 k.cal/mol

The value.feor thé heat of formation of an erganic
compound is‘equal to the sum of .the heats of formation
of the products of combustion less ‘the heat of combustlon
M‘Uw mgmﬂocmmomm,'

¥Estimated values _
**Value from Chemilcal Abstracts




Operating Conditions:
;Temperatune
Pressure
Space Velocity
- Gas Rate _
Gas Composition
Charge Stock

Catalyst
Tndium MoO
°F,
IBP 158
10% 270
50% 417
90% 563
EP 625
Recovery .98%

(leume)

Operating: Conditions
. Température . -
'Pressure
Space Velocity

Gas..Rete -
.Catalyst
Charge Stock
~ Gas Composition

100% Hs
°F.
IBP 150
10% . 228
50% 400
90% . 564
EP 630
Recovery . 9T%

(volume)

69

TABLE .VI.

ASTM DISTILLADION RESULTS

875°F.
1000 psig.
1.0 g/g hr.
7500 SCF/bbL.
65%. Ha N
650°F., E.P. coker distillate

Palladium MoO3 Peter Spence

°F; ‘ Cobalt MoOg
OF“I
130 134
89 - - - 199
346 : _ 364 .
538 548 -
623 61k
98% 97%

(Temperatures,correéted to 760 i Hg)

825°F.
1000 psig .
7500 SCF/bbl.

Harsghiw-

Cobalt MO 5

7,

- 153
228
391
566
640

8%

Harshaw .cobalt molybdate 1/8" pellets

650°F, E.P. coker distillate

60% Ha'  47% Hsh 668

_°F., °F, 7,
144 138 138
22U . 220 218
391 - 416 414
562 582 580
634 [ 62U

98% % 91%

- 83% Hz

OF‘

132
228
416
580

606

96%

40% . Ho
°F. -

148
236
412
58l
618

91%




[ Oz

TABLE VII

COMPOSITION AND IDENTIFICATION OF- CATALYSTS

Catalyst Name
and Compositilon

Cobalt molybdate
9.5% MoOz
3.0% Go0
5.0% 8105
2.0% Graphite

80.5% Alz03

" Cobalt molybdate

2.5% o0
14.0% MoO=
Graphite base

Molybdenum oxildée*
16% MoOx
79% Alz0s
5% 8103

Cobalt molybdate
CoMoO g=A 1 =0
Large pore

Cobalt molybdate

2.5% Co0
14.,.0% MoO=

Cobalt molybdate
" Qronite hydroforming
cabalyst

HF-dctivated cobalt.
.molyhdate

Platinum (Type 1000)

Identification
Code

Co=Mom0201=T=1/8"
Co=Mo=0201=Tx=1/16"

ComMo=0201=Tw=3/16"

Graphite~type.pellets
5/32" diameter

Mo=020%=T=1/8"

#2127=2

Calcined stearate-
type pellets
.1/8" diameter
R.D. 2846A
R.D. 2919

3/16" diameter
- peéllets

Catalyst
Manufacturer -

Harshaw
. Chemical Co,

Peter Spence
T & Sons,.Lbd,

Harshaw
Chemical Co.

Humble 011

and Refining Co.

Peter 8pence
and Sons, -Litd.

Union 01l Co.

. Esso Research

Esso Research

3Esso;Resear;A




e
TABLE VII (continued)
COMPOSITION -AND IDENTIFICATION OF 'CATALYSTS

' Catalyst- Name ' ' Identification Catalyst

. and Composition. Code Manufacturer
MoO= deposited on #9816 = Esso Research
DA~1 cracking . '
catalyst

86.5% DA~1
13.5% MoO

Molybdenum sulfide’ ' ) Esso Research

Zinc oxide=Mg0=MoO= #9817 Esso Research
Equimelar dry mix

*Used for the preparation of indilum and palladiUm
promoted catalysts.




TABLE VIIIL

CATALYST ACTIVITY

Catalyst Activity at Operating Condition
#1 #2

Peber Spence cobalt ' © 13100 (Standard) 1.00 (Stand=-
‘molybdate, 5/32«in. _ ard)
pellets

Largespore .cobdlt’ _ 0.7L. . 0.82
molybdate

HFwactivated cobalt 1.30 2.70
molybdate :

Molybdenum sulfide - 0.59 o =

Platinum (Type 1000) 0,59 0.51

MoOs deposited on DA~L 0.50 0:.37
cracking catalyst

Oronite hydroforming 0. 66 0,75
catalys’t

Harshaw. cobalt molybdate ' 0.78% -
1/16«1r. pellets

Harshaw cobalt molybdate 0.70% - - 0.59%
1/8~1in. pellets '

Harshaw molybdenum oxide 0.36% 0,49%
1/8=in. pellets promoted :
with.indium

Harshaw molybdenum oxide 0.70% 1,00%

1/8-in. pellets promoted
with palladium

Tnion 01l cobalt ' 0.43¥ 0.33%
molybdate 3/16=in, pellets




TABLE VIII (continued)

CApATYST ACTIVITY
Operating Variable

Catalyst=bed temperature,.°C.

Reéactor pressure, psig

Space velocity, g/g hr.

Gas rate, SOF/bbl.

Gas composition, .% Hg .

Charge stock, T750°F. E.P. coker distillate

100

*31ight variatlen frem standard.epéerating conditilons

existed, so values were corrected.

Condition
#1 #2
uho 510
1000 1000
1.0 1.0
2500 1000
100




TABLE IX =- OPERATING CONDITIONS AND PRODUCT DATA

(s}

ot et i g b SR SRS I S L Dt T

Sample Time on Temperature - Reactor “Yiela ithp;dﬁét Déééf .
Number . Stream (hr) Prht. (°C) Cat. (°C) . Pressure (Percent Wt. % S Wt., % N
. , (psig) of Charge)
1A 0= 8 385 386 500 o 1788
B L8-16 385 386 L , 98 0497  1.810
¢ L6l 381 385 A .- 1.820°
2 A 263k 417 413 o ~ 1,820
B 3=l 416 413 L 99 0435 1.735 .
! c 42~50 413 ©uiz "
I . ‘ ,
3 A 50~58 439 b1 v .
Vo ;! 5866 gl Ll " 95 0,417 1.683
: o 66=Tt 40 o " :
§ T 7482 468 467 = 0.390  1.772
ﬁ B 82-90 466 468 ! 92 0.402 1,800
; C "~ 9098 460 467 . : 0.505 1.897
i 5 A ' 98+~106 '496 496 - | o S 0.604 - 2.185
f B 106=-114 _ Lol 4gs ’ o 87 © 0,852 2.225
c 114=116 496 498 L , 0.796 2.245

Catalyst = Union 0il “Co. CoMo, 3/16"
Catalyst Wt. = 100 g. '

Charge Stock =~ 850°F, E.P. Coker Distillate
Reactor Number ~ H=K . _

Space Velocity =~ 1.0 g/g hr.

Gas Flow Rate (SCF/bbl) = 7500

Mol Percent Hs in Feed-Gas = 65

e e b e s iy

e

et e
B g

e 2

T

ettt e,
|




TABLE IX' == QPERﬁ?ING~CONbITIQNS AND PRODUCT DATA (continued)

Sample Time on Temperature ‘Reacter  Yield
Number Stream (hr) Prht. (°C) Cat.(°C) .Pressure  (Percent
' (psig) of 'Charge)

6 & 5010 386 - - 386 1000 e
B 10~18 384 385 B - 95
¢ . :18=26 386 387 - - 99
T A} ‘26954 b1y brz - © 100
B Bl 416 - 409 - "o 97
¢ 42550 IS ] L1k S <
8" A 5058 - 436 438 " 96’
B 58=66 - 440 : 40 i, 96
C 66~T4 437 4o - o 89
9 A - T4=82 465 - 469 ' S - 91
B 82=90 470 465 "o : ot
C . 9098 467 466 i -89
0 A - 98=106 - 493 495 oy
B 106=114 498 . 496 L 73
c  114=122 497 501 " . 76

'Catalyst ~ Union- 011 Cos--Colo.,. 3/16”
" Catalyst Wha .= 100 g.
Charge Stock = 850°F. EP. €oker-Bistillate
‘Reactdr Number = H=K
Space Velecity =~ 1.0 g/g hr.
. Gas Flow.Rate (SCF/bbl) = 7500
Mol Percent Hs inh Feed Gas = 65

Préduct Data.

Wt. % S

0.202

0253

0.308

0.:129

0L LT6
$ 02209 -

0.188
8107
0.214

0.152

0.123

0.087

- 0,112

0,189

0.276

Wt. % N

1.662.
+1.590.

" 1.630

'LQTEO
1,525
1.510

Ti372
>152#2

0,850
1.630°

'1;165‘
CL.65L

1.663

G )




TABLE IX =~ OPERATING CONDITIONS AND PRODUCT'DATA.(antinued)

Sample Time on Temperature Reactor Yield Ptoduct Data
Number Stream (hr) Prht. (°C) Cat.(°C) Pressure {Percent Wt. % S Wt. % N.
(psig) of Charge)
12 & 2510 384 386 1000 .99 0,440 1,340
B 10~18 385 387 " 99 0 MT78 1345
c - 18=26 388 388 " 100 0.425 1.375
13 A 26=3U 413 415 " 99 0.308 1.256
'B Bhaliz 413 416 M ' 98 0.318 1.210
C Y250 413 hir oo 97 0.304 - 1,252
W A 50250 © o Lb39 41 " _ 97 0.283 1.070
B 58=66 45 42 o 96 0.294 1.004
C 66=T4 LU T 441 : 96 0.227 1.023
15 A . 482 465 476 e e 0.218  0.870
. B 8290 466 . 469 w L s 0.195 V3940
C 90=98 Y 473 N 93, 0.172 - 0.927
16 A 98=106 486 - 499 " 638 0.308 °  0.870
B 106=114 - on Lot LI 71 0.342 - 1,020

C 11l4=122 488 497 " 7L . 0.186" 1.162

Catalyst = Harshaw's Molybdenum Oxide
promoted with Indium; 1/8",

Catalyst Wt. =~ 100 g.

Charge Stock = 650°F..E.P. Coker Distillate.

Reactor Number ~ H=K.

Space Velocity = 1.0 g/g hr.

Gas Flow.Rate (SCF/bbl -~ 7500.

Mol Percent Hs in Feed Gas ~ 65.

=9 L~




. TABLE IX == OPERATING GONDITIONS AND PRODUCT DATA -{continued)

.Sample . Time on o ~ Temperature Reactor - ineld ' = Product Data |
Number Stream (hr)  Prht.[°C)  €at.(°C) Pressure (Percent Wte %S" Wt %N
R : (psig) of -Charge) - ‘
17 A 2510 385 387 1000 98 --0.535 1.203
B 10=18 386 386 e 1) 0.283 L 194
¢ 18=26 385 386 oo © 100 0.251 L.Ton
18 A 2630 415 415 a - 87 . 0,132 .‘1..Aooo
B Blalin 413 412 - ' v B 0,961
c 1250 411 415 " ' 91 S L01BE -6.960
19 A 5058 . 438 140 " 98- 0.072 - 9.795 -
B 5866 hhs 441 " 95 0.086 - 0.802
C 66TY 439 u3r n 9T 0.084 0.807 -
20 A TheB2 465 LGB 88 . 0.061 ‘-0,--.7527
B 82+90 469 o463 oo 80 D e 0588
¢ 90~98 46k 464 - . 92 ' 0,041 - 0,651
21 A 98106 - bl hoz - v “83 T wme 05409
B L06=11l TRo TR Lo4 o N .0.022 0.527
¢ 11he122 4o 49T o TO . e 0.601

Catalyst =~ Harshawts Molybdenum ‘Oxide

' pr@moted w1th Palladlum, 1/8"
Catalyst Wt. = 100 g.
Charge Stock = 650°F, E.P. Coker Distillate
Reactor Number = H«K .
Spacé Veloeity = 1.0 g/g hr.
.Gas Flow:Rate (SCF/bbl).~ 7500
Mol Percent Hp in Feed Gas =~ 65




Sample
Number

25
24
25

26

oW

QW

- TABLE IX = OPERATING CONDITIONS AND PRODUCT DATA (continued)

Time qQn
Stream (hr)

2=10
10=18
1826

26=34
Bh=lp
U250

- 50=58

5866
66=Th

T4=82
82~90
90~98

98106
106=114
114=3122

. Temperature Reactor ‘Yield
Prht.[°C) .Cat.(°C) . Pressure - (Percent-

' (psig) of Charge)
390 386 000 97
387 388 : u 922
384 386 o " 98-
410 514 L 97
415 408 n 100
_41# hi7 ' L 99
437 4t o o
huy - L1 " ' e
41 439 " .96
466 469 " - 87
468 470 " , 81~
el Leh o 83
505 196 ! ' 65
497 193 " ' 69

491 497 " 2

Catalyst = Peter Spenee»& Sonsy Ebd. €oMo; 5/32"
Catalyst Wt. = 100 g.
Charge Stock = 650°F. E;P. Coker Distlllate

-Reactor Number = H=K -

Space Velocity = 1.0.g/g hr

- Gas. Flow Rate (SGF/bbl) =~ 7500

Mol Percént Ho in Feed Gas = 65

-

Product Data

Wte %S
0.076,
0.032-
0.054

0,018

0.022

1.092
1.031
1.026

0,755

0775
0.682

0,&523
0.569
0.566

0,37

01413
0.517

027
0561 .

0.511

- Wbe %-N

#8Lﬂ




Sample -
Number

27

28

29

30

5L

QWi

TABLE IX s= OPERATING CONDITIONS AND-PRODUCT DATA' (continued)

Time on
Stream (hr)

0= 8
816
162l

2432
3210
4o-U8

UB=56
5664

. B4=T2

72=80
80~88
88=96

96~104

104112 -

Temperature . Reactar
Prht.{(°C) - .Cat.(°C) Pressure
. (psig)
382 387 - 1000
390 386 b
387 - 386 . B
406 416 "
415 41y . -
413 413 oo
439. 440 "
440 45 Ri
43 440 "
460 165 .o
465 473 -
465 470 "
490 516 v

501 195 o

Catalyst ~ Harshaw's CoMe; 1/8"
Catalyst Wt. ~ 100 g.

Yield
(Percent

of Charge)

“ 8
98

99
ey
3B
85
9L

-.83 '
8
78

62

Charge Stock = 650°F. E.P. Coker Distillate

Reactor Number = H=K -
Space Velocity ~ 1.0 g/g hr.

.Gas Flow Rate (SCF/bbl) ~ 7500
Mol Percent Hs in Feed Gas. -~ 65

Product Data.

Wb, % S

0.153

0.079

0.057

0.076

Wt. 3 N

1.325

©1.070

1.048
1.0807"

0. 772

-0.77%
.0;8631

"6&659'

0,642

0,756

0.700

0.913

L300 77
-1.488

w6 L




TABLE IX ~~OPERATING CONDITIONS AND PRODUCT DATA. (continued)

Sample Time on Temperature Space Mol % Hs Yield Preduct Data

Number  Stream  Prht. Cat.  Velecity in Feed  (Percent We. 58S Wt.. %N
(hr) - (°0) (°c) (g/g hr) Gas of Charge) :
32 A 2432, Wi k5 . 0,972 100.0 92 0.089°  0.635
S 32=40 445 438 1.000 100.0 92 0084 0,670
C.. ho-u48 - 437 .’439' 10.990 . - 100.0 9% 0.084 0.684
33 A . 24=33 . U39 . 443 0.998 ~ . 768 94 0.086 6;807
‘B 3210 u38 RS 1.006 81.8 96 0:090 0.771
c bo=48 = uhs5 4np 0.992 82.2 94 . 0.095 0,792
U T 2428 438 . 439 1.112 100.0. . 86 0.049  0.410
A 32-l0 436 U443 .0.989 60.2 88 . 0.075 .- 0,727~
B L0-U8 4o 435" 0.961 55.0 91 0.064 0.739
C - U856 Ghz o 4l 0.987 60.2 88 0.053 0687
35 T 2Lm28 yy1 439 1,055  100.0 88 . ovi63 1,072
A 32-10- 437 43 0.99% 4i.2 88 0.296 1.386
B 40-U8: 4l Ll .1.000 46.3 87 0.266 1472
C 48-56 Lo - 4o 1.008 _ 47.2 : 88 0.277 - 1489 -
36 TR 88=92 13l by 1,020 100.0 93 ‘ 0;096 ©0.914
" AR 100=104 435 437 1.031 661 Ol ©0.207  1.305
BR 104108 4l RIS 1.000 67.2: 9L - 0.136 1.257
CR .. 108=112 Ly Lo 0.980 ' 64,9 " 790 -0.151 1.306
37 R 120-124 W6 4l 1,028 100 o 93 ©0.147 1,104
A 132-136 436 435 0.987 834 ol - 0146 1.285 -
B 136140 436 Lo 1040 82.1 90 © 0UIR3 IVIN2
C 1UO=1h1Y 437 Lo 1,025 8.6 93. 0.105 1.117 .
Cataiyst Harshaw Co., CoMo; 1/8" .. . Reacter No,: H-K
“Catalyst Wt.: 100 g. ' .- Reactor Pressure (psig): 1000 ..

Charge Stock: 650°F, E.P. Coker Dlstlllate Gas Flow Rate (SCF/bbl: 7500




TABLE IX =~ OPERATING CONDITIONS AND PRODUCT DATA (continued)

Sample Time on . Temperature Space Mol % Hs . Yield Product Data
Number Stream Prht. Cats Velocity in ¥Feed- “(Percent Wta %S Wt %N
(hr) (°c) (°¢) *  (g/g hr) “Gas of Charge)

38 A 152=156 437 42 0:965 100.0 96 - 0,112 1.015
B 156=160 L2 Ll 0.973 100.0 o4 0.074 1,009

C 160=164 4y 437 1,012 100.0 _ 90 0,124 1,032

39 A 172-176 435 U439 0.987 238.5 S 91 0.184 1.357°
B 176=180 438 Ll 0.942 39,5 92 0,155 1,762

c 180~184 uno Lul 0.950 40.8 89 0.170 1,430

Lo T 2428 Lyl 4y 0.950 1000 94 . 0,087 0,902
A 38=U6 4hp 4ho 0.978 81.0 © 96 0.075 0,944

B Y 65U U3 L1 0.959 81,1 96 0.076 -~ 0.971%

c 54w62 439 U437 0.973 . 8L 795 0:062 ~ 0.977

41 TA 12-16 LU0 4uo 1.025 110000 - 97 o 0.727
B 16~20 438 438 1.054 " 96 e 0.796

TC 20~24 Lh1 Lul 1.030 " 96 —— 0.741

TD 2428 IR 440 1.015 " 97 — 0.803%

TE 28=32 4hg 434 1,038 o 97 i -0:8%9

TF 32=36 44z 437 1.079 X 93 —— 0.718

TG 36=140 Yy VISR 1.051 " 97 070272 04686

Catalyst: Harshaw Co., CoMo; 1/8" : Reactor Number:. H-K
Catalyst Wt.: 100 g. :"  Resactor Pressure (psig)r 1000

Charge Stock: 650°F, E.P. Coker Distillate™ - Gas Flow Rate (SCF/bbl: 7500

_;[8 o




TABLE IX =~ OPERATING CONDITTONS AND PRODUCT DATA (cqntinued)

Sample Time on Temperature Space - Mol % .Ho Yield Produect- Data
Number  Stream Prht. Cat. Velocity in Feed  (Percent Wt. %S Wt. BN
(hr) (°c¢)  (°c) (/g .nr) Gas . - of Charge)
41 K bosb 438 uuG - — o 0,769
B 418 4l 46 e p—— L rem - 0,907
¢ 48=52 b2 Lo 0.980 = 94 ——— 1.060
D 52=56 Lyl 46 0.985 e ’ 93 . 1,034
E 56=60 4y 439 1,018 .. e 97 - 1.083
F 60=64 ) hy2 0,996 e T 1 mee= . 1,030
G 6468 Ly 438 0,996 —— 96 e 10065
H 68=T72 436 U435 1.015 L e 96 o 1.028
I 12=T76 4Lz 438 1.030 ' T70..2 93 0..0518 0.997
42 T 8488 iy huo 1,013 - 100.0 . .98 . 0.0318 0,722
A 104=112 432 436 0.992 62:.5 © .96 00,0973 1,100
43 124=132 Lip 442 0.983‘ 100.0 97 0.0230 0.71
A 1152 438 439 .1.018 57.6 96 0,080L 1.14
uno 164=172 440 Lz 0.960 100.0 1006 “0.046F 0.80
A 184=192 435 LGyl 0,961 SR 10 Dy~ L T 0,004k 1,15
hs 192~204 ) ) 0.961 © 100.0 - 2L o - 0.76
Catalyst: Harshaw Co., ColMoe; 1/8" " | ; Reactor Number: H-K .
Catalyst Wt.: 100 g. -~ .. Reaector Pressure (psig): 1000

Charge Steck: 650°F. E.P. Coker Disfillate .- Gas Flew Rate- [SCF/bbl: 7500

=g 8-’-4
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TABLE IX == OPERATING CONDITIONS AND PRODUCT DATA (continued)

Sample Time on Temperature Space. . . Yield Wt %N
Number Stream Prht. Caba Velocity (Percent
(hr) (°c) (°c) (g/g hr) of -Charge) _

46 A 5=9 Y7 438 0.260 82 0.180
B 913 Ly 4o 0.270 9L ' 0.15%
c 13=17 439 L7 0.232 82 © 0152
D 17p=21 L39 Lo 0.217 86 - - 0.110
E 2125 Ll 439 0.175 " -9l - 0,112
F 25=29 Yhp 438 0.245 : -84 7 0.102
G 29=33 Lz AR ) 0,242 - 81 0 :094
H 33m37 L 438 0.245 86 ~0.100
I 3T=l1 - 36 IS - 0.237 87 . 0.111
J 41-45 38 4n1 0.227 86 0.090
K . 45-lL9 . 439 4o 0.217 80 . 0,100
L

H9m=53 - W35 439 e : = 0.096

Catalyst: Harshaw Co., CoMe; 1/8"

Catalyst Wt.: 100 g.

Charge Steck: 650°F. E.P. Coker-Distillate .

Reactor Number: H-K : ,

Reactor Pressure (psig): 1000 -
" Gas Flow Rate (SCF/bbl: 7500

Mol Percent Hs in Feed Gas:-100

?(£8b-€




Sample
Number

48

g alx

FRuHDQEEY QW=

. TABLE IX =% OPERATING CONDITIONS AND PRODUCT DATA (continued)

- Time on Temperature ~ Space .
Stream Prht.. Gat. - - .Velocity
(hr) (°c) (°¢) (g/g hr)
LYeb L3 b5l ) 1,072
-8 . L4l a3 1362
8~10 437 426 1.2k

Catalyst: HarShaw Co.  CoMo; 1/8"
Catalyst Wtsr 300 g. .

Charge Stock 650°F E.P. Coeker Distillate

Reactor Number: H=K

2~6. - 430 476 0.995
6=10 420 46 1.000
10=14 41y hho 0.968
1U4=18 410 438 0.986
18-22 410 - Uy 1,002 -
22=26 20 Lhy, 0.974
26~30 413 Ll 0986
. 30=34 415 435 ;0.985-
338 4l 439 1..005
38-U2 Yol 4ug 1028
L2=l6 Y22 bz - ©0.918 -

catalyst:_ﬂarshaw Cox, GoMo; 1/8"°
Gatalyst Wi.: 200 g.

Charge Stock .650°F. E.P. Coker Distillate
.Reactor Number: HeK

Yield - ‘Wb %N

~(Percent.

‘of €Gharge)

— 0.338

97T 0.210
81 0.280
71 . 0,363

"Reactor Pressure: (ps$g): 1000

Gas Flow Rate (SCF/BbL) : “T500

" Mol % Hp in Feed Gas: 100

90 " 0.538 )
89 0.757
93 0.811
93 0.859
oy I VP 1)
90 - . 0.828
o=l 94 - 0.81L
gl _ 0,818
93 ' 0.882
- 92 , 0785
97 . 0,869
a 0.895

Reacﬁﬁr~?ressure-1p§ig)"lOOO
“Gas Flow Rate (SCTF/bbi): 7500
Mol % Hp in Feed Gas 1.00

. --(-h 8\-{'




TABLE IX - OPERATING CONDITIONS AND PRODUCT DATA' (eontinuéd)

Sample Time on . Temperature - Space Yield Wt % N

Number Stream Prht. © Cab. Velogity =~ ‘{Percent-

, (hr) . (°C) (°C) (g/g bhr) of . Charge)

b9 A U8 Lo Ll 0.990 . . 0.187
B 8=12 4ua 439 - 0.980 78 - 0.206 .
C 12~16 139 io 0.986 7 0.206
D 16~20 G4 Ly P 78 T 0,194
E 20=24 438 4o 0,991 . T8 ©-0,215
F 2U=28 U439 438 " 0.920 85 0.224
G 2832 445 4h3 10,887 83 0.234

R 32=36 L2 439 0,899 S 86 - 0238

I 36=40 . 4ho 439 0.849 . 8L 0.257
J LO=dtl 437 L39 - 1.000 ' 86 0,227

50 A 2r6 46 ) 0.960 93 0.257
B 6~10 Lun 140 0.980 ° 92 T 0.233
C 10=14 443 AT 0.960:. .93 0,249
D 14=18 Gh41 437 0.948 : ol T 0,240
E 1822 U37 Ylp - 1.028 89 0.234
F 22926 440 Lo 0.995 R o 0.279
G 26r30 oo hhp 4o 1.04L 88 0.269
H 30m3M4 . Ll U39 0.976 92 YT 0,292
I 338 - L3 4y - 0.970 95 T 0.299
J 38=U2 4ho RITE —— o4 .0.330
K Uoxllf 436 4o 1.029 94 ‘ 0.313

L 4650 437 Uz9 1.006 87 | 055;6

‘Catalyst: Harshaw Ce,; CoMo; 1/16"
Catalyst Wt.: 100 g.

Charge Stock: 650°F. E.P. Coker Distillate
Regctor Number: H=-K

Reactor Pressure (psig): 1000

Gas Flow Rate (SCF/bbl): 7500

Mol Percent Hy in Feed Gas: 100

5o




Sample
Number

5L
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TABLE IX »~OPERATING CONDITIONS AND .PRODUCT DATA {eontinued)

Time on
Stream .
(hr)

311
. 11=19

- 3gm2]

2735

35RH3
© 4350,
51-59 -

59m67
6775
75783
83r9L

9199 -

99-1.08.
108=115

15=123

125-131

131~139
13947

Temperature Space Yield

Prht. Cat. Veloeity - (Percent
.of Charge)

(°e) . (°¢)  .(g/g br)

Cusz. unp en292

453 39 , 0,263
438 Gy 0275
448 WL 0.251
L R ) - 0.232
§37 . L . 0161 -
NI qho 0.23%6
Loy T . 02310
Ao k1 0314
Lo, Lo 0277
4y, L1 0,312

1o BT 70,300
1o "l 0,359
1438 Ll : 0.298
Iy o Lo L0319 -
Llpy Lo 0.321.
438 . 44l 0,322

Catalyst: Hansh&chﬁiﬁ'CQMQ;-l/léh

Charge Steck: 650°F, E.P. Cokér Distillate

Reactor Number: H=K

Reactor Pressure (psig)s 1000
Gas Flow Rdte (SCF/bbL): 7500
Mol. Percent Ho in Feed Gas: 100

66
82
70
81
83
o
88

89.T
776

79.0

T

Wt % N

0.5k6
0.15L
0.136
0.182
0.097
0,069
0.120
0.219 -
0.221
0.165
0,153
0,148
- 04,163
0. 154
0,188
0.173

0,151

- -9g*




TABLE IX: -- OPERATING CONDITIONS :AND PRODUCT PATA (continued)

Sample Time .on Temperature Reaetor ~ ‘Space . Yield " T T WEI SN
Number Stream - Prht. Cat.  Pressure Velocity {Percent .
(hr) (°cx - (°cy (psig) (e/g mE)  Of Charge)
55 31 409’ 412 1000 1.148 - 0 1.129
56 31=lt6 408 413 " 0.496 ~ - . 7 0.786 .
5T U663 413 413 S 0.271 —_— - 07535
58. 63=83 Ll 438 . 0.956 T e 'o6w
59 8396 432 4o R 0.700 91 C T 0.690
60 96~115 Ly Lo Y o - By 84 - 0.279.
6L 115=130. - 1L65. 466 " 1.060 79 . .0.960
62. 130~-143 460 uer " ©0.509 -6 : 0.657
63 143164 LéT 470 b e T ou (o 0446
6l 164=174 7o 470 .1200 0.281 65 0:252
65 174-190 4o 140 1200 0.284 89 0.2 -
Catalyst: Harshaw Co. CoMe; 1/16M " Reactor Number H-K . ,
Catalyst Wt.: 100 g. . Gas Flow-Rate (SCF/bbl): 7500

Charge -Stock: T50°F. E.P. Coker Distillabe Mol % Hoin Feed Bas: 100

66 190-222 hhp i 1000 0.982 +.90 0.222
67 - 222-254 CRIN 4ug 1000 0.438 T 89 o 0.041L
63 254278 Lyl k39 1000 0.316 93 . 0.0413
Catalyst: Harshaw Co. CoMo; 1/16" o Reactor‘Nﬁmber; BE-K
. Catalyst Wt.: 100 g. : .Gas Flow Rate -(SCF/bbl): 7500

Charge Stock: 650°F. E.P. Coker Dlstlllate Mol % Hp in Feed Bas: 100
Hydrogenated .

-qu




TABLE IX ~~ OPERATING CONDITIONS AND PRODUCT DATA (econtinued)

Sample Time on Temperature Space . Yield ~ Wt. 4 N -
Number Stream Prht. Cat. Velocity (Percent
© (hr) (°¢€) (°c) (g/g hr) ~  of Charge) _
72 A 31=36 4o Ly . T 0.513 79 0.874
B =Ll ynz buy 0.616 T3 0.816
C 6170 439 439 0.129 90 - 0663
D 70-79 4o - Lo 0.237 90 0.563
E 79=92 Lh 439 0.084 : 79 ~0:510
F 92~100 439 uhp 0.591 —— 0.868
¢ 100~108 4h3 440 0.195 — 0.727
H 108-116 4lo . 4lo 0.198 70 0.680
I 116~124 438 Lhp 0.349 83 0.850
J 124132 e — 0.240 79 ©1.031L
K 132-140 435 436 0.120 70 .0.689
L 140-148 4l 439 0.090 — 0.465
72 M 148-156 439 4o 0.105 67 —
N 156164 L by 0.096 . 66 - 0.465
0 164172 4o Ll 0.105 el 0455
P 172~180 by 440 0.126 63 0.470
Q 180-188 4o . 439 0.09L o \ 0.470
R 188~196 uny 4y 0.087 i 0.470
S 196~204 CUAN byl 0.108 66 . 0477
T 204212 4o 439 0.119 64 0.1467
U - 212~228 4ng Ly] 0.096 69 - 0.467
v 22824l 4o 4o 0.170 68 . 0.534
W 24260 Gi1 4ny. 0.086 S 0.519
X 260~276 4o Yy — - 68 p—m
Y 276~292 yny - 4l4o 0.091 S 0.401
Z 292308 439 ©ouhy ——— 69 . " 0.7I3
Catalyst: Harshaw Co. Colo; . " Reacdtor Number:; H-K
3/16" ground to ,10/14 mesh Reactor Pressure (psig): 1000
Catalyst Wt.: 100 g.. . Gas Flow Rate (SCF/bbl): 7500 .

Charge  Stock: Crude Shale 0il , Mol % Hs in Feed Gas:. 100

-(887-‘




Sample
Number

72 AL

CC
DD

F¥
GG

T4

tHEEHO QW=

TABLE IX =— OPERATING CONDITIONS AND PRODUCT DATA (continued)

Time on Temperature Space Yield . Wt. &N
Stream . Prht. Cat. Velocity (Percent
(hr) (°c) (°c) . (&/g nr) ‘of Charge)

Zol-340 - Uy yhy 0.231 —_ 0.830
340348 439 4ig 0.103 . e . 0.859
3U8=364 441 4o 0.067 —_— 0.425
.364~380 4o 4o 0.079 — 0.425
380~396 4o 4ho 0.130 —_— 0.737
396-412 uho 4o 0. 118 —~— 0.191
12428 ITINo) iy 0-.337 : — 0.437
Catalyst: Harshaw Co. CoMo; Reactor Number: H-K

3/16" ground to;10/14 mesh Reactor Pressure {psig): 1000
Catalyst Wt.: 100 g. o o Gas Flow Rate (SCF/bbl): 7500
Charge Stock: Crude Shale 0il Mol % Hs in Feed Gas: 100
238~2U6 439 Lo 0.211 . 80 ———
246254 Ly - L4i3 0.173 80 ——
254260 439 4o 0.186 80 ——
260~267 4o Wiy 0.203 . 8 " 0.650
267273 439 Wiy 0.206 80 0.698
273279 L 44o 0.232 . 80 ——
279~282 439 4ny 0.189 . . 80 . D
282~288 4o 4o 0.242 85 - :0.800
288~294 4o i3, o249 85" 0.958
294300 438 4o 0.314 T84 P
Catalyst: Harshaw Co. CoMo; 1/16" - Regctor Pressure (psig): 1000
Catalyst Wt.: 200 g. - Gas Flow Rate (SCF/bbl): 2500
Charge -Stock: Crude Shale 0il Mol % Hs in Feed Gas: 100

Reactor Numper: H=K

-“68'(I‘




Sample
Number

86

87

MO QWE

HEQEREY W=

cHEEUQWE

B

Time on Temperature
Stream .Prht. Cat.
(or) o) (e
‘15-17 b2 438
23725 439 439
3235k o W0
Lol2 o bz Lo
- bTA49 S ouby 439
O 2 435 3
2= U 436 437
Ue 6 i 447
6=8 439 439

. 8-12 439 442
7.12=20 428 439
20-28 Gl 41
2836 4o 139
36Ul - 440 Yo
0~2 . 430 CHI
2m U 439 4y8
Yr 6 4o L4it3
6= 8 4n3 - 439
812, %39 438
12»19 4o ~uho
19-2L- 443 T

Cétalyst Peter SpenceLGoMo-

Cabalyst Wt.: 100 g.

. Reactor Number: B-M

Space
.Velocity
(g/g hr)

1.017

5/32"

> *bharge Stock: T50°F. E.P. Goker Dlstlllate

Yield
 (Percent

of Charge)

TABLE IX ~~ OPERATING CONDITIONS AND PRODUGT DATA (continued)

Wt. % N

0.802
0.945

0.960. .

0.980 .

fa ran

0. 749
. 0.807
0.678

0.807 -
0.707
0.826
0.870
0.922
0.928

0.598
0.617
0.618
0.689
0.702
0.713

" 0.819

' Reactor Pressure {(psig):

Gas Flow Rate (SCF/bbl

_Ioeo

1500

. Mol % Hp 1n Feed—Gas 100




Sample:

Number

.88

89~I~A -

oD aw

REEY QW >

TABLE IX - OPERATING CONDITIONS AND.PRODUCT DATA ‘(centinued)

Time .on
Stream

thr)

O 2.

Zm b
e 6
6= 8
812
12520
2028

0= 2
a2-¢

b 6.

6~ 8
8r12
12~20

20=2

Temperature

Prht.
(eey

455

mp
Ly,
blp

1
140
T

438

Luy
38

Wlgy
Ll
e

439

(°g)

Lply

Yl
dylyly
Wip

Lho
o

e
3

Lig
Yk

i
Yo

Space
(g/g hr)

1.010
nooo

Catalyst: Peter Spence CoMoj 5/32"
Catalyst Wt.: 100..g. :

Charge Stock: T50°F. E.P. €oker Distillate
Reactor Number: B-M :

.. Yield
Veloeity . -7 (Percent-
of Charge)

o

L

WE. %N

- Q7798

0.843
0.785
0809
0.863
0.871

02885

. 1.008

0.856

0.762
0.2

OIS

0. 791
- 0.825

Reactor Pressuren{psig): L
Gas ‘Flow Rate (SEE/bb:

Mol % Hp in Féed Gas: 100 -

-4'[ 67.




, Samp le
Numbher

co
s
MED QW e

- Time .on.
Stream Prht. Gatg.

TABLE' IX .~ OPERATING CONDITIONS. AND BRODUCT.DATE (continued)

Temperature Space .
Velociby .

(e} €e) ek~ (g/g br)

2729 503 . 520 R N
29-31 - 506 51 o
31-33 - 520 526 M
3335  5OT 502 .o
35-39. 511 511 Mo
3947 509 509

Catalyst» Pefer Spence .€eMo; 5/32"
Catalyst WH.r 100 g. :
Gharge Stock T50°F. E.P. Coker Distillate

Redctor Number B=M

O 2 YT 491 L.040
C2e Lphes, RiAid ™
Lm 6. L3 43 -
68 by 436 Coon
8=12 blyy 439 s
12-20 G2 Ly -
2026 - ..441. hho

Catalyst Humble Largenpore CeMo 1/8"
Catalyst Wt.: 100 g.
Cha,rge Si?OCk 750 ¥F. E.P. Ceker Bistlllate

" Reac¢tor Number: Bl

- Rezctor Pregsure (psi

Yield
Cl?_jer cent.
-af Charge)

CWE. BN

81.3 0325
- - 0.50T
v - 01656
R -
o m%é

TH N

-React’or Pressure (psig):. 2000
-Gas- Elow Rate - (SCE/bBL): 4000
_‘Mol % Hg in Feed Gas: 100

96.7

Gas: Flow Rate (SCF/bhils 250
Mol % Hp in Feed Gas: 100 -

“Zé"’




Sample
Number

9l—II=A

TABLE IX -~ OPERATING CONDITIONS AND PRODUCT .DATA (continied)

Time on Temperature Space
Stream Prht. Cat. Velocity
(hr) (°c) (°¢) - - (g/g hr)
30=32 495 481 1.050
32=34 508 502 . o
34-36 b79 461 v
36-38 510t 506 o
3842 - 508 511 "
4250 508 507 ' "o

Catalyst: Humble Largeapore CoMo 1/8"
Catalyst Wtk: 100 g.

Charge Stock: TH50°F. E. P. Coker Dlstlllate
Reactor Number: B-M

0~ 2 435 439 "0.960
2= 4 435 L3l —_—
e 6 436 403 "
6— 8 ulo 4l "
8-12 4bo SR "
12-20 4l 1 b2 "
20-28 - hho Yo "

Catalyst: Esso HF-~activated. ¢oMo
Catalyst Wt.: 90 g.

Charge Stock 750°F, E.P. Coker: DlStlll&te

Reactor Number: B=M

Yield Wt %N
{Percent
~of Charge)
.90.0° o Lo -
B 0864~
" - 10123
i 0.698
" 0.673
h 0. 670

Reactor Pressure .(psig) r .I600

" Gas Flow Rate (SCF/Bbl): 4000
‘Mol % Hs in-Feed Gas: 100

96.1 0.551
" 0.578
" 0.500
n - 0.536
.578
.583
670

O OO

Reacter-Pressure (psig): 1000
‘Gas Flow.Raﬁe.(SCF/bbl) £ 2500
Mol % Hs in: Feéd Gas: 100




Sample
_ Number

© 92-IT-A

aEEY e

TABLE IX -~ OPERATING CONDITIONS AND PROPUCT DATA (continued) ~ -

Catalyst: Esso HF—actlvated CoMo

Catalyst WE.: 90 g.

Charge Stock 750°F. E.P. Coker Distillate
Reactor Number: B~M

0= 2 439
2--14 Lz
- 4= 6 C b
6~ 8 43
8~-12 ° 437
12-20 436
20~25 453

Catalyst: Esso MoSs

Catalyst Wt.: 100 g.
Charge Stock: T50°F

Regctor Number: B-i

Time on Temperature
. Stream Prht. Cat.
(hr) (°c) {°¢)

| 31-33 511 530
25735 506 "509
25~51 - 509 510
~27~39 513. 514
3913 510 507
4%.51 511 - 508
5159 512 514

436
iy

1o
Iy

©o4lio
431

iy

" Space
Veloecity
(g/g hr)

0-%75

R

...E.P. Coker Distillate .

Yield Wt. %N
(Percent '
of Charge)
80.0 0.104%
" BNl
o - 0.203
! 0,181
" 0.206
.. 0.210 .
" ©0.198

Reactor Pressure (psdg): 1000
Gas Flow Rate (SCF/bbl): %0060
Mol % Hs in Feed'GasE_IOO

95.0 . 0.576

0.863
n 0 ‘99,_,_
w -+ 1038
" : - 1.238
A 1:.413 -
" : ‘1A528 -

- Reaetor Pressure (psig)- 1000
-Gas. Flow Rate- SCF/bbl 2500
‘Mol % Ho in Feed Gas 100




Sample
Number

93~LI~k

B

94 -I-A

HEY QW

Latalyst Wt.:
Charge Stock: 750°F. E

TABLE IX =< OPERATING CONDITIONS AND PRODUCT DATA (coitinued)

Time .on Temperature Space
Stream Prht. Cat. Velocity

(hr) (°c) (°e) (g/g hr)
3133 - 509 511 1.020
53=35 510

Catalyst: Esso MoSs

Reactor Number: B-M

O 2 459
2m U k39
b- 6 hho-
6~ 8 39 -
8~12 4o
. 12=-20 RN

100 g.

511 1.020

P'. Coker Distillate

) ©1.010
439 "
439 ) 1"

4o L

4o "

by w

Catalyst: ZnO-MgO=MoO5 No.9817

Catalyst Wt.: 100 g.

Charge -Stock: 750°F. E.P. Coker Dlstlllate
‘Reaetor Number: B-M .

Yield Wt. & N
(Percent :
of- Charge)
85.0 .1.538
85.0 1.THT

Reactor ‘Pressure (psig): 1000
Gas. Flow Rate SCF/bbl) 1201c]0f

Mol % Hy in Feed Gas: 100

92.0 -1.629
no.
1" 1.723

g

mo ]

Reactor Pressure (psig): 1000
Gas Flow Rate (SGE/bbl): 2500
Mol % Ho 'in Feed Gas: 1oo




Sample
Number

9U~II-A

moa

~TABLE IX =~ OPERATING dONDITIONSHAND,PRODUCT DATA (continued)

Time on Temperature Space
Stream Prht. Cat. Velocity
(hr) (°c) - . (°c) (g/g hr)
222U 508 517 0.980
24=26 508 510 .”
26-28 508 507 T
28~30 510 511 "
30-3l 510 512 !

Catalyst: ZnO-MgO-MoOs No. 9817

Catalyst Wt.: 100-g.

Charge Stock: 750°F. E.P. Coker Dlstlllate
- Reactor Number: B-M

0= 2 4ny -
2~ b Gy
e 6 443
6= 8 4o
8~12 Co Ly
12-20 - uue
- 2028 Uhp

I

i1 . 0.990
wy 000 W
41 "

4o o

1o "

g

)_1_39 I

Catalyst: Esso Pt Type (1000)

Catalyst Wt.: 100 g.

Charge Stoek: 750°F, E. P. Coker Dlstlllate

Reactor Number: B=M

Yield We. & N

{Percent
of-Charge) .
~8z;o - .1.128
" 1.297
" Rt

Reactor Pressure (psig): 1080
Gas Flow Rate (SCF/bbl): 4060
Mol % Hs in Feed Gas-,l@@.

" 09.0 1.136
n .
L 212
! 1.380
" S 7T

Reaetor Pressure (psig)y 1000
“Gas -FloW Rate (SCF/bbl): 2500
Mol % Hg in Feed Gas lOO

Qggu




Sample
Number

95-II~A

ﬂmuow

96~I-A

HEg oy

TABLE IX ~~ OPERATING CONDITIONS AND PRODUCT BATA (continued)

Pime on  Temperature Space
Stream - - Prht.’ Cat. Velocity
fhr) (¢l (e) (&g br)
.57»59‘ 509 511 1.010 -
59-41 507 + 507 "
41-43 " 508 510 "
§3-45 511 - 506 "
5.9 511 508 u
49-~57 507 - 505 "

Gat@lyst¢,Esso,Et {(Type .1000)
Catalyst Wt.: 100 g.

,Charge Stocks: 750°F. E.P. Coker Dlstlllate.a

Reacter Nuniber: BFM

0= 2. - 438 433 1.000

2~ gyl AN "
6~ 8 Ly Gh S
8-12 443 - 4l o
12-20 G2 - 441 o w

Catalyst Esso MOO3 on,DA—l
'Cracking Cat. #9816
Catalyst WE. + 100 g

Chargé Stock: 750°F. E.P. Coker Distillate--

Yield Wt ZN
(Percent - L
.Of" Charge)

. 85.0 . 17058
n

= 1.039
11 1‘419
"
R Te1
" 1.071

_-Readtor‘Pressﬁré (psig) : 1000
Gas--Flow Rate (SCF/bbl): 4000

Mol %*Hg in Feed Gas: I00 "~

96.0 1. 155
1
weo 1.510

- Reactor- Number: B-M .
Reactor-Pressure- {psig) : 1000
“Gas Flow Rate (SCF/bbL): 2500
Mol 7_H£"1n.EeedTGa§£'IQO'




TABLE IX -~ OPERATING CONDITIONS AND PRODUCT DATA (continued)

Sample Time on Temperature Space
Number Stream Prht. Cat. Velocity
(hr) (°C) (°C) (e/g hr)
96~I1~A 2527 507 514 1.000
B 27-29 507 510 !
C 29-31 507 509 "
D 31~33 510 512 .
E 353=37 509 509 N
F 3745 511 511 "

Catalyst: Esso MoOs on DA~1
Cracking Cat. # 9816
Catalyst Wt.: 100 g. _
Charge Stock: T50°F. E.P. Coker Distilldte

97~I=A 0= 2 432 429 0.990
B 2 U4 Yy 451 o
c S TR 433 439 !
D 6= 8 440 45 o
E 8-12 4o yyz "
F 112220 4h] lglyp "

Catalyst¢-ESSo.Oronite Hydro-
- forming catalyst.
Catalyst WE.: 100 g.

Chérge Stock: T50°F. E.P. Coker Distiliate

Yield Wt. & N
(Percent
of Charge)
85.0 1.090
n
e 10322
n
" 0 1.H20
v 1.483

Reactor Number: B-M

‘Reactor Pressure (psig): 1000

Gas Flow Rate (SCF/bbl): 4000

- Mol % Hp in Féed Gas: 100

95.0 1.120
o .
" , 1.108

" 1,196
" 1.230

-“ReactorﬁNumbef:'BwM

Reactor Pressure (psig):7I000
Gas ‘Flow Rate (SCF/bbl): 2500
Mol % Hs in Feed Gas: 100




e
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Sample
Number

97-IT-A

MY oW

R
1

EETRTA

TABLE IX ==~ OPERATING CONDITIONS AND ' PRODUCT DATA (continued)

ﬂame on

Stream
(hr)

2123
23=25
25-27
27~29
29~33-
B33l

Catalyst: Esso Oronite Hydro-
_ forming .catalyst -
Catalyst Wt.: 100 g.

Temperature
Prht. Cat.

ey (ce)
510 519
508 509
blz. 514
508 507
510 510
512 509

Space

Velocity =~

(/g hr)

L0600 - -

Charge Stock: T50°F. E.P. Coker Dlstlllate

Yield - ""JWtﬁ;%-N
- {Percent
oﬁ-Charge)
86.0 0 547
: . ' 0. 579
e 0. 652

- ) o

“Reactor Number; Bl

Reactor Pressure.. (p51g)* 1000

Gas Flow Rate (SCF/bbl) s 4060
. Mol % Ho in Feed Gas: 100




Samp Le
Number

99

100

HoawWweE We

101

Hoawe

102

U

TABLE IX ~= OPERATING CONDITIONS AND PRODUCT DATA (continued)

Time on
Stream
(hr)

20
22

.3*5 1/2

3.1/ 2-k

bt 1/2
8 1/2-9
W 1/2-15

22 1/2

2 1/2-3

3-3.1/2

7.1/2-8
13 1/2-14

-1 1/2
1 1/2=2
2=2 1/2
6 1/2~7

Cataiyst¢ Peter Spence. Co., Colo;

Catalyst Wt. . )
Charge Stoeck: 750°F, EPCD

Temperature
Prht. Cat.
(°c) (°C)
439 1
L3 bl
4o L
439 41
440 439
uhp Lo
TSR U0
4h2 yui
438 %39
uuy by
4o L
440 b0
4 yyo -
4hi Lhy
4o U0
210} 440

5/32"

Reactor Number: B~M

:.100 g.

Space Wt. 34X Conversions
Velocity i (percent)
(g/g hr)

1.0 0.91k 0.514
" 0.932 0. 501
1.07 1.041 0.446
1 1.069 . 0.432
e 1.088 0422
n 1.098 0.416
A 1.166 -0.380
1.03 .1.000 0.468
o 1.022 0456
" 1.043% ORIYATE
" 1.093 0.418
L L.12% 0.403
0.99 -~ ...0.955 . 0492
o " 0.985 0.476
- 1.007 VRTINS
t 1.093 . 0.418

Reactor Pressure (psig): 1000
Gas Flow Rate (SCF/bbl): 7500
Mol % Ho in Feed Gas: 100

00T~




Sample
Number

103 AJ

H'HHmmmEﬂ,u@@P.'pﬁ

0
11 1/2-12 L1 LS I )
13-1% .1/2 Ll 4@ R o 773 0. 589
‘14 1/2~15 S 17176 Lo _ u oy

0.

'CABEE IX ~-~ OPERATING CONDITIONS AND. PRODECT DATA (continued)

7 Time on . '»J};e,mpe'rapture - © Space Wt %N C.énverssierxs

Stream Prht. cat. . [Veloeity - ‘  (perecent):
(hr) ) (e} - (°¢) (&/g hr) : -

0L/ 4L Gy 1. 08 . 200593 T - L 0.685.
1/4~1/2 Haro o HE3 . 0.32%. . - 0.828.
11 1/2 439 H39 LI 0.795- eSTY e
2 1/2<3 Lo 4 v 0.827 - - 0.5600 oo
Lol .1/2 : TR i3z M - 081 - 0,567
5-1/2=6" L2 oy " 0..829 - 0.559
7=71-1/2 Lo Lo .. T 0:.798 T @576
8 1/2~9 B Y2 L3, o 729 . 0.618
10~10 1/2 ) IS} IR S . T16: . 0.BTY
0. TH6. - 0.60%

16-16 .1/2 . B0 k439 cL 925 Q. 5‘08

HTOT=

Ca’calyst Peter Spence Cot, CoMo, T Reactor Pressure (p51g) lOOO
5/32" : ' " Gas Elow-Ratbe : (SCF/bHL) = 75@@

© Catalyst Wt.: 100 g. : Mol % Ho in.Feed Gas.: 100

Charge: Stoclc 750 v, EPCD
Reactor Number: B~M




Sample
Number

J1o4

PROHDOREY G W

TABLE IX ~-- OPERATING CONDITIONS AND PRODUCT DATA (eontinued)

Time on
Stream
(hr)

1/2~3/4
3/’-[-»-]_
-1 1/4

1 1/4-1.1/2

1.1/2-1 3/4
1 3/L-2
2-2 1/2
2 1/2-3
b4 1/2
5 1/2-6
=7 1/2

Temperature Space Wt. % N
Prht. T Cat. ' Velocity

°e). (°c) (g/g hr)

439 L7 0.96 0.280
436 Lo - 0.409
bz2 - 432 . 0.607
438 S 0.780
Lty hps " 0.762
by byt - o 0.685
439 4z - i 0.690
uz7 439 o 0.822
Lz 4ys L 0.803
Lo 439 - " 0.933
43 yyir - o - 0.T64

Catalyst: Peter Spence Co., ColMo,.1/8"
Catalyst Wt.: 100 g.

Charge Stock: 750°F. EPCD

Reactor Number: B=M

Reactor Pressure (psig):. 1000

Gas Flow Rate (SCF/bbl): 7500 -

Mol % Hs in Feed.Gas: 100

Gonversions
(percent)

0.851
0.752
0.677
0.585
0.595

.633
563
573
0500
0 594

O OO

0.636 - -

d‘zo'[‘w




Sample
" Numbper

107

oRPFRNGHD D QI

TABLE IX -~ OPERATING GONDITIONS:AND PRODUCT-DATA: (continued)

Time on
Stream
(hr)

1/2~3/4

3/4-L

1~1 1/2
TL1/2-2

22 1/2

2 1/2x3
Lot 1/2
5 1/2x6
=1 1/2
8 .1/2~9

10-10,1/2
11 1/2=12

13=13.1/2

- 14 1/2-15
'15.1/2~16

. Temperature “Space

Prht. Gat. . Velogity
(ce) - (°¢) . . {g/g hr)

449 s o 1.0  o.uls
Ly By o Mt 00,560

h22. s SR 0.659 -

438 4hp N R TS
455 h65 " " 0.552
453 470 i  70.269

buhg o 4ug M 0.57T

k37 433 AL 0.987
L2 by - n o 0ITHO
439 - hhy n 0.783
437 433 u 0.858

e Wiy oo - plegg

431 u3 S 0.875

i3 439 s .M 0.843
. e (L F

Catalyst: Regenerated .Peter Spence Co.
Catalyst Wt.5100 g. . _
Gharge_Stgek;'75®°FiJEBCD

Reactor Number: B~M

Reactor Pressure (psig)s- 1000

Gas. Flow Rate (SCF/bbl): 7500 -

Mol % Hs in Feed Gas: 100

Wt"% N ~~—Conversions

© (percent)

T L0.T63
- 9.702
0650
7 055%
. 0. 707

0.857 -

0~697 o=

0.476
.0 =606

0.584 -
0543
0598

- .0.535 .

0552
.0 614

Colo, 1/8"

<60t~

1 EF A i el B




TABLE IX -~ OPERATING CONDITIONS AND PRODUCT DATA (continued)

Semple Time on - Temperature Space Wt. 4 N Conversion
Number Stream Prht. Gat. - Veloeity ' (pércent)
- (hr) (°c)y  (°c) (/g br) ' I
108 A 1 3/M-21/% 437 437 - 1.0 0.624 0.668
- B 2 3/4-3 1/ 7 L4l 443 . : 0.741 " 0.606
¢ .3 3/4ju /4 W ' 4y L 0.778 0.586
b b 3/445 1/4 4i3 440 S "0:779 .0.586
E © 5 3/la6 1/4 4o 439 " 0.770 ©0.591
F 6 3/4-7.1/4 . 440 440 L -0.798 - 0.576
G T 3/4-8 1/4 439 . W4o St 0.798 - 0576
Catalyst: Peter Spence Co., CoMo, 1/8" Reactor Pressure”(psig):.1000
Catalyst Wt.: 50 g. Gas Flow Rate (SCF/bbl): 7500
Charge Steck: T50°F, EPCD © Mol %,Hg_in Feed Gas: 100

Reactor Number: B-D=l

2 468 415 -1.0 1.008 0.464

109 A
B e 438 ) 427 n —— : ———
C 3 buz 439 i 1.048 0.4y
D 3.1/2 hh2 Bl - w0 0.986 - 0,476
E u Lo Ui " 0.821 ' 0563
F b1/2 4z Yy " 0.798 0.576
G 5 45 L7 " 0.857 0L 54U
H 5 1/2 w43 b5 .o © 1:001 0L467
T 6 33 443 S 0.853 0.546
) 6 1/2 435 45 " 1 0.810 0.569
K 7 iy - iy " 0.878 - 0.533
L T 12 hls 4l 9 - 0.879 " 0.533
Catalyst: Peter Spence Co., CoMo, 1/8" Reactor Pressure (psig): 1000
Catalyst Wt.: 150 'g. T Gas Flow Raté "(SCF/bbl): 7500
Charge Stock: T50°F. EPCD Mol % Hs in Feed Gas: 100

Redctor Number B-D~2
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TABLE IX ~~ OPERATING CONDITIONS AND PRODUCT.DATA {centinued)

Time .on Temperature Space Wt. %N Conversion
Stream Prht, Cat. Velocity : - (percent)
(hr) (°c) (°e) (g g hr)

2 Lnly Ll 30 _ °~  0.989 0.475

.3 L L 1) L5 " 0.893 . 0.525

I 43 Yo . -+ . 085 - -0.545

5 433 440 v 0.058 . 0.438

6 4yz Lo R 0.030 066

7 435 438 o 1.198 0.363

7 1/2 440 438 " 1.254 0.333

8 by 4o n 1.211 - 0.355
Catalyst: Peter Spence Co., CoMo,.1/8" Reactor Pressure (psig): 1000

Catalyst Wt.: 50 g.

Charge Stoeck: T50°F. EPCD

‘Bedctor Number: B~D-2

Catglyét:_Peter Spence Co
Catalyst Wt.: 100 g.

Charge Stock: 750°F. EPCD =

‘Reactor Number: B~D=2

2 422 433
3 i 436
U 435 438
5 FRINy 431
6 TP 4y -
7 460 Gy
7 1/2 43 Lo -
8 42 438

Gas-Flow Rate {SCF/bLL) : 7500
Mol % Ho in Feed Gas: 100

3.0 1.391 0.260
M 1.443 0.232
" 1.468 0.219
n 1.541 0.180
n T 1324 0.295
n 1.421 0.244
neo . 1.502 © 0.301
” 1.441 . L
., CoMo, 1/8" Reactor Pressure . (psig): 1000

Gas Flow Rate (S€F/bbl): 7500
Mol % Hs in Feed Gas: 100

-SOT«




TABLE IX .=m OPERATING CONDITIONS “AND PRODUCT DATA (continuéd)

Sample . Time on Temperature © Space Wt. %N . Conversion
Number Stream Prht. Cat. Velocity A (percent)
(hr) (°c) (°e) - . (g/g hr) ' o
Jli2 A 2 U451 - U455 0.5 0412 -0.781 -
c . 3 L5 Lo " ' 0.41k " 0780
E 4 uz7 Who - 0.300 0.840
G 5 Lo RININ) " '0.339 0.820.
I 6 Lo bl n 0.329 0.825
K 7 4o Ly m . 0.284 0.849
L 7.1/2 4o 4o " © 00300 © 0840
M 8 ' 4o 438 " 0.277 .0.853
Catalyst: Peter Spence CGo., CoMe, 1/8" Reactor Pressure (psig).: 1000"
Catalyst. Wt.: 50 g. ‘ ' Gas Flow Rate (SCE/bbl): 7500
Charge Stock: T50°F. EPCD - Mol % Ho in Feed Gas: 100
" Regctor Number: B=D-2 ' : :
113 A 2 2 L] 0.5 0,140 0.925
C 3 4i42 441 ' n 0.169 0.910 -
E 4 4yz Uui Bl 0.198 : 0:894
G -5 Lo ko ™ 0.256° = TT0.86L
I 6 4o Ly " 0.267 .0.858
K T Ll Uiy " 0.267 . 0.858
L 1 1/2 iz 4o oo 10.278 :0:853%
M 8 4ul 440 " 0.275 - 0.854
Catalyst: Peter Spence Co., CoMo, ,1/8" Reactor Pressure-(psig): 1000
Catalyst Wt.: 100 g. o Gas Flow Rate(SCF/Bbl): - 7506
Charge Stock: 750°F. EPCD = Mol %ng_in*Feéd“Gas:?IOO '
Reactor Number: BeD-2 . : .

=901~

T™TT
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TABLE IX ~~ OPERATING CONDITIONS AND;,B;RODUGT BDATA (coentinued)

Tgfme on
Stream.
(hr)

I
4 1/2
6
8‘

Catalyst: Peter Spence Co., CoMo, 1/8"
Catalyst Wt.: 50 g.. .. :

P

Temperatbure
rht.

(°c)

37

ulp

432

435

4o 1.0

”_38 1

439 ’ i

L"i 7 n

Charge Steck: T50°F. EPCD

[eclo NE\V

Catalyst: Peter Spence Ce., CoMo, .1/8" -
Cabalyst Wb.: 50 g. ' -

 Reactor Number: B;-]jjelk

438
438

439

439

GU41 1.0

A !

bl e

b2 w

Charge Steck: 750°F. EPCD
Reaetor Number: B~D=5

Space
C%vt'.‘ ~ Velocity
(4¢) (8/g hre)

We. &N

1.005 -
1.140°
1.208
1.798

- Gonversion
(percent )

- QEGH
0. 394
0.357
0.043

‘Reaetor. Pressure (psig) :1000:

Gas. Flow Rate (SCF/bbl):7500
Mol % Hs in Feéd Gas: 100

0.572
-0.626: -

0. 667
0.667

0.696
0 .667
0.645
0.645

Reactor Pressure (psig): 1000

‘Gas. "Flow Rate  (SCF/BHb1): 7500
T Mol #-Hpo in Feed Gas: 100,

3’LQT*

™7




TABLE IX ~- OPERATING CONDITIONS AND PRODUCT DATA (continued)

Sample Time .on Temperature Space Wt. 4 N Conversion
Number Stream Prht. Cat. ~ Veloeity ) ' - {percent)
(hr). fe) - (f;y (g/g hr) ’
119 2 2 432 - Lyz 1.0 0.882 0.531
3 3 439 439 " : . 0.890" - 0527
4 T 138 Lo " : - 0:962 T 0489
5 5 LUl LN o 0.969 0.485
6 . 6 438 4ho n 0.938 - 0.501
7 7 Lo Lo L T.010 - 0463
T 1/2 T 1/2 Uho Yy " 1.005 0.465
8 8 438 Ll " , " 1,001 ~ 0.467
Catalyst: Peter Spence Co., CoMo, 1/8"  .Reactor .Pressure. (psig):. 1000
Catalyst Wt.: 50 g. " Gas Flow Rate (SCF/bbl): 7500
Charge Stock: 750°F. ERCD. = . _ Mol % Hg in Feed Gas: 60
Reactor Number: B-D=5 o g
,120 2 2 k15 bz - 1.0 1.311 0.302
-3 3 320 43 " 1.376 0.268
i ok 390 450 n © 1535 . 0.183
5 5 410 A31 M 1.501 0.200
6. 6 425 aINIs o L 1.513 .0.195
T 7 420 439 s - 1.656 - 0.120
7.1/2  T.1/2 L5 - L41 Mo 1.755 .0..067
8- 8 - - 429 Ly " - L.713- 0.089

Catalyst: Peter. Spence €a, GoMo,_L/B“ -~ 'Reactor Pressure {psig): 000

Catalyst Wt.: 50 g. ~~  “Gas Flow'Raté (SCF/bblL): T500°
Charge Stock: T50°F. EPCD Mol %-Hp in Feéd “Gas:i 30-

Reé,O‘;t@]’." Number s B-D=bH

~Q0T~




TABLE IX s~ OPERATING CONDITIONS AND PROBUCT DATA (continued)

Sample Time .on Temperature Space “Wt. $N - Conversion
Number Stream Prht. Cat. Velocity -, (percent)
(hr) (°c) (°c) (g/g hr)
121 2 2 430 432 0:5 . .L.056 - 0.438
3 3 4o 5k n —— R
4 L 429 4o w 1.267 0.327
5 5 431 Y] m 1.373 0.270
6 6 435 4o n S 1.188 0.368
7 T 451 439 " 1.302 0.307
-7 1/2 7.1/2 436 439 w ~1.320 0.298
8 8 436 Lo " S L.342 0.286
Catalyst: Peter Spence Go., CoMo, .1/8" Reactor Pressure {psig): 1000 -
Catalyst Wt.: 50 g. Gas Flow Rate (SCF/bbl): 7500
Charge Stock: T50°F. EPCD Mol % Hs in Feed Gas: 30

Regctor Number: B~D-5

122 w2 a3 0.5  0.763 595

2 -2 , 0

3 3 430 hleh " ‘ 0.776 0.597

I I 420 429 _ u 0.703 -0.626

5 5 4o 45 " . 0.782 0.585

6 6 4ho 40 " . 0.722 0.616

7 7 Yo iy n 0.783 0. 584

7 1/2 7 1/2 43 Ly " 0.782 0.585

8 8 HHO 439 " _ 0.786 0:582
Catalyst: Peter Spence Co., CoMo, 1/8" Reactor Pressure (psig): 1000
Cabalyst Wt.: 50 g. Gas Flow Rate (SEF/bbl): 7500
Charge Stock: 750°F. EPCD Mol % Hp in Feed Gas: 60

Reactor Number: B~D-5

~601-
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TABLE IX -~ OPERATING CONDITLIONS AND PRODUCT DATA (continued)

Time on Temperature . Space Wt. BN Conversion
Stream Prht. Cat. Velocity (percent)
(hr) (°C) (°c) (&/g hr)

2 378 iy 2.0 1.280 0.320 .
3 - 376 439 L . 1.290 0.315

I 393 439 N 1.362 0.276

5 403 L3 M - 1.748 - 0.072

6 398 4o " ‘ . Li545 0.177

7 405 bho " 1.370 0.272.

7 1/2 401 4ho " 1.391 0260
8 403 4o - 142k 0.243

Catalyst: Peter Spence Go., GoMo, 1/8"- Reactor Pressure .(psig): 1000
Catalyst Wt.: 50 g. Gas Flow Rate (SCF/bbl}: 7500
Charge Stock: 750°F. EPCD Mol % Hp in Feed Gas: 60

Reactor Number:.B~D-5 ll:
T

2 377 420 1.0 0.843 0.552

3 393 415 t §.882 0.531

4 396 413 t 1.040 0.4u7

5 hool. 414 L - 1:099 0BIT5

6 402 413 L C1.11n 0.408

7 403 . 413 "o ©1.130 0.398

7 1/2 400 413 t 1.155 0,385

8 394 4iz " ©l.211 - 0.355

Catalyst: Peter Spence Go., CoMo, .1/8" " . Reactor Pressure (psig): 1000 -
Catalyst Wt.: 50 g. o - Gas-Flow Rate (SCF/bbl): 7500
Charge Stock: 750°F. EPCD ' Mol % Hs in Feed Gas:.I00
Reactor Number: B~D=5 ’
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TABLE I?-—waPERATING CONDITIONS AND PRODUCT DATA,(continued)

Time on Temperature

Stream Prht. Cat.
(hr) (°c) (ce)
2 by 463
3 411 463
I 408 463
5 412 463
6 414 463
7 Gb1h 463
7 1/2 4ik 462
8 415 b6l

Catalyst: Peter Spence Co.

Catalyst Wt.: 50 g.
Charge Stock: 750°E. EPCD
Reactor Number: B-D-=5

Space We. & N Conversion
Velocity _ - (percent;)
(g/g hr)
1.0 0.199 0.894
e 0.265 0.859
LR 0.143 . 0.924
n 0.186 0.901
n 0.195 0.896
" 0.154 0.918
g 0.198 0.895
n 0.278 0.852
, CoMo, 1/8" Reactor Pressure (psig): 1000

Gas Flow Rate (SCF/bbl): 7500
Mol % Hso in Feed Gas: 100

1.0 0.538 0.714

2 1/2 395 440

3 398 4hy " 0.551 0.707

4 - koo 410 L _ 0.568 - - 0698

5 4o7 439 J‘ 0.652 0.653

6 4ot 139 - 0 .640 - 770.660

7 411 Uy " 0.645 - 0.657 .

7 1/2 4ii- Wi L 0.611 0.675

8 409 4o " . 0.617. 0.672
Catalyst: Peter Spence Co., CoMo, 1/8" Reaetor-Pressure (psig): 1000

Catalyst Wt.: 50. g.
Charge Stock: T50°F. EPCD
Reac¢tor Number: BaD=5

~ Gas Flow Rate (SCE/WbL): 5000
‘Mol % Hs in Feed Gas: 100

~TTT~
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TABLE IX =~ OPERATING QONDITIONS AND ‘PRODUCT DATA (continued)

Time on Temperature
Stream Prht. Cat.
_ (hr) (°c) (°e)
L2 437 465
3 433 461
b 435 465
5 43k 463
6 438 L6l
1 439 463
712 - 439 463
8 . 439 463
2 402 bhip
3 4o3 412
4 403 413
5 L4o8 Ly
6 - 4o5 413
7 . Lot 413
7 1/2 - 410 b1z
8 : 408 413

Gharge Stock: T50°F. EPCD

Reactor Number: B~D=5

Space'
Velocify
(g/g hr)

- Catalyst: Peter Spence CGo., Colo, 1/8"- -
Gatalyst Wt.: 50 g. -

We. &N Conversion
(percent)

© 0137 ~0.927 .

0.126 " 0.933
0.196 - 0.896
0.213 .0.887
0.240 0.872
0.225 "'0.880
0.228 0.879
0.2%2 0.877
0,496 0.736
0.678 0.639
0.717 " 0.619
0.703 0.626
0.633 07663
0682 C 0637
0.693 0.632
0.705- 1 0.625

‘ReactorPressure (psig): 1000
Gas Flow Rate (SCF/BbL): 7500
Mol % Hp in Feéd Gas: 100 - .

T*ZT¥“

T T T TTT
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TABLE IX =~ OPERATING GONDITIONS.AND.PRODUCT.DATA (continued)

Time .on

‘Stream
(hr)

00—~ ~1 ovn 5 L I

V2

Temperature Space . . Wt N - .Comversion
Prht. Cat. Velocity o (percent)
(°C) (°¢) (&/g-nr) . -

418 430 0.5 0.267 0.858 -
Lo 43 " . 0.489 ©0.740
420 438 A ' 0.475 04T
Lok bz - . Ob2T. 0773
L21 4o w . 0.395 .0.790
419 439 " RS - 0.781
Y22 439 " e I A V) - 0,781
421 - 439 oo 0.420 0.777

Catalyst: Peter Spence o

Catalyst Wt.: 50 g.

Charge Stock: T50°F. EPCD

Reactor Number: Be-D~5

CO~J =3 G\ N O
-
\‘
™)

417 .

417
415

Ly

415
il
41
il

4l2
440

439

41

4o

10
440
10

Catalyst: Peter Spence Go

‘Catalyst Wt.: 50 g.
Charge Stock: 750°F. EPCD
_ Redctor Numbér: B-rD=5

.» GoMo, 1/8" ..~ Reactoer Pressure {psig): 1000
: Gas. Flow. Rate (SCF/bbl): 5000
Mol % Hs in Feed Gas: 100

0.5 D30

0.838

& 0.365 0.806
n : 0.429 0.772 -

- " 0413 - 0780
C0.397 0.789
" 0. %12 © 0781
0415 - 0.780 -
e 0. 4ol 0.785

., GoMo, i/S“‘ '“Reactor“Pressure'(bsig):'lOOO
- Gas -Flow Rate .(SCF/bbl): 2000
Mol % Hp in Feed Gas: 100




TABLE IX -~ OPERATING CONDITIONS AND PRODUCT DATA (continued)

Sample Time on Temperature Space Wt. &N Conversion
Number Stream Prht. Cat. Velocity (percent)
(hr) (°c) (°C) (g/g hr)
131 2 2 . 420 4 1.0 0.802 0.573
3 3 420 139 o 0.862 0.542
L 4 13 Uy L '0.816 0.566
5 5 412 440 n 0.875 0.535
6 6 419 439 " 0.817 0.565
7 7 420 441 § 0.845 0.550
8 8 420 4o - oo 0.806 0.572
Catalyst: Peter Spence Co., ColMo, 1/8" Reactor Pressure (psig): 1000
Catalyst Wt.: 50 g. Gas Flow Rate (SCF/bbl): 2000
Charge Stock: 750°F. EPCD . Mol % Hy in Feed Gas: 100

Reactor Numher: B~D-—5

410 4us _ 0.5 0.673 . 0.642

133 3 3
I 4 392 . 437 " 0.698 0.629
5 5 4os yhiy w 0.762 0.595
6 6 Loz L " 0.845 - T 70,550
6 1/2 6 1/2 403 Ly "o 0.825 0.561
7 7 410 4o " 0.828 0.559
7T 1/2 7 1/2 411 41 " - 0.823 0.562
8 8 408 443 m 0.842 ©0.552
Catalyst: Peter Spence Co., CoMo,l/8" " Reaictor Pressure (psig): 600
" Catalyst Wt.: 50 g. " Gas Flow Rate (SCF/bbl): 7500
Charge Stock: 750°F. EPCD Mol % Hs in Feed Gas: 100

Reactor Number: B=D~5

=T




Sample
Number

134

135

- O3~ O\t AN N

O~ =3 VUt F W

1/2

e
N

'TABLE IX -~ OPERATING CONDITIONS AND PRODUCT DATA  (continued)

Caftalyst: Peter Spenece Co.
Catalyst Wt.: 50 g.

Time on Temperature
Stream Prht. Cat.
(hr) - (°C) (°c)
2 304 e
3 397 b2
n 393 440
5 410 - 439
6 402 Lo
7 391 44O
T 1/2 389 4l
.8 379 4ho

Charge Stock: 750°F. EPCD

Reactor Number: B~D=5

406
403
395
397
397
395
393
392

Q03— VU =W
l—-l
~
™

Catalyst: Peter Spence €Go.,
Catalyst Wt.: 50 g.

439

i3
439
4o
41
1lLo
140

41

Charge Stock: 7506F. EPED

Reactor Number: B~D-5

Space
Velocity
(8/8 hr)

1.0

1n

, CoMo, . 1/8"

CoMo’, 1/8"

Wt. % N

0.956
0.910
0.928
0.910
0,948
0.982
11.012
0.995

L 0.592

0.5L6
0.506
0.517
0.497

077

0 A6z

0471

Conversion
(percent)

Reactor Pressure (psig): 600
Gas Flow Rate (SCF/bbL): 7500

Mol % Hy in Feed Gas:. 100

0.750

1.026

1.138
'1.208
1.310
"1.300
1.298
1.310

Reactor Pressure (psig):

0.601
0-455
0.395

07357
0304

0.308
0.310
0.304

=TT~

200

Gas Flow Rate (SCF/bbl): 7500

Mol"% Hys in Feed Gas: 100
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TABLE IX =~ OPERATING CONDITIONS AND PRODUCT DATA (continued)

Time on Temperature Space
Stream Prht. Cat. Velocity
(hr) (°c) (°C) (8/g hr)
2 405 Ly 1.0 .
3 kop 439 e
4 o7 4yo "

5 405 43

6 402 4o "

7 Lokt 41 "

7 1/2 406 M2 "

8 405 S "

Catalyst: Peter Spence Co., CoMo, 1/8"
Gatalyst Wt.: 50 g.

Charge Stock: T50°F. EPCD

Reactor Numper: B-D=5

369 s 2.0

2
3 365 4o m
4 . 365 Yy n
5 357 Lo "
6 358 4o "
7 358 40 n
7 1/2 356 ulo n
8 355 L4 "

Catalyst: Peter Spence Co., CoMo, 1/8"
Catalyst Wt.: 50 g.

Charge Stock: 750°F. EPCD

Reactor Number: B~D~5

Wt. %4 N

T et

1.215

1.458 °

1.470
1.305
1.455
I.%459
1.468

Conversion

{percent)

0. 344
0.412
0415
0.369
A1
12
SHIY

O OO

Reactor- Pressure (psig):
Gas Flow Rate (SCF/bbl}: 7500
Mol % Hy in Feed Rate: 100

1.985 |

1.580
1.608
1.623
1.566
1.608
1.654%
1.660

0.158
0.146
0.137
0.168
0.146
T 0TI20
0.117

Reactor Pressure (psig):
Gas Flow Raté” (SCE/bbl): 7500
Mol % Ho in Feed Gas: 100

200

200

=9TT~
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TABLE IX =~ OPERATING CONDITIONS AND PRODUCT DATA (antinugd)

Time on Temperature Space
Stream Prht. Cat. Veloeity
(hr) {°c) (°c) {g/g hr)
2 365 45 2.0

3 357 435 L

4 367 4h2 n

5 369 4ho M

6 367 bbb "

7 366 Lo "
712 372 440 "

8 ' 374 bhy "

Catalyst: Peter Spence Co., CoMo, 1/8"
Ca%alyst Wt.: 50 g. :
Charge Stock: 750°F. EPCD

Reactor Number: B=D~5

366 b16 2.0

2

3 368 419 "
4 378 409 "
5 380 413 "
6 378 412 "
7 388 415 o
7 1/2 384 413 3
8 385 14og o

Catalyst: Peter Spence Co., CoMo} /8"
Catalyst Wt.: 50 g,

Charge Stock_ 750°F. EPCD

Reactor Number: B=Dw~5

Wt. 3N

1.222°

©1.358
1.360
1.410
1.403
L.415
1.431
1.570

CGonversion
(percent)

7350
.278
277
.250
.253
.2l
.238
.166

[oNeoNoNoNoNoNoNe]

- "Reactor Pressure (psig): 600

Gas Floew Rate (SCF/bbl): 7500

1.305
1.330
1.426
1.455
1.204
©1.380
1.409
1.425

" Mol % Hp in Feed Gas: .100

0.307
0.293
0.242

.0.227
0.359

.0.266
0.252°
0.243

Reacter Pressure (psig): 1000

Gas Flow Rate

(SEF/pbl) : 7560

Mol % Ho. in Feed Gas:.100

1
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" Reéctor Number: BnD~5

TABLE IX -—\OPERATING CONDITIONS--AND PRODYET DATA (contlnued)

Time .on Temperature .Space . Wt. %N Conversion
" Stream....... .. Prht. Cat. Velocity ‘ (percent)
(hr) (%) (°€) (g/g hr) : :
2 435 k63 2.0 0.757 0.597
3 Uy 463 o 0.938 " 0,502
U 439 462 R 0.866 0.539
5 b27 462 - : 0.834 0.557
6 ) U422 463 o 0.724 0.615
7 ' 419 463 M ; 0.830 0.559
7-1/2, 426 465 " 0.825 0.561
8. b5 - 462 - . " : 0.845 0.551
Catalyst: Peter Spence Co., GoMo, 1/8"' Reactor Pressure -(psig): -1000
Catalyss We.: 50 g. “Gas. Floit Rate "(SCF/bbl): 7500

Charge Stook T750°F. EPCD ‘Mol 7 Hp in Feed Cas: 1@@

417 Ul0 2.0 ' -1.200 .0.363

2

3 410 - 4h0 o 1.345- - - .0.391

o ©o417 Bo " ' 1.141 0.393

5 - 420 4ho " 1.162 0.382

6. b2y 4o " . - 1.125 0.40Z

7 415 RRI¥INe) S 1.202 0.361
7.1/2 - U410 139 L --1.200 .0.363

8 : 409 439 it 1.196 © 0360
.Catalyst: Peter Spence Co., GoMo,.1l/8" - -Reactor Pressure (psig): 1000

Gatalyst Wt.: 50 8.
Charge Stock: 750°F. EPCD
Reac¢tor Number: B~D-5

Gas Flow Rate: (SCF/hbl): 5000
Mol % He in Feéd Gas:, 100

~8TT~
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TABLE IX ~-~ OPERATING GONDITIONS AND PRODUCT DATA (eontinued)

Charge Stock: 750°F. EPCD
Reacter Number: B—D~5

‘Mol % Hp in Feed Gas: 30

Time on Temperature Space WE. # N - GConversion.
Stream Prht.  Cat. Veleeity - ‘ (percent)
(hr) ey - (%) (g/g hr) '
2 Uz5 139 ' 2.0 . 0.974 0.482

3 Y32 453 o © 1.000 -0.468 "
4 419 439 n 1.07L 0420

5 bl 4o " 1.092 0418 e
6 4o7 4l o Cl.111 0409
7 L15 440 w 1.152 0.387

7 1/2 b1 IKG) o S 1.ie 0.393

-8 4 o8 bl A - 1.152 C L 0u38T
‘Gatalyst: Peter Spence Co., CoMe, .1/8™" Reactor Pressure {(psig): 1000-
Catalyst Wt.: 50 g. . Gas Flow Rate (SCE/bbl): 2000 -
Gharge Stock: 750 F. EPCD - Mol % Ho in Feed Gas:. 100
Reactor Number: B~D~5 L : iy
. | | ,g;
6 340, 437 2.0 08271 = -0.173
7 _ B - by o 0.91L ...  0.089
7 1/2 S o} " 0..89 0.106
8 346 Lo w 0.925 .04075
Catalyst Peter Spence.Co., CoMo, 1/8" Reactor Pressure (p51g) 1000
Gatalyst Wt.: 50 g. Gas Flow Rate (SCF/bbl): 7500:
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TABLE IX ~~ OPERATING CONDITTONS AND-PRODUCT DATA (continued)

" Sample Time on Temperature ‘Space - Wt. BN Convergion
. .Number Stream Prht. Gatg Velogity‘ ) ?(percen£}
(hr) ey (oe) (e/g-hr)

433 462 1.0 o 0.6 0.326

Lo k35 463 L 0.656 0,34y

1/2 435 k62 " 0.661 0.339
: WL 462 " 0.6%6 0.354

Iy 6
T 1/2
8

Catalyst: Peter Spence .Co., CoMo, 1/8" Reaetor Pressure (psig): 1000
Catalyst Wt.: 50 g. - ‘Gas. Flow Rate (SCE/bbl): 7500
Charge Stoek: T50°F. EPCD © - Nl % Hs din-Feed “Gas:. 100 '
Reactor Number: B=D~5 ’ '

" 408 4o 1.0 0,630 0.370
YOl iy oo 0.592 ©0.108
1/2 403 o " : 0.590 0.%10
403 4O " 0.593 0407

145

0O—~3~1 o
H
~
no

Catalyst: Peter Spence Go., ColMe, 1/8" -----Reactor-Pressure-(psig) 1000
Catalyst Wt.: 50 g. . Gas .Flow Rate (SCF/bbl): 5000 .
-Charge Stock: 750°F. EPCD © 7 Mol % Hp in Feeéd Gas: 100
Reactor Number: B-D=5 -

~02T~

IS it 3




Samp le
Number

146

7

¢
1
7 1/2
8

AO~1~1 O\
= .
N
N

TABLE IX =~— OPERATING €ONDITIONS AND PRODUCT DATA (continued)

Time on Temperature Space
Stream Prht. Cat. Velocity
(hr) (°e) (°c) (g/g hr)
6 % 1Y) 0.5

7 435 1o -
7.1/2 433 4o o

8 433 Ulo "

Catalyst: Peter Spence Co., CoMo, 1/8"
Catalyst Wt.+ 50 g.

Charge Stock: T50°F. EPCD -

Reactor Number: BeD=5

6 i 439 440 1.0
7 438 4o "
7 1/2 o 3T 439 "
8 440 140 oo

Catalyst: Peter Spence Co, CoMo, 1/8"
Catalyst Wt.: 50 g. '
Charge Stock: T50°F. EPCD

Reactor Number: B-D=5

Wt. % N Conversion
(percent)
0:623 0.377
0.613 0.387
0.630 0.370
0.652 0.348

Reactor Pressure (psig): 200
Gas Flow Rate (SCF/hbl): 7500
Mol % Hp in Feéd. Gas: 100

0.758 -0.24%2
0.786 0.214
0.793 0.207
0.782 0.218

“Reactor ‘Pressure (psig): ~200

Gas Flow Rate - (SCF/bbl): 7500
Mel % Hs in Feed Gas:. 100

o A g




108, 118
110
110%
112
120
‘ 121
1e2
123
124

125, 144

126, 145

- 1T

128
129 -
130
131
133
137
138 .

1/2

1/2
1/2

1/2

1/2
1/2

1/2

1/2

1/8.V.

0.33

0.50

.0.50

0.5
0.5

=122

TABLE X

SUMMARY OF DATA FOR RUNS 108 TO.147.
: (Values Uséd For Graphs)

Weight Percent
Nitrogen and -

Nitrogen Conversion

.0

1
1

0

0
0
0
0
0
0
1

1

L1933
204 ;
LO71¥;
.278;
.670;
.326;
1935
391;
L1455
2Ly
L069%% ;
2253
6933
L4155
H15;
.825;
.825;
:623;
L4263

0.580
0.360
0.420%
0.850
0100
0.300
0.580
0.260
0.390
0. 622%%
0.53U%*%
07880
0.630

.0.780

0.560
0.560
0.137

0.240

Operating
Variable

S.0.C.
S.0.6.(8.V.. 3)
$.0.0.
S.0.C.

30% Ho

'30% Hg

60% Ho

60% Ho
TT5°F.
865°F.

5000 SCF/bbl
865°F,

T75°F. |
5000 SCF/bbl
2000 SCF/bbl
2000 SCF/bbl
600 psig.
200 psig.

600 .psig.
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TABLE X' (eontinued)

SUMIARY OF DATA FOR RUNS 108 T 147

(Values Used For Graphs)

Run No, S.V. 1/8.V. " Welght Percent
Nitrogen and

139
140

141

142
143
146

A7

Nitrogen Conversion

2 0.5 1.409;
2 0.5 0.825;
2 0.5 ,1.196;
2 - 0.5 1,145,
2 0.5 1.712;
1/2 2 1.182;
1 1 1.4'705

S.0.C. (Standard Operating Conditions)

0.250

0.560
0.365
0.390
0.089
0.370

-0.218

Catalyst-bed temperature, 825'Fﬂ
Reactor presgure, 1000 psig.
Feed~gas compo$ition, 100% Hso

Gas rate, 7500 SCE/bbl

Catalyst, Peter Spence ColMo, , l/ " pelleéts
Catalyst weight, 50 grams
Charge Stock, T750°F. E = coker distillate

Operating
Variable

TT5°F.

865°F.

5000 SCF/bbl
2000 SCF/bbl.

30% Hp

200 psig.

200 psig.

\

These .standard operating conditions were used for each
.run except where 1nd1cated otherwlse 1n column headed

"Operating Varlable

* Vglues obtained by 1nterpolation

%% Values obtained by averaging the values from the two runs.
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TABLE XI
DETAILED SPECIFICATIONS OF ACCESSORY EUIBMENT
. 01l feed reServoif; The .01l feed réservoir-made_from a 2=in.,
schedule 40, blackiron .p_ipé;,al in. long was wound with 10 £t. of
nichrome wire. It Wés then insulated With 85~percent-magnesiaw A

50=cc. burette was attached through 2 side arm .50 ﬁhat.the.level.qf the

0il in the reservoir could be.determined,readily,.-A“light bulb was
mounted behind the burette. |

01l storage reservoir: The .storage reservoir, made from a 5-galloen
-can, was Wéund with a BEFftm-niphrpme heating coil and then insulated
with 85 percent magnesia. A small gear pump driven b# é_l/4~ﬂP Emersoﬁ
.electric‘motor was. Installed between.the.oil storage reservoir and a
filter to force théﬂcharge 0il through the_fiiter{eartridge and:into '
the .0il feedireservqirm |

Sediment bowl: A standard automobile»type;se@iment howl was used.

(This was not used with reactor H-K.)

Crudg:filtér: A Chrysler full~flow.automgbile filter unit was
. used. (This'was,nop=u§ed with reactor ﬁ~K.) ' ) '
" 01l .feed pump: A Hills~McCanna hiéhrpressure.propprtiqning,pump
with a 1/4-in. piston‘was'used. It'has 2 maximum -capacity. of l.bz,gph
" and & maximum pressure.of 2900 psi. It was. powered by a"l/4aHP.General
Electric motor. ‘ )

Copdenser: A water condenser made froﬁ a l6=in. length .of-1/2~in.,

" _schedule 80, black~iron pipe and closed at hoth ends by caps Welded in




12 5=
plade‘wes used with. reactor’H;K With - all the .other reactors a 9 ~in.
length of schedule .80, black~1ron pipe surrounded by a 1~l/2ﬁ1n .
schedule 40, blackeiron_plpe to serve as a.water Jacket_was used.

Sight‘glaeses: Eight~inch Jerguson sight glasses uithﬂl/Zmin‘
standard pipe .taps. . _ | '

" Capacity tank: .A 9;-14/2-_«:1.1'1* length. of 2~in., sch-edule -.166 , black~
iron pipe. This was used wlth. reactors H-K and B=M qnly

Pressure . cqntrol valve: An air-to~close, Type No. lO7a1?_l/2a}n,,_
Mason-Neilan diaphragm valve.rated-at_6000 psi at.100°F. . |

Pressure~eohfroller~ A reWerse~acting,‘TYpe 4100 UR, Fisher~
Wizard pressure contr@ller with a 5000 psi Bourdon tube

Robametéers: Brooks armored rotameters with . 3/32~1n balls. An
aluminuu ball was used throughout .the study.

Autetrensformers: Two~hundred~twen£y VOlﬁ PoWeretate'and 110 .volt
Powerstats.

Recompression“pump:'A Pesco,#OBHLO;ZHOéO geér_pump rated at-4.5
gal/min at 2800.rpm.end 1200 psi. - The‘pressureulimit.for cqntinueus
operation is 1200 psi. It was .direGﬁly cc?‘up-led at :a_.B...Zs_l pulley r"ati-o
to a.1-HP,.115/230 .volt, PewernKraft.repulsienﬂinduetion_type-eleetric ‘
motor.l

Gas leiuders: Harrishurg Steel Qorporation'cyiinders; two .of
-1320~cu:ft, capaeity,.and.qne of 2640~cu.ft;-capQCity.-

Compresedqh oil reservoir: Two 5~gel. 0il cans:

High pressure,pipiné: Schedule 80 black-iron.
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\High presgureypipe_fittings:_Henry.Vogt.ﬁodO psil forged steel.

Low pressure piping: Schedule\uo hlack~iron.

High Pressure fubing: Type.304 S8, 1/8~in. 0D, 0.020-in. wall.

Low pressure .tubing: COpperL 1/4~in. OD. .

High pressure valves: Hoke #321 SS blunt=-spindle needle valves.

Metéring valves: Hoke“brass~body, 20~turn~to~open needle valves.

Gas meter: Precision Sciéﬁtific 20~cu.ft. Wet Test Meter;

Gages: Marshall fOOO psi.

Thermocouples : Irqn;constantah‘ The thermocouples ﬁere positioned
in all the .reactors so that the following temperatures .could be ascers’. .. ~.
tained: the temperafure:of the feed as 1t enteredvthe catalyst bed, the
temperature at that point,iﬁ the catalyst bed whefe,it would be .at its
maximum, and the temperature near the end of the_catalyst_hed.

Temperature .indicator: A Leeds and Northrup, 18-point indicating
potentiometer. o

Rupture disc: A B}ack, Sivallé, and Bryson 2250 psi disc.

Scrubbers: Erlenmeyer flasks, 750 ml. capacity, with.15 percent
-caustic solution.

Pressure.reaétionvapparatus for batch treatments conslisted of
the_following,piébe of equipment: A Parr Instrument Company rocking

bomp, 1500 watt, maximum rating 6000 psig at 400°C.
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Operating Conditions:
440°C (SMijop)
1000 psig
S.V. 1.0 g/g hr
100% H2
7500 SCF/bbl
750°F EPCD
5/5"" Peter Spence CoMo
100 g catalyst
Reactor B-M

- 10 -
(@]
4
LLJ0 8 -
>
=
(@]
(@]
=
g 00 a X 0
e O RUN 100
- X RUN IO
= D RUN 102
0 2 4 6 8 10 ©

HOURS ON STREAM

Figure 2. Plot of Nitrogen Conversion versus Hours on Stream for Tliree Consecutive
Runs to Show the Degree of Reproducibility Possible.
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PERCENT DISTILLED

In Cuts Produced by Fractionating a Hydrogenateu

Weight Percent Nitrogen
Coker Distillate Sample versus the Percent Distilled.

Figure 5.
650°F. E.P.
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IN EFFLUENT

o
N
|

WEIGHT PERCENT NITROGEN
O 1
S o

Figure 4A.

A 500 PSIG ,
D 1000 PsSIG ,
O 1000 PSIG ,

775 825
TEMPERATURE, °F

Operating Contiltlons:

SV. «1.0 g/g hr
7500 SCF/bbl

65/a H2 , 35# CH4
100 g catalyst
Reactor H-K

The Effect of the Catalyst-Bed Temperature on the Denitrogenation of Three

Shale Oil Coker Distillates, Runs 1-31.
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Operating Conditions:

1000 psig
7500 SCF/bbl
— 100j0 H2
& 750°F EFCD
3 i/16" Harshaw CoMo
LLII: 100 g catalyst
Wi Reactor H-K
=
= —
& 1.0
(@)
(@)
o
=08 -
=
l_
=
L
O
o
Ho4-
025
|_
T
O 02 -
L
=
775 825
TEMPERATURE .

Figure 4B. The Effect of the Catalyst-Bed Temperature on the Denitrogenation of Three
Shale Oil Coker Distillates, Runs 55-65=
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A 500 PSIG,850 F.EP.CD.
0.9- 0 1000 PSIG,850 €F.E.FC.D.
0  100C PSIG,650 eF.EP.C.D.

0.8 .
=
i 0.7 -
D
d Operating Conditions
L S.V. - 1.0 g/g hr
= 7500 SCF/bbi
o 65* Hg, awx
x 05 100 g catalyst
T Reactor H-K
-
D
n 0.4
|_
=
L
O
o
L
o
'—
I
(©)
=01 -
=

725 775 825 875 o925
TEMPERATURE , OF

Figure 5- The Effect of the Catalyst-Bed Temperature on the Desulfurization of Two
Shale Oil Coker Distillates. %



IN EFFLUENT

WEIGHT PERCENT SULFUR

0.8

0.6 -

0.5 -

0.4 -

0.3 -

Figure 6.

200 400 600
PRESSURE ,PSIG

Operating Conditions:
5855 @@I13 2&127J

S.V. 1.0 g/g hr
7500 SCP/bbl
8 ~00P SFCD

3716 Union Oil CoMo
100 g catalyst

Reactor H-K

1000

The Effect of Reactor Pressure on the Desulfurization of a

Shale Oil Coker Distillate.

1200
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18 -

16 -

14 -

TCWsENT

LJ

Z 12

0 1.0
X

H 0-8

U
o: 0.6

04-
0

Figure 7 .

PRESSURE , PSIG

c RUNS

Operatjmg Conditions:

Runs 1-8
K125 440°C (725-825°?)
S.V. 1.0 g/g hr
7500 SCP/bbi
850°? EPCD

3/16" Union Oil CoMo
100 g catalyst

652 Hg, 35# CU*
Reactor H-K

Runs 110-143
4400C (825°?)
S.V. « 0.5-2.0 g/g hr
7500 SCF/bbl
100# H2
750°? EPCD
1/8" P . Spence CoMo
50 g catalyst
Reactor B-D-2 or B-D-5

1-8

O RUNS 110-143

The Effect of Reactor Pressure on the Denitrogenation of Two Shale Oil
Coker Distillates.



Operating Conditions:

4400C (825°F)

1000 psig
7500 SCF/bbl

£ 100! $

w 1/16" Harshaw CoMo

3 100 g catalyst

LL Reactor H-K

LL

L

=

=

L

8

xz 0.8

=

=2

— 0.6 -

=

L

£ 04

m -

o

E 02 650»F EJPCTi

o J-0-

L

=

0.4 0.6
SPACE VELOCITY , G/GHR

Figure 8. The Effect of Space Velocity on the Denitrogenation of Two Shale Oil
Coker Distillates and a Gas-Combustion Crude.
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IN EFFLUENT

WEIGHT PERCENT NITROGEN

Operating Conditions:

Runs 55-6) Runs 1)0-142
4130-467°C 440°C (825°F)
WO 1000 pslg
1000 psig 7500 SCF/bbl
7500 SCF/bbl 100# H2
100# H2 750°P EPCD
750eF EPCD 1/8" P . Spence CoMo
1/16" Harshaw CoMo 50 g catalyst
100 g catalyst Reactor B-D-5
Reactor H-K
12 -
10 -
0.8 - c aln
0.6
04 - X RUNS 130-142
O AD RUNS 55-63
o2
01— 1
0 0.5 0.50 0.75 1.0 15 1% 15

SPACE VELOCITY , G/G HR

Figure 9= The Effect of Space Velocity on the Denitrogenatlon of a
Shale Oil Coker Distillate.
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IN EFFLUENT

WEIGHT PERCENT NITROGEN

0.8

Operating Conditions:

1000 psig
S.V. 0.5
100# H2
750°F EPCD

50 g catalyst
Reactor B-D-L or B-D-5

SV=20

S.V.=10

SV =05
2000 4000

HYDROTREATING GAS FEED RATE,

6000
SCF/BBL

8000

Figure 10. The Effect of the Hydrotreating Gas Feed Rate on the Denltrogenatlon

of a Shale Oil Coker Distillate.
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°  RUNS 35-45 Operating Conditions:
A O X RUNS MO- 143 Runs 110-143
@@% 123
18 - 1000 pslg
S.Vv. 0.5-2.0 g/g hr
7500 SCF/bbl

— 1.6 -

=

L:'JJ 50 g catalyst

i 14 - Reactor B-D-2 or B-D-5
LL

L

Z 12 -

Operating Conditions:
Run Series 35-45

4400C (825°P)

0.4- 1000 pslg

S.V. - 1.0 g/g hr

7500 SCF/bbl X
0.2. 6500P EPCD

WEIGHT PERCENT NITROGEN
o
o

1/8" Harshaw CoMo
100 g catalyst
Reactor H-K

O_
0 IO 20 30 40 50 60 70 8 9 00
MOL PERCENT HYDROGEN IN RECYCLE GAS

Figure 11. The Effect of the Hydrogen Content of the Recycle Gas on the Denltrogenation
of Two Shale Oil Coker Distillates.



X RUN 104

u RUN 108
D RUN 109

z

0

@

e 0.6-

w X 0 D

z

0

0 Operating Conditions:
4405 1 3+
1000 psig

- 100% H2

0 7500 SCP/bbl

© 750“F EPCD

, 1/8" Peter Spence CoMo
S.V. 1.0 g/g hr

02.
0 | " 1 -
0 50 100 150
GRAMS OF CATALYST
Figure 12.

A Plot of the Nitrogen Conversion versus the Grams of Catalyst Charged
to the Reactor When the Space Velocity Was Held at 1.0 g/g hr.
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50 grams of catalyst
100 grams of catalyst

Operating Conditions:
440°C (825°F)
1000 pslg
100# H2
7500 SCF/bbl
7~0°F EPCD
1/8"™ P . Spence CoMo

CONVERSION

NITROGEN

05 10 15 2.0
RECIPROCAL SPACE VELOCITY , I/G/GHR

Figure 15. A Plot of the Nitrogen Conversion versus the Reciprocal Space Velocity
for Two Different Weights of Peter Spence Cobalt Molybdate Catalyst.
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06 -
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4
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0.2 -
Figure 14.

05
RECIPROCAL SPACE VELOCITY

Operating Conditions:

1
2.0

1000 pslg

S.V. 0.5-d.D g/g hr
7500 SCF/bbl

100% H2

750°F EPCD

1/8"™ P . Spence CoMo

50 g catalyst

Reactor B-D-S or B-D-5

1/G/G HR

Plot of Log A/(A-xX) wersus Reciprocal Space Velocity Showing the Effect
of Temperature.



10

09
0]
08
0.7
06
%? 05 Operating Conditions:
N 440°C (825°F)
™~ S.V. 0.5-2.0 g/g hr
04 7500 SCF/bbl
(@) 0 100# H2
< 750°F EPCD
03 i/8" P . Spence CoMo
50 g catalyst
Reactor B-D-2 or
0.2 0 B-D-5
ol
0 T
0 05 10 15 20 25
RECIPROCAL SPACE VELOCITY , 1I/G/G HR
Figure 15.

Plot of Log A/(A-X) wersus Reciprocal Space Velocity Showing the Effect
of Pressure.
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0.8 - Operating Conultlons:

440°C @25°P)
" 1000 pslg
0.7 S.V. 0.5-2.0 g/g hr
7500 SCF/bbl
750°F EPCD
0.6 -
50 g catalyst
Reactor B-D-2 or
0.5 - B-D-5
04 -
0.3 -
0.5 ID 15 20
RECIPROCAL SPACE VELOCITY , I/G/G HR
Figure 16. Plot of Log versus Reciprocal Space Velocity Showing the Effect of the

Hyurogen Content of the Hyirotreatlng.



Figure 17-

Arrhenius Plot.
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